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ISSUES IN DEVELOPMENT

How Plastic Are Pericytes?
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Pericytes are defined by both their anatomical location and molecular markers. Numerous publications have
reported their role as stem cells, contributing to the formation of tissues other than blood vessels. However,
using cell-lineage tracing in a new transgenic mouse model, a recent study shows that in the context of aging
and some pathologies, Tbx18+ pericytes do not function as stem cells in vivo. This study challenges the current
view that pericytes can differentiate into other cells and reopen questions about their plasticity. This emerg-
ing knowledge is important not only for our understanding of development but may also inform treatments

for diseases.
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N THE LATE 1800 s, the French physiologist, Charles-Marie

Benjamin Rouget, described a population of contractile
cells in the capillaries, named Rouget cells after him [1].
German anatomist and histologist Karl Wilhelm Zimmermann
(1861-1935) renamed them pericytes due to their predomi-
nant location around blood vessels [2], and more than 100
years later, they were still identified mainly by location.

Now, approaches that consider anatomical location, the
expression of several molecular markers, and genetic line-
age are advancing our understanding of pericytes’ roles in
health and disease [3]. In addition to physically stabilizing
blood vessels, pericytes contribute to their normal archi-
tecture; vascular development, maturation, and remodeling;
and regulate permeability and blood flow [4-11]. They
collaborate with astrocytes to maintain the functional in-
tegrity of the blood-brain barrier [12-23], can affect blood
coagulation [24-26], and play a role in immune function by
regulating lymphocyte activation [27-30]. Evidence for
phagocytic properties has been reported [31-35].

In the last 10 years, numerous studies have established
pericytes’ potential to contribute to the formation of vari-
ous tissues; and the consensus holds that they have high
plasticity. However, in a 2017 article in Cell Stem Cell,
Guimaraes-Camboa et al. challenge the current view of
endogenous pericytes as tissue-resident progenitors with the
capacity to differentiate into other cell types in vivo [36]. In
this study, we discuss these findings and evaluate recent

advances in our understanding of pericytes’ contribution to
tissue regeneration/homeostasis as tissue-resident progeni-
tors in vivo.

The Guimaraes-Camboa group performed an exhaustive
analysis of cell fate tracing to study pericyte plasticity. First,
they generated a new mouse model (Tbx18H2B-GFP) that
can be used to label pericytes and smooth muscle cells in
several adult organs based on their expression of the tran-
scription factor Tbx18. Based on this knowledge, the group
created another mouse model in which the fate of Tbx18+
pericytes and Tbx18+ smooth muscle cells could be tracked
in vivo (Tbx18-CreERT2/tdTomato mice).

After following these animals for 2 years, they found that
Tbx18-derived cells maintain their mural identity in the
heart, muscle, fat, and brain, suggesting that perivascular
cells do not originate other cell types as these organs age. To
test whether their plasticity arises after tissue injury, the
authors fate traced Tbx18-derived cells after brain and
muscle damage. Surprisingly, under the tested conditions,
pericytes did not contribute to the formation of other cell
types. The study strongly suggested that, in vivo, pericytes
do not behave as stem cells.

According to the International Society for Cellular
Therapy (ISCT), adult stem cells were initially defined by
three criteria: (1) adherence to plastic [37]; (2) expression of
specific surface antigens; and (3) multipotent differentiation
potential in vitro [38]. These criteria are now unanimously
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FIG. 1. Pericytes behave like
stem cells: true or false? Pericytes
are present around blood vessels in
several tissues, such as brain, heart,
lungs, skeletal muscle, bone mar-
row, and kidneys. Previous in vivo
studies demonstrated that, under
certain physiological and/or patho- Bone Marrow
logical conditions, pericytes may

differentiate into other cell types:

adipocytes, cardiomyocytes, osteo-

blasts, skeletal muscle fibers,
fibroblasts, and others. Guimaraes-
Camboa et al. now suggest that
pericytes do not behave as stem
cells [36]. Future studies using state-
of-the-art technologies, such as
new pericyte lineage-tracing mouse
models, may reveal the true po-
tential of pericytes in much greater
detail. Color images available on-
line at www.liebertpub.com/scd

Kidney

considered too minimal since practically every nonclonal
culture of cells from any tissue could be classified as stem
cells under the right culture conditions [39]. Additionally,
the definition did not encompass a cell’s behavior in vivo.
These criteria will have to be restated.

Genetic fate-tracing mouse models are the most reliable
tools for assessing cell plasticity in vivo, but they are highly
dependent on the mouse model used. The inconsistencies
between the Guimardes-Camboa group study and previous
work may be due to the specificity of the transgenic mouse
models used to mark pericytes in vivo.

While the new data may have an important impact on the
field of pericyte biology, they also raise concerns. The au-
thors showed the in vitro capacity of Tbx18H2B-GFP+ cells
to differentiate into adipocytes, osteoblasts, and chondrocytes,
but they did not show whether Tbx18-CreERT2/tdTomato+
cells can do so as well. Future studies should address this
question, which would clarify whether inserting the Cre-
ERT?2 cassette alters function in those cells, especially be-
cause Cre may be toxic under certain conditions [40].

Another open question is whether the pericytes labeled in
Tbx18-CreERT2/tdTomato mice show stem cell activity
in vivo under conditions not explored in this study. Other
studies using different genetic lineage-tracing models under
different conditions have shown that pericytes can form
several cell types; for instance, odontoblasts (in NG2creER/
Rosa26R mice) [41], scar-forming stromal cells (in Glast-
CreER/R26R-YFP mice) [42], and follicular dendritic cells
(in PDGFR-Cre/Rosa26R mice) [43].
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To determine whether pericytes form fibroblasts, Guimaraes-
Camboa et al. used a transgenic mouse in which GFP is
expressed under the control of the type I collagen promoter
(Collal-GFP mice) [36,44] because there is no single
marker for all fibroblasts. They performed brain injury in
Tbx18-CreERT2/tdTomato/Collal-GFP mice and found
that pericytes do not form Collal-GFP+ fibroblasts [36].
Nevertheless, after injury, the number of cells producing type
I collagen was very small. Note that, along with fibronectin
and laminin, the major extracellular matrix molecule pro-
duced in the fibrotic scar after central nervous system (CNS)
lesion is type IV collagen [45-47], whereas very little type I
collagen is produced. Thus, future studies should analyze
which cells contribute to type IV collagen production after
CNS injury, rather than type I, which seems less relevant in
this type of scar. They might resolve the controversy with
another group, which found that, using Glast-CreER mice,
GLAST+ pericytes are the main source of fibrotic scar tissue
after CNS injury [42].

Several in vivo studies using lineage-tracing technolo-
gies have demonstrated that pericytes from several tissues
may contribute to fibroblast formation in other tissues in
some pathologies. For instance, Dulauroy et al. showed that
pericytes expressing ADAMI12 during development give
rise to most of the collagen-producing cells during skeletal
muscle injury [48]. Mederacke et al. generated pericyte-
specific lecithin retinol acyltransferase Cre mice, which
marked nearly all liver pericytes, and confirmed that in models
of cholestatic, toxic, and fatty liver disease, pericytes are the
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main collagen-producing cells [49]. Humphreys et al. found
evidence that pericytes give rise to fibroblasts during ex-
perimentally induced fibrosis in mice [50]. Given pericyte
heterogeneity within the same and between different tissues
[3,51-65], the exact contribution of pericytes to fibrosis may
vary by organ and pathophysiological condition [66].

Guimaraes-Camboa et al. also performed a transaortic
constriction in Tbx18-CreERT2/tdTomato mice and found a
few examples of pericyte-derived ventricular cardiomyo-
cytes [36]. This result is not surprising as the rate of car-
diomyocyte regeneration in adult heart is very low [67,68].
The fact that they found labeled cardiomyocytes supports
another study that showed the capacity of pericytes to dif-
ferentiate into cardiac cells [69].

Although pericytes and vascular smooth muscle cells are
both mural cells, they occupy different locations in the
vasculature and are defined as two distinct cell types. Since
both are labeled in Tbx18-CreERT2/tdTomato mice, deter-
mining whether pericytes differentiate into smooth muscle
cells in this mouse model is impossible. In the heart, peri-
cytes are the second largest cell population [70], and a re-
cent study showed that during development, they generate
smooth muscle cells [71]. Whether they do so in the adult
heart remains unknown.

Interestingly, Guimardes-Camboa et al. did not test
whether pericytes from Tbx18CreERT2 mice could give rise
to osteoblasts, chondrocytes, or odontoblasts in vivo as other
studies have reported [36,41,72-74].

Future studies should resolve this controversy. Guimaraes-
Camboa et al. showed that Pdgfrb-Cre transgenic mice are
unsuitable for specific lineage tracing of pericytes because
PDGFR§ is expressed throughout the embryo during de-
velopment. Since its expression is more restricted in adult
animals, why did they not use PDGFRpB-CreERT2 mice
instead [36,75]? Future work should compare the reported
results to results using PDGFRB-CreERT2, which should
mark pericytes in all tissues in Tbx18-CreERT2 mice.

The conclusion that vascular cells do not form adipocytes
is very startling; other recent studies in vivo using specific
vascular cell-lineage tracing have shown opposite results
[73,74,76]. Future studies should be designed to explain
these differences. When their vascular cells are labeled, why
can Myh11-CreERT2, NG2-CreER, Lepr-cre, and NG2-Cre
transgenic mice form fat-storing cells, whereas Tbx18CreERT2
mice cannot? As bone marrow pericytes are labeled in
Tbx18-CreERT2/tdTomato mice, future studies should ex-
pose them to sublethal irradiation, which induces fat for-
mation in the marrow.

Using Tbx18CreERT2 mice, the authors also conclude
that resident pericytes do not form skeletal muscle fibers.
However, under the same experimental conditions, but using
other mice, several groups came to different conclusions
about the in vivo myogenic capacity of skeletal muscle
pericytes. Using Alkaline Phosphatase-CreERT?2 transgenic
mice, Dellavalle et al. demonstrated that pericytes residing
in postnatal skeletal muscle differentiate into skeletal mus-
cle fibers and, furthermore, generate satellite cells, the
skeletal muscle-specific progenitors [77]. Using NG2-Cre
mice, Kostallari et al. demonstrated that pericytes can form
myofibers and are indispensable for postnatal skeletal
muscle growth. Using a transgenic mouse model for selec-
tive diphtheria toxin-induced depletion of NG2+ pericytes,
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they found that pericyte ablation led to myofiber hypo-
trophy. This report was the first to show that skeletal mus-
cle formation in vivo depends on myogenic cells other
than satellite cells [78]. Future studies should test whether
Tbx18+ pericyte depletion in Tbx18-CreERT2/iDTR mice
affects the regenerative potential of the skeletal muscle and
other organs.

Several studies of pericyte biology focused on develop-
mental events and times when the basement membrane
around blood vessels is not fully developed, when pericytes
may be more exposed to differentiation cues from their
surroundings. Might pericytes exhibit stem cell behavior
only when they are removed from their niche and exposed to
artificial conditions? Future studies should explore the pericyte
response in Tbx18CreERT2 mice at different developmental
stages and in tissues like bone marrow, where periendothelial
cells are not embedded in a basement membrane.

Note that pericytes from the kidneys, liver, lungs,
gastrointestinal tract, and pancreas were not labeled in
Tbx18H2B-GFP mice. Why? Given their heterogeneity, do
pericytes in these different tissues share specific cap-
abilities? Liver pericytes have been shown to form other
cells in vivo using lineage fate tracing specific to hepatic
pericytes [49]. What are their origins? Do they develop from
a different source than pericytes that express Tbx18? For
instance, during development, the origins of pericytes from
the liver, lung, and gut have been mapped to the meso-
thelium [79-81]. In sharp contrast, lineage-tracing studies
indicate that forebrain pericytes have a neuroectodermal
origin [82]; whereas endothelial cells give rise to cardiac
pericytes in the murine embryonic heart [83].

Interestingly, Xu et al. showed the importance of Tbx18
in the normal development of the vasculature in mammalian
kidneys, when it is expressed by pericytes. Moreover, they
observed a reduction of the number of pericytes around
blood vessels in Tbx18-/- mice [84]. Future studies will
address when renal pericytes stop expressing Tbx18.

Not all perivascular cells are pericytes, and the expression
of Tbx18 in other perivascular cells (i.e., adventitial peri-
vascular cells [85], perivascular fibroblasts [86], perivas-
cular macrophages [87,88]), has not been investigated.
Furthermore, vascular smooth muscle cells are also labeled
using Tbx18CreERT2/TdTomato mice, perhaps obscuring
rare events, such as differentiation to other cell lineages.
Flow-cytometric characterization of freshly dissociated cells
using this and other genetic lineage-tracing models will
provide an accurate quantification of cell fates.

Finally, pericytes have been shown to be heterogeneous
even within the same tissue as demonstrated in skin, spi-
nal cord, brain, skeletal muscle, heart, kidney, lung, and
bone marrow [42,66,89-94]. According to Guimaraes-
Camboa et al., ~10% of pericytes were not labeled in the
Tbx18CreERT2/TdTomato model, which suggests that a
subpopulation of pericytes were not analyzed in their study.
Does a rare population of Tbx18 PDGFRf pericytes exist,
and can they behave as stem cells? In addition to genetic cell
fate mapping, transcriptomic and single-cell analysis rep-
resent fundamental tools that will help us to understand the
roles of pericytes within the same tissue.

In conclusion, Guimardes-Camboa et al. provide a new
and important insight into pericyte biology: pericyte plas-
ticity is limited, and they do not behave as stem cells under
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certain conditions [36]. This new concept challenges sev-
eral studies, not only in vitro, but also in vivo, with other
lineage-tracing transgenic mice (Fig. 1). The potential for
unraveling whether and how pericytes form other cell types
in normal and diseased physiology is limited only by the
precision of the distinct Cre alleles that are available. Are
pericytes unable to behave like stem cells only in the Tbx 18-
CreERT2 mouse model? In the coming years, studies de-
fining whether pericytes can act as stem cells and under
what conditions may spark new approaches to several
pathological conditions. Present in all tissues, pericytes may
play important roles in tissue turnover and regeneration.

Acknowledgments

This work was supported by grants from Pro-reitoria
de Pesquisa/Universidade Federal de Minas Gerais (PRPq/
UFMG) (Edital 05/2016) to AB; NIH/NCI (1IR01CA179072-
01A1) and the American Cancer Society Mentored Research
Scholar grant (124443-MRSG-13-121-01-CDD) to AM,
and NIH/NIA (RO1 AG13934-20) to OD.

Author Disclosure Statement

No competing financial interests exist.

References

1. Rouget C. (1873). Mémoire sur le développement, la
structure et les proprietés physiologiques des capillaires
sanguins et lymphatiques.. Arch de Phys 5:603.

2. Zimmermann KW. (1923). Der feinere Bau der Blutka-
pillaren. Z. Anat Entwicklungsgesch 68:29-109.

3. Birbrair A, T Zhang, ZM Wang, ML Messi, A Mintz and O
Delbono. (2015). Pericytes at the intersection between tis-
sue regeneration and pathology. Clin Sci (Lond) 128:81-93.

4. Pallone TL and EP Silldorff. (2001). Pericyte regulation of
renal medullary blood flow. Exp Nephrol 9:165-170.

5. Pallone TL, EP Silldorff and MR Turner. (1998). Intrarenal
blood flow: microvascular anatomy and the regulation of
medullary perfusion. Clin Exp Pharmacol Physiol 25:383—
392.

6. Pallone TL, Z Zhang and K Rhinehart. (2003). Physiology
of the renal medullary microcirculation. Am J Physiol
Renal Physiol 284:F253-F266.

7. Soriano P. (1994). Abnormal kidney development and he-
matological disorders in PDGF beta-receptor mutant mice.
Genes Dev 8:1888-1896.

8. Enge M, M Bjarnegard, H Gerhardt, E Gustafsson, M
Kalen, N Asker, HP Hammes, M Shani, R Fassler and C
Betsholtz. (2002). Endothelium-specific platelet-derived
growth factor-B ablation mimics diabetic retinopathy.
EMBO J 21:4307-4316.

9. Hellstrom M, H Gerhardt, M Kalen, X Li, U Eriksson, H
Wolburg and C Betsholtz. (2001). Lack of pericytes leads
to endothelial hyperplasia and abnormal vascular morpho-
genesis. J Cell Biol 153:543-553.

10. Leveen P, M Pekny, S Gebre-Medhin, B Swolin, E Larsson
and C Betsholtz. (1994). Mice deficient for PDGF B show
renal, cardiovascular, and hematological abnormalities.
Genes Dev 8:1875-1887.

11. Lindahl P, BR Johansson, P Leveen and C Betsholtz.
(1997). Pericyte loss and microaneurysm formation in
PDGF-B-deficient mice. Science 277:242-245.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

BIRBRAIR ET AL.

Krueger M and I Bechmann. (2010). CNS pericytes: con-
cepts, misconceptions, and a way out. Glia 58:1-10.
Cuevas P, JA Gutierrez-Diaz, D Reimers, M Dujovny, FG
Diaz and JI Ausman. (1984). Pericyte endothelial gap junc-
tions in human cerebral capillaries. Anat Embryol (Berl)
170:155-159.

Dohgu S, F Takata, A Yamauchi, S Nakagawa, T Egawa,
M Naito, T Tsuruo, Y Sawada, M Niwa and Y Kataoka.
(2005). Brain pericytes contribute to the induction and up-
regulation of blood-brain barrier functions through trans-
forming growth factor-beta production. Brain Res 1038:
208-215.

Nakagawa S, MA Deli, S Nakao, M Honda, K Hayashi, R
Nakaoke, Y Kataoka and M Niwa. (2007). Pericytes from
brain microvessels strengthen the barrier integrity in pri-
mary cultures of rat brain endothelial cells. Cell Mol
Neurobiol 27:687-694.

Nakamura K, M Kamouchi, T Kitazono, J Kuroda, R
Matsuo, N Hagiwara, E Ishikawa, H Ooboshi, S Ibayashi
and M Iida. (2008). Role of NHE1 in calcium signaling and
cell proliferation in human CNS pericytes. Am J Physiol
Heart Circ Physiol 294:H1700-H1707.

Al Ahmad A, CB Taboada, M Gassmann and OO Ogun-
shola. (2011). Astrocytes and pericytes differentially
modulate blood-brain barrier characteristics during devel-
opment and hypoxic insult. J Cereb Blood Flow Metab
31:693-705.

Shimizu F, Y Sano, T Maeda, MA Abe, H Nakayama, R
Takahashi, M Ueda, S Ohtsuki, T Terasaki, M Obinata and
T Kanda. (2008). Peripheral nerve pericytes originating
from the blood-nerve barrier expresses tight junctional
molecules and transporters as barrier-forming cells. J Cell
Physiol 217:388-399.

Armulik A, G Genove, M Mae, MH Nisancioglu, E Wall-
gard, C Niaudet, L. He, J Norlin, P Lindblom, et al. (2010).
Pericytes regulate the blood-brain barrier. Nature 468:557—
561.

Bell RD, EA Winkler, AP Sagare, I Singh, B LaRue, R
Deane and BV Zlokovic. (2010). Pericytes control key
neurovascular functions and neuronal phenotype in the
adult brain and during brain aging. Neuron 68:409-427.
Thanabalasundaram G, J Schneidewind, C Pieper and HJ
Galla. (2011). The impact of pericytes on the blood-brain
barrier integrity depends critically on the pericyte dif-
ferentiation stage. Int J Biochem Cell Biol 43:1284—
1293.

Kamouchi M, T Ago and T Kitazono. (2011). Brain peri-
cytes: emerging concepts and functional roles in brain ho-
meostasis. Cell Mol Neurobiol 31:175-193.

Daneman R, L Zhou, AA Kebede and BA Barres. (2010).
Pericytes are required for blood-brain barrier integrity
during embryogenesis. Nature 468:562-566.

Kim JA, ND Tran, Z Li, F Yang, W Zhou and M]J Fisher.
(2006). Brain endothelial hemostasis regulation by peri-
cytes. J Cereb Blood Flow Metab 26:209-217.

Fisher M. (2009). Pericyte signaling in the neurovascular
unit. Stroke 40:S13-S15.

Bouchard BA, MA Shatos and PB Tracy. (1997). Human
brain pericytes differentially regulate expression of pro-
coagulant enzyme complexes comprising the extrinsic
pathway of blood coagulation. Arterioscler Thromb Vasc
Biol 17:1-9.

Balabanov R, T Beaumont and P Dore-Duffy. (1999). Role
of central nervous system microvascular pericytes in acti-



Downloaded by 109.245.141.134 from online.liebertpub.com at 07/11/17. For personal use only.

PERICYTE PLASTICITY

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

vation of antigen-primed splenic T-lymphocytes. J Neu-
rosci Res 55:578-587.

Tu Z, Y Li, DS Smith, N Sheibani, S Huang, T Kern and F
Lin. (2011). Retinal pericytes inhibit activated T cell pro-
liferation. Invest Ophthalmol Vis Sci 52:9005-9010.
Verbeek MM, JR Westphal, DJ Ruiter and RM de Waal.
(1995). T lymphocyte adhesion to human brain pericytes is
mediated via very late antigen-4/vascular cell adhesion
molecule-1 interactions. J Immunol 154:5876-5884.
Fabry Z, KM Fitzsimmons, JA Herlein, TO Moninger, MB
Dobbs and MN Hart. (1993). Production of the cytokines
interleukin 1 and 6 by murine brain microvessel endothe-
lium and smooth muscle pericytes. J Neuroimmunol 47:
23-34.

Jeynes B. (1985). Reactions of granular pericytes in a rabbit
cerebrovascular ischemia model. Stroke 16:121-125.
Balabanov R, R Washington, ] Wagnerova and P Dore-Duffy.
(1996). CNS microvascular pericytes express macrophage-
like function, cell surface integrin alpha M, and macrophage
marker ED-2. Microvasc Res 52:127-142.

Thomas WE. (1999). Brain macrophages: on the role of
pericytes and perivascular cells. Brain Res Brain Res Rev
31:42-57.

Hasan M and P Glees. (1990). The fine structure of human
cerebral perivascular pericytes and juxtavascular phago-
cytes: their possible role in hydrocephalic edema resolu-
tion. J Hirnforsch 31:237-249.

Castejon OJ. (2011). Ultrastructural pathology of cortical
capillary pericytes in human traumatic brain oedema. Folia
Neuropathol 49:162-173.

Guimaraes-Camboa N, P Cattaneco, Y Sun, T Moore-
Morris, Y Gu, ND Dalton, E Rockenstein, E Masliah, KL
Peterson, et al. (2017). Pericytes of multiple organs do not
behave as mesenchymal stem cells in vivo. Cell Stem Cell
20:345-359.

Pereira LX, CT Viana, LA Orellano, SA de Almeida, AC
Vasconcelos, AM Goes, A Birbrair, SP Andrade and PP
Campos. (2017). Synthetic matrix of polyether-polyurethane
as a biological platform for pancreatic regeneration. Life
Sci 176:67-74.

Dominici M, K Le Blanc, I Mueller, I Slaper-Cortenbach, F
Marini, D Krause, R Deans, A Keating, D Prockop and E
Horwitz. (2006). Minimal criteria for defining multipotent
mesenchymal stromal cells. The International Society for
Cellular Therapy position statement. Cytotherapy 8:315—
317.

Bianco P, X Cao, PS Frenette, JJ Mao, PG Robey, PJ
Simmons and CY Wang. (2013). The meaning, the sense
and the significance: translating the science of mesenchy-
mal stem cells into medicine. Nat Med 19:35-42.
Loonstra A, M Vooijs, HB Beverloo, BA Allak, E van
Drunen, R Kanaar, A Berns and J Jonkers. (2001). Growth
inhibition and DNA damage induced by Cre recombinase
in mammalian cells. Proc Natl Acad Sci U S A 98:9209—
9214.

Feng J, A Mantesso, C De Bari, A Nishiyama and PT
Sharpe. (2011). Dual origin of mesenchymal stem cells
contributing to organ growth and repair. Proc Natl Acad Sci
U S A 108:6503-6508.

Goritz C, DO Dias, N Tomilin, M Barbacid, O Shupliakov
and J Frisen. (2011). A pericyte origin of spinal cord scar
tissue. Science 333:238-242.

Krautler NJ, V Kana, J Kranich, Y Tian, D Perera, D
Lemm, P Schwarz, A Armulik, JL Browning, et al. (2012).

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

1017

Follicular dendritic cells emerge from ubiquitous perivas-
cular precursors. Cell 150:194-206.

Yata Y, A Scanga, A Gillan, L Yang, S Reif, M Breind],
DA Brenner and RA Rippe. (2003). DNase I-hypersensitive
sites enhance alphal(I) collagen gene expression in hepatic
stellate cells. Hepatology 37:267-276.

Hermanns S, N Klapka and HW Muller. (2001). The col-
lagenous lesion scar—an obstacle for axonal regeneration
in brain and spinal cord injury. Restor Neurol Neurosci
19:139-148.

Loy DN, CH Crawford, JB Darnall, DA Burke, SM Onifer
and SR Whittemore. (2002). Temporal progression of an-
giogenesis and basal lamina deposition after contusive
spinal cord injury in the adult rat. ] Comp Neurol 445:308-
324.

Stichel CC and HW Muller. (1998). The CNS lesion scar:
new vistas on an old regeneration barrier. Cell Tissue Res
294:1-9.

Dulauroy S, SE Di Carlo, F Langa, G Eberl and L Pedu-
to. (2012). Lineage tracing and genetic ablation of
ADAMI12(+) perivascular cells identify a major source of
profibrotic cells during acute tissue injury. Nat Med
18:1262-1270.

Mederacke I, CC Hsu, JS Troeger, P Huebener, X Mu, DH
Dapito, JP Pradere and RF Schwabe. (2013). Fate tracing
reveals hepatic stellate cells as dominant contributors to
liver fibrosis independent of its aetiology. Nat Commun
4:2823.

Humphreys BD, SL Lin, A Kobayashi, TE Hudson, BT
Nowlin, JV Bonventre, MT Valerius, AP McMahon and JS
Duffield. (2010). Fate tracing reveals the pericyte and not
epithelial origin of myofibroblasts in kidney fibrosis. Am J
Pathol 176:85-97.

Vezzani B, E Pierantozzi and V Sorrentino. (2016). Not all
pericytes are born equal: pericytes from human adult tis-
sues present different differentiation properties. Stem Cells
Dev.

de Souza LE, TM Malta, S Kashima Haddad and DT
Covas. (2016). Mesenchymal stem cells and pericytes: to
what extent are they related? Stem Cells Dev 25:1843—
1852.

Pierantozzi E, B Vezzani, M Badin, C Curina, FM Severi, F
Petraglia, D Randazzo, D Rossi and V Sorrentino. (2016).
Tissue-specific cultured human pericytes: perivascular cells
from smooth muscle tissue have restricted mesodermal
differentiation ability. Stem Cells Dev 25:674-686.
Nakagomi T, A Nakano-Doi, M Kawamura and T
Matsuyama. (2015). Do vascular pericytes contribute to
neurovasculogenesis in the central nervous system as
multipotent vascular stem cells? Stem Cells Dev 24:1730—
1739.

Blocki A, Y Wang, M Koch, P Peh, S Beyer, P Law, J Hui
and M Raghunath. (2013). Not all MSCs can act as peri-
cytes: functional in vitro assays to distinguish pericytes
from other mesenchymal stem cells in angiogenesis. Stem
Cells Dev 22:2347-2355.

Birbrair A and O Delbono. (2015). Pericytes are essential
for skeletal muscle formation. Stem Cell Rev 11:547-548.
Birbrair A and PS Frenette. (2016). Niche heterogeneity in
the bone marrow. Ann N Y Acad Sci.

Birbrair A, ZM Wang, ML Messi, GN Enikolopov and O
Delbono. (2011). Nestin-GFP transgene reveals neural
precursor cells in adult skeletal muscle. PLoS One 6:
el6816.



Downloaded by 109.245.141.134 from online.liebertpub.com at 07/11/17. For personal use only.

1018

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Birbrair A, T Zhang, ZM Wang, ML Messi, GN En-
ikolopov, A Mintz and O Delbono. (2013). Skeletal muscle
neural progenitor cells exhibit properties of NG2-glia. Exp
Cell Res 319:45-63.

Birbrair A, T Zhang, ZM Wang, ML Messi, GN En-
ikolopov, A Mintz and O Delbono. (2013). Role of peri-
cytes in skeletal muscle regeneration and fat accumulation.
Stem Cells Dev 22:2298-2314.

Birbrair A, T Zhang, ZM Wang, ML Messi, A Mintz and O
Delbono. (2013). Type-1 pericytes participate in fibrous
tissue deposition in aged skeletal muscle. Am J Physiol Cell
Physiol 305:C1098-C1113.

Birbrair A, T Zhang, ZM Wang, ML Messi, A Mintz and O
Delbono. (2014). Pericytes: multitasking cells in the re-
generation of injured, diseased, and aged skeletal muscle.
Front Aging Neurosci 6:245.

Birbrair A, T Zhang, ZM Wang, ML Messi, JD Olson, A
Mintz and O Delbono. (2014). Type-2 pericytes participate
in normal and tumoral angiogenesis. Am J Physiol Cell
Physiol 307:C25-C38.

Khan JA, A Mendelson, Y Kunisaki, A Birbrair, Y Kou, A
Arnal-Estape, S Pinho, P Ciero, F Nakahara, et al. (2016).
Fetal liver hematopoietic stem cell niches associate with
portal vessels. Science 351:176-180.

Birbrair A, A Sattiraju, D Zhu, G Zulato, I Batista, VT
Nguyen, ML Messi, KK Solingapuram Sai, FC Marini, O
Delbono and A Mintz. (2017). Novel peripherally derived
neural-like stem cells as therapeutic carriers for treating
glioblastomas. Stem Cells Transl Med 6:471-481.
Birbrair A, T Zhang, DC Files, S Mannava, T Smith, ZM
Wang, ML Messi, A Mintz and O Delbono. (2014). Type-1
pericytes accumulate after tissue injury and produce col-
lagen in an organ-dependent manner. Stem Cell Res Ther
5:122.

Senyo SE, ML Steinhauser, CL Pizzimenti, VK Yang, L
Cai, M Wang, TD Wu, JL Guerquin-Kern, CP Lechene and
RT Lee. (2013). Mammalian heart renewal by pre-existing
cardiomyocytes. Nature 493:433-436.

Bergmann O, RD Bhardwaj, S Bernard, S Zdunek, F
Barnabe-Heider, S Walsh, J Zupicich, K Alkass, BA
Buchholz, et al. (2009). Evidence for cardiomyocyte re-
newal in humans. Science 324:98-102.

Chen CW, M Okada, JD Proto, X Gao, N Sekiya, SA
Beckman, M Corselli, M Crisan, A Saparov, et.al. (2013).
Human pericytes for ischemic heart repair. Stem Cells
31:305-316.

Nees S, DR Weiss, A Senftl, M Knott, S Forch, M Schnurr,
P Weyrich and G Juchem. (2012). Isolation, bulk cultiva-
tion, and characterization of coronary microvascular peri-
cytes: the second most frequent myocardial cell type in
vitro. Am J Physiol Heart Circ Physiol 302:H69-H84.
Volz KS, AH Jacobs, HI Chen, A Poduri, AS McKay, DP
Riordan, N Kofler, J Kitajewski, I Weissman and K Red-
Horse. (2015). Pericytes are progenitors for coronary artery
smooth muscle. Elife 4pii:e10036.

Maes C, T Kobayashi, MK Selig, S Torrekens, SI Roth, S
Mackem, G Carmeliet and HM Kronenberg. (2010). Os-
teoblast precursors, but not mature osteoblasts, move into
developing and fractured bones along with invading blood
vessels. Dev Cell 19:329-344.

Asada N, Y Kunisaki, H Pierce, Z Wang, NF Fernandez, A
Birbrair, A Ma’ayan and PS Frenette. (2017). Differential
cytokine contributions of perivascular haematopoietic stem
cell niches. Nat Cell Biol 19:214-223.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

BIRBRAIR ET AL.

Zhou BO, R Yue, MM Murphy, JG Peyer and SJ Morrison.
(2014). Leptin-receptor-expressing mesenchymal stromal
cells represent the main source of bone formed by adult
bone marrow. Cell Stem Cell 15:154-168.

Gerl K, L Miquerol, VT Todorov, CP Hugo, RH Adams, A
Kurtz and B Kurt. (2015). Inducible glomerular erythro-
poietin production in the adult kidney. Kidney Int 88:1345—
1355.

Long JZ, KJ Svensson, L Tsai, X Zeng, HC Roh, X Kong,
RR Rao, J Lou, I Lokurkar, et al. (2014). A smooth muscle-
like origin for beige adipocytes. Cell Metab 19:810-820.
Dellavalle A, G Maroli, D Covarello, E Azzoni, A In-
nocenzi, L Perani, S Antonini, R Sambasivan, S Brunelli, S
Tajbakhsh and G Cossu. (2011). Pericytes resident in
postnatal skeletal muscle differentiate into muscle fibres
and generate satellite cells. Nat Commun 2:499.
Kostallari E, Y Baba-Amer, S Alonso-Martin, P Ngoh, F
Relaix, P Lafuste and RK Gherardi. (2015). Pericytes in the
myovascular niche promote post-natal myofiber growth and
satellite cell quiescence. Development 142:1242-1253.
Wilm B, A Ipenberg, ND Hastie, JB Burch and DM Bader.
(2005). The serosal mesothelium is a major source of
smooth muscle cells of the gut vasculature. Development
132:5317-5328.

Asahina K, B Zhou, WT Pu and H Tsukamoto. (2011).
Septum transversum-derived mesothelium gives rise to
hepatic stellate cells and perivascular mesenchymal cells in
developing mouse liver. Hepatology 53:983-995.

Armulik A, G Genove and C Betsholtz. (2011). Pericytes:
developmental, physiological, and pathological perspec-
tives, problems, and promises. Dev Cell 21:193-215.
Simon C, H Lickert, M Gotz and L. Dimou. (2012). Sox10-
iCreERT2: a mouse line to inducibly trace the neural crest
and oligodendrocyte lineage. Genesis 50:506-515.

Chen Q, H Zhang, Y Liu, S Adams, H Eilken, M Stehling,
M Corada, E Dejana, B Zhou and RH Adams. (2016).
Endothelial cells are progenitors of cardiac pericytes and
vascular smooth muscle cells. Nat Commun 7:12422.

Xu J, X Nie, X Cai, CL Cai and PX Xu. (2014). Tbx18 is
essential for normal development of vasculature network
and glomerular mesangium in the mammalian kidney. Dev
Biol 391:17-31.

Crisan M, M Corselli, WC Chen and B Peault. (2012).
Perivascular cells for regenerative medicine. J Cell Mol
Med 16:2851-2860.

Soderblom C, X Luo, E Blumenthal, E Bray, K Lyapichev,
J Ramos, V Krishnan, C Lai-Hsu, KK Park, P Tsoulfas and
JK Lee. (2013). Perivascular fibroblasts form the fibrotic
scar after contusive spinal cord injury. J Neurosci 33:
13882-13887.

Bechmann I, J Priller, A Kovac, M Bontert, T Wehner, FF
Klett, J Bohsung, M Stuschke, U Dirnagl and R Nitsch.
(2001). Immune surveillance of mouse brain perivascular
spaces by blood-borne macrophages. Eur J Neurosci 14:
1651-1658.

Guillemin GJ and BJ Brew. (2004). Microglia, macro-
phages, perivascular macrophages, and pericytes: a review
of function and identification. J Leukoc Biol 75:388-397.
Stark K, A Eckart, S Haidari, A Tirniceriu, M Lorenz, ML
von Bruhl, F Gartner, AG Khandoga, KR Legate, et al.
(2013). Capillary and arteriolar pericytes attract innate
leukocytes exiting through venules and “‘instruct” them
with pattern-recognition and motility programs. Nat Im-
munol 14:41-51.



Downloaded by 109.245.141.134 from online.liebertpub.com at 07/11/17. For personal use only.

PERICYTE PLASTICITY

90.

91.

92.

93.

94.

Kunisaki Y, I Bruns, C Scheiermann, J Ahmed, S Pinho, D
Zhang, T Mizoguchi, Q Wei, D Lucas, et al. (2013). Ar-
teriolar niches maintain haematopoietic stem cell quies-
cence. Nature 502:637-643.

Birbrair A, T Zhang, ZM Wang, ML Messi, GN En-
ikolopov, A Mintz and O Delbono. (2013). Skeletal muscle
pericyte subtypes differ in their differentiation potential.
Stem Cell Res 10:67-84.

Hung C, G Linn, YH Chow, A Kobayashi, K Mittelsteadt,
WA Altemeier, SA Gharib, LM Schnapp and JS Duffield.
(2013). Role of lung pericytes and resident fibroblasts in the
pathogenesis of pulmonary fibrosis. Am J Respir Crit Care
Med 188:820-830.

Borges IDT, IFG Sena , PO de Azevedo, JP Andreotti, VM de
Almeida, AE de Paiva, GS Pinheiro Dos Santos, DA de Paula
Guerra, PH Dias Moura Prazeres, et al. (2017). Lung as a niche
for hematopoietic progenitors. Stem Cell Rev Rep [In Press].
Dias Moura Prazeres PH, IFG Sena, IDT Borges, PO de
Azevedo, JP Andreotti, AE de Paiva, VM de Almeida, DA

1019

de Paula Guerra, GS Pinheiro Dos Santos, et al. (2017).
Pericytes are heterogeneous in their origin within the same
tissue. Dev Biol [Epub ahead of print]; DOIL: 10.1016/
j-ydbio.2017.05.001.

Address correspondence to:
Alexander Birbrair, PhD
Department of Pathology

Federal University of Minas Gerais
Belo Horizonte 31270-901
Brazil

E-mail: birbrair@icb.ufmg.br

Received for publication March 3, 2017
Accepted after revision May 9, 2017
Prepublished on Liebert Instant Online May 10, 2017



