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Abstract 

Role of Adult Stem Cells in Tissue Remodeling and Diseases 

by 

Zhenyu Tang 

Joint Doctor of Philosophy 

with University of California, San Francisco 

in Bioengineering 

University of California, Berkeley 

Professor Song Li, Chair 

 

Tissue specific adult stem cells can be isolated from various tissues and show 
great capacity of self-renewal and multipotency, thus making it a valuable cell 
source for regenerative medicine. However, despite its function in homeostasis 
and tissue repair, it is not clear whether normal adult stem cells could be 
involved in diseases, like cancer stem cells. Therefore, we investigated this 
issue in the cardiovascular system, wound healing model and knee joint 
system. Cardiovascular disease is the number one killer worldwide, which is 
responsible for approximately 40% of annual deaths in United States. Although 
various vascular stem cells and progenitor cells were isolated from blood 
vessel wall, it is not clear whether and how these stem cells contribute to 
diseases. In the general wound healing, although bone marrow cells and 
hematopoietic stem cells were identified as the sources of myofibroblasts, 
which are generally believed to be the culprit of scar tissue formation, it is not 
clear whether local tissue specific stem cells could be another source of 
myofibroblasts. In knee joint, osteoarthritis represents structural breakdown of 
the synovial joint, affecting 70 million people in the United States. However 
previous identified synovial stem cells are only characterized by non-specific 
surface markers and their response to biomaterials are not well understood. 
Therefore, in this dissertation work, we will address these fundamental issues 
to elucidate the role of adult stem cells in tissue remodeling and diseases.  
 
It is generally accepted that the de-differentiation of smooth muscle cells 
(SMCs) from contractile to proliferative or synthetic phenotype plays an 
important role during vascular remodeling and diseases. In the first 3 chapters, 
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we provide evidence that challenges this dogma. We identify a new type of 
multipotent vascular stem cell (MVSC) in blood vessel wall. MVSCs express 
markers including Sox17, Sox10 and S100β, are cloneable, have telomerase 
activity, and can differentiate into neural cells and mesenchymal stem cell 
(MSC)-like cells that subsequently differentiate into SMCs. On the other hand, 
we use lineage tracing with smooth muscle myosin heavy chain (SM-MHC) as 
a marker to show that MVSCs and proliferative or synthetic SMCs do not arise 
from the de-differentiation of mature SMCs. Upon vascular injuries, MVSCs, 
instead of SMCs, become proliferative, and MVSCs can differentiate into 
SMCs and chondrogenic cells, thus contributing to vascular remodeling and 
neointimal hyperplasia. Moreover, we also isolated MVSCs from neointima 
and plaque from patients with atherosclerosis. These findings support a new 
hypothesis that the differentiation of MVSCs rather than the de-differentiation 
of SMCs contributes to vascular remodeling and diseases. The MVSCs 
instead of SMCs should be treated as the targets for drug screening and 
development.  
 
In the second part of the work, we investigated the general wound healing 
process and remodeling of implanted artificial biomaterials. It is generally 
accepted that myofibroblasts play a retractile role in wound contraction and 
are involved in the synthesis of extracellular matrix components to form the 
scar tissues. We performed detailed characterization and found a novel type of 
stem cells showing similar feature with MVSCs, which express markers 
including Sox10, Sox17 and S100β, can spontaneously differentiate into 
myofibroblasts and eventually SMCs. In vivo studies also identified Sox10+ 
cells at early stage of wound healing, remodeling of vascular grafts and 
implanted biomaterials. This work identified a new precursor of myofibroblasts 
and provided new tools for further research.  
 
In the last part, we identified and characterized a new type of stem cells from 
the synovial membrane of knee joint, named neural crest cell-like synovial 
stem cells (NCCL-SSCs). NCCL-SSCs showed the characteristics of neural 
crest stem cells: they expressed markers such as Sox10, Sox17 and S100, 
were clonable, and could differentiate into neural lineages as well as 
mesenchymal lineages.  However, lineage tracing with Wnt-1 as marker 
showed that NCCL-SSCs were not derived from neural crest. When treated 
with transforming growth factor 1 (TGF-1), NCCL-SSCs differentiated into 
MSCs, lost the expression of Sox17, and lost the differentiation potential into 
neural lineages, but retained the potential of differentiating into mesenchymal 
lineages. To determine the responses of NCCL-SSCs to microfibrous scaffolds 
for tissue engineering, electrospun composite scaffolds with various porosities 
were fabricated by co-electrospinning of structural and sacrificial microfibers. 
Interestingly, microfibrous scaffolds with higher porosity increased the 
expression of chondrogenic and osteogenic genes but suppressed smooth 
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muscle and adipogenic genes.  These results suggest that NCCL-SSCs have 
tremendous potential for tissue engineering and their differentiation can be 
controlled by both soluble chemical factors and the biophysical factors such as 
the porosity of the scaffold. 
 
In summary, this dissertation work identified new tissue specific adult stem 
cells and performed detailed characterization. This work demonstrated the role 
of adult stem cells in vascular diseases and scar formation for the first time, 
indicating that many diseases might be stem cell diseases like cancer. Stem 
cells instead of somatic cells might be the target for the design of novel 
therapeutic strategy. Furthermore, we also provide new insight into the 
response of stem cells on physical properties of biomaterials, thus providing 
guidance for the design of suitable scaffolds for tissue engineering. We hope 
this dissertation work could promote the research in investigating the function 
of stem cells in not only regenerative medicine, but also diseases, thus 
contributing to our healthcare system.  
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Chapter 1. Introduction 

1.1 Cardiovascular disease 
Cardiovascular disease (CVD) is the number one killer worldwide, which 

is responsible for approximately 40% of annual deaths in United States. 
Furthermore, CVD can also cause significant long-term disability from the 
complications[1]. The estimated cost due to CVD-related disorders amounts to 
$330 billion and the American Heart Association spent $380 million annually 
on CVD research[2]. Currently, the causes of CVD are diverse but 
atherosclerosis represents the most common ones.  

Atherosclerosis gives rise to cerebrovascular disease and CAD through a 
slowly progressing lesion formation and luminal narrowing of arteries. The 
endothelial dysfunction and structural alterations, including the absence of a 
confluent elastin layer and exposure of proteoglycans, which permit 
sub-endothelial accumulation of low-density lipoprotein (LDL), are believed to 
be the initial events[3]. The expression of adhesion molecules and the 
secretion of chemokines by endothelial cells triggered by oxidized lipids and 
LDL, together with the deposition of platelet-derived chemokines, drive intimal 
immune cell infiltration. Then a necrotic core is formed by successive 
accumulation of apoptotic cells, debris and cholesterol crystals, followed by the 
formation of a fibrous cap composed of collagen and smooth muscle cells 
(SMCs) to cover the fibroatheromatous plaques[4].  

Angioplasty is a common procedure which allows the endovascular 
treatment of occlusive coronary artery disease without the need of bypass 
surgery. Briefly, this procedure is executed by attaching a small balloon to a 
catheter, which dilates the artery and improves blood flow once inflated on the 
stenosis. In addition, to prevent acute occlusion, vascular recoil and eventually 
restenosis due to uncontrollable plaque disruption by angioplasty, stents that 
are metal mesh tubes placed during percutaneous intervention inside the 
artery to keep arteries open were developed between 1980s and 1990s. 
However, late in-stent restenosis is still one of the major drawbacks after 
successful revascularization[5]. The neointimal hyperplasia is the major 
pathogenic event of in-stent restenosis[6]. It is generally believed that the 
intimal hyperplasia takes place in concert with the migration of vascular SMCs 
from tunica media of blood vessel wall after disruption of endothelial barrier 
following the mechanical stretch. The proliferation of SMCs actively gives rise 
to neointima and obstructs the vessel. At a later stage, extra-cellular matrix 
components including proteoglycans and collagen become the predominant 
constituents of restenotic lesions.  
 

1.2 Phenotypic modulation of SMCs 

In native blood vessel wall, the highly specialized contractile SMCs are 
thought to be the only cell type in tunica media, which are characterized by the 
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cytoplasm largely filled with thick and thin myofilaments. The principle function 
of SMCs is contraction and regulation of blood vessel tone-diameter, blood 
pressure and blood flow distribution[7]. Mature SMCs proliferate at an 
extremely low rate, exhibit very low synthetic activity and express unique 
contractile proteins including smooth muscle myosin heavy chain (SM-MHC) 
and calponin-1 (CNN1) required for the cell’s contractile function[8]. However, 
after cell isolation, the cells barely grew in the first week of the primary culture 
followed by a sudden cell expansion afterwards. Numerous studies showed 
that the expandable cell population expresses the markers of immature SMC 
such as smooth muscle α–actin (SMA), CNN1 and SM-22α, which appears to 
suggest that these cells are derived from mature SMCs. Therefore, a 
correlative hypothesis suggests that SMCs can modulate their phenotype and 
become proliferative[9]. Similarly, the conclusion on the phenotypic modulation 
of SMCs in vivo was also mostly based on the assumption that the cells in 
injured arteries are mostly derived from SMCs. For examples, one of the 
classical studies showed that, following artery ligation, the cells in the 
neointima have synthetic phenotype and differed from SMCs in ultrastructure, 
which were assumed to be de-differentiated SMCs[10]. However, so far there 
is no direct evidence to prove this hypothesis. Rigorous lineage tracing 
experiments are required to directly trace the fate of SMCs.  
 
1.3 Cell marking by genetic recombination 

Genetic recombination was first used for lineage tracing since the early 
1990s and is now the preferred approach in many experiments. A recombinase 
enzyme is expressed in a cell- or tissue-specific manner to activate the 
expression of a conditional reporter gene, and thus allowing for permanent 
genetic labeling of all progeny of the marked cells. In mice, the genetic lineage 
tracing is usually performed by using the Cre-loxP system adapted from 
bacteriophage P1[11]. Briefly, Cre recombinase is expressed under the control 
of a tissue- or cell-specific promoter in one mouse line. That line is crossed 
with a second mouse line in which a reporter is flanked by a loxP-STOP-loxP 
sequence. In animals expressing both constructs, Cre specifically activates the 
reporter in cells that express the promoter, by excising the STOP sequence.  

By using SM22α Cre dependent lineage tracing, it was reported that 
SMCs give rise to osteochondrogenic cells within calcified arterial media, as 
well as atherosclerotic lesions[12]. In addition, Owens et al. utilized another 
novel transgenic mouse harboring a SM-22α-LacZ reporter gene containing a 
mutated G/C repressor element, which faithfully recapitulates expression of 
endogenous SM22α gene throughout development and maturation[13]. Regen 
et al. observed LacZ+ phenotypically-modulated SMCs in the media and 
neointima 7 days after the carotid wire injury[14]. Furthermore, Wamhoff et al. 
showed a high frequency of proliferating intimal SMCs within lesions of 
Western diet ApoE-/- mice using the SM22α G/C repressor lineage tracing 
mouse model[15]. However, SM-22α is also expressed in many other types of 
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cells in blood vessels including adventitia myofibroblasts[16] and activated 
macrophages[17], thus compromising the conclusion on SMC 
de-differentiation and trans-differentiation.  
 
1.4 Nanofibrous scaffolds for cell transplantation 

Native extracellular matrix (ECM) has fibril structure. For example, blood 
vessel wall is composed of ECM fibrils such as collagen and elastin. To 
simulate the native ECM micro/nano structure, we have used electrospinning 
technique to fabricate nanofibrous scaffolds with random or aligned nanofibers 
(500-800 nm in fiber diameter) by using many types of biopolymers[18,19,20]. 
Nanofibrous tubular scaffolds were used as either vascular grafts or nerve 
conduits in our in vivo studies. The electrospinning process is realized by 
applying a high-voltage electric field to drive the jet flow of polymer solution 
from a needle (spinneret). As the jet stream of polymer solution reaches a 
grounded target (e.g., rotating mandrel), the jet stream can be collected as an 
interconnected web of fine sub-micron size fibers. We have established a 
novel method to fabricate nanofibrous conduits with aligned nanofibers on the 
luminal surface [21]. 

We have a well established rat model for vascular graft 
implantation[20,22]. This model can be used to investigate the role of stem 
cells in vascular graft remodeling. Recently, we developed a method to seed 
large number of cells on the outer surface of nanofibrous vascular grafts[23]. 
Cells were embedded in collagen gel on the outer surface of the graft, and cell 
contraction compacted the gel tightly to the outer surface. The gel has the 
advantage of maintaining a stable microenvironment for implanted cells, e.g., 
keep cell survival and avoid cell detachment and dehydration during 
implantation process.  

We have also established an in vivo model to investigate peripheral nerve 
regeneration[24]. A nanofibrous nerve conduit can be used to bridge the 
transected rat sciatic nerve with a 1-cm gap. The conduit is sutured to nerve 
stumps at proximal and distal ends. To determine the effects of stem cells on 
peripheral nerve regeneration, nerve conduits were filled with matrigel only or 
with cells/matrigel in the lumen. 
 
1.5 Myofibroblasts and wound Healing 

It is well known that inflammatory process begins immediately after injury. 
Then platelets participating into clot formation release chemotatic factors to 
attract leukocytes, endothelial cells and fibroblasts. Soon after clot formation, 
granulation tissue begins to form and myofibroblasts in granulation tissues are 
characterized by similar ultrastructural and biochemical features of SMCs, 
including the presence of microfilament bundles and the expression of 
SMA[25]. It is generally accepted that myofibroblasts play a retractile role in 
wound contraction and are implicated in the synthesis of ECM components 
such as tenascin, fibronectin, and collagens I and III to replace damaged 
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tissues. After the wound healing process, myofibroblasts disappear by 
apoptosis and the scar tissue becomes less cellular and composed of typical 
fibroblasts. Drugs targeting myofibroblastic differentiation and granulation 
tissue formation are generally used to decrease scar formation[26].  

Despite the importance of myofibroblasts in wound healing and scar 
formation, the origins of myofibroblasts are still controversial. Friendenstein 
and associates provided in vitro evidence for a bone marrow origin 3 decades 
ago[27]. They identified colonies consisting of fibroblasts in bone marrow, 
which can spontaneously differentiate into myofibroblasts in medium with fetal 
bovine serum (FBS)[28]. However, the model of epithelial-mesenchymal 
transition (EMT) based on studies in developmental biology suggests organ 
epithelium origin of myofibroblasts[29]. Furthermore, by transplanting clones 
derived from single hematopoietic stem cell (HSCs) expressing transgenic 
enhanced GFP, Ogawa et al. found that fibroblasts/myofibroblasts in many 
organs and tissues are derived from HSCs[30]. To date, it is not clear whether 
there are other origins of myofibroblasts in wound healing and tissue 
regeneration. 
 
1.6 Osteoarthritis and stem Cells 

Osteoarthritis represents structural breakdown of the synovial joint, 
affecting 70 million people in the United States[31]. Therefore, efficient 
therapeutic methodology for tissue regeneration, including cartilage, bone, 
adipose tissue and tendon has become an urgent need in clinical application. 
Mesenchymal stem cells (MSCs) have been isolated from synovial membrane 
and show potential for bone, tendon and cartilage tissue engineering[32]. In 
addition, bioactive scaffolds were used for efficient in situ cartilage 
regeneration by chemotactic homing of synovial stem cells by delivery of 
transforming growth factor β-3 (TGF-3) and stromal cell derived factor-1 
(SDF-1) [33,34], thus making local stem cells a great cell source for knee joint 
repair. However, the characterization of synovial MSCs is limited to 
non-specific surface markers including CD29 and CD44. In addition, the 
culture condition relies on high concentrations of serum, which might not be 
perfect to maintain self-renewal and multipotency of stem cells.  

 
1.7 Porosity of scaffold and response of stem cells 

There exist numerous scaffold fabrication techniques aimed to produce 
artificial environment necessary for tissue engineering. Electrospinning is a 
highly versatile method that allows the fabrication of biomimetic porous, 
nonwoven and three-dimensional (3D) fiber structures with controllable fiber 
diameter ranging from nano- to micro-scale [35,36], and thus has been used 
extensively in bone, cartilage, tendon, adipose tissue and muscle tissue 
engineering [37,38]. However, one main problem of electrospun scaffolds that 
has yet to be solved is their porosity. Moreover, the effects of the pore size of 
scaffolds on stem cell behaviors are not well understood. We co-electrospun 
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two synthetic biodegradable polyesters with different degradation rates, 
poly(L-lactide) (PLLA) and polyglycolic acid (PGA), to fabricate composite 
scaffolds containing various numbers of PGA fibers; these sacrificial PGA 
fibers were subsequently removed by short-term degradation of 2 weeks and 4 
weeks in vitro, demonstrating that such controlled degradation and the 
selective time-dependent removal of these sacrificial fibers effectively 
improved the porosity of our composite scaffolds. The responses of tissue 
specific stem cells to the porosity of scaffolds were investigated in this 
dissertation work. 
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Chapter 2. Identification of multipotent vascular stem cells   

2.1 Motivation 

Since there is no direct evidence to show that the fast growing cells in 
culture or in neointima after vascular injury are derived from de-differentiation 
of contractile SMCs, it is reasonable to raise the question: Is it possible that the 
fast growing cells are derived from a minority population of stem cells in blood 
vessel wall? In addition, previous studies showed that cultured SMCs can be 
induced to undergo an osteochondrogenic phenotype characterized by the 
loss of SMC markers and gain of osteochondrogenic markers (Runx1/Cbfa1, 
osteopontin and osteocalcin)[39]. Furthermore, it was reported that SMCs give 
rise to osteochondrogenic cells within calcified arterial media, as well as 
atherosclerotic lesions by using SM22α Cre dependent lineage tracing[12]. 
Overall, we hypothesized that there may exist a stem cell population in the 
blood vessel wall. After cell isolation, these stem cells proliferate rapidly to 
dominate the culture and give rise to previously reported proliferative or 
synthetic SMCs. To test this hypothesis, we performed cell isolation from 
tunica media of rat blood vessel tissues and identified multipotent vascular 
stem cells (MVSCs).  
 

2.2 Methods and materials 

Cell Isolation 
Cells were isolated from the blood vessels of Sprague Dawley (SD) rat. 

The cell isolation methods were described previously[40]. Briefly, the tissue 
segments were washed three times with PBS supplemented with 1% 
penicillin/streptomycin (P/S). The surrounding connective tissues and 
adventitia were dissected away under a dissecting microscope. Endothelium 
was removed by scraping off the cell layer on the luminal surface with sterile 
scalpel blades. For tissue explant culture method, the tunica media was cut 
into mm size and placed onto the surface coated with 1% CellStart (Invitrogen) 
in 6-well plates. The cells were cultured in DMEM with 10% FBS (Thermo 
Fisher Scientific), or in DMEM with 2% chick embryo extract (CEE) (MP 
Biomedical), 1% FBS, 1% N2 (Invitrogen), 2% B27 (Invitrogen), 100 nM 
retinoic acid (Sigma-Aldrich), 50 nM 2-mercaptoethanol (2ME) (Sigma-Aldrich), 
1% P/S and 20 ng/ml basic fibroblast growth factor (bFGF) (Peprotech) 
(maintenance medium). For enzymatic digestion method, tissues were 
incubated with 3 mg/ml type II collagenase (Sigma-Aldrich) in DMEM with a 
1/5 (w/v) ratio of tissue (g) to enzyme solution (ml). After incubation at 37 °C for 
30 min, the same volume of 1 mg/ml elastase (Sigma-Aldrich) solution was 
added to the solution containing the tissue and collagenase. The tissues were 
incubated for another 1–2 hours until all the tissues were digested. Cells were 
then seeded onto CellStart coated dishes and maintained at 37 °C in an 
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incubator with 5% CO2. 
 
Cell cloning assays 
    For the clonal assays, MVSCs were detached, and the cells were 
resuspended with maintenance medium and filtered through membranes with 
40-μm pore size to obtain single cells. Filtered cells were seeded onto 
CellStart coated 96-well plates at the clonal density (1 cell per well) and 
cultured for 3 weeks at 37 °C in an incubator with 5% CO2. 
 
Sphere formation and differentiation assays 

For sphere formation assay, cell suspension was plated onto 
ultralow-attachment 6-well plates (Corning) at the density of 0.5×106 cells per 
well in the presence of maintenance medium for 1 week. The derived neural 
sphere-like aggregates were collected and embedded into optimal cutting 
temperature (OCT) compound (Tissue Tek) for cryosectioning and 
immunostaining. For the directed differentiation of MVSCs into peripheral 
neurons, Schwann cells, osteoblasts, adipocytes and chondrocytes, the cells 
were incubated in specific induction media, described previously, for 1–3 
weeks[23,24,41]. 
 
Telomerase activity assay 

Telomerase activities of MVSCs and the tissues from which the cells were 
isolated were measured using telomeric repeats amplification protocol 
combined with real-time detection of amplification products, using a 
Quantitative Telomerase Detection kit (US Biomax), according to the 
instruction of the manufacturer. Total protein extract (0.5 μg for each sample) 
was used in each reaction. Real-time PCR analysis was performed using an 
ABI PRISM 7,000 Sequence Detection System. The amount of molecules was 
quantified using the standard curve, and normalized with the level of actin in 
each sample measured by an ELISA kit (Cell Signaling Technology). 
 
Growth factor treatment and cell proliferation assay 
    Undifferentiated MVSCs and partially differentiated MVSCs (cultured in 
DMEM with 10% FBS for 3 weeks) were starved in DMEM with 1% FBS for 24 
hours followed by the treatment of 10 ng/ml bFGF, 10 ng/ml platelet derived 
growth factor-B (PDGF-B) (Peprotech) or 10 ng/ml transforming growth factor 
beta 1 (TGF-β1) (Peprotech) for another 24 hours. The cell proliferation was 
quantified using Click-iT EdU Alexa Fluor 488 HCS Assay kit (Invitrogen), 
according to the instruction of the manufacturer. 
 
Flow cytometric analysis 

For flow cytometric analysis, cells were dissociated after the exposure to 
0.2% EDTA for 20 min at room temperature. The cells in suspension were 
blocked with 1% BSA, incubated with specific primary antibodies, and then 
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stained with secondary antibodies. Negative control sample was incubated 
with a nonspecific antibody with the same isotype as the specific primary 
antibody, and stained with the same secondary antibody. 7-AAD (BD 
Pharmingen) was used to exclude dead cells. Cells were analyzed by using 
FACScan flow cytometer (Becton Dickinson) and FlowJo software (Tree Star). 
 
RNA isolation for DNA microarray and qPCR 
    MVSCs derived from carotid arteries and jugular veins of SD rats were 
lysed with Trizol reagent (Invitrogen) and total RNA was extracted as 
previously described[42]. For microarray analysis, the RNA pellet was 
resuspended in nuclease-free H2O and was subsequently diluted to a 
concentration of 0.50 mg/ml. Then, 10 μl of each sample was used for the 
analysis using an Affymetrix oligonucleotide microarray U133AA of Av2 chip 
containing 31,099 probe sets. Samples were labeled and hybridized according 
to Affymetrix protocols. Signal intensities were obtained for all probe sets and 
were organized using GeneTraffic version 3.2 microarray analysis software 
(Lobion). For qPCR, RNA pellets were resuspended in diethyl pyrocarbonate 
(DEPC)-treated H2O. Complementary DNA was synthesized using two-step 
reverse transcription with the ThermoScript RT–PCR system (Invitrogen), 
followed by qPCR with SYBR green reagent and the ABI Prism 7,000 
Sequence Detection System (Applied Biosystems). The sequences of the 
primers used in this study are shown in Table 2.1. 

 

Tissue engineered nerve conduits with MVSCs and in vivo 
transplantation 

Electrospinning technique was used to produce nerve conduits as 
previously described[20,24,42,43]. For cell transplantation into nerve conduits, 
MVSCs were isolated by using tissue explant culture method from the carotid 
arteries of transgenic GFP rats. The cell suspension was mixed with cold 
matrigel solution at a 2:1 ratio (volume to volume), and injected into the nerve 
conduits. The tissue-engineered constructs were kept in the incubator for 1 
hour to allow gelation. The nerve conduit was inserted between the two nerve 
stumps and sutured, creating a gap of 1 cm between the two stumps. 
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Carotid artery endothelial denudation model 

The rat left common carotid arteries were subjected to endothelial 
denudation injury as described previously[44]. Briefly, adult SD rats were 
anesthetized with isoflurane. Endoluminal injury to the left common carotid 
artery was produced. Rats were sacrificed at 5, 15 and 30 days after injury, 
with at least 6 animals for each time point. The blood vessels samples were 
rinsed with PBS and embedded in OCT compound for histological analysis. 
 
Staining and histological analysis  

For immunostaining, cells or the tissue sections of blood vessels were 
fixed with 4% paraformaldehyde (PFA), permeabilized with 0.5% Triton X-100 
(Sigma-Aldrich), and blocked with 1% BSA (Sigma-Aldrich). For actin 
cytoskeleton, samples were incubated with fluorescein isothiocyanate 
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(FITC)-conjugated phalloidin (Invitrogen) for 30 min to stain filamentous actin 
(F-actin). For the staining of other cell markers, samples were incubated with 
specific primary antibodies (Table 2.2) for 2 hours at room temperature, 
washed with PBS for 3 times, and incubated with appropriate Alexa 488- 
and/or Alexa 546-labeled secondary antibodies (Invitrogen). Nuclei were 
stained with 4,6-diamidino-2-phenylindole (DAPI) (Invitrogen). Fluorescence 
images were collected by a Zeiss LSM710 confocal microscope. For organic 
dye staining, cells or the tissue sections were fixed with 4% PFA for 30 min, 
washed and stained with alizarin red (Sigma-Aldrich), alcian blue 
(Sigma-Aldrich), oil red (Sigma-Aldrich) or Verhoeff’s dye (American 
MasterTech) according to the instruction of the manufacturers. Images were 
collected by a Zeiss Axioskop 2 plus microscope. 
 
Statistics 

Data were reported as means ± standard deviation (s.d.), unless 
otherwise indicated. All experiments were repeated at least three times. 
Comparisons among values for all groups were performed by one-way 
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analysis of variance (ANOVA). Holm’s t-test was used for the analysis of 
differences between different groups. Significance level was set as P < 0.05. 

 
Figure 2.1. Identification of SM-MHC- cells in blood vessel. (A) Cross sections of 

carotid artery were stained for SM-MHC (red) and SMA (Green). Nuclei were stained with 

DAPI.  L: lumen, M: media, A: adventitia. Arrow indicates a SM-MHC- cell inside tunica 

media. Scale bar is 50 µm. (B-E) Cells were isolated from arterial tunica media by using 

enzymatic digestion method. The derived cells were immunostained for SMA, SM-MHC, 

CNN1 and Ki67 after being cultured in DMEM with 10% FBS for 3 days. Arrow in C 

indicates a SM-MHC- cell. Arrows in D indicate proliferating SM-MHC- cells in culture. 

Arrowhead in D indicates a non-proliferative mature SMC. (F-H) Cells were isolated from 

arterial tunica media by using tissue explant culture method. The derived cells were 

immunostained for SMA, Ki67, SM-MHC and CNN1 after being cultured in DMEM with 10% 

FBS for 3 days. Scale bars are 100 µm.  

 

2.3 Identification and characterization of rat MVSCs 
First, we verified the existence of SM-MHC− cells in the tunica media by 

immunostaining the cross-sections of carotid arteries from SD rats for SMA 
and SM-MHC. As shown in Figure 2.1A, the majority of cells inside the elastic 
lamina layers were mature and contractile SMCs (SMA+ /SM-MHC+), whereas 
a small population (less than 10%) were negative for SM-MHC in the tunica 
media. 

We then isolated and characterized the cells from the tunica media of 
carotid arteries of SD rats. Using enzymatic digestion, we obtained a mixed 
cell population including both mature SMCs and non-SMCs. The mature SMCs 
had SM-MHC and CNN1 assembled into stress fibers and were 
non-proliferative (negative for Ki67) (Figure 2.1B-D). By contrast, the 
SM-MHC− cells were smaller, had no SM-MHC, CNN1 or SMA in stress fibers, 
expressed low level of SMA, and were highly proliferative (Figure 2.1C, D). 
After being cultured in DMEM with 10% FBS for 3 days, the SM-MHC− cells 
started to multiply (Figure 2.1E) and eventually dominated the culture. 
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Figure 2.2. Characterization of SM-MHC- cells in culture. (A-C) SM-MHC- cells were 

cultured in DMEM with 10% FBS for 5, 15 and 30 days and were subjected to 

FITC-phalloidin staining for F-actin (Nuclei were stained with DAPI) (D, E) Quantification 

of nucleus projection area and cell spreading area during the spontaneous differentiation 

process of SM-MHC- cells isolated from carotid arteries and cultured for 5, 15 and 30 days 

in DMEM with 10% FBS. (F, G) qPCR was used to measure the gene expression of SMA 

and CNN1. 18S rRNA was used to normalize the relative expression levels. Data were 

shown as average ± s.d. (n=3). * indicates significant difference between indicated groups 

by using Holm’s t-test (p<0.01). 

 

With the tissue explant culture method, which relies on cell migration, only 
migratory and proliferative cells can be isolated. The cells migrating out of the 
tunica media expressed Ki67 and low levels of SMA, but did not express 
SM-MHC or CNN1 (Figure 2.1F-H). These cells had the same characteristics 
as the SM-MHC− cells isolated using the enzymatic digestion method. In the 
previous literature, these SM-MHC− cells were defined as synthetic and/or 
proliferative SMCs[45]. However, a detailed characterization showed that the 
SM-MHC− cells exhibited significant changes in morphology, during the culture 
for an extended period. The size of cell nucleus and the spreading area of the 
cells increased significantly (greater than threefold) within a 30-day time period, 
accompanied by the increase of stress fibers (Figure 2.2A-E) and the 
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increased expression of SMA and CNN1 (Figure 2.2F, G). These results 
suggest that the proliferative/synthetic SMCs might be derived from the 
spontaneous differentiation of SM-MHC− cells in the medium with 10% FBS. 

To thoroughly characterize these SM-MHC− cells at the early stage (day 3) 
of primary tissue explant culture, we screened protein-marker expression with 
over 50 antibodies (Table 2.2), and found that isolated SM-MHC− cells 
uniformly expressed markers including neural crest cell markers Sox10, Sox1, 
Snail, vimentin and nestin, endoderm marker Sox17, neural cell makers NFM, 
peripherin, Brn3a, Phox2b and glial cell marker S100β (Figure 2.3A-H; Table 
2.2), and general MSC makers including CD29 and CD44 (Figure 2.3I, J). In 
addition, these SM-MHC− cells were negative for CD146 and Sca-1 (Figure 
2.3K, L), suggesting that these cells were distinct from previously identified 
perivascular MSC-like cell[46] or Sca-1+ progenitors[47,48]. These cells were 
also negative for markers for EC and EC conversion-derived MSC-like cells, 
for example, CD31/PECAM1 and VE-cadherin[49], as well as the endothelial 
progenitor cell and HSC markers CD34, CD133, c-Kit and Flk-1 (Table 2.2).  

To maintain the phenotype of these SM-MHC− cells, we performed 
screening for maintenance medium, and found a modified medium for neural 
crest stem cell (NCSC) culture that could maintain the cell morphology and the 
expression of aforementioned markers in the SM-MHC− cells. The 
maintenance medium contained DMEM with 2% CEE, 1% FBS, and 20 ng/ml 
of bFGF, and was used to expand the cells for further analysis. 

We further determined whether they were capable of differentiating into 
ectodermal and mesodermal lineages by treating cells with specific 
differentiation induction media[15,24,47,50]. Indeed, these SM-MHC− cells 
were capable of differentiating into Schwann cell like cells (positive for glial 
fibrillary acidic protein, GFAP+), peripheral neuron like cells (positive for 
neuron-specific class III β-tubulin, that is, TUJ1+), SMCs (SM-MHC+), 
chondrocytes (alcian blue staining), adipocytes (oil red staining) and 
osteoblasts (alizarin red staining) (Figure 2.4A-F). 

The capability of the SM-MHC− cells differentiation into neural lineages 
was also demonstrated in vivo. We isolated SM-MHC− cells from tunica media 
of carotid arteries of transgenic GFP rats, and transplanted them into a nerve 
conduit to bridge transected sciatic nerve, as described[24]. After 1 month, 
immunostaining of the longitudinal-sections showed that GFP labeled cells 
differentiated into Schwann cells and contributed to axon myelination, as 
evident by myelin basic protein (MBP) expression (Figure 2.5). 

These results indicate that these SM-MHC− cells in blood vessel wall are 
multipotent. Therefore, we defined these cells as MVSCs. MVSCs could be 
isolated from the tunica media of different blood vessels including jugular vein, 
aorta, abdominal artery, inferior vena cava, femoral artery and femoral vein 
beside carotid artery (Figure 2.6). 
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Figure 2.3. Characterization of SM-MHC- cells isolated from rat carotid arterial 

tunica media. (A-H) Immunostaining of isolated SM-MHC- cells cultured in DMEM with 10% 

FBS for 3 days for various markers, including Sox10, Sox17, Sox1, Snail, vimentin, nestin, 

S100β and NFM. (I-L) Flow cytometric analysis of SM-MHC- cells derived from arterial 

tunica media cultured in DMEM with 10% FBS for 3 days with antibodies against CD29, 

CD44, CD146 and Sca-1. Filled grey curves represent negative control samples, red 

curves represent samples stained with antibodies for CD29, CD44, CD146 or Sca-1. 

Scale bars are 100 m. 

 

 

Figure 2.4. Multipotency of SM-MHC- cells. Staining of differentiated cell derived from 

SM-MHC- cells: Schwann cell like cells for GFAP (A), neuron like cells for TUJ1 (B), SMCs 

for SM-MHC (C), chondrocytes for aggrecan by using alcian blue (D), adipocytes for lipid 

droplets by using oil red (E) and osteoblasts for calcified matrix by using alizarin red (F). 

Scale bars of A-C are 50 m. Scale bars of D-F are 100 m. 

 

2.4 Single-cell cloning and telomerase activity assay 

To further confirm the stemness of MVSCs, we performed a cloning assay 
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(Figure 2.7A). Dilutional cell cloning assay showed that the average plating 
efficiency of MVSCs was about 13%, and the cloned MVSCs retained the 
marker expression, as described in Table 2.2, including Sox10, Sox17 (Figure 
2.7B, C) and other MVSC markers (Data not shown), could self-renew and 
maintain the multipotency. To determine whether MVSCs had the capability to 
form neural spheres as neural crest cells[15,24,51], rat MVSCs derived from 
cloning assay were cultured on ultralow-attachment plates. Indeed, MVSCs 
formed neural sphere-like aggregates (Figure 2.7D), and the cells within the 
spheres retained the expression of the MVSC markers such as Sox17, 
vimentin, SMA, nestin and S100β (Figure 2.7E-I). 

We then determined whether blood vessels and isolated MVSCs possess 
telomerase activity. Surprisingly, all blood vessels examined had telomerase 
activity, suggesting the presence of stem cells in the vascular wall (Figure 
2.7J). The isolated MVSCs had a marked increase (>100 fold) of telomerase 
activity compared to the respective vascular tissues from which the cells were 
isolated, suggesting the enrichment and purification of stem cells from 
vascular tissues during the cell isolation process. Furthermore, we found no 
significant difference in telomerase activity in MVSCs isolated from different 
blood vessels.  

 
Figure 2.5. In vivo differentiation of MVSCs into Schwann Cells. (A) MVSCs isolated 

from transgenic GFP rats were embedded in matrigel inside the nerve conduit, and the 

nerve conduit was used to bridge the transected sciatic nerve in an athymic rat. (B) 

Staining of longitudinal-sections of a nerve conduit at 30 days after transplantation with 

antibodies against GFP, MBP and NFM. Nuclei were stained with DAPI. Scale bars are 50 

µm. 
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We used carotid artery and jugular vein as representatives to further 
compare the MVSCs from different blood vessels. DNA microarray showed 
that MVSCs from carotid arteries and jugular veins were almost identical 
(Figure 2.7K), while only 3.6% of genes in expression showed significant 
difference of more than 2-fold, suggesting that MVSCs derived from arteries 
and veins were similar. DNA microarray also showed that MVSCs expressed 
MSC markers such as CD29, CD44, CD73 and CD90 (Data not shown). 

 
Figure 2.6. Characterization of MVSCs derived from different blood vessels in rats. 

Immunostaining of MVSCs derived from jugular vein, aorta, abdominal artery, inferior 

vena cava, femoral artery and femoral vein with antibodies against Sox10, Sox17, nestin 

and snail. Nuclei were stained with DAPI. Scale bar is 100 µm. 

 

2.5 MVSC-MSC-SMC differentiation pathway  

MVSCs could differentiate into SMCs, and the cells at various stages of 
differentiation could contribute to the heterogeneity of SMCs. It is also possible 
that previously identified MSC-like cells could be derived from MVSCs. 
Therefore, we examined the spontaneous differentiation of MVSCs by 
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culturing the freshly isolated MVSCs for 8 weeks in DMEM with 10% FBS.  
MVSCs were negative for CNN1 and SM-MHC (Figure 2.8A, D). After 3 weeks, 
MVSCs expressed CNN1 but lost the nuclear expression of Sox17  

 
Figure 2.7. Single cell cloning of MVSCs. (A) Schematic illustration of single cell 

cloning with maintenance media. (B, C) Immunostaining of cloned MVSCs for Sox10 and 

Sox17. (D) Phase contrast image of neural spheres formed by cloned MVSCs. (E-I) 

Immunostaining of cross sections of neural spheres derived from MVSCs for MVSC 

markers including Sox17, vimentin, SMA, nestin and S100β. The nuclei were stained with 

DAPI. Scale bars are 50 µm. (J) Telomerase activity assay of MVSCs and the tissues 

from which MVSCs were isolated. The data was shown as average ± s.d. (n=3). White 

bars indicate tissues and black bars indicate isolated MVSCs.  * indicates significant 

difference between MVSCs and the tissue from which the cells were derived by using 

Student’s t-test (p<0.05). † indicates significant difference between inferior vena cava and 

other blood vessels (p<0.05). AO: aorta, CA: carotid artery, JV: jugular vein, AA: 
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abdominal artery, IVC: inferior vena cava, FA: femoral artery, FV: femoral vein. (K) DNA 

microarray analysis of MVSCs derived from rat carotid arteries and jugular veins (n=3).  

 

(Sox17- /Sox10+ /CNN1+ /SM-MHC-) (Figure 2.8B, E). At this stage, the cells 
lost the capability of differentiating into peripheral neurons and Schwann cells, 
but retained the potential for SMC, osteogenic, chondrogenic and adipogenic 
differentiation (summarized in Figure 2.8G), similar to previously reported 
MSC-like cells. These results suggested that MVSCs could be the precursor of 
MSC-like cells identified in blood vessel by previous studies [15,52,53]. 

 
Figure 2.8. Spontaneous differentiation of MVSCs into MSC-like cells and SMCs. 

(A-F) MVSCs were cultured in DMEM with 10% FBS for 5 (A, D), 3 weeks (B, E) and 8 

weeks (C, F), and were immunostained for Sox17, CNN1, SM-MHC and Sox10. Scale bar 

is 100 m. The nuclei were stained with DAPI. (G) Schematic illustration of the 

spontaneous differentiation of MVSCs and the differentiation potential of the cells at 

different stages.  

 

In addition, after being cultured in DMEM with 10% FBS for 8 weeks, the 
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cells lost the expression of Sox17 and Sox10 and spontaneously differentiated 
into mature SMCs (CNN1+/SM-MHC+) (Figure 2.8C, F). These cells also lost 
the differentiation potential into neural and mesenchymal lineages 

 

Figure 2.9 Differential responses of MVSCs and MSC-like cells to the treatment of 

vascular growth factors. The undifferentiated MVSCs and MSC-like cells (cultured in 

DMEM with 10% FBS for 3 weeks) were treated with 10 ng/ml bFGF, 10 ng/ml PDGF-B or 

10ng/ml TGF-1 for 24 hours. White bars indicate undifferentiated MVSCs and black bars 

indicate MSC-like cells. (A) EdU staining was used to quantify the proliferating cells. (B-F) 

qPCR analysis was used to quantify the gene expression of Sox17 (B), Sox10 (C), 

aggrecan (D), SMA (E) and CNN1 (F). 18S rRNA was used to normalize the relative 

expression levels. Data were shown as average ± s.d. (n=3). * indicates significant 

difference between growth factors-treated and untreated MVSCs (p<0.05). † indicates 

significant difference between growth factor-treated and untreated MSC-like cells 

(p<0.05). ‡ indicates significant difference between MVSCs and MSC-like cells in 

absence of growth factors (p<0.05). 
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(Summarized in Figure 2.8G). These results suggested that long-term culture 
in the medium containing 10% FBS resulted in the spontaneous differentiation 
of MVSCs into MSC-like cells and subsequently SMCs and that the cells at the 
various stages of differentiation might explain the heterogeneity of SMCs. 
 

2.6 Differential response of MVSCs and differentiated cells 

MVSCs at different stages of differentiation might respond differently to 
the same stimulation in the vascular microenvironment. To address this issue, 
we compared the effects of three vascular growth factors on undifferentiated 
MVSCs and MSC-like cells (3-week differentiation) as an example. The 
vascular growth factors used in this study included bFGF, PDGF-B and 
TGF-β1. PDGF-B and bFGF increased the proliferation of both MVSCs and 
MSC-like cells, while TGF-β1 suppressed the proliferation of MVSCs (Figure 
2.9A). It was also noted that PDGF-B had more dramatic effect on the 
proliferation of MSC-like cells compared with MVSCs.  

qPCR showed that MSC-like cells had much lower expression of MVSC 
marker such as Sox17 and higher expression of early SMC markers such as 
SMA and CNN1 (Figure 2.9B, E, F). bFGF significantly increased Sox17 
expression while suppressed the expression of SMC markers including SMA 
and CNN1 of MVSCs (Figure 2.9B, E, F), suggesting that bFGF might help 
maintain MVSCs at undifferentiated state. However, bFGF had no significant 
effect on the expression of Sox17, SMA and CNN1 but increased the synthesis 
of aggrecan (Figure 2.9D) in MSC-like cells, suggesting that bFGF might 
promote a synthetic SMC phenotype in MSC-like cells.  

PDGF-B also suppressed the expression of SMC markers of MVSCs 
(Figure 2.9E, F), but did not show any effect on Sox17 expression (Figure 
2.9D). In MSC-like cells, PDGF increased aggrecan synthesis and CNN1 
expression, but had no effect on the expression of SMA (Figure 2.9D-F).  

TGF-β1 significantly increased the expression of early SMC markers 
including SMA and CNN1 of MVSCs (Figure 2.9E, F), suggesting that TGF-β1 
promoted MVSC differentiation into SMC lineage. In MSC-like cells, TGF-β1 
promoted synthetic SMC phenotype by increasing the synthesis of aggrecan 
(Figure 2.9D), similar to bFGF and PDGF. These results demonstrated the 
MVSCs and differentiated cells responded differently to vascular growth 
factors. 

 

2.7 MVSC activation in vitro and in vivo 

Cell proliferation and expansion are important in the development of 
vascular diseases. Therefore, we performed in vitro and in vivo studies to 
determine the transition of MVSCs from quiescent state to proliferative state. 
We first isolated MVSCs from carotid arteries of SD rats by using enzymatic 
digestion method. Within 24 hours after cell isolation, immunostaining showed 
that MVSCs only expressed low levels of SMA, but not Sox10 or Ki67 (Figure 
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2.10A, B), which indicated that MVSCs were quiescent in the blood vessels. 
However, after being cultured for another 24 hours, MVSCs started expressing 
Sox10, nestin as well as Ki67 (Figure 2.10C-F), suggesting that MVSCs were 
activated and became proliferative.  

 
Figure 2.10. MVSC activation in vitro and in vivo. MVSCs were isolated from rat 

carotid arteries by using enzymatic digestion method, and cultured in DMEM with 10% 

FBS for 24 hours (A, B) and 48 hours (C-F). The cells were immunostained for SMA, 

SM22α, Nestin, Ki67 and Sox10. Scale bar is 100 µm. (G-O) Immunostaining of cross 

sections from native carotid arteries (G-I) and injured carotid arteries (day 5) (J-O) with 

the antibodies against Sox10, SMA, Ki67, S100β and NFM. A: Adventitia, L: Lumen, M: 

Media. The nuclei were stained with DAPI. Scale bars are 50 µm. 

 

Immunostaining also confirmed that the cells in the normal blood vessel 
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wall did not express detectable level of MVSC markers (e.g., Sox10) or 
proliferation marker Ki67 (Figure 2.10G-I), suggesting that MVSCs were 
quiescent under normal physiological conditions. Upon vascular endothelial 
denudation injury[44], about 50% of cells inside the elastic lamina layers of 
arterial media were found expressing Sox10 at day 5 after injury (Figure 
2.10J-L), and about 40% of Sox10+ cells were positive for proliferative marker 
Ki67 (Figure 2.10M-O). The percentage of proliferating cells is similar to what 
has been reported in the previous publications[54,55,56]. The Ki67+ cells were 
found only in Sox10+ MVSC population in tunica media, further confirming that 
MVSCs instead of SMCs could be activated to enter cell cycle upon vascular 
injury. Of note, we also found Ki67-expressing cells in endothelial layer and 
adventitia layer after injury, indicating that endothelial cells and adventitial cells 
were also activated to enter cell cycle for vascular remodeling. 

 

2.8 Conclusion 

In summary, we identify a new type of multipotent vascular stem cell in 
blood vessel wall. MVSCs express markers including Sox17, Sox10 and 
S100β, are cloneable, have telomerase activity, and can differentiate into 
neural lineages and MSC-like cells that subsequently differentiate into SMCs. 
In addition, we found that the MVSCs at different stages respond differently to 
various stimuli like the vascular growth factors. There are currently over 40,000 
papers on SMC biology. Our data provide new explanation for the controversial 
conclusions in this field. Many of the previous data explanation and 
interpretations should be revisited. Furthermore, MVSCs are dormant in native 
tissues. Upon vascular injury, the cells can be activated and rapidly expanded 
to contribute to vascular remodeling.  
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Chapter 3. Differentiation of MVSCs Contributes to Vascular 

Diseases 

3.1 Motivation 

In Chapter 2, we identified MVSCs, which express markers including 
Sox17, Sox10 and S100β, are cloneable, have telomerase activity, and can 
differentiate into neural cells and MSC-like cells that subsequently differentiate 
into SMCs. Moreover, previously identified synthetic/proliferative SMCs are 
likely derived from the differentiation of MVSCs. Therefore, the next question is 
whether MVSCs are derived from de-differentiation of contractile SMCs.  

To date, SM-MHC is generally deemed as the most specific marker of 
mature and contractile SMCs[57]. Therefore, we utilized SM-MHC-Cre mice, 
originally made by Michael Kotlikoff’s lab[58] using a SM-MHC 
promoter-enhancer provided by Owens Lab, which faithfully recapitulates 
expression of endogenous SM-MHC gene [59]. The SM-MHC-Cre mice were 
crossed with a Cre activatable indicator mouse strain, ROSA26-loxP-EGFP, 
obtained from Jackson labs. The progeny having both the two constructs were 
used in the following study.  
 

3.2 Methods and materials 

Generation of transgenic mice and genotyping 
Animal studies were approved by the ACUC committee at UC Berkeley, 

and were carried out according to the institutional guidelines. Transgenic mice, 
expressing Cre recombinase under the control of the SM-MHC promoter were 
mated with transgenic mice with a construct of Rosa26-loxP-EGFP or 
Actin-loxP-EGFP (Jackson laboratory, Inc.) to generate 
SM-MHC-Cre/loxP-EGFP mice. The sequences of primers used for 
genotyping were shown in Table 3.1.  

 

Cell isolation 
Cells were isolated from the blood vessels of SM-MHC-Cre/loxP-EGFP. 

The cells isolation methods were described previously[40]. Briefly, the tissue 
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segments were washed three times with PBS supplemented with 1% P/S. 
The surrounding connective tissues and adventitia were dissected away 
under a dissecting microscope. Endothelium was removed by scraping off 
the cell layer on the luminal surface with sterile scalpel blades. For tissue 
explant culture method, the tunica media was cut into mm-size and placed 
onto the surface coated with 1% CellStart in 6-well plates. The cells were 
cultured in DMEM with 10% FBS, or in DMEM with 2% CEE, 1% FBS, 1% 
N2, 2% B27, 100 nM RA, 50 nM 2ME, 1% P/S and 20 ng/ml bFGF. For 
enzymatic digestion methods, tissues were incubated with 3 mg/ml type II 
collagenase in DMEM with a 1/5 (w/v) ratio of tissue (g) to enzyme solution 
(ml). After incubation at 37°C for 30 min, the same volume of 1 mg/ml 
elastase solution was added to the solution containing the tissue and 
collagenase. The tissues were incubated for another 1-2 hours until all the 
tissues were digested. Cells were then seeded onto CellStart-coated dishes 
and maintained at 37°C in an incubator with 5% CO2. For the directed 
differentiation of MVSCs into peripheral neurons, Schwann cells, osteoblasts, 
adipocytes and chondrocytes, the cells were incubated in specific induction 
media described previously for 1-3 weeks [24,41]. 

 
Carotid artery endothelial denudation model 

The SM-MHC-Cre/loxP-EGFP mouse carotid arteries were subjected to 
endothelial denudation injury as described previously [44]. Briefly, transgenic 
mice were anesthetized with isoflurane. Endoluminal injury to the left common 
carotid artery was produced. Mice were sacrificed at 5, 15 and 30 days after 
injury, with at least 6 animals for each time point. The blood vessels samples 
were rinsed with PBS and embedded in OCT compound for histological 
analysis. 
 
In vivo transplantation 

For the transplantation of MVSCs into microfibrous vascular grafts[60], 
MVSCs were derived from the carotid arteries of SM-MHC-Cre/loxP-EGFP 
mice by using the tissue explant culture method. MVSCs were mixed with 
neutralized collagen solution (2 mg/ml; diluted in MVSC maintenance medium), 
resulting a cell density at 1 million cells/0.5 ml. The collagen gel solution (with 
cells) was then used to fill in the space outside of the vascular graft in a 1-ml 
syringe and allowed to polymerize at 37ºC for 1 hour. Then DMEM with 10% 
FBS containing 10 ng/ml TGF-β1 was added into the syringe to cover the 
grafts. After 1-day culture, the gel was contracted by the embedded cells and 
attached tightly onto the outer surface of the graft. The vascular grafts with 
cells were then transplanted into athymic rats by using carotid artery 
anastomosis. 
 
Staining and histological analysis 

For immunostaining, cells or the tissue sections of blood vessels were 
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fixed with 4% PFA, permeabilized with 0.5% Triton X-100, and blocked with 1% 
BSA. Samples were incubated with specific primary antibodies (Table 2.1) for 2 
hours at room temperature, washed with PBS for 3 times, and incubated with 
appropriate Alexa 488- and/or Alexa 546-labeled secondary antibodies. Nuclei 
were stained with DAPI. Fluorescence images were collected by a Zeiss 
LSM710 confocal microscope.  

For organic dye staining, cells or the tissue sections were fixed with 4% 
PFA for 30 min, washed and stained with alizarin red, alcian blue, oil red or 
Verhoeff’s dye according to the instruction of the manufacturers. Images were 
collected by a Zeiss Axioskop 2 plus microscope.  
 
Flow cytometric analysis 

For flow cytometric analysis, cells were dissociated after the exposure to 
0.2% EDTA for 20 min at room temperature. The cells in suspension were 
blocked with 1% BSA, and subjected to EGFP detection. 7-AAD was used to 
exclude dead cells. Cells were analyzed by using FACScan flow cytometer  
and FlowJo software.  

 

3.3 MVSCs did not arise from the de-differentiation of contractile SMCs 

Our results suggest that previously identified proliferative or synthetic 
SMCs could be MVSCs and/or their derivatives following spontaneous 
differentiation in regular culture media. To directly determine whether MVSCs 
are derived from the de-differentiation of contractile SMCs, we performed 
lineage tracing by using SM-MHC as a marker in the SM-MHC-Cre/loxP-EGFP 
mice[57,58,61]. Immunostaining showed that less than 10% of the cells in the 
carotid arterial tunica media of SM-MHC-Cre/loxP-EGFP mice were not 
labeled with EGFP, indicating the existence of a small population of non-SMCs 
in the tunica media (Figure 3.1A), consistent with the observation in the rat 
model. Immunostaining for Cre and EGFP further showed that the EGFP- cells 
did not express Cre (Data now shown).  

With enzymatic digestion culture, majority (about 92%) of the cells 
isolated from the carotid arteries of SM-MHC-Cre/loxP-EGFP mice were 
EGFP+ cells (Figure 3.1B). However, after being cultured and passaged in 
DMEM with 10% FBS for 10 days, all the cells in culture were EGFP- (Figure 
3.1C), indicating that these cells were not derived from contractile SMCs. In 
addition, in tissue explant culture, migratory and proliferative cells were EGFP- 
in contrast to strong EGFP fluorescence in the arterial tunica media (Figure 
3.1D, E). Flow cytometry also confirmed that none of the derived vascular cells 
expressed EGFP, which indicated that proliferative and migratory cells isolated 
from tunica media of blood vessels were not derived from the de-differentiation 
of contractile SMCs (Figure 3.1F). The lack of EGFP expression in MVSCs 
was unlikely due to the suppression of Rosa26 promoter activity in cell 
culture[62]. When SM-MHC-Cre/loxP-EGFP mice were generated by using 
β-actin (instead of ROSA26) promoter to drive the EGFP expression, tissue 



 

26 
 

explant culture showed that cells derived from these mice did not express 
EGFP, while vascular cells in the tissue explant expressed EGFP (Fig. 3.2).   

 

 
Figure 3.1. MVSCs did not arise from mature SMCs. (A) A cross-section of carotid 

artery from SM-MHC-Cre/loxP-EGFP mouse was immunostained for EGFP (green) and 

SMA (red). The arrow indicates a SM-MHC- cell inside tunica media. Scale bar is 50 µm. 

(B, C) Flow cytometric analysis for EGFP of cells derived from carotid arteries of 

SM-MHC-Cre/loxP-EGFP mice by using enzymatic digestion method at day 0 (B) (n=3) 

and day 10 (C) (n=3), with the cells cultured in DMEM with 10% FBS. (D, E) Phase 

contrast and fluorescent images of tissue explant culture of carotid arterial tissue from 

SM-MHC-Cre/loxP-EGFP mice. Scale bars are 100 m. (F) Flow cytometric analysis for 

EGFP expression in the cells derived in D and E (n=6). 

 

 

Figure 3.2. MVSC isolation from lineage tracing mice with β-actin promoter. MVSCs 

were derived from the carotid arteries of SM-MHC-Cre/Actin-loxP-EGFP mice by using 

tissue explant culture method. (A) Phase contrast image of MVSCs and the tissue chunk 

from which the cells migrated from. (B) FITC channel was used to detect the EGFP signal. 

Scale bar is 100 µm.  

 

To determine whether these EGFP- cells were similar to rat MVSCs, 
immunostaining and differentiation assay were performed. Immunostaining 
showed that these EGFP- cells uniformly expressed the same MVSC markers 
including Sox10, Sox17, Sox1, Snail, S100β and NFM (Figure 3.3). In addition, 
these cells could be induced to differentiate into Schwann cell like cells 
(GFAP+/S100β+), peripheral neuron like cells (TUJ1+/peripherin+), 
chondrocytes (alcian blue+), adipocytes (oil red+) and osteoblasts (alizarin red+) 
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(Figure 3.4 A-E), which further confirmed that EGFP- cells in tunica media 
were MVSCs.  

 

Figure 3.3. Marker expressions of EGFP- cells. Staining of EGFP- cells with antibodies 

against Sox10, Sox1, snail, Sox17, S100β and NFM. Scale bar is 100 µm.  

 

3.4 Differentiation into mature SMCs in vitro and in vivo 

 

Figure 3.4. Multipotency of EGFP- cells. Staining of differentiated cells derived from 

EGFP- cells: Schwann cell like cells for GFAP and S100β (A), neuron like cells for TUJ1 

and peripherin (B), chondrocytes for aggrecan by using alcian blue (C), adipocytes for 

lipid droplets by using oil red (D) and osteoblasts for calcified matrix by using alizarin red 

(E). Scale bars in A and B are 50 µm. Scale bars of C-E are 100 µm. (F) EGFP expression 

in MVSCs after being co-cultured with OP9-Delta1 cell line for 2 weeks. Scale bar is 50 

µm. 

 

To determine whether MVSCs could differentiate into mature SMCs and 
turn on EGFP expression, we activated Notch signaling by co-culturing EGFP- 
MVSCs with OP9-Delta1 feeder cells [63]. After two weeks of co-culture, 
majority of the MVSCs showed strong green fluorescence (Figure 3.4F). 
Immunostaining for SM-MHC confirmed that MVSCs indeed differentiated into 
SM-MHC+ SMCs (Figure 3.5A-C). The fact that EGFP could be turned on after 
MVSCs differentiated into SMCs further confirmed that MVSCs are not derived 
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from de-differentiation of contractile SMCs. Interestingly, a small portion of the 
EGFP+ cells expressed proliferation marker Ki67 (Figure 3.5D-F), suggesting 
that newly differentiated SMCs had not exit cell cycle yet.  

 

Figure 3.5. EGFP expression after MVSCs differentiated into SMCs. EGFP-  cells 

were derived from SM-MHC-Cre/loxP-EGFP mice, co-cultured with OP9-Delta1 feeder 

cells for 2 weeks, and became EGFP+ cells. (A-C) EGFP+ cells were immunostained with 

an antibody against SM-MHC. (D-F) EGFP+ cells were immunostained with an antibody 

against Ki67. Arrows indicate proliferating EGFP+ cells. Nuclei were stained with DAPI. 

Scale bars are 100 µm.  

 

To test whether MVSCs could differentiate into mature SMCs and turn on 
EGFP expression in vivo, we embedded MVSCs in collagen gel on the outer 
surface of a nanofibrous vascular graft, and implanted the grafts into athymic 
rats by performing carotid artery anastomosis [20,42]. After 1 month, 
immunostaining of the cross-sections showed that a small portion of the cells 
expressed EGFP, suggesting that MVSCs could differentiate into mature 
SMCs in vivo (Figure 3.6).  
 

3.5 MVSCs contribute to vascular remodeling 

To further investigate the fate of SMCs after vascular injury, we performed 
endothelial denudation injury in the carotid artery of SM-MHC-Cre/loxP-EGFP 
mice. Immunostaining showed that the cells in native carotid artery express 
EGFP but not MVSC marker S100β (Figure 3.7A-C). 

Surprisingly, at day 5 after injury, the majority of the cells in tunica media 
expressed S100β instead of EGFP (Figure 3.7D-F), which is consistent with 
previous notion that most SMCs may die by apoptosis while remaining cells 
proliferate and repopulate tunica media after vascular injury [64,65]. Although 
a low number of EGFP+ cells were found at this time point, none of them 
expressed proliferation marker Ki67 (Data not shown). Thus, MVSCs were 
activated and proliferated rapidly to repopulate the tunica media after injury 
and contributed to vascular remodeling.  
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Figure 3.6. In vivo differentiation of MVSCs into SMCs. (A) MVSCs derived from 

SM-MHC-Cre/loxP-EGFP mice were embedded in collagen gel on the outer surface of a 

nanofibrous PLLA vascular graft. The construct was transplanted into an athymic rat by 

performing carotid artery anastomosis. (B) Staining of cross-sections of a vascular graft 

with an antibody against EGFP at 1 month after transplantation. Nuclei were stained with 

DAPI. Scale bar is 50 µm. Dashed line indicates the boundary of the graft and collagen 

gel. EGFP+ cells indicate the differentiation of MVSCs into SM-MHC expressing SMCs. 

 

The neointima formation was observed around day 15 after endothelial 
denudation injury in rat carotid arteries. Majority of the cells in the tunica media 
and neointima expressed MVSC makers including Sox10 at day 15 and 30 
(Figure 3.8G-I), indicating that MVSCs were the major cell type in tunica media 
and neointima after vascular remodeling. Immunostaining also confirmed that 
the cells in neointima expressed other MVSC markers such as NFM and 
S100β(Figure 3.7J-L). At 30 days after injury, majority of the cells started to 
express SM-MHC (Figure 3.7M-O) and some of the cells were still proliferating 
(Data not shown), which is consistent with the in vitro observation that the 
newly differentiated SM-MHC+ cells might have not exit cell cycle yet. 
 

3.6 MVSCs contribute to blood vessel calcification  

At 1 month post injury, Verhoeff’s staining and alcian blue staining showed 
significant deposition of aggrecan and collagen I respectively in neointima 
populated by MVSCs (Figure 3.8A and Figure 3.9A), suggesting that 
MVSCs-derived cells had synthetic phenotype and contributed to the matrix 
synthesis during neointima formation. Immunostaining showed that some of 
the MVSCs in neointima differentiated into chondrogenic cells 
(S100β+/collagen II+) (Figure 3.8B), which demonstrated a novel mechanism  
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Figure 3.7. MVSCs contributed to vascular remodeling and neointima formation 

after vascular injury. (A-F) Immunostaining of cross-sections of native carotid arteries 

(A-C) and injured carotid arteries (day 5) (D-F) from SM-MHC-Cre/loxP-EGFP mice with 

the antibodies against EGFP and S100β. (G-I) Immunostaining of cross-sections from 

carotid arteries of SD rats at day 15 after injury with the antibodies against Sox10, Ki67, 

S100β and NFM. (M-O) Immunostaining of cross sections of carotid arteries from SD rats 

at day 30 after injury with the antibodies against S100β and SM-MHC. Scale bars are 50 

µm. The nuclei were stained with DAPI. A: adventitia, I: intima, L: lumen, M: media. 
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Figure 3.8. Matrix synthesis by MVSCs in neointima. (A) A cross-section of carotid 

artery at 5 weeks after injury was subjected to Verhoeff’s staining. (B) Immunostaining of 

a cross-section of injured carotid artery with antibodies against S100 (green) and 

collagen II (red). Arrows indicate cells expressing both S100 and collagen II. A: 

adventitia. M: media. I: intima. L: lumen. Scale bars are 50 μm.  

 

Figure 3.9. Characterization of MVSCs from neointima in rat. (A) Alcian blue staining 

of a cross-section of carotid artery from SD rat at week 5 after injury. Square indicates the 

area where the cells were isolated. Scale bar is 50 µm. (B-C) The cells isolated from 

neointima in rat were stained for MVSC markers Sox10 and Sox17. Scale bars are 50 µm. 

(D-I) The cells isolated from neointima were subjected to differentiation assays and 

stained for SMC markers SM-MHC and CNN1 (D), Schwann cell markers GFAP and 

S100β  (E), neuronal marker TUJ1 and peripherin (F), aggrecan in chondrogenic culture 

by using alcian blue (G), oil droplets in adipogenic culture by using oil red (H), and 

calcified matrix in osteoblastic culture by using alizarin red) (I). Scale bars of D-F are 50 

µm. Scale bars of G-I are 100 µm. 
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of ectopic cartilage tissue formation in the injured blood vessels. 
To determine whether there were still undifferentiated MVSCs in 

neointima, we isolated cells from neointima tissue at 1 month after injury by 
using the tissue explant culture method. Indeed, cells with same marker 
expression and differentiation potential as MVSCs could be derived from 
neointima tissues (Figure 3.9B-I), suggesting that MVSCs were capable of 
self-renewal in vivo during vascular remodeling.  

 
3.7 Conclusion 

In this chapter, we provided compelling evidence to show that previously 
identified synthetic/proliferative SMCs are derived from differentiation of 
MVSCs rather than de-differentiation of contractile SMCs. Upon vascular injury, 
MVSCs are activated to proliferate and differentiate to contribute to vascular 
remodeling and diseases. The findings provide a new perspective on vascular 
biology, and may lead to the development of new therapies for vascular 
diseases. More importantly, our finds suggest a new hypothesis: Vascular 
disease might be stem cell disease. Since our study is first and only one in this 
field, further studies using different conditions and animal models are needed 
to verify this important discovery.  
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Chapter 4. MVSCs exist in human vessels 

4.1 Comments from mass media 

After the publication of our study in Nature Communications[23], there 
were many reports/comments from mass media. In the report from UC 
Berkeley News Center[66], Dr. Deepak Srivastava, who directs cardiovascular 
and stem cell research at the Gladstone Institutes in San Francisco said: "This 
is groundbreaking and provocative work, as it challenges existing dogma. 
Targeting the vascular stem cells rather than the existing smooth muscle in the 
vessel wall might be much more effective in treating vascular disease." As well, 
Dr. Shu Chien, director of the Institute of Engineering in Medicine at UC San 
Diego said: "If your target is wrong, then your treatment can't be very effective. 
These new findings give us the right target and should speed up the discovery 
of novel treatments for vascular diseases." 

However, as pointed out by experts in this field, the data in animals may 
not be directly translated into human. Therefore, it is critical to prove this 
concept that MVSCs contributes to vascular diseases in human. We collected 
clinical samples and performed cell isolation, immunostaining and 
differentiation to identify human MVSCs. In addition, we also performed 
cryosectioning and immunostaining to verify the existence of MVSCs in 
diseases.  
 

4.2 Methods and Materials 

Cell isolation 
Human carotid arteries were obtained from National Disease Research 

Interchange (Philadelphia, PA). The cells isolation methods were described 
previously[40]. Briefly, the tissue segments were washed three times with PBS 
supplemented with 1% P/S. The surrounding connective tissues and adventitia 
were dissected away under a dissecting microscope. Endothelium was 
removed by scraping off the cell layer on the luminal surface with sterile 
scalpel blades. For tissue explant culture method, the tunica media was cut 
into mm-size and placed onto the surface coated with 1% CellStart in 6-well 
plates. The cells were cultured in DMEM with 5% FBS, 20 ng/ml bFGF and 
20ng/ml EGF. Cells were then seeded onto CellStart-coated dishes and 
maintained at 37°C in an incubator with 5% CO2. For the directed 
differentiation of human MVSCs into peripheral neuron like cells, Schwann cell 
like cells, osteoblasts, adipocytes and chondrocytes, the cells were incubated 
in specific induction media described previously for 2-3 weeks [24,41].   
 
Immunostaining and dye staining 

For immunostaining, cells were fixed with 4% PFA, permeabilized with 0.5% 
Triton X-100, and blocked with 1% BSA. Samples were incubated with specific 
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primary antibodies (Table 2.2) for 2 hours at room temperature, washed with 
PBS for 3 times, and incubated with appropriate Alexa 488- and/or Alexa 
546-labeled secondary antibodies. Nuclei were stained with DAPI. 
Fluorescence images were collected by a Zeiss LSM710 confocal microscope.  
For organic dye staining, cells were fixed with 4% PFA for 30 min, washed and 
stained with alizarin red, alcian blue, oil red or Verhoeff’s dye according to the 
instruction of the manufacturers. Images were collected by a Zeiss Axioskop 2 
plus microscope.  

 

Figure 4.1. Marker expression of human MVSCs isolated from carotid artery. 

Immunostaining of MVSCs isolated from human carotid arteries with antibodies against 

Sox10, Sox17, Pax-3/7, vimentin, NFM and S100β. Scale bars are 100 µm.  

 

4.3 Identification and characterization of human MVSCs 

To date, we collected over 50 human artery samples. Here we used the 
data from a healthy carotid artery as representative. Mouse and rat blood 
vessels are too small to accurately isolated adventitia layer, tunica media and 
endothelial layers. In contrast, human tissues are large enough for us to 
separate these layers to determine the location of MVSCs. By using tissue 
explants culture method, we successfully isolated human MVSCs from both 
the adventitia layer and tunica media of carotid artery, aorta and coronary 
artery, indicating that MVSCs locate in both the adventitia and medium layers. 
Lineage tracing experiment using Sox10 as marker also confirmed the location 
of MVSCs in both adventitia and medium layers[67].  

Immunostaining showed that cells isolated from human arteries 
expressed MVSC markers such as Sox10, Sox17, Pax-3/7, vimentin, NFM 
and S100β (Figure 4.1). Similar to rodent MVSCs, human MVSCs can be 
induced to differentiate into Schwann cell like cells, neuron like cells, SMCs, 
chondrocytes and adipocytes (Figure 4.2). However, it is worth noting that 
MVSCs isolated from patients with different ages differs in multipotency (data 
not shown). Further studies are required to investigate the differences 
between these samples.  
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Figure 4.2. Differentiation assay of MVSCs derived from human carotid artery. (A) 

Human MVSCs derived Schwann cell like cells were stained with an antibody against 

GFAP (B), peripheral neuron like cells were stained with an antibody against TUJ1 (C), 

SMCs were stained with an antibody against SM-MHC (D), chondrocytes were stained for 

aggrecan by using alcian blue (E), phase contrast picture of oil drops (F), adipocytes were 

stained for oil droplets by using oil red staining (G). Scale bars are 100 µm.  

 

4.4 Comparison of human MVSCs and human SMC line 

Previous theory suggests that the phenotypic modulated SMCs, which 
barely grow in the first week of the primary culture, account for a sudden cell 
expansion afterwards, and that these expanded cells can undergo 
re-differentiation under the same culture condition. These expanded cells are 
traditionally characterized as “proliferative/synthetic SMCs”, assuming that 
they are derived from mature SMCs. Our findings imply that SMCs in many 
previous in vitro studies may be derived from MVSCs. To further prove this, a 
commercially available human aortic SMC line were subjected to 
Immunostaining and showed that the cells expressed low level of Sox10—a 
MVSC marker, suggesting that these cells are very likely derived from MVSCs. 
In contrast, human MVSCs of primary culture have higher level of Sox10 
expression and low level of SMA that is not incorporated into stress fibers[67]. 
There are over 40,000 papers on vascular SMCs. If the “proliferative/synthetic 
SMC” was derived from MVSCs, many previous conclusions on SMCs may 
need to be revisited. 
 

4.5 Conclusion 

    In summary, we identified MVSCs in human arteries, which showed 
similar characteristics of rat/mouse MVSCs in the aspects of marker 
expression and multipotency. Furthermore, we found that human MVSCs also 
participated into neointimal hyperplasia, ectopic cartilage formation as well as 
the plaque formation in atherosclerosis (Data not shown). These finds 
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confirmed the importance of MVSCs in the pathogenesis of vascular diseases. 
Moreover, the isolation of human MVSCs facilitates the discovery of new drugs 
and therapies with the proliferation, migration and aberrant differentiation of 
MVSC as targets. Again, since we are the first and only one to show evidence 
supporting this new theory, more clinical samples with different vascular 
diseases are required to validate this.  
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Chapter 5. Sox10+ stem cells contribute to wound healing 

5.1 Motivation 

Despite their importance in wound healing and scar formation, fibroblasts 
and myofibroblasts are mainly characterized by cell morphology, 
ultra-structures including extensive cell-matrix adhesion, abundant intercellular 
adherens and bundles of contractile cytoplasmic microfilaments such as 
non-muscle myosin[68]. To date, there is no detailed characterization such as 
transcriptome, specific surface markers as well as the suitable culture 
condition to maintain specific phenotype. Moreover, the sources of 
myofibroblasts existing in order to meet the temporarily high demand for 
contractile cells in wound repair remains controversial. Besides local 
fibroblasts in dermis[69], pericytes and vascular SMCs[70], epithelial cells 
through EMT, and bone marrow cells, it is reasonable to investigate whether 
tissue specific stem cells could be another possible origin of myofibroblasts. 
Therefore, in this chapter, we investigated the cell types participated in the 
general dermal wound healing as well as the remodeling of tissue engineered 
scaffolds and identified a novel type of stem cells showing similar 
characteristics with NCSCs. This type of stem cells could spontaneously 
differentiate into myofibroblasts in vitro and in vivo to form the capsule layer 
around skin wound and transplanted biomaterials.  
 

5.2 Methods and materials 

In vivo transplantation 
To produce single-polymer PLLA (1.09 dL/g inherent viscosity) (Lactel 

Absorbable Polymers, Pelham, AL) nanofibrous scaffolds, we used 
electrospinning as described previously[71]. The derived nanofibrous scaffolds 
were transplanted subcutaneously at different locations. The rats were 
sacrificed at different time points after transplantation. For the transplantation 
of microfibrous vascular grafts[60], the vascular grafts were transplanted into 
athymic rats by using left common carotid artery anastomosis. 
 
Cell isolation 

The segments of explanted grafts and scaffolds were washed three times 
with PBS supplemented with 1% P/S. Then the tissues segments ware cut into 
mm-size and placed onto the surface coated with 1% CellStart in 6-well plates 
and maintained at 37°C in an incubator with 5% CO2. The cells were cultured 
in DMEM with 2% CEE, 1% FBS, 1% N2, 2% B27, 100 nM RA, 50 nM 2ME, 1% 
P/S and 20 ng/ml bFGF. Cells migrated out from the tissues within 3 days.   
 
Immunostaining and dye staining 

For immunostaining, cells or tissue sections were fixed with 4% PFA, 
permeabilized with 0.5% Triton X-100, and blocked with 1% BSA. Samples 
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were incubated with specific primary antibodies (Table 2.2) for 2 hours at room 
temperature, washed with PBS for 3 times, and incubated with appropriate 
Alexa 488- and/or Alexa 546-labeled secondary antibodies. Nuclei were 
stained with DAPI. Fluorescence images were collected using a Zeiss LSM710 
confocal microscope. For organic dye staining, cells were fixed with 4% PFA 
for 30 min, washed and stained with alizarin red, alcian blue, or oil red 
according to the instruction of the manufacturers. Images were collected using 
a Zeiss Axioskop 2 plus microscope.  

 

Figure 5.1. Identification of Sox10+ stem cells participated in the remodeling of 

vascular graft. At 10 days after implantation, stem cell population was identified by 

immunostaining for stem cell marker Sox10 (B, F, J) with early SMC marker SMA (C), 

SM22α (G), and medium stage SMC marker CNN1 (K). Dashed lines indicate the border 

between the graft (top part) and the outer layer. Scale bars in A-D are 100 µm. Scale bars 

in E-L are 50 µm. 

 

5.3 Sox10+ cells participated into the remodeling of vascular grafts 

After we discovered MVSCs in blood vessel, we hypothesized that 
MVSCs will participate into the remodeling of artificial vascular grafts to form 
mature SMC layers outside the grafts. Therefore, we explanted the 
nanofibrous vascular grafts at 10 days after transplantation and performed 
cryosectioning. Immunostaining showed that majority of cell outside the grafts 
expressed Sox10 (Figure 5.1) as well as general SMC marker including SMA 
(Figure 5.1C) and SM22α (Figure 5.1G), but not intermediate marker such as 
CNN1 (Figure 5.1K), indicating the cells are at early differentiation stage. At 1 
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month after transplantation, majority of the cells differentiated into mature 
SMCs, as evidenced by the expression of CNN1 and SM-MHC, suggesting 
that these Sox10+ cells may differentiate into mature SMCs to participate into 
the vascular maturation[72].  

 
Figure 5.2. Marker expression and multipotency of isolated Sox10+ cells. (A-F) The 

isolated cells were immunostained with antibodies against Sox10, Sox17, Phox2b, Nestin, 

Snail and NFM. Scale bar is 100 µm. (G-R) The isolated cells isolated were subjected to 

differentiation assays and stained for Schwann cell markers GFAP and S100β, neuronal 

marker NFM and TUJ1, calcified matrix in osteoblastic culture by using alizarin red and 

ALP, oil droplets in adipogenic culture by using oil red, aggrecan in chondrogenic culture 

by using alcian blue and collagen II, and SMC markers smoothelin and myocardin. Scale 

bars for G-J, and Q-R are 50 µm. Scale bars for K-P are 100 µm. 

 

5.4 Characterization of the Sox10+ cells 

To determine whether these Sox10+ cells are identical to previously 
identified MVSCs, we performed cell isolation by using tissue explants culture 
method. The isolated cells were subjected to antibody screening. 
Immunostaining showed that cells expressed MVSC markers such as Sox10, 
Sox17, Phox2b, nestin, snail and NFM (Figure 5.2A-F). Similar to MVSCs, the 
isolated Sox10+ cells can be induced to differentiate into Schwann cell like 
cells (GFAP+/S100β+), neuron like cells (NFM+/TUJ1+), osteoblasts 
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(ALP+/Alizarin red+), adipocytes (Oil red+) and chondrocytes 
(Aggrecan+/collagen II+) (Figure 5.2G-P), indicating that they are identical to 
MVSCs. Moreover, we also tested whether the default differentiation pathway 
of the isolated Sox10+ cells are myofibroblasts in regular culture medium. As 
expected, they spontaneously differentiated into SMA+/CNN1+ cells (Data not 
shown) and subsequently into myocardin+/smoothelin+ SMCs in culture (Figure 
5.2Q-R), indicating that they might be the precursor of SMCs/myofibroblasts.  

Although the isolated Sox10+ cells showed similar characteristics with 
MVSCs, it is unknown that whether this type of stem cells represents a unique 
stem cell type outside blood vessels. Therefore, we performed cell isolation 
from other tissues with tissue explants culture method and found that many 
tissues including skeletal muscle, liver, and the connective tissues (Data not 
shown), indicating that Sox10+ cell population exists all over the body. Then we 
raised the question: where are the Sox10+ cells observed in vascular grafts 
from?  

 

Figure 5.3. Origins of the Sox10+ cells in vascular grafts. A. Schematic illustration of 

the engineered bi-layer vascular grafts. B-I. Immunostaining of sections of the bi-layer 

grafts at 10 days (B-E) and 1 month (F-I) after transplantation with antibodies against 

Sox10 and SMA. Scale bars are 50 µm. 

  

5.5 Origins of the Sox10+ cells 

    There are two possible sources of the Sox10+ cells we identified in the 
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vascular grafts. One is from two ends of the native blood vessels, and the 
other one is from the surrounding tissues. Therefore, we engineered a bi-layer 
vascular graft, in which the outer layer is longer than the inner graft to block the 
cell migration from surrounding tissues (Figure 5.3A). At 10 days after 
transplantation, immunostaining showed that there indeed exist Sox10+ cells 
on the surface of the outer layer but not the inner graft (Figure 5.3B-E), 
indicating that at early time point, surrounding tissues are the major source of 
the Sox10+ cells participated in the remodeling of vascular grafts. In contrast, 
at 1 month after transplantation, immunostaining showed that Sox10+ cells can 
be observed in both the outer layer and the space in between the two grafts 
(Figure 5.3F-I), indicating that the cells derived from blood vessels are not the 
major source.  

 
Figure 5.4. Involvement of Sox10+ cells in wound healing and tissue engineering. 

(A-D) Creation of skin wounds in rat. The sections were immunostained with antibodies 

against Sox10. Scale bar is 100 µm (E-H) Transplantation of nanofibrous scaffolds 

subcutaneously into rats. The sections were immunostained with antibodies against 

Sox10. Nuclei were stained with DAPI. Scale bar is 50 µm. 

 

5.6 Sox10+ cells participated into general wound healing 

Since there exist Sox10+ stem cells in surrounding tissues besides blood 
vessels, and this type of stem cells is likely the precursor of myofibroblasts. We 
then further test the hypothesis that this type of stem cells exists all over the 
body and participate into general wound healing process. Therefore, we 
utilized a skin wound model and did immunostaining extensively to examine 
whether there are Sox10+ cells involved. As shown in Figure 5.4A-D, we 
created skin wound all over the body of SD rat and found large amount of 
Sox10+ cells in the area of skin wound, indicating that Sox10+ cells are a major 
population involved in wound healing process. Moreover, we also implanted 
nanofibrous scaffolds to determine whether the Sox10+ cells can also 
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participated into the remodeling of biomaterials. Immunostaining also 
confirmed the recruitment of Sox10+ cells into biomaterials, which is 
independent of the location (Figure. 5.4E-H). Lineage tracing experiments 
using Sox10 as marker further showed that the Sox10+ cells participated into 
the scar formation in wound healing process (Data not shown).  

In addition, to confirm the Sox10+ cells are the similar stem cell type as we 
identified before, we performed cell isolation and characterized these cells. 
Immunostaining showed that they indeed express Sox10, Sox17, Phoxb2, 
snail, nestin and NFM (Data not shown). 
 

5.7 Conclusion 

     In summary, we identified a type of Sox10+ adult stem cells similar to 
MVSCs, which express stem cell markers, have multipotency, and can 
spontaneously differentiate into myofibroblasts and SMCs. Extensive 
immunostaining confirmed the participation of this type of stem cells into 
wound healing and the remodeling of biomaterials. Our findings suggest that 
this type of stem cells might be the precursors of the previously identified 
myofibroblasts, which proved the concept that local tissue specific stem cells 
are at least one of sources of myofibroblasts. However, further lineage tracing 
studies are required to elucidate the function of this type of stem cells in wound 
healing such as tissue fibrosis. In addition, the relative contribution of this type 
of stem cells and other reported precursors to wound healing also needs 
further investigation. 
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Chapter 6. Synovial stem cells and their response to porosity 

of microfibrous scaffold 

6.1 Motivation 
    Tissue specific stem cells hold great promising for in situ tissue 
regeneration and it is critical to understand the cell-biomaterial interaction. 
Efficient stem cell differentiation is necessary to produce functional tissues. 
However, one major obstacle for engineering 3D functional tissue is the poor 
understanding of the effects of scaffolds on stem cell differentiation and 
commitment to specific cell lineages. Many soluble biochemical stimuli, such 
as RA, growth factors, and cytokines, can be used to direct stem cell 
differentiation [50]. However, during the in vivo tissue regeneration process, 
not only biochemical soluble signals, but also macromolecular components of 
extracellular matrix as well as physical cues may play important role in defining 
and guiding the stem cell differentiation. Despite its importance, the effects of 
scaffolds on stem cell behaviors including proliferation, infiltration and 
differentiation are not well understood.  

In this study, we identified precursor of MSCs from rat knee joint synovial 
membrane, named neural crest cell like synovial stem cells (NCCL-SSCs). 
NCCL-SSCs show characteristics of NCSCs, express markers including 
Sox10, Sox17 and S100, are cloneable, and can differentiate into neural 
lineages as well as mesenchymal lineages. In addition, electrospun composite 
scaffolds with improved porosity were produced by using PLLA as structural 
and PGA as sacrificial material. Lineage specific genes were differentially 
regulated by scaffolds with different porosity without specific chemical cues, 
indicating lineage specification by properties of scaffolds. 
 

6.2 Method and materials 

Cell isolation 
The synovial membrane was isolated from SD rat knee joint under 

dissecting microscope. Tissue segments were washed three times with PBS 
supplemented with 1% P/S. Then the tissues segments ware cut into mm-size 
and placed onto the surface coated with 1% CellStart in 6-well plates and 
maintained at 37°C in an incubator with 5% CO2. The cells were cultured in 
DMEM with 2% CEE, 1% FBS, 1% N2, 2% B27, 100 nM RA, 50 nM 2ME, 1% 
P/S and 20 ng/ml bFGF. Cells migrated out from the tissues within 3 days.   
 
Immunostaining and dye staining 

For immunostaining, cells were fixed with 4% PFA, permeabilized with 0.5% 
Triton X-100, and blocked with 1% BSA. Samples were incubated with specific 
primary antibodies (Table 2.2) for 2 hours at room temperature, washed with 
PBS for 3 times, and incubated with appropriate Alexa 488- and/or Alexa 
546-labeled secondary antibodies. Nuclei were stained with DAPI. 
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Fluorescence images were collected using a Zeiss LSM710 confocal 
microscope. For organic dye staining, cells were fixed with 4% PFA for 30 min, 
washed and stained with alizarin red, alcian blue, or oil red according to the 
instruction of the manufacturers. Images were collected using a Zeiss 
Axioskop 2 plus microscope.  
 
Flow cytometric analysis 

For flow cytometric analysis, cells were dissociated after the exposure to 
0.2% EDTA for 20 min at room temperature. The cells in suspension were 
blocked with 1% BSA, incubated with specific pre-conjugated primary 
antibodies against CD29 (BD pharmingen) and CD44 (BD Pharmingen). 
Negative control sample was incubated with a non-specific antibody with the 
same isotype as the specific primary antibody, and stained with the same 
secondary antibody. 7-AAD was used to exclude dead cells. Cells were 
analyzed by using FACScan flow cytometer and FlowJo software.  
 
Single cell cloning and stem cell differentiation 

For the clonal assays, cells were detached, and resuspended with 
maintenance medium and filtered through membranes with 40-μm pore size to 
obtain single cells. Filtered cells were seeded onto CellStart-coated 96-well 
plates at the clonal density (1 cell/well) and cultured for 3 weeks at 37°C in an 
incubator with 5% CO2. For the directed differentiation  into peripheral 
neurons, Schwann cells, osteoblasts, adipocytes and chondrocytes, the cells 
were incubated in specific induction media described previously for 1-3 weeks 
[24,41]. 
 
Generation of transgenic mice and genotyping 

All experimental procedures with animals were approved by the ACUC 
committee at University of California, Berkeley. NIH guidelines for the care and 
use of laboratory animals have been observed. Transgenic mice, expressing 
Cre recombinase under the control of the Wnt1 promoter were mated with 
Rosa26-loxP-yellow fluorescence protein (YFP) mice to generate 
Wnt1-Cre/loxP-YFP mice. Genotyping was performed with PCR by using total 
DNA extracted from mice tail tissues as described previously [73]. 
 
RNA Isolation and qPCR 

To directly explore the effect pore size of scaffold on lineage specific gene 
expression of stem cells, approximately 1,000,000 cells were seeded on 3-cm 
x 3-cm scaffolds and cultured in spontaneous differentiation media (DMEM 
with 10% FBS and 1% P/S) for 1 week. Cells were then lysed with Trizol 
reagent and total RNA was extracted as previously described[42]. For qPCR, 
RNA pellets were resuspended in DEPC-treated H2O. cDNA was synthesized 
by using two-step reverse transcription with the ThermoScript RT-PCR system 
(Invitrogen), followed by qPCR with SYBR green reagent and the ABI Prism 
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7000 Sequence Detection System (Applied Biosystems). The sequences of 
the primers used in this study are shown in Table 6.1.  

 

Statistical Analysis 
 The data are presented as mean + s.d.. All data were compared by using 
one-way ANOVA tests. Holm’s t test was then performed to evaluate significant 
differences among the scaffold groups. P value less than 0.05 was considered 
statistically significant. 
 

6.3 Cell isolation and characterization 

We dissected the synovial membrane from rat knee joint under dissecting 
microscope and used tissue explant culture method to isolate stem cells with a 
modified medium for MVSCs. The isolated synovial cells showed a 
fibroblast-like, spindle shaped morphology, which is similar to previously 
reported synovial MSCs (Figure 6.1A-B). The isolated cells express general 
MSC markers including CD29 and CD44 as evidenced by flow cytometric 
analysis (Figure 6.1C-D). To further characterize the marker expression of the 
isolated synovial cells, we performed protein marker expression screening with 
over 50 antibodies and found that the isolated cells also express neural crest 
markers including Sox10, snail, Pax-3/7, Slug, Vimentin, endoderm markers 
Sox17, glial cell marker S100β, and neural cell marker NFM (Figure 6.1E-M), 
suggesting that the isolated cells might not be exactly the same with previously 
reported MSCs.  

To determine whether the isolated cells possess multipotency as NCSCs, 
the cells were cultured with specific induction media for 1-4 weeks. 
Immunostaining showed that the isolated cells can differentiate into 
GFAP+/S100β+ Schwann cell like cells (Figure 6.2A, B), NFM+/TUJ1+ 
peripheral neuron like cells (Figure 6.2C, D) when cultured with specific 
induction media for 1 week, indicating that the isolated cells have the capability 
of differentiation into ectodermal lineages. In addition, to test the potential of 
differentiation into SMCs, we co-cultured the isolated cells with OP9-Delta-1 
cell line for 2 weeks[23]. Immunostaining showed that the differentiated cells 
formed dense stress fibers and expressed SMA and SM-MHC (Figure 6.2E, F), 
indicating differentiation into mature SMCs. To test the potential into 
chondrocytes, we cultured the cells as pellets with 10 ng/ml TGF-3 for 3 
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weeks. Alcian blue staining with sections of cell pellets showed significant 
aggrecan synthesis (Figure 6.2G). Immunostaining also showed significant 
collagen II expression in the cell pellets (Figure 6.2H), indicating differentiation 
into mature chondrocytes. After we cultured the cells with insulin for 3 weeks, 
obvious oil droplets were found in culture (Figure 6.2I). Oil red staining also 
confirmed the differentiation into adipocytes (Figure 6.2J). 

 

 

Figure 6.1. Isolation and characterization of NCCL-SSCs. (A-B) Phase contrast 

images of NCCL-SSCs isolated by using tissue explants culture methods before and after 

passaging. Scale bar is 200 μm. (C-D) Flow cytometric analysis of isolated synovial cells 

by using antibodies against CD29 and CD44. (E-M) Immunostaining of isolated cells by 

using antibodies against Sox10, Sox17, Snail, Pax-3/7, Slug, Vimentin, NG2, S100β and 

NFM. Scale bar is100 μm.  

After cultured with osteogenic medium for 3 weeks, the cells showed 



 

47 
 

significant calcification (Figure 6.2K). Alizarin red staining also confirmed the 
differentiation into mature osteoblasts (Figure 6.2L). Therefore, the isolated 
cells cannot only differentiate into mesenchymal lineages including SMCs, 
chondrocytes, adipocytes and osteoblasts as previously reported, but also 
differentiate into neural lineages, similar to NCSCs. Therefore, we named this 
type of cell as neural crest cell like synovial stem cells (NCCL-SSCs).  
 

6.4 Single cell cloning assay of NCCL-SSCs 

To investigate whether the derived NCCL-SSCs is a single stem cell type 
with multipotency or a mixture of different progenitor cells, we performed single 
cell cloning with maintenance culture medium. The NCCL-SSCs were 
detached and seeded into 96 well plates at cloning density (1 cell/well) and 
cultured for 3 weeks. The average plating efficiency is about 10%, and the 
derived colonies uniformly express aforementioned markers including but not 
limited to Sox10 and Sox17 (Figure 6.3A,B). Differentiation assay showed that 
the cloned NCCL-SSCs can differentiate into Schwann cell like cells, 
peripheral neuron like cells, SMCs, chondrocytes, adipocytes and osteoblasts 
(Figure 6.3C-H), indicating that NCCL-SSCs represent one single type of stem 
cells which expresses markers and has multiple lineage potentials.  

Knee joint tissues are generally considered not from neural crest, however, 
given the fact that NCCL-SSCs possess NCSC properties, we employed 
lineage tracing model using Wnt1 as a marker to investigate the 
developmental origin of NCCL-SSCs. After cell isolation from synovial 
membrane of Wnt-1-Cre/loxP-YFP mouse, we found that the isolated 
NCCL-SSCs failed to express YFP (Figure 6.3I, J), indicating that NCCL-SSCs 
are not derived from neural crest.  
 

6.5 Transition to MSC like cells of NCCL-SSCs 

To determine the relationship between NCCL-SSCs and previously 
identified synovial MSCs, we culture the NCCL-SSCs in traditional medium 
(DMEM+10%FBS) that were widely used to culture synovial MSCs in many 
previous studies [32,74,75].  TGF-β1, which is a major factor for stem cell 
differentiation during wound healing process, was also added into the medium 
to promote the differentiation. After the treatment for 1 week, immunostaining 
showed that the NCCL-SSCs still retained the expression of some markers 
including Sox10 and S100 (Figure 7.4A, B), gained the expression of CNN1 
(Figure 6.4C), but lost the expression of Sox17 (Figure 6.4D). Flow cytometric 
analysis showed that the derived cells still retain the expression of the general 
MSC markers including CD29 and CD44 (Figure 6.4E, F). However, 
differentiation assay showed that the cells at this stage lost the response to 
neural and Schwann cell induction media, indicating that they lost the  
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Figure 6.2. Differentiation assay of isolated NCCL-SSCs. (A-B) The isolated synovial 

cells were cultured in Schwann cell induction medium for 48 hours and were 

immunostained by using antibodies against GFAP and S100β. Scale bars are 50 μm. 

(C-D) The isolated synovial cells were cultured in peripheral neuron induction medium for 

48 hours and were immunostaining by using antibodies against NFM and TUJ1. Scale 

bars are 50 μm. (E-F) The isolated synovial cells were co-cultured with OP9-delta1 cells 

for 2 weeks and were immunostained by using antibodies against SMA and SM-MHC. 

Scale bars are 100 μm. (G-H) The isolated syonival cells were cultured in chondrogenic 

induction medium as cell pellet for 3 weeks. The sections of the cell pellet were subjected 

to alcian blue staining and immunostaining by using an antibody against collagen II. Scale 

bars are 100 μm. (I-J) The isolated synovial cells were cultured in adipogenic medium for 

3 weeks. Phase contrast image and oil red staining were used to show oil droplets. Scale 
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bars are 100 μm. (K-L) The isolated synovial cells were cultured in osteogenic medium for 

3 weeks. Phase contrast image and alizarin red staining were used to show calcium 

calcification. Scale bars are 100μm.  

 

 
Figure 6.3. Single cell cloning assay of isolated NCCL-SSCs. The isolated synovial 

cells were plated onto 96 well plates at cloning density and cultured in maintenance 

medium for 3 weeks. (A-B) The cloned cells were immunostained with antibodies against 

Sox10 and Sox17. Scale bars are 100 μm. (C-H) The cloned cells were differentiated and 

characterized as aforementioned. Scale bar is 100 μm in C-E; scale bars are 200 μm in 

F-H. (I-J) The synovial cells were isolated from Wnt1-Cre/loxP-YFP mice. Phase contrast 

and fluorescence images were used to show that the isolated synovial cells were not from 

neural crest. Scale bars are 200 μm. 
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Figure 6.4. Transition to MSC like cells of NCCL-SSCs. The isolated NCCL-SSCs were 

partially differentiated in DMEM with 10% FBS and 10 ng/ml TGF-β1 for 1 week. (A-D) 

The differentiated NCCL-SSCs were immunostained with antibodies against Sox10, 

S100β, CNN1 and Sox17. Scale bars are 100 μm. (E-F) Flow cytometric analysis of 

partially differentiated NCCL-SSCs with antibodies against CD29 and CD44. (G-H) Phase 

contrast images were used to show the differentiated NCCL-SSCs cultured with neural 

and Schwann cell induction media for 2 days. Scale bars are 200 μm. (I-L) The 

multipotency into mesenchymal lineages of partially differentiated NCCL-SSCs was 

characterized as aforementioned. Scale bar is 100 μm in I; scale bars are 200 μm in J-L.  
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Figure 6.5. Effect of porosity of scaffolds on lineage commitment of NCCL-SSCs. 

Scaffolds from 4-week PLLA (low porosity) and PLLA/PGA degraded for 4 weeks (high 

porosity) were selected and used. NCCL-SSCs were seeded and cultured for one week. 

The cells were lysed and the extracted RNA was subjected to qPCR analysis for gene 

expression. Expressions of specific lineage markers for chondrocytes (A-B), osteoblasts 

(C-D), SMCs (E-F) and adipocytes (G-H) were quantified (n=3). * indicates significant 

difference between PLLA and PLLA/PGA (high) groups (P<0.05). 

 
potential into neural lineages (Figure 6.4G, H). However, the cells at this stage 
can still differentiate into SMCs, chondrocytes, osteoblasts and adipocytes 
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(Figure 6.4I-L), suggesting a neural crest to mesenchymal transition process 
during the differentiation. In addition, it is likely that previously identified 
synovial MSCs are partially differentiated NCCL-SSCs in undefined medium. 
 

6.6 Effects of porosity on lineage specification of NCCL-SSCs 

    Although cell infiltration is favored to produce three-dimensional tissues, 
whether it is appropriate for stem cells to differentiate into different lineages is 
not well understood. Therefore, we cultured the NCCL-SSCs on scaffolds with 
varying porosity using spontaneous differentiation media without any specific 
chemical clues for 1 week and analyzed the lineage marker expressions. The 
PLLA scaffold (low porosity) and PLLA/PGA scaffold degraded for 4 weeks 
with highest porosity were selected to directly compare whether specific 
lineages favor certain pore size. qPCR revealed that mRNA level of aggrecan 
for cells seeded on highly porous PLLA/PGA scaffold was increased by 
3.6-fold compared to that of cells seeded on the much less porous PLLA 
scaffold (Figure 6.5A). Likewise, mRNA level of collagen II was also increased 
by 2.67-fold (Figure 6.5B), indicating that higher porosity may be more 
favorable for NCCL-SSCs to differentiate into chondrocytes. In addition, mRNA 
level of bone markers including osteocalcin and Runx2 were increased 
2.23-fold and 1.97-fold respectively (Figure 6.5C, D), indicating that large pore 
size may also favor osteoblast differentiation. In contrast, SMC markers 
including SMA and CNN1 were decreased by 10.5-fold and 4.32-fold 
respectively (Figure 6.5E, F). Adipogenic markers including LPL and PPARg 
were also decreased by 4.04-fold and 12.2-fold respectively (Figure 6.5G, H), 
indicating that NCCL-SSC differentiation into SMC and adipocytes may favor 
scaffolds with lower porosity.  
 

6.7 Conclusion 

In this study, we identified precursors of synovial MSCs, which have 
multipotency into both ectodermal and mesenchymal lineages.  Various 
transcriptional factors including Sox10 and Sox17 can be used to characterize 
this type of stem cells despite the widely surface markers. Moreover, the 
neural crest to mesenchymal transition of NCCL-SSCs identified in this study 
might represent a general mechanism for adult stem cell differentiation. This 
study shows that different porosity of scaffold might be favorable according to 
the targeted lineage, thus providing guidance for designing of desirable 
scaffold for tissue engineering and regenerative medicine.  
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Chapter 7. Discussion 

    This dissertation work identified a novel type of adult stem cells with 
neural crest cell characteristics resident in different tissues all over the body. 
We first discovered it in blood vessel wall in Chapter 2 and elucidated its 
function and the relationship with previously blamed cell types behind vascular 
diseases such as restenosis and atherosclerosis. The identification of MVSCs 
brings a new perspective on vascular remodeling and disease development. In 
Chapter 3, our in vitro experiments suggest that proliferative/synthetic SMCs 
are derived from the differentiation of MVSCs instead of the de-differentiation 
of contractile SMCs.  In vivo experiments also demonstrate that MVSCs, 
rather than mature SMCs, repopulate the tunica media and form neointima 
after endothelial denudation injury. These results provide the first direct 
evidence to support the MVSC differentiation hypothesis and disprove the 
SMC de-differentiation theory. The fact that highly expandable and migratory 
MVSCs were not derived from mature SMCs suggests that the previously 
reported decrease of contractile markers in SMC culture in vitro or after 
vascular injury in vivo could be attributed to the rapid expansion of MVSCs and 
their spontaneous differentiation into immature SMCs. MVSCs not only 
proliferate and differentiate, but also become synthetic and secrete matrix 
proteins such as collagen I, collagen II and aggrecan. The potentials of MVSC 
differentiation into SMCs, chondrogenic cells and other lineages offers a novel 
and reasonable explanation for the complex phenotypes of cells in the 
diseased vessel.  

MVSCs at different stages of differentiation could also explain the 
heterogeneity of SMCs in culture and in vivo. The fact that MVSCs and their 
derivatives respond differently to vascular growth factors underscores the 
importance of characterization of cell culture from blood vessels. In the 
literature, the differentiation stage of “SMCs” is usually not well characterized. 
For example, the cells positive for SMA, SM-22 and CNN1 are often treated 
as SMCs rather than immature SMCs or partially differentiated MVSCs. In 
many studies, the cells in culture may not be homogeneous at a specific 
differentiation stage, which may result in conflicting observations and 
explanation. Previous studies have identified a subpopulation of SMCs, 
termed “epithelioid” cells, from newborn or injured vessels [76,77,78,79]. The 
origin of these SMCs is not known, and the relationship of “epithelioid” cells 
with vascular stem cells has not been explored. It is very likely that “epithelioid” 
SMCs are derived from MVSCs. However, in adults, MVSCs can be isolated 
from both normal vessels and injured vessels, but “epithelioid” SMCs are only 
derived from injured vessels. It is possible that dormant MVSCs are a small 
population in normal vessels and may be overlooked. 

In addition to proliferative/synthetic SMCs, MVSCs could differentiate into 
mature SMCs (SM-MHC+) in vitro and in vivo. It is also worth noting that the 
extent of MVSC activation, proliferation and differentiation could be dependent 
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on the extent of vascular injury and SMC damage[56]. Another important 
finding is that MVSCs are the cell type in blood vessel wall that can be 
activated by vascular injury to proliferate and participate in remodeling. 
Neointima cells have a large cell body, secrete extra-cellular matrix (ECM) and 
express lower levels of the smooth muscle-specific contractile proteins [80], 
which is consistent with our findings on the changes of cell morphology and 
the expression of SMC markers during the spontaneous differentiation of 
MVSCs. In this study, we showed that MVSCs, instead of SMCs, are the major 
cell type in neointimal tissue as characterized by MVSC makers. Given the 
fact that some MVSCs in neointima still retain multipotency, it is reasonable to 
propose that aberrant activation, expansion and differentiation of MVSCs may 
contribute to not only SMC differentiation and cartilage formation but also 
many other aspects of vascular diseases such as fat and cholesterol 
metabolism, matrix remodeling and calcification. Since the rodent model of 
denudation injury does not result in significant fat and cholesterol 
accumulation and intima calcification, the possibility of MVSC differentiation 
into adipogenic and osteogenic cells in diseased vessels remains to be tested 
by using atherosclerosis models. The identification of MVSC in human arteries 
in Chapter 4 makes MVSC a potential therapeutic target of vascular diseases.  

To date, MVSCs are a unique precursor identified for adult MSCs and 
MSC-like cells, and it is likely that MSC precursors similar to MVSCs may exist 
in many other tissues. MVSCs express CD29 and CD44, two non-specific 
surface markers of MSCs and SMCs. However, there was no specific marker, 
especially transcriptional factor marker, for MSCs. In this study, we have 
identified several transcriptional markers and cytoskeletal markers in MVSCs, 
e.g., Sox17, Sox10, nestin, NFM and S100. In addition, we showed that 
MSC-like cells were also positive for some of these markers (except Sox17). 
These results provide insight into the characteristics of MVSCs and MSC-like 
cells, not only in blood vessels, but also in other tissue types. In Chapter 5, we 
also identified this type of stem cells not only in blood vessel wall, but also in 
the facial tissues under dermis. Similarly, this type of stem cells respond 
rapidly to injury and can be activate to proliferate to participate into the tissue 
remodeling, like artificial vascular grafts, implanted biomaterials and general 
wound healing.  

In the wound healing process, myofibroblasts were identified as the main 
cell type in wound healing. Despite their importance in wound healing and scar 
formation, fibroblasts and myofibroblasts are mainly characterized by cell 
morphology, ultra-structures including extensive cell-matrix adhesion, 
abundant intercellular adherens and bundles of contractile cytoplasmic 
microfilaments such as non-muscle myosin[68]. To date, there is no detailed 
characterization such as transcriptome, specific surface markers as well as 
the suitable culture condition to maintain specific phenotype. In chapter 6, we 
found the precursor of myofibroblasts that participated in the general dermal 
wound healing as well as tissue engineered scaffolds. This type of stem cells 
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could spontaneously differentiate into myofibroblasts in vitro and in vivo to 
form the capsule layer around skin wound and transplanted biomaterials. More 
importantly, we performed detailed characterization, thus providing new insight 
into the myofibroblast biology as well as wound healing.  

Besides the general wound healing and vascular remodeling, we also 
identified this type of stem cells in joint synovial tissue in Chapter 6. This new 
discovery not only renews our understanding of adult stem cells, but also 
provides useful tools for further investigation of knee joint specific stem cells. 
The neural crest to mesenchymal transition of NCCL-SSCs might also 
represent a general mechanism of adult stem cell differentiation. 

Since efficient stem cell differentiation into specific lineage is essential 
requirement for tissue regeneration, scaffolds with desirable properties that 
can facilitate directed stem cell differentiation is favored. Although scaffolds 
with large pore size and high porosity are generally favored to promote cell 
infiltration for three-dimensional tissue engineering, there is limited studies 
available indicating whether it is advantageous for specific lineages. Even 
though there are reports that pore size of scaffolds can influence stem cell 
differentiation towards certain lineage [81,82,83,84], the lack of a systematic 
study using one single stem cell type with multiple types of targeted lineages 
makes it hard to prove the concept. Here, we demonstrated the effects of 
increased porosity and enhanced cell infiltration on lineage specification of 
NCCL-SSCs without specific chemical cues, indicating that certain properties 
of scaffolds can be utilized and tailored to regulate stem cell behaviors. Our 
finding demonstrating that different lineages may favor scaffolds with different 
porosity provides knowledge on better selecting appropriate scaffolds for 
tissue engineering of desired tissues types.  

In summary, this dissertation work discovered a novel type of stem cells 
and identified many transcription factors as well as surface markers and 
various specific properties, which provided new insight into adult stem cells. 
More importantly, we demonstrated the function of this type of stem cells in 
tissue remodeling and disease development in the cardiovascular system, 
general wound healing process, and joint synovial tissues. Our results 
revealed the ‘dark side’ of adult stem cells such as the contribution to 
neointimal hyperplasia, blood vessel hardening and fibrosis and suggest that 
stem cells might be the target for drug screening for various diseases. In 
addition, our study also highlighted the importance of stem cell niche such as 
topographical guidance and physical properties. Efforts towards engineering a 
regenerative stem cell niche might represent another novel approach for 
functional tissue engineering. Overall, we hope this study could shed light and 
promote much work in the field of regenerative medicine, thus benefiting our 
healthcare system.  
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