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ADENOSINE 

Adenosine is a nucleoside composed of a molecule of adenine attached to a ribose sugar 

molecule (ribofuranose) via a β-N9-glycosidic bond (Figure 1). 

 

 

 

 

 

 

Figure 1 – Chemical structure of Adenosine 

 

Adenosine is an endogenous nucleoside-signalling molecule, which, by acting on 

specific membrane receptors produces a number of physiological and 

pathophysiological effects in both the central nervous system and peripheral organs. 

Under normal conditions, adenosine is continuously formed intracellularly as well as 

extracellularly. The intracellular production is mediated either by an intracellular 5'-

nucleotidase, which dephosphorylates or by hydrolysis of S-adenosyl-homocysteine 

(Fredhoml et al., 2001). Adenosine generated intracellularly is transported into the 

extracellular space mainly via specific bi-directional transporters through facilitated 

diffusion that efficiently evens out the intra- and extracellular levels of adenosine. The 

dephosphorylation of extracellular AMP to adenosine, mediated by ecto-5'-nucleotidase, 

is the last step in the enzymatic chain that catalyzes the breakdown of extracellular 

adenine nucleotides, such as ATP, to adenosine. Ectonucleotidases include 
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ectonucleoside triphosphate diphosphohydrolase which can hydrolyze ATP or ADP, 

ectonucleotide pyrophosphatase/phosphodiesterases, alkaline phosphatases and 5'-

nucleotidases (Zimmermann, 2000). When adenosine levels in the extracellular space 

are high, adenosine is transported into cells by means of transporters. It is then 

phosphorylated to AMP by adenosine kinase or degraded to inosine by adenosine 

deaminase. Adenosine deaminase, but not adenosine kinase, is also present in the 

extracellular space (Fredhoml et al., 2001). Another potential source of extracellular 

adenosine is cAMP, which can be released from neurons and converted by extracellular 

phosphodiesterases into AMP and thereafter by an ecto-5'-nucleotidase to adenosine. 

The transport of adenosine by facilitated diffusion is equilibrative and bidirectional, 

meaning that the net transport of adenosine either into or out of the cell depends upon 

the adenosine concentration gradient in both sides of the membrane. Inhibition of 

adenosine transport can, therefore, inhibit either adenosine release or adenosine uptake, 

depending upon the intra- and extracellular levels of adenosine (Gu et al., 1995). 

However, since the extracellular formation of adenosine from released adenine 

nucleotides constitutes a second source of adenosine, which is not affected by transport 

inhibition, the transport inhibitors usually cause an increase in the extracellular 

adenosine levels. Under hypoxic and ischemic conditions there is a marked increase in 

cytoplasmatic adenosine leading to an intense release of adenosine, which is inhibited 

by adenosine uptake inhibitors (Parkinson et al., 2002).  

Excitatory amino acid-mediated release of adenosine is certainly involved; however, of 

greater importance is probably the fact that whenever intracellular levels of adenine 

nucleotides fall as a result of excessive energy use, the intracellular levels of adenosine 

will rise dramatically (Fredhoml et al., 2001). For example, following hypoxia there is a 

decrease of intracellular ATP, accompanied by an accumulation of 5'-AMP and 

subsequently adenosine. The nucleoside is thereafter transported into the extracellular 
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space via the transporters. Furthermore, when the intracellular level of adenosine is very 

high, adenosine simply diffuses out of cells. Direct release of intracellular adenine 

nucleotides, such as ATP, that is thereafter converted extracellularly by ecto-ATPase 

and ecto-ATP-diphosphohydrolase (ecto-apyrase) to AMP and dephosphorylated by 

ecto-5'-nucleotidase to adenosine, should also be considered (Zimmermann et al., 2000).  

Adenosine is neither stored nor released as a classical neurotransmitter since it does not 

accumulate in synaptic vesicles, being released from the cytoplasm into the extracellular 

space through a nucleoside transporter. The adenosine transporters also mediate 

adenosine reuptake, the direction of the transport being dependant upon the 

concentration gradient at both sides of the membrane (Fredhoml et al., 2001). Since it is 

not exocytotically released, adenosine behaves as an extracellular signal molecule 

influencing synaptic transmission without itself being a neurotransmitter, i.e. modulates 

the activity of the nervous system at cellular level presynaptically by inhibiting or 

facilitating transmitter release, postsynaptically by hyperpolarising or depolarising 

neurones and/or exerting non-synaptic effects. Adenosine, therefore, belongs to the 

group of neuromodulators. 

 

Adenosine receptors 

 

Four adenosine receptor (AR) subtypes (A1, A2A, A2B, and A3) have been cloned and 

pharmacologically characterized, all of which are G protein-coupled receptors (GPCRs). 

Adenosine receptors can be distinguished according to their preferred mechanism of 

signal transduction: A1 and A3 receptors interact with pertussis toxin-sensitive G 

proteins of the Gi and Go family; the canonical signaling mechanism of the A2A and of 

the A2B receptors is stimulation of adenylyl cyclase via Gs proteins. In addition to the 
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coupling to adenylyl cyclase, all four subtypes may positively couple to phospholipase 

C via different G protein subunits (Fredholm et al, 2001). 

Considering the overall protein structure, ARs display the topology typical of GPCRs. 

Sequence comparison between the different GPCRs revealed the existence of different 

receptor families sharing no sequence similarity even if specific fingerprints exist in all 

GPCR classes. However, all these receptors have in common a central core domain 

consisting of seven transmembrane helices (TM1-7), with each TM composed of 20–27 

amino acids, connected by three intracellular (IL1, IL2, and IL3) and three extracellular 

(EL1, EL2, and EL3) loops. Two cysteine residues (one in TM3 and one in EL2), which 

are conserved in most GPCRs, form a disulfide link which is possibly crucial for the 

packing and for the stabilization of a restricted number of conformations of these seven 

TMs. Aside from sequence variations, GPCRs differ in the length and function of their 

N-terminal extracellular domain, their C-terminal intracellular domain, and their 

intracellular loops. Each of these domains provides very specific properties to these 

receptor proteins. Particularly, consensus sites for N-linked glycosylation exist on the 

extracellular regions of ARs, although the precise location of the sites for this post-

translational modification varies amongst the AR subtypes. The carboxyl-terminal tails 

of the A1AR, A2BAR, and A3AR, but not A2AAR, possess a conserved cysteine residue 

that may putatively serve as a site for receptor palmitoylation and permit the formation 

of a fourth intracellular loop (Moro et al., 2005). 

The A1AR, A2BAR, and A3AR are very similar in regard to the number of amino acids 

composing their primary structure, and in general, these AR subtypes are among the 

smaller members of the GPCR family. For example, the human homologs of the A1AR, 

A2BAR, and A3AR consist of 326, 328, and 318 amino acid residues, respectively. 

Conversely, the human A2AAR is composed of 409 amino acids. It should be noted that 

the size of ARs deduced from their primary amino acid structure frequently is not 
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consistent with the mass estimated by polyacrylamide gel electrophoresis of the 

expressed proteins. The post-translational glycosylation of ARs, which may vary in a 

cell type-dependent fashion, likely accounts for these discrepancies. The human A1AR 

and human A3AR display 49% overall sequence identity at the amino acid level, while 

the human A2AAR and human A2BAR are 45% identical (Fredholm et al, 2001).  

 

A1 adenosine receptors 

The A1 receptor is widely expressed throughout the body, having its highest expression 

in the brain, spinal cord, atria and adipose tissue (Baraldi et al., 2000). Via adenosine 

A1ARs, adenosine reduces heart rate, glomerular filtration rate, and renin release in the 

kidney; it induces bronchoconstriction  and inhibits lipolysis (Elzein and Zablocki, 

2008). Adenosine A1Rs can be coupled to different pertussis toxin-sensitive G proteins, 

which mediate inhibition of adenylate cyclase  and regulate calcium and potassium 

channels, as well as inositol phosphate metabolism (Fredholm et al., 2001). A1ARs and 

A2AARs are primarily responsible for the central effects of adenosine (Dunwiddie and 

Masino, 2001). In addition to their postsynaptic locations in different brain regions, 

A1ARs can be found presynaptically and modulate neurotransmitter release. Presynaptic 

A1ARs are the prototype of GPCRs, the stimulation of which decreases the probability 

of neurotransmitter release. The main mechanism of A1AR-mediated inhibition of 

exocytosis is a direct inhibitory effect on voltage-dependent Ca2+ channels (Moore et 

al., 2003). A1AR displays two different affinities for agonist, which have classically 

been attributed to a different coupling to heterotrimeric G proteins. According to this 

two independent site model, coupled receptor–G protein complexes display high affinity 

for agonists and uncoupled receptors display low affinity. The reported cluster-arranged 

cooperative model predicts that the high- and low-affinity sites are a consequence of the 

negative cooperativity of agonist binding and do not seem to be related to the content of 
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G protein-coupled or –uncoupled receptors (Franco et al., 1996). Like other GPCR 

members, A1AR expression is regulated in response to agonist or antagonist stimulation. 

Desensitization of A1ARs has been described in intact animals and in cell cultures. 

Prolonged administration of A1AR agonists to animals leads to functional 

desensitization of A1ARs in guinea pig heart, rat adipocytes, rat atrial muscle, and rat 

brain (Moro et al., 2006). The reduced functional response is attributable to a net loss of 

A1ARs or down-regulation, a decrease in the proportion of A1ARs displaying the high-

affinity state for agonists, and a decrease in the content of Gi proteins. The loss of 

binding sites on the cell membrane owing to internalization of A1ARs is a slower event. 

Ser/Thr phosphorylation seems to be related to short-term clustering and 

desensitization, as well as long-term internalization of A1ARs (Ciruela et al., 1997). 

 

A2A adenosine receptors 

The A2AAR exists in a wide variety of organs including major peripheral tissues (e.g., 

liver, heart, lung, and the immune system) and the central nervous system (CNS) (Lee et 

al., 2003). In the developing rat brain, expression of the A2AAR is transiently regulated 

in various areas (e.g., the striatum, cortex, and hippocampus), perhaps implying a role 

of adenosine in neuronal development. Soon after neurogenesis, the A2AAR is highly 

expressed by striatal neurons and co-localizes with the D2 dopamine receptor in 

GABAergic striatopallidal neurons (Ferrè et al., 2008). In addition to the intense 

expression in the striatum, low levels of A2AAR are found in many brain regions (e.g., 

the cortex and hippocampus) and it has been suggested that adenosine acting at the 

A2AAR regulates important neuronal functions including neuronal protection and 

synaptic transmission (Ferrè et al., 2008). Regulation of A2AAR gene expression is 

therefore likely to play an important role in neuronal development, basal ganglia 

activity, and many other peripheral functions. In the CNS, l-DOPA enhanced the gene 
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expression of the striatal A2AAR in 6-OHDA-lesioned rats (Tomiyama et al., 2004). 

Treatment with an antagonist of the NMDA receptor (memantine) was also reported to 

elevate the transcript level of striatal A2AARs (Marvanova and Wong, 2004). The 

adenosine A2AAR couples primarily to members of the Gs family. Like other GPCRs it 

can also interact with other G proteins if the receptor is very over-expressed, but the 

evidence for such coupling in vivo is not compelling. In striatum the A2AAR interacts 

with Golf proteins (Corvol et al., 2001). It is not known if there are significant 

differences in receptor affinity or in signaling dependent on which of the two partners 

(or which variant of Gs) the receptor interacts with. There are instances where other G 

protein pathways have been implicated, and it will be important to determine if this 

alternate coupling is a regulated process, for example via phosphorylation. There is no 

compelling reason to assume that this GPCR coupling to members of the Gs family 

would signal in anything but a canonical way. Thus, most effects are probably due to 

activation of adenylyl cyclase and generation of cAMP. The A2AAR can recruit β-

arrestin via a GRK-2 dependent mechanism (Khoa et al., 2006). This is influenced by 

activation of cytokine receptors, which cause reduced desensitization of the A2AAR 

(Khoa et al., 2006).  

One key target of PKA is the cAMP responsive element-binding protein (CREB) which 

is critical for many forms of neuronal plasticity as well as other neuronal functions 

(Josselyn and Nguyen, 2005). Phosphorylation of CREB at Ser133 by PKA activates 

CREB and turns on genes with cAMP responsive elements (CRE sites) in their 

promoters. One important feature of CREB is that it is a point of convergence for the 

cAMP/PKA and MAPK pathways. Stimulation of the A2AARs counteracts the 

inhibition of neurite outgrowth due to MAPK blockade (Cheng et al., 2002). 

Stimulation of the A2AAR alone also activates the Ras/Raf-1/MEK/ERK signaling 

through PKA-dependent and PKA-independent pathways via Src- and Sos- mediated 
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mechanisms, respectively (Schulte and Fredholm, 2003). Interestingly, 

phosphorylation/activation of CREB has been shown to compete with nuclear factor-κB 

(NFκB) p65 for an important co-factor, CBP. Phosphorylated CREB was therefore 

proposed to mediate the anti-inflammatory effect of the A2AAR receptor and inhibition 

of NFκB by A2AAR activation during acute inflammation in vivo was demonstrated 

(Fredholm et al., 2007).  

An interesting observation is that activation of A2AAR receptor facilitates activities of 

adenosine transporters via a PKC-dependent pathway in the hippocampus, and thus 

reduces the level of extracellular adenosine available for A1AR activation (Pinto-Duarte 

et al., 2005). In addition, PKC was shown to play a key role in mediating the 

enhancement of noradrenaline release by the A2AAR in rat tail artery (Fresco et al., 

2004). Activation of multiple signaling pathways by the A2AAR appears to contribute to 

its diverse and complex functions in various tissues. 

 

A2B adenosine receptors 

A2BAR mRNA was originally detected in a limited number of rat tissues by Northern 

blot analysis, with the highest levels found in cecum, bowel, and bladder, followed by 

brain, spinal cord, lung, epididymis, vas deferens, and pituitary. The use of more 

sensitive reverse transcriptase-polymerase chain reaction techniques revealed a 

ubiquitous distribution of A2BAR (Spicuzza et al., 2006). mRNA encoding A2BAR was 

detected at various levels in all rat tissues studied, with the highest levels in the 

proximal colon and lowest in the liver. In situ hybridization of A2BARs showed 

widespread and uniform distribution of A2BAR mRNA throughout the brain (Dixon et 

al., 1996).  

Pharmacological identification of A2BARs, based on their low affinity and characteristic 

order of potency for agonists, also indicates a widespread distribution of A2BARs. In 
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brain, functional A2BARs are found in neurons  and glial cells. Although there is no 

evidence that A2BAR are present in microglia, there is ample data that show that they 

are expressed in astrocytes and in different glioma cell lines (Fiebich et al., 1996). The 

expression of A2BARs in glial cells, which represent a majority of the brain cell 

population, can explain the original observation that slices from all brain areas 

examined showed an adenosine-stimulated cAMP response. 

Functional A2BARs have been found in fibroblasts and various vascular beds, 

hematopoietic cells, mast cells, myocardial cells, intestinal epithelial and muscle cells, 

retinal pigment epithelium, endothelium, and neurosecretory (Gessi et al., 2005). 

Although activation of adenyl cyclase is arguably an important signaling mechanism for 

A2AARs, this is not necessarily the case for A2BARs, as other intracellular signaling 

pathways have been found to be functionally coupled to these receptors in addition to 

adenyl cyclase. In fact activation of adenosine A2BARs can increase phospholipase C in 

human mast cells and in mouse bone marrow-derived mast cells. A2BAR activation also 

elevates inositol triphosphate (IP3) levels, indicating this receptor can couple also to 

Gq-proteins. A2BARs have been implicated in the regulation of mast cell secretion  and, 

gene expression, intestinal function, neurosecretion, vascular tone and in particular 

asthma (Varani et al., 2005). 

 

A3 adenosine receptors 

The A3AR has widely distributed its mRNA being expressed in testis, lung, kidneys, 

placenta, heart, brain, spleen, liver, uterus, bladder, jejunum, proximal colon and eye of 

rat, sheep and humans. However, marked differences exist in expression levels within 

and among species. In particular rat testis and mast cells express high concentrations of 

A3AR mRNA, while low levels have been detected in most other rat tissues (Gessi et 

al., 2008). Lung and liver have been found as the organs expressing high levels of 



 16

A3AR mRNA in human, while low levels have been found in aorta and brain. Lung, 

spleen, pars tuberalis and pineal gland expressed the highest levels of A3AR mRNA in 

sheep. 

The presence of A3AR protein has been evaluated through radioligand binding, 

immunoassay or functional assay in a variety of primary cells, tissues and cell lines 

(Gessi et al., 2008). In the mouse brain a widespread, relatively low level of A3AR 

binding sites was found (Jacobson et al., 1993). Similar data were obtained in the rat 

and in gerbil and rabbit brain. Electrophysiological and biochemical evidence suggested 

the presence of A3ARs in the rat hippocampus and cortex, and functional studies also 

indicated its presence in the brain. In cardiomyocytes, there was no direct evidence of 

the presence of A3ARs  but several studies reported that it was responsible for 

cardioprotection in a variety of species and models, including isolated cardiomyocytes 

and isolated myocardial muscle preparations (Peart and Headrick, 2007). In lung 

parenchyma and in human lung type 2 alveolar-like cells (A549), the A3AR was 

detected through radioligand binding and immunohistochemical assays (Varani et al., 

2006).  

The classical pathways associated with A3AR activation are the inhibition of adenylyl 

cyclase activity, through the coupling with Gi proteins, and the stimulation of 

phospholipase C (PLC), inositol triphosphate (IP3) and intracellular calcium (Ca
2+

), via 

Gq proteins (Fredholm et al., 2001). However, more recently additional intracellular 

pathways have been described as relevant for A3AR signaling. For example, in the 

heart, A3AR mediates cardioprotective effects through ATP-sensitive potassium 

(KATP) channel activation. Moreover, it is coupled to activation of RhoA and a 

subsequent stimulation of phospholipase D (PLD), which in turn mediates protection of 

cardiac myocytes from ischemia (Mozzicato et al., 2004). In addition, in different 

recombinant and native cell lines, A3AR is involved, like the other adenosine subtypes, 
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in the modulation of mitogen-activated protein kinase (MAPK) activity (Schulte and 

Fredholm, 2003). A3AR signaling in Chinese Hamster Ovary cells transfected with 

human A3AR (CHO-hA3) leads to stimulation of extracellular signal-regulated kinases 

(ERK1/2). In particular, A3AR signaling to ERK1/2 depends on βγ release from 

pertussis toxin (PTX)-sensitive G proteins, phosphoinositide 3-kinase (PI3K), Ras and 

mitogen-activated protein kinase kinase (Schulte and Fredholm, 2003). It has been 

reported that A3AR activation is able to decrease the levels of PKA, a downstream 

effector of cAMP, and of the phosphorylated form of PKB/Akt in melanoma cells. This 

implies the deregulation of the Wnt signaling pathway, generally active during 

embryogenesis and tumorigenesis to increase cell cycle progression and cell 

proliferation (Fishman et al., 2002). Involvement of the PI3K/PKB pathway has been 

linked with preconditioning effects induced by A3AR activation in cardiomyocytes from 

newborn rats (Germack and Dickenson, 2005). An elegant study has recently 

documented a role of A3AR in cell survival signaling in resveratrol preconditioning of 

the heart. This study provides evidence that resveratrol preconditions the heart through 

the activation of adenosine A1 and A3AR, transmitting a survival signal through both 

the PI3K-Akt-Bcl2 and, only in the case of A3AR, cAMP response element-binding 

protein (CREB)-Bcl2 pathways (Das et al., 2005). Subsequently it has been 

demonstrated that CREB phosphorylation occurs through both Akt-dependent and -

independent signaling. Activation of PI3K-Akt-pBAD by A3AR has been observed 

recently in glioblastoma cells leading to cell survival in hypoxic conditions (Merighi et 

al., 2007). Further studies indicate that A3AR activation by interfering with PKB/Akt 

pathways can decrease interleukin-12 (IL-12) production in human monocytes (la Sala 

et al., 2005). Collectively, these findings demonstrate that several intracellular 

mechanisms are involved following A3AR stimulation, the understanding of which may 
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be essential and crucial for explaining the different aspect of its activation.  

 

 

Therapeutic potential 

Cardiovascular system 

A1AR is the most extensively studied and well characterized of the adenosine receptor 

subtypes in relation to cardiac protection. The A1AR is best understood insofar as its 

effects on injury and in terms of receptor-coupled kinase/protein signaling. For the most 

part, transduction cascades induced by A1AR agonism follow those of several other 

protective GPCR systems (Hausenloy and Yellon, 2004). However, there remain some 

controversies regarding both signal cascades and A1AR-mediated responses in the heart. 

Originally, adenosine (via A1AR activation) was thought to induce myocardial 

protection through preservation of ATP (and improved nucleotide repletion on 

reperfusion), stimulation of glycolysis, and normalization of the hearts so-called 

“oxygen supply/demand ratio” (Ely and Berne, 1992). Subsequent investigations have 

identified essential protein kinase signaling cascades together with putative end-

effectors (including the mitochondrial KATP channel), in the protective and 

preconditioning actions of A1ARs. 

Adenosine enhances tolerance to ischemia via metabolic substrate effects (Headrick et 

al., 2003). Adenosinergic cardioprotection in ischemic-reperfused hearts involves 

reductions in oncotic and apoptotic death, and improved functional outcomes (Willems 

et al., 2005). Recent work supports differential effects of acute adenosine vs. transient 

adenosinergic preconditioning, consistent with multiple pathways of protection (Peart 

and Headrick, 2003). In terms of cellular targets, adenosine appears to directly protect 

cardiomyocytes or myocardial tissue (likely via A1 and A3ARs), and additionally 

protects via limiting inflammation and injurious interactions between inflammatory 
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cells and vascular and myocardial tissue. The different cardioprotective effects of AR 

agonism have been verified in animal and human tissue (Willems et al., 2005). 

However, few studies have addressed the possibility that altered AR-mediated 

protection might underlie specific cardiovascular disorders, though there is evidence to 

support this. Hypertrophic hearts, for example, display abnormal adenosinergic 

signaling, and dysregulated adenosine formation. Interestingly, ARs impact on many 

processes implicated in cardiovascular "aging", regulating Ca
2+

 influx and oxidant 

injury, substrate metabolism, angiogenesis, myocardial fibrosis, and apoptotic processes 

(Willems et al., 2005). Given evidence of a role for ARs in intrinsic cardioprotection, 

mediation of preconditioning, and modifying the above-mentioned processes, 

alterations in AR signalling could contribute both to ischemic intolerance and 

emergence of other features of aged myocardium. All ARs are considered to be 

expressed within cardiovascular cells. Studies in different species verify endogenous 

adenosine contributes to intrinsic ischemic tolerance, and support cardioprotective roles 

for A1ARs in vitro and in vivo, and for A2AARs in vivo (Willems et al., 2005). Anti-

ischemic effects of A1ARs appear direct (at cardiomyocytes), since similar protection is 

observed in isolated hearts, cardiomyocytes, and in vivo (Roscoe et al., 2000). 

Protective A2AAR effects involve modulation of vascular function, platelet adhesion and 

neutrophil activation. There is currently no direct evidence for acute A2BAR mediated 

cardioprotection, partially due to lack of selective A2BAR agonists/antagonists. 

In contrast to A1 and A2AARs, there is little evidence that intrinsically activated A3ARs 

mediate protection. A3AR antagonists have no effect on ischemic outcomes in myocytes 

or hearts (Maddock et al., 2002). 
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Airways 

A role for adenosine in pulmonary disease was first suggested when it was found that 

adenosine and related synthetic analogues were potent enhancers of IgE-dependent 

mediator release from isolated rodent mast cells (Holgate et al., 1980). A few years 

later, adenosine administered by inhalation was shown to be a powerful 

bronchoconstrictor of asthmatic but, importantly, not of normal airways (Cushley et al., 

1983). Further work showed that both allergic and non-allergic asthmatics responded in 

a similar way and that the effect was also seen with adenosine 5′-monophosphate 

(AMP), ADP and ATP (Basoglu et al., 2005). Elevated levels of adenosine are present 

in chronically inflamed airways; they have been observed both in the bronchoalveolar 

lavage fluid and the exhaled breath condensate of patients with asthma (Caruso et al., 

2006). Adenosine levels are also increased after allergen exposure and during exercises 

in atopic individuals. The observed increase in tissue levels of adenosine suggests that 

adenosine signaling could regulate important features of chronic inflammatory disorders 

of the airways, including asthma and chronic obstructive pulmonary disease (COPD). 

Consistent with the hypothesis of adenosine playing an important role in the 

pathogenesis of chronic inflammatory disorders of the airways, mice deficient in 

adenosine deaminase (ADA) develop severe pulmonary inflammation and airway 

remodeling in association with elevated adenosine concentrations in the lung 

(Blackburn et al., 2000). The pulmonary phenotype in ADA-deficient mice consists of 

airway accumulation of eosinophils and activated macrophages, mast cell degranulation, 

mucus metaplasia in the bronchial airways, and emphysema-like devastation of the lung 

parenchyma. Although these histological traits do not completely resemble those of 

human asthma, the ADA-deficient mouse model is a useful tool to study the pathogenic 

role of adenosine in chronic airway inflammation.  
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The central role of adenosine in chronic lung inflammation is also supported by studies 

carried out in mice that have increased levels of interleukin IL-13 in the lung. These 

mice develop inflammation, fibrosis and alveolar destruction in association with 

elevated adenosine concentrations in the lung (Caruso et al., 2006). Treatment with 

ADA to prevent the increase in adenosine concentrations resulted in a marked decrease 

in the severity of the pulmonary phenotype, suggesting that adenosine mediates IL-13-

induced inflammation and tissue remodeling. Blockade of adenosine re-uptake by 

administration of dipyridamole has been used in humans to test the hypothesis that the 

accumulation of extracellular adenosine functionally modulates important features of 

the asthmatic response. In addition, it has been shown that a rapid increase in sputum 

eosinophilia occurs when asthmatics are exposed to adenosine by means of a 

provocation test with AMP (van der Berge et al., 2003). Taken together, these 

observations indicate that adenosine is likely to play an important role in asthma and 

COPD through interaction with specific cell-surface receptors. Expression of the four 

identified adenosine receptors has been shown in a large number of proinflammatory 

and structural cells and recently in the peripheral lung parenchyma of patients with 

COPD. The affinity of A1, A2A, and A3ARs, studied by means of saturation binding 

assays, was substantially decreased in patients with COPD, whereas their level of 

expression appears to be increased. Conversely, the affinity of A2BARs was not altered, 

but the density was significantly decreased in patients with COPD (Varani et al., 2006). 

This suggests that adenosine signalling play an important but rather complex role in 

COPD. Hence, adenosine responses are not only dictated by the bioavailability of the 

nucleoside but also by the pattern of adenosine receptor expression, which is known to 

be finely modulated by physiological and/or pathological tissue environments. 

Stimulation of A1ARs promotes activation of human neutrophils and enhances 

neutrophil adhesion to the endothelium in vitro, suggesting a pro-inflammatory role for 



 22

this receptor. However, in ADA/A1ARs double knockout mice, the lack of A1ARs 

results in enhanced pulmonary inflammation, mucus metaplasia, alveolar destruction 

and earlier death from respiratory distress, indicating a protective function. Activation 

of A2AARs on activated immune cells by adenosine appears to largely suppress the 

inflammatory response. In human neutrophils, stimulation of A2AARs reduces 

neutrophil adherence to the endothelium, inhibits formyl-Met-Leu-Phe (fMLP)-induced 

oxidative burst and inhibits superoxide anion generation (Fredholm et al., 1996). In 

monocytes and macrophages, activation of A2AARs inhibits lipopolysaccharide-induced 

tumour necrosis factor-α expression. Therefore, A2AAR agonists might have anti-

inflammatory effects in diseases such as COPD, where neutrophil- and monocyte-

mediated tissue injury is implicated (Caruso et al., 2006).  

Initial evidence for the role of A2BARs in asthma and COPD came from 

pharmacological studies of enprofylline, a methylxanthine structurally related to 

theophylline (Feoktistov and Biaggioni, 1995). It was proposed that the A2BAR might 

be the therapeutic target in the long-term clinical benefit achieved with relatively low 

doses of theophylline and enprofylline. Recently, A2BARs have been shown to mediate 

several pro-inflammatory effects of adenosine in the large majority of inflammatory and 

structural cells of the lung. For example, functional human A2BARs have been identified 

in mast cells, bronchial smooth muscle cells and lung fibroblasts. In these cells, 

adenosine, via activation of A2BARs, increases the release of various inflammatory 

cytokines, which induce IgE synthesis from human B lymphocytes and promote 

differentiation of lung fibroblasts into myofibroblasts. Such findings provide support for 

the view that activation of A2BARs could enhance the inflammatory response associated 

with asthma and that selective blockade of these receptors would be potentially 

beneficial in the treatment of asthma and other pulmonary inflammatory diseases. The 

functional significance of the A3AR in the pathogenesis of chronic inflammatory airway 
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diseases remains controversial largely owing to major species differences (Caruso et al., 

2006).  

 

 

 

Adenosine and cancer 

One of the difficulties in treating most of the common cancers (colon, lung, breast, 

prostate, etc.) is that they form solid tumors. The individual cancer cells, being different 

from normal cells, form a tissue mass that behaves in a radically different way from 

normal tissues in the body. This is because the major cell population (the cancer cells) 

has grown in a way that is out of step with all of the other cells that would normally 

form a supportive network. In particular, the growth of the cancer is not coordinated 

with the development of a proper blood supply. The vascular network of a tumor is 

usually inadequate, the blood vessels are often too few in number, the network is 

improperly branched, and their calibre is not well controlled. This means that the blood 

supply is inadequate. Consequently, most solid tumors do not receive sufficient oxygen 

and the cells are hypoxic. Specifically, hypoxia is conducive to adenine nucleotide 

breakdown, which is responsible for the adenosine release (Vaupel et al., 2001). As a 

consequence, adenosine accumulates to high levels in hypoxic tissues. In particular, it is 

recognized that significant levels of adenosine are found in the extracellular fluid of 

solid tumors, suggesting a role of adenosine in tumor growth (Merighi et al., 2003). 

Adenosine, released from hypoxic tissue, is thought to be an angiogenic factor that links 

altered cellular metabolism, caused by oxygen deprivation, to compensatory 

angiogenesis. Angiogenesis (or neovascularization) begins with the migration of 

endothelial cells, originating from capillaries, into the tissue being vascularized. 

Adenosine has been reported to stimulate or inhibit the release of angiogenic factors 
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depending on the cell type examined (Burnstock, 2006). On one hand, adenosine is 

known to cause the synthesis of vascular endothelial growth factor (VEGF) and increase 

the proliferation of endothelial cells obtained from the aorta, coronary vessels, and 

retina (human retinal endothelial cells, HREC). In particular, adenosine has been shown 

to induce the DNA synthesis in cultures of human umbilical vein endothelial cells 

(HUVEC) (Burnstock, 2006).  

In the human leukemia HL60, human melanoma A375, and human astrocytoma cells, 

adenosine at millimolar concentrations caused apoptosis. It seems likely that apoptosis 

is mediated by the intracellular actions of adenosine rather than through surface 

receptors (Merighi et al., 2002). It has been argued that the effect of high adenosine 

concentration might be subsequent to uptake of adenosine by the cell and intracellular 

accumulation of AMP, leading to caspase activation (Merighi et al., 2003). 

In many cases, tumor-induced immune suppression is mediated by soluble inhibition 

factors or cytokines elaborated by the tumor cells. Extracellular fluid of solid 

carcinomas contains immunosuppressive concentrations of adenosine, suggesting that 

this autacoid constitutes an important local immunosuppressant within the 

microenvironment of solid tumors. 

Antigen-presenting cells such as dendritic cells and macrophages are specialized to 

activate naïve T-lymphocytes and initiate primary immune responses. Adenosine 

inhibits interleukin-12 (IL-12) and tumor necrosis factor-α (TNF-α) production in 

dendritic cells and in macrophages impairing T-cell priming and suppressing the 

anticancer immune response. Furthermore, adenosine impairs the induction and 

expansion of cytotoxic T-lymphocytes and the antitumor activity of natural killer 

(Hoskin et al., 2002). 

Differential effects of adenosine on normal and cancer cells have been previously 

reported, showing that the proliferation of lymphocytes derived from patients with 
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chronic lymphocytic leukemia was inhibited by adenosine, whereas the proliferation of 

lymphocytes from healthy people was inhibited to a lesser extent. 

In vivo studies have shown that adenosine exerts a profound inhibitory effect on the 

induction of mouse cytotoxic T-cells, without substantially affecting T-cell viability 

(Hoskin et al., 2002).  

Adenosine sustains a complex role in the immune system activity, because when given 

to mice pretreated with cyclophosphamide it demonstrated a myeloprotective effect by 

restoring the number of white blood cells and the percentage of neutrophils as compared 

with normal values. Furthermore, it has been demonstrated that the elevation of the 

extracellular adenosine concentrations induced a radioprotective effect in mice by the 

stimulation of hematopoiesis in the bone marrow and the spleen. In support of this 

myelostimulatory role, it has been demonstrated that adenosine enhances cycling of the 

hematopoietic progenitor cells (Pospísil et al., 2001). 

The ability of adenosine to specifically inhibit tumor cell growth in vitro and in vivo 

suggests that the activation and/or blockade of the pathways downstream of adenosine 

receptors may contribute to tumor development. Furthermore, the extracellular 

adenosine concentration may be a crucial factor in determining the cell progression 

pathway, either in the apoptotic or in the cytostatic state (Merighi et al., 2003). 

 

Adenosine and central nervous system 

Adenosine levels in the brain extracellular space increase dramatically
 

during 

metabolically stressful conditions, such as ischemia,
 
seizures, or trauma. Adenosine, 

acting via its receptors,
 
modulates excitability in the central nervous system (CNS)

 
and 

has a role in
 

mechanisms of seizure susceptibility,
 

sleep induction,
 

basal
 

ganglia 

function,
 
pain perception,

 
cerebral blood flow,

  
and respiration (Benarroch, 2008).  
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Adenosine functions as a natural sleep-promoting agent accumulating during periods of 

sustained wakefulness and decreasing during sleep. It was suggested that adenosine 

participates in resetting of the circadian clock by manipulations of behavioural state. 

Indeed, A1ARs of the suprachiasmatic nucleus regulate the response of the circadian 

clock to light (Elliott et al., 2001). The sleep inducing properties of adenosine is in line 

with its A1AR-mediated inhibitory action and may involve multiple neuronal 

populations in the central nervous system; however, the actions upon the basal forebrain 

nuclei involved in sleep and arousal appear to be particularly important (Ribeiro et al., 

2002). In healthy humans, caffeine inhibits psychomotor vigilance deficits from sleep 

inertia, a ubiquitous phenomenon of cognitive performance impairment, grogginess and 

tendency to return to sleep immediately after abrupt awakening from intermittent and 

short sleep periods (van Dongen et al., 2001). It thus emerges that there exists a 

potential role of adenosine-related compounds and of A1AR agonists as sleep promoters 

and adenosine receptor antagonists as arousal stimulators. Adenosine A1AR agonists 

have anxiolytic activity in rodent models of anxiety, whereas caffeine and the adenosine 

A1AR selective antagonist, cyclopentyltheophylline, have anxiogenic properties. The 

involvement of adenosine A1ARs in anxiety was confirmed by the finding that the mice 

knocked out for this receptor showed increased anxiety-related behaviour. Interestingly, 

patients suffering from panic disorder, a serious form of anxiety disorder, appear to be 

particularly sensitive to small amounts of caffeine (Ribeiro et al., 2002). These 

observations, taken together, suggest that drugs that facilitate adenosine A1AR-mediated 

actions may be effective for the treatment of anxiety. Endogenous adenosine, through 

A1AR activation, modulates long-term synaptic plasticity phenomena, such as long-term 

potentiation (LTP), long-term depression (LTD), and depotentiation. In accordance with 

the notion that synaptic plasticity is the basis for learning and memory in different brain 

areas, adenosine correspondingly modulates behaviour in various learning and memory 
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paradigms, and adenosine A1AR antagonists have been proposed for the treatment of 

memory disorders (Ribeiro et al., 2002). Cognitive effects of caffeine are mostly due to 

its ability to antagonise A1ARs in the hippocampus and cortex, the brain areas mostly 

involved in cognition, positive actions of caffeine on information processing and 

performance might also be attributed to improvement of behavioural routines, arousal 

enhancement and sensorimotor gating (Fredholm et al., 1999).  

One of the first pathophysiological roles proposed for adenosine was as an endogenous 

anti-convulsant (Dragunow et al., 1986). Limitations of the use of adenosine receptor 

agonists as anti-convulsant drugs are due to their pronounced peripheral side effects as 

well as central side effects like sedation. To circumvent this limitation, the possibility of 

using compounds to increase the concentrations of endogenous adenosine was 

proposed, in particular inhibitors of adenosine kinase (McGaraughty et al., 2001). These 

compounds would facilitate the increase in extracellular adenosine caused by the 

seizure, having limited effects in other brain areas where the levels of adenosine are 

low. The anti-epileptic properties of adenosine are mostly due to the well-known 

inhibitory actions of A1ARs upon synaptic transmission in the hippocampus, but not 

only presynaptic actions upon glutamate release are involved (Khan et al., 2000).  

In the spinal cord, adenosine A1 AR activation produces anti-noceptive properties in 

acute nociceptive, inflammatory and neuropathic pain tests. Therefore, there was an 

increasing interest in the development of drugs that, by influencing extracellular 

adenosine levels, could have analgesic actions. Probably due to the anti-inflammatory 

actions of adenosine, adenosine kinase inhibitors administered orally are even more 

effective to reduce inflammatory pain than neuropatic or acute pain (Jarvis et al., 2002). 

By comparing the anti-nociceptive and anti-inflammatory properties of adenosine 

kinase inhibitors administered at the ipsilateral or contralateral side of the injury, it was 

concluded that much of the anti-inflammatory action is locally mediated, whereas the 
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anti-nociceptive action is systemically mediated, exerted predominantly at the spinal 

dorsal horn level. Indeed, adenosine kinase inhibitors are able to reduce the increase in 

c-fos expression in the spinal dorsal horn, induced by peripheral injection of an 

inflammatory (carrageenan) substance (Poon and Sawynok, 1999). Modulation of spinal 

chord-mediated pain by A1ARs is probably related to its ability to presynaptically 

inhibit excitatory transmission to substantia gelatinosa neurones in the spinal cord 

(Ribeiro et al., 2002). 

Anti-depressants are widely used in the treatment of neuropatic pain, but their analgesic 

efficacy seem to occur irrespective of mood altering effects. Recent studies showed that 

increases in extracellular adenosine levels and subsequent receptor activation are 

involved in the peripheral anti-nociceptive effect of amitriptyline in nerve injury-

induced neuropatic pain in rats, since co-administration of modest doses of caffeine 

reduces the action of acutely and chronically administered amitriptyline. Similarly, 

endogenous adenosine seems to be involved in the anti-allodynic action of amitriptyline 

in a rat model of painful diabetic neuropathy. Tricyclic anti-depressants, including the 

active metabolite of amitriptyline, nortriptyline, are potent inhibitors of neuronal uptake 

of adenosine and this is most probably the mechanism by which amitriptyline interacts 

with endogenous adenosine. The manipulation of endogenous adenosine by 

amitriptyline, while important, is unlikely to be the sole mechanism underlying its anti-

hyperalgesic action, but the attenuation by modest doses of caffeine (within those easily 

attained in humans after two cups of strong coffee) raise the possibility that dietary 

caffeine consumption might influence the efficacy of amitriptyline in alleviating 

neuropatic pain in humans (Esser and Sawynok, 2000). 

Morphine induces the release of adenosine and this also contributes to analgesic action 

of opioids. In neuropathic rats the release of adenosine induced by morphine is reduced, 

which might explain a decreased efficacy and potency of opioids in the treatment of 
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neuropathic pain (Sandner-Kiesling et al., 2001). An increase in the expression of kappa 

opioid receptors and a decrease in the expression of delta receptors, together with 

corresponding alterations in delta- and kappa-mediated anti-nociception, were recently 

detected in mice lacking the A2AAR gene, suggestive of a functional interplay between 

A2AAR and opioid receptors in the control of pain pathways (Bailey, 2002). 

Phase I clinical safety studies in healthy volunteers showed that intrathecal adenosine 

administration attenuated several types of experimental pain without causing significant 

side effects. Allosteric modulation of adenosine receptors, namely of A1ARs, has been 

attempted with success with the objective of developing drugs that by sinergising with 

endogenous adenosine action could have minimal side effects in the absence of 

adenosine. A further advantage of allosteric modulators is that they usually possess 

some degree of tissue selectivity. Allosteric modulation of adenosine A1ARs reduces 

allodynia, and, more interesting, the allosteric modulator T62 was effective not only 

after intrathecal injection but also after systemic administration, which reinforces the 

interest of adenosine-related compounds as putative drugs for the treatment of chronic 

pain associated with hyperalgesia and allodynia (Pan et al., 2001).  

A1AR agonists were conclusively shown to attenuate ischemic or excitotoxic neuronal 

damage both in vitro (cell cultures, brain slices) and in vivo in different models of 

ischemia/hypoxia (Wardas, 2002). Using primary cortical or hippocampal cell cultures 

subjected to hypoxia or glucose deprivation, it was demonstrated that both adenosine 

and the selective A1AR agonist CHA reduced the neuronal damage (Lynch et al., 1998). 

It has been demonstrated that local administration of CADO, an adenosine analogue, 

can attenuate cell loss in the CA1 region of the rat hippocampus in a model of global 

forebrain ischemia (temporary occlusion of carotid arteries) (Lynch et al., 1998). 

Moreover, acute systemic or intracerebroventricular injection of CHA attenuates the 
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neuronal loss in the hippocampus and improves neurological deficits in gerbils or rats 

subjected to global forebrain ischemia (Wardas et al., 2002). 

Studies in knockout mice or by using pharmacologic blockade indicate that A2AARs in 

the striatum modulate locomotor activity. The A2AARs are highly expressed in medium 

spiny GABA/enkephalin neurons projecting to the glubus pallidus and may form 

heterodimers with D2 dopamine receptors and functionally antagonize the effects of 

dopamine on striatopallidal neurons (Benarroch 2008). Activation of A2AARs results in 

increased GABA release in the globus pallidus, which would lead to disinhibition of the 

subthalamic nucleus (Ribeiro et al., 2002). The A2AARs are also coexpressed with 

A1ARs in glutamatergic corticostriate terminals and antagonize the presynaptic 

inhibitory effect of the A1ARs on glutamate release in the striatum. It has been proposed 

that increased release of glutamate from the subthalamic nucleus projections to the 

substantia nigra pars compacta would predispose to excitotoxic injury of these 

dopaminergic cells whereas presynaptic A2AAR mediated increase in glutamate release 

from corticostriate synapses may predispose to excitotoxic injury of medium spiny 

neurons (Bara-Jimenez et al., 2003). Epidemiologic and laboratory data suggest that 

caffeine may reduce the risk of Parkinson’s disease by preventing degeneration of 

nigrostriatal dopaminergic neurons. Furthermore, caffeine and selective A2AAR 

antagonists protect against dopaminergic cell loss in several toxin models of 

Parkinson’s disease (Simon et al., 2008). After the first studies demonstrating that the 

administration of methylxanthines, which have been later recognized as adenosine 

receptor antagonists, can exert the same behavioural effects as dopamine receptor 

agonists, the discovery of the colocalization of D2 and A2AARs has provided an 

anatomical basis to the functional antagonism between adenosine and dopamine in the 

basal ganglia. In particular, A2AARs and D2 dopamine receptors colocalize on the 

dendritic spines of the striatopallidal neurons, playing an important modulatory role on 
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the excitatory actions of glutamatergic transmission (Hettinger et al., 2001). The final 

functional result of this interaction is that the activation of the A2AARs induces 

hypolocomotion, whereas the opposite is observed after D2 receptor activation. One 

explanation of the antagonistic interaction between A2AAR and D2 receptor stimulation 

came from the observation that they are both coupled to adenylyl cyclase, but with 

opposite effects, namely stimulation and inhibition, respectively (Kull et al., 1999). 

Subsequent studies have provided more in-depth molecular explanations by 

demonstrating that under physiological conditions, activation of the A2AARs is 

responsible for a tonic increase in basal cAMP levels on which dopamine can exert its 

inhibitory effects (Svenningsson et al., 1999). Furthermore, A2AARs have been also 

demonstrated to regulate the phosphorylation status of dopamine- and cAMP-regulated 

phosphoprotein 32 kDa (DARRP-32), and the PKA/CREB cascade, thereby promoting 

immediate early genes and enkephalin expression (Svenningsson et al., 2000). More 

recently, the existence of a physical protein–protein interaction between the two 

receptor subtypes has been demonstrated, which involves peculiar peptide residues 

(Canals et al., 2003). This interaction leads to the formation of receptor heteromers in 

the plasma membrane, which contributes to explain the early observation of agonist 

affinity loss at the D2 receptor after activation of the A2AARs. The adenosine/dopamine 

interaction could have very important implications for basal ganglia functioning. It has 

provided the molecular and biochemical basis to postulate the possible therapeutic use 

of A2AAR antagonists in Parkinson's disease, and has prompted chemists to synthesize 

more selective and clinically useful molecules (Pinna et al., 2005). Besides caffeine and 

theophylline, which represent the first A2AAR antagonists, the synthetic compounds 

SCH58261 and ZM241385 have proven extremely potent and selective toward A2AARs, 

and have represented useful in vitro and in vivo tools to characterize the 

pathophysiological role of this receptor subtype in the CNS. Other compounds, such as 



 32

KW-6002 (istradefylline) and V2006, are currently undergoing clinical trials as novel 

approaches in the therapy of Parkinson's disease (Jacobson and Gao, 2006).  

 

 

POLYGLUTAMINE DISEASES 

The group of inherited neurodegenerative diseases designated the polyglutamine 

diseases share many seminal features with the other families of neurodegenerative 

diseases (Zoghbi and Orr, 2000). They typically manifest with a late age of onset and, at 

least during their initial stages, these disorders are characterized by a specific set of 

clinical signs with pathology limited to a distinct subset of neurons. Like many other 

neurodegenerative diseases, the polyglutamine diseases have, as a hallmark of 

pathology, the accumulation of insoluble material within neurons, adding further to the 

concept of a common pathogenic theme, the generation and accumulation of misfolded 

proteins.  

Nine neurodegenerative diseases have as their disease-causing mutation the expansion 

of a polyglutamine tract (Table 1). This involves the unstable expansion of a CAG 

sequence within the coding region of each gene. Thus, these diseases fall within a 

broader class of disorders, i.e. diseases that involve the expansion of an unstable 

repetitive element, usually triplet sequences (Gatchel and Zoghbi, 2005). Interestingly, 

expansions of an unstable nucleotide repeat is a mutational mechanism that appears to 

be unique to the human genome. Furthermore, although genes that are highly 

homologous to the polyglutamine genes are present in the genomes of other mammals, 

the polyglutamine tract is not, suggesting that the polyglutamine stretches are not 

necessary for normal function. 
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The polyglutamine disorders include spinobulbar muscular atrophy, Huntington's 

disease (HD), the spinocerebellar ataxias (SCA1, SCA2, SCA3/MJD, SCA6, SCA7 and 

SCA17), and dentatorubral-pallidoluysian atrophy (DRPLA). All of these disorders are 

progressive, typically striking at midlife and having a course that consists of an 

extended period of neuronal dysfunction followed by neuronal loss and eventually death 

10–20 years after onset. Other features that characterize this group of neurodegenerative 

disorders include a direct relationship between the length of the polyglutamine tract and 

the severity of the disease, and between the number of glutamines and the age of onset 

and the severity of the disease (Gatchel and Zoghbi, 2005). Mutant CAG repeats show 

both germline and somatic instability. Germline instability along with the relationship 

between repeat length and disease course are the basis for the phenomena of genetic 

anticipation. As the repeat grows upon passage from generation to generation, affected 

members in successive generations have an earlier age of onset and more rapidly 

progressing form of the disease. 

The autosomal dominant spinocerebellar ataxias (SCAs) are a complex group of 

neurodegenerative disorders characterized by progressive cerebellar ataxia of gait and 

limbs variably associated with ophthalmoplegia, pyramidal and extrapyramidal signs, 

dementia, pigmentary retinopathy and peripheral neuropathy (Zoghbi et al., 2000). 

Disease onset is usually between 30 and 50 years of age, although early onset in 

childhood and onset in later decades after 60 years have been reported. The prognosis is 

variable depending on the underlying cause of the spinocerebellar ataxia subtype. 

Epidemiological data indicate that SCAs might be more common than that previously 

estimated with prevalences of up to 5–7 in 100 000 in some populations (Craig et al., 

2004).  

The clinical features are caused by a combination of degeneration of the cerebellum, 

basal ganglia, cerebral cortex, optic nerve, pontomedullary systems, spinal tracts or 
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peripheral nerves. Although the aetiology of SCAs is still poorly understood, genetic 

analyses, epidemiological data, neuropathological investigations and new experimental 

models are providing important new insights into the pathogenic mechanisms. At least 

28 distinct loci are responsible for rare Mendelian forms of SCA. Interestingly, a few 

SCA subtypes, including SCAs 1, 2, 3, 6, 7, 17 and dentatorubral pallidoluysian atrophy 

(DRPLA), are caused by the expansion of a CAG (DNA sequence coding for 

glutamine) repeat sequence located within the coding region of specific genes, leading 

to an abnormally long polyglutamine (polyQ) tract in the encoded proteins named 

ataxins 1, 2 and 3, alpha 1A-voltage-dependent calcium channel, ataxin 7, TATA box 

binding protein (TBP) and atrophin 1, respectively. These SCAs show, as common 

features, the progressive neurodegeneration of neuronal subsets in distinct brain areas 

and the formation of polyQ-containing protein aggregates forming characteristic nuclear 

or cytoplasmic inclusions (Zoghbi and Orr, 2000). The age at onset and severity of 

disease symptoms inversely correlate with the length of the glutamine repeat. A second 

group of SCAs, including SCAs 8, 10 and 12, are caused by a repeat expansion located 

outside of the coding region of the disease genes leading to dysregulation of gene 

expression (Zoghbi and Orr, 2000). While the molecular mechanisms underlying SCAs 

8 and 10 are unclear, SCA12 appears to be caused by dysregulation of the activity of the 

crucial enzyme protein phosphatase 2 (PP2, formerly named PP2A) in cerebellar 

Purkinje cells. Different mechanisms cause cerebellar ataxia and neurodegeneration in 

SCAs 5, 13, 14 and 27, where alterations in amino acid composition in beta-III spectrin 

(SPTBN2) (Ikeda et al., 2006), potassium channel KCNC3 (Waters et al., 2006), protein 

kinase C (PRKCG) and fibroblast growth factor 14 (FGF14), respectively, elicit disease 

symptoms in these four SCA subtypes (Ikeda et al., 2006). In the rest of SCAs, the 

genes and, therefore, the mutations remain to be identified and characterized.  
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SCA1 is one of several inherited forms autosomal dominant ataxia. Typical of most 

ataxias, SCA1 consists clinically of gait ataxia dysarthria and bulbar dysfunction, with 

death usually ocurring between 10 and 15 years after the onset of symptoms. Despite 

the protein, ataxin-1, being widely expressed in the CNS, the most frequently seen and 

most severe pathological alterations are restricted to loss of Purkinje cells in the 

cerebellar cortex, as well as loss of neurons in the inferior olivary nuclei, the cerebellar 

dentate nuclei and the red nuclei (Mascalchi, 2008). 

With the identification of an expanded polyglutamine tract as the mutational basis for 

several neurodegenerative disorders, a pathogenic mechanism largely dependent on the 

biochemical property of the polyglutamine tract itself gained quick favor. In contrast, 

two experiments utilizing SCA1 transgenic mice showed that amino acid residues 

outside of the polyglutamine had a crucial role in pathogenesis. In the first example an 

amino acid substitution was made in the nuclear localization signal of ataxin-1, such 

that the protein could no longer be translocated into the nucleus. When this substitution 

was placed into a mutant allele of ataxin-1 with an expanded polyglutamine tract that 

was then used to generate transgenic mice, the mice failed to develop disease (Klement 

et al., 1998). Thus by restricting the subcellular distribution of mutant ataxin-1 to the 

cytoplasm of susceptible neurons the protein was no longer pathogenic. Perhaps a more 

dramatic illustration of the importance of 'host' protein sequence for pathogenesis was 

shown recently when a site of phosphorylation of ataxin-1 was identified, the serine at 

position 776 (Emamian et al., 2003). Replacing this serine with an alanine yielded a 

protein that still was transported to the nucleus, but when transported in a mutant ataxin-

1 with 82 glutamines failed to cause disease. 
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TABLE 1. Characteristics of Polyglutamine diseases 

     

 

 

 

 

 

 

Disease Gene 

name 

Chromosomal 

location 

Pattern of 

inheritance 

Protein Normal 

repeat 

length 

Disease  

repeat  

length 

Spinobulbar 

muscular 

atrophy 

(Kennedy 

disease) 

AR Xq13–21 X-linked 

recessive 

androgen 

receptor  

9–36 38–62 

Huntington 

disease 

HD 4p16.3 autosomal 

dominant 

huntingtin 6–35 36–121 

Dentatorubral-

pallidoluysian 

atrophy (Haw 

River 

syndrome) 

DRPLA 12p13.31 autosomal 

dominant 

atrophin-

1 

6–35 49–88 

Spinocerebellar 

ataxia type 1 

SCA1 6p23 autosomal 

dominant 

ataxin-1 6–44 39–82 

Spinocerebellar 

ataxia type 2 

SCA2 12q24.1 autosomal 

dominant 

ataxin-2 15–31 36–63 

Spinocerebellar 

ataxia type 3 

(Machado-

Joseph disease) 

SCA3 14q32.1 autosomal 

dominant 

ataxin-3 12–40 55–84 

Spinocerebellar 

ataxia type 6 

SCA6 19p13 autosomal 

dominant 
α1A-

voltage-

dependent 

calcium 

channel 

subunit 

4–18 21–33 

Spinocerebellar 

ataxia type 7 

SCA7 3p12–13 autosomal 

dominant 

ataxin-7 4–35 37–306 

Spinocerebellar 

ataxia type 17 

SCA17 6q27 autosomal 

dominant 

TATA 

binding 

protein 

25–42 45–63 
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HUNTINGTON’S DISEASE 

Huntington’s disease (HD) is the most common and well-studied polyglutamine 

neurodegenerative disorder. It has a prevalence of 3–10 affected subjects per 100.000 

individuals in Western Europe and North America (Gil and Rego, 2008). The disorder 

was first described in the 19th century by George Huntington, who identified both its 

clinical features and its pattern of familial transmission. However, it was not until 1993 

that a multicenter consortium, organized by the Hereditary Disease Foundation, 

discovered the actual HD gene mutation. This is an unstable expansion of CAG repeats 

within the coding region of the HD gene, which is located on the short arm of 

chromosome 4 (4p63) and encodes the protein huntingtin. The mutation results in a 

stretch of glutamine residues located in the NH2-terminal of huntingtin (The 

Huntington’s Disease Collaborative Research Group, 1993). Although the abnormal 

protein is ubiquitously expressed throughout the organism, cell degeneration occurs 

mainly in the brain (Vonsattel and DiFiglia, 1998).  

 

CLINICAL MANIFESTATIONS 

Classically described as Huntington's Chorea (the Greek word for dance), the first signs 

of the disease are subtle: clumsiness, difficulties with smooth eye pursuit, and slight 

uncontrolled and awkward movements. These motor disturbances, associated with the 

loss of voluntary movement coordination, progress slowly. The involuntary movements 

of the proximal and distal muscles become more severe and the patients gradually lose 

their capacity to move and eventually communicate. Bradykinesia and rigidity are also 

common symptoms in Huntington's patients, especially in late stages of the disease. 

Death generally occurs as a consequence of heart failure or aspiration pneumonia 

(Sánchez-Pernaute et al., 2000). In juvenile patients the symptomatology is considerably 

different, being characterized by bradykinesia, tremors, rigidity and dystonia, and 
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chorea may be completely absent. Affected children may also suffer epileptic seizures. 

The majority of patients suffer also from inexplicable muscle wasting and weight loss, 

despite constant caloric intake (Aziz et al., 2008). Although the cause of these 

peripheral symptoms is still unclear, a recent study has demonstrated the existence of a 

positive correlation between the levels of branched chain amino acids (valine, leucine 

and isoleucine), weight loss and disease progression in HD patients, reinforcing the 

importance of a systemic metabolic defect in HD pathology (Mochel et al., 2007). A 

number of endocrine abnormalities have also been reported in HD patients, including 

increased levels of corticosteroids and reduced levels of testosterone (Markianos et al., 

2005). Furthermore, 10–25% of HD patients exhibit diabetes mellitus. The cognitive 

capacities are also severely affected during the course of HD. The slowing of 

intellectual processes is the first sign of cognitive impairment in HD patients and 

deficits in some cognitive functions can in some cases be detected decades before the 

onset of motor symptoms. These cognitive impairments get worse over time and late-

stage HD patients show profound dementia. Manic–depressive behavior and personality 

changes (irritability, apathy and sexual disturbances) are often part of the psychiatric 

syndrome. Based on the above features, the criteria used for the diagnosis of HD 

include: (i) a family history of HD; (ii) progressive motor disability with chorea or 

rigidity with no other cause; and (iii) psychiatric disturbances with progressive dementia 

with no other cause (Vonsattel and DiFiglia, 1998). Currently, individuals showing 

these symptoms are submitted to genetic testing in order to screen for the HD mutation 

and confirm the diagnosis. 
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GENETICS 

The mutation responsible for HD constitutes a stretch of uninterrupted CAG 

trinucleotide repeats located near the 5'-end in exon 1 of the HD gene coding sequence, 

which comprises 67 exons. Consequently, mutant huntingtin bears a tract of consecutive 

glutamine residues in its NH2-terminal, 17 amino acids downstream of the initiator 

methionine (The Huntington's Disease Collaborative Research Group, 1993). The 

disease is inherited in an autosomal dominant manner. The normal allele is transmitted 

from generation to generation in a Mendelian fashion. The mutant allele is unstable 

during meiosis, changing in length in the majority of intergenerational transmissions, 

with either slight increases of 1–4 units or decreases of 1–2 units. In rare occasions, 

larger-sized increases occur in parental transmissions, reflecting a particularly high 

mutation rate during spermatogenesis (The Huntington's Disease Collaborative 

Research Group, 1993). The number of CAG repeats (i.e. glutamine residues) is the 

primary and major determinant of disease severity, accounting for 30–60% of the 

variance in the age of onset of the first symptoms. The remaining variance is 

attributable to other genetic features and environmental factors (Arning et al., 2005). 

Interestingly, in a recent study that involved 167 HD patients, the length of the 

polyglutamine tail (which ranged from 41 to 45 units) accounted for only 30.8% of the 

variance in the age of onset, whereas 12.3% additional variance could be attributed to 

genotype variation in the gene coding for the N-methyl-D-aspartate (NMDA) receptor 

subunit NR2B and 4.5% to genotype variation in the gene coding for the NMDA 

receptor subunit NR2A (Arning et al., 2005). Normally, asymptomatic individuals have 

>35 CAG repeats whereas HD is manifested when the number of repeats exceeds this 

threshold. Alleles with 35–39 repeats are associated with later onset of the disease, 

although incomplete penetrance has been observed in some individuals who have shown 

no symptoms or neuropathological signs. Alleles of 40–50 units give rise to the most 
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common adult-onset form of the disease, whereas the longest repeats (normally 

associated with high allele instability during parental transmission) are responsible for 

the severe juvenile and infantile cases (The Huntington's Disease Collaborative 

Research Group, 1993). Importantly, there is a positive correlation between the number 

of CAG repeats and the Vonsattel grades of neuropathological severity, with greater 

CAG repeat lengths being associated with greater degrees of cell death in the striatum 

and higher Vonsattel grades (Vonsattel and DiFiglia, 1998).  

 

PATHOGENESIS 

Huntingtin is a protein composed of >3100 amino acids and with a molecular mass of ca 

349 kDa, depending on the exact number of glutamine residues. A polymorphic proline-

rich segment follows the polyglutamine tail (The Huntington's Disease Collaborative 

Research Group, 1993). Huntingtin does not show structural homology with any other 

known protein. The wild-type protein is widely expressed throughout the body, in both 

neuronal and non-neuronal cells, raising the questions of how and why the disease 

mutation results in a selective neuronal loss. In the HD brain, particularly in the two 

most affected regions, the striatum and cerebral cortex, an altered intracellular 

localization and perinuclear accumulation of mutant huntingtin is observed, with the 

formation of neuronal intranuclear inclusions (NIIs) and aggregates in dystrophic 

neurites. However, the neurons bearing inclusions do not correspond to the most 

vulnerable ones. Indeed, some interneurons that are spared during the course of the 

disease are the ones that display the highest frequency of aggregates, raising the 

question of whether inclusions are toxic, protective, or just an epiphenomenon of the 

disease mechanism. 
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Functions of wild-type huntingtin 

Pioneer studies have suggested that wild-type huntingtin is essential for normal 

embryonic development, as engineered knockout mutations that disrupt exon 4, exon 5, 

or the promoter of the mouse HD gene homolog Hdh, leading to its complete 

inactivation, and result in embryonic lethality (Zeitlin et al., 1995). However, a 

subsequent study has shown that mutant human huntingtin can compensate for the 

absence of endogenous huntingtin, rescuing the embryonic lethality of mice 

homozygous for a targeted disruption of the endogenous Hdh gene (Leavitt et al., 2001). 

Thus, it is reasonable to suggest that huntingtin's function during embryonic 

development is independent of the length of the polyglutamine tail. Moreover, the HD 

mutation does not seem to abrogate the developmental functions of huntingtin, as HD 

patients appear to develop normally and the symptoms only start to manifest several 

years after birth. Furthermore, some evidence suggests that huntingtin might be required 

not only during embryogenesis but also throughout life, as conditional knockout mice in 

which the Hdh gene is inactivated during adulthood are sterile, develop a progressive 

motor phenotype and show a reduced life span (Dragatsis et al., 2000). Nevertheless, 

these studies have not been replicated and, thus, the actual role of normal huntingtin 

during adulthood is still under debate. 

Within the cell, wild-type huntingtin is mainly localized in the cytoplasm associated 

with organelles such as mitochondria, the Golgi apparatus, the endoplasmic reticulum, 

synaptic vesicles and several components of the cytoskeleton. Wild-type huntingtin is 

also present inside the nucleus, although to a lesser extent (Landles and Bates, 2004). 

Yeast two-hybrid screenings, affinity pull-down assays, Western blotting and 

immunoprecipitation studies have shown that wild-type huntingtin binds to numerous 

proteins. Accordingly, a recent study has identified 234 high-confidence huntingtin-

associated proteins (Kaltenbach et al., 2007). Relevant examples include: (i) huntingtin-
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associated protein 1 (HAP1), a novel protein with at least two isoforms (HAP1-A and 

HAP1-B), which is expressed in several tissues including the brain and which interacts 

with the p150 subunit of dynactin, thus being involved in intracellular transport; (ii) 

huntingtin-interacting protein 1 (HIP1), a protein that binds to α–adaptin and clathrin, 

and is thus implicated in cytoskeleton assembly and in endocytosis; (iii) huntingtin-

interacting protein 2 (HIP2), a ubiquitin-conjugating enzyme that catalyzes the covalent 

attachment of ubiquitin units to intracellular proteins, tagging them for degradation by 

the proteasome; (iv) glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a glycolytic 

enzyme; and (v) microtubules and β-tubulin, which are components of the cytoskeleton 

(Li and Li, 2004). As expected, the presence of an expanded polyglutamine tail can 

disrupt and/or modify the nature of the interactions between huntingtin and these 

interacting proteins, ultimately inhibiting and/or modifying the normal function of these 

proteins. 

Wild-type huntingtin promotes the expression of brain-derived neurotrophic factor 

(BDNF) by interacting with the transcriptional factor complex repressor-element-1 

transcription factor (REST)–neuron-restrictive silencer factor (NRSF) in the cytoplasm 

and preventing this complex from translocating into the nucleus and binding to the 

neuron-restrictive silencer element (NRSE) present in the promoter of the BDNF gene 

(Zuccato et al., 2003). Wild-type huntingtin also promotes the vesicular transport of 

BDNF along the microtubules through a mechanism that involves HAP1 and the p150 

subunit of dynactin. The interaction of wild-type huntingtin with both HAP1 and mixed-

lineage kinase 2 (MLK2) has been shown to promote the expression of NeuroD, a 

helix–loop–helix transcription factor that is crucial for the development of the dentate 

gyrus of the hippocampus and for the morphogenesis of pancreatic islets (Huang et al., 

2002). Wild-type huntingtin prevents the activation of caspase-8 by interacting with 

HIP1 and preventing the formation of the caspase-activating complex HIP1–HIP1-
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protein interactor. Furthermore, neurons from HIP1-knockout mice were recently shown 

to be less sensitive to NMDA-induced cell death than wild-type neurons, suggesting that 

HIP1 may play an important role during excitotoxicity (Metzler et al., 2007). 

Importantly, wild-type huntingtin is believed to have a pro-survival role in the cell. The 

antiapoptotic function of wild-type huntingtin has been corroborated in several in vitro 

studies. These have demonstrated that expression of the full-length protein protected 

conditionally immortalized striatal-derived cells from a variety of apoptotic stimuli. 

Wild-type huntingtin appeared to act downstream of mitochondrial cytochrome c 

release, preventing the formation of a functional apoptosome complex and the 

consequent activation of caspase-9 and caspase-3 (Rigamonti et al., 2001). Moreover, it 

was recently shown that wild-type huntingtin physically interacts with active caspase-3 

inhibiting its proteolytic activity (Zhang et al., 2006). On the other hand, in vivo 

overexpression of full-length wild-type huntingtin bearing 18 glutamine residues in 

yeast artificial chromosome (YAC)18 transgenic mice conferred significant protection 

against apoptosis triggered by NMDA receptor-induced excitotoxicity. 

Interestingly, the huntingtin sequence contains several HEAT (huntingtin, elongation 

factor 3, protein phosphatase 2A, target of rapamycin 1) repeats, which are conserved 

repeating segments of 40 amino acids that form two hydrophobic α-helices. According 

to a model proposed on a recent study, full-length wild-type human huntingtin may be 

entirely composed of HEAT repeats stacking on top of each other to form an elongated 

superhelix (Li et al., 2006). The function of these motifs is still unclear, although they 

are found in a variety of proteins that are involved in intracellular transport and 

chromosomal segregation. Furthermore, the 18 amino acids of the huntingtin N-

terminus constitute an amphipathic α-helical membrane-binding domain that can 

reversibly target the protein to the endoplasmic reticulum. As this association is affected 

by endoplasmic reticulum stress, it was recently suggested that wild-type huntingtin 
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may function as an endoplasmic reticulum-associated protein that can translocate to the 

nucleus and back out in response to endoplasmic reticulum stress (Gil and Rego, 2008). 

Overall, these studies indicate that wild-type huntingtin may exert a variety of 

intracellular functions such as: (i) protein trafficking; (ii) vesicle transport and 

anchoring to the cytoskeleton; (iii) clathrin-mediated endocytosis; (iv) postsynaptic 

signaling; (v) transcriptional regulation; and (vi) anti-apoptotic function. 

 

Aggregation of mutant huntingtin 

The normal tertiary protein conformation is destabilized by the presence of the 

expanded polyglutamine tract, leading to the establishment of abnormal protein–protein 

interactions with other polyglutamine-bearing proteins (including other molecules of 

mutant and wild-type huntingtin). This results in the formation of insoluble β-pleated 

sheets that form polar zipper structures via hydrogen bonding (Stott et al., 1995).  

Transglutaminases are enzymes that are involved in the cross-linking of glutamine 

residues and thus may also participate in the formation of aggregates. Indeed, in vitro 

studies have shown that huntingtin is a transglutaminase substrate and that the 

transglutaminase-mediated crosslinking increases with the length of the polyglutamine 

stretch. Hence, the expanded polyglutamine tract caused by the disease mutation could 

result in an increased transglutaminase-mediated crosslinking with other molecules of 

mutant and wild-type huntingtin, as well as other polyglutamine-containing proteins, 

leading to the precipitation and intraneuronal accumulation of protein complexes. In 

support of this model, transglutaminase activity has been shown to be increased in HD 

brains (Gil and Rego, 2008). 

Some evidence suggests that, once formed, these aggregates of mutant huntingtin may 

be transported by the microtubule organization center, or centrosome, to a perinuclear 

localization. However, these results have not been recently replicated and the co-
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localization of the aggregates of mutant huntingtin with the centrosome is still under 

debate. 

Because the formation of mutant huntingtin aggregates is regarded as a hallmark of HD, 

many authors hypothesize that aggregation of mutant huntingtin is the trigger point that 

eventually leads to cell demise in HD. Several proteins have been shown to abnormally 

interact and be recruited into the aggregates of mutant huntingtin, causing a severe 

deregulation of several key intracellular pathways. Nevertheless, mutant huntingtin 

inclusions may only represent a side-effect of the ongoing cell dysfunction, or may even 

exert a protective role during the early stages of the disease (Kuemmerle et al., 1999). 

Indeed, it is possible that the inclusions represent a means for the cell to sequester the 

toxic N-terminal fragments and oligomers of mutant huntingtin as well as other 

misfolded proteins which in the soluble form could cause more rapid and severe damage 

(Gil and Rego, 2008). In line with this hypothesis, in vitro studies have demonstrated 

that the presence of NIIs does not correlate with huntingtin-induced death. Indeed, 

exposure of striatal neurons transfected with mutant huntingtin to conditions that 

suppress the formation of NIIs resulted in increased neuronal while the formation of 

NIIs leads to a decrease in the levels of diffuse mutant huntingtin and to an increase in 

neuronal survival (Arrasate et al., 2004).  

 

Huntingtin post-translational modifications 

Importantly, the activity of both wild-type and mutant huntingtin can be modulated by 

several post-translational modifications. Within this scenario, several studies have 

indicated that huntingtin phosphorylation at various sites is neuroprotective through 

preventing cleavage of mutant huntingtin and its consequent aggregation. Thus, 

huntingtin can be phosphorylated on serine 421 by protein kinase B or Akt and the 

closely related serum- and glucocorticoid-inducible kinase, and this attenuates mutant 
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huntingtin toxicity in vitro (Gil and Rego, 2008). Moreover, endogenous 

phosphorylation of mutant huntingtin on serine 421 is significantly reduced in the 

striatum of YAC-transgenic mice. Huntingtin can also be phosphorylated at serine 434 

by the cyclin-dependent kinase 5, and this phosphorylation reduces caspase-mediated 

huntingtin cleavage at residue 513 and attenuates aggregate formation and toxicity in 

vitro. Finally, in a recent study, the phosphorylation sites of full-length huntingtin were 

mapped by mass spectrometry. More than six novel serine phosphorylation sites were 

identified and mutation of one of these sites, which lies in the proteolytic susceptibility 

domain (serine 536), inhibited calpain-mediated cleavage and reduced toxicity of 

mutant huntingtin (Schilling et al., 2006). 

Other huntingtin post-translational modifications have also been described. Among 

them, the reversible binding of a small ubiquitin-related protein modifier 

(SUMOylation), which is thought to alter inter- and/or intra-molecular interactions of 

the modified substrate and thus modulate its subcellular localization, activity and 

stability, was shown to occur in a Drosophila model of HD. In this model, the 

SUMOylation of a pathogenic fragment of huntingtin on lysine residues exacerbated 

neurodegeneration, whereas mutation of these lysines prevented SUMOylation of the 

huntingtin fragment and reduced HD pathology in this model (Steffan et al., 2004). On 

the other hand, palmitoylation (i.e. the post-translational addition of palmitic acid) is 

believed to play a role in intracellular trafficking (including endocytosis, protein 

recycling and transport) and the association of cytosolic proteins with membranes  have 

recently demonstrated that normal huntingtin is palmitoylated at cysteine 214 by the 

palmitoyl transferase huntingtin-interacting protein 14 (HIP14), and this post-

translational modification is essential for its trafficking and function. Moreover, the HD 

mutation reduces the interaction between huntingtin and HIP14, resulting in a marked 

reduction in huntingtin palmitoylation. As the mutation of the palmitoylation site of 
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huntingtin and the down-regulation of HIP14 increases inclusion formation in vitro, it 

has been suggested that inhibition of palmitoylation might contribute to NII formation 

(Yanai et al., 2006). 

 

Huntingtin toxic gain of function 

The expanded polyglutamine is believed to confer a new function to huntingtin that is 

toxic to the cell (toxic gain of function). Indeed, the mutant protein (in either its soluble 

or its insoluble aggregate form) has been shown to disrupt several intracellular 

pathways by abnormally interacting and/or sequestering key components of these 

multiple pathways into the aggregates. On the other hand, several lines of evidence also 

suggest that a loss of function of wild-type huntingtin (due to its decreased expression 

and/or sequestration into the aggregates by interacting with the mutant protein) also 

contributes to the disruption of intracellular homeostasis, culminating in neuronal 

dysfunction and death (Gil and Rego, 2008). 

Protease cleavage sites for caspase-3 and calpain have been identified within the first 

550 amino acids of huntingtin, and proteolysis has been shown to increase in the 

presence of longer polyglutamine tails (Sun et al., 2002). It has been suggested that 

caspase-3- and calpain-mediated sequential proteolysis of mutant huntingtin produce N-

terminal fragments that are more toxic and prone to aggregate and that diffuse passively 

into the nucleus due to its smaller size (Sun et al., 2002). These fragments can in turn 

recruit more proteases into the aggregates, favoring their subsequent activation. This 

creates a positive feedback loop that results in further aggregation and proteolytic 

cleavage that may ultimately contribute to cell death. 

Furthermore, the expanded polyglutamine also reduces the ability of huntingtin to bind 

and inhibit active caspase-3 and to bind HIP1, which is then free to associate with 
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HIPPI and induce the activation of caspase-8, an initiator caspase that triggers the 

apoptotic cascade (Gil and Rego, 2008).  

Heat-shock proteins (HSPs) such as HSP40 and HSP70, which are chaperones involved 

in the refolding of misfolded proteins, are also sequestered into aggregates of mutant 

huntingtin in vitro (Wyttenbach et al., 2000). As the abnormally long polyglutamine 

tract is likely to result in an overall misfolding of huntingtin, the interaction of HSPs 

with mutant huntingtin may represent an attempt of the cell to refold the mutant protein. 

In line with this idea, it has been shown that Hsp70 and Hsp40 interfere with the 

aggregation of mutant huntingtin in vitro, preventing the aggregate-induced inhibition 

of transcription factors such as the thymidine–adenine–thymidine–adenine (TATA)-

binding protein (TBP). However, by being sequestered into the aggregates, these 

chaperones will eventually be prevented from exerting their normal protective functions 

and, over the years, this is likely to lead to an intracellular accumulation of misfolded 

proteins. 

Furthermore, several components of the proteasome, such as its regulatory and catalytic 

subunits and ubiquitin conjugation enzymes, are also sequestered in these aggregates in 

vitro and in vivo resulting in the impairment of the ubiquitin–proteasome system (Bence 

et al., 2001). On the other hand, the presence of ubiquitin residues in mutant huntingtin 

aggregates may be the result of an unsuccessful attempt of the cell to tag the mutated 

protein for the proteasome. However, the HD mutation may render the protein resistant 

to proteasomal degradation. Indeed, the mutant protein with its expanded polyglutamine 

tail may physically block the proteasome, preventing the entrance of further substrates 

into the proteasome complex.  

Importantly, studies using a conditional HD mouse model (in which silencing of mutant 

huntingtin expression leads to the disappearance of intranuclear aggregates) showed that 

aggregate formation is a balance between the rate of huntingtin synthesis and its 
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degradation by the proteasome (Martin-Aparicio et al., 2001). Therefore, over the 

course of the disease the proteasome degradation system may become overloaded with 

an increasing number of misfolded and mutated proteins in the cell. As a consequence, 

the neurons may be progressively depleted of functional proteasomes, which will lead to 

a progressive accumulation of misfolded and abnormal proteins, further increasing the 

rate of protein aggregation. Finally, an impairment of the ubiquitin–proteasome system 

can induce cell death either by apoptosis or by autophagy (a process by which 

lysosomes degrade cytoplasmic proteins and organelles), causing the recruitment of 

lysosomes and proteins involved in the formation of autophagic vacuoles into inclusion 

bodies (Iwata et al., 2005). 

Numerous transcription factors have been reported to interact with mutant huntingtin. 

Examples include CREB-binding protein (CBP), specific protein-1 (Sp1), and the TBP-

associated factor (TAF)II130, all of which directly interact with mutant huntingtin 

through the expanded polyglutamine tail. Other nuclear proteins, such as the pro-

apoptotic transcription factor p53, also interact with mutant huntingtin via its SH3 

sequences, which are distal to the polyglutamine tract (Landles and Bates, 2004). 

Under normal conditions, CBP (a co-activator of the CRE-mediated transcription 

pathway) is recruited upon phosphorylation, acting as a bridge between CREB and the 

basal transcriptional machinery. Moreover, CBP can also play a role in histone 

acetylation by acting as an acetyltransferase, which opens the chromatin structure and 

exposes the DNA to transcription factors. In the presence of mutant huntingtin, CBP is 

depleted and/or recruited into huntingtin aggregates, leading to histone hypoacetylation 

and inhibition of CBP-mediated transcription (Jiang et al., 2006). Furthermore, CRE-

mediated transcription is also regulated by TAFII130, which is part of the basal 

transcriptional machinery and can abnormally interact with mutant huntingtin, rendering 

the transcriptional complex ineffective (Dunah et al., 2002). 
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Sp1 is a regulatory protein that binds to guanine–cytosine boxes and mediates 

transcription through its glutamine-rich activation domains which target components of 

the basal transcriptional complex, such as TAFII130. Sequestration of Sp1 and TAFII130 

into NIIs leads to the inhibition of Sp1-mediated transcription (Dunah et al., 2002). 

Furthermore, it has also been shown that, despite normal protein levels and nuclear 

binding activity, the binding of Sp1 to specific promoters of susceptible genes is 

significantly decreased in transgenic HD mouse brains, striatal HD cells and human HD 

brains, suggesting that mutant huntingtin dissociates Sp1 from target promoters, 

inhibiting the transcription of specific genes (Chen-Plotkin et al., 2006). Furthermore, it 

was also shown that shorter N-terminal huntingtin fragments, which are more prone to 

misfold and aggregate, are more competent to bind and inhibit Sp1. Interestingly, this 

effect was reversed in vitro by HSP40, a molecular chaperone that reduces the 

misfolding of mutant huntingtin (Cornett et al., 2006). 

On the other hand, mutant huntingtin may also lose the ability to bind and interact with 

other transcription factors regulated by wild-type huntingtin, as is the case of the NRSE-

binding transcription factors. In this particular case, the failure of mutant huntingtin to 

interact with REST/NRSF in the cytoplasm leads to its nuclear accumulation, where it 

binds to NRSE sequences and promotes histone deacetylation, leading to the 

remodeling of the chromatin into a closed structure. As a result, there is a suppression of 

NRSE-containing genes, including the BDNF gene (Zuccato et al., 2003). This is one 

case where the loss of the normal huntingtin function can have profound effects, leading 

to decreased levels of BDNF, an important survival factor for striatal neurons. Indeed, 

BDNF-knockout models were recently shown to largely recapitulate the expression 

profiling of human HD, suggesting that striatal medium-sized spiny neurons suffer 

similar insults in HD and BDNF-deprived environments. 
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More recently, expression of mutant huntingtin has been shown to down-regulate the 

expression of the peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) 

Weydt et al., 2006), a transcriptional coactivator that regulates several metabolic 

processes, including mitochondrial biogenesis and respiration, processes that have been 

shown to be deregulated in both animal models and patients with HD. Interestingly, 

decreased expression of PGC-1α was observed in medium-sized spiny neurons, largely 

affected in HD,  whereas striatal interneurons showed increased mRNA levels for PGC-

1α which could, at least partially, explain the different vulnerability of these striatal 

neuronal populations (Weydt et al., 2006). 

The formation of neuropil aggregates of mutant huntingtin has led to the hypothesis that 

axonal transport may be impaired in HD. Indeed, it is believed that normal huntingtin 

can play a role during axonal transport, perhaps via association with HAP1, promoting 

both retrograde and anterograde transport. The expanded polyglutamine tract may 

inhibit this function, compromising the bidirectional transport of different cargoes along 

the axons, further implicating the loss of wild-type huntingtin function in HD 

(Gunawardena and Goldstein, 2005). In fact, mutant huntingtin appears to be 

responsible for altering the wild-type huntingtin/HAP1/p150 complex, causing an 

impaired association between motor proteins and microtubules, and attenuating BDNF 

transport, which results in loss of neurotrophic support. 

Alternatively, aggregates may physically block transport within narrow axonal 

terminals (Gunawardena and Goldstein, 2005). Indeed, dystrophic striatal and 

corticostriatal neurites in HD brains exhibit several characteristics of blocked axons, 

such as accumulation of vesicles and organelles in swollen axonal projections and 

multiple huntingtin aggregates. Interestingly, the appearance of striatal axonal 

inclusions are better correlated with striatal neuronal loss than the formation of NIIs 

(Gunawardena and Goldstein, 2005). 
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A direct consequence of impaired axonal transport is disruption of neuronal synaptic 

transmission. Specifically, this may occur by the depletion of synaptic vesicles and 

proteins involved in vesicle recycling and receptor endocytosis from the nerve 

terminals. 

Moreover, a number of studies suggest that mutant huntingtin can lead to synaptic 

dysfunction by altering the availability of various synaptic proteins (Smith et al., 2005). 

Examples include a progressive depletion of complexin II, a protein that regulates the 

fusion of synaptic vesicles with the presynaptic plasma membrane and a decrease in the 

SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) protein 

synaptobrevin-2, and the G protein rabphilin 3A in the HD striatum. A depletion of 

PACSIN 1/syndapin (a neurospecific phosphoprotein involved in receptor recycling) in 

synapses, due to its interaction with the mutant huntingtin SH3 domains, has been also 

demonstrated. These effects may result from a direct abnormal interaction between the 

mutant protein and some of the synaptic protein, which may lead to their sequestration 

in huntingtin inclusions. Alternatively, they may represent a consequence of the altered 

gene transcription, which may cause the down-regulation of some of these synaptic 

proteins. 

Furthermore, wild-type huntingtin interacts with various vesicle proteins that are 

important for endocytosis. These interactions may be impaired in the presence of the 

mutation, thus compromising the synaptic process, which emphasizes the importance of 

the loss of wild-type huntingtin function (Li et al., 2003). 

Mutant huntingtin can also induce synaptic dysfunction by disrupting the expression 

and activity of several pre- and postsynaptic neurotransmitter receptors. In agreement, it 

was found that some Huntington’ disease mice model (R6/2) striatal neurons contain 

constitutively abnormal NMDA receptors that display increased responses to NMDA 

and a decreased Mg
2+

 sensitivity (Starling et al., 2005). These changes were detected as 
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early as 2 weeks of age. On the other hand, a significant decrease in the percentage of 

R6/2 striatal neurons expressing the NMDA subunit NR2A was also detected at an early 

stage. This decrease was not associated with any significant change in the expression of 

NR1 or NR2B and seemed to be more pronounced in enkephalin-containing neurons. 

Furthermore, the mRNA and protein levels of the metabotropic glutamate receptors 

(mGluR)1, 2 and 3 were found to be reduced in R6/2 mice. Importantly, mGluR2 is a 

presynaptic receptor that regulates glutamate release. Therefore, a reduction in this 

receptor can lead to an increased release of glutamate due to a decreased feedback 

control, thus contributing to excitotoxicity. 

 

Mechanisms of neurodegeneration 

Over the course of HD, intracellular dysfunction induced by mutant huntingtin 

progressively leads to the degeneration of important neuronal pathways and cell loss in 

the striatum, select layers of the cerebral cortex, and other brain regions. Although not 

necessarily a direct result of the mutant protein, various mechanisms such as 

excitotoxicity, dopamine toxicity, metabolic impairment, mitochondrial dysfunction, 

oxidative stress, apoptosis and autophagy have been implicated in HD pathology. Many 

of these mechanisms may slowly develop over time, becoming increasingly pronounced 

by the late stages of the disease. Moreover, they are not mutually exclusive and are 

likely to occur in parallel and promote each other, ultimately culminating in neuronal 

loss (Gil and Rego, 2008). 

Pioneering studies have shown that intrastriatal injections of the NMDA agonist 

quinolinic acid (QA) induce selective neuronal loss both in rats and in primates 

resembling the pattern of striatal cell death observed in the human HD condition 

(Ferrante et al., 1993). However, these results have been disputed and others have 

shown that QA-induced striatal cell death does not spare medium-sized aspiny neurons, 
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as is the case in the human HD brain. With the generation of transgenic rodent models 

of the disease, a unique opportunity was established to assess the influence of expanded 

polyglutamine tracts on the susceptibility of striatal neurons to excitotoxicity in vivo. 

However, results ranging from an increased susceptibility to an excitotoxic insult to a 

complete resistance to excitotoxicity were reported (Morton and Leavens, 2000). This 

discrepancy seams to be related with the different transgenic models used in different 

studies and particularly with the size of the transgene that they express. Thus, transgenic 

mice expressing a huntingtin fragment that corresponds to 3% of the total gene (the 

R6/1 and R6/2 mice) are resistant to KA- or QA-induced excitotoxicity and transgenic 

rodents expressing 20–30% of the full-length mutant huntingtin respond normally to 

such insults, whereas transgenic mice expressing the full-length gene (the YAC mice) 

show an increased susceptibility to excitotoxicity (Gil and Rego, 2008). Although the 

mechanism responsible for the observed resistance of R6/1 and R6/2 mice to excitotoxic 

insults is not fully understood, it does not appear to be the result of a reduction in the 

number of NMDA receptors or a decreased receptor-mediated influx of Ca
2+

. It is 

possible that a reduction in the excitatory input to the striatum observed in older R6/2 

mice could contribute to this resistance. Moreover, the frequency of spontaneous 

GABAergic synaptic currents and the expression of the ubiquitous α1 subunit of 

GABA(A) receptors were shown to be significantly increased in medium-sized spiny 

projection neurons from symptomatic R6/2 and R6/1 mice (Cepeda et al., 2004). These 

alterations in inhibitory synaptic input can potentially provide a neuroprotective 

mechanism to counteract excitotoxicity in these transgenic mice. Alternatively, the 

resistance phenomenon may be similar to pre-conditioning, as observed with ischemia, 

where permanent exposure to low levels of excitotoxicity and to changes in intracellular 

Ca
2+

 homeostasis allows neurons to adapt to an even greater excitotoxic insult and 

sudden increase in intracellular Ca
2+

 concentration. Accordingly, while corticostriatal 
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brain slices from pre-symptomatic R6/2 mice showed an increased sensitivity to an 

ischemic insult (oxygen and glucose deprivation), slices derived from symptomatic and 

late-stage R6/2 mice were shown to be resistant to ischemia (Klapstein and Levine, 

2005). 

Despite these controversial results, the striatum receives excitatory glutamatergic inputs 

from the entire cerebral cortex and the selective vulnerability displayed by striatal 

neurons in HD may be due to the vast glutamatergic inputs they receive and/or the 

particular types of glutamate receptors expressed in these cells. Thus, striatal 

interneurons, which are less affected in HD, have fewer excitatory inputs than striatal 

projection neurons. Moreover, most medium-sized spiny GABAergic projection 

neurons express high levels of the NMDA receptor NR2B subunit, which increases the 

receptor channel permeability and determines its sensitivity to glycine and to Mg
2+

 

blockage, and the channel deactivation time. Correspondingly, the spared interneurons 

express much lower levels of this subunit, which probably confers on them a higher 

threshold for activation (Sieradzan and Mann, 2001). In agreement with this hypothesis, 

in vitro studies have shown that coexpression of mutant huntingtin and the NMDA 

receptor subunits NR1A and NR2B enhances excitotoxic cell death with apoptotic 

features. Furthermore, polyglutamine expansion interferes with the ability of wild-type 

huntingtin to interact with PSD-95, resulting in the sensitization of NMDA receptors 

and promoting glutamate-mediated excitotoxicity (Sun et al., 2001). Mutant huntingtin 

can also increase tyrosine phosphorylation of NMDA receptors, further promoting their 

sensitization. Finally, mGluR5 is greatly expressed in the postsynaptic membranes of 

striatal projection neurons. The activation of these facilitatory receptors enhances the 

responses of NMDA receptors to glutamate activation, contributing to excitotoxicity 

(Vonsattel and DiFiglia, 1998). The involvement of mGluR5 and NR2B glutamate 
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receptors in mutant huntingtin-induced excitotoxicity and cell death has also been 

confirmed in striatal medium spiny neurons from YAC mice (Tang et al., 2003). 

Another factor that can contribute to the vulnerability of striatal neurons to 

excitotoxicity is the capacity of the surrounding glial cells to remove extracellular 

glutamate from the synaptic cleft. In agreement, a decrease in the mRNA levels of the 

major astroglial glutamate transporter (GLT1) and the enzyme glutamine synthetase 

were detected in the striatum and cortex of R6/1 and R6/2 mice. These changes in 

expression were accompanied by a concomitant decrease in glutamate uptake and could 

be detected before any other evidence of neurodegeneration, suggesting that a defect in 

astrocytic glutamate uptake is an early event in HD (Liévens et al., 2001). Furthermore, 

it was recently reported that mutant huntingtin accumulates in the nucleus of glial cells 

in HD brains, decreasing the expression of the glutamate transporter. Moreover, while 

wild-type glial cells protected neurons against mutant huntingtin-mediated 

neurotoxicity, glial cells expressing mutant huntingtin increased mutant huntingtin-

induced neuronal vulnerability, suggesting that a decrease in glutamate uptake by glial 

cells may indeed exacerbate neuronal excitotoxicity in HD (Shin et al., 2005). 

It is also important to note that activation of pathways that lead to the production of 

excitotoxins in the brain is likely to have an impact in HD. Indeed, recent studies have 

reported an increase in the endogenous levels of the NMDA-receptor agonist QA (a 

product of tryptophan degradation generated along the kynurenine pathway) and of its 

bioprecursor, the free radical generator 3-hydroxykynurenine (3-HK) in the striatum and 

cortex of early stage HD patients. 3-HK levels were also significantly and selectively 

elevated in the striatum, cortex and cerebellum of R6/2 mice starting at 4 weeks of age, 

while both 3-HK and QA levels were increased in the striatum and cortex of full-length 

HD mouse models (YAC128, Hdh92 and Hdh111) at later stages (Guidetti et al., 2006). 
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These results suggest that an increased generation of QA may contribute, at least in part, 

to excitotoxicity in HD and that inhibition of this pathway may have beneficial effects. 

Dysfunctional cortical glutamatergic neurons may cause a sustained glutamate 

stimulation of the vulnerable striatal neuronal populations. In agreement, striatal 

neurons from HD mice expressing one-third of the full-length huntingtin gene with 100 

CAG repeats (HD100) displayed altered responses to cortical stimulation and to 

activation by NMDA, and multiple perturbations in corticostriatal synaptic function 

were recently observed in mice expressing the full-length human huntingtin gene with 

either 72 (YAC72) or 128 (YAC128) CAG repeats (Milnerwood and Raymond, 2007). 

Under conditions of chronic activation of NMDA receptors the intracellular Ca
2+

 

concentration increases, which can have deleterious consequences including 

mitochondrial dysfunction, activation of the Ca
2+

-dependent neuronal isoform of nitric 

oxide (NO) synthase (nNOS), generation of NO and other reactive oxygen species 

(ROS), activation of Ca
2+

-dependent proteases such as calpains, and apoptosis (Rego 

and Oliveira, 2003). Importantly, mutant huntingtin can also sensitize the inositol 

(1,4,5)-triphosphate receptor type 1 (InsP3R1) located in the membrane of the 

endoplasmic reticulum, promoting a further increase in intracellular Ca
2+

 (Tang et al., 

2003). Collectively, these events can contribute to the progressive neurodegeneration 

observed in the HD striatum. Accordingly, surgical decortication (lesion of the 

corticostriatal pathway) was recently shown to extend the survival and improve the 

behavioral, neuropathological and biochemical phenotype of R6/2 transgenic mice by 

significantly lowering striatal glutamate levels (Stack et al., 2007). 

Neuroimaging analysis of human HD brains revealed cortical sensorimotor 

degeneration early in the disease, while microarray analysis found expression changes 

in the motor cortex but almost no changes in the frontal cortex or cerebellum, further 
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suggesting that a cortical dysfunction contributes to the human condition (Hodges et al., 

2006). 

The striatum also receives dopaminergic input from the substantia nigra pars compacta, 

also implicating this pathway in the selective striatal degeneration observed in HD. In 

support of this, several studies have shown degeneration of nigrostriatal projections, an 

atrophy of dopaminergic neurons in the substantia nigra and a striking reduction in the 

dopaminergic striatal neuronal population in HD brains (Gil and Rego, 2008). 

Aggregates of mutant huntingtin were also found in this brain region. Furthermore, a 

marked loss of tyrosine hydroxylase (the rate-limiting enzyme for dopamine 

biosynthesis) and a down-regulation of the DA transporter and the D1 and D2 dopamine 

receptors occurs in HD brains  and R6/2 mice, probably due to altered gene 

transcription induced by mutant huntingtin (Gil and Rego, 2008). Interestingly, it was 

previously suggested that loss of D2 dopamine receptors is a sensitive indicator of early 

neuronal impairment in preclinical carriers of the HD mutation (van Oostrom et al., 

2005). Overall, these results suggest that both a presynaptic and a postsynaptic 

impairment may contribute to a dysfunctional nigrostriatal pathway. 

The nigrostriatal dysfunction may be involved in causing the motor and cognitive 

deficits occurring in HD. Loss of both pre- and postsynaptic markers of dopamine 

neurotransmission is positively correlated with cognitive performance in asymptomatic 

and symptomatic HD patients (Bäckman and Farde, 2001). Furthermore, late stages of 

the disease are normally characterized by bradykinesia and rigidity, symptoms that may 

be directly caused by the progressive loss of dopamine receptors in the striatum. 

In vitro and in vivo studies have also shown that dopamine itself can enhance 

polyglutamine toxicity. Using primary cultures of striatal neurons transiently expressing 

exon 1 of mutant huntingtin, it has been shown that low doses of dopamine act 

synergistically with mutant huntingtin to activate the proapoptotic transcription factor c-



 59

Jun through a mechanism that is thought to involve the production of ROS and the 

activation of the c-Jun N-terminal kinase pathway. Importantly, dopamine also 

increased aggregate formation in this in vitro model, which could be reversed by a 

selective D2 receptor antagonist (Charvin et al., 2005). In another recent study, double-

mutant mice (generated by crossing the dopamine transporter knockout mouse with a 

knock-in HD mouse model expressing huntingtin with 92 CAG repeats) exhibited 

increased stereotypic activity at 6 months of age, followed by a progressive decline of 

their locomotor hyperactivity. In this hyperdopaminergic mouse model of HD the 

appearance of NIIs and neuropil aggregates was shown to occur much earlier and to a 

greater extent in the striatum and other dopaminergic brain regions as compared to 

control HD mice (Cyr et al., 2006). Thus, based on the results from these studies, it is 

reasonable to conclude that dopamine exacerbates mutant huntingtin aggregation both in 

vitro and in vivo, although the relationship between dopamine-mediated aggregation and 

striatal neurodegeneration needs to be clarified. 

Importantly, dopamine itself can be a source of ROS and a trigger of oxidative stress. 

Under normal conditions, the enzyme monoamino oxidase converts dopamine into 3,4-

dihydrophenylacetic acid (DOPAC) and hydrogen peroxide (H2O2). However, 

dopamine can also undergo a nonenzymatic process of auto-oxidation producing 

dopamine quinones and H2O2, and a dopamine semiquinone and superoxide (O2
−
). H2O2 

and O2
−
 can be further oxidized, respectively, through the Fenton (in the presence of 

transition metal ions) and the Haber–Weiss reactions, producing the extremely reactive 

hydroxyl radical. 

It was recently shown that glutamate and DA signaling pathways may act 

synergistically to induce elevated Ca
2+

 signals and to cause the degeneration of medium 

spiny neurons in YAC128 (Tang et al., 2007). 
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Thus, the intracellular dysfunction of neurons (and glia) induced by mutant huntingtin 

results in the dysfunction of neuronal interactions and circuits. These dysfunctional 

cell–cell interactions will in turn exacerbate the dysfunction of individual neurons, thus 

forming a positive feedback loop that will ultimately culminate in cell death. 

Studies in HD patients and HD post-mortem tissue have shown the following. (i) A 

significant decrease in glucose uptake (consumption) in the cortex (frontal and temporal 

lobes) and striatum (caudate and putamen) of both pre-symptomatic and symptomatic 

HD patients (Ciarmiello et al., 2006). (ii) A significant reduction in aconitase activity in 

the striatum (caudate and putamen) and cerebral cortex. Aconitase is an iron- and sulfur-

containing enzyme of the tricarboxylic acid cycle and is thought to be particularly 

sensitive to inhibition by peroxinitrate (ONOO
−
) and O2

−
. Thus, a reduction in its 

activity can be interpreted as an indirect indicator of ROS generation, mitochondrial 

dysfunction and excitotoxicity (Tabrizi et al., 1999). (iii) A significant decrease in the 

activities of mitochondrial complexes II–III and IV in the striatum. Contradictory 

results have also been published regarding the activity of mitochondrial complex I in 

HD platelets, with an initial study showing a striking reduction in the activity of this 

complex, and subsequent studies reporting no deficiencies in platelet mitochondrial 

function (Powers et al., 2007). Similarly, analysis of mitochondrial dysfunction in 

muscle from HD carriers revealed a defect of complex I, but in a more recent study no 

significant differences in the activities of complexes I and IV were found, although 

changes in the activity of complexs II–III were correlated with disease duration (Turner 

et al., 2007). (iv) An increase in lactate concentrations in the striatum and cerebral 

cortex (Koroshetz et al., 1997). (v) An increase in lactate/pyruvate ratio in the 

cerebrospinal fluid (Koroshetz et al., 1997). (vi) A reduced phosphocreatine/inorganic 

phosphate ratio in skeletal muscle and a significant delay in the recovery of 

phosphocreatine levels after exercise (a direct measure of ATP synthesis) in HD patients 
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and mutation carriers (Saft et al., 2005). (vii) Decreased mitochondrial ATP generation 

(Seong et al., 2005). (viii) Morphological and morphometric changes, as well as 

decreased membrane potential in mitochondria from lymphoblasts of both heterozygous 

and homozygous  HD patients (Squitieri et al., 2006). (ix) Depletion of mitochondrial 

DNA in leukocytes from HD patients (Liu et al., 2008). 

Interestingly, mutant huntingtin was also shown to disrupt mitochondrial-dependent 

Ca
2+

 handling, an effect that is ameliorated upon treatment with histone deacetylase 

inhibitors (Oliveira et al., 2006). On the other hand, mutant huntingtin can affect 

mitochondrial function by inhibiting the expression of PGC-1α (Weydt et al., 2006). 

Mutant huntingtin suppresses the activity of the promotor of the uncoupling protein-1 

(UCP-1, the effector of adaptive thermogenesis) gene, an effect that can be reversed by 

PGC-1α (Weydt et al., 2006). Moreover, reduced expression of PGC-1α target genes in 

HD is related to impaired ATP production and a reduction in intact mitochondria, 

linking transcriptional deregulation and mitochondrial dysfunction in HD (Weydt et al., 

2006). Importantly, crossbreeding of PGC-1α-knockout mice with HD knock-in mice 

exacerbates striatal neurodegeneration and motor abnormalities in the double-mutant 

mice, while lentiviral-mediated delivery of PGC-1α into the striatum of R6/2 mice has 

neuroprotective effects (Cui et al., 2006). Moreover, resveratrol, an activator of sirtuin 

Sir2 homolog 1 (SIRT1) was shown to modulate the SIRT1–PGC-1α pathway and to 

have a neuroprotective effect against mutant huntingtin-induced metabolic dysfunction 

(Parker et al., 2005). Indeed, SIRT1 functionally interacts with and deacetylates PGC-

1α in vitro and in vivo, thus regulating energy and metabolic homeostasis. This may 

have some implications in the search for new HD therapeutic targets, as molecules that 

activate PGC-1α may be valuable in promoting mitochondrial function and striatal 

survival. 
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Taken together, these reports implicate mitochondrial dysfunction and metabolic 

impairment in HD pathology. Whether these energy deficits occur early on during the 

disease progression is still uncertain. 

Systemic administration of the toxin 3-nitropropionic acid (3-NP; an irreversible 

inhibitor of mitochondrial complex II) has been largely shown to cause striatal 

neurodegeneration in rats and primates. Intrastriatal injection of this toxin  or malonate 

(a reversible mitochondrial complex II inhibitor) in rats also leads to striatal neuronal 

loss, further implicating mitochondrial dysfunction in HD. Striatal neurodegeneration 

induced by 3-NP appears to be related to the early expression and activation of matrix 

metalloproteinase-9 by ROS which can digest the endothelial basal lamina, leading to 

the disruption of the blood–brain barrier and to progressive striatal damage (Kim et al., 

2003). Excitotoxicity and dopamine toxicity were previously shown to modulate the 

striatal degeneration induced by 3-NP, supporting the idea that this mitochondrial toxin 

and mutant huntingtin may have certain degeneration mechanisms in common.  

Mitochondria are also central players in the process of caspase activation and apoptosis. 

3-NP causes mitochondrial-dependent apoptotic neuronal death through the release of 

cytochrome c and consequent activation of caspases, or the release of apoptosis-

inducing factor (Almeida et al., 2006). Experiments performed with HD lymphoblasts 

demonstrated that these HD cells show a robust mitochondrial membrane depolarization 

when exposed to weak stress conditions whereas myoblasts from presymptomatic and 

symptomatic HD subjects show mitochondrial depolarization, cytochrome c release, 

increased caspase-3, -8 and -9 activities, and defective cell differentiation (Ciammola 

et al., 2006). Furthermore, it was demonstrated that huntingtin associates with the outer 

mitochondrial membrane and that a truncated mutant huntingtin fragment can directly 

induce the opening of the mitochondrial permeability transition pore (MPTP) in isolated 

mouse liver mitochondria, an effect that was accompanied by a significant release of 
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cytochrome c (Choo et al., 2004). Cytochrome c leads to caspase activation which in 

turn can cleave mutant huntingtin and promote its translocation into the nucleus, where 

it abnormally interacts with several transcription factors. Importantly, p53, a 

transcription factor that regulates the expression of various mitochondrial proteins such 

as Bax, interacts with mutant huntingtin both in HD lymphoblasts and in neuronal cells 

expressing mutant huntingtin. In neuronal cultures, mutant huntingtin induces an 

upregulation of the nuclear levels of p53 and an increase in its activity. Interestingly, 

p53 levels are also increased both in HD transgenic mice and in HD patients, and 

genetic deletion of p53 suppresses neurodegeneration in HD transgenic flies and 

neurobehavioral abnormalities of HD transgenic mice (Bae et al., 2005). Thus, it is 

likely that mutant huntingtin-induced increase in p53 activity induces further 

mitochondrial abnormalities that contribute to HD. 

Importantly, mitochondrial dysfunction is also the major contributor to oxidative stress 

which, along with the excitotoxic activation of nNOS and the metabolism of dopamine, 

can lead to a toxic increase in the levels of ROS. Susceptible neurons, as in the case of 

HD, may not be able to handle well an increase in ROS production. High ROS levels 

may promote intracellular cascades of oxidative stress by oxidizing proteins and DNA 

and triggering lipid peroxidation. Therefore, it is reasonable to speculate that oxidative 

stress might play a crucial role in the neurodegenerative process of HD. In support of 

this hypothesis, several studies have shown an altered pattern of expression and activity 

of the enzyme nitric oxide synthase (NOS), as well as of the antioxidants superoxide 

dismutase (SOD) and ascorbate in R6/1 and R6/2 transgenic mice respectively. 

Furthermore, ROS production is increased in the striatum of R6/1 mice. Moreover, it 

has been suggested that NO generation is the underlying cause of the observed 

inhibition of aconitase in human HD brains. These authors suggest that aconitase 

inhibition is then followed by the inhibition of complex II–III and the initiation of a 
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self-amplifying cycle of ROS generation that results in severe ATP depletion and cell 

death (Tabrizi et al., 1999). Evidence of oxidative damage has been detected in 

peripheral tissues of human HD patients, including increased leukocyte levels of 8-

hydroxydeoxyguanosine (8-OHdG), increased plasma levels of malondialdehyde, 

decreased activities of the antioxidant enzymes Cu–Zn-superoxide dismutase (SOD1) 

and glutathione peroxidase (GPx) in erythrocytes, and a decreased catalase activity in 

skin fibroblasts (Chen et al., 2007). In addition, mitochondrial-dependent generation of 

ROS in HD seems to be due, at least in part, to suppression of PGC-1α in the presence 

of mutant huntingtin, as this transcription coactivator is required for the induction of 

ROS-detoxifying enzymes, namely Mn-superoxide dismutase (SOD2) and GPx, 

implicating PGC-1α as an important protector against oxidative damage in HD. 

There is strong evidence suggesting that aging is associated with poor handling of ROS 

by neuronal cells (Lu et al., 2004). Thus aging might, at least in part, increase mutant 

huntingtin toxicity through increased oxidative stress. 

 Mutant huntingtin is a substrate for several caspases and calpains, which are believed to 

mediate the formation of the toxic N-terminal fragments. Moreover, sequestration of 

pro-caspases in the aggregates is thought to promote their activation, thus promoting an 

intracellular cascade of proteolytic events. Furthermore, calpain, caspase-1 and caspase-

8 activity is increased in HD brains (Gil and Rego, 2008). These findings have led to the 

hypothesis that an apoptotic mechanism is responsible for HD neuronal loss. Indeed, 

early studies identified apoptotic-like cells in the HD striatum with terminal 

deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL). However, 

some of these studies failed to detect the characteristic pattern of DNA laddering after 

DNA electrophoresis that is typically observed in cells undergoing apoptosis (Portera-

Cailliau et al., 1995). Thus, although the authors concluded that the presence of 

TUNEL-positive cells in the HD striatum strongly suggests the occurrence of apoptosis, 
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the lack of the characteristic pattern of apoptotic DNA fragmentation argues against it. 

Furthermore, the detection of activated astrocytes in HD brains suggests 

neuroinflammation, which is generally absent in apoptotic conditions. Therefore, the 

evidence for a pure apoptotic process contributing to HD cell death is controversial. 

Nevertheless, the activation of certain apoptotic pathways is likely to contribute to some 

degree to HD pathology (Hickey and Chesselet, 2003). 

Some evidence suggests that autophagy may mediate cell loss in HD. HD brains display 

endosomal and/or lysosomal organelles, multivesicular bodies and lipofuscin 

accumulation reminiscent of autophagy (Sapp et al., 1999). Moreover, several studies 

have shown that expression of mutant huntingtin induces endosomal and/or lysosomal 

activity and sequestration of the mammalian target of rapamycin (mTOR; a protein 

kinase involved in the regulation of autophagy) into the aggregates of mutant huntingtin 

with subsequent inhibition of its kinase activity. These events lead to autophagy, which 

in turn may promote huntingtin degradation and the clearance of aggregates. Within this 

scenario, it was recently shown that rapamycin and several small-molecule enhancers of 

rapamycin, which seem to act either independently or downstream of the target of 

rapamycin, are able to enhance the clearance of mutant huntingtin fragments and 

attenuate their toxicity in various HD models. Moreover, clearance of accumulated 

mutant exon 1 huntingtin is also triggered by the activation of the insulin signaling 

pathway, despite the activation of Akt, mTOR and S6 kinase, in a process requiring 

Beclin1 and hVps34, two proteins implicated in macroautophagy, the latter a class III 

phosphatidylinositol 3-kinase (Yamamoto et al., 2006). 

Hence, autophagy may represent an initial attempt of the HD cell to eliminate the 

mutant protein that over the course of the disease becomes overloaded, insufficient and 

dysfunctional, eventually resulting in cell degradation. Indeed, the lysosomal proteases 

cathepsins D, B and L were recently shown to promote the generation and accumulation 
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of mutant huntingtin fragments (Kim et al., 2006). Furthermore, sequestration of Beclin 

1 into NIIs might reduce the autophagic clearance of mutant huntingtin. Finally, some 

evidence suggests that molecular determinants of autophagic vacuole formation are 

more easily recruited to cytoplasmic than to nuclear aggregates, which could help to 

explain the toxicity of nuclear inclusions in HD (Iwata et al., 2005). 

 

TREATMENT OF HUNTINGTON’S DISEASE 

Despite the extraordinary growth of knowledge about the cellular mechanisms involved 

in HD-related neurodegeneration, no effective neuroprotective or disease-modifying 

therapy has emerged. The selection of the most appropriate symptomatic treatment 

depends on the most dominant or troublesome symptom. Patients with HD may exhibit 

a variety of movement disorders, with the most common being chorea, but also 

parkinsonism (characteristic of juvenile HD), ataxia, dystonia, bruxism, myoclonus, 

tics, and tourettism. The psychiatric, behavioral, and cognitive manifestations of the 

disease are also very debilitating, rendering the patient dependent on others. These 

include irritability, depression, lack of motivation, paranoia, hallucinations, and 

cognitive and intellectual decline. Other contributing symptoms to the overall disability 

are dysphagia, weight loss, dysarthria, and sleep disturbance. Several clinical rating 

scales have been developed and validated, and have been used extensively in clinical 

trials to ensure a uniform assessment of outcomes. The Unified Huntington’s Disease 

Rating Scale (UHDRS), developed by the Huntington Study Group (HSG), comprises 

several subscales that assess motor function, cognition, behavior, functional status, and 

independence (Huntington study group, 1996). The Abnormal Involuntary Movement 

Scale (AIMS) uses a rating of 0 (no movement) to 4 (severe) to quantify abnormal 

movements. Scores are attributed separately for abnormal movements affecting the 

muscles of facial expression, lips and perioral area, jaw, tongue, upper extremities, 
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lower extremities, and trunk. The scale also incorporates other items, related to the 

patient’s awareness of and disability caused by the abnormal movements, and the 

presence of dentures or edentia. The functional status of HD patients is commonly 

assessed using the Total Functional Capacity Scale (TFC) and the Independence Scale 

(IS), both of which are incorporated into the UHDRS.  

Because neuroprotective treatments remain elusive, improving the quality of life of HD 

patients is a priority. Traditionally, neuroleptics and dopamine depleters have been the 

cornerstone of symptomatic therapy in HD (Adam and Jankovic, 2008). The atypical 

neuroleptics tend to be used more frequently in the treatment of HD. Their advantage 

over the typical neuroleptics is a diminished incidence of the adverse effects familiar in 

movement disorders (acute dystonia, akathisia, parkinsonism, tardive dyskinesia). The 

atypical neuroleptics are not necessarily more effective, however, and they may cause 

more weight gain and other metabolic side effects (e.g., dyslipidemia, increased insulin 

resistance), resulting in a similar treatment discontinuation rate10 as with typical 

neuroleptics. Typical neuroleptics, including haloperidol, pimozide, fluphenazine, 

thioridazine, sulpiride, and tiapride, have been used for the treatment of psychotic 

symptoms as well as chorea in HD (Adam and Jankovic, 2008). These drugs have a 

high affinity for D2 dopamine receptors, however, and can potentially induce 

parkinsonism, akathisia, acute dystonias, and tardive dyskinesia. Several other classes 

of medications have been used to ameliorate the various symptoms of HD, including 

antidepressants, antiglutamatergic drugs, GABA agonists, antiepileptic medications, 

acetylcholinesterase inhibitors, and botulinum toxin. Recently, surgical approaches 

including pallidotomy, deep brain stimulation, and fetal cell transplants have been used 

for the symptomatic treatment of HD. The selected therapy must be customized to the 

needs of each patient, minimizing the potential adverse effects (Adam and Jankovic, 

2008). 
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FRIEDREICH’S ATAXIA 

Friedreich’s ataxia (FRDA) was first reported in 1863 by Nicholaus Friedreich in 

Heidelberg, Germany. He described the essential findings of the disease: degenerative 

atrophy of the posterior columns of the spinal cord leading to progressive ataxia, 

sensory loss, and muscle weakness, often associated with scoliosis, foot deformity, and 

heart disease. Although it was initially reported more than 150 years ago, the complete 

clinical spectrum of FRDA and the features that distinguished this disease from other 

ataxia syndromes have been controversial. The Québec Collaborative Group in 1976 

(Geoffreoy et al., 1976) and Harding in 1981 (Harding et al., 1981) defined the essential 

clinical criteria for diagnosis of FRDA. 

The FRDA gene was localized to chromosome 9q, and the most common mutation was 

defined as an unstable expansion of a GAA trinucleotide repeat sequence. Since this 

discovery, the molecular diagnosis of atypical cases has become possible and the 

phenotypic spectrum of FRDA has been broadened (Pandolfo M, 2002). FRDA is the 

most common hereditary ataxia. It is an autosomal-recessive neurodegenerative disorder 

with an estimated prevalence of 1:50000 (Delatycki et al., 2000). 

Progressive, unremitting ataxia is the principal feature of this disease. Most commonly, 

it begins with clumsiness in gait. The onset is usually around puberty, but it may vary 

from 2-3 years of age to later than 25 years of age (Pandolfo M, 2002). The essential 

clinical features are autosomal-recessive inheritance, onset before 25 years of age, 

progressive limb and gait ataxia, absent tendon reflexes in the lower extremities, 

electrophysiologic evidence of axonal sensory neuropathy followed by (within 5 years 

of onset), dysarthria, areflexia at all four limbs, distal loss of position and vibration 

sense, extensor plantar response, and pyramidal weakness of the legs (Alper and 

Narayanan, 2003). Loss of ambulation occurs on average 15.5 ± 7.4 years after disease 

onset (Delatycki et al., 2000). Cardiomyopathy is the most common cause of death. 
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Patients who exhibit all these clinical features listed by Harding are considered to have 

the “typical” or “classic” form of the disease. 

As with age of onset, there is a great variability in other clinical features, including the 

rate of the progression, severity, and extent of the disease involvement. Cardiac 

complications may be severe enough to cause early death or may be minimal or absent. 

Other variable neurologic findings include oculomotor abnormalities, nystagmus, optic 

atrophy, and sensorineural hearing loss (Pandolfo M, 2002). The most common 

abnormality of ocular movement is fixation instability. Ophthalmoparesis is not 

observed. More than half the patients manifest progressive scoliosis, and about half 

manifest pes cavus, pes equinovarus, and clawing of the toes (Harding et al., 1981). 

Amyotrophy of the small muscles of the hand and distal muscles of the leg and foot is 

common. About 10% of FRDA patients are diabetic, and most diabetic patients require 

insulin therapy. Cardiomyopathy is evident in around two thirds of patients with FRDA 

and is primarily symmetric concentric hypertrophic cardiomyopathy, although some 

patients exhibit asymmetric septal hypertrophy (Alper and Narayanan, 2003).  
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AIM OF THE THESIS 

 

Huntington's disease (HD) is a dominantly inherited neurodegenerative disorder 

characterized by progressively worsening chorea, psychiatric disturbances and cognitive 

impairment. The degenerative process primarily involves medium spiny striatal neurons 

and, to a lesser extent, cortical neurons. Of importance, GABAergic enkephalin neurons 

of the basal ganglia are the most vulnerable in HD and their early dysfunction is 

responsible for the development of chorea. HD is caused by the expansion of a 

polymorphic CAG trinucleotide repeat encoding a poly-glutamine tract within a protein 

named huntingtin. The mechanisms responsible for mutant huntingtin pathogenicity are 

still largely unknown. Both gain of function (in which mutant huntingtin has toxic 

properties) and loss of function of normal huntingtin have been proposed. Furthermore, 

it is unknown why the striatal medium spiny neurons are most vulnerable in HD, despite 

ubiquitous expression of mutant and normal huntingtin. 

It is noteworthy that adenosine A2A and dopamine D2 receptors are co-expressed on 

striatal GABAergic enkephalin neurons. In these cells, A2A adenosine receptors 

(A2AARs) stimulate while dopamine D2 receptors inhibit adenylyl cyclase and cAMP 

formation. Adenosine is thought to act as a trigger for development-associated apoptosis 

and, under specific conditions, activation of the A2AARs may result in cell death. 

Conversely, under certain circumstances, A2AARs may mediate trophic effects. 

Dysregulation of A2AAR physiology may thus account for striatal cell loss in HD.  

On this background, the aim of this study is to investigate the role of A2AARs in 

Huntington’s disease. In particular we have evaluated the expression and functionality 

of  the A2AARs in different in vitro and in vivo models of Huntington’s disease as well 

as of other related polyglutamine disease. 
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The aim of the chapter 1 was to investigate if the presence of mutant huntingtin may 

alter A2AAR signaling in striatal cells ST14A. For this aim, the presence and the 

functional responses of A2AAR were evaluated in parental ST14A cells and stable 

subclones expressing either 548 aminoacids N terminal to the protein huntingtin in the 

wild-type (N548wt) or mutant (N548mu) versions, or the full-length wild-type (FLwt) 

and full-length mutant (FLmu). The expression of A2AAR was investigated through 

reverse transcriptase-polymerase chain reaction (RT-PCR) and receptor binding assays. 

The A2AAR is coupled to a stimulatory protein Gs that activate adenylil cyclase with the 

conseguent production of cAMP. In order to evaluate the functionality of A2AAR in 

parental ST14A and in subclones expressing mutant huntingtin, cAMP production 

assays were performed. The basal and forskolin stimulated level of cAMP were 

evaluated in all the striatal cell clones. Furthermore, it was studied the potency of 

typical A2AAR agonists to stimulate the production of cAMP as well as the effect of 

A2AAR antagonist to counteract this stimulation in both parental and huntingtin-

expressing cells. 

The aim of the chapter 2 was to assess the presence of the aberrant A2AARs phenotype 

in the basal ganglia of transgenic R6/2 mice, an animal model of Huntington’s disease 

that express exon 1 of the human huntingtin gene with an expanded CAG repeat length 

of 141-157 under the influence of the human promoter. To study the expression of 

A2AARs, experiment of quantitative real time PCR and receptor binding assays were 

performed in striatal membranes of R6/2 mice at various presymptomatic and 

symptomatic stages. To assess the receptor activity, we performed ex-vivo 

measurements of cAMP production in homogenates from striata in the absence (basal 

activity) or presence of the selective A2AAR agonist CGS 21680, or after direct 

activation of the enzyme with forskolin. 
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The study described in chapter 3 was undertaken to assess the status of the A2AAR in 

peripheral blood cells of HD-affected and non-affected mutation carrier subjects 

compared with control healthy individuals.  

Two strategies were adopted to assess the status of the A2AAR in peripheral cells from 

HD subjects. The first one aimed at measuring the binding kinetic parameters of the 

A2AAR ligand [
3
H]-ZM 241385 in platelets, lymphocytes and neutrophils of patients 

with Huntington’s disease and non-affected mutation carrier subjects compared with 

control subjects. The second one aimed at assessing the ability of A2AAR agonists to 

stimulate adenylyl cyclase activity and cAMP formation in the blood cells of the three 

group of subjects. 

The aim of the chapter 4 was to extend the analysis of A2AAR activity in patients with 

Huntington’s disease including a more detailed transversal study where different disease 

stages were represented, as well as in a larger number of pre-symptomatic subjects 

enrolled from different clinical sites. In addition, we tested whether the A2AAR 

dysfunction was present in other inherited neurological diseases, such as other 

polyglutamine- (Spinocerebellar Ataxia, SCA, type 1 and 2) or not polyglutamine-

linked (Freidreich Ataxia, FRDA) neurodegenerative disorders. The identification in 

peripheral cells of a measurable significant change in a biological process might 

arguably serve as a useful endpoint to measure the efficacy of therapeutics targeting 

pathological mechanisms initiated by the mutation. 
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CHAPTER 1: 

Aberrant amplification of A2AAR signaling in striatal 

cells expressing mutant huntingtin. 
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INTRODUCTION 

Huntington’s disease (HD) is a dominantly inherited neurodegenerative disorder 

featuring progressive worsening chorea, psychiatric disturbances, and cognitive 

impairment due to brain cell loss, with basal ganglia showing the most dramatic 

morphological abnormalities and degeneration (Ross, 1995). The disease is caused by 

expansion of a polymorphic CAG trinucleotide repeat encoding of a poly-glutamine 

tract in Huntingtin (Htt), a 3154 aminoacids protein with recently described anti-

apoptotic functions. The mechanisms responsible for mutant Htt pathogenicity are still 

largely unknown, but may involve a proteolytic cleavage of the protein to generate 

fragments that aggregate into the nucleus and cytoplasm (Wellington et al., 2000). 

Much less clear is the mechanism by which, despite ubiquitous expression of mutant 

(and normal) Htt in HD patients, selective degeneration of striatal medium spiny 

neurons occurs in the disease. Adenosine agonists induce potent psychomotor 

depression and inhibit the locomotor activity induced by dopamine agonists (Ferrè et 

al., 1993). This adenosine-dopamine interaction mainly depends on a postsynaptic 

A2AAR-D2 receptor interaction in striatum (Ferrè et al., 1993). In this brain area, 

A2AARs are coexpressed with D2 receptors on GABAergic enkephalin neurons, which 

are key components of the “indirect” striatal efferent pathway involved in regulation of 

motor activity, and are highly affected in HD (Reiner et al., 1988). By activating 

A2AARs on these neurons, adenosine acts as a dopamine functional antagonist. It is 

interesting that A2AARs stimulate and D2 receptors inhibit adenylyl cyclase, which 

represents a key target in mediating the opposite effects of these two transmitters (Ferrè 

et al., 1993). Therefore, the possibility remains strong that changes in the adenosine-

dopamine system in striatum play a role in the motor dysfunction typical of HD. It has 

been suggested that adenosine triggers development-associated apoptosis; under 

specific conditions, activation of the A2AARs may result in cell death (Jacobson et al., 



 76

1999). It may hence be hypothesized that a dysregulation of adenosine-mediated cell 

death, likely due to an alteration of A2AAR expression or function, may contribute to 

neurodegeneration in HD. 

In this part of the study it has been tested the possibility that mutant Htt may alter 

A2AAR signaling in striatal cells expressing mutant Htt. In particular the presence and 

the functionality of A2AARs have been studied through reverse transcriptase-polymerase 

chain reaction, receptor binding assays and cyclic adenosine monophosphate (cAMP) 

assays. 

 

MATERIALS AND METHODS 

Materials 

SCH 58261 and [
3
H]-SCH 58261 (specific activity 68.6 Ci/mmol) were from the 

Schering-Plough Research Institute, Milan, Italy. [
3
H]-ZM 241385 (specific activity 17 

Ci/mmol) was from Tocris Cookson Ltd. (Bristol, England). [
3
H]-cAMP (specific 

activity 21 Ci/mmol) was purchased from the Radiochemical Centre (Amersham, 

Bukinghamshire, England). NECA (5'-Nethylcarboxamidoadenosine), Ro 20-1724, (4-

(3-butoxy-4-methoxybenzyl)-2-imidazolidinone), GTPγS, cAMP, and forskolin were 

from Sigma Chemicals Co. (St. Louis, Mo.). Aquassure and Atomlight were from NEN 

Research Products (Boston, Mass.). All other reagents were of analytical grade and 

obtained from commercial sources. 

 

 

Cell Culture 

Parental ST14A cells and stable subclones expressing either 548 aminoacids N terminal 

to the protein huntingtin in the wild-type (N548wt) or mutant (N548mu) versions, or the 

full-length wild-type (FLwt) and full-length mutant (FLmu) proteins were grown at 
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33°C in the presence of Dulbecco’s modified Eagle medium supplemented with 10% 

fetal bovine serum as previously described (Cattaneo and Conti, 1998). All transfected 

subclones have been previously demonstrated to express the exogenous proteins at 

comparable levels at least up to 25 passages in culture (Rigamonti et al., 2000). 

Expression levels are routinely checked by Western blot in early passaged cells. Cells 

were used when 80% confluence was reached. 

 

Reverse transcriptase-polymerase chain reaction (RT-PCR) 

Total RNA was prepared from cells and tissue using Triazol Reagent (Gibco, BRL, 

Rockville, Md.). Retrotranscription of RNA was performed with SuperScript II (Gibco, 

BRL, Rockville, Md.) according to the instructions of the manufacturer and using 250 

ng of random primers. RNAseOUT (20 U) (Gibco, BRL) was added to each reaction. 

cDNA (0.5 µg) was amplified by PCR using DyNAzyme EXT (Finnzymes) and primers 

specific for the A2AAR (A2AAR Fw: 5’-TGTCCTGGTCCTCACGCAGAG-3’; A2AAR 

Rev: 5’CGGATCCTGTAGGCGTAGATGAAGG-3’). PCR was carried out for 40 

cycles with the following parameters: denaturation at 95°C for 30 s, annealing at 54°C 

for 30 s, extension at 72°C for 7 min. 

 

Receptor binding studies 

Cells were washed with phosphate buffered saline and scraped off T75 flasks in ice-cold 

hypotonic buffer (5 mM Tris HCl, 2 mM EDTA, pH 7.4). The cell suspension was 

homogenized with Polytron, and the homogenate was spun for 10 min at 1,000 g. The 

supernatant, collected in pools from 6 to 8 culture dishes, was then centrifuged for 30 

min at 48,000 g, and each pool was used to perform a single saturation experiment. The 

membrane pellet was resuspended in 50 mM Tris HCl, 120 mM NaCl, 5 mM KCl, 10 

mM MgCl2, and 2 mM CaCl2, pH 7.4, incubated with 2 I.U./ml of adenosine deaminase 
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for 30 min at 37°C and centrifuged for 30 min at 48,000 g. The resulting pellet was 

resuspended at a concentration of 100–150 µg protein/100 µl, and this homogenate was 

used for assaying binding of either [
3
H]-SCH 58261 (5-amino-7-(phenylethyl)-2- (2-

furyl)-pyrazolo[4,3-e]-1,2,4-triazolo[1,5-c]pyrimidine) (Varani et al., 1997) or [
3
H]-ZM 

241385 (4-(2-[7-amino-2-(2-furyl)[1,2,4] triazolo[2,3a][1,3,5] triazinyl-amino] 

ethyl)phenol). The protein concentration was determined according to a Bio Rad 

method (Bradford, 1976) with bovine serum albumin as a standard reference. Binding 

assays were carried out as previously described (Varani et al., 1997). In saturation 

studies, cell membranes were incubated for 60 min at 4°C with 8–10 different 

concentrations of either [
3
H]-SCH 58261 or [

3
H]-ZM 241385 (0.05–10 nM) in a total 

volume of 250 µl containing 50 mM Tris HCl, 120 mM NaCl, 5 mM KCl, 10 mM 

MgCl2, and 2 mM CaCl2, pH 7.4. Nonspecific binding was defined as binding in the 

presence of 10 µM NECA and was about 40% of total binding. Bound and free 

radioactivity was separated by filtering the assay mixture through Whatman GF/B glass-

fiber filters by using a Micro-Mate 196 cell harvester (Packard). The filterbound 

radioactivity was counted by using a microplate scintillation counter (Top Count) at an 

efficiency of 57% with Micro Scint 20. A weighted nonlinear least-squares curve-fitting 

program LIGAND (Munson and Rodbard, 1980) was used for computer analysis of 

saturation experiments. 

 

 

Measurement of cAMP levels 

Cells were washed in phosphate buffered saline and centrifuged for 10 min at 200 g. 

The supernatant was discarded, the pellet was resuspended in a buffer containing 120 

mM NaCl, 5 mM KCl, 0.37 mM NaH2PO4, 10 mM MgCl2, 2 mM CaCl2, 5 g/L D-

glucose, 10 mM Hepes-NaOH, pH 7.4, and centrifuged again for 10 min at 200 g. Cells 
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(4 × 10
5
 cells/tube) were then suspended in 0.5 ml incubation mixture (120 mM NaCl, 5 

mM KCl, 0.37 mM NaH2PO4, 10 mM MgCl2, 2 mM CaCl2, 5 g/L D-glucose, 10 mM 

Hepes-NaOH, pH 7.4) containing 1.0 I.U. of adenosine deaminase/ml and 0.5 mM 4-(3-

butoxy-4-methoxybenzyl)-2-imidazolidinone (RO 201724, as phosphodiesterase 

inhibitor), and preincubated for 10 min in a shaking bath at 37°C. Then forskolin (1 

µM) or NECA (1 nM-10 µM) was added to the mixture, and the incubation continued 

for a further 5 min. The effect of several A2AAR antagonists such as CGS 15943 (1 

µM), ZM 241385 (1 µM), and SCH 58261 (1 µM) was determined by antagonism of 

NECA (100 nM)-induced stimulation of cyclic AMP levels. The reaction was 

terminated by the addition of cold 6% trichloroacetic acid (TCA). The TCA suspension 

was centrifuged at 2,000 g for 10 min at 4°C, and the supernatant was extracted four 

times with water-saturated diethyl ether. The final aqueous solution was tested for 

cyclic AMP levels by a competition protein- binding assay carried out as previously 

described (Varani et al., 1998). Samples of cyclic AMP standards (0–10 pmol) were 

added to each test tube containing trizma base 0.1 M, aminophylline 8.0 mM, 2 

mercaptoethanol 6.0 mM, pH 7.4, and [
3
H]-cAMP in a total volume of 0.5 ml. The 

binding protein, previously prepared from beef adrenals, was added to the samples 

previously incubated at 4° C for 150 min. The samples, after the addition of charcoal, 

were centrifuged at 2,000 g for 10 min. The clear supernatant (0.2 ml) was mixed with 4 

ml of Ultimagold XR (Hewlett-Packard) and counted in a LS-1800 Beckman 

scintillation counter. 

 

RESULTS 

Presence of the A2AARs in ST14A cells and in Htt expressing subclones.  

Striatal ST14A cells have been previously stably transfected with either normal or 

mutant full-length and truncated Htt constructs to generate a large number of stable 
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subclones (Rigamonti et al., 2000). The rationale for extending the analysis to the 

phenotype of cells expressing truncated Htts derives from well established data 

demonstrating that N-terminal fragments resulting from proteolytic cleavage of full-

length mutant Htt are more toxic than the full-length protein itself (Wellington et al., 

2000). Figure 1.1 shows A2AARs mRNA levels in parental ST14A cells and in the 

various stable subclones expressing N548wt, N548mu, FLwt, and FLmu cDNAs. As a 

positive control, mRNAs from adult rat striatum, cortex, and A2AAR stably transfected 

CHO cells were loaded. As expected, RTPCR revealed an enrichment of the A2AARs in 

striatum and in transfected CHO cells, with lower levels in rat cortex, in agreement with 

previous reports on the brain distribution of this receptor subtype (Fredholm et al., 

2001). Both parental ST14A cells, which are striatum-derived, and all stable subclones 

express the 630 bps band corresponding to the A2AAR mRNA, although to a different 

extent. Despite differences in mRNA levels, comparable A2AAR protein densities are 

found in all clones, as shown by radio-ligand binding studies performed with the highly 

selective A2AAR antagonist [
3
H]-SCH 58261 (Table 1.1). Scatchard plot analysis 

revealed the presence of a single class of specific, high-affinity, and saturable binding 

sites in both ST14A and in Htt-expressing cells, with comparable Bmax values, 

independently of the presence of normal or mutant Htt (Table 1.1). KD values were 

instead significantly reduced in FLmu cells with respect to parental ST14A cells, a 

change that was even more significant in N548mu cells (Table 1.1). Comparable data 

were obtained with the A2AAR ligand [
3
H]-ZM 241385. For the ST14A, FLwt, N548wt, 

Flmu, and N548mu, KD values were, respectively, 2.30 ± 0.10; 2.42 ± 0.08; 2.48 ± 0.05; 

1.61 ± 0.06*; 1.32 ± 0.06** nM (* P<0.05 vs. control; ** P<0.01 vs. control); 

corresponding Bmax values were 92 ± 6; 90 ± 8; 90 ± 6; 93 ± 5; 90 ± 3 fmol/mg 

protein. No changes of KD values were detected in clones expressing either FLwt or 

N548wt (Table 1.1). These data suggest a selective increase of binding affinity in the 
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presence of mutant Htt. Figure 1.2 shows an example of saturation analysis performed 

with [
3
H]-SCH 58261 (0.5–10 nM) in parental ST14A cells and in N548mu (A) or 

FLmu (B) cells. Consistent with the KD values reported in Table 1.1, at low radioligand 

concentrations (0.5–4.5 nM), an increase of binding values was detected in both 

N548mu and FLmu cells, as demonstrated by the shift to the left of [
3
H]-SCH 58261 

saturation curves (Fig. 1.2A, B). 

 

Selective alteration of forskolin-stimulated adenylyl cyclase response in cells 

expressing mutant Htt. 

The A2AARs is coupled to stimulation of adenylyl cyclase via Gs stimulatory proteins, 

which leads to increases of cAMP formation (Fredholm et al., 2001). We therefore 

analyzed the sensitivity of adenylyl cyclase to pharmacological agents that are known to 

specifically activate this effector system. Despite no changes of basal enzyme activity 

(Table 1.2), response of adenylyl cyclase to the direct activator forskolin (used in the 

presence of the cAMP-dependent phosphodiesterase inhibitor RO 201724) was notably 

increased in N548mu (and Flmu) cells with respect to parental or wild-type Htt cells. As 

shown in Table 1.2, an amplification of cAMP formation was already demonstrable 

with forskolin alone in N548mu cells. To shed light on the cyclase alteration observed 

in cells expressing mutant Htt, we performed a Michaelis-Menten analysis of adenylyl 

cyclase activity in ST14A and N548mu cells. We therefore incubated cell homogenates 

in the presence of a fixed forskolin concentration and in the presence of graded 

concentrations of substrate (0.001–1000 µM ATP, see x-axis of Fig. 1.3A). Analysis of 

the data reported in Figure 3A, according to Lineweaver-Burk (Fig. 1.3B), shows a 

statistically significant reduction of enzyme Km value in N548mu cells with respect to 

parental cells (82±3 nM vs. 180±4 nM, respectively). No changes of Vmax values were 

detected (17.2±0.6 pmol/min in N548mu compared with 16.8±0.4 pmol/min in ST14A 
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cells). This alteration in cyclase activity appears to specifically involve the catalytic 

subunit of the enzyme, because no changes in cAMP production were observed in the 

presence of GTPγS, a direct G protein activator. For example, cAMP formation in 

N548mu incubated with 10 µM GTPγS was 65 ± 2 pmoles/10
5
 cells compared with 64 ± 

1 pmoles/10
5
 cells in ST14A cells.  

 

Aberrant amplification of A2AAR-dependent adenylyl cyclase response in cells 

expressing mutant Htt. 

When the adenosine analog NECA was applied to the cells, an aberrant amplification of 

adenylyl cyclase response was detected selectively in cells expressing mutant Htt. In all 

clones, NECA (0.1 nM–10 µM) significantly increased cAMP production in a 

concentration-dependent manner. However, as shown in Figure 1.4, which reports the 

log dose-response curve for NECA in cells expressing either N548wt and FLwt (A) or 

N548mu and FLmu (B), cAMP formation was significantly higher in the latter two at 

almost all agonist concentrations with respect to parental ST14A cells (EC50 values: 

198±15*; 93±9** nM in FLmu and N548mu, respectively, versus 270±10 in ST14A 

cells; * P<0.05; **P<0.01 vs. control). No differences of NECA responses were 

detected in FLwt and N548wt cells with respect to ST14A cells at any of the utilized 

agonist concentrations (EC50 values: 253±11 and 236±13, respectively). These results 

suggest a selective increase of responsiveness of the A2AAR/adenylyl cyclase system in 

the presence of mutant Htt. This change is unrelated to modifications of endogenously 

produced adenosine because adenosine deaminase was present during the adenylyl 

cyclase assay. Selective A2AAR antagonists counteracted A2AAR-stimulated cAMP 

formation in both parental and Htt-expressing cells. To further confirm that the effect 

induced by NECA on cAMP formation is due to stimulation of the A2AAR subtype, we 

performed experiments in the presence of adenosine receptor antagonists characterized 
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by various degree of selectivity towards the A2AARs subtype. As shown in Table 1.3, in 

ST14A cells, both the relatively selective antagonists CGS15943 and ZM 241385 and 

the highly selective antagonist SCH 58261, completely prevented the increases of 

cAMP induced by NECA at an agonist concentration (100 nM), which selectively 

stimulates adenylyl cyclase via the A2AAR. Remarkably, all the tested antagonists 

retained the ability to counteract NECA-induced cAMP formation also in cells 

expressing mutant Htt, where adenylyl cyclase activity is aberrantly increased with 

respect to ST14A and to wild-type Htt cells. 
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Table 1.1 - Binding parameters of the A2AAR ligand [
3
H]-SCH 58261 

in membranes of ST14A, wild-type and mutant Htt cells.  

 

 

 

 ST14A FL wt N548 wt FL mu N548 mu 

KD  

(nM) 
2.20 ± 0.06 2.36 ± 0.11 2.38 ± 0.27 1.96 ± 0.06* 1.34 ± 0.08** 

Bmax 

(fmol/mg 

protein) 

 

92 ± 3 

 

89 ± 6 89 ± 4 94 ± 5 92 ± 2 

 

Analysis by Student's t test; * P <0.05 vs control; ** P <0.01 vs control. 
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Table 1.2 - Basal and forskolin-stimulated cAMP formation in 

ST14A, wild-type and mutant Htt cells. 

 

 

 

 ST14A FL wt N548 wt FL mu N548 mu 

Basal levels 18 ± 2 19 ± 2 18 ± 1 20 ± 2 20 ± 1 

Forskolin  

(1 µM) 
45 ± 5 54 ± 6 47 ± 3 55 ± 5 72 ± 4* 

Forskolin  

(1 µM) 

+ RO 201724 

(0.5 mM) 

58 ± 4 60 ± 6 63 ± 6 78 ± 7 88 ± 5* 

 

Formation of cAMP was detected in the absence of stimuli (basal levels), and upon 

stimulation with forskolin, in the absence or presence of the cAMP -phosphodiesterase 

inhibitor Ro 201 724. Data are expressed in pmol/10
5

 cells.  

Analysis was by Student's t test; * P <0.01 vs control. 
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Table 1.3 - Effect of different A2AAR antagonists on NECA-

stimulated cAMP formation in ST14A, wild-type and mutant Htt cells. 

 

 

 

 ST14A FL wt N548 wt FL mu N548 mu 

Basal cAMP 

levels 
18 ± 2 19 ± 2 18 ± 1 20 ± 2 20 ± 1 

NECA-

stimulated 

cAMP 

formation 

38 ± 5 39 ± 5 40 ± 4 48 ± 3 55 ± 6 

NECA + 

CGS 15943  

(1 µM) 

19 ± 3* - - - 22 ± 4* 

NECA + 

ZM 241385  

(1 µM) 

20 ± 4* - - - 21 ± 3* 

NECA + 

SCH 58261  

(1 µM) 

18 ± 3* 19 ± 3* 18 ± 2* 19 ± 1* 19 ± 2* 

 
Formation of cAMP was detected in the absence of stimuli (basal levels) and upon stimulation with 

100 nM NECA, in the absence or presence of the indicated A2A receptor antagonists. Data are 

expressed as pmol/10
5

 cells. Analysis was by Student's t test; * P <0.01 vs NECA-stimulated cAMP 

formation. 
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Figure 1.1 - RT-PCR for the A2AAR in parental ST14A cells and 

subclones expressing N548wt, N548mu, FLwt, and FLmu cDNAs.  
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Figure 1.2 - Saturation curves and Scatchard plot of [
3
H]-SCH 58261 

specific binding to ST14A (•), N548 mu (■) (A) and ST14A (•), FL mu 

(▲) (B). 
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Figure 1.3 - Saturation curves (A) and Lineweaver-Burk analysis (B) 

of adenylyl cyclase activity stimulated with 3 µM forskolin in ST14A 

(•) and N548 mu (■) membranes. 
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Figure 1.4 - Stimulation of cyclic AMP levels by NECA (0.1 nM – 10 

µM) in ST14A (●), in FL wt (▼), in N548 wt (♦) (A), and ST14A (●), in 

FL mu (▲), in N548 mu (■) (B). 
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DISCUSSION 
 

 
The A2AAR plays an important role in striatal function (Ferrè et al., 1993). By activating 

this receptor subtype in striatal medium spiny neurons, adenosine acts as a dopamine 

functional antagonist and inhibits the indirect efferent striatal pathway involved in 

regulation of motor activity. Hence, an intact A2AAR function is needed to preserve an 

integrated regulation of motor behavior. Besides the involvement of this receptor 

subtype in motor function, recent data have highlighted its possible role in cell survival, 

which suggests that its activation under specific pathological conditions may contribute 

to neurodegeneration in ischemic-like diseases (Abbracchio and Cattabeni, 1999). 

The role of the A2AAR in HD is still unclear. Some recent studies have focused on 

neurotransmitter receptor changes in R6/2 transgenic mice, an animal model of HD in 

which a fragment of the disease-causing variant of human Htt is expressed (Mangiarini 

et al., 1996). Reductions of dopamine D1 and D2 receptors, A2AAR mRNA,  A2AAR 

binding, and the expression of enkephalin (but not substance P) have been found in 

these animals (Jacobson et al., 1999). On the contrary, binding autoradiography for 

glutamate NMDA receptors showed no difference with respect to age-matched control 

animals, which supports the concept that specific receptor systems may be selectively 

affected in HD. Moreover, receptor down-regulation seems to appear before the onset of 

observable symptoms (Bibb et al., 2000). Yet, such changes may still be subsequent to 

or independent from earlier aberrant receptor(s) behavior. The present study describes, 

for the first time, an alteration of A2AAR signaling specifically associated with the 

expression of mutant Htt. Data have been obtained in a cellular system composed of 

immortalized striatal cells engineered to express either wild-type or mutant Htt. Using 

this system previously, it was found that Htt protects cells from the action of death 

triggers via inhibition of the caspases cascade. On the contrary, expression of an 
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expanded CAG variant of Htt in the same cells led to loss of this protective effect, 

activation of caspases and apoptosis (Rigamonti et al., 2000). 

In the present study it has been shown that both parental striatal cells and the Htt-

engineered derivatives express the A2AARs, as demonstrated by both radioligand 

binding studies and RTPCR analysis, which hence validates this cellular model as 

suitable for studying the possible changes induced by mutant Htt on A2AAR function. 

Consistent with the reduction of A2AAR mRNA in R6/2 transgenic mice (Cha, 2000) is 

our finding of decreased levels of A2AAR mRNAs in mutant Htt cells. However, the 

density of the receptor protein was demonstrated to be quite comparable in all clones as 

detected by radioligand binding studies. Despite no changes of Bmax values, binding 

studies revealed a moderate but statistically significant increase of affinity in cells 

expressing mutant Htt, which suggests that mutant, but not wild-type Htt, may interfere 

with the kinetics of A2AAR binding by endogenous adenosine and may influence the 

conformation of the ligand recognition site. These results also highlight profound 

changes of adenylyl cyclase response selectively in mutant Htt cells. Despite no changes 

of basal adenylyl cyclase activity, response to forskolin was significantly increased in 

these cells and, more remarkably, an even higher amplification of A2AAR-mediated 

cAMP formation was observed. Quite surprisingly, direct stimulation of G-protein α-

subunit with GTPγS did not result in higher adenylyl cyclase stimulation in mutant Htt 

cells, which suggests that this subunit is not apparently affected by the mutant protein. 

This finding may imply a specific effect of mutant Htt on G-protein βγ-subunits, which 

play key roles in both cyclase activity modulation and in mediating receptor 

desensitization. A dysfunction of G-protein βγ-subunits leading to reduced receptor 

desensitization may therefore contribute to the observed aberrant amplification of 

A2AAR response. From our data it is also clear that changes of A2AAR signaling are 

much more evident in cells expressing truncated mutant Htt with respect to full-length 
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mutant Htt. This finding may have intriguing functional implications, because the N548 

fragment expressed in these cells mimics one of the potential fragments suggested to be 

produced by proteolytic cleavage of Htt (Wellington et al., 2000) and which may be 

required for the expression of mutant Htt cytotoxicity and aggregate formation. 

Recent data demonstrate that the full-length mutant protein is processed gradually over-

time in vivo to generate amino terminal fragments that accumulate into the nucleus and 

also in axons and synaptic terminals. Truncated mutant Htt has been also demonstrated 

to carry significantly higher toxicity with respect to the full-length protein (Wellington 

et al., 2000). On this basis, one could speculate that N548mu cells may reflect a more 

advanced stage of the disease, where the aberrant behavior of the A2AAR is maximally 

expressed. In has been shown that wild-type Htt was protecting cells from death stimuli 

and mutant Htt was producing cell toxicity (possibly indicating a loss of Htt function by 

the expanded CAG) (Rigamonti et al., 2000). It is interesting that, in the present report, 

A2AAR signaling was not modified by wild-type Htt but was selectively altered in 

mutant Htt cells. It is possible to conclude that, besides loss of the normal protective 

function of Htt (Rigamonti et al., 2000), the CAG expansion in the mutant protein 

causes a toxic “gain-of function” activity at the level of the A2AAR signal transduction 

mechanism, which may result in selective impairment of striatal function, possibly at 

very initial stages of the disease. A possible role of this receptor in the etiopathology of 

HD is also consistent with literature suggesting that the A2AAR may contribute to cell 

death in ischemia-associated neurodegeneration and that A2AAR antagonists may indeed 

prove useful in preventing such damage (Abbracchio and Cattabeni, 1999). In this 

respect, our demonstration that selective A2AAR antagonists retain their ability to fully 

block NECA-stimulated adenylyl cyclase may disclose new avenues in the 

pharmacological manipulation of Huntington’s disease. 
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CHAPTER 2: 

Early and transient alteration of A2AAR signaling in a 

mouse model of Huntington disease. 
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INTRODUCTION 

Adenosine and dopamine receptors are co-expressed on striatal GABAergic enkephalin 

neurons. In particular, in these cells, A2AARs stimulate and D2 dopamine receptors 

inhibit adenylyl cyclase and cAMP formation (Ferrè et al., 1993). Adenosine has been 

also suggested to act as a trigger for development-associated apoptosis and, under 

specific conditions, activation of the A2AARs may result in cell death (Jacobson et al., 

1999). On this basis, another proposition to explain cell loss in HD is that a 

dysregulation of adenosine-mediated cell death, likely due to an alteration of A2AAR 

expression or function, may contribute to neurodegeneration. The role of A2AARs in cell 

viability is indeed controversial. Activation of these receptors prevented apoptosis due 

to serum deprivation in PC12 cells (Huang et al., 2001), and protected sympathetic 

neurons against nerve growth factor withdrawal, suggesting induction of trophic or 

protective pathways (Blum et al., 2003). On the other hand, activation of presynaptic 

A2AARs on cortico-striatal afferents facilitates release of the excitatory aminoacid 

glutamate (Popoli et al., 2002), whereas, in glial cells, these receptors might mediate 

induction of pro-inflammatory enzymes, thus contributing to neuroinflammation 

(Brambilla et al., 2003). Using A2AAR-/- mice and pharmacological compounds in rats, 

it was demonstrated that striatal neurodegeneration induced by the mitochondrial toxin 

3-nitropropionic acid (3NP, an experimental model of HD) is regulated by A2AARs. In 

particular, striatal outcome induced by 3NP depended on a balance between the 

deleterious activity of presynaptic A2AARs and the protective activity of post-synaptic 

A2AARs (Blum et al., 2003). In line with this dual role of A2AARs in neurodegeneration 

both A2AAR agonists and antagonists (Popoli et al., 2002) have been shown to be 

beneficial in HD. In particular, in R6/2 animals, an established model of HD, treatment 

with the selective A2A receptor agonist CGS 21680 has been recently reported to 
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attenuate symptoms (Chou et al., 2005). Interestingly, in the 3NP model of HD, an 

increase in A2AAR density has been found (Blum et al., 2002).  

One of the best characterized animal models of HD is represented by the R6/2 mice 

(Mangiarini et al., 1996). These animals express exon 1 of the human huntingtin gene 

with an expanded CAG repeat length of 141-157 under the influence of the human 

promoter. The R6/2 model has many of the temporal, behavioural and 

neuropathological features that are observed in HD patients, such as jerky movements 

and striatal atrophy. At weaning (23 days), R6/2 mice show a lower body and brain 

weight (Mangiarini et al., 1996). The life span of the affected animals is of 14-15 

weeks, with the onset of behavioural phenotype between 8 and 11 weeks. Degeneration 

within the striatum and non-apoptotic cell death have been observed after 14 weeks 

(Turmaine et al., 2000), while neuronal atrophy and neuronal intranuclear inclusions  

have been found at earlier stages (Davies et al., 1997).  

On this basis, the present study was undertaken to assess the presence of the aberrant 

A2AARs phenotype in the basal ganglia of transgenic R6/2 mice. 

 

 

MATERIALS AND METHODS 

Animals 

These studies were performed on heterozygous transgenic R6/2 mice, which express 

exon 1 of the human huntingtin gene with an expanded CAG repeat length of 141-157, 

under the influence of the human promoter (Mangiarini et al., 1996). 

A R6/2 breeding colony has been established from 15 R6/2 males founders and 35 CBA 

X C57BL/6F1 (B6CBA) females, all obtained from Jackson Laboratories (Bar Harbor, 

ME). Transgenic and wild type mice were distinguished by PCR-screening. R6/2 males 

were mated with B6CBA females to maintain the colony, while R6/2 females were 
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utilized for the experiments. Non transgenic littermates were used as controls.  

Measures were taken to minimise pain and discomfort to animals. Mice were killed by 

decapitation after treatment for 30-45 seconds with CO2. Tissues for cAMP detection 

were conserved in ice until assay, while those for RNA extraction or binding studies 

were frozen immediately after dissection and stored at -80°C. 

Experiments have been performed at asymptomatic stage, i.e., postnatal day (PND) 7-8, 

9-14, 21, at early symptomatic stages, i.e., postnatal week (PNW) 6 or 8, and at late 

symptomatic stage, i.e., 11 or 12 PNW.  

 

Genomic DNA extraction 

Genomic DNA was extracted at PND 4-5 from the tail of the animals with the 

NucleoSpin Tissue kit (Macherey Nagel, Germany).  

 

Total RNA extraction 

Total RNA was isolated from striata by extraction with Trizol (Invitrogen, US). Reverse 

transcription of 1,5 µg of RNA was performed with SuperScriptII (Invitrogen, US) 

according to the manufacturer. 

 

muHtt gene amplification 

The amplification protocol has been established on the basis of that reported in the 

literature (Mangiarini et al.,1996). The amplification of genomic and coding DNA was 

performed with Taq polymerase DyNAzime (Finnzimes, UK ) and specific primers for 

the human huntingtin gene sequence including the CAG repeat (FW: 5’-GGC GGC 

TGA GGA AGC TGA GGA-3’; RV:5’- ATG AAG GCC TTC GAG TCC CTC AAG 

TCC TTC-3’). 
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After denaturation for 3’ at 94°C, the amplification was carried out for 35 cycles as 

follow: 1’ at 94°C, 45’’ at 65°C, 1’ at 72°C. An amplified product of 580 bp 

corresponding to the expected mw of mutant Htt was detected on a agarose gel 1%. 

 

RT-PCR for A2AAR   

Qualitative RT-PCR analysis of the  A2AAR cDNA has been performed using Taq 

DyNAzyme (Finnzymes, UK) and primers specific for mouse A2AAR (FW: 5’ – TGT 

CCT GGT CCT CAC GCA GAG-3’; RV: 5’- CGG ATC CTG TAG GCG TAG ATG 

AAGG-3’). After denaturation for 3’ at 94°C, the amplification was carried out for 35 

cycles as follows: 30’’ at 94°C, 30’’ at 55°C, 1’ at 72°C. An expected product of  600 

Kb corresponding to the A2AAR gene was detected on 1% agarose gels. 

 

Quantitative Real Time PCR for A2AAR 

Real time quantitative PCR was performed using the SYBR Green kit (Biorad, USA) on 

a iQ Thermal Cycler (Biorad, USA). The PCR mixtures contain 25 ng of cDNA, 0.2 µM 

of specific primers and SYBR Green reaction MIX (Biorad, USA). Mixtures were 

incubated at 95 °C for 3’ and then 45 PCR cycles were conducted (95 °C for 30’’, 63 °C 

for 30’’  and 72°C for 30’’). The sequences of primers are listed below: for A2AAR (the 

target gene), FW: 5’-AAC CTG CAG AAC GTC AC-3’ and RV: 5’-GTC ACC AAG 

CCA TTG TAC CG-3’ and for β-Actin (the reference gene), FW: 5’-AGT GTG ACG 

TTG ACA TCC GTA-3’ and RV: 5’-GCC AGA GCA GTA ATC TCC TTC T-3’. 

Independent Real Time-PCRs were performed using the same cDNA for both the target 

gene and reference gene. A melting curve was created at the end of the PCR cycle and 

amplified products were run on 2% agarose gel to confirm that a single product was 

amplified. Data were analyzed by the iCycler operating software to determine the 

threshold cycle (CT) above the background for each reaction. The relative transcript 
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amount of the target gene was normalized to that of β-Actin of the same RNA. Four 

R6/2 and four control mice have been used at PND 9-14, while three R6/2 and three 

control mice at the other time points. Except for PNW8, animals are the same utilized 

for binding studies.  

 

Measurement of adenylyl cyclase activity  

Striata were homogenized by 30 strokes with a Teflon glass potter in cold Tris-maleate 

and DTT buffer pH 7.4, 245 mM and 20 mM respectively. 

Incubation medium contained 1 mM ATP, 0.4 mM EGTA, 4 mM MgCl2 , 20 µM GTP, 

160 mM tris-maleate, 1 I.U./ml adenosine deaminase (Sigma, MO, US), 0.1 mM 

papaverine, 237 I.U./ml creatine phosphate (Sigma, MO, US) and 310 I.U./ml creatine 

phosphokinase (Sigma, MO, US). To specifically assess A2AAR mediated stimulation of 

adenylyl cyclase, graded concentrations of the A2AAR agonist CGS 21680 (Sigma, MO, 

US) were added to tubes in absence or presence of the A2AAR antagonist ZM 241385 

(Sigma, MO, US). Forskolin was also tested at graded concentrations to assess direct 

adenylyl cyclase stimulation. cAMP levels have been measured in the presence of 

adenosine deaminase to inactivate endogenous adenosine and in the presence of the 

phosphodiesterase inhibitor papaverine to prevent cAMP degradation. Each 

experimental point was repeated at least in triplicate. Samples containing 20 µg protein 

of homogenate were incubated at 37°C for 15 minutes and then placed at 4°C to stop the 

reaction. cAMP was extracted by adding cold EtOH 70% for 10 minutes and purified by 

centrifuging; supernatant was collected and membrane pellet further incubated with 

EtOH 70%. After 10 minutes samples were centrifuged and supernatant was added to 

the previously collected one and pellet was discarded.  cAMP pellet was then obtained 

by lyophilization at  -80°C. Four transgenic mice and four age- and sex-matched 

littermates have been used at each time point. 
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Quantification of cAMP levels 

A radioenzymatic assay (Amersham, UK) has been used on cAMP pellets. The assay is 

based on the competition for a exogenously-added binding protein beetwen [
3
H]-cAMP 

and endogenous cAMP. After rehydrating lyophilized pellets in a reaction buffer, a 

standard amount of [
3
H]-cAMP was added to samples followed by incubation with the 

binding protein; unbound cAMP was removed by centrifugation with charcoal. Clear 

supernatants were then mixed with Formula 999 scintillation liquid (Sigma, MO, US) 

and counted by using a Beckman liquid scintillation counter. cAMP levels are expressed 

as pmol/ mg protein/ minutes of incubation with agonist. 

 

Receptor binding assays 

Striatal tissues derived from wild type and R6/2 mice were homogenized with a 

Polytron PTA 10 probe (setting 5, 30 s) in 25 vol of 50 mM Tris HCl buffer, pH 7.4 

(Borea et al., 1995).  The homogenate was centrifuged at 48000 g for 10 min at 4°C and 

resuspended in Tris HCl containing 2 I.U./ml adenosine deaminase. After 30 min 

incubation at 37°C membranes were centrifuged again and used for binding 

experiments. In saturation binding experiments, striatal membranes were incubated in 

50 mM Tris HCl, 10 mM MgCl2 buffer, pH 7.4 with 8 different concentrations of [
3
H] 

ZM 241385 ranging from 0.1 to 4 nM. Non specific binding was determined in the 

presence of 10 µM of  ZM 241385. After 60 min of incubation at 4°C, samples were 

filtered through Whatman GF/B glass fiber filters using a Brandel cell harvester. The 

filter bound radioactivity was counted on a scintillation counter Tri Carb Packard 2500 

TR (efficiency 57%). The protein concentration was determined according to a Bio-Rad 

method with bovine albumin as reference standard (Bradford, 1976). Saturation binding 

experiments were analysed with the program LIGAND (Munson and Rodbard, 1980) 

which performs weighted, non linear least squares curve fitting program. All 
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experimental data are expressed as  mean ± standard error of the mean (SEM) of three 

or four independent experiments performed in duplicate. Four R6/2 mice at PND 9-14 

and three R6/2 at the other time points have been analyzed and compared to an equal 

number of sex- and age-matched wild type littermates. Except for PNW 6, animals are 

the same utilized for Real Time PCR. 

 

Statistical analysis 

Potency values (EC50) for cAMP production were calculated by non linear regression 

analysis using the equation for a sigmoid concentration-response curve (GraphPad 

Prism version 3.03, San Diego, CA, US). Analysis of data was done by 1-way ANOVA. 

Differences between wild type and R6/2 mouses were analyzed with Student’s t test. 

Differences were considered significant at a value of p<0.01. All data are reported as 

mean ± SEM of three or four independent experiments. 

 

RESULTS  

Expression of mutated human huntingtin and A2AARs in striatum of R6/2 mice was 

confirmed by qualitative RT-PCR at every age (data not shown). 

To assess the receptor activity, we performed ex-vivo measurements of cAMP 

production in homogenates from striata in the absence (basal activity) or presence of the 

selective A2AAR agonist CGS 21680, or after direct activation of the enzyme with 

forskolin, both utilized at graded concentrations. A time course analysis of A2AAR-

dependent adenylyl cyclase activity has been performed at various presymptomatic and 

symptomatic stages. On the basis of results, 3 early presymptomatic ages (PND 7-8, 9-

14 and 21), 1 early symptomatic stage (PNW 8) and 1 late symptomatic age (PNW 11) 

are reported here. Potency values (EC50) of CGS 21680 and forskolin on cAMP 

production were calculated by non linear regression analysis using the equation for a 
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sigmoid concentration-response curve and by one-way ANOVA. At any age considered, 

basal cAMP values were not statistically different in R6/2 and wild type mice (e.g., at 

PND 7-8, levels in pmol/min/mg prot were 10.6 + 0.12 and 10.3 + 0.14 in wild type and 

R6/2 animals, respectively; at all other ages, highly similar levels were detected). As 

expected, at all developmental stages, CGS 21680 concentration-dependently increased 

adenylyl cyclase activity in both wild type and R6/2 mice (Fig. 2.1, Table 2.1). At PND 

7-8, a supersensitivity of A2AAR-dependent adenylyl cyclase activity was found in R6/2 

with respect to wild type mice, as demonstrated by a left-ward shift of CGS21680 

concentration-response curve and a significant reduction of agonist EC50 value (Fig. 2.1, 

Table 2.1). At PND 9-14, the increase of A2AAR-mediated adenylyl cyclase 

responsiveness in R6/2 mice was even more marked (Fig. 2.1), as demonstrated by an 

EC50 value of the A2AAR agonist CGS 21680 ten fold lower with respect to 

corresponding EC50 value in wild type mice (175+23 nM, respect to 1922+197 nM) 

(Table 2.1). A2AAR-dependent adenylyl cyclase activity in R6/2 mice was back to 

control levels at PND 21 (Fig. 2.1, Table 2.1) and remained comparable in wild type 

and R6/2 mice at PNW 8 and PNW11 (Fig. 2.1, Table 2.1). In a similar way, potency of 

forskolin in stimulating adenylyl cyclase activity was enhanced in R6/2 with respect to 

wild type mice at PND 7-8 and 9-14, as shown by significantly lower EC50 values on 

cAMP production (Table 2.2). No significant differences of forskolin-stimulated 

adenylyl cyclase activity were observed in R6/2 mice with respect to wild type animals 

at later developmental ages (i.e., PND21 and PNW11, Table 2.2). We then studied the 

effect of the selective A2AAR antagonist ZM 241385 on A2AAR-stimulated adenylyl 

cyclase in these animals. Antagonism of agonist-stimulated adenylyl cyclase in both 

wild type and R6/2 mice was found at all the stages, except for PND 9-14 (Fig. 2.2). At 

this developmental age, when the aberrant A2AAR phenotype is most evident in R6/2 

mice (Fig. 2.1), the ability of ZM 241385 to selectively counteract A2AARs-mediated 
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cAMP production was markedly impaired with respect to control mice (Fig. 2.2). In 

fact, in R6/2 mice at this developmental stage, cAMP levels measured in the presence of 

both CGS 21680 and ZM 241385 were not significantly different with respect to CGS 

21680 alone (Fig. 2.2). Conversely, at PND 21, when in transgenic mice adenylyl 

cyclase responsiveness is back to control levels (Fig. 2.1), the ability of ZM 241385 to 

counteract CGS 21680- induced cAMP production was fully restored (Fig. 2.2). 

Furthermore, in order to investigate if the increase in cAMP production observed at 

early stages is related to changes in A2AAR expression or density, quantitative Real 

Time PCR and binding studies have been performed. Real Time PCR analysis at PND 

9-14, PND 21, PNW 8 and PNW 12 revealed no changes at PND 9-14, and decreased 

expression starting from PND 21 in R6/2 mice in comparison with wild type animals 

(Fig. 2.3). 

Binding studies with the antagonist radioligand [
3
H] ZM 241385 at PND 9-14, PND 21, 

PNW 6 and PNW 12 revealed a significant increase in receptor density (Bmax) at PND 

9-14 with no changes in affinity (KD) (Table 2.3; Fig. 2.4); no differences in either 

receptor affinity or density were detected at later times (Table 2.3; Fig. 2.4). Except for 

PNW6 and PNW 8, the striata utilized for binding activity and Real Time PCR were 

from the same animals.  
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Table 2.1. EC50 values  of CGS 21680 on cAMP stimulation in striatal 

membranes from wild type and R6/2 mice.  

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

*, P<0.01 vs wild type mice. 

 Wild type mice R6/2 mice 

PND 7-8 

 
2020 ± 185 589 ± 67* 

PND 9-14 

 
1922 ± 197 175 ± 23* 

PND 21 

 
2051 ± 208 2046 ± 204 

PNW 8 

 
1983 ± 206 2180 ± 189 

PNW 11 1977 ± 178 2032 ± 215 
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Table 2.2 - EC50 values of Forskolin on cAMP stimulation in striatal 

membranes from wild type and R6/2 mice. 

 

 

 

 

 

 

 

 

 

 

 
 

 

*, P<0.01 vs wild type mice. 

 

 Wild type mice R6/2 mice 

PND 7-8 

 
956 ± 72 540 ± 47* 

PND 9-14 

 
1120 ± 115 267 ± 28* 

PND 21 

 
1060 ± 103 881 ± 84 

PNW 11 845 ± 90 847 ± 87 
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Table 2.3 - Binding parameters of A2AARs on striatal membranes 

from wild type and R6/2 mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
*, P<0.01 vs the other wild type mice and vs R6/2 mice of PND 21 and PNW 6 and 12.  

 Wild type mice R6/2 mice 

PND 9-14 

 
KD=0.20±0.02 

Bmax=1083±19  

KD=0.19±0.02 

Bmax=1376±22* 
 

PND 21 

 
KD=0.22±0.04 

Bmax=1107±41 

KD=0.21±0.03   

Bmax=988±22 
 

PNW 6 

 
KD=0.21±0.01 

Bmax=1104±39 

KD=0.21±0.02 

Bmax=975±32 
 

PNW 12 KD=0.21±0.02 

Bmax=1125±46 

KD=0.20±0.02 

Bmax=967±38 
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Figure 2.1 - A2AAR-stimulated adenylyl cyclase activity in wild type 

(■) and R6/2 mice (•) of various ages in presence of graded 

concentrations of the A2AAR agonist CGS 21680. 
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Figure 2.2 - Effect of the selective A2AAR antagonist ZM 241385 on 

A2AAR-mediated cAMP production. The ability of antagonist to 

counteract cAMP production was assessed against 0.5 µM CGS 21680 

in wild type (wt) and R6/2 mice as indicated.  
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Figure 2.3 - Real Time PCR analysis of A2AAR expression in wild 

type (open bars) and R6/2 mice (filled bars) at different ages. At each 

time point, receptor expression value in R6/2 mice is reported as % of 

correspondent value in wild type animals set as 100%. *, P < 0.01 vs 

controls. 
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Figure 2.4 - A: Saturation curves for  [
3
H] ZM 241385 binding to 

A2AARs in striatal membranes from wild type and R6/2 mice at PND 9-

14. B: Scatchard plot analysis of the same data reported in A. 
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DISCUSSION 

In the present study, we demonstrate that R6/2 mice exhibit a transient, but significant, 

increase of A2AAR density (Bmax) and A2AAR -stimulated adenylyl cyclase activity in 

striatum, one of the brain areas most heavily affected in HD. We speculate that the 

increased receptor number in R6/2 mice might be at the basis of the detected increase of 

A2AAR-dependent adenylyl cyclase. This aberrant A2AAR phenotype is maximally 

expressed well before the onset of motor symptoms, i.e., between PND 7 and 14, and, at 

PND 9-14, is accompanied by a transient insensitivity of adenosine A2AARs to selective 

antagonists such as ZM 241385. The reasons at the basis of this insensitivity are 

currently unknown, but it may be hypothesized that, at PND 9-14, an alteration of 

receptor conformation might impair the ability of the antagonist to counteract agonist-

induced receptor activation. The aberrant A2AAR phenotype disappears at PND 21 

(when, in R6/2 mice, sensitivity of A2AAR -dependent adenylyl cyclase to the selective 

antagonist ZM 241385 is also restored, and receptor density returns to values similar to 

wild type mice). Forskolin-stimulated adenylyl cyclase activity was also increased in 

the R6/2 animals at PND 7-8 and (more evident) at PND 9-14.  

Despite increased receptor density in radioligand binding studies, at PND 9-14, by 

employing Real Time PCR, we did not find any significant change of A2AAR mRNA in 

R6/2 mice with respect to wild-type animals. This suggests that, at this developmental 

age, receptor turn-over rather than receptor synthesis may be altered in these animals. 

Starting from PND 21, in R6/2 mice, receptor density is back to control values, as 

assessed by binding studies; instead, at this and at later ages, dramatic, time-dependent 

decreases of A2AAR mRNA are found in transgenic mice with respect to wild-type 

animals. These data are not due to variability between animals, since, with the only 

exception of PNW 6 or 8, at all other ages binding and expression data have been 

obtained on striata from the same animals. Our data indicating decreased A2AAR 
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synthesis in HD animals approaching the symptomatic stage are in line with a recent 

study showing that, in PC12 cells and primary striatal neurons, expression of mutant Htt 

with expanded poly(Q) significantly reduced the transcript levels of the endogenous 

A2AAR (Chiang et al., 2005). In our study, the apparent discrepancy between binding 

and expression data (i.e., no change of receptor density in cell membranes despite 

dramatic decreases of receptor mRNA) are indicative of a reduction of receptor turn-

over in transgenic mice. This may indeed represent a compensatory mechanism by 

which cells respond to decreased receptor synthesis.  

The increase of A2AAR mediated- and forskolin-stimulated adenylyl cyclase in the R6/2 

mice is consistent with our previous demonstration of an aberrantly-increased A2AAR 

phenotype in HD.  Importantly, this is one of the first signs of mutant huntingtin toxicity 

in R6/2 mice, which precedes of 4 weeks the previously demonstrated change in 

responsiveness to glutamate (Cepeda et al., 2001). The transitory nature of this 

dysfunction supports the hypothesis of compensatory mechanism that may mask an 

early functional abnormality, pushing symptoms recognition towards more advanced 

stages.  

The precise mechanism by which mutant huntingtin causes HD is still unknown. Both 

gain-of-function alterations in which mutant huntingtin has protein level toxicity, as 

well as loss of function of normal huntingtin have been proposed to contribute to HD 

(Beal and Ferrante, 2004). Proteolysis of mutant huntingtin with formation of toxic 

protein aggregates in the nucleus, cytoplasm and processes of neurons may represent a 

primary event contributing to early neuropathology. This also triggers cascades of both 

damaging and compensatory molecular processes and genetic programs leading to 

increasingly dysfunctional neurons that are susceptible to more generic stresses. These 

stresses include oxidative injury, transcriptional dysregulation, increased activity of 

excitotoxic glutamate receptors (Li et al., 2003), expression of inflammatory and pro-
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apoptotic signals, malfunctioning proteolysis, increased transglutaminase activity, 

mitochondrial dysfunction and energy depletion (Beal and Ferrante, 2004). These 

changes are accompanied by neurochemical alterations involving glutamate, 

dopaminergic and adenosine receptors (Pavese et al., 2003). In this respect, the aberrant 

A2AAR behaviour in cells expressing mutant huntingtin and in the striatum of HD R6/2 

mice together with the selective expression of A2AARs in the population of striatal 

neurons that degenerate early in HD (Glass et al., 2000), suggest that a dysfunction of 

A2AAR may be related to the underlying disease mechanism. Surprisingly, the early 

change of A2AAR signalling detected in this study is apparently compensated in adult 

animals; however, it is not uncommon that early insults during development seem to be 

initially compensated, but indeed accumulate with other types of damage leading to 

cytotoxicity later during life. In an electrophysiological study performed on the same 

animal model, a marked and transient increase in large-amplitude synaptic spontaneus 

events in striatal medium-spiny neurons was found at 5-7 weeks of age (Cepeda et al., 

2003). These excitatory post-synaptic currents (EPSC) primarily represent the effects of 

spontaneous excitatory neurotransmitter (e.g., glutamate) release in the striatum, and are 

taken as an indicator of corticostriatal integrity. At a later age (11 weeks), the frequency 

of these events in R6/2 mice did not statistically differ with respect to wild type 

animals. This alteration of the cortico-striatal pathway highlights a transient change of 

glutamatergic inputs that are likely to contribute to the later vulnerability of striatal 

neuron to degeneration (Cepeda et al., 2003).  

Overall, these findings seem to place the striatal A2AAR among those subtle early events 

that may be involved in the disease process, but appear temporarily compensated. If this 

is the case and considering the large degree of attention in the development of 

compounds that modulate A2AAR activities, exposure to these compounds at very early 

presymptomatic stage should not remain unexplored. 
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CHAPTER 3: 

Aberrant A2AAR expression and function in peripheral 

blood cells of patients with Huntington's disease. 
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INTRODUCTION 

Although no cure is currently available, recent advancements in the understanding of 

the molecular events underlying HD are expected to disclose novel pharmacological and 

neurosurgical approaches in the years to come. In this context and given the progressive 

manifestation of the disease, the identification of peripheral biomarkers of HD is also of 

crucial importance. Potentially, an ideal biomarker of HD should (i) be easily accessible 

and measurable in peripheral cells, (ii) show limited or no variability within the control 

population; and (iii) should reflect stages or a state (intensity) of degeneration. Various 

studies indicate that membrane receptors present in neurons of the central nervous 

system (CNS) may also be expressed in human peripheral blood cells, which, when 

studied in patients with CNS pathologies, exhibit alterations similar to those observed in 

postmortem brain tissues or in genetic animal models of the diseases (Cha et al., 1999; 

Varani et al., 1999). In this respect, a particularly interesting target to be investigated in 

HD is represented by the A2AAR. 

On this basis, the present study was undertaken to assess the status of the A2AAR in 

peripheral blood cells of HD-affected and non-affected mutation carrier subjects 

compared with control healthy individuals.  

Two strategies were adopted to assess the status of the A2AAR in peripheral cells from 

HD subjects. The first one aimed at measuring the binding kinetic parameters of the 

A2AAR receptor ligand [
3
H]-ZM 241385 in platelets, lymphocytes and neutrophils of 

patients with Huntington disease and non-affected mutation carrier subjects compared 

with control subjects. The second one aimed at assessing the ability of A2AAR agonists 

to stimulate adenylyl cyclase activity and cAMP formation in the blood cells of the 

three group of subjects. 
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MATERIALS AND METHODS 

Patients 

For this study, we enrolled a cohort of 48 heterozygous (22 males, 26 females) and 3 

homozygous unrelated patients (1 male, 2 females) (Table 3.1). All patients whose data 

have been collected within a databank since 1997 (Squitieri et al., 2001) were seen and 

longitudinally monitored by senior neurologists with expertise in the field. The onset of 

the disease was defined as the time when either motor clinical manifestations (i.e., 

choreic movements or other extrapyramidal symptoms) or severe psychiatric symptoms 

changing the normal life state, first became noticeable (Squitieri et al., 2003). Table 3.1 

shows the mean age of heterozygous patients and asymptomatic mutation carriers. For 

the three homozygous patients, the mean age was 60.7 ± 5.8 years. Motor symptoms 

and behavioral changes were assessed with the Unified Huntington's Disease Rating 

Scale (UHDRS; 14). Most patients were treated with low doses of neuroleptics or 

benzodiazepines. The 48 heterozygous patients enrolled were matched for similar age to 

the cohort of control subjects and were divided into three groups: 39 by age in years 

45.7 (±2.1) (Table 3.1) were analyzed for A2AAR activity (Table 3.1). The same 

parameters were measured in five additional patients who had never been treated with 

either neuroleptics or benzodiazepines. Finally, four other patients were subsequently 

enrolled for the measurement of non-A2AAR subtypes (Table 3.2). 

 

Mutation carriers at the pre-symptomatic stage 

Seven at-risk subjects (5 males and 2 females) were informed of their increased risk of 

developing HD after performing predictive testing (PT). For the study, among the at-

risk subjects who underwent the PT (15), we selected those with no evidence of even 

minor neurological signs or soft motor symptoms. To do that, we performed careful 

neurological exam by UHDRS, MRI, and additional cognitive assessments, other than 



 121

those included in UHDRS, specifically the Wechsler Assessment Intelligence Scale 

(WAIS) and the Mini Mental State Examination. The cognitive and behavioral 

assessments were re-evaluated after six months in an attempt to look at even subtle 

initial non-motor pathological changes of HD in these subjects. By this strategy, we 

selected mutation carrier subjects in a pre-symptomatic life stage, far enough from the 

beginning of HD. This explains why the age of at-risk subjects is younger than that of 

the already affected HD subjects (Table 3.1). 

 

Healthy control subjects  

The protocol was approved by the local Ethics Committee, and written informed 

consent was obtained from each participant in accordance with the principles outlined in 

the Declaration of Helsinki. For the controls, 58 healthy subjects (28 males and 30 

females) were included in the study (Table 3.1). In several cases, healthy controls were 

volunteers from Ferrara University Hospital Blood Bank. In other instances, subjects 

with no mutation were enrolled among either the unaffected spouses or the patients 

admitted to the hospital at Neuromed whose diagnosis was other than neurodegenerative 

disease or cardiovascular pathology (i.e., patients admitted in the Neurosurgery 

Department). After careful retrospective disease history, all the subjects with suspected 

neurological, psychiatric (i.e., behavioral disturbances), and cardiovascular pathologies 

were excluded from the study. All healthy subjects were unrelated to the mutation 

carriers. The 58 controls were matched for similar age to the cohort of HD subjects and 

were divided into three groups: 44 by age in years 46.6 (±1.8), 10 by age in years 31.1 

(1.5) (Table 3.1), and four subjects who were subsequently enrolled for the 

measurements of non-A2AAR receptor subtypes (Table 3.2). 
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Ethical approval 

For this project, we obtained a formal ethical approval by the Bioethics Committee 

according to the Helsinki Declaration and as also required by Telethon Foundation, 

before performing the study. An informed consent, specific for the study, was required 

from each subject. For PT, a different informed consent is obtained from at-risk subjects 

enrolled in the presymptomatic program at Neuromed. This program was also formally 

approved by the Bioethics Committee. After the subjects’ consent, a blood sample was 

also collected for general investigation. 

 

Mutation study 

DNA was extracted from blood lymphocytes. Polymerase chain reaction was used 

according to the published methods to study CAG trinucleotide repeats and the close 

CCG polymorphism (Squitieri et al., 1994). Reference samples and standardized 

sequence clones for sizing are used for the genetic test. All HD subjects had a CAG 

repeat number in the pathological range (mean expanded number of 44.9±5.4 CAG 

repeats, range 39–70 CAG). Normal controls showed a CAG repeat number within the 

normal range (18.4 ± 4.2, range 15–24).  

 

A2AAR receptor study: preparation of peripheral blood cells or membrane 

suspensions  

Peripheral venous blood samples were obtained from HD subjects and healthy controls. 

The isolation of the various cell fractions (platelets, lymphocytes, neutrophils) started 

no later than 6–8 hours after the samples had been taken. Membranes from human 

platelets, lymphocytes, and neutrophils were prepared as previously described (Varani 

et al., 1997;1998) and used for radioligand binding assays. Washed platelets, 

lymphocytes, and neutrophils were prepared to evaluate cAMP levels (Varani et al., 
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1997;1998). Two strategies were adopted to assess the status of the A2AAR in peripheral 

cells from HD subjects. The first one aimed at measuring the binding kinetic parameters 

of the A2AAR ligand [
3
H]-ZM 241385 compared with control subjects. The second one 

aimed at assessing the ability of A2AAR agonists to stimulate adenylyl cyclase activity 

and cAMP formation. Due to the larger volume of blood necessary for the cAMP assay, 

the latter has been done in a lower number of patients with respect to the radioligand 

binding study.  

 

[
3
H]-ZM241385 binding assay to A2AARs on membranes from peripheral blood 

cells  

Saturation binding experiments were performed by incubating membranes (50 µg of 

protein per assay) from the different cellular fractions with 8–10 concentrations of the 

A2AAR antagonist ([
3
H]- 4- (2-[7-amino-2-(2-furyl)[1,2,4]triazolo[2,3-a][1,3,5]triazin-

5-yl-amino]-ethyl)phenol) [
3
H]-ZM 241385 (0.01–10 nM) in a total volume of 250 µl 

containing 50 mM Tris HCl buffer and 10 mM MgCl2, pH 7.4. The incubation time was 

60 min at 4°C to allow the equilibrium to be reached. Non-specific binding was 

determined in the presence of N-ethylcarboxamido-adenosine (NECA) 10 µM and was 

about 25% of total binding. Bound and free radioactivities were separated by filtering 

the assay mixture through Whatman GF/C glass fiber filters by use of a Brandel cell 

harvester. The filter-bound radioactivity was counted by using a Beckman liquid 

scintillation counter with an efficiency of 55%. [
3
H] DPCPX and [

3
H] MRE 3008F20 

binding assays to A1ARs and A3ARs  on membranes from peripheral blood cells. 

Binding to A1ARs adenosine receptors was performed with [
3
H] DPCPX (0.2–20 nM) 

in membranes obtained from human lymphocytes in a 50 mM Tris HCl buffer, pH 7.4, 

for 120 min at 4°C, following the same technical procedure used for A2AAR binding. 

Non-specific binding was determined with 100 µM of NECA (Varani et al., 2000). 
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Binding to A3ARs was performed by incubating membranes obtained from human 

neutrophils with [
3
H] MRE 3008F20 (0.2–20 nM) in a 50 mM Tris HCl buffer, pH 7.4, 

containing 10 mM MgCl2 and 1 mM EDTA for 120 min at 4°C. Non-specific binding 

was determined with 1 µM of MRE 3008F20 (Varani et al., 2000). [
3
H] UK 14304 

binding assays to α2-adrenergic receptors on membranes from blood platelets. Binding 

to α2-adrenergic receptors on human platelets was performed with [
3
H] UK 14304 (0.2–

20 nM) in a 50 mM Tris HCl buffer, pH 7.4, containing MgCl2 10 mM for 60 min at 

25°C, and following the same technical procedure used for A2AAR binding. Non-

specific binding was determined with 10 µM of UK 14304 (Varani et al., 1999). 

 

Measurement of cyclic AMP levels in peripheral blood cells 

Adenylyl cyclase activity was evaluated by incubating washed peripheral blood cells 

(either platelets or lymphocytes or neutrophils) in the absence or presence of 6–8 

different concentrations of the A2AAR agonist NECA. Cells were suspended in 0.5 ml 

of buffer containing 2 I.U. of adenosine deaminase and 0.5 mM 4-3-butoxy-4-

methoxybenzyl-2-imidazolidinone (Ro 20-1724) as a phosphodiesterase inhibitor and 

were preincubated in a shaking bath at 37°C. NECA was added to the mixture and the 

incubation continued for another 10 min. The reaction was terminated by addition of 

cold 6% trichloroacetic acid (TCA). The TCA suspension was centrifuged at 2000 x g 

for 10 min at 4°C, and the supernatant was extracted four times with water-saturated 

diethyl ether. The final aqueous solution was tested for cAMP levels by a competition 

protein-binding assay. Samples of cAMP standards (0–10 pmol) were added to each test 

tube containing the binding protein (previously prepared from beef adrenals and 

incubated at 4°C for 150 min). After addition of charcoal, the samples were centrifuged 

at 2000 x g for 10 min. The clear supernatant was mixed with Atomlight (Perkin-Elmer, 

Beltsville, MD) and counted by using a Beckman liquid scintillation counter. 
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Statistical analysis 

A weighted nonlinear least-squares curve-fitting program LIGAND (Munson and 

Rodbard, 1980) was used for computer analysis of the data from the binding saturation 

experiments, as previously described. EC50 values in the cAMP assay were calculated 

with the non-linear least-squares curve-fitting program Prism (Graph PAD, San Diego, 

CA). Nonparametric tests (Mann Whitney U) were used to compare each class of HD 

subjects (affected heterozygotes, presymptomatic heterozygotes, and homozygous 

patients) and healthy controls. Differences were considered significant at a value of P < 

0.01. All data are reported as mean ± SEM. 

 

RESULTS 

Figure 3.1 shows [
3
H]-ZM 241385 saturation curve in membranes prepared from 

platelets, lymphocytes, and neutrophils from control and HD heterozygous subjects. In 

all cell preparations from control subjects, A2AAR binding was saturable and indicated 

the presence of a single receptor population characterized by affinity (expressed as 

ligand dissociation constant, KD) and density (expressed as femtomoles of bound ligand 

per milligram of protein, Bmax) values that are in agreement with those previously 

reported in the literature for these human cell populations (Table 3.1; Varani et al., 

2003). In particular, and as expected, this analysis in control healthy subjects revealed a 

uniform level of A2AARs in the peripheral blood cells of all the subjects. In only two 

cases, which have been nevertheless included in the data analysis of the control group, 

increased A2AAR values were present (the reasons at the basis of this deviance from the 

other control values are presently unknown). Analysis of the same parameters in HD 

subjects revealed a statistically significant increase in A2AARs density (Bmax) in all cell 

populations with respect to controls (P=0.0001 versus control, Table 3.1, Fig. 3.1). A 
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statistically significant difference was obtained by considering either the HD subjects as 

a whole (HD patients and at risk mutation carriers) or each cohort of mutation carriers 

compared to healthy controls (heterozygotes P<0.01, asymptomatic at risk P<0.0001, 

Table 3.1). The increase in Bmax was accompanied by an increase in KD values 

(P<0.0001 vs. control, Table 3.1). Also in this case the difference was highly significant 

when considering either the whole cohort of mutation carriers (P<0.01) or each cohort 

of HD subjects (P<0.01, Table 3.1). Given that the mean age of asymptomatic mutation 

carriers is lower than that of symptomatic patients, 10 additional age-matched healthy 

subjects (5 males and 5 females) were included in the protocol and subsequently 

analyzed (Table 3.1). As shown in Table 3.1, this analysis revealed A2AAR parameters 

that were in agreement with those obtained from the samples from the other control 

subjects. This indicates that receptor changes in the at-risk mutation carriers are related 

to their genetic status (Table 3.1). 

Subsequent analysis of A2AAR KD and Bmax values in three subjects homozygous for 

the HD mutation also revealed highly increased A2AAR parameters in all three blood 

cell types compared with controls (Table 3.1). In spite of the limited number of blood 

samples from homozygous patients available, neutrophil cells from these subjects 

showed even significantly higher ligand dissociation constant (KD) and Bmax with 

respect to heterozygotes (Table 3.1). Finally, in all groups considered, the values of KD 

and Bmax did not seem to correlate to the triplet number and age at onset, and neither 

seemed to depend on the number of HD years. Because both the density and the 

functional response of A2AARs may be influenced by drugs, such as neuroleptics and/or 

benzodiazepines that are generally administered to these patients (Parson et al., 1995), 

we have performed a study where we measured A2AAR -binding parameters in the 

lymphocytes of a small cohort of 5 HD affected patients who had never been treated 

with these drugs. In these patients, a KD value of 3.54 ± 0.35 nM and a Bmax value of 
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223 ± 9 fmol/mg protein were found, which were highly statistically different with 

respect to the corresponding values in control subjects (P<0.01). Furthermore they did 

not differ from the binding parameters obtained in the other HD patients included in the 

present study. These results suggest that the detected A2AAR phenotype correlates with 

the genetic status of the patients and is unlikely to be affected by pharmacological 

treatments generally administered to these patients. Moreover, to verify whether the 

observed changes in A2AAR activities are specific for this receptor subtype or also 

involve other types of membrane GPCRs, we have evaluated the binding parameters 

(KD and Bmax) of two additional adenosine receptors (the A1AR and A3AR subtypes), 

and of another GPCR unrelated to this receptor family (i.e., the α2-adrenergic receptor) 

in the circulating blood cells of four control subjects and four HD-affected patients 

(Table 3.2). Saturation binding experiments have been performed by using [
3
H] 

DPCPX, [
3
H] MRE 3008F20 and [

3
H] UK 14304 to label A1ARs, A3ARs, and α2-

adrenergic receptors in lymphocytes, neutrophils, and platelets, respectively. A single, 

saturable binding site was detected for all types of receptors examined. Saturation of 

[
3
H] DPCPX binding to A1ARs in lymphocytes showed a KD value of 1.89 ± 0.11 nM 

and a Bmax value of 45 ± 3 fmol/mg protein in control subjects, which were very 

similar to those obtained in HD patients (Table 3.2). Similarly, saturation of [
3
H] MRE 

3008F20 binding to A3AR adenosine receptors in neutrophils revealed overlapping KD 

and Bmax values between controls and HD patients (Table 3.2). Finally, saturation of 

[
3
H] UK 14304 binding to α2 adrenergic receptors in the platelets of controls and HD 

subjects also showed similar KD and Bmax values. Hence, we concluded that the 

A2AAR changes detected in HD patients are highly specific for this receptor subtype. In 

a parallel study performed on a selected number of heterozygous subjects, the coupling 

of A2AARs to adenylyl cyclase stimulation and cAMP accumulation in the blood 

peripheral cells has been determined compared with control subjects. Figure 3.2 shows 
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typical concentration-response curves to the A2AAR agonist NECA in platelets, 

lymphocytes, and neutrophils obtained from control and HD heterozygous subjects. A 

concentration-dependent stimulation of cAMP formation was obtained in the presence 

of NECA in all cell preparations from control subjects, as shown by EC50 values (the 

agonist concentration eliciting the 50% of maximal cAMP formation) in accordance 

with literature data (Figure 3.2; Varani et al., 1998). Significantly, NECA EC50 values 

in the peripheral cells from controls (platelets: 308±7 nM, lymphocytes: 199±4 nM, 

neutrophils: 168±5 nM, n=10) were higher than HD subjects (platelets, 119±13* nM; 

lymphocytes, 79±10* nM; neutrophils, 85±9* nM; n=10, *P=0.0001), indicating an 

increased potency of NECA in stimulating cAMP accumulation in HD subjects. 
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Table 3.1 - Binding parameters of the A2AAR in human circulating 

blood cells of control and HD subjects. *, P < 0.01 vs age-matched 

controls. 
 

 

 

  Platelets (P) Lymphocytes (L)      Neutrophils (N) 
Subjects 

(males/females) 
Age 

in 

years 

KD (nM) Bmax 

(fmol/mg 

protein) 

KD (nM) Bmax 

(fmol/mg 

protein) 

KD (nM) Bmax 

(fmol/mg 

protein) 
Controls 

44 (21/23) 

46.6 

 ± 1.8  

 

1.04 ± 0.03 115 ± 3 1.08 ± 0.04 67 ± 6 1.14 ± 0.03 86 ± 5 

Heterozygous 

patients 

39 (18/21) 

45.7 

± 2.1 

2.82 ± 0.21* 212 ± 9* 2.92 ± 0.13* 218 ± 5* 3.43 ±1.67* 230 ± 6* 

Homozygous 

patients 

3 (2/1) 

60.7 

± 5.8 

3.12 ± 1.14* 220 ± 11* 3.24 ± 0.24* 219 ± 18* 7.31 ± 0.72* 304 ± 14* 

Controls 

10 (5/5) 

31.1 

± 1.5 

1.06 ± 0.05 119 ± 2 1.09 ± 0.06 70 ± 4 1.17 ± 0.02 84 ± 2 

Asymptomatic 

mutation 

carriers 

7 (5/2) 

32.9 

± 2.3 

3.02 ± 0.53* 211 ± 16* 3.43 ± 0.35* 234 ± 15* 4.14 ± 0.72* 243 ± 10* 
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Table 3.2 - Binding parameters of the α2-adrenergic receptor, the 

A1ARs and A3ARs in human circulating blood cells from control and 

HD subjects. 
 

 

Subjects Platelets 

α2 receptors 

Lymphocytes 

A1ARs  

Neutrophils 

A3ARs  

 

Controls 

n=4 

KD = 3.29 ± 0.14 

Bmax = 337 ± 15 

KD =1.89 ± 0.11 

Bmax = 45 ± 3 

KD = 2.24 ± 0.37 

Bmax = 451 ± 20 

HD 

n=4 

KD = 3.42 ± 0.16 

Bmax = 358 ± 17 

KD = 1.85 ± 0.11 

Bmax = 43 ± 3 

KD = 2.07 ± 0.26 

Bmax = 461 ± 27 
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Figure 3.1 - Specific binding of [
3
H]ZM 241385 to platelet, 

lymphocyte and neutrophil membranes obtained from control (■) and 

HD heterozygous subjects (●). In inset, the Scatchard plot analysis of 

specific binding. B and F denote bound radioactivity and free ligand, 

respectively. 
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Figure 3.2 - NECA concentration-response curves on cAMP 

accumulation in platelets, lymphocytes, and neutrophils obtained from 

control (■) (platelets: EC50 = 308 ± 7 nM, lymphocytes: EC50=199±4 

nM, neutrophils: EC50=168±5 nM, n=10) and HD heterozygous 

subjects (●) (platelets: EC50=119±13* nM, lymphocytes: EC50=79±10* 

nM, neutrophils: EC50=85±9* nM, n=10, *P<0.01). 
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DISCUSSION 

In this study we show, for the first time, that peripheral blood cells from HD subjects 

exhibit an aberrant increase in A2AAR number, as demonstrated by Bmax values 

significantly higher in these subjects than age-matched healthy controls. This effect was 

accompanied by an increase of KD, indicating a decrease in binding affinity. However, 

the detected increase of KD is unlike to have any biological significance. In fact, due to 

the mathematical relationship between Bmax and KD values and to the method used for 

the analysis of the results of antagonist ligand binding studies, an increase of receptor 

density (Bmax) may be accompanied by an increase of the corresponding KD value 

(Rovati, 1998). In HD patients, the increase of Bmax was associated with an over-

stimulation of A2AAR-mediated cAMP production, which is in line with the currently 

accepted receptor theory. In fact, due to the ratio between extracellular receptors and 

transductional G-proteins in cellular membranes, an increase of Bmax is expected to 

result in increased coupling with G-proteins, which, in turn, would result in an increase 

in function (Kenakin, 1997). No changes of either the A1ARs or A3ARs, and of another 

unrelated GPCR (the α2-adrenergic receptor), have been detected in the circulating cells 

of HD patients compared with healthy subjects, suggesting that the aberrant A2AAR 

phenotype in HD is a highly specific receptor change not only within the P1/adenosine 

receptor family, but also in general within the GPCR superfamily. Globally, these 

findings recapitulate results obtained in striatal cells expressing human mutant Htt and 

suggests that the status of the A2AAR in human peripheral cells may reflect a 

dysfunction present in HD brain. The aberrant A2AAR phenotype was also found in the 

circulating cells of pre-symptomatic individuals carrying the CAG mutation. These 

individuals were selected after careful neurological, behavioral, and cognitive 

assessment and demonstrated to be far away from first HD clinical symptoms. This 

finding suggests that the aberrant A2AAR behavior may be present at birth or may 
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accumulate in the pre-symptomatic years. Of note, in spite of the difficulties in directly 

comparing KD and Bmax values from HD heterozygotes with those observed in the 

three homozygous patients available, the latter appeared to express a more severe 

A2AAR phenotype in neutrophils that reached statistical significance (Table 3.1). As 

these three homozygotes showed a particularly accelerated disease progression towards 

disability and no difference in age at onset with respect to the heterozygotes (Squitieri et 

al., 2003), the biochemical findings herein reported may potentially reflect the clinical 

and genetic differences between these two groups of patients. A dosage effect of 

expanded proteins has been demonstrated in other polyglutamine diseases (Gusella and 

MacDonald, 2000). Further studies are required to evaluate the impact of different 

disease stages and progression rates on this biochemical parameter and its potential 

exploitation as a peripheral biomarker of HD. Various reports now indicate that 

neuronal dysfunction does occur in the pre-symptomatic life stages in HD animal 

models (Lin et al., 2001) and humans (Lawrence et al., 1998). The findings reported 

herein that an aberrant A2AAR activity can be measured in the peripheral cells of HD 

subjects and is already present in pre-symptomatic CAG mutation carriers strengthen 

the hypothesis that changes of this receptor subtype may occur early in HD 

pathogenesis and contribute to its progression (Blum et al., 2003). In the brain, A2AAR 

stimulation of adenylyl cyclase is almost exclusively expressed by striatal medium 

spiny neurons, where it regulates motor behaviour in cooperation with D2 dopamine 

receptors (Ferrè et al., 1993). Consistent with the possible involvement of the A2AAR in 

HD pathogenesis, selective A2AAR antagonists could reduce the loss of striatal neurons 

in a pathophysiological animal model of HD and could revert aberrantly increased 

A2AAR stimulation of adenylyl cyclase in mutant-Htt expressing striatal cells. This 

evidence highlights the A2AAR as an interesting target for HD therapy. Although further 

studies are needed to evaluate the actual impact of selective A2AAR antagonists on the 
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survival of striatal neurons, we speculate that an early treatment with such compounds 

may be able to reduce or retard HD-associated neuronal loss. Although this study 

demonstrates that an aberrant A2AAR behavior is present in peripheral, circulating cells 

of HD subjects, it remains to be established whether this measurable receptor activity 

can be taken as a marker of disease severity and/or progression. For other CNS 

disorders, alterations of proteins specifically involved in the disease, such as dopamine 

receptors in migraine (Barbanti et al., 2000) and schizophrenia (Ilani et al., 2001) and 

amyloid precursor protein (APP) in Alzheimer's disease (Di Luca et al., 1998), have 

been found to be reproduced in the peripheral blood cells of patients.  
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CHAPTER 4: 

Biological abnormalities of peripheral A2AARs in a 

large representation of polyglutamine disorders and 

Huntington's disease stages. 
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INTRODUCTION 

HD is a dominantly inherited neurodegenerative disease featuring progressive 

worsening motor dysfunctions, psychiatric disturbances and cognitive impairment due 

to brain cell loss. Although the GABAergic enkephalin neurons of the basal ganglia and 

neurons in the cerebral cortex are primarily affected, a number of reports now indicate 

that mutant huntingtin, which is ubiquitously expressed, evokes profound molecular 

alterations in a variety of extraneural tissues. This evidence has led to the intense search 

in patients of peripheral changes that may be directly linked to the clinical 

manifestations and outcome of the disease, as to improve early detection of disease 

progression and efficacy of future therapeutic interventions. The ultimate goal will be 

the availability of diagnostic biomarkers that reflect pathophysiological mechanisms to 

be targeted in peripheral cells and that are linked to disease status. 

Toward this aim we reported the first evidence of a peripheral dysfunction in human 

HD subjects consisting of an aberrant A2AAR receptor function in freshly isolated 

peripheral blood cells. The A2AAR is a membrane receptor with a main locus on the 

GABAergic-striatal neurons which degenerate in HD. Its role is related to the control of 

movement and in particular to the inhibition of involuntary movements. We originally 

reported that an aberrant amplification of A2AAR-stimulated adenylyl cyclase is present 

in a cellular model of HD while data in HD mice showed an increase of A2AAR receptor 

density (Bmax) and A2AAR-stimulated adenylyl cyclase activity in the striatum.   

On these grounds we assessed whether the aberrant peripheral A2AAR phenotype could 

be detected also in human peripheral cells and may possibly represent a biomarker for 

the disease. We reported that, likewise in the mice, the A2AAR density was substantially 

increased in all tested cells (lymphocytes, neutrophils and platelets) from 51 HD 

patients and seven subjects at pre-symptomatic stage versus 58 controls that remained 

remarkably similar in their A2AAR receptor Bmax value. 
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Here we aimed at extending the analyses of A2AAR receptor activity to include a more 

detailed transversal study where different disease stages were represented, as well as at 

testing HD patients and larger number of pre-symptomatic subjects enrolled from 

different clinical sites. In addition, we tested whether the A2AAR dysfunction was 

present in other inherited neurological diseases, such as other polyQ- (Spinocerebellar 

Ataxia, SCA, type 1 and 2) or not polyQ-linked (Freidreich Ataxia, FRDA) 

neurodegenerative disorders. Our assumption was that diseases with a common 

pathogenic mechanism (for example an expanded CAG repeat) could exhibit the same 

dysfunction, a finding that may have implications in the development of future 

therapeutic interventions. Though it is often unpredictable whether or not a peripheral 

abnormality could be of clinical utility, the identification in peripheral cells of a 

measurable significant change in a biological process might arguably serve as a useful 

endpoint to measure the efficacy of therapeutics targeting pathological mechanisms 

initiated by the mutation. 

 

MATHERIALS AND METHODS 

Patients 

Individuals were recruited for study and clinically assessed at the Henri Mondor 

Hospital, Créteil (France), at the National Neurological Institute Carlo Besta, Milan 

(Italy), at the Ferrara University Hospital Blood Bank (Italy) and at the University 

Hospital of Wales (UK). During the visit, 30 ml of blood was withdrawn. All eligible 

participants received verbal and written information about the study and signed an 

informed consent form. For symptomatic HD patients with severe cognitive 

impairment, the informed consent was obtained from their relatives. The study protocol 

was approved by the Ethics Committee of each participating centre. 
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A total of 252 individuals were recruited in the study period. Of these, 94 were HD 

patients (73 from Henri Mondor Hospital, 21 from Neurological Institute Besta); 32 

were pre-HD (4 from Henri Mondor Hospital, 17 from Neurological Institute Besta, 11 

from University of Wales); 12 were SCA1, 27 SCA2, 24 FRDA (all from Neurological 

Institute Besta); and 63 control individuals (58 from Ferrara University Hospital Blood 

Bank University of Ferrara and 5 from Neurological Institute Besta). Clinical and 

genetic characteristics of participants are illustrated in Table 4.1. Patients from the 

different disease groups were representative of the disease spectrum in terms of gender, 

disease duration and clinical compromise. As expected, pre-HD had a median age lower 

than HD. Also FRDA age was younger, as expected in an infantile-juvenile disease. 

Due to the similar characteristics and limited numbers, SCA1 and SCA2 patients have 

been combined in subsequent analyses. Disease-specific inclusion criteria were as 

follows: 

(a) Symptomatic HD patients (HD). Patients with manifest clinical signs and symptoms 

of the disease, with UHDRS motor score ≥ 5 and positive at molecular test for the 

presence of a CAG triplet repeat number ≥ 35 in the Huntington gene. 

(b) Pre-symptomatic HD individuals (Pre-HD). These individuals were selected among 

those who decided to undergo the program for pre-symptomatic genetic testing 

according to the International Huntington’s Association (IHA) and World Federation of 

Neurology (WFN) guidelines (IHA and WFN Research Group for HD, 1994). People 

with more that 35 CAG triplet repeats, no clinical signs/symptoms of the disease, 

UHDRS motor score < 5 were recruited for the study. 

(c) Patients with spinocerebellar ataxia type 1 (SCA1) and type 2 (SCA2). Patients with 

clinical signs of cerebellar ataxia, ICARS score ≥ 2 and positive molecular test, showing 

CAG triplet repeats ≥ 38 in SCA1 gene, or ≥ 32 in SCA2 gene. 
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(d) Patients with Friedreich ataxia (FRDA). Patients with clinical signs of cerebellar 

ataxia (ICARS score ≥ 2) and with GAA triplet repeat ≥ 66 on both FRDA gene alleles. 

(e) Control individuals. Volunteers with no neurodegenerative disorders were enrolled 

from Ferrara University Hospital Blood Bank and Neurological Institute Besta. 

Patients and controls aged less than 18 years or/and having known major medical 

conditions, in addition to the primary genetic disorder, were excluded. 

All the patients were evaluated by a standard neurological examination. Detailed family 

history, age of onset of symptoms, medications and other relevant clinical information 

were collected. Clinical status was determined using the Unified Huntington Disease 

Rating Scale (UHDRS) in HD patients (Marder et al., 2000) and the International 

Cooperative Ataxia Rating Scale (ICARS) in SCA1, SCA2 and FRDA patients 

(Trouillas et al., 1997). 

 

Genetic assessment 

DNA for genetic diagnosis was extracted from venous lymphocytes. Genetic tests for 

HD, SCA1, SCA2 and FRDA were performed in the laboratory of molecular genetic of 

the division of Biochemistry and Genetics of the Neurological Institute Carlo Besta 

according to the published methods to study trinucleotide repeat diseases (Gellera et al., 

1996). HD tests were carried out in the laboratory of Medical Genetics, University 

Hospital of Wales and in different approved centers for genetic testing in HD included 

in the Huntington French Speaking Group for the Henri Mondor Hospital subjects 

(Créteil). 

 

A2AAR receptor study: preparation of peripheral blood cells or membrane 

suspensions  
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Peripheral venous blood samples were obtained from patients and healthy controls. The 

isolation of the various cell fractions (platelets, lymphocytes, neutrophils) started no 

later than 6–8 hours after the samples had been taken. Membranes from human 

platelets, lymphocytes, and neutrophils were prepared as previously described (Varani 

et al., 1997;1998) and used for radioligand binding assays. Washed platelets, 

lymphocytes, and neutrophils were prepared to evaluate cAMP levels (Varani et al., 

1997;1998). 

 

[
3
H]-ZM 241385 binding assay to A2AARs 

A2AAR parameters were evaluated by means of receptor binding with A2AAR 

radioligand antagonist [
3
H] ZM 241385 (Tocris Cookson Ltd., Bristol, UK). The 

binding parameters of the human A2AARs were determined in lymphocytes by a 

standard procedure (Varani et al., 1998). 

Briefly, membranes were incubated with 8–10 different concentrations of the A2AAR 

antagonist radioligand [
3
H] ZM 241385 for 60 min at 4 °C. Non-specific binding was 

determined in the presence of NECA 10 µM. Bound and free radioactivity were 

separated by filtering the assay mixture on Whatman GF/B glass fiber filters with a 

Micro Mate 196 Cell harvester (Packard Instrument Co.). The filter bound radioactivity 

was measured using a microplate scintillation counter (Top Count, Meriden, CT) at an 

efficiency of 57% with Micro Scint 20. Binding parameters such as affinity (KD) and 

receptor density (Bmax) were calculated by computer-assisted analysis. 

 

Measurement of cyclic AMP levels in peripheral blood cells 

Adenylyl cyclase activity was evaluated by incubating washed peripheral blood cells 

(either platelets or lymphocytes or neutrophils) in the absence or presence of 6–8 

different concentrations of the A2AAR agonist NECA. Cells were suspended in 0.5 ml 
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of buffer containing 2 I.U. of adenosine deaminase and 0.5 mM 4-3-butoxy-4-

methoxybenzyl-2-imidazolidinone (Ro 20-1724) as a phosphodiesterase inhibitor and 

were preincubated in a shaking bath at 37°C. NECA was added to the mixture and the 

incubation continued for another 10 min. The reaction was terminated by addition of 

cold 6% trichloroacetic acid (TCA). The TCA suspension was centrifuged at 2000 x g 

for 10 min at 4°C, and the supernatant was extracted four times with water-saturated 

diethyl ether. The final aqueous solution was tested for cAMP levels by a competition 

protein-binding assay. Samples of cAMP standards (0–10 pmol) were added to each test 

tube containing the binding protein (previously prepared from beef adrenals and 

incubated at 4°C for 150 min). After addition of charcoal, the samples were centrifuged 

at 2000 x g for 10 min. The clear supernatant was mixed with Atomlight (Perkin-Elmer, 

Beltsville, MD) and counted by using a Beckman liquid scintillation counter. 

 

Statistical analysis 

A weighted nonlinear least-squares curve-fitting program LIGAND (Munson and 

Rodbard, 1980) was used for computer analysis of the data from the binding saturation 

experiments, as previously described. EC50 values in the cAMP assay were calculated 

with the non-linear least-squares curve-fitting program Prism (Graph PAD, San Diego, 

CA). Nonparametric tests (Mann Whitney U) were used to compare each class of 

patients and healthy controls. Differences were considered significant at a value of P < 

0.01. All data are reported as mean ± SEM. 

 

RESULTS 

Binding characterization of A2AARs  

Figure 4.1 shows [
3
H]-ZM 241385 saturation curves in membranes prepared from 

platelets from HD, pre-HD, SCA (1 and 2) and FRDA compared with control subjects.  
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Figures 4.2 and 4.3 show [
3
H]-ZM 241385 saturation curves in membranes of 

lymphocytes and neutrophils of the same subjects, respectively. In all the blood cells 

studied, A2AAR binding was saturable and indicated the presence of a single receptor 

population characterized by affinity  and density values that are in agreement with those 

previously reported in the literature for these human cell populations (Table 4.2; Varani 

et al., 2003). In particular, as expected, this analysis in control healthy subjects revealed 

a uniform level of A2AARs in the peripheral blood cells. Analysis of the same 

parameters in HD subjects revealed a statistically significant increase in A2AARs 

density (Bmax) in all cell populations when compared to controls (P<0.01 versus 

control, Table 4.1). The increase in Bmax was accompanied by an increase in KD values 

(P<0.01 vs. control, Table 4.2).  

Interestingly, analysis of A2AAR KD and Bmax values in pre-symptomatic HD mutation 

carrier revealed highly increased A2AAR parameters in all three blood cell types when 

compared to controls (Table 4.2). In addition, also in the membranes obtained from the 

patients affected by SCA1 and SCA2, Bmax values for the A2AARs were significantly 

higehr than in control subjects and strictly similar to those obtained from HD patients. 

On the contrary, analysis of the A2AAR parameters in the blood cells of patients affected 

by FRDA revealed KD and Bmax values similar to those obtained from control subjects 

and consequently different from HD and SCA subjects (Table 4.2). 

 

cAMP assays in peripheral blood cells 

In platelet, lymphocytes and neutrophils obtained from HD, pre HD, SCA (1 and 2) and 

FRDA patients, the coupling of A2AARs to adenylyl cyclase stimulation and cAMP 

accumulation has been determined compared with control subjects. Figure 4.4 shows 

typical concentration-response curves of the A2AAR agonist NECA in platelets, 

lymphocytes, and neutrophils obtained from examined controls and patients. A 
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concentration-dependent stimulation of cAMP formation was obtained in the presence 

of NECA in all cell preparations from control subjects, as shown by EC50 values (the 

agonist concentration eliciting the 50% of maximal cAMP formation) in accordance 

with literature data (Table 4.3; Varani et al., 1998). 

Interestingly, NECA EC50 values in the peripheral cells from controls were higher than 

all HD subjects (symptomatic or pre- symptomatic), indicating an increased potency of 

NECA in stimulating cAMP accumulation in HD subjects (Table 4.3). Interestingly, the 

potency of NECA was increased also in the peripheral blood cells of SCA subject when 

compared to controls. On the contrary, in platelets, lymphocytes and neutrophils from 

FRDA subjects, the potency of NECA was strictly similar to that obtaine in control 

healthy subjects. 

 

Effect of pharmacological treatments 

Many of the patients examined in this study were treated with one or more drugs which 

included selective serotoninergic reuptake inhibitors (SSRI), tricyclic compounds, 

neuroleptic, benzodiazepine and antiepileptics for the neurological phenotype and 

antioxidant, anti-hypertensive and other non-specific drugs as anti-inflammatory drugs 

or hormones (Table 4.4). The comparison of the A2AAR binding parameter in 

differently treated patients revealed that the status of A2AAR is not affected by different 

pharmacological treatments. 

 

 

 

 

 



 147

Table 4.1 – Clinical and genetic characteristics of patients and 

healthy controls.  

 

 

 
Characteristic HD  

(n=94) 

Pre-HD  

(n=32) 

SCA 1  

(n=12) 

SCA 2  

(n=27) 

FRDA  

(n=24) 

Controls  

(n=63) 

 

Male/Female  50/44  16/16  5/7  13/14  12/12  29/34  

Age (yrs) 

49 (25–76) 36 (22–55) 44 (29–63) 41 (24–66) 30 (18–55) 45 (24–64) 

Disease 

duration (yrs) 5 (1–22) 0 8 (3–15) 7 (0–25) 19 (6–41) -- 

CAG/GAAa 

 repeats  

normal allele 

17 (10-33) 18 (10-21) 29 (22-33) 22 (22-28) 605 (330-930)a -- 

CAG/GAAa 

 repeats                         

expanded 

44 (39-54) 43 (38-52) 48 (38-62) 40 (35-48) 803 (560-1200)a -- 

Modified 

Rankin 2 (0-4) -- 3 (1-5) 1 (1-2) 4 (2-4) -- 

UHDRS 

Motor Score 33 (5-96) 0 (0-4) -- -- -- -- 

TFC 

11 (0-13) 13 (12-13) -- -- -- -- 

ICARS 

-- -- 36 (8-84) 27 (2-73) 65 (22-94) -- 

 

Data are expressed as median (min-max) 
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Table 4.2 - Binding parameters of A2AARs in platelets, lymphocytes 

and neutrophils of examined subjects. *, P < 0.01 vs control subjects. 

 

 

 

 

 Platelets Lymphocytes Neutrophils 

 
 KD 

 (nM) 

Bmax 

(fmol/mg 

protein) 

 

KD 

 (nM) 

Bmax 

(fmol/mg 

protein) 

 

KD 

 (nM) 

Bmax 

(fmol/mg 

protein) 

 

Controls 

(n=63) 

1.15 ± 0.10 

 

62 ± 6 

 

1.10 ± 0.10 

 

65 ± 6 

 

1.40 ± 0.15 

 

89 ± 8 

 

HD 

(n=94) 

2.21 ± 0.20* 

 

173 ± 18* 

 

2.85 ± 0.29* 

 

253 ± 22* 

 

3.10 ± 0.30* 

 

267 ± 25* 

 

Pre-HD 

(n=32) 

2.32 ± 0.24* 

 

178 ± 16* 

 

2.78 ± 0.25* 

 

201 ± 16* 

 

3.04 ± 0.30* 

 

240 ± 20* 

 

SCA 

(n=39) 

2.40 ± 0.22* 

 

187 ± 20* 

 

2.92 ± 0.30* 

 

236 ± 20* 

 

2.98 ± 0.30* 

 

249 ± 23* 

 

FRDA 

(n=24) 

1.05 ± 0.10 

 

66 ± 5 

 

1.20 ± 0.11 

 

62 ± 6 

 

1.20 ± 0.10 

 

82 ± 8 
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Table 4.3 - EC50 values  of NECA on cAMP stimulation in platelets, 

lymphocytes and neutrophils of examined subjects. *, P < 0.01 vs 

control subjects. 

 

 

 

 

 Platelets 

(EC50, nM) 

Lymphocytes 

(EC50, nM) 

Neutrophils 

(EC50, nM) 

 
Controls 

(n=63) 

300 ± 28 

 

205 ± 20 

 

246 ± 22 

 

HD 

(n=94) 

80 ± 8* 

 

60 ± 6* 

 

70 ± 7* 

 

Pre-HD 

(n=32) 

84 ± 7* 

 

65 ± 6* 

 

78 ± 8* 

 

SCA 

(n=39) 

76 ± 7* 

 

55 ± 6* 

 

68 ± 7* 

 

FRDA 

(n=24) 

320 ± 30 

 

210 ± 0.22 

 

230 ± 25 
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Table 4.4 - Pharmacological therapies of patients involved in the 

study. 
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HD (94) 11 29 25 29 34 4 3 3 17 27 

Pre-HD (32) 25 1   1     5 

SCA (39) 17 7 1 4 5 4 8 2 2 16 

FRDA (24) 2 3   5 1 16 1 4 4 
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Figure 4.1 - Saturation curves (A) and Scatchard Plot (B) of  [
3
H]-

ZM241385 in platelets from the examined subjects.  
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Figure 4.2 – Saturation curves (A) and Scatchard Plot (B) of  [
3
H] - 

ZM241385 in lymphocytes from the examined subjects. 
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Figure 4.3 - Saturation curves (A) and Scatchard Plot (B) of  [
3
H] - 

ZM241385 in neutrophils from the examined subjects. 
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Figure 4.4 – Dose response curves of NECA in plateles (A), 

lymphocytes (B) and neutrophils (C) from the examined subjects. 
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DISCUSSION 

In neurology, the search for objectively measurable tests of disease progression is 

playing an increasing role. In Huntington’s disease, the evidence that the mutant protein 

is widely distributed and present in peripheral cells has fueled a large number of 

attempts aimed at identifying disease-specific changes in biological processes that could 

be detected in easily accessible cells. The hope is that these could then be included in 

therapeutic trials as molecular markers of the action of the mutant protein and, as a 

consequence exploited to evaluate the effectiveness of novel potential therapeutic 

agents. In addition, a change in a peripheral parameter that is embedded into a 

pathophysiological mechanism may be indicative of a pathway of clinical and biological 

relevance and possibly represent itself a target of therapeutic interest. 

So far, there are limited reports of peripheral changes in human HD samples and far less 

that correlate with disease status. The most promising results likely derive from a non-

hypothesis-driven study of global changes in gene expression in blood samples from 17 

HD subjects (late pre-symptomatic and symptomatic) and 14 gender-matched controls 

(Borovecki et al., 2005). Among the critical outcomes of this study is the evidence that 

a set of 12 genes distinguishes normal controls from HD subjects and that early pre-

symptomatic HD subjects disclose an expression pattern similar to controls, whereas the 

late pre-symptomatic subjects had patterns similar to symptomatic HD patients 

(Borovecki et al., 2005). These findings suggested that a subset of mRNAs isolated 

from whole blood could help in monitoring clinical onset of this neurodegenerative 

disease. 

We have previously assessed that an alteration in A2AAR binding activity is present in 

peripheral blood cells from HD patients and a small number of pre-HD, but that study 

was not addressing the issue of whether the detected A2AAR alteration is specific to HD, 

and possibly correlates to disease stage and/or to other HD clinical and genetic 
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parameters. The results obtained in this new study show three new findings: (i) all HD 

patients who tested positively for the polyQ expansion also presented an altered Bmax 

value with respect to control subjects with no significant differences in Bmax across 

patients with different disease stages; (ii) the 32 HD-positive pre-manifesting subjects 

did not differ from symptomatic HD patients with respect to Bmax values; (iii) patients 

with other polyQ diseases as SCA1 and SCA2 showed the very same change in A2AAR 

Bmax values as HD patients and differed from controls and patients with other 

neurodegenerative disorders such as Friedreich’s ataxia. 

The fact that the Bmax values are similarly altered in HD patients at different stages and 

in pre-HD subjects indicates that this change is directly related to the immediate cellular 

effects of the mutation and not to the pathological state of the patients or disease 

progression. The presence of the very same change in the A2AAR in SCA1 and SCA2 

patients reinforces the assumption that our findings substantially represent a cellular 

toxic effect of the polyQ proteins.  

Similar A2AAR alteration was found evaluating the functionality of the receptor through 

cAMP accumulation assay. Indeed, increased potency of NECA was found in peripheral 

blood cells of HD, pre-HD and SCA subject, but not in FRDA subjects, when compared 

to control healthy subjects 

We can conclude that the observed alteration of A2AAR in platelets, lymphocytes and 

neutrophils links with the presence of the poliglutamine proteins and may be of 

potential interest in the search of novel drugs aimed to counteract the toxic effect of the 

mutation. 
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GENERAL CONCLUSIONS 

 

Huntington's disease (HD) is a devastating autosomal dominant neurodegenerative 

disease caused by a CAG trinucleotide repeat expansion encoding an abnormally long 

polyglutamine tract in the huntingtin protein. Expression of mutant huntingtin leads to 

the selective death of the medium spiny neurons in the neostriatum, resulting in the 

appearance of generalized involuntary movements, the main phenotypic alteration of 

HD. A2AARs are largely expressed in these neurons and modulate different processes in 

the cental nervous system, suggesting a possible involvement of these receptors in 

Huntington’s disease. 

In the first part of this study we have investigated the presence and functionality of 

A2AARs in striatal cells expressing different form of mutant huntingtin. We found an 

aberrant amplification of A2AARs-stimulated adenylyl cyclase specifically associated 

with the expression of mutant huntingtin. Despite no changes of Bmax values, binding 

studies revealed a moderate but statistically significant increase of ligand binding 

affinity in cells expressing mutant huntingtin, which suggests that mutant, but not wild-

type huntingtin, may interfere with the kinetics of A2AAR binding by endogenous 

adenosine and may influence the conformation of the ligand recognition site. From our 

data it is also clear that changes of A2AAR signaling are much more evident in cells 

expressing truncated than full-length mutant huntingtin. This finding may have 

intriguing functional implications, because the N548 fragment expressed in these cells 

mimics one of the potential fragments suggested to be produced by proteolytic cleavage 

of huntingtin and which may be required for the expression of mutant huntingtin 

cytotoxicity and aggregate formation. 
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In the second part of the study we investigated if the aberrant phenotype of A2AAR was 

also present in R6/2 mice. These animals express exon 1 of the human Huntingtin gene 

with an expanded CAG repeat length of 141–157 under the influence of the human 

promoter. The R6/2 model has many of the temporal, behavioral and neuropathological 

features observed in HD patients, such as jerky movements and striatal atrophy. 

Analysis of striatal A2AAR binding and adenylyl cyclase activity in R6/2 mice of 

different developmental ages in comparison with age-matched wild-type animals 

showed a transient increase in A2AAR density (Bmax) and A2AAR -dependent cAMP 

production at early presymptomatic ages (7–14 postnatal days, PND) that is, well before 

the onset of motor symptoms. Despite the increased receptor density observed in 

radioligand binding studies in R6/2 versus wild-type mice (PND 9–14), we did not find 

any significant change of A2AAR mRNA by employing real time PCR. This suggests 

that, at this developmental age, receptor turnover rather than receptor synthesis may be 

altered in these animals.  

In the subsequent  study we have shown, for the first time, that peripheral blood cells 

from HD subjects exhibit an aberrant increase in A2AAR number, as demonstrated by 

Bmax values significantly higher than age-matched healthy controls. In platelets, 

lymphocytes and neutrophils of HD patients, the increase of Bmax was associated with 

an over-stimulation of A2AAR-mediated cAMP production. The aberrant A2AAR 

phenotype was also found in the circulating cells of pre-symptomatic individuals 

carrying the CAG mutation. This opened the possibility that A2AAR may represent a 

novel potential biomarker of HD, useful for monitoring disease progression and 

assessing the efficacy of novel neuroprotective approaches. 

The last part of the study was performed in a larger number of  HD patients at different 

stages of the disease, in pre-symptomatic carrier of the mutation, in patients affected by 

other polyglutamine disease such as Spinocerebellar Ataxia 1 (SCA1), Spinocerebellar 
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Ataxia 2 (SCA2) and in patients affected by a non-polyglutamine disease, i.e. Friedreich 

ataxia. 

We found that all HD patients who tested positively for the polyglutamine expansion 

also presented an altered Bmax value when compared to control subjects with no 

significant differences in Bmax across patients with different disease stages. 

Furthermore, A2AAR density of pre-symptomatic carrier of the mutation did not differ 

from symptomatic HD patients. In addition, patients with other polyglutamine diseases 

such as SCA1 and SCA2 showed a strictly similar change in A2AAR Bmax values as 

HD patients and differed from controls and patients with other neurodegenerative 

disorders such as Friedreich’s ataxia. 

Overall these data demonstrate that an aberrant A2AAR phenotype is present in 

Huntington’s disease and this seems to be related with the presence of the expanded 

GCA triplet. The amplification of the signal transduction system of A2AARs suggests 

that the use of selective A2AAR antagonists could be beneficial in the treatment of 

Huntington’s disease as well as in other related polyglutamine diseases. In addition, the 

alteration of A2AARs in peripheral blood cells of patient with polyglutamine diseases 

suggests that this receptor could be an easily accessible biomarker for the evaluation of 

the efficacy of potential new therapies. 

 

 

 

 

 

 

 

 



 160



 161

REFERENCES 

Abbracchio MP, Cattabeni F. Brain adenosine receptors as targets for therapeutic 

intervention in neurodegenerative diseases. Ann N Y Acad Sci. 1999;890:79-92. 

Adam OR, Jankovic J. Symptomatic treatment of Huntington disease. 

Neurotherapeutics. 2008;5(2):181-97. 

Almeida S, Brett AC, Góis IN, Oliveira CR, Rego AC. Caspase-dependent and -

independent cell death induced by 3-nitropropionic acid in rat cortical neurons. J Cell 

Biochem. 2006;98(1):93-101. 

Alper G, Narayanan V. Friedreich's ataxia. Pediatr Neurol. 2003;28(5):335-41. 

Arning L, Saft C, Wieczorek S, Andrich J, Kraus PH, Epplen JT. NR2A and NR2B 

receptor gene variations modify age at onset in Huntington disease  in a sex-specific 

manner. Hum Genet. 2007;122(2):175-82. 

Arrasate M, Mitra S, Schweitzer ES, Segal MR, Finkbeiner S. Inclusion body formation 

reduces levels of mutant huntingtin and the risk of neuronal death. Nature. 

2004;431(7010):805-10.  

Aziz NA, van der Burg JM, Landwehrmeyer GB, Brundin P, Stijnen T, EHDI Study 

Group, Roos RA. Weight loss in Huntington disease increases with higher CAG repeat 

number. Neurology. 2008;71(19):1506-13. 

Bäckman L, Farde L. Dopamine and cognitive functioning: brain imaging findings in 

Huntington's disease and normal aging. Scand J Psychol. 2001;42(3):287-96. 

Bailey A, Ledent C, Kelly M, Hourani SM, Kitchen I. Changes in spinal delta and 

kappa opioid systems in mice deficient in the A2A receptor gene. J Neurosci. 

2002;22(21):9210-20. 

Bara-Jimenez W, Sherzai A, Dimitrova T, Favit A, Bibbiani F, Gillespie M, Morris MJ, 

Mouradian MM, Chase TN. Adenosine A(2A) receptor antagonist treatment of 

Parkinson's disease.  Neurology. 2003;61(3):293-6. 

Baraldi PG, Zaid AN, Lampronti I, Fruttarolo F, Pavani MG, Tabrizi MA, Shryock JC, 

Leung E, Romagnoli R. Synthesis and biological effects of a new series of 2-amino-3-

benzoylthiophenes as allosteric enhancers of A1-adenosine receptor. Bioorg Med Chem 

Lett. 2000;10(17):1953-7. 

Barbanti P, Fabbrini G, Ricci A, Pascali MP, Bronzetti E, Amenta F, Lenzi GL,  Cerbo 

R. Migraine patients show an increased density of dopamine D3 and D4 receptors on 

lymphocytes. Cephalalgia. 2000;20(1):15-9. 



 162

Bari M, Battista N, Fezza F, Finazzi-Agrò A, Maccarrone M. Lipid rafts control 

signaling of type-1 cannabinoid receptors in neuronal cells.  Implications for 

anandamide-induced apoptosis. J Biol Chem. 2005;280(13):12212-20. 

Basoglu OK, Pelleg A, Essilfie-Quaye S, Brindicci C, Barnes PJ, Kharitonov SA. 

Effects of aerosolized adenosine 5'-triphosphate vs adenosine 5'-monophosphate on 

dyspnea and airway caliber in healthy nonsmokers and patients with asthma. Chest. 

2005;128(4):1905-9. 

Beal MF, Ferrante RJ. Experimental therapeutics in transgenic mouse models of 

Huntington's disease. Nat Rev Neurosci. 2004;5(5):373-84. 

Benarroch EE. Adenosine and its receptors: multiple modulatory functions and potential 

therapeutic targets for neurologic disease. Neurology. 2008;70(3):231-6. 

Bence NF, Sampat RM, Kopito RR. Impairment of the ubiquitin-proteasome system by 

protein aggregation. Science. 2001;292(5521):1552-5. 

Bibb JA, Yan Z, Svenningsson P, Snyder GL, Pieribone VA, Horiuchi A, Nairn AC, 

Messer A, Greengard P. Severe deficiencies in dopamine signaling in presymptomatic 

Huntington's disease mice. Proc Natl Acad Sci U S A. 2000;97(12):6809-14.   

Blackburn MR, Volmer JB, Thrasher JL, Zhong H, Crosby JR, Lee JJ, Kellems RE. 

Metabolic consequences of adenosine deaminase deficiency in mice are associated with 

defects in alveogenesis, pulmonary inflammation, and airway obstruction. J Exp Med. 

2000;192(2):159-70. 

Blum D, Galas MC, Gall D, Cuvelier L, Schiffmann SN. Striatal and cortical 

neurochemical changes induced by chronic metabolic compromise in the 3-

nitropropionic model of Huntington's disease. Neurobiol Dis. 2002;10(3):410-26. 

Blum D, Hourez R, Galas MC, Popoli P, Schiffmann SN. Adenosine receptors and 

Huntington's disease: implications for pathogenesis and therapeutics. Lancet Neurol. 

2003;2(6):366-74. 

Borea PA, Dalpiaz A, Varani K, Guerra L, Gilli G. Binding thermodynamics of 

adenosine A2A receptor ligands. Biochem Pharmacol. 1995;49(4):461-9. 

Borovecki F, Lovrecic L, Zhou J, Jeong H, Then F, Rosas HD, Hersch SM, Hogarth P, 

Bouzou B, Jensen RV, Krainc D. Genome-wide expression profiling of human blood 

reveals biomarkers for Huntington's disease. Proc Natl Acad Sci U S A. 

2005;102(31):11023-8. 

Bradford MM. A rapid and sensitive method for the quantitation of microgram 

quantities of protein utilizing the principle of protein-dye binding. Anal Biochem. 

1976;72:248-54. 



 163

Brambilla R, Cottini L, Fumagalli M, Ceruti S, Abbracchio MP. Blockade of A2A 

adenosine receptors prevents basic fibroblast growth factor-induced reactive astrogliosis 

in rat striatal primary astrocytes. Glia. 2003;43(2):190-4. 

Burnstock G. Purinergic signalling. Br J Pharmacol. 2006;147 Suppl 1:S172-81. 

Canals M, Marcellino D, Fanelli F, Ciruela F, de Benedetti P, Goldberg SR, Neve K, 

Fuxe K, Agnati LF, Woods AS, Ferré S, Lluis C, Bouvier M, Franco R. Adenosine 

A2A-dopamine D2 receptor-receptor heteromerization: qualitative and quantitative 

assessment by fluorescence and bioluminescence energy transfer. J Biol Chem. 

2003;278(47):46741-9. 

Cannella M, Simonelli M, D'Alessio C, Pierelli F, Ruggieri S, Squitieri F. 

Presymptomatic tests in Huntington's disease and dominant ataxias. Neurol Sci. 

2001;22(1):55-6. 

Caruso M, Holgate ST, Polosa R. Adenosine signalling in airways. Curr Opin 

Pharmacol. 2006;6(3):251-6. 

Cattaneo E, Conti L. Generation and characterization of embryonic striatal conditionally 

immortalized  ST14A cells. J Neurosci Res. 1998;53(2):223-34. 

Cepeda C, Ariano MA, Calvert CR, Flores-Hernández J, Chandler SH, Leavitt BR,  

Hayden MR, Levine MS. NMDA receptor function in mouse models of Huntington 

disease. J Neurosci Res. 2001;66(4):525-39. 

Cepeda C, Starling AJ, Wu N, Nguyen OK, Uzgil B, Soda T, André VM, Ariano MA,  

Levine MS. Increased GABAergic function in mouse models of Huntington's disease: 

reversal by BDNF. J Neurosci Res. 2004;78(6):855-67. 

Cha JH, Frey AS, Alsdorf SA, Kerner JA, Kosinski CM, Mangiarini L, Penney JB Jr, 

Davies SW, Bates GP, Young AB. Altered neurotransmitter receptor expression in 

transgenic mouse models of Huntington's disease. Philos Trans R Soc Lond B Biol Sci. 

1999;354(1386):981-9. 

Cha JH. Transcriptional dysregulation in Huntington's disease. Trends Neurosci. 

2000;23(9):387-92. 

Charvin D, Vanhoutte P, Pagès C, Borrelli E, Caboche J. Unraveling a role for 

dopamine in Huntington's disease: the dual role of reactive oxygen species and D2 

receptor stimulation. Proc Natl Acad Sci U S A. 2005 Aug 23;102(34):12218-23. 

Chen CM, Wu YR, Cheng ML, Liu JL, Lee YM, Lee PW, Soong BW, Chiu DT. 

Increased oxidative damage and mitochondrial abnormalities in the peripheral blood of 

Huntington's disease patients. Biochem Biophys Res Commun. 2007;359(2):335-40. 



 164

Cheng HC, Shih HM, Chern Y. Essential role of cAMP-response element-binding 

protein activation by A2A adenosine receptors in rescuing the nerve growth factor-

induced neurite outgrowth impaired by blockage of the MAPK cascade. J Biol Chem. 

2002;277(37):33930-42. 

Chen-Plotkin AS, Sadri-Vakili G, Yohrling GJ, Braveman MW, Benn CL, Glajch KE, 

DiRocco DP, Farrell LA, Krainc D, Gines S, MacDonald ME, Cha JH. Decreased 

association of the transcription factor Sp1 with genes downregulated in Huntington's 

disease. Neurobiol Dis. 2006;22(2):233-41. 

Chiang MC, Lee YC, Huang CL, Chern Y. cAMP-response element-binding protein 

contributes to suppression of the A2A adenosine receptor promoter by mutant 

Huntingtin with expanded polyglutamine residues. J Biol Chem. 2005;280(14):14331-

40. 

Choo YS, Johnson GV, MacDonald M, Detloff PJ, Lesort M. Mutant huntingtin directly 

increases susceptibility of mitochondria to the calcium-induced permeability transition 

and cytochrome c release. Hum Mol Genet. 2004;13(14):1407-20. 

Chou SY, Lee YC, Chen HM, Chiang MC, Lai HL, Chang HH, Wu YC, Sun CN, Chien 

CL, Lin YS, Wang SC, Tung YY, Chang C, Chern Y. CGS21680 attenuates symptoms 

of Huntington's disease in a transgenic mouse model. J Neurochem. 2005;93(2):310-20. 

Ciammola A, Sassone J, Alberti L, Meola G, Mancinelli E, Russo MA, Squitieri F, 

Silani V. Increased apoptosis, Huntingtin inclusions and altered differentiation in 

muscle cell cultures from Huntington's disease subjects. Cell Death Differ. 

2006;13(12):2068-78. 

Ciarmiello A, Cannella M, Lastoria S, Simonelli M, Frati L, Rubinsztein DC, Squitieri 

F. Brain white-matter volume loss and glucose hypometabolism precede the clinical 

symptoms of Huntington's disease. J Nucl Med. 2006;47(2):215-22. 

Ciruela F, Saura C, Canela EI, Mallol J, Lluís C, Franco R. Ligand-induced 

phosphorylation, clustering, and desensitization of A1 adenosine receptors. Mol 

Pharmacol. 1997;52(5):788-97. 

Cornett J, Smith L, Friedman M, Shin JY, Li XJ, Li SH. Context-dependent 

dysregulation of transcription by mutant huntingtin. J Biol Chem. 2006;281(47):36198-

204.      

Corvol JC, Studler JM, Schonn JS, Girault JA, Hervé D. Galpha(olf) is necessary for 

coupling D1 and A2a receptors to adenylyl cyclase in the striatum. J Neurochem. 

2001;76(5):1585-8. 

Craig K, Keers SM, Archibald K, Curtis A, Chinnery PF. Molecular epidemiology of 

spinocerebellar ataxia type 6. Ann Neurol. 2004;55(5):752-5. 



 165

Cui L, Jeong H, Borovecki F, Parkhurst CN, Tanese N, Krainc D. Transcriptional 

repression of PGC-1alpha by mutant huntingtin leads to mitochondrial dysfunction and 

neurodegeneration. Cell. 2006;127(1):59-69. 

Cushley MJ, Tattersfield AE, Holgate ST. Inhaled adenosine and guanosine on airway 

resistance in normal and asthmatic subjects. Br J Clin Pharmacol. 1983;15(2):161-5. 

Cyr M, Sotnikova TD, Gainetdinov RR, Caron MG. Dopamine enhances motor and 

neuropathological consequences of polyglutamine expanded huntingtin. FASEB J. 

2006;20(14):2541-3. 

Das S, Tosaki A, Bagchi D, Maulik N, Das DK. Resveratrol-mediated activation of 

cAMP response element-binding protein through  adenosine A3 receptor by Akt-

dependent and -independent pathways. J Pharmacol Exp Ther. 2005;314(2):762-9. 

Davies SW, Turmaine M, Cozens BA, DiFiglia M, Sharp AH, Ross CA, Scherzinger E, 

Wanker EE, Mangiarini L, Bates GP. Formation of neuronal intranuclear inclusions 

underlies the neurological dysfunction in mice transgenic for the HD mutation. Cell. 

1997;90(3):537-48. 

Delatycki MB, Williamson R, Forrest SM. Friedreich ataxia: an overview. J Med Genet. 

2000;37(1):1-8. 

Di Luca M, Pastorino L, Bianchetti A, Perez J, Vignolo LA, Lenzi GL, Trabucchi M, 

Cattabeni F, Padovani A. Differential level of platelet amyloid beta precursor protein 

isoforms: an early  marker for Alzheimer disease. Arch Neurol. 1998;55(9):1195-200. 

Dixon AK, Gubitz AK, Sirinathsinghji DJ, Richardson PJ, Freeman TC. Tissue 

distribution of adenosine receptor mRNAs in the rat. Br J Pharmacol. 

1996;118(6):1461-8. 

Dragatsis I, Levine MS, Zeitlin S. Inactivation of Hdh in the brain and testis results in 

progressive neurodegeneration and sterility in mice. Nat Genet. 2000;26(3):300-6. 

Dragunow M, Goddard GV, Laverty R. Is adenosine an endogenous anticonvulsant? 

Epilepsia. 1985;26(5):480-7. 

Dunah AW, Jeong H, Griffin A, Kim YM, Standaert DG, Hersch SM, Mouradian MM, 

Young AB, Tanese N, Krainc D. Sp1 and TAFII130 transcriptional activity disrupted in 

early Huntington's disease. Science. 2002;296(5576):2238-43.  

Dunwiddie TV, Masino SA. The role and regulation of adenosine in the central nervous 

system. Annu Rev Neurosci. 2001;24:31-55. 

Elliott KJ, Todd Weber E, Rea MA. Adenosine A1 receptors regulate the response of 

the hamster circadian clock to light. Eur J Pharmacol. 2001;414(1):45-53. 



 166

Ely SW, Berne RM. Protective effects of adenosine in myocardial ischemia. 

Circulation. 1992;85(3):893-904. 

Elzein E, Zablocki J. A1 adenosine receptor agonists and their potential therapeutic 

applications. Expert Opin Investig Drugs. 2008;17(12):1901-10. 

Emamian ES, Kaytor MD, Duvick LA, Zu T, Tousey SK, Zoghbi HY, Clark HB, Orr 

HT. Serine 776 of ataxin-1 is critical for polyglutamine-induced disease in SCA1 

transgenic mice. Neuron. 2003;38(3):375-87. 

Esser MJ, Sawynok J. Caffeine blockade of the thermal antihyperalgesic effect of acute 

amitriptyline in a rat model of neuropathic pain. Eur J Pharmacol. 2000;399(2-3):131-9. 

Evans MC, Swan JH, Meldrum BS. An adenosine analogue, 2-chloroadenosine, protects 

against long term development  of ischaemic cell loss in the rat hippocampus. Neurosci 

Lett. 1987;83(3):287-92. 

Feoktistov I and Biaggioni I. Adenosine A2b receptors evoke interleukin-8 secretion in 

human mast cells. An enprofylline-sensitive mechanism with implications for asthma. J 

Clin Invest. 1995;96(4):1979-86. 

Ferrante RJ, Kowall NW, Cipolloni PB, Storey E, Beal MF. Excitotoxin lesions in 

primates as a model for Huntington's disease: histopathologic and neurochemical 

characterization. Exp Neurol. 1993;119(1):46-71. 

Ferrè S, O’Connor W, Fuxe K, Ungerstedt U. The striatopallidal neuron a main locus 

for adenosine-dopamine interaction in the brain.Neurosci. 1993;13:5402–5406. 

Ferré S, Quiroz C, Woods AS, Cunha R, Popoli P, Ciruela F, Lluis C, Franco R,  Azdad 

K, Schiffmann SN. An update on adenosine A2A-dopamine D2 receptor interactions: 

implications for the function of G protein-coupled receptors. Curr Pharm Des. 

2008;14(15):1468-74. 

Fiebich BL, Biber K, Gyufko K, Berger M, Bauer J, van Calker D. Adenosine A2b 

receptors mediate an increase in interleukin (IL)-6 mRNA and IL-6 protein synthesis in 

human astroglioma cells. J Neurochem. 1996;66(4):1426-31. 

Fishman P, Bar-Yehuda S, Madi L, Cohn I. A3 adenosine receptor as a target for cancer 

therapy. Anticancer Drugs. 2002;13(5):437-43. 

Franco R, Casadó V, Ciruela F, Mallol J, Lluis C, Canela EI. The cluster-arranged 

cooperative model: a model that accounts for the kinetics of binding to A1 adenosine 

receptors. Biochemistry. 1996;35(9):3007-15. 

Fredholm BB, Zhang Y, van der Ploeg I. Adenosine A2A receptors mediate the 

inhibitory effect of adenosine on formyl-Met-Leu-Phe-stimulated respiratory burst in 

neutrophil leucocytes. Naunyn Schmiedebergs Arch Pharmacol. 1996;354(3):262-7. 



 167

Fredholm BB, Bättig K, Holmén J, Nehlig A, Zvartau EE. Actions of caffeine in the 

brain with special reference to factors that contribute to its widespread use. Pharmacol 

Rev. 1999;51(1):83-133. 

Fredholm BB, IJzerman AP, Jacobson KA, Klotz KN, Linden J. International Union of 

Pharmacology. XXV. Nomenclature and classification of adenosine receptors. 

Pharmacol Rev. 2001;53(4):527-52. 

Fredholm BB, Chern Y, Franco R, Sitkovsky M. Aspects of the general biology of 

adenosine A2A signaling. Prog Neurobiol. 2007;83(5):263-76. 

Fresco P, Diniz C, Gonçalves J. Facilitation of noradrenaline release by activation of 

adenosine A(2A) receptors  triggers both phospholipase C and adenylate cyclase 

pathways in rat tail artery. Cardiovasc Res. 2004;63(4):739-46. 

Gatchel JR, Zoghbi HY. Diseases of unstable repeat expansion: mechanisms and 

common principles. Nat Rev Genet. 2005;6(10):743-55. 

Gellera C, Meoni C, Castellotti B, Zappacosta B, Girotti F, Taroni F, DiDonato S. 

Errors in Huntington disease diagnostic test caused by trinucleotide deletion in  the IT15 

gene. Am J Hum Genet. 1996;59(2):475-7. 

Geoffroy G, Barbeau A, Breton G, Lemieux B, Aube M, Leger C, Bouchard JP. Clinical 

description and roentgenologic evaluation of patients with Friedreich's  ataxia. Can J 

Neurol Sci. 1976;3(4):279-86. 

Germack R, Dickenson JM. Adenosine triggers preconditioning through MEK/ERK1/2 

signalling pathway during hypoxia/reoxygenation in neonatal rat cardiomyocytes. J Mol 

Cell Cardiol. 2005;39(3):429-42. 

Gessi S, Varani K, Merighi S, Cattabriga E, Pancaldi C, Szabadkai Y, Rizzuto R, Klotz 

KN, Leung E, Mac Lennan S, Baraldi PG, Borea PA. Expression, pharmacological 

profile, and functional coupling of A2B receptors in  a recombinant system and in 

peripheral blood cells using a novel selective antagonist radioligand, [3H]MRE 2029-

F20. Mol Pharmacol. 2005;67(6):2137-47. 

Gessi S, Merighi S, Varani K, Leung E, Mac Lennan S, Borea PA. The A3 adenosine 

receptor: an enigmatic player in cell biology. Pharmacol Ther. 2008;117(1):123-40. 

Gil JM, Rego AC. Mechanisms of neurodegeneration in Huntington's disease. Eur J 

Neurosci. 2008;27(11):2803-20.        

Gil JM, Rego AC. The R6 lines of transgenic mice: A model for screening new 

therapies for Huntington's disease. Brain Res Rev. 2008, in press. 

Glass M, Dragunow M, Faull RL. The pattern of neurodegeneration in Huntington's 

disease: a comparative study of cannabinoid, dopamine, adenosine and GABA(A) 



 168

receptor alterations in the human basal ganglia in Huntington's disease. Neuroscience. 

2000;97(3):505-19. 

Gu JG, Foga IO, Parkinson FE, Geiger JD. Involvement of bidirectional adenosine 

transporters in the release of L-[3H]adenosine from rat brain synaptosomal preparations. 

J Neurochem. 1995;64(5):2105-10. 

Guidetti P, Bates GP, Graham RK, Hayden MR, Leavitt BR, MacDonald ME, Slow EJ, 

Wheeler VC, Woodman B, Schwarcz R. Elevated brain 3-hydroxykynurenine and 

quinolinate levels in Huntington disease mice. Neurobiol Dis. 2006;23(1):190-7. 

Gunawardena S, Goldstein LS. Polyglutamine diseases and transport problems: deadly 

traffic jams on neuronal highways. Arch Neurol. 2005;62(1):46-51. 

Gusella JF, MacDonald ME. Molecular genetics: unmasking polyglutamine triggers in 

neurodegenerative disease. Nat Rev Neurosci. 2000;1(2):109-15. 

Harding AE. Friedreich's ataxia: a clinical and genetic study of 90 families with an 

analysis of early diagnostic criteria and intrafamilial clustering of clinical features. 

Brain. 1981;104(3):589-620. 

Hausenloy DJ, Yellon DM. New directions for protecting the heart against ischaemia-

reperfusion injury: targeting the Reperfusion Injury Salvage Kinase (RISK)-pathway. 

Cardiovasc Res. 2004;61(3):448-60. 

Headrick JP, Hack B, Ashton KJ. Acute adenosinergic cardioprotection in ischemic-

reperfused hearts. Am J Physiol Heart Circ Physiol. 2003;285(5):H1797-818. 

Hettinger BD, Lee A, Linden J, Rosin DL. Ultrastructural localization of adenosine 

A2A receptors suggests multiple cellular sites for modulation of GABAergic neurons in 

rat striatum. J Comp Neurol. 2001;431(3):331-46. 

Hickey MA, Chesselet MF. Apoptosis in Huntington's disease. Prog 

Neuropsychopharmacol Biol Psychiatry. 2003;27(2):255-65. 

Hodges A, Strand AD, Aragaki AK, Kuhn A, Sengstag T, Hughes G, Elliston LA, 

Hartog C, Goldstein DR, Thu D, Hollingsworth ZR, Collin F, Synek B, Holmans PA, 

Young AB, Wexler NS, Delorenzi M, Kooperberg C, Augood SJ, Faull RL, Olson JM, 

Jones L, Luthi-Carter R. Regional and cellular gene expression changes in human 

Huntington's disease brain. Hum Mol Genet. 2006;15(6):965-77. 

Holgate ST, Lewis RA, Austen KF. Role of adenylate cyclase in immunologic release 

of mediators from rat mast cells: agonist and antagonist effects of purine- and ribose-

modified adenosine analogs. Proc Natl Acad Sci U S A. 1980;77(11):6800-4. 



 169

Hoskin DW, Butler JJ, Drapeau D, Haeryfar SM, Blay J. Adenosine acts through an A3 

receptor to prevent the induction of murine anti-CD3-activated killer T cells. Int J 

Cancer. 2002;99(3):386-95. 

Huang NK, Lin YW, Huang CL, Messing RO, Chern Y. Activation of protein kinase A 

and atypical protein kinase C by A(2A) adenosine receptors antagonizes apoptosis due 

to serum deprivation in PC12 cells. J Biol Chem. 2001;276(17):13838-46. 

Huang HP, Chu K, Nemoz-Gaillard E, Elberg D, Tsai MJ. Neogenesis of beta-cells in 

adult BETA2/NeuroD-deficient mice. Mol Endocrinol. 2002;16(3):541-51. 

Huntington Study Group. Unified Huntington's Disease Rating Scale: reliability and 

consistency. Mov Disord. 1996;11(2):136-42. 

Ikeda Y, Dick KA, Weatherspoon MR, Gincel D, Armbrust KR, Dalton JC, Stevanin  

G, Dürr A, Zühlke C, Bürk K, Clark HB, Brice A, Rothstein JD, Schut LJ, Day JW, 

Ranum LP. Spectrin mutations cause spinocerebellar ataxia type 5. Nat Genet. 

2006;38(2):184-90. 

Ilani T, Ben-Shachar D, Strous RD, Mazor M, Sheinkman A, Kotler M, Fuchs S. A 

peripheral marker for schizophrenia: Increased levels of D3 dopamine receptor mRNA 

in blood lymphocytes. Proc Natl Acad Sci U S A. 2001;98(2):625-8. 

International Huntington Association (IHA) and the World Federation of Neurology  

(WFN) Research Group on Huntington's Chorea. Neurology. Guidelines for the 

molecular genetics predictive test in Huntington's disease. 1994;44(8):1533-6. 

Neurology. 1994 Aug;44(8):1533-6.Iwata A, Christianson JC, Bucci M, Ellerby LM, 

Nukina N, Forno LS, Kopito RR. Increased susceptibility of cytoplasmic over nuclear 

polyglutamine aggregates to  autophagic degradation. Proc Natl Acad Sci U S A. 

2005;102(37):13135-40. 

Iwata A, Riley BE, Johnston JA, Kopito RR. HDAC6 and microtubules are required for 

autophagic degradation of aggregated huntingtin. J Biol Chem. 2005;280(48):40282-92. 

Jacobson KA, Nikodijević O, Shi D, Gallo-Rodriguez C, Olah ME, Stiles GL, Daly JW. 

A role for central A3-adenosine receptors. Mediation of behavioral depressant effects. 

FEBS Lett. 1993;336(1):57-60. 

Jacobson KA, Hoffmann C, Cattabeni F, Abbracchio MP. Adenosine-induced cell 

death: evidence for receptor-mediated signalling. Apoptosis. 1999;4(3):197-211. 

Jacobson KA, Gao ZG. Adenosine receptors as therapeutic targets. Nat Rev Drug 

Discov. 2006;5(3):247-64. 

Jarvis MF, Mikusa J, Chu KL, Wismer CT, Honore P, Kowaluk EA, McGaraughty S. 

Comparison of the ability of adenosine kinase inhibitors and adenosine receptor 



 170

agonists to attenuate thermal hyperalgesia and reduce motor performance in rats. 

Pharmacol Biochem Behav. 2002;73(3):573-81. 

Jiang H, Poirier MA, Liang Y, Pei Z, Weiskittel CE, Smith WW, DeFranco DB, Ross 

CA. Depletion of CBP is directly linked with cellular toxicity caused by mutant 

huntingtin. Neurobiol Dis. 2006;23(3):543-51. 

Josselyn SA, Nguyen PV. CREB, synapses and memory disorders: past progress and 

future challenges. Curr Drug Targets CNS Neurol Disord. 2005;4(5):481-97. 

Kaltenbach LS, Romero E, Becklin RR, Chettier R, Bell R, Phansalkar A, Strand  A, 

Torcassi C, Savage J, Hurlburt A, Cha GH, Ukani L, Chepanoske CL, Zhen Y, 

Sahasrabudhe S, Olson J, Kurschner C, Ellerby LM, Peltier JM, Botas J, Hughes RE. 

Huntingtin interacting proteins are genetic modifiers of neurodegeneration. PLoS Genet. 

2007;3(5):e82. 

Kenakin T. Differences between natural and recombinant G protein-coupled receptor 

systems with varying receptor/G protein stoichiometry. Trends Pharmacol Sci. 

1997;18(12):456-64. 

Khan GM, Smolders I, Ebinger G, Michotte Y. Anticonvulsant effect and 

neurotransmitter modulation of focal and systemic 2-chloroadenosine against the 

development of pilocarpine-induced seizures. Neuropharmacology. 2000;39(12):2418-

32. 

Khoa ND, Postow M, Danielsson J, Cronstein BN. Tumor necrosis factor-alpha 

prevents desensitization of Galphas-coupled receptors by regulating GRK2 association 

with the plasma membrane. Mol Pharmacol. 2006;69(4):1311-9. 

Kim GW, Gasche Y, Grzeschik S, Copin JC, Maier CM, Chan PH. Neurodegeneration 

in striatum induced by the mitochondrial toxin 3-nitropropionic acid: role of matrix 

metalloproteinase-9 in early blood-brain barrier disruption? J Neurosci. 

2003;23(25):8733-42. 

Kim YJ, Sapp E, Cuiffo BG, Sobin L, Yoder J, Kegel KB, Qin ZH, Detloff P, Aronin 

N, DiFiglia M. Lysosomal proteases are involved in generation of N-terminal huntingtin 

fragments. Neurobiol Dis. 2006;22(2):346-56. 

Klapstein GJ, Levine MS. Age-dependent biphasic changes in ischemic sensitivity in 

the striatum of Huntington's disease R6/2 transgenic mice. J Neurophysiol. 

2005;93(2):758-65. 

Klement IA, Skinner PJ, Kaytor MD, Yi H, Hersch SM, Clark HB, Zoghbi HY, Orr HT. 

Ataxin-1 nuclear localization and aggregation: role in polyglutamine-induced disease in 

SCA1 transgenic mice. Cell. 1998;95(1):41-53. 



 171

Koroshetz WJ, Jenkins BG, Rosen BR, Beal MF. Energy metabolism defects in 

Huntington's disease and effects of coenzyme Q10. Ann Neurol. 1997;41(2):160-5. 

Kuemmerle S, Gutekunst CA, Klein AM, Li XJ, Li SH, Beal MF, Hersch SM, Ferrante 

RJ. Huntington aggregates may not predict neuronal death in Huntington's disease. Ann 

Neurol. 1999;46(6):842-9. 

Kull B, Ferré S, Arslan G, Svenningsson P, Fuxe K, Owman C, Fredholm BB. 

Reciprocal interactions between adenosine A2A and dopamine D2 receptors in Chinese 

hamster ovary cells co-transfected with the two receptors. Biochem Pharmacol. 

1999;58(6):1035-45. 

La Sala A, Gadina M, Kelsall BL. G(i)-protein-dependent inhibition of IL-12 

production is mediated by activation of the phosphatidylinositol 3-kinase-protein 3 

kinase B/Akt pathway and JNK. J Immunol. 2005;175(5):2994-9. 

Landles C, Bates GP. Huntingtin and the molecular pathogenesis of Huntington's 

disease. Fourth in molecular medicine review series. EMBO Rep. 2004;5(10):958-63. 

Langbehn DR, Brinkman RR, Falush D, Paulsen JS, Hayden MR; International 

Huntington's Disease Collaborative Group. A new model for prediction of the age of 

onset and penetrance for Huntington's disease based on CAG length. Clin Genet. 

2004;65(4):267-77. 

Lawrence AD, Weeks RA, Brooks DJ, Andrews TC, Watkins LH, Harding AE, 

Robbins  TW, Sahakian BJ. The relationship between striatal dopamine receptor 

binding and cognitive performance in Huntington's disease. Brain. 1998;121 (Pt 

7):1343-55. 

Leavitt BR, Guttman JA, Hodgson JG, Kimel GH, Singaraja R, Vogl AW, Hayden MR. 

Wild-type huntingtin reduces the cellular toxicity of mutant huntingtin in vivo. Am J 

Hum Genet. 2001;68(2):313-24. 

Lee YC, Chien CL, Sun CN, Huang CL, Huang NK, Chiang MC, Lai HL, Lin YS, 

Chou  SY, Wang CK, Tai MH, Liao WL, Lin TN, Liu FC, Chern Y. Characterization of 

the rat A2A adenosine receptor gene: a 4.8-kb promoter-proximal DNA fragment 

confers selective expression in the central nervous system. Eur J Neurosci. 

2003;18(7):1786-96. 

Li JY, Plomann M, Brundin P. Huntington's disease: a synaptopathy? Trends Mol Med. 

2003;9(10):414-20.  

Li SH, Li XJ. Huntingtin-protein interactions and the pathogenesis of Huntington's 

disease. Trends Genet. 2004;20(3):146-54. 



 172

Li W, Serpell LC, Carter WJ, Rubinsztein DC, Huntington JA. Expression and 

characterization of full-length human huntingtin, an elongated HEAT repeat protein. J 

Biol Chem. 2006;281(23):15916-22. 

Lin CH, Tallaksen-Greene S, Chien WM, Cearley JA, Jackson WS, Crouse AB, Ren S, 

Li XJ, Albin RL, Detloff PJ. Neurological abnormalities in a knock-in mouse model of 

Huntington's disease. Hum Mol Genet. 2001;10(2):137-44. 

Liévens JC, Woodman B, Mahal A, Spasic-Boscovic O, Samuel D, Kerkerian-Le Goff 

L, Bates GP. Impaired glutamate uptake in the R6 Huntington's disease transgenic mice. 

Neurobiol Dis. 2001;8(5):807-21. 

Liu CS, Cheng WL, Kuo SJ, Li JY, Soong BW, Wei YH. Depletion of mitochondrial 

DNA in leukocytes of patients with poly-Q diseases. J Neurol Sci. 2008;264(1-2):18-21. 

Lu T, Pan Y, Kao SY, Li C, Kohane I, Chan J, Yankner BA. Gene regulation and DNA 

damage in the ageing human brain. Nature. 2004;429(6994):883-91. 

Lynch JJ 3rd, Alexander KM, Jarvis MF, Kowaluk EA. Inhibition of adenosine kinase 

during oxygen-glucose deprivation in rat cortical  neuronal cultures. Neurosci Lett. 

1998;252(3):207-10. 

Maddock HL, Mocanu MM, Yellon DM. Adenosine A(3) receptor activation protects 

the myocardium from reperfusion/reoxygenation injury. Am J Physiol Heart Circ 

Physiol. 2002;283(4):H1307-13. 

Maglione V, Cannella M, Martino T, De Blasi A, Frati L, Squitieri F. The platelet 

maximum number of A2A-receptor binding sites (Bmax) linearly correlates with age at 

onset and CAG repeat expansion in Huntington's disease patients with predominant 

chorea. Neurosci Lett. 2006;393(1):27-30. 

Mangiarini L, Sathasivam K, Seller M, Cozens B, Harper A, Hetherington C, Lawton 

M, Trottier Y, Lehrach H, Davies SW, Bates GP. Exon 1 of the HD gene with an 

expanded CAG repeat is sufficient to cause a progressive neurological phenotype in 

transgenic mice. Cell. 1996;87(3):493-506. 

Marder K, Zhao H, Myers RH, Cudkowicz M, Kayson E, Kieburtz K, Orme C, Paulsen 

J, Penney JB Jr, Siemers E, Shoulson I. Rate of functional decline in Huntington's 

disease. Huntington Study Group. Neurology. 2000;54(2):452-8. 

Markianos M, Panas M, Kalfakis N, Vassilopoulos D. Plasma testosterone in male 

patients with Huntington's disease: relations to severity of illness and dementia. Ann 

Neurol. 2005;57(4):520-5. 

Martín-Aparicio E, Yamamoto A, Hernández F, Hen R, Avila J, Lucas JJ. Proteasomal-

dependent aggregate reversal and absence of cell death in a conditional mouse model of 

Huntington's disease. J Neurosci. 2001;21(22):8772-81.     



 173

Marvanová M, Wong G. Adenosine A2A receptor mRNA expression is increased in rat 

striatum and nucleus accumbens after memantine administration. Brain Res Mol Brain 

Res. 2004;120(2):193-6. 

Mascalchi M. Spinocerebellar ataxias. Neurol Sci. 2008;29 Suppl 3:311-3. 

McGaraughty S, Cowart M, Jarvis MF. Recent developments in the discovery of novel 

adenosine kinase inhibitors: mechanism of action and therapeutic potential. CNS Drug 

Rev. 2001;7(4):415-32. 

Merighi S, Mirandola P, Milani D, Varani K, Gessi S, Klotz KN, Leung E, Baraldi PG, 

Borea PA. Adenosine receptors as mediators of both cell proliferation and cell death of 

cultured human melanoma cells. J Invest Dermatol. 2002;119(4):923-33. 

Merighi S, Mirandola P, Varani K, Gessi S, Leung E, Baraldi PG, Tabrizi MA, Borea 

PA. A glance at adenosine receptors: novel target for antitumor therapy. Pharmacol 

Ther. 2003;100(1):31-48. 

Merighi S, Benini A, Mirandola P, Gessi S, Varani K, Leung E, Maclennan S, Baraldi 

PG, Borea PA. Hypoxia inhibits paclitaxel-induced apoptosis through adenosine-

mediated phosphorylation of bad in glioblastoma cells. Mol Pharmacol. 

2007;72(1):162-72. 

Metzler M, Gan L, Wong TP, Liu L, Helm J, Liu L, Georgiou J, Wang Y, Bissada N, 

Cheng K, Roder JC, Wang YT, Hayden MR. NMDA receptor function and NMDA 

receptor-dependent phosphorylation of huntingtin  is altered by the endocytic protein 

HIP1. J Neurosci. 2007;27(9):2298-308. 

Milnerwood AJ, Raymond LA. Corticostriatal synaptic function in mouse models of 

Huntington's disease: early  effects of huntingtin repeat length and protein load. J 

Physiol. 2007;585(Pt 3):817-31. 

Mochel F, Charles P, Seguin F, Barritault J, Coussieu C, Perin L, Le Bouc Y, Gervais 

C, Carcelain G, Vassault A, Feingold J, Rabier D, Durr A. Early energy deficit in 

Huntington disease: identification of a plasma biomarker  traceable during disease 

progression. PLoS ONE. 2007;2(7):e647. 

Moore KA, Nicoll RA, Schmitz D. Adenosine gates synaptic plasticity at hippocampal 

mossy fiber synapses. Proc Natl Acad Sci U S A. 2003;100(24):14397-402. 

Moro S, Gao ZG, Jacobson KA, Spalluto G. Progress in the pursuit of therapeutic 

adenosine receptor antagonists. Med Res Rev. 2006;26(2):131-59. 

Morton AJ, Leavens W. Mice transgenic for the human Huntington's disease mutation 

have reduced sensitivity to kainic acid toxicity. Brain Res Bull. 2000;52(1):51-9. 



 174

Mozzicato S, Joshi BV, Jacobson KA, Liang BT. Role of direct RhoA-phospholipase 

D1 interaction in mediating adenosine-induced protection from cardiac ischemia. 

FASEB J. 2004;18(2):406-8. 

Mullard A, Cowan CM, Raymond LA, Drisdel RC, Green WN, Ravikumar B, 

Rubinsztein DC, El-Husseini A, Hayden MR. Palmitoylation of huntingtin by HIP14 is 

essential for its trafficking and function. Nat Neurosci. 2006;9(6):824-31.  

Munson PJ, Rodbard D. Ligand: a versatile computerized approach for characterization 

of ligand-binding systems. Anal Biochem. 1980;107(1):220-39. 

Oliveira JM, Chen S, Almeida S, Riley R, Gonçalves J, Oliveira CR, Hayden MR, 

Nicholls DG, Ellerby LM, Rego AC. Mitochondrial-dependent Ca2+ handling in 

Huntington's disease striatal cells: effect of histone deacetylase inhibitors. J Neurosci. 

2006;26(43):11174-86. 

Pan HL, Xu Z, Leung E, Eisenach JC. Allosteric adenosine modulation to reduce 

allodynia. Anesthesiology. 2001;95(2):416-20. 

Pandolfo M. The molecular basis of Friedreich ataxia. Adv Exp Med Biol. 2002;516:99-

118. 

Parasassi T, Gratton E, Yu WM, Wilson P, Levi M. Two-photon fluorescence 

microscopy of laurdan generalized polarization domains in model and natural 

membranes. Biophys J. 1997;72(6):2413-29. 

Parker JA, Arango M, Abderrahmane S, Lambert E, Tourette C, Catoire H, Néri C. 

Resveratrol rescues mutant polyglutamine cytotoxicity in nematode and mammalian 

neurons. Nat Genet. 2005;37(4):349-50. 

Parkinson FE, Sinclair CJ, Othman T, Haughey NJ, Geiger JD. Differences between rat 

primary cortical neurons and astrocytes in purine release evoked by ischemic 

conditions. Neuropharmacology. 2002;43(5):836-46. 

Parsons B, Togasaki DM, Kassir S, Przedborski S. Neuroleptics up-regulate adenosine 

A2a receptors in rat striatum: implications for the mechanism and the treatment of 

tardive dyskinesia. J Neurochem. 1995;65(5):2057-64. 

Pavese N, Andrews TC, Brooks DJ, Ho AK, Rosser AE, Barker RA, Robbins TW, 

Sahakian BJ, Dunnett SB, Piccini P. Progressive striatal and cortical dopamine receptor 

dysfunction in Huntington's disease: a PET study. Brain. 2003;126(Pt 5):1127-35. 

Peart JN, Headrick JP. Adenosine-mediated early preconditioning in mouse: protective 

signaling and concentration dependent effects. Cardiovasc Res. 2003;58(3):589-601. 

Peart JN, Headrick JP. Adenosinergic cardioprotection: multiple receptors, multiple 

pathways. Pharmacol Ther. 2007;114(2):208-21. 



 175

Pinna A, Wardas J, Simola N, Morelli M. New therapies for the treatment of 

Parkinson's disease: adenosine A2A receptor antagonists. Life Sci. 2005;77(26):3259-

67. 

Pinto-Duarte A, Coelho JE, Cunha RA, Ribeiro JA, Sebastião AM. Adenosine A2A 

receptors control the extracellular levels of adenosine through modulation of nucleoside 

transporters activity in the rat hippocampus. J Neurochem. 2005;93(3):595-604. 

Poon A, Sawynok J. Antinociceptive and anti-inflammatory properties of an adenosine 

kinase inhibitor and an adenosine deaminase inhibitor. Eur J Pharmacol. 1999;384(2-

3):123-38. 

Popoli P, Pintor A, Domenici MR, Frank C, Tebano MT, Pèzzola A, Scarchilli L, 

Quarta D, Reggio R, Malchiodi-Albedi F, Falchi M, Massotti M. Blockade of striatal 

adenosine A2A receptor reduces, through a presynaptic mechanism, quinolinic acid-

induced excitotoxicity: possible relevance to neuroprotective interventions in 

neurodegenerative diseases of the striatum. J Neurosci. 2002;22(5):1967-75. 

Portera-Cailliau C, Hedreen JC, Price DL, Koliatsos VE. Evidence for apoptotic cell 

death in Huntington disease and excitotoxic animal models. J Neurosci. 1995;15(5 Pt 

2):3775-87. 

Pospísil M, Hofer M, Vacek A, Netíková J, Holá J, Znojil V, Weiterová L. Drugs 

elevating extracellular adenosine enhance cell cycling of hematopoietic progenitor cells 

as inferred from the cytotoxic effects of 5-fluorouracil. Exp Hematol. 2001;29(5):557-

62. 

Powers WJ, Haas RH, Le T, Videen TO, Hershey T, McGee-Minnich L, Perlmutter JS. 

Normal platelet mitochondrial complex I activity in Huntington's disease. Neurobiol 

Dis. 2007;27(1):99-101. 

Reiner A, Albin RL, Anderson KD, D'Amato CJ, Penney JB, Young AB. Differential 

loss of striatal projection neurons in Huntington disease. Proc Natl Acad Sci U S A. 

1988;85(15):5733-7. 

Rego AC, Oliveira CR. Mitochondrial dysfunction and reactive oxygen species in 

excitotoxicity and apoptosis: implications for the pathogenesis of neurodegenerative 

diseases. Neurochem Res. 2003;28(10):1563-74. 

Ribeiro JA, Sebastião AM, de Mendonça A. Adenosine receptors in the nervous system: 

pathophysiological implications. Prog Neurobiol. 2002;68(6):377-92. 

Rigamonti D, Bauer JH, De-Fraja C, Conti L, Sipione S, Sciorati C, Clementi E, 

Hackam A, Hayden MR, Li Y, Cooper JK, Ross CA, Govoni S, Vincenz C, Cattaneo E. 

Wild-type huntingtin protects from apoptosis upstream of caspase-3. J Neurosci. 

2000;20(10):3705-13. 



 176

Rigamonti D, Sipione S, Goffredo D, Zuccato C, Fossale E, Cattaneo E. Huntingtin's 

neuroprotective activity occurs via inhibition of procaspase-9 processing. J Biol Chem. 

2001;276(18):14545-8. 

Roscoe AK, Christensen JD, Lynch C 3rd. Isoflurane, but not halothane, induces 

protection of human myocardium via adenosine A1 receptors and adenosine 

triphosphate-sensitive potassium channels. Anesthesiology. 2000;92(6):1692-701. 

Ross, CA. When more is less: pathogenesis of glutamine repeat neurodegenerative 

diseases. Neuron. 1995;15:493–496. 

Rovati GE. Ligand-binding studies: old beliefs and new strategies. Trends Pharmacol 

Sci. 1998;19(9):365-9. 

Saft C, Zange J, Andrich J, Müller K, Lindenberg K, Landwehrmeyer B, Vorgerd M, 

Kraus PH, Przuntek H, Schöls L. Mitochondrial impairment in patients and 

asymptomatic mutation carriers of Huntington's disease. Mov Disord. 2005;20(6):674-9. 

Sánchez-Pernaute R, Künig G, del Barrio Alba A, de Yébenes JG, Vontobel P, 

Leenders KL. Bradykinesia in early Huntington's disease. Neurology. 2000;54(1):119-

25. 

Sandner-Kiesling A, Li X, Eisenach JC. Morphine-induced spinal release of adenosine 

is reduced in neuropathic rats. Anesthesiology. 2001;95(6):1455-9. 

Sapp E, Penney J, Young A, Aronin N, Vonsattel JP, DiFiglia M. Axonal transport of 

N-terminal huntingtin suggests early pathology of corticostriatal projections in 

Huntington disease. J Neuropathol Exp Neurol. 1999;58(2):165-73. 

Schilling B, Gafni J, Torcassi C, Cong X, Row RH, LaFevre-Bernt MA, Cusack MP, 

Ratovitski T, Hirschhorn R, Ross CA, Gibson BW, Ellerby LM. Huntingtin 

phosphorylation sites mapped by mass spectrometry. Modulation of cleavage and 

toxicity. J Biol Chem. 2006;281(33):23686-97.   

Schulte G, Fredholm BB. Signalling from adenosine receptors to mitogen-activated 

protein kinases. Cell Signal. 2003;15(9):813-27. 

Seong IS, Ivanova E, Lee JM, Choo YS, Fossale E, Anderson M, Gusella JF, Laramie 

JM, Myers RH, Lesort M, MacDonald ME. HD CAG repeat implicates a dominant 

property of huntingtin in mitochondrial energy metabolism. Hum Mol Genet. 

2005;14(19):2871-80. 

Shin JY, Fang ZH, Yu ZX, Wang CE, Li SH, Li XJ. Expression of mutant huntingtin in 

glial cells contributes to neuronal excitotoxicity. J Cell Biol. 2005 Dec 19;171(6):1001-

12. Erratum in: J Cell Biol. 2006;172(6):953. 



 177

Sieradzan KA, Mann DM. The selective vulnerability of nerve cells in Huntington's 

disease. Neuropathol Appl Neurobiol. 2001;27(1):1-21. 

Simon DK, Swearingen CJ, Hauser RA, Trugman JM, Aminoff MJ, Singer C, Truong 

D, Tilley BC; NET-D Investigators. Caffeine and progression of Parkinson disease. Clin 

Neuropharmacol. 2008;31(4):189-96. 

Smith R, Brundin P, Li JY. Synaptic dysfunction in Huntington's disease: a new 

perspective. Cell Mol Life Sci. 2005;62(17):1901-12. 

Squitieri F, Andrew SE, Goldberg YP, Kremer B, Spence N, Zeisler J, Nichol K,  

Theilmann J, Greenberg J, Goto J, et al. DNA haplotype analysis of Huntington disease 

reveals clues to the origins and mechanisms of CAG expansion and reasons for 

geographic variations of prevalence. Hum Mol Genet. 1994;3(12):2103-14. 

Squitieri F, Cannella M, Giallonardo P, Maglione V, Mariotti C, Hayden MR. Onset 

and pre-onset studies to define the Huntington's disease natural history. Brain Res Bull. 

2001;56(3-4):233-8. 

Squitieri F, Gellera C, Cannella M, Mariotti C, Cislaghi G, Rubinsztein DC, Almqvist 

EW, Turner D, Bachoud-Lévi AC, Simpson SA, Delatycki M, Maglione V, Hayden 

MR, Donato SD. Homozygosity for CAG mutation in Huntington disease is associated 

with a more severe clinical course. Brain. 2003;126(Pt 4):946-55. 

Squitieri F, Cannella M, Sgarbi G, Maglione V, Falleni A, Lenzi P, Baracca A, Cislaghi 

G, Saft C, Ragona G, Russo MA, Thompson LM, Solaini G, Fornai F. Severe 

ultrastructural mitochondrial changes in lymphoblasts homozygous for Huntington 

disease mutation. Mech Ageing Dev. 2006;127(2):217-20. 

Stack EC, Dedeoglu A, Smith KM, Cormier K, Kubilus JK, Bogdanov M, Matson WR, 

Yang L, Jenkins BG, Luthi-Carter R, Kowall NW, Hersch SM, Beal MF, Ferrante RJ. 

Neuroprotective effects of synaptic modulation in Huntington's disease R6/2 mice. J 

Neurosci. 2007;27(47):12908-15. 

Starling AJ, André VM, Cepeda C, de Lima M, Chandler SH, Levine MS. Alterations in 

N-methyl-D-aspartate receptor sensitivity and magnesium blockade occur early in 

development in the R6/2 mouse model of Huntington's disease. J Neurosci Res. 

2005;82(3):377-86. 

Steffan JS, Agrawal N, Pallos J, Rockabrand E, Trotman LC, Slepko N, Illes K, 

Lukacsovich T, Zhu YZ, Cattaneo E, Pandolfi PP, Thompson LM, Marsh JL. SUMO 

modification of Huntingtin and Huntington's disease pathology. Science. 

2004;304(5667):100-4.   

Stott K, Blackburn JM, Butler PJ, Perutz M. Incorporation of glutamine repeats makes 

protein oligomerize: implications for neurodegenerative diseases. Proc Natl Acad Sci U 

S A. 1995;92(14):6509-13.               



 178

Sun B, Fan W, Balciunas A, Cooper JK, Bitan G, Steavenson S, Denis PE, Young Y, 

Adler B, Daugherty L, Manoukian R, Elliott G, Shen W, Talvenheimo J, Teplow DB, 

Haniu M, Haldankar R, Wypych J, Ross CA, Citron M, Richards WG. Polyglutamine 

repeat length-dependent proteolysis of huntingtin. Neurobiol Dis. 2002;11(1):111-22. 

Svenningsson P, Fourreau L, Bloch B, Fredholm BB, Gonon F, Le Moine C. Opposite 

tonic modulation of dopamine and adenosine on c-fos gene expression in striatopallidal 

neurons. Neuroscience. 1999;89(3):827-37. 

Svenningsson P, Lindskog M, Ledent C, Parmentier M, Greengard P, Fredholm BB,  

Fisone G. Regulation of the phosphorylation of the dopamine- and cAMP-regulated 

phosphoprotein of 32 kDa in vivo by dopamine D1, dopamine D2, and adenosine A2A 

receptors. Proc Natl Acad Sci U S A. 2000;97(4):1856-60. 

Tabrizi SJ, Cleeter MW, Xuereb J, Taanman JW, Cooper JM, Schapira AH. 

Biochemical abnormalities and excitotoxicity in Huntington's disease brain. Ann 

Neurol. 1999;45(1):25-32. 

Tang TS, Tu H, Chan EY, Maximov A, Wang Z, Wellington CL, Hayden MR, 

Bezprozvanny I. Huntingtin and huntingtin-associated protein 1 influence neuronal 

calcium signaling mediated by inositol-(1,4,5) triphosphate receptor type 1. Neuron. 

2003;39(2):227-39. 

The Huntington's Disease Collaborative Research Group. A novel gene containing a 

trinucleotide repeat that is expanded and unstable on Huntington's disease 

chromosomes.. Cell. 1993;72(6):971-83. 

Tomiyama M, Kimura T, Maeda T, Tanaka H, Kannari K, Baba M. Upregulation of 

striatal adenosine A2A receptor mRNA in 6-hydroxydopamine-lesioned rats 

intermittently treated with L-DOPA. Synapse. 2004;52(3):218-22. 

Trouillas P, Takayanagi T, Hallett M, Currier RD, Subramony SH, Wessel K, Bryer A, 

Diener HC, Massaquoi S, Gomez CM, Coutinho P, Ben Hamida M, Campanella G, 

Filla A, Schut L, Timann D, Honnorat J, Nighoghossian N, Manyam B. International 

Cooperative Ataxia Rating Scale for pharmacological assessment of the cerebellar 

syndrome. The Ataxia Neuropharmacology Committee of the World Federation of 

Neurology. J Neurol Sci. 1997;145(2):205-11. 

Turmaine M, Raza A, Mahal A, Mangiarini L, Bates GP, Davies SW. Nonapoptotic 

neurodegeneration in a transgenic mouse model of Huntington's disease. Proc Natl Acad 

Sci U S A. 2000;97(14):8093-7. 

Turner C, Cooper JM, Schapira AH. Clinical correlates of mitochondrial function in 

Huntington's disease muscle. Mov Disord. 2007;22(12):1715-21. 

Valenza M, Rigamonti D, Goffredo D, Zuccato C, Fenu S, Jamot L, Strand A, Tarditi 

A, Woodman B, Racchi M, Mariotti C, Di Donato S, Corsini A, Bates G, Pruss R, 



 179

Olson JM, Sipione S, Tartari M, Cattaneo E. Dysfunction of the cholesterol biosynthetic 

pathway in Huntington's disease. J Neurosci. 2005;25(43):9932-9. 

Van den Berge M, Kerstjens HA, de Reus DM, Kauffman HF, Koëter GH, Postma DS. 

Provocation with adenosine 5'-monophosphate increases sputum eosinophils. Chest. 

2003;123(3 Suppl):417S. 

Van Dongen HP, Price NJ, Mullington JM, Szuba MP, Kapoor SC, Dinges DF. 

Caffeine eliminates psychomotor vigilance deficits from sleep inertia. Sleep. 

2001;24(7):813-9. 

Van Oostrom JC, Maguire RP, Verschuuren-Bemelmans CC, Veenma-van der Duin L, 

Pruim J, Roos RA, Leenders KL. Striatal dopamine D2 receptors, metabolism, and 

volume in preclinical Huntington disease. Neurology. 2005;65(6):941-3. 

Varani K, Gessi S, Dalpiaz A, Ongini E, Borea PA. Characterization of A2A adenosine 

receptors in human lymphocyte membranes by [
3
H]-SCH 58261 binding. Br J 

Pharmacol. 1997;122(2):386-92. 

Varani K, Gessi S, Dionisotti S, Ongini E, Borea PA. [
3
H]-SCH 58261 labelling of 

functional A2A adenosine receptors in human neutrophil membranes. Br J Pharmacol. 

1998;123(8):1723-31. 

Varani K, Gessi S, Caiazza A, Rastelli G, Portaluppi F, Borea PA. Platelet alpha2-

adrenoceptor alterations in patients with essential hypertension. Br J Clin Pharmacol. 

1999;47(2):167-72. 

Varani K, Merighi S, Gessi S, Klotz KN, Leung E, Baraldi PG, Cacciari B, Romagnoli 

R, Spalluto G, Borea PA. [
3
H]MRE 3008F20: a novel antagonist radioligand for the 

pharmacological and biochemical characterization of human A3 adenosine receptors. 

Mol Pharmacol. 2000;57(5):968-75. 

Varani K, Laghi-Pasini F, Camurri A, Capecchi PL, Maccherini M, Diciolla F, 

Ceccatelli L, Lazzerini PE, Ulouglu C, Cattabeni F, Borea PA, Abbracchio MP. 

Changes of peripheral A2A adenosine receptors in chronic heart failure and cardiac 

transplantation. FASEB J. 2003;17(2):280-2. 

Varani K, Gessi S, Merighi S, Vincenzi F, Cattabriga E, Benini A, Klotz KN, Baraldi 

PG, Tabrizi MA, Lennan SM, Leung E, Borea PA. Pharmacological characterization of 

novel adenosine ligands in recombinant and native human A2B receptors. Biochem 

Pharmacol. 2005;70(11):1601-12. 

Varani K, Caramori G, Vincenzi F, Adcock I, Casolari P, Leung E, Maclennan S, Gessi 

S, Morello S, Barnes PJ, Ito K, Chung KF, Cavallesco G, Azzena G, Papi A, Borea PA. 

Alteration of adenosine receptors in patients with chronic obstructive pulmonary  

disease. Am J Respir Crit Care Med. 2006;173(4):398-406. 



 180

Vonsattel JP, DiFiglia M. Huntington disease. J Neuropathol Exp Neurol. 

1998;57(5):369-84. 

Wellington, C.L., Singaraja, R., Ellerby, L., Savill, J., Roy, S., Leavitt, B., Cattaneo, E., 

Hackam A, Sharp A, Thornberry N, Nicholson DW, Bredesen DE, Hayden MR. 

Inhibiting caspase cleavage of Huntingtin reduces toxicity and aggregate formation in 

neuronal and nonneuronal cells. J. Biol. Chem. 2000;275:19831–19838. 

Weydt P, Pineda VV, Torrence AE, Libby RT, Satterfield TF, Lazarowski ER, Gilbert 

ML, Morton GJ, Bammler TK, Strand AD, Cui L, Beyer RP, Easley CN, Smith AC, 

Krainc D, Luquet S, Sweet IR, Schwartz MW, La Spada AR. Thermoregulatory and 

metabolic defects in Huntington's disease transgenic mice implicate PGC-1alpha in 

Huntington's disease neurodegeneration. Cell Metab. 2006;4(5):349-62.    

Willems L, Ashton KJ, Headrick JP. Adenosine-mediated cardioprotection in the aging 

myocardium. Cardiovasc Res. 2005;66(2):245-55. 

Wyttenbach A, Carmichael J, Swartz J, Furlong RA, Narain Y, Rankin J, Rubinsztein 

DC. Effects of heat shock, heat shock protein 40 (HDJ-2), and proteasome inhibition on 

protein aggregation in cellular models of Huntington's disease. Proc Natl Acad Sci U S 

A. 2000;97(6):2898-903.  

Yamamoto A, Cremona ML, Rothman JE. Autophagy-mediated clearance of huntingtin 

aggregates triggered by the insulin-signaling pathway. J Cell Biol. 2006;172(5):719-31. 

Yanai A, Huang K, Kang R, Singaraja RR, Arstikaitis P, Gan L, Orban PC, Zeitlin S, 

Liu JP, Chapman DL, Papaioannou VE, Efstratiadis A. Increased apoptosis and early 

embryonic lethality in mice nullizygous for the Huntington's disease gene homologue. 

Nat Genet. 1995;11(2):155-63. 

Zhang Y, Leavitt BR, van Raamsdonk JM, Dragatsis I, Goldowitz D, MacDonald ME, 

Hayden MR, Friedlander RM. Huntingtin inhibits caspase-3 activation. EMBO J. 

2006;25(24):5896-906. 

Zimmermann H. Extracellular metabolism of ATP and other nucleotides. Naunyn 

Schmiedebergs Arch Pharmacol. 2000;362(4-5):299-309. 

Zoghbi HY, Orr HT. Glutamine repeats and neurodegeneration. Annu Rev Neurosci. 

2000;23:217-47. 

Zuccato C, Tartari M, Crotti A, Goffredo D, Valenza M, Conti L, Cataudella T, Leavitt 

BR, Hayden MR, Timmusk T, Rigamonti D, Cattaneo E. Huntingtin interacts with 

REST/NRSF to modulate the transcription of NRSE-controlled neuronal genes. Nat 

Genet. 2003;35(1):76-83. 

 



 181

CURRICULUM VITAE 

 

2004  Degree in Biological Sciences at the University of Ferrara. 

2004 - 2006 Fellowship at the Department of Clinical and Experimental Medicine, 

Section of Pharmacology, University of Ferrara. 

2006-2008 PhD Student in "Pharmacology and Molecular Oncology", Department of 

Clinical and Experimental Medicine, Section of Pharmacology, University of Ferrara.  

From 01/01/2009 - Research Fellowship at the Department of Clinical and Experimental 

Medicine, Section of Pharmacology, University of Ferrara. 



 182



 183

LIST OF PUBLICATIONS 

 

Varani K, Portaluppi F, Gessi S, Merighi S, Vincenzi F, Cattabriga E, Dalpiaz A, 

Bortolotti F, Belardinelli L, Borea PA. Caffeine intake induces an alteration in human 

neutrophil A2A adenosine receptors. Cell Mol Life Sci. 2005;62(19-20):2350-8. 

 

Varani K, Gessi S, Merighi S, Vincenzi F, Cattabriga E, Benini A, Klotz KN, Baraldi 

PG, Tabrizi MA, Lennan SM, Leung E, Borea PA. Pharmacological characterization of 

novel adenosine ligands in recombinant and native human A2B receptors. Biochem 

Pharmacol. 2005;70(11):1601-12. 

 

Baraldi PG, Pavani MG, Leung E, Moorman AR, Varani K, Vincenzi F, Borea PA, 

Romagnoli R. Synthesis and biological characterization of [3H] (2-amino-4,5,6,7-

tetrahydrobenzo[b]thiophen-3-yl)-(4-chlorophenyl)-methanone, the first radiolabelled 

adenosine A1 allosteric enhancer. Bioorg Med Chem Lett. 2006;16(5):1402-4. 

 

Varani K, Caramori G, Vincenzi F, Adcock I, Casolari P, Leung E, Maclennan S, Gessi 

S, Morello S, Barnes PJ, Ito K, Chung KF, Cavallesco G, Azzena G, Papi A, Borea PA. 

Alteration of adenosine receptors in patients with chronic obstructive pulmonary  

disease. Am J Respir Crit Care Med. 2006;173(4):398-406. 

 

Stasi MA, Borsini F, Varani K, Vincenzi F, Di Cesare MA, Minetti P, Ghirardi O, 

Carminati P. ST 1535: a preferential A2A adenosine receptor antagonist. Int J 

Neuropsychopharmacol. 2006;9(5):575-84. 

 

Varani K, De Mattei M, Vincenzi F, Gessi S, Merighi S, Pellati A, Ongaro A, Caruso 

A, Cadossi R, Borea PA. Characterization of adenosine receptors in bovine 

chondrocytes and fibroblast-like synoviocytes exposed to low frequency low energy 

pulsed electromagnetic fields. Osteoarthritis Cartilage. 2008;16(3):292-304. 

 

Morizzo E, Capelli F, Lenzi O, Catarzi D, Varano F, Filacchioni G, Vincenzi F, Varani 

K, Borea PA, Colotta V, Moro S. Scouting human A3 adenosine receptor antagonist 

binding mode using a molecular simplification approach: from triazoloquinoxaline to a 

pyrimidine skeleton as a key study. J Med Chem. 2007;50(26):6596-606. 

 

Varani K, Surprenant A, Vincenzi F, Tosi A, Gessi S, Merighi S, Borea PA. Binding 

thermodynamic characterization of human P2X1 and P2X3 purinergic receptors. 

Biochem Pharmacol. 2008;75(5):1198-208. 

 

Varani K, De Mattei M, Vincenzi F, Tosi A, Gessi S, Merighi S, Pellati A, Masieri F, 

Ongaro A, Borea PA. Pharmacological characterization of P2X1 and P2X3 purinergic 

receptors in bovine chondrocytes. Osteoarthritis Cartilage. 2008;16(11):1421-9. 

 



 184

De Mattei M, Varani K, Masieri FF, Pellati A, Ongaro A, Fini M, Cadossi R, Vincenzi 

F, Borea PA, Caruso A. Adenosine analogs and electromagnetic fields inhibit 

prostaglandin E(2) release in bovine synovial fibroblasts. Osteoarthritis Cartilage. 

2008;in press. 

 

Romagnoli R, Baraldi PG, Carrion MD, Cara CL, Cruz-Lopez O, Iaconinoto MA, Preti 

D, Shryock JC, Moorman AR, Vincenzi F, Varani K, Andrea Borea P. Synthesis and 

biological evaluation of 2-amino-3-(4-chlorobenzoyl)-4-[N-(substituted) piperazin-1-

yl]thiophenes as potent allosteric enhancers of the A1 adenosine receptor. J Med Chem. 

2008;51(18):5875-9. 

 

Colotta V, Capelli F, Lenzi O, Catarzi D, Varano F, Poli D, Vincenzi F, Varani K, 

Borea PA, Dal Ben D, Volpini R, Cristalli G, Filacchioni G. Novel potent and highly 

selective human A(3) adenosine receptor antagonists belonging to the 4-amido-2-

arylpyrazolo[3,4-c]quinoline series: molecular docking analysis and pharmacological 

studies. Bioorg Med Chem. 2009;17(1):401-10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 185

MEETINGS 

 

Varani K, Caramori G, Casolari P, Pancaldi C, Vincenzi F, Adcock IM, Chung KF, 

Barnes PJ, Cavallesco G, Azzena G, Borea PA, Papi A. Expression of adenosine 

receptors in the peripheral lung from COPD patients. American Thoracic Society 2005. 

San Diego (USA) 20/05/2005-25/05/2005. 

 

Varani K, Portaluppi F, Gessi S, Merighi S, Iannotta V, Vincenzi F, Benini A, 

Cattabriga E, Dalpiaz A, Belardinelli L, Borea PA. Effect of chronic caffeine intake on 

A2A adenosine receptors in human neutrophils. 32° Congresso Nazionale della Società 

Italiana di Farmacologia. Napoli (Italy) 1/06/2005-4/06/2005. 

 

Borea PA, Varani K, Gessi S, Merighi S, Vincenzi F, Benini A, Cattabriga E, Baraldi 

PG. [3H]MRE2029F20 a new selective antagonist radioligand for the human A2B 

adenosine receptors. 32° Congresso Nazionale della Società Italiana di Farmacologia. 

Napoli (Italy) 1/06/2005-4/06/2005. 

 

Varani K, Portaluppi F, Gessi S, Merighi S, Vincenzi F, Benini A, Cattabriga E, 

Dalpiaz A, Belardinelli L, Borea PA. Effect of chronic caffeine intake on A2A 

adenosine receptors in human neutrophils. First Joint Italian-German Purine Club 

Meeting. Chieti (Italy) 18/09/2005-20/09/2005. 

 

Vincenzi F, Varani K, Caramori G, Tosi A, Gessi S, Merighi S, Fogli E, Sacchetto V, 

Simioni C, Papi A, Borea PA. M3 muscarinic receptors in peripheral lung parenchima 

of patients with chronic obstructive pulmonary disease. 33° Congresso Nazionale della 

Società Italiana di Farmacologia. Cagliari (Italy) 6/06/2007-9/06/2007. 

 

Tosi A, Varani K, Vincenzi F, Gessi S, Merighi S, Fogli E, Sacchetto V, Simioni C, De 

Mattei M, Caruso A, Borea PA. Pharmacological characterization of adenosine 

receptors in bovine chondrocytes. 33° Congresso Nazionale della Società Italiana di 

Farmacologia. Cagliari (Italy). 6/06/2007-9/06/2007. 

 

Varani K, De Mattei M, Vincenzi F, Gessi S, Merighi S, Tosi A, Pellati A, Ongaro A, 

Caruso A, Cadossi R, Borea PA. Adenosine receptors in bovine chondrocytes and 

fibroblast-like synoviocytes. Second Joint Italian-German Purine Club Meeting. Leipzig 

(Germany) 12/09/2007-15/09/2007. 

 

 

 

 

 

 

 



 186



 187

ACKNOWLEDGEMENTS 

 

 
 

Special gratitude are due to the Hereditary Disease Foundation (New York, USA) and 

the Telethon Foundation for the financial support in this research project. 

 

The research described in this thesis was carried out in the Laboratory of Cellular and 

Molecular Pharmacology, Institute of Pharmacology, Department of Clinical and 

Experimental Medicine, University of Ferrara. 

 

I wish to express my sincere gratitude to my supervisors Professor Pier Andrea Borea 

and Professor Katia Varani for their continuous support, their valuable advices and 

constant encouragement. 

 

Special thanks are due to Mr. Giuliano Marzola for his technical assistance. 

 


