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Preface 
 

 

Preliminary findings of this dissertation have been presented as a poster at the XI European 

Meeting on Glial Cells in Health and Disease, Berlin, July 3-6, 2013: 

Brandt L*, Fernández-Klett F*, Harris LW, Bahn S, Priller J. Pericytes are preserved in 

Alzheimer’s disease. Glia 2013; 61: 65–6. doi:10.1002/glia.22530. *Contributed equally as co–

first authors. 

The poster includes preliminary parts of the abstract, introduction, methods, results, and 

discussion from this dissertation.  

 

 

Findings of this dissertation have been published as an article: 

Fernández-Klett F*, Brandt L*, Fernández Zapata C, Abuelnor B, Middeldorp J, Sluijs JA, 

Curtis M, Faull R, Harris LW, Bahn S, Hol EM, Priller J. Denser brain capillary network with 

preserved pericytes in Alzheimer's disease. Brain Pathol 2020; 30: 1071–86. 

doi:10.1111/bpa.12897. *Contributed equally as co–first authors. 

The article includes parts of the abstract, introduction, methods, results, and discussion from 

this dissertation.  
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Abstract 
 
Pericytes extend within the basement membranes of the microvasculature, maintain the blood-

brain barrier integrity, and contribute to neurovascular regulation. Studies have suggested that 

pericyte dysfunction and loss play important roles in impaired blood-brain barriers and 

neurovascular dysregulation in Alzheimer’s disease (AD). 

The primary objective of this study was to investigate if pericyte loss occurs in AD 

pathology. We employed morphometric techniques and investigated the vasculature in the grey 

matter of the middle frontal gyrus. Samples were obtained post-mortem from 16 AD cases and 

16 control cases without a history of dementia. Markers of pericytes (platelet-derived growth 

factor receptor beta), vessels (laminin), cell proliferation (Ki67), and amyloid beta were 

immunostained. The analyses of pericyte density (pericytes per tissue volume), pericyte linear 

density (pericytes per capillary length), and vessel density (vessel length per tissue volume) 

were performed with the stereological methods optical fractionator and spaceballs. We 

measured pericyte coverage (percentage of capillary area covered by pericytes) with an image 

threshold technique and amyloid beta (percentage of tissue area covered by amyloid beta) with 

the stereological area fraction fractionator tool. 

There were no significant differences in pericyte linear density (control vs. AD; mean ± SD; 

8.3 ± 0.7 vs. 8.5 ± 1 cells / mm capillary; p = 0.4635) or coverage (control vs. AD; median 75.6 

vs. 75.8 % area; p = 0.7804) between control and AD cases. Compared to controls, AD subjects 

were characterized by a 24% increase in capillary density (control vs. AD; mean ± SD; 291 ± 

39 vs. 361 ± 48 mm / mm3; p < 0.0001), paralleled by a 28% increase in pericyte density (control 

vs. AD; mean ± SD; 2412 ± 376 vs. 3081 ± 584 cells / mm3; p = 0.0006). The increase in vessel 

density was limited to capillaries and did not include other parenchymal vessels. Capillary 

density showed a strong positive correlation with total amyloid beta (control and AD; rs = 

0.6419, p < 0.0001). Proliferating pericytes and endothelial cells were rare in both control and 

AD. 

Our results indicate that AD pathology in the middle frontal cortex is characterized by an 

increase in the density of capillaries, which maintain a morphometrically normal pericyte 

population. This suggests that the neurovascular and blood-brain barrier abnormalities found in 

AD pathology may not be the consequence of pericyte loss.  
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Abstract (deutsche Übersetzung) 
 
Perizyten befinden sich innerhalb der Basalmembran der Mikrovaskulatur und tragen zur 

Integrität der Blut-Hirn-Schranke und neurovaskulären Regulation bei. Studien haben 

nahegelegt, dass Perizytendysfunktion und -verlust eine wichtige Rolle bei gestörten Blut-Hirn-

Schranken und neurovaskulärer Dysregulation in der Alzheimer-Pathologie spielen. 

Primäres Ziel dieser Studie war, zu untersuchen, ob Perizytenverlust in der Alzheimer-

Pathologie auftritt. Dazu setzten wir morphometrische Techniken ein und untersuchten die 

Gefäße in der Grauen Substanz des mittleren frontalen Gyrus. Post-mortem-Gewebeproben 

stammten von 16 Subjekten mit Alzheimer-Krankheit (AK) und 16 Kontroll-Subjekten ohne 

demenzieller Vorerkrankung. Marker von Perizyten (Platelet-Derived Growth Factor Receptor 

Beta), Gefäßen (Laminin), Zell-Proliferation (Ki67) und Amyloid Beta wurden immungefärbt. 

Die Analyse von Perizytendichte (Perizyten per Volumen Gewebe), linearer Perizytendichte 

(Perizyten per Kapillarenlänge) und Kapillarendichte (Kapillaren per Volumen Gewebe) wurde 

mit den stereologischen Methoden Optical Fractionator und Spaceballs durchgeführt. Der 

Perizytenbesatz (Anteil vom Kapillarenareal das von Perizyten besetzt ist) wurde mit einem 

Schwellenwertverfahren und Amyloid Beta (Anteil vom Gewebe das von Amyloid Beta besetzt 

ist) mit dem stereologischen Area Fraction Fractionator Tool gemessen.  

Es gab keine signifikanten Unterschiede in der linearen Perizytendichte (Kontrolle vs. AK; 

Mittelwert ± s; 8,3 ± 0,7 vs. 8,5 ± 1 Zellen / mm Kapillare; p = 0,4635) oder dem 

Perizytenbesatz (Kontrolle vs. AK; Median; 75,6 vs. 75,8 % Areal; p = 0,7804) zwischen 

Kontrollen und AK-Fällen. Verglichen mit Kontrollen waren AK-Fälle charakterisiert durch 

einen 24%-Anstieg der Kapillarendichte (Kontrolle vs. AK; Mittelwert ± s; 291 ± 39 vs. 361 ± 

48 mm / mm3; p < 0,0001), begleitet von einem parallelen 28%-Anstieg der Perizytendichte 

(Kontrolle vs. AK; Mittelwert ± s; 2412 ± 376 vs. 3081 ± 584 Zellen / mm3; p = 0,0006). Die 

Erhöhung der Gefäßdichte beschränkte sich auf Kapillaren, andere parenchymale Gefäße waren 

nicht betroffen. Die Kapillarendichte wies eine starke positive Korrelation mit Gesamt-

Amyloid Beta auf (Kontrolle vs. AK; rs = 0.6419, p < 0.0001). Proliferierende Perizyten und 

Endothelzellen waren sowohl bei Kontrollen als auch bei AK-Fällen selten. 

Wie unsere Ergebnisse zeigen, ist die AK-Pathologie im mittleren frontalen Kortex durch 

eine erhöhte Kapillarendichte mit einer morphometrisch normalen Perizytenpopulation 

charakterisiert. Dies legt nahe, dass die gestörten Blut-Hirn-Schranken und die neurovaskuläre 

Dysregulation bei der AK-Pathologie nicht durch Perizytenverlust begründet sind.  
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1. Introduction 
 

1.1. Alzheimer’s disease  

1.1.1. Epidemiology of Alzheimer’s disease 

Alzheimer’s disease (AD) is considered to be the most frequent type of dementia, accounting 

for about 50-75% of all dementia cases1-4. 

In 2020, estimates suggested that 1.6 million people with dementia were living in Germany5-

7. The number of dementia cases is currently rising5,8: by the year 2050, the number of people 

with dementia in Germany is expected to increase to 2.4-2.8 million5. The World Alzheimer 

Report 2019 indicated that worldwide there were approximately 50 million people living with 

dementia and by 2050 this number is expected to more than triple6. 

The prevalence rate of dementia increases significantly in the older generations, starting with 

1.3% in the 65-69 year range and increasing to 40.9% in the >90 year range5,7.  

In the 2020 Alzheimer’s Association Report9, AD was estimated to be a leading cause of 

disability and poor health. Recent research has ranked AD as the sixth leading cause of death 

in the United States1,10,11.  

The economic impact of dementia is substantial and growing: in 2019, the global annual cost 

was estimated at US $1 trillion, which is expected to double by 20306. 

Altogether, the adverse effect of AD on morbidity and mortality and the growing prevalence 

rates implicate the major public health impact of AD. These findings highlight the relevance of 

research to further develop care policies, promote support for affected individuals, and improve 

prevention and treatment of AD6. 

 

1.1.2. Alzheimer’s pathology 

Historically, the term ‘Alzheimer’s disease’ has referred to different aspects of the illness12: 

clinicians, pathologists, and researchers may have referred to clinical dementia presentation, 

neuropathological findings, or both when they used the term ‘Alzheimer’s disease’12. 

According to the revised definition of Alzheimer’s disease by the International Working Group 

for New Research Criteria for the Diagnosis of AD, only the neuropathological changes are 

referred to as ‘Alzheimer’s pathology’12. Analogous to this definition, we use the term ‘AD 



	 10 

pathology’ to refer to neuropathological changes while ‘Alzheimer’s disease’ or ‘AD’ 

encompasses the clinical spectrum of the disorder12. 

Individuals may be diagnosed with AD according to standard diagnostic criteria such as the 

Diagnostic and Statistical Manual of Mental Disorders (DSM)13 or the International Statistical 

Classification of Diseases and Related Health Problems (ICD)14. For example, the ICD-10 

includes the following main criteria: decline in memory, decline in other cognitive abilities, 

apathy, and coarsening of social behaviour14. These symptoms interfere with everyday 

activities14 and typically progress over years with negative impact on psychosocial 

functioning1.  

AD pathology is characterized by – but not limited to – regional neuropathological findings 

of increased amyloid beta peptide (Ab) and neurofibrillary tangles (NFTs)15. In 1906, Alois 

Alzheimer famously first presented his report on plaques in the brain of one of his dementia 

patients at a lecture in Tübingen, Germany16. Almost 80 years later, the peptide Ab was first 

described as a crucial component of the plaques17. Ab accumulation is now generally accepted 

as one of the pathological hallmarks of AD pathology15. The deposition of Ab may be 

associated with AD pathology, but it also occurs in other disorders such as trisomy 21 and, to 

a lesser degree, in aging without dementia18,19.  

Ab is a peptide consisting of 36-43 amino acids and a cleavage product of the transmembrane 

amyloid precursor protein (APP)20,21. APP is assumed to be expressed in most human cell 

membranes and cleaved enzymatically by a-, b-, and g-secretases, which produces peptide 

products of different sizes20,21,22. Two of the main Ab products are the more soluble Ab40 and 

the less soluble Ab42: the latter, Ab42, is characterized by a higher propensity to fibrilise22. 

These two Ab products are the result of sequential cleavage of APP by b-secretase and g-

secretase22.  

In the most common variants of AD pathology that are not linked to autosomal-dominant 

inheritance, it has been hypothesized that a principal pathway for Ab accumulation is failed 

clearance23. Genome-wide association studies (GWAS) demonstrated that one of the strongest 

genetic risk factor for AD is the e4 polymorphism of the APOE gene (APOE4), which may be 

relevant for clearance of Ab and lipid metabolism24. Potentially dysfunctional Ab clearance 

pathways, such as impaired enzymatic degradation, were investigated and several candidate 

enzymes identified, but the exact mechanism of failed clearance is not fully established25. 
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In less common familial variants of AD pathology such as autosomal-dominant genetic 

mutations of APP, presenilin 1 (PSEN1), and presenilin 2 (PSEN2), an increased production of 

Ab may contribute to Ab accumulation23. 

The role of Ab in AD pathology has been addressed in the well-known amyloid cascade 

hypothesis: according to this hypothesis, Ab accumulation may initiate a cascade of events 

including (1) microglial and astrocytic activation and increased inflammation, which could lead 

to (2) oxidative injury, followed by (3) altered kinase/phosphatase activity possibly causing 

NFTs and eventually resulting in (4) neuronal/synaptic dysfunction, selective neuronal loss, 

and dementia23. 

The involved pathways and causality of events remain controversial23, but the accumulation 

of Ab and NFTs is considered a hallmark of AD pathology with clinical implications12: in 

addition to clinical dementia assessment, The International Working Group for New Research 

Criteria for the Diagnosis of AD recommends implementation of diagnostic markers such as 

Ab42, total tau, and phospho-tau in cerebrospinal fluid; retention of amyloid tracers (positron 

emission tomography [PET]); medial temporal lobe atrophy (structural magnetic resonance 

imaging [MRI]); and/or parietal hypometabolism (fluorodeoxyglucose PET)12.   

 

1.1.3. Microvascular pathology in Alzheimer’s pathology 

Accumulating evidence suggests that the overlap between AD pathology and vascular 

pathology is greater than previously thought26. The notion that AD pathology is restricted to 

neuronal pathology is challenged by evidence arising from genetic studies and disease 

models26. Other brain cell types, such as microglia and cells that contribute to the neurovascular 

unit (e.g. astrocytes and pericytes), appear to be involved in the development of AD pathology 

as well26. A dichotomous division between vascular pathology and AD pathology has been 

questioned by several authors in recent years26-29.  

Hypotheses such as the ‘two-hit hypothesis’28, ‘neurovascular hypothesis’30, ‘critically 

attained threshold of cerebral hypoperfusion (CATCH)’31, ‘capillary dysfunction hypothesis’29, 

and the term ‘vasocognopathy’27 have aimed to capture vascular components in AD pathology 

into explanatory frameworks. According to these hypotheses, altered perfusion occurs early in 

the disease progression. 

For instance, ‘capillary dysfunction’ characterized by disturbed blood flow regulation and 

disruption of the blood-brain barrier (BBB) was hypothesized as an initial event in AD 

pathology by Ostergaard et al. (2013)29. They argue that the cause for capillary compromise 
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could be related to the risk factors for AD pathology, which have detrimental effects on the 

microvasculature29. Risk factors for AD and other types of dementia include genetic 

susceptibility genes (e.g. APOE4), aging, positive family history, traumatic brain injury, mid-

life obesity, mid-life hypertension, current smoking, and diabetes mellitus31,32. It was proposed 

that these risk factors can cause lesions in microvessels, which may increase the risk of 

microhemorrhages33. Microhemorrhages might not be clinically evident initially, but could 

accumulate over years and cause hypoxia, disturb Ab clearance, and thereby drive the 

development of AD pathology29,33,34. Stone (2008) hypothesized that ‘the breakdown of large 

vessels causes stroke, and the breakdown of small vessels is not observed clinically, but leads 

to dementia and to “pathology of the Alzheimer type” i.e. to the deposition of plaques’33. 

The association between lacunar brain infarction and AD pathology was investigated in 

another well-known study by Snowdon et al. (1997)35. The results of the study indicated that 

less AD pathology is required for the development of clinical dementia if lacunar infarcts have 

occurred35. Snowdon et al. concluded that vascular pathology has an impact on the occurrence 

and severity of dementia symptoms in AD35.  

Several structural microvascular alterations have been reported in AD pathology such as 

increased thickness, inclusions, and vacuolization of the basement membrane29,36,37, an increase 

in very thin fibrous processes (termed ‘string vessels’, typically with a diameter of <1.5µm36,38), 

altered capillary density (discussed in section 4.2.2.)39-60, and a decrease in capillary diameter50. 

In a post-mortem study, the decrease in capillary diameter explained about half of the cognitive 

variability in AD subjects50.  

The deposition of Ab in the vessel walls (cerebral amyloid angiopathy [CAA]) contributes 

to vascular pathology in AD pathology61: post-mortem studies demonstrated that CAA is 

associated with increased cognitive decline in AD62. In AD subjects, the severity of capillary 

CAA has been positively correlated with the severity of neuropathological measures of AD 

pathology such as the criteria of the Consortium to Establish a Registry for Alzheimer’s Disease 

(CERAD), Braak and Braak, and The National Institute on Aging and Reagan Institute (NIA-

RI)61,63. 

In CAA, Ab is located in direct vicinity to vascular cellular elements such as pericytes. Since 

amyloid has been hypothesized to cause degeneration64 and dysfunction65 of pericytes, it also 

raises the question if CAA has a negative impact on pericyte function and survival in AD 

pathology. 
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Overall, the literature suggests that microvascular pathology may be an early contributor to 

the development of AD pathology26,29.  

 

1.2. Pericytes 

1.2.1. Pericyte functions 

The pericyte is a microvascular mural cell type with diverse functions: pericytes are considered 

integral in signalling pathways of angiogenesis and vascular maturation and have been 

hypothesized to regulate the blood-brain barrier, CBF, stem cell activity, and inflammatory and 

clearance processes66,67.  

Pericytes were first described in 1871 by Eberth68. They became initially known from 1873 

as Rouget cells, named after the author of another pioneering publication69. Zimmermann 

eventually coined the name ‘pericyte’ in 192370. The name ‘pericyte’ refers to the location of 

the cell (‘-cyte’) partially encircling (‘peri-’) blood vessels71.  

Pericytes are located beneath and in constant contact with the basement membrane (Figure 

3)72. They are in direct vicinity to endothelial cells and closely connected to astrocytes as the 

majority of the abluminal pericyte surface is covered with astrocyte endfeet72. The pericyte 

morphology and density depends on the type of microvessel it is located on and the type of 

organ it is situated in73: the retina has one of the highest known pericyte to endothelial cell 

ratios (1:1) while the skeletal muscle has one of the lowest ratios (1:100)74.  

Capillaries in the central nervous system (CNS) have one of the highest pericyte densities of 

all capillaries in the human body, perhaps due to their role in maintaining the BBB73. The BBB 

prevents the exchange of ions and small molecules between the CNS parenchyma and blood 

circulation75. Minor alterations in the barrier affect cerebral metabolism and function75. Several 

cell types, such as pericytes and endothelial cells, exert a regulatory role on the BBB in 

microvessels67. For instance, pericytes regulate the expression and alignment of tight junction 

proteins in the BBB67. Pericyte-deficient mouse models have shown disrupted tight junctions, 

which may cause increased vascular permeability to potentially toxic molecules76. Altogether, 

pericytes are considered important in keeping the BBB intact67. 

Morphologically, pericytes exhibit primary axillar processes and shorter secondary 

perpendicular processes on their main location on capillaries66. The short perpendicular 

processes typically do not encircle the complete circumference of the capillary71. This 

incomplete encirclement is considered by some authors to be a specific characteristic of 

pericytes66. However, a morphological continuum appears to exist between pericytes on 
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capillaries, ‘spindle-shaped’ smooth muscle cells on arterioles, and ‘stellate-shaped’ smooth 

muscle cells on venules66. The so-called ‘cyto-architectural continuum’66 seems particularly 

apparent on vessels closest to capillaries such as precapillary arterioles and postcapillary 

venules invested with phenotypically ‘transitional’ mural cells77: these ‘transitional’ mural cells 

share phenotypical features with both pericytes and smooth muscle cells77.  

In fact, pericytes and vascular smooth muscle cells are related functionally and 

developmentally66. The existence of contractile proteins such as vimentin and myosin were 

detected in both pericytes and smooth muscle cells, which may indicate abilities to contract and 

regulate blood flow78. In the forebrain, pericytes and vascular smooth muscle cells both 

originate embryologically from the ectoderm-derived neural crest66.  

Pericytes appear to have multipotent progenitor potential as they share multipotent features 

at the clonal level and expression of common markers with mesenchymal stem cells79. Cultured 

primary pericytes from ischemic regions in the mouse brain differentiated into both vascular 

and neural cells and showed a complex phenotype of angioblasts79. A recent study, however, 

has challenged the role of pericytes as multipotent progenitors because endogenous pericytes 

did not behave as mesenchymal stem cells in vivo80. The authors of the recent study argue that 

the plasticity of pericytes observed in previous studies may have been caused by manipulations 

during ex vivo treatment of the cells80.   

Pericytes are involved in inflammatory processes as primary human pericyte cultures 

respond to cytokine challenge with immune activation81. For example, pericytes regulated 

leukocyte adhesion and migration across the BBB in a transgenic mouse model82. Pericytes also 

contribute to clearance processes as they exhibit ‘macrophage-like’ properties, can induce 

phagocytosis, present antigen, and have larger amounts of lysosomes to clear tissue debris and 

proteins83. 

Results from murine studies indicate that pericytes influence angiogenesis and endothelial 

cell survival: depending on the degree of pericyte deficiency in these mouse models, 

hyperproliferation or regression of vessels occurred, which suggests a regulatory effect of 

pericytes on angiogenesis and maintenance of the vasculature84,85. 

CBF can be altered according to regional demand in the brain86: an increased blood flow as 

a response to neuronal activation is referred to as ‘functional hyperemia’86. Pericytes on vessels 

smaller than penetrating arterioles were regarded as regulators of blood flow during ‘functional 

hyperemia’ in mouse models87. Pericyte contraction may be modulated by mediators from 

astrocytes (e.g. arachidonic acid and prostaglandin E2) and neurons (e.g. nitric oxide, glutamate, 

adenosine, and norepinephrine)67. The role of pericytes for the regulation of CBF is possibly 
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not the same in all vascular segments since the expression of certain contractile proteins (e.g. 

a–smooth muscle actin) in mural cells changes according to the type of vessel71. 

Pericytes also appear to contribute to CBF disturbances under pathological circumstances: 

in ischemia, even after reperfusion of proximal arteries, rigorous constriction of pericytes was 

detected, which may impair capillary reflow88. 

Conversely, a significant involvement of pericytes in functional hyperemia and stroke is 

questioned by results of another study that did not show pericyte but only smooth muscle cell 

contractility in normal and ischemic mice brains89. These findings suggest that the exact role of 

pericytes for CBF regulation under physiological and pathological circumstances is not fully 

elucidated.  

The pericyte functions presented in this section open up the prospect to question the role of 

pericytes in AD pathology because disturbed CBF, BBB impairment, and neurovascular 

dysfunction have been reported to occur in AD pathology28,65,75,85.  

 

1.2.2. Pericyte deficiency as a potential contributor to AD pathology 

Pericytes are considered to be integral in maintaining the BBB90. This was demonstrated in a 

mouse model of pericyte deficiency, causing increased permeability to high- and low-molecular 

mass tracers by endothelial transcytosis90. Pericyte deficiency caused a defect in the 

polarization of astrocyte end-feet surrounding microvessels and a downregulation of BBB-

specific gene expression in endothelial cells90. This process was also suspected as a potential 

cause for increased BBB permeability in human AD pathology26. Furthermore, pericyte loss in 

a murine model of AD pathology was followed by diminished Ab clearance via interstitial fluid, 

an increase in amyloid angiopathy and NFTs, and early neuronal loss with cognitive decline91. 

A disrupted coupling between neuronal stimuli and capillary blood flow responses, so-called 

‘neurovascular uncoupling’, resulting in reduced cerebral oxygen supply has been detected in 

a recent ‘loss-of-function’ pericyte-deficient mouse model92. ‘Neurovascular uncoupling’ has 

also been hypothesized in AD pathology26. This raises the question of a role of pericytes in the 

development of AD pathology26.  

However, the relevance of pericyte deficiency for cognitive function remains uncertain as 

other studies have failed to show a significant correlation between pericyte degeneration and 

cognitive decline93. In one study, hypoxia-induced pericyte degeneration did not significantly 

correlate with cognitive impairment in rats and the authors concluded that ‘pericytic pathology 
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does not directly interfere with memory formation’93. In another study, reduced pericyte 

coverage in aged mice was not related to neurovascular function94. 

Further research is needed to determine if pericyte deficiency plays a crucial role in the 

development of cognitive decline in AD. 

 

1.2.3. Pericyte population in AD pathology 

Variants of Ab have toxic effects on cultured pericytes64. In a study with cultured cells, 

pericytes showed morphological signs of degeneration after exposure to Ab medium64. 

Notably, pericytes degenerated twice as rapidly as leptomeningeal smooth muscle cells, 

suggesting a vulnerability of pericytes to toxic effects of Ab64. 

In human AD samples, electron microscopy studies showed morphological signs of 

degeneration in pericytes such as increased intracellular lipofuscin-like material and damaged 

mitochondria37,95,96. These findings indicate an association between amyloid deposition and 

pericyte degeneration in human AD pathology.  

In contrast, Farkas et al. (2000) did not detect evidence of pericyte degeneration in human 

AD pathology97. They found no change in number of degenerating pericytes in AD subjects 

compared to age-matched controls97. They concluded that pericyte degeneration does not play 

a causal role in AD pathology and vascular lesion is restricted to the basement membrane97.  

It has even been hypothesized that pericytes could proliferate or increase in coverage to 

compensate for the dysfunctioning BBB in AD pathology36,99,100 since an increase in pericyte 

coverage is generally considered an ‘indicator of vascular dysfunctioning’ in other illnesses 

such as pulmonary hypertension or acoustic trauma to the cochlea101,102.  

In conclusion, whether pericyte loss or proliferation is a feature of AD pathology is not 

clear75. A systematic analysis of the pericyte population could promote our understanding of 

the microvascular contribution to AD pathology. 

 

1.3. Study objectives 

As described in the sections above, several studies and reviews28,37,95,96, albeit not all97,100, have 

suggested pericyte degeneration and loss in AD pathology. However, quantitative studies on 

pericyte density and coverage have been few and have shown heterogenous results ranging 

from pericyte loss to increase in pericyte coverage (discussed in sections 1.2.3. and 

4.2.1.)51,52,59,97,100,103. 
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To our knowledge, no previous studies on pericytes implemented stereological methods of 

quantification. Stereological methods are proposed as a ‘gold standard’ of quantitative 

microscopy and intended to reduce methodological bias104.  

 

1.3.1. Primary objective, hypothesis, and outcome measure	
Objective 1 

The primary objective of our study was to determine if pericyte loss occurs in AD pathology. 
 

• Hypothesis 1: pericyte loss occurs in AD pathology. 
 

We aimed to assess the hypothesis by stereological analysis of pericyte linear density in middle 

frontal gyrus sections from human AD cases compared with control cases. Pericyte linear 

density (number of pericytes per capillary length) was our primary outcome measure and it was 

calculated from pericyte density (number of pericytes per tissue volume) and capillary density 

(capillary length per tissue volume). 

In an exploratory analysis, we compared the primary outcome measure pericyte linear 

density between AD subjects that were stratified by neuropathological and genetical 

characteristics: we anticipated decreased pericyte linear density in subjects with the APOE4 

allele compared with subjects with the APOE2-3 allele. We also expected decreased pericyte 

linear density in subjects with higher scores (i.e. higher severity) of neuropathological measures 

(CERAD, NFTs, atrophy, and capillary CAA) compared with subjects with lower scores of 

neuropathological measures. 

In another exploratory analysis, we correlated pericyte linear density with total Ab (% area) 

and anticipated a negative correlation. 

 

1.3.2. Secondary objectives, hypotheses, and outcome measures	
Objective 2 

It was our objective to identify if pericyte coverage on capillaries is decreased in AD pathology. 
 

• Hypothesis 2: pericyte coverage is decreased in AD pathology. 
 

Decreased pericyte coverage may potentially indicate pericyte degeneration in AD pathology. 

Accordingly, we examined the outcome measure pericyte coverage on capillaries (percentage 

of capillary area covered by pericytes). 
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Objective 3 

It was our objective to detect if pericyte proliferation is decreased in AD pathology. 
 

• Hypothesis 3: pericyte proliferation is decreased in AD pathology. 
 

Decreased pericyte proliferation may possibly be associated with pericyte degeneration in AD 

pathology. We examined the outcome measure pericyte proliferation (proliferating pericytes 

per capillary length).  

 

Objective 4 

We aimed to investigate whether microvascular lesions in AD pathology are limited to pericytes 

or if they affect the density of the microvascular network as well. It was our objective to 

determine if the capillary density is decreased in AD pathology. 
 

• Hypothesis 4: capillary density is decreased in AD pathology. 
 

The outcome measure was capillary density (capillary length per tissue volume). The capillary 

diameter was defined as £9µm. 

In an exploratory analysis, we determined the density of vessels larger than capillaries 

including ‘intermediate vessels’ with a diameter >9 & £50µm (e.g. precapillary and small 

arterioles and postcapillary and small venules) and ‘large vessels’ with a diameter >50µm (e.g. 

arterioles and venules)105. We expected the largest decrease in vessel density in the capillary 

segment of the microvascular network in AD pathology.  

 

Objective 5 

It was our objective to investigate if endothelial cell proliferation is decreased in AD pathology. 
 

• Hypothesis 5: endothelial cell proliferation is decreased in AD pathology. 
 

Decreased endothelial cell proliferation may possibly be associated with endothelial cell 

degeneration in AD pathology. The outcome measure was endothelial cell proliferation 

(proliferating endothelial cells per capillary length).  
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2. Methods 
 

2.1. Subjects 

The study included specimens from 16 control and 16 AD subjects. Samples were provided by 

the New Zealand Neurological Foundation Human Brain Bank, Centre for Brain Research, 

University of Auckland in Auckland, New Zealand. Specimens were obtained from the 

Auckland City Hospital after informed consent of the subject in compliance with ethical and 

legal guidelines and approval by the institutional review board. Records of the clinical history 

and autopsy are summarized in Table 1. 

All AD subjects had a diagnosis of AD that was neuropathologically confirmed. Control 

subjects showed no clinical signs of dementia (confirmation by the general practitioner).   

The brain bank provided us with sex, age, post-mortem time, and cause of death for all 

subjects. Groups were matched for sex and age (results of matching are reported in section 3.1.). 

The brain bank also provided us with estimates of dementia duration and neuropathological 

measures such as the CERAD score (neuritic plaque score: absent, sparse, moderate, or 

frequent), four-tier NFT score (absent, mild, moderate, or severe), and four-tier atrophy score 

(absent, mild, moderate, or severe) for AD subjects106. 

APOE genotyping was done by our collaboration partner at the Department of Translational 

Neuroscience, University Medical Center (UMC) Utrecht Brain Center, Utrecht University in 

Utrecht, The Netherlands (genotyping methods are reported in our publication107). 

Other neuropathological measures such as total Ab (% area), vascular Ab (% area), and 

capillary cerebral amyloid angiopathy (positive or negative) were established in our laboratory 

(methods are described in sections 2.2.2. and 2.3.7.).
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2.2. Stainings 

Fresh frozen (-80°C) specimen blocks were cut orthogonal to the middle frontal gyrus with a 

cryostat (Leica CM3050 S, Leica Biosystems, Nussloch, DE). The thickness of all sections was 

60µm. 

 

2.2.1. Immunofluorescence stainings 

If not mentioned otherwise, the staining procedures were performed at room temperature and a 

washing step with three changes of tris-buffered saline (TBS) was included between each step. 

TBS was made from 50mM TrisHCl and 150mM NaCl and adjusted to pH 7.4 with HCl (if not 

otherwise specified, all chemicals by Roth, Karlsruhe, DE). The liquid blocker PAP-pen 

(Science Services, München, DE) was used in all stainings to prevent any spillover of the 

applied solutions. The fresh frozen mounted slices were fixed for 10 minutes in 100% methanol 

at -20°C. Only slices stained for the proliferation marker Ki67 were fixed for 10 minutes in ice-

cold 4% paraformaldehyde (PFA) instead of methanol. 

Blocking of the unspecific binding sites was done for one hour in the host species serum of 

the second antibody: 10% normal donkey serum (NDS; Vector Laboratories, Burlingame, 

USA), 0.3% Triton X-100 (Sigma Aldrich, Steinheim, DE) for membrane permeabilization, 

and TBS. The first antibodies were incubated overnight at 4°C in 1% NDS, 0.3% Triton X-100, 

and TBS. 

Vasculature was identified by laminin immunoreactivity (1:800, mouse anti-human, γ1, 

clone 2E8; Millipore, Schwalbach, DE). Pericytes were characterized by PDGFRb 

immunoreactivity (1:100, rabbit anti-human, Y92, C-term; Genetex, Irvine, USA).  

The Ki67 (marker for proliferation) staining was performed analogous to the above-

mentioned staining steps except that the rabbit anti-Ki67 antibody (1:1000; Abcam, Cambridge, 

UK) was used instead of the PDGFRb antibody. 

In all immunofluorescence stainings, the secondary antibodies Alexa 488-conjugated 

donkey anti-mouse (1:1000; Invitrogen, Karlsruhe, DE) and Alexa 568-conjugated donkey anti-

rabbit (1:1000; Invitrogen, Karlsruhe, DE) were incubated in 5% NDS, 0.3% Triton X-100, and 

TBS for 4 hours. All slices were washed in three changes of TBS for 10 minutes each and 4’,6-

diamidino-2-phenylindole (DAPI, 1:60.000; Sigma Aldrich, Steinheim, DE) was added to the 

21
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second wash for nuclear labelling. Fluorsave was used as the embedding medium (Vector 

Laboratories, Burlingame, USA). 

 

2.2.2. Immunoperoxidase staining  

This staining was used for stereological quantification of Ab. The fresh frozen mounted slices 

were fixed for 15 minutes in 100% methanol at -20°C. Endogenous peroxidase was inactivated 

for 15 minutes in 0.3% H2O2 and TBS. Unspecific binding sites were blocked for two hours 

with 10% normal horse serum (NHS; Vector Laboratories, Burlingame, USA), 0.3% Triton X-

100, and TBS. Ab was stained with amyloid beta antibody (1:500, mouse anti-human, clone 

DE2B4; Santa Cruz, Heidelberg, DE) that was incubated overnight at 4°C in 1% NHS, 0.3% 

Triton X-100, and TBS. The secondary biotinylated horse anti-mouse antibody (1:200) in 1% 

NHS, 0.3% Triton X-100, and TBS was incubated for 4 hours at room temperature. The avidin-

biotin complex (ABC) kit (Vector Laboratories, Eching, DE) was used according to the 

manufacturer’s instructions. Slices were washed in three changes of tris-buffer (TB) for 10 

minutes. The 3,3’-diaminobenzidine (DAB) kit (Sigma Aldrich, Steinheim, DE) was also used 

according to the manufacturer’s instructions and incubated for three minutes. Slices were 

washed in three changes of TB for 10 minutes each and air-dried. 

Nuclei were stained with Harris’ haematoxylin (Morphisto, Frankfurt am Main, DE) after 

Ab staining: slices were immersed in 100% ethanol for 10 minutes and rehydrated by a graded 

alcohol series. Bidistilled water was used for washing. Slices were immersed in Harris’ 

haematoxylin for five minutes and differentiated in 1% HCl-ethanol for one second. Lukewarm 

ammonia water (1% NaHCO3) was used for bluing (3 minutes). 

As a final step, slices were dehydrated in a graded alcohol series and kept in Rotihistol (Roth, 

Karlsruhe, DE) until they were embedded in Rotihistokit (Roth, Karlsruhe, DE) and 

coverslipped.  

For illustration purposes, we performed another immunoperoxidase staining of the 

vasculature. This staining of the vasculature was performed analogous to the Ab staining except 

that a laminin antibody (1:800, mouse anti-human, γ1, clone 2E8; Millipore, Schwalbach, DE) 

was used instead of the amyloid beta antibody and nuclei were not stained.  
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2.3. Morphometric analyses 

2.3.1. Stereology 

Stereology can be defined as a method that provides ‘meaningful quantitative descriptions of 

the geometry of 3D structures from measurements that are made on 2D images’108. 

The stereological analyses included samples from 32 subjects (AD n = 16 vs. control n = 16) 

and were performed with the Stereoinvestigator 10 software (MBF Bioscience, Magdeburg, 

DE). If not mentioned otherwise, we included three slices per subject. For multiple slices, we 

analysed every second consecutive slice of the tissue block. The slices were alternating and not 

neighbouring to avoid multiple counting of structures located on the edge. The investigator was 

blinded to the ID of the sample under scrutiny. 

First, the grey matter of the middle frontal gyrus was chosen as the single region of interest 

(ROI) and delineated by the white matter. The grey matter could be differentiated in the DAPI 

or haematoxylin stainings with a low-resolution 10´ / numerical aperture (NA) 0.30 dry 

objective lens (microscope Leica DMIL, fluorescence filters F41-025, F41-027, and F41-041; 

all lenses by Leica Camera AG, Wetzlar, DE). The height of each fluorescence-stained slice 

was determined individually with the same setup and high-resolution 40´ / NA 1.25-0.75 oil 

immersion objective used for stereological analysis. The first nucleus in focus at the top and 

the last nucleus in focus at the bottom defined the height of the slice. The average post-

processing mounted thickness (t) of the tissue was sampled at 6-7 different points within the 

ROI and averaged41.  
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Figure 1. Stereological method of pericyte quantification. Frozen 60 µm sections from the 
middle frontal gyrus were mounted onto slides and stained. PDGFRb immunoreactivity 
indicated pericytes. Laminin immunoreactivity indicated the basement membrane of the 
vasculature. The stereological method optical fractionator109 was used to measure pericyte 
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density (number of pericytes per tissue volume; cells/mm3). The stereological spaceballs 
method110 was used to measure the density of the vasculature (vascular length per volume; 
mm/mm3). Pericyte linear density was calculated from the above measurements (number of 
pericytes per capillary length; cells/mm). Green arrowheads indicate counted pericytes (optical 
fractionator method) and counted vascular intersections (spaceballs method). Figure 1 is 
adapted from our publication107. 
 
 

2.3.2. Pericyte density and linear density  

Pericytes were defined as PDGFRb+ cells with round or oval nuclei embedded in the 

laminin+ basement membrane that cause an exterior convex protrusion in the vessel wall66. The 

marker PDGFRb is characteristic of but not exclusive to pericytes132. A high-resolution 40´ / 

NA 1.25-0.75 oil immersion objective was used for stereological analysis. Confocal images 

(Leica SP5 confocal microscope, Wetzlar, DE) were acquired for illustration purposes. 

Pericyte density and linear density were measured on three slices per subject (Figure 1). The 

three-dimensional counting space was projected into the slices and all counting was restricted 

to its boundaries. In the x-y plane, the counting space consisted of two inclusion and two 

exclusion lines creating a 120´120µm square (i.e. counting frame). The area of the counting 

frame (14400µm2) was chosen to fit ~2 pericytes per counting frame111. Every pericyte within 

the counting frame or touching the inclusion line was included; likewise, every pericyte outside 

the counting frame or touching the exclusion line was excluded. We counted ~450 pericytes 

per subject (>200 sampling sites per subject)112. The height of the counting space did not 

include the entire thickness of the slices. The z-plane 3µm guard zones were placed at the upper 

edge of the counting frame resulting in ~3µm guard zones at the bottom edge, depending on 

the height of the counting space. Guard zones accounted for possible cutting artefacts and lost 

nucleoli at tissue borders due to processing113. Tissue section fraction (tsf) was defined as the 

counting space height fraction of the mounted thickness111. 

A lattice, the so-called sampling grid, was superimposed randomly onto the slices by the 

stereoinvestigator software. A counting space was placed at each intersection of the sampling 

grid. A total of ~100 counting spaces was projected onto each slice: the x- and y-distances 

between each counting space in the sampling grid were fitted automatically with respect to the 

size and shape of the ROI. The sampled fraction of the ROI was defined as the area sampling 

fraction (asf)111. The asf varied between subjects, depending on the size of the ROI. Guard zone 

and counting frame measures were identical within and between subjects. The height of the 

counting space and x- and y-distances were identical within subjects and fitted according to 
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changing ROI measures between subjects. Pericyte counts from all counting spaces on one slice 

(åQ-) were used to estimate the total number of pericytes in the ROI on the same slice (N)111: 

 

!	 = 	$%& 	× 	
1
tsf 	×	

1
asf 	×	

1
ssf 

 

 

The interval of sections sampled, section sampling fraction (ssf), was 1 as the pericyte 

population was calculated individually for all three slices. Pericyte density was calculated as 

number of pericytes per tissue volume (cells/mm3).  

Pericytes are located on capillaries and a change in capillary density would likely cause a 

change in pericyte density. To account for this association, the total number of pericytes was 

divided by the total capillary length resulting in the pericyte linear density (pericyte cells/mm 

capillary). Mean pericyte linear density of all three slices was used to calculate pericyte linear 

density for one subject. 

 

2.3.3. Capillary density  

Capillaries were defined as every laminin+ tubular structure with a diameter £9µm114. A high-

resolution 40´ / NA 1.25-0.75 oil immersion objective was used for stereological analysis. 

Capillary diameter (Æ) was measured with the ‘fast measure tool’ provided by the 

stereoinvestigator software114.  

We determined capillary density with the spaceballs method110 (Figure 1). Capillary density 

was determined on the same slices, in the same ROI, and at the same x- and y-distances as 

pericyte density to provide comparable sampling. Guard zone size was set at 3µm and chosen 

to account for variability of mounted thickness of the slice and size of the capillary (£9µm)110. 

A hemisphere, instead of a sphere, was chosen to maximize the number of counts while still 

maintaining isotropy110. The hemispheres were projected into the slices according to the 

predetermined x- and y-distances. Every intersection between a hemisphere and a capillary was 

counted. Capillaries were only counted if the hemisphere intersected the central axis of the 

capillary114. We estimated the capillary density according to the following formula114 (åis = 

capillary intersections with the edge of the hemisphere; Dx = sampling grid distance in x; Dy = 

sampling grid distance in y; t = mounted thickness of the slice; r = radius of the hemisphere; 

and V = volume of the ROI after cutting): 
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Capillary	density	 = 	
2	 ×	∑ 89	 ×	:;< 	×	;=	 × 	>?

2	 × 	@	 × 	AB 	×	
1
C 

 

2.3.4. Intermediate and large vessel density  

Intermediate and large vessel densities were estimated on the first of the three slices used for 

estimation of capillary density. We divided the microvascular network into a group of laminin+ 

‘intermediate’ vessels with a diameter >9 & £50µm (e.g. precapillary and small arterioles and 

postcapillary and small venules) and ‘large’ vessels with a diameter >50µm (e.g. arterioles and 

venules)105.  

The lenses, guard zones, grey-matter-ROI, and spaceballs formula were the same as in the 

capillary density estimation. Vessels with a diameter >9 & £20µm were counted as described 

for the capillaries. 

For this study, we established a novel protocol for counting vessels with a diameter >20µm 

because the regular spaceballs protocol is less efficient for these infrequent events. Vessels 

within the grey-matter-ROI with a larger diameter than that of capillaries were preselected with 

additional ROIs. For this purpose, we used a low-resolution 10´ / NA 0.30 dry objective lens. 

These additional ROIs encircled each vessel with a larger diameter than that of capillaries and 

excluded most of the parenchyma. To increase counting efficiency, we only projected the 

hemispheres into the additional ROIs. Intersections between a vessel with a diameter >20µm 

and a hemisphere were counted114. Vessel diameter was determined with the ‘fast measure tool’ 

provided by the stereoinvestigator software. We chose small x- and y-distances (100µm) to 

achieve a large number of intersections between the included vessels and hemispheres within 

the additional ROIs; x- and y-distances were adjusted in two subjects due to ROI size 

differences (AD case number 21: 50µm. Control case number 6: 150µm). A vessel was only 

counted if the central axis of the vessel intersected with the hemisphere.   

 

2.3.5. Pericyte and endothelial cell proliferation  

Ki67 analysis was performed on a single slice per subject with a high-resolution 40´ / NA 1.25-

0.75 oil immersion objective. Confocal images (Leica SP5 confocal microscope) were acquired 

for illustration purposes. To avoid missing any rare proliferating cells, we performed a meander 

scan and analysed the entire ROI (grey matter) meandering from side to side and top to bottom 
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(asf = 1). We counted the proliferating cells and determined two subgroups for analysis: 

endothelial cells and pericytes. Endothelial cells and pericytes were distinguished based on their 

morphology and location: pericyte nuclei were identified as round or oval causing an exterior 

convex protrusion in the vessel wall66 and differentiated from endothelial cell nuclei, which 

were plane and longitudinal (width and height <6µm, length 10-15µm)115. Ki67+ vascular 

nuclei below the basement membrane and near the central axis of the vessel were regarded as 

proliferating intraluminal cells and excluded from the analysis. Proliferating pericytes were 

divided by capillary length (measured on the same section), which resulted in proliferating 

pericytes per capillary length; likewise, we divided proliferating endothelial cells by capillary 

length, which resulted in proliferating endothelial cells per capillary length. 

 

2.3.6. Pericyte coverage 

Pericyte coverage was estimated on a single section per subject. The analysis was performed 

on the first of the three sections per subject included in the pericyte density, pericyte linear 

density, and capillary density estimation to establish comparable sampling. As reported earlier 

in the optical fractionator step, a sampling grid was superimposed on the grey matter, thereby 

creating uniform distances between each sampling site. Two images were captured at each 

intersection of the sampling grid with a high-resolution 100´ / NA 1.4 oil-immersion objective 

lens. A total of ~10 intersections was sampled per subject.   

The first image was collected with a detector channel that filtered the emission spectra of 

the green fluorescent laminin+ vessels (Alexa Fluor 488). Images with vessels larger than 

capillaries were excluded. The offset, gain, and exposure time were equal for all Alexa Fluor 

488 images. 

The second image was collected with a detector channel that filtered the emission spectra of 

the red fluorescent PDGFRb+ pericytes (Alexa Fluor 568). The offset, gain, and exposure time 

were equal for all Alexa Fluor 568 images. 

The captured images (fluorescence Red-Green-Blue [RGB] colour) were imported to the 

image processing software ImageJ (v1.51s). Images were converted to 8-bit greyscale. Manual 

thresholds were used to create binary black and white images to differentiate between capillary 

and pericyte signals versus background. First, we determined the area covered by capillary 

signal (regardless of pixel size or circularity) on all images per subject. Then we determined 

the area covered by pericyte signal (regardless of pixel size or circularity) on all images per 

subject. We only included pericyte signals that colocalized with the capillary signal to minimize 
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background signal interference. We calculated the pericyte coverage as percentage of capillary 

area covered by pericyte area. 

 

2.3.7. Ab 

Ab immunohistochemistry was performed on a single section per subject. A 20´ / NA 0.5 dry 

objective lens was used for stereological analysis. We employed the stereological area fraction 

fractionator tool116. As described in the spaceballs and optical fractionator method, a lattice, the 

so-called sampling grid, was superimposed randomly onto the slice by the stereoinvestigator 

software. A total of ~200 counting grids per subject was projected into the counting space at 

each crossing of the lattice. The counting grid divided the image into small squares. The area 

of each square in the counting grid was always identical: a(p) = 20 ´ 20µm. Ab+ squares from 

all sites collectively (vascular and parenchymal) were used to calculate ‘total Ab’. Ab+ squares 

from vascular sites were used to calculate ‘vascular Ab’. The result of the analysis was the Ab+ 

area fraction in percent (A%) of the total grey matter area (ROIA)116: 

 

D% 	= 	
1

F9G	 × 	F(I)	× 	K(LM)
	×	

100
OPQR

 

 

In each subject, we determined whether the Ab signal was present in any capillary (i.e. capillary 

CAA positive/negative)62: we performed a meander scan and analysed the entire ROI (grey 

matter) and a subject was categorized as capillary CAA positive if at least one capillary was 

CAA positive. 

 

2.4. Statistics 

We carried out a sample size estimate for a one-way multivariate analysis of variance 

(MANOVA), which was based on the following parameters: number of groups = 2 (AD and 

control); number of response variables = 5 (pericyte density, pericyte linear density, capillary 

density, intermediate vessel density, and large vessel density); alpha = 0.05; power = 0.9; 

Pillai’s V = 0.45; and effect size f2 = 0.8241,43,44,100 (G*Power 3.1; Faul, Erdfelder, Buchner, and 

Lang, DE). The sample size estimate yielded an estimated sample size of N = 28 subjects. The 

total sample size included in this study (N = 32) exceeded the estimated sample size (N = 28). 
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Prior to statistical analysis, we assessed the general assumptions117-119 of the statistical tests. 

For instance, we used the Shapiro-Wilk test to assess normal distribution and the Levene’s test 

to assess equality of variances117-119. 

One-way MANOVA was used to investigate the effect of diagnosis (control vs. AD) on the 

following combined microvascular variables: pericyte density, pericyte linear density, capillary 

density, intermediate vessel density, and large vessel density. Only a significant result in the 

multivariate analysis was followed by univariate analyses (one-way ANOVAs) for each 

microvascular variable.  

The non-parametric Mann-Whitney U test was used to investigate the effect of variables 

with two groups on the non-normally distributed variables118. 

The non-parametric Kruskal-Wallis H test was performed to determine the effect of variables 

with more than two groups on the non-normally distributed variables. Only a significant 

Kruskal-Wallis H test was followed by post hoc tests for pairwise comparisons of the groups.  

Spearman’s rank-order correlation was used to investigate the correlations between variables 

if at least one of the variables was non-normally distributed. 

Mean and standard deviation of the mean is expressed as mean ± standard deviation for 

normally distributed variables. The median and the interquartile range (IQR) is reported for 

non-normally distributed variables.  

For box plots, median is indicated by a horizontal red line, 25th and 75th percentiles are 

displayed as a box, 5th and 95th percentiles are displayed as whiskers, and individual subjects 

are indicated by circles. 

A p value below 0.05 was considered significant in this exploratory study119. According to 

the recommendations by Althouse (2016)149 for exploratory studies, the alpha level was not 

adjusted for multiple comparisons. Based on the recommendations by the American 

Psychological Association (APA), p values below 0.0001 are reported as < 0.0001, while all 

other p values are reported exactly with four decimals120. 

Statistical tests were performed with SPSS (version 23, IBM, Ehningen, DE), Matlab 

(version R2012, Mathworks, Natick, USA), and Microsoft Excel (version 16, Microsoft, 

Redmond, USA). The Adobe Illustrator CS6 (Adobe Systems GmbH, München, DE) and 

ImageJ version 1.51s (ImageJ Developers, Bethesda, USA) were used for graphics and 

illustrations.  
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3. Results 
 

3.1. Neuropathological and clinical characteristics of subjects  

The study included specimens from a sample of 16 control and 16 AD subjects. Sex distribution 

was equal within and between groups (control: 8 females and 8 males; AD: 8 females and 8 

males; Table 1). 

The median age was 75.5 years (IQR 5.3) in the control group and 75.5 years (IQR 6.5) in 

the AD group (U = 112.5, z = -0.586, p = 0.5641; Mann-Whitney U test). 

The median post-mortem time was 12 hours (IQR 5.9) in control and 9 hours (IQR 16) in 

AD cases (U = 114, z = -0.529, p = 0.6156; Mann-Whitney U test). 

Compared to control subjects, total Ab was increased in AD subjects: total Ab varied from 

0 to 1.02% (median 0.18%, IQR 0.39) in the control group and from 0.54 to 2.19% (median 

0.91%, IQR 0.60) in the AD group (U = 27, z = -3.810, p = 0.0001; Mann-Whitney U test; 

Figure 2).  

Compared to control subjects, vascular Ab was increased in AD subjects: there were no 

signs of vascular Ab in control cases (median 0%, IQR 0) and vascular Ab varied from 0 to 

0.86% (median 0.07%, IQR 0.18) in AD cases (U = 24, z = -4.407, p < 0.0001; Mann-Whitney 

U test; Figure 2). 

Capillary CAA was negative in all 16 control subjects and positive in 3/16 AD subjects 

(Table 1). 
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Figure 2. Differences in Ab between control and AD subjects. A-D. Representative images of 
Ab (brown) in control subjects (A and B) and AD subjects (C and D). The inset in C is an 
example of parenchymal Ab. The inset in D is an example of vascular Ab. E. Total Ab was 
increased in AD pathology (* U = 27, z = -3.810, p = 0.0001; Mann-Whitney U test). F. 
Vascular Ab was increased in AD pathology (** U = 24, z = -4.407, p < 0.0001; Mann-Whitney 
U test). Scale bar: 100 µm. Figure 2 is adapted from our publication107. 
 
 

 

In the AD cases, the score of neurofibrillary tangles (NFT) varied from mild (n = 3/16) over 

moderate (n = 10/16) to severe (n = 3/16; Table 1). AD subjects were characterized by moderate 

(n = 11/16) to frequent (n = 5/16) scores of neuritic plaques (CERAD15; Table 1). The degree 

of atrophy varied from mild (n = 7/16) over moderate (n = 5/16) to severe (n = 4/16) in AD 

cases (Table 1). 
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We stained for the basement marker laminin to measure 
vascular density (Figure 3A,B). The microvascular network of  
AD subjects displayed a 24% increase in capillary density 
compared to controls (controls: 291 ± 39 mm/mm3 vs. AD: 
361 ± 48 mm/mm3; P = 0.000079; one-way-ANOVA; 
Figure 3C). In contrast, no signi cant di erences between AD 
cases and controls was detected for the densities of intermedi-
ate sized vessels (controls: 72 ± 23 vs. AD: 73 ± 27 mm/
mm3; Figure 3C) or large vessels (controls: 0.55 ± 0.25 vs. 
AD: 0.43 ± 0.30 mm/mm3; P = 0.24; one-way-ANOVA; 
Figure 3C). The capillary density correlated with the total A β 
burden (rs = 0.6419, P < 0.0001; Spearman’s rank-order cor -
relation; Figure 3D). In AD subjects, vascular density of  
intermediate vessels was signi cantly higher in subjects with 
a score of 3 when compared with those with a score of 2 

(median of 47.6 vs. 87.9, P < 0.005, Mann–Whitney U  Test). 
Otherwise, the density of vessels did not vary signi cantly 
between di rent stages of the four-tier NFT or neuritic plaque 
(CERAD) classi cations (Supporting Figures S6 and S7).

Some of the non-demented control cases showed 
Aβ-immunoreactive plaques (Figure 2G). We separated the 
control cases into subjects with negligible A β-immunoreactivity 
(< 0.1% area fraction; n = 5), and non-demented subjects 
with positive A β immunoreactivity (A β-immunoreactive plaques 
in> 0.1%; n = 9). The analysis of pericyte and capillary 
densities showed signi cant di erences between these two groups 
and the AD group, while no di rence was found between 
control and non-demented subjects with AD-like pathology 
for any other metric studied (Supporting Figure S8). No dif -
ferences were found for pericyte linear density, intermediate 

Figure 2.  Correlation of pericyte density with AD pathology . A-D.  
Representative images showing immunoreactivity for β-amyloid in two 
non-demented cases ( A  and B ) and two AD cases ( C  and D). Non-
demented controls showed variable degree of β-amyloid deposition. The 
insets in C  and D demonstrate plaques and parenchymal vascular 
amyloid deposition, respectively. E  and F.  Boxplots showing the fraction 

of the area occupied by total A β immunoreactivity ( E ) or vessel-
associated A β immunoreactivity ( F) in non-demented control and AD 
cases. * P = 0.00015, ** P = 0.000016; Mann–Whitney U  Test. G.  
Pericyte density correlated with the total A β load ( rs = 0.54, P = 0.0012, 
Spearman’s rank-order correlation. Scale bar: 100 µm.
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The APOE status was available for n = 16 control subjects and n = 10 AD subjects (Table 

1): n = 3 control subjects and n = 4 AD subjects were homo- or heterozygous for the APOE4 

allele, while n = 13 control subjects and n = 6 AD subjects presented with other combinations 

of the APOE2 and APOE3 alleles. 

The dementia duration was determined for 9/16 cases and varied between 2-20 years (Table 

1). The cause of death was unevenly distributed between AD and control, as respiratory 

infections (e.g. pneumonia) were predominant in AD and cardiovascular disease (e.g. 

myocardial infarct) was predominant in controls (Table 1).  

 

3.2. Morphometric analyses 

Tissue staining was homogeneous throughout the thickness of the section and the typical 

background signal in fresh frozen tissue did not interfere with distinction of structures (Figure 

3). The strong signal from the basement membrane of the vasculature (laminin 

immunoreactivity) and pericytes (PDGFRb immunoreactivity) enabled clear morphological 

identification of the structures (Figure 3).  

In the multivariate analysis, we detected a difference in the combined microvascular 

morphometric measures (i.e. pericyte density, pericyte linear density, capillary density, 

intermediate vessel density, and large vessel density) between control and AD (control vs. AD; 

n = 16 vs. n = 16; F5,26 = 4.400, p = 0.0049, Wilks’ L = 0.542, partial h2 = 0.458; one-way 

MANOVA). 

Follow-up univariate analyses (ANOVAs) were performed for each microvascular 

morphometric measure included in the multivariate analysis. The results of the univariate 

analyses are described in the following sections 3.2.1. and 3.2.2. 

 

3.2.1. No pericyte loss in AD pathology 
Compared to control cases, pericyte density (i.e. number of pericytes per tissue volume) was 

increased by 28% in AD cases (control vs. AD; 2412 ± 376 vs. 3081 ± 584 cells/mm3; F1,30 = 

14.836, p = 0.0006, partial h2 = 0.331; one-way ANOVA; Figure 3). 

The 28% increase in pericyte density was paralleled by a 24% increase in capillary density 

(Figure 4). Therefore, in the analysis of the primary outcome parameter, we detected no 

significant difference in pericyte linear density (i.e. number of pericytes per capillary length) 

between control and AD cases (control vs. AD; 8.3 ± 0.7 vs. 8.5 ± 1 cells/mm capillary; F1,30 = 

0.551, p = 0.4635, partial h2 = 0.018; one-way ANOVA; Figure 3). 
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Our results did not indicate a significant difference in pericyte coverage (i.e. percentage of 

capillary area covered by pericytes) between control and AD subjects (controls: median 75.6%, 

IQR 15; AD: median 75.8%, IQR 13.2; U = 120, z = -0.302, p = 0.7804; Mann-Whitney U test; 

Figure 3).  

 

 
 
Figure 3. Pericytes in AD pathology. A. Representative confocal image of a pericyte (arrowhead). The 
PDGFRb+ pericyte is embedded within the laminin+ basement membrane and contains a DAPI+ nucleus. 
B. The pericyte density (number of pericytes per tissue volume) was increased in AD subjects (* F1,30 = 
14.836, p = 0.0006, partial h2 = 0.331; one-way ANOVA). C and D. There was no significant difference 
in pericyte linear density (number of pericytes per capillary length) and pericyte coverage (percentage 
of capillary area covered by pericytes) between control and AD cases (statistical tests described in 
section 3.2.1.). Scale bar: 50 µm. Figure 3 is adapted from our publication107. 
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Pericyte linear density showed no significant difference between AD subjects that were 

stratified by neuropathological and genetical characteristics (i.e. score/category of CERAD, 

NFTs, atrophy, APOE, and capillary CAA; Table 2). 

Pericyte linear density and total Ab showed only a weak correlation (control and AD, n = 

32; rs = 0.0952, p = 0.6042; Spearman’s rank-order correlation).  

 

 
Table 2. Pericyte linear density in AD subjects that were stratified by neuropathological and genetical 
measures. 

Measure Score/ 
Category 

Number of 
AD cases 

Median (IQR) pericyte linear 
density (cells/mm capillary) Statistical test 

CERAD 
Moderate  11 8.4 (1.2) 

U = 24, 
z = -0.397, 
p = 0.7427; 
Mann-Whitney U 
test  

Severe 5 9 (2) 

NFT 
Mild 3 9.1 (1) χ2(2) = 0.224, 

p = 0.8943; 
Kruskal-Wallis H 
test  

Moderate 10 8.2 (1.3) 
Severe 3 9 (1.1) 

Atrophy 
Mild 7 8 (1) χ2(2) = 1.238, 

p = 0.5386; 
Kruskal-Wallis H 
test  

Moderate 5 9.1 (1.2) 
Severe 4 9.2 (1) 

APOE 
APOE2-3 6 7.8 (1.2) 

U = 4, 
z = -1.706, 
p = 0.1143; 
Mann-Whitney U 
test 

APOE4 4 8.9 (1.2) 

Capillary 
CAA 

Negative 13 9.7 (1.4) 
U = 11, 
z = -1.144, 
p = 0.2964; 
Mann-Whitney U 
test 

Positive 3 8.4 (1.3) 

Abbreviations: AD, subject with Alzheimer’s disease; APOE, apolipoprotein E; NFT, neurofibrillary 
tangles; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease106; CAA, cerebral 
amyloid angiopathy62; IQR, interquartile range. Subjects in the APOE4 subgroup were homo- or 
heterozygous for the APOE4 allele (Table 1).  
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3.2.2. Increase in vascular density is limited to capillaries in AD pathology 

Compared to control cases, capillary density was increased by 24% in AD cases (control vs. 

AD; 291 ± 39 vs. 361 ± 48 mm/mm3; F1,30 = 20.851, p < 0.0001, partial h2 = 0.410; one-way 

ANOVA; Figure 4).  

In AD subjects, the increase in vascular density was limited to capillaries. We did not detect 

a significant difference in intermediate and large vessels between control and AD cases: 

intermediate vessel density was 72 ± 23 mm/mm3 in control subjects and 73 ± 27 mm/mm3 in 

AD subjects (F1,30 = 0.016, p = 0.9003, partial h2 = 0.001; one-way ANOVA; Figure 4). Large 

vessel density was 0.55 ± 0.25 mm/mm3 in control subjects and 0.43 ± 0.30 mm/mm3 in AD 

subjects (F1,30 = 1.438, p = 0.2398, partial h2 = 0.046; one-way ANOVA; Figure 4). 

In a post-hoc exploratory analysis, capillary density correlated strongly with total Ab (AD 

and control, n = 32; rs = 0.6419, p < 0.0001; Spearman’s rank-order correlation; Figure 4).  

In another post-hoc exploratory analysis, we determined the capillary density between the 

scores of atrophy: median capillary density was 349 mm/mm3 (IQR 50) in subjects with mild 

atrophy, 325 mm/mm3 (IQR 24) in subjects with moderate atrophy, and 407 mm/mm3 (IQR 20) 

in subjects with severe atrophy (χ2(2) = 5.893, p = 0.0525; Kruskal-Wallis H test). 
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Figure 4. Vascular density in AD pathology. A and B. Representative images of the laminin+ (brown) 
vasculature in control subjects (A) and AD subjects (B). C. The capillary density was increased in AD 
cases (* F1,30 = 20.851, p < 0.0001, partial h2 = 0.410; one-way ANOVA), while the intermediate vessel 
density and large vessel density were not significantly different between control and AD cases 
(statistical tests are described in section 3.2.2.). D. Capillary density correlated strongly with total Ab 
(rs = 0.6419, p < 0.0001; Spearman’s rank-order correlation). Scale bars: 250 µm. Figure 4 is adapted 
from our publication107. 
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vascular or large vascular densities (Supporting Figure S8). 
These results suggest that clinically patent and neuropathologi -
cally con rmed AD, and not merely the presence of  
Aβ-immunoreactive plaques, is associated with the observed 
increases in pericyte and capillary density. The APOE genotype 
did not in uence Aβ plaque load, pericyte or vascular density 
in neither the control nor the AD groups, although a  
trend to a higher amount of A β vascular deposition was 
found in carriers of the APOE4 allele (Supporting Figures S9 
and S10).

Analysis of cleared samples

Upon clearing, double-labeling and two-photon imaging of  
brain tissue samples revealed A β deposits as well as the 

PDGFR β-immunoreactive vascular network (Figure 4A,B). 
Pericyte-containing vessels were detected in both controls 
and in AD cases along all cortical layers, often in close 
apposition to A β plaques (Figure 4B). The PDGFR β-
immunoreactive mural cell lining of  arteries, capillaries and 
veins was clearly rendered (Figure 4C,E). The Supporting 
Videos S1 and S2 demonstrate the staining and imaging 
of  whole tissue fragments. The volume occupied by A β 
deposition was signi cantly higher in AD cases than con -
trols, although we encountered some degree of  Aβ immu-
noreactivity in one control case (median 0% in control vs. 
0.6% in AD cases, P < 0.005, Mann–Whitney U  Test, 
Supporting Figure S11A). A β deposition did not vary sig -
ni cantly in dependence of  the APOE genotype (Supporting 
Figure S11B).

 

discontinuous pattern of staining is owed to the sectioning of fresh-
frozen samples. C.  The density of capillaries (de ned as vessels with 
diameters ≤9 µm) is signi cantly increased in AD cases compared to 

correlated with the total A β load ( rs = 0.6419, P = 0.000075, Spearman’s 
rank-order correlation). Scale bars: 250 µm.
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3.2.3. Proliferating pericytes and endothelial cells  

We investigated the proliferation of pericytes and endothelial cells and measured the number 

of Ki67-expressing cells in the capillary compartment of control and AD cases.  

Tissue staining was homogeneous and the strong immunoreactivity from the basement 

membrane (laminin), the proliferation marker (Ki67), and DAPI facilitated the morphological 

distinction of structures (Figure 5).  

Proliferating pericytes were rare events in both control and AD cases: in total, seven 

proliferating pericytes were detected in the control group and five proliferating pericytes were 

detected in the AD group (Figure 5). There was no significant difference between control 

(median 0 cells ´ 10-3 / mm, IQR 0.8) and AD (median 0 cells ´ 10-3 / mm, IQR 0) cases with 

regard to proliferating pericytes (U = 96.5, z = -1.445, p = 0.2388; Mann-Whitney U test; Figure 

5). 

There was no significant difference between control (median 0.33 cells ´ 10-2 / mm, IQR 

0.55) and AD cases (median 0.15 cells ´ 10-2 / mm, IQR 0.29) with regard to proliferating 

endothelial cells (U = 77, z = -1.932, p = 0.0562; Mann-Whitney U test; Figure 5). 
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Figure 5. Proliferating pericytes and endothelial cells in control and AD subjects. A and B. 
Representative confocal images of a proliferating Ki67+ pericyte (arrow, A) and a proliferating Ki67+ 
endothelial cell (arrow, B). C and D. We detected no significant difference in proliferating Ki67+ 
pericytes per capillary length (C) and proliferating Ki67+ endothelial cells per capillary length (D) 
between control and AD cases. Scale bars: 10µm. 
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4. Discussion 
 

4.1. Summary 

This analysis yielded the following main results: contrary to our hypotheses (section 1.3.), we 

detected no evidence of pericyte loss in the middle frontal gyrus of subjects with AD pathology. 

We detected no significant difference in pericyte linear density (number of pericytes per 

capillary length) or pericyte coverage (area of capillaries covered by pericytes) in AD cases 

compared to the control cases. 

Capillary density was increased in the AD group. The increase in capillary density (capillary 

length per tissue volume) was paralleled by an increase in pericyte density (number of pericytes 

per tissue volume), which indicates a quantitatively preserved pericyte population. 

The increase in vascular density was limited to capillaries and did not include intermediate 

and large vessels. Total amyloid beta was increased in AD pathology and capillary density 

showed a strong positive correlation with total amyloid beta.  

Proliferating pericytes and endothelial cells were rare events with no significant difference 

between AD and control cases. 

In conclusion, we detected a dense capillary network with a quantitatively preserved pericyte 

population in AD pathology. Based on our findings, the differences in the microvascular 

network between control and AD cases are schematically illustrated in Figure 6. Possible 

limitations, explanations, and implications of these findings are discussed in the following 

sections.  
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Figure 6. Illustration of the main morphometric findings. This schematic illustration depicts 
the main findings of our study: pericyte linear density (number of pericytes per capillary length) 
was not significantly different between AD and age-matched control cases. Capillary density 
and Ab were increased in subjects with AD pathology. Accordingly, the illustration shows a 
dense capillary network with a quantitatively preserved pericyte population in AD pathology. 
 
 

4.2. Limitations 

First, we only analysed microvascular changes in the middle frontal gyrus. The inclusion of a 

single frontal region is a limitation of our study because other regions such as the hippocampus 

are typically affected earlier and more severely by AD pathology121. It could be hypothesized 

that the hippocampus shows more pronounced microvascular changes than samples of a frontal 

region. The inclusion of a single frontal region in this study limits generalizability of findings 

and further research is needed to investigate regional patterns of microvascular remodelling in 

AD pathology. 

Nevertheless, reports from a series of other studies41,43-45 – albeit not all other studies50-52,59 

– have shown relative increases in capillary density in frontal and temporal regions that are 

comparable to our results (discussed in section 4.3.2.). These findings suggest that 
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microvascular changes are not limited to temporal regions but also affect other regions such as 

the frontal cortex. 

In addition, reports on pericyte quantification in AD pathology have not demonstrated a clear 

regional pattern: some studies reported no loss of pericytes in frontal, limbic, and other cortical 

regions97,100,107 while other studies reported a loss in frontal and limbic regions52,59,103. 

Differences in methods between these studies may have contributed to the heterogenous 

findings of pericyte quantification (discussed in section 4.2.1).  

Second, we implemented the neuropathological and genetical measures CERAD, NFT, 

atrophy, capillary CAA, vascular Ab, total Ab, and APOE to characterize subjects. Even though 

the implemented neuropathological and genetical measures cover several domains of AD 

pathology, more comprehensive scores such as the neuropathological score recommended in 

the National Institute on Aging–Alzheimer’s Association guidelines15, MRI assisted evaluation 

of atrophy, and detailed neuropsychological assessments of all subjects would have increased 

the validity of our results. 

Third, a proportion of the tissue samples in the control group showed Ab immunoreactivity 

(median 0.18% of the tissue area). Ab deposition has been reported in elderly persons without 

dementia17,122  but future studies may reduce potential confounding associated with amyloid 

pathology by including control subjects without Ab deposition. 

Fourth, even though this study to our knowledge includes one of the largest samples (N = 

32) in the investigation of pericyte linear density in AD pathology, and we calculated a sample 

size estimate for the main analysis (MANOVA), smaller differences between groups were 

possibly not detected. The risk of false negative findings is particularly increased in analyses 

with rare secondary outcomes (e.g. proliferating endothelial cells and pericytes) that were not 

included in the sample size estimate. 

Fifth, this was an exploratory study with an unadjusted alpha level, which increases the risk 

of false positive findings119,149. Based on our exploratory findings, a study with a confirmatory 

design119,149 that is associated with less risk of false positive findings would be applicable to 

confirm or reject hypotheses, which were generated by this study. 

Sixth, the risk of bias was augmented in the exploratory analyses with missing data, which 

were conducted with observed data only150: APOE status was missing for 6 out of 16 AD 

subjects due to insufficient material quantity. Only AD subjects had records of CERAD, NFTs, 

and atrophy because these parameters were not routinely assessed for the control subjects. 

According to the recommendations by Little et al. (2012)150, rigorous study planning with the 
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aim to limit missing data (e.g. identical neuropathological assessment protocols for AD and 

control subjects) and predefined imputation strategies would further reduce the risk of bias in 

future studies. 

Seventh, the samples examined in this study were matched with regard to sample size, age, 

and sex. However, the cause of death was asymmetrical between subjects. AD cases died more 

frequently of respiratory infections such as pneumonia while controls died more frequently of 

cardiovascular disease such as myocardial infarct. This asymmetry has also been reported in 

other human AD post-mortem studies41,56 and may be due to the increased risk of aspiration in 

dementia. Respiratory system disease (e.g. pneumonia) is a common comorbidity and cause of 

death in AD125. It cannot be ruled out that a mismatch in cause of death has an impact on CNS 

microvascular findings: for instance, accentuated microvascular remodelling in control subjects 

with cardiovascular disease could hypothetically contribute to an underestimate of 

microvascular remodelling in subjects with AD29,32.  

Eighth, the PDGFRb antibody could not be included in the Ki67 staining due to technical 

restrictions in the staining procedure (i.e. limited possible combinations of first and secondary 

antibodies; section 2.2.1.). Only Ki67, laminin, and DAPI were included in this staining and 

cells were distinguished based on morphology and location. PDGFRb immunoreactivity 

supports identification of pericytes and the lack of the PDGFRb antibody in this staining is a 

source of potential confounding.  

Ninth, we investigated a limited sample of middle frontal gyrus specimens and acquired 

density outcomes. We did not acquire total number/length outcomes. Densities are commonly 

used to make relative comparisons between groups41, but systematic random sampling of a 

complete brain region that results in total numbers/lengths instead of densities is considered to 

be more accurate50,110. Provided that a complete brain region is available, estimating the total 

number of pericytes and total length of capillaries would contribute to a more comprehensive 

understanding of microvascular morphometry in AD pathology.   

Tenth, the spaceballs method is a well-established stereological method to determine 

capillary density110. Analyses of larger vessels with the spaceballs method have, to our 

knowledge, not previously been published, which may be due to the fact that analysis of less 

frequent events such as arterioles is very time-consuming with the regular approach (e.g. 

systematic random sampling of a large region of interest). The novel approach implemented in 

this study of sampling larger vessels only within smaller preselected regions of interest reduces 

sampling in spaces without larger vessels (section 2.3.4.). With this approach, sampling 



	 44 

efficiency is increased for less frequent events. However, systematic error may potentially arise 

from measuring vessels with large diameters as the location of the central axis of the vessel 

becomes more difficult to determine accurately110. Implementation of thicker tissue sections (if 

possible with regard to staining procedures) may help to identify the central axis of the vessel 

and reduce the risk of systematic error110.  

 

 

4.3. Microvascular morphometry in AD pathology 

4.3.1. Pericyte morphometry in AD pathology  

Pericyte degeneration and loss have been suggested to be early events in the development of 

AD pathology26,59,103. However, our assessment did not show evidence of pericyte loss in AD 

pathology since we detected no difference in pericyte linear density between AD and control 

cases (Figure 3). Furthermore, we detected no difference in pericyte linear density between 

subjects with different scores/categories of neuropathological and genetical measures such as 

CERAD, NFTs, atrophy, APOE status, and capillary CAA. Pericyte linear density only showed 

a weak correlation with total Ab. Consistently, we detected no significant difference in pericyte 

coverage between AD and control subjects. 

Findings in the literature are heterogeneous: the density of pericytes on capillaries (e.g. 

pericyte linear density) varied from unchanged97,100 to decreased52,59,103 in AD pathology. An 

even greater variance in findings was reported for the area of capillaries covered by pericytes 

(e.g. pericyte coverage): these findings varied from decreased59,103, to unchanged51,107 or 

increased100 area of capillaries covered by pericytes in AD pathology .  

Differences in methods, in particular the choice of pericyte markers and techniques of 

measuring pericyte densities, may have contributed to the discrepancies in the literature. We 

combined a molecular and a morphological marker to identify pericytes during the stereological 

analysis of the primary outcome measure pericyte linear density (pericyte cells / mm capillary). 

Other image analysis methods59 that focus on the intensity threshold of the immunofluorescence 

signal and estimates of pericyte numbers per vascular area (pericyte cells / mm2 capillary) may 

be more sensitive to changes in the intensity of the fluorescence signal in pericytes and 

capillaries. Changes in the intensity of the fluorescence signal from microvascular components 

could occur in AD pathology due to altered expression of microvascular proteins: for example, 

in vitro studies with pericytes suggested that Ab and hypoxia may induce shedding of the 

protein PDGFRb (i.e. loss of pericyte cell-associated PDGFRb)126,127. It appears possible that 
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shedding of PDGFRb could result in a reduced intensity of the pericyte cell-associated 

PDGFRb fluorescence signal in AD pathology. On the other hand, Ulex europeaus agglutinin 

I has been used to identify the vasculature103 and this marker may not show a reduced intensity 

of the fluorescence signal in AD pathology: ulex europeaus agglutinin I binds to fucosylated 

glycoproteins that are associated with leucocyte adhesion and endothelial activation128. 

Leucocyte adhesion and endothelial activation increase in AD pathology, which could 

potentially amplify the ulex europeaus agglutinin I signal129. In summary, a decreased PDGFRb 

signal in combination with an unchanged or increased ulex europeaus agglutinin I signal may 

more likely suggest pericyte loss if the quantification method is sensitive to changes in the 

fluorescence signal. Altered patterns of protein expression and differences in morphometrical 

methods could have contributed to the heterogeneous findings of pericyte morphometry 

between studies.  

We detected no significant difference in pericyte linear density in AD pathology, but 

importantly, unaltered pericyte functions cannot be concluded from these morphometrical 

findings. As mentioned in the introduction (section 1.2.), pericyte dysfunction has been 

suggested via different pathways in AD pathology (e.g. deficient signal transduction via the 

PDGF-BB–PDGFRb pathway67). Ab deposition may have an impact on pericyte function with 

regard to regulation of cerebral blood flow since Ab recently has been reported to constrict 

capillaries at pericyte locations130: pericyte constriction could result from Ab induced reactive 

oxygen species, which cause the release of the vasoconstrictive endothelin-1 (ET) and 

subsequent binding of ET to ETA receptors on pericytes130. 

In addition, Ab deposition in vessels induces inflammatory processes and pericytes 

participate in these processes via production of immunomodulating cytokines and 

chemokines131.  

In conclusion, we detected no evidence of pericyte loss in AD pathology and further research 

is needed to elucidate the functional role of pericytes for the development of AD pathology. 

Emerging techniques that further uncover molecular characteristics of mural cells in the 

cerebral vasculature132 may provide insights for future research on pericytes in AD pathology. 

 

4.3.2. Capillary morphometry in AD pathology	
We detected a 24% increase in capillary density in the frontal cortex of AD subjects. These 

findings are in line with two other studies that implemented the same stereological method 

(spaceballs): Schwartz et al. (2010) showed an increase in capillary density in the hippocampus 
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of AD cases46 and Richard et al. (2010) reported a 33% increase in capillary density in the 

temporal cortex of samples with AD pathology41. 

A range of morphometric methods (e.g. test grids44,53,56,57 or threshold techniques51,54) were 

previously implemented to assess microvascular density in AD pathology and results ranged 

from increased39-46,107 to unchanged47-52 or decreased53-60 microvascular density. Differences 

between studies may be influenced by methodological factors such as differences in 

microvascular definitions: some studies, for example, did not exclude vessels larger than 

capillaries or did not report the use vascular diameters to define capillaries39,40,42,48,49,51,54,55,57,58. 

Pooling data from capillaries and vessels larger than capillaries could affect results since the 

different vascular segments may not show identical density changes. In addition to differences 

in demographic and neuropathological characteristics between studies, a number of studies 

included only small AD sample sizes of ≤5 cases43,54-56, which may also have contributed to the 

heterogeneity of findings between studies.  

In our study, vessels larger than capillaries did not change significantly in density. This 

finding complements the sparse morphometric literature on arteriolar density in AD pathology: 

in 1981, Bell et al. investigated a small subgroup of arterioles (diameter 10-30µm) and reported 

an increase in arteriolar density in the hippocampus of AD subjects43. At that time, however, 

they used a tracing digitizer method sensitive to volume loss. Five years later, the same authors 

investigated overall change in microvascular length (capillaries and arterioles combined) in the 

hippocampus and calcarine cortex133 and detected no significant change in either of these areas. 

In another study in 1990, the same authors found no difference in arteriolar density between 

AD and control cases in the visual cortex47. 

Overall, findings suggest that mainly the capillary segment of microvascular network 

increases in density in AD pathology. The evidence that capillary density is increased in AD 

pathology could be further assessed in a future systematic review and meta-analysis that 

includes a comprehensive synthesis and evaluation of data from previous studies. 

  

4.3.3. Interpretation of increased capillary density with preserved pericytes in AD 

pathology 

We detected an increase in capillary density without pericyte loss in the middle frontal gyrus 

of AD cases. Increased capillary density may be interpreted as the result of angiogenesis134. 

However, the interpretation of increased capillary density requires consideration of 

parenchymal volume loss (e.g. due to cortical atrophy)41.  
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Theoretically, volume loss affects all segments of the vascular network, which may 

contribute to an increase in vascular density in all segments. In this study, the increase in vessel 

density was restricted to the capillary segment. This finding argues against parenchymal volume 

loss as the only cause for the increased capillary density in the AD cases. 

In our post-hoc analysis, the difference in capillary density between subjects that were 

stratified according to the atrophy score was not significant but this analysis was limited by 

small sample sizes. In addition, only a four-tier measure of atrophy was available, which lacked 

the accuracy of a more detailed assessment of regional atrophy. Lastly, parenchymal volume 

loss and angiogenesis may not necessarily be mutually exclusive and could hypothetically both 

contribute to increased capillary density in AD pathology.  

The mitotic Ki67 proliferation marker showed no significant difference between control and 

AD cases. Since Ki67+ vascular cells were rare events, this study may not have had sufficient 

statistical power to detect differences in the proliferation marker between groups. Albeit 

speculative, vascular cell proliferation might peak early in the development of AD pathology 

since angiogenic stimuli such as hypoxia are assumed to emerge in the early stages of the 

disease development33. This could be another possible explanation why we detected increased 

capillary density but did not detect increased vascular cell proliferation in subjects with 

established AD pathology. 

Our findings of increased capillary density are in agreement with upregulated angiogenesis-

related gene expression in transgenic mice models of AD pathology and human AD 

pathology135,136. Recently, the angiogenic factor angiopoietin like-4 (ANGPTL4)137 has been 

suggested to contribute to vascular remodelling in capillary CAA. Increased levels of other 

angiogenic factors such as vascular endothelial growth factor (VEGF) were indicated in 

several127,138-141, but not all142,143, studies with human samples of AD pathology. Insufficient 

cerebral perfusion and increased inflammation may amplify angiogenesis in AD pathology but 

the exact mechanisms remain to be fully determined21,129,144-148. 

In conclusion, angiogenesis appears to contribute to increased capillary density in AD 

pathology. Further research is needed to differentiate between the effects of angiogenesis and 

parenchymal volume loss on capillary density in AD pathology. 
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