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Abstract
Alzheimer's disease (AD) is clinically characterized by a progressive loss of cognitive functions and short-term memory. AD
patients present two distinctive neuropathological lesions: neuritic plaques and neurofibrillary tangles (NFTs), constituted
of beta-amyloid peptide (Aβ) and phosphorylated and truncated tau proteins. Aβ deposits around cerebral blood vessels
(cerebral amyloid angiopathy, CAA) is a major contributor to vascular dysfunction in AD. Vascular amyloid deposits could
be early events in AD due to dysfunction in the neurovascular unit (NVU) and the blood–brain barrier (BBB), deterioration
of the gliovascular unit, and/or decrease of cerebral blood flow (CBF). These pathological events can lead to decreased Aβ
clearance, facilitate a neuroinflammatory environment as well as synaptic dysfunction and, finally, lead to neurodegeneration.
Here, we review the histopathological AD hallmarks and discuss the two-hit vascular hypothesis of AD, emphasizing the role
of neurovascular dysfunction as an early factor that favors vascular Aβ aggregation and neurodegeneration. Addtionally, we
emphasize that pericyte degeneration is a key and early element in AD that can trigger amyloid vascular accumulation and
NVU/BBB dysfunction. Further research is required to better understand the early pathophysiological mechanisms associated with NVU alteration and CAA to generate early biomarkers and timely treatments for AD.
Keywords Alzheimer´s disease · Cerebral amyloid angiopathy · Neuroinflammation · Neurovascular dysfunction · Pericyte
degeneration
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Introduction
Diseases associated with aging, such as Alzheimer’s
disease (AD), are expected to be more prevalent due to
increasinging life expectancy worldwide. There are over
50 million people across the globe living with dementia
in 2021. With nearly 10 million new cases every year, by
2030, 82 million people are predicted to be affected by
AD (WHO 2020). This number will rise to 152 million by
2050 (WHO 2020), up from 900 million in 2015 (Christensen et al. 2009; WHO 2018).. ThisIt is.
Aging includes numerous molecular and cellular
changes that result in decreased physical and mental
capacities and a higher risk of developing several diseases.
Common medical conditions affecting elderly people
include hearing and vision loss, cardiovascular and pulmonary problems, osteoarthritis, chronic metabolic disorders,
depression, and dementia (Christensen et al. 2009; Wortley
et al. 2017). Dementia comprises a heterogeneous group
of neurological disorders caused by abnormal changes in
the brain that lead to memory loss and impaired cognitive abilities, including perception, language, and behavior
(Arvanitakis et al. 2019). AD is the most common cause of
dementia (60–80% of all cases) in the elderly population
(Bogdanovic et al. 2020; WHO 2020). Vascular dementia (VaD) is the second most common cause of dementia,
contributing to approximately 15% of cases (Uwagbai and
Kalish 2021). VaD is characterized by blood vessel blockage and microbleeds in the brain. Cognitive impairments
are common after an ischemic or hemorrhagic stroke, with
the clinical manifestations difficult to determine by neuropsychological tests.
Cerebral amyloid angiopathy (CAA) is a cerebrovascular disorder characterized by beta-amyloid (Aβ) deposition in the walls of cerebral blood vessels and meninges.
CAA can cause cerebral microbleeds, intracerebral hemorrhages, cognitive decline, and dementia (Kuhn and Sharman 2020). CAA is strongly age-dependent, commonly
affecting people over 60 years of age. Individuals with
CAA are initially asymptomatic. When symptomatic, the
most common clinical symptom includes lobar hemorrhage (Yamada 2015). One of the most commonly and
severely affected brain regions is the occipital lobe, followed by the parietal, frontal, and temporal lobes (Kalaria
and Attems 2014; Kalaria 2018). CAA is one of the most
prevalent pathologies associated with AD brains and also
frequently occurs in VaD and other dementias (Haglund
et al. 2004; Kim et al. 2020). CAA's true incidence and
prevalence are hard to determine as pathological diagnosis
can only be achieved after postmortem tissue examination.
In the elderly, CAA incidence has been reported to range
from 31 to 79% (Boyle et al. 2015; Xu et al. 2003). More
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specifically, it has been estimated that CAA is present in
around 36%, 46%, and 58%—99% of individuals over 60,
70, and 90 years old, respectively (Attems 2005; Holton
et al. 2002; Vinters and Gilbert 1983). The incidence of
CAA in AD brains is around 70%–97% (Attems 2005). In
other dementias, such as Lewy body disease and progressive supranuclear palsy, CAA is present in 50% and 25%
of cases, respectively (Dugger et al. 2014).
On the other hand, accumulating evidence suggests that
the vascular damage resulting from amyloid accumulation in the blood vessels precede AD and VaD. Because
CAA patients are typically asymptomatic an onset andAD
develops many decades before the first symptoms become
apparent, the intricacies of disease progression are unclear
(Carrillo et al. 2013; Dubois et al. 2014; Vinters and Gilbert 1983). As AD progresses, the patients may experience short-term memory loss, disorientation, impaired
judgment, apraxia, aphasia, amnesia, and agnosia (DeTure
and Dickson 2019; Perl 2010). In the subsequent sections,
we will describe the characteristic histopathological AD
hallmarks such as neurofibrillary tangles (NFTs), amyloid
plaques, and CAA. Subsequently, we will analyze the vascular amyloid accumulation as well as dysfunction in both
the neurovascular unit (NVU) and the blood–brain barrier
(BBB) as early pathological events in AD that can result in
neurodegeneration.

Neurofibrillary tangles
NFTs constitute of paired helical filaments, which are structurally composed by assembled hyperphosphorylated and
truncated tau (Fig. 1A) (Wong et al. 2012). Tau is a microtubule-associated protein, abundant in the central nervous
system and primarily associated with axonal microtubules,
somatodendritic compartments, and oligodendrocytes (Mietelska-Porowska et al. 2014). It is also expressed in peripheral
tissues such as the kidney, lung, testis, heart, intestine, and
pancreas (Dugger et al. 2016; Gu et al. 1996). Alternative
splicing of the tau gene generates six isoforms that range
from 352 – 441 aminoacids. These isoforms differ by the
presence/absence of one or two inserts in the amino-terminal
region and three or four domains in the carboxy-terminal
domain (Buée et al. 2000). All isoforms have particular
physiological roles, as they express differentially during
human development (Buée et al. 2000; Sergeant et al. 2008).

Amyloid plaques
Amyloid plaques are extracellular Aβ deposits in a betasheet structure (Figs. 1B and 3) (LaFerla et al. 2007). Aβ
is produced through the proteolytic processing of amyloid
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Fig. 1  Histopathological lesions in Alzheimer's disease, evidenced by
the antibodies AD2 (phosphorylated tau at 396 and 404, green channel) and p396 (phosphorylated tau at 396, blue channel) and counterstained with thiazine red (TR) (assembly marker with the beta
folded conformation, red channel). A) Neurofibrillary tangles of layer

II of the entorhinal cortex. B) Neuritic plaque. Fibrillar beta-amyloid
deposit is recognized by TR, where the dense core and a more tenuous crown are shown. Dystrophic neurites are evidenced by the AD2
and p396 antibodies. Immunofluorescence and analysis by confocal
microscopy. SP8 LEICA confocal Microscopy

precursor protein (APP) by β- and γ- secretases (Haass
and Selkoe 1993) via the amyloidogenic pathway (LaFerla
et al. 2007). APP is a single-pass transmembranal protein
mainly expressed in neurons. The APP gene consisting
of 18 exons is located on chromosome 21. APP gene processing generates eight isoforms, of which three are the
most common: the 695, 751, and 770 amino acid forms
(O'Brien and Wong 2011). Although the exact physiological role of APP is not fully understood, its expression has
been associated with neuronal development, signaling,
and survival (Zheng and Koo 2006), as well as regulation of anterograde transport and synaptic formation/

transmission (Priller et al. 2006). APP can be processed
in two ways: one physiological or non-amyloidogenic and
the other pathological or amyloidogenic. In the amyloidogenic pathway (Fig. 2), β-secretase initiates APP proteolysis, releasing a soluble APP portion (APPsβ) and a 99
amino acid fragment (C99). Subsequently, C99 is cleaved
by γ-secretase, generating the APP intracellular domain
(AICD) and Aβ (40–42 amino acids). Aβ can aggregate to
form fibrils that deposit as extracellular plaques (Martins
et al. 1991; Sagare et al. 2013b; Wilquet and De Strooper
2004). Aβ is present in other neurological disorders like
CAA (Fig. 4 and supplementary material).

Fig. 2  Amyloid precursor protein (APP) processing. APP is processed by two routes: 1) The amyloidogenic and 2) Non-amyloidogenic pathway. The amyloidogenic pathway is characterized by the
proteolytic action of the β-secretase to generate a soluble fragment of
sAPP-β. Subsequently, APP-CTF99 (βCTF) is cleaved by γ-secretase,

leaving the beta-amyloid peptides Aβ1-40, 1–42. In the non-amyloidogenic pathway, the α-secretase proteolyzes APP to the middle
of Aβ to release the fragment sAPP-α. The fragment APP-CTF83
is cleaved by γ-secretase to release the intracellular domain of APP
(AICD) and the P3 fragment
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Aggregation pattern of Aβ in the brain
parenchyma
The aggregation of Aβ fibrils results from a complex selfassembly process that involves different stages of aggregation. Protofibrils and oligomers are deposited within this
self-aggregation process, forming mature neuritic plaques
(NPs) in AD. These NPs activate an uncontrolled inflammatory process in AD patients' brains (Thal et al. 2015).
The presence of Aβ deposits in the brain parenchyma
is characterized by diffuse aggregation, evidenced only
by the BAM10 antibody that recognizes the Aβ peptide
(Fig. 3A). This aggregation increases, being more related
to the BAM10 antibody (Fig. 3B). It is important to note
that this initial Aβ aggregation is soluble since these first
deposits are not evidenced by the thiazine red dye (TR)
(Mena et al. 1995). In the first Aβ aggregation (Fig. 3A),
dystrophic neurites (DNs) are practically absent. As more
Aβ is added, the DNs associated with plaques increase.
Within the NP maturation process, the soluble Aβ aggregates (Fig. 3A,B) undergo a conformational change with
the β-folded structure, thus generating an affinity for TR.
In the evolution and maturation of NPs, the affinity of TR
is in practically the entire plaque (Fig. 3C). Subsequently,
this fibrillar aggregate presents a higher concentration of
the Aβ peptide (Fig. 3D). In the final stage, the plaque core

Fig. 3  Aggregation pattern of beta-amyloid (Aβ): soluble fraction
(BAM10 antibody red channel) A, B) and fibrillar (TR dye. Red
channel) C-E). Image A) corresponds to the initial extracellular Aβ
deposits, where a diffuse granule staining is observed, and the presence of dystrophic neurites is poor. B) Neuritic plaque immunoreactive to BAM10. C) Fibrillar neuritic plaque. A core in the center of
the plaque begins to be weakly defined. A greater abundance of dystrophic neurites (DN) associated with these dense fibrillar deposits
and recognized by TR is observed. D) Neuritic plaque with a more
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has a greater affinity for TR and is bordered by a diffuse
TR stained periphery. It is at this stange that the BAM10
antibody identfies these lesions. However, it is worth mentioning that the observations of our laboratory focused on
demonstrating the fibrillar state in the maturation process
of NPs in AD cases (Fig. 3C-D).

Vascular Aβ deposition
Aβ deposition in the cerebral blood vessels has been
described as mainly associated with the vessel walls, as indicated in the supplementary material included in the supplementary materials is a video of a blood vessel stained by by
TR;and a bordering plaqueis evident. In patients with AD,
the Aβ deposit in the blood vessel wall effects the internal
diameter and thickness of the vessel, which are reduced (Ojo
et al. 2021). In one of our confocal microscopy analyses,
we were able to observe through optical sections of vessels stained with TR; the presence of fibrillar aggregates in
the cytoplasm of endothelial cells was detected (Fig. 4). In
Fig. 4, panel A, a small-caliber vessel with a high affinity
for TR is observed. Associated with this vessel, a large number of DNs (immunoreactive to phosphorylated tau protein)
were observed in the brain parenchyma. Panel B shows the
projection of a blood vessel of greater caliber stained by TR.
DNs that express to different degrees phosphorylated tau

defined core and abundant DNs associated with the plaque was evidenced. E) Mature neuritic plaque, evidenced by TR and with a well
-defined dense center is shown. DNs are abundant and with a voluminous morphology. A-E) The antibodies used to evidence tau were
231-FITC and TG3-CY5. A-B) The antibody BAM10-TRITC was
used to recognize Aβ1-40 and Aβ1-42. C-E) counterstained with
TR. Immunofluorescence and analysis by confocal microscopy. SP8
LEICA confocal Microscopy
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Fig. 4  Beta-amyloid (Aβ)
deposits in blood vessels of a
case with Alzheimer's disease.
A) Aβ deposits are seen diffusely in the periphery of the
blood vessels. The presence of
phospho tau Thr231 (RZ3) and
conformationally modified tau
(TG3) is abundantly observed
in the vicinity's dystrophic neurites. B) Fibrillar Aβ is observed
in the vessel. TR staining within
the endothelial cells is observed
(arrows). C -D) Optical sections
of the vessel shown in panel B).
C-D) Aβ in the cytoplasm of the
endothelium of the lateral vessel
wall is noticed. In the complementary video, Aβ deposits
associated with the blood vessel
can be observed. These Aβ
deposits are also observed in
endothelial cells and positive for
the BAM10 antibody. Immunofluorescence and analysis
by confocal microscopy. SP8
LEICA confocal Microscopy

protein (RZ3) in the green and blue channels (TG3) were
observed in the periphery. NFTs with the same immunoreactive characteristics as the tau protein markers were also
observed. Panel C shows several optical sections where the
endothelial cells that make up the blood vessel wall and the
dark spaces corresponding to the nucleus of the endothelial cells are perfectly evident (arrows). This aggregation
of intracellular fibrillar Aβ can effect endothelial cell functions. More in-depth studies are essential to elucidate the
impact on endothelial cell function, alteration of the BBB,
and modifications of tight junction proteins.
According to the two-hit vascular hypothesis of AD,
there is a vascular dysfunction (hit one) followed by the Aβ
accumulation (hit two) that promote and precede neurodegeneration (Zlokovic 2011). Corresponding to hit one, it is
suggested that vascular risk factors, such as hypertension,
dyslipidemia, and diabetes, could lead to several pathological events such as i) dysregulation of the NVU / BBB; ii)
decreased cerebral blood flow, also known as oligemia); iii)
tau hyperphosphorylation; and iv) neuronal dysfunction
and subsequent neuronal death (Soto-Rojas et al. 2021b;
Zlokovic 2011):. Hit two suggests that these pathological
events can promote defective Aβ clearance, thereby promoting increased production and aggregation of cerebrovascular
Aβ (Mawuenyega et al. 2010; Zlokovic 2011). In this context, it has been shown that among Aβ peptides, the Αβ1-40
peptide is mainly associated with the pathophysiology of
CAA, while Αβ1-42 with the AD development (Miyakawa
et al. 2000; Morelli et al. 1999; Stakos et al. 2020). It has

been recently reported that pyroglutamylated Aβ (pE-Aβ),
especially AβN3(pE), could be more neurotoxic and present an enhanced oligomerization compared to full-length
Aβ vascular deposits (Aβ1-40 and 1–42) (Nussbaum et al.
2012; Russo et al. 2002; Schilling et al. 2006). Interestingly,
a previous study by our group showed that in the brains of
AD patients, in addition to Aβ1-40 and 1–42, there were also
vascular deposits of N-terminal truncated species, including
AβN3(pE) and AβN11(pE) (Soto-Rojas et al. 2021a). This
study demonstrated for the first time that insoluble vascular
deposits of both full-length and truncated Aβ species were
associated with dysfunction of the cellular components that
constitute the NVU, as well as with BBB disruption (SotoRojas et al. 2021a). Therefore, abnormal vascular Aβ accumulation may trigger the inflammatory response, reactive
oxygen species production, increased BBB permeability
and lead to loss of integrity of the blood vessels, resulting
in brain hemorrhages and cognitive impairment (Askarova
et al. 2012; Greenberg et al. 2020; Iadecola and Gottesman
2018; Smith and Greenberg 2009).
On the other side, among the three human APOE gene
alleles, APOE4 has been linked as a risk factor for agerelated cognitive impairment and vascular cognitive impairment during physiological aging (Liu et al. 2013) and as
the strongest genetic risk factor for AD (Harold et al. 2009;
Lambert et al. 2009), according genome-wide association study (GWAS). Likewise, a meta-analysis revealed a
close association between APOE4 with severe CAA (Rannikmae et al. 2014). Furthermore, the APOE4 gene has
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been correlated with neurovascular dysfunction before cognitive impairment and Aβ accumulation (Zlokovic 2005,
2013) and is closely related to BBB dysfunction in the AD
brains (Hultman et al. 2013; Zipser et al. 2007). It may have
been suggested that APOE4 may cause microbleeds due to
increasing CAA (Liao et al. 2017). Also, APOE4 can inhibit
the Aβ clearance and promote dysfunction in the synapse
and cerebrovascular functions (Liao et al. 2017).
In both CAA and AD, Aβ deposition results from an
imbalance in its generation and clearance via interstitial fluid
and perivascular drainage (Brenowitz et al. 2015). However,
the brain mechanisms that lead to AD and CAA do not seem
to overlap. In AD, deposited Aβ results in loss of neurons
and synapses, cortical tissue, and.
hyperphosphorylation of tau. In CAA, these lesions lead
to loss of blood vessel integrity, decreased CBF, hemorrhages, ischemia (Greenberg et al. 2020), and subsequently
contribute to synaptic dysfunction (Cisternas et al. 2020).
However, due to the characteristics of CAA, this is a potential risk factor for the appearance of AD or some type of
dementia. CAA diagnosis encompasses clinical, imaging
and pathological criteria, also known as “The Boston criteria” (Table 1), which evaluate the probability of developing
CAA. However, a definite diagnosis can only be made by
postmortem examination of the brain (Kuhn and Sharman
2020; Yamada 2015).
Blood-based biomarkers focused on Aβ are being used to
support the diagnosis of AD and CAA. Growing evidence
has shown that plasma Aβ concentrations can accurately predict cerebral amyloidosis in AD and mild cognitive impairment (MCI) patients (Vergallo et al. 2019). It has been proposed that a low Aβ42/Aβ40 plasma ratio in brain tissue
is associated with higher amyloid cortical burden, steeper
accumulation trajectories, greater cognitive decline, or
increased risk of developing AD dementia (Doecke et al.
2020).
Recent studies demonstrate that a low Aβ42/Aβ40 plasma
ratio is given by early effects of APOE4 on Aβ. Furthermore,
it has been suggested that once Aβ fibrillogenesis occurs,
APOE4 favors the formation of CAA, reduction in tau clearance, thereby promoting amyloid accumulation, NFTs, and

neuroinflammatory processes (Chalmers et al. 2003; Fryer
et al. 2005; Iadecola 2017). CAA increases the risk of hypertension, intracerebral hemorrhage, and stroke in patients
with a clinical diagnosis of AD, suggesting a mechanistic
link between vascular factors and AD (Iadecola and Gottesman 2018). Even though CAA frequency is increasing, the
difficulty of achieving an early and more accurate diagnosis in living patients still persists. This, decreases the probability of starting a correct treatment or undergoing a brain
biopsy (Kinnecom et al. 2007). Consequently, more in-depth
research on this matter is necessary to improve the CAA
diagnosis and avoid future complications.

Synaptic dysfunction
and neuroinflammation in Alzheimer´s
disease
Two critical factors may affect AD pathophysiology: a neuroinflammatory environment and synaptic dysfunction.
In the context of CNS insult, microglia convert to an
active phenotype, migrate toward the lesion, and start an
innate immune response. This is mediated by receptors
including class A scavenger receptor A1, CD36, CD14, α6β1
integrin, CD47, and toll-like receptors (TLR2, TLR4, TLR6,
and TLR9) (Heneka et al. 2015). An excessive inflammatory response is produced in response to these changes, contributing to tissue damage and AD pathology (Lyman et al.
2014). Inefficient clearance of Aβ fibrils by microglia (due
to its resistance to enzymatic degradation) becomes a major
pathogenic pathway in sporadic AD cases (Lee and Landreth
2010). Likewise, astrocytes, whose function is neuroprotection and recovery of injured neural tissue, are accumulated
around diffuse amyloid deposits or amyloid plaques. Astrocytes present dense layers of processes as if forming small
scars around plaques (perhaps as a neuroprotective barrier
function) and, eventually, release cytokines, interleukins,
nitric oxide, and other cytotoxic molecules, increasing neuroinflammatory response (Fig. 5) (Heneka et al. 2015; Sofroniew and Vinters 2010).

Table 1  The Boston criteria
Criteria

Method

Features

Definite CCA

Postmortem examination

Lobar, cortical-subcortical hemorrhage, absence of another diagnostic lesion, and severe
CAA with vasculopathy
Hemorrhages, pathological evidence of CAA, and absence of any other diagnostic lesion

Probable CCA Utilizing clinical data and pathologic tissue samples
Probable CCA Analyzing clinical and imaging data
Possible CCA Imaging and clinical data
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Multiple hemorrhages in cortical/lobar/subcortical regions, in patients less than 55 years
old
Single hemorrhages restricted to same regions or superficial siderosis, absence of any
other lesion, in patients less than 55 years old
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NVU dysfunction and vascular amyloid
deposits as an early stage in AD

Fig. 5  Glial cells are associated with a mature neuritic plaque (NP).
The mature NP is bordered by several glial cells (blue channel) and
cytoplasmic processes into the amyloid deposit. Phosphorylated tau
(green channel), thiazine red (red channel), and GFAP (blue channel). Immunofluorescence and analysis by confocal microscopy. SP8
LEICA confocal Microscopy

Cerebral microvessels from genetic and sporadic AD
patients secrete high amounts of cytokines, which generates
an insufficient microglial phagocytic capacity by downregulating Aβ phagocytosis receptors (Hickman et al. 2008), and
also contributes to NVU damage (Zlokovic 2011).
Together, these events create a pro-inflammatory environment that could promote amyloid deposition throughout
the entire vasculature leading to CAA, tissue damage, and
eventually indicate the beginning of all the pathogenic processes of AD. However, these pathological events may be
the opposite, which means that vascular amyloid deposits
could trigger the neuroinflammation environment, the extracellular Aβ accumulation, and the tau protein phosphorylation, as we will describe in the next section.
On the other hand, synapse loss and dysfunction are
present in most neurodegenerative diseases at the very first
stages. It is estimated that a 25–35% decrease in synapse
density occurs before cognitive and memory deficits occur
(Cisternas et al. 2020; Jackson et al. 2019). Although misfolding of the tau protein has been associated with neuronal
and synaptic dysfunction (Tracy and Gan 2018), growing
evidence suggests that CAA can also lead to these events.
The neuropathological mechanism involved could be blocking the clearance of soluble vascular Aβ, which can indirectly affect neurons and synapses (Cisternas et al. 2020;
Weller et al. 2009).

The NVU is an anatomical structure composed of several
cells, including neurons, glial cells (microglia, astrocytes,
and oligodendrocytes), brain endothelial cells, pericytes,
and smooth muscle cells. The NVU promotes an effective
CBF, maintains neuronal metabolic activity and a functional BBB (Soto-Rojas et al. 2021b).
Several reports support that NVU dysfunction is an
early and key event in the pathophysiology of AD and
CAA (Fig. 6), as well as a reliable predictor of cognitive impairment (Boyle et al. 2015; Thal et al. 2003). In
addition to NVU dysfunction, the cerebral vascular and
perivascular deposits of Aβ have been associated with
the deterioration in the gliovascular unit, decrease in the
cerebral lymphatic flow, and CBF (Bakker et al. 2016;
Kimbrough et al. 2015; Louveau et al. 2017). Together,
these pathological events could lead to decreased cerebral
Aβ clearance, neuroinflammatory environment, and finally,
neurodegeneration.
Likewise, the vascular two-hit hypothesis of AD, stipulates that in an early phase or before neurodegeneration
there could be a decrease in CBF as a result of genetic
predisposition and vascular risk factors (Fig. 6, step 1)
such as smoking, hypertension, dyslipidemia, diabetes,
obesity, and metabolic syndrome (Winkler et al. 2014)
Concerning genetic predisposition, it has been observed
that APOE4 carriers present significant reductions in CBF,
even before brain atrophy and Aβ accumulation (Kim et al.
2013; Sheline et al. 2010). This CBF decrease (Fig. 6, step
2) can lead to a state of chronic hypoxia (Fig. 6, step 4)
and, in turn, to the following pathological events: a) BBB
dysfunction (Fig. 6, step 3); b) infiltration of plasmaderived neurotoxins (including fibrin, thrombin, plasmin,
and hemoglobin-derived iron and ROS) and peripheral
immune cells (Fig. 6, step 5); c) decrease in ATPase activity, interfering with action potentials and cellular transport; d) reduction in the transport of glucose and other
nutrients; e) defective Aβ clearance (Soto-Rojas et al.
2021b; Winkler et al. 2014). Together these pathological
events could converge in the tau protein hyperphosphorylation, neuroinflammation (Fig. 6, step 6), Aβ accumulation in the parenchyma and cerebral vasculature, as well as
in neuronal dysfunction and degeneration (Fig. 6, step 7).
Interestingly, it has been suggested that one of the
causes of chronic hypoxia in the initial AD stages could
be the accumulation and clearance failure of the vascular
Aβ, as a consequence of pericytes degeneration (Winkler
et al. 2014). Pericytes are cells similar to smooth muscle
cells and constitute the NVU and the BBB (Zhang et al.
2020). Thier main functions are to regulate angiogenesis,
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Fig. 6  Cerebral amyloid angiopathy (CAA) and dysfunction of neurovascular (NVU)/ blood–brain barrier (BBB) as an early stage in
Alzheimer´s Disease (AD). Vascular risk factors (step 1), could trigger reduction of Aβ clearance, CBF, and glucose (step 2), and subsequently to CAA and dysfunction of NVU, BBB, and gliovascular
unit (step 3). Those last events could cause hypoxia (step 4) and

infiltration of immune cells and of plasma-derived neurotoxins (step
5) leading to neuroinflammation (step 6), and finally both events to
neurodegeneration (step7). Abbreviations: Aβ, beta-amyloid; BBB,
blood–brain barrier; CAA, cerebral amyloid angiopathy; CBF, cerebral blood flow; LRP1, LDL receptor-related protein-1; MMP-9,
matrix metallopeptidase 9; NVU, neurovascular unit

CBF (through capillary constriction), support permeability
of microcirculation and stability to the BBB, and act as
immunoregulatory cells (Maier and Pober 2011; Thomas
1999; Zhang et al. 2020). Both animal models and brains
of AD patients have shown an apparent and accelerated
degeneration of the pericytes in the hippocampus and cortex (Baloyannis and Baloyannis 2012; Farkas and Luiten
2001; Halliday et al. 2016; Ma et al. 2018; Sengillo et al.
2013; Winkler et al. 2012). In addition to BBB dysfunction, multiple studies have associated APOE4 with pericytes degeneration (Bell et al. 2012; Halliday et al. 2016;
Hultman et al. 2013; Zipser et al. 2007). Notably, the loss
or degeneration of the pericytes has been associated with
the following pathophysiological events: 1) BBB breakdown, which increases vascular permeability (Winkler
et al. 2014); 2) dysfunction of the scavenger LDL receptor-related protein-1 (LRP-1), a receptor closely associated with Aβ clearance (Sagare et al. 2013a); 3) chronic
hypoperfusion that could trigger neuronal damage; and 4)
Aβ accumulation, tau pathology and early neuronal loss
(Sagare et al. 2013a).
In this context, BBB dysfunction has been suggested as
an early biomarker of cognitive impairment (Nation et al.

2019), as well as early AD stages (Montagne et al. 2015;
van de Haar et al. 2016). Likewise, a postmortem histopathological study of MCI and AD patients revealed that
there was early apoptosis and progressive loss of the pericytes and a vascular decrease of LRP1 in the retina. These
events were correlated with early vascular Aβ accumulation, brain pathology, and cognitive impairment (Shi et al.
2020). Therefore, understanding the roles of pericytes in
healthy conditions and AD patients, the therapies could be
focused on preventing the decrease in CBF, rupture of the
BBB, amyloid vascular accumulation and, thus, preserve
neuronal functionality.
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Conclusion
AD is characterized by NFTs, NPs composed of extracellular Aβ deposits, and CAA. CAA is a cerebrovascular disorder characterized by Aβ deposits in the walls of small to
medium cerebral blood vessels, which might induce cognitive impairment and dementia. A growing number of studies
suggest that a synaptic dysfunction resulting from vascular
Aβ deposition may lead to CAA, a subsequent exacerbated
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neuroinflammation, and eventually the early events in the
onset of AD. These vascular and genetic risk factors could
predispose the NVU dysfunction and generate an incorrect
cerebral Aβ clearance, neuroinflammatory environment, and
finally, neurodegeneration. Therefore, it is essential to understand the early pathophysiological mechanisms associated
with NVU / BBB dysfunction, cerebral amyloid deposits,
and pericyte degeneration to establish early biomarkers and
timely therapeutic targets for AD and others dementias.
Supplementary Information The online version contains supplementary material available at https://d oi.o rg/1 0.1 007/s 11011-0 21-0 0814-4.
Author's contribution M.P–H, J.L-M and L.O.S-R contributed to the
conceptualization, writing, review and editing of the manuscript. R.AP, B.B.C–C and N.I.L-V contributed to the writing, review and editing
of the manuscript. E.C, I.V-F, M.A.O-T, M.B-M, P.F-R, L.G-R, FC,
J.F.M-S contributed to the review of the manuscript. All authors have
read and agreed to the published version of the manuscript.
Funding This work was supported by Fondo Nacional de Ciencia, Tecnologia, FONDOCyT, from the Ministry of Higher Education, Science
and Technology, Dominican Republic (2015-3A2-127 to MP-H and
2018-2019-2A3-208 to JLM and MP-H).
Data availability Confocal images.
Code availability Software confocal LEICA SP8.

Declarations
Ethical approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the institutional (UNPHU number: 014–2020) and national research ethics
committee (CONABIOS number: 025–2020) and with the 1964 Helsinki declaration. Informed consent was obtained from all individual
participants included in the study.
Conflict of interest The authors declare that the research was conducted in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.
Disclaimer The opinions presented here are those of the authors. The
information in these materials is not a formal dissemination of information by the US FDA and does not represent agency position or policy.

References
Arvanitakis Z, Shah RC, Bennett DA (2019) Diagnosis and management of dementia: review. JAMA 322(16):1589–1599. https://d oi.
org/10.1001/jama.2019.4782
Askarova S, Tsoy A, Shalakhmetova T, Lee JC (2012) Effects of amyloid beta peptide on neurovascular cells. Cent Asian J Glob Health
1(1):4. https://doi.org/10.5195/cajgh.2012.4
Attems J (2005) Sporadic cerebral amyloid angiopathy: pathology, clinical implications, and possible pathomechanisms.
Acta Neuropathol 110(4):345–359. https://d oi.o rg/1 0.1 007/
s00401-005-1074-9

Bakker EN, Bacskai BJ, Arbel-Ornath M, Aldea R, Bedussi B, Morris
AW, Weller RO, Carare RO (2016) Lymphatic clearance of the
brain: perivascular, paravascular and significance for neurodegenerative diseases. Cell Mol Neurobiol 36(2):181–194. https://doi.
org/10.1007/s10571-015-0273-8
Baloyannis SJ, Baloyannis IS (2012) The vascular factor in Alzheimer’s
disease: a study in Golgi technique and electron microscopy. J
Neurol Sci 322(1–2):117–121. https://doi.org/10.1016/j.jns.2012.
07.010
Bell RD, Winkler EA, Singh I, Sagare AP, Deane R, Wu Z, Holtzman
DM, Betsholtz C, Armulik A, Sallstrom J, Berk BC, Zlokovic
BV (2012) Apolipoprotein E controls cerebrovascular integrity
via cyclophilin A. Nature 485(7399):512–516. https://doi.org/10.
1038/nature11087
Bogdanovic N, Hansson O, Zetterberg H, Basun H, Ingelsson M,
Lannfelt L, Blennow K (2020) Alzheimers sjukdom –diagnostik
och behandling i dag och i framtiden [Alzheimer's disease - the
most common cause of dementia]. Lakartidningen. 117:FZHM.
Swedish
Boyle PA, Yu L, Nag S, Leurgans S, Wilson RS, Bennett DA, Schneider
JA (2015) Cerebral amyloid angiopathy and cognitive outcomes in
community-based older persons. Neurology 85(22):1930–1936.
https://doi.org/10.1212/WNL.0000000000002175
Brenowitz WD, Nelson PT, Besser LM, Heller KB, Kukull WA (2015)
Cerebral amyloid angiopathy and its co-occurrence with Alzheimer’s disease and other cerebrovascular neuropathologic changes.
Neurobiol Aging 36(10):2702–2708. https://doi.org/10.1016/j.
neurobiolaging.2015.06.028
Buée L, Bussière T, Buée-Scherrer V, Delacourte A, Hof PR (2000)
Tau protein isoforms, phosphorylation and role in neurodegenerative disorders11These authors contributed equally to this work.
Brain Res Rev 33(1):95–130. https://doi.org/10.1016/S0165-
0173(00)00019-9
Carrillo MC, Dean RA, Nicolas F, Miller DS, Berman R, Khachaturian
Z, Bain LJ, Schindler R, Knopman D (2013) Revisiting the framework of the National Institute on Aging-Alzheimer’s Association
diagnostic criteria. Alzheimers Dement 9(5):594–601. https://d oi.
org/10.1016/j.jalz.2013.05.1762
Chalmers K, Wilcock GK, Love S (2003) APOE epsilon 4 influences
the pathological phenotype of Alzheimer’s disease by favouring
cerebrovascular over parenchymal accumulation of A beta protein.
Neuropathol Appl Neurobiol 29(3):231–238. https://doi.org/10.
1046/j.1365-2990.2003.00457.x
Christensen K, Doblhammer G, Rau R, Vaupel JW (2009) Ageing
populations: the challenges ahead. Lancet (London, England)
374(9696):1196–1208. https://doi.org/10.1016/S0140-6736(09)
61460-4
Cisternas P, Taylor X, Perkins A, Maldonado O, Allman E, Cordova R,
Marambio Y, Munoz B, Pennington T, Xiang S, Zhang J, Vidal R,
Atwood B, Lasagna-Reeves CA (2020) Vascular amyloid accumulation alters the gabaergic synapse and induces hyperactivity in a
model of cerebral amyloid angiopathy. Aging Cell 19(10):e13233.
https://doi.org/10.1111/acel.13233
DeTure MA, Dickson DW (2019) The neuropathological diagnosis of
Alzheimer’s disease. Mol Neurodegener 14(1):32. https://doi.org/
10.1186/s13024-019-0333-5
Doecke JD, Pérez-Grijalba V, Fandos N, Fowler C, Villemagne VL,
Masters CL, Pesini P, Sarasa M (2020) Total Aβ(42)/Aβ(40) ratio
in plasma predicts amyloid-PET status, independent of clinical
AD diagnosis. Neurology 94(15):e1580–e1591. https://doi.org/
10.1212/wnl.0000000000009240
Dubois B, Feldman HH, Jacova C, Hampel H, Molinuevo JL, Blennow K, DeKosky ST, Gauthier S, Selkoe D, Bateman R, Cappa S,
Crutch S, Engelborghs S, Frisoni GB, Fox NC, Galasko D, Habert
MO, Jicha GA, Nordberg A, Pasquier F, Rabinovici G, Robert
P, Rowe C, Salloway S, Sarazin M, Epelbaum S, de Souza LC,

13

Metabolic Brain Disease
Vellas B, Visser PJ, Schneider L, Stern Y, Scheltens P, Cummings
JL (2014) Advancing research diagnostic criteria for Alzheimer’s
disease: the IWG-2 criteria. Lancet Neurol 13(6):614–629. https://
doi.org/10.1016/s1474-4422(14)70090-0
Dugger BN, Adler CH, Shill HA, Caviness J, Jacobson S, DriverDunckley E, Beach TG, Arizona Parkinson’s Disease C (2014)
Concomitant pathologies among a spectrum of parkinsonian disorders. Parkinsonism Relat Disord 20(5):525–529. https://d oi.o rg/
10.1016/j.parkreldis.2014.02.012
Dugger BN, Whiteside CM, Maarouf CL, Walker DG, Beach TG, Sue
LI, Garcia A, Dunckley T, Meechoovet B, Reiman EM, Roher AE
(2016) The Presence of Select Tau Species in Human Peripheral
Tissues and Their Relation to Alzheimer’s Disease. J Alzheimers
Dis 51:345–356. https://doi.org/10.3233/JAD-150859
Farkas E, Luiten PG (2001) Cerebral microvascular pathology in aging
and Alzheimer’s disease. Prog Neurobiol 64(6):575–611. https://
doi.org/10.1016/s0301-0082(00)00068-x
Fryer JD, Simmons K, Parsadanian M, Bales KR, Paul SM, Sullivan
PM, Holtzman DM (2005) Human apolipoprotein E4 alters the
amyloid-beta 40:42 ratio and promotes the formation of cerebral
amyloid angiopathy in an amyloid precursor protein transgenic
model. J Neurosci 25(11):2803–2810. https://doi.org/10.1523/
jneurosci.5170-04.2005
Greenberg SM, Bacskai BJ, Hernandez-Guillamon M, Pruzin J, Sperling R, van Veluw SJ (2020) Cerebral amyloid angiopathy and
Alzheimer disease — one peptide, two pathways. Nat Rev Neurol
16(1):30–42. https://doi.org/10.1038/s41582-019-0281-2
Gu Y, Oyama F, Ihara Y (1996) τ Is Widely Expressed in Rat Tissues.
J Neurochem 67(3):1235–1244. https://doi.org/10.1046/j.1471-
4159.1996.67031235.x
Haass C, Selkoe DJ (1993) Cellular processing of beta-amyloid precursor protein and the genesis of amyloid beta-peptide. Cell
75(6):1039–1042. https://d oi.o rg/1 0.1 016/0 092-8 674(93)9 0312-e
Haglund M, Sjobeck M, Englund E (2004) Severe cerebral amyloid
angiopathy characterizes an underestimated variant of vascular
dementia. Dement Geriatr Cogn Disord 18(2):132–137. https://
doi.org/10.1159/000079192
Halliday MR, Rege SV, Ma Q, Zhao Z, Miller CA, Winkler EA, Zlokovic BV (2016) Accelerated pericyte degeneration and blood-brain
barrier breakdown in apolipoprotein E4 carriers with Alzheimer’s
disease. J Cereb Blood Flow Metab 36(1):216–227. https://doi.
org/10.1038/jcbfm.2015.44
Harold D, Abraham R, Hollingworth P, Sims R, Gerrish A, Hamshere
ML, Pahwa JS, Moskvina V, Dowzell K, Williams A, Jones N,
Thomas C, Stretton A, Morgan AR, Lovestone S, Powell J, Proitsi
P, Lupton MK, Brayne C, Rubinsztein DC, Gill M, Lawlor B,
Lynch A, Morgan K, Brown KS, Passmore PA, Craig D, McGuinness B, Todd S, Holmes C, Mann D, Smith AD, Love S, Kehoe
PG, Hardy J, Mead S, Fox N, Rossor M, Collinge J, Maier W,
Jessen F, Schurmann B, Heun R, van den Bussche H, Heuser I,
Kornhuber J, Wiltfang J, Dichgans M, Frolich L, Hampel H, Hull
M, Rujescu D, Goate AM, Kauwe JS, Cruchaga C, Nowotny P,
Morris JC, Mayo K, Sleegers K, Bettens K, Engelborghs S, De
Deyn PP, Van Broeckhoven C, Livingston G, Bass NJ, Gurling H,
McQuillin A, Gwilliam R, Deloukas P, Al-Chalabi A, Shaw CE,
Tsolaki M, Singleton AB, Guerreiro R, Muhleisen TW, Nothen
MM, Moebus S, Jockel KH, Klopp N, Wichmann HE, Carrasquillo MM, Pankratz VS, Younkin SG, Holmans PA, O’Donovan
M, Owen MJ, Williams J (2009) Genome-wide association study
identifies variants at CLU and PICALM associated with Alzheimer’s disease. Nat Genet 41(10):1088–1093. https://doi.org/10.
1038/ng.440
Heneka MT, Carson MJ, El Khoury J, Landreth GE, Brosseron F, Feinstein DL, Jacobs AH, Wyss-Coray T, Vitorica J, Ransohoff RM,
Herrup K, Frautschy SA, Finsen B, Brown GC, Verkhratsky A,
Yamanaka K, Koistinaho J, Latz E, Halle A, Petzold GC, Town

13

T, Morgan D, Shinohara ML, Perry VH, Holmes C, Bazan NG,
Brooks DJ, Hunot S, Joseph B, Deigendesch N, Garaschuk O,
Boddeke E, Dinarello CA, Breitner JC, Cole GM, Golenbock DT,
Kummer MP (2015) Neuroinflammation in Alzheimer’s disease.
Lancet Neurol 14(4):388–405. https://doi.org/10.1016/s1474-
4422(15)70016-5
Hickman SE, Allison EK, El Khoury J (2008) Microglial Dysfunction
and Defective β-Amyloid Clearance Pathways in Aging Alzheimer’s Disease Mice. J Neurosci 28(33):8354–8360. https://doi.
org/10.1523/JNEUROSCI.0616-08.2008
Holton JL, Lashley T, Ghiso J, Braendgaard H, Vidal R, Guerin CJ,
Gibb G, Hanger DP, Rostagno A, Anderton BH, Strand C, Ayling
H, Plant G, Frangione B, Bojsen-Moller M, Revesz T (2002)
Familial Danish dementia: a novel form of cerebral amyloidosis
associated with deposition of both amyloid-Dan and amyloid-beta.
J Neuropathol Exp Neurol 61(3):254–267. https://d oi.o rg/1 0.1 093/
jnen/61.3.254
Hultman K, Strickland S, Norris EH (2013) The APOE E4/E4 genotype
potentiates vascular fibrin(ogen) deposition in amyloid-laden vessels in the brains of Alzheimer’s disease patients. J Cereb Blood
Flow Metab 33(8):1251–1258. https://doi.org/10.1038/jcbfm.
2013.76
Iadecola C (2017) The Neurovascular Unit Coming of Age: A Journey
through Neurovascular Coupling in Health and Disease. Neuron
96(1):17–42. https://doi.org/10.1016/j.neuron.2017.07.030
Iadecola C, Gottesman RF (2018) Cerebrovascular alterations in Alzheimer disease. Circ Res 123(4):406–408. https://d oi.o rg/1 0.1 161/
circresaha.118.313400
Jackson J, Jambrina E, Li J, Marston H, Menzies F, Phillips K, Gilmour G (2019) Targeting the synapse in Alzheimer’s disease.
Front Neurosci 13:735. https://doi.org/10.3389/fnins.2019.00735
Kalaria RN (2018) The pathology and pathophysiology of vascular
dementia. Neuropharmacology 134(Pt B):226–239. https://doi.
org/10.1016/j.neuropharm.2017.12.030
Kalaria R, Attems J (2014) Microvascular Pathology. Encyclopedia
of the neurological sciences, 2nd edn. Academic Press/ Elsevier,
Amsterdam, London, UK
Kim SM, Kim MJ, Rhee HY, Ryu CW, Kim EJ, Petersen ET, Jahng
GH (2013) Regional cerebral perfusion in patients with Alzheimer’s disease and mild cognitive impairment: effect of APOE
epsilon4 allele. Neuroradiology 55(1):25–34. https://doi.org/10.
1007/s00234-012-1077-x
Kim SH, Ahn JH, Yang H, Lee P, Koh GY, Jeong Y (2020) Cerebral
amyloid angiopathy aggravates perivascular clearance impairment
in an Alzheimer’s disease mouse model. Acta Neuropathol Commun 8(1):181. https://doi.org/10.1186/s40478-020-01042-0
Kimbrough IF, Robel S, Roberson ED, Sontheimer H (2015) Vascular
amyloidosis impairs the gliovascular unit in a mouse model of
Alzheimer’s disease. Brain 138(Pt 12):3716–3733. https://d oi.o rg/
10.1093/brain/awv327
Kinnecom C, Lev MH, Wendell L, Smith EE, Rosand J, Frosch MP,
Greenberg SM (2007) Course of cerebral amyloid angiopathyrelated inflammation. Neurology 68(17):1411–1416. https://doi.
org/10.1212/01.wnl.0000260066.98681.2e
LaFerla FM, Green KN, Oddo S (2007) Intracellular amyloid-beta in
Alzheimer’s disease. Nat Rev Neurosci 8(7):499–509. https://doi.
org/10.1038/nrn2168
Lambert JC, Heath S, Even G, Campion D, Sleegers K, Hiltunen M,
Combarros O, Zelenika D, Bullido MJ, Tavernier B, Letenneur
L, Bettens K, Berr C, Pasquier F, Fievet N, Barberger-Gateau
P, Engelborghs S, De Deyn P, Mateo I, Franck A, Helisalmi S,
Porcellini E, Hanon O, European Alzheimer’s Disease Initiative
I, de Pancorbo MM, Lendon C, Dufouil C, Jaillard C, Leveillard
T, Alvarez V, Bosco P, Mancuso M, Panza F, Nacmias B, Bossu
P, Piccardi P, Annoni G, Seripa D, Galimberti D, Hannequin
D, Licastro F, Soininen H, Ritchie K, Blanche H, Dartigues JF,

Metabolic Brain Disease
Tzourio C, Gut I, Van Broeckhoven C, Alperovitch A, Lathrop
M, Amouyel P (2009) Genome-wide association study identifies
variants at CLU and CR1 associated with Alzheimer’s disease.
Nat Genet 41(10):1094–1099. https://doi.org/10.1038/ng.439
Lee CY, Landreth GE (2010) The role of microglia in amyloid clearance from the AD brain. J Neural Transm (vienna) 117(8):949–
960. https://doi.org/10.1007/s00702-010-0433-4
Liao F, Yoon H, Kim J (2017) Apolipoprotein E metabolism and
functions in brain and its role in Alzheimer’s disease. Curr Opin
Lipidol 28(1):60–67. https://doi.org/10.1097/MOL.0000000000
000383
Liu CC, Liu CC, Kanekiyo T, Xu H, Bu G (2013) Apolipoprotein E
and Alzheimer disease: risk, mechanisms and therapy. Nat Rev
Neurol 9(2):106–118. https://d oi.org/10.1038/nrneurol.2012.2 63
Louveau A, Plog BA, Antila S, Alitalo K, Nedergaard M, Kipnis J
(2017) Understanding the functions and relationships of the
glymphatic system and meningeal lymphatics. J Clin Invest
127(9):3210–3219. https://doi.org/10.1172/JCI90603
Lyman M, Lloyd DG, Ji X, Vizcaychipi MP, Ma D (2014) Neuroinflammation: the role and consequences. Neurosci Res 79:1–12.
https://doi.org/10.1016/j.neures.2013.10.004
Ma Q, Zhao Z, Sagare AP, Wu Y, Wang M, Owens NC, Verghese PB,
Herz J, Holtzman DM, Zlokovic BV (2018) Blood-brain barrierassociated pericytes internalize and clear aggregated amyloidbeta42 by LRP1-dependent apolipoprotein E isoform-specific
mechanism. Mol Neurodegener 13(1):57. https://d oi.o rg/1 0.1 186/
s13024-018-0286-0
Maier CL, Pober JS (2011) Human placental pericytes poorly stimulate
and actively regulate allogeneic CD4 T cell responses. Arterioscler Thromb Vasc Biol 31(1):183–189. https://doi.org/10.1161/
ATVBAHA.110.217117
Martins RN, Robinson PJ, Chleboun JO, Beyreuther K, Masters CL
(1991) The molecular pathology of amyloid deposition in Alzheimer’s disease. Mol Neurobiol 5(2):389–398. https://doi.org/
10.1007/BF02935560
Mawuenyega KG, Sigurdson W, Ovod V, Munsell L, Kasten T, Morris JC, Yarasheski KE, Bateman RJ (2010) Decreased clearance of CNS beta-amyloid in Alzheimer’s disease. Science
330(6012):1774. https://doi.org/10.1126/science.1197623
Mena R, Edwards P, Perez-Olvera O, Wischik CM (1995) Monitoring
pathological assembly of tau and beta-amyloid proteins in Alzheimer’s disease. Acta Neuropathol 89(1):50–56. https://doi.org/
10.1007/BF00294259
Mietelska-Porowska A, Wasik U, Goras M, Filipek A, Niewiadomska
G (2014) Tau protein modifications and interactions: their role in
function and dysfunction. Int J Mol Sci 15(3):4671–4713. https://
doi.org/10.3390/ijms15034671
Miyakawa T, Kimura T, Hirata S, Fujise N, Ono T, Ishizuka K, Nakabayashi J (2000) Role of blood vessels in producing pathological
changes in the brain with Alzheimer’s disease. Ann N Y Acad Sci
903:46–54. https://doi.org/10.1111/j.1749-6632.2000.tb06349.x
Montagne A, Barnes SR, Sweeney MD, Halliday MR, Sagare AP, Zhao
Z, Toga AW, Jacobs RE, Liu CY, Amezcua L, Harrington MG,
Chui HC, Law M, Zlokovic BV (2015) Blood-brain barrier breakdown in the aging human hippocampus. Neuron 85(2):296–302.
https://doi.org/10.1016/j.neuron.2014.12.032
Morelli L, Prat MI, Castano EM (1999) Differential accumulation of
soluble amyloid beta peptides 1-40 and 1-42 in human monocytic
and neuroblastoma cell lines. Implications for cerebral amyloidogenesis. Cell Tissue Res 298(2):225–232. https://d oi.o rg/1 0.1 007/
s004419900109
Nation DA, Sweeney MD, Montagne A, Sagare AP, D’Orazio LM,
Pachicano M, Sepehrband F, Nelson AR, Buennagel DP, Harrington MG, Benzinger TLS, Fagan AM, Ringman JM, Schneider
LS, Morris JC, Chui HC, Law M, Toga AW, Zlokovic BV (2019)
Blood-brain barrier breakdown is an early biomarker of human

cognitive dysfunction. Nat Med 25(2):270–276. https://doi.org/
10.1038/s41591-018-0297-y
Nussbaum JM, Schilling S, Cynis H, Silva A, Swanson E, Wangsanut T, Tayler K, Wiltgen B, Hatami A, Ronicke R, Reymann K,
Hutter-Paier B, Alexandru A, Jagla W, Graubner S, Glabe CG,
Demuth HU, Bloom GS (2012) Prion-like behaviour and taudependent cytotoxicity of pyroglutamylated amyloid-beta. Nature
485(7400):651–655. https://doi.org/10.1038/nature11060
O’Brien RJ, Wong PC (2011) Amyloid Precursor Protein Processing
and Alzheimer’s Disease. Annu Rev Neurosci 34(1):185–204.
https://doi.org/10.1146/annurev-neuro-061010-113613
Ojo JO, Reed JM, Crynen G, Vallabhaneni P, Evans J, Shackleton B,
Eisenbaum M, Ringland C, Edsell A, Mullan M, Crawford F,
Bachmeier C (2021) Molecular Pathobiology of the Cerebrovasculature in Aging and in Alzheimers Disease Cases With Cerebral
Amyloid Angiopathy. Front Aging Neurosci 13:658605. https://
doi.org/10.3389/fnagi.2021.658605
Perl DP (2010) Neuropathology of Alzheimer’s Disease. Mt Sinai J
Med J Translat Pers Med 77(1):32–42. https://doi.org/10.1002/
msj.20157
Priller C, Bauer T, Mitteregger G, Krebs B, Kretzschmar HA, Herms J
(2006) Synapse formation and function is modulated by the amyloid precursor protein. J Neurosci 26(27):7212–7221. https://doi.
org/10.1523/jneurosci.1450-06.2006
Rannikmae K, Kalaria RN, Greenberg SM, Chui HC, Schmitt FA,
Samarasekera N, Al-Shahi Salman R, Sudlow CL (2014) APOE
associations with severe CAA-associated vasculopathic changes:
collaborative meta-analysis. J Neurol Neurosurg Psychiatry
85(3):300–305. https://doi.org/10.1136/jnnp-2013-306485
Russo C, Violani E, Salis S, Venezia V, Dolcini V, Damonte G, Benatti
U, D’Arrigo C, Patrone E, Carlo P, Schettini G (2002) Pyroglutamate-modified amyloid beta-peptides–AbetaN3(pE)–strongly
affect cultured neuron and astrocyte survival. J Neurochem
82(6):1480–1489. https://doi.org/10.1046/j.1471-4159.2002.
01107.x
Sagare AP, Bell RD, Zhao Z, Ma Q, Winkler EA, Ramanathan A,
Zlokovic BV (2013a) Pericyte loss influences Alzheimer-like neurodegeneration in mice. Nat Commun 4:2932. https://doi.org/10.
1038/ncomms3932
Sagare AP, Bell RD, Zlokovic BV (2013) Neurovascular defects and
faulty amyloid-β vascular clearance in Alzheimer’s disease. J Alzheimers Dis JAD 33(Suppl 1 (0 1)):S87–S100. https://doi.org/10.
3233/JAD-2012-129037
Schilling S, Lauber T, Schaupp M, Manhart S, Scheel E, Bohm G,
Demuth HU (2006) On the seeding and oligomerization of pGluamyloid peptides (in vitro). Biochemistry 45(41):12393–12399.
https://doi.org/10.1021/bi0612667
Sengillo JD, Winkler EA, Walker CT, Sullivan JS, Johnson M, Zlokovic BV (2013) Deficiency in mural vascular cells coincides with
blood-brain barrier disruption in Alzheimer’s disease. Brain
Pathol 23(3):303–310. https://doi.org/10.1111/bpa.12004
Sergeant N, Bretteville A, Hamdane M, Caillet-Boudin ML, Grognet
P, Bombois S, Blum D, Delacourte A, Pasquier F, Vanmechelen
E, Schraen-Maschke S, Buée L (2008) Biochemistry of Tau in
Alzheimer’s disease and related neurological disorders. Expert
Rev Proteomics 5(2):207–224. https://doi.org/10.1586/14789
450.5.2.207
Sheline YI, Morris JC, Snyder AZ, Price JL, Yan Z, D’Angelo G, Liu
C, Dixit S, Benzinger T, Fagan A, Goate A, Mintun MA (2010)
APOE4 allele disrupts resting state fMRI connectivity in the
absence of amyloid plaques or decreased CSF Abeta42. J Neurosci 30(50):17035–17040. https://doi.org/10.1523/JNEUROSCI.
3987-10.2010
Shi H, Koronyo Y, Rentsendorj A, Regis GC, Sheyn J, Fuchs DT,
Kramerov AA, Ljubimov AV, Dumitrascu OM, Rodriguez
AR, Barron E, Hinton DR, Black KL, Miller CA, Mirzaei N,

13

Metabolic Brain Disease
Koronyo-Hamaoui M (2020) Identification of early pericyte
loss and vascular amyloidosis in Alzheimer’s disease retina.
Acta Neuropathol 139(5):813–836. https://d oi.o rg/1 0.1 007/
s00401-020-02134-w
Smith EE, Greenberg SM (2009) Beta-amyloid, blood vessels, and
brain function. Stroke 40(7):2601–2606. https://doi.org/10.1161/
strokeaha.108.536839
Sofroniew MV, Vinters HV (2010) Astrocytes: biology and pathology. Acta Neuropathol 119(1):7–35. https://doi.org/10.1007/
s00401-009-0619-8
Soto-Rojas LO, Campa-Cordoba BB, Harrington CR, Salas-Casas
A, Hernandes-Alejandro M, Villanueva-Fierro I, Bravo-Munoz
M, Garces-Ramirez L, De La Cruz-Lopez F, Ontiveros-Torres
MA, Gevorkian G, Pacheco-Herrero M, Luna-Munoz J (2021)
Insoluble Vascular Amyloid Deposits Trigger Disruption of the
Neurovascular Unit in Alzheimer’s Disease Brains. Int J Mol Sci
22(7):3654. https://doi.org/10.3390/ijms22073654
Soto-Rojas LO, Pacheco-Herrero M, Martinez-Gomez PA, CampaCordoba BB, Apatiga-Perez R, Villegas-Rojas MM, Harrington
CR, de la Cruz F, Garces-Ramirez L, Luna-Munoz J (2021) The
Neurovascular Unit Dysfunction in Alzheimer’s Disease. Int J Mol
Sci 22(4):2022. https://doi.org/10.3390/ijms22042022
Stakos DA, Stamatelopoulos K, Bampatsias D, Sachse M, Zormpas E,
Vlachogiannis NI, Tual-Chalot S, Stellos K (2020) The Alzheimer’s Disease Amyloid-Beta Hypothesis in Cardiovascular Aging
and Disease: JACC Focus Seminar. J Am Coll Cardiol 75(8):952–
967. https://doi.org/10.1016/j.jacc.2019.12.033
Thal DR, Ghebremedhin E, Orantes M, Wiestler OD (2003) Vascular
pathology in Alzheimer disease: correlation of cerebral amyloid
angiopathy and arteriosclerosis/lipohyalinosis with cognitive
decline. J Neuropathol Exp Neurol 62(12):1287–1301. https://
doi.org/10.1093/jnen/62.12.1287
Thal DR, Walter J, Saido TC, Fandrich M (2015) Neuropathology
and biochemistry of Abeta and its aggregates in Alzheimer’s disease. Acta Neuropathol 129(2):167–182. https://doi.org/10.1007/
s00401-014-1375-y
Thomas WE (1999) Brain macrophages: on the role of pericytes and
perivascular cells. Brain Res Brain Res Rev 31(1):42–57. https://
doi.org/10.1016/s0165-0173(99)00024-7
Tracy TE, Gan L (2018) Tau-mediated synaptic and neuronal dysfunction in neurodegenerative disease. Curr Opin Neurobiol 51:134–
138. https://doi.org/10.1016/j.conb.2018.04.027
van de Haar HJ, Burgmans S, Jansen JF, van Osch MJ, van Buchem
MA, Muller M, Hofman PA, Verhey FR, Backes WH (2016)
Blood-Brain Barrier Leakage in Patients with Early Alzheimer
Disease. Radiology 281(2):527–535. https://doi.org/10.1148/
radiol.2016152244
Vergallo A, Mégret L, Lista S, Cavedo E, Zetterberg H, Blennow K,
Vanmechelen E, De Vos A, Habert MO, Potier MC, Dubois B,
Neri C, Hampel H (2019) Plasma amyloid β 40/42 ratio predicts
cerebral amyloidosis in cognitively normal individuals at risk for
Alzheimer’s disease. Alzheimers Dement 15(6):764–775. https://
doi.org/10.1016/j.jalz.2019.03.009
Vinters HV, Gilbert JJ (1983) Cerebral amyloid angiopathy: incidence
and complications in the aging brain. II. The distribution of amyloid vascular changes. Stroke 14(6):924–928. https://doi.org/10.
1161/01.str.14.6.924
Weller RO, Boche D, Nicoll JA (2009) Microvasculature changes and
cerebral amyloid angiopathy in Alzheimer’s disease and their

13

potential impact on therapy. Acta Neuropathol 118(1):87–102.
https://doi.org/10.1007/s00401-009-0498-z
Wilquet V, De Strooper B (2004) Amyloid-beta precursor protein processing in neurodegeneration. Curr Opin Neurobiol 14(5):582–
588. https://doi.org/10.1016/j.conb.2004.08.001
Winkler EA, Sengillo JD, Bell RD, Wang J, Zlokovic BV (2012)
Blood-spinal cord barrier pericyte reductions contribute to
increased capillary permeability. J Cereb Blood Flow Metab
32(10):1841–1852. https://doi.org/10.1038/jcbfm.2012.113
Winkler EA, Sagare AP, Zlokovic BV (2014) The pericyte: a forgotten
cell type with important implications for Alzheimer’s disease?
Brain Pathol 24(4):371–386. https://doi.org/10.1111/bpa.12152
Wong PC, Savonenko A, Li T, Price DL (2012) Chapter 46 - Neurobiology of Alzheimer’s Disease. In: Brady ST, Siegel GJ, Albers
RW, Price DL (eds) Basic Neurochemistry, 8th edn. Academic
Press, New York, pp 815–828. https://doi.org/10.1016/B978-0-
12-374947-5.00046-8
World Health Organization (2018) Ageing and health. https://www.
who.  i nt/  n ews-  r oom/  f act-  s heets/  d etail/  a geing-  a nd-  h ealth.
Accessed 5 Feb 2018
World Health Organization (2020) Dementia. https://www.who.int/
news-room/fact-sheets/detail/dementia. Accessed 21 Sept 2020
Wortley D, An J, Heshmati A (2017) Tackling the Challenge of the
aging society: detecting and preventing cognitive and physical
decline through games and consumer technologies. Healthcare
Informatics Research 23:87. https://doi.org/10.4258/hir.2017.
23.2.87
Xu D, Yang C, Wang L (2003) Cerebral amyloid angiopathy in aged
Chinese: a clinico-neuropathological study. Acta Neuropathol
106(1):89–91. https://doi.org/10.1007/s00401-003-0706-1
Yamada M (2015) Cerebral amyloid angiopathy: emerging concepts.
J Stroke 17(1):17–30. https://doi.org/10.5853/jos.2015.17.1.17
Zhang ZS, Zhou HN, He SS, Xue MY, Li T, Liu LM (2020) Research
advances in pericyte function and their roles in diseases. Chin J
Traumatol 23(2):89–95. https://doi.org/10.1016/j.cjtee.2020.02.
006
Zheng H, Koo EH (2006) The amyloid precursor protein: beyond
amyloid. Mol Neurodegener 1(1):5. https://doi.org/10.1186/
1750-1326-1-5
Zipser BD, Johanson CE, Gonzalez L, Berzin TM, Tavares R, Hulette
CM, Vitek MP, Hovanesian V, Stopa EG (2007) Microvascular
injury and blood-brain barrier leakage in Alzheimer’s disease.
Neurobiol Aging 28(7):977–986. https://doi.org/10.1016/j.neuro
biolaging.2006.05.016
Zlokovic BV (2005) Neurovascular mechanisms of Alzheimer’s neurodegeneration. Trends Neurosci 28(4):202–208. https://doi.org/
10.1016/j.tins.2005.02.001
Zlokovic BV (2011) Neurovascular pathways to neurodegeneration
in Alzheimer’s disease and other disorders. Nat Rev Neurosci
12(12):723–738. https://doi.org/10.1038/nrn3114
Zlokovic BV (2013) Cerebrovascular effects of apolipoprotein E:
implications for Alzheimer disease. JAMA Neurol 70(4):440–444.
https://doi.org/10.1001/jamaneurol.2013.2152
Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

