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Abstract 

 
Background: Amyloid β (Aβ) deposition is a hallmark of Alzheimer’s disease (AD). 
Increased pulsatility, endothelial dysfunction (ED) and inflammation, indicators of vascular 
stiffness, are associated with AD. Additionally, vascular stiffness is linked to hypertension, a 
risk factor for AD.  
Aim: This study aimed to determine effects of high blood pressure (BP) on cerebral Aβ 
deposition in rodent models, spontaneously hypertensive (SHR) and normotensive Wistar 
Kyoto rats (WKY) and investigate effects of cyclic stretch (CS) on expression of amyloid 
precursor protein (APP), endothelial nitric oxide synthase (eNOS) and intercellular cell 
adhesion molecule-1 (ICAM-1) in human cerebral microvascular endothelial cells (hCMEC). 
Methods: Hippocampal (HC) and frontal cortex (FC) regions of SHR and WKY rats were 
analysed using western blotting to determine effect of BP on cerebral Aβ deposition. hCMEC 
were subjected to 5%, 10% or 20 % CS compared to control (0% CS) to evaluate pulsatility, 
ED and inflammation using western blotting and/or RTqPCR. 
Results: Aβ oligomerisation increased in SHR compared to WKY in HC (P<0.01) and FC 
(P<0.001). APP mRNA expression increased at 5%, decreased at 20% CS; eNOS decreased at 
both (P<0.0001). APP and ICAM-1 protein expression dose-dependently increased at 5% and 
10% CS (P<0.01) and decreased at 20% CS. eNOS protein levels decreased at all CS 
(P<0.0001). 
Conclusions: Results suggest that high BP and CS respectively alter the processing and 
expression of cerebral APP. Prolonged CS may induce ED by increasing ICAM-1, thereby 
mitigating eNOS expression. Findings mechanistically support the association of elevated 
pulsatility and arterial stiffness with AD. 
 
 
 
 
Key words: Cyclic stretch; Alzheimer’s disease; hypertension; SHR; eNOS; ICAM-1; APP 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
  vii 

Table of Contents 

Declaration of originality ........................................................................................................ i	  
Declaration of contributions .................................................................................................. ii	  
Acknowledgements ............................................................................................................... iii	  
Conflict of Interest ................................................................................................................ iv	  
Publications ............................................................................................................................ v	  
Abstract ................................................................................................................................. vi	  
Table of Contents ................................................................................................................. vii	  
List of Figures ....................................................................................................................... ix	  
List of Abbreviations ............................................................................................................. x	  

1 Introduction ............................................................................................................................. 1	  
2 Materials and methods ............................................................................................................ 5	  

2.1	   Animals ......................................................................................................................... 5	  
2.2	   CS in HCMEC-SV40 .................................................................................................... 8	  

2.2.1	   Cell culture conditions and cell maintenance ........................................................ 8	  
2.2.2	   Stretching apparatus and conditions ...................................................................... 8	  
2.2.3	   Real-time quantitative reverse transcription polymerase chain reaction (RT-
qPCR).. ............................................................................................................................ 10	  
2.2.4	   Western blotting ................................................................................................... 11	  

2.3	   Statistical data analysis ............................................................................................... 11 
    2.3.1    Animal work ........................................................................................................ 11 
    2.3.2    CS in HCMEC-SV40 ........................................................................................... 11 

3 Results ................................................................................................................................... 12	  
3.1	   APP processing in a rodent model of hypertension .................................................... 12	  
3.2	   Effect of CS on endothelial function in HCMEC-SV40 ............................................. 13	  

3.2.1	   CS differentially regulates APP mRNA expression at different magnitudes of 
stretch 13	  
3.2.2	   CS differentially regulates APP protein expression at different levels of CS ..... 13	  
3.2.3	   CS suppresses eNOS mRNA expression ............................................................. 15	  
3.2.4	   CS suppresses eNOS protein expression ............................................................. 15	  
3.2.5	   CS regulates the expression of ICAM-1 .............................................................. 16	  
3.2.6	   Effect of CS on cell viability and morphology .................................................... 18	  

4 Discussion ............................................................................................................................. 20	  
4.1	   APP processing in a rodent model of hypertension .................................................... 20	  

4.1.1	   Amyloid deposition and Aβ oligomerisation in AD ............................................ 20	  
4.1.2	   AD, hypertension and haemodynamics ............................................................... 21	  

4.2	   Effect of CS on endothelial function in HCMEC-SV40 ............................................. 23	  
4.2.1	   CS differentially regulates APP mRNA and protein expression at different 
magnitude of stretch ......................................................................................................... 23	  
4.2.2	   CS suppresses eNOS mRNA and protein expression .......................................... 24	  
4.2.3	   CS regulates the expression of ICAM-1 .............................................................. 29	  
4.2.4	   Effect of CS on cell viability and morphology .................................................... 32	  

4.3	   Methodological approaches in the present study ........................................................ 33	  
4.3.1	   SHR model ........................................................................................................... 33	  



 
  viii 

4.3.2	   Modeling the BBB in an in vitro setting .............................................................. 34	  
4.3.3	   Western blotting ................................................................................................... 39	  
4.3.4	   Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR) .... 42	  

4.4	   Future directions ......................................................................................................... 46	  
4.4.1	   Future directions for animal studies ..................................................................... 46	  
4.4.2	   Future directions for in vitro studies .................................................................... 46	  

5 Summary and conclusions .................................................................................................... 48	  
6 References ............................................................................................................................. 50	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 



 
  ix 

List of Figures 

Figure 1. Non-amyloidogenic and amyloidogenic processing of APP. ..................................... 2 
Figure 2. Diagrammatical representation of HC region of the rat brain in a representative 
coronal section. .......................................................................................................................... 6 
Figure 3. Diagrammatical representation of FC region of the rat brain in a representative 
coronal section. .......................................................................................................................... 7 
Figure 4. The ShellPa cell stretching system. ............................................................................ 9 
Figure 5. Diagrammatic representation of stretch of the silicon chambers. .............................. 9 
Figure 6. A representative wave pattern produced by the ShellPa mechanical stretching 
system.. .................................................................................................................................... 10 
Figure 7. APP processing in SHR and WKY HC and FC regions. ......................................... 12 
Figure 8. Effect of CS on APP mRNA expression in HCMEC-SV40. ................................... 13 
Figure 9. Effect of CS on APP protein expression in HCMEC-SV40. ................................... 14 
Figure 10. Effect of CS on eNOS mRNA expression in HCMEC-SV40. ............................... 15 
Figure 11. Effect of CS on eNOS protein expression in HCMEC-SV40. ............................... 16 
Figure 12. Effect of CS on ICAM-1 protein expression in HCMEC-SV40. ........................... 17 
Figure 13. The effect of CS on cell viability of HCMEC-SV40. ............................................ 18 
Figure 14. Effect of CS on the morphology of HCMEC-SV40. .............................................. 19 
Figure 15. The responses of BBB ECs to mechanical stress. .................................................. 36 
Figure 16. The process of SDS-PAGE. ................................................................................... 40 
Figure 17. Multiple sequence alignments of Aβ42 sequence of human, rat and mouse origin.
 ................................................................................................................................................. 42 
Figure 18. Overview of TaqMan® assay chemistry. ............................................................... 44 
Figure 19. Diagrammatical representation elucidating relationship between CS, hypertension 
and associated biochemical pathways. ..................................................................................... 49 
	  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
  x 

List of Abbreviations 

ABC Adenosine triphosphate-binding cassette  

AD Alzheimer's disease 

ADAM A disintegrin and metalloproteinase  

AF Annulus fibrosus  

AICD Amyloid precursor protein intracellular domain 

Akt Serine/threonine-specific protein kinase  

APH 1 Anterior pharynx-defective 1 

APP Amyloid precursor protein 

Aβ Amyloid-beta 

BACE1 Beta-site APP cleaving enzyme 1 

BAEC Bovine aortic endothelial cells  

BBB Blood brain barrier 

BCEC Primary bovine capillary ECs   

BP Blood pressure 

C-terminus Carboxy terminus 

cDNA Complementary deoxyribonucleic acid  

cGMP Cyclic guanosine monophosphate  

CS Cyclic stretch 

DIV-BBB Dynamic in vitro BBB model  

EC Endothelial cell 

ECM Extracellular matrix protein  

ED Endothelial dysfunction 

EDTA Ethylene diamine tetraacetic acid 

eNOS Endothelial nitric oxide synthase 

ET-1 Endothelin-1 

FC Frontal cortex 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase  

HC Hippocampus 

HCEC Human capillary and microvascular endothelial cells  

HCMEC-SV40 Human cerebral microvascular cells-Simian virus 

HRP Horse radish peroxidase 

HUVEC Human umbilical vein endothelial cells 

ICAM-1  Intercellular cell adhesion molecule-1  

L-NAME N (G)-Nitro-L-Arginine Methyl Ester  



 
  xi 

LRP-1 Lipoprotein receptor-related protein 1 

mRNA Messenger ribonucleic acid 

NFκB Nuclear factor kappa B  

NO Nitric oxide 

NOS Nitric oxide synthase 

PBS Phosphate buffered saline  

PEN-2 Presenilin enhancer-2 

PI3K Phosphatidylinositol 3 OH-kinase 

PKA Protein kinase A 

PrI  Propidium iodide  

PVDF Polyvinylidene difluoride 

RAGE Receptor for advanced glycation end products 

RIPA Radioimmunoprecipitation assay  

RNA Ribonucleic acid 

ROS Reactive oxygen species 

RT-qPCR Reverse transcription quantitative polymerase chain reaction 

SBP Systolic blood pressure 

SD Standard deviation  

SDS Sodium dodecyl sulfate 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis  

SHR Spontaneously hypertensive rat 

SHR-SP Spontaneously hypertensive stroke-prone rats 

SHR-SR Spontaneously hypertensive rat-stroke resistant 

SOD Superoxide dismutase 

SPA Asynchronous mechanical force patterns  

SS Shear stress 

TBS-T  Tris buffered saline-Tween 

Tg Transgenic 

tMCAO Transient middle cerebral artery occlusion 

TNF-α  Tumour necrosis factor-alpha  

TRP Transient receptor potential  

TRPV4 TRP-Vanilloid-4  

VEGF Vascular endothelial growth factor  

WKY Wistar Kyoto rat 

β2m Beta-2 microglobulin 



   1 

1 Introduction 

Alzheimer’s Disease (AD) is considered the most prevalent cause of dementia accounting 
for 60% of all dementias (Dias et al., 2006). Dementia is a syndrome that results in 
cognitive impairment, which, in a Delphi consensus study in 2005, was estimated to 
increase by 4·6 million cases every year globally (Ferri et al., 2005; Dias et al., 2006). The 
numbers are increasing considerably as a consequence of the aging population, a lack of 
effective treatments and not having adequate diagnostic techniques (Dias et al., 2006; Ferri 
et al., 2005). Due to the significant disease burden and the impact on disability of 
dementia, AD, the foremost cause of dementia, has attracted considerable attention in 
research and is yet to be addressed adequately (Ferri et al., 2005; Dias et al., 2006).  
 
Amyloid plaques and neurofibrillary tangles in the brain are well known characteristics of 
AD (Ferri et al., 2005). These were first described by Dr. Alois Alzheimer, ‘as miliary foci 
scatted throughout the cerebral cortex due to the deposition of a peculiar substance’, after 
examining the postmortem brain tissue of his patient Auguste D who suffered from AD 
and died in 1908 (Ferri et al., 2005; Masters and Selkoe, 2012). Later on, during the mid to 
late 1980’s, it was discovered that the plaques are mainly composed of the small amyloid 
peptide called amyloid-beta (Aβ), which is 39-42 amino acid long, while the intraneuronal 
neurofibrillary tangles comprise aggregates of abnormally hyperphosphorylated tau protein 
(Grundke-Iqbal et al., 1989; LaFerla et al., 2007). The present study focused only on the 
former, Aβ.  
 
The main contributor to Aβ plaques, ‘Aβ peptides’ are derived from the amyloid precursor 
protein (APP), which is a transmembrane protein expressed in a number of cell types 
including endothelial cells (ECs; Selkoe, 2001). The cleavage and processing of APP occur 
in two distinct pathways, namely, non-amyloidogenic and amyloidogenic pathways 
(Selkoe, 2001). As implied by the names, the former does not result in Aβ secretion while 
the latter does (Selkoe, 2001).  
 
Briefly, the non-amyloidogenic pathway is the common pathway of APP cleavage, in 
which, α-secretases produce a large amino (N)-terminal ectodomain (sAPPα), 83 amino 
acids away from the carboxy (C) terminus, which is then secreted into the extracellular 
medium. This 83-amino-acid-long C terminal fragment known as C83 is retained in the 
membrane to be cleaved off by γ-secretases to produce the short fragment p3 at a 
subsequent stage. Notably, the initial cleavage of APP by α-secretases occurs within the 
Aβ domain, thus formation of Aβ is prevented. In contrast, the amyloidogenic pathway 
importantly is an alternative APP cleavage pathway, which leads to Aβ generation. In this 
pathway, the proteolysis is initiated by β-secretases rather than α-secretases, 99 amino 
acids away from the C terminus. This cleavage releases sAPPβ into the extracellular space, 
subsequently, leaving the 99-amino-acid C-terminal stub known as C99, anchored to the 
membrane. The C99 fragments, which have N termini corresponding to the first amino 
acid of Aβ, are then cleaved off by γ-secretases between 38 and 43 residues liberating 
intact Aβ peptides, which could be in soluble or fibrillar forms (Figure 1; Scheuermann et 
al., 2001; Maltese et al., 2001). 
 
In the normal brain, the accumulation of Aβ is prevented through adequate regulation of 
APP processing and clearance (Castellano et al., 2011). However, in the AD brain, these 
processes are thought to be disrupted leading to consequent Aβ-plaque formation 
(Castellano et al., 2011). This is considered to occur via several mechanisms (Castellano et 
al., 2011; Pflanzner et al., 2011; Deane et al., 2004).  These include enhanced cleavage of 
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APP to Aβ, over-expression of APP, and reduced clearance of Aβ from the central nervous 
system as evidenced by mutational studies of familial AD (Rajadas et al., 2013). The APP-
derived Aβ peptides via the amyloidogenic pathway are removed from the brain through 
two major mechanisms such as efflux and proteolytic degradation (Lee and Landreth, 
2013).  Intact soluble Aβ are cleared through either of these mechanisms while fibrillar Aβ 
being cleared through proteolytic degradation (Lee and Landreth, 2013). The efflux of 
soluble Aβ involves crossing the blood brain barrier (BBB) either to enter the circulation 
or into the lymphatic system (Lee and Landreth, 2013). The former is mediated by low-
density lipoprotein receptor-related protein 1 (LRP1) in concert with the P-glycoprotein 
efflux pump while the latter is through bulk flow of interstitial fluid/ cerebrospinal fluid 
(Owen et al., 2010; Pflanzner et al., 2011). These efflux mechanisms are considered to be 
either facilitated or inhibited through binding of chaperone proteins, such as ApoE, ApoJ, 
α2-macroglobulin, transthyretin and albumin (Gupta et al., 2011; Song et al., 2012; 
Stanyon and Viles, 2012; Faxén-Irving et al., 2013). However, it should be noted that the 
cleared-Aβ into the bloodstream could also be transported back into the brain via receptor 
for advanced glycation end products (RAGE)-mediated Aβ influx (Wang et al., 2006a).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Non-amyloidogenic and amyloidogenic processing of APP. APP is cleaved 
into sAPPα and C83 residue by ADAM9, ADAM10 or ADAM17 in the non-
amyloidogenic pathway (left). In contrast, in the amyloidogenic pathway (right), APP is 
first cleaved into sAPPβ and C99 residue by BACE1. The C99 fragment is then further 
cleaved off by the γ-secretase complex including presenilin 1 or 2, nicastrin, PEN2 and 
APH-1 and AICD, into intact Aβ peptides (Modified from LaFerla et al., 2007). 
Abbreviations: ADAM, a-disintegrin-and-metalloproteinase; Aβ, Amyloid beta; AICD, 
amyloid precursor protein intracellular domain; APH-1, anterior pharynx-defective 1; APP, 
amyloid precursor protein; BACE1, beta-site APP cleaving enzyme 1; PEN-2, presenilin 
enhancer-2.  
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As blood flow is involved in the clearance of Aβ and due to the possible vascular 
involvement in the pathogenesis of AD, perivascular plaque recently has gained much 
consideration, highlighting a possible role of blood vessel integrity in AD (Park et al., 
2014; Ghiso et al., 2014). Perivascular Aβ plaque formation refers to the accumulation of 
Aβ surrounding cerebral blood vessels including arteries, arterioles, and capillaries (Park et 
al., 2014; Ghiso et al., 2014). As implied by the term ‘perivascular’, vascular factors are 
involved in this aspect.  
 
Of the numerous vascular factors associated with AD, high pulsatility, endothelial 
dysfunction (ED) and vascular inflammation, are less well studied (Toda and Okamura, 
2012). However, there is evidence in the literature indicating that these factors are 
concomitantly overlapped in AD (Akiyama et al., 2000; d’Uscio et al., 2012; Tan et al., 
2014; Mitchell et al., 2011). For example, studies have shown that higher pulsatility index 
and pulse pressure were associated with AD, lower memory scores and cerebral 
microvascular damage (Mitchell et al., 2011; Stefani et al., 2009; Nation et al., 2013). 
These two factors are independent markers of ‘vascular stiffness’, which refers to the lack 
of vessel compliance (Tan et al., 2012). Vascular stiffness is also related to ED, which is 
consequent of impaired endothelium-dependent vasodilation (Wallace et al., 2007). In the 
vascular endothelium, nitric oxide (NO) is one of the major vasodilators that mediate 
vasodilation (Huang et al., 1994; Trochu et al., 2000). The enzyme, endothelial nitric oxide 
synthase (eNOS) is of much importance in mediating this vasodilatory response, as it is 
one of the main sources of NO in the vasculature (Trochu et al., 2000). Inhibition or 
deficiency of eNOS was associated with higher APP protein expression and secretion of 
Aβ (Austin et al., 2013b, 2010, 2013a). Additionally, vascular stiffness could lead to 
inflammation in the vasculature (Wu et al., 2014; Tan et al., 2014). Elevated expression 
and localisation of inflammatory markers such as intercellular cell adhesion molecule-1 
(ICAM-1) surrounding AD-plaques have been demonstrated (Apelt et al., 2002; Verbeek et 
al., 1996; Rozemuller et al., 1989). Together these data corroborated that high pulsatility, 
ED and vascular inflammation were independently associated with AD (Stefani et al., 
2009; Nation et al., 2013; Austin et al., 2013b; Apelt et al., 2002). Moreover, these factors 
are also present in the milieu of hypertension, which is a major risk factor for AD (Barnes 
and Yaffe, 2011; Sabayan et al., 2012; Panes et al., 1996; Csiszar et al., 2013). 
Collectively, these associations highlighted the involvement of pulsatile mechanical stretch 
in AD and hypertension. 
 
In light of this existing evidence, the present study aimed to study whether: 
 
(i) APP processing and/or Aβ aggregation were altered in an animal model of 
hypertension. 
 
(ii) variations in pulsatility in terms of 5%, 10% and/or 20% of cyclic stretch (CS) had any 
effect on the messenger ribonucleic acid (mRNA) expression and protein expression of 
APP in human cerebral microvascular EC-Simian virus (HCMEC-SV40) cell line.  
 
(iii) variations in pulsatility in terms of 5%, 10% and/or 20% of CS had any effect on the 
mRNA expression and protein expression of eNOS in HCMEC-SV40 cell line. 
 
(iv) variations in pulsatility in terms of 5%, 10% and/or 20% of CS had any effect on the 
protein expression of ICAM-1 in HCMEC-SV40 cell line. 
 
To achieve these aims, the present study employed the well-established animal model for 
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hypertension, spontaneously hypertensive rat (SHR) along with the normotensive Wistar 
Kyoto (WKY) rat control. This model of hypertension has been extensively used in 
previous studies, showing the reliability as an in vivo representation of hypertensive and 
normotensive scenarios. For the in vitro studies, the Shellpa mechanical stretch system was 
used as it provided convenient analysis of the effect of CS alone that was exerted on the 
ECs in a well-controlled setting.  
 
It was hypothesised that hypertension may impose changes in Aβ burden and/or APP 
processing of the SHR hypertensive model and that CS may mediate alterations in 
endothelial cell functions in terms of APP expression, eNOS expression and inflammation 
in the in vitro model of the EC line representative of the ECs in the BBB. 
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2 Materials and methods 

2.1 Animals 

Male WKY (n=3) and SHR (n=3) models were obtained from the Animal Research Centre, 
Perth, Western Australia. All experimental procedures were approved by the Macquarie 
University Animal Ethics Committee and were carried out in accordance with the 
guidelines of the National Health and Medical Research Council of Australia.  
 
Animals were sacrificed (urethane anaesthesia, 1.3 g/kg i.p. followed by intravenous 
injection of 1 ml of 3 M potassium chloride) and the brains were harvested and stored fresh 
at -800C. The hippocampus (HC) and frontal cortex (FC) regions of the brains were 
surgically excised from the brain. The HC is located between the thalamus and mid brain 
between the stereotaxic coordinates bregma: -1.9 mm to -5.2 mm and interaural +7.1 mm 
to +3.8 mm in the coronal sections (Figure 2; Paxinos and Watson, 2007). FC is located 
between the stereotaxic coordinates bregma: 4.68mm to 2.76 mm and interaural 13.68 mm 
to 11.76mm (Figure 3; Paxinos and Watson, 2007). The brain tissue samples were 
processed to be analysed using western blotting as described in section 2.2.4.  
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Figure 2. Diagrammatical representation of HC region of the rat brain in a 
representative coronal section. (A) The two vertical lines indicate approximate 
stereotaxic coordinates of the HC; bregma: -1.9 mm to -5.2 mm and interaural +7.1 mm to 
+3.8 mm.  (B) represents a coronal section including the HC with the arrowheads pointing 
to the HC region (Modified from Paxinos and Watson, 2007).  Abbreviations: HC, 
hippocampus. 
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Figure 3. Diagrammatical representation of FC region of the rat brain in a 
representative coronal section. (A) The two vertical lines indicate approximate 
stereotaxic coordinates of the FC; bregma: 4.68mm to 2.76 mm and interaural 13.68 mm to 
11.76mm. (B) represents a coronal section including the FC with the arrowheads pointing 
to the FC region (Modified from Paxinos and Watson, 2007).  Abbreviations: FC, frontal 
cortex. 
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2.2 CS in HCMEC-SV40 

2.2.1 Cell culture conditions and cell maintenance 

Immortalized HCMEC-SV40 purchased from Applied Biological Materials Inc. were 
maintained in M199 media (Sigma-Aldrich) supplemented with 10% fetal bovine serum 
and 1% penicillin/streptomycin at 370C with an atmospheric humidity of 5% CO2.  
 
Upon achieving a cellular confluency of 80-90%, the cells were passaged into new flasks 
or seeded on fibronectin-coated (375 µg/mL) silicon chambers 24 hours prior to stretching 
at a seeding density of 8x105 cells/mL. In passaging, the cells were briefly washed with 
warm phosphate buffered saline (PBS; Life Technologies) followed by trypsinisation with 
0.05% trypsin-ethylene diamine tetraacetic acid (EDTA; Invitrogen). After adding M199 
to inactivate the trypsin-EDTA, cells were stained with trypan-blue and counted using the 
Countess automated cell counter (Life Technologies) according to the manufacturer’s 
protocol prior to seeding. Cell viability data were also obtained from the automated cell 
counter. Photographs of the cells were taken before and after 18 hours of stretching using 
phase contrast microscopy (Nikon Ecplise TS100). Passages 14-19 were used for all 
experiments. 

2.2.2 Stretching apparatus and conditions 

Cells were subjected to uni-axial CS as previously described (Naruse et al., 1998b), using 
the ShellPa stretch System (Menicon Life Science, B-Bridge International) mounted in an 
incubator at 370C with an atmospheric humidity of 5% CO2. The silicon chambers were 
autoclaved and sterilised by soaking in 12.5% bleach for 2.5 hours, in 70% ethanol for 30 
minutes followed by 1 hour of ultraviolet exposure in a tissue culture hood. The silicon 
chambers have 200 µm thick transparent bottoms with sidewall thickness of 400 µm to 
prevent contracting at their bottom center (Suzuki et al., 1997). The chambers were 
mounted in the ShellPa stretching apparatus where one end of the chamber is fixed and the 
other connected to an actuator operated by compressed air (Figure 4). The actuated arm 
was set to apply a stretch ratio of 5%, 10% or 20% at a frequency of 60 cycles/min (1 Hz) 
for 18 hours in all experiments (Figure 4, Figure 5 & Figure 6). 
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Figure 4. The ShellPa cell stretching system. The ShellPa system comprises three main 
parts, (A) main unit (B) controller and (C) air compressor. Cell-seeded silicon chambers 
are placed within the main unit, which is placed in an incubator with desired culture 
conditions. The stretch frequency can be adjusted using the controller unit. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Diagrammatic representation of stretch of the silicon chambers. The degree 
of stretch (%) is noted as relative elongation of the chamber. (A), (B) and (C) represent 
0%, 10% and 20% stretch respectively. Adapted from (Menicon Life Science, ShellPa 
Mechanical stretch system product brochure, http://menicon-lifescience.com). 
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Figure 6. A representative wave pattern produced by the ShellPa mechanical 
stretching system. The illustrated wave pattern shows a wave pattern with a stretch ratio 
of 10% and a stretch frequency of 1 Hz. 

2.2.3 Real-time quantitative reverse transcription polymerase chain reaction (RT-
qPCR)  

Total RNA was extracted using TRIZOL (Invitrogen) according to the manufacturer's 
instructions after stretching and was normalized to 100 ng/µL using the Nano-Drop 
spectrophotometer. A 260/280 ratio of approximately 1.8-1.9 was used to ensure the RNA 
quality. Total RNA of 0.4 µg was then reverse transcribed using the SuperScript VILO 
complementary deoxyribonucleic acid (cDNA) synthesis kit (Life Technologies) according 
to the manufacturers protocol.  Negative control samples (RT-) were prepared by 
substituting the reverse transcriptase with dH2O as a control for genomic contamination. 
This was followed by real-time qPCR using TaqMan® gene expression assays and 
TaqMan® gene expression master mix (Applied Biosystems) according to the 
manufacturers protocol. The qPCR program comprised 120 s at 500C (incubation for 
optimal activity of uracil-DNA glycosylase), 600 s at 950C (optimal AmpliTaq Gold, Ultra 
Pure enzyme activity), 15 s at 950C (denaturation) followed by 60 s at 600C (annealing and 
extension) repeated for 40 cycles.  
 
The following pre-designed primer-probe TaqMan® assays by Life Technologies that have 
been validated were used: APP (Hs00169098_m1), eNOS (Hs01574659_m1), 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Hs99999905_m1), beta-2 
microglobulin (β2m) (Hs00984230_m1). Relative changes in mRNA levels were 
determined by the comparative ΔΔCT method using human β2m and GAPDH levels as the 
reference genes (Schmittgen and Livak, 2008). 

2.2.4 Western blotting  

After 18 hours of stretching, the media was aspirated and the cells were briefly washed 
twice with cold PBS followed by addition of radioimmunoprecipitation assay (RIPA) lysis 
buffer (50 mM Tris-hydrochloride, pH 7.4, 150 mM sodium chloride, 5 mM EDTA, 
10mM sodium fluoride, 10 mM sodium pyrophosphate, 1% IGEPAL CA-630, 0.5% 
sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS) with protease inhibitor (10 
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µL/mL) added immediately prior to lysis. Cells were then harvested by scraping and the 
lysates were centrifuged at 14 000 x g for 15 minutes at 40C after sonication (twice for 15 
seconds). The protein content was quantified using bicinchoninic acid assay (Pierce) 
according to manufacturers protocol prior to electrophoresis of both the cell as well as 
tissue lysates. 
 
In the case of the rat brain tissue, samples were lysed and the protein bands were 
transferred to polyvinylidene difluoride-plus (PVDF) membranes (Life Technologies) after 
resolution on the SDS- polyacrylamide gel electrophoresis (PAGE) electrophoresis as 
previously described (Gupta et al., 2012; Wan et al., 2012). Equal amounts of cell lysates 
(20-50 µg) were mixed with 4x NuPAGE sample buffer (Life Technologies) and were 
heated at 440C (for APP) or 800C (for eNOS) for 10 minutes before loading on 10% or 4-
12% NuPAGE® Novex® Bis-Tris gels. The PVDF membranes were blocked in 5% skim 
milk buffer in tris buffered saline-Tween (TBST; 20 mM tris-HCl, pH 7.4, 0.5 M NaCl, 
0.1% Tween 20) to be probed with anti-APP (1: 1000; Covance), anti-eNOS (1: 1000; Cell 
Signaling Technologies), anti-ICAM-1 (1: 1000; R & D), anti-GAPDH (1: 1000) or anti-
actin (1: 1000; R & D) antibodies followed by incubating with secondary antibodies 
(1:2000; R & D) as previously described (Wan et al., 2012). The western blot membranes 
were cut to exclude higher molecular weight bands in order to enhance the contrast and 
improve the detection of low molecular weight amyloid β peptide bands (usually weak 
bands)- since the main focus of this project was on the quantification of amyloid β 
deposition in the rat brains. The blots were developed using Clarity™ Western ECL 
Substrate Kit (Bio-Rad) according to the manufacturers protocol. The protein bands were 
quantified using the Image Lab 5.1 software within the linear range of detection as % 
change in density or relative % control (Bio-Rad Labs. Inc). 

2.3 Statistical data analysis 

2.3.1 Animal work  

The graphs represent mean ± standard deviation (SD) from n=3 for both WKY and SHR. 
Two-way ANOVA was performed with PRISM version 6.0e with post-hoc Bonferroni-
corrected multiple comparison tests.  

2.3.2 CS in HCMEC-SV40 

The graphs represent mean ± standard deviation (SD) from n=1 with 6 replicates for 10 %, 
and n=3 with 2 replicates for 0 %, 5 % and 20 %. One-way ANOVA was performed with 
PRISM version 6.0e post-hoc Bonferroni-corrected multiple comparison tests.  
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3 Results 

3.1 APP processing in a rodent model of hypertension 

The APP processing in different regions of the brains of SHR and WKY rats were 
investigated. As shown on the representative western blot, the Aβ oligomer that was 
resolved approximately at 25 kDa was increased in SHR HC and FC regions (Figure 7). 
Densitometric analysis revealed that the Aβ oligomer formation was significantly higher 
(P<0.01 for HC, P<0.001 for FC; n = 3) in SHR compared to WKY normotensive rats for 
both HC and FC regions (Figure 7).  

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. APP processing in SHR and WKY HC and FC regions. (A) Densitometric 
analysis of % change of the band intensity in SHR relative to WKY. Data shown 
represents mean ± SD for SHR (n=3); ***P<0.001, P****<0.0001 compared to WKY 
(n=3) by two-way ANOVA with post-hoc Bonferroni-corrected multiple comparison tests. 
(B) Representative western blots demonstrating altered APP processing (upper panels) in 
hippocampal and frontal cortical regions of WKY and SHR. The lower portion of the 
membrane was probed with Actin (lower panels) for normalization. Protein standards for 
40, 30 and 20 kDa are shown. Abbreviations: APP, Amyloid precursor protein; FC, frontal 
cortex; HC, hippocampus; SHR, spontaneously hypertensive rat; WKY, Wistar-Kyoto rat.  
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3.2 Effect of CS on endothelial function in HCMEC-SV40 

3.2.1 CS differentially regulates APP mRNA expression at different magnitudes of 
stretch  

The results of the study of the SHR and WKY rat models indicated that APP processing is 
altered significantly in hypertensive rats, suggesting that the pulsatile nature of the 
vasculature may play a role in AD pathology. To explore this in terms of CS in an in vitro 
setting, the mRNA expression of APP was first investigated.  
 
No genomic DNA contamination was detected in the RT- controls. The mRNA expression 
of APP was measured after exposing the HCMEC-SV40 to 5% and 20% of CS (1 Hz over 
18 hours) and compared to no stretch (0%). The mRNA expression of APP at 5% CS was 
significantly up-regulated compared to both the static control and the 20% CS condition 
(P<0.0001; Figure 8).  In contrast, the 20% CS resulted in a significant down-regulation of 
APP mRNA expression compared to the static control and the 5% CS condition 
(P<0.0001; Figure 8).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Effect of CS on APP mRNA expression in HCMEC-SV40. Real-time 
RTqPCR results of APP mRNA expression in HCMEC-SV40 after 18 h 0%, 5% or 20% 
CS at 1 Hz. Data shown represents mean ± SD % control (n=6 from a single passage); 
****P<0.0001 by one-way ANOVA with post-hoc Bonferroni-corrected multiple 
comparison tests. Abbreviations: APP, Amyloid precursor protein; CS, cyclic stretch; 
HCMEC-SV40, human cerebral microvascular endothelial cells- Simian virus 40; mRNA, 
messenger ribonucleic acid; RTqPCR, quantitative reverse transcription polymerase chain 
reaction. 

3.2.2 CS differentially regulates APP protein expression at different levels of CS  

A differential expression pattern of APP at the transcriptional level was observed at 5% 
and 20% CS for 18 hours. To explore whether the mRNA expression coincided at the 
translational level, the protein expression of APP was quantified. Since the mRNA 
fluctuated at both 5% and 20% of CS, an additional intermediate stretching length of 10% 
was performed to observe whether there was a threshold effect. 
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The densitometric analysis of protein expression of APP showed that APP expression was 
significantly higher at 10% of CS compared to the static control (P<0.01; Figure 9). The 
APP protein expression was slightly, but not significantly higher than the static control at 
5% and 20% CS (Figure 9). The increasing APP levels at corresponding CS conditions 
were also indicated by the representative western blot (Figure 9). 
 
 
 
 
 
 
 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 9. Effect of CS on APP protein expression in HCMEC-SV40. (A) Densitometric 
analysis of % control of the band intensity in HCMEC-SV40 after 18 hours of 0%, 5%, 
10% or 20% CS at 1 Hz. Data shown represents mean ± SD, (n=1 with 6 replicates for 10 
%, n=3 with 2 replicates for 0%, 5% and 20%); *P<0.01 by one-way ANOVA with post-
hoc Bonferroni-corrected multiple comparison tests. (B) Representative western blots 
demonstrating altered APP expression (upper panels) in HCMEC-SV40 after 18 h of 0%, 
5%, 10% or 20% CS at 1 Hz. The lower portion of the membrane was probed with 
GAPDH (lower panels) for normalization. Protein standards for 100, 80 and 40 kDa are 
shown. Abbreviations: APP, Amyloid precursor protein; CS, cyclic stretch; GAPDH, 
Glyceraldehyde 3-phosphate dehydrogenase; HCMEC-SV40, human cerebral 
microvascular endothelial cells- Simian virus 40. 
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3.2.3 CS suppresses eNOS mRNA expression 

The enzyme eNOS, which is expressed constitutively in ECs and produces the vasodilator 
NO in the endothelium is known to modulate the expression of APP (Austin et al., 2010). 
To explore the effects of CS on eNOS in the HCMEC-SV40 cell line, first at 
transcriptional level, the mRNA expression of eNOS was measured at two different CS 
conditions, 5% and 20%. Cells were subjected to 18 hours of 5% or 20% CS and compared 
to static conditions.  
 
No genomic DNA contamination was detected in the RT- controls. The mRNA expression 
at both 5% and 20% of CS in HCMEC-SV40 was suppressed significantly compared to the 
static control (P<0.0001; Figure 10).  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Effect of CS on eNOS mRNA expression in HCMEC-SV40. Real-time 
RTqPCR results of eNOS mRNA expression in HCMEC-SV40 after 18 h 0%, 5% or 20% 
CS at 1 Hz. Data shown represents mean ± SD % control (n=6 from a single passage); 
****P<0.0001 by one-way ANOVA with post-hoc Bonferroni-corrected multiple 
comparison tests. Abbreviations: CS, cyclic stretch; eNOS, endothelial nitric oxide 
synthase; HCMEC-SV40, human cerebral microvascular endothelial cells- Simian virus 
40; mRNA, messenger ribonucleic acid; RTqPCR, quantitative reverse transcription 
polymerase chain reaction. 

3.2.4 CS suppresses eNOS protein expression 

Given that the mRNA expression of eNOS was suppressed by 18 hours of CS at both 5% 
and 20%, it was next investigated whether the mRNA down-regulation was corroborated at 
the protein expression level. Since the mRNA was down-regulated at both 5% and 20% of 
CS, an additional intermediate stretching length of 10% was performed to observe if it was 
otherwise at that CS extension.  
 
The total eNOS protein expression was measured after the cells were subjected to 18 hours 
of CS at 5%, 10% or 20%. Concordant with the mRNA expression results (Figure 10), 
protein expression after 18 hours of CS of HCMEC-SV40 at 5%, 10% and 20% was 
significantly suppressed compared to the static control (P<0.0001) as indicated by 
densitometric analysis of the protein bands and the representative western blot (Figure 11). 
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Figure 11. Effect of CS on eNOS protein expression in HCMEC-SV40. (A) 
Densitometric analysis of % control of the band intensity in HCMEC-SV40 after 18 h of 
0%, 5%, 10% or 20% CS at 1 Hz. Data shown represents mean ± SD, (n=1 with 6 
replicates for 10 %, n=3 with 2 replicates for 0%, 5% and 20%); ****P<0.0001 by one-
way ANOVA with post-hoc Bonferroni-corrected multiple comparison tests. (B) 
Representative western blots demonstrating decreased eNOS protein expression (upper 
panels) in HCMEC-SV40 after 18 h of 0%, 5%, 10% or 20% CS at 1 Hz compared to the 
control (0% CS). The lower portion of the membrane was probed with GAPDH (lower 
panels) for normalization. Protein standards for 160, 100 and 40 kDa are shown. 
Abbreviations: CS, cyclic stretch; eNOS, endothelial nitric oxide synthase; GAPDH, 
Glyceraldehyde 3-phosphate dehydrogenase; HCMEC-SV40, human cerebral 
microvascular endothelial cells- Simian virus 40. 

3.2.5 CS regulates the expression of ICAM-1  

To explore the possible involvement of cellular inflammation, the protein expression of 
ICAM-1, a common endothelial inflammatory marker was investigated. 
 
The ICAM-1 protein expression was analysed using densitometry after the cells were 
subjected to 18 hours of CS at 5%, 10% or 20%. ICAM-1 expression after 18 hours of CS 
of HCMEC-SV40 at 10% was significantly augmented compared to the static control, 5% 
or 20% CS conditions (P<0.01; Figure 12). ICAM-1 protein expression relatively, but not 
significantly increased at 5% and 20% CS compared to the static control (Figure 12). 
These changes in ICAM-1 expression were also consistent with the representative western 
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blot (Figure 12). 

 
 
 
  
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Effect of CS on ICAM-1 protein expression in HCMEC-SV40. (A) 
Densitometric analysis of % control of the band intensity in HCMEC-SV40 after 18 h of 
0%, 5%, 10% or 20% CS at 1 Hz. Data shown represents mean ± SD, (n=1 with 6 
replicates for 10 %, n=3 with 2 replicates for 0%, 5% and 20%); **P<0.01 by one-way 
ANOVA with post-hoc Bonferroni-corrected multiple comparison tests. (B) Representative 
Western blots demonstrating altered ICAM-1 expression levels (upper panels) in HCMEC-
SV40 after 18 h of 0%, 5%, 10% or 20% CS at 1 Hz. The lower portion of the membrane 
was probed with GAPDH (lower panels) for normalization. Protein standards for 100, 80 
and 40 kDa are shown. Abbreviations: CS, cyclic stretch; GAPDH, Glyceraldehyde 3-
phosphate dehydrogenase; ICAM-1, intercellular cell adhesion molecule-1; HCMEC-
SV40, human cerebral microvascular endothelial cells- Simian virus 40. 
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3.2.6 Effect of CS on cell viability and morphology 

To confirm that the cells were still viable after the stretching conditions used in the 
experiments, the cell viability was measured using trypan-blue exclusion.  HCMEC were 
subjected to 18 hours of CS at 5%, 10% or 20% prior to obtaining the live and dead cell 
counts. Additionally, photographs of the cells before and after stretching were obtained to 
examine the cell morphology using phase contrast microscopy (Figure 14).  
 
The cell viability was not significantly affected by 18 hours of CS either at 5% or 20% in 
HCMEC-SV40 compared to the static control (Figure 13). The cell morphology was 
comparable to that of static control under each condition. However, increased cell 
detachment was observed under all stretching conditions (Figure 14). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13. The effect of CS on cell viability of HCMEC-SV40. Cell viability of 
HCMEC-SV40 after 18 hours of CS at 5% or 20% by trypan blue exclusion as % live cell 
count/dead cell count. Abbreviations: CS, cyclic stretch; HCMEC-SV40, human cerebral 
microvascular endothelial cells- Simian virus 40. 
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Figure 14. Effect of CS on the morphology of HCMEC-SV40. Phase contrast 
micrographs of the HCMEC-SV taken before and after 18 hours of 5%, 10% or 20% CS. 
The direction of CS was horizontally uni-axial as indicated. The corresponding stretch % is 
shown on the left. Abbreviations: CS, cyclic stretch; human cerebral microvascular 
endothelial cells- Simian virus 40. 
 
 
 
 



 
  20 

4 Discussion 

4.1 APP processing in a rodent model of hypertension 

4.1.1 Amyloid deposition and Aβ oligomerisation in AD 

One of the major findings of this study was that the amyloid burden in hypertensive rats 
was significantly higher than that in normotensive controls. Amyloid deposits have been 
observed in a number of postmortem tissue specimens including the brain, kidneys, spleen 
and liver as “lardaceous” or “waxy” substances in as early as the 1700’s (Virchow, 1860; 
Glenner and Wong, 1984). Due to the starch-like appearance of these deposits, they were 
misidentified as starchy material and incorrectly named as ‘amyloid’ (literally meaning 
‘starch-like’) (Toyama and Weissman, 2011; Virchow, 1860).  However, it is now known 
that amyloids are self-propagating protein aggregates that are rich in β-sheets (Toyama and 
Weissman, 2011). They can form amyloid-like aggregates that are similar in structure, 
which are associated with diseases including AD (Toyama and Weissman, 2011). Amyloid 
deposits, which are a hallmark of AD, are mainly composed of Aβ fragments (Glenner and 
Wong, 1984). 
 
Aβ peptides are proteolytic cleavage products of APP, which is a transmembrane protein 
expressed in a number of cell types including ECs (Selkoe, 2001; Masters and Selkoe, 
2012). APP is cleaved and processed by a number of enzymes (Rajadas et al., 2013; Xia et 
al., 1997; Wan et al., 2012; Qia et al., 2014; Austin et al., 2013a). These include α- 
secretases such as, ADAM-family enzymes such as ADAM9, ADAM10 and ADAM17, β-
secretases such as BACE1 and γ-secretases such as presenilin 1 or 2 (Rajadas et al., 2013; 
Xia et al., 1997; Wan et al., 2012; Qia et al., 2014; Austin et al., 2013a). Importantly, 
mutations of both APP and presenilin genes have been shown to be associated with 
familial AD, suggesting APP cleavage plays a critical role in the pathogenesis of AD, 
supporting the amyloid hypothesis (Scheuermann et al., 2001; Xia et al., 1997). APP 
cleavage by BACE1 via the amyloidogenic pathway (Figure 1) results in the formation of 
Aβ peptides such as Aβ40 and Aβ42, which could self-aggregate to form Aβ oligomers, 
fibrils, which could subsequently contribute to AD-plaque formation (Scheuermann et al., 
2001; Gouras et al., 2010). 
 
The present study demonstrated that in SHR HC and FC regions, the Aβ oligomerisation 
was higher as compared to normotensive WKY (P<0.001 for HC, ~ 5-fold; P<0.0001 for 
FC, ~ 6-fold; Figure 7). This was clearly reflected in the higher intensity of bands in 
western blot approximately resolved at 25 kDa, which were shown to be significantly 
higher by densitometric analysis (P<0.001 for HC, P<0.0001 for FC; Figure 7). 
Oligomerisation of Aβ leads to the formation of Aβ fibrils, and a number of different 
soluble oligomer species have been detected using SDS-PAGE and western blotting 
ranging from 4-25 kDa (Cleary et al., 2005; Ahmed et al., 2010; Masters and Selkoe, 2012; 
Pryor et al., 2012). This was consistent with the results of the present study showing an 
oligomer approximating to 25 kDa (Figure 7).  
 
These results were obtained by SDS-PAGE coupled with western blotting. Amongst the 
many techniques in detecting Aβ, SDS-PAGE is reported to be the most commonly utilised 
(Pryor et al., 2012). The conditions of the assay may lead to aggregation of Aβ (Pryor et 
al., 2012). For example, the anionic micelles formed by SDS are known to separate the 
bands and induce non-native Aβ species (Sureshbabu et al., 2009). This was evident as 
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Aβ42 prepared in PBS exhibited monomer and trimer structures at ~13.5 kDa and ~18 kDa 
respectively, which were shown to be appearing at 20 and 50 kDa after the addition of 1.5 
mM SDS to the samples (Sureshbabu et al., 2009). It was proposed that the addition of 1.5 
mM SDS resulted in a partial helical structure in Aβ42, which was hydrophobic 
(Sureshbabu et al., 2009). The hydrophobicity induced by the addition of 1.5 mM SDS was 
attributed for the aggregate formation (Sureshbabu et al., 2009). Regardless of whether 
bands were representative of the size or the extent of hydrophobicity, the intense 
appearance of the bands provided qualitative evidence that the SHR had higher amyloid 
burden than the WKY rats. Native-PAGE analysis where native protein structures are 
relatively preserved will further help confirm the endogenous origin of these high 
molecular weight aggregates (Pryor et al., 2012).  
 
The results indicated that Aβ is accumulated within the brain of the SHR rats (Figure 7) 
implying that hypertension is associated with abnormal APP processing, expression or 
clearance from the brain, thus leading to accumulation of Aβ, which is discussed in detail 
in section 4.1.2.  

4.1.2 AD, hypertension and haemodynamics  

Hypertension is a major factor amongst the many risk factors that are concomitant with 
AD (Arendash et al., 1999; Langbaum et al., 2012; Mitchell et al., 2011; Meng et al., 
2014). In line with this, the results of the present study demonstrated a higher brain Aβ 
burden in the aged SHR hypertensive model compared to the normotensive WKY model 
(Figure 7). Similar effects were detailed in a number of recent studies (Kurata et al., 2014b, 
2014a; Schreiber et al., 2014; Qia et al., 2014). The representative rat model of chronic 
hypertension, stroke, and progressive dementia, SHR-stroke resistant (SHR-SR) after 
transient middle cerebral artery occlusion (tMCAO) showed age-dependent positive 
intracellular and extracellular Aβ staining in ipsilateral and contralateral cerebral cortex 
and hippocampus at 6, 12, and 18 months of age (Kurata et al., 2014b). SHR-SR-tMCAO 
rats were treated with a low and high dose of telmisartan (Kurata et al., 2014b). 
Telmisartan, which a pleiotrophic metabo-sartan, with anti-neuroinflammatory, anti-
neurotoxic and blood pressure (BP) lowering effects, dose dependently decreased the 
elevated intracellular and extracellular Aβ in SHR-SR-tMCAO (Kurata et al., 2014b). 
Additionally, the high-dose telmisartan induced the expected significant BP lowering 
effect (Kurata et al., 2014b). Further supporting these data, age dependent increases in 
cortical extracellular deposition of Aβ and APP expression were observed in non-
transgenic spontaneously hypertensive stroke-prone rats (SHR-SP) compared to WKY rats 
(Schreiber et al., 2014). The deposition of Aβ was represented by lectin staining and 
plasma protein immunocytochemistry while the protein expression being evaluated using 
western blotting (Schreiber et al., 2014). In ocular hypertensive models of rat glaucoma, 
up-regulation of caspase-3-mediated APP cleavage in hypertensive retina relative to 
control retina has been reported (McKinnon et al., 2002). Consistently, another study 
showed significant increases in hippocampal Aβ42 coincident with elevated mRNA 
expression levels of RAGE and BACE-1 in SHR compared to WKY rats (Qia et al., 2014). 
The mRNA and protein expression of LRP-1 were down-regulated in contrast to APP, 
which were up-regulated (Qia et al., 2014). The mRNA was analysed using agarose gel 
electrophoresis while protein was analysed using western blotting (Qia et al., 2014). 
However, these differences did not reach a statistical significance (Qia et al., 2014). 
Nonetheless, these results, together with the other studies described, provided additional 
confirmatory evidence that altered APP processing and/or expression was associated with 
hypertension (Qia et al., 2014; Kurata et al., 2014b; McKinnon et al., 2002; Schreiber et 
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al., 2014).  
 
The involvement of hypertension in AD could be attributed to haemodynamic factors as 
according to “peripheral sink theory” where blood flow is eventually involved in the 
clearance of APP-derived Aβ peptides (Wang et al., 2006b; Lee and Landreth, 2013). This 
was evidenced by the studies showing that haemodynamic factors such as pulsatility index 
and pulse pressure were positively correlated with AD (Stefani et al., 2009; Nation et al., 
2013). These two factors are independent markers of vascular stiffness (Tan et al., 2012; 
Nation et al., 2013; Petersen et al., 1995; Mitchell et al., 2011). Vascular stiffness has been 
shown to be associated with hypertension and reported to play a role in initiating the 
cognitive deficits in AD (Mitchell et al., 2011; Ng et al., 2012; Laurent et al., 2001; Hanon 
et al., 2005; Avolio et al., 2014; Tan et al., 2014; Wu et al., 2014; Langbaum et al., 
2012).Together these findings suggested a possible role of mechanical effects of 
hypertension such as EC stretch in hypertension and its links with AD supported by the 
assumption that positive correlation with increased pulsatility index, pulse pressure and/or 
stiffness would presumably coincide increased mechanical stretch.  
 
Importantly, mechanical stretch was shown to proportionally induce vascular stiffness in 
vivo and in vitro (Wu et al., 2014; Avolio et al., 1998). This was indicated by augmented 
collagen deposition or expression in hypertension-induced rats by angiotensin II infusion 
and in cultured aortic fibroblasts after being subjected to mechanical stretch respectively 
(Wu et al., 2014). Therefore, mechanical stretch may proportionally induce changes in 
vascular stiffness (Wu et al., 2014). Similar effects imposed by elevated mechanical stress 
were shown by fractal analysis of pressure-fixed aortic sections stained for elastin (Avolio 
et al., 1998). Increased loss of medial elastin function, which is characteristic of wall 
stiffness, was concomitant with cumulative effect of pulsations (Avolio et al., 1998).  
 
Concordantly, the relationship between intra-arterial BP and mechanical stretch and wall 
stiffness was reported as early as in the 1970s (Toda et al., 1978). It was stated that 
increases in intra-arterial pressure imposed greater wall stiffness by establishing a length-
tension relationship in helically cut strips of canine cerebral, coronary, mesenteric, renal, 
and femoral arteries after being stretched (Toda et al., 1978). Apart from the role of 
elevated mechanical stretch in systemic high BP, it was also demonstrated to be involved 
in intracranial or intraocular BP-related pathologies such as normal pressure 
hydrocephalus, traumatic brain injury and glaucoma. Interestingly, these pathologies are 
also related to AD-characteristics (McKinnon et al., 2002; Wostyn et al., 2008; Golomb et 
al., 2000). Notably, normal pressure hydrocephalus itself is a subtype of dementia, whilst 
traumatic brain injury is a risk-factor for AD (Kizu et al., 2001; Fleminger, 2003). These 
studies further stressed that mechanical stretch could be involved in the pathogenesis of 
AD. 
 
The biochemical analysis of brain tissue of the SHR and WKY rat in the present study 
showed higher cerebral amyloid burden in hypertensive rats (Figure 7). This, along with 
the previous studies linking AD, stiffness and hypertension, consistently highlighted a 
possible role of mechanical stretch that may affect APP processing pathways.  
 
In the light of the associations described above, between AD, high BP, vascular stiffness 
and mechanical stretch, the second major aim of this study sought to investigate a possible 
role of pulsatile CS on APP expression, using cell culture techniques to construct a highly 
controlled experiment to isolate the stretch phenomenon. The mechanical stretch was 
explored in terms of pulsatile CS in HCMEC-SV40 cell line as a way of scrutinising 
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whether mechanical stretch plays a role in APP processing or expression at the cerebral EC 
level.  

4.2 Effect of CS on endothelial function in HCMEC-SV40 

4.2.1 CS differentially regulates APP mRNA and protein expression at different 
magnitude of stretch 

The results of the study of the SHR and WKY rat models indicated that APP processing 
was altered significantly in hypertensive rats.  Additionally, elevated pulsatility index and 
pulse pressures were observed in both hypertension and AD (Stefani et al., 2009). Together 
with these observations and as discussed in section 4.1.2, a role of mechanical stretch was 
implicated in the pathophysiology of AD. To explore the effect of CS on the expression of 
APP in the brain endothelium, a cell line representative of ECs of the BBB was used. 
 
The results indicated that the expression of APP is altered at different magnitudes of CS 
(Figure 8 & Figure 9). To the best of our knowledge, the direct effect of CS on the 
expression of APP in ECs associated with the BBB has not been studied before. However, 
there is considerable evidence to support these results that CS modified the expression of 
APP as outlined by studies elucidating the involvement of mechanical stretch in Aβ 
deposition and or APP expression (Wostyn et al., 2008; Loane et al., 2009; Amissah et al., 
1998; Graham et al., 1995). Neuronal expression of APP was found to be significantly 
higher followed by traumatic brain injury or hypoxic ischaemic injury in human neonatal 
and adult brains, and animal models as shown by immunostaining and/or western blotting 
(Loane et al., 2009; Amissah et al., 1998; Graham et al., 1995; Bramlett et al., 1997). 
Additionally, hypertension-induced rabbits showed APP up-regulation (Ong et al., 2013). 
Thus, these findings together with the novel finding in this study showing increased APP 
expression up to 18 hours of 10% CS in HCMEC collectively suggested that mechanical 
stretch alters the expression of APP (Figure 8 & Figure 9). The down-regulation of APP at 
20% CS (Figure 8) however may have been the result of higher susceptibility of mRNA 
degradation or decline in mRNA synthesis at higher stretch exposures as discussed in 
section 4.2.4. 
 
An inverse correlation between APP expression and eNOS activity has been reported 
(d’Uscio et al., 2012; Austin et al., 2010, 2013b, 2013a). Over-expression of APP in 
Tg2576 mice has been demonstrated to lead to ED, thereby mitigating the endothelial 
vasorelaxation mediated by eNOS and to decrease eNOS activity with a concomitant 
decrease in bioavailable NO (d’Uscio et al., 2012). These findings were further extended 
by Austin et al. (Austin et al., 2010, 2013b, 2013a) elaborating a significant role of NO in 
modulating the expression of APP. In human brain microvascular ECs treated with the 
NOS inhibitor, N (G)-Nitro-L-Arginine Methyl Ester (L-NAME) for 3 days and in 
eNOS−/− mice, it was revealed that the expression of APP and BACE1, and Aβ levels 
were up-regulated (Austin et al., 2010). These effects in eNOS−/− mice were reversed by 
supplementation with NO by treating the animals with nitroglycerine, which resulted in a 
marked increase in cyclic guanosine monophosphate (cGMP) levels (Austin et al., 2013a). 
Since, cGMP, in addition to its other biological effects, is a known mediator of NO, these 
findings illustrated that NO-cGMP pathway is an important signaling pathway that could 
regulate the expression and processing of APP (Austin et al., 2013a).  
 
In addition, other studies have elaborated that ED was associated with Aβ (Thomas et al., 
1996; Crawford et al., 1998; Suo et al., 1998; Torre et al., 2013; de la Torre and Aliev, 
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2005). ED is characterised by diminished NO bioavailability due to the uncoupling of the 
enzyme, eNOS, whereby eNOS leads to the formation of reactive oxygen species (ROS) 
such as hydrogen peroxide and peroxynitrite, consequently leading to impaired 
vasodilation of blood vessels (Cheng et al., 2008; Landmesser et al., 2003; Huang et al., 
2012). In 1997, Thomas et al. (Thomas et al., 1997) demonstrated that treating intact 
bovine cerebral arteries with Aβ40 resulted in ED. This was characterised by enhanced 
vasoconstriction and diminished vasodilation shown by measuring the % contraction and 
relaxation of the vessels with and without the Aβ40 treatment (Thomas et al., 1997). Aβ40-
mediated vasoactive effects were reversed by antioxidants such as superoxide dismutase 
(SOD) indicating the possible involvement of oxidative stress, which will be expanded 
upon in section 4.2.3 (Thomas et al., 1997). Endothelial damage was further demonstrated 
by electron micrographs (Thomas et al., 1997). These vasoactive effects were suggestively 
due to an imbalance between NO and superoxide radicals, which in turn resulted in ED 
(Thomas et al., 1997). Another study also demonstrated similar vasoconstrictive effects in 
vivo utilising intra-arterial infusion of solubilised Aβ40 in rats (Suo et al., 1998).  This 
study showed a decreased cerebral blood flow and cerebrovascular resistance measured 
using fluorescent microspheres, which was also suggested to be mediated via the same 
mechanism described in the previous study (Suo et al., 1998). These two studies along with 
many other studies have elucidated that cerebrovascular dysfunction was associated with 
APP expression and/or processing (de la Torre and Aliev, 2005; Austin et al., 2013b).  
 
An intriguing feedback mechanism between NO bioavailability and Aβ can be illustrated 
by these studies along with the study of Rajadas et al. (Rajadas et al., 2013). This study 
showed that in the immortalised human hepatic EC line, Hep-3, fibrillar Aβ1–42 
treatments of 5 and 10 µM for 12 hours caused an up-regulation of eNOS expression 
(Rajadas et al., 2013). This is consistent with a compensatory mechanism dependent on 
NO bioavailability as increased Aβ may trigger eNOS expression to compensate for the 
reduced levels of bioavailable NO (Rajadas et al., 2013). Further supporting this idea of a 
feedback mechanism, diminished endothelium-dependent vasodilatory effects due to a 
reduction in eNOS phosphorylation at serine1177, as a result of 24-48 hour treatment with 
Aβ25–35 in rat basilar arteries was also reported (Chisari et al., 2010). Consistently, 1 µM 
Aβ40 treatments attenuated the vasoconstrictive responses to noradrenaline in rat aortic 
rings while 5 µM Aβ40 showed opposite effects (Smith et al., 2004). 
 
Due to the associations between APP and eNOS activity and expression, and the 
involvement of eNOS in hypertension (Wu et al., 2014; Ziegler et al., 1998b; Wood et al., 
2013) it was next explored whether eNOS expression was altered with CS in a similar 
fashion. 

4.2.2 CS suppresses eNOS mRNA and protein expression 

The results showed that eNOS expression was significantly decreased with increasing 
stretch at both the transcription and translational level (Figure 10 & Figure 11). This is 
consistent with the findings of previous studies described in section 4.2.1, such that an 
increase in APP correlated with a decrease in eNOS expression at 18 hours of 10% CS. 
The results suggested that eNOS activity may be pivotal in regulating the expression of 
APP. This is because the increase in APP, with a decrease in eNOS expression levels 
indicated a possible compensatory mechanism dependent upon NO bioavailability, 
consistent with the findings of Rajadas et al. (Rajadas et al., 2013) that up-regulation of 
eNOS expression was correlated with an up-regulation of APP expression at the 
translational level in a hepatic EC line. However, whether these effects of CS on eNOS and 
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APP in the present study were directly interdependent or not have to be further 
investigated, which will be discussed in section 4.4.2. 
 
In the milieu of the endothelium, eNOS serves as a major source of NO, which is an 
important second messenger and a mediator of vasodilation (Cheng et al., 2008; Bauer et 
al., 2010; Northcott et al., 2012). Although the direct effects of CS on cerebral eNOS 
expression have not been extensively studied, mechanical stretch effects on eNOS 
activation have been well studied (Hu et al., 2013; Spescha et al., 2014; Thacher et al., 
2010; Takeda et al., 2006; Awolesi et al., 1995; Dancu et al., 2004). One of the prominent 
associations is the relationship between eNOS and BP regulation, which is well 
established, such that eNOS activation being central to alleviating BP insults to preserve 
the endothelium (Facemire et al., 2009; Northcott et al., 2012; Bauer et al., 2010; Wood et 
al., 2013; Cheng et al., 2012). This suggests that eNOS activation provides a negative 
feedback loop, counteracting elevated mechanical stretch in high BP by producing NO to 
mediate vasorelaxation (Facemire et al., 2009; Northcott et al., 2012; Bauer et al., 2010; 
Wood et al., 2013; Cheng et al., 2012). In line with this, the majority of the studies 
elucidating effects of CS on the expression and/or the activation of eNOS have shown that 
eNOS activation, eNOS mediated NO production and/or expression were up-regulated as a 
result of CS (Awolesi et al., 1995; Takeda et al., 2006; Hu et al., 2013; Ziegler et al., 
1998a; Spescha et al., 2014; Thacher et al., 2010).  
 
Several studies have demonstrated the involvement of calcium signaling and NO 
production in ECs in response to mechanical stretch (Takeda et al., 2006; Berrout et al., 
2012).  In bEnd3 cells, a mouse brain EC line, grown on collagen-coated-BioFlex plates 
with silastic membranes, Berrout et al. (Berrout et al., 2012) showed a calcium influx 
mediated by transient receptor potential (TRP) channels 1 and 2 induced by 20-55% of 
biaxial stretch over 1 minute. Delivering 50 ms bursts of nitrogen gas that produced a 
downward deformation of the silastic membrane and adherent cells propagated the stretch 
pulses in this system (Berrout et al., 2012). Consequently, calcium influx mediated 
increased NO production by eNOS and cytoskeletal actin-stress-fiber formation (Berrout et 
al., 2012). This study also demonstrated a threshold of greater than 10% of stretch for 
bEnd3 cells to induce a change in calcium influx (Berrout et al., 2012). However, in the 
present study, 10% of CS over 18 hours appeared to be the peak threshold value for APP 
and ICAM-1 protein expression (Figure 9 & Figure 12), while eNOS expression was 
down-regulated at both mRNA and protein level at all magnitudes of CS (Figure 10 & 
Figure 11).  
  
Concordant with Berrout et al. (Berrout et al., 2012), short-term NO production in response 
to CS-mediated-calcium influx was also demonstrated in bovine arterial ECs (Takeda et 
al., 2006). This study deployed the same apparatus that was used in the present study, 
where elastic silicon chambers coated with fibronectin were subjected to uni-axial CS (1 
Hz, 20% in length for 5 or 20 minutes; Takeda et al., 2006). Moreover, a biphasic NO 
production, short and long term, was demonstrated via two different mechanisms, stretch 
activated channel-mediated-increase in calcium influx and phosphatidylinositol 3 OH-
kinase/ serine/threonine-specific protein kinase Akt (PI3K/Akt) pathways respectively 
(Takeda et al., 2006). Similarly, the former was also demonstrated in human umbilical vein 
ECs (HUVEC) in a c-src dependent manner, which mediated EC morphological changes 
downstream of calcium signaling (Naruse et al., 1998a; Suzuki et al., 1997). A similar bi-
phasic pattern of eNOS activation and NO production due to acute mechanical stretch was 
reported in another study (Hu et al., 2013). This study utilised a single-well device, which 
was uniformly stretched by vertical indentation (Hu et al., 2013). However, this study 
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reported the activation of protein kinase A (PKA) pathway along with the PI3K/Akt 
pathway at 15 and 30 minutes respectively, as HUVECs were subjected to 20–50% 
continuous bi-axial stretch (Hu et al., 2013). The involvement of PI3K/Akt pathway in 
stretch-mediated-NO production has also been demonstrated in pulmonary vascular ECs in 
situ (Kuebler et al., 2003). This study employed models of the intact lung and isolated-
perfused rat lungs where the vascular pressure was elevated to induce stretch (Kuebler et 
al., 2003).  
 
Taken together, mechanical stretch has been demonstrated to induce calcium influx 
mediated, PKA and/or PI3K/Akt dependent NO production (Takeda et al., 2006; Suzuki et 
al., 1997; Berrout et al., 2012; Awolesi et al., 1995; Hu et al., 2013). From initial 
considerations, these studies may appear to be different to results of the present study that 
showed down-regulation of eNOS at both transcriptional and translational levels after CS. 
However, one must be aware that there are factors that need to be taken into close 
consideration that make these studies and the present study directly somewhat 
incomparable. Firstly, these studies demonstrated eNOS activation in contrast to eNOS 
expression as was quantified in the present study. The activity of eNOS may not 
necessarily be proportional to the expression of eNOS due to various reasons. For example, 
post-transcriptional modifications such as DNA methylation and polyadenylation have 
been reported as regulatory mechanisms that decided the cell specific expression and 
mRNA stability of eNOS, which could in turn lead to variations in eNOS expression 
and/or activity (Chan et al., 2004; Weber et al., 2005). On the other hand, post-translational 
modifications, such as phosphorylation could regulate eNOS activity regardless of the 
expression levels (Takeda et al., 2006; Hu et al., 2013). Therefore activity of eNOS could 
be independent of the level of expression of mRNA or protein. Secondly, experimental 
conditions of these studies were not the same as the present study. For example, in the 
study of Berrout et al. (Berrout et al., 2012), the difference may be due to the different 
range of applied stress (0% to 20% in the present study, compared with 20% to 55% in the 
study of Berrout et al.) or the duration of stress (a longer term 18 hour protocol in the 
present study compared to 1 minute in the study by Berrout et al.), with the smaller cell 
stretch range and longer time period being more representative of the true physiological 
scenario related to the main focus of the present study which was hypertension, rather than 
post- traumatic brain injury in the case of the study of Berrout et al.  Collectively, let alone 
the differences in different stretch magnitudes, all these studies have investigated relatively 
short-term (within 2 hours) stretch-induced-eNOS activation as opposed to eNOS 
expression after a prolonged 18 hours of stimulation, which the present study 
demonstrated. The present study did not assess eNOS activity or NO production. Future 
studies to reveal these may render clarification for whether eNOS activity would still be 
preserved or not, regardless of the suppression of eNOS mRNA and protein levels after 
prolonged CS in brain ECs as shown by other studies of short-term CS in brain and other 
ECs.  
 
Nevertheless, there is evidence in the literature suggesting the possibility of eNOS mRNA 
and protein down-regulation in association with decreased NO release (Oemar et al., 1998; 
Dancu et al., 2004). Thus, although the present study did not assess eNOS activation, the 
down-regulation of mRNA and protein levels of eNOS at all levels of CS may coincide 
with a subsequent reduction in eNOS activation and thereby a reduction in bioavailable 
NO. This is suggested by the findings in atherosclerotic arteries and mechanical stretch 
studies in bovine aortic EC (BAEC; Oemar et al., 1998; Dancu et al., 2004). Both eNOS 
protein expression and NO release were markedly reduced in atherosclerotic human carotid 
arteries, as shown in immunohistochemistry and calcium ionophore stimulation (Oemar et 
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al., 1998). In addition, similar to the finding of eNOS mRNA expression by RT-PCR in the 
present study, it has been shown in BAEC where CS and asynchronous mechanical force 
patterns (SPA=−180°) down-regulated eNOS mRNA levels, with an increase in 
endothelin-1 (ET-1; a potent vasoconstriction mediator, thus has antagonistic effects to 
eNOS) mRNA expression and a reduction in NO (Dancu et al., 2004). This suggests that 
reduced eNOS protein expression may coincide with reduced NO release, thus the 
significant reduction of both mRNA and protein expression could indicate a reduction in 
bioavailable NO, thereby resulting in ED. However, this needs further investigation, as 
there is still the possibility that the activity of eNOS may not be altered regardless of the 
decreased protein and mRNA expression. This is because down-regulation of eNOS 
mRNA and protein could be the result of an intricate regulation of a feedback mechanism 
such that increased eNOS activity leading to subsequent down-regulation of transcripts and 
protein by degradation of mRNA and/or protein. Thus, post-translational modifications 
such as activation of eNOS via phosphorylation is a possible explanation for the results 
presented, which should be investigated in further studies as outlined in section 4.4.2. 
 
Apart from studies showing the enhanced release of NO as a consequence of mechanical 
stretch, alterations of eNOS expression, which was found in the present study, has also 
been reported (Dancu et al., 2004; Gan, 2000; Oemar et al., 1998). In cultured BAEC, 24 
hours of 6% and 10 % strain have resulted in an up-regulation of eNOS transcripts and 
protein levels as shown by northern blot analysis, nuclear run-off transcription assays and 
western blotting (Awolesi et al., 1995). The BAEC were grown on flexible membranes, 
which were subjected to deformation at 60 cycles/min with -5 or -20 kPa of vacuum in a 
vacuum manifold with recessed ports (Awolesi et al., 1995). Even though this study 
deployed similar CS conditions as the present study, the strain pattern in this system was 
reported to be uneven across the membrane as opposed to even CS used across the silicon 
chambers in the present study. Additionally, the cells that have been used in this study 
were primary aortic ECs of bovine origin, in contrast to the present study, which utilised a 
brain EC line of human origin. Moreover, the present study did not encompass pressure as 
such, only the factor related to circumferential CS was considered. These changes in 
experimental modalities may account for the changes in subsequent outcomes of the 
experiment. These contrasting results also imply that there may be species variability 
and/or the origin of the cell line, which has in fact been reported (Ziegler et al., 1998b, 
1998a). Zieger et al. (Ziegler et al., 1998a) reported that EA hy926, a hybridoma cell line 
created by fusing primary HUVECs with a human carcinoma cell line, appeared more 
sensitive to shear stress (SS) changes compared to BAEC. Thus, brain ECs may be more 
sensitive to CS insults as compared to aortic ECs. It could also be that aortic ECs may be 
better adapted to mechanical stretch stimuli as opposed to brain ECs. This can be explained 
by the fact that the aorta would be under higher physiological mechanical stretch in vivo 
relative to BBB ECs. Therefore, degradation of protein and mRNA due to high mechanical 
stretch may more readily concur in the BBB ECs. Additionally, immortalised cell lines 
such as the one that has been utilised in the present study may respond differently to 
primary cells, which will be expanded upon in section 4.3.2.2. 
 
Interestingly, several studies have elucidated that eNOS mRNA expression is differentially 
regulated based on the type of stretch that was involved (Ziegler et al., 1998b, 1998a; 
Shikata et al., 2005). One study deployed combinations of pressure, unidirectional SS, 
oscillatory SS and CS for 24 hours on BAEC and EA hy926 grown in perfused silicon 
tubes (Ziegler et al., 1998b). The stretching conditions included pulsatile SS with 
unidirectional flow comprising a component of 6 dyne/ cm2 (amplitude = 6 dyne/ cm2) and 
SS with an oscillatory flow with a mean of 0.3 dyne/ cm2  (amplitude = 6 dyne/ cm2) 
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combined with or without 4% CS (mean pulsatile pressure = 100 mm Hg) (Ziegler et al., 
1998b). Notably, the % of CS was calculated as the ratio of the diameter amplitude to the 
mean diameter rather than % increase in length of the stretching chamber as in the present 
study, thus the % stretch are not directly comparable (Ziegler et al., 1998b). Northern blot 
analysis showed that unidirectional SS lead to a dose-dependent increase in eNOS mRNA 
expression in both BAEC and EA hy926 cell line compared to the no shear static control 
(Ziegler et al., 1998b). In contrast, with oscillatory SS, it was shown that the mRNA 
expression of eNOS was significantly down-regulated at 0.3 dyne/ cm2 of SS (Ziegler et 
al., 1998b). This effect was not significantly increased with the added component of 4% 
CS in either of the conditions (Ziegler et al., 1998b). Additionally, eNOS promoter activity 
was measured by luciferase activity followed by transient transfection of the cells with a 
sequence coding for the functional human eNOS promoter coupled to a luciferase reporter 
(Ziegler et al., 1998b). The luciferase activity revealed that the eNOS promoter activation 
was magnitude-dependently incremental with unidirectional SS (Ziegler et al., 1998b). 
Although the EA hy926 cell line appeared more sensitive to SS changes, both cell lines 
demonstrated similar trends (Ziegler et al., 1998b). Remarkably, regardless of the eNOS 
de-regulation at the mRNA level, the eNOS promoter activation was 7- to 10-fold 
increased by oscillatory SS, which in contrast, was significantly suppressed by CS at all SS 
variations used (Ziegler et al., 1998b). In another study by Ziegler et al. (Ziegler et al., 
1998a) using the same apparatus as described, mRNA expression of eNOS was shown to 
be completely abolished as SS was reduced from 0.3 to 0.08 dyne/cm2. Furthermore, it was 
reported that CS did not have additional effects on eNOS mRNA expression in the 
presence of low, high or oscillatory SS (Ziegler et al., 1998a). The differential expression 
of eNOS due to unidirectional SS was attributed to occur via nuclear factor kappa B 
(NFκB) activation while oscillatory SS was suggested to occur subsequent to activation of 
an unidentified negative cis-acting element present in the NOS III gene (Silacci et al., 
2000).  
 
These results collectively indicated that the eNOS expression was regulated at both 
transcriptional and post-transcriptional levels depending on the type of mechanical stimuli 
involved. Moreover, it was stated that unidirectional SS regulated the eNOS expression at 
the transcriptional level while oscillatory SS and CS posing regulatory effect at the post-
transcriptional level that suppressed eNOS promoter activity or mRNA eNOS expression 
at low SS (Ziegler et al., 1998a). Consistent with these findings, the present study may add 
on to these results as the results indicated that the regulatory effect of CS at low SS on 
eNOS expression was translational, since both mRNA and protein expression were down-
regulated (Figure 10 & Figure 11). However, it is noteworthy that the present study 
incorporated minute SS without a pressure component and that further studies are required 
to confirm post-translational modifications and eNOS activity, which will be discussed in 
section 4.4.2. 
 
As discussed earlier, there is a possibility that prolonged CS may lead to ED. This is 
further supported by the finding that ET-1 was upregulated due to mechanical stress 
(Ziegler et al., 1998a; Dancu et al., 2004; Juan et al., 2004; Liu et al., 2003a; Gan, 2000; 
Toda et al., 2008). This is because ET-1 possesses antagonistic effects to eNOS, resulting 
in diminished eNOS-mediated-NO production, hence mediating ED (Dancu et al., 2004; 
Toda et al., 2008). ED is known to be associated with cell adhesion molecule expression 
such as ICAM-1, and therefore it was decided to determine the effect of CS on the 
expression of ICAM-1 (Hlubocká et al., 2002). 
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4.2.3 CS regulates the expression of ICAM-1 

ICAM-1, which is an inflammatory marker associated with EC membranes, is a 
glycosylated transmembrane protein that belongs to the ICAM family of proteins (Lee et 
al., 2000). ICAM-1 protein expression, was significantly increased at 10% CS compared to 
0% CS (Figure 12). Previous studies have shown that ICAM-1 expression was up-
regulated with CS (Cheng et al., 1996; Riser et al., 2001; Fu et al., 2013). A recent study, 
which deployed a similar system to the present study, showed that in human pulmonary 
artery ECs, both mRNA and protein expression of ICAM-1 were upregulated after 24 
hours of 20% CS (Fu et al., 2013). However, this study used a frequency of 0.5 Hz, in 
contrast to 1 Hz in the present study  (Fu et al., 2013). Cheng et al. (Cheng et al., 1996) 
showed similar effects in a different system. In a vacuum controlled strain unit, HUVECs 
were deformed by a sinusoidal negative pressure with a peak level of −10, -15 or -20 kPa 
to produce respective average strain % of ~9%, ~11% or ~12% at a frequency of 1 Hz, 
which were calculated by averaging radial strain over the total plate surface area (Cheng et 
al., 1996). The stretching over the membrane was stated to be heterogeneous (Cheng et al., 
1996). Released levels of soluble ICAM-1 increased dose-dependently at 9%, 11% or 12% 
strain over 24, 36 and 48 hours of strain as shown by enzyme linked immunoassay (Cheng 
et al., 1996). The expression of ICAM-1 mRNA and protein levels were also shown to 
follow a similar pattern over 1, 3, 12 or 24 hours as shown by northern blot analysis and 
flow cytometry respectively (Cheng et al., 1996). Although the systems and/or the 
conditions that these studies had employed were not the same as the one that was used in 
the present study, the results of the protein expression after 18 hours of CS were 
comparable up to 10% CS, as similar overall trends were shown. However, there was a 
striking down-regulation of ICAM-1 at 20% stretch in the present study, in contrast to Fu 
et al. (Fu et al., 2013), which may be accounted for the differences in stretch frequency 
(1Hz in the present study as opposed to 0.5 Hz in the study of Fu et al.). Additionally, this 
could also be accounted for by possible cellular damage, as emphasised in section 4.2.4. 
 
Up-regulation of ICAM-1 protein expression associated with mechanical stress could lead 
to a number of cellular and physiological consequences (Cheng et al., 1996; Riser et al., 
2001; Hlubocká et al., 2002). Increases in ICAM-1 expression, subsequent to 20 hours of 
CS at 11% and 12% have been demonstrated in HUVECs (Cheng et al., 1996). This 
coincided with increased monocyte adhesion to ECs implicating a pathophysiological 
phenomenon involved in vascular diseases (Cheng et al., 1996). Similar effects were 
shown in an in vitro model of intraglomerular hypertension, where mesangial cells, a type 
of smooth muscle cells from the kidneys, were subjected to CS (Riser et al., 2001). The 
enhanced permeability of ECs due to elevated ICAM-1 expression could also serve as a 
marker of ED (Hlubocká et al., 2002). In serum samples from uncomplicated essential 
hypertension patients, the soluble ICAM-1 and ET-1 levels were markedly increased, both 
of which were indicative of ED (Hlubocká et al., 2002). This denoted the possibility that 
the marked up-regulation of ICAM-1 protein expression along with the dramatically 
reduced eNOS mRNA and protein expression in this study could indicate that CS 
eventuate monocyte adhesion to ECs and/or ED, thus highlighting a possible role of CS in 
the pathogenesis of early stage hypertension. This can be further investigated in future 
studies as outlined in section 4.4.2. 
 
Increased ICAM-1 expression has been associated with AD-plaques (Apelt et al., 2002; 
Lee et al., 2000; Rozemuller et al., 1989). This was shown by immunofluorescence in 
cortical regions of Tg2576 mice (Apelt et al., 2002). Immunostained cortical sections 
showed dispersedly ICAM-1-positive regions in activated microglial and brain capillary 



 
  30 

cells that were localised in close proximity to senile plaques (Apelt et al., 2002). Cluster-
like accumulation of ICAM-1-immunoreactivity was also consistently shown by 
immunohistochemistry technique (Apelt et al., 2002). This study along with other studies 
has revealed the involvement of inflammatory responses in amyloid deposition or APP 
processing (Apelt et al., 2002; Rozemuller et al., 1989; Akiyama et al., 2000; Eikelenboom 
et al., 1994). Thus, the concomitant dose-dependent ICAM-1 and APP increase after 18-
hour-CS up till 10% in the present study (Figure 9 & Figure 12), may indicate that 
increased APP was associated with increased ICAM-1 expression as observed in AD-
plaques.  However, it remains to be studied whether the association between the two is due 
to a causal relationship as outlined in section 4.4.2.  
 
ICAM-1 expression was found to be proportionally mediated by NO release facilitated by 
the angiogenic growth factor, vascular endothelial growth factor (VEGF) (Radisavljevic et 
al., 2000). This was demonstrated in mouse brain microvascular EC, where the ECs were 
treated with VEGF, which facilitated an increase in NO production subsequently 
increasing ICAM-1 expression (Radisavljevic et al., 2000). The elevated NO production 
was found to be mediated via PI3K/Akt signaling pathway (Radisavljevic et al., 2000). 
Radisavljevic et al. (Radisavljevic et al., 2000) suggested that this NO release was through 
the activity of eNOS, which was consistent with those studies that elaborated PI3K/Akt-
dependent CS-mediated-NO-release as discussed in section 4.2.2. This was further 
supported by the finding that eNOS expression was regulated via the VEGF receptor 2 
(Facemire et al., 2009). Even though the present study did not demonstrate the effect of CS 
on eNOS activity, as discussed in section 4.2.2, CS could up-regulate the activity of eNOS 
(Takeda et al., 2006; Suzuki et al., 1997). Thus, it can be proposed that the increase in NO 
due to CS may have lead to the subsequent heightened protein expression of ICAM-1. 
Additionally, since the PI3K/Akt signaling pathway was implicated as a transduction 
pathway that mediated CS-induced-NO production, the involvement of the PI3K/Akt 
pathway can be further emphasised as a possible underlying mechanism for the results 
presented (Figure 19; Takeda et al., 2006; Kuebler et al., 2003). However, it remains to be 
determined in future studies whether the increase in ICAM-1 expression was NO-
dependent as discussed in section 4.4.2.  
 
Given that enhanced NO production coupled with amplified ICAM-1 expression could be 
concomitant with CS, the combined effect could lead to ED (Cheng et al., 2008; Hlubocká 
et al., 2002). In a dysfunctional endothelium, uncoupled eNOS together with enhanced NO 
production could potentiate deleterious effects on the cellular redox status, shifting it 
towards the production of ROS (Dick et al., 2013; Cheng et al., 2008). Uncoupling of 
eNOS has been demonstrated to accumulate ROS in mouse models of deoxycorticosterone 
acetate–salt-hypertension and diabetes (Huang et al., 2012; Landmesser et al., 2003). The 
latter study showed that SS-induced dilation of mesenteric arteries of diabetic mice was 
impaired due to ROS (Huang et al., 2012). These studies highlighted the pivotal role of 
eNOS in maintaining the vascular tone, which is critically regulated by the abundance of 
ROS, imbalance of which could result in ED (Huang et al., 2012; Landmesser et al., 2003). 
Since the former study involved hypertension, which is known to be associated with 
elevated mechanical stress, both these studies consistently accentuated the cumulative 
effects of elevated mechanical stress in the regulation of redox status of the endothelium 
(Huang et al., 2012; Landmesser et al., 2003). To further illustrate the associations between 
mechanical stress and ROS, free radical induced cell injury was demonstrated by 
permeability to propidium iodide (PrI) in rabbit and aortic ECs subjected to CS (McKinney 
et al., 1996). The cells grown on silastic membranes were deformed by a 50-millisecond 
pulse of gas to produce 54%, 89%, 130%, and 180% stretch (McKinney et al., 1996). 
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Following 24 hours of corresponding CS, the PrI permeability was significantly increased 
(McKinney et al., 1996). This increase was abolished by polyethylene glycol–conjugated 
SOD, which is an anti-oxidative enzyme, indicating that ECs were a source of free radicals 
post-injury by CS (McKinney et al., 1996). Moreover, in anesthetized cats equipped with 
cranial windows, the vasodilatory effect in response to topical acetylcholine treatment of 
cerebral arterioles was replaced by a vasoconstrictive effect followed by acute 
hypertension (Wei et al., 1985). This effect was restored by treating with SOD and 
catalase, emphasising the involvement ROS in the context of a pathological condition to 
which mechanical stretch may contribute (Wei et al., 1985). Activation of nicotinamide 
adenine dinucleotide phosphate oxidase via hypertension-related integrin α5β1 and c-Jun 
N-terminal kinase phosphorylation of p66 (Shc) at Serine 36 was implicated as a 
mechanism by which ECs produced ROS in response to CS (Spescha et al., 2014). 
Additionally, lipid peroxidation due to ROS was associated with AD (Bhatia et al., 2013). 
The elevated ICAM-1 expression along with increased APP at 10% CS and the reduced 
eNOS levels in the present study may therefore coincide ROS production, which remains 
to be determined in future studies (as described in section 4.4.2).  
 
Elevated ROS could lead to the activation of the NFκB inflammatory pathway, which is a 
regulatory pathway involved in the expression of ICAM-1 (Schreck et al., 1991; Antonelli 
et al., 2001). Pulsatile stretch induced superoxide production leading to NFκB activation in 
human coronary smooth muscle cells (Hishikawa et al., 1997). The cells were deformed by 
applying −5 and −20 kPa of vacuum to maximal and average strains of 12.5%, 6%, 25%, 
and 10% at a frequency of 1 Hz for up to 24 hours (Hishikawa et al., 1997).  Activation of 
NFκB was sustained for 24 hours and was abolished by the use of antioxidants (Hishikawa 
et al., 1997). This study illustrated that pulsatile stretch may lead to elevated ROS and 
thereby sustained activation of NFκB, which could possibly be involved in the present 
study as indicated by the marked increase in ICAM-1 expression at 10% CS (Hishikawa et 
al., 1997). Another study showed that high pulsatile flow with a pulsatility index (indicator 
of vascular stiffness) of 1.5 for 24 hours, was shown to activate NFκB leading to elevated 
ICAM-1 expression in pulmonary artery ECs (Tan et al., 2014). The cells were grown in 
stiffness-induced silicon tubes (Tan et al., 2014). The varied elastic moduli of the tubes 
were achieved by mixing the silicon elastomer base and curing agent at different ratios 
(Tan et al., 2014). Cells that were grown on stiffer tubes with high pulsatility index showed 
higher inflammatory marker release compared to the static or the low pulsatility index (Tan 
et al., 2014). Although the present study incorporated little SS, the possibility of NFκB 
activation leading to elevated ICAM-1 expression cannot be ruled out, due to the marked 
increase in ICAM-1 expression at 10% CS (Figure 12).  
 
Additionally, ICAM-1 expression could induce the release of cytokines such as tumour 
necrosis factor (TNF)-α as reported in ICAM-1 ligation studies in astrocytes (Lee et al., 
2000). TNF-α could in turn activate NFκB, thereby enhancing more ICAM-1 expression 
(Lin et al., 2005; Panes et al., 1996). This cytokine was also found to down-regulate eNOS 
mRNA expression by lowering its half-life from 48 hours under basal conditions to 3 hours 
(Yoshizumi et al., 1993). As little as 0.1 ng/mL of TNF-α reduced eNOS mRNA levels by 
50% in HUVECs (Yoshizumi et al., 1993). Taken together, this could be suggestive of the 
involvement of TNF-α-mediated degradation of eNOS mRNA and ROS- and/or TNF-α-
mediated ICAM-1 expression via NFκB pathway in the present study. This can be 
explored in future studies. Elevated inflammation and ROS levels could also indicate ED 
in addition to the factors that have already been discussed (Lin et al., 2005; Hlubocká et 
al., 2002). 
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4.2.4 Effect of CS on cell viability and morphology 

The cell viability of HCMEC did not significantly differ from the static control after 18 
hours of 5% or 20% stretch (Figure 13). However, prominent cell detachment was 
observed after all stretching conditions relative to the static control (Figure 14). 
 
Although the cell viability at 20% CS was comparable to that of the static control (Figure 
13), at this CS condition, the mRNA and/or protein expression of APP, eNOS and ICAM-1 
were comparable to baseline levels, specially APP and ICAM-1, which have peaked at 
10% CS followed by a dramatic decrease (Figure 8, Figure 9, Figure 10, Figure 11 & 
Figure 12).  This suggested that at 18 hours of 20% CS there could be a threshold where 
the cells were beginning to go into an initial phase of apoptosis and/or cellular damage 
leading to increased degradation or decreased production of mRNA and/or protein.  
 
Reportedly, mechanical stretch has been identified as a causative factor in cell injury 
and/or apoptosis (Abbott et al., 2012; Gao et al., 2014). Consistent with the suggested 
threshold at 20% CS for apoptosis, Liu et al. (Liu et al., 2003b) reported that in BAEC, 
physiological levels of 6%-10% CS at 1Hz inhibited TNF-α-induced-apoptosis, PI3K/Akt 
dependently, in contrast to 20% CS (1 Hz), which lead to apoptosis.  Additionally, human 
degenerated annulus fibrosus (AF) cells, which are associated with the intervertebral 
fibrocartilage, stretch-induced apoptosis resulted as cellular reorientation was restricted 
(Abbott et al., 2012). Cells were grown and stretched in an earlier version of the system 
(STREX) that was used in the present study, and were subjected to 10%, 15% or 20% CS 
for 24 hours at 1 Hz in hypoxic conditions (Abbott et al., 2012). This study showed that at 
20% CS in AF cells responded to CS by reorienting perpendicular to the axis of stretch 
while posing some caspase-3 activity with no statistical significance, which was 
significantly induced by restricting the reorientation response (Abbott et al., 2012). In 
human type II-like alveolar epithelial cells (A549 cells), apoptosis induction was present at 
as low as 6 hours of 20% CS with a frequency of 0.25 Hz in a vacuum-controlled 
stretching system designed to deliver uniform CS (Gao et al., 2014). In this study, 20% CS 
was claimed as pathophysiologically relevant while 5% was stated as physiologically 
relevant (Gao et al., 2014). Moreover, this study provided evidence that 5%-CS 
preconditioning, where by an initial 0-6 hour-20%-CS was followed by a sequential 
application of a 0-120 minute-5% CS and a 0-6 hour-20%-CS, could recover cellular 
damage while suppressing apoptosis (Gao et al., 2014). Together these studies evidenced 
that CS could lead to pre-apoptotic changes, which could also be involved in the present 
study as indicated by the marked reduction of protein and mRNA expression at 20% CS 
(Figure 8, Figure 9, Figure 10, Figure 11 & Figure 12). Future studies could investigate the 
relationship between apoptosis and reduced protein expression (outlined in section 4.4.2). 
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4.3 Methodological approaches in the present study 

4.3.1 SHR model 

4.3.1.1 SHR as a model of hypertension to study the effect of high BP on cerebral 
amyloid burden 

The SHR model has been widely used as an animal model comprising the representative 
milieu of the hypertensive vasculature (Kurata et al., 2014b; Qia et al., 2014; Ng et al., 
2012; Meneses and Hong, 1998; Schreiber et al., 2014). The SHR model was developed by 
an inbred model of the WKY, such that the systolic BP (SBP) and the heart rate in the SHR 
were significantly higher with respect to WKY (Meneses and Hong, 1998; Qia et al., 
2014). In addition to hypertension, SHR exhibited characteristic features of a number of 
other pathological conditions (Meneses and Hong, 1998; Qia et al., 2014). Resemblance of 
cognitive deficits in learning and memory such as in AD has also been previously reported 
(Meneses and Hong, 1998). Learning and memory was evaluated in SHR and WKY rats 
by the autoshaping task (evaluation of classic and instrumental-operant conditioning) and 
reacquisition ability (an index of memory) (Meneses and Hong, 1998). The decreased 
conditioning scores of SHR by 1.4-fold at 3 months and 3.4-fold at 12 months indicated 
age-dependent decreased memory and learning relative to WKY (Meneses and Hong, 
1998). This effect was shown partially reversed by the calcium channel blocker, 
nimodipine (0.4 mg/kg/day for 3 weeks; Meneses and Hong, 1998). The nimodipine-
treated-SHR group displayed an initial SBP lowering effect, which gradually increased, 
eventually reaching the SBP comparable to non-treated-SHR group by the second week of 
post-treatment (Meneses and Hong, 1998). Persistent BP lowering effects were presented 
by the nimodipine-treated-WKY (Meneses and Hong, 1998). However, the learning 
deficits were shown improved in the nimodipine-treated-SHR group compared to the non-
treated-SHR group as indicated by improved conditioned response scores regardless of the 
heightened SBP (Meneses and Hong, 1998). This study demonstrated the cumulative 
effects of hypertension and aging leading to cognitive impairments, which were partially 
reversed by the direct action of the nimodipine treatment on the central nervous system 
(Meneses and Hong, 1998). In contrast to this study in which the improved cognition was 
attributed as drug dependent, rather than a consequence of lowering BP, other studies have 
shown that decreasing the BP may disseminate lower cognitive deficits as shown by 
decreased cerebral amyloid load (Kurata et al., 2014b; Schreiber et al., 2014; Qia et al., 
2014; Sontag et al., 2013). These studies are detailed in section 4.1.2.  
 
Taken together, the SHR model is a well-established model of hypertension, which is 
reportedly the most studied animal model of hypertension (Kurtz and Morris, 1987). Since 
the present study first sought to reveal associations between Aβ and hypertension, this 
model was highly relevant to investigate the first aim of the present study. 
4.3.1.2 Advantages and limitations of the SHR model 
Two of the studies that showed elevated amyloid deposition in SHR have utilised slightly 
different strains of SHR, namely SHR-SP and SHR-SR-tMCAO (Kurata et al., 2014b; 
Schreiber et al., 2014). These variations may provide better-suited models for respective 
studies depending on the focus of the study, thus the SHR model can be modified to suit 
the purpose of the study.  
 
As the SHR model confers specific and uniform genetic predisposition, it enables 
convenient modeling of the milieu of hypertension and other related pathologies such as 
AD, cerebral small vessel disease, ischaemic stroke and attention deficit hyperactivity 
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disorder to name a few (Sontag et al., 2013; Meneses and Hong, 1998; Schreiber et al., 
2014; Qia et al., 2014; Kurata et al., 2014b). Therefore it allows speculation of 
mechanisms, causes and behavioural consequences with the additional advantage of its use 
in comparing efficacy of therapeutic interventions in an array of related vascular 
pathologies (Meneses and Hong, 1998). 
 
The main trigger influence in SHR included central neurohormonal mechanisms in 
simulating hypertension. This allows one to study the combinatory effects of age, 
hypertension, cognition and physiology on different developmental stages (Meneses and 
Hong, 1998). 
 
Nevertheless, it should be pointed out that SHR being a genetic model, the experimental 
outcomes could be consequent of the specific genetic make up of the model, not 
exclusively of the disease of interest in a study per se (Meneses and Hong, 1998). 

4.3.2 Modeling the BBB in an in vitro setting 

4.3.2.1 General overview of the development of BBB models 
For better understanding of the underlying molecular mechanisms in regulating APP	  
expression in the BBB and to facilitate improved drug delivery to the central nervous 
system in treating AD and other conditions, the BBB has been extensively studied using 
both in vivo and in vitro models (Naik and Cucullo, 2012). Although in vivo models 
provide insights into the pathophysiology of the BBB, in vitro studies are more feasible in 
terms of molecular and functional understanding (Patabendige et al., 2013; Sloan et al., 
2012).  In vivo models are relatively expensive, laborious to establish and maintain, and are 
limited in terms of translational significance (Naik and Cucullo, 2012).  In contrast, in vitro 
studies, which can precede and compliment animal and human studies, are relatively 
inexpensive, convenient to use and can be manipulated in modeling the dynamic milieu of 
the BBB within sophisticated artificial systems minimising the use of animals (Naik and 
Cucullo, 2012; Patabendige et al., 2013). Owing to the advantages of in vitro studies, the 
present study employed a cell culture model of the BBB.  

4.3.2.2 Primary culture and immortalised cell lines 
In vitro BBB models have been established using primary and immortalised cell lines 
(Patabendige et al., 2013). They have been initiated from primary culture of brain EC 
(Naik and Cucullo, 2012; Paolinelli et al., 2013). Despite primary culture being the more 
preferred, the BBB phenotype of primary cultured EC is compromised as its cross talk with 
the ‘neurovascular unit’ comprising pericytes and astrocytes is disturbed (Paolinelli et al., 
2013). This has led to the development of co-culture systems where astrocytes were co-
cultured along with primary EC cultures to maintain the BBB phenotype (Gaillard et al., 
2001). Nonetheless, complex primary isolation techniques, batch variation, poor yield, 
rapid senescence, the use of animals each time cultures are to be established and limited 
number of passages have been reported as limitations (Patabendige et al., 2013; Garberg et 
al., 2005; Kamiichi et al., 2012). 
 
Consequently, immortalised cell lines, such as the one that has been used in the present 
study, have been developed (Patabendige et al., 2013; Naik and Cucullo, 2012; Garberg et 
al., 2005). These models have been promising in addressing most of the above-mentioned 
issues as it is less time consuming, less laborious, cost effective and retains the EC 
differentiating properties even after repetitive passages (Patabendige et al., 2013; Naik and 
Cucullo, 2012; Garberg et al., 2005).  
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However, the ability to retain the key characteristics of the BBB phenotype is important in 
evaluating the in vitro techniques (Naik and Cucullo, 2012). These key characteristics 
include high transendothelial electrical resistance due to the presence of complex 
intercellular tight junctions and localisation of receptors and transporters that are highly 
polarised (apical: basal; Patabendige et al., 2013). Thus, immortalised in vitro models of 
the BBB have been extensively studied with respect to in vivo BBB characteristics to 
develop standardised models in evaluating the reliability (Paolinelli et al., 2013; Lindner et 
al., 2012). Murugunandam et al. (Muruganandam et al., 1997) developed an immortalised 
line of human capillary and microvascular endothelial cells (HCEC) by transfecting the 
cells with the pSV3-neoplasmid, coding for the early region of SV 4O, which is 
comparable to the cell line used in the present study. This immortalised SV-HCEC line 
exhibited the desirable characteristics of high proliferation rate, preserved morphology at 
confluence and stable non-invasive nuclear expression of the SV40 (Muruganandam et al., 
1997). Maintenance of the major phenotypic features of early passage control cells such as 
expression of factor VIII-related antigen, acetylated-low- density-lipoprotein uptake, lectin 
binding and high enzyme activity of BBB-specific enzymes such as alkaline phosphatase 
and γ-glutamyl transpeptidase was also observed (Muruganandam et al., 1997). Another 
study in line with several other studies, validated the bEnd3 cell line, showing its 
plausibility as an adequate BBB model demonstrating high transendothelial electrical 
resistance, tight junction protein expression and increased paracellular permeability against 
hypoxic stress, that were comparable to that of respective primary ECs (Brown et al., 2007; 
Song and Pachter, 2003; Omidi et al., 2003). The immortalised human brain EC line, 
hCMEC/D3 has also demonstrated P-glycoprotein and other adenosine triphosphate 
(ATP)-binding cassette (ABC) transporter expression, and paracellular permeability of 
inulin and sucrose that were parallel to that of corresponding primary brain ECs (Vu et al., 
2009; Tai et al., 2009; Poller et al., 2008). 
 
In contrast, in a stroke model of the immortalised hCMEC/D3 cell line, the in vivo 
regulation of ABC transporters associated with ischemic stroke could not be replicated, 
which was possibly due to lack of interactions with the neurovascular unit (Lindner et al., 
2012). It was also suggested that the incorporation of human telomerase reverse 
transcriptase subunit and the SV40 large T antigen in the process of immortalisation of 
hCMEC/D3, could confer the ECs to be more resistant to stimuli such as oxidative stress, 
thus requiring increased exposure times to hypoxia than that of an in vivo or ex vivo 
representations (Lindner et al., 2012). This is because human telomerase reverse 
transcriptase subunit and SV40 large antigen, serve to deactivate tumour suppressor 
proteins such as p53 and pRb, thereby inhibiting apoptosis and enhancing cell 
proliferation, respectively (Lindner et al., 2012). Nevertheless, co-culture with astrocytes 
could improve the results, as this would more closely mimic the cellular interactions that 
are associated with the neurovascular unit in vivo (Lindner et al., 2012; Chaitanya et al., 
2014). 
 
In static models using immortalised cell lines that are associated with studies of BBB 
permeability and transporters that are outlined above, the limitations reported may at least 
in part arise due to immortalisation process itself (Lindner et al., 2012). The loss of BBB 
phenotypic features such as cell differentiation as the cells are grown in an artificial system 
is considered another limitation (Naik and Cucullo, 2012). Such limitations could be 
accounted for by the absence of hemodynamic forces as well (Naik and Cucullo, 2012; 
Cucullo et al., 2008).  
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Hemodynamic factors such as pulsatile and shear forces that the BBB is exposed to in vivo, 
affect the BBB properties and functions of ECs (Santaguida et al., 2006). Therefore it 
should be noted that hemodynamic forces are important features in retaining the BBB 
properties of ECs independent of whether a primary or an immortalised cell culture model 
is being employed (Neuhaus et al., 2006; Naik and Cucullo, 2012). For example, the 
effects of CS and/or SS have been elucidated in brain and other ECs (Figure 15; Neuhaus 
et al., 2006; Santaguida et al., 2006; Siddharthan et al., 2007).  In BBB ECs in particular, 
SS facilitated the formation of tight junctions and the expression of multidrug resistance 
transporters (Naik and Cucullo, 2012; Neuhaus et al., 2006; Siddharthan et al., 2007).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15. The responses of BBB ECs to mechanical stress. An array of physiological 
functions is mediated through EC mechanotransducer-signaling in response to 
mechanical stress in the BBB. These include changes in cell orientation, release of NO, 
mitotic and cell survival mechanisms, alterations in glucose metabolism, formation of 
tight junctions and differentiation of EC into a truly polarised phenotype (Adapted from 
Naik and Cucullo, 2012). Abbreviations: BBB, blood brain barrier; EC, endothelial cell; 
SS, shear stress. 

 

4.3.2.3 Dynamic BBB models 
Hemodynamic forces such as CS and SS are known to influence the BBB phenotypic 
characteristics and functions of ECs (Naik and Cucullo, 2012; Siddharthan et al., 2007; 
Garberg et al., 2005; Cucullo et al., 2008). In addressing issues arising due to the absence 
of hemodynamic forces in static cell culture models, dynamic in vitro BBB models have 
been developed introducing the dimensions of pulsatile and shear forces (Naik and 
Cucullo, 2012; Cucullo et al., 2002; Neuhaus et al., 2006; Siddharthan et al., 2007; Nagai 
et al., 2012; Cucullo et al., 2011). These include, but not limited to, the dynamic in vitro 
BBB model (DIV-BBB) and collagen 3D matrix supports 3D extracellular matrix protein 
(ECM)- based BBB models (Naik and Cucullo, 2012; Cucullo et al., 2013; Siddharthan et 
al., 2007; Nagai et al., 2012; Cucullo et al., 2011, 2002). 
 
In the DIV-BBB model, ECs can be co-cultured with astrocytes in capillary-like hollow 
fibers in the presence of intraluminal flow while 3D ECM- based BBB models are grown 
on self-polymerizing ECM scaffolds providing an alternative to the use of artificial 
capillary-like structural supports as in the DIV-BBB model (Naik and Cucullo, 2012; 
Cucullo et al., 2013; Nagai et al., 2012; Cucullo et al., 2002). These models have 
demonstrated BBB properties comparable to that of in situ, such as high transendothelial 
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electrical resistance, expression of ion channels such as TRP channels and paracellular 
sucrose permeability showing adequate tightness of the BBB (Cucullo et al., 2011, 2002; 
Thodeti et al., 2009). For example, TRP-mediated-cytoskeletal remodeling and cell stress 
fiber reorientation was demonstrated in primary bovine capillary ECs (BCEC) cultured on 
fibronectin-coated flexible ECM substrates under 10-15% stretch and 1 Hz frequency for 
1-2 hours (Thodeti et al., 2009). TRP-Vanilloid-4 (TRPV4) activation has lead to the 
activation and binding of actin receptors in a PI3K- dependent manner (Thodeti et al., 
2009).  Another study also reported calcium influx through TRPV4 channels in BCEC and 
human dermal microvascular ECs that was mediated by force-dependent integrin signaling 
(Matthews et al., 2010). However, this study used a different approach called ‘magnetic 
pulling cytometry’ (Matthews et al., 2010). This involved the cultured cells being exposed 
to brief (500 ms) pulses of increasing tensional force (100, 450, 850 and 2000 pN) through 
bound magnetic micro beads (4.5 µm diameter) using an electromagnetic needle 
(Matthews et al., 2010).  
 
In the present study, immortalized HCMEC-SV40 was be used to model the endothelial 
layer of the BBB in a dynamic model, as described in section 2.2.1, 2.2.2 & 4.3.2.4. 

4.3.2.4 The current BBB model 
The BBB has previously been shown to be involved in the clearance of Aβ (Pflanzner et 
al., 2011; Deane et al., 2004; Owen et al., 2010; Mackic et al., 1998). Given that the Aβ 
oligomerisation was significantly higher in the SHR, amyloid processing was investigated 
in the HCMEC-SV40 cell line, representative of the BBB coupled with combinations of 
CS, simulating the mechanical stretch component that is involved in hypertension.  
 
In the present study, the BBB EC model included culturing hCMEC-SV40 in fibronectin-
coated-silicon chambers that were subjected to uni-axial CS using the ShellPa stretch 
System as detailed in section 2.2.2 (B-Bridge International; Figure 4). Fibronectin was 
used to enhance EC attachment to the chamber (Naruse et al., 1998a; Suzuki et al., 1997). 
The chambers were attached to a stretching apparatus of which, one end was fixed and the 
other connected to an air compressor unit (Figure 4 & Figure 5; Naruse et al., 1998a). The 
ratio of stretching could be adjusted on an incremented scale of 2, 4, 5, 6, 8, 10, 12, 15 and 
20% while the stretch frequency: 1-120 cycle(s)/min could also be modified, that enabled 
simulating factors such as mechanotransduction, pulsatile circumferential distension of the 
vessel wall and heart rate (Figure 5 & Figure 6; Suzuki et al., 1997). Such flexibility in 
manipulating cell culture conditions allows convenient modeling of the effects of 
mechanical stretch on cell function, and thus provides a platform to characterize possible 
underlying molecular mechanisms involved in diseases such as AD (Naik and Cucullo, 
2012). Thus, this model was considered plausible in achieving the second major aim of the 
present study, which was to investigate endothelial functions in response to different 
magnitudes of CS.   
4.3.2.5 Advantages and limitations of the current BBB model 
As exemplified by in vitro studies that have been discussed under sections 4.2, 4.3.2.1 and 
4.3.2.2, in vitro models have been extensively used to elucidate molecular mechanisms 
underlying physiological consequences in vivo (Section 4.3.2.1 briefly outlines the 
advantages of in vitro models compared to in vivo models). As discussed in 4.3.2.3, 
dynamic BBB models provided more realistic conditions for experimentation, such as the 
model used in the present study. Thus the current BBB EC model was feasible in achieving 
the aims that were set in this study, as introducing CS into the model provided improved 
results as it mimicked the pulsatile microenvironment similar to that of in vivo. With the 
ease of being able to modify the magnitude of % CS, the effect of CS could be 
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conveniently detailed in a strictly controlled system that allowed investigating the direct 
effects of CS.  
 
However, the mechanical stress within the vasculature is not limited to CS, but SS and 
pressure components as well. These factors may mediate different responses in the 
vasculature as discussed in section 4.2.2. For example, increased NO production, enhanced 
eNOS expression and phosphorylation were mediated by SS in bEnd3 EC line derived by 
transformation with polyoma middle T antigen were demonstrated (Mao et al., 2014). This 
implicates that SS was involved in altering EC function. Since in vivo mechanical stress is 
represented by the combinatory effects of CS, SS and pressure, the current model may only 
be a part representation of the physiological milieu. Therefore, the lack of incorporation of 
SS and pressure did not allow for a complete characterization of the effects of in vivo 
mechanical stress, which was a limitation of the current BBB model. Another limitation 
was that the current model only included ECs, however the BBB comprises other factors 
such as neuronal, glial and astrocytic components that work in concert to differentially 
coordinate endothelial function (Naik and Cucullo, 2012). Not incorporating SS, pressure 
and other BBB factors could narrow the associated physiological factors as suggested by 
some studies (Ziegler et al., 1998b; Dancu et al., 2004). This system could be improved by 
incorporating SS and other BBB factors to more closely mimic the in vivo 
microenvironment. Additionally, as per the issue raised by Lindner et al. (Lindner et al., 
2012), using an immortalised cell line may impose modifications in gene or protein 
expression, regardless of the advantages discussed in section 4.3.2.2 and 4.3.2.3, thus the 
cell line may need validation comparing to a primary cell model.  
 
Although the current model provided insights into CS-related endothelial modifications 
independent of other mechanical stressors present in the BBB in vivo, studies have shown 
that there were some effects on the endothelium exerted by different combinations of those 
mechanical factors independent of each other (explained in detail in section 4.2.2). 
Therefore, this model still sufficed to provide important evidence that was sought to 
achieve the aims of the study.  Additionally, the second aim was to study the independent 
effects of CS rather than combinatory effects, justifying the use of this model in this study 
further as it provided a well-controlled setting.  
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4.3.3 Western blotting 

4.3.3.1 Overview of the western blotting procedure 
Western blotting is a widely used analytical tool to date and was used in the present study 
to study the protein expression levels (Anderson et al., 2011). Western blotting is a 
separation method based on affinity interactions (Anderson et al., 2011). It is applied in a 
broad spectrum of clinical and biological applications (Hughes and Herr, 2012). Clinically 
it is useful as a confirmatory test for clinical assays and regulatory tests while in biological 
research, it is employed in assaying proteins in complex mixtures (Anderson et al., 2011). 
It is a well-established technique that is used to analyse the presence, post-translational 
modifications and relative abundance and molecular mass of proteins (MacPhee, 2010). 
Moreover, combined with immunoprecipitation, western blotting can be used to study 
protein-protein interactions (MacPhee, 2010).  
 
In western blotting, proteins are first separated using SDS-PAGE, based on their molecular 
weight (Figure 16; Anderson et al., 2011; Hughes and Herr, 2012). In this process, the 
proteins migrate through the porous SDS-PA gel, and the protein sizes are determined 
against a standardised protein ladder (Anderson et al., 2011; Hughes and Herr, 2012). 
Denatured proteins become negatively charged as SDS, a strong anionic detergent, binds to 
their hydrophobic regions, which facilitates the negatively charged SDS-protein complexes 
to run through the gel (MacPhee, 2010). Then the separated protein bands are transferred 
on to a membrane such as PVDF and nitrocellulose, by electro-blotting, followed by a 
blocking step in which the membrane is treated with a protein solution such as bovine 
serum albumin (Anderson et al., 2011; Hughes and Herr, 2012; MacPhee, 2010).  Electro-
blotting on to the membrane immobilises the proteins while protein coating ensures 
blocking of non-specific membrane interactions (MacPhee, 2010). Sequential probing with 
a primary antibody and a secondary antibody conjugated with a label then allows the target 
protein to be detected using chemiluminescence or chemifluorescence (Figure 16; 
Anderson et al., 2011; Hughes and Herr, 2012).  
 

Followed by an appropriate stripping procedure, re-probing of the same membrane can be 
achieved, which could save time and reagent use. Moreover, cutting of the membranes 
according to the molecular weight of the protein of interest using the standard ladder as a 
guide could also serve to save effort, time, protein samples and antibodies (MacPhee, 
2010). Even though the membranes were not stripped in the present study, cutting of the 
membranes allowed simultaneous detection of a number of proteins.  
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Figure 16. The process of SDS-PAGE. SDS-PAGE allows the proteins to be separated 
into bands according to their molecular weight, which then are transferred onto a blotting 
material (eg: PVDF membrane). The blotted replica of the protein bands is probed with 
primary and secondary antibodies. The secondary antibody is conjugated to HRP. The 
HRP catalyzes a reaction that results in oxidation of phenolic enhancers, which react 
with 5-amino-2, 3-dihydro-1, 4- phthalazinedione (luminol). Light is produced as an end 
result that can be captured on film or by a digital imaging system (Modified from 
MacPhee, 2010; Hughes and Herr, 2012). Abbreviations: CCD, charge coupled device; 
HRP, horseradish peroxidase; PVDF, Polyvinylidene difluoride; SDS-PAGE, Sodium 
dodecyl sulfate polyacrylamide gel electrophoresis. 

 

The results of western blotting are affected by other factors, which have to be taken into 
account in improving the outcome. The quality of the protein lysate is an important factor 
in this aspect, which is largely dependent upon the choice of lysis buffer. The buffer should 
essentially be able to preserve the antigenic sites of the proteins enabling efficient antibody 
binding while allowing optimal extraction of the protein of interest. In terms of optimally 
yielding the protein of interest, the choice of buffer should be selected considering whether 
it is designed for the specific protein; for example, certain detergents would be more 
effective in extracting membrane receptor proteins. In preserving the protein integrity, 
enzymic activity of phosphatases and proteases, which could potentially degrade the 
proteins, should be avoided using phosphatase/protease inhibitor cocktails and carrying out 
the lysis procedure quickly while chilled. Moreover, rapid freezing for proper storage is 
required to avoid protein degradation by enzymes (MacPhee, 2010). The present study 
involved detecting proteins that are mainly localised in the membrane. The choice of 
buffer was determined accordingly such that a strong version of the RIPA lysis buffer, a 
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commonly utilised buffer for protein solubilisation, was utilised, which allowed a 
sufficient protein yield for western blotting. 
 
Another aspect in improving the western blotting outcomes is the composition of the PA 
gels and quality of reagents that ensure optimal porosity and separation. The percentage of 
acrylamide is chosen based on the molecular weight of the protein of interest. For 
separation of proteins, the standard bisacrylamide–acrylamide ratio is reported to be 1:29, 
however commercially available precast gels and pre-mixes are considered to be more 
convenient and consistent. The pH and ionic strength of the running buffer and the buffer 
used in casting the gel should be adequate to ensure good resolution of the SDS-PAGE. 
Tris base is recommended to avoid formation of diffused protein bands. Amount of protein 
transfer and proper adsorption onto the membrane are also important parameters that could 
improve results. For adequate protein transfer the membrane quality and design (eg: pore 
size) must be considered while for effective analysis, the heterogeneity of protein transfer 
should be confirmed using staining-destaining methods. Membrane fixation may reduce 
protein loss during washing. Lastly, the choice of blocking solution, blocking and antibody 
incubation times, the choice of antibody, optimisation of antibody concentrations 
(monoclonal or polyclonal), adequate washing, method of detection, exposure time and the 
quality of the detection reagents would provide optimal resolution with minimised 
background (MacPhee, 2010). Considering all these factors, commercial pre-cast Bis-Tris 
gels were utilised in the present study. 4-12% precast gels allowed detection of the protein 
size range in the present study. The incubation time, antibody concentrations and the recipe 
for washing buffer were standardised for optimal detection.  
 
Western blotting was suggested to be a popular method in conjunction with SDS-PAGE, 
which was shown to be more sensitive in protein detection as it utilises confirmation or 
sequence specific antibody in the process of detection (Pryor et al., 2012). The present 
study utilised a primary mouse monoclonal antibody 6E10 mouse monoclonal antibody 
(Covance). This antibody was claimed to be reactive to the amino acid residues 1-16 of 
Aβ, of which the epitope lies within amino acids 3-8 of Aβ (EFRHDS) in the human Aβ 
sequence. Importantly, the samples of the study were of rat origin. Multiple sequence 
analysis (Multalin) was performed of corresponding Aβ sequences of rat, mouse and 
human (Figure 17). This was to confirm whether the sequence along the epitope region 
was conserved enough amongst different species for the antibody to potentially cross-react 
with the Aβ of rat origin. The sequences were obtained from uniprot database 
(www.uniprot.org) and the multiple sequence analysis was performed using multalin 
multiple sequence alignment tool (http://multalin.toulouse.inra.fr/multalin/). Only one 
amino acid difference was shown by the sequence analysis, thus the antibody was chosen 
for the present study (Figure 17). This is because the sequence of the epitope for 6E10, 
which is the specific region where 6E10 binds at, was not substantially different from the 
human or mouse sequences. 
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CLUSTAL 2.1 multiple sequence alignment 

Mouse 1  DAEFGHDSGFEVRHQKLVFFAEDVGSNKGAIIGLMVGGVVIA  42
Rat     1  DAEFGHDSGFEVRHQKLVFFAEDVGSNKGAIIGLMVGGVVIA  42
Human 1  DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA 42
                6E10 Epitope 

 
 
 
 
 
 
 

Figure 17. Multiple sequence alignments of Aβ42 sequence of human, rat and mouse 
origin. A single amino acid difference was detected by multiple sequence analysis using 
multalin multiple sequence alignment tool (http://multalin.toulouse.inra.fr/multalin/) within 
the epitope where the 6E10 antibody binds. The sequences were obtained from uniprot 
database (www.uniprot.org). The epitope lies within amino acids 3-8 of Aβ as indicated.  
 

4.3.3.2 Advantages and limitations 
There are advantages of western blotting that make it one of the most commonly used 
analytical tools. Detection specificity is a major advantage as it is based on the respective 
protein size and specific antibody binding (Anderson et al., 2011; Hughes and Herr, 2012). 
Reliability and simplicity of the technique are also reported (Anderson et al., 2011).  
 
However, there are well-known limitations of western blotting as well. It is a time 
consuming technique, which is manually intensive, as it requires multiple steps to be 
performed with long incubation times (Anderson et al., 2011; Hughes and Herr, 2012). 
Reduced sensitivity restricts it from being used in sample-limited analysis (Anderson et al., 
2011). Difficulty of transferring large proteins from slab gels, extensive use of reagents 
such as buffers and antibodies and the possibility of reduced reproducibility due to many 
manual steps being involved are also considered limitations (Hughes and Herr, 2012; Zhu 
et al., 2012; Anderson et al., 2011). 
 
In addressing these issues, modified or novel western blotting approaches such as western 
blotting using capillary electrophoresis and microfluidic western blotting have emerged, 
which have shown advantages such as automation, shorter separation times and efficient 
separation with less reagent use (Hughes and Herr, 2012; Zhu et al., 2012; Anderson et al., 
2011). However, for the purpose of the present study, the SDS-PAGE technique allowed 
adequate and relatively inexpensive detection of the proteins studied while providing the 
advantage of specificity, which was sought as more important than sensitivity as the 
protein yield and expression levels were sufficient for analysis of the respective proteins. 
Furthermore, since western blotting is a validated and well-established technique, it offered 
reliable results. Although there are other techniques such as enzyme-linked immunosorbent 
assay and mass spectrometry to detect protein levels, SDS-PAGE most suited the purpose, 
availability of resources and technical demands required to perform the technique, thus 
was chosen over those others for this study.  

4.3.4 RT-qPCR 

4.3.4.1 Overview of the real-time RT-qPCR technique 
RT-qPCR, which was utilised in the present study to study, has emerged as the method of 
choice for mRNA expression analysis over the past years (Forlenza et al., 2012). Its use is 
not limited to the analysis of mRNA, thus is used in an array of applications such as DNA 
copy number measurements and confirmation of microarray data (Ginzinger, 2002). RT-
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qPCR is based on the principals of PCR amplification, where copies of a DNA template 
are exponentially amplified (Ginzinger, 2002; Forlenza et al., 2012). Specific probes or 
DNA-intercalating dyes that binds to double-stranded DNA at the end of each PCR cycle 
are used for detection (Figure 18; Forlenza et al., 2012). The relationship between the 
initial amount of DNA in a given sample and the amount of amplified PCR product during 
the exponential phase is used for the quantitative analysis of mRNA or DNA present in the 
sample (Forlenza et al., 2012). Notably, the starting amount of template can only be 
extrapolated during the exponential phase of a PCR reaction (Ginzinger, 2002).  
 
In real-time PCR quantification, a plot of signal fluorescence and cycle number is 
generated in real-time as the PCR products are amplified. The cycle number at which the 
fluorescent signal is greater than the baseline due to background fluorescence is denoted as 
the ‘cycle threshold’ or ‘Ct’. The Ct values of each sample can be used to calculate the 
mRNA expression levels or DNA copy number, as the Ct values are directly comparative 
to the amount of starting template. There are two fundamental ways of analysing PCR 
data, one of which uses a standard curve of known samples to calculate the unknowns 
while the second being the comparative Ct method. The latter uses the comparison of Ct 
values with a control gene, which is known to not vary in copy number or expression level 
amongst the samples of study (Ginzinger, 2002). The present study utilised the 
comparative Ct method, which was more appropriate for the purpose of the study, using 
two control genes, GAPDH and β2m, to improve the reliability of the results.  
 
The integrity of the starting material (RNA or DNA) is crucial in obtaining reliable RT-
qPCR data (Forlenza et al., 2012). The present study used the TaqMan® gene expression 
assay probes, which provided more specificity and reliability. This is because the dual-
labeled probes (consisting of a reporter dye and a quencher dye) in these assays are 
specific to the exon-exon junctions and a fluorescent signal is only given out as the 
reporter dye is cleaved off by Taq DNA polymerase in the primer extension step (Figure 
18), in contrast to the conventional SYBR dye method, in which a fluorescent signal is 
given out whenever the dye binds to double-stranded DNA including non-specific DNA 
that may be present (Ginzinger, 2002). Nonetheless, the present study used RT- samples, 
which were processed without the addition of the reverse transcriptase to ensure there was 
no genomic DNA contamination was present.  A two-step PCR process of RT and real-
time qPCR was utilised in the present study. This produced cDNA that can be used in 
multiple experiments with different genes while minimising the handling of RNA, which is 
prone to degradation. Validated pre-designed primer probes were utilised to improve the 
reliability and reproducibility.  
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Figure 18. Diagrammatical representation of the TaqMan® assay chemistry. (A) 
Polymerisation: The TaqMan® probe comprise a fluorescent reporter dye (R) and a 
quencher (Q) at the 5’ and 3’ end respectively. (B) Strand displacement: The quencher 
dye quenches any fluorescence emitted by the reporter dye in intact probes. (C) 
Cleavage: During the primer extension step, the reporter dye is cleaved off by Taq 
DNA polymerase. (D) Polymerisation completed: The reporter dye emits its 
characteristic fluorescence, which is quantified once it is separated from the quencher 
dye. Abbreviations: DNA, deoxyribonucleic acid, R, reporter; Q, quencher (Modified 
from http://www.lifetechnologies.com). 

4.3.4.2 Advantages and limitations 
Real-time PCR improves the reliability of the data relative to end-point PCR. The 
unreliability of end-point PCR could arise due to the possibilities that some samples may 
have reached the plateau phase of the PCR reaction and that there would be inconsistencies 
in the rate of PCR product generation, such that different samples yielding different 
amounts of PCR end-products. Since real-time PCR measures the PCR products in the 
exponential phase as they are accumulated in real-time, it provides reliability over end-
point PCR (Ginzinger, 2002). Moreover, real-time RT-qPCR provides quantitative 
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accuracy and sensitive detection, thus can be used in situations where the sample size is 
limited (Forlenza et al., 2012).  
 
The TaqMan® pre-designed probes provides improved specificity at it eliminated the 
possibility of non-specific signals due to mis-priming, as might occur when not using a 
hybridization probe and simplified the RNA purification process by avoiding the need for a 
DNase I treatment step (Ginzinger, 2002). Thus this method was chosen over the SYBR 
dye method, so that the need for melt curves due to the possibility of primer-dimer 
formation was avoided.  
 
A disadvantage of the TaqMan® would be the requirement of different probes for different 
sequences, which would make it relatively expensive than the SYBR dye primers. 
 
However, overall, the real-time PCR using TaqMan® probes provided greater reliability, 
specificity and sensitivity compared to other mRNA quantification techniques while 
providing rapid and convenient quantification without the need for running gels, which is 
relatively more technically demanding and time consuming as in northern blotting. 
Therefore, this method was chosen over other methods of mRNA quantification.  
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4.4 Future directions 

4.4.1 Future directions for animal studies 

Elevated amyloid deposition in the brain of different SHR models such as the SHR-SR 
have been demonstrated to be lowered using the BP-lowering drug, telmisartan, a 
pleiotrophic metabo-sartan belonging to the class of angiotensin receptor blockers (Kurata 
et al., 2014b, 2014a). The present study can be extended to investigate any effects of BP-
lowering drugs. Different classes of BP-lowering drugs may be tested. Moreover, this 
could verify whether the effect of cerebral amyloid load observed in this study was merely 
due to a genetic variation of the SHR itself or whether it was due to the elevated BP, 
thereby establishing a causal relationship between BP and amyloid burden. 
 
It has been reported that treating the SHR briefly with the angiotensin converting enzyme 
inhibitor, perindopril at an early stage, attenuated high BP compared to late-treated or non-
medicated SHR (Ng et al., 2012; Harrap et al., 1990). This effect was reported to be 
persistent after cessation of the early treatment (Ng et al., 2012; Harrap et al., 1990). The 
present study could be extended to investigate similar effects in terms of cerebral amyloid 
load, which would further evaluate whether there is a causal relationship between BP and 
amyloid burden.  
Age is a related risk factor for both AD, hypertension and vascular stiffness (Avolio et al., 
2014; Schreiber et al., 2014; Langbaum et al., 2012; Mitchell et al., 2011; Hanon et al., 
2005; Park et al., 2014). Thus, exploring age-dependent variations in amyloid deposition in 
SHR would be meaningful (Kurata et al., 2014b).  
Although it is well established that SHRs have higher blood pressures compared to WKY, 
the present study did not measure the blood pressure of the animals, which should be 
addressed as a limitation of the study. The BP of the conscious animals can be measured 
by the tail cuff method, which could improve the conclusions of the study by clarifying 
whether there is an association between BP and amyloid burden. Additionally, other 
vascular parameters such as arterial stiffness in the rats and quantification of APP, eNOS 
and ICAM-1 in the rat brains could be used to further support the in vivo and in vitro 
findings of the study allowing comparison between the two study models. Endothelial 
function could also be assessed in isolated SHR and WKY arteries in an organ bath. This 
would allow testing for any associations between BP, stiffness and amyloid burden.  
 
This study was a pilot study to establish sample sizes required for future studies and 
therefore obtaining power calculations was not possible at this stage. Sample sizes for 
future work should now be calculated based on the standard deviations of the present 
study.  

4.4.2 Future directions for in vitro studies 

The present study showed that the APP and ICAM-1expression at 10% CS was 
significantly up-regulated, with a concomitant down-regulation of eNOS under the same 
conditions. Present study only investigated the individual expression levels of these 
proteins. However, as discussed under section 4.2, previous studies have elucidated 
associations between these proteins in the context of AD or AD-related factors 
(Radisavljevic et al., 2000; Austin et al., 2010, 2013b, 2013a; Tan et al., 2014; Panes et al., 
1996; Apelt et al., 2002). Since the present study showed that CS did alter EC expression 
of ICAM-1, APP and eNOS, it may be of importance now to elucidate whether these 
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proteins affect each other in altering their individual expression levels. Thus, relationships 
between these proteins should be determined as part of investigating possible underlying 
mechanisms. Associations between these findings can be identified in many ways, of 
which some are briefly outlined below.  
 
Direct associations between proteins could be determined using different techniques.  To 
name a few amongst the many, techniques such as co-immunoprecipitation, mass 
spectroscopy and yeast two hydrid can be utilised. As discussed in section 4.2, eNOS 
facilitated NO release in ECs in response to CS while NO could modify APP expression 
and ICAM-1 expression (Radisavljevic et al., 2000; Austin et al., 2010, 2013b, 2013a). 
Thus, it remains to be verified whether the APP and ICAM-1 expression were altered in an 
eNOS-mediated-NO-dependent fashion. One way to verify this is to inhibit eNOS-
mediated-NO production and observe if the APP and ICAM-1 expression levels are altered 
as a consequence. For example, eNOS-mediated-NO production can be inhibited 
pharmacologically using L-NAME. Alternatively, eNOS knockdown can reveal any direct 
relationships between eNOS-mediated-NO and APP or ICAM-1 expression.  
 
In addition to looking at correlations between the proteins studied in the present study, 
there are many other avenues for future studies to expand the present study. The possibility 
of activation of eNOS via post-translational modification to release NO after CS was 
discussed in section 4.2.2. Phosphorylation of eNOS can be investigated using western 
blotting and mass spectroscopic approaches. 
 
ICAM-1 expression can be modulated by TNF-α as discussed in section 4.2.3. To 
investigate whether the ICAM-1 expression was TNF-α-mediated, the cells can be 
stimulated using TNF-α prior to CS and observe any effects imposed. Including a TNF-α 
control would verify whether the changes would be mediated by TNF-α alone or 
combinatory with CS. Alternatively, the effects of TNF-α knockdown will illustrate the 
role of this protein on ICAM-1 expression. 
 
The involvement of ROS in modifying APP, ICAM-1 and eNOS expression has been 
reported as discussed in section 4.2.3 (Mao et al., 2014; Lin et al., 2005; Graham et al., 
1995; Cheng et al., 2008). This can be verified by treating the ECs with an antioxidant 
prior to CS. For example, SOD can be introduced into the system to investigate possible 
outcomes on the expression of APP, eNOS and ICAM-1.  
 
Monocyte adhesion to ECs due to elevated ICAM-1 followed by CS was reported (Cheng 
et al., 1996). This can be investigated using a monocyte adhesion assay. In the context of 
AD, monocyte adhesion was reportedly involved in dispersing Aβ deposits through 
phagocytosis and proteolytic degradation (Zhang et al., 2012).  
 
Cell apoptosis can be induced by CS, which can be quantified in a number of ways. Cell 
apoptosis or cellular damage can be investigated using immunofluorescence or caspase 
activity.  
 
Study of mechanotransduction pathways could be another major future direction. 
Mechanotransduction may activate different cell signaling pathways depending on factors 
such as time-course and magnitude of the stimulus as discussed under section 4.2. Possible 
mechanisms that may be elucidated in this setting include, but not limited to, PI3K/Akt 
pathway, NFκB activation, and PKA pathway as discussed in the preceding sections 
(Figure 19; Hu et al., 2013; Wung et al., 1997). Furthermore, ET-1 was reported to 
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transiently up-regulate at the mRNA level followed by CS (Ziegler et al., 1998a). ET-1 is 
known to be up-regulated by CS via extracellular signal-regulated kinase, which could be a 
possible mechanism by which CS mediated the down-regulation of eNOS (Juan et al., 
2004; Liu et al., 2003a).  
 
The present study provided evidence that CS altered endothelial gene and protein 
expression. This in vitro model needs to be validated using a corresponding in vivo model 
such as SHR (Naik and Cucullo, 2012). 
 
Additionally, it should be addressed that the present study did not assess the degree of CS 
across the cell stretching chambers. Although this system has been used and validated by 
other studies (Naruse et al., 1998a, 1998b; Takeda et al., 2006) and the manufaturer 
claimed that the machine exerts uniform stretch across the stretch chamber, it would still 
be important to assess that all the cells are being uniformly stretched. One way to address 
this would be to calculate the % stretch of cells that are attached on the stretch chamber at 
different locations (for example, the middle and the edges of the chambers) using cell 
micrographs or high resolution video imaging.  

 
5 Summary and conclusions 

In summary, the cerebral deposition of Aβ in SHR was shown to be higher than that of 
WKY normotensive rats. In the BBB EC model, 18 hours of CS dose-dependently 
increased the expression of APP and ICAM-1 up to 10% of CS, both of which were 
significant at 10% of CS, whereas the eNOS expression was significantly decreased at all 
CS levels. Both APP and ICAM-1 were back to basal levels at 20% CS suggestive of 
possible cellular damage. Together, these results provided evidence that hypertension may 
be related to AD as a consequence of altered cerebral processing of APP resulting in Aβ 
aggregation. In addition, the findings within the in vitro EC work provide a causal 
relationship between the extent of CS (greater with high pulse pressures and hypertension) 
and altered mRNA and/or protein expression, which could in turn modulate EC function. 
Thus, alleviating mechanical stress in the vasculature through existing anti-hypertensive 
therapies may contribute to lower amyloid burden and thereby reduce neurodegeneration.  
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Figure 19. Diagrammatical representation elucidating relationship between CS, 
hypertension and associated biochemical pathways. The figure summarises both in vitro 
(right) and in vivo (left) findings of the present study. 18 hours of CS at 10% has increased 
APP and ICAM-1 with a concomitant decrease in eNOS at protein level. PI3K pathway is 
well known to mediate CS-induced-long-term-NO production (Takeda et al., 2006; Hu et 
al., 2013). NO release and/or CS could induce ICAM-1 expression, which is known to 
mediate TNF-α secretion, which could in turn activate NFκB (Lee et al., 2000; 
Radisavljevic et al., 2000; Antonelli et al., 2001; Lin et al., 2005; Riser et al., 2001). NFκB 
is pivotal in regulating eNOS expression, inflammatory responses through a negative 
feedback mechanism, such that sustained NFκB activation due to decreased bioavailable 
NO levels leading to inflammation (thus, up-regulating ICAM-1) and decreased eNOS 
expression (Grumbach et al., 2005; Silacci et al., 2000). In addition, CS could lead to 
increased ROS levels (not shown on the figure), thus it can be assumed that CS-induced 
NO would readily react with ROS manifesting oxidative stress as redox status is shifted 
towards the formation of ROS (Schreck et al., 1991; Wung et al., 1997). Additionally, this 
could lead to eNOS uncoupling, whereby eNOS would produce ROS rather than NO 
(Landmesser et al., 2003; Cheng et al., 2008). Collectively, these factors could lead to ED 
thereby continuously exacerbating deleterious effects on the endothelium. Moreover, 
increased ROS could lead to increased APP expression, which could also mitigate eNOS 
expression causing further damage to EC (Revett et al., 2013; Paris et al., 2000; d’Uscio et 
al., 2012). On the other hand, increased APP and ICAM-1, and deceased eNOS expression 
is simultaneously linked with enhanced Aβ oligomerisation, thereby providing a possible 
link between the in vivo and in vitro findings of the present study (Revett et al., 2013; Paris 
 et al., 2000; d’Uscio et al., 2012; Apelt et al., 2002; Austin et al., 2013b, 2013a, 2010). 
Abbreviations: Aβ, amyloid beta; APP, amyloid precursor protein; BBB; blood brain 
barrier, CS, cyclic stretch; EC, endothelial cell; eNOS, endothelial nitric oxide synthase; 
ICAM-1, intercellular cell adhesion molecule-1; NFκB, nuclear factor kappa B; NO, nitric 
oxide; PI3K/Akt, phosphatidylinositol 3 OH-kinase/ serine/threonine-specific protein 
kinase Akt; ROS, reactive oxygen species; SHR, spontaneously hypertensive rat; TNF-α, 
tumour necrosis factor alpha. 
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