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Abstract: Pericytes are increasingly recognized as being important in the control of blood-brain 
barrier permeability and vascular flow. Research on this important cell type has been hindered 
by widespread confusion regarding the phenotypic identity and nomenclature of pericytes and 
other perivascular cell types. In addition, pericyte heterogeneity and mouse-human species 
differences have contributed to confusion. Herein we summarize our present knowledge on the 
identification of pericytes and pericyte subsets in humans, primarily focusing on recent findings 
in humans and nonhuman primates. Precise identification and definition of pericytes and 
pericyte subsets in humans may help us to better understand pericyte biology and develop new 
therapeutic approaches specifically targeting disease-associated pericyte subsets. 
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1. Introduction 
Pericyte biology is a growing field which focuses on the role of pericytes (PCs) in vascular 

homeostasis and disease. While PCs can be found surrounding microvasculature throughout 
the body, they are of particular importance to the blood-brain barrier (BBB) where they 
surround endothelial cells (ECs) and, in conjunction with astrocytes, help to establish a 
selectively permeable cellular system. A majority of research on PCs and the BBB uses mice and 
mouse models of diseases, and relatively little neurovascular research is conducted in humans. 
Mice may be a more accessible model, however studies suggest that differences within the 
vascular anatomy of mice when compared to humans, or even other strains of mice, may make 
it difficult to make side-by-side comparisons [1,2]. It is becoming increasingly important to 
consider new and meaningful ways to investigate the role of vascular elements, such as 
microvascular PCs, in human tissue. Some of the roles that PCs play in BBB homeostasis and 
brain pathology are already known and can be further defined through closer investigations.  

Under physiological conditions, PCs produce extracellular matrix and other proteins which 
contribute to the formation of basement membranes and regulate BBB homeostasis [3,4]. 
Additionally, PCs play an important role in promoting production of tight junction proteins 
(TJPs), which are essential for creating the tight seams found between ECs of the BBB [5,6]. It 
was recently shown that the Sonic Hedgehog (Shh) signaling pathway in PCs may mediate the 
effect of PCs on TJP production by ECs [7].  

The Shh pathway supports the selective permeability of the BBB by promoting the 
upregulation of TJP production by activating the transcription factor GLI1 [8]. Shh is secreted in 
a soluble form from astrocytic endfeet into the BBB where it then binds to patched-1 receptors 
on the EC surface, releasing smoothened to activate GLI1-induced TJP transcription, but 
recently other contributors, produced in PCs, to this pathway have been discovered [9-11]. 
Developing a deeper understanding of how PCs work to regulate BBB homeostasis could 
ultimately lead to therapeutic advances in maintaining the ideal homeostatic conditions of the 
neurovasculature, thus preventing or reducing the pathological effects of BBB breakdown.  

In addition to their role in maintaining BBB homeostasis, PCs have been implicated in 
pathological processes leading to many neurological disorders. The normal production of 
pericytic laminin-211 is involved in oligodendrocyte progenitor cell maturation during 
remyelination and a lack of PCs or an inability for PCs to produce laminin-211 can result in 
myelin defects [12,13]. Based on these data, PCs are currently being considered as a new 
therapeutic target for treatment of demyelinating diseases such as multiple sclerosis. Similarly, 
like ECs, PCs have been shown to express low density lipoprotein receptor-related protein 1 
(LRP1), which, in conjunction with apolipoprotein E (apoE), can transport amyloid beta (Aβ) 
across the BBB as an export mechanism to remove it from the brain parenchyma [14]. This could 
indicate a role for PCs in Alzheimer’s disease. While PCs are being found in association with 
these and other diseases and disorders of the brain, it is still unclear whether specific PC 
subsets may play different roles in vivo, or whether PCs can change their phenotype or function 
under pathological conditions. To further examine the role of PCs in BBB homeostasis and 
disease, we must first investigate methods to differentiate PCs from other perivascular cell 
types in the human brain. 
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2. Distinguishing PCs from Other Perivascular Cell Types in the Human Brain 
One of the most challenging aspects of pericyte biology has been correctly identifying PCs 

and differentiating them from other cells within the neurovascular niche. While electron 
microscopy (EM) can often be used to successfully identify PCs, large-scale light microscopy 
identification of PCs has proven much more difficult. Misuse of cell makers over the decades 
has convoluted literature in the field, making it more difficult to correctly attribute roles to PCs 
or other cells within the perivascular niche, but achieving this distinction is key to 
understanding their unique contributions to health and disease. 
 
2.1. Distinguishing PCs from Perivascular Macrophages  

Historically, there has been some confusion differentiating between PCs and macrophages 
in the perivascular regions of the brain. In early studies of the brain, macrophages in the 
perivascular location, which are now called perivascular macrophages (PVMs), were mistaken 
as granular PCs due to their EM appearance surrounding the cerebral capillaries, only to be 
rectified later when it was determined that these PVMs and PCs inhabit different perivascular 
regions [15,16]. Additional confusion arose in the 1980s when an entire population of MHC class 
II+ cells, which were not PCs, were identified within the perivascular or Virchow-Robin spaces, 
and were then collectively called perivascular cells or Mato’s fluorescent granular perithelial 
cells [17,18]. Other studies sought markers to differentiate between PCs and PVMs, but many 
were fraught with misconceptions and technical limitations. PCs are often mistaken as 
macrophages. Primary cultures of PCs isolated from brain microvessels, following isolation and 
cultivation of brain microvessels, may contain contaminating brain cell populations including 
PVMs. PCs were incorrectly identified as having PVM markers such as CD163, CD11b and 
vimentin due to some of these in vitro studies, but more recent studies have shown that PCs do 
not express these markers in vivo [16,19-25]. A further study called into question whether CD68-, 
CD163- and CD169-positive perivascular cells were indeed PCs in vivo, but EM studies found 
that these cells were able to phagocytose carbon particles, while PCs did not, positively 
identifying them as PVMs, instead [26]. PVMs have been ultimately distinguished from PCs and 
other cell types by their expression of markers such as CD68, CD163, and CD206 and their lack 
of platelet-derived growth factor receptor-beta (PDGFRB) or smooth muscle actin (SMA). 
Neuron-glial antigen 2 (NG2), often considered as a suitable PC marker for studies of PC biology 
in mice, is expressed in a small subpopulation of PVMs, making it an imprecise marker for 
differentiating these two cell types [23-25,27]. 
 
2.2. Distinguishing PCs from ECs 

Difficulty in differentiating PCs from ECs is due in part to the misuse of markers, but also the 
complexity of their complementary roles within the BBB. Early nomenclature for PC and other 
cells associated with the vasculature, such as Rouget cells, adventitial cells, pericapillary cells, 
periendothelial cells, perivascular cells, and mural cells, make it difficult to find out in ‘modern’ 
terms which cell types were being observed and described in the early literature [11,28]. One 
early study claimed that both ECs and periendothelial cells expressed aminopeptidase N (CD13), 
while a different study found that BBB-specific expression of CD13 by PCs were regulated by the 
presence of ECs [29,30]. These results made it important for later studies to specifically look at 
expression of CD13 and PECAM1 (CD31) in PCs and ECs to determine the type of cell that 
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expresses each surface marker in the brain. It is now recognized that CD13 is specifically 
associated with PC in the BBB, while CD31 is only found on ECs [11,28]. 

Due to the close proximity of PCs and ECs within the neurovascular niche, other markers, 
which appear to be of vascular origin or pattern, were often presumed to be specific EC 

markers, but later were found to be associated with PCs, instead. One such example is -
glutamyl transpeptidase (GGTP), which was historically used as a marker for ECs and brain 
capillaries, largely in view of its role in the formation of a selectively permeable endothelial 
membrane [31,32]. When a later study examined this marker in vitro using ECs, astrocytes and 
PCs, it has become clear that this molecule is produced exclusively by PCs, yet increased in the 
presence of ECs and astrocytes [33]. This finding was a strong indicator of the role that PCs play 
in the development of a selectively permeable endothelial barrier and how complex the 
interplay between PCs and ECs can be within the BBB [33]. 

PCs and ECs share complementary roles in the BBB and are involved in many of the same 
pathways including the Shh signaling pathway. The role of PCs in the Shh-mediated 
upregulation of TJPs is not very well understood, but recent studies have found that brain PCs 
are required to mediate the Shh-induced paracrine signaling on adjacent ECs [34]. Additionally, 
recent studies have shown that PCs, but not ECs as previously thought, are the sole cellular 
producer of netrin-1 at the BBB [7,9,35]. Besides its best-known roles in development, netrin-1 is 
now recognized as a necessary intermediate of the Shh pathway by promoting the GLI1 
transcriptional factor to specifically upregulate TJP production [9]. While further investigation 
on the role of PCs in the Shh pathway is warranted, there have been many recent findings 
indicating the role of PCs in regulating endothelial tight junction formation.  
 
2.3. Distinguishing PCs from Vascular Smooth Muscle Cells 

Perhaps vascular smooth muscle cells (VSMCs) are the most difficult cell type to distinguish 
PCs from. One reason for this may be that PCs and VSMCs appear to have a shared, yet 
heterogeneous, developmental origin [36-38]. While the precise origin of PCs and VSMCs are yet 
unclear, it seems evident that PCs and VSMCs arise from common developmental origins 
limiting the usefulness of fate mapping and lineage tracing as a method of differentiation. 
Compounding the issue of separating PCs and VSMCs into distinct cellular populations is the 
morphological and regional heterogeneity in this family of cells itself. Over the last decade or 
so, the once bilateral view of PCs and VSMCs of the BBB has evolved to include circumferential 
VSMCs (c-VSMCs), stellate VSMCs (s-VSMCs), ensheathing PCs, mesh PCs, and thin-strand PCs, 
each with different morphologies and vascular associations [28,39]. Despite the difficulty, 
however, differentiating these populations and sub-populations of cells can be crucial for 
experimental design due to their possibly different functions.  

The most widely accepted way to identify VSMC and PC subpopulations while limiting bias is 
through examination of the neurovasculature with which they are associated. In the brain, c-
VSMCs are thought to be associated with arterioles, while s-VSMCs are thought to be 
associated with venules [28,39]. Ensheathing PCs are thought to be associated with precapillary 
arterioles, and postcapillary venules, while mesh PCs and thin-strand PCs are commonly 
associated with capillaries [28,39]. Neurovascular arterioles and venules are defined as 0th order 
vessels, while pre- and postcapillary vasculature is usually accepted to be comprised of 1st-4th 
order vascular branches, everything beyond which is considered a capillary [28,39]. In mice, 
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observation of the order, or degree of capillary branching can be obtained through multi-
photon microscopy, but the elongated branching of human brain vasculature has limited the 
field’s ability to use the branching order as a conclusive method for determining vascular 
identity, and thus PC/VSMC identity, in human samples [39]. Some studies have attempted to 
use vascular diameter to differentiate vascular subtypes and thus separate PCs and VSMCs, but 
human vascular diameter can vary based upon age, sex, brain region, tissue processing 
technique, and many other risk factors, making it an unreliable determinant of vascular identity 
[1,28]. The various subpopulations of PCs and VSMCs may have distinctive morphologies, but 
choosing the correct markers to visualize them can be challenging [28,39]. 

Historically, PCs were considered to be PDGFRB-positive, while VSMCs were positive for 
both PDGFRB and SMA. However, recent studies have shown that there are subpopulations of 
PCs which are SMA+, limiting SMA’s use in differentiating these two cell types [28,39,40]. Other 
PC or VSMC markers such as desmin, NG2, CD146, CD13, Tbx18, nestin, and myosin heavy chain 
11 (MYH11), have been used to study these cells, but each comes with its own set of drawbacks 
and reservations (Table 1). Desmin has been shown to be present only in subpopulations of 
both VSMCs and PCs in highly variable levels based on environmental conditions; NG2 is 
present in both VSMCs and PCs at variable levels, but can also be found on a subset of 
macrophages and NG2-glia; and CD146, CD13, and Tbx18 have been often used as pan-PC 
markers, but also mark VSMCs and are therefore poor markers for differentiating these cells 
[25,28,41-45]. Nestin is expressed by neuronal progenitor cells in the brain and only seen in rare 
subsets of neurovascular PCs. While MYH11 has been suggested as a VSMC specific marker, 
more research is needed to determine which subsets of VSMCs it may be present on [7,28,45,46].  

Currently, there are no PC or VSMC specific markers which easily distinguish PCs and 
VSMCs, but a new in vivo labeling technique may be used to overcome this challenge. A recent 
paper showed that injection of a green fluorescent FluoroNissl dye, NeuroTrace 500/525, into a 
mouse’s brain stained only PCs without staining VSMCs [47]. While this may not be a practical 
option for imaging human brain, which is often formalin-fixed, the field continues to make 
advances towards specific differentiation of PC and VSMC.  
 
2.4. Summary 

Differentiating PCs from other vascular and perivascular cells can be complex, but it is made 
easier by examining cellular location and markers. A comprehensive list of the markers 
mentioned in this paper can be found in Table 1. Ultimately, a system of morphology, vascular 
location, and a series of markers is needed to differentiate physiological PC and VSMC subsets, 
but recent findings strongly indicate that PCs may undergo further sub-differentiation under 
pathological conditions, further complicating their identification and classification.  
 
 

3. Pathological PC subsets in the Human Brain 
In addition to the complexities of identifying PC from other vascular and perivascular cell 

types, a pathological subset of neurovascular PCs has recently been identified [7,48]. Following 
nomenclature set by the cancer field, physiological capillary PCs were termed Type-1 Pericytes 
(PC1), while the pathological subset of these capillary PCs were termed Type-2 Pericytes (PC2) 
[48,49]. Both subsets can be found on brain capillary vessels of less than 10 µm in luminal 
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diameter and of the same branching order, but whether these correspond to mesh PCs or thin-
strand PCs is unclear [48].  
 
3.1. Origin of PC2 

In our recent study examining PCs in the brains of humans and nonhuman primates, it was 
found that uninfected infant rhesus macaques demonstrated few to no PC2 in cortical tissue, 
which contains almost exclusively capillary PC1 [48]. While PC populations shift during aging or 
simian immunodeficiency virus infection from PC1 to PC2-dominant populations, the total 
number of PCs remains largely unchanged except in the most advanced stages of disease where 
PC loss is observed [7,48]. One proposal which would explain this phenomenon is that PC1 are 
transitioning to a PC2 phenotype under pathological conditions in vivo. This phenomenon was 
demonstrated in vitro when SMA-negative primary human PC cells became SMA-positive after 
treatment with TGF-β1 [50,51]. Visualizing this transition in vivo in human tissue is not practically 
possible, but future studies in animal models may be able to confirm PC1-to-PC2 transition in 
vivo.  

A PC1-to-PC2 transition is consistent with the environmental sensitivity attributed to PCs 
and their role in maintaining BBB homeostasis, but thus far, appears to be limited in vivo to 
transitioning from one PC subset to another. Some studies have suggested that PCs may 
demonstrate multipotent or pluripotent capabilities acting as an adult stem cell in the CNS, but 
recent in vivo studies have had difficulty initiating these stem cell-like activates from PCs under 
standard physiological or pathological conditions [44,52]. While ability of PC1 to switch to PC2 in 
vivo has yet to be confirmed, it seems more likely than the alternative, which would be a 
replacement of PC1 by new PC2 originated from precursors.  
 
3.2. Identifying PC2 

Early studies of PCs were often limited by the lack of specific markers, due in part to the 
existence of PC subsets [16,33,49]. An early study looking at PCs in tumorigenesis introduced the 
idea of a pathological PC subset after noting different cellular markers for PCs associated with 
normal vasculature, and PCs associated with tumor vasculature [49]. In this study, the authors 
demonstrated that tumorigenic PCs, termed PC2, express SMA, but this is neither the first nor 
the last study to show the presence of SMA on capillary PCs [49].  

Studies dating back to 1985 have shown the presence of SMA on a subset of capillary PCs, 
calling into question the traditional view that PCs were SMA-negative and VSMCs were SMA-
positive [53,54]. One explanation for a series of conflicting reports in literature on the presence 
of SMA in capillary PCs would be the presence of a SMA+ pathogenic PC subtype [53,54]. More 
recent studies have elucidated more information on the differences between these two PC 
subtypes [45,48,55]. One study identified two distinct, but unnamed PC subsets, one which is 
CD90-positive with limited expression of SMA, and one being CD90-negative with higher 
expression of SMA and PDGFRB [55]. Another study used mesenchymal angioblasts to induce 
the development of PC1, PC2, and VSMC from progenitors and found that PC1 express PDGFRB, 
but not SMA, while PC2 express SMA and PDGFRB. Both lacked a VSMC marker MYH11 [45]. This 
same study found that PC1 expressing VCAM1 and CD274 could distinguish PC1 from the DLK1-
expressing PC2 [45]. The use of SMA and MYH11 in combination as distinguishing markers was 
recently confirmed in vivo when a PDGFRB+/SMA−/MYH11− phenotype was successfully used 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 March 2021                   doi:10.20944/preprints202103.0219.v1

https://doi.org/10.20944/preprints202103.0219.v1


to identify PC1, PDGFRB+/SMA+/MYH11− for PC2, and PDGFRB+/SMA+/MYH11+ marked only 
VSMCs in the brains of rhesus macaques and humans [48]. 

Not only do PC1 and PC2 have different markers, but data suggest that they likely also have 
different functions. Numerous studies have described morphological differences between PCs 
particularly in aging or diseased individuals [45,49,56]. When identifying the two distinct PC 
subsets, PC1 have the traditional thin bump on a log morphology with a small amount of 
extracellular matrix, while PC2 are hypertrophied with a greater amount of extracellular matrix 
and may contain dark granules [7,55-57]. These morphological differences may speak to 
differences in their function and help to elucidate their role in BBB homeostasis and disease.  
 
3.3. Functional Differences between PC1 and PC2 

Reaching a better understanding of the functional differences between PC1 and PC2 can be 
achieved by studying their presence in various states of BBB homeostasis and disease. PC1 fit 
the traditional description of BBB-supportive microvascular PCs, while being the most abundant 
subpopulation found in young healthy individuals [7,48]. They are rarely associated with areas of 
fibrinogen extravasation, but are associated with an organized and regulated basement 
membrane and astrocytic endfoot arrangements [7,48]. PC2, on the contrary, are significantly 
increased in aging or diseased individuals and are commonly associated with vessels 
demonstrating irregular basement membrane and astrocytic endfoot arrangements, and 
fibrinogen extravasation [7,48].  

One reason for this increase in BBB breakdown in PC2-associated vessels could be a PC2-
mediated disruption of the Shh pathway. PC2 have been shown to have higher levels of netrin-1 
expression than PC1, despite being associated with vessels containing lower levels of claudin-5 
[7,48]. This increase in netrin-1 may be acting as a compensatory mechanism to make up for a 
down-stream deficiency in Shh signaling which is preventing the successful production of more 
TJPs. Understanding the unique roles that PC1 and PC2 are playing in maintaining BBB 
homeostasis could help to elucidate new ways to target this system and restore equilibrium, 
but the functional differences between PC1 and PC2 become even more pronounced in other 
models of disease.  

In vitro studies suggest that PC2 produce lower levels of laminin-111 (α1β1γ1) and laminin-
211 (α2β1γ1), and loss of laminin-111 and laminin-211 has been shown to induce a PC2-like 
phenotype in PCs including hypertrophied morphology, increased SMA, BBB breakdown, and 
reduced TJP protein production [3,4,45,58]. In addition, studies indicate that laminin-211 is 
necessary for oligodendrocyte precursor maturation and decreased levels is associated with 
myelin defects, which suggest a role for PC2 in demyelinating diseases like multiple sclerosis 
[12,13,45]. Herein we investigate a demyelinating lesion from the corpus callosum of a middle-
aged female MS patient (Figure 1a). The MS lesion had a higher %PC2 than normal appearing 
white matter (NAWM), both of which had higher %PC2 levels compared to the white matter of 
young, healthy subjects (Figure 1b) [48]. The mean pixel intensity (MPI) of both laminin-111 and 
laminin-211 and myelin was lower in association with PC2-associated vessels than in PC1 
vessels regardless of lesion association (Figure 1c,d). Interestingly, there was a strong positive 
correlation when comparing the MPI of myelin and laminin-111/211 associated with each 
vessel, but PC2-associated vessels were all clustered to the lower half of the plot showing a 
reduction in both myelin and laminin-111/211 (Figure 1e). Since a higher percentage of the PCs 
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in the lesion of this patient are PC2, this may suggest a role for PC2 in demyelination in MS, but 
further research is needed to examine the relationship between PC2, laminin-111/211, and 
demyelination.  
 
3.4. Summary 

Altered PC morphology and protein expression has been seen in association with 
neurocognitive decline and disease pathogenesis for decades sparking debate across the field 
about the phenotype and function of PCs which can readily and ultimately be explained by the 
presence of PC subsets, both physiological and pathological [7,45,48,49,53-57]. Recent studies find 
that changes in pathological PC subsets, like changes in %PC2, are present longitudinally in 
correspondence with disease progression [7,45,48,49]. This is in contrast to the loss of PCs, which 
occurs abruptly in very late stage disease, suggesting that PC2 may have a stronger influence on 
the development and pathogenesis of neurological diseases and disorders than PC loss.  
 
 

4. Conclusions 
PCs are an important and complex player in maintaining BBB microvasculature in both 

health and disease, but the identification of PCs within the neurovascular niche has had a 
convoluted history further complicated by an oversimplified view of pericytic hierarchy and 
architectural complexity. Many of the early discrepancies in PC literature may be explained by 
either misidentification of other cellular populations, or differences between PC subsets and 
their ability to transition from one subset to another under changing environmental conditions. 
With this novel insight comes new implications for the role of PCs in neurological diseases and 
disorders and a new framework within which we can study their impact on BBB homeostatic 
regulation and deterioration. Future research aiming to understand the role of PCs in brain 
physiology and pathology would benefit from novel techniques to investigate and differentiate 
them as there is a substantial pool of novel information yet to be gained by investigating the 
role of PCs and PC subsets in human disease.  
 
 
Funding: This research is in part supported by the National Institutes of Health under Ruth L. 
Kirschstein National Research Service Award (F31NS116926) to D.G.B. 
 
 
Conflicts of Interest:  The authors declare no conflicts of interest. 
 
  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 March 2021                   doi:10.20944/preprints202103.0219.v1

https://doi.org/10.20944/preprints202103.0219.v1


References 
 
1. O'Brown, N.M.; Pfau, S.J.; Gu, C. Bridging barriers: a comparative look at the blood-brain 

barrier across organisms. Genes Dev 2018, 32, 466-478, doi:10.1101/gad.309823.117. 
2. Barone, F.C.; Knudsen, D.J.; Nelson, A.H.; Feuerstein, G.Z.; Willette, R.N. Mouse strain 

differences in susceptibility to cerebral ischemia are related to cerebral vascular 
anatomy. J Cereb Blood Flow Metab 1993, 13, 683-692, doi:10.1038/jcbfm.1993.87. 

3. Gautam, J.; Zhang, X.; Yao, Y. The role of pericytic laminin in blood brain barrier integrity 
maintenance. Sci Rep 2016, 6, 36450, doi:10.1038/srep36450. 

4. Gautam, J.; Cao, Y.; Yao, Y. Pericytic Laminin Maintains Blood-Brain Barrier Integrity in 
an Age-Dependent Manner. Transl Stroke Res 2020, 11, 228-242, doi:10.1007/s12975-
019-00709-8. 

5. Hatherell, K.; Couraud, P.O.; Romero, I.A.; Weksler, B.; Pilkington, G.J. Development of a 
three-dimensional, all-human in vitro model of the blood-brain barrier using mono-, co-, 
and tri-cultivation Transwell models. J Neurosci Methods 2011, 199, 223-229, 
doi:10.1016/j.jneumeth.2011.05.012. 

6. Thomsen, L.B.; Burkhart, A.; Moos, T. A Triple Culture Model of the Blood-Brain Barrier 
Using Porcine Brain Endothelial cells, Astrocytes and Pericytes. PLoS One 2015, 10, 
e0134765, doi:10.1371/journal.pone.0134765. 

7. Bohannon, D.G.; Ko, A.; Filipowicz, A.R.; Kuroda, M.J.; Kim, W.K. Dysregulation of sonic 
hedgehog pathway and pericytes in the brain after lentiviral infection. J 
Neuroinflammation 2019, 16, 86, doi:10.1186/s12974-019-1463-y. 

8. Alvarez, J.I.; Dodelet-Devillers, A.; Kebir, H.; Ifergan, I.; Fabre, P.J.; Terouz, S.; Sabbagh, 
M.; Wosik, K.; Bourbonniere, L.; Bernard, M., et al. The Hedgehog pathway promotes 
blood-brain barrier integrity and CNS immune quiescence. Science 2011, 334, 1727-
1731, doi:10.1126/science.1206936. 

9. Podjaski, C.; Alvarez, J.I.; Bourbonniere, L.; Larouche, S.; Terouz, S.; Bin, J.M.; Lecuyer, 
M.A.; Saint-Laurent, O.; Larochelle, C.; Darlington, P.J., et al. Netrin 1 regulates blood-
brain barrier function and neuroinflammation. Brain 2015, 138, 1598-1612, 
doi:10.1093/brain/awv092. 

10. Yu, J.; Li, C.; Ding, Q.; Que, J.; Liu, K.; Wang, H.; Liao, S. Netrin-1 Ameliorates Blood-Brain 
Barrier Impairment Secondary to Ischemic Stroke via the Activation of PI3K Pathway. 
Front Neurosci 2017, 11, 700, doi:10.3389/fnins.2017.00700. 

11. Armulik, A.; Genove, G.; Mae, M.; Nisancioglu, M.H.; Wallgard, E.; Niaudet, C.; He, L.; 
Norlin, J.; Lindblom, P.; Strittmatter, K., et al. Pericytes regulate the blood-brain barrier. 
Nature 2010, 468, 557-561, doi:10.1038/nature09522. 

12. De La Fuente, A.G.; Lange, S.; Silva, M.E.; Gonzalez, G.A.; Tempfer, H.; van Wijngaarden, 
P.; Zhao, C.; Di Canio, L.; Trost, A.; Bieler, L., et al. Pericytes Stimulate Oligodendrocyte 
Progenitor Cell Differentiation during CNS Remyelination. Cell Rep 2017, 20, 1755-1764, 
doi:10.1016/j.celrep.2017.08.007. 

13. Montagne, A.; Nikolakopoulou, A.M.; Zhao, Z.; Sagare, A.P.; Si, G.; Lazic, D.; Barnes, S.R.; 
Daianu, M.; Ramanathan, A.; Go, A., et al. Pericyte degeneration causes white matter 
dysfunction in the mouse central nervous system. Nat Med 2018, 24, 326-337, 
doi:10.1038/nm.4482. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 March 2021                   doi:10.20944/preprints202103.0219.v1

https://doi.org/10.20944/preprints202103.0219.v1


14. Ma, Q.; Zhao, Z.; Sagare, A.P.; Wu, Y.; Wang, M.; Owens, N.C.; Verghese, P.B.; Herz, J.; 
Holtzman, D.M.; Zlokovic, B.V. Blood-brain barrier-associated pericytes internalize and 
clear aggregated amyloid-beta42 by LRP1-dependent apolipoprotein E isoform-specific 
mechanism. Mol Neurodegener 2018, 13, 57, doi:10.1186/s13024-018-0286-0. 

15. Mato, M.; Ookawara, S.; Kurihara, K. Uptake of exogenous substances and marked 
infoldings of the fluorescent granular pericyte in cerebral fine vessels. Am J Anat 1980, 
157, 329-332, doi:10.1002/aja.1001570308. 

16. Ookawara, S.; Mitsuhashi, U.; Suminaga, Y.; Mato, M. Study on distribution of pericyte 
and fluorescent granular perithelial (FGP) cell in the transitional region between 
arteriole and capillary in rat cerebral cortex. Anat Rec 1996, 244, 257-264, 
doi:10.1002/(SICI)1097-0185(199602)244:2<257::AID-AR13>3.0.CO;2-O. 

17. Graeber, M.B.; Streit, W.J.; Buringer, D.; Sparks, D.L.; Kreutzberg, G.W. Ultrastructural 
location of major histocompatibility complex (MHC) class II positive perivascular cells in 
histologically normal human brain. J Neuropathol Exp Neurol 1992, 51, 303-311, 
doi:10.1097/00005072-199205000-00009. 

18. Angelov, D.N.; Walther, M.; Streppel, M.; Guntinas-Lichius, O.; Neiss, W.F. The cerebral 
perivascular cells. Adv Anat Embryol Cell Biol 1998, 147, 1-87, doi:10.1007/978-3-642-
72251-6. 

19. Balabanov, R.; Washington, R.; Wagnerova, J.; Dore-Duffy, P. CNS microvascular 
pericytes express macrophage-like function, cell surface integrin alpha M, and 
macrophage marker ED-2. Microvasc Res 1996, 52, 127-142, 
doi:10.1006/mvre.1996.0049. 

20. Bandopadhyay, R.; Orte, C.; Lawrenson, J.G.; Reid, A.R.; De Silva, S.; Allt, G. Contractile 
proteins in pericytes at the blood-brain and blood-retinal barriers. J Neurocytol 2001, 30, 
35-44, doi:10.1023/a:1011965307612. 

21. Graeber, M.B.; Streit, W.J.; Kreutzberg, G.W. The microglial cytoskeleton: vimentin is 
localized within activated cells in situ. J Neurocytol 1988, 17, 573-580, 
doi:10.1007/BF01189811. 

22. Kim, J.H.; Kim, J.H.; Yu, Y.S.; Kim, D.H.; Kim, K.W. Recruitment of pericytes and astrocytes 
is closely related to the formation of tight junction in developing retinal vessels. J 
Neurosci Res 2009, 87, 653-659, doi:10.1002/jnr.21884. 

23. Kim, W.K.; Alvarez, X.; Fisher, J.; Bronfin, B.; Westmoreland, S.; McLaurin, J.; Williams, K. 
CD163 identifies perivascular macrophages in normal and viral encephalitic brains and 
potential precursors to perivascular macrophages in blood. American Journal of 
Pathology 2006, 168, 822-834, doi:10.2353/ajpath.2006.050215. 

24. Fabriek, B.O.; Van Haastert, E.S.; Galea, I.; Polfliet, M.M.; Dopp, E.D.; Van Den Heuvel, 
M.M.; Van Den Berg, T.K.; De Groot, C.J.; Van Der Valk, P.; Dijkstra, C.D. CD163-positive 
perivascular macrophages in the human CNS express molecules for antigen recognition 
and presentation. Glia 2005, 51, 297-305, doi:10.1002/glia.20208. 

25. Bu, J.; Akhtar, N.; Nishiyama, A. Transient expression of the NG2 proteoglycan by a 
subpopulation of activated macrophages in an excitotoxic hippocampal lesion. Glia 
2001, 34, 296-310, doi:DOI 10.1002/glia.1063. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 March 2021                   doi:10.20944/preprints202103.0219.v1

https://doi.org/10.20944/preprints202103.0219.v1


26. Kida, S.; Steart, P.V.; Zhang, E.T.; Weller, R.O. Perivascular cells act as scavengers in the 
cerebral perivascular spaces and remain distinct from pericytes, microglia and 
macrophages. Acta Neuropathol 1993, 85, 646-652, doi:10.1007/BF00334675. 

27. Moransard, M.; Dann, A.; Staszewski, O.; Fontana, A.; Prinz, M.; Suter, T. NG2 expressed 
by macrophages and oligodendrocyte precursor cells is dispensable in experimental 
autoimmune encephalomyelitis. Brain 2011, 134, 1315-1330, 
doi:10.1093/brain/awr070. 

28. Smyth, L.C.D.; Rustenhoven, J.; Scotter, E.L.; Schweder, P.; Faull, R.L.M.; Park, T.I.H.; 
Dragunow, M. Markers for human brain pericytes and smooth muscle cells. J Chem 
Neuroanat 2018, 92, 48-60, doi:10.1016/j.jchemneu.2018.06.001. 

29. Alliot, F.; Rutin, J.; Leenen, P.J.; Pessac, B. Pericytes and periendothelial cells of brain 
parenchyma vessels co-express aminopeptidase N, aminopeptidase A, and nestin. J 
Neurosci Res 1999, 58, 367-378. 

30. Ramsauer, M.; Kunz, J.; Krause, D.; Dermietzel, R. Regulation of a blood-brain barrier-
specific enzyme expressed by cerebral pericytes (pericytic aminopeptidase N/pAPN) 
under cell culture conditions. J Cereb Blood Flow Metab 1998, 18, 1270-1281, 
doi:10.1097/00004647-199811000-00014. 

31. Maxwell, K.; Berliner, J.A.; Cancilla, P.A. Induction of gamma-glutamyl transpeptidase in 
cultured cerebral endothelial cells by a product released by astrocytes. Brain Res 1987, 
410, 309-314, doi:10.1016/0006-8993(87)90329-5. 

32. Orlowski, M.; Sessa, G.; Green, J.P. Gamma-glutamyl transpeptidase in brain capillaries: 
possible site of a blood-brain barrier for amino acids. Science 1974, 184, 66-68, 
doi:10.1126/science.184.4132.66. 

33. Risau, W.; Dingler, A.; Albrecht, U.; Dehouck, M.P.; Cecchelli, R. Blood-brain barrier 
pericytes are the main source of gamma-glutamyltranspeptidase activity in brain 
capillaries. J Neurochem 1992, 58, 667-672, doi:10.1111/j.1471-4159.1992.tb09769.x. 

34. Nielsen, C.M.; Dymecki, S.M. Sonic hedgehog is required for vascular outgrowth in the 
hindbrain choroid plexus. Dev Biol 2010, 340, 430-437, doi:10.1016/j.ydbio.2010.01.032. 

35. Ly, N.P.; Komatsuzaki, K.; Fraser, I.P.; Tseng, A.A.; Prodhan, P.; Moore, K.J.; Kinane, T.B. 
Netrin-1 inhibits leukocyte migration in vitro and in vivo. Proc Natl Acad Sci U S A 2005, 
102, 14729-14734, doi:10.1073/pnas.0506233102. 

36. Yamazaki, T.; Nalbandian, A.; Uchida, Y.; Li, W.L.; Arnold, T.D.; Kubota, Y.; Yamamoto, S.; 
Ema, M.; Mukouyama, Y.S. Tissue Myeloid Progenitors Differentiate into Pericytes 
through TGF-beta Signaling in Developing Skin Vasculature. Cell Reports 2017, 18, 2991-
3004, doi:10.1016/j.celrep.2017.02.069. 

37. Korn, J.; Christ, B.; Kurz, H. Neuroectodermal origin of brain pericytes and vascular 
smooth muscle cells. J Comp Neurol 2002, 442, 78-88, doi:10.1002/cne.1423. 

38. Etchevers, H.C.; Vincent, C.; Le Douarin, N.M.; Couly, G.F. The cephalic neural crest 
provides pericytes and smooth muscle cells to all blood vessels of the face and 
forebrain. Development 2001, 128, 1059-1068. 

39. Grant, R.I.; Hartmann, D.A.; Underly, R.G.; Berthiaume, A.A.; Bhat, N.R.; Shih, A.Y. 
Organizational hierarchy and structural diversity of microvascular pericytes in adult 
mouse cortex. J Cereb Blood Flow Metab 2019, 39, 411-425, 
doi:10.1177/0271678X17732229. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 March 2021                   doi:10.20944/preprints202103.0219.v1

https://doi.org/10.20944/preprints202103.0219.v1


40. Nehls, V.; Drenckhahn, D. Heterogeneity of microvascular pericytes for smooth muscle 
type alpha-actin. J Cell Biol 1991, 113, 147-154, doi:10.1083/jcb.113.1.147. 

41. Chen, J.; Luo, Y.; Hui, H.; Cai, T.; Huang, H.; Yang, F.; Feng, J.; Zhang, J.; Yan, X. CD146 
coordinates brain endothelial cell-pericyte communication for blood-brain barrier 
development. Proc Natl Acad Sci U S A 2017, 114, E7622-E7631, 
doi:10.1073/pnas.1710848114. 

42. Hasumi, Y.; Klosowska-Wardega, A.; Furuhashi, M.; Ostman, A.; Heldin, C.H.; Hellberg, C. 
Identification of a subset of pericytes that respond to combination therapy targeting 
PDGF and VEGF signaling. Int J Cancer 2007, 121, 2606-2614, doi:10.1002/ijc.22999. 

43. Girolamo, F.; Errede, M.; Longo, G.; Annese, T.; Alias, C.; Ferrara, G.; Morando, S.; 
Trojano, M.; de Rosbo, N.K.; Uccelli, A., et al. Defining the role of NG2-expressing cells in 
experimental models of multiple sclerosis. A biofunctional analysis of the neurovascular 
unit in wild type and NG2 null mice. Plos One 2019, 14, doi:ARTN e0213508 
10.1371/journal.pone.0213508. 

44. Guimaraes-Camboa, N.; Cattaneo, P.; Sun, Y.; Moore-Morris, T.; Gu, Y.; Dalton, N.D.; 
Rockenstein, E.; Masliah, E.; Peterson, K.L.; Stallcup, W.B., et al. Pericytes of Multiple 
Organs Do Not Behave as Mesenchymal Stem Cells In Vivo. Cell Stem Cell 2017, 20, 345-
359 e345, doi:10.1016/j.stem.2016.12.006. 

45. Kumar, A.; D'Souza, S.S.; Moskvin, O.V.; Toh, H.; Wang, B.W.; Zhang, J.; Swanson, S.; 
Guo, L.W.; Thomson, J.A.; Slukvin, I.I. Specification and Diversification of Pericytes and 
Smooth Muscle Cells from Mesenchymoangioblasts. Cell Reports 2017, 19, 1902-1916, 
doi:10.1016/j.celrep.2017.05.019. 

46. Rieske, P.; Azizi, S.A.; Augelli, B.; Gaughan, J.; Krynska, B. A population of human brain 
parenchymal cells express markers of glial, neuronal and early neural cells and 
differentiate into cells of neuronal and glial lineages. Eur J Neurosci 2007, 25, 31-37, 
doi:10.1111/j.1460-9568.2006.05254.x. 

47. Damisah, E.C.; Hill, R.A.; Tong, L.; Murray, K.N.; Grutzendler, J. A fluoro-Nissl dye 
identifies pericytes as distinct vascular mural cells during in vivo brain imaging. Nat 
Neurosci 2017, 20, 1023-1032, doi:10.1038/nn.4564. 

48. Bohannon, D.G.; Okhravi, H.R.; Kim, J.; Kuroda, M.J.; Didier, E.S.; Kim, W.K. A subtype of 
cerebrovascular pericytes is associated with blood-brain barrier disruption that develops 
during normal aging and simian immunodeficiency virus infection. Neurobiol Aging 
2020, 96, 128-136, doi:10.1016/j.neurobiolaging.2020.08.006. 

49. Morikawa, S.; Baluk, P.; Kaidoh, T.; Haskell, A.; Jain, R.K.; McDonald, D.M. Abnormalities 
in pericytes on blood vessels and endothelial sprouts in tumors. American Journal of 
Pathology 2002, 160, 985-1000, doi:Doi 10.1016/S0002-9440(10)64920-6. 

50. Sieczkiewicz, G.J.; Herman, I.M. TGF-beta 1 signaling controls retinal pericyte contractile 
protein expression. Microvasc Res 2003, 66, 190-196, doi:10.1016/s0026-
2862(03)00055-4. 

51. Verbeek, M.M.; Otte-Holler, I.; Wesseling, P.; Ruiter, D.J.; de Waal, R.M. Induction of 
alpha-smooth muscle actin expression in cultured human brain pericytes by 
transforming growth factor-beta 1. Am J Pathol 1994, 144, 372-382. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 March 2021                   doi:10.20944/preprints202103.0219.v1

https://doi.org/10.20944/preprints202103.0219.v1


52. Dore-Duffy, P.; Katychev, A.; Wang, X.Q.; Van Buren, E. CNS microvascular pericytes 
exhibit multipotential stem cell activity. J Cerebr Blood F Met 2006, 26, 613-624, 
doi:10.1038/sj.jcbfm.9600272. 

53. Herman, I.M.; D'Amore, P.A. Microvascular pericytes contain muscle and nonmuscle 
actins. J Cell Biol 1985, 101, 43-52, doi:10.1083/jcb.101.1.43. 

54. Skalli, O.; Pelte, M.F.; Peclet, M.C.; Gabbiani, G.; Gugliotta, P.; Bussolati, G.; Ravazzola, 
M.; Orci, L. Alpha-smooth muscle actin, a differentiation marker of smooth muscle cells, 
is present in microfilamentous bundles of pericytes. J Histochem Cytochem 1989, 37, 
315-321, doi:10.1177/37.3.2918221. 

55. Park, T.I.; Feisst, V.; Brooks, A.E.; Rustenhoven, J.; Monzo, H.J.; Feng, S.X.; Mee, E.W.; 
Bergin, P.S.; Oldfield, R.; Graham, E.S., et al. Cultured pericytes from human brain show 
phenotypic and functional differences associated with differential CD90 expression. Sci 
Rep 2016, 6, 26587, doi:10.1038/srep26587. 

56. Peters, A.; Sethares, C. Age-related changes in the morphology of cerebral capillaries do 
not correlate with cognitive decline. Journal of Comparative Neurology 2012, 520, 1339-
1347, doi:10.1002/cne.22809. 

57. Lauridsen, H.M.; Pellowe, A.S.; Ramanathan, A.; Liu, R.; Miller-Jensen, K.; McNiff, J.M.; 
Pober, J.S.; Gonzalez, A.L. Tumor Necrosis Factor-alpha and IL-17A Activation Induces 
Pericyte-Mediated Basement Membrane Remodeling in Human Neutrophilic 
Dermatoses. American Journal of Pathology 2017, 187, 1893-1906, 
doi:10.1016/j.ajpath.2017.04.008. 

58. Yao, Y.; Chen, Z.L.; Norris, E.H.; Strickland, S. Astrocytic laminin regulates pericyte 
differentiation and maintains blood brain barrier integrity. Nat Commun 2014, 5, 3413, 
doi:10.1038/ncomms4413. 

59. Dijkstra, C.D.; Dopp, E.A.; Joling, P.; Kraal, G. The heterogeneity of mononuclear 
phagocytes in lymphoid organs: distinct macrophage subpopulations in rat recognized 
by monoclonal antibodies ED1, ED2 and ED3. Adv Exp Med Biol 1985, 186, 409-419, 
doi:10.1007/978-1-4613-2463-8_50. 

60. The Human Protein Atlas. Availabe online: https://www.proteinatlas.org/ (accessed on  
61. Graeber, M.B.; Lopez-Redondo, F.; Ikoma, E.; Ishikawa, M.; Imai, Y.; Nakajima, K.; 

Kreutzberg, G.W.; Kohsaka, S. The microglia/macrophage response in the neonatal rat 
facial nucleus following axotomy. Brain Res 1998, 813, 241-253, doi:10.1016/s0006-
8993(98)00859-2. 

62. Sabins, N.C.; Taylor, J.L.; Fabian, K.P.L.; Appleman, L.J.; Maranchie, J.K.; Stolz, D.B.; 
Storkus, W.J. DLK1: A Novel Target for Immunotherapeutic Remodeling of the Tumor 
Blood Vasculature. Mol Ther 2013, 21, 1958-1968, doi:10.1038/mt.2013.133. 

63. He, P.; Staufenbiel, M.; Li, R.; Shen, Y. Deficiency of patched 1-induced Gli1 signal 
transduction results in astrogenesis in Swedish mutated APP transgenic mice. Hum Mol 
Genet 2014, 23, 6512-6527, doi:10.1093/hmg/ddu370. 

 
 
  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 March 2021                   doi:10.20944/preprints202103.0219.v1

https://www.proteinatlas.org/
https://doi.org/10.20944/preprints202103.0219.v1


Table 1 Summary of proteins discussed in this article and the selected cell types which express 
them. 

 
 
  

Marker PC VSMC EC PVM Source 

CD163 − − − + [23,24,26,59]  

CD11b − − − + [60] 

Vimentin − − +/− + [17,21,61]  

NG2 +/− − − +/− [25,27] 

CD206 − − − +/− [23,26] 

CD68 − − − + [23,26] 

CD13 + + − − [28,45]  

CD31 − − + − [28,45] 

GGTP + − − − [33] 

Netrin-1 + + − − [7] 

PDGFRB + + − − [28,39,40,45] 

SMA +/− + − − [20,45,51,53,54] 

Desmin +/− +/− − − [45] 

CD146 + + +/− − [41,45] 

Nestin +/− − − − [45] 

Tbx18 + + − − [44] 

MYH11 − + − − [45,48] 

Neuro Trace 500/525 + − − − [47] 

DLK1 +/− − − − [45,60,62] 

RGS5 + + − − [60,63] 

KIR6.1 + + + − [60,63] 

CD274 +/− + + + [45,60] 
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Figure 1. Luxol fast blue staining of a formalin-fixed paraffin-embed corpus callosum tissue 
section from a middle-aged female MS patient shows a demyelinating lesion which is circled 
with a dashed line (a). A serial section was then stained with anti-PDGFRB-AF488, anti-SMA-
AF647, anti-laminin-111/211-BV480, and anti-myelin-Cy3 and examined under confocal 
microscopy. The number of PC1- and PC2-associated vessels were counted in 5 lesion and 5 
NAWM frames at 40x and the %PC2 was calculated and indicated that there was a higher %PC2 
in the lesion than NAWM (b). Regions of interest (ROIs) were established by outlining the PC1- 
and PC2-associated vessels from five 40x frames within the lesion and NAWM. The MPI of 
laminin-111/211 and myelin staining was quantified in each ROI using ImageJ to determine that 
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PC2-associated vessels correlated with lower laminin-111/211 and myelin than PC1-associated 
vessels regardless of lesion association (c,d). A correlation between the laminin-111/211 and 
myelin MPI between each ROI showed that there was a strong positive correlation between 
laminin-111/211 and myelin and that PC2-associated vessels fell only on the low end of that 
association (e). Graphs with statistical analysis were generated using GraphPad Prism: 
*=p<0.05, **=p<0.01.  
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