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Abstract

Lax phenotypic characterization of these morphologically distinct pericytes has delayed our 

understanding of their role in neurological disorders. We herein establish markers which uniquely 

distinguish different subpopulations of human brain microvascular pericytes and characterize them 

independently from cerebrovascular smooth muscle cells. Furthermore, we begin to elucidate the 

roles of these subsets in blood-brain barrier (BBB) breakdown by studying natural aging and 

simian immunodeficiency virus (SIV) infection in rhesus macaques. We demonstrate that the main 

type-1 pericyte subpopulation in the brain of young uninfected adults is positive for platelet-

derived growth factor receptor-β (PDGFRB) and negative for α-smooth muscle actin (SMA) and 

myosin heavy chain 11 (MYH11), while PDGFRB+/SMA+/MYH11− (type-2) pericytes are found 

more frequently in older adults and are associated with SIV infection and progression. 
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Interestingly, we find a strong positive correlation between the degree of BBB breakdown and the 

percentage of type-2 pericytes regardless of age or SIV status. Taken together, our findings suggest 

that type-2 pericytes may be a cellular biomarker related to BBB disruption independent of disease 

status.
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1. Introduction

The blood-brain barrier (BBB) is responsible for maintaining the tightly controlled brain 

environment which neurons and other support cells require to function optimally. Consisting 

of endothelial cells held together by tight junction proteins (TJPs), pericytes surrounded by 

the basement membrane, and astrocytic endfeet, the BBB is a complex network of cells that 

collaborate to form a selectively permeable membrane allowing necessary nutrients into the 

brain and keeping blood proteins and other toxins out (Persidsky et al., 2006; Zhao et al., 

2015). Pericytes play multiple roles within the BBB, acting not only as a secondary barrier 

beyond endothelial cells, but also as environmental sensors and regulators (Armulik et al., 

2010; Krueger and Bechmann, 2010). During angiogenesis in the brain, pericytes are 

essential for recruiting astrocytes and initiating the production of basement membrane 

proteins which solidify the BBB (Balabanov and Dore-Duffy, 1998; Jeon et al., 1996; 

Stratman et al., 2010). Further, evidence suggests that they are involved in the production of 

netrin-1 which is essential for the sonic hedgehog pathway-induced production of TJPs 

(Bohannon et al., 2019; Podjaski et al., 2015). Pericytes are also highly sensitive to changes 

in the BBB microenvironment allowing them to adjust regulatory mechanisms to maintain 

BBB homeostasis under mild pathological conditions (Armulik et al., 2010; Sweeney et al., 

2016).

In incidences when the pathological strain becomes too great, however, pericyte loss has 

been noted and has been shown to have a significant detrimental impact on BBB heath. A 

loss of pericytes from the BBB has been shown to significantly increase the amount of blood 

extravasating into the brain parenchyma (Armulik et al., 2010; Nakazato et al., 2017; 

Sengillo et al., 2013; Villasenor et al., 2017). In addition, studies in cell cultures and 

transgenic mouse models have shown that a loss of pericytes or pericyte function results in a 

reduction in TJPs, an increase in cellular migration across the BBB, and a loss of basement 

membrane proteins (Armulik et al., 2010; Wang et al., 2012).

While these mouse models of complete pericyte deficiency are extreme and not known to 

occur in humans, morphological abnormalities of human pericytes in many neuropathologies 

are prevalent throughout literature. Abnormal brain pericyte morphology has been shown in 

diseases from human immunodeficiency virus (HIV) to neutrophilic dermatosis to natural 

aging (Castejon, 2011; Lauridsen et al., 2017; Peters and Sethares, 2012). These 

morphologically abnormal pericytes often appear hypertrophied, contain dark granules and 

are found in regions of the BBB that have undergone basement membrane remodeling 

Bohannon et al. Page 2

Neurobiol Aging. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Bohannon et al., 2019; Lauridsen et al., 2017; Peters and Sethares, 2012). Currently, 

however, there is no clear consensus about the nature or function of these morphologically 

distinct pericytes. We sought to establish markers which uniquely distinguish different 

subpopulations of the primate CNS microvasculature and began to assess their impact on 

BBB functionality.

2. Materials and methods

2.1. Human brain tissue

Formalin-fixed paraffin-embedded (FFPE) human brain tissues containing Brodmann area 

10 (BA10) were obtained from the NIH NeuroBioBank, sectioned and mounted as 5-μm 

thick sections on glass slides. A total of three young adult (20–35 years) and three aged adult 

(Fuller et al., 2004) unaffected control patients were used in this study (Table 1a). The study 

was determined to be “Not Human Subjects Research” by the Institutional Review Board of 

Eastern Virginia Medical School (IRB # 18-04-NH-0103).

2.2. Animal cohorts

This study was performed using archived FFPE tissue blocks of the frontal cortex from 40 

rhesus macaques (Macaca mulatta) that were housed and euthanized at the Tulane National 

Primate Research Center (TNPRC) in accordance with Tulane University’s IACUC 

regulations and TNPRC endpoint policies. Both males and females were used for uninfected 

juveniles (n = 10, age: 0–3.99 year), uninfected young adults (n = 10, age: 4–11 years), and 

uninfected aging adults (n= 10, age: 17–30 years) macaques (Table 1b). Five uninfected 

young adult males were used when comparing simian immunodeficiency virus (SIV)-

infected macaques without encephalitis (SIVnoE) (n = 5, age: 4–11 years), and SIV-infected 

with encephalitis (SIVE) (n = 5, age: 4–11 years), all of whom were male (Table 1b). SIV 

infection was achieved through intravenous injection of SIVmac251 and SIVE animals were 

CD8 depleted to achieve rapid progression of encephalitis. SIVE status was determined by 

the presence of SIV Gag proteins in the brain, accumulation of macrophages, and the 

presence of multinucleated giant cells.

2.3. Immunofluorescence microscopy

Immunofluorescence (IF) microscopy was performed using the antibodies listed in Table 2 

with validation using negative and positive controls. Briefly, sections underwent 

deparaffinization by overnight incubation at 60ºC prior to serial xylene and rehydrating 

ethanol baths. Antigen retrieval pre-treatment was performed with citrate-based antigen 

unmasking solution (Vector Laboratories) in the microwave for 20 min. After cooling in 

solution for 20 min, slides were dipped in distilled water and washed in phosphate-buffered 

saline (PBS) with 0.2% fish skin gelatin (FSG) (PBS/FSG). Sections were then 

permeabilized with PBS/FSG containing 0.1% Triton X-100 for 1 h before a pair of 

PBS/FSG washes. Sections were then blocked in 5% goat serum for 30 min to 1 h before 

immediate application of the primary antibody diluted in PBS/FSG as specified in Table 2 

for 1 h. After a series of PBS/FSG baths the desired secondary antibody was applied for 1 h 

and another round of PBS/FSG baths were performed. Subsequent primary and secondary 

antibodies were added as described above to achieve two- to five-color IF staining. After the 
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final secondary antibody, a set of PBS/FSG washes was performed followed by a dip in 

distilled water before the sections were soaked in 10mM CuSO4 for 45 min. The slides were 

then returned to distilled water before being mounted using a glass coverslip and Aqua-

Mount mounting medium (Thermo Scientific).

Fluorescent microscopy images were taken on a Zeiss Axio Observer .Z1 fluorescent 

microscope with a 40x oil emersion objective. Zeiss AxioVision 4.9.1 edition was used to 

capture and merge images. Confocal images were taken with a Zeiss 880 Laser scanning 

confocal microscope with a 63x or 100x oil emersion objective. ZenBlack and ZenBlue 

programs were used to capture and merge images.

2.4. Quantitative analysis

Quantitative analysis was performed using ImageJ. The inner (luminal) diameter was 

measured as the shortest distance between the inside edges across each vessel through the 

center point of the lumen using the ImageJ linear measure tool. The percentage of pericytes 

that are type-2 pericytes was determined by observing 100 pericytes in random fields for 

each animal and counting the numbers of type-1 and type-2 pericytes present in each. The 

percentage of vessels with fibrinogen extravasation was determined as shown previously by 

measuring the pixel intensity of glucose transporter 1 (GLUT1) and fibrinogen using dual 

overlay histograms to determine whether fibrinogen exists outside of the GLUT1+ vessel 

peaks for each of 25 microvessels (<10 um diameter) per animal (9, 18). Mean pixel 

intensity (MPI) of claudin 5 was determined by selecting an area encompassing pericytes 

and endothelial cells in ImageJ and measuring the MPI of claudin 5 using a pre-established 

threshold limit to eliminate background evenly for all images. No lesion-associated vessels 

in SIV infected animals were used in this study.

2.5. Statistical analysis

GraphPad Prism 7.2 was used to produce graphs and perform statistical analysis. Statistical 

tests performed are included in each figure legend and significant p-values are represented 

on the graph by asterisks. Linear regression r2 values and p values are on each applicable 

graph. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001, **** denotes p < 

0.0001.

3. Results

3.1. Distinct SMA-positive cells observed in microvasculature of aging human brain

The precise definition of pericytes has been a subject of debate in the field for many years. A 

vast multitude of human pericyte markers are used such as CD13, CD146, desmin, nestin, 

NG2, platelet-derived growth factor receptor β (PDGFRB), and α-smooth muscle actin 

(SMA), but none of these specifically distinguish pericytes from endothelial cells or smooth 

muscle cells (SMCs) (Attwell et al., 2016; Guillemin and Brew, 2004). In particular, the 

presence of SMA in microvascular pericytes has been widely debated (Alarcon-Martinez et 

al., 2018; Attwell et al., 2016; Grant et al., 2019; Guillemin and Brew, 2004; Hartmann et 

al., 2015; Herman and D’Amore, 1985). Traditionally, it was thought that all perivascular 

cells with SMA were SMCs, but many report SMA+ cells around vessels of less than 10 μm 
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in luminal diameter, a microvascular sub-niche which is considered to be surrounded by 

pericytes not SMCs (Alarcon-Martinez et al., 2018; Attwell et al., 2016; Hartmann et al., 

2015). Many explanations for this discrepancy have been suggested, but one possible 

explanation is that these SMA-positive and -negative vascular cells represent two distinct 

subpopulations of pericytes. When we examined both the changes in BBB integrity and 

morphological changes in the BBB in the BA10 of aging humans, we found two 

morphologically distinct subpopulations of PDGFRB+ cells around vessels less than 10 μm 

in luminal diameter. Interestingly, while young adults displayed primarily PDGFRB+SMA− 

pericytes in the brain, aging adults showed a significantly higher percentage of PDGFRB+ 

hypertrophic microvascular cells that express SMA (Fig. 1). Considering that BBB 

breakdown occurs during natural human aging, we sought to investigate if these PDGFRB

+SMA+ microvascular cells represent a distinct subtype of pericytes that might play a role in 

BBB disruption (Farrall and Wardlaw, 2009; Montagne et al., 2015). The paucity of autopsy 

brain tissue from uninfected normal healthy subjects prompted us to use nonhuman primates 

(NHP) as an animal model of human aging and brain aging. The use of NHP in all 

subsequent experiments also enabled us to closely investigate age-dependent changes in 

pericytes and BBB over the course of lifespan similar to that of humans.

3.2. Type-2 pericytes are SMA-positive, but -negative for other smooth muscle cell 
markers

While pericytes have been classically defined as PDGFRB-positive, SMA-negative cells, 

and SMCs have been defined as double-positive cells, modern literature suggests that 

differentiating between these two cell types is much more complicated and that a distinct 

division is often hard to achieve (Boado and Pardridge, 1994; Dore-Duffy and Cleary, 2011; 

Skalli et al., 1989; Verbeek et al., 1994). Both pericytes containing SMA and subgroups of 

hybrid SMC-pericyte cells have complicated the task of differentiating pericytes and SMCs 

in vivo (Crisan et al., 2009; Hartmann et al., 2015; Skalli et al., 1989). It is, therefore, 

important not only to identify markers that specifically distinguish PDGFRB+/SMA− type-1 

pericytes (PC1) and PDGFRB+/SMA+ type-2 pericytes (PC2), but also to firmly 

demonstrate that neither of these cell subtypes are SMCs and establish markers which can be 

used to differentiate them in vivo. A smooth muscle myosin (myosin-11, MYH11) 

belonging to the myosin heavy chain family is exclusively expressed in SMCs and a recent 

RNA-seq study comparing the transcriptomic profile of SMCs and pericytes isolated from 

the rat brain demonstrated that myosin-11 mRNA was highly specific for brain SMCs 

(Chasseigneaux et al., 2018; Kumar et al., 2017). Therefore, we sought to investigate if this 

specifically marks brain SMCs in rhesus macaques. Triple IF staining demonstrated that PC1 

were PDGFRB+/SMA−/MYH11−, while PC2 were PDGFRB+/SMA+/MYH11−, and 

SMCs were PDGFRB+/SMA+/MYH11+ (Fig. 2a-c). PC1 and PC2 are often found on 

microvessels of equivalent branching order, indicating that they coexist on CNS vessels of 

the same type, size, and location (Fig. 2d). Historically, the size of the vessel with which a 

perivascular cell is associated has been a criterion used to differentiate SMCs and pericytes 

with pericytes being associated with vessels smaller than 10 μm in luminal diameter in 

humans and NHP and SMCs being associated with larger vessels (arteries and arterioles) 

(Attwell et al., 2016; Grant et al., 2019; Hartmann et al., 2015). Vessels associated with PC2 

have a similar luminal diameter to vessels associated with PC1 that is less than 10 μm, while 

Bohannon et al. Page 5

Neurobiol Aging. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



vessels associated with SMCs have significantly larger average luminal diameter (Fig. 2e). A 

recent study identified mural cells, with a mixed phenotype of SMCs and pericytes, which 

are located at the junction between the arterioles and the precapillary arterioles (Grant et al., 

2019; Hartmann et al., 2015). These “smooth muscle-pericyte hybrid cells” do not fit the 

characterization of PC2 that include its coverage of vessels as small as 3 μm in luminal 

diameter (data not shown). We, therefore, believe that PC2 are a subset of classical 

microvascular pericytes and not SMC-pericyte hybrid cells (Grant et al., 2019; Hartmann et 

al., 2015).

3.3. Percentage of type-2 pericytes increases with age and BBB breakdown

Having established reliable markers to differentiate PC1, PC2, and SMCs, we sought to 

investigate whether the proportions of brain PC2 are increased with aging in rhesus 

macaques in support of our findings in the human pre-frontal cortex. For this, we looked at 

the percentage of PC2 among total PDGFRB+ microvascular pericytes (%PC2) in the frontal 

cortex of juvenile, young adult and aging rhesus macaques. We found a significant positive 

correlation between age and %PC2, indicating the %PC2 increases with age (Fig. 3a). 

Similarly, we found that the percentage of vessels demonstrating fibrinogen extravasation, an 

indicator of BBB breakdown, showed a strong positive correlation to age (Fig. 3b). The 

percentage of CNS microvessels with fibrinogen extravasation was positively correlated with 

the %PC2 in rhesus macaques, suggesting that PC2 may contribute to BBB breakdown 

natural aging (Fig. 3c).

3.4. Type-2 pericytes are less BBB supportive than type-1 pericytes

The relationship between PC2 and BBB breakdown motivated us to examine levels of 

fibrinogen extravasation between vessels with PC1 and PC2 coverage (Fig. 4a). While less 

than 20% of the microvessels associated with PC1 showed fibrinogen extravasation, more 

than 80% of the microvessels associated with PC2s showed fibrinogen extravasation, and no 

significant differences were found in the proportions of microvessels associate with PC2 

demonstrating fibrinogen extravasation across age groups (Fig. 4b,c). This suggests that an 

increase in fibrinogen extravasation may be dependent upon an increased number of PC2 

rather than an increased likelihood for a PC2-associated vessel to display fibrinogen 

extravasation. One possible reason for this increase in fibrinogen extravasation in vessels 

with PC2 coverage is a reduction in signaling cascades necessary for the production of TJPs. 

In fact, claudin 5 immunoreactivity was decreased in PC2 and their associated vessels 

compared to PC1s, but maintained consistent expression amongst PC2 and associated 

vessels of different age groups (Fig. 4d-f). Collectively, this suggests that PC2 are less BBB 

supportive than PC1 and that the changes in BBB stability seen with aging are likely 

associated with the increased %PC2 in aged individuals.

3.5. Increase in %PC2 also occurs after SIV infection as a general response to BBB 
breakdown

To determine whether an increased %PC2 is specific to the neuropathological model of 

aging, we studied the %PC2 in uninfected (UI) and SIV-infected young adult rhesus 

macaques with or without SIVE (Table 1b), an NHP model of HIV infection. The %PC2 

was significantly higher in the SIVE group than in each of the 2 other young adult groups 
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(UI and SIVnoE). SIVnoE animals had a significantly higher %PC2 than uninfected animals 

(Fig. 5a). Similarly, fibrinogen extravasation was significantly increased in the SIVE group 

compared to both UI and SIVnoE groups, and neither the percentage of vessels with 

fibrinogen extravasation nor MPI of claudin 5 changed within PC2 by group (Fig. 5b-d). The 

significant positive correlation between the percentage of vessels with fibrinogen 

extravasation and the %PC2 persisted even when the aging cohorts and SIV cohorts are 

combined indicating that the correlation between fibrinogen extravasation and %PC2 is not 

an artifact of aging or an effect of SIV infection, but a more global indicator of BBB 

disruption (Fig. 5e).

4. Discussion

The presence of morphologically abnormal pericytes in association with aging has been 

described throughout literature, but these cells have never been independently classified as a 

subset of classical pericytes, nor have appropriate markers been assigned to identify their 

presence in vivo. Previously, we showed that hypertrophied pericytes were strongly localized 

in areas with fibrinogen extravasation indicative of BBB disruption (Bohannon et al., 2019). 

In the current study, by determining markers specific to PC1, PC2, and SMCs, we have 

established a mode by which these cells can be studied and their impact on BBB support or 

breakdown more thoroughly understood. We have sought to investigate how the presence of 

PC2 is associated with natural aging and CNS infection using SIV as a model. We herein 

show that while %PC2 is positively correlated to both age and SIV infection, %PC2 is 

strongly correlated to the degree of BBB breakdown independently of age or disease. Since 

the BBB is known to break down in both natural aging and SIV infection, we propose that 

the increase in %PC2 is directly tied to the increase in fibrinogen extravasation instead of 

being an artifact of any specific model of disease. This could be due to the decreased 

production of TJPs seen in PC2-associated vessels or due to other changes in BBB 

regulatory pathways which we have not yet studied. Ultimately, we speculate that PC2 have 

an intrinsic dysregulation of BBB-supporting pathways compared to PC1 and they play a 

primordial role in the development of age-related neurocognitive decline and cognitive 

impairment in patients with Alzheimer’s disease and HIV-associated neurocognitive 

disorders.

While a wide variety of pericyte markers are commercially available, their expression status 

in PC1 and PC2 cells is not yet known. Here, we demonstrate that PDGFRB, SMA, and 

MYH11 provide a successful combination for positively identifying these subsets in vivo. 

While other markers may also prove useful, the practicality of other commercially available 

pericyte markers may be limited. For example, desmin is a nuclear stain which increases the 

likelihood of a pericyte being misidentified at lower resolution or magnification levels. 

Similarly, while CD13 is a very popular pericyte marker, its presence has been shown in 

endothelial cells and therefore does not resolutely identify pericytes or their subsets 

(Bhagwat et al., 2001). In addition, many pericyte markers have been shown to occur in 

“High”, “Medium”, or “Low” levels on various pericyte, endothelial, and SMC subsets, 

which requires a certain amount of subjectivity when determining the identity of a cell in 

vitro or in vivo (Kumar et al., 2017). The use of PDGFRB, SMA, and MYH11 in concert 

provides a set of whole-cell, pericyte-specific markers, which are non-subjective and 
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distinguish PC1 and PC2 from SMCs. While it is unclear where PC2 originate from, our 

results suggest that PC2 are pericytic rather than of SMCs. PC2 become more abundant 

under pathological conditions, and they may play a distinct role in BBB maintenance and 

breakdown, making them an important cell population to study in relation to neurovascular 

health and disease.

The present study may help reveal functional differences between PC1 and PC2 in 

neurovascular health and disease. While we were able to show that both PC1 and PC2 are 

present of cerebral microvasculature of the same branching order, PC2 express α-SMA, a 

contractile actin isoform in found in SMCs around larger vessels. The presence of SMA 

could potentially indicate pericytes with contractile activity, which, in vessels smaller than 

10 um in luminal diameter, may lead to the increased fibrinogen extravasation observed 

when ischemia occurs (Costa et al., 2018; Fernandez-Klett and Priller, 2015). Further 

research is warranted to determine the extent to which PC2 affect the microvasculature and 

to what degree they functionally differs from PC1. Establishing a system to differentiate 

them is the first fundamental step in achieving this goal.

This work provide a novel conceptual platform to explain functional differences between 

PC1 and PC2 in human and rhesus macaque tissues. Due to the strong positive correlation 

between %PC2 and BBB breakdown measured by fibrinogen extravasation, we propose that 

%PC2 can be used as an in situ biomarker for BBB breakdown. We speculate that PC1 are 

becoming PC2 under pathogenic conditions and intend to investigate whether this transition 

releases biomarkers which could be peripherally identified. Markers which are released 

during this shift and are measurable in the cerebrospinal fluid or serum could act as 

clinically relevant biomarkers to measure BBB breakdown. Further investigation of this 

unique subset of pericytes which are found in areas of BBB breakdown could lead to a 

deeper understanding of how BBB disruption occurs and provide new targets for diagnosis 

or treatment of patients suffering from neurodegenerative disorders.

5. Conclusions

We herein demonstrate the presence of PC2, a distinct subset of pericytes, which are 

hypertrophic and are almost exclusively found in areas containing fenestrated microvessels. 

PC2 are associated with vessels with less claudin-5 coverage and more fibrinogen 

extravasation than PC1 in both aging and SIV infection models. The results suggest that PC2 

may play an important role in the development of BBB instability and that PC1-to-PC2 

transition may be a physiologically more relevant phenomenon during BBB breakdown to 

study than pericyte loss.
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Highlights:

• Identified a distinct subset of pericytes, PC2, which are found on CNS 

microvessels.

• The proportion of PC2 increases with age and SIV infection status.

• PC2 are associated with disrupted BBB and decreased expression of 

claudin-5.
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Figure 1. Distinct secondary pericyte morphology increasingly present in aging human 
prefrontal cortex
Double IF for PDGFRB (red) and SMA (green) reveals two distinct pericyte morphologies 

in both young adult (a) and aged adult (b) human brain sections. Aged adults had 

significantly more PDGFRB+/SMA+ pericyte-associated vessels than young adults (c). 

Error bars denote standard deviation. An un-paired t-test was performed (c).
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Figure 2. Phenotyping of pericyte and smooth muscle cell populations in the brain of uninfected 
young adult rhesus macaques
Triple immunofluorescent imaging of PC1, PC2, and SMCs for PDGFRB (red), SMA 

(green) and MYH11 (blue) distinguishes three distinct phenotypes between the three 

populations (a-c). PC1s are PDGFRB+ SMA− and MYH11− (a) while PC2 are PDGFRB+ 

SMA+ and MYH11− (b). Only SMCs are positive for all three markers (c). A four-color IF 

image, with an overlay of differential interference contrast image (grey), for GLUT1 (white), 

PDGFRB (red), SMA (green), and MYH11 (cyan) shows a branching microvessel with a 

PC1 on one arm or the branch and a PC2 on the other and no MYH11+ SMCs present on 
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either arm. PC1− and PC2-associated vessel branches are 5 um in luminal diameter and 

equivalent in branching order and size (d). Vascular luminal diameter associated with PC1 

and PC2s showed no significant difference, while vessels with SMC coverage are 

significantly larger in luminal diameter (e). Error bars denote standard deviation. A one-way 

ANOVA was performed (e).
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Figure 3. Percentage of PC2 and fibrinogen extravasation increase with age
The percentage of measured pericytes which were PC2 is significantly positively correlated 

to the age of the animal (a). The percentage of measured vessels demonstrating fibrinogen 

extravasation is significantly positively correlated to the age of the animal (b). A significant 

positive correlation exists between the percent of vessels with PC2 coverage and the percent 

of vessels with fibrinogen extravasation in each animal measured (c). All points on the 

graphs depict one animal (a-c). Linear regressions were performed between all three groups 

(a-c).
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Figure 4. PC2 show reduced BBB angiogenic function independent of age
A representative five color IF image of a PC2 vessels in an aged rhesus macaque shows 

endothelial cells with GLUT1 (cyan), pericytes with PDGFRB (red) and SMA (green), 

fibrinogen (yellow), and nuclei with DAPI (dark blue) demonstrating fibrinogen leaking 

from a discontinuous endothelial layer and spilling out into the PC2 layer (a). Vessels with 

PC2 coverage were found to be significantly more likely to have fibrinogen extravasation 

than vessels with PC1 coverage via triple immunofluorescence dual overlay histograms (b). 

There was no significant difference in the instance of fibrinogen extravasation in PC2 
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vessels according to age group (c). Triple immunofluorescence microscopy images of PC1 

(top) and PC2 (bottom) vessels with PDGFRB (red) SMA (green) and claudin 5 (blue) 

demonstrating differential levels of claudin 5 expression (d). Vessels with PC2 coverage 

were found to have significantly lower levels of claudin 5 immunoreactivity when compared 

to PC1 associated vessels (e). MPI of claudin 5 for PC2 vessels did not change significantly 

between age groups (f). Arrowheads denote claudin 5 positive areas on pericytes (d). Error 

bars denote standard deviation. An unpaired t-test was performed (b,e) and a one-way 

ANOVA was performed (c,f).
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Figure 5. Percentage of PC2s and fibrinogen extravasation increase with SIV infection
The percentage of measured pericytes which were SMA+ PC2 is significantly higher in 

SIVnoE and SIVE animals than their age and gender matched uninfected counterparts (a). 

The percentage of measured vessels demonstrating fibrinogen extravasation is significantly 

higher in SIVE animals than uninfected age- and gender-matched counterparts (b). There 

was no significant difference in the instance of fibrinogen extravasation or MPI of claudin 5 

in PC2 vessels according to disease status (c-d). There is a significant positive correlation 

between the % of vessels with fibrinogen extravasation and the % of pericytes which are 
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PC2 independent of age or disease status when all groups are combined (e). Each point on 

the graph depicts one animal (e). Error bars denote standard deviation. A one-way ANOVA 

was performed (a-d) and a linear regression was performed between all 5 groups (e).

Bohannon et al. Page 19

Neurobiol Aging. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bohannon et al. Page 20

Table 1.

Human materials used in study (a). Animals used in study (b).

A.

Human ID Group Age Gender

HCT17HEO Young Uninfected Adult 34 Male

HCT15HAW Young Uninfected Adult 22 Male

HCT17HEV Young Uninfected Adult 30 Female

HCTZA Aged Uninfected Adult 79 Female

01965 Aged Uninfected Adult 63 Female

01640 Aged Uninfected Adult 63 Male

B.

Macaque ID Group Age Gender

12A448 Uninfected Juvenile 0.36 F

12A447 Uninfected Juvenile 0.37 F

16A499 Uninfected Juvenile 0.45 M

15A524 Uninfected Juvenile 0.5 F

12A006 Uninfected Juvenile 0.52 F

15A313 Uninfected Juvenile 1.99 M

15A312 Uninfected Juvenile 2.96 M

14A342 Uninfected Juvenile 3.23 F

16A059 Uninfected Juvenile 3.86 M

14A311 Uninfected Juvenile 3.95 M

14A351 Young Uninfected Adult 4.02 F

14A325 Young Uninfected Adult 4.09 F

11A023 Young Uninfected Adult 4.69 M

11A014 Young Uninfected Adult 4.77 M

11A313 Young Uninfected Adult 5.02 M

11A635 Young Uninfected Adult 5.41 M

16A062 Young Uninfected Adult 5.81 F

18A087 Young Uninfected Adult 7.86 M

18A039 Young Uninfected Adult 8.73 M

11A314 Young Uninfected Adult 8.99 M

17A517 Aged Uninfected Adult 17.21 F

17A029 Aged Uninfected Adult 17.83 M

17A397 Aged Uninfected Adult 18.97 F

16A070 Aged Uninfected Adult 22.83 F

17A059 Aged Uninfected Adult 23.75 F

#352 Aged Uninfected Adult 26 M

17A195 Aged Uninfected Adult 26.03 F

17A193 Aged Uninfected Adult 26.07 F
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A.

Human ID Group Age Gender

17A196 Aged Uninfected Adult 26.15 F

17A424 Aged Uninfected Adult 29.12 M

10A067 SIV with Encephalitis 5.7 M

11A554 SIV with Encephalitis 10.28 M

11A562 SIV with Encephalitis 5.15 M

13A400 SIV with Encephalitis 5.96 M

10A786 SIV with Encephalitis 10.68 M

11A023 SIV without Encephalitis 4.69 M

11A014 SIV without Encephalitis 4.77 M

11A313 SIV without Encephalitis 5.02 M

11A635 SIV without Encephalitis 5.41 M

11A314 SIV without Encephalitis 8.99 M
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Table 2.

Antibodies used in this study.

Antibody Clone Ig Type Manufacturer Catalog Dilution

Claudin 5 N/A Rabbit IgG Springer E3754 1:250

Fibrinogen N/A Rabbit IgG Abcam Ab58207 1:100

GLUT1 SPM498 Mouse IgG2a Thermo MA1-37783 1:200

MYH11 N/A Rabbit IgG Sigma HPA015310 1:30

PDGFRB Y92 Rabbit IgG Abcam ab32570 1:20

PDGFRB Y92 Rabbit IgG AF594 Pre-Conjugated Abcam ab206872 1:10

SMA D4K9N Rabbit IgG AF488 Pre-Conjugated Cell Signaling 34105S 1:100

AF594 N/A Multiple Thermo Multiple 1:500

AF488 N/A Multiple Thermo Multiple 1:500

BV480 N/A Goat anti-Rabbit H+L Jackson Immuno 111658144 1:200

CF350 N/A Goat anti-Mouse IgG1 Biotium 20245 1:500
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