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Abstract

Platelet-derived growth factors (PDGFs) and their receptors (PDGFRs) are expressed in several
cells types including the brain cells such as neuronal progenitors, neurons, astrocytes, and
oligodendrocytes. Emerging evidence shows that PDGF-mediated signaling regulates diverse
functions in the central nervous system (CNS) such as neurogenesis, cell survival, synaptogenesis,
modulation of ligand-gated ion channels, and development of specific types of neurons.
Interestingly, PDGF/PDFGR signaling can elicit paradoxical roles in the CNS, depending on the
cell type and the activation stimuli and is implicated in the pathogenesis of various
neurodegenerative diseases. This review summarizes the role of PDGFs/PDGFRs in several
neurodegenerative diseases such as Alzheimer disease, Parkinson disease, amyotrophic lateral
sclerosis, brain cancer, cerebral ischemia, HIV-1 and drug abuse. Understanding PDGF/PDGFR
signaling may lead to novel approaches for the future development of therapeutic strategies for
combating CNS pathologies.

1. Introduction

Platelet-derived growth factor (PDGF) is a family of cysteine-knot-type growth factors that
are synthesized in several cells including the brain cells such as the neuronal progenitors,
neurons, astrocytes, and oligodendrocytes. PDGF acts in both an autocrine and a paracrine
manner and exerts active roles in embryonic development up until adulthood. The PDGF
family comprises of five functional subunits, which are disulfide-linked homo-or
heterodimers of A-, B-, C-, and D-polypeptide chains, i.e., PDGF-AA, PDGF-AB, PDGF-
BB, PDGF-CC and PDGF-DD (Heldin and Westermark, 1999; Kazlauskas, 2017). These
growth factors prompt their biological functions on cells through binding with their cognate
receptors, namely, PDGF receptor (PDGFR)-a,, and PDGFR-B, via the receptor tyrosine
kinase activity. Binding of PDGF stimulates PDGFR dimerization, which further initiates
intracellular signaling. PDGFR-a has been shown to bind to the A-, B-, and C-chains of
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PDGF, while PDGFR-B binds only to the PDGF-BB-and DD-chains (Andrae et al., 2008;
Chen et al., 2013a; Kazlauskas, 2017).

Although the mitogenic activity of PDGFs has been well-studied in various cell types, the
function of these factors in the central nervous system (CNS), remains less well understood.
PDGF-AA has been shown to function as a potent mitogen for oligodendrocyte progenitors.
Interestingly, PDGF-AA null mice that survived postnatally were shown to develop tremors
due to severe CNS demyelination (Betsholtz, 2004; Fruttiger et al., 1999). PDGF-BB has
been demonstrated to protect primary hippocampal neurons from glutamate-induced
neuronal injury by upregulation of PDGFR-B signaling, exclusively targeting the NR2B
receptors (Beazely et al., 2009). Numerous reports have demonstrated the neuroprotective
potential of PDGFs via protection of neuronal/brain cells from direct /n vitro glutamate-
induced excitotoxicity and hypoxic-ischemic injury (Egawa-Tsuzuki et al., 2004; Ishii et al.,
2006; Tseng and Dichter, 2005). Moreover, PDGFs and PDGFR activation are also vital for
neuronal progenitor cell differentiation into neurons (Erlandsson et al., 2001; Williams et al.,
1997) and have also been reported to guard hippocampal neurons against oxidative insults
and energy deprivation (Cheng and Mattson, 1995). In recent years, PDGF-CC has emerged
as a new player for its potential therapeutic efficacy in various neurodegenerative diseases
such as Alzheimer disease (AD), Parkinson disease (PD), and amyotrophic lateral sclerosis
(ALS) (reviewed in (Lee et al., 2013). This review aims to unravel the role of PDGF/PDGFR
signaling in various CNS cell types such as the neurons, microglia, astrocytes,
oligodendrocytes as well as also focusing on the importance of this axis in various
neurodegenerative diseases.

2. Neurons

PDGFRs are expressed in the neural system during development. Both PDGFR-a and
PDGFR-B are expressed by different neuronal cell types such as the dopaminergic neurons
in the substantia nigra, cortical neurons, striatal neurons, neurospheres, retinal ganglion cells
and neuronal cells in the inner/outer nuclear layers of the retina (Nait Oumesmar et al.,
1997). It has been shown by Tang et al., (2010) that neurons are important cellular targets of
PDGF-CC. PDGF-C treatment either via protein exposure or gene delivery approaches was
able to exert neuroprotective effects in both the retina as well as in neurons. PDGF-C
treatment of various neuronal cell types also inhibited oxidative stress, neurotoxin
production, and neuronal apoptosis via modulation of glycogen synthase kinase 3p
(GSK-3p) activity both /n vivoas well as in vitro (Tang et al., 2010). Reciprocally, PDGF-
CC null mice showed increased neuronal death (Tang et al., 2010).

It has been shown that during ischemia there is increased expression of PDGF-A and -B
mRNA and PDGF-BB and PDGF-AB protein levels in neurons, thereby implicating these
ligands in the damaged brain areas, play an essential role in neuronal survival (Krupinski et
al., 1997). In another study, it has been shown that exogenously administered PDGF-BB
exhibited neuroprotective effects during focal ischemia (Sakata et al., 1998), while also
preventing glutamate and N-methyl-D-aspartate (NMDA)-induced hippocampal neuronal
death (Egawa-Tsuzuki et al., 2004; Tseng and Dichter, 2005). Furthermore, it has also been
demonstrated that serotonin receptor agonist treatment prevented NMDA-induced cell death,
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which in turn, was mediated through increased expression of PDGFR-f in primary
hippocampal neurons (Vasefi et al., 2013; Vasefi et al., 2012). In another study, Chao et al.
(2014) reported that human immunodeficiency virus-1 (HIV-1) Transactivator of
transcription (Tat) protein-mediated impairment of neural precursor cell (NPC) proliferation
was ameliorated by PDGF-BB via the activation of the p38 and c-Jun-N-terminal kinases/
mitogen activated protein kinases (JNK/MAPK) pathways. Interestingly, a novel GSK-3p/p-
catenin pathway has also been implicated in PDGF-BB-mediated neurogenesis.

Studies have also reported that in human neuroblastoma cells PDGF-BB exerts
neuroprotection against HIV-1 envelope glycoprotein, gp120-mediated apoptosis via
activation of the phosphatidylinositol-3-kinase (PI3K)/Akt signaling pathways (Peng et al.,
2008). In rat hippocampal neurons, PDGF-BB has been shown to regulate the expression of
Arc/Arg3.1 gene via activation of the MAPK/extracellular signal regulated kinase (ERK)
pathway and thus has implication in both synaptic plasticities as well as long term
potentiation (Peng et al., 2010). In recent years, it has elegantly been demonstrated that
alterations in PDGF-CC levels and its signaling can exert a robust neuroprotective effect in a
multitude of neurodegenerative disease models such as PD (Tang et al., 2010), ALS
(Lewandowski et al., 2016b), stroke (Su et al., 2008), retinitis pigmentosa (He et al., 2014),
focal retinal degeneration (Wang et al., 2014), glaucoma (Tang et al., 2010), HIV-associated
dementia (Peng et al., 2012) and macular degeneration (Hou et al., 2010; Lee et al., 2013),
thereby underscoring its potential as a therapeutic target.

3. Astrocytes

Astrocytes, the most abundant type of glial cells in the brain, are not only critical for
neuronal support, but also play key roles in CNS homeostasis by exerting a multitude of
vital functions such as neurotransmission (Hansson and Ronnback, 1995), metabolite and
electrolyte homeostasis (Chih and Roberts Jr, 2003; Kofuji and Newman, 2004) (Auestad et
al., 1991), cell signaling (Kirchhoff et al., 2001), inflammation (Colombo and Farina, 2016),
and synapse formation and function (Clarke and Barres, 2013). These cells are the main
players in providing neuronal nourishment by secreting chemokines and growth factors,
controlling the chemical composition surrounding the neurons and by providing physical
and structural support for cerebral capillaries. In reactive astrogliosis, cerebral insults lead to
morphological and functional impairments in astrocytes, and this has been reported to play a
significant role in the pathogenesis underlying various neurodegenerative diseases such as
AD, ALS, Epilepsy, Huntington disease (HD), and Ischemia/stroke and PD (Liu et al.,
2017). Activation of PDGF/PDGFR signaling plays a major role in astrocytic cellular
functions including regulation of metabolic activity, cell differentiation, regulation of
neurotransmitters, thereby underscoring the role of these cells in the development of CNS,
cognitive functioning and neuroprotection (Cabezas et al., 2016).

The effects of PDGF-AA and its role in glial cell differentiation has been well documented
(Raff et al., 1988; Richardson et al., 1988). Several reports have shown that PDGFs can
induce PDGF responsive neural precursor cells to differentiate into oligodendrocytes,
neurons and astrocytes to a lesser extent (Chojnacki et al., 2008; Chojnacki and Weiss, 2004;
Jackson et al., 2006). PDGF secreted by type-1 astrocytes has been known to stimulate the
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proliferation and differentiation of oligodendrocyte progenitor cells into oligodendrocytes
and type-2 astrocytes. In oligodendrocytes, PDGFs not only plays a role in differentiation
but is also critical for migration to specific sites via activation of PDGFR-a
(Fernandovalenzuela et al., 1997; Richardson et al., 1988). It must be noted that astrocyte
migration induced via PDGFR-a-mediated signaling is vital for maintaining cerebral
microvasculature (Itoh et al., 2011). Several lines of evidence indicate that PDGFR-a
signaling is also important for astrocyte network formation during neural retina development
(Fruttiger et al., 1996; Mudhar et al., 1993).

4. Microglia

Microglia, a type of small macrophage-like glial cells within the CNS, that are actively
involved in immune responses like phagocytosis and inflammation have also been shown to
secrete PDGFs (Nicholas et al., 2001; Su et al., 2017b). In another study;, it has been
reported that depending on the state of activation; microglia produces soluble factors that
promote oligodendrocyte development via the PDGFR-a signaling (Nicholas et al., 2001). It
has been shown that application of vascular endothelial growth factor (VEGF) and PDGF at
the same time as a stab injury to the rat brain initially delayed the inflammatory response up
to day 5, but thereafter evoked a persistent astrogliosis and microglial response up to 60 days
(Norazit et al., 2011). It has been suggested that following spinal cord injury treatment with
growth factors such as PDGF and VEGF significantly decreased the numbers of activated/
primed cells while increasing the numbers of phagocytic microglia (Lutton et al., 2012).
More recently, it has been reported that in acute ischemic stroke thrombolytic tissue
plasminogen activator (tPA) treatment on the parenchymal side of the neurovascular unit
increased BBB permeability and improved neurological outcomes via activation of the
PDGF-C/PDGFR-a axis (Su et al., 2017b). Furthermore, in this study it was also suggested
that tPA-induced the expression of integrin Mac-1 in microglia/macrophages, which acts in
concert with the endocytic receptor low-density lipoprotein receptor-related protein 1
(LRP1), thereby promoting PGDF-C signaling and controlling BBB permeability (Su et al.,
2017b).

5. Oligodendrocytes

Oligodendrocytes, the myelinating cells of the CNS originate from oligodendrocyte
progenitors and are known to secrete and respond to numerous key proliferative, survival,
and protective factors including but not limited to VEGF, fibroblast growth factor-2 (FGF2),
and PDGFs (He and Lu, 2013; Pfeiffer et al., 1993). In addition to pericytes and astrocytes,
oligodendrocytes abundantly express PDGFRs. Deficiency of PDGFR-a has been shown to
impair proliferation and regeneration of oligodendrocytes under pathological conditions
implicating thereby the potential role of PDGF-C/PDGFR-a in oligodendrocyte maturation
and axonal myelination (Murtie et al., 2005). In another study, substantial oligodendrocyte
death and subsequent demyelination following spinal cord injury were rescued after
transplantation of PDGF-responsive neural precursors in the spinal cord of rats. One-third of
the surviving PDGF-responsive neural precursors developed into anti-adenomatous
polyposis coli clone CC1 expressing mature oligodendrocytes which, in turn, produced
compact myelin sheaths with normal periodicity, although insufficient to produce behavioral
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improvements (Plemel et al., 2011). In another study, stromal-derived PDGF-C was found to
be a crucial factor in the recruitment and activation of oligodendrocyte progenitor cells and
was involved in the progression of gliomas in the brain (Huang et al., 2014).

6. Spinal cord

Among the PDGFs, PDGF-CC is ubiquitously expressed in multiple tissues including the
brain and spinal cord. In Gekko japonicus, it was shown that expression levels of this factor
were increased after tail amputation and was associated with spinal cord injury and
regeneration (Liu et al., 2009). In another study, Ding et al. (2004) have shown that knocking
out PDGF-CC (Pdgfc="")) resulted in mice lethality owing to difficulties in feeding,
breathing, and defects in the formation of the complete cleft of the secondary palate and
distorted dorsal spinal cord in the lower spine. Lewandowski et al. (2016a) reported that
PDGF-CC mRNA transcript was strongly expressed in the cells of spinal cord tissue,
primarily in a subpopulation of ChAT+ neuronal cells as evidenced by the location of -
galactosidase activity in Pagfc+/lacZ mice. Further, it has been reported in the spinal cords
of presymptomatic SOD1G93A mice; there was increased expression of tPA leading to
proteolytic cleavage of PDGF-CC protein, which in turn, results in accumulation of cleaved
22-kDa PDGF-CC protein with a ligand-dependent activation of PDGFR-a.. While there are
reports on the expression and effects of PDGF-CC in the spinal cord, there is a paucity of
information on the role of other members of the PDGF family in the spinal cord.

7. Blood-brain barrier

BBB separates the parenchyma from circulating blood and extracellular fluid in the brain
and comprises of non-fenestrated tightly-joined endothelial cells with tight junctions, thick
basement membranes, and astrocytic glial end-feet. BBB integrity and its function is thus
tightly regulated by endothelial cells, pericytes, and astrocytes. BBB restricts the diffusion of
microscopic objects and large or hydrophilic molecules into the cerebrospinal fluid (CSF)
while allowing the diffusion of small hydrophobic molecules, such as oxygen, hormones,
and carbon dioxide (Abbott et al., 2010; Lee et al., 2013). It is well recognized that both the
neural and vascular cells express PDGF ligands as well as the receptors, and that signaling
via PDGF receptor activation plays critical roles in both the physiology as well as pathology
of the CNS.

PDGF/PDGFR signaling is associated with a breach of the BBB and underlies stroke as well
as life-threatening CNS edema (Funa and Sasahara, 2014). Indeed, several lines of evidence
have implicated a significant role of PDGFR-a and PDGFR-f in the neurovascular unit and
BBB permeability. Expression of PDGF-BB, for example, has been demonstrated in
vascular endothelial cells while PDGFR-B is expressed in pericytes and vascular smooth
muscle cells (Hellstrom et al., 1999). Recently, it has been shown that PdgfrBF7/F7 mutant
mice with disrupted PDGFR-p signaling showed an early and progressive region-dependent
loss of brain pericytes and vascular smooth muscle cells (VSMCs) in the developing brain,
leading to an aggressive and rapid microvascular phenotype without the early involvement of
VSMCs (Nikolakopoulou et al., 2017).
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It was shown by Su et al. (2008) that there was increased BBB permeability following
intraventricular injection of PDGF-CC protein in mice brain. Furthermore, PDGF-C/
PDGFR-a signaling was involved in the loss of BBB function during the stroke, and
interestingly, pharmacological inhibition of PDGF signaling with the receptor antagonist
imatinib or with neutralizing antibodies to PDGF-CC, significantly improved BBB integrity
(Su et al., 2008; Su et al., 2015). Studies by Ma et al. (2011) have reported that BBB
impairment following intracerebral hemorrhage occurs via PDGFR-a signaling involving
p38 MAPK-mediated matrix metalloproteinase activation, thereby underscoring the role of
these signaling pathways in this process. Recently, Sagare et al. (2015) reported a correlative
link between elevated levels of soluble PDGFR-B in cell culture supernatants and loss of
cell-associated PDGFR- in pericytes. Since BBB disruption and increased permeability
positively correlate with high levels of soluble PDGFR-f in the CSF in patients with mild
dementia, soluble PDGF-BB was suggested as a potential biomarker of brain pericyte injury
and BBB dysfunction (Sagare et al., 2015).

Niu et al. (2014) reported that exposure of pericytes to HIV-1 Tat protein resulted in
increased expression of PDGF-BB, which in turn, led to decreased pericyte coverage with a
subsequent breach of the BBB. Furthermore, Yao et al. (2011a) have also demonstrated that
exposure of human brain microvascular endothelial cells or mice to cocaine resulted in
increased permeability of the endothelial barrier, and this was abrogated by exogenous
administration of PDGF-BB neutralizing antibodies, thereby further underscoring the role of
PDGF/PDGFR axis in BBB disruption and permeability.

8. Role of PDGF and its receptors in CNS development and vascularization

PDGFs/PDGFRs are expressed in the CNS both during developmental and adult stages.
Studies using mutant mice have demonstared the essential roles of PDGFs during
development suggesting regulation of glial and neuronal progenitor cells. Interestingly,
PDGFRA ™~ mice die at mid-gestation due to aortic arch, cleft palate defects or neural crest
defects (Funa and Sasahara, 2014; Schatteman et al., 1992; Soriano, 1997) while PDGFRB
=/~ mice die at birth likley due to ventricular septal, hematopoisis and blood vessel formation
defects (Hellstrom et al., 1999; Leveen et al., 1994; Lindahl et al., 1997; Richarte et al.,
2007). Studies using mice with ligand knockouts have also revealed that PDGFA ™'~ mice die
mid-gestation while those that survive showed defect in lung development (Bostrom et al.,
2002). On the other hand, mice deficient for PDGF-BB exhibited renal, cardiovascular as
well as hematological abnormalities (Hellstrom et al., 1999; Leveen et al., 1994; Lindahl et
al., 1997). PDGF-CC deficient mice exhibited postnatal lethality due to developmental
defects (Ding et al., 2004). Recently, the essential role of PDGF-CC/PDGFR-a has been
shown for the formation of the intact meningeal layer around the mouse cerebrum, and its
deficiency led to secondary brain developmental defects (Andrae et al., 2016). For example,
the brains from newborn Pdgfc™~ and Pdgfra®*’* double mutant mice pups exhibited
several CNS defective phenotypes including spina bifida, irregular shape of cerebral
hemispheres, reduced cerebellum size, and significant differences in an interhemispheric
fissure. In these Pagfc™~ and Pdgfra®*’* double mutant mice pups neuronal over-migration
and decreased the density of the vasculature in the meninges were the likely underlying
causes for abnormalities and regional loss of basement membrane integrity at the brain
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surface (Andrae et al., 2016). Previously, Fredriksson et al. (2012) have also reported that
deficiency of PDGF-CC in C57BL/6 mice showed abnormal cerebral vascularisation and
ventricular malformations with distorted ependymal lining and congenital defects. Similar
studies by Stefanitsch et al. (2015) have reported that ablation of tPA, an activating enzyme
for PGDF-CC, also resulted in cognitive deficits and defective vascularization, strongly
supporting the role of PDGF-CC signaling during CNS development. These studies suggest
that activation of PDGFs signaling could thus be developed as a potential therapeutic
strategy for preventing CNS developmental defects (Andrae et al., 2008).

9. Role of PDGF in neurological disorders

9.1. Alzheimer disease

AD is a progressive neurodegenerative disease that is characterized by dementia and
personality changes (Huberman et al., 1994; Jellinger and Bancher, 1996). The pathological
hallmarks of the disease are accumulation of amyloid beta and hyperphosphorylated Tau
proteins. Since AR accumulation begins decades before symptoms actually manifest, it has
been suggested that biomarkers in the plasma and CSF, could likely indicate the initiation of
disease process much before the actual neurodegeneration process and, can thus be tapped
for therapeutic advantage. It is well realized that plasma is much easier to obtain than CSF
for biomarker testing. In another study, among the different 18 plasma markers studied,
PDGF-BB was considered as one of the most important biomarkers associated with AD
(Ray et al., 2007). The declining levels of plasma PDGF-BB correlated with mild cognitive
impairments observed in AD patients (Bjorkqvist et al., 2012). PDGF-BB was thus
indicative of a useful biomarker in presymptomatic individuals with mild cognitive
impairment (Bjorkqvist et al., 2012). Along the same lines, it was shown in postmortem AD
brains that levels of PDGF-BB in neurons correlated with the patterns of synaptic loss and
sprouting while immunostaining for PDGF-AA in the vessels correlated with glial
proliferation (Masliah et al., 1995). It has been reported by several groups that levels of both
plasma and CSF PDGF-BB and soluble PDGFR- were increased in AD patients, thus
reflecting not only pericyte injury but also dysfunction of the PDGF-BB/PDGFR-B
axis(Sagare et al., 2013; Sagare et al., 2015). In AD transgenic mice, deficiency of PDGFR-
B signaling resulted in pericyte loss leading to BBB disruption, underlying the
neurodegenerative changes independent of amyloid-g (Winkler et al., 2014). On the other
hand, studies in mice overexpressing amyloid-p precursor protein (APP) crossed with
pericyte-deficient (Pdgfrb+/-) mice (APPSw/0,Pdgfrb+/~ mice) indicated that defective
PDGF-BB-PDGFR-B signaling resulted in faulty amyloid- clearance from brain interstitial
fluid by diminishing LRP1- mediated amyloid-f clearance in pericytes culminating into
cerebral amyloid angiopathy (Sagare et al., 2013). Accelerated pericyte degeneration in
APPSw/0; Pdgfrb+/— mice also leads to tau pathology and neuronal loss, which is not
normally seen in APPSw/0mice (Sagare et al., 2013). These data suggest that a two-hit
(vascular and amyloid-p) phenomenon is essential for the development of full-spectrum of
AD-like pathology in mice. Whether a similar two-hit process contributes to the
pathogenesis of late-onset AD in humans, which is characterized by pericyte degeneration
(Sweeney et al., 2016), remains unclear. Moreover, it has been shown that PDGF-BB binds
to sorL1, sorCS1 and sorCS3 (Gliemann et al., 2004; Hermey et al., 2006), which in turn,
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could influence its interaction and downstream signaling from PDGFR-, that ultimately
could lead to pericyte dysfunction and/or degeneration, an observation in late-onset AD
(Baloyannis and Baloyannis, 2012; Farkas and Luiten, 2001; Halliday et al., 2016;
Montagne et al., 2015; Sengillo et al., 2013; Sweeney et al., 2016). In addition to PDGF-BB,
sorL.1 binds other LRP1 ligands analogous to LRP1, which could influence LRP1-mediated
BBB clearance (Zlokovic et al., 2010). More studies are needed to evaluate the effects of
PDGF-BB interactions with sorL1 and sorCS1-3 in downstream PDGFR- signaling in
pericytes to understand whether these Vps10 proteins can be a molecular link between AD
and the pathogenesis of diabetes. Another study has also shown that the APP can be cleaved
by PDGF-BB via the y-secretase dependent pathway (Gianni et al., 2003). Additional vital
role of PDGF in AD has also been reported wherein neurogenesis was observed in the
subventricular zone or dentate gyrus subgranular zone in the PDGF-APP(Sw,Ind) mice brain
(Jin et al., 2004). Taken together these studies underscore the role of PDGF-BB in AD and
its implication as a therapeutic target.

9.2. Parkinson disease

PD is a neurodegenerative brain disorder that is accompanied by intracellular inclusions of
a-synuclein, neuronal loss in the substantia nigra and striatal dopamine deficiency leading to
motor deficits including intentional tremors (Alexander, 2004). It afflicts almost 10 million
people worldwide and has serious health and economic burden. There is an urgent need in
the field for development of regenerative treatment(s) that can halt or reverse the disease
progression. In this regard, several growth factors have been examined for their therapeutic
efficacy, for restoration of the dopaminergic nigrostriatal pathway damaged in this disease.
PDGF-BB is one such candidate that was recently investigated in a phase-1 clinical trial
wherein the findings demonstrated a dose-dependent increase in dopamine transporter
binding in the putamen of PD patients (Paul et al., 2015). In another study, Zacharisson and
colleagues reported that intracerebroventricular administration of PDGF-BB in a 6-
hydroxydopamine medial forebrain bundle lesion mouse model of PD, restored striatal
dopamine transporter binding sites leading, in turn, to reversal of behavioral impairment. In
this study, PDGF-BB was shown to mediate its protective response by promoting
proliferation of neural progenitor cells in the subventricular zone (Zachrisson et al., 2011).
Similar to findings by Zachrisson et al., (2011), in a partial 6-hydroxydopamine medial
forebrain bundle lesion mouse model of PD (Padel et al., 2016), PDGF-BB protected against
behavioral impairment and this was accompanied by restoration of the nigrostriatal pathway
as well as inhibition of pericyte activation. Considering the neuroprotective effects of PDGF-
BB in animal models of PD, clinical trials were conducted on PD patients with recombinant
human PDGF-BB (rhPDGF-BB). Twelve patients with moderate PD received rhPDGF-BB
via an implanted drug infusion pump and an investigational i.c.v. catheter. Results showed
that rhPDGF-BB at all doses was well tolerated and there were no adverse effects of
rhPDGF-BB on the PD patients. This study also showed that there was a positive effect on
dopamine transporter binding in the right putamen in these patients (Paul et al., 2015).
Extensive clinical trials are expected to provide further evidence of safety and efficacy of the
use of this growth factor in PD. In addition to PDGF-BB, PDGF-AA has also been shown to
correlate with levels of plasma a-synuclein in PD patients, indicating thereby its potential as
a biomarker for PD (Lue et al., 2016).
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9.3. Amyotrophic lateral sclerosis

ALS is a progressive neurodegenerative disease, characterized by degeneration of motor
neurons in the brain and spinal cord resulting in paralysis and ultimately death (Chen et al.,
2013b). Only 10% of the ALS affected population are of familial origin while 90% are
sporadic (Chen et al., 2013b). Factors associated with sporadic ALS are heterogeneous and
poorly understood (Robberecht and Philips, 2013). In one study, elevated levels of PDGF-
BB were reported in patients with progressive muscular atrophy and ALS (Furukawa et al.,
2015) while in another study, motor neurons of human sporadic ALS patients were shown to
have increased expression of PDGF-CC gene and its activator PLAT. In the same study;, it
has been demonstrated that activation of the PDGF-CC pathway in the SOD1G93A mice —a
mouse model of ALS, led to the disruption of the blood-spinal cord barrier and capillary
regression (Lewandowski et al., 2016b). In the same model, however, inhibition of PDGF-
CC resulted in restoration of blood spinal cord barrier integrity but did not prevent capillary
regression during end stage disease. Taken together, it was concluded that PDGF-CC
induced blood-spinal cord barrier disruption thereby contributing to the onset of ALS.
Contrary to previous findings, it was reported that PDGF treatment restored the soma and
nucleus, as well as reduced apoptosis in ALS-CSF, exposed motor neurons (Chen et al.,
2014). More studies are required to delineate the role of PDGF family in ALS disease
progression, and to identify the mechanism(s) and therapeutic targets for the disease.

9.4. Cerebral ischemia

Ischemic stroke is a cerebrovascular disease resulting from a transient or permanent
impairment of cerebral blood flow and is accompanied by a disturbance in cellular
homeostasis. Strategies aimed at improving reduced regional cerebral blood supply in time
is critical for better stroke outcomes and post-stroke functional recovery. Restoring
appropriate blood flow via angiogenesis, thereby facilitating increased delivery of oxygen
and nutrients to the affected brain tissue is of paramount importance (Yin et al., 2015). The
role of PDGF-B/PDGFR- system in neuroprotection, angiogenesis, and vascular
remodeling via endothelial-pericyte crosstalk has been well documented in cerebral ischemia
(Renner et al., 2003). Upregulation of PDGF-BB, at the ischemic site, has been observed
within 48h of ischemia, thereby suggesting a role for this factor in vascular remodeling post
stroke (Arimura et al., 2012; Renner et al., 2003). It has been speculated that PDGFR-B
expressed by the brain pericytes as well as in neurons and astrocytes could likely be critical
in mediating the neuroprotective role of PDGF-BB. In fact, in a study involving rat middle
cerebral artery occlusion model of stroke, it was shown that PDGFR-f expression was
specifically upregulated in the pericytes in the peri-infarct areas. Interestingly, in this model,
PDGF-B was also upregulated in endothelial cells in peri-infarct regions with a strong
phosphorylation of Akt in the PDGFRB-expressing pericytes in peri-infarct areas. In the
cultured pericytes, PDGF-B induced cell growth and anti-apoptotic responses through Akt.
In addition to PDGF-B, these authors also found significantly increased expression of nerve
growth factor and neurotrophin-3 involving activation of Akt in pericytes. Thus, the
PDGFRp-Akt signaling in brain pericytes may play various important roles leading to
neuroprotection after ischemic stroke (Arimura et al., 2012).
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PDGFR-B signaling is thus crucial for neuroprotection, endogenous tissue repair and
functional recovery via its signaling in neurons, pericyte/vascular smooth muscle cells and
astrocytes (Shen et al., 2012). Additionally, the role of microglial and neuronal PDGF-B in
neuroprotection has also been well documented (Sasahara et al., 1995). In cells under
ischemic conditions, PDGF-CC has been shown to mobilize endothelial progenitor cells,
induced differentiation of bone marrow cells into endothelial cells; and stimulated migration
of endothelial cells (Li et al., 2005). Interestingly, The association of serum PDGF-CC levels
with hemorrhagic transformation and edema was examined in patients with ischemic stroke
following treatment with tPA and it was found that patients that developed hemorrhagic
transformation in ischemic stroke had higher levels of serum PDGF-CC (Rodriguez-
Gonzalez et al., 2013). It has also been reported that the intraventricular injection of tPA or
the active form of PDGF-CC, in non-ischemic conditions, resulted in significant increase in
cerebrovascular permeability. On the other hand, co-injection of neutralizing antibodies to
PDGF-CC with tPA notably blocked the cerebrovascular permeability, thereby indicating
that PDGF-CC is a downstream target of tPA within the neurovascular unit. These effects
were found to be mediated through the activation of PDGFRa. in perivascular astrocytes, and
furthermore, treatment of mice with imatinib, the PDGFRa antagonist, following ischemic
stroke, reduced both the cerebrovascular permeability as well as hemorrhagic complications
associated with late administration of thrombolytic tPA (Su et al., 2008; Su et al., 2015).
Activation of PDGF-CC by tPA /n vitro however, was inefficient. The mechanism of PDGF-
CC activation in the neurovascular unit however, remains elusive. Recently however, it has
been shown that tPA-mediated activation of PDGF-CC was mediated via the binding of the
integrin Mac-1 (expressed in brain microglia/macrophages) to the endocytic receptor LRP1
in the neurovascular unit (Su et al., 2017a). Modulation of PDGF-CC activity could thus
provide novel opportunities for treating ischemic diseases. Tapping the PDGF/PDGFR axis
for improving angiogenesis, conferring cellular protection, and ameliorating edema, post-
cerebral ischemia could thus be a therapeutic strategy.

9.5. Glioblastoma

Glioblastoma is one of the most aggressive forms of malignant brain tumors, that is resistant
to all forms of therapy often leading to death within 9-12 months of diagnosis (Lokker et al.,
2002). Glioblastomas are associated with numerous genetic alterations affecting cell survival
and proliferation. Among the various types of gene alterations in glioblastoma, PDGF-AA is
one of the most common ones (Lokker et al., 2002). Consistent with altered PDGF
expression, several studies have also shown a role for autocrine PDGFR signaling in glioma
cell proliferation (Lokker et al., 2002). Malignant astrocytoma expressed increased levels of
PDGF-A and PDGF-B compared with nonneoplastic glia. Expression of PDGFR-a. was
found to be elevated both in malignant as well as in low-grade astrocytoma. Expression of
PDGF and PDGFR in low-grade astrocytoma suggests that activation of PDGF autocrine
loops could be an early event in the pathogenesis of malignant astrocytomas (Guha et al.,
1995). In glioma cells, increased expression of PDGFR-a, as well as the PDGF-AA and BB
proteins, has been reported compared with the astrocytoma (Costa et al., 2012; Hermanson
et al., 1992). Furthermore, PDGF-CC and PDGF-DD proteins have also been implied in
autocrine glioma signaling (di Tomaso et al., 2009). Consequently, inhibition of cultured
glioma cell growth has been achieved with different PDGF-AA antagonists, including
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dominant negative forms of PDGFs or PDGF receptors (Shamah et al., 1993; Strawn et al.,
1994).

In vivo, overexpression of PDGF-B in neural progenitors induced the formation of
oligodendrogliomas in about 60% of mice; while overexpression of PDGF in astrocytes
induced the formation of either oligodendrogliomas or mixed oligoastrocytomas in about
40% of mice (Dai et al., 2001; Uhrbom et al., 1998). Interestingly, overexpression of PDGFs
has also been convincingly shown to induce tumors, both in the wild-type animals
(marmoset, rat, mouse) as well as in mice with targeted deletions of suppressor genes such
as Tp53 or Ink4A (Westermark, 2014). In another study, PDGF-BB was shown to
downregulate the expression levels of miR-21 and miR-128, which in turn, was associated
with increased cell proliferation, suggesting thereby that PDGF-BB could enhance tumor
proliferation by modulating the expression of onco-miRs and tumor suppressor miRNAs
(Costa et al., 2012). In another study, it was shown that hypoxia inducible factor 1-a
(HIF-1a) induced the expression of PDGF-B in glioblastoma cell lines (Yoshida et al.,
2006). In support of this study it was also observed that PDGF BB induced the secretion of
VEGF from U-105MG glioma cell line, thereby underscoring its critical role in angiogenesis
(Tsai et al., 1995).

Although most of the studies on gliomas have been performed with PDGF-AA and PDGF-
BB, few other studies have also investigated the roles of PDGF-CC and PDGF-DD. For
example, studies have reported the abundant expression of PDGF-CC in brain tumor cells
and tissues compared to the brains of fetal and normal adults (Lokker et al., 2002). Increased
expression of PDGF-CC in human gliomas has been reported to play a major role in glioma
maturation and stabilization and could be reversed by anti-VEGF therapy (di Tomaso et al.,
2009). Similar to PDGF-CC, PDGF-DD was abundantly expressed in 10 of 11 brain tumor
cell lines and 3 of 5 primary brain tumor samples (Lokker et al., 2002). These authors
further reported that both PDGF-CC and PDGF-DD regulated glioma cell proliferation via
activation of the AKt/Erk/MAPK pathways (Lokker et al., 2002). In another study, it has
been shown that tPA and matriptase are major proteases for processing PDGF-C in MCF7
breast cancer cells. Increased PDGF-C expression resulted in cell proliferation, anchorage-
independent cell growth and tumor cell motility by autocrine signaling. In addition, PDGF-C
produced from MCF7-cells induced fibroblast cell migration via the paracrine loop (Hurst et
al., 2012). It was also shown that the expression of PDGF-C and VEGF in endothelial and
tumor cells of GBM correlated with HIF-1a expression. These findings in GBM tumor cells
and vessels further reinforced the beneficial role of combined anti-angiogenic approaches to
potentially improve the therapeutic response for GBM (Clara et al., 2014). Taken together
these findings suggest that the PDGF/PDGFR-a signaling axis within the glioma stromal
microenvironment could contribute to vascular remodeling and aberrant tumor angiogenesis
in the brain (Huang et al., 2014).

9.6. HIV-1 and drugs of abuse-associated neurological disorders

Despite successful suppression of viremia in the era of combined antiretroviral therapy
(cART), chronic inflammation with underlying neurocognitive impairment continues to
afflict HIV-1-infected individuals (Sacktor et al., 2016; Saylor et al., 2016). Up to 50% of
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the HIV-1-infected individuals exhibit some form of the HIV-1 associated neurocognitive
disorders (HAND). Although cART can successfully control viremia, it has reduced effects
on the expression of early viral gene products such as cytotoxic HIV-1 Tat protein that is
lurking in tissues such as the CNS and lymph nodes, thereby contributing to
neuroinflammation and HAND. In addition, drugs of abuse, such as opiates and cocaine,
potentiate neuroinflammation associated with advanced HIV-1 infection. Several studies
using the Simian immunodeficiency virus (SIV)-infected rhesus macaque model have been
widely used to understand pathogenesis including the role of cytokines, chemokines and
growth factors. In the SIV encephalitis monkey model, increased expression of PDGF-BB
protein has been reproted in the brain (Bethel-Brown et al., 2012). The authors demonstrated
HIV-1 Tat-mediated increased expression of PDGF-BB in astrocytes isolated from rat brains.
In this study PDGF-BB induction was regulated by activation of ERK1/2 and JNK signaling
pathways and the downstream transcription factor early growth response gene, resulting
ultimately in the release of chemokines and proinflammatory cytokines such as monocyte
chemoattractant protein-1 (MCP-1) and IL-1p as well as associated astrogliosis. In another
report it was also shown that MCP-1, an important neuroinflammatory factor that is critical
for the recruitment of monocytes in the CNS played a role in the pathogenesis of HAND,
(Bethel-Brown et al., 2012). This study showed that exposure of monocytes to human
recombinant PDGF-BB protein significantly increased the production and release of MCP-1
at both the RNA and protein levels, which in turn, was regulated by activation of ERK1/2, c-
JNK and p38 MAPK and PI3K/Akt pathways and the downstream transcription factor,
nuclear factor-xB (NF-kB). Furthermore, this study also showed that conditioned media
from PDGF-BB-treated astrocytes increased monocyte transmigration through human brain
microvascular endothelial cells, an effect that was blocked by STI-571, a tyrosine kinase
inhibitor (PDGFR-blocker). These results thus indicated that activation of astrocytes by
PDGF-BB resulted in exaggerated monocyte recruitment into the brain via MCP-1, thereby
underscoring the role of astrocytes in HAND (Bethel-Brown et al., 2012). In another study,
exposure of pericytes to HIV-1 Tat protein induced the expression and release of PDGF-BB,
which in turn, via the autocrine loop led to increased loss of pericytes from the endothelial
barrier via the activation of MAPK pathways resulting in increased neuroinflammation (Niu
etal., 2014).

While the deleterious role of PDGF-BB in HIV-1 has been mentioned in the privious
paragraph, paradoxically, its beneficial role has also been reported. It has been shown that
PDGF-BB restores HIV-1 Tat-mediated impairment of neurogenesis via activating the
GSK-3p/p-catenin signaling axis (Chao et al., 2014). It has also been reported that pre-
treatment of rat hippocampal neural progenitor cells with PDGF-BB restored proliferation
that had been impaired by HIV-1 Tat via its cognate receptors. Further, this study identified
an essential role of transient receptor potential canonical channels (TRPC 1) in PDGF-BB-
mediated proliferation. Parallel but distinct ERK/CREB, PI3K/Akt signaling pathways with
downstream activation of mMTOR/4E-BP and p70S6K and NF-kB were critical for NPC
proliferation. Together these data underpin the role of TRPC 1 channel as a novel target that
regulates cell proliferation-mediated by PDGF-BB with implications for therapeutic
intervention for reversal of impaired neurogenesis mediated by HIV-1 Tat (Yao et al., 2012).
It was also demonstrated that human neuroblastoma cells, SH-SY5Y, exposed to HIV-1 Tat
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resulted in decreased expression of PDGF-CC, and that, pretreatment of SH-SY5Y cells
with PDGF-CC abrogated HIV-1Tat-mediated neurotoxicity by mitigating apoptosis, neurite,
and MAP-2 loss, via the PI3K/Akt signaling pathway (Peng et al., 2012). These findings
collectively imply that PDGF-CC can be developed as a therapeutic target for HIV-1 Tat-
mediated neurotoxicity.

Exposure of endothelial cells to cocaine was shown to increase endothelial barrier
permeability, an effect that was also validated in cocaine-administered mice. This effect was
shown to be abrogated in mice treated with PDGF-BB neutralizing antibody, thus
underscoring the role of PDGF-BB as a vascular permeant (Yao et al., 2011a). Furthermore,
it was also shown that cocaine-mediated induction of PDGF-BB in endothelial cells involved
activation of Notch1 signaling (Yao et al., 2011b). In another study, PDGF-BB pretreatment
of rat hippocampal neural progenitor cells restored HIV-1 Tat or cocaine-induced neuronal
differentiation by mechanisms involving TRPC channels, ERK and Akt pathways (Yang et
al., 2016).

Studies utilizing morphine-dependent SIV-infected rhesus macaques showed reduced
expression of PDGF-BB with a concomitant increase in miR-29b in the basal ganglia
compared with SIV-infected controls (Hu et al., 2012). This phenomenon was further
validated in an /n vitro system wherein exposure of astrocytes to HIV-1 Tat, and morphine
resulted in increased release of exosomal miR-29h. Subsequent addition of these astrocyte-
derived exosomes to neuronal SH-SY5Y cells led to decreased expression of PDGF-BB (a
known target of miR-29b), ultimately leading to neuronal apoptosis (Hu et al., 2012).
Another study also reported increased apoptosis of human neurons following exposure to
both HIV-1 Tat and morphine when compared with cells exposed to HIV-1 Tat alone and
that PDGF-BB reversed these effects (Malik et al., 2011). A recent study has demonstrated
that morphine dysregulates synaptic balance in the hippocampus, a key center for learning
and memory, via a novel signaling pathway involving reactive oxygen species, endoplasmic
reticulum stress, and autophagy. Intriguingly, the detrimental effects of morphine on
synaptic densities were shown to be reversed by PDGF-BB, suggesting its beneficial role.
These results identified a novel cellular mechanism involved in morphine-mediated synaptic
alterations with implications for therapeutic interventions by PDGF-BB (Cai et al., 2016).

Paradoxically, some studies have shown that exposure of endothelial cells to morphine
resulted in upregulation of PDGF-BB expression, leading, in turn, to impairment of BBB
and morphine-induced tolerance. In an /n vitro model of endothelial cells, the functional
significance of increased PDGF-BB expression following morphine exposure manifested as
an increased breach of the endothelial barrier as evidenced by decreased expression of the
tight junction protein, ZO-1 (Wen et al., 2011). In another study, it was observed that
inhibiting PDGFR- signaling selectively eliminated morphine analgesic tolerance without
altering acute analgesic effects of morphine in rats. Furthermore, morphine-induced
PDGFR-B signaling was necessary and sufficient for the behavioral expression of morphine
tolerance (Wang et al., 2012). In summary, then, the beneficial or the detrimental effects of
PDGF-PDGFR signaling discussed above depend on the cell type and the intrinsic host
factors leading to various outcomes (Fig. 2). Understanding the regulation of PDGF/PDGFR
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expression could thus provide insights into the development of potential therapeutic targets
for intervention of morphine/cocaine-mediated toxicity.

10. Conclusions and future perspectives

This review describes the role of PDGFs-PDGFRs signaling in various CNS cell types such
as the neurons, microglia, astrocytes, oligodendrocytes, and peripheral cells. PDGF-
mediated signaling regulates diverse functions in the CNS such as neurogenesis, cell
survival, synaptogenesis, modulation of ligand-gated ion channels, and development of
specific types of neurons. In addition, this review summarizes the role of PDGFs/PDGFRs in
several neurodegenerative diseases such as AD, PD, ALS, brain cancer, cerebral ischemia,
HIV-1 and drug abuse. Of importance is that the PDGF/PDFGR dyad can elicit paradoxical
roles in the CNS, depending on the cell type and the activation stimuli. For example, in the
endothelial cells, PDGF induction can lead to a breach of BBB with concomitant
neuroinflammation. On the other hand, PDGF can provide trophic support for the neurons
against a variety of neurotoxic mediators including cellular and viral products. Thus,
depending on the cell type within the tissue, the same host factor can manifest diverse
activation responses leading to several outcomes. The ultimate consequence of CNS diseases
is thus a result of the ensuing shift in the balance between the neurotrophic versus
neurotoxic products manifested overtime following activating stimuli or insults. Since this
sort of paradoxical regulation is a common theme of cytokines and growth factors, caution
must be exercised in development of therapeutic targets involving these mediators.
Additionally, the pleiotropic functions of PDGFs make specific targeting of this pathway a
major challenge possibly owing to a multiplicity of off-target effects. Although clinical trials
for delivery of growth factors such as glial cell-derived neurotrophic factor and PDGF-BB,
in the CNS have been initiated, outcomes remain limited. The reported PDGF-BB trial
showed positive effects, further clinical trials are required. Future research targeting
individual PDGFs including the less studied PDGF-CC and DD are warranted. Approaches
for specific targeting and drug delivery in the CNS also need further investigation. Future
development of specific nanoparticles for controlled delivery of PDGF or its mimetics, with
the goal of targeting PDGFR in the diseased tissues/specific cells in conjunction with stem
cell-based replacement therapies, could be the next frontier for treatment of
neurodegenerative diseases. Such novel therapies would pave the way for the future
development of therapeutic strategies for combating CNS pathologies.
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