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Abstract  

Cerebral blood flow is important for the maintenance of brain function and its dysregulation 

has been implicated in Alzheimer’s disease (AD). Subpopulations of microglia have well-

characterised associations with the vasculature in the central nervous system but the precise 

relationship between microglia and cells which exist on the vasculature is not yet clear. In this 

study we explored the relationship between microglia and pericytes, a vessel-resident cell type 

that has a major role in the regulation of cerebral blood flow and maintenance of the blood 

brain barrier. Using fixed tissue sections and in vivo live imaging, we discovered a subset of 

microglia that closely associated with pericytes, termed PEricyte-associated Microglia (PEM). 

PEM are present throughout all regions of the brain and spinal cord in NG2DsRed x 

CX3CR1+/GFP mice, and in the human frontal cortex. They reside adjacent to pericytes at all 

levels of the capillary tree and can maintain their position for at least 28 days. PEM associate 

with pericytes lacking astroglial endfeet coverage but are segregated from pericytes by 

capillary basement membranes and capillary vessel width is similarly increased beneath 

pericytes with or without an associated PEM. Deletion of the microglia fractalkine receptor 

(CX3CR1) did not disrupt the association between pericytes and PEM, suggesting the 

association is not reliant on fractalkine signalling. Finally, we found that the proportion of 

microglia that are capillary-associated and PEM declines in the superior frontal gyrus (SFG) in 

AD, which is exacerbated by the APOE ε3/ε4 genotype. In summary, we identify and 

characterise a subpopulation of microglia that specifically associate with pericytes and find this 

population is reduced in the SFG in AD. This reduction may be a novel mechanism contributing 

to vascular dysfunction in diseases such as AD.   
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Abbreviations: 2PLSM = two-photon laser scanning microscopy; Aβ = Amyloid beta; AD = 

Alzheimer’s disease; ANOVA = Analysis of variance; APOE = Apolipoprotein E; ARRIVE = 

Animal Research: Reporting of In Vivo Experiments; AQP4 = aquaporin-4; CAM = Capillary-

associated microglia; Cy5 = Cyanine 5; CX3CL1 = C-X3-C Motif Chemokine Ligand 1; 

CX3CR1 = C-X3-C chemokine receptor 1; DAPI = 4′,6-diamidino-2-phenylindole; FITC = 

Fluorescein isothiocyanate; GFP = Green Fluorescent Protein; IBA1 = Ionized calcium binding 

adaptor molecule 1; KO = Knockout; NHMRC = National Health and Medical Research 

Council; NIA = National Institute on Aging; NIH = National Institutes of Health; OME TIFF 

= Open Microscopy Environment Tag Image File Format; PBS = phosphate buffered saline; 

PDGFRβ = Platelet-derived growth factor receptor beta; PEM = Pericyte-associated microglia; 

PFA = Paraformaldehyde; ROI/s = Region/s of interest; ROUT = Robust regression and outlier 

removal; RT = Room temperature; SFG = Superior frontal gyrus; TRITC = 

Tetramethylrhodamine; UEA-1 = Ulex Europaeus Agglutinin I 
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Introduction 

Microglia are highly ramified, dynamic cells that contribute to homeostatic functions including 

structural plasticity, synaptic plasticity, neurite formation, myelination and vasculogenesis1-3. 

Microglia are also central players in the innate immune system of the central nervous system 

(CNS), rapidly responding to challenges to the CNS and playing important roles in the initiation 

of inflammation, removal of debris and promotion of various CNS recovery mechanisms3. A 

subpopulation of microglia are known to have a close relationship with the vasculature during 

CNS development and in adulthood4-8, with these microglia having been variously termed 

“vascular satellites7,9,10”, “perivascular microglia7,9,11”, “juxtavascular microglia9,12,13”, 

"vessel-associated microglia14”, and more recently “capillary-associated microglia (CAM)15”. 

Given a subset of microglia reside adjacent to vessels, microglia may play a role in blood vessel 

function and maintenance. In support of this, recent studies have illustrated that ablation of 

microglia triggers capillary dilation15 and impairs evoked blood flow changes following 

stimulation15,16. The mechanisms governing their contribution to these functions are not yet 

clear, but it is possible they influence blood flow indirectly through pericytes15,17. Pericytes are 

cells embedded on the walls of capillaries throughout the body18,19 and are well characterised 

as modulators of cerebral blood flow20. However, little is known about the relationship between 

microglia and pericytes. Early reports confused the two cell types due to their close spatial 

relationship21 and a collection of evidence suggests pericytes may differentiate into 

microglia7,22,23. Outside of these findings, it is not known how often microglia and pericytes 

are spatially associated, or whether any spatial association between the two cell types may 

serve a functional purpose.  

As many as 80% of individuals diagnosed with Alzheimer’s disease (AD) have some level of 

vascular pathology in the brain including microinfarcts and cerebral amyloid angiopathy24. 

Both impaired cerebral blood flow and blood-brain barrier breakdown are also reported to 

occur early in the pathogenesis of AD25. Although the aetiology of vascular alterations in AD 

is unknown, increasing evidence has implicated pericytes in blood flow dysfunction, 

neurodegeneration and cognitive decline in AD26,27. In the human brain, several studies have 

suggested pericytes are susceptible to death in brain regions affected by AD28-30, which would 

hypothetically have detrimental consequences for blood flow regulation. Similarly, a growing 

body of literature has implicated microglia dysfunction as a key feature of AD pathogenesis. 

Several sporadic AD risk genes are highly expressed in microglia31,32, maladaptive microglia 
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over-strip synapses in mouse models of AD33 and sub-populations of microglia adopt specific 

phenotypes in AD34. Given the role pericytes and microglia may play in the pathogenesis of 

AD, any breakdown in a functional association between these two cell types may also influence 

AD pathogenesis.   

In this study, we first investigated the spatial relationship between microglia and pericytes in 

the adult mouse brain and spinal cord. In doing so, we discovered a subset of microglia that 

dynamically interact with pericytes. We have named these cells pericyte-associated microglia 

(PEM). Using in vivo two-photon laser scanning microscopy (2PLSM), we found that PEM 

can maintain their position adjacent to pericytes for at least 28 days in the somatosensory cortex 

and are present at all levels of the capillary vascular tree. In post-mortem human AD tissue, we 

found a lower proportion of microglia that were PEM in the frontal cortex compared to controls, 

despite an increase in the number of pericytes, an effect that was exacerbated in APOE4 

carriers. These results point towards a close relationship between microglia and pericytes that, 

if disrupted, could contribute to the vascular pathogenesis of neurodegenerative diseases, 

including AD. 
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Results 

A subset of microglia are adjacent to capillary pericytes in the 

healthy mouse brain and spinal cord 

Given that there has not yet been a formal investigation of the spatial relationship between 

microglia and pericytes, we first determined if microglia and pericytes reside adjacent to one 

another and how often such associations occur in the healthy brain. To do this, we generated 

NG2DsRed x CX3CR1+/GFP mice to enable robust visualisation of microglia (CX3CR1+/GFP) 

and pericytes (NG2DsRed) in fixed brain tissue (Fig. 1A-B).  

Confocal microscopy of brain tissue sections highlighted two sub-populations of microglia. 

One subpopulation closely associates with capillaries, which we refer to as capillary-associated 

microglia (CAM, Fig. 1A, Supplementary Movie 1) consistent with a previous report15. The 

second is a newly identified subpopulation of microglia that reside directly adjacent to pericytes 

on capillaries (Fig. 1B, Supplementary Fig. 1, Supplementary Movies 2-3). We have termed 

these pericyte-associated microglia (PEM). Both CAM and PEM were observed extending 

processes toward other nuclei, suggesting they may make multiple contacts with blood vessels, 

pericytes and other cell soma in the brain parenchyma simultaneously (Fig. 1A-B, 

Supplementary Fig. 1, Supplementary Movies 1-3). We also frequently observed PEM soma 

exhibiting a curved morphology around pericyte cell bodies (Fig. 1B, L, Supplementary Fig. 

1, Supplementary Movies 2-3, Fig. 3B) and the processes of both PEM and CAM reaching out 

to enfold or contact pericyte cell bodies (Fig. 1B, Fig. 3A, C).  

Quantification revealed a large proportion of microglia were CAM (male = 39.6 ± 4.2%, 

female = 37.5 ± 5.1%, Fig. 1C-D), which is consistent with previous reports15. Next, we 

assessed the proportion of microglia that were PEM, finding in tissue slices ~1 in 15 microglia 

were located adjacent to pericytes (male = 7.2 ± 1.4%, female = 7.3 ± 1.3%, Fig. 1C, E). There 

were no significant differences in the proportion of microglia that were CAM or PEM between 

male and female mice (Fig. 1D-E). To determine whether the proportion of microglia that were 

PEM was higher than would be expected by random chance, we ran simulations to 

mathematically model chance associations between pericytes and microglia. We found the 

percentage of PEM to be ~5 fold more than expected by chance (7.3 ± 1.3% vs. 1.5 ± 0.19%, 

Fig. 1F, Supplementary Fig. 2).  
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To determine if PEM are a ubiquitous feature of the CNS, we expanded our analysis of 

microglia-pericyte associations to also include the caudate putamen, hippocampus, thalamus, 

hypothalamus and the spinal cord (Supplementary Fig. 3). The proportion of microglia that 

were identified as PEM was consistent across all regions assessed (Supplementary Fig. 3B-D), 

though there were some differences in the number of pericytes and microglia and the proportion 

of pericytes with a PEM (Supplementary Fig. 3E-G). Furthermore, we identified the presence 

of both CAM and PEM in the thoracic region of the spinal cord of NG2DsRed x CX3CR1+/GFP 

mice (Supplementary Fig. 3H-L).  

We next replicated and extended this analysis by quantifying the proportion of microglia that 

were CAM and PEM in the upper layers of the somatosensory cortex (layers II/III), using 

images derived from in vivo 2PLSM taken through cranial windows (Fig. 1G). This approach 

allowed us to assess the spatial relationship between pericytes and microglia in three 

dimensions through large z-stacks (~130 μm in depth, Fig. 1H, Supplementary Movie 4). 

Similar to our analysis in fixed tissue, we found that ~2 in every 5 microglia were CAM (39.7 

± 3.2%, Fig. 1I), but that ~1 in every 6 microglia were PEM (18.0 ± 7.0%, Fig. 1J), a higher 

proportion than in our fixed tissue analysis. Regions were manually selected for in vivo imaging 

if they were specifically enriched in PEM, likely partially explaining this difference. Of the 

microglia that were CAM, ~1/3rd of them also met our definition of PEM (31.3 ± 15.7%, Fig. 

1K). We also identified both PEM and CAM in the SFG of post-mortem human tissue (Fig. 

1L, Supplementary Movie 5), illustrating they are conserved across species. 

Given that pericytes reside throughout the entire capillary bed, we used the in vivo 2PLSM 

images to determine if CAM and PEM preferentially reside at specific levels of the vascular 

tree (Fig. 2, Supplementary Fig. 4). CAM, PEM and pericytes were found at every level of the 

vascular tree (Fig. 2B), at both vessel junctions (Fig. 2C) and straight vessel segments 

(Supplementary Fig. 4C), with no clear positional preference. Collectively, these findings 

illustrate that a subset of microglia are directly adjacent to pericytes in the mouse brain and 

spinal cord, as well as the human brain and that they are evenly distributed throughout the 

vascular tree. 
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Microglia associate with pericytes lacking astrocyte endfeet 

coverage  

It has previously been demonstrated that microglia associate with vessels lacking astrocyte 

endfeet coverage13,15. We confirmed this by showing CAM contacting blood vessels lacking 

AQP4 labelling in the somatosensory cortex of 12-week-old NG2DsRed x CX3CR1+/GFP mice 

(Fig. 3A). Similarly, we found that where PEM are adjacent to pericytes, pericytes can lack 

complete astrocyte endfeet coverage (Fig. 3B-C, Supplementary Movies 6-7). 3D 

reconstructions (Fig. 3D, Supplementary Movies 6-8) and depth shading (Fig. 3E) illustrate 

that microglial cell bodies and processes associate with pericytes lacking AQP4 labelling. 

These reconstructions also reveal gaps between the associating microglia and pericytes, despite 

the lack of AQP4 labelling between them (Fig. 3D-E and Supplementary Movies 7-8). Staining 

of the basement membrane with isolectin revealed these gaps can be filled by basement 

membrane (Supplementary Fig. 5, Supplementary Movies 9-10). Together, these findings 

illustrate that PEM likely reside outside of the basement membrane, but inside the AQP4-

positive astrocyte endfeet layer.  

Microglial associations with pericytes can be gained and lost  

To determine if PEM maintain their position adjacent to pericytes over time, we tracked 32 

PEM over 28 days, through cranial windows in NG2DsRed x CX3CR1+/GFP mice 

(Supplementary Fig. 6). Throughout the imaging period, we identified PEM that fell within 

three groups: PEM that remained adjacent to their partner pericytes over the entire 28-day 

period (Fig. 4A); PEM that were no longer adjacent to a pericyte within the 28 days (Fig. 4B); 

and pericytes that did not originally have a PEM, but which gained one during the 28-day 

period (Fig. 4C). Upon quantification, we identified that the majority of PEM from day 0 were 

still positioned directly adjacent to a pericyte after four days (81%) and seven days (78%), but 

by day 28, only 44% of PEM remained adjacent to a pericyte (Fig. 4D). Despite this loss of 

PEM, we did not observe a change in the total proportion of microglia that were defined as a 

PEM throughout the 28 days, indicating some pericytes that did not originally have a PEM had 

gained a PEM during the imaging period (Fig. 4E). Collectively, these data suggest microglial 

associations with pericytes are dynamic, are consistent in proportion over time, and only a 

minority of PEM have associations with pericytes that last 28 days.  
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Capillary width is increased beneath the soma of microglia and 

pericytes with or without a PEM 

To investigate if CAM or PEM may influence blood flow by altering capillary diameter in the 

healthy brain, we measured capillary width beneath pericytes, CAM and pericytes with a PEM, 

compared to vessel segments without any observable associated pericytes, CAM or PEM (Fig. 

4F). We found that the average vessel width for vessels with no observable associated cells 

was 4.21 ± 0.32 µm (Fig. 4G). Compared to vessels with no observable cells (vessel only, VO), 

the vessel width was significantly increased by 16% beneath pericytes (4.89 ± 0.43 µm, p = 

0.0060) and by 15% beneath CAM (4.86 ± 0.40 µm, p = 0.0402). Beneath pericytes with an 

adjacent PEM, the width of vessels was 21% wider (5.08 ± 0.64 µm, p = 0.0060) than vessels 

with no observable cells (Fig. 4G). These findings suggest the presence of both pericytes and 

microglia on capillaries is associated with increased capillary width under basal conditions, but 

that the presence of a PEM near a pericyte does not alter this.  

CX3CR1 knock-out does not alter the proportion of microglia that 

are CAM or PEM  

The signals that recruit microglia to pericytes are unknown. Microglia migrate in response to 

the fractalkine ligand (CX3CL1), which can be released from neurons and binds to the 

fractalkine receptor (CX3CR1) on microglia. Recently, CX3CL1 was shown to cause capillary 

constriction at regions where microglia contact vessels, in both the brain and retinal explants, 

suggesting the CX3CL1/ CX3CR1 axis may play a role in microglia modulation of vessel tone35. 

Pericytes also have the capacity to release CX3CL136, so it is possible they may be a source of 

CX3CL1 to recruit microglia to the vasculature. To determine if microglia are recruited to 

vessels and pericytes through the CX3CL1/CX3CR1 axis, we took advantage of the CX3CR1GFP 

knock-in/knock-out line, which replaces the first 390 bp of exon 2 of CX3CR1 with GFP. We 

derived both the single KO NG2DsRed x CX3CR1+/GFP line and the complete KO NG2DsRed 

x homozygous CX3CR1GFP/GFP. Confirmation of homozygosity was through genotyping and 

confirmed by the observation of increased GFP fluorescence intensity in CX3CR1GFP/GFP 

microglia, compared to CX3CR1+/GFP microglia (Supplementary Fig. 7A-D). There was no 

significant difference in the number of microglia or pericytes in the somatosensory cortex of 

12-week-old NG2DsRed x CX3CR1+/GFP mice compared to NG2DsRed x CX3CR1GFP/GFP mice 

(Supplementary Fig. 7E-F). Both CAM and PEM were present in both heterozygous and 
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homozygous KO mice (Fig. 5A-B), and upon quantification there was no significant difference 

in the proportion of microglia that were CAM or PEM in heterozygous vs. homozygous KOs 

(CAM: heterozygous 42.3 ± 3.3% vs. homozygous 43.6 ± 2.8%, Fig. 5C; PEM: heterozygous 

6.9 ± 1.1 vs. homozygous 7.4 ± 0.8 PEM respectively, Fig. 5D). 

CAM and PEM are reduced in the Alzheimer’s disease superior 

frontal gyrus  

To assess whether there is a change in the prevalence of microglia and pericyte associations in 

AD, we assessed CAM, PEM, microglia and pericytes in post-mortem tissue from the SFG of 

a human AD cohort. Both microglia and pericytes could be visualised in the human brain and 

both CAM and PEM were identifiable in control and AD tissue (Figs. 1L, 6A-C, 

Supplementary Movies 5, 11). Quantification of microglia found no significant difference in 

the number of microglia in controls vs. AD (control 105.2 ± 21.2 vs. AD 119.8 ± 31.4 per mm2, 

Fig. 6D). However, we observed a significant increase in the number of pericytes in the SFG 

of AD cases, compared to controls (control 71.9 ± 16.0 vs. AD 89.9 ± 17.9 per mm2, p = 0.0336, 

Fig. 6E). Quantification of the proportion of microglia that were CAM and PEM showed they 

were present in similar proportions to mouse brain tissue sections (~30-40% of microglia were 

CAM and ~4-5% of microglia were PEM, Figs. 6F-G). Despite the increased density of 

pericytes throughout the SFG in the AD brain, we observed a significant decrease in the 

proportion of microglia that were CAM and PEM in AD compared to controls (CAM: control 

37.7 ± 7.6% vs. AD 28.2 ± 2.7%, p = 0.0017, Fig. 6F; PEM: control 4.9 ± 1.9% vs. AD 3.4 ± 

1.1%, p = 0.039, Fig. 6G). Finally, we assessed microvessel density, observing no difference 

in the overall length of microvessels in AD brain sections compared to control brain sections 

(control 7559 ± 2197 vs. AD 8528 ± 2199 μm/mm2, p = 0.30, Supplementary Fig. 8A).  

We next segregated the AD cohort based on APOE genotype status (APOE ε3/ε3 n = 5, APOE 

ε3/ε4 n = 6). APOE status had no effect on the number of microglia, pericytes and proportion 

of microglia that were CAM (Fig. 6H-J), but there was a significant decrease in the proportion 

of microglia that were PEM in AD cases with an APOE ε3/ε4 genotype, compared to those 

with an APOE ε3/ε3 genotype (ε3/ε3 4.2 ± 0.8% vs. ε3/ε4 2.9 ± 0.9%, p = 0.0322, Fig. 6K). 

Collectively, these data suggest that the SFG in AD is characterised by an increase in pericyte 

density, a reduction in the association of microglia with capillaries and pericytes, and that the 

reduction in PEM is exacerbated by the presence of APOE ε3/ε4 genotype. 
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Discussion 
We identify and describe a unique subset of microglia that dynamically interact with capillary 

pericytes in the mouse brain and spinal cord, and the human brain. For simplicity, we have 

named these cells pericyte-associated microglia (PEM). Collectively, our data, combined with 

reports of similar interactions in the retina35, suggest PEM are an ubiquitous feature of the CNS 

present at all levels of the capillary tree.  

PEM likely overlap with other subtypes of microglia. In particular, because we focused our 

analysis specifically on capillaries <10 μm in diameter, the PEM we analysed most closely 

overlap with CAM15. Our data demonstrate CAM are unlikely to be preferentially adjacent to 

pericytes, as the proportion of microglia that are CAM outnumber the proportion of microglia 

that are PEM by at least 3-fold, but by as many as 5-fold in some regions of the brain. Although 

most PEM are likely a subset of CAM, there may be some distinguishing features of PEM. In 

the adult brain over 80% of juxtavascular microglia remain adjacent to the vasculature over a 

six week period when imaged through cranial windows13. This finding was supported by Bisht 

et al., 2021 who identified ~70% of CAM were stable over a four-week imaging period15. These 

findings differ from our data where we identified that less than half (44%) of the PEM we 

tracked over 28 days remained adjacent to pericytes throughout the whole imaging period. 

These findings suggest PEM may be a uniquely motile subset of CAM.  

We observed microglia in contact with vessels and pericytes at areas lacking astrocyte endfeet, 

corroborating studies showing microglia contribute to the glia limitans8,37, and indicating 

communication could occur between pericytes and microglia without the structural interference 

of astrocyte endfeet. However, PEM do appear separated from pericytes by the basement 

membrane. This is akin to the relationship between pericytes and endothelial cells, whereby 

pericytes and endothelial cells are almost continuously separated by the basement membrane38. 

There are holes in the membrane that allow pericytes and endothelial cells to form connections 

through peg-and-socket type structures, within which junction proteins allow for the exchange 

of molecules between the cells14,39. It is not clear if such a relationship could exist between 

microglia and pericytes, but it will be important to determine this through detailed 

ultrastructural studies.  

A number of signalling pathways have been described to connect pericytes and parenchymal 

cells, particularly astrocytes and neurons40. One candidate pathway that may play a role in the 

association and function of microglia at blood vessels in the CNS is the fractalkine 
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(CX3CL1)/CX3CR1 pathway. A deficiency in the fractalkine receptor CX3CR1 delays the 

association of microglia with blood vessels in the developing brain13. Furthermore, in the brain 

and in retinal explants, the addition of CX3CL1 causes capillary constriction at regions of 

microglia contact35. The precise cellular source of CX3CL1 that could reproduce these effects 

in vivo is not yet clear, but capillary pericytes do have the capacity to release it36. In this study, 

we found no change in the number of pericyte-microglial associations in CX3CR1 KO mice, 

suggesting the CX3CL1/CX3CR1 axis may not be a major pathway for PEM recruitment or 

maintenance in the healthy adult mouse brain. This does not rule out a role for the 

CX3CL1/CX3CR1 axis being involved in microglia-pericyte signalling in disease conditions, 

especially considering pericytes increase the release of CX3CL1 in response to stimuli36.  

There are many possible functions for the association between microglia and pericytes. One 

logical hypothesis is that PEM are involved in regulating capillary tone indirectly via pericytes. 

Pericytes are well established to control cerebral blood flow20,41-45, and signals received from 

other cells such as astrocytes have been shown to modulate capillary tone via pericytes43. We 

observed an increase in vessel width underneath both pericytes and CAM in the basal state and 

this increase was also observed when pericytes had a PEM, suggesting that pericytes and their 

PEM may modulate blood flow. However, further studies are needed, particularly assessing 

evoked capillary responses at sites of PEM and CAM, or in disease states to confirm a specific 

effect of this interaction on blood flow modulation.  

Microglia migrate to vessels in response to various injurious stimuli including stroke46, 

traumatic brain injury12, systemic inflammation14, laser-induced vascular injury47, and 

experimental autoimmune encephalomyelitis48,49. In one study microglia were found to cluster 

around pericytes in a model of epilepsy50. Here, we observed the opposite phenomenon in the 

SFG of the AD brain, with a reduction in the proportion of microglia that were both CAM and 

PEM (Fig. 7). Our data supports an earlier study which found reduced microglia coverage 

within the neurovascular unit in the hippocampus and medial frontal gyrus of AD patients30. It 

is possible microglia are being recruited to scavenge excess Aβ that is being deposited in the 

extracellular space. Microglia have long been known to cluster around amyloid plaques and 

phagocytose Aβ51,52. A result of microglia recruitment to Aβ plaques could be the loss of their 

physiological function at blood vessels and pericytes, which may contribute to functional 

decline in AD. When we stratified our AD cohort by APOE status, there were significantly 

fewer PEM in people with APOE ε3/ε4 compared to APOE ε3/ε3, suggesting APOE4 may 

exacerbate PEM loss in AD. The mechanism causing this could be related to the reduced 
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migratory potential of microglia expressing APOE453. Pericytes are also affected by APOE4, 

with a reduced capacity to induce extracellular matrix production and barrier formation in vitro 

compared to APOE3 pericytes54.  

Our finding that pericyte number was greater in the SFG in AD compared to controls is contrary 

to other studies where a decline in the number of pericytes was observed in the frontal cortex 

and hippocampus in human AD28, with an APOE4 genotype appearing to exacerbate this 

pericyte loss29. Other studies have similarly found decreased pericyte coverage in the 

hippocampus and middle frontal gyrus as Braak stage increases30,55. However, two studies have 

recently challenged the notion that pericyte death is a general feature of AD pathology. One 

study found pericyte density was 28% greater in the middle frontal gyrus of AD cases, 

compared to age-matched controls56. A second study found a significant increase in the density 

of pericytes per length of vessels in the medial/dorso-lateral frontal cortex of AD cases 

compared to controls57. Our results corroborate these studies by showing higher pericyte 

numbers in AD compared to controls in an adjacent region, the SFG, and therefore provide 

further evidence that pericyte death is not necessarily a feature within every brain region in 

AD.  

In summary, we have defined a novel subpopulation of microglia that reside directly adjacent 

to pericytes in the healthy brain, and we have termed these PEM. PEM are consistent in their 

distribution throughout brain and spinal cord regions in the healthy young adult mouse brain, 

and could serve a number of important functional roles including the modulation of blood flow. 

However, in clinical AD that proportion of microglia that are PEM is reduced in the SFG, 

which may have implications for the physiological function of microglia at the vasculature. 

Our work provides a platform to begin understanding the functions and signalling mechanisms 

controlling the communication between pericytes and microglia, and how a breakdown in the 

associations may contribute to the development of AD and other neurological diseases.  
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Materials and methods 

Animals 

All animal procedures were approved by the Animal Ethics Committee, University of 

Tasmania (A18608 and A23735) and conformed with the Australian National Health and 

Medical Research Council (NHMRC) Code of Practice for the Care and Use of Animals for 

Scientific Purposes, 2013 (8th Ed.). All results are reported in accordance with the ARRIVE 

guidelines58. Hemizygote NG2DsRed transgenic mice (The Jackson Laboratory stock 

#008241) were backcrossed onto a C57BL/6J background and crossbred with CX3CR1GFP/GFP 

transgenic mice (The Jackson Laboratory stock #005582, C57BL/6J background) to produce 

NG2DsRed x CX3CR1+/GFP or NG2DsRed x CX3CR1GFP/GFP mice. A total of 29 mice were 

used throughout the study. Mice were group housed in Optimouse caging on a 12/12 h 

light/dark cycle with ad libitum access to food and water, with acclimation for ≥7 days.  

Tissue collection, processing and image collection 

Tissue Collection 

12-week-old NG2DsRed x CX3CR1+/GFP or NG2DsRed x CX3CR1GFP/GFP mice were given a 

lethal intraperitoneal injection of pentobarbitone (300 mg/kg) and immediately transcardially 

perfused with heparinised PBS followed by 4% paraformaldehyde (PFA; pH 7.4). Whole 

brains were prepared for cryosectioning as previously described59.  

Blood vessel labelling and immunohistochemistry for astrocyte endfeet 

For isolectin labelling one section per brain was slide mounted, air dried and permeabilised in 

PBS with 1% Triton X-100 for 20 min at RT. Sections were incubated overnight at 4°C with 

isolectin GS-IB4 (1:100; Invitrogen, Cat# I32450) in PBS with 1% Triton X-100. Sections 

were washed with PBS (3 x 5 min) and treated with Trueblack (Biotium, Cat# 23007) according 

to the manufacturer’s instructions. Sections were washed in PBS (3 x 5 min), rinsed in distilled 

water, briefly airdried, and coverslipped with Prolong Gold with DAPI (Life Technologies, 

Cat# P36935).  

Sections for AQP4 labelling were slide mounted, permeabilised in PBS with 0.3% Triton X-

100 for 40 min, washed in PBS (3 x 5min) and incubated with serum free protein block (Dako, 

Cat# X090930-2) for 1h at RT. Sections were incubated overnight at 4°C with guinea pig-anti-
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AQP4 antibody (1:250; Synaptic Systems, Cat# 429004) in antibody diluent (Dako, Cat# 

S080983-2). Sections were rinsed with PBS (3x 5 min) and incubated in donkey-anti-guinea 

pig 647 (1:1000; ThermoFisher, Cat# A21450) in antibody diluent for 2h at RT. Sections were 

washed in PBS (3 x 5 min), treated with Trueblack, washed in PBS (3 x 5 min), rinsed in 

distilled water, briefly airdried and cover slipped with Prolong Gold with DAPI.  

Imaging of CAM/PEM in the mouse brain  

DAPI ± isolectin stained NG2DsRed x CX3CR1+/GFP and NG2DsRed x CX3CR1GFP/GFP tissue 

was imaged using a VS120 Virtual Slide System (Olympus, Japan). Sections used for 

CAM/PEM analysis were imaged at 40x magnification across five focal planes, spaced 2 μm 

apart, using the extended focal imaging setting. Optimum exposure times for DAPI (Ex: 

388 nm; Em: 448 nm), DsRed (Ex: 576 nm; Em: 625 nm), GFP (Ex: 494 nm; Em: 530 nm) and 

isolectin (Ex: 640 nm; Em: 690 nm) were kept consistent for all images in each cohort. 

Confocal stacks of isolectin and AQP4 labelled NG2DsRed x CX3CR1+/GFP tissue were spaced 

at 1.0 or 0.5 μm increments, using an inverted Ti Eclipse microscope (Nikon, Japan) equipped 

with a CSU-X1 spinning disk scanner (Yokogawa Electric Corporation, Japan). Images were 

acquired with a 100x (1.40) oil objective (Nikon, Japan) with filters for DAPI (405/445), FITC 

(488/525), TRITC (561/615), and CY5 (640/705) and analysed using NIS-Elements AR 

5.02.00 (Nikon, Japan). Images were exported as OME TIFFs and NIS-Elements AR 5.02.00 

was used to create 3D reconstructions.  

Cranial widow implantation and in vivo two-photon imaging  

Cranial windows were implanted in nine 12-week-old NG2DsRed x CX3CR1+/GFP mice as 

described previously60, with modification; windows were implanted without a titanium bar 

glued opposite the window and were placed over the primary somatosensory cortex, 

specifically over the upper, lower and trunk domain areas. In vivo two-photon laser scanning 

microscopy (2PLSM) was performed using the same microscope and software as previously 

described60 and was performed during the mouse light cycle. To image blood vessels, mice 

were intravenously (via the tail vein) administered 2% w/v FITC-dextran in saline (70,000 Da; 

Sigma-Aldrich, USA) 10 minutes prior to imaging. Mice were anesthetised with isoflurane in 

a chamber, then transferred to a stereotaxic frame, where isoflurane was delivered through a 

facemask at 2-3% concentration in oxygen, as required, to maintain anaesthesia60. An EC Plan-

Neofluar 20X/0.1 water immersion objective (Nikon, USA), illuminated by white light, was 
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used to identify large blood vessels in the somatosensory cortex (layers II/III) that were 

subsequently used as landmarks for regions of interest (ROIs). The resultant brightfield image 

was captured using XCAP Image Processing Software (EPIX Incorporated, USA). Once ROIs 

were identified for imaging, z-plane coordinates were saved. The same z-plane coordinate was 

initiated using the 2PLSM, and a higher-resolution ROI captured. Femto second-pulsed 

infrared excitation was from a mode-locked Ti-sapphire laser tuned to 910 nm and equipped 

with group velocity dispersion compensation (Mai Tai DeepSee; Spectra-Physics, Australia). 

Power delivered to the back aperture was 40-100mW (14-17% power), depending on depth. 

This approach allowed the visualisation of NG2DsRed, CX3CR1+/GFP and fluorescein 

isothiocyanate (FITC)-dextran signals, simultaneously. All ROIs were imaged with a zoom of 

2.0 (210 µm x 210 µm field of view) with 1 µm z-step intervals, beginning from a depth of 

20 µm below the brain’s surface down to 130 µm.  

Quantification of pericytes, microglia, CAM and PEM in a human 

Alzheimer’s disease cohort 

Human cohort details 

Research using human tissue was approved by the University of Tasmania’s Human Medical 

Research Ethics Committee (H20078) in accordance with the NHMRC National Statement on 

Ethical Conduct in Human Research (2018). Human brain tissue was obtained from the Banner 

Sun Health Research Institute’s Brain and Body Donation Program. All subjects, or their legal 

representatives, signed an Institutional Review Board-approved informed consent form for 

brain donation (for more information see61). Briefly, human brain tissue was fixed with 4% 

formaldehyde, cryoprotected in 2% dimethyl sulfoxide/20% glycerol, sectioned at 40 µm on a 

sledge-type microtome and free-floating sections stored in PBS with 0.02% sodium azide at 

4°C.  

Sections from the superior frontal gyrus (SFG) of 12 control cases and 11 AD cases were used 

in the current study (Table 1). Cases were considered to have AD if, at a minimum, they were 

defined as intermediate or high on the NIA-Reagan criteria61,62. A case was considered a control 

if the person did not have dementia or parkinsonism during life and was without any major 

neuropathological diagnosis. The SFG was selected for the current analysis as it is an area 

susceptible to the development of amyloid plaques and tau tangles in AD63,64.     

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 11, 2022. ; https://doi.org/10.1101/2022.08.08.503250doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.08.503250
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 
 

Labelling and imaging of pericytes, microglia and blood vessels in human 

brain sections 

Free-floating human SFG sections were permeabilised in PBS with 0.3% Triton X-100 for 1h 

at RT, incubated in citric acid antigen retrieval buffer (pH 4.5) overnight at 4°C, and then 

microwaved (650W, 30s) in 10mL of fresh citric acid antigen retrieval buffer. Sections were 

cooled to RT for 30min, washed in PBS with 0.3% Triton X-100 (3 x 5 min), and incubated in 

serum free blocking solution (Dako, Cat# X090930-2) for 1h at RT. Sections were incubated 

at 4°C for three nights with rabbit-anti-PDGFRβ (1:100; Thermofisher, Cat# ab32570), guinea 

pig-anti-IBA1 (1:500; Synaptic Systems, Cat# 234004) and UEA-1 594 (1:1000; Vector 

Laboratories, Cat# DL-1067), in antibody diluent (Dako, Cat #S0809). Sections were rinsed in 

PBS with 0.3% Triton X-100 (3 x 10 min) and then incubated with donkey-anti-guinea pig 647 

(1:1000; ThermoFisher Cat# A21450) and donkey-anti-rabbit 488 (1:1000; ThermoFisher Cat# 

A21206) overnight at 4°C. Sections were washed in PBS with 0.3% Triton X-100 (3 x 10 min), 

incubated in PBS containing DAPI (1:5000, Invitrogen, Cat#D3571, 1x 10 min), slide 

mounted, briefly air dried and incubated in Trueblack, according to the manufacturer’s 

instructions (Biotium, Cat# 23007). Sections were rinsed with distilled water and cover slipped 

with fluorescent mounting medium (Fischer Scientific, Cat# TA-030-FM). Human tissue was 

imaged with both a VS120 Virtual Slide System and confocal microscope using the same 

protocols described above for isolectin stained NG2DsRed x CX3CR1+/GFP mouse brain 

sections. The researcher performing immunohistochemistry was blinded to case type 

throughout experimental procedures and analysis.   

Image analysis: NG2DsRed x CX3CR1+/GFP or GFP/GFP mouse brains  

CAM and PEM prevalence in the somatosensory cortex  

CAM and PEM prevalence was manually quantified in isolectin labelled NG2DsRed x 

CX3CR1+/GFP tissue using QuPath 0.3.265. Boxed annotations (800 x 600 μm) were placed in 

the somatosensory cortex of both hemispheres. All in focus microglia and pericytes containing 

a DAPI-positive nucleus were counted. Cells were not counted if their nuclei touched the edge 

of the box. DsRed-positive pericytes were only counted if they were associated with a vessel 

(specifically vessels <10 µm in diameter). Microglia were counted as a CAM if the centre of 

their nuclei were <10 µm from the centre of the closest isolectin-positive blood vessel 

(specifically vessels <10 µm in diameter), similar to previous approaches13,15. Microglia were 
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counted as PEM if the centre point of the microglia nucleus was <10 µm from the centre point 

of a pericyte nucleus (specifically pericytes on vessels <10 µm in diameter). To determine if 

microglia and pericyte associations occur more than expected by chance Monte-Carlo 

simulations were performed, as described in Supplementary Methods.  

Microglia, pericytes, CAM and PEM were also analysed in isolectin-stained brain sections 

from NG2DsRed x CX3CR1GFP/GFP mice and compared to a different cohort of 12-week-old 

NG2DsRed x CX3CR1+/GFP mice using the same manual protocol above, with modification. 

The same somatosensory regions were traced and a 400 x 400 μm grid was placed within the 

traced areas. Microglia and pericytes were counted in the first complete 400 x 400 µm square 

within the annotation, with every second complete square thereafter counted to avoid sampling 

bias, until six full boxes per hemisphere were counted (12 counted in total per brain). Any 

incomplete squares or squares containing artefacts (e.g. tissue rips, folds or other artefacts that 

affected cell counting) were skipped. Cells contacting the edges of the squares were only 

counted if their nuclei were touching the top, or left-hand margins of the box, to avoid double 

counting. The researcher performing the analysis was blinded to genotype throughout 

quantification.  

Image Analysis: in vivo NG2DsRed x CX3CR1+/GFP two-photon 

derived images 

Quantification of CAM and PEM   

Using FIJI-ImageJ (NIH, USA)66, images were automatically adjusted for brightness/contrast. 

The plugin ‘Cell Counter’ was used to manually annotate the pericytes and microglia in each 

ROI. Microglial GFP signal and FITC-dextran vessel lumen signal was differentiated by the 

higher intensity of the GFP compared to the FITC and the presence of dark lines indicating red 

blood cells within the vessel lumen. The distances between pericytes and microglia were 

calculated based on x, y, and z co-ordinates for the centre point of each cell soma, using FIJI-

ImageJ.  

Quantification of pericyte, CAM and PEM vascular tree location  

Using images obtained on imaging day -1 (with FITC-dextran, see Fig. 2), the position of 

vessels within the vascular tree was able to be determined through z-stacks of 10 ROIs across 

five mice, as previously illustrated20. Penetrating arterioles (0 order) were identified by their 
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large luminal size and presence of NG2DsRed-positive rings of vascular smooth muscle cells 

(VSMCs). Branching higher order capillaries (1st-2nd order) were identified by their smaller 

vessel width and presence of transitional ensheathing pericytes. Mid-order (3rd-4th) and lower 

order capillaries (≥5th order) were identified by their small vessel width and presence of thin-

strand pericytes. Ascending venules (8th order) were identified by their larger luminal size and 

mesh pericyte processes with a distinct lack of ringed VSMCs. See Fig. 2 for an example of a 

ROI that encompassed an entire vascular tree. We then quantified the position of pericytes, 

CAM and PEM at different levels of the vascular tree.  

Tracking microglia proximity to pericytes over time   

The x, y, and z co-ordinates of all microglia and pericytes within a ROI was used to determine 

the relative distance between the cells on each day of imaging. On day 0, 32 pericytes from six 

mice were identified to have a PEM. These 32 pericytes with a PEM on day 0, were re-imaged 

on days 4, 7 and 28 to determine if microglial associations with pericytes are stable or dynamic. 

The total number of pericytes and pericytes with a PEM in each ROI was also quantified on 

each imaging day, to calculate the percentage of pericytes with a PEM on days 0, 4, 7 and 28. 

Determining vessel width at locations of CAM, PEM, and pericytes along 

capillaries 

Using the line tool in FIJI-ImageJ, images taken on day -1 (when FITC-dextran was 

administered to visualise vessels) were manually annotated to measure vessel width of 

capillaries at four specific locations: vessel only (VO), containing no pericyte or microglia cell 

bodies; pericyte on vessel (P), where a pericyte was present alone on a vessel; CAM, where a 

microglia alone was associated with a vessel; and PEM, where a microglia was associated with 

a pericyte on a vessel (Fig. 4F). All measurements were made on vessel segments without 

branchpoints. For VO, a line was drawn across the vessel. For pericytes, CAM and PEM, a line 

was drawn across the vessel at the centre of the pericyte (for pericytes and PEM) or microglial 

(for CAM) cell bodies.   

Image Analysis: pericytes, microglia, CAM and PEM in human 

brain sections  

Pericytes and microglia were manually counted using QuPath 3.0. ROI annotations were 

created by tracing the entire grey matter in each section, and then shrinking the trace by 50 μm 
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to remove edge artefacts. Other obvious artefacts (e.g. tissue rips, folds, etc) were manually 

removed from the annotations. A 500 x 500 μm grid was placed within each annotation. 

Microglia and pericytes were counted in the first complete 500 x 500 µm square within the 

annotation, with every fourth complete square counted thereafter to avoid sampling bias, until 

twenty full squares were counted. Any incomplete squares or squares containing artefacts (e.g. 

tissue rips, folds or other artefacts that affected cell counting) were skipped. Cells contacting 

the edges of the squares were only counted if their nuclei were touching the top, or left-hand 

margins of the box, to avoid double counting. Cells were only counted if there was a clear 

DAPI-positive nucleus present. The researcher performing the analysis was blinded to 

genotype throughout quantification.  

Statistical analysis 

Data were processed in Microsoft Excel and all statistical analysis was performed using 

GraphPad Prism 9.3.1 (GraphPad, USA). Prior to statistical analysis, all data underwent outlier 

testing using a ROUT test (Q = 1%). Data were tested for normality using the D’Agostino & 

Pearson test, or the Shapiro-Wilk test if n numbers were too small for the D’Agostino & 

Pearson. For unpaired two group comparisons, means were compared using an unpaired t-test, 

if data were normally distributed, but a Welch’s correction was applied if variance was 

significantly different as tested by an F test. If data were not normally distributed in any group, 

a Mann-Whitney test was employed. For paired two group comparisons, a paired t-test was 

applied if data were normally distributed, and a Wilcoxon test applied if data were not normally 

distributed in any group. For comparisons with more than two groups, if data were normally 

distributed a repeated measures one-way ANOVAs with a Geisser-Greenhouse correction was 

applied to account for variations in sphericity and Tukey’s post-hoc test employed for multiple 

comparisons. If repeated measures data were not normally distributed a Friedman test followed 

by a Dunn’s post-hoc test was applied. A p < 0.05 was considered statistically significant. 

Statistical tests used for each analysis are reported in figure legends. All data will be made 

available upon request. 
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Table 1 Demographics of human brain tissue cases 

Demographics Control (n=12) AD (n=11) 

Number of cases by sex: male/female 
(percentage of cases) 

5 (42%) / 7 (58%) 5 (45%) / 6 (55%) 

Mean age at death: years (range) 83.8 (53-95) 80.2 (61-89) 

Mean post-mortem interval: hours (range) 2.88 (2-3.95) 2.73 (1.75-5) 

Number of cases with each APOE Genotype   

ɛ2/ɛ2 1 - 

ɛ3/ɛ3 10 5 

ɛ3/ɛ4 - 6 

ɛ4/ɛ4 1 - 
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Figure 1. A subset of microglia are directly adjacent to pericytes 

(A) Representative example of a capillary-associated microglia (CAM), in the somatosensory 

cortex, extending fine processes to contact other DAPI-positive nuclei. (B) Representative 

example of two pericyte-associated microglia (PEM), in the hippocampus, with the bottom 

PEM morphologically curved around a pericyte. (A-B) For all images: NG2DsRed-positive 

pericytes (magenta), CX3CR1+/GFP-positive microglia (green), isolectin-labelled vessels 

(white) and DAPI-labelled nuclei (blue). Each fluorescent channel alone is located below the 

main image. All images were derived from 12-week-old NG2DsRed x CX3CR1+/GFP mice 

using confocal microscopy. (C) Schematic of region analysed within the somatosensory cortex 

of NG2DsRed x CX3CR1+/GFP mice (Bregma -1.5 mm67). (D-E) Quantification of (D) CAM 

and (E) PEM in the somatosensory cortex of male (n = 5) and female (n = 5) mice. Data 

compared with an unpaired parametric t-test. (F) The predicted percentage of PEM when 

running simulations with microglia and pericyte densities derived from ten different biological 

replicates, compared to the actual PEM percentage from those same ten somatosensory 

biological replicates (biological data derived from Fig. 1E). Data compared with a Wilcoxon 

test. Lines represent paired data. (G) Schematic of cranial window location in NG2DsRed x 

CX3CR1+/GFP mice with blood vessels used as landmarks. (H) Representative 30 µm thick 

projection image of NG2DsRed-positive pericytes (magenta), CX3CR1+/GFP-positive microglia 

(green) and FITC-dextran-positive vessel lumen (green) in layers II/III of the somatosensory 

cortex of adult NG2DsRed x CX3CR1+/GFP mice imaged using 2PLSM. Dashed boxes 

highlighting a CAM and PEM are magnified in panels to the right. (I-K) Quantification of the 

percentage of microglia that are (I) CAM, (J) PEM and (K) the percentage of CAM that are 

PEM, in layers II/III of the somatosensory cortex of male (n = 3) and female (n = 3) mice. (L) 

Representative image of PDGFRβ-positive pericyte (magenta), IBA1-positive microglia 

(green), UEA-1-labelled vessels (white) and DAPI-labelled nuclei (blue) from the SFG of a 

human control brain (93 y.o. female, APOE ε3/ε3). A CAM and PEM are highlighted by white 

arrows. For all graphs, grey circles represent males and white circles represent females. Data 

presented as mean ± SD. ** p < 0.01. 
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Figure 2. CAM, PEM and pericytes are present at all branch orders of capillaries  

(A) Representative image stack (20-75µm depth, average intensity projection) of FITC dextran 

filled vessels in the somatosensory cortex of an NG2DsRed x CX3CR1+/GFP mouse imaged in 

vivo using 2PLSM. Pericytes are labelled magenta, and microglia and vessels are green. Insets 

match boxes labelled 1-8 in main panel. (1) Penetrating arteriole (0th order) branching off to 

form a capillary (first order). (2-7) Higher order capillaries branching. (8) Seventh order 

capillary converging on the ascending venule. (B-C) Percentage of total CAM, PEM and 

pericytes that are located (B) at different branch orders of the vascular tree, and (C) at vessel 

junctions at different branch orders of the vascular tree (n = 5, four male and one female). For 

all graphs, grey circles represent males and white circles represent females. Data presented as 

mean ± SD.  
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Figure 3. Pericyte-associated microglia interact with pericytes lacking AQP4 coverage 

(A) Representative example of a CAM from the somatosensory cortex residing on a vessel 

lacking AQP4 coverage. Maximum projection image from a 24 μm z-stack, imaged with 1 μm 

increments. (B) Representative example of two PEM, one of which is morphologically curved 

around a pericyte in the somatosensory cortex on a blood vessel lacking AQP4 coverage. (C) 

Representative example of AQP4 coverage lacking at the site in which the process of a 

microglia is reaching around a pericyte in the somatosensory cortex. (A-C) For all images: 

NG2DsRed-positive pericytes (magenta), CX3CR1+/GFP-positive microglia (green), AQP4-

labelled astrocyte endfeet (white) and DAPI-labelled nuclei (blue) are shown. Images showing 

each fluorescent channel alone are to the right of the main image. (D) Magnification of dashed 

box in (C), rotated to illustrate the association between the pericyte soma and a microglial 

process at an area lacking AQP4 labelling. Each panel is rotated identically. (E) Depth shading 

of image in (D) illustrating the microglia process is in the same plane as the pericyte but AQP4 

labelling is below the plane of the pericyte and microglia process. All images were derived 

from 12-week-old NG2DsRed x CX3CR1+/GFP mice using confocal microscopy.  
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Figure 4. Pericytes can gain or lose PEM over 28 days and vessel width is increased 

beneath pericyte and microglia soma 

(A) Representative in vivo 2PLSM images of a PEM that maintains position for 28 days in the 

somatosensory cortex of an NG2DsRed x CX3CR1+/GFP mouse. (B) Representative images of 

a PEM in position for 4 days that is no longer in place on day 7 or 28 of imaging. (C) 

Representative images of a pericyte with no adjacent PEM on day 0 or 4 but gains a PEM on 

day 7. (A-C) For all images pericytes are magenta, microglia are green, and images are an 

average intensity projection. White arrowheads highlight a PEM and white asterisks indicate 

the absence of a PEM. (D-E) Percentage of (D) 32 PEM, identified on day 0 of imaging, that 

maintain position adjacent to a pericyte on days 4, 7 and 28 of imaging and (E) total pericytes 

with a PEM per mouse on days 0, 4, 7 and 28 (n = 6, three male and three female). Data in (E) 

analysed using a repeated measures one-way ANOVA. (F) Representative images indicating 

locations of vessel width measurement in in vivo 2PLSM images derived from NG2DsRed x 

CX3CR1+/GFP mice, following administration of the vessel lumen marker FITC-dextran. White 

arrowheads indicate the midpoint below the cell soma. (G) Quantification of vessel width (µm) 

of vessel only (VO), and vessels with a pericyte (P), CAM or a pericyte with a PEM (150, 124, 

90 and 124 vessels were measured, respectively, across n = 8 mice, five male and three female). 

Data presented as average per animal with a minimum of four vessel measurements at each 

location. Comparisons were made with a Friedman’s test. For all graphs, grey circles represent 

males and white circles represent females. Data presented as mean ± SD. *p < 0.05, **p < 0.01. 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 11, 2022. ; https://doi.org/10.1101/2022.08.08.503250doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.08.503250
http://creativecommons.org/licenses/by-nc-nd/4.0/


37 
 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 11, 2022. ; https://doi.org/10.1101/2022.08.08.503250doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.08.503250
http://creativecommons.org/licenses/by-nc-nd/4.0/


38 
 

Figure 5. CX3CR1 knock-out does not alter the proportion of microglia that are PEM or 

CAM in 12-week-old mice 

(A-B) Representative images of (A) NG2DsRed x CX3CR1+/GFP and (B) NG2DsRed x 

CX3CR1GFP/GFP mice showing that PEM are present in both mouse lines (white arrows). For 

each image: NG2DsRed-positive pericytes (magenta), CX3CR1+/GFP-positive microglia 

(green), AQP4-labelled astrocyte endfeet (white) and DAPI-labelled nuclei (blue) are shown. 

Images showing each fluorescent channel alone are to the right of the main image. (C-D) 

Quantification of (C) CAM and (D) PEM in the somatosensory cortex (Bregma -1.5; n = 5 per 

group, two males and three females for NG2DsRed x CX3CR1+/GFP, three males and two 

females for NG2DsRed x CX3CR1GFP/GFP). Data compared with an unpaired parametric t-test. 

For all graphs, grey circles represent males and white circles represent females. Data presented 

as mean ± SD.      
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Figure 6. There are more pericytes in the superior frontal gryus in Alzheimer’s disease, 

but the proportion of microglia that are PEM and CAM is reduced 

(A) Representative image of PDGFRβ-positive pericytes (magenta), IBA1-positive microglia 

(green), UEA-1-labelled vessels (white) and DAPI-labelled nuclei (blue) from SFG of a human 

control brain (93 y.o. female, APOE ε3/ε3). IBA1, PDGFRβ, DAPI and UEA-1 channels are 

shown alone to the right of main image. White arrows identify pericyte soma. White dashed 

lines outline the position of a PEM. (B-C) Representative images of IBA1, PDGFRβ, DAPI 

and UEA-1 combined, and split into individual channels, in the SFG of (B) a control brain and 

(C) an AD brain. White arrowheads denote CAM and yellow asterisks denote PEM. (D-G) 

Quantification of (D) microglia, (E) pericytes, (F) CAM and (G) PEM in the SFG of control (n 

= 11-12) and AD (n = 11) post-mortem brains. (D, G) Analysed with an unpaired parametric t-

test. (E-F) Analysed with an unpaired nonparametric Mann-Whitney test. (H-K) Quantification 

of (H) microglia, (I) pericytes, (J) CAM and (K) PEM in APOE ε3/ε3 (n = 5) and APOE ε3/ε4 

(n = 6) in AD. (H-I, K) Analysed with an unpaired parametric t-test. (J) Analysed with an 

unpaired nonparametric Mann-Whitney test. For all graphs, grey circles represent males and 

white circles represent females. Data are presented as mean ± SD. *p < 0.05, **p < 0.01.  
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Figure 7. Schematic summary of pericyte and microglia associations in healthy control 

and AD 

In this study, we found that pericyte density was increased, but the proportion of microglia that 

were PEM and CAM were reduced in the SFG of human AD brains compared to controls. This 

schematic also illustrates our finding that PEM can be found adjacent to pericytes lacking 

AQP4 positive astrocyte endfeet coverage. It is unknown if astrocyte endfeet coverage is 

altered in the SFG of AD, but endfeet coverage or function is hypothetically reduced, as 

suggested by others68,69.      
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