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Abstract 

It is becoming increasingly apparent that disorders of the brain microvasculature contribute to 

many neurological disorders. In recent years it has become clear that a major player in these 

events is the capillary pericyte which, in the brain, is now known to control the blood-brain 

barrier, regulate blood flow, influence immune cell entry and be crucial for angiogenesis. In 

this review we consider the under-explored possibility that peripheral diseases which affect the 

microvasculature, such as hypertension, kidney disease and diabetes, produce central nervous 

system (CNS) dysfunction by mechanisms affecting capillary pericytes within the CNS. We 

highlight how cellular messengers produced peripherally can act via signalling pathways within 

CNS pericytes to reshape blood vessels, restrict blood flow or compromise blood-brain barrier 

function, thus causing neuronal dysfunction. Increased understanding of how renin-

angiotensin, Rho-kinase and PDGFR signalling affect CNS pericytes may suggest novel 

therapeutic approaches to reducing the CNS effects of peripheral disorders. 
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Introduction  

Microvascular dysfunction in the peripheral vasculature is a common feature of 

hypertension, kidney disease and diabetes (Strain and Paldanius 2018). Crucial to the function 

and dysfunction of the microvasculature are pericytes. These are mural cells, which are 

embedded in the basement membrane outside the endothelium of microvessels, including 

capillaries, post-capillary venules and terminal arterioles (Armulik et al. 2011; Attwell et al. 

2016). In the brain, pericytes are now known to maintain the blood-brain barrier (Armulik et 

al. 2010; Bell et al. 2010; Daneman et al. 2010; Dohgu et al. 2015), form the fibrotic core of 

the glial scar after central nervous system (CNS) pathology (Goritz et al. 2011; Fernandez-

Klett et al. 2013; Zehendner et al. 2015; Hesp et al. 2018; Dias and Goritz 2018; but see 

Soderblom et al. 2013), and control leukocyte movement across blood vessel walls (Balabanov 

et al. 1999; Daneman et al. 2010; Rustenhoven et al. 2017), and they may have a stem cell role 

(Dore-Duffy et al. 2006; Guimaraes-Camboa et al. 2017). Importantly, an increasing number 

of studies have demonstrated that pericytes, which can express the contractile protein alpha-

smooth muscle actin (α-SMA; Nehls and Drenckhahn 1991; Bandopadhyay et al. 2001; 

Alarcon-Martinez et al. 2018), regulate capillary diameter and thus control blood flow in the 

brain, both in health and in diseases of great economic impact (Peppiatt et al. 2006; Yemisci et 

al. 2009; Bell et al. 2010; Hamilton et al. 2010; Hall et al. 2014; Leal-Campanario et al. 2017; 

Li et al. 2017b). Pericytes may thus have a key role in the pathophysiology of CNS diseases 

associated with microvascular dysfunction (Halliday et al. 2016; Cheng et al. 2018; Miners et 

al. 2018; Padel et al. 2018). Consequently, diseases which originate in the periphery and cause 

pericyte dysfunction, such as hypertension, kidney disease and diabetes, are likely to have an 

impact on CNS function. 

This review explores how common peripheral diseases of high impact, such as 

hypertension, kidney disease and diabetes, can cause secondary brain disorders that may be 
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linked to CNS pericyte dysfunction, leading ultimately to blood-brain barrier breakdown, 

capillary rarefaction and cerebral blood flow disruption (Figure 1). Throughout, it will become 

clear that changes seen in the brain microvasculature are quite similar to those seen in 

peripheral organs, and have a high impact on the brain because of its high metabolic rate and 

its need to maintain the blood-brain barrier. 

The CNS effects of hypertension, kidney disease and diabetes  

The CNS effects of these three diseases are of interest because of their high prevalence 

in adults (up to 31% for hypertension, 13% for chronic kidney disease and 8.5% for diabetes 

globally, with an increasing trend for hypertension and diabetes (Mills et al. 2016; Hill et al. 

2016; WHO 2016)) and similar CNS complications. Hypertension, kidney disease and diabetes 

are all associated with secondary cerebrovascular impairment and neurodegeneration 

(Bugnicourt et al. 2013; Toth 2014; Verdile et al. 2015; Arnold et al. 2016; Faraco et al. 2016; 

Perrotta et al. 2016; Walker et al. 2017), caused by pathology of small arteries, arterioles, 

capillaries and venules in the brain, which leads to lacunar stroke, white matter lesions, and 

vascular and mixed dementia (Ikram 2008; Faraco and Iadecola 2013; Toyoda 2015; Meissner 

2016; Liu et al. 2018).  

These disorders also share important pathophysiological mechanisms, including 

dysfunction of the renin-angiotensin system and the RhoA/Rho-kinase (ROCK) pathway 

(Chrissobolis and Sobey 2006; Kunz et al. 2008; Chou et al. 2018; Libianto et al. 2018; Satou 

et al. 2018), which can exert detrimental effects on brain pericytes and endothelial cells 

(Rikitake et al. 2005; Kutcher et al. 2007; Fouda et al. 2016; Sladojevic et al. 2017), as 

described in detail below. However, our knowledge is still limited regarding the role of cerebral 

microvascular pericytes in brain disorders associated with hypertension, kidney disease and 

diabetes.  
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Hypertension-induced cerebral damage mediated by CNS pericytes 

Hypertension causes cerebral perfusion deficits (both globally and regionally) and 

cerebral microbleeds by compromising the cerebral microvasculature (Faraco and Iadecola 

2013; Meissner 2016). Hypertension affects the microcirculation in two major ways, termed 

rarefaction and vascular remodelling (Feihl et al. 2008). Vascular rarefaction, which is the most 

consistent feature of the microvascular effects of hypertension (Levy et al. 2001), is a decrease 

in arteriole and capillary density, whereas vascular remodelling is a structural alteration of 

vessels (Feihl et al. 2006; 2008). Both processes lead to an increase of total vascular resistance, 

and a decline in total capillary blood flow.  

Vessel rarefaction 

Vascular rarefaction can be detected very early in the development of hypertension, 

(Chen et al. 1981; Sokolova et al. 1985).  It affects arterioles and capillaries in skeletal muscle, 

intestine and skin in spontaneously hypertensive rats (Feihl et al. 2006), and in the brain of 

renal and deoxycorticosterone acetate/salt rat models of hypertension (Sokolova et al. 1985). 

In human hypertensive patients, microvascular rarefaction is observed in capillaries of the 

conjunctiva and retina, nail-fold, forearm skin, skeletal muscle and brain (Henrich et al. 1988; 

Feihl et al. 2006; Rizzoni et al. 2009; Bosch et al. 2017). This drop of the number of 

microvessels occurs in two phases, termed functional and anatomical rarefaction (Vicaut 1999; 

Levy et al. 2001).  

Functional rarefaction is the first stage, involving constrictions of microvessels that lead 

to non-perfusion (Prewitt et al. 1982). In this phase, the number of perfused microvessels is 

reduced, but not the total number of vessels in the microcirculatory bed (Vicaut 1999; Levy et 

al. 2001). This phenomenon may occur due to an increased sensitivity to vasoconstrictor 

stimuli, such as angiotensin II and noradrenaline (Vicaut 1999). In capillaries, functional 

rarefaction is postulated to be caused (at least in part) by pericytes (Goligorsky 2010). The non-
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perfused microvessels may then disappear as a result of an imbalance of increased vessel 

destruction and inadequate angiogenesis (Feihl et al. 2006). This leads to the second stage of 

microvascular rarefaction known as structural or anatomic rarefaction, which is marked by a 

decrease in the number of arterioles and/or capillaries, which cannot be reversed by maximal 

vasodilation (Vicaut 1999; Levy et al. 2001). As pericytes have important roles in regulating 

capillary diameter (Hall et al. 2014), and in stabilizing capillaries and regulating angiogenesis 

under normal and pathological conditions (Bergers and Song 2005; Virgintino et al. 2007; Raza 

et al 2010; Ribatti et al. 2011; Hosono et al 2017), they might play a vital part in generating 

capillary rarefaction.   

Hypertension increases mechanical stress, noradrenaline level and oxidative stress, and 

upregulates vasoconstricting 20-HETE production, the renin-angiotensin system and the 

RhoA/ROCK pathway (Kawasaki et al. 1991; Loirand et al. 2006; Zhou et al. 2006; Dunn et 

al. 2008; Baradaran et al. 2014). Together, these may increase pericyte contractility 

(Kawamura et al. 2004; Beltramo et al. 2006; Peppiatt et al. 2006; Kutcher et al. 2007; Yemisci 

et al. 2009; Hall et al. 2014), leading to capillary rarefaction (Goligorsky 2010). Vessel 

constriction lowers the shear stress applied to capillary endothelial cells, producing endothelial 

cell apoptosis (Yannoutsos et al. 2014). This results from diminished production of nitric oxide 

(NO, Sriram et al. 2016), which acts as a vasodilating, antiapoptotic and proangiogenic factor 

(Ziche and Morbidelli 2000; Kiefer et al. 2002). Low shear stress also increases endothelial 

inflammation by upregulating adhesion molecules (such as vascular cell adhesion protein 1, 

VCAM1) and monocyte chemoattractant protein 1 (MCP1), and decreasing expression of 

antioxidant genes such as haem oxygenase 1 (HO-1, Turkseven et al. 2005) and other 

antioxidant genes regulated by the redox-sensitive transcription factor, nuclear factor erythroid 

2-related factor 2 (Nrf2, Chistiakov et al. 2017).  
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Capillary rarefaction may also reflect pericyte loss in hypertension. Pericyte loss occurs 

in experiments applying increased mechanical stress (Beltramo et al. 2006) or increased 

oxidative stress (Garcia-Quintans et al. 2016), which both occur in hypertension (Baradaran et 

al. 2014). Pericytes, by exchanging signals with endothelial cells via transforming growth 

factor-beta (TGF-β), angiopoietins 1 and 2, platelet derived growth factor (PDGF) and 

sphingosine-1-phosphate (S1P), are of critical importance in stabilizing microvessels (von Tell 

et al. 2006). Thus, hypertension-induced pericyte loss and subsequent disruption of signals 

between endothelial cell and pericytes could contribute to microvascular rarefaction (Schrimpf 

et al. 2014).  

Vascular remodelling 

Hypertension can also cause vascular remodelling, which might be more pronounced 

in large arterioles (Jacobsen et al. 2011), but also affects capillaries. Cerebral arterioles reduce 

their lumenal diameter by either becoming hypertrophic (developing an increase in wall 

thickness) or undergoing eutrophic remodelling (which involves rearrangement of smooth 

muscle cells without changing wall thickness: Iadecola and Davisson 2008). Cerebral arterioles 

from renin-dependent or NO deficiency animal models of hypertension show hypertrophic 

changes (Baumbach et al. 2003; 2004).  For capillaries, while some studies have found no 

difference in cerebral capillary diameter in chronically hypertensive rats and in the nailfold 

capillaries of hypertensive patients (Lin et al. 1990; Penna et al. 2008), others have found 

smaller capillaries in the retina of spontaneously hypertensive rats (Wallow et al. 1993), and 

in the quadriceps muscle (Hernandez et al. 1999) and conjunctiva of hypertensive patients 

(Lack et al. 1949). Moreover, other capillary structural changes, including increased wall 

thickness and wall/lumen ratio, abnormal looping with focal constriction, and thickening of the 

basement membrane, are also found in rat brains with renal hypertension (Suzuki et al. 2003) 
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and in the skeletal muscle (Hernandez et al. 1999) and conjunctiva (Lack et al. 1949) of 

hypertensive humans.  

As noted above, the narrowing of the capillary lumen might be due to an increase in 

pericyte contractility evoked by various hypertension-related factors. Thickening of the vessel 

wall might partly reflect pericyte hypertrophy or hyperplasia as found in the retina of 

spontaneously hypertensive rats or monkeys with occluded retinal veins (Wallow et al. 1991; 

1993). There is also evidence that under microvascular stress pericytes become hypertrophic, 

with more actin expressed, without increasing in number (Wallow et al. 1991; 1993), however 

the mechanism by which mechanical stress induces hypertrophy in pericytes is not yet 

understood. The hypertension-induced RhoA/ROCK pathway might also contribute to pericyte 

hypertrophy, since activation of the RhoA/ROCK pathway by silencing MLC-phosphatase 

(MLCP)-RhoA interacting protein (MRIP) results in pericyte hypertrophy and cytoskeletal 

remodelling (Durham et al. 2014; see below). Basement membrane thickening found in brain 

microvessels of hypertensive rats has been linked to repetitive damage and repair processes of 

adjacent cells, including pericytes (Suzuki et al. 2003), as found in diabetes and seizures (Tilton 

et al. 1981; Liwnicz et al. 1990), or to an increase of basement membrane protein synthesis. 

Thus, pericytes may be involved, since they secrete key components of the basement membrane 

such as fibronectin (Shimizu et al. 2013) and pericyte recruitment is essential for basement 

membrane formation and vessel stability (Stratman and Davis 2012).  

Hypertension effects on pericyte number and the blood-brain barrier 

Hypertension also affects the blood-brain barrier (Laties et al. 1979; Buttler et al. 2017), 

which pericytes are essential for maintaining (Armulik et al. 2010; Bell et al. 2010; Daneman 

et al. 2010; Dohgu et al. 2015; Sweeney et al. 2016). In a study of acute experimental 

hypertension in primates, it was demonstrated that increased vascular permeability occurred in 
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brain capillaries but not in retinal capillaries (Laties et al. 1979). However little is known about 

the effects of hypertension on CNS pericytes, and the available data are contradictory. 

In hypertensive CNS capillaries the number of pericytes has, confusingly, been reported 

to be both increased and decreased. In the brains of spontaneously hypertensive rats, the 

number of pericytes (which were defined, however, solely by location and smooth muscle actin 

expression, rather than using additional pericyte markers) is reported to be higher than in 

normotensive rats (4-fold higher in the motor cortex: Herman and Jacobson 1988). 

Additionally, in the brains of stroke-prone spontaneously hypertensive rats, granular pericytes 

(which may be a subset either of pericytes or of macrophages), that may act as scavenger cells 

in the CNS, increased in size and activity (Tagami et al. 1990).  

In contrast, the more classically-defined filamentous brain pericytes degenerated during 

the development of hypertension, and this was associated with increased endothelial 

permeability, implying a breakdown of the blood-brain barrier (Tagami et al. 1990). The 

percentage of cerebral capillaries that was lined with pericytes in stroke-prone spontaneously 

hypertensive rats was lower than in normotensive controls (Tagami et al. 1990) and angiotensin 

II-induced hypertensive mice also had a lower number of cerebral pericytes (Toth et al. 2013). 

These differences might reflect different reactions of different subtypes of cerebral pericyte, as 

suggested by Tagami et al. (1990), but the molecular identification of pericyte subtypes in the 

brain remains problematic since the results of transcriptome studies differ significantly 

(Vanlandewijck et al. 2018; Zeisel et al. 2018).  

Recently, Yuan et al. (2018) used a transcriptomic analysis to assess hypertension-

induced gene expression changes in rat brain microvascular pericytes. An upregulation was 

seen in the expression of β1 integrin (ITGB1), vascular cell adhesion molecule 1 (VCAM1) and 

matrix metalloproteinase-9 (MMP9). These genes may regulate cell adhesion and migration 
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(Deem and Cook-Mills 2004; Suraneni et al. 2018), but the consequences of their expression 

changes in hypertension remain to be determined. 

Overall, an increase in blood pressure evokes changes in the number, morphology and 

function of CNS pericytes. Several mechanisms associated with hypertension might cause 

these changes in CNS pericytes, leading to microvascular dysfunction, as follows. 

Mechanical stress 

Microvascular rarefaction, and adaptive and degenerative changes of pericytes, are 

proposed to be pressure-dependent (Wallow et al. 1993; Suzuki et al. 2003; Battegay et al. 

2007). Evidence that CNS pericytes sense applied mechanical force is provided by the fact that 

the actin cytoskeleton in cultured pericytes is changed under stretch, so that actin becomes 

aligned perpendicular to the stress, increasing the contractile phenotype (Beltramo et al. 2006). 

Mechanical stress applied to pericytes also resulted in a decreased number of cells, mediated 

by a reduction of DNA synthesis and proliferation, and an increase in apoptosis (Beltramo et 

al. 2006).  

Sympathetic system 

In the brain, the noradrenaline that evokes contraction of capillary pericytes is released 

from locus coeruleus neurons (Cohen et al. 1997). Although some experimenters found that 

the level of brain catecholamines is not affected in genetically hypertensive rats (Kaehler et al. 

2000), and might even decrease due to hypertension-evoked activation of baroreceptors 

(Schneider et al. 1995), others have found that locus coeruleus noradrenaline release is 

increased in spontaneously hypertensive rats (Koulu et al. 1986; Kawasaki et al. 1991; but see 

Denoroy et al. 1985). In hypertensive human patients, the total brain noradrenaline turnover is 

triple that in normotensive controls (Lambert et al. 1995), suggesting that a higher level of 

noradrenaline release will be available to activate its constricting receptors on pericytes.  
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Noradrenaline causes contraction of cultured pericytes (Markhotina et al. 2007), and of 

pericytes in rat cerebellar slices (Peppiatt et al. 2006) and in live human cortical slices (Nortley 

and Attwell, unpublished). Since, in peripheral vessels, norepinephrine hyper-responsiveness 

accounts for arteriolar closure (Bohlen 1979; Mulvany et al. 1980), the same may pertain for 

the contriction contributing to CNS capillary rarefaction (see above), as pericytes can constrict 

sufficiently to completely obstruct the capillary lumen (Peppiatt et al. 2006).  

Oxidative stress 

Another key player in hypertension is oxidative stress (Baradaran et al. 2014), which 

can be induced by angiotensin II (Toth et al. 2013) and contributes to endothelial dysfunction 

(Silva et al. 2012). Reactive oxygen species (ROS) contribute to vasoconstriction and 

microvascular rarefaction in hypertension (Taddei et al. 1998; Kobayashi et al. 2005; Harrison 

and Gongora 2009). It has been shown that oxidative stress can cause constriction of cerebral 

pericytes (Yemisci et al. 2009). In PGC-1α (peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha) deficiency mice, which have an increase in the level of mitochondrial-

derived ROS, the number of pericytes in the retina is reduced, which may suggest a role for 

ROS in inducing pericyte loss (Garcia-Quintans et al. 2016).  

Secondary dysfunction after CNS complications of hypertension 

Aside from directly generating brain complications in hypertension, pericyte 

dysfunction caused by other consequences of hypertension can amplify damage to the brain. 

For example, pericytes contribute to the no-reflow phenomenon after ischaemic stroke 

(Yemisci et al. 2009), brain damage in haemorrhagic stroke (Li et al. 2017a) and early brain 

injury after subarachnoid haemorrhage (Chen et al. 2015; Li et al. 2016). 

Hypertension is one of the most important risk factors for stroke and several studies 

have demonstrated that pericytes play a key role in restricting cerebral blood flow even after a 

thrombus causing ischaemic stroke has been removed (Peppiatt et al. 2006; Yemisci et al. 
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2009; Hall et al. 2014; Yang et al. 2017). During ischaemia, pericytes constrict capillaries both 

in brain slices and in in vivo conditions (Peppiatt et al. 2006; Hall et al. 2014). The decrease of 

ATP levels in ischaemic pericytes impairs Ca2+ extrusion, leading to a rise of pericyte [Ca2+]i. 

This rise is facilitated by the large increase of [K+]o (which causes a depolarization of all cells) 

that occurs during the anoxic depolarization, which is triggered after a few minutes of 

ischaemia (Hansen 1985). The rise of [Ca2+]i results in ischaemia-induced pericyte constriction, 

followed by pericyte death with the contractile apparatus still in rigor (Fernandez-Klett et al. 

2013; Hall et al. 2014). This causes a semi-permanent reduction in diameter of the capillaries 

(Hall et al. 2014) and a consequent long-lasting cerebral hypoperfusion called the “no-reflow 

phenomenon”, even after the upstream artery is unblocked, which promotes neuronal damage 

(Yemisci et al. 2009; Hall et al., 2014). Pericyte loss will also lead to blood-brain barrier 

dysfunction, which contributes to neuronal damage in ischaemia (Armulik et al. 2010; Bell et 

al. 2010; Daneman et al. 2010). Similar events may contribute to the sequelae of  the ischaemia 

produced by haemorrhagic stroke (as reviewed in Li et al. 2017a). 

Hypertension is also a significant risk factor for subarachnoid haemorrhage (Shah et al. 

2007; Ortega-Gutierrez et al. 2013). Aneurysmal subarachnoid haemorrhage is caused by the 

rupture of a cerebral aneurysm, and the subsequent accumulation of blood in the subarachnoid 

space (Lawton and Vates 2017). In an experimental model of subarachnoid haemorrhage, 

microvascular constrictions and microthrombosis have been observed within 3 hours (Friedrich 

et al. 2012), suggesting that blood flow suppression, and perhaps tissue hypoxia, may be 

induced acutely after subarachnoid haemorrhage, possibly due to pericyte-mediated capillary 

constriction. It has been shown that blood-filled aCSF, acting as an in vitro model of 

subarachnoid haemorrhage, causes retinal pericyte contraction and an increase in actin content 

(Liu et al. 2016). The pericyte constriction might in part be due to inhibition, by haemoglobin 

binding NO, of the vasodilating NO/cGMP pathway (Li et al. 2016). The release of vasoactive 
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substances after subarachnoid haemorrhage, such as superoxide radicals, is also suggested to 

regulate pericyte tone, as free radicals cause pericyte constriction in vitro and in vivo (Yemisci 

et al. 2009). Thus, subarachnoid haemorrhage may induce pericyte constriction of some 

capillaries, compromising the oxygen and glucose supply to the brain. 

Role of brain pericytes in neurological disorders associated with kidney disease  

Chronic kidney disease is a major global health concern (Ng and Li 2018) which 

generates CNS injury, as demonstrated by the high prevalence in chronic kidney disease 

patients of cerebrovascular events such as stroke, white matter disease and intracerebral 

microbleeds (Lee et al. 2010; Ovbiagele et al. 2013; Chillon et al. 2016). Clinically, a lower 

glomerular filtration rate is associated with markers of cerebral small vessel disease as assessed 

by magnetic resonance imaging (MRI; Ikram et al. 2008). Chronic kidney disease may also 

disrupt the blood-brain barrier, since there is a leakage of contrast medium used for brain MRI 

into the CSF in kidney disease patients (Rai and Hogg 2001; Kanamalla and Boyko 2002; Lau 

et al. 2017).  

Acute kidney injury also has CNS effects, increasing the number of pyknotic neurons 

and microglia in the hippocampus, activating neurons in brain regions associated with 

autonomic activation (as shown by an increase in the levels of the Ca2+-responsive transcription 

factors Fos and Fra-2 in neuronal nuclei), and impairing motor activity (Liu et al. 2008; 

Palkovits et al. 2009). Acute kidney injury also increases levels of the proinflammatory 

chemokines keratinocyte-derived chemoattractant and granulocyte colony-stimulating factor 

(G-CSF) in the cerebral cortex and hippocampus, and increases astrogliosis in the cortex and 

corpus callosum (Liu et al. 2008).  

Kidney-brain signalling 

These interactions between the kidney and brain are mediated by the release of humoral 

factors from damaged kidneys that contribute to a worsening of the kidney disease, a 
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progression to chronic renal dysfunction, and brain damage (Cao et al. 2015; 2017). These 

factors include angiotensin II, inflammatory mediators and ROS  (Franco et al. 2006; Lai et al. 

2012; Cao et al. 2015; 2017), but how they have their CNS effects is not yet clear. The 

neurohumoral changes that are triggered during the evolution of renal dysfunction, such as 

overactivity of the renin-angiotensin system (Cao et al. 2015; 2017) and its downstream 

pathways, including RhoA/ROCK pathway signalling (Lee et al. 2004; Loirand et al. 2006; 

Ponnuchamy and Khalil 2009; see below) can modify pericyte function in the brain 

microcirculation (Figure 2), contributing to the neurological complications observed in patients 

with chronic kidney disease and hypertension. Cao et al. (2015; 2017) demonstrated an 

activation of the local renin-angiotensin system (see below) not only in the damaged kidney 

but also in the brain in a high-salt model of chronic kidney disease, and this led to inflammation 

which is expected to aggravate vascular damage.  

In a genetic model of severe hypertension and increased occurrence of stroke, rats 

exhibit low levels of proteinuria (implying kidney disease) that appear at the time of initial 

cerebrovascular injury (Cova et al. 2013). Consistent with a role for pericyte damage in causing 

the cerebral injury, the injury includes cerebral vasogenic oedema, lacunar infarcts and focal 

cell loss (Cova et al. 2013), which have all been associated with pericyte dysfunction in other 

diseases, such as stroke, amyotrophic lateral sclerosis and Alzheimer's disease (Yemisci et al. 

2009; Sengillo et al. 2013; Winkler et al. 2013). 

It is possible that, during kidney disease, structural defects develop in the 

microcirculation of all organs, including the brain. For instance, microvascular rarefaction 

occurs in rodent cremaster muscle, heart and skeletal muscle (Flisinski et al. 2008; Prommer et 

al. 2018), as well as in different organs of patients with kidney disease including the nailfold 

(Edwards-Richards et al. 2014), heart (Amann et al. 1998) and retina (Bosch et al. 2018). 
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However, there are no data to date about rarefaction of cerebral capillaries in chronic kidney 

disease.  

Vessel calcification 

Another general vascular change associated with chronic kidney disease is vessel 

calcification, for which most studies have focused on the macrovasculature although it can 

occur throughout the vasculature, from large arteries to microvessels (Palit and Kendrick 2014; 

Collett and Canfield 2005). In large peripheral arteries, vascular calcification, particularly in 

the arterial media, results in vascular stiffening (Palit and Kendrick 2014). Similarly, 

intracranial artery calcification is associated with chronic kidney disease in humans, and this 

correlates with an increase in stroke occurrence (Bugnicourt et al. 2009). CNS microvessels, 

including arterioles and less studied capillaries, may also experience this process, since patients 

with end-stage renal disease develop cutaneous calcification of subcutaneous arterioles and 

capillaries (Rivet et al. 2006), resulting in a condition called calcific uraemic arteriolopathy 

(Sowers and Hayden 2010).  

Pericytes and vascular smooth muscle cells both contribute to vascular calcification 

(Collett and Canfield 2005; Durham et al. 2018). Microvascular pericytes derived from retina 

can differentiate into osteogenic phenotypes both in vitro and in vivo (Doherty et al. 1998). 

Brain microvascular pericytes can also express an osteoblast phenotype (Reilly et al. 1998) and 

form nodules containing bone-specific protein (Dore-Duffy et al. 2006). While traditional 

pericytes are situated on the outside of capillaries, pericyte-like cells were found outside the 

endothelial layer in the inner intimal layer and in the vasa vasorum of the adventitia in arteries 

(Andreeva et al. 1998; Juchem et al. 2010), and these cells express pericyte-specific markers 

such as alkaline phosphatase, neuron-glial 2 (NG2) and 3G5-antigen. This suggests that 

pericytes (or pericyte-like cells) might be involved in calcifying both arteries and capillaries 

(Canfield et al. 2000). Cerebral pericytes are also involved in brain vascular calcification from 
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other causes such as hypoxic ischaemic trauma and Sturge-Weber syndrome (McCartney and 

Squier 2014), and calcification occurs in Pdgfbret/ret mice with disrupted PDGF signalling and 

subsequent loss of pericytes (Vanlandewijck et al. 2015), further linking absence or 

dysfunction of pericytes to brain vascular calcification.  

Hyperphosphatemia is believed to be involved in vascular calcification in chronic 

kidney disease (Shanahan et al. 2011) and may contribute to calcification of pericytes in the 

CNS. In chronic kidney disease, a decrease in glomerular filtration rate (GFR) results in 

reduced phosphate clearance, causing retention of phosphate and hyperphosphatemia 

(Shanahan et al. 2011). The presence of a high phosphate level can accelerate the calcification 

process of cultured retinal and white matter microvessel pericytes (Schor et al. 1990). 

Hyperphosphatemia may reduce expression of growth arrest-specific gene 6 (Gas6) and its 

receptor tyrosine kinase Ax1 on pericytes, as has been shown for smooth muscle cells (Son et 

al. 2006). Since inhibition of receptor tyrosine kinase Ax1 enhances the mineralization rate of 

retinal microvascular pericytes (Collett et al. 2003) and leads to osteogenic differentiation, this 

process might be one of the mechanisms by which chronic kidney disease-induced 

hyperphosphatemia causes vascular calcification, resulting in brain pathologies.   

Diabetes-induced brain pericyte dysfunction 

Diabetics have a substantially greater risk of developing cardiovascular and, in 

particular, cerebrovascular diseases (Cade 2008). Diabetes is associated with microvascular 

dysfunction throughout the body, leading to damage to vital organs, including the heart (Kibel 

et al. 2017), kidney (Patschan and Muller 2016) and brain (Estato et al. 2013). In particular, 

diabetes induces functional and structural changes in the brain microvascular network (Estato 

et al. 2013; Barrett et al. 2017). Clinical evidence has shown that diabetic patients have 

increased occurrence of vascular dementia, brain ventricular hypertrophy, lacunar infarcts and 
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haemorrhage, and diabetes is a strong predisposing factor for Alzheimer's disease (Cade 2008; 

Barnes and Yaffe 2011; Helman and Murphy 2016; Vieira et al. 2018). 

Diabetes and the blood-brain barrier 

Diabetes has been linked to increased blood-brain barrier permeability in animal models 

(Huber et al. 2006; Hawkins et al. 2007) and in humans (detected by gadolinium magnetic 

resonance imaging (Starr et al. 2003) and by measuring the cerebrospinal fluid/plasma albumin 

ratio (Janelidze et al. 2017)). In streptozotocin-induced diabetic mice, blood-brain barrier 

disruption is associated with a retraction of brain pericytes from endothelial cells as well as 

pericyte loss (Salameh et al. 2016), which is expected to lead to blood-brain barrier  breakdown. 

However, using a genetic mouse model of hyperglycaemia, Mae et al. (2018) surprisingly 

reported that prolonged systemic hyperglycaemia did not cause any pericyte loss nor blood-

brain barrier dysfunction and leakage, and they attributed previous demonstrations of an effect 

of hyperglycaemia on the blood-brain barrier to a side effect of the streptozotocin used to 

induce diabetes. This would imply that the blood-brain barrier breakdown seen in human 

diabetes is caused by something other than hyperglycaemia. Further work is needed to resolve 

this issue, because breakdown of the blood-brain barrier, caused by a reduced number of 

pericytes, is generally believed to contribute to the neurological and cognitive impairment 

occurring in diabetes (Price et al. 2012; Bogush et al. 2017).   

Diabetes and neovascularisation 

Dysfunctional neovascularization, especially in the cerebral and retinal 

microvasculature, is promoted in diabetes (Prakash et al. 2013). In Goto-Kakizaki diabetic rats, 

both micro- and macrovascular angiogenesis occur, while in Leprdb/db diabetic rats the density 

of only the microvasculature rises (Prakash et al. 2013). The newly formed cerebral capillaries 

have less pericyte coverage, and some are non-perfused, suggesting an immature nature to these 

vessels (Prakash et al. 2012; 2013). An increase in the tortuosity and branching of cerebral 
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arterioles were also noted (Prakash et al. 2013). The increase in vascularisation may be driven 

by a rise of VEGF concentration (Yamagishi et al 2002; see below). 

Much of the CNS microvascular dysfunction in diabetes may reflect a loss of pericytes 

from capillaries and disruption of pericyte-endothelial cell interaction as a result of alterations 

in signalling pathways, as described below.  

PDGF signalling 

Maintenance of normal capillaries and the blood-brain barrier requires signalling by 

PDGF-BB (released from endothelial cells) to PDGFR receptors (located on pericytes), and 

if either PDGF-BB or PDGFR are genetically deleted then pericyte loss occurs, resulting in a 

breakdown of the blood-brain barrier  (Armulik et al. 2010; Bell et al. 2010; Daneman et al. 

2010).  A related loss of pericytes appears to be a key pathological process in diabetic 

retinopathy (Klaassen et al. 2013). In the retina, streptozoticin-induced hyperglycaemic 

conditions induce pericyte loss by PKC activation, which induces PDGFR 

dephosphorylation (Geraldes et al. 2009). This results in less activity of pro-survival cascades 

and ultimately causes pericyte apoptosis (Geraldes et al. 2009). Mice lacking PDGF-BB (and 

hence lacking PDGFR signalling in pericytes) phenocopy the effect of diabetes on pericytes 

and the microvasculature (Lindahl et al. 1997; Enge et al. 2002). 

Advanced glycation endproducts 

Non-enzymatic reaction of proteins, lipids, or nucleic acid with reducing sugars, such 

as glucose, produces advanced glycation endproducts (AGEs), the level of which is increased 

in diabetes (Ahmed 2005). After being exposed to AGEs, cultured brain pericytes increase 

release of TGF-β1, resulting (in an autocrine manner) in more production by pericytes of 

fibronectin, a component of the basement membrane around the pericytes (Shimizu et al. 

2013). Overexpression of fibronectin has been correlated with thickening of the basement 

membrane in the retina and kidney glomerulus in diabetes (Cherian et al. 2009), and treatment 
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to reduce overexpression of fibronectin can reduce the occurrence of basement membrane 

thickening, acellular capillaries and pericyte loss (Roy et al. 2011).  Moreover, AGEs evoke 

the release from endothelial cells of vascular endothelial growth factor (VEGF) which acts 

back on the endothelial cells to downregulate claudin-5, a component of the tight junctions 

between endothelial cells that contribute to the blood-brain barrier (Shimizu et al. 2013). In 

addition, pericyte-secreted TGF-β1 signalling downregulates claudin-5, but it is unclear if this 

effect is mediated by an increase in VEGF secretion from the endothelial cells (Shimizu et al. 

2013). Activation of the Receptor for AGEs (RAGE) is also linked to increased apoptosis of 

cultured human brain pericytes, apparently through an increase of intracellular oxidative stress 

(see below), perhaps from nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 

activation (May et al. 2014). These effects of AGEs on brain pericytes may thus result in blood-

brain barrier breakdown (Shimizu et al. 2013) and thickening of the basement membrane, as 

seen in the ultrastructure of diabetic microvessels (Johnson et al. 1982).  

Dysfunctional neovascularisation in diabetes may be partly driven by RAGE signalling 

increasing the production of VEGF ( Yamagishi et al. 2002; Shimizu et al. 2013). A high level 

of VEGF occurs in cerebral microvessels from diabetic animals and promotes increased 

generation of cerebral endothelial cells (Prakash et al. 2012).  

Oxidative stress 

Oxidative stress is another potential cause of pericyte loss and blood-brain barrier 

breakdown. ROS are produced during mitochondrial oxidation of glucose, and it is speculated 

that hyperglycemia increases the rate of the Krebs cycle in insulin-insensitive tissues such as 

brain, generating more oxidative stress (Shah et al. 2013). Indeed, high levels of oxidative 

stress indicators, such as 4-hydroxyl-2-trans-nonenal and 3-nitrotyrosine, and low levels of the 

anti-oxidant glutathione, were found in streptozotocin-induced diabetic mouse brain (Price et 

al. 2012). Oxidative stress has been linked to brain dysfunction in diabetes, as reviewed by 
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Muriach et al. (2014). In culture, immortalized cerebral pericytes, when exposed to high 

glucose media, had more intracellular oxidative stress and underwent apoptosis (Shah et al. 

2013). Oxidative stress-evoked cerebral pericyte apoptosis also occurs in diabetes, and can be 

prevented by blocking the function of mitochondrial anhydrase (an enzyme regulating 

mitochondrial respiration by interconverting bicarbonate and CO2) using genetic knockout 

(Price et al. 2017) or pharmacologic inhibition with topiramate (Price et al. 2012) 

Amylin 

 Amylin, or islet amyloid polypeptide, is a hormone which is synthesized by pancreatic 

islet β cells and secreted alongside insulin (Hieronymus and Griffin 2015). Amylin’s main role 

is to regulate glucose homeostasis by inhibiting secretion of glucagon, prolonging gastric 

emptying, and stimulating satiety (Hieronymus and Griffin 2015). In pre-diabetic and early 

stages of type II diabetes, a high level of amylin is produced, which is deposited in other organs 

such as the brain (Schultz et al. 2017). Amylin cell inclusions are found inside cerebral 

pericytes and induce pericyte death (Schultz et al. 2017). By damaging pericytes, and possibly 

decreasing amyloid  clearance, amylin may thus provide a possible link between diabetes and 

Alzheimer’s disease (Jackson et al. 2013), and could also provide an example of a non-

glycaemic effect of diabetes on cerebral pericytes.  

General mechanisms of CNS pericyte damage in peripheral diseases  

Some ubiquitous signalling pathways may contribute to damaging CNS pericytes in 

hypertension, kidney disease and diabetes. 

Renin-angiotensin system 

The renin-angiotensin system (in which the enzyme renin cleaves angiotensinogen into 

angiotensin I, which is then converted into angiotensin II by angiotensin-converting enzyme 

(ACE) (Jackson et al. 2018)), has a key role in the pathophysiology of hypertension, kidney 

diseases and diabetes (Chawla et al. 2010; Stiefel et al. 2011; Santos et al. 2012). It also 
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regulates contractility in pericytes (Kawamura et al. 2004), and expression of NADPH oxidases 

(Nox) of which Nox4 is expressed in pericytes (Manea et al. 2005; Kuroda et al. 2014; Figure 

2), and so has a key role in vascular pathophysiology induced by the renin-angiotensin system 

(Nguyen Dinh Cat et al. 2013).  

In addition to the peripheral renin-angiotensin system, the brain can locally produce 

blood-brain barrier impermeable angiotensin peptides via a brain renin-angiotensin system 

(Huber et al. 2017). Centrally, most angiotensinogen is produced by astrocytes and 

constitutively secreted (Grobe et al. 2008; de Kloet et al. 2015). It is also produced in smaller 

amounts by neurons, where it can remain intracellularly or be secreted (Grobe et al. 2008; de 

Kloet et al. 2015). Renal juxtaglomerular cells constitute the most important source of 

circulating renin (Persson 2003) but renin has a low concentration in the brain (Grobe et al. 

2008; Jackson et al. 2018). However, within neurons and astrocytes, an intracellular and 

secreted prorenin molecule has been identified (Grobe et al. 2008; Jackson et al. 2018), which 

has a high concentration in the brain. Prorenin binds to prorenin receptors (which are mainly 

expressed in neurons: Xu et al. 2016; Zeisel et al. 2018) and, once bound, becomes 

enzymatically active so that it can cleave angiotensinogen (Xu et al. 2016). Thus, central renin-

angiotensin system overdrive could generate an increase in angiotensin II synthesis within the 

CNS.  

Genetic and pharmacological approaches have demonstrated that angiotensin II can 

trigger vasoconstriction or vasodilation via AT1 receptors or dilation through AT2 receptors 

located in the endothelium and smooth muscle cells of cerebral microvessels (Haberl et al. 

1990; Meng and Busija 1993; Baranov and Armstead 2005; Vincent et al. 2005; Wackenfors 

et al. 2006; Zhou et al. 2006; De Silva and Faraci 2012; Freitas et al. 2017). Human brain 

pericytes also express both the AT1 and AT2 receptors (Kuroda et al. 2014; Figure 2). In 

normotensive rats and pigs, the artery and arteriole response to angiotensin II is mediated by 
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both AT1 and AT2 receptors, and is dominated by dilation, generated by endothelial-dependent 

cyclooxygenase derivatives (Baranov and Armstead 2005; Wackenfors et al. 2006). AT2 

receptor stimulation can also relax microvessels by opening Ca2+-activated K+ channels 

(BKCa), leading to membrane hyperpolarization and vasodilation (Dimitropoulou et al. 2001; 

Vincent et al. 2005). On the other hand, AT1 receptors can activate nonspecific cation (NSC) 

and calcium-activated chloride channels, inducing a depolarization that activates voltage-

dependent calcium channels (VDCCs), causing a Ca2+ influx in (retinal) pericytes which 

evokes constriction of the underlying capillary (Kawamura et al. 2004; Figure 2), and can 

impair endothelium-dependent vasodilation by reducing NO bioavailability and increasing 

oxidative stress (De Silva and Faraci 2012). 

The cerebral renin-angiotensin system is more active in hypertensive than in 

normotensive animals (Zhou et al. 2006; Huber et al. 2017). In the cerebral microvessels of 

spontaneously hypertensive rats, the local renin-angiotensin system exhibits increased 

expression of angiotensin II AT1 receptors and lowered expression of AT2 receptors (Zhou et 

al. 2006). This may explain the increased vasoconstriction of cerebral microvessels and 

reduced cerebral perfusion observed in hypertensive rats compared to normotensive rats.  

Hypertension induced by peripheral injection of angiotensin II induces a drop in 

cerebral pericyte number and a loss of pericyte coverage, resulting in disruption of the blood-

brain barrier (Toth et al. 2013). Furthermore, angiotensin II upregulates Nox4 expression in 

human brain pericytes (Kuroda et al. 2014), suggesting that pericytes may be an important 

source of ROS in hypertension (Figure 2). ROS have been proposed to affect pericytes as well 

as smooth muscle cells, in part, via activation of the ROCK pathway (Lyle et al. 2009; De Silva 

and Faraci 2012; Shin et al. 2014; see below). Thus, ROS generation induced by all Nox 

subtypes in the brain, but especially by Nox4 in pericytes, could have a central role in inducing 

pericyte constriction and contributing to reduced cerebral capillary perfusion (Figure 2).  
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RhoA/ROCK pathway 

 Overactivity of the RhoA/ROCK pathway has been reported to play a key role in 

different cardiovascular diseases, such as hypertension, kidney disease and diabetes, by 

increasing oxidative stress and decreasing NO availability (Peng et al. 2008; Soga et al. 2011; 

Kushiyama et al. 2013; Jahani et al. 2018). RhoA is the main member of the Rho GTPase 

family which regulates a wide range of fundamental cell functions such as contraction, motility, 

proliferation and apoptosis (Etienne-Manneville and Hall 2002; Shi and Wei 2013). RhoA acts 

as a molecular switch that cycles between an inactive guanosine diphosphate (GDP)-bound and 

an active guanosine triphosphate (GTP)-bound conformation interacting with downstream 

targets (effectors) to elicit cellular responses. ROCKs are the first and the best-characterized 

RhoA effectors, but they also bind other Rho proteins such as RhoB and RhoC (Etienne-

Manneville and Hall 2002; Shi and Wei 2013). ROCK plays a key role in the pathogenesis of 

hypertension and microvascular remodelling (Lee et al. 2004; Loirand et al. 2006). It regulates 

smooth muscle contractility in arteries and arterioles (Soga et al. 2011; Pearson et al. 2013; 

Jahani et al. 2018). Its effects on pericytes are less studied, but it may control pericyte 

contractility at the level of the capillary bed (Kutcher et al. 2007; Homma et al. 2014; Durham 

et al. 2014). 

Interestingly, the Rho GTPases and ROCK regulate pericyte shape and increase 

contractility (Kutcher et al. 2007; Durham et al. 2014), in part by regulating the myosin light 

chain (MLC) phosphorylation/dephosphorylation process (Figure 2). A MLC-phosphatase 

(MLCP)-RhoA interacting protein (MRIP) mediates this by interacting with the β-actin specific 

capping protein (βcap73) to form a complex that binds MLCP and RhoA (Durham et al. 2014). 

In normal pericytes, the MRIP regulatory complex coordinates the targeting of MLCP to the 

myosin light chain. In MRIP-silenced pericytes, MLCP is no longer targeted to the MLC, which 
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leads to a decrease of MLC dephosphorylation; resulting in MLCK and ROCK phosphorylation 

of the MLC without MLCP opposition, increasing pericyte contractility (Durham et al. 2014). 

ROCK inhibitors have been shown to promote stroke prevention, acute neuroprotection 

and chronic stroke recovery by altering inflammation, platelet and endothelial function, smooth 

muscle contraction and neuronal regeneration (Yagita et al. 2007; Okamura et al. 2007; Feske 

et al. 2009; Ding et al. 2010; Tonges et al. 2014; Xiao et al. 2014; Gunther et al. 2017; Ohbuchi 

et al. 2018). Rho GTPase/ROCK inhibition may therefore be a therapeutic strategy for 

decreasing the pericyte-mediated constriction of capillaries that occurs in pathology (Kolyada 

et al. 2003; Kutcher et al. 2007; Kutcher and Herman 2009).  

Statins: potential inhibitors of the renin-angiotensin and RhoA/ROCK pathways  

Therapeutically, lipophilic statins, such as simvastatin, can easily cross the blood-brain 

barrier, thereby regulating endothelial and potentially pericyte function (Wood et al. 2010; 

Zhou and Liao 2010). Although statins are primarily used to reduce cholesterol levels, they 

also have the potential to be neuroprotective (Wood et al. 2010; Fisher and Moonis 2012; Lim 

and Barter 2014). Clinical and experimental studies have indicated favourable effects of statins, 

including anti-oxidative effects and inhibition of peripheral and CNS ROCK activity, 

independent of their cholesterol-lowering effects (Liu et al. 2009; Ahmed et al. 2016; Freitas 

et al. 2017; Oesterle et al. 2017; Figure 2). 

Inhibition of 3-hydroxy-3-methylglutaryl coenzyme-A (HMG-CoA) reductase by 

statins decreases the level of isoprenoid intermediates such as farnesyl-PP and geranylgeranyl-

PP, which reduces isoprenylation of small GTPases, including Rho and Rac (Rikitake and Liao 

2005; Tanaka et al. 2013; Oesterle et al. 2017). This can decrease oxidative stress by reducing 

NADPH oxidase activity, since isoprenylated Rac1 and Rac2 promote assembly and activation 

of at least some NADPH oxidases at the cell membrane (Kreck et al. 1996; Hordijk 2006; 

Elnakish et al. 2013). Indeed, statin treatment reduces Rac1 function and Nox activity 



25 
 

(Wassmann et al. 2001), and reduces ROS levels in patients with heart failure (Maack et al. 

2003).  

Additionally, statins reduce mainly vasoconstrictive angiotensin II AT1 receptor 

expression either through cholesterol dependent (Nickenig et al. 1999) or independent 

mechanisms (Gao et al. 2005), and increase cerebral vasodilatory AT2 receptor expression 

independent of cholesterol levels (Freitas et al. 2017). This alters angiotensin II signalling 

(Dechend et al. 2001; Zimmerman et al. 2002; Ruperez et al. 2007), reduces renin-angiotensin 

system-dependent oxidative stress (Wassmann et al. 2002; Alvarez et al. 2010) and 

inflammation (Dechend et al. 2001), and improves cerebral blood flow (Freitas et al. 2017).  

Thus, the ability of statins to inhibit simultaneously both the renin-angiotensin system 

and small GTPase signalling pathways could contribute to preventing pericyte constriction and 

death in brain disorders induced by hypertension, kidney disease and diabetes (Figure 2).  

Conclusion 

The pathophysiological pathways triggered during the progression of common 

peripheral diseases such as hypertension, kidney disease and diabetes are associated with 

neurological complications and an increased risk of cerebrovascular diseases. In the brain, as 

in the periphery, many of these problems can be linked to a dysfunction of pericytes, which 

play a crucial role in the cerebral microcirculation. A better understanding of the role of brain 

pericytes in neurological dysfunction induced by hypertension, kidney disease and diabetes 

should lead to earlier diagnosis and new therapeutic approaches.  
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Figure 1: Effects on the CNS microvasculature. In hypertension, kidney disease and diabetes 

pericytes may be a major cause of neurological dysfunction. Pathological mediators, generated 

peripherally or within the brain, can cause a contraction and/or loss of pericytes, leading to a 

decrease of perfusion and loss of blood-brain barrier function.   

 

Figure 2: Angiotensin effects on pericytes. Brain angiotensin levels can increase if there is 

an increase in angiotensin II synthesis within the brain or an increase in peripheral angiotensin 

generation. Right side of diagram: Angiotensin II acts on AT1 receptors (AT1R) on brain 

pericytes, triggering the RhoA/Rho-kinase pathway. Rho kinase (ROCK) inhibits myosin light 

chain phosphatase (MLCP), leading to increased phosphorylation of myosin light chain (MLC) 

by myosin light chain kinase (MLCK), increasing pericyte contractility. NADPH oxidase 4 

(Nox4) overexpression mediated by angiotensin II leads to an increase in ROS, that can also 

promote pericyte constriction through activation of ROCK. AT1 receptor stimulation also leads 

to a calcium influx through non-specific cation channels (NSC) and voltage-dependent calcium 

channels (VDCC). A [Ca2+]i rise triggers constriction by acting through calcium-calmodulin 

dependent protein kinase to stimulate MLCK to phosphorylate the MLC. Statins exert their 

effect by inhibiting AT1Rs, RhoA and Rho-kinase activity, and also inhibiting ROS generation. 

These favourable effects of statins occur independently of their cholesterol-lowering effects, 

and tend to reduce angiotensin II-induced brain capillary constriction mediated by pericytes. 

Left side of diagram: On the other hand, AT2 receptors (AT2R) that are activated by 

angiotensin II open large conductance calcium activated potassium channels (BKCa), causing 

K+ efflux, resulting in hyperpolarization (-) and inhibition of VDCCs, reducing pericyte 

contractility.  AT1Rs and AT2Rs may also evoke dilation by release of prostaglandins and NO 

from the adjacent endothelium (not shown). 








	The role of pericytes in brain disorders Final.R6.pdf
	Fig 1.pdf
	Figure 2 final 11-03-19.pdf
	Graphical abstract.pdf

