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CONCISE REVIEW

Defining Vascular Stem Cells

Ching-Shwun Lin and Tom F. Lue

Mesenchymal stem cells (MSCs) exist in most adult tissues and have been located near or within blood vessels.
Although ‘‘perivascular’’ has been commonly used to describe such locations, increasing evidence points at the
vessel wall as the exact location. Thus, ‘‘vascular stem cells (VSCs)’’ is recommended as a more accurate term for
MSCs. Furthermore, 2 cell populations, namely pericytes and adventitial progenitor cells (APCs), are the likely
VSCs. The pericyte evidence relies on the so-called pericyte-specific markers, but none of these markers is
pericyte specific. In addition, pericytes appear to be too functionally diverse and sophisticated to have a large
differentiation capacity. On the other hand, APCs are more naı̈ve functionally and, therefore, more akin to being
VSCs. In vitro, these cells spontaneously differentiate into pericytes, and can be induced to differentiate into
vascular cells (endothelial and smooth muscle cells) and mesenchymal cells (eg, bone, cartilage, and fat). In vivo,
indirect evidence also points to their ability to differentiate into mesenchymal cells of their native tissue (eg, fat).
Moreover, they possess a large paracrine capacity and, therefore, can help maintain tissue homeostasis by
encouraging the replication and differentiation of mesenchymal cells locally. These proposed in vivo functions
are areas of interest for future research on VSCs.

Introduction

Arecent study on vascular stem cells (VSCs) [1] has
generated great interests in the media, many of which

hailed the discovery of such cells. However, ‘‘vascular stem
cells’’ as a biomedical term first appeared more than 10 years
ago, and their existence in humans and experimental animals
was demonstrated another decade earlier. Granted, these cells
remain poorly understood and not well known even in the
stem cell research field. There is, however, accumulating ev-
idence that they are the de facto mesenchymal stem cells
(MSCs) which have already entered the clinical trial arena.
Thus, this review is intended to provide a definition for VSCs,
discuss the evidence for the VSC-MSC connection, and pro-
pose a working model for VSC’s role in tissue development
and regeneration.

What Are ‘‘Vascular Stem Cells’’?

Exhaustive search of the literature found the term ‘‘vas-
cular stem cell’’ in some 30 articles. In most cases, it was, or at
least seemed to have been, used casually or accidentally to
denote any stem or stem-like cell that has a connection to the
vascular system, be it blood or blood vessels. Thus, vastly
different usages for the term ‘‘vascular stem cells’’ can be
seen scattered in the literature. However, amid all these
confusions, 2 articles each provided a definition. The first,
which is concerned with angiogenesis and lymphangiogen-
esis, defined VSCs as ‘‘stem cells that can differentiate into

endothelial or mural cells in the blood vessel wall’’ [2]. The
second, which is truly dedicated to the discussion of stem
cells in the vasculature, defined VSC as ‘‘a putative self-
renewing multipotent stem cell that gives rise to vascular
lineages’’ [3]. While the first definition seems more definitive
(confinement to blood vessel wall), the term ‘‘mural cells’’
would require a separate definition. On the other hand, the
second definition is vague in the sense that ‘‘vascular line-
ages’’ may not be confined to blood vessel walls. More im-
portantly, both of these 2 definitions are missing the most
critical element in the definition of VSCs; that is, they do not
specify where these cells come from. Without this element,
any stem cells, including those that have no direct vascular
connection (eg, embryonic stem cells and epithelial stem
cells), can be VSCs, as long as they can, or can be induced to,
differentiate into vessel wall cells. Thus, in order to eliminate
such ambiguities, ‘‘VSCs’’ is defined in this article as ‘‘cells
that reside within the blood vessel wall and can differentiate
into all of the cell types that constitute a functional blood
vessel.’’ Specifically, the cell types that VSCs can differentiate
into include endothelial cells and pericytes in the capillary,
and additionally, smooth muscle and adventitial cells in
larger vessels.

Vascular or Perivascular

MSCs were first identified in the bone marrow but are
now known to exist in most, if not all, adult tissues. Their
function is believed to serve as a cell reservoir for the normal
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turnover and maintenance of adult mesenchymal tissues [4].
However, due to the lack of definitive cellular markers, their
location within each tissue has not been precisely deter-
mined. Increasingly though, they are believed to reside near
or within blood vessels, and often such locations are called
‘‘perivascular.’’ While such a term is as ‘‘safe’’ as it is being
ambiguous (near or within?), accumulating and improving
histological data have, by and large, eliminated ‘‘near blood
vessels’’ as a choice location. In particular, MSCs of adipose
tissue [adipose-derived stem cells (ADSCs)] are routinely
isolated from the stromal vascular fraction and have been
consistently localized within blood vessels [5,6]. Specifically,
2 intra-vessel wall compartments, namely the adventitia and
the sub-endothelium, have emerged as the most plausible
locations for MSCs. Furthermore, with regard to the sub-
endothelial location, many studies have concluded that
pericytes are the de facto MSCs [7–9]. Thus, the term ‘‘peri-
vascular’’ is becoming increasingly less able to accurately
reflect the vascular nature of MSCs.

Endothelial Progenitor Cells as Vascular
Stem Cells

The term ‘‘vascular stem cells’’ first appeared in the 2001
December issue of ‘‘Journal of Hematotherapy & Stem Cell
Research,’’ which was renamed ‘‘Stem Cells and Develop-
ment’’ in 2004. In this issue, a section named ‘‘Vascular Stem
Cells and Angiogenesis’’ contains a single paper titled ‘‘In
Vivo Absence of Synergism Between Fibroblast Growth
Factor-2 and Vascular Endothelial Growth Factor’’ [10]. This
paper, however, is concerned with angiogenesis, not VSCs,
and it mentions no VSCs.

In the next issue (February 2002) of the same journal, an
editorial titled ‘‘Vascular Stem Cell Transplantation: The
Next Phase of Hematotherapy?’’ begins with ‘‘Vascular stem
or progenitor cells reside in the bone marrow where they
exist as a small subset of CD34 + cells’’ [11]. It also states:
‘‘We owe much of our present knowledge of vascular stem
cells to Dr. Jeffrey M. Isner.’’ Thus, clearly, this journal and its
editor used the term ‘‘vascular stem cells’’ to mean ‘‘endo-
thelial progenitor cells (EPCs),’’ as Dr. Isner has been credited
with the discovery of EPCs. In addition, in the next issue
(April 2002) of the same journal, a section named ‘‘State-of-
the-Art Reviews on Vascular Stem Cells and Angiogenesis’’
indeed contains a paper coauthored by Dr. Isner and that is
titled ‘‘Endothelial Progenitor Cells for Vascular Regenera-
tion’’ [12]. Thus, there is no doubt that in 2001 and 2002, this
journal used the term ‘‘vascular stem cells’’ synonymously
with ‘‘endothelial progenitor cells.’’ Of note is that none of
the papers contained within these issues of this particular
journal mentions ‘‘vascular stem cells’’ or ‘‘VSCs’’ in their
texts, and since 2002, the EPC-as-VSC stance could no longer
be found in this journal.

However, equating VSC with EPC is not unique to the
journal just mentioned. In 2003, a paper titled ‘‘Endothelial
progenitor cells: the promise of vascular stem cells for plastic
surgery’’ appeared in Plastic and Reconstructive Surgery
[13]. In 2011, another review article titled ‘‘Vascular stem
cells and ischaemic retinopathies’’ [14] also, by and large,
endorses the EPC-as-VSC concept. Similarly, and perhaps
more dramatically, in 2012, an entire issue of Experimental
Diabetes Research is dedicated to ‘‘Vascular stem and pro-

genitor cells in diabetic complications’’ [15]. While it contains
a total of 10 original research and review articles that are
concerned exclusively with EPCs, none of these articles
contain ‘‘vascular stem cells’’ or ‘‘VSCs’’ in their own texts.
On the other hand, a separate paper with a similar title
(Vascular stem cells in diabetic complications) talks about the
contribution of EPCs and VSCs to the pathogenesis of dia-
betic complications [16]. However, in this article, ‘‘VSCs’’ is
used to denote any cells (eg, embryonic stem cells) that can
be induced in vitro to become vascular cells [endothelial cells
and vascular smooth muscle cells (SMCs)]. Thus, the so-
called VSCs are not vascular per se, and should not be con-
fused with the VSCs that are truly vascular and are the
subject of the present article.

While not a focus of this review, controversies surround-
ing the identity of EPCs should be briefly mentioned. In
particular, it has been shown that EPCs might be monocytes
contaminated with platelet microparticles [17], or they were
injured or senescent endothelial cells that slough from the
vessel wall into the bloodstream [18]. More importantly, 2
experts in the EPC field have proposed that the term EPC be
retired, because mounting evidence indicates that different
EPC subsets are, in fact, various lineages of hematopoietic
cells [19].

Multipotent Vessel Wall Cells as Vascular
Stem Cells

While EPCs are defined as originating from bone marrow
and circulating in the blood, ‘‘true’’ VSCs (as defined earlier,
under ‘‘What is vascular stem cells’’) are expected to reside
within the blood vessel wall. At this location (vessel wall), 3
distinct cell types exist: endothelial cells and pericytes in
capillaries, and additionally, SMCs in larger vessels. In ad-
dition, a mixed population of cells (macrophages, dendritic
cells, fibroblasts, and progenitor cells) resides in the adven-
titia [20,21]. The possibilities for these vessel wall cells to be
stem or progenitor cells have been reviewed, for example, in
these recent articles [3,20–29]. In particular, pericytes and
adventitial progenitor cells (APCs) have emerged as the most
plausible VSCs and, thus, will be the focus of the present
review.

Pericytes as Vascular Stem Cells

The term ‘‘pericyte’’ was introduced in 1923 to denote a
type of cells whose branching cytoplasmic processes par-
tially encircle endothelial cells from the abluminal side of
microvessels [30]. However, nearly 90 years later, there is
still no universally accepted definition for pericytes [31–
33]. Nowadays, an in vivo identification of pericytes is
done almost exclusively by perivascular immunolocaliza-
tion for ‘‘pericyte-specific’’ markers [31–33]. In addition,
validation of cultured pericytes also relies mostly on im-
munocytochemistry with pericyte-specific markers [31–33].
Therefore, the importance of these so-called pericyte-
specific markers cannot be overemphasized. However,
many studies have shown that some of these markers fall
short of being pericyte specific, and virtually all review
articles on this subject have mentioned the nonspecific
nature of these markers [31–33]. As such, erroneous in-
terpretations might have been made in some studies,
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particularly those that relied on a single pericyte marker
for the isolation or identification of candidate pericytes.
With these caveats in mind, studies that support pericytes
as potential VSCs are discussed next. However, before
proceeding further, it should be mentioned that pericytes
are increasingly considered as the de facto MSCs, and this
is partly based on demonstrations of the pericytes’ ability
to differentiate into osteoblasts, chondrocytes, and adipo-
cytes. As such, discussions next will mostly center on this
tri-lineage differentiation.

The first study implicating the osteogenic potential of
pericytes was published in 1990 [34]. After isolation from
bovine retina and characterization by growth and mor-
phological properties, pericytes were found to spontane-
ously form nodules in culture, and which were further
identified to contain alkaline phosphatase and hydroxyap-
atite crystals. In 1998, this research team provided further
evidence for pericytes being osteogenic and chondrogenic.
Specifically, they inoculated bovine retina pericytes into
diffusion chambers, and intraperitoneally implanted these
pericytes-containing chambers into athymic mice. Eight
weeks later, the chambers were found to contain a matrix of
bone, cartilage, and fibrous tissue [35]. In 2004, they further
reported that, when cultured in a chondrogenic medium,
bovine retina pericytes formed pellets of cells that were
embedded in an extracellular matrix which was rich in
sulfated proteoglycans and type II collagen [36]. Ad-
ditionally, when cultured in an adipogenic medium, peri-
cytes expressed mRNA for adipocyte-specific transcription
factor PPAR-g2 and incorporated lipid droplets. In chamber
assays, both chondrocytes and adipocytes were also iden-
tified. Thus, pericytes appear to fulfill the tri-lineage dif-
ferentiation criteria for being MSCs.

Possible osteogenic differentiation of pericytes was also
independently demonstrated in two 1992 studies. In one,
monastral blue was used to label pericytes and endothelial
cells in the postcapillary venules of rat femur; 3 to 6 days
later, monastral blue was observed in some osteoblasts [37].
In the other, pericytes isolated from bovine brain and cul-
tured in standard medium were found to spontaneously
synthesize alkaline phosphatase, form mineralized colonies,
and express osteocalcin [38]. The authors thus concluded that
pericytes are possible osteoblast progenitor cells. However,
in this study, validation of pericyte identity was done by
immunofluorescence for smooth muscle actin (SMA), which
is obviously not a pericyte-specific marker. In fact, a recent
study even showed that SMA is a negative marker for
pericytes [39], with additional reference to another study that
stated: ‘‘few freshly isolated pericytes express this antigen,
but with time in culture, almost 100% of cells express a-
SMA’’ [40].

In a 1993 study, calcified human carotid atherosclerotic
lesions were found to contain bone morphogenic protein
(BMP)-2a mRNA, and cultured bovine and human aortic
medial cells formed nodules that stained positive for SMA
and 3G5 (both were considered pericyte markers) [41].
Thus, the authors concluded that pericyte-like cells were
capable of osteoblastic differentiation. In subsequent stud-
ies, the pericyte-like cells were called calcifying vascular
cells (CVC) [42] and found capable of chondrogenic, leio-
myogenic, stromogenic, but not adipogenic differentiation
[43]. In a subsequent review article and an editorial by this

research team, the term ‘‘vascular stem cells’’ emerged, al-
beit without definition [44,45]. The extensive reference to
pericytes and MSCs in the review article, nevertheless, hints
at the authors’ intent to equate CVC with VSC, pericytes,
and MSCs [44]. In their more recent reviews, this intent is
further illustrated [46,47].

In a 2004 study, vascular smooth muscle cells (VSMCs)
and pericytes were reported to be the progenitor cells of
Leydig cells [48]. In the experiment, Leydig cells were de-
stroyed by an intraperitoneal injection of ethane dimethane
sulphonate in adult rats. Spontaneous regeneration of Leydig
cells was then traced to the testicular vasculature by im-
munostaining for nestin. The nestin-positive cells were then
further identified as pericytes or VSMCs by immunostaining
for SMA. Thus, the ‘‘pericytes as Leydig cell progenitor’’
theory depends on the reliability of nestin and SMA as
markers for Leydig cells and pericytes, respectively. In ad-
dition, since VSMCs were also shown to be possible Leydig
cell progenitors, the ‘‘pericytes as Leydig cell progenitor’’
theory gets diluted in terms of believability. Furthermore,
among recent review articles on the subject of Leydig cell
progenitors [49–51], only one has discussed the pericyte
theory, and it has further raised the question of whether the
regenerated nestin-expressing cells are the same as Leydig
cells that developed naturally during the perpubertal
period [50].

In a 2008 study, MSCs isolated from various human tis-
sues were compared with pericytes isolated from human
retina, and the results showed similarities in marker ex-
pression and gene expression profile [52]. However, it
should be noted that the retina pericytes were isolated by
immune selection for CD146, which is also expressed in
nonpericytes, particularly the endothelial cells. Later in the
same year, a very similar but independent study also
showed similarities between MSCs from various human
tissues and pericytes [53]. This time, the pericytes were se-
lected not only for CD146 expression but also for CD34
nonexpression, thus excluding endothelial cells. However,
histological images of the cross-sectional view of CD34/
CD146 double-stained larger vessels (ie, arterioles) indi-
cated the confinement of CD34 stain inside the CD146-
stained ring (Ref. 53’s Fig. 1B, C). Such a staining pattern is
in disagreement with other studies, in which CD34 stain on
perpendicularly cut arterioles produced 2 discrete rings,
and these CD34-stained rings sandwiched the CD146-
stained ring [54–57]. Particularly, one of these disagreeing
studies [57] was recently published from the same lab that
produced the study in Ref. [53], and it clearly showed the
sandwiching of CD146 stain by CD34 stains. Thus, the
conclusion made in Ref. [53] that MSCs might be pericytes
was based partly on histological data which may require
further clarification.

Similar to the study by Crisan et al. [53], 2 other studies
also stated that MSCs isolated from adipose tissue (ADSCs)
expressed pericyte markers [58,59]. However, the study by
Amos et al. [58,59] provided no histological data on the ex-
pression of these markers by ADSCs, and the study by
Traktuev et al. [58,59] provided histological data showing
ADSCs co-expressing CD34 and pericyte markers. This latter
study, thus, disagrees with Crisan et al. [53], which specifi-
cally emphasized no such co-expression. Furthermore, sev-
eral recent studies have shown that CD34 and pericyte
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markers are mutually exclusively expressed in the adipose
tissue [55–57,60]. Thus, the pericyte-as-ADSC theory will
require stronger evidence to be proved.

Adventitial Progenitor Cells as Vascular
Stem Cells

The adventitia is the outermost layer of arteries and veins.
Unlike the media and intima, which are synonymic with
smooth muscle and endothelium, respectively, the adventitia
does not have a defined synonymic cell type. However,
when an artery’s cross-section is stained for CD34, 2 con-
centric rings of cells corresponding to the intima and ad-
ventitia are revealed [54,55,61]. The inner ring is thin,
compact, and complete, and is undoubtedly the endothelium
that also stains positive for CD31 [54,55,61]. The outer ring,
which is outside of the media and thus belongs to the ad-
ventitia, is irregular, loose, incomplete, and distinctively
CD31 - [54,55,61]. This population of CD34 + CD31 - ad-
ventitial cells is now increasingly believed to be VSCs, as
discussed next.

In 2004, Hu et al. [62] reported the identification of cells
that stained positive for cell markers Sca1, c-kit, CD34, and
Flk1 in the adventitia of mouse aorta. In culture, Sca1-
expressing adventitial cells differentiated into SMCs in
response to PDGF-BB stimulation. Furthermore, when
transferred to the adventitial side of vein grafts in ApoE-
deficient mice, Sca1-expressing adventitial cells were found
in atherosclerotic lesions of the intima. The authors thus
concluded that a population of vascular progenitor cells in
the adventitia could differentiate into SMCs which contrib-
ute to atherosclerosis. In 2007, this team of researchers
published a related study in which human, instead of mouse,
arteries were examined [63]. Specifically, immunofluores-
cence identified variable expression of CD34, VEGFR2, Sca1,
and c-kit in the adventitia of normal internal mammary ar-
teries and atherosclerotic vessels. Thus, potential stem cells
were identified in the adventitia of both human and mouse
arteries.

The Sca1 expression mentioned earlier in the adventitia
has been independently confirmed in mouse aorta and
mesenteric and femoral arteries [64]. More importantly,
Sca1 + cells immunoselected from the aortic adventitia were
found capable of smooth muscle and endothelial differenti-
ation. Specifically, when cultured in standard medium
(DMEM + 10% serum), 30%–50% of the Sca1-selected cells
lost expression of Sca1 but gained expression of SMC
markers (SMA, SM22a, calponin, and SM-MHC). In addi-
tion, when the Sca1-selected cells were treated with VEGF,
PECAM1 + endothelial cell clusters appeared in elongated
cords that often colocalized with SMA + cells. Moreover,
when the Sca1-selected cells were treated with BMP2, colo-
nies formed that stained positive by alizarin red, suggesting
osteogenic differentiation. These findings thus reinforced the
existence of APCs.

In 2004, Yamashima et al. [65] also reported the identi-
fication of adventitial cells that were capable of neuronal
differentiation. Specifically, when 5-bromo-2¢-deoxyuridine
(BrdU) was used to label proliferating cells in ischemic
adult monkey brain, 1%–3% of such BrdU + cells in the
subgranular zone were also stained positive for neuronal
markers TUC4, beta-III tubulin, and NeuN. In addition,

these neuronal progenitor cells were frequently seen in
the vicinity of proliferating blood vessels, and electron
microscopy indicated that most of the neuronal progeni-
tor cells were pericytes of capillaries and/or adventitial
cells of arterioles. Thus, the authors concluded that both
pericytes and adventitial cells were capable of neuronal
differentiation.

As mentioned earlier, staining of arterial cross-sections
revealed 2 concentric CD34 + rings, the outer of which is
CD31 - and exists in the adventitia. One of the 3 studies
that reported this finding was conducted with human in-
ternal thoracic artery [61]. When segments of this artery
were examined in arterial ring assays, the adventitial
CD34 + CD31 - cells were identified as forming capillary
sprouts and expressing markers for angiogenically acti-
vated endothelial cells, such as PECAM1, and also for
mature endothelial cells, such as VE-cadherin or occludin.
This population of CD34 + CD31 - adventitial cells was also
said to exist in all of the human organs studied, including
urinary bladder, testis, prostate, kidney, lung, heart, liver,
and brain, although only the prostate staining data were
shown. The authors thus proposed the term ‘‘vasculogenic
zone’’ to denote the CD34 + CD31 - ring in the adventitia of
human blood vessels, and suggested that the CD34 +
CD31 - cells might be progenitor cells for postnatal vas-
culogenesis. However, in a more recent study by the same
research team (with a different first author) and on the same
blood vessel (human internal thoracic artery), MSC-like
cells residing in the same vasculogenic zone were shown to
be CD44 + but CD34 - [66]. In the Conclusion section of
this study, the authors stated: ‘‘. human vessels harbor not
only EPCs but also other types of stem cells. .’’ Thus, it is
apparent that the authors considered their previously
identified CD34 + adventitial cells as EPCs, while they
considered the CD44 + CD34 - adventitial cells as non-EPC
MSCs. While this hypothesis requires further examination,
it is noted that the authors offered no rationale for using
CD44 as a marker; and, although CD44 has been shown to
be highly expressed in cultured MSCs, a recent study pro-
vided strong evidence that native MSCs in bone marrow
lack CD44 expression [67]. Thus, equating the CD44 +
CD34 - adventitial cells with MSCs will require stronger
evidence.

CD34 expression has also been detected by immunohis-
tochemistry in the adventitia of human femoral artery and
thoracic aorta [68]. In addition, cells cultured from the aorta
assumed a fibroblastic morphology and expressed MSC-
associated markers CD44, CD90, and CD105. When treated
with VEGF, these cells acquired endothelial characteristics
such as capillary-like tube formation and von Willebrand
factor expression. Thus, the aorta appeared to harbor a
population of EPCs. However, whether these cells were
derived from the CD34 + adventitial cells was not demon-
strated in this study.

In a 2010 study, Campagnolo et al. [69] reported the
identification of CD34 + CD31 - cells in the adventitia of
human vena saphena. A few of these cells were also de-
scribed as staining positive for pericyte markers NG2 and
PDGFRb. However, the displayed histological images ac-
tually show neighboring yet mutually exclusive expression
between CD34 and NG2, and between CD34 and PDGFRb.
Moreover, although immunocytochemical analysis showed
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positivity for NG2 and PDGFRb in immunoselected
CD34 + CD31 - cells from this blood vessel, no co-expression
with CD34 was determined. Regardless, these cells were
tested positive for osteogenic, adipogenic, neurogenic, and
myogenic differentiation but negative for chondrogenic
differentiation. Interestingly, although these cells were
described as negative for endothelial differentiation, the
actual data of capillary-like tube formation do suggest
such differentiation. Furthermore, when injected into the
induced ischemic limbs of mice, these cells improved neo-
vascularization and blood flow recovery, thus suggesting
their angiogenic potential. In any event, although these cells
were interpreted as MSCs/pericytes, they should be con-
sidered MSCs/adventitial cells because of their adventitial
localization, CD34 expression, and lack of pericyte marker
expression.

As mentioned earlier, 3 studies have reported that MSCs
in the adipose tissue (ADSCs) are possibly pericytes
[53,58,59]. However, Amos et al. [58] provided in vitro but
not in vivo data, while Crisan et al. [53] and Traktuev et al.
[59] disagreed on whether ADSCs express CD34 or not.
Specifically, while Crisan et al. [53] used anti-CD34 anti-
body to select against endothelial cells (thereby enriching
the CD34 - pericyte fraction), Traktuev et al. [59] used
CD34 as a marker for pericytes. Based on the consensus
view that native ADSCs are CD34 + [70], the CD34 - peri-
cytes reported by Crisan et al. [53] cannot be ADSCs. On the
other hand, while CD34 was correctly used as an ADSC
marker by Traktuev et al. [59], the data showing the
longitudinal view of blood vessels do not permit the visu-
alization of the layer in which CD34 stains were located.
More importantly, the co-expression of CD34 and pericyte
markers was assessed by flow cytometry on cultured, not
native, ADSCs. Thus, such co-expression is possibly a
consequence of cell culture, as demonstrated in 4 recent
studies [57,60,71,72].

The first study dedicated to the histological analysis of
ADSCs in the adipose tissue was published in 2008 [55]. In
this study, human adipose tissue was stained for CD34 and
several other markers, including CD31, SMA, and CD140b.
Although CD34 is considered an ADSC marker, it is also
expressed in endothelial cells; therefore, CD31 co-staining
was used to distinguish between ADSCs (CD34 + CD31 - )
and endothelial cells (CD34 + CD31 + ). In addition, SMA co-
staining with CD34 and CD31 was used to visualize the
adventitia-media and endothelium-media boundaries, re-
spectively. After these co-stainings, along with co-staining
for several other potential stem cell markers (Stro1, Oct4,
SSEA1, and telomerase), the cross-sectional views of blood
vessels of various sizes (arteries, arterioles, and capillaries)
were compiled and analyzed. The results showed CD34
expression in both the endothelium and the adventitia of
arteries and arterioles, with SMA expression sandwiched in
between. With regard to capillaries, despite their lack of
layered structure-like arteries, the sandwiching of SMA in
between 2 CD34 + layers was still visible. Similarly, peri-
cyte marker CD140b was also sandwiched between 2
CD34 + layers in capillaries. Thus, CD34 expression and
SMA or pericyte marker expression were mutually exclu-
sive, and these observations prompted the authors to
conclude that ADSCs are likely CD34 + CD31 - SMA -
CD140b - cells in the capillaries and in the adventitia of

larger vessels. In addition, the authors also for the first time
proposed that ADSCs might be VSCs, and ADSCs could
differentiate into not only vascular cells (endothelial cells,
SMCs, and pericytes) but also mesenchymal cells (adipo-
cytes).

The second study dedicated to the histological analysis of
ADSCs in the adipose tissue was published in 2010 [56]. In
this study, CD34 was again used as the principal marker
for ADSCs, and CD146, instead of CD140b, was used as
the pericyte marker. The results were similar to those by
Lin et al. [55] in that 2 concentric CD34 + rings and no co-
expression of CD34 and CD146 were observed in blood
vessels. In a flow cytometric analysis of freshly isolated ad-
ipose stromal vascular cells, a small population of CD34 +
CD146 + cells was detectable, but they were interpreted by
the authors as endothelial progenitors, not ADSCs. Regard-
less, in agreement with Lin et al. [55], the CD34 + CD146 -
adventitial cells were interpreted as ADSCs.

Another study investigating ADSCs within human adi-
pose tissue also used CD34 as a defining marker, and for
pericytes, it used CD140b and NG2 as markers [60]. Again,
similar to the studies mentioned earlier, histological analysis
showed no co-expression of CD34 and pericyte markers. In a
flow cytometric analysis of freshly isolated adipose stromal
vascular cells, 1.8% and 12.7% were found to express NG2
and CD140b, respectively, and less than 2% of these putative
pericytes expressed CD34. In addition, a flow cytometric
analysis of CD34-immunoselected adipose stromal vascular
cells revealed that the expression of NG2 and CD140b in-
creased 3.5- and 5-fold, respectively, during cell culture.
Thus, in the Discussion section, the authors questioned the
accuracy of the pericyte-as-ADSC theory as put forth by
Traktuev et al. [59].

The most recent study [57] on the histological analysis of
ADSCs in adipose tissue was published from the same lab as
Crisan et al. [53], who contended that MSCs in most tissues,
including the adipose, were pericytes. However, blood ves-
sels that stained for CD34 and CD146 were substantially
different between these 2 studies (see discussion in the
‘‘Pericytes vascular stem cells’’ section). While reasons for the
discrepancy remain unknown, the new study appears to be
more convincing, because it is dedicated to the analysis of
ADSCs within adipose tissue (as opposed to MSCs in several
different tissues) and its data are mostly consistent with
other dedicated ADSC studies. Specifically, while still con-
tending that their previously identified CD34 - CD146 + cells
were pericytes, the new study demonstrated the localization
of CD34 + CD146 - cells in the adventitia. Thus, all 3 dedi-
cated ADSC histological studies reached the same conclusion
that CD34 + ADSCs reside in the adventitia and do not ex-
press pericyte markers [55–57].

In a study that was only recently published online [71], 3
vascular cell subsets, namely, CD34 + CD146 - ADSCs,
CD34 - CD146 + pericytes, and CD34 + CD146 + endothelial
cells, were isolated from human adipose tissue. Under MSC
culture conditions, ADSCs, but not pericytes, were found to
differentiate into MSCs as determined by the expression of
several MSC markers. In addition, ADSCs were more clo-
nogenic than pericytes, and in agreement with previous
studies [57,60,72], propagation of ADSCs in culture resulted
in down-regulation of CD34 and up-regulation of pericyte
markers.
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Pericytes or Adventitial Progenitor Cells

In addition to having the tri-lineage differentiation po-
tential as mentioned earlier, pericytes are also known to
possibly possess neurogenic differentiation potentials.
However, in a recent review article, Goldberg and Hirschi
[73] questioned the validity of such a theory:‘‘Serving a
contractile role to regulate blood flow, physiologically peri-
cytes are not stem cells in the adult brain, and should not be
confused with other perivascular progenitor cell types. Of
the markers used to identify pericytes, including smooth
muscle a-actin, desmin, NG-2, PDGFRb, aminopeptidase A
and N, and RGS5, none are entirely specific, and none rec-
ognize all pericytes.’’

This comment not only raises concern about the reliance of
the so-called pericyte-specific markers but also touches on an
important and fundamental question: How can a function-
ally sophisticated (and thus highly differentiated) cell still
possess a large capacity for differentiation? Indeed, pericytes’
functions are more than blood flow regulation, but as diverse
as performing vessel stabilization, vascular tone regulation,
vessel permeability regulation, local tissue homeostasis
maintenance, macrophage-like properties, immunologic de-
fense, coagulation intervention, and control of the quiescent
and angiogenic stages of blood vessels [31]. Thus, with these
large degrees of functional diversity and sophistication, how
can pericytes still maintain a large capacity for differentia-
tion, including the ability to become many different cell types
with each having its own sophisticated functions, for exam-
ple, osteoblasts, Leydig cells, neurons, chondrocytes, and
adipocytes?

On the other hand, APCs are not known to have any
specific physiological function and are, thus, developmen-
tally more akin to primitive cells whose primary role is
serving as progenitors for various specialized cell types. In
the capillary, which lacks a defined adventitia, the APC
equivalent still exists, as evidenced by the presence of the
same CD34 + CD31 - CD140b - SMA - cells in both the ad-
ventitia and the capillary [5,55]. Thus, it has been postulated
that, within the vasculature, APCs could differentiate into
pericytes (CD34 - CD31 - CD140b + SMA - ), endothelial cells
(CD34 + CD31 + CD140b - SMA - ), and SMCs (CD34 -
CD31 - CD140b - SMA + ); and during tissue expansion or
repair, APCs could also differentiate into tissue-specific cell
types (eg, muscle and fat) [5,55].

While this review clearly favors APCs over pericytes as
the likely VSC candidate, it should be pointed out that cur-
rently the opposite view (ie, pericytes as VSCs) is more
prevalent, and many excellent reviews, including a recent
one, have discussed this issue extensively [74].

Differentiation of Vascular Stem Cells
into Local Tissue Cells

As stated earlier, the role of MSCs has been proposed as
providing tissue-specific cells for the normal turnover and
maintenance of mesenchymal tissues [4]. Thus, if VSCs are
indeed MSCs, then they need to be able to differentiate into
local mesenchymal tissue cells, in addition to their expected
ability to become vascular cells (endothelial cells and SMCs).
However, even in the MSC field—not to mention the more
recent VSC field—the great majority of studies in this regard

are in vitro; for example, adipogenic differentiation of cul-
tured MSCs. Nevertheless, in the ADSC field, 2 studies have
come close to being in vivo—both employing the same
strategy of transplanting cultured human ADSCs subcuta-
neously into nude mice and visualizing the formation of
adipocytes from the transplanted cells [75,76]. Although the
use of cultured ADSCs is in vitro, their transplantation into
the subcutaneous space does provide an environment that is
natural to ADSCs. Thus, under this semi in vivo condition,
VSCs were shown to differentiate into the mesenchymal cell
type (adipocyte) of their tissue origin.

Paracrine Effects of Vascular Stem Cells
on Local Tissues

The ability to differentiate into various cell types has
been considered one of the essential characteristics of MSCs.
However, it is increasingly becoming clear that this capacity
does not always account for MSC’s therapeutic effects [9].
Indeed, in the ADSC field, the great majority of preclinical
studies showed that ADSCs exerted their therapeutic effects
through paracrine actions [77]. Thus, in their native envi-
ronment, VSCs could possibly participate in the mainte-
nance and/or expansion of mesenchymal tissues by the
secretion of growth factors and cytokines. An example can
be found in one of the 2 studies mentioned earlier, in which
the transplanted ADSCs not only differentiated into adi-
pocytes but also induced de novo adipogenesis in the host
tissue [75].

Concluding Remarks

As defined earlier, VSCs reside within the vessel wall and
can differentiate into all cell types that constitute a functional
blood vessel. They can probably also differentiate into spe-
cific mesenchymal cells of their native tissue, or they can
induce the replication/differentiation of such cells via
growth factor secretion. Consistent with these proposed VSC
characteristics, APCs are the most likely candidates for being
VSCs. In culture, they spontaneously differentiate into cells
that express pericyte markers; they can also be induced to
differentiate into endothelial cells and SMCs. In addition,
they have also been induced to differentiate into bone, car-
tilage, and fat cells. Thus, in vitro, APCs fulfill all criteria for
being VSCs. In vivo, the evidence is still limited and will
require further investigations.

Importantly, it should be pointed out that the VSC field is
only beginning to emerge, and, thus, many issues regarding
VSC’s identity and function remain poorly understood. In
fact, even after decades of intensive research, MSC, which is
suggested to be VSC in this review, is still having many
outstanding issues of its own. And, on top of this, likewise
decades-long intensive pericyte research has not been able
resolve the identity issue. Thus, in this review, neither the
suggestion that VSCs are MSCs nor the argument that peri-
cytes cannot be VSCs is set in stone. Rather, they are in-
tended to encourage further discussion and research on these
important yet controversial subjects.
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