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Abstract

Since adenosine receptors were identified and cloned, their roles in animals and humans have 
been extensively studied. Because pharmacological tools have limitations, we have used mice 
in which adenosine receptors have been deleted to further study their roles under physiological 
and pathophysiological conditions. Caffeine exerts its effects mainly via blockade of A1 and 
A2A adenosine receptors. In this thesis, the physiological roles of these receptors have been 
explored using in vivo and ex vivo models of heart physiology in mice with genetically 
modified expression of A1R and A2AR. The possible role of A1R in cardiac protection due to by 
preconditioning was also studied, and the action of caffeine explored. 

When A1R and/or A2AR genes were knocked out or down little compensatory adaptation was 
observed in the other adenosine receptors or related genes and proteins, which facilitates the use 
of genetically modified mice to study the roles of the specific receptors.  

We show a critically important role of A1R in the cardiac protection following in vivo ischemic 
preconditioning and in tolerance to ischemia. The cardioprotective effect induced by ischemic 
preconditioning was A1R gene dose-dependent in vivo: the protective effect was enhanced by 
overexpression of A1R but eliminated by knockout of A1R; a reduced protection was seen in 
partially A1R-deleted hearts. The tolerance to ischemia was significantly reduced in isolated 
A1R knockout hearts. 

We also examined physiological roles of adenosine receptors. Compared to WT, HR increased 
in male A1R KO mice, but deceased in A2AR KO mice. The HR difference was eliminated by 
administration of -blocker, indicating that the modulatory effect of alteration of A1R and A2AR
on HR is exerted via sympathetic tone. Interestingly, the HR of A1R-A2AR dKO and A1R-A2AR
dHz mice was lower than that of WT mice, suggesting that the contribution of A1R and A2AR to 
HR modulation is not equal. Injection of caffeine in a low dose increased HR in WT mice. Its 
stimulatory effect was reduced in mice lacking A1R and eliminated in mice lacking the A2AR,
suggesting both A1R and A2AR contribute to HR stimulation by caffeine, where A2AR is more 
critical than A1R. High dose caffeine decreased HR in all mouse genotypes, which clearly 
indicates that the depressant effect of caffeine is A1R and A2AR independent. Long-term 
caffeine treatment and partial deletion of A1R and A2AR genes decreased HR. Both A1R and 
A2AR were involved in modulation of body temperature and oxygen consumption, an effect 
which was sex-dependent, and altered by caffeine. Locomotor activity was slightly higher in 
female (but not male) A1R KO mice, and lower in mice lacking A2AR than in their WT controls, 
suggesting that A2AR may be more important than A1R in regulating locomotion. Caffeine 
stimulated locomotion dose-dependently. This effect was eliminated in mice lacking A2AR and 
markedly reduced in the other genotypes. Long-term caffeine treatment increased locomotion in 
a sex-dependent manner, but not in mice lacking A2AR, indicating that caffeine modulates 
locomotion mainly via blockade of the A2AR. Deleting one of the copies of both the A1R and 
A2AR genes increased activity, thus resembling long-term caffeine treatment. The response to 
caffeine was blunted in A1R-A2AR dHz mice, again resembling long-term caffeine use. Hence 
in some respects A1R-A2AR dHz mice are similar to long-term caffeine treated mice.  

In summary, A1R plays a critical role in cardiac protection. Physiologically both A1R and A2AR
contribute to modulation of HR, body temperature, locomotor activity, and oxygen 
consumption in a sex-dependent manner. Caffeine modulates these effects by partially blocking 
A1R and A2AR, and A2AR may be more important than A1R. Deletion of one copy of both A1R
and A2AR genes mimics the long-term caffeine effect, at least in some aspects. Both A1R and 
A2AR contribute to the development of tolerance to caffeine. Thus, adenosine plays both 
physiological and pathophysiological roles. 

Key words: adenosine receptors, genetically modified mice, preconditioning, tolerance, heart 
rate, body temperature, locomotor activity, caffeine 
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INTRODUCTION
ADENOSINE AND ITS RECEPTORS 
Since Drury and Szent-Gyorgyi first described the effects of adenosine on 
cardiovascular, gastrointestinal and renal system in 1929 [1], the physiological roles of 
adenosine in multiple organs and systems in different species have been extensively 
studied [2-5].

Adenosine metabolism and transport 
The major pathway of adenosine metabolism and transport is shown in Fig 1. The 
primary biosynthesis of adenosine is by a hydrolytic cascade of 5’ adenosine 
phosphate, from ATP to ADP to AMP to adenosine [6]. This occurs both intracellularly 
and extracellularly. Adenosine can also be formed from hydrolysis of S-adenosyl-
homocysteine [7], which occurs intracellularly. Transmembrane transport of adenosine 
is primarily by facilitated diffusion through equilibrative nucleoside transporters. 
Transport of extracellular adenosine to intracellular space is also by active transport via 
concentrative nucleoside transporters [8, 9]. Following cellular uptake, adenosine is 
metabolized by intracellular adenosine kinase to AMP. In addition, it can be 
deaminated to inosine both intra- and extracelluarly by adenosine deaminase [2]. 
Intracellular adenosine can also be eliminated via formation of S-adenosyl-
homocysteine by S-adenosyl-homocysteine hydrolase [2, 10].  

Adenosine receptors 
Adenosine receptors were first postulated in 1965 [11], and the concept was gradually 
accepted. Adenosine receptors were later subdivided into A1R, A2AR and A2BR based 
on modulation of cAMP level and pharmacological differences [12-16]. The A3R was 
identified by the similarity of a cloned sequence from a rat cDNA library to adenosine 
receptors [17]. Since then, the four adenosine receptors have been cloned and 
characterized from several species. The receptors, coupled to G-proteins, are distributed 
in various organs and play multiple roles in regulation of physiological functions, as 
summarized in Table 1 [2, 3, 18]. Pharmacological tools in the form of ligands with 
high specificity are available only for A1R and A2AR [3, 5], the receptors that are the 
main focus of this thesis. 
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Fig 1 Major pathway of adenosine metabolism and transportation  
ENT, equilibrative nucleoside transporter; CNT, concentrative nucleoside transporter; AMP, adenosine 
5’-monophosphate; ADP, adenosine 5’-diphosphate; ATP, adenosine 5’-triphosphate; NTPDases, 
ectonucleoside triphosphate-diphosphohydrolases; ADA, adenosine deaminase; AdoMet, S-
adenosylmethionine; MAT, methionine adenosyltransferase. 

SOME PHYSIOLOGICAL ROLES OF A1R AND A2AR
Activation of adenosine receptors contributes to the modulation of function in multiple 
systems and organs, as briefly summarized in Table 1. 

Cardiovascular effects of A1R and A2AR
Regulation of heart rate by adenosine receptors 
It is well known that heart rate is generated by cardiomyocytes, and coordinated by 
signaling through the conduction system. The control of heart rate involves both 
nervous system and local regulation. Regulation of heart rate by the nervous system is 
the result of interaction between sympathetic and parasympathetic components, e.g. 
activation of sympathetic neurons increases heart rate by releasing noradrenalin, while 
stimulation of the parasympathetic system reduces heart rate by releasing acetylcholine. 
The local regulation of heart rate is mainly due to the spontaneous activity of cardiac 
tissue originating from specialized pacemaker cells in the sino-atrial node that generate 
autonomous rhythmic electrical impulses, and cAMP probably is important.  
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Table 1. Distribution and major physiological functions of adenosine receptors and 
phenotype of relevant knockout mouse 
 A1 R A2A R A2B R A3 R 

Distribution  High level

Brain (cortex, cerebellum, 

hippocampus). Dorsal horn 

of spinal cord. Eye, adrenal 

gland, atria 

Intermediate levels

Other brain regions. 

Skeletal muscle, liver, 

kidney, adipose tissue, 

salivary glands, esophagus, 

colon, antrum, testis, heart 

Low levels

Lung (but probably higher 

in bronchi), pancreas 

High level

Spleen, thymus, leukocytes 

(both lymphocytes and 

granulocytes), blood 

platelets. Striatopallidal 

GABAergic neurons (in 

caudate-putamen, nucleus 

accumbens, tuberculum 

olfactorium), olfactory bulb 

Intermediate levels

Heart, lung, blood vessels 

Low levels

Other brain regions 

High level

Cecum, colon, bladder 

Intermediate levels

Lung, blood vessels, eye, 

median eminence, mast 

cells 

Low levels

Adipose tissue, adrenal 

gland, brain, kidney, liver, 

ovary, pituitary gland, 

heart 

High level

Testis (rat), mast 

cells (rat) 

Intermediate 

levels

Cerebellum 

(human?), 

hippocampus 

(human?), lung, 

spleen (sheep), 

pineal

Low levels

Thyroid, most of 

brain, adrenal 

gland, spleen 

(human), liver, 

kidney, heart, 

intestine, testis 

(human) 

G-protein  Gi and Go Gs and Golf Gs and Gq Gi and Gq

Physiological 

function(s) 

Bradycardia; inhibition of 

lipolysis; reduced 

glomerular filtration; 

tubero-glomerular 

feedback; antinociception; 

reduction of sympathetic 

and parasympathetic 

activity; presynaptic 

inhibition; neuronal 

hyperpolarization; ischemic 

preconditioning 

Regulation of sensorimotor 

integration in basal ganglia; 

inhibition of platelet 

aggregation and 

polymorphonuclear 

leukocytes; vasodilatation, 

protection against ischemic 

damage; stimulation of 

sensory nerve activity 

Relaxation of smooth 

muscle in vasculature and 

intestine; inhibition of 

monocyte and 

macrophage function, 

stimulation of mast cell 

mediator release (some 

species) 

Enhancement of 

mediator release 

from mast cells 

(some species); 

preconditioning 

(some species) 

Phenotype of 

knock-out 

mouse 

Anxiety, hyperalgesia, 

decreased tolerance to 

hypoxia, loss of tubero–

glomerular feedback, 

altered insulin secretion, 

increased lipolysis, 

increased susceptibility to 

seizures, loss of 

preconditioning in several 

tissues 

Anxiety, hypoalgesia, 

hypertension, increased 

tolerance to ischemia, 

altered sensitivity to motor 

stimulant drugs, decreased 

platelet aggregation 

Hyperinflammation; 

vascular adhesion 

Altered 

inflammatory 

reactions, 

decreased edema, 

altered release of 

inflammatory 

mediators 

Slightly modified from reviews by Fredholm and co-workers. [2, 3, 18] 
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The well-known reduction of HR by adenosine [1] was suggested to be due to 
activation of A1R [19] and the negative chronotropic effect could be blocked by 
DPCPX [20]. It was also found that a selective A1R agonist slowed AV nodal 
conduction [21, 22]. These results suggest that adenosine down-regulates heart rate 
through local activation of A1R in the heart. Genetic overexpression of A1R in mice 
lead to bradycardia in vitro and in situ, due to sino-atrial and atrioventricucar node 
blockade [23, 24]. This evidence suggests that A1R is involved in the regulation of 
heart rate by direct action on pacemaker cells and the conduction system that leads to a 
negative chronoropic and dromotropic effect.   

Systemic administration of an A1R agonist reduced tachycardia [25] and induced 
bradycardia [19, 26-29]. The administration of adenosine or other agonists at adenosine 
receptors in the 3rd or 4th ventricle of rats [30], lateral cerebral ventricle of mice [31], 
the nucleus tractus solitarus [32] and spinal cord of rats [33] all resulted in dose-
dependent decrease of heart rate. Taken together, these results suggest that A1R
mediates negative regulation of heart rate through both nervous system and local 
regulation. Based on these findings, adenosine is clinically used for the treatment of 
supraventricular tachyarrhythmia [34, 35]. With this in mind, it was surprising that 
Reichelt et al. [36] reported there was no heart rate difference between A1R KO mice 
and their wild type littermates. Further studies on this issue were therefore needed. 

Perfusion with a selective A2AR agonist did not influence the heart rate of isolated 
guinea pig hearts [37]. Another report showed that increasing endogenous adenosine 
caused similar reduction of heart rate in A2AR KO mice and wild type mice [38]. Thus, 
A2AR plays a minor role in local regulation of heart rate. However, systemic 
administration of selective A2AR agonists increased heart rate due to reflex activation of 
the nervous system [39-45]. This is in accordance with the previous finding that 
pretreatment with atenolol ( -blocker) entirely prevented the increase in heart rate by 
A2A agonists [46]. These data indicate that A2AR mediates the up-regulation of heart 
rate by adenosine mainly through its effect in nervous system rather than in the heart 
locally.

It was reported that adenosine activates cardiac sympathetic afferent fibers and 
potentiates the excitation through activation of A2AR [47]. Adenosine, through 
activation of A1R and A2AR, regulates the release of neurotransmitters including 
noradrenalin and acetylcholine from sympathetic and parasympathetic neurons [48], 
regulates firing of important cell groups in CNS, and directly influences cardiovascular 
control centers [30, 32]. Taken together, these results indicate that A1R and A2AR
mediate the regulation of heart rate, with a balance between them. However, under 
physiological conditions the heart rate phenotype of mice lacking adenosine receptors, 
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especially lacking A1R, should be further studied. It needs to be further investigated 
how both A1R and A2AR modulate heart rate. 

Cardiac protection
Ischemic heart disease is one of the major causes of morbidity and mortality 
worldwide. There is need for improved cardiac protection in many clinical situations. 
Ischemia/reperfusion injury is defined as cellular damage when blood supply is restored 
after a prolonged ischemic period [49, 50]. This injury, which results in oxidative 
damage, inflammation and dysfunction, could affect all aerobic cells of tissues and 
organs including heart [49, 51]. Ischemic preconditioning, which was first described by 
Murry [52], is one of the most powerful cardioprotective methods studied.  

Especially in the last two decades, a possible role for adenosine receptors in myocardial 
protection has been a topic of interest. Activation of adenosine receptors by adenosine 
or its analogues induces a direct cardiac protection [53-68]. Clinical observations show 
that patients pre-treated with adenosine had lower myocardial injury after bypass 
surgery [69] or coronary angioplasty [70]. In addition, cardiac protection can be 
induced by agents that increase tissue adenosine concentration or enhance agonist 
binding to adenosine receptors, including acadesine (5-amino-4-
imidazolecarboxamide riboside) [71], PD 81,723 [72], iodotubercidin (adenosine 
kinase inhibitor) and EHNA (erythro-2-(2-hydroxy-3-nonyl) adenine, adenosine 
deaminase inhibitor) [73]. Agents, such as adenosine deaminase, which are able to 
decrease tissue adenosine concentration, attenuate cardiac protection induced by 
adenosine [74].   

Adaptation to ischemia 
Evidence suggests that adenosine, acting on its receptors, is one of the key factors that 
trigger all forms of adaptation to ischemia-reperfusion injury [75-81]. However, the 
value of early studies on adenosine in this context is diminished by the use of 
unspecific receptor agonists and antagonists. Adaptation to ischemia by 
preconditioning can be achieved in several ways. In classic preconditioning, repeated 
brief episodes of ischemia and reperfusion protect against an index ischemia up to 2 
hours later [52]. The effect disappears, and reappears 24-72 hours later in the protection 
know as delayed preconditioning or second window of protection [82, 83]. It has also 
been discovered that preconditioning of other organs will protect not only the organ 
itself, but also the heart (reviewed by Valen in 2003, [84]). The latter phenomenon, 
known as remote preconditioning, also is protective in an acute and a delayed time 
frame. Finally, adaptation to ischemia can be provided by postconditioning, where brief 
episodes of ischemia and reperfusion are applied at the start of reperfusion [85]. 
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Evidence suggests that adenosine may be involved as a trigger for all these forms of 
adaptation as discussed below. 

A1R in ischemia-reperfusion injury 
A direct role of A1R in cardiac protection was first demonstrated by using selective 
agonists and antagonists. 

Evidence from using agonists 
A1R agonists induce cardiac protection in multiple species and models. A most 
selective A1R agonist, 2-chloro-N6-cyclopentyladenosine (CCPA), has been used to 
induce protection against ischemia-reperfusion injury in many models, including 
immediate early protection [58-60, 62, 86] and delayed cardiac protection [60, 61, 63, 
64]. Activation of A1R by CCPA protects cardiomyocytes isolated from different 
species against hypoxia-induced cell death [86-88]. It also reduces the size of infarct 
induced by ischemia-reperfusion injury in mice [56], rats [57-61] and rabbits [62-68]. 
Cardiac protection is also induced by other A1R agonists, including APNEA (N6-2-(4-
aminophenyl)ethyladenosine) and BNECA (N6-benzyl-5'-N-ethyl-
carboxamidoadenosine) in rabbit cardiomyocytes [87], m-DITC ADAC in isolated 
rabbit hearts [68], and R-N6-(phenyl-2R-isopropyl)-adenosine (R-PIA) in rabbit hearts 
[62]. Activation of A1R also improved functional recovery from ischemic damage. R-
PIA induced cardiac protection [53], and reduced ventricular arrhythmias and 
fibrillation during acute regional myocardial ischemia in isolated rat hearts [89] and in 
pigs [90]. Cyclopentyladenosine (CPA) was also shown protective effect in human 
atrium [91]. Treatment with the A1R agonist tecadenoson effectively converted 
paroxysmal supraventricular tachycardia of patients to normal sinus rhythm [92]. 

Evidence from using antagonist 
The role of A1R in cardiac protection is further demonstrated by the fact that 
administration of a selective antagonist blocks the cardiac protective effect induced by 
adenosine or its analogues [55, 87, 88, 93].

A1R in ischemic preconditioning 
A1R also appears to play a role in ischemic preconditioning. The protective effect of 
ischemic preconditioning could be blocked by DPCPX in isolated rabbit 
cardiomyocytes [87] or hearts [94], and by BWA1433 at A1R-selective concentration 
(50 nm) in rabbit [95]. However, there are also reports that fail to show effects of A1R
antagonist [96-98]. 
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As we know that the selectivity of agonists and antagonists to adenosine receptors is 
not absolute, mice with genetically modified expression of adenosine receptor subtypes 
may provide more optimal models for studying the roles of adenosine receptors. 

A cardiac-specific A1R overexpression model was generated in 1997 [99]. Genetically 
overexpressed A1R in mice increased ischemic tolerance in vitro [99, 100], which was 
abolished by DPCPX [101] and 8-SPT [99]. Targeted deletion of A1R in mouse was 
first reported by Johansson et al. [102]. Genetic deletion of A1R reduced ischemic 
tolerance [36, 103, 104]. Furthermore, the heart without A1R could not be protected by 
delayed remote ischemic preconditioning [105]. These data strongly indicate the role of 
A1R in cardiac protection. In addition, classical preconditioning should be examined in 
A1R KO mice. 

A2AR in ischemia-reperfusion injury

There is some evidence indicating that the A2AR is also involved in cardiac protection 
[96, 106-108]. However, the roles of A2AR in cardiac protection are less well 
characterized than A1R and some results are controversial.  

A non-selective A1/A2A adenosine receptor agonist (AMP579) protected against 
myocardial infarction and this was attenuated by a selective A2AR antagonist [107]. It 
was also reported that A2AR agonists (CGS 21680 and ATL146e) mimicked 
preconditioning in isolated rabbit heart [108, 109]. In contrast, activation of A2AR did 
not have a cytoprotective effect against simulated ischemia-induced injury in a cultured 
cardiomyocyte model [110]. Ischemic preconditioning-induced cardioprotection was 
attenuated by an A2AR agonist (CGS21680, 1 µM) and enhanced by an A2AR
antagonist (CSC 1 µM) in a cultured chick ventricular myocyte model [111]. 

It is well known that A2AR is involved in inflammatory/immune processes in vivo. 
Yang et al. recently demonstrated that an A2AR agonist protected cardiomyocytes 
against ischemia/reperfusion injury in wild type mice but not in A2AR KO mice [109]. 
Using A2AR KO mice and bone marrow transplantation, they generated chimeric mice 
specifically lacking A2AR on bone marrow-derived cells. A2AR agonist failed to induce 
cardioprotection in the chimeric mouse heart. They concluded that A2AR agonists 
inhibited T-lymphocyte activation, which inhibited inflammation and promoted the 
survival of cardiomyocytes. Further recent studies showed that cardioprotection 
afforded by A2AR was linked to its anti-inflammatory effects [75, 112]. 
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Regulation of vascular reactivity by adenosine receptors 
A role of adenosine in the regulation of coronary blood flow has long been suspected 
[113, 114]. It is now clear that adenosine is not the only or even the major controller of 
coronary circulation but that it does play a role [115, 116], even in man [117, 118].  

Activation of A1R led to vasoconstriction of afferent arterioles via increasing calcium 
in smooth muscle cells [119]. In addition, an A1R antagonist augmented adenosine-
induced vasodilation [117]. These findings suggest A1R induces vasoconstriction. 
However, there is also evidence that an A1R antagonist reduced frequent intradialytic 
hypotension in hemodialysis patients [120] and inhibited A1R agonist induced 
hypotension [45]. Recently, Brown et al. [121] reported that blood pressure in A1R KO 
mice was higher than in WTs. It was suggested the effect of increased blood pressure 
(or anti-hypotension) by A1R is due to antagonism of negative inotropy and/or 
reduction of sympathetic tone induced by adenosine rather than induction of 
vasodilation.

Regulation of vascular reactivity by A2AR is well studied. Coronary blood flow in dogs 
has even been used as a screen for A2 adenosine receptor agonists [122]. A2AR agonists 
(such as CVT-3146) increased coronary blood flow via coronary artery vasodilation 
[123-125]. This effect was attenuated by non-selective adenosine receptor agonist 
(caffeine) [124].  

Other cardiovascular effects regulated by adenosine receptors 
Adenosine receptors also have inotropic effects. Adenosine induced negative inotropy 
in atrial myocytes of guinea pig by increasing the inwardly rectifying K+ current [126]. 
Activation of protein phosphatase 2A (PP2A) by A1R decreased protein 
phosphorylation that modulates cardiac contractile function [127, 128]. Recently, Tikh 
et al. showed that activation of A2AR with an A2AR agonist (CGS21680) decreased 
PP2A activity, which is opposite to the effect of A1R activation [129]. Additionally, 
they showed that A1R agonist (CCPA) induced higher PP2A activity in A2AR KO mice 
than in wild types, indicating that A2AR potentially attenuated negative inotropic effect 
mediated by A1R. Somehow, there is a balance between the effects of A1R and A2AR in 
regulating cardiac contractile function. 

Adenosine-adenosine receptor system is suggested to be involved in pathophysiology 
of multiple cardiovascular diseases. A rat hypertension model showed elevated 
adenosine in plasma [130]. Gene expression of A2AR, A2BR and A3R was decreased in 
patients with chronic heart failure (CHF) [131]. Cardiac remodeling following 
myocardial infarction determines the prognosis of the patients [132, 133]. Hypertrophy 
is one typical feature of the cardiac remodeling [132]. Agonists of either A1R or A2AR
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completely blocked phenylephrine-induced hypertrophy in isolated neonatal cultured 
ventricular myocytes, and this was reversed by the corresponding antagonists [134]. In 
a mouse in vivo model, adenosine receptor agonists including an A1R agonist also 
showed anti-hypertrophic effect and improved cardiac function [135]. In addition, the 
adenosine-adenosine receptor system has anti-arrhythmia effects, especially on 
supraventricular tachycardia via effects on the SA node and AV node [136]. 
Additionally as mentioned above, it has anti-stunning effects (pre- and post-
conditioning) in ischemia-reperfusion injury, improving cardiac function after 
myocardial infarction. Thus, A1R and A2AR have potential as therapeutic targets for 
modulation of cardiac remodeling and function. The mechanism and exact roles of A1R
and A2AR in modulation of cardiac remodeling and function need to further studied. 

A1R and A2AR in modulation of metabolism 
Several studies show that A1R and A2AR modulate metabolism. Adenosine stimulates 
glucose transport in adipose tissue, heart and skeletal muscles [137-140], possibly due 
to A1R [141, 142]. Activation of A1R and A2AR by selective agonist modulated 
glycogen metabolism by alteration of both glycogenolysis and gluconeogenesis [143]. 
Lipolysis induced by catecholamines is inhibited by adenosine [144], indicating that 
adenosine receptors are also involved in lipid metabolism. Activation of A1R mediated 
anti-lipolytic effects [145-147]. Additionally, a study in skeletal muscle shows that A1R
agonists increased insulin resistance and that A1R antagonists increased insulin-
sensitive glucose and amino acid transport into muscle [148]. Activation of A1R by 
adenosine analogues (CHA, NECA) reduces metabolic rate [149]. Adenosine 
contributes to the balance between energy supply and demand, in which A1R and A2AR
may play complementary roles [4]: adenosine via activation of A1R decreases oxygen 
demand, while activation of A2AR increases oxygen supply. Furthermore, A1R and 
A2AR modulate metabolism-related function, such as body temperature regulation, 
sleep, locomotion and sympathetic tone [3, 150, 151].

Administration of adenosine analogues induced dose-dependent sedation and 
hypothermia in mice [152, 153], rats [154] and rabbits [149]. Activation of either A1R
or A2AR or both, via adenosine analogues, induced hypothermia in rats [154, 155]. The 
thermoregulation effect of A1R is centrally induced [153]. The role of A1R and A2AR in 
regulating metabolism and temperature needs to be investigated using genetic models.  

Adenosine and neurotransmitters 
The effects of adenosine on modulating neurotransmitters are mainly due to activation 
of its A1R and A2AR, which are widely distributed in peripheral and central nervous 
system [3, 156, 157]. The inhibitory effect induced by adenosine on the release of 
neurotransmitters, including noradrenalin [158], acetylcholine [159], dopamine [160], 
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serotonin [160], glutamate [161] and GABA [162], appears to be related to activation 
of A1R. Administration of non-selective adenosine receptor agonist (NECA) combined 
with A1R selective antagonist shows an excitatory effect on neurotransmission (ACh) 
in some areas [163], perhaps indicating that A2 adenosine receptor may be involved in 
the excitatory effect. A selective A2AR agonist (CGS21680) increased overflow of 
excitatory amino acid transmitter from the ischemic rat cerebral cortex [164], further 
confirming the excitatory role of A2AR in neurotransmitter release. On the other hand, 
adenosine had no effect on excitatory neurotransmission in A1R KO mice [102], 
implying a small role of receptors other than A1R. Activation of A2AR with 
CGS21680 enhanced GABA release evoked electrically in rat globus pallidus [165], 
which is expected given the high expression of A2AR in these neurons, but elsewhere  
GABA release is probably minimally affected. 

Both A1R and A2AR are involved in regulation of locomotion. Activation of A1R by the 
agonist (CPA) reduces locomotor activity [166] and inhibits phencyclidine-induced 
hyperlocomotion [167] in rat. Similarly, selective A2AR agonist (CGS21680) also 
depresses locomotor activity [168]. The behavioral effects of caffeine provide more 
evidence of A1R and A2AR being involved in regulation of locomotion [3, 156, 169].  

CAFFEINE 

Caffeine (1,3,7-trimethylxanthine), the most widely consumed stimulant in the world, 
is found in common foods and beverages such as coffee, tea, and chocolate. About 90% 
of men and nonpregnant women in the United States consume caffeine [170]. The 
average consumption of caffeine has been estimated to above 70 mg/person/day in the 
world, and it is even higher than 400 mg/person/day in some countries such as Sweden 
[156]. The plasma concentration of orally consumed caffeine reaches peak level after 
30-60 min and the half life in plasma is about 4 hours in humans [156]. Caffeine 
consumption induces alteration of several physiological functions, such as locomotion, 
sleep and cardiovascular function [2, 156].  

As a competitive antagonist of adenosine receptors [156, 171], caffeine is much more 
potent on A1R, A2AR and A2BR, than on the fourth, the A3 receptor [3]. Since a 
competitive antagonist will have effects only when and where receptors are activated 
by an agonist, it is relevant that the endogenous agonist adenosine is more potent on 
A1R and A2AR than on A2BR. The potency of adenosine as an agonist in addition 
depends on the density of the receptors [2]. The levels of adenosine are low under 
physiological condition (30-300 nM in extracellular fluids [5]), but are sufficient to 
partially activate A1R, A2AR and A3R where the receptors are abundantly expressed. 
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For these reasons caffeine is generally believed to act on A1R and A2AR to exert most 
of its effects, at least when given in lower doses [156].  

Acute caffeine treatment mainly shows a stimulating effect on HR, but typically a 
biphasic effect on body temperature and locomotor activity [156, 172, 173]. The 
stimulatory action can be seen at a low dose of caffeine [3], which is relevant to the 
amount commonly consumed by man, while the depressant effects are observed at high 
dose caffeine administration [174]. Long-term caffeine treatment decreases heart rate 
[175, 176].

Mice in which the A2AR has been deleted respond less or not at all to caffeine with 
regard to locomotion and wakefulness [40, 177-179]. However, the phenotype of the 
A2AR KO mouse is different from that of a caffeine treated mouse. Mice that lack A1R
show little alteration in locomotion and sleep responses to caffeine [177, 178], but A1R
seems to modulate the stimulatory effect of caffeine exerted via A2AR blockade [177].
In doses habitually consumed by humans, caffeine binds to 25-50% of the A1R and 
A2AR [156]. Such blockade, if continued for a long time, may have functional 
consequences similar to those of a reduction in receptor number. Mice with only a 
single copy of the A1R or A2AR gene have approximately half the number of receptors 
[102, 180]. One might therefore hypothesize that mice that have a reduced number 
(rather than a complete elimination) of both A1Rs and A2ARs may show features similar 
to those seen in mice that are treated for a long time with caffeine. This could be 
studied by using the mice we developed. 
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AIMS
1. To identify the physiological role of A1 and A2A adenosine receptors using 

genetically modified mice. In particular  

1.1. To investigate the role of A1 adenosine receptor in myocardial protection. 

1.2. To study the regulation of heart rate by A1 and A2A adenosine receptors.  

1.3. To study how A1 and A2A adenosine receptors regulate locomotor activity.  

1.4. To study the regulation of body temperature and oxygen consumption by A1

and A2A adenosine receptors.  

2. To study the involvement of A1 and A2A adenosine receptors in mediating the effects 

of caffeine. 

2.1. To study the involvement of A1 and A2A adenosine receptors in heart rate 

modulation by caffeine.  

2.2. To study the involvement of A1 and A2A adenosine receptors in locomotor 

activity modulation by caffeine.  

2.3. To study the involvement of A1 and A2A adenosine receptors in body 

temperature and oxygen consumption modulation by caffeine.  
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MATERIAL AND METHODS 

All materials and techniques used in the present thesis are listed in table 2. The details 
are described in the manuscripts included in this thesis. 

Table 2.  Techniques used in this thesis
Methods Paper 

Genetically modified mice I, II, III, IV 

Breeding and genotyping of mice I, II, III, IV 

Langendorff perfusion I, II 

Ischemic preconditioning I 

Real–time PCR I, II, IV 

Telemetry (HR, TEMP, LA) II, III, IV 

Oxymax III 

Myocardial infarct size measurement I 

Open field model (locomotor box) IV 

Isolation of adipocytes IV 

RNA preparation I, II, IV 

cDNA preparation I, II, IV 

Measurement of xanthine using HPLC IV 

Autoradiography IV 

Lipolysis experiment (glycerol measurement) IV 

ANIMALS 
In this thesis, eight different mice genotypes were studied: A1R TG [99], A1R KO 
(Johansson et al. 2001), A1R Hz  (Johansson et al. 2001), A2AR KO [181], A2AR Hz, 
A1R-A2AR dHz, A1R-A2AR dKO, as well as WT mice. All were congenic mice on a 
C57BL/6 genetic background. In some parts of paper II, A1R KO mice and the 
corresponding WT littermates were 129/OlaHsd/C57Bl/6 hybrid mice.  
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The A1R TG mice were generated by injection of A1R cDNA promoter construct into 
the pronuclei of single-cell fertilized mouse embryos, which results in high-level 
expression in the heart of mature animals along with some aortic expression [99]. The 
A1R KO and A1R Hz mice were generated by inactivating the second protein coding 
exon of the mouse A1R gene as described by Johansson [102]. The A2AR KO and A2AR
Hz mice were generated by inactivating exon 2 of the mouse A2AR gene as described 
by Chen [181]. The A1R KO mice were cross-bred to C57BL/6 mice for six 
generations by the Jackson Laboratory using a speed congenic approach, while A2AR
KO mice were backcrossed to C57BL/6 mice for more than 10 generations. DNA 
marker analysis confirmed that >99% of microsatellite DNA markers are from 
C57BL/6 genetic background in both A1R KO and A2AR KO mice. These congenic 
A1R KO and A2AR KO mice were cross-bred to generate A1R-A2AR dHz mice. The 
A1R-A2AR dHz mice were cross-bred to generate all four genotypes from the same 
littermates, i.e. WT, A1R KO, A2AR KO and A1R-A2AR dKO mice.  Genotypes were 
identified by polymerase chain reaction analysis [102, 181, 182] or by Southern 
analysis [99].

All animals were given free access to food and tap water at normal ambient 
temperature and light/dark cycle (12 hours/12 hours), as described more detail in the 
papers. All experimental protocols were approved by ethical committees.

DETERMINATION OF EXPRESSION AND FUNCTION OF ADENOSINE 
RECEPTORS 
Since antibodies to adenosine receptors are unreliable and receptor binding requires 
high densities of receptor, we mainly used real-time PCR to determine the mRNA 
level of adenosine receptors, as described in paper I, II and IV. To detect the 
distribution of adenosine receptors, autoradiographic receptor binding assay was 
performed in paper IV. Lipolysis experiment in adipocytes shows the function of 
adenosine receptors and reflects the density of the receptors.   

CARDIAC PROTECTION AND TOLERANCE TO ISCHEMIA-REPERFUSION
INJURY (PAPER I) 
To determine the role of A1R in cardiac protection and tolerance to ischemia-
reperfusion injury, we performed ischemic preconditioning in vivo and in isolated 
perfused hearts in a Langendorff system. In vivo ischemic preconditioning is evoked 
by brief episode of occlusion and reperfusion of the left anterior descending coronary 
artery for three cycles. Infarct size was evaluated by staining with triphenyltetrazolium 
chloride (TTC) and Evans blue. Using isolated perfused hearts, the tolerance to global 
30/60 min ischemia/reperfusion was studied. Left ventricular developed pressures and 
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end diastolic pressure, both of which can be measured easily in isolated perfused heart 
in the Langendorff system, reflect heart function.  

THE TELEMETRY SYSTEM (PAPER II, III AND IV) 
Mice were kept under normal conditions with a 12-h light, 12-h dark cycle. As 
previously described by Johansson & Thorén [183], the telemetry system consists of 
implantable transmitters (TA10ETA-F20), telemetric receivers (RA1010 or DSI 
PhysioTel® Receivers-RPC-1 Model), a consolidation matrix (BCM100 or Data 
exchange MatrixTM) and eight universal adapters (UA 10 PC). The computer program 
pc-lab v.5.1 (or Data Quest A.R.TTM Gold Acquisition V3.10) sampled calibrated 
values of heart rate and body temperature as well as non-calibrated locomotor activity
counts. The transmitter was implanted into the peritoneal cavity. The leads were 
placed in a lead II position with the cathode at the right shoulder and the anode on the 
animal's left-hand side just below the rib cage. The transmitter and leads were sutured 
to secure placement. After the implantation, 5% Xylocain salve (AstraZeneca, 
Södertälje, Sweden) and Temgesic (0.3 mg/kg, Schering-Plough Europe, Brussels, 
Belgium) were used for pain relief. Mice were allowed to recover for at least 7 days 
before the recordings of each individual mouse were started. Each animal was kept in 
its own cage. 

STUDY OF HEART RATE USING TELEMETRY AND LANGENDORFF 
SYSTEM
In the present thesis, by using the telemetry system (paper II, III and IV), we got 
direct and continuous recording of heart rate for a long period. As the transmitter is 
relatively small, the situation is close to intact condition after the mice recovered 
from surgery and adapted to the implantation of transmitters. The mice were housed 
in the environment they were used to. The heart rate data from telemetry are 
relatively uninfluenced by uncontrolled factors, so that the data are close to the real 
values. The advantages were described in previous studies [183, 184]. The heart rate 
data from Langendorff system (paper I and II) were recorded only for a few hours but 
reflected modulation of the heart itself, especially as they were not influenced by 
nervous activity. 

BEHAVIORAL STUDIES IN AN OPEN FIELD (PAPER IV) AND TELEMETRY 
SYSTEM
In some experiments activity was analyzed by recording the LA in a square open field 
arena (500  500  225 mm), enclosed in a solid and sound-attenuating box 
(Kungsbacka Mät och Reglerteknik AB, Fjärås, Sweden) [185]. Using the locomotor 
box, horizontal activity, locomotion, rearing activity, and forward locomotion were 
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recorded. Compared to the telemetry system, the locomotor box is more sensitive and 
accurate in activity recording. Although the animals were allowed a period of 30-45 
min in the locomotor box prior to the recording, the influence of a new environment 
and the challenges of being without water and food could not be ignored. In addition, 
the stress of being handled by operators and the stress of light alteration (moving the 
mice into a dark box in daytime) should be considered. The telemetry system allowed 
us to study the mice under more normal conditions. However, telemetry is less sensitive 
than the locomotor box and does not distinguish between vertical and horizontal 
movement since it can only record the alteration of signal strength from the transmitter. 

OTHER PARAMETERS STUDIED IN THIS THESIS 
The body temperature (paper II, III and IV) and oxygen consumption (paper II) 
reflect metabolism. The study of xanthine level in the brain provided an index for the 
dose of caffeine administration so that we could mimic a caffeine dose daily consumed 
by human in a mouse model (paper IV).
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RESULTS AND DISCUSSION 

ADENOSINE RECEPTOR EXPRESSION (PAPER I, II AND IV) 

Determination of mRNA level by real time PCR (Paper I, II and IV) 
We first examined the expression of adenosine receptor mRNA by real-time RT-PCR 
(Paper I, II and IV). All four adenosine receptors are present in the WT mouse heart, 
and expression of A1R and A2AR mRNA is much higher than that of A2BR and A3R.
Compared with WT controls, A1R mRNA in hearts from A1R Hz mice was reduced 
and A1R mRNA in hearts from A1R TG mice was significantly increased. Importantly, 
there were no adaptive changes in any of the other adenosine receptors when the A1R
and/or A2AR were knocked out or down, which are consistent with previous studies 
[40, 102, 147, 186]. The present results suggest that A1R and A2AR may play unique 
roles which are not compensated for by the other adenosine receptors.  

Expression of A1R and A2AR determined by autoradiography (Paper IV) 
To further determine the expression of A1R and A2AR we used receptor 
autoradiography in WT, A1R KO, A2AR KO, A1R Hz, A2AR Hz, and A1R-A2AR dHz 
mouse brain. We found that heterozygous mice (including A1R-A2AR dHz mice) with 
only one copy of the receptor gene had reduced density (about half) of the receptors. 
The expression of A1R in A1R Hz mice was reduced to half. The A1R binding could not 
be observed in A1R KO mice. There is no alteration of A1R binding in A2AR KO mice 
and A2AR Hz mice. The A2AR binding is similar in A1R KO mice, A1R Hz mice and 
WT mice. The results indicate that elimination of one or both copies of the A1R and/or 
A2AR gene does not induce a compensatory adaptation of the other. This study was 
readily performed in brain where expression is high, but could not be performed in the 
heart.

The dose response curve of lipolysis in adipocytes from A1R-A2AR dHz 
mice (Paper IV) 
Studies of lipolysis in adipocytes from A1R-A2AR dHz mice showed a 2.5-fold right 
shift of the dose response curve, which is consistent with previous observations [102, 
147]. Treatment with 30 and 100 μM caffeine induced a 3- and 8-fold shift 
respectively, which well agrees with a previous study [187]. 

A1R PLAYS VERY IMPORTANT ROLE IN CARDIAC PROTECTION (PAPER 
I)

In this study, we showed that ischemic preconditioning, which protected WT hearts, 
did not evoke cardioprotection in A1R KO mice. Furthermore, protection induced by 
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ischemic preconditioning is A1R gene dose-dependent: in preconditioned mice hearts, 
the infarct size (induced by long term ischemia and reperfusion shown as percentage 
of risk area) was 63 ± 2% in A1R KO, 48 ± 4% in A1R Hz, 35 ± 3% in WT and 24 ± 
2% in A1R TG (see Fig 2). These data suggest A1R plays a crucial role in the 
protective afforded by ischemic preconditioning. Additionally, the tolerance to 
ischemia/reperfusion injury is also A1R gene dose-dependent: In non-preconditioned 
mice hearts, the infarct size (induced by long term ischemia and reperfusion shown as 
percentage of risk area) was 61 ± 2% in A1R KO, 60 ± 4% in A1R Hz, 58 ± 3% in WT 
and 39 ± 4% in A1R TG  (see Fig 2). This was further confirmed by Langendorff 
perfusion of isolated mice hearts. Functional recovery after 30 min of ischemia and 
60 min of reperfusion was significantly reduced in A1R KO hearts, compared with 
WT control. At the end of reperfusion, LVDP was 34 ± 3 mmHg in WT hearts 
compared with 17 ± 5 mmHg in A1R KO hearts; LVEDP was 37 ± 8 mmHg in WT 
hearts compared with 59 ± 5 mmHg in A1R KO hearts, which is consistent with 
Reichelt’s findings [36]. These data indicate that A1R increases the cardiac tolerance 
to ischemia via both reduction of infarct size and improvement of functional 
recovery; and therefore confirm the many pharmacological studies indicating a role 
for A1R.

Fig 2. Infarct size was reduced by PC in WT, A1R Hz and A1R TG mice but did not decrease in A1R KO mice. 
Modified from [188]. PC, ischemic preconditioning; A1R KO, A1 adenosine receptor knockout mice; A1R TG, 
transgenic mice with overexpression of A1 adenosine receptor; WT, wild type mice A1R Hz, A1 adenosine 
receptor heterozygous mice. * comparison between two groups in same strain by t-test, p<0.05; # compared to 
WT, A1R Hz, A1R KO and A1R KO+PC by ANOVA.

Genetic modification of mice, which alter adenosine receptor expression, is a good 
model to investigate the role of adenosine receptors in cardiac protection. Genetic 
overexpression of A1R in mice increased ischemic tolerance in vitro [99, 100], while  
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genetic deletion of A1R reduced ischemic tolerance or meant that the mouse hearts 
could not be protected by preconditioning [36, 103-105]. These studies mainly used the 
in vitro model of isolated perfused hearts, demonstrating an intrinsic role of A1R for 
cardiac protection.     

In accordance with findings above, our study shows that mouse heart without A1R
could not be preconditioned against ischemia/reperfusion injury. However, a recent in 
vivo study performed by Eckle et al. demonstrated that the mouse heart lacking A1R
could be protected by ischemic preconditioning [189]. They further reported that hearts 
of A2BR KO mice could not be preconditioned. The reason for the discrepancy between 
those and the present findings is not clear. Comparing these two studies, we find the 
protocols of ischemic preconditioning are not exactly the same, which may explain at 
least some parts of the difference. Preconditioning was evoked by three cycles of 5 min 
ischemia/reperfusion in our study, and by four cycles in their study. As reported by 
Eckle et al previously [190], four cycles of preconditioning reduces infarct size much 
more than three cycles, indicating that different preconditioning protocols evoked 
activation of different adenosine receptors (or influenced other factors). Perhaps three 
cycles PC is not sufficient to induce activation of A2BR in our study. As reported in 
Paper II, the mRNA expression of A1R is about 100-fold higher than that of A2BR,
which may lead to different thresholds of A1R and A2BR activation by preconditioning. 
In Eckle’s study [189], the reduction of infarct size induced by ischemic 
preconditioning in A1R KO hearts is much smaller than in WT hearts. This indicates 
the A1R is still involved in ischemic preconditioning.  

Taken together, the data suggest that both A1R and A2BR are involved in ischemic 
preconditioning. The role of the two receptors in ischemic preconditioning, at least 
partly, depends on protocols. Perhaps the effect of A2BR is best seen if sufficient time is 
allowed to increase the A2BR expression by hypoxia/ischemia. 

PHYSIOLOGICAL ROLES OF A1R AND A2AR (PAPER I, II, III, IV) 
When discussing the physiological roles of A1R and A2AR, we should keep in mind that 
the modulatory effects of A1R and A2AR on HR, TEMP, LA and O2C differ in a time- 
and sex-dependent manner. Thus, HR, TEMP and LA show marked diurnal variation. 
During dark (night) time HR, TEMP and LA were much higher than in light (day) time. 
Furthermore, females have higher HR, TEMP, LA and O2C than males in all 
genotypes.

Most of the variability was examined over a 5-day period and averaged because the 
estrous cycle in mice is generally 4–5 days. Thus, our studies diminish any influence 
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of the estrous cycle. If there are estrus-dependent differences, the variability in 
females would be larger than that in males. However, such an increased variability 
was not observed in the females. Hence our data do not support a major role of 
differences in the estrous cycle on the parameters studied here. 

Regulation of heart rate by A1R or A2AR
As mentioned above, the mRNA levels of A1R and A2AR are about 100-fold higher 
than those of A2BR and A3R, and the affinity of adenosine to A1R and A2AR is at least 
as high as to A2BR and A3R [3]. The A1R and A2AR are widely distributed in the 
cardiovascular system and nervous system, including both the peripheral and central 
nervous system [3, 156, 157, 191], and brain stem cardiovascular control centers [32, 
192, 193]. Since the potency of adenosine as an agonist to its receptors depends on the 
density and affinity of the receptors, the possibility exists that adenosine regulates HR 
via actions on intracardiac A1R and A2AR [2, 3]. Adenosine, via activation of A1R and 
A2AR, modulates the release of neurotransmitters including noradrenalin and 
acetylcholine from sympathetic and parasympathetic neurons [48, 194], and regulates 
firing and directly influences cardiovascular control centers in CNS [30, 32]. 

It is clearly shown in our studies that both A1R and A2AR are involved in HR regulation 
already under physiological conditions. The studies, using conscious and freely moving 
mice in the telemetry system, show that A1R KO mice had higher HR than WT mice in 
males and that A1R-A2AR dKO mice had higher HR than A2AR KO mice in both 
females and males, indicating that endogenous adenosine, via the activation of A1R,
lowered HR under physiological conditions. Furthermore, when using isolated perfused 
mouse hearts in the Langendorff system, we noted that A1R KO hearts had higher HR 
than WT hearts in males, showing the role of A1R in HR regulation in vitro. It is well 
demonstrated that activation of the A1R decreases HR by slowing AV nodal conduction 
[193, 195], and adenosine has been used to treat supraventricular tachyarrhythmia in 
clinical trials [34, 35]. Overexpressing A1R in mice slowed HR both under normal 
activity and during and following exercise [23]. In addition, a non-selective adenosine 
analogue (R-PIA) induces a dose-dependent reduction of HR, as shown in Paper II. 

Previously, increased HR has not been observed in the A1R KO mice [196, 197] and 
we also got similar results in Paper I. However, when HR of the female and male 
mice was examined separately, the HR difference between genotypes was obvious, 
especially for A1R KO mice. This potentially suggests an interesting sex difference in 
A1R function of HR regulation. It may be related to the higher HR in females, but the 
exact reason for the sex difference remains to be explored in future studies. 
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In this set of studies, we also found that HR of A2AR KO mice is significantly lower 
than that of WT mice and HR of A1R-A2AR dKO mice is much lower than that of A1R
KO mice, suggesting that activation of A2AR by endogenous adenosine increases HR. 
Although HR could not be influenced by a selective A2AR agonist in isolated hearts 
[37], selective A2AR agonists are able to increase HR in vivo, probably due to reflex 
activation secondary to the reduction of blood pressure [39-43].

Apparently, our data show a cross-talk between A1R and A2AR in HR modulation, in 
which A2AR mediate a positive effect and A1R a negative effect on heart rate. It is 
interesting that A1R-A2AR dKO and A1R-A2AR dHz mice had lower HR than WT mice. 
This suggests that under physiological conditions the stimulatory effect of A2AR is 
larger than the inhibitory one of A1R on HR.

A1R and A2AR may regulate heart rate directly, via intrinsic actions on the heart, or 
indirectly, via autonomic vasomotor control. In order to determine the site of action, a 
single dose of an unselective -blocker (timolol, 1 mg/kg) was used for intraperitoneal 
injection.

We found that the administration of timolol completely abolished the HR difference 
between adenosine receptor knockout mice and WT mice, indicating that the 
endogenous adenosine that regulates HR under physiological conditions is acting via 
A1R and A2AR mainly outside the heart, probably by involvement of nervous system. 
However, in our first study (Paper II), we did not find any difference in the ability of 
timolol to reduce heart rate difference in female WT and A1R KO mice. We argued 
that there were no differences in the sympathetic tone depending on genotype. 
Moreover we found a small, but significant, difference in HR between WT and A1R
KO Langendorff perfused hearts. It was argued that this indicated a small role of A1R
also in local regulation. This local effect is minor, and may be restricted to male mice. 
We also tentatively conclude that it is particularly the A2AR-mediated effects on HR 
that are due to altered tone of the nervous input to the heart.

Involvement of A1R and A2AR in mediating heart rate effect of caffeine  
Injection of caffeine at low dose (7.5 or 30 mg/kg) increased HR. This effect is less 
pronounced in A1R KO mice (paper II). We did not observe any clear-cut differences in 
the other examined genotypes treated with low dose caffeine (Paper III and IV). The 
stimulatory effect of caffeine on HR, which is consistent with previous studies [156, 
172, 173], is reduced in mice lacking A1R and eliminated in mice lacking A2AR,
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suggesting both A1R and A2AR contribute to HR stimulation by caffeine, and that 
A2ARs are more critically important than A1R. Interestingly, the stimulatory effect of 
caffeine on HR is not observed in A1R-A2AR dHz. They show a tolerance to caffeine, 
probably since double heterozygosity for A1R and A2AR mimics long-term caffeine 
treatment in some aspects (more below). At the highest dose (75 mg/kg) we studied, 
caffeine decreased HR in both WT and A1R KO mice (Paper II). The depressant effect 
of high dose caffeine on HR is also shown in mice with the other genotypes (our 
preliminary studies) and the reduction of HR rate is not different among the genotypes. 
This clearly indicates that the depressant effect of caffeine is A1R and A2AR
independent. 

The baseline HR of A1R-A2AR dHz mice was lower than that of WT (Paper IV). The 
dose of caffeine used for long-term treatment (0.3 g/L) in this study mimicked the dose 
commonly consumed by man, which mainly influences A1R and A2AR [3, 156, 171]. 
Long-term oral ingestion of caffeine decreased HR in WT mice (Paper IV), which is 
consistent with previous findings in humans [175, 176]. Long-term caffeine treatment 
did not affect HR in A1R-A2AR dHz mice. Taken together, double heterozygosity for 
A1R and A2AR mimics the depressant effect on HR induced by long-term caffeine 
ingestion, and the data are also consistent with the idea that the caffeine effect is largely 
secondary to altered autonomic nervous system activation and apparently due to partial 
blockade of A1Rs and A2ARs, therefore altering the sympathetic tone [198]. 

Regulation of locomotor activity by A1R or A2AR and caffeine effect  
The relative roles of different adenosine receptors in regulating the LA effect of 
caffeine are still controversial. Our LA data were obtained mainly from the telemetry 
system. We found LA was slightly higher in female (but not male) A1R KO mice than 
in their WT controls, but the effect was minor, which is consistent with previous studies 
on A1R KO mice [177, 178, 199, 200]. A2AR KO mice had lower LA than their WT 
controls, implying that activation of A2AR induces a stimulatory effect on LA. The 
depressive effect on LA in A2AR KO mice was consistent with previous findings 
obtained using the same strain of A2AR KO mice [201] and another strain of A2AR KO 
mice [202] in locomotor box. Moreover, we did not observe any clear LA difference 
between A2AR KO and A1R-A2AR dKO mice. Taken together, these observations 
suggest that A2AR may play more important roles than A1R in regulating LA.  

In our studies, LA in A1R-A2AR dKO mice is much lower than in WT mice, which is in 
apparent contrast with the findings that blockade of A1R and A2AR by selective 
antagonists increased locomotor activities in rats [203] and mice [202]. Furthermore, 
caffeine, a competitive antagonist to A1R and A2AR, induces a stimulatory effect on LA 
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[156, 179], which A2AR is the main contributor. However, low LA was shown in A2AR
KO mice as mentioned above. Two possibilities could contribute to the explanation: 1) 
the difference between acute blockade and life-long deletion of a receptor; 2) the 
difference between completely lacking the receptor and partially blocking it by a 
competitive antagonist. We test the second of those. 

Deleting one of the copies of both the A1R and A2AR genes increased activity in awake, 
habituated mice in the locomotor box. This increased LA is also shown in long-term 
caffeine-treated WT mice. In the studies using locomotor box, there was a marked 
increase in LA when the mice were placed in the box despite two prior habituation 
episodes. This effect may be related to the transfer of mice from light cages to the dark 
locomotor box and may be similar to our observation in telemetry system that LA 
increases dramatically when the light is turning off. According to our studies, the LA 
data obtained from the locomotor box and the telemetry system are quite similar or 
show the same tendency, though the sensitivity of the measuring systems to LA is 
different and each system has its advantages and limitations as discussed above.

In our study, acute or chronic administration of caffeine increased brain caffeine levels, 
and the levels of theophylline and paraxanthine (caffeine metabolites) to a similar 
extent regardless of the genotypes. Thus any difference we observed in caffeine effect 
between genotypes cannot be accounted for by altered disposition or metabolism. 
Caffeine levels in brain were much higher than the levels of its metabolites at the time 
point investigated. 

A dose-dependent stimulatory effect on locomotion was induced by acute 
administration of caffeine in WT mice, which was markedly reduced in the other 
genotypes and eliminated in mice lacking A2AR. In A1R KO mice, chronic caffeine 
ingestion increased LA, which was mainly observed in night-time in both sexes. The 
increased LA, induced by long-term caffeine ingestion, was also seen in male WT mice 
but not in females. In addition, after long-term caffeine treatment there was a slight 
increase of LA in male A1-A2AR dKO mice, but not in females. In A2AR KO mice, 
there was no difference of LA after caffeine ingestion compared to before caffeine 
ingestion. These results indicated that both acute caffeine injection and chronic caffeine 
ingestion increased LA, and that this is more dependent on A2AR than A1R. It is clearly 
demonstrated that caffeine has biphasic effects: stimulatory effect at low doses and 
inhibitory effects at higher [156]. In a study of A2AR KO mice, A2AR was critical to the 
stimulatory effect of caffeine on activity [179], and the authors suggested that the 
blockade of A1R contributes to the remaining depressant effect. However, 
administration of caffeine to A1R KO mice also induced the depressant effect [177].  
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A decreasing effect after successive administration of a drug is termed tolerance, and 
this has been shown previously for caffeine [156, 204-206]. Following long-term 
caffeine treatment, the stimulatory effect of caffeine injection on LA was reduced. 
Similarly, the motor-stimulatory effect of injection of caffeine to A1R-A2AR dHz 
mice was much reduced compared to WT mice. In this respect, A1R-A2AR dHz mice 
could, at least partly, mimic the effect of long-term caffeine treatment. This suggests 
that the tolerance to caffeine induced by long-term treatment is A1R and A2AR
dependent to some extent.  

Temperature regulation by A1R and A2AR and the caffeine effect
It was reported that administration of adenosine [207] and adenosine receptor agonists 
[208, 209] could induce profound hypothermia, indicating the involvement of 
adenosine receptors in the regulation of body temperature. We find the effect is lost in 
A1R KO mice (Paper II). 

We found the TEMP of female A1R KO mice to be slightly higher than in female WT 
mice, but the difference in male A1R KO mice was not statistically significant although 
there was a tendency for an increase (Paper III). We conclude that A1R is involved in 
physiological regulation of body temperature but that its role is modest. Adenosine 
receptor antagonists, especially the A1R selective (DPCPX), increase TEMP [192] and 
improve tolerance to low temperature [207]. Thus, pharmacological studies further 
demonstrate the role of A1R in modulating TEMP. 

The role of A2AR in the regulation of TEMP is less clear. An early study showed that a 
selective A2 receptor agonist did not affect TEMP [209], but another study [155] 
suggested effects of both A1R and A2AR (albeit via different mechanisms). We now 
know that the selectivity of agonists at that time was not very high. Recently, it was 
reported that a selective A2AR agonist decreased TEMP in rat [154]. In the present 
study (paper III), we found that A2AR appeared to be involved in TEMP regulation in a 
sex-dependent manner. Female A2AR KO mice had higher TEMP than WT mice, while 
TEMP of male A2AR KO mice was lower than that of WT mice, and this difference 
was particularly obvious in daytime. Although there is no clear explanation for this 
observation, the sex-dependent TEMP regulation by A2AR is due to neither difference 
in activity nor differences in metabolic rate as judged by oxygen consumption. 
Moreover, it is not due to estrous cycle either, as the data were averaged as described 
above and the variability in males and females was similar. 

In our studies, long-term caffeine ingestion did not induce any major alteration of 
TEMP, which is consistent with previous observations [210].  
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Biphasic effects of caffeine by acute administration have been demonstrated 
previously: stimulation at low doses and inhibitory effects at higher [156]. In our 
studies (mainly in Paper III), caffeine injection at the lowest dose (7.5 mg/kg) caused a 
small temperature increase. A higher dose of caffeine (30 mg/kg) had little effect on 
body temperature in WT mice, but a decrease was seen in the other genotypes. This 
indicates a biphasic effect of caffeine on temperature. It has been reported that a dose-
dependent fall of body temperature in mice is caused by giving caffeine [211]. The 
authors suggested that adenosine receptors might be involved based on the relative 
potency of a series of xanthine derivatives. The highest dose of caffeine (75 mg/kg) 
induces a dramatic fall of body temperature in WT, A1R KO (paper II) and the other 
genotypes (preliminary data). This indicated that this dramatic depressant effect of a 
high dose of caffeine is not due to a primary action on A1R or A2AR as it was more 
pronounced in the mice lacking A1R or A2AR.

Regulation of oxygen consumption by A1R and A2AR and the effects of 
caffeine
Physiological oxygen demand of male A2AR KO and A1R-A2AR dKO mice is lower 
than that of WT mice, which is consistent with their lower LA. There was no difference 
in oxygen demand among the females. Chronic caffeine ingestion significantly 
increased oxygen consumption in WT mice. Long-term caffeine treatment did not alter 
the oxygen demand in the mice lacking A1R and/or A2AR except male A2AR KO mice. 
Taken in combination with LA and TEMP data, this suggests that oxygen demand is 
not always consistent with LA and TEMP and that the regulation of oxygen demand via 
adenosine receptors is also sex-dependent. However, more extensive studies on 
regulation of metabolism, especially the central control, are clearly warranted. 
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GENERAL DISCUSSION 
Adenosine is found everywhere in the body. Since its physiological roles were 
described almost 80 years ago [1] and subsequently the identification of its receptors 
[12-17], more and more attention has been focused on the roles of adenosine and 
adenosine receptors [2-5, 151, 212]. Endogenous adenosine does not act on targets 
other than the adenosine receptors. The potency of adenosine as an agonist depends on 
its levels (concentrations) and the density of the receptors [2]. Under physiological 
condition, the levels of extracellular endogenous adenosine are about 30-300 nM [5], 
which is sufficient to activate A1R, A2AR and A3R partially [2]. Under some 
pathophysiological conditions e.g. ischemia, the level of extracellular adenosine can be 
dramatically increased up to 10 μM or even more [5], which activates all four 
adenosine receptors [2]. The focus of the present study was to examine roles of 
endogenous adenosine, both pathophysiological and physiological roles, using mice 
with targeted receptor deletions. 

LITTLE COMPENSATORY ADAPTATION IN A1R AND/OR A2AR KO MICE 

In order to clarify the roles of A1R and A2AR using genetically modified mice, it is first 
of all necessary to demonstrate if there is any compensatory adaptation of the other 
adenosine receptors in these mice with modified A1R and/or A2AR genes, because the 
compensatory phenomena can complicate interpretation of results and have been 
previously reported in other knockout mice [213] and reviewed [214, 215]. To this end, 
a series of experiments has been performed in our laboratory. In our studies, knockout 
of the A1R gene does not alter the mRNA expression of the other three adenosine 
receptors in mouse heart (Paper II) or skeletal muscle [216] as evaluated by real time 
PCR, and further confirmed in hearts and adipose tissue using microarray analysis 
[147]. These findings are consistent with a previous study [104]. Deleting one copy of 
both A1R and A2AR genes does not alter expression of the other two adenosine 
receptors at mRNA level in brain either, as shown in Paper IV. These results indicate 
that genetic knock-out or knock-down of A1R and/or A2AR genes has no compensatory 
effect on the other adenosine receptors. Further evidence, provided by receptor
autoradiography, shows that the expression levels of A1R and A2AR in mice of different 
genotypes (WT, A1R KO, A2AR KO, A1R Hz, A2AR Hz and A1R-A2AR dHz) are not 
changed in brain. Thus, there is no evidence showing compensatory effect on the other 
adenosine receptors after knockout or knockdown of A1R and/or A2AR in the mice 
studied in this thesis.  

Adenosine receptors are coupled to G-proteins. We also examined if there were any 
compensatory effects on G-proteins. From our microarray studies, we found that the 
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mRNA for Gi 1 and Gi 2 in A1R KO mice was significantly up-regulated in adipose 
tissue and heart, respectively, compared to WT mice [147]. However, this upregulation 
could not be found at protein level using western blot [147]. In addition, although 
microarray analysis showed altered expression of several genes related to lipid 
metabolism in adipose tissue from A1R KO mice compared to WT mice, the alterations 
could not be confirmed by subsequent real-time PCR [147]. Furthermore, removal of 
antilipolytic adenosine A1R did not induce enhanced activity via antilipolytic 
prostaglandin, nicotinic acid or insulin receptors [216].  

Taken together, there are few compensatory effects in the mice with targeted deletions 
of A1R and/or A2AR genes. These observations suggest that the physiological roles of 
A1R and A2AR are small but non-redundant under normal conditions. Moreover, the 
relative lack of adaptive responses is good news for attempts to study physiology in 
adenosine receptor KO mice.  

PATHOPHYSIOLOGICAL ROLE OF A1R IN CARDIAC ISCHEMIA 

Adenosine has been seen as an endogenous danger signal that plays important 
pathophysiological regulatory roles that serve to limit tissue damage and increase repair 
[2]. These actions include reduction of tissue energy demand and enhancement of 
energy supply, increased angiogenesis, induction of preconditioning and alterations of 
several functions of immune competent cells [2]. Here we have only examined one 
aspect of this, namely the role of A1R in cardiac ischemia. 

Pharmacological studies using selective adenosine receptor agonists show protection of 
heart, liver and brain against ischemia/reperfusion injury [66, 217-223]. In isolated 
perfused hearts, the ischemic tolerance is significantly reduced in A1R KO mice as 
shown in this thesis and others studies [36, 104], consistent with the findings obtained 
with pharmacological tools. Selective A2AR agonists induce cardioprotection in an in 
situ model [107] and in an isolated perfused heart model [108, 109], and 
cardioprotection was attenuated by a selective A2AR antagonist [107]. However, in 
cultured cardiomyocytes, activation of A2AR has little cardioprotective effect [110] and 
attenuated cardioprotection induced by ischemic preconditioning [111]. Recently, it 
was demonstrated that the cardioprotection afforded by activation of A2AR is due to its 
anti-inflammatory effects [109]. Evidence provided by isolated heart perfusion shows 
that ischemia/reperfusion increased mRNA expression of A2BR [104]. Moreover, A2BR
KO mice hearts could not be protected against ischemia/reperfusion injury by ischemic 
preconditioning in vivo [189]. This implies the involvement not only of A1R but also of 
the other adenosine receptors in ischemic preconditioning. Further studies are needed to 
determine which receptors are most important under which circumstances.  
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In addition, the protection against ischemia/reperfusion injury can be evoked by many 
factors (triggers and mediators) and many different protocols of preconditioning [224-
229]. This may imply that several parallel mechanisms are involved in the protection 
afforded, which may vary with laboratory (animal stables), species, and age just to 
mention some of the possible variables. Genetic backgrounds also influence the 
modulation of ischemic tolerance and preconditioning effect [225, 230]. As multiple 
factors could have impact on the preconditioning effect, the control of experimental 
observations is complicated. In order to find out the role of each adenosine receptor (or 
other factors) in cardioprotective effect, further studies are needed before clinically 
relevant conclusions can be drawn. 

A lethal arrhythmia, ventricular fibrillation, is one of the major causes of sudden death. 
During the course of ventricular fibrillation, the levels of adenosine in myocardial 
effluent are significantly increased  in a dog model in vivo [231]. The incidence of 
ventricular fibrillation induced by hypoxia-reoxygenation  was up to 100% in the 
presence of A2 adenosine receptor antagonist (DMPX 10 M) and adenosine (10 M)
in the rabbit isolated perfused heart [232, 233]. This profibrillatory effect could be 
attenuated by A1R antagonist (DPCPX 0.1 M). In contrast, pretreatment with non-
selective adenosine receptor agonist (R-PIA) significantly reduced the incidence of 
ventricular fibrillation induced by isoproterenol ( -adrenergic agonist) in an isolated 
low-flow perfused rat heart model [234]. This antiarrythmic effect could be 
attenuated by the presence of DPCPX (0.1 M) [234]. Recently, a study showed that 
A1R antagonist (DTI-0017) accelerates the decay in ventricular fibrillation waveform 
during sudden cardiac arrest in a swine model of prolonged ventricular fibrillation 
[235]. The involvement of A1R in the course of ventricular fibrillation is not clear. A 
previous report shows the mortality of A1R KO mice is higher than WT mice [199]. 
Furthermore, unexpected sudden death of A1R KO mice without any sign of illness 
has been observed repeatedly, but is rarely observed in WT mice in our mouse 
breeding (Johansson et al. unpublished data). This sudden death could be due to lethal 
arrhythmia (ventricular fibrillation). Although there is no direct evidence showing an 
arrhythmic effect of A1R deletion, our preliminary studies using the isolated perfused 
mouse heart model show that pacing-induced ventricular fibrillation was observed 
more easily in A1R KO mice than in WT mice. Together with previous findings, it is 
reasonable to hypothesize that targeted deletion of A1R increases the likelihood of 
ventricular fibrillation incidence. The mice lacking A1R may become a good model for 
studying the mechanism of lethal arrhythmias (ventricular fibrillation) and sudden 
death. This may provide further information of clinical relevance. 
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PHYSIOLOGICAL ROLE OF ENDOGENOUS ADENOSINE 

Besides the pathophysiological roles of adenosine there is evidence that adenosine can 
also be physiologically important. Thus, it is known that A1R regulate physiological 
kidney functions and are essential for feedback [197, 236], and that they control 
lipolysis [147]. A2AR controls striatal functions and thereby vigilance and motor 
behavior [237]. Here we show that both receptors regulate heart rate, body temperature 
and activity. Previous studies from our laboratory [102] and others [196, 197] 
suggested that deletion of A1R does not affect HR. Deletion of A2AR induces a 
decreased HR compared to WT mice in our study. However, a previous study [181] did 
not observe this difference, which may be due to the difference of the mice’ genetic 
background and the experimental protocol. Another study [238], using isolated mouse 
hearts in Langendorff system, found no difference in HR between A2AR KO and WT 
mice. This is in accordance with our finding that A2AR regulates HR through the 
alteration of sympathetic tone. Probably the most important difference between these 
studies and the previous ones is that we examined both sexes separately and found a 
major sex-dependent HR difference between A1R KO mice and WT mice in the present 
studies. Thus, we found that sex differences are larger than genotype differences and 
tend to mask them.

Both A1R and A2AR contribute to body temperature modulation under normal 
condition. A1R KO mice have slightly higher body temperature than WT mice, which 
is consistent with previous studies using A1R agonist [209] and antagonist [192]. The 
body temperature data of A2AR KO mice from our studies indicate that the body 
temperature modulation by A2AR is sex-dependent. Indeed, one of our most remarkable 
findings was that the temperature effects of A2AR appear to be not only quantitatively, 
but even qualitatively, different between sexes. Again, the mechanism is not clear and it 
would be important to pursue this further.  It is known that there are important 
connections between regulation of body temperature and regulation of 
sleep/wakefulness. Given the known involvement of A1R and A2AR in 
sleep/wakefulness, and the known interrelationship between wakefulness and 
temperature regulation, further studies of the regulation of temperature might provide 
fundamental clues about the roles of AR in fundamental hypothalamic homeostatic 
mechanisms.  

LA is also modulated by A1R and A2AR, as shown in this thesis. Slightly increased LA 
is observed in female A1R KO mice (not males), while the A2AR KO mice have higher 
LA compared to the WT controls. These data are consistent with previous findings 
[177, 199-202]. Interestingly, A1R-A2AR dKO mice have much lower LA than the WT 
mice, indicating that A2AR may play more important roles than A1R in LA regulation 
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under physiological conditions. Although some phenotype aspects of A1R and/or A2AR
KO mice have been demonstrated in this thesis work, more investigations need to be 
performed to further clarify the phenotypic alterations in unstressed mice.  

BLOCKADE OF A1R AND IN PARTICULAR A2AR MEDIATE CAFFEINE 
EFFECTS 

The many effects of caffeine on the nervous system, cardiovascular system, and 
respiratory system are believed to be due to competitive blockade of A1R and A2AR [2, 
3]. The present thesis provides support for this contention, but also shows that caffeine 
exerts some effects that are independent of such receptor blockade.  

Besides affecting HR, administration of caffeine also modulates blood pressure [239]. 
It was well demonstrated that acute caffeine intake (200-250 mg) in normotensive 
subjects increases blood pressure, including both systolic and diastolic pressure [204, 
240, 241]. The elevation of blood pressure may be due to increased peripheral vascular 
resistance [204, 242, 243], and this may be secondary to increased concentration of 
catecholamine in plasma [244-246]. However this increase in catecholamine was not 
observed in all studies [247-249]. Since the A2AR KO mice have an increase of blood 
pressure [40], this stimulatory effect of caffeine on blood pressure could be partly due 
to the blockade of A2AR. However the exact mechanism needs to be further 
investigated. Acute administration of caffeine also alters the arterial stiffness [241, 250, 
251], as demonstrated by an increased aortic pulse wave velocity [241]. The 
mechanism is not clear yet. Perhaps the antagonism of A1R and A2AR by caffeine could 
contribute to the alteration of the stiffness.  

In some studies, chronic caffeine consumption slightly increased blood pressure in 
habitual consumers [252, 253]. However, in other studies long-term caffeine treatment 
failed to alter blood pressure [254, 255]. Moderate coffee drinkers (<300 ml/day) have 
low relative risk of developing acute coronary events [256] but heavy drinkers (>700 
ml daily) have high relative risk of first myocardial infarction in a case-control study 
[257]. Interestingly, an epidemiological study [258] shows occasional coffee consumers 
(not more than 1 cup/day) have very high relative risk of myocardial infarction. With 
the coffee dose increasing, the risk is decreased. Furthermore, caffeinated coffee 
abolished cardioprotection induced by ischemic preconditioning [259] or 
administration of atorvastatin (HMG-CoA-reductase inhibitor) [260]. Nevertheless, in 
major meta-analyses prospective studies fail to show any major negative consequences 
of long-term caffeine (coffee) consumption [261-263]. The present data on mice 
obviously provide only limited additional information relevant to human caffeine 
consumption. However, the finding that cardiovascular caffeine effects are apparently 
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adenosine receptor-dependent is probably relevant in combination with the rather minor 
role of these receptors and the fact that caffeine produces only partial blockade. 
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CONCLUSIONS

1.  A1Rs can play a critically important role in cardiac protection against 

ischemia/reperfusion injury. 

2. Both A1R and A2AR are involved in physiological regulation of heart rate, the 

latter mainly via altering sympathetic tone. Caffeine, via competitive blockade 

of A1R and A2AR, modulates heart rate of mice.  

3. In regulation of locomotor activity, A2AR play a more important role than A1R.

4. Sex differences in heart rate, body temperature and locomotion are larger than 

genotypic differences, and can mask the latter. 

5. Caffeine modulates locomotor activity in a biphasic manner. The stimulatory 

effect is exerted mainly through competitive blockade of A2AR.

6. Genetic deletion one of the copies of A1R and A2AR genes at least partly 

mimics long-term caffeine treatment, suggesting that A1R and A2AR contribute 

to the development of tolerance to caffeine. 

7. Both A1R and A2AR are involved in regulating body temperature. However, 

caffeine can in high doses have effects independent on A1R and A2AR.



Yang JN 2008               .

34

ACKNOWLEDGEMENTS
Throughout my PhD study, I got so much help from my colleagues and friends as well 
as my family. I would like to express my sincere gratitude to all those who helped and 
encouraged me. Special thanks to: 

Professor Bertil Fredholm, my supervisor, for providing me the opportunity to study 
at Karolinska Institutet and to get supervision from a truly dedicated scientist, for 
introducing me into the field of adenosine and adenosine receptors, for sharing your 
knowledge and experience as well as the super ideas, and for consistent support 
throughout the years.  

Professor Guro Valen, my co-supervisor (former supervisor), for excellent guidance 
throughout my PhD study, as well as for open-minded and interesting discussion. It is a 
pity for me that you moved back to Oslo in 2004. However, you never deserted me and 
your warm encouragement and advice always comes in time. 

Janet Holmén, for teaching me about writing science, for the great help in language 
from the registration presentation to the thesis of my PhD study, as well as help with 
everyday chores.  

My colleagues in Fredholm’s group and related 
Eva Lindgren, co-author, for the nice work on real-time PCR and lipolysis assay, for 
the introduction of the laboratory, for taking time to answer all my questions, as well as 
the furniture for my apartment. Karin Lindström-Törnqvist, co-author, for the 
wonderful work on in situ hybridization and binding assay, for patiently helping me 
find the “hidden” stuff in the laboratory. Stina Johansson, my wonderful office mate, 
for the patient introduction to Western blotting, as well as interesting discussions and 
advice on many topics. Olga Björklund, my co-author, for the wonderful behavior 
studies and much assistance. Mingmei Shang, my friend, for bringing me stuff from 
China and discussion about science as well as interesting chats over lunch. Cecilia
Lövdahl, for the help with the adenosine receptor knockout mice and contribution to 
the microarray studies as well as showing me the primary cells culture. Elisabetta
Daré, co-author, for the nice real-time PCR study, and warm discussions. Peter Salmi,
for suggestions on data analysis and for showing me the isolation of mouse brain. 
Gunnar Schulte, for bringing pizza to my registration seminar as well as all the 
scientific discussions. And also the other members in Schulte’s group for all your help.

My colleagues in Valen’s group (Crafoord Lab) 
Hilchen Sommerschild, for teaching me Langendorff system and the isolation of 
mouse heart. Arno Ruusalepp, for showing me how to make the tiny balloon in 
Langendorff and warm discussion on scientific and non-scientific topics. Fausto 
Labruto, my friend, for the wonderful collaboration in Langendorff studies, interesting 
discussion about science and life as well as your help for medicine. Fei Chen, who 
opened the lab door for me on my first day in Crafoord Lab, for sharing your 
knowledge of Sweden in Chinese. Gabor Czibik, for the warm scientific discussion 
and showing me the in vivo infarction mouse model in Oslo. Theres Jägerbrink, for 



           Yang JN 2008

  35 

help in the laboratory and being the guide for the Oslo-Geilo trip. Marita Wallin, for 
showing me the lab routine and many interesting conversations. Pellina Janson, “pig-
head”, for the introduction to the experimental animal lab and for ordering mice.  

My colleagues in the Core Facility (Centre for Genetic Physiology) 
Professor Anders Arner, for generously allowing me to work in the Core Facility, for 
sharing your great experience and equipment for pacing heart and vasoreactivity, for 
the wonderful suggestions and help with telemetry and Oxymax studies, as well as the 
book. Lilian Sundberg and Ying Dou, for lots of help in Core Facility, in particular 
with the telemetry and Oxymax studies. Zhao Bian, for showing me the measurement 
of blood pressure in freely moving mouse. Piet Boels, for sharing your knowledge and 
experience in vasoreactivity studies.  

All present and previous colleagues in the department of Physiology and 
Pharmacology. Special thanks to Martin Engeland for showing me the perfusion of 
mouse heart. Xun Xie, Ying Leng, Shijin Zhang, Xianzhi Niu, Jinling Huang, Liyue 
Huang, Per Svenningsson and Pingsheng Hu for lots of help and interesting chats 
about science and life. Stefan Eriksson, Monica Pace, Ulla Lindgren, Ulla Wester, 
Jan Gustafsson, Renee Andersson, Bo Tedner, Eva-Britt Näsström, and Hasse 
Svensson, for all practical help. The staff of the animal departments at Physiology and 
Pharmacology: Benny Gustafsson, Josefin Andersson, Alexandra Borg, Melinda 
Verriere and Margareta Eriksson, for taking excellent care of my mice.  

The other co-authors, Amy R. Lankford, Roselyn Rose’Meyer, Brent A. French, G. 
Paul Matherne, Zequan Yang, Catarina Tiselius, Björn Johansson, Jiang-Fan 
Chen, Therese M. Eriksson, Johan Kahlström, Micheal Schwarzschild, Irene 
Tobler, Shinichi Tokuno , Michel Goiny, Jarle Vaage, John Pernow and Andreas 
W. Herling, for the great collaboration.  

Special thanks to the people at the Department of Molecular Medicine and Surgery. 
Helena Nässén, chief administrator, for helping me with the contracts and other 
matters throughout the years. Professor Lars-Ove Farnebo, the former head of the 
Department of Molecular Medicine and Surgery, and Jeanette Johansen, director of 
PhD studies, for the help with all my applications.

My half-time committee: Ewa Ehrenborg, Christer Sylvén and Håkan Westerblad, 
for excellent suggestion and advice. 

My Chinese friends in Sweden 
Kejun Li and Shujin Zhang, for helping us move every time, for the delicious food at 
your home and all the happy moments we spent together, fishing, picking strawberries, 
mushrooms and so on. Qin Xu, many thanks to you and your husband Jinying Yan
and your daughter Yuanyuan, for the wonderful dinners at your home as well as all the 
generous help. Zhe Jin, Qiaolin Deng, Xiaoqun Zhang, Hongshi Qi, Min Wan, 
Junhang Zhang, Rui Liu, Rong Liu, Jiayi Lu, Yan Li, Bing Zhang, Dongguang 
Wei, Hong Qiu, Xin Wang and Xiaofeng Zheng, my dear friends, for being 
wonderful companions, for the nice trips in Europe, for playing badminton and 



Yang JN 2008               .

36

basketball, for all the moments we enjoyed together, as well as for all the help from you 
guys.

Karin Grundberg, our former landlady, for sharing your wonderful apartment with 
my wife and me as our first home in Sweden as well as for taking care of us like a 
mother. 

My wife’s family: Bin Zheng, Min Zou, Li Zou, Jiahong Zhang, Qi Zhang, for the 
love and support. 

My parents, Chunlong and Guisong for unconditional belief in me as well as endless 
love and support. My brother and his wife, Jianghe and Yuhong, for taking care of my 
parents and unconditional support. Little Mingchen, for the pretty smile and songs. My 
beloved wife, Xiaowei, for the love and support which can not be fully expressed in my 
words. My lovely son, Haolin, for always making me happy and giving me lots of 
surprises.



           Yang JN 2008

  37 

REFERENCES

1. Drury, A.N. and A. Szent-Gyorgyi, The physiological activity of adenine 
compounds with especial reference to their action upon the mammalian heart. J 
Physiol, 1929. 68(3): p. 213-37. 

2. Fredholm, B.B., Adenosine, an endogenous distress signal, modulates tissue 
damage and repair. Cell Death Differ, 2007. 14(7): p. 1315-23. 

3. Fredholm, B.B., et al., International Union of Pharmacology. XXV. 
Nomenclature and classification of adenosine receptors. Pharmacol Rev, 2001. 
53(4): p. 527-52. 

4. Poulsen, S.A. and R.J. Quinn, Adenosine receptors: new opportunities for 
future drugs. Bioorg Med Chem, 1998. 6(6): p. 619-41. 

5. Schulte, G. and B.B. Fredholm, Signalling from adenosine receptors to 
mitogen-activated protein kinases. Cell Signal, 2003. 15(9): p. 813-27. 

6. Schubert, P., W. Komp, and G.W. Kreutzberg, Correlation of 5'-nucleotidase 
activity and selective transneuronal transfer of adenosine in the hippocampus.
Brain Res, 1979. 168(2): p. 419-24. 

7. Broch, O.J. and P.M. Ueland, Regional and subcellular distribution of S-
adenosylhomocysteine hydrolase in the adult rat brain. J Neurochem, 1980. 
35(2): p. 484-8. 

8. Baldwin, S.A., et al., The equilibrative nucleoside transporter family, SLC29.
Pflugers Arch, 2004. 447(5): p. 735-43. 

9. Williams, T.C. and S.M. Jarvis, Multiple sodium-dependent nucleoside 
transport systems in bovine renal brush-border membrane vesicles. Biochem J, 
1991. 274 ( Pt 1): p. 27-33. 

10. Schrader, J., W. Schutz, and H. Bardenheuer, Role of S-adenosylhomocysteine 
hydrolase in adenosine metabolism in mammalian heart. Biochem J, 1981. 
196(1): p. 65-70. 

11. DeGubareff, T. and W. Sleator, Jr., Effects of Caffeine on Mammalian Atrial 
Muscle, and Its Interaction with Adenosine and Calcium. J Pharmacol Exp 
Ther, 1965. 148: p. 202-14. 

12. Daly, J.W., P. Butts-Lamb, and W. Padgett, Subclasses of adenosine receptors 
in the central nervous system: interaction with caffeine and related 
methylxanthines. Cell Mol Neurobiol, 1983. 3(1): p. 69-80. 

13. Fredholm, B.B., Adenosine receptors. Med Biol, 1982. 60(6): p. 289-93. 
14. Londos, C., D.M. Cooper, and J. Wolff, Subclasses of external adenosine 

receptors. Proc Natl Acad Sci U S A, 1980. 77(5): p. 2551-4. 



Yang JN 2008               .

38

15. van Calker, D., M. Muller, and B. Hamprecht, Adenosine inhibits the 
accumulation of cyclic AMP in cultured brain cells. Nature, 1978. 276(5690): p. 
839-41.

16. van Calker, D., M. Muller, and B. Hamprecht, Adenosine regulates via two 
different types of receptors, the accumulation of cyclic AMP in cultured brain 
cells. J Neurochem, 1979. 33(5): p. 999-1005. 

17. Zhou, Q.Y., et al., Molecular cloning and characterization of an adenosine 
receptor: the A3 adenosine receptor. Proc Natl Acad Sci U S A, 1992. 89(16): 
p. 7432-6. 

18. Fredholm, B.B., et al., Structure and function of adenosine receptors and their 
genes. Naunyn Schmiedebergs Arch Pharmacol, 2000. 362(4-5): p. 364-74. 

19. Haleen, S.J. and D.B. Evans, Selective effects of adenosine receptor agonists 
upon coronary resistance and heart rate in isolated working rabbit hearts. Life 
Sci, 1985. 36(2): p. 127-37. 

20. Oguchi, T., et al., Are negative chronotropic and inotropic responses to 
adenosine differentiated at the receptor or postreceptor levels in isolated dog 
hearts? J Pharmacol Exp Ther, 1995. 272(2): p. 838-44. 

21. Snowdy, S., et al., A comparison of an A1 adenosine receptor agonist (CVT-
510) with diltiazem for slowing of AV nodal conduction in guinea-pig. Br J 
Pharmacol, 1999. 126(1): p. 137-46. 

22. Endoh, M., M. Maruyama, and N. Taira, Modification by islet-activating 
protein of direct and indirect inhibitory actions of adenosine on rat atrial 
contraction in relation to cyclic nucleotide metabolism. J Cardiovasc 
Pharmacol, 1983. 5(1): p. 131-42. 

23. Kirchhof, P., et al., Altered sinus nodal and atrioventricular nodal function in 
freely moving mice overexpressing the A1 adenosine receptor. Am J Physiol 
Heart Circ Physiol, 2003. 285(1): p. H145-53. 

24. Gauthier, N.S., J.P. Headrick, and G.P. Matherne, Myocardial function in the 
working mouse heart overexpressing cardiac A1 adenosine receptors. J Mol 
Cell Cardiol, 1998. 30(1): p. 187-93. 

25. Hintze, T.H., et al., Apparent reduction in baroreflex sensitivity to adenosine in 
conscious dogs. Am J Physiol, 1985. 249(3 Pt 2): p. H554-9. 

26. Bickford, P.C., et al., Inhibition of Purkinje cell firing by systemic 
administration of phenylisopropyl adenosine: effect of central noradrenaline 
depletion by DSP4. Life Sci, 1985. 37(3): p. 289-97. 

27. Priviero, F., et al., Negative chronotropic response to adenosine receptor 
stimulation in rat right atria after run training. Clin Exp Pharmacol Physiol, 
2004. 31(10): p. 741-3. 



           Yang JN 2008

  39 

28. Joosen, M.J., T.J. Bueters, and H.P. van Helden, Cardiovascular effects of the 
adenosine A1 receptor agonist N6-cyclopentyladenosine (CPA) decisive for its 
therapeutic efficacy in sarin poisoning. Arch Toxicol, 2004. 78(1): p. 34-9. 

29. Walsh, M.P. and J.M. Marshall, The role of adenosine in the early respiratory 
and cardiovascular changes evoked by chronic hypoxia in the rat. J Physiol, 
2006. 575(Pt 1): p. 277-89. 

30. Barraco, R.A., et al., Cardiovascular effects of microinjections of adenosine 
analogs into the fourth ventricle of rats. Brain Res, 1987. 424(1): p. 17-25. 

31. Barraco, R.A., et al., Central effects of adenosine analogs on blood pressure 
and heart rate in the mouse. Can J Cardiol, 1987. 3(4): p. 205-9. 

32. Barraco, R.A., et al., Cardiovascular effects of microinjection of adenosine into 
the nucleus tractus solitarius. Brain Res Bull, 1988. 20(1): p. 129-32. 

33. Kim, B.S., et al., Mediation of the cardiovascular response to spinal gamma-
aminobutyric acid(B) receptor stimulation by adenosine A(1) receptors in 
anesthetized rats. Neurosci Lett, 2000. 296(2-3): p. 153-7. 

34. Lerman, B.B. and L. Belardinelli, Cardiac electrophysiology of adenosine. 
Basic and clinical concepts. Circulation, 1991. 83(5): p. 1499-509. 

35. Faulds, D., P. Chrisp, and M.M. Buckley, Adenosine. An evaluation of its use in 
cardiac diagnostic procedures, and in the treatment of paroxysmal 
supraventricular tachycardia. Drugs, 1991. 41(4): p. 596-624. 

36. Reichelt, M.E., et al., Genetic deletion of the A1 adenosine receptor limits 
myocardial ischemic tolerance. Circ Res, 2005. 96(3): p. 363-7. 

37. Maddock, H.L., et al., Effects of adenosine receptor agonists on guinea-pig 
isolated working hearts and the role of endothelium and NO. J Pharm 
Pharmacol, 2002. 54(6): p. 859-67. 

38. Talukder, M.A., et al., Endogenous adenosine increases coronary flow by 
activation of both A2A and A2B receptors in mice. J Cardiovasc Pharmacol, 
2003. 41(4): p. 562-70. 

39. Lieu, H.D., et al., Regadenoson, a selective A2A adenosine receptor agonist, 
causes dose-dependent increases in coronary blood flow velocity in humans. J 
Nucl Cardiol, 2007. 14(4): p. 514-20. 

40. Ledent, C., et al., Aggressiveness, hypoalgesia and high blood pressure in mice 
lacking the adenosine A2a receptor. Nature, 1997. 388(6643): p. 674-8. 

41. Nekooeian, A.A. and R. Tabrizchi, Effects of adenosine A2A receptor agonist, 
CGS 21680, on blood pressure, cardiac index and arterial conductance in 
anaesthetized rats. Eur J Pharmacol, 1996. 307(2): p. 163-9. 

42. Bonizzoni, E., et al., Modeling hemodynamic profiles by telemetry in the rat. A 
study with A1 and A2a adenosine agonists. Hypertension, 1995. 25(4 Pt 1): p. 
564-9.



Yang JN 2008               .

40

43. Mathot, R.A., et al., Pharmacokinetic modelling of the haemodynamic effects of 
the A2a adenosine receptor agonist CGS 21680C in conscious normotensive 
rats. Br J Pharmacol, 1995. 114(4): p. 761-8. 

44. Schindler, C.W., et al., Lack of adenosine A1 and dopamine D2 receptor-
mediated modulation of the cardiovascular effects of the adenosine A2A 
receptor agonist CGS 21680. Eur J Pharmacol, 2004. 484(2-3): p. 269-75. 

45. Schindler, C.W., et al., Role of central and peripheral adenosine receptors in 
the cardiovascular responses to intraperitoneal injections of adenosine A1 and 
A2A subtype receptor agonists. Br J Pharmacol, 2005. 144(5): p. 642-50. 

46. Alberti, C., et al., Mechanism and pressor relevance of the short-term 
cardiovascular and renin excitatory actions of the selective A2A-adenosine 
receptor agonists. J Cardiovasc Pharmacol, 1997. 30(3): p. 320-4. 

47. Gnecchi-Ruscone, T., et al., Adenosine activates cardiac sympathetic afferent 
fibers and potentiates the excitation induced by coronary occlusion. J Auton 
Nerv Syst, 1995. 53(2-3): p. 175-84. 

48. Fredholm, B.B. and P. Hedqvist, Modulation of neurotransmission by purine 
nucleotides and nucleosides. Biochem Pharmacol, 1980. 29(12): p. 1635-43. 

49. Balakumar, P., A. Rohilla, and M. Singh, Pre-conditioning and 
postconditioning to limit ischemia-reperfusion-induced myocardial injury: 
What could be the next footstep? Pharmacol Res, 2008. 57(6): p. 403-12. 

50. Collard, C.D. and S. Gelman, Pathophysiology, clinical manifestations, and 
prevention of ischemia-reperfusion injury. Anesthesiology, 2001. 94(6): p. 
1133-8. 

51. de Groot, H. and U. Rauen, Ischemia-reperfusion injury: processes in 
pathogenetic networks: a review. Transplant Proc, 2007. 39(2): p. 481-4. 

52. Murry, C.E., R.B. Jennings, and K.A. Reimer, Preconditioning with ischemia: a 
delay of lethal cell injury in ischemic myocardium. Circulation, 1986. 74(5): p. 
1124-36. 

53. Lasley, R.D., et al., Adenosine A1 receptor mediated protection of the globally 
ischemic isolated rat heart. J Mol Cell Cardiol, 1990. 22(1): p. 39-47. 

54. Toombs, C.F., et al., Myocardial protective effects of adenosine. Infarct size 
reduction with pretreatment and continued receptor stimulation during 
ischemia. Circulation, 1992. 86(3): p. 986-94. 

55. Janier, M.F., J.L. Vanoverschelde, and S.R. Bergmann, Adenosine protects 
ischemic and reperfused myocardium by receptor-mediated mechanisms. Am J 
Physiol, 1993. 264(1 Pt 2): p. H163-70. 

56. Bell, R.M., C.C. Smith, and D.M. Yellon, Nitric oxide as a mediator of delayed 
pharmacological (A(1) receptor triggered) preconditioning; is eNOS 
masquerading as iNOS? Cardiovasc Res, 2002. 53(2): p. 405-13. 



           Yang JN 2008

  41 

57. de Jonge, R., et al., Role of adenosine and glycogen in ischemic preconditioning 
of rat hearts. Eur J Pharmacol, 2001. 414(1): p. 55-62. 

58. de Jonge, R. and J.W. de Jong, Ischemic preconditioning and glucose 
metabolism during low-flow ischemia: role of the adenosine A1 receptor.
Cardiovasc Res, 1999. 43(4): p. 909-18. 

59. De Jonge, R., et al., Preconditioning of rat hearts by adenosine A1 or A3 
receptor activation. Eur J Pharmacol, 2002. 441(3): p. 165-72. 

60. Hochhauser, E., et al., Role of adenosine receptor activation in antioxidant 
enzyme regulation during ischemia-reperfusion in the isolated rat heart.
Antioxid Redox Signal, 2004. 6(2): p. 335-44. 

61. Hochhauser, E., et al., The protective effect of prior ischemia reperfusion 
adenosine A1 or A3 receptor activation in the normal and hypertrophied heart.
Interact Cardiovasc Thorac Surg, 2007. 6(3): p. 363-8. 

62. Thornton, J.D., et al., Intravenous pretreatment with A1-selective adenosine 
analogues protects the heart against infarction. Circulation, 1992. 85(2): p. 
659-65.

63. Baxter, G.F., et al., Adenosine receptor involvement in a delayed phase of 
myocardial protection 24 hours after ischemic preconditioning. Circulation, 
1994. 90(6): p. 2993-3000. 

64. Baxter, G.F. and D.M. Yellon, Time course of delayed myocardial protection 
after transient adenosine A1-receptor activation in the rabbit. J Cardiovasc 
Pharmacol, 1997. 29(5): p. 631-8. 

65. Dana, A., et al., Prolonging the delayed phase of myocardial protection: 
repetitive adenosine A1 receptor activation maintains rabbit myocardium in a 
preconditioned state. J Am Coll Cardiol, 1998. 31(5): p. 1142-9. 

66. Tsuchida, A., et al., Pretreatment with the adenosine A1 selective agonist, 2-
chloro-N6-cyclopentyladenosine (CCPA), causes a sustained limitation of 
infarct size in rabbits. Cardiovasc Res, 1993. 27(4): p. 652-6. 

67. Kodani, E., et al., Cyclooxygenase-2 does not mediate late preconditioning 
induced by activation of adenosine A1 or A3 receptors. Am J Physiol Heart 
Circ Physiol, 2001. 281(2): p. H959-68. 

68. Liu, G.S., K.A. Jacobson, and J.M. Downey, An irreversible A1-selective 
adenosine agonist preconditions rabbit heart. Can J Cardiol, 1996. 12(5): p. 
517-21.

69. Lee, H.T., R.J. LaFaro, and G.E. Reed, Pretreatment of human myocardium 
with adenosine during open heart surgery. J Card Surg, 1995. 10(6): p. 665-76. 

70. Leesar, M.A., et al., Preconditioning of human myocardium with adenosine 
during coronary angioplasty. Circulation, 1997. 95(11): p. 2500-7. 

71. Tsuchida, A., et al., Acadesine extends the window of protection afforded by 
ischaemic preconditioning. Cardiovasc Res, 1994. 28(3): p. 379-83. 



Yang JN 2008               .

42

72. Mizumura, T., et al., PD 81,723, an allosteric enhancer of the A1 adenosine 
receptor, lowers the threshold for ischemic preconditioning in dogs. Circ Res, 
1996. 79(3): p. 415-23. 

73. Peart, J., et al., Cardioprotection with adenosine metabolism inhibitors in 
ischemic-reperfused mouse heart. Cardiovasc Res, 2001. 52(1): p. 120-9. 

74. Yang, B.C. and J.L. Mehta, Platelet-derived adenosine contributes to the 
cardioprotective effects of platelets against ischemia-reperfusion injury in 
isolated rat heart. J Cardiovasc Pharmacol, 1994. 24(5): p. 779-85. 

75. Peart, J.N. and J.P. Headrick, Adenosinergic cardioprotection: multiple 
receptors, multiple pathways. Pharmacol Ther, 2007. 114(2): p. 208-21. 

76. Xu, Z., et al., IB-MECA and cardioprotection. Cardiovasc Drug Rev, 2006. 
24(3-4): p. 227-38. 

77. Xu, Z., et al., Cardioprotection with adenosine A2 receptor activation at 
reperfusion. J Cardiovasc Pharmacol, 2005. 46(6): p. 794-802. 

78. Headrick, J.P. and J. Peart, A3 adenosine receptor-mediated protection of the 
ischemic heart. Vascul Pharmacol, 2005. 42(5-6): p. 271-9. 

79. Sanada, S. and M. Kitakaze, Ischemic preconditioning: emerging evidence, 
controversy, and translational trials. Int J Cardiol, 2004. 97(2): p. 263-76. 

80. Gao, Z.G. and K.A. Jacobson, Partial agonists for A(3) adenosine receptors.
Curr Top Med Chem, 2004. 4(8): p. 855-62. 

81. de Jong, J.W., et al., The role of adenosine in preconditioning. Pharmacol Ther, 
2000. 87(2-3): p. 141-9. 

82. Marber, M.S., et al., Cardiac stress protein elevation 24 hours after brief 
ischemia or heat stress is associated with resistance to myocardial infarction.
Circulation, 1993. 88(3): p. 1264-72. 

83. Kuzuya, T., et al., Delayed effects of sublethal ischemia on the acquisition of 
tolerance to ischemia. Circ Res, 1993. 72(6): p. 1293-9. 

84. Valen, G., Cellular signalling mechanisms in adaptation to ischemia-induced 
myocardial damage. Ann Med, 2003. 35(5): p. 300-7. 

85. Zhao, Z.Q., et al., Inhibition of myocardial injury by ischemic postconditioning 
during reperfusion: comparison with ischemic preconditioning. Am J Physiol 
Heart Circ Physiol, 2003. 285(2): p. H579-88. 

86. Safran, N., et al., Cardioprotective effects of adenosine A1 and A3 receptor 
activation during hypoxia in isolated rat cardiac myocytes. Mol Cell Biochem, 
2001. 217(1-2): p. 143-52. 

87. Rice, P.J., S.C. Armstrong, and C.E. Ganote, Concentration-response 
relationships for adenosine agonists during preconditioning of rabbit 
cardiomyocytes. J Mol Cell Cardiol, 1996. 28(6): p. 1355-65. 



           Yang JN 2008

  43 

88. Liang, B.T. and K.A. Jacobson, A physiological role of the adenosine A3 
receptor: sustained cardioprotection. Proc Natl Acad Sci U S A, 1998. 95(12): 
p. 6995-9. 

89. Wainwright, C.L., L. Kang, and S. Ross, Studies on the mechanism underlying 
the antifibrillatory effect of the A1-adenosine agonist, R-PIA, in rat isolated 
hearts. Cardiovasc Drugs Ther, 1997. 11(5): p. 669-78. 

90. Wainwright, C.L. and J.R. Parratt, Effects of R-PIA, a selective A1 adenosine 
agonist, on haemodynamics and ischaemic arrhythmias in pigs. Cardiovasc 
Res, 1993. 27(1): p. 84-9. 

91. Carr, C.S., et al., Evidence for a role for both the adenosine A1 and A3 
receptors in protection of isolated human atrial muscle against simulated 
ischaemia. Cardiovasc Res, 1997. 36(1): p. 52-9. 

92. Ellenbogen, K.A., et al., Trial to evaluate the management of paroxysmal 
supraventricular tachycardia during an electrophysiology study with 
tecadenoson. Circulation, 2005. 111(24): p. 3202-8. 

93. Kristo, G., et al., Adenosine A1/A2a receptor agonist AMP-579 induces acute 
and delayed preconditioning against in vivo myocardial stunning. Am J Physiol 
Heart Circ Physiol, 2004. 287(6): p. H2746-53. 

94. Sunderdiek, U., et al., Preconditioning: myocardial function and energetics 
during coronary hypoperfusion and reperfusion. Ann Thorac Surg, 2002. 74(6):
p. 2147-55. 

95. Hill, R.J., et al., Relative importance of adenosine A1 and A3 receptors in 
mediating physiological or pharmacological protection from ischemic 
myocardial injury in the rabbit heart. J Mol Cell Cardiol, 1998. 30(3): p. 579-
85.

96. Philipp, S., et al., Postconditioning protects rabbit hearts through a protein 
kinase C-adenosine A2b receptor cascade. Cardiovasc Res, 2006. 70(2): p. 308-
14.

97. Lasley, R.D., G.M. Anderson, and R.M. Mentzer, Jr., Ischaemic and hypoxic 
preconditioning enhance postischaemic recovery of function in the rat heart.
Cardiovasc Res, 1993. 27(4): p. 565-70. 

98. Auchampach, J.A., et al., Comparison of three different A1 adenosine receptor 
antagonists on infarct size and multiple cycle ischemic preconditioning in 
anesthetized dogs. J Pharmacol Exp Ther, 2004. 308(3): p. 846-56. 

99. Matherne, G.P., et al., Transgenic A1 adenosine receptor overexpression 
increases myocardial resistance to ischemia. Proc Natl Acad Sci U S A, 1997. 
94(12): p. 6541-6. 

100. Crawford, M., et al., Myocardial function following cold ischemic storage is 
improved by cardiac-specific overexpression of A1-adenosine receptors. Can J 
Physiol Pharmacol, 2005. 83(6): p. 493-8. 



Yang JN 2008               .

44

101. Dougherty, C., et al., Cardiac myocytes rendered ischemia resistant by 
expressing the human adenosine A1 or A3 receptor. Faseb J, 1998. 12(15): p. 
1785-92. 

102. Johansson, B., et al., Hyperalgesia, anxiety, and decreased hypoxic 
neuroprotection in mice lacking the adenosine A1 receptor. Proc Natl Acad Sci 
U S A, 2001. 98(16): p. 9407-12. 

103. Willems, L., et al., Effects of adenosine deaminase and A1 receptor deficiency 
in normoxic and ischaemic mouse hearts. Cardiovasc Res, 2006. 71(1): p. 79-
87.

104. Morrison, R.R., et al., Effects of targeted deletion of A1 adenosine receptors on 
postischemic cardiac function and expression of adenosine receptor subtypes.
Am J Physiol Heart Circ Physiol, 2006. 291(4): p. H1875-82. 

105. Schulte, G., et al., Adenosine A receptors are necessary for protection of the 
murine heart by remote, delayed adaptation to ischaemia. Acta Physiol Scand, 
2004. 182(2): p. 133-43. 

106. Solenkova, N.V., et al., Endogenous adenosine protects preconditioned heart 
during early minutes of reperfusion by activating Akt. Am J Physiol Heart Circ 
Physiol, 2006. 290(1): p. H441-9. 

107. Kis, A., G.F. Baxter, and D.M. Yellon, Limitation of myocardial reperfusion 
injury by AMP579, an adenosine A1/A2A receptor agonist: role of A2A 
receptor and Erk1/2. Cardiovasc Drugs Ther, 2003. 17(5-6): p. 415-25. 

108. Cargnoni, A., et al., Role of A2A receptor in the modulation of myocardial 
reperfusion damage. J Cardiovasc Pharmacol, 1999. 33(6): p. 883-93. 

109. Yang, Z., et al., Infarct-sparing effect of A2A-adenosine receptor activation is 
due primarily to its action on lymphocytes. Circulation, 2005. 111(17): p. 2190-
7.

110. Bes, S., et al., Assessment of the cytoprotective role of adenosine in an in vitro 
cellular model of myocardial ischemia. Eur J Pharmacol, 2002. 452(2): p. 145-
54.

111. Strickler, J., K.A. Jacobson, and B.T. Liang, Direct preconditioning of cultured 
chick ventricular myocytes. Novel functions of cardiac adenosine A2a and A3 
receptors. J Clin Invest, 1996. 98(8): p. 1773-9. 

112. Vinten-Johansen, J., et al., Postconditioning--A new link in nature's armor 
against myocardial ischemia-reperfusion injury. Basic Res Cardiol, 2005. 
100(4): p. 295-310. 

113. Berne, R.M., Cardiac nucleotides in hypoxia: possible role in regulation of 
coronary blood flow. Am J Physiol, 1963. 204: p. 317-22. 

114. Gerlach, G., B. Deuticke, and R.H. Dreisbach, Der Nucleotid-Abbau im 
Herzmuskel bei Sauerstoffmangel und seine mögliche Bedeutung für die 
Coronardurchblutung. Naturwissenschaften, 1963. 50: p. 228-229. 



           Yang JN 2008

  45 

115. Deussen, A., J. Weichsel, and A. Pexa, Features of adenosine metabolism of 
mouse heart. Purinergic Signal, 2006. 2(4): p. 663-8. 

116. Deussen, A., et al., Metabolic coronary flow regulation--current concepts.
Basic Res Cardiol, 2006. 101(6): p. 453-64. 

117. Sato, A., et al., Mechanism of vasodilation to adenosine in coronary arterioles 
from patients with heart disease. Am J Physiol Heart Circ Physiol, 2005. 
288(4): p. H1633-40. 

118. Traverse, J.H., et al., Effect of K+ATP channel and adenosine receptor 
blockade during rest and exercise in congestive heart failure. Circ Res, 2007. 
100(11): p. 1643-9. 

119. Gutierrez, A.M., M. Kornfeld, and A.E. Persson, Calcium response to 
adenosine and ATP in rabbit afferent arterioles. Acta Physiol Scand, 1999. 
166(3): p. 175-81. 

120. Imai, E., et al., Adenosine A1 receptor antagonist improves intradialytic 
hypotension. Kidney Int, 2006. 69(5): p. 877-83. 

121. Brown, R.D., et al., Influence of the adenosine A1 receptor on blood pressure 
regulation and renin release. Am J Physiol Regul Integr Comp Physiol, 2006. 
290(5): p. R1324-9. 

122. Daly, J.W., et al., Structure-activity relationships for N6-substituted adenosines 
at a brain A1-adenosine receptor with a comparison to an A2-adenosine 
receptor regulating coronary blood flow. Biochem Pharmacol, 1986. 35(15): p. 
2467-81. 

123. Trochu, J.N., et al., Selective A2A adenosine receptor agonist as a coronary 
vasodilator in conscious dogs: potential for use in myocardial perfusion 
imaging. J Cardiovasc Pharmacol, 2003. 41(1): p. 132-9. 

124. Zhao, G., et al., Caffeine attenuates the duration of coronary vasodilation and 
changes in hemodynamics induced by regadenoson (CVT-3146), a novel 
adenosine A2A receptor agonist. J Cardiovasc Pharmacol, 2007. 49(6): p. 369-
75.

125. Kemp, B.K. and T.M. Cocks, Adenosine mediates relaxation of human small 
resistance-like coronary arteries via A2B receptors. Br J Pharmacol, 1999. 
126(8): p. 1796-800. 

126. Wang, D. and L. Belardinelli, Mechanism of the negative inotropic effect of 
adenosine in guinea pig atrial myocytes. Am J Physiol, 1994. 267(6 Pt 2): p. 
H2420-9.

127. Liu, Q. and P.A. Hofmann, Modulation of protein phosphatase 2a by adenosine 
A1 receptors in cardiomyocytes: role for p38 MAPK. Am J Physiol Heart Circ 
Physiol, 2003. 285(1): p. H97-103. 



Yang JN 2008               .

46

128. Liu, Q. and P.A. Hofmann, Antiadrenergic effects of adenosine A(1) receptor-
mediated protein phosphatase 2a activation in the heart. Am J Physiol Heart 
Circ Physiol, 2002. 283(4): p. H1314-21. 

129. Tikh, E.I., et al., Adenosine A(1) and A(2A) receptor regulation of protein 
phosphatase 2A in the murine heart. J Cell Physiol, 2008. 

130. Ohnishi, A., et al., Adenosine in renin-dependent renovascular hypertension.
Hypertension, 1988. 12(2): p. 152-61. 

131. Asakura, M., et al., Impact of adenosine receptor signaling and metabolism on 
pathophysiology in patients with chronic heart failure. Hypertens Res, 2007. 
30(9): p. 781-7. 

132. Jessup, M. and S. Brozena, Heart failure. N Engl J Med, 2003. 348(20): p. 
2007-18. 

133. Hammermeister, K.E., T.A. DeRouen, and H.T. Dodge, Variables predictive of 
survival in patients with coronary disease. Selection by univariate and 
multivariate analyses from the clinical, electrocardiographic, exercise, 
arteriographic, and quantitative angiographic evaluations. Circulation, 1979. 
59(3): p. 421-30. 

134. Gan, X.T., et al., Inhibition of phenylephrine-induced cardiomyocyte 
hypertrophy by activation of multiple adenosine receptor subtypes. J Pharmacol 
Exp Ther, 2005. 312(1): p. 27-34. 

135. Liao, Y., et al., Activation of adenosine A1 receptor attenuates cardiac 
hypertrophy and prevents heart failure in murine left ventricular pressure-
overload model. Circ Res, 2003. 93(8): p. 759-66. 

136. Wilbur, S.L. and F.E. Marchlinski, Adenosine as an antiarrhythmic agent. Am J 
Cardiol, 1997. 79(12A): p. 30-7. 

137. Taylor, W.M. and M.L. Halperin, Stimulation of glucose transport in rat 
adipocytes by insulin, adenosine, nicotinic acid and hydrogen peroxide. Role of 
adenosine 3':5'-cyclic monophosphate. Biochem J, 1979. 178(2): p. 381-9. 

138. Martin, S.E. and E.L. Bockman, Adenosine regulates blood flow and glucose 
uptake in adipose tissue of dogs. Am J Physiol, 1986. 250(6 Pt 2): p. H1127-35. 

139. Law, W.R. and R.M. Raymond, Adenosine potentiates insulin-stimulated 
myocardial glucose uptake in vivo. Am J Physiol, 1988. 254(5 Pt 2): p. H970-5. 

140. Han, D.H., et al., Removal of adenosine decreases the responsiveness of muscle 
glucose transport to insulin and contractions. Diabetes, 1998. 47(11): p. 1671-
5.

141. Thong, F.S., et al., Activation of the A1 adenosine receptor increases insulin-
stimulated glucose transport in isolated rat soleus muscle. Appl Physiol Nutr 
Metab, 2007. 32(4): p. 701-10. 



           Yang JN 2008

  47 

142. Cheng, J.T., T.C. Chi, and I.M. Liu, Activation of adenosine A1 receptors by 
drugs to lower plasma glucose in streptozotocin-induced diabetic rats. Auton 
Neurosci, 2000. 83(3): p. 127-33. 

143. Gonzalez-Benitez, E., et al., Regulation of glycogen metabolism in hepatocytes 
through adenosine receptors. Role of Ca2+ and cAMP. Eur J Pharmacol, 2002. 
437(3): p. 105-11. 

144. Fredholm, B.B., Adenosine and lipolysis. Int J Obes, 1981. 5(6): p. 643-9. 
145. Schoelch, C., et al., Characterization of adenosine-A1 receptor-mediated 

antilipolysis in rats by tissue microdialysis, 1H-spectroscopy, and glucose 
clamp studies. Diabetes, 2004. 53(7): p. 1920-6. 

146. Fatholahi, M., et al., A novel partial agonist of the A(1)-adenosine receptor and 
evidence of receptor homogeneity in adipocytes. J Pharmacol Exp Ther, 2006. 
317(2): p. 676-84. 

147. Johansson, S.M., et al., Eliminating the antilipolytic adenosine A1 receptor does 
not lead to compensatory changes in the antilipolytic actions of PGE2 and 
nicotinic acid. Acta Physiol (Oxf), 2007. 190(1): p. 87-96. 

148. LaNoue, K.F. and L.F. Martin, Abnormal A1 adenosine receptor function in 
genetic obesity. Faseb J, 1994. 8(1): p. 72-80. 

149. Matuszek, M. and I.T. Gagalo, The effect of N6-cyclohexyladenosine and 5'-N-
ethylcarboxamidoadenosine on body temperature in normothermic rabbits. Gen 
Pharmacol, 1996. 27(3): p. 467-9. 

150. Fredholm, B.B., et al., Adenosine and brain function. Int Rev Neurobiol, 2005. 
63: p. 191-270. 

151. Jacobson, K.A. and Z.G. Gao, Adenosine receptors as therapeutic targets. Nat 
Rev Drug Discov, 2006. 5(3): p. 247-64. 

152. Yarbrough, G.G. and J.C. McGuffin-Clineschmidt, In vivo behavioral 
assessment of central nervous system purinergic receptors. Eur J Pharmacol, 
1981. 76(2-3): p. 137-44. 

153. Anderson, R., M.J. Sheehan, and P. Strong, Characterization of the adenosine 
receptors mediating hypothermia in the conscious mouse. Br J Pharmacol, 
1994. 113(4): p. 1386-90. 

154. Coupar, I.M. and B.L. Tran, Effects of adenosine agonists on consumptive 
behaviour and body temperature. J Pharm Pharmacol, 2002. 54(2): p. 289-94. 

155. Jonzon, B., et al., Effects of adenosine and two stable adenosine analogues on 
blood pressure, heart rate and colonic temperature in the rat. Acta Physiol 
Scand, 1986. 126(4): p. 491-8. 

156. Fredholm, B.B., et al., Actions of caffeine in the brain with special reference to 
factors that contribute to its widespread use. Pharmacol Rev, 1999. 51(1): p. 
83-133.



Yang JN 2008               .

48

157. Fredholm, B.B. and T.V. Dunwiddie, How does adenosine inhibit transmitter 
release? Trends Pharmacol Sci, 1988. 9(4): p. 130-4. 

158. Hedqvist, P. and B.B. Fredholm, Effects of adenosine on adrenergic 
neurotransmission; prejunctional inhibition and postjunctional enhancement.
Naunyn Schmiedebergs Arch Pharmacol, 1976. 293(3): p. 217-23. 

159. Pedata, F., et al., Effect of adenosine, adenosine triphosphate, adenosine 
deaminase, dipyridamole and aminophylline on acetylcholine release from 
electrically-stimulated brain slices. Neuropharmacology, 1983. 22(5): p. 609-
14.

160. Harms, H.H., G. Wardeh, and A.H. Mulder, Effect of adenosine on 
depolarization-induced release of various radiolabelled neurotransmitters from 
slices of rat corpus striatum. Neuropharmacology, 1979. 18(7): p. 577-80. 

161. Dolphin, A.C. and E.R. Archer, An adenosine agonist inhibits and a cyclic 
AMP analogue enhances the release of glutamate but not GABA from slices of 
rat dentate gyrus. Neurosci Lett, 1983. 43(1): p. 49-54. 

162. O'Regan, M.H., et al., Adenosine receptor agonists inhibit the release of 
gamma-aminobutyric acid (GABA) from the ischemic rat cerebral cortex. Brain 
Res, 1992. 582(1): p. 22-6. 

163. Brown, S.J., et al., Both A1 and A2a purine receptors regulate striatal 
acetylcholine release. J Neurochem, 1990. 55(1): p. 31-8. 

164. O'Regan, M.H., et al., The selective A2 adenosine receptor agonist CGS 21680 
enhances excitatory transmitter amino acid release from the ischemic rat 
cerebral cortex. Neurosci Lett, 1992. 138(1): p. 169-72. 

165. Mayfield, R.D., F. Suzuki, and N.R. Zahniser, Adenosine A2a receptor 
modulation of electrically evoked endogenous GABA release from slices of rat 
globus pallidus. J Neurochem, 1993. 60(6): p. 2334-7. 

166. Schwienbacher, I., et al., Dopamine D1 receptors and adenosine A1 receptors 
in the rat nucleus accumbens regulate motor activity but not prepulse 
inhibition. Eur J Pharmacol, 2002. 444(3): p. 161-9. 

167. Gotoh, L., et al., Effects of the adenosine A(1) receptor agonist N(6)-
cyclopentyladenosine on phencyclidine-induced behavior and expression of the 
immediate-early genes in the discrete brain regions of rats. Brain Res Mol 
Brain Res, 2002. 100(1-2): p. 1-12. 

168. Barraco, R.A., et al., Role of adenosine A2a receptors in the nucleus 
accumbens. Prog Neuropsychopharmacol Biol Psychiatry, 1994. 18(3): p. 545-
53.

169. Fisone, G., A. Borgkvist, and A. Usiello, Caffeine as a psychomotor stimulant: 
mechanism of action. Cell Mol Life Sci, 2004. 61(7-8): p. 857-72. 



           Yang JN 2008

  49 

170. Frary, C.D., R.K. Johnson, and M.Q. Wang, Food sources and intakes of 
caffeine in the diets of persons in the United States. J Am Diet Assoc, 2005. 
105(1): p. 110-3. 

171. Fredholm, B., Are methylxanthine effects due to antagonism of endogenous 
adenosine? Trends Pharmacol Sci, 1980. 1: p. 129-132. 

172. Ilback, N.G., M. Siller, and T. Stalhandske, Evaluation of cardiovascular effects 
of caffeine using telemetric monitoring in the conscious rat. Food Chem 
Toxicol, 2007. 45(5): p. 834-42. 

173. Pelissier, A.L., M. Gantenbein, and B. Bruguerolle, Caffeine-induced 
modifications of heart rate, temperature, and motor activity circadian rhythms 
in rats. Physiol Behav, 1999. 67(1): p. 81-8. 

174. Daly, J.W. and B.B. Fredholm, Caffeine--an atypical drug of dependence. Drug 
Alcohol Depend, 1998. 51(1-2): p. 199-206. 

175. Whitsett, T.L., C.V. Manion, and H.D. Christensen, Cardiovascular effects of 
coffee and caffeine. Am J Cardiol, 1984. 53(7): p. 918-22. 

176. Corti, R., et al., Coffee acutely increases sympathetic nerve activity and blood 
pressure independently of caffeine content: role of habitual versus nonhabitual 
drinking. Circulation, 2002. 106(23): p. 2935-40. 

177. Halldner, L., et al., The adenosine A1 receptor contributes to the stimulatory, 
but not the inhibitory effect of caffeine on locomotion: a study in mice lacking 
adenosine A1 and/or A2A receptors. Neuropharmacology, 2004. 46(7): p. 1008-
17.

178. Huang, Z.L., et al., Adenosine A2A, but not A1, receptors mediate the arousal 
effect of caffeine. Nat Neurosci, 2005. 8(7): p. 858-9. 

179. El Yacoubi, M., et al., Caffeine reduces hypnotic effects of alcohol through 
adenosine A2A receptor blockade. Neuropharmacology, 2003. 45(7): p. 977-85. 

180. Arslan, G., B. Kull, and B.B. Fredholm, Signaling via A2A adenosine receptor 
in four PC12 cell clones. Naunyn Schmiedebergs Arch Pharmacol, 1999. 
359(1): p. 28-32. 

181. Chen, J.F., et al., A(2A) adenosine receptor deficiency attenuates brain injury 
induced by transient focal ischemia in mice. J Neurosci, 1999. 19(21): p. 9192-
200.

182. Turner, C.P., et al., A1 adenosine receptors mediate hypoxia-induced 
ventriculomegaly. Proc Natl Acad Sci U S A, 2003. 100(20): p. 11718-22. 

183. Johansson, C. and P. Thoren, The effects of triiodothyronine (T3) on heart rate, 
temperature and ECG measured with telemetry in freely moving mice. Acta 
Physiol Scand, 1997. 160(2): p. 133-8. 

184. Schnell, C.R. and J.M. Wood, Measurement of blood pressure and heart rate by 
telemetry in conscious, unrestrained marmosets. Am J Physiol, 1993. 264(5 Pt 
2): p. H1509-16. 



Yang JN 2008               .

50

185. Bjorklund, O., et al., The effects of methylmercury on motor activity are sex- 
and age-dependent, and modulated by genetic deletion of adenosine receptors 
and caffeine administration. Toxicology, 2007. 241(3): p. 119-33. 

186. Salvatore, C.A., et al., Disruption of the A(3) adenosine receptor gene in mice 
and its effect on stimulated inflammatory cells. J Biol Chem, 2000. 275(6): p. 
4429-34. 

187. Svenningsson, P., G.G. Nomikos, and B.B. Fredholm, The stimulatory action 
and the development of tolerance to caffeine is associated with alterations in 
gene expression in specific brain regions. J Neurosci, 1999. 19(10): p. 4011-22. 

188. Lankford, A.R., et al., Effect of modulating cardiac A1 adenosine receptor 
expression on protection with ischemic preconditioning. Am J Physiol Heart 
Circ Physiol, 2006. 290(4): p. H1469-73. 

189. Eckle, T., et al., Cardioprotection by ecto-5'-nucleotidase (CD73) and A2B 
adenosine receptors. Circulation, 2007. 115(12): p. 1581-90. 

190. Eckle, T., et al., Systematic evaluation of a novel model for cardiac ischemic 
preconditioning in mice. Am J Physiol Heart Circ Physiol, 2006. 291(5): p. 
H2533-40.

191. Kapicka, C.L., et al., Species comparison of adenosine A1 receptors in isolated 
mammalian atrial and ventricular myocardium. Life Sci, 2003. 72(25): p. 2825-
38.

192. Barros, R.C., L.G. Branco, and E.C. Carnio, Respiratory and body temperature 
modulation by adenosine A1 receptors in the anteroventral preoptic region 
during normoxia and hypoxia. Respir Physiol Neurobiol, 2006. 153(2): p. 115-
25.

193. Belardinelli, L., et al., Ionic basis of the electrophysiological actions of 
adenosine on cardiomyocytes. Faseb J, 1995. 9(5): p. 359-65. 

194. Latini, S., et al., A2 adenosine receptors: their presence and neuromodulatory 
role in the central nervous system. Gen Pharmacol, 1996. 27(6): p. 925-33. 

195. Heller, L.J. and R.A. Olsson, Inhibition of rat ventricular automaticity by 
adenosine. Am J Physiol, 1985. 248(6 Pt 2): p. H907-13. 

196. Ashton, K.J., et al., Genetic modulation of adenosine receptor function and 
adenosine handling in murine hearts: insights and issues. J Mol Cell Cardiol, 
2007. 42(4): p. 693-705. 

197. Sun, D., et al., Mediation of tubuloglomerular feedback by adenosine: evidence 
from mice lacking adenosine 1 receptors. Proc Natl Acad Sci U S A, 2001. 
98(17): p. 9983-8. 

198. Notarius, C.F., et al., Effect of adenosine receptor blockade with caffeine on 
sympathetic response to handgrip exercise in heart failure. Am J Physiol Heart 
Circ Physiol, 2001. 281(3): p. H1312-8. 



           Yang JN 2008

  51 

199. Gimenez-Llort, L., et al., Mice lacking the adenosine A1 receptor are anxious 
and aggressive, but are normal learners with reduced muscle strength and 
survival rate. Eur J Neurosci, 2002. 16(3): p. 547-50. 

200. Gimenez-Llort, L., et al., Mice lacking the adenosine A1 receptor have normal 
spatial learning and plasticity in the CA1 region of the hippocampus, but they 
habituate more slowly. Synapse, 2005. 57(1): p. 8-16. 

201. Chen, J.F., et al., Selective attenuation of psychostimulant-induced behavioral 
responses in mice lacking A(2A) adenosine receptors. Neuroscience, 2000. 
97(1): p. 195-204. 

202. El Yacoubi, M., et al., The stimulant effects of caffeine on locomotor behaviour 
in mice are mediated through its blockade of adenosine A(2A) receptors. Br J 
Pharmacol, 2000. 129(7): p. 1465-73. 

203. Jacobson, K.A., et al., 8-(3-Chlorostyryl)caffeine (CSC) is a selective A2-
adenosine antagonist in vitro and in vivo. FEBS Lett, 1993. 323(1-2): p. 141-4. 

204. Robertson, D., et al., Tolerance to the humoral and hemodynamic effects of 
caffeine in man. J Clin Invest, 1981. 67(4): p. 1111-7. 

205. Svenningsson, P., et al., Antagonism of adenosine A2A receptors underlies the 
behavioural activating effect of caffeine and is associated with reduced 
expression of messenger RNA for NGFI-A and NGFI-B in caudate-putamen 
and nucleus accumbens. Neuroscience, 1997. 79(3): p. 753-64. 

206. Kalant, H., Research on tolerance: what can we learn from history? Alcohol 
Clin Exp Res, 1998. 22(1): p. 67-76. 

207. Wang, L.C. and T.F. Lee, Enhancement of maximal thermogenesis by reducing 
endogenous adenosine activity in the rat. J Appl Physiol, 1990. 68(2): p. 580-5. 

208. Dunwiddie, T.V. and T. Worth, Sedative and anticonvulsant effects of 
adenosine analogs in mouse and rat. J Pharmacol Exp Ther, 1982. 220(1): p. 
70-6.

209. Ticho, S.R. and M. Radulovacki, Role of adenosine in sleep and temperature 
regulation in the preoptic area of rats. Pharmacol Biochem Behav, 1991. 40(1):
p. 33-40. 

210. Armstrong, L.E., et al., Caffeine, fluid-electrolyte balance, temperature 
regulation, and exercise-heat tolerance. Exerc Sport Sci Rev, 2007. 35(3): p. 
135-40.

211. Durcan, M.J. and P.F. Morgan, Hypothermic effects of alkylxanthines: evidence 
for a calcium-independent phosphodiesterase action. Eur J Pharmacol, 1991. 
204(1): p. 15-20. 

212. Yaar, R., et al., Animal models for the study of adenosine receptor function. J 
Cell Physiol, 2005. 202(1): p. 9-20. 

213. Burnett, A.L., et al., Nitric oxide-dependent penile erection in mice lacking 
neuronal nitric oxide synthase. Mol Med, 1996. 2(3): p. 288-96. 



Yang JN 2008               .

52

214. Branchi, I. and L. Ricceri, Transgenic and knock-out mouse pups: the growing 
need for behavioral analysis. Genes Brain Behav, 2002. 1(3): p. 135-41. 

215. Nelson, R.J., The use of genetic "knockout" mice in behavioral endocrinology 
research. Horm Behav, 1997. 31(3): p. 188-96. 

216. Johansson, S.M., et al., A1 receptor deficiency causes increased insulin and 
glucagon secretion in mice. Biochem Pharmacol, 2007. 74(11): p. 1628-35. 

217. Reece, T.B., et al., Early adenosine receptor activation ameliorates spinal cord 
reperfusion injury. J Cardiovasc Med (Hagerstown), 2008. 9(4): p. 363-7. 

218. Cohen, M.V. and J.M. Downey, Adenosine: trigger and mediator of 
cardioprotection. Basic Res Cardiol, 2008. 103(3): p. 203-15. 

219. Lappas, C.M., et al., Adenosine A2A receptor activation reduces hepatic 
ischemia reperfusion injury by inhibiting CD1d-dependent NKT cell activation.
J Exp Med, 2006. 203(12): p. 2639-48. 

220. Willems, L. and J.P. Headrick, Protecting murine hearts from ischaemia-
reperfusion using selective inhibitors of adenosine metabolism. Clin Exp 
Pharmacol Physiol, 2005. 32(3): p. 179-83. 

221. Ongini, E., et al., Adenosine A2A receptors and neuroprotection. Ann N Y 
Acad Sci, 1997. 825: p. 30-48. 

222. Schubert, P. and G.W. Kreutzberg, Cerebral protection by adenosine. Acta 
Neurochir Suppl (Wien), 1993. 57: p. 80-8. 

223. Bunch, F.T., et al., Adenosine is an endogenous protectant against stunning 
during repetitive ischemic episodes in the heart. Am Heart J, 1992. 124(6): p. 
1440-6. 

224. Kaljusto, M.L., et al., Postconditioning in rats and mice. Scand Cardiovasc J, 
2006. 40(6): p. 334-41. 

225. Labruto, F., et al., Role of tumor necrosis factor alpha and its receptor I in 
preconditioning by hyperoxia. Basic Res Cardiol, 2005. 100(3): p. 198-207. 

226. Valen, G., G. Paulsson, and J. Vaage, Induction of inflammatory mediators 
during reperfusion of the human heart. Ann Thorac Surg, 2001. 71(1): p. 226-
32.

227. Valen, G. and J. Vaage, Pre- and postconditioning during cardiac surgery.
Basic Res Cardiol, 2005. 100(3): p. 179-86. 

228. Valen, G., Z.Q. Yan, and G.K. Hansson, Nuclear factor kappa-B and the heart.
J Am Coll Cardiol, 2001. 38(2): p. 307-14. 

229. Labruto, F., et al., Intraperitoneal injection induces a delayed preconditioning-
like effect in mice. Lab Anim, 2005. 39(3): p. 298-307. 

230. Doevendans, P.A., et al., Cardiovascular phenotyping in mice. Cardiovasc Res, 
1998. 39(1): p. 34-49. 

231. Lerman, B.B. and E.D. Engelstein, Metabolic determinants of defibrillation. 
Role of adenosine. Circulation, 1995. 91(3): p. 838-44. 



           Yang JN 2008

  53 

232. Chi, L., et al., Effect of Ado A1- and A2-receptor activation on ventricular 
fibrillation during hypoxia-reoxygenation. Am J Physiol, 1994. 267(4 Pt 2): p. 
H1447-54.

233. Friedrichs, G.S., et al., Adrenergic-dependent Effect of Adenosine-induced 
Ventricular Fibrillation in the Isolated Rabbit Heart. J Cardiovasc Pharmacol 
Ther, 1997. 2(4): p. 299-308. 

234. Fenton, R.A., K.J. Galeckas, and J.G. Dobson, Jr., Endogenous adenosine 
reduces depression of cardiac function induced by beta-adrenergic stimulation 
during low flow perfusion. J Mol Cell Cardiol, 1995. 27(10): p. 2373-83. 

235. Mader, T.J., et al., Adenosine A1 receptor antagonism hastens the decay in 
ventricular fibrillation waveform morphology during porcine cardiac arrest.
Resuscitation, 2006. 71(2): p. 254-9. 

236. Brown, R., et al., Abolished tubuloglomerular feedback and increased plasma 
renin in adenosine A1 receptor-deficient mice. Am J Physiol Regul Integr 
Comp Physiol, 2001. 281(5): p. R1362-7. 

237. Svenningsson, P., et al., Distribution, biochemistry and function of striatal 
adenosine A2A receptors. Prog Neurobiol, 1999. 59(4): p. 355-96. 

238. Morrison, R.R., et al., Targeted deletion of A2A adenosine receptors attenuates 
the protective effects of myocardial postconditioning. Am J Physiol Heart Circ 
Physiol, 2007. 293(4): p. H2523-9. 

239. Garattini, S.M.D., The Cardiovascular Effects of Caffeine. Caffeine, Coffee, 
and Health, 1992: p. 157-176. 

240. Nurminen, M.L., et al., Coffee, caffeine and blood pressure: a critical review.
Eur J Clin Nutr, 1999. 53(11): p. 831-9. 

241. Mahmud, A. and J. Feely, Acute effect of caffeine on arterial stiffness and 
aortic pressure waveform. Hypertension, 2001. 38(2): p. 227-31. 

242. Casiglia, E., et al., Haemodynamic effects of coffee and caffeine in normal 
volunteers: a placebo-controlled clinical study. J Intern Med, 1991. 229(6): p. 
501-4.

243. Pincomb, G.A., et al., Effects of caffeine on vascular resistance, cardiac output 
and myocardial contractility in young men. Am J Cardiol, 1985. 56(1): p. 119-
22.

244. Pincomb, G.A., et al., Effect of behavior state on caffeine's ability to alter blood 
pressure. Am J Cardiol, 1988. 61(10): p. 798-802. 

245. Lane, J.D., et al., Caffeine effects on cardiovascular and neuroendocrine 
responses to acute psychosocial stress and their relationship to level of habitual 
caffeine consumption. Psychosom Med, 1990. 52(3): p. 320-36. 

246. Nussberger, J., et al., Caffeine-induced diuresis and atrial natriuretic peptides. J 
Cardiovasc Pharmacol, 1990. 15(5): p. 685-91. 



Yang JN 2008               .

54

247. Izzo, J.L., Jr., et al., Age and prior caffeine use alter the cardiovascular and 
adrenomedullary responses to oral caffeine. Am J Cardiol, 1983. 52(7): p. 769-
73.

248. Potter, J.F., et al., Blood pressure, plasma catecholamine and renin responses to 
caffeine in elderly hypertensives. J Hum Hypertens, 1993. 7(3): p. 273-8. 

249. Smits, P., G. Pieters, and T. Thien, The role of epinephrine in the circulatory 
effects of coffee. Clin Pharmacol Ther, 1986. 40(4): p. 431-7. 

250. Papaioannou, T.G., et al., Acute effects of caffeine on arterial stiffness, wave 
reflections, and central aortic pressures. Am J Hypertens, 2005. 18(1): p. 129-
36.

251. Karatzis, E., et al., Acute effects of caffeine on blood pressure and wave 
reflections in healthy subjects: should we consider monitoring central blood 
pressure? Int J Cardiol, 2005. 98(3): p. 425-30. 

252. James, J.E., Chronic effects of habitual caffeine consumption on laboratory and 
ambulatory blood pressure levels. J Cardiovasc Risk, 1994. 1(2): p. 159-64. 

253. Ammon, H.P., et al., Adaptation of blood pressure to continuous heavy coffee 
drinking in young volunteers. A double-blind crossover study. Br J Clin 
Pharmacol, 1983. 15(6): p. 701-6. 

254. Bak, A.A. and D.E. Grobbee, Caffeine, blood pressure, and serum lipids. Am J 
Clin Nutr, 1991. 53(4): p. 971-5. 

255. Rosmarin, P.C., W.B. Applegate, and G.W. Somes, Coffee consumption and 
blood pressure: a randomized, crossover clinical trial. J Gen Intern Med, 1990. 
5(3): p. 211-3. 

256. Panagiotakos, D.B., et al., The J-shaped effect of coffee consumption on the risk 
of developing acute coronary syndromes: the CARDIO2000 case-control study.
J Nutr, 2003. 133(10): p. 3228-32. 

257. Hammar, N., et al., Association of boiled and filtered coffee with incidence of 
first nonfatal myocardial infarction: the SHEEP and the VHEEP study. J Intern 
Med, 2003. 253(6): p. 653-9. 

258. Baylin, A., et al., Transient exposure to coffee as a trigger of a first nonfatal 
myocardial infarction. Epidemiology, 2006. 17(5): p. 506-11. 

259. Riksen, N.P., et al., Caffeine prevents protection in two human models of 
ischemic preconditioning. J Am Coll Cardiol, 2006. 48(4): p. 700-7. 

260. Ye, Y., et al., Caffeinated Coffee Blunts the Myocardial Protective Effects of 
Statins against Ischemia-Reperfusion Injury in the Rat. Cardiovasc Drugs Ther, 
2008. 22(4): p. 275-82. 

261. Greenland, S., A meta-analysis of coffee, myocardial infarction, and coronary 
death. Epidemiology, 1993. 4(4): p. 366-74. 



           Yang JN 2008

  55 

262. Kawachi, I., G.A. Colditz, and C.B. Stone, Does coffee drinking increase the 
risk of coronary heart disease? Results from a meta-analysis. Br Heart J, 1994. 
72(3): p. 269-75. 

263. Sofi, F., et al., Coffee consumption and risk of coronary heart disease: a meta-
analysis. Nutr Metab Cardiovasc Dis, 2007. 17(3): p. 209-23. 




