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Abstract
Platelet-derived growth factors (PDGFs) are important mitogens for various types of
mesenchymal cells, and as such, they exert critical functions during organogenesis in
mammalian embryonic and early postnatal development. Increased or ectopic PDGF activity
may also cause or contribute to diseases such as cancer and tissue fibrosis. Until recently, no
loss-of-function (LOF) mutations in PDGF or PDGF receptor genes were reported as
causally linked to a human disease. This changed in 2013 when reports appeared on
presumed LOF mutations in the genes encoding PDGF-B and its receptor PDGF receptor-
beta (PDGF-Rβ) in familial idiopathic basal ganglia calcification (IBGC), a brain disease
characterized by anatomically localized calcifications in or near the blood microvessels.
Here, we review PDGF-B and PDGF-Rβ biology with special reference to their functions in
brain–blood vessel development, pericyte recruitment and the regulation of the blood–brain
barrier. We also discuss various scenarios for IBGC pathogenesis suggested by observations
in patients and genetically engineered animal models of the disease.

PLATELET-DERIVED GROWTH FACTORS
(PDGFS) AND PDGF RECEPTORS
PDGF was one of the first growth factors to become characterized
structurally and functionally [reviewed in (24)]. Its release from
platelets in conjunction with the platelet release reaction, its pres-
ence in serum and its growth factor activity on fibroblasts and
smooth muscle cells provided the rationale for an early assumption
that PDGF functions as a wound hormone (24). Although this role
has yet to be formally demonstrated, tumor biology studies, per-
formed mainly in the 1980s, and subsequent analyses by trans-
genic and gene targeting techniques in mice from the 1990s and
2000s, established that PDGF has several important functions in
health, such as in organogenesis during embryonic and postnatal
development [reviewed in (3)], and in disease, such as cancer (23)
and tissue fibrosis (35).

As the original isolation and characterization of what in the late
1970s appeared to be a homogenous PDGF protein (25), subse-
quent cloning work, and the more recent analysis of genomes and
transcriptomes, have completed the genetic and molecular PDGF
landscape in mammals. Human platelet-derived PDGF was first
characterized as a dimer of two polypeptide chains, A and B, the
complementary DNAs (cDNAs) of which were subsequently
cloned and shown to be the products of two distinct genes, PDGFA
and PDGFB in human (Pdgfa and Pdgfb in mouse). In the 2000s,
the family of PDGF genes expanded further to encompass PDGFC
and PDGFD. The four encoded polypeptides, PDGF-A, PDGF-B,
PDGF-C and PDGF-D, make up biologically active dimers
through disulfide bridging. In addition to the originally character-

ized PDGF-AB heterodimer, four homo-dimers (PDGF-AA,
PDGF-BB, PDGF-CC and PDGF-DD) have been demonstrated
and functionally compared. They bind to and exert their activity
through two receptor tyrosine kinases (RTKs), PDGF receptor-α
(PDGF-Rα) and PDGF-Rβ. These too are subunits of biologically
active receptor dimers (αα, αβ or ββ) and are encoded by two
different genes, PDGFRA and PDGFRB, in the human genome
(Pdgfra and Pdgfrb in mouse). The biochemical and signaling
properties of PDGF-Rα and PDGF-Rβ have been reviewed else-
where (24).

TUMORIGENIC ROLES OF PDGF-B
AND PDGF-Rβ
The present review focuses on PDGFB, PDGFRB and their newly
discovered roles in idiopathic basal ganglia calcification (IBGC).
Therefore, the other PDGFs and PDGF-Rα will not be further
introduced here. The interested reader is referred to other recent
reviews. Early biochemical characterization of the PDGF receptor
(later known as PDGF-Rβ) established it as the second known
receptor to be associated with tyrosine kinase activity (18) (after
epidermal growth factor receptor), which at the time (early 1980s)
was an enzymatic activity abundantly associated with retroviral
carcinogenesis. Also, PDGF-B came into the limelight at approxi-
mately the same time (1983) through the discovery that it was
homologous to (and in fact encoded by) c-sis, the cellular
homologue of the simian sarcoma virus oncogene, v-sis (17, 91).
Subsequent work established that the oncogenic properties of
v-sis reflected the autocrine activation of PDGF receptors by a
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seemingly normal PDGF-BB molecule (37). Hence, PDGF-B was
the first oncogene product with an elucidated biological function,
namely a growth factor activity. The nature of sis/PDGF-B onco-
genic transformation is well illustrated by the human skin tumor
dermatofibrosarcoma protuberans (DPs). The primary cause of
DP is a chromosomal translocation, resulting in the placement
of PDGF-B-encoding DNA sequences under the transcriptional
control of Collagen-1 (COL1A1) gene sequences (77). Thus, the
COL1A1/PDGFB gene fusion results in PDGF-BB synthesis in
cells normally expressing type 1 collagen, that is, fibroblasts/
fibrocytes. Such cells also express PDGF receptors, including
PDGF-Rb, and thus, the basis for an autocrine growth stimulatory
loop is established (78). DP is a slow-growing non-metastatic
skin fibrosarcoma, in which autocrine PDGF-B synthesis is
probably not only an initiating lesion but likely also maintains
the growth of the established tumor. DP, similar to some other
cancers where PDGFs and or PDGFRs have been implicated as
transforming protein, is thus based on somatic gain-of-function
(GOF) mutations. Recently, putative activating germline muta-
tions in PDGFRB were reported as a genetic cause of infantile
myofibromatosis, a syndrome characterized by the formation of
multiple connective tissue tumors, in skin and in visceral organs
(13, 52). In summary, at present, there is evidence for both somatic
and inherited GOF mutations in PDGFB and PDGFRB in human
cancer and cancer-like syndromes.

PHYSIOLOGICAL ROLES OF PDGF-B
AND PDGF-Rβ
Many of the known functions of PDGF-B and PDGF-Rβ have
been revealed by targeted knockout of Pdgfb and Pdgfrb in mice
(3, 29). Whereas initial publications described renal, cardiovascu-
lar, placental and hematological defects in Pdgfb and Pdgfrb null
mice (42, 83), later analyses established at least one common
cellular denominator of these pathologies: the failure of expansion
of vascular mural cells in conjunction with angiogenic growth of
blood vessels during embryonic and early postnatal life (27, 45). In
this process, PDGF-B is synthesized and released from angiogenic
endothelial cells to act on neighboring PDGF-Rβ positive mural
cells [pericytes and vascular smooth muscle cells (VSMCs)] to
allow their proliferation and/or co-migration along newly forming
angiogenic sprouts. In the absence of either PDGF-B or PDGF-Rβ,
this process fails, and the resulting vasculature is largely devoid of
pericytes. Some mural cell formation nevertheless occurs in these
mutants, particularly around the major trunk vessels (eg, the aorta
and its proximal branches) (27), which probably explains why
these mutants survive early embryogenic development and
develop lethal cardiovascular problems first around birth.

In order to allow the analysis of postnatal functions of PDGF-B
and PDGF-Rβ, other mutations in Pdgfb and Pdgfrb have been
generated that change the function of the respective gene (10, 28,
46, 65, 86), or are inducible null mutations (10, 19). For Pdgfb, one
such mutation that has been extensively used to analyze postnatal
roles of PDGF-B and pericytes is the Pdgfb retention motif knock-
out mouse (Pdgfbret/ret), in which a targeted mutation at the Pdgfb
locus deletes a C-terminal motif (the retention motif). This motif
binds heparan sulfate proteoglycans and its loss leads to the for-
mation of a PDGF-BB molecule with retained receptor binding/
activating ability. However, its diffusible nature likely leads to

lower concentrations of PDGF-BB near the producer cell (1, 46).
Endothelial cells have proteoglycans on their cell surface, which
likely retains PDGF-BB near to its site of secretion. Pdgfbret/ret

mice show reduced pericyte coverage of their blood vessels, and
moreover, the remaining pericytes appear partially detached from
the endothelial cells. The interpretation of these results is that the
PDGF-B retention motif is needed for the proper presentation of
endothelium-derived PDGF-BB to the nearby pericytes.

Usage of Pdgfbret/ret mice, tissue-specific Pdgfb knockouts,
compound transgenics (Pdgfb null mice complemented with
endothelial-specific Pdgfb expression transgenes) or Pdgfrb
mutant mice where individual amino acid residues or entire
domains have been replaced, have pinpointed roles of PDGF-B and
PDGF-Rβ in the postnatal development and/or function of the
kidneys (46), heart (10), retina (19, 46) and brain (6). At present,
all of these roles appear to involve pericytes in the respective
organs. For example, the role for PDGF-B-PDGF-Rβ in the kidney
appears to be primarily to stimulate the recruitment of mesangial
cells—the pericytes of the kidney glomeruli—into the glomerular
tuft (44). However, it should be remembered, and will be discussed
further below, that there may be other functions of PDGF-B and
PDGF-Rβ that have gone undetected in studies of vascular devel-
opment. For example, both PDGF-B and PDGF-Rβ have been
reported to be expressed in neurons, and PDGF-Rb has been
shown to play a role in neural stem/progenitor cells in vitro (80,
92). Whereas the physiological significance of this expression
pattern is presently unclear, several studies have implicated a role
for PDGF-B and PDGF-Rβ in neuroprotection in vivo (34, 73), as
well as in memory, cognitive function and socio-emotional activity
(33, 67, 92).

FUNCTIONS OF PERICYTES
Clearly, one of the key physiological roles of the PDGF-B/
PDGF-Rβ signaling axis is to regulate pericyte formation and/or
recruitment during blood vessel morphogenesis. During the devel-
opment, pericytes are required for the formation of quiescent and
durable vessels. In early Pdgfb or Pdgfrb null embryos, the
absence of pericytes leads to endothelial hyperplasia (26). As
embryonic development proceeds, this hyperplasia persists, even-
tually causing the formation of increased diameter capillaries,
which are also irregularly shaped and locally bulging into micro-
aneurysms. Extensive vascular leakage probably explains the
edema and multiple microvascular hemorrhages observed at this
age. Similar vascular abnormalities, albeit milder, develop in post-
natal viable Pdgfb mutants. These mutants have not yet been
excessively explored, but published work demonstrates abnormali-
ties in cardiovascular physiology (63), renal filtration (10), liver
sinusoidal permeability (68), retinal morphology (19, 46) and
blood–brain barrier (BBB) function (5). Pdgfbret/ret mice have also
been assessed for tumor growth and tumor vessel formation and
function (2, 60).

A number of functions have been attributed to pericytes in the
adult vasculature, including blood flow regulation, stem/progenitor
cell function in tissue repair, the formation of fibrogenic cells in
tissue fibrosis and scarring [reviewed in (5)], in immune cell traf-
ficking across the vessel wall (84, 85) and in the regulation of the
BBB (6, 9, 15). The reader is referred to other review literature for
a more comprehensive overview of the many proposed roles for
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pericytes (5), but it is worth pointing out that the identification and
definition of pericytes remains a problem in the field. Several types
of mesenchymal cells are present in the blood vessel wall, and it
would not be meaningful to assign the term pericyte to all of them.
The classical definition of a pericyte is a cell embedded in the
endothelial basement membrane. However, this definition is not
practical as it requires transmission electron microscopy analysis.
In recent years, therefore, the pericyte concept has evolved to
designate capillary wall cells expressing certain markers, includ-
ing PDGF-Rβ, desmin, NG2, CD13 and a few others (4, 5).
However, none of these markers are specific for pericytes.
PDGF-Rβ and CD13, for example, are also expressed by fibro-
blasts; desmin is expressed by other types of muscle cells; and
NG2 by certain glia and epithelial cell types. Therefore, pericytes
are commonly defined (or described) by a combination of features,
including anatomical location and molecular marker expression. A
recent example of nomenclature ambiguity concerns the origin of
scar-forming cells in traumatic spinal cord injury in the mouse.
Whereas one study designated the origin of the scar-forming cell
to a subpopulation of pericytes (“type A pericytes”) using a com-
bination of GLAST-Cre fate mapping, and PDGF-Rβ and
PDGF-Rα expression (22), another study concluded based on
expression of Col1a1, PDGF-Rβ, CD13 and the absence of NG2,
that the spinal cord scar-forming cells have the hallmarks of a
perivascular fibroblast (82).

PERICYTES AND THE BBB
Using several models of Pdgfb and Pdfrb mouse mutants, it has
been demonstrated that pericytes play a critical and specific role in
the BBB (6, 9, 15). Although some uncertainties still exist con-
cerning which modalities of the BBB that are regulated by
pericytes, available evidence point to a possible role in endothelial
junction formation (9, 15), a prominent role in the (negative)
regulation of endothelial transcytosis (6, 15), a specific role in
astrocyte end-foot polarization (6), a (likely negative) role in
immune cell transmigration across the BBB (15) and a limited (yet
specific) role in the regulation of endothelial expression of certain
transporters (6). Importantly, pericytes do not appear to regulate
the major central nervous system (CNS)-specific physical barrier
and molecular properties of the BBB. The pericyte-deficient brain
vessels express the general molecular hallmarks of BBB endothe-
lium, and their endothelial junctions appear normal by
ultrastructural analysis (6). However, a wide range of tracers dif-
fering by molecular size and chemical composition were shown to
pass from blood to brain by vesicular transport in pericyte-
deficient mice. The size of the vesicles and their non-selectivity
with regard to cargo suggest that they are engaged in pinocytosis.
Intriguingly, the treatment of pericyte-deficient mice with the
tyrosine kinase inhibitor imatinib led to vesicle trapping inside
the brain endothelial cells, suggesting a specific block of the
exocytosis step of the transcytosis (6). How pericytes control
endothelial transcytosis in the brain is unclear, but conceivably, it
involves a paracrine or juxtacrine signal. Likewise, the molecular
machinery involved in transendothelial transport of pinocytotic
vesicles is not known but should involve a molecular target of
imatinib.

CNS pericytes are sandwiched between endothelial cells and
astrocyte end-feet, and as such, they are strategically positioned to

regulate the function of both cell types. Indeed, astrocyte end-feet
are abnormally polarized in pericyte-deficient vessels (6). Nor-
mally, certain astrocyte proteins become uniquely localized at the
end-foot–vessel interface, including the water channel aquaporin 4
and the basement membrane component laminin alpha 2 (Lama2).
In the absence of pericytes, aquaporin 4 was mis-localized to
appear throughout the astrocytes, and Lama2 was largely absent
from the vessels devoid of pericyte contact (6). The significance of
these astrocyte abnormalities for the BBB dysfunction in pericyte-
deficient mice is unclear.

IBGCS
Ectopic intracranial brain calcification is the most common inci-
dental finding in patients undergoing computed tomography (CT)
scans (50). These calcifications may not be associated with clinical
findings; however, in some cases, they are critical for the diagnosis
of disease. Familial idiopathic basal ganglia calcification (FIBGC/
IBGC) is a rare autosomal neurodegenerative disease with domi-
nant inheritance, which manifests with calcifications in different
brain regions. Typically, radiological neuroimaging demonstrates
bilateral basal ganglia calcifications. Other affected regions include
the cerebellar gyri, thalamus, cortical white and gray matter and the
brain stem (51). IBGC is clinically heterogeneous and clinical
features include Parkinsonism, psychosis, seizures, migraine, cog-
nitive decline and impairment, and cerebellar involvement (ataxia)
(51). Although brain calcifications are present, some affected indi-
viduals are asymptomatic. However, radiological penetrance of the
disease is 100% at the age of 50 (81).

Importantly, disturbances in systemic mineral metabolism are
not seen in IBGC, and calcium, phosphorus and parathyroid
hormone levels are normal. Historically, this rare disease was first
described by Delacour in 1850 (16). Even though IBGC is a rare
disease (the prevalence is not known), there are 35 different names
in literature that have been used to describe this condition (51).
The most common is “Fahr’s disease”; however, this name is now
considered a misnomer. Fahr was not the first to describe the
disease and the patient he described likely did not suffer from
IBGC (51). Recently, “familiar primary brain calcification” was
suggested as a new name for this neurodegenerative disease (81).
However, in order to avoid confusion, we continue to use “FIBGC”
or “IBGC” in the present review, as “familiar primary brain calci-
fication” is not yet established, and most of the current literature
and databases on human genetic diseases (eg, omim.org) continue
to apply the terms “FIBGC” or “IBGC.”

PATHOPHYSIOLOGY OF IBGC
The pathological findings obtained from rare autopsy cases of
IBGC reveal evidence of microvascular insufficiency. Calcified
nodules can be observed not only along capillaries but also in the
neuropil (40, 54, 62). In addition, calcium precipitates have been
reported on neurons and astrocytes (54). The precipitates contain
hydroxyapatite, which is the main mineral component of the bone
(79). In the case of normal bone formation, hydroxyapatite crystals
accumulate on a permissive matrix rich in collagen fibrils. Inter-
estingly, neuronal excitotoxicity has been shown to induce intrac-
ellular calcium precipitation in neurons (49). Although gliosis and
neuronal loss in severely affected areas have been reported (40),
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neurons generally remain preserved in IBGC (54). In addition,
extravasation of plasma proteins and signs of neuroinflammation
are observed in IBGC (54). The use of non-invasive imaging
techniques such as magnetic resonance imaging (MRI) has con-
firmed disturbances in microvascular function, showing the pres-
ence of vasogenic edema (21). Also, dilatation of the lateral
ventricles has been reported (40). Regional blood flow changes
have been reported in patients with severe calcifications in basal
ganglia (66, 76, 87). Reduction in glucose metabolism in the basal
ganglia by fludeoxyglucose-positron emission tomography
imaging has been demonstrated (69, 76). In addition, pre- and
post-synaptic nigrostriatal dopaminergic dysfunction has been
indicated in IBGC patient with psychiatric symptoms, which may
contribute to some of the clinical manifestations (69). There is a
considerable heterogeneity of the pathological signs and also of the
genetic origin of the IBGC (discussed below). Interestingly,
several cases of sporadic and familiar IBGC have been described
to have neurofibrillary tangles, Lewy bodies or α-synucleinopathy
(31, 61, 74). However, it should be remembered that much of the
reports on IBGC pathology and neurology appeared before the any
genetic causes of IBGC were known, and may hence represent
diverse disease etiologies. Recently, Baker and co-workers
reported two new mutations in one of the IBGC genes, SLC20A2
(see below), in a collection of autopsy samples where excessive
basal ganglia calcification was seen in a setting of another
neurodegenerative disease (asymmetric Parkinsonism and
autosomal-dominant dystonia) (8).

GENETICS OF IBGC
During the last years, a tremendous progress has been made in
identifying the underlying genetic causes of FIBGC. The first
FIBGC gene was reported in 2012. Seven different mutations in
the sodium-dependent P(i) transporter SLCA20A2 (also called
PiT2) were reported in different FIBGC families (90). The involve-
ment of SLC20A2 implicates that changes in intracellular phos-
phate transport may cause FIBGC (90). Mutations in the
SLCA20A2 gene are a major cause of FIBGC, representing
approximately 50% of investigated families (12, 30, 90, 93, 95).
Although not extensively supported by experiments, available data
nevertheless suggest that SLCA20A2 mutations in FIBGC are loss-
of-function (LOF) mutations, and the proposed disease mecha-
nism is the loss of a functional copy of the SLC20A2 gene resulting
in insufficient production of SLC20A2/Pit2 protein (haploinsuffi-
ciency). The recent identification in an IBGC case of a large
genomic deletion in SLC20A2 supports this conclusion (8).

In 2013, two additional FIBGC genes were reported. A mutation
(p.Leu658Pro) in PDGFRB was identified in one family with
FIBGC and was predicted to be damaging for PDGF-Rβ function
(58). Two additional mutations in PDGFRB were found in sporadic
IBGC cases (p.Arg987Trp and p.Glu1071Val) (57, 58), but the
functional consequences of these mutations are less clear
(Figure 1A). The third identified FIBGC gene was PDGFB (39)
(Figure 1B). PDGFB mutations were found in six different fami-
lies, all predicted to result in LOF effects (39). A recently
described heterozygous intragenic deletion in PDGFB involving
exons 2-5 (which encode critical parts of PDGFB protein) in an
IBGC case supports haploinsufficiency as a pathogenic mecha-
nism (59). A de novo nonsense mutation in PDGFB exon 4

(p.Gln147*) has further been described in one IBGC patient (56).
Until now, PDGFB or PDGFRB mutations (Figure 1) have been
identified in approximately 20% of IBGC cases, suggesting that
additional IBGC genes exist beyond SLC20A2, PDGFRB and
PDGFB.

As mentioned earlier, the IBGC is a genetically and clinically
heterogeneous disease with the variable clinical penetrance and it
is unclear as to what extent different genetic, pathological and
neurological features are causally correlated. In one study, calci-
fications were found to be more severe in symptomatic vs. asymp-
tomatic individuals, but the quantification of the calcifications by
analyzing CT images by visual examination was found to be insuf-
ficient to predict the clinical severity (57).

MOUSE MODELS OF IBGC AND THE
PATHOGENIC MECHANISM OF IBGC
Currently, it is unclear how haploinsufficiency of SLCA20A2,
PDGFB or PDGFRB leads to ectopic brain calcification. It is also
not known why mutations in genes belonging to structurally and
functionally different protein families—growth factor and its
receptor (PDGFB/PDGFRB), on the one hand, and the inorganic
phosphate transporter (SLC20A2), on the other hand—lead to the
same pathology. As discussed previously, the PDGF-B/PDGF-Rβ
signaling pathway is important for pericyte recruitment and the
integrity of the BBB; however, very little is known about the
function and expression pattern of SLC20A2 in the brain.

Analysis of mouse models that mimic certain aspects of
IBGC will advance our understanding of pathogenesis of this
neurodegenerative disease. Currently, three mouse lines with
genetically modified expression of IBGC genes have reported
to develop intracranial brain calcifications (36, 39). Two of
these are Pdgfb hypomorphs (pdgfb ret/ret and pdgfb−/−,
Tie2CreR26hPDGFB). These mice develop brain calcifications
with similar anatomical location, appearance and composition as
those in human IBGC (39). In further similarity to human IBGC,
brain calcifications progress with time in the mentioned mice. It
was also demonstrated that endothelial expression of PDGF-B is
protective of brain calcifications. In addition, the severity of cal-
cification correlates with the degree of pericyte deficiency and
BBB dysfunction (39). Thus, the analysis of mouse Pdgfb
hypomorphs indicates that IBGC may be caused by pericyte defi-
ciency, leading to BBB disruption and the subsequent formation of
calcified lesions. As noted earlier, evidence of a defective BBB has
also been reported in IBGC autopsy cases. Other connections
between BBB deficiency and brain calcification have been noted.
The human autosomal recessive neurodevelopmental disorder
band-like calcification with simplified gyration and polymicro-
gyria, caused by mutations in the OCLN gene, which encoding the
endothelial tight junction protein occludin, is one such example
(64). Blood vessel-associated calcifications are also seen in brains
of occludin knockout mice (70). Thus, loss of the occludin gene in
humans and mice leads to the formation of brain calcifications that
are potentially mediated by changes in BBB permeability. Another
human genetic disease—cerebral cavernous malformation
(CCM)—caused by mutations in the genes encoding endothelial
junctional proteins CCM1, CCM2 or CCM3 affects the venous
capillary bed and is also associated with BBB breakdown and
calcifications (20).
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Thus, whereas it is possible that the BBB dysfunction and
increased vascular permeability in the brain contributes to the
formation of brain calcifications in Pdgfb hypomorphs, it is cur-
rently not known by which mechanism brain calcifications form in
Slc20a2 knockout, the third mouse model of IBGC (36). There are
three families of sodium phosphate co-transporters in mammals.
The type III family comprises PiT2 and PiT1, which are thought to
play a less important role in systemic phosphate homeostasis but
seem to be involved in maintaining cellular phosphate homeostasis
(41). The expression pattern of SLC20A2/PiT2 has been reported
to be ubiquitous, but very few studies have investigated PiT2
expression at the cell type level. A recent immunohistochemical
study reported PiT2 expression in mouse brain in neurons,
astrocytes and endothelial cells (32). However, the specificity of
the used polyclonal antibody staining was not proven. PiT2 has
been shown to be expressed at high level also in VSMC (89). As
SLC20A2 expression is ubiquitous, it is puzzling why SLC20A2
loss-of-mutations cause vessel-associated calcifications restricted
to certain brain regions. Adding to the complexity, PiT1 has been
shown to be necessary for pathological vascular calcification
induced by high P(i)-induced, a process in which VSMC acquired

an osteochondrogenic phenotype in vitro (43). It is paradoxical
why PiT1 GOF causes a similar phenotype as Pit2 LOF.

Thus, there are many unanswered questions about the pathogen-
esis of IBGC. As mentioned previously, it is presently unclear if
the severity of calcified lesions correlates with the clinical mani-
festations of the disease (57). Are calcified lesions causal for
progressive neurodegeneration, or do they represent an innocuous
consequence of another, primary, pathogenic process? IBGC
is also accompanied by a strong neuroinflammatory reaction.
It is noteworthy that inflammation is associated with calcifica-
tion also in the peripheral nervous system (11, 14, 48, 71).
Neuroinflammation might therefore cause changes in the
extracellular environment, favoring the generation of bone-
forming cells and the subsequent formation of a calcified matrix
(Figure 2). While it is unknown if bone-forming cells are at all
generated in association with IBGC lesions, both pericytes and
endothelial appear to have the capacity to differentiate into bone-
forming cells (7, 75). It is therefore not farfetched to speculate that
mutations in IBGC genes may trigger the generation of bone-
forming cells locally in the brain vasculature. Pericytes can form
extracellular calcifications containing hydroxyapatite under in
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Figure 1. Schematic representation of the
mutations reported to date in PDGFB and PDGFRB
and their predicted effects on protein function.
A. A schematic representation of PDGF-Rβ with
PDGF-BB bound to the extracellular ligand-binding
domain. Circles in PDGF-Rβ indicate
immunoglobulin domains and boxes represent
kinase domains. The three idiopathic basal ganglia
calcification (IBGC) mutations reported to date are
indicated by type and approximate position. Note
that one of the mutations is predicted to be
damaging to the receptor functions, as it introduces
a proline residue close to the ATP-binding pocket of
the receptor kinase. Proline residues are known to
have strong effects on the three-dimensional (3D)
structure in this region. B. The PDGF-B precursor
protein is indicated in different shades of gray.
SS, signal sequence for secretion; N-term. PP,
amino-terminal pro-peptide; GF domain, growth
factor domain; Ret. Motif, heparan sulfate
proteoglycan-binding extracellular matrix retention
motif. The nature and approximate position of the
mutations are indicated and their effects described
in boxes with the same color. Haploinsufficiency
indicates that mere loss of one functional copy of
the PDGFB gene is disease causing. For the
mutants with putative residual cysteine residues
engaged in ligand dimerization, a dominant-negative
effect might be conceived, which in theory predicts
a 75% reduction of the amount produced functional
PDGF-BB.
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vitro conditions, a process that is dependent on culture conditions
(72). Whether pericytes can become bone-forming in vivo is not
known. On the contrary, recent studies on fibrodysplasia ossificans
progressiva, a fatal disease characterized by extensive extraskeletal
bone formation, have demonstrated the endothelium as a source of
bone-forming cells (53, 94). In addition to endothelial cells and
pericytes, one may consider the possibility that also other cell
types at neurovascular unit might be able to transdifferentiate
into bone-forming cells, such as microglia or perivascular fibro-
blasts. Microglia are the resident macrophages of the CNS, and
macrophage-derived matrix vesicles have been shown to contrib-
ute to accelerated microcalcification in chronic renal disease (55).
Interestingly, GLAST-Cre expressing cells were also shown to give
rise to bone-forming cell in a mouse model of heterotopic calci-
fication (38). Although the identity of the GLAST-Cre positive
cells in the periphery remains unclear, GLAST-Cre positive cells
in the CNS have been reported to be pericytes, or possibly blood
vessel-associated fibroblasts (22, 82).

It is also unclear why presumable haploinsufficency of
SLC20A2, PDGFB or PDGFRB leads to development of calcifi-
cations and progressive neurodegeneration in humans, whereas
mice possessing only a single copy of functional allele of Slc20a2,
Pdgfb or Pdgrfb (ie, heterozygous knockouts) do not develop brain
calcifications (36, 39) and (Lebouvier, Keller and Betsholtz,
unpub. obs.). Thus, more work is needed to characterize the IBGC
mutations. Are these mutations LOF mutations or have mutated
proteins acquired a new dominant-negative trait? For example, a
truncated form of parkin (Q311X), the most frequently mutated
gene causing early onset autosomal recessive Parkinsonism,
has acquired a toxic neomorphic function, leading to death of
dopaminergic neurons in mice (47). However, as already discussed
earlier, two recent studies have reported heterozygotes genetic
deletions in SLC20A2 and PDGFB gene, confirming the
haploinsufficiency as causal of IBGC (8, 59). Furthermore, the
IBGC case with PDGFB deletion presented with severe
leukoencephalopathy in addition to brain calcification, indicating

that a pure LOF allele may produce the worst outcome (59), hence
arguing against an acquisition of a toxic neomorphic functions as
a disease mechanism.

CONCLUSION
Further analysis of mouse models of IBGC will most likely bring
new insights into the pathogenic mechanism of formation of
ectopic brain calcifications and lead to strategies on how to inter-
fere with the formation of ectopic brain calcifications. Such
studies should also be directed in understanding the cause of
neurodegeneration in this disease. In addition to providing insights
into IBGC pathogenesis, the mouse models might also shed light
on other causes of brain calcification. Certain brain regions com-
monly become calcified during aging, including the pineal gland,
choroid plexus and basal ganglia. Calcifications in the pineal gland
are very common and are often used as anatomical landmarks in
radiological analysis. The calcified structures in the pineal gland
are also called “corpora arenacea” or “brain sand” (88). Although
brain calcification during aging is considered nonpathological,
brain calcifications are nevertheless associated with various brain
pathologies in addition to IBGC (50, 51). These include infections
(eg, viral encephalitis), metabolic changes (eg, chronic kidney
disease, thyroid hormone imbalance), vasculopathies (eg, athero-
sclerosis, cavernomas), tumors (eg, oligodendroglioma, astrocy-
toma), neurodegeneration (eg, Parkinsonism, Huntington and
Alzheimer’s disease) and familial diseases (eg, neurofibromatosis,
Gorlin’s syndrome, MELAS syndrome). Brain calcifications can
also form as a result of toxic injury (eg, carbon monoxide poison-
ing, radio- and chemotherapy). The pathogenic mechanisms
involved in brain calcifications in these diverse conditions are not
understood, except in the cases of systemic imbalance of calcium
and phosphate caused by different diseases (eg, kidney failure,
hypo- or hyperparathyroidism). It is possible, and even likely, that
in spite of wide-ranging etiologies, brain calcification engages
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Figure 2. Cartoon illustrating the changes at the neurovascular unit
(NVU) in idiopathic basal ganglia calcification (IBGC). The illustration
takes into account observations made in genetically engineered mouse
models of IBGC. A. Cross section of a normal NVU. Endothelial cells (E)
are surrounded by a basement membrane (BM), pericytes (P) and astro-
cyte end-feet (AEF). Microglia (M) make contacts to the NVU through
cytoplasmic processes. B. Altered features of the NVU in IBGC. Calci-
fied nodules are associated with blood vessels and are surrounded by

reactive astrocytes and microglia. A hypothetical bone-forming cell (red)
initiates and propagates the formation and growth of the calcified
nodule. The origin of the bone-forming cell is unclear, but available
literature provides precedence for several possible origins, as indicated
(dashed line with question mark). Mouse models of IBGC provide a
correlation between pericyte deficiency and BBB disruption, on the one
hand, and brain calcification, on the other hand. The altered properties of
endothelial cells and pericytes are indicated by their changed shape.
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common pathogenic mechanisms, which may also constitute ideal
targets for therapy.
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