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Abstract 

 

Alternative splicing is increasingly emerging as a key mechanism that contributes to 

the transcript and protein complexity observed in human and other species. 

Alternative splicing frequently occurs in human genes, approximately 70% and 

generates different protein isoforms in specific tissue types and pathological 

conditions. A splice variant can form a new isoform of the protein to modify the 

function. However, it is also possible that the transcripts lack coding capacity and fail 

to be involved in regulatory activities. Essential hypertension is the most common 

cardiovascular disease, the prevalence of which is approximately 26% worldwide. 

Additionally, essential hypertension is considered to be a multifactoral disorder and 

its aetiology has yet to be clearly identified. It is known whether adenosine receptor 

subtypes mediating vasodilator responses in vascular tissue vary according to the 

blood vessel location. However, it is unknown that adenosine receptor splice variants 

are expressed in cardiovascular tissues and whether the gene expression patterns have 

a role in the development of hypertension. 

 

In the first part of the project, we aimed to detect alternative splice variants in 

adenosine receptors in human blood and mouse and rat brain samples. We analysed 

the full length cDNA and mRNA sequences and aligned them to web resources such 

as NCBI and EMBL to determine alternative splicing. In order to detect splice 

variants, primer sequences were developed using publicly available libraries, mRNA 

was extracted converted to  cDNA and reverse-transcript polymerase chain reaction 

(RT-PCR) was performed. Following gel isolation, the PCR products were purified 

then a ligation reaction was performed using the pGEM'®-T Easy Vector and T4 
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DNA ligase system. DNA sequencing was conducted using Big Dye Terminator 

chemistry version 3.1 and Applied Biosystems 3730xl capillary sequencer. Rat and 

mouse brain tissue was used as the brain contains high numbers of the adenosine 

receptors compared to other organs in the body. Human blood was used for this work 

due to ease of collecting samples. Using this protocol no new splice variants were 

identified in the adenosine A1, A2A or A2B receptor in rat or mouse brain or human 

blood samples. The adenosine A3i receptor (splice variant) in the rat, previously 

discovered by Sajjaidi in 1996 was confirmed in brain samples. The 51bp insertion in 

the exon boundary was found in Wistar rat but not in C57BL/6 mouse brain or human 

blood, which suggests that the adenosine A3i receptor is expressed in a species-

specific manner. Interestingly, this study has identified a novel splice variant in 

human adenosine A3 receptor as 5´RACE analysis indicated that the transcript was 

spliced out in 5´UTR of human adenosine A3 receptor mRNA from peripheral blood 

mononuclear cells. The nucleotide sequence has been submitted to GenBank 

(accession number: JN855714).  

 

We also undertook gene expression studies in adenosine receptors in essential 

hypertension using animal model and human subjects. As the adenosine receptors 

have a significant role in mediating vasodilation, alterations in their structures or 

signalling pathways may be involved in the development of hypertension. A range of 

tissue types from rat was utilised to determine whether the variation of mRNA level 

associated with pathological changes in hypertension. Tissues were obtained from 

male spontaneously hypertensive rats and Wistar rats at age of 10 weeks. The 

conscious systolic blood pressure in SHRs (174mmHg) was statistically higher when 

compared to Wistar rats (108mmHg) and the heart/weight ratio was higher in SHR 
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when compared to Wistar rats (p < 0.05). Real time PCR was implemented to measure 

adenosine receptor expression. The mRNA expression of the adenosine receptor 

subtypes varied in the different tissue types studied and also changed in rats exhibiting 

high blood pressure (p < 0.05).  

 

In addition to the human study, we collected blood samples from 8 hypertensive (HT) 

and 12 normotensive (NT) subjects who were unrelated. ADOR subtype mRNA 

expression levels were detected by real time PCR. HT subjects were aged 50±8 years 

old and the average blood pressure was 126±10/82±6 mmHg, which was not 

significantly different to the NT group (P>0.05). Analysis of ECG traces showed 

normal sinus rhythm presented in all participants and none of subjects was suspected 

having left ventricle hypertrophy. Also, the electrocardiographic left ventricle mass 

data were similar between groups. These subjects were treated with hypertensive 

agents and blood pressure was within normal range. Thus, they did not exhibit 

pathophysiological changes in the heart due to high blood pressure. Real time PCR 

results of blood samples indicated relative expression of adenosine receptor subtypes 

in the HT group was significantly different to the NT group where the ADORA1, 

ADORA2B and ADORA3 were up-regulated in hypertensive group and the ADORA2A 

was found to be 9-fold down-regulated in hypertensive group (p < 0.05).  

 

In conclusion, this study confirmed a 51bp insertion in the exon junction of ADORA3 

in cDNA from the brain of Wistar rat and identified a novel splice variant in the 

human ADORA3 which was a deletion in the 5´ UTR. The relative abundance 

adenosine receptor subtypes in the rat varies in different tissues and is differentially 

regulated with high blood pressure. Changes in vascular adenosine receptor mRNA 
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expression observed with hypertension are not reflected in blood samples. However, 

in human study, the relative expression levels of adenosine receptor subtypes in the 

hypertensive group were significantly different to the normotensive control group (p < 

0.05). The adenosine A1, A2B and A3 receptors were up-regulated in hypertensive 

group, while the adenosine A2A subtype was found 9-fold down-regulated in 

hypertensive group (p < 0.05). Our findings suggest that adenosine receptor subtypes 

and its splice variant expressed in a tissue-specific pattern in our models and the gene 

expression profile may be involved in the development of essential hypertension. 
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Significance 

 

Multiple transcriptional mRNA changes from a single gene may occur, the products 

of which are referred to as splice variants. Splice variants of particular genes may 

occur across species. While a splice variant in the adenosine A3 receptor has been 

identified in rats and the adenosine A1 receptor reported in humans, the function and 

distribution of adenosine receptor splice variants in humans are still unclear. As a 

result of changes in the nucleotide sequences, splice variants can be translated into an 

altered protein structure which can modify the function of the protein. Differences in 

exon sequences may alter translation and will generate new sequences and products, 

which may affect signalling pathways and phenotypes (1). Furthermore, alternative 

splice variants are known to occur frequently in humans with alternative splice 

variants occurring in approximately 50-74% of known human genes (2). Previous 

studies have indicated that alternative splicing can lead to pathological conditions, 

such as hypertension, heart failure and myocardial infarction (3). Thus, a study of 

alternative splice variants of the adenosine receptors may provide new insights into 

the pathogenesis of hypertension. Adenosine is considered to be a cardioprotective 

agent, release from cells during reduced oxygen tension. Adenosine has significant 

impact on the cardiovascular system through decreasing heart rate and modulating 
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vasodilatation. Changes in the release of adenosine, adenosine receptors populations 

or associated signalling pathways have been reported to be involved in the 

development of cardiovascular disease. The physiological significance of any 

adenosine receptor splice variants and their regional and developmental regulation 

remain to be identified. This project focused on the identification of alternative splice 

variants in adenosine receptors across three species: human, rats and mice. There is 

much variability in the potency and efficacy of adenosine receptor agonists which has 

limited their translation into clinical use. The development of more selective drugs 

and targeted delivery of bioactive compounds to specific receptor subtypes is 

currently the focus of pharmaceutical research. The existence of splice variants of the 

adenosine receptors may result in variability in the expression and post-translational 

modifications of the receptors themselves. A better understanding of splice variant 

location, expression and signalling outcomes may allow for improved therapeutic 

targeting of adenosine receptors in pathological conditions such as hypertension.   
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Hypotheses  

 

The study will detect splice variants of adenosine receptors and measure their 

expression levels in tissues from three different species. Adenosine receptors are 

widely involved in vasodilation and may have an important role in blood pressure 

control. Hence, we hypothesize that adenosine receptor splice variants are expressed 

in cardiovascular tissue and have a role in the development of hypertension.
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Aims  

 

1. To detect alternative splice variants of adenosine receptors in brain tissue from 

rats and mice and in human whole blood using polymerase chain reaction 

(PCR) and sequencing based approaches. 

2. To determine expression levels of adenosine receptor splice variants in blood 

and cardiovascular tissue from spontaneously hypertensive rats (SHRs). 

3. To investigate the expression of adenosine receptor splice variants in human 

blood and saliva associated with essential hypertension.  

 

Objectives 

 

Many theoretical adenosine receptor splice variants have been submitted to the NCBI 

website and the EMBL-EBI website. However, insufficient evidence exists to confirm 

these transcripts as true splice variants. Further research is needed to replicate these 

findings and identify novel splice variants. Therefore, the objective of this project is to 

detect alternatively spliced mRNA transcripts of adenosine receptors using reverse 

transcription polymerase chain reaction (RT-PCR) and sequencing the PCR product. 

As adenosine receptors are highly expressed in the brain compared to cardiovascular 

tissues, rodent brain samples will be studied initially to identify splicing variants. The 

alternative splice variants will be determined by testing alignments of gene products 

to the reference sequences from cDNA and mRNA libraries. 

 

1. Novel primers were designed for various adenosine receptor mRNA sequences 

and experimental processes (RT-PCR, sequencing) were performed. 
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2. Total RNA was isolated from rat and mouse brain tissues, and rat and human 

whole blood, in order to determine differentially splice variants between tissue 

types and species.  

3. cDNA was synthesized and used as a RT-PCR template. RT-PCR was to 

amplify a specific region of DNA.  

4. Agarose gel electrophoresis was used to visualise RT-PCR products.  

5. PCR products were cloned into pGEM
®
-T Easy Vector Systems

 
(Promega) 

then transformed the recombinant vector into competent E.coli. Restriction 

enzyme reaction was used to confirm the presence of the correct insert. 

6. Sequencing was performed and data were manually aligned with publicly 

available cDNA libraries to identify splice variants.   

7. Real time PCR was used to quantify adenosine receptor subtype (and splice 

variant) expression in blood samples and cardiovascular tissues from human 

and rats with hypertension. 
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Chapter 2 

 

Literature review 
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The definition of hypertension 

 

Hypertension is a condition defined as having a diastolic blood pressure above 90 

mmHg and a systolic blood pressure higher than 140 mmHg according to the Joint 

National Committee on prevention, detection, evaluation and treatment of high blood 

pressure Ⅶ (JNC 7) in 2003 (4). The guidelines for the diagnosis of hypertension 

have been designed for adults aged 18 years or older. There is still controversy 

regarding the definition of high blood pressure as the criteria for the diagnosis of 

hypertension varies between the World Health Organisation (WHO)/ International 

Society of Hypertension (ISH) (5), JNC 7 (4), European Society of Hypertension – 

European Society of Cardiology (ESH–ESC) (6) and National Heart Foundation of 

Australia, as see in Table 2.1. 
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Table 2.1 The criteria used to define hypertension by different organisations  

(mmHg). 

 

JNC-7, Joint National Committee on prevention, detection, evaluation and treatment 

of high blood pressure Ⅶ 

ESH–ESC, European Society of Hypertension – European Society of Cardiology  

Pre-HT, Prehypertension 

BP, blood pressure 

ISH, Isolated systolic hypertension 

ISH/wpp, Isolated systolic hypertension with widened pulse pressure

JNC 7  

 Normal Pre-HT Stage 1 Stage 2 

Systolic BP <120 120-139 140-159 ≥160 

Diastolic BP <80 80-89 90-99 ≥100 

WHO 

 Normal Grade 1 Grade 2 Grade 3 

Systolic BP <140 140-159 160-179 ≥180 

Diastolic BP <90 90-99 100-109 ≥110 

ESH–ESC  

 Optimal Normal 
High 

normal 
Grade 1 Grade 2 Grade3 ISH 

Systolic 

BP 
<120 120-129 130-139 140-159 160-169 ≥180 ≥140 

Diastolic 

BP 
<80 80-84 85-89 90-99 100-109 ≥110 <90 

National Heart Foundation of Australia 

 Normal 
High 

normal 
Grade 1 Grade 2 Grade3 ISH ISH/wpp 

Systolic 

BP 
<120 120-139 140-159 160-179 ≥180 ≥140 ≥160 

Diastolic 

BP 
<80 80-89 90-99 100-109 ≥110 <90 <70 
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The classification of hypertension 

 

Hypertension is classified into two major types that include essential (primary) 

hypertension and secondary hypertension. Essential hypertension, which accounts for 

more than 90% of hypertension diagnoses, does not have a specific cause and the 

pathogenesis is not well understood (7). On the other hand, secondary hypertension is 

less common and is associated with diseases, such as primary hyperaldosteronism (8), 

Cushing’s syndrome, preeclampsia and renal diseases (9). 

 

Aetiology of hypertension  

 

Essential hypertension is the most common cardiovascular disease, the prevalence of 

which is approximately 26% worldwide (10-12). Hypertension is a common risk 

factor for congestive heart failure. It was reported that patients with hypertension 

revealed 2-3 fold increased risk for developing congestive heart failure compared to 

normotensive individuals (13). In America, it is estimated that a coronary event 

occurs every 25 seconds and that an American citizen will die from a coronary event 

approximately every minute (14). Hypertension is a complex disorder, which can 

affect the kidneys, heart or brain and contributes to the development of other 

comorbid diseases (15). This disorder ultimately leads to severe complications such as 

end-stage renal disease or stroke. Individuals with hypertension and its associated 

complications therefore have increased the risk of mortality and morbidity (16).  

When the blood pressure lies within the normal range: <120/80mmHg, the lifetime 

risk of stroke reduces to half (14). The prevalence of chronic kidney disease is about 
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12% greater in hypertensive compared to normotensive adults (17). The impact of 

hypertension on Australian society is also enhanced due to its widespread prevalence. 

A 2003 study reported the prevalence of hypertension in Australia as 28.6 per 100 

people (18). The Australian Diabetes, Obesity and Lifestyle Study reported that 

between the years 1999 and 2000, approximately 3.7 million Australians aged 25 

years and over had hypertension or were on medication for hypertension
 
(18). In 

addition, approximately 1,223,000 Australians have taken an average of 1.6 

antihypertensive agents (19). The cost to the government is 365.3 million per year 

(19), indicating that the high prevalence affects not only public health, but also health 

expenditure for the government and individuals (20).   

 

In addition to known homeostatic blood pressure mechanisms, other factors can 

contribute to the development of hypertension, including ageing, chronic diseases 

such as diabetes and hormone changes such as menopause (9, 21-24). The risk factors 

involve environmental and genetic components (see Figure 2.1). Furthermore, it is 

well documented that several lifestyle choices affect the development of hypertension, 

such as smoking, insufficient physical activity, obesity and excess high fat food or 

alcohol consumption (18, 25). Such factors increase the risk of developing 

hypertension and enhance vascular damage. The Australian Heart Foundation 

reported that risks of cardiovascular disease (CVD) are associated with high systolic 

blood pressure, age and smoking status (see Figure 2.2A) (26). In addition to this, 

diabetes is a strong contributor to the development of cardiovascular disease, 

especially in age over 55 year-old groups (Figure 2.2B) (26).  
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Figure 2.1 Environmental and hereditary factors that can contribute to the 

development of essential hypertension. 
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Figure 2.2A  Chart showing Australian cardiovascular disease risk in healthy 

men and women (26). 
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Figure 2.2B  Chart showing Australian cardiovascular disease risk in males and 

females with diabetes (26). 
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Renin angiotensin aldosterone system control of blood pressure 

 

Although the aetiology of hypertension is not well understood, the kidneys have been 

established to have a significant role in blood pressure control. There are several 

physiological mechanisms involved in modulating blood pressure such as the renin-

angiotensin-aldosterone system (RAAS), which has a vital role in maintaining 

electrolyte homeostasis, sodium retention and fluid balance (27) Figure 2.3) 

Angiotensinogen, formed mainly by the liver, is converted to angiotensin І by renin, 

which is released from the juxtaglomerular cells in the renal arterioles. Circulating 

angiotensin І in turn is transformed to angiotensin II by angiotensin converting 

enzyme (ACE), which is secreted by pulmonary and renal endothelial cells. 

Angiotensin II binds to four subtypes of angiotensin II receptor (angiotensin II type I, 

II, III and IV receptor) (28). The angiotensin II type I receptor is highly expressed in 

adulthood and its pathophysiological effects include vasoconstriction, cell 

proliferation and oxidative stress. In contrast, the angiotensin II type II receptor is 

expressed in large numbers during fetal development and dramatically decreases in 

the postnatal phase. However, it reappears in adulthood and its major physiological 

effects consist of vasodilation, anti-proliferation and apoptosis (28). The function of 

the angiotensin II type III receptor is unknown, while the function of the angiotensin 

II type IV receptor is reported  to have an effect on the regulation of endothelial 

function by mediating the secretion of plasminogen activator inhibitor 1 (28). 

Moreover, about 30-40% of angiotensin II is formed via non-ACE pathways, by 

enzymes such as chymase (29, 30). It has been reported that serine protease is the 

main enzymatic pathway for generating angiotensin II in human heart (31). However, 
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angiotensin II production was increased in the human atherosclerotic aorta via a non 

ACE-dependent pathway where the enzyme responsible was chymase (32).   

 

Aldosterone and anti diuretic hormone (ADH) are secreted by the adrenal cortex and 

the pituitary respectively in response to angiotensin II type I receptor activation. 

These paracrine hormones are involved in sodium and water retention and ultimately 

elevated blood pressure (33). Elevated sodium and water will activate negative 

feedback mechanisms to inhibit renin release (27, 28). The pathogenic role of the 

RAAS is attributed to vascular remodelling and the elevation of blood pressure. 

Hence, the RAAS is implicated in the pathogenesis of essential hypertension and a 

target of current frontline antihypertensive drugs such as the ACE inhibitors and 

angiotensin receptor antagonists.  
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Figure 2.3 The renin-angiotensin-aldosterone system pathways and receptor 

subtypes.  
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Sympathetic nervous system control of blood pressure 

 

The sympathetic nervous system (SNS) also controls blood pressure by modulating 

cardiac output, heart rate and peripheral vascular resistance (34). Increased cardiac 

output and/or total peripheral resistance will elevate blood pressure levels. Excessive 

central sympathetic nerve activity is associated with essential hypertension and many 

factors are involved such as circulating hormones, baroreflex and central neural 

integration (35, 36). Activation of SNS causes either blood vessel constriction via α1-

adrenoceptors or dilation through β2-adrenoceptors. The SNS has a significant role in 

the short-term blood pressure change in response to stress and physical activity. 

Antihypertensive drugs that block the SNS and reduce blood pressure (34). Similarly, 

chronic administration metoprolol (β-adrenergic receptor blocker) reduced 

sympathetic activity and inhibited the effects of catecholamines on the heart and 

blood vessels in hypertensive patients (37-40). Additionally, the reuptake of 

noradrenaline into cardiac neurones was reduced in hypertensive patients (41).  

 

Vascular control of blood pressure 

 

Various biomolecules are responsible the local regulation of blood pressure through 

direct effects on the endothelial cells or vascular smooth muscle and include nitric 

oxide (NO), calcium (Ca
2+

), prostaglandins (PGI2) and adenosine. The role of local 

mediators involved in the control of blood pressure are important areas to examine 

when analysing the potential causes of hypertension. Endothelial dysfunction occurs 

during the primary stage of hypertension and this condition is also irreversible (42). 

Endothelial function is impaired in essential hypertension and caused by 
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cyclooxygenase-dependent factors, including prostanoids and oxygen free radical and 

ultimately results in NO degradation (43). Furthermore, endothelial dysfunction 

decreases the secretion of NO and interferes with endothelium-dependent vasodilation 

(44). However, adenosine which is released during conditions of low oxygen delivery 

to tissues induces vasodilation through two main mechanisms, NO production and 

activation of KATP channels (45, 46).  

 

Nitric oxide signalling pathways 

 

Endothelial cells mediate vascular tone by producing endothelins and NO to modulate 

contractility of vascular smooth muscle cells (47). Nitric oxide is formed from L-

arginine via nitric oxide synthase (NOS). There are three isoforms of nitric oxide 

synthases, which include NOS Ι, NOS II and NOS III (48, 49). NOS Ι, whose 

alternate name is nNOS (neuronal nitric oxide synthase), has been discovered in 

neurons and its major function is nitric oxide production for neurotransmission. NOS 

II, also called iNOS (inducible nitric oxide synthase), has been found in cytokine-

induced macrophages and the primary function of the NO product include cytotoxic 

effects and anti-microbial activity. NOS III, also named eNOS (endothelial nitric 

oxide synthase), is located in endothelial cells and the main function is mediating 

vasodilation (49). NO binds and stimulates guanylyl cyclase (GC), which produces 

cyclic guanosine monophosphate (cGMP) (50-52). Cyclic GMP induces smooth 

muscle relaxation by decreasing intracellular calcium levels to relax blood vessels, see 

figure 2.4 (53). In coronary arteries, NO-induced vasodilation occurs following 

activation of calcium dependent potassium channels (KCa) (53). It has been shown 

that an increase in circulating NO induces vasodilation and decreases blood pressure 
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(42). NO secretion has been reported to be reduced in hypertensive patients (44). 

Nitric oxide also has a functional role in mediating blood pressure linked to RAAS 

and SNS. The mRNA expression of interlukin1β and nNOS is inhibited by 

angiotensin II in the brain. Consequently, the decreased production of NO from the 

posterior hypothalamic nuclei leads to increased noradrenaline release and stimulation 

of the sympathetic nervous system activity (54).  
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Figure 2.4 Signalling pathways associated with vasodilation mediated by nitric 

oxide in endothelial cells. NO; nitric oxide, L-Arg; L-arginine, eNOS, endothelial 

nitric oxide synthase, DAG; diacylglycerol IP3; inositol triphosphate, MAPK; 

mitogen activated protein kinase, PKC; protein kinase C, PGI2; prostacyclin, 

GC; guanylyl cyclase, cGMP; cyclic guanosine monophosphate, GTP; guanosine 

triphosphate, PKG: cGMP protein kinase G, MLC; myosin-light chain.  
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Calcium signalling in blood vessels 

 

Calcium (Ca
2+

) is an important contributor to various signalling pathways that control 

vessel diameter and blood flow. A decrease in Ca
2+

 level in vascular smooth muscle  

induces vasodilation via activation of KCa and KATP channels (55). Whereas an 

elevation of intracellular Ca
2+

 concentration in endothelial cells causes vessel 

relaxation through stimulating the calcium-calmodulin signalling pathway that 

produces a rise the production of NO (56).  

 

In the vascular endothelium, PGI2 production and release is mediated by an increase 

of cytoplasmic free Ca
2+ 

(57). However, in the vascular smooth muscle cells, an 

elevation of free Ca
2+

 stimulates myosin light-chain kinase (MLCK) phosphorylation 

of myosin light-chain (MLC) consequently causing vasoconstriction. cGMP and 

protein kinase G (PKG) inhibits Ca
2+

 influx, leading to a reduction in intracellular free 

Ca
2+

, MLC dephosphorylation and resulting in vasodilation (49, 57). 

 

Calcium channel blockers are currently used as antihypertensive agents. Calcium 

channels in vascular smooth muscle cell contain voltage-dependent T-type and L-type 

calcium channels (58). However, L-type calcium channels mainly contribute to 

smooth muscle contraction following depolarisation and voltage-dependent calcium 

influx to increase peripheral vascular resistance. Moreover, up-regulation of L-type 

calcium channels was observed in spontaneous hypertensive rats (SHRs) and may 

indicate that Ca
2+

 ion channel regulation is involved in high blood pressure (59).  
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The role of KATP channels in blood vessel control 

 

Adenosine stimulates adenosine A2 receptors which are coupled to AC, cyclic AMP 

and PKA activation which in turn phosphorylates the KATP channel to prevent the 

binding of ATP (60). Adenosine A1 receptors, in contrast, coupled to Gi proteins 

which inhibits AC and regulates vascular responses via other signalling proteins (60). 

While the channel remains open and it causes hyperpolarisation of vascular smooth 

muscle (61). A reduction in membrane potential decreases calcium influx to the 

endothelial cells, causing vasodilation and an increase in blood flow, which has a 

cardioprotective effect during hypertension and ischaemia (62). For this reason, KATP 

channels are likely to play a significant role on regulation of pathophysiological 

conditions in the cardiovascular system (61, 63).  

 

KATP channels are composed of subunits called ATP-binding cassettes, which allow 

the movement of diverse substrates across membranes (64) and contains two types of 

proteins: the inwardly rectifying K
+
 channel subfamily Kir6.0 (which involves the 

genes Kir6.1 and Kir6.2) and the receptors for sulfonylureas (which include the genes 

SUR1, SUR2A and SUR2B) (65). A KATP channel is composed of four kir6 subtypes 

and four SUR subtypes (66). Kir6.0 has two transmembrane helices (M1 and M2) and 

a cytoplasmic domain harbouring a binding site for ATP. SUR contains three 

transmembrane domains (TMD0, TMD1 and TMD2) and two cytoplasmic nucleotide 

binding domains (NBD1 and NBD2) (see Figure 2.5) (67).  

 

The various subunits of KATP channels are located in different tissues. KATP channels 

were first detected in the heart and are recognized to be distributed in a variety of 
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tissues such as neurons, skeletal muscle, smooth muscle and pancreas. The SUR1 and 

Kir6.2 is located in the pancreatic beta cells. SUR2A and Kir6.2 are present in the 

cardiac and skeletal myocytes (65), while SUR2B and Kir6.1 are found in vascular 

smooth muscle cells. Non-vascular smooth muscle cells contain SUR2B and Kir6.2 

subunits (65).  

 

Previous studies indicate that opening the KATP channel in cardiac myocytes following 

an ischaemic episode has a protective effect (45, 68). During ischaemia a subsequent 

decrease in intracellular ATP level causes KATP channels to open and induce vascular 

smooth muscle relaxation, thereby dilating blood vessels to increase blood flow into 

organs (69).   Sato et al reported that  haplotype in the human Sur2 gene is expressed 

in vascular muscle and its function correlated to EH (70). KATP channel activators are 

also considered a potential therapeutic approach for EH as opening KATP channels 

have been demonstrated to decrease blood pressure (71).  

 

In addition to a potential therapeutic approach for hypertension, continuous infusion 

of adenosine combined with inhalation of NO may be a valuable therapeutic option 

for infants with pulmonary hypertension. Normally, patients have low concentrations 

of plasma adenosine. Thus, an elevation of adenosine level could activate the 

adenosine A2 receptor-NO mediated vasodilation pathway, open KATP channels and 

leads to hyperpolarisation of vascular smooth muscle (72).  
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Figure 2.5 A schematic diagram of the structure of the KATP channel (67). 
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Role of adenosine in hypertension and vascular biology 

 

Adenosine is synthesized and released from vascular smooth muscle cells, cardiac 

fibroblasts, cardiomyocytes and endothelial cells (73, 74). Cardiac fibroblast-derived 

adenosine via activation of ADORA2B inhibits cardiac fibroblast proliferation which 

contributes to vascular wall thickening (74). Adenosine has potential cardioprotective 

effects through inducing dilation and reducing platelet aggregation and inflammation 

in the vascular bed (75). It has been reported that extracellular adenosine produced 

from SHR aortic smooth muscle cells is decreased. Thus, decrease extracellular 

adenosine concentrations observed in hypertension may contribute to vascular 

disorders such as atherosclerosis, stenosis and intimal hyperplasia (75). 

 

Adenosine and vascular tone 

 

Adenosine plasma concentrations were reported to be significantly lower in patients 

with pulmonary hypertension (76). Exogenous adenosine is an effective vasodilator 

and reduces pulmonary artery pressure and resistance, and increases cardiac output 

(77). Additionally, adenosine-mediated cardioprotection has been reported in 

ischemia-reperfused mouse heart (78). Exogenous adenosine significantly decreased 

diastolic blood pressure and increased both left ventricular developed pressure and 

coronary flow in the post-ischemic myocardium (78). 
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Adenosine  

 

Adenosine (Figure 2.6) is an endogenous purine nucleoside that has a short half-life of 

0.6-10 seconds (3). Adenosine meets the criteria as a local metabolic vasodilator as it 

has a highly local action at its area of release (79). Usually adenosine remains at a low 

plasma concentration of about 0.05-0.3μM (80). An elevation of extracellular 

adenosine is associated with changes in physiological conditions (81). Hypoxia and 

oxidative stress induce the release of adenosine up to 100-fold from basal levels. The 

concentration of adenosine is determined by a complex interplay of enzymes and 

transporter systems. Inhibition of adenosine kinase can substantially increase 

adenosine levels. In contrast, blocking adenosine deaminase has a smaller effect on 

elevating plasma adenosine concentrations (82). As the intracellular adenosine 

concentration increases and the nucleoside is in turn transported to extracellular space 

(83). In 1991, Hori and Kitakaze stated that adenosine released from ischaemic 

cardiomyocytes induces coronary vasodilation and reduces cell death caused by these 

conditions (84). It has been reported that a diminutive shift in local adenosine 

concentration can cause a significant alteration in coronary blood flow (85).  

 

 

 

 

 

 
Figure 2.6 The chemical structural of adenosine. 
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Adenosine metabolism 

 

Adenosine is a metabolic product of the bioactive nucleotides which incorporates 

adenosine triphosphate (ATP), adenosine diphosphate (ADP), cyclic adenosine 

monophosphate (cAMP) and S-adenosyl-L-methione (SAM) (86). The main pathways 

of adenosine biosynthesis involve the dephosphorylation of 5´-AMP by 5´- 

nucleotidase in both intracellular space and extracellular space, as well as the 

intracellular hydrolysis of S-adenosylhomocysteine (SAH) by SAH hydrolase to 

adenosine and homocysteine (86). A schematic diagram of adenosine metabolism 

pathways is shown in Figure 2.7. Adenosine is formed in the cytosol and can cross the 

cell membrane through the nucleoside transporters (NTs).  

 

In addition, adenosine deaminase degrades adenosine to inosine or adenosine is 

converted by adenosine kinase to 5´-AMP (80). Generally, inosine and hypoxanthine 

are detected as adenosine breakdown products. Adenosine is metabolised by 

adenosine deaminase to inosine and generates hypoxanthine via nucleoside 

phosphorylase. The enzyme, xanthine oxidoreductase metabolises hypoxanthine to 

xanthine and ultimately forms uric acid. Moreover, inosine 5´- monophosphate (IMP) 

is deaminated by 5´- nucleotidase and is catabolised by the inosine metabolic pathway 

(84). 
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Figure 2.7 Metabolic pathways associated with adenosine formation and 

breakdown. 
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Adenosine transport mechanisms 

 

With regard to the nucleoside transporters (NTs), the human SLC28 and SLC29 have 

been characterised as a concentrative nucleoside transporter (CNT) and equilibrative 

nucleoside transporter (ENT) respectively, according to sodium dependency, 

inhibition by nitrobenzylthioinosine (NBMPR) and substrate selectivity for purine and 

pyrimidine nucleosides (87). The ENTs are Na
+ 

independent diffusion limited 

channels that have been classified into four isoforms: ENT1-ENT4, based on the 

sensitivity to inhibition by NBMPR as es (equilibrative sensitive) or ei (equilibrative 

insensitive) (88). The human ENT1 binds NBMPR with high affinity and is classified 

as es. However, the human ENT2 is inactivated by high concentrations of NBMPR 

and is currently classified as ei.  Little is known the function of the ENT3 and ENT4. 

The CNTs are Na
+ 

dependent transporters and contain three isoforms: CNT1-CNT3. 

On the basis of substrate affinities, CNT1 is pyrimidine-nucleoside preferring, CNT2 

is purine-nucleoside preferring and CNT3 transports both pyrimidine and purine 

nucleosides (89).  

 

Nucleoside transporters allow adenosine to rapidly move through the cell membrane 

in order to maintain its concentration across the intracellular and extracellular space 

(90). Human ENT1 expression is double that of ENT2 in the vascular endothelium. 

Inhibition of vascular ENT1 and ENT2 will increase extracellular adenosine 

concentrations during short-term hypoxia. A rise in adenosine levels activates the 

adenosine receptors (ADORs) and leads to vasodilation. However, the ENT1 mRNA 

expression is decreased during long-term hypoxia (91). Furthermore, the human 

ENT1 is about 100 to 1000-fold more sensitive to dipyridamole, dilazep and 
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draflazine compared to ENT2 (91, 92). Dipyridamole is a coronary vasodilator which 

is used for nuclear imaging and coronary angioplasty (88, 91). Dipyridamole does not 

decrease blood pressure in clinical practice but it does decrease the mean arterial 

pressure (MAP) for about 10 minutes after injection. However, the MAP will revert to 

the baseline approximately 40 minutes after administration. This may be because 

dipyridamole elevates the extracellular adenosine concentration and stimulates the 

adenosine signalling pathways to consequently induce vasodilation (93).  

 

Adenosine receptors  

 

Adenosine, via receptor binding, decreases heart rate and mediates vasodilation. The 

involvement of adenosine in cardiovascular function and disease is well established 

(94). All adenosine receptors (ADORs) are coupled to G proteins. Each ADOR 

subtype mediates different physiological responses depending on tissue distribution 

and they are coupled to different intracellular signalling pathways. The ADORA1 and 

ADORA3 via the Gi protein inhibit adenylyl cyclase (AC) and decrease the 

production of intracellular cAMP from ATP. On the other hand, ADORA2A and 

ADORA2B though the Gs protein stimulate AC and induce cAMP formation. This 

leads to activation of protein kinase A (PKA), then phosphorylation of either calcium 

channels or proteins which contribute to vasodilation (95). The ADORA1 has a 

protective effect following myocardial injury (94). Activation of ADORA1 causes 

bradycardia and a reduction in atrial contractility (80). Both ADORA2A and 

ADORA2B mediate vasodilation, particularly in the coronary arteries (80). The effect 

of ADORA3 is less well-known. However, many previous studies have reported that 

the ADORA3 is cardioprotective following myocardial ischaemia (80). 
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Adenosine receptor structure 

 

The amino acid sequence of the ADORs has shown that its structural motif is a seven 

transmembrane spanning arrangement which is the same format as all G-protein 

coupled receptors (86). Each domain consists of 21-26 hydrophobic amino acids that 

form an α- helix connected to three intracellular and three extracellular loops. The α-

helices on the extracellular membrane are involved in ligand binding or signal 

transduction (86, 96). In contrast, the intracellular helices and loops offer a G-protein 

interacting site. Binding of the G protein activates intracellular signalling pathways 

(97). The ADOR contains the N-terminus and three extracellular loops which link the 

transmembrane domains, whereas the cytoplasmic domain includes the C-terminus 

and three intracellular loops. The N-terminus contains one or more glycosylation sites. 

With the exception of the ADORA2A, the C-terminus of other ADOR subtypes 

comprise of phosphorylation and palmitoylation sites that mediate receptor 

desensitization and internalization. 

 

The ADOR subtypes demonstrate similar structural homology (see Figure 2.8). The 

major difference of the structures between ADOR subtypes is the C-terminal tail. For 

example, the ADORA2A has the longest C-terminal tail (122 residues) which is 

important as the C-terminus regulates the constitutive activity of the receptor (98). 

The C-terminus and intracellular loop 3 are involved in the coupling of ADORs to G 

proteins. Intracellular loop 3 is also involved in desensitization and internalization of 

ADORs (99). The C-terminus has binding sites for several additional ‘accessory' 

proteins. The ADORA2A C-terminus, is for the most part, coupled to the Gs protein. 

The ADORA2A is also resistant to agonist-induced internalization (100). Additionally, 
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the molecular mass of the ADORA1, ADORA2B and ADORA3 are similar (36-

37kDa), whereas the ADORA2A is about 10kDa heavier (45kDa) (101). The amino 

acid sequences of ADOR subtypes demonstrate a high level of homology across 

different species. The ADORA3 has an amino acid sequence homology of 49% 

compared to ADORA1. The sequence homology of ADORA1, ADORA2B and 

ADORA3 between human and rats is 87%, 86% and 74% respectively (86, 102). The 

amino acid homology between human adenosine receptors is presented in Table 2.2 

(86, 102). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 The structures of adenosine receptor subtypes. 
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Table 2.2 Amino acid sequence homology between human adenosine receptors 

(86, 102). 

Adenosine receptor subtypes   % 

ADORA1: ADORA2A  51  

ADORA1: ADORA2B  46  

ADORA1: ADORA3  49  

ADORA2A: ADORA2B  61  

ADORA2A: ADORA3  43  

ADORA2B: ADORA3  40  

 

 

Vascular adenosine receptor subtype signalling pathways  

 

All four of the adenosine receptors are involved in vasodilation through endothelial 

dependent or independent mechanisms. While non-selective adenosine analogues can 

cause a range of side effects in the cardiovascular system, it is worth considering 

analogues specific for receptors subtypes such as the ADORA2B and ADORA3 for 

therapeutic targeting for elevated blood pressure.    

 

Vascular adenosine A1 receptors 

 

It has been reported that adenosine is an important local mediator of vasodilation. The 

ADORA1 and ADORA2A stimulate the release of nitric oxide (NO) via adenylyl 

cyclase (AC) pathways that lead to vasodilation in the aorta (103). The ADORA1 is 



Ming-Fen Ho   63 
 

coupled to Gi and Go protein which inhibits AC to decrease intracellular cAMP levels, 

resulting in bradycardia and reduced work load for the heart. (104)
.
 The ADORA1 is 

also coupled to KATP channels. Opening the channels leads to K
+
 efflux and Ca

2+ 

influx. An increase of intracellular calcium stimulates NOS3 activity via the calcium-

calmodulin pathway. Ultimately, this increases NO release and causes vasodilation 

(103). 

 

An increase of cytosolic Ca
2+

 concentration also activates phospholipase A2 (PLA2), 

which stimulates arachidonic acid release and activation of the cyclooxygenase 

(COX) pathway to produce prostacyclin (PGI2). The inositol trisphosphate (IP3) 

receptor is activated by PGI2, which leads to an increase in cAMP following 

activation of AC. This in turn stimulates protein kinase A (PKA) and activates eNOS 

generating more NO, see Figure 2.9 (103). However, the role of ADORA1 and its 

effects on blood vessel activity is more complex. The ADORA1 coupled to Gi proteins 

can activate the phospholipase C (PLC) signalling pathway to elevate intracellular 

Ca
2+

 levels. In 2003, Hansen and colleagues reported that adenosine stimulates 

vasoconstriction via pertussin toxin-sensitive Gi proteins which leads to an activation 

of PLC in renal afferent arterioles of ADORA1 wild-type mice (105). However, 

inhibition of AC did not alter the luminal diameter of perfused afferent arterioles 

(105). Vasoconstrictor responses did not occur in ADORA1 knockout mice 

demonstrating that the ADORA1 increases vascular tone by increasing Ca
2+

 influx 

through the PLC signalling pathway (105, 106). The selective ADORA1 agonist:  

(2s)-N6-[2-endo-norbornyl]adenosine (ENBA) causes coronary smooth muscle 

contraction via the activation of PKC-α and PLC-βIII, resulting p42/p44 MAPK 

(ERK1/2) phosphorylation in mouse coronary smooth muscle cells (107). 
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Vasoconstrictor responses in the renal distal afferent arterioles have been reported in 

mice, dogs and rabbits. However, the ED50 value of CHA for mice is about 10 times 

lower than rabbits (17nM versus 220nM) (108, 109). The ADORA1 has been reported 

to influence blood pressure control. However, the observation varied according to the 

strain of mouse used. Schweda et al. (38) and Sun et al. (37) reported no significant 

difference in blood pressures between ADORA1 wild-type C57BL6 mice and 

ADORA1 knockout C57BL6 mice (110, 111). Alternatively, Brown et al. (112, 113) 

suggested that ADORA1 knockout C57BL6/129OlaHsd mice have elevated plasma 

renin levels and blood pressure. 
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Figure 2.9 Signalling pathways associated with vasodilation mediated by the 

adenosine A1 receptor in endothelial cells. NO; nitric oxide, eNOS; endothelial 

nitric oxide synthase, PLA2; phospholipase A2, AC; adenylyl cyclase, COX; 

cyclooxygenase, IP3; inositol triphosphate , KATP; ATP sensitive potassium 

channels, PKA; protein kinase A (103). 
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Vascular adenosine A2A receptors 

 

The ADORA2A is coupled to the Gs protein and stimulates AC to increase intracellular 

cAMP production. This in turn activates protein kinase A (PKA) and the  

phosphorylation of KATP channels to prevent ATP from binding, causing the channel 

to remain open inducing relaxation of vascular smooth muscle (114). Protein kinase A 

also activates KCa channels that stimulates the efflux of K
+ 

and influx of Ca
2+

. This 

increases the concentration of intracellular calcium and promotes NO synthesis within 

the rat aortic endothelium (103). Subsequent activation of the NO/cGMP pathway in 

vascular smooth muscle leads to vasodilation (115). The ADORA2A induces vessel 

relaxation through membrane hyperpolarisation by activation of KATP channels on the 

VSMCs (116, 117). Furthermore, the store-operated Ca
2+

 channels (SOCCs) 

contribute to Ca
2+

 entry in vascular smooth muscle cells and subsequently modulate 

vasomotor responses. Adenosine via ADORA2A inhibits store-operated Ca
2+

 entry 

(SOCE) in vascular smooth muscle thereby inducing relaxation of the rat mesenteric 

artery (118). 

 

Adenosine-induced vascular smooth muscle relaxation of afferent arterioles is 

concentration-dependent. Vasodilation was observed when the adenosine 

concentration is higher than 10M as the ADORA2A are expressed in preglomerular 

arterioles, activating KATP channels to cause vasodilation (119-122). Furthermore, in 

2005, Hansen and colleagues also reported that renal vascular relaxation is activated 

by the ADORA2A signalling pathway, which stimulates the endothelial NO synthesis 

causing vasodilation (109). Aortic vasodilation and endothelial function were 

significantly decreased in adenosine A2A knockout mice. Additionally, following the 
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removal of the endothelium from the aorta, less relaxation was observed following 

stimulation of the ADORA2A receptor in wildtype mice, indicating an endothelium-

dependent pathway is involved in vasodilator responses of the mouse aorta (123).  
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Figure 2.10 Adenosine A2A receptor mediated vasodilator signalling pathways. 

Ca-L; L type calcium channel, NO; nitric oxide, PKA; protein kinase A, AC; 

adenylyl cyclase, MAPK;  Mitogen-activated protein kinase, GC; guanylate 

cyclase, VSMC; vascular smooth muscle cell, KATP; ATP sensitive potassium 

channels, Kca; calcium dependent potassium channels (103). 
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Vascular adenosine A2B receptors 

 

Currently available ADOR selective agonists and antagonists have low affinity for the 

ADORA2B. Therefore, little is known about the physiological function of this receptor 

(124). The ADORA2B in the rat renal artery is located on the endothelium and causes 

NO release (125). ADORA2B mediated vasodilation can be caused by direct activation 

in the VMSCs or via receptors situated on the endothelial cells.  The endothelium 

dependent mechanism causes the release of NO via the Gs protein and activation the 

GC/cGMP pathway (126). Whereas an endothelium independent mechanism involves 

Gq and Gs protein mediated signalling cascades. The AC/cAMP pathway stimulates 

PKA production and induces smooth muscle relaxation following phosphorylation of 

myosin light chain kinase. While activation of PLC stimulates IP3 and DAG 

production, followed by increased Ca
2+

 mobilisation and the activation of PKC (101, 

116). This in turn induces vasorelaxation. 

 

ADORA2B is suspected to have a role in vessel remodelling because it is highly 

expressed in VMSCs (126). A study in published in 2006 using ADORA2B knockout 

mice reported that a deficiency in the ADORA2B did not affect blood pressure under 

basal conditions or after adenosine-induced vasodilation suggesting that the 

ADORA2B does not have a role in blood pressure control in mice (127). Conversely, it 

has been reported that the ADOR analogue NECA mediates coronary vasodilation via 

ADORA2B in Wistar rat hearts (128). Furthermore, ADORA2B has been reported to 

mediate relaxation of human small resistance-like coronary arteries through potassium 

channels and independently of NO production (129). These studies indicate that 

vasodilator responses via adenosine subtypes differ between species.  
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Figure 2.11 Adenosine A2B receptor mediated vasodilator signalling pathways. 

Ca-L; L type calcium channel, NO; nitric oxide, PKA; protein kinase A, AC; 

adenylyl cyclase, MAPK;  Mitogen-activated protein kinase, GC; guanylate 

cyclase, VSMC; vascular smooth muscle cell, KATP; ATP sensitive potassium 

channels, PLC; phospholipase C, DAG; diacyl glycerol, IP3; inositol 

triphosphate. 
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Vascular adenosine A3 receptors 

 

The ADORA3 is coupled to several types of G-proteins. ADORA3 via Gi protein 

inhibits AC, while ADORA3 coupled to the Gq protein stimulates PLC and calcium 

mobilization. Following activation of ADORA3, the formation of PLC stimulates the 

inositol-3-phosphate (IP3) and diacylglceral (DAG) production. This in turn increases 

the intracellular calcium concentration and activates protein kinase C (PKC), which 

then interacts with KATP channels and calcium channels in sarcoplasmic reticulum to 

cause vasodilation, see Figure 2.12 (94, 130, 131). 

 

ADORA3 selective agonists have been reported to stimulate cardiac preconditioning 

through activation of the KATP channels and stimulation of the RhoA-phospholipase 

D1 signalling pathways (102). ADORA3 has not been studied for an association with 

blood pressure regulation in humans. Conversely, enhanced adenosine-induced 

vasodilation exists in ADORA3 knockout mice (132). The ADORA3 inhibits AC, 

hence loss of these receptors in transgenic mice causes an increase in cAMP levels in 

the heart and vascular smooth muscle cells (132).  
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Figure 2.12 Signalling pathways associated with vasodilation mediated by the 

adenosine A3 receptor in vascular smooth muscle cells. AC; adenylyl cyclase, 

KATP; ATP sensitive potassium channel, PLC; phospholipase C, DAG; diacyl 

glycerol, IP3; inositol triphosphate, protein kinase C, Ca-L; L type calcium 

channel (94, 130, 131). 
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Pharmacology of adenosine receptors 

 

The subtypes of adenosine receptors were originally defined by their ability to inhibit 

or stimulate AC production, as well as the selectivity and potency of agonists and 

antagonists (see Table 2.3) (86, 101, 123, 133-141). The selectivity and potency of 

ligands that bind ADORs varies according to the receptor subtype.  

 

Clinical uses of adenosine analogues 

 

ADOR populations have been reported to be altered in several clinical diseases, such 

as schizophrenia, hypertension, ischaemia and inflammatory diseases. Adenosine has 

been employed for the treatment of paroxysmal supraventricular tachycardia (PSVT), 

the action of which is terminated about 30 seconds after a 6-12mg adenosine 

injection. The adverse effects are minor and do not last long because the half-life of 

adenosine is very short (142). Moreover, selective ADORA1 agonists have been 

developed as antiarrhythmic agents as ADORA1 receptors are expressed in the 

atrioventricular (AV) node (143). CVT-510 (tecadenoson) is in phase III clinical trials 

for the treatment of PSVT (144). An adenosine reuptake blocker  dipyridamole and 

ADORA2A agonist regadenoson have been used for cardiac perfusion imaging due to 

the high expression of ADORA2A in human coronary blood vessels (141, 145).  
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Table 2.3 Characterization of adenosine receptors with selective and non-

selective agonist and antagonists (86, 101, 123, 133-141).  

 

 ADORA1  ADORA2A  ADORA2B  ADORA3  

Effect  

on AC  

Inhibition Stimulation Stimulation Inhibition 

Coupling G 

protein  

Gi/o Gs/o Gs/q Gi/q/o 

Agonists  * selective:  

CPA 

CCPA 

CHA  

(S)-ENBA 

R-PIA 

*selective:  

ATL-146e 

CGS 21680 

APEC 

 

*selective:  

None due to 

Low agonist 

affinity 

*non-selective: 

BAY-60-6583 

LUF5834 

NECA 

*selective: 

MRS3358 

C1-IB-MECA 

IB-MECA 

APNEA 

*non-

selective: 

 NECA 

Agonist 

potency 

sequence  

R-PIA > 

NECA >  

IB-MECA >  

CGS 21680 

NECA > CGS 

21680 > 

 IB-MECA > 

 R-PIA  

NECA > R-PIA 

= IB-MECA > 

R-PIA  

IB-MECA > 

NECA =  

R-PIA > 

 CGS 21680  

Antagonists  *selective 

DPCPX 

N-0861 

WRC-0571 

*non-selective 

Caffeine 

Theophylline  

DPSPX 

*selective: 

ZM241,385 

SCH 58261 

KW 6002 

CSC 

*non-selective 

Caffeine 

Theophylline  

*non-selective 

Enprofylline 

Alloxazine 

MRS1574  

MRE 2029-F20 

OSIP339391 

Caffeine 

Theophylline  

DPCPX 

CGS 15943 

*selective: 

BWA-1433 

MRE 3008-

F20 

MRS 1067 

MRS 1097 

MRS 1191 

MRS 1220 

MRS 1523 

*non-selective 

Theophylline  
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The selective ADORA2A agonist GCS21680, has been reported to inhibit 

inflammatory responses in a model of allergic asthma in the Brown Norway rat (146). 

Although the medication is administered locally to the trachea, the major side effect is 

hypotension (146). However, a novel selective ADORA2A agonist compound: N-(2,2-

diphenylethyl)-2-<(2-piperidin-1-ylethyl)aminocarbonyl>adenosine (UK371,104) can 

effectively improve lung inflammation without dropping blood pressure by increasing 

the molecular weight and reducing lipophilicity, see Figure 2.13  (147). UK432, 097 

is the analogue of UK371,104 and the compound is currently under phase II clinical 

trials for chronic obstructive pulmonary disease (COPD) through inhalation. Hence, 

the utility of the lung-focussed agent can potentially be a treatment of COPD and 

asthma (148, 149). The ADORA3 agonist, 1-deoxy-1-6-(iodophenyl)methylamino-

9H-purine-9-yl-N-methyl-(-D-ribofuranuronamide) (CF-101) is in phase IIa clinical 

trial of the  treatment of  inflammatory diseases such as rheumatoid arthritis (RA) 

because the receptors are highly expressed in neutrophils and eosinophils in the RA 

affected group (140). 

 

 

 

Figure 2.13 The chemical structure of CGS21680 and UK371,104 (150). 
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Species differences vascular adenosine receptors 

 

Although agonists or antagonists of the adenosine receptors have therapeutic 

potential, there are issues in developing drugs due to species-dependent differences in 

receptor subtypes, locations and drug affinity at these receptors. As many proteins 

share amino acid sequence homology between species, animal models are usually 

used to test drug action before translation to human clinical trials. However, the 

distribution of adenosine receptors is somewhat species-dependent. For instance, the 

ADORA3 is extensively expressed in rat testes but not in human testes (140). Cross-

species testing is absolutely essential to validate drug function however species 

differences need to be taken into account during drug development (86). 

 

The vascular ADOR subtypes distributed in different vessel types across various 

species, can be seen in Table 2.4 (107, 121, 139, 151-172). It has been reported that 

the rank order of adenosine agonists that stimulate relaxation in isolated blood vessels 

vary from species (94). Furthermore, the function of vascular adenosine receptors also 

differs between blood vessel types within a given species. In 2010, Wang and 

colleagues reported that NECA causes mesenteric artery relaxation in ADORA1 wild-

type and knockout mice. However, the same adenosine analogue stimulates 

contraction of aortic rings from ADORA1 wild-type mice (155).  

 

Xanthine amine congener (XAC) is an ADOR antagonist and it is selective for 

ADORA1 in rats but less selective in human (83). CGS 21680 has been used as a 

selective ADORA2A agonist however its potency and selectivity in human tissues is 

lower than rats (134). CGS 21680 has low efficacy in the intact dog but it still causes 
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coronary artery relaxation (101, 161). The ADORs are widely distributed throughout 

the cardiovascular system, and vasodilation can be mediated by different subtypes in 

one species. For instance, 2-phenylethoxy-9-methyl-adenine (PEMA), an non-

selective ADOR antagonist, stimulates both ADORA2A and ADORA2B to cause 

vasodilation in the coronary artery and aorta respectively in the guinea pig (157). 

Most ADORA3 antagonists are species-dependent. Both N-9-chloro-2-(2-

furanyl)1,2,4triazolo1,5-cquinazolin-5-ylbenzeneacetamide (MRS1220) and 5-N-(4-

methoxyphenylcarbamoyl)amino-8-propyl-2-(2-furyl)pyrazolo 4,3-e-1,2,4- 

triazolo1,5-cpyrimidine (MRE-3008-F20) have high affinity for the ADORA3 in 

human but not in rats. Moreover, MRS1220 is a selective ADORA2A antagonist for 

rats (83). In terms of binding selective ADOR agonists and antagonists, the 

ADORA2B has been reported to have lower affinity for these compounds compared to 

the other ADOR receptor subtypes (86). N
6
-2-(4-aminophenyl)ethyladenosine 

(APNEA) is a non-selective adenosine agonist that has high affinity for ADORA1 and 

ADORA3. The activation of ADORA3 by APNEA causes coronary vasodilator 

response in rat hearts (86). In 1992, Cornfield and co-workers reported that 2-

phenylaminoadenosine (CV 1808) bound to a novel ADOR isoform, designated 

adenosine A4 receptor and that it was associated with activation of a potassium 

channel independently of G protein coupled receptors (134). The physiological 

function remains to be studied. 
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Table 2.4 Vascular adenosine receptors distribution across tissue location and 

species. 

 

Receptors  Species  Vessels  Location  Ref  

ADORA1  human  umbilical vein  endothelial cells  (151) 

 human  left anterior descending 

artery  

not determined  (152) 

 guinea-pig  pulmonary artery  smooth muscle cells  (153) 

 rat  aortic ring  not determined  (154) 

 mouse  aortic ring  not determined  (155) 

 mouse  mesenteric artery  not determined  (155) 

 mouse  coronary artery  endothelium and smooth 

muscle cells  

(107) 

 porcine  coronary artery  Smooth muscle cells  (156) 

ADORA2A  guinea-pig  coronary artery  endothelium and smooth 

muscle cells  

(157) 

 canine  coronary artery  not determined  (158) 

 rabbit  aorta  not determined  (159) 

 rabbit  superior mesenteric  not determined  (159) 

 porcine  coronary  endothelial cells  (160) 

 rat  renal artery  not determined  (161) 

 rat  aorta  endothelium and smooth 

muscle cells  

(162, 163) 

 rat  mesenteric  vascular bed  (164) 

 bovine  coronary artery  not determined  (162) 

 rabbit  Hepatic artery  vascular bed  (165) 

 human  aorta  endothelium  (166) 

 human  umbilical vein  endothelial cells  (151) 

 human  coronary artery  endothelial cells  (160) 

 human  left anterior descending 

artery  

not determined  (152) 

 human  coronary arterioles  not determined  (152) 
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ADORA2B  guinea-pig  aorta  endothelium and smooth 

muscle cells  

(139, 158) 

 guinea-pig  pulmonary artery  smooth muscle cells  (153) 

 mouse  aorta  endothelium  (167) 

 rat  mesenteric  vascular bed  (168) 

 rat  aorta  endothelium and smooth 

muscle cells  

(163, 169) 

 rat  pulmonary artery  smooth muscle cells  (170) 

 rat  renal artery  endothelium  (121, 171) 

 human  aorta  endothelium  (166) 

 human  coronary artery  endothelial cells  (160) 

 porcine  coronary  endothelial cells  (160) 

ADORA3  rat  coronary artery  not determined  (172) 

 rat  thoracic aorta  not determined  (121) 

 rat  middle abdominal aorta  not determined  (121) 

 rat  lower abdominal aorta  not determined  (121) 

 rat  mesenteric microvessels  not determined  (121) 

 human  umbilical vein  endothelial cells  (151) 
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Vascular adenosine receptors in tissue pathology  

Vasculogenesis and angiogenesis in wound healing 

 

The role of adenosine has been studied in the pathology of hypertension, 

inflammatory disease, cancer, tissue repair, angiogenesis and vascular diseases. 

Wound healing is accelerated by agonists of the ADORA2A  and ADORA2B via 

increased angiogenesis and it involves multiple signalling pathways (173). Activation 

of the ADORA2B and ADORA3 in human mast cells promotes the angiogenic progress 

via the release of vascular endothelial growth factor (VEGF) and interleukin-8 (IL-8) 

from microvascular endothelial cells to enhance the expression of angiopoietin 2 

(174).  ADORA2B via  Gq protein signalling stimulates the expression of angiogenic 

factor IL-8, vascular endothelial growth factor (VEGF) and basic fibroblast growth 

factor (bFGF) in the human microvascular endothelial cells (HMEC-1) (175). By 

regulating production of VEGF, the ADORA2B promotes endothelial proliferation and 

blood vessel formation (176, 177). It has been reported that the proliferation rate can 

be stimulated by adenosine in a concentration-dependent manner in human umbilical 

vein endothelial cells (HUVEC) independently of VEGF production (178). 

 

Neovascularisation is indeed involved in vasculogenesis and angiogenesis and 

contributes to wound healing. Vasculogenesis is the generation of new blood vessels 

during embryonic development, in contrast to angiogenesis, which repairs and 

develops blood vessels from pre-existing ones. It has been reported that 

vasculogenesis can occur in adults through transplant bone marrow derived 

endothelial progenitor cells into sites of active neovascularisation (179). In 2002, 

Montesinos and associates observed that CGS 21680 enhanced wound closure and 
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wound healing in ADORA2A wild-type mice but not in knockout mice (173). In 2004, 

they also demonstrated that CGS 21680 accelerated tissue repair by stimulating local 

blood vessel formation and recruitment of endothelial progenitor cells from bone 

marrow in the early stage of wound repair (180).  

 

Platelet aggregation and atherothrombosis   

 

Platelets have a significant function in the pathophysiology of atherothrombosis. 

Adenosine that is released from the vascular bed inhibits platelet aggregation through 

stimulation of cAMP production (181). Both ADORA2A and ADORA2B receptors 

have been identified on platelets. ADORA2A receptor knockout mice were observed to 

exhibit an increase in platelet aggregation, blood pressure and heart rate (182). 

However, the platelet count remained no different between ADORA2A receptor 

knockout mice and wildtype mice (182, 183). The selective ADORA2A agonist, CGS 

21680 has been reported to decrease platelet aggregation in human but not in canine 

models (184). The ADORA2B subtype expression in human platelets is similar to 

expression levels of the ADORA2A subtype (185).  ADORA2B receptors have also 

been found to mediate an inhibitory response in platelet aggregation via stimulating 

adenylyl cyclase and increased cAMP levels. Furthermore, the mRNA expression of 

the ADP receptor P2Y1 was down-regulated in ADORA2B knockout mice (183). 

Hence, ADORA2A and ADORA2B subtypes are considered a potential therapeutic 

target for prevention of thrombosis. The P2Y1 receptor antagonist, clopidogrel has 

been used as an antiplatelet drug for unstable angina (186). However, this medication 

causes irreversible inhibition of platelet aggregation and thrombocytopenia. Although 

thrombocytopenia is known as a rare side effect, Bennett and colleagues reported that 
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thrombolic thrombocytopenic purpura can occur within 14 days clopidogrel treatment 

(187, 188). Thereby, new ADP receptor antagonists such as ADZ6140 have been 

developed, which has a reversible function on platelet aggregation and a rapid onset 

of action (186). Therefore, ADOR subtypes have a physiological role inhibiting 

platelet aggregation and may be developed for antiplatelet therapies.  

 

Vascular remodelling and hypertension 

 

It has been reported that extracellular adenosine release from SHR aortic smooth 

muscle cells is decreased. Hypertension may contribute to vascular disorders such as 

atherosclerosis, stenosis and intimal hyperplasia due to decreased extracellular 

adenosine concentration (189, 190). Additionally, adenosine is involved in vascular 

cell proliferation and vascular remodelling processes in tumour cells and many 

organs. The metabolic role of adenosine may play a role in disease development. In 

spontaneously hypertensive rats (SHRs), an increase in adenosine deaminase (ADA) 

was observed, increasing extracellular adenosine catabolism and the decreasing the 

concentration of adenosine in renal arteriolar and aortic smooth muscle cells (SMCs) 

(191). Adenosine that was generated from SMCs was dysregulated by an elevation of 

ADA resulting in an increase in vascular cell proliferative rates in SHR. However, an 

inhibition of ADA by EHNA significantly reduced arterial blood pressure in older 

SHRs (36 weeks), but did not affect elevated blood pressures in younger SHRs (16 

weeks) or in age-matched Wistar rats (192). Thus, dysregulation of extracellular 

adenosine levels may result in vascular disorders such as hypertension, but the 

pathophysiological mechanism needs to be determined. 
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Vascular remodelling is involved in the regulation of blood pressure as endothelial 

dysfunction leads to blood vessel abnormalities. Endothelial cells mediate vascular 

tone by producing Endothelin-1 and NO and modulating the contractility of arterial 

smooth muscle cells (47). Calcium dependent potassium channel (Kca) activation also 

have a role in NO-induced vasodilation, in particular in coronary arteries
 
(53). 

Calcium (Ca
2+

) involved in various signalling pathways that controlling vessel 

diameter and blood flow. A decrease of Ca
2+

 level in vascular smooth muscles induce 

vasodilation via activation of Kca and KATP channels (55). Whereas an increase of 

Ca
2+

 concentration in endothelial cells causes vascular relaxation through stimulating 

calcium-calmodulin signalling pathway and subsequently rise the production of NO 

(56). The underlying mechanism of adenosine-induced vasodilation involves the 

activation of KATP channels (45, 46). It was observed a haplotype in the human Sur2 

gene is expressed in vascular muscle and its function correlated to EH (70). Thus, to 

enhance intracellular adenosine level can stimulate ADORA2-NO mediated 

vasodilation pathway, which activates KATP channels and leads to hyperpolarisation of 

smooth muscle (72). 
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Molecular characterization of adenosine receptors 

 

The predicted molecular mass of ADORA1, ADORA2B and ADORA3 are similar 

(about 36-37kDa), while ADORA2A is larger (45kDa) due to having a longer 

intracellular C-terminus. The ADORA2A is coupled to the Gs protein with the 

intracellular C-terminus in the third intracellular loop. ADORA2B is also coupled to Gs 

protein as it has 57% amino acid sequence similarity in the 3
rd

 intracellular loop with 

ADORA2A. In terms of ADORs, the gene structure has been mapped across many 

species (see Table 2.5).  

 

 

Table 2.5 Gene location and chromosome structure of adenosine receptor 

subtypes. 

 

 

ADORA1 ADORA2A ADORA2B ADORA3 

Gene location Human 1q32.1 22q11.23 17p12-p11.2 1.21-p13 

Mouse 1qE4 10qB5-C1 11qB2 3qF2 

Rat 13q13 20p12 10q23 2q34 

Number of 

exon / intron 

 

Human 6/5 3/2 2/1 2/1 

Mouse 2/1 2/1 2/1 2/1 

Rat 2/1 2/1 2/1 2/1 
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The human ADORA1 has 6 exons and 5 introns. Exon 1 to exon 4 are located in the 5´ 

untranslated region (5´UTR) and exon 5 partially resides in the 5´UTR as well as in 

coding sequence. The schematic diagram Figure 2.14 shows the gene structure of the 

human ADOR. Exon 1 and exon 2 of ADORA1 is relatively shorter compared to the 

other exons, especially exon 2, which has only 18bp (104). There are two promoter 

elements in human ADORA1, named promoter A and promoter B. They both contain 

two non-consensus putative TATA boxes (A: TTAAGA and B: TTTAAA) and 

located upstream of the transcription start sites (193). The promoter B is more active 

than the promoter A in Chinese hamster ovary cells (193). The transcription factors: 

GATA-4 and Nkx2.5 have a role in ADORA1 expression and also stimulate the 

activation of the promoter (194).  

 

ADORA2A has 3 exons and 2 introns and of which exon 1 and part of exon 2 are 

located in the 5´UTR. Both ADORA2B and ADORA3 have only one intron which is 

found in the 5´UTR and coding sequence. It is consistent that the last exon of all 

adenosine receptors overlap the coding sequence and the 3' untranslated regions 

(3'UTR) (195). ADORA2A potentially contains four promoters in 5´ UTR of the rat 

ADORA2A: P1A, P1B, P2 and P3 (196). Lee and colleagues identified P2 and P3 as 

negative translational regulators as they inhibit the expression of the receptor via an 

upstream open reading frame (197). P1A and P1B have been identified but remain to 

be characterised (196).  

 

ADORA2B mRNA levels in mouse VMSCs are up regulated by the transcription factor 

B-Myb (198, 199). There are two transcription factor sites in mouse ADORA3, named 
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CRE and GATA. In 2002, Yaar and colleagues reported that an elevation in cAMP 

levels in VSMCs stimulates a rise in ADORA3 mRNA via GATA6 (200). 
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Figure 2.14 The structural arrangement of human adenosine receptor subtype 

genes. 
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Genetic variation in hypertension 

 

Genetic variations including signal nucleotide polymorphisms (SNPs), copy number 

variants (CNVs) and alternative splice variants (ASVs) which might have a role in the 

pathogenesis of a disorder. Genome-wide association (GWA) studies of hypertension 

have been researched in different populations, the GWA results are available from the 

National Human Genome Research Institute database (see Table 2.6) (201). As 

unidentical results across different GWA study design, each genetic variant may have 

only a small effect to develop a phenotype or trait. Thereby, a strong genetic 

determinant can hardly to be discovered in a complex disorder. 

 

Because of the complexity of the genetic variations, genetic determinants of 

hypertension remain to be identified. Following analysis of the genome-wide 

association (GWA) data it has been reported that no single SNP is significantly 

associated with hypertension. For example, two studies were reported in 2007; a 

genome-wide association study conducted by the Welcome Trust Case Control 

Consortium (WTCCC) using 2000 hypertensives and 3,000 shared controls by means 

of the Affymetrix GeneChip 500K mapping array (202); and the Framingham study 

which was based on family-based association testing (FBAT) using more than 1200 

patients and the Affimetrix 100K array (203). The most significantly associated SNPs 

in these two studies did not overlap (204). In 2010, WTCCC also published a GWA 

study of CNV in eight common diseases including hypertension and found that 

common CNVs do not appreciably impact on the human diseases (205). Another 

structural variant, the so-called “alternative splice variant” has attracted more 

attention in recent years since generating a new transcript and forming a new protein 
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isoform could have a biological impact on the pathogenesis. Thus, this study focused 

on investigating novel alternative splice variant in adenosine receptors and 

determining its role in essential hypertension.  
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Table 2.6 Genetic variations reported in Genome-wide association studies in 

hypertension. 

Author/year/ 

ref 

Initial 

Sample Size 

Replication 

Sample Size 

Region Reported 

Gene(s) 

Strongest SNP-Risk 

Allele 

P value 

 

CNV 

Padmanabha

n, 2010, (206) 

1,621 

Swedish 

cases, 1,699 

Swedish 

controls 

19,845 

European 

ancestry 

cases, 

16,541 

European 

ancestry 

controls 

16p12.3 UMOD rs13333226-A 4 x10
11

  N 

Hiura, 2010, 

(207) 

 

936 

Japanese 

individuals 

6,123 

Japanese 

individuals 

NS NS NS  NS N 

Adeyemo, 

2009, (208)  

 

509 African 

American 

cases, 508 

African 

American 

controls 

366 West 

African 

cases, 614 

West 

African 

controls 

15q22.1  

4q23 

ALDH1A2  

ADH7 

rs1550576-?  

rs991316-T  

3 x10
-6 

 

5 x10
-6

  

N 

Levy, 2009, 

(209) 

  

29,136 

individuals 

34,433 

individuals 

12q21.33  

10p12.33  

20q13.32  

8p23.1 

ATP2B1  

CACNB2  

ZNF831, 

EDN3  

MSRA 

rs2681472-A  

rs11014166-A  

rs16982520-A  

rs11775334-A  

2 x10
-11

  

6 x10
-8

  

2 x10
-7

  

4 x10
-6 

 

N 

Org, 2009, 

(210)  

364 cases, 

590 controls 

1,043 cases, 

1,769 

controls 

16q23.3 CDH13 rs11646213-T 8 x10
-6

  N 

WTCCC, 

2007, (202) 

1,952 cases, 

2,938 

controls 

NR 1q43  

15q26.2 

RYR2,CHR

M3,ZP4  

Intergenic 

rs2820037-T  

rs2398162-A 

8 x10
-7

  

6 x10
-6

  

N 

Yang, 2009, 

(211) 

 

 

175 Han 

Chinese 

cases, 175 

Han Chinese 

controls 

833 Han 

Chinese 

cases, 833 

Han Chinese 

controls 

2p22.3 LOC344371, 

MYADML, 

FAM98A, 

RASGRP3 

4-SNP-haplotype  3 x10
-10

  N 
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The definition of alternative splice variants  

 

Alternative splice variants (ASVs) occur when different combinations of exons 

generate diverse transcripts. Translation of altered nucleotide products may cause 

changes in amino acid sequences and may result in protein products with different 

functions. Hence, splice variants may play a significant role in gene expression 

regulation (212). In 2003, Johnson et al reported that approximately 74% of human 

multiple-exon genes are alternatively spliced according to a genome-wide survey of 

human alternative pre-mRNA splicing with exon junction microarrays (213). It is 

unclear what impact alternative splice variants have on biological processes and 

mechanisms. Additionally, alternative splicing is regulated in a tissue-specific, cell-

cycle, stress responsive, hormone-responsive and developmental manner. The 

regulation of alternative splicing process is accomplished through an interplay 

between proteins known as trans-acting splicing regulators and cis-elements (214). It 

is essential to identify and characterise the molecular mechanisms that might 

modulate nuclear import of specific receptors and nuclear RNA editing. The 

identification of disease-associated ASVs is considered to be a new method for the 

diagnosis and classification of complex disorders. Splice variants could result in 

targets for novel therapeutic interventions based on highly selective splicing 

correction approaches. During complex disorder development, alternative splice 

variants are genetic modifiers and the deregulation of alternative splicing conditions is 

strongly linked to inherited and genetic disorders (212) 
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The classification of alternative splice variants 

 

Five different patterns of ASVs have been detected (215). A cassette alternative exon, 

which is included or excluded from the mRNA is the most common type of splice 

variant (see Figure 2.15A and B). The rarest type of splice variants is intron retention 

(see Figure 8C). An alternative donor (5´) or acceptor (3') site also changes the size of 

the exon (see Figure 2.15D and E). Finally, a mutually exclusive alternative may be 

inserted in the mature mRNA that consists of only one of two or more exon options 

(see Figure 2.15F).  

 

constitutive splicing

exon skipping

intron retention

alternative 3' site

alternative 5' site

mutually exclusive exons

A B

A

B

(A)

(B)

(C)

(D)

(E)

(F)

 

Figure 2.15 Alternative splice variant patterns 
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Splicing variants in adenosine receptors 

 

In the ADORA1 gene, a mutually exclusive splicing event occurring in exon 3 and 

exon 4 has been reported in humans. In 1994, Ren and colleagues used RT-PCR to 

amplify the wild type sequence of the ADORA1. Exon 1 and exon 2 could not be 

found in the mRNA from numerous tissues. However, it was found in cDNA clones. 

Therefore, it was suggested that once the primary transcript is made, exon 1 and exon 

2 are spliced out and this in turn generated the mature transcripts for translation. 

Thereby, the mutually exclusive alternative exon, either exon 3 or exon 4 was inserted 

to the mature mRNA (83). Many human tissues have both transcripts. However, heart, 

adipose tissue and skeletal muscle were found to express only one transcript which 

deleted exon 3 and contained exon 4, 5 and 6 (195). Hence, ADORA1 splice variants 

appear a tissue-specific manner (195). 

 

In 2008, Kreth and coworkers reported that a physiopathological status specific 

expression of the 5´UTR in ADORA2A. The ADORA2A is expressed with a long 

5´UTR in resting human polymorphonuclear neutrophils (PMNs), while this transcript 

is expressed with a short 5´UTR in lipopolysaccharide-stimulated PMNs and PMNs 

of sepsis patients, indicating that this transcript occurs in a specific physiopathological 

status mode. The 5´UTR has a role in post-transcriptional regulation and also 

determines gene expression by influencing mRNA stability and translational 

efficiency (15, 216). Moreover, human ADORA2A contains six variants in exon 1 and 

the lengths are 105, 31, 116, 111, 331, 265bp respectively. This work also indicates 

that human ADORA2A splice variants are expressed in a tissue-specific manner (217).  
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In the rat, ADORA3 was found to have a 51 bp insertion  between exon 1 and exon 2 

coding region, causing an 17 amino acid addition in the second intracellular domain, 

The ADORA3 alternative splice event does not occur in humans or is expressed in a 

species-specific mode (218). In addition to human alternative splice variant in 

adenosine receptors, Jin and colleagues have reported that five ASVs in ADORA1 and 

one ASV in ADORA3 were detected using RT-PCR after pooling mRNA samples 

derived from contained 126 different types of normal human tissues and 42 cancer 

tissues (219). 

  

There are many theoretical splice variants in ADORs according to the websites 

investigated. However, the findings from websites are not identical. For instance, it 

has been reported 11 splice variants in ADORA1 from GeneCards and 11 and 13 

splice events for ADORA1 listed in EMBL-EBI and AceView respectively. In terms 

of ADORA2A, there is only one splice variant indicated in the EBML-EBI database 

and 27 splice variants described in AceView. No ADORA2B splice events were 

reported in any of the three databases. Furthermore, 12 splice events were shown in 

ADORA3 according to GeneCards and AceView, while 6 splice variants were 

reported in EMBL-EBI. The reason why their data is not identical is because 

researchers have used different microarray-based methods to detect splice variants. 

Also, ASVs appear a tissue-specific,
 
physiopathological status specific and species- 

specific manner. These studies were designed in different ways to generate 

inconsistencies across the molecular databases.  

 

Little is known regarding the function of ASVs. They might generate new transcripts 

and modify the function of the protein. However, it is also possible that the splice 
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variants are not translated but degraded which potentially avoid generating 

dysfunctional (defective) proteins (220).  Additionally, if the amino acid sequences 

are truncated or deleted within a functional domain, they are more likely to be non-

functional ASVs (221). Hence, the ASV needs to be quantified and its function 

determined. 

 

The regulation of gene expression of G protein couple receptors 

 

G protein-coupled receptors (GPCRs) are the largest superfamily of receptors in the 

human genome (222). Alternatively spliced GPCR isoforms can change their 

functions to undergo post-translational modification and or to interact with accessory 

proteins. However, a premature stop codon can occur due to alternative splicing (223). 

The mRNA may be not translated to protein because of nonsense-mediated decay 

formation (60, 223).  
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Chapter 3 

 

Methodology 
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Ethics approval 

 

Work presented in this study involving animal tissues was approved by the Griffith 

University Animal Experimental Ethics Committee (reference number: MSC 

01/07/AEC). The human research study was approved by Griffith University Human 

Experimentation Ethics Committee (reference number: MSC/06/11/HREC). 

 

Animal models of hypertension 

 

Because of limitations of human studies, animal models have been used to identify the 

genetic variants that contribute to essential hypertension. Animals can demonstrate 

several characteristics similar to those observed in human essential hypertension and 

have the advantage of reducing the heterogeneity of genetic studies, as confounding 

factors are a major challenge for human genetic studies. Additionally, animal models 

are superior for characterising structural and functional variants, and in particular for 

performing invasive measurements and mechanistic studies (11). In animal models 

many environmental factors that contribute to the development of hypertension can be 

controlled. Animal models of hypertension are also available and can be used to 

investigate genes that may increase the susceptibility to essential hypertension.  

 

Animal models such as rabbit, dog, monkey and mouse have been used in 

hypertension studies. However, rat is considered an ideal animal model for study of 

hypertension due to its small size, short lifespan and relatively low cost (224, 225). 

Many rodent models have been studied in hypertension such as spontaneously 
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hypertensive rat (SHR), stroke prone spontaneously hypertensive rat, Dahl salt 

sensitive rat and the transgenically modified hypertensive rat (226).  

 

Spontaneously hypertensive rats were developed in 1963 and have been used 

extensively in high blood pressure research (227). Spontaneously hypertensive rats 

have been bred from the Wistar strain without any physiological and pharmacological 

intervention to produce animals with a phenotype of high blood pressure. Hence, it 

has been commonly used in research in essential hypertension (227). In the SHR 

model it has been demonstrated that blood pressure increases with age with the 

systolic blood pressure measuring above 150mmHg at 4 weeks of age and rising to a 

constant level of approximately 170mmHg at 10 weeks (228). Hemodynamic 

alternation was also observed with the development of hypertension in these rats as 

the total peripheral resistance (TPR) did not increase at 30 days of age. However, 

there is a significant increase in the mean arterial pressure (MAP) and TPR at 80-120 

days of age (229). Additionally, SHRs also develop the complications of chronic 

hypertension such as cerebral haemorrhage, nephrosclerosis and myocardial lesions 

(225).  Consequently, this model is highly recommended for testing antihypertensive 

agents. The stroke prone spontaneously hypertensive rat was developed from SHR 

and has a high incidence of stroke. This model is used to investigate the 

cerebrovascular lesions that develop during chronic essential hypertension. Excess 

salt intake induces hypertension in both human and animal models and it has been 

reported to contribute to the development of essential hypertension (230). Hence, the 

Dahl salt-sensitive rat was developed for studying in salt-induced hypertension and 

the resultant pathogenesis in kidneys (230). As genetic alteration is involved in the 

development of hypertension, transgenic hypertension rat such as TGR(mREN2)27 
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rat was developed to demonstrate the role of the renin-angiotensin system in 

hypertension (231). SHRs are considered to be the best model for studying the 

pathogenesis of hypertension and cardiovascular disease because they spontaneously 

develop high blood pressure (76).  

 

Animal sample preparation 

 

C57BL/6 mice are a commonly used animal model for genetic studies in human 

diseases as the genome has been mapped and extensively studied. Spontaneously 

hypertensive rats and Wistar rats (normal blood pressure) are widely used as a 

putative animal model of essential hypertension as they have been reported to have a 

similar pathophysiology to the disorder in humans (104, 232). Thus, these two animal 

models were utilized in this project. This study only used male animals in order to 

eliminate excessive variability due to effect of sex hormone, oestrogen, which is 

known to affect cardiovascular function. 

 

All animals were housed in a room at temperature of 23 ± 2°C, a 12 hour light-dark 

cycle and free access to food and water at all times. Rats (10 week-old) were 

anaesthetised using pentobarbital (60mg/kg, IP). In order to obtain 2.5ml whole blood, 

cardiac puncture was performed. Blood samples were collected into PAXgene blood 

RNA tubes (QIAGEN, Australia) and stored at -80°C before processing. The animals 

were sacrificed and dissection was immediately carried out to collect tissue samples. 

Hearts were perfused with Krebs-Henseleit solution and gassed with 95% O2 and 5% 

CO2 in Langendorff mode for 10 minutes to remove blood from coronary vessels. 

Vascular tissues (thoracic aorta, renal arteries, portal vein, mesenteric vessels and 
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retina) were dissected and surrounding fat and tissues were removed. Tissues (brain, 

left ventricle and kidney) and vascular tissues from rats were then frozen using liquid 

nitrogen and were stored at -80
o
C before processing.  

 

Conscious rat systolic blood pressure 

 

Conscious rat systolic blood pressure was measured using a non-invasive blood 

pressure (NIBP) system (Figure 3.1. A). The tail cuff and the pulse transducer were 

placed at the proximal end of the tail (Figure 3.1. B, D). Data was recorded using 

theML125NIBP power lab system (Figure 3.1. C). Rats were rested in their cages for 

a minimum of 2 hours prior to measuring blood pressure in order to reduce stress-

related increases in blood pressure response. Three readings were taken and averaged 

for each rat. A Student’s t test was then performed to test whether nominal variables 

were normally distributed. Levene’s test evaluates the equality of variances between 

groups. The significance level on Levene’s test indicated unequal variance across 

cases and controls and the Student’s t test was not appropriate for the variable 

comparison. As a result of this, a Mann-Whitney U test was employed. Data is 

presented as mean ± SD and data with p values less than 0.05 considered significant. 

All statistical analyses were performed by SPSS for windows, Version 17. 

 

 



Ming-Fen Ho   101 
 

 

           Figure 3.1 Non-invasive blood pressure measurement. 

 

Human tissue samples for hypertension research 

 

Essential hypertension causes damage to many target organs causing pathological 

outcomes such as cerebral haemorrhage, retinopathy, left ventricle hypertrophy and 

nephrosclerosis (233). However in human research there are obvious difficulties in 

collecting tissues samples from those organs, although commercial cDNA samples are 

becoming available over time. Commercial human tissue cDNA or cell lines do not 

provide subjects’ details and medical history, so the researchers will not be able to use 

them when conducting a case-control study. Consequently, peripheral blood is a 

convenient substitute sample which can be used in cardiovascular disease research. 

Peripheral blood collection is less invasive than cardiovascular tissue biopsy. 

Additionally, it contains many circulating cell types, such as platelet, neutrophils and 

stem cells which may have a role in the pathogenesis of vascular disease (234). Blood 

is an ideal substitute for isolated tissues in cardiovascular disease research (235). 

Previous studies have utilised peripheral blood for gene expression profiling in 

essential hypertension (236-238). According to the criteria of participant recruitment, 
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patients currently being treated for heart disease were excluded. Cardiovascular tissue 

biopsy is not a necessary procedure for hypertension diagnosis or treatment.  All four 

ADOR subtypes are expressed in blood and as a consequence, this research project 

was designed to utilise human blood samples to detect novel splice variants in 

adenosine receptors and determine their gene expression in essential hypertension. 

Whether blood mRNA ADOR subtype expression directly reflects of blood vessel 

ADOR subtype mRNA expression remains to be elucidated, however, the results may 

indicate changes in blood cell ADOR populations which could reveal a change in the 

function of blood cell populations in hypertensive humans.   

 

Human sample preparation 

 

Participants were given a project information sheet, saliva and blood sample donation 

consent forms and a project health questionnaire, which is approved by Griffith 

University Human Experimentation Ethics Committee. The project inquiry 

questionnaire and information sheet are attached (see appendix 1-5). The research 

investigator discussed the documents and any concerns with the participants prior to 

commencing the study.  

 

The eligibility criteria for hypertensive participants was as follows: 

1. Hypertension status was defined as having a systolic blood pressure above 140 

mmHg and diastolic blood pressure higher than 90 mmHg, according to the 

criteria of World Health Organisation (239).  

Resting blood pressure was measured in a supine position using LifeSource UA-

200 Aneroid Professional Sphygmomanometer. Subsequently, a 12-lead 
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electrocardiograph (ECG) reading was obtained using a Delta 60 plus up version 

ECG machine (CARDIOLINE®, USA). This procedure was completed by a 

qualified nurse. 

2. Having a blood pressure (>140/90mmHg) on 2 consecutive visits while without 

any antihypertensive treatment or having been diagnosed with hypertension by a 

doctor and under antihypertensive treatment. 

3. Patients were aged 40-60 years and the age of onset of hypertension was <60 

years in order to eliminate the physiological effects of ageing leading to 

hypertension (240).  

4. Not currently being treated for cardiovascular disease, such as angina, cardiac 

arrhythmias or heart failure. 

5. Without a history of multifactorial diseases such as diabetes, bipolar disorder, 

coronary artery disease, Crohn’s disease, rheumatoid arthritis and cancers (241). 

6. Were non-obese: body mass index (BMI) < 30 kg/m
2
. BMI is calculated as weight 

(kg) / height (m
2
). According to the WHO,  obesity is defined as BMI >30 kg/m

2
 

and was used for the investigator to screen the eligibility of the participants during 

the phone interview (242).  

7. Previous observations have shown that waist circumference and waist-hip ratio 

(WHR) are  better risk indicators for cardiovascular disease (CVD) than BMI 

(243). The waist circumference and hip circumference was measured before 

sampling. Obesity is a risk factor for developing CVD. BMI is commonly 

employed as an index of obesity. However, body fat percentage and distribution 

was also considered as it is a risk factor for increasing the prevalence of obesity-

related disorders, such as hypertension. 

8. A non-smoker. Smoking enhances the risk of developing cardiovascular disease 
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(244). In this project, subjects were required to have no history of smoking. 

According to Australian Heart Foundation, smokers or passive smokers will have 

an increased risk of heart attack and stroke by two to six times and three times 

respectively. It also increases the risk of peripheral artery disease development by 

five times, hence smoking has been proven to contribute to the incidence of 

cardiovascular disease (244). In terms of the risk of coronary artery disease in 

smokers, it returns to similar levels as a person who has no smoking history when 

they quit smoking for at least two to six years (244, 245). Due to volunteer 

shortage, the recruitment criteria were modified. If participants had quit smoking 

for 10 years, they were recruited for the project.  

9. All were Australian Caucasians and were defined as the subjects’ parents being 

Australian Caucasian with an ancestry of European background.    

10. Having a first degree relative (parents) with high blood pressure. A family history 

of hypertension is correlated to the disorder onset occur at the age below 60 years 

(246). Consequently, we included hypertensive subjects who have a first degree 

relative (parents) with hypertension and normotensive subjects who not having a 

first degree relative (parents) with hypertension. This criteria is considered to the 

increase power of genetic analysis based on inheritance of hypertension status as 

opposed to individual blood pressure levels. 

11. A signed and dated consent is obtained from the subject prior to start participation.   

 

Control subjects have the same criteria as hypertensive individuals but they have to be 

normotensive with a systolic and diastolic blood pressure measurement below 140/90 

mmHg, without any underlying disease and first degree relatives with no history of 

CVD including hypertension. The cases and control subjects were matched for age ±5 
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years, gender and ethnicity. The exclusion criteria were for subjects diagnosed with 

secondary hypertension and those who did not sign the consent form. The participant 

recruiting workflow chart, see Figure 3.2.  

 

Blood and saliva sample will be stored at-80C freezer till processing. 

2ml saliva sample.

10ml blood sample : 3ml in RNA tube, 7ml in EDTA tube.

Centrifuge  3000rpm for15 minutes at room temperature.

Store buffy coat and plasma separately in 1.5ml eppendoff tube for further study.

Make an appointment with eligible participants to come to campus for

signing consent sheet, providing blood+saliva sample and complete an ECG test.

Initial suvey (phone interview) done by investigator to check their 

eligibility for the study

Contact with volunteers (ideally we need 10cases and 10 controls)

(try to find cases first, then match with controls) 

Advertisement

 

Figure 3.2 Subject recruitment workflow chart. 
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RNA extraction and quantification 

 

Total RNA was extracted from tissues of mice and rats. Tissues were homogenized 

using TRI reagent solution (applied biosystems, Australia) following the 

manufacturer’s instructions. Human RNA samples from saliva were collected using 

the Oragene
®
 RNA purification kit (DNA Genotec, USA). Total RNA was isolated 

using the RNeasy mini kit (QIAGEN, Australia). On column DNase digestion was 

performed using a RNase-Free DNase Set (QIAGEN, Australia) during the RNA 

isolation protocol in order to remove even small amounts of DNA in the samples. 

Whole blood (2.5 ml) from human and rats were collected and injected into 

PAXgene™ Blood RNA Tubes (QIAGEN, Australia). The RNA extraction protocol 

followed the PAXgene™ Blood RNA System instructions. The yield of RNA and the 

260/280 ratio was then measured using the Nanodrop
®
 ND-1000 spectrophotometer 

(NanoDrop Technologies, USA). Total RNA (5µg) was converted to cDNA and the 

remaining samples were dried down and stored in -80°C freezer.  

 

cDNA synthesis 

 

Total RNA was converted to cDNA using first-strand cDNA synthesis protocol with 

random primers in a 14.2µl  reaction mix containing 1ng-5µg of total RNA+ X µl  

RNase free water + 300ng of random decamer primers (Genework, Australia). The 

mixture of RNA template was incubated at 65°C for 5 minutes. Samples then slowly 

cooled down to room temperature to allow primers to anneal to the RNA. 

 

The next step was to add 2µl of 10X AffinityScript
TM

 RT buffer, 2µl of 100mM DTT, 
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0.8ul of 100mM dNTP mix, 1µl of AffinityScript Multiple Temperature Reverse 

Transcriptase (Stratagene, USA). The final reaction volume was 20µl and samples 

were incubated at 25°C for 10 minutes, then 42°C for 60 minutes and finally 70°C for 

15 minutes. cDNA samples were kept on ice for subsequent use as a template for PCR 

or stored in a -20°C freezer. 

 

Methods for detecting alternative splice variants 

 

A number of new technologies have been developed to detect known and novel 

alternative splice events. These methods including microarray platforms, such as exon 

arrays and junction arrays and are commonly used for global analyses of splicing 

products. Sequencing-based approaches such as full-length cDNA sequencing and 

EST sequencing have also been employed to detect splicing events (247). Each 

method has its limitation. Therefore, there is no single method that researchers can 

implement to identify all splice variants. As yet, there is also no single resource that 

reliably reports all specific splice forms in the literature.  

 

Microarray platforms have been used to detect the global impact of specific splicing 

factors on splicing regulation. The exon junction array is targeted to the junction 

between consecutive exons using high density oligonucleotide probes. Some probes 

are designed to target bodies and junctions of consecutive exons as well as using 

bead-based fibre-optic microarray platforms which improve the sensitivity of 

detection. These microarray-based approaches are widely employed for the detection 

of human, mouse and chimpanzee alternate splicing products (248).  
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Currently the GeneChip Exon Array is available for human, mouse and rat splicing 

product analysis. This array has the ability to identify known and novel splice variants 

and evaluate the expression of the entire transcriptome (1). To ensure high coverage 

of all transcripts for each gene, approximately 40 probes have been designed across 

the length of each gene. Additionally, this array provides a more sensitive 

measurement of gene expression than other microarrays, such as 3'-based approaches. 

The Exon 1.0 ST Array contains sequences mainly from cDNA-based content (human 

RefSeq mRNAs, GenBank® mRNA and ESTs from db EST and additional 

annotations were constructed by mapping syntenic cDNA to human, mouse and rat 

genomes via genome synteny maps from the UCSC) and predicted gene structure 

sequences (from GENSCAN, Ensembl, Vega, geneid and sgp, TWINSCAN, 

Exoniphy, microRNA Registry, MITOMAP and RNA structure predictions).  

 

When using probe design to identify splicing variants in nucleotide sequences, the 

length of exons need to be greater than 25bp and each exon requires at least one probe 

set, which contains four pair probes. Each probe consists of a 25-mer oligonucleotide. 

The probe selection region (PSR) is based on exon sequences in abundant transcripts 

and annotations (249). The length of PSR that is greater or equal to 17 nucleotides 

will have at least one pair of probes. Each probe pair is composed of a perfect match 

probe and a mismatch one. The only difference between the perfect match probe and 

the mismatch probe is the 13
th

 base substitution in order to avoid effects of cross-

hybridization (247). The PSR length for alternative splicing is set 17bp minimum. 

Consequently, the splicing sites that are altered by less than 17 nucleotides would not 

be detected by the array.  
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However, there still remains the possibility of not detecting splicing events because 

the probe sequences are designed from publicly available mRNA libraries, which 

house currently known sequences. On the other hand, numerous unknown sequences 

still exist, which limits probe design. Hence, reverse transcript polymerase chain 

reaction and sequencing ultimately needs to be utilised for validation of specific 

transcript regions (250). The microarray-based methods provide a global analysis of 

alternative splicing. This in turn guides researchers with respect to the splicing 

regulatory mechanism and how the splicing process is regulated.  

 

Using the expressed sequence tag (EST) method has the ability to detect such splicing 

variants because ESTs provide the actual transcripts that occur. Numerous studies of 

genome-wide alternative splicing have predicted alternative splice variants using EST 

or mRNA sequences (251). The EST-based approach has been debated as a single 

nucleotide polymorphism has the tendency to affect splicing. However, if the SNP is 

located in the skipped exon, it is only detected when the constitutive isoform occurs. 

Therefore, this is not an ideal method for testing allele-specific splicing forms within 

exon skipping events using the EST data (248). The major advantage of using ESTs 

for detection of alternative splice variants is that it gives exact sequence information 

for novel splice variants and suggests an evidently interpretable condition of protein 

sequences and protein structures altered (250). On the contrary, the major limitation 

for analysing alternative splicing using transcript sequences is that EST coverage is 

biased. Firstly, the EST database provides some information on tissue sources. 

However, the data is incomplete and inconsistent. Secondly, EST data often has poor 

coverage as only a small number of ESTs for a gene are available from a given tissue. 

Many ESTs for genes have been sequenced from a particular tissue and few from 
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other tissues. As the result of this, it may provide erroneous outcomes suggesting that 

the splicing form is specific to one tissue only and makes it difficult to identify tissue 

specific alternative splice variants (252). The third problem is the significantly 

different numbers of ESTs available from a variety of libraries or tissues, creating 

sample bias (250). To conclude, despite a number of techniques that are available, 

there are limitations with regards to the discovery of ASVs. The main aim of this 

project was to identify novel splice variants in single genes. All of the genes for the 

adenosine receptor subtypes were investigated in three species. A sequencing-based 

approach was chosen as it provided accurate DNA sequencing information and was 

more cost effective.  

 

Primer design 

 

The polymerase chain reaction (PCR) is based on the concept of artificially speeding 

up replication of segments of DNA. It results in the amplification of a particular DNA 

fragment in a short period time. The region to be amplified is based on the binding 

sites of the forward primer and the reverse primer. The length of the primer is ideally 

18 to 22 base pairs (bp). Short primer length (8-11bp) which has multiple annealing 

sites may yield many nonspecific products. However, an increase in primer size does 

not indefinitely increase the specificity. It will decrease PCR efficiency during 

annealing and the exponential steps to reduce the amount of PCR product (253).  

 

The following steps are used for primer design. Firstly, an abbreviation of the gene 

name is used to check the transcript sequence on the EBI website 

(http://www.ebi.ac.uk/astd/main.html). Secondly, the transcript sequence is confirmed 
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following alignment to the sequence from the NCBI Ace View website 

(http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/). Thirdly, in order to detect 

splice variants for each receptor, the entire mRNA sequence needed to be amplified 

using the complete wild type sequence covering the first exon to the last exon of the 

gene. The exon boundaries were specifically targeted as splicing variants are reported 

to have deleted or inserted sequences around these sites. Additionally, each amplified 

segment may have some degree of overlap in order to confirm the sequencing result. 

The primers were then designed with annealing temperatures of 60°C. To calculate 

the Tm (melting temperature) of primers the following formula was used: 

 

Tm = 4*(G+C) + 2*(A+T)-5. 

 

Then, the “BLAST” website (http://blast.ncbi.nlm.nih.gov/Blast.cgi) was utilised to 

ensure the primers specifically targeted the desired species and gene. Finally, to 

confirm secondary structures and make sure they will not bind to each other, the 

DINAMELT website was implemented (http://dinamelt.bioinfo.rpi.edu/quikfold.php). 

The results from the DINAMELT program provided delta-G values and the melting 

temperature for the primers. The higher the Delta-G value, the better the primer 

sequence as it indicates the primers will not form hairpins or other primer structures. 

It is recommended that the delta G value be greater than -1. 

 

5´RACE technique 

 

To allow the identification and sequencing of mRNA fragments not listed on websites 

the rapid amplification of cDNA ends (RACE) was designed to amplify full length 
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capped mRNA based on PCR techniques. 5’RACE was conducted using the 

FirstChoice
®
RLM-RACE kit (Ambion, Australia) and the experiment protocol 

followed manufacturer’s instructions.  

 

Cloning and sequencing of PCR products 

Preparation of E.coli competent cells 

 

Escherichia coli (E.coli) from a frozen stock was streaked out and plated on to a fresh 

luria-bertani (LB) plate, then incubated overnight at 37°C. A single colony from the 

LB plate was picked and incubated in 5ml LB medium. The sample was kept in the 

shaker (220-280rpm) at 37°C overnight. A second subculture was made, where cells 

were added 100 ml LB medium and placed on the incubator shaker (220-280rpm) at 

37°C and allowed to replicate until the medium had an optical density (OD) at 550nm 

of 0.48.  As soon as the competent cells reached the ideal OD value, the bacteria 

culture was chilled on ice immediately for 10 minutes and centrifuged for 5 minutes at 

4°C at 4000rpm. 

 

After discarding the supernatant, cells were resuspended in 40ml of ice cold TBF1 

solution and placed in ice for another 5 minutes, then centrifuged for 5 minutes at 4°C 

at 4000rpm. Cells were resuspended with 4ml ice-cold TBF2 solution subsequently 

placed on ice for 15 minutes. Finally, 200µl of competent cells were aliquoted in 

1.5ml tubes and stored at -70°C.   
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Preparation of PCR products for cloning 

 

PCR products were extracted using a gel purification kit (QIAGEN, Australia). Gels 

were excised under UV light and the gel slice was subsequently weighed in a 1.5ml 

tube. 400µl Buffer QG was added in the tube and incubated at 50°C for 10 minutes. 

During the incubation, the product was placed in a vortex every 2 minutes in order to 

completely dissolve the gel slice. 10µl of 3M sodium acetate pH 5.0 was used to 

adjust the pH of the mixture which altered the mixture colour from orange to yellow. 

Isopropanol (100µl) was added to the solution to increased the yield of DNA if the 

PCR size is less than 500bp or greater than 4kb. The mixture was then transferred to a 

QIAquick spin column and centrifuged for 1 minute at 13000rpm. The flow-through 

was discard, then 500µl Buffer QG was added to the column and recentrifuged for 1 

minute. Subsequently a wash step, 750µl of Buffer PE, was added to the column and 

incubated on the bench top for 5 minutes before centrifuging. To elute the samples, 

the column was placed in a new 1.5ml tube, 30µl of DNA free water was added to the 

membrane in the column then incubated on the bench at room temperature for 1 

minute before centrifuging. In order to obtain a better yield of DNA, the elution step 

was repeated. Purified PCR product concentrations were measured using the 

Nanodrop® ND-1000 spectrophotometer.  

 

Following gel isolation of the purified PCR products, a ligation reaction (Table 3.1) 

was performed using the pGEM'®-T Easy Vector and T4 DNA ligase (Promega, 

USA). The insert: vector ratio was required to be 3:1 to start the optimisation 

procedure. ). The insert and vector ratio was calculated by the formula below. 

[(X ng of vector * Y kb size of insert) / Z kb size of vector] * insert: vector ratio 
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In order to obtain the maximum number of transformants, ligation reactions were 

incubated at 4°C overnight. 

 

Table 3.1. Ligation reaction.  
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Transformation of high efficiency competent cells  

 

Ligation reaction mixture (2µl) was transferred to a sterile 1.5ml eppendorf tube on 

ice, while the competent E.coli cells on ice for 5 minutes. As competent cells have 

fragile cell walls, vortexing was avoided and cells were mixed by gently flicking the 

tube. Competent cells (50µl) were added to each sample and placed on ice for 20 

minutes in order to enhance DNA binding to the outer cell walls. The cells were heat-

shocked for 45-50 seconds in the water bath at exactly 42°C so that membranes 

became more porous to allow entry of the ligated PCR products. After the heat-shock 

process, samples were placed in ice for 2 minutes. SOC medium (950µl) at room 

temperature was added to the samples and incubated 1.5 hours at 37°C in an incubator 

shaker (~250rpm). Transformation culture (100µl) was applied to a plate that 

contained LB, ampicillin, IPTG and X-gal and incubated at 37°C overnight. Four 

colonies were chosen (2 white and 2 blue) and placed separately in 10ml tubes with 

5ml LB broth. Each colony was incubated at 37°C overnight (16-20 hours) in the 

incubator shaker (~220rpm). The transformation culture is plated on 

LB/Ampicillin/IPTG/X-gal medium to help identify which cells had taken up the 

recombinant plasmid. Cells without the plasmid were unable to grow on medium with 

ampicillin. Cells with a functional LacZ gene can convert X-gal to X+gal. 

 

 

  

 

Cells which produce ß-galactosidase form blue colonies. On the other hand, cells 

which are able to grow on ampicillin without ß-galactosidase production form white 

  X-gal                                   X+ galactose 

(white)    β-galactosidase          (blue) 
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colonies. Plasmid DNA was extracted using Miniprep kits (Bio-Rad, Australia) and an 

EcoRI restriction reaction was used to confirm the recombinant cloned into the vector.  

 

Sequencing of DNA segments 

 

DNA sequencing was conducted using Big Dye Terminator (BDT) chemistry version 

3.1 (Applied Biosystems) and Applied Biosystems 3730xl capillary sequencer. The 

sequencing reaction contains 800ng plasmid DNA, 9.6pmol primer, 1µl of BDT v3.1, 

1.5µl of 5X BDT dilution buffer and MilliQ water up to 10µl. The thermal cycling 

conditions started at 96
o
C for 1 minute, followed by 30 cycles of 96

o
C for 10 seconds, 

50
o
C for 5 seconds and 60

o
C for 4 minutes. Then, samples were cooled to 4

o
C for 5 

minutes and the protocol was completed with a final step at 10
o
C for 5 minutes. 

 

Gene quantification  

 

An alteration in the level of mRNA levels for any given gene will modify the amount 

of synthesized protein (254). Many techniques are available for profiling gene 

expression, such as microarray analysis, northern blotting, in situ hybridisation and 

quantitative real time PCR analysis (255). Although the microarray platform has a 

higher gene coverage, the quantitative target transcript results still require validation 

by an alternative method and real time PCR is the most common approach used (256).  
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Quantitative RT-PCR (qRT-PCR) 

 

Quantitative RT-PCR, also known as real time PCR, allows absolute quantification or 

relative quantification for the mRNA expression of specific genes in PCR reactions.  

Absolute quantification determines copy number and the absolute amount of target 

nucleic acids using a standard curve, whereas in relative gene expression the target 

gene is measured relative to a reference gene and the 2
-∆∆Ct  

method is the most 

frequently employed method for data analysis (257). Nonetheless, it is still 

controversial as to which strategy is the best to quantify the exact mRNA in terms of  

qRT-PCR (258).  

 

DNA dye-binding (SYBR Green, Eva Green) assay is commonly used in real time 

PCR because it is a cost effective, close-tube system that has no requirement of post-

amplification manipulation (258). The fluorescent dye binds the double stranded DNA 

so it displays little fluorescence during the denaturation phase. More fluorescence can 

be detected following the polymerization step as the fluorescence dye binds to newly 

synthesized DNA (256). In this regard, the amount of DNA can be measured using the 

fluorescent dye signal following the elongation step at the end of each cycle, see 

Figure 3.3 (256). In terms of the double stranded DNA binding dye, it is non-selective 

and binds any double stranded DNA in the reaction, including primer dimmer and 

non-specific PCR products (259). To increase the specificity, the primers need to 

target the gene of interest only (260).  
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Figure 3.3 Real time PCR Eva Green dye binding chemistry. 
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The PCR reaction comprises three phases as follows: the exponential phase, the linear 

phase and the plateau phase (see Figure 3.4) (261). It is assumed that the PCR reaction 

reaches 100% efficiency during the exponential phase as all of the reagents are 

available to double the amplicon at each cycle. The fluorescence signal reaches a 

threshold at a particular cycle number which is known as the threshold cycle (Ct) or 

crossing point (Cp). This value is a precise and more accurate for quantifying the 

abundance of the mRNA in the qRT-PCR reaction (257). The linear phase has higher 

variability, given that reagents are being consumed and this reduces the amplification 

efficiency. Subsequently, the PCR product is not precisely doubled at each cycle in 

this phase. The plateau phase is reached due to reaction component limits and no 

further PCR product is formed. In this phase, each sample will reach different end-

point amounts of PCR product due to different kinetics. This is known as end-point 

detection where traditional PCR methods takes their measurement (262). 

 

 

                          

Figure 3.4 The measurement of PCR product using fluorescent dyes as the PCR 

reaction proceeds over multiple cycles. 

Plateau phase 

Linear phase 

Exponential phase 

Baseline 

Threshold 
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PCR data normalization  

 

Normalisation remains a problematic aspect for qRT-PCR data analysis since there is 

no standard protocol for data normalisation (263). In order to correct sample-to-

sample variation, there are several characteristics to be considered to normalise the 

data, including matching sample size, inputting the same amount of RNA, 

normalising against genomic DNA and using an endogenous reference gene (264). 

Housekeeping genes are referred to internal control genes for qRT-PCR. Internal 

control genes such as 18S rRNA, 28S rRNA, Glyceraldehyde -3- phosphate 

dehydrogenase (GAPDH), beta actin (ACTB), beta-2-microglobulin (B2M) are 

frequently use for research purposes. These genes should not have varying expression 

levels in all cell type and tissues to be studied (195, 265).  As internal reference genes 

are commonly used to normalise the mRNA level (256), an ideal internal reference 

gene has to be expressed at a constant level at all times. Thus, the Ct values for a 

given reference gene should not be significantly different in between cases and 

controls, which is an assumption of the 2
-∆∆Ct 

method (266). In addition to the 

selection of reference genes, it is crucial for data normalization as it alters the 

experimental results when the wrong reference gene is implemented (263). A multiple 

reference gene method is also recommended in order to observe the expression 

variation (195). When small expression differences are found, it is suggested that 

three to five reference genes be used to normalise the expression results (267). 
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Amplification efficiency 

 

The exponential amplification efficiency (E) value should be approximately 2. This 

value is calculated using the equation: E= 10
(-1/slope) 

(258). If the slope is -3.32, the 

PCR reaction will reach 100% efficiency, as the PCR product exactly doubles at each 

cycle.  

E= 10(-1/-3.32) = 2 = 100% efficiency 

The amplification efficiency of the gene of interest and the reference gene should be 

within 10% of each other (257). The E rate needs to be evaluated sample-by-sample. 

However, this method is not only time consuming but also laborious (268).   As the 

values vary between samples due to various inhibitors of RT or PCR protocols, a 

serial dilution of pooling cDNA in triplicate can be used as an alternative approach to 

determine the amplification efficiency rate. Usually a 5-fold dilution is recommended. 

The pooling dilution method generates constant data , however, it may overestimate 

the efficiency value if E is greater than 2 (269).  

 

Melt curve analysis 

 

When performing real time PCR, melt curve analysis is required to determine the 

specificity of the amplification product (266). If more than one peak occurs in the 

melt curve then agarose gel electrophoresis can be implemented to distinguish 

whether the expected PCR product size is obtained and the second peak on the melt 

curve is primer dimmer or non-specific products (see Figure 3.5. A and B) (270). 
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Figure 3.5 Panel A:  Real time PCR melt curve analysis. Panel B: Agarose 

electrophoresis of PCR products demonstrating  the presence of specific product 

and primer dimer. M: 50bp DNA ladder.  

 

Data analysis of mRNA relative quantification 

 

To quantify changes in gene expression, a comparative Ct method also referred to as 

the 2
-ΔΔCt 

approach is commonly implemented. Several assumptions need to be met 

before the application of this method. The E value must be close to two and no 

significant difference between the gene of interest and the reference gene (257, 258, 

266). Results are generated using the equation below and a diagrammatic 

representation of the analytical process can be seen in Figure 3.6:  

2
-ΔΔCt 

= 2
-(Ct target gene - Ct calibrator) treated – (Ct target gene - Ct calibrator) control

 (271) 

A 

primer dimmer 

primer dimer 

B 

specific product 

specific product 

M 

250 

50 
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A-B = ∆∆Ct 

Fold change = 2
-ΔΔCt

 

Figure 3.6 The schematic diagram showing how the 2
-ΔΔCt 

calculation is 

performed. The ΔCt value is measured from the amplification curve as indicated 

by the green and red lines at the point the curve become linear.  

 

There are many statistical methods that can be applied to evaluate differences in gene 

expression between two groups, such as paired or unpaired Student’s t test, Mann-

Whitney U test and Wilcoxon signed-rank test (268). Alternatively, the relative 

expression software tool (REST) can be utilised to address the relative expression 

ratio based on the E value and Ct value of the gene of interest and the reference gene. 

Multiple internal control can be applied, see the equation below (272).  

Ratio= (ETarget) 
∆Ct Target (mean control-mean sample)

 / (ERef) 
∆Ct Ref (mean control-mean sample) 

 

Treated sample 

Control sample Control sample 

Treated sample 

A: Treated sample ∆Ct 

B: Control sample ∆Ct 
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The software provides means, p values and confidence intervals for expression ratios 

and inferring up-regulation or down-regulation. Additionally, a whisker-box plot can 

be generated from the data (273). 

 

Semi-quantitative analysis of protein expression 

Tissue protein extraction 

 

Tissue samples were placed on ice, then added to 1ml of NP40 buffer (150mM 

sodium chloride, 1.0% Triton X-100 and 50mM Tris, pH 8.0), mixed with 10µl of 

protease inhibitor cocktail (100mM AEBSF-HCl, 80µM Aprotinin, 5mM Bestatin, 

1.5mM E-64, 0.5M EDTA, 2mM Leupeptin, 1mM Pepstatin A) and 10µl of EDTA. 

Samples were homogenised, then incubated on ice for 45 minutes and shaken 

vigorously every few minutes. Following centrifugation at 12000g for 20 minutes at 

4
o
C, the supernatant was moved to a new eppendorf tube. Protein samples were 

quantified using Pierce
® 

BCA Protein Assay Kit (Thermo scientific, USA). The 

nanodrop 2000/2000c spectrophotometer was utilised to measure the protein 

concentration. In order to prevent protein denature, an equal volume of 2X Laemmli 

sample buffer (Bio-Rad, Australia) was added in the samples then boiled it for 5 

minutes. Protein samples were stored at -80
o
C till needed. 

 

Western blotting technique 

 

Proteins were separated according their molecular weight using sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The gel percentage depends 
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on the size of protein (see Table 3.2) (274). After the SDS-PAGE gel was completed, 

proteins were transferred to nitrocellulose membrane. Ponceau red staining was 

utilised to ensure successful of transfer (Bio-Rad, Australia). The membrane was then 

incubated in blocking buffer (10mM Tris-HCl, 0.15 M NaCl, 0.05% tween-20 plus 

5% skim milk) at room temperature for an hour. The membrane was then incubated 

with primary antibody for 1 hour and mixed on a bench top rocker. In order to remove 

residual primary antibody, the membrane was washed with TBST buffer (10mM Tris-

HCl, 0.15M NaCl, 0.05% tween-20) for 5 minutes on a bench top rocker. 

Subsequently, the membrane was incubated with secondary antibody for 1 hour at 

room temperature with mixing. The membrane was then washed several times in 

TBST while agitating for 5 minutes to remove residual secondary antibody. Finally, 

the membrane was incubated using Pierce
®
 ECL western blotting substrate (Thermo 

scientific, USA) and then visualised using AlphaVIEW SA (Alpha Innotech 

Corporation,CA). 

Table 3.2 SDS-PAGE gel percentage depending on the protein molecular weight.  

Gel percentage (%) Molecular weight of the protein (kDa) 

8 25-200 

10 15-100 

12.5 10-70 

15 12-45 

20 4-40 
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Chapter 4 

 

The identification of a new adenosine A3 

receptor splice variant in human peripheral 

blood mononuclear cells 
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Introduction 

 

Adenosine is an adenine nucleoside which binds at least four subtypes of adenosine 

receptor: ADORA1, ADORA2A, ADORA2B and ADORA3 (275). Adenosine receptor 

agonists and antagonists have many potential clinical applications such as for pain 

control, bronchodilation, anti-arrhythmic and anti-coagulation therapy (102, 276). 

However, ADOR agonists are not commonly utilised for the treatment of many 

pathophysiological conditions due to their side effects (145). Currently the only 

clinical use for adenosine and dipyridamole for myocardial perfusion imaging 

including single photon emission computed tomography (SPECT), positron emission 

tomography (PET) and magnetic resonance imaging (MRI) (145). Adenosine can be 

used for safe and rapid assessment of vasodilator and is an effectively treat patients 

with pulmonary hypertension (277). However, these agents cause bronchospasm and 

AV nodal conduction block. Due to lack of specificity, more selective drugs are 

required. Receptor pharmacology is complex. Hence, the selectivity of the ligands is 

crucial for developing novel drugs. Another consideration is the possible existence of 

alternative splice variants (ASVs). It has been reported that the ADORA2A agonist 

mediates vasodilation (278). Two selective ADORA2A agonist compounds: 2-[p-(2-

carboxyethyl)phcnethyl-amino]-5′-N-ethylcarboxamidoadenosine (CGS-21680) and 

2-[(2-cyclohexylethyl)amino]adenosine (CGS-22492) stimulate relaxation of human 

coronary arteries (279). Interestingly, the non-selective adenosine analogue: 5′-N-

ethylcarboxamidoadenosine (NECA) induces greater vasodilation at lower 

concentrations when compared to CGS-21680 and CGS-22492 (279). Possibly there 

are other ADOR isoforms, such as alternative splice variants that promote vessel 
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relaxation. Alternative splice variant can undergo post-translational modification and 

or to interact with accessory proteins and change the ligand binding affinity.  

 

The formation of alternative splice variants is a complex process, where pre-mRNA 

can form a diverse range of mature mRNAs. Alternative splice variants are classified 

into five basic patterns, including cassette alternative exons, intron retention, 

alternative donor (5´) or acceptor (3´) site and mutually exclusive exons (280). It is 

estimated that approximately 74% of human genes contain alternative splice events 

(213, 281). Alternative splicing causes a single gene to be expressed in multiple 

isoforms, each with a distinctive function. The function and distribution of ADOR 

splice variants in humans are still unclear. Differences in exon sequences may alter 

translation and will generate new sequences and protein products, which may affect 

signalling pathways and phenotypes (1). Additionally, the two dopamine receptor 

variants are differentially coupled to G proteins via inhibiting the cAMP responsive 

promoter (282). Functional ASVs are  associated with many human diseases such as 

cancers (283, 284), mental disorders (285) neurodegeneration disorders (286) and 

heart disease (287). However, the physiological mechanism behind ASV mediating 

genes and signalling pathways and its involvement in human disease remain to be 

studied. Moreover, ASVs often occur in a tissue-specific mode. Thus, this project 

aims to detect novel ASVs in ADOR subtypes in humans using blood and saliva 

cDNA samples and PCR based techniques.  
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Methods and materials 

 

Ethics statement 

 

The study protocol complied with Australian Ethical Standards and was approved by 

the Griffith University Ethics Committee. All study subjects were provided with an 

information sheet and an informed consent form to sign prior to the collection of 

samples and participating in the study. 

 

Isolation total RNA from and human blood and saliva 

 

Venous blood samples (2.5 ml) were collected using PAXgene tudes. Samples were 

stored in -80°C freezer before extraction. Total RNA was extracted using the 

PAXgene blood RNA system (QIAGEN, Australia). Human RNA samples from 

saliva were collected using the Oragene
®
 RNA for expression analysis self-collection 

kit (DNA Genotec, USA). To purify the saliva sample, a 500ml aliquot was initially 

incubated at 90°C for 15 minutes, then 20µl of neutralizer solution was added and 

incubated again on ice for a further 10 minutes. Following centrifugation at 13000g 

for 3 minutes, the supernatant was collected and 1ml of cold 95% ethanol was added. 

Samples were then incubated at -20°C for 30 minutes. The sample was centrifuged at 

13000g for 3 minutes and the supernatant carefully discarded. The pellet was 

subsequently dissolved in buffer RLT, then 350µl of 70% ethanol was added. Samples 

were immediately purified using the Qiagen RNeasy sample purification kit 

(QIAGEN, Australia). 
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Reverse Transcription and cDNA Synthesis 

 

The yield of RNA and the 260/280 ratio was measured using the Nanodrop
®
 ND-1000 

spectrophotometer (NanoDrop Technologies, USA). Total RNA approximately 5µg 

was converted to cDNA using random decamer primers (Geneworks, Australia) and 

AffinityScript
TM 

multiple temperature reverse transcriptase (Stratagene, USA). 

 

Primer design and PCR amplification 

 

The ADOR transcripts were amplified by reverse transcript PCR. Schematic diagrams 

demonstrating primer design for the ADORs can be seen in Table 4.1. These figures 

present the exon-intron boundary, PCR primer positions and primer sequences. In 

order to obtain more specific PCR products, hemi-nested PCR was conducted. The 

PCR thermocycle conditions were conducted with an initial denaturnation step of 

95
o
C for 5 minutes, followed by 40 cycles of 95

o
C for 30 seconds, the annealing 

temperature for 45seconds, 72
o
C for 60 seconds and completed with a final extension 

step at 72
o
C for 5 minutes. After the PCR amplification procedure, 1.5µl of the PCR 

product from first PCR reaction was utilised as DNA template in the second PCR 

reaction and performed the same thermocycle condition in order to increase the 

specificity. Negative control samples that contained no cDNA template were 

implemented in every PCR reaction. Agarose gels (2%) containing ethidium bromide 

(4µg/100ml) were used to visualised PCR products under ultraviolet (UV) light. The 

gel photographs were obtained with the AlphaView SA software (Alpha Innotech, 

San Leandro, CA). PCR fragments were excised from agarose gel and purified using 

gel purification kit for further experiments (QIAGEN, Australia).  
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5´Rapid amplification of cDNA ends (RACE) 

 

Rapid amplification of cDNA ends was designed to amplify full length capped mRNA 

based on PCR techniques. The 5´RACE technique was accomplished using the 

FirstChoice
®
RLM-RACE kit (Ambion, Australia). The 5´RACE reaction was 

performed using 10µg total RNA from pooled blood sample. RNA processing, reverse 

transcription and nested PCR for 5´RLM-RACE were carried out using 

manufacturer’s instructions. The outer and inner primer sequences can be seen in 

Table 4.1. Amplification was performed with an initial denaturnation step of 94
o
C for 

3 minutes, followed by 40 cycles of 94
o
C for 30 seconds, 60

o
C for 30 seconds, 72

o
C 

for 30 seconds and completed with a final extension step at 72
o
C for 7 minutes. PCR 

products were visualised by a 2% agarose gel stained with ethidium bromide. Gels 

were excised under UV light. PCR products were extracted using a gel purification kit 

(QIAGEN, Australia). The PCR products were subsequently cloned into the 

pGEM'®-T Easy Vector (Promega, USA). Plasmid DNA was extracted using 

Miniprep kit (Bio-Rad, Australia) and an EcoRI restriction reaction was used to 

confirm the recombinant cloned into the vector. DNA sequencing was then conducted 

using Big Dye Terminator (BDT) chemistry version 3.1 (Applied Biosystems, 

Australia) and Applied Biosystems 3730xl capillary sequencer. 
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Table 4.1 Design of ADORs primers for reverse transcription PCR. 

 

 

Human ADORA1 primers  

NM_000674 

 

 

 Primer 

position 

Sequence 5´-3´ Annealing 

Temperature (℃) 

PCR size 

A hA15 Fw GTGTCAGAAGTGTGAAGGGTG 59 160bp 

B hA1144 Rev CTGACTGTTCTGTCCAAGTGC 59 

C hA1142 Fw GGGCACTTGGACAGAACAGTC 64 622bp 

D hA1263 Fw GCTGCCGCGCGTTGTCCAG 62 

E hA1842 Rev GCACTCAGATTGTTCCAGCCAA 62 623bp 

F hA1443 Rev GCCTGGAAAGCTGAGATGGA 64 299/144bp 

 

 

Human ADORA2A primers  

NM_000675 

 

 Primer position Sequence 5´-3´ Annealing 

Temperature (℃) 

PCR size 

A hA2A 4 Fw GCCTGTGTACATGTGAGCAGC 60 776bp 

B hA2A 1143 Rev GTGACTTGGCAGCATGGACC 60 913bp 

C hA2A 25  Fw CTGGTTTCAGGAGACTCAGAG 60 530bp 

D hA2A760  Rev CGGATGGCAATGTAGCGGTC 60  

 

 

 

 

 

Exon 1 Exon 3 Exon 4 Exon 5 Exon 6

C

D

E

E

A B C F

2

Exon 1 Exon 2

C D

A D

C B

Exon3
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Human ADORA2B primers  

NM_000676 

 

 

 

 

 Primer position Sequence 5´-3´ Annealing 

Temperature (℃) 

PCR size 

A hA2B15 Fw TTATCCGCCGCCACCAAGA 57.6 1069bp 

B hA2B1064 Rev GCACAGGTAACCAGCACAGG 57.6 

C hA2B553 Fw ACTTCTACGGCTGCCTCTTC 56 239bp 

D hA2B772 Rev GTTGTTGGTGGCACTGTCTT 56 

E hA2B848 Fw GCTGCCTTGTGAAGTGTCTC 56 402bp 

F hA2B1211 Rev TGTAGCGGAAGTCTCGGTTC 56 

G hA2B1213 Fw ACCGAGACTTCCGCTACAC 56 545bp 

H hA2B1738 Rev GTCACCTTCCTGGCAACAAG 56 

 

 

 

 

Human ADORA3 primers  

NM_000677 

 

 

 

 

 

 

 Primer 

position 

Sequence 5´-3´ Annealing 

Temperature (℃) 

PCR size 

A hA3 214 Fw TGATCCTGCACTGTCCTCTG 59 674 

B hA3 866 Rev GTTCAGCTTGACCACGCAGAT 59 

C hA3 1108 Fw TTACCGTCAGATACAAGAGG 57 730 

D hA31837 Rev CAGTGGAAGTAATCAAGGATG 57 

E hA3 989 Fw GGGCATCACAATCCACTTCT 60 139 

F hA3 1027 Rev CCTCTTGTATCTGACGGTAA 60 

G hA3 1159 Rev AGGGCCAGCCATATTCTTCT 60 171 

H hA3 512 Rev CATCCTCAAGTTTCCAGAATGC 59  

I hA3512  Fw GCATTCTGGAAACTTGAGGATG 60  

J hA31010 Rev GTAGAAGTGGATTGTGATGCCC 60  

 outer 1027 Rev CCTCTTGTATCTGACGGTAA 60  

 inner 866 Rev GTTCAGCTTGACCACGCAGAT 60  

 

Exon 1 Exon 2

A B

C

FE

D

G H

Exon 1 Exon 2

C

BA

D

E F

G

D
E

E
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Results  

 

RNA samples from human saliva and blood were extracted and converted to cDNA 

for PCR analysis. However, in human saliva cDNA samples the ADOR subtypes were 

very lowly expressed and could not be detected using conventional PCR (see Figure 

4.1). As a result of this, human blood cDNA was chosen for further experiments to 

detect any novel ASV in ADOR subtypes. 

 

 

 

 

 

 

 

 

Figure 4.1 PCR product of hADORA2A. 

M: 100bp ladder, 

1:1/10 dilution of human saliva cDNA,  

2:1/100 dilution of human saliva cDNA, 

3: 1/100 dilution of human blood cDNA,  

4: 1/100 dilution of human brain cDNA,  

5: 1/100 dilution of universal human reference RNA. 
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Identification of hADORA1 splice variants 

 

To identify novel hADOR splice variants, known transcripts were utilised to design 

primers to detect known and unknown transcripts which could be potential alternative 

splice variants. PCR was implemented and the sequencing results suggest that no 

novel alternative splice variant was detected in human blood samples for the 

ADORA1 subtype.  

The forward and reverse primers of the human RNA sequence for the ADORA1 were 

designed in exon 3 and exon 5 respectively (see Figure 4.2A and B). Our result 

confirmed that a mutually exclusive splicing variant occurred in the human ADORA1, 

where a 154bp sequence in exon 4 was deleted as reported in 1994, see Figure 4.2A 

(104).  

 

 

 

 

 

 

 

 

 

 

 

 

             M                    D-E    M       C-F 

hADORA1 

   A.    B. 

500 
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400 
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1000 
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Figure 4.2A PCR products of hADORA1 

primer sets C-F (299/145bp) in human 

blood sample. M: 100bp ladder. The 

amplicon (145bp) confirming the exon 4 

sequence is deleted as the arrow indicated. 

 

Figure 4.2B PCR products of 

hADORA1 primer set D-E (623bp). 

M: 1Kb ladder. 

 

 

ASV 
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Identification of hADORA2A splice variants 

 

An ASV of the ADORA2A was not detected in human blood cDNA as clear-cut single 

PCR product bands were demonstrated using agarose gel electrophoresis (see Figure 

4.3). 

 

 

 

hADORA2A 

  

 

 

 

 

 

 

 

Figure 4.3 PCR product using primer sets A-D (776bp), C-D (530bp) and B-C 

(913bp) in human blood. M: 1Kb ladder.   

 

 

 

 

 

C. 

M     A-D   C-D   C-B 

1250 
1000 
750 
500 

250 

1250 
1000 
750 
500 

250 



Ming-Fen Ho   137 
 

Identification of hADORA2B splice variants 

 

There were no unusual PCR products produced using the designed gene specific 

primer sets indicating no new potential ASVs for the ADORA2B in cDNAs from 

human blood (see Figure 4.4).  

 

 

 

 

hADORA2B 

  

 

 

 

 

 

Figure 4.4 PCR product of primer sets A-B (1069bp), C-D (239bp), E-F (402bp) 

and G-H (545bp) in human blood cDNA. M: 1Kb ladder. 
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Identification of hADORA3 splice variants 

 

Probing the published exon 1 sequence with the primer set A-B showed that the initial 

sequence for the hADORA3 could not be amplified in universal human reference 

RNA (UHRR) and human blood cDNA. However, it was amplified in genomic DNA 

samples (see Figure 4.5A) and analysis of the nucleotide sequence showed the PCR 

product was specifically targeted for the hADORA3. As a result of this, it is 

hypothesized that an alternative splice variant may occur in the transcript. 

Nonetheless, the primer sets C-D, E-F, E-G and E-D were successfully amplified in 

human blood cDNA, showing that human blood cDNA templates were present in 

adequate levels for amplication of the gene using PCR (see Figure 4.5B). 

Consequently, the primer sets A-H and I-J were designed to detect the alternative 

sequence (see Figure 4.5C).  The primer sets A-H and I-J generated a correct PCR 

product size in both genomic DNA and blood cDNA samples (see Figure 4.5D and 

E). In addition to the sequencing result, it also indicated that all primer sets were 

exclusively targeting the gene. The PCR results did not specifically detect the location 

of ASV in human ADORA3 gene. Consequently, the 5´RACE technique was 

implemented to determine the 5´ terminal sequence in exon 1.  

 

A schematic diagram demonstrating primer design for 5´RACE can be seen in Figure 

4.5F.  The products of the 5´RACE experiment were run on a 2% agarose gel. Two 

PCR products were produced from the inner primer PCR reaction and the positive 

control was also amplified using the gene specific forward and reverse primer that 

targeting on exon 1 (see Figure 4.5G). The two PCR products generated from 

5´RACE reaction were subsequently cloned and sequenced. The two nucleotide 



Ming-Fen Ho   139 
 

sequences matched to human ADORA3 mRNA transcript using the NCBI BLAST 

program. Additionally, sequencing of the small PCR fragment showed that a 

nucleotide deletion occurred in the 5´ end of the mRNA transcript and the sequence 

started from 659 nucleotide (nt), see Figure 4.5H and I. Hence, this study has detected 

a novel alternative splice variant in human ADORA3. The nucleotide sequence has 

been submitted to GenBank (accession number: JN855714). Analysis of the 5´ 

untranslated end of the ADORA3 using the genomatix software suite v2.4 found no 

known promoter site in this transcript. 
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hADORA3 

 

 

 

  

    

 

 

 

Figure 4.5A PCR product of primer sets C-D (730bp) in human blood sample 

and A-B (674bp) in UHRR (column 3), genomic DNA (column 4) and human 

blood cDNA (column 5). M: 100bp ladder.  

 

 

 

 

 

 

 

 

Figure 4.5B The PCR product of primer sets E-F (139bp), E-G (171bp) and E-D 

(849bp) amplified in human blood cDNA. M: 100bp ladder.  
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Figure 4.5C Schematic diagram demonstrating primer design for the exon 1 of 

hADORA3.  

 

 

 

 

 

 

 

 

Figure 4.5D The PCR product of primer set A-H (299bp) in column 1: human 

blood genomic DNA, column 2 and 3: human blood cDNA. M: 100bp ladder. 

 

 

 

 

 

 

 

Figure 4.5E The PCR product of primer set I-J (499bp) in column 2: human 

blood genomic DNA and column 3: human blood cDNA. M: 100bp ladder.  
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Figure 4.5F Schematic diagram demonstrating primer design for the 5´RACE 

reaction.  

 

 

 

 

 

 

 

 

Figure 4.5G PCR products generated from 5´RACE reaction. Column 2: the 

inner primer PCR reaction that generated 2 PCR products as arrows indicated 

(~900bp and 250bp). Column 3: positive control where the gene specific primer 

set C-D was used. M:100bp ladder.  
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Figure 4.5H The sequencing result of the small fragment (~250bp) from the 

5´RACE reaction, indicating part of exon 1 sequence spliced out as the sequence 

started from 659 nt of the hADORA3 transcript.  

 

 

 

 

 

Figure 4.5I Nucleotide and amino acid sequence of human ADORA3 receptor.   

H 

vector sequence          hADORA3 sequence          

Chromatogram 
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splice variant start site, 659nt I 
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Discussion 

 

The purpose of this study was to investigate the occurrence of alternative splice 

variants in ADOR subtypes in human blood and saliva. Previous studies indicated that 

dysfunctional alternative splicing leads to pathological conditions, such as 

hypertension, heart failure and myocardial infarction (3). Multiple transcriptional 

mRNAs changes from a single gene may occur. As a result, these can be translated 

into various protein types with different functions and structures (223).  

 

This study collected both peripheral blood sample and saliva sample from subjects in 

order to test whether the splice variant expressed in a tissue-specific manner. Saliva 

samples are noninvasively acquired bio-specimen and no phlebotomy required, which 

is an advantage for children and elderly people. However, saliva samples may not be 

able to support mRNA expression studies because the false positive signals derived 

from DNA contamination from different organisms (288). Adult saliva generally 

harbours bacteria and viruses and the RNA purification kit used in this study is non-

selective for human over bacteria and yeast. Kumar and co-authors reported that the 

signals of mRNA expression studies, based on microarray and qRT-PCR in human 

saliva, arise from genomic DNA rather than RNA (288). On the contrary, Hu and 

colleagues reported that the exon array signals corresponded to qRT-PCR results 

using saliva samples (289). In the present study, we found ADOR subtypes could not 

be detected in human saliva samples using conventional reverse transcriptase PCR. In 

contrast to saliva, ADOR subtypes were expressed consistently in blood samples.  
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A human ADORA1 ASV which encompasses a deletion in exon 4 has been detected 

in heart, skeletal muscle and adipose tissue (104). Our result confirmed the splice 

variant in human blood, but it could not observe it in saliva samples due to the low 

expression levels. The splice site is located in the 5´untranslated region, providing two 

transcripts that encode the same protein. Additionally, it has been suggested that 

ADORA2A has several splice sites in exon 1 in human and mice (217, 290). This study 

did not detect any splice variants in ADORA2A and ADORA2B subtypes in our 

samples. However, a novel splice variant in ADORA3 was detected in human blood.   

 

Alternative splice site selection is regulated by receptor activation, cellular stress, 

neuronal activity or phosphorylation of splicing factors (280, 291, 292). As a high 

number of human genes have alternative splice events that occur, bioinformatics and 

large scale microarray analysis may assist obtaining more comprehensive knowledge 

regarding disease-related splicing events on target genes. However, when the ASV 

has a lower expression level, it remains difficult to detect novel isoforms of a gene 

product, particularly if they are tissue-specific. In the present study, following 

investigations into the human ADORA3, it was assumed that a part of the exon 1 

transcript was spliced out or that the mRNA expression was below detectable levels as 

conventional reverse transcriptase PCR failed to identify the location of the ASV. 

Thus, an alternative method was applied. A number of new technologies have been 

developed to detect known and novel alternative splice events. These methods 

including microarray platforms, such as exon arrays and junction arrays, are 

commonly used for global analyses of splicing. Sequencing-based approaches such as 

full-length cDNA sequencing and EST sequencing are also employed to detect 

splicing events (247). Each method has its limitation. Therefore, there is no single 



Ming-Fen Ho   146 
 

method that researchers can conduct to identify all splice variants. As yet, there is also 

no single resource that reliably reports all specific splice forms in the literature.  

 

A novel splice variant was identified in the human ADORA3 which was a deletion in 

5´ UTR. The regulation of alternative splicing process is accomplished through an 

interplay between proteins known as trans-acting splicing regulators and cis-elements 

(214, 293). However, premature mRNA is likely unstable and subject to nonsense 

mediated mRNA decay (NMD) followed by degradation (294, 295). The functional 

significance of the splice variant is unknown, therefore, further study needs to 

characterise the splice variant and investigate whether the transcript can be translated 

into a new isoform of the protein. It was reported that 5´UTR splice variants can 

mediate translation efficiency and mRNA stability (296). The translation efficiency 

was determined by the energy required for a ribosome to reach the AUG start codon, 

the length of the 5´UTR of the mRNA, secondary structure, open reading frames, 

multiple upstream AUGs and internal ribosome entry sites (297, 298). As the 

ADORA3 was observed a deletion in the 5´UTR, the mRNA expression of the splice 

variant remains to be elucidated. The splice variant sequence starts at 659nt. However, 

the coding region of the hADORA3 starts at 767nt (Figure 4.6). In order to identify 

whether the splice variant produces a new isoform of the protein, protein sequencing 

and Western blotting analysis can be employed. For further functional study, the 

reporter gene assay is currently available to determine the promoter structure, gene 

regulation and signalling pathways. 

 

In conclusion, this study attempted to identify alternative splice variants of ADORs in 

human peripheral blood mononuclear cells using reverse transcriptase PCR based 
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approaches. This study found a novel ASV in the human ADORA3 and confirmed 

previously reported ASV in human ADORA1. The characteristics of the hADORA3 

splice variant remains to be elucidated. 

 

 

 

 

 

 

 

 

Figure 4.6 Genomic structure of the human ADORA3 receptor. 5´RACE analysis 

of hADORA3 mRNA from peripheral blood mononuclear cells indicating that 

the transcript was spliced out in 5´UTR and starting from 659 nucleotide.  
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Chapter 5 

 

The identification of adenosine receptor splice 

variants in rodent models 
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Introduction 

 

Alternative splicing is a process which pre-mRNA splicing can generate a distinct 

mature mRNA transcript and may encode proteins with biological functions. 

Alternative splicing was first described by Walter Gilbert in 1978 (299). The 

functional roles of alternative splice variants include mediating the cellular responses 

and signalling pathways. For example, the expression levels of long mRNA and short 

mRNA variants of the dopamine receptor that encode two different proteins are 

significantly greater in anterior pituitary and neurointermediate lobe of the 

spontaneously hypertensive rat when compared to similar tissues from the Wistar rat 

(300). 

 

G protein-coupled receptors (GPCRs) represent the largest superfamily of receptors in 

the human genome. Approximately 50% of pharmaceuticals are targeted at GPCRs 

for current therapeutics such as asthma. As the actual mechanism is unknown, 

alternative splice variants may produce a protein with altered signalling properties 

(222).   

 

Adenosine receptors (ADOR) are coupled to G proteins. Four ADOR subtypes 

mediate different physiological responses depending on tissue distribution and they 

are coupled to different intracellular signalling pathways. ADORs can be a potential 

therapeutic target due to their involvement in various pathological conditions. The 

distribution of the receptors differs between species. ADOR subtypes are expressed in 

many species, such as human, rabbit, mouse and rat (301). Alternative splice variants 

(ASV) often occur in a species-specific mode. Cross-species testing is essential to 
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validate drug function, however, species differences need to be taken into account 

during drug development.  

 

This project aims to detect novel ASVs in ADOR subtypes across different species 

using brain cDNA from two different rodent species and PCR based techniques.  
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Methods and materials 

 

Ethics statement 

 

The study protocol complied with Australian Ethical Standards and was approved by 

the Griffith University Ethics Committee. Animal experiments conformed to the 

guidelines for laboratory animal experimentation.  

 

Isolation total RNA from mouse and rat brain tissues 

 

Brain tissue was chosen because the ADOR mRNA abundance is relatively higher 

compared to other tissues (302). Brain tissue from euthanized male C57BL/6 mouse 

and male Wistar rats was frozen in liquid nitrogen immediately after dissection and 

stored in -80°C freezer till processing. Total RNA was extracted using TRI reagent 

solution (applied biosystems, Australia) and RNeasy mini kit (QIAGEN, Australia) 

followed the manufacturer’s instructions.  

 

Reverse Transcription and cDNA Synthesis 

 

The yield of RNA and the 260/280 ratio was measured using the Nanodrop
®
 ND-1000 

spectrophotometer (NanoDrop Technologies, USA). Approximately 5µg of total RNA 

was converted to cDNA using random decamer primers (Geneworks, Australia) and 

AffinityScript
TM 

multiple temperature reverse transcriptase (Stratagene, USA) 

followed the manufacturer’s instructions. 
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Primer design and PCR amplification 

 

The ADOR transcripts were amplified using reverse transcript PCR. Schematic 

diagrams demonstrating primer design for the ADORs can be seen in Table 5.1-4. 

These figures present the exon-intron boundary, PCR primer positions and primer 

sequences. In order to obtain more specific PCR products, hemi-nested PCR was 

conducted. The PCR thermocycle conditions were as follows: an initial denaturnation 

step of 95
o
C for 5 minutes followed by 40 cycles of 95

o
C for 30 seconds, the 

annealing temperature for 45seconds, 72
o
C for 60 seconds and completed with a final 

extension step at 72
o
C for 5 minutes.  After the PCR amplification procedure, 1.5µl of 

the PCR product from first PCR reaction was utilised as DNA template in the second 

PCR reaction and performed using the same thermocycle conditions in order to 

increase the specificity of the reaction products. Negative control samples that 

contained no cDNA template were implemented in every PCR reaction. Agarose gels 

(2%) containing ethidium bromide (4µg/100ml) were used to visualised PCR products 

under ultraviolet (UV) light. The gel photographs were obtained with the AlphaView 

SA software (Alpha Innotech, San Leandro, CA). PCR fragments were excised from 

agarose gel and purified using gel purification kit for further experiments (QIAGEN, 

Australia).  
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Table 5.1  Design of ADORA1 primers for reverse transcription PCR. 

 

 

 

Rat ADORA1 primers  

NM_017115.2 

 

 

 

 

 Primer position Sequence 5´-3´ Annealing 

Temperature (℃) 

PCR size 

A rA12 Fw CTTGGGTGCTGGCCTCGTG 59 428bp 

B rA1411 Rev CCGCTGGGTCACCACTGTC 59 

C rA1713 Fw CCTCCTCCGGTGACCCCCAG 60 365bp 

D rA11059 Rev GCTGGGCATGGGCTAGACG 59 

 

 

 

Mouse ADORA1 primers  

001039510.1 

 

 

 

 

 

 Primer position Sequence 5´-3´ Annealing 

Temperature (℃) 

PCR size 

A mA1158 Fw GTTCAGGTGGCCAGGCGCT 63 195bp 

B mA1 334 Rev GCCGCTGGTGCCCGATTCT 63 

C mA1430 Fw GCTGTTGGCGCCCTGGTCAT 60 678bp 

D mA11088 Rew GGCCGAGTTGCCGTGTGTGA 60 
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Table 5.2 Design of ADORA2A primers for reverse transcription PCR. 

 

 

 

Rat ADORA2A primers  

NM_053294 

 

 

 

 Primer position Sequence 5´-3´ Annealing 

Temperature (℃) 

PCR size 

A rA2A221 Fw CAGATCCCCTGGAGAAGTCA 61 660bp 

B rA2A861 Rev GTGGAGTTCCCGTCTTTCTG 61 

C rA2A759  Fw GGCTTGGTGACAGGTGTGAG 59 901bp 

D rA2A1639 Rev CAGGAAGGGGCAAACTCTGAA 59 

E rA2A1624 Fw GAGCTTCCTCATGGTCTTCAG 63 772bp 

F rA2A2377 Rev CAGTAGTCAGGGCCTCAGAC 63 

G rA2A SV  Rev GACCACAGCAGCATCTACTCT 60  

 

 

Mouse ADORA2A primers  

NM_009630 

 

 

 

 

 Primer position Sequence 5´-3´ Annealing 

Temperature (℃) 

PCR size 

A mA2A27 Fw GCCCTTCCAGAGACAGTTTCC 60 697bp 

B mA2A704 Rev GGCTGAAGATGGAACTCTGC 60 

C mA2A1058 Rev GTTGGCTCTCCATCTGCTTC 60 528bp 

D mA2A550 Fw TGCAGAACGTCACCAACTTC 60 

E mA2A862 Fw TGGGCTGGAACAACTGCAGTC 60 959bp 

F mA2A1802 Rev  CTGGGCTTCATGCTGCTCCA 60 

G mA2A1885 Fw CTACAGCAGCATCTTCGAAGG 60 519bp 

H mA2A2383 Rev GGCAGCTCTGAACTATCCAGC 60 

I mA2A1699  Fw TATTTTTGGGTTGGCTGGAC 60 535bp 

J mA2A2214 Rev GAGAGGACCGTCTGCAATTC 60 
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A B
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Table 5.3 Design of ADORA2B primers for reverse transcription PCR. 

 

 

 

Rat ADORA2B primers  

NM_017161.1 

 

 

 

 

 

 Primer position Sequence 5´-3´ Annealing 

Temperature (℃) 

PCR size 

A rA2B207 Fw GCCTCGAGTGCTTTACAG 60 480bp 

B rA2B669 Rev AGGAAGGACACACCCAAA 60 

C rA2B479 Fw GATCATCGCTGTCCTCTG 60 512bp 

D rA2B972 Rev GGTTCCTGTAGGCATAGAC 60 

E rA2B807 Fw AAGTCACTGGCTATGATTGT 60 844bp 

F rA2B1631 Rev GGCAAGGAAGATACTGAACT 60 

 

 

 

Mouse ADORA2B primers  

NM_007413 

 

 

 

 Primer position Sequence 5´-3´ Annealing 

Temperature (℃) 

PCR size 

A mA2B 998 Fw AACCGAGACTTCCGCTACAG 60 404bp 

B mA2B1381 Rev CTACCACGAATGAGGCAGATT 60 

C mA2B 368 Fw TTCGTGCTGGTGCTCACA 60 456bp 

D mA2B 806 Rev TGACTTGGCTGCGTGGAT 60 

E mA2B 121 Fw GCAGCTAGAGACGCAAGAC 60 1281bp 

B mA2B1381 Rev CTACCACGAATGAGGCAGATT 60 
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Table 5.4 Design of ADORA3 primers for reverse transcription PCR. 

 

 

 

Rat ADORA3 primers  

NM_012896.2 

 

 

 

 

 

 Primer 

position 

Sequence 5´-3´ Annealing 

Temperature (℃) 

PCR size 

A rA336 Fw CAGCAGCACTCTTGGATT 60 625bp 

B rA3660 Rev CTTGACTCGCAGGTATCG 60 

C rA3543 Fw GGAGGTCCAGATGCACTTCTA 60 195/ 

246bp D rA3737 Rev AAGGACACTAGCCAGCAGAGG 60 

E rA3717 Fw CCTCTGCTGGCTAGTGTCCTT 60 646bp 

F rA31362 Rev GCAAGAATGGCTGTTAAGTCCTT 60 

 

 

Mouse ADORA3 primers  

NM_009631.3 

 

 

 

 

 Primer 

position 

Sequence 5´-3´ Annealing 

Temperature (℃) 

PCR size 

A mA312 Fw AGGAGTGCTTATCTTGATGG 60 736bp 

B mA3747 Rev GTAACCGTTCTATATCTGACTG 60 

C mA3726 Fw CAGTCAGATATAGAACGGTTAC 60 709bp 

D mA31434 Rev CAGTGAAGGAAGCAAGAATG 60 

 

 

 

 

 

 

Exon 1 Exon 2

E F

C

BA

D

Exon 1 Exon 2

C

BA

D
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Cloning and sequencing  

 

The recovered PCR products were subsequently ligated into the pGEM'®-T Easy 

Vector and T4 DNA ligase (Promega, Australia) and transformed into E.coli 

competent cells. The transformation culture was placed on a culture plate containing 

Luria-Bertani (LB) broth /Ampicillin/IPTG/X-gal to assist identification of the cells 

containing the recombinant plasmid. Four single clones from each plate were picked 

and cultured in LB medium overnight. Plasmid DNA was extracted using a Miniprep 

kit (Bio-Rad, Australia). A PCR procedure and an EcoRI restriction reaction were 

employed to confirm the recombinant section cloned into the vector. For the 

sequencing reaction, the sample contained 1µg of plasmid DNA, 9.6pmol of T7 

forward or SP6 reverse primers, Big Dye Terminator (BDT) chemistry version 3.1 

(Applied Biosystems) and Applied Biosystems 3730xl capillary sequencer. 

Sequencing was completed by the Australian Genome Research Facility in Brisbane, 

Australia. The NCBI BLAST program was used to detect the ASV from sequence 

data. Sequencing results were manually aligned with the published transcripts from 

the NCBI for each gene using BioEdit software Version 5.0.6.  
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Results  

 

The determination of potential ADORA1 splice variants 

 

Brain tissue was preferential for the initial investigation as ADORs are more highly 

expressed in brain than other tissues (302). To identify novel ADOR splice variants, 

published nucleotide sequences were utilised to design primers to detect transcripts 

which could be potential ASVs.  

Using gene specific primers to amplify the ADORA1 in Wistar rat and C57BL/6 

mouse brain cDNA, no extra PCR bands to indicate changes in nucleotide product 

size was observed on the 2% agarose gel (see Figure 5.1 and Figure 5.2). 

Furthermore, sequencing results suggest that no novel alternative splice variant was 

present in mouse and rat brain tissues for the ADORA1 subtype. 
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rADORA1                                  

                                                        

                                                     

                

 

 

 

Figure 5.1 PCR optimisation of primer sets A-B (428bp), C-D (365bp) in rat 

brain tissue cDNA. M:100bp ladder. 

 

mADORA1 

 

 

 

 

 

 

 

Figure 5.2 PCR optimisation of primer sets A-B (195bp), C-D (678bp) in mouse 

brain tissue cDNA. M:100bp ladder. 
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The determination of potential ADORA2A splice variants 

 

In the rat brain cDNA sample, the rADORA2A primer sets for C-D and E-F formed 

unexpected PCR product bands (see Figure 5.3). The PCR conditions were optimised 

by increasing the annealing temperature from 56 to 65
◦
C. The non-specific product 

disappeared as the annealing temperature increased for the primer set C-D. However, 

the arrow indicates the second PCR product, was still present for the primer set E-F. 

No part of this nucleotide sequence could be matched to a published nucleotide 

sequence on NCBI website. To determine whether it comprised part of an ADORA2A 

splice variant, another set of primers were designed using this unknown sequence. 

This resulting the PCR product was about 500bp in size which is approximately 

300bp length longer than expected (data not shown), suggesting we did not detect a 

novel ASV in rADORA2A using the reverse transcript-PCR approach.  

 

During the study on mouse brain cDNA samples using five pairs of ADORA2A primer 

sets, the primer sets A-B and E-F produced extra PCR product bands (see Figure 

5.4A, B and C). The PCR conditions were optimised by an annealing temperature 

gradient. The non-specific product disappeared as the annealing temperature increased 

to 63
◦
C for the primer set E-F (see Figure 5.4B). However, the arrows indicate the 

unexpected PCR products, were still present for the primer set A-B (see Figure 5.4A). 

Blasting of the subsequent cloning and sequencing results with NCBI website again 

did not provide any specific matches on any nucleotide sequence and specificity the 

mouse cDNA sequence, indicating it is not a new isoform of the ADORA2A. 
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rADORA2A 

 

 

 

 

 

Figure 5.3 PCR optimisation of primer sets A-B (660bp), C-D (901bp) and E-F 

(772bp) in Wistar rat brain. M1:100bp ladder, M2:1Kb ladder.  
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mADORA2A  

             

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M     C-D    G-H    E-F    I-J 

A. 

M                E-F        

M               A-B       A. 

B. 

C. 

Figure 5.4A PCR optimisation of 

primer sets A-B (697bp) the 

annealing temperature was 

increased from 61.7 to 66
◦
C. The 

arrows indicate the unexpected 

PCR products. M: 1Kb ladder. 

 
Figure 5.4B An annealing 

temperature gradient from 57 

to 63
◦
C was performed for the 

primer sets E-F (959bp) in 

mouse brain cDNA. M: 1Kb 

ladder.  

 

Figure 5.4C PCR product of 

primer set C-D (528bp), E-F 

(959bp), G-H (519bp) and I-J 

(535bp) in mouse brain cDNA. 

M: 1Kb ladder.  
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The determination of potential ADORA2B  splice variants 

 

An investigation into the mRNA nucleotide sequence for the ADORA2B showed no 

unusual PCR products formed using sequence gene specific primer sets. As there were 

no unusual PCR products formed it can be concluded that no potential ASVs for the 

ADORA2B in cDNAs from rat and mouse brain can be observed using this technique 

(see Figure 5.5 and 5.6).  
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rADORA2B 

 

 

 

 

 

 

Figure 5.5 PCR product of primer sets A-B (480bp), C-D (512bp) and E-F 

(844bp) in rat brain tissue cDNA. M: 100bp ladder. 

 

mADORA2B 

 

 

 

 

 

Figure 5.6 PCR product of primer sets A-B (404bp), C-D (456bp) and E-B 

(1281bp) in mouse brain tissue cDNA. M: 100bp ladder. 
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 The determination of potential ADORA3 splice variants 

 

In rat brain cDNA, the rADORA3 primer sets A-B and E-F formed unexpected PCR 

product bands. An optimal annealing temperature was determined by temperature 

gradient from 57 to 62
◦
C in column 1 to 6 respectively (see Figure 5.7A). The non-

specific product disappeared as the annealing temperature increased for the primer set 

A-B and E-F. The sequencing results precisely matched a transcript sequence from 

NCBI website. Nonetheless, the 51bp insertion in the exon boundary has been 

reported in the rodent model, designated ADORA3i by Sajjaidi in 1996 has been 

confirmed in this study (see Figure 5.7B).  

 

However, in mouse brain cDNA, using the mADORA3 primer sets, no changes in the 

PCR product size and nucleotide sequence were detected (see Figure 5.8).  
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rADORA3 

 

 

 

 

 

 

 

 

            

 

 

 

 

Figure 5.7A PCR optimisation of primer sets A-B (625bp) and E-F (646bp) in 

Wistar rat brain cDNA. M: 1Kb ladder. B: C-D (195/246bp). M: DNA ladder.  
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Figure 5.8 PCR product of primer sets A-B (736bp) and C-D (709bp) in mouse 

brain tissue. M: 1Kb ladder. 
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Sequencing analysis 

 

Sequencing was implemented in order to obtain the full sequence data from the PCR 

products, which was then aligned with the known nucleotide sequences from the 

NCBI website. The sequencing data correlated with sequences from the database (see 

Figure 5.9). Hence, there was no single base substitution, so-called point mutations 

detected in the present study. 

 

 

 

 

 

 

 

     Figure 5.9 An example of sequencing result from ADORA2B, indicating   

     the sequence spaned an exon junction was matched to the mRNA transcript and no  

     single nucleotide substitution found.  
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Discussion 

  

Although ADORs have therapeutic potential, there are issues in developing drugs due 

to species-dependent drug activity (see Chapter 2). As many proteins share amino 

acid sequence homology between species, animal models are usually used to test drug 

action before translation to human clinical trials. However, the distribution of ADORs 

is somewhat species-dependent. For instance, ADORA3 is extensively expressed in rat 

testes but not in human testes (140). Rodents are the most commonly employed 

mammal species in genetic studies of human disease, however, alternative splice 

variants can be expressed in a species-specific manner. The purpose of this study was 

to investigate the presence of alternative splice variants in ADOR subtypes in rodent 

models. This study confirmed a 51bp insertion in the exon junction of ADORA3 in 

cDNA from the brain of Wistar rat. Although the genomic nucleotide sequences are 

similar between rat and mouse and the amino acid sequence similarity is about 88% 

(301), the ADORA3 splice variant was not observed in mouse brain cDNA. The 

alternative splice variant of the ADORA3 remains to be characterised as to whether 

the transcript produces a new isoform of the protein with different physiological roles 

and structures or changes in the ligand binding domain.  

 

As mentioned previously, ASV often occur in a species-specific mode. Our result 

indicated that there is no ASV found in ADORA1, ADORA2A and ADORA2B in both 

rat and mouse brain cDNA. Conversely, it was reported that nine amino acid deletion 

was found in ADORA2B in rabbit brain (301). This splice variant is located in coding 

region of the ADORA2B in the second intracellular loop. This ASV has also been 

detected in Madin-Darby Canine Kidney Cells. However, the ASV was not identified 

in rat and mouse brain (301).  
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In conclusion, this study attempted to identify alternative splice variants of ADORs in 

brain tissue from rats and mice using reverse transcriptase PCR based approaches. 

This study confirmed previously reported ASVs in rADORA3. To elucidate the 

molecular interactions and signalling pathways activated by the alternatively spliced 

isoform of rADORA3, further in vivo and in vitro studies are required.  
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Chapter 6 

 

Variations in adenosine receptor subtype gene 

expression in cardiovascular tissues from 

spontaneously hypertensive rats 
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Introduction 

 

The genetic causes of essential hypertension have been studied using many candidate 

genes including those in the renin angiotensin system (angiotensinogen and renin) and 

other cardiovascular mediators such as atrial natriuretic peptide (ANP). Similarly, in 

transgenic animal models, changes in gene expression and plasma concentrations of 

these mediators have been reported (303-306). Transgenic mice carrying both rat 

renin and angiotensinogen genes exhibited elevations in systolic blood pressure levels 

(303). In transgenic mice carrying the rat angiotensinogen gene elevated 

concentrations of plasma angiotensinogen and angiotensin II were observed and the 

mRNA level of the genes were over-expressed in the liver and brain (304). High 

blood pressure however, is considered a polygenetic disorder with genetic heritability 

averaging from 30-60% (21, 307). Hence, the genetic component of the complex 

disorder remains to be elucidated and other candidate genes and their contribution to 

the development of essential hypertension need to be studied. 

 

Adenosine is well-established vasodilator and its receptors are widely distributed 

throughout the cardiovascular system (308, 309). Adenosine has a significant role in 

mediating in heart rate changes and modulating vasodilatation (94). It was reported 

that the activation of adenosine A1 receptor in the aortic ring of mice using 2-chloro-

N
6
-cyclopentyladenosine (CCPA) induced contraction of vascular smooth muscle 

through the phospholipase C (PLC) signalling pathway (310). Also in both wild-type 

and adenosine A1 receptor knockout mice,  the selective ADORA2A agonist 2-p-(2-

Carboxyethyl)phenethylamino-5′-N-ethylcarboxamidoadenosine hydrochloride 

hydrate (CGS-21680) induced relaxation in aortic rings, which indicates that the 

adenosine A2A receptor can mediate vasodilation (310).  A role for adenosine A3 
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receptor mediated vasodilation in mouse aorta has also been demonstrated with the 

selective ADORA3 antagonist 2-chloro-N
6
-(3-iodobenzyl)adenosine-5'-N-

methylcarboxamide (CI-IBMECA) which induced relaxation of the vessel at very 

high doses (100µm) (310). The adenosine receptor subtype mediating vasodilator 

responses in vascular tissue varies according to the blood vessel location, see chapter 

2. For example, an adenosine A1 receptor agonist, R(−)-N
6
-(2-phenylisopropyl) 

adenosine (R-PIA) induced relaxation in rat aortic rings via increased cAMP levels in 

endothelial cells (154). Rat renal artery relaxation is caused by adenosine A2B receptor 

that is located in the endothelium and increases the formation of nitric oxide (171). 

Additionally, CGS-21680 stimulates relaxation in rat thoracic aorta via an 

endothelium-dependent mechanism (163). The adenosine receptor agonists 5'N-

ethylcarboxamidoadenosine (NECA) and CGS-21680 can also induce vasodilation, 

however, vascular responses vary according to vessel type and species (159). Toda 

and associates reported that adenosine was more effective in relaxing dog coronary 

arteries then cerebral vessels (311). Therefore, we hypothesise that the abundance of 

adenosine receptors will be different between tissue types and will vary in mRNA 

expression levels with essential hypertension.  

 

Spontaneously hypertensive rats (SHRs) have been developed from the Wistar strain, 

without any treatment to induce high blood pressure. Hence, it has been commonly 

used in research to study essential hypertension (227). The SHR blood pressure 

increases with age. The systolic blood pressure in SHRs rises to 150 mmHg after 4 

weeks of age and will reach a constant level approximately 170 mmHg after 10 weeks 

(228). Hemodynamic alterations were observed in the development of hypertension as 

the total peripheral resistance (TPR) was not increased by the age of 30 days. 

However, a significant increase in MAP and TPR at age 80-120 days was reported 
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(229). Additionally, SHRs develop complications of hypertension such as cerebral 

haemorrhage, nephrosclerosis and myocardial lesions (225).  With respect to gender 

differences, the body weights  of male hypertensive rats is slightly increased when 

compared to female hypertensive rats and furthermore, the systolic blood pressure 

level in male SHRs is about 11 mmHg higher than female SHRs at 11weeks of age. 

On the contrary, the blood pressure and body weights were not significantly different 

between male and female normotensive rats (227). In order to eliminate variability 

due to effects of the sexual hormone oestrogen which is known to affect 

cardiovascular function, this study only used male animals.  

 

As adenosine receptors have an important role in moderating vascular function, the 

purpose of this study was to determine changes in adenosine receptor subtypes in 

cardiovascular tissues from SHRs and Wistar rats, to detect any tissue specific 

patterns and determine any pathophysiological relevance. Hence, the aim of this study 

was to identify the differences in mRNA expression levels of adenosine receptors 

between SHRs and Wistar rats in brain, left ventricle, blood, kidney and a range of 

blood vessels.     
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Methods and materials 

 

The investigation of relative adenosine receptor subtype expression was performed 

using tissues from 10 week-old male spontaneously hypertensive rats (SHRs) and 

age-matched Wistar rats. Animal experiments conformed to the guidelines for 

laboratory animal experimentation and were approved by the Griffith University 

Ethics Committee. 

  

Conscious rat systolic blood pressure 

 

Conscious rat systolic blood pressure was measured using a non-invasive blood 

pressure (NIBP) system. The tail cuff and the pulse transducer were placed at the 

proximal end of the tail. The data were recorded by ML125NIBP power lab system. 

Rats were resting in the cage for at least 2 hours prior to measuring blood pressure in 

order to reduce stress-related increase in blood pressure response. Three readings 

were taken and averaged for each rat. A Student’s t test was then performed. Data 

were presented in mean ± SD and data with p values less than 0.05 were considered 

significant. All statistical analyses were performed by SPSS for windows, Version 17. 

 

Sample preparation 

 

Rats were housed in a room at a temperature of 23 ± 2
o
C, a 12 hour light-dark cycle 

and free access to food and water at all times. Rats were anaesthetised using 

pentobarbital (60mg/kg, IP). Whole blood was collected by performing a cardiac 

puncture procedure. Blood samples were collected into PAXgene blood RNA tubes 
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(QIAGEN, Australia) and stored at -80
o
C before processing. Rats were then sacrificed. 

Dissection was immediately carried out after blood sampling. Hearts were perfused 

with Krebs-Henseleit solution (119mM NaCl, 25mM NaHCO3, 4.7mM KCl, 1.2mM 

KH2PO4, 2.55mM CaCl2, 1.2mM Mg
2
SO4, 15mM glucose, and 0.05mM EDTA) and 

gassed with 95% O2 and 5% CO2 in Langendorff mode for 10 minutes to remove 

blood from coronary vessels. Vascular tissues (thoracic aorta, renal arteries, portal 

vein, mesenteric vessels and retina) were isolated and dissected from surrounding fat 

and tissues. Tissues (brain, left ventricle and kidney) and vascular tissues from rats 

were then frozen using liquid nitrogen and were stored at -80
o
C before processing.  

 

RNA isolation and cDNA synthesis 

 

RNA was isolated using 100mg of each tissue sample and pooled vascular tissues 

were homogenised in 1ml of TRI reagent solution (Applied Biosystems, Australia). 

Chloroform was then added in the sample and centrifuged for 15 minutes at full speed 

at 4
o
C. Supernatant was collected and total RNA was isolated using RNeasy mini kit 

(QIAGEN, Australia) following the manufacturer’s instructions. Whole blood (2.5ml) 

from rat was collected and the RNA extraction procedure followed the PAXgene™ 

Blood RNA System instructions. The yield of RNA and the 260/280 ratio was then 

measured using the Nanodrop
®

 ND-1000 spectrophotometer (NanoDrop 

Technologies, USA). First strand cDNA was synthesised using random decamer 

primers (Geneworks, Australia) and AffinityScript multiple temperature reverse 

transcriptase (Stratagene, USA).  
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Quantitative real time PCR 

 

The choice of reference gene for real time PCR data analysis was critical as the 

expression level of the reference gene may alter in the different tissues or during a 

disease state or even through experimental design. Hence using reference genes with 

inconsistent expression will increase errors in data analysis, resulting in unreliable 

data. The rat housekeeping gene primer sets including ACTB, B2M, Gapd, Gusb, 

Hprt1, Pgk, Ppia, Rpl13a, Tbp and Tfrc (Real time primers, USA) were tested and the 

relative expression stabilities were determined using geNorm module in qbase plus 

2.0 (195, 312) and the NormFinder software (313, 314).  Table 6.1 provides further 

information about the tested reference genes and their molecular functions. The 

housekeeping genes provided in this kit (Jomar Bioscience, Australia) include 

enzymes and proteins that are commonly used for normalising real time PCR data.  

Hence, these reference gene primer sets were utilised in order to determine the most 

constantly expressed reference gene required for this study. 
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Table 6.1 The rat housekeeping gene list and their reported molecular functions. 

 

Gene 

symbol 

Accession 

number 

Gene name Functions  

B2M       NM_012512       β-2-Microglobulin light chain of the type I major 

histocompatibility complex 

Ppia NM_017101 peptidylprolyl isomerase A / 

Cyclophilin A 

cyclosporin binding-protein 

ACTB  NM_031144 β-actin cytoskeletal structural protein 

Gapd NM_017008 glyceraldehyde-3-phosphate 

dehydrogenase 

catalyses the conversion of 

glyceraldehyde 3-phosphate 

Gusb NM_017015 β-glucuronidase lysosomal hydrolase 

Hprt1  NM_012583 hypoxanthine-guanine 

phosphoribosyl transferase  

recycle purines 

Pgk NM_053291 Phosphoglycerate kinase  transferase enzyme 

Rpll3a NM_173340 Ribosomal protein L13a encode a ribosomal protein 

Tbp NM_001004198 TATAA-box binding protein  transcription factor 

Tfrc M58040 Transferrin receptor protein 1 iron delivery from transferrin 

to cells 

 

http://en.wikipedia.org/wiki/Transferrin
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The primer sequences for the rat housekeeping gene primer sets are presented in 

Table 6.2. The PCR mixture contained 2µl cDNA, 4µl 5X EvaGreen
®
 qPCR Mix Plus 

(ROX) buffer, 1µl of each primer (5mM) and distilled water up to 20µl per reaction. 

Samples were analysed in duplicate. Real time PCR reactions were performed using 

Rotor Gene Q (QIAGEN, Australia) with an initial denaturation step of 95
o
C for 15 

minutes in order to activate the polymerase, then 45 cycles of 95
o
C for 15 seconds, 

annealing temperature of the gene for 20 seconds, then 72
o
C for 20 seconds. At the 

end of each cycle the fluorescence levels was acquired using an excitation wavelength 

of 470±10nm and detection wavelength of 510±5nm. Followed the amplification 

procedure, it was held for 90 seconds of pre-melt conditioning then the melt curves 

commenced starting at 72
o
C. The temperature increased by 0.1

o
C every 2 seconds 

until the post-melt phase was completed at 95
o
C. The relative expression software 

tool (REST) was employed for group-wise comparison and statistical analysis for the 

relative mRNA expression ratio. 
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Table 6.2 Reference gene primer sets. 

Primer  Sequence 5’- 3’ Annealing 

temperature 

(
◦
C) 

Efficiency PCR 

size 

B2M Fw TGCTACGTGTCTCAGTTCCA 58 1.98 196bp 

B2M Rev GCTCCTTCAGAGTGACGTGT 58 

Ppia Fw GTGGTGGCAAGTCCATCTAC 58 1.95 295bp 

Ppia Rev CCCGCAAGTCAAAGAAATTA 58 

ACTB Fw CACACTGTGCCCATCTATGA 58 1.80 272bp 

ACTB Rev CCGATAGTGATGACCTGACC 58 

Gapd Fw AGACAGCCGCATCTTCTTGT 58 1.89 207bp 

Gapd Rev CTTGCCGTGGGTAGAGTCAT 58 

Gusb Fw GTGGGGATAATGACTTGCAG 58 1.94 205bp 

Gusb Rev GGAACCCCTGGTAGAACAGT 58 

Hprt1 Fw GACTTTGCTTTCCTTGGTCA 58 1.97 152bp 

Hprt1 Rev AGTCAAGGGCATATCCAACA 58 

Pgk Fw TAAAGTCAGCCATGTGAGCA 58 1.90 253bp 

Pgk Rev ATGAATCCCGATGCAGTAAA 58 

Rpll3a Fw GTGAGGGCATCAACATTTCT 58 1.92 242bp 

Rpll3a Rev CATCCGCTTTTTCTTGTCAT 58 

Tbp Fw CGATAACCCAGAAAGTCGAA 58 1.79 166bp 

Tbp Rev AGATGGGAATTCCAGGAGTC 58 

Tfrc Fw CATCTCCATCTGACCCTCAC 58 1.82 242bp 

Tfrc Rev GTCTTTGGCTTCTGGTCTCA 58 

rA1235 Fw GTTGGCGCCCTGGTCATCC 60 1.99 195bp 

rA1411 Rev CCGCTGGGTCACCACTGTC 60 

rA2A759 Fw GGCTTGGTGACAGGTGTGAG 60 1.93 122bp 

rA2A872 Rev CGCAGGTCTTCGTGGAGTTC 60 

rA2B479 Fw GATCATCGCTGTCCTCTG 60 1.88 239bp 

rA2B669 Rev AGGAAGGACACACCCAAA 60 

rA31280 Fw TACCATGACAGATAAAGAGCCAG 60 2.1 83bp 

rA31340 Rev GCAAGAATGGCTGTTAAGTCCTT 60 

r A3SV Fw TGCTGGCCATTGCTGTAGACC 60 2.1 90bp 

rA3SV Rev GGGAGGAAAACGGTAAGTTCAC 60 
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PCR amplification efficiency analysis 

 

The primer efficiency was optimised by a forward and reverse primer concentration 

gradient from 0.6mM to 1.4mM. The amplification efficiency was measured using 5-

fold serial dilution (1/20, 1/100, 1/500, 1/2500, 1/12500, and 1/62500) of pooled cDNA 

template in duplicated measurement. PCR efficiency was calculated from the slope 

using the equation: E=10
(−1/slope)

. 

 

Western blotting 

 

Protein was extracted from brain, left ventricle and kidney tissue from SHRs and 

Wistar rats and prepared for semi-quantitative Western blotting analysis of the 

adenosine A3 receptors. Tissues (1g) were homogenised with 1ml of NP-40 buffer, 

which is composed of 150mM sodium chloride, 1.0% Triton X-100 and 50 mM Tris 

(pH 8.0). The proteinase inhibitor cocktail (10µl ), containing 100mM AEBSF-HCl, 

80µM Aprotinin, 5mM Bestatin, 1.5mM E-64, 0.5M EDTA, 2mM Leupeptin, 1mM 

Pepstatin A) and 10µl of EDTA (Thermo scientific, USA) were added into samples 

and vortexed vigorously. Before centrifugation at 12000g for 20 minutes at 4
o
C, 

samples were incubated on ice for 45 minutes. Protein samples were quantified using 

Pierce
® 

BCA Protein Assay Kit (Thermo scientific, USA). The nanodrop 2000/2000c 

spectrophotometer was utilised to measure the protein concentration. Protein was 

separated via 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and 

transferred to a nitrocellulose membrane (Bio-Rad, Australia). The membrane was 

then incubated in blocking buffer (10mM Tris-HCl, 0.15M NaCl, 0.05% Tween-20 

and 5% skim milk) at room temperature for an hour. The primary antibodies: rabbit 
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anti rat ADORA3 affinity purified polyclonal antibody (CHEMICON, Australia) and 

rabbit anti β-actin were applied at 1 in 500 and 1 in 1000 dilution respectively in 

blocking buffer and incubated at 4
o
C overnight. The washed membrane was further 

incubated with the secondary goat anti-rabbit IgG (H+L) conjugated (Bio-Rad, 

Australia) at 1 in 3000 dilution in blocking buffer and incubated at room temperature 

for one hour. The washed membrane was subsequently incubated in Pierce
®
 ECL 

Western blotting substrate (Thermo scientific, USA) for one minute and then 

visualised using AlphaVIEW SA (Alpha Innotech Corporation, CA). 
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Results  

 

The conscious systolic blood pressure in SHRs was statistically higher when 

compared to Wistar rats (p < 0.05, see Table 6.3). However, the body weights of 

SHRs were significantly lower than age-matched Wistar rats (p < 0.05).  The rat heart 

weights were not significantly different (p > 0.05). Nonetheless, when heart weights 

were normalised with body weight, the heart/weight ratio was higher in SHR when 

compared to Wistar rats (p < 0.05, see Table 6.3). 

 

Table 6.3 Clinical data of animal groups. 

 

 SHRs (n=8) Wistar rats (n=8) 

Gender (Male:Female) 8:0 8:0 

Age 10 weeks 10 weeks 

Systolic blood pressure (mmHg) 174 ±19
* 

108 ±16 

Body weight (g) 274±9
* 

401±52 

Heart weight (g) 1.16±0.1 1.30±0.2 

HWR (mg/g)
+ 

4.2±0.3
* 

3.3±0.2 

Data are presented as mean±SD, * p < 0.05, 
+
Heart weight/body weight ratio 

 

Melt curve analysis and primer specificity  

 

The primer sets of adenosine receptors were successfully amplified in a pooled 

sample derived from all tissues (Figure 6.1). The amplification efficiencies of all 

primer sets were estimated to be between 1.8 to 2 (r
2 

= 0.99), see Table 6.2. A single-

product specific melt curve product was generated during the applied 45 PCR 

amplification cycles in each reaction (see Figure 6.2). Analysis of the agarose gel 
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(2%) electrophoresis images revealed a desired single real time PCR product without 

primer dimer formation (see Figure6.3). 

 

 

Figure 6.1 Amplification curves for expression of the adenosine receptor 

subtypes. 

 

 

 

Figure 6.2 Melt curves of adenosine receptor subtype PCR product. 
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Figure 6.3 Agarose gel (2%) electrophoresis images. The first column contains 

100bp marker. Arrows indicate the adenosine recept subtypes and the PCR 

product size. 
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Reference gene stability analysis 

 

Each reference gene was analysed in four different rat tissues (brain, blood, left 

ventricle and kidney) for their relative expression stabilities.  The geNorm module in 

qbase plus software ranks candidate reference genes based on the gene stability 

measure (M value), which compares the average pairwise variation of a given 

reference gene against values derived from the other reference genes. The reference 

gene with the highest M value indicates the lowest stability of the expression and vice 

versa (195, 315). An high stability of expression was observed in tissues in the present 

study as M values averaged ≤ 0.2. The optimal number of reference targets in this 

experimental situation was 2 and the most stable constitutively expressed reference 

genes were Ppia and B2M (see Figure 6.4). When the same calculation was done with 

the NormFinder software and Ppia and B2M were still ranked in top positions in 

terms of gene expression stability (see Figure 6.5). Therefore, these two housekeeping 

genes were chosen to normalise Ct values for ADOR subtypes.  
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Figure 6.4 Graph showing gene expression stability using the geNorm software. 

 

 

 

 

Figure 6.5 Histogram showing gene expression stability using the NormFinder 

software. 

     ACTB      Tfrc       Pgkl      Hprtl      Gusb      Tbp     Rpll3a    Gapd   B2M    Ppia 
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Relative abundance of gene expression within tissues 

 

The relative abundance of ADOR subtype mRNA expression for brain, blood, kidney 

and left ventricular tissues can be seen in Figure 6.6. The relative gene expression 

levels are presented as delta Ct where Ct values for each subtype were normalised to 

the Ct values of Ppia. Overall, the mRNA abundance of ADORA1 in brain, blood, left 

ventricle and kidneys were significantly different to ADORA2A, ADORA2B and 

ADORA3 in Wistar rats group (p<0.05). In the brain tissue of Wistar rats, the 

ADORA1 had the highest mRNA expression levels when compared to the other 

ADOR subtypes present, as the lower the delta CT value indicates a higher expression 

of the receptor. Alternatively, the ADORA1 mRNA expression was lower in blood, 

kidney and left ventricular tissue when compared to other ADOR subtypes in Wistar 

rats. However, the ADORA2A, ADORA2B and ADORA3 were not significantly 

different in all tissues studied (p>0.05). Similar patterns of ADORs subtype 

expression was observed in SHR rats (data not shown). 

In our cDNA samples, the ADOR primers did not amplify in renal ateries and the 

ADOR subtypes could not be detected. For the thoracic aorta, portal vein, mesentery 

arteries and retina pooled samples were used, thus, the abundance of the mRNA could 

not be compared. 
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Figure 6.6. The relative abundance of adenosine receptor subtypes in brain, 

blood, left ventricle and kidney. To compare data from four subtypes of 

adenosine receptor, Ct values for each subtype were normalised to the Ct values 

of Ppia. The relative gene expression levels are presented as delta Ct. The lower 

the delta CT value, the higher the expression of the receptor. *p < 0.05 vs 

adenosine receptor subtypes. NT: normotensive Wistar rats group, n=8 per 

group.  
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Relative expression of adenosine receptors 

 

The relative expression levels of adenosine receptor subtypes and the splice variant of 

the ADORA3 was examined in tissues from SHRs and Wistars. The four ADOR 

subtypes and the ADORA3 splice variant mRNA expression were up-regulated in 

brain tissues of SHRs, (p < 0.05, see Table 6.4A). In contrast to brain tissue samples, 

the ADOR A2A, A2B and A3 in the left ventricle of SHRs were down-regulated when 

compared to control mRNA expression (p < 0.05).  However, in blood and kidney 

samples, the mRNA expression levels of ADOR subtypes in SHRs were not different 

to the age-match Wistar rats (p > 0.05). In blood vessels including messentary, portal, 

thoracic aorta and the retina the ADOR mRNA expression pattern changed in rats 

exhibiting essential hypertension (p < 0.05, see Table  6.4B), however there were no 

consistent patterns of up or down-regulation of mRNA expression with hypertension. 

 

As the Ct values for the ADORA3 splice variant in blood, left ventricle, kidney, 

throacic aorta, portal vein, ranal arteries and mesentary vessels were above 35, 

increased variablity made quantification unreliable (264). Consequently, the ADORA3 

splice variant was excluded from the analysis of relative exprssion levels in these 

samples. 
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Table 6.4A The relative expression of adenosine receptor subtype mRNA in 

brain, blood , left ventricle and kidney from 10-week SHRs and age-matched 

Wistar rats.*p < 0.05 vs control. 

 Expression Std error 95% C.I. P value Result 

Brain 

A1 3.37 2.246 - 5.045 1.706 - 7.962 0.001
* 

Up-regulation 

A2A 1.54 0.783 - 3.098 0.543 - 4.291 0.022
* 

Up-regulation 

A2B 2.54 1.404 - 4.484 1.003 - 8.444 0.001
* 

Up-regulation 

A3 1.53 0.698 - 2.787 0.383 - 5.165 0.048
* 

Up-regulation 

A3sv 1.48 1.047 - 2.139 0.817 - 3.117 0.001
* 

Up-regulation 

Blood 

A1 1.37 0.535 - 4.743 0.212 - 10.964 0.317
 

No difference 

A2A 1.00 0.346 - 2.447 0.103 - 4.124 0.996 No difference 

A2B 1.25 0.379 - 5.386 0.188 - 14.192 0.552 No difference 

A3 0.86 0.235 - 3.840 0.107 - 14.984 0.717 No difference 

Left ventricle 

A1 1.64 0.699 - 6.571 0.456 - 12.143 0.082 No difference 

A2A 0.14 0.047 - 0.278 0.032 - 0.384 0.001
* 

Down-regulation 

A2B 0.09 0.021 - 0.267 0.009 - 0.492 0.001
* 

Down-regulation 

A3 0.03 0.006 - 0.087 0.003 - 0.240 0.001
* 

Down-regulation 

Kidney 

A1 0.67 0.252 - 1.897 0.113 - 5.227 0.162 No difference 

A2A 0.85 0.228 - 4.018 0.065 - 24.330 0.729 No difference 

A2B 1.12 0.291 - 4.367 0.088 - 24.516 0.804 No difference 

A3 1.01 0.275 - 4.269 0.108 - 18.407 0.982 No difference 
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Table 6.4B The relative expression of adenosine receptor subtype mRNA in 

thoracic aorta, portal vein, mesentery vessles and retina from 10-week SHRs and 

age-matched Wistar rats.*p < 0.05 vs control. 

 Expression Std error 95% C.I. P value Result 

Thoracic aorta 

A1 2.509 2.119 - 2.952 1.883 - 3.245 0.001
*
 Up-regulation 

A2A 0.913 0.704 - 1.062 0.678 - 1.174 0.654 No difference 

A2B 2.320 2.032 - 2.756 2.009 - 2.947 0.072 No difference 

A3 0.680 0.547 - 0.828 0.487 - 0.882 0.001
*
 Down-regulation 

Portal vein 

A1 0.085 0.057 - 0.126 0.042 - 0.165 0.042
*
 Down-regulation 

A2A 0.354 0.162 - 0.747 0.137 - 0.991  0.151 No difference 

A2B 0.010 0.006 - 0.016 0.005 - 0.024 0.001
*
 Down-regulation 

A3 0.387 0.233 - 0.595 0.179 - 0.868 0.001
*
 Down-regulation 

Mesentery vessels 

A1 0.214 0.149 - 0.304 0.148 - 0.310 0.000
*
 Down-regulation 

A2A 11.663 8.213 - 15.290 7.877 - 16.400 0.036
* 

Up-regulation 

A2B 7.457 6.231 - 8.374 6.019 - 8.612 0.035
* 

Up-regulation 

A3 19.714 17.017 - 24.180 14.022 - 26.026 0.035
* 

Up-regulation 

Retina 

A1 9.078 8.393 - 10.027 7.790 - 10.420 0.031
*
 Up-regulation 

A2A 0.260 0.205 - 0.307 0.192 - 0.349 0.001
*
 Down-regulation 

A2B 1.264 0.516 - 4.034 0.453 - 4.279 0.731 No difference 

A3 0.028 0.023 - 0.032 0.021 - 0.036 0.034
*
 Down-regulation 

A3sv 2.770 1.177 - 6.216 0.877 - 12.233 0.110 No difference 
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Western blotting analysis of adenosine A3 receptors 

 

Proteins were isolated from brain, kidney and left ventricle and subjected to semi-

quantitative Western blotting. Analysis of the ADORA3 is shown in Figure 6.7.  Data 

analysis of the staining density of the immunoblot from brain samples demonstrated 

an increased the splice variant of ADORA3 protein expression in the SHR when 

compared to age-gender-matched Wistar rats. However, the ADORA3 (37kDa) could 

not be detected, which corresponded to previous studies (121, 316).  The protein 

expression of the ADORA3 was below detectable levels in the left ventricle and 

kidney.  
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Figure 6.7 Western blotting analysis of β-actin (A) and ADORA3 (B) in the brain. 

The molecular masses of β-actin, and ADORA3 are 42 and 54kDa, respectively. 

(C), Comparing the intensity of bands on ADORA3. M: protein marker (kDa). 

HT: hypertensive, NT: normotensive.* indicates p value < 0.05.  
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Discussion 

 

The purpose of this study was to investigate alterations in ADOR subtype mRNA 

expression in vascular and nonvascular tissues from the spontaneously hypertensive 

rat (SHR). Spontaneously hypertensive rats were developed in 1963 and have been 

used extensively in high blood pressure research (227). Because of the numerous 

limitations for sample collection in human studies, animal models of high blood 

pressure have been used to study physiological and genetic variants that may 

contribute to the development of essential hypertension. Animals can exhibit several 

characteristics similar to those observed in humans with essential hypertension with 

the advantage of reducing the heterogeneity of genetic studies, as confounding factors 

are a major challenge for human genetic studies. Additionally, animal models are 

superior for characterising structural and functional variants, and in particular for 

performing invasive measurements and mechanistic studies (11). Given that studies 

on animal models with reduced genetic variability often provides data that identifies 

the causes of rat hypertension, this information may be irrelevant to the aetiology of 

human essential hypertension (170).  

 

In this study, the SHR by 10 weeks of age had a conscious systolic blood pressure of 

approximately 174 mmHg compared to age-matched Wistar rat systolic blood 

pressures of 108 mmHg. Chronic hypertension causes an increase of left ventricular 

mass and is an independent risk factor for cardiovascular events (317). 

Echocardiography and heart weight to body weight ratio (HWR) are commonly used 

to determine the presence of left ventricle hypertrophy. Left ventricle hypertrophy has 

been reported to develop in SHRs by 4 weeks of age (318). Heart weight to body 

weight ratio is associated with high blood pressure (systolic and diastolic) (319). 
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Similar outcomes were confirmed in the present study as the HWR was significantly 

greater in 10 week old SHRs when compared to Wistar rats.  

 

Gene expression can be altered by various factors, including age and 

pathophysiological status. In this study using 10 week SHR, a reduction in 

ADORA2A, ADORA2B and ADORA3 expression levels in the left ventricle was 

observed. An age-related reduction in rat heart ADORA1 and ADORA2A mRNA 

levels and adenosine-mediated coronary artery and aortic smooth muscle relaxation 

has been observed (320). Our results showed no differences in adenosine A1 receptor 

expression between normotensive and hypertensive groups at age of 10 weeks. This is 

in contrast to reports investigating ventricular ADORA1  mRNA expression, where an 

increase in receptor number was found in 6-week old SHR when compared to age-

matched Wistar rats and that these differences were not observed in 13 weeks old rats, 

indicating that the mRNA expression of ADORA1 alters with aging (321).  

 

This study investigated the adenosine receptor subtypes in brain tissue and found that 

mRNA expression of all four ADOR subtypes were up-regulated in young SHRs. As 

central mechanisms are involved in blood pressure control there may be a role for 

ADORs to contribute to the development of hypertension in this model. The 

distribution and density of the ADORA1 subtype has previously been reported to 

change in an age-dependent manner in the brains of both Wistar rats and SHRs (322) 

with the ADORA1 increased in the brain of SHRs by 15 days of age, however, their 

blood pressure was not different to age-matched Wistar rats (322). Therefore, 

ADORA1 may have a role in the development of essential hypertension. Since 

hypertension is an age-related disorder, further studies should investigate the mRNA 
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expression level of adenosine receptor subtypes in rat brain tissues from different age 

groups.  

 

The relative gene expression of four ADOR subtypes in blood and kidney revealed no 

significant changes in hypertension. All adenosine receptor subtypes were up-

regulated in the brain of SHRs, whereas ADORA2A, A2B and A3 subtypes were down-

regulated in the heart of SHRs, indicating that the gene expression levels are different 

between tissue types. Blood sample has been utilised for gene expression profiling in 

essential hypertension (236-238). In 2006, Liew and colleagues reported that 

approximately 80% of genes expressed in blood were similar to those expressed in 

brain, heart and kidney tissues (235).  However, in the present study the mRNA 

expression profile of adenosine receptor subtypes from venous blood sample only 

reflected mRNA expression of these receptors in kidney tissue. Kidneys have been 

reported to have a significant role in blood pressure control via renin-angiotensin-

aldosterone system and adenosine receptors are considered involved in the kidney 

pathophysiology in the development of hypertension.  ADORA1s mediate afferent 

arteriolar constriction and reduce renal blood flow while the ADORA2A induces 

vasodilation via NO-dependent pathway (109). However, in this study, ADOR 

subtype mRNA expression levels were not significantly different between the 

hypertensive and normotensive group. Furthermore, the mRNA of four ADOR 

subtypes and the splice variant of ADORA3 were below detectable levels in the renal 

artery samples.  

 

In this study the endothelium was not removed from the vascular tissues. The 

endothelium from mesenteric vessels and thoracic aorta can be removed using rings 

by rubbing the inner surface with a stainless-steel wire (323) while it is difficult to 
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extract the endothelium from the renal arteries and portal vein. Although endothelium 

has been reported have a role in ADOR mediated vascular activity, it was reported the 

removal of endothelium from Wistar rat aorta and inferior mesenteric artery did not 

affect the vascular relaxation response (323, 324). In contrast, removal of the 

endothelium from aorta in ADORA2A wild type mice significantly decreased aortic 

relaxation induced by CGS-21680 (123). This study does not determine whether the 

ADOR subtypes are located on the endothelium or vascular smooth muscle and 

whether the adenosine receptors located in these areas are specifically affected during 

hypertension. A range of vascular tissues were studied and the mRNA expression 

profile of the ADOR subtypes varied between the vessel types. As could be seen with 

Western blot staining in brain tissues, the mRNA expression levels reflect changes in 

the protein level of the adenosine receptors, thus changes in the ADOR population 

will alter the biological functions of these receptors. 

 

 The ADORA2B stimulates human retinal endothelium cell proliferation (325). 

Although NO is produced in the endothelium to induce vascular relaxation, an excess 

of endothelial cell production may cause vascular sclerosis and increased peripheral 

vascular resistance. Retinal arteriolar narrowing is associated with the development of 

systemic hypertension in humans (326). However, in our study the mRNA expression 

of ADORA2B in SHRs was not significantly different to Wistar rats. The ADORA1 

and A2A subtypes have been reported to cause retinal vessel constriction or relaxation 

respectively (327). Our results show that the ADORA1 was up-regulated in SHRs, 

whereas the ADORA2A was down-regulated in SHRs which potentially could 

contribute to restricted retinal flows with hypertension.  
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The splice variant of ADORA3 was detected in brain and retina. A previous study 

investigating splice variants of the dopamine receptor reported that mRNA expression 

of the splice variants was elevated in the brain of SHRs with a possible role in the 

development of hypertension (300). In the present study, the mRNA expression level 

of the ADORA3 splice variant was higher in the brain of SHRs compared to Wistar 

rats, while there were no differences in the retina. In addition, an increase in protein 

expression of the splice variant of ADORA3 was observed in SHR brain. As both 

mRNA and the protein expression were up-regulated in hypertension, it remains to be 

studied whether the molecular changes play a role in the development of 

hypertension.  

 

Tissue samples from organs contain many cell types, and discrete changes in ADOR 

subtype mRNA expression may contribute pathological outcomes. ADOR subtypes 

are widely distributed in the brain including cerebral cortex, striatum, hippocampus, 

hypothalamus, thalamus and cerebellum (302). An activation of ADORA2B in the 

hypothalamus mediates cardiovascular regulation via nitric oxide signalling pathway 

(328). In contrast, the ADORA1 in the posterior hypothalamus has an inhibitory role 

in the central control of cardiovascular regulation via cAMP and through GABAB 

receptor inhibition (329).  

 

In the heart, all the ADOR subtypes are expressed and are located on blood vessels 

(modulating blood flow) or myocytes (to induce bradycardia or cardioprotection) 

(330). It has reported that the ADORA3 in the atrial myocyte exhibits a shorter 

duration of cardioprotection than does the same receptor in ventricular myocytes 

(331). Thus, changes in the gene expression of ADOR subtypes may be different 

depending on the region of the organ. In addition, samples from blood vessels include 
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multiple tissue components, such as nerves, vascular smooth muscle cells and 

endothelial cells, even though they were carefully dissected from surrounding fat and 

tissues. For these reasons, other tissue types and their expression of ADOR mRNA 

may contribute to the research outcomes. 

 

In conclusion, this is the first study investigating the mRNA expression of ADOR 

subtypes and the ADORA3 splice variant in hypertension using a range of tissue 

types. This study indicates that the gene expression level of each ADOR subtype 

varies between tissue types and with hypertension. Further study is required to 

elucidate the functional activity of ADOR subtypes in vascular tissues with the 

development of essential hypertension in this model.  
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Chapter 7 

 

Adenosine receptor gene expression in human 

essential hypertension 
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Introduction 

 

Essential hypertension is a major public health issue that is estimated to affect 20% of 

adult population worldwide (332). It is considered to be a multifactoral disorder and 

its aetiology has yet to be clearly identified. High blood pressure is known to be 

caused by a number of environmental factors such as smoking and excess weight, 

however,  it is also considered a polygenetic disorder with genetic heritability 

averaging from 30-60% (307, 333). Epigenetic markers that mediate differential gene 

expression might have a role in the development of EH (334). 

 

Adenosine has been reported to be involved in cardiovascular disease through 

mediating vessel remodelling, cell proliferation, platelet aggregation and 

inflammatory responses (126, 176, 177, 182).  The four ADOR subtypes are involved 

in vasodilator function through different intracellular signalling pathways (see 

Chapter 2). Adenosine is synthesized and released from vascular smooth muscle cells 

and cardiac fibroblasts, cardiomyocytes and endothelial cells (74). The ADORA1 is 

coupled to KATP channels causing an elevation of intracellular calcium concentration. 

This in turn increases nitric oxide release and causes vasodilation via the calcium-

calmodulin pathway (95). Both the ADORA2A (80, 116, 117) and ADORA2B (101, 

116) are coupled to the Gs protein and stimulate the AC/cAMP pathway resulting in 

vascular smooth muscle relaxation. While the ADORA3s are coupled to the Gq protein 

to stimulate phospholipase and calcium mobilization leading to vasodilation (94, 130, 

131). As the ADORs have a vital role in mediating vasodilation, alterations in their 

structures or signalling pathways may be involved in the development of 

hypertension.  
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Essential hypertension causes damage to many target organs such as cerebral 

haemorrhage, retinopathy, left ventricular hypertrophy and nephrosclerosis (233). 

However, it remains difficult to obtain human cardiovascular tissue samples.  

Previous studies have utilised peripheral blood for gene expression profiling in 

essential hypertension (236-238). Peripheral blood is a convenient substitute sample 

in cardiovascular disease research, as peripheral blood collection is less invasive than 

cardiovascular tissue biopsy (235). Additionally, it contains many circulating cell 

types, such as platelet, neutrophils and stem cells which may have a role in the 

pathogenesis of vascular disease (234).  

 

This study aimed to investigate the mRNA expression levels of ADORs in peripheral 

blood cells and whether they are altered with essential hypertension (EH). Changes in 

ADOR populations with EH may provide insight into the causes of this condition and 

provide further drug target for antihypertensive therapies.  
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Methods and materials 

 

Ethics statement 

 

The study protocol complied with Australian Ethical Standards and was approved by 

the Griffith University Ethics Committee (reference number: MSC/06/11/HREC). All 

study subjects were provided with an information sheet and an informed consent form 

to sign prior to the collection of samples and participating in the study. 

 

Subject recruitment procedure and sample preparation 

 

The case-control study was investigated on an Australian Caucasian population which 

consisted of 8 hypertensive and 12 normotensive subjects who were unrelated. A 

family history of hypertension is correlated to the disorder onset occur at the age 

below 60 years (246). Consequently, we included hypertensive subjects who having a 

first degree relative (parents) with hypertension and normotensive subjects who not 

having a first degree relative (parents) with hypertension. All of which are considered 

to the increase power of genetic analysis based on inheritance of hypertension status 

as opposed to individual blood pressure levels. 

 

All hypertensive subjects were on anti-hypertensive medications. By contrast, the 

normotensive participants had never been diagnosed with hypertension and their 

blood pressure was considered normal (below 140/90 mmHg). Exclusion criteria for 

this project were diabetes, smoking, heart disease and obesity. Obesity is a major risk 
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factor for the development of cardiovascular disease. Body mass index (BMI) was 

calculated as weight (kg) / height (m
2
) and is commonly employed as an index of 

obesity. However, body fat percentage and distribution also needs to be considered, as 

it is considered to influence the development of obesity-related disorders, such as 

hypertension (335).  According to the WHO,  obesity is defined as BMI >30 kg/m
2
 

and this criteria was used to screen the eligibility of the participants during the initial 

phone interview (242). The waist and hip circumference were also measured as 

previous observations have shown that waist circumference and waist-hip ratio 

(WHR) are  better risk indicators for cardiovascular disease (CVD) than BMI (135). 

Data was presented as mean ± SD. The demographic and clinical data were analysed 

using Student’s t test or the Mann-Whitney U test.  

 

Electrocardiography 

 

Abnormalities in the ECG are associated with cardiovascular disease and increased 

mortality caused by coronary heart disease (336). In this regard, LVH has been 

identified as a complication of hypertension induced heart failure. Consequently, 

participants were evaluated whether they have developed any cardiac abnormalities 

potentially caused by hypertension. A 12-lead ECG recording at an average of 25mm 

per second and gain of 10mm per mV was taken while the subjects were lying in a 

supine position using Delta 60 plus UP Version ECG machine (CARDIOLINE
®
, 

USA).   
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Sample preparation 

 

Venous blood samples (2.5 ml) were collected using PAXgene tudes. RNA isolation 

protocol followed the PAXgene blood RNA system (QIAGEN, Australia). Samples 

were stored at -80
o
C before processing as the RNA will remain stable for at least 24 

months at -80
o
C (PAXgene blood RNA handbook). In order to obtain a better RNA 

yield, the blood samples were thawed at the room temperature overnight before 

performing the extraction procedure. For the RNA extraction protocol, we followed 

the manufacturer’s instructions. The yield of total RNA and the 260/280 ratio was 

measured using the Nanodrop
®

 ND-1000 spectrophotometer (NanoDrop 

Technologies, USA). cDNA was synthesised from 5µg of total RNA using random 

decamer primers (Geneworks, Australia) and AffinityScript
TM 

multiple temperature 

reverse transcriptase (Stratagene, USA).  

 

Real time PCR analysis 

 

ADOR gene expression levels were measured using real time PCR, which allows 

quantitative analysis of mRNA expression based on the detection and quantification 

of fluorescent signal proportional to the amount of double stranded DNA. 5 x HOT 

FIREPol
®
 EvaGreen

®
 qPCR Mix Plus (ROX) (Solis BioDyne, Australia) was used to 

detect the amplification products. Primer sequences of internal controls and the 

ADOR subtypes are listed in Table 7.1. 18S rRNA  and β-actin (ACTB) were utilised 

as the internal housekeeping genes for this experiment as they have been reported to 

be as reliable reference genes in gene expression analysis of human ADORs (175, 

290, 337-339). 
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Table 7.1 Real-time PCR amplification primer sets for human adenosine 

receptors. 

 

Primer 

position 

Sequence 5´-3´ Annealing 

Temperature (
o
C) 

PCR size 

bp 

18S Fw CTTAGAGGGACAAGTGGCG 60   71 

18S Rev GGACATCTAAGGGCATCACA 60 

hACTB Fw ACCACACCTTCTACAATGAGCT 60  122 

hACTB Rev GAAGGTCTCAAACATGATCTGG 60 

hA11804 Fw GGAGTCTGCTTGTCTTAGATG 60   97 

hA11900 Rev CAACCTCTCTCCTTCCATCC 60 

hA2A1041 Fw GGGTGTCTATTTGCGGATCTTC 60  122 

hA2A1143 Rev GTGACTTGGCAGCATGGACC 60 

hA2B848 Fw GCTGCCTTGTGAAGTGTCTC 60  255 

hA2B1064 Rev GCACAGGTAACCAGCACAGG 60 

hA3989 Fw GGGCATCACAATCCACTTCT 60  171 

hA31159 Rev AGGGCCAGCCATATTCTTCT 60 
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The PCR mixture contained 2µl of cDNA, 4µl of 5X EvaGreen
®
 qPCR Mix Plus 

(ROX) buffer, 1µl of each primer (5mM) and distilled water up to 20µl per reaction. 

Real time PCR reactions were performed in duplicate using Rotor Gene Q (QIAGEN, 

Australia). It started with an initial denaturnation step of  95
o
C for 15 minutes in order 

to activate the taq polymerase, followed by 45 cycles of 95
o
C for 15 seconds, 60

o
C for 

20 seconds, 72
o
C for 20 seconds. The fluorescence levels were acquired on the Green 

channel, with an excitation wavelength of 470±10nm and detection wavelength of 

510±5nm. Followed the amplification procedure, it was held for 90 seconds of pre-

melt conditioning then the melting curves commenced at 72
o
C. The temperature was 

increased by 0.1
o
C every 2 seconds till the post-melt phase was completed at 95

o
C.  

As the amplification efficiency of genes can be vary between individuals, a serial 

dilution was conducted using pooled human blood cDNA samples. This approach has 

been reported to provide a better cDNA template for developing the standard curve 

(262, 264). An r
2 

value
 
> 0.99 was considered an acceptable correlation coefficient for 

the study to proceed, as a high r
2
 value provides more accurate and reliable data. 

The 2
-ΔΔCt 

method was employed for statistical data analysis. In order to calculate the 

change in gene expression level between hypertensive and normotensive subjects, the 

mean fold change was determined using the equations below. The relative fold 

changes are presented as mean ± SEM.  

 

Equation 1: ΔCt = Ct GOI - Ct calibrator 

Equation 2: ΔΔCt = ΔCt HT - ΔCt NT 

Equation 3: Fold = 2
-ΔΔCt 

 

A Student’s t test was utilised to determine whether the ΔCt value from the 

hypertensive group was statistically different to normotensive group values for each 
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ADOR subtype (340). Data were expressed as mean ± SEM and data with p values 

less than 0.05 were considered significant. The relative expression of ADOR subtype 

mRNA was measured in both hypertensive and normotensive groups and the data was 

analysed using the one-way analysis of variance (ANOVA) test followed by Tukey's 

HSD posthoc test. All statistical analyses were performed by SPSS for windows, 

Version 17. 

 

The amplification efficiency was determined using a 10-fold serial dilution of pooled 

cDNA of blood. Samples were measured in duplicate. The amplification efficiencies 

of 18S rRNA and ACTB were 1.95 and 1.94 respectively (r
2 

= 0.99, see Figure 7.1). 

Additionally, the amplification efficiencies for the ADOR were approximately 2.0 (r
2 

= 0.99, see Figure 7.1).  
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Figure 7.1 Left panel: the cycle number (Ct) values versus cDNA concentration 

for amplification efficiency for each gene. The slope, amplification efficiency (E) 

and correlation coefficients (r
2
) are presented. Right panel: The amplification 

curve for each gene. Ten-fold serial dilutions of cDNA template were utilised. 

NTC represents no template control. 
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The efficiency values for the reference genes need to be similar to the efficiency 

values for the genes of interest in order to meet the assumptions of the 2
-ΔΔCt

 method. 

Thus, the absolute slope was calculated from the log cDNA dilution versus ΔCt value. 

If the absolute slope value was close to 0, the 2
-ΔΔCt

 method could be implemented for 

analysing relative gene expression (271). Our results indicated that the efficiency 

between reference genes and ADOR subtypes were similar. Therefore, the assumption 

of PCR efficiency was met (257) and 2
-ΔΔCt

 approach was a suitable method to 

analyse the real time PCR data.  
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Results 

 

The demographic and clinical data for hypertensive and normotensive subjects is 

shown in Table 7.2. Analysis of the continuous variables of the participants 

characteristics showed no significant difference between groups (p > 0.05). The blood 

pressure of hypertensive subjects were within normal range, as they all reported using 

anti-hypertensive agents. All participants were not considered obese as their waist/hip 

ratio (WHR) and body mass index (BMI) were no different to normotensive subjects, 

see Table 7.2.  

 

Normal sinus rhythm was present in all participants. None of subjects presented with 

indications of left ventricular hypertrophy (LVH) according to the standard ECG 

criteria for LVH, including Sokolow-Lyon voltage (341), Cornell sex-specific voltage 

(342) and Gubner-Ungerleider criteria: RI+SIII > 2.5mV (343). The ECG data for 

LVH in the hypertensive group was not significantly different to the normotensive 

group (p > 0.05, see Table 7.3). Also, the electrocardiographic left ventricle mass was 

similar between groups in this study (p > 0.05). 
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Table 7.2 The demographic and clinical data for normotensive and hypertensive 

subjects. 

 Hypertensive (n=8) Normotensive (n=12) 

Gender (Male:Female) 3:5 3:9 

Age (years) 50.8 ±5 52.7 ±7 

Systolic blood pressure (mmHg) 126 ±10 116 ±9 

Diastolic blood pressure (mmHg) 82 ±6 76 ±6 

Heart rate (bpm) 70 ±12 68 ±8 

Waist circumference (cm)
 87 ±3 89 ±4 

WHR
*
 (cm) 0.82 ± 0.1 0.80 ±0.1 

BMI
+ 

(kg/m
2
) 25.1±2.4 25.4±3.2 

Data is presented as mean ± SD 

*
WHR: waist/hip ratio 

+
BMI: body mass index 
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Table 7.3 Resting electrocardiographic variables for human hypertensive and 

normotensive subjects. 

 Hypertensive (n=8) Normotensive (n=12) 

Sokolow-Lyon voltage (mV)
** 3.4±1.8 2.5±1.3 

Cornell sex-specific voltage (mV)
+ 1.2±0.6 0.7±0.4 

Gubner-Ungerleider criteria 

(mV)
# 

1.4±0.6 0.9±0.4 

PR interval (second) 0.13±0.02
 

0.08±0.01 

QRS duration (second) 0.17±0.22 0.09±0.01 

QTc (second) 0.42±0.01 0.42±0.08 

TV1 (mV) 0.6±0.05 0.1±0.09 

TV5 (mV) 0.4±0.3 0.3±0.1 

TII (mV) 0.2±0.1 0.2±0.1 

ECG LV mass (g)
∆ 120.2±14.9 116.8±13.8 

ECG LV mass: electrocardiographic left ventricle mass. Data present as mean ± SD. 

*
Sokolow-Lyon voltage: SV1+RV4-5 ≥ 3.5mV, only apply in subjects aged above 40 

years old (341). 

+
Cornell sex-specific voltage: RaVL+SV3 >2.0mV in female and >2.8mV in male 

(342). 

#
Gubner-Ungerleider criteria: RI+SIII > 2.5mV (343). 

∆
ECG left ventricle mass, female: 0.02*(RaVL+SV3) +1.12*body weight+36.2, male: 

0.026*(RaVL+SV3) +1.25*body weight+34.4 (344). 
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Confirmation of primer efficiencies and specificity 

 

In addition to melt curve analysis, a single-product specific melt curve was generated 

during the applied 45 PCR amplification cycles (see Figure 7.2). Primer efficiency 

was confirmed by titration of the primer concentration from 2mM to 10 mM. Primer 

sets were amplified successfully and a 2% agarose electrophoresis gel was then 

obtained and resulted in a desired single PCR product without primer dimer formation 

(see Figure7.3).  

 

 

Figure 7.2 An example of the melt curve output for hADORA2A. 
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Figure 7.3 The Q-PCR amplification curves and corresponding 2% agarose 

electrophoresis gels displaying specific real time PCR products for reference 

genes and human adenosine receptor subtypes (ADOR). M: 50bp marker, 18S: 

70bp, ACTB: 122bp, hADORA1: 97bp, hADORA2A: 122bp, hADORA2B: 255bp, 

hADORA3: 171bp.  
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To compare data from four subtypes of ADOR, the Ct values for each ADOR subtype 

were normalised to the Ct values of the 18S reference gene. The relative gene 

expression levels were presented as delta Ct (∆CT), where ∆Ct refers to Ct of gene of 

interest – Ct of reference gene. A comparison of mRNA expression of the ADOR 

subtypes within human blood indicated that there is a significant difference in ADOR 

subtype mRNA abundance (p < 0.05), see Figure 7.4. As the higher Ct value indicates 

the lower mRNA expression, the ADORA2A mRNA expression was significantly 

higher in human blood compared to other subtypes (p < 0.05). While, the ADORA1 

had the lowest mRNA abundance of the four receptor subtypes (p < 0.05).  

 

Figure 7.4 The relative mRNA abundance of adenosine receptors in blood. To 

compare data from four subtypes of adenosine receptor, Ct values for each 

subtype were normalised to the Ct value of 18S. The relative gene expression 

levels are presented as ∆CT. The lower ∆CT, the higher expression of the 

receptor. One-way ANOVA test followed by Tukey's HSD posthoc test was 

applied. Error bars indicate standard error from the mean.  *p < 0.05 vs 

adenosine receptor subtypes, n=7 per group. NT: normotensive.  

18s 

* 

* 
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To compare data from the hypertensive and normotensive group, the mRNA 

abundance of the ADOR subtypes in the hypertensive group were significantly 

different to the normotensive control group (p < 0.05, see Table 7.4). The ADORA1, 

ADORA2B and ADORA3 were up-regulated in hypertensive group. Whereas, the 

ADORA2A was found to be 9-fold down-regulated in hypertensive group. 

 

Table 7.4 The mRNA expression of adenosine receptor subtypes in human 

peripheral blood mononuclear cells. 

Gene delta Ct value Fold change Result 

HT NT 

hADORA1 16.4±0.6 19.8±1.8 10.33* Up-regulation 

hADORA2A 19.8±0.7 16.6±1.4 9.00* Down-regulation 

hADORA2B 15.1±0.6 18.9±1.3 14.12* Up-regulation 

hADORA3 17.9±1.1 19.0±1.1 2.12* Up-regulation 

 

delta Ct values were indicated as mean ± standard error.  

*p < 0.05 vs normotensive subjects. 

HT: hypertensive, NT: normotensive. 
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Discussion 

 

Risk factors for the development of essential hypertension include both environmental 

factors, including stress, obesity, diet and smoking (22-24) and
 
genetic components, 

that may alter cellular signalling pathways, hormone metabolism or other biochemical 

mechanisms. As multiple factors can contribute the development of this complex 

disorder, the aetiology of essential hypertension remains elusive. The purpose of this 

study was to investigate alterations in ADOR subtype mRNA expression in blood 

from hypertensive and normotensive subjects.  

 

In this study, hypertensive subjects had normal blood pressure level as a result of 

antihypertensive therapy. Thus, blood pressure was not significantly different between 

the two groups studied. Chronic hypertension causes an increase of left ventricular 

mass and is an independent risk factor for cardiovascular events (317), thus left 

ventricular mass is a prognostic marker for cardiovascular comorbidity in patients 

with essential hypertension (345-347).  The normotensive subjects in this study all 

presented with a normal ECG pattern, showing no evidence of left ventricular 

hypertrophy. In addition, the hypertensive subjects in this project did not exhibit 

pathophysiological changes in the heart due to high blood pressure following the ECG 

data analysis. This is probably due to the use of antihypertensive agents that 

sufficiently controlled their blood pressure level.  

 

The PAXgene system was used in this study as it is highly effective at stabilising 

mRNA and provides better outcomes for quantification using real time PCR. The 

source of RNA has a key role in gene expression studies. Studies that use blood to 

measure gene expression levels should consider whether the sample source will 
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provide reliable results. For example, total RNA isolation methods including whole 

blood isolation and leukocyte isolation can result in significantly different gene 

expression profiles (348). Thus, the method of RNA isolation is a crucial factor in 

experimental design. Additionally, methods for analysing real time PCR results were 

critical. For instance, the fold changes of the ADORA2A subtype were determined to 

be significantly different between the two groups studied using the 2
-∆∆ct 

method. 

 

Gene expression profiling in hypertension has been studied and reported. Chon and 

colleagues reported that following microarray experiments using blood samples, 

expression profiles of treated hypertensive subjects who had normal blood pressure 

level were not significantly different to normotensive controls as only 7 genes (4 

genes up-regulated and 3 genes down-regulated) had differential expression. 

However, 680 genes were differentially expressed in untreated hypertensive patients 

whose blood pressure were above normal range compared to normotensive controls 

(237). Through lifestyle intervention or drug therapies hypertension is a reversible 

condition. As a result, gene expression levels may be altered at different blood 

pressure levels. However, the role of ADORA2A in the control of blood pressure may 

be essential.  An activation of ADORA2A induces vasodilation (the signalling pathway 

was described in chapter 2.) As the mRNA expression levels of the ADORA2A was 9-

fold down-regulated in hypertensive group, the receptor may be involved in the 

development of hypertension or an inflammatory state during high blood pressure.  

 

Peripheral blood mononuclear cells (PMBCs) contain monocytes, T-cells, B-cells and 

natural killer cells, which have a role in inflammatory and immune responses (349). 

This study also found that the mRNA expression level of the ADORA2A subtype in 

PMBCs was highest compared to the other subtypes, which can provide insight into 
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the involvement of the ADORA2A in the pathogenesis of inflammatory diseases, such 

as asthma and rheumatoid arthritis. In addition, adenosine that is released from the 

vascular bed and platelet, inhibits platelet aggregation through stimulation of cAMP 

production (181). The selective ADORA2A agonist, CGS 21680 has been reported to 

decrease platelet aggregation in humans (184).  

 

In conclusion, this is the first study that investigates ADOR subtype gene expression 

changes in blood from human hypertensive subjects. This study indicates that the 

ADORA2A receptor is expressed greater than other subtypes in blood cDNA samples 

and the gene expression levels of ADOR subtypes were significantly different 

between hypertensive and normotensive group. 

 

Further study is required to investigate the mRNA expression level of ADORs in 

hypertensive subjects whose blood pressure is significantly higher than normotensive 

subject and above 140/90 mmHg.  
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Chapter 8 

 

Global discussion 
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Alternative splicing is a post-transcriptional process that alters the mRNA sequence 

and can generate a new isoform of the protein (350). Changes in the protein sequence 

can affect protein structure and function leading to the development of pathological 

conditions. It has been estimated that 95% of multi-exon genes undergo alternative 

splicing (351). Splice variants also occur in tissue or species-specific patterns. Hence, 

the purpose of this project was to detect alternative splice variants of adenosine 

receptor subtypes in three different species, mouse, rat and human, using PCR and 

sequencing based approaches. 

 

This study identified a novel splice variant in the human ADORA3. As the transcript 

has a deletion at the beginning of the 5´ untranslated region, it is more difficult to 

quantify the splice variant using real time PCR. Plasmid construction allows 

quantification of the splice variant, however, accurate measurement of the splice 

variant is laborious and difficult as both the full length transcript and the splice variant 

in equal abundance is required for ligation into the vector. Appropriate primer design 

is a vital step for subsequent qRT-PCR.  

 

Alternative splicing occurs when different combinations of exons generate diverse 

transcripts. Translation of altered nucleotide products may cause changes in amino 

acid sequences and modify the structure or function of a protein. It has been reported 

that alternative splice variants are more likely to be non-functional when the amino 

acid sequences are truncated or deleted within a functional domain (221). As the 

ADORA3 splice variant exhibited a deletion in the 5’untranslated region, while the 

amino acid sequence of the receptor will remain the same it is likely that transcription 

of the receptor may not be altered. However, it is unclear what impact the human 
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ADORA3 splice variant has on biological processes and mechanisms, as a 

consequence, an investigation on the protein translation is required. 

 

In addition, the ADORA3 in the rat has a splice variant with a 51bp insertion which 

encodes 17 amino acids. The protein mass of the ADORA3 is approximately 37kDa. 

However, the staining density of the immunoblot from brain samples demonstrated a 

clear cut band at ~54kDa that corresponded to the molecular mass of the ADORA3 

splice variant. As multiple transcriptional mRNAs changes from a single gene may 

occur, these can be translated into various protein types with different functions and 

structures (223). Previous studies indicated that the protein products of alternative 

splicing leads to pathological conditions, such as hypertension, heart failure and 

myocardial infarction (3). While the mRNA expression of the ADORA3 can be 

measured in rat brain the protein ADORA3 at 37kDa, was below detectable levels in 

our experiments. Consequently, further study needs to characterise the splice variant 

of ADORA3 and whether it has a physiological or pathophysical role.  

 

According to the websites investigated including NCBI, EMBL-EB, AceView and 

GeneCards, there are many theoretical splice variants for the ADORs. However, the 

published sequences from these websites are not identical due to the use of different 

experimental methods to detect splice variants. Also, alternative splice variant events 

often appear a tissue-specific,
 
physiopathological status specific and species-specific 

manner. Different study designs generate inconsistencies across the molecular 

databases.  

 

In the present study, splice variants of ADOR were found in a species-specific mode. 

The rat and mouse are very close species, in terms of the amino acid sequence 
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homology. However, no splice variants for any of the ADOR were found in mouse 

brain cDNA, while in the rat brain cDNA the already published splice variant of the 

ADORA3 was demonstrated, no new variants were detected in the other ADOR 

subtypes. Rodents are the most common mammal species used in genetic studies of 

human disease. This study is the first direct comparison of the expression patterns of 

the ADORs and its splice variants in essential hypertension in human and rodent 

models. We tested for ADOR splice variants in human blood and saliva. The ADOR 

expression levels in human saliva samples were below detectable levels. However, a 

novel splice variant of the ADORA3 was found in human peripheral blood 

mononuclear cells. Hence, gene expression levels can be different between tissue 

types, sample types need to be taken into consideration when performing gene 

expression studies. Although rat, mouse and human adenosine receptor has about 80% 

homology, primer sets were specifically designed for each species (86, 102). Brain 

tissue from Wistar rat and C57/BL6 mouse were chosen to study because the ADOR 

mRNA abundance is relatively higher when compared to other tissues (302). The 

adenosine A3i receptor (splice variant) in the rat, previously discovered by Sajjaidi in 

1996 was confirmed in rat brain samples. However, this splice variant was not 

observed in the brain of C57/BL6 mouse. 

 

The present study has limitations that need to be taken into account when considering 

samples from organs contain many other cell types. For example, a range of vascular 

tissues were studied and the mRNA expression profile of the ADOR subtypes varied 

between the vessel types. It is difficult to extract the endothelium from vascular 

tissues, thus the tissue samples contained vascular smooth muscle cells and 

endothelial cells. In addition, vascular tissue samples may also include other tissue 

types, such as nerves, even it was carefully dissected from surrounding fat and tissues. 
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For these reasons, it may have contributions to the research outcome. Furthermore, 

the timing of sampling is a critical issue as blood sampling causes renin secretion and 

increase in angiotensin II. This in turn may alter blood vessel diameter and plasma 

adenosine concentrations. As a consequence, the plasma adenosine level needs to take 

into consideration as it may be correlated to blood pressure regulation and mRNA 

expression. However, the half-life of adenosine is short, approximately 0.6-10 

seconds (3), which makes it difficult to assay plasma adenosine levels in a clinical 

setting. The integrity of the mRNA is a main concern for gene expression studies, as a 

result, organs such as brain, left ventricle and kidney and vascular tissue were chosen 

to study as if too many sample types are collected in one stage, RNA degradation may 

be induced due to prolong sample collection time. However, the quality of mRNA 

samples were confirmed using 2% agarose electrophoresis and the 260/280 ratio was 

measured using the Nanodrop
®

 ND-1000 spectrophotometer (NanoDrop 

Technologies, USA). 

 

Hypertension is a circulatory system disorder and a major risk factor for several 

cardiovascular diseases. The four ADOR subtypes are involved in vasodilation 

through endothelial dependent or independent mechanisms in all species. While non-

selective adenosine analogues can cause a range of side effects in the cardiovascular 

system, this study investigated whether changes in ADOR subtype mRNA levels in 

blood and cardiovascular tissues were associated with hypertension. The mRNA 

expression pattern of ADOR subtypes varied between tissue types. For a better 

understanding of the disorder, it is required to study the biological link to 

hypertension.  
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Adenosine receptors have an important role in modulating vascular function. The 

mRNA expression of ADOR subtypes including the ADORA3 splice variant in the 

hypertensive rat was investigated in the present study using a range of tissue types to 

determine whether the changes of mRNA levels occur with the development of high 

blood pressure. Tissues were obtained from male spontaneously hypertensive rats and 

Wistar rats at 10 weeks of age. Real time PCR was implemented and the reference 

genes (B2M and Ppia) were utilised to normalise gene expression. The relative 

expression software tool (REST) was employed for statistical analysis for the relative 

mRNA expression ratio. Overall, the mRNA expression of the ADOR subtypes varied 

in the different tissue types studied and also changed in rats exhibiting high blood 

pressure. There were no differences in mRNA expression in any of the ADORs in rat 

blood samples, which reflects kidney ADOR mRNA expression. Although the mRNA 

expression levels of vascular ADOR subtypes in some tissues were statistically 

correlated to hypertension, it remains a question whether the gene regulatory has a 

biological role that links to the development of hypertension.  

 

As previously discussed the ADOR gene expression varies from tissue types of rat 

and the gene expression profile can be different between species. In the human study, 

we measured mRNA levels of the ADOR using peripheral blood mononuclear cells. 

Essential hypertension is considered to be a multifactoral disorder and its aetiology 

has yet to be clearly identified. Biomarkers related to hypertension diagnosis and 

treatments have not been found up till now. The present study demonstrates that the 

mRNA abundance of human ADORA2A receptor subtypes was greater in PMBCs 

when compared to other subtypes. As the ADORs have a significant role in mediating 

vasodilation, alterations in their structures or signalling pathways may be involved in 

the development of hypertension.  
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The case-control study was investigated on an Australian Caucasian population which 

consisted of 8 hypertensive and 12 normotensive subjects who were unrelated. Our 

participants were chosen with narrow criteria, as we included hypertensive subjects 

who having a first degree relative with hypertension and normotensive subjects who 

not having a first degree relative with hypertension. Exclusion criteria for this project 

were diabetes, smoking, heart disease and obesity. As hypertension is a complex 

disorder and a highly heritable condition, the criteria used in this study increases the 

power of the research. Small sample size might be a limitation of the study design 

when performing statistical tests. Future studies should increase the sample size, 

which is considered to increase the power of genetic analysis based on inheritance of 

hypertension status as opposed to individual blood pressure levels.  

  

This study investigated mRNA expression levels of ADORs in human peripheral 

blood mononuclear cells were altered with essential hypertension using real time 

PCR, which may indicate that ADOR subtypes are not involved in essential 

hypertension. However, hypertensive subjects in this project did not exhibit 

pathophysiological changes in the heart due to high blood pressure. The hypertensive 

subjects were also taking anti-hypertensive agents including diuretics, calcium 

channel blocker, angiotensin converting enzyme inhibitor and an angiotensin II 

receptor antagonist and their blood pressures were well-controlled. The mRNA 

expression of ADOR subtypes were altered in the hypertensive group. However, due 

to the variation in medications used it is unlikely that the drugs could alter the mRNA 

expression in a consistent manner. The results can be confirmed by investigating the 

mRNA expression level of ADORs in untreated hypertensive subjects. Because of 

time limitations, this study has limited experimental data for protein expression of 
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ADORs. Protein samples were isolated from brain, kidney and left ventricle and 

subjected to Western blotting. However, the ADOR subtypes were not highly 

expressed in our tissue samples. For example, the protein expression of the ADORA3 

was below detectable levels in the left ventricle and kidney. However, a clear band 

was observed in the brain tissue.  Nonetheless, pooled vascular tissues were utilised 

for RNA isolation to determine the mRNA expression. The current antibodies 

available for protein determination of ADOR subtypes are not selective and few 

papers utilizing them have been published. The protein expression of ADORs 

subtypes in blood vessels needs to be determined in the future using receptor binding 

assays or functional experiments. 

 

Although confounding factors such as lifestyle, smoking and stress can induce 

hypertension, our results demonstrated that the ADOR subtype gene expression in the 

blood samples showed significantly differences between hypertensive and 

normotensive groups in human subjects. In contrast to human blood samples, the 

ADOR subtype mRNA expression revealed no significant difference in the blood 

from SHRs and Wistars. As a result, the mRNA expression levels of ADORs in blood 

associated with hypertension differ between species. In addition to vascular tissues of 

rat, ADOR subtypes mRNA expression levels varied in the different tissue types 

studied and also altered in rats exhibiting high blood pressure. The gene expression 

profiles were statistically significant. However, they were not identical in vascular 

tissue types studied. In general, the ADOR subtype mRNA expression ratio was <2, 

while the expression ratio was up-regulated from 7 to 11-fold in ADORA2A, A2B and 

A3 in the mesentery vessels and the ADORA1 in the retina (p<0.05). With regard to 

small changes in gene expression, it remains to determine if they are biologically 

meaningful. A direct comparison of mRNA expression between rat and human could 
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not be conducted in the present study because the PCR reaction efficiency was not 

equal due to different primer concentration used and thermocycle conditions. 

Although the mRNA sequences of ADORs were approximately 80% homology 

between human and rat, the primer sets were species-specific designed targeting on 

the ADOR subtypes. As a consequence, the comparison of mRNA between species in 

the study will not provide reliable results.  

 

SHRs develop early onset hypertension at the age of 30 days and develop similar 

complications to human. This model was therefore highly recommended for 

hypertension research. However, many other rodent models have been studied in 

hypertension such as stroke prone spontaneously hypertensive rat, Dahl salt sensitive 

rat and the transgenic hypertensive rat (226). Although this study demonstrated that 

the mRNA levels of vascular ADOR subtypes altered in vascular and non-vascular 

tissues in SHRs, cross-species and cross-strain tests are needed for further functional 

studies. Further study is required to validate the possible contribution of the ADOR 

subtypes in the development of essential hypertension by controlling the blood 

pressure in hypertensive rats and observing changes in the ADOR subtype mRNA 

level. Otherwise, increasing blood pressure in normotensive rats is also an option to 

determine the role of ADORs in hypertension. 

 

There is an extensive range of rat models have been used in cardiovascular research, 

however, no model mimics exactly all the symptoms of the human disease. Animal 

models can be controlled many environmental factors that induce hypertension. In 

contrast in humans, confounding factors such as lifestyle, stress, smoking and 

underline disease are major challenge for human genetic studies. Subsequently, 
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animal models have been used to identify the genetic variants that contribute to 

essential hypertension because of many limitations of human studies. 

 

Additionally, animal models develop cardiovascular disease at a relative young age 

compared to humans. For instance, in the present study, the systolic blood pressure of 

SHRs was average 170mmHg at the age of 10 weeks. In contrast to our patients, they 

have been diagnosed with hypertension at a much later equivalent age. Since 

hypertension is an age-related disorder and an age-related reduction in ADORA2A 

mRNA levels has been reported in rat heart (340), further studies will investigate the 

expression level of ADOR subtypes in rat cardiovascular tissues from different age 

groups. Animal models may not be able to predict the genetics associated with human 

essential hypertension. However, selection of appropriate animal models and 

controlled experimental design will bring a new insight into human essential 

hypertension.  

 

Conclusion and future work 

 

This research project determined expression levels of ADOR splice variants in blood 

and brain tissue from rodent models and human and investigated the mRNA 

expression of ADOR in blood and cardiovascular tissues associated with essential 

hypertension. In this study a new splicing event was found in human ADORA3. It is 

important to study splice variants of human ADORA3 in cardiovascular tissues in 

order to detect any tissue specific patterns and physiopathological relevance in 

hypertension. Furthermore, the relative mRNA levels of vascular ADOR subtypes 

were altered in rats exhibiting hypertension. Consequently, the associated pathways 

might become a potential target for therapeutic approaches in the future. Further study 
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is required to investigate whether this may cause variability in the potency and 

efficacy of ADOR agonists and antagonists, allow for improved therapeutic targeting 

of ADORs in hypertension and the potential development of more selective drugs.  
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Chapter 9 
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Appendix 1 

 

 

 

PROJECT INQUIRY QUESTIONNAIRE 

 

Project Title 

Identification and characterisation of adenosine splice variants associated 

with essential hypertension 

ABOUT YOU 

 

First 

name:  

 

Middle 

name:  

 

Last 

name:  

 

Address:  

 

 

 

 

 

              

              

               

              

              

    state    Post code     

Subject ID  
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Home phone:  

 

 

 

Mobile: 

 

 

Sex:                       male                                   Female 

 

Height (cm):  

Weight (kg):  

Hip circumference (cm): 

Waist circumference (cm): 

Blood pressure (mmHg) 

 

 

 

 

 

 

 

 

 

 

 

 

               

               

Date of birth D D/ M M/ Y Y Y Y 
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Primary ethnic background 

 

 White (not of hispanic origin)  Native American  

 Black (not of hispanic origin)  Asian/ Pacific Islander  

 Hispanic/Latino  unknown 

 

 

                                                Country of birth:  

 

                          

 

 

PARENTS’ FAMILY HISTORY 

Please list the country and year of birth, and year of death (if applicable) for the following 

relatives: 

 Country of birth Ethnicity  

Mother   

Father   

Maternal Grandmother   

Maternal Grandfather   

Paternal Grandmother   

Paternal Grandfather   
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Are you a twin?  

 No 

 yes 

If Yes, are you: 

 Identical 

 Non -identical 

 

Have you had your blood pressure checked by a doctor? 

 Yes 
 No, Please go to Q1 
 

How long ago did you have your blood pressure measured? What was it?  

 __________________________ 

 

Are you currently on blood pressure medications?  

 Yes 
 No 

Details        
 

Do you have a 1st degree relative (mother, father, sibling) who has been diagnosed with 
hypertension?  

 Yes 
 No 

Details        
 
 
Do you have the following?: 
 
1. Heart problems (Rheumatic fever/Chest pains/Palpitations/Ankle swelling/Other) 
 Yes 
 No 

Details        
 
 
2. Cholesterol problems 
 Yes 
 No 

Details        
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3. Blood clotting problems (bleeding or deep vein thrombosis) 
 Yes 
 No 

Details        
 
 

4. How often do you take over the counter medications such as aspirin, etc? 
 

       
       

 
5. Kidney problems 
 Yes 
 No 

Details        
 
 
6. Have you had an Oral Glucose Tolerance Test? 
 Yes 
 No 
 

7. Has your doctor informed you have: 
Impaired glucose tolerance 
 Yes 
 No 
 

Impaired fasting glucose? 

 Yes 
 No 
 

High blood glucose? 

 Yes 
 No 
 

 

8. Have you ever smoked? 

 Yes 
 No 
 

 

 
If the BMI is below 30 kg/m2, age is between 40-65 years, has a first degree relative 
with high blood pressure, with no history of smoking, overt kidney, cardiovascular 
disease or diabetes then ask the following: 
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This project will involve taking basic body measurements such as weight, height and 
blood pressure and a qualified Health Professional taking a 10 ml blood sample by 
venupuncture and a saliva sample. 
 
Are you willing to participate in this project? 
 Yes 
 No 
 

 
 
Do you have any questions? 
 
 
 
 
When will you be available to attend Griffith University Gold Coast campus?  
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Heart Foundation Research Centre 
School of Medical Science 

                                           Building G05_R2.08, Parklands Drive 
Southport, Queensland 4215 

 Telephone: +61 (0) 7 5552 8372 
 Fax: +61 (0) 7 5552 9081 

 Email: m.ho@griffith.edu.au 

 

Appendix 2 

 

 

 

 

PROJECT INFORMATION SHEET 

 

Project Title 

 

Identification and characterisation of adenosine splicing variants cross species in 

essential hypertension 

 

Research Team 

 

Primary Investigator  

DR Roselyn Rose’Meyer, BSc (Hons) PhD 

School of Medical Science 

Griffith University, Gold Coast 

Ph: (07) 55528938 

Email: r.rosemeyer@griffith.edu.au 

 

                                                                           

Assistant Investigator  

Ming-Fen Ho, BSc .Masters 

PhD Candidate,  

Heart Foundation Research Centre 

School of Medical Science 

Griffith University, Gold Coast 

Ph: (07) 55528372 

Email: m.ho@griffith.edu.au 

Organisation Information 

The Heart Foundation Research Centre is involved in researching the genetic background of 

cardiovascular diseases, myocardiology ,cellular stress and defence, vascular tissue and smooth muscle, 

exercise physiology and bone marrow stem cells. The Heart Foundation Research Centre is located 

within the School of Medical Science at Griffith University on the Gold Coast.  

 

http://www.griffith.edu.au/health/heart-foundation-research-centre/research/myocardiology
http://www.griffith.edu.au/health/heart-foundation-research-centre/research/cellular-stress-and-defence
http://www.griffith.edu.au/health/heart-foundation-research-centre/research/vascular-tissue-and-smooth-muscle
http://www.griffith.edu.au/health/heart-foundation-research-centre/research/exercise-physiology


Ming-Fen Ho   270 
 

Project Information 

 

This project specifically investigates alternative splicing variants and tissue specific expression of human, 

mouse and rat adenosine receptor transcripts in hypertension. It aims to extract RNA from the blood, 

saliva, and cardiovascular tissues. This will allow researchers to identify splicing variants that may be 

involved in the development of essential hypertension. Identification of such splicing variants will improve 

understanding of essential hypertension development and could lead to improved hypertension treatment 

or prevention techniques.   

 

Participant Involvement 

 

You will be asked to participate in one or more of the following ways: 

 

 To approve your doctor to donate cardiovascular tissue when you have the heart operation or 
heart transplantation. (5 mins); 

 

 To fill out a questionnaire that relates to a range of projects being studied, and which asks about 
specific diseases and medical health history (approx. 15 mins); 

 

 To donate a RNA sample, in the form of a saliva sample or blood sample at the hospital before 
the operation.  

 

 

Voluntary Participation 

 

You may choose to participate in only one of these aspects, but choose not to participate in the others. 

Whether you decide to participate in this study or not, your decision will not impact the level of service 

your doctor will provide you in any way. If you do decide to participate, you may withdraw your consent 

and discontinue your involvement at any time.  
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Inclusion criteria 

 

You may be included in the study if you are an adult (over the age of 18) and diagnosed with 

hypertension and on hypertensive medication.  

 

Exclusion criteria 

 

You will be excluded from this study if you are not an adult (under 18).  

 

Risks 

 

Cardiovascular tissue removal will be performed as part of your normal medical treatment by your doctor 

and only left over tissue will be donated to this research centre. Participation in this aspect therefore 

incurs no risk to participants. Likewise, filling out a questionnaire poses no physical risk to participants.  

 

There is a small risk of physical injury (minor bruising) or discomfort during blood donation; however, 

blood collection will be performed by a trained healthcare professional highly experienced in blood-taking, 

in order to minimise this risk. There is no risk to participants during saliva donation, which will be 

performed via a self-collection kit provided.   

 

Benefits 

 

There are not expected to be any immediate or direct benefits to you as a result of your participation in 

this study, though all study activities will be provided at no cost to the participants. The research will, 

however, provide a greater understanding of hypertension development, and possibly other disorders, 

which will improve the ability of additional research to uncover new treatments.  
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Confidentiality 

 

Your results will be kept as confidential as is possible by law. All data will be kept in the possession of the 

researchers at the Heart Foundation Research Centre. If results arising from your samples are published 

in a scientific journal, your identity will NOT be revealed. Participants will NOT be referred to by name 

during research reports or study discussions. All records will be stored in a locked filing cabinet with 

restricted access for a minimum of five years in a private office. All computer records will be restricted by 

password.  

 

Further Studies 

 

The RNA from donated samples will be extracted, de-identified, and subjected to a range of laboratory 

techniques and tests during the course of this research. Remaining RNA will be stored in a de-identified 

form in -70
OC

 freezers, located in a secure facility with restricted access, and may be used for further 

research related to this project or other projects within the Heart Foundation Research Centre. Any further 

use of donated samples will be for genuine research purposes intended as part of a search for 

knowledge, and will both respect and confer no risk to the original donor. 

 

Contacting the Investigators 

 

We are happy to answer any questions you may have at this time. If you have any queries later, please 

do not hesitate to contact DR Roselyn Rose’Meyer, on (07) 55529838, or Ming-Fen Ho, on (07) 

55528372.  

 

Feedback 

 

Interested participants can request a summary of the overall results of the research, where test results will 

be reported in aggregate form and in which individual results will not be distinguishable. This summary 

will be available upon completion of the study and will either be sent to interested participants (via mail or 
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e-mail), or alternately, will be accessible via our website at http://www.griffith.edu.au/health/heart-

foundation-research-centre/research. 

 

 

Complaints Mechanism 

 

Griffith University conducts research in accordance with the National Statement on Ethical Conduct in 

Research Involving Humans. If you have any concerns or complaints about the ethical conduct of the 

research project you should contact the Manage, Research Ethics on 3735 5585 or research-

ethics@griffith.edu.au. 

 

Privacy Statement 

 

The conduct of this research involves the collection, access, and / or use of your identified personal 

information. The information collected is confidential and will not be disclosed to third parties without your 

consent, except to meet government, legal, or other regulatory authority requirements. A de-identified 

copy of this data may be used for other research purposes; however, your anonymity will at all times be 

safeguarded. For further information, consult the University’s Privacy Plan at www.gu.edu.au/ua/aa/vc/pp 

or telephone (07) 3875 5585. 

 

 

Thank you for participating in this study. 

http://www.griffith.edu.au/health/heart-foundation-research-centre/research
http://www.griffith.edu.au/health/heart-foundation-research-centre/research
mailto:research-ethics@griffith.edu.au
mailto:research-ethics@griffith.edu.au
http://www.gu.edu.au/ua/aa/vc/pp
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Heart Foundation Research Centre 
School of Medical Science 

                                           Building G05_R2.08, Parklands Drive 
Southport, Queensland 4215 

 Telephone: +61 (0) 7 5552 8372 
 Fax: +61 (0) 7 5552 9081 

 Email: m.ho@griffith.edu.au 
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TISSUE DONATION: INFORMED CONSENT FORM 

 

 

Project Title 

 

Identification and characterisation of adenosine splicing variants cross species in 

essential hypertension 

Primary Investigator  

               DR Roselyn Rose’Meyer, BSc (Hons) PhD 

School of Medical Science 

Griffith University, Gold Coast 

Ph: (07) 55528938 

              Email: r.rosemeyer@griffith.edu.au 

 

 

 

Assistant Investigator 

Ming-Fen Ho, BSc .Masters 

PhD Candidate,  

Heart Foundation Research Centre 

School of Medical Science 

Griffith University, Gold Coast 

Ph: (07) 55528372 

Email: m.ho@griffith.edu.au

Participant Involvement 

I choose to participate in this study in the following ways: 

1. I approve my doctor to donate cardiovascular tissue to the Heart Foundation Research Centre 

after my doctor has completed my diagnosis and performed the operation. 

 

2. I agree to fill out a 10 page questionnaire that asks about my medical health history. 

 

 

 

Subject ID  
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Statement of Consent 

 

By signing below, I confirm that I have read and understood the project information sheet and the consent 

form. I agree to participate in the study titled: Identification and characterisation of adenosine splicing 

variants cross species in essential hypertension and give my consent freely. I understand that this study 

will be carried out as described in the project information sheet, a copy of which I have retained. I realise 

that whether or not I decide to participate is my decision and will not affect my treatment. I also realise 

that I can withdraw from the study at any time and that I do not have to give any reasons for withdrawing. 

I understand what my participation will include, and the risks involved. I have had the opportunity to ask 

questions and have them answered to my satisfaction. I understand that if have any additional questions I 

can contact the investigators of this project, whose contact details are above. I understand I can contact 

the Manager, Research Ethics, at Griffith University Human Research Ethics Committee on (07) 3875 

5585 (or e-mail research-ethics@griffith.edu.au) if I have any concerns about the ethical conduct of this 

project.  

 

 

 

 (Participant) (Participant’s signature) (Date) 

mailto:research-ethics@griffith.edu.au
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Heart Foundation Research Centre 
School of Medical Science 

                                           Building G05_R2.08, Parklands Drive 
Southport, Queensland 4215 

 Telephone: +61 (0) 7 5552 8372 
 Fax: +61 (0) 7 5552 9081 

 Email: m.ho@griffith.edu.au 

 

 

Appendix 4 

 

 

 

BLOOD DONATION: INFORMED CONSENT FORM 

 

 

 

Project Title 

Identification and characterisation of adenosine splicing variants cross species in 

essential hypertension. 

 

Primary Investigator  

               DR Roselyn Rose’Meyer, BSc (Hons) PhD 
School of Medical Science 
Griffith University, Gold Coast 
Ph: (07) 55528938 

               Email: r.rosemeyer@griffith.edu.au 
 
 
 

Assistant Investigator 

Ming-Fen Ho, BSc .Masters 
PhD Candidate,  
Heart Foundation Research Centre 
School of Medical Science 
Griffith University, Gold Coast 
Ph: (07) 55527713 
Email:m.ho@griffith.edu.au 
 

Participant Involvement 

 

I choose to participate in this study in the following ways: 

 

1. I agree to donate a RNA sample, in the form of a saliva sample or blood sample at the hospital 
before the operation. 

 

2. I agree to fill out a questionnaire that asks about specific diseases and my medical health history. 
 

3. I agree that my donated samples and questionnaire information be used for further research 
purposes by researchers within the Heart Foundation Research Centre.  

Subject ID  
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Statement of Consent 

 

By signing below, I confirm that I have read and understood the project information sheet and 

the consent form. I agree to participate in the study titled: Identification and characterisation of 

adenosine splicing variants cross species in essential hypertension and give my consent 

freely. I understand that this study will be carried out as described in the project information 

sheet, a copy of which I have retained. I realise that whether or not I decide to participate is 

my decision and will not affect my treatment. I also realise that I can withdraw from the study 

at any time and that I do not have to give any reasons for withdrawing. I understand what my 

involvement in this research will include, and the risks involved. I have had the opportunity to 

ask questions and have them answered to my satisfaction. I understand that if have any 

additional questions I can contact the investigators of this project, whose contact details are 

above. I understand I can contact the Manager, Research Ethics, at Griffith University Human 

Research Ethics Committee on (07) 3875 5585 (or e-mail research-ethics@griffith.edu.au) if I 

have any concerns about the ethical conduct of this project.  

 

 

 (Participant) (Participant’s signature)

 (Date) 

mailto:research-ethics@griffith.edu.au
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Heart Foundation Research Centre 
School of Medical Science 

                                           Building G05_R2.08, Parklands Drive 
Southport, Queensland 4215 

 Telephone: +61 (0) 7 5552 8372 
 Fax: +61 (0) 7 5552 9081 

 Email: m.ho@griffith.edu.au 

 

Appendix 5 

  

 

EXPRESSION OF INTEREST IN PROJECT RESULTS 

Project Title 

 

Identification and characterisation of adenosine splicing variants cross species 

in essential hypertension. 

Expression of Interest in Project Results 

 

I wish to express my interest in receiving summary of the overall results of this project’s 

research, upon completion of the study. I realise that I do not have to receive these results, 

and that test results will be reported in aggregate form and my own individual results will not 

be distinguishable. I do not wish to check the website http://www.griffith.edu.au/health/heart-

foundation-research-centre/research for information. I will tick or cross which delivery method 

I would like, below. 

 I wish to have the project summary mailed to me when available. My postal address 

is: 

  __________________________________________ 

  __________________________________________ 

  __________________________________________ 

  __________________________________________ 

  __________________________________________ 

 

 I wish to have the project summary e-mailed to me when available. My e-mail 

address is: 

  __________________________________________ 

 

 

 (Participant) (Participant’s signature)

 (Date) 

http://www.griffith.edu.au/health/heart-foundation-research-centre/research
http://www.griffith.edu.au/health/heart-foundation-research-centre/research

