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ABSTRACT

Adenosine and adenosine receptors are important cardioprotective mediators.
Age-related functional changes have previously been observed but factors that are
likely to contribute remain unclear. This thesis examined the effect of age on (1) the
mRNA expression of the ADOR and signalling molecules in whole heart and thoracic
aorta preparations (chapter 3), and (2) the functional responses of the ADORA1,
ADORA2B and ADORA3 in the rat heart (chapters 4-6).

Quantitative real time PCR was employed to examine the effect of age on mRNA
expression of the adenosine receptors (ADOR) and signalling messengers in hearts
and thoracic aorta isolated immature (6-8 weeks), young (16-18 weeks), mature
(52-54 weeks) and aged (104-106 weeks) rats, while protein expression of
Gαs-protein and Ca-L was examined using western blot. Conscious systolic blood
pressure (sBP) was also measured in normotensive rats to demonstrate
physiological variations that occur with maturation and ageing. Q-PCR analysis
showed reduced mRNA expression of the ADORA1 with maturation but a 2.8-fold
increase with ageing. In contrast, there was no detectable expression of the ADORA1
in isolated thoracic aorta. The ADORA2A, ADORA2B and ADORA3 were found to be
expressed in hearts and thoracic aorta. In hearts they remained unchanged with
maturation but were up-regulated (311, 317 and 309-fold, respectively) in aged rats.
In thoracic aorta, the ADORA2A remained unaffected by age while the ADORA2B and
ADORA3 were up-regulated in aged rats. In addition, up-regulation of the ADOR,
NOS, Gi- and Go-proteins correlated with down-regulation of RyR and Ca-L and AC6.
Gαs-protein and Ca-L protein expression increased in young hearts, then decreased
with maturation and ageing. Conscious systolic blood pressure increased from
98±1mmHg at 6 weeks to 134±5mmHg at 16 weeks (P<0.05), decreased to
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85±4mmHg until 54 weeks and gradually increased again to 90mmHg by 104 weeks.
The results indicate that cellular signalling systems in the rat heart change with
maturation and ageing; while changes in the cardiac expression of the ADORA1, Gi2-,
Gi3- and Gq-proteins, AC6, and NOS3 potentially play a role in age-related
physiological changes in systolic blood pressure.

The effect of age on ADORA1 mediated vascular, inotropic and chronotropic
functional responses in rat isolated heart was examined in chapter 4.

NECA

(5`-(N-ethylcarboxamido)adenosine)

R-PIA

and

(R-N6-(1-methyl-2-phenylethyl)adenosine) concentration-response curve experiments
were conducted in Langendorff prepared hearts isolated from immature, young and
mature male Wistar rats, and the effects of DPCPX (ADORA1 antagonist,
8-cyclopentyl-1,3-dipropylxanthine, 30nM) and PTX pre-treatment (48h, 10µg/kg IP,
inhibits Gi/o-protein) were observed. NECA mediated coronary vasodilation and
induced a biphasic concentration-response curve in hearts from immature rats (pEC50
8.5 (8.1-8.9) and 11.3 (10.3-12.3)). At the low-sensitivity site, NECA potency
increased in young but not mature rats and remained unchanged at the
high-sensitivity site. DPCPX blocked NECA at the high sensitivity site in immature
rats, producing a monophasic concentration-response curve (pEC50 8.6 (8.5-9.9)),
but not in young and mature rats. A monophasic response to NECA was produced in
PTX pre-treated immature hearts (pEC50 8.7 (8.3-9.0)) with a vasoconstrictor
response at lower agonist concentrations, which disappeared with age and was
inhibited by DPCPX. No age-related changes were observed in R-PIA mediated
negative inotropic and chronotropic responses (P>0.05). According to the results,
ADORA1

causes

vasoconstriction

of

coronary

resistance

vessels

via

a

PTX-insensitive pathway and induces vasodilation in hearts from immature rats;
responses that decline with age.
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This study also investigated ADOR subtype activity and the role of Gi-protein and NO
signalling in NECA mediated responses, and determined the effects of maturation on
these responses (chapter 5). NECA concentration-response curves were determined
in hearts from each age group. The effect of selective antagonists, including
MRS1191 (ADORA3), alloxazine (ADORA2B), pertussis toxin (Gi-protein) and
L-NAME (NOS) were determined in each group. NECA produced a biphasic
response in hearts from immature rats with pEC50 values of 11.4 (10.4-12.4) and 8.5
(8.1-8.9), respectively, with no age-related changes detected (P>0.05). MRS1191
(200nM) decreased the potency of NECA at the high sensitivity site in immature but
not young, mature and aged rats (P>0.05), while alloxazine (3µM) shifted the low
sensitivity phase to the right 8 fold, 83 fold, 35 fold and 12 fold in hearts from each
age group (P<0.05). Pertussis toxin pre-treatment inhibited the first phase of the
concentration-response curve in immature rats, instead a vasoconstrictor response
was observed. The vasoconstrictor response was reduced with age and a vasodilator
response maintained in young and mature rats. L-NAME (3µM) induced a
monophasic concentration-response curve to NECA with a vasoconstrictor response
at the lowest doses, while the low sensitivity site remained unchanged. The results
show that NECA mediates a heterogenous coronary vascular response. Vasodilator
responses at the low sensitivity site are mediated by the ADORA2B and increase with
maturation. This site remains unaffected by nitric oxide synthase inhibition therefore
is likely to be localized to the vascular smooth muscle. It is also not affected by PTX,
indicating no role for Gi-protein signalling, as expected.

The effect of maturation and ageing on ADORA3 mediated coronary responses was
investigated using isolated hearts perfused in Langendorff mode in chapter 6.
APNEA (ADORA3>ADORA1 agonist) was observed to activate at least two receptor
subtypes to mediate a biphasic vasodilator response in hearts from immature rats.
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The potency of APNEA at the high sensitivity site was enhanced by alloxazine
(ADORA2B antagonist) and reduced when combined with MRS1191 (ADORA3
antagonist). This indicates that the high sensitivity phase is the ADORA3, and
ADORA2B signalling is likely to play a negative regulatory role towards the ADORA3
mediated response. The activity at this site was also reduced with maturation. The
low sensitivity site was inhibited by alloxazine but not MRS1191, indicating that this
response is mediated by the ADORA2B or another receptor subtype. The response at
this site did not alter with age. Cl-IB-MECA, (ADORA3 agonist) produced monophasic
responses that were inhibited by alloxazine but remained unaffected by MRS1191 in
all age groups. In addition the potency of Cl-IB-MECA does not change in hearts
from PTX-treated rats. However, the maximal responses increased, indicating
Gi-protein independent and dependent signalling. Q-PCR analysis of rat hearts
indicated the presence of an ADORA3 splice variant (ADORA3i), which increased in
mRNA expression with age. Cl-IB-MECA responses may be mediated by this
ADORA3i. In summary, APNEA mediates coronary vasodilation in the rat heart via at
least two receptor sites, the ADORA3 and ADORA2B. ADORA3 responses are
reduced while ADORA2B remain unchanged with maturation. In addition, the splice
variant ADORA3i may contribute to coronary responses in the rat heart.

To summarize, this project investigated the gene expression and functional
responses of the ADOR’s in the cardiovascular system of the rat. All four ADOR
subtypes are expressed in cardiac tissue, while only ADORA2A, ADORA2B and
ADORA3 mRNA are expressed in isolated thoracic aorta. Pharmacological studies
revealed that cardiac ADORA1 mediated responses do not change with age. In
addition, the ADORA1, ADORA2B and ADORA3 mediate coronary vasodilator
responses in hearts from immature rats, However, with advancing age, there is a
change in the receptor population that mediates the vascular response, which
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involves the ADORA2B, ADORA3 and another unidentified receptor. Finally, the
ADORA1 mediates a vasoconstrictor response, which is lost with age.
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1.1 ADENOSINE

1.1.1 Role of adenosine

(3)
Adenosine is a ubiquitous local mediator that has a
widespread regulatory physiological role in mammals
[1].

Adenosine is found in nearly all tissues of the

(2)

body. It regulates the metabolic rate of a cell to match

(1)
the energy supply by binding four adenosine receptor
(ADOR) subtypes, including the ADORA1, ADORA2A,
ADORA2B and ADORA3. It also regulates blood supply

FIGURE

1.1

Structure

of

Adenosine. (1) 5` position of
ribose ring; and (2) 2- and (3)
N6- positions of purine ring.

to tissues to allow sufficient oxygen delivery. By
matching the energy demand to energy supply of a cell, it provides a protective role
to tissues [2, 3]. In the brain, adenosine mediates decreased neurosecretion and
neuroactivity while stimulating vasodilation [2].

In the lungs it stimulates

bronchoconstriction and vasodilation [2]. In the heart it is known to be a mediator of
coronary vasodilation, negative chronotropy, negative inotropy and negative
dromotropy

[4-6].

Finally,

adenosine

also

mediates

inflammation,

inhibits

neurotransmitter release from peripheral nerve endings and inhibits platelet activation
[6].

1.1.2 Structure of adenosine

Adenosine is shown in figure 1.1. It consists of a ribose ring attached to a
purine-furan complex. Adenosine is a relatively non-selective adenosine receptor
agonist. However, the receptor subtype affinity is altered by modifying the 5`-position
of the ribose, and the 2-and N6-positions of the purine (indicated by arrows in figure
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1.1). All adenosine receptor analogues possess the adenosine structure as the base
molecule.

1.1.3 Adenosine formation

Adenosine levels remain low (0.05-0.3µM) during basal conditions [6]. Under normal
cellular conditions, adenosine is released as a neurotransmitter via ATP hydrolysis
and from platelets via ADP. However, when the energy state of a cell is altered, the
adenosine levels are modified. In other words, when the energy demand of a cell
exceeds the energy supply of a cell, such as during conditions of hypoxia, ischaemia
(reduced metabolic supply) or exercise (increased metabolic demand), the levels of
adenosine and hence adenosine receptor-mediated processes increase to modify
tissue activity [1, 2, 6-8].

Adenosine is principally produced from the breakdown of adenine nucleotides, such
as ATP and AMP. As the energy charge of a cell decreases, there is an increase in
ATP hydrolysis compared to synthesis, and the concentration of AMP increases [2].
Intracellular adenosine is formed from AMP by endo-5`nucloetidase and transported
to the extracellular compartment via a nucleoside transporter, while extracellular
AMP is converted to adenosine by exo-5`-nucleotidase found on the outer plasma
membrane (see figure 1.2) [1, 5, 6]. Adenosine accumulates in the interstitial space
and binds to four adenosine receptor subtypes to initiate responses that increase
oxygen supply and decrease oxygen demand to the tissue [2, 7, 9]. A second source
of

adenosine

is

the

hydrolysis

of

S-adenosylhomocysteine,

producing

L-homocysteine as a by-product. This source slowly releases adenosine as free
cytosolic adenosine [1, 5]. These processes are part of the de-novo synthesis
pathways of adenosine.
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1.1.4 Adenosine metabolism and uptake

Once in the interstitial space, adenosine acts as a local hormone and does not
subsist for long. In addition, it is not stored, but produced upon demand [2], and it has
a half-life in the order of one to five seconds [2, 5, 6] before being recycled or
catabolized. This occurs either outside the cell or adenosine is taken up by the cell
via an uptake system. Ultimately, adenosine is inactivated or removed via three
mechanisms: [A] phosphorylated to AMP by adenosine kinase, [B] deaminated by
adenosine deaminase to form inosine, or [C] taken up by the cell via the uptake
system (see figure 1.2). These are the salvage pathways of adenosine metabolism.
[1, 6]
ATP
Pi
Uric acid

ADP
Pi

6

3

Xanthine

IMP

AMP
L-homocysteine
2a

[A]

3

1

6

4
Adenosine

S-adenosylhomocysteine
Cytosol

5
Inosine

Hypoxanthine

[B]

7
[C]

Interstitial fluid

2b
Adenosine

AMP

ADP

ATP

1

FIGURE 1.2 Formation, metabolism and uptake of adenosine. Enzymes: (1) Adenosine
kinase, (2a) endo-5`-nucleotidase, (2b) ecto-5`-nucleotidase, (3) AMP deaminase, (4)
adenosine deaminase, (5) nucleoside phosphorylase, (6) xanthine oxidoreductase, (7)
S-adenosylhomocysteine hydrolase. [1, 6]
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Adenosine is a hydrophilic molecule, therefore requires a specific transmembrane
protein to allow uptake into the cell. Two mechanistically distinct forms of transport
exist in cardiac tissue, including equilibrative-sensitive and sodium-dependent
transport mechanisms. Equilibrative sensitive transport involves processes similar to
facilitated diffusion and is driven by the concentration gradient of adenosine. It occurs
in almost all cell types. Sodium-dependent transporters are co-transporters primarily
found in specialized cell types such as epithelial cells. They involve the inward
transport of adenosine against its concentration gradient with the simultaneous
outward transport of sodium ions down its electrochemical gradient [10, 11]. These
systems are saturable, especially in conditions where adenosine concentrations are
high, such as hypoxia and ischaemia [1].

TAMSIN JENNER

29

Adenosine Receptors in the Rat Heart

1.2 MOLECULAR BIOLOGY OF THE ADENOSINE RECEPTORS

Adenosine binds four ADOR subtypes, including the ADORA1, ADORA2A, ADORA2B
and ADORA3. The adenosine receptors are N-linked glycoproteins and are members
of the seven-transmembrane domain receptor superfamily [12]. They possess a wide
tissue distribution and have been cloned from several species, including humans,
dogs, bovines, rats, mice, guinea pig, sheep, and rabbits [13]. Nevertheless, the
coding sequences are generally homologous (approximately 90%) at the nucleic acid
level, particularly in sequences encoding the transmembrane regions [12].

1.2.1 Chromosome locations and gene structures

The chromosomal locations of the human ADOR's have been reported and are

ADORA2A, ADORA2A and ADORA3 genes
are located on chromosomes 22, 17 and

Chromosome 22

gene is found on chromosome 1, while the

Chromosome 17

The ADORA1
Chromosome 1

illustrated in figure 1.3.

A

2B

R
O

D

A

D

A

possess only one intron in the coding

2A

A

3

O
R

A

and Stiles (1998) [12], all four genes

D

O
R

A

1, respectively [14-19]. According to Ren

sequence (see figure 1.4). This intron lies
reading

frame

that

AD

corresponds to the second intracellular

1

open

A

the

O
R

in

loop of the ADOR’s [15, 18-21]. The
position of the intron in the ADORA3 is
highly

conserved
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ADORA1, ADORA2A, and ADORA2B.

The last exon contains both the coding

sequence and the 3` untranslated regions (3`UTR), and is relatively consistent
between the receptor subtypes. The principal differences exist in the 5` untranslated
region (5`UTR). The 5`UTR is found on exons 1-4 and partially on exon 5 of the
ADORA1 gene. The ADORA2A contains 2 exons and 1 intron, while the ADORA2B and
ADORA3 contain one exon only in the 5`UTR [18, 21] (see figure 1.4). In comparison,
the literature provides evidence for species variations in the chromosomal locations
and gene structure of the ADOR. Although the genes have the same loci in the
mouse, in the rat, the genes are located on chromosomes distinct from those
determined in humans (see table 1.1), and contain only 2 exons and 1 intron. [18, 21]

2

E x on 1

3

5

4

6
1q 32 .1

ADO RA1
5`U T + cod ing

5`U T
E x on 1

2

C o ding + 3`U T
3

A D O R A 2A

22 q11.23
5`U T + cod ing

5`U T
E x on 1

C o ding + 3`U T
2
17 p1 2-p11 .2

A D O R A 2B
5`U T + cod ing
E x on 1

C o ding + 3`U T
2

ADO RA3

1p 21 -p 13
5`U T + cod ing

C o ding + 3`U T

FIGURE 1.4 Gene structure of the ADOR subtypes [18, 21]

The structural motifs and gene arrangements of the human ADOR is highly
suggestive of alternative splicing [12], particularly in the ADORA1. Previous reports
have shown that splicing in the 5`UTR is a mechanism of regulation for gene
expression [12]. As previously mentioned the ADORA1 gene possesses a 5`UTR that
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contains 5 exons and 4 introns. It is proposed that exons 1 and 2 of the ADORA1 are
spliced out to produce a mature transcript containing exons 3, 5 and 6, or exons 4, 5
and 6 [12]. Splicing leads to the production of different transcripts that are expressed
in a tissue-specific manner. In comparison, the ADORA2A, ADORA2B and ADORA3
possess fewer introns, therefore excluding structural variations due to alternative
splicing [19]. However, while some studies have shown no evidence of alternative
splicing in the human ADORA3 gene [21], Sajjadi et al. (1996) reported a splice
variant of the rat ADORA3 with reduced G-protein coupling ability [22]. In addition,
single polymorphic nucleotide (SNP) sites have been identified in the 5`UTR and
open reading frame of the ADORA2B, where splicing leads to the formation of variants
that influence disease states such as cystic fibrosis. It is not yet known whether
SNP's play a role in diseases such as hypertension and inflammation [18].

TABLE 1.1 Chromosomal characteristics of the ADOR genes in human and rat. Data
was sourced from Unigene and Ensemble.

ADORA1

ADORA2A

ADORA2B

ADORA3

Human
Chromosomal loci

1q32.1

22q11.23

17p12-p11.2

1p21-p13

# exons : introns

6:5

3:2

2:1

2:1

Transcript length (bp)

2896

2492

1885

2241

Translation length

326

412

332

318

36.5

44.7

36.3

36.2

(residues)
Protein MW (kDa)

Rat
Chromosomal loci

13q13

20p12

10q23

2q34

# exons : introns

2:1

2:1

2:1

2:1

Transcript length (bp)

2682

2274

1842

1577

Translation length

326

410

332

320

36.7

45

35.4

36.6

(residues)
Protein MW (kDa)
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1.2.2 Transcription factors

ADOR gene expression is regulated by promoter elements that are located in the
5`UTRs. The ADORA1 promoter region contains a long 5`UTR and 2 separate
promoter elements, promoter ‘A’ and ‘B’. These elements contain non-consensus
putative TATA boxes located upstream of the transcription start sites and are
relatively conserved between species [23, 24]. Promoter B is more active than
promoter A, but both bind the transcription factors GATA-4 and Nkx2.5 to regulate
transcription of the ADORA1 [24]. The ADORA2A, ADORA2B and ADORA3 promoter
regions have long 5`UTRs and lack CAAT and TATA box sequences [21].

The ADORA2A and ADORA2B genes each contain two independent functional
promoter regions. The ADORA2A promoters bind nuclear factor-1 (NF1), which acts
as a transcriptional repressor to modulate ADORA2A expression. In addition,
expression of the gene is regulated at a post-transcriptional level by negative
regulation of the 5`UTR ADORA2A promoters. Although yet to be reported, evidence
does not exclude a role for transcriptional regulators. [17]

In comparison, the ADORA3 promoter region contains multiple putative binding sites
for ubiquitous transcription factors such as AP-1, SP-1 and EF-1A, which allow a low
to moderate level of ADORA3 expression [21]. Studies in the mouse have revealed a
putative cAMP response element (CRE) and GATA-6 site which also binds GATA-1
and -3, and remain conserved in the human. The CRE allows feedback mechanisms
to regulate ADORA3 expression in response to intracellular levels of cAMP [21, 25].
The ADORA3 gene also binds NF-IL6, which is known to play a role in inflammation
[20].
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1.3 CHARACTERISATION OF THE ADENOSINE RECEPTORS

1.3.1 Classification of the adenosine receptors

Adenosine receptors (ADOR’s) are G-protein-coupled receptors that were initially
classified into 4 receptor subtypes according to their ability to inhibit or activate
adenylyl cyclase (AC) activity [1, 26]. The adenosine A1 receptor (ADORA1) couples
to the inhibitory Gi/o-proteins to inhibit AC while the
adenosine A2A receptor (ADORA2A) activates AC
NH4

activity by coupling to the Gs-protein. Similarly, the
ECF

adenosine A2B receptor (ADORA2B) activates AC via

ADORA1

the Gs-protein, but also associates with Gq-proteins.
ICF

Finally, the adenosine A3 receptors (ADORA3) inhibit
COOH

AC activity by coupling to Gi/o and are known to bind
FIGURE 1.5 Structure of ADORA1

Gq-proteins. [1, 4, 6, 13, 26, 27]

1.3.2 Structure of the adenosine receptors

The ADOR subtypes are relatively similar in structure, differing primarily in their C
terminus tail (see figures 1.5-1.8). Like all G-protein-coupled receptors, they are cell
surface glycoproteins that possess seven
NH4
ECF
ADORA2A

hydrophobic membrane spanning domains [6,
13, 26]. Each domain consists of 21 to 28
amino acids that make up an α-helix. The

ICF

helices are connected by three extracellular
and

3

intracellular hydrophilic

loops. In

COOH

FIGURE 1.6 Structure of ADORA2A
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located in the extracellular compartment, while the C-terminal lies on the cytosolic
side of the membrane. A ligand binding pocket is created by the arrangement of the
α-helices on the extracellular side of the membrane. The α-helices are arranged in a
circular formation, while the intracellular portion of the helices and loops provide a
G-protein interacting site whereby intracellular signalling is activated. [13, 26]
Molecular cloning studies indicate that human
NH4
ECF
ADORA2B

homologs of the ADORA1, ADORA2A, ADORA2B
and ADORA3 consist of 326, 328, 409, and 318
amino acids [8, 27, 28]. The transmembrane

ICF

regions of each receptor are generally highly
conserved and determine ligand binding and

COOH

specificity [13]. In addition, the intracellular
FIGURE 1.7 Structure of ADORA2B

loops of each receptor play a large role in

determining the G-protein selectivity. The extracellular loops and N-terminal tail are
involved in conformational changes in the receptors
that occur upon ligand binding to the receptor [13]. In
NH4

general, the receptor subtypes are very similar in
structure, differing largely in the C-terminal tail. In

ECF
ADORA3

particular, the ADORA2A possesses a particularly long
C-terminal tail that plays a role in mediating the
constitutive activity of the receptor subtype [29].

ICF

COOH

FIGURE 1.8 Structure of ADORA3

However, all receptor subtypes exhibit relatively similar
responses [8].
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1.3.3 Pharmacology of the adenosine receptors

Before ADOR were cloned and sequenced, the ADOR subtypes were defined by
their structure-activity relationships that were determined using pharmacological tools
such as agonists and antagonists [30]. Specifically they were defined by their rank
order of potency and selectivity towards agonists (see table 1.2). The ADORA1 and
ADORA2A are generally well characterised pharmacologically. However, the
ADORA2B and ADORA3 are less characterised due to their lack of selective agonists
and antagonists [31]. The available agonists and antagonists are important tools for
characterizing and determining the functions of the ADOR. They all possess the base
molecule found in adenosine: the ribose ring attached to a purine-furan complex with
modified N6 moieties (see figure 1.9).

NH2
HO

NH
R-PIA

N

N

O

N

ADORA1 selective

HO

N

N

N

N O N

CGS21680

NH2

ADORA2A selective

OH OH

N

N

OH OH

N O N

NN O

N
I

NH

NECA
Nonselective (ADORA2)

H2N

APNEA

N

N

N
NN O

NH
Nonselective
(ADORA3>ADORA1)

OH OH

N

Cl-IB-MECA
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HO

N

OH OH

N O N
OH OH

FIGURE 1.9 Molecular structures of selective and non-selective ADOR agonists.
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NECA [1, 32, 33] is a non-selective adenosine receptor agonist with affinity for all the
receptor subtypes. It activates the ADORA1 and ADORA2A in the low nanomolar
concentrations, the ADORA2B in the low micromolar ranges, and the ADORA3 in the
high nanomolar concentrations.

There is an abundance of highly selective agonists that have been developed for the
ADORA1 and ADORA2A (see table 1.2). However, this is not the case for ADORA2B
and ADORA3. Although several are listed for the latter receptor subtypes, table 1.2
indicates the relative potency of the agonists, and that the agonists are more
selective for ADORA1 and ADORA2A.

Adenosine A1 receptor pharmacology
An agonist with the highest affinity and selectivity for the ADORA1 is R-PIA.

In

comparison, NECA (Ki 20nM) and CGS21680 (Ki 22nM) are the most potent agonist
available for the ADORA2A, while IB-MECA (Ki 1.2nM) is the most selective for the
ADORA3. [6, 19, 34, 35]

The most selective agonist for the ADORA1 is R-PIA with a Ki of 1nM in the rat [19].
Table 1.2 lists several other agonists including S-PIA, CPA and CHA, which have
high potency at this receptor subtype. The agonist potency profile typically used to
profile the ADORA1 in the human and rat is R-PIA (Ki 2nM) > NECA (Ki 14nM) >
S-PIA (Ki 75nM) [26, 27, 34, 35]. Selective antagonists are used to verify this profile.
DPCPX (Ki 3.9nM; [34, 35]) was one of the first selective ADORA1 antagonists
available. It is a xanthine compound that is up to 500 fold and 20 fold selective for
ADORA1 over, ADORA2A and ADORA2B, respectively, with little to no affinity at the
ADORA3 [19]. Other selective antagonists for the ADORA1 include WRC-0571 (Ki
3nM; [19]) and XAC (Ki 29nM; [34, 35]).
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TABLE 1.2 Selective agonists and antagonists of the ADOR subtypes. Values represent
Ki values (µM) [6, 19, 26, 27, 34-36]

Agonist potencies

Selective Agonists

Selective antagonists

ADORA1
R-PIA (0.001) > NECA

CPA, CHA, R-PIA, S-PIA,

(0.006) > IBMECA (0.054) >

S-ENBA

DPCPX, XAC, N-0861,

CGS21680 (2.6)
ADORA2A
NECA (0.01)= CGS21680

CGS21680, APEC, DPMA,

SCH58261, ZM241385,

(0.015) > IB-MECA (0.056) >

2HE-NECA

CGS15943

R-PIA (0.124)
ADORA2B
NECA (2)>R-PIA (160) =

none

enprofylline, alloxazine

IB-MECA (201) >
CGS21680 (1600)
ADORA3
IB-MECA (0.001) > NECA

IB-MECA, Cl-IB-MECA,

MRS1067, MRS1097,

(0.113) = R-PIA (0.158) >

I-APNEA,

MRS1191, MRS1220,

APNEA* > CGS21680

I-ABA

L-249313, L-268605

(0.584)
Agonist potencies for ADORA1, ADORA2A and ADORA3 are Ki values for rat; for ADORA2B are EC50
values

for

human.

Abbreviations:

NECA,

5’(N-ethylcarboxamido)adenosine;

CGS21680,

2-p-(2-carboxyethyl)phenethylamino-5’-N-ethylcarboamidoadenosine;

IB-MECA,

1-deoxy-1-(6-[([3-iodophenyl]methyl)amino]-9H-purin-9-yl)-N-methyl-β-D-ribofuranuronamide;
R-PIA,

(R)-N6-(methyl-2-phenylethyl)adenosine;
N6-cyclopentyladenosine;

CPA,

N6-2-(4-aminophenyl)ethyladenosine;

APNEA,

N6-cyclohexyladenosine;

CHA,

6

S-PIA,

6

(S)-N -(methyl-2-phenylethyl)adenosine; S-ENBA, (2S)-N -[2-endo-norbonyl]adenosine; APEC,
2-[(2-aminoethylamino)carbonylethylphenylethylamino]-5`-N-ethylcarboxaminoadenosine;
6

N -[2-(3,5-dimethoxyphenyl)-2-(2-methylphenyl)-ethyl]adenosine;

2HE-NECA,

2-(1-Hexynyl-5`-ethylcarboxamidoadenosine;

Cl-IB-MECA,

6

2-chloro-N -(30iodobenzyl)-adenosine-5’-N-methyluronamide;
6

N -(3-iodo-4-aminobenzyl)adenosine;

DPCPX,

DPMA,

I-ABA,

8-cyclopentyl-1,3-dipropylxanthine;

8-{4-[({[(2-aminoethyl)-amino}carbonyl}methyl)oxy]phenyl}-1,3-dipropylxanthine;

XAC,
N-0861,

6

N -endonorboran-2-yl-methyladenine;

SCH58261,

5-amino-7-(2-phenylethyl)-2-(2-furyl)-pyrazolo[4,3-∈]-1,2,4-triazolo[1,5-c)pyramidine;

ZM241385,

4-(2-[7-amino-2-(furyl)[1,2,4]-triazolo[2,3-a]triazin-5-ylamino]ethyl)phenol;

CGS15943,

9-chloro-2-(2-furyl)(1,2,4)triazolo(1,5-c)quinizolin-5-amine;
alloxazine,
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3,6-dichloro-2`-isopropyloxy-4`-methyl-flavone;

MRS1097,

3,5-diethyl-2-methyl-6-phenyl-4-[2-phenyl-(E)-vinyl]-1,4,-(±)-dihydropyridine-3,5-dicarboxylate;
MRS1191,
3-ethyl-5-benzyl-2-methyl-4-phenylethynyl-6-phenyl-1,4-(±)-dihydropyridine-3,5-dicarboxylate;
MRS1120,

9-chloro-2-(2-furanyl)-5-([phenylacetyl]amino)(1,2,4)-triazolo(1,5-c]quinazoline;

L-249313,
6-carboxymethyl-5,9-dihydro-9-methyl-2-phenyl-[1,2,4]-triazolo-{5.1-a}-[2,7]-naphthyridine;
L-268605, 3-(4-methoxyphenyl)-5-amino-7-oxo-thiazolo-[3,2]-pyramidine.

Adenosine A2 receptor pharmacology
Pharmacological characterisation is frequently used to differentiate between the
ADORA2A and ADORA2B. The typical agonist potency profile of the ADORA2A
includes NECA (Ki 20nM) > R-PIA (Ki 860nM) > S-PIA (Ki 7.8µM) [26, 27, 34, 35].
However, CGS21680 (Ki 27nM for ADORA2A) has a high affinity binding to the
receptor subtype compared to the non-selective agonist NECA and is commonly
employed because of its lack of effect at the ADORA2B [19]. In terms of antagonists,
ZM241385 was reported to be highly selective for the ADORA2A (Ki 1.4nM) vs.
ADORA2B (Ki 31nM). In addition, SCH58261 (Ki 0.6nM for ADORA2A) is commonly
employed to differentiate NECA activated ADORA2A and ADORA2B mediated
responses. [19, 34, 35]
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FIGURE 1.10 Structures of selective and non-selective ADOR antagonists

There are no selective agonists for the ADORA2B. NECA remains the most potent
adenosine analogue at the ADORA2B (micromolar concentrations), although it is
non-selective and activates other ADOR receptor subtypes at nanomolar
concentrations. Therefore, pharmacological characterisation relies on a process of
exclusion and the absence of potency of other agonists. For example, CGS21680 is
ineffective at the ADORA2B (EC50 88.8µM) and is used to differentiate between
ADORA2B and ADORA2A. In addition, the ADORA1 agonist R-PIA (EC50 11.2µM for
ADORA2B) and the ADORA3 agonist IB-MECA (EC50 11.0µM for ADORA2B) have low
affinity for the ADORA2B [34, 35]. The antagonists are utilized in receptor
identification by selectively blocking other ADOR subtypes. Two potent ADORA2B,
though not completely selective, antagonists include enprofylline and alloxazine [19,
36]. The former is 22 fold selective for ADORA2B vs. ADORA1, 5 fold vs. ADORA2A
and 6 fold vs. ADORA3. The latter is a non-xanthine compound that was reported to
be a 9 fold more potent at the ADORA2B than ADORA2A [19, 36]. Therefore,
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enprofylline is considered selective but not potent, while alloxazine is potent but not
selective for ADORA2B. As with agonists, a process of exclusion can be used to
identify the ADORA2B. For example, the ADORA1 antagonist DPCPX (20 fold
selective), ADORA2A antagonist ZM241385 (80 fold selective) and ADORA3
antagonist MRS1191 (11 fold selective) can be employed to selectively block their
ADOR subtypes to allow identification and examination of the ADORA2B [19].

Adenosine A3 receptor pharmacology
The pharmacological profile of the ADORA3 is unlike those of the ADORA1 and
ADORA2 [27]. The ADORA3 has a potency profile of R-PIA (Ki 16nM) ≥ NECA (Ki
6.2nM) > S-PIA (Ki 45nM). However, the affinities of these ligands are much lower
than for the ADORA1. APNEA became a potent agonist of choice at the ADORA3, but
also has a lower selectivity, for the ADORA1 (ADORA3>ADORA1). In addition,
IB-MECA (Ki 1.2nM) and Cl-IB-MECA (Ki 11nM) have been reported to be selective
ADORA3 agonists and are currently employed. A significant characteristic, which
differentiates it from the other receptor subtypes, is the xanthine insensitive nature of
the ADORA3 [27, 37].

In other words, conventional antagonists possessing a

xanthine molecular structure are ineffective at blocking ADORA3 mediated
responses, thereby providing another means of differentiating the receptor subtypes.
Alternatively, flavanoid and dihydropyridine derivatives that are potent ADORA3
antagonists have been developed, including MRS1067, MRS1191, MRS1222 and
MRS1097. They have been reported to be 45-1700 fold more potent at the rat
ADORA3 vs. ADORA1 and A2A [19].

Some studies have provided evidence that the effector response is dependent on the
degree of receptor subtype activation. Low-level (nanomolar) ADORA3 activation
results in cellular protection and is largely due to endogenous adenosine release. In
contrast, high-level (micromolar) or chronic ADORA3 activation induces apoptotic cell
TAMSIN JENNER
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death [3, 13]. Furthermore, ADORA3 antagonists have also been reported to induce
apoptosis [13]. These pro- and anti-apoptotic effects have been observed in various
tissues including the CNS, immune cells (mast cells and eosinophils), and cardiac
myocytes [3]. The proposed mechanism behind these effects involves calcium influx
and ADOR subtype cross-talk [3]. This indicates that the degree of stimulation of a
receptor results in the activation of different intracellular signalling cascades and
hence effector mechanisms.

The affinity of an agonist or antagonist for the ADOR’s is also dependent on
G-protein cycling. A ligand binds to the receptor when it is in an active conformation
when bound to a G-protein in the transition state (no GTP or GDP bound) [38]. The
complex is stable in this transition state. The receptor binds a ligand with high affinity.
Once a guanine nucleotide binds the vacant site on the α-subunit, the complex shifts
from the transition state and the G-protein dissociates from the receptor [38-40].
Simultaneously, the affinity of the ligand for the receptor diminishes and it dissociates
[38]. In addition to G-protein cycling, agonist affinity towards a receptor is also
determined by the number of G-proteins available to couple to the receptor [38].

1.3.4 Regulation of the adenosine receptor populations

The ADOR, like other G-protein-coupled receptors, are regulated by several different
mechanisms at different levels including gene expression, translation and signal
transduction.

Depending

on

the

stimulus,

these

changes

contribute

to

desensitisation, sensitisation or maintenance of the functional receptor system.
Several studies have examined the stability and phosphorylation state of the ADOR
to gain an understanding of these processes of regulation, which is summarised in
figure 1.11.
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FIGURE 1.11 ADOR regulation: (1) Ligand activated ADOR phosphorylates kinases,
leading to (2) phosphorylation of the ADOR, (3) uncoupling of the G-protein, and (4)
internalisation of the receptor. GRK, G-protein receptor kinase; PKA, protein kinase A; PKC,
protein kinase C.

Desensitisation, or down-regulation, refers to a reduced functional response of a
receptor as a result of repeated exposure to a ligand [27]. It is often associated with
exposure to agonists.

Rapid desensitisation occurs within minutes and involves

phosphorylation of the C-terminus of the receptor by G-protein receptor coupled
kinases (GRK’s) [13, 41] or cAMP-dependent protein kinases and subsequent
uncoupling of the G-protein [13]. In comparison, prolonged desensitisation also
involves G-protein uncoupling but takes place independently of phosphorylation.
Alternatively, receptor internalisation may take place [13].

Down-regulation of the ADORA1 and ADORA3 occurs after prolonged exposure
(fifteen minutes to several hours) to an agonist, leading to G-protein uncoupling. An
investigation that involved multi-day infusion of rats with R-PIA was linked with a
decreased ability of ADORA1 in cardiac atria to mediate negative chronotropic and
inotropic effects [27]. This functional desensitisation was associated with a decrease
in Gα subunit expression at the membrane surface, but not at the level of mRNA
expression [27].

In addition, Palmer et al. (1995) [41] reported functional
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desensitisation of the ADORA3 following prolonged exposure to NECA due to
down-regulation of Gαi3- and Gβ-protein subunits.

In comparison, desensitisation of the ADORA2 is more rapid (within minutes) [13].
Rapid desensitisation of the ADORA3 also occurs as an adaptive response to acute
agonist exposure [41]. ADORA2A desensitisation has been observed in various
tissues from porcine, rat and canine sources. Several recent investigations [27, 42]
have

reported

that

upon

agonist

ligand

binding,

the

receptors

become

phosphorylated by GRK’s or protein kinase A (PKA) and protein kinase C (PKC)
leading

to

instability

and

uncoupling

of

the

receptor-G-protein

complex.

Consequently, there is an ultimate decrease in receptor-mediated activity [43].

Desensitization also occurs with a decrease in affinity of an agonist for the receptor
subtype. As previously mentioned in section 1.3.3, the affinity of an agonist for a
particular receptor depends on the activation state of the receptor-G-protein complex.
The agonist has the highest affinity for a receptor when the complex is in the
transition state and no guanine nucleotides are bound. However, upon inactivation,
the affinity of the agonist decreases and it dissociates from the receptor. G-protein
activity and cycling is controlled by regulators of G-protein signalling, or RGS
proteins. These proteins regulate the GTPase activity of the α-subunit to promote
GTP hydrolysis. Desensitisation occurs when the rate of GTPase activity is reduced
and hence agonist affinity is lessened.

Sensitisation, or up-regulation, often occurs with antagonist exposure, leading to an
increase in the activity of the receptor subtype. The increase in activity may be due to
an enhanced number of functional receptors or altered interaction with the G-protein.
For example, both the ADORA1 and ADORA2A are up-regulated with chronic
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exposure to caffeine, and no changes to receptor density or mRNA detected. In
addition, up-regulation is also observed in some patho-physiological conditions. For
example, an up-regulation of the ADORA3 has been reported in models of airway
inflammation and asthma. [13]

In summary, the ADOR are tightly regulated depending on the degree of activation to
allow a consistent and unvarying effector output. Agonist activation is associated with
down-regulation to avoid excess activity, while up-regulation is associated with
antagonist binding to overcome the blocking effects and maintain effector responses.
Changes in functional activity of the ADOR are also seen with chronic exposure to
ADOR ligands [32, 44, 45]. Several investigations are examining the levels and
mechanisms of regulation associated with age-related changes observed in
functional responses.
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1.4 PHYSIOLOGICAL EFFECTS OF ADENOSINE RECEPTORS

1.4.1 Tissue distribution of the adenosine receptors

ADOR have a widespread tissue distribution around the around the body. Table 1.3
lists the general tissue distribution or each receptor subtype.

TABLE 1.3 General tissue distribution of ADOR subtypes [13, 19, 27, 46, 47]

ADORA1

CNS (Cerebral cortex, hippocampus, thalamus, brain stem, spinal cord),
Lungs, Reproductive system (vas deferens, testes), Liver, Urinary tract
(kidney, bladder), Small intestine, Heart (myocytes, aorta), Spleen, Eye,
White adipose tissue, Stomach

ADORA2A

CNS (cerebral cortex, hippocampus, striatum, spinal cord), Mesenteric artery,
Reproductive system (sperm), Liver, Kidney, Pancreas, Heart (coronary
vessels, aorta), Immune cells, Eye (retinal cells), Vasculature (VSMC,
endothelium, platelets)

ADORA2B

Brain (pineal gland), Lungs, Reproductive system (sperm), Liver, Urinary tract
(kidney, bladder), Intestine (small and large), Heart (coronary vessels, aorta),
Pancreas, Eye (retinal cells)

ADORA3

Brain

(striatum,

pineal,

cortex,

hypothalamus,

cerebellum),

Lung,

Reproductive system (testis, uterus), Liver, Urinary tract (kidney, bladder),
Intestine (jejunum, colon), Heart, Spleen, Eye, Placenta, Mast cells

Although widely distributed, the ADORA1 and ADORA2 can play a distinct role in
protecting tissues against insufficient oxygenation [9, 27]. Firstly, the ADORA1
principally acts to bring about a decrease in oxygen demand [9, 27]. In other words,
the metabolic work performed by the tissue is decreased [2, 27]. For example, in the
heart, this is achieved by decreasing the heart rate (via SA and AV nodes), the force
of atrial and ventricular contraction, and the electrical conduction [1].

Secondly, the

ADORA2 mediated responses increase the oxygen supply to the tissue by stimulating
relaxation of vascular smooth muscle to induce vasodilation and increase blood flow
[5]. Increased oxygen supply is also augmented by an increased rate of respiration.
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In addition, ADORA2 inhibit platelet aggregation and reduce the effects of thrombosis
[2]. A review of the literature indicates that ADORA2 are mainly associated with the
vasculature and anti-inflammatory cells, while the ADORA1 is found globally in all
tissues [1].

Comparatively, little is known about the ADORA3. In the heart, ADORA3 have been
linked to responses in both the coronary blood vessels and the ventricular myocytes,
where they play a major role in cardioprotection during ischaemic conditions by
inducing vasodilation and decreased cardiac work, respectively [1, 27]. They have
also been reported in mast cells where they mediate degranulation and associated
immune responses [48, 49].

Studies have shown that receptor subtype mediated responses are species
dependent. For instance, the ADORA2A mediates vasodilation in coronary vessels in
guinea pig and mouse, while in the rat the ADORA2B mediates the same response. In
addition, while the ADORA3 mediates mast cell degranulation in the rat, the
ADORA2B mediates the response in the dog [37]. One of the major contributors to
species variation is species receptor-homology. According to previous studies amino
acid homology between rat and human ADOR are ADORA1 94.8%, ADORA2A 84.3%,
ADORA2B 86.1% and ADORA3 73.9% [3, 19, 46]. Variations in species homology and
hence tissue distribution and activity makes it difficult to relate animal investigations
to human studies.
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1.4.2 Physiological effects of the adenosine receptors

Adenosine and ADOR have pronounced effects in most organ systems and tissues
around the body including the central nervous system (CNS), renal, digestive,
reproductive and respiratory systems. Some of these effects are summarized in
table 1.4.

TABLE 1.4 Physiological effects of the ADOR in various tissues [1, 3, 6, 13, 26, 41]

Physiological

Physiological effects

Mediating ADOR

↓ neuronal activity

ADORA1, ADORA3

↓ neurotransmitter release

ADORA1

↑ neurotransmitter release

ADORA2A

system
CNS

(dopamine, acetylcholine)
Anti-nociception

ADORA2

Afferent arteriole vasoconstriction

ADORA1

Efferent arteriole vasodilation

ADORA2

↓ renin release

ADORA1

↑ renin release

ADORA2

Inhibit neurotransmitter release

ADORA1

Digestion

Duodenal relaxation/constriction

ADORA2B

and

↑ Gastric secretion

ADORA2

metabolism

↓ intestinal secretion

ADORA2B

Respiratory

Bronchoconstriction

ADORA1, ADORA2B, ADORA3

Renal

ADORA2
↓ mucus secretion
Immune

Mast cell degranulation

ADORA2, ADORA3
ADORA2A

↓ platelet aggregation

ADORA1

↑ neutrophil activity

ADORA2

↓ neutrophil activity
↑ represents activation and ↓ corresponds to inhibition.
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The ADOR have a ubiquitous role in the CNS. One of the major effects of the
ADORA1 is to reduce neuronal activity, thereby reducing oxygen consumption of the
neural cells and acting as a neuroprotectant [13]. This is achieved by inhibiting
neurotransmitter release and hyperpolarizing neural membranes to reduce action
potential propagation [13]. Reducing neural activity has several implications. Firstly,
in the periphery, the activity and hence oxygen consumption of the effector tissue
such as smooth muscle is reduced [13]. Secondly, in the central nervous system, it
can have behavioural effects such as sedation and locomotor depressant effects to
reduce oxygen consumption globally [13]. ADORA3 activation also has similar
behavioural effects. In contrast, the ADORA2A facilitates neurotransmitter release
such as dopamine and acetylcholine, and mediates anti-nociception [13, 26]. It is
also important to note that a higher concentration (micromolar concentrations) of
adenosine is required to increase neurotransmitter release via the ADORA2A
compared to inhibiting transmitter release via the ADORA1. This indicates that
ADOR-mediated regulation of neuronal activity is tightly linked to ongoing CNS
activity [13].

In the kidney, various vascular and secretory responses are regulated by the ADOR.
The ADORA1 mediates afferent arteriole vasoconstriction and reduced renin
secretion and neurotransmitter release [6, 13]. Therefore, ADORA1 activation causes
anti-diuresis and anti-natriuresis [6, 13]. This contributes to a role in renal protection
during diminished energy charge since renal function is reduced. The ADORA2 is
reported

to

mediate

efferent

arteriole

vasodilation,

thereby

assisting

ischaemia-induced renal protection [4, 6]. The ADORA2B also mediates relaxation of
the bladder [6].

In the digestive system, the ADORA2B play a large role in regulating smooth muscle
tone. In the duodenum, the ADORA2B stimulated relaxation of the longitudinal muscle
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but contraction of the muscularis mucosae [13]. In the small intestine, the receptor
subtype decreases secretory activity, thereby reducing activity of the tissues [13].
The ADORA2B is also found in the oesophagus [6], gastric antrum [6], caecum [13]
and colon [6, 13].

In the respiratory system, airway regulation is largely managed by the ADORA2 and
ADORA3. Specifically, relaxation of the trachea is mediated by the ADORA2B [13].
Bronchoconstriction of the airways is mediated by the ADORA2B and ADORA3 [13,
50], while the ADORA2A mediates bronchodilation [50]. Asthma is an area that has
been extensively investigated The ADORA1 has been reported to play a proinflammatory and bronchoconstrictor role in asthmatic airways [13, 51], thereby
implicating adenosine in the pathophysiology of asthma and other obstructive airway
diseases. ADOR antagonists such as theophylline are therapeutically employed in
treatment regimes for asthma [13].

The regulation of immune cells is tightly regulated by all the ADOR subtypes. Mast
cell degranulation is mediated by both the ADORA2B and ADORA3 [6, 13, 41]. This is
suggestive of a role in inflammatory and allergic responses. In addition, it may be
implicated in ADOR-mediated bronchoconstriction, though this effect is not observed
in all species. Furthermore, similar to the regulation of neuronal activity in the CNS,
the regulation of neutrophil activity and hence inflammation is linked to the adenosine
concentration. Low adenosine levels cause ADORA1 activation followed by neutrophil
activation and inflammation. However, higher endogenous adenosine concentrations
(>500nM) saturate the ADORA2 and inhibit the inflammatory response; a response
aimed at reducing cellular damage. [13]
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In the cardiovascular system, the ADOR’s mediate various cardioprotective
responses. They include both cardiac and vascular effects, some of which are briefly
listed in table 1.5. These effects will be discussed later.

TABLE 1.5 Cardiovascular effects of the ADOR subtypes [4, 6, 13, 26, 44, 52, 53]

ADORA1

‘Indirect’ anti-adrenergic effects
‘Direct’ negative chronotropy, inotropy and dromotropic effects
Preconditioning
Cardioprotection

ADORA2A

Endothelium and VSMC dependent vasodilation
Inhibit platelet aggregation

ADORA2B

Endothelium and VSMC dependent vasodilation

ADORA3

Preconditioning
Cardioprotection
VSMC dependent vasodilation
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1.5 SIGNAL TRANSDUCTION PATHWAYS OF THE ADENOSINE RECEPTORS

1.5.1 Signalling pathways of the adenosine receptors

The ADOR mediate their responses through various intracellular signalling molecules
to amplify ligand induced signalling.

The involvement of various intracellular

signalling molecules is dependent on tissue type and species. The following briefly
outlines the signalling pathways of each ADOR subtype in the cardiovascular system
reported by various investigations. A summary is listed in table 1.6.

FIGURE 1.12 ADORA1 signalling pathway: ADORA1 activation in cardiac myocytes
leads to inhibition of (1) adenylyl cyclase (AC) and (2) membrane bound calcium
channels (Ca), but activation of (3) ATP sensitive potassium channels (KATP) and (4) the
phospholipase C (PLC) pathway. The latter results in intracellular calcium mobilisation
that leads to potassium efflux through (5) inwardly rectifying potassium channels
(GIRK) and Calcium dependent potassium channels (KCa), and (6) activation of
messengers such as phospholipase A (PLA2), nitric oxide (NOS) and protein kinase C
(PKC). (7) PKC is also activated by diacylglyceral (DAG). These messengers, as well as
intracellular calcium and the (8) potassium efflux mediated change in membrane
potential causes (9) activation of downstream signalling pathways that result in
negative inotropic, dromotropic and chronotropic responses in the heart. ER,
endoplasmic reticulum; SR, sarcoplasmic reticulum.
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The ADORA1 is coupled to Gi/o-proteins [4, 13, 29, 54-57], which act to inhibit AC and
decrease cAMP [13]. The ADORA1 can directly activate phospholipase C (PLC) to
increase inositol-1,4,5-triphosphosphate (IP3) and diacylglycerol (DAG) from
phosphotidylinositol

bisphosphate

(PIP2),

and

induce

intracellular

calcium

mobilisation [13, 27, 54] via endoplasmic (ER) and sarcoplasmic (SR) reticulum
calcium channels [13, 27, 54]. Subsequently, increased intracellular calcium activates
messengers such as protein kinase C (PKC) [9, 13], phospholipase A (PLA2) [13],
calcium-activated potassium channels KCa, inwardly rectifying potassium channels
(GIRK) [58] and nitric oxide synthase (NOS) [13]. The ADORA1 also activates
ATP-sensitive potassium channels (KATP) [4, 13], and inhibits calcium currents via
L-type voltage gated Ca2+ channels (Ca-L) [4, 13]. See figure 1.12 for a summary of
these processes.
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FIGURE 1.13 ADORA2A signalling pathway: direct (calcium-dependent) and indirect
(NO-cGMP pathway) vasodilation. NO, nitric oxide; NOS, nitric oxide synthase; L-type,
calcium channels; ATP-sensitive potassium channels; GC, guanylyl cyclase; AC, adenylyl
cyclase; PKC, protein kinase C; RyR, ryanodine receptor; IP3, inositol triphosphate receptor.
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TABLE 1.6 Summary of cellular effector systems activated by the ADOR subtypes [6,
19, 26, 27]

ADORA1

↓ AC (↓ cAMP); ↑ PLC (↑ IC Ca2+); ↑ PKC; ↑ GIRK; ↑ KATP; ↓ ICa,

ADORA2A

↑ AC (↑ cAMP); ↑ ICa; ↑ KATP; ↑ NO / cGMP

ADORA2B

↑ AC (↑ cAMP, via Gs); ↑ PLC (↑ IC Ca2+, via Gq); ↑ PKA; ↑ PKC; ↑ NO

ADORA3

↓ AC (↓ cAMP, via Gi); ↑ PLC (↑ IC Ca2+, via Gq); ↑ PKC; ↑mito-KATP;
↓ SR Ca2+

↑ represents activation and ↓ represents inhibition.
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FIGURE

1.14

ADORA2B

signalling

pathway:

endothelium-dependent

(1)

and

-independent (2) pathways. NO, nitric oxide; NOS, nitric oxide synthase; GC, guanylyl
cyclase; AC, adenylyl cyclase; RyR, ryanodine receptor; IP3R, inositol triphosphate receptor;
PKC, protein kinase C; PKA, protein kinase A; DAG, diacylglyceral; IP3, inositol triphosphate;
PIP2, phospho-3-inositol phosphate; MLCK, myosin light chain kinase; VSMC, vascular smooth
muscle cell; SR, sarcoplasmic reticulum; ER, endoplasmic reticulum.

The ADORA2A is linked to Gs-proteins [13, 27, 29, 55], which activate AC and
increase cAMP [13, 27]. The ADORA2A directly activates KATP channels [13, 59] in
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addition to Ca-L [13] and NOS [59, 60], but inactivates PKC [55] (see figure 1.13).
Similarly, the ADORA2B couples to Gs-proteins to activate AC and increase cAMP
[13, 29, 55, 58] and Gq-proteins to activate PLC, resulting in increased IP3 and DAG
to increase calcium mobilisation [13, 27, 58]. The ADORA2B also activates protein
kinase A (PKA) [19], PKC [19] and finally NOS [60] to mediate vasodilator responses
in the coronary vessels of the heart (see figure 1.14).

Finally, the ADORA3 is coupled to the Gi-proteins to inhibit AC [13, 29, 55, 58] and
decrease cAMP [53] and hence downstream messengers [13]. They are also linked
to Gq-proteins to activate PLC (resulting in calcium mobilisation) [13, 58], PKC [9, 13],
and ATP-sensitive potassium channels (KATP) [58], while inhibiting SR calcium
channels [61] (see figure 1.15).
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FIGURE 1.15 ADORA3 signalling pathways leading to vasorelaxation in the VSMC of
coronary vessels and negative inotropy, chronotropy and dromotropy in the
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1.5.2 Intracellular signalling molecules of the adenosine receptor

As previously discussed, the signalling pathways of the ADOR are very complex and
involve several different signal transduction molecules known as intracellular
signalling molecules, including G-proteins, AC, NO, calcium channels, potassium
channels, PKC and PLC. Each intracellular signalling molecule of the adenosine
receptor signalling pathways play an important role in communicating and amplifying
the cellular signal. They are shared with other receptor systems such as
adrenoceptors, muscarinic receptor and cholinergic receptor.
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FIGURE 1.16 G-protein activation-inactivation and signalling pathway. AC, adenylyl
cyclase; PLC, phospholipase C; DAG, diacylgylcerol; IP3, inositol triphosphate.

G-proteins are GTPases that interact with membrane bound receptors and
communicate the ligand signal into the cell via an activation-inactivation cycle
involving phosphorylation (see figure 1.16) [39]. They are trimeric proteins consisting
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of α, β and γ subunits. There are four principal subtypes of G-proteins in the heart
that interact with various intracellular signalling molecules. The Gi-protein is wide
spread and inhibits AC but activates GIRK [39]. Similarly, the Go-protein inhibits AC
and Ca-L [39, 57] and exerts its effects via it’s βγ complex [39]. In contrast, the
Gs-protein is ubiquitously expressed and activates AC [39] and PKA, which
subsequently stimulates Ca-L [39]. The Gq-proteins predominantly regulate PLC and
is known to be involved in the development of cardiac hypertrophy [39].

Adenylyl cyclase (AC, see figure 1.17)
is a ubiquitous intracellular signalling
molecule
Gs-proteins

that

is

and

activated

by

inhibited

by

Gi/o-proteins. It produces cAMP upon
activation, but is highly Ca2+ sensitive.
It is inhibited by elevated Ca2+ levels

FIGURE 1.17 Structure of adenylyl cyclase

and regulated by the downstream
messengers PKC and PKA [62].

Nitric oxide (NO) is an important regulator of both vascular tone and Ca2+
homeostasis. It is predominantly released from the endothelium [63] where it induces
vasodilation in response to flow changes or receptor activation, such as the ADOR.
As shown in figure 1.18, NO is synthesised from precursors such as L-arginine by
the enzyme nitric oxide synthase (NOS) [64]. Three isoforms of the enzyme exist,
including NOS1 (nNOS, neuronal), NOS2 (iNOS, inducible), and NOS3 (eNOS,
endothelial) [64]. The sequences of signalling events leading up to NOS activation
and downstream signalling pathways are not clearly understood [65]. However, it is
understood that NO modulates myocardial contractile function via Ca-L and the
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ryanodine receptor (RyR) [66]. It also regulates vasodilation via the cGMP pathway,
where the NO and cGMP pathways are localised in the endothelium and
cardiomyocytes, respectively [67]. NOS1 has been found on the SR of
cardiomyocytes and modulates SR Ca2+ transport in heart via RyR [66]. NOS2 is
stimulated by cAMP and PKC and activation has been associated with myocardial
dysfunction [65]. There is evidence that NOS3 interacts with RyR [66], and regulates
coronary blood flow [65] by increasing NO and cGMP in VSMC. NOS3 also induces a
Ca2+ dependent depression in myocyte contractility via protein kinase A (PKA) and
protein kinase G (PKG) activation [65]. Additionally, NO, as a product of NOS activity,
also has a role in the regulation of gene expression of various proteins by inducing
DNA methylation, and affecting mRNA stability and translation [68].
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FIGURE 1.18 NOS-cGMP signalling pathway leading to cardiovascular effector
responses. PKC, protein kinase C; PKA, protein kinase A; NOS, nitric oxide synthase; NO, nitric
oxide; GC, guanylyl cyclase; PKA, protein kinase A; RyR, ryanodine receptor.
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FIGURE 1.19 Cellular calcium (Ca2+) mobilisation leading to contractile responses. (1)
Influx of extracellular calcium through membrane bound L-type calcium channels
(Ca-L) leads to increased intracellular calcium levels that activate the (2) inositol
triphosphate receptor (IP3R) and (3) ryanodine receptor (RyR). This leads to further
increases in intracellular calcium levels that (4) stimulate contractile responses and
activate (5) sodium calcium exchanger (NCX) to remove calcium to the extracellular
environment and (6) sarco-endoplasmic reticulum calcium channel (SERCA) to return
calcium to intracellular stores such as the sarcoplasmic reticulum (SR).

Calcium channels play an important role in contraction of muscle cells and
propagation of electrical signals [69-71]. Intracellular Ca2+ levels are regulated using
both extracellular and intracellular Ca2+ stores (see figure 1.19). Hence, both
membrane bound and intracellular channels exist. L-type voltage-gated calcium
channels (Ca-L) are plasma membrane bound channels that provide the primary
pathway for extracellular Ca2+ influx into cardiac myocytes [72]. Other voltage gated
calcium channels include the P-type, T-type, and N-type, however, the Ca-L plays
the predominant role in ADOR signalling. The ryanodine receptor (RyR) is an
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intracellular channel and is the main Ca2+ channel involved in excitation contraction
coupling in the heart [69, 73]. It is a Ca2+ gated Ca2+ channel found on the
sarcoplasmic reticulum (SR) membrane and allows the release of Ca2+ from
intracellular stores into the cytosol.

The sodium/calcium exchanger (NCX) is a

membrane bound channel that acts as a bi-directional transporter (3:1 of Na+:Ca2+
transport). It is driven by an electrical and concentration gradient [74] and has a
major role during repolarisation in conductive cells by promoting a Ca2+ efflux.
Similarly, the sarco-endoplasmic reticulum calcium ATPase

(SERCA) is an

intracellular channel that promotes muscle relaxation by removing cytosolic Ca2+ and
returning it to the intracellular stores [73]. They are regulated by several messengers
systems, including those previously mentioned. Mitochondrial calcium channels also
play role minor role in removing calcium from the cytosol, but do not significantly
contribute to ADOR signalling.

Potassium channels play a major role in adenosine-mediated responses. In
particular, potassium channels are important in regulating vascular tone by
modulating the membrane potential of vascular smooth muscle cells (VSMC) [63, 75,
76]. Briefly, potassium channel activation leads to VSMC hyperpolarization and
vasodilation. In contrast, inhibition of potassium channels leads to depolarisation and
vasoconstriction. Potassium channel signalling is often associated with calcium
signalling and membrane potential. There are five types of potassium channels that
regulate potassium currents and are involved in adenosine mediated signalling (see
figure 1.20). Voltage dependent potassium channels (IK) function to repolarise a
depolarised

membrane

via

potassium

ion

efflux

[77].

Activation

by

adenosine-mediated signalling inhibits IK activity, thereby prolonging repolarisation
and reducing tissue activity. In the case of cardiac myocytes, negative chronotropic
and inotropic effects are observed. Inwardly rectifying potassium channels (GIRK)
mediate potassium currents depending on the electrochemical gradient of potassium
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ions across the membrane. They are Gβγ-protein sensitive and are inhibited by
adenosine, particularly ADORA1 mediated signals. In the cardiovascular system, they
are mainly found on cardiac myocytes [78]. Calcium activated potassium channels
(KCa) are activated by calcium-induced membrane depolarisation as a result of Ca-L
mediated calcium influx. The resulting potassium efflux leads to hyperpolarization,
closing of the Ca-L and VSMC relaxation [75, 76]. Finally, ATP-sensitive potassium
channels (KATP) are glibenclamide sensitive channels that respond to changes in
cellular metabolism. A reduction in ATP levels leads to potassium efflux and hence
VSMC relaxation [63, 75, 79-81]. The KATP plays an important role in
adenosine-mediated cardioprotection whereby the energy charge and ATP levels of
the cell are significantly reduced in the activating conditions [63, 81]. KATP are also
found on ventricular myocytes where they are activated by Gi-protein dependent
signalling of the ADORA1 [80].

Vasocontriction

Positive inotropy and
chronotropy (Cardiomyocyte)

VSMC

Vasorelaxation

Cardiomyocyte

K+

K+

Membrane hyperpolarisation

+

K

K+
GIRK

Depolarized
membrane
potential

K+

K+

K+

K

Cardiomyocyte

VSMC

Membrane repolarisation

K+

Negative inotropy and
chronotropy (Cardiomyocyte)

K+
KATP

Kca
Ca-L

ADOR
signal

ATP

Ca2+

Resting
membrane
potential

Ca2+

RyR

SR

FIGURE 1.20 Effector responses to potassium channel activation. VSMC, vascular
smooth muscle cells; K, potassium channel; GIRK, inwardly rectifying potassium channel; KATP,
ATP-sensitive potassium channel; KCa, calcium-sensitive potassium channel; Ca-L, L-type
calcium channel; RyR, ryanodine receptor; SR, sarcoplasmic reticulum.
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FIGURE 1.21 PKC activation and effector signalling pathway. PLD, phospholipase D; PLC,
phospholipase C; DAG, diacylglycerol; Ca, Calcium channel; KATP, ATP-sensitive potassium
channel; PKC, protein kinase C; RyR, ryanodine receptor; SR, sarcoplasmic reticulum; MAPK,
mitogen-activated protein kinase ;NO, nitric oxide.

Protein kinase C (PKC) is a highly conserved ubiquitous serine-threonine kinase that
plays a major role in regulating various cellular activities [82, 83]. Calcium-dependent
and independent isoforms of PKC in the myocardium are associated with both
normal myocardial contraction and pathological states such as ischaemia
preconditioning and inflammation [82, 84, 85]. PKC is a downstream messenger of
various receptor-signalling pathways, including adenosine and α-adrenoceptors (see
figure 1.21). PKC is activated by calcium, diacylglycerol (DAG), and other G-protein
mediated signalling pathways [82, 83, 85-87], leading to cellular translocation.
Studies indicate that PKC is a converging point for different receptor signalling
pathways [87]. Once a threshold of PKC activation is reached [87], the kinase
phosphorylates downstream target proteins, such as KATP [9, 58, 85, 87], calcium
channels, G-proteins, myofilaments, nuclear proteins and membrane proteins [82,
85, 87, 88], to exert regulatory effects on functional responses such as contraction,
metabolism and protein synthesis [84]. PKC has been associated with adenosine
mediated protection and preconditioning, via the inotropic effects of the ADORA1 and
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ADORA3 [58, 83, 87] and the vasodilator and anti-inflammatory responses of the
ADORA2A and ADORA2B [58]. Briefly, PKC is a major contributor to cardioprotective
signalling via both functional and inflammatory responses.

Phospholipase C (PLC) is an important membrane bound intracellular signalling
molecule involved in the regulation of intracellular calcium levels and the activation of
PKC. Figure 1.22 shows that PLC is activated by G-proteins, particularly Gq-protein.
Upon activation, PLC cleaves PIP2 to form IP3 and DAG, which activate downstream
effectors such as calcium channels and PKC [82, 86, 89, 90]. PLC also mediates a
negative

feedback

response

by

inhibiting

Gq-protein

responses

at

high

concentrations of PLC [86]. IP3 induces calcium release from SR stores [86] while
DAG activates PKC [86] and regulates intracellular calcium levels [90]. Given the
calcium-regulatory role of PLC in the myocardium and VSMC, PLC contributes to the
cardioprotective signalling of adenosine, particularly by the Gq-protein-coupled
ADORA2B and ADORA3.
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FIGURE 1.22 PLC signalling pathway leading to calcium mobilisation and PKC
activation. PLC, phospholipase C; DAG, diacylglycerol; PIP2, phospho-inositol diphosphate; IP3,
inositol triphosphate; IP3R, inositol triphosphate receptor; PKC, protein kinase C; ER,
endoplasmic reticulum; Ca, calcium channel.
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There are multiple intracellular signalling molecules that make up the signalling
pathways of the ADOR. Communicating the signal from the cell membrane, they
converge to the common protein PKC where the signalling pathway largely involves
downstream effectors mediating calcium mobilisation and potassium fluxes. They all
contribute to the cardioprotective effects mediated by the G-protein-coupled
receptors.
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1.6 CARDIOVASCULAR SYSTEM

1.6.1 Cardiac adenosine receptors

As previously mentioned, the adenosine receptors play a significant role in
cardiovascular system [2, 27, 28].

The most recognized function of adenosine

receptors in the cardiovascular system involves the regulation of coronary blood flow
and cardiac contractility [6, 91].

Ultimately, this plays an important role in

cardioprotection in times of ischaemia and hypoxia. Recent studies have shown that
adenosine and adenosine receptors also play a major role in preconditioning the
heart, therefore allowing further protection of the organ during ischaemic conditions
[83, 87, 92].

TABLE 1.7 Cardiac distribution of adenosine receptor subtypes [7, 19, 32]

ADORA1

Atrial myocytes, ventricular myocytes, AV node, SA node

ADORA2A

Coronary endothelium (guinea pig, mouse), coronary VSMC (guinea pig,
mouse), ventricular myocytes

ADORA2B

Coronary endothelium (rat), coronary VSMC (rat)

ADORA3

Coronary VSMC (rat), ventricular myocytes

The ADOR subtypes are found in discrete areas of the cardiovascular system, which
are listed in table 1.7. The ADORA1 are largely found in cardiac myocytes where they
exert their effects in the cardiovascular system. They mediate negative chronotropic,
dromotropic, inotropic and responses via the sinoatrial node, atrioventricular node
and myocytes, respectively [4, 5, 13]. In addition, adenosine exerts ‘indirect’
cardiovascular effects, also called anti-adrenergic effects. This is achieved by
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ADORA1 activation opposes isoprenaline-stimulated increases in calcium currents
mediated by the Ca-L, possibly via attenuation of cAMP accumulation, NO production
and the cGMP signalling pathway [4, 6]. These effects reduce oxygen demand of the
heart [29, 46, 93], thereby reducing myocardial ischaemia reperfusion injury.

The ADORA2A are predominantly located on endothelium and VSMC of guinea pig
and mouse coronary vessels, with a low density found on ventricular myocytes of
most species [2, 8, 52, 93, 94]. Similarly, the ADORA2B’s are found in endothelial
cells and VSMC of the coronary blood vessels in rat coronary vessels [95] where
they stimulate AC, activate NOS and open KATP channels to cause vasodilation [29,
46]. In addition, ADORA3’s are found on ventricular myocytes of most species, and
endothelial cells of rat coronary vasculature where they directly decrease cAMP
levels and activate PKC to induce a reduction in cardiac contractility and vasodilation,
respectively [2, 29, 96].

1.6.2 Coronary adenosine receptors

Pharmacological investigations have provided evidence that coronary vascular
effects are mostly mediated by the ADORA2. The mediating receptor subtype,
ADORA2A or ADORA2B, is species dependent. Studies in the rat report a coronary
vasodilator role for the ADORA2B [32, 44, 52, 83].

However, in the guinea pig,

porcine, human and mouse model, ADORA2A activation mediates vasodilation [4, 28].
Studies have also reported the absence of a coronary vasodilator role for the
ADORA1 and ADORA2A in the rat [52]. An age study conducted by Rose’Meyer et al.
(1999) [32] supports these findings.

Investigations have reported evidence of biphasic concentration-response curves,
indicating high and low sensitivity sites in the coronary vessels. Studies performed in
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rat vasculature indicate the presence and a role for the ADORA2B and ADORA3 [32,
44]. Alternatively, the receptor subtypes may be located in different compartments of
the vascular tissue. The functional ADORA2 responses are reported to be both
endothelium-dependent [6, 44, 63] and/or independent, depending on the animal
model [44]. A study by Hinschen et al. (2001) [44] indicates that the
ADORA2B-mediated response can be isolated from the endothelium and induces
endothelium-dependent vasodilation via the NO-cGMP pathway. A residual
vasodilator response indicates that the ADORA2B is also endothelium-independent,
located to the VSMC [6, 44] and utilizes the intracellular signalling molecules PKA
and KATP [4, 6].

The vascular effects of the ADORA3 have also been investigated [52, 83, 97].
Activation of this receptor subtype has been shown to cause hypotension [4, 32] and
studies have indicated a role for a xanthine-insensitive receptor mediating coronary
vasodilation in the rat [32, 44, 98]. The latter is an endothelium-independent
response mediated by ADORA3 found on vascular smooth muscle cells (VSMC) [53].

Upon ADOR activation, potassium channels play an important role in regulating
vascular tone via the endothelium and VSMC. Studies have shown that adenosine
mediated endothelial release of NO leads to activation of KATP in the VSMC and
subsequent vasodilation. Adenosine also potentiates flow-induced vasodilation via
the KATP, which increases intracellular calcium levels, leading to NO synthesis, thus
signalling further vasodilation [63].

The vascular effects of ADORA1’s in the coronary vessels are rarely documented,
although a vasoconstrictor role has been reported [4, 99]. An investigation by Tawfik
et al. (2004) [99] using ADORA1 knockout mice demonstrates a vasoconstrictor
response via the ADORA1 in aortic ring preparations. Using the PLC pathway [99],
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the ADORA1 reduces smooth muscle relaxation stimulated by the ADORA2 subtypes.
In addition, ADORA1-mediated coronary vasodilation has been reported in the
porcine model. However, due to the lack of similar observations in other species, the
functional response of the receptor subtype was labelled of little importance [4].

1.6.3 Adenosine receptor transcription factors in the heart

The transcription factors GATA-4, GATA-6 and Nkx2.5 play an important role in the
cardiovascular system. GATA-4 and -6 belong to a family of zinc finger transcription
factors that play a major role in gene expression of cardiac structural genes during
embryonic development, differentiation and development. GATA-4 is important for
cardiac development and down-regulation is associated with congenital heart
disease and cardiac hypertrophy. GATA6 is expressed in quiescent vascular smooth
muscles (VSM) and plays a role in proliferation and differentiation. Nkx2.5 is a
homeobox gene that determines cell specificity in the heart. The transcription factors
frequently cooperate with GATA factors to modulate cardiac adenosine receptor
gene expression. [100]

1.6.4 Adenosine induced cardioprotection and preconditioning

Recent cardiovascular research has focussed on ischaemic preconditioning.
Preconditioning is a process whereby the cardiac tissue is subjected to brief periods
of ischaemia which are too short to cause irreversible cellular death, but stimulate
other cellular mechanisms that aid in reducing the size of a larger and potentially
lethal myocardial infarct event [4]. Preconditioning is out of the scope of this thesis,
however, the ADORA are principal receptors involved in ischaemic preconditioning
[83, 101], therefore the following is a brief overview of the topic.
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The ADORA1’s and ADORA3’s are the principal receptors involved in ischaemic
preconditioning [4, 6, 83, 101]. During ischaemia, adenosine accumulates within the
myocytes as ATP is broken down [2]. Adenosine crosses the cell membrane into the
interstitial fluid via a nucleotide transporter [2, 7, 83, 87] and subsequently binds the
ADORA1 and ADORA3 located on the myocardial membrane. In the supraventricular
tissue, adenosine binds the ADORA1 and activates a number of signalling pathways
[83, 87].

For example, KATP channels are opened, resulting in an increase in

potassium conductance, causing hyperpolarization of the membrane and shortening
of the cardiac action potential [4, 6, 83, 87]. In addition, calcium channels are closed,
decreasing calcium conductance and reducing contractility of the tissue [83]. PKC is
stimulated, resulting in the activation of several downstream pathways, and cAMP
levels are decreased as AC is inhibited [4, 6, 83]. The latter process is also triggered
by the ADORA3, in addition to direct inhibition of sarcoplasmic calcium channels [61].
Overall, ADORA1 and ADORA3 activation decreases the work of the cardiac muscle
to reduce the oxygen demand of the tissue in time of oxygen deficit [2, 29, 52]. The
ADORA3 also induces coronary vasodilation to aid in cardioprotection [27, 102].

ADORA2’s play a major role in dilation of the vasculature. This can be achieved in a
direct and an indirect manner.

Firstly, the receptors can directly stimulate the

opening of KATP channels [83], causing hyperpolarization of the membranes, hence
relaxation of the VSMC.

Indirectly, the receptors activate the Gs-protein, which

stimulates AC to produce cAMP, leading to NOS activation and an increase in NO
levels [83]. Ultimately the KATP channels are opened, resulting in hyperpolarization
and smooth muscle relaxation. In addition, NO activates the cGMP pathway, which
closes membrane-bound calcium channels and reduces contractile responses.
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Despite the evidence for adenosine's role in cardioprotection in most species, some
studies have suggested that adenosine does not play a major role in preconditioning
in the rat heart [103-106]. According to Vuorinen et al. (1995) [106] adenosine
agonists or exogenous adenosine do not attenuate post-ischaemic dysfunction in the
rat heart. Alternatively, they have demonstrated that inhibition of a mitochondrial
ATP synthase enzyme (F1Fo-ATPase) occurs during reperfusion, leading to
enhanced ATP synthesis, improved energy state of the cell and better recovery of
preconditioned hearts [106]. F1Fo-ATPase generates a proton gradient and
membrane potential leading to ATP hydrolysis due to the reverse reaction catalysed
by ATP synthetase. Studies have shown that F1Fo-ATPase is inhibited by the
mitochondrial protein IF1 and prevents excess ATP loss during ischaemiareperfusion. The results of this and previous studies suggest that adenosine may not
be the major mediator of preconditioning in the rat heart [103-106].

In summary, the above-mentioned cardiovascular effects confer adenosine-mediated
cardioprotection in most but not all species. Stimulation of the ADOR subtypes
activates specific effects in different compartments of the cardiovascular system to
mediate responses that aid in decreasing tissue activity (ADORA1 and ADORA3) and
increasing blood flow (ADORA2) or, as in the case of preconditioning, increasing the
tolerance of the target tissue to ischaemic conditions, such as myocardial infarction.

1.6.5 Cardiovascular pathophysiology

Cardiovascular disease (CVD) includes such conditions as heart attack, stroke and
heart failure. It is one of the leading causes of death worldwide and is contributed by
changes such as structural, signalling and biochemical changes in the cardiovascular
system. [107]
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As a major regulator of cardiac function, any dysregulation of the ADOR’s or the
signalling pathways may contribute to the aetiology of cardiovascular disease. Heart
failure is a progressive disease that is strongly associated with ageing [108-110].
Changes in the structure and function of the heart result in heart failure and are
associated with altered gene expression of cellular signal transducers and effectors
[108, 111]. The mechanisms underlying failure in ADOR-mediated protection, and
hence the heart’s increased inability to withstand damage with age, remains unclear.
[110]

Defects in potassium channel function leads to vascular changes such as
vasoconstriction and vasospasm. These responses cause hypertension, ischaemia
and hypotension. As a result, newly developed anti-hypertensive drugs target
potassium channels, largely KATP, stimulating the opening of the ion channel,
inducing hyperpolarisation of VSMC and subsequently causing vasodilation. [75]

Cardiac hypertrophy can involve both adaptive and maladaptive responses. Adaptive
hypertrophy occurs with exercise when there is a physiological increase in left
ventricular mass [112]. In contrast, maladaptive hypertrophy involves a pathological
enlargement of the heart without an increase in left ventricular mass in response to
biomechanical stress and modifications in signalling pathways [112]. In terms of
biomechanical stress, hypertrophy is a maladaptive outcome to hypertensive
pressure overload in the vasculature [113]. Studies have identified that the adaptive
response is associated with changes in Gαq-protein signalling [86]. Gαq-proteins
activate downstream stimulation of MAPK signalling resulting in cell growth and
division of cardiomyoctes [113, 114]. In addition, the PLC and PKC signalling
pathways are activated [86, 113]. Consequently, over-expression of Gαq-proteins
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results in the development of ventricular hypertrophy and can ultimately leading to
HF [86, 114].

The ADOR’s are G-protein-coupled receptors (GPCR’s) and, like other GPCR’s, are
considered to play a major role in the development and pathophysiology of heart
failure (HF). Moreover, the proteins that regulate GPCR signalling contribute a large
degree to the development of HF. Several GPCR’s are associated with regulating
cardiac function and hence the progression of heart disease, including the
cardioprotective ADOR’s [115]. In addition, there is extensive evidence that the
effects of age contributes to the development of HF [116].

A major element of HF is the reduced activation of AC as a result of impaired GPCR
function, or GPCR-G-protein uncoupling [114]. Previous studies have reported
ADOR-G-protein uncoupling with advancing age [117]. In addition, up-regulation of
the Gαi-proteins have been identified in failing human hearts, and hypertension in
animal models [111]. Desensitisation of the AC pathway contributes to the reduced
contractile reserve observed in HF [111, 118].

The enzyme NOS plays an important role in the development of HF. This is largely
due to the anti- and pro-apoptotic properties of NO. High levels of NO produced by
inducible NOS are pro-apoptotic while basal levels of NO, regulated by endothelial
NOS, are cardioprotective [119]. NO produced via inducible NOS (NOS2) possesses
a role in HF post-myocardial infarct by inducing contractile dysfunction and myocyte
apoptosis. In contrast, NO produced via endothelial NOS (NOS3) largely maintains
normal cardiovascular function. However, reduced endothelial NOS3 activity is
associated with apoptotic events via caspase 3, resulting in the development of HF
post-myocardial infarction, thereby leading to increased mortality [119]. In contrast,
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increased NOS3 gene expression been observed with an increase in severity of left
ventricular dysfunction [120]. However, this appears to be a beneficial effect towards
the development of heart failure in terms of NO production, among other effects,
augmenting left ventricular preload reserve [120]. Neuronal NOS (NOS1) is found in
the sarcoplasmic reticulum where it responds to and regulates intracellular calcium
levels [66, 119]. A deficiency in neuronal NOS leads to increased intracellular
calcium levels, causing positive inotropic responses. During HF conditions,
pathological calcium handling takes place when neuronal NOS is translocated to the
sarcolemma [119].

Alterations in the number and properties of calcium channels play an important role
in the development and manifestation of CVD, particularly in ageing individuals [72]
due to impaired contractile function. Previous studies indicate that the number and
activity of Ca-L are up regulated with age and are likely to play a role in heart failure
[72]. RyR has been found to be down regulated in failing hearts [69] but are
over-expressed in cardiac hypertrophy [73]. NCX has been associated with cardiac
arrhythmias and plays a major role in ischaemia reperfusion injury [74, 121]. In
addition, previous studies indicate an over-expression of SERCA is involved in
cardiac

hypertrophy

[73].

Since

calcium

plays

a

very

important

role

in

excitation-contraction coupling and electrical conductance, it is likely that any
age-related cardiovascular dysfunction is associated with a change in the activity or
expression of the calcium channels.
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FIGURE 1.23 Prevalence of cardiovascular disease by age and gender. Data was
originally sourced 1999-2002 from CDC/NCHS and NHLBI and includes coronary heart
disease, heart failure, stroke and hypertension (AHA, 2006). CDC, Centre for Disease Control;
NCHS, National Centre for Health Statistics; NHLBI, National Heart, Blood and Lung Institute; AHA, American
Heart Association.

Ageing plays a major role in the development of CVD and HF. Trends show a
significant increase in the incidence in the morbidity and mortality of CVD in humans
during maturation and ageing in both males and females (AHA 2006, see figure
1.23), with coronary heart disease (CHD) contributing the most (53%). The potential
mechanisms that may contribute to these trends have been extensively investigated,
although our understanding still remains unclear. Nevertheless, studies do report
changes in calcium handling as a major contributor to CVD and HF due to the
occurrence of arrhythmic events. In addition, changes in G-protein signalling leads to
hypertensive and hypertrophic changes, which are present in approximately 6%
CVD-related deaths. [107]
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The ADOR and ADOR-signalling also plays an important role in regulating blood
pressure [122, 123] and hence the development of hypertension. Studies have
shown chronic blockade of the ADOR’s, including ADORA1 antagonism [123] and
transgenic ADORA1 knockout [122], leads to hypertension. Blood pressure has been
observed to change with age, including the development of hypertension [124].
Studies have associated these changes with an altered function and gene expression
of certain cellular signal transducers. For example, up-regulation of Gi-protein
signalling [125, 126] and Ca-L [127-129], and down-regulation of cGMP [130] and
NOS pathways [131]. It has been shown that the prevalence of high blood pressure
significantly increases with age [124]. More than 50% of people older than 65 years
have at least mild hypertension [124, 132]. Furthermore, the same studies report that
only small changes in blood pressure in normotensive individuals potentially
contribute to the development of hypertension [124, 132]. This occurs independently
of other risk factors such as body composition and physical activity [132].
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1.7 MATURATION AND AGEING

1.7.1 Maturation and ageing of the cardiovascular system

The mechanisms that cause ageing are not well understood, especially when
compared to the understanding of the processes involved in growth and
development. This can also be said for the cardiovascular system. Generally, age
can be described as a progressive decline in structure and functional capacity over
time [116, 133, 134]. Studies have found a general decline in cardiovascular function
with advancing age (see table 1.8). This can be attributed to physiological factors,
including changes in contractile responses of myocytes, and intrinsic regulatory
mechanisms such as the adrenergic and adenosine receptors [133].

TABLE 1.8 Changes in cardiovascular function observed with age [110, 116, 135-138]

Response

Change with age

Coronary flow reserve

↓

Cardiac output

↓

Stroke volume

↓

Chronotropy

↓

Inotropy

↓

Conduction

↑

β-adrenergic positive inotropy

↓

Arterial pressure

↑

Aortic compliance

↓

Ischaemic tolerance

↓

Hypertrophy

↑

Arrhythmias

↑

Incidence of ischaemia

↑

↑ represents down-regulation while ↑ corresponds to up-regulation.
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Several studies have reported changes in contractile performance of the heart with
age, which may be due to structural alterations observed in myocytes over time.
These changes predominantly involve increases in myocyte size, eventually inducing
a condition known as hypertrophy often found in ageing hearts. This is associated
with a decreased flexibility of structural cellular proteins, thereby resulting in reduced
contractile performance and myocardial compliance. [133, 134]

In terms of the vascular system, ageing is often associated with stiffening and
widening of the vasculature. As a consequence, systolic and diastolic pressures are
affected. In addition, it has apparent consequences when combined with reduced
myocardial compliance and performance in that fluid ejection and delivery is
impaired. [133, 134]

While the effects of age on the physiological mechanisms of the heart have been
extensively investigated, the effect of age on the intrinsic regulatory mechanisms
remains poorly understood [134]. Several studies have reported a reduced response
to β-adrenoceptor and adenosine receptor activation with age [96]. The age-related
changes observed with these receptor systems could contribute to the cardiovascular
changes described above and listed in table 1.8. However, the means by which these
changes occur remain unclear, and may contribute to the physiological changes that
are observed.

1.7.2 Effects of maturation and ageing on the ADOR’s

Recent studies have explored the effects of ageing on adenosine and cardiac
adenosine receptors. These investigations have identified several changes in
adenosine receptors associated with advancing age [32, 33, 44, 96, 110, 139, 140]
and consequential alterations in cardiac responses and coronary flow [44], including
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a reduction in cardiac contractility [135, 140, 141] and coronary vasodilation [45, 134,
135, 140], as well as diminished resistance to ischaemia [45, 135, 140]. Some of
these are summarized in table 1.9. These may be due to various changes in
receptor-G-protein uncoupling [9] and alterations in the signal transduction
mechanisms [32] associated with the receptors.

Studies have reported increased amounts of adenosine in the interstitial fluid in older
hearts when compared to younger hearts [142]. This is most likely due to a decrease
in the level of cellular uptake of adenosine as a result of a decline of the cellular
mechanisms [142].

Consequently, the continued activation of the ADOR’s may

cause desensitisation and hence, a reduction in function. Alternatively, reduced
sensitivity of the receptor subtypes may lead to increased adenosine production.

Several investigations have suggested that the process of maturation is linked to
changes in the sensitivity of vascular tissue to adenosine and adenosine analogues.
Unfortunately, the significance and the mechanisms by which these age-related
changes occur remain unclear. However, numerous factors have been observed in
association with age. Firstly, a narrowing of myocardial arteriolar luminal passages
has been observed and may impair dilator responses and perfusion. Secondly, the
basal coronary flow tends to decrease with age. [44]

Despite extensive and continuing research, the effects of age on the ADOR-mediated
responses in the rat heart remain unclear since results have been contradictory.
Impaired ‘indirect’ adenosine mediated responses via the β-adrenergic system have
been reported [45, 96, 133, 139-141, 143-145] with ageing. In addition, ‘direct’
adenosine-mediated responses change with age, but data is conflicting regarding the
ADORA1. Some studies report reduced functional responses mediated by the
ADORA1 [33, 60, 117, 138, 140, 144], while others provide evidence for increased
TAMSIN JENNER

78

Adenosine Receptors in the Rat Heart

ADORA1 activity [45, 140]. In addition, previous studies have found decreases in
ADORA1 density [136, 139], increased density [136] or no change in density [117].
Furthermore, a reduction in ADORA1-G-protein coupling has been reported [117,
144]. In terms of the ADORA2 and ADORA3, the vasodilator responses generally
decline or remain unchanged with age [32, 44]. It has been proposed that these
changes may be attributed to a variety of sources, including changes in receptor
gene expression [44, 146]; receptor membrane expression [44]; second-messenger
systems [32, 146]; or translational changes [146]. A previous study showed an
age-related down-regulation of the ADORA1 and ADORA2A but no changes in the
ADORA2B or ADORA3 [146]. These effects still remain unclear and need to be further
investigated.

TABLE 1.9 Summary of age-related changes to adenosine, cardiac adenosine
receptors and linked responses [30, 47, 48, 98, 110, 137, 138, 140]

Events

Change with age

Adenosine release

↓

Adenosine sensitivity

↓

Anti-adrenergic effects

↓

Resistance to reperfusion injury

↑

Preconditioning capacity

↓

Coronary vasodilation (ADORA2B and ADORA3)

↓

Negative chronotropy (ADORA1)

↓

Negative inotropy (ADORA1)

↓

↑ represents up-regulation while ↓ indicates down-regulation.

A study by Rose’Meyer et al (1999) [32] suggests three possible mechanisms that
may be involved in the age-related reduction of vasodilator responses induced by the
adenosine receptors.
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affinities may be recruited. In addition, alterations in signalling pathways may occur,
such as AC, PLC and PKC. Finally, it is possible that the ability of the ADOR to be
activated is reduced, either in terms of structural changes or receptor reserves. In
summary, changes can occur at any one or multiple levels of receptor production and
function.

Given the cardioprotective role of the adenosine receptors, age-related changes in
the receptor system are likely contribute to the reduced tolerance to ischaemia
observed in aged hearts [110, 137, 138]. Schulman et al. (2001) [33] found that
ischaemia-reperfusion injury was tolerated to a greater extent in the hearts of young
animals compared to those in aged animals. In addition, Fenton et al. (1998) [133]
reported that ischaemic preconditioning fails to reduce the size of infarct events in
aged hearts. Accordingly, various signalling cascades have been found to differ in
aged animal hearts compared to young animal hearts, providing suitable animal
models to study the response of the receptors with ageing.

Changes in the expression of the various receptors and intracellular signalling
molecules are likely to contribute to the changes in activities that are observed.
Investigations show a decrease in ADORA1 receptor expression with age in the rat
heart (consistent with functional changes) [146, 147], rat testes [148], rat and mouse
brain [148], while an increase in density in the rabbit heart [148] was reported. In
addition, in the rat heart, the ADORA2B and ADORA3 were found to remain
unchanged [146] but up-regulated and down-regulated, respectively, in the mouse
heart [149]. A decrease in the expression of Gs- and Gi-proteins in the rat heart has
been reported [150], in addition to an increase in cardiac Ca-L [72]. Finally, studies
indicate an increase in NOS3 (rat) and NOS2 (rat, mouse and human) expression
[36, 65, 151] in the heart.
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Change at the multiple levels of adenosine signalling are likely to contribute to the
changes observed in adenosine responses in the heart with age. Xu et al. (1999) [96]
have reported a decrease in ADOR number in atrial and ventricular membranes in
older rats compared to younger rats. In addition, while the amount of adenosine in
the interstitial fluid has been found to be higher in the normal tissue of aged
compared to young animals, in ischaemic tissue, the adenosine concentrations are
lower in aged compared to young animals [33]. The multiple sites of alterations
contribute to an overall effect that leads to extensive deterioration of cardiovascular
function with age.
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1.8 RATIONALE FOR THE RESEARCH

Age has a significant impact on the performance of physiological systems,
particularly the cardiovascular system. Myocardial infarctions and ischemic events
continue to play a leading role in morbidity and mortality worldwide as a result of
reversible and irreversible damage to the heart. Several factors protect the heart or
reduce the amount of damage sustained by the cardiac muscle during these events.
Adenosine and its associated receptors play an important cardioprotective role.
Adenosine is released during periods of reduced oxygen supply/demand ratio and
bind to the adenosine receptors to activate responses that decrease oxygen demand
and increase oxygen supply by decreasing force of contraction and heart rate and
inducing vasodilation. However, several investigations suggest that the adenosine
cardioprotective mechanism is altered with age, and may contribute in part to the
progression of cardiovascular disease. The mechanism by which these changes
occur, however, remain unclear.

Hence, to ascertain the effects of age on the

adenosine receptors would provide valuable information regarding the progression of
cardiovascular diseases. It is hypothesised that age-related changes in functional
responses occur at multiple levels of regulation, from expression to protein to signal
transduction.

This thesis further characterises the impact of age on the molecular and functional
aspects of the adenosine receptors in the rat heart. The research examines the
effects of age on the mRNA expression of the adenosine receptors in whole heart
and thoracic aorta preparations. These results were then compared to coronary
vascular responses of the ADORA1, ADORA2B and ADORA3 in hearts from immature,
young, mature and aged animals in an effort to resolve the controversies surrounding
receptor-mediated responses. Furthermore, the mRNA expression of some
intracellular signalling molecules known to act as molecules in the signalling
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pathways of the adenosine receptors were examined in both whole heart and
thoracic aorta preparations. Understanding of the changes that occur at the different
levels of regulation of the adenosine receptors in the rat heart will contribute to an
awareness of the effects of age at the cellular and molecular level to allow an
understanding of physiology in aged animals. This will ultimately allow better
management of cardiovascular health and disease progression with maturation and
ageing.
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Methodology
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2.1 ANIMALS

Male Wistar rats were obtained from the central animal house located at the
University of Queensland.

Immature (6-8 weeks), young (16-18 weeks), mature

(52-54 weeks) and aged (104-106 weeks) rats were housed in a room maintained at
an ambient temperature of 23±2oC with a twelve hour light-dark cycle. The rats had
free access to food and water at all times. The conduct of all experiments conformed
to the guidelines for animal experimentation as determined by the National Health
and Medical Research Council of Australia and approved by the Griffith University
Animal Experimentation Ethics Committee.

Only male Wistar rats were utilised in the following investigations to avoid excessive
variability due to the effect of hormones such as oestrogen, which are known to
influence cardiovascular functions.
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2.2 QUANTITATIVE REAL-TIME PCR

2.2.1 Tissue preparation
Hearts and thoracic aorta were isolated from anaesthetized rats (60mg/kg
pentobarbitone IP) and the hearts were perfused with Krebs-Henseleit solution at
80mmHg coronary perfusion pressure in the non-recirculating Langendorff mode
[36,374,279] for 10 mins before being frozen in liquid nitrogen and stored at -80oC.
Hearts from immature (6-8 weeks), young (16-18 weeks), mature (52-54 weeks) and
aged (104-106 weeks) rats were collected.

2.2.2 RNA extraction and cDNA synthesis
Thoracic aorta samples underwent protein K digestion. Heart and thoracic aorta
samples were homogenized using Trizol and the total RNA was isolated using the
RNeasy Midi RNA isolation Kit and on-column DNase I (54.5Kunits) treatment
according to the RNeasy® Midi/Maxi Handbook (June 2001). The total RNA samples
were then converted into cDNA using Stratascript™ reverse transcriptase. [146, 152]

2.2.3 Real time PCR
Real time quantitative PCR analysis was performed on the cDNA samples using the
MyiQ TM real time PCR system (Bio-Rad®) to allow the measurement of expression of
different target genes (listed in chapters 3 and 6). The quantitative method has
previously been described by Rose’Meyer et al. (2003) [152] and Jenner et al. (2004)
[146]. SYBR Green I was utilized to detect the increase in product as the PCR
amplification

progressed.

The

reaction

Master

Mix

contained

a

single

receptor-specific primer set (forward and reverse, 0.5M), 200µM dNTP mix, 0.05U/µL
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Taq DNA polymerase, 1x

160

BSA, 1x PCR buffer II (50mM
120

and

10mM

Tris-HCl

pH8.3), 10% DMSO, 15nM
RoxTM

RFU

KCl

80

Fluorescein

Calibration Dye and 0.5X

40
Threshold

SYBR Green I dye. SYBR

0
15

Green Mix was used instead
of the Master Mix for the
cardiac

ADORA3i

splice

variant and the ADOR gene

20

CT

25

30

35

40

Cycle

FIGURE 2.1 Amplification curve of Q-PCR MyiQ
output. Threshold cycle (CT) value is determined
from the threshold when amplification curve
becomes linear.

expression analysis in the
thoracic aorta samples. To each reaction, 100ng cDNA was added. The following
cycling conditions were used for the Q-PCR assays with the MyiQ iCycler (Biorad):
Cycle 1, 95 0C for 5 min (x1); Cycle 2, 95 0C for 30 sec; 57 0C fro 1 min: 72 0C for 30
sec (x45); and Cycle 3, 72 0C for 4 min. The amplification reaction was previously
optimised for MgCl2 for each adenosine receptor gene and are listed chapter 3 with
the respective primer sequences. The quality of the real time PCR product was
finally evaluated using 2% agarose gel electrophoresis and melt curve analysis.
Samples from each age group (n=3-4) were analysed in duplicate for each gene.

2.2.4 Data and statistical analysis
The procedure for relative and absolute analysis of real time data follows the 2-∆∆CT
method previously described by Rose’Meyer et al. (2003) and Jenner et al. (2004).
The threshold cycle (CT) values for each gene at each age group were determined
from the amplification curves (see figure 2.1) and normalized (∆CT) using 18S rRNA
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as an internal control (equation 1: ∆CT = CT ADOR – CT internal control). This was followed by
calculating a mean fold determination ratio for matched rats between each age group
(equation 2: fold = 2-∆∆CT, where equation 3: ∆∆CT = ∆CT age1 - ∆CT age2) to assess the
change in adenosine receptor expression with age. The ∆CT values are expressed as
mean±SD and relative fold expression ratios are expressed as mean±SEM. A one
way ANOVA was performed on the ∆CT values, followed by a Tukey post hoc test for
individual age group comparisons using SPSS for Windows v.11. The ∆CT and fold
values were plotted using GraphPad Prism 3.0 (GraphPad Software Inc., San Diego,
USA).

2.2.5 Chemicals
RT buffer, DTT and Trizol® reagent were acquired from Invitrogen Life Technologies
(California, USA). Stratascript™ reverse trascriptase was obtained from Integrated
Sciences (Willoughby, Australia). SYBR green I 10000x was purchased from Sigma
Chemical Co. (Missouri, USA). RoxTM Fluorescein Calibration Dye was obtained from
BioRad (Massachusetts, USA). Taq DNA polymerase was purchased from
Amersham-Pharmacia Biotech (Buckinghamshire, England). Random decamers
were acquired from Geneworks (Adelaide, Australia). The RNase free DNase set and
RNeasy Midi RNA Isolation Kits were obtained from Qiagen (Maryland, USA).
RNasin® RNase inhibitor and deoxyribonuceotides were purchased from Promega
(Wisconsin, USA). Ninety-six well iQ iCyclerTM platers were obtained from Astral
Scientific (Gymea, Australia).
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2.3 WESTERN BLOT

2.3.1 Tissue sample preparation
Tissues were homogenized using a standard RIPA buffer (Tris-HCl 50 mM, pH 7.4,
NP-40 1%, Na-deoxycholate 0.25%, NaCl 150mM, EDTA 1mM, PMSF 1mM,
Aprotinin 1µg/mL, leupeptin 1µg/mL, pepstatin 1µg/mL, Na3VO4 1mM, NaF 1mM),
and quantitated using the Bicinchoninic Acid (BCA) protein assay kit (Pierce
Biotechnology Inc).

2.3.2 Protein separation and blotting
Protein samples were separated by SDS-PAGE using precast gels (Bio-Rad®) of
10% for the Gαs-protein and 7.5% for Ca-L. The samples were transferred to
nitrocellulose membranes (Bio-Rad®), which were probed with rabbit polyclonal anti
Gαs (1:1000; Upstate) and polyclonal mouse anti DHPRα2 (1:500; Affinity
Bioreagents) antibodies, respectively. The membranes were incubated with the
secondary antibodies, HRP goat anti rabbit for the Gαs assay and HRP goat anti
mouse for the Ca-L assay (Upstate). Finally, the antigen-antibody complexes were
detected by chemiluminescence and imaged using ChemiDoc XRS (Bio-Rad®)
imaging system and the bands were quantified using the software Quantity One
v.4.5.

2.3.3 Chemicals
The Radioimmunoprecipitation Assay (RIPA) buffer components were obtained from
(Sigma Aldrich; Castle Hill, Australia). The Bicinchoninic Acid (BCA) kit was
purchased from (Pierce Biotechnology Inc; Rockford, Illinois, USA). Precast
polyacrylamide Ready Gels and nitrocellulose membranes were purchased from
Bio-Rad®; Rocklea, Australia). In addition, polyclonal mouse anti-DHPRα2 antibodies
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were obtained from Affinity Bioreagents (Golden, CO, USA). Finally, the rabbit
polyclonal anti-Gαs antibody and the HRP goat anti-rabbit and HRP goat anti-mouse
secondary antibodies were acquired from Upstate (Lake placid, NY, USA).
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2.4 CONSCIOUS RAT SYSTOLIC BLOOD PRESSURE

Conscious systolic blood pressure (sBP) of male Wistar rats (n=6) was measured
weekly from the age of 6 weeks to 104 weeks. A rat tail BP cuff and oximeter sensor
was placed on the tail and the rat was allowed to run freely on a towelled surface
(see figure 2.2). Once settled, the pulse was captured using the ADInstrument
MacLab data acquisition system. The blood pressure cuff was inflated 3 times to
obtain a mean sBP reading. The overall mean sBP for each week was plotted using
Microsoft Excel 2003 and the change over time was statistically analysed by ANOVA
on SPSS 11.0 for Windows.
The rats were exposed to the
experimental situation for 2-3
weeks prior to commencing
data collection at 6 weeks of
age to allow them to become
accustomed to the conditions
FIGURE 2.2 Measuring systolic blood pressure

and limit the effects of stress

from the rat tail. The oximeter and cuff are placed
on the tail of the rat and the cuff is periodically

on the BP measurements.

inflated once the animal has settled.

TAMSIN JENNER

93

Adenosine Receptors in the Rat Heart

2.5 LANGENDORFF ISOLATED HEART PERFUSION PREPARATION

2.5.1 Modified Langendorff preparation
The non re-circulating Langendorff [32, 36, 52, 153] method of an isolated heart
preparation was used to investigate cardiovascular function. For each preparation,
the rat was anaesthetized using pentobarbitone (60mg/kg, IP). Subsequently, the
heart was rapidly excised and submerged into ice-cold Krebs-Henseleit solution
(118mM NaCl, 4.7mM KCl, 1.75mM CaCl2 1.2mM MgSO4, 11mM glucose, 0.5mM
EDTA, 25mM NaHCO3). The aorta was cannulated and the heart perfused in a
retrograde manner with Krebs-Henseleit solution warmed to 37oC and gassed with
95% oxygen and 5% carbon dioxide (see figure 2.3).

Bubble trap

Filter
Warming condenser

Pump

Attached to balloon

ADInstrument
MacLab data
acquisition system

Cannula

Pressure
transducers
Drain

Measuring coronary
perfusion pressure
Measuring ventricular
pressure

Heart

O2

O2

O2

Krebs Henseleit
Drug baths
solution

FIGURE 2.3 Modified Langendorff isolated heart perfusion apparatus. Heart is perfused
in a retrograde manner via an aortic cannula into the coronary resistance vessels.
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The left ventricle was drained using polyethylene tubing to prevent ventricular fluid
accumulation. In addition, a latex balloon connected to a pressure transducer via
polyethylene tubing was inserted into the left ventricle to allow continuous monitoring
of the ventricular pressure using the ADInstrument MacLab data acquisition system.
Coronary perfusion pressure (CPP) was continuously measured using a water filled
probe inserted into the aortic cannula, and connected via polyethylene tubing to a
pressure transducer attached to the ADInstrument MacLab data acquisition system.
Adequate coronary flow was manually adjusted maintained at a basal CPP of
80mmHg.

The heart was allowed to equilibrate at a CPP of 80mmHg for thirty

minutes before the commencement of concentration-response curve experiments.

2.5.2 Concentration-response curves
Concentration-response curve experiments were performed by infusing the agonist
following equilibration of the isolated hearts. The response at each agonist
concentration was allowed to stabilize before the subsequent, higher agonist
concentration was infused. Infusion of the antagonists commenced 10 minutes prior
to the infusion of the agonist to allow equilibration and ensure a basal CPP of
80mmHg

under

these

conditions.

For

more

details,

see

the

specific

concentration-response curve protocols described in the methods section of each
results chapter.

2.5.3 Statistical analysis
Changes in CPP responses were measured according to a baseline of 80mmHg.
Data collected from the concentration-response curves were plotted using
Kaleidagraph for Windows. The concentration-response curves were analysed using
one-site and a two-site model, as follows:
One site:
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where, m0=-log of agonist concentration (M), m1=maximum CPP response,
m2=pEC50, m3=end CPP response.
Two site:

[m1-((m1-m3)/(1+10^m0/10^m2))+((m1-m4)/(1+10^m0/10^m5))]

where, m0=-log of agonist concentration (M), m1=maximum CPP response,
m2=pEC50 of low sensitivity site, m3=end CPP response, m4= maximum CPP
response of high sensitivity site, m5=pEC50 of high sensitivity site. All curves were
statistically analysed using the F-test to quantify the goodness-of-fit of each model,
whereby the variance of the one-site model was compared to the variance of the
two-site model, taking into account the sum of the squares (SS) and degrees of
freedom (df) of each model (1 represents the one-site model and 2 represents the
two-site model) as follows, with the level of significance was set at 95% confidence:

⎛ SS1 − SS 2 ⎞
⎟⎟
⎜⎜
df
df
−
2 ⎠
F=⎝ 1
⎛ SS 2 ⎞
⎜⎜
⎟⎟
⎝ df 2 ⎠
All data points represent mean±SEM, unless stated otherwise.

The pEC50 (C.I.)

values were determined for each curve and compared between each age group for
the agonist. A two way ANOVA on SPSS 11.0 for Windows allowed a comparison of
the concentration-response curves to be made between each age group and each
treatment group, thereby allowing identification of any age-related or treatment
differences in agonist activity.

TAMSIN JENNER

96

Adenosine Receptors in the Rat Heart

CHAPTER 3

Effects of maturation and
ageing on the expression of
the adenosine receptors and
signalling molecules in the rat
heart and thoracic aorta
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3.1 INTRODUCTION

Adenosine also plays an important role in regulating vascular tone to match oxygen
supply and oxygen demand of a tissue [154]. All four ADOR subtypes have been
found in the vasculature. ADORA1 has been reported to mediate vasoconstriction in
renal afferent arterioles [13, 155, 156], pulmonary artery [157], coronary [158] and
aorta [99, 157-159]; ADORA2A induces vasodilation in coronary [44, 94, 99, 160-162],
aorta [99, 163], mesenteric, renal, bronchial and intestinal systems [19]; ADORA2B
mediates vasodilation in coronary [32, 36, 44, 94, 99, 161, 162], thoracic aorta [99,
164] and mesenteric arteries [165]; and ADORA3 mediate vasodilation in the
coronary vasculature [32, 166].

The adenosine receptors are G-protein-coupled receptors (GPCR) that mediate
responses through various intracellular signalling molecules to amplify ligand
mediated signalling. The ADORA1 is coupled to Gi/o-proteins [29, 57], which act to
inhibit adenylyl cyclase (AC) and decrease cyclic adenosine monophosphate (cAMP)
[13]. The ADORA1 stimulates mobilisation of intracellular calcium via the
phospholipase C (PLC) signalling pathway and activates downstream messengers
such as protein kinase C (PKC) [13] and nitric oxide synthase (NOS) [13] but inhibits
L-type voltage gated Ca2+ channels (Ca-L) [4, 13]. The ADORA2A and ADORA2B are
linked to Gs-proteins [29], which activate AC and increase cAMP [13]. ADORA2A
directly activate KATP channels [13, 59] in addition to Ca-L [13] and nitric oxide (NO)
synthesis [60]. The ADORA2B is also coupled to Gq-proteins to activate the PLC
pathway [13] and additionally it activates NOS to mediate vasodilator responses in
the heart [60]. Finally, the ADORA3 are coupled to Gi-proteins to inhibit AC and
decrease cAMP [29], and to Gq-proteins to activate PLC signalling and PKC [13] but
inhibits sarcoplasmic reticular calcium channels [61].
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The impact of ageing on the functional responses and activity of the adenosine
receptors and intracellular signalling molecules has been extensively explored in the
rat heart and vasculature. Studies have found that the activity of the ADORA1 [144]
and the ADORA2B [32, 44] decreases with age, while ADORA3 mediated responses
remain unchanged [32]. Importantly, these changes start occurring at 16 weeks of
age, according to studies undertaken in our lab [166]. In addition, while a reduction in
ADORA1-G-protein coupling [60] has been reported, previous studies indicate a
decrease in NO release [60], a reduction in NOS3 activity [151] with age, and an
increase in Ca-L induced Ca2+ current with age [72].

Studies have also reported a role for ADOR in regulating blood pressure [122, 123].
Evidence shows that chronic pharmacological blockade of ADORs leads to
hypertension [123], as does transgenic ADORA1 knockout in mice [122]. Changes in
blood pressure, including the development of hypertension, occur with age [124], and
are associated with altered function and gene expression of cellular signal
transducers and effectors, including up-regulation of Gi-protein signalling [125, 126]
and Ca-L [127-129], and down-regulation of cGMP [130] and NOS pathways [131].
According to Gardner et al [124], the prevalence of high blood pressure increases
significantly with age so that more than 50% of people older than 65 years have at
least mild hypertension [124, 132]. It has also been reported that only small changes
in blood pressure in normotensive individuals can potentially contribute to the
development of hypertension [124, 132], independently of other risk factors such as
body composition and physical activity [132].

In this study, quantitative real-time PCR (Q-PCR) was employed to investigate the
effects of age on the gene expression of the ADOR and associated intracellular
signalling molecules in the rat heart. A correlation analysis was performed to identify
the presence of any relationship between the gene expression of the intracellular
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signalling molecules and the adenosine receptors between the different age groups,
which may contribute to age-related functional changes previously observed.
Western blot analysis was used to investigate the protein expression of two
intracellular signalling molecules, Gs-protein and Ca-L, which play an important role
in ADOR signalling and in regulating contractile and blood pressure responses.
Expression analysis was also performed in thoracic aorta isolated from the rat to
allow investigation of ageing on the target genes in vascular tissue. Conscious
systolic blood pressure was investigated in normotensive rats to demonstrate any
physiological variations that occur with maturation and ageing, and that may result
from changes in the expression of G-proteins, NOS isoforms and calcium handling
proteins in the cardiovascular system.
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3.2 EXPERIMENTAL METHODS

3.2.1 Quantitative real time PCR
Whole heart and thoracic aorta tissue were isolated and prepared, the RNA extracted
and cDNA synthesis carried out according to the methods described in chapter 2, as
was the Q-PCR analysis. The amplification reaction was optimised for MgCl2 for each
primer set which is listed in table 3.1 with the respective primer sequences (n=3-4 per
age group).

3.2.2 Data and statistical analysis
The procedure for relative analysis of real time data using the 2-∆∆CT method is
described in chapter 2. The threshold cycle (CT) values for each gene at each age
group were normalized (∆CT) using 18S rRNA as an internal control and the fold
determination ratio (2-∆∆CT) between each age group was used to assess the change
in mRNA expression with age. ANOVA was performed on the ∆CT values followed by
a Tukey post hoc test for individual age group comparisons using SPSS 11.0 for
Windows. The fold values were plotted using GraphPad Prism 3.0 (GraphPad
Software Inc., San Diego, USA). In addition, a Pearson Correlation analysis was
performed using Microsoft Excel 2003 for Windows to identify positive and negative
relationships between the mRNA expression of any two genes.
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TABLE 3.1 Sequences and PCR conditions for ADOR and intracellular signalling
molecule primers
Tem
Target

p.

gene

Forward 5`-3`

Reverse 5`-3`

Size

Mg

(oC) (bp) (mM)

Internal control
18s

CTTAGAGGGACAAGTGGCG

GGACATCTAAGGGCATCACA

59

67

3.00

ADORA1

GGATCGATACCTAAGAGTCA

GAGAATCCAGCAGCCAGCTA

57

96

4.50

ADORA2A

CATGCTGGGCTGGAACAACT

CAGTAACACGAACGCAAAGA

57

144 4.00

ADORA2B

GTGGCGCTGGAGCTGGTTA

GGACACCAGAAAGTAGTTGTT

57

116 3.00

ADORA3

GGTCCACTGGCCCATACACA

CGTAGGTGATTTGCAACCACA

57

125 3.00

ADOR

G-proteins
Gi1

ATCATTAGAGCCATGGGGAGA GCTTGCACACCGCTGTCCT

59

162 2.75

Gi2

AGTCTATCATGGCCATCGTCAA TCCGGAAGCATGCCTTGCTCCT

59

132 3.00

Gi3

CAATCATAAGAGCCATGGGAC CATGACTCCTTCCTCAGCACT

59

115 3.25

Gs

GGCTGCCTCGGCAACAGTAA

TGCAGCTGCTTCTCGATCTTTT

59

91

Go

GACGTGGTGAGTCGCATGGA

TTGGCAGAGTCGTTGAGCTGA

59

119 3.25

Gq

TGGTCGATGTAGGAGGCCAAA CTAAGCGCTACCAGAAACATGA

59

93

3.25

AC6

TGCACTGCCCAGGAACTGGT

GATCTTGATCCTCAGACAGTGA

59

95

3.75

NOS1 (n)

AGACCCTGTGTGAGATCTTCAA GTCATACTCCTCCATGGACATT

59

67

3.25

NOS2 (i)

GAGAGATCCGGTTCACAGTCT GCTTCCGACTTTCCTGTCTCA

59

169 3.50

NOS3 (e)

CTGGCAGCCCTAAGACCTAT

CGCAGACAAACATGTGTCCTT

59

107 3.75

RyR2

TGCAGTGTCCTGGACCTGAAT GAGCAGCTGCAGGAATCGGA

59

143 3.25

Ca-L

CGGTGTTCCAGTGTATCACCA AACTCATAGCCCATAGCGTCTT

59

78

SERCA

AATGTCCGTCTACTGTACACCA ACTCGGATGTGGGTGCACCT

59

110 3.25

NCX

GATTCTCCCGTCTGTCATTGAA ACACAAAGCGCGATGATGATGA

59

119 3.75

3.25

NOS

Calcium handling proteins
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3.2.3 Western blot
Tissues (n=3 for each age group) were prepared, proteins separated and probed with
protein specific antibodies (anti-DHPRα2 and anti-Gαs-protein) according to the
methods described in chapter 2. The antibody-bound protein bands were quantified
and subsequently plotted using GraphPad Prism 3.0 and an age comparison made
using ANOVA and Tukey’s Post Hoc.

3.2.4 Conscious rat systolic blood pressure measurements
Conscious rat sBP of male Wistar rats (n=6) was measured on a weekly basis from
the age of 6 weeks to 104 weeks according to the procedure described in chapter 2.
Only male rats were studied to eliminate the interactive effect of gender-specific
hormones such as oestrogen and progesterone which are known to vary with age
and have cardiovascular and blood pressure effects [167, 168]. In addition, the
position of the blood pressure cuff was altered from the base of the tail to mid-way
down the length of the tail as the animal grew larger; hence sBP measurements were
taken at these two points to identify any potential differences.
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3.3 RESULTS

3.3.1 Effects of age on adenosine receptors mRNA expression
Some of the cardiac expression data from immature, young, and mature groups were
produced in my honours thesis and subsequently published [146]. However, recent
additional data from the existing age groups and an additional age group (aged,
104-106 week old rats) has been included here. Figure 3.1 (left panel) shows the fold
changes in expression of the ADOR using 18S as an internal control gene in whole
hearts isolated from immature, young, mature and aged rats. A decrease in the
expression of the ADORA1 was observed in hearts from mature rats when compared
to immature rats (P<0.05). In hearts from aged rats a 3 fold increase in ADORA1
mRNA occurred (P<0.05). In addition, no change in the expression of the other three
ADOR occurred with maturation. In hearts from aged rats, however, a significant
up-regulation of the ADORA2A (311 fold), ADORA2B (317 fold) and ADORA3 (309 fold)
was observed (P<0.05).

The mRNA expression of the ADOR was also investigated in thoracic aorta isolated
from the rat. In contrast to isolated whole heart, there was no detectable expression
of the ADORA1 in thoracic aorta isolated from the rat. However, there was detectable
expression of the ADORA2A, although figure 3.1 (right panel) shows that there was no
age-related change with maturation and ageing. ADORA2B and ADORA3 mRNA were
also detected in thoracic aorta. There was no change in expression in tissues from
young and mature rats compared to immature rats, but both genes were significantly
up regulated in thoracic aorta from aged rats (10 fold and 12 fold, respectively;
P<0.05).
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FIGURE 3.1 Gene expression of ADOR mRNA in whole hearts (left panel) and thoracic
aorta (right panel) isolated from immature (black), young (dark grey), mature (light
grey) and aged (white) rats. Data is presented as the relative fold expression ratio,
using 18S rRNA as an internal standard, of the (A) ADORA1, (B) ADORA2A, (C) ADORA2B
and (D) ADORA3 when compared to hearts from immature (6-8 weeks) rats; * P<0.05
compared to ∆CT values of immature group; n=3-4 for each age group.
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3.3.2 Effects of age on the mRNA expression of Gα-protein subtypes and
adenylyl cyclase
Gene expression of the Gi-protein isoforms were analysed in whole hearts from the
four age groups and the fold changes are displayed in figure 3.2 (left panel). No
age-related change in the expression of Gi1-protein mRNA was observed. However,
there was an increase in the expression of the Gi2-protein mRNA in mature and aged
rats (P<0.05). In contrast, the Gi3-protein mRNA was up-regulated in mature tissues
followed by a down-regulation in hearts from aged rats when compared to immature
rats (P<0.05).

Figure 3.2 (right panel) shows the fold change in expression of the Gi-protein in
isolated thoracic aorta from rats of each age group. In contrast to whole heart, there
was no detectable expression of the Gi1-protein in the thoracic aorta tissue. The
figure also shows an 8 and 16 fold decrease in expression of the Gi2-protein in
mature and aged rats, respectively, and down-regulation (11 fold) of the Gαi3-protein
in aged animals (P<0.05).

The effects of age on the gene expression of other Gα-protein subtypes were also
analysed in whole hearts from each age group. The fold changes are shown in figure
3.3 (left panel). The expression of the Gs-protein mRNA increased 27 fold, 86 fold,
and 84 fold in hearts from young, mature and aged rats (P<0.05). Similarly, the
expression of the Go (9 fold) and Gq (17 fold) -proteins increased with ageing but not
maturation (P<0.05). Finally, a decrease in the expression (18 fold) of the AC6 gene
in hearts from aged rats was detected (P<0.05) with no changes observed in hearts
from young and mature rats.
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FIGURE 3.2 Gene expression of Gi-protein mRNA in whole hearts (left panel) and
thoracic aorta (right panel) isolated from immature (black), young (dark grey), mature
(light grey) and aged (white) rats. Data is presented as the relative fold expression
ratio, using 18S rRNA as an internal standard, of the (A) Gi1-protein, (B) Gi2-protein, and
(C) Gi3-protein; * P<0.05 compared to the immature age group for ∆CT values; n=3-4.
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FIGURE 3.3 Gene expression of Gα-proteins and adenylyl cyclase mRNA in whole
hearts (left panel) and thoracic aorta (right panel) isolated from immature (black),
young (dark grey), mature (light grey) and aged (white) rats. Data is presented as the
relative fold expression ratio, using 18S rRNA as an internal standard, of (A)
Gαs-protein, (B) Gαo-protein, (C) Gαq-protein and (D) adenylyl cyclase; * P<0.05
compared to the immature age group; n=3-4.
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In contrast, these genes were found to be down-regulated with age in isolated
thoracic aorta. Expression of the Gs-protein decreased 15 fold and 18 fold in mature
and aged rats (P<0.05). In addition, the Go-protein mRNA expression was
down-regulated 5-10 fold with maturation and ageing, while the Gq-protein was
decreased in thoracic aorta from young (5 fold), mature (13 fold) and aged (14 fold)
rats (P<0.05). Finally, mRNA expression of AC6 was reduced 14 fold in mature but
only 8 fold in aged rats (P<0.05).

3.3.3 Effects of age on NOS mRNA expression
Figure 3.4 shows the fold changes in expression of the cardiac NOS genes in whole
hearts and thoracic aorta from immature, young, mature and aged rats. NOS1
expression in hearts from mature and aged rats was increased (12 fold and 18 fold,
respectively) compared to hearts from immature rats (P<0.05, see figure 3.4 left
panel). Similarly, the expression of NOS2 increased 146 fold in hearts from aged
rats. A 13 fold decrease in expression of the cardiac NOS3 occurred in hearts from
aged rats (P<0.05). In contrast to whole hearts, there was no detectable expression
of NOS1 in the isolated thoracic aorta preparations (see figure 3.4 right panel.
However, NOS2 was found to significantly decrease with maturation (59 fold, P<0.05)
but not ageing, while NOS3 expression remained unchanged with age.
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FIGURE 3.4 Gene expression of NOS mRNA in whole heart (left panel) and thoracic
aorta (right panel) isolated from immature (black), young (dark grey), mature (light
grey) and aged (white) rats. Data is presented as the relative fold expression ratio,
using 18S rRNA as an internal standard, of (A) NOS1, (B) NOS2 and (C) NOS3; * P<0.05
compared to the immature age group; n=3-4.
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3.3.4 Effects of age on the mRNA expression of calcium-handling proteins

The effect of age on the expression of the calcium handling proteins is illustrated in
figure 3.5. A decrease in the expression of the RyR2 and Ca-L genes (536 fold and
85 fold, respectively) was observed in whole hearts from aged rats when compared
to immature rats (P<0.05, see figure 3.5 left panel). No change in the expression of
SERCA2A was detected, however a small but significant increase in the expression (4
fold) of the NCX gene in hearts from mature rats occurred (P<0.05).

In comparison, figure 3.5 (right panel) shows down-regulation of the calcium handling
genes in isolated thoracic aorta. Although RyR and Ca-L expression were detected,
there was no change with maturation and ageing. However, SERCA was down
regulated 17 fold, 18 fold and 16 fold in young, mature and aged rats, compared to
thoracic aorta from immature rats (P<0.05). Finally, there was no age-related change
in the expression of NCX.
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FIGURE 3.5 Gene expression of calcium handling protein mRNA in whole hearts (left
panel) and thoracic aorta (right panel) from immature (black), young (dark grey),
mature (light grey) and aged (white) rats. Data is presented as the relative fold
expression ratio, using 18S rRNA as an internal standard, of (A) RyR2, (B) Ca-L, (C)
SERCA2A and (D) NCX; * P<0.05 compared to the immature age group; n=3-4.
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3.3.5 Correlation between adenosine receptors and intracellular signalling
molecule mRNA expression
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ADORA3 include Gαo-protein, Gαq-protein and NOS2.
Genes that demonstrated a negative correlation with
ADORA2A, ADORA2B and ADORA3 include Gαi-protein,
AC6, NOS3, RyR2, and Ca-L (P<0.05). In addition,
ADORA1 is negatively correlated with Gαi1-protein and
NOS1 (P<0.05). The expression of SERCA2A, NCX,
Gs-protein

and

Gi2-protein

did

not

significantly

correlate with the expression of any other gene.
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3.3.6 Protein expression of Gs and Ca-L in the rat heart
Western blot analysis was used to investigate the relationship between gene
expression and protein expression of Gs-protein and Ca-L (see figure 3.8). A
significant increase in protein expression was observed in hearts from immature to
young rats for both the Gs-protein and Ca-L. This was followed by a steady but
continual decline in protein expression in mature and aged rats to levels comparable
to that found in hearts from immature rats. Protein expression of the ADOR was not
investigated as currently there are no primary antibodies that are sensitive enough to
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FIGURE 3.8 Protein expression of the (A) Gs-protein and (B) Ca-L in whole hearts from
immature (black), young (dark grey), mature (light grey) and aged (white) rats. Data is
presented as relative expression compared to the immature age group; * P<0.05
compared to the immature age group; n=3 for each age group.
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3.3.7 Effects of age on conscious rat sBP
Conscious rat sBP was measured on a weekly basis on male Wistar rats from 6
week old until they were 104 weeks old. The effects of maturation are illustrated in
figure 3.9, which shows a mean sBP of 98±4mmHg at 6 weeks. This increased
significantly to 134±5mmHg at 16 weeks (P<0.05) and was followed by a decline in
sBP of 59mmHg by 52 weeks (85±4mmHg). Subsequently, sBP steadily inclined with
ageing to levels similar to that of immature rats. The figure shows an acute early rise
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FIGURE 3.9 Conscious rat systolic blood pressure (sBP) measurements on male Wistar
rats from 6 weeks of age to 104 weeks of age. Data represents mean±SEM, *P<0.05
compared to immature rats at 6 weeks, n=6.
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3.4 DISCUSSION

The ADORs are principal GPCR’s associated with regulating cardiac function and
cardioprotection [29]. However, age-related changes in the ADOR remain unclear
and it is necessary to investigate the factors that may contribute to the decline in
ADOR functional responses previously observed [32, 43]. In addition, age plays a
significant role in blood pressure changes [124] which is regulated to a degree by
adenosine [122, 123]. The expression of the ADOR and signalling molecules was
also examined in immature, young, mature and aged animals. Not only have we
demonstrated changes in expression of the ADOR and a variety of intracellular
signalling molecules with age in heart and thoracic aorta, but we observed subtle
fluctuations in sBP in normotensive conscious rats over the lifespan.

A previous study conducted by our lab found an age-related decline in the mRNA
expression of the ADORA1 with maturation (52 weeks), with no significant change in
the cardiac ADORA2A, ADORA2B or ADORA3 mRNA expression [146]. In contrast,
there was a significant up-regulation of the ADORA1 in hearts from aged rats
(104-106 weeks, new data), and comparably larger increases in mRNA expression of
the ADORA2A, ADORA2B and ADORA3 at this age group. In contrast, a study by
Ashton et al. [149] in murine hearts found no effect of age on the expression of the
ADORA1 or ADORA2A, but a significant increase and decrease in the expression of
the ADORA2B and ADORA3, respectively. The latter study indicates that extensive
species variations do exist for the ADOR. Nevertheless, the changes in mRNA
expression of rat ADORA1 during maturation (up to 52 weeks) appear to be
consistent with an age-related decrease in ADORA1 mediated AC inhibition [144] and
impaired anti-β-adrenergic effects [143] previously reported, although inconsistent
with other studies that report enhanced bradycardia [140] and anti-β-adrenergic
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actions [141, 143, 144]. The absence of age-related changes in ADORA3 mediated
vasodilator responses in mature rats (52-54 weeks) is comparable to the unchanging
expression patterns observed at this age [32]. In contrast, reduced functional
responses reported in coronary ADORA2B [32, 44] are not mirrored by the expression
analysis during maturation, indicating potential changes in the intracellular signalling
molecule systems. The current study reports up-regulation of all four receptor
subtypes in the heart at 104 weeks of age, potentially indicating modifications to
post-transcriptional or intracellular signalling that leads to the comparatively reduced
functional responses in hearts from mature and aged rats. It is important to consider
that cardiac tissue is composed of different cell types, including myocytes, mast cells,
and vascular smooth muscle cells, all of which possess populations of ADOR that
may change independently of each other.

Studies have shown that adenosine causes relaxation in isolated aorta in several
different species [1]. The ADOR are widely expressed in vascular tissue, particularly
the ADORA2 [13, 32, 44, 154]. The results of this study demonstrated expression of
the ADORA2A, ADORA2B and ADORA3, but no detectable expression of the ADORA1.
This is in contrast to previous studies which observed ADORA1 expression in thoracic
aorta of rats [169] and ADORA1 mediated vasoconstriction in the thoracic aorta
isolated from the mouse [99] and guinea pig [163]. In addition, ADORA1 mRNA has
been found in the heart and aorta of the rat [47], and is often co-expressed with other
ADOR subtypes in coronary and aortic vascular beds [99]. Although the ADORA1 is
not commonly found in the vasculature, it is known to have potent effects in renal
afferent vessels where it regulates blood flow [155]. In support of the current results,
vasodilation has previously been reported in response to activation of the ADORA2A,
and ADORA2B in aortic preparations [163, 164, 170-172], which have also been found
to be expressed in aortic tissue isolated from the rat [47, 173]. The ADORA2 are also
found in coronary, mesenteric, pulmonary, renal and umbilical vessels [1, 13, 169],
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therefore play an important role in regulating blood flow throughout the circulatory
system, and hence blood pressure.

The results show that ADORA1 mRNA is expressed in cardiac but not aortic tissue.
This suggests that the ADORA1 is likely to play a more important role in
cardiomyocytes rather than vascular cells. In comparison, the ADORA2A, ADORA2B
and ADORA3 are expressed in both cardiac and aortic samples, indicating a key role
in vascular tissue. Interestingly, the ADORA2B and ADORA3 remain unchanged with
maturation but are up-regulated in hearts from aged rats in both cardiac and aortic
tissues.

The ADORs mediate a portion of their responses through the Gi (ADORA1 and
ADORA3), Gs (ADORA2A and ADORA2B), Go (ADORA1 and ADORA3) or Gq
(ADORA2B and ADORA3) proteins with subsequent activation of intracellular
signalling systems. The current investigation in cardiac tissue found no age-related
changes in the expression of the Gi1-protein, but a significant up-regulation of Gi2 and
Go-protein and down-regulation of Gi3-protein. The ADORA1 couples to Gi1-, Gi2-, Gi3and Go-proteins, while the ADORA3 is known to associate with Gi2-, Gi3- and
Go-proteins. The correlation analysis detected a strong negative correlation between
the ADORA2 and Gi1- and Gi2-proteins but not Gi3-proteins. Previous reports found
that up-regulation of the Gi2-protein is associated with constitutively active ADORA1
signalling [111]. Additionally, the ADORA3 was found to have a strong negative
correlation with Gi3-protein, a strong positive correlation with Go-proteins, but no
significant relationship with Gi1- or Gi2-proteins. A study by Thibault et al. [125] found
over-expression of the Gi2- and Gi3-proteins in hearts of hypertensive rats, and
proposed that these changes contribute to the enhanced vascular tone and impaired
contractility seen in high blood pressure.
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Gene expression of the ADOR intracellular signalling molecules was also examined
in isolated thoracic aorta. Expression of Gi1-proteins was not detected. In contrast,
Gi2-, Gi3- and Go-protein mRNA expression was down-regulated with maturation and
ageing. The correlation analysis, however, found no significant relationship between
the expression pattern of the ADOR and the inhibitory G-proteins.

In contrast to Gi/o-proteins, Gs-proteins activate the AC6 pathway and ultimately
enhance contractile responses to β1-stimulation and mediate vasodilation via the
ADORA2. The current study found a 80-85 fold up-regulation of cardiac Gs-protein
mRNA expression with maturation and ageing. In addition, the protein expression of
Gs-protein increased in hearts from young rats, but decreased again with maturation
and ageing, indicating age-related changes in translational processes of the
Gs-protein. Interestingly, previous studies have shown no change in mRNA
expression of Gs-proteins in hypertensive compared to normotensive rats [125, 130],
which is mirrored in immunoblot techniques [174]. Another report found no significant
change in protein expression of Gs- or Gi-proteins in rat aorta with age, although an
age-related reduction in Gs function was observed [175]. Furthermore, while
ADORA2A and ADORA2B are know to couple to Gs-proteins, the correlation analysis
found no significant relationship between the expression pattern of the target genes
in both whole heart and thoracic aorta.

Previous studies have associated Gq-protein over-expression with ventricular
hypertrophy [114] which is provoked by Gq-protein-induced high blood pressure
[176]. The current study found a 17 fold up-regulation of the Gq-protein in hearts from
aged rats and a positive correlation with the ADOR mRNA expression. Heart weight
to body weight ratios for rats previously reported by our lab indicating the absence of
hypertrophy [166] (see chapter 4). In contrast, the Gq-protein was down-regulated in
young, mature and aged rats in thoracic aorta, indicating a differential role in vascular
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tissue versus cardiac tissue. The ADORA2B and ADORA3 are coupled to Gq-proteins.
A strong positive correlation was detected between the target genes in cardiac
tissue, but no significant relationship was revealed in thoracic aorta, possibly
indicating a stronger coupling role in cardiac tissue than vascular tissue.

The results show that AC6 mRNA expression was significantly down-regulated with
age in both whole hearts and thoracic aorta. In addition, it negatively correlates with
ADOR mRNA expression in whole hearts. This pattern corresponds to previous
observations of reduced AC activity in hearts from hypertensive rats, indicating that
the results from the current study may contribute to the later incline in sBP in
normotensive ageing animals.

Nitric oxide synthase (NOS) has a ubiquitous role in regulating vascular tone and
blood pressure. In particular, NOS3 is found in endothelial cells and has been
associated with hypertension [177]. Studies have shown elevated levels of eNOS in
the aorta of young 18 week old SHR rats. The same study observed a
down-regulation of endogenous eNOS inhibitors, such as calveolin, in aorta of the
same rats. This may be indicative of a mechanism to maintain NO production in the
vascular wall of hypertensive animals [178]. Up-regulation of NOS1 and NOS2 in the
rat heart with ageing is consistent with an enhanced immune status, impaired
calcium handling, mycotic apoptosis and contractile dysfunction. However, in the
thoracic aorta, there was no detectable expression of NOS1, which is as expected in
vascular tissue. Studies have found that adenosine mediates aortic vasodilation via
both NO-dependent and –independent signalling mechanisms [95, 154], and that
both mechanisms are reduced with age [44]. The current study found that expression
of NOS2 in thoracic aorta was down regulated with maturation which is suggestive of
a role in an age-related hypertensive responses [179]. One may expect the level of
expression of NOS2 to remain low in aged animals when age-related vascular
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disorders occur, however, this age group is likely to represent a group of animals
fitter since they are approaching senescence and natural selection of comparatively
healthier animals takes place. Nevertheless, advanced age has been associated with
endothelial dysfunction and a reduction in the expression of NOS2 in senescent
human endothelial cells. Finally, NOS3 expression was reduced in hearts from aged
rats, which potentially corresponds to reduced coronary vascular tone [177]. NOS is
also an important signalling molecule in the cardioprotective ADOR signalling
pathway, particularly vasodilator responses in the heart [44] and other vascular beds
[67].

NOS3 mRNA expression (down-regulated) is negatively correlated

with

ADORA2A, ADORA2B and ADORA3 and is consistent with reduced coronary
vasodilator responses previously observed in the heart [32, 44]. In contrast, NOS3
expression in thoracic aorta was unaffected by maturation and ageing, further
indicating the differential role and regulation of the genes in cardiac versus vascular
tissue.

Calcium plays a major role in regulating contractility and vascular tone via ADOR and
adrenoceptor signalling [69]. Contractile dysfunction in the heart and vascular smooth
muscle cells (VSMC) occurs with altered calcium transport via the calcium channels
RyR2, Ca-L, SERCA2A and NCX. The regulation of intracellular calcium levels is
central to modifying excitation contraction coupling processes and hence cardiac
contractility and vascular tone [180]. A study by Herrera et al (1998) reported that
when adenosine is most active, such as in hypoxic conditions, L-type calcium
channels are blocked, causing VSM relaxation [181]. Studies have shown a
down-regulation of RyR2 or functional impairment in heart failure as a result of altered
calcium release and impaired contractility [69]. This current study detected
expression of all four calcium channels in both whole heart and thoracic aorta
preparations. The results show down-regulation of RyR2 and Ca-L mRNA in hearts
from aged rats.
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In thoracic aorta, the expression of RyR2 and Ca-L remained unchanged with
maturation and ageing. Previous investigations show enhanced expression of Ca-L in
VSMC associated with high blood pressure [129], while anti-hypertensive treatment
regimes commonly employ calcium antagonists that target Ca-L [182]. Interestingly,
the protein expression analysis showed an increase in protein levels of Ca-L in young
myocardium but returning to immature levels with maturation and ageing. Alterations
in translational processes are likely to account for differences in cardiac mRNA and
protein expression with age. The results indicate that changes in the expression of
Ca-L are likely to play a role in hypertensive responses but not physiological changes
in sBP.

Studies have reported reduced levels of SERCA2A in failing hearts, which causes
altered calcium cycling [183]. However, no changes in cardiac mRNA levels were
observed with ageing. In contrast, this study found down-regulation of SERCA2A in
thoracic aorta, suggesting a role for altered vascular tone with advanced age. Finally,
NCX was up-regulated to a small degree with age in whole hearts, but not in thoracic
aorta, which may contribute to altered calcium handling since increased NCX levels
have been reported to participate in contractile dysfunction and arrythmogenesis
[183].

As major cardiac signalling molecules, age-related changes observed in RyR2, Ca-L,
SERCA and NCX are likely to affect ADOR-mediated cardiovascular responses.
Pearson analysis showed no significant correlation between the cardiac expression
of the ADOR and SERCA2A and NCX. However, the expression of RyR2 and Ca-L
were negatively correlated with the ADORA2A, ADORA2B and ADORA3, potentially
indicating a stronger functional link between the receptor types. In comparison, in
thoracic aorta, a strong positive correlation was detected between the ADORA2B and
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Ca-L, while a relatively strong correlation exists between ADORA2A and SERCA2A.
The results suggest that calcium handling is regulated independently of the ADOR in
vascular tissue compared to cardiac tissue.

This study measured conscious rat sBP in normotensive male Wistar rats over 98
weeks. The investigation demonstrated a significant increase in sBP from 6 to 16
weeks, followed by a significant decrease to 52 weeks and a gradual increase in sBP
during ageing to reach levels similar to those observed in immature rats. The results
provide evidence for subtle physiological changes over the lifespan of the rat.
Despite being small changes in normotensive rat, they can potentially contribute to
the development of hypertension, according to [124, 132]

Most ageing studies have been conducted in only aged and senescent animals [45,
136, 140]. However, these results and ongoing work in our lab indicate age-related
changes in functional coronary responses taking place as early as 16 weeks. It is
also important to consider that rats who survived to 104-106 weeks may be
selectively resistant to factors that lead to death. Although senescence, where only
50% of a population survive, has yet to be reached, a proportion (~1/5) of male
Wistar rats do perish prematurely leading up to 104 weeks due to health issues such
as tumours. These factors are likely to be genetic, and may explain some of the
changes in mRNA expression revealed by this investigation.

In conclusion, this study describes several age-related changes in the mRNA
expression of adenosine receptors and signalling molecules in the whole heart and
thoracic aorta that may contribute to the changes in blood pressure that were
observed. Age-related changes in cardiac ADOR previously not reported were
identified where the ADORA1 was down-regulated with maturation, while the results
show that all four ADOR subtypes were up-regulated in hearts from aged rats. In
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comparison, expression of the ADORA1 was not detected in thoracic aorta, while
ADORA2A remained unaffected by age, and ADORA2B and ADORA3 were
up-regulated with ageing. The changes observed in whole heart preparations
correlate with changes in expression of numerous intracellular signalling molecules,
including the Gα-proteins, adenylyl cyclase, NOS isoforms and calcium handling
proteins.

Conscious rat sBP measured in this study and functional responses observed by
previous studies indicate that the cellular signalling systems are altered with
maturation and ageing in hearts from rats, sometimes as early as 16 weeks. In
particular, changes in the expression of the ADORA1 but not the ADORA2A, ADORA2B
and ADORA3 were consistent with sBP changes in mature and aged rats. In addition,
evidence suggests that the cardiac expression of the Gi2-, Gi3- and Gq-proteins, AC6,
and NOS3 play a role in regulating age-related physiological changes in sBP in the
rat.

There are several other genes of interest that can be investigated with respect to
ADOR signalling in the heart and thoracic aorta. These include PLC, PKC and
potassium channels, all of which play a significant role in ADOR signalling pathways.
In particular, PLC is involved in calcium mobilisation in the cell and hence would be
an important determinant of cardiac contractility. PKC is known to play an important
role in adenosine mediated cardiac preconditioning, therefore is a major key
regulator of ADOR signalling.

Finally, potassium channels, including inwardly

rectifying potassium channels (GIRK), ATP sensitive potassium channels (KATP),
Ca-activated potassium channels (KCa) and mitochondrial ATP sensitive potassium
channel (mito-KATP) are involved in adenosine mediated hyperpolarisation of
membrane leading to cardiac contractility and vasodilation. Previous studies have
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found evidence of impaired cardiac ischaemic preconditioning in aged humans is due
a reduced activation of the KATP [45].

The housekeeping gene 18S rRNA was employed to standardise the measure of
mRNA expression of the target genes in these real time PCR experiments. There are
both strengths and limitations in using 18S rRNA as the internal control. It is a
commonly used internal control gene since it is constitutively expressed at similar
levels in all cell and tissue types [184] and is considered a reliable control in gene
expression analysis [185-188]. However, according to an absolute analysis
previously performed by our lab [146] it is expressed approximately 1.7x106 times
higher than the ADOR. This same study found that in this situation there is a high risk
of gaining a false negative outcome, where a small difference between the ∆CT
values remains undetected since the actual ∆CT values are large [146]. Alternatively,
by using an internal control gene whose expression is more like the target genes,
small changes in mRNA are likely to be detected. In the previous investigation, the
ADORA2B gene was employed as the internal control for comparison to 18S rRNA.
The ∆CT values were smaller, thereby allowing the detection of small but statistically
significant differences in the ∆CT values between each age group [146]. Hence, it
was determined that, ideally, the level of expression of the internal control of a
relative gene analysis should be similar to that of the target gene of interest to
maximize identification of small expression changes. The study also suggested the
potential use of ADORA2B as an internal control gene for use in age-related studies of
the cardiac ADOR in the rat [146].

There were additional limitations to this study. The results pertaining to the whole
heart includes several different cell types. As mentioned earlier, cardiac tissue
includes myocytes, mast cells, vascular smooth muscle cells and endothelial cells.
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The ADOR subtypes are found in all of these cell types, and each population of
receptors may vary independently with age. Our initial intention was to investigate
gene expression in the coronary vessels to allow a comparison between age-related
gene expression changes and alterations in functional responses with age. However,
it is not possible to isolate coronary vessels for Q-PCR analysis; hence thoracic
aortas were isolated to allow investigation of vascular tissue. Nevertheless, the
thoracic aorta is a large vessel and responds unlike a coronary resistance vessel
[163, 189]. Therefore, the study was limiting in that respect. Lastly, protein
expression data of the ADOR would be highly informative but is primarily limited by
the lack of selective antibodies available. Alternatively, ligand binding assays could
be performed. However, although there are selective ligands for the ADORA1 and
ADORA2A, these studies would be limited by the lack of availability of selective
ligands for the ADORA2B and ADORA3 subtypes.

Some aspects of the current study that warrant further investigation includes
determining the relationship between mRNA and protein expression. The use of
mRNA expression studies provides an indication of mechanisms with regard to the
transcription of genomic information. However, the main limitation to mRNA studies is
that they do not provide a true reflection of protein expression. Rather, protein
translation processes and transport to cellular sites are an important determinant of
how and where the protein is going to be expressed in the cell. Therefore, protein
expression studies such as in situ hybridisation, western blot and ligand-binding
assays provide more useful information with regard to functional pharmacology and
physiology. It is important to determine if these processes change with age or
disease as they may act as potentially therapeutic targets.
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CHAPTER 4

Changes in vascular
adenosine A1 receptor
responses with age in the rat
heart
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4.1 INTRODUCTION

Adenosine induced vasodilator responses are mediated by the Gs-protein-coupled
ADORA2 [155]. These receptors are widely distributed in blood vessels including
aortic, coronary, mesenteric, renal, bronchial and intestinal systems [19]. In contrast,
the Gi/o-protein-coupled ADORA1 is rarely found expressed in blood vessels,
suggesting a limited vascular role [155]. Moreover, a study by Hinschen et al. [52]
supports a lack of ADORA1 mediated vasodilation or coronary vessels in the rat
heart. However, some previous studies have indicated a vasoconstrictor role for the
ADORA1 in renal afferent arterioles [13, 155], guinea pig aorta [163], pulmonary
artery [157], and mouse aorta [99]. In addition, there is evidence that the ADORA1
induces vasoconstriction in aortic vessels [99, 158, 159]. Hussain et al. [158] suggest
that the ADORA1 mediates this response via the pertussis-toxin sensitive inhibitory
Gi/o-protein. In addition, according to Tawfik et al. [99], the ADORA1 causes
contraction of vascular smooth muscle cells via PLC signalling pathways. ADORA1
mediated vasoconstriction opposes vasodilator responses usually reported from
adenosine receptor-mediated signalling.

Various cardiac responses are modified by the effects of ageing. Previous studies
indicate a reduction in cardiac contractility [135, 140, 141] and coronary vasodilation
[45, 134, 135, 140], as well as diminished resistance to ischaemia [45, 135]. It has
been suggested that age-related changes in the ADOR system are likely to
contribute to these functional alterations, and extensive evidence exists to that effect
[140]. Impaired ‘indirect’ adenosine mediated inhibition of the β-adrenergic system
has been reported [45, 96, 133, 139, 141, 143-145] with ageing. In addition, ‘direct’
adenosine-mediated responses change with age, but data is conflicting regarding the
ADORA1. Some studies report no change in ADORA1 mediated functional responses,
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such as bradycardia [140], or reduced functional responses such as ADORA1
mediated anti-adrenergic role and inhibition of adenylyl cyclase (AC) [33, 60, 117,
138, 144], while others provide evidence for increased ADORA1 activity [45, 140],
such as enhanced bradycardia [136]. Decreases in ADORA1 density [136, 139] or no
change in density [117], and a reduction in ADORA1-Gi/o-protein coupling have also
been reported [117, 144]. Furthermore, we have previously shown a decrease in the
expression of the ADORA1 in the rat heart with maturation [146].

This study investigates the effects of age on the ADORA1 mediated negative
inotropic, chronotropic and vascular responses using ADOR analogues in perfused
hearts from immature (6-8 weeks), young (16-18 weeks) and mature (52-24 weeks)
male Wistar rats.
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4.2 EXPERIMENTAL METHODS

4.2.1 Langendorff isolated heart perfusion preparation
Hearts were isolated from immature (6-8 weeks), young (16-18 weeks) and mature
(52-54 weeks) male Wistar rats and prepared according to the Langendorff method
described in chapter 2.

4.2.2 Concentration-response curves
NECA (10-11M to 10-6M, Ki of 14nM for ADORA1; [34, 35]) concentration-response
curves on CPP were acquired in isolated hearts from immature, young and mature
rats. Coronary vasodilator responses were measured and maximum decreases in
CPP were induced by sodium nitroprusside (10µM). NECA concentration-response
curves were also determined in the presence of the ADORA1 antagonist, DPCPX
(30nM, Ki of 3.9nM for ADORA1, [34, 35], where infusion commenced 10 minutes
prior to and during the NECA concentration-response curve (see figure 4.1A).

R-PIA

is

a

highly

selective

ADORA1

agonist

(Ki

of

2nM[35].

R-PIA

concentration-response curves (10-10M to 10-5M) were acquired in paced hearts from
immature, young and mature rats in the presence and absence of the ADORA1
selective antagonist DPCPX (30nM). The hearts were electrically stimulated (see
figure 4.1B) using ventricular electrodes pacing at 5ms duration and supramaximal
voltage (0.5-1V) to induce a HR that was 30-50bpm above the basal rate of
non-paced hearts. R-PIA-induced decreases in contractility were measured in terms
of a change in triple product (TP = dP/dt max x HR x LVDP), left ventricular
developed

pressure

(LVDP)

and

rate

of

contraction

(dP/dtmax).

R-PIA

concentration-response curves (10-10M to 10-5M) were also acquired in non-paced
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hearts from rats from each age group and decreases in HR were assessed (see
figure 4.1B). Ultimately, the impact of age on the R-PIA mediated responses in the
rat heart was examined.
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FIGURE 4.1

Drug infusion protocols for NECA and R-PIA concentration-response

curve experiments. Note, pacing was not performed in hearts when the heart rate was
being assessed.

4.2.3 PTX pre-treatment
Immature, young and mature rats were pre-treated 48 hours prior to experiments with
10µg/kg IP pertussis toxin [190-192]. The heart was then prepared using the
Langendorff method as described previously.

At 20 minutes equilibration, 1µM

acetylcholine was perfused through the heart to confirm blockade of the Gi-protein by
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observing the absence of any decrease in CPP and heart rate (HR). NECA
Concentration-response curves were then constructed in the absence and presence
of DPCPX (30nM). Changes in CPP were measured and maximum vasodilation was
induced by sodium nitroprusside (10µM), which was not affected by the antagonists.
(see figure 4.1C)

4.2.4 Chemicals
R-PIA

(R-N6-(1-methyl-2-phenylethyl)adenosine),

(5`-(N-ethylcarboxamido)adenosine),

DPCPX

NECA

(8-cyclopentyl-1,3-dipropylxanthine)

and PTX (pertussis toxin) were obtained from Sigma Aldrich (Castle Hill, Australia).
R-PIA and NECA were dissolved in water. DPCPX stock solutions was made up in
DMSO (0.01% infusion), and the vehicle was found to have no effect on cardiac
function (data not shown). PTX stock (100µg/mL) was prepared using sterile water
and further diluted with phosphate buffered saline (PBS) for injection (10µg/kg, IP).
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4.3 RESULTS

The whole body weight (B.wt) and whole wet heart weight (H.wt) of animals from
each age group were determined in untreated and PTX pre-treated animals, and the
mean values and ratios are listed in table 4.1. Additionally, baseline cardiac
functional parameters in paced and non-paced hearts for each age group were
determined and are illustrated in figure 4.1.

TABLE 4.1 Body and heart weight parameters for untreated and PTC pre-treated immature (6-8 weeks),
young (16-18 weeks), mature (52-54 weeks) and aged (104-106 weeks) rats.
IMMATURE

YOUNG

MATURE

AGED

B.wt (g)

265 ± 6

506 ± 8 *

727 ± 14*

722 ± 10

H.wt (g)

0.99 ± 0.02

1.50 ± 0.03*

1.85 ± 0.04*

2.40 ± 0.05

H.wt/B.wt ratio (%)

0.37 ± 0.01

0.29 ± 0.001*

0.25 ± 0.001*

0.33 ± 0.01

B.wt (g)

211 ± 11#

497 ± 18*

627 ± 13*

H.wt (g)

0.80 ± 0.04#

1.49 ± 0.03*

1.66 ± 0.03*

H.wt/B.wt ratio (%)

0.37 ± 0.001

0.30 ± 0.01*

0.26 ± 0.001*

Untreated

PTX

Values are mean±SEM. Data for aged rats is referred to in chapters 5 and 6. * P<0.05 for age comparison
vs. immature,

#

P<0.05 for antagonist comparison vs. untreated. Abbreviations: B.wt, body weight; H.wt,

heart weight.

Body weight and heart weight were observed to increase with age. Data indicates
that the body weight of young and mature rats increased by 91.1% and 174.3%
compared to immature rats (P<0.05). In addition, the heart weights showed a similar
trend, where there was a 51.5% and 86.8% increase in heart weight in young and
mature rats compared to immature rats (P<0.05). Furthermore, there is a small but
not significant decrease in body weight to heart weight ratio with increasing age
(P>0.05). Table 4.1 also indicates a decrease in body weight and heart weight
between the untreated and PTX pre-treated rats. However, the 50-100g difference
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seen in all age groups was a characteristic of the litters available at the time. PTX
pre-treatment did not change the body weight or heart weight of the animals. This is
supported by the heart to body weight ratio, which remained unchanged.
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FIGURE 4.2 Effects of pacing and PTX pre-treatment on functional parameters
including (A) LVDP (mmHg), (B) dP/dtmax, (C) HR (bpm) and (D) CFR (mL/min/g) in
hearts from immature (black), young (dark grey) and mature (light grey) rats. Values
are mean±SEM, *P<0.05 for age comparison vs. immature, #P<0.05 for paced vs.
non-paced.

Coronary flow rates (CFR) were adjusted to maintain a basal CPP of 80mmHg and
were observed to decrease with advancing age. A reduction in CFR by 31% with
maturation was observed (see figure 4.1D). Pacing caused no significant effect on
CFR in all age groups, but PTX pre-treatment did induced an increase in CFR in
hearts from immature, young and mature rats compared to untreated rats (P<0.05).
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The functional parameters of left ventricular developed pressure (LVDP, figure 4.1A)
and dP/dtmax (figure 4.1B) remained unaffected by age in non-paced hearts. However,
pacing induced a 40%, 44% and 18% decrease in LVDP in hearts from immature,
young and mature rats, respectively (P<0.05). The effects of the pacing significantly
reduced dP/dtmax by 44%, 47% and 23% with increasing age (P<0.05). Furthermore,
non-paced HR was observed to decline with age by 10% and 19.6% in young and
mature rats when compared to immature rats (P<0.05). The electrically paced HR
was set between 30bpm and 50bpm above that of the non-paced HR to account for
variability between animals. Therefore, they were set at 319bpm, 300bpm and
262bpm in the hearts from the respective age groups. Finally, PTX pre-treatment did
not significantly alter HR in each of the age groups.

4.3.1 The effect of NECA on coronary vessels
The effect of ADORA1 activation towards coronary vascular responses in the rat
heart were investigated using NECA concentration-response curves acquired in
non-paced hearts from immature, young and mature rats. NECA has a selectivity
profile of ADORA1 (Ki 0.006µM) > ADORA2A (Ki 0.01µM) > ADORA3 (Ki 0.113µM) >
ADORA2B (EC50 2µM) [19]. As the ADORA1 is coupled to the inhibitory Gi/o-protein,
the

effect

of

Gi/o-protein

blockade

was

determined

using

NECA

concentration-response curves acquired in hearts from immature rats pre-treated
with PTX (10µg/kg IP). The role of ADORA1 in the coronary vessels was examined by
the addition of the ADORA1 antagonist, DPCPX (30nM), in hearts from untreated and
PTX pre-treated rats.
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FIGURE 4.3 NECA mediated decreases in CPP in non-paced hearts from untreated
immature (n=8, circles), young (n=8, squares) and mature (n=7, triangles) rats (A) in the
absence of DPCPX and (B) in the presence of DPCPX; and in hearts from (C) PTX
pre-treated (48hrs, 10µg/kg IP) immature (n=5, circles), young (n=4, squares) and
mature (n=4, triangles) rats. Data is presented as concentration-dependent absolute
decreases in CPP (mmHg) and represents mean±SEM. *P<0.05 for age comparison vs
immature, # P<0.05 for PTX pre-treated (C) vs non-treated (A).
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TABLE 4.2 pEC50 values of NECA mediated vasodilator response in hearts from
untreated and PTX pre-treated rats in the absence and presence of DPCPX.
High sensitivity site
NECA

NECA-DPCPX

NECA-PTX

Low sensitivity site

Immature

11.4

(10.3 - 12.3)

8.4

(8.0 - 8.8)

Young

11.3

(10.5 - 13.0)

9.3

(8.9 - 9.7)*

Mature

12.5

(10.8 - 14.1)

9.0

(8.8 - 9.2)

8.6

(8.5 - 9.9)

-

Immature
Young

12.7

(10.9 - 15.8)*

9.1

(8.6 - 9.5)

Mature

11.8

(11.1 - 13.2)*

9.0

(8.6 - 9.0)

8.7

(8.3 - 9.0)

Immature

(vasoconstriction)

Young

12.4

(11.2 - 13.2)*

9.1

(8.3 - 9.8)

Mature

12.6

(10.2 - 13.4)*

8.8

(8.6 - 9.3)

8.9

(8.6-9.1)

NECA-PTX-DPCPX Immature

-

Values are mean (C.I.), * P<0.05 for age comparison vs immature.

NECA induced a concentration-dependent decrease in CPP. Figure 4.2A shows a
biphasic NECA concentration-response curve in hearts from immature rats. The
potency of NECA at the low sensitivity site increased with age (see figure 4.2A),
while the high sensitivity site remained unchanged in young rats. In addition, in
hearts from mature rats (see figure 4.2A), the potency of NECA remained relatively
similar to that in hearts from immature rats, although, the maximum response
increased by 25%.

Figure 4.2B shows that NECA, in the presence of DPCPX, produced a monophasic
concentration-response curve in hearts from immature rats. In hearts from young and
mature rats, the biphasic concentration-response curves were maintained, producing
curves similar to the curves formed in the absence of DPCPX.
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FIGURE 4.4 NECA mediated decreases in CPP in non-paced hearts from immature rats.
Concentration-response curves were constructed in untreated rats (circles, n=7), PTX
pre-treated rats (squares, n=5) and PTX-treated rats in the presence of DPCPX
(triangles, n=4). Data is presented as concentration-dependent absolute decreases in
CPP (mmHg) and represents mean±SEM. # P<0.05 for treated vs non-treated.

PTX pre-treatment in hearts from immature rats resulted in NECA inducing a
monophasic concentration-response curve which was similar to the low potency
phase of the biphasic NECA concentration-response curve. PTX induced a decrease
in maximum vasodilator response to NECA by 34% (figure 4.2C and table 4.2).

A vasoconstrictor response in hearts from immature rats whereby the CPP increased
to levels above the baseline was observed at the lower concentration ranges of
NECA (P<0.05, see figure 4.2C and 4.3). The vasoconstrictor response to NECA in
PTX pre-treated immature hearts was inhibited with the addition of DPCPX, but the
potency of NECA induced vasodilation remained unchanged (P>0.05; see figure 4.3).

An age comparison showed no vasoconstrictor response observed in PTX
pre-treated immature tissue. A biphasic curve was produced in hearts from young
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and mature rats (figure 4.2C and table 4.2). The maximum response increased to
4.07±1.59mmHg in young, and 12.7±3.15mmHg in mature hearts (P<0.05).
Furthermore, the high sensitivity sites of the NECA concentration-response curves in
hearts from PTX-treated rats are similar to the high sensitivity responses in
non-treated rats (see figure 4.2). In contrast, the pEC50 of the low sensitivity sites
remained unaffected by PTX pre-treatment and age, while the maximum response
was slightly reduced with PTX pre-treatment in all age groups. The maximum
response of the low sensitivity site of the NECA concentration-response curve
remained unaffected in hearts from young rats, but increased significantly in both
non-treated and PTX pre-treated mature rats.

4.3.2 ADORA1 mediated decreases in inotropic and chronotropic responses
during maturation
R-PIA induced a concentration-dependent decrease in TP, dP/dtmax and LVDP in
paced hearts and HR in non-paced hearts isolated from immature, young, and
mature male Wistar rats. The effects of age are displayed in figure 3 and the pEC50
values are listed in table 4.4.

R-PIA produced a monophasic concentration-response curve for TP in hearts from
immature rats. pEC50 values for R-PIA mediated decreases in dP/dtmax and LVDP did
not change with age compared to immature rats (P>0.05, see table 4.3). An age
comparison found no significant effect of maturation on the potency of R-PIA
mediated negative inotropic responses (P>0.05, see figure 4.4 and table 4.3). In
contrast, the maximum decrease in TP induced by R-PIA was increased by 41% in
hearts from mature rats compared to immature rats. Maximum decreases in LVDP
and dP/dtmax remained unchanged with age.
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TABLE 4.3 pEC50 values of R-PIA mediated negative inotropic (paced) and chronotropic
(non-paced) responses in hearts from immature, young and mature rats.
TP

dP/dtmax

LVDP

HR

(mmHg2s-1bpm)

(mmHg/s)

(mmHg)

(bpm)

IMMATURE

7.6 (7.2- 7.9)

7.7 (7.3- 7.8)

7.7 (7.4- 7.9)

7.5 (6.5-8.4)

YOUNG

8.0 (7.8- 8.3)

7.9 (7.8- 8.3)

7.9 (7.8- 8.0)

7.2 (6.9-7.5)

MATURE

7.7 (7.5- 8.0)

7.7 (7.4- 8.0)

7.7 (7.5- 8.0)

7.3 (7.0-7.5)

Values are mean (C.I.). Abbreviations: TP, triple product; dP/dtmax, rate of increase in contractile
force; LVDP, left ventricular developed pressure; HR, heart rate.

R-PIA

mediated

a

negative

chronotropic

response

by

inducing

a

concentration-dependent decrease in HR in non-paced hearts isolated from
immature, young, and mature male Wistar rats. The effects of age on the responses
are displayed in figure 4.4D, which shows a monophasic concentration-response
curve produced in hearts from immature rats. In the presence of DPCPX (30nM, see
figure 4.5) there was a significant shift in the concentration-response curve to the
right, indicating a decrease in the potency of R-PIA. This confirms the activation of
the ADORA1 receptor by R-PIA. However, an age comparison found no significant
age-related effect in terms of the potency of R-PIA in hearts from young and mature
rats when compared to immature hearts (see figure 4.4D). However, a small but not
significant decrease in the maximum response mediated by R-PIA was recorded with
a reduction of 11.2% and 18.4% observed in hearts from young and mature rats
compared to immature rats (P>0.05).
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FIGURE 4.5 Negative inotropic (paced) and chronotropic (non-paced) responses to
R-PIA in hearts from immature (circles, n=8-10), young (squares, n=8-10) and mature
(triangles, n=8-10) rats. Data is presented as absolute decreases in (A) triple product,
(B) dP/dtmax and (C) LVDP (mmHg), and (D) HR and represents mean±SEM. *P<0.05 for
age comparison vs immature.
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FIGURE 4.6 Effect of DPCPX on R-PIA mediated negative chronotropic responses in
non-paced hearts from immature rats. Data is presented as absolute decreases in HR
in the absence (circles) and presence (squares) of DPCPX and represents mean±SEM.
*P<0.05 for treatment comparison vs immature.

TAMSIN JENNER

144

Adenosine Receptors in the Rat Heart

4.4 DISCUSSION

The ADORA1 is associated with negative inotropic, chronotropic and dromotropic
effects in the heart. Several studies have reported age-related changes in functional
responses mediated by ADORA1 in the rat heart. However, these observations are
varied. Some studies have found reduced function [33, 117, 138, 144], while others
have identified increased functional responses [45, 139, 140] to ADORA1 with age.
Age-related decreases in the mRNA expression of the ADORA1 were previously
found by our lab using real time Q-PCR [146]. This may provide some evidence
towards the underlying mechanisms that contribute to the functional changes
observed. Nevertheless, the effect of age towards the functional responses of the
ADORA1 is unclear and evidence so far is contradictory.

4.4.1 ADORA1 mediated vascular responses
The role of the ADORA1 in the ADOR-mediated vascular response was investigated
using NECA. A biphasic response was observed indicating the activation of multiple
receptor sites. This has previously been reported [32, 44, 98]. The high sensitivity
site has been proposed to be the ADORA2B in the rat heart, while the low sensitivity
site is the ADORA3 [32]. In the presence of DPCPX, NECA produced a monophasic
concentration-response curve in immature hearts with a potency similar to that of the
low sensitivity site in the biphasic response (see figure 2B). This provides evidence
for an ADORA1 mediated vasodilator response at low NECA concentrations. In
contrast, previous studies have found that DPCPX has no effect on vasodilator
responses to NECA indicating the absence of any vascular role for the ADORA1 [32,
52]. However, a study by Dart et al [193] did provide evidence for ADORA1 mediated
vasorelaxation via ATP dependent potassium channels in porcine coronary arteries.
Previous studies were completed in the presence of high potassium concentrations
which may alter the activity of potassium channels [32, 44].

TAMSIN JENNER

145

Adenosine Receptors in the Rat Heart

The ADORA1 is coupled to the inhibitory Gi/o-protein, therefore the effect of
pre-treatment (48 hours) with PTX to block the Gi/o-protein was investigated to further
characterise the ADORA1 role in the NECA response. Similar to the effect of DPCPX,
figure 2C shows that the high sensitivity site of the NECA concentration-response
curve was lost in hearts from immature rats with blockage of the PTX-sensitive
Gi/o-protein, however, a vasoconstrictor response was also observed at low NECA
concentrations. In addition, the potency of the low sensitivity site remained
unchanged but the maximum response was reduced by 34%. This indicates that
Gi/o-protein-dependent and -independent pathways mediate vasodilator responses to
NECA in immature hearts. The former may be due to the Gi-protein-coupled ADORA3
which has been shown to mediate vasodilator responses in the rat heart [32]. In the
presence of DPCPX the vasoconstrictor response observed in the PTX treated
hearts disappeared, indicating that the ADORA1 may mediate vasoconstriction in the
coronary system via a Gi/o-protein independent signalling pathway. It is not likely to
be an ADORA3 mediated response via the Gq-protein as the potency of DPCPX is
not sufficient to block ADORA3 (Ki of 4µM, [34, 35]) at the applied concentration of
30nM. Although the predominating effect of adenosine in the vasculature is
vasodilation, particularly in the coronary system, it has been well established to
induce vasoconstriction in the renal afferent vessels [155, 156, 194, 195] via the
ADORA1. Furthermore, a vasoconstrictor response via a Gi/o-protein independent
pathway is supported by a study performed by Tawfik et al. [99] which provides
evidence for ADORA1 mediated vasoconstriction via the PLC pathway in aortic rings.
As suggested by Hussain et al. [158], the vasoconstrictor response is small
compared to the ADOR-mediated vasodilator responses, therefore the observed
ADORA1 mediated response may be important in modulating vascular tone by
opposing ADORA2 mediated vasorelaxation.
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The vasoconstrictor response was lost with maturation, thereby indicating an
age-related loss of vascular ADORA1. This is supported by the reduced antagonist
effect of DPCPX on the NECA concentration-response curves in figure 2B and
possibly reflects the age-related down-regulation of ADORA1 mRNA expression
previously reported by our lab [146]. The vasodilator response present in the high
sensitivity site of the NECA concentration-response curve in hearts from non-treated
immature rats reappeared in PTX-pre-treated young hearts and further increased in
magnitude in mature hearts. The data also suggests an age-related loss of the
PTX-sensitive Gi/o-protein signalling pathway, allowing the activation of a vasodilator
signalling pathway mediated by the Gs-protein pathway, linked to the ADORA2.

4.4.2 ADORA1 mediated negative inotropic and bradycardiac effects
Concentration-response curves were determined for R-PIA mediated negative
inotropic and chronotropic effects in isolated hearts from immature, young and
mature rats. The role of the ADORA1 was confirmed with a reduction in the
bradycardiac effects mediated by R-PIA observed in the presence of DPCPX (30nM).
Subsequently, an age comparison revealed an increase in R-PIA mediated negative
inotropy for TP, evidenced by a 41% increase in TP in hearts from mature rats
compared to hearts from immature rats. However, the contractile responses dP/dtmax
and LVDP remained unaffected by maturation. The former observation indicates an
increase in ADORA1 mediated functional response with maturation, which is likely to
be mediated by downstream ADORA1 signalling molecules such as calcium channels
and other related contraction-modulating pathways [13]. This increase in response
with age is supported by other studies [45] and yet adds to the controversy as some
studies still provide evidence against age-related decreases in ADORA1 activity [33,
117, 144].
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The current study also investigated the negative chronotropic actions of the ADORA1
in the rat heart. Previous studies have reported an age-related decline in ADORA1
mediated bradycardia [44], while the anti-adrenergic actions of adenosine have been
reported to decrease with age in ventricular membranes [144] and presynaptic
ADORA1 mediated inhibition of noradrenaline release in the rat heart decline with age
[196].

An age comparison of R-PIA induced decreases in HR showed no significant
alteration in the potency of R-PIA and no significant decrease in the maximum
response afforded by the agonist exposure in the hearts from young and mature rats
compared to immature rats. This is consistent with a study conducted by Hinschen et
al [140] but in contrast to some previous studies that have identified age-related
increases in chronotropic responses as a result of ADORA1 activation [136], as well
as studies that have reported changes in ADORA1 density [117, 136, 139] and mRNA
expression [146]. A comparison of the chronotropic responses to inotropic effects
supports a role for changes in different signalling pathways with age, such as the
cAMP dependent and cAMP independent pathways, and indirect (antiadrenergic)
and direct effects mediated by the ADORA1 [140].

In summary, the ADORA1 mediated vascular, inotropic and chronotropic responses
were investigated in hearts from immature, young and mature rats. Although some
studies provide evidence that support age-related changes in these responses, other
reports are inconsistent and contradictory. Some studies indicate an impaired
negative inotropic response while others suggest improved ADORA1 activity. The
results of this study provides evidence that the ADORA1 is involved in the NECA
mediated vasodilator response in hearts from immature, but not young and mature
rats. In addition, the receptor subtype may induce vasoconstriction in the coronary
vasculature in immature hearts via a Gi/o-protein independent pathway. This
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response was lost with age, with the development of a biphasic Gi/o-protein
independent

NECA

mediated

vasodilator

response,

possibly

reflecting

the

down-regulation of the ADORA1 mRNA expression previously reported. No
age-related changes in the R-PIA mediated negative inotropic and chronotropic
responses were observed, with the exception of an increase in the maximum
response in TP suggesting a change in ADORA1 signalling with maturation.
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CHAPTER 5

Effects of maturation and
ageing on adenosine A2B
receptor-mediated coronary
vasodilation in the rat heart
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5.1 INTRODUCTION

The ADOR subtypes reported to mediate coronary vasodilation are species
dependent [32, 44, 59, 145]. Previous studies indicate ADORA2A mediated coronary
vasodilator responses in the guinea pig [94, 197], rabbit [4], dog [5, 198], pig [5, 161,
199], bovine [173] and mouse [59]. In addition, the ADORA2B has been observed to
regulate coronary flow in the pig [4], rat [32, 44, 59, 200] and human [201], while
ADORA3 mediated vasodilation has only been reported in the rat [1, 32, 44]. Little
evidence exists for a vasodilator role for the ADORA1 in the coronary system,
although we have previously observed in our lab blockade of a NECA induced
vasodilator response by DPCPX. In contrast, there is evidence for an ADORA1
mediated vasoconstrictor effect in mouse aorta [99] and guinea pig aorta [163].

Previous studies have indicated principle roles for the ADORA2B and ADORA3 in rat
coronary vasodilator responses using pharmacological investigations. Biphasic
concentration-response curves have been observed with both NECA [44, 52, 98] and
APNEA [166], indicating heterogenous vascular responses. It has been proposed
that different ADOR subtypes possess differing sensitivities to NECA and hence
mediate

vasodilator

responses

at

different

agonist

concentrations.

Other

investigations propose the high sensitivity site to represent the ADORA2B and the low
sensitivity site to be the ADORA3 [52].

Pharmacological limitations exist due to the lack of availability of selective and potent
ligands for the ADOR subtypes.

NECA is the most potent agonist available for

stimulating the ADORA2B (hEC50 2µM, [19]). However, the ligand is also selective for
the remaining receptor subtypes (Ki for rat ADORA1, 6nM; rat ADORA2A, 10nM; and
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rat ADORA3, 113nM; [19]). Previous studies have utilized elimination studies with
subtype specific agonists. The current study employed a combination of selective
ADOR antagonists, including alloxazine (selective for ADORA2B, Ki 2.3µM [19, 202])
and MRS1191 (selective for ADORA3, Ki 1.42µM [3]), to isolate receptor subtype
specific responses from the multiple responses observed with non-selective agonists
such as NECA.

The ADORs are G-protein-coupled receptors. The ADORA1 and ADORA3 are
coupled to the inhibitory Gi/o-proteins while the ADORA2A and ADORA2B are coupled
to the stimulatory Gs-proteins. However, studies have reported that the ADOR can
mediate their responses via both G-protein independent and dependent signalling
pathways [13, 19]. This may contribute to the biphasic responses observed in
pharmacological studies. It is important to consider the opposing effects of the
respective inhibitory and stimulatory G-protein signalling pathways, which may play a
role in vasodilator responses.

ADORA2B mediated vasodilator responses have been demonstrated to be
endothelium-dependent
Endothelium-dependent

and

independent

responses

in the

generally

coronary

involve

NO

vasculature

[44].

signalling,

while

endothelium-independent mechanisms utilizes NO-independent signalling, such as
opening potassium channels inducing membrane hyperpolarisation. As with
G-protein signalling, differing sensitivities of the compartmental signalling pathways
may contribute to the biphasic responses observed with NECA.

The effect of age on ADOR-mediated coronary vasodilator responses have
previously been investigated but remain unclear with regard to the ADORA2B. NECA
induced vasodilation has been reported to decrease with age [32, 44, 52]. Molecular
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studies have reported the absence of age-related changes in cardiac mRNA
expression of the ADORA2A, ADORA2B and ADORA3 but down-regulation of the
ADORA1 [203].

The aim of this study is to isolate the ADORA2B mediated vasodilation in rat coronary
vessels using a combination of selective ADOR subtype antagonists. ADORA2B
mediated responses will be investigated in immature, young, mature and aged rats to
determine if they are altered with age. The role of Gi-proteins and NO in NECA
induced vasodilation will also be assessed.
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5.2 EXPERIMENTAL METHODS

6.2.1 Langendorff isolated heart perfusion preparation
Hearts were isolated from immature (6-8 weeks), young (16-18 weeks), mature
(52-54 weeks) and aged (104-106 weeks) male Wistar rats and prepared according
to the Langendorff method described in chapter 2.

5.2.2 Concentration-response curves
NECA (non-selective ADORA2 agonist, 10-11M to 10-6M, pEC50 2.4µM for ADORA2B,
[34, 35]) concentration-response curve experiments were conducted in hearts from
male Wistar rats from each age group. To eliminate ADORA3 mediated vasodilator
responses, NECA concentration-response curves were constructed in the presence
of MRS1191 (ADORA3 antagonist, 200nM, Ki 1.42 for rat ADORA3 [3, 37]). In
addition, NECA concentrations curves were performed with the perfusion of both
MRS1191 (200nM) and alloxazine (ADORA2B antagonist, 3µm, KB 2.3µM for rat
ADORA2B, [19, 202]) to confirm ADORA2B activation (see figure 5.1A).

NECA concentration-response curves to (10-11 to 10-6M) were performed in the
presence of L-NAME (NOS antagonist, 3µM) to determine the role of NO in the
coronary vasodilation in the rat heart (see figure 5.1B).

CGS21680 concentration-response curves (ADORA2A agonist, 10-11 to 10-6M, Ki
27nM for rat ADORA2A, [35]) were conducted in hearts from rats of each age group to
determine the role of ADORA2A in coronary vasodilation in the rat heart (see figure
5.1C).
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Sodium nitroprusside (SNP, 10µM) was perfused to induce maximum vasodilation at
the end of each concentration-response curve, and was unaffected by the receptor
antagonists (data not shown).
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FIGURE 5.1 Drug infusion protocols for NECA and CGS21680 concentration-response
curve experiments. SNP, sodium nitroprusside, ACh, acetylcholine; PTX, pertussis
toxin.

5.2.3 Pertussis toxin (PTX) pre-treatment
Rats from each age group were pre-treated 48 hours before removal of the heart with
10µg/kg PTX [191, 192, 204]. The heart was prepared in the Langendorff mode as
described previously. At 20 minutes equilibration, 1µM acetylcholine was perfused to
confirm the lack of acetylcholine-mediated vasodilation and heart rate (HR) to
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indicate Gi/o-protein blockade. NECA (10-11M to 10-6M) concentration-response
curves were then determined. See figure 5.1D foe details of infusion protocol).

5.2.4 Chemicals
NECA

(5`-(N-ethylcarboxamido)adenosine),

(Benzo[g]pteridine-2,(1H,3H)-dione),

alloxazine
MRS1191

(3-ethyl-5-benzyl-2-methyl-4-phenylethynyl-6-phenyl-1,4-(±)dihydropyridine-3,5-dicar
boxylate), L-NAME (NG-nitro-L-argininemethylester), PTX (pertussis toxin) and
CGS21680

(2-p-(2-carboxyethyl)phenethylamino-5`-N-ethylcarboxamidoadenosine)

were obtained from Sigma Aldrich (Castle Hill, Australia). NECA and L-NAME were
dissolved in water. Alloxazine was made up in 0.25M NaOH (0.2% infusion) and
water, while MRS1191 and CGS21680 were made up in DMSO and distilled water
(0.05%, 0.01% and 0.01% infusion, respectively).

PTX stock (100µg/mL) was

prepared in distilled water and further diluted with phosphate buffered saline (PBS)
for injection (10µg/kg IP).

TAMSIN JENNER

157

Adenosine Receptors in the Rat Heart

5.3 RESULTS

The effect of age on heart weight and body weight of the Wistar rats are listed in
table 4.1 of chapter 4 (reported in [166]). Body weight and heart weight increased
with maturation but did not increase further with ageing while heart weight increased
with both maturation and ageing.

In addition, there were small but significant

decreases in the heart weight to body weight ratio with maturation (P<0.05) but not in
aged rats. Furthermore, PTX pre-treatment did not change the body weight or heart
weight of the animals.

The baseline parameters of cardiac function, including left ventricular developed
pressure (LVDP, mmHg), rate of myocardial contraction (dP/dtmax), heart rate (HR,
bpm) and coronary flow rate (CFR, mL/min/g) for each age group are illustrated in
figure 5.1. The figure shows the effect of the ADOR antagonists on baseline
parameters (drug vehicles had no effect on baseline cardiac function). The effect of
PTX pre-treatment is illustrated in figure 4.1 in chapter 4.

The functional parameters of left ventricular developed pressure (LVDP, figure 5.1A),
and rate of myocardial contraction (dP/dtmax, figure 5.1B) in hearts from untreated rats
were unaffected by age (P>0.05). However, MRS1191 induced a significant decrease
in LVDP in hearts from all age groups with 25% reduction in immature tissues and a
20%, 39% and 17% decline in hearts from young, mature and aged rats, respectively
(see figure 5.1A). MRS1191 combined with alloxazine did not significantly reduce
LVDP any further in hearts from each age group.
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Finally, maturation was associated with a reduction in heart rate (HR, see figure
5.1C). In hearts from untreated rats, HR decreased by 10% in young, 20% in mature
and 31% in aged rats when compared to immature rats (P<0.05). In addition, the
antagonists and PTX pre-treatment did not alter HR in each of the age groups (see
figure 4.1, chapter 4).
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FIGURE 5.2 Effects of antagonist treatments on (A) LVDP (mmHg), (B) dP/dtmax, (C) HR
(bpm) and (D) CFR (mL/min/g) in hearts from immature (black, n=7), young (dark grey,
n=8), mature (light grey, n=7) and aged (white, n=4) rats. Concentration-response
curves were constructed in the absence of antagonists (untreated), and in the
presence of MRS1191 (200nM), combined MRS1191 (200nM) and alloxazine (3µM) or
PTX pre-treatment (10µK/kg, no aged age group, n=4). Values are mean±SEM, * P<0.05
for age comparison vs. immature,

#

P<0.05 for antagonist treatment vs. untreated.

Abbreviations: LVDP, left ventricular developed pressure (mmHg); dP/dtmax, rate of
cardiac contraction; HR, heart rate (bpm); CFR, coronary flow rate (mL/min/g).
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During equilibration, coronary flow rate (CFR) was adjusted to maintain a basal
coronary perfusion pressure (CPP) of 80mmHg in hearts from all age groups.
Constant flow was maintained throughout the remainder of the experiment. Figure
5.1 shows the CFR decreased by 15%, 28% and 40% in young, mature and aged
compared to immature rats. MRS1191 and alloxazine had no significant effect on
CFR (P>0.05) except in aged rats where CFR increased. In addition, PTX treatment
induced an increase in CFR in hearts from immature, young and mature rats
compared to untreated rats (P<0.05, see figure 4.1).

5.3.1 The effect of MRS1191 and alloxazine on NECA mediated coronary
responses
NECA induced a concentration-dependent decrease in CPP (see figure 5.2), which
represents two-site activation in hearts isolated from immature, young and mature
rats. Table 5.1 lists the pEC50 values for the potency of NECA at the high and low
sensitivity sites in the absence and presence of selective ADOR antagonists. An age
comparison found no significant difference in the potency of NECA in hearts from
immature, young, mature and aged rats. However, a 25% and 16% increase in the
maximum response to NECA was observed in hearts from mature and aged rats.

In hearts from immature rats, NECA produced a biphasic concentration-response
curve. The potency of the high sensitivity site of NECA decreased 43 fold with the
infusion of the ADORA3 antagonist MRS1191 (100nM, P<0.05). In contrast, infusion
of both MRS1191 (100nM) and alloxazine (3µM) caused an 8 fold decrease (P<0.05)
in the potency of the low sensitivity site while the high sensitivity site was not further
altered. The results also show that the maximum response to NECA was reduced by
65% in the presence of MRS1191, but only 35% with the additional infusion of
alloxazine (see figure 5.2A).
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FIGURE 5.3 Effects of ADOR antagonists, MRS1191 (200nM, ADORA3) and alloxazine
(3µM, ADORA2B), on NECA mediated decreases in coronary perfusion pressure (CPP)
in hearts from (A) immature (n=7), (B) young (n=8) and (C) mature (n=8) and (D) aged
(n=4) rats. Concentration-response curves were constructed in the absence of
antagonists (circles) and in the presence of MRS1191 (squares) and both MRS1191 and
alloxazine (triangles). Data is absolute decreases in CPP (mmHg) and represents
mean±SEM. # P<0.05 for antagonist vs. no antagonists.

The potency of NECA remained unaffected by maturation but the maximum response
at the low sensitivity site increased by 25% in hearts from mature ratas compared to
immature rats. Furthermore, NECA potency was not affected with the infusion of
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MRS1191 (see figure 5.2C), although the maximum response increased by 154%
with maturation (P<0.05). Infusion of alloxazine resulted in no change in the high
sensitivity site but a significant 35 fold shift to the right at the low sensitivity site. The
maximum response to NECA remained unaffected by MRS1191 and alloxazine in
hearts from mature rats (see figure 5.2, table 5.1).

TABLE 5.1 pEC50 values for NECA concentration-response curves in the absence and
presence of MRS1191 (100nM), alloxazine (10µM), PTX pre-treated (48 hours, 10µg/kg
IP), DPCPX (30nM) and L-NAME (3µM); and CGS21680 concentration-response curves
in hearts from immature (6-8 weeks), young (16-18 weeks), mature (52-54 weeks) and
aged (104-106 weeks) rats.
High sensitivity site pEC50

Low sensitivity site pEC50

NECA
IMMATURE

11.4

(10.3 - 12.3)

8.5

(8.0 - 8.8)

YOUNG

11.3

(9.6 - 13.1)

9.3

(8.9 - 9.7)

MATURE

11.6

(10.6 - 12.6)

8.9

(8.8 - 9.2)

AGED

11.5

(10.8 - 12.2)

8.8

(8.6 - 8.9)

NECA-MRS1191
IMMATURE

10.7

(9.2 - 11.3)#

8.4

(7.8 - 8.9)

YOUNG

11.2

(10.4 - 12.0)*

8.7

(8.2 - 9.3)

MATURE

11.2

(10.1 - 12.3)*

8.9

(8.4 - 9.3)

AGED

10.7

(5.0 - 16.4)

8.8

(8.3 - 9.2)

NECA-MRS1191-alloxazine
IMMATURE

11.0

(10.2 - 11.9)

7.6

(7.0 - 8.2) #

YOUNG

10.9

(9.9 - 11.8)

7.4

(7.1 - 7.6) #

MATURE

11.1

(8.7 - 13.5)

7.4

(7.0 - 7.8) #

AGED

11.1

(7.1 - 12.2)

7.7

(5.6 - 9.8) #

-

8.7

(8.5 - 8.9)

NECA-DPCPX
IMMATURE

-

YOUNG

11.7

(11.6 - 12.0)*

9.1

(8.7 - 9.6)

MATURE

11.1

(10.2 - 13.5)*

8.8

(8.6 - 9.0)

Values are mean (CI), * P<0.05 for age comparison vs. immature,

#

P<0.05 for

antagonist comparison vs. untreated.
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TABLE 5.1 continued…
High sensitivity site pEC50

Low sensitivity site pEC50

NECA-PTX
IMMATURE

(vasoconstriction)

9.1

(8.5 - 9.9)

YOUNG

11.0

(10.6 - 11.4)*

9.1

(8.7 - 9.6)

MATURE

10.5

(9.6 - 11.4)*

8.8

(8.6 - 9.4)

NECA-L-NAME
IMMATURE

(vasoconstriction)

8.2

(7.9 - 8.4)

YOUNG

(vasoconstriction)

8.5

(8.4 - 8.7)

CGS21680
IMMATURE

10.8

(9.6 - 12.1)

8.3

(7.9 - 8.7)

YOUNG

11.9

(11.3 - 12.7)

8.6

(8.4 - 8.7)

MATURE

11.3

(10.8 - 11.7)

8.7

(8.5 - 9.0)

AGED

11.4

(11.4 - 11.6)

8.6

(8.4 - 8.9)

Values are mean (CI), * P<0.05 for age comparison vs. immature,

#

P<0.05 for

antagonist comparison vs. untreated.

In hearts from aged rats, NECA produced a biphasic concentration-response curve
similar to that observed in the other age groups. Infusion of MRS1191 did not affect
the potency of NECA at both the high and low sensitivity sites. However, the
ADORA3 antagonist did significantly depress the maximum response at the low
sensitivity site by 23% (figure 5.2D). An age comparison also showed a decrease in
maximum response at the high and low sensitivity sites. Alloxazine had no effect on
the maximum response but shifted the potency at the low sensitivity site 12 fold to
the right (see figure 5.2 and table 5.1) yielding a similar response to that observed in
mature rats.
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FIGURE 5.4 The effect of PTX on NECA mediated decreases in CPP in hearts from (A)
immature, (B) young and (C) mature rats. Concentration-response curve experiments
were conducted in the hearts from untreated (circles, n=8) or PTX pre-treated rats
(squares, 48hours 10µg/kg IP, n=4-5). Data is represented as absolute decrease in CPP
(mmHg) and represents mean±SEM. # P<0.05 for PTX pre-treatment vs. untreated.

5.3.2 The effect of PTX on NECA mediated coronary vasodilation
The effect of Gi/o-protein blockade using PTX (48 hours pre-treatment, 10µg/kg IP)
towards the NECA mediated vasodilator responses was investigated in hearts from
each age group. The results show a monophasic NECA concentration-response
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curve with a potency similar to that of the low sensitivity site, pEC50 9.1 (8.5-9.9), in
hearts from immature untreated rats (see table 5.1). At low NECA concentrations a
vasoconstrictor response was observed in hearts from immature rats. In contrast, a
biphasic concentration-response curve to NECA was produced in hearts from young
and mature rats with potencies at the high and low sensitivity sites similar to that of
the NECA in hearts from untreated rats (P>0.05). Furthermore, a significant reduction
in the maximal vasodilator response was observed in hearts from young rats.

PTX inhibited the high sensitivity site of the NECA mediated response, producing a
monophasic curve in hearts from immature rats. However, the biphasic response was
maintained in hearts from young and mature rats with a reduced maximal response
in hearts from young rats. PTX does not affect NECA induced vasodilator responses
in hearts from mature rats.

5.3.3 Effect of L-NAME on NECA concentration-response curve in the coronary
vasculature
The contribution of NO signalling pathways was investigated by blocking the nitric
oxide synthase (NOS) pathway with L-NAME (3µM) in hearts from immature and
young rats. The results in figure 5.4 show that, in hearts from immature rats, the high
potency phase of the NECA concentration-response curve was blocked by L-NAME
(P<0.05), while the low potency phase remained unchanged (P>0.05, see table 5.1).
Furthermore, a vasoconstrictor response was observed at low NECA concentrations.
A similar response was observed in hearts from young rats, although the
vasoconstrictor response occurred at slightly higher NECA concentrations (P<0.05,
see figure 5.4).
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FIGURE 5.5 The effect of L-NAME (3µM, NOS antagonist) on NECA mediated decreases
in CPP in hearts from (A) immature and (B) young rats. Concentration-response curve
experiments were conducted in the absence (circles, n=8) and in the presence of
L-NAME (squares, n=7). Data represents absolute decreases in CPP (mmHg) and
represents mean±SEM. * P<0.05 for age comparison vs. immature,

#

P<0.05 for

antagonist vs. no antagonists.

5.3.4 CGS21680 mediated coronary vasodilation in the rat heart
CGS21680 (ADORA2A agonist) induced a concentration-dependent decrease in CPP
in hearts from immature, young, mature and aged rats. Figure 5.5 illustrates biphasic
responses to CGS21680, while table 5.1 lists the pEC50 values for the potency of
CGS21680 at the high and low sensitivity sites. An age comparison found no
significant difference in the potency of CGS21680, however, the maximum response
at the high sensitivity site increased with maturation and ageing. In addition, the
potency of CGS21680 at the high and low sensitivity sites (see table 5.1) are
statistically similar to the potency of NECA at the respective sites. However, the
maximum response at the high sensitivity site was 16%, 27%, 32% and 20% in
hearts from immature, young, mature and aged rats compared to the NECA
responses observed in the same age group.
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FIGURE 5.6 CGS21680 mediated decreases in CPP in hearts from immature (circles,
n=7), young (squares, n=8), mature (triangles, n=7) and aged (inverted triangles, n=5)
rats. Data is absolute decreases in CPP (mmHg) and represents mean±SEM. *P<0.05
for age comparison vs. immature
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5.4 DISCUSSION

Adenosine and its receptors are important mediators of vasodilation in the heart,
playing a major cardioprotective role during conditions of ischaemia and hypoxia.
Only the ADORA2B and ADORA3 have been associated with inducing coronary
vasodilation in the rat heart [32, 44, 46, 52] and ageing studies have observed
age-related decreases in the ADORA2B mediated responses [32, 52]. The aim of this
study was to further characterise these age-related changes using ADOR agonists
and antagonists.

The results show age-related changes in HR and CFR which is in accordance with
previous observations in the cardiovascular system [166]. However, there was also a
reduction in LVDP with infusion of the ADORA3 antagonist, MRS1191. This is likely
the ADOR subtype couples to Gq-proteins, and a downstream messenger is PLC
activation which induces calcium mobilisation leading to increased contractility.
Therefore, antagonist mediated depression in contractility may indicate a possible
endogenous role for adenosine to increase calcium via the ADORA3 and hence alter
LVDP. There was no significant change in CFR with infusion of MRS1191, indicating
that there was no alteration in oxygen or nutrients delivery to the tissue.

5.4.1 Role of ADORA2B and ADORA3 in NECA mediated coronary vasodilation
NECA is a non-selective ADOR agonist (ADORA1 (rKi 6.3nM) > ADORA2A (rKi 10nM)
> ADORA3 (rKi 113nM) > ADORA2B (hEC50 2µM) [19]), however it is the most
selective ligand currently available for the ADORA2B. In this study, a biphasic
response was observed in hearts from immature rats indicating two-site activation. A
similar response was observed in hearts from young, mature and aged rats,
indicating no effect of age towards the potency of NECA (P>0.05). However, the
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maximum response at the low sensitivity site increased by 25% and 16% in hearts
from mature and aged rats, suggesting a change in the signalling mechanisms with
maturation.

As the ADORA2B and ADORA3 subtypes have been reported to be involved in
mediating coronary vasodilation in the rat heart [32], MRS1191 (200nM), an ADORA3
antagonist, was employed to isolate coronary ADORA2B in the NECA mediated
vasodilator responses. MRS1191 induced a decrease in the potency of NECA at the
high sensitivity site but had no effect at the low sensitivity site, indicating a role for the
ADORA3 at the high sensitivity site. In addition, the maximum response of the high
sensitivity and low sensitivity sites were reduced by 72% and 65%, respectively, in
hearts from immature rats, 25% and 26% respectively in aged rats; but not young or
mature rats. This indicates that MRS1191 sensitive signalling pathways are likely to
be involved in immature and aged hearts. In young and mature rats, the high
sensitivity site is no longer sensitive to the effects of MRS1191, suggesting a
reduction in the activity of ADORA3 mediated vasodilation with maturation. This is
supported by a previous study that reported age-related reductions in the functional
activity of ADORA3 [166]. This response either returns with ageing or the rats making
up the aged group possess a genotype/phenotype that is fitter than other rats as they
have survived up to two years of age which is approaching senescence. The potency
of the NECA responses at the low sensitivity site with infusion of MRS1191 remained
unaffected by age.

Alloxazine was infused with MRS1191 to verify the involvement of the ADORA2B in
the coronary vasodilator response mediated by NECA. Alloxazine had no effect on
the potency of NECA at the high sensitivity site in hearts from each age group.
However, it caused a decrease in potency in NECA at the low sensitivity site in
hearts from immature rats, and a decrease in young, mature and aged rats,
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respectively, strongly indicating that at the low sensitivity site the NECA response is
mediated by the ADORA2B. This is in contrast to a previous study that proposed the
low sensitivity site to be mediated by the ADORA3 [32, 52]. Though not significant,
the potency of NECA at this site increased with age. In addition, the maximum
response increased in hearts from young, mature and aged rats, suggesting potential
changes in signalling mechanisms with maturation and ageing.

5.4.2 The role of Gi/o-protein in NECA mediated coronary vasodilation
The ADORA1 and ADORA3 mediate some of their effects via Gi/o-proteins [27, 29].
The effect of PTX pre-treatment to block the Gi/o-protein was investigated to further
characterise the NECA response. PTX did not alter the potency of NECA at the low
sensitivity site in hearts from immature, young and mature rats (P>0.05). However,
there was a vasoconstrictor response observed at low NECA concentrations with
Gi/o-protein blockade in hearts from immature rats. In addition, the maximum
response to NECA was reduced in these rats. In contrast, the vasodilator response
was maintained at the high sensitivity site in hearts from young and mature rats. This
indicates that the vasodilator response at the high sensitivity site is Gi/o-protein
dependent in immature rats but becomes Gi/o-protein independent in young and
mature rats; and Gi/o-protein independent at the low sensitivity site in all age groups.
Furthermore, the vasoconstrictor response is mediated by a Gi/o-protein independent
mechanism.

There is also evidence that the vasoconstrictor response to NECA is mediated by the
ADORA1. Results in chapter 4 show that DPCPX blocked the vasodilator response at
low NECA concentrations in hearts from immature rats, but not in hearts from young
and mature rats, indicating an age-related reduction in the activity of the ADORA1 at
this site. However, the vasoconstrictor response was absent, indicating that the
ADORA1 mediates this response via a Gi/o-protein independent mechanism. In hearts
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from young and mature rats, the vasodilator response at low NECA concentrations
was maintained, suggesting an age-related reduction in Gi/o-protein independent
ADORA1 activity.

Previous studies have indicated a role for the ADORA1 in vasoconstriction. The
ADORA1 has been well established to induce vasoconstriction in the renal afferent
vessels [2, 27, 29, 155, 156, 194, 195]. ADORA1 mediated vasoconstriction has also
been observed in guinea pig aorta [163], pulmonary artery [157], and mouse aorta
[158, 159]. Some studies suggest that the ADORA1 mediates this response via a
pertussis-sensitive inhibitory Gi/o-protein [158], while others report the response to be
mediated via the PLC pathway in aortic rings [99].

5.4.3 NO-dependent and -independent signalling of NECA in coronary
vasodilation
Previous studies suggest that coronary vasodilation involves both NO-dependent and
independent signalling mechanisms [44, 154]. This was investigated by performing
NECA concentration-response curves in the presence of L-NAME (3µM) to isolate
the NO-independent response. The low sensitivity site remained unaffected,
indicating that activation of this site is independent of NO signalling. The vasodilator
response at the high sensitivity site was replaced by a vasoconstrictor response,
suggesting that the high sensitivity site involves the NOS pathway. The
vasoconstrictor response is similar to that observed in the presence of DPCPX and in
hearts from PTX pre-treated rats. This suggests that the ADORA1 mediated response
is associated with an NO- and Gi/o-protein independent mechanism that decreases
with age to mediate the vasoconstrictor response, but an NO- and Gi/o-protein
dependent mechanism to mediate a vasodilator response.
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5.4.4 Role of the ADORA2A in vasodilation in the rat heart
Although some studies exclude a role for the ADORA2A in the rat coronary resistance
vessels [32], there is evidence for its involvement in mouse and guinea pig coronary
vasculature [59, 94, 163, 205]. CGS21680 has a selectivity profile of ADORA2A rKi
0.015µM > ADORA3 rKi 0.584µM > ADORA1 rKi 2.6µM > ADORA2B hEC50 1.6mM [19]
is commonly employed to distinguish between the ADORA2A and ADORA2B [35].

CGS21680 induced concentration-dependent decreases in CPP. A biphasic
response was observed in hearts from all age groups, with no age-related change in
the potency of the responses. However, compared to immature rats, the maximum
response at the high sensitivity site increased in young, mature and aged rats.
According to the agonist potencies previously reported [19, 34, 35], the lack of
efficacy and potency of CGS21680 compared to NECA indicates that the response
observed at high concentrations of CGS21680 is mediated by the ADORA2B rather
than the ADORA2A. However, the vasodilator response observed at low
concentrations of NECA and CGS21680 in hearts from young, mature and aged rats
may be mediated by the ADORA2A. A role for the ADORA1, ADORA2B and ADORA3
at this site is excluded due to the lack of effect of DPCPX, alloxazine and MRS1191,
respectively, leaving the ADORA2A. However, there is a lack of efficacy of CGS21680
in hearts from all age groups. A maximum response of 3-8mmHg was observed
compared to 15-18mmHg in NECA mediated responses across the four age groups
thereby excluding a role for the ADORA2A at the high sensitivity site. Furthermore,
other investigations found no change in NECA mediated coronary vasodilation in the
rat in the presence of the ADORA2A antagonist SCH58261 [52] and CFR remained
unaffected by ADORA2A antagonism using 8-(3-chlorostyryl)caffeine (CSC) [36]. This
suggests a role for the ADORA2B in all age groups that is modulated by the inhibitory
signalling pathways of the ADORA1 and ADORA3, or the involvement of a less potent
intracellular receptor [166].
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To conclude, NECA mediates a biphasic coronary vasodilator response in the rat that
may occur due to the activation of (1) two receptor subtypes, (2) multiple signalling
mechanisms, or (3) one receptor subtype in different compartments [44]. We tested
the first hypothesis and propose that the low sensitivity phase of the NECA
vasodilator response curve is mediated by the ADORA2B, and increased with
maturation; while the high sensitivity phase is mediated by the ADORA1 and ADORA3
in hearts from immature rats (decreases with age) and the ADORA2B or an
intracellular receptor in young and mature rats (increases with age). Our results
support the second hypothesis where the vasodilator response at low NECA
concentrations is mediated by a Gi/o-protein dependent mechanism while the
vasoconstrictor response is Gi/o-protein independent, and reduces with maturation.
Finally, the third hypothesis was tested in terms of NO signalling and found that the
high sensitivity site of the NECA mediated vasodilator response is NO-dependent,
while the low sensitivity site is independent of NO signalling. In addition, a
vasoconstrictor response was again observed at low NECA concentrations in the
presence of L-NAME, a response that reduced with age.
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CHAPTER 6

Adenosine A3
receptor-mediated coronary
vasodilation in the rat heart:
changes that occur with
maturation
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6.1 INTRODUCTION

Pharmacological profiling of the ADOR, particularly the ADORA3, in coronary
vasodilation has been limited.

This is primarily due to the limited availability of

selective and potent agonists and antagonists. In addition, responses to particular
ligands vary between species due to small differences in homology of the receptor
subtypes [46]. This study utilised a combination of agonists and antagonists to
functionally isolate ADORA3 mediated coronary vasodilator response in the rat.

The mechanism by which the ADOR mediate coronary vasodilation involves several
intracellular signalling systems. Studies have found that the ADORA3 are coupled to
the Gi- and Gq-proteins [1, 6, 29, 41]. In addition, the signal transduction pathways
involve inhibiting adenylyl cyclase, and hence reduced cAMP production; activation
of phospholipase C (PLC) [1, 6] to produce inositol-3-phosphate (IP3) and
diacylglyceral (DAG) and the subsequent increase in intracellular calcium levels;
activation of protein kinase C (PKC), ATP-sensitive potassium channels (KATP) and
intracellular calcium channels (e.g. sarcoplasmic reticulum) [61].

The effects of age on the adenosine receptor-mediated responses in the rat heart
remain unclear. Previous studies indicate functional changes in ADORA1 and
ADORA2 mediated responses reduced with maturation in potassium-arrested rat
hearts however, ADORA3 mediated responses were not affected [32, 44]. Previous
investigations have utilized the selective agonists APNEA and Cl-IB-MECA. APNEA
also possesses activity at the ADORA1 while Cl-IB-MECA has been reported to have
a high affinity for the ADORA3 (Ki 0.3nM,[37]. In terms of antagonists, MRS1191 is a
potent and selective ADORA3 antagonist in the rat [37]. Both APNEA and
Cl-IB-MECA have been observed to bind the rat ADORA3 and induce coronary
vasodilation, however, Lasley et al [37] observed that the coronary vasodilator
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response to Cl-IB-MECA in the rat was unaffected by MRS1191, thereby indicating a
role for an additional receptor subtype.

The functional changes observed may be attributed to a variety of sources, including
changes

in

receptor

gene

expression;

receptor

membrane

expression;

second-messenger systems; or translational changes. A previous study showed an
age-related down-regulation of the cardiac ADORA1 and ADORA2A gene expression
with no changes in the ADORA2B and ADORA3 mRNA levels [146]. Alternatively,
Sajjadi et al. [22] identified a splice variant of the ADORA3 in rat brain tissue that
possesses an homologous gene sequence except for a 51bp insert. The splice
variant exhibits differing characteristics compared to the wild type ADORA3. Firstly,
the 17 amino acid insert is localised to the intracellular compartment and it
possesses a reduced receptor-Gi-protein coupling ability. It is important to consider
the potential role of the splice variant when analysing both functional and expression
data.

In this study, ADORA3 mediated vasodilation was studied in hearts from immature,
young, mature and aged rats using selective ADORA antagonists. Subsequently,
pertussis toxin was utilized to study functional responses via the Gi-protein, known to
be involved in the signal transduction pathway of the ADORA3. Finally, Q-PCR was
utilised to investigate the effects of age on the expression of the ADORA3 and the
proposed splice variant, ADORA3i.
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6.2 EXPERIMENTAL METHODS

6.2.1 Langendorff isolated heart perfusion preparation
Hearts were isolated from immature (6-8 weeks), young (16-18 weeks), mature
(52-24 weeks) and aged (104-106 weeks) rats and prepared according to the
Langendorff method described in chapter 2.

6.2.2 Concentration-response curves
N6-2-(4-Aminophenyl)ethyladenosine (APNEA; ADORA3>ADORA1 with Ki 25nM for
ADORA3; [206] concentration-response curves (10-9M to 10-4M) were acquired in
hearts from immature, young, mature and aged rats. In a second group of hearts,
APNEA concentration-response curves were constructed with the simultaneous
perfusion of Benzo[g]pteridine-2,4(1H,3H)-dione (alloxazine; KB 2.3µM; [19, 202] at
10µM to eliminate the ADORA2B activation, or the concurrent perfusion of both
alloxazine

and

3-Ethyl-5-benzyl-2-methyl-4-phenylehtynyl-6-phenyl-1,4-(±)dihydropyridine-3,5-dicarb
oxylate (MRS1191; ADORA3 antagonist with Ki 1.42µM for rat; [3, 37] at 100nM [207]
to confirm ADORA3 activation. In addition, to preclude the role of ADORA1 mediated
vasodilation, APNEA concentration-response curve experiments were performed in
the presence of 8-cyclopentyl-1,3-dipropylxanthine (DPCPX, selective ADORA1
antagonist, 1µM) and alloxazine (10µM). Figure 6.1A shows the temporal protocol
schematic for the infusion of the agonist and antagonists.

The

selective

ADORA3

2-chloro-N6-(3-iodobenzyl)adenosine-5`-N-methyluronamide

agonist,
(Cl-IB-MECA;

Ki

of

0.3nM for rat ADORA3, [37] was used to further investigate the vasodilator activity of
the coronary ADORA3. Cl-IB-MECA concentration-response curves (10-10M to 10-6M)
were performed in hearts from immature, young, mature and aged rats.
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Subsequently, Cl-IB-MECA concentration-response curves were constructed in the
presence of alloxazine (10µM), or the concurrent perfusion of both alloxazine (10µM)
and MRS1191 (100nM) (see figure 6.1B). Sodium nitroprusside (10µM) was perfused
in all hearts to induce maximum vasodilation, which was unaffected by the receptor
antagonists (data not shown).
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6.2.3 Pertussis toxin (PTX) pre-treatment
Immature, young and mature rats were pre-treated 48 hours prior to heart extraction
with 10µg/kg PTX IP [191, 192, 204]. The heart was then prepared in the Langendorff
mode as described previously. At 20 minutes of equilibration, 1µM acetylcholine was
perfused to confirm the lack of acetylcholine-mediated decrease in heart rate
indicating

a

Gi-protein

blockade

(data

not

shown).

Cl-IB-MECA

concentration-response curves (10-10M to 10-6M) were then performed (see figure
6.1C).

6.2.4 Quantitative real time PCR
Hearts from each age group were isolated and prepared according to the methods
described in chapter 2. Q-PCR analysis was performed on the cDNA samples using
the MyiQ

TM

real time PCR system (Bio-Rad™) to allow the measurement of gene

expression of the ADORA3 (forward 5`GGTCCACTGGCCCATACACA3`, reverse
5`CGTAGGTGATTTGCAACCACA3`),

ADORA3i

(forward

5`GTCCTGTGTGCTT

CTGGTCT3`, reverse 5`GGAAAACGGTAAGTTCACAACA3` and 18S rRNA (forward
5`CTTAGAGGGACAAGTGGCG3`,

reverse

5`GGACATCTAAGGGCATCACA3`;

internal standard). IQ™ SYBR® Green Supermix (BioRad™) was utilized to detect the
amplification of product as the PCR progressed. Four samples from each age group
were analysed in quadruplicate for each adenosine receptor gene.
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6.2.5 Data and statistical analysis
Functional data collected from the concentration-response curve experiments were
plotted using KaleidaGraph and statistically analysed by one way ANOVA (and
Tukey Post Hoc, where necessary) using SPSS 11.0 for Windows. The EC50 was
determined for each curve and compared between each age group. The data are
expressed as mean ± SEM for the response at each agonist concentration.

The method for relative analysis of real time data follows the 2-∆∆CT method described
in chapter 2. The ∆CT value for ADORA3+A3i and ADORA3i were computed using 18S
as the standard control.
∆CT = CT ADOR – CT internal control (equation 1)
This was followed by calculating the level of expression of ADORA3 the ∆CT values of
ADORA3+A3i and ADORA3i:
∆CTADORA3 = ∆CT ADORA3+ADORA3i - ∆CT ADORA3i (equation 2)
Subsequently, the proportional level of expression between the two genes was
calculated for each age group.
∆∆CT = ∆CT age1 - ∆CT age2 (equation 3)
Fold = 2-∆∆CT (equation 4)

6.2.6 Chemicals
For the functional experiments: APNEA, Cl-IB-MECA, alloxazine, MRS1191, PTX,
DPCPX and sodium nitroprusside were obtained from Sigma Aldrich (Castle Hill,
Australia).

APNEA was dissolved in 0.05M HCl, Cl-IB-MECA was made up in

dimethylsulphoxide (DMSO, 0.15% infusion) and pertussis toxin stock (100µg/mL)
was prepared using water and further diluted with phosphate buffered saline (PBS)
for injection (IP 10µg/kg). Alloxazine was made up in 0.25M NaOH (0.2% infusion)
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and water, while MRS1191 and DPCPX stock solutions were made up in DMSO
(0.05% and 0.01% infusion, respectively). Each vehicle was found to have no effect
on cardiac function (data not shown). For the Q-PCR: chemical sources are listed in
chapter 2.
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6.3 RESULTS

The body weight and heart weight of animals from each age group were determined
and the mean values and ratios are listed in table 4.1 in chapter 4 (reported in [166]).
In addition, baseline parameters of cardiac function in the absence and presence of
antagonists or PTX treatment were obtained for each age group (see figure 6.1).

As mentioned in chapter 4, body weight and heart weight increased with maturation
but did not increase further with ageing while heart weight increased with both
maturation and ageing. There were also a small but significant decrease in the heart
weight to body weight ratio with maturation (P<0.05) but not in aged rats. In addition,
according to the heart to body weight ratio, PTX pre-treatment did not change the
body weight or heart weight of the animals (see table 4.1).

Coronary flow rates (CFR) were adjusted during equilibration to maintain a basal
CPP of 80mmHg in hearts from all age groups. The CFR decreased with maturation
by 31% and 40% with ageing (see Figure 6.1D). Alloxazine and MRS1191 had no
significant effect on CFR (P>0.05) except in aged animals where CFR increased. In
addition, PTX treatment induced an increase in CFR across all age groups compared
to

hearts

from

untreated

rats

(P<0.05,

see

figure

6.1).

PTX

interrupts

ADP-ribosylation and hence Gi-protein signalling [39, 111, 208, 209], which is
associated with several different receptor systems implicated in basal vascular
regulation. Therefore it is necessary to consider this effect when interpreting data
from PTX-pre-treated animals.
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FIGURE 6.2 Effects of antagonist treatments on (A) LVDP (mmHg), (B) dP/dtmax, (C) HR
(bpm) and (D) CFR (mL/min/g) in hearts from immature (black), young (dark grey),
mature (light grey) and aged (white) rats. Concentration-response curve experiments
were conducted in the absence of antagonists (untreated), and in the presence of
alloxazine (10µM), combined alloxazine (10µM) and MRS1191 (100nM) and PTX
pre-treatment (10µg/kg). Values are mean±SEM, * P<0.05 for age comparison vs.
immature,

#

P<0.05 for antagonist treatment vs. untreated. Abbreviations: LVDP, left

ventricular developed pressure (mmHg); dP/dtmax, rate of cardiac contraction; HR, heart
rate (bpm); CFR, coronary flow rate (mL/min/g).

The functional parameters of left ventricular developed pressure (LVDP) and dP/dtmax
(see figure 6.1A and 6.1B, respectively) did not change in hearts from untreated rats
in each age group (P>0.05). However, perfusion of alloxazine induced a decrease in
LVDP in hearts from all age groups with 28% reduction in immature tissues and 14%
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decline in hearts from young and mature rats, and a 10% decrease in aged animals.
MRS1191 further reduced this by another 9%, 16%, 18% and 12% in hearts from
immature, young, mature and aged rats (see figure 6.1A).

Finally, heart rate (HR) declined with age.

In untreated hearts, the heart rate

decreased by 10% in young, 20% in mature and 31% in aged rats when compared to
immature rats. However, the antagonists or PTX treatment did not alter heart rate in
each of the age groups studied (see figure 6.1C).

6.3.1 APNEA mediated vasodilation
APNEA induced a concentration-dependent decrease in CPP (see figure 6.2) in
hearts taken from immature, young, mature and aged rats. The pEC50 values for
APNEA in the absence and presence of selective antagonists are listed in table 6.1.
An age comparison found no significant difference in the potency of APNEA in hearts
from immature, young, mature and aged rats.

In

hearts

from

immature

rats,

APNEA

produced

a

monophasic

concentration-response curve. However, in the presence of the ADORA2B antagonist,
alloxazine (10µM), APNEA produced a biphasic response (P<0.05), whereby the
high sensitivity site shifted to the left and the low sensitivity site shifted to the right
(see figure 6.2A). In the presence of both alloxazine (10µM) and MRS1191 (100nM),
APNEA again produced a biphasic response. However, in this case, the high
sensitivity site shifted to the right while the low sensitivity site remained unchanged.
The results indicate that APNEA stimulates both ADORA2B and ADORA3. When
alloxazine is added to the perfusing solution it causes a shift in the ADORA2B
mediated component of the curve to the right to form the biphasic curve. Further
addition of MRS1191 then blocked the first part of the biphasic curve mediated by
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ADORA3. Similar actions of APNEA with alloxazine and MRS1191 were observed in
hearts from young rats (see figure 6.2B).
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FIGURE 6.3 Effects of ADORA antagonists, alloxazine (10µM, ADORA2B) and MRS1191
(100nM, ADORA3), on APNEA mediated decreases in CPP in hearts from immature
(n=8), young (n=8), mature (n=8) and aged (n=6) rats. Concentration-response curves
were constructed in the absence of antagonists (circles) and in the presence of
alloxazine (squares) and both alloxazine and MRS1191 (triangles). Data is represented
as absolute decrease in CPP (mmHg) and represents mean±SEM.

In

hearts

from

mature

rats,

APNEA

also

produced

a

monophasic

concentration-response curve (see figure 6.2C, table 6.1). However, with the infusion
of 10µM alloxazine, the APNEA concentration-response curve shifted to the right and
remained monophasic. Infusion of both alloxazine and MRS1191 did not further shift
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the curve and the maximum response was maintained. These results indicate that
APNEA still stimulates vasodilation via ADORA2B, however ADORA3 mediated
effects, if they exist in mature hearts, are not blocked by the selective antagonist,
MRS1191.

Similarly,

in

hearts

from

aged

rats,

APNEA

produced

monophasic

concentration-response curves. Alloxazine caused a 4 fold shift to the right while
MRS1191 did not further shift the concentration-response curve. Figure 6.2D shows
that the sensitivity to APNEA increases at low concentrations of the agonist.

TABLE 6.1 pEC50 values for APNEA (Ki 25nM) concentration-response curves in the
absence and presence of alloxazine (10µM, KB 2.3µM) and MRS1191 (100nM, Ki 1.42µM)
in hearts from immature (6-8 weeks), young (16-18 weeks), mature (52-54 weeks) and
aged (104-106 weeks) rats.
APNEA-alloxazine-MRS
APNEA control
IMMATURE

YOUNG

7.1 (6.6 - 8.2)

7.2 (6.9 - 7.3)

1191

APNEA-alloxazine
5.8

(5.4 - 6.2) #

(10.7 - 11.8)+

10.4

(9.5 - 11.3) +

6.3

(6.0 - 6.6) #

6.1

(5.8 - 6.5) #

10.7

(9.2 - 12.2) +

6.1

(6.0 - 7.1)

11.2

#

MATURE

7.1 (6.9 - 7.2)

6.4

(6.2 - 7.1) #

6.5

(5.5 - 6.7) #

AGED

7.0 (6.8 - 7.3)

6.4

(6.1 - 6.7) #

6.1

(5.5 - 6.6) #

Values are mean (C.I.), * P<0.05 for age comparison vs. immature;

#

P<0.05 for

+

antagonist vs. APNEA control within each age group; P<0.05 for phasic comparison.

Lastly, the ADORA1 contribution to the APNEA mediated response was previously
investigated in our lab in hearts from immature rats. DPCPX (1µM, ADORA1
antagonist) was found to have no effect on the APNEA concentration-response
curves in the presence of alloxazine (data not shown).

In summary, alloxazine induces a significant two-way shift in the APNEA
concentration-response curve to produce a biphasic curve in hearts from immature
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and young rats. Analysis of pEC50 values indicated that the high sensitivity site
shifted to the left and the low sensitivity site was moved to the right. In hearts from
mature and aged rats, monophasic concentration-response curves with similar
potencies (pEC50 6.51 and 6.07, respectively) to that of the low sensitivity site of the
biphasic curves in immature and young hearts (pEC50 5.81 and 6.51, respectively)
were observed. The responses in immature rats remained unchanged upon ADORA1
blockade.

6.3.2 Cl-IB-MECA mediated vasodilation
Cl-IB-MECA induced a concentration-dependent decrease in coronary perfusion
pressure in hearts taken from immature, young, mature and aged rats. The potency
of Cl-IB-MECA was similar to the potency of APNEA in the four age groups studied.
The effects of the antagonists alloxazine (10µM) and MRS1191 (100nM) on the
Cl-IB-MECA mediated responses can be seen in figure 6.3 and table 6.2.

In hearts from immature, young, mature and aged rats, a monophasic
concentration-response curve to Cl-IB-MECA was observed. A significant age-related
shift in the Cl-IB-MECA concentration-response curve towards the left (increase
potency) in hearts from young and mature rats compared to hearts from immature
rats was seen (P<0.05), but not in aged rats. In addition, the maximum response to
Cl-IB-MECA decreased by 35% in young animals, but not in mature and aged rats.
Infusion of alloxazine or both alloxazine and MRS1191 had no significant effect on
the potency of Cl-IB-MECA in immature and aged rats. However, in hearts from
young and mature rats the Cl-IB-MECA concentration-response curves shifted to the
right upon alloxazine infusion. The maximum response observed in hearts from
young rats increased by approximately 40% compared to untreated hearts (P<0.05).
The added presence of MRS1191 did not further shift the Cl-IB-MECA
concentration-response curve in hearts from young, mature and aged. However, the
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maximum response in the young hearts was maintained, while in hearts from aged
rats, the maximum response decreased by 28% with MRS1191, though this was not
statistically significant.

Cl-IB-MECA is considered a more selective ADORA3 agonist than APNEA [37],
therefore concentration-response curve experiments were performed in PTX
pre-treated animals to investigate the role of Gi-proteins in ADORA3 mediated
responses at different ages.

TABLE 6.2 pEC50 values for Cl-IB-MECA concentration-response curves in the absence and presence
of alloxazine, MRS1191 and PTX in hearts from immature (6-8 weeks), young (16-18 weeks), mature
(52-24 weeks) and aged (104-106 weeks) rats.
Cl-IB-MECA

Cl-IB-MECA-alloxazine-

-alloxazine

MRS1191

Cl-IB-MECA control

Cl-IB-MECA-PTX

IMMATURE

6.5 (6.2 - 7.1)

6.0 (3.2 - 7.5)

6.4 (6.0 - 6.8)

6.4 (5.9 - 6.9)

YOUNG

7.4 (7.2 - 7.6)*

6.3 (4.9 - 7.4) #

6.3 (5.6 - 7.1) #

7.3 (6.4 - 8.2)*

MATURE

7.0 (6.8 - 7.2)*

5.8 (4.3 - 6.9) #

5.8 (4.9 - 6.3)* #

6.4 (5.7 - 7.1) #

AGED

6.5 (6.1 - 6.9)

6.7 (6.0 - 7.4)

6.2 (5.3 - 7.1)

Values are mean (C.I.), * P<0.05 for age comparison vs. immature;

#

P<0.05 for antagonist vs.

Cl-IB-MECA control within each age group. PTX refers to pertussis toxin pre-treatment.
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FIGURE 6.4 Effects of selective ADORA antagonists, alloxazine (10µM, ADORA2B) and
MRS1191 (100nM, ADORA3), on Cl-IB-MECA mediated decreases in CPP in hearts from
immature

(n=7),

young

(n=7),

mature

(n=7)

and

aged

(n=5)

rats.

Concentration-response curves were constructed in the absence of antagonists
(circles) and in the presence of alloxazine (squares) and both alloxazine and MRS1191
(triangles). Data is represented as absolute decrease in CPP (mmHg) and represents
mean±SEM. # P < 0.05 for antagonist treatment vs no antagonist.
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Compared to untreated hearts, the PTX pre-treatment did not significantly change the
potency of the Cl-IB-MECA response in hearts from immature, young and mature
rats. However, the maximum response produced by Cl-IB-MECA in PTX pre-treated
rats was reduced by 45% in immature, 65% in young and 25% in hearts from mature
rats (see figure 6.4 and table 6.2).
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FIGURE 6.5 Effects of PTX pre-treatment (48 hours, 10µg/kg) (squares) compared to
untreated (circles) on Cl-IB-MECA mediated decreases in CPP in hearts from immature
(n=4), young (n=4) and mature (n=4) rats. Data is presented as absolute decreases in
CPP (mmHg) and represents mean±SEM.
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In summary, an increase in the potency of Cl-IB-MECA was observed with increasing
age. In young and mature hearts, the Cl-IB-MECA concentration-response curve was
shifted to the right by alloxazine, while MRS1191 had no effect on Cl-IB-MECA
concentration-response curves in any age group studied. Pre-treatment with PTX did
not alter the potency of Cl-IB-MECA in hearts with age. It did, however, reduce the
maximal response to the ADORA3 agonist indicating that part of the vasodilator
response is due to Gi-protein activation, an effect that reduced with age.

6.3.3 Expression of ADORA3 and ADORA3i
Gene expression of the ADORA3 and ADORA3i was investigated using quantitative
real-time PCR analysis. As the splice variant of the ADORA3 possesses a 52bp
insert, it is impossible to individually quantify this receptor from its splice variant when
using real time PCR implementing Sybr Green technology. Hence, Q-PCR analysis
of the ADORA3 is actually a combination of the ADORA3 and its splice variant (i.e.
ADORA3+A3i). We can quantify the splice variant separately and determine the
relative proportion of ADORA3 vs ADORA3i expressed in whole hearts from each age
group.

Figure 6.5A illustrates the cycle threshold (CT) values of the ADORA3 and ADORA3i
genes normalized (∆CT) with 18S rRNA expression. The level of expression of 18S
rRNA is higher than that of the ADOR therefore the CT values are lower due to earlier
amplification detection in the PCR reaction. The lower the level of expression of the
ADOR, the higher the CT value compared to the 18S rRNA and the greater the ∆CT
value, and vice versa [146]. Figure 6.5A shows a small increase, though not
statistically significant, in ∆CT value for ADORA3+A3i, but a simultaneous
non-significant decrease in ∆CT for the ADORA3i. These concurrent changes
contribute to a significant indirectly proportional change in the expression of ADORA3
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vs ADORA3i, as illustrated in figure 6.5B. The relative proportions of ADORA3 and
ADORA3i act as an approximation of the relative levels of mRNA expression, and
show that mRNA expression of the ADORA3 is higher than the expression of the
ADORA3i by a fold factor of 865. The fold expression ratio of ADORA3:ADORA3i
decreased to 147 in young and 57 in mature rat hearts but increased to 402 fold in
aged rats. The expression of ADORA3 decreases with maturation but increased with
ageing, and there is a simultaneous and proportional increase and subsequent
decrease in expression of the ADORA3i to maintain a total amount of ADORA3+A3i
that remains unchanged with age.
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FIGURE 6.6 Q-PCR analysis of ADORA3 and ADORA3i. (A) Relative expression of
ADORA3i and total ADORA3+A3i, where data represents mean ∆CT ± SD in hearts from
immature (n=4, black), young (n=4, grey) and mature (n=4, white) rats. (B) Fold change
in gene expression of ADORA3:ADORA3i, which shows the proportion or ratio of
ADORA3 relative to ADORA3i in the different age groups.
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6.4 DISCUSSION

Previous studies indicate that two ADOR subtypes mediate coronary vasodilation in
the rat: the ADORA2B and ADORA3 [32, 44]. This study aimed to isolate and
characterise ADORA3 mediated responses using adenosine receptor subtype
specific agonists and antagonists. Age-related changes in ADORA3 mediated
vasodilation were studied in Langendorff preparations from immature (6-8 weeks),
young (16-18 weeks), mature (52-54 weeks) and aged (104-16 weeks) rats.

APNEA is an adenosine analogue and a coronary vasodilator with selectivity for
ADORA3>ADORA1 [44]. In this study, APNEA appears to induce coronary
vasodilation via two receptor subtypes. Firstly, APNEA produced a monophasic
concentration-response curve with a pEC50 value of 7.12 in hearts from immature
rats (see figure 6.2 and table 6.1). APNEA mediated vasodilator responses did not
alter with age (see figure 6.2).

Secondly,

in

the

presence

of

alloxazine,

APNEA

produced

a

biphasic

concentration-response curve in hearts from immature and young rats (see figure
6.2). Alloxazine, a selective ADORA2B antagonist, was employed to isolate the
ADORA3 mediated response. The pEC50 values of each phase of the biphasic curve
indicate a 12882 fold shift of the high sensitivity phase to the left and a 10 fold shift of
the low sensitivity phase to the right from the original monophasic curve. This
suggests that alloxazine causes an enhanced response to APNEA via the high
sensitivity site while inhibiting the vasodilator response mediated by the low
sensitivity site. Since alloxazine is an ADORA2B antagonist, the response is indicative
of a regulatory role of the ADORA2B signalling towards ADORA3 mediated signalling
pathway and is likely to be due to Gi–Gs-protein interactions. In hearts from mature
and aged rats, in the presence of alloxazine, APNEA produced a monophasic curve
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with a pEC50 value equivalent to that of the low sensitivity site. Therefore, there is an
age-related loss of the high sensitivity site, while the low sensitivity site remained
unaffected by age.

MRS1191, a selective ADORA3>ADORA1 antagonist, was introduced in addition to
alloxazine to verify that coronary vasodilator responses to APNEA, are at least in
part, mediated by the ADORA3. In immature and young hearts, MRS1191 shifted the
high sensitivity phase of the APNEA concentration-response curves to the right, but
had no effect in mature and aged tissues.

Cl-IB-MECA, an ADORA3 agonist [37], was employed to further investigate the
ADORA3 mediated coronary responses. According to the results, an increase in the
potency

of

Cl-IB-MECA

was

observed

with

age.

The

Cl-IB-MECA

concentration-response curve was shifted to the right by alloxazine in young, mature
but not immature and aged rats. Furthermore, MRS1191 (and alloxazine combined)
had no effect on Cl-IB-MECA concentration-response curves except decreasing the
maximum response in aged rats, indicating a change in role for intracellular signalling
molecules at this age.

Both APNEA and Cl-IB-MECA are reported to be agonists for the ADORA3. However,
different responses with these two agonists have been observed. The results show
that the potency of APNEA is higher than the potency of Cl-IB-MECA in the rat heart,
despite Cl-IB-MECA being reported as the a higher affinity [37]. In addition, biphasic
responses to APNEA were observed in comparison to the monophasic Cl-IB-MECA
mediated responses. This suggests that APNEA activates multiple receptor sites in
contrast to Cl-IB-MECA. Overall, the differing responses indicate the involvement of
multiple receptors and/or a different undefined receptor.
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The ADOR are G-protein-coupled receptors and ADORA3 are known to mediate their
effects via coupling to Gi-proteins [2, 27, 29]. PTX pre-treatment did not alter the
potency of Cl-IB-MECA in the age groups studied. However, it did reduce the
maximal response to Cl-IB-MECA demonstrating that part of the vasodilator
response is due to Gi-protein activation. In addition, similar to untreated rats, a
reduced maximum response in hearts from young compared to immature and mature
rats was observed. This supports a role for Gi-protein independent signalling in
regulating vascular tone by ADORA3 pathways via Cl-IB-MECA in the coronary
vessels, an effect that reduces with age.

APNEA has been reported to have affinity for ADORA1 [44] while its potency at the
ADORA2A or ADORA2B has not been published. We believe that vasodilator
responses to APNEA are not mediated via the ADORA1. Firstly, the response was
inhibited by MRS1191, a selective ADORA3 antagonist [37] with little to no potency at
the ADORA1 at this concentration [3]. Secondly, a previous study by Hinschen at al
[52] showed no vasodilator ADORA1 activity in the rat coronary vasculature. This is
further supported by additional studies performed in our lab, which showed that
DPCPX (ADORA1 antagonist) had no effect on APNEA concentration-response
curves in the presence of alloxazine (ADORA2B antagonist). Therefore, it is
reasonable to propose that the ADORA1 does not contribute to vasodilator responses
induced by APNEA.

We also believe that the coronary vasodilator response in the rat is not mediated by
the ADORA2A but rather the ADORA2B, Firstly, previous studies performed in our lab
indicate the lack of potency and efficacy of CGS21680, an ADORA2A agonist, in the
coronary vasculature of hearts from rats [32, 52, 59]. Alternatively, the current study
showed that alloxazine altered APNEA mediated coronary vasodilation indicating the
possible activation of the ADORA2B by APNEA. This is supported by previous
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investigations in our lab which suggest that the ADORA2B is the primary mediator of
coronary vasodilation in the rat [52, 59].

Previous investigators have suggested the possible involvement of an intracellular
receptor in adenosine mediated vasodilation of the coronary vasculature in rats,
thereby accounting for the low sensitivity site [32, 52, 59]. In addition, a splice variant
of the ADORA3, known as ADORA3i, has previously been identified in the rat brain
[22]. It is homologous in sequence to that of the ADORA3, with the exception of a
51bp insertion that constitutes a 17 amino acid insert of the protein. We successfully
detected the splice variant in hearts from immature, young and mature rats. While the
mRNA expression of ADORA3+A3i remained unchanged with age, there was a
proportional down-regulation of ADORA3 and up-regulation of ADORA3i with
maturation. According to Sajjadi et al. [22], this insert causes a reduced coupling
ability to the Gi-protein and may induce an intracellular functional localisation of the
receptor subtype. The relatively broad concentration range at which the agonist acts
[59] and enduring responsiveness of the tissue at high agonist concentrations [44]
also supports the intracellular functional role (suggested by several groups: [22, 44,
59]). The potential implication of this receptor would explain, firstly, the relatively low
potency of Cl-IB-MECA in the rat coronary vasculature, and secondly, the absence of
any effect by MRS1191. Cl-IB-MECA produced a similar potency to APNEA, even
though it was expected to have a higher potency [3, 37]. In addition, the alloxazine
sensitive nature of the functional receptor should also be considered. Alloxazine is a
non-xanthine and therefore may affect the ADORA3 or ADORA3i. Alternatively, as
mentioned previously, there may be a role for ADORA2B or a receptor yet to be
recognized.

In conclusion, this study investigated age-related changes in functional responses to
APNEA and Cl-IB-MECA in rat coronary vessels. Functional responses to APNEA

197

Adenosine Receptors in the Rat Heart

and Cl-IB-MECA observed in this study support a role for the ADORA3 in mediating
coronary

vasodilation

in

the

rat

heart.

In

addition,

the

APNEA

concentration-response curves indicate a regulatory role of the ADORA2B towards the
ADORA3. Furthermore, PTX did not alter the potency of Cl-IB-MECA but decreased
the maximal response, indicating the involvement of both Gi-protein-independent and
-dependent mediated responses. This, together with the lack of effect of MRS1191
and the antagonism of alloxazine on the Cl-IB-MECA mediated vasodilation indicates
a role for a receptor other than the ADORA3, possibly the spice variant ADORA3i, or
the ADORA2B, in the rat coronary vasculature. These receptor-subtype responses are
observed to remain unchanged with age while ADORA3 mediated responses are
reduced with maturation. Species differences exist in terms of the ADOR subtypes
that mediate coronary vasodilation. However, previous studies indicate the possible
involvement of the ADORA2B and ADORA3, but not the ADORA1 and ADORA2A [44,
52, 59], which we have confirmed.
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CHAPTER 7

Global discussion
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DISCUSSION AND CONCLUSIONS

Maturation and ageing in the cardiovascular system are characterized by a natural
and progressive decline in physiological responses that takes place over a period of
time that is much longer than growth and development. Our understanding of the
cellular mechanisms that lead to age-related functional declines remains limited. The
effects of age in humans are becoming more pronounced with our ageing population,
which is also compounded by the effects of disease. As a result, it is important to
gain a better understanding of the process of ageing and the potential causative
factors, and the impact they have on cardiovascular functions.

Studies have reported a general decline in cardiovascular function with advancing
age. This can be attributed to physiological factors, including changes in contractile
responses of myocytes, and intrinsic regulatory mechanisms such as the adrenergic
and adenosine receptors. As important mediators of cardioprotection, ageing has a
significant impact on adenosine and adenosine receptor-mediated responses in the
heart. Studies report a decreased resistance to ischaemia, hence resulting in
increased rate of morbidity and mortality in patients with cardiovascular disease
(AHA, 2006). As a result, adenosine and adenosine receptors have become key
topics of cardiovascular research.

This thesis employed the rat model to examine the effects of normal maturation and
ageing on ADOR-mediated responses in the heart and coronary resistance vessels.
The rat model has several advantages over studies performed in the human. Firstly,
the short life-span of the rat allows ageing studies to be performed over a reasonable
time-frame. Secondly, ageing studies can be performed devoid of the effects of
confounding disease states. Thirdly, a degree of homogeneity in body functions
allows reasonable comparisons in physiological responses to be made with human
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studies. Furthermore, in contrast to the human model, the rat model allows the use of
an isolated heart model to allow direct assessment of the heart and coronary
vasculature independently of intervening neurohumoral factors.

The investigations reported in this thesis utilised male Wistar rats exclusively. This
model was used to avoid excessive variability due to the possibility of genderdependent effects. The main limitation to this model is that the results and
conclusions cannot be extended to the whole population, and only applies to the
male population.

Quantitative real time PCR was employed to investigate the mRNA expression of the
adenosine receptors in whole hearts and thoracic aorta from immature, young,
mature and aged rats. The results in chapter 3 demonstrate that the ADORA1 was
down regulated with maturation, while all four ADOR subtypes were significantly
up-regulated in hearts from aged rats. The latter indicates age-related changes in
expression in whole hearts. The ADOR, however, play a very important role in
regulating blood flow through the vasculature, especially the coronary vessels of the
heart. Since it is impossible to isolate the coronary vessels from a rat heart and
quantitated expression levels, thoracic aorta were isolated from rats and analysed to
provide an indication of changes in ADOR mRNA expression that occur with age in
the vasculature rather than whole hearts. However, this comparison has a major
limitation since the thoracic aorta is a large vessel that is characteristically different to
resistance vessels such as those in the coronary vasculature, including differential
expression and reflex mechanisms to stretch stimuli. Nevertheless, in comparison to
the whole heart, expression of the ADORA1 was not detected in thoracic aorta, while
ADORA2A remained unaffected by age, and ADORA2B and ADORA3 were
up-regulated with ageing. Nevertheless, it is important to be aware that the ADOR
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may be differentially expressed in coronary resistance vessels compared to the large
thoracic aorta since the two vessel types play significantly different roles.

Functional experiments have suggested that ADOR-mediated responses are
endothelium-dependent and/or independent. The thoracic aorta preparations for this
study were endothelium intact. However, further investigations could examine
endothelium denuded preparations to identify differential age-related expression of
compartmental specific vascular ADOR.

This thesis also examined alterations in signalling molecules associated with ADOR
signalling that are likely to play a key role and contribute to age-related changes in
ADOR responses. In whole heart preparations, ADOR expression changes correlate
with alterations in the expression of numerous intracellular signalling molecules (see
chapter 3) associated with the ADOR, including the Gα-proteins, adenylyl cyclase,
NOS isoforms and calcium handling proteins.

Up-regulation of the ADOR2A,

ADORA2B, ADORA3, were positively correlated NOS2, Go- and Gq-proteins but
negatively correlated with RyR, Ca-L, Gi3-protein, NOS3, and AC6. ADORA1
correlated (negative) only with NOS1 and Gi2-protein. These changes have
implications for some pathological changes that are often observed with ageing, such
as hypertension and hypertrophy as discussed in chapter 3.

Conscious systolic blood pressure was measured in rats from 6 weeks to 104 weeks.
The sBP measurements have demonstrated that blood pressure can change
significantly over the lifespan of a normotensive rat.

In particular, age-related

changes in the expression of the ADORA1 but not the ADORA2A, ADORA2B and
ADORA3 were consistent with sBP changes in mature and aged rats. In addition,
evidence suggests that the cardiac expression of the Gi2-, Gi3- and Gq-proteins, AC6,
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and NOS3 may play a role in regulating age-related physiological changes in sBP in
the rat.

A pharmacological approach was employed to investigate ADOR subtype mediated
coronary vasodilator responses, which are discussed in chapters 4 (ADORA1), 5
(ADORA2B) and 6 (ADORA3). Although a role for the ADORA1 in the coronary
vasculature has previously been excluded with the use of receptor subtype selective
agonists [52], we employed the use of both agonists and antagonists to identify and
isolate the receptor subtype mediated coronary vasodilator response in hearts from
immature, young, mature and aged rats. The results in chapter 4 illustrate that the
ADORA1 is involved in mediating vasodilation at low NECA concentrations. NECA
produced a biphasic concentration-response curve, and the high sensitivity phase
was completely blocked by the ADORA1 antagonist DPCPX in hearts from immature
(but not young and mature) rats.

In addition, the ADORA1 induced a vasoconstrictor response in the coronary
vasculature via a PTX-insensitive Gi/o-protein-independent pathway; a response
which was also blocked by DPCPX. Because of the small magnitude of the
vasoconstrictor response, it is likely to be a modulating response towards coronary
vasodilation rather than a commanding response. Furthermore, this response
disappeared with advancing age, possibly reflecting down-regulation of the ADORA1
mRNA expression with maturation which was previously reported in chapter 3. This
is also supported by results in chapter 4 which demonstrates an age-related
decrease in the antagonistic effect of DPCPX at the high sensitivity site of the NECA
induced biphasic concentration-response curve. Ultimately, these responses support
the presence of the ADORA1 in the coronary vasculature. In contrast, DPCPX had no
effect on the APNEA mediated vasodilator responses, indicating no role for the
ADORA1 with this adenosine analogue. Furthermore, according to chapter 3, the
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expression of the receptor subtype was not detected in the thoracic aorta, indicating
that differential expression of particular genes does occur between different types of
blood vessels.

In addition to coronary vascular responses, the well-established negative inotropic
and chronotropic responses mediated by the ADORA1 were also observed in hearts
from each age group. No age-related changes in the R-PIA mediated responses
were detected, with the exception of an increase in the maximum response in TP
suggesting a change in ADORA1 signalling with maturation rather than a change in
receptor density. This is not supported by the expression studies in chapter 3 which
indicated a 5 fold decrease in ADORA1 expression in hearts from mature rats,
suggesting that this would relate to a decrease in functional receptors and hence
functional cardiac responses. The absence of any age-related changes in inotropic
and chronotropic responses is again supportive of post-transcription and translational
changes. Furthermore, there is a high degree of controversy in the literature with
regard to the effect of age on these responses. Some studies report no change in
ADORA1 mediated bradycardia [140] or in contrast, enhanced bradycardia [136],
while others report reduced functional responses such as ADORA1 mediated
anti-adrenergic role and inhibition of AC [33, 60, 117, 138, 144]. This largely
suggests that the changes that occur with age are species dependent.

NECA was also employed to pharmacologically investigate ADORA2B mediated
coronary vasodilator responses in chapter 5. NECA is a non-selective agonist which
activates all four ADOR subtypes. However, it is the best agonist available for
investigating ADOAR2B mediated responses. It was concluded that the biphasic
vasodilator responses induced by NECA may occur due to the activation of (1) two
receptor subtypes, (2) multiple signalling mechanisms, or (3) one receptor subtype in
different compartments [44]. The first hypothesis was tested with the assumption that
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coronary vasodilation in the rat heart was mediated by the ADORA2B and ADORA3.
Selective antagonists (alloxazine and MRS1191, respectively) were employed to
isolate the receptor subtypes in the NECA induced response, and the results suggest
that the low sensitivity phase of the NECA vasodilator response curve was mediated
by the ADORA2B, and increased with maturation; while the high sensitivity phase was
mediated by the ADORA1 and ADORA3 in hearts from immature rats, and both
decreased with age. In addition, the ADORA2B or an intracellular receptor also
contributes to the response at the high sensitivity site in young and mature rats; the
response increasing with age. The second hypothesis was tested using PTX
pre-treated rats and the results demonstrated that the vasodilator response at low
NECA concentrations is mediated by a Gi/o-protein-dependent mechanism (ADORA1
or ADORA3) that decreased with age; while the vasoconstrictor response is
Gi/o-protein-independent, and reduces with maturation. Finally, the third hypothesis
tested the role of NO signalling in the NECA induced response, and found that the
high sensitivity site is NO-dependent, likely to be endothelium-dependent; while the
low sensitivity site is independent of NO signalling. In addition, a vasoconstrictor
response was again observed at low NECA concentrations in the presence of
L-NAME, a response that reduced with age.

Chapter 5 indicated that NECA activated ADORA3 mediated coronary vasodilator
responses decreased with age. The ADORA3 was further investigated in chapter 6
using more selective agonists for the receptor subtype, APNEA and Cl-IB-MECA.
APNEA (A3>A1 agonist) was observed to activate at least two receptor subtypes to
mediate a biphasic vasodilator response in hearts from immature rats. The potency
of APNEA at the high sensitivity site was enhanced by alloxazine (ADORA2B
antagonist) and reduced by simultaneous MRS1191 (ADORA3 antagonist) exposure,
suggesting that the high sensitivity phase is mediated by the ADORA3, and ADORA2B
signalling is likely to play a negative regulatory role towards the ADORA3 mediated
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response. The activity at this site was reduced with maturation, indicating
post-transcriptional changes of the ADORA and intracellular signalling molecules.
The low sensitivity site was inhibited by alloxazine but not MRS1191, indicating that
this response is mediated by the ADORA2B or another receptor subtype. The
response at this site did not alter with age. This is consistent with the maturational
changes observed in the expression studies in chapter 3, with the exception of the
significant up-regulation that occurred in hearts and thoracic aorta of aged rats,
suggesting the occurrence of post-transcriptional changes. Cl-IB-MECA, (ADORA3
agonist) produced monophasic responses that were inhibited by alloxazine but
unexpectedly remained unaffected by MRS1191 in all age groups, considering its
higher selectivity rating for the ADORA3. This effect was also observed by Lasely et
al.

(1999) [37], which suggested a species specific response to Cl-IB-MECA.

Cl-IB-MECA may also be selective for receptors in particular types of blood vessels.
In addition Cl-IB-MECA responses in hearts from PTX-treated rats indicate increased
adenosine receptor-Gi-protein signalling with age. It was concluded that Cl-IB-MECA
responses may be mediated by an ADORA3 splice variant, the ADORA3i, initially
identified by Sajjadi et al. in the brain [22], and is likely to contribute to the vasodilator
response that was observed with APNEA.

The possible role of an intracellular receptor was indicated at various points through
the thesis. The identity and location of this receptor is unclear. However, several
papers have suggested its role at low sensitivity sites in biphasic response curves
[44, 59]. It may be a splice variant of a receptor subtype that has reduced affinity for
ligands compared to the wild type [22, 166]. For example, in chapter 6 the ADORA3
splice variant (ADORA3i) was examined and proposed to play an intracellular role,
indicated by the low potency of Cl-IB-MECA in the rat heart.
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Conscious sBP measurements and functional responses observed in this study
indicate that the cellular signalling systems are altered with maturation and ageing in
hearts from rats, sometimes as early as 16 weeks. This is important when conducting
an ageing study as changes that occur with age should be identified as maturational
vs ageing. As discussed in chapter 3, rats who survived to senescence, 104-106
weeks in this case, may be selectively resistant to mortality factors. Although
senescence, where only 50% of a population survive, is being approached and has
yet to be reached, a proportion of the male Wistar rats do perish prematurely leading
up to 104 weeks due to health issues such as tumours. These factors are likely to be
genetic, and may explain some of the changes in mRNA expression and functional
responses revealed by this investigation. Of most interest was the protein expression
experiment in chapter 3 whereby the protein expression of both Gs-protein and Ca-L
increased in young animals, but decreased in mature and aged animals to level
equivalent to that observed in immature rats. Similarly, in chapters 5 and 6, the
respective maximum responses to NECA and APNEA mediated decrease in CPP in
the absence of antagonists increased in mature rats, but decreased in aged rats to
responses similar to that observed in hearts from immature rats.

Several areas of interest that remain to be investigated with regards to age related
changes in the cardiac ADOR in the rat. The functional responses of the adenosine
receptors are highly dependent on many areas of regulation that remain unclear. The
absence of protein expression data suggests the need for ligand-binding studies.
However, although there are labelled ligands available for the ADORA1 and
ADORA2A, there are currently none available for the ADORA2B and ADORA3. In
addition, protein expression studies are further limited by the low density of
expressed ADOR in cardiovascular tissues. In comparison to mRNA expression data,
protein expression data will provide useful information that will be highly relevant
towards pharmacological and functional analysis of the receptors. In addition, further
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analysis of intracellular signalling molecules is necessary since the functional
responses are determined by changes in intracellular signalling mechanisms. These
studies can be performed using pharmacological or transgenic techniques depending
on availability.

Ligand-binding studies can also be performed for signalling

molecules. Of particular interest are signalling molecules such as PLC, PKC,
potassium and calcium channels. Although they may have been extensively research
in other species, the effects of age in the rat remain unclear. Additional signalling
molecules whose roles in ADOR signalling are less understood include glucose
transporter molecules (GLUT4) p38-mitogen-activated protein kinase (p38-MAPK)
and extracellular signal-regulated protein kinase ½ (ERK1/2). Finally, the locality and
role of the ADORA3 splice variant remains unclear and requires further investigation.
However, this is limited by the low level of expression in the rat heart. Further
analysis and characterisation may be possible using expression amplification or
clonal expansion in vector systems. In addition, the presence and characterisation in
other species and tissue types can be determined.

This study aimed to investigate the effects of age on the ADOR at various levels,
from mRNA expression to intracellular signalling molecules and finally functional
responses. It highlights changes occur at multiple levels of regulation, which make it
difficult to anticipate the progressive effects of age on the cardiovascular system.
Nevertheless, the results of animal studies contribute to the valuable pool of
knowledge and understanding of processes that take place in humans.
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