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Abstract

Objective: Brain pericytes (PCs), which exist near endothelial cells, function in processes including maintenance
of the blood—brain barrier and as stem cells. However, the relationship between expression patterns and phenotypic
changes regarding stemness in brain PCs remains unclear. Thus, we investigated the properties of brain PCs in
healthy and diseased mice.

Methods: We examined the expression of representative pericytic markers, such as neuron-glial antigen 2 (NG2)
and alpha smooth muscle actin (aSMA), and of the stem cell marker Nestin, in developing and pathologic mouse
brains.

Results: Brain PCs expressed NG2 and aSMA during the embryonic and postnatal stages of development, but
rarely during adulthood. Although brain PCs exhibited Nestin expression during early development, it was scarce
during adulthood, in parallel with a decrease in pericytic marker expression. However, upon brain injury following
ischemic stroke, NG2 and aSMA were significantly induced in PCs in adult mice, concomitant with upregulated Nestin
expression.

Conclusion: The expression of markers in brain PCs differs during development and between normal and
pathologic conditions in addition to traits such as stemness. An understanding of these expression profiles will be

useful for PC-based stem cell therapies in the future.
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Introduction

Pericytes (PCs: from peri-around and cyte-cell) were discovered
by Eberth more than 100 years ago [1]. In 1873, the French scientist
Rouget named the perivascular cells adjacent to the endothelium of
capillaries “Rouget” cells [2]. Because of their unique localization in
perivascular regions, Zimmerman renamed Rouget cells “pericytes” in
1923 [3]. PCs have multiple functions in vessel maintenance, including
in cell growth, differentiation, and migration [4,5].

In the central nervous system (CNS), brain PCs constitute the
blood-brain barrier (BBB)/neurovascular unit (NVU) in combination
with endothelial and neural cells (astrocytes and neurons). PCs regulate
cerebral blood flow (CBF) and the permeability of the BBB/NVU [6,7].
PCs play a crucial role in maintaining the BBB/NVU, and their loss
or dysfunction causes the breakdown of this unit [8,9]. However,
increasing evidence shows that brain PCs also act as multipotent
stem cells [10-12]. Thus, brain PCs play diverse and important roles,
including serving as a source of stem cells, regulating CBF, and
maintaining homeostasis of the BBB/NVU [13,14].

PCs are a heterogeneous cell population. Previous reports have
shown that they express various markers, including neuron-glial
antigen 2 (NG2), alpha smooth muscle actin (aSMA), platelet-derived
growth factor receptor beta (PDGFRP), Cluster of differentiation (CD)
146, and Regulator of G protein signaling 5 [10,11,15-20]. Although
no known marker is specific to PCs, we and others previously showed
that PCs with multipotency express the stem cell marker Nestin, as

well as representative PC markers, such as NG2, aSMA, and PDGFR
[10-12,15,21]. In addition, we demonstrated that pericyte-derived
multipotent stem cells can be obtained from adult brains following
ischemic stroke, although they are not present in normal adult brains
[11,12]. These results suggest that the properties of PCs differ between
healthy and pathologic brains, and that pericytic markers may vary
under different conditions. Because brain PCs can function as neural
stem cells (NSC) that mediate the reparative process of damaged CNS
[11,12], it is important to understand the fate of PCs in the CNS under
various conditions when considering stem cell-based therapies that
target endogenous NSCs.

In this study, we investigated whether the expression of pericytic
markers and traits such as stemness change during development and
under pathologic conditions induced by ischemic stroke.
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Materials and Methods
Animal studies

All procedures were performed in accordance with a protocol
approved by the Animal Care Committee of the Hyogo College of
Medicine, Hyogo, Japan, and adhered to the criteria outlined in the
Animal Research: Reporting in vivo Experiments guidelines. Animals
were given ad libitum access to food, and efforts were made to minimize
the number of animals used and their suffering. Quantitative analyses
were performed by investigators blinded to the experimental protocol
and identities of the samples.

Preparation of tissue from developing brains

C57/BL6 mice (Clea Japan, Inc., Tokyo, Japan) at different
developmental stages (Embryonic Day 17 [E17]; Postnatal Day 1
[P1]; P8; young adult at 8 weeks; and mature adult at 24 weeks)
were prepared and sacrificed following anesthesia by intraperitoneal
injection with sodium pentobarbital. Then, the brains were removed,
fixed with periodate-lysine-paraformaldehyde (PLP), cryoprotected in
30% sucrose, and cut on a cryostat for immunohistochemical analysis.

Preparation of tissue from adult brains following ischemic
stroke

C57/BL6 mice at 8 and 24 weeks of age were subjected to cerebral
ischemia as described previously [11,12,22-24]. Permanent focal
cerebral ischemia was produced by ligation and interruption of the
distal portion of the left middle cerebral artery (MCA) [11,12,22-
24]. Briefly, under halothane inhalation, the left MCA was isolated,
electrocauterized, and disconnected just distal to its crossing of the
olfactory tract (the distal M1 portion). On Day 4 after stroke, mice were
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anesthetized with sodium pentobarbital and perfused transcardially
with PLP. Then, the brains were removed, cryoprotected in 30%
sucrose, and cut on a cryostat for immunohistochemical analysis.

Immunohistochemistry

Coronal brain sections were subjected to immunohistochemistry as
described previously [11,22-24]. Samples were stained with antibodies
against NG2 (EMD Millipore Corp., Billerica, MA, USA), aSMA (EMD
Millipore Corp.), Nestin (EMD Millipore Corp.), PDGFRp (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA), and CD31 (BD Pharmingen,
San Diego, CA, USA). Primary antibodies were visualized using
Alexa Fluor 488- or 555-conjugated secondary antibodies (Molecular
Probes, Eugene, OR, USA). Nuclei were stained with 4’,6-diamidino-2-
phenylindole (Kirkegaard and Perry Laboratories, Inc., Gaithersburg,
MD, USA). Images of brain sections were captured using a confocal
laser microscope (LSM780; Carl Zeiss AG, Oberkochen, Germany).
NG2*, aSMA*, and Nestin* cells were subjected to a semi-quantitative
analysis as described previously [24,25].

Statistical analysis

Data are presented as the mean * standard deviation. Statistical
significance was calculated using the Student’s t-test; a p value < 0.05
was considered to be statistically significant.

Results

Brain pericytes express pericytic markers during early
development

To investigate whether NG2 is expressed in PCs near endothelial
cells (ECs), sections of brains at different developmental stages (E17,
P1, P8, and 8 and 24 weeks) were stained with antibodies against NG2
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Most neuron-glial antigen 2* (NG2*) cells were pericytes (PCs) near Cluster of differentiation (CD) 31* endothelial cells (ECs) at the embryonic (Embryonic Day 17
[E17]) and early postnatal (Postnatal Day 1 [P1]) stages. However, NG2* PCs gradually decreased postnatally (P8), and were rare during adulthood (8 and 24 weeks).
NG2 (A: green); CD31 (A: red); 4’,6-diamidino-2-phenylindole (DAPI; A: blue; arrows). Similarly, Alpha smooth muscle actin (aSMA)was present in PCs near CD31*
ECs in embryonic (E17) and postnatal (P1 and P8) brains, but was rare during adulthood (8 and 24 weeks). aSMA (B: green); CD31 (B: red); DAPI (B: blue; arrows).
The numbers of NG2* and aSMA* PCs at each developmental stage are shown (C, D). Scale bars = 50 ym (A, B).

Figure 1: Expression of pericytic markers by brain pericytes during development.
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and CD31. During embryonic (E17; Figure 1A) and early postnatal
(P1) stages (Figure 1A), most NG2* cells were localized in perivascular
areas near CD31* ECs, suggesting that NG2 is mainly expressed in PCs.
However, NG2* PCs near CD31* ECs gradually decreased postnatally
(P8; Figure 1A), and were rare during adulthood (8 and 24 weeks; Figure
1A). However, NG2* glia, which presumably included oligodendrocyte
precursor cells (OPCs) [26] and microglia [27], were observed in areas
remote from CD31* ECs throughout development (E17, P1, P8, and 8
and 24 weeks; Figure 1A).

Using the alternative pericytic marker aSMA, we investigated
whether aSMA is present in PCs during development. Brain sections
were stained with antibodies against aSMA and CD31. In embryonic
(E17) and postnatal (P1, and P8) brains, aSMA was present in PCs
near CD31" ECs (Figure 1B). Although the number of PCs expressing
aSMA was smaller than that of PCs expressing NG2, aSMA expression
was specifically observed in PCs near CD31* ECs. However, aSMA*
cells were scarce during adulthood (8 and 24 weeks; Figure 1B).

The numbers of NG2* (Figure 1C) and aSMA* (Figure 1D) PCs near
CD31* ECs were analyzed in the cortical plate during early development
(E17, P1, and P8) and in the cortex during adulthood (8 and 24 weeks).
We found that brain PCs express representative pericytic markers, but
that their expressions are restricted to early development.

Brain pericytes express a stem cell marker during early
development

Because PCs with multipotency express the stem cell marker
Nestin [10-12,15,21], we investigated the expression of Nestin during
development. In embryonic (E17) and postnatal (P1 and P8) brains,
some Nestin® cells were observed among radial glia-like cells, as
previously described [28]. However, Nestin expression was also present
in PCs near CD31* ECs during early development (E17, P1, and P8;
Figure 2A). In addition, Nestin* cells at E17 (Figure 2B), P1 and P8
(data not shown) co-expressed NG2, confirming their identity as PCs.
However, Nestin expression by PCs was rare during adulthood (8 and
24 weeks; Figure 2A). The number of Nestin* PCs near CD31* ECs
was analyzed in the cortical plate during early development and in the
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cortex during adulthood (Figure 2C). We observed that the stem cell
marker Nestin was mainly present in PCs during early development,
including during embryonic and postnatal stages, corresponding to the
period in which PCs express pericytic markers (Figures 1C and 1D).

Adult brain pericytes re-express pericytic markers following
ischemia

Our data show that the expression of pericytic markers by PCs
decreases in adulthood. However, previous studies showed that,
upon various stimuli, quiescent PCs become reactive [11,20,21,29],
suggesting that PCs alter their traits in response to injuries. Thus, using
adult mice subjected to cerebral infarction (Figures 3A and 3D), we
investigated whether brain PCs re-express pericytic markers following
ischemia. We found that NG2 was greatly induced within ischemic
areas (Figures 3B and 3C), although NG2 was rarely observed within
non-ischemic areas (Figure 3E). The majority of NG2* cells (82.1
5.5%) within ischemic areas were localized near CD31* ECs (Figure
3C), indicating that NG2 is predominantly induced in PCs rather than
glia in response to ischemia. At 8 and 24 weeks during adulthood, the
number of NG2* PCs near CD31* ECs significantly increased within
ischemic areas compared with in contralateral non-ischemic areas
(Figure 3F).

Similarly, aSMA was significantly induced in PCs near CD31* cells
within ischemic areas (Figures 4A-4C and 4F), but was rare within
non-ischemic areas (Figures 4D-4F). These results indicate that, even
under severe ischemic conditions, not only brain ECs [24] but also PCs
can survive and they become reactive and proliferate.

Adult brain pericytes re-express a stem cell marker following
ischemia

Although our data show that adult brain PCs increase their
representative markers in response to injuries, we recently found that
brain PCs alter their traits and develop stemness following ischemic
stroke [11,12]. Thus, using adult mice subjected to cerebral infarction
(Figures 5A and 5D), we investigated whether PCs within ischemic
areas express the stem cell marker Nestin. Consistent with our previous
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The stem cell marker Nestin was observed in pericytes (PCs) near Cluster of differentiation (CD) 31* endothelial cells during early development (Embryonic Day 17
[E17], Postnatal Day 1 [P1], and P8), but was rare during adulthood (8 and 24 weeks). Nestin (A: green); CD31 (A: red); 4’,6-diamidino-2-phenylindole (DAPI; A: blue;
arrows). Some Nestin* cells in brains at E17 co-expressed neuron-glial antigen 2 (NG2). Nestin (B: green); NG2 (B: red); DAPI (B: blue; arrows). The number of Nestin*

PCs at each developmental stage is shown (C). Scale bars = 50 um (A, B).

Figure 2: Expression of the stem cell marker Nestin by brain pericytes during development.
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In adult mice following ischemic stroke (A), neuron-glial antigen 2 (NG2) was highly induced in pericytes (PCs) near Cluster of differentiation (CD) 31* cells within
ischemic areas. NG2 (B, C: green); CD31 (B, C: red); 4’,6-diamidino-2-phenylindole (DAPI; B, C: blue; arrows). In contrast, within contralateral non-ischemic areas (D),
NG2*cells were rarely PCs. NG2 (E: green); CD31 (E: red); DAPI (E: blue). At 8 and 24 weeks during adulthood, the number of NG2* PCs was significantly increased
within ischemic areas compared with in contralateral non-ischemic areas (F). *p<0.05 versus non-ischemic areas at each week (n = 3; F). Scale bars = 100 ym (B)

and 20 uym (C, E).

Figure 3: Adult brain pericytes re-express neuron-glial antigen 2 following ischemic stroke.
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In adult mice following ischemic stroke (A), Alpha smooth muscle actin (aSMA) was specifically induced in pericytes (PCs) near Cluster of differentiation (CD) 31*
cells within ischemic areas. aSMA (B, C: green); CD31 (B, C: red); 4’,6-diamidino-2-phenylindole (DAPI; B, C: blue; arrows). In contrast, within contralateral non-
ischemic areas (D), aSMA" cells were rarely PCs. aSMA (E: green); CD31 (E: red); DAPI (E: blue). At 8 and 24 weeks during adulthood, the number of aSMA* PCs
was significantly increased within ischemic areas compared with in contralateral non-ischemic areas (F). *p<0.05 versus non-ischemic areas at each week (n = 3; F).
Scale bars = 100 ym (B) and 20 uym (C, E).

Figure 4: Adult brain pericytes re-express Alpha smooth muscle Actin following ischemic stroke.

reports [11,12,22], Nestin* cells were significantly induced within
ischemic areas (Figures 5B, 5C and 5F), but scarce within non-ischemic
areas (Figures 5E and 5F). In addition, we found that most Nestin* cells
(60.7 + 10.1%) within ischemic areas expressed the pericytic marker
PDGFRP (Figures 5G-5]). These results show that, under pathologic
conditions, PCs re-express pericytic and also stem cell markers
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normally decreased postnatally (Figures 6A and 6B). This indicates that
marker expression by PCs is associated with traits such as stemness

(Figures 6A and 6B).

Discussion

Although PCs were originally identified based on their distinctive
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In adult mice following ischemic stroke (A), Nestin was specifically induced in pericytes (PCs) near Cluster of differentiation (CD) 31* cells within ischemic areas.
Nestin (B, C: green); CD31 (B, C: red); 4’,6-diamidino-2-phenylindole (DAPI; B, C: blue; arrows). In contrast, within contralateral non-ischemic areas (D), Nestin* cells
were rarely PCs. Nestin (E: green); CD31 (E: red); DAPI (E: blue). At 8 and 24 weeks during adulthood, the number of Nestin* PCs was significantly increased within
ischemic areas compared with in contralateral non-ischemic areas (F). It was confirmed that most Nestin* cells within ischemic areas expressed the pericytic marker
platelet-derived growth factor receptor beta (PDGFR). Nestin (G, H, I: green); PDGFRB (G, H, J: red); DAPI (G-J: blue). *p<0.05 versus non-ischemic areas at each

week (n = 3; F). Scale bars = 100 ym (B, G) and 20 um (C, E, H).

Figure 5: Adult brain pericytes re-express the stem cell marker Nestin following ischemic stroke

shape and location near ECs [1-3], they are now commonly recognized
by various molecular markers, such as NG2, aSMA, and PDGFRJ
[10,11,15-20].

NG2 is an integral membrane chondroitin sulfate proteoglycan
expressed on the surface of PCs in various organs, including in the
CNS [10,15]. Besides pericytic expression, NG2 is reportedly expressed
in glial lineages, such as OPCs [26] and microglia [27], in the CNS.
In this study, we found that NG2 was predominantly expressed in
PCs rather than in glia during early embryonic stages. However, in
postnatal and adult stages, NG2 expression gradually decreased in
PCs and increased in glia. Although the relationship between PCs
and glia remains unclear [14], increasing evidence shows that NG2*
cells have the potential to function as multipotent stem cells [27,30].
This suggests that PCs and/or glia can generate these cells. In this
study, NG2 expression by PCs was diminished during development.
However, NG2 was predominantly re-expressed in reactive PCs rather
than in glia within ischemic regions following cerebral infarction. In
addition, we previously demonstrated that NG2* PCs obtained from
ischemic regions produced multipotent stem cells [11,12], suggesting
that PCs are the likely origin of multipotent stem cells.

aSMA is an isoform of the cytoskeletal protein Actin, usually
expressed in smooth muscle lineages. Although aSMA is commonly
used as a marker for PCs, aSMA expression by PCs varies in different
tissues. aSMA is often absent in quiescent PCs in normal tissues, in
particular in the CNS [31]. Consistently, we showed that aSMA

expression was downregulated during adulthood in the normal brain,
although it was significantly expressed in early development. Quiescent
PCsare slow-cycling during their resting stage, but become reactive and
proliferate, migrate, and then differentiate into various cells in response
to stimuli [11,20,21,29]. Under these conditions, various mediators,
including growth factors, transcription factors, and stemness-
related factors, are activated in PCs [32,33]. This suggests that, under
pathologic conditions, PCs alter their phenotypes. In support of this
viewpoint, this study shows that aSMA and NG2 were significantly re-
expressed in PCs in injured areas following ischemic stroke, although
they were rarely observed in adult brains under normal conditions.
Although the factors that regulate aSMA expression remain unclear,
PCs in tumors reportedly highly express this marker [16], implying
that an abnormal relationship between PCs and ECs may alter the traits
of PCs. Moreover, PCs from human brains begin to express aSMA in
the presence of transforming growth factor-p1 [34].

The tyrosine kinase receptor PDGFRp is a widely used molecule
expressed in PCs. Because mice deficient in PDGFR{ or its ligand
PDGFB exhibit significant reductions in and abnormalities of PCs
[5], PDGFRP is regarded as an essential regulator of the properties of
PCs. Similar to NG2 and aSMA, we found that PDGFR is present in
PCs during early development but rarely during adulthood (data not
shown). However, PDGFRP is highly re-expressed in adult brain PCs
in response to ischemia. Although the mechanism underlying this re-
expression remains unclear, PDGFB expression by ECs can activate
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Pericytic (A) and stem cell (B) marker expression by pericytes (PCs) was
decreased postnatally and rare in adulthood under normal conditions.
However, these markers were highly expressed in PCs in pathologic brains,
such as after ischemic stroke.

Figure 6: Schematic representation summarizing pericytic and stem cell
marker expression by pericytes.

PDGFRp [35]. Thus, an endothelial source of PDGFB may play an
important role in regulating and altering the properties of PCs during
development and under pathologic conditions.

In the present study, we found that some pericytic markers
were likely overlapped with an endothelial marker CD31 during
development and under pathologic conditions. Although the precise
relationship between PCs and ECs remains unclear, it is reported that
both of them originate from certain common progenitors, such as FIk1*
vascular progenitor cells [36]. In addition, we recently demonstrated
that adult brain PCs following ischemia acquired a complex phenotype
of angioblasts, in addition to their original mesenchymal traits [12,37],
similar to the finding showing that immature PCs during development
have a mesenchymoangioblastic phenotype [38,39].

In this study, we found that the stem cell marker Nestin was
significantly expressed in PCs during embryonic stages, although it was
rarely present postnatally, as previously described [40,41]. However,
Nestin was induced in reactive PCs following ischemia in adult mice,
whereas it was rarely present in normal PCs in adult mice. These results
show that traits of PCs, such as stemness, differ during development
and under pathologic conditions. Although the mechanism by which

brain PCs acquire stemness remains unclear, we recently demonstrated
that various stem cell and undifferentiated cell markers, such as
Sox2, c-myc, and KIf4 were induced in adult brain PCs following
ischemia, although they were rarely observed in adult brain PCs
within non-ischemic areas [12,37]. In addition, we showed that brain
PCs following ischemia acquire the multipotency through cellular
reprogramming following ischemia/hypoxia [12,37]. Thus, it is likely
that, under pathologic conditions, brain PCs re-acquire the stemness
that is presumed to be lost postnatally [14,42], in association with
the increased expression of pericytic markers. The exact relationship
between expression of pericytic markers and traits should be clarified
through further detailed studies because the present study based on
immunohistochemical findings alone.

In conclusion, we show that the expression of representative
pericytic markers, such as NG2 and aSMA, varies in brain PCs during
development and between healthy and diseased states. Although
marker expression by PCs decreases as they lose stemness, pericytic
markers are re-induced as they re-acquire stemness in response to
brain injuries, suggesting that marker expression by PCs is related
to traits such as stemness. Thus, an understanding of the expression
profiles of PCs may be useful for PC-based therapies, particularly
because it may be possible to stimulate PCs to function as stem cells
during development and at pathologic sites [12,14].
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