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Vascular calcifications are characterized by the ectopic deposition of calcium
and phosphate in the vascular lumen or wall. They are a common finding in
computed tomography scans or during autopsy and are often directly related to
a pathological condition. While the pathogenesis and functional consequences of
vascular calcifications have been intensively studied in some peripheral organs, vascular
calcification, and its pathogenesis in the central nervous system is poorly characterized
and understood. Here, we review the occurrence of vessel calcifications in the brain
in the context of aging and various brain diseases. We discuss the pathomechanism
of brain vascular calcification in primary familial brain calcification as an example of
brain vessel calcification. A particular focus is the response of microglia to the vessel
calcification in the brain and their role in the clearance of calcifications.

Keywords: astrocyte, cerebrovascular calcification, ectopic calcification, microglia, mouse model, pericyte,
primary familial brain calcification, vascular aging

INTRODUCTION

Vascular calcification associated with vascular aging is prevalent in the elderly population. The
presence of calcifications in blood vessels leads to vascular stiffness, loss of elasticity and decreased
compliance causing impaired cardiovascular function and potential end-organ damage (Pescatore
et al., 2019). Cerebral vascular calcification is considered a predictor of cardiovascular events such
as heart attack as well as stroke (Rennenberg et al., 2009; Hermann et al., 2013). In addition, vascular
calcification is a prevalent complication of diseases such as chronic kidney disease and diabetes and
is associated with significant morbidity and mortality (Lanzer et al., 2021). Calcification of vessels
also occurs in several genetic disorders or due to the systemic imbalance of phosphate metabolism
(Takashi and Fukumoto, 2020; Rutsch et al., 2021).

Vasculature is divided into distinct zones based on their cellular and acellular composition,
and function. Arteries are composed of lumen forming endothelial cells (tunica intima) separated
from vascular smooth muscle cells (VSMC) (tunica media) by a basement membrane. Veins have
incomplete VSMC coverage. Capillaries, the predominant vessel type in the brain, are positioned
between arteries and veins. Capillaries are composed of endothelial cells and pericytes. In addition,
the perivascular space along arteries and veins between the VSMC layer and astrocyte end-feet,
which cover the entire vascular tree, contains several cell types, including perivascular macrophages
and fibroblasts (Figure 1A).

Vascular calcifications can be distributed from the intimal layer (e.g., atherosclerosis)
(Figure 1B) to the medial layer (Figure 1C) of the arterial wall, affecting different large and small
arterial beds or capillaries (Figure 1D).
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FIGURE 1 | Schematic representation of vascular calcifications along the
central nervous system (CNS) vascular network. Cellular and structural
diversity of the vascular network along the arterio-venous axis (A). In arteries,
lumen forming endothelial cells (EC) are separated from circumferentially
wrapped vascular smooth muscle cells (VSMC) by a basement membrane
(BM). Capillary endothelial cells are covered by pericytes (PC) with a prominent
cell body and slender processes with which they share the basement
membrane and are in direct contact. Capillaries transition into veins which
have an incomplete mural cell coverage. The entire vasculature is covered by
astrocyte end-feet and occasionally innervated by nerve fibers. Between
VSMC layer and astrocyte end-feet reside perivascular fioroblasts (PVF) and
perivascular macrophages (PVM). Arterial calcifications can be intimal (B),
resulting from atherosclerotic plaque in the lumen, as well as medial (C), due
to phenotypic alterations of VSMCs leading to mineralization of extracellular
matrix. It is not known to what extent PVYM and PVF become modified and
contribute to the pathophysiology. Capillary calcifications (D) are
characterized by the appearance of mineralized “beads” on the capillary wall,
which protrude into brain parenchyma. While it is known that capillary
calcifications elicit strong glial reactions, changes in pericytes and endothelial
cells in calcified capillaries are poorly understood. Calcifications are depicted
as yellow spheres or polygons. BM, basement membrane; CAA,
calcification-associated astrocyte; CAM, calcification-associated microglia;
EC, endothelium; PVF, perivascular fibroblast; PVM, perivascular macrophage;
VSMC, vascular smooth muscle cell.

Astrocyte

Unlike peripheral vascular calcification, intracranial
calcifications (vascular or parenchymal) are less frequently
reported and relatively poorly characterized. Intracranial
calcifications are a common incidental finding in computed
tomography (CT) imaging in the general population (Deng
et al, 2015) and at autopsy. In addition to aging, brain
calcifications occur due to metabolic alterations (e.g., chronic
kidney disease, thyroid hormone imbalance), infections (e.g.,
viral encephalitis, neurocysticercosis, neurocryptococcosis),
toxic injury (e.g., carbon monoxide poisoning, radio- and
chemotherapy), genetic disorders (e.g., neurofibromatosis,

tuberous sclerosis, primary familial brain calcification), brain
tumors (e.g., oligodendrogliomas, meningiomas) as well as
defective vascular morphogenesis during development (e.g.,
cavernomas, Sturge-Weber syndrome) (Nash et al, 2004; De
La Torre et al., 2018; Donzuso et al., 2019; Saade et al., 2019).
Parenchymal calcifications in the pineal gland, also referred
to as “brain sand,” are even used as an anatomical landmark
in radiographic studies (Vigh et al., 1998). The pathogenic
mechanisms involved in brain calcifications in these diverse
conditions are not well-understood, except in the case of systemic
calcium and phosphate imbalances accompanying diseases such
as kidney failure, hypo- or hyperparathyroidism. Often, while
reported, intracranial calcifications are not clearly distinguished
as parenchymal, vascular or both. Nevertheless, intracranial
vessel-associated calcifications have been reported to accompany
sporadic and familial neurodegenerative [e.g., Parkinson’s
disease, Alzheimer’s disease (AD)] and neuroinflammatory
diseases (e.g., type I interferonopathies) (Fujita et al., 2003;
Livingston et al., 2013; Ukai and Kosaka, 2016; Donzuso et al.,
2019; Saade et al., 2019).

In children, the presence of intracranial calcifications is almost
always associated with underlying pathology (Goncalves et al.,
2020a,b), whereas in adults, these are viewed as part of the
normal aging process. However, recent studies have shown that
intracranial calcifications are strong predictors of adverse clinical
outcomes (Bartstra et al., 2020). We, therefore, believe that a
detailed description of intracranial vascular calcification and
related pathomechanism can potentially assist in early prognosis
and further our understanding for better therapeutic targeting
of brain diseases.

In this review, we describe brain vascular calcifications with
a focus on possible underlying pathomechanism and the role
of microglia as modifiers of brain vascular calcification. We
primarily focus on the pathophysiology of vascular calcification
occurring in a neuropsychiatric disease — primary familial brain
calcification (PFBC).

BONE IN THE BRAIN—AN OVERVIEW OF
CEREBROVASCULAR CALCIFICATIONS

Calcification of large arteries such as the internal carotid artery,
intracranial vertebrobasilar artery, middle cerebral artery, circle
of Willis, as well as calcifications in the hippocampus and basal
ganglia, are easily observed on CT images (Deng et al., 2015;
Bartstra et al., 2020). It is estimated that 30% of aged individuals
have brain calcifications (Nicolas et al., 2013a). However,
due to relatively low resolution of CT imaging, additional
histopathological analyses are required to identify calcification
of microvasculature. Few case studies in aged human subjects
have shown that both the calcification of the hippocampus and
basal ganglia are vascular (Peters et al., 2018; de Brouwer et al,,
2021). In the aged hippocampus, arteries, pre-capillaries and
capillaries were calcified (Peters et al., 2018). Similar calcification
of hippocampal vessels has been reported in AD patients (Wegiel
et al., 2002; Schober et al., 2021). A recent study showed that
the tunica media of arterioles in the globus pallidus is calcified
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in aged individuals, confirmed both histologically and on CT.
Calcification of the vascular tree showed a distribution pattern,
starting in the ventral striatopallidum spreading posterolaterally
into the external half of the globus pallidus (de Brouwer
et al.,, 2021). There is differential involvement of the vascular
tree (artery, capillary), which might be dependent on the
anatomical region and underlying disease. For example, previous
histopathological studies detected arterial calcification in aged
subjects and AD patients compared to capillary bed calcification
in the globus pallidus in Down syndrome patients (Wegiel et al.,
2002; Schober et al., 2021).

PATHOGENESIS OF VASCULAR
CALCIFICATION

In bone, hydroxyapatite or carbonated hydroxyapatite crystals
are deposited in the extracellular matrix consisting mainly
of collagen I fibers (Arnold et al, 2021). Mineral formation
also depends on the presence of metabolic ions (citrate,
lactate, carbonate) and proteins as well as glycans that can
modify the mineralization process by stabilizing crystals or
preventing crystal growth (Young, 2003; Davies et al., 2014). Bone
consists of three cell types—(i) osteoblasts- tissue mineralizing
cells, (ii) osteoclasts- mineralized tissue resorbing cells, and
(iii) osteocytes- long-lived cells located deep inside the bone
matrix (Salhotra et al, 2020). Ectopic calcification of the
vessel wall is thought to be an active process that resembles
the formation of bone with hardening of the tissue initiated
by nucleation of calcium phosphate in a permissive matrix.
Hydroxyapatite and carbonated hydroxyapatite are the most
abundant calcium phosphate phases in both physiological and
pathological calcification. Although the primary cause of vascular
calcification initiation might be different, it leads to an osteogenic
environment. After initiation, osteoblast- and osteoclast-like
cells, and bone matrix proteins can be detected in these
mineralized structures. Transcriptional programs and signaling
pathways involved in normal bone formation are also identified
along the calcifying vessel (Chen Y. et al,, 2021). In intimal
calcification, calcium phosphate deposition occurs in so-called
atherosclerotic plaques residing inside the blood vessel lumen.
The extent of plaque calcification correlates with plaque stability
(Motoyama et al., 2007). Calcification of the middle layer of the
blood vessel wall (medial calcification) is associated with aging,
diabetes, kidney disease, and hereditary vascular calcification
diseases. Although the deposition of hydroxyapatite is a common
feature between intimal and medial calcification, initiation
and propagation mechanisms differ (Lanzer et al, 2014).
The processes that trigger atherosclerotic plaque formation,
calcification and the role of innate immunity in these processes
are not discussed in this review.

The prevalent view is that medial calcification is accompanied
by a phenotypic change of resident vascular smooth muscle
cells into cells that promote mineralization. Vascular calcification
can be initiated by several triggers such as cellular senescence,
inflammation, loss of anti-calcifying proteins and imbalance
in extracellular phosphate (Pi) and pyrophosphate (PPi) levels

(Pescatore et al., 2019). Cellular senescence and inflammation
have been shown to induce trans-differentiation of human
primary VSMC into osteoblast-like cells capable of mineralizing
the matrix (Nakano-Kurimoto et al., 2009; Sorokin et al.,
2020). In addition to VSMC, circulating progenitor cells,
mesenchymal stem cells, endothelial cells, and fibroblasts have
been shown to share the potential to trans-differentiate into
osteoblast-like cells in mouse models of atherosclerosis (Jiang
et al, 2021). How can extracellular matrix calcification be
controlled by osteoblast and osteoblast-like cells? Poly(ADP)-
ribose (PAR) generated in response to cell damage signaling
(either physiological by osteoclasts or pathological as in VSMC)
is involved in matrix calcification (Pescatore et al.,, 2019).
A recent study in mice reported the VSMC and osteoblasts
deposit PAR-calcium, which is localized in bone collagen fibrils
at the site of formation of calcium phosphate crystals during
bone formation (Chow et al., 2014), into the extracellular
matrix in response to vascular calcification. This process likely
provides calcium for the initiation of calcium-phosphate crystals
(Muller et al, 2019). Currently, it is not clear how PAR-
calcium is delivered to the extracellular matrix, but it might
be concentrated in extracellular vesicles involved in matrix
mineralization (Muller et al., 2019).

The calcification of blood vessels is also initiated by the
loss of calcification inhibitors [e.g., matrix-Gla protein (MGP),
osteoprotegerin] (Luo et al,, 1997; Bucay et al, 1998) or an
imbalance in Pi/PPi/purine metabolism leading to a favorable
environment for calcium phosphate deposition (Rutsch et al.,
2021). Analysis of mineral phases on calcified aortas of MGP-
deficient mice (Mgp~/~) using various spectroscopic and
microscopic techniques suggest that calcification of elastin in the
absence of MGP is reminiscent of multistep bone mineralization
via amorphous calcium phosphate precursors to crystalline
structures (hydroxyapatite) (Gourgas et al., 2018). Analysis of
Abcc6 and Nt5e knockout mice and mice lacking functional
ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1)
has led to the hypothesis that reduced plasma PPi, an inhibitor
of calcium phosphate crystal growth, leads to a pro-mineralizing
environment (Shimada et al, 2021). ABCC6 (ATP-binding
cassette subfamily C member 6) facilitates cellular ATP efflux
and the cascade of extracellular ATP degradation to adenosine
involves hydrolyzes ATP to AMP and PPi by ENPP1. AMP
is further hydrolyzed by CD73, a membrane-bound ecto-5'-
nucleotidase encoded by NT5E, to generate adenosine and
Pi. PPi is further hydrolyzed by tissue non-specific alkaline
phosphatase (TNAP encoded by ALPL) to extracellular Pi.
Adenosine is an indirect inhibitor of calcification by inhibiting
TNAP (St Hilaire et al., 2011).

Pathogenesis of Vascular Calcification in

the Brain

Calcification of brain vessels is not specific to Homo sapiens,
with calcification of cerebral arterioles, venules, and/or capillaries
reported in laboratory mice, rats, domesticated animals (cats,
dogs, cows, horses), and monkeys (Youssef et al., 2016). Only
few studies have specifically characterized the pathomechanisms
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underlying brain vascular calcification and its associated changes
(Table 1). It is likely that causes described for peripheral
vessels are similarly involved in the calcification of cerebral
vessels. However, vasculature is organotypic and recent advances
in single cell RNA sequencing technology have generated
insights into molecular differences and similarities between
various vascular beds in the body (Augustin and Koh, 2017).
Blood vessels in the body show different susceptibility to
calcification, even in genetic diseases. For example, patients with
mutations in gene NT5E, encoding for CD73, show preferential
calcification of arteries in the extremities (St Hilaire et al,
2011; Zhang Z. et al., 2015). The cellular composition and
characteristics of cerebral vessels differ from systemic vasculature.
Cerebral endothelial cells possess the blood-brain barrier (BBB),
a multicomponent feature that tightly controls parenchymal
protein, metabolite, and ionic composition (Keller, 2013). In
addition, other vascular cells (e.g., pericytes) have been shown to
present organ-specific characteristics, at least at the level of the
transcriptome (Vanlandewijck et al., 2018). Furthermore, blood
vessels in the brain possess another characteristic not found in
peripheral vessels: they are ensheathed with astrocyte end-feet,
slender astrocyte processes, enriched with water and potassium
channels (Schaffenrath and Keller, 2021). Microglial processes
and the cell body contact the vessel basement membrane directly
along the vascular tree (Mathiisen et al, 2010; Joost et al.,
2019), thereby regulating blood flow in a purinergic receptor
P2Y12-dependent manner (Bisht et al., 2021). Furthermore, the
composition of the extracellular matrix is different along the
vascular tree. In the case of medial calcification, the prevalent
ECM component is elastin and elastin haploinsufficiency impedes
the progression of arterial calcification (Khavandgar et al., 2014).
Thus, given differences in cellular and acellular composition, the

pathophysiology of vascular mineralization likely differs between
arteries and capillaries.

Vascular calcification increases with age but histopathological
studies describing vascular calcifications in the aged human brain
are rare (Fujita et al, 2003; Peters et al., 2018; de Brouwer
et al, 2021). In general, arterial and capillary calcifications in
aged brains have similar histological characteristics as described
in various brain pathologies. In aged mice, thalamic blood
vessels show the tendency to calcify (Fraser, 1968; Morgan
et al,, 1982; Yanai et al., 1984, 1987). A recent study showed
that vessel-associated calcifications in the thalamus in old wild-
type mice show an affinity for bone labeling dyes (Alizarin red
and Osteosense). Additionally, aged endothelial cells showed
increased TNAP (generates Pi) expression and collagen I
deposition in the vascular basement membrane (Yang et al,
2020). The question of whether these matrix mineralization-
associated proteins triggered thalamic vessel calcification was not
investigated. Although no inflammatory reaction toward aging-
related vessel calcifications was described using transmission
electron microscopy (TEM) (Morgan et al., 1982), additional
studies using other methods (e.g., immunohistochemistry) are
needed to investigate whether age-related calcifications evoke a
glial response. TEM studies on vascular calcifications in monkey
and mouse brains have described early changes in the basement
membrane with crystalline hydroxyapatite deposits coinciding
with cellular debris or basement membrane degeneration
(Morgan et al., 1982; Yanai et al., 1984, 1987, 1994). Alterations
in the composition of the basement membrane (accumulation
of osteopontin and the appearance of fibrotic collagen I) have
also been reported to precede matrix mineralization in the
case of hereditary cerebral hemorrhage with Dutch type -
amyloidosis (Grand Moursel et al., 2019). Age is an independent

TABLE 1 | Alterations accompanying brain vascular calcifications.

Alteration/observation Condition Comment

References

Osteogenic environment PFBC, AD, PD, aging
deposits on blood vessels

PFBC

Accumulation of anti- and pro-calcification proteins in mineralized

Fujita et al., 2003; Nahar et al., 2019;
Zarb et al., 2019b

PFBC

Zika virus infection

Changes in the basement Aging
membrane

Aging

HCHWA-D

Oxidative stress PFBC
Altered levels of inorganic PFBC
phosphate

Aging

Cells expressing osteoblast markers around vascular calcifications.
Cells expressing osteoclast markers surrounding vascular calcifications.
Osteoclast-like cells expressing cathepsin K are derived from microglia
in a mouse model of PFBC.

Differentiation of Zika virus infected pericytes into osteoblast-like cells
in vitro in response to BMP2.

Electron microscopy studies reveal degeneration of vascular basement
membrane and the presence of hydroxyapatite crystals in aged mice.
Increased deposition of collagen | in vascular basement membrane in
aged mice.

Vascular mineralization is preceded by accumulation of osteopontin and
the appearance of fibrotic collagen | in autopsy samples.

Accumulation of 2-w-carboxyethylpyrrole CEP adducts in astrocytes
surrounding vascular calcifications in a mouse model of PFBC.

Higher inorganic phosphate levels in the CSF in Sic20a2~/~ mice and
SLC20A2 mutation carriers

Endothelial cells of old mice are expressing higher levels of TNAP

Zarb et al., 2019b

Zarb et al., 2019b, 2021

Chen W. et al., 2021

Morgan et al., 1982; Yanai et al., 1984

Yang et al., 2020

Grand Moursel et al., 2019

Zarb et al., 2019b

Jensen et al., 2016; Paucar et al.,
2017; Wallingford et al., 2017; Hozumi
etal, 2018

Yang et al., 2020

AD, Alzheimer’s disease; HCHWA-D, hereditary cerebral hemorrhage with amyloidosis-Dutch type; PD, Parkinson’s disease; PFBC, primary familial brain calcification.
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risk factor for both the development of cardiovascular disease
and neurodegenerative disease (Yazdanyar and Newman, 2009;
Hou et al, 2019), and thus, more studies are needed to
characterize changes in aged blood vessels that lead to vascular
calcifications in the brain.

In order to describe the pathophysiology of brain vessel
calcification in detail, we will refer to studies investigating
vascular calcification in PFBC.

Primary Familial Brain Calcification

As mentioned above, the list of diseases with brain calcification
as a secondary manifestation is extensive and it has not been
intensively investigated whether these calcifications are vascular
and/or parenchymal. In the case of hereditary neuropsychiatric
disease, primary familial brain calcification (PFBC), the presence
of bilateral basal ganglia vascular calcifications is a diagnostic
criterion (Balck et al., 2021). PFBC patients may present clinically
with motor (e.g., parkinsonism, ataxia, speech disturbance)
and/or non-motor (cognitive deficit, depression, psychosis)
phenotypes or may even remain unaffected (Balck et al., 2021). In
PFBC, the capillary bed is encrusted with the calcium phosphate
deposits like “pearls on the string” in addition to the calcification
of the medial layer of arteries and arterioles (Miklossy et al., 2005;
Kimura et al., 2016). These small, mineralized deposits are located
on the capillary wall adjacent to the parenchyma (Kobayashi et al.,
1987) (Figures 1A,D).

Autosomal-dominant (AD)- PFBC is caused by mutations in
the platelet-derived growth factor subunit B (PDGFB) (Keller
et al., 2013) and its receptor—-PDGFRB (Nicolas et al., 2013b),
solute carrier family 20 member 2 (SLC20A2) (Wang et al,
2012), and xenotropic and polytropic retrovirus receptor 1
(XPR1) (Legati et al, 2015). SLC20A2 (also known as PiT2)
is an inorganic phosphate importer (Kavanaugh et al., 1994)
and XPRI is the only known mammalian inorganic phosphate
exporter (Giovannini et al., 2013). PDGFB and PDGFRB are
growth factor and receptor, respectively, implicated in organ
development (Andrae et al., 2008; Armulik et al, 2011).
Autosomal-recessive (AR) form of PFBC is caused by mutations
in myogenesis regulating glycosidase (MYORG) (Yao et al,
2018) and junctional-adhesion-molecule-2 (JAM2) (Cen et al.,
2020). The cellular function of MYORG, an intracellular
transmembrane protein belonging to glycosyl hydrolase family,
is currently unknown. The knock-out of Myorg (alternative
name in the mouse genome is AI464131) in mice does not
lead to gross developmental defects (Yao et al., 2018). JAM2
encodes for the transmembrane protein located to cell-cell
adhesions and is implicated in trans-endothelial migration of
leukocytes (Aurrand-Lions et al., 2001). The genes that cause
both, AD-PFBC and AR-PFBC, are functionally different, and
expressed by several cell types in the brain (Zarb et al,
2019a). XPR1 and SLC20A2 are ubiquitously expressed (Zeisel
et al., 2018). PDGFRB is expressed by perivascular fibroblasts,
vascular smooth muscle cells, pericytes and, astrocytes. PDGFB,
the main ligand for PDGFRB, is expressed by endothelial
cells and microglia, and by certain excitatory and cholinergic
neurons (Armulik et al., 2011; Vanlandewijck et al., 2018; Zeisel
et al, 2018). MYORG is expressed only by astrocytes (Yao

et al., 2018) and JAM2 by perivascular fibroblasts, endothelial
cells, and astrocytes (Vanlandewijck et al., 2018). Recent
investigations using animal models and genetic analyses have
led to a better understanding of the pathophysiology of vascular
calcification in PFBC. Currently, three mouse models mimic
the histopathological features of PFBC: Slc20a2 (Jensen et al.,
2013) and Myorg (Yao et al, 2018) knockouts, and PDGFB
hypomorph (Pdgfb™/", retention motif knockout) (Keller et al.,
2013). The retention motif knockout renders a biologically active
PDGFB protein unable to bind extracellular heparan sulfate
proteoglycans and thus, shape PDGFB gradients (Abramsson
et al., 2003; Lindblom et al., 2003). In PFBC mutation carriers,
calcification of the medial layer of arteries, as well as capillaries,
is observed (Kozik and Kulczycki, 1978; Miklossy et al., 2005;
Kimura et al., 2016). In addition, calcium precipitates have
been reported on neurons and astrocytes (Kobayashi et al,
1987; Miklossy et al., 2005). Vascular calcifications are protein-
rich and contain hydroxyapatite and trace elements (Zn, Fe)
(Smeyers-Verbeke et al., 1975; Bouras et al., 1996). Vascular
calcification is similar in mouse models of PFBC with single
rounded or mulberry shaped lamellar structures deposited on
the vessel wall of arterioles and capillaries and protruding
into the parenchyma (Jensen et al., 2013; Keller et al., 2013)
(Figure 1). Calcifications appear as nodules such that the entire
capillary is occasionally surrounded by ring-like calcification.
These calcifications contain calcium and phosphate as well
as collagenous and non-collagenous bone proteins. They bind
bisphosphonates, are of bone density and stain for histological
dyes used to visualize bone (e.g., Alizarin red, Alcian blue)
(Jensen et al., 2013, 2018; Keller et al., 2013; Yao et al,
2018; Zarb et al, 2019b). Mass spectrometry has been used
to characterize calcifications in mice and has shown that
they contain proteins that promote (e.g., secreted glycoprotein
SPARCL1) or halt calcification (fetuin A, MGP, osteopontin)
(Nahar et al., 2019). In addition, they contain amyloid precursor
protein (APP), amyloid precursor-like protein 2 (APLP2), as
well as secretogranin-1 (CHGB) and chromogranin A (CHGA),
which are major constituents of large dense core vesicles involved
in storing and delivering large neurotransmitters in neurons
(Nahar et al., 2019). Accordingly, these calcifications can be
visualized in tissue sections using antibodies against APP, APLP2,
osteopontin, osteocalcin, collagen I (Nahar et al., 2019; Zarb et al.,
2019b, 2021). Although calcifications contain APP, APLP2 and
aggregated protein structures, these structures lack the B-pleated
sheet conformation and structural regularity recognized by
Thioflavin T or Congo red (Zarb et al., 2021). Chromogranins
(CHGB, CHGA) are deposited in the amyloid plaques in AD
patients and are deregulated in other brain disorders such as
multiple sclerosis, amyotrophic lateral sclerosis, schizophrenia
(Willis et al., 2011). Interestingly, a recent study identified a
chromogranin A derived peptide from the adrenal gland, which
inhibits the osteogenic trans-differentiation of VSMC in vitro
(Orth-Alampour et al., 2021).

The underlying mechanism leading to vascular calcification
and constituent cell types is currently unclear. The genes that
cause both AD-PFBC and AR-PFBC are functionally different
and expressed by several cell types at the neurovascular unit.
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The pathogenesis of PFBC may be multifactorial with mutations
potentially affecting multiple cell types in brain vessels and
leading to the formation of vessel-associated calcifications.
Cell type specific knockouts of involved genes should clarify
the role of individual cell types. However, it has been
demonstrated in mice that the endothelial expression of PDGFB
is protective against brain calcifications (Keller et al., 2013),
indicating that vessel-calcification might be caused by reduced
PDGFB/PDGFRB signaling at the vessel wall. In summary, it
remains to be discovered why mutations in structurally and
functionally different protein families lead to the same disease
and calcifications of cerebral arteries and capillaries.

Does Imbalance in Brain Phosphate Metabolism Cause
Vascular Calcification?
One hypothesis is that vascular calcification in PFBC is caused
by the locally altered phosphate levels in the cerebrospinal fluid
(CSF) and perivascular spaces (Wallingford et al., 2017). There
are no abnormalities in phosphate and calcium levels in the serum
of PFBC patients (Manyam, 2005) and PFBC animal models
(Keller et al., 2013; Jensen et al., 2016). In addition, analysis of
serum calcification propensity of Pdgfb™/™ mice did not point
to alterations in the humoral anti-calcification defense (Zarb
etal., 2019b). Studies on Slc20a2~/~ mice suggest that loss of this
phosphate importer increases local phosphate concentration in
the cerebrospinal fluid, leading to calcium-phosphate deposition
in the glymphatic space due to imbalanced phosphate metabolism
and subsequent calcification of arterioles (Wallingford et al.,
2017). Also, SLC20A2 (but not PDGFB) mutation carriers show
elevated levels of Pi in CSF (Jensen et al., 2016; Paucar et al.,
2017; Wallingford et al., 2017; Hozumi et al., 2018). It was
proposed that changes in Pi concentrations in the CSF could be
caused by altered Pi absorption by choroid plexus epithelial cells
(Wallingford et al., 2017). SLC20A2 belongs to the type III family
of inorganic phosphate importers that consists of two proteins—
SLC20A1 and SLC20A2 (frequently used protein name is PiT1
and PiT2, respectively). These proteins are known to maintain
cellular phosphate homeostasis (Lederer and Miyamoto, 2012).
Therefore, it is difficult to envision how SLC20A2 mutations
could lead to changes in the extracellular phosphate levels.
Cellular ATP and inorganic phosphate levels are sensed
by cells by detecting changes in inositol pyrophosphate
concentration (Azevedo and Saiardi, 2017). Previous studies
have shown that XPRI senses the intracellular phosphate level
by binding to inositol pyrophosphates via its SPX domain
(Wilson et al,, 2019; Li et al., 2020). Proteins regulating various
aspects of phosphate metabolism accomplish this via the SPX
(named after yeast proteins Sygl, Pho81 and the mammalian
Xprl) domain. Yeast and plants have several SPX-domain-
containing proteins but mammals have only one protein -
XPR1 (Azevedo and Saiardi, 2017). A recent study identified
crosstalk between SLC20A2 and XPR1 for maintaining constant
intracellular phosphate and ATP levels, where XPRI is a
key inositol pyrophosphate-dependent regulator of this process
(Lopez-Sanchez et al., 2020). An electron microscope study
on Slc20a2~/~ mice showed intracellular calcium phosphate
crystals in pericytes and astrocytes (Jensen et al., 2018), indicating

that the initial crystallization of calcium phosphate could occur
intracellularly. Thus, the XPR1 and SLC20A2 mutation carriers
could show altered intracellular phosphate metabolism. The
consequences on vascular cells and how this leads to vascular
calcification remain to be determined.

Blood-Brain Barrier Dysfunction-A Cause for Vascular
Calcification in Primary Familial Brain Calcification?
Histopathological changes such as the extravasation of plasma
proteins observed in the PFBC autopsy cases and the presence
of vasogenic edema detected by magnetic resonance imaging
indicate BBB dysfunction (Gomez et al., 1989; Miklossy et al.,
2005). The initial interpretation of data suggested pericyte
deficiency and BBB deficiency in PFBC as a potential link
between the formation of brain calcifications (Keller et al., 2013).
However, later studies on mouse models did not find evidence
to support this view. The brain regions associated with vascular
calcification (i.e., thalamus, mesencephalon, and dorsal pons) in
Pdgfbr!/m mice showed significantly lower BBB permeability
(Vanlandewijck et al., 2015). It is likely that BBB permeability
changes in PFBC occur independently and are not a direct cause
of vascular calcification. No BBB disruption has been detected in
Slc20a2~/~ mice (Wallingford et al., 2017; Nahar et al., 2019).
Interestingly, gene mutations in endothelial junctional proteins
occludin, junctional adhesion molecule 3 (JAM3) and cerebral
cavernous malformation (CCM) —1, —2, —3 lead to the BBB
deficiency and brain calcification (Saitou et al., 2000; Mochida
etal., 2010; O’driscoll et al., 2010; Fischer et al., 2013). In addition,
biallelic-mutations in a gene encoding a cell-cell junction protein
JAM2 causes PFBC (Cen et al., 2020; Schottlaender et al., 2020).
This suggests that specific alterations in cell-cell adhesion at the
vascular wall could lead to vascular calcification, which are not
necessarily dependent on BBB permeability.

Phenotypic Change of Vascular Cells to Osteoblast-Like Cells
in Primary Familial Brain Calcification?

The PDGFB/PDGFRB pathway is crucial for pericyte
development (Armulik et al., 2011), which raises the question
as to whether vascular calcification in PDGFB and PDGFRB
mutation carriers is caused by the lack of pericytes. As discussed
above, follow-up studies have not supported pericyte deficiency
as a cause of vascular calcification in PDGFB mouse model
(Vanlandewijck et al., 2015). In Pdgfb™/™ mice, the vessels
in deep brain regions had a higher pericyte coverage and less
BBB leakage compared to cortical vessels, a region that does not
calcify (Vanlandewijck et al., 2015). Thus, one might speculate
that the presence of pericytes is needed for the development
of calcifications. In addition, an alteration in pericyte numbers
has not been observed in SIc20a2~/~ mice (Wallingford et al.,
2017; Nahar et al., 2019). Characterization of the extracellular
environment surrounding vascular calcifications showed a
so-called osteogenic environment in Pdgfb™/™ mice and
human PFBC cases (Zarb et al., 2019b). Calcifications were
associated with cells expressing markers of osteoblasts, and
osteocytes (Zarb et al., 2019b), but the cellular origin of these
cells is not known. Cultured pericytes, depending on culture
conditions, have the capacity to form extracellular calcifications
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containing hydroxyapatite (Schor et al, 1990). Interestingly,
in vitro infection of human fetal pericytes with Asian strain
of Zika virus led to dedifferentiation of pericytes into bone
forming cells via upregulation of bone morphogenetic protein
2 (BMP2) (Chen W. et al., 2021). Also, endothelial cells have
the capacity to give rise to bone-forming cells, as was shown in
fibrodysplasia ossificans progressiva, a disease characterized by
extensive extraskeletal bone formation (Medici et al., 2010; Yao
et al., 2013). Curiously, astrocytes have also been linked to the
formation of chondrocytes in human gliomas in which a gradual
morphologic change of astrocytes to cells indistinguishable from
chondrocytes was observed (Kepes et al, 1984). Phenotypic
alterations in pericytes in mouse models of PFBC have not
been extensively investigated. Isolated brain vessels in PDGFB
hypomorphs show upregulation of Bmp2 and Bmp4 expression
(Armulik et al., 2010). Single cell RNA sequencing of brain
endothelial cells showed that both Bmp2 and Bmp4 expression
is elevated in Pdgfb™/™ mice (Mae et al, 2021). Bmps are
expressed by normal endothelial cells and pericytes. Altered Bmp
expression in Pdgfb™®/™ mice could reflect alterations caused
by disturbed pericyte-endothelial crosstalk due to reduced
pericyte numbers (Armulik et al., 2010; Vanlandewijck et al.,
2018; Mae et al., 2021). Upregulated BMP signaling induces
proinflammatory effects in endothelial cells (Cai et al., 2012).
Aortic calcification is known to be associated with inflammation
and dependent on BMP2 signaling (Canet-Soulas et al., 2021).
It remains to be investigated whether deregulated expression
of Bmp2 and Bmp4 contributes to vascular inflammation and
calcification in Pdgfb™!/™ mice (Torok et al., 2021).

What Is the Role of Astrocytes in Brain Vascular
Calcification?

Vessel associated calcifications elicit a conspicuous glial response
in mouse models and human PFBC cases (Chakrabarty et al.,
2011; Keller et al, 2013; Zarb et al, 2019b) (Figure 1).
TEM images reveal that calcifications in mouse models of
PFBC are surrounded by glia - either astrocytes or microglia
(Nahar et al, 2019). Microglia surrounding calcifications
contain inclusions of phagocytosed material, whereas astrocytes
surrounding calcifications show signs of degeneration and the
accumulation of calcium crystals (Jensen et al., 2018; Nahar
et al, 2019). Strongly glial fibrillary acidic protein (GFAP)
positive astrocytes surrounding calcifications express podoplanin
(Zarb et al., 2019b), a protein strongly expressed by a subset
of reactive astrocytes in glioblastoma, and after ischemic and
stab wound injuries (Kolar et al., 2015). In addition, astrocytes
surrounding calcifications also express proteins like complement
3 and lipocalin 2, which are commonly upregulated during
various insults (Bi et al., 2013). Astrocytes around calcifications
could potentially lead to neuronal damage and modify the
inflammatory response. In addition, GFAP-positive astrocytes
around calcifications are positive for 2-w-carboxyethylpyrrole
(CEP) adducts, a peroxidation product of docosahexaenoic acid
(Zarb et al., 2019b). It remains to be shown whether the CEP is
produced in astrocytes surrounding calcifications or scavenged
from the environment. Nevertheless, the accumulation of CEP is
characteristic of inflammation-associated oxidative stress in the

human brain (Xiong et al., 2021), which indicates the presence of
oxidative stress, a well-characterized stimulator and accelerator
of vascular calcification (Pescatore et al., 2019), in PFBC. Thus,
accumulating evidence indicates that astrocytes could play a role
in PFBC pathology. Interestingly, MYORG, a gene mutated in
AR-PFBC, is exclusively expressed by S100p positive astrocytes
in the mouse brain (Yao et al., 2018). This observation raises the
question of whether cell-autonomous changes in astrocytes lead
to vascular calcification. In fact, astrocytes are the only cell type
at the neurovascular unit expressing all genes, except the PDGFB,
causing PFBC.

Microgliopathies and Brain Calcification
Microglia, resident tissue macrophages in the brain, are essential
for the proper central nervous system (CNS) development and
recovery from injury (e.g., remyelination) (Li and Barres, 2018).
In addition, microglia are responsible for sensing and removing
self-injurious proteins such as aggregated AP, a-synuclein,
and prions (Hickman et al, 2018). Many AD risk genes
are expressed by microglia and are involved in modifying
microglial phagocytosis among other pathways (Hansen et al.,
2018). Brain calcifications comprise one of the pathological
hallmarks of a wide range of brain diseases affecting microglia
or causing autoinflammation. Patients with mutations in
genes implicated in microglial development and function [e.g.,
interferon regulatory factor 8 (IRF8), colony stimulating factor
1 receptor (CSFIR), triggering receptor expressed on myeloid
cells 2 (TREM2), negative regulator of reactive oxygen species
(NRROS)] harbor intracerebral calcifications (Rademakers et al.,
2011; Konno et al, 2017; Bigley et al., 2018; Dong et al,
2020; Chitu et al., 2021). Patients with Nasu-Hakola disease,
a neurodegenerative disease caused by mutations in TYRO
protein tyrosine kinase-binding protein (TYROBBE, also known
as DAP12) or TREM2, present with cerebrovascular changes
and bilateral basal ganglia calcifications localized to the walls
of blood vessels (Kalimo et al., 1994; Coomans et al., 2018). Of
note, brain calcification has not yet been reported in various
mouse Csflr mutants or in mice deficient of Trem2, Dapl2,
Lrre33 (NRROS) and Irf8 but it would be of great interest
to investigate whether these mice develop calcifications during
aging or along with existing pathologies. However, long-term
elimination of microglia using the CSF1R inhibitor, PLX5622,
in control and PFBC mice resulted in localized axonal damage
to fiber tracts of the internal capsule and adjacent thalamic and
striatal areas, characterized by bone protein containing axonal
spheroids (Zarb et al., 2021). This indicates that the chronic
absence of CSFIR signaling could also lead to white matter
calcification in mice.

Dysregulation of the type I interferon pathway, an essential
component of the brain’s innate immune defense, also triggers
brain calcification, which is considered a useful radiological
imaging marker for these diseases (Mcglasson et al., 2015).
Mutations in ubiquitin-specific peptidase 18 (USPIS),
a ubiquitin-specific protease, which negatively regulates
type 1 interferon-signaling, lead to brain calcifications in
humans (Meuwissen et al., 2016). Microglia specific deletion
of Uspl8 in mice leads to the formation of calcifications
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(Goldmann et al., 2015). On the other hand, a baseline type
I interferon signaling in microglia is necessary to prevent
calcification. Immunodeficiency caused by interferon-stimulated
gene 15 (IGS15) mutations leads to intracranial calcifications in
humans (Zhang X. et al., 2015).

Although brain calcification is a pathological hallmark of
the above-mentioned diseases, the pathogenesis and the role of
microglial involvement has not received much attention. One
of the reasons could be that calcifications in brain tissue are
generally considered clinically irrelevant due to their occurrence
in aged individuals (Arnold and Kreel, 1991). Nevertheless, the
presence of calcifications is an indication of altered homeostasis
and diseases caused by a cell-autonomous defect in microglia
are associated with brain calcification. Thus, microglial function
seems to be critical in controlling brain calcification, either
by removing apoptotic cells or controlling proteostasis of the
ECM, and thereby nucleation of calcium phosphate, and/or
removal of hydroxyapatite. Babies born with congenital Zika
virus infection have intracerebral calcifications at birth (Moore
etal,, 2017), but show progressive clearance of intraparenchymal
calcifications (Petribu et al., 2017), suggesting that calcifications
can be reabsorbed. This raises the question of how and
which cells are responsible for removing calcifications. It would
not be farfetched to suggest that microglial activity plays
a cardinal role.

Microglia and Vascular Calcifications in Primary
Familial Brain Calcification

Microglia surround brain calcifications in human PFBC cases and
PFBC mouse models (Miklossy et al., 2005; Nahar et al., 2019;
Zarb et al., 2019b, 2021). A recent study using the PFBC mouse
model (Pdgfb™/™ mice) presented evidence that microglia
play a protective role by halting the calcification of capillaries
(Zarb et al., 2021). Transcriptomic analysis of calcified mouse
brain tissue showed deregulation of inflammatory pathways
associated with activated microglia. Microglia acquire various
insult-dependent activation profiles, however, some of the
signature genes are shared by different insults (Candlish and
Hefendehl, 2021). While the expression of many proteins [e.g.,
lipoprotein lipase (LPL), CD68, integrin alpha X (ITGAX),
cystatin F (CST7), C-Type Lectin Domain Containing 7A
(CLEC7A or dectin-1)] by microglia surrounding calcifications
or calcification-associated microglia (CAM) is shared with the
previously identified core signature (Keren-Shaul et al., 2017),
there are differences in the expression profile (e.g., expression
of cathepsin K) (Figure 2A). Lineage tracing experiments have
shown that cathepsin K expressing cells are derived from
microglia (Zarb et al., 2021). In bone, cathepsin K, the principal
collagen I degrading enzyme, is secreted by osteoclasts (Drake
et al, 1996; Costa et al., 2011). In addition to cathepsin K,
microglia surrounding calcifications express receptor activator
of nuclear factor kK B (RANK or TNFRSF11A) (Zarb et al,
2021), a receptor known to regulate osteoclast differentiation (Li
et al., 2000). Thus, microglia surrounding calcifications might
acquire an osteoclast-like phenotype necessary for removing
the calcified extracellular matrix. Interestingly, osteoclasts and
brain macrophages share key signaling pathways for their
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FIGURE 2 | Microglial phenotype in response to vascular calcifications.
Calcification-associated microglia (CAM) show a distinct molecular signature
(A). Signature changes partially overlap with disease-associated microglia
(DAM), except for RANK and cathepsin K expression, which are unique to
CAM. Modifying microglial activity via TREM2 can play a direct role in
controlling vessel calcification load (B). The process through which TREM2
activity controls calcification load is still unknown. TREM2 could sustain
microglial fitness and support microglial phagocytosis resulting in reduced
calcification load. TREM2 activity is upstream of cathepsin K. Proliferating
microglia surround vascular calcifications (C). The nature of proliferating
microglia in the near vicinity of calcifications and their fate is not
well-understood. Depicted are two possibilities (pink and green arrows) for the
origin and fate of proliferating microglia surrounding vessel calcifications.
These possibilities are: expansion of calcification-associated microglia (green
arrows) and/or replacement of parenchymal microglia in the vicinity of calcified
vessels (pink arrows). CAM, calcification-associated microglia.

development (e.g., TREM2/DAP12, CSF1) (Lee et al, 2021).
During embryogenesis, osteoclasts originate from erythro-
myeloid progenitors in the embryo and are subsequently
maintained in adulthood by hematopoietic stem cells-derived
blood leukocytes (Jacome-Galarza et al,, 2019). Alternatively,
microglia originate from erythro-myeloid precursors in the
yolk sac (Ginhoux et al., 2010; Schulz et al., 2012; Goldmann
et al, 2016; Utz et al, 2020) and are maintained by self-
renewal in the adult. The brain harbors several macrophage
populations: parenchymal macrophages (i.e., microglia) and
non-parenchymal macrophages, which reside at CNS border
regions including the meninges, choroid plexus and perivascular
spaces (Kierdorf et al, 2019). Further studies using Cre-
lines that distinguish microglia from perivascular macrophages,
and peripheral myeloid cells are needed to clarify whether
cathepsin K expressing cells surrounding vessel calcifications are
derived exclusively from microglia. In addition, it remains to
be investigated whether brain perivascular macrophages and/or
peripheral monocytes modify cerebral vascular calcification.
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Atherosclerotic lesions contain several macrophage populations,
which have different capacities to promote or halt lesion
development (Willemsen and De Winther, 2020). Although
macrophages in these lesions express osteoclast markers (tartrate-
resistant acid phosphatase, cathepsin K, carbonic anhydrase 2),
they have low mineral resorption potential due to altered nuclear
factor of activated T cells type c-1 (NFATCI) signaling, resulting
in a lower expression and activity of cathepsin K (Chinetti-
Gbaguidi et al., 2017). Calcification-associated microglia specific
knockout of cathepsin K should clarify its importance in
degrading vascular calcifications in the PFBC (Figure 2B). Of
note, there is also heterogeneity within calcification-associated
microglia in PFBC. The expression of markers such as Ionized
calcium binding adaptor molecule 1(IBA1) and CLEC7A are
detected in all microglia surrounding calcifications, whereas
expression of some markers (e.g., cathepsin K, ITGAX) are
detected only in a subset of microglia (Zarb et al., 2021).

Long-term removal of microglia using the CSF1R inhibitor
PLX5622 resulted in an increase in vessel-associated calcification
load in Pdgfb™/™ mice. Similar results were obtained in
Pdgfb™!/™ mice lacking one or two functional alleles of Trem2
(Zarb et al., 2021). The absence of cathepsin K expression by
microglia surrounding calcifications in these mice indicates that
TREM2 activity could be necessary to induce osteoclast-like
phenotype in microglia (Figure 2B). Interestingly, single cell
analysis of atherosclerotic lesions isolated from mouse models of
atherosclerosis showed the presence of TREM2"8" macrophages,
which were enriched for genes highly expressed by osteoclasts,
suggesting a role in lesion calcification (Cochain et al., 2018).
This population also expressed markers for so-called disease-
associated microglia described in aging and mouse models of AD
(Keren-Shaul et al., 2017). It remains to be investigated whether
the expression of osteoclast genes in TREM2M8" macrophages
is TREM2 dependent and whether these cells modify the
calcification of atherosclerotic lesions.

Microglia turnover rate in the normal brain is relatively
low, but under pathological conditions, the microglial turnover
rate is increased (Prinz et al., 2019). Accordingly, conspicuous
microglial proliferation can be detected in brain regions that
develop vascular calcifications in a mouse model of PFBC (Zarb
et al., 2021). There might be a higher microglial turnover rate
in these regions since phagocytosis/degradation of calcifications
by microglia could lead to exhaustion and death, similar to the
microglial dynamics detected in the mouse model of AD (Prinz
and Priller, 2017). It needs to be investigated whether there is
a clonal expansion of CAM (Figure 2C, green arrows) and/or
replacement of parenchymal microglia in the vicinity of calcified
vessels which give rise to CAM (Figure 2C, pink arrows).

Microglia have emerged as disease modifiers in a wide
range of neurodegenerative diseases (e.g., AD) (Hickman
et al, 2018). Of six genes implicated in PFBC (JAM2,
PDGFB, PDGFRB, SLC20A2, XPR1, MYORG), microglia express
JAM?2, PDGFB, SLC20A2, XPRI. Microglia do not express the
receptor—PDGFRB, and thus, it is unlikely that PDGFB or
PDGFRB haploinsufficiency in PFBC causes cell-autonomous
microglial dysfunction. Nevertheless, cells of monocyte origin
derived from PDGFB hypomorphs and PFBC patients carrying

PDGFB mutation were reported to show defects in osteoclast-
differentiation in vitro (Schiemenz et al., 2020). However,
whether this finding also applies to brain macrophages was
not investigated. Interestingly, xpr1b, an orthologue of XPRI,
is crucial for the differentiation of tissue-resident macrophages
and microglia in zebrafish (Meireles et al, 2014), indicating
that PFBC genes could modify the development of tissue
resident macrophages.

Currently, it is not known how microglia sense and degrade
calcifications. Although microglia surround and phagocytose
calcifications, there is currently no understanding of how they
sense calcifications on vessels. Future studies should clarify
how the calcified extracellular matrix on the vessel wall is
sensed by microglia. In general, little is known how extracellular
calcium phosphate crystals are recognized by macrophages
(Mulay and Anders, 2016). It could involve various pattern-
recognition receptors (PRRs) implicated in recognition damage-
or pathogen-associated patterns. Recently, CLEC12A, a PRR
belonging to the same class as CLEC7A, induced in CAM,
was shown to recognize inflammation causing deposition of
uric acid crystals in joints in gout (Neumann et al, 2014).
However, this interaction was shown to be necessary to inhibit
the immune response, as mice deficient in Clec12a exhibited
hyperinflammation in response to uric acid crystals (Neumann
et al., 2014). Another possibility is that the recognition/uptake
of calcifications is receptor-independent and mediated via
membrane lipids, similar to solid structure uptake in dendritic
cells (Ng et al., 2008). Stiffness of vascular walls most likely differs
between normal and calcified vessels such that microglia could
sense and respond to altered tissue stiffness. Microglia have the
capacity to respond to tissue stiffness as in the retina, where
microglial phenotype and the control of vascular architecture
was dependent on tissue stiffness and regulated by integrin
signaling (Dudiki et al., 2020). As has been shown in other
types of vascular injury, microglia could also respond to vascular
calcifications by sensing alterations via purinergic receptor P2Y12
(Lou et al,, 2016). Although it is not known whether vascular
calcification in the brain involves alterations in purinergic
signaling, altered Pi/PPi/purinergic signaling has been shown
to cause vascular calcification in pseudoxanthoma elasticum
(Rutsch et al., 2021). Additionally, it would be necessary to dissect
signaling pathways that could trigger a coordinated degradation
of proteins and hydroxyapatite by microglia. As discussed above,
TREM2 activity is essential but most likely additional signaling
pathways participate in this process. Since macrophages are
capable of degrading phagocytosed hydroxyapatite (Hyvonen
and Kowolik, 1992), it would be interesting to investigate whether
microglia show differential capacity to degrade matrix depending
on the Ca-phosphate phases (i.e., amorphous calcium phosphate
vs hydroxyapatite).

OUTLOOK

Brain vessel calcifications that accompany aging are shared
by diverse brain pathologies, and in some cases, comprise a
diagnostic criterion. The brain possesses an energy reserve
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limited to only a few minutes, and therefore, brain function is
dependent on continuous blood flow delivered by the vasculature
(Mergenthaler et al., 2013; Iadecola, 2017). Although vascular
calcification is unlikely to be beneficial, insights into the
consequences of vessel calcification on neurovascular coupling
and brain function are needed. In addition, it is important to
understand the vascular and parenchymal alterations preceding
mineralization of the vessel wall as well as longitudinal changes
in the composition of mineral phases and other components
such as proteins and metabolic ions. Accumulating evidence
suggests that dysfunction of resident brain macrophages leads
to tissue calcification. Thus, removal of calcium phosphate
precipitates in the brain parenchyma and vessel wall could
be considered as a part of microglia parenchymal surveillance
along with other well-described functions. However, the direct
function of CAM is currently unclear and requires further
study. Also, excellent questions for future research are how

REFERENCES

Abramsson, A., Lindblom, P., and Betsholtz, C. (2003). Endothelial and
nonendothelial sources of PDGF-B regulate pericyte recruitment and influence
vascular pattern formation in tumors. J. Clin. Invest. 112, 1142-1151. doi: 10.
1172/JCI18549

Andrae, J., Gallini, R., and Betsholtz, C. (2008). Role of platelet-derived growth
factors in physiology and medicine. Genes Dev. 22, 1276-1312. doi: 10.1101/
gad.1653708

Armulik, A., Genove, G., and Betsholtz, C. (2011). Pericytes: developmental,
physiological, and pathological perspectives, problems, and promises. Dev. cell
21, 193-215. doi: 10.1016/j.devcel.2011.07.001

Armulik, A., Genove, G., Mae, M., Nisancioglu, M. H., Wallgard, E., and Niaudet,
C. (2010). Pericytes regulate the blood-brain barrier. Nature 468, 557-561.

Arnold, A., Dennison, E., Kovacs, C. S., Mannstadt, M., Rizzoli, R., and Brandi,
L. (2021). Hormonal regulation of biomineralization. Nat. Rev. Endocrinol. 17,
261-275. doi: 10.1038/s41574-021-00477-2

Arnold, M. M., and Kreel, L. (1991). Asymptomatic cerebral calcification-a
previously unrecognized feature. Postgrad. Med. ]. 67, 147-153. doi: 10.1136/
pgmj.67.784.147

Augustin, H. G., and Koh, G. Y. (2017). Organotypic vasculature: from descriptive
heterogeneity to functional pathophysiology. Science 357:eaal2379. doi: 10.
1126/science.aal2379

Aurrand-Lions, M., Duncan, L., Ballestrem, C., and Imhof, B. A. (2001). JAM-2,
a novel immunoglobulin superfamily molecule, expressed by endothelial and
lymphatic cells. J. Biol. Chem. 276, 2733-2741. doi: 10.1074/jbc.M005458200

Azevedo, C., and Saiardi, A. (2017). Eukaryotic Phosphate Homeostasis: the
Inositol Pyrophosphate Perspective. Trends Biochem. Sci. 42, 219-231. doi:
10.1016/j.tibs.2016.10.008

Balck, A., Schaake, S., Kuhnke, N. S., Domingo, A., Madoev, H., Margolesky, J., et al.
(2021). Genotype-Phenotype Relations in Primary Familial Brain Calcification:
systematic MDSGene Review. Mov. Disord. 36, 2468-2480. doi: 10.1002/mds.
28753

Bartstra, . W., Van Den Beukel, T. C., Van Hecke, W., Mali, W., Spiering, W., Koek,
H. L, et al. (2020). Intracranial Arterial Calcification: prevalence, Risk Factors,
and Consequences: JACC Review Topic of the Week. . Am. Coll. Cardiol. 76,
1595-1604. doi: 10.1016/j.jacc.2020.07.056

Bi, F., Huang, C., Tong, J., Qiu, G., Huang, B., Wu, Q,, et al. (2013). Reactive
astrocytes secrete len2 to promote neuron death. Proc. Natl. Acad. Sci. U S A
110, 4069-4074. doi: 10.1073/pnas.1218497110

Bigley, V., Maisuria, S., Cytlak, U., Jardine, L., Care, M. A, and Green,
K. (2018). Biallelic interferon regulatory factor 8 mutation: a complex
immunodeficiency syndrome with dendritic cell deficiency, monocytopenia,
and immune dysregulation. J. Allergy Clin. Immunol. 141, 2234-2248. doi:
10.1016/j.jaci.2017.08.044

microglia recognize and degrade vascular calcifications and
how to therapeutically target microglia in order to reduce
vascular calcification.

AUTHOR CONTRIBUTIONS

AK wrote the first draft of the manuscript. All authors
contributed to manuscript revision, read, and approved the
submitted version.

FUNDING

This work was supported by grants from the Swiss National
Science Foundation (310030_188952), the Synapsis Foundation
(2019-PI102), and the Swiss Multiple Sclerosis Society.

Bisht, K., Okojie, K. A., Sharma, K., Lentferink, D. H., Sun, Y. Y., Chen, H. R,,
et al. (2021). Capillary-associated microglia regulate vascular structure and
function through PANX1-P2RY12 coupling in mice. Nat. Commun. 12:5289.
doi: 10.1038/s41467-021-25590-8

Bouras, C., Giannakopoulos, P., Good, P. F., Hsu, A., Hof, P. R., and Perl,
D. P. (1996). A laser microprobe mass analysis of trace elements in brain
mineralizations and capillaries in Fahr’s disease. Acta. Neuropathol. 92, 351—
357. doi: 10.1007/s004010050529

Bucay, N., Sarosi, L., Dunstan, C. R., Morony, S., Tarpley, J., Capparelli, C., et al.
(1998). osteoprotegerin-deficient mice develop early onset osteoporosis and
arterial calcification. Genes Dev. 12, 1260-1268. doi: 10.1101/gad.12.9.1260

Cai, ., Pardali, E., Sanchez-Dufthues, G., and Ten Dijke, P. (2012). BMP signaling
in vascular diseases. FEBS Lett. 586, 1993-2002. doi: 10.1016/j.febslet.2012.04.
030

Candlish, M., and Hefendehl, J. K. (2021). Microglia Phenotypes Converge in
Aging and Neurodegenerative Disease. Front. Neurol. 12:660720. doi: 10.3389/
fneur.2021.660720

Canet-Soulas, E., Bessueille, L., Mechtouff, L., and Magne, D. (2021). The Elusive
Origin of Atherosclerotic Plaque Calcification. Front. Cell Dev. Biol. 9:622736.
doi: 10.3389/fcell.2021.622736

Cen, Z., Chen, Y., Chen, S., Wang, H., Yang, D., and Zhang, H. (2020). Biallelic
loss-of-function mutations in JAM2 cause primary familial brain calcification.
Brain 143, 491-502. doi: 10.1093/brain/awz392

Chakrabarty, P., Ceballos-Diaz, C., Lin, W. L., Beccard, A., Jansen-West,
K., Mcfarland, N. R,, et al. (2011). Interferon-gamma induces progressive
nigrostriatal degeneration and basal ganglia calcification. Nat. Neurosci. 14,
694-696. doi: 10.1038/nn.2829

Chen, Y., Zhao, X, and Wu, H. (2021). Transcriptional Programming in
Arteriosclerotic Disease: a Multifaceted Function of the Runx2 (Runt-Related
Transcription Factor 2). Arterioscler Thromb. Vasc. Biol. 41, 20-34. doi: 10.
1161/ATVBAHA.120.313791

Chen, W., Foo, S. S., Hong, E., Wu, C,, Lee, W. S., Lee, S. A, et al. (2021).
Zika virus NS3 protease induces bone morphogenetic protein-dependent brain
calcification in human fetuses. Nat. Microbiol. 6, 455-466. doi: 10.1038/s41564-
020-00850-3

Chinetti-Gbaguidi, G., Daoudi, M., Rosa, M., Vinod, M., Louvet, L., Copin, C.,
et al. (2017). Human Alternative Macrophages Populate Calcified Areas of
Atherosclerotic Lesions and Display Impaired RANKL-Induced Osteoclastic
Bone Resorption Activity. Circ. Res. 121, 19-30. doi: 10.1161/CIRCRESAHA.
116.310262

Chitu, V., Gokhan, S., and Stanley, E. R. (2021). Modeling CSF-1 receptor
deficiency diseases - how close are we? FEBS J. [Epub online ahead of print].
doi: 10.1111/febs.16085

Chow, W. Y., Rajan, R, Muller, K. H., Reid, D. G., Skepper, J. N., Wong, W. C.,
et al. (2014). NMR spectroscopy of native and in vitro tissues implicates

Frontiers in Aging Neuroscience | www.frontiersin.org

March 2022 | Volume 14 | Article 848495


https://doi.org/10.1172/JCI18549
https://doi.org/10.1172/JCI18549
https://doi.org/10.1101/gad.1653708
https://doi.org/10.1101/gad.1653708
https://doi.org/10.1016/j.devcel.2011.07.001
https://doi.org/10.1038/s41574-021-00477-2
https://doi.org/10.1136/pgmj.67.784.147
https://doi.org/10.1136/pgmj.67.784.147
https://doi.org/10.1126/science.aal2379
https://doi.org/10.1126/science.aal2379
https://doi.org/10.1074/jbc.M005458200
https://doi.org/10.1016/j.tibs.2016.10.008
https://doi.org/10.1016/j.tibs.2016.10.008
https://doi.org/10.1002/mds.28753
https://doi.org/10.1002/mds.28753
https://doi.org/10.1016/j.jacc.2020.07.056
https://doi.org/10.1073/pnas.1218497110
https://doi.org/10.1016/j.jaci.2017.08.044
https://doi.org/10.1016/j.jaci.2017.08.044
https://doi.org/10.1038/s41467-021-25590-8
https://doi.org/10.1007/s004010050529
https://doi.org/10.1101/gad.12.9.1260
https://doi.org/10.1016/j.febslet.2012.04.030
https://doi.org/10.1016/j.febslet.2012.04.030
https://doi.org/10.3389/fneur.2021.660720
https://doi.org/10.3389/fneur.2021.660720
https://doi.org/10.3389/fcell.2021.622736
https://doi.org/10.1093/brain/awz392
https://doi.org/10.1038/nn.2829
https://doi.org/10.1161/ATVBAHA.120.313791
https://doi.org/10.1161/ATVBAHA.120.313791
https://doi.org/10.1038/s41564-020-00850-3
https://doi.org/10.1038/s41564-020-00850-3
https://doi.org/10.1161/CIRCRESAHA.116.310262
https://doi.org/10.1161/CIRCRESAHA.116.310262
https://doi.org/10.1111/febs.16085
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Maheshwari et al.

Brain Vascular Calcification and Microglia

polyADP ribose in biomineralization. Science 344, 742-746. doi: 10.1126/
science.1248167

Cochain, C., Vafadarnejad, E., Arampatzi, P., Pelisek, J., Winkels, H., Ley, K.,
et al. (2018). Single-Cell RNA-Seq Reveals the Transcriptional Landscape and
Heterogeneity of Aortic Macrophages in Murine Atherosclerosis. Circ. Res. 122,
1661-1674. doi: 10.1161/CIRCRESAHA.117.312509

Coomans, C,, Sieben, A., Lammens, M., Ceuterick-De Groote, C., Vandenbroecke,
C., Goethals, I, et al. (2018). Early-onset dementia, leukoencephalopathy and
brain calcifications: a clinical, imaging and pathological comparison of ALSP
and PLoSL/Nasu Hakola disease. Acta. Neurol. Belg. 118, 607-615. doi: 10.1007/
s13760-018-1023-8

Costa, A. G., Cusano, N. E., Silva, B. C., Cremers, S., and Bilezikian, J. P. (2011).
Cathepsin K: its skeletal actions and role as a therapeutic target in osteoporosis.
Nat. Rev. Rheumatol. 7, 447-456. doi: 10.1038/nrrheum.2011.77

Davies, E., Muller, K. H., Wong, W. C,, Pickard, C. ], Reid, D. G., Skepper, J. N,,
etal. (2014). Citrate bridges between mineral platelets in bone. Proc. Natl. Acad.
Sci. US A 111, E1354-E1363. doi: 10.1073/pnas.1315080111

de Brouwer, E. J. M., De Jong, P. A,, De Jonghe, A., Emmelot-Vonk, M. H., Koek,
H. L., Dankbaar, J. W., et al. (2021). Histology and computed tomography
of incidental calcifications in the human basal ganglia. Neuroradiology 63,
1145-1148. doi: 10.1007/s00234-021-02680-4

De La Torre, A. J., Luat, A. F,, Juhasz, C., Ho, M. L., Argersinger, D. P., Cavuoto,
K. M., et al. (2018). A Multidisciplinary Consensus for Clinical Care and
Research Needs for Sturge-Weber Syndrome. Pediatr. Neurol. 84, 11-20. doi:
10.1016/j.pediatrneurol.2018.04.005

Deng, H., Zheng, W., and Jankovic, J. (2015). Genetics and molecular biology of
brain calcification. Ageing Res. Rev. 22, 20-38. doi: 10.1016/j.arr.2015.04.004

Dong, X., Tan, N. B., Howell, K. B., Barresi, S., Freeman, J. L., Vecchio, D, et al.
(2020). Bi-allelic LoF NRROS Variants Impairing Active TGF-betal Delivery
Cause a Severe Infantile-Onset Neurodegenerative Condition with Intracranial
Calcification. Am. J. Hum. Genet. 106, 559-569. doi: 10.1016/j.ajhg.2020.02.014

Donzuso, G., Mostile, G., Nicoletti, A., and Zappia, M. (2019). Basal ganglia
calcifications (Fahr’s syndrome): related conditions and clinical features.
Neurol. Sci. 40, 2251-2263. doi: 10.1007/s10072-019-03998-x

Drake, F. H.,, Dodds, R. A., James, I. E., Connor, J. R, Debouck, C., Richardson, S.,
etal. (1996). Cathepsin K, but not cathepsins B, L, or S, is abundantly expressed
in human osteoclasts. J. Biol. Chem. 271, 12511-12516. doi: 10.1074/jbc.271.21.
12511

Dudiki, T., Meller, J., Mahajan, G., Liu, H., Zhevlakova, I, Stefl, S., et al. (2020).
Microglia control vascular architecture via a TGFbetal dependent paracrine
mechanism linked to tissue mechanics. Nat. Commun. 11:986. doi: 10.1038/
$41467-020-14787-y

Fischer, A., Zalvide, J., Faurobert, E., Albiges-Rizo, C., and Tournier-Lasserve, E.
(2013). Cerebral cavernous malformations: from CCM genes to endothelial cell
homeostasis. Trends Mol. Med. 19, 302-308. doi: 10.1016/j.molmed.2013.02.
004

Fraser, H. (1968). Bilateral thalamic calcification in ageing mice. J. Pathol. Bacteriol.
96, 220-222. doi: 10.1002/path.1700960124

Fujita, D., Terada, S., Ishizu, H., Yokota, O., Nakashima, H., Ishihara, T., et al.
(2003). Immunohistochemical examination on intracranial calcification in
neurodegenerative diseases. Acta Neuropathol. 105, 259-264. doi: 10.1007/
500401-002-0640-7

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., et al. (2010).
Fate mapping analysis reveals that adult microglia derive from primitive
macrophages. Science 330, 841-845. doi: 10.1126/science.1194637

Giovannini, D., Touhami, J., Charnet, P., Sitbon, M., and Battini, J. L. (2013).
Inorganic phosphate export by the retrovirus receptor XPR1 in metazoans. Cell
Rep. 3, 1866-1873. doi: 10.1016/j.celrep.2013.05.035

Goldmann, T., Wieghofer, P., Jordao, M. J., Prutek, F., Hagemeyer, N., Frenzel,
K., et al. (2016). Origin, fate and dynamics of macrophages at central nervous
system interfaces. Nat. Immunol. 17, 797-805. doi: 10.1038/ni.3423

Goldmann, T., Zeller, N., Raasch, J., Kierdorf, K., Frenzel, K., Ketscher, L.,
et al. (2015). USP18 lack in microglia causes destructive interferonopathy
of the mouse brain. EMBO J. 34, 1612-1629. doi: 10.15252/embj.20149
0791

Gomez, C.,, Luque, A., and Horenstein, S. (1989). Microvasculopathy may precede
idiopathic cerebral calcifications—case report. Angiology 40, 67-72. doi: 10.1177/
000331978904000113

Goncalves, F. G., Caschera, L., Teixeira, S. R., Viaene, A. N., Pinelli, L., and Mankad,
K. (2020a). Intracranial calcifications in childhood: part 1. Pediatr. Radiol. 50,
1424-1447. doi: 10.1007/s00247-020-04721-1

Goncalves, F. G., Caschera, L., Teixeira, S. R., Viaene, A. N., Pinelli, L., Mankad, K.,
etal. (2020b). Intracranial calcifications in childhood: part 2. Pediatr. Radiol. 50,
1448-1475. doi: 10.1007/s00247-020-04716-y

Gourgas, O., Marulanda, J., Zhang, P., Murshed, M., and Cerruti, M. (2018).
Multidisciplinary Approach to Understand Medial Arterial Calcification.
Arterioscler Thromb. Vasc. Biol. 38, 363-372. doi: 10.1161/ATVBAHA.117.
309808

Grand Moursel, L., Van Der Graaf, L. M., Bulk, M., Van Roon-Mom, W. M. C.,
and Van Der Weerd, L. (2019). Osteopontin and phospho-SMAD2/3 are
associated with calcification of vessels in D-CAA, an hereditary cerebral
amyloid angiopathy. Brain Pathol. 29, 793-802. doi: 10.1111/bpa.12721

Hansen, D. V., Hanson, J. E., and Sheng, M. (2018). Microglia in Alzheimer’s
disease. J. Cell Biol. 217, 459-472.

Hermann, D. M., Gronewold, J., Lehmann, N., Moebus, S., Jockel, K. H., Bauer, M.,
etal. (2013). Coronary artery calcification is an independent stroke predictor in
the general population. Stroke 44, 1008-1013. doi: 10.1161/STROKEAHA.111.
678078

Hickman, S., Izzy, S., Sen, P., Morsett, L., and El Khoury, J. (2018). Microglia in
neurodegeneration. Nat. Neurosci. 21, 1359-1369.

Hou, Y., Dan, X., Babbar, M., Wei, Y., Hasselbalch, S. G., Croteau, D. L., et al.
(2019). Ageing as a risk factor for neurodegenerative disease. Nat. Rev. Neurol.
15, 565-581. doi: 10.1038/s41582-019-0244-7

Hozumi, 1, Kurita, H., Ozawa, K., Furuta, N., Inden, M., Sekine, S. L, et al. (2018).
Inorganic phosphorus (Pi) in CSF is a biomarker for SLC20A2-associated
idiopathic basal ganglia calcification (IBGC1). J. Neurol. Sci. 388, 150-154.
doi: 10.1016/j.jns.2018.03.014

Hyvonen, P. M., and Kowolik, M. J. (1992). Influence of dichloromethylene
bisphosphonate on the in vitro phagocytosis of hydroxyapatite particles by rat
peritoneal exudate cells: an electron microscopic and chemiluminescence study.
Ann. Rheum. Dis. 51, 203-209. doi: 10.1136/ard.51.2.203

Tadecola, C. (2017). The Neurovascular Unit Coming of Age: a Journey through
Neurovascular Coupling in Health and Disease. Neuron 96, 17-42. doi: 10.1016/
j-neuron.2017.07.030

Jacome-Galarza, C. E., Percin, G. I, Muller, J. T., Mass, E., Lazarov, T., Eitler, J.,
etal. (2019). Developmental origin, functional maintenance and genetic rescue
of osteoclasts. Nature 568, 541-545. doi: 10.1038/s41586-019-1105-7

Jensen, N., Autzen, J. K., and Pedersen, L. (2016). Slc20a2 is critical for maintaining
a physiologic inorganic phosphate level in cerebrospinal fluid. Neurogenetics 17,
125-130. doi: 10.1007/s10048-015-0469-6

Jensen, N., Schroder, H. D., Hejbol, E. K., Fuchtbauer, E. M., De Oliveira, J. R,
and Pedersen, L. (2013). Loss of function of Slc20a2 associated with familial
idiopathic Basal Ganglia calcification in humans causes brain calcifications in
mice. J. Mol. Neurosci. 51, 994-999. doi: 10.1007/s12031-013-0085-6

Jensen, N., Schroder, H. D., Hejbol, E. K., Thomsen, J. S., Bruel, A., Larsen, F. T.,
et al. (2018). Mice knocked out for the primary brain calcification associated
gene Slc20a2 show unimpaired pre-natal survival but retarded growth and
nodules in the brain that grow and calcify over time. Am. J. Pathol. 188,
1865-1881. doi: 10.1016/j.ajpath.2018.04.010

Jiang, W., Zhang, Z., Li, Y., Chen, C,, Yang, H,, Lin, Q., et al. (2021). The Cell
Origin and Role of Osteoclastogenesis and Osteoblastogenesis in Vascular
Calcification. Front. Cardiovasc. Med. 8:639740. doi: 10.3389/fcvm.2021.639740

Joost, E., Jordao, M. J. C., Mages, B., Prinz, M., Bechmann, I., and Krueger, M.
(2019). Microglia contribute to the glia limitans around arteries, capillaries and
veins under physiological conditions, in a model of neuroinflammation and in
human brain tissue. Brain Struct. Funct. 224, 1301-1314. doi: 10.1007/s00429-
019-01834-8

Kalimo, H., Sourander, P., Jarvi, O., and Hakola, P. (1994). Vascular changes
and blood-brain barrier damage in the pathogenesis of polycystic
lipomembranous osteodysplasia with sclerosing leukoencephalopathy
(membranous lipodystrophy).  Acta. Scand. 89, 353-361.
doi: 10.1111/j.1600-0404.1994.tb02646.x

Kavanaugh, M. P, Miller, D. G., Zhang, W., Law, W., Kozak, S. L., Kabat, D., et al.
(1994). Cell-surface receptors for gibbon ape leukemia virus and amphotropic
murine retrovirus are inducible sodium-dependent phosphate symporters.
Proc. Natl. Acad. Sci. US A 91, 7071-7075. doi: 10.1073/pnas.91.15.7071

Neurol.

Frontiers in Aging Neuroscience | www.frontiersin.org

March 2022 | Volume 14 | Article 848495


https://doi.org/10.1126/science.1248167
https://doi.org/10.1126/science.1248167
https://doi.org/10.1161/CIRCRESAHA.117.312509
https://doi.org/10.1007/s13760-018-1023-8
https://doi.org/10.1007/s13760-018-1023-8
https://doi.org/10.1038/nrrheum.2011.77
https://doi.org/10.1073/pnas.1315080111
https://doi.org/10.1007/s00234-021-02680-4
https://doi.org/10.1016/j.pediatrneurol.2018.04.005
https://doi.org/10.1016/j.pediatrneurol.2018.04.005
https://doi.org/10.1016/j.arr.2015.04.004
https://doi.org/10.1016/j.ajhg.2020.02.014
https://doi.org/10.1007/s10072-019-03998-x
https://doi.org/10.1074/jbc.271.21.12511
https://doi.org/10.1074/jbc.271.21.12511
https://doi.org/10.1038/s41467-020-14787-y
https://doi.org/10.1038/s41467-020-14787-y
https://doi.org/10.1016/j.molmed.2013.02.004
https://doi.org/10.1016/j.molmed.2013.02.004
https://doi.org/10.1002/path.1700960124
https://doi.org/10.1007/s00401-002-0640-7
https://doi.org/10.1007/s00401-002-0640-7
https://doi.org/10.1126/science.1194637
https://doi.org/10.1016/j.celrep.2013.05.035
https://doi.org/10.1038/ni.3423
https://doi.org/10.15252/embj.201490791
https://doi.org/10.15252/embj.201490791
https://doi.org/10.1177/000331978904000113
https://doi.org/10.1177/000331978904000113
https://doi.org/10.1007/s00247-020-04721-1
https://doi.org/10.1007/s00247-020-04716-y
https://doi.org/10.1161/ATVBAHA.117.309808
https://doi.org/10.1161/ATVBAHA.117.309808
https://doi.org/10.1111/bpa.12721
https://doi.org/10.1161/STROKEAHA.111.678078
https://doi.org/10.1161/STROKEAHA.111.678078
https://doi.org/10.1038/s41582-019-0244-7
https://doi.org/10.1016/j.jns.2018.03.014
https://doi.org/10.1136/ard.51.2.203
https://doi.org/10.1016/j.neuron.2017.07.030
https://doi.org/10.1016/j.neuron.2017.07.030
https://doi.org/10.1038/s41586-019-1105-7
https://doi.org/10.1007/s10048-015-0469-6
https://doi.org/10.1007/s12031-013-0085-6
https://doi.org/10.1016/j.ajpath.2018.04.010
https://doi.org/10.3389/fcvm.2021.639740
https://doi.org/10.1007/s00429-019-01834-8
https://doi.org/10.1007/s00429-019-01834-8
https://doi.org/10.1111/j.1600-0404.1994.tb02646.x
https://doi.org/10.1073/pnas.91.15.7071
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Maheshwari et al.

Brain Vascular Calcification and Microglia

Keller, A. (2013). Breaking and building the wall: the biology of the blood-brain
barrier in health and disease. Swiss Med. Weekly 143:w13892. doi: 10.4414/smw.
2013.13892

Keller, A., Westenberger, A., Sobrido, M. J., Garcia-Murias, M., Domingo, A.,
Sears, R. L., et al. (2013). Mutations in the gene encoding PDGF-B cause brain
calcifications in humans and mice. Nat. Genet. 45, 1077-1082. doi: 10.1038/ng.
2723

Kepes, J. J., Rubinstein, L. J., and Chiang, H. (1984). The role of astrocytes in the
formation of cartilage in gliomas. An immunohistochemical study of four cases.
Am. J. Pathol. 117, 471-483.

Keren-Shaul, H., Spinrad, A., Weiner, A., Matcovitch-Natan, O., Dvir-Szternfeld,
R, Ulland, T. K,, et al. (2017). A Unique Microglia Type Associated with
Restricting Development of Alzheimer’s Disease. Cell 169, 1276-1290e1217.
doi: 10.1016/j.cell.2017.05.018

Khavandgar, Z., Roman, H,, Li, J., Lee, S., Vali, H., Brinckmann, J., et al. (2014).
Elastin haploinsufficiency impedes the progression of arterial calcification in
MGP-deficient mice. J. Bone Miner Res. 29, 327-337. doi: 10.1002/jbmr.2039

Kierdorf, K., Masuda, T., Jordao, M. J. C.,, and Prinz, M. (2019). Macrophages at
CNS interfaces: ontogeny and function in health and disease. Nat. Rev. Neurosci.
20, 547-562. doi: 10.1038/s41583-019-0201-x

Kimura, T., Miura, T., Aoki, K., Saito, S., Hondo, H., Konno, T., et al. (2016).
Familial idiopathic basal ganglia calcification: histopathologic features of an
autopsied patient with an SLC20A2 mutation. Neuropathology 36, 365-371.
doi: 10.1111/neup.12280

Kobayashi, S., Yamadori, I, Miki, H., and Ohmori, M. (1987). Idiopathic
nonarteriosclerotic cerebral calcification (Fahr’s disease): an electron
microscopic study. Acta Neuropathol. 73, 62-66. doi: 10.1007/BF00695503

Kolar, K., Freitas-Andrade, M., Bechberger, J. F., Krishnan, H., Goldberg, G. S.,
Naus, C. C,, et al. (2015). Podoplanin: a marker for reactive gliosis in gliomas
and brain injury. J. Neuropathol. Exp. Neurol. 74, 64-74. doi: 10.1097/NEN.
0000000000000150

Konno, T., Broderick, D. F., Mezaki, N., Isami, A., Kaneda, D., Tashiro,
Y., et al. (2017). Diagnostic Value of Brain Calcifications in Adult-Onset
Leukoencephalopathy with Axonal Spheroids and Pigmented Glia. Am. J.
Neuroradiol. 38, 77-83. doi: 10.3174/ajnr.A4938

Kozik, M., and Kulczycki, J. (1978). Laser-spectrographic analysis of the cation
content in Fahr’s syndrome. Archiv fiir Psychiatr. Nervenkrankheiten 225, 135-
142. doi: 10.1007/BF00343397

Lanzer, P., Boehm, M., Sorribas, V., Thiriet, M., Janzen, J., Zeller, T., et al. (2014).
Medial vascular calcification revisited: review and perspectives. Euro. Heart J.
35, 1515-1525. doi: 10.1093/eurheartj/ehul63

Lanzer, P., Hannan, F. M., Lanzer, J. D., Janzen, J., Raggi, P., Furniss, D., et al.
(2021). Medial Arterial Calcification: JACC State-of-the-Art Review. J. Am. Coll.
Cardiol. 78, 1145-1165. doi: 10.1016/j.jacc.2021.06.049

Lederer, E., and Miyamoto, K.-I. (2012). Clinical consequences of mutations in
sodium phosphate cotransporters. Clin. J. Am. Soc. Nephrol. 7, 1179-1187.
doi: 10.2215/CJN.09090911

Lee, J. W, Lee, I. H,, limura, T., and Kong, S. W. (2021). Two macrophages,
osteoclasts and microglia: from development to pleiotropy. Bone Res. 9:11.
doi: 10.1038/s41413-020-00134-w

Legati, A., Giovannini, D., Nicolas, G., Lopez-Sanchez, U., Quintans, B., Oliveira,
J. R, et al. (2015). Mutations in XPR1 cause primary familial brain calcification
associated with altered phosphate export. Nat. Genet. 47, 579-581. doi: 10.1038/
ng.3289

Li, J., Sarosi, I, Yan, X. Q., Morony, S., Capparelli, C., Tan, H. L., et al
(2000). RANK is the intrinsic hematopoietic cell surface receptor that controls
osteoclastogenesis and regulation of bone mass and calcium metabolism. Proc.
Natl. Acad. Sci. US A 97, 1566-1571. doi: 10.1073/pnas.97.4.1566

Li, Q., and Barres, B. A. (2018). Microglia and macrophages in brain homeostasis
and disease. Nat. Rev. Immunol. 18, 225-242. doi: 10.1038/nri.2017.125

Li, X, Gu, C, Hostachy, S., Sahu, S., Wittwer, C., Jessen, H. J., et al. (2020).
Control of XPR1-dependent cellular phosphate efflux by InsP8 is an exemplar
for functionally-exclusive inositol pyrophosphate signaling. Proc. Natl. Acad.
Sci. US A 117, 3568-3574. doi: 10.1073/pnas.1908830117

Lindblom, P., Gerhardt, H., Liebner, S., Abramsson, A., Enge, M., Hellstrom, M.,
etal. (2003). Endothelial PDGF-B retention is required for proper investment of
pericytes in the microvessel wall. Genes Dev. 17, 1835-1840. doi: 10.1101/gad.
266803

Livingston, J., Stivaros, S., Van Der Knaap, M., and Crow, Y. (2013). Recognizable
phenotypes associated with intracranial calcification. Dev. Med. Child Neurol.
55,46-57. doi: 10.1111/j.1469-8749.2012.04437.x

Lopez-Sanchez, U., Tury, S., Nicolas, G., Wilson, M. S., Jurici, S., Ayrignac, X.,
et al. (2020). Interplay between primary familial brain calcification-associated
SLC20A2 and XPRI1 phosphate transporters requires inositol polyphosphates
for control of cellular phosphate homeostasis. J. Biol. Chem. 295, 9366-9378.
doi: 10.1074/jbc.RA119.011376

Lou, N., Takano, T., Pei, Y., Xavier, A. L., Goldman, S. A, and Nedergaard, M.
(2016). Purinergic receptor P2RY12-dependent microglial closure of the injured
blood-brain barrier. Proc. Natl. Acad. Sci. U S A 113, 1074-1079. doi: 10.1073/
pnas.1520398113

Luo, G., Ducy, P., Mckee, M. D., Pinero, G. J., Loyer, E., Behringer, R. R, et al.
(1997). Spontaneous calcification of arteries and cartilage in mice lacking matrix
GLA protein. Nature 386, 78-81. doi: 10.1038/386078a0

Mae, M. A, He, L., Nordling, S., Vazquez-Liebanas, E., Nahar, K., Jung, B., et al.
(2021). Single-Cell Analysis of Blood-Brain Barrier Response to Pericyte Loss.
Circ. Res. 128, e46-e62.

Manyam, B. V. (2005). What is and what is not Fahr’s disease’. Parkinson. Related
Disord. 11, 73-80. doi: 10.1016/j.parkreldis.2004.12.001

Mathiisen, T. M., Lehre, K. P., Danbolt, N. C., and Ottersen, O. P. (2010).
The perivascular astroglial sheath provides a complete covering of the brain
microvessels: an electron microscopic 3D reconstruction. Glia 58, 1094-1103.
doi: 10.1002/glia.20990

Mcglasson, S., Jury, A., Jackson, A., and Hunt, D. (2015). Type I interferon
dysregulation and neurological disease. Nat. Rev. Neurol. 11, 515-523. doi:
10.1038/nrneurol.2015.143

Medici, D., Shore, E., Lounev, V., Kaplan, F., Kalluri, R., and Olsen, B. (2010).
Conversion of vascular endothelial cells into multipotent stem-like cells. Nat.
Med. 16, 1400-1406. doi: 10.1038/nm.2252

Meireles, A. M., Shiau, C. E., Guenther, C. A,, Sidik, H., Kingsley, D. M., and Talbot,
W. S. (2014). The phosphate exporter xprlb is required for differentiation of
tissue-resident macrophages. Cell Rep. 8, 1659-1667. doi: 10.1016/j.celrep.2014.
08.018

Mergenthaler, P., Lindauer, U., Dienel, G. A., and Meisel, A. (2013). Sugar for
the brain: the role of glucose in physiological and pathological brain function.
Trends Neurosci. 36, 587-597. doi: 10.1016/j.tins.2013.07.001

Meuwissen, M. E., Schot, R., Buta, S., Oudesluijs, G., Tinschert, S., Speer, S. D., et al.
(2016). Human USP18 deficiency underlies type 1 interferonopathy leading to
severe pseudo-TORCH syndrome. J. Exp. Med. 213, 1163-1174. doi: 10.1084/
jem.20151529

Miklossy, J., Mackenzie, I. R., Dorovini-Zis, K., Calne, D. B., Wszolek, Z. K.,
Klegeris, A., et al. (2005). Severe vascular disturbance in a case of familial brain
calcinosis. Acta Neuropathol. 109, 643-653. doi: 10.1007/s00401-005-1007-7

Mochida, G., Ganesh, V., Felie, J., Gleason, D., Hill, R., Clapham, K., et al. (2010). A
homozygous mutation in the tight-junction protein JAM3 causes hemorrhagic
destruction of the brain, subependymal calcification, and congenital cataracts.
Am. . Hum. Genet. 87, 882-889. doi: 10.1016/j.ajhg.2010.10.026

Moore, C. A, Staples, J. E., Dobyns, W. B., Pessoa, A., Ventura, C. V., Fonseca,
E. B, et al. (2017). Characterizing the Pattern of Anomalies in Congenital Zika
Syndrome for Pediatric Clinicians. JAMA Pediatr. 171, 288-295. doi: 10.1001/
jamapediatrics.2016.3982

Morgan, K. T., Johnson, B. P., Frith, C. H., and Townsend, J. (1982). An
ultrastructural study of spontaneous mineralization in the brains of aging mice.
Acta Neuropathol. 58, 120-124. doi: 10.1007/BF00691652

Motoyama, S., Kondo, T, Sarai, M., Sugiura, A., Harigaya, H., Sato, T., et al. (2007).
Multislice computed tomographic characteristics of coronary lesions in acute
coronary syndromes. J. Am. Coll. Cardiol. 50, 319-326. doi: 10.1016/j.jacc.2007.
03.044

Mulay, S. R, and Anders, H. J. (2016). Crystallopathies. N. Engl. J. Med. 374,
2465-2476.

Muller, K. H., Hayward, R., Rajan, R., Whitehead, M., Cobb, A. M., Ahmad,
S., et al. (2019). Poly(ADP-Ribose) Links the DNA Damage Response and
Biomineralization. Cell Rep. 27:e3113. doi: 10.1016/j.celrep.2019.05.038

Nahar, K., Lebouvier, T., Andaloussi Mae, M., Konzer, A., Bergquist, J., Zarb,
Y., et al. (2019). Astrocyte-microglial association and matrix composition are
common events in the natural history of primary familial brain calcification.
Brain Pathol. 30, 446-464. doi: 10.1111/bpa.12787

Frontiers in Aging Neuroscience | www.frontiersin.org

March 2022 | Volume 14 | Article 848495


https://doi.org/10.4414/smw.2013.13892
https://doi.org/10.4414/smw.2013.13892
https://doi.org/10.1038/ng.2723
https://doi.org/10.1038/ng.2723
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1002/jbmr.2039
https://doi.org/10.1038/s41583-019-0201-x
https://doi.org/10.1111/neup.12280
https://doi.org/10.1007/BF00695503
https://doi.org/10.1097/NEN.0000000000000150
https://doi.org/10.1097/NEN.0000000000000150
https://doi.org/10.3174/ajnr.A4938
https://doi.org/10.1007/BF00343397
https://doi.org/10.1093/eurheartj/ehu163
https://doi.org/10.1016/j.jacc.2021.06.049
https://doi.org/10.2215/CJN.09090911
https://doi.org/10.1038/s41413-020-00134-w
https://doi.org/10.1038/ng.3289
https://doi.org/10.1038/ng.3289
https://doi.org/10.1073/pnas.97.4.1566
https://doi.org/10.1038/nri.2017.125
https://doi.org/10.1073/pnas.1908830117
https://doi.org/10.1101/gad.266803
https://doi.org/10.1101/gad.266803
https://doi.org/10.1111/j.1469-8749.2012.04437.x
https://doi.org/10.1074/jbc.RA119.011376
https://doi.org/10.1073/pnas.1520398113
https://doi.org/10.1073/pnas.1520398113
https://doi.org/10.1038/386078a0
https://doi.org/10.1016/j.parkreldis.2004.12.001
https://doi.org/10.1002/glia.20990
https://doi.org/10.1038/nrneurol.2015.143
https://doi.org/10.1038/nrneurol.2015.143
https://doi.org/10.1038/nm.2252
https://doi.org/10.1016/j.celrep.2014.08.018
https://doi.org/10.1016/j.celrep.2014.08.018
https://doi.org/10.1016/j.tins.2013.07.001
https://doi.org/10.1084/jem.20151529
https://doi.org/10.1084/jem.20151529
https://doi.org/10.1007/s00401-005-1007-7
https://doi.org/10.1016/j.ajhg.2010.10.026
https://doi.org/10.1001/jamapediatrics.2016.3982
https://doi.org/10.1001/jamapediatrics.2016.3982
https://doi.org/10.1007/BF00691652
https://doi.org/10.1016/j.jacc.2007.03.044
https://doi.org/10.1016/j.jacc.2007.03.044
https://doi.org/10.1016/j.celrep.2019.05.038
https://doi.org/10.1111/bpa.12787
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Maheshwari et al.

Brain Vascular Calcification and Microglia

Nakano-Kurimoto, R., Ikeda, K., Uraoka, M., Nakagawa, Y., Yutaka, K., Koide, M.,
et al. (2009). Replicative senescence of vascular smooth muscle cells enhances
the calcification through initiating the osteoblastic transition. Am. J. Physiol.
Heart Circ. Physiol. 297, H1673-H1684. doi: 10.1152/ajpheart.00455.2009

Nash, T. E., Del Brutto, O. H., Butman, J. A., Corona, T., Delgado-Escueta, A.,
Duron, R. M., et al. (2004). Calcific neurocysticercosis and epileptogenesis.
Neurology 62, 1934-1938. doi: 10.1212/01.wnl.0000129481.12067.06

Neumann, K., Castineiras-Vilarino, M., Hockendorf, U., Hannesschlager, N.,
Lemeer, S., Kupka, D., et al. (2014). Clec12a is an inhibitory receptor for uric
acid crystals that regulates inflammation in response to cell death. Immunity
40, 389-399. doi: 10.1016/j.immuni.2013.12.015

Ng, G., Sharma, K., Ward, S. M., Desrosiers, M. D., Stephens, L. A., Schoel, W. M.,
et al. (2008). Receptor-independent, direct membrane binding leads to cell-
surface lipid sorting and Syk kinase activation in dendritic cells. Immunity 29,
807-818. doi: 10.1016/j.immuni.2008.09.013

Nicolas, G., Pottier, C., Charbonnier, C., Guyant-Marechal, L., Le Ber, L., Pariente,
J., et al. (2013a). Phenotypic spectrum of probable and genetically-confirmed
idiopathic basal ganglia calcification. Brain 136, 3395-3407. doi: 10.1093/brain/
awt255

Nicolas, G., Pottier, C., Maltete, D., Coutant, S., Rovelet-Lecrux, A., Legallic,
S., et al. (2013b). Mutation of the PDGFRB gene as a cause of idiopathic
basal ganglia calcification. Neurology 80, 181-187. doi: 10.1212/WNL.0b013e
31827ccf34

O’driscoll, M., Daly, S., Urquhart, J., Black, G., Pilz, D., Brockmann, K., et al. (2010).
Recessive mutations in the gene encoding the tight junction protein occludin
cause band-like calcification with simplified gyration and polymicrogyria. Am.
J. Hum. Genet. 87, 354-364. doi: 10.1016/j.ajhg.2010.07.012

Orth-Alampour, S., Gayrard, N., Salem, S., Bhargava, S., Jankowski, V., Jover,
B., et al. (2021). Prevention of vascular calcification by the endogenous
chromogranin A-derived mediator that inhibits osteogenic transdifferentiation.
Basic Res. Cardiol. 116:57. doi: 10.1007/s00395-021-00899-z

Paucar, M., Almqyist, H., Jelic, V., Hagman, G., Jorneskog, G., Holmin, S., et al.
(2017). A SLC20A2 gene mutation carrier displaying ataxia and increased levels
of cerebrospinal fluid phosphate. ] Neurol Sci 375, 245-247. doi: 10.1016/j.jns.
2017.02.007

Pescatore, L. A., Gamarra, L. F., and Liberman, M. (2019). Multifaceted
Mechanisms of Vascular Calcification in Aging. Arterioscler Thromb. Vasc. Biol.
39,1307-1316. doi: 10.1161/ATVBAHA.118.311576

Peters, M. E. M., Kockelkoren, R., De Brouwer, E. J. M., Koek, H. L., Bleys, R,,
Mali, W, et al. (2018). Histological validation of calcifications in the human
hippocampus as seen on computed tomography. PLoS One 13:¢0197073. doi:
10.1371/journal.pone.0197073

Petribu, N. C. L., Aragao, M. F. V., Van Der Linden, V., Parizel, P., Jungmann, P.,
Araujo, L., et al. (2017). Follow-up brain imaging of 37 children with congenital
Zika syndrome: case series study. BMJ 359:j4188. doi: 10.1136/bmj.j4188

Prinz, M., Jung, S., and Priller, J. (2019). Microglia Biology: one Century of Evolving
Concepts. Cell 179, 292-311. doi: 10.1016/j.cell.2019.08.053

Prinz, M., and Priller, J. (2017). The role of peripheral immune cells in the CNS in
steady state and disease. Nat. Neurosci. 20, 136-144. doi: 10.1038/nn.4475

Rademakers, R., Baker, M., Nicholson, A. M., Rutherford, N. J., Finch, N., Soto-
Ortolaza, A., et al. (2011). Mutations in the colony stimulating factor 1 receptor
(CSF1R) gene cause hereditary diffuse leukoencephalopathy with spheroids.
Nat. Genet. 44, 200-205. doi: 10.1038/ng.1027

Rennenberg, R. J., Kessels, A. G., Schurgers, L. J., Van Engelshoven, J. M., De
Leeuw, P. W., and Kroon, A. A. (2009). Vascular calcifications as a marker
of increased cardiovascular risk: a meta-analysis. Vasc. Health Risk Manag. 5,
185-197. doi: 10.2147/vhrm.s4822

Rutsch, F., Buers, I, and Nitschke, Y. (2021). Hereditary Disorders of
Cardiovascular Calcification. Arterioscler Thromb. Vasc. Biol. 41, 35-47. doi:
10.1161/ATVBAHA.120.315577

Saade, C., Najem, E., Asmar, K., Salman, R., El Achkar, B., and Naffaa, L. (2019).
Intracranial calcifications on CT: an updated review. J. Radiol. Case Rep. 13,
1-18. doi: 10.3941/jrcr.v13i8.3633

Saitou, M., Furuse, M., Sasaki, H., Schulzke, J., Fromm, M., Takano, H., et al. (2000).
Complex phenotype of mice lacking occludin, a component of tight junction
strands. Mol. Biol. cell 11, 4131-4142. doi: 10.1091/mbc.11.12.4131

Salhotra, A., Shah, H. N, Levi, B., and Longaker, M. T. (2020). Mechanisms of bone
development and repair. Nat. Rev. Mol. Cell Biol. 21, 696-711.

Schaffenrath, J., and Keller, A. (2021). New Insights in the Complexity and
Functionality of the Neurovascular Unit. Handb. Exp. Pharmacol. [Epub online
ahead of pint]. doi: 10.1007/164_2020_424

Schiemenz, C., Westenberger, A., Tanzer, K., Grutz, K., Borsche, M., Mahlke,
G., et al. (2020). Osteoclast imbalance in primary familial brain calcification:
evidence for its role in brain calcification. Brain 143:el. doi: 10.1093/brain/
awz351

Schober, R., Hilbrich, L, Jager, C., and Holzer, M. (2021). Senile plaque calcification
of the lamina circumvoluta medullaris in Alzheimer’s disease. Neuropathology
41, 366-370. doi: 10.1111/neup.12742

Schor, A., Allen, T., Canfield, A., Sloan, P., and Schor, S. (1990). Pericytes derived
from the retinal microvasculature undergo calcification in vitro. J. cell Sci. 97(Pt
3), 449-461. doi: 10.1242/jcs.97.3.449

Schottlaender, L. V., Abeti, R., Jaunmuktane, Z., Macmillan, C., Chelban, V.,
O'callaghan, B., et al. (2020). Bi-allelic JAM2 Variants Lead to Early-Onset
Recessive Primary Familial Brain Calcification. Am. J. Hum. Genet. 106, 412
421. doi: 10.1016/j.ajhg.2020.02.007

Schulz, C., Gomez Perdiguero, E., Chorro, L., Szabo-Rogers, H., Cagnard, N.,
Kierdorf, K., et al. (2012). A lineage of myeloid cells independent of Myb
and hematopoietic stem cells. Science 336, 86-90. doi: 10.1126/science.121
9179

Shimada, B. K., Pomozi, V., Zoll, J., Kuo, S., Martin, L., and Le Saux, O. (2021).
ABCC6, Pyrophosphate and Ectopic Calcification: Therapeutic Solutions. Int.
J. Mol. Sci 22:4555. doi: 10.3390/ijms22094555

Smeyers-Verbeke, J., Michotte, Y., Pelsmaeckers, J., Lowenthal, A., Massart,
D., Dekegel, D., et al. (1975). The chemical composition of idiopathic
nonarteriosclerotic cerebral calcifications. Neurology 25, 48-57. doi: 10.1212/
wnl.25.1.48

Sorokin, V., Vickneson, K., Kofidis, T., Woo, C. C., Lin, X. Y., Foo, R., et al. (2020).
Role of Vascular Smooth Muscle Cell Plasticity and Interactions in Vessel
Wall Inflammation. Front. Immunol. 11:599415. doi: 10.3389/fimmu.2020.59
9415

St Hilaire, C., Ziegler, S., Markello, T., Brusco, A., Groden, C., Gill, F., et al. (2011).
NT5E mutations and arterial calcifications. N. Engl. J. Med. 364, 432-442.

Takashi, Y., and Fukumoto, S. (2020). Phosphate-sensing and regulatory
mechanism of FGF23 production. J. Endocrinol. Invest. 43, 877-883. doi: 10.
1007/s40618-020-01205-9

Torok, O., Schreiner, B., Schaffenrath, ., Tsai, H. C., Maheshwari, U., Stifter, S. A.,
etal. (2021). Pericytes regulate vascular immune homeostasis in the CNS. Proc.
Natl. Acad. Sci. U S A 118, €2016587118. doi: 10.1073/pnas.2016587118

Ukai, K., and Kosaka, K. (2016). Diffuse neurofibrillary tangles with calcification
(Kosaka-Shibayama disease) in Japan. Psychiatry Clin. Neurosci. 70, 131-140.
doi: 10.1111/pcn.12334

Utz, S. G., See, P., Mildenberger, W., Thion, M. S., Silvin, A., Lutz, M., et al.
(2020). Early Fate Defines Microglia and Non-parenchymal Brain Macrophage
Development. Cell 181:¢518. doi: 10.1016/j.cell.2020.03.021

Vanlandewijck, M., He, L., Mae, M. A., Andrae, J., Ando, K., Del Gaudio, F., et al.
(2018). A molecular atlas of cell types and zonation in the brain vasculature.
Nature 554, 475-480.

Vanlandewijck, M., Lebouvier, T., Andaloussi Mae, M., Nahar, K., Hornemann, S.,
Kenkel, D., et al. (2015). Functional Characterization of Germline Mutations
in PDGFB and PDGFRB in Primary Familial Brain Calcification. PLoS One
10:e0143407. doi: 10.1371/journal.pone.0143407

Vigh, B., Sz€l, A., Debreceni, K., Fejér, Z., Manzano, E., Silva, M., et al. (1998).
Comparative histology of pineal calcification. Histol. Histopathol. 13, 851-870.
doi: 10.14670/HH-13.851

Wallingford, M. C., Chia, J. J., Leaf, E. M., Borgeia, S., Chavkin, N. W.,
Sawangmake, C., et al. (2017). SLC20A2 Deficiency in Mice Leads to Elevated
Phosphate Levels in Cerbrospinal Fluid and Glymphatic Pathway-Associated
Arteriolar Calcification, and Recapitulates Human Idiopathic Basal Ganglia
Calcification. Brain Pathol. 27, 64-76. doi: 10.1111/bpa.12362

Wang, C, Li, Y., Shi, L., Ren, J., Patti, M., Wang, T., et al. (2012). Mutations
in SLC20A2 link familial idiopathic basal ganglia calcification with phosphate
homeostasis. Nat. Genet. 44, 254-256. doi: 10.1038/ng.1077

Wegiel, J., Kuchna, I, Wisniewski, T., De Leon, M. J., Reisberg, B., Pirttila, T.,
et al. (2002). Vascular fibrosis and calcification in the hippocampus in aging,
Alzheimer disease, and Down syndrome. Acta Neuropathol. 103, 333-343. doi:
10.1007/s00401-001-0471-y

Frontiers in Aging Neuroscience | www.frontiersin.org

March 2022 | Volume 14 | Article 848495


https://doi.org/10.1152/ajpheart.00455.2009
https://doi.org/10.1212/01.wnl.0000129481.12067.06
https://doi.org/10.1016/j.immuni.2013.12.015
https://doi.org/10.1016/j.immuni.2008.09.013
https://doi.org/10.1093/brain/awt255
https://doi.org/10.1093/brain/awt255
https://doi.org/10.1212/WNL.0b013e31827ccf34
https://doi.org/10.1212/WNL.0b013e31827ccf34
https://doi.org/10.1016/j.ajhg.2010.07.012
https://doi.org/10.1007/s00395-021-00899-z
https://doi.org/10.1016/j.jns.2017.02.007
https://doi.org/10.1016/j.jns.2017.02.007
https://doi.org/10.1161/ATVBAHA.118.311576
https://doi.org/10.1371/journal.pone.0197073
https://doi.org/10.1371/journal.pone.0197073
https://doi.org/10.1136/bmj.j4188
https://doi.org/10.1016/j.cell.2019.08.053
https://doi.org/10.1038/nn.4475
https://doi.org/10.1038/ng.1027
https://doi.org/10.2147/vhrm.s4822
https://doi.org/10.1161/ATVBAHA.120.315577
https://doi.org/10.1161/ATVBAHA.120.315577
https://doi.org/10.3941/jrcr.v13i8.3633
https://doi.org/10.1091/mbc.11.12.4131
https://doi.org/10.1007/164_2020_424
https://doi.org/10.1093/brain/awz351
https://doi.org/10.1093/brain/awz351
https://doi.org/10.1111/neup.12742
https://doi.org/10.1242/jcs.97.3.449
https://doi.org/10.1016/j.ajhg.2020.02.007
https://doi.org/10.1126/science.1219179
https://doi.org/10.1126/science.1219179
https://doi.org/10.3390/ijms22094555
https://doi.org/10.1212/wnl.25.1.48
https://doi.org/10.1212/wnl.25.1.48
https://doi.org/10.3389/fimmu.2020.599415
https://doi.org/10.3389/fimmu.2020.599415
https://doi.org/10.1007/s40618-020-01205-9
https://doi.org/10.1007/s40618-020-01205-9
https://doi.org/10.1073/pnas.2016587118
https://doi.org/10.1111/pcn.12334
https://doi.org/10.1016/j.cell.2020.03.021
https://doi.org/10.1371/journal.pone.0143407
https://doi.org/10.14670/HH-13.851
https://doi.org/10.1111/bpa.12362
https://doi.org/10.1038/ng.1077
https://doi.org/10.1007/s00401-001-0471-y
https://doi.org/10.1007/s00401-001-0471-y
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Maheshwari et al.

Brain Vascular Calcification and Microglia

Willemsen, L., and De Winther, M. P. (2020). Macrophage subsets in
atherosclerosis as defined by single-cell technologies. J. Pathol. 250, 705-714.
doi: 10.1002/path.5392

Willis, M., Leitner, L, Jellinger, K. A., and Marksteiner, J. (2011). Chromogranin
peptides in brain diseases. J. Neural Transm. 118, 727-735. doi: 10.1007/s00702-
011-0648-z

Wilson, M. S., Jessen, H. J., and Saiardi, A. (2019). The inositol hexakisphosphate
kinases IP6K1 and -2 regulate human cellular phosphate homeostasis, including
XPR1-mediated phosphate export. J. Biol. Chem. 294, 11597-11608. doi: 10.
1074/jbc.RA119.007848

Xiong, L., Mccoy, M., Komuro, H., West, X. Z., Yakubenko, V., Gao, D., et al.
(2021). Inflammation-dependent oxidative stress metabolites as a hallmark of
amyotrophic lateral sclerosis. Free Radic. Biol. Med. 178, 125-133. doi: 10.1016/
j.freeradbiomed.2021.11.031

Yanai, T., Kudo, K., Manabe, J., and Matsunuma, N. (1984). Spontaneous vascular
mineralization in the brain of aged B6C3F1 mice. Nihon Juigaku Zasshi 46,
761-765. doi: 10.1292/jvms1939.46.761

Yanai, T., Masegi, T., Ueda, K., Manabe, J., Teranishi, M., Takaoka, M., et al.
(1994). Vascular Mineralization in the Monkey Brain. Vet. Pathol. 31, 546-552.
doi: 10.1177/030098589403100506

Yanai, T., Yamoto, T., Manabe, J., Takaoka, M., and Matsunuma, N. (1987). X-ray
microanalysis of mineralization in the thalamus of aged mice. Nihon Juigaku
Zasshi 49, 920-922. doi: 10.1292/jvms1939.49.920

Yang, A. C,, Stevens, M. Y., Chen, M. B, Lee, D. P,, Stahli, D., Gate, D, et al.
(2020). Physiological blood-brain transport is impaired with age by a shift in
transcytosis. Nature 583, 425-430. doi: 10.1038/s41586-020-2453-z

Yao, X. P., Cheng, X., Wang, C., Zhao, M., Guo, X. X,, Su, H. Z,, et al. (2018).
Biallelic Mutations in MYORG Cause Autosomal Recessive Primary Familial
Brain Calcification. Neuron 98, 1116.e-1123.e. doi: 10.1016/j.neuron.2018.05.
037

Yao, Y., Jumabay, M., Ly, A., Radparvar, M., Cubberly, M., Bostrém, K., et al.
(2013). A role for the endothelium in vascular calcification. Cir. Res. 113,
495-504. doi: 10.1161/CIRCRESAHA.113.301792

Yazdanyar, A., and Newman, A. B. (2009). ). The burden of cardiovascular disease
in the elderly: morbidity, mortality, and costs. Clin. Geriat.r Med. 25, 563
577,vii. doi: 10.1016/j.cger.2009.07.007

Young, M. F. (2003). Bone matrix proteins: their function, regulation, and
relationship to osteoporosis. Osteoporos Int. 14(Suppl. 3), S35-542. doi: 10.
1007/s00198-002-1342-7

Youssef, S. A., Capucchio, M. T., Rofina, J. E., Chambers, J. K., Uchida, K.,
Nakayama, H., et al. (2016). Pathology of the Aging Brain in Domestic and

Laboratory Animals, and Animal Models of Human Neurodegenerative
Diseases.  Vet.  Pathol. 53, 327-348. doi: 10.1177/030098581562
3997

Zarb, Y., Franzoso, F. D., and Keller, A. (2019a). Pericytes in Primary Familial
Brain Calcification. Adv. Exp. Med. Biol. 1147, 247-264. doi: 10.1007/978-3-
030-16908-4_11

Zarb, Y., Weber-Stadlbauer, U., Kirschenbaum, D., Kindler, D. R., Richetto, J.,
Keller, D., et al. (2019b). Ossified blood vessels in primary familial brain
calcification elicit a neurotoxic astrocyte response. Brain 142, 885-902. doi:
10.1093/brain/awz032

Zarb, Y., Sridhar, S., Nassiri, S., Utz, S. G., Schaffenrath, J., Maheshwari, U.,
et al. (2021). Microglia control small vessel calcification via TREM2. Sci. Adv.
7:eabc4898. doi: 10.1126/sciadv.abc4898

Zeisel, A., Hochgerner, H., Lonnerberg, P., Johnsson, A., Memic, F., Van Der Zwan,
J., et al. (2018). Molecular Architecture of the Mouse Nervous System. Cell
174:€1022. doi: 10.1016/j.cell.2018.06.021

Zhang, Z., He, J. W.,, Fu, W. Z,, Zhang, C. Q., and Zhang, Z. L. (2015).
Calcification of joints and arteries: second report with novel NT5E mutations
and expansion of the phenotype. ] Hum Genet 60, 561-564. doi: 10.1038/jhg.20
15.85

Zhang, X., Bogunovic, D., Payelle-Brogard, B., Francois-Newton, V., Speer, S. D.,
Yuan, C., et al. (2015). Human intracellular ISG15 prevents interferon-
alpha/beta over-amplification and auto-inflammation. Nature 517, 89-93. doi:
10.1038/nature13801

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Maheshwari, Huang, Sridhar and Keller. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

14

March 2022 | Volume 14 | Article 848495


https://doi.org/10.1002/path.5392
https://doi.org/10.1007/s00702-011-0648-z
https://doi.org/10.1007/s00702-011-0648-z
https://doi.org/10.1074/jbc.RA119.007848
https://doi.org/10.1074/jbc.RA119.007848
https://doi.org/10.1016/j.freeradbiomed.2021.11.031
https://doi.org/10.1016/j.freeradbiomed.2021.11.031
https://doi.org/10.1292/jvms1939.46.761
https://doi.org/10.1177/030098589403100506
https://doi.org/10.1292/jvms1939.49.920
https://doi.org/10.1038/s41586-020-2453-z
https://doi.org/10.1016/j.neuron.2018.05.037
https://doi.org/10.1016/j.neuron.2018.05.037
https://doi.org/10.1161/CIRCRESAHA.113.301792
https://doi.org/10.1016/j.cger.2009.07.007
https://doi.org/10.1007/s00198-002-1342-7
https://doi.org/10.1007/s00198-002-1342-7
https://doi.org/10.1177/0300985815623997
https://doi.org/10.1177/0300985815623997
https://doi.org/10.1007/978-3-030-16908-4_11
https://doi.org/10.1007/978-3-030-16908-4_11
https://doi.org/10.1093/brain/awz032
https://doi.org/10.1093/brain/awz032
https://doi.org/10.1126/sciadv.abc4898
https://doi.org/10.1016/j.cell.2018.06.021
https://doi.org/10.1038/jhg.2015.85
https://doi.org/10.1038/jhg.2015.85
https://doi.org/10.1038/nature13801
https://doi.org/10.1038/nature13801
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	The Interplay Between Brain Vascular Calcification and Microglia
	Introduction
	Bone in the Brain—An Overview of Cerebrovascular Calcifications
	Pathogenesis of Vascular Calcification
	Pathogenesis of Vascular Calcification in the Brain
	Primary Familial Brain Calcification
	Does Imbalance in Brain Phosphate Metabolism Cause Vascular Calcification?
	Blood-Brain Barrier Dysfunction–A Cause for Vascular Calcification in Primary Familial Brain Calcification?
	Phenotypic Change of Vascular Cells to Osteoblast-Like Cells in Primary Familial Brain Calcification?
	What Is the Role of Astrocytes in Brain Vascular Calcification?


	Microgliopathies and Brain Calcification
	Microglia and Vascular Calcifications in Primary Familial Brain Calcification


	Outlook
	Author Contributions
	Funding
	References


