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Abstract

Pericytes are embedded within basal lamina and play multiple roles in the perivascular niche in 

brain. Recently, oligodendrocyte precursor cells (OPCs) have also been reported to associate with 

cerebral endothelium. Is it possible that within this gliovascular locus, there may also exist 

potential spatial and functional interactions between pericytes and OPCs? Here, we demonstrated 

that in the perivascular region of cerebral white matter, pericytes and OPCs may attach and 

support each other. Immunostaining showed that pericytes and OPCs are localized in close contact 

with each other in mouse white matter at postnatal days 0, 60 and 240. Electron microscopic 

analysis confirmed that pericytes attached to OPCs via basal lamina in the perivascular region. 

The close proximity between these two cell types was also observed in postmortem human brains. 

Functional interaction between pericytes and OPCs was assessed by in vitro media transfer 

experiments. When OPC cultures were treated with pericyte-conditioned media, OPC number 

increased. Similarly, pericyte number increased when pericytes were maintained in OPC-

conditioned media. Taken together, our data suggest a potential anatomical and functional 

interaction between pericytes and OPCs in cerebral white matter.
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Introduction

Pericytes are embedded within basal lamina and localized at the abluminal side of 

perivascular space in microvessels. Brain is one of the most vascularized organs, and 

pericytes in brain have a higher density compared to other organs [4, 5, 9]. Consistent with 

their higher density, pericytes play multiple roles on neurovascular function in brain [33]. 

For example, pericytes regulate blood-brain barrier (BBB) integrity and microcirculation, 

promote vasculo-angiogenesis, enhance clearance and phagocytosis of cellular debris or 

byproducts, and modulate inflammation and immune system. In addition, disruption of 

crosstalk between pericytes and other cell types by pericyte dysfunction may lead to various 

brain disorders including stroke, Alzheimer's disease, and other neurodegenerative diseases.

OPCs comprise the primary source for myelin-expressing mature oligodendrocytes [22, 24], 

and in adult brain, OPCs are uniformly distributed in both grey and white matter areas, 

comprising around 5% of all brain cells [10, 22, 28]. Notably, some oligodendrocyte 

precursor cells (OPCs) may also interact with cerebral endothelium [30, 31]. As pericytes 

and OPCs co-exist in a perivascular location, is it possible that there are also unsuspected 

potential interactions between these two cell types? In this study, we use a combination of 

anatomic mapping and cell culture studies to address these questions.

Materials and Methods

Animals

C57Bl/6 mice and SD rats were obtained from Jackson Laboratories. PDGFR-α-creERT2 

mice (Jackson Laboratories) were crossed with the Cre-reporter line ROSA26-green 

fluorescent protein (GFP) (Jackson Laboratories) and utilized in this study at adult stages. 

Please see Supplementary Information for preparation of GFP-labeled OPC transgenic mice. 

Animal procedures were performed according to the guidelines of the Animal Use and Care 

Committee in the authors’ research institutes.

Immunohistochemistry for mouse and rat brains

After perfusion with PBS, brains were quickly frozen using powdered dry ice. Coronal 

sections of 16-μm thicknesses were cut on cryostat at −20°C and collected on glass slides. 

According to our previous report [30], sections were stained with anti-PDGFR-α (1:100, 

R&D systems), anti-PDGFR-β (1:100, eBioscience or R&D systems), lectin (1:200, Vector 

Laboratories), or anti-CD31 (1:100, BD Biosciences).

Immuno-Electron Microscopy

SD rats were perfused with 0.1% glutaraldehyde-4% PFA fixative, and brains were 

immersed in the 4% PFA at 4°C for 5 hr and sectioned at a thickness of 50 μm with a 

microslicer (Dosaka EM). According to our previous report [30], OPCs were stained with 
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anti-PDGFR-α antibody (1: 100, Santa Cruz). Electron micrographs were taken at 80 kV on 

a EM-1400 Plus electron microscope.

Histological examination of postmortem human brains

Autopsied human brains were obtained from Kyoto University Hospital through a process 

approved by an institutional research committee. Deparaffinized 20-μm-thick sections were 

used for immunostaining with anti-PDGFR-α antibody (1:150, Cell Signaling) and anti-

PDGFR-β antibody (1:500, R&D systems). Four postmortem human brains were examined 

in this study; 76-year old female (diagnosed with subcortical ischemic vascular dementia, 

SIVD, died of small bowel volvulus), 52-year old male (diagnosed with SIVD and cerebral 

amyloid angiopathy, died of pneumonia), 77-year old male (diagnosed with Alzheimer's 

disease, died of pneumonia), and 55-year old female (diagnosed with Mashado-Joseph 

disease, died of pneumonia).

Cell Culture

OPCs were prepared from cerebral cortices of 1–2 day old SD rats according to our previous 

report [30]. OPCs were maintained in Neurobasal medium containing 2% B27 supplement, 

10 ng/mL PDGF, and 10 ng/mL FGF-2. Human brain vascular pericytes were cultured in 

pericyte basal medium (Sciencell research laboratories) containing 2% fetal bovine serum 

and pericyte growth supplement (Sciencell research laboratories) onto poly-l-lysine-coated 

plates.

Preparation pericyte and OPC conditioned medium

Pericyte cultures were maintained in the pericyte basal media for 24 hr. OPC cultures were 

maintained in Neurobasal media containing 2% B27 supplement for 24 hr. These 

conditioned media were then collected and centrifuged at 10,000 g for 5 min at 4°C to 

remove cells and debris. For the media transfer experiments, pericyte-conditioned media 

was diluted with Neurobasal/2%-B27 media at a ratio of 50:50. Similarly, OPC-conditioned 

media was diluted with the pericyte basal media at a ratio of 50:50 before experiments. 

Control media (mixture of 50% the pericyte basal media and 50% Neurobasal/2%-B27) 

were prepared in the same way from empty wells.

Cell proliferation measurement

Cell proliferation/survival was assessed by WST reduction assay (Cell Counting Kit-8, 

Dojindo). Direct cell count was conducted in a blind manner. Percentage of cell number was 

calculated based on the number in control wells. Please see Supplementary Information for 

detailed WST methods.

Immunocytochemistry

After cells were confluent, they were washed with ice-cold PBS (pH 7.4), followed by 4% 

PFA for 15 min. After being further washed in PBS, they were incubated with 3% BSA in 

PBS for 1 hr. Anti-PDGFR-α (1:200, R&D systems) and anti-PDGFR-β (1:100, eBioscience 

or R&D systems) antibodies were used to stain OPCs and pericytes, respectively.
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Statistical Analysis

Statistical significance was evaluated using one-way ANOVA followed by Tukey’s honestly 

significant difference test. Data are expressed as mean ± S.D. A p-value of <0.05 was 

considered statistically significant.

Results

First, we examined the difference of distribution of OPCs and pericytes in mouse white 

matter (i.e. corpus callosum) at different ages. In this study, OPCs were stained with anti-

PDGFR-α antibody, and pericytes were stained with anti-PDGFR-β antibody. There was no 

overlap between PDGFR-α-positive and PDGFR-β-positive cells in the corpus callosum 

region (Suppl Figure S1a). Those PDGFR-α- or PDGFR-β-positive cells expressed NG2 that 

was well known to be detected in both OPCs and pericytes (Suppl Figure S1b-c), confirming 

that in our system, PDGFR-α- and PDGFR-β-positive cells in the corpus callosum can be 

considered as OPCs and pericytes, respectively. The number of OPCs in corpus callosum 

dramatically decreases from postnatal days 0 to 60, and thereafter, slightly decreases from 

postnatal days 60 to 240 (Figure 1a). In contrast, pericyte number does not show remarkable 

changes between postnatal days 0 and 240 (Figure 1a). Spatial assessments suggest that 

OPCs are located in close proximity to pericytes within the perivascular area at all three-

time points (Figure 1b). Notably, although all the pericytes reside near the cerebral 

endothelial cells in mouse corpus callosum (Figure 1c), the OPC phenotype per se (i.e. 

morphology, positional relation to cerebral endothelium) seem more variable (Figure 1d). 

Some OPCs wrap microvessels entirely with their fine processes (i.e. perivascular OPCs). 

Other OPCs are localized away from microvessels (i.e. parenchymal OPCs). In addition, 

there are OPCs with intermediate phenotype (i.e. perivascular/parenchymal OPCs), whose 

processes are partly localized in close vicinity to cerebral endothelial cells. Double-

immunostaining of PDGFR-α (green color, OPC marker) and PDGFR-β (red color, pericyte 

marker) show that “perivascular/parenchymal OPCs” extend their processes to pericytes 

(Figure 1e).

To further confirm pericyte-OPC interactions, we used genetically fluorescent-labeled mice. 

PDGFR-α-creERT2 mice were crossed with Cre-reporter line ROSA26-green fluorescent 

protein (GFP). After recombination was induced by three daily intraperitoneal injections of 

6 mg tamoxifen, we performed co-staining with PDGFR-β (red) and CD31 (blue color, 

endothelial cell marker). In these genetically-modified mice, some GFP-labeled OPCs are 

located in close apposition to pericytes immediately adjacent to cerebral endothelium in 

corpus callosum (Figure 2a), consistent with the findings in normal mouse brains. We then 

conducted immuno-electron microscopic analyses to further evaluate structural relationship 

between OPCs, pericytes, and cerebral endothelium. Similar to our findings in standard 

immunostaining above, PDGFR-α-positive OPCs are attached to pericytes via basal lamina 

in the perivascular region (Figure 2b). In some organ systems, there may be differences 

between rodent vs human systems. So we also asked whether the potential interaction 

between pericytes and OPCs exist in human brains. Four postmortem human brains were 

examined (Suppl Table S1), and we confirmed that pericytes and OPCs also appear to exist 

Maki et al. Page 4

Neurosci Lett. Author manuscript; available in PMC 2016 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in close proximity to each other within perivascular areas in postmortem human brains 

(Figure 2c).

Since our immunostaining and electron microscopy data so far are consistent with pericyte-

OPC interactions, we finally asked whether cell-cell signaling could also be observed 

between these two cell types. We conducted in vitro media transfer experiments to 

investigate whether OPCs receive functional support from pericytes, and vice versa. Our 

cultured OPCs and pericytes were pure and functional [1, 32], and in this study, we 

maintained OPCs and pericytes in separate culture plates. Conditioned media from OPCs or 

pericytes were then obtained, and control media were prepared in the same way from empty 

wells without OPCs or pericytes. When OPCs were treated with pericyte-conditioned media 

(Pericyte-CM), direct-cell-counting and the WST assay showed that OPC numbers 

significantly increased at day 2, but OPC-CM did not increase OPC number (Figure 3a-c). 

Similarly, pericyte numbers increased when pericytes were maintained in OPC-CM, but not 

in Pericyte-CM, for 2 days (Figure 3d-f). These in vitro data suggest a potential functional 

interaction in cell survival/proliferation between pericytes and OPCs, which are mediated by 

secreting soluble factors.

Discussion

Our data with rodent and human brain sections suggest that pericytes and OPCs are in close 

apposition to each other in the perivascular region of cerebral white matter. In addition, in 

vitro experiments indicate that OPCs and pericytes may exchange soluble factors to support 

their function each other. These findings provide initial proof-of-concept that OPCs and 

pericytes may comprise a novel mode of cell-cell interactions in the perivascular region.

Many tissues including brain contain multiple stem cell lineages. Coordination of self-

renewal and differentiation among different stem cell populations should be essential for 

maintaining tissue homeostasis [21, 34]. For example, in the bone marrow, endothelial cells 

and perivascular components create critical niche for haematopoietic stem cells maintenance 

through secretion of various factors [11, 20]. Also in the brain, neural stem/progenitor cells 

reside in the so-called neurovascular niche for sustainable neurogenesis both in developing 

and maturation periods [15]. In addition, mesenchymal stem cells may reside in the 

perivascular area and exhibit certain characteristics identical to a subclass of pericytes, 

presumably behaving as pericyte progenitor cells [8, 27]. In cerebral white matter, OPCs 

receive support from cerebral endothelial cells for maintaining their function and for self-

renewal [3]. Hence, perivascular area should provide a specific microenvironment (i.e. 

niche) that allows stem cells to retain their multi-lineage potential and self-renewal capacity 

[13, 26]. Our current findings may reveal novel roles of perivascular niche that pericytes 

interact with OPCs to regulate their function each other in cerebral white matter.

Residual OPCs in adult brain retain proliferative ability throughout life, and in fact, may 

play critical roles in white matter maintenance and remodeling [23, 35]. Fate mapping 

studies using PDGFR-α-creERT2/ROSA26-YFP transgenic mice confirmed that the 

majority of adult OPCs generate myelin-forming oligodendrocytes in white matter and, to a 

much lesser extent, in gray matter [17, 29]. Non-cell autonomous mechanisms may be 
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important for OPC maturation. For example, astrocytes are known to support OPCs. OPCs 

are adjacent to astrocytes [6, 25], and OPCs seeded on astrocytes exhibit higher motility 

than OPCs on laminin-coated plates in vitro [14]. Besides the direct interaction, astrocytic-

derived factors are also reported to help OPCs against several kinds of insults in vitro [2, 

19]. Similarly, cerebral endothelial cells may also regulate OPC function. In vitro cell 

culture studies showed that cerebral-endothelium-derived BDNF/FGF-2 promoted the 

proliferation and survival of OPCs [3] and cerebral-endothelium-derived VEGF-A increased 

OPC motility [16]. Our initial findings here may offer yet another non-cell autonomous 

pathway, i.e. pericytes may also interact with and support OPC function in cerebral white 

matter.

Although our whole brain and cell culture data support the idea of a potential interaction 

between OPCs and pericytes, there are still some caveats in this study. First, we only 

focused on pericytes and OPCs. But there are several types of cells in the perivascular 

region, such as NSPCs, microglia, and astrocytes. How are pericyte-OPC interactions 

regulated in the context of these other cellular signals? This question should be carefully 

assessed in future studies for elucidating mechanisms that orchestrate dynamic interactions 

in the perivascular niche. Second, we used rat OPCs and human pericytes for our in vitro 

experiments. Some growth factors such as FGF-2 show high cross-species homology 

between human and rat, and both OPCs and pericytes are known to secrete a battery of 

growth factors. In addition, we previously showed that human endothelial cells secreted 

FGF-2 and BDNF to promote the proliferation of rat OPCs in vitro [1]. So, our rat-OPC/

human-pericyte models can be utilized to dissect mechanisms of interactions between OPCs 

and pericytes in vitro to some extent. Nevertheless, OPCs and pericytes from the same 

species would be ideal for media transfer experiments in future studies. Third, although our 

in vitro data suggest that pericytes and OPCs may support their survival/proliferation each 

other, we have not examined whether those two cell types support their differentiation. In 

adult brain, OPCs differentiate into mature oligodendrocytes as needed to oligodenrocyte 

renewal and repair. Also, under some conditions, pericytes exhibit stem-cell-like properties, 

and in fact, pericytes have been shown to be reprogrammed into neurons [18]. Therefore, 

mechanisms of their interactions in cell differentiation/reprogramming need to be carefully 

examined in future studies. Fourth, in addition to the primary observation of potential 

pericyte-OPC interactions, our studies may also confirm the presence of heterogeneity in 

OPC-endothelial relationships. Perivascular OPCs surround the entire microvessel, whereas 

parenchymal OPCs are located away from microvessels. Classical textbooks state that 

oligodendrocytes occupy three distinctive positions; next to neurons (perineuronal satellite 

oligodendrocytes), between myelin sheaths (interfascicular oligodendrocytes), and along 

blood vessels (perivascular oligodendrocytes) [7, 12]. However, how different types of 

OPCs relate to different types of mature oligodendrocytes remain to be elucidated. Finally, 

we should investigate the pericyte-OPC interaction under pathological conditions as well. 

Would it be possible that disruption of pericyte-OPC trophic coupling lead to white matter 

dysfunction? If so, understanding the difference of pericyte-OPC interaction between 

physiological and pathological conditions would provide us a novel therapeutic target for 

white matter-related diseases.
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In conclusion, this proof-of-concept study provided initial anatomic and cell culture 

evidence to suggest a potential interaction between pericytes and OPCs in the perivascular 

niche of cerebral white matter. Further studies are warranted to explore how these 

gliovascular interactions may contribute to maintaining white matter homeostasis and 

integrity in mammalian brain.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Pericytes and oligodendrocyte precursor cells (OPCs) are localized in close 

contact with each other in cerebral white matter

2. Pericytes attached to OPCs via basal lamina in the perivascular region

3. OPC-derived factors support pericyte survival in vitro

4. Pericyte-derived factors support OPC survival in vitro
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Figure 1. Interaction between pericytes and OPCs in mouse corpus callosum
(a) Histograms showing the density of PDGFR-α-positive OPCs and PDGFR-β-positive 

pericytes in corpus callosum in mice at postnatal days 0, 60, and 240. (b) Representative 

images of PDGFR-α (green: OPC) and PDGFR-β (red: Pericyte) immunostaining in corpus 

callosum in mice at postnatal days 0, 60, and 240. Scale bar = 20 μm. (c) Representative 

images of PDGFR-β (red: Pericyte) and lectin (blue: Endothelium) immunostaining in 

mouse corpus callosum at postnatal day 60. Scale bar = 50 μm. (d) Representative images of 

PDGFR-α (green: OPC) and lectin (blue: Endothelium) immunostaining in mouse corpus 
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callosum at postnatal day 60. There are "perivascular" OPCs, parenchymal OPCs, and 

"intermediate (perivascular/parenchymal) " OPCs in the mouse white matter. Scale bar = 

100 μm. (e) Double-immunostaining of PDGFR-α (green, OPCs) and PDGFR-β (red, 

pericytes) show that “perivascular/parenchymal OPCs” extend their processes to pericytes. 

Arrows indicate OPC processes that attach to pericytes. Scale bar = 50 μm.
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Figure 2. The close vicinity between OPCs and pericytes at perivascular region
(a) Representative images of PDGFR-β (red: Pericyte) and CD31 (blue: EC) 

immunostaining with GFP-labeled PDGFR-α-cells. Scale bar = 50 μm. (b) Representative 

images of immuno-electron microscopic analysis using anti-PDGFR-α antibody in corpus 

callosum in 2 month-old rat brain. Arrows indicate PDGFR-α positive signals. (c) 

Representative images of PDGFR-α (green: OPC) and PDGFR-β (red: Pericyte) 

immunostaining in corpus callosum in postmortem human brain (76 year-old). The region 

marked by a dashed square is enlarged in the inset. Scale bar = 50 μm.
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Figure 3. OPC-pericyte interaction in vitro
(a) Representative images of PDGFR-α staining in OPC cultures that were treated with 

control media, Pericyte-CM, or OPC-CM for 2 days. Scale bar = 100 μm. (b) Results of 

direct cell count of OPCs after 2-day Pericyte-CM treatment. Values are mean ± SD from 3 

independent experiments. *p<0.05 vs control. (c) Results of WST assay for assessing OPC 

proliferation. Values are mean ± SD from 4 independent experiments. *p<0.05 vs control. 

(d) Representative images of PDGFR-β staining in pericyte cultures that were treated with 

control media, OPC-CM, or Pericyte-CM for 2 days. Scale bar = 100 μm. (e) Results of 

direct cell count of pericytes after 2-day OPC-CM treatment. Values are mean ± SD from 3 

independent experiments. *p<0.05 vs control. (f) Results of WST assay for assessing 

pericyte proliferation. Values are mean ± SD from 4 independent experiments. *p<0.05 vs 

control.
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