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II Summary

Parkinson’s disease (PD) is a common neurodegenerative disorder that is characterised by the 

selective loss of dopamine (DA) neurons within the substantia nigra pars compacta and results in 

reduced striatal DA input culminating in motor dysfunction characteristic of Parkinsonian 

disorders. Much of our understanding of the pathologies underlying PD have been obtained from 

neurotoxin-based animal models such as the 6-hydroxydopamine (6-OHDA) model. In addition, 

neuroinflammation is now recognised as a key contributor to the progression of many chronic 

neurodegenerative disorders such as PD, Alzheimer’s disease and multiple sclerosis and is driven 

by the activation of glial cells, particularly microglia. As such, the bacterial endotoxin and 

inflammatory stimulus lipopolysaccharide (LPS) may be used to induce degeneration of DA 

neurons in the substantia nigra to model the inflammatory changes observed in PD. In recent years 

there has been an additional focus on the degeneration of noradrenaline (NA) neurons within the 

locus coeruleus (LC), the main NA cell body region within the midbrain, which is suspected to 

contribute to the aetiology and pathophysiology of neurodegenerative diseases. LC neuronal death 

is evident in PD, and a loss of NA appears to exacerbate the demise of DA neurons, whilst 

mechanisms to enhance NA tone may provide neuroprotective, anti-inflammatory and 

compensatory roles. NA is the endogenous ligand for adrenergic signalling in the brain and there 

is growing interest in the P2-adrenoceptor as a target to prevent neurodegeneration. This is due to 

the fact that stimulation of glial P2-adrenoceptors induces the expression of neurotrophic factors 

and promotes an anti-inflammatory phenotype. Thus, pharmacotherapies aimed at modulating 

brain NA concentrations may prove efficacious in treating inflammation-derived 

neurodegeneration.

Because denervation of the LC is commonly so profound in cases of PD, and NA depletion 

exacerbates DA neuronal loss and potentiates the motor deficiencies native to the Parkinsonian 

state, we sought to assess the implications of administration of the NA neurotoxin DSP-4, and 

DSP-4-derived NA loss, on neuropathology and related motor dysfunction in rodent models of 

PD. DSP-4 treatment resulted in a reduction in nigral and striatal NA concentrations thus 

confirming a lesion to the NA system. However, this NA loss did not potentiate motor 

impairments induced by intranigral LPS, intrastriatal 6-OHDA or a combination of LPS/6- 

OHDA, but instead seemed to sensitise rats to intranigral LPS lesion-induced deficits in motor 

function, e.g., deficits in forelimb akinesia, limb-use asymmetry and skilled motor function. In 

addition, DSP-4 treatment potentiated the LPS-induced increase in nigral IL-lp expression and 

decrease in DA concentration. These findings are indicative of the modulatory influence that NA 

and the LC have in an inflammatory environment and that loss of NA may contribute to 

inflammation-derived degeneration of DA neurons with implications for disease-related motor



symptoms.

As this study supports the notion that drugs aimed at modulating NA tone may provide relief from 

inflammation-induced neurodegeneration, we sought to assess the impact of treatment with the 

NA re-uptake inhibitor atomoxetine and the a2-adrenoceptor antagonist idazoxan in animal 

models of PD. Here, concurrent treatment with atomoxetine and idazoxan, a combination which 

serves to enhance the extrasynaptic availability of NA, exerts anti-inflammatory effects in the 

LPS and LPS/6-OHDA models of PD. Specifically, functional deficits in motor function 

(akinesia, forelimb-use asymmetry) were partially rescued in addition to striatal DA loss. 

Atomoxetine in particular, following LPS lesion to the nigra, increased the expression of the 

growth factors BDNF, GDNF and CDNF in the nigra. Additionally, atomoxetine treatment 

suppressed LPS-induced nigral microglial activation with concurrent reductions in pro- 

inflammatory TNF-a expression, evident of an anti-inflammatory action. Moreover these effects 

of NA were mediated, at least in part, through stimulation of the P2-AR as pre-treatment with the 

selective P2-AR antagonist ICl 118,551 prevented the atomoxetine-induced increase in DA 

concentration and improvements in motor function in the stepping and cylinder tests. Considering 

these results, we further sought to determine if direct P2-AR stimulation with the long-acting 

sympathomimetic agonists, clenbuterol and formoterol could mimic the anti-inflammatory effects 

of atomoxetine treatment observed in the LPS model of PD. Treatment with the selective P2-AR 

agonist clenbuterol or formoterol protected against LPS-induced DA cell death with animals in 

both treatment groups displaying overt improvements in motor function. Specifically, clenbuterol 

treatment attenuated LPS-induced reductions in nigral DA concentrations and labelling of 

tyrosine-hydroxylase-immunopositive cells and suppressed pro-inflammatory lL-6 and TNF-a 

expression in the nigra. An increase in the expression of trophic factors, NGF and GDNF was 

also observed in the nigra following clenbuterol treatment. Formoterol treatment additionally 

attenuated LPS-induced striatal DA loss and resulted in the expression of an array of 

trophic/protective markers (CDNF, FGF, KAT-II) in the nigra. In addition, LPS-induced nigral 

microgliosis was attenuated following formoterol treatment.

Thus, these data demonstrate that Increases in central NA tone and P2-AR activation has the 

propensity to regulate the neuroinflammatory phenotype in vivo and may act as an endogenous 

neuroprotective mechanism where inflammation contributes to the progression of DA loss. In 

accordance with this, the clinical use of agents such as NA re-uptake inhibitors, a2-AR antagonists 

and P2-AR agonists may prove useful in modulating the endogenous neuroimmunomodulatory 

potential of catecholamines like NA in conditions associated with brain inflammation.
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Chapter 1 

Introduction



1.1 Parkinson’s disease

Parkinson’s disease (PD) is the second most common progressive neurodegenerative disorder 

after Alzheimer’s disease (AD) with a prevalence of 1-2% among people over the age of 65 

(Toulouse and Sullivan, 2008). The disease can be classified as familial (fPD) (~5% of 

documented cases), due to a known causative gene (e.g. PARK) or idiopathic/sporadic (i/sPD) 

(~95% of documented cases), for which there is no identifiable cause. PD results from the 

selective loss of dopaminergic (DAergic) neurons within the substantia nigra (SN) pars compacta 

(pc) of the midbrain (Ferrer et ah, 2011). As the disease progresses there is gradual degeneration 

within the nigro-striatal pathway resulting in reduced DAergic input into the striatum culminating 

in motor dysfunction characteristic of Parkinsonian disorders (Gibb and Lees, 1991). Another 

defining characteristic of PD is the presence of Lewy bodies in select brain regions, but 

particularly in nigral DAergic neurons. Although their role in the neurodegenerative process in 

unknown, a-synuclein (a-syn) (which also plays a role in AD), is the major constituent of these 

cytoplasmic inclusions (Dickson, 2012b).

1.2.1 Symptomology

PD belongs to a greater group of disorders known as Parkinsonian disorders which are 

characterised by a clinical syndrome of motor symptoms known as Parkinsonism. Cardinal motor 

symptoms include bradykinesia (slowness of movement) or hypokinesia (poverty of movement) 

such as: reduced facial expression, difficulty with fine movements, and a slow, shuffling gait. 

Other symptoms are stiffness/rigidity and resting tremor, which usually improve on moving and 

includes the ‘pill-rolling’ movement characteristic of Parkinson’s disease (Dickson, 2012a). In 

many PD cases patients present with unilateral motor impairments such as tremor, rigidity and 

hypokinesia occurring in both sporadic and genetic forms of the disease. Despite such obvious 

asymmetrical motor manifestations data explaining this characteristic is sparse. Indeed a 

difference in vulnerability towards DAergic neuronal degeneration depending on hemispheric 

laterality is an interesting notion, if that is indeed the case.

1.2.2 Non-motor symptoms

PD patients may also experience a number of non-motor symptoms (NMS), which may appear 

before the onset of Parkinsonism in what is known as the prodromal/pre-motor phase of PD. These 

symptoms include hyposmia (Pellicano et ah, 2007), idiopathic rapid eye movement (REM) 

disorder (Iranzo et ah, 2006), constipation (Abbott et ah, 2001) and depression (Postuma et ah, 

2012). Non-motor symptoms occurring in late stage PD include mild cognitive impairment, 

dementia and hallucinations (Massano and Bhatia, 2012). As the disease progresses further, more



severe NMS may develop, including postural hypotension, dementia, psychosis and dysphagia. 

The loss of non-DAergic neurons, such as noradrenergic (NAergic) neurons originating from the 

locus coeruleus (LC), serotonergic neurons of the raphe nuclei and cholinergic neurons in the 

forebrain and brainstem, are thought to contribute to non-motor manifestations of the disease.

1.3 Pathology and pathogenesis

The major pathological feature common to all neurodegenerative Parkinsonian disorders is 

progressive degeneration of DAergic neurons projecting from the SN to the putamen within the 

basal ganglia (BG). In PD the A9 neurons of the ventrolateral region of the pars compacta are 

most affected while the dorsal and lateral regions are relatively spared. Histologically PD is 

classified by the presence of intracellular aggregates in the neuronal perikarya; termed Lewy 

bodies and in the neuronal processes where they are known as Lewy dendrites. The major protein 

constituent of these aggregates is a-syn (Dickson, 2012b, Spillantini et ah, 1998). Animal models 

of synucleinopathies have demonstrated over-expression of a-syn reduces the activity of tyrosine 

hydroxylase (TH), a key enzyme in dopamine (DA) synthesis, resulting in a marked reduction in 

nigro-striatal DA content (Maries et ah, 2003). Chaperones may reconstruct a-syn protofibrils by 

altering their protein structure leading to non-toxic protein conformations and reduced 

neurotoxicity. Furthermore, this suppresses their ability to interact with other toxic proteins, 

concomitantly preventing the activation of intracellular death pathways. Chaperones may 

however sequester in Lewy bodies thereby preventing their ability to interact with a-syn, resulting 

in the accumulation of toxic a-syn aggregates and related cellular death (Maries et al., 2003).

The driving force behind the progressive neuronal loss and protein inclusion underlying 

neurodegenerative diseases has remained elusive despite being the subject of much research. 

Several molecular and cellular changes that might be involved in the Parkinson’s 

neurodegenerative process include: abnormal protein handling, oxidative stress, mitochondrial 

dysfunction, excitotoxicity, apoptotic processes, and neuroinflammation (Hirsch and Hunot, 

2009). It is likely that the origin of iPD is multifactorial, consisting of both environmental and 

genetic factors. It is also possible that these origins vary between patients but all converge at a 

final common pathway responsible for DA cell death (Nagatsu and Sawada, 2006).

1.4 Risk- and protective- factors

As with most neurodegenerative disorders the greatest risk-factor for developing PD is age. The 

average age of onset is 55 with about 10% of PD cases being classified as early-onset (>40 years 

old). Family-history is another potential risk-factor with individuals facing an increased



risk if a parent or sibling developed the condition at a young age. PD seems to be more common 

in men than women indicating the possibility of a female hormone protective-factor. In line with 

this, women who have undergone an oophorectomy are at a higher risk of developing PD 

(Massano and Bhatia, 2012). Pastoral living and factors associated with this lifestyle such as well- 

water drinking and farming are also potential risk-factors however results from such studies are 

largely inconsistent due to confounding factor such as herbicide, insecticide, fungicide and 

pesticide exposures (Wirdefeldt et ah, 2011). Long-periods of exposure to certain heavy metals 

such as lead and copper carry an increased risk of PD development (Coon et ah, 2006, Elbaz and 

Moisan, 2008). Viral infections may be a causative Parkinsonian factor with epidemiological 

evidence demonstrating an increased associated risk in developing post-encephalitic 

Parkinsonism (PEP), which share many of the same cardinal symptoms and pathological features 

as PD, following systemic viral infections such as the H5N1 influenza-A (Jang et al., 2009). An 

inverse-correlation between PD development and drinking coffee has also been documented. 

Indeed similar associations have been observed in individuals who smoke (Powers et al., 2008). 

Strenuous exercise is also associated with a reduced risk of developing PD (Xu et al., 2010) . 

Furthermore, case-controlled studies have suggested vitamin-E intake as a potential protective- 

factor for PD (Etminan et al., 2005).

1.5 The role of the basal ganglia in movement

As previously mentioned, the major pathological feature common to all Parkinsonian disorders is 

progressive degeneration of DAergie neurons projecting from the substantia nigra pars compacta 

(SNpc) to the putamen within the BG. However, DAergie neurons of the midbrain also innervate 

other nuclei including the internal and external globus pallidus (i/e GP), the subthalamus, 

thalamus and the substantia nigra pars reticula (SNr) which have a widespread effect on other 

CNS structures including the brainstem, cerebral cortex and the autonomic nervous system. It is 

however the adaptive responses in the basal ganglia nuclei which give rise to the motor, cognitive 

and psychiatric symptoms that are witnessed in PD patients (Middleton and Strick, 2000). 

Cortical motor areas project to the putamen which form synaptic connections with medium spiny 

gamma-aminobutyric acid (GABA)-containing neurons. In addition the SN also projects to the 

striatum where it makes two kinds of synapses on dopamine Di and D2 receptors. These 

GABAergic neurons connect the striatum to BG nuclei in two distinct pathways; neurons in the 

‘direct pathway’ express dopamine Di receptors and have an inhibitory effect on the GPi/SNr. 

Neurons involved in the ‘indirect pathway’ express dopamine D2 receptors and connect the 

putamen with the GPi/SNr through connections in the GPe and subthalamic nucleus (STN). Here 

stimulation of GABAergic neurons results in inhibition of the GPe, disinhibition of the STN and



excitation of the GPi/SNr. Furthermore, it is important to note that the motor cortex can quickly 

suppress and counteract undesirable motor activation through activation of the ‘hyperdirect 

pathway’ producing early excitation of the STN and GPi nuclei, inhibiting undesired movements 

(Nambu et ah, 2002). Following ‘hyperdirect’ pathway stimulation, signals are sent through the 

‘direct pathway’ to induce GPi inhibition after which ‘indirect pathway’ activation mediates late 

GPi excitation, culminating in stop movements. It is through this inhibition and excitation of the 

thalamus (which projects to the motor cortex) that allows for fine and precise motor control. In 

PD however, there is a selective loss of ventral and lateral SNpc cells resulting in a striatal DA 

deficiency shifting the balance of this motor activity loop in favour of the ‘indirect pathway’. This 

results in excessive activation of BG output neurons, and excessive inhibition of motor systems 

giving rise to the motor impairments witnessed in PD patients (Bergman et ah, 1994, Obeso et 

ah, 2000, Breit et ah, 2007, Pahwa and Lyons, 2013). (Figure 1.1).

1.6 Genetic mutations

Various causative genes responsible for different strains of fPD have been identified; thus familial 

forms of the disease, unlike iPD, have a known primary origin. The specifics of these genetic 

mutations [numbered Parkinson disease familial type (PARK) 1 through 10], are beyond the scope 

of this thesis and not strictly relevant to the current study. It is worth mentioning however, that 

the insight they provide may offer possible mechanisms of disease pathogenesis to the more 

common form of the disorder (iPD). Briefly, PARKl and PARK4 mutations cause malformation 

of a-syn, generating insoluble neurotoxic fibrils resulting in mitochondrial complex I deficiency 

and oxidative stress (Nagatsu and Sawada, 2006). The PARK2 gene provides instructions for the 

synthesis of parkin, an E3 ubiquitin ligase, which plays an important role in proteolysis in the 

ubiquitin-proteasome system (UPS). The UPS acts as the cell’s quality control centre by directing 

damaged proteins towards the proteasome for degradation and a mutation in this gene implicates 

intracellular protein aggregation and apoptotic cell death (Shimura et al., 2001). Other causative 

mutations identified include ubiquitin carboxyl-terminal esterase LI (UCHL-1), PTEN-induced 

putative kinase l(PlNK-l), PARK7 and leucine-rich repeat kinase 2 (LRRK2); proteins which 

have ubiquitinating, antioxidant and/or other neuroprotective functions (Selkoe, 2004). Attempts 

to create genetic PD models using the aforementioned genes have been met with little success. 

Indeed, knockout models of any of the genes known to be implicated in fPD show little or no 

evidence of neurodegeneration. That being said, the A53T a-synuclein mutation, identified in 

certain cases of fPD, can be transgenetically induced in mice resulting in a motor disorder 

characterised by Lewy body-like cellular inclusions (Blesa et al., 2012). Some genetic mutations 

have been attributed to rare cases of early-onset familial PD. For example, point mutations in the



genes encoding a-syn and parkin may confer early onset and juvenile PD respectively (Steece- 

Collier et al., 2002).

Hyperdirect
pathway

Healthy
substantia nigra

Diminished 
substantia nigra in 
Parkinsons Disease

> Inhibitory 
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Figure 1.1: Basal ganglia circuitry in healthy and Parkinson's brain
The SNpc projects to the striatum where it synapses on dopamine Di and D2 receptors. These 
GABAergic neurons connect the striatum to BG nuclei in two pathways; neurons in the ‘direct 
pathway’ express dopamine Di receptors and have an inhibitory effect on the GPi/SNpr. 
Neurons involved in the ‘indirect pathway’ express dopamine D2 receptors and connect the 
putamen with the GPi/SNpr through connections in the GPe and STN. Here stimulation of 
GABAergic neurons results in inhibition of the GPe, disinhibition of the STN and excitation 
of the GPi/SNr. Furthermore, it is important that the motor cortex can quickly suppress and 
counteract undesirable motor activation. Therefore an initial signal is



transmitted through the ‘hyperdirect pathway’ producing early excitation of the STN and GPi 
nuclei inhibiting undesired movements (Nambu et al., 2002). Following ‘hyperdirect’ pathway 
stimulation, signals are sent through the ‘direct pathway’ to induce GPi inhibition after which 
‘indirect pathway’ activation mediates late GPi excitation culminating in stop movements. In PD 
however there is selective loss of ventral and lateral SNpc cells resulting in a striatal DA 
deficiency shifting the balance of this motor activity loop in favour of the ‘indirect pathway’ 
giving rise to the motor impairments witnessed in PD patients.

1.7 Animal models of PD

Despite intensive research the etiology of PD remains largely unknown. Evidence gathered from 

in vivo models have shed light on the molecular mechanisms believed to be of significance in 

disease pathology and progression by trying to capture as many hallmarks of the disease as 

possible. That being said, the ideal model would display nigro-striatal tract degeneration and 

Lewy body accumulation, reduced nigral and striatal DA concentrations, a similar disease 

pathogenesis (oxidative stress, inflammation, mitochondrial stress) and resemblances to motor 

symptoms associated with the disease. To date this has not been achieved. However, current 

models give a good approximation of many key features of the disease with their development 

and use being instrumental in the advancement of DAergic drug treatments, helping to alleviate 

debilitating motor symptoms that millions of people with PD face on a daily basis.

Here 1 will briefly discuss some of the most widely employed PD animal models which include 

the use of neurotoxins l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP) and 6- 

hydroxydopamine (6-OHDA), the gram-negative bacterium lipopolysaccharide (EPS) and 

environmental toxin (rotenone).

1.7.1 MPTP

MPTP, an analogue of the synthetic heroin, meperidine, was first discovered as a causative agent 

of PD in humans in 1985 (Villalba et al., 2009). It is typically administered by intravenous or 

subcutaneous systemic injection and readily crosses the blood-brain barrier (BBB) where it 

spontaneously oxidises to N-methyl-4-phenyl-2,3-dihydropyridinium (MPDP^-) by monoamine 

oxidase B (MAO-B) on the outer membrane of glial cells and serotonergic neurons. MPDP^- is 

then spontaneously oxidised to 1 -methyl-4-phenylpyridinium (MPP^-) where it is taken up into 

DA neurons via the dopamine transporter (DAT) present on nerve terminals. MPP+ can then be 

transported into synaptic vesicles by vesicular monoamine transporter 2 (VMAT2) or can 

accumulate in mitochondria. Within the mitochondria MPP+ inhibits complex 1 of the electron 

transport chain, resulting in the production of reaction oxygen species (ROS), cessation of 

adenosine triphosphate (ATP) production and the opening of mitochondrial permeability pores, 

releasing cytochrome c into the cytosol. Each of these outcomes contribute to dysfunction and



damage to proteins, DNA and RNA, culminating in cellular death. In addition, ROS may 

further inhibit complex 1 resulting in a vicious cytotoxic cycle. It is also theorised that MPP+ 

may displace DA from synaptic vesicles into the extracellular space where it can be 

metabolised or undergo auto-oxidation to produce other harmful toxins (Sawada et al., 2006, 

Dickson, 2012a). Brains obtained from MPTP-induced PD models exhibit pathological 

hallmarks of the disease including oxidative stress, extensive nigro-striatal DA loss and 

neuroinflammation however, they do not show signs of Lewy pathology (Blesa et al., 2012). 

Additionally, MPTP administration also results in microglial activation and increased cell 

surface major histocompatibility complex class II (MHCII) expression which can in turn 

promote CD4+ T-cell infiltration into the central nervous system (CNS) and subsequent pro- 

inflammatory cytokine release (Long-Smith et al., 2009). From a functional perspective, 

animals subject to MPTP administration, particularly non-human primates, exhibit 

Parkinsonian symptoms very similar to the human phenotype. A limitation in the usefulness 

of this model is its acute-onset and severe disease process rather than a slow progression of 

the disorder characteristic of PD. For that reason it is thought to represent late-stage PD. It is 

most commonly used in mice where it is very useful in the study of cell-death mechanisms 

and preliminary testing of potential therapies. The non-human primate MPTP-model is 

excellent for studying the behavioural and symptomatic components of the disease and for 

final-stage pre-clinical testing of prospective PD treatments (Blesa et al., 2012). MPTP may 

also prove useful in the study of prodromal/non-motor symptoms observed in PD patients. For 

example, the MPTP macaque model has been used to mimic sleep-wake chronobiological 

disturbances. For example, Porras et al. (2012) monitored the vigilance states of rhesus 

monkeys under specific MPTP regimens, using implanted telemetry devices and prolonged 

electroencephalogram (EEC) recordings. The loss of REM sleep and increased daytime 

sleepiness compounded by a chronic reduction in overall sleep quality, for years post-MPTP 

administration and before the onset of motor deficits, revealed an altered sleep-wake 

architecture common to prodromal PD (Pellicano et al., 2007). Cognitive deficits akin to the 

NMS of PD, such as impairments in memory acquisition and retention processes, have been 

replicated upon low dose bilateral injections of MPTP into the SNpc of rat brains. Hyperalgesia 

(notable NMS of PD patients) in mouse models, as observed by a shorter latency to respond 

to flicking their tails, can be successfully mimicked through a similar series of MPTP 

injections (McDowell and Chesselet, 2012). Modelling some of the autonomic NMS of PD 

patients such as orthostatic hypertension and sympathetic denervation, may be achieved by 

exposing mice to MPTP injections. Moreover, a MPTP-induced reduction in cardiac '^^I- 

metaiodobenzylguanidine levels (biological marker of sympathetic function) has been 

demonstrated, supposedly due to central autonomic dysfunction corresponding to 

abnormalities in blood pressure (Nishigaki and Fujiwara, 2000).



1.7.2 6-OHDA

The potent neurotoxin, 6-hydroxydopaniine (6-OHDA), acts on DAergic and NAergic neurons 

via uptake by the DAT and noradrenergic transporter (NAT) respectively. It is an unstable 

compound which oxidises to produce ROS and quinones damaging catecholaminergic neurons 

through cytotoxicity (Cohen, 1983). Additionally, 6-OHDA administration can induce apoptosis 

of DA neurons via release of cytochrome c, activation of caspase-3 and caspase-9, mitochondrial 

dysfunction, activation of protein kinase C delta (PKC5) and DNA fragmentation 

(Latchoumycandane et ah, 2011) (A more detailed mechanism of neuronal death is provided in 

chapter 1). It can also induce acute inflammation around the injection site which tends to wane 

over time. A recent study determined the time-course of DA neuronal death following intrastriatal 

6-OHDA (5pg/pl; 2pl) administration in mice. Here, damage to TH-positive fibres occurred 

almost immediately with subsequent reductions in neuronal size and an eventual reduction in 

nigral TH-positive neurons, thus creating a window in which potential neuroprotective therapies 

can be tested (Stott and Barker, 2014). 6-OHDA is not naturally produced from DA in human 

brains which supports the theory that other endogenously produced DA metabolites may 

contribute to disease pathophysiology (Lamensdorf et ah, 2000). 6-OHDA administration in 

rodents and non-human primates results in DA depletion, nigro-striatal DA cell loss and motor 

deficits characteristic of PD however it lacks Lewy pathology and fails to affect extra-striatal 

brain regions such as olfactory structures, the lower brainstem and the LC (Blesa et al., 2012). 6- 

OHDA-induced lesions of the nigro-striatal system may also produce a pathological change 

showing face validity with some of the neuropsychiatric symptoms of PD (Branchi, D’Andrea et 

al. 2008). For example, bilateral 6-OHDA infusion (12pg) into the rat dorsal striatum induced a 

depressive and anxious phenotype with related cognitive defects, characterised by behavioural 

despair in the forced swim test along with anhedonic behaviour in the sucrose preference test 

(Tadaiesky et al., 2008).

1.7.3 LPS

LPS, an endotoxin found in the outer membrane of gram-negative bacteria, acts through activation 

of toll-like receptors (TLRs) and other pattern recognition receptors (PRRs) of the innate immune 

system, and is capable of inducing acute inflammatory responses following systemic or 

intracerebral injection. It is also a potent activator of microglia both in vitro and in vivo (Liu and 

Bing, 2011). While microglial activation from several inducers including rotenone (Gao et al., 

2003), paraquat (Wu et al., 2005), a-syn (Zhang et al., 2005) and Ap (Qin et al., 2002) have shown 

selective damage to DAergic neurons, early studies have demonstrated LPS to only be toxic to 

neurons in the presence of microglia. LPS, unlike 6-OHDA, has no effect on cells in neuron- 

enriched cultures, however when administered to mixed neuron-glia cultures, is capable of



inducing profound neuron degeneration. This suggests that LPS itself is not directly neurotoxic 

but rather LPS-induced DAergic cell death is mediated by an inflammatory response 

dependent on glial cells; particularly microglia, making it a valuable tool to study 

inflammation-mediated DA neurodegeneration (Liu et al., 2002) (A more detailed mechanism 

of action is provided in chapter 1).

1.7.4 Environmental toxins

Rotenone is a common herbicide and pesticide that has been widely used in mitochondrial 

function research, demonstrating potent inhibition of complex I in the electron transport chain. 

Several mechanisms have been implicated in the development of rotenone-induced 

neurodegeneration, including the use of subcutaneous osmotic pumps which administer 

rotenone in a chronic, systemic manner (Betarbet et al., 2000). Not only does rotenone induce 

symptomatic PD characteristics including hypokinesia and rigidity, it also results in the 

accumulation of fibrillar proteinaceous cytoplasmic inclusions in nigral neurons containing 

ubiquitin and a-syn. Furthermore, this model successfully recapitulates the accumulation and 

aggregation of a-syn positive Lewy body pathology in the enteric nervous system (ENS). 

Hence, as determined by the notable loss in myenteric neurons in the small intestine and 

impairment in inhibitory neuronal function in the ENS, this model is useful in mimicking the 

gastro-intestinal (GI) impairments that are prevalent NMS in PD patients (Greenamyre et al., 

2010). However, its ability to deplete striatal DA is minimal compared to other toxins and it 

is only effective in rats. There are also no recorded cases of rotenone-induced PD in humans 

(Blesa et al., 2012).

1.8 Glial cells and their role in PD

Glia, the collective term given to all cells in the brain other than neurons, constitutes some 

50% of the total brain mass. These cells, which include astrocytes, microglia and 

oligodendrocytes, perform a plethora of functions in the nervous system such as providing 

support and nutrition, clearing out cellular debris and excess material, assisting in nervous 

system development and providing metabolic functions for neurons. The loss of DAergic 

neurons in PD is associated with a glial response composed primarily of activated microglia 

and reactive astrocytes which confer beneficial or deleterious effects depending on the overall 

inflammatory milieu through production of growth factors, ROS, pro-inflammatory cytokines 

and prostaglandins.
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1.8.1 Resident immune cells of the CNS - microglia

Microglia, the major resident immunocompetent cells in the brain, are responsible for innate 

immune responses, along with general maintenance and clearing of cellular debris (Block et al., 

2007). In the healthy brain, microglial cells are found in a “resting” state with long fine processes, 

continually surveying their microenvironment, with very few in the vicinity of DAergic neurons 

(Ardestani and Ardestani, 2010). Under such conditions they adopt a ramified morphology, 

exhibit little phagocytic activity and express low levels of cluster of differentiation (CD)45, 

CD14, Fc receptors and MHCll molecules (Ford et al., 1996). The immunoregulated CNS 

environment is reflected in the factors microglia release such as transforming growth factor beta 

(TGF-P), Interleukin-1 (lL-1) and neurotrophins which inhibit MHCll expression on their surface 

(Neumann and Wekerle, 1998). Following detection of a potential pathogen, they produce pro- 

inflammatory cytokines and up-regulate cell surface expression of MHCll and adhesion 

molecules such as intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion 

protein (VCAM) as well as the co-stimulatory molecules CD40, CD80 and CD86 (Alois! et al., 

2000), adopt a ramified morphology and initiate phagocytosis in a coordinated response to clear 

the invading pathogen. Subsequently, synthesis of anti-inflammatory cytokines terminates the 

immune response restoring balance to the microenvironment (Kreutzberg, 1996). The plethora of 

cytokines produced from microglia can have profound effects such as inhibition of proliferation 

of oligodendrocytes and astrocytes, modulation of neurotransmitter release, blockade of long term 

potentiation and changes in behaviour (Long-Smith et al., 2009). Commonly in neurodegenerative 

diseases there is evidence for proliferation of the activated microglial phenotype, in particular 

around areas of neuronal damage, which affect a neuron’s capability to survive or be restored. 

There is however no direct evidence which indicates that microglial cytokines are the initial 

trigger for neuronal cell loss in PD, or any other neurodegenerative diseases in which microglial 

activation is implicated, including AD, multiple sclerosis (MS) and dementia with Lewy bodies 

(DLB) (Lee et al., 2009). That being said, microglial activation is believed to perpetuate the 

inflammatory response and may provide the link between chronic neuroinflammation and damage 

to DAergic neurons in PD.

1.8.2 Resident immune cells of the CNS - astrocytes

Astrocytes are a sub-population of glial cell and are the most numerous cell type in the CNS. For 

many years these cells were considered essential for neural tissue maintenance and support. 

Recently however, evidence indicates that these cells play a far more important role in 

maintaining CNS homeostasis. Traditionally, astrocytes were divided into protoplasmic (found in 

the white matter) and fibrous types (present in the grey matter) based on their morphologic 

appearance and distribution in the CNS. They rapidly react to neuronal neurotransmitter release
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by shifting levels of intracellular calcium and releasing metabolites of arachidonic acid from 

their end-feet. This results in vasodilation, increasing cerebral blood flow to meet the metabolic 

demands of activated neurons during a specific task (Volterra and Meldolesi, 2005). The sheer 

number of interactions that astrocytes have with other cellular components dictates the diverse 

and vital role these cells have in the development and maintenance of the CNS. For example, 

they provide guidance for neuronal migration during development through the release of 

chemokines and coordinate the spatial positioning of oligodendrocytes. Astrocytes also secrete 

extracellular matrix proteins and adhesion molecules, as well as producing neurotrophic and 

neurite promoting factors. Furthermore, they provide neuronal support by delivering glucose, 

regulating ion and pH homeostasis, clearing neuronal waste products and providing metabolic 

substrates via gap junctions (Montgomery, 1994). Apart from regulating the extracellular and 

chemical environment, astrocytes also serve as immunocompetent cells in the brain acting as 

antigen-presenting cells (APCs) with the ability to induce MHC class 1 and 11 (Alois! et al., 

2000).

1.9 Neuroinflammation in Parkinson’s disease

Neuroinflammation is the process describing activation of glial cells and a subsequent disparity 

between cytokines, chemokines and neuronal damage converging in a neurodegenerative 

process. Furthermore, neuroinflammation is a salient feature of many neurodegenerative 

diseases such as MS, AD, PD and stroke. The first evidence that inflammatory processes are 

associated with PD came when McGeer et al. (1988) demonstrated the presence of activated 

microglia in the SN of post-mortem PD brain tissue, identified by immunoreactivity to the cell- 

surface receptor human leukocyte DR (part of the MHCIl family), which is not normally present 

on resting microglial cells. Since then we have seen major advances in the development of this 

theory through substantial in vitro and in vivo studies, which suggest that inflammation-derived 

oxidative stress and toxicity caused by cytokine release from chronically activated microglia, 

may contribute to the degeneration of the nigro-striatal tract and accelerate disease progression 

(Tansey and Goldberg, 2010, Hirsch and Hunot, 2009, Long-Smith et al., 2009, Depino et al., 

2003, Mogi et al., 1994a, Boka et al., 1994). In addition, the inflammatory enzymes inducible 

nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) have been observed in post

mortem PD brain tissue (Hunot et al., 1996, Knott et al., 2000).

An initial insult from a toxin, pathogen, accumulation of a-syn or dead/dying neurons, has the 

propensity to activate microglia and is crucial in dealing with the threat and returning 

homeostasis to the environment. Yet chronic activation of microglia in response to continuous 

insults is evident in PD, resulting in an inflammatory environment that compromises the survival 

of healthy cells (Gao and Hong, 2008).For example, the release of a-synuclein from DAergic
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neurons (Inducers) and the consequent detection by pathogen recognition receptors (Sensors) on 

microglial cells results in inflammatory signalling cascades converging on a myriad of 

transcription factors (Transducers) which upregulate proinflammatory molecules, leading to 

neurotoxicity (Effectors). Similarly, certain cytokines such as TNF-a can amplify or mitigate a 

secondary response, thus leading to prolonged inflammation. This creates a self-propelling 

inflammatory cycle termed reactive microgliosis, resulting in continuous cell death and 

neurodegeneration (Gao and Hong, 2008, Collins et al., 2012). (Figure 1.2).

e.g., A3, a-Syn

e.g., TLRs, NLRs, RAGE e.g., TNFR, IL13R

e.g., NF-kB, AP-1, IRFs

ROS NO TNF-a IL-13

Inducers

Sensors

T ransducers

Effectors

I
Neurotoxicityicity ^

Figure 1.2: Neuroinflanunatory signalling cascades lead to neurodegeneration
The release of a-synuclein from DAergic neurons (Inducers) and the consequent detection by 
pathogen recognition receptors (Sensors) on microglial cells results in inflammatory signalling 
cascades converging on a myriad of transcription factors (Transducers) which upregulate 
proinflammatory molecules, leading to neurotoxicity (Effectors). Similarly, certain cytokines 
such as TNF-a can amplify or mitigate a secondary response, thus leading to prolonged 
inflammation. Diagram partly adopted from (Saijo et al., 2013).

1.9.1 Degenerating dopaminergic neurons

Degenerating DA neurons release a number of other factors, which have been shown to activate 

microglia and enhance DA neuronal degeneration including ATP (Davalos et al., 2005), matrix 

metalloproteinase-3 (MMP-3) (Kim et al., 2007) and nitrated a-synuclein (Zhang et al., 2005). 

Cells of catecholaminergic nuclei of the brainstem are heavily pigmented with neuromelanin 

(NM), which under normal circumstances, is situated intra-
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neuronally and acts as a shielding factor against toxic insult and excess cytosolic catecholamines 

(Zucca et al., 2014). Under pathological conditions of PD however, NM also acts an endogenous 

activator of neuroglia as it is released from dying DAergic neurons in the SNpc and engulfed by 

resident microglia (Barcia et al., 2013). Thus, NM has a dual role; conferring intra-neuronal 

neuroprotection, and triggering extra-neuronal microglial activation (Zucca et al., 2014).

1.9.2 Reactive microgliosis

Once activated, microglial functions include repair of damaged tissue, induction of a pro- 

inflammatory response and phagocytosis of dead cells (Davalos et al., 2005). In order to carry 

out such an eclectic range of functions they are capable of producing an array of neurotrophic 

[brain-derived neurotrophic factor (BDNF) and transforming growth factor-p (TGF-P)] and 

neurotoxic [reactive nitrogen species (RNS), ROS] factors, as well as pro- (TNF-a, IL-lp, IL- 

6) and anti- (lL-10) inflammatory cytokines and chemokines (lL-8, CCL-2) (Garden & Mdller, 

2006, Kim & de Vellis, 2005). The nature of the activated microglial phenotype is determined 

by a number of factors in the brain microenvironment. Quiescent microglia express PRRs such 

as TLRs, scavenger receptors (SRs) and NOD-like receptors (NLRs) (Block et al., 2007). These 

receptors are capable of initiating signalling cascades, many converging at the activation of pro- 

inflammatory transcription factor nuclear factor-xB (NFkB), to activate microglia in response 

to exogenous and endogenous antigens. These include infection by foreign antigens, such as 

LPS for example, pathogenically modified CNS proteins, prion proteins or by a combination of 

biomolecules including cyclic adenosine monophosphate (cAMP), ATP, adenosine diphosphate 

(ADP), lL-6 and lL-10 (Hald and Lotharius, 2005, Streit et al., 1999, Ransohoff and Perry, 

2009). Once activated microglia release myriad pro-inflammatory cytokines and neurotoxic 

products. Of particular importance are tumour necrosis factor alpha (TNF-a), interleukin-1 beta 

(1L-1(3) and interferon gamma (IFN-y) which may bind to their respective receptors expressed 

on DAergic neurons activating intracellular apoptotic pathways or, alternatively, intramicroglial 

CD23, which in turn, induces the expression of iNOS and COX-2. Indeed the presence of TNF- 

a, 1L-1(3 and lL-6 are elevated in post-mortem striatal tissue and cerebrospinal fluid (CSF) of 

PD patients (Mogi et al., 1994b). Neuronal signals are also believed to play a key role in the 

maintenance of microglial homeostasis. Healthy neurons express inhibitory factors, which 

promote a quiescent microglial state. With this in mind, there is evidence from animal studies 

to suggest that down-regulation of such factors, namely CD200 and fractalkine (CX3CL1), may 

contribute to microglial activation in PD (Collins et al., 2012).

1.9.3 Oxidative stress

Following activation, microglia are capable of eliciting a cytotoxic process through the
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production and release of oxygen- and nitrogen-derived products, in a process called respiratory 

or oxidative burst (Hirsch and Hunot, 2009). Indeed, iNOS positive activated microglia have been 

identified in post-mortem SNpc tissue of PD patients (Hunot et al., 1996). Phagocytic cells rely 

on this mechanism for the induction of several enzymatic systems, including nicotinamide 

adenine dinucleotide phosphate-oxidase (NADPH-oxidase) and myeloperoxidase (MPO), which 

result in the production of superoxide (O^ ) and nitric oxide (NO) free radicals. NO and O^' exhibit 

poor reactivity alone however, they can react to form the highly neurotoxic peroxynitrite (ONOO‘ 

), causing oxidative damage to proteins including TH and a-syn (Hirsch and Hunot, 2009). 

Furthermore, increased levels of iron have been observed in the SNpc of PD patients, (Schapira 

et al., 2006), which can give rise to the production of the highly reactive hydroxyl radical CHO) 

following simultaneous oxidation and reduction of O”' into hydrogen peroxide (H2O2).

1.9.4 COX-2

Cyclooxygenase exists as isoforms COX-1 and COX-2, and converts arachidonic acid to 

prostanoids; which are important mediators in a number of cellular processes. While COX-1 is 

constitutively expressed in most tissues, COX-2 in mainly induced in response to inflammatory 

stimuli and has been implicated in the loss of DAergic neurons in the SN of iPD patients (Carrasco 

et al., 2007, Teismann et al., 2003). This increase in COX-2 production leads to augmented 

prostaglandin E2 (PGE2) production, which may bind to its receptors, EPi and EP2, present on 

DAergic neurons, activating the c-Jun N-terminal kinase (JNK)/c-Jun pathway leading to pro- 

apoptotic signalling cascades and further microglial and astrocyte activation (Teismann et al., 

2003); highlighting the importance of this prostaglandin as a potential driving force for the 

progressive DAergic degeneration witnessed in PD. Furthermore, inhibition of this pathway 

attenuated MPTP-induced neurodegeneration in the rat SN (Teismann et al., 2003). Damage may 

also occur through the formation of ROS during peroxidase catalysis of prostaglandin G2 (PGG2) 

to prostaglandin H2 (PGH2) (Teismann et al., 2003). Furthermore another product of COX-2 up- 

regulation, prostaglandin J2 (PGJ2), induced Parkinsonian-like symptoms in mice when sub

chronic doses were injected into the SN and striatum. Here there was a selective PGJ2 dose- 

dependent loss of DA neurons in the SN. Furthermore, in spared DA neurons, ubiquitin- and a- 

synuclein- immunoreactive aggregates formed, providing evidence that such an inflammatory 

reaction may be present in PD patients indicating a potential role for prostanoids in disease 

pathogenesis (Pierre et al., 2009).

1.9.5 Involvement of astrocytes in the inflammatory process

While it is generally understood that microglia are the main mediators of neuroinflammation in 

PD, it does not preclude the involvement of astrocytic reactions. Indeed, post-mortem

15



examination of PD brain tissue have revealed lower astrocyte density in the SNpc compared to 

other brain regions (Damier et ah, 1993) and a decrease in neurotrophic factor production (Sellers 

et ah, 2005). Moreover, DAergic neurons are more susceptible to degeneration when fewer 

astrocytes are present (Damier et ah, 1993). Astrocyte activation in an inflammatory environment 

regulates microglial proliferation, migration and activation through increased granulocyte- 

macrophage colony-stimulating factor (GM-CSF), lL-6 and CCL2,5 production while activation 

through neuronally-derived a-syn production can occur in an attempt to protect neurons from 

further damage (Sekiyama et ah, 2012). However, considerable a-syn accumulation from 

continuous degenerating/dying neurons can shift the function of astrocytes until they are no longer 

deemed protective. For example primary astrocytic cultures exposed to human neuroblastoma 

SH-SY5Y- derived a-syn results in the production of IL-la, IL-1(3, lL-6 and lL-18. Furthermore 

dramatic increases in astrocytic chemokine expression, including CCL-3,4, 5, 12,20 and CXCL- 

1, 2, 5, 10, 11, 12, 16, is also observed following a-syn application to primary astrocytic cultures 

(Lee et ah, 2010) which in turn, can impact on microglial recruitment, activity, proliferation, 

synaptic plasticity and transmission (Farina et ah, 2007). Moreover, astrocytic production of TNF- 

a and lL-6 may result in microglial activation and further production of TNF-a and IL-ip, 

culminating in ROS and RNS production (Saijo et ah, 2009). Apart from cytokine and chemokine 

production, astrocyte-derived inflammatory oxidants may also contribute to PD-related 

neurodegeneration. For example, reactive astrocytes express increased levels of MPO which may 

lead to the production of hypochlorous acid (HOCl) from H2O2 and Ch. HOCI may itself cause 

oxidative damage via interaction with superoxide to generate hydroxyl radicals. MPO also 

converts non-reactive nitrites (N02') into reactive N02'free radicals, increasing oxidative damage 

(Hampton et ah, 1998). Therefore the current literature indicates that astrocytes possess the ability 

to modulate the function and survival of DAergic neurons in PD and that their activation is integral 

to PD progression.

1.9.6 Systemic inflammation

Systemic inflammation may also play a role in the pathogenesis of PD with evidence suggesting 

that a peripheral inflammatory insult in response to infection can exacerbate PD symptomology 

and pathology. It is proposed that systemic inflammation is capable of'priming' microglia of the 

CNS in what is known as the 'first hit' of a 'two-hit’ hypothesis (Perry et ah, 2007, Cunningham 

et ah, 2009). Consequently, primed microglia are sensitised to subsequent injury or the ‘second 

hit’ and respond with an exaggerated inflammatory response potentiating disease progression. For 

example, a non-toxic LPS (0.09pg) dose is capable of increasing nigral vulnerability to neuronal 

DAergic degeneration following striatal 6-OHDA administration (5pg) with rats displaying 

exaggerated 6-OHDA-induced nigral DA neuron degeneration (Koprich et ah, 2008). This theory
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is supported by epidemiological evidence which demonstrate an increased associated risk in 

developing post-encephalitic Parkinsonism (PEP), which share many of the same cardinal 

symptoms and pathological features as PD, following systemic viral infections such as H5N1 

influenza-A (Jang et ah, 2009), coxsackie virus (Poser et ah, 1969) and human immunodeficiency 

virus (Tse et ah, 2004). With this in mind a study conducted by Ling et al. (2004) investigated the 

effect of combined toxicity of prenatal EPS exposure and postnatal 6-OHDA in the adult rat 

midbrain. Female rats received an EPS injection (i.p.) in utero on embryonic day 10.5 resulting 

in a 25% and 31 % loss of nigral TH-positive cells at pi 0 and p21 respectively. Furthermore, these 

pups presented with elevated striatal TNF-a levels. In order to investigate the possibility that these 

animals would be more susceptible to subsequent DA-neurotoxin exposure, prenatal EPS pups 

were injected with 6-OHDA at p99. At pl20 prenatal EPS exposure or postnatal 6-OHDA resulted 

in a 33% and 46% reduction in nigral TH-positive neurons respectively compared to saline treated 

controls however, combined prenatal EPS and postnatal toxin exposure resulted in a 62% loss. 

These results suggest that infectious diseases during pregnancy (such as bacterial vaginosis), 

could be a risk factor for developing PD in later life and supports the notion that individuals may 

be more susceptible to PD following a particularly strenuous peripheral insult in early 

development. Another group demonstrated a reduction in DAergic neurons 16 months following 

prenatal EPS injection, which corresponds to the average age in humans when symptoms begin 

to manifest, highlighting the potential of this model to induce a slow, prolonged loss of nigral 

DAergic neurons (Carvey et al., 2003).

1.9.7 Systemic cytokines

Circulating cytokines such as IL-ip, TNF-a and IL-6 released by peripheral monocytes and 

macrophages, are capable of communicating with the CNS through three known mechanisms; 

vagus nerve stimulation, transmission across the BBB via endothelial cell activation and CNS 

entry through circumventricular organs (CVOs) (Konsman et al., 2002). Through these routes, 

systemic cytokines, particularly IL-ip and TNF-a, have the propensity to further stimulate 

intracellular CD23 in microglia, or bind to their respective receptors expressed on DAergic 

neurons potentially accelerating neurodegeneration and disease progression (Mogi et al., 1994b). 

Furthermore, elevated levels of cytokines IL-ip, TNF-a, IL-2 and IL-6 and the chemokine 

RANTES have been demonstrated in the sera of PD patients further implicating their role in PD 

development (Brodacki et al., 2008, Dobbs et al., 1999, Rentzos et al., 2007). Additionally, 

systemically injected IL-ip potentiates nigral DAergic neuronal loss in 6-OHDA lesioned rats 

(Koprich et al., 2008) while chronic systemic IL-ip delivery exacerbated nigral 

neurodegeneration and microglial activation following intrastriatal 6-OHDA administration 

(Godoy et al., 2008).

17



1.9.8 Lymphatic infiltration

The brain has three membranes which enclose the brain parenchyma- the dura mater, the 

arachnoid membrane and the pia mater. The BBB strictly regulates the entry of molecules into 

the parenchyma, and does so via complex tight junctions composed of transmembrane adhesion 

molecules including cadherins and the functional adhesion molecules, occludin and claudins 

(Engelhard! and Ransohoff, 2005). Such a structure limits the transport of solutes including 

>98% of antibodies and other molecules whilst still allowing the passage of others. Injury to the 

CNS can cause activation of endothelial cells and cells which interact with it, including 

astrocytes. This can lead to a reduction in the integrity between tight junctions and the formation 

of transendothelial channels (Lossinsky and Shivers, 2004), allowing leukocyte migration 

across the BBB and into the brain (Wolburg et al., 2004). The entry of leukocytes into the 

cerebrospinal fluid (CSF) is thought to occur in the choroid plexus where they are able to enter 

the subarachnoid space and pass into blood capillaries. Here leukocytes undergo adhesion, 

rolling and diapedesis across the capillary endothelium and pia mater of the choroid plexus 

under the attractant influence of chemokines. There are yet additional barriers composed of 

modified epithelial cells called Kolmer cells which secrete CSF in addition to the basement 

membrane (Bechmann et al., 2007). Here leukocytes are able to enter ventricles and circulate 

throughout the brain.

As one might suspect, the BBB is compromised in human PD patients (Kortekaas et al., 2005) 

and animal models of the disease (Bohatschek et al., 2001). Indeed a decrease in BBB integrity 

with age results in greater lymphatic CNS infiltration and may provide some explanation for an 

increased risk in the development of PD with age. It is possible that reduced efflux-pump 

function and increased serum levels of vascular endothelial growth factor (VEGF) contribute to 

the loss of BBB integrity (Collins et al., 2012). The infiltration of cytotoxic T-cells has been 

demonstrated in nigral PD patient tissue (McGeer et al., 1988) and it is possible that this increase 

in lymphatic CNS infiltration ‘primes’ microglia, increasing their sensitivity to subsequent 

inflammatory insults potentially exacerbating the neurodegenerative process (Perry et al., 2007). 

CD4+ and CD8+ T-cells (but not B-cells) have been found in post-mortem PD brain tissue, as 

well as the brains of MPTP mice (Brochard et al., 2009). The same study demonstrated that 

mice lacking CD4+ T-cells were protected against MPTP damage, however, CD8 deficient mice 

were not conferred the same protection, suggesting that T-cell-mediated DAergic toxicity is due 

almost entirely to CD4+ T-cells. CD4+ T-cells in close proximity to DAergic neurons may 

further aggravate the inflammatory process directly by binding to the cell-surface death receptor 

(FAS) expressed on DAergic neurons activating NFkB, JNK and p38 pro-apoptotic death 

pathways or indirectly by binding to microglial FAS receptors resulting in the production of 

TNF-a and IL-ip (Brochard et al., 2009).
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Figure 13: Neuroinflammatory processes and oxidative damage to dopaminergic 
neurons in Parkinson’s disease
Following their activation microglia release myriad pro-inflammatory cytokines and 
neurotoxic products. Of particular importance are TNF-a, IL-lp and IFN-y which may bind to 
their respective receptors expressed on DAergic neurons activating intracellular apoptotic 
pathways or, alternatively, they may activate intracellular CD23 in microglia, which, in turn 
induces the expression of iNOS and COX-2 leading to the production of NO and PGE2 

respectively. Furthermore increased NADPH oxidase expression may lead to the production 
of O^'. NO and O^'exhibit poor reactivity alone however, they can react to form the highly 
neurotoxic ONOO' causing oxidative damage to proteins. Furthermore, increased levels of 
iron have been witnessed in the SNpc of PD patients which can give rise to the production of 
the highly reactive 'HO radical, following conversion of O^' into H2O2 Reactive astrocytes 
express increased levels of MPO which may lead to increased production of HOCl from H2O2 

and CF. HOCL may itself cause oxidative damage via interaction with O^' to generate hydroxyl 
radicals. MPO also converts non-reactive nitrites (N02') into reactive N02' free radicals, again, 
increasing oxidative damage. CD4+ T-cells in close proximity to DAergic neurons may further
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aggravate the inflammatory process directly by binding of the FAS ligand to its complement 
receptor expressed on DAergic neurons activating NFkB, JNK and p38 pro-apoptotic death 
pathways or indirectly by binding to microglial or astrocytic FAS receptors resulting in the 
production of microglial TNF-a and lL-1 P and astrocytic IL-6, lL-8 and MCP-l. COX-2=cyclo- 
oxygenase 2. Fe^^=ferrous iron. ■HO=hydroxyl radical. H202=hydrogen peroxide. 
HOCL=hypochlorous acid iNOS=inducible nitric oxide synthase. lFN=interferon 
IL=interleukin. MCP=monocyte chemoattractant protein. MPO=myeloperoxidase. NO=nitric 
oxide. N02-=non-reactive nitrites. NFKB=nuclear factor xb. ONOO-peroxynitrite. 
PGE=prostaglandin E. 0^=superoxide. •N02-=reactive nitrite radical TNF=tumour necrosis 
factor. TNFR=tumour necrosis factor receptor. PGE=prostaglandin E

1.10 The noradrenergic system

1.10.1 Noradrenaline and Dopamine synthesis

Both NA and DA share the same biosynthetic pathway (Elsworth and Roth, 1997). Tyrosine 

hydroxylase, the rate-limiting cytosolic enzyme in the synthesis of DA, catalyses the conversion 

of L-tyrosine, an aromatic amino acid taken up by adrenergic neurons, into 

dihydroxyphenylalanine (L-DOPA), marking the first control point in the synthesis of NA and 

DA (Molinoff and Axelrod, 1971). Aromatic amino acid decarboxylase (AADC) (aka DOPA 

decarboxylase) subsequently converts L-DOPA into DA, which is then transported into the 

synaptic vesicles of DAergic neuronal cells via the vesicular monoamine transporter (VMAT). 

Dopamine-P-Flydroxylase (DBH) acts to convert DA to NA which can then in turn be converted 

to adrenaline by phenylethanolamine-N-methyltransferase (PNMT) (Szot et al., 2010). 

Cytoplasmic NA is stored into vesicles via VMAT and released in the synaptic cleft by 

exocytosis where it is free to bind to adrenergic receptors on the pre-and post-synaptic 

membrane. To prevent excess adrenoceptor stimulation, NA is then shuttled back into the 

synaptic cleft via the high affinity pre-synaptic noradrenergic transporter (NAT). Here around 

30% of re-captured NA undergoes oxidative deamination through enzymatic catalysis via 

monoamine oxidase (MAO) and catechol 0-methyltransferase (COMT) and the other 70% is 

sequestered into storage vesicles through VMAT ensuring NA stores are maintained (Eisenhofer 

et al., 1987, Eisenhofer et al., 1988).

1.10.2 The locus coerideiis

The locus coeruleus (LC) is a cluster of catecholamine containing cell bodies situated in the 

pontine tegmentum at the ventrolateral edge of the fourth ventricle. In humans, this NM 

pigmented region is estimated to harbour a population of 54,000 neurons that supply NA 

throughout the brain (Brodal, 1981). Due to profuse branching, the LC allows a single axon [via 

the medial forebrain bundle (MFB)] to send terminals throughout the neocortex allowing for 

widespread release of NA to target areas (Figure 1.4). It has been regularly reported that the LC
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is affected in PD (Greenfield and Bosanquet, 1953, Baker et al., 1989, Chan-Palay and Asan, 

1989), and that LC cell numbers are reduced by approximately 60% at autopsy in PD patients 

compared to normal age-matched controls (Marien et al., 2004). Consequently, NA inputs to 

mid- and fore- brain structures are decreased, including the SNpc, and it has been suggested 

that loss of LC N Aergic neurons is a significant contributor to the progression of PD pathology 

and symptomology, including both motor and non-motor aspects of the disease (Gesi et al., 

2000, Del Tredici et al., 2002).

Figure 1.4: Distribution of noradrenergic projections from the locus coeruleus
The locus coeruleus (LC) forms the major source of NA in the CNS innervating most mid- 
and fore-brain structures. There are three ascending fibres called the central tegmental tract, 
the central gray dorsal longitudinal fasciculus tract and the ventral tegmental medial forebrain 
bundle tract, innervating all cortices. Another fibre winds through the superior cerebellar 
peduncle to end in the cerebellar cortex.

1.10.3 Adrenergic receptor structure and signalling

The adrenergic system is an important regulator of many diverse and essential functions 

including neuronal, endocrine, cardiovascular and metabolic functions. Adrenoceptors (ARs) 

are cell surface metabotropic receptors located throughout the body, are coupled to the 

superfamily of G-protein-coupled receptors (GPCRs) and elicit a wide range of responses
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following stimulation by the endogenous catecholamines noradrenaline and adrenaline. Nine 

AR subtypes have been identified: three a|-ARs(a|A, 0,0, ttip), three Uj-ARs (02^, a2B» “2c)’ ^^i^^ 

three p-ARs (P,, P2, P3) (Bylund et al., 1994). a-ARs are classified according to their anatomical 

location and the G-protein that they are coupled to. Generally the ai subtypes are located post- 

synaptically and mediate their response through Gp/Gq resulting in the production of the second 

messengers inositol trisphosphate (IP3) and diacylglycerol (DAG). The 02 subtype is typically 

pre-synaptic and act as autoregulatory inhibitory receptors by Gi/Go culminating in the inhibition 

of cAMP production. P-ARs are also coupled to G-proteins (Gs) and activation of this receptor 

may result in either the stimulation, or stimulation and inhibition of adenylate cyclase (AC) 

resulting in an increase in cAMP and subsequent increase in cAMP-dependent protein kinase A 

(PKA) (Figure 1,5). As the focus of this thesis is on p-AR, the next section will focus on this 

AR subtype. Additional information on the role of the 02 autoreceptors will be provided in 

chapter 3.

1.10.4 P-Adrenoceptor structure and localisation in the brain

The ^-AR is a 413 amino acid long glycoprotein (Henderson et al., 1990) expressed on a variety 

of cell and tissue types in the pulmonary, cardiac, skeletal muscle and immune systems 

(Johnson, 2001). Autoradiography studies using '^^I-Pindolol in human post-mortem tissue 

found the highest concentration of P-ARs in the hippocampus decreasing through the 

cerebellum, thalamic nucleus, basal ganglia, midbrain and cortex with very low concentrations 

in the white matter and hypothalamus (Reznikoff et al., 1986). The ratio of Pi:P2 ARs can differ 

substantially throughout the CNS. For example Pi-ARs are represented mainly in cingulate 

cortex (88:12) and CAl of hippocampus (90:10) whereas P2 receptors predominate in the 

cerebellum (9:91) and in lateral posterior parts of the thalamus (31:69). In the SN there are 

approximately equal levels of Pi and P2 receptors (52:47) (Rainbow et al., 1984). Such profound 

differences in receptor ratios may may be indicative of their different roles in neuronal function. 

Ps-ARs are predominantly expressed in adipose tissue and not in the CNS (Tanaka et al., 2002). 

Although NA has a higher affinity for Pi receptors, microglia possess higher expression levels 

of the P2 subtype, therefore the effects of NA stimulation through p2-ARs seems more important 

that the pi subtype (Mori et al., 2002).
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Heart muscle contraction 
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Figure 1^: Noradrenaline biosynthesis and adrenergic signalling
Tyrosine hydroxylase catalyses the conversion of L-Tyrosine into L-DOPA. AADC 
subsequently converts L-DOPA into dopamine, which is then transported into the synaptic 
vesicles of DAergic neuronal cells via VMAT. Dopamine-|3-Hydroxylase (DBH) acts to 
convert DA to NA. Cytoplasmic NA is stored into vesicles via VMAT and released in the 
synaptic cleft by exocytosis where it is free to bind to adrenergic receptors on the pre-and post- 
synaptic membrane. Generally the ai subtype is located post-synaptically and mediate their 
response through Gp/Gq resulting in the production of the second messengers IP3 and DAG.
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The aj subtype is typically pre-synaptic and acts as an autoregulatory inhibitory receptor by 
G/Go culminating in the inhibition of cAMP production. P-ARs are also coupled to G-proteins 
(Gs) and activation of this receptor may result in either the stimulation, or stimulation and 
inhibition of AC resulting in an increase in cAMP and subsequent increase in cAMP- dependent 
protein kinase A. To prevent excess AR stimulation, NA is then shuttled back into the synaptic 
cleft via the high affinity pre-synaptic noradrenergic transporter (NAT). Here around 30% of re
captured NA undergoes oxidative deamination through enzymatic catalysis via monoamine 
oxidase (MAO) and catechol O-methyltransferase (COMT) and the other 70% is sequestered 
into storage vesicles through VMAT ensuring NA stores are maintained.

1.10.5 p2-Adrenoceptor Signalling

The P2-AR was traditionally thought to adopt a single conformation upon agonist activation, 

favouring coupling to Gs, resulting in cAMP production. However it is now understood that 

oscillation of receptor conformations can occur resulting in a variety of effector signals. Being 

a typical GPCR, signal transduction is induced following release of the inhibitory guanosine- 

diphosphate (GDP) to an active guanosine-triphosphate (GTP) state (Neves et al., 2002). The 

heterotrimeric Gs protein consists of a, P and y subunits. Following binding of GTP, the Gs 

protein dissociates into an a subunit and Py dimer. The a subunit promotes production of 

adenylate cyclase, resulting in an increase in intracellular cAMP concentration, activating PKA. 

In the periphery this generally results in relaxation of smooth muscle (Giembycz et al., 1991), 

but in the CNS it phosphorylates other kinases and transcription factors. Intrinsic hydrolysis of 

GTP leads to re-association of the heterotrimeric protein, terminating this process (Liggett et 

al., 1993). Following P2-AR agonist stimulation, there is a short-lived increase in cAMP 

production followed by a decline to basal levels. This is due to desensitisation of the receptor to 

prevent excess stimulation, despite continued bioavailiability of the agonist. Desensitisation 

can occur by 1) phosphorylation, 2) sequestration or 3) down-regulation (Barisioneet al., 2010). 

Internalisation or sequestration of the cell surface receptor into a sub-cellular compartment 

occurs after about 30 min of agonist exposure but is extremely specific to certain cell-types. 

Down-regulation occurs after longer agonist exposure, generally 3-6 h, reaching a steady-state 

at 18-24 h. It is thought that this process occurs after stimulation with long-acting P2 agonists, 

and can result in a reduction of up to 90% of receptors (Liggett et al., 1993). The most common 

method of receptor desensitisation is through phosphorylation of serine and threonine residues 

by PKA or PKC (Pitcher et al., 1992) which begins within seconds of agonist exposure. (3- 

arrestins subsequently bind to the phosphorylated receptor, preventing its interaction and 

activation of Gsand couples it to Gi, limiting its functionality (Daaka et al., 1997). In doing so, 

P-arrestins can also act as signal transducers through GPCRs by forming complexes with 

extracellular signal-regulated kinases (ERK)l/2 and JNK3 cascades initiating a second wave of 

signalling (Luttrell and Lefkowitz, 2002).
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1.11 The anti-inflammatory actions of noradrenaline

It is well established that NA can act extrasynaptically on cells of the immune system to exert 

an anti-inflammatory effect. For example, NA may suppress microglial activation and 

inflammatory gene expression in the brain resulting in a reduction of synthesis and release of 

multiple cytokines, chemokines and other inflammatory agents, particularly following 

challenge with an inflammatory stimulus (Feinstein et al., 2002, Heneka et ak, 2002, Marien 

et al., 2004). For example, application of NA to microglia suppresses LPS-induced TNF-a, IL- 

6 and NO expression (Farber et al., 2005, Russo et al., 2004). Additionally NA (and 

isoproterenol to a similar degree) suppressed Ap-induced mRNA synthesis and release of pro- 

inflammatory chemokines, CCL2 (attracts monocytes), CCL3 (attracts Thl-lymphocytes) and 

CCL5/RANTES (attracts Thl- and Th2-lymphocytes) (Heneka et al., 2010). In addition to 

inhibiting the release of pro-inflammatory and cytotoxic factors, NA can also stimulate 

microglia to release anti-inflammatory mediators. For example, NA induced the production of 

interleukin-1 type 2 receptor (lL-1 Rll) and interleukin-1 receptor antagonist (IL-lRa) in 

primary mixed glial cells (McNamee et al., 2010b). NA may also exert an anti-inflammatory 

effect through interaction with other cell populations. Astrocytes in particular have been 

identified as a possible primary extrasynaptic target of NA (Aoki, 1992). For example, NA 

application in primary astrocytic cultures, reduced IFN-y-induced MHCIl expression 

(Frohman et al., 1988), suppressed IL-lp- and TNF-a-induced ICAM-1 and VCAM-1 

expression (Ballestas and Benveniste, 1997) and inhibited both LPS- and cytokine-induced 

iNOS expression (Feinstein, 1998). Additionally, NA application to LPS-stimulated astrocytes 

reduced the secretion of macrophage inflammatory protein 1 alpha (MIPl-a), TIMP 

metallopeptidase inhibitor 2 (T1MP2), IL-2 and fractalkine (Braun et al., 2014). Moreover, NA 

and subsequent P2-AR activation may also confer neuroprotection through astrocytic 

activation and subsequent secretion of neurotrophic factors. For example, NA application to 

astroglial cells induced the expression of nerve growth factor (NGF) (Furukawa et al., 1989), 

BDNF (Juri6 et al., 2006) and neurotrophin-3 (NT-3) (Mele et al., 2010). As the current 

literature would suggest, the combination of anti-inflammatory and neuroprotective properties 

of NA are likely mediated through the induction of anti-inflammatory cytokines and growth 

factors whilst reducing pro-inflammatory cytokine production, and related to the intracellular 

concentration of cAMP (Kambayashi et al., 1995). Considering that cAMP production is 

mediated via the P2-AR, and these receptors are expressed on microglia and astrocytes, it is 

most likely that anti-inflammatory actions occur following binding and activation of this 

adrenergic receptor subtype and subsequent activation of cAMP signalling pathways.
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] .12.1 Evidence for LC-derived NAergic protection in Parkinson’s disease 

The neuroprotective properties of NA were hinted at in early MPTP studies on non-human 

primates where lesion to the LC, via administration of DSP-4, potentiated MPTP-induced nigro- 

striatal damage and related motor dysfunction (Mavridis et al., 1991). Following on from this, 

many groups have reported similar results in different animal models of PD (Marien et al., 1993, 

Bing et al., 1994, Fomai et al., 1995). Thus, the depletion of NA by lesioning the LC seems to 

sensitise nigro-striatal neuronal populations to subsequent neurotoxic insult (Gesi et al., 2000) 

and in some cases, results in a compensatory up-regulation of striatal dopamine D2 receptors 

(Schank, Ventura et al. 2005). Taken together, these reports implicate a functional relationship 

between the NAergic and DAergic systems, which may underlie the basis for the consequences 

of depletion of LC resident NAergic neurons in PD with regard to the DA neuropathology and 

the deficits in motor function which follow (Pifl et al., 2013). Strategies which enhance NA tone 

may thus provide neuroprotection. Because denervation of the LC is commonly profound in PD 

cases, and NA depletion exacerbates DAergic neuronal loss and potentiates the motor deficits 

characteristic of the Parkinsonian state, the NAergic system is a putative target for the 

development of novel PD-related neuroprotective pharmacotherapies.

1.12.2 Mechanism of NA-mediated nenroprotection

The molecular mechanisms behind P2-AR-mediated neuroprotection are not fully understood, 

but it would seem that production of intracellular cAMP plays a central role. Activation of Pi- 

and P2-ARS are coupled to activation of AC and synthesis of cAMP (Mori et al., 2002). As 

previously mentioned, NA inhibited iNOS expression and proliferation of microglia; an effect 

which was replicated using the cAMP mimetic, dibutyryl cyclic AMP (db-cAMP). Furthermore, 

inhibition of AC blocked the effects of NA (Fujita et al., 1998, Russo et al., 2004). Downstream 

effects of cAMP are typically mediated by PKA but inhibition of PKA did not suppress the 

ability of NA to reduce iNOS activity nor cytokine release (Russo et al., 2004, Qian et al., 2011). 

Recently it has been suggested that the neuroprotective effects of P2-AR stimulation are 

dependent on P-arrestin, which adjoins to the p2-AR. Indeed, some P2 agonists have shown a 

bias towards P-arrestin activation instead of G-proteins including isoetharane, 

ethylnorepinephrine and cyclopentylbutanephrine (Drake et al., 2008). There is also evidence 

that P-arrestins bind to IkB, sequestering NFkB, thus preventing the transcription of several pro- 

inflammatory cytokines (Witherow et al., 2004). It has been suggested that P2-AR stimulation 

inhibits the p38-, ERK- and JNK MARK pathways by a PKA-independent mechanism, in 

particular via inhibition of the phosphorylation of transforming growth factor p-activated kinase 

1 (TAK-1) effector protein found upstream oftheNFicB and MAPK pathway (Qian et al., 2011; 

Neubert et al., 2011). In accordance with this Du and colleagues demonstrated that P-arrestins
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interact with TAKl-binding protein 1 (TABl), resulting in inhibition of TAKl which can 

impact on MARK and NFkB signalling (Du et al., 2014). In contrast to these findings, NA has 

been shown to inhibit ATP-induced TNF-a release by microglia via PKA-mediated inhibition 

of the p38-MAPK pathway but not ERK or JNK (Morioka et al., 2009). The recent notion 

that seven-transmembrane receptors (7-TMRs) (including the P2-AR) have the propensity of 

signalling through Gs-independent, P-arrestin-dependent mechanisms is intriguing and is 

changing our understanding of adrenergic receptor associated signal transduction. Indeed 

Peterson et al. (2014) suggest that the structural differences between P2-AR ligands dictates 

the signal transduction response. Specifically, /?-arrestin biased agonists all have an a-carbon 

moiety illuminating the complexity of this pathway (Figure 1.6).

B-arrestin signalling G-protein signalling

NFtcB

Figure 1.6; P-arrestin- and GPCR-mediated regulation of transcription
P2-AR ligands with an a-carbon moiety preferentially signal via a P-arrestin-dependent 
mechanism which involves receptor phosphorylation by GRK 5/6 and PKA, promoting 
receptor internalisation through P-arrestin-2 recruitment. Once bound to the receptor, B- 
arrestin-2 acts as a scaffold for ERK 1/2 MAPK activation, p-arrestin-2 may also inhibit 
transforming growth factor beta-activated kinase 1 (TAK-l)-induced phosphorylstion of IkBo
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preventing NFkB translocation to the nucleus. Activation of the P2-AR with endogenous NA or 
specific p2 agonists lacking an a-carbon moiety results in an increase in intracellular cAMP 
concentration, activating PKA. In the CNS PKA has the ability to phosphorylate other kinases 
and transcription factors and has demonstrated the ability to suppress NFa:B activity.

1.13 Pharmacological strategies for enhancing central NAergic tone

The evidence presented thus far has indicated that NA has a tonic anti-inflammatory effect in 

the CNS, however there has been little research focusing on the potential neuroprotective effect 

of pharmacological enhancement of central NAergic tone to combat neurodegenerative diseases.

As NA cannot cross the BBB, augmentation of central NAergic tone through blockade of the 

NAT, direct stimulation of the p2-AR or antagonism of a2 autoreceptors, possess myriad 

potential benefits and form the rationale of this thesis. Briefly, noradrenaline re-uptake inhibitors 

(NRFs) are a class of drug that block the NAT thereby preventing the re-uptake of NA, resulting 

in an increase in extracellular NA concentration, and in doing so, promote adrenergic signalling. 

Selective a2-AR antagonists can potentiate NA bioavailability through blockade of neuronal 

pre-synaptic a2-AR’s whose normal function is to regulate NAergic tone (Veldhuizen et al., 

1993). Lastly, P2-AR agonists mimic endogenous NA through direct stimulation of this receptor 

subtype culminating in activation of AC and synthesis of cAMP. In addition, many NRIs and p2 

agonists in use are lipophilic compounds that readily penetrate the BBB and enter into the CNS. 

Long-term treatment with NRIs represent a clinically feasible neuroprotective strategy in PD as 

these agents are currently used in the treatment of depression and attention deficit hyperactivity 

disorder (ADHD), and clinical data demonstrate that these agents are safe when taken for 

prolonged periods (Zhou, 2004). Similarly, long acting P2-AR agonists are already in 

widespread therapeutic use for the treatment of asthma and chronic obstructive pulmonary 

disease (COPD) (Chung et al., 2009). Detail describing NA augmentation strategies within the 

context of anti-inflammatory actions through each of the aforementioned mechanisms is 

provided in subsequent chapters.

1.14 An overview of current PD treatments

Current PD treatments look to replace lost nigro-striatal DA content to combat disease 

symptomology but do not prevent or inhibit the underlying neurodegenerative process, and are 

not effective in the long-term. Levodopa (L-DOPA) is able to cross the BBB where it 

accumulates in DAergic neurons and replenishes lost DA following enzymatic conversion from 

AADC (Nyholm, 2006). A major complication with L-DOPA, the gold-standard therapy for 

PD, is the development of L-DOPA-induced dyskinesias and motor fluctuations in about 50% 

of patients within the first five years of treatment. Thus, while L-DOPA is currently the most
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effective drug for treating symptoms of the disease, it is also accompanied by the most side- 

effects (Holloway, 2009). Furthermore, controversy surrounds the use of L-DOPA with some 

in vitro assays reporting cytotoxicity to DA neurons through DA-induced ROS generation 

(Olanow et ah, 2004, Sabens et ah, 2010) while its use in vivo could lead to cytotoxic free 

radical production through auto-oxidation of exogenous DA, damaging surviving DAergic 

neurons potentially accelerating disease progression (Rajput et ah, 1997). Following oral 

administration, the majority of L-DOPA is depleted in the periphery by the enzymes AADC 

and COMT, resulting in approximately 30% reaching the systemic circulation (Nyholm, 2006, 

Seeberger and Hauser, 2007). Thus, co-administration of carbidopa, a peripheral AADC 

inhibitor is often used, increasing L-DOPA’s serum half-life from 30-60 min to ~90 min 

(Seeberger and Hauser, 2007). Recent studies have suggested that concomitant L-DOPA and 

carbidopa administration blocks the generation of hydroxyl radicals exerting a protective 

effect on catecholaminergic neurons (Colamartino et ah, 2012). Although primary catabolism 

of L-DOPA in blood is through AADC, COMT is another enzyme with the propensity to 

degrade L-DOPA. Thus, co-administration of COMT inhibitors (entacapone and tolcapone) is 

another potential strategy to increase L-DOPA bioavailability, prolonging its half-life in a 

dose-dependent manner (Deleu et ah, 2002). Furthermore, these agents have also proven 

effective in blocking a-syn aggregation and preventing extracellular toxicity caused by 

aggregation of Ap protein (Di Giovanni et ah, 2010).

The use of DA agonists have been used as adjunctive treatment for PD for decades, with their 

addition onto a patient’s treatment regime allowing for a 20-30% reduction in L-DOPA dose. 

More recently however, it has been used as monotherapy in newly diagnosed PD patients 

delaying L-DOPA treatment and drug-induced dyskinesia complications (Tolosa and Marin, 

1997). Dopamine agonists are broadly classified into two categories: ergoline (bromocriptine, 

pergolide, lisuride) and non-ergoline (ropinirole, pramipexole) agonists with several studies 

demonstrating their effectiveness in both early and late stage PD; however their use is limited 

by their extremely low bioavailability. For example, bromocriptine has an oral bioavailability 

of 3-6% (Contin et ah, 2000). Furthermore a number of studies have demonstrated their 

neuroprotective potential through dopamine D2 auto-receptor activation, reducing DA 

turnover and release thus decreasing DA-induced ROS generation (Gu et ah, 2004, Iravani et 

ah, 2006). The only drug in clinical use which may slow disease progression is monotherapy 

with the MAO-B inhibitor, rasagaline which presented a ‘disease-modifying’ effect [a smaller 

increase in unified Parkinson's disease rating scale (UPDRS) score compared to control at a 

dose of 1 mg/kg]. However, early intervention with 2 mg/kg did not provide any beneficial 

effects thus results must be interpreted with caution (Olanow et ah, 2009). Current treatment 

for prodromal PD symptoms may provide a slight measure of protection against disease 

progression. For example, various selective serotonin re-uptake inhibitors (SSRls) and, to a
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lesser extent, venlafaxine [a serotonin-noradrenaline re-uptake inhibitor (SNRl)] inhibited 

TNF-a and NO production from LPS-stimulated microglia (Tynan et al., 2012), through a 

cAMP-dependent mechanism.

1.15 Proposed anti-inflammatory treatments of PD

Considering PD, and many other neurodegenerative diseases, incorporate a chronic 

inflammatory component that is thought to explain the progressive nature of the disease (Bartels 

and Leenders, 2007), agents which suppress microglial activation and regulate the Inflammatory 

response may have therapeutic potential to halt or prevent further degeneration. Microglial 

glucocorticoid receptors (GRs) are documented to play a critical role in curtailing the reactivity 

of microglial cells in PD-related inflammation and represent a therapeutic prospect given the 

anti-inflammatory properties of glucocorticoids (GCs) (Hirsch, Vyas et al. 2012). For example, 

dexamethasone prevented intranigral LPS-induced DA and TH-positive neuron loss whilst 

potently suppressing microglial activation (Castano et al., 2002). Furthermore, ablation of 

microglial GRs exacerbates DA neuronal loss following MPTP administration. This supports 

the regulatory role of GCs in the neuroinflammatory process and that dysregulation of GC-GR 

pathway may be an important factor contributing to chronic inflammatory-driven DA 

neurodegeneration in PD (Saijo, Crotti et al. 2013). Unfortunately, long-term steroid use can 

result in numerous side-effects curtailing their use in chronic inflammatory disorders. Thus, 

experimentation into the potential of non-steroidal anti-inflammatories (NSAIDs) is also of 

interest. As previously mentioned, COX-2 is up-regulated during inflammation and has been 

implicated in the loss of DAergic neurons in the SN of iPD patients (Carrasco et al., 2007). 

COX-2 inhibitors have shown promising results conferring neuronal protection from LPS- 

induced neurotoxicity (Araki et al., 2001). However, as with steroids, their long-term use 

presented with an increased risk of cardiovascular events precluding further investigation. That 

being said, non-selective COX inhibitors, such as diclofenac, have been reported to increase 

anti-inflammatory cytokine (lL-10) production and suppress LPS-induced TNF-a production in 

astrocytic cell cultures (Al-Amin et al., 2013). Minocycline, a tetracycline antibiotic derivate, is 

a microglial inhibitor with impressive therapeutic potential conferring neuroprotection against 

MPTP- (Du et al., 2001, Jackson-Lewis et al., 2002), 6-OHDA- (He et ah, 2001) and LPS- 

(Tomas-Camardiel et al., 2004) induced nigro-striatal neurodegeneration. Additionally, 

minocycline inhibited MPTP-induced cell death in mesencephalic cell cultures (Du et al., 2001). 

More recently, there has been increased interest in the use of compounds targeting other nuclear 

receptors, namely peroxisome proliferator-activated receptor (PPAR) agonists, which exert their 

protective effect through increased glutathione synthesis. For example, Ap-induced cortical
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neuronal damage (assessed by fluorojade staining) was completely abrogated and 

neurotoxicity (assessed by lactate dehydrogenase release) was partly attenuated following co

incubation with NA, and replicated following treatment with a selective PPAR5 agonist 

(Madrigal et ah, 2007). Other PPAR agonists have also demonstrated neuroprotective 

properties. For example, the PPARa agonist, fenofibrate, inhibited LPS-induced TNF-a, IL- 

Ip and NO release in primary microglial cultures (Xu et ah, 2005) while PPARy agonist, 

pioglitazone, reversed rotenone-induced striatal DA loss and locomotor dysfunction in rats 

(Ulusoy et ah, 2011). Additionally these drugs are currently in clinical use to reduce 

cholesterol levels (fenofibrate) and treat type II diabetes mellitus (pioglitazone and 

rosiglitazone) and therefore, their potential therapeutic use in the treatment of PD would 

require relatively simple drug repositioning.

1.16 Influence of in vivo data gathered from PD patients on clinical trials
In addition to post-mortem analyses illustrating the presence of inflammatory changes in PD 

patients, in vivo data gathered from CSF, serum and positron emission tomography (PET) 

scans detail the current inflammatory status of a PD patient, providing useful information to 

determine potential drug treatments to be investigated in clinical trials. Serum analyses of PD 

patients have revealed increased expression of pro-inflammatory IL-2 and 6 (Dobbs et ah, 

1999), while CSF studies have noted the presence of TNF-a, IL-lp and IL-6 (Blum-Degena et 

ah, 1995). Determination of inflammatory changes throughout the course of the disease is 

possible however, involvement of inflammation in disease pathophysiology may be a 

consequence of neurodegeneration, rather than a result of it. Thus, risk-factor studies are 

perhaps more suitable at determining the impact of inflammation and PD development. Risk- 

factor studies can be classed into three categories; The first is analysis of sera, with results 

from these studies being in accordance with those previously discussed. For example, men 

with high plasma concentration of IL-6 are at an increased risk of developing PD (Chen et ah, 

2008). The second category of analyses is genetic studies which assess polymorphisms in 

neuroinflammatory-associated genes to determine their potential role in disease 

pathophysiology. Polymorphisms in the genes encoding inflammatory cytokines TNF-a and 

IL-1 p (Mattila et ah, 2002) are associated with increased risk of disease development however, 

it has yet to be determined whether such polymorphisms affect basal status of the inflammatory 

response system or simply affect a patient’s response to inflammatory stimuli. Finally, 

epidemiological studies make up the third arm of risk-factor analyses with a number of studies 

assessing the impact of anti-inflammatory drugs in preventing PD onset. A meta-analysis 

assessed seven epidemiological studies, correlating a 15% reduced risk in developing PD in 

users treated with NSAIDs, and a similar reduction in risk with ibuprofen use. Furthermore,
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increased NSAID use was associated with a greater reduction in risk of PD development. 

Aspirin and paracetamol use were not found to have a protective effect (Gagne and Power, 

2010).

1.17 Objective
The overall objective of this project was to determine whether the established ability of NA 

enhancement strategies to elicit anti-inflammatory effects in the brain translates into 

neuroprotective effects in a clinically relevant animal model of PD. The specific aims were:

(1) To develop a novel PD animal model using both 6-OHDA and LPS in an effort to combine 

contributing inflammatory and neurotoxic factors in the pathogenesis and progression of PD.

(2) To assess the implications of DSP-4-derived NAergic depletion on neuropathology and 

related motor dysfunction in the LPS/6-OHDA rat model of PD.

(3) To determine if treatment with the noradrenaline re-uptake inhibitor atomoxetine and the 02- 

AR antagonist idazoxan, alone and in combination, can impede neuroinflammation, dopamine 

neuron loss and behavioural dysfunction in the LPS/6-OHDA rat model of PD.

(4) To examine the impact of direct P2-AR stimulation with clenbuterol or formoterol in the LPS 

rat model of PD.
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Materials and Methods
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2.1 Materials

2.1.1 Animal husbandry

Male Wistar Han rats, 7-8 weeks old 

Standard rat chow

Comparative medicine, TCD 

Comparative medicine, TCD

2.1.2 Equipment and apparatus for surgical procedures and behavioural testing

Betadine

Dental drill bit (0.7 mm)

Glass cylinder (20 cm diameter / 50 cm high)

Hamilton® Neuros (7002 KH SYR) syringe 

lsoflo®(lsoflurane)

Micro drill

MSS - 3 Isofluorane Vaporiser

Replacement needles (Neuros syringe NRS75 5.0 pi (33/20/3) 

Staircase (Model 80300)

Surgical staples (B. Braun Manipler AZ 35W)

Surgical tools kit

Syringe needles (26 G x 13 mm) (BD Ireland)

Syringes, plastic (1 ml) (BD Ireland)

Tissue adhesive (VetBond)

2.1 J Experimental treatments

6-hydrcxydopamine (6-OHDA)

Atomoxetine

Citalopram hydrobromide

D-amphetamine

Desipramine

Dimethylsulfoxide (DMSO)

Formoterol hemifumarate 

ICl 118,551

Idazoxan hydrochloride

Lipopolysaccharide (LPS) {Escherichia coli 0111 :B4)

N- (2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) 

VentipHmin (Clenbuterol Hydrochloride)

Medlock Medical, Ltd

Hamilton, Switzerland 

Comparative medicine, TCD

MSS International Ltd. 

Hamilton, Switzerland 

Campden Instruments, LTD. 

Comparative medicine, TCD

Comparative medicine, TCD 

Comparative medicine, TCD 

Comparative medicine, TCD

Sigma-Aldrich, Ireland 

Eli Lilly and Co. 

Sigma-Aldrich, Ireland 

Sigma-Aldrich, Ireland 

Sigma-Aldrich, Ireland 

Sigma-Aldrich, Ireland 

Tocris Bioscience, UK 

Medchemexpress 

Sigma-Aldrich, Ireland 

Sigma-Aldrich, Ireland 

Sigma-Aldrich, Ireland 

Comparative medicine, TCD
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2.1.4 General laboratory machines and equipment

Applied Biosystems 7300 Real-Time PCR System

Eppendorf microcentrifuge (5415R)

HettichZentrifugenMikro® 22R refrigerated centrifuge

HPLC with electrochemical detection (Shimadzu L-ECD-6 A)

Microscope digital camera (Olympus DP72)

Applied Biosystems

NanoDrop spectrophotometer

Olympus Camera

Perfusion pump

Polytron(PT2100)

Sonicator (Branson SonifierlSO)

Mason Technology Ltd.

Thermo Cycler (PTC-200) MJ Research, Inc.

2.1.5 HPLC reagents

1 -3-4-Dihydroxyphenylamine (L-DOPA) Sigma-Aldrich, Ireland

3,4-Dihydroxyphenyl-acetic acid (DOPAC) Sigma-Aldrich, Ireland

5-Hydroxyindole-3-acetic acid (5-HlAA) Sigma-Aldrich, Ireland

Citric acid monohydreate (O.IM) Sigma-Aldrich, Ireland

Dopamine (DA) Sigma-Aldrich, Ireland

Ethylene diaminetetraacetic acid disodium (0.1 M) Sigma-Aldrich, Ireland

Homovanillic acid (HVA) Sigma-Aldrich, Ireland

HPLC Grade methanol Fisher Scientific, Ireland

HPLC Grade water Fisher Scientific, Ireland

Methylated serotonin (N-Methyl-5-HT) Sigma-Aldrich, Ireland

Noradrenaline (NA) Sigma-Aldrich, Ireland

Octane-1-sulfonic acid (1.4 mM) Sigma-Aldrich, Ireland

Serotonin (5-HT) Sigma-Aldrich, Ireland

Sodium dighydrogen phosphate (0.1 M) Sigma-Aldrich, Ireland

Sodium Hydroxide (NaOH) Sigma-Aldrich, Ireland

2.1.6 Immunohistochemistry antibodies

Anti-Ibal (polyclonal rabbit)

Anti-tyrosine hydroxylase (AB152; polyclonal rabbit) 

Elite Vectastain® ABC kit

Wako Chemicals, Germany

Millipore, UK

Vector Laboratories, UK
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2.1.7 Laboratory chemicals and reagents

3,3’-diaminobenzidine (DAB)

Absolute Ethanol (EtOH)

Chromium (111) potassium sulfate (Kcr(S04)2) 

Deionised water 

Deoxyribonuclease (rDNAse)

DPX mounting medium 

Gelatin

High capacity cDNA archive kit 

Hydrochloric acid (HCl)

Hydrogen peroxide (30%)

Isopentane (2-methylbutane)

Liquid Nitrogen (N2)

Medical Oxygen (O2)

Methanol

Nuclease free H2O 

Normal Goat Serum (NGS)

Potassium chloride 

Paraformaldehyde (PFA)

RNAse away 

Sodium chloride (NaCl)

Sodium hydroxide (NaOH)

Sodium dihydrogen phosphate (NaH2P04) 

Sodium phosphate dibasic (Na2HP04)

Specific target primers/probes (see Table 2.3) 

Sucrose

Sulfuric acid (H2SO4)

TaqMan® gene expression assays

TaqMan® universal PCR master mix

Nucleospin RNA isolation kit

Tissue-tek O.C.T. compound

Tritox X-100

Tween-20

Urethane

Vetasept® (povidone iodine)

Xylene

Dako Laboratories, UK 

Hazmat, TCD 

Fisher Scientific, Ireland 

TCIN

Macherey-Nagel 

Fisher Scientific, Ireland 

Sigma-Aldrich, Ireland 

Applied Biosystems 

Sigma-Aldrich, Ireland 

Sigma-Aldrich, Ireland 

VWR, Ireland 

BOC, Ireland 

BOG, Ireland 

Sigma-Aldrich, Ireland 

Macherney-Nagel 

Sigma-Aldrich, Ireland 

Merck, UK

Sigma-Aldrich, Ireland 

Macherney-Nagel 

Sigma-Aldrich, Ireland 

Sigma-Aldrich, Ireland 

Sigma-Aldrich, Ireland 

Sigma-Aldrich, Ireland 

Applied Biosystems 

Sigma-Aldrich, Ireland 

BDH

Applied Biosystems, UK 

Applied Biosystems, UK 

Macherney-Nagel 

Sakura, Ireland 

Sigma-Aldrich, Ireland 

Sigma-Aldrich, Ireland 

Sigma-Aldrich, Ireland 

Comparative medicine, TCD 

Sigma-Aldrich, Ireland
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2.1.8 Laboratory plastics and consumables

24-well plates, sterile 

Collection tubes (15 ml)

Coverslips (glass; 13 mm)

Falcon tubes (15 ml & 50 ml), sterile 

Eppendorf tubes (2 ml)

Glass coverslips 22 mm x 60 mm 

Glass inserts 

Glass screw top vials 

Laboratory roll 

Microscope slides 

Microtubes (2 ml)

Microtome blades (c35 type)

Optical adhesive covers 

Parafilm laboratory rolls 

Pasteur pipettes (3.5 ml)

PCR tubes (0.2ml)

Pipette tips (lOpl, 200pl, lOOOpl), filter and non-filter 

Petri dishes (92 mm)

RNAse free microfuge tubes (1.5 ml & 2 ml)

Scalpels, disposable, sterile (Swann-Morton) 

TaqMan® Array/a^r plate

Fisher Scientific, Ireland

VWR Intrenational 

Sarstedt, Ireland 

Sarstedt, Ireland 

Fisher Scientific, Ireland 

Fisher Scientific, Ireland 

Labquip Ltd., Ireland 

Housekeeping, TCD 

Fisher Chemical, U.K 

Sarstedt, Ireland 

Lab. Instr. & Supply, Ireland 

Applied Biosystems, UK 

Sarstedt, Ireland 

Sarstedt, Ireland 

Sarstedt, Ireland 

Sarstedt, Ireland 

Sarstedt, Ireland 

Ambion

Fisher Scientific, Ireland 

Ambicon Inc., USA

37



2.2 Methods

2.2.1 Rat strain and husbandry

Male Wistar Han rats, aged 7-8 weeks (220-250 g) were obtained from the Comparative Medicine 

Unit (CMU, TCD) and allowed to habituate to animal facilities for at least 1 week prior to any 

experimental procedures. Animals were housed in groups of 3 or 4 per cage in hard-bottomed 

polypropylene cages with stainless steel wire tops and wood shaving used as bedding. Animals 

were kept in climate-controlled rooms set to 2]°C with relative humidity levels of 50%, on a 12:12 

hour light/dark cycle (lights on at 08:00). Throughout the experiment animals were allowed food 

and water libitum. All behavioural testing was conducted between 09:00 and 18:00.

Research involving animals in Trinity College Dublin is governed by Directive 2010/63/EU on 

the protection of animals used for scientific purposes in accordance with the requirements of the

5.1 No 543 of 2012 and externally regulated by the Irish Medicines Board.

2.2.2 Drug preparation

All drugs were injected intraperitoneally (i.p.) in an injection volume of 1 ml/kg with the 

exception of clenbuterol which was pre-dissolved at a 30 pg/ml concentration. Doses were as 

follows: D-amphetamine 5 mg/kg, Atomoxetine 3 mg/kg, Citalopram 10 mg/kg, Clenbuterol 100 

pg/kg, Desipramine 20 mg/kg, DSP-4 50 mg/kg, ICl 118,551 5 mg/kg, Idazoxan 1 mg/kg, in 

0.89% saline. Formoterol hemifumarate, 100 pg/kg, was prepared in 1% DMSO. Saline or 1% 

DMSO were used as vehicle control where appropriate. All drugs were prepared freshly on the 

day and kept in dark containers to maintain potency. Due to its rapid intramolecular cyclization 

(t'^ = 7 min in aqueous solution), DSP-4 injection was performed immediately after its 

preparation.

2.2 J Stereotactic surgery

The dominant forelimb for each rat was determined prior to stereotactic surgeiy' following 

analysis of baseline behavioural testing in the staircase, stepping and cylinder tests. Using this 

information, the hemisphere contralateral to the dominant limb was scheduled for lesioning. For 

example, if a rat preferentially used the left forelimb in the staircase and stepping test and the 

right forelimb in the cylinder test the majority limb preference prevailed and the right hemisphere 

would be lesioned.

All surgical procedures were performed using aseptic technique under isoflurane anaesthesia with 

induction at 5% and maintenance at 2% in 1.5 L/min O2. Briefly, rat heads were shaved, placed
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in a stereotactic frame, and betadine was applied to the area. A small midline incision was made, 

the connective tissue removed and two burr holes were drilled into the skull at the appropriate 

locations, using bregma as a reference (Paxinos and Watson, 1998).

The SN received either LPS (10 |ig/2 pi; 0.89% sterile saline) or vehicle (2 pi sterile PBS). The 

striatum received either 6-OHDA (10 pg/2 pi; ascorbic acid in 0.89% saline solution) or 2 pi PBS. 

Striatal infusion coordinates were AP +1.2, ML ±3.0, DV -5.0 (Figure. 2.1). The coordinates for 

SNpc infusion were as follows: anteroposterior (AP) -5.3 mm, mediolateral (ML) ± 2.0 mm and 

dorsoventral (DV) -8.5 mm (Figure 2,2). For all injections a Hamilton®Neuros syringe was used 

and was lowered into the brain region of interest, with toxins delivered at a rate of 1 pl/min. After 

injection, the needle was left in place for a further 4 min to ensure diffusion of the solution into 

the targeted region(s) before being slowly withdrawn over a course of 1-2 min to limit efflux up 

the needle tract. Following surgery, the incision was closed using surgical adhesive and rats were 

individually housed for a few hours to aid recovery. The time from the initial anesthesia to 

procedure completion was kept as short as possible (30-45 min).

Figure 2.1: Co-ordinates for striatal 6-OHDA or vehicle injection
Injection of 6-OHDA or vehicle in the striatum: AP +1.2, ML ±3.0, DV -5.0, using bregma as

reference
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Figure 2.2: Co-ordinates for nigral LPS or vehicle injection
Injection of LPS or vehicle in the SNpc: AP -5.3, ML ±2.2, DV -8.2, using bregma as reference

2.2.4 Behavioural testing

Rats underwent three rounds of behavioural testing in order to assess motor function. The first 

session recorded baseline motor skills and confirmed adequate skilled forepaw performance in 

the staircase test (6 days prior to surgery), and two rounds of post-lesion testing to examine the 

degree of nigro-striatal degeneration and subsequent motor dysfunction. Additionally, it provided 

a functional behavioural readout of the effect of therapeutic intervention strategies (7 and 13 days 

after surgery).

2.2.4.1 Staircase test

Skilled paw performance was analysed by the staircase test developed by Montoya et al. (1991). 

The apparatus consists of (1) an entrance chamber (20 cm long x 11.5 cm wide x 11 cm high) 

with a clear plexiglass hinged lid and a series of adjacent metal bars for a floor, (2) a reaching 

chamber adjoining the entrance chamber (16.5 cm long x 6 cm wide x 11 cm high) made of clear 

plexiglass, (3) a central platform within the reaching chamber (16.5 cm long x 2.5 cm wide x 5.5 

cm high), and (4) a staircase of 7 steps on either side of the platform. On each step there was a 

shallow groove in which two pellets (Coco Pops®) were placed. The platform had an overhanging 

lip that prevented a rat from dragging food up the side of the platform (Figure 23). Due to the 

complexity of the task each rat received training in the apparatus, once a day for three days, 

totalling 30 min. During these acclimatisation sessions Coco Pops® were placed on each
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step of the staircase and on the central platform to entice rats into the reaching chamber. In 

general, rats learnt the task within this time frame however, in a few cases, additional training 

was required. In these instances rats were subject to two test sessions per day.

During a test session rats were placed in the staircase for 10 min and allowed to retrieve food 

freely. There were 14 food pellets on each staircase, 2 on each step. The number of retrievals was 

determined by counting the number of food pellets remaining at the end of the trial. Additionally, 

ipsilateral and contralateral retrievals were recorded for later analysis of forelimb function. These 

films were analysed to determine three parameters; (1) the number of successful reaching attempts 

made, (2) the number of unsuccessful attempts made and (3) the number of pellets eaten using 

the tongue.

A ‘reaching attempt’ was taken to be any limb motion which displaced a pellet from its step, i.e. 

if a rat picked up a pellet and ate it successfully, that attempt was marked as successful. If a rat 

picked up a pellet and dropped it or knocked a pellet onto another step, that attempt was marked 

as unsuccessful. If a rat picked up two pellets at once and ate them both, that was marked as two 

successful attempts. Following this data collection the ‘success rate’ was calculated for each limb. 

The success rate was taken to be the number of successful reaching attempts expressed as a 

pereentage of total attempts made. The total number of attempts was determined by adding the 

number of successful and unsuccessful attempts and subtracting the number of pellets eaten using 

the tongue.

Figure 23: Montoya Staircase apparatus

2.2.42 Stepping test of forelimb akinesia

The stepping test is routinely used as a measure of forelimb akinesia and was performed as 

previously deseribed by Olsson et al. (1995). Rats were held by an experimenter with both hands,
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immobilising 3 limbs of the animal (2 hind limbs and 1 forelimb) leaving 1 forelimb unrestrained 

(Figure 2.4). Holding the rat perpendicular to the tables edge, with the free paw touching the 

table, the rat was directed sideways (90 cm in 5 s) and the number of adjusting steps making 

contact with the tabletop was recorded in both the forehand and backhand direction, for each limb. 

On test day each rat was given one practice trial in both directions for each forelimb. Additionally, 

rats underwent habituation to the handling technique each day for 3 days prior to the first test 

session. The number of steps made by the contralateral limb was expressed as a percentage of the 

total number of steps made by both limbs in that direction.

22.4.3 Cylinder test of limb-use asymmetry

The cylinder test was performed as previously described by Schallert et al. (2000) and allows for 

the evaluation of limb-use asymmetry following unilateral damage to the nigro-striatal tract. Rats 

were placed in a clear glass cylinder (18.5 cm diameter x 50 cm high) for 5 min. The cylinder is 

sufficiently high to prevent the rats from reaching the top and wide enough to allow an 

approximate 2 cm gap from the base of the tail and the cylinder wall when the rat is on all fours. 

When placed in the cylinder, rats will engage in exploratory behaviour and rear, making contact 

with the wall of the cylinder with their forepaws. Two observers recorded the number of wall and 

floor placements upon rearing and subsequent landing. A wall placement was considered to be 

the first contact with the wall of the cylinder after rearing and a floor placement was considered 

to be the first contact with the floor after a wall placement (Figure 2.5). Each placement was 

recorded as either 'left limb', 'right limb' or 'simultaneous', if both paws contacted at the same 

time. The number of contralateral limb placements were expressed as a percentage of total 

placements for both wall and floor contacts on the cylinder. Additionally, rats were excluded from 

this test if they failed to rear more than 5 times.

Figure 2.4: Stepping test Figure 2.5: Cylinder test
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22.4.4 Amphetamine-induced rotation test

Drug-induced rotation is a long-established test to assess the integrity of the DAergic system in 

the hemi-Parkinsonian model. 14 days following surgery, rats were injected with D-amphetamine 

(5 mg/kg; i.p.). The experimenter then recorded their rotational behaviour in a home cage (55 cm 

long X 35 cm wide x 25 cm high) for 40 min, starting 5 min after amphetamine injection. Results 

were expressed as ispilateral and contralateral net tums/min (Figure 2.6).

Figure 2.6: Amphetamine-induced ipsilateral rotations

2.2.5 Monoamine Analysis by High Performance Liquid Chromatography (HPLC) coupled 

to electrochemical detection

2.2.5./ Preparation of HPLC mobile phase and standards

HPLC mobile phase buffer (0.1 M citric acid monohydrate, 0.1 M sodium dihydrogen phosphate, 

1.4 mM octane-1-sulfonic acid, 0.1 M ethylene diaminetetraacetic acid disodium and 10% (v/v) 

methanol) was prepared using HPLC grade water. The pH was adjusted to 2.8 by the addition of 

5 M NaOH. Neurochemical standards of the biogenic amines were also prepared as standard 

calibration points and to assess retention times. A solution consisting of standard amines 

noradrenaline (NA), 1,3,4- dihydroxyphenylalanine (L-DOPA), 3,4-dihydroxyphenylacetic acid 

(DOPAC), 3,4-dihydroxyphenethylamine (DA), 5-hydroxyindole-3- acetic acid (5-HlAA), 

homovanillic acid (HVA) 5-hydroxytiyptamine (5-HT) and N-methyl-5-HT (internal standard) 

were individually dissolved in 10 ml of HPLC buffer to produce 10 mg/ml concentrations. These 

were further diluted in mobile phase buffer to yield a 10 ml standard amine mixture containing 2 

ng/20pl of each monoamine.

43



22.5.2 Tissue Preparation for HPLC

Animals were sacrificed 15 days following stereotactic surgery. Brains were quickly removed and 

the striatum, frontal cortex, midbrain (containing the SN), hippocampus, hypothalamus and 

cerebellum were hand-dissected on dry ice using Palkovits and Brownstein brain atlas for 

reference. Samples were weighed and transferred to 1 ml eppendorf tubes containing 500 pi ice 

cold homogenising buffer (HPLC mobile phase containing 2 ng/ 20pl N-methyl-5-HT) before 

being homogenised by sonification, centrifuged (15,000 rpm @ 20 min at 4°C) and frozen at - 

80°C.

2.2.5.3 HPLC analysis of rat brain biogenic amines

100 pi of supernatant from each sample was transferred to glass HPLC assay vials and placed into 

a HPLC system consisting of a high pressure isocratic pump, sample auto-injector valve and a 

C18 reverse phase column coupled to an electrochemical detector. 10 pi sample was auto-injected 

and pumped through the column at a flow rate of 0.8 ml/min. A standard mixture of amines were 

run after every fourth sample to recalibrate the system and minimise any drift that occurred in 

amine retention times during sampling. Neurotransmitter concentrations were quantified by 

electrochemical detection and resulting chromatograms were generated using a Merck Hitachi D- 

2000 integrator. Inclusion of the internal standard in each sample allowed for correction of 

processing losses. These data, together with the brain tissue weights, were used to calculate the 

concentration of neurotransmitter in each sample. Results are expressed in terms of 

neurotransmitter (ng) per wet weight of tissue (g).

Minutes

Figure 2.7: Sample chromatogram of retention times and peak heights from a standard 
mix of biogenic amines and their metabolites

Monoamine retention times from left to right are as follows: Noradrenaline (NA) (3.21 min), 
L-DOPA (3.97 min), DOPAC (5.92 min). Dopamine (DA) (7.04 min), 5-HlAA (9.98 min), 
HVA (13.66 min), 5-HT (17.92 min), N-methyl-5-HT (20.95 min).
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Table 2.1: Retention times and peak heights from a standard mix of biogenic amines and
their metabolites

Amine Retention Times (min) Peak Height

NA 3.21 676133

L-DOPA 3.97 429148

DOPAC 5.92 345823

DA 7.04 640622

5-HIAA 9.98 200305

HVA 13.66 265642

5-HT 17.92 381956

N-methyl-5-HT(IS) 20.95 273404

2.2.6 Analysis of mRNA expression

2.2.6.1 RNA extraction

RNA was isolated using a NucleoSpin® RNA II Total RNA isolation kit according to the 

manufacturer’s instructions (Macherey-Nagel). Following tissue preparation for HPLC analysis, 

supernatant from each sample was aspirated and stored at -80°C. Nigral tissue was disrupted in 

lysis buffer mixture (350 pi RAl buffer; 3.5 pi p-mercaptoethanol) using a polytron for ~30 s or 

until a homogeneous solution was obtained. To reduce viscosity, the lysate was placed in a 

Nucleospin® unit and filtered by centrifuging for 1 min at 13,000 rpm. 350 pi of 70% ethanol 

was then added to the lysate, pipetted up and down several times until dissolution occurred, loaded 

to a

NucleoSpin® RNA II column. The column was centrifuged for 30 s at 13,000 rpm to bind RNA 

to the column. The column containing nucleic acid was retained and desalted by adding 350 pi of 

a membrane desalting buffer and centrifuging for 1 min at 13,000 rpm. Digestion by rDNase was 

performed by preparing a DNase reaction mixture (briefly, 10 pi reconstituted rDNase; 95 pi 

reaction buffer for rDNase, per sample) and applying 95 pi of this DNase reaction mixture directly 

onto the centre of each column. The column was incubated at room temperature for 15 min and 

was then washed 3 times, as follows: (1) 200 pi RA2 buffer (supplied with kit) to inactivate the 

rDNase, centrifuge for 1 min at 13,000 rpm; (2) 600 pi RA3 buffer (supplied with kit), centrifuge 

for 1 min at 13,000 rpm; (3) 250 pi RA3 buffer (supplied with kit), centrifuge for 2 min at 13,000
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rpm. The column was then placed in a nuclease-free collecting tube and the total RNA present 

was eluted with 60 pi RNAse-free water via centrifugation at 13,000 rpm for 1 min. The total 

RNA samples were then either stored at -80°C until ready for the next step or equalised 

immediately post extraction.

2.2.62 RNA quantification

Quantification of RNA was carried out using a NanoDrop spectrophotometer. The NanoDrop was 

calibrated by placing 1 pi RNase-free H2O onto the reading platform/pedestal. This H2O was 

removed using some tissue paper and a further 1 pi RNase-free H2O was placed onto the pedestal 

to create a blank reading. RNA was defrosted and maintained on ice throughout this process. The 

RNA-containing tube was flicked gently to ensure thorough mixing of the contents. 1 pi RNA 

was placed onto the pedestal and a concentration reading was obtained in ng/pl. The pedestal was 

wiped down with tissue paper between each sample. The purity of the RNA was demonstrated by 

the ratio between the A260 and A280, where a ratio of 2 indicated pure RNA. Once all of the 

concentrations were calculated, the samples were all equalised to the sample with the lowest 

concentration detected, using nuclease-free H2O.

2.2.6.3 cDNA synthesis

A High Capacity cDNA Reverse Transcription Kit was used for reverse transcription of total 

RNA to single stranded complementary DNA (cDNA). In brief, a master mix solution was made 

up using reverse transcription buffer, deoxynucleotides (dNTPs), random primers, multiscribe 

reverse transcriptase and RNAse-free H2O [Table 2.2]. 10 pi of RNA from each sample was 

added to 10 pi of the master mix in micro tubes. These tubes were then placed in a thermocycler 

(Peltier Thermal Cycler- 200) and set to the following program: 25°C for 10 min, 37°C for 120 

min and 85°C for 5 min. When the cDNA synthesis was completed, each sample was diluted 1:5 

with nuclease-free H2O (20 pi cDNA + 80 pi of H2O), and samples were stored at -20°C until 

needed.

Table 2.2; RT Master Mix components

Master Mix components Volume per reaction (pi)

lOx RT buffer 2

25x dNTP mix (100 mM) 0.8

1 Ox RT Random Primers 2

Multiscribe Reverse Transcriptase (50U/pl) 1

Nuclease-free H2O 4.2
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22.6.4 Assessment of gene expression by multiplex real-time PCR

Real-time PCR was performed using TaqMan® Gene Expression Assays which contain forward 

and reverse primers, and a FAM® (fluorescein amidite)-labelled MGB (minor groove binder) 

TaqMan probe for each gene of interest. The assay ID's for the genes examined are listed in 

Table 23. p-actin gene expression was used to normalise gene expression between samples and 

was quantified using a P-actin endogenous control gene expression assay containing specific 

primers and a variant allele-specific (VIC)®-labelled MGB probe for rat p-actin. A 10 pi volume 

was added to each well of the 96-well optical reaction plate as follows: 4 pi cDNA, 5 pi 

FASTaqMan® Universal PCR Master Mix, 0.5 pi p-actin primer/probe, and 0.5 pi target 

primer/probe. The plate was covered with an optical adhesive cover and centrifuged at 800 rpm 

for 20 s. The sealed plate was inserted into Step One Plus real time PCR system (Applied 

Biosystems) and run on the following settings: 50°C for a period of 2 min, followed by 95°C 

for 20 s. This constituted the first step. The second step was repeated 40 times and consisted of 

a denaturation temperature of 95°C for 1 s, followed by a temperature of 60°C for 20 s, the 

annealing and extension phase, during which the fluorescence was read by the machine. During 

this second step, the double stranded DNA is denatured at 95°C for 1 s, as the temperature falls 

to 60°C, the target probe binds to the single stranded code first, owing to its higher melting point 

in comparison to the target primers. This probe contains the FAM/VIC dye and a proprietary 

no-f!uorescent quencher (NFQ) dye. This prevents the dye from emitting a fluorescence signal 

by fluorescence resonance energy transfer (FRET) technology (Applied Biosystems). When the 

temperature reaches 60°C the target primers anneal and the strand is extended at the 5’ end by 

the nuclease activity of Taq polymerase. This displaces the FAM/VIC labelled probe which in 

turn causes the FRET between the dye and quencher to be broken, leading to the generation of 

a fluorescent signal being generated. Due to the specificity of the probe and the primers of the 

cDNA sequence, one fluorescent signal is generated for each new cDNA copy.

2.2.6.5 Real-time PCR analysis

Assessment of gene expression of all the real-time PCR was carried out using the AACT method 

(Applied Biosystems RQ software). This method is used to assess relative gene expression by 

comparing the gene expression of treatment samples to that of a control sample, rather than 

quantifying the exact copy number of the target gene. This allows for fold difference to be 

assessed between samples of different treatments. The fold difference is calculated using the 

cycle number (CT) difference between samples. To measure this difference, the CT of the 

endogenous control (|3-actin) is subtracted from the CT of the target gene for each sample, which 

accounts for any variations in cDNA quantity (termed ACT). The ACT of a control sample is 

subtracted from itself and all of the other samples giving the AACT value (cycle difference
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corrected for endogenous control). This can then be converted into a fold difference from which 

the related expression change can be calculated.

Table 23: List of primers/probes for PCR

Target Primer Code

p-actin (VIC) 4352340E

NGF Rn01533872_ml

GDNF Rn00755092_ml

CDNF RnOl76500l_ml

FGF-2 Rn00570809_ml

BDNF Rn02531967_sl

TNF-a Rn01525859_gl

lL-6 Rn01410330_ml

IL-lp Rn00580432_ml

GFAP Rn00755092_ml

2.2.7 Immunohistochemistry

22.7.1 Tissue processing

Rats were terminally anaesthetized with urethane (5.6M). A thoracotomy was performed to 

expose the beating heart and an incision was made in the right ventricle. The left ventricle was 

pierced with a needle which was attached to the tubing of the perfusion pump and clamped in 

place. The rat was transcardially perfused with ice-cold PBS for 15 min followed by 4% 

paraformaldehyde (PFA) for 10 min. Once perfusion was complete, animals were decapitated, 

brains removed and kept overnight in 4% PFA (4°C) before being cryoprotected in 30% sucrose 

solution for 72 h (4 “C). Brains were then quickly frozen in isopentane on dry-ice, embedded in 

optimal cutting temperature compound (O.C.T) and stored at -80 °C until further use. 30 pm 

coronal sections through the SNpc and striatum were cut using a cryostat. Nigral and striatal tissue 

were placed into collection tubes containing freezing solution (75 g sucrose, 75 ml ethylene glycol 

made up to 250 ml with PBS). Four collection tubes meant that every serial section is spaced by 

120 pm with 10 sections/collection tube.

2.2.7.2 Striatal and nigral analysis of tyrosine hydroxylase-positive neurons and activated 
microglia

Slices were incubated in 0.75% hydrogen peroxide (H2O2) solution (500 pi 30% FI2O2 in 19.5
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ml PBS) for 20 min at room temperature (RT) to block endogenous peroxide activity followed 

by 3 X 5 min PBS washes before incubation with blocking buffer (10% NGS, 0.05% Triton X- 

100; PBS) for 20 min at RT. Slices were incubated overnight with primary antibody (polyclonal 

rabbit TH 1:1000; polyclonal rabbit lBA-1 1:5000) at RT. The following day, brain slices were 

washed (3x5 min; PBS), incubated with a biotinylated goat anti-rabbit antisera (1:200 in 3% 

NGS; PBS) for 90 min at RT, followed by 3 x 5 min PBS washes and incubated with an avidin- 

biotinylated peroxidase complex formulated in PBS for 90 min at RT, as described by the 

manufacturer. Following this, brain sections were washed (3x5 min; PBS) and incubated with 

a 10% 3,3’-diaminobenzidine (DAB) solution (in 0.4% H2O2; PBS) until negative controls 

started to turn brown (~7 min; RT). The reaction was terminated by addition of distilled H2O. 

The sections were rinsed in PBS, mounted onto gelatin-coated slides [0.5% gelatin, 0.05% 

KCr(S04)2] in distilled H2O and allowed to dry overnight. The following day, sections were 

desalted in distilled H2O, dehydrated in an increasing gradient of alcohols (ethanol 70%, 90% 

and 100%) and cleared in xylene. Coverslips were mounted with a mixture of distyrene, a 

plasticiser and xylene (DPX) mounting medium, allowed to dry and visualised under a light- 

microscope.

2.2.73 Slide Analysis

Images were taken using an Olympus DRP72 camera mounted on an Olympus BX51 normal 

light microscope and analysed using Image J software (Image J vl.38x; NIH,US). SNpc and 

striatal images were taken at 20x and 1.25x magnification respectively and converted to a HSB 

(hue, saturation, brightness) scale. Using the saturation panel, a border was drawn around TH- 

and IBA-1- positive neurons and microglia (Figure 2.8), and staining intensity calculated 

following subtraction of non-stained background. One collection tube per rat contained 10 

nigral or striatal sections which were stained for TH- and IBA-1 immunoreactivity. Of these 10 

sections, 3 sections per rat were quantified for TH- and IBA-1 immunoreactivity.
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Figure 2.8: Example of TH-positive striatal (1) and nigral (2) immunopositive staining. Nigral
IBA-1 positive microglia are shown in (3)
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2.2.8 Statistical analysis

All data was analysed using the statistical analysis package GB-STAT. Statistical comparisons 

were performed using either a Student’s r-test or analysis of variance (ANOVA) as indicated in 

the individual results chapters. If significant changes were observed following ANOVA the data 

was further analysed using a Student Newman-Keuls post hoc test. A value of p<0.05 was 

deemed statistically significant. Results are expressed as mean with standard error of the mean.
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Chapter 3

Characterisation of a novel animal model of 
Parkinson’s disease
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3.1 Introduction

The use of animal models has provided vital information in the study of Parkinson’s disease, with 

their development aiding our understanding of disease pathophysiology and facilitating the testing 

and advancement of therapeutic intervention strategies. Even though there have been significant 

advances in the symptomatic treatment of the disease, most of which aim to augment extracellular 

DA levels, current therapies do not address the underlying neurodegenerative and 

neuroinfiammatory processes. Despite the development of a range of new therapies for PD 

including dopamine re-uptake and MAO-B inhibitors, levodopa still remains the gold standard 

treatment after its miraculous anti-akinetic effect in a PD patient in 1961 (Birkmayer and 

Hornykiewicz, 1962). The major difficulty with levodopa is the development of dyskinesias and 

motor fluctuations in about 50% of patients within the first five years of treatment (Olanow et al., 

2001). Current treatment for prodromal effects may provide a slight measure of protection against 

disease progression. For example various SSRls and, to a lesser extent, venlafaxine (an SNRI) 

inhibited TNF-a and NO production from LPS-stimulated microglia (Tynan et al., 2012) through 

a cAMP-dependant mechanism. While there is data available to suggest current PD treatments 

provide potential protection against disease progression, the strength of the evidence is weak. As 

such, the importance of new animal and cellular models in which to test novel compounds cannot 

be underestimated in our quest to understand this disease. With that in mind two currently 

employed animal models of PD were utilised; the classical neurotoxin model (6-OHDA lesion 

model) and an inflammatory model (intranigral EPS model). Furthermore, a third animal model 

was utisised using both 6-OHDA and EPS to investigate the effect of combined striatal and nigral 

lesioning respectively.

3.1.1 6-OHDA: A classic PD neurotoxin model

The use of 6-OHDA to model pre-clinical PD pathology and symptomology dates back to the late 

1960s where bilateral injection into the SNpc produced a profound and often fatal akinesis in rats 

(Ungerstedt, 1968). Structurally it is very similar to the catecholamines DA and NA, therefore it 

preferentially exerts its toxic effects on monoaminergic neurons via uptake through the DAT and 

NAT respectively (Kostrzewa and Jacobowitz, 1974). Due to high mortality rates through 

bilateral administration, it has become more popular to unilaterally inject 6-OHDA to obtain a 

hemi-parkinsonian PD model, greatly increasing animal viability. In addition each animal may 

also act as an endogenous control by comparison between lesioned and un-lesioned hemispheres. 

Moreover intrastriatal administration of the neurotoxin produces asymmetric circling behaviour 

following challenge with amphetamine or apomorphine; a popular pre-mortem indication of
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damage to the nigro-striatal tract (Ungerstedt and Arbuthnott, 1970, Przedbroski et al., 1995). 

Following uptake into catecholaminergic neurons, 6-OHDA accumulates in the cytosol and 

undergoes enzymatic oxidation via MAO-A resulting in the production of hydrogen peroxide 

(H2O2) Not only is H2O2 in itself cytotoxic, it can further lead to the production of oxygen radicals. 

Furthermore auto-oxidation of 6-OHDA generates large amounts of H2O2, ROS, semiquinone and 

quinone species, culminating in dysfunction and damage of proteins, DNA, RNA and ultimately 

cell death (Padiglia et al., 1997, Palumbo et al., 1999). Additionally DAergic neurons may be 

particularly susceptible to oxidative stress due to their low levels of the anti-oxidant glutathione 

and high iron content (Collins et al., 2012). As previously mentioned, 6-OHDA does not cross 

the BBB therefore skilled intracerebral stereotactic injection of the compound is necessary to 

perform the lesion. Furthermore, due to its selectivity to NAergic and DAergic neurons, a NA re

uptake inhibitor such as desipramine is typically co-adminlstered to spare noradrenaline 

containing neurons (Blesa et al., 2012).

In the past the MFB was the most popular site for 6-OHDA injection resulting in the rapid (24h) 

degeneration of virtually all DAergic neurons in the SN without apoptotic morphology (Jeon et 

al., 1995). This model is thought to resemble the late stages of chronic PD, however, in recent 

years it has become commonplace to inject 6-OHDA into the caudate putamen (CPu) of the 

striatum producing a more protracted and less extensive retrograde degeneration of nigral neurons 

(1-3 weeks) (Przedbroski et al., 1995). This degeneration is more selective to A9 neurons which 

is believed to be representative of the process in human PD brains (Blesa et al., 2012). 

Unfortunately none of the 6-OHDA lesion models have led to the formation of protein aggregates 

(Tieu, 2011) which is indeed a limitation in their validity, translation and applicability to the 

human disease.

3.1.2 The emerging role of neuroinflammation in PD pathology and pathogenesis

Since the discovery of activated microglia in the SN of post-mortem PD tissue (McGeer et al., 

1988) there have been significant advances in understanding the role of neuroinflammation in the 

neurodegenerative process. Briefly, the presence of TNF-a, IL-ip, lL-6 and IL-2 are elevated in 

post-mortem striatal tissue and CSF of PD patients (Mogi et al., 1994b, Mogi et al., 1996, Mogi 

et al., 1994a). In addition, TNF-a, IL-ip and IFN-y expressing glial cells can be found in large 

quantities in the SN of PD patients (Hunot et al., 1999). Furthermore, the TNF-a death receptor 

(TNFRl) is expressed on DAergic neurons indicating a direct influence of TNF-a on this cell type 

(Boka et al., 1994). Loss of DA neurons in the SN of PD patients is accompanied by activation of 

microglia, resulting in the production of reactive oxygen and nitrogen species (Block et al., 2007, 

Long-Smith et al., 2009, Tansey and Goldberg, 2010). Specifically, up-regulations in iNOS, 

COX-1 and COX-2 have been identified in PD nigral tissue (Knott et al., 2000). Epidemiological

54



evidence indicates that long-term users of non- steroidal anti-inflammatory drugs (NSAIDS), are 

at a 15% reduced risk of developing PD (Gagne and Power, 2010), although other studies have 

reported mixed results (Hirsch and Hunot, 2009). Such meta-analyses are indicative of possible 

links between risk of developing PD and anti-inflammatory agents. There is also evidence of a 

decrease in BBS integrity (Kortekaas et al., 2005) and greater lymphatic CNS infiltration 

(McGeer et al., 1988, Brochard et al., 2009) in PD. This, coupled with the notion that microglia 

in the diseased or aged brain are ‘primed’ and readily evoke an exaggerated response to 

inflammation or systemic infection (Perry et al., 2007), suggests the potential role of the innate 

and adaptive immune responses in acceleration of disease progression. Such evidence has 

cemented the idea that inflammation-derived oxidative stress and toxicity caused by cytokine 

release from microglia may contribute to degeneration of the nigro-striatal pathway and accelerate 

disease progression [see Blesa et al. (2012) for review].

The potent inflammogen LPS has been widely utilised to initiate a strong immune response in the 

rat brain (Montero-Menei et al., 1996, Szczepanik et al., 1996). Host immune cells including 

microglia and astrocytes, express the transmembrane TLR-4 (Akundi et al., 2005, Jack et al., 

2005) and recognise LPS prompting the formation of a TLR4-MD2-LPS multimer. This induces 

the recruitment of the GDI 4 adapter protein allowing for signal transduction across the plasma 

membrane. Binding of LPS to TLR-4 can induce two signalling pathways which are either 

dependant on or independent of MyD88 recruitment. An intracellular TIR domain couples with 

the MAL adaptor protein and associates with MyD88. This stimulates members of the enzymatic 

IRAK family, triggering a signalling cascade that culminates in NFkB activation and subsequent 

pro-inllammatory cytokine induction. This response can differ between immune cells. For 

astrocjtes this can result in release of TNF-a, VCAM-l and lL-27 whereas in microglia, TNF-a, 

lL-6 and IL-ip are preferentially induced (Okun et al., 2011). Independent MyD88 signalling 

occurs following engagement of the TIR domain to the TRAM adapter which associates with 

TlR-dcmain-containing adapter-inducing interferon-P (TRIF) ultimately leading to activation of 

interfe'on regulatory factor-3 (lRF-3) and transcription of IFN-P (Hemmi and Akira, 2005, 

Henne>sy et al., 2010). Astrocytes do not signal through the TRIF branch but may induce a 

delayed JNK, MAPK and p-38 response leading to interferon gamma-induced protein-10 (IP-10) 

and SCCS-1 activation (Gorina et al., 2011).

3.1.3 LPS: An inflammatory PD model

The ablity of LPS to induce degeneration of DAergic neurons was first examined in vitro. Studies 

found hat LPS (50 pg/ml), unlike 6-OHDA which resulted in an 89% reduction of TH-positive 

neurors, had no effect on cells in neuron-enriched cultures. However, when administered to
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mixed neuron-glial cultures, LPS was capable of inducing profound neuron degeneration, 

reducing the number of TH-immunopositive neurons by 70% (Bronstein et al., 1995). While 

neurons do possess TLR-4 (Tang et al., 2007) they do not seem to be functionally active. Indeed, 

LPS-treated neurons do not activate NFkB, TRIP or JNK pathways (Okun et al., 2010, Rolls et 

al., 2007) suggesting that LPS itself is not neurotoxic and LPS-induced neuronal degeneration is 

instead mediated by an inflammatory response dependent on glial cells; particularly microglia. 

Interestingly DAergic neurons in such cultures are approximately twice as sensitive to LPS- 

induced toxicity as non-tyrosine hydroxylase containing neurons, demonstrating a certain level 

of LPS selectivity for DAergic neurons (Bronstein et al., 1995).

Considering these in vitro results, Castano and colleagues examined the effects of unilateral 

intranigral LPS (2 pg) injection in female Wistar rats, resulting in significant DA neuronal loss in 

both nigral cell bodies and striatal terminals. In addition, reductions in the number of TH- 

immunopositive cells were observed in nigral and striatal tissue which co-localised with the 

activated microglial marker Cdl lb (Castano et al., 1998). Subsequent studies have supported 

these findings and further characterised the LPS model of PD (Hoban et al., 2013, Herrera et al., 

2000, Castano et al., 2002).

The inflammatory and degenerative effects of LPS are strongest when delivered into the SN (cell 

bodies) in comparison to the striatum (terminals) and MFB (axons). Indeed, this could be due to 

the relatively high vulnerability of the nigra to oxidative damage (Floor and Wetzel, 1998), 

probably due to reduced glutathione and high iron content of DAergic neurons (Jenner and 

Olanow, 1998) or the high concentration of microglia in the region (Lawson et al., 1990). In 

addition, effects of LPS on DAergic neurons are chronic and irreversible (Castano et al., 2002). 

Furthermore, LPS is capable of inducing Parkinsonian motor deficits as recognised by 

behavioural paradigms including the corridor, stepping, whisker and amphetamine rotation tests 

(Hoban et al., 2013).
Neuroinflammation induced by LPS mimics the inflammatory processes implicated in PD. For 

example, an increase in ROS and NADPH oxidase activity is up-regulated in PD (Alam et al., 

1997, Schulz and Beal, 1994, Teismann et al., 2003). Furthermore, an increase in amoeboid 

microglia containing COX-1 and COX-2 is found in Parkinsonian but not control nigra in post

mortem tissue (Wu et al., 2003). Reports also demonstrate the ability of intranigral LPS 

administration to induce iNOS and 3-nitrotyrosine (3-NT) (Iravani et al., 2005). In line with this, 

pre-treatment with an iNOS inhibitor protects against LPS-induced behavioural deficits and 

neuronal loss in MPTP and rotenone models of the disease (Gao et al., 2003, Anantharam et al., 

2007). Furthermore, selective inhibitors of phagocytic NADPH oxidase (PHOX) such as 

diphenyliodonium were able to protect against LPS-induced DAergic cell death and microglial
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activation while PHOX -/- mice demonstrated resistance to LPS-induced neurotoxicity (Qian et 

al., 2007, Qin et al., 2004). Moreover, the selective COX-2 inhibitor DuP697 prevented MPTP- 

induced PG synthesis in neuron-microglia cultures while rofecoxib attenuated nigral DAergic 

neuronal loss in MPTP injected mice (Wang et al., 2005, Teismann et al., 2003). The evidence 

described herein endorses the use of LPS to model the neuroinflammatory changes that occur in 

PD and therefore promotes itself as a useful model to test strategies aimed at limiting 

neuroinflammation.

3.1.4 6-OHDA/LPS: A novel model of PD

Few attempts have been made to combine the 6-OHDA and LPS models of PD. A thorough search 

of the relevant literature yielded only two published studies in which rats received nigro-striatal 

injections of both toxins. To test if intranigral LPS would exacerbate 6-OHDA -induced 

neurodegeneration, Godoy et al. (2008) injected 6-OHDA (20 pg) into the striatum and 12 days 

later administered LPS (0.09 pg) in the SNpc. Koprich et al. (2008) carried out a similar study 

where injections were again spaced 12 days apart, however they wanted to model early stages of 

the disease through sub-toxic LPS (0.09 pg) nigral injection followed by a low dose of 6-OHDA 

(5 pg). An interval of 12 days between toxin administration and LPS dose was chosen from a 

previous body of work in their lab where microglia display a ‘primed’ phenotype at day 12 with 

increased pro-inflammatory cytokine transcription but not translation (Depino et al., 2003). 

Indeed, in both studies they report that the combination of toxins induced far greater 

neurodegeneration and motor deficits than either 6-OHDA or LPS alone.

The main difference between the aforementioned published studies and the experiments 

conducted herein is as follows:

1) Time of neurotoxin administration - in the current study both LPS and 6-OHDA were 

administered simultaneously.

2) Dose of neurotoxins - the current study employed higher doses of LPS (10 pg) and 6- 

OHDA(lOpg).

To this end, the aim of the current study was to create a robust model of PD that focuses primarily 

(but not exclusively) on inflammatory processes involved in PD. It is intended that this model be 

employed subsequently in the investigation of inflammatory factors contributing to pathology in 

PD and potential anti-inflammatory therapies that may provide neuroprotection.
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3.2.1 Study design

The aims of this study were as follows:

(5) to establish the classical intrastriatal 6-OHDA neurotoxin model of PD in rats.

(6) to compare the classical neurotoxin model with the intranigral LPS inflammatory model of PD 
in rats.

(7) to develop a novel model of PD using both 6-OHDA and LPS in an effort to combine 
contributory elements of significance in the pathogenesis and progression of PD.

(8) to assess the animal model using three parameters:

• extent of motor dysfunction through behavioural testing.

• analysis of DA, DOPAC and HVA concentrations to determine the extent of nigral-striatal DA 

loss.

• immunohistochemical analysis of nigral and striatal DAergic tyrosine hydroxylase (TH- 

positive) stained neurons.

3.2.2 Experimental timeline

- Sham (sterile PBS)
- LPS (10tig/2)il; intranigral)
- 6-OHDA (10ng/2|il; intrastriatal)
- LPS/6-OHDA (dose as above)

Transcardially perfused (4% PFA) 
or

Euthanised for DA quantification
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3.23 Experimental design

Adult male Wistar rats («=48) were allowed to habituate to the animal unit for at least a week 

prior to behavioural training in the staircase and stepping tests. This study included the following 

four treatment groups: (1) sham vehicle, (2) intranigral LPS + intrastriatal vehicle, (3) intranigral 

vehicle + intrastriatal 6-OHDA, (4) intranigral LPS + intrastriatal 6-OHDA. n= 12 per group. 

Baseline testing in each behavioural paradigm was conducted 5 days prior to stereotactic surgery. 

Rats received an injection of LPS (10 pg/2pl) into the substantia nigra, 6-OHDA (10 pg/2pl) into 

the striatum or a combination of both (see section 2.2.3 for full surgery details). Control animals 

received a sham PBS injection. Behavioural testing in the staircase, stepping and cylinder test was 

conducted (in that order) 7 days following surgery between the hrs of 9 am - 1 pm. The same 

execution of behavioural testing was conducted 6 days later. At 14 days post-surgery animals 

were administered D-amphetamine (5 mg/kg; i.p.), placed in their home-cage and activity was 

recorded for 40 min. The following day rats were either euthanised by transcardial perfusion- 

fixation and their brains used for post-mortem assessment of nigro-striatal neurodegeneration or 

dissected freehand on dry ice for HPLC analysis of amine concentrations and cytokine expression.
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3.3 Results 

Behavioural analysis

3J.1 The combination of intrastriatal 6-OHDA and intranigral LPS induces 

contralateral forelimb akinesia in the stepping test

Sham lesioned animals tended to be extremely active with some rats making as many as twenty 

steps. A two-way ANOVA demonstrated an effect of LPS on contralateral steps in the forehand 

direction at 7 days post-lesion (F(i,28)= 42.77, P=<0.0001). Here the average number of ipsilateral 

and contralateral forehand steps taken were 14 and 13 respectively. ANOVA also demonstrated 

an effect of 6-OHDA (F(i,28)= 37.78, P=<0.0001) with the average number of ipsilateral and 

contralateral steps taken were 11 and 9 respectively. There was also a LPS x 6-OHDA interaction 

(F(i,28)= 19.83, P<0.0001). Here the average number of ipsilateral and contralateral forehand steps 

taken were 14 and 1 respectively. At 13 days post-lesion a two-way ANOVA demonstrated an 

effect of LPS on contralateral steps (F(i,28)= 16.71, P=0.0003). Furthermore there was an effect 

of 6-OHDA (F(i,28)= 14.54, P=0.0007) and a less pronounced LPS x 6-OHDA interaction (F(i.28)= 

4.71, P=0.038). At both 7 and 13 days post-lesion, poV hoc analysis revealed that only combined 

intranigral LPS and intrastriatal 6-OHDA results in a reduction in forehand contralateral steps 

compared to sham lesioned controls (P<0.01). The average number of steps taken at 13 days post

lesion were similar to the 7 day post-lesion test session (Fig. 3.1 A).
In the backhand direction two-way ANOVA revealed an effect of LPS on contralateral steps at 

7 days post-lesion (F(i,28)= 17.44, P=0.0003). Here the average number of ipsilateral and 

contralateral backhand steps taken were 9 and 9 respectively. There was also an effect of 6- 

OHDA F(i.28)= 39.59, P=<0.0001) with the average number of ipsilateral and contralateral steps 

taken were 9 and 6 respectively. Post hoc analysis revealed a reduction in the percentage of 

contralateral steps after intranigral LPS (P<0.05) and intrastriatal 6-OHDA (P<0.01) compared 

to sham lesioned controls. This effect was more pronounced after combination of LPS and 6- 

OHDA where the average number of ipsilateral and contralateral backhand steps taken were 8 

and 1 respectively. At 13 days post-lesion a two-way ANOVA revealed an effect of LPS on 

backhand contralateral steps (F(i,28)= 15.36, P=0.0005) as well as an effect of 6-OHDA (F(i,28)= 

6.67, P=0.02). Post hoc analysis revealed that only combined intranigral LPS and intrastriatal 6- 

OHDA results in a reduction in backhand contralateral steps 13 days post-lesion when compared 

to sham-lesioned controls (P<0.01). The average number of steps taken at 13 days post-lesion 

were similar to the 7 day post-lesion test session (Fig. 3.1 B).

60



33.2 The combination of intrastriatal 6-OHDA and intranigral LPS induces forelimb 
asymmetry in the cylinder test

A two-way ANOVA demonstrated an effect of LPS on contralateral limb wall placements at 7 

days post-lesion (F(i,23)= 11.81, P=0.0022). ANOVA also showed an effect of 6-OHDA (F(i,23)= 

6.69, P=0.0165). Similarly at 13 days post-lesion there was an effect of LPS (F(i,23)= 3.83, 

P=0.0624) and 6-OHDA (F(i,23)= 4.40, P=0.047). Newman-Keuls post hoc analysis revealed that 

only combined intranigral LPS and intrastriatal 6-OHDA results in a reduction in impaired-limb 

wall contact compared to sham lesioned control rats (P<0.01 at 7 days; P<0.05 at 13 days) (Fig.
3.2 A).

No effect of LPS or 6-OHDA alone or in combination was observed for floor placements at 

either 7 or 13 days post-lesion (Flg.3.2B).

333 The combination of intrastriatal 6-OHDA and intranigral LPS induces deficits in 

skilled motor function as assessed by the staircase test

The total number of reaching attempts did not change significantly between treatment groups or 

following surgery (data not shown). In addition most rats would use their tongue to reach pellets 

on the first couple of steps. The number of pellets eaten in this way did not change significantly 

between treatment groups before or after surgery (data not shown).

A two-way ANOVA demonstrated an effect of LPS on the contralateral limb at 7 (F(i,28)=6.66, 

P=0.0154) and 13 days (F(i,28)=5.17, P=0.0308) post-lesion. Post hoc analysis revealed a reduction 

in the success rate after combined intranigral LPS and intrastriatal 6-OHDA only compared to 
sham lesioned controls (P<0.05) (Fig. 33).

33.4 The combination of intrastriatal 6-OHDA and intranigral LPS induces overt 
rotational asymmetry following amphetamine challenge

Vehicle (PBS) and LPS treated rats exhibited no significant rotational behaviour following 

injection of D-amphetamine. Instead, rats in this group exhibited obsessive repetitive behaviours 

associated with amphetamine administration such as sniffing, salivating and teeth grinding.

A three-way ANOVA revealed an effect on rotational behavior following intranigral LPS 

(F(i,58)=4.96, P=0.0299) and Intrastriatal 6-OHDA (F(i,58r32.20, P=<0.0001) administration. 

ANOVA also revealed an effect on ipsilateral rotations (F(i,58)=68.06, P=<0.0001). Furthermore 

there was an LPS (F(i,58)=4.54, P=0.0375) and 6-OHDA (F(i,58)=44.48, P=<0.0001) x ipsilateral 

rotation interaction. Post hoc analysis revealed overt ipsilateral rotations following 6-OHDA 

administration alone (P<0.01) and in combination with LPS (P<0.01) when compared to sham
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lesioned controls. It is also important to note that the number of contralateral rotations was 

lower than ipsilateral rotations in both the LPS/60HDA (P<0.01) and 6-OHDA (P<0.01) 

groups (Fig. 3,4).
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The combination of intrastriatal 6-OHDA and intranigral LPS induces 

contralateral forelimb akinesia in the stepping test
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Figure 3.1: The combination of intrastriatal 6-OHDA and intranigral LPS induces contralateral 
forelimb akinesia in the stepping test
The effect of intranigral LPS (10 pg) and intrastriatal 6-OHDA (10 pg) alone and in combination was 
examined on a rats ability to initiate movement of the forelimbs. The number of steps made by the 
contralateral limb was expressed as a percentage of the total number of steps made by both limbs in both 
the forehand (A) and backhand (B) direction. Data are expressed as mean ± SEM (n=8). **p<0.01 vs. saline 
vehicle; -i-i-p<0.01 vs. LPS/6-OHDA (Two-way ANOVA followed by post hoc Newman-Keuls).
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The combination of intrastriatal 6-OHDA and intranigral LPS induces limb-use 

asymmetry in the cylinder test
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Figure 3.2: The combination of intrastriatal 6-OHDA and intranigral LPS induces limb-use 
asymmetry in the cylinder test
The effect of intranigral LPS (lOgg) and intrastriatal 6-OHDA (lOjtg) alone and in combination was 
examined on forelimb-use asymmetry. The number of contralateral limb wall (A) and subsequent floor (B) 
contacts are expressed as a percentage of total contacts made. Data are expressed as mean ± SEM (n=8). 
*p<0.05, **p<0.01 vs. saline vehicle; +p<0.05 vs. LPS/6-OHDA (Two-way ANOVA followed by post 
hoc Newman-Keuls).
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The combination of intrastriatal 6-OHDA and intranigral LPS induces deficits in 

skilled motor function as assessed by the staircase test
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Figure 3 The combination of intrastriatal 6-OHDA and intranigral LPS induces deficits in skilled 
motor function as assessed by the staircase test
LPS (10|ig) or 6-OHDA (lOgg) alone and in combination was stereotactically injected into the nigra or 
striatum respectively and skilled paw motor function was assessed at 7 and 13 days post-lesion. The success 
rate was taken to be the number of successful attempts expressed as a percentage of total attempts made. 
Data are expressed as mean ± SEM (n=8). *p<0.05 vs. saline vehicle; +p<0.05 vs. LPS/6-OHDA (Two- 
way ANOVA followed by post hoc Newman-Keuls).
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The combination of intrastriatal 6-OHDA and intranigral LPS induces overt 

ipsilateral rotational asymmetry following challenge with amphetamine

CD Vehicle + Vehicle 
□ LPS + Vehicle 
n Vehicle + 6-OHDA 
En LPS + 6-OHDA

Figure 3.4: The combination of intrastriatal 6-OHDA and intranigral LPS induces overt rotational 
asymmetry following amphetamine challenge
LPS (10 pg) or 6-OHDA (10 pg) alone and in combination was stereotactically injected into the nigra or 
striatum respectively. Animals were administered D-amphetamine (5 mg/kg; i.p.) 14 days post-lesion, 
placed in their home-cage and activity was recorded for 40 min. The number of ipsilateral and contralateral 
rotations were scored and expressed as net rotations/min. Data are expressed as mean ± SEM (n=8). 
**p<0.01 vs. saline vehicle; ++p<0.01 vs. within groups; ##p<0.01 vs. contralateral rotations (Three-way 
ANOVA followed by post hoc Newman-Keuls).
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Neurochemical analysis of monoamine neurotransmitters

3.1^ The effect of intranigral LPS and intrastriatal 6-OHDA alone and in combination 

on striatal DA, DOPAC and HVA concentrations

A two-way ANOVA revealed an effect on striatal DA levels following intranigral LPS 

(F(i,i6)=6.86, P=0.0186) and intrastriatal 6-OHDA (F(i,i6)=29.76, P=<0.0001). Post hoc analysis 

revealed a reduction in DA concentration after intranigral LPS (P<0.05) and intrastriatal 6-OHDA 

(P<0.01) administration and to a greater extent when combined (P<0.01) when compared to 

vehicle control (Fig. 3.5A).
The concentration of the DA metabolite, DOPAC followed a similar stepwise depletion. A two- 

way ANOVA indicated an effect on striatal DOPAC levels following 6-OHDA (F(i,i6)=l 1.85, 

P=0.034) but not LPS. Newman-Keuls post hoc comparisons revealed a reduction in striatal 

DOPAC concentration following LPS (P<0.05) and 6-OHDA (P<0.01) alone and in combination 

(P<0.01) when compared to vehicle control (Fig. 3.5B).

An effect on striatal HVA concentration was observed following intrastriatal 6-OHDA 

administration (F(i,i6)=9.91, P=0.0062). Post hoc analysis revealed a reduction in HVA 

concentration in the striatum following 6-OHDA alone (P<0.05) and in combination with LPS 

(P<0.05) when compared to vehicle control (Fig. 3.5C).

3.1.6 The effect of intranigral LPS and intrastriatal 6-OHDA alone and in combination 

on nigral DA, DOPAC and HVA concentrations

A two-way ANOVA revealed an effect on nigral DA levels following intranigral LPS 

(F(i,i6)=25.93, P=0.0001) and intrastriatal 6-OHDA (F(i,i6)=8.08, P=0.00117). Post hoc analysis 

revealed a reduction in DA concentration after intranigral LPS (P<0.01) and intrastriatal 6-OHDA 

(P<0.05) administration alone and to a greater extent when combined compared to vehicle control 

(P<0.01)(Fig.3.6A).

A two-way ANOVA indicated an effect on nigral DOPAC levels following 6-OHDA 

(F(i,i5)=4.44, P=0.0523), but not LPS administration. There was an LPS x 6-OHDA interaction on 

nigral DOPAC levels (F(i,i5)=8.07, P=<0.0]24). Newman-Keuls post hoc revealed a reduction in 

striatal DOPAC concentration following LPS (P<0.05) and 6-OHDA (P<0.05) alone and in 

combination when compared to vehicle control (P<0.05) (Fig. 3.6B). HVA levels were too low 

to detect in nigral tissue.
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The effect of intranigral LPS and intrastriatal 6-OHDA alone and in combination 

on striatal DA, DOPAC and HVA concentrations
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Figure 3.5: The effect of intranigral LPS and intrastriatal 6-OHDA alone and in combination on 
striatal DA, DOPAC and HVA concentrations
LPS (10 ng) or 6-OHDA (10 |ig) alone and in combination was stereotactically injected into the nigra or 
striatum respectively. Rats were euthanised 15 days following surgery and the striatum was dissected and 
prepared for HPLC-ECD analysis. DA, DOPAC and HVA concentrations are expressed as ng/g of striatal 
tissue. Data are expressed as mean ± SEM (n=5). *p<0.05, ♦*p<0.01 vs. saline vehicle (Two-way ANOVA 
followed by post hoc Newman-Keuls).
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The effect of intranigral LPS and intrastriatal 6-OHDA alone and in combination 

on nigral DA and DOPAC concentrations
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Figure 3.6: The effect of intranigral LPS and intrastriatal 6-OHDA alone and in combination on 
nigral DA and DOPAC concentrations
LPS (10 ng) or 6-OHDA (10 (ig) alone and in combination was stereotactically injected into the nigra or 
striatum respectively. Rats were euthanised 15 days following surgery and the substantia was dissected and 
prepared for HPLC-ECD analysis. DA and DOPAC concentrations are expressed as ng/g of nigral tissue. 
Data are expressed as mean ± SEM (n=4-5). ’''p<0.05, ■''*p<0.01 vs. saline vehicle; -)-p<0.05 vs. 
LPS/60HDA (Two-way ANOVA followed by post hoc Newman-Keuls).
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Immunohistochemical analysis

3.1.7 Effect of intrastriatal 6-OHDA and intranigral EPS on striatal TH staining 

intensity

A reduction in striatal TH staining intensity was observed following intranigral LPS in 

combination with intrastriatal 6-OHDA. A two-way ANOVA revealed an effect of LPS on 

staining intensity in the striatum (F(i,i2)=45.77, P=<0.0001). ANOVA also revealed an effect of 

6-OHDA (F(),i2)=73.23, P=<0.0001). Furthermore there was an LPS x 6-OHDA interaction 

(F(i,i6)=14.54, P=0.0025). Post hoc analysis showed a reduction in striatal tyrosine hydroxylase 

immunoreactivity intensity following 6-OHDA administration in the striatum when compared to 

vehicle control (P<0.05). A greater reduction in the intensity of TH positive staining was observed 

following the administration of LPS in the nigra in combination with striatal 6-OHDA (P<0.01) 

compared to vehicle control (Fig. 3.7).

3.1.8 Effect of intrastriatal 6-OHDA and intranigral LPS on nigral TH staining intensity

A reduction in nigral I'H staining intensity was observed following intranigral LPS in 

combination with intrastriatal 6-OHDA. A two-way ANOVA revealed an effect of LPS on 

staining intensity in the nigra (F(i,i2)=24.50, P=0.0003). ANOVA also revealed an effect of 6- 

OHDA (F(i,i2)=8.23, P=0.0141). Newman-Keuls post hoc comparisons revealed a reduction in 

TH staining intensity following LPS administration in the nigra in combination with striatal 6- 

OHDA (P<0.01) when compared to vehicle control. This reduction in staining intensity was 

greater than either LPS (P<0.05) or 6-OHDA alone (P<0.01) (Fig. 3.8).

70



EiTect of intrastriatal 6-OHDA and intranigral EPS on striatal TH staining intensity

0)T3

H -C

55 °

100

80-

60-

40-

20-

0

++

v«'

‘■w-

P

**

A
Vehicle 'Q LPS

o 0

\
6-OHDA

4000^m

Figure 3.7: Intrastriatal 6-OHDA in combination with intranigral LPS results in a greater reduction in 
striatal TH+ staining intensity than 6-OHDA alone
LPS (lOfig) or 6-OHDA (lOng) alone and in combination was stereotactically injected into the nigra or striatum 
respectively. Tyrosine hydroxylase immunohistochemical staining revealed the extent of striatal 
neurodegeneration. Images are representative of coronal striatal brain sections in each treatment group. Data are 
expressed as mean ± SEM (n=4). *p<0.05, **p<0.01 vs. saline vehicle; ++p<0.0l vs. LPS/60HDA (Two-way 
ANOVA followed by post hoc Newman-Keuls).
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Figure 3.8: Intranigral LPS in combination with striatal 6-OHDA results in a greater reduction in nigral 
TH staining intensity than either LPS or 6-OHDA alone.
LPS (10|xg) or 6-OHDA (lOgg) alone and in combination was stereotactically injected into the nigra or striatum 
respectively. Tyrosine hydroxylase immunohistochemical staining revealed the extent of nigral neurodegeneration. 
Images are representative of coronal nigral brain sections in each treatment group. Data are expressed as mean ± 
SEM (n=4). **p<0.01 vs. saline vehicle; +p<0.05, ++p<0.01 vs. LPS/60HDA (Two-way ANOVA followed by 
post hoc Newman-Keuls).
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3.4 Discussion

3.4.1 The combination of unilateral intrastriatal 6-OHDA and intranigral LPS induces 

motor impairment in the contralateral limb

In order to assess the extent of motor dysfunction in each of the PD models, a battery of 

behavioural tests were employed, each evaluating different aspects of motor function. 

Behavioural deficits related to damage of the nigro-striatal tract begin to manifest when the 

severity of the lesion reaches a critical threshold (i.e. extent of damage to nigral cell bodies and 

their axon terminals in the striatum). Observation of the various motor deficits depends on the 

type of behavioural test used. Furthermore, individual motor deficits are dependent on the extent 

of damage imposed on the neural circuitry involved in either automatic limb movements 

(stepping, cylinder) and/or skilled forelimb executions (staircase). For example, automatic 

vertical exploration in the cylinder test is largely controlled at the level of the spinal cord and 

brainstem (Metz et al., 1998, Muir and Whishaw, 1999, Piecharka et al., 2005) whereas skilled 

reaching requires integration of segmental and supraspinal descending pathways with 

propriospinal neurons further coordinating postural adjustments to successfully execute directed 

forepaw retrieval (Whishaw et al., 1986, Whishaw et al., 1998, Weidner et al., 2001).

The stepping test described previously in Schallert et al. (1992) and Lindner et al. (1997) was 

fully characterised by Olsson et al. (1995) as a method for assessing forelimb akinesia; a 

movement initiation behaviour that is analogous to limb akinesia and gait disturbances in PD 

patients (Olsson et al., 1995). The comprehensive development of this test included the 

elucidation of parameters of forelimb characteristics such as 'stepping time', 'step length' and 

'adjusting steps'. It was the latter of these that were determined to be the most robust and was 

therefore included in the current study. In the forehand direction, the number of contralateral 

adjusting steps was reduced by the 6-OHDA/LPS lesion. Sham lesion, and to a lesser extent LPS 

and 6-OHDA lesioned animals tended to be extremely active, with rats making as many as twenty 

steps or more. Similar results were obtained in the backhand direction. Interestingly, even though 

it was not recorded, a few animals showed substantially slower stepping movements, possibly 

indicating the beginning of hypokinetic movements, such as bradykinesia. Indeed Olsson 

describes the possibility of such a symptom in his original report. In addition, ipsilateral forelimb 

function remained unaffected, confirming that behavioural impairments were due to the 

neuroinflammatory/neurotoxic effects of LPS/6-OHDA and not a general “sickness behaviour” 

known to affect locomotor activity (Hart, 1988).
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The cylinder test measures asymmetrical forelimb use during spontaneous vertical exploration 

[see (Schallert and Tillerson, 2000, Schallert et al., 2000)]. Animals impulsively rear onto their 

hindlimbs once placed in the cylinder and vertically explore the walls using their forelimbs for 

support. Animals with unilateral damage to the DAergic system will favour their ipsilateral limb 

for wall and subsequent floor contacts (Vercammen et al., 2006). Here we show an impairment 

of contralateral limb use following 6-OHDA/LPS lesion at both testing sessions. However, no 

obvious preference in left or right forelimb use was observed when landing from a subsequent 

rear. In addition, lesion with LPS or 6-OHDA alone failed to induce forelimb-use bias when 

rearing or landing. It is important to note that overall performance in this test was variable and in 

general, not in keeping with the literature. Most studies will omit data from an animal that has not 

reared at least ten or twenty times (Vandeputte et al., 2010, Schallert and Tillerson, 2000); a 

criteria which would have excluded many of the subjects in the current study. In addition, the 

average number of rears seemed to taper off following stereotactic surgery, regardless of 

administration of the toxins. It may be possible that the surgery itself reduced exploratory 

behaviour through increased anxiety, stress or some other mechanism. However, because the 

behavioural deficit persisted for almost two weeks after surgery, and rats expressed little 

discomfort in any of the other more stressful tests (such as stepping or staircase), we consider this 

to be unlikely. Another possible explanation for this effect is a reduced drive to explore following 

repeated exposure to the same environment. This is again inconsistent with other studies which 

repeat the cylinder test several times over a similar period (Vandeputte et al., 2010).

The Montoya staircase test measures skilled forelimb function by evaluating the ability of a rat to 

retrieve food pellets from a staircase on either side of a narrow platform (Whishaw et al., 1998). 

It allows for the assessment of paw-use preference and provides quantifiable data in terms of 

skilled reaching for each limb independently. The success rate of contralateral limb pellet retrieval 

was significantly reduced in LPS/6-OHDA-lesioned animals at both 7 and 13 day test sessions 

compared to sham controls. Animals in this group were observed attempting to retrieve pellets 

but frequently dropping or knocking them onto a lower step. In addition, animals were also seen 

using a number of compensatory mechanisms in an attempt to retrieve pellets in line with those 

described elsewhere (Whishaw et al., 1998). For example, some animals would attempt to drag a 

pellet up the side of the central platform but were unable to get it past the overhanging lip, 

suggesting impairment in their grip. Furthermore, some animals would attempt to use their 

ipsilateral limb to retrieve pellets on the contralateral staircase, even though the size of the 

chamber would not permit it. Such attempts at pellet retrieval were correlated to animals that had 

a severe lesion (>80%) to the nigro-striatal tract. Although we did not assess postural adjustments 

in this study, such deficits have been reported following neuronal DA depletion following 6- 

OHDA administration (Miklyaeva et al., 1994) and may have been a contributing factor in the

74



ability of a rat to grasp food. There is a complex network of movements that needs to be executed 

in order to successfully grasp and eat food; which include posture alignment, lifting, aiming and 

advancing the limb, pronating the paw to grasp food, and withdrawing and suprinating the paw 

to place food in the mouth, a process which has been shown to be homologous with humans 

(Sacrey et al., 2009). As resting tremor and postural instability are the two of the main motor 

impairments faced by PD patients (Jankovic, 2008), the data we present here would indicate that 

the impairments in grasping witnessed in rats are similar to symptoms seen in human patients 

with PD, particularly deficits in fine motor control of arms and hands (Barneoud et al., 2000).

Drug-induced rotation is a long-established test to assess the integrity of the DAergic system in 

the hemi-Parkinsonian model. First described almost half a century ago, systemic administration 

of amphetamine stimulates dopamine release (Ungerstedt, 1971) while apomorphine 

administration (Ungerstedt, 1971) stimulates DA receptors resulting in ipsilateral or contralateral 

rotational behaviour respectively, in animals with unilateral damage to the nigro-striatal tract 

(Kelly, 1977, Pycock, 1980). Furthermore, the rate of rotation is said to be proportional to the 

extent of DA depletion and damage to this tract (Robinson and Becker, 1983, Burbaud et al., 

1995). Here we show amphetamine administration induces significant ipsilateral rotations in the 

LPS/6-OHDA model, far greater than 6-OHDA lesion alone. Animals which underwent 

intracerebral sham and LPS administration showed no ipsilateral rotation bias but instead tended 

to exhibit obsessive and repetitive behaviours such as sniffing and teeth grinding, observations 

which are in-keeping with behavioural effects of amphetamine in rodents as reported in other 

studies (Hoban et al., 2013, Iravani et al., 2005).

3.4.2 Behavioural deflcits in the LPS/6-OHDA model correspond with DA loss in the 

striatum and substantia nigra

HPLC measurement of DA (and its metabolites, DOPAC and H VA) confirmed the presence of a 

lesion to the DAergic system of the nigro-striatal pathway.

Ipsilateral striatal DA concentrations were reduced by 30% and 52% in the LPS and 6-OHDA 

models respectively. Lesion with both LPS and 6-OHDA resulted in a far greater DA depletion 

than either compound alone, at just over 65%. In the nigra, DA concentrations were reduced by 

50%, 37.5% and 70% in the LPS, 6-OHDA and LPS/6-OHDA models respectively. Clinical 

motor manifestations of human PD only appear after a loss of about 50% of nigral DAergic 

neurons (Fearnley and Lees, 1991) and a 60-80% reduction in striatal DA (Lee et al, 1996), which 

is consistent with our results. The LPS/6-OHDA lesion was the only model that resulted in 

behavioural impairments in all tests of motor function; namely, forelimb use asymmetry, akinesia

75



and skilled paw control. Intrastriatal 6-OHDA alone did not produce a large enough depletion in 

striatal DA to result in any functional behavioural impairments, apart from the amphetamine 

challenge, which is more sensitive to differences in nigro-striatal integrity between left and right 

hemispheres. Indeed the same can be said for the LPS model. Interestingly there was no 

significant rotational asymmetry observed in this model despite a striatal DA depletion of 30%, 

suggesting that a threshold in striatal DA loss needs to be met before drug-induced rotational 

changes occur. In addition, striatal DOPAC levels were reduced by 36%, 50% and 54% and HVA 

levels were reduced by 27%, 47% and 50% in the LPS, 6-OHDA and combined lesion models 

respectively. Increased metabolite ratios in the striatum is a useful indicator of DA turnover (Altar 

et al., 1987, Agid et al., 1973). A LPS/6-OHDA lesion results in a non-significant increase in the 

HVA/DA and DOPAC/DA ratios (data not shown), perhaps in a bid to compensate for DAergic 

neuronal loss (Petzinger et al., 2007, Zigmond et al., 1990). Indeed, human PD striatal tissue and 

the putamen of MPTP treated monkeys show increased HVA/DA and DOPAC/DA ratios 

highlighting an important comparison of this model with the human disease (Pifl et al., 2014).

3.43 LPS/6-OHDA lesion results in robust nigro-striatal DAergic cell death

Tyrosine hydroxylase is the rate-limiting enzyme for catecholamine synthesis (Nagatsu et al., 

1964) and is used as a marker of intact DAergic neurons in the substantia nigra and striatum. With 

this in mind, we sought to quantify TH staining intensity in these regions to corroborate the 

observed behavioural motor deficits and reduction in DA concentration of the nigro-striatal tract.

Analysis of striatal TH fiber staining demonstrated a 13%, 21% and 69% loss of TH staining 

intensity in the LPS, 6-OHDA and LPS/6-OHDA models respectively. While anti-TH 

immunostaining in nigral tissue revealed a 21%, 9% and 52% loss respectively. Here we report 

that striatal 6-OHDA resulted in a mild (9%) loss of TH intensity in the nigra. It is well reported 

in the literature that lesions of the striatum ordinarily induce retrograde degeneration of the SN 

(Maia et al, 2012; Kirik et al, 1998), albeit usually to a larger extent. In a similar fashion, nigral 

LPS infusion produced a 13% loss of striatal TH staining intensity. Again this is lower than some 

reports in the literature; for example, Herrera and colleagues (2000) record that a 10 pg dose of 

LPS into the SN is sufficient to induce a 60.2% loss of TH staining intensity in the striatum. 

Indeed there were some differences which can explain the discrepancy between studies, in 

particular their use of a different LPS serotype injected into the SNpc of female rats. In any event, 

the combination of intrastriatal 6-OHDA and intranigral LPS produced a much greater decrease 

in TH staining intensity in both the striatum and substantia nigra than either 6-OHDA or LPS 

alone, indicating a synergistic effect of the two toxins.
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We conclude that combination of intrastriatal 6-OHDA and intranigral LPS creates a robust 

animal model of PD comprising of two contributory elements believed to be of significance to 

the pathogenesis and progression of PD. Animals displayed a range of motor impairments in 

skilled motor function (staircase) as well as akinetic (stepping) and asymmetric (cylinder) 

symptoms, many of which are deemed analogous to those observed in the human condition. 

Reductions in striatal DA, DOPAC, HVA and nigral DA and DOPAC concentrations were 

observed, coupled with a substantial decrease in TH staining intensity in both brain regions, 

confirmed the presence of a lesion to the nigro-striatal pathway. Considering these elements are 

featured in the human condition, behavioural and pathological findings lend support to the use of 

this model in a pre-clinical setting. In addition, since microglial activation has been implicated in 

mediating neurotoxicity induced by both inflammatory stimuli (such as LPS) and direct DA 

neurotoxins, it is likely that anti-inflammatory strategies will be of benefit in combatting PD due 

to the involvement of inflammatory or other neurotoxic mediators in the progression of the 

disease.
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Chapter 4

The impact of the noradrenergic toxin DSP-4 on behaviour 
and dopamine depletion in the LPS/6-OH dopamine 

rat model of Parkinson’s disease
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4.1 Introduction

The locus coeruleus (LC) is a cluster of catecholamine containing cell bodies situated in the 

pontine tegmentum at the ventrolateral edge of the fourth ventricle. In humans, this neuromelanin 

pigmented region is estimated to harbour a population of 54,000 neurons that supply NA 

throughout the brain (Brodal, 1981, Baker et ah, 1989). By and large, morphometrically speaking, 

ovoid and polyhedral neuronal cells comprise the main cell embodiment of the LC, although there 

is a more restricted number of smaller, triangular neurons as well (Amaral and Sinnamon, 1977). 

Each of these cells display numerous dendritic protrusions radiating from the cell soma, equipped 

with a dense arborisation of asymmetrically distributed dendritic branches within the neuropil 

space of the LC (Marien et ah, 2004). In addition, the LC project long extensive axons throughout 

the CNS which exhibit retrograde branches, facilitating contact with the soma of neighbouring 

neurons. Prolific secondary and tertiary branching of these neurons, along with their extensive 

distribution, allow for LC-NAergic transmission to modulate a wide range of cortical and 

subcortical brain structures including the basal ganglia, nucleus basalis and cortex (Sara, 2009). 

In fact, due to profuse branching, the LC allows a single axon (via the MFB) to send terminals 

throughout the neocortex allowing for widespread release of NA to target areas. Neurons of the 

LC express two different types of nerve terminal; conventional synaptic structures (which synapse 

directly onto another neuron) and varicosities which lack direct post-synaptic contact. These 

varicosities release NA into the extra-synaptic space which may then diffuse over large distances 

before acting on target adrenoceptors (Marien et ah, 2004). As such, NA is unique among 

neurotransmitters and is perhaps better categorised as a neuromodulator within its circumscribed 

microenvironment, capable of acting as a paracrine agent by diffusing away from its site of 

synaptic release (German et ah, 1992).

It has been regularly reported that the LC is affected in PD (Greenfield and Bosanquet, 1953, 

Baker et ah, 1989, Chan-Palay and Asan, 1989) and that LC cell numbers are reduced by 

approximately 60% at autopsy in PD patients compared to normal age-matched controls (Marien 

et ah, 2004). Consequently, NA inputs to mid- and fore- brain structures are decreased, including 

the SNpc, and it has been suggested that loss of LC-NAergic neurons is a significant contributor 

to the progression of PD pathology and symptomology, including both motor and non-motor 

aspects of the disease (Gesi et ah, 2000, Del Tredici et ah, 2002). The root of LC neuronal loss in 

PD, which may precede DAergic degeneration, remains to be elucidated; however there is 

evidence to suggest that it is partly due to an accumulation of proteinaceous inclusions. For 

example, sagittal LC sections of PD brains have presented with dystrophic Lewy neurites (LN’s) 

and neurofibrillary tangles (Del Tredici and Braak, 2012). A major constituent of this Lewy 

pathology is aggregated a-synuclein which has the propensity to sequester tyrosine hydroxylase
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(TH), thus reducing its bioavailiabilty to partake in essential brain functions (Berridge and 

Waterhouse, 2003, Dugger and Dickson, 2010). This particular observation in LC-pathology was 

evident by the relative paucity of cytoplasmic immunoreactivity for TH in comparison to age- 

matched controls. In addition, swollen axonal segments housing LN’s have been reported and are 

accompanied by notable reductions in their dendritic field (Chan-Palay, 1991). Moreover, PD 

brains have demonstrated internal neuronal alterations as well. For example, the pre-synaptic 

terminals of axodendritic synapses within the neuropil space of the LC, demonstrate 

polymorphisms and pleomorphisms of the synaptic vesicles, along with abnormal accumulations 

of multivesicular cell bodies (Baloyannis, Costa et al. 2006). In line with this, ultrastructure 

studies on LC axosomatic synapses have revealed vacuolisation of the smooth endoplasmic 

reticulum and the presence of smaller, more rounded mitochondria in PD patients (Chan-Palay 

and Asan, 1989).

These cellular alterations, notable reductions in dendritic branches, spines and axonal retrograde 

collaterals, along with the substantial decline in the neuronal population, demonstrate dysfunction 

of the LC-NAergic system in PD, perhaps contributing to or facilitating DA loss and accelerating 

disease progression. In addition, dysregulation of this system has been linked with several arousal 

and somnipathic difficulties and disorders such as ADHD. Quite notably depression, apathy and 

anxiety are often implicated in prodromal PD symptomology, most likely due to LC alterations, 

establishing a rationale for a noradrenaline based antidepressant drug for the treatment of such 

symptoms in PD (Benarroch, 2009).

4.1.1 DSP-4: Suggested mechanism of action

DSP-4 has been used as an experimental tool for a number of decades to selectively lesion 

NAergic terminals originating from the LC. It is taken up by NAT on LC axons, where it 

accumulates intraneuronally to induce NAergic terminal fibre degeneration (Fritschy and 

Grzanna, 1989). In addition, depending on the rodent strain and dose, DSP-4 may cause 

progressive degeneration of LC cell bodies as well (Fritschy and Grzanna, 1992). Following its 

uptake, DSP-4 undergoes rapid intramolecular cyclization (t'^ = 7 min in aqueous solution) to 

form the toxic aziridinium ion. The NAT recognises this positively charged intermediate and 

forms covalent bonds near the site of action disrupting its function and irreversibly preventing 

NA uptake, as well disabling outward transport of the aziridinium ion (Bortel, 2014). 

Intracellularly trapped, DSP-4 leads to inhibition of ATP synthesis, NA depletion and cytotoxic 

reactions (Dudley et al., 1990). Furthermore, DSP-4 also inhibits the serotonin transporter (SERT) 

(Wenge and Bonisch, 2009) therefore, in experiments using DSP-4 to induce a NA-selective
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lesion, the SERT inhibitor citalopram is commonly administered prior to DSP-4 injection, to spare 

serotonergic neurons.

The effect of DSP-4 on the LC-NAergic system in the rat is to induce a brisk but transient 

depletion of the NAT and NA concentration following systemic administration, in multiple brain 

regions. Most affected include the frontal cortex, cerebellum, hippocampus and hypothalamus, 

all regions receiving innervation from the LC. Indeed, other regions presenting with NA 

reductions also include the striatum and mesencephalon (Grzanna et al., 1989). Additionally, a 

gradual regenerative sprouting of NA nerve terminals has also been observed, highlighting the 

remarkable plasticity of this brain structure to re-invest its axonal arbor in response to severe 

insult (Hallman et al., 1984). There are also reports of a reduction in LC-NAergic cell body 

numbers however this remains controversial. For example, retrograde degeneration of LC axons 

results in decreased NA levels in LC perikarya, 7 days after DSP-4 administration (Cassano et al., 

2009), however there are also data suggesting that LC neurons are not lost (Matsukawa et al., 

2003, Szot et al., 2010) highlighting caution in its use to study the consequences of NA loss in 

PD.

It is also important to note that some studies question the selectivity of DSP-4 on the LC. For 

example the septum, which receives innervation from the lateral tegmental areas (Al), also 

display significant reductions in NA and NAT content following DSP-4 administration to 

Sprague-Dawley rats (Szot et al., 2010). That being said, DSP-4 appears to have a major 

predilection for terminals within the LC, probably because the availiability of the NAT, a major 

pre-requisite for the cytotoxic effects of DSP4, is highest in this region.

4.1.2 A role for NA in modulating DAergic transmission in PD; anatomical and functional 

evidence

Work conducted in the late 1970s has described groups of fibres projecting from the LC to brain 

regions involved in PD circuitry. For example, the LC sends projections to the subthalamic 

nucleus (Carpenter et al., 1981), ventral tegmental area (VTA) (Jones and Moore, 1977) and SN 

(Collingridge et al., 1979), providing anatomical evidence for its involvement in DA-related 

transmission. Since their discovery, electrophysiological and pharmacological stimulation of 

these NAergic afferents have demonstrated the ability of LC-derived neurons to influence the 

electrical activity of midbrain DAergic neurons. DAergic neurons in the SN have been shown to 

spontaneously fire, either irregularly (single spike) or in high frequency bursts (Grace and 

Bunney, 1984b, Grace and Bunney, 1984a). From a behavioural perspective single spikes are 

thought to enable initiating movements, whereas high frequency bursts are thought to involve
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attentional and motivational components of behaviour (Romo and Schultz, 1990, Schultz and 

Romo, 1990) however, the mechanisms involved to dampen burst firing and regularise nigral 

firing patterns is currently unknown. With this in mind, single-pulse stimulation to the LC results 

in an excitation followed by inhibition response in the substantia nigra. Furthermore, this 

excitatory response following LC stimulation was reversed (decreased DA neuron excitation) by 

prazosin (ai-AR antagonist) indicating that this response is mediated by ai-AR’s (Grenhoff and 

Svensson, 1993, Grenhoff et al., 1993). Indeed, ai-AR’s are have been shown to mediate 

excitatory responses through potassium channel modulation and is therefore in keeping with its 

excitatory response on DA neurons (McCormick and Prince, 1988). Furthermore, clonidine (02- 

AR agonist) administration has been shown to regularise midbrain DA neuron firing patterns 

without affecting their firing rate (Grenhoff and Svensson, 1988). Moreover, reserpine (blocks 

monoamlnergic transmission through nerve terminal transmitter depletion) pre-treatment 

abolished completely both of these affects indicating a tonically active adrenergic input serving 

to modulate the firing pattern of ascending DA neurons (Grenhoff et al., 1993). All this taken into 

consideration provides evidence for the importance of adrenergic signalling on nigral cell firing. 

Indeed excessive nigral DAergic transmission has been hypothesised to partly constitute 

schizophrenia etiology (Grace, 1991, Grace, 1993) giving further evidence for the importance of 

modulating DA transmitter release and hence, overall functioning of midbrain DAergic systems.

LC-NAergic neurons also have direct projections to the striatum, although evidence indicates that 

they are sparse in comparison to the VTA and SN (Berridge et al., 1997). Dopamine-P- 

hydroxylase, noradrenaline and its transporter (NAT) are detectable in midbrain regions and the 

striatum (Liprando et al., 2004). Furthermore the SN and VTA have a,-, Uj- and P- AR binding 

sites (Strazielle et al., 1999) with subtypes of the a2-AR family (a2a and a2c) present in wide 

distribution throughout basal ganglia circuitry (Colosimo et al., 2006). Not only do these 

adrenergic receptors modulate the sensitivity of DAergic receptors, but their activation in 

particular facilitates motor function through stimulation of the ‘direct’ pathway of basal ganglia 

circuitry. United, this information establishes a rich anatomical and functional relationship 

between the NAergic and DAergic systems, highlighting the basis for their involvement in PD 

pathology.

4.1.3 Evidence for LC-derived NAergic protection

The neuroprotective properties of NA were hinted at in early MPTP studies on non-human 

primates where lesion to the LC, via administration of DSP-4, exacerbates MPTP-induced nigro- 

striatal damage and motor deficits (Mavridis et al., 1991). Following on from this, many groups 

have reported similar results in different animal models of PD
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(Marien et al., 1993, Bing et al., 1994, Fornai et al., 1995).Interestingly a study conducted by 

Delaville et al. (2010) showed that NA depletion alone induced motor deficits similar to those 

witnessed following 6-OHDA administration. In addition, there appears to be a correlation 

between NA-poor brain regions and higher DA loss. For example, the NAC, which undergoes 

atrophy in PD patients (Carriere et al., 2014), has a caudomedial subdivision. In PD this separates 

the DA and NA-rich caudal region from the DA and NA-poor rostral region indicating that DA 

loss is more apparent in NA-poor regions (Tong et al., 2006). In addition, it is widely accepted 

that PD striatal tissue displays extensive DA loss, which also contains low NA levels. That being 

said, DA loss is more pronounced in the putamen compared to the caudate despite homogeneous 

NA levels in this region, therefore it is unlikely that a lack of NA is the sole factor influencing 

DA neuron death. In any event, the precise mechanism following LC lesion and the subsequent 

potentiation of DAergic cell loss remains unknown (Szot et al., 2010). However, in the MPTP 

model, it has been hypothesised that NAergic neurons are able to sequester MPP-i- via the NAT, 

away from DA neurons. Thus LC-NAergic lesioning and the subsequent depletion in the NAT 

leads to a greater availability of MPP+ (Herkenham et al., 1991, Fornai et al., 1997). Moreover, 

enhancement of NAergic tone through antagonism of the a2-autoreceptor protects against 6- 

OHDA-induced Parkinsonism (Srinivasan and Schmidt, 2004). This information, coupled With 

the attempts of the NAergic system to compensate for neuronal loss in the basal ganglia by 

increasing striatal NAT activity (Isaias et al., 2011, Chotibut et al., 2012) and up-regulating DBH 

mRNA expression in surviving neurons (McMillan et al., 2011), provides substantial evidence 

for the neuroprotective role of NA in PD.

4.1.4 LC CO-transmission

Apart from NA, the LC synthesises and transmits a vast array of other neuromodulators, namely, 

ATP, neuropeptide (NPY) and galanin (Xu et al., 1998), enkephalin (Morita et al., 1990), cocaine 

and amphetamine-regulated transcript (CART) (Koylu et al., 1999), and brain derived 

neurotrophic factor (BDNF) (Conner et al., 1997), amongst other neurotrophins such as 

neurotrophin-3 (NT-3) (Numan et al., 1998). Bearing this in mind it’s suitable to infer that 

neuronal depletion within the locus coeruleus, and the implications thereof upon the nigro-striatal 

system, is far more complicated than a mere deficiency in NA (Rommelfanger and Weinshenker, 

2007).

Galanin, a 29-amino acid neuropeptide, is co-expressed in ~80% of LC-resident TH-positive 

neurons and is said to have neuroprotective properties within the LC. In a similar manner to LC 

degeneration in the Parkinsonian brain, there is an abundant loss of LC-derived NAergic neurons
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in AD (Haglund et al., 2006) detectable as early as 10 years before cognitive impairment. Despite 

this loss, the number of LC-resident neurons expressing galanin mRNA did not differ to that of 

controls, indicating a relative preservation of neuromelanin pigmented cells within the LC. This 

suggests that galanin may be protective to LC neuronal cells (Miller et ah, 1999). In addition, 

mice overexpressing galanin were more resistant to kainite-induced hippocampal cell death than 

galanin knockout mice in the CA1 and CA3 hippocampal regions (Elliott-Hunt et ah, 2004). Since 

AD and PD share significant LC-neuronal loss pathology, such studies may prove beneficial in 

the elucidation of PD pathophysiology (Brichta et ah, 2013).

Altogether these findings suggest that disturbances in NA levels that occur via depletion of LC- 

resident NAergic neurons could exacerbate PD neuropathology, whilst mechanisms to enhance 

NA tone may provide neuroprotection. Because denervation of the LC is commonly so profound 

in cases of PD, and NA depletion exacerbates the DAergic neuronal loss and potentiates the motor 

deficiencies native to the Parkinsonian state, the NAergic system promotes itself as an appealing 

target for novel PD-related neuroprotective pharmacotherapies. As such, this study sought to 

assess the implications of DSP-4-derived NAergic depletion on neuropathology and related 

motor dysfunction in rodent models of PD. In essence, the effects of NA depletion was examined 

on nigro-striatal neurodegeneration in response to intranigral LPS and intrastriatal 6-OHDA 

administration, and concomitantly, the consequences of these neuropathological lesions on 

lateralised motor function. LC neuronal loss is a salient feature of Parkinson’s disease 

contributing marked implications on PD symptomatology and disease progression (Marien, 

Colpaert et ah 2004; Schapira, Bezard et ah 2006; Pifl, Hornykiewicz et ah 2013) provide 

rationale for the current investigation.
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4.2.1 Experimental timeline
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4.2.2 Experimental design

Adult male Wistar rats (n=40) were allowed to habituate to the animal unit for at least a week 

prior to behavioural training in the staircase and stepping tests. This study included the following 

eight treatment groups: (1) vehicle + vehicle, (2) DSP-4 + sham vehicle, (3) vehicle + DSP-4, (4) 

DSP-4 + LPS, (5) vehicle + 6-OHDA, (6) DSP-4 + 6-OHDA, (7) vehicle + LPS/6-OHDA, (8) 

DSP-4 + LPS/6-OHDA. rc= 5 per group.

Baseline testing in each behavioural paradigm was conducted the day before DSP-4 

administration (50 mg/kg; i.p.). In addition, citalopram (10 mg/kg; i.p.) was administered 30min 

prior to DSP-4 administration. Behavioural testing was repeated 5 days later and 2 days prior to 

stereotactic surgery. Rats received an injection of LPS (10 pg/2pl) into the substantia nigra, 6- 

OHDA (10 pg/2pl) into the striatum or a combination of both (see section 2.2.3 for full surgery 

details). Control animals received a sham PBS injection. Behavioural testing in the staircase, 

stepping and cylinder test was conducted (in that order) 7 days following surgery, between the 

hrs of 9 am -1 pm. Behavioural testing was repeated 6 days later. At 14 days post-surgery animals 

were administered D-amphetamine (5 mg/kg; i.p.), placed in their home-cage and activity was 

recorded for 40 min. The following day rats were euthanised and their brains dissected freehand 

on dry ice for HPLC analysis of amine concentrations and measurement of cytokine expression.
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4.3 Results 

Behavioural analysis

43.1 Effect of DSP-4 on forehand forelimb akinesia in the intranigral EPS, intrastriatal 

6-OHDA and LPS/6-OHDA PD model

Treatment with DSP-4 had no effect on the number of contralateral steps in sham-lesioned rats

(Fig. 4.1 A).

A two-way repeated measures ANOVA demonstrated an effect of DSP-4 on forelimb akinesia 

(F(2,20)= 4.3589, P=0.031) in LPS lesioned rats, however, Newman-Keuls post hoc analysis failed 

to detect significance (Fig. 4.1 B).
Following intrastriatal 6-OHDA administration a two-way repeated ANOVA revealed an effect 

of DSP-4 treatment on contralateral steps (F(i,22)= 10.03, P=0.001). Newman-Keuls post hoc 

analysis revealed a reduction in contralateral steps at both 7 (P<0.05) and 13 days (P<0.01) in 

DSP-4 treated rats when compared to pre-lesion testing (Fig. 4.1C).

In a similar fashion two-way repeated measures ANOVA demonstrated an effect of DSP-4 

treatment on contralateral steps following LPS/6-OHDA lesion (F(i,22)= 10.57, P<0.001). 

Newman-Keuls revealed a reduction in contralateral steps at 7 days (P<0.05) post-lesion in both 

DSP-4-treated and -untreated rats when compared to pre-lesion testing (Fig. 4.1 D).

43.2 Effect of DSP-4 on backhand forelimb akinesia in the intranigral LPS, 

intrastriatal 6-OHDA and LPS/6-OHDA PD model

DSP-4 treatment had no effect on the number of contralateral steps in sham-lesioned rodents (Fig. 
4.2,\).

A two-way repeated measures ANOVA demonstrated an effect of DSP-4 treatment on forelimb 

akinesia in LPS-lesioned rats (F(i,20)= 7.55, P=0.005). Newman-Keuls post hoc analysis revealed 

a reduction in contralateral steps in DSP-4 treated rats at 7 days (P<0.05) when compared to pre

lesion testing (Fig. 4.2B).

Intrastriatal 6-OHDA, with and without DSP-4 treatment, had no effect on backhand contralateral 

steps (Fig. 4.2(.).

A two-way repeated ANOVA revealed an effect of DSP-4 treatment on contralateral steps (F(i.24)= 

8.35, P=0.002) after lesion with LPS/60HDA. Newman-Keuls post hoc comparisons revealed a 

reduction in contralateral steps 7 days (P<0.05) in PBS treated rats when compared to pre-lesion 

testing (Fig. 4.2D).
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4 Effect of DSP-4 on wall forelimb asymmetry in the intranigral EPS, intrastriatal 6- 

OHDA and LPS/6-OHDA PD model

No effect on contralateral limb wall placements was observed following treatment with DSP-4 at 7 

or 13 days post-lesion in sham-lesioned rats (Fig. 4JA).

A two-way repeated measures ANOVA revealed an effect of DSP-4 treatment on limb-use 

asymmetry following intranigral LPS administration (F(2,24)= 3.80, P=0.042). Newman-Keuls post 

hoc analysis revealed a reduction in contralateral wall placements at 13 days (P<0.05) in DSP-4 

treated rats when compared to pre-lesion testing (Fig. 4.v3H).

A two-way repeated measures ANOVA revealed an effect of DSP-4 treatment on limb-use 

asymmetry following intrastriatal 6-OHDA administration (F(2,24)= 9.17, P=0.002). Newman-Keuls 

post hoc revealed a reduction in contralateral limb wall placements at 7 days (P<0.05) in PBS 

treated rats when compared to pre-lesion (Fig. 43(').
An effect of DSP-4 treatment on contralateral limb wall placements was observed following 

intrastriatal 6-OHDA combined with intranigral LPS (F(2,24)= 5.33, P=0.014), however Newman- 

Keuls comparisons failed to detect significance (Fig. 43D).

43.4 DSP-4 had no effect on contralateral limb floor placements in the intranigral LPS, 
intrastriatal 6-OHDA or LPS/6-OHDA PD model

No effect on contralateral limb floor placements was observed following treatment with DSP-4 in 

sham- (Fig. 4.4A) LPS- (Fig. 4.4B) or 6-OHDA-lesioned rats (Fig. 4.4t’). A two-way repeated 

measures ANOVA demonstrated an effect of DSP-4 treatment on forelimb akinesia (F(2,20)= 4.5945, 

P=0.027) following LPS/6-OHDA lesion however Newman-Keuls post hoc analysis failed to detect 

significance (Fig. 4.4D).

433 Effect of DSP-4 on skilled forelimb use in the intranigral LPS, intrastriatal 6-OHDA 

and LPS/6-OHDA PD model

DSP-4 treatment did not induce any skilled paw motor deficits at 7 or 13 days post sham-lesion 

(Fig.43A).
A two-way repeated measures ANOVA revealed an effect of DSP-4 treatment on skilled paw use 

following nigral LPS delivery (F(2,24)= 9.82, P^O.OOl). Newman-Keuls post hoc analysis revealed 

a reduction in successful pellet retrievals in DSP-4 treated rats, 7 days post-lesion when compared 

to pre-lesion testing (P<0.01) (Fig. 43B).
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A two-way repeated measures ANOVA demonstrated an effect of DSP-4 treatment on forelimb 

akinesia (F(2,20)= 4.3655, P=0.003) following 6-OHDA lesion however Newman-Keuls post hoc 

analysis failed to reach significance (Tig. 4.5t).

A two-way repeated measures ANOVA revealed an effect of DSP-4 treatment on the success rate 

(F(2,24)= 7.71, P=0.003) in rats with an intrastriatal 6-OHDA and intranigral LPS lesion. 

Furthermore Newman-Keuls post hoc comparisons revealed a reduction in successful retrievals 

in DSP-4 treated rats, at 7 (P<0.05) and 13 days (P<0.05) post-lesion when compared to pre-lesion 

testing (Fig. 4iil)).

4J.6 DSP-4 potentiates rotational asymmetry induced by intranigral LPS following 

challenge with amphetamine

A three-way ANOVA demonstrated an effect of LPS (F(i,36)= 18.11, P<0.001) and 6-OHDA 

(F(i,36)= 28.84, P<0.001) on ipsilateral rotations. Furthermore there was a 6-OHDA x DSP-4 

interaction (F(i,36)= 14.54, P<0.001). Additionally there was a LPS x 6-OHDA x DSP-4 interaction 

(F(i,36)= 5.65, P=0.023). Newman-Keuls post hoc comparisons revealed an increase in ipsilateral 

rotations in 6-OHDA lesioned rats when compared to sham-lesioned controls (P<0.05). LPS/6- 

OHDA lesion resulted in far greater ipsilateral rotation asymmetry when compared to LPS lesion 

(P<0.01) and 6-OHDA lesion (P<0.01) alone. DSP-4 treatment in LPS lesioned rats displayed an 

increase in ipsilateral rotations when compared to LPS lesion alone (P<0.05). Conversely, DSP- 

4 treatment in LPS/6-OHDA lesioned rats showed reduced ipsilateral rotation asymmetry when 

compared to LPS/6-OHDA lesion alone (P<0.01) (Fig. 4.6).
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Effect of DSP-4 on forehand forelimb akinesia in the intranigral EPS, intrastriatal 6- 

OHDA and LPS/6-OHDA PD model
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Figure 4.1: Effect of DSP-4 on forehand forelimb akinesia in the intranigral LPS, intrastriatal 6- 
OHDA and LPS/6-OHDA PD model
The effect of DSP-4 (50 mg/kg; i.p.) was assessed on forehand forelimb akinesia in the intranigral LPS (10 
gg), intrastriatal 6-OHDA (10 gg) and combined LPS/6-OHDA PD model. The effect of DSP-4 on the 
number of steps made by the contralateral limb are expressed as a percentage of the total number of steps 
made by both limbs in the forehand direction following sham (A), intranigral LPS (B), intrastriatal 6-OHDA 
(C) and dual (LPS/6-OHDA) (D). Data are expressed as mean ± SEM (n=4-7). *p<0.05, **p<0.01 vs. pre
lesion control (Two-way repeated measures ANOVA followed by post hoc Newman-Keuls).
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Effect of DSP-4 on backhand forelimb akinesia in the intranigral EPS, intrastriatal 

6-OHDA and LPS/6-OHDA PD model
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Figure 4.2: Effect of DSP-4 on backhand forelimb akinesia in the intranigral LPS, intrastriatal 6- 
OHDA and LPS/6-OHDA PD model
The effect of DSP-4 (50 mg/kg; i.p.) was assessed on backhand forelimb akinesia in the intranigral LPS (10 
Hg), intrastriatal 6-OHDA (10 pg) and combined LPS/6-OHDA PD model. The effect of DSP-4 on the 
number of steps made by the contralateral limb are expressed as a percentage of the total number of steps 
made by both limbs in the backhand direction following sham (A), intranigral LPS (B), intrastriatal 6- 
OHDA (C) and dual (LPS/6-OHDA) (D). Data are expressed as mean ± SEM (n=4-7). *p<0.05 vs. pre
lesion control (Two-way repeated measures ANOVA followed by post hoc Newman-Keuls).
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Effect of DSP-4 on wall forelimb asymmetry in the intranigral LPS, intrastriatal 

6-OHDA and LPS/6-OHDA PD model
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Figure 43; Effect of DSP-4 on wall forelimb asymmetry in the intranigral LPS, intrastriatal 6-OHDA 
and LPS/6-OHDA PD model
The effect of DSP-4 (50 mg/kg; i.p.) was assessed on forelimb-use asymmetry in the intranigral LPS (10 gg), 
intrastriatal 6-OHDA (10 gg) and combined LPS/6-OHDA PD model. The effect of DSP-4 on number of 
contralateral limb wall placements are expressed as a percentage of total contacts made following sham (A), 
intranigral LPS (B), intrastriatal 6-OHDA (C) and dual (LPS/6-OHDA) (D). Data are expressed as mean ± 
SEM (n=4-7). *p<0.05 vs. pre-lesion control; (Two-way repeated measures ANOVA followed by post hoc 
Newman-Keuls).
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DSP-4 had no effect on contralateral limb floor placements in the intranigral LPS, 

intrastriatal 6-OHDA and LPS/6-OHDA PD model
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Figure 4.4: DSP-4 had no effect on contralateral limb floor placements in the intranigral LPS, 
intrastriatal 6-OHDA and LPS/6-OHDA PD model
The effect of DSP-4 (50 mg/kg; i.p.) was assessed on forelimb-use asymmetry in the intranigral LPS (10 
pg), intrastriatal 6-OHDA (10 pg) and combined LPS/6-OHDA PD model. The effect of DSP-4 on number 
of contralateral limb floor placements are expressed as a percentage of total contacts made following sham 
(A), intranigral LPS (B), intrastriatal 6-OHDA (C) and dual (LPS/6-OHDA) (D). Data are expressed as 
mean ± SEM (n=4-7). (Two-way repeated measures ANOVA followed by post hoc Newman-Keuls).
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Effect of DSP-4 on skilled forelimb use in the intranigral EPS, intrastriatal 6-OHDA 

and LPS/6-OHDA PD model
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Figure 4^: Effect of DSP-4 on skilled forelimb use in the intranigral LPS, intrastriatal 6-OHDA and 
LPS/(-OHDA PD model
The effect of DSP-4 (50 mg/kg; i.p.) was assessed on skilled motor function in the intranigral LPS (10 pg), 
intrastiatal 6-OHDA (10 |ig) and combined LPS/6-OHDA PD model. The effect of DSP-4 on successful 
retrieval rates was examined following sham (A), intranigral LPS (B), intrastriatal 6-OHDA (C) and dual 
(LPSA-OHDA) (D). Data are expressed as mean ± SEM (n=4-7). ’'‘p<0.05, **p<0.01 vs. pre-lesion control 
(Tvvo-vay repeated measures ANOVA followed by post hoc Newman-Keuls).
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DSP-4 potentiates rotational asymmetry induced by intranigral LPS following 

challenge with amphetamine
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Figure 4.6: DSP-4 potentiates rotational asymmetry induced by intranigral LPS following challenge 
with amphetamine
The effect of DSP-4 (50 mg/kg; i.p.) on rotational asymmetry was assessed in the intranigral LPS (10 pg), 
intrastriatal 6-OHDA (10 pg) and combined LPS/6-OHDA PD model. Rats were administered D- 
amphetamine (5 mg/kg; i.p.) 14 days post-lesion, placed in their home-cage and activity recorded for 40 
min. The number of ipsilateral and contralateral rotations were scored and expressed as net rotations/min. 
The effect of DSP-4 on ipsilateral rotational asymmetry was examined following sham (A), intranigral LPS 
(B), intrastriatal 6-OHDA (C) and dual (LPS/6-OHDA) (D). Data are expressed as mean ± SEM (n=5-6). 
*p<0.05 vs. sham; ++p<0.01 vs. LPS/6-OHDA; #p<0.05, ##p<0.01 vs. DSP-4 (Three-way ANOVA 
followed by post hoc Newman Keuls).
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Neurochemical analysis of monoamine neurotransmitters

43.7 Effect of DSP-4 on NA concentration in the striatum, substantia nigra and 

hippocampus

DSP-4 selectively targets nerve terminals and depletes NA levels in multiple brain regions 

innervated by the LC. DSP-4 treatment resulted in a reduction in NA concentration in the striatum 

(P=0.004) (Kig. 4.7A), midbrain (P=0.007) (Fig. 4.71}) and hippocampus (P<0.001) (Fig. 4.7t') 

relative to vehicle treated controls (Student’s Mest).

43.8 DSP-4 does not potentiate EPS- or 6-OHDA-induced reductions in nigral DA 

concentration

A three-way ANOVA demonstrated an effect of LPS (F(i,32)= 16.24, P<0.001) and 6-OHDA (F(i,32)= 

26.73, P<0.001) on nigral DA concentration. Furthermore there was a LPS x 6-OHDA x DSP-4 

interaction (F(i,32)= 5.47, P=0.026). Newman-Keuls post hoc comparisons revealed a reduction in 

nigral DA levels following intranigral LPS (P<0.05) and intrastriatal 6-OHDA (P<0.05) when 

compared to sham-lesioned controls. This reduction in DA concentration was not potentiated 

following DSP-4 treatment in any rat model of PD (Fig. 4.8).

43.9 DSP-4 potentiates LPS-induced DA depletion in the striatum

A three-way ANOVA demonstrated an effect of LPS (F(i,3i)= 14.00, P<0.001) and 6-OHDA (F(i,32)= 

47.95, P<0.001) on striatal DA concentration. There was a LPS x DSP-4 interaction (F(i,3i)= 6.54, 

P<0.016). Furthermore there was a LPS x 6-OHDA x DSP-4 interaction (F(i,3i)= 12.36, P=0.001). 

Newman-Keuls post hoc comparisons revealed a reduction in striatal DA levels following 

intrastriatal 6-OHDA (P<0.05) when compared to sham-lesion controls. In addition lesion with 

LPS/6-OHDA resulted in a far greater DA depletion that LPS alone (P<0.01). Furthermore, DSP- 

4 potentiated striatal DA depletion induced by intranigral LPS (P<0.05) when compared to rats who 

did not receive DSP-4 (Fig. 4.9).
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DSP-4 depletes NA concentrations in the striatum, substantia nigra and 

hippocampus
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Figure 4.7: DSP-4 depletes NA concentrations in the striatum, substantia nigra and hippocampus 
The effect of DSP-4 (50 mg/kg; i.p.) on brain NA concentration was assessed in the contralateral 
hemisphere. Rats were euthanised 15 days following sham surgery and the striatum, substantia nigra and 
hippocampus was dissected and prepared for UPLC-ECD analysis. NA concentrations are expressed as 
ng/g of striatal (A), nigral (B) and hippocampal (C) tissue. Data are expressed as mean ± SEM (n=6). 
*p<0.05, **p<0.01, ***p<0.001 vs. saline vehicle (Student-r test).
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DSP-4 does not potentiate LPS or 6-OHDA-induced reductions in nigral DA 

concentration
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Figure 4.8: DSP-4 does not potentiate LPS or 6-OHDA-induced reductions in nigral DA concentration 
The effect of DSP-4 (50 mg/kg; i.p.) on DA concentrations was assessed in the intranigral LPS (10 pg), 
intrastriatal 6-OHDA (10 pg) and combined LPS/6-OHDA PD model. Rats were euthanised 15 days 
following surgery and the substantia was dissected and prepared for HPLC-ECD analysis. DA concentrations 
are expressed as ng/g of nigral tissue following sham (A), intranigral LPS (B), intrastriatal 6-OHDA (C) and 
dual (LPS/6-OHDA) (D). Data are expressed as mean ± SEM (n=5-6). *p<0.05 vs. vehicle control (Three- 
way ANOVA followed by Newman-Keuls post hoc comparisons).
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DSP-4 potentiates LPS-induced DA depletion in the striatum
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Figure 4.9: DSP-4 potentiates LPS-induced DA depletion in the striatum
The effect of DSP-4 (50 mg/kg; i.p.) on DA concentrations was assessed in the intranigral LPS (10 pg), 
intrastriatal 6-OHDA (10 pg) and combined LPS/6-OHDA PD model. Rats were euthanised 15 days 
following surgery and the striatum was dissected and prepared for HPLC-ECD analysis. DA 
concentrations are expressed as ng/g of striatal tissue following sham (A), intranigral LPS (B), intrastriatal 
6-OHDA (C) and dual (LPS/6-OHDA) (D) lesioning. Data are expressed as mean ± SEM (n=5-6).
*p<0.05 vs. vehicle control; ++p<0.01 vs. LPS/6-OHDA; #p<0.05 vs. DSP-4 (Three-way* * ANOVA 
followed by Newman-Keuls post hoc comparisons).
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Inflammatory cytokine expression in the substantia nigra

43.10 DSP-4 potentiates LPS- and LPS/6-OHDA-induced IL-ip expression in the nigra

A three-way ANOVA demonstrated an effect of LPS (F(i,24)= 208.83, P<0.001), 6-OHDA (F(i,24)= 

129.27, P<0.001) and DSP-4 (F(i,24)= 180.19, P<0.001) on nigral IL-ip expression. In addition 

there was a LPS x 6-OHDA interaction (F(i,24)= 1 16.43, P<0.001), a LPS x DSP-4 interaction 

(F(i,24)= 171.16, P<0.001) and a 6-OHDA x DSP-4 interaction (F(i,24)= 104.84, P<0.001). 

Furthermore there was a LPS x 6-OHDA x DSP-4 interaction (F(i,24)= 99.1 1, P<0.001). Newman- 

Keuls post hoc analysis revealed a significant potentiation in IL-ip expression in DSP-4 treated 

rats following LPS lesion alone (P<0.01) and in combination with 6-OHDA (P<0.05) when 

compared to rats that were not treated with DSP-4 (Fig. 4.10). DSP-4 treatment, following sham 

lesion, increased nigral IL-ip expression (Student-r test) (Fig. 4.IO-extrap()lated graph).

43.11 Effect of DSP-4 on nigral TNF-a expression in the intranigral LPS, intrastriatal 6- 
OHDA and LPS/6-OHDA PD animal model

A three-way ANOVA demonstrated a LPS x 6-OHDA interaction (F(i,24)= 5.81, P=0.024) on nigral 

TNF-a expression however Newman-Keuls post hoc analysis failed to detect significance (Fig. 
4.11).
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DSP-4 potentiates LPS- and LPS/6-OHDA-induced IL-ip expression in the nigra
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Figure: 4.10: DSP-4 potentiates LPS- and LPS/6-OHDA-induced IL-ip expression in the nigra 
DSP-4 (50 mg/kg; i.p.) was administered one week prior to baseline behavioural testing after which LPS (10 
pg) or 6-OHDA (10 (ig) alone and in combination was stereotactially injected into the nigra or striatum 
respectively. The effect of DSP-4 on IL-1P mRNA expression was examined following sham (A), intranigral 
LPS (B), intrastriatal 6-OHDA (C) and dual (LPS/6-OHDA) (D). Data are expressed as mean ± SEM (n=3- 
6). #p<0.05, ##p<0.01 vs. DSP-4 (Three-way ANOVA followed by Newman-Keuls post hoc comparisons). 
*p<0.05 vs. sham vehicle (Student-r test).
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Effect of DSP-4 on nigral TNF-a expression in the intranigral EPS, intrastriatal 6- 

OHDA and LPS/6-OHDA PD animal model
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Figure 4.11: Effect of DSP-4 on nigral TNF-a expression in the intranigral LPS, intrastriatal 6-OHDA 
and LPS/6-OHDA PD animal model
DSP-4 (50 mg/kg; i.p.) was administered one week prior to baseline behavioural testing after which LPS (10 
pg) or 6-OHDA (10 pg) alone and in combination was stereotactially injected into the nigra or striatum 
respectively. The effect of DSP-4 on TNF-a mRNA expression was examined following sham (A), 
intranigral LPS (B), intrastriatal 6-OHDA (C) and dual (LPS/6-OHDA) (D). Data are expressed as mean ± 
SEM (n=3-6). (Three-way ANOVA followed by Newman-Keuls post hoc comparisons).
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4.3 Discussion

In the present investigation the effect of DSP-4 treatment did not potentiate motor impairments 

induced by LPS, 6-OHDA or a combination of LPS/6-OHDA, but instead seemed to sensitise rats 

to motor function. For example, deficits in forelimb akinesia, limb-use asymmetry and skilled 

motor function were more apparent in DSP-4 treated rats with an LPS-induced lesion to the nigra 

by comparison to rats which had not received DSP-4. Furthermore these deficits correspond with 

a DSP-4-induced potentiation in ipsilateral rotations and striatal DA loss when compared to rats 

with an LPS lesion who had not received DSP-4. DSP-4 treated rats with an LPS/6-OHDA lesion 

were more sensitive to deficits in limb-use asymmetry and skilled motor function by comparison 

to rats who had not received DSP-4. Rather unusually, rats with a LPS/6-OHDA lesion that were 

pre-treated with DSP-4, displayed greater ipsilateral rotations when compared to rats that had not 

received DSP-4. Deficits in forelimb akinesia were more evident in DSP-4 treated rats with a 6- 

OFIDA-induced lesion to the striatum when compared to rats which had not received DSP-4.

43.1 DSP-4 treatment results in lesion-induced sensitivity to motor-related dysfunction

4.3.1.1 The 6-OHDA model of PD

Deficits in the stepping test were more apparent in DSP-4 treated rats with a 6-OHDA lesion to 

the striatum by comparison to rats who had not received DSP-4. In all other motor tests, rats with 

a 6-OHDA lesion, with and without DSP-4 treatment, performed comparably, therefore a prior 

lesion to the LC and subsequent NA loss does not seem to potentiate motor deficits in this model; 

a finding which is consistent with previous studies in rats (Delaville et al., 2010, Srinivasan and 

Schmidt, 2004). While Srinivasan and Schmidt reported reductions in open field activity in 6- 

OHDA + NA-lesioned animals, this could be indicative of an anxious phenotype more commonly 

associated with NA depletion (Weiss et al., 1994). In fact the same authors in a previous 

experiment, observed akinetic behavior in b-OHDA+NA lesioned animals only when treated with 

the dopamine D2 receptor antagonist, haloperidol (Srinivasan and Schmidt, 2003). This does not 

seem to be the case when MPTP is used as the DA-depleting toxin, where increased Parkinsonian 

symptoms are observed in DSP-4 treated animals. For example, in mice and primate PD models, 

NA depletion exacerbates MPTP-induced nigro-striatal damage and motor deficits (Mavridis et 

al., 1991,Marienetal., 1993, Bing etal., 1994, Fomaietal., 1995, Archer and Fredriksson, 2006). 

In addition, Rommelfanger et al. (2004) have reported robust motor impairments in multiple tests 

of coordinated movement in dopamine P-hydroxylase knockout (Dbh-/-) mice that lack NA 

altogether, and in DSP-4 (50 mg/kg; i.p.) treated mice. Here they observed an absence of motor 

deficits in MPTP (30 mg/kg at two 12 hr intervals) controls, indicating that a loss of LC neurons 

or the absence of an intact NA system, contributes directly to motor dysfunction in the MPTP PD
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model. In this study, rats which were pre-treated with DSP-4 were more sensitive to 6-OHDA 

induced akinesis which was not due to an increased loss of DA in either the nigra or striatum, in 

accordance with these studies (Delaville et ah, 2012a, PifI et al., 2013). Here, reductions in nigral 

and striatal DA were similar in NA-intact and NA-lesioned rats; a finding which is further supported 

by comparable ipsilateral rotation asymmetry in DSP-4 treated and untreated groups. Consistent 

with these results, a recent study showed rats with a lesion to the LC two weeks prior to 6-OHDA 

administration, present with no significant potentiation of motor symptoms in cylinder and corridor 

tests and comparable rotational asymmetry. Conversely, LC lesioning resulted in more severe 

functional deficits in the staircase and stepping test. Furthermore, these motor impairments were 

not due to an increased loss of DA, a finding which is consistent not only with this study, but others 

as well (Rommelfanger and Weinshenker, 2007, Delaville et al., 2012a, Pifl et al., 2013). It is 

important to note that lesion to the LC was performed with DBH-Saporin rather than DSP-4, an 

immunotoxin which results in bilateral destruction of LC-NA neurons as well as members of the 

A5 and A7 cell groups following cerebroventricular injection (Wrenn et al., 1996, Shin et al., 2014), 

which could explain the discrepancies between the aforementioned published studies and the 

experiments conducted herein.

43.1.2 The LPS model of PD

Deficits in skilled motor function, backhand forelimb akinesis and forelimb asymmetry were more 

apparent in DSP-4 treated rats with an LPS-induced lesion to the nigra by comparison to rats who 

had not received DSP-4. DSP-4 treatment, and the NA-induced-denervation sensitivity in motor 

function, seemed to have a transient effect. For example, the LPS-induced deficits in the stepping 

and staircase test were more apparent in DSP-4 treated rats 7 days post-lesion with a relative 

restoration in function 6 days later. One possible explanation for this comes from studies by 

Fritschy and Grzanna (1992) who demonstrate that ascending NAergic projections from residual 

LC neurons in the adult rat brain can be restored after DSP treatment (50 mg/kg i.p.) as a 

compensatory response to neurotoxin-induced cell death. It is unlikely in this study, at least, that 

NA levels could be restored, let alone NA re-innervation, given such a short window of opportunity 

for regenerative sprouting to occur. In any event, DSP-4 treatment and the increased sensitivity to 

LPS-induced deficits in motor impairments could be attributed to a number of events. Firstly, DSP- 

4 potentiated the LPS-induced deficits in striatal DA concentration, while nigral DA levels were 

unaltered. Perhaps this dose of LPS (10 pg), which has been routinely used in other studies (Castano 

et al., 1998, Arimoto and Bing, 2003, Iravani et al., 2005), may be too toxic to observe any 

additional damage from reduced NAergic input, and to witness any possible augmentation in nigral 

DA death, a sub-toxic dose should perhaps be used. In addition, the striatum has relatively low 

concentrations of NA, in part due to its slight innervation from the LC, which, as seen here, is
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further reduced in response to DSP-4. This could result in striatal nerve terminal vulnerability or 

sensitivity, potentially exaggerating degeneration following LPS-induced nigral cell death. 

Indeed, microdialysis studies have shown a reduction in endogenous striatal DA release following 

lesion to the LC (Lategan et al., 1990, Lategan et al., 1992), supporting the hypothesis that NA 

facilitates nigro-striatal DA transmission, and protects DA terminals from cell death. Secondly, 

LC neuronal loss results in compensatory up-regulation of striatal dopamine D2 receptors (Harro 

et al., 2003). Indeed Dbh-/- mice that lack NA, show increased striatal density of dopamine Di 

and D2 receptors. These mice, however, were hypersensitive to dopamine D2 and not Di agonist 

stimulation, which could explain the increased sensitivity in motor deficits that we observed, 

through preferential ‘indirect pathway’ activation and dis-inhibition of basal ganglia circuitry 

(Schank et al., 2006). Furthermore, as previously discussed, this is at odds with previous MPTP 

literature, however, considering LPS administration results in indirect DAergic cell death through 

microglial activation and pro-inflammatory cytokine release rather than direct mitochondria- 

related cytotoxicity (Tieu, 2011), a similar exacerbation of neuronal death, as is evident in the 

MPTP model, seems not to occur. In any event, the LC appears to compensate for neuronal DA 

loss but how it does so remains uncertain. A loss of LC-derived co-transmission of BDNF may 

also be involved due to its potent influence on the morphology and survival of nigro-striatal 

DAergic neurons (Hyman etal., 1991, Mogietal., 1999). For example, overexpression of a BDNF 

transgene driven by the Dbh promoter in NAergic neurons increased the survival of DAergic 

neurons post-axotomy. Furthermore, the same study revealed that BDNF is anterogradely 

secreted, resulting in tropomyosin receptor kinase B (TrkB) activation, facilitating neuronal 

survival and differentiation (Fawcett et al., 1998, Alonso-Vanegas et al., 1999). Due to its high 

concentration in the striatum, a2c-ARs could also be playing a compensatory role (Hein et al., 

1999). Bearing this in mind it is possible to infer that neuronal depletion within the LC, and the 

implications thereof upon the nigro-striatal system, is far more complicated than a mere 

deficiency in NA (Rommelfanger and Weinshenker, 2007).

4.3.1.3 The LPS/6-OHDA model of PD

Rats with a LPS/6-OHDA lesion following DSP-4 treatment, displayed comparable akinetic and 

asymmetric forelimb function by comparison to rats who did not receive DSP-4. Additionally, 

rats who received DSP-4 displayed a decrease in ipsilateral rotations following challenge with 

amphetamine; a finding which is further corroborated with a slight increase in nigral DA 

concentrations. It has been previously shown that DSP-4 denervation of the LC has the propensity 

to increase a- and P- adrenoceptor concentrations in regions receiving innervation from the LC 

(Dooley et al., 1983, Benkirane et al., 1985, Mogilnicka, 1986). While the majority of these 

studies looked at cortical and hippocampal adrenoceptor concentrations, there are high densities
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of these receptor present in the striatum and substantia nigra, and these regions (especially the nigra) 

receive innervation from the LC, therefore it’s not unreasonable to consider that up-regulation of 

these receptors occurs in these regions as well (Reznikoff et ah, 1986, Strazielle et ah, 1999). The 

ai-AR which is hypothesized to modulate ascending serotonergic and DAergic transmission has 

been shown to influence motor control (Millan et ah, 2000c, Spreng et ah, 2001, Stone et ah, 2001). 

For example, administration of prazosin, an ui-AR antagonist, inhibits nigral firing through 

blockade of adrenergic signalling thereby reducing locomotor hyperactivity following 

amphetamine administration (Blanc et ah, 1994). In line with this, a2-AR’s can inhibit ascending 

serotonergic and DAergic transmission (Nicholas et ah, 1996, Millan et ah, 2000a), as well as 

subcortical DAergic pathways (Millan et ah, 2000b, Kable et ah, 2000), thereby fulfilling an 

essential role in controlling motor function. For example, the a2-AR agonist clonidine has been 

shown to regularise nigral DA firing (Grenhoff and Svensson, 1988) and protect against MPTP- 

induced DA neuron death. Conversely yohimbine, an a2-AR antagonist, exacerbated the damage 

(Fornai et ah, 1995). Furthermore, of particular interest, is the a2c-AR subtype, which as previously 

stated, is abundantly found in the striatum, and to a lesser extent in the nigra (Link et ah, 1995) and 

its up-regulation may indeed explain the increase in nigral DA levels observed here. For example, 

studies in a2c-ART mice have decreased striatal DA turnover whilst mice over-expressing the a2c- 

AR have heightened dopamine storage and metabolism. Additionally, the a2c-AR has a high 

affinity for NA and is activated at relatively low levels of this transmitter, suggesting that this 

receptor could be playing a compensatory role in the LPS/6-OHDA model (Hein et ah, 1999). 

Taking this information into consideration, it would seem when NAergic tone in the nigra and 

striatum is low, coupled with the subsequent extensive toxin-induced DA depletion, it is possible 

that up-regulation of these receptor subtypes occurs in the nigro-striatal tract in a bid to compensate 

for neuronal loss.

In this group, the only behavioural paradigm where DSP-4 treated rats displayed increased 

sensitivity to LPS/6-OHDA-induced motor deficits was in the staircase test, but why this sensitivity 

is apparent in this test and not the others is difficult to explain. However, there are a few possible 

explanations. Firstly, a difference between the stepping and cylinder test and the staircase test is 

impulsivity. The staircase test relies on the prospect of a reward (sweet pellet) and requires 

voluntary action whereas the stepping and cylinder test are reflexive, automatic responses. 

Secondly, as previously mentioned, the frequency of nigral firing may also play a role. For example, 

single spikes are thought to enable initiating movements (stepping test), whereas high frequency 

bursts are thought to involve attentional and motivational components of behaviour which would 

apply to the food-motivated staircase test (Romo and Schultz, 1990, Schultz and Romo, 1990). 

Thirdly, these tests are under the control of different brain regions, for example, the spontaneous 

exploration of the cylinder test is largely controlled at the level of the spinal cord and brainstem 

(Metz et al., 1998, Muir and Whishaw, 1999, Piecharka et al., 2005), whereas skilled reaching
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following striatal IL-1(3 administration which was accompanied by increased neutrophil 

recruitment to the CNS and an exacerbated inflammatory response (Campbell et al., 2003). It 

would appear that regardless of the PD-inducing lesion, NA depletion results in increased IL-ip 

levels, at least in the nigra. Considering there is slight striatal LC innervation it wouldn’t be 

unreasonable to assume there was increased striatal IL-ip levels as well, perhaps explaining the 

increased DA cell death in this region following intranigral LPS administration. Indeed IL-1 KO 

mice do not display behavioural deficits following LPS administration (Tanaka et al., 2013). 

Conversely, pharmacological augmentation of NA with the NRls atomoxetine and desipramine 

reduced IL-ip expression in response to systemic inflammatory challenge with LPS (O'Sullivan 

et al., 2009). Taking all this into consideration it would appear that increased lL-1 p expression in 

early stage PD could be due to loss of NA innervation to key brain regions involved in PD 

pathogenesis, augmenting dopaminergic dysfunction and the motor impairments that ensue.

TNF-a levels were comparable in NA-intact and NA-lesioned groups in the LPS, 6-OHDA and 

dual (LPS/6-OHDA) PD models. This is in agreement with a few studies which did not report an 

increase in nigral TNF-a expression following intranigral LPS administration (Iravani et al., 

2012). This is also in agreement with a study that showed no differences in nigral TNF-a 

expression or protein in LPS/6-OHDA treated animals, although it’s w'orth mentioning that this 

group used a higher 6-OHDA dose (20 pg) and much lower LPS dose (0.09 pg) spaced 12 days 

apart (Godoy et al., 2010). In any event, NA loss in the nigra does not seem to have much of an 

impact on nigral TNF-a expression in any PD model tested here.

In summary, treatment with DSP-4 did not potentiate PD-related motor impairments in the 

intranigral LPS, intrastriatal 6-OHDA and LPS/6-OHDA PD models, but instead seemed to result 

in lesion-induced motor sensitivity and seems to display differential effects depending on the 

extent of nigro-striatal damage. For example, intranigral LPS delivery resulted in mild DA loss 

which was potentiated by DSP-4 treatment, culminating in more apparent deficits in skilled motor 

function, backhand forelimb akinesis and forelimb asymmetry by comparison to rats who had not 

received DSP-4. In comparison, LPS/6-OHDA administration resulted in a robust lesion to the 

nigro-striatal tract. A prior insult with DSP-4 increased striatal DA levels (possibly through 

adrenoceptor up-regulation or another unknown mechanism) resulting in less severe motor 

impairments when compared to rats which did not receive DSP-4. This brings about an important 

question on timing i.e, at what stage in the neurodegenerative process is the NAergic system 

employed to compensate for, or protect damaged/dying DA neurons? Bearing this in mind, would 

drugs that increase central NA tone only be efficacious as a prophylactic treatment for Parkinson’s 

disease or would they have therapeutic potential even after the majority of DA neurons have 

begun to die? Studies by Fornai et al. (1997) have reported that lesioning of the NAergic system
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with DSP-4 must occur before MPTP administration in order to exacerbate MPTP toxicity, 

providing evidence to suggest that pharmacotherapies aimed at preventing NA loss in the first 

place, as well as restoring NA tone later, may have therapeutic efficacy. The findings described 

herein demonstrate the neuromodulatory effects the LC has over DA neurons in basal ganglia 

circuitry and that degeneration of the NAergic system may contribute to the aetiology and 

pathophysiology of PD, with implications for disease progression. Moreover, this study further 

supports the notion that drugs aimed at modulating NA tone may be a pertinent consideration in 

the development of novel, neuroprotective pharmacotherapies for the treatment of PD.
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Chapter 5

The impact of the noradrenaline re-uptake inhibitor 
atomoxetine and the a2-adrenoceptor antagonist idazoxan 

on neuroinflammation, dopamine neuron loss and behaviour 
in the LPS/6-OH dopamine rat model of Parkinson’s disease
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5.1 Introduction

It is well established that noradrenaline (NA) acts as a neuromodulator and is implicated in a 

diverse range of brain functions including synaptic plasticity and long-term potentiation (LTP) 

(Cahill and McGaugh, 1996, Harley, 1987), and attention, mood and working memory (Robbins 

and Roberts, 2007, Amsten and Li, 2005). Due to the dominant role of NA in regulating 

behavioural outputs to external stimuli, it is also critically involved in the regulation of cellular 

excitability and inhibitory tone (Hirata et al., 2006). The NA system may be broadly classified 

into two branches of neuronal function; first, due to its influence on activity states and attention, 

is allows for the assembly of sensory information and secondly, facilitates the processing and 

storage of salient sensory input in cortical and sub-cortical brain regions, ultimately aiding in our 

navigation through a complex world (Libersat and Pfiueger, 2004).

5.1.1 The anti-inflanmiatory actions of noradrenaline

The locus coeruleus (LC), located deep within the pons, is a tiny nucleus of NA neuronal cells 

which send processes throughout the CNS allowing for widespread adrenergic signalling through 

interaction with neuronal and non-neuronal brain cells. Here 1 will discuss the available evidence 

to date implicating a role forNA in promoting anti-inflammatory actions via communication with 

microglial, astrocytic and neuronal cell types. I have previously reviewed evidence for LC- 

derived neuroprotection with particular emphasis on PD animal models, and therefore will not be 

discussing this here.

5.1.1.1 Microglia: Cytokine, chenwkine and cytotoxic mediator suppression

NA can affect a wide array of microglial functions through adrenergic signalling. Cultured rat 

microglia express mRNA encoding au-, a2a-. Pi- and P2- adrenoceptors (ARs) (Mori et al., 2002), 

with studies demonstrating their functional capabilities (Tanaka et al., 2002). Specifically, NA 

applied to rat microglial cultures has demonstrated a potent ability to suppress LPS-induced TNF- 

a expression and release, mediated through an increase in intracellular cAMP. NA application 

(even at the low concentration of 0.1 pM) to rat cortical microglial cultures has also attenuated the 

LPS-induced increase in IL-ip levels (Russo et al., 2004, Madrigal et al., 2005). Similarly, LPS- 

activated microglia treated with NA display reduced mRNA expression and synthesis of IL-6 

(Farber et al., 2005). NA or direct stimulation of the P-AR using sympathomimetic agents may 

also confer neuroprotection by inhibiting cytotoxic metabolite production from activated 

microglia. For example, treating N9 murine cultured microglial cells with Pi-and P2-AR agonist 

isoproterenol has been shown to inhibit LPS-induced NO production (Chang and Liu, 2000) and
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PMA-stimulated superoxide anion production (Colton and Chernyshev, 1996, Thery et al., 1994). 

Similarly, the LPS-induced expression and synthesis of iNOS and NO in cortical rat microglia 

was suppressed following NA treatment in a dose dependant manner (Russo et al., 2004). NA 

may also influence chemokine production, with its application to primary mouse microglial 

cultures suppresses the Ap-induced mRNA synthesis and release of pro-inflammatory 

chemokines such CCL2 (attracts monocytes), CCL3 (attracts Thl-lymphocytes) and 

CCL5/RANTES (attracts Thl- and Th2-lymphocytes) (Heneka et al., 2010). In addition to 

suppressing the release of pro-inflammatory and cytotoxic factors, NA can also stimulate 

microglia to release anti-inflammatory mediators. For example, NA application to primary rat 

microglial cultures induced the expression of lL-1 RII and IL-lra. IL-1 Rll is a 'decoy' receptor 

expressed on glial cells which sequesters IL-ip, directing it away from the bioactive lL-1 R1 to 

curb excessive IL-lp signalling (McNamee et al., 2010b).

It is important to note, while there is strong evidence supporting the anti-inflammatory profile of 

NA, studies have demonstrated a number of pro-inflammatory effects. For example, NA 

stimulated primary rat microglia e.xhibited increased LPS-induced cyclooxygenase (COX-2) 

synthesis and reactivity, resulting in Prostaglandin E2 (PGE2) production and release 

(Schlachetzki et al., 2010). Additionally, in the absence of inflammatory stimuli, i.soproterenol 

application activated cultured rat microglia with subsequent IL-ip (Tomozawa et al., 1995, 

Tanaka et al., 2002) and NADPH oxidase expression (Qian et al., 2011).

5.1.1.2 Astrocytes and neurons

1 have focused primarily on the role of microglia in neuroinflammatory processes as they have 

generally become accepted as the main effectors of inflammation and cytokine production in the 

brain (Streit et al., 1999). Additionally microglia have a higher expression of P2-AR’s than any 

other cell subtype (Mori et al., 2002, Tanaka et al., 2002). Nevertheless, it is likely that NA also 

influences other cell populations. Astrocytes in particular have been identified as a possible, 

primary extrasynaptic target of NA (Aoki, 1992). Similar to microglia, rat astrocytes express 

functional ai-, 02-, Pi- and P2-ARS (Flertz et al., 2004).

Activation of P2-ARS with NA has been shown to reduce IFN-y-induced MHCIl (Frohman et al., 

1988), suppress IL-ip- and TNF-a-induced ICAM-1 and VCAM-1 (Ballestas and Benveniste, 

1997) and inhibit both EPS- and cytokine-induced iNOS expression (Feinstein, 1998) in primary 

astrocytic cultures. Furthermore, agents that elevate intracellular cAMP (the cAMP analogues Bt- 

cAMP and 8-Br-CAMP) decreased LPS-induced IL-ip expression in human astrocytic cells 

(Willis and Nisen, 1995). Additionally, NA application to EPS-stimulated rat astrocytic cultures 

reduced the secretion of macrophage inflammatory protein 1-a (MlPl-a), metallopeptidase
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inhibitor 2 (TIMP2), IL-2 and fractalkine (CXCLl) (Braun et al., 2014). NA may also increase 

astrocytic anti-inflammatory cytokine and chemokine production including lL-10, GM-CSF and 

sTNF-Rl (Braun et al., 2014). While generally considered a pro-inflammatory factor, GM-CSF 

may also confer neuroprotection. For example, GM-CSF injection in mice attenuated nigral 

DAergic cell loss following exposure to the environmental toxin paraquat, either alone or 

following microglial priming with LPS (Mangano et al., 2011).

Stimulation of astrocytic (32-AR’s, and the subsequent increase in cAMP/PKA, may also provide 

neuroprotection through secretion of neurotrophic factors. For example, NA application to 

astroglial cell cultures induced the expression of NGF (Furukawa et al., 1989), BDNF (Juric et 

al., 2006) andNT-3 (Mele et al., 2010); which were chiefly mediated by ai and/or p-adrenoceptor 

activation. GDNF also promoted the survival of rodent midbrain DAergic cultures, increasing 

their differentiation and proliferation as assessed by cell body size, neurite outgrowth, and 

increased DA uptake (Lin et al., 1993).

NA can also act extra-synaptically on neurons themselves. Co-incubation with NA partially 

reduced Ap-induced damage through increased glutathione (GSH) and PPARy production 

(Madrigal et al., 2007). There is also evidence describing the neuroprotective role of NA by acting 

as an antioxidant. For example, treating mesencephalic neuronal cultures (which die 

spontaneously and progressively as the cultures mature) with low levels of NA (0.3-10 pM) 

promoted long-term survival and functionality while caspase inhibition mimicked the effects of 

NA, independent of the GSH antioxidant system. (Troadec et al., 2001). Furthermore, direct 

application of NA to murine primary astrocytes and neurons increased neuronal longevity through 

activation of the anti-inflammatory group of nuclear hormones, PPARy (Klotz etal., 2003), which 

is also under the control of cAMP. Additionally, neuronal protection was conferred by PPARy 

following an NMDA-induced excitotoxic insult to mouse primary cortical neurons (Zhao et al., 

2006a). Moreover, several studies have demonstrated an increase in enzymatic activity of a range 

of antioxidants following PPARy activation (Zhao et al., 2006b, Tao et al., 2003, Madrigal et al., 

2007), resulting in decreased microglial activation and subsequent inflammation in the CNS 

(Racke and Drew, 2008). Additionally, Ap-induced cortical neuronal damage (assessed by 

fluorojade staining) was completely abrogated and neurotoxicity (assessed by LDH release) was 

partly attenuated in cultures co-incubated with NA. Additionally, this effect was replicated 

following treatment with a selective PPAR5 agonist (GW0742) (Madrigal et al., 2007). As the 

current literature would suggest, the combination of anti-inflammatory and antioxidant properties 

of NA are a result of an amalgamation of adrenoceptor activation on glia and PPAR stimulation 

on neurons, ultimately culminating in neuroprotection.
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5.1.2 Enhancing central NAergic tone in the CNS

Surprisingly, given the wealth of evidence describing the ability of NA to elicit anti-inflammatory 

effects in the CNS, there has been little research on its potential as a neuroprotective agent. 

Furthermore, considering the NA deficit in neurodegenerative diseases such as AD and PD, 

pharmacological strategies to augment central NAergic tone could have noteworthy therapeutic 

benefit. As NA cannot cross the BBB, this effect can be achieved through antagonism of the 

inhibitory a2-AR autoreceptor, prevention of NA re-uptake with NRl’s or direct stimulation of 

the (32-AR to mimic endogenous NA. Herein, as this chapter assesses the impact of noradrenaline 

re-uptake inhibition and a2-AR antagonism in PD animal models, 1 will discuss the evidence to 

date supporting their use to regulate CNS inflammation, with particular emphasis on the NRl, 

atomoxetine, and the 02 antagonist, idazoxan.

5.1.2.1 Noradrenaline re-iiptake inhibitors

NRl’s are a class of drug that block the NAT thereby preventing the re-uptake of NA, resulting 

in an increase in extracellular NA concentration, which may further promote adrenergic 

signalling. Additionally, these agents are currently used for the treatment of ADHD and 

depression endorsing their use in a clinical setting (Friedman and Kocsis, 1996, Cipriani et al., 

2005, Nelson, 1999, Prince, 2006). Previous work in the lab demonstrated an anti-inflammatory 

phenotype in rats following treatment with desipramine and atomoxetine, resulting in the 

reduction of cortical pro-inflammatory and cytotoxic mediator expression (IL-1 p, TNF-a , iNOS) 

and microglial activation markers (CDllb and CD40) following systemic LPS challenge 

(O'Sullivan et al., 2009). Additionally, co-treatment with reboxetine and idazoxan induced 

cortical IL-ip, IL-lra and IL-lRIl expression (McNamee et al., 2010a). Despite these anti

inflammatory effects, clinical trials using atomoxetine have generated mixed results. For example, 

in a 7-week open-label study in ten PD patients, four reported an improvement in gait freezing 

following atomoxetine treatment (40 mg; b.i.d.) although subjective improvements should be 

interpreted with caution (Revuelta et al., 2014). Additionally, atomoxetine administration resulted 

in mild executive dysfunction improvements (Marsh et al., 2009). In double-blind studies, 

atomoxetine treatment in affected PD patients did not improve attention, impulsivity (deliberation 

time, stop signal reaction time, and reflexion impulsivity) (Ye et al., 2015, Kehagia et al., 2014), 

gait freezing (Jankovic, 2009, Nashatizadeh et al., 2008), or depression (Weintraub et al., 2010). 

Additionally, in animal models of MS (EAE) and AD, atomoxetine treatment did not improve 

clinical scores or cognitive decline (Simonini et al., 2010, Mohs et al., 2009). Based on this 

evidence, it would appear that atomoxetine treatment in affected human patients or in animal 

models of disease is not a prospective treatment. However, as is the case in PD and AD, damage
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to the LC has probably already occurred, therefore augmentation of endogenous NA levels may 

have limited effectiveness.

52.2.2 ai-AR antagonists

Selective a2-AR antagonists can potentiate NA bioavailiabilty by blocking neuronal pre-synaptic 

a2-AR’s whose normal function is to regulate NA release (Veldhuizen et al., 1993). Indeed, many 

studies have demonstrated the ability of a2-AR antagonists to increase NA concentrations in 

numerous in vivo microdialysis studies (Invernizzi and Garattini, 2004, Veldhuizen et al., 1993, 

Swanson et al., 2006, Wortley et al., 1999). Treatment with the a2-AR antagonist idazoxan 

attenuated circling behaviour in quinolinic acid striatal lesioned rats (Martel et al., 1998), 

protected against neuronal damage induced by 10 min incomplete forebrain ischemia in rats 

(Gustafson et al., 1990), reduced neuronal death, glial activation and microgial proliferation 

following deafferentiation of the mouse olfactory bulb (Veyrac et al., 2005), and attenuated iNOS 

expression from LPS-stimulated astrocytic cultures (Feinstein, 1998). In the 6-OHDA PD animal 

model, methoxy-idazoxan (2.5 mg/kg; b.i.d.; i.p. for 5 days) administration prior to medial 

forebrain bundle (MFB) lesion protected nigral DAergic neurons, reversed catalepsy and 

hypoactivity (Srinivasan and Schmidt, 2004). Other a2-AR antagonists have also conferred 

beneficial effects in AD animal models. For example, 5-fluoro-methoxyidazoxan reduced plaque 

burden, inflammatory mediator production and neuronal damage following A(3 injection while 

fluparoxan prevented cognitive deficits in spatial working memory and pathology onset in 

amyloid precursor protein x presenilin 1 (APP x PSl) transgenic mice independent of plaque 

burden or astrocytosis (Scullion et al., 2011, Kalinin et al., 2006).

Outside of its anti-inflammatory effects, studies have suggested a role for NA in PD for various 

other reasons. For example, the loss of LC integrity has been previously linked to the onset of L- 

DOPA induced dyskinesias. With this in mind, the effect of idazoxan and fipramezole reduced 

the number of abnormal involuntary movements in rodent models (Lundblad et al., 2002), primate 

models (Grondin et al., 2000, Fox et al., 2001) and human PD patients (LeWitt et al., 2012, Rascol 

et al., 2001) providing a rationale for the use of noradrenaline enhancing drugs as an adjuvant in 

PD, as well as a treatment in their own right.

Of particular relevance to this study, Swanson et al. (2006) investigated the concentrations of 

extracellular NA in the prefrontal cortex of freely moving rats following injection of idazoxan (1 

mg/kg; i.p.) alone or in combination with atomoxetine (3 mg/kg; i.p.) using in vivo microdialysis. 

NRI injection coupled with the a2-AR antagonist, resulted in a 7-fold increase in cortical NA 

efflux greater than either compound alone, indicating a synergistic effect and therefore, this 

treatment regime is deemed an appropriate approach for increasing extracellular NA 

concentrations in the rat brain.

113



5.2.23 Antagonism of the fl2-adrenoceptor with ICI J 18,551

Considering the evidence to date in support of NA as an anti-inflammatory agent, and the fact 

that NA is the endogenous ligand for adrenergic signalling in the CNS, studies have sought to 

assess if its effects are specifically mediated through the P2-adrenoceptor. There are currently only 

two selective P2-AR antagonists; namely butoxamine and ICl 118,551, but due to the partial a- 

adrenergic activity of butoxamine, the highly selective P2 antagonist ICl 118,551 is preferentially 

used (Ghosh, 2012). ICI 118,551 has been previously shown to reverse the neuroprotective effects 

of clenbuterol in mixed hippocampal rat cultures in response to glutamate toxicity (Junker et ah, 

2002) and inhibits the effect of NA on LPS-induced microglial NO release. NA administration 

also blocks microglial iNOS and IL-ip expression which is completely reversed by co-application 

with ICI 118,551 in rat cortical neurons (Madrigal et ah, 2005). Antagonism of astrocytic p2-AR’s 

may also reverse NA-induced neuroprotection. For example, NA application to rat cortical 

astrocytes increased BDNF levels which was completely inhibited with prior ICl 118,551 

incubation (Juric et ah, 2008). Considering the NFxp pathway controls many aspects of 

neuroinflammation, previous work conducted in this lab have demonstrated a clenbuterol-induced 

decrease in rat cortical and hippocampal NFkP activity which is prevented by pre-treatment with 

ICI 118,551 but not the selective (Ji antagonist propranol (Ryan et ah, 2013). Overall, these 

findings would suggest that NA has neuroprotective and anti-inflammatory properties which are 

mediated, at least in part, via glial (32-AR activation, and could provide a potential therapeutic 

target to treat neuroinflammatory and neurodegenerative diseases such as PD.

With this in mind, this study sought to assess the impact of augmenting central noradrenergic tone 

on PD neuropathology and related motor dysfunction in animal models of PD. Specifically, we 

wanted to determine if treatment with the NRI atomoxetine, alone or in combination with an 02- 

AR antagonist idazoxan, can ameliorate the neuroinflammation, DA neuron loss and behavioural 

dysfunction that occurs following injection with LPS or 6-OHDA. It has been postulated that LC- 

NAergic death occurs 15 years before unilateral presentation of motor impairment and clinical 

PD diagnosis (Braak et ah, 2003, Hawkes et ah, 2010), and this loss soundly correlates with 

prodromal non-motor aspects of the disease, particularly sleep and mood disturbances (Hawkes, 

2008). Additionally, there is now a growing body of evidence that this early neuronal loss impacts 

on disease progression, accelerating DA loss, therefore the therapeutic relevance of assessing NA 

modulation in PD is high, providing rationale for the current investigation. In a subsequent study, 

the effect of P2-AR antagonism with ICI 118,551 following atomoxetine treatment in the LPS 

model of PD was assessed, to determine if the anti-inflammatory/neuroprotective effects of NA 

is mediated specifically by the |32-AR.
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5.2.1 Experimental timeline

Experiment 1: Investigation into the effect of atomoxetine and idazoxan alone and in 

combination in the EPS, 6-OHDA and LPS/6-OH dopamine rat model of Parkinson’s
disease

• Sham (sterile PBS)
- LPS (10pg'2Ml; intranigral)
- 6-OHDA (10^g;'2^1; intranigral)
- LPS/6-OHDA (dose as above)

Transcardially perfused (4HPFA) 
or

Euthanised DA quantification

ay Day Day 
13 14 15

-Staircase
-Stepping

-Staircase
-Stepping
-Cylinder

Staircase
Stepping
Cylinder

Treatment
-Saline control (0.89% NaCl; b i d: i.p) 

-Atomoxetine (3m?1cg; b i d: i.p) 
-Idazoxan (Img/kg; b.i d; i.p)

- Atomoxetine + Idazoxan (dose as above)

5.2.2 Experimental design

Adult male Wistar rats (n=128) were allowed to habituate to the animal unit for at least a week 

prior to behavioural training in the staircase and stepping tests. This study included the following 

sixteen treatment groups: (1) vehicle + vehicle, (2) vehicle + atomoxetine, (3) vehicle + idazoxan 

, (4) vehicle + atomoxetine/idazoxan, (5) LPS + vehicle, (6) LPS + atomoxetine, (7) LPS + 

idazoxan, (8) LPS + atomoxetine/idazoxan, (9) 6-OHDA + vehicle, (10) 6-OHDA + atomoxetine, 

(11) 6-OHDA + idazoxan, (12) 6-OHDA -i- atomoxetine/idazoxan, (13) LPS/6-OHDA -i- vehicle, 

(14) LPS/6-OHDA + atomoxetine, (15) LPS/6-OHDA + idazoxan, (16) LPS/6-OHDA -i- 
atomoxetine/idazoxan.

Baseline testing in each behavioural paradigm was conducted 5 days prior to stereotactic surgery. 

Rats received an injection of LPS (10 pg/2pl) into the substantia nigra, 6-OHDA (10 pg/2pl) into 

the striatum or a combination of both (see section 2.2.3 for full surgery details). Control animals
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received a sham PBS injection. Four hrs following surgery rats received an i.p. injection of the 

NRl atomoxetine (3 mg/kg), the a2-AR antagonist idazoxan (1 mg/kg), a combination of 

atomoxetine and idazoxan or saline vehicle (0.89% [w/v] NaCl). Dosing was then continued at 

twice daily intervals for the following 7 days (Morning drug treatment was between 9-10am; 

Evening drug treatment was between 5-6pm).

Behavioural testing in the staircase, stepping and cylinder test was conducted (in that order) 7 

days following surgery, between the hrs of 9 am-1 pm. Behavioural testing was repeated 6 days 

later. At 14 days post-surgery animals were administered D-amphetamine (5 mg/kg; i.p.), placed 

in their home-cage and activity was recorded for 40 min. The following day rats were either 

euthanised by transcardial perfusion-fixation and their brains used for post-mortem assessment of 

nigro-striatal neurodegeneration and microgliosis or dissected freehand on dry ice for HPLC 

analysis of amine concentrations.
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5.23 Experimental timeline

Experiment 2: Effect of the P2-AR antagonist ICI 118^51 on the neuroprotective effects of 

atomoxetine in the EPS rat model of Parkinson’s disease

- Sham (sterile PBS)
• LPS intnmigral)

Transcardially perfused (4HPFA) 
or

Euthanised for DA quantification, 
pro-inflanimator> cytokine and 

groNMh factor expression

-Staircase
-Stepping

Day Day 
14 15

-Staircase
-Stepping
-Cylinder V

Treatment
-Saline control (0.89®/oNaCi; b.i.d; i.p) 

-Atomoxetine (3mgTtg; b.i.d, i.p)
-ICI 118,551 (Stnglcg; b i d; i.p) 

Atomoxetine + ICI 118,55! (dose as above)

Staircase
Stepping
Cylinder

5.2.4 Experimental design

Adult male Wistar rats (n=50) were allowed to habituate to the animal unit for at least a week 

prior to behavioural training in the staircase and stepping tests. This study included the following 

five treatment groups: (1) vehicle + vehicle, (2) LPS + vehicle, (3) LPS + atomoxetine, (4) LPS+ 

ICI 118,551, (5) LPS + atomoxetine/ICl 118,551. n= 10 per group.

Baseline testing in each behavioural paradigm was conducted 5 days prior to stereotactic surgery. 

Rats received an injection of LPS (10 pg/2pl) into the substantia nigra (see section 2.2.3 for full 

surgery details). Control animals received a sham PBS injection. Four hrs following surgery rats 

received an i.p. injection of the NRI atomoxetine (3 mg/kg), the Pr-AR antagonist ICI 118,551 (5 

mg/kg), a combination of atomoxetine/ICI 118,551 or saline vehicle (0.89% [w/v] NaCl). Dosing 

was then continued at twice daily intervals for the following 7 days (Morning drug treatment was 

between 9-10 am; Evening drug treatment was between 5-6 pm). In rats receiving a combination 

of both drugs, ICI 118,551 was administered 30 min before atomoxetine.

Behavioural testing in the staircase, stepping and cylinder test was conducted (in that order) 7 

days following surgery, between the hrs of 9 am-1 pm. Behavioural testing was repeated 6 days
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later. At 14 days post-surgery animals were administered D-amphetamine (5 mg/kg; i.p.), placed 

in their home-cage and activity was recorded for 40 min. The following day rats were either 

euthanised by transcardial perfusion-fixation and their brains used for post-mortem assessment of 

nigro-striatal neurodegeneration and microgliosis or dissected freehand on dry ice for HPLC 

analysis of amine concentrations and measurement of cytokine/growth factor expression
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5.3 Results

Experiment 1: Investigation into the effect of atomoxetine and idazoxan alone and in 

combination in the LPS, 6-OHDA and LPS/6-OH dopamine rat model of Parkinson’s

disease

Behavioural analysis

53.1 The effect of atomoxetine or idazoxan alone and in combination on forehand 

forelimb akinesia in the LPS, 6-OHDA and LPS/6-OHDA rat model of PD

Treatment with the NRl atomoxetine or the a2-AR antagaonist idazoxan alone or in combination 

had no effect on the number of contralateral steps in sham lesioned rodents (Fig. 5.1 A). A 

repeated-measures ANOVA was performed in the LPS lesioned-untreated group to determine the 

effect of LPS on forelimb akinesia. A repeated-measures ANOVA demonstrated an effect of time 

on contralateral steps following intranigral LPS administration (F(2,8)= 200.36, P<0.001). 

Newman-Keuls post hoc comparisons revealed a reduction LPS-induced contralateral steps at 7 

(P<0.01) and 13 (P<0.01) days compared to pre-lesion testing. A two-way ANOVA demonstrated 

an effect of atomoxetine on contralateral steps following intranigral LPS administration at both 7 

(F(i,i4)= 18.20, P<0.001) and 13 days (F(i,i4)= 41.15, P<0.001) post-lesion. Newman-Keuls post 

hoc analysis revealed an increase in contralateral limb use following atomoxetine treatment alone 

(P<0.05) and to a greater extent when combined with idazoxan (P<0.01) 7 days post lesion when 

compared to LPS lesioned rats treated with saline. This rescue in forelimb function persisted after 

treatment cessation to the second round of behavioural testing 13 days post-lesion (P<0.01) (Fig.
5.1 B). No effect of atomoxetine or idazoxan was observed on forelimb akinesia following striatal 

6-OHDA administration (Fig. 5.1C).

A repeated-measures ANOVA demonstrated an effect of time on contralateral steps following 

LPS/6-OHDA administration (F(2,i2)= 15.20, P<0.001). Newman-Keuls post hoc comparisons 

revealed a reduction in contralateral steps at 7 (P<0.01) and 13 (P<0.01) days compared to pre

lesion testing. A two-way ANOVA demonstrated an effect of atomoxetine on contralateral steps 

at both 7 (F(i,i6)= 13.23, P=0.002) and 13 (F(i,i4)= 6.37, P=0.023) days post LPS/6-OHDA lesion. 

Idazoxan treatment also had an effect on contralateral steps at 7 (F(i,i6)= 12.24, P=0.003) and 13 

days (F(i,i6)= 10.86, P=0.005). Furthermore there was a atomoxetine x idazoxan interaction 7 days 

post-lesion (F(i,i6)= 26.19, P<0.001). Newman-Keuls post hoc comparisons revealed an increase 

in forelimb function following atomoxetine and idazoxan treatment alone and in combination at 

7 days (P<0.01). This effect persisted after treatment cessation following treatment with 

atomoxetine or idazoxan alone (P<0.05) and to a greater extent in combination (P<0.01) (Fig.

5.1 D).
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53.2 The effect of atomoxetine or idazoxan alone and in combination on backhand 

forelimb akinesia in the LPS, 6-OHDA and LPS/6-OHDA rat model of PD

Treatment with the NRl atomoxetine or the a2-AR antagaonist idazoxan alone or in combination 

had no effect on the number of contralateral steps in sham lesioned rodents (Fig. 5.2 A).

A repeated-measures ANOVA demonstrated an effect of time on contralateral steps following 

intranigral LPS administration (F(2,8)= 84.54, P<0.001). Newman-Keuls post hoc comparisons 

revealed an LPS-induced reduction in contralateral steps at 7 (P<0.01) and 13 (P<0.01) days 

compared to pre-lesion testing. Treatment with atomoxetine or idazoxan alone or in combination 

had no effect on the number of contralateral wall placements in LPS lesioned rodents (Fig. 5.2B). 

No effect of atomoxetine or idazoxan was observed on forelimb akinesia following striatal 6- 

OHDA administration (Fig. 5.2t').

A repeated-measures ANOVA demonstrated an effect of time on contralateral steps following 

LPS/6-OHDA admini.stration (F(2,i8)= 5.81, P=0.013). Newman-Keuls post hoc comparisons 

revealed a reduction in LPS/6-OHDA-induced contralateral steps at 7 (P<0.05) and 13 (P<0.05) 

days compared to pre-lesion testing. A two-way ANOVA demonstrated an atomoxetine x idazoxan 

effect on contralateral steps at 7 days (F(i,23)= 5.78, P=0.025) and an idazoxan effect at 13 days 

(F(|,2I)= 4.47, P=0.047) however Newman-Keuls post hoc comparisons failed to reach significance 

(Fig. 5.21)).

533.1 The effect of atomoxetine or idazoxan alone and in combination on wall forelimb- 

use asymmetry in the LPS, 6-OHDA and LPS/6-OHDA rat model of PD

Treatment with the NRl atomoxetine or the a2-AR antagaonist idazoxan alone or in combination 

had no effect on the number of contralateral wall placements following sham-lesion (Fig. 53A).

A repeated-measures ANOVA demonstrated an effect of time on contralateral wall placements 

following intranigral LPS administration (F(2.8)= 47.74, P<0.001). Newman-Keuls post hoc 

comparisons revealed a reduction LPS-induced contralateral placements at 7 (P<0.01) and 13 

(P<0.01) days compared to pre-lesion testing. A two-way ANOVA demonstrated an effect of 

atomoxetine on contralateral wall placements following LPS administration in the nigra at both 7 

(F(i,i3)= 10.32, P=0.007) and 13 days (F(i,i4)= 8.59, P=0.011) post-lesion. There was also an effect 

of idazoxan (F(i,i4)= 9.32, P=0.009) at 7 days. Furthermore there was an atomoxetine x idazoxan 

interaction (F(i,i4)= 8.07, P=0.014) at 7 days. Newman-Keuls analysis demonstrated an increase in 

contralateral limb use following atomoxetine administration coupled with idazoxan (P<0.05) 7 

days post-lesion when compared to LPS lesioned rats that received PBS treatment (Fig. 53H).

A repeated-measures ANOVA demonstrated an effect of time on contralateral wall placements 

following 6-OHDA administration (F(2,i2)= 9.86, P=0.004). Newman-Keuls post hoc comparisons
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revealed a reduction in 6-OHDA-induced contralateral placements at 7 (P<0.01) and 13 (P<0.05) 

days compared to pre-lesion testing. A two-way ANOVA revealed an effect of atomoxetine at 7 

(F(i,i6)= 6.23, P=0.0239) and 13 (F(i,i6)= 10.86, P=0.0046) days post-lesion. Idazoxan 

administration also had an effect on contralateral limb use 7 days post-lesion (F(i,i6)= 7.68, 

P=0.0136). Newman-Keulspost hoc analysis demonstrated an increase in contralateral limb wall 

placements following treatment with atomoxetine in combination with idazoxan (P<0.01) at 7 

days when compared to 6-OHDA lesioned rats that received saline control. Furthermore, this 

rescue in forelimb function persisted to the second round of testing, 13 days post-lesion (P<0.05). 

Additionally, at this round of behavioural testing, atomoxetine treatment alone rescued forelimb 

function (P<0.05) (Fig. 5 Jt).

A repeated-measures ANOVA demonstrated an effect of time on contralateral wall placements 

following LPS/6-OHDA administration (F(2,i2)= 14.41, P=0.001). Newman-Keuls post hoc 

comparisons revealed a reduction in LPS/6-OHDA-induced contralateral placements at 7 

(P<0.01) and 13 (P<0.01) days compared to pre-lesion testing. A two- way ANOVA revealed an 

effect of atomoxetine 7 days post-lesion (F(i,i6)= 16.18, P=0.001). Newman-Keuls post hoc 

analysis demonstrated an increase in contralateral limb use following treatment with atomoxetine 

in combination with idazoxan 7 days post-lesion (P<0.01) which did not persist to the second 

round of behavioural testing (Fig. 5.30).

533.2 The effect of atomoxetine or idazoxan alone and in combination on floor forelimb- 
use asymmetry in the LPS, 6-OHDA and LPS/6-OHDA rat model of PD

No effect was observed following treatment with the NRl atomoxetine or the a2-AR antagonist 

idazoxan on the number of contralateral floor placements following sham lesioning (Fig. 5.4A). 

A repeated-measures ANOVA demonstrated an effect of time on contralateral floor placements 

following intranigral LPS administration (F(2,8)= 29.10, P<0.001). Newman-Keuls post hoc 

comparisons revealed a reduction LPS-induced contralateral floor placements at 7 (P<0.01) and 

13 (P<0.01) days compared to pre-lesion testing. A two-way ANOVA demonstrated an effect of 

atomoxetine on floor contralateral placements following LPS administration in the nigra at both 

7 (F(i,i4)= 71.98, P<0.001) and 13 days (F(i,i4)= 32.34, P<0.001) post-lesion. There was also an 

atomoxetine x idazoxan interaction (F(i,i4)= 8.29, P=0.012) at 7 days. Newman-Keuls analysis 

demonstrated an increase in contralateral limb use following atomoxetine administration alone 

(P<0.01) and in combination with idazoxan (P<0.01) at both 7 and 13 days post-lesion when 

compared to LPS lesioned rats treated with saline control (Fig. 5.4B).

A repeated-measures ANOVA demonstrated an effect of time on contralateral floor placements 

following intrastriatal 6-OHDA administration (F(2,i2)= 7.19, P=0.011). Newman-Keuls post hoc 

comparisons revealed a reduction 6-OHDA-induced contralateral floor placements at 7 (P<0.05)
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and 13 (P<0.05) days compared to pre-lesion testing. A two-way ANOVA revealed an effect of 

idazoxan on contralateral floor placements (F(i,i6)= 15.35, P=0.001) 13 days post-lesion. 

Newman-Keuls post hoc analysis demonstrated an increase in contralateral floor contacts 

following treatment with idazoxan alone (P<0.05) and in combination with atomoxetine (P<0.05) 

when compared to 6-OHDA lesioned rats treated with saline control (Fig. 5.4C).

A repeated-measures ANOVA demonstrated an effect of time on contralateral floor placements 

following LPS/6-OHDA administration (F(2,i2)= 6.26, P=0.017). Newman-Keuls post hoc 

comparisons revealed a reduction in LPS/6-OHDA-induced contralateral floor placements at 7 

(P<0.05) days post-lesion compared to pre-lesion testing. A two-way ANOVA revealed an effect 

of idazoxan 7 days post-lesion (F(i,i6)= 4.74, P=0.045). There was also an effect of atomoxetine 

13 days post-lesion (F(i,i6)= 7.94, P=0.012). Newman-Keuls/roir/zoc analysis revealed an increase 

in contralateral limb use following treatment with atomoxetine in combination with idazoxan at 

7 (P<0.05) and 13 (P<0.05) days post-lesion when compared to LPS/6-OHDA lesioned rats 

treated with saline control (Fig. 5.41))

53.4 The effect of atomoxetine or idazoxan alone and in combination on skilled motor 

function in the LPS, 6-OHDA and LPS/6-OHDA rat model of PD

No effect was observed following treatment with the NRl atomoxetine or the a2-AR antagaonist 

idazoxan on skilled motor function in sham-, LPS-, or 6-OFlDA lesioned rodents (Fig. 5.5 A, B, 

C respectively). A repeated-measures ANOVA demonstrated an effect of time on success rates 

following LPS/6-OHDA administration (F(2,i2)= 12.71, P=0.002). Newman-Keuls post hoc 

comparisons revealed a reduction LPS/6-OHDA-induced successful pellet retrievals at 7 (P<0.01) 

and 13 (P<0.01) days compared to pre-lesion testing.

A two-way ANOVA demonstrated an effect of idazoxan on contralateral limb success rates 

(F(i,i6)= 11.26, P=0.004) 7 days post-lesion. There was also an atomoxetine x idazoxan interaction 

13 days post-lesion (F(i,i7)= 15.99, P=0.003). Newman-Keuls post hoc comparisons revealed an 

increase in successful pellet retrievals following idazoxan treatment at 7 (P<0.05) and 13 days 

(P<0.05) post-lesion when compared to LPS/6-OHDA lesioned rats treated with saline control. 

Furthermore, atomoxetine treatment alone rescued forelimb function 13 days post-lesion (P<0.05) 

(Fig.53D).

533 Atomoxetine and idazoxan in combination reduced LPS-induced rotational 

asymmetry

Vehicle (PBS) treated rats exhibited no rotational behaviour following injection of D- 

amphetamine (Fig. 5.6A). No effect of atomoxetine or idazoxan was observed on rotational
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asymmetry following D-amphetamine administration in 6-OHDA lesioned rats alone or in 

combination with LPS (Kig. 5.6 C , l> respectively). A two-way ANOVA demonstrated an effect 

of atomoxetine on ipsilateral rotational asymmetry (F(i,i6)= 22.13, P<0.001). In addition, there 

was an atomoxetine x idazoxan interaction (F(i,i6)= 5.38, P=0.034). Newman-Keuls post hoc 

comparisons revealed treatment with atomoxetine and idazoxan reduced amphetamine-induced 

rotational asymmetry following LPS lesion (P<0.05).

The effect of atomoxetine or idazoxan alone and in combination on foreiimb akinesia

in the LPS, 6-OHDA or LPS/6-OHDA rat model of PD Vehicle

[!□ Atomoxetine 
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Figure 5.1: The effect of atomoxetine or idazoxan alone or in combination on forelimb akinesia in the 
LPS, 6-OHDA or LPS/6-OHDA rat model of PD
Intranigral LPS (10 gg) and intrastriatal 6-OHDA (10 gg) alone and in combination was examined on a rats 
ability to initiate movement of the forelimbs in the forehand direction. Drug treatment with the NRI 
atomoxetine (3 mg/kg; i.p.) or the a2-AR antagaonist idazoxan (1 mg/kg; i.p.) began 4 hr following 
administration of LPS or 6-OHDA and continued for 7 days. The effect of atomoxetine or idazoxan alone 
and in combination, on the number of steps made by the contralateral limb was expressed as a percentage 
of the total number of steps made by both limbs in the forehand direction following sham (A), intranigral 
LPS (B), intrastriatal 6-OHDA (C) and LPS/6-OHDA (D). Data are expressed as mean ± SEM (n=4-6). 
-i-i-p<0.01 vs. pre-lesion (Repeated-measures ANOVA); *p<0.05, **p<0.01 vs. lesion without treatment 
(Two-way ANOVA followed by post hoc Newman-Keuls).
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The effect of atomoxetine or idazoxan alone and in combination on backhand 

forelimb akinesia in the LPS, 6-OHDA and LPS/6-OHDA rat model of PD
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Figure 5.2: The effect of atomoxetine or idazoxan alone and in combination on backhand forelimb 
akinesia in the LPS, 6-OHDA and LPS/6-OHDA rat model of PD
Intranigral LPS (10 gg) and intrastriatal 6-OHDA (10 gg) alone and in combination was examined on 
forelimb use asymmetry when rearing. Drug treatment with the NRl atomoxetine (3 mg/kg; i.p.) or the 02- 
AR antagaonist idazoxan (1 mg/kg; i.p.) began 4 hr following administration of LPS or 6-OHDA and 
continued for 7 days. The effect of atomoxetine or idazoxan alone and in combination, on the number of 
steps made by the contralateral limb was expressed as a percentage of the total number of steps made by 
both limbs in the backhand direction following sham (A), intranigral LPS (B), intrastriatal 6-OHDA (C) 
and LPS/6-OHDA (D. Data are expressed as mean ± SEM (n=4-6). +p<0.05, ++p<0.01 vs. pre-lesion 
without treatment (Repeated-measures ANOVA); *p<0.05, **p<0.01 vs. lesion without treatment (Two- 
way ANOVA followed by post hoc Newman-Keuls).
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The effect of atomoxetine or idazoxan alone and in combination on wall forelimb- 

use asymmetry in the LPS, 6-OHDA and LPS/6-OHDA rat model of PD
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Figure 53: The effect of atomoxetine or idazoxan alone and in combination on wall forelimb-use 
asymmetry in the LPS, 6-OHDA and LPS/6-OHDA rat model of PD
Intranigral LPS (10 gg) and intrastriatal 6-OHDA (10 gg) alone and in combination was examined on 
forelimb use asymmetry when rearing. Drug treatment with the NRl atomoxetine (3 mg/kg; i.p.) or the 02- 
AR antagaonist idazoxan (1 mg/kg; i.p.) began 4 hr following administration of LPS or 6-OHDA and 
continued for 7 days. The effect of atomoxetine or idazoxan alone and in combination, on the number of 
wall contacts made by the contralateral limb was expressed as a percentage of total contacts made following 
sham (A), intranigral LPS (B), intrastriatal 6-OHDA (C) and LPS/6-OHDA (D). Data are expressed as 
mean ± SEM (n=4-6). -i-p<0.05, -H-p<0.01 vs. pre-lesion without treatment (Repeated-measures ANOVA); 
*p<0.05, **p<0.01 vs. lesion without treatment (Two-way ANOVA followed by pos//zoc Newman-Keuls).
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The effect of atomoxetine or idazoxan alone and in combination on floor forelimb- 
use asymmetry in the LPS, 6-OHDA and LPS/6-OHDA rat model of PD
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Figure 5.4: The effect of atomoxetine or idazoxan alone and in combination on floor forelimb-use 
asymmetry in the LPS, 6-OHDA and LPS/6-OHDA rat model of PD
Intranigral LPS (10 |ig) and intrastriatal 6-OHDA (10 (ig) alone and in combination was examined on 
forelimb use asymmetry when landing in the cylinder. Drug treatment with the NRl atomoxetine (3 mg/kg; 
i.p.) or the a2-AR antagaonist idazoxan (1 mg/kg; i.p.) began 4 hr following administration of LPS or 6- 
OHDA and continued for 7 days. The effect of atomoxetine or idazoxan alone and in combination, on the 
number of floor placements made by the contralateral limb was expressed as a percentage of total contacts 
made following sham (A), intranigral LPS (B), intrastriatal 6-OHDA (C) and LPS/6-OHDA (D). Data are 
expressed as mean ± SEM (n=4-6). ■i-p<0.05, -i-i-p<0.01 vs. pre-lesion without treatment (Repeated-measures 
ANOVA); *p<0.05, **p<0.01 vs. lesion without treatment (Two-way ANOVA followed by post hoc 
Newman-Keuls).
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The effect of atomoxetine or idazoxan alone and in combination on skilled motor 

function in the LPS, 6-OHDA and LPS/6-OHDA rat model of PD
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Figure 5.5: The effect of atomoxetine or idazoxan alone and in combination on skilled motor function 
in the LPS, 6-OHDA and LPS/6-OHDA rat model of PD
Intranigral LPS (10 |ig) and intrastriatal 6-OHDA (10 gg) alone and in combination was examined on 
skilled motor function. Drug treatment with the NRI atomoxetine (3 mg/kg; i.p.) or the 02-AR antagaonist 
idazoxan (1 mg/kg; i.p.) began 4 hr following administration of LPS or 6-OHDA and continued for 7 days. 
The effect of atomoxetine or idazoxan alone and in combination, on skilled paw motor function was 
assessed following sham (A), intranigral LPS (B), intrastriatal 6-OHDA (C) and LPS/6-OHDA (D). Data 
are expressed as mean ± SEM (n=4-6). -(-p<0.05, -i-i-p<0.01 vs. pre-lesion without treatment (Repeated- 
measures ANOVA); *p<0.05, **p<0.01 vs. lesion without treatment (Two-way ANOVA followed by post 
hoc Newman-Keuls).

127



Atomoxetine and idazoxan in combination reduced amphetamine-induced 

rotational behaviour following lesion with LPS
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Figure 5.6: Atomoxetine and idazoxan in combination reduced amphetamine-induced rotational 
behaviour following lesion with LPS
LPS (10 pg) or 6-OHDA (10 pg) alone and in combination was stereotactically injected into the nigra or 
striatum respectively. Drug treatment with the NRl atomoxetine (3 mg/kg; i.p.) or the aa-AR antagaonist 
idazoxan (1 mg/kg; i.p.) began 4 hr following administration of LPS or 6-OHDA and continued for 7 days. 
Animals were administered D-amphetamine (5 mg/kg; i.p.) 14 days post-lesion, placed in their home-cage 
and activity was recorded for 40 min. The number of ipsilateral and contralateral rotations were scored and 
expressed as net rotations/min following sham (A), intranigral LPS (B), intrastriatal 6-OHDA (C) and 
LPS/6-OHDA (D). Data are expressed as mean ± SEM (n=4-6). *p<0.05 vs. lesion without treatment (Two- 
way ANOVA followed by post hoc Newman-Keuls).
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Neurochemical analysis of monoamine neurotransmitters

53.6 The effect of atomoxetine and idazoxan alone and in combination on DA 

concentrations following lesion with LPS, 6-OHDA and LPS/6-OHDA

No effect on striatal DA concentration was observed following atomoxetine or idazoxan treatment 

in sham or 6-OHDA lesioned rats (Fig. 5.7A, ( respectively).

A two-way ANOVA demonstrated an effect of atomoxetine on striatal DA concentration 

following intranigral LPS administration (F(i,ii)= 16.57, P=0.002). Newman-Keuls post hoc 

analysis revealed an increase in striatal DA concentration following atomoxetine treatment alone 

(P<0.05) and in combination with idazoxan (P<0.05) when compared to LPS lesioned rats treated 

with saline control (Fig. 5.715).
A two-way ANOVA revealed an effect of atomoxetine (F(i,i3)= 19.93, P<0.001) and idazoxan 

(F(i,i3)= 5.30, P=0.039) following lesion with LPS/6-OHDA. Newman-Keuls post hoc analysis 

demonstrated an increase in striatal DA concentration following atomoxetine treatment alone 

(P<0.01) and in combination with idazoxan (P<0.01) when compared to LPS/60HDA lesioned 

rats treated with saline control. Idazoxan administration alone also increased DA concentrations 

but to a lesser extent (P<0.05) (Fig. 5.71)).

53.7 Atomoxetine protects against LPS-induced DA loss in the substantia nigra

No effect on nigral DA concentration was observed following atomoxetine or idazoxan treatment 

in sham-, 6-OHDA- or LPS/6-OHDA lesioned rats (F ig. 5.8 A, C, D respectively).

A two-way ANOVA demonstrated an effect of atomoxetine on nigral DA concentration following 

intranigral LPS administration (F(i,i2)= 17.04, P=0.001). Newman-Keuls post hoc comparisons 

revealed an increase in nigral DA concentration following treatment with atomoxetine (P<0.05) 

alone and in combination with idazoxan (P<0.05) (Fig. 5.8 15).
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The effect of atomoxetine and idazoxan alone and in combination on striatal DA 

concentrations following lesion with LPS, 6-OHDA and LPS/6-OHDA
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Figure 5.7: The effect of atomoxetine and idazoxan alone and in combination on striatal DA 
concentrations following lesion with LPS, 6-OHDA and LPS/6-OHDA
LPS (10 ng) or 6-OHDA (10 gg) alone and in combination was stereotactically injected into the nigra or 
striatum respectively. Drug treatment with the NRI atomoxetine (3 mg/kg; i.p.) or the a2-AR antagaonist 
idazoxan (1 mg/kg; i.p.) began 4 hr following administration of LPS or 6-OHDA and continued for 7 days 
(b.i.d.). Rats were euthanised 15 days following surgery and the striatum was dissected and prepared for 
HPLC-ECD analysis. DA concentrations are expressed as ng/g of striatal tissue in sham (A), intranigral 
LPS (B), intrastriatal 6-OHDA (C) and LPS/6-OHDA (D) lesioned rats. Data are expressed as mean ± SEM 
(n=3-6). *p<0.05, *’'‘p<0.01 vs. lesion without treatment (Two-way ANOVA followed by post hoc 
Newman-Keuls).

130



Atomoxetine protects against LPS-induced dopamine loss in the substantia nigra
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Figure 5.8: Atomoxetine protects against LPS-induced dopamine loss in the substantia nigra 
LPS (10 |ig) or 6-OHDA (10 pg) alone and in combination was stereotactically injected into the nigra or 
striatum respectively. Drug treatment with the NRl atomoxetine (3 mg/kg; i.p.) or the a2-AR antagaonist 
idazoxan (1 mg/kg; i.p.) began 4 hr following administration of LPS or 6-OHDA and continued for 7 days. 
Rats were euthanised 15 days following surgery and the substantia nigra was dissected and prepared for 
HPLC-ECD analysis. DA concentrations are expressed as ng/g of nigral tissue in sham (A), intranigral LPS 
(B), intrastriatal 6-OHDA (C) and LPS/6-OHDA (D) lesioned rats. Data are expressed as mean ± SEM 
(n=3-6). *p<0.05, ♦*p<0.01 vs. lesion without treatment (Two-way ANOVA followed by post hoc 
Newman-Keuls).
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Immunohistochemical analysis

53J8 The effect of atomoxetine and idazoxan alone and in combination on striatal TH+ 

staining intensity following lesion with LPS, 6-OHDA and LPS/6-OHDA

Student’s t-test revealed a reduction in striatal TH+ staining intensity following 6-OHDA lesion 

to the striatum when compared to sham lesioned controls (P<0.05) (Fig. 5.11) however, a two- 

way ANOVA demonstrated no effect on striatal TH+ staining intensity following atomoxetine or 

idazoxan treatment in sham- or 6-OHDA lesioned rats (Fig. 5.9 & 5.11 respectively).

Student’s r-test revealed a reduction in striatal TH-i- staining intensity following LPS lesion to the 

nigra when compared to sham lesioned controls (P<0.001). A two-way ANOVA demonstrated 

an effect of atomoxetine on striatal TH-immunoreactivity following intranigral LPS lesion 

(F(i,i2)= 26.61, P<0.001). Newman-Keuls post hoc analysis revealed an increase in TH-i- staining 

intensity following treatment with atomoxetine (P<0.05) alone and in combination with idazoxan 

(P<0.05) compared with LPS lesioned rats treated with saline control (Fig. 5.10).

Student’s /-test revealed a reduction in striatal TH-i- staining intensity following LPS/6-OHDA 

lesion when compared to sham lesioned controls (P<0.001). A two-way ANOVA demonstrated 

an effect of atomoxetine on striatal TH-i- staining intensity (F(i,i3)= 17.68, P=0.001) following 

lesion with LPS/6-OHDA. Newman-Keuls post hoc analysis demonstrated an increase in striatal 

TH-^ staining intensity following treatment with atomoxetine (P<0.05) when compared to LPS/6- 

OHDA lesioned rats treated with saline control (Fig. 5.12).

53.9 The effect of atomoxetine and idazoxan alone and in combination on nigral TFI-t- 
staining intensity following lesion with LPS, 6-OHDA and LPS/6-OHDA

No effect on nigral TH+ staining intensity was observed following treatment with atomoxetine or 

idazoxan in sham- or 6-OHDA lesioned rats (Fig. 5.13 & 5.15 respectively).

Student’s /-test revealed a reduction in nigral TH+ staining intensity following LPS lesion to the 

nigra when compared to sham lesioned controls (P<0.01). A two-way ANOVA demonstrated an 

effect of atomoxetine on nigral TH-immunoreactivity following intranigral LPS lesion (F(i,8)= 

87.51, P=<0.001). Newman-Keuls post hoc analysis revealed an increase in TH-i- staining 

intensity following treatment with atomoxetine alone (P<0.01) and in combination with idazoxan 

(P<0.01) compared to LPS lesioned rats treated with saline control (Fig. 5.14).

Student’s /-test revealed a reduction in striatal TH+ staining intensity following LPS/6-OHDA 

lesion when compared to sham lesioned controls (P<0.05). A two-way ANOVA demonstrated an 

effect of atomoxetine on striatal TH-i- staining intensity (F(i,io)= 13.85, P=0.004) following lesion 

with LPS/6-OHDA. Newman-Keuls post hoc analysis revealed an increase in TH-t- staining
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intensity following treatment with atomoxetine alone (P<0.05) and in combination with idazoxan 

(P<0.05) when compared to LPS/6-OHDA lesioned rats treated with saline control (Fig. 5.16).

53.10 The effect of atomoxetine and idazoxan alone and in combination on IBA-1 

immunoreactivity following lesion with LPS, 6-OHDA or LPS/6-OHDA

Student’s t-test revealed an increase in nigral IBA-1+ staining intensity following LPS lesion to 

the nigra when compared to sham lesioned controls (P<0.01). A two-way ANOVA demonstrated 

an effect of atomoxetine on nigral lBA-1 immunoreactivity (F(i,8)= 19.05, P=0.002) following 

intranigral LPS administration. There was also an atomoxetine x idazoxan interaction (F(i,8)= 6.32, 

P=0.036). Newman-Keuls post hoc comparisons revealed a reduction in nigral lBA-1 

immunoreactivity following treatment with atomoxetine alone (P<0.01) and in combination with 

idazoxan (P<0.05) when compared to LPS lesioned rats treated with saline controls (Fig. 5.17). 

Atomoxetine or idazoxan, alone or in combination, had no effect on nigral lBA-1 + cells following 

striatal 6-OHDA administration (Fig. 5.18).

Student’s r-test revealed an increase in nigral 1BA-1+ staining intensity following LPS/6-OHDA 

lesion when compared to sham lesioned controls (P<0.001). A two-way ANOVA demonstrated 

an effect of atomoxetine (F(i,8)= 6.45, P=0.034) and idazoxan (F(i,8)= 9.15, P=0.016) on nigral 

lBA-1 immunoreactivity in the LPS/6-OHDA PD model. Furthermore there was an atomoxetine 

X idazoxan interaction (F(i,8)= 11.90, P=0.009). Newman-Keuls post hoc comparisons revealed a 

reduction in nigral lBA-1 immunoreactivity following treatment with atomoxetine (P<0.01), 

idazoxan (P<0.01) and atomoxetine/idazoxan in combination (P<0.01) when compared to LPS/6- 

OHDA lesioned rats treated with saline control (Fig. 5.19).
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Atomoxetine or idazoxan treatment alone or in combination had no effect on striatal TH+ 

staining intensity following vehicle sham lesion
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Figure 5^: Atomoxetine or idazoxan treatment alone or in combination had no effect on striatal TH+ 
staining intensity following vehicle sham lesion
Sterile PBS was stereotactically injected into the nigra and striatum. Drug treatment with the NRi atomo'cetine (3 
mg/kg; i.p.) or the a2-AR antagaonist idazoxan (1 mg/kg; i.p.) began 4 hr following lesion and continued for 7 
days. The effect of atomoxetine, idazoxan or atomoxetine/idazoxan was assessed on striaial TH+ 
immunohistochemical staining following sham lesion. Images are representative of coronal striatal brain sections 
in each treatment group. Data are expressed as mean ± SEM (n=3-4). (Two-way ANOVA followed by post hoc 
Newman-Keuls).

134



Atomoxetine alone and in combination with idazoxan increases striatal TH+ staining 

intensity following lesion with LPS
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Figure 5.10: Atomoxetine alone and in combination with idazoxan increases striatal TH+ staining 
intensity following lesion with LPS
LPS (10 |ig) was stereotactically injected into the nigra. Drug treatment with the NRI atomoxetine (3 mg/kg; i.p.) 
or the a2-AR antagaonist idazoxan (1 mg/kg; i.p.) began 4 hr following lesion and continued for 7 days. The effect 
of atomoxetine, idazoxan or atomoxetine/idazoxan was assessed on nigral TH+ immunohistochemical staining 
following LPS administration. Images are representative of coronal striatal brain sections in each treatment group. 
Data are expressed as mean ± SEM (n=3-5). +++p<0.001 vs. vehicle sham (Student’s /-test); *p<0.05 vs. LPS 
treated with saline control (Two-way ANOVA followed by post hoc Newman-Keuls).
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Atomoxetine or idazoxan treatment alone or in combination had no effect on striatal TH+ 

staining intensity following 6-OHDA lesion
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Figure 5.11: Atomoxetine or idazoxan treatment alone or in combination had no effect on striatal TH 
staining intensity following 6-OHDA lesion
6-OHDA (10 |ig) was stereotactically injected into the striatum. Drug treatment with the NRI atomoxetine (3 
mg/kg; i.p.) or the a2-AR antagaonist idazoxan (1 mg/kg; i.p.) began 4 hr following lesion and continued for 7 
days. The effect of atomoxetine, idazoxan or atomoxetine/idazoxan was assessed on striatal TH+ 
immunohistochemical staining following 6-OHDA administration. Images are representative of coronal striatal 
brain sections in each treatment group. Data are expressed as mean ± SEM (n=3-5). +p<0.05 vs. vehicle sham 
(Student’s ?-test)

136



Atomoxetine increases striatal TH+ staining intensity following lesion with LPS/6- 

OHDA
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Figure 5.12: Atomoxetine increases striatal TH+ staining intensity following lesion with LPS/6-OHDA
LPS (10 |xg) and 6-OHDA (10 ng) was stereotactically injected into the nigra and striatum respectively. Drug 
treatment with the NRl atomoxetine (3 mg/kg; i.p.) or the a2-AR antagaonist idazoxan (1 mg/kg; i.p.) began 4 hr 
following lesion and continued for 7 days. The effect of atomoxetine, idazoxan or atomoxetine/idazoxan was 
assessed on striatal TH+ immunohistochemical staining following LPS/6-OHDA administration. Images are 
representative of coronal striatal brain sections in each treatment group. Data are expressed as mean ± SEM (n=4- 
5). +++p<0.001 vs. vehicle sham (Student’s /-test); *p<0.05 vs. LPS/6-OHDA treated with saline control (Two- 
way ANOVA followed by post hoc Newman-Keuls).
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Atomoxetine or idazoxan treatment alone or in combination had no effect on nigral TH+ 

staining intensity following sham lesion
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Figure 5.13: Atomoxetine or idazoxan treatment alone or in combination had no effect on nigral TH+ 
staining intensity following sham lesion
Sterile PBS was stereotactically injected into the nigra and striatum. Drug treatment with the NRl atomoxetine (3 
mg/kg; i.p.) or the a2-AR antagaonist idazoxan (1 mg/kg; i.p.) began 4 hr following lesion and continued for 7 
days. The effect of atomoxetine, idazoxan or atomoxetine/idazoxan was assessed on nigral TH+ 
immunohistochemical staining following sham lesion. Images are representative of coronal nigral brain sections 
in each treatment group. Data are expressed as mean ± SEM (n=3). (Two-way ANOVA followed by post hoc 
Newman-Keuls).
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Atomoxetine treatment alone and in combination with idazoxan increases nigral TH+ 

staining intensity following lesion with LPS
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Figure 5.14: Atomoxetine alone and in combination with idazoxan increases nigral TH+ staining intensity 
following lesion with LPS
LPS (10 [ig) was stereotactically injected into the nigra. Drug treatment with the NRI atomoxetine (3 mg/kg; i.p.) 
or the a2-AR antagaonist idazoxan (1 mg/kg; i.p.) began 4 hr following lesion and continued for 7 days. The effect 
of atomoxetine, idazoxan or atomoxetine/idazoxan was assessed on nigral TH+ immunohistochemical staining 
following LPS administration. Images are representative of coronal nigral brain sections in each treatment group. 
Data are expressed as mean ± SEM (n=3). ++p<0.0l vs. vehicle sham (Student’s Mest); **p<0.01 vs. LPS treated 
with saline control (Two-way ANOVA followed by post hoc Newman-Keuls).
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Atomoxetine or idazoxan treatment had no effect on nigral TH+ staining intensity 

following 6-OHDA lesion
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Figure 5.15: Atomoxetine or idazoxan treatment had no effect on nigral TH+ staining intensity following 6- 
OHDA lesion
6-OHDA (10 ng) was stereo tactically injected into the striatum. Drug treatment with the NRl atomoxetine (3 
mg/kg; i.p.) or the a2-AR antagaonist idazoxan (1 mg/kg; i.p.) began 4 hr following lesion and continued for 7 
days. The effect of atomoxetine, idazoxan or atomoxetine/idazoxan was assessed on nigral TH+ 
immunohistochemical staining following 6-OHDA administration. Images are representative of coronal nigral 
brain sections in each treatment group. Data are expressed as mean ± SEM (n=3). (Two-way ANOVA followed 
by post hoc Newman-Keuls).
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Atomoxetine alone and in combination with idazoxan increases nigral TH+ staining 

intensity following lesion with LPS/6-OHDA
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Figure 5.16: Atomoxetine alone and in combination with idazoxan increases nigral TH+ staining intensity 
following lesion with LPS/6-OHDA
LPS (10 ng) and 6-OHDA (10 gg) was stereotactically injected into the nigra and striatum respectively. Drug 
treatment with the NRl atomoxetine (3 mg/kg; i.p.) or the a2-AR antagaonist idazoxan (1 mg/kg; i.p.) began 4 hr 
following lesion and continued for 7 days. The effeet of atomoxetine, idazoxan or atomoxetine/idazoxan was 
assessed on nigral TH+ immunohistoehemical staining following LPS/6-OHDA administration. Images are 
representative of coronal nigral brain sections in each treatment group. Data are expressed as mean ± SEM (n=4- 
5). +p<0.05 vs. vehiele sham (Student’s /-test); *p<0.05 vs. LPS/6-OHDA treated with saline control (Two-way 
ANOVA followed by post hoc Newman-Keuls).
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Atomoxetine alone and in combination with idazoxan reduces nigral IBA-1+ 

immunoreactivity following lesion with LPS
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Figure 5.17: Atomoxetine alone and in combination with idazoxan reduces nigral IBA-1+ immunoreactivity 
following lesion with LPS
LPS (10 ng) was stereotactically injected into the nigra. Drug treatment with the NRl atomoxetine (3 mg/kg; i.p.) 
or the a2-AR antagaonist idazoxan (1 mg/kg; i.p.) began 4 hr following lesion and continued for 7 days. The effect 
of atomoxetine, idazoxan or atomoxetine/idazoxan was assessed on LPS-induced nigral microgliosis (lBA-1). 
Images are representative of coronal nigral brain sections in each treatment group. Data are expressed as mean ± 
SEM (n=4-5). ++p<0.01 vs. vehicle sham (Student’s /-test); *p<0.05, **p<0.01 v. LPS treated with saline control 
(Two-way ANOVA followed by post hoc Newman-Keuls).
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Atomoxetine or idazoxan treatment alone or in combination has no effect on nigral IBA- 

1 immunoreactivity following lesion with 6-OHDA
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Figure 5.18: Atomoxetine or idazoxan has no effect on nigral IBA-1 immunoreactivity following lesion with 
6-OHDA
6-OHDA (10 |xg) was stereotactically injected into the striatum. Drug treatment with the NRI atomoxetine (3 
mg/kg; i.p.) or the a2-AR antagaonist idazoxan (1 mg/kg; i.p.) began 4 hr following lesion and continued for 7 
days. The effect of atomoxetine, idazoxan or atomoxetine/idazoxan was assessed on 6-OHDA-induced nigral 
microgliosis (lBA-1). Images are representative of coronal nigral brain sections in each treatment group. Data are 
expressed as mean ± SEM (n=4-5) (Two-way ANOVA followed by post hoc Newman-Keuls).
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Atomoxetine and idazoxan alone and in combination reduces nigral IBA-1 

immunoreactivity following lesion with LPS/60HDA
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Figure 5.19: Atomoxetine and idazoxan alone and in combination reduces nigral IBA-1 immunoreactivity 
following lesion with LPS/60HDA
LPS (10 |ig) and 6-OHDA (10 gg) was stereotactically injected into the nigra and striatum respectively. Drug 
treatment with the NRI atomoxetine (3 mg/kg; i.p.) or the a2-AR antagaonist idazoxan (1 mg/kg; i.p.) began 4 hr 
following lesion and continued for 7 days. The effect of atomoxetine, idazoxan or atomoxetine/idazoxan was 
assessed on LPS/6-OHDA-induced nigral microgliosis (IBA-1). Images are representative of coronal nigral brain 
sections in each treatment group. Data are expressed as mean ± SEM (n=4-5). +++p<0.001 vs. vehicle sham 
(Student’s /-test); **p<0.01 vs. LPS/6-OHDA treated with saline control (Two-way ANOVA followed by post 
hoc Newman-Keuls).

144





Experiment 2: Effect of the P2-AR antagonist ICI 118,551 on the neuroprotective effects of 
atomoxetine in the EPS rat model of Parkinson’s disease

Behavioural analysis

5J.11 ICI 118,551 attenuates the atomoxetine related rescue of LPS-induced forelimb 

akinesia

Student’s r-test revealed a reduction in forehand contralateral steps following intranigral LPS 

administration at 7 (P<0.001) and 13 (P<0.001) days post-lesion when compared to sham lesioned 

controls. A two-way ANOVA demonstrated an effect of atomoxetine on contralateral steps 

following lesion with LPS at both 7 (F(i,33)= 42.99, P<0.001) and 13 days (F(i,33)= 6.64, P=0.014) 

post-lesion. There was also an effect of ICI 118,551 (5 mg/kg) on contralateral steps at 7 (F(i,33)= 

32.49, P<0.001) but not 13 days. Furthermore, at both 7 and 13 days pot-lesion there was an 

atomoxetine x ICI 118,551 interaction (F(i,33)= 27.87, P<0.001, 7 days; F(i,33)= 8.06, P=0.008, 13 

days). Newman- Keuls post hoc comparisons revealed an increase in contralateral steps following 

treatment with atomoxetine at 7 (P<0.01) and 13 (P<0.01) days post-lesion when compared to 

LPS lesioned rats treated with saline control. Moreover blockade of the P2-AR with ICl 118,551 

inhibited the atomoxetine-induced increase in contralateral steps at 7 (P<0.01) and 13 (P<0.05) 

days post-lesion (Fig. 5.20A).

Similar effects were witnessed when the stepping test was performed in the backliand direction. 

Student’s r-test revealed a reduction in backhand contralateral steps following intranigral LPS 

administration at 7 (P<0.05) and 13 (P<0.05) days post-lesion when compared to sham lesioned 

controls. A two-way ANOVA demonstrated an effect of atomoxetine on contralateral steps at 7 

(F(i,33)= 6.58, P=0.02) and 13 days (F(i,33)= 20.53, P<0.001) post-lesion. In addition there was an 

effect of ICI 118,551 at 7 days (F(i,33)= 9.29, P=0.005). Additionally there was an atomoxetine x 

ICI 118,551 interaction at 7 (F(i,33)= 7.18, P=0.011) and 13 days (F(i,33)= 4.29, P=0.046) post

lesion. Newman- Keuls post hoc comparisons revealed an increase in contralateral steps following 

treatment with atomoxetine at 7 (P<0.01) and 13 (P<0.01) days post-lesion when compared to 

LPS lesioned rats treated with saline control. Moreover blockade of the P2-AR with ICI 118,551 

inhibited the atomoxetine-induced increase in contralateral steps at 7 (P<0.01) and 13 (P<0.05) 

days post-lesion (Fig. 5.20B).
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53.12 ICI 118^51 attenuates the atomoxetine related rescue of LPS-induced

forelimb asymmetry

Student’s r-test revealed a reduction in contralateral wall placements following intranigral LPS 

administration at 7 (P<0.01) and 13 (P<0.001) days post-lesion when compared to sham lesioned 

controls. A two-way ANOVA demonstrated an atomoxetine x ICl 118,551 (5 mg/kg) interaction 

on contralateral limb wall placements following LPS administration in the nigra at both 7 (F(i,32)= 

7.11, P=0.012) and 13 days (F(i,3i)= 7.02, P=0.013) post-lesion.

Newman- Keuls post hoc comparisons revealed an increase in contralateral limb wall placements 

following treatment with atomoxetine at 7 (P<0.05) and 13 (P<0.05) days post-lesion when 

compared to LPS lesioned rats treated with saline control. Moreover blockade of the P2-AR with 

ICl 118,551 inhibited the atomoxetine-induced increase in wall placements 7 days post-lesion 

(P<0.05) (Fig. 5.21).

53.13 Atomoxetiue had no effect on skilled motor function following intranigral LPS 

administration

Intranigral LPS reduced the number of successful contralateral grabbing attempts 13 days post

lesion (P<0.01). Treatment with atomoxetine did not attenuate the LPS-induced decrease in 

contralateral success rate (Fig. 5.22).

5.6.14 Treatment with atomoxetine reduced the amphetamine-induced rotational 

asymmetry following intranigral LPS lesion

Student’s /-test revealed an increase in ipsilateral rotations following intranigral LPS 

administration when compared to sham lesioned controls (P<0.001). Two-way ANOVA 

demonstrated an effect of atomoxetine on ipsilateral rotational asymmetry following LPS 

administration (F(i.35)= 8.83, P=0.005). Newman-Keuls post hoc comparisons revealed a decrease 

in ipsilateral rotations following treatment with atomoxetine when compared to LPS lesioned rats 

treated with saline control (P<0.05). Moreover blockade of the P2-AR with ICl 118,551 did not 

inhibit the atomoxetine-induced decrease in ipsilateral rotations (Fig. 5.23).
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ICI 118^51 attenuates the atomoxetine related rescue of LPS-induced forelimb 

akinesia
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Figure 5.20: ICI 118,551 attenuates the atomoxetine related rescue of LPS-induced forelimb akinesia 
Treatment with atomoxetine (3 mg/kg; i.p.) following intranigral LPS (10 pg) was examined on a rats ability 
to initiate movement of the forelimbs. Drug treatment began 4 hr following surgery and continued for 7 
days. In addition, ICI 118,551 (5 mg/kg; i.p.) was administered 30 min prior to atomoxetine. The effect of 
atomoxetine and ICI, alone and in combination, on the number of steps made by the contralateral limb was 
expressed as a percentage of the total number of steps made by both limbs in the forehand (A) and backhand 
(B) direction. Data are expressed as mean ± SEM (n=8-10). *p<0.05, ***p<0.001 vs. sham control 
(Student’s /-test); +-i-p<0.01 vs. LPS treated with saline control; ^p<0.05, ^p<0.01 vs. LPS treated with 
atomoxetine (Two-way ANOVA followed by post hoc Newman-Keuls).
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ICI 118^51 attenuates the atomoxetine related rescue of LPS-induced forelimb 

asymmetry
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Figure 5.21: ICI 118^51 attenuates the atomoxetine related rescue of LPS-induced forelimb 
asymmetry
Treatment with atomoxetine (3 mg/kg; i.p.) following intranigral LPS (10 gg) was examined on forelimb 
use asymmetry when rearing in a cylinder. Drug treatment began 4 hr following surgery and continued for 
7 days. In addition, ICI 118,551 (5 mg/kg; i.p.) was administered 30 min prior to atomoxetine. The effect 
of atomoxetine and ICI, alone and in combination, on the number of wall contacts made by the contralateral 
limb was expressed as a percentage of total contacts made. Data are expressed as mean ± SEM (n=8-10). 
**p<0.01, ’'‘’'“'‘p<0.001 vs. sham control (Student’s /-test); -Hp<0.05 vs. LPS treated with saline control; 
^p<0.05 vs. LPS treated with atomoxetine (Two-way ANOVA followed by post hoc Newman-Keuls).
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Atomoxetine had no effect on skilled motor function following intranigral LPS 

administration
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Figure 5.22: Atomoxetine had no effect on skilled motor function following intranigral LPS 
administration
Treatment with atomoxetine (3 mg/kg; i.p.) following intranigral LPS (10 pg) was examined on skilled 
motor function in the staircase test. Drug treatment began 4 hr following surgery and continued for 7 days. 
In addition, ICl 118,551 (5 mg/kg; i.p.) was administered 30 min prior to atomoxetine. The effect of 
atomoxetine and ICI 118,551 alone and in combination, on skilled paw motor function was assessed. Data 
are expressed as mean ± SEM (n=7-10). **p<0.01 vs. sham control (Student’s /-test).
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Treatment with atomoxetine reduced the LPS-induced rotational asymmetry 

following challenge with D-amphetamine
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Figure 5.23: Treatment with atomoxetine reduceci the LPS-induced rotational asymmetry following 
challenge with D-amphetamine
Treatment with atomoxetine (3 mg/kg; i.p.) following intranigral LPS (10 pg) was examined on 
amphetamine-induced rotational asymmetry. Drug treatment began 4 hr following surgery and continued 
for 7 days. In addition, ICl 118,551 (5 mg/kg; i.p.) was performed 30 min prior to atomoxetine 
administration. Animals were administered D-amphetamine (5 mg/kg; i.p.) 14 days post-lesion, placed in 
their home-cage and activity was recorded for 40 min and the number of ipsilateral and contralateral 
rotations were scored and expressed as net rotations/min. Data are expressed as mean ± SEM (n=7-10). 
***p<0.001 vs. sham control (Student’s f-test); +p<0.05 vs. LPS treated with saline control (Two-way 
ANOVA followed by post hoc Newman-Keuls).
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Neurochemical analysis of monoamine neurotransmitters

53.15 ICI 118351 attenuates the atomoxetine related rescue of LPS-induced nigral 

dopamine loss

Student’s Mest revealed a reduction in nigral DA concentration following intranigral LPS 

administration when compared to sham lesioned controls (P<0.001). A two-way ANOVA 

demonstrated an atomoxetine x ICl 118,551 interaction (F(i,i7)= 13.72, P=0.001). Newman-Keuls 

post hoc analysis revealed an increase in nigral DA concentration following atomoxetine 

administration (P<0.01) when compared to LPS lesioned rats treated with saline control. Moreover 

blockade of the p2-AR with ICl 118,551 partly inhibited the atomoxetine-induced increase in nigral 

DA concentration (P<0.05) (Fig. 5.24).

Intranigral LPS administration failed to induce dopamine loss in the striatum (data not shown).
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ICI 118^51 attenuates the atomoxetine related rescue of LPS-induced dopamine 

loss
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Figure 5.24: ICI 118,551 attenuates the atomoxetine related rescue of LPS-induced dopamine loss 
Treatment with atomoxetine (3 mg/kg; i.p.) following intranigral LPS (10 pg) was examined on midbrain 
(nigral) DA concentrations. Drug treatment began 4 hr following surgery and continued for 7 days. In 
addition, ICl 118,551 (5 mg/kg; i.p.) was administered 30 min prior to atomoxetine. Rats were euthanised 
15 days following surgery and the substantia nigra was dissected and prepared for HPLC-ECD analysis. 
DA concentrations are expressed as ng/g of nigral tissue. Data are expressed as mean ± SEM (n=5-6) 
***p<0 001 vs. sham control (Student’s Mest); ++p<0.01 vs. LPS treated with saline control; ''p<0.05 vs. 
LPS treated with atomoxetine (Two-way ANOVA followed by post hoc Newman-Keuls).
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Nigral pro-inflammatory cytokine, GFAP and growth factor expression

53.16 The effect of ICI 118^51 and atomoxetine treatment on inflammatory mediator 

production in the substantia nigra following intranigral LPS lesion

Student’s Mest revealed an increase in nigral IL-ip mRNA expression following intranigral LPS 

administration relative to sham lesioned controls (P=0.002). A two-way ANOVA failed to 

demonstrate an effect of atomoxetine or ICI 118,551 on IL-lp mRNA (Fig. 5.25A). In addition 

Student’s Mest revealed an increase in nigral TNF-a expression relative to sham lesioned controls 

(P=0.023). A two-way ANOVA revealed an effect of atomoxetine on TNF-a expression (F(i,i7)= 

10.68, P=0.005). ANOVA also demonstrated an effect of ICI 118,551 (F(i,i7)= 4.62, P=0.046). 

Newman-Keuls post hoc analysis revealed a decrease in TNF-a mRNA expression levels 

following atomoxetine treatment (P<0.05). Moreover, antagonism of the P2-AR with ICI failed 

to block the atomoxetine-induced reduction in TNF-a expression (P<0.01) (Fig. 535B).

53.17 The effect of ICI 118351 and atomoxetine treatment on GFAP mRNA expression 

in the substantia nigra following intranigral LPS lesion

Student’s Mest revealed an increase in nigral GFAP mRNA expression following intranigral LPS 

administration relative to sham lesioned controls (P==0.011). Two-way ANOVA failed to 

demonstrate an effect of atomoxetine or idazoxan on GFAP mRNA expression (Fig. 5.26).

53.18 The effect of ICI 118351 and atomoxetine treatment on growth factor expression 

in the substantia nigra following intranigral LPS lesion

A two-way ANOVA demonstrated an atomoxetine x ICI 118,551 interaction (F(i,i8)= 5.26, 

P=0.034) on GDNF expression. Newman-Keuls revealed an increase in GDNF mRNA levels 

following treatment with atomoxetine when compared to LPS lesioned rats treated with saline 

control (P<0.05) (Fig. 5.27A). In a similar manner there was an atomoxetine x ICl 118,551 

interaction (F(i,i7)= 8.34, P=0.001) on BDNF expression. Two-way ANOVA also demonstrated 

an effect of atomoxetine (F(i,i7)= 6.59, P=0.003) and ICI 118,551 (F(i,i7)= 15.39, P<0.001) on 

BDNF mRNA levels. Newman-Keuls post hoc analysis revealed an Increase in BDNF mRNA 

expression relative to LPS lesioned rats treated with saline control (P<0.01). Moreover blockade 

of the P2-AR with ICI 118,551 inhibited the atomoxetine-induced increase in BDNF expression 

(P<0.01) (Fig. 5.27B). A Two-way ANOVA determined an effect of atomoxetine on nigral NGF 

expression (F(i,i7)= 5.86, P=0.027) however Newman-Keuls post hoc comparisons failed to reach 

significance (Fig. 5.27C). A two-way ANOVA demonstrated an effect of atomoxetine on nigral
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CDNF expression (F(i,i7)= 7.89, P=0.012). Newman-Keuls post hoc comparisons revealed an 

increase in CDNF expression following atomoxetine treatment relative to LPS lesioned rats 

treated with saline control (> ig. 5.271)).
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The effect of ICI 118^51 and atomoxetine treatment on inflammatory mediator 

production in the substantia nigra following intranigral LPS lesion
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Figure 5.25: The effect of ICI 118^51 and atomoxetine treatment on inflammatory mediator 
production in the substantia nigra following intranigral LPS lesion
Treatment with atomoxetine (3 mg/kg; i.p.) following intranigral LPS (10 |ig) was examined on nigral IL- 
ip (A) and TNF-a (B) mRNA expression. Drug treatment began 4 hr following surgery and continued for 
7 days. In addition, ICl 118,551 (5 mg/kg; i.p.) was administered 30 min prior to atomoxetine. Data are 
expressed as mean ± SEM (n=4-6). *p<0.05, **p<0.01 vs. sham control (Student’s Mest); +p<0.05, 
++p<0.01 vs. LPS treated with saline control (Two-way ANOVA followed by post hoc Newman-Keuls).
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The effect of ICI 118^51 and atomoxetine treatment on GFAP mRNA expression in 
the substantia nigra following intranigral LPS lesion
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Figure 5.26: The effect of ICI 118,551 and atomoxetine treatment on GFAP mRNA expression in the 
substantia nigra following intranigral LPS lesion
Treatment with atomoxetine (3 mg/kg; i.p.) following intranigral LPS (10 pg) was examined on nigral 
GFAP expression. Drug treatment began 4 hr following surgery and continued for 7 days. In addition, ICl 
118,551 (5 mg/kg; i.p.) was administered 30 min prior to atomoxetine. Data are expressed as mean ± SEM 
(n=4-6). *p<0.05 vs. sham control (Student’s Mest).
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The effect of ICI 118^51 and atomoxetine treatment on growth factor expression in 

the substantia nigra following intranigral LPS lesion
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Figure 5.27: The effect of ICI 118,551 and atomoxetine treatment on growth factor expression in the 
substantia nigra following intranigral LPS lesion
Treatment with atomoxetine (3 mg/kg; i.p.) following intranigral LPS (10 pg) was examined on nigral 
GDNF (A), BDNF (B), NGF (C), CDNF (D) mRNA expression levels. Drug treatment began 4 hr 
following LPS lesion and continued for 7 days. In addition, ICI 118,551 (5 mg/kg; i.p.) was administered 
30 min prior to atomoxetine. Data are expressed as mean ± SEM (n=4-6). +p<0.05, ++p<0.01 vs. LPS 
treated with saline control; ^^p<0.01 vs. LPS treated with atomoxetine (Two-way ANOVA followed by 
post hoc Newman-Keuls).
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Immunohistochemical analysis

5 J.19 ICI 118^51 fails to alter the protective effect of atomoxetine on LPS-induced loss of 

nigral TH-positive cells

A reduction in nigral TH+ staining intensity was observed following intranigral LPS 

administration (P<0.001) compared to sham lesioned control (Student’s t- test). A two-way 

ANOVA demonstrated an effect of atomoxetine treatment on nigral TH-i- staining intensity 

(F(i,i4)= 16.21, P=0.001). Newman-Keuls post hoc comparisons revealed an increase in nigral 

TH+ staining intensity in LPS lesioned rats treated with atomoxetine relative to saline treated rats 

with a LPS lesion (P<0.05). Furthermore, pre-treatment with the selective P2-AR antagonist, ICl 

118,551 did not prevent the atomoxetine-induced increase in nigral TH+ immunoreactivity 

indicating that the protective effect of atomoxetine on nigral TH cells is not mediated by the P2- 

AR (Fig. 5.28).

5 J.20 ICI 118,551 fails to alter the protective elTect of atomoxetine on LPS-induced loss of 
nigral IBA-1 immunoreactivity

An increase in nigral microglial IBA-1 staining intensity was observed following intranigral LPS 

administration (P<0.01) when compared to sham lesioned control (Student’s t- test). A two-way 

ANOVA demonstrated an atomoxetine x ICl 118,551 interaction on nigral IBA-1 staining 

intensity (F(i,i8)= 12.18, P=0.003). Newman-Keuls post hoc comparisons revealed atomoxetine 

treatment decreased the LPS-induced increase in nigral IBA-H microglia (P<0.05). In addition 

pre-treatment with the selective P2-AR antagonist, ICl 118,551 did not prevent the atomoxetine- 

induced decrease in IBA-H cells. This indicates that nigral microgliosis in response to intranigral 

LPS administration, and the subsequent decrease in IBA-1 + staining following atomoxetine 

treatment, is not mediated by the P2-AR (F ig. 5.29).
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ICI 118^51 fails to alter the protective effect of atomoxetine on LPS-induced loss of nigral 

TH+ cells
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Figure 5.28: ICI 118,551 fails to alter the protective effect of atomoxetine on LPS-induced loss of nigral TH+ 
cells
LPS (10 pg) was stereotactically injected into the nigra. Drug treatment with atomoxetine (3 mg/kg; i.p.) began 4 
hr following surgery and continued for 7 days. In addition, ICI 118,551 (5 mg,1cg; i.p.) was administered 30 min 
prior to atomoxetine administration. The effect of atomoxetine, with and without P2-AR blockade was assessed on 
nigral TLH- immunohistochemical staining following LPS administration. Images are representative of coronal 
nigral brain sections in each treatment group Data are expressed as mean ± SEM (n=4-6). ***p<0.001 vs. sham 
control (Student’s Mest); -i-p<0.05 vs. LPS treated with saline control (Two-way ANOVA followed by post hoc 
Newman-Keuls).
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ICI118^51 fails to alter the protective effect of atomoxetine on the LPS-induced increases 

in nigral IBA-1 immunoreactivity
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Figure 5.29: ICI 118,551 fails to alter the protective effect of atomoxetine on LPS-induced increases in nigral 
IBA-1 immunoreactivity
LPS (10 pg) was stereotactically injected into the nigra. Drug treatment with atomoxetine (3 mg/kg; i.p.) began 4 
hr following surgery and continued for 7 days. In addition. ICI 118,551 (5 mg/kg; i.p.) was administered 30 min 
prior to atomoxetine administration. The effect of atomoxetine, with and without P2-AR blockade was assessed on 
LPS-induced nigral microgliosis. Images are representative of coronal nigral brain sections in each treatment 
group. Data are expressed as mean ± SEM (n=4-6). **p<0.01 vs. sham control (Student’s r-test); -i-p<0.05 vs. LPS 
treated with saline control (Two-way ANOVA followed by post hoc Newman-Keuls).
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5.4 Discussion

In the present investigation treatment with the NRI, atomoxetine in combination with the a2-AR 

antagonist, idazoxan conferred neuroprotection in the LPS, 6-OHDA and LPS/6-OHDA models 

of PD. Functional deficits in motor function were partially rescued which corresponded with 

reduced nigral and striatal DA loss. Additionally, atomoxetine-induced reductions in nigral 

microglial recruitment in response to LPS were observed indicating the anti-inflammatory 

potential of NA to suppress microglial activation leading to or contributing ultimately to 

neuroprotection. In the presence of inflammatory LPS stimulus, atomoxetine exerts a 

neuroprotective effect, in part, through an increase in growth factor production (BDNG, GDNF, 

CDNF), and additionally has an anti-inflammatoiy effect on microglia resulting in a marked 

reduction in microgliosis and suppression in TNF-a expression. A reduction in pro-inflammatory 

cytokine and increased growth factor expression were associated with a measure of protection 

against LPS-induced reductions in nigral and striatal TH+ cell loss, ultimately culminating in 

improved motor function. Moreover, these neuroprotective/anti-inflammatory effects of NA were 

mediated, at least in part, through P2-AR stimulation providing evidence for its prominent role in 

regulating inflammation in the LPS animal model of PD.

5.4.1 The impact of the NRI atomoxetine and the 02-AR antagonist idazo.\an on motor- 
dysfunction in the LPS/6-OH dopamine rat models of Parkinson’s disease

Intranigral LPS injection alone and in combination with intrastriatal 6-OHDA, resulted in 

forelimb akinesia which was partially rescued following treatment with atomoxetine in 

combination with idazoxan. Akinesia, a cardinal symptom of PD, relating to slowness and 

difficulty in movement initiation, is still poorly understood and in some cases can result in life 

threatening complications. For example, acute akinesia is the term used to describe a patient who 

is nearly or completely akinetic, resulting in dysphagia, hyperthermia and severe autonomic 

system dysfunction (Onofrj and Thomas, 2005). Rather worryingly, patients presenting with this 

akinetic crisis are unresponsive to standard anti-parkinsonian therapies. With this in mind, 

previous studies have demonstrated the influence of the NAergic system in gait disturbances. For 

example, methylphenidate administration to PD patients improved gait hypokinesia (Devos et al., 

2007, Moreau et al., 2012). Furthermore, the LC is involved in vestibular-associated motor 

performance, such as the righting reflex, further implicating NA in gait and balance (Balaban, 

2002). Here, idazoxan treatment in its own right improved akinesia in LPS/6-OHDA lesioned 

animals. In a study from Swanson et al. (2006), idazoxan administration in a freely-moving rat 

only resulted in a very mild (two-fold) increase in cortical extracellular NA concentration 

(assessed by in vivo microdialysis), thus other mechanisms contributing to relief of motor 

dysfunction could potentially be involved. A growing number of reports discuss the probable
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modulatory influence of NAergic inputs on STN firing under basal conditions and following 6- 

OHDA lesioning (Belujon et al., 2007, Coenen et al., 2008, Delaville et al., 2012b). Indeed, the 

STN has also been implicated in abnormal firing in PD patients as well, where these neurons 

display a burst-like discharge pattern (Weinberger and Dostrovsky, 2011). Although the influence 

of NA on STN electrical activity remains unclear, it has been hypothesised that loss of NAergic 

input to this brain region increases the firing pattern of subthalamic nuclei neurons resulting in 

hypokinesia. Conversely, improvements in motor function are observed following modulation of 

STN activity, through electrical LC stimulation or pharmacological manipulations. Indeed, ai- 

AR antagonism in the STN reduced motor abnormalities in 6-OHDA lesioned rats due to its heavy 

innervation by NAergic afferents expressing both oi-and ai- AR’s (Belujon et al., 2007), lending 

support to the role of idazoxan and modulation of this brain region in mediating improvements in 

akinesia observed in the LPS/6-OHDA PD model. It could also explain the increase in 

contralateral floor placements associated with idazoxan treatment following 6-OHDA lesion in 

the striatum. In this group there was no difference in rotational asymmetry, nor was there an 

improvement in nigro-striatal DA concentration between atomoxetine/idazoxan treated and 

untreated groups, therefore the improvements in limb-use asymmetry must be due to some other 

unknown mechanism; perhaps through a2-AR antagonism in the STN. Additionally, and rather 

interestingly, LPS/6-OHDA lesioned rats treated with idazoxan display an increase in striatal DA 

concentration. Considering there is no attenuation in nigral DA concentrations, idazoxan 

specifically seems to be protective of striatal DAergic terminals rather than cell bodies. Idazoxan 

has a similar affinity for a2-a, -b, and -c subtypes (Ki 1 OnM, 37nM, 20nM respectively) however a2c- 

ARs are highly expressed in the striatum and is therefore the most likely subtype at which 

idazoxan is mediating its effects (Zhang et al., 1999b). Previous studies have implicated striatal 

a2c-ARs as regulators of DA metabolism. For example a2c-ART mice have decreased striatal DA 

turnover whilst mice overexpressing the a2c-AR have heightened dopamine storage and 

metabolism (Sallinen et al., 1997) and it is therefore possible that striatal 6-OHDA administration 

results in an up-regulation of this receptor subtype in a bid to compensate for and regulate DA 

transmission.

A difficulty in treating PD patients with levodopa is the appearance of dyskinesias and motor 

fluctuations in about 50% of patients within the first five years of treatment (Olanow et al., 2001). 

With this in mind, DA levels are strictly controlled by the DAT and pre-synaptic dopamine D2 

receptors. In PD however, as degeneration progresses, the loss of DAergic terminals results in 

insufficient DA level regulation (Rice et al., 2011) and an imbalance in pre- and post-synaptic 

receptors occurs. This results in improper adrenergic and DAergic signalling and the potential 

development of levodopa-induced dyskinesia’s. With this in mind, idazoxan and another a2-AR 

(fipramezole) have consistently demonstrated reductions in abnormal involuntary movements in
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rodent models (Lundblad et al., 2002), primate models (Grondin et al., 2000, Fox et al., 2001) and 

human PD patients (LeWitt et al., 2012, Rascol et al., 2001). Additionally, idazoxan 

administration delayed the onset of dyskinesia in MPTP-induced Parkinsonism and reduced 

levodopa-induced dyskinesia severity (Grondin et al., 2000). Therefore idazoxan may have a dual 

effect; firstly, it may he facilitating NA release hy binding to pre-synaptic a2a- inhibitory 

autoreceptors facilitating NA release resulting in the regulation of proper DAergic firing and 

secondly; due to its effects on dyskinesia, it may bind to post-synaptic a2c-ARs attenuating 

abnormal DAergic signalling. Indeed this could be the potential mechanism behind the 

improvements in forelimb asymmetry that were observed in 6-OHDA lesioned rats. Here, 

treatment with idazoxan alone and in combination with atomoxetine increased the number of 

contralateral limb wall placements, independent of DA in the nigra or striatum. There were also 

substantial improvements in impaired limb use in the cylinder test in LPS and dual lesioned rats 

following treatment with atomoxetine and idazoxan. Unlike the 6-OHDA lesion, these groups 

displayed increases in nigral and striatal DA levels following NRI/a2-AR treatment, signifying 

protection to the nigro-striatal tract and potentially explaining these improvements in motor- 

related behaviour.

5.4.2 The impact of the NRI atomoxetine and the a2-AR antagonist idazoxan on nigral 

and striatal TH loss and IBA-1 immunoreactivity following lesion with LPS/6-OH dopamine

Focussing on the intranigral LPS model, atomoxetine treatment alone and in combination with 

idazoxan attenuated nigral- and striatal- TH staining intensity, and reduced nigral microgliosis. 

This is in accordance with the literature which show the ability of NA to suppresses microglial 

activation and subsequent inflammatory mediator production (Feinstein et al., 2002, Heneka et 

al., 2002, Marien et al., 2004). The extent of the inflammatory challenge also seems to dictate the 

extent of microglial activation. For example, in a study conducted by Heneka et al. (2010), 

cultured microglia were activated with Ap. Subsequent NA application triggered microglia to 

revert to an amoeboid-like morphological form, increasing cell migration and phagocytosis of 

Ap, whilst simultaneously reducing pro-inflammatory mediator production. So rather than 

inhibiting microglial activation entirely, NA stimulation may skew microglia towards a more 

neuroprotective phenotype aiding clearance of the toxic insult. In this study, treatment with 

atomoxetine and idazoxan following LPS/6-OHDA lesion, reduced nigral lBA-1 

immunoreactivity and attenuated the loss in nigral- and striatal- TH staining intensity.
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5.43 The atomoxetine-induced improvements in behavioural function following intranigral 
LPS infusion are partly mediated via the P2-AR

In a subsequent study, animals were administered atomoxetine alone, or in combination with the 

selective P2-AR antagonist ICl 118,551 following nigral LPS infusion, to test the hypothesis that 

the neuroprotective/anti-inflammatory effects of NA are mediated via the P2-adrenoceptor. Here 

we show that pre-treatment with ICI 118,551 attenuated the atomoxetine-induced behavioural 

improvements observed in the stepping and cylinder test, which corresponded with attenuation in 

loss of nigral DA concentrations. Why ICl 118,551 prevented the atomoxetine-induced 

improvements in some behavioural paradigms and not others is difficult to explain. ICI 118,551 

attenuated the atomoxetine-induced increase in BDNF expression indicating that this 

neurotrophic factor may be playing a prominent role. Indeed, BDNF has been shown to increase 

DA activity aiding DAergic cell survival (Blochl and Sirrenberg, 1996, Mureret al., 2001) while 

its expression in vivo in several models of PD (6-OHDA and MPTP) demonstrate its potent 

neurotrophic effects by preventing DA cell loss and subsequent motor dysfunction (Singh et al., 

2006, Shults et al., 1995, Altar et al., 1992). NA has been shown to protect neurons from Ap- 

induced increases in oxidative stress and mitochondrial dysfunction which was blocked with ICI 

118,551 co-treatment. Furthermore, this was accompanied by a reduction in NGF and BDNF 

activity, suggesting that NA confers protection, at least from Ap toxicity, through activation of a 

neurotrophic autocrine or paracrine loop (Counts and Mufson, 2010). Previous work has 

demonstrated that ICI 118,551 at a dose of 10 mg/kg completely antagonises the abilty of the P2- 

adrenoceptor agonist clenbuterol to supperess NFkB activity in rat brain (Ryan et al., 2013). In 

this study however, we used a 5 mg/kg dose perhaps explaining the lack of complete attenuation 

from atomoxetine-induced behavioural improvements and DA rescue. Indeed at this dose, we 

may be witnessing a threshold in antagonism, which may need to be increased further in order to 

witness a full reversal of behaviour from atomoxetine at a behavioural and neuropathological 

level. Furthermore, it may be the case that a greater increase in NA tone, through co

administration of atomoxetine and a a2-AR antagonist for example, is necessary to observe a full 

reversal in function through P2-AR antagonism. In any event, to the best of my knowledge, this is 

the first time that specific P2-AR blockade has prevented, at least partially, the neuroprotective 

effects of atomoxetine in a clinically relevant animal model of PD, at a functional and 

neurotransmitter level. Previous work conducted in the lab has shown direct stimulation of the P2- 

AR with clenbuterol decreases cortical and hippocampal NFkB activity with a concurrent increase 

in IkBo expression in the rat. Furthermore, these effects were blocked by ICI 118,551 lending 

support to the involvement of this pathway in mediating the anti-inflammatory actions of P2-ARS 

in the CNS (Ryan et al., 2013). Further details of this pathway and its potential therapeutic 

relevance will be provided for in the following chapter.
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5.4.4 Nigral pro-inflammatory cytokine, GFAP and growth factor expression following 

treatment with atomoxetine in the LPS lesioned rat

The atomoxetine-induced improvements in behavioural dysfunction, DA neuronal loss and 

neuroinflammation are consistent with the outcomes of reported in vitro studies. NA demonstrates 

the ability to suppresses microglial activation and inflammatory gene expression in the brain 

resulting in the reduction of synthesis and release of multiple cytokines, chemokines and other 

inflammatory agents, particularly following challenge with an inflammatory stimulus (Feinstein 

et al., 2002, Heneka et ah, 2002, Marien et ak, 2004). Here we show the atomoxetine-induced 

augmentation in NA attenuating the LPS-induced increase in nigral TNF-a expression, a finding 

which is consistent with the existing literature (Feinstein et al., 2002). Additionally, this 

attenuation is not mediated though P2-AR stimulation as treatment with ICl 118,551 failed to 

reverse the observed attenuation in TNF-a expression. In this study, the LPS-induced expression 

of IL-ip was not attenuated by atomoxetine treatment, a finding which is at odds with in vitro 

studies. For example Russo et al. (2004) showed NA application to cortical rat microglia 

suppressed the LPS-induced increase in IL-ip levels, while co-treatment with LPS and NA 

simultaneously, prevented IL-ip production entirely (Madrigal et al., 2005). However in another 

study, in the absence of inflammatory stimuli, NA stimulated microglia showed basal increases 

in lL-1 p expression (Tanaka et al., 2002). Thus it would appear the relationship between NA and 

lL-1 p is dependent the inflammatory microenvironment the microglia are exposed to. In line with 

this, previous published work from this group has shown the ability of NA to induce IL-ip 

expression in primary rat mixed glial cells along with increased expression of its negative 

regulators IL-1 Rll and lL-1 Ra, demonstrating the ability of NA to regulate the lL-1 system. In 

this study atomoxetine treatment did not attenuate the LPS-induced increase in IL-1 p however its 

expression did not seem to influence the ability of NA to protect against the LPS-induced loss of 

nigral DA concentrations, perhaps through increased expression of lL-1 RII and lL-1 Ra 

(McNamee et al., 2010b).

NA may also confer neuroprotection through astrocytic P2-AR stimulation and subsequent 

secretion of neurotrophic factors. Here we show atomoxetine treatment increased the expression 

of nigral GDNF and BDNF mRNA. Of particular importance is GDNF whose neuroprotective 

potential was first documented in 1993 where it promoted the survival of midbrain DAergic 

neurons, which displayed increased cell body size and neurite length, and increased DA uptake 

(Lin et al., 1993). Furthermore, GDNF has conferred neuroprotection in various animal models 

of PD, encouraging neuronal outgrowth and improving motor dysfunction when administered 

directly into the striatum, nigra or ventricular system
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(Bjorklimd et al., 2000, Sullivan and Toulouse, 2011, Peterson and Nutt, 2008, Siegel and 

Chauhan, 2000). Quite remarkably, GDNF delivery into the rat nigra (once a day for 30 days) 

following striatal 6-OHDA administration, completely prevented nigral neuronal death while a 

single injection 7 days post-lesion had a substantial regenerative effect (Sauer et al., 1995). 

Furthermore, in vivo gene therapy expressing GDNF has demonstrated efficacy in PD animal 

models. For example, injection of adenoviral GDNF vector increased nigral cell survival 

following striatal 6-OHDA in rats and mice (Choi-Lundberg et al., 1997, Choi-Lundberg et al., 

1998, Bilang-Bleuel et al., 1997, Connor et al., 1999). Interestingly there was no striatal neuron 

survival despite an improvement in motor performance, indicating that striatal TH fibre 

preservation is not necessary for motor-related behavioural improvements (Choi-Lundberg et al., 

1998). Furthermore, several studies have demonstrated varying degrees of neuronal protection 

when delivered after the lesion, indicating not only neuronal protection but also a degree of DA 

cell sprouting and growth (Kojima et al., 1997, Zheng et al., 2005). This evidence, in addition to 

increased GDNF expression in the striatum of PD patients compared to controls (Backman et al., 

2006), indicates the importance of this neurotrophic factor in DAergic cell survival in PD, and 

could be a primary source of neuroprotection following NA augmentation with atomoxetine. 

BDNF levels, on the other hand, show marked reductions in nigral PD patient tissue compared to 

controls, suggesting a possible link between reduced BDNF levels and PD development (Howells 

et al., 2000; Mogi et al., 1999). Furthennore, polymorphisms in BDNF have been linked to 

familial (Parsian et al., 2004) and sporadic PD (Momose et al., 2002), while a-syn mutations have 

been linked to reduced BDNF expression (Kohno et al., 2004). Moreover, BDNF increases DA 

turnover and activity and could therefore be involved in compensatory mechanisms aiding DA 

cell survival in prodromal PD (Blochl and Sirrenberg, 1996, Murer et al., 2001). Several in vivo 

studies have demonstrated a neurotrophic effect of BDNF on DA neurons and improvements in 

motor dysfunction following 6-OHDA or MPTP lesions (Singh et al., 2006, Shults et al., 1995, 

Altar et al., 1992). Furthermore, it is hypothesised that BDNF exerts its neuroprotection, at least 

in part, by increasing antioxidant activity. For example, pre-treatment of dopaminergic 

neuroblastoma cells (SH-SY5Y) with BDNF, prevented 6-OHDA-induced increases in oxidised 

glutathione while concurrently increasing glutathione reductase activity by 100% (Spina et al., 

1992). In this study, an increase in nigral CDNF mRNA expression was also observed. The 

recently discovered CDNF, is a novel trophic factor for DA neurons (Lindholm et al., 2007). 

Delivery of CDNF in the striatum prevented striatal 6-OHDA-induced TH cell loss in the nigra 

but not the striatum, therefore it seems to have preferential efficacy for cell body populations 

(Voutilainen et al., 2009). In July 2015, Herantis Pharma received a €3 million government grant 

to support a clinical study for CDNF in the treatment of PD in light of their study which 

demonstrated improved long-term memory in APP/PSl mice following intrahippocampal CDNF 

delivery (Kemppainen et al., 2015).
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Unexpectedly, neurotrophic factor expression wasn’t exclusively dependant on P2-AR activation 

with ICI 118,551 attenuating the atomoxetine-induced increase in BDNF expression only. Based 

on these results, neurotrophic factor production could also be mediated by other adrenergic 

signalling pathways.

In summary, treatment with the NRl atomoxetine, with and without idazoxan, conferred 

neuroprotection in LPS, 6-OHDA and LPS/6-OHDA models of PD. The data gathered herein 

promotes the use of both classes of drug as a potential treatment in PD however these beneficial 

effects seem dependant on the toxin used to lesion the nigro-striatal tract. For example, 

atomoxetine treatment exhibited an anti-inflammatory effect following LPS administration, 

supressing microglial activation and subsequent pro-inflammatory cytokine production, increased 

trophic support to DAergic neurons and prevented LPS-induced loss of TH staining intensity, 

ultimately culminating in functional motor improvement. However, no effect of idazoxan 

treatment alone was observed in this inflammatory model of PD. A further insult through striatal 

6-OHDA administration may lead to the up-regulation of adrenergic receptors and where this 

occurs, idazoxan treatment contributes to the protective effects of NA enhancement in this model, 

conferring both symptomatic relief in select behavioural motor paradigms, as well as a 

neuroprotective effect by increasing striatal DA concentrations. Interestingly, no such protective 

effect of idazoxan is observed if there is a single insult with striatal 6-OFIDA not in combination 

with intranigral LPS, indicating the possibility that excessive nigro-striatal tract damage must 

occur before subsequent adrenoceptor upregulation. Considering PD, and many other 

neurodegenerative diseases, incorporate a chronic inflammatory component that is thought to 

explain the progressive nature of the disease (Bartels and Leenders, 2007), the ability of 

atomoxetine to suppress microglial activation and regulate the inflammatory response in a 

clinically relevant animal model of PD, endorses its use as a prospective treatment to prevent 

further degeneration and sheds insight into the endogenous immunomodulatory potential of NA 

in CNS inflammation. Moreover, its anti-inflammatory effects are mediated, at least in part 

through p2-AR activation and subsequent growth factor production. Moreover, the augmentation 

of central NAergic tone through blockade of the NAT represent a clinically feasible 

neuroprotective strategy in PD as these agents are currently used in the treatment of depression 

and ADHD, and clinical data demonstrates that these agents are safe when taken for prolonged 

periods (Zhou, 2004).
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Chapter 6

The impact of p2-adrenoceptor stimulation with clenbuterol 
or formoterol in the LPS rat model of Parkinson’s disease
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6.1 Introduction

The ^-adrenergic receptor (p-AR) is a 413 amino acid glycoprotein (Henderson et al., 1990), 

expressed on various cell and tissue types in pulmonary, cardiac and skeletal muscle and the 

immune system (Johnson, 2001). Being a typical G-protein-coupled receptor (GPCR), it couples 

to Gi and Gs proteins following stimulation with endogenous catecholamines adrenaline and 

noradrenaline (NA). Activation of these receptors generally stimulate the sympathetic nervous 

system, controlling a host of homeostatic mechanisms, including liver gluconeogenesis, 

cardiovascular regulation and mediation of various smooth muscle in the pulmonary system, 

colon, uterus and intestine. The endogenous P2-AR agonist NA can also affect a wide array of 

microglial functions through adrenergic signalling, and is capable of exerting an anti

inflammatory effect. For example, NA may suppress microglial activation and inflammatory gene 

expression in the brain resulting in a reduction of synthesis and release of multiple cytokines, 

chemokines and other inflammatory agents, particularly following challenge with an 

inflammatory stimulus (Feinstein et al., 2002, Heneka et al., 2002, Marien et al., 2004). While 

cultured rat microglia express mRNA encoding au-, a2a-. Pi- and P2-ARS (Mori et al., 2002) the 

anti-inflammatory effects of NA are thought to be primarily mediated through the P2 subtype 

(Farber et al., 2005, Russo et al., 2004, Madrigal et al., 2005). Despite this evidence, direct 

stimulation of the p2-AR with sympathomimetic agents to limit CNS inflammation has not been 

extensively studied to date.

6.1.1 p2-AR activation: short versus long acting agonists

P2-AR agonists are best known for their widespread therapeutic use for the treatment of asthma 

and chronic obstructive pulmonary disease (COPD) (Rabe et al., 2007, Bateman et al., 2008, 

Chung et al, 2009). Synthetic P2-AR mimetics are functionally categorised by their biological 

half-life; namely short-acting (>6 hr), long-acting (~12 hr) and more recently, ultra long-acting 

agonists. Due to their hydrophilic nature, short-acting agonists enter the aqueous extracellular 

environment allowing direct access to the membrane receptor with a rapid onset and short 

duration of action. Conversely, long-acting agonists are lipophilic and therefore pass into the 

plasmalemma, where they slowly percolate out, resulting in longer lasting receptor activation 
(Johnson, 2001, Johnson, 1998).

6.1.2 The anti-inflammatory actions of P2-AR stimulation

The use of synthetic P2-AR agonists and antagonists have been crucial in furthering our 

understanding of adrenoceptor signalling with a number of studies demonstrating their potent
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anti-inflammatory and neuroprotective properties. For example, the p-AR agonists terbutaline, 

fenoterol, procaterol and clenbuterol attenuated LPS-stimulated peripheral blood mononuclear 

cell TNF-a and IL-1 p production in a cAMP and concentration-dependant manner (Yoshimura et 

al., 1997). Similarly, prior incubation of alveolar macrophages with salbutamol or isoproterenol 

inhibited superoxide anion and TNF-a production induced by zymosan and LPS (Gu and Seidel, 

1996). In line with this, isoproterenol inhibited LPS-stimulated microglial TNF-a and IL-ip 

synthesis and release (Hetier et al., 1991). Considering the role of cAMP in regulating PKA and 

NFkP signalling, studies in primary microglial cultures demonstrate elevated intracellular cAMP 

levels and suppression of TNF-a and NO release following P2-AR stimulation with terbutaline. 

Furthermore, IL-6 mRNA expression is suppressed. Incubation with the Pi-AR agonist, 

dobutamine induced a much smaller rise in cAMP (lOx lower) and reduced TNF-a suppression 

(Mori et al., 2002). Despite the higher affinity that NA displays for Pi over P2 receptors, expression 

of the P2 subtype is higher on microglia suggesting that the rise in cAMP levels is primarily 

mediated by this receptor subtype. Astrocytes are also involved in mediating the inflammatory 

response. For example, crushed rabbit optic nerves resulted in astroglial hypertrophy and cell 

proliferation while infusion of isoproterenol caused marked astrogliosis and neuronal protection 

(Hodges-Savola et al., 1996). In a similar study, transection of human optic nerves resulted in 

increased P2-AR expression which co-localised with GFAP immunoreactive cells, supporting the 

use of this receptor in regulating astrocytic functions following neuronal injury (Mantyh et al., 

1995).

6.1.3 Clenbuterol

Clenbuterol is a brain-penetrant p2-AR agonist used in the treatment of pulmonary disorders 

including COPD and asthma by inducing bronchial smooth muscle relaxation (Hida et al., 1985). 

In rats, due to its long half-life of 26-30 hrs and relatively slow rate of elimination, clenbuterol is 

still detectable at low plasma blood levels 48 hrs after administration (Zalko et al., 1998). Recent 

evidence implicates clenbuterol, as well as other agonists, in an anti-inflammatory and 

neuroprotective milieu. For example, LPS-induced pro-inflammatory TNF-a and IL-6 production 

was potently suppressed following clenbuterol treatment in vivo and in vitro (Izeboud et al., 1999). 

In line with this, literature published by this group have demonstrated the ability of clenbuterol to 

induce IL-ip, IL-lra and IL-IR II expression with concomitant reductions in the mRNA 

expression of pro-inflammatory cytokines TNF-a and IL-6, inflammatory chemokines RANTES 

and IP-10, and co-stimulatory molecule CD40 and ICAM-1 following systemic LPS challenge 

(McNamee et al., 2010a). Furthermore, clenbuterol blocked hippocampal and cortical expression 

of TNF-a and ICAM-1 following central LPS injection (i.c.v) (Ryan et al., 2013). In addition, 

systemic clenbuterol increases cortical, striatal and hippocampal expression of the anti-
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inflammatory cytokine IL-10 and its downstream negative regulator of cytokine signalling, 

suppressor of cytokine signalling 3 (SOCS-3) (McNamee et al., 2010b).

Astrocytic neurotrophin production is also considered to be one of the principal methods of 

clenbuterol conferred neuroprotection. For example, injection of clenbuterol (0.5 mg/kg; i.p.) in 

rats prior to administration of the excitotoxin, kainic acid, increased mRNA expression of BDNF 

and NGF in the hippocampus. Additionally, clenbuterol reduced hippocampal inflammatory 

cytokine (IL-1(3 and IFN-y), iNOS and CDl lb expression and inhibited DNA fragmentation and 

caspase-3 activation (Gleeson et al., 2010). In line with this, in vitro application of clenbuterol to 

mixed hippocampal cultures reduced glutamate-induced neuronal death while in vivo injection of 

clenbuterol reduced infarct volume following focal cerebral ischaemia in rats. In both cases, 

neuroprotection was mediated by NGF production (Culmsee et al., 1999). Similarly, Semkova 

and Krieglstein (1999) demonstrated that clenbuterol-induced increases in NGF production 

protected against hippocampal neuronal death following middle cerebral artery occlusion in rats. 

Furthermore, the production of other clenbuterol-induced astrocytic trophic factors have also been 

identified including FGF-2, BDNF and TGF-p, all of which have demonstrated neuroprotective 

potential in various in vitro and in vivo experiments (Flayes et al., 1995, Junker et al., 2002, Zhu 

et al., 2001).

6.1.4 Formoterol

Formoterol was originally developed in an attempt to create an agonist with a higher affinity to 

the P2-AR, to improve treatment of respiratory disorders. Indeed, it is an extremely potent agonist 

due to its high efficacy (100%) and affinity (Ki of 74 nM) for the P2-AR with a selectivity ratio 

of 400:1 (P2:Pi) and a half-life of 1.7 hr in rats (Sasaki et al., 1982, Johnson, 1998). Unlike 

clenbuterol, evidence demonstrating the potential neuroprotective properties of formoterol is 

sparse, however some studies do allude to its anti-inflammatory profile. For example, formoterol 

incubation prevented IL-ip-stimulated human lung fibroblast production of lCAM-1 and VCAM- 

1 (Spoelstra et al., 2002). In a mouse model of down syndrome (Ts65Dn), formoterol treatment 

increased hippocampal synaptic density and complexity, indicative of active neuronal 

proliferation, whilst improving cognitive function (Dang et al., 2014). Formoterol potently 

increased synthesis of the neuroprotective compound kynurenic acid (KYNA) in a cAMP- and 

PKA- dependent manner in mixed glial cultures. In a similar fashion, rat cortical brain slices 

incubated with micromolar concentrations of formoterol led to enhanced KYNA formation 

(Luchowska et al., 2009). Formoterol also activates the IL-1 system, inducing cortical expression 

of IL-ip, IL-lra, and IL-IRII, and cortical and hippocampal lL-10 and SOCS-3 expression 

(McNamee et al., 2010a).
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6.1.5 Evidence implicating P2-AR mediated protection in Parkinson's disease

The use of P2-AR agonists have demonstrated anti-inflammatory and neuroprotective properties 

in both in vivo models of PD and DAergic neuronal cultures. For example, pre-treatment of rat 

mesencephalic neuron-glia with a range of P2-AR agonists (salbutermol, bambuterol, clenbuterol, 

formoterol and salmeterol) prevented LPS-induced DA toxicity measured by [^H]-DA uptake 

assays. Furthermore, salmeterol treatment, even at extremely low concentrations (10‘'“ M), 

attenuated the LPS-induced loss of neuronal processes and reductions in TH-positive neuron 

numbers in mixed mesencephalic cell cultures. Additionally, the neuroprotective effects of 

salmeterol were only present in microglia-enriched mesencephalic cultures and was independent 

of canonical cAMP/PKA signalling, instead depending on P-arrestin2 expression (Qian et al., 

2011). Similarly, in mice administered continuous salmeterol infusion (10 pg/kg) two-days prior 

to and during subcutaneous MPTP injections, salmeterol prevented TH-positive neuronal loss and 

increased DA turnover rates, although there was no effect on overall DA concentration. 

Considering salmeterol was able to protect nigral cell bodies, the authors suggest P2-AR 

stimulation is able to preserve and maintain higher activity of DA neurons, and that as long as 

cell bodies are intact, normal DA levels would eventually return. In another LPS-stimulated long

term animal model of PD, continuous infusion of extremely low doses of salmeterol (1~10 

pg/kg/day, delivered s.c. via osmotic pump) attenuated LPS-induced DA loss in the SNpc and 

microglial release of TNF-a, iROS, O-' and NO. Interestingly salmeterol treatment began three 

months after systemic LPS (5 mg/kg; i.p.) administration and still managed to confer protection 

in motor deficits as measured by rotarod behavioural testing at eight and ten months following 

LPS administration (Qian, Wu et al. 2011). These results support the use of long-acting P2-AR 

agonists to limit inflammation and progressive DA neuronal loss characteristic of PD pathology.

Short-acting P2-AR agonists, usually in conjunction with inhaled corticosteroids, have been the 

mainstay treatment for asthma for decades, triggering smooth muscle relaxation and dilation of 

the bronchioles. While these agents are still useful clinically for quick relief from the symptoms 

of asthma, cessation of treatment can result in an increased response to histamine-induced 

bronchoconstriction and, when used in isolation, may mask underlying pro-inflammatory 

cytokine production and inflammation (Vathenen et al., 1988, Cockcroft et al., 1993). More 

recently however, data from clinical studies have challenged this dogma, with use of long-acting 

p2-AR agonists providing not only symptomatic relief but a dampening of the peripheral 

inflammatory response (Roberts et al., 1999, Kips et al, 2000). Based on the evidence in the 

literature demonstrating the anti-inflammatory effects of synthetic P2-AR agonists, coupled with 

previous work conducted in the lab and elsewhere demonstrating their neuroprotective potential, 

this study sought to assess the impact of P2-AR stimulation in the LPS induced inflammation
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model of PD in rats, with two long-acting P2 agonists, clenbuterol and formoterol. Considering 

PD, and many other neurodegenerative diseases, incorporate a chronic inflammatory component 

that is thought to underlie the progressive nature of the disease (Bartels and Leenders, 2007), 

agents that suppress microglial activation and regulate the inflammatory response would have 

therapeutic potential to halt or prevent further degeneration. This is an important goal, as all 

current treatments for PD simply treat the symptoms of the disease as opposed to inhibiting the 

underlying neurodegenerative process.

6.2.1 Experimental timeline
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6.2.2 Experimental design

Adult male Wistar rats (n=60) were habituated to the animal unit for at least a week prior to 

behavioural training in the staircase and stepping tests. This study included the following six 

treatment groups: (1) vehicle + vehicle, (2) vehicle + clenbuterol, (3) vehicle + formoterol, (4) 

LPS + vehicle, (5) LPS + clenbuterol, (6) LPS + formoterol. (/;= 10 per group). Baseline testing 

in each behavioural paradigm was conducted 5 days prior to stereotactic surgery. Rats received 

an injection of LPS (10 pg/2pl) into the substantia nigra (see section 2.2.3 for full surgery details). 

Control animals received a sham PBS injection. Four hrs following surgery rats received an i.p. 

injection of the |32-AR agonist clenbuterol (100 pg/kg), formoterol (100 pg/kg) or saline vehicle 

(0.89% [w/v] NaCl) and then once a day (q.d.) for 7 days (Drug treatments were administered 

between 9-10 am). 7 days following surgery behavioural testing in the staircase, stepping and 

cylinder test was conducted (in that order) between the hrs of 9 am - 1 pm. This behavioural 

testing regime/protocol was repeated 6 days later. 14 days following surgery animals were 

administered D-amphetamine (5 mg/kg; i.p.), placed in their home-cage and activity was recorded 

for 40 min. The following day rats were either euthanised by transcardial perfusion-fixation for 

post-mortem assessment of nigro-striatal neurodegeneration and microgliosis or hand-dissected 

on dry ice for HPLC analysis of amine concentrations and cytokine/growth factor expression.

6.3 Results 

Behavioural analysis

63.1 Clenbuterol and formoterol treatment attenuates the LPS-induced deficits in 

contralateral forelimb akinesia in the forehand direction

A two-way ANOVA demonstrated an effect of clenbuterol on forehand contralateral steps 

following intranigral LPS administration at 7 (F{i,35)= 4.65, P=0.038) and 13 days (F(i,36)= 79.42, 

P<0.001) post-lesion. Furthermore at 13 days there was an effect of LPS on contralateral steps 

(F(i,36)= 59.14, P<0.001). ANOVA also revealed a LPS x clenbuterol interaction (F(i,36)= 72.06, 

P<0.001) at this time-point. Post hoc analysis confirmed that LPS decreased contralateral steps 

13 days post-lesion following intranigral LPS administration (P<0.01; Newman-Keuls post hoc 

test), and this was attenuated by clenbuterol treatment (P<0.01) (Fig. 6.1 A)

Similar effects were witnessed following formoterol administration. Two-way ANOVA revealed 

an effect of LPS on forehand contralateral steps at 7 (F(i,36)= 1 1.09, P=0.002) and 13 days (F(i,36)= 

44.88, P<0.001) post-lesion and an effect of formoterol (F(i,36)= 55.31, P=0.001) 13 days post

lesion. Furthermore there was a LPS x formoterol interaction at day 7 (F(i,36)= 6.26,
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P=0.017) and day 13 (F(i,36)= 34.24, P<0.001). /zoc analysis revealed a decrease in the number 

of contralateral steps in the forehand direction following intranigral LPS at day 7 (P<0.05) and 

day 13 (P<0.01) which was attenuated following formoterol treatment (P<0.01) (Fig. 6.1 B).

63.2 Clenbuterol and formoterol treatment attenuates the LPS-induced deficits in 

contralateral forelimb akinesia in the backhand direction

A two-way ANOVA demonstrated an effect of clenbuterol on backhand contralateral steps 

following intranigral LPS administration at both 7 (F(i,36)= 15.45, P<0.001) and 13 days (F(i.36)= 

39.97, P<0.001) post-lesion. Furthermore at day 13 there was an effect of LPS on contralateral 

steps (F(i,36)= 54.01, P<0.001) and a LPS x clenbuterol interaction (F(i,36)= 12.88, P=0.001). 

Newman-Keuls post hoc analysis revealed that intranigral LPS decreased contralateral steps at 

both 7 (P<0.05) and 13 days (P<0.01) post-lesion which was attenuated by clenbuterol treatment 

at day 13 (P<0.01) (Fig. 62A)

Similar effects were observed following formoterol treatment. A two-way ANOVA revealed an 

effect of LPS on contralateral steps 13 days post-lesion (F(i,36)= 15.17, P<0.001). ANOVA also 

demonstrated an effect of formoterol at both 7 (F(i,36)= 3.05, P=0.089) and 13 days (F(i,36)= 13.61, 

P=0.003). Furthermore there was a LPS x formoterol interaction at day 13 (F(i,36)= 10.22, 

P=0.003). Post hoc analysis revealed a decrease in the number of LPS-induced contralateral steps 

made at day 13 (P<0.01) which was attenuated by formoterol treatment (P<0.01) (Fig. 6.2B).

633 Clenbuterol and formoterol treatment rescues LPS-induced forelimb use 

asymmetry

Treatment with clenbuterol or formoterol had no effect on the number of contralateral limb wall 

placements in sham-lesioned rodents. A two-way ANOVA demonstrated an effect of clenbuterol 

on contralateral limb wall placements following intranigral LPS administration at both 7 (F(i,36)= 

44.79, P<0.001) and 13 days (F(i,36)= 9.32, P=0.004) post-lesion. There was also an effect of LPS 

(F(i,36)= 8.46, P=0.005) at 13 days. Furthermore there was a LPS x clenbuterol interaction (F(i,36)= 

6.21, P=0.018). Newman-Keuls post hoc analysis revealed a decrease in contralateral limb use 

following intranigral LPS administration at both 7 (P<0.01) and 13 days (P<0.05) post-lesion, 

which was attenuated by clenbuterol treatment at both test sessions (P<0.05 and P<0.01; 7 and 13 

days respectively) (F’ig. 63A).

Similarly, there was a main effect of LPS on forelimb asymmetry at both 7 (F(i,36)= 12.29, 

P=0.001; two-way ANOVA) and 13 days (F(i,36)= 5.12, P=0.030) post-lesion. ANOVA also 

demonstrated an effect of formoterol at 7 (F(i,36)= 22.77, P<0.001) and 13 days (F(i,36)= 5.08, 

P=0.030) post-lesion. Furthermore there was a LPS x formoterol interaction at both test sessions
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(7 days, F(i,36)= 14.68, P=0.001; 13 days, (F(i,36)= 6.70, P=0.013). Post hoc analysis revealed an 

LPS-induced reduction in impaired limb wall placements (P<0.01), which was attenuated by 

formoterol treatment at both the 7 (P<0.01) and 13 day (P<0.01) test-sessions (Fig. 6JB).

63.4 Formoterol treatment rescues LPS-induced deficits in skilled motor function

Treatment with clenbuterol or formoterol had no effect on skilled motor function in sham-lesioned 

rodents. A two-way ANOVA demonstrated a LPS x clenbuterol interaction 13 days post-lesion 

(F(i,35)= 5.97, P=0.020). Newman-Keuls post hoc revealed a decrease in successful food retrievals 

following intranigral LPS administration (P<0.05) which was not attenuated by clenbuterol 

treatment (Fig. 6.4.4). A two-way ANOVA demonstrated an effect of formoterol on contralateral 

limb success rates 13 days post-lesion (F(i,35)= 4.227, P=0.046). Furthermore there was a LPS x 

formoterol interaction (F(i,35)= 8.09, P=0.007). Post hoc analysis revealed a decrease in successful 

food pellet retrievals following intranigral LPS administration 13 days post-lesion (P<0.01) which 

was partly attenuated with formoterol treatment (P<0.05) (Fig. 6.4H).

633 Clenbuterol and formoterol treatment reduces LPS-induced rotational 

asymmetry

A Students unpaired Mest revealed an increase in LPS-induced rotational asymmetry following 

D-amphetamine administration (P=0.006). In addition, a one-way ANOVA demonstrated an 

effect of treatment on ipsilateral rotations (F(2,i5)= 8.95, P=0.003). Newman-Keuls post hoc 

analysis revealed a reduction in LPS-induced ipsilateral rotations following treatment with 

clenbuterol (P<0.01) and formoterol compared to LPS lesion treated with saline control (P<0.01) 

(Fig. 63).
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Clenbuterol and formoterol treatment attenuates the LPS-induced deficits in 

contralateral forelimb akinesia in the forehand direction
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Figure 6.1: Clenbuterol and formoterol treatment attenuates the LPS-induced deficits in 
contralateral forelimb akinesia in the forehand direction
P2-Adrenoceptor stimulation with clenbuterol (100 pg/kg; i.p.) or formoterol (100 pg/kg; i.p.) was examined 
on a rats ability to initiate movement of the forelimbs in the forehand direction following intranigral LPS 
(10 pg) administration. Drug treatment with clenbuterol (A) or formoterol (B) began 4 hr following LPS 
administration and continued for 7 days (q.d.). Rats underwent behavioural testing in the stepping test at 7 
and 13 days post-lesion and the effect of clenbuterol or formoterol on number of ipsilateral and contralateral 
adjusting steps were recorded. Data are expressed as mean ± SEM (n=10). *p<0.05, **p<0.01 vs. sham 
control; -("i-p<0.01 vs. LPS + vehicle control (Two-way ANOVA followed by post hoc Newman-Keuls).
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Clenbuterol and formoterol treatment attenuates the LPS-induced deficits in 

contralateral forelimb akinesia in the backhand direction
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Figure 6.2: Clenbuterol and formoterol treatment attenuates the LPS-induced deficits in contralateral 
forelimb akinesia in the backhand direction
P2-Adrenoceptor stimulation with clenbuterol (100 pg/kg; i.p.) or formoterol (100 pg/kg; i.p.) was examined 
on a rats ability to initiate movement of the forelimbs in the backhand direction following intranigral LPS 
(10 pg) administration. Drug treatment with clenbuterol (A) or formoterol (B) began 4 hr following 
intranigral LPS and continued for 7 days (q.d.). Rats underwent behavioural testing in the stepping test at 7 
and 13 days post-lesion and the effect of clenbuterol or formoterol on the number of ipsilateral and 
contralateral adjusting steps were recorded. Data are expressed as mean ± SEM (n=10). *p<0.05, **p<0.01 
vs. sham control; -i-+p<0.01 vs. LPS + vehicle control (Two-way ANOV.A followed by post hoc Newman- 
Keuls).
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Clenbuterol and formoterol treatment rescues LPS-induced forelimb use 
asymmetry
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Figure 63: Clenbuterol and formoterol treatment rescues LPS-induced forelimb use asymmetry 
The effect of P2-AR stimulation with clenbuterol (100 (ig/kg; i.p.) or formoterol (100 pg/kg; i.p.) was 
examined on forelimb use asymmetry when rearing following intranigral LPS (10 pg) administration. Drug 
treatment with clenbuterol (A) or formoterol (B) began 4 hr following intranigral LPS and continued for 7 
days (q.d.). Rats underwent behavioural testing in the cylinder test at 7 and 13 days post-lesion and the 
effect of clenbuterol or formoterol on the number of ipsilateral and contralateral wall placements were 
recorded. Data are expressed as mean ± SEM (n=10). *p<0.05, **p<0.01 vs. sham control; +p<0.05, 
++p<0.01 vs. LPS + vehicle control (Two-way ANOVA followed by post hoc Newman-Keuls).
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Formoterol treatment rescues LPS-induced deficits in skilled motor function
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Figure 6.4: Formoterol treatment rescues LPS-induced deficits in skilled motor function 
The effect of p2-AR stimulation with clenbuterol (100 fLg/kg; i.p.) or formoterol (100 pg/kg; i.p.) was 
examined on skilled motor function following intranigral LPS (10 pg) administration. Treatment with 
clenbuterol (A) or formoterol (B) began 4 hr following intranigral LPS and continued for 7 days (q.d.). Rats 
underwent behavioural testing in the staircase test at 7 and 13 days post-lesion and the effect of clenbuterol 
or formoterol on the number of successful and unsuccessful grabbing attempts were recorded. Data are 
expressed as mean ± SEM (n=10). *p<0.05, **p<0.01 vs. sham control; -i-p<0.05 vs. LPS + vehicle control 
(Two-way ANOVA followed by post hoc Newman-Keuls).
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Clenbuterol and formoterol treatment reduces LPS-induced rotational asymmetry
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Figure 6.5: Clenbuterol and formoterol treatment reduces LPS-induced rotational asymmetry 
The effect of p2-AR stimulation with clenbuterol (100 ng/kg; i.p.) or formoterol (100 |ig/kg; i.p.) was 
examined on rotational behaviour following LPS (10 pg; intranigral) administration. Treatment with 
clenbuterol or formoterol began 4 hr following intranigral LPS and continued for 7 days (q.d.). Animals 
were administered D-amphetamine (5 mg/kg; i.p.) 14 days post-lesion, placed in their home-cage and 
activity was recorded for 40 min. The number of ipsilateral and contralateral rotations were scored and 
expressed as net rotations/min. Data are expressed as mean ± SEM (n=6). **p<0.01 vs. sham control 
(Student’s ?-test); -)-i-p<0.01 vs. LPS + vehicle control (One-way ANOVA followed by post hoc Newman- 
Keuls).
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Neurochemical analysis of monoamine neurotransmitters

63.6 Cienbuterol and formoterol treatment protects against LPS-induced dopamine 

loss in the substantia nigra

No effect on DA concentration was observed following cienbuterol or formoterol treatment in 

sham-lesioned rats (Fig. 6.6A and B respectively).

A three-way ANOVA (treatment, LPS and hemisphere (ipsilateral or contralateral)) demonstrated 

an effect of LPS on nigral DA concentration (F(i,38)= 13.35, P<0.001). ANOVA also showed a 

LPS X cienbuterol interaction (F(i,38)= 10.68, P=0.002) and a LPS x hemisphere interaction (F(i,38)= 

6.72, P=0.013). Post hoc analysis revealed a reduction in nigral DA concentration following LPS 

administration (P<0.01), which was attenuated following cienbuterol treatment (P<0.05). 

Furthermore there was a difference in DA concentration between ipsilateral and contralateral 

hemispheres following intranigral LPS administration treated with saline control (P<0.05), which 

was not present in any other group (Fig. 6.6A).

Following treatment with formoterol, a three-way ANOVA demonstrated an effect of LPS (F(i,38)= 

5.61, P=0.023) on nigral DA concentration. In addition there was a LPS x formoterol interaction 

(F(i,38)= 4.25, P=0.046), a formoterol x hemisphere interaction (F(i,38)= 7.19, P=0.012) and an LPS 

X formoterol x hemisphere interaction (F(i,38)= 5.88, P=0.020). Newman-Keuls post hoc revealed 

a reduction in nigral DA concentration following intranigral LPS administration (P<0.01) which 

was attenuated by formoterol treatment (P<0.01). Moreover, there was a difference in DA 

concentration between ipsilateral and contralateral hemispheres following intranigral LPS 

administration treated with saline control (P<0.05), which was not present in any other group 

(Fig. 6.6B).

63.7 Formoterol protects against LPS-induced dopamine loss in the striatum

No effect on DA concentration was observed following cienbuterol or formoterol treatment in 

sham-lesioned rats (Fig. 6.7A and B respectively). A three-way ANOVA demonstrated an effect 

of LPS (F(i,38)= 4.99, P=0.032) and hemisphere (F(i,38)= 19.60, P<0.001) on striatal DA 

concentration. Newman-Keuls post hoc analysis revealed a reduction in striatal DA concentration 

following LPS administration (P<0.01), which was not attenuated by treatment with cienbuterol. 

Furthermore, there was a difference in DA concentration between ipsilateral and contralateral 

hemispheres following intranigral LPS administration treated with saline control (P<0.01), which 

was not present in any other group (Fig. 6.7 A).

Following treatment with formoterol, a three-way ANOVA demonstrated an effect of formoterol 

(F(|,38)= 12.28, P=0.001) and hemisphere (F(i,38)= 16.71, P<0.001) on nigral DA concentration.
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Newman-Keuls post hoc revealed a reduction in striatal DA concentration (P<0.05) which was 

attenuated by formoterol treatment (P<0.05). Moreover, there was a difference in DA 

concentration between ipsilateral and contralateral hemispheres following intranigral LPS 

administration treated with saline control (P<0.01), which was not present in any other group 

(Fig. 6.7B).
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Clenbuterol and formoterol treatment protects against LPS-induced dopamine loss 

in the substantia nigra
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Figure 6.6: Clenbuterol and formoterol treatment protects against LPS-induced dopamine loss in the 
substantia nigra
The effect of P2-AR stimulation with clenbuterol (100 pg/kg; i.p.) or formoterol (100 pg/kg; i.p.) was 
examined on nigral DA concentration following intranigral injection of LPS (10 pg). Treatment with 
clenbuterol (A) or formoterol (B) began 4 hr following LPS administration and continued for 7 days (q.d.). 
DA concentrations were obtained by reverse-phase HPLC with electrochemical detection and expressed as 
ng/g of nigral tissue. Data are expressed as mean ± SEM (n=6). **p<0.01 vs. ipsilateral sham control; 
+p<0.05, ++p<0.01 vs. ipsilateral LPS + vehicle control (Three-way ANOVA followed by post hoc 
Newman-Keuls).
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Formoterol protects against LPS-induced dopamine loss in the striatum
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Figure 6.7: Formoterol protects against LPS-induced dopamine loss in the striatum 
The effect of P2-AR stimulation with clenbuterol (100 pg/kg; i.p.) or formoterol (100 pg/kg; i.p.) was 
examined on striatal DA concentration following intranigral LPS (10 pg) administration. Treatment with 
clenbuterol (A) or formoterol (B) began 4 hr following LPS and continued for 7 days (q.d.). DA 
concentrations were obtained by reverse-phase HPLC with electrochemical detection and expressed as ng/g 
of striatal tissue. Data are expressed as mean ± SEM (n=6). *p<0.05, **p<0.01 vs. ipsilateral sham control; 
-t-p<0.05, ++p<0.01 vs. ipsilateral LPS vehicle control (Three-way ANOVA followed by post hoc 
Newman-Keuls).
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Nigral pro-inflammatory cytokine, GFAP and growth factor expression

6J.8 The effect of clenbuterol and formoterol treatment on inflammatory mediator 

expression in the substantia nigra

A one-way ANOVA demonstrated an effect of treatment on IL-1(3 expression (F(3,20)= 4.85, 

P=0.011). Newman-Keuls post hoc comparisons revealed LPS administration resulted in an 

increase in IL-lp expression (P<0.05) irrespective of clenbuterol (P<0.05) or formoterol 

treatment (P<0.05) relative to LPS lesioned rats treated with saline control (Fig. 6iiA).

A one-way ANOVA demonstrated an effect of treatment on IL-6 expression (F(3,i7)= 5.43, 

P=0.008). Newman-Keuls post hoc comparisons revealed LPS administration resulted in an 

increase in nigral lL-6 expression (P<0.01) relative to LPS lesioned rats treated with saline 

control, which was attenuated by treatment with clenbuterol (P<0.01) and to lesser extent 

formoterol (P<0.05) (Fig. 6.8B).

A one-way ANOVA demonstrated an effect of treatment on TNF-a expression (F(3,i6)= 13.99, 

P<0.001). Newman-Keuls post hoc comparisons revealed LPS administration resulted in an 

increase in nigral TNF-a expression (P<0.001) relative to LPS lesioned rats treated with saline 

control, which was attenuated by clenbuterol (P<0.001) and formoterol (P<0.05) treatment (Fig. 
f,M).

63.9 The effect of clenbuterol and formoterol treatment on GFAP and KATII mRNA 

expression in the substantia nigra

A one-way ANOVA demonstrated an effect of treatment on GFAP expression (F(3,i9)= 9.25, 

P<0.001). Newman-Keuls post hoc comparisons revealed LPS administration resulted in an 

increase in nigral GFAP expression following sham (P<0.01), clenbuterol (P<0.05) and 

formoterol treatment (P<0.001) relative to LPS lesioned rats treated with saline control (Fig. 

6.9A).

A one-way ANOVA demonstrated an effect of treatment on KATII expression (F(3,20)= 8.82, 

P=0.003). Newman-Keuls post hoc comparisons revealed an increase in nigral KATII expression 

following treatment with clenbuterol (P<0.05) and formoterol (P<0.01) relative to LPS lesioned 

rats treated with saline control (Fig. 6.9B).
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63.10 The effect of clenbuterol and formoterol treatment on growth factor expression in 

the substantia nigra

A one-way ANOVA demonstrated an effect of treatment on NGF (F(3,i9)= 4.18, P=0.020) (F ig. 

6.10A), GDNF (F(3,i8)= 4.33, P=0.018) (Fig. 6.101?) and CDNF (F(3,i9)= 5.59, P=0.006) (Fig. 

6.1 OD) expression. Newman-Keuls post hoc comparisons revealed clenbuterol treatment resulted 

in an increase in NGF (P<0.05) (Fig.6.IOA) and GDNF (P<0.05) (Fig. 6.1011) mRNA expression 

relative to LPS lesioned rats treated with saline control. Formoterol treatment resulted in an 

increase in CDNF expression (P<0.01) relative to LPS lesioned rats treated with saline control 

(Fig. 6.101)). No change in FGF (Fig. 6.IOC) or BDNF (Fig. 6.10FJ) expression was observed in 

any treatment group.
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The effect of clenbuterol and formoterol treatment on inflammatory mediator 

expression in the substantia nigra
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Figure 6.8: Clenbuterol and formoterol attenuates the LPS-induced increase in IL-6 and TNF-a 
expression
The effect of P2-AR stimulation with clenbuterol (100 pg/kg; i.p.) or formoterol (100 pg/kg; i.p.) was 
assessed on nigral IL-IP(A), lL-6(B)and TNF-a (C) expression following intranigral injection of LPS (10 
pg). Treatment with clenbuterol or formoterol began 4 hr following LPS administration and continued for 
7 days(q.d.). Data are expressed as mean± SEM (n=5-6). *p<0.05, **p<0.01, ***p<0.001 vs. sham control 
(One-way ANOVA followed by post hoc Newman-Keuls).
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The effect of clenbuterol and formoterol treatment on GFAP and KATII mRNA 

expression in the substantia nigra
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Figure 6.9: The effect of clenbuterol and formoterol treatment on GFAP and KATII mRNA 
expression in the substantia nigra
The effect of P2-AR stimulation with clenbuterol (100 ng/kg; i.p.) or formoterol (100 pg/kg; i.p.) was 
examined on nigral GFAP and KATII expression following intranigral injection of LPS (10 pg). Treatment 
with clenbuterol or formoterol began 4 hr following LPS administration and continued for 7 days (q.d.). 
Data are expressed as mean ± SEM (n=5-6). *p<0.05, *p<0.01 vs. sham control (One-way ANOVA 
followed by post hoc Newman-Keuls).
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The effect of clenbuterol and formoterol on growth factor expression in the 

substantia nigra
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 -5 

z £
'"0.5-

0.0

□ Vehicle + Vehicle
□ LPS +Vehicle 

LPS + Clenbuterol
□ LPS +Formoterol

B

S 0) 
q: c 
E I

LL O
g £Q o O ^

* * 1.5

^ S)i.o
K TO
if “
9 ? 0.5

0.0

§ ? 
f €
Z -O Q “o

3n

2-

B 1

0^

4-1

< (1) 
z O)

3-
01 c
E5 2-

U_ 0
z -a
Q 0
CD it::. 1-

0-

Figure 6.10: The effect of clenbuterol or formoterol treatment on growth factor expression in the 
substantia nigra
The effect of P2-AR stimulation with clenbuterol (100 |ig/kg; i.p.) or formoterol (100 pg/kg; i.p.) was 
examined on nigral NGF (A), GDNF (B), FGF (C), CDNF (D) and BDNF (E) expression following 
intranigral LPS administration (10 pg). Treatment with clenbuterol (100 pg/kg; i.p.) or formoterol (100 
pg/kg; i.p) began 4 hr following LPS administration and continued for 7 days (q.d.). Data are expressed as 
mean ± SEM (n=5-6). *p<0.05, **p<0.01 vs. sham control (One-way ANOVA followed by post hoc 
Newman-Keuls).
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Immunohistochemical analysis

63.11 Formoterol protects against LPS-induced reductions in striatal tyrosine 

hydroxylase staining intensity

A one-way ANOVA demonstrated an effect of treatment on striatal TH-immunoreactivity (F(3,i2)= 

8.80, P=0.002). Newman-Keuls post hoc analysis revealed a decrese in striatal TH+ staining 

intensity following lesion with LPS (P<0.01) and following treatment with clenbuterol (P<0.01) 

relative to LPS lesioned rats treated with saline control. The decrease in striatal TH-i- staining 

intensity following LPS lesion was attenuated following treatment with formoterol (P<0.05) (I 'ig. 

6.11).

63.12 Clenbuterol and formoterol treatment protects against LPS-induced reductions in 

nigral tyrosine hydroxylase immunoreactivity

A one-way ANOVA demonstrated an effect of treatment on nigral TH+ immunoreactivity (F(3,i2)= 

10.10, P=0.001). Newman-Keuls post hoc analysis revealed a decrese in nigral TH-(- staining 

intensity following lesion with LPS (P<0.01) relative to LPS lesioned rats treated with saline 

control. The decrease in striatal TH+ staining intensity following LPS lesion was attenuated 

following treatment with clenbuterol (P<0.05) and formoterol (P<0.01) (Fig. 6.12).

63.13 Formoterol treatment attenuates the LPS-induced increase in IBA-1 

immunopositive microglia in the nigra

A one-way ANOVA demonstrated an effect of P2-AR treatment on nigral lba-1 immunoreactivity 

(F(3,i2)= 5.33, P=0.015). Newman-Keuls post hoc analysis revealed an increase in nigral lba-1 

staining intensity following lesion with LPS (P<0.05) which was attenuated following treatment 

with formoterol (P<0.05) (Fig. 6.13).
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Formoterol protects against LPS-induced reductions in striatal tyrosine hydroxylase 

staining intensity
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Figure 6.11: Formoterol protects against LPS-induced reductions in striatal tyrosine hydroxylase staining 
intensity
LPS (10 pg) was stereotactically injected into the nigra. Drug treatment with the P2-AR clenbuterol (100 pg/kg; i.p.) 
or formoterol (100 |ig/kg; i.p.) began 4 hr following administration of LPS and continued for 7 days (q.d.). Tyrosine 
hydroxylase immunohistochemical staining revealed the extent of striatal neurodegeneration. Images are 
representative of coronal striatal brain sections in each treatment group. Data are expressed as mean ± SEM (n=4). 
*p<0.05, **p<0.01 vs. sham control (One-way ANOVA followed by post hoc Newman-Keuls).
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Clenbuterol and formoterol protects against LPS-induced reductions in nigral tyrosine 
hydroxylase immunoreactivity
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Figure 6.12: Clenbuterol and formoterol protects against LPS-induced reductions in nigral tyrosine 
hydroxylase immunoreactivity
LPS (10 ng) was stereotactially injected into the nigra. Drug treatment with the (32-AR clenbuterol (100 gg/kg; i.p.) 
or formoterol (100 gg/kg; i.p.) began 4 hr following administration of LPS and continued for 7 days (q.d.). Tyrosine 
hydroxylase immunohistochemical staining revealed the extent of nigral neurodegeneration. Images are 
representative of coronal nigral brain sections in each treatment group. Data are expressed as mean ± SEM (n=4). 
*p<0.05, **p<0.01 vs. sham control (One-way ANOVA followed by post hoc N 
ewman-Keuls).
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Formoterol treatment attenuates the LPS-induced increase in IBA-1 immunopositive 
microglia in the nigra
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Figure 6.13: Formoterol treatment attenuates the LPS-induced increase in IBA-1 immunopositive microglia 
in the nigra
LPS (10 pg) was stereotactially injected into the nigra. Drug treatment with the P2-AR clenbuterol (100 pg/kg; i.p.) 
or formoterol (100 pg/kg; i.p.) began 4 hr following administration of LPS and continued for 7 days (q.d.). lba-1 
immunohistochemical staining revealed the extent of nigral microgliosis. Images are representative of coronal nigral 
brain sections in each treatment group Data are expressed as mean ± SEM (n=4). *p<0.05 vs. sham control (One
way ANOVA followed by post hoc Newman-Keuls).
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6.4 Discussion

A prominent finding in this study is that long-acting P2-AR agonists exhibit potent 

neuroprotection and anti-inflammatory properties in the well-established LPS animal model of 

PD. Specifically, stimulation of the P2-AR with clenbuterol or formoterol, prevented LPS-induced 

motor deficits, reduced nigro-striatal DA neuron loss, attenuated pro-inflammatory cytokine 

expression and increased growth factor expression. Furthermore, formoterol treatment resulted in 

marked reductions in nigral microgliosis.

6.4.1 Stimulation of the P2-AR with clenbuterol or formoterol rescues behavioural 
impairments in the LPS animal model of PD

Intranigral LPS administration resulted in impairments in motor function including deficits in 

skilled motor function (staircase), akinesia (stepping) and forelimb-use asymmetry. Many of these 

behavioural traits/observations have translational relevance to the clinical symptoms of PD 

(Sacrey et al., 2009, Jankovic, 2008, Bameoud et al., 2000). Treatment with clenbuterol or 

formoterol began 4 hr following intranigral LPS delivery and continued for 7 days (q.d.). 

Behavioural testing was conducted 7 and 13 days post-lesion in order to determine if a) P2-AR 

stimulation would impact on LPS-induced behavioural impairments and b) have a sustained effect 

after treatment cessation. Clenbuterol treatment was able to prevent LPS-induced forelimb 

akinesia at the 13 day test-session with lesioned animals displaying a similar number of 

contralateral steps to controls. Furthermore, clenbuterol inhibited asymmetric forelimb bias in the 

cylinder test. These functional improvements in motor function corresponded with a reduction in 

ipsilateral rotations following challenge with amphetamine in addition to a marked attenuation in 

nigral DA loss. Clenbuterol treatment resulted in improvements in motor function in each of the 

behavioural tests (with the exception of the staircase test) which were more pronounced at the 13 

day test-session, indicating the lasting neuroprotective effect associated with P2-AR stimulation. 

Treatment with formoterol resulted in improvements in contra-lateral forelimb function. 

Furthermore, these improvements were observed at 7 and 13 day test-sessions indicating a 

sustained and continued anti-dyskinetic effect associated with formoterol treatment. Additionally, 

formoterol attenuated both nigral and striatal DA neuron loss and reduced ipsilateral rotation 

asymmetry following amphetamine challenge, indicating protection to the nigro-striatal tract.
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6.4.2 P2-AR stimulation reduces LPS-induced pro-inflammatory cytokine expression

Chronically activated microglia have the propensity to secrete various pro-inflammatory 

mediators and cytotoxic products which influence cell survival, and this neuroinflammatory 

process is known to play a central role in PD pathogenesis (Qian and Flood, 2008). Two cytokines 

that are known to play important regulatory roles in both acute and chronic neuroinflammatory 

diseases are TNF-a and lL-6 (Strieter et ah, 1993, Henderson et ah, 1996, Ohshima et ah, 1998, 

Madden et ah, 1995). Indeed, both TNF-a and IL-6 are elevated in the CSF and plasma of 

idiopathic PD patients (Dobbs et ah, 1999), and detected in striatal and nigral PD tissue (Hunot 

and Hirsch, 2003, Sawada et al., 2006). Moreover, polymorphisms in TNF-a have been associated 

with an increased risk of disease development (Kruger et ah, 2000), highlighting the importance 

of these cytokines in PD, and emphasising the relevance of their regulation in PD 

pathophysiology. Here, clenbuterol attenuated the LPS-induced increase in nigral TNF-a and IL- 

6 expression, in accordance with the literature. Previous studies report LPS stimulated U-937 cells 

(often used to model human macrophages) show increased TNF-a and IL-6 production which was 

potently suppressed by 1 pM and 10 nM clenbuterol pre-treatment. In the same study, clenbuterol 

administration (10 pg/kg; gavage) also prevented the LPS (2 mg/kg; i.p.) -induced increase in 

circulating TNF-a and IL-6 levels (Izeboud et ah, 1999). Furthermore, previous work from the 

group have demonstrated the ability of clenbuterol to reduce mRNA expression of TNF-a and IL- 

6 following systemic LPS challenge (McNamee et ah, 2010a). In addition, clenbuterol, blocked 

hippocampal and cortical expression of TNF-a following central LPS injection (i.c.v.) (Ryan et 

ah, 2013). Similarly, formoterol treatment resulted in a comparable suppression of nigral TNF-a 

and lL-6 expression which corresponded with a reduction in nigral microgliosis. The evidence 

demonstrating the potential anti-inflammatory action of formoterol is mostly confined to in vitro 

studies on peripheral immune cells. For example, formoterol-induced reductions in TNF-a and 

IL-6 levels following LPS stimulation have been observed in studies conducted in macrophages 

(Bosmann et ah, 2012), neutrophils (Strandberg et ah, 2010) and renal tissue (Nakamura et ah, 

2000). Mixed glial cultures stimulated with formoterol potently increase the synthesis of the 

neuroprotective compound KYNA in a cAMP- and PKA- dependent manner. In a similar fashion, 

rat cortical brain slices incubated with micromolar concentrations of formoterol show enhanced 

KYNA formation (Luchowska et ah, 2009). Here too, intranigral LPS delivery resulted in 

increased IL-ip expression which was unaltered by clenbuterol or formoterol treatment. Indeed, 

clenbuterol has been shown to induce cortical IL-1 p expression in the rat brain however following 

a systemic inflammatory insult, clenbuterol was able to attenuate LPS-induced IL-ip expression 

(McNamee et ah, 2010a, McNamee et ah, 2010b). Similar to the results reported in chapter 5, 

where the observed increase in IL-lp following LPS was unaffected by atomoxetine treatment, 

the increase in IL-ip expression does not appear to be detrimental to DAergic neurons, as
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clenbuterol and formoterol attenuated LPS-induced nigral DA loss whilst having no effect on IL- 

1(3. While it was not investigated in this study, previous work has shown increased cortical 

expression of IL-lra and IL-lRIl following clenbuterol treatment in rats, both independently and 

in the presence of systemic LPS challenge, preventing excessive lL-1 system activation 

(McNamee et al., 2010a). 1L-1(3 is known to be present in the brain and CSF of patients with 

chronic neuroinflammatory disorders, such as MS and PD (Chung etal., 1991; Basu etal., 2004). 

While generally considered a pro-inflammatory cytokine there are studies which allude to the 

beneficial roles it may play, predominantly IL-1 (3-dependent transcription of neurotrophic factors 

in various brain injury models. For example, traumatic CNS injuries results in a rapid increase in 

IL-ip expression followed by an upregulation in trophic factors such as NGF (Dekosky et al., 

1996) and CNTF (Herx et al., 2000) which are important factors for neuronal survival. Indeed, 

IL-ip is implicated in the induction of NGF by astrocytes in vitro and in vivo (Lindholm et al., 

1987, Dekosky et al., 1996, Spranger et al., 1990). These studies suggest that IL-ip is necessaiy 

for growth factor production following CNS trauma and can play a beneficial role in the CNS 

following injury.

6.4 J P2-AR stimulation increases trophic support to nigral DAergic neurons

Astrocytic neurotrophin production is also considered to be a primary mediator of P2-AR- 

conferred neuroprotection. In the present investigation, clenbuterol treatment increased nigral 

NGF and GDNF expression following intranigral LPS lesion, an observation in keeping with the 

literature. Gleeson et al. (2010) showed injection of clenbuterol (0.5 mg/kg; i.p.) prior to kainic 

acid administration increased mRNA expression of NGF in rats (Gleeson et al., 2010). In line 

with this, in vitro application of clenbuterol reduced glutamate-induced hippocampal neuronal 

death while in vivo injection of clenbuterol reduced infarct volume following focal cerebral 

ischaemia. In both cases, neuroprotection was mediated by NGF production (Culmsee et al., 

1999). In a similar experiment, these results were mirrored from research conducted by Semkova 

and Krieglstein (1999), whereby clenbuterol-induced NGF production protected rat hippocampal 

cells from neuronal death following middle cerebral artery occlusion. The importance of NGF in 

PD dates back to the 80’s where adrenal medulla cells Infused with NGF and intrastriatally grafted 

into the dopamine-denervated striatum, reduced drug-induced rotations (Freed et al., 1981, 

Strdmberg et al., 1985). Furthermore, NGF treatment greatly enhanced adrenergic fibre outgrowth 

and increased graft survival (Strdmberg et al., 1989). Moreover, in 6-OHDA hemiparkinsonian 

rats, intrastriatal genetically modified NGF-producing hamster kidney fibroblasts provided long

term trophic support to adrenal chromaffin cells reducing apomorphine-induced contralateral 

rotations (Date et al., 1997). However in the majority of primate and human studies, adrenal graft 

survival has been poor with symptomatic relief only lasting a few weeks
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(Hurtig et al., 1989, Peterson et al., 1989). More recently, ventral mesencephalic cell 

transplantation studies combined with NGF, protected DAergic neuronal cells from 6-OHDA- 

induced cell death (Chaturvedi et al., 2006). This evidence, in addition to decreased NGF levels 

in the sera of PD patients (Pedre et al., 2002, Lorigados et al., 1992) and animal models of PD 

(Lorigados et al., 1996), suggest a link between the loss of this trophic factor and PD development. 

The neuroprotective role of GDNF on DAergic cell cultures (Lin et al., 1993) and in various in 

vivo models of PD (Choi-Lundberg et al., 1997, Choi-Lundberg et al., 1998, Bilang-Bleuel et al., 

1997, Connor et al., 1999, Bjorklund et al., 2000, Siegel and Chauhan, 2000, Peterson and Nutt, 

2008, Kojima et al., 1997, Zhang et al., 2005, Sullivan and Toulouse, 2011) has been discussed 

and reviewed thoroughly in Chapter 5.

Interestingly, and rather unexpectedly, formoterol treatment resulted in a different neurotrophic 

factor expression response, namely an increase in FGF-2 and CDNF expression. FGF-1 and -2 

are found in the SN of rodents, primates and humans where their expression co-localises with TH- 

positive neurons and astrocytes (Bean et al., 1991, Cintra et al., 1991). Furthermore, in PD 

patients, FGF-2 is significantly depleted in remaining nigral DAergic neurons (Tooyama et al., 

1993), highlighting its involvement in trophic support and its potential loss contributing to early 

PD pathogenesis. Additionally, the importance of FGF is substantiated in various in vitro and in 

vivo studies. For example, FGF production from astrocytes protected mesencephalic DAergic 

cells from MPTP and MPP(+)-induced damage (Otto and Unsicker, 1993), while intrastriatal 

FGF-2 delivery conferred protection from MPTP-induced TH-positive cell loss and striatal DA 

depletion (Otto and Unsicker, 1990). Formoterol administration also resulted in a marked increase 

in CDNF mRNA which has recently been shown to provide neurotrophic support to DA neurons 

(Lindholm et al., 2007). Indeed, its delivery into the striatum prevented striatal 6-OHDA-induced 

TH-positive cell loss (Voutilainen, Back et al. 2009). Very recently, striatally transplanted bone 

marrow stromal cells (BMSCs) genetically enginerred to express CDNF, prevented nigro-striatal 

DA loss and functial motor deficits induced by 6-OHDA (Mei and Niu, 2015). No increase in 

nigral BDNF expression was observed following clenbuterol or formoterol treatment although 

clenbuterol was reported previously to raise hippocampal BDNF expression (Gleeson et al., 

2010). In addition, several studies have demonstrated a neurotrophic effect of BDNF on DA 

neurons and improvements in motor dysfunction following 6-OHDA or MPTP lesions (Singh et 

al., 2006, Shults et al., 1995, Altar et al., 1992). One potential explanation for the discrepancies 

between the aforementioned published studies and the research conducted herein is the use of an 

‘indirect’ method of cell death through LPS-induced pro-inflammatory mediator production, 

compared to ‘direct’ mitochondria-related cytotoxicity following MPTP or 6-OHDA 

administration.

197



6.4.4 Behavioural and neuropathological differences between clenbuterol and formoterol 

treatment

While the ability of clenbuterol and formoterol to treat the LPS-induced behavioural motor 

deficits was apparent, with each P2 agonist conferring similar restoration in motor function, 

formoterol treatment produced greater beneficial effects at a molecular and neuropathological 

level. The main difference between rats treated with clenbuterol and formoterol was the 

attenuation in LPS-induced striatal DA levels and TH-positive cells loss. Furthermore, formoterol 

treated rats displayed a reduction in LPS-induced nigral microglial recruitment as assessed by 

IBA-positive immunoreactivity. A prominent difference between the two agonists was the 

induced expression of CDNF and KATll in formoterol treated rats only. As previously mentioned 

a single injection of CDNF before 6-OHDA delivery into the rat striatum almost completely 

prevented nigral TH-positive cell loss. Remarkably, in a follow on study, the same authors showed 

that it was able to rescue nigral dopaminergic neurons when administered four weeks after 

intrastriatal 6-OHDA administration highlighting its potent neurotrophic effect for brain neurons 

(Lindholm et al., 2007). Kynurenic acid (KYNA) production in controlled by at least three 

kynurenine aminotransferases (KATs) however KATll is assumed to synthesise ~75% of brain 

KYNA (Guidetti et al., 1997). 3-hydroxykynurenine levels are increased in the Cpu and substantia 

nigra of PD patients. Furthermore a reduction in the ratio of kynurenine to 3-hydroxykynurenine 

has been observed suggesting activation of the neurotoxic arm of the kynurenine pathway (Ogawa 

et al., 1992). As KYNA modulates DA and glutamate release (Luchowska et al., 2009), the 

interaction between the P-adrenergic system and KYNA may represent a potential mechanism 

controlling dopamine-mediated neurotransmission. Indeed, such a mechanism in neuroprotection 

may explain the increase in striatal DA concentration and preservation of TH-positive neurons 

demonstrated here.

6.4.5 P2-AR agonist signalling: tbe role of cAMP, ^-arrestin2 and NFkB

As previously mentioned, binding of LPS to TLR-4 can induce Myd88-dependent NFkB 

activation resulting in pro-inflammatory cytokine production (Okun et al., 2011). Previous work 

from this group has demonstrated a suppression in NFkB activity under basal and inflammatory 

(LPS) conditions following direct P2-AR stimulation with clenbuterol. Furthermore, there was an 

initial increase in IkBo expression followed by increased de novo synthesis of IkB protein (Ryan 

et al., 2013). Given the evidence that clenbuterol (and other P2-AR agonists) signal via 

PKA/cAMP (Ordway et al., 1987), is it possible that the neuroprotective properties witnessed 

here occur through a similar mechanism. With this in mind, TNF-a and IL-6 production from 

LPS-stimulated microglia are dependent on NFkB
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(Kaltschmidt et al., 1994, O'Neill and Kaltschmidt, 1997). Here we observed a clenbuterol- and 

formoterol-induced reduction in the expression of both these cytokines, indicating the potential 

suppression of NFkB activity mediating, in part, the neuroprotective effects of P2-AR stimulation 

in this animal model of PD. The mechanism behind LPS-induced suppression oPNFkB is not well 

known however it is likely to involve cAMP which has long been known to dampen the immune 

response (Rappaport and Dodge, 1982, Hasler et al., 1983, Gerlo et al., 2011).

That being said, in addition to the role of P-arrestins in receptor desensitization, it has been 

suggested that the neuroprotective effects of P2-AR stimulation are dependent on P-arrestin, which 

also adjoins the P2-AR. Indeed, some P2 agonists have shown a bias towards P-arrestin activation 

instead of GPCRs including isoetharane, ethylnorepinephrine and cyclopentylbutanephrine 

(Drake etal., 2008). There is also evidence that P-arrestins bind to IkB, sequestering NFkB, thus 

preventing the transcription of several pro-inflammatory cytokines (Witherow et al., 2004). For 

example, low doses of salmeterol applied to primary microglia cultures (10''°'10''' M) reduced 

LPS-induced pro-inflammatory cytokine production through MAPK inhibition. However, high 

doses of salmeterol (lO'^'lO'*’ M) in macrophage cells and primary microglia resulted in a pro- 

inflammatory effect through the induction of MAPK. Although both appear to work 

independently of PKA activation, the pro-inflammatory effect of high-dose salmeterol is through 

the activation of the cAMP pathway, and the inhibitory effect of low-dose salmeterol is 

independent of cAMP induction, giving rise to a paradox between the concentration of salmeterol 

and the signalling pathway it induces (Tan et al., 2007, Qian et al., 2011). Therefore, it has been 

suggested that P2-AR stimulation inhibits the p38-, ERK- and JNK MAPK pathways by a PKA- 

independent mechanism, in particular via inhibition of the phosphorylation of transforming 

growth factor-activated kinase (TAK-1) effector protein found upstream of the NFkB and MAPK 

pathway (Qian et al., 2011; Neubert et al., 2011). In accordance with this Du et al. demonstrated 

that P-arrestins interact with and inhibit TAKl-binding protein 1 (TABl), which can impact on 

MAPK and prevent NFkB signalling (Du et al., 2014). Indeed the neuroprotection observed here 

following clenbuterol or formoterol treatment may be mediated in this manner. The recent notion 

that seven transmembrane receptors (7TMRs) (including the P2-AR) often signal through Gs- 

independent, p-arrestin-dependent mechanisms is intriguing and alters our understanding of 

adrenergic signalling transduction. Indeed Peterson et al. (2014) suggest that the structural 

differences between P2-AR ligands dictates the signal transduction response (specifically )?- 

arrestin biased agonists all have an a-carbon moiety). This could explain the difference in trophic 

factor production witnessed here between clenbuterol and formoterol, illuminating the complexity 

of this pathway.

In summary, treatment with the selective P2-AR clenbuterol or formoterol protects against LPS- 

induced DAergic cell death. Additionally nigral microgliosis is attenuated with reduced pro-
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inflammatory cytokine expression along with increased nigral GFAP expression and neurotrophic 

factors, culminating in improvements in motor related behaviour. Considering that chronic 

inflammation is an integral component of PD progression (Gao and Hong, 2008) and numerous 

studies have demonstrated the ability of P2-AR agonists to regulate the inflammatory response of 

immune cells (Izeboud et ah, 1999, Spoelstra et ah, 2002), this study demonstrates that direct P2- 

AR stimulation in the brain translates into neuroprotective effects in a clinically relevant animal 

model of PD. Considering that P2-AR’s are lipophillic compounds that readily penetrate the CNS 

(Tondo et ah, 1985), are safe when taken for prolonged periods, and are currently in widespread 

therapeutic use for respiratory disorders (Chung et ah, 2009), the results highlight their potential 

as a new class of compound that could be used to treat inflammation in PD as well as other 

inflammatory CNS disorders.

200



Chapter 7

Concluding remarks
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An altered noradrenergic system is known to be involved in many psychiatric disorders, PTSD, 

sleep syndromes and many neurologic conditions, including Parkinson’s disease. As such, the 

importance of an intact NA system in regulating brain function cannot be understated. With this 

in mind, LC neuronal death is evident in PD, and a loss of NA appears to exacerbate the demise 

of DA neurons, whilst mechanisms to enhance NA tone may provide neuroprotective, anti

inflammatory and compensatory roles.

The experiments presented here provide evidence in support of the notion that pharmacotherapies 

aimed at modulating brain NA concentrations may prove efficacious in treating inflammation- 

derived neurodegeneration. Specifically, increasing central NA tone by preventing re-uptake of 

endogenous NA, or stimulation of the P2-AR with P2 adrenergic mimetics, have the propensity to 

regulate the neuroinflammatory phenotype in vivo and may act as an endogenous neuroprotective 

mechanism where inflammation contributes to the progression of DA loss. In accordance with 

this, the clinical use of agents such as NA re-uptake inhibitors, a2-AR antagonists and P2-AR 

agonists may prove useful in modulating the endogenous neuroimmunomodulatory potential of 

catecholamines like NA in conditions associated with brain inflammation.

7.1 Concurrent intranigral LPS and intrastriatal 6-OHDA administration creates a 

novel animal model of Parkinson’s disease

In the last two decades, significant advances in our understanding of the pathogenesis of PD have 

been largely attributed to the development and use of animal models which attempt to mimic key 

characteristics of PD neuropathology. While this does not preclude the importance of cellular 

models, the use of animals and the influence of potential neuroprotective therapies on the 

neurodegenerative process, is crucial in our quest to understand and treat the disease.

The use of 6-OHDA is an attractive candidate to initiate a neurodegenerative cascade as it is an 

intrinsic product of DA metabolism and generates large quantities of H2O2, ROS semiquinone 

and quinone. This results in dysfunction of and damage to proteins, DNA and RNA, ultimately 

leading to cell death; processes that are known to occur in PD patients (Zhang et al., 1999a, Blesa 

et al., 2012). In the last two decades we have seen advances in the neuroinflammatory theory of 

PD which suggest that inflammation-derived oxidative stress and toxicity caused by cytokine 

release from chronically activated microglia, contribute to degeneration of the nigro-striatal 

pathway and accelerate disease progression (Tansey and Goldberg, 2010, Hirsch and Hunot, 

2009, Long-Smith et al., 2009, Depino et al., 2003, Mogi et al., 1994a, Boka et al., 1994). In this 

thesis, intranigral LPS administration induced a 45% and 30% reduction in nigral and striatal DA 

concentration; a lower loss than other studies have reported, and not sufficient to induce motor
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deficits. However, at this dose and intranigral site of administration, microglial cells are ‘primed’ 

and can be stimulated further with a second insult to adopt a more potent pro-inflammatory 

response, promoting neurodegeneration (Cunningham et ah, 2005). In essence, this model may 

be useful in studying the consequences of ‘atypical’ nigral microglia which are ‘primed’ in 

response to LPS and become fully activated following 6-OHDA-induced retrograde degeneration 

of nigral neurons, resulting in further pro-inflammatory cytokine release and inflammation- 

associated neurodegeneration. Considering peripheral inflammation and pro-inflammatory 

mediator production in response to infection can communicate with the brain and induce the 

synthesis of CNS cytokines, this ‘first hit’ of a 'two-hit hypothesis' may have its genesis in the 

periphery in PD patients (Besedovsky and Rey, 1996, Pitossi et ah, 1997). Furthermore, a non

toxic dose of LPS has been shown to increase the vulnerability of DAergic neurons, potentiating 

6-OHDA-induced DA neuronal degeneration in the SN (Koprich et ah, 2008). Moreover, this 

theory is supported by epidemiological evidence which demonstrate an increased associated risk 

in developing post-encephalitic Parkinsonism (PEP), which share many cardinal symptoms and 

pathological features of PD, following systemic viral infections from H5N1 inffuenza-A (Janget 

ah, 2009), coxsackie virus (Poser et ah, 1969) and human immunodeficiency virus (Tse et ah, 

2004). Accumulating evidence from preclinical studies suggest that microglial priming results in 

an exaggerated inflammatory response in animal models of PD (Godoy et ah, 2010), AD 

(Kitazawa et ah, 2005), stroke (McCoIl et ah, 2007) and MS (Moreno et ah, 2011). With this in 

mind, we have demonstrated the ability of NA to suppress microglial recruitment following 

challenge with LPS. Furthermore, other studies have shown NA to curb inflammatory gene 

expression in the brain by reducing the synthesis and release of multiple cytokines, chemokines 

and cytotoxic mediators, particularly following challenge with an inflammatory stimulus 

(Feinstein et ah, 2002, Heneka et ah, 2002, Marien et ah, 2004). Thus, NA may be useful in 

preventing microglial priming/atypical activation in neurodegenerative disorders, and warrants 

further investigation.

Neither intracerebral administration of LPS nor 6-OHDA alone were able to reach the critical 

threshold of DA loss to induce motor impairments, but in combination, their individual toxic 

properties are amplified, culminating in overt behavioural motor deficits. For example, LPS/6- 

OHDA animals display a range of motor impairments in skilled motor function (staircase) as well 

as akinetic (stepping) and asymmetric (cylinder) symptoms, many of which are deemed analogous 

to those observed in PD patients (Sacrey et ah, 2009, Jankovic, 2008, Bameoud et ah, 2000). 

Furthermore, substantive reductions in DA metabolites in both nigral (DOPAC) and striatal 

(DOPAC and HVA) tissue is observed, which, coupled with a substantial decrease in TH staining 

intensity in both brain regions, confirmed a DAergic lesion to the nigro-striatal pathway. This 

work demonstrates the detrimental impact of inflammation in the SN and from a clinical 

perspective, would suggest that primed microglia (following systemic inflammatory stimulus for
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example) may initiate a sub-toxic inflammatory environment which is potently exacerbated 

following a second challenge (exposure to environmental toxins for example), shifting the CNS 

equilibrium towards neurodegeneration. Furthermore, understanding the impact of ‘microglial 

priming’ would help delineate the best therapeutic intervention strategy in Parkinson’s disease 

patients. In addition, since microglial activation has been implicated in mediating neurotoxicity 

induced by both inflammatory stimuli (such as LPS) and direct DA neurotoxins, it is likely that 

anti-inflammatory strategies will be of benefit in combating PD due to the involvement of 

inflammatory mediators in the progression of the disease. As these elements feature in PD, 

behavioural and pathological findings observed within the animal model are thus useful when 

screening for potential neuroprotective therapies.

7.2 DSP-4 treatment results in lesion-induced sensitivity to motor-related 

dysfunction potentially through activation of the IL-1 system

Impairment of noradrenergic function is a salient feature in neurodegenerative diseases, such as 

AD and PD, and is suspected to contribute to disease pathogenesis and progression. It has been 

regularly reported that the LC is affected in PD (Greenfield and Bosanquet, 1953, Baker et al., 

1989, Chan-Palay and Asan, 1989), with reductions in cell number of approximately 60% in post

mortem brains of PD patients compared to healthy age-matched controls (Marien et al., 2004). 

Consequently, NA inputs to mid- and fore-brain structures are decreased and it has been suggested 

that this loss in NAergic tone is a significant contributor to the progression of PD pathology and 

symptomology, including both motor and non-motor aspects of the disease (Gesi, Soldani et al. 

2000; Del Tredici, Riib et al. 2002).

In an experimental setting, selective LC lesion and subsequent NAergic depletion is chiefly 

performed through the use of DSP-4 (Fritschy and Grzanna, 1989). In this study, motor 

dysfunction was more apparent in rats with an intranigral LPS lesion when pre-treated with DSP- 

4. Treatment with DSP-4 in its own right yielded significant increases in nigral IL-1 (3 expression 

which was greatly potentiated following lesion with LPS. With this in mind, we propose that the 

DSP-4-induced sensitivity in promoting motor dysfunction may be mediated by its ability to 

increase IL-ip expression. Chronic, pro-inflammatory levels of IL-1 p in the SN cause prominent 

and irrevocable damage to DAergic neurons in the rat nigra (Godoy et al., 2010, Ferrari et al., 

2006). In these studies, neuronal death was induced through inoculation of an adenoviral vector 

expressing IL-ip in the SNpc. In both cases, IL-ip-induced neuronal loss and consequent motor 

dysfunction were observed 21 days following adenoviral injection; however the expression of IL- 

ip was observed two-weeks earlier. This implies that chronic IL-ip expression is necessary for 

neurodegeneration and related motor dysfunction. Indeed, other studies have shown acute IL-ip 

injection alone is not detrimental to nigral cell loss (Castano et al., 2002, Depino et al., 2005).
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Taking this into consideration, it would appear that a loss of NAergic input from the LC influences 

glial-mediated changes in the nigra, leading to an increase in IL-ip expression. This is not 

surprising given that NA has consistently demonstrated an ability to regulate pro-inflammatory 

cytokine expression, including IL-lp, by binding to a- and P-AR’s on glia (Feinstein et al., 2002, 

Heneka et al., 2003, Pugh et al., 2007). Thus, the results of our study indicate that LC-NA loss 

augments the inflammatory response to LPS by potentiating LPS-induced DA loss and IL-ip 

expression. This suggests that LC cell loss in PD may be a major predisposing factor leading to 

enhanced inflammatory events, thus contributing to neuronal death. This theory links with the 

notion that microglia are ‘primed’ in neurodegenerative diseases. As previously mentioned 

systemic infection and subsequent production of pro-inflammatory mediators may be a potential 

cause of microglial priming. Based on the evidence contained here, another likely source is 

reduced NAergic input to the nigra, augmenting IL-ip production from primed microglial cells, 

increasing neuronal vulnerability to subsequent toxic insults that may ultimately exacerbate on

going neurodegeneration.

However, a similar DSP-4 -induced sensitivity in promoting motor deficits was not observed in 

rats with a ‘dual’ LPS/6-OHDA lesion. Here, pre-treatment with DSP-4 was associated with 

increased nigral DA concentrations and reduced ipsilateral rotation asymmetry highlighting less 

damage to the nigro-striatal tract. It has been previously shown that DSP-4 denervation of the LC 

has the propensity to increase a- and P- adrenoceptor expression in regions receiving innervation 

from the LC (Dooley et al., 1983, Benkirane et al., 1985, Mogilnicka, 1986). It is therefore 

possible that an up-regulation of these receptor subtypes occur in in a bid to compensate for 

extensive neuronal loss. That being said, animals in the group which were pre-treated with DSP- 

4 showed augmented nigral IL-ip expression despite the increase in nigral DA concentrations. 

Indeed, there is now a growing body of evidence which suggest that lL-1 p can exert both adaptive 

and maladaptive responses in the brain, depending on the immune environment. For example, 

Sauraet al. (2003) have shown high dose ofIL-ipinthe nigra 5 days prior to 6-OHDA injection 

in rats protects dopaminergic neurons from 6-OHDA and prevented motor dysfunction. 

Furthermore, low doses of IL-ip enhanced the survival of rat DAergic cultured neurons when 

exposed to MPP+ (Akaneya et al., 1995). Moreover, traumatic CNS injuries can result in a rapid 

increase in IL-ip expression followed by upregulation of trophic factor production such as NGF 

(Dekosky et al., 1996) and CNTF (Herx et al., 2000); factors important for neuronal survival. 

Thus, IL-ip neurotrophin cross-talk appears to have important actions on neuronal survival and 

may confer beneficial effects in certain circumstances, in an attempt to decelerate neuronal death. 

These conflicting data between the possible detrimental effect of IL-ip in the LPS PD model and 

the potential beneficial effect in the LPS/6-OHDA PD model, demonstrate its potent 

neuromodulatory role in neuroinflammation; prompting further research to fully elucidate its 

exact role/s in PD pathogenesis and progression.
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7.3 Harnessing the anti-inflammatory potential of noradrenaline as a prospective 

treatment for Parkinson’s disease

Atomoxetine (trade name Strattera) is a potent and selective NRl and non-stimulant, proving 

efficacious in the treatment of ADHD in adults. It is a particularly attractive alternative treatment 

due to its low risk of abuse that are typically associated with other ADHD medications such as 

amphetamines (Adderall) and methylphenidate (Ritalin) (Adler et al., 2008). Here we present 

evidence for its use in a novel disease paradigm, where it demonstrates a profound ability to 

prevent DA and TH neuronal loss in a rat model of Parkinson’s disease. For example, following 

intranigral LPS lesion, atomoxetine treatment yielded a potent anti-inflammatory effect, 

supressing microglial recruitment and subsequent pro-inflammatory cytokine production whilst 

increasing trophic support to DAergic neurons, preventing a loss in TH staining intensity and 

ultimately resulting in robust functional improvements in motor-related behaviour. Specifically, 

atomoxetine reduced the LPS-induced expression of pro-inflammatory TNF-a and increased 

GDNF, BDNF, and CDNF trophic factors, providing evidence that endogenous NA can affect a 

wide array of glial functions through adrenergic signalling. While cultured rat microglia and 

astrocytes express mRNA encoding several adrenergic receptor subtypes (Mori et al., 2002, Hertz 

et al., 2004), the anti-inflammatory effects of NA are thought to be primarily mediated through 

stimulation of the P2-AR (Farber et al., 2005, Russo et al., 2004, Madrigal et al., 2005). Here, we 

demonstrate that the neuroprotective/anti-inflammatory effects of NA were mediated, at least in 

part, through P2-AR activation as specific P2-AR blockade with ICI 118,551 partially prevented 

the neuroprotective effects of atomoxetine.

Neuroinflammatory reactions and subsequent pro-inflammatory mediator production form an 

integral component of PD pathophysiology with their expression largely controlled and regulated 

by the transcription factor NFxB. In the resting cell, NFkB (which consists of the p50 and p65 

subunits) resides in the cytosol where it is bound to the inhibitory IxB protein; the most common 

forms being IxBa and IkBP (Ghosh et al., 1998). This protein contains multiple copies of ankyrin 

repeats which keeps NFkB sequestered in the cytosol. Stimulation from a diverse range of factors 

to their complement receptors at the cell surface, recruits an inhibitory kB kinase (IKK) which 

phosphorylates two serine residues present on the IkB protein. Once phosphorylated, the IKK 

molecules are ubiquitinated leading to their degradation by the proteasome and leaving NFkB 

free to translocate into the nucleus where it binds to the consensus sequence of numerous genes 

regulating apoptosis, tumourgenesis, inflammation, autoimmune diseases, viral replication and 

improper immune development (Gilmore, 2006). With regard to inflammation this ‘master 

switch’ of inflammatory responses regulates a myriad of genes encoding cytokines, chemokines, 

NO, and adhesion molecule production. Thus, NFkB activation is considered a key event in many
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chronic inflammatory disorders, and agents which inhibit its activity in microglial cells may have 

therapeutic potential (Tsoulfas and Geller, 2001, Van der Heiden et ah, 2010, Latanich and 

Toledo-Pereyra, 2009, Atreya et ah, 2008). Indeed, canonical NFktB signalling is activated in the 

nigra of post-mortem PD brains and in animal models of PD (Mogi et ah, 2007, Hunot et ah, 

1997, Cao et ah, 2008). Previous published work conducted in our laboratory demonstrate the 

ability of clenbuterol to suppress NFkB activity in the rat brain (cortex and hippocampus) in 

response to an inflammatory stimulus with LPS. Specifically, clenbuterol increased IkBo 

expression 1 hr post-clenbuterol treatment which was followed by an increase in de novo synthesis 

of IkB protein at 4 hr and 8 hr post-clenbuterol treatment, which paralleled the suppression in 

NFatB activity. This suggests that this increase in cytosolic IkBu protein mediates the suppressive 

effect of clenbuterol on NFxB activity (Wen et ah, 2010). While the exact mechanism behind 

clenbuterol-induced de novo synthesis of IxBa remains to be elucidated, it is likely to involve 

cAMP which has previously been shown to supress the immune response (Rappaport and Dodge, 

1982, Ordway et ah, 1987). In addition, cAMP may supress NFxB activity at the transcription 

level by interacting with CREB and NFxB to the CREB-binding protein, preventing gene 

transcription (Parry and Mackman, 1997, Wen et ah, 2010). Moreover, PKA (the downstream 

signalling molecule of cAMP) has been shown to prevent NFkB translocation to the nucleus by 

stabilising IxBa concentrations and preventing its phosphorylation in T-cells, although the 

mechanism behind this is unclear (Neumann et ah, 1995). With this in mind, it is likely that 

atomoxetine, as well as the selective P2-AR agonists clenbuterol and formoterol, decrease EPS- 

induced microglial NFxB activity in the substantia nigra in a similar manner. Furthermore, all 

three drugs attenuated EPS-induced nigral TNF-a expression while clenbuterol and formoterol 

additionally suppressed lE-6 expression; cytokines which are both under the control of NFatB. 

Recently, the concept of biased agonism of seven-transmembrane receptors (of which the 

selective p2-AR is a member) has come to the fore, with the ability to induce various signalling 

cascades upon agonist binding. There are a particular class of biased ligands that preferentially 

activate p2-AR through p-arrestin signal transduction instead of typical G protein-dependent 

signalling. For example, low doses of salmeterol in the EPS rat model of PD inhibit p38-, ERK- 

and JNK MARK pathways by a PKA-independent mechanism, through phosphorylation of 

transforming growth factor beta-activated kinase 1 (TAK-1) effector protein found upstream of 

the NFkB pathway. Furthermore, salmeterol failed to induce cAMP and its effects on the 

inhibition of MAPK pathways could not be reversed by PKA inhibitors. This data would suggest 

that low doses of salmeterol display neuroprotection in a rat model of PD in a P2-AR/B-arrestin- 

2-dependent and cAMP/PKA-independent manner (Qian et ah, 2011). In contrast to these 

findings, NA has been shown to inhibit ATP-induced TNF-a release by microglia via PKA- 

mediated inhibition of the p38-MAPK pathway but not ERK or JNK (Morioka et al., 2009). With
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this in mind, future studies would delineate the different signal transduction pathways in response 

to clenbuterol/formoterol/atomoxetine treatment in the LPS rat model of the disease.

In addition to activating microglial adrenoceptors, NA/P2-AR agonists may also stimulate 

astrocytic p2-AR’s resulting in a similar cAMP/PKA mediated response, resulting in subsequent 

growth factor production. For example, following LPS administration, atomoxetine increased 

nigral GDNF, BDNF and CDNF expression. These growth factors may then bind to their 

complement receptors (TrkB and GFRal for example) on nearby DAergic neurons promoting 

cell survival/growth and neuronal plasticity through activation of MEK/ERK, P13K/Akt and 

PLCy/PKC pathways. We propose that increasing central NAergic tone through prevention of NA 

re-uptake with NRl’s or direct stimulation of the p2-AR to mimic endogenous NA, suppresses 

microglial NFkB activity preventing pro-inflammatory and cytotoxic mediator production. 

Additionally, stimulation of astrocytic P2-AR’s stimulates growth factor production. It is the 

combined NFkB suppression/trophic factor induction that contributes to reduced DAergic 

neuronal death and ultimately culminates in improvements in motor dysfunction (Figure 7.1). To 

the best of my knowledge, this is the first time that atomoxetine, clenbuterol, formoterol treatment 

have proved beneficial in a clinically relevant animal model of PD, at a functional and 

neurotransrnitter level. Considering the lack of research focussing on the potential anti- 

inflammatory/neuroprotective actions of pharmacological strategies to augment central 

noradrenergic tone to regulate CNS inflammation and that current PD treatments are targeted at 

alleviating PD symptoms and not the underlying neurodegenerative process, the present results 

make an important contribution and further promote targeting the NAergic system as an attractive 

approach to curbing/preventing neurodegeneration in neuroinflammatory diseases.
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Figure 7.1: Proposed actions of NA/ p2-AR agonists on microglial, astrocytic and dopaminergic
cells in the inflamed substantia nigra

Microglia express the transmembrane TLR-4 and recognise LPS prompting the formation of a TLR4-MD2-LPS 
multimer. This induces the recruitment of the CD14 adapter protein allowing for signal transduction across the 
plasma membrane. An intracellular TIR domain couples with the MAL adaptor protein and associates with 
MyD88. This stimulates members of the enzymatic IRAK family, triggering a signalling cascade that culminates 
in IkBo phosphorylation and degradation, nuclear NFkB translocation and subsequent pro-inflammatory cytokine 
induction. Stimulation of the p2-AR with endogenous NA or with clenbuterol/formoterol may suppress NFkB 
activity by 1) increasing de novo synthesis of IkB protein; 2) interacting with NFkB and CREB; 3) stabilizing 
cytosolic IkBq and preventing its phosphorylation, thereby preventing NFkB activity and activation of pro- 
inflammatory and cytotoxic mediator production. NA/ P2-AR agonists may also stimulate astrocytic P2-AR’s 
resulting in a similar cAMP/PKA mediated response and subsequent growth factor production. These may then 
bind to their complement receptors (TrkB and GFRal for example) on nearby DAergic neurons promoting cell 
survival/growth and neuronal plasticity through activation of MEK/ERK, PI3K/Akt and PLCy/PKC pathways.
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7.4 Limitations

A common feature of many neurodegenerative diseases is the accumulation of protein aggregates. 

Parkinson’s disease is no exception and is histologically classified by the presence of intracellular 

aggregates in the neuronal perikarya; termed Lewy bodies and in the neuronal processes where 

they are known as Lewy dendrites. The major protein constituent of these aggregates is a-syn 

(Dickson, 2012b, Spillantini et ah, 1998). Importantly, Lewy bodies and Lewy neurites are found 

in practically all idiopathic and familial PD brains (Poulopoulos et ah, 2012), indicating their 

importance in disease development. With this in mind, a major caveat with the use of LPS and 6- 

OHDA to model PD is the absence of proteinaceous deposits, which is indeed a limitation in their 

validity, translation and applicability to the human disease. Moreover, this use of LPS and 6- 

OHDA results in a fairly rapid degeneration of DAergic neurons and not the 

protracted/progressive nature of the human disease. In this regard, the rotenone model of PD 

reproduces many features of PD including a-syn accumulation and aggregation leading to Lewy 

body formation, microglial activation, cytotoxicity, UPS dysfunction and mitochondrial 

impairment (Betarbet et ah, 2006, Betarbet et ah, 2000). Unfortunately there is only a mild loss 

of DAergic neurons and therefore limited deficits in motor function which hamper its use to test 

‘disease-modifying’ treatments. With this in mind, we propose amalgamating the LPS and 

rotenone models of PD in order to create a model which incorporates intraneuronal a-syn 

aggregation and Lewj' body formation along with extensive reductions in nigro-striatal DA 

concentrations and TH cell loss. This thesis has focused on the innate anti-inflammatory actions 

of NA and promotes the use of pharmacological strategies to augment brain NAergic tone to 

prevent microglial activation and neurodegeneration in PD. In order to further endorse the use of 

NAergic agents as a prospective treatment in PD in a clinical setting, such agents would need to 

be tested in animal models which display Lewy body pathology. Transgenic mice models based 

on overexpression of a-syn show substantial reductions in NA levels in the spinal cord, olfactory 

bulb and striatum compared to control mice, which is accompanied by a decrease in TH 

immunoreactivity (Sotiriou et ah, 2010). This indicates that a-syn accumulation and TH loss are 

linked and may be mediated by the loss of NAergic input, providing rationale that agents which 

increase NAergic tone may impact on a-syn-induced PD disease progression. In addition, as 

previously mentioned, microglial priming is becoming an oft utilized term to describe a 

heightened microglial response to a second inflammatory insult which may be a result of 

accumulating misfolded proteins and neuronal degeneration. As NA has demonstrated the ability 

to suppress microglial activation, NAergic agents may prove beneficial in preventing microglial 

priming induced by a-syn aggregation and warrants further investigation. Moreover, the rotenone 

model successfully recapitulates the accumulation and aggregation of a-syn-positive Lewy body 

pathology in the enteric nervous system (ENS) mimicking the gastro-intestinal (GI) impairments
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that are observed in PD patients (Greenamyre et ah, 2010), and this model may therefore also be 

useful to test the effect of NA augmentation on NMS in PD.

7.5 Clinical implications

Overall, the findings described herein demonstrate the neuromodulatory effects of NA on DA 

neurons in basal ganglia circuitry and that degeneration of the NAergic system may contribute to 

the aetiology and pathophysiology of PD, with implications for disease progression. Moreover, 

studies conducted in this thesis and elsewhere provide evidence to suggest that pharmacotherapies 

aimed at modulating NA tone may have therapeutic efficacy and should therefore be a pertinent 

consideration in the development of novel, neuroprotective drugs for the treatment of PD. 

Considering PD, and many other neurodegenerative diseases, are associated with a chronic 

inflammatory component that is thought to explain the progressive nature of the disease (Bartels 

and Leenders, 2007), the ability of atomoxetine to suppress microglial recruitment and regulate 

the inflammatory response and prevent neuronal degeneration in an animal model of PD indicates 

that such a treatment approach may have useful therapeutic properties in PD and provides further 

insight into the endogenous immunomodulatory potential of NA during CNS inflammation.

The augmentation of central NAergic tone through blockade of the NAT represent a clinically 

feasible neuroprotective strategy in PD as these agents are currently used in the treatment of 

depression and ADHD, and clinical data demonstrates that these agents are safe when taken for 

prolonged periods (Zhou, 2004). Moreover, the anti-inflammatory effects of atomoxetine are 

mediated, at least in part through p2-AR activation and subsequent cAMP/PKA signalling. In this 

regard, numerous studies have also demonstrated the ability of P2-AR agonists to regulate the 

inflammatory response of immune cells (Izeboud et ah, 1999, Spoelstra et ah, 2002). This study 

demonstrates that stimulation of brain P2-AR’s with clenbuterol and formoterol, translates into 

neuroprotective effects in a clinically relevant animal model of PD. Considering that p2-AR’s are 

lipophillic compounds that readily penetrate the CNS (Tondo et ah, 1985), are safe when taken 

for prolonged periods and are currently in widespread therapeutic use for respiratory disorders 

(Chung et ah, 2009), highlight their potential as a new class of compound that could be used to 

treat inflammation in PD as well as other CNS inflammatory disorders.
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7.6 Future directions

The findings presented in this thesis have yielded a number of important leads for future research as 

outlined below:

1) Further characterization of pro-inflammatory and cytotoxic mediators should be assessed in the 

LPS and LPS/6-OHDA rat model of PD. For example, immunostaining for iNOS, TNF-a and 

IkBu should be performed as further markers of neuroinflammation and microglial activation. 

The presence/absence of such markers following pharmacological augmentation of central 

noradrenergic tone with atomoxetine or P2-AR agonists will provide further insight into their 

anti-inflammatory/neuroprotective mechanism of action.

2) In this thesis only a partial attenuation from atomoxetine-induced behavioural improvements 

and DA rescue was observed in rats treated with ICl 118,551. At this dose (5 mg/kg), we may 

be witnessing a threshold in P2-AR antagonism, therefore a subsequent study should address 

this issue by increasing the dose to potentially witness a full reversal of atomoxetine-induced 

motor improvements at a behavioural and neuropathological level, thus confirming our 

hypothesis that the anti-inflammatory/neuroprotective properties of atomoxetine are mediated 

via the P2-AR.

3) Future research should focus on determining the efficacy of longer-term treatment with 

atomoxetine at promoting an anti-inflammatory phenotype in the LPS rat model of PD. In 

parallel with assessing inflammatory mediators, the impact of chronic NRl treatment on p2-AR 

expression should be assessed. P2-AR’s become desensitised to prevent excess cAMP/PKA 

signalling despite continued agonist bioavailiability, thus reduced P2-AR receptor density could 

impact on the ability of NRls to elicit an anti-inflammatory/neuroprotective response following 

repeated administration. In a similar manner, long-term chronic treatment with the p2-AR 

agonists, clenbuterol and formoterol should be assessed. Previous unpublished work conducted 

in our laboratory has demonstrated a mild stress response elicited by clenbuterol, and it is 

proposed that this is caused by its ability to transiently induce tachycardia. Thus, if P2-AR 

agonists are to be used therapeutically to treat neuroinflammtion their effect on cardiac P2-AR’s 

should also be addressed. Reassuringly, reports have suggested that the clenbuterol-induced 

peripheral effects subside with time (Brockway et al., 1987) however this needs to be examined 

further, especially in relation to rat models of PD.

4) Greater insight into P2-AR signal transduction mechanisms in microglial and astrocytic cells 

would prove useful in developing potential therapeutic strategies. Both B-arretin-2 and typical 

P2-AR GPCR-mediated signal transduction have the propensity to impact on NFkB activity.
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thus agents which inhibit its activity (in microglial cells) would have therapeutic potential in the 

treatment of PD and other chronic inflammatory disorders where NF/cB activation is considered 

a key event in cellular death.

5) Here we have identified several growth factors which are potently expressed following 

atomoxetine/clenbuterol/formoterol treatment, which we and others propose are integral to the 

survival of dopaminergic neurons in an inflammatory environment. Additionally, the area of 

macromolecular therapeutics is gaining substantial interest as an alternative method of drug- 

delivery. Neurotrophic factors cannot penetrate the BBB limiting their clinical practicality. With 

this in mind, liposomes and nanoparticles can encapsulate relatively large amounts of drug. 

Furthermore, the cell surface of such particles can be modified to express specific groups 

allowing for a) its safe passage to the CNS via specific BBB mechanisms (such as increasing 

tight-junction permeability) and b) targeted drug delivery to specific regions of the brain, such 

as the nigra or striatum. As a result, it would be interesting to use such particles to deliver 

specific growth factors in the LPS and LPS/6-OHDA models of PD to delineate their specific 
influence on DAergic cell integrity.

6) As atomoxetine and formoterol have demonstrated a potent ability to supress LPS-induced 

microglial activation and pro-inflammatory cytokine release, future research should examine 

the efficacy of NRIs/ p2-AR agonists in other neurodegenerative disease models which have a 

chronic neuroinflammatory component that contributes to disease pathology, such as in 
Alzheimer’s disease and EAE.
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7.7 Summary

Taken together, the results of this study demonstrate that increases in central NA tone and P2-AR 

activation have the propensity to regulate the neuroinflammatory phenotype in vivo under 

conditions akin to Parkinson’s disease in humans and thus, may act as an endogenous 

neuroprotective mechanism where inflammation contributes to disease progression. In 

accordance with this, the clinical use of agents such as NRTs, a2-AR antagonists and P2-AR 

agonists may prove useful in modulating the endogenous neuroimmunomodulatory potential of 

catecholamines like NA during conditions associated with CNS inflammation.
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