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Chapter 7
Pericytes in Alzheimer’s Disease: Novel 
Clues to Cerebral Amyloid Angiopathy 
Pathogenesis

Alla B. Salmina, Yulia K. Komleva, Olga L. Lopatina, and Alexander Birbrair

Abstract  Pericytes in the central nervous system attract growing attention of neu-
robiologists because of obvious opportunities to use them as target cells in numer-
ous brain diseases. Functional activity of pericytes includes control of integrity of 
the endothelial cell layer, regeneration of vascular cells, and regulation of microcir-
culation. Pericytes are well integrated in the so-called neurovascular unit (NVU) 
serving as a platform for effective communications of neurons, astrocytes, endothe-
lial cells, and pericytes. Contribution of pericytes to the establishment and maintain-
ing the structural and functional integrity of blood–brain barrier is confirmed in 
numerous experimental and clinical studies. The review covers current understand-
ings on the role of pericytes in molecular pathogenesis of NVU/BBB dysfunction in 
Alzheimer’s disease with the special focus on the development of cerebral amyloid 
angiopathy, deregulation of cerebral angiogenesis, and progression of BBB break-
down seen in Alzheimer’s type neurodegeneration.
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�Introduction

Pericytes represent one of the vascular cell populations located next to endothelial 
cells at their abluminal part. Their functioning covers a wide spectrum of activities, 
i.e., control of integrity of the endothelial cell layer, regeneration of vascular cells, 
and regulation of microcirculation (Trost et al. 2016). There is a growing evidence 
that intrinsic plasticity of pericytes is very important for their role on vascular 
remodeling since they are able to control endothelial cells proliferation, apoptosis, 
vascular sprouting, and corresponding regression (Simonavicius et al. 2012; Stapor 
et al. 2014). Pericytes express many surface antigens that are used for phenotyping 
of cells, i.e., nestin, angiopoietin, chondroitin sulfate proteoglycan 4 NG2, CD146, 
CD31 (PECAM-1), platelet-derived growth factor receptor-beta PDGFRβ, and des-
min (Armulik et al. 2011). However, the majority of markers can also be detected 
on other cell types, i.e., CD31 on endothelial cells, NG2 on oligodendrocytes, 
PDGFRβ on fibroblasts. In the context of expression pattern, pericytes seem to be 
very close to mesenchymal stromal cells, and it was suggested that CD146(+)
CD34(−) cells isolated from some (i.e., bone marrow, placenta) but not all the tis-
sues may represent the population of pericytes (Blocki et al. 2013). Generation of 
pericytes occurs in embryonic and postnatal period throughout the life, but the ori-
gin of pericytes remains to be unresolved question in vascular biology, and current 
data suggest that even within one tissue pericytes seem to be heterogenous in their 
developmental story (Dias Moura Prazeres et al. 2017). Application of immunos-
taining for detection of surface antigens, using of transgenic markers (i.e., XlacZ4 
and NG2 dsRED) and numerous functional assays allowed identifying several sub-
types of pericytes, particularly, type-1 pericytes contribute to fibrogenesis and pro-
duction of collagen (Birbrair et al. 2013, 2014a, b, c) whereas type-2 pericytes take 
part in angiogenesis (Birbrair et al. 2014a, b, c).

Pericytes in the central nervous system (CNS) attract the growing attention of 
neurobiologists because of obvious opportunities to use them as target cells in 
numerous brain diseases. Cerebral microvessels have higher pericytes/endothelial 
cells ratio (10–30-fold) than other tissues (Winkler et al. 2014), thereby the role of 
pericytes in controlling brain microvessel endothelial cell (BMECs) functional 
activity is rather significant. Brain pericytes are sparsely distributed and occupied 
the middle of the capillary bed, keep relative stability of their somata but demon-
strate dynamic changes in their processes in the adult brain, and may effectively 
recover after damage (Berthiaume et al. 2018). Being in a close contact with endo-
thelial cells, pericytes are surrounded by basement membrane and extend processes 
both along and around capillaries (Attwell et  al. 2016), therefore, there are no 
doubts on the key role of pericytes in the control of endothelial cells. Thus, in the 
brain tissue, they are well integrated in the concept of neurovascular unit (NVU) as 
a platform for effective communications of neurons, astrocytes, endothelial cells, 
and pericytes which is required for the maintenance of metabolic coupling, gliovas-
cular control as well as the integrity of the blood–brain barrier (BBB) in (patho)
physiological conditions (Salmina et al. 2014). In addition, the activity of pericytes 
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attributes to the regulation of cerebral angiogenesis (experience-induced and repar-
ative), acquisition of specific phenotype of BMECs, establishment of neurovascular 
coupling providing adequate blood supply in active brain regions, promotion of 
neurogenesis within neurogenic niches or oligodendrogenesis within oligovascular 
niches (Hall et al. 2014; Trost et al. 2016). Moreover, pericytes are recognized as a 
key cellular component of BBB models in  vitro suggested for BBB-on-chip or 
brain-on-chip microphysiological systems as well as a promising tool for nervous 
system regeneration (Yamamizu et al. 2017; Greenwood-Goodwin et al. 2016; Tian 
et al. 2017). Thus, pericyte dysfunction in neurodevelopmental and neurodegenera-
tive diseases is gradually becoming a “hot topic” in neurosciences.

�Pericyte Dysfunction in Cerebral Amyloid Angiopathy

Dysfunction of NVU is a well-recognized feature of Alzheimer’s disease (AD) 
(Salmina et al. 2010, 2015a, b). In addition to other hypothesis of AD development 
(amyloid, calcium, or gliocentric), for more than two recent decades, pathogenesis 
of AD has been discussed in the context of prominent vascular alterations culminat-
ing in the establishment of the so-called cerebral amyloid angiopathy (CAA) caused 
by the accumulation of beta-amyloid (Aβ) in small-sized and medium-sized vessels, 
mostly arterial (Biffi and Greenberg 2011) predominantly in leptomeningeal and 
cortical vessels of cerebral lobes and cerebellum (Yamada 2015). In severe angiopa-
thy, amyloid deposits replace degenerating vessel smooth muscle cells leading to 
microaneurysms formation and hemorrhages (Yamada 2000; Jellinger 2002). In 
general, vascular nature of AD has been confirmed in numerous epidemiological, 
neuroimaging, pathological, experimental, and clinical studies (de la Torre 2004) 
(Fig. 7.1). The vascular hypothesis of AD underlies the initial role of chronic cere-
bral hypoperfusion, abnormal microvascular remodeling, BBB breakdown, devel-
opment of ischemic lesions and microhemorrhages associated with Aβ deposition, 
neuroinflammation, NVU disorganization, loss of neuroplasticity, and synaptic 
plasticity, thereby resulting in progressive cognitive and behavioral deficits (Salmina 
et al. 2015a, b) (Fig. 7.2).

It is clear that all types of cells within the NVU could be affected in CAA; there-
fore, it is easy to observe endothelial alterations and smooth muscle cells degenera-
tion in medium-sized cerebral vessels, as well as endothelial dysfunction, pathology 
of perivascular astroglia and prominent pericytes loss in cerebral microvessels along 
the time-course of AD progression. These changes affect the viability of neuronal 
cells (Grammas et al. 1999), alter microcirculation (Pluta et al. 2013), and lead to 
chronic ischemia and neurodegeneration. In a contrast to other NVU cells, pericytes 
have not been recognized as dramatically affected cells in the pathogenesis of AD, 
but recent findings suggest their significant role in the progression of AD-associated 
microvascular alterations and impairment of plasticity in AD brain.

At this point, it should be clarified that morphology and physiology of pericytes 
might be greatly compromised in aged brain, therefore, one should take care while 
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talking about pericytes dysfunction in a time-course of Alzheimer’s type of demen-
tia. As an example, aging is always associated with pericytes loss in various tissues 
and dramatic changes in their myogenic or angiogenic capacity, and decreased num-
ber of effective endothelial–pericyte interactions (Hughes et al. 2006; Birbrair et al. 
2014a, b, c; Stefanska et al. 2015). Pericytes aging is also important in the brain 
tissue where reduction of pericytes number might be partially compensated by 
extension of their processes, presumably, due to the activity of PDGF/PDGFR sig-
naling. Particularly, Berthiaume and colleagues demonstrated that pericytes can 
participate in vascular remodeling in the adult brain. The authors revealed pericytes’ 
plasticity in the adult brain by using elegant state-of-the-art techniques, including 
two-photon microscopy in combination with sophisticated Cre/loxP in vivo tracing 
technologies. They imaged at high resolution over several weeks cerebral pericytes 
in NG2-CreER/TdTomato, Myh11-CreER/TdTomato, and PDGFRβ-Cre/YFP 
mice. These experiments unveiled that pericytes compose a quasi-continuous, not 
overlapping, network along the entire length of blood vessels. Interestingly, the 
pericytes’ prolongations were not stable in length, extending or retracting during the 
period of analysis. Then, the authors explored the effect of pericyte’s death on its 
neighbor pericytes. After pericyte’ ablation, using targeted two-photon irradiation, 
Berthiaume and colleagues showed that adjacent pericytes extend their processes 
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Fig. 7.1  Mechanisms of neurovascular unit dysfunction in Alzheimer’s disease. NVU dysfunction 
is an obligatory component of Alzheimer’s disease pathogenesis. Compared with the normal brain, 
Alzheimer’s diseases brain is characterized by prominent neuronal loss, reactive gliosis, dysfunc-
tion and death of brain microvessel endothelial cells and pericytes caused by excessive accumula-
tion of Aβ in brain parenchyma and perivascular region. As a result, structural and functional 
integrity of BBB is compromised, thereby supporting the establishment of circulus vitiosus
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into the uncovered area, covering the exposed blood vessel. Strikingly, neighboring 
pericytes are able to inhibit vascular dilatation that happens after pericyte depletion 
(Berthiaume et  al. 2018). Thus, one may assume that aging- or Alzheimer’s-
associated loss of pericytes in cerebral microvessels could lead to compensatory 
extension of processes from neighboring pericytes in order to cover the most achiev-
able area at the abluminal side of BMECs. However, since both aging and 
Alzheimer’s type of neurodegeneration are often accompanied by elevation in 
PDGF levels or dysfunction in PDGF/PDGFR signaling (Vazquez-Padron et  al. 
2004; Liu et al. 2018), remodeling of remaining pericytes might be inefficient to 
compensate for pericytes loss, thereby leading to incomplete coverage of BMECs 
and aberrant BBB structural and functional integrity.

Indeed, Alzheimer’s type of neurodegeneration is marked with significant and 
progressive pericytes loss (Giannoni et  al. 2016). Several recent reviews were 
focused on the role of pericytes in the pathogenesis of AD (Winkler et al. 2014; 
Kisler et al. 2017a, b). Aβ is toxic for cerebral pericytes, thereby, pericyte loss fur-
ther contributes to amyloid neurotoxicity as it was confirmed in mice overexpress-
ing the Swedish mutation of human Aβ-precursor protein (APPsw/0) and crossed 
with pericyte-deficient platelet-derived growth factor receptor-β (PDGFRβ+/−) 
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Fig. 7.2  Molecular pathogenesis of cerebral amyloid angiopathy (CAA) development in 
Alzheimer’s disease. Various mechanisms contribute to initiation and progression of CAA in 
Alzheimer’s disease, including excessive Aβ production, inadequate Aβ clearance, insufficient 
blood supply in affected brain regions, and neuroinflammation
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mice (Sagare et al. 2013). Moreover, when C3H/10T1/2 mouse mesenchymal stem 
cells were differentiated into pericytes and stereotaxically injected into the brains of 
amyloid AD model APP/PS1 mice, local microcirculation was improved, whereas 
the levels of Aβ in the brain tissue were reduced 3 weeks later. Thus, it was found 
that functionally competent pericytes may contribute a lot to maintaining the ade-
quate blood supply to the brain tissue and provide clearance of Aβ (Tachibana et al. 
2018). Unfortunately, in a time-course of AD progression, pericytes are gradually 
losing their ability to control local blood flow and AD transport, therefore, clinical 
stages of AD are already associated with dramatic changes in pericytes quantity 
(due to apoptosis) and quality (due to intensification of pericyte dysfunction). The 
same effect might be achieved by high-fat diet provoking progressive pericytes loss 
and aberrant neurovascular coupling, Aβ accumulation and BBB breakdown 
(Thériault et al. 2016). Analogous changes in pericytes number could result from 
the accumulation of advanced glycation end products (AGEs) formed under the 
conditions of chronic hyperglycemia and non-enzymatic protein glycation (Lange 
et al. 2013) that are able to interact with their own receptors (RAGEs) expressed on 
endothelial cells and pericytes, thereby leading to apoptosis (Yamagishi et al. 2005). 
Even these data were obtained in diabetic pericytes, one may assume that the same 
mechanisms might be essential in Alzheimer’s disease characterized by local insulin 
resistance and alterations in glucose utilization in brain cells.

Thus, the main causes of pericytes loss in Alzheimer’s disease might be sum-
marized as follows: (1) toxic action of supraphysiological concentrations of Aβ 
leading to pericytes injury and cell death; (2) toxic action of reactive oxygen spe-
cies produced in the conditions of oxidative stress and excitotoxicity within the 
NVU; (3) pro-apoptotic action of AGEs; (4) aberrant signaling pathways that con-
tribute to the control of pericytes’ functional activity and viability (i.e., PDGF-, 
TGFβ1-, or angiopoietin/Tie2-mediated); (5) metabolic alterations in pericytes; 
(6) excessive pericytes remodeling due to stimulation of angiogenesis leading to 
hypervascularity.

Pericytes take an active part in the translocation of Aβ through the BBB. In nor-
mal conditions, low-density lipoprotein receptor-related protein-1 (LRP1) acting as 
Aβ translocator is abundantly expressed in BMECs and pericytes being involved in 
the transfer of Aβ which is constantly produced in the brain tissue to the peripheral 
blood (Winkler et al. 2014). AD-associated loss of pericytes results in impaired 
clearance of Aβ in the brain, thereby leading to amyloid deposition and develop-
ment of CAA. Moreover, incubation of cerebrovascular cells in vitro with toxic con-
centrations of Aβ results in the increase of LRP1 expression, probably, for better 
internalization of amyloid by pericytes, but excess of Aβ leads to loss of pericytes 
(Wilhelmus et al. 2007).

In general, pericytes appear as a nice model to study Alzheimer’s type of neuro-
degeneration in vitro. In very early studies, pericytes have been shown to produce 
and metabolize amyloid precursor protein (APP) as well as some other APP-
associated molecules (ApoE, complement factor C1q (Verbeek et al. 1999)). At the 
same time, pericytes serve as a target for the cytotoxic action of Aβ but seem to be 
more resistant to its action comparing to other brain cells, i.e., in terms of Ca2+ sig-
naling: basal levels of intracellular Ca2+ are greatly affected by the exposure of 
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pericytes to Aβ in  vitro, however, calcium machinery controlled by G-protein-
coupled receptors remains unaffected (Piegsa et al. 2017).

In APPsw/0; Pdgfrβ+/−, pericyte deficiency leads to progression of signs of tau 
pathology and an early neuronal loss further resulting in accelerated cognitive 
decline due to complimentary harmful effects of Aβ accumulation and pericytes loss 
(Sagare et al. 2013).

Interesting properties of pericytes have been described in hypothalamus where 
these cells can specifically increase insulin sensitivity of hypothalamic neurons 
(Takahashi et al. 2015). Taking into consideration the current view on the pathogen-
esis of AD as a local insulin resistance and impairment of glucose metabolism in the 
brain tissue (An et al. 2018), one can suggest that pericytes loss in the defined brain 
regions could be responsible for reduced susceptibility of neurons to insulin action 
and glucose utilization. Pericytes serve as important regulators of insulin transport 
through the BBB (Banks et al. 2012), and, vice versa, insulin stabilizes BMECs-
pericytes interactions and integrity of tight junctions within the BBB in a phos-
phoinositide-3 kinase/protein kinase B/glycogen synthase kinase-3β-dependent 
manner (Ito et al. 2017). Thus, dysfunction of pericytes in AD might lead to poor 
entry of peripherally produced insulin into the brain tissue and aggravation of local 
insulin resistance state. It is interesting that insulin may protect cerebral pericytes 
from Aβ cytotoxicity (Rensink et al. 2004a), whereas the treatment of pericytes with 
toxic concentrations of Aβ results in decreased expression of insulin-like growth 
factor-binding protein-2 mRNA (Rensink et al. 2004b).

Since functional insulin receptors are expressed in pericytes (Escudero et al. 
2017), local insulin resistance in AD would have more pronounced effects on peri-
cytes viability and functioning by limiting their glycolytic activity. It was shown 
that the inhibition of 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 
(PFKFB3) activity (regulatory glycolytic enzyme) in pericytes resulted in dramatic 
changes such as suppression of motility and increasing adhesion to endothelial 
cells, thereby resulting in better coverage of endothelial layer with pericytes and, 
obviously, in the establishment of anti-angiogenic microenvironment (Cantelmo 
et al. 2016). However, no GluT4 expression has been detected in brain pericytes; 
therefore, insulin action on pericyte glycolytic metabolism needs in further careful 
evaluation.

Pericytes contribute a lot to the local control of cerebral blood flow, particularly, 
they are able to dilate in response to neuronal stimulation to provide adequate blood 
supply in active brain regions (Winkler et  al. 2014). When functional activity of 
pericytes is compromised, i.e., in PDGFRβ+/− mice, such responses to neuronal 
stimulation is abolished within the NVU without obvious changes in the activity of 
other cells regulating functional hyperemia (BMEC, perivascular astroglia). As a 
result of hemodynamic alterations, NVU dysfunction develops and leads to neuro-
degeneration. PDGFRβ−/− also demonstrate delayed capillary but not arteriolar 
dilation to various stimuli corresponding to lack of pericyte coverage of BMECs 
(Kisler et  al. 2017a, b). However, very recent data obtained with an optogenetic 
approach to pericytes stimulation suggest that pericyte-controlled diameter of small 
vessels in the brain tissue might not predominate over smooth-muscle actin (SMA)-
regulated constriction of arterioles (Sweeney et al. 2018).
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Other factors contributing to pericyte dysfunction and promotion of CAA are as 
follows: (1) oxidative stress due to Aβ-mediated cytotoxicity, overproduction of 
reactive oxygen species (ROS) and CAA-associated cerebrovascular deficits (Han 
et al. 2015), microglia-induced activation of pericytes leading to ROS production 
(Ding et al. 2017); (2) aberrant PDGFRβ expression and signaling induced by Aβ in 
neuronal cells (Liu et al. 2018) and in pericytes (Miners et al. 2018); (3) mitochon-
drial dysfunction caused by the deposition of Aβ and progression of CAA culminat-
ing in pericytes degeneration (Szpak et  al. 2007); (4) hypoxia-induced 
HIF-1-mediated changes in pericytes motility and adhesion (Mayo and Bearden 
2015) leading to excessive angiogenesis and hypervascularity of brain tissue.

Figure 7.3 summarizes current understandings of alterations of pericytes biology 
in CAA.
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Fig. 7.3  Molecular mechanisms leading to pericytes loss in cerebral amyloid angiopathy (CAA). 
Neurotoxic action of accumulated Aβ in Alzheimer’s disease leads to local insulin resistance which 
further promotes Aβ production and deposition. Chronic high levels of extracellular glucose result 
in non-enzymatic protein glycation, accumulation of advanced glycation end products (AGEs) and 
persistent activation of their receptors (RAGE) in pericytes. Then, pericytes respond to these 
changes by activation transcription of oxidative stress- and hypoxia-controlled transcription fac-
tors, thereby switching on the programmed cell death. Aberrant neoangiogenesis and neuroinflam-
mation serve as mechanisms supporting non-reversible pericytes dysfunction
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�Pericyte Dysfunction in Cerebral Hypervascularity and BBB 
Breakdown Associated with Alzheimer’s Disease

Role of pericytes in controlling angiogenesis is well established. Particularly, they 
may participate in different stages of angiogenic process: (1) establishment of local 
pro-angiogenic microenvironment stimulating endothelial cells to proliferate and to 
migrate along the newly forming vascular tube; (2) detachment from the abluminal 
part of endothelial cells to ensure effective contribution of tip-cells to the vessel 
elongation; (3) regulation of final stages of angiogenesis when maturation of newly 
established vessels is of key importance for the integration of vessel in the pre-
existing vascular network and acquisition of selective permeability; (4) controlling 
processes of microvascular rarefaction that are essential for adequate remodeling of 
vessels; (5) support of endothelial cells survival and functional competence 
(Benjamin et al. 1998; Franco et al. 2011; Ribatti et al. 2011; Simonavicius et al. 
2012; Eilken et al. 2017). To do this, pericytes utilize many signaling pathways, 
including PDGF, VEGF, Angiopoietin/Tie, MMP9, Notch, Endosialin/CD248, puri-
nergic signaling, and gap junction machinery.

Recently, it became clear that AD is characterized by paradoxical hypervascular-
ity occurring due to excessive neoangiogenesis and establishment of newly formed 
small vessels with leaky BBB (Biron et al. 2011). Cessation of neoangiogenesis by 
Aβ immunotherapy may prevent further brain tissue degeneration (Biron et  al. 
2013). Disruption of PDGFRβ-mediated signaling in brain pericytes results in early 
and progressive loss of pericytes, microvascular rarefaction and alterations in BB 
structural and functional integrity predominantly in the cortex, hippocampus and 
striatum (Nikolakopoulou et al. 2017), thus providing new insights in the patho-
genic role of pericyte-controlled vascular factor in AD.

Unstimulated pericytes support vessel wall integrity, however, they convert into 
cells with evident pro-angiogenic potential being stimulated by various regulatory 
and damaging factors. Recent data suggest that pericytes may contribute to exces-
sive angiogenesis in AD via several mechanisms. First of all, as it was mentioned 
above, detachment of pericytes from the endothelial cell layer associated with 
CypA-MMP9-mediated basal membrane destruction is required for tip-cell move-
ment and vascular tube formation. Secondly, stimulated pericytes are able to pro-
duce numerous pro-angiogenic factors, i.e., ligands of chemokine receptor CXCR3 
(probably, CXCL4/platelet factor 4, CXCL9/MIG, CXCL10/IP-10, or CXCL11/
IP-9) expressed on endothelial cells (Bodnar et al. 2013), or angiopoietin involved 
in angiopoietin/Tie signaling between endothelial cells and pericytes (Teichert et al. 
2017), thereby affecting cerebral angiogenesis being damaged by accumulating Aβ. 
Thirdly, pericytes may contribute to cerebral microvascular rarefaction seen in nor-
mal aging and AD and correlating with dementia progression and BBB impairment 
(Tucsek et al. 2014). The same phenomenon—microvascular rarefaction and peri-
cytes deficiency—is also well recognized in hypertensive individuals with AD (Toth 
et al. 2013), thereby leading to microthrombosis, inadequate blood supply in active 
brain regions. Fourthly, metabolic disturbances caused by the impairment of glucose 

7  Pericytes in Alzheimer’s Disease: Novel Clues to Cerebral Amyloid Angiopathy…



156

metabolism in AD brain could lead to suppressed glycolytic flux in BMECs and 
pericytes, thereby resulting in abnormal vessel sprouting and disorganization, 
reduced pericyte coverage, and breakdown of BBB (Cruys et  al. 2016). Finally, 
insulin signaling which is absolutely required for developmental angiogenesis and 
is rather specific for pericytes (Warmke et al. 2017).

Basal and stimulated production of lactate in glycolysis and its transport between 
the NVU cells is an important mechanism of angiogenesis and barriergenesis regu-
lation in the brain tissue (Salmina et al. 2015a, b). Astrocytes serve a major source 
of lactate which is utilized by neurons (for energy production) and by endothelial 
cells (for brain-to-blood transfer). Within the NVU, lactate acts at target cells via 
specific lactate receptor (HCAR1/GPR81) which is known as metabolic sensor reg-
ulating several processes in carbohydrate and lipid metabolism, partially in the 
insulin-dependent manner in some peripheral tissues and in the NVU as well 
(Ahmed et al. 2010; Lauritzen et al. 2014). In this context, lactate acts as autocrine 
or paracrine regulator. Recently, we have shown that long-lasting stimulation of 
GPR81 receptors in BMECs in vitro could activates mitochondrial biogenesis but 
suppresses expression of monocarboxylate transporter-1 (MCT-1) and CD147 
(Khilazheva et  al. 2017). Taking into consideration that cerebral pericytes are 
equipped with GPR81 whose stimulation results in the elevation of local VEGFA 
levels and promotion of angiogenesis associated with the activation of extracellular 
signal-regulated kinase (ERK1/2)- and Akt (Morland et al. 2017), one may suggest 
that local production of lactate in active brain regions (due to neuron-astroglia meta-
bolic coupling) could activate both pericytes and BMEC to provide microenviron-
ment favoring angiogenesis. Moreover, it may also have some additional meaning 
in the context of vascular tone regulation as it was shown in retinal pericytes sub-
jected to extracellular lactate (Yamanishi et al. 2006). High concentrations of lactate 
is a hallmark of aging and AD progression (Kapogiannis and Reiter 2014; Liguori 
et al. 2015); therefore, it is tempting to speculate that permanent elevated levels of 
lactate could degenerating brain to excessive angiogenesis (presumably, via mecha-
nism involving BMECs and pericytes activation via GPR81 receptors) resulting in 
the establishment of disorganized and defective microvessels with impaired barrier 
function.

The unresolved question remains whether such changes could have any relation 
to the mechanism of pro-angiogenic activity of hormones and growth factors (i.e., 
insulin or VEGF) which implies detachment of pericytes from endothelial cells as a 
prerequisite for effective tip-cell proliferation and migration along the growing vas-
cular tube (Escudero et al. 2017). If so, Aβ-induced pericytes loss from the affected 
brain microvessels could serve as a mechanism of angiogenesis support. However, 
in a case of CAA, loss of pericytes would result in unbalanced pro- and anti-angio-
genic activities in the perivascular space further leading to abnormal 
hypervascularity.

As expected, location of pericytes just next to the endothelial cell layer makes 
them ideal contributors to the control of BBB permeability. As an example, expres-
sion of CD146 which acts as a co-receptor for PDGFRβ is required for efficient 
pericyte–endothelial interactions and maturation of the BBB (Chen et  al. 2017). 
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Cerebrovascular pericytes produce lipidated  forms of ApoE acting together with 
perivascular astroglial cells, and ApoE suppresses motility of pericytes and their 
adhesion in LRP1- and RhoA-dependent manner (Casey et al. 2015). Experimental 
data obtained in mice with targeted replacement of murine ApoE with each human 
ApoE isoform or in ApoE−/− mice demonstrate that ApoE is required for the cere-
brovascular integrity by regulating cyclophilin A (CypA)–NF-κB–matrix metallo-
proteinase (MMP9) pathway in pericytes, whereas insufficiency of ApoE expression 
leads to elevated production of CypA in pericytes and disruption of tight junctions 
in BMECs (Bell et al. 2012). Individuals with ApoE4 gene (genetic risk factor for 
AD) display severe alterations of BBB structural and functional integrity that are 
related to the degree of pericytes loss in brain microvessels due to ApoE4 leads to 
excessive activation of LRP1-dependent cyclophilin A (CypA)– matrix metallopro-
teinase 9 (MMP-9) signaling in pericytes (Halliday et al. 2016).

Degree of pericytes loss correlates with the impairment of BBB permeability in 
individuals with Alzheimer’s type of neurodegeneration: high levels of sPDGFRβ 
originated from dysfunctional or destroyed pericytes have been detected in the cere-
brovascular fluid of persons with mild cognitive impairment (MCI) compared to 
age-matched cognitively normal subjects, sPDGFRβ concentrations positively cor-
related with increased BBB permeability in the hippocampus of MCI patients 
(Montagne et al. 2015).

Elevated permeability of BBB caused (at least, partially) by functionally incom-
petent or damaged pericytes, and provides conditions for progression of neuroin-
flammation which is a key mechanism of AD pathogenesis. Contribution of glial 
cells and pericytes to the pathogenesis of neuroinflammation can be distinguished, 
i.e., in the 3D BBB-on-chip model in vitro (Herland et al. 2016). It should be noted 
that pericytes may act as macrophage-like cells to clean extracellular perivascular 
fluid in the brain tissue by means of phagocytosis and pinocytosis (Bergers and 
Song 2005). Besides, they have rather impressive secretome consisting of chemo-
kines, interleukins (IL-9, -10, -12, -13), granulocyte-colony stimulating factor, 
granulocyte macrophage-colony stimulating factor, etc., particularly, being acti-
vated with pro-inflammatory stimuli (Kovac et al. 2011). On the other hand, neuro-
inflammation affects pericytes viability and functional activity, i.e., TGFβ1 whose 
dyscoordinated signaling has been detected in AD (von Bernhardi et al. 2015) may 
stimulate pericytes to release pro-inflammatory cytokines and extracellular matrix 
degrading enzymes. As a result, BBB integrity is compromised and microglia is 
attracted to the site of neuroinflammation (Rustenhoven et al. 2016). Some data sug-
gest that due to multipotent stem cell activity of pericytes, they may serve as a 
source of microglial cells in brain ischemia (Sakuma et al. 2016), but whether this 
mechanism is active in chronic neurodegeneration is not clear yet.

In some clonogenic niches (i.e., in the bone marrow), CD146+ pericytes exist as 
multipotent cells (Mangialardi et al. 2016). In the brain, pericytes may differentiate 
to microglia in conditions with the demand for more immune cells, whereas neuro-
nal cells could be also achieved from pericytes by means of genetic reprogramming 
procedure in  vitro (Karow et  al. 2012). Thus, the plasticity of pericytes allows 
achieving a phenotype which is mainly anticipated in the context of current 
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conditions in the brain tissue. At the same time, pericyte-regulated BBB permeabil-
ity may affect neuroplasticity as well. It is known that BBB serve as a platform for 
neurogenic and oligovascular niches providing optimal microenvironment for neu-
rogenesis and oligodendrogenesis in (patho)physiological conditions. Partially 
compromised BBB may be rather important for the effective adjustment of niche 
microenvironment to the metabolic needs of neural stem cells and progenitors: 
leaky BBB could be an advantage for the population of actively proliferating cells 
with high intensity of metabolism. In a contrast to the structure of BBB in other 
brain regions or BBB in microvessels of hippocampal subgranular zone (SGZ), vas-
cular scaffold in the subventricular zone (SVZ) is characterized by less expression 
of tight junction proteins and aquaporin-4 (AQP4), probably, for the direct contact 
of endothelium with stem or progenitors cells. Hence, BBB in this neurogenic niche 
might be functionally defective (Pozhilenkova et al. 2017), presumably, for main-
taining the number of quiescent stem cells and preventing depletion of their pool 
(Ottone et  al. 2014). Recent data reveal that pericytes play an important role in 
controlling stem cells proliferation within SVZ (Crouch et al. 2015). In SGZ, peri-
cytes act in a coordination with astrocytes and endothelial cells being, probably, 
mainly involved in the regulation of stem cells adhesion (Ehret et al. 2015). However, 
how pericytes dysfunction may affect adult neurogenesis in Alzheimer’s disease is 
not clear yet and requires scrupulous investigation.

In oligovascular niches, pericytes contact to oligodendrocyte progenitor cells 
(OPCs) and these two cell populations mutually regulate proliferation and support 
survival of each other in the perivascular region (Maki et al. 2015). Thus, pericytes 
may control the process of oligodendrogenesis and myelinization of axons in newly 
formed neurons. Since oligodendrocyte pathology is a very early sign of AD (Desai 
et al. 2010), one may assume that oligovascular niches might be compromised due 
to insufficient pericyte support of OPCs development.

In sum, pericyte dysfunction in AD results in the induction of aberrant angiogen-
esis, pathological hypervascularity, disorganized microvasculature, and leaky 
BBB. AD-affected pericytes that should control neurogenesis and oligodendrogen-
esis lose their ability to support stem cells population dynamics, thereby contribut-
ing to progressive cognitive deficits. Figure  7.4 shows mechanisms of 
pericyte-mediated control of BBB integrity, angiogenesis and neurogenesis in 
Alzheimer’s disease.

�Summary and Future Prospects

Deciphering a role of pericytes in the regulation of key mechanisms within the 
NVU, incl. gliovascular control, BBB integrity, immune defense etc., suggests 
novel approaches to the treatment of CNS disorders associated with NVU dysfunc-
tion (neurodegeneration, stroke, trauma, neuroinfection). As an example, contractile 
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pericytes in the brain vessels serve as cellular mediators of no-reflow phenomenon 
seen in ischemic brain tissue (O’Farrell et al. 2017); therefore, targeting pericytes in 
brain microvasculature could be helpful in restoring adequate blood supply in the 
ischemic regions. Such effects could be achieved by modulating pericytes response 
to neurotransmitters and gliotransmitters (serotonin, adenosine) (Li et  al. 2017). 
Another intriguing possibility is to control PDGF/PDGFR2 and Angiopoietin-1/
Tie2 signaling cascades in cerebral pericytes in a similar manner as was shown in 
retina (Arboleda-Velasquez et al. 2015) or in tumor tissue (Kang and Shin 2016) to 
stimulate or to reduce angiogenesis. This approach has not been tested in neurode-
generation, however, high degree of pericytes plasticity makes them very attractive 
tool for the promotion of CNS repair in neurodegenerative diseases (Lange et al. 
2013). Finally, pericytes serve as a functional part of NVU/BBB models in vitro 
utilized for studying pharmacokinetics of novel drug candidates (Wang et al. 2016) 
or as a cell component for bioengineered constructs with a great potential in the 
regenerative medicine (Avolio et al. 2017).
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Fig. 7.4  Pericyte-mediated control of BBB integrity, angiogenesis and neurogenesis in Alzheimer’s 
disease. Alterations of BBB structural and functional integrity caused by endothelial and pericyte 
dysfunction result in the impairment of neurogenic and oligovascular niches activity. In sum, aber-
rant neurogenesis, oligodendrogenesis and angiogenesis underlie neuroplasticity alterations and 
progressive cognitive decline seen in chronic neurodegeneration
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