
Novel Markers of Angiogenesis in the Setting of Cognitive 
Impairment and Dementia

Christopher M. Callahana,b,c,d,e,*, Liana G. Apostolovae,f,g, Sujuan Gaoe,h, Shannon L. 
Risachere,g, Jamie Casei, Andrew J. Saykine,f,g,j, Kathleen A. Laneh, Cecily G. Swinforde,g, 
Mervin C. Yoderk

aIndiana University Center for Aging Research, Indianapolis, IN, USA

bDepartment of Medicine, Indiana University School of Medicine, Indianapolis, IN, USA

cRegenstrief Institute, Inc., Indianapolis, IN, USA

dEskenazi Health, Indianapolis, IN, USA

eIndiana Alzheimer Disease Center, Indianapolis, IN, USA

fDepartment of Neurology, Indiana University School of Medicine, Indianapolis, IN, USA

gDepartment of Radiology and Imaging Sciences, Indiana University School of Medicine, 
Indianapolis, IN, USA

hDepartment of Biostatistics, Indiana University School of Medicine, Indianapolis, IN, USA

iScripps Clinic Bio-Repository and Bio-Informatics Core, Scripps Clinic Medical Group, La Jolla, 
CA, USA

jDepartment of Psychiatry, Indiana University School of Medicine, Indianapolis, IN, USA

kIndiana Center for Regenerative Medicine and Engineering, Indiana University School of 
Medicine, Indianapolis, IN, USA

Abstract

Background: Aberrant angiogenesis may play a role in the development of Alzheimer’s disease 

and related dementia.

Objective: To explore the relationship between angiogenesis activity and evidence of 

neurodegeneration among older adults.

Methods: Cross-sectional study of 49 older adults clinically characterized as cognitively normal, 

mild cognitive impairment, or early Alzheimer’s disease. In addition to neuroimaging, we 

completed assays on peripheral blood, including: vascular endothelial growth factor, tumor 

necrosis factor, fibroblast growth factor, and amyloid-β peptide 40. We used advanced 

polychromatic flow cytometry to phenotype circulating mononuclear cells to assess angiogenesis 

activity.
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Results: Although we documented differences in cognitive performance, structural changes on 

neuroimaging, and burden of amyloid and tau on positron emission tomography, angiogenesis 

activity did not vary by group. Interestingly, VEGF levels were shown to be increased among 

subjects with mild cognitive impairment. In ANCOVA models controlling for age, sex, intracranial 

volume, and monocyte subpopulations, angiogenesis activity was correlated with increased white 

matter hyperintensities.

Conclusion: We demonstrate a significant association between angiogenesis activity and 

cerebrovascular disease. To better understand the potential of angiogenesis as an intervention 

target, longitudinal studies are needed.
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INTRODUCTION

Chronic cerebral hypoperfusion may play a larger initial role in the etiology of Alzheimer’s 

disease (AD) dementia than previously understood [1, 2]. Cerebral hypoperfusion generally 

results in the upregulation of angiogenesis [3]. The body controls angiogenesis through a 

complex interplay of humoral and cellular factors, and angiogenesis takes place in the adult 

brain just as it takes place in other tissues [4]. In the context of AD, prior research describes 

dysregulation of humoral factors involved in angiogenesis, such as vascular endothelial 

growth factor (VEGF) and the interaction of inflammation and angiogenesis in response to 

hypoxia [3, 4]. Whether these changes are protective or ultimately neurotoxic is uncertain, 

and both could be true at different stages of the pathologic process of AD [5]. In other 

words, initial upregulation could be adaptive but continued upregulation could ultimately be 

toxic, just as may be true for the role of neuroinflammation [6]. Angiogenesis is also notable 

as an important component of the neurogenesis pathway which itself is dysregulated in AD 

[7].

Aberrant angiogenesis is defined as inappropriately under-active or inappropriately over-

active angiogenesis. Over-active angiogenesis may be present in conditions such as cancer 

and macular degeneration, for example [8–10]. Normal aging has been associated with a 

gradual decline in angiogenesis capacity, although there is substantial inter-individual 

variation [11, 12]. In some individuals, however, an inappropriately under-active 

angiogenesis response to chronic cerebral hypoperfusion may increase the risk of AD while 

the capacity to upregulate angiogenesis may offer protection [4, 5, 13]. Thus, the potential to 

modulate angiogenesis may offer a therapeutic target in the prevention and treatment of AD 

[5].

In addition to humoral factors such as VEGF, cellular factors also play a fundamental role in 

angiogenesis. Recent studies have demonstrated increased levels of peripherally circulating 

endothelial cells in response to local areas of hypoperfusion such as myocardial infarction 

and stroke [14, 15]. In contrast, Lee et al. reported that circulating endothelial cells were 

decreased in subjects newly diagnosed with AD compared with controls matched on age, 

sex, and Framingham risk score [16]. A detailed understanding of how endothelial and 
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hematopoietic progenitor cells function during angiogenesis has been hampered by the 

heterogeneity of the cell populations studied [17–19]. Advances in data analysis techniques 

and instrumentation have revolutionized the field of flow cytometry, allowing for a more 

comprehensive understanding of the cellular biology of rare blood cell subsets [20–23]. We 

have previously demonstrated that relative levels of angiogenesis activity can be identified 

through the measurement of two phenotypically and functionally distinct subpopulations of 

circulating hematopoietic stem and progenitor cells (CHSPCs) in the peripheral blood [17, 

18, 24]. While these circulating subsets do not directly integrate as replacement endothelial 

cells, they play key proangiogenic roles in promoting vascular repair or angiogenesis and 

have been studied as biomarkers for the angiogenic state [25, 26].

In the current study, we hypothesized that aberrant angiogenesis would be correlated with 

clinical and neuroimaging evidence of cognitive impairment, cerebral hypoperfusion, and 

neurodegeneration. We designed our subject sampling approach to simulate changes in 

angiogenesis over time that may be occurring over the course of a dementing illness and in 

the context of aging and comorbid conditions. A central premise of the current study is that 

peripheral markers of angiogenesis activity (cellular and humoral) reflect angiogenesis 

activity in the central nervous system. This premise is consistent with recent literature 

documenting the impact of chronic systemic inflammation on neurodegeneration [6, 27, 28]. 

We performed a cross-sectional study to describe the association of angiogenesis activity in 

peripheral blood samples with cognitive function and dementia biomarkers among 49 older 

adults meeting consensus diagnosis criteria for: 1) normal cognition; 2) amnestic mild 

cognitive impairment; and 3) late-onset AD. This preliminary study is a first step in 

ultimately testing the hypothesis that age-related decline in angiogenesis capacity is an 

initiating event in the cascade of events leading to neuronal cell death and dementia.

METHODS

This study was approved by the Indiana University Purdue University – Indianapolis 

Institutional Review Board and conducted from May 2016-April 2019. All study participants 

or their legally authorized representatives signed informed consent for participation in the 

Indiana Alzheimer Disease Center. All clinical assessments, including collection of blood 

samples and completion of neuroimaging took place in the Indiana Alzheimer Disease 

Center. Clinical and cognitive data were curated by the National Alzheimer’s Coordinating 

Center and the National Centralized Repository for Alzheimer’s Disease and Related 

Dementias [29]. A specific time of day was not targeted for blood collection; however, all 

samples utilized for this study were collected between 9 am and 2 pm. This was true simply 

due to practical constraints in that blood was drawn at times to accommodate the operating 

hours for the clinic and laboratory.

Recruitment

Participants aged 60 years and older were recruited through the Indiana Alzheimer Disease 

Center and local Memory Care Practices. We targeted recruitment of three groups of 

subjects:

• Group 1: cognitively normal (CN) older adults;
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• Group 2: patients with amnestic mild cognitive impairment (MCI); and

• Group 3: patients with early stage clinically diagnosed AD dementia.

Patients with dementia due to subtypes other than AD were excluded from this study. 

Patients with a history of cancer, schizophrenia, bipolar disease, traumatic brain injury, 

trauma or surgery in the prior 12 months, myocardial infarction or stroke in the prior 12 

months, and other neurodegenerative diseases such as Parkinson’s disease were excluded. 

We also excluded any patient treated with anti-angiogenic medications for any indication.

Clinical assessment

Through the resources of the Indiana Alzheimer Disease Center, all subjects completed a 

Uniform Data Set (UDS 3.0) Neuropsychological Battery assessment consisting of a 

comprehensive clinical and cognitive assessment, which includes tests of executive function, 

memory and language, visuospatial skills, and attention at baseline in order to determine 

eligibility, current symptoms, and cognitive status [29]. Diagnosis was determined by 

clinical consensus using the following guidelines: 1) CN: normal performance on all 

cognitive tests including the short and long delay portions of the Rey Auditory Verbal 

Learning Test (RAVLT) and Craft Stories (UDS 3.0); 2) MCI: 1.5 standard deviation (SD) or 

more deficit on the memory tests; 3) Clinical AD dementia defined using standardized 

criteria [30]. The consensus diagnosis was assigned after all data collection, including 

neuroimaging, but blinded to data on participants’ markers of angiogenesis activity. 

Additional data collection included education level, comorbid medical conditions, and self-

reported and informant reported perceptions of cognitive complaints using the 20-item 

Cognitive Change Index [31].

Measurement of circulating hematopoietic stem and progenitor cells

Our group previously reported a novel polychromatic flow cytometry (PFC) assay which 

defines multiple cell subpopulations including circulating endothelial cells (CEC; 

CD31brightCD34 +CD45−AC133−), endothelial colony forming cells (ECFC; 

CD31brightCD34 +CD45−AC133+CD146+CD105+ CD14−CD41a−CD235a−LIVE/DEAD−), 

and CHS PCs [18, 32, 33]. Further, the assay actually detects two phenotypically and 

functionally distinct CHSPC subsets, one being pro-angiogenic (CD31+CD 

34brightCD45dimAC133+CD14−CD41a−CD235a−LIVE/DEAD−) and the other non-

angiogenic (CD31+CD34brightCD45dimAC133−CD14−CD41a−CD235a−LIVE/DEAD−). The 

conjugated monoclonal antibodies used in this study included anti-human: CD34 (BD 

Biosciences Cat# 550761, RRID:AB_393871),]; CD45 (Thermo Fisher Scientific Cat# 

MHCD4527, RRID:AB_10372213); CD31 (BD Biosciences Cat# 555445, 

RRID:AB_395838); AC133 (Miltenyi Biotec Cat# 130-113-106, RRID: AB_2725935); 

CD14 (Thermo Fisher Scientific Cat# MHCD1418, RRID:AB_10371748); CD16 (BD 

Biosciences Cat# 557744, RRID:AB_396850) LIVE/DEAD (Life Technologies, 

Cat#L34964), anti-human CD235a (glyA, R&D Systems) conjugated to Pacific Blue (PacB, 

Thermo Fisher Scientific) and the amine reactive viability dye, LiveDead (Thermo Fisher 

Scientific). Prior to use, each lot of antibody was individually titered to determine the 

optimal staining concentration.
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In summary, mononuclear cells isolated with Ficoll density gradient centrifugation were 

stained with antibodies against the above-mentioned cell surface antigens (i.e., CD34, 

AC133, CD31, CD45, CD14, and CD16 as well as a viability marker (LIVE/DEAD) and 

glycophorin A, for the exclusion of dead cells and red blood cells, respectively) and 

incubated for 30 min at 4°C. Cells were then washed twice in PBS supplemented with 2% 

fetal bovine serum, fixed in 300 μl 1% paraformaldehyde (Sigma Aldrich, St. Louis, MO) 

and acquired on a BD LSRII flow cytometer (BD, Franklin Lakes, NJ, USA) equipped with 

a 405 nm violet laser, 488 nm blue laser, and 633 nm red laser. Fluorescence minus one 

(FMO) controls were used as positive gating controls. Acquisition files were exported as 

FCS 3.0 files and analyzed using FlowJo software, version 8.7.3 (Tree Star, Inc).

Figure 1 demonstrates the gating strategy utilized for identifying pro-angiogenic and non-

angiogenic CHSPCs. The analyses ultimately result in an individual estimate of the CHSPC 

(Pro-CHSPCs:NonCHSPC) ratio in the peripheral blood. In the remainder of this 

manuscript, we refer to this value as the “angiogenesis ratio”. Using an analogous gating 

strategy, and in addition to total monocytes, we also identified the following four 

subpopulations of monocytes based on their surface antigen characteristics: a) activated 

inflammatory (LIVECD 45+CD16++CD14dim); b) inflammatory (LIVE 

CD45+CD16+CD14+); c) intermediate (LIVECD 45+CD16+CD14+); and d) classical 

(LIVECD 45+CD16−CD14++).

Measurement of serum biomarkers

We completed enzyme-linked immunosorbent assays (ELISA) on blood samples to obtain 

concurrent values for vascular endothelial growth factor (VEGF), tumor necrosis factor 

(TNFα), fibroblast growth factor (FGF2), and amyloid-β peptide 40. Plasma was isolated by 

centrifugation at 2200 rpm for 15 min at 4°C. It was aliquoted and stored at −80°C until 

thawed once and analyzed. Levels of Human TNFα, Human VEGF, and Human FGF2 were 

measured using Quantikine® enzyme-linked immunosorbent assay kits (R&D Systems, 

Minneapolis, MN). Levels of human amyloid-β peptide 40 were measured using the solid 

phase sandwich enzyme-linked immunosorbent assay kit (IBL America, Minneapolis, MN).

Neuroimaging

Forty-two participants completed a magnetic resonance imaging (MRI) scan sequence. The 

MRI scans were performed on a research-dedicated Siemens Prisma 3T magnet and 

included a magnetization-prepared rapid acquisition with gradient echo (MPRAGE), 

following the Alzheimer’s Disease Neuroimaging Initiative (ADNI)-2 sequence (http://

adni.loni.usc.edu), a 1 mm isotropic fluidattenuated inversion recovery (FLAIR), and a 3D 

pseudo-continuous arterial spin labeling (pCASL) scan. The pCASL scan parameters are as 

follows: 2.5 × 2.5 × 2.5 mm3 voxel size, 3790 ms TR, 40.7 ms TE, 10 Turbo Factor, 7 

Labeled-Control image pairs, 1800 ms Post Label Delay.

The MPRAGE was analyzed using Freesurfer version 6 to extract total intracranial volume 

and hippocampal volume. The FLAIR was analyzed using the lesion segmentation toolbox 

(LST) in Statistical Parametric Mapping 8 (SPM8) to calculate global white matter 

hyperintensities (WMHI). Using SPM12, the pCASL scans were motion corrected and 
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aligned to the MPRAGE. Then, mean cerebral blood flow (CBF) images were calculated, 

masked for grey matter, and abnormally high and low CBF values (CBF<0 or CBF>200) 

were removed. In addition, visual quality control was conducted and 7 participants were 

removed for the CBF analyses only. Finally, CBF images were normalized to Montreal 

Neurologic Institute (MNI) space and smoothed with a full-width half-maximum Gaussian 

kernel. Global grey matter CBF and hippocampal CBF were extracted from subject-specific 

regions of interest (ROIs) generated using Freesurfer version 6.

Thirty-eight participants underwent amyloid PET scans, collected according to the ADNI-3 

[18F]florbetapir or [18F]florbetaben PET protocols [32] (http://adni.loni.usc.edu) on a 

research-dedicated Siemens Biograph mCT. Briefly, approximately 10 mCi of 

[18F]florbetapir or 8 mCi of [18F]florbetaben was injected intravenously, and after a 50-min 

or 90-min uptake period, respectively, continuous listmode PET data were acquired for 20 

min. A computerized tomography scan was also collected for scatter and attenuation 

corrected for both tracers. For both tracers, the listmode data was rebinned into four 5-min 

frames using scanner software (Siemens; Knoxville, TN) and ordered subset expectation 

maximization (OSEM) was applied using ADNI parameters (http://adni.loni.usc.edu). Using 

SPM8, the PET data was aligned to the MPRAGE, motion corrected, normalized to MNI 

space, and averaged to create a 50–70 min [18F]florbetapir or 90–110 min [18F]florbetaben 

static image. Then, standardized uptake value ratio images (SUVR) were created by 

intensity normalizing the images using a whole cerebellar ROI taken from the Centiloid 

project (http://www.gaain.orig/centiloid-project/) [33]. The resulting SUVR images were 

converted to Centiloid units as previously described [34]. Finally, the [18F]florbetapir and 

[18F]florbetaben Centiloid scans were smoothed using an 8 mm FWHM Gaussian kernel. 

Regional [18F]florbetapir and [18F]florbetaben Centiloid data was extracted from an average 

bilateral global cortical, lateral parietal, and precuneus ROI created from the average 

parcellation from 30 independent CN older adults from ADNI-2.

Twenty-three individuals also underwent a [18F]flortaucipir PET scan on the same research-

dedicated Siemens mCT. Approximately 10 mCi of [18F]flortaucipir was injected IV, and 

after a 75-min uptake, participants underwent a 30-min scan using continuous listmode data 

acquisition. The listmode PET data was rebinned into six 5-min frames and reconstructed 

using standard scanner software (Siemens; Knoxville, TN) using OSEM, with correction for 

scatter and random coincident events, attenuation, and radionuclide decay. The middle four 

5-min frames (80–100 min) were motion corrected, normalized to MNI space, averaged to 

create an 80–100 min static image, intensity normalized to the cerebellar crus to create 

SUVR images, and smoothed with an 8 mm FWHM Gaussian kernel using SPM8. 

[18F]Flortaucipir SUVR was extracted using subject-specific ROIs generated from 

Freesurfer version 6 for target regions known to show tau binding in AD, namely the 

bilateral mean medial temporal lobe (MTL, average of entorhinal cortex, fusiform, and 

parahippocampal gyri), bilateral mean inferior parietal gyri, and the bilateral mean lateral 

temporal lobe (LTL, average of inferior temporal gyri, middle temporal gyri, superior 

temporal gyri).
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Data analysis

Descriptive statistics, including means and standard deviations for continuous variables and 

counts and percentages for categorical variables, were calculated for the three groups of 

subjects (Normal, MCI, and AD dementia). Additionally, Spearman correlation coefficients 

were calculated between the angiogenesis ratio, selected serum biomarkers and cognitive 

test scores, and t-tests were used for testing whether the correlation coefficients were 

significantly different from 0. Analysis of variance (ANOVA) models and Fisher’s exact 

tests were used to compare the groups on demographic, clinical, and neuroimaging variables 

and serum biomarkers.Following a significant overall test for continuous variables, 

Dunnett’s test or Sidak adjustment for multiple comparisons were used to compare each 

group against the normal subjects. Analysis of covariance (ANCOVA) models were used to 

evaluate the association of the angiogenesis ratio with neuroimaging measures adjusting for 

age, sex, and intracranial volume. All analysis was performed using SAS version 9.4.

RESULTS

We enrolled a total of 49 subjects; seven subjects did not complete any neuroimaging; 39 

subjects completed all study procedures. Among the enrolled subjects, 20 (41%) were CN, 

17 (34%) were diagnosed with MCI, and 12 (25%) were diagnosed with AD. Table 1 

compares the three study groups on demographic, clinical, and neuroimaging variables. 

Subjects with MCI were older and less likely to be African-American than the other two 

groups, and subjects with AD had less education, but these differences were not statistically 

significant. As expected, patients with AD or MCI performed significantly lower on 

cognitive testing and informants reported greater cognitive symptoms. Cardiovascular risk 

factors were prevalent but similar between groups. Neuroimaging demonstrated significant 

differences between study groups in hippocampal volume, as well as amyloid and tau 

burden. There were no differences in measures of cerebral blood flow or total WMHI. Figure 

2 displays a wide variation in angiogenesis ratios between subjects, but no clear relation to 

age, sex, or diagnosis.

Table 2 compares the serum biomarkers, including the angiogenesis ratio, among the 

diagnostic groups. Subjects with MCI had significantly higher levels of VEGF but the 

angiogenesis ratio and the other biomarkers did not vary between groups. In data not shown 

in the table, the angiogenesis ratio was not significantly correlated with VEGF, TNF-α, FGF, 

or amyloid-β peptide 40, nor were these four biomarkers significantly correlated with each 

other. Furthermore, total monocyte population and subpopulations did not vary significantly 

between the study groups. The angiogenesis ratio was not significantly correlated with the 

Montreal Cognitive Assessment score or the self-reported or informant-reported Cognitive 

Change Index.

Table 3 shows the results of the pre-planned analysis of covariance models exploring the 

association of the angiogenesis ratio with neuroimaging findings including white matter 

hyperintensities, mean bilateral hippocampal volume, hippocampal blood flow, and cerebral 

blood flow. These neuroimaging findings were chosen because of the a priori hypothesis that 

the angiogenesis ratio would be elevated among those subjects with evidence of cerebral 

hypoperfusion. Controlling for age, sex, and intracranial volume, total white matter 
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hyperintensities were significantly correlated with the angiogenesis ratio. The association 

between the angiogenesis ratio and white matter hyperintensities remain significant when we 

repeated these models controlling for each of the monocyte populations. We found no 

significant association between angiogenesis ratio and amyloid load (n = 41) or tau load (n = 

26).

DISCUSSION

To our knowledge, this study is the first to report on cellular markers of angiogenesis in a 

well-characterized sample of older adults with cognitive impairment and dementia as well as 

cognitively normal older adults. This cross-sectional sample, all of whom completed 

standardized assessments, represents three distinct diagnostic groups with a range of ages, 

cognitive performance, and neuropathology. In designing the study in this fashion, we 

sought to simulate changes in angiogenesis over time that may be occurring over the course 

of a dementing illness and in the context of aging and comorbid conditions. We 

demonstrated a positive association between the angiogenesis ratio and the burden of total 

white matter hyperintensities. We did not identify an association between the angiogenesis 

ratio and global cerebral blood flow, hippocampal volume, or burden of amyloid or tau 

pathology. These preliminary results demonstrate the potential to explore the role of 

angiogenesis in the development of AD dementia as well as related dementia. To better 

characterize changes in angiogenesis activity over time, a next step project would be to 

collect repeated samples over a period of many years in well-characterized clinical 

populations.

Angiogenesis, either peripherally or in the central nervous system, is a complex process 

involving numerous local and distal humoral and cellular factors. Angiogenesis can be 

upregulated or down-regulated by multiple stimuli including appropriate responses to 

hypoxia, tissue injury, inflammation, or disease. Numerous circulating cell subsets 

participate in repairing damaged vessels and care must be taken to use detection strategies 

that reflect distinct changes in those heterogeneous cell populations related to a specific 

disorder or process that may be influenced by many biologic variables over time [17, 18, 

35]. Like most fundamental processes, angiogenesis is controlled by both stimuli to activate 

endothelium and stimuli to serve as a negative feedback loop. Age-related changes, in 

general, are believed to result in a less vigorous angiogenesis response while age-related 

disease, such as cancer or macular degeneration, may represent inappropriate upregulation 

of angiogenesis. Many observational data over at least a century point to a role for 

hypoperfusion in the development of vascular dementia and also AD dementia. 

Angiogenesis and neovascularization in the central nervous system may also be 

counterproductive and result in the over-production of amyloid-β and other neurotoxins [4].

Given the role of angiogenesis in the development and maintenance of the neurovascular 

unit in the central nervous system, many prior researchers have posited a role for aberrant 

angiogenesis in neurodegenerative diseases [36]. Improvement in angiogenesis, for example, 

has been hypothesized as the mechanism of action by which exercise might delay cognitive 

impairment. Furthermore, modulation of angiogenesis by medications could offer a new 

therapeutic target in the prevention of AD. To date, however, there are no in vitro models to 

Callahan et al. Page 8

J Alzheimers Dis. Author manuscript; available in PMC 2021 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



simulate neurovascular dysfunction over a period of decades [36]. Thus, most of the prior 

literature in humans focuses on cross-sectional observational data [4, 5].

VEGF is perhaps the most widely studied angiogenesis factor in the context of AD and in 

the related field of study in neuroinflammation. While VEGF is a critical factor in the 

cascade of events controlling angiogenesis, VEGF is also implicated in aberrant 

angiogenesis, including in the setting of cancer and neovascularization in the retina. 

Furthermore, VEGF has also been reported to increase vascular permeability which might 

promote appropriate or inappropriate neuroinflammation, and our group has previously 

reported that pro-angiogenic CHSPCs secrete VEGF [24]. In the setting of AD, the role of 

VEGF remains uncertain. Previous studies have reported both increased and decreased 

VEGF activity in subjects with AD dementia, including studies of the cerebrospinal fluid in 

well-characterized subjects [37, 38]. As noted earlier, much of the literature exploring the 

relationship between VEGF and AD is cross-sectional and/or focuses on post-mortem 

studies [39]. In the related field of inflammation and cognition, in contrast, longitudinal 

studies have recently shown that baseline peripheral blood biomarkers such a C-reactive 

protein are associated with cognitive decline 20 years later [6, 27]. Another important 

contribution of angiogenesis is its role in neurogenesis which is thought to be critical for 

maintaining hippocampal function and hence episodic memory processes [7].

Our study has three important limitations. First, the sample size is relatively small. Even 

with a small sample size, richly phenotyped studies such as this are expensive, and the 

present study is only possible by leveraging the resources of an NIA-designated ADRC. The 

angiogenesis assay itself must be completed within 2 h of sample collection and therefore 

presents an additional challenge. Second, we report cross-sectional data. Over the course of 

middle and later life, in addition to changes associated with aging and chronic conditions, 

any given individual might experience multiple episodes of acute illness or trauma that 

might require an appropriate angiogenesis response. Thus, angiogenesis more likely 

represents a current “state” rather than an enduring trait. However, as in the case of 

neuroinflammation, it is possible that some individuals develop chronic states that results in 

pathology [6]. Third, the study design assumes that peripherally circulating hematopoietic 

stem and progenitor cells represent the angiogenesis “state” in the central nervous system. 

While the angiogenesis ratio has been reported to reflect states of low [17, 18] or high 

angiogenesis [24] in patients with cardiovascular disease or cancer, respectively, further 

studies will be required to prospectively assess the use of the ratio as a biomarker in patients 

with neurocognitive disorders.

In conclusion, lower levels of angiogenesis activity are associated with a greater burden of 

small vessel disease as reflected by white matter hyperintensities on neuroimaging. 

However, in this small study, angiogenesis activity was not significantly associated with 

clinical measures of cognitive function or neuroimaging measures of amyloid or tau burden. 

Future research would benefit from a longitudinal design with repeated measures of 

angiogenesis activity in larger clinical samples to capture the dynamic nature of the 

angiogenesis state of older adults over time.
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Fig. 1. 
Representative plots showing the gating strategy to identify pro-angiogenic circulating 

hematopoietic stem and progenitor cells (Pro-CHSPC) and non-angiogenic circulating 

hematopoietic stem and progenitor cells (Non-CHSPC) by polychromatic flow cytometry. In 

step 1, low SSC monocytes were selected (black gate) and in step 2 dead cells were removed 

(blue gate). In step 3, parent CHSPCs were identified (red gate) and in step 4 these CHSPCs 

are divided into Non-CHSPC and Pro-CHSPC subsets.
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Fig. 2. 
Distribution of Angiogenesis Ratio by Age and Diagnosis Group. Star, dementia; Square, 

mild cognitive impairment (MCI); Circle, normal.
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