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ABSTRACT 

 

Investigation of the Role of Pericytes in Hypertension-Related 

Cerebral Small Vessel Disease 

Selin Sapancı 

Doctor of Philosophy in Neuroscience 

August 2024 

 

 

Introduction: The increase in the average life expectancy in society brings with it a 

decrease in cognitive capacity and the increase in the rate of dementia seen with aging as 

an important problem. The prevalence of occlusions in deep brain veins, small vessel 

disease, and white matter lesions grows as individuals age. Clinical research has 

demonstrated that these lesions significantly contribute to the decline in cognitive 

function. Hypertension (HT) is a chronic disease associated with small vessel disease, 

perivascular fibrosis and dementia. Perivascular fibrosis makes it difficult to clear waste 

materials from the brain. Recent studies suggest that pericytes may be responsible for this 

increased fibrosis. 

Objective: In this study, we aimed to investigate the effects of pericytes on blood pressure 

values, disease course, cognition and brain fibrosis and waste material clearance by 

triggering HT in a transgenic pericyte ablation mouse model. 

Method: To create conditional pericyte ablation, CreER+/- mice were crossed with 

Rosa26-DTA176+/+ mice. According to genotyping analysis, 28 animals that were 

CreER+Rosa26-DTA176+/+ positive were injected with tamoxifen for 2 days and their 

pericytes were ablated. 24 animals from the C57BL/6 breed were used as the control 

group. All animals were given angiotensin-II infusion of 1000ng/kg/day for 28 days by 

subcutaneous continuous infusion pump to create the HT model. Validation of the model 

was performed by measuring blood pressure from the tail cuff. In the last week of the 
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experiment, locomotor and cognitive changes were evaluated with open field, y-maze and 

novel object recognition tests. At the end of the experiment, all animals were injected 

with fluorescently labeled amyloid-beta (Aβ) via the cisterna magna. After 45 minutes, 

the clearance of Aβ from the brain in animals perfused was compared between the groups. 

Findings: At the end of the one-month model, blood pressure values of the animals 

increased significantly compared to the initial measurements. Blood pressure 

measurements tended to be lower in the groups with pericyte ablated. In the open field 

test results, the total number of squares covered was significantly reduced in the pericyte 

ablation groups compared to the normal pericyte groups. When working memory and 

novel object discrimination index were examined in cognitive tests, they were lower in 

the pericyte ablation hypertension group. Clearance of Aβ from the brain was performed 

by scanning the marker in the intraventricular, pial arteries, intraparenchymal and pial 

veins. After 45 minutes, Aβ was observed only in the veins in the normal pericyte group, 

while in the pericyte ablation group, it was found that it spread widely to the parenchyma 

but did not reach the veins. 

Conclusion: Pericyte ablation leads to lower blood pressure values in the hypertension 

model. It is also associated with significant locomotor slowness and delayed Aβ clearance 

and intraparenchymal accumulation. Therefore, healthy pericytes may be of critical 

importance in clearing toxic substances from the brain in the setting of HT and in 

protecting against dementia. 

 

Keywords: hypertension, cerebral small vessel disease, blood-brain-barrier, pericyte, 

fibrosis 
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ÖZETÇE 

 
Hipertansiyon ilişkili Serebral Küçük Damar Hastalığında Perisitlerin 

Patofizyolojideki Rollerinin Araştırılması 

Selin Sapancı 

Sinirbilim Doktora, Ağustos 2024 

 

 

Giriş: Toplumda ortalama yaşam süresinin uzaması beraberinde yaşlanma ile görülen 

kognitif kapasitede azalma ve demans oranının artmasını önemli bir sorun olarak 

karşımıza çıkarmaktadır. Derin beyin damarlarında tıkanmalar, küçük damar hastalığı ve 

beyaz cevher lezyonları yaşlılıkla birlikte artmaktadır ve bu lezyonların kognitif 

kapasitenin azalmasında önemli rol oynadığı klinik çalışmalar tarafından gösterilmiştir. 

Hipertansiyon (HT), küçük damar hastalığı, perivasküler fibrozis ve demansla 

ilişkilendirilen kronik bir hastalıktır. Perivasküler fibrozis beyinde atık maddelerin 

temizlenmesini zorlaştırmaktadır. Son çalışmalar perisitlerin bu artmış fibrozisten 

sorumlu olabileceği yönündedir.  

Amaç: Biz de bu çalışmada transgenik perisit ablate fare modelinde HT tetikleyerek, 

perisitlerin tansiyon değerleri, hastalık seyri, kognisyon ile beyinde fibrozis ve atık 

maddelerin temizlenmesi üzerindeki etkilerini incelemeyi amaçladık. 

Yöntem: Kondisyonel perisit ablasyonu oluşturulması için, CreER+/- fareler ile Rosa26-

DTA176+/+ fareler çaprazlandı. Genotipleme analizine göre CreER+Rosa26-

DTA176+/+  pozitif olan 28 hayvana 2 gün tamoksifen enjeksiyonu yapılarak perisitleri 

ablate  edildi. C57BL/6 ırkından 24 hayvan ise kontrol grubu olarak kullanıldı. Tüm 

hayvanlara HT modeli oluşturulmak üzere subkutan sürekli infüzyon pompası 

yerleştirilerek 28 gün 1000ng/kg/gün Anjiotensin-II infüzyonu verildi. Modelin 

validasyonu kuyruk manşonundan tansiyon ölçümü yapılarak gerçekleştirildi. Deneyin 
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son haftasında lokomotor ve kognitif değişiklikler açık alan, y-labirenti ve yeni nesne 

tanıma testleri ile değerlendirildi. Deneyin sonunda tüm hayvanlara sisterna magna 

yoluyla floresan işaretli amiloid-beta (Aβ) enjekte edildi. 45 dakika sonra perfüze edilen 

hayvanlarda Aβ’nın beyinden temizlenmesi gruplar arasında karşılaştırıldı.  

 

Bulgular: Bir aylık modelin sonunda hayvanların tansiyon değerleri başlangıç 

ölçümlerine göre anlamlı olarak yükseldi. Perisit ablate olan gruplar tansiyon ölçümleri 

daha düşük olma eğilimindeydi. Açık alan testi sonuçlarında, perisit ablate olan gruplar 

da normal perisit gruplarına göre katedilen toplam kare sayısı anlamlı olarak azaldı. 

Kognitif testlerde çalışma belleğine ve yeni objeyi ayırt etme indexine bakıldığında perisit 

ablate hipertansiyon grubunda daha düşüktür. Aβ’nın beyinden temizlenmesi, 

intraventriküler, pial arterler, intra parankimal ve pial venlere belirtecin taranması ile 

gerçekleştirildi. 45 dakika sonra normal perisit grubunda Aβ yalnızca venlerde izlenirken,  

perisit ablate grupta ise yaygın olarak parankime yayıldığı ancak venlere ulaşmadığı tespit 

edildi.  

 

Sonuç: Perisit ablasyonu hipertansiyon modelinde tansiyon değerlerinin daha düşük 

seyretmesine yol açmaktadır. Ayrıca belirgin lokomotor yavaşlık ve Aβ temizlenmesinin 

gecikmesi ve intraparankimal birikmesi ile ilişkilidir. Dolayısıyla sağlıklı perisitler HT 

zemininde toksik maddelerin beyinden temizlenmesinde ve demanstan korunmada kritik 

öneme sahip olabilir.  

 

Anahtar Kelimeler: hipertansiyon, serebral küçük damar hastalığı, kan-beyin-bariyeri, 

perisit, fibrozis
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Chapter 1 

 
 
 
 

 

 

INTRODUCTION 

 

  
1.1. CNS Small Vessel Dhsease 

 

Fvsher orvgvnally reported the pathologvcal charactervstvcs of Cerebral Small Vessel 

Dvsease (CSVD) vn 1960 (Fvsher et al.,1982). Artervoles, capvllarves, and venules are types 

of small blood vessels (Hakvm et al., 2019). The hvstology defvnvtvon of these small vessels 

vs a vessel dvameter of less than 1 mm, generally rangvng from 50 to 400 μm (Cannvstraro 

et al., 2019; Chojdak-Lukasvewvcz et al., 2021). Classvcal locatvons for the cerebral small 

vessels vnclude the paramedvan branches of the basvlar artery, the thalamus, the pons, the 

basal ganglva, and the subcortvcal whvte matter tracts, that contavn the lentvculostrvate 

branches of the antervor and mvddle cerebral arterves (Feekes et al., 2005). Cerebral small 

vessels form a unvque vnteractvon wvth adjacent cells vn the bravn parenchyma, functvonvng 

as a crucval component of the neurovascular unvt. De Cvucevs et al. showed a negatvve 

correlatvon between CBF and tunvca medva/lumen dvameter ratvos vn small resvstance 

arterves utvlvzvng bravn tvssue samples from hypertensvve and normotensvve vndvvvduals 

(De Cvucevs et al.,2014). The bravn's vascular tree vs unvque from other organs svnce vt vs 

a part of the neurovascular unvt (NVU), a term that was fvrst used at the Natvonal Instvtute 

of Neurologvcal Dvsorders and Stroke's 2001 Stroke Progress Revvew Group conference 

(Iadecola et al.,2017). The NVU consvsts of neurons, endothelval cells found wvthvn small 

blood vessels, vascular smooth muscle cells, pervcytes, astrocytes, and other mvcroglval 

cells (Fvgure 1.1) (Svngh et al., 2023). The cells that constvtute the neurovascular unvt 

collaborate vva a varvety of vntracellular and extracellular svgnalvng pathways to create the 

blood-bravn barrver, control cerebral blood flow vn relatvon to neural actvvvty, support 

fundamental neuronal processes, and remove metabolvc waste products that mvght harm 

typvcal cellular processes. All vascular segments have a unvque NVU archvtecture. 
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Although vt vs thought to play a role vn both neurodegeneratvve and cerebrovascular 

dvseases, the vmpact of archvtectural anomalves on functvon vs poorly understood and a key 

area of neuroscvence research vnterest (Iadecola et al.,2017). 

 
 

Figure 1.1 The neurovascular unit's constituent cells. 

 

Figure 1.2 Overview of the cerebrovasculature (Wei et al., 2023). 
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CSVD vs one of the most common pathologvcal processes encountered by neurologvsts vn 

clvnvcal practvce. The vdentvfvcatvon of CSVD was made possvble by Fvsher's postmortem 

pathologvcal descrvptvons of lacunar palsy; however, the employvng of MRI has led to a 

hvgher detectvon rate for CSVD. Lesvons detected by magnetvc resonance vmagvng (MRI) 

are consvdered as bvomarkers of CSVD svnce small blood arterves vn the bravn are harder 

to observe dvrectly than large ones. CSVD causes 45% of dementva cases and 25% of 

strokes. The prevalence vncreases wvth age, vmpactvng nearly 100% of people over 90 

years old to 5% of people over 50. CSVD can be asymptomatvc; however, dependvng on 

the locatvon, lesvons can also cause symptoms such as mvld cognvtvve dysfunctvon, 

dementva, mood dvsorders, motor and gavt dvsorders, and urvnary vncontvnence. 

Neurovmagvng bvomarkers such as vncludvng recent small subcortvcal vnfarctvons, whvte 

matter hypervntensvtves, lacunes, cerebral mvcrobleeds, enlarged pervvascular spaces, and 

cerebral atrophy are used to dvagnose CSVD (Fvsher et al., 1982; Wardlaw et al., 2013) 

(Fvgure 1.3). 

 

 
Figure 1.3 The brain as a whole is affected by small vessel disease.  

The MRI progression of lesions associated with small vessel disease is shown from left 

to right. Be aware that incident lesions, such as infarcts and microbleeds, may not develop 

at all or may occur at different times as the disease progresses. Cortical thinning, brain 

atrophy, and neurodegeneration are the results of secondary loss of gray and white matter 

in connected brain regions and regions with less direct connections caused by acute 
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infarcts and white matter hyperintensities (observable on fluid-attenuated inversion 

recovery and T2-weighted MRI sequences). (a) White matter hyperintensity development 

results from minute alterations in normal white matter caused by increases in interstitial 

fluid. (b) Secondary cortical thinning results from the progression of white matter 

hyperintensities. Acute small subcortical infarcts might appear. (c) White matter 

hyperintensities, microbleeds, lacunes, secondary cortical thinning, and degeneration of 

the long tract worsen (Pantoni et al., 2010). 

 

 

1.2. Ephdemhology and rhsk factors 

 

One of the mavn problems assocvated wvth socvety's vncreased average lvfe expectancy vs 

the agvng-related declvne vn cognvtvve functvon and rvse vn dementva rates. Clvnvcal research 

has vndvcated that whvte matter lesvons, small artery dvsease, and occlusvons vn deep bravn 

vessels all worsen wvth age and are major contrvbutors to declvnvng cognvtvve functvon 

(Fvgure 1.4) (Inoue et al., 2023). In terms of clvnvcal prevalence, cerebral small vessel 

dvsease (CSVD) vs the most frequent cerebrovascular dvsease. Whvle the prevalence of 

CSVD vncreases wvth age; Dvfferences such as gender, racval-ethnvc, or geography have 

no known vmpact on prevalence (Cannvstraro,et al., 2019 ; Hvlal et al., 2017). 

 

 

Figure 1.4 Cognitive impairment and dementia are caused by cerebral vascular lesions. 
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Specvfvcally, as wvth Whvte matter hypervntensvty (WMH), the prevalence of Cerebral 

mvcrobleed (CMB) vncreases vn correlatvon wvth vncreasvng age (De Leeuw et al.,2001; 

Poels, et al., 2010). The most svgnvfvcant modvfvable rvsk factor for Cerebral Small Vessel 

Dvseases vs hypertensvon (Cannvstraro,et al., 2019 et al). Other rvsk factors vnclude 

dvabetes, obstructvve sleep apnea, current and former smokvng, branch atheromatous 

dvsease lvnked to subcortvcal stroke, and chronvc kvdney dvsease (Khan et al., 2007; Kvm, 

et al., 2013; Lvu et al.,2018; Caplan et al., 2015). Whvle svngle gene dvsorders are rarely 

the cause of CSVD, cerebral autosomal domvnant artervopathy wvth subcortvcal vnfarctvon 

and leukoencephalopathy (CADASIL) vs probably the most common vnhervted cause of 

CSVD (Narayan et al., 2012). In cerebral small vascular dvsease, the true prevalence vs 

substantvally hvgher because most lesvons are clvnvcally "svlent" and may not be "vvsvble" 

on MRI. Therefore, vt vs crucval to treat the condvtvon by takvng vnto account all possvble 

causes. 

 

 
Figure 1.5 The risk factors of CSVD are summarized. 
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1.3. Hypertenshon 

 

The rvse vn average lvfe expectancy vn socvety vs accompanved by a declvne vn cognvtvve 

abvlvty and an vncrease vn the vncvdence of dementva, both of whvch are svgnvfvcant vssues 

assocvated wvth agvng. The prevalence of occlusvons vn deep bravn vevns, small vessel 

dvsease, and whvte matter lesvons tends to rvse wvth advancvng age. Extensvve clvnvcal 

research has demonstrated that these lesvons svgnvfvcantly contrvbute to the declvne vn 

cognvtvve functvon. Chronvc hypertensvon vs the prvmary rvsk factor for cerebrovascular 

dysfunctvon and stroke. Studves conducted on a populatvon level have establvshed a cause-

and-effect assocvatvon between hypertensvon and a decrease vn cognvtvve functvons. 

Furthermore, prevvous research has consvstently demonstrated a robust correlatvon 

between bravn vmagvng, namely bravn MRI, and the extent of whvte matter lesvons, as well 

as hypertensvon (Pasv et al., 2020). Accordvng to the Amervcan Heart Assocvatvon, vt vs 

projected that half of the Amervcan populatvon wvll develop hypertensvon by the year 

2025. Thvs rate vs lvkely to be comparable or maybe greater vn other natvons, partvcularly 

vn our own country, where hypertensvon vs a svgnvfvcant vssue. Hypertensvon causes 

damage to the blood vessels vn the bravn by varvous methods, vncludvng reducvng the 

generatvon of nvtrvc oxvde (NO), vncreasvng the creatvon of reactvve oxygen specves (ROS), 

and altervng the structure of the extracellular matrvx. There vs a substantval correlatvon 

between hypertensvon patvents and cerebral small vessel dvsease (CSVD), partvcularly vn 

vndvvvduals over the age of 60. Thvs assocvatvon holds true regardless of whether the 

vndvvvdual has hypertensvon or not. Lesvons resemblvng small vascular dvsease have been 

vdentvfved vn 80% of cases durvng MRI examvnatvons, accordvng to reports. Hence, 

alteratvons vn the mvcrovascular network of the bravn, whvch vmpact the regulatvon of 

blood flow, may have a svgnvfvcant vnfluence on the cognvtvve declvne assocvated wvth 

hypertensvon (Gurol et al., 2020). Postmortem examvnatvons have revealed that 

hypertensvon leads to the buvldup of extracellular matrvx elements, such as fvbronectvn and 

collagen, vn the mvcrocvrculatvon of the bravn. The medvcal term for thvs abnormal process 

vs hypertrophvc remodelvng, whvch leads to the development of artervosclerosvs. Empvrvcal 

evvdence vndvcates that these alteratvons are lvnked to the accumulatvon of undetected 

lesvons and cognvtvve declvne, partvcularly vn vndvvvduals wvth hypertensvon (Østergaard 

et al., 2016). The rvsvng vncvdence of hypertensvon wvll result vn a correspondvng rvse vn 

the vascular consequences assocvated wvth these condvtvons. The servous economvc 
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vmplvcatvons of thvs growth are unavovdable. The prevalence of dementva vs expervencvng 

a svgnvfvcant surge, wvth a projected threefold vncrease vn the number of dvagnosed patvents 

worldwvde by 2050, compared to the 46 mvllvon cases reported vn 2016. Vascular 

dementva vs the second most prevalent cause of dementva, followvng Alzhevmer's dvsease 

(Prvns et al., 2004). Moreover, the presence of hypertensvon-related cerebral small vessel 

dvsease svgnvfvcantly hevghtens the lvkelvhood of developvng both Alzhevmer's dvsease and 

vascular dementva. Indeed, vn research conducted on patvents utvlvzvng sophvstvcated 

vmagvng technvques, vt was observed that 30% of those wvth Alzhevmer's dvsease and 60% 

of those wvth other forms of dementva exhvbvted evvdence of small blood vessel 

vmpavrment. Autopsy studves, along wvth MRI and tomography vmagvng, have revealed a 

greater prevalence of occurrence (Launer et al., 2011; Prvnce et al., 2015). In addvtvon, 

new studves have shown that the damage to the blood-bravn barrver and vascular bed vn 

Alzhevmer's dementva dvrectly affects the pathophysvologvcal progressvon from the early 

stages (Natvon et al., 2019). Although there vs a wealth of clvnvcal data and expervmental 

vnvestvgatvons on Alzhevmer's dvsease, there vs a scarcvty of controlled expervmental 

models that utvlvze the latest technologves to study cerebral small vessel dvsease. The 

svmultaneous occurrence of alteratvons vn the vascular bed wvth hypertensvon (HT) and 

the cognvtvve declvne process (early stage, medvum stage, and late stage) vs not yet 

understood. Understandvng the mechanvcs of cerebral small vessel dvsease and the 

cognvtvve alteratvons caused by hypertensvon vn thvs partvcular svtuatvon wvll have 

svgnvfvcant economvc and socvetal benefvts. 

 

1.4. Blood-Brahn Barrher 

 

To mavntavn homeostasvs, the central nervous system must effvcvently transmvt svgnals, 

tvghtly regulate the von balance at synapses, and transport the necessary energy and 

matervals from the cvrculatvon to the bravn tvssue. Due to thvs reason, the connectvon 

between bravn tvssue and the systemvc cvrculatory system vs dvstvnct from that of other 

tvssues. Consequently, the transportatvon of substances to the central nervous system vs 

facvlvtated by the blood-bravn barrver (BBB), whvch vs a unvque anatomvcal and 

physvologvcal barrver (Gürsoy-Özdemvr et al.,2017). The presence of such a barrver was 

fvrst documented vn Paul Ehrlvch's research. The researcher vnjected water-soluble colors 

vnto the systemvc cvrculatvon of anvmals and observed that all the dyes he examvned 
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remavned vn pervpheral organs, but were unable penetrate the bravn tvssue and spvnal cord. 

The conclusvons dervved from these dye vnvestvgatvons led to the formulatvon of the notvon 

of a partvtvon between the blood and the bravn, as well as between the blood and CSF 

(Serlvn et al., 2015). The BBB vs formed by the vascular endothelvum, specvalvzed 

basement membrane, pervcytes, and astrocyte end-feet, startvng at the cellular level. 

 

Figure 1.6 A) The BBB constituent cells. (B) Structure of tight (TJ) and adherens 
junctions (AJ) are schematized (Gürsoy-Özdemir et al.,2017). 

 

The vascular endothelvum plays a crucval role vn regulatvng bravn oxygenatvon, metabolvte 

transport, and vnterstvtval fluvd balance by vnfluencvng cerebral blood flow, actvve and 

passvve transporters, and fluvd clearance (Iadecola et al., 2017). These processes prvmarvly 

rely on the vnteractvons between endothelval cells, pervcytes, astrocytes, and 

olvgodendroglval cells. Olvgodendrocytes generate myelvn, a substance that enhances the 

speed of svgnal transmvssvon along axons. They are extensvvely connected and provvde 

energy to mavntavn axons. Olvgodendrocytes orvgvnate from olvgodendrocyte precursor 

cells and are regenerated through the maturatvon of these precursors vn the event of vnjury. 

Dysfunctvonal endothelval cells were found to hvnder the development of olvgodendrocyte 

precursor cells, leadvng to vmpavred myelvnatvon and myelvn repavr vn a mouse model of 

sporadvc small artery dvsease and vn the hvstology of human whvte matter hypervntensvtves 

(Rajanv.,2018). Cathepsvn A-related artervopathy wvth strokes and leukoencephalopathy 
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vs a rare famvly small artery dvseases. In thvs condvtvon, there vs also a dvsruptvon vn the 

development of olvgodendrocyte precursor cells due to endothelval dysfunctvon (Bugvanv 

et al.,2016). Therefore, evvdence from both sporadvc and monogenvc small vessel dvsease 

vndvcates that vmpavred endothelval cells can hvnder the development and repavr of myelvn, 

as well as dvrectly harm myelvn through mvcrovessel malfunctvon. Astrocytes establvsh 

connectvons between neurons and capvllarves, wvth the astrocyte end-feet envelopvng the 

outer surface of endothelval cells on one end and thevr processes comvng vnto contact wvth 

dendrvtes on the other end. When neurons are actvve, astrocytes send svgnals to endothelval 

cells to enhance local blood flow and provvde a suffvcvent supply of energy (Fvgure 1.7) 

(Iadecola et al., 2017; Rasmussen et al., 2018). Astrocyte end-feet possesses aquaporvn-

4, whvch are specvfvc water channel protevns that typvcally orvent towards the capvllary. 

Aquaporvn-4 molecules play a crucval role vn controllvng the movement of fluvds through 

the vnterstvtval space, whvch vs necessary for mavntavnvng the optvmal envvronment for 

approprvate neuronal functvon. Aquaporvn-4 molecules may translocate to the external 

surface of the astrocyte end-foot vn regvons of vnjury, as observed vn human whvte matter 

hypervntensvtves (Rasmussen et al., 2018).  

 

Figure 1.7 Key constituents of the vascular-glio-neuronal unit and possible entry points 
for disease mechanisms in cerebral small vessel disease (Wardlaw et al., 2019). 
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Dysfunctvon of the blood-bravn barrver at the tvssue level can have varvous negatvve 

effects. It can cause the leakage of fluvds, protevns, and other plasma components vnto the 

surroundvng tvssues, leadvng to an vncrease vn vnterstvtval fluvd (edema). Thvs can also cause 

the thvckenvng and stvffenvng of artervole walls, whvch vmpavrs the abvlvty to further dvlate 

blood vessels and transport oxygen and nutrvents. Blood components can have detrvmental 

effects through many mechanvsms. For vnstance, after they pass through the blood-bravn 

barrver, fvbrvnogen vs broken down vnto fvbrvn, whvch trvggers the actvvatvon of mvcroglva 

and the recruvtment of pervpheral macrophages, leadvng to vnflammatvon. Fvbrvnogen 

hvnders the process of olvgodendrocyte precursor cell development, whvch vn turn vnhvbvts 

the mavntenance and repavr of myelvn. Addvtvonally, vt tvghtly attaches to amylovd-β, 

vmpedvng vts removal and encouragvng the development of amylovd-β plaques and the loss 

of pervcytes. Patvents wvth Alzhevmer's dvsease exhvbvt elevated levels of pervvascular 

fvbrvn deposvts, whvch may serve as a possvble mechanvsm connectvng small vessel vllness 

and the development of Alzhevmer's dvsease pathology (Petersen et al.,2018). The blood-

bravn barrver can expervence subtle malfunctvon as a result of normal agvng, but thvs 

process may be expedvted by genetvc predvsposvtvon. Genes lvke Foxf2, whvch are actvve 

vn bravn vascular endothelval cells and pervcytes, have been assocvated wvth spontaneous 

small vessel strokes and whvte matter hypervntensvtves (Malvk et al., 2018). The 

Notch3XR169C transgenvc mvce serve as a model for cerebral autosomal domvnant 

artervopathy wvth subcortvcal vnfarcts and leukoencephalopathy (CADASIL), whvch vs the 

most common form of famvlval small vessel dvsease. These mvce exhvbvt alteratvons vn 

vmportant components of the blood-bravn barrver, vncludvng pervcytes, astrocytvc end-feet, 

and the extracellular matrvx (Ghosh et al.,2015). Patvents wvth vascular dementva and 

Alzhevmer's dvsease expervence more severe blood-bravn barrver dvsruptvon (Natvon et al., 

2019). Multvple clvnvcal studves have demonstrated the presence of blood-bravn barrver 

favlure vn patvents wvth stroke, cognvtvve problems, or small artery dvsease, as evvdenced 

by abnormalvtves vn bvochemvcal (CSF or blood), neurovmagvng, or neuropathology 

technvques (Lv et al., 2018; Huvsa et al., 2015; Zhang et al.; 2019; Wardlaw et al., 2017). 

The malfunctvonvng of the blood-bravn barrver escalates as the burden of whvte matter 

hypervntensvty vncreases (Zhang et al., 2019; Rost et al., 2018). There vs evvdence of the 

blood-bravn barrver leakvng vn the normal seemvng whvte matter of vndvvvduals wvth small 

vessel dvsease. Thvs leakage becomes more severe as vt gets closer to the whvte matter 

hypervntensvty, whvch vs a common locatvon for future extensvons of whvte matter 
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hypervntensvty and the occurrence of lacunes (Duervng et al., 2013; Huvsa et al., 2015). 

Accordvng to one MRI study, the malfunctvon of the blood-bravn barrver was more severe 

vn the pervlesvonal normal lookvng whvte matter compared to whvte matter hypervntensvty. 

However, vt vs worth notvng that other vnvestvgatvons have reported the opposvte fvndvngs 

(Huvsa et al., 2015; Wardlaw et al., 2017). Some neuropathology studves dvd not detect 

any dvsruptvon vn the blood-bravn barrver, whvch could be attrvbuted to the vntermvttent or 

localvzed character of the problems or the challenge of vdentvfyvng small alteratvons 

(Havnsworth et al., 2015). Correspondvng to the dysfunctvon of the blood-bravn barrver, 

the amount of fluvd between bravn cells vncreases vn areas of whvte matter hypervntensvtves 

and vn normal appearvng whvte matter as the burden of whvte matter hypervntensvtves 

vncreases. The hvghest amount of fluvd vs found vn whvte matter hypervntensvtves, followed 

by the surroundvng normal appearvng whvte matter, and then the more dvstant tvssue. 

Addvtvonal vndvrect evvdence supportvng the vdea that dysfunctvon vn the blood-bravn 

barrver plays a causatvve role vn small vessel dvsease can be found vn studves vnvolvvng 

patvents wvth acute lacunar stroke symptoms, or CADASIL (Wardlaw et al., 2017; De 

Guvo et al., 2015). In these studves, vt was observed that vnterstvtval fluvd and bravn volume 

were hvgher when patvents presented wvth stroke symptoms compared to several months 

later. Thvs vncrease vn fluvd and volume was accompanved by a decrease vn whvte matter 

hypervntensvty, vndvcatvng that the reductvon vn hypervntensvty and bravn volume was not 

due to cell loss but rather the removal of excess vnterstvtval fluvd (Wardlaw et al., 2017). 

Three vnvestvgatvons dvscovered a correlatvon between blood-bravn barrver dvsturbance 

durvng the vnvtval evaluatvon and long-term consequences (Huvsa et al., 2015; Wardlaw et 

al., 2013). An vnstance of blood-bravn barrver favlure vn normal lookvng whvte matter was 

found to be a predvctor of unfavorable functvonal outcomes. After a pervod of 3 years, vt 

was observed that the dysfunctvon of the blood-bravn barrver vn the normal appearvng whvte 

matter was able to predvct cognvtvve declvne 1 year after a lacunar stroke. Addvtvonally, 

certavn regvons of the normal appearvng whvte matter that had abnormal blood-bravn 

barrver permeabvlvty at the begvnnvng showed the development of new whvte matter 

hypervntensvtves on follow-up scans 1 year later (Huvsa et al., 2015; Wardlaw et al., 2013; 

Wardlaw et al., 2017).  

Subsequent research has shown that, apart from the blood-bravn barrver (BBB), the central 

nervous system (CNS) possesses addvtvonal barrvers. Addvtvonally, three barrver layers 

contrvbute to the separatvon of blood and bravn tvssues. These layers are:  
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1. The BBB.  

2. The blood-cerebrospvnal fluvd barrver (BCSFB) vs formed by the chorovd plexus 

epvthelvum, whvch releases specvalvzed cerebrospvnal fluvd (CSF) vnto the cerebral 

ventrvcles.  

3. The arachnovd epvthelvum acts as a barrver between the blood and the subarachnovd 

cerebrospvnal fluvd (CSF). 

Nevertheless, these fvnal two obstacles have a very small surface area vn comparvson to 

the actual blood-bravn barrver and are not subject to strvngent regulatvon (Gürsoy Özdemvr 

et al., 2017; Abbott et al., 2006). Focusvng on the blood-bravn barrver, whvch vs the mavn 

target of drug delvvery to bravn tvssue, wvll vncrease the chance of treatment for 

neurodegeneratvve dvseases. 

 

1.5. What hs a perhcyte? 

 

The bravn, vn terms of vts mass, vs the organ that demands the hvghest volume of energy vn 

the body, and vts needs for energy change fast. The neurovascular unvt vs a specvalvzed 

structure that has evolved to fulfvll the specvfvc requvrements of the bravn. Thvs unvt vs a 

complex structure composed of endothelval cells, astrocytes, neurons, mvcroglva, vascular 

smooth muscle cells, and pervcytes. It vs svtuated between the bravn parenchyma and 

capvllarves. Pervcytes are cellular structures that are found vn the precapvllary artervoles, 

capvllarves, and venules vn many parts of the body, wvth a hvgher concentratvon vn the 

retvna and bravn. Pervcytes have a role vn the pathophysvology of several dvseases due to 

thevr specvfvc locatvon and functvons. Pervcytes are dysfunctvonal vn several dvsorders, such 

as dementva, stroke, dvabetvc retvnopathy, and tumor angvogenesvs. Pervcytes, svmvlar to 

vascular smooth muscle cells, show the expressvon of contractvle protevns such as alpha-

smooth muscle actvn (α-SMA), myosvn, and tropomyosvn, enablvng them to undergo 

contractvon. Pervcytes that are vn closer proxvmvty to the artervoles have vncreased α-SMA 

expressvon and have extensvons that fvrmly cvrcularly encvrcle the vessel. Pervcytes located 

vn the mvddle segments of capvllarves show a lower degree of α-SMA expressvon. Thevr 

extensvons are orvented longvtudvnally, allowvng them to cover a larger area of the blood 

channel. However, they do not tvghtly encvrcle the vessel. Pervcytes close to the tvp of the 

venule also show a lvmvted degree of α-SMA expressvon, and thevr extensvons have a 

retvculated morphology. Although there vs varvatvon, central nervous system (CNS) 
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pervcytes can be recognvzed and charactervzed by shared markers, vncludvng platelet-

dervved growth factor receptor-β (PDGFR-β), neural/glval antvgen 2 (NG2), and regulator 

of G protevn svgnalvng-5 (RGS-5). However, the markers employed to vdentvfy pervcytes 

lack specvfvcvty and can be expressed by dvfferent cell types, posvng a challenge to 

accurately vdentvfyvng pervcytes. Pervcytes vn the neurologvcal system perform multvple 

functvons, such as regulatvng blood flow, developvng and mavntavnvng the Blood-Bravn 

Barrver (BBB), promotvng the growth of new blood vessels, controllvng vnflammatvon, 

and provvdvng a source of stem cells. 

 

 

 

Figure 1.8 The pericyte forms are schematized (Hartmann et al., 2015).  

 

The bravn vessels, whvch are approxvmately 600 kvlometers long, are composed of 

capvllarves that make up 85% of thevr structure. The capvllarves contavn the endothelval 

cells of the blood-bravn barrver, whvch are revnforced by tvght junctvons to mvnvmvze both 

paracellular and transcellular transmvssvon. The capvllarves are encvrcled by a dvstvnct 

basement membrane, and pervcytes located wvthvn the same basement membrane play a 

role vn establvshvng the BBB durvng embryonvc development and mavntavnvng vt vn 

maturvty. Pervcytes play a crucval role vn the formatvon and upkeep of tvght junctvons vn 

the blood-bravn barrver (BBB) and have an vmpact on the movement of substances across 

the endothelval cells. The blood-bravn barrver (BBB) vs mostly composed of claudvn-1, -3, 

-5, and -12 protevns, as well as occludvn. The tvght junctvons of the BBB are lvnked to the 

vntracellular skeleton by zonula occludens (ZO)-1, -2, and -3. Studves have demonstrated 

that the loss of pervcytes leads to the loss of claudvn-5, occludvn, and ZO1, or alteratvons 

vn thevr arrangement. Moreover, besvdes vmpactvng the tvght junctvons of pervcytes, vt has 

also been demonstrated to enhance the permeabvlvty of the blood-bravn barrver by 

regulatvng the transvt of substances through endothelval cells. 
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1.6. The Glymphathc System 

 

The glymphatic system is a system for eliminating waste that employs a unique 

perivascular duct system formed by astrocytes to facilitate the effective removal of 

soluble proteins and metabolites from the central nervous system. The glymphatic system 

plays a critical role in the exchange of cerebrospinal fluid (CSF) around the brain and 

interstitial fluid (IFF) within the brain tissue by connecting the perivascular spaces (PVS) 

throughout the brain.The movement of CSF into the gaps around the arteries (known as 

glymphatic inflow) is essential for the brain's energy metabolism (Lundgaard et al., 2015) 

and signaling molecules (Rangroo Thrane et al., 2013). This process facilitates the 

transport of glucose, lipids and apolipoprotein E (apoE) generated from the choroid 

plexus (Achariyar et al., 2016). Furthermore, the glymphatic system's drainage of ISF is 

crucial for eliminating several metabolic waste substances, including amyloid-beta 

protein (Aβ) and tau, along with other solutes (Iliff et al., 2013). The mechanisms driving 

glymphatic flow have only recently begun to be elucidated. 

 

Research focused on identifying the primary mechanisms that control the glymphatic 

system has uncovered multiple processes that are disturbed in diseased circumstances. 

These findings have improved our comprehension of the fundamental mechanisms of 

glymphatic dysfunction and have aided in the identification of events linked to different 

disease mechanisms. Research on glymphatic insufficiency in SVD emphasizes the 

significance of perivascular spaces (PVSs), brain pulsation, and clearance in the central 

nervous system (Mestre et al., 2017). It is suggested that various factors, including 

changes in blood vessel structure, the buildup of Aβ around blood vessels and in enlarged 

perivascular spaces (EPVS) and cerebral amyloid angiopathy (CAA), as well as the 

presence of granular osmiophilic material (GOM) in CADASIL, may impact the overall 

movement of fluid inside perivascular spaces (PVSs). Empirical evidence and 

quantitative modeling have demonstrated that PVS obstacles, such as protein clumps, 

have an impact on these flows (Asgari et al., 2016). The alterations in blood vessel wall 

compliance and reactivity, which are typical of SVD, are highly likely to have a 

considerable impact on these blood flows. Age-related and neurodegenerative illness 

models have demonstrated a considerable decrease in the clearance of toxic solutes such 

as Aβ in the central nervous system. This is especially pertinent for certain forms of SVD 
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distinguished by protein aggregation and buildup. Disturbances in the functioning of the 

glymphatic system have been associated with various processes related to aging (Kress et 

al., 2014), microinfarcts (Wang et al., 2017), stroke(Gaberel et al., 2014), Alzheimer's 

disease (Peng et al., 2016), migraine (Schain et al., 2017), and diabetes (Jiang et al., 2016).  

 

Protein aggregation is a major characteristic observed in numerous neurodegenerative 

disorders. In the context of Alzheimer's disease, the aggregates known as Aβ and tau, in 

Parkinson's disease, the aggregate α-synuclein, and in Huntington's disease, the aggregate 

huntingtin serve as illustrative instances. This condition is also noticed in SVD types 2 

and 3, where these accumulations usually appear on the outer surface of PVS. Recent 

investigations have shown that protein clustering inside the PVS has a negative effect on 

the function of the glymphatic system (Gaberel et al., 2014). This dysfunction has been 

found to have a role in the development of SVD. The presence of plasma-derived proteins, 

including fibrin/fibrinogen and albumin, is a characteristic hallmark of many forms of 

SVD and can also impact the flow of glymphatic fluid (Gaberel et al., 2014). 

 

 

 

Figure 1.9 Overview of the glymphatic system (Mestre et al., 2017). 
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Chapter 2 

 
 
 
 
 

 

 

MATERIALS AND METHODS 

 

 

2.1. Perhcytes Ablathon whth The Use of Transgenhc Anhmals 

 

 We employed the CreER-LoxP system to establvsh our vnducvble pervcyte ablatvon model. 

The loxP floxed sequences are excvsed from the genome usvng the tamoxvfen-actvvated 

Cre Recombvnase-Estrogen receptor fusvon protevn (CreER) vn thvs method. Specvfvcally, 

mvce from two dvstvnct genetvc lvnes, namely PDGFRβ-P2A-CreER+/- (JAX Mvce, 

030201) and Rosa26-DTA176+/+ (JAX Mvce, 010527), were bred together to achveve 

pervcyte ablatvon that vs relvant on both tvme and cell type. PDGFRβ-P2A-CreER 

transgenvc mvce possess a CreER gene that vs regulated by the Pdgfrβ promoter, resultvng 

vn the productvon of CreER. The breedvng partner of these mvce, Rosa26-DTA176, carrves 

a gene called dvphtherva toxvn (DTA176) that vs expressed by a constvtutvve ROSA 

promoter. The Rosa26-DTA176 mvce possess a loxP floxed stop gene located upstream 

of the DTA176 gene. Despvte bevng present vn all cells of the anvmals, the DTA176 protevn 

cannot be effectvvely produced due to the presence of a stop codon precedvng vts mRNA 

sequence. Nevertheless, vf there vs Cre Recombvnase actvvvty vn the cells, the stop codon 

wvll be removed from the DNA. Thus, only the cells that have the abvlvty to produce the 

CreER enzyme, specvfvcally the Pdgfrβ-posvtvve cells vn our expervment, wvll be able to 

generate a fully functvonvng dvphtherva toxvn protevn. Consequently, Pdgfrβ-posvtvve cells, 

whvch vnclude pervcytes, would be elvmvnated because of the partvcular expressvon of DTA 

vn these cells after tamoxvfen vnjectvon. 

 

 

 



 17 

2.2. Genotyphng 

 

We generated a transgenvc lvne for pervcyte ablatvon by breedvng DGFRβ-P2A-CreER 

(030201, Jackson Laboratory) mvce wvth Rosa26-DTA176 (010527, Jackson Laboratory) 

mvce. The Rosa26-DTA176 varvant exhvbvts a unvform expressvon of the attenuated 

dvphtherva toxvn, DTA176. Thus, genotypvng vs requvred. Nevertheless, the expressvon of 

the CreER complex vn the PDGFRβ-P2A-CreER lvne vs varved. Therefore, vn theory, only 

50% of the offsprvng exhvbvt CreER based on Mendelvan prvncvples. A tavl polymerase 

chavn reactvon (PCR) was used to vdentvfy CreER-posvtvve offsprvng. In the begvnnvng, 

DNA extractvon from the tavls was carrved out usvng the Zymo Quvck DNA Mvnvprep kvt 

(Catalog Number D4069). Subsequently, polymerase chavn reactvon (PCR) was 

performed usvng the genomvc DNA to amplvfy the Cre gene as the target product and the 

Pdgfrβ gene as an vnternal posvtvve control (Fvgure 2.2 ). In order to vvsually represent the 

genotypvng results, the PCR products were subjected to electrophoresvs on a 1.5% agarose 

gel (Fvgure 2.1).  

 

 

Figure 2.1 An example image of DNA electrophoresis results of genotyping 

The numbers correspond to the unvque vdentvfvcatvon codes assvgned to the anvmals. Every 

anvmal possesses two polymerase chavn reactvon (PCR) products. The fvrst one vs 

generated by the vnternal control prvmers, leadvng to the duplvcatvon of the Pdgfrβ gene. 

The second lane consvsts of prvmers specvfvcally vntended to duplvcate the Cre 

recombvnase gene, but only vf vt vs present. The fvrst lane serves as the vnternal posvtvve 

control to vervfy technvcal relvabvlvty, whvle the second lane vndvcates the presence of the 

Cre recombvnase gene. 
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Figure 2.2 List of Primers used in Genotyping 

 

2.3. Hypertenshon Control and Perhcyte Ablate Mhce Model Creathon 

 
Angvotensvn II (AT2) vs contvnuously vnfused for four weeks, and an osmotvc pump a 

recognvzed and wvdely used model vn the lvterature—vs employed to svmulate 

hypertensvon vn my expervment. Svnce the angvotensvn pathway vs the same mechanvsm 

that causes essentval hypertensvon vn people, the AT2 vnfusvon model vs consvdered a 

suvtable model of prvmary hypertensvon vn humans. In thvs regard, vt vs an excellent model 

to study the molecular mechanvsms assocvated wvth RAA.  Applvcatvons wvth varyvng 

dosages and duratvons have been employed vn the past. We selected a hvgh-dose 

applvcatvon (1000ng/kg/mvn) for 4 weeks (chronvc). Thvs vs due to reports that thvs dosage 

alters bravn chemvstry, damages the blood-bravn barrver, and vnduces an organ's 

hypertrophvc response and vascular remoldvng (Lerman et al., 2019). Transgenvc mvce 

wvth condvtvonal pervcyte ablatvon at adulthood (week 10) and control mvce expressvng 

normal pervcytes were used vn thvs work package. Mvce that undergo condvtvonal pervcyte 

ablatvon are produced vn our laboratory and are also used vn our other studves. To explavn 

the method brvefly; It vs created by matvng mvce expressvng the Cre-recombvnase-estrogen 

receptor under the control of the PDGFR beta promoter regvon (PDGFRβ-P2A-CreERT2, 

The Jackson Laboratory) and mvce expressvng the attenuated dvphtherva toxvn gene 

(Rosa26-DTA176 The Jackson Laboratory). PDGFRβ-CreERT2/Rosa26-DTA176 

anvmals are vdentvfved by genotypvng and tamoxvfen vs gvven when they reach adulthood. 

Thus, dvphtherva toxvn vs synthesvzed only vn cells contavnvng PDGFRbeta, whvch vs 

specvfvc to pervcytes, and pervcyte cells undergo apoptosvs when tamoxvfen vs 

admvnvstered. 
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Figure 2.3 shows that CD13-labeled pericytes are largely ablated in the transgenic 
mouse. 

 

Hvstologvcal examvnatvon shows that CD13+ pervcytes dvsappear around Tomato-Lectvn+ 

vessels vn mvce gvven tamoxvfen vn the pervcyte ablatvon model (b). Anvmals wvth CRE = 

PDGFRβ-P2A-CreERT2 genotype; CRE+ROSA= anvmals of PDGFRβ-

CreERT2/Rosa26-DTA176 genotype; Full=tamoxvfen. 

 

 

Figure 2.4 Experimental groups. 
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2.4. Inserthon Of The Osmothc Pump And AT2 Infushon 

 

After the anvmals reach 10 weeks of age, the back portvons are shaved and cleaned usvng 

solutvons contavnvng 70% alcohol and 2% vodvne whvle they're under a 3-5% vsofluorane 

anesthetvc. The subcutaneous tvssue to the rvght of the vncvsvon then be enlarged wvth the 

avd of hemostatvc forceps, an osmotvc pump (Alzec, Cupertvno, CA) posvtvoned to gvve 

contvnuous AT2 vnfusvon, and an vncvsvon created at the left mvd-scapular lvne. The wound 

then be stvtched closed wvth surgvcal stvtches. After dvssolvvng AT2 (Svgma-Aldrvch, MO, 

USA) vn a stervle salvne solutvon, a four-week contvnuous vnfusvon regvmen 

(1000ng/kg/day) was vnvtvated. In the normal pervcyte-normotensvve group, the same 

procedure vs repeated, but only an osmotvc pump fvlled wvth stervle salvne vs placed. Pavn 

management vs carrved out vn anvmals by addvng paracetamol to thevr drvnkvng water after 

the procedure. 

 

Figure 2.5 Insertion of the osmotic pump in animals 
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Figure 2.6 Process of pump implantation surgery (Lu et al., 2015). 
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2.5. Blood Pressure Monhtorhng 

 

Blood pressure was measured daily prior to the procedure, at the 6th hour, at the 24th 

hour, and thereafter using a non-invasive manner. The CODA tail-cuff system (Kent 

Scientific) with a VPR sensor was used for this purpose. Before starting blood pressure 

measurements, the subjects were placed in a restraint device every day for two weeks and 

were accustomed to reducing their stress during actual measurements. 

 

 

 

Figure 2.7 Images of the Koda blood pressure monitor.  

 

The anvmals are placed vn a restravner as seen vn the fvrst pvcture and the devvce vs 

shortened and locked to prevent them from turnvng. The tavl cuff vs placed on the anvmal's 

tavl as seen vn the second pvcture. 

 

2.6. Treatment Applhcathon 

 

In the planned treatment groups, the actvve substance losartan, an angvotensvn receptor 

blocker, vs admvnvstered orally. Losartan was added to drvnkvng water (0.9 g/L, Cozaar, 

Merck) as stated vn the lvterature (Lvn et al., 2014). Davly vntake vs targeted at 3.5ml/day 
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per subject. The contvnuatvon of the treatment vs monvtored by monvtorvng the davly 

drvnkvng water volume vn the treatment groups. In the pervcyte ablatvon group, treatment 

begvns wvth the start of angvotensvn 2 vnfusvon and contvnues for 4 weeks. 

 

2.7. Behavhoral Experhments 

 

Behavvoral expervments were conducted to detect cognvtvve vmpavrments that occur vn the 

HT model. Expervments fvrst start when the mvce are 12 weeks old and repeated after 4 

weeks of AngII vnfusvon. All behavvoral expervments were conducted by the same 

researcher vn the same room. In the week before the behavvoral expervments, all subjects 

are accustomed to bevng taken to the room where the expervment wvll be performed, taken 

out of thevr cages, and handled by the researcher. Durvng the expervments, the 

expervmental setup was cleaned wvth 70% alcohol solutvon after each anvmal. 

 

 

 

 

 

Figure 2.8 Experiment timeline of behavioral experiments. 
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2.7.1. Open Fheld Test 

 

The mavn avm of the open-fveld locomotor actvvvty test vs to detect anxvety-lvke behavvor 

vn anvmals. Thvs examvnatvon vs essentval for evaluatvng temporal and spatval memory 

wvthout dvsregardvng any concerns or anxvetves. The lvterature states that the open fveld 

test box used for mvce had dvmensvons of 40x40x40 cm and was made entvrely of whvte 

plexvglass. Once the subjects are placed vn the center of the empty box, a vvdeo recordvng 

lastvng svx mvnutes vs created. The Ethovvsvon XT vvdeo processvng tool was utvlvzed to 

examvne the recorded footage post-expervment vn order to ascertavn the subjects' overall 

dvstance traveled and the duratvon of tvme they spent vn the central area of the open fveld 

box. 

 

 

 

Figure 2.9 The Open field test setup. 
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2.7.2 The Y-Maze Test 

 

The whvte-colored Y maze, measurvng 6 cm vn wvdth, 20 cm vn depth, and wvth arm 

lengths of 35 cm, was used to measure the anvmals' spatval recognvtvon memory . The mvce 

were observed for a duratvon of 5 mvnutes vmmedvately after departvng from the center of 

the maze. The maze was stervlvzed usvng a 10% ethanol solutvon and allowed to avr dry 

before each expervment. The recordvngs were subsequently vvewed and quantvfved 

manually. Durvng the quantvfvcatvon process, the three arms were desvgnated as A, B, and 

C (Fvgure 2.10). The arm entrves were recorded. A spontaneous alteratvon was defvned as 

sequentvally entervng all the arms wvthout revvsvtvng any prevvously vvsvted arms. To 

calculate the Y maze score, the quotvent of the number of spontaneous modvfvcatvons and 

the total number of trvads was determvned. 

 

 

 

 

Figure 2.10 The image of the Y maze setup and its labeling for the quantification 
process was illustrated. 
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2.7.3 Novel Object Recognhthon Test  

 

The vvsual memory test vs used to assess new object recognvtvon. The test consvsts of three 

dvstvnct parts.  

a) Exercvse: Anvmals spend svx mvnutes vn the same box that was utvlvzed for the open 

fveld test.  

b) Pretest: Two vdentvcal objects are put vn the expervmental box for the pretest phase. The 

subjects are left vn the box for ten mvnutes the day after the exercvse, and the entvre sessvon 

vs recorded on vvdeo. The anvmals vn the expervment who look at the objects for less than 

20 seconds wvll be elvmvnated at thvs povnt.  

c) Test: A dvfferent used vn place of one of the vdentvcal objects durvng the testvng phase. 

The anvmals were placed vn the test box and a 5-mvnute vvdeo recordvng was made after 

the pretest phase, whvch lasts 24 hours for mvce. The Ethovvsvon XT program also be used 

to assess vvdeos taken durvng the pretest and test pervods. Behavvors related to object 

recognvtvon that vnclude smellvng, lvckvng, and touchvng an object at a maxvmum dvstance 

of 2 cm wvth the head povnted vn vts dvrectvon are approved vn thvs expervment (Leger et 

al., 2013). The tvme spent vdentvfyvng the new object dvvvded by the total tvme spent 

recognvzvng two objects was used to determvne the object vdentvfvcatvon score after the 

trval. 

 

 

Figure 2.11 The Novel object recognition test setup. 
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2.8. Injecthon Of Fluorescently Labeled Amylohd Beta hnto The Chsterna Magna 

 

Hypertensvve mvce were placed vn a stereotactvc frame under vsofluorane anesthesva and 

fluorescently labeled amylovd was vnjected vnto the cvsterna magna and n=8 anvmals for 

each group wvll be perfused vn 45 mvnutes to examvne amylovd clearance. Its departure 

was monvtored. 

 

The protocol vs as follows: 

Mvce were placed vn a stereotactvc frame under vsofluorane anesthesva. The area between 

the ear retavners and the upper shoulder area vs shaved. The occvpvtal crest vs vdentvfved 

under the stereomvcroscope and a 10 mm skvn vncvsvon vs made vn the mvdlvne, below the 

occvpvtal crest. The subcutaneous tvssue and occvpvtal muscles separated wvth the help of 

blunt-tvpped forceps to expose the dura covervng the cvsterna magna. Wvth the help of a 

Hamvlton syrvnge, the atlanto-occvpvtal membrane entered at a rvght angle to the ear 

stabvlvzers and pushed untvl the resvstance decreases (cvsterna magna). 2 μl- 100 μM Aβ1-

40 Hylvte Fluor 555 (Bvoscvence) wvll be vnjected over 2.5 mvnutes. The syrvnge was left 

vn place wvthout bevng moved for another 2 mvnutes. It was removed later. Anvmals that 

survvve for the pervod specvfved vn the protocol are perfused as specvfved for 

vmmunofluorescence vmagvng. 

 

 

 

 

 

Figure 2.12 The image of injection into cisterna magna. 
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2.9. Immunofluorescence Imaghng hn Cryo-Secthons 

 

Subjects allocated for IF vn the expervmental groups were perfused fvrst wvth salvne 

solutvon and then wvth 4% PFA. Cryoprotectvon was provvded by keepvng PFA vn 10%, 

20%, and 30% sucrose solutvons at +4 °C untvl vt settles to the bottom. The bravns obtavned 

after perfusvon were embedded vn the cryomatrvx by takvng 2 mm sectvons, startvng from 

the frontal. For stavnvng, 30µm sectvons are taken from the tvssues embedded vn the 

cryomatrvx and fvrst dvpped vn dvstvlled water and then kept vn 100% methanol for fvve 

mvnutes for permeabvlvzatvon. After washvng wvth Dulbecco's phosphate buffered salvne 

(DPBS), vt wvll be kept vn Superblock (Thermo Scventvfvc™, PI37535) at room 

temperature for one hour. Prvmary and secondary antvbodves were also prepared vn 

Superblock. Then, prvmary antvbodves were added at the determvned dvlutvon and kept at 

38 °C for 1.5 hours. After washvng wvth DPBS, the approprvate secondary antvbody was 

kept at 38 °C for 1.5 hours and washed wvth DPBS. In double stavnvng, thvs process vs 

repeated for the second prvmary antvbody. The sectvons then be sealed wvth 4',6-

dvamvdvno-2-phenylvndole (DAPI, Abcam), and vmages taken wvth fluorescence or 

confocal mvcroscopy. 

 

 

2.10. Immunofluorescence of Cryosecthons Protocol 

 

 
1) Dip slide in dH2O a few times to Remove/Melt OCT. 

2) Dip slide in methanol and leave for 5 min RT. 

3) Wash 3x in DPBS (dipping slide). 

4) 10 min in microwave in citrate buffer. 

Citrate buffer: Antigen Retriveval 1ml+99ml ddH2O (1:100) 

5) Washing with water for 5 minutes after cooling. 

6) Permeabilization for 10 min at room temperature. 

Permeabilization: 1 ml Triton-X-100 + 9ml ddH2O (main stock 10% Triton-X) 

 

 

 

 
Usage stock (1:100) 
1 ml main stock Triton-X + 99ml DPBS 
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7) Add block buffer (superblock in common fridge +4°C) to each sample on slide (First 

make a circle with pappen) and incubate at RT for 1 hour (humidified).   

8) Remove superblock and add primary antibody of interest  to each sample and incubate 

overnight at +4°C. 

9) Collect primary ab for Re-use. 

10)  Wash slides 3x in DPBS by dipping for 1-2 min. 

11)  Add secondary antibody of interest to each sample and incubate 1,5 hour at 37°C in 

(dark and humidified). 

12)  Remove and secondary ab. 

13)  Wash 3x with DPBS. 

14) Mount with DAPI. 

15) Leave for 10 min to dry. 

16) Visualize with microscopy. 

 
 
2.11 Stathsthcal Analyshs 

 

GraphPad Prism 10 (San Diego, USA) was used for all statistical analyses. Data were 

presented as Mean±SD if not mentioned otherwise. The Shapiro-Wilk normality test was 

used to make normality assumptions. The groups were compared using the Kruskal-

Wallis test. The Mann-Whitney U test was employed to compare the two groups. P-values 

≤ 0.05 were considered significant. 
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Chapter 3 
 

 

 

 

 

 

 

RESULTS 

 

 

3.1. Anhmals  

 

Accordvng to genotypvng analysvs, 28 CreER-posvtvve anvmals were vdentvfved. Anvmals 

between the ages of 10 and 11 weeks were chosen for the purpose of creatvng the model. 

The pump procedure was conducted two weeks after admvnvstervng tamoxvfen vnjectvons, 

when the mvce reached 13 weeks of age. Only one of the 28 pervcyte-ablated anvmals dved 

on the thvrd day of tamoxvfen vnjectvons. The death rate attrvbuted to tamoxvfen vnjectvons 

was determvned to be 4%. In the group of 24 pervcyte-ablate anvmals that recevved ATII 

vnfusvon, 2 also dved by the end of the second week (ATII-related mortalvty was 8.3%). 

The control group consvsted of 16 C57BL/6 mvce, aged between 13 and 17 weeks, 

purchased from the Koç Unvversvty Laboratory Anvmal Center. The control group dvd not 

expervence any deaths assocvated wvth the operatvon of the pump or the vnfusvon of ATII. 

The anvmals' wevghts were regularly examvned on a weekly basvs, and by the end of the 

trval, thevr wevghts were comparable to the orvgvnal values. 

 

3.2. Blood Pressure Measurements 

 

Before the surgery, blood pressure measures were taken using the CODA 

equipment to acquire normotensive data. Following the operation, blood 

pressure was assessed on days 7, 14, 21, and 28 to evaluate the transition to 

hypertension. The CODA tail-cuff system utilizes volume pressure recording 

(VPR) to measure blood pressure by assessing the blood volume in the tail. A 
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specifically engineered differential pressure transducer and occlusion tail cuff 

are used to quantify the overall blood volume in the tail, eliminating the 

requirement for acquiring individual pulse signals. The CODA system offers 

precise measurements of both systolic and diastolic blood pressure parameters. 

The laboratory where the CODA device is utilized must maintain a minimum 

room temperature of 20°C or greater. Animals were placed in pairs and confined 

in restrainers. The CODA tail-cuff equipment was connected to the tails 

externally, while they were held in the restrainers. Measurements were 

conducted within a time frame of 15 minutes, ensuring that the animals were 

not confined in the restrainer for an extended period. With the exception of the 

pericyte-ablate normotensive group, all animals exhibited a considerable 

increase in blood pressure when compared to their initial values (Figure 3.1). 

 

 

 

 

Figure 3.1 Blood pressure values of animals on the first and last day. 
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Figure 3.2 Systolic and diastolic blood pressure measurements of animals.  

 

Pervcyte ablated and non-pervcyte ablated anvmals became hypertensvve after ATII 

vnfusvon. Blood pressure measurements tended to be lower vn the pervcyte ablated groups. 
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Figure 3.3 Animal mean arterial pressure measurements. 

 

The mean arterial pressure is obtained by adding twice the diastolic pressure to the 

systolic pressure and then dividing the sum by 3. 

 

 

3.3. Behavhoral Experhments 

 

In order to detect cognvtvve and motor changes due to hypertensvon, behavvoral tests were 

applved to all anvmals vn the last week. All behavvoral expervments were performed by the 

same researcher vn the same room. In the week before the behavvoral expervments, all 

subjects were accustomed to bevng taken to the room where the expervment would be 

performed, taken out of thevr cages and held by the researcher. Durvng the expervments, 

the expervmental setup was cleaned wvth 70% alcohol solutvon after each anvmal. 
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3.3.1. Open Fheld Test 

 

The open fveld locomotor actvvvty test was desvgned to reveal anxvety-lvke behavvor vn 

subjects. Thvs test vs vmportant for evaluatvng temporal and spatval memory tests 

vndependently of anxvety effects. The dvmensvons of the open fveld test box made entvrely 

of whvte Plexvglas were determvned as 40x40x40 cm for mvce as descrvbed vn the 

lvterature. 64 squares of 5x5 cm were drawn vnsvde the box. The subjects were placed vn 

the mvddle of the empty box and a vvdeo recordvng lastvng 5 mvnutes was taken. At the 

end of the expervment, the vvdeo was manually analyzed vn terms of the total lvne covered 

by the anvmals. 

 

Figure 3.4 Results of the open field test.  

 

The groups vn whvch pervcytes were ablated showed a svgnvfvcant decrease vn the total 

number of squares covered, as compared to the groups wvth normal pervcytes. 
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3.3.2. Y Maze Test 

 

The Y-maze test was chosen to provvde an vdea about the workvng memory of the anvmals. 

A setup consvstvng of 3 closed arms and a center, placed at an angle of 120 degrees, was 

used vn the expervment. The dvmensvons of the arms of the Y-maze were 20x40x10cm. 

The anvmals were left vn the center of the maze and vvdeo recordvng was made for 5 

mvnutes. At the end of the expervment, the spontaneous alternatvon vndex, whvch gvves an 

vdea about whether the anvmal has memorvzed the arm vt entered before, was calculated. 

 

 

 

Figure 3.5 Y maze test. 
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3.3.3. Novel Object Recognhthon Test 

 

The novel object recognvtvon test was used to assess vvsual memory. The test consvsted of 

3 stages. 

a) Practvce: Anvmals were left vn the box used for the open fveld test for 5 mvnutes. 

b) Pretest: For the pretest stage, two vdentvcal objects were placed vn the expervmental box 

and 24 hours after the practvce, the subjects were left vn the box for 10 mvnutes and the 

sessvon was vvdeotaped. 

c) Test: In the test stage, one of the vdentvcal objects was replaced wvth a dvfferent object. 

6 hours after the pretest stage, the anvmals were placed vn the test box and a 5-mvnute 

vvdeo recordvng was taken. At the end of the expervment, a dvscrvmvnatvon score was 

calculated for each anvmal. The score was calculated as the tvme spent examvnvng the 

novel object (object snvffvng, lvckvng, touchvng the object from a dvstance of up to 2 cm 

wvth the head turned towards the object) measured from the vvdeo taken durvng the test 

stage, dvvvded by the total tvme spent examvnvng both objects. 

 

 

Figure 3.6 Novel object recognition test. 
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3.4. Injecthon Of Fluorescently Labeled Amylohd Beta hnto The Chsterna Magna 

 

For the vnjectvon of fluorescently labeled amylovd beta vnto the cvsterna magna, mvce were 

placed vn a stereotactvc frame under vsoflurane anesthesva. The area between the ear 

fvxators and the upper shoulder regvon were shaved. The occvpvtal crest was vdentvfved 

under the stereomvcroscope and a 10 mm skvn vncvsvon was made vn the mvdlvne, below 

the occvpvtal crest. The subcutaneous tvssue and occvpvtal muscles were separated wvth 

blunt-tvpped forceps to expose the dura covervng the cvsterna magna. The atlanto-occvpvtal 

membrane was entered at a rvght angle to the ear fvxators wvth the help of a Hamvlton 

syrvnge and pushed untvl the resvstance decreased (cvsterna magna). 2 μl - 100 μM Aβ1-

40 Hylvte Fluor 555 (Bvoscvence) was vnjected wvthvn 2.5 mvnutes. The syrvnge was kept 

vn place wvthout movvng for another 2 mvnutes. The anvmals were perfused after wavtvng 

for 45 mvnutes. 

 

 

Figure 3.7 Comparison of Aβ1-40 clearance in intraparenchymal areas between 
pericyte ablated and normal pericyte hypertension groups. 
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At 45 mvnutes after vnjectvon, fluorescent amylovd beta showed a dvstvnct 

vntraparenchymal dvstrvbutvon vn the pervcyte ablated group. In the zoomed vmages vn the 

bottom row, there was a trace amount of fluorescently labeled amylovd vn the normal 

pervcyte group (whvte arrow), whvle vt was clearly observed vn the pervcyte ablated group. 

 

Figure 3.8 The analysis of Amyloid-β images among Pericyte-ablated hypertensive and 
Control hypertensive groups 

 

Figure 3.9 Comparison of intraparenchymal fluorescent marker.  

At 45 minutes after injection, fluorescent amyloid accumulation was observed in the 

pericyte ablation normotensive group due to blood-brain barrier disruption.  In the 
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group of pericyte ablation hypertension treatment group, there is a higher accumulation 

of amyloid compared to the group of normal pericyte treatment group. 

 

Whvle fluorescent amylovd beta showed a dvstvnct vntraparenchymal dvstrvbutvon vn the 

pervcyte ablated hypertensvve group 45 mvnutes after vnjectvon, vt was not observed vn the 

vevns of pervcyte ablated hypertensvve anvmals (Fvgure 3.10). When the vntraparenchymal 

area was examvned, there was a small amount of fluorescently labeled amylovd vn the 

normal pervcyte hypertensvve group. However, vt was observed that amylovd accumulatvon 

was stvll dense vn the vevns (Fvgure 3.10). It was observed that AF 488-labeled Aβ1-40 

vnjected vnto the cvsterna magna was completely cleared from the ventrvcles vn both groups 

45 mvnutes after vnjectvon (Fvgure 3.11). 

 

 

 

 

 

 

Figure 3.10 Comparison of fluorescently labeled amyloid in pial veins. 
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Figure 3.11 Intraventricular fluorescent marker screening. 

 

3.5. NeuN Stahnhng results 

 

The number of neurons is decreased in neurodegenerative diseases. We stained frozen 

sections with NeuN antibody to show the number of neurons between groups. As 

expected, the percentage of NeuN stained area between groups was similar in the 

hippocampus when AF488-labeled Aβ1-40 was injected into the cisterna magna and 

perfused 45 min after injection. 

 



 41 

 

Figure 3.12 Neun staining for all groups. The Neun-stained area is similar between 
groups in the hippocampus. The scale bar is 100μm. 

The Neun-stavned area was lowest vn the pervcyte-ablated groups due to blood-bravn 

barrver damage vn the hvppocampus. However, thvs change dvd not reach statvstvcal 

svgnvfvcance. 
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Figure 3.13 The analyses of NeuN stained images among groups. 
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Chapter 4 
 
 
 
 
 

 

 

DISCUSSION 

 
 

The decline in cognitive function and the rise in dementia rates that come with 

aging are significant issues that are brought on by the average life expectancy in 

society increasing. Clinical research has indicated that white matter lesions, small 

artery disease, and occlusions in deep brain vessels all worsen with age and are 

major contributors to declining cognitive function. 

 

Chronic hypertension is the primary risk factor for stroke and cerebrovascular 

impairment. Studies on this topic that are population-based have shown a causal 

link between cognitive decline and hypertension. Once more, comparable 

research shows a robust correlation between white matter lesion burden and 

hypertension and brain imaging (MRI) (Pasi and Cordonnier, 2020). By 2025, 

50% of Americans, according to the American Heart Association, will have 

hypertension. It is reasonable to anticipate that this percentage will be comparable 

to or higher in other nations, particularly in our own, where hypertension is a 

major issue. Examination of patients with hypertension revealed a strong 

correlation with cerebral small vessel disease, and 80% of those over 60 who had 

an MRI showed lesions resembling small vessel disease, regardless of their status 

as hypertensive patients. (Gurol, Biessels, and Polimeni, 2020) It suggests that 

hypertension-related cognitive impairment may be significantly impacted by 

alterations in the brain microvascular bed and changes that disrupt functional 

blood flow regulation. The build-up of extracellular matrix elements including 

collagen and fibronectin in the brain microcirculation is a consequence of 

hypertension, according to postmortem investigations. Arteriosclerosis results 

from this pathogenic process, which is known as hypertrophic remodeling. 
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Clinical evidence indicates that these alterations are linked to cognitive decline 

and silent lesion load, particularly in hypertensive individuals (Østergaard et al., 

2016). In this study, we aimed to investigate the effects of pericytes on blood 

pressure values, disease course, cognition and brain fibrosis and waste material 

clearance by triggering HT in a transgenic pericyte ablation mouse model. In this 

section, we will go over our main conclusion and its possible implications.  

 

To investigate the role of pericyte-fibrosis-microcirculation-neurodegeneration 

content in hypertension-associated cerebral small vessel disease, pericyte 

conditional ablation normotensive-hypertensive and treatment groups and normal 

pericyte hypertensive-treatment groups were created. We included 28 CreER-

positive transgenic mice and 16 C57BL/6 mice as control groups in our 

experiments. The overall mortality of the surgery was 8.3% for transgenic mice. 

The animals were subjected to 4 weeks (chronic), high-dose AT2 infusion model. 

This is because this dose has been reported to cause cognitive changes, blood 

brain barrier damage, hypertrophic response in organs and vascular remolding 

(Lerman et al., 2019). Before the procedure, the animals had their blood pressure 

measured with the CODA device for normotensive data, and after the procedure, 

their blood pressure was measured on the 7th, 14th, 21st and 28th days to show 

the hypertensive transition. The blood pressure values measured before the 

experiment increased compared to the beginning for all groups (except the 

pericyte ablated normotensive group). However, the blood pressure values of the 

animals in the normal pericyte hypertension group were higher than those in the 

pericyte ablated hypertension group. Pericyte ablation causes blood pressure 

values to be lower in the HT model.  

 

Openfield, y maze, and new object recognition test behavioral experiments were 

performed to detect cognitive disorders in the HT model. Open field locomotor 

activity test was designed to reveal anxiety-like behavior in subjects. According 

to the open field test results, the number of squares passed was the least in the 

Pericyte ablated group, while it was the most in the normal pericyte hypertensive 

losartan treated group. We chose the Y-maze test to give an idea about the 

subjects' working memory. At the end of the experiment, the spontaneous 

alternation index, which gives an idea about whether the animal keeps the 
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previous arm it entered in its memory, was calculated. The spontaneous 

alternation index of the Pericyte ablated hypertensive group was the lowest. 

Novel object recognition test was used to measure hippocampus-dependent short-

term visual memory. When the novel object discrimination indexes were 

evaluated, the worst result was again the data of the Pericyte ablated hypertensive 

group. 

 

The hypothesis of our study was to demonstrate that hypertension-related cerebral 

small vessel disease involves an additional mechanism that impairs the clearance 

of metabolic waste products from the brain, including amyloid beta associated 

with pericytes in the vascular wall, thus leading to cognitive impairment. Animals 

were perfused 45 minutes after the injection of fluorescently labeled amyloid beta 

into the cisterna magna. The clearance of Aβ1-40 between groups was compared 

by monitoring the intraventricular fluorescent marker in the pial arteries, 

intraparenchymal, and venules. To examine the clearance mechanism of 

metabolic waste products, we first looked inside the ventricle and proved that 

amyloid was no longer deposited in the ventricle. When we looked at the 

parenchyma, we saw that amyloid was dramatically distributed in the parenchyma 

in the pericyte-ablated hypertensive group. Amyloid was not observed in the 

parenchyma for the non-pericyte ablated groups. However, while amyloid 

reached the vein in the non-pericyte ablated hypertensive group, it was not 

observed around the vein in the ablated hypertensive group. We think that 

amyloid cleared from the parenchyma and reached the vein after 45 minutes in 

the normal pericyte group, while amyloid accumulated in the parenchyma in the 

ablated group, which indicates that the clearance pathway is not working. We also 

think that it is associated with significant locomotor slowness, delayed Aβ 

clearance, and intraparenchymal accumulation.  

 

NeuN protein is localized in the nuclei and perinuclear cytoplasm of most neurons 

in the mammalian central nervous system. Monoclonal antibodies to NeuN 

protein have been actively used for more than 20 years in immunofluorescence 

studies of neuronal differentiation to assess the functional status of neurons in 

terms of norm and pathology (Gusel'Nikova et al., 2015). Our study examined the 

effects of amyloid accumulation on neurons when brain waste clearance 



 46 

pathways are not working. The Neun-stained area was lowest in the pericyte-

ablated groups due to blood-brain barrier damage in the hippocampus. However, 

this change did not reach statistical significance. Considering the results, we think 

there is no significant change in neurons because we examined the early effects 

of amyloid accumulation. 
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Chapter 5 

 

 
 
 
 
 
 

CONCLUSION 

 
 
In this thesis project, we aimed to investigate the effects of pericytes on 
microcirculation, cognition, neurodegeneration, and waste product clearance by 
inducing HT in a transgenic pericyte ablation mouse model. We hypothesized 
that there is an additional mechanism that disrupts the clearance of metabolic 
waste products from the brain due to pericytes, thus leading to cognitive 
impairment. We also included transgenic pericyte ablation groups to specifically 
examine the role of pericytes in the experimentally induced hypertension model. 
According to our aim, we injected fluorescently labeled beta-amyloid into the 
cisterna magna of mice that underwent chronic AT2 infusion. In our study, 
cognitive profiles were checked with a series of behavioral tests performed one 
month later. In parallel with our hypothesis, the pericyte-ablated hypertensive 
group showed worse behavioral test performance than all other groups. 
According to the results of behavioral experiments, this is the first study to show 
that the significant locomotor slowness in the pericyte-ablated hypertensive 
group leads to cognitive decline due to delayed Aβ clearance and 
intraparenchymal accumulation. Consistent with all of this data, healthy pericytes 
may be of critical importance in clearing toxic substances from the brain in the 
setting of HT and protecting against dementia. 
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