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Abstract 

Parkinson’s disease (PD) is traditionally known for its characteristic motor symptoms, caused 

by degeneration of dopamine (DA)-producing neurons of the Substantia Nigra pars compacta 

(SNc). However, PD patients also suffer from many non-motor symptoms (NMS; eg. sleep 

disturbance, autonomic dysfunction, depression and anxiety), which cause significant 

disability and impair quality of life. These NMS often occur many years before the onset of 

motor symptoms, and are associated with degeneration of lower brain stem nuclei, including 

noradrenaline (NA)-producing neurons in the Locus Coeruleus (LC).  By tracking the 

appearance of Lewy bodies in PD, it has been hypothesized (‘Braak hypothesis’) that 

degeneration ascends through the brain in the caudal-to-rostral direction. Located in the pons, 

LC neurons are the first catecholaminergic neurons to show signs of Lewy body 

accumulation. This is consistent with the early development of NMS attributed to LC 

degeneration, before the onset of motor symptoms and nigral pathology. Post mortem 

evidence has revealed that neuronal loss in the LC can actually exceed that seen in the SNc. 

Together, these observations suggest that LC neurons are more vulnerable to degenerative 

processes than SNc neurons. In addition, animal models have demonstrated that prior 

lesioning of the LC renders SNc neurons more vulnerable to damage. This indicates that LC 

degeneration may have an important role not only in the development of NMS, but also in the 

development of nigral pathology. 

The majority of PD cases are idiopathic, but there is strong evidence that neurodegeneration 

involves mitochondrial inhibition and oxidative stress. Exposure to environmental toxins 

(such as the pesticide, rotenone) has been associated with the development of PD, and rare 

cases have shown a causal link (MPTP/MPP+) to the disease. There is also evidence that 

endogenous toxins (DA-derived 6-OHDA) may be involved in disease progression. These 

parkinsonian toxins (rotenone, MPTP/MPP+, 6-OHDA) reproduce many behavioural, 

biochemical and pathological features of PD, and cause relatively selective degeneration of 

nigral dopaminergic neurons. However, the cellular mechanisms of action of these toxins 
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have not been fully characterized, and little is known about how these toxins affect 

noradrenergic LC neurons. Primarily using a combination of electrophysiology and 

microfluorometry, this study characterized the effects of rotenone on the electrophysiological 

properties and intracellular Ca2+ levels of noradrenergic LC neurons in brain slices, and 

directly compared these responses to those of nigral dopaminergic and non-dopaminergic 

(non-DA) neurons. The effects of MPP+ and 6-OHDA were also compared between these 

groups of neurons. 

Rotenone caused dose-dependent inhibition of firing in LC neurons and evoked a net outward 

current mediated by ATP-sensitive K+ (KATP) channels. When KATP channels were blocked, 

rotenone increased the firing of these neurons and evoked an inward current. Inward and 

outward currents were associated with an increase of intracellular [Ca2+], mediated by 

oxidative stress-gated TRPM2-like channels. These changes were also associated with 

depolarization of mitochondrial membrane potential (Ψm). The responses of LC neurons were 

smaller than those of nigral dopaminergic neurons, suggesting that LC neurons are less 

susceptible to metabolic and oxidative stress evoked by rotenone. Rotenone also evoked a 

larger increase of extracellular [H2O2] in the SNc compared to LC or SNr regions, as 

measured using fast-scan cyclic voltammetry. 

Both MPP+ and 6-OHDA inhibited the firing of both LC and SNc neurons, but increased the 

firing of nigral non-DA neurons, likely via TRPM2-like channels. MPP+ inhibited the activity 

of LC and SNc neurons by indirectly activating α2 and D2 auto-receptors respectively. This 

effect was attributed to release of NA/DA, since MPP+ did not directly interact with D2 

receptors, as shown in membrane binding assays. Additionally, MPP+ caused long-lasting 

inhibition of nigral dopaminergic neurons by activating KATP and Ca2+-activated K+ (KCa) 

channels. Prolonged inhibition via KATP/KCa channels was not observed in LC neurons. 

6-OHDA directly activated D2 (and likely α2) receptors, but increased the firing of SNc and 

LC neurons when these receptors were blocked. Excitation was transient in the SNc, before 

the onset of long-lasting inhibition of firing, which was dependent on uptake of the toxin. 
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Together, these results showed that rotenone, MPP+ and 6-OHDA caused larger, and more 

prolonged inhibitory effects in nigral dopaminergic neurons than either LC or nigral non-DA 

neurons. Since these toxicants eventually lead to the demise of SNc neurons, these results 

suggest that chronic inhibition of firing represents an early stage of degeneration. 

This study also investigated the effects of L-DOPA (levodopa), which remains the ‘gold 

standard’ for the treatment of PD despite in vitro evidence that the drug might be toxic to 

remaining dopaminergic neurons. The classical D2-mediated, inhibitory effect of L-DOPA, 

via conversion to DA in nigral dopaminergic neurons, has been well-documented. However, 

the effects of L-DOPA on LC and nigral non-DA neurons have not previously been shown. 

An oxidation product of L-DOPA, called TOPA quinone, activated AMPA/kainate receptors 

in all three groups of neurons, and the drug produced long-lasting excitation in both nigral 

dopaminergic neurons (when D2 receptors were blocked) and nigral non-DA neurons (on its 

own). The ‘late phase’ of excitation in nigral dopaminergic neurons was mediated by newly 

synthesized DA, which potentially elevated firing frequency by blocking KCa-mediated after-

hyperpolarization. When slices were treated with a low dose of rotenone, L-DOPA activated 

KATP channels in both SNc and LC neurons. A higher dose of L-DOPA was required to 

activate KATP channels in nigral non-DA neurons. This indicates that L-DOPA is able to 

induce metabolic and/or oxidative stress more readily in catecholaminergic neurons. 

Overall, metabolic and oxidative stress evoked by parkinsonian toxins and L-DOPA have 

profound effects on the activity of neurons in the LC and Substantia Nigra. Both chronic 

inhibition of firing and prolonged rise of Ca2+ evoked in nigral dopaminergic neurons are 

likely to be detrimental for their survival. Contrary to my initial hypothesis, these results 

indicate that LC neurons are less susceptible to the effects of parkinsonian toxins compared to 

nigral dopaminergic neurons, suggesting that other factors may contribute to their earlier 

degeneration in PD. 
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1.0 Introduction 

1.1 Parkinson’s disease 

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

1% of the population over the age of 60 (de Lau & Breteler, 2006; Samii, Nutt, & Ransom, 

2004). Although PD is most commonly known for its characteristic motor symptoms, there 

has been growing interest in non-motor symptoms (NMS), which cause significant disability 

to PD patients (Martinez-Martin et al., 2011). Importantly, NMS often occur many years 

before the onset of motor symptoms (Langston, 2006) and do not respond to traditional drug 

therapies (Hely, Morris, Reid, & Trafficante, 2005), highlighting the involvement of multiple 

brain systems in PD (Jellinger, 2001).  

The first clear description of PD, or paralysis agitans, was by James Parkinson in his ‘Essay 

on the Shaking Palsy’ (Parkinson, 1817). In this early work, Parkinson described many of the 

cardinal motor features of PD, but it wasn’t until the mid-20th century that it was discovered 

that motor symptoms are due to the loss of dopamine (DA) in the striatum (Carlsson, 

Lindqvist, Magnusson, & Waldeck, 1958; Ehringer & Horneykiewicz, 1960). Motor 

symptoms, which include resting tremor, bradykinesia, rigidity, abnormal gait and postural 

instability (Olanow & Tatton, 1999), result from imbalanced regulation of basal ganglia 

pathways, caused by the relatively selective degeneration of DA-producing neurons in the 

Substantia Nigra pars compacta (SNc). Motor symptoms arise when 70-80% of nigro-striatal 

terminals (Bernheimer, Birkmayer, Horneykiewicz, Jellinger, & Seitelberger, 1973), or 

50-60% of nigral dopaminergic neurons are lost (Fearnley & Lees, 1991). In comparison, 

neighbouring dopaminergic neurons of the ventral tegmental area (VTA) are relatively spared 

(German, Manaye, Smith, Woodward, & Saper, 1989; E. Hirsch, Graybiel, & Agid, 1988). 

Age remains the most important risk factor for development of PD (Reeve, Simcox, & 

Turnbull, 2014) and nigral dopaminergic neurons are particularly vulnerable even during 

normal ageing (Buchman et al., 2012). It has been estimated that dopaminergic cell loss 
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occurs at a rate of 5-10% per decade (in subjects between 20-90 years) during normal ageing 

(Fearnley & Lees, 1991; Ma, Roytt, Collan, & Rinne, 1999); however in PD, nigral 

degeneration accelerates by ten-fold (Fearnley & Lees, 1991). 

Due to the emphasis placed on motor symptoms in the treatment of PD, NMS are often 

overlooked despite their significant impact on quality of life (Shulman, Taback, Rabinstein, & 

Weiner, 2002). These NMS include olfactory dysfunction, sleep disturbances, affective/mood 

disorders (eg. anxiety and depression), autonomic dysfunction and cognitive impairments 

such as dementia (Chaudhuri, Healy, & Schapira, 2006). The wide spectrum of NMS reflects 

the involvement of multiple neuronal systems in PD pathology (Jellinger, 2001)   . In addition 

to nigro-striatal degeneration, pathological changes are observed in brain stem nuclei 

including the dorsal motor nucleus of the vagal nerve (DMV), the raphe nuclei, the nucleus 

basalis of Meynert (NBM), the pedunculopontine nucleus (PPn), and importantly for the 

context for this study, the Locus Coeruleus (LC; Section 1.2). 

The appearance of Lewy bodies is a major pathological hallmark of PD (Pollanen, Dickson, & 

Bergeron, 1993). Primarily made up of α-synuclein and ubiquitin, these eosinophilic, 

cytoplasmic inclusions accumulate in the Substantia Nigra, and other regions of the brain 

affected in PD (Forno, 1996). It has been hypothesized that the formation of Lewy bodies 

follows an ascending, caudo-rostral pattern during the progression of PD (Braak et al., 2003). 

By tracking the appearance α-synuclein, it has been shown that Lewy bodies first develop in 

the olfactory bulbs and the lower brain stem. Located in the pons, noradrenergic neurons of 

the LC are the first pigmented nerve cells to develop Lewy body pathology (Braak et al., 

2003). In subsequent stages, Lewy bodies accumulate in midbrain SNc neurons before 

cortical regions eventually succomb to the disease. Although this hypothesis is not universally 

accepted, it has gained support with the recognition that NMS and extra-nigral pathology can 

occur many years before the development of motor impairments (Langston, 2006). 

Interestingly, the idea that other brain regions are affected before the occurrence of nigro-
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striatal degeneration, suggests that lower brain stem nuclei may be more vulnerable to 

pathological changes in PD (Del Tredici, Rub, De Vos, Bohl, & Braak, 2002). 

 

1.2 The Locus Coeruleus 

Despite the focus of PD research on degeneration of nigral dopaminergic neurons, there is 

extensive evidence for the involvement of the LC in PD pathology (Delaville, Deurwaerdere, 

& Benazzouz, 2011; Gesi et al., 2000). Even in their original description of reduced DA 

levels in the parkinsonian brain, Ehringer and Horneykiewicz (1960) had also reported a 

concomitant depletion of noradrenaline (NA). Since then, many studies have demonstrated 

profound degeneration of LC neurons (Bertrand, Lechowicz, Szpak, & Dymecki, 1997; 

German, Manaye, White, et al., 1992; Patt & Gerhard, 1993; Rajput, Uitti, Sudhakar, & 

Rozdilsky, 1989), causing marked reduction of NA across the brain (Kish, Shannak, Rajput, 

Gilbert, & Hornykiewicz, 1984; Riederer, Birkmayer, Seemann, & Wuketich, 1977). 

Located in the pons, the LC represents the major site for production of NA in the brain (van 

Dongen, 1981). It is primarily composed of medium-sized (25-30 µm), dopamine 

β-hydroxylase (DBH)-immunoreactive, noradrenergic neurons, intermingled with smaller, 

non-catacholaminergic neurons (Patt & Gerhard, 1993). Similar to the Susbtantia Nigra, the 

LC derives its name from its blue-black appearance (“blue place”) in the human and primate 

brain, caused by the pigment neuromelanin (Bazelon, Fenichel, & Randall, 1967). The LC 

projects to many parts of the brain (Amaral & Sinnamon, 1977), including the cerebral cortex, 

hippocampus, hypothalamus, amygdala (Jones & Moore, 1977), cerebellum (Olson & Fuxe, 

1971) and the Substantia Nigra (SN) (Collingridge, James, & MacLeod, 1979; Jones & Yang, 

1985). The loss of NA in these regions contributes to both motor and non-motor dysfunctions 

in PD, and may even contribute to disease progression (Tong, Hornykiewicz, & Kish, 2006) 

(Section 1.4). 
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Neuronal loss in the LC of PD patients post mortem, ranges from 60-70% compared to age-

matched controls (Bertrand et al., 1997; German, Manaye, White, et al., 1992), representing a 

comparable degree of degeneration seen in the SNc. In fact, when neuronal loss between these 

two regions was directly compared, it was found that neurodegeneration in the LC may 

actually exceed that in the SNc (Zarow, Lyness, Mortimer, & Chui, 2003). This study showed 

that greatest degeneration occurred in the LC (ES1=6.47; 83.2% loss) followed by the SNc 

(ES=2.58; 77.8% loss). These findings were consistent with previous post mortem 

observations of greater neuronal loss in the LC (83%) compared to the SNc (69%) in PD (R. 

H. Perry, Irving, Blessed, Fairbairn, & Perry, 1990). 

Similar observations were made in living patients diagnosed with PD (Sasaki et al., 2006). 

Using neuromelanin-sensitive MRI, contrast ratios2 corresponding to the SNc and LC regions 

were significantly smaller in PD patients compared to age-matched controls. Interestingly, 

contrast ratios corresponding to the LC were decreased by a greater extent than those of the 

SNc (around 50% in the LC, compared to 10% in the SNc). 

In addition to neuronal loss, neurofibrillary tangles, gliosis (Rajput et al., 1989) and Lewy 

bodies  (Forno, 1996; Mann, Yates, & Hawkes, 1983; R. H. Perry et al., 1990) have been 

reported in the LC of PD patients. Shortened dendritic arborisations and marked decrease of 

dendritic spines have also been reported (Patt & Gerhard, 1993). Such changes were most 

pronounced in the brains of patients who suffered from PD associated with dementia 

(Baloyannis, Costa, & Baloyannis, 2006). Similar to non-DA neurons in the SNc (Patt, Gertz, 

Gerhard, & Cervos-Navarro, 1991), smaller non-catecholaminergic neurons in the LC were 

largely unaffected (Patt & Gerhard, 1993). 

1 Effect size (ES) was calculated as the difference between the mean cell count of controls and the 

mean cell count in PD cases divided by the pooled standard deviation (Zarow et al., 2003). 

2 Contrast ratios of the LC and SNc were calculated by: (SLC-SPT)/SPT and (SSN-SDP)/SDP, where SLC is 

the signal intensity of the LC, SPT the pontine tegmentum, SSN the SNc, and SDP the decussation of the 

superior cerebellar peduncles (Sasaki et al., 2006). 
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Similar to the decline of SNc neurons during normal ageing, there is also progressive loss of 

LC neurons (Mann, 1983). During the normal ageing process, it has been estimated that 

4-11% of LC neurons are lost per decade (Mann et al., 1983; Tomonaga, 1983; Vijayashankar 

& Brody, 1979). Furthermore, remaining cells show reduced nucleolar volume, reflecting a 

decreased demand for protein synthesis and diminished cellular activity (Mann & Yates, 

1979). 

As mentioned, the loss of LC neurons is thought to contribute to both motor and non-motor 

symptoms of PD. Motor symptoms which do not correlate well with nigral cell loss, including 

‘freezing’ and postural instability (falls) (Mizuno, Kondo, & Mori, 1994; Vingerhoets, 

Schulzer, Calne, & Snow, 1997), are thought to  result from LC degeneration (Grimbergen, 

Langston, Roos, & Bloem, 2009). Consistent with this idea, these symptoms can be alleviated 

by L-threo-3,4-dihydroxyphenylserine (L-DOPS, droxidopa), a synthetic precursor to NA 

(Tohgi et al., 1990). Additionally, there is extensive evidence that LC degeneration 

contributes to NMS which will be discussed below. 

 

1.3 Non-motor symptoms of PD 

The majority of PD patients suffer from sleep disturbances (Garcia-Borreguero, Larrosa, & 

Bravo, 2003), including REM sleep behavior disorder (RBD) and excessive daytime 

sleepiness (EDS) (Abbott et al., 2005). Importantly, it has been shown that nearly half of 

RBD patients develop parkinsonian symptoms 4-5 years after diagnosis (Schenck, Bundlie, & 

Mahowald, 1996) and that EDS increases risk of developing PD three-fold (Abbott et al., 

2005). The LC is a major wakefulness-promoting centre, regulating arousal (Samuels & 

Szabadi, 2008) with dense excitatory projections to the cerebral cortex (Robbins, 1984) and 

the basal forebrain (Jones, 2004). Degeneration of lower brain stem nuclei including the LC 

and subcoeruleal complex contribute to sleep disturbances, which in many cases represents 

pre-clinical PD (Barber & Dashtipour, 2012; Fantini, Ferini-Strambi, & Montplaisir, 2005). 
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A significant proportion of PD patients are also affected by depression (Burn, 2002; Frisina, 

Haroutunian, & Libow, 2009) and anxiety (Shiba et al., 2000). In contrast to the view that 

affective disorders are ‘reactive’ following PD diagnosis, depression and anxiety often 

precede the development of motor symptoms (Lauterbach, Freeman, & Vogel, 2004; Shiba et 

al., 2000), and there is growing evidence that they are directly related to distinct 

neurochemical changes (Eskow Jaunarajs, Angoa-Perez, Kuhn, & Bishop, 2011; Prediger, 

Matheus, Schwarzbold, Lima, & Vital, 2012). PD patients with depression show lower NA 

transporter (NAT) binding in the LC compared to non-depressed patients, and it has been 

shown that severity of anxiety is inversely related to NAT binding (Remy, Doder, Lees, 

Turjanski, & Brooks, 2005). Furthermore, post mortem examination of LC cell loss has 

revealed that considerably greater LC degeneration occurs in PD patients with depression 

(Chan-Palay & Asan, 1989; Frisina et al., 2009). 

Although dementia often occurs late in the disease (Hurtig et al., 2000; Mayeux et al., 1992), 

large-cohort studies have demonstrated that cognitive dysfunction can also arise during pre-

motor stages of PD (Aarsland, Bronnick, Larsen, Tysnes, & Alves, 2009; Halliday, Hely, 

Reid, & Morris, 2008). It is estimated that up to 40% of PD patients are affected by cognitive 

impairment and dementia, which is six-fold more prevalent than in age-matched controls 

(Emre, 2003). A strong correlation exists between cognitive dysfunction and motor symptoms 

which do not respond DA replacement therapy (eg. gait abnormalities, postural instability and 

dysarthria), reinforcing the involvement of non-dopaminergic systems (Pillon et al., 1989). 

The loss of cortical NA has been implicated in cognitive deficits observed in PD (Vazey & 

Aston-Jones, 2012), and it has been repeatedly shown that greater severity of neuronal loss in 

the LC is associated with higher frequency of mental impairments and dementia (Gaspar & 

Gray, 1984; Mann & Yates, 1983; Zweig, Cardillo, Cohen, Giere, & Hedreen, 1993). 
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1.4 Contribution of the LC to disease progression 

The early development of NMS which are likely caused by LC degeneration, and the early 

appearance of Lewy bodies in the lower brain stem (Braak et al., 2003), suggest that the LC is 

affected earlier in the progression of PD than the SNc. Furthermore, experimental evidence 

suggests that the loss of LC neurons may actually contribute to disease progression, rendering 

nigral dopaminergic neurons more vulnerable to damage (Bing, Zhang, Watanabe, McEwen, 

& Stone, 1994; Marien, Briley, & Colpaert, 1993; Mavridis, Degryse, Lategan, Marien, & 

Colpaert, 1991). This is supported by post mortem evidence that DA loss is greater in regions 

poorly innervated with noradrenergic terminals in PD patients (Tong et al., 2006). 

In MPTP (Section 1.6.2)-treated monkeys, prior lesioning of the LC exacerbated nigral cell 

loss and depletion of striatal DA (Mavridis et al., 1991). In addition to these effects, LC 

lesioning diminished recovery from parkinsonian symptoms caused by MPTP.  These 

findings were confirmed in rodent models (Bing et al., 1994; Marien et al., 1993) in which 

prior lesioning of LC neurons dramatically enhanced the damaging effects of otherwise sub-

toxic doses of MPTP on nigral dopaminergic neurons (Bing et al., 1994). LC lesioning also 

enhanced the effects of a sub-toxic dose of methamphetamine, resulting in significant 

reduction of striatal DA (Fornai, Bassi, Torracca, Scalori, & Corsini, 1995; Fornai et al., 

1996). Conversely, inborn NA hyperinnervation and pharmacologically increased 

noradrenergic activity confer resistance against parkinsonian neurotoxins (Fornai et al., 1998; 

Kilbourn, Sherman, & Abbott, 1998; Rommelfanger, Weinshenker, & Miller, 2004). 

Taken together, these findings suggest that NA produced by LC neurons has a protective 

effect on nigral dopaminergic neurons, and that loss of noradrenergic input contributes to their 

degeneration. A potential mechanism is via activation of α2-adrenoceptors, as it has been 

shown that α2 agonists can prevent MPTP-induced toxicity (Fornai, Alessandri, Fascetti, 

Vaglini, & Corsini, 1995). The expression of α2-adrenoceptors is decreased in the prefrontal 

cortex of PD patients with more severe symptoms, supporting a protective role of these 

receptors (Cash, Ruberg, Raisman, & Agid, 1984). Additionally, stimulation of noradrenergic 
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receptors can also promote the production of neurotrophins such as fibroblast growth factor 

(FGF) and brain derived neurotrophic factor (BDNF), which are protective against 

parkinsonian toxins and enhance the survival of nigral dopaminergic neurons (Hyman et al., 

1991; Juric, Miklic, & Carman-Krzan, 2006; Otto & Unsicker, 1990; Riva et al., 1996; Sun et 

al., 2005). 

 

1.5 Pathophysiology of PD 

Despite advances in our understanding of PD pathology, the cause of ~90% of sporadic cases 

remains obscure. A number of genetic mutations have been identified to cause familial forms 

of the disease, but these only account for 10% of cases, and studies of monozygotic twins 

show few pairs that both develop PD (Lev & Melamed, 2001; Marttila, Kaprio, Koskenvuo, 

& Rinne, 1988; Tanner et al., 1999). Interestingly, many of these genetic mutations lead to 

dsyfunctional mitochondria (eg. parkin, PINK1, DJ-1) (Schapira, 2008), which are aptly 

described the ‘power house’ of the cell. Indeed, mitochondria are responsible for the majority 

of cellular energy production, but in pathological conditions can generate significant oxidative 

stress through production of reactive oxygen species (ROS) (Yan, Wang, & Zhu, 2013), and 

can mediate cell death pathways (Kroemer, Galluzzi, & Brenner, 2007). Deficiencies of 

mitochondrial complex I (NADH dehydrogenase) have been described in the Substantia Nigra 

of PD patients (Schapira et al., 1989), as well as systemic mitochondrial defects in skeletal 

muscle (Bindoff, Birch-Machin, Cartlidge, Parker, & Turnbull, 1989) and platelets (Parker, 

Boyson, & Parks, 1989). 

In the early 1980s it was discovered that a group of drug users had ingested the now infamous 

contaminant, MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), which lead to their rapid 

development of parkinsonian symptoms (Langston, Ballard, Tetrud, & Irwin, 1983). The 

realization that MPTP caused mitochondrial inhibition and selective destruction of nigro-

striatal dopaminergic neurons (Ramsay, Salach, Dadgar, & Singer, 1986), supported the 
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involvement of mitochondrial dysfunction in PD (Mounsey & Teismann, 2010), and sparked 

interest in the possibility that exposure to environmental toxins might lead to the development 

of idiopathic parkinsonism (Elbaz & Tranchant, 2007). 

Since then, a number of agricultural pesticides have been identified which inhibit 

mitochondrial activity, and have been linked to the development of PD (Freire & Koifman, 

2012). These include paraquat (Kamel et al., 2007; Liou et al., 1997; Tanner et al., 2011), 

which shares structural similarities with MPTP, and the organic pesticide, rotenone (Dhillon 

et al., 2008; Tanner et al., 2011). However, with the exception of MPTP, toxin exposure 

cannot be conclusively linked to the development of PD. Although rotenone exposure was 

associated with 2.5 to 10-fold greater risk of developing PD, earlier studies had shown no 

significant association (Kamel et al., 2007; Tanner et al., 2009). Furthermore, not everyone 

exposed to these pesticides develops PD, leading to the belief that the consequences of 

exposure to environmental toxins may be influenced by genetic polymorphisms, explaining 

the susceptibility of certain individuals (Menegon, Board, Blackburn, Mellick, & Le Couteur, 

1998). Indeed, at a cellular level, it is thought that a combination of factors, or ‘multiple hits’ 

lead to neurodegeneration in PD (Sulzer, 2007). 

 

1.6 Toxin-induced models of PD 

Study of the human parkinsonian brain is primarily post mortem and thus animal models have 

been vital to PD research, providing important clues to disease pathogenesis (Duty & Jenner, 

2011). The core concept of DA deficiency in PD had actually arisen from observations that 

reserpinized animals displayed parkinsonian symptoms (Carlsson, Lindqvist, & Magnusson, 

1957). However, since PD research has traditionally focused on nigro-striatal dysfunction, 

there is much left unknown about how models of the disease affect other neuronal systems. 

Considering the involvement of LC neurons in PD pathology, understanding how these 

neurons are affected in models of the disease will improve our understanding of how they are 
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affected in PD. Furthermore, direct comparison of the effects of parkinsonian neurotoxins on 

LC and SNc neurons will address the question of which group of neurons is more vulnerable 

in PD. 

1.6.1 Rotenone 

Rotenone is naturally occurring, potent inhibitor of mitochondrial complex I, widely used as 

an insecticide and to control fish populations (Degli Esposti, 1998). After the discovery that 

MPTP inhibited mitochondrial activity, rotenone was cast into the spotlight as a potential 

environmental toxin which might contribute to the development of PD. Further interest 

followed the use of rotenone to cause parkinsonian symptoms in rats (Betarbet et al., 2000) 

and epidemiological studies linking the use of the pesticide to increased prevalence of PD 

(Dhillon et al., 2008; Tanner et al., 2011). 

Rotenone is highly lipophilic and rapidly enters the brain (Talpade, Greene, Higgins, & 

Greenamyre, 2000), causing systemic complex I inhibition but relatively selective 

degeneration of nigral dopaminergic neurons (Betarbet et al., 2000). Importantly, rotenone 

exposure leads to the appearance of cytoplasmic inclusions containing α-synuclein which bear 

striking resemblance to Lewy bodies. Progressive decrease of striatal DA (Alam & Schmidt, 

2002; Cannon et al., 2009) results in parkinsonian motor deficits which can be alleviated by 

DA agonists or DA replacement with L-DOPA therapy (Alam & Schmidt, 2004; Cannon et 

al., 2009). 

In addition to motor deficits, rotenone reproduces many of the NMS which are observed in 

PD. These include hyposmia (Rodrigues et al., 2014), gastrointestinal dysfunction (Drolet, 

Cannon, Montero, & Greenamyre, 2009), sleep disturbances (Garcia-Garcia, Ponce, Brown, 

Cussen, & Krueger, 2005), cognitive decline (Kaur, Chauhan, & Sandhir, 2011), depression 

and anxiety (Gokul & Muralidhara, 2014; Morais et al., 2012). Like in PD patients, NMS in 

rotenone-treated animals are thought to stem from non-dopaminergic deficits. Consistent with 

this concept, rotenone infusion causes degeneration of multiple neuronal systems, including 
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the LC (Betarbet et al., 2000; Lin, Huang, Ching, & Chuang, 2008), in which there is 

comparable neuronal loss (26.4%) to the SNc (28.5%) (Hoglinger et al., 2003). 

Rotenone decreases ATP production through inhibition of mitochondrial complex I (Dukes, 

Korwek, & Hastings, 2005), although toxicity is not directly attributed to this effect (Sherer et 

al., 2003). Instead, the toxic effects of rotenone are thought to arise from oxidative stress 

generated through increased production of ROS (Bai et al., 2012; Freestone et al., 2009; 

Radad, Rausch, & Gille, 2006) caused by leak of electrons upstream of the rotenone binding 

site on complex I (Hensley et al., 1998). This is consistent with the ability of anti-oxidants to 

protect against rotenone-induced toxicity (Sherer et al., 2003; Testa, Sherer, & Greenamyre, 

2005) as well as the fact that neurodegeneration occurred at low levels of complex I 

inhibition, which did not significantly affect oxidative phosphorylation (Betarbet et al., 2000; 

Greenamyre, Betarbet, & Sherer, 2003). 

In contrast to other parkinsonian neurotoxins which cause rapid degenerative changes, 

rotenone produces a progressive parkinsonian syndrome, similar to the actual disease in 

humans. Furthermore, intra-gastric administration of rotenone in rats causes progressive 

α-synuclein aggregation in the enteric nervous system and lower brain stem prior to the SNc, 

supporting the caudo-rostral staging of PD pathology (Braak et al., 2003; Pan-Montojo et al., 

2010). The progressive nature of the rotenone model is a major advantage over other models 

of PD. Additionally, there is much stronger evidence for Lewy body formation than in other 

models. 

A major criticism of rotenone is its lack of specificity, although this could actually be 

regarded as a strength of the model. By its lipophilic nature, rotenone causes generalized 

complex I inhibition, but only selective groups of neurons are affected (Betarbet et al., 2000; 

Hoglinger et al., 2003). Importantly, complex I inhibition in PD also seems to be systemic, 

leading to selective degeneration of the same neurons (Jellinger, 2001) . However, striatal 

projection neurons which do not degenerate in PD (Hirsch et al., 2003) can be affected by 

rotenone (Hoglinger et al., 2003), and non-dopaminergic neurons can also degenerate in 
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cultures exposed to the toxin (Nakamura et al., 2000; Sakka et al., 2003). This may be 

explained by high concentrations of rotenone (20-300 nM for >48 hours), as chronic exposure 

to low doses of the pesticide (1-10 nM) caused selective damage to dopaminergic neurons 

(Sakka et al., 2003). 

The acute effects of rotenone have been described on nigral dopaminergic neurons in 

dissociated culture (Roper & Ashcroft, 1995) and brain slices (Freestone et al., 2009; Liss, 

Bruns, & Roeper, 1999; Liss et al., 2005). These studies showed that the pesticide activates 

ATP-sensitive potassium (KATP) channels, which are commonly regarded as ‘metabolic 

sensors’ of the cell. When ATP levels are low, KATP channels inhibit neuronal activity to 

reduce metabolic demand. Rotenone-induced inhibition of nigral dopaminergic neurons was 

accompanied by mitochondrial depolarization, increased ROS and elevated intracellular 

calcium (Ca2+), likely to be mediated by transient receptor potential melastatin-2 (TRPM2) 

channels (Freestone et al., 2009). While these effects were compared to those of nigral 

non-DA neurons (Freestone et al., 2009) and dopaminergic VTA neurons (Liss et al., 2005), 

the effects of rotenone have not been investigated on noradrenergic LC neurons. Since LC 

neurons are likely to be affected earlier in PD, direct comparison of rotenone-induced 

responses may improve our understanding of which groups of neurons are most vulnerable 

during the progression of the disease. 

1.6.2 MPTP/MPP+ 

MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) is the only toxin conclusively linked to 

the development of PD in humans (Davis et al., 1979; Langston et al., 1983), and is 

extensively used to produce animal models of the disease (Bezard, Imbert, Deloire, Bioulac, 

& Gross, 1997; Burns et al., 1983). Inside the brain, the pro-toxin MPTP, is converted to its 

active metabolite, MPP+ (1-methyl-4-phenylpyridinium) by monoamine oxidase (MAO) 

(Heikkila, Manzino, Cabbat, & Duvoisin, 1984) before it is taken up by dopaminergic 

neurons via DAT (Javitch, D'Amato, Strittmatter, & Snyder, 1985). The toxin accumulates in 

mitochondria, inhibiting mitochondrial complex I (Ramsay & Singer, 1986), decreasing ATP 
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production, and promoting ROS generation (P. Chan, DeLanney, Irwin, Langston, & Di 

Monte, 1991; Przedborski et al., 2000; Zawada et al., 2011). These effects culminate in rapid 

depletion of striatal DA (within 0.5-2 hours), destruction of nigral dopaminergic neurons 

(Ambrosio, Espino, Cutillas, & Bartrons, 1996; Lotharius, Dugan, & O'Malley, 1999; Turski, 

Bressler, Rettig, Loschmann, & Wachtel, 1991), and may also cause accumulation of 

α-synuclein (Meredith et al., 2002; Vila et al., 2000). 

In addition to its effects on dopaminergic neurons, it has been repeatedly shown that MPTP 

also causes degeneration of noradrenergic LC neurons (Miyoshi, Kito, Ishida, & Katayama, 

1988; Seniuk, Tatton, & Greenwood, 1990) and depletion of cerebral NA (Alexander, 

Schwartzman, Brainard, Gordon, & Grothusen, 1992; Burns et al., 1983; Di Paolo, Bedard, 

Daigle, & Boucher, 1986; Mitchell, Cross, Sambrook, & Crossman, 1985; Pifl, Schingnitz, & 

Hornykiewicz, 1991). Although the majority of studies reported that nigral dopaminergic 

neurons are the most vulnerable to MPTP (Burns et al., 1983; Reinhard, Daniels, & Viveros, 

1988), similar destruction of LC and SNc neurons was produced by MPTP in mice (Seniuk et 

al., 1990). Some have even proposed that the LC could be more sensitive than the SNc, as a 

rapid reduction of NA within the LC could be detected with no concurrent reduction of nigral 

DA (Hu, Chang, Sung, Hsu, & Lee, 1991). Interestingly, local infusion of MPTP into the LC 

produced greater motor impairments than infusion to the SN, supporting the involvement of 

the LC in motor dysfunctions. 

However, MPTP does not always damage LC neurons (Burns et al., 1983; Mitchell et al., 

1985), but consistently leads to SNc degeneration (Burns et al., 1983; German, Liang, 

Manaye, Lane, & Sonsalla, 2000). For example, MPTP caused greater reduction of striatal 

DA (68%) than cortical NA (48%), producing marked reduction of TH-immunopositive 

neurons in the SNc, with no change in the number or size of LC neurons (German et al., 

2000). Lower toxicity was attributed to greater expression of vesicular monoamine 

transporter-2 (VMAT-2) in LC neurons (Speciale, Liang, Sonsalla, Edwards, & German, 

1998), and better ability to sequester the toxin (German et al., 2000). 
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Previous studies have examined the acute effects of MPTP/MPP+ on nigral dopaminergic 

neurons (Liss et al., 2005; Masi, Narducci, Landucci, Moroni, & Mannaioni, 2013) including 

our own recently published work (Yee et al., 2014). However, despite evidence that MPTP 

causes degeneration of noradrenergic LC neurons, none have characterized the effects of the 

toxin on this group of neurons. Similar to rotenone, it has been shown that MPP+ inhibits the 

activity of nigral dopaminergic neurons by activating KATP channels (Liss et al., 2005; Yee et 

al., 2014), however the toxin also modulates hyperpolarization-activated, cyclic nucleotide-

gated (HCN) channels (Masi et al., 2013) and indirectly activates dopamine D2 auto-receptors 

(Yee et al., 2014). While LC neurons do not possess HCN channels, they do express KATP 

channels and α2 auto-receptors. Comparison to the responses of noradrenergic LC neurons 

may improve our understanding of the MPTP model, and shed light on which group of 

neurons is more susceptible to the toxin. 

1.6.3 6-OHDA 

There was an explosion of interest in 6-OHDA when it was discovered that endogenous 

6-OHDA occurs naturally in the brain (Curtius, Wolfensberger, Steinmann, Redweik, & 

Siegfried, 1974), can be found in the urine of PD patients (Andrew et al., 1993), and could be 

involved in the pathogenesis of PD (Y. Glinka, Gassen, & Youdim, 1997; K. Jellinger, Linert, 

Kienzl, Herlinger, & Youdim, 1995). Since exogenous 6-OHDA does not cross the blood-

brain barrier, the toxin is normally injected directly into the SNc region, the medial forebrain 

bundle, or the dorsal striatum to generate animal models of P D (Blum et al., 2001). The 

resulting destruction of nigral dopaminergic neurons is attributed to generation of ROS, and 

inhibition of mitochondrial complexes I and IV (Cohen & Heikkila, 1974; Y. Y. Glinka & 

Youdim, 1995). 

The specificity of 6-OHDA for dopaminergic neurons is thought to be due to its uptake by 

DAT (Blum et al., 2001), which is supported by the ability of DAT blockers to inhibit toxicity 

(Ding, Jaumotte, Signore, & Zigmond, 2004; Gonzalez-Hernandez, Barroso-Chinea, De La 

Cruz Muros, Del Mar Perez-Delgado, & Rodriguez, 2004) and the sparing of non-DA 
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neurons3 (Carrasco & Werner, 2002). However, the toxin also has high affinity for NAT 

(Luthman, Fredriksson, Lewander, Jonsson, & Archer, 1989) and targeted injection of 

6-OHDA can also be used to lesion the LC (Bing et al., 1994; Mavridis et al., 1991). It has 

been shown that intra-ventricular injection of 6-OHDA actually causes greater depletion of 

NA than DA (Bloom, Algeri, Groppetti, Revuelta, & Costa, 1969; Breese & Traylor, 1971; 

Luthman, Fredriksson, Sundstrom, Jonsson, & Archer, 1989). Reduction of NA was 

accompanied by degenerative changes to the fine structure of noradrenergic terminals and 

axons, while no structural changes could be observed in dopaminergic terminal fields (Bloom 

et al., 1969). 

While several studies have investigated the acute actions of 6-OHDA on nigral dopaminergic 

neurons (Berretta et al., 2005; Bywood & Johnson, 2000; Qu et al., 2014; Wang et al., 2015), 

but none have characterized its effects on noradrenergic LC neurons. In nigral dopaminergic 

neurons, 6-OHDA rapidly inhibits spontaneous firing by activating dopamine D2 receptors 

and KATP channels (Berretta et al., 2005), increases intracellular Ca2+ (Berretta et al., 2005; 

Qu et al., 2014), and can produce burst firing via activation of small conductance, Ca2+-

activated potassium (SK-KCa) channels (Wang et al., 2015). Conversely, the toxin had little 

effect on the firing, membrane currents, or intracellular Ca2+ levels of nigral non-DA neurons 

(Berretta et al., 2005). LC neurons produce a small amount of DA, not only in the 

biosynthesis of NA (Devoto, Flore, Saba, Fa, & Gessa, 2005), and may also be exposed to 

endogenous 6-OHDA. In light of the fact that exogenous 6-OHDA is neurotoxic to these 

neurons, characterization of its effects on LC neurons will improve our understanding of this 

model. 

  

3 This concept is controversial, although non-specific toxicity of 6-OHDA in vitro (Lotharius et al., 

1999) may arise from use of high concentrations of the toxin (Blum et al., 2001). 
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1.7 Neuronal vulnerability in PD 

Specific groups of neurons including nigral dopaminergic (SNc) neurons and noradrenergic 

LC neurons, are intrinsically more vulnerable to degeneration in PD. It is widely accepted that 

a combination of properties (or ‘multiple hits’) contribute to the susceptibility of SNc neurons 

(Sulzer, 2007), many of which are shared by LC neurons. These include: (1) extensive, 

unmyelinated axonal fields; (2) the presence of readily oxidizable DA; and (3) autonomous 

pacemaking of broad action potentials which engage L-type Ca2+ channels (Sulzer, 2007; 

Surmeier, Guzman, Sanchez-Padilla, & Goldberg, 2010). Furthermore, activation of specific 

membrane channels can promote degeneration of vulnerable groups of neurons. These include 

KATP channels (Liss et al., 2005) and TRPM2 channels (Fonfria et al., 2005; Hara et al., 2002; 

Zhang et al., 2006), both of which can be activated in nigral dopaminergic neurons (Chung, 

Freestone, & Lipski, 2011; Freestone et al., 2009; Liss et al., 2005). While both types of 

channels are also expressed by noradrenergic LC neurons (Cui et al., 2011; Illes et al., 1994), 

their activation in these neurons by parkinsonian neurotoxins has not yet been demonstrated. 

 1.7.1 Properties of vulnerable neurons 

It has been estimated in the rat, that a typical nigral dopaminergic neuron has almost half a 

metre of axonal branches (Matsuda et al., 2009) which give rise to hundreds of thousands of 

pre-synaptic terminals (Arbuthnott & Wickens, 2007). Maintenance of these structures 

requires mitochondria, creates substantial metabolic load, and deprives the somato-dendritic 

region, resulting in abnormally low mitochondrial density in this compartment (Liang, Wang, 

Luby-Phelps, & German, 2007). LC neurons also possess enormous axonal fields with small, 

beaded varicosities (~0.5 µm, compared to typical 1-3 µm). Unmyelinated catecholaminergic 

axons with such small varicosities have a lower threshold to various neurotoxins and are more 

prone to degeneration (Gesi et al., 2000). This is supported by the fact that all neurons which 

show α-synuclein pathology in PD, have long, and either poorly, or unmyelinated axonal 

projections (Braak et al., 2006). 
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Auto-oxidation and enzymatic metabolism of DA can result in ‘self-generated’ oxidative 

stress, rendering dopaminergic neurons more susceptible to neurotoxic injury (Chen et al., 

2008; Cohen, 1987; Graham, 1978; Mosharov et al., 2009). While the majority of DA is 

sequestered in vesicles, ‘unprotected’ cytosolic DA can form reactive quinones and produce 

hydrogen peroxide (H2O2) and other ROS by its metabolism via monoamine oxidase (MAO). 

Metabolism of DA produces 3,4-dihydroxyphenylacetaldehyde (DOPAL), which can activate 

the mitochondrial permeability transition pore, causing apoptotic cell death (Kristal et al., 

2001). As mentioned, LC neurons also contain DA (at least in the biosynthesis of NA), and 

may also be exposed to DA-generated oxidative stress. In addition, MAO metabolism of NA 

produces 3,4-dihydroxyphenylglycolaldehyde (DOPEGAL) which can cause apoptotic and 

necrotic cell death (Burke et al., 2001; Eisenhofer, Kopin, & Goldstein, 2004). However, 

DA/NA-derived toxicity is not the only factor predisposing these neurons to damage, since 

DA-containing VTA neurons are relatively resistant to degeneration (German et al., 1989) and 

DA-elevating drug therapies do not seem to accelerate PD progression (Fahn & Parkinson 

Study, 2005). 

Unlike the majority of neurons in the brain, LC and SNc neurons are spontaneously active, 

engaging L-type Ca2+ channels during the initiation of broad action potentials (Nedergaard, 

Flatman, & Engberg, 1993; Williams, North, Shefner, Nishi, & Egan, 1984). These L-type 

Ca2+ channels include a relatively rare Cav1.3 subunit (C. S. Chan et al., 2007; Sanchez-

Padilla et al., 2014; Sinnegger-Brauns et al., 2009), which open at hyperpolarized potentials, 

allowing them to contribute to subthreshold oscillations. However, the sustained influx of 

Ca2+ significantly adds to the metabolic burden of these cells, as cytosolic free Ca2+ must be 

tightly controlled 10,000-fold lower than its extracellular concentration (Orrenius, 

Zhivotovsky, & Nicotera, 2003). Additionally, mitochondrial buffering of Ca2+ can generate 

elevated oxidant stress in both LC and SNc neurons (Guzman et al., 2010; Sanchez-Padilla et 

al., 2014; Surmeier et al., 2010). The role of Ca2+ in the vulnerability of these neurons is 

supported by the resistance of dopaminergic VTA neurons, in which Na+ currents drive 
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pacemaking (Khaliq & Bean, 2010) and the expression of Ca2+ buffering proteins is 

substantially higher (German, Manaye, Sonsalla, & Brooks, 1992). 

 1.7.2 Contribution of KATP and TRPM2 channels to neuronal vulnerability 

Activation of KATP channels is traditionally regarded to be neuroprotective, by reducing 

metabolic demand when cellular energy is depleted (Ballanyi, 2004; Soundarapandian, 

Zhong, Peng, Wu, & Lu, 2007). This protective role is supported by the ability of transient 

KATP activation (by KATP opener, diazoxide) to prevent rotenone and MPTP toxicity in PC12 

cells (Tai & Truong, 2002). However, this view has been challenged by the promotion of 

selective neuronal death by KATP channels in nigral dopaminergic neurons in vivo (Liss et al., 

2005). The fact that KATP channels are not activated in VTA neurons which do not degenerate 

in PD, and that KATP channel activation is a common feature of parkinsonian neurotoxins 

(Berretta et al., 2005; Freestone et al., 2009; Liss et al., 2005; Yee et al., 2014), supports the 

detrimental role of chronic KATP channel activation in the early stages of nigral degeneration. 

The extent of KATP channel activation by parkinsonian neurotoxins on LC neurons has yet to 

be investigated, and will provide insight into how these neurons are affected in models of PD. 

The activation of TRPM2 channels has been shown to mediate cell death in expression 

systems (Hara et al., 2002; Ishii et al., 2007; Kaneko et al., 2006), and cultured neurons 

(Fonfria et al., 2005; Kaneko et al., 2006). These are non-selective cation channels, sensitive 

to oxidative stress, which allow influx of Ca2+, and the induction of caspase-mediated 

apoptosis (Zhang et al., 2006). The expression of these channels has been demonstrated in 

nigral dopaminergic neurons (Chung et al., 2011) in which activation by ADP-ribose, 

hydrogen peroxide (Chung et al., 2011) and rotenone (Freestone et al., 2009) has been 

described. While the expression of TRPM2 channels has been demonstrated in LC neurons 

(Cui et al., 2011), their functional activation by neurotoxins has not yet been shown. 

Considering the involvement of TRPM2 channels in cell death pathways, the activation of 

these channels might be a defining feature which determines neuronal vulnerability in PD. 
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Comparison of TRPM2-mediated effects between LC and SNc neurons will therefore provide 

important insights into the differential vulnerability of these neurons. 

 

1.8 L-DOPA and the treatment of PD 

The discovery that DA was depleted in the striatum of PD patients (Ehringer & 

Horneykiewicz, 1960) and the ability of 3,4-dihydroxyphenylalanine (dopa) to reverse 

parkinsonian symtoms in reserpenized animals (Carlsson et al., 1957) revolutionized our 

understanding of PD, and lead to the use of L-DOPA as the ‘gold standard’ for the treatment 

of PD. Although treatment with small doses of L-DOPA had mixed success, early trials using 

high doses of the drug demonstrated marked clinical improvements (Cotzias, Papavasiliou, & 

Gellene, 1969; Yahr, Duvoisin, Schear, Barrett, & Hoehn, 1969). L-DOPA is the immediate 

precursor to DA, which acts by increasing DA production to alleviate motor deficits. 

However, L-DOPA is by no means a ‘magic bullet’, as the drug is more often than not, 

associated with severe dyskinesias and ‘on-off’ effects (Ahlskog & Muenter, 2001; Marsden 

& Parkes, 1976). These side-effects are often extremely debilitating and seem unrelated to 

plasma levels of the drug (Tolosa, Martin, Cohen, & Jacobson, 1975). Furthermore, in vitro 

studies have indicated that L-DOPA may exert neurotoxic effects on dopaminergic neurons 

(Mena, Pardo, Paino, & De Yebenes, 1993; Mytilineou, Han, & Cohen, 1993; Steece-Collier, 

Collier, Sladek, & Sladek, 1990), prompting clinicians to adopt L-DOPA ‘sparing’ strategies 

in the treatment of early stages of PD (Fahn, 1999). 

However, whether or not L-DOPA therapy accelerates the progression of PD is a subject of 

much debate (Lipski et al., 2011). The evidence supporting L-DOPA neurotoxicity primarily 

comes from in vitro experiments on mesencephalic cultures containing dopaminergic neurons. 

These studies have demonstrated that L-DOPA causes relatively selective damage of 

dopaminergic neurons, which can be attenuated by anti-oxidants (Mytilineou et al., 1993; 

Pardo, Mena, Casarejos, Paino, & De Yebenes, 1995). However, the majority of in vivo 

animal studies have provided evidence against L-DOPA toxicity (Hefti, Melamed, Bhawan, 
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& Wurtman, 1981; Lyras et al., 2002; Mytilineou, Walker, JnoBaptiste, & Olanow, 2003; T. 

L. Perry et al., 1984), although L-DOPA has been shown to cause elevated 6-OHDA in rats 

(Maharaj, Sukhdev Maharaj, Scheepers, Mokokong, & Daya, 2005). 

There is a small number of post mortem studies in which misdiagnosed patients showed no 

apparent loss of neurons in the SNc (or the LC) despite long-term, chronic L-DOPA treatment 

(Quinn, Parkes, Janota, & Marsden, 1986; Rajput, Fenton, Birdi, & Macaulay, 1997). 

However, stronger evidence against L-DOPA toxicity comes from the large-scale ELLDOPA 

study which showed no clinical evidence that L-DOPA accelerated disease progression in 

patients with early PD (Fahn et al., 2004). It must be noted however, that neuro-imaging of 

β-CIT binding to DAT in the same study had suggested that L-DOPA therapy caused a 

decline in nigro-striatal function.  

The symptomatic benefits of L-DOPA are undeniable, however experimental evidence cannot 

be ignored, especially considering the chronic exposure to high doses of L-DOPA 

experienced by PD patients. Excitotoxicity has been implicated in both PD pathogenesis 

(Beal, 1992), and in vitro L-DOPA toxicity (Maeda et al., 1997; Olney et al., 1990), 

highlighting the potential for synergistic mechanisms to accelerate disease progression. 

Importantly, an auto-oxidation product of L-DOPA called TOPA quinone (Rosenberg, 

Loring, Xie, Zaleskas, & Aizenman, 1991) has been shown to cause excitotoxic lesioning of 

non-dopaminergic neurons (Biscoe, Evans, Headley, Martin, & Watkins, 1976; Olney et al., 

1990). Recently, we have demonstrated that L-DOPA can evoke ‘non-conventional’ 

excitatory responses on nigral dopaminergic neurons, mediated by TOPA quinone and by 

newly synthesized DA (Guatteo et al., 2013). Similar to the effects of parkinsonian 

neurotoxins, L-DOPA caused an irreversible rise of intracellular Ca2+, suggesting that the 

drug caused irreparable changes and ion dyshomeostasis. 
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1.8.1 L-DOPA and the Locus Coeruleus 

The LC has been implicated in L-DOPA-induced dyskinesias (Fulceri et al., 2007), and their 

severity has been directly related to the firing of LC neurons (Miguelez, Aristieta, Cenci, & 

Ugedo, 2011). Furthermore, L-DOPA therapy potentially worsens depression and anxiety in 

PD by affecting the function of noradrenergic LC neurons (Eskow Jaunarajs et al., 2011). 

Although L-DOPA is a common precursor to both DA and NA, its electrophysiological 

effects on noradrenergic LC neurons have not been characterized. Injection of L-DOPA in 

vivo has been shown to increase the firing of LC neurons, however the mechanism of this 

effect was not investigated (Miguelez et al., 2011). As mentioned, PD patients are chronically 

exposed to large doses of L-DOPA and so its effects on LC neurons would have important 

consequences, considering the numerous functions of the LC, and profound degeneration of 

these neurons in PD. 

 1.8.2 Metabolic inhibition and L-DOPA 

In line with the ‘multiple hit’ hypothesis of neuronal vulnerability (Sulzer, 2007), 

mitochondrial inhibition and excitotoxicity may act in synergy to cause the death of 

dopaminergic neurons. There is evidence that rotenone can induce cell death by excitotoxic 

mechanisms, which can be reduced by block of NMDA receptors (Bywood & Johnson, 2003; 

Marey-Semper, Gelman, & Levi-Strauss, 1995). It has been demonstrated that rotenone 

enhances NMDA currents through the generation of DA-derived ROS, and that these effects 

were even greater with the addition of L-DOPA (Wu & Johnson, 2007, 2011). Potentially by 

a similar mechanism, rotenone enhanced damage caused by sub-toxic doses of L-DOPA on 

dopaminergic neurons in culture (Nakao, Nakai, & Itakura, 1997). Taken together, these 

observations suggest that metabolic inhibition induced by rotenone might enhance the 

excitatory effects of L-DOPA, tipping the scales from neuronal excitation to terminal 

excitotoxicity. 
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2.0 Aims 

2.1 General aims 

Little is known about the effects of parkinsonian toxins on noradrenergic neurons of the 

Locus Coeruelus. The first major aim of this project was to characterize the effects of 

rotenone on the electrophysiological properties and intracellular Ca2+ levels of LC neurons, 

and to compare the responses of these neurons to those of nigral dopaminergic and non-DA 

neurons. Based on the early degeneration of LC neurons in PD, I hypothesized that LC 

neurons would show larger responses than nigral dopaminergic neurons to potentially 

damaging effects of the pesticide. 

Additionally, little is known about the effects of either MPP+ and 6-OHDA on LC neurons, in 

spite of the fact that both MPP+ and 6-OHDA cause degeneration of these neurons. I aimed to 

investigate the effects of these toxins, to gain better understanding of their toxic mechanisms. 

Since these toxins eventually lead to neuronal death, I hypothesized that their acute actions 

could represent an early stage of degeneration. The effects of these toxins on LC neurons 

were also compared to those of nigral dopaminergic and non-DA neurons. 

The second major aim of this project was to investigate the effects of L-DOPA on LC, SNc 

and nigral non-DA neurons. Despite being a precursor to NA, little is known about the actions 

of L-DOPA on noradrenergic LC neurons. PD patients are chronically exposed to large doses 

of the drug, and considering the neurotoxic potential of L-DOPA in vitro, I aimed to 

investigate the effects of the drug on LC, SNc and nigral non-DA neurons. Based on our 

previous work (Guatteo et al., 2013), I hypothesized that L-DOPA would have both inhibitory 

and excitatory effects on LC neurons. In addition, I aimed to further investigate the ‘non-

conventional’ excitatory effects of L-DOPA on nigral dopaminergic neurons. Finally, I aimed 

to investigate the effects of L-DOPA on LC, SNc and nigral non-DA neurons which were 

exposed to mitochondrial inhibition induced by rotenone. Mitochondrial inhibition and 

oxidative stress have been implicated in neurodegeneration in PD. Therefore, these neurons 
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are likely to be in a metabolically compromised state before, and during L-DOPA treatment in 

PD patients. Since L-DOPA and rotenone may have synergistic effects, I hypothesized that a 

low dose of rotenone would potentiate the excitatory effects of L-DOPA on these groups of 

neurons. 

2.2 Specific aims 

The specific aims of this project were: 

Rotenone: 

1. To investigate whether rotenone activates KATP channels in noradrenergic LC neurons; 

2. To determine whether rotenone evokes any other effects on LC neurons, when KATP 

channels are blocked; 

3. To test whether rotenone increases intracellular Ca2+ in LC neurons, and to investigate 

the mechanism by which the pesticide causes Ca2+ rise; 

4. To compare these responses to those of nigral dopaminergic and non-DA neurons; 

MPP+ and 6-OHDA: 

5. To characterize the effects of MPP+ and 6-OHDA on the electrophysiological 

properties of LC neurons; 

6. To compare the effects of both neurotoxins on LC neurons, to the responses of nigral 

dopaminergic and non-DA neurons; 

L-DOPA: 

7. To characterize the effects of L-DOPA on noradrenergic LC neurons, and to 

investigate whether the drug activates AMPA/kainate receptors in these neurons; 

8. To further investigate the mechanisms mediating the ‘late phase’ of excitation evoked 

by L-DOPA on nigral dopaminergic neurons when D2 receptors are blocked; 
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9. To test the effects of L-DOPA on LC, SNc and nigral non-DA neurons which were 

exposed to mitochondrial inhibition induced by a low dose of rotenone.  
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3.0 Methods 

3.1 Brain slice preparation 

Acute brain slices containing either the Substantia Nigra (SN) or the Locus Coeruleus (LC) 

were prepared from post-natal day P15-19 Wistar rats (377 animals), or P9-12 CD-1 mice 

(14 animals). All handling of animals and experimental protocols were conducted in 

accordance with guidelines of the University of Auckland Animal Ethics Committee (AEC 

R776/1049). Animals were briefly anaesthetized with CO2 and decapitated by guillotine. The 

brain was quickly removed and placed in cooled (4-8°C) and carbogenated (95% O2, 5% 

CO2) artificial cerebrospinal fluid (aCSF; Table 3.1-1) with added sucrose (2.5 g/250 mL) to 

reduce tissue swelling during the cutting process. 

Table 3.1-1. Chemical composition of standard aCSF used for preparation of brain slices and 

electrophysiological recordings. 

Chemical Concentration 
(mM) 

Sodium chloride NaCl 127 
Sodium bicarbonate NaHCO3 26 
Glucose C6H12O6 10 
Potassium chloride KCl 3 
Calcium chloride CaCl2 2 
Magnesium sulphate MgSO4 2 
Sodium dihydrogen 
phosphate 

NaH2PO4 1.25 

 

Meninges covering the ventral surface of the brain were carefully removed on a cutting matrix 

(Rat Brain Matrix, Zivic Labs), which was used to obtain tissue blocks containing the SN 

(midbrain) or the LC (pons). Occasionally, a longer (rostro-caudal) tissue block was made 

containing both the SN and the LC, however because of instability cutting through such a 

‘tall’ tissue block, this was not regular practice. The tissue block was trimmed of lateral 
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cortical regions and glued (UHU Superglue) onto a cutting platform. Bathed in cooled (4-8°C) 

and carbogenated aCSF, coronal or horizontal sections (250 µm thick) were cut using a 

vibratome (VT1200S, Leica), and hemi-sectioned using a fine gauge (30G) needle. Slices 

were transferred to a custom-built incubation chamber and allowed to equilibrate in standard 

aCSF at 34°C for a minimum period of 40 min before electrophysiological recordings. 

In some experiments, slices were pre-treated with rotenone (50 nM) for 30 min prior to 

electrophysiological recordings. These slices were individually transferred to a smaller 

incubation chamber (volume 10 mL) to which 0.5 µL of rotenone stock (1 mM; in DMSO) 

was added. Slices were maintained at 34°C and bubbled with carbogen until being transferred 

to the recording chamber. 

 

3.2 Electrophysiology 

A single slice was transferred to a recording chamber (volume ~1 mL; Custom-built or 

Warner Instruments) for electrophysiological recordings. The recording chamber was 

perfused at 3.5 mL/min with standard aCSF, bubbled with carbogen. Solution exchange was 

driven by peristaltic pump (MiniPuls 3, Gilson), and temperature (34±0.5°C) was maintained 

using line- and bath-heaters (Warner Instruments). 

3.2.1 Extracellular single-unit recording 

‘Dual’ or ‘triple’ extracellular recordings were conducted to simultaneously measure the 

spontaneous firing of 2-3 neurons per brain slice. Glass microelectrodes (5-8 MΩ) were 

pulled using a horizontal puller (Narashige, Japan) from thin-walled, filamented, borosilicate 

glass capillaries (o.d. 1.5 mm, i.d. 1.12 mm). Under magnification, electrode tips were broken 

to a diameter of 2-3 µm using a glass rod mounted on a hydraulic manipulator. 

Microelectrodes were filled with standard extracellular electrode filling solution (Table 3.2-

1), adjusted to a pH of 7.4 with NaOH (10 M). 
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Table 3.2-1. Chemical composition of extracellular electrode filling solution. 

Chemical Concentration 
(mM) 

Sodium chloride NaCl 145 
Sodium bicarbonate NaHCO3 26 
HEPES C8H18N2O4S 10 
Glucose C6H12O6 5 
Potassium chloride KCl 3 
Calcium chloride CaCl2 1 
Magnesium sulphate MgSO4 1 

 

Under low magnification (SZX7; Olympus), microelectrodes were positioned using 

micromanipulator(s) and advanced into the slice until single-unit activity was isolated. Signals 

were amplified (2000x; NL104, Neurolog, Digitimer Ltd.) and filtered (0.01-5 kHz; NL125, 

Neurolog) before digitization (10 kHz; Digidata 1440, Molecular Devices). 

Raw signals were analyzed by custom-built, time-amplitude window discriminators 

(University of Auckland), which was used to isolate individual action potentials from noise 

(Fig. 3.2-1). Discriminated action potentials triggered standardized TTL ‘accept’ pulses, 

which were counted by a frequency meter (University of Auckland) for online analysis of 

neuronal firing rate. 
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Figure 3.2-1. Time-amplitude window 

discrimination was used to isolate action 

potentials for online frequency analysis. 

A: Raw extracellular recording from a 

nigral dopaminergic neuron. B: Spikes 

were discriminated by threshold and then 

passing through a ‘window’, with 

adjustable latency, upper and lower 

limits. 

 

 

3.2.2 Intracellular sharp microelectrode recording 

Intracellular recordings were conducted with sharp microelectrodes (50-80 MΩ), filled with 

2M KCl, pulled from thick-walled, filamented, borosilicate glass (o.d. 1.2 mm, i.d. 0.94 mm), 

using a DC amplifier in bridge mode (Axoclamp 1B, Axon Instruments; 0-8 kHz). 

Immediately after impalement, neurons were hyperpolarized by constant current injection (up 

to -500 pA), which was gradually reduced as seal improved, as indicated by long time 

constant (τ) and hyperpolarization of cell membrane potential (Vm). This process usually took 

around 10-15 min for nigral dopaminergic neurons, while LC neurons stabilized 

comparatively faster (~5 min). Because LC and SNc neurons are spontaneously active, 

membrane potential was measured at time points prior to pacemaker potentials (Fig. 3.2-2A). 

Cell input resistance (Rin) was assessed in the presence of tetrodotoxin (TTX; 1 µM) by 

averaging voltage changes evoked by hyperpolarizing current pulses (100 pA, 200 ms, 

1.7 Hz) applied every 20 s (Fig. 3.2-2B). 
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Figure 3.2-2. Measurement of membrane potential (Vm) and cell input resistance (Rin) from 

sharp electrode recordings. A: Vm of spontaneously active cells such as the nigral 

dopaminergic neuron shown in this example, was measured at time points just prior to 

pacemaker potentials (arrows). B: Rin was measured in the presence of TTX (1 µM) from 

voltage changes evoked by hyperpolarizing current pulses (-100 pA, 250 ms). In this 

particular neuron, Rin was 210 MΩ. 

 

3.2.3 Whole-cell patch clamp recording 

Visualized whole-cell patch clamp recordings were conducted under infared differential 

interference contrast (IR-DIC) microscopy (Nikon Eclipse E600FN) using a Multiclamp 

700A amplifier (Molecular Devices). Micropipettes (2-3 MΩ) were pulled using a P-97 Puller 

(Sutter Instruments) and filled with an internal solution based on either potassium 

methanesulfonate (K-MeSO3) or cesium methanesulfonate (Cs-MeSO3) (Table 3.2-2). Pipette 

solution osmolarity was routinely measured (280-290 mOsm) and adjusted using a high 

concentration (3 M) stock solution of the major chemical species (ie. K-MeSO3 or Cs-

MeSO3). Pipette solution pH was adjusted to 7.3 using KOH (1 M) or CsOH (50% wt. in 

H2O). 
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Table 3.2-2. Chemical composition of standard whole-cell patch clamp internal solutions. 

Chemical Concentration 
(mM) 

Potassium/Cesium-
methanesulfonate 

K-MeSO3/Cs-MeSO3 135 

HEPES C8H18N2O4S 10 
Magnesium chloride MgCl2 2 
EGTA C14H24N2O10 0.1 
Calcium chloride CaCl2 0.045 
Magnesium-ATP Mg2+ATP 2 
Sodium-GTP Na+GTP 0.3 

 

Signals were bessel filtered at 10 kHz and digitized at 20 kHz using a Digidata 1440 

(Molecular Devices). Voltage-clamp recordings were often conducted in ‘Membrane Test’ 

mode using pClamp software (Version 10.2; Molecular Devices) whereby whole-cell 

capacitance (Cm), membrane resistance (Rm), access resistance (Ra), and holding current (Ihold) 

were continuously monitored from periodic (50 Hz) voltage steps (-5 mV; 10 ms). During 

voltage-clamp recordings, cells were clamped at -60 mV after correcting for liquid junction 

potential (LJP). LJP was measured in current-clamp, as the potential difference between the 

pipette dipped in internal solution and standard aCSF (~7-8 mV). The measured LJP was 

confirmed using JPCalc for Windows (Barry, 1994), a built-in LJP calculator in pClamp 

software. 

Current-voltage (I-V) relationships of outward currents evoked by rotenone were calculated 

by applying voltage steps (-40 to -140 mV; 500 ms; 1 Hz) before (baseline) and in the 

presence of rotenone. Current amplitude (before Ih activation in nigral dopaminergic neurons) 

was subtracted from baseline to isolate membrane currents induced by rotenone. 
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3.3 Microfluorometry 

3.3.1 Measurement of intracellular Ca2+ concentration 

Intracellular free calcium concentration ([Ca2+]i) was measured using the ratiometric dye, 

fura-2 (pentapotassium salt; 250 µM; Invitrogen), in whole-cell recordings. Fura-2 was loaded 

into cells by diffusion from the patch-pipette, allowing 5-10 min for stable loading. Neurons 

were illuminated by a xenon light source (175 W; Lambda LS; Sutter Instruments) with a 

filter wheel to provide 340 and 380 nm wavelengths (Optospin; Cairn Research). 

Images were captured by a 12 bit, cooled, CCD camera (Orca AG; Hammamatsu) (typical 

exposure: 100-200 ms). Sequences were acquired using Axon Imaging Workbench (Version 

5.2; Indec Biosystems). Average pixel intensity was measured from a region of interest 

including the soma and proximal dendrites of the dye-filled neuron, after background 

subtraction from an arbitrarily selected region away from filled neuron and pipette. 

Background-subtracted ratios (R340/380) were converted to calcium concentrations following 

the calibration procedure described by Grynkiewicz et al. (1985) (Appendix 9.1). 

3.3.2 Measurement of mitochondrial membrane potential 

Changes of mitochondrial membrane potential (ΔΨm) were measured using the fluorescent 

dye, Rhodamine-123 (Rh-123, Sigma-Aldrich), in the ‘quenched mode’ as described by 

Schuchmann et al. (2000). Rh-123 (10 µg/mL) was loaded cells through the patch-pipette, 

allowing 5-10 min for adequate loading by diffusion. Excitation was provided at 535/25 nm 

(dichroic mirror: 575 nm) with a 590 nm long pass barrier filter. Background subtracted 

changes in fluorescence were normalized to a pre-drug ‘baseline’ period to give ΔF/F, which 

was converted to Ψm using the calibration procedure described in Appendix 9.2. The baseline 

stability of fluorescence measurements was assessed by calculating the coefficient of variation 

(CV) of background-subtracted fluorescence values. Neurons in which baseline fluorescence 

varied by >2% were excluded from analysis. 
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3.4 Electrochemistry 

Fast-scan cyclic voltammetry (FSCV) was used to measure changes in extracellular hydrogen 

peroxide ([H2O2]o), as described by Spanos et al. (2013). Carbon fibre microelectrodes were 

fabricated from a single carbon fibre (diameter 7 µm; GoodFellow, Cambridge Ltd.) aspirated 

into a thin-walled glass capillary (o.d. 1.5 mm, i.d. 1.12 mm). Microelectrodes were pulled on 

a horizontal puller (Narishige, Japan), forming a tight seal between carbon fibre and glass. 

Under magnification, the carbon fibre extending from the glass seal was trimmed to 

approximately 100 µm using a fine surgical scalpel blade. Electrodes were filled with wire 

glue (Anders Products) before a terminal (1.2 mm) was attached to the open end (Fig. 3.4-

1A). These carbon fibre microelectrodes could also be used for conventional electrochemical 

detection of DA (Appendix 9.3). 

FSCV was performed using Demon Voltammetry and Analysis software suite (Yorgason, 

Espana, & Jones, 2011), two National Instruments data acquisition cards (NI-DAQ; PCI-6711 

and PCI-6052e) and a Chem-Clamp potentiostat (Dagan Corporation). Electrode potential was 

scanned (10 Hz) as a triangular waveform from -0.4 to 1.4 V and back to -0.4 V at a scan rate 

of 400 V/s against an Ag/AgCl reference electrode. 

Before recordings, electrodes were cleaned by pre-treatment (10 min) in isopropyl alcohol, 

filtered with activated charcoal. Electrodes were slowly advanced, approximately 100 µm 

below the surface of the slice into the region of interest (either the SNc, SNr or LC). Electrode 

scanning was initially started at 60 Hz (for 1-2 min) and then slowed to 10 Hz, until currents 

stabilized (30-40 min) before recording was started. 

32 

 



 

Figure 3.4-1. Carbon fibre microelectrodes used for electrochemical detection of H2O2. 

A: Schematic illustrating carbon fibre microelectrode. B: Background-subtracted colour plot 

of H2O2 calibration series in beaker (50-300 µM). C: Increments of H2O2 (50-200 µM) 

produced characteristic voltammograms. 

Immediately after each recording, carbon fibre microelectrodes were calibrated in phosphate-

buffered (pH 7.4) saline (PBS; Table 3.4-1) by adding aliquots of H2O2 (50 mM, 35 µL) to a 

small beaker (35 mL) placed on a battery-operated magnetic stirrer. A calibration series was 

constructed from 50 µM increments of H2O2 (Fig. 3.4-1B) and used to create a calibration 

matrix for principle component regression (PCR) analysis in the ‘Chemometrics’ module of 

Demon Voltammetry and Analysis software. 
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Table 3.4-1. Chemical composition of phosphate-buffered saline (PBS) used to calibrate 

carbon fibre microelectrodes. 

Chemical Concentration 
(mM) 

Sodium chloride NaCl 137 
Potassium chloride KCl 2.68 
Disodium hydrogen phosphate Na2HPO4 10.14 
Potassium hydrogen phosphate KH2PO4 1.73 

 

3.5 Drugs 

Unless otherwise specified, drugs were purchased from Sigma-Aldrich. Stock solutions of 

drugs with low solubility in H2O such as rotenone, were prepared in DMSO and then diluted 

such that bath concentration of DMSO would not exceed 0.1%. 

Stock solution of 6-OHDA was prepared daily in PBS (Table 3.4-1) with ascorbic acid (10 

mM) to protect the toxin from oxidation. Similarly, stock solutions of DA (6 mM) were also 

prepared with ascorbic acid (2 mM). 

2.5.1 Bath application of drugs 

Drugs were applied to the recording chamber by either changing the main source of aCSF 

inflow (by three-way switch), or by injecting a high concentration stock near the bath inlet. 

One to three syringe pumps (SP100i, World Precision Instruments) were used to inject drug 

stock(s) (typically 250x concentration) into the main circulation, at 1/250 of the main flow 

rate (infusion rate: 0.014 mL/min; main flow rate: 3.5 mL/min), resulting in the target 

concentration in the recording chamber. This technique minimized oxidation of drugs which 

are unstable in aqueous solution (eg. DA, 6-OHDA and rotenone). Since L-DOPA could not 

be dissolved at high concentration, it was dissolved in carbogenated aCSF immediately before 

use. L-DOPA was applied from a 50 mL syringe connected by a three-way switch to the main 

inflow. 
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3.5.2 Rapid perfusion 

In some experiments, drugs were locally applied to the slice via  a ‘U-tube’ rapid perfusion 

system (Fig. 3.5-1A), using a modified system described by Fenwick et al. (1982). The spout 

(o.d. 0.5 mm, i.d. 0.2 mm) was positioned just above the region of interest of the slice using a 

micromanipulator, and solution inflow was gravity fed. With the valve in the open position, 

solution flows around the U-tube (o.d. 1.2 mm, i.d. 0.8 mm) and generates suction at the spout 

due to a Venturi effect. With the valve in the closed position, solution is forced through the 

smaller diameter spout, resulting in very fast exchange of solution at the surface of the slice 

due to the small ‘dead space’ of the spout. 

 

Figure 3.5-1. U-tube rapid perfusion system used for drug application. A: Schematic 

illustrating the system. When the valve on the lower arm is open, solution flows around the 

‘U’, however when closed, solution flows out of the spout, directed at the region of interest. 

B: Example whole-cell voltage-clamp recording (Vhold = -60 mV) showing the rapid response 

of a nigral dopaminergic neuron to DA (30 µM, 10 s; blue trace) applied via the U-tube. 

Application of aCSF through the U-tube resulted in little response (black trace). 
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 3.5.3 Intracellular application of ADP ribose 

TRPM2 channels were activated by intracellular application of ADP ribose, loaded into 

neurons by diffusion from the patch-pipette (Chung, Freestone, & Lipski, 2011). After 

establishing stability in the whole-cell configuration, 1 µL of ADP ribose stock (2 mM; 

dissolved in internal solution) was injected by Hamilton syringe (25 µL) into the end of the 

patch pipette (filled with 9 µL of internal solution) through fine tubing (o.d. 0.5 mm, i.d. 0.2 

mm) fed through the electrode holder. In this way, ADP-ribose application was started at a 

defined time-point, as opposed to starting immediately after entering whole-cell 

configuration. 

 

3.6 Immunohistochemistry 

Immunohistochemistry was performed on thick (250 µm) or thin (50 µm) coronal sections of 

the midbrain and pons. Thick sections were cut as described for acute brain slices (Section 

3.1) and incubated for 40 min at 34°C before fixation in paraformaldehyde (PFA; 4%) for 2 

hours at room temperature. Thin sections were also cut by vibratome, but from fixed brain 

tissue which had been transcardially perfused with cooled (5-8°C) PBS and then PFA, before 

fixation overnight in PFA at 4°C. After washing (3 x 15 min) with PBS, thick sections were 

treated with trypsin (0.07%) for 5 min at room temperature to reduce surface debris. Sections 

were then washed (3 x 15 min) in PBS containing with Triton X-100 (1%) to permeabilise 

cell membranes, and bovine serum albumin (BSA; 5%; Medica) to block non-specific 

binding, before incubation overnight with primary antibodies against Tyrosine Hydroxylase 

(mouse α-TH; 1/1000; #MAB5280; Millipore) and/or TRPM2 (rabbit α-TRPM2; 1/500; 

Novus Biologicals) at 4°C. After further washes (3 x 15 min), sections were incubated for 2 

hours at room temperature with secondary antibodies: Alexa 488-conjugated goat α-mouse 

(1/500; #A11001; Invitrogen), and/or Alexa 468 goat α-rabbit (1/500; #A11072; Invitrogen). 
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Finally, sections were rinsed (3 x 15 min) in PBS before mounting in Prolong Gold (with 

DAPI; Invitrogen). 

 

3.7 Membrane binding and CAMYEL assays 

Membrane binding assays were conducted to determine whether MPP+ and 6-OHDA directly 

bound to dopamine D2 receptors, using membranes isolated from human embryonic kidney 

(HEK) 293 cells, stably transfected with recombinant human dopamine D2 receptor (long 

isoform; GeneBank NM_000795). Membranes were disrupted from cells suspended in 

sucrose buffer (Table 3.7-1) using a glass homogenizer, and were isolated by centrifugation at 

1,000 G followed by 20,000 G after removal of the nuclear pellet. Protein concentration was 

measured using a DC protein assay (Bio-Rad). 

Binding assays were conducted using 20 µg of membrane, [3H]raclopride (2.5 nM; Perkin 

Elmer) and the test ligand (MPP+ or 6-OHDA) in 200 µL of assay buffer (Table 3.7-2). 

Triplicate samples were incubated for 1 hr at 30°C before being transferred to filter plates 

(Perkin Elmer) and vacuum filtered. Scintillation fluid (Irgasafe, Perkin Elmer) was added to 

samples which were read for 2 min per well in a scintillation counter (1450 MicroBeta Trilux, 

Perkin Elmer). 

Table 3.7-1. Sucrose buffer used for cell suspension and membrane isolation of HEK 293 

cells transfected with human D2 receptor. 

Chemical Concentration 
(mM) 

Sucrose C12H22O11 200 
Tris-HCl NH2C(CH2OH)3.HCl 50 
Magnesium Chloride MgCl2 5 
EDTA C10H16N2O8 2.5 
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Table 3.7-2. Buffer used for membrane binding assays. 

Chemical Concentration 
(mM) 

HEPES  50 
Magnesium Chloride MgCl2 1 
Calcium Chloride CaCl2 1 
Bovine Serum Albumin (BSA)  0.2% 

 

Production of cAMP was measured to determine whether MPP+ affected downstream 

signaling from D2 receptors, using a bioluminescence resonance energy transfer (BRET) 

construct, in which energy transfer from donor to acceptor molecules is reduced in the 

presence of cAMP. This particular construct, cAMP sensor using YFP-Epac-RLuc 

(CAMYEL), utilizes Renilla Luciferase (RLuc) bioluminescence, paired with the yellow 

fluorescent protein (YFP) variant, venus (Jiang et al., 2007). 

HEK 293 cells expressing human D2 receptor (and human CB1 receptor as a control) were 

transiently transfected with the CAMYEL construct as described by Cawston et al. (2013). 

RLuc bioluminescence was stimulated with coelenterazine (5 µM; Promega) and cAMP 

production via adenylate cyclase, was enhanced with forskolin (FSK; 5 µM). Following the 

addition of MPP+ and/or DA, emission was detected at 460/25 nm (RLuc) and 535/25 nm 

(YFP) with a Victor-Lite (Perkin Elmer) at 37°C. Data were measured as an inverse BRET 

ratio (ie. 460/535 nm) such that increased ratio would correspond to increased cAMP. Area 

under the curve (AUC) analysis was performed in GraphPad Prism (v. 5.02; GraphPad 

Software). 
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3.8 Data analysis 

Electrophysiological data were analyzed using Clampfit (v. 10.2; Molecular Devices). 

Imaging data ([Ca2+]i and ΔΨm) were analyzed with Imaging Workbench (v. 5.2; INDEC 

Biosystems). Changes in extracellular firing frequency were measured at defined time points 

(eg. 10 min after the start of drug application), relative to a pre-drug baseline period. Baseline 

firing frequency was usually averaged from the 2 min preceding drug application. 

Changes in membrane currents are expressed as current densities (ΔpA/pF) to account for 

differences in cell surface area, approximated by cell capacitance. Membrane currents and 

fluorescence intensities were measured relative to a 2 min pre-drug baseline period, and 

averaged over a defined 30 s interval. 

Curve fitting was conducted in either OriginPro (v. 8.1; OriginLab) or Microsoft Excel (2010; 

Microsoft) using the Solver add-in to minimize the sum of squares between predicted and 

observed values. Repeated measures analyses of variance (ANOVA) were performed in 

Statistica (v. 10; StatSoft), followed by planned post-hoc comparisons using contrast 

coefficients. Data is presented as mean ± SEM, and statistical significance is reported as * 

p<0.05, ** p<0.01, or *** p<0.001 for within groups comparisons, and # p<0.05, ## p<0.01, 

or ### p<0.001 for between groups comparisons. 
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4.0 Rotenone 

Rotenone is a mitochondrial complex I inhibitor which has been commonly used to generate 

animal and cellular models of PD (Section 1.6.1). Rotenone produces a progressive model of 

degeneration, reflecting disease pathology (Braak et al., 2003; Pan-Montojo et al., 2010), and 

eventually causes relatively selective degeneration of nigral dopaminergic neurons (Betarbet et 

al., 2000). 

While the acute effects of rotenone have previously been investigated in nigral dopaminergic 

neurons (Freestone et al., 2009; Liss, Bruns, & Roeper, 1999; Roper & Ashcroft, 1995), little is 

known about its actions on noradrenergic LC neurons. Importantly, these neurons are also 

profoundly affected in PD (Section 1.2) and are damaged by rotenone exposure (Betarbet et al., 

2000; Hoglinger et al., 2003). It has been reported that neuronal loss in the LC can exceed that 

in the SNc (Perry, Irving, Blessed, Fairbairn, & Perry, 1990; Zarow, Lyness, Mortimer, & 

Chui, 2003). Furthermore, early development of NMS attributed to LC degeneration, and early 

appearance of Lewy bodies in these neurons (Braak et al., 2003), suggest that neuronal damage 

occurs in the LC before nigral pathology. 

In the following chapter, the effects of rotenone on the electrophysiological properties and 

intracellular Ca2+ levels of LC neurons are characterized. These responses are compared to 

those of nigral dopaminergic neurons, in order to determine which group of neurons is more 

susceptible to the effects of rotenone, and potentially more vulnerable to damage in PD. The 

effects of rotenone on nigral non-DA neurons, which do not degenerate in PD, are also 

described. 
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4.1 Identification and electrophysiological properties of LC, SNc and nigral non-DA 

neurons 

4.1.1 Noradrenergic LC neurons 

Noradrenergic LC neurons were identified in acute pontine slices from their anatomical 

location and electrophysiological characteristics (Williams, North, Shefner, Nishi, & Egan, 

1984). In transverse slices, the LC could be identified as a translucent crescent, located near the 

corner of the fourth ventricle. In extracellular recordings, noradrenergic neurons were 

identified by their slow (1.13±0.07 Hz) and relatively irregular firing (CV = 14.33±0.79%), and 

long-duration (2.81±0.11 ms), biphasic action potentials (Fig. 4.1-1A). These action potentials 

were characterised by a distinctive notch in their falling phase (arrowhead; Fig. 4.1-1A), 

indicating a delay in electrical propagation between initial segment (IS) and somato-dendritic 

(SD) compartments. Spontaneous firing was rapidly inhibited by bath application of NA 

(30 µM, 45 s) which could be abolished by α2 antagonist, idazoxan (30 µM, applied 5 min 

before the start of NA; F(1,52) = 23.90, p<0.001; Fig. 4.1-1B). Because idazoxan is also a weak 

agonist of α1 receptors (Cathala, Guyon, Eugene, & Paupardin-Tritsch, 2002), it was combined 

with α1 adrenoceptor antagonist, prazosin (0.5 µM). 
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Figure 4.1-1. Extracellular identification of noradrenergic LC neurons. A: LC neurons were 

identified by characteristic, long-duration biphasic action potentials, with a distinctive notch in 

the falling phase (arrowhead). B: Spontaneous firing was rapidly inhibited by NA, which could 

be blocked by idazoxan (30 µM; α2 antagonist) and prazosin (0.5 µM; α1 antagonist). 

C: Example inter-spike interval histogram showing relatively irregular firing pattern of an LC 

neuron. D: Summary of extracellular firing parameters of LC neurons (n=50).  
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In whole-cell recordings, LC neurons were identified under infrared differential interference 

contrast (IR-DIC), as densely packed, medium-sized (≥20 µm diameter) neurons (Fig. 4.1-2A). 

In current-clamp (I=0), neurons fired slow, long-duration (1.15±0.03 ms) action potentials from 

a threshold of –35.4±0.7 mV (spike amplitude 68.8±0.7 mV; n=50). Depolarising current 

injection (50 to 150 pA, 700 ms) elicited a train of action potentials with progressively larger 

inter-spike interval (spike frequency adaptation; Fig. 4.1-2C). In response to hyperpolarising 

current injection (-100 to -300 pA, 700 ms), noradrenergic LC neurons did not show a 

depolarising sag (cf. dopaminergic SNc neurons, Fig. 4.1-4C). 

Bath application of NA (30 µM; 1 min) evoked an outward current in voltage-clamped 

(Vhold = -60 mV) LC neurons (Fig. 4.1-2D). Furthermore, negative voltage commands (-70 

to -110 mV, 800 ms) did not activate Ih current in this group of neurons (cf. Fig. 4.1-4D). Cell 

membrane capacitance (Cm) and input resistance (Rin) were measured in voltage-clamped LC 

neurons. In a group of 50 neurons patched using a K+-based internal solution, Cm and Rin were 

120.6±.3.3 pF and 187.1±12.3 MΩ, respectively (Fig. 4.1-2E). 

  

43 
 



 

Figure 4.1-2. Identification of noradrenergic LC neurons in whole-cell patch clamp recordings. 

A: IR-DIC image of LC neurons. Scale bar: 20 µm. B: Slow firing in current-clamp (I=0). 

C: Spike frequency adaptation and lack of clear depolarising sag after current injection 

(100 pA, -100 to -300 pA). D: NA evokes outward current in voltage-clamp (top). Absence of 

Ih in response to voltage steps (-70 to -110 mV; bottom). E: Distributions of cell membrane 

capacitance (Cm), input resistance (Rin) and spike duration (n=50).  
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4.1.2 Nigral dopaminergic (SNc) neurons 

Nigral dopaminergic neurons were identified in transverse or horizontal midbrain slices by 

their anatomical location and electrophysiological characteristics (Grace & Onn, 1989). In 

transverse slices, these neurons were located along the ventral border of the medial lemniscus, 

while in horizontal slices, densely packed dopaminergic neurons were found adjacent to the 

medial terminal nucleus of the accessory optic tract. 

In extracellular recordings, nigral dopaminergic neurons were identified by their slow 

(2.07±0.09 Hz) and regular firing (CV = 5.38±0.55%), and long-duration (2.39±0.10 ms), 

biphasic action potentials (Fig. 4.1-3A). A distinctive notch was often observed in the rising 

phase of the extracellular action potential (arrowhead; Fig. 4.1-3A), caused by prominent 

IS-SD delay (Grace & Bunney, 1983). Bath application of DA (30 µM, 45 s) rapidly inhibited 

the firing of SNc neurons, by activating D2 auto-receptors (n=50) (Lacey, Mercuri, & North, 

1987). 

Under IR-DIC, nigral dopaminergic neurons were identified as multi-polar, medium-sized 

(≥20 µm diameter), elongated neurons (Fig. 4.1-4A). In whole-cell recordings (I=0), SNc 

neurons fired long-duration (1.40±0.06 ms) action potentials from a threshold of -31.5±0.7 mV 

(spike amplitude 54.6±1.3 mV). Depolarizing current injection (50 to 150 pA, 700 ms) elicited 

a train of action potentials displaying clear spike frequency adaptation (Fig. 4.1-4C). 

Hyperpolarizing current injection (-100 to -300 pA, 700 ms) evoked a prominent depolarising 

sag (arrowhead), observed in voltage-clamp (voltage steps -70 to -110 mV, 800 ms) as Ih 

current (Fig. 4.1-4D), mediated by hyperpolarisation-activated cyclic nucleotide-gated (HCN) 

channels. 

Consistent with inhibition of firing observed in extracellular recordings (Fig. 4.1-3B), U-tube 

application of DA (30 µM, 10 s) evoked a large outward current in voltage-clamped neurons 

(Vhold = -60 mV) by activating D2 auto-receptors (Fig. 4.1-4D). 
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Figure 4.1-3. Extracellular identification of dopaminergic SNc neurons. A: Dopaminergic SNc 

neurons fire characteristic, biphasic action potentials with a notch (IS-SD) in the rising phase 

(arrowhead). B: Firing was rapidly inhibited by exogenous DA via D2 receptor activation 

(n=50). C: Inter-spike interval histogram showing very regular firing of an SNc neuron. 

D: Summary of extracellular firing parameters (n=50).  
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Figure 4.1-4. Identification of SNc neurons in whole-cell patch clamp recordings. A: IR-DIC 

image of dopaminergic SNc neurons. Scale bar: 20 µm. B: Slow firing of long-duration action 

potentials in current-clamp (I=0). C: Spike frequency adaptation and depolarising sag 

(arrowhead) in response to current injection (+100 pA, -100 to -300 pA). D: Outward current 

evoked by exogenous DA (top) and characteristic Ih current (arrowhead) activated by negative 

voltage commands (-70 to -110 mV). E: Distributions of Cm, Rin and spike duration (n=50).  
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4.1.3 Nigral non-DA neurons 

Nigral non-dopaminergic (non-DA) neurons were identified by their morphological and 

electrophysiological properties. Since unequivocal distinction between secondary non-DA 

neurons of the pars compacta and primary GABA-ergic neurons of the pars reticulata is 

difficult in brain slices (Lacey, Mercuri, & North, 1989), these are collectively referred to as 

‘nigral non-DA neurons’ in this study. 

In extracellular recordings, nigral non-DA neurons fired more quickly (6.42±0.50 Hz) and 

more irregularly than nigral dopaminergic neurons (CV = 8.9±1.3%). Action potentials were 

shorter in duration (1.06±0.05 ms), with a small negative phase (Fig. 4.1-5A). Bath application 

of DA (30 µM, 45 s) had no effect (21 of 50 neurons) or increased firing (29 of 50 neurons), 

providing firm distinction between dopaminergic and non-DA neurons (Fig. 4.1-5B). 

Nigral non-DA neurons were smaller than dopaminergic neurons (~10 µm diameter; 

Fig. 4.1-6A). In whole-cell recordings, these neurons fired quickly from a threshold 

of -33.1±2.6 mV (spike amplitude: 55.3±1.6 mV) and spike half-width was relatively short 

(0.87±0.08 ms; Fig. 4.1-6B). Nigral non-DA neurons did not show strong spike frequency 

adaptation and were able to fire extremely quickly following depolarising current injection (50 

to 150 pA, 700 ms). In response to hyperpolarising current (-100 to -300 pA, 700 ms), these 

neurons did not display depolarising sag (Fig. 4.1-6C). Furthermore, Ih was not evoked by 

negative voltage commands (-70 to -110 mV, 800 ms; Fig. 4.1-6D). 

As expected from their smaller appearance, Cm (related to cell membrane surface area1) was 

smaller in nigral non-DA neurons (76.6±6.1 pF; Fig. 4.1-6E). These neurons also had higher 

Rin (318.1±24.8 MΩ) than nigral dopaminergic neurons.  

1 Membrane capacitance (Cm) =  ε.ε0.A
d

, where ‘ε’ is dielectric constant, ‘ε0’ is the permittivity 

of free space, ‘A’ is membrane surface area, and ‘d’ membrane thickness. 
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Figure 4.1-5. Extracellular identification of nigral non-DA neurons. A: Nigral non-DA neurons 

were identified by high frequency firing and short action potentials. B: On average, application 

of DA increased the firing of these neurons (n=50). C: Inter-spike interval histogram 

illustrating regularity of firing. D: Summary of firing parameters (n=50).  
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Figure 4.1-6. Whole-cell identification of nigral non-DA neurons. A: IR-DIC image of a nigral 

non-DA neuron. Scale bar: 20 µm. B: Fast firing of short duration spikes in current-clamp 

(I=0). C: Injection of depolarising current caused little spike frequency adaptation, while 

hyperpolarising current did not evoke depolarising sag (+100 pA, -100 to -300 pA, 700 ms). 

D: Absence of Ih current following negative voltage commands (-70 to -110 mV, 800 ms). 

E: Distributions of membrane capacitance (Cm), input resistance (Rin) and spike duration 

(n=30).  
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4.2 Results 

 4.2.1 Rotenone inhibits the firing of LC neurons, mainly by activating KATP channels 

The effects of rotenone (0.01-5 µM) on noradrenergic LC neurons were investigated using 

conventional single-unit extracellular recordings (Fig. 4.1-1). While the lowest concentration of 

rotenone (10 nM) increased the firing of these neurons, higher doses (0.1-5 µM) caused dose-

dependent (F(1,62) = 14.60, p<0.001) and non-reversible inhibition of spontaneous activity (from 

baseline firing rate: 1.26±0.05 Hz). Inhibition developed slowly, and usually began ~5 min 

after the start of toxin exposure, reaching steady-state ~10 min after the start of application 

(Fig. 4.1-1A). Fitting a dose-response curve to changes of firing evoked by rotenone (measured 

10 min after the start of application)2, indicated that the toxin inhibited the firing of LC neurons 

with an EC50 of 3.52 µM (Fig. 4.1-1B). 

Brief application of rotenone (1 µM, 5 min) evoked an inhibitory response in approximately 

one third of LC neurons tested (22 of 63 neurons), however longer exposure to the same 

concentration (for up to 30 min) inhibited a larger proportion of neurons (Fig. 4.1-2). After 

10 min application of rotenone, 22 out of 39 neurons (56.4%) showed a decrease in firing. 

After 20 min, 22 out of 28 neurons (78.6%) were inhibited, and after 30 min, 13 out of 14 

neurons were inhibited (92.9%) by the toxin. These data indicate that inhibition is dependent 

on duration of exposure to the toxin, and that some LC neurons are more sensitive to inhibition. 

Modelling this relationship to duration of exposure (using a sigmoidal curve) indicated that 

50% of LC neurons would be inhibited after 7.20 min exposure to rotenone (Fig. 4.1-2B). 

2 Note that the increase of firing evoked by 10 nM rotenone was excluded from curve fitting, as 

fitting was intended to characterise inhibitory effects of the toxin. 
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Figure 4.2-1. Rotenone inhibits the firing of noradrenergic LC neurons. A: Bath application of 

rotenone (0.1-5 µM, 5 min) evoked dose-dependent inhibition of spontaneous firing. While the 

lowest dose (10 nM) actually increased firing, higher doses (0.1-5 µM) decreased firing rate, 

measured 10 min after the start of rotenone application. B: Curve-fitting demonstrated that the 

toxin inhibited firing with an EC50 of 3.52 µM.   
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Figure 4.2-2. Inhibition of firing depends on duration of rotenone exposure. A: Rotenone 

(1 µM) inhibited the firing (shown in blue) of 56.4% of noradrenergic LC neurons after 10 min, 

78.6% after 20 min, and 92.9% after 30 min of exposure to the toxin. B: 50% of LC neurons 

were inhibited by rotenone (1 µM) after 7.20 min of exposure. 

 

In voltage-clamped neurons, rotenone (1 µM, 10 min) evoked an outward current 

(0.36±0.08 pA/pF; n=26) which was abolished by tolbutamide (100 µM; applied >5 min before 

the start of rotenone), indicating that the toxin activated KATP channels (F(1,31) = 7.20, p=0.012; 

Fig. 4.1-3A). This outward current was associated with a significant drop of cell input 

resistance (ΔRin = -14.0±3.5%; baseline: 229.6±21.0 MΩ; F(1,31) = 21.49, p<0.001) consistent 
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with opening of plasma-membrane KATP channels. Conversely, in the presence of tolbutamide, 

rotenone did not signifcantly change Rin (ΔRin = -4.10±3.37%; baseline: 215.3±33.9 MΩ; 

F(1,31) = 0.52, p=0.47). 

Subtraction of current responses produced by voltage steps (-140 mV to -40 mV) at baseline 

and at the peak of rotenone (1 µM)-induced currents (~5-10 min after the start of application), 

demonstrated that outward currents reversed at -82.8±3.9 mV (Fig. 4.2-3B), near the 

equilibrium potential3 for K+ (EK+ = -100.7 mV). This indicated that rotenone-induced outward 

currents mostly carried K+, and supported the activation of KATP channels. 

Consistent with the ability of KATP blockers to abolish rotenone-induced outward currents, pre-

treatment of slices (5 min before the start of rotenone) with tolbutamide (100 µM) or 

glibenclamide (1 µM), abolished the inhibition of firing evoked by rotenone (1 µM, 5 min) in 

extracellular recordings (F(2,49) = 7.24, p=0.002; Fig. 4.1-4A). When applied at the end of 

rotenone (1 µM, 20 min) exposure, tolbutamide reversed inhibition and restored firing to 

baseline frequency (Fig. 4.1-4B). However, when rotenone exposure was longer (30 min), 

reversal by tolbutamide was less effective (Fig. 4.1-4B and C), indicating that although 

inhibition is initially mediated by KATP channels, additional mechanisms contribute after 

prolonged exposure to the toxin.  

3 𝐸𝐸𝐾𝐾+ = 𝑅𝑅𝑅𝑅
𝑧𝑧𝑧𝑧
𝑙𝑙𝑙𝑙 [𝐾𝐾+]𝑜𝑜

[𝐾𝐾+]𝑖𝑖
 

Where ‘R’ is the universal gas constant, ‘T’ is temperature in K, ‘z’ is the valence of K+, ‘F’ is 

Faraday’s constant and [K+]o and [K+]i are extracellular and intracellular concentrations of K+. 

(8.31 𝐽𝐽𝐾𝐾−1𝑚𝑚𝑚𝑚𝑙𝑙−1)(307 𝐾𝐾)
(1)(96485 𝐶𝐶𝑚𝑚𝑚𝑚𝑙𝑙−1)

𝑙𝑙𝑙𝑙
3 𝑚𝑚𝑚𝑚

135 𝑚𝑚𝑚𝑚
= −100.7 𝑚𝑚𝑚𝑚 
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Figure 4.2-3. Rotenone evokes an outward current in LC neurons mediated by KATP channels. 

A: Bath application of rotenone (1 µM) evoked an outward current in voltage-clamped 

neurons, which was abolished by pre-treatment of slices with KATP channel blocker, 

tolbutamide (100 µM). B: I-V relationship of the current evoked by rotenone was measured by 

subtraction of voltage steps (-140 to -40 mV) before (baseline) and during rotenone (1 µM; 

n=7) application. Current reversed at -82.8±3.9 mV, near EK+.  
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Figure 4.2-4. Inhibition of firing in extracellular recordings is mostly mediated by KATP 

channels. A: Pre-treatment with KATP blockers, tolbutamide (100 µM) and glibenclamide 

(1 µM), abolished the inhibitory effect of rotenone (1 µM). B: When applied at the end of 

rotenone exposure (20 min), tolbutamide reversed inhibition and restored firing. Longer 

exposure (30 min) to the toxin caused greater inhibition, and reduced the ability of tolbutamide 

to restore firing. This indicated that inhibition evoked by longer exposure to rotenone was not 

solely mediated by KATP channels. C: Summary of changes in firing evoked by longer exposure 

to rotenone (30 min vs. 20 min).  
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4.2.2 Comparison of rotenone-induced inhibition of LC, SNc and nigral non-DA 

neurons 

The effects of rotenone on LC neurons were compared to the responses of nigral dopaminergic 

neurons and nigral non-dopaminergic neurons (referred to as SNc and nigral non-DA neurons 

respectively). In extracellular recordings, brief application of rotenone (1 µM, 5 min) caused 

similar inhibition in LC (-23.1±10.6%; baseline: 1.26±0.05 Hz) and nigral non-DA neurons 

(-22.3±11.9%; baseline: 6.38±0.61 Hz; measured 10 min after the start of rotenone; 

F(2,47) = 0.002, p=0.97), but evoked significantly larger inhibition in SNc neurons 

(-65.0±10.2%; baseline: 1.84±0.09 Hz; F(1,47) = 8.44, p=0.006 vs. LC neurons; Fig. 4.2-5A and 

Fig. 4.2-5B). 

At higher concentration (5 µM), rotenone produced the largest inhibition of SNc neurons, 

followed by nigral non-DA neurons and then LC neurons. A similar pattern was observed at 

lower concentrations of the toxin (10-100 nM), which caused significantly larger inhibition of 

SNc neurons than either LC or nigral non-DA neurons (Fig. 4.2-5B). Dose-response 

relationships confirmed that rotenone inhibited the firing of SNc neurons most effectively 

(EC50 = 35 nM), while inhibition of LC (EC50 = 3.52 µM) and nigral non-DA neurons was 

similar (EC50 = 3.38 µM; Fig. 4.2-5C). Together, these data suggest that SNc neurons are more 

sensitive to the inhibitory effects of rotenone than either LC or nigral non-DA neurons. 
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Figure 4.2-5. Comparison of rotenone-evoked inhibition of LC, SNc and nigral non-DA 

neurons. A: Rotenone (1 µM) inhibited the firing of all groups of neurons, but inhibition was 

largest in SNc neurons. B: Inhibition was dose-dependent in all groups, although the lowest 

dose increased the firing of LC neurons. Inhibition was significantly larger in SNc neurons than 

either LC or nigral non-DA neurons at all concentrations tested. C: EC50 of rotenone on SNc 

neurons was much lower than that of LC or nigral non-DA neurons. 
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Consistent with these findings, longer exposure to rotenone (1 µM, 20 min) produced the 

largest inhibition of SNc neurons (-87.43±6.74%; measured 20 min after the start of rotenone; 

baseline: 1.99±0.12 Hz; Fig. 4.2-6A). Nigral non-DA neurons were inhibited by a similar 

amount (-82.83±7.27%; baseline: 8.24±0.94 Hz), but inhibition developed more slowly than in 

SNc neurons. Conversely, rotenone caused the smallest decrease of firing in LC neurons 

(-38.02±15.30%; baseline: 1.13±0.12 Hz). 

Modelling the relationship between duration of exposure to rotenone (1 µM) and percentage of 

neurons inhibited by the toxin, confirmed that SNc neurons were the most sensitive group, 

followed by nigral non-DA neurons, and then LC neurons (Fig. 4.2-6B). These models 

indicated that 50% of SNc neurons would be inhibited after 2.53 min exposure to rotenone 

(R2 = 0.97), while the same percentage of non DA neurons and LC neurons would require 

4.29 min (R2 = 0.93) and 7.20 min (R2 = 0.95) exposure respectively. 

Application of tolbutamide (100 µM) at the end of rotenone (1 µM, 20 min) exposure partially 

reversed inhibition in SNc neurons (Fig. 4.2-6A). Reversal was transient, and firing continued 

to decrease in the presence of tolbutamide. Tolbutamide also restored the firing of both LC and 

nigral non-DA neurons, although reversal was transient in the latter group of neurons. These 

results confirmed that rotenone activates KATP channels in LC, SNc and nigral non-DA 

neurons, and indicated that KATP-independent, inhibitory effects were larger in SNc and nigral 

non-DA neurons.  
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Figure 4.2-6.  Effect of prolonged rotenone exposure on the firing of LC, SNc and nigral 

non-DA neurons. A: Longer application of rotenone (1 µM, 20 min) caused larger inhibition in 

SNc and nigral non-DA neurons, than in LC neurons. Tolbutamide partially reversed inhibition 

of SNc neurons, although this effect was transient. Reversal was also transient in nigral non-

DA neurons, but tolbutamide restored the firing of LC neurons close to baseline frequency. 

B: Relationship between inhibition and duration of exposure to rotenone (1 µM). These models 

indicated that 50% of SNc neurons were inhibited after 2.53 min exposure to rotenone, while 

the same percentage of non DA and LC neurons were inhibited after 4.29 min and 7.20 min 

respectively.  
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In voltage-clamped neurons, rotenone (1 µM, 10 min) evoked larger outward currents in SNc 

neurons (ΔpA/pF = 1.36±0.18 pA/pF; n=24) than LC neurons (ΔpA/pF = 0.36±0.08 pA/pF; 

n=26; F(1,55) = 27.04, p<0.001; Fig. 4.1-7A). Outward currents were also significantly larger in 

nigral non-DA neurons (ΔpA/pF = 0.99±0.27 pA/pF; n=8) than LC neurons (F(1,55) = 5.27, 

p=0.03), but did not significantly differ compared to SNc neurons (F(1,55) = 1.78, p=0.19). 

Consistent with these differences, changes of Rin were also larger in SNc neurons 

(ΔRin = -30.25±4.57%; baseline: 168.95±12.44 MΩ) and nigral non-DA neurons 

(ΔRin = -33.24±9.89%; baseline: 356.26±57.17 MΩ) compared to LC neurons 

(∆Rin = -13.97±3.47%; baseline: 229.59±21.03 MΩ; Fig. 4.1-7B). 

The I-V relationship of outward currents evoked by rotenone (1 µM) on SNc neurons showed 

similar reversal (-78.6±0.8 mV) as in LC neurons (-82.8±3.9 mV; Fig. 4.1-7D), however the 

larger slope (conductance) reflected larger outward currents evoked by the toxin on SNc 

neurons.  
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Figure 4.2-7. Comparison of outward currents evoked by rotenone in LC, SNc and nigral non-

DA neurons. A, B: Outward currents and change of membrane resistance (ΔRm) produced by 

rotenone (1 µM, 10 min) were significantly larger in SNc than LC neurons. C: Representative 

examples of outward currents evoked by rotenone on LC (blue) and SNc (black) neurons. 

D: I-V relation of outward currents in LC and SNc neurons, illustrating similar reversal 

potentials but larger conductance evoked by rotenone (1 µM) in SNc neurons.  
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4.2.3 KATP channel activation by diazoxide 

Since rotenone more strongly activated KATP channels in SNc neurons, the KATP channel 

opener, diazoxide, was used to investigate whether larger responses evoked by rotenone were 

due to intrinsically greater KATP conductances in SNc neurons compared to LC or nigral non-

DA neurons. 

In extracellular recordings, diazoxide (100-500 µM) dose-dependently inhibited the firing 

(measured 5 min after the start of diazoxide) of SNc (F(1,22) = 41.28, p<0.001) and LC neurons 

(F(1,21) = 34.20, p<0.001; Fig. 4.2-8A and B). The highest concentration of diazoxide (500 µM) 

produced significantly larger inhibition of SNc and LC neurons, compared to nigral non-DA 

neurons (F(1,27) = 13.53, p=0.001; Fig. 4.2-8B), but SNc and LC neurons did not differ 

significantly (F(1,27) = 2.47, p=0.13). However, outward currents evoked by diazoxide (500 µM, 

10 min) in SNc neurons were significantly larger than those in LC (F(1,15) = 31.32, p<0.001) 

and nigral non-DA neurons (F(1,15) = 26.48, p<0.001; Fig. 4.2-8C). 

Together, these results suggest that there is greater functional expression of KATP channels in 

SNc neurons than either LC or nigral non-DA neurons, which may contribute to larger KATP-

mediated responses evoked by rotenone in SNc neurons. 

63 
 



 

Figure 4.2-8. Diazoxide evokes greater inhibition of SNc neurons than nigral non-DA and LC 

neurons. A: Bath application of diazoxide (500 µM) inhibited the firing of LC, SNc, nigral 

non-DA neurons by opening KATP channels. B: Inhibition of firing evoked by diazoxide 

(500 µM) was largest in SNc neurons (n=11), followed by LC (n=12), then nigral non-DA 

neurons (n=7). C: Outward currents evoked by diazoxide were largest in SNc neurons, while 

similar responses were produced in LC and nigral non-DA neurons.  
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4.2.4 Excitatory effects of rotenone on LC neurons 

In earlier experiments, it was observed that a low concentration of rotenone (10 nM) increased 

the firing of LC neurons (ΔHz = 0.33±0.03 Hz; measured 10 min after the start of rotenone; 

Fig. 4.2-1), and that higher doses of the toxin (0.1-5 µM) often evoked an increase of firing 

before the onset of KATP-mediated inhibition (measured 5 min after the start of rotenone; 

Fig. 4.2-1A and Fig. 4.2-9A). This suggested that the toxin had both excitatory and inhibitory 

effects on LC neurons: a lower threshold excitatory effect, and a slower onset inhibitory effect 

evoked by higher doses of the toxin. Consistent with this idea, when KATP channels were 

blocked with tolbutamide (100 µM) or glibenclamide (1 µM), rotenone (1 µM, 5 min) 

significantly increased the firing of LC neurons (Tolb: F(1,49) = 9.43, p=0.003; 

Glib: F(1,49) = 4.30, p=0.04; Fig. 4.2-4A). 

In extracellular recordings, excitation was abolished by a non-selective blocker of TRPM2 

channels, N-(p-amylcinnamoyl) anthranilic acid (ACA; 20 µM; applied 10 min before the start 

of rotenone), suggesting that the increase in firing was mediated by oxidative stress-gated 

TRPM2-like channels (F(1,18) = 8.63, p=0.009; Fig. 4.2-9B). In whole-cell recordings, rotenone 

(1 µM, 10 min) evoked a net inward current when K+ conductances (including KATP) were 

blocked with intracellular Cs+ (Δpa/pF = -0.21±0.04 pA/pF; Fig. 4.2-9C), corresponding to the 

increase in firing observed in extracellular recordings. In contrast, diazoxide (500 µM, 10 min) 

did not evoke an inward current when KATP channels were blocked with Cs+ 

(Δpa/pF = 0.08±0.06 pA/pF; n=5; data not shown), indicating that this effect was specific to 

rotenone. 
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Figure 4.2-9. Excitatory effects of rotenone on LC neurons. A: Summary of increases of firing 

before the onset of inhibition (measured 5 min after the start of rotenone). Examples show this 

early effect at each concentration of rotenone (0.01-5 µM). B: Rotenone evoked an increase in 

firing when slices were pre-treated with tolbutamide (100 µM) which was abolished by non-

selective TRPM2 blocker, ACA (20 µM). C: Block of K+ channels with internal Cs+ reversed 

KATP-mediated outward currents evoked by rotenone (1 µM), revealing an inward current. 
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Interestingly, the mitochondrial uncoupler, carbonyl cyanide m-chlorohydrazone (CCCP) 

produced excitatory or inhibitory responses depending on its method of application 

(Fig. 4.2-10). Bath application of CCCP (1 µM) evoked a slow increase of firing in mouse4 LC 

neurons (ΔHz = 0.67±0.14 Hz; measured 10 min after the start of CCCP; n=7; Fig. 4.2-10A), 

while U-tube application of CCCP (1 µM, 5 min) caused rapid inhibition of firing 

(ΔHz = -2.46±0.32 Hz; n=3), cell membrane hyperpolarisation (ΔVm = -11.0±4.6 mV; n=3) 

and outward current (0.97±0.24 pA/pF; n=5) in whole-cell recordings (Fig. 4.2-10B). The same 

responses were also observed in rat LC neurons (bath application: ΔHz = 0.15±0.03 Hz, n=5; 

U-tube application: 0.67±0.07 pA/pF; n=6; data not shown), indicating that this was not 

species-dependent. The excitatory effect of bath-applied CCCP (1 µM) was not affected by 

tolbutamide (100 µM), either applied at the end of CCCP exposure (Fig. 4.2-10A) or 

continuously applied 5 min before the start of CCCP (ΔHz = 0.77±0.06 Hz; n=4; data not 

shown). In contrast, the outward current evoked by U-tube application of CCCP (1 µM, 5 min) 

was abolished by pre-treating slices with tolbutamide (tolb: -0.09 pA/pF; n=1; Fig. 4.2-10C). 

Together with the effects of rotenone, these data suggest that mild mitochondrial inhibition 

(evoked by bath applied CCCP, and low concentration rotenone) causes excitation, which is 

likely to be mediated by TRPM2-like channels. Conversely, stronger mitochondrial inhibition 

(evoked by U-tube application of CCCP and high doses of rotenone) causes inhibition of firing, 

mainly via KATP channel activation. 

  

4 CD-1 mice (P9-12) were used in these experiments as part of a collaboration. 
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Figure 4.2-10. Effects of mitochondrial un-coupler, CCCP on mouse noradrenergic LC 

neurons. A: Bath application of CCCP caused a slow increase of firing which was not affected 

by blocking KATP channels with tolbutamide (n=7). B: Conversely, rapid U-tube application of 

CCCP (1 µM) caused inhibition of firing and membrane hyperpolarisation in current-clamp 

recordings (n=3), and outward current in voltage-clamp recordings. C: Outward currents (n=5) 

could be abolished by pre-treating slices with tolbutamide (n=1), suggesting that U-tube 

application of the CCCP activated KATP channels. 
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4.2.5 Rotenone increases [Ca2+]i in LC neurons 

Rotenone-induced inward currents were associated with a dose-dependent rise of intracellular 

Ca2+ ([Ca2+]i), measured using the ratiometric dye, fura-2 (250 µM, loaded to cells through the 

patch-pipette; Fig. 4.2-11). While application of vehicle (0.1% DMSO; n=7) produced little 

effect, rotenone (0.01-1 µM) evoked a dose-dependent increase of [Ca2+]i (0.01 µM n=5, 

0.1 µM n=3, 1 µM n=14; measured 10 min after the start of rotenone; F(1,26) = 26.54, p<0.001; 

Fig. 4.2-11B) which was almost completely abolished by removing extracellular Ca2+ (n=5; 

F(1,17) = 18.04, p<0.001; Fig. 4.2-11A). This indicated that the source of [Ca2+]i rise was 

primarily from the extracellular space, consistent with the involvement of TRPM2-like 

channels. The small rise of Ca2+ which persisted in ‘zero’-Ca2+ aCSF 

(Δ[Ca2+]i = 18.42±6.95 nM; measured 10 min after the start of rotenone; Fig. 4.2-11A), 

suggested that a small component may also arise from an intracellular source (eg. mitochondria 

or endoplasmic reticulum). 

[Ca2+]i rise was independent of KATP channel activation, and did not significantly differ 

whether net membrane currents evoked by rotenone (1 µM, 10 min) were inward (measured 

using intracellular Cs+) or outward (K+-based internal solution; F(1,24) = 1.02, p=0.32; 

Fig. 4.2-11D). This indicated that [Ca2+]i rise occurred simultaneously during both excitatory 

and inhibitory responses to rotenone. 
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Figure 4.2-11. Rotenone increases intracellular Ca2+ in LC neurons. A: Bath application of 

rotenone evoked a large increase of [Ca2+]i in noradrenergic LC neurons which was virtually 

abolished by removing extracellular Ca2+. B: [Ca2+]i rise was dose-dependent. C: Pseudo-

coloured LC neuron filled with fura-2 (250 µM; excitation at 380 nm). Scale bar: 20 µm. 

D: Despite reversing net outward current to inward current, replacement of intracellular K+ 

with Cs+ did not affect rise of [Ca2+]i, indicating independence of [Ca2+]i rise and KATP channel 

activation. 
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Rotenone-evoked [Ca2+]i rise was significantly attenuated by non-selective blockers of TRPM2 

channels, ACA (20 µM) and flufenamic acid (FFA; 50 µM), and tended to be reduced by 

another blocker, clotrimazole (Clt; 20 µM; Fig. 4.2-12). An early rise of [Ca2+]i (measured 

5 min after the start of rotenone application) was not affected by any of these blockers 

(F(1,33) = 0.83, p=0.37; all blockers vs. control), corresponding to the small increase of [Ca2+]i 

observed in ‘zero’-Ca2+ aCSF (Fig. 4.2-11A). Rise of [Ca2+]i measured 10 min after the start of 

rotenone application, was significantly reduced by ACA (F(1,33) = 16.01, p<0.001) and FFA 

(F(1,33) = 22.04, p<0.001), but unaffected by Clt (F(1,33) = 1.49, p=0.23; Fig. 4.2-12). 

Measurement of [Ca2+]i rise 10 min later, showed clear reduction by both ACA (F(1,33) = 5.13, 

p=0.03) and FFA (F(1,33) = 12.34, p=0.001), and an increase of the effect of Clt (F(1,33) = 2.11, 

p=0.16), supporting the tendency of this blocker to attenuate [Ca2+]i rise. Together, these 

observations suggest that rotenone initially causes a small rise of [Ca2+]i, released from an 

intracellular source, followed by larger influx of Ca2+ through TRPM2-like channels. 

Immunohistochemistry demonstrated that noradrenergic LC neurons express TRPM2 channels 

(Fig. 4.2-13), supporting their involvement in rotenone-induced responses. Tyrosine 

hydroxylase (TH), the rate-limiting enzyme involved in catecholamine synthesis, was used as a 

marker for noradrenergic neurons. At low (10×) and high (60×) magnification, it was observed 

that TH immuno-positive neurons (green) also expressed TRPM2 channels (red). At high 

magnification, a large degree of co-localization (yellow) could be observed, providing evidence 

that noradrenergic LC neurons express TRPM2 channels. 
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Figure 4.2-12. Rotenone increases [Ca2+]i by activating TRPM2-like channels. A: Bath 

application of rotenone increased [Ca2+]i in LC neurons. This effect was attenuated by non-

selective blockers of TRPM2 channels, ACA (20 µM), flufenamic acid (FFA; 50 µM) and 

clotrimazole (Clt; 20 µM). B: Early rise of [Ca2+]i (5 min after the start of rotenone) was not 

affected by TRPM2 blockers, but [Ca2+]i rise was significantly reduced by ACA and FFA, 10 

and 20 min after the start of rotenone application. Clt only tended to reduce [Ca2+]i rise. 
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Figure 4.2-13. Noradrenergic LC neurons express TRPM2 channels. Low (10×) and high 

(60×) magnification confocal images demonstrating that TH immune-positive (green), 

noradrenergic LC neurons also express TRPM2 channels (red). 

 

Supporting the involvement of oxidative stress-gated TRPM2-like channels, anti-oxidants also 

attenuated the [Ca2+]i rise evoked by rotenone (1 µM, 10 min; Fig. 4.2-14). Pre-treatment of 

slices (30 min before the start of rotenone application) with the glutathione precursor, N-acetyl 

cysteine (NAC; 1 mM), or vitamin E (trolox; 1 mM) significantly reduced the rise of [Ca2+]i 

evoked by rotenone (measured 10 min after the start of toxin application; NAC: F(1,22) = 14.84, 

p<0.001; Trolox: F(1,22) = 13.41, p=0.001). 

While the early rise of [Ca2+]i had been unaffected by removing extracellular Ca2+ or blocking 

TRPM2 channels (Fig. 4.2-11 and Fig. 4.2-12), pre-treatment with trolox significantly reduced 

early Δ[Ca2+]i (measured 5 min after the start of rotenone; F(1,22) = 4.78, p=0.04). NAC also 

tended to reduce the early rise of [Ca2+]i evoked by rotenone (F(1,22) = 4.78, p=0.04), suggesting 

that although this effect does not involve TRPM2 channels, it does involve an oxidative 

mechanism. 
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Figure 4.2-14. Rotenone-evoked [Ca2+]i rise is attenuated by anti-oxidants. Pre-treatment of 

slices (30 min before the start of rotenone) with anti-oxidants, N-acetyl cysteine (NAC; 1 mM) 

or Vitamin E (Trolox; 1 mM), attenuated the rise in [Ca2+]i evoked by the toxin. 

 

In contrast to these effects, block of ionotropic glutamate receptors or L-type Ca2+ channels had 

no effect on rotenone-evoked Δ[Ca2+]i in LC neurons (Fig. 4.2-15). A combination of CNQX 

(10 µM) and MK801 (10 µM), had no effect on [Ca2+]i rise (F(1,21) = 0.01, p=0.91; measured 5, 

10 and 20 min after the start of rotenone application). Similarly, block of L-type Ca2+ channels 

with nifedipine (10 µM) also had no effect on rotenone-induced [Ca2+]i rise (F(1,21) = 0.20, 

p=0.66; measured 5, 10 and 20 min after the start of rotenone application). 
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Figure 4.2-15. Ionotropic glutamate receptors and L-type Ca2+ channels are not involved in 

rotenone-evoked rise in [Ca2+]i. A: Increase of [Ca2+]i evoked by rotenone in LC neurons was 

not affected by blocking ionotropic glutamate receptors with CNQX (10 µM) and MK801 

(10 µM), or block of L-type Ca2+ channels with nifedipine (10 µM). B: Summary of changes in 

[Ca2+]i evoked by rotenone in the presence of CNQX and MK801 or nifedipine, measured 5, 10 

and 20 min after the start of rotenone application.  
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4.2.6 Rotenone-induced [Ca2+]i rise in unclamped LC neurons 

Simultaneous measurements of [Ca2+]i and firing rate in unclamped LC neurons (whole-cell; 

I=0), demonstrated that rotenone (1 µM, 10 min) evoked a small increase of [Ca2+]i (measured 

5 min after the start of rotenone; ∆[Ca2+]i = 86.11±34.66 nM), which diminished as firing rate 

decreased (measured 10 min after the start of rotenone; ∆[Ca2+]i = 29.68±23.21 nM; 

∆Hz = -1.17±0.43 Hz; baseline 2.29±0.26 Hz), but did not significantly drop below baseline 

(F(1,14) = 1.91, p=0.19; Fig. 4.2-16). In contrast, diazoxide (500 µM, 10 min) caused a similar 

decrease in firing rate (∆Hz = -1.58±0.23 Hz; baseline: 2.22±0.26 Hz) but caused a 

corresponding decrease of [Ca2+]i (-123.15±21.21 nM), likely due to decreased engagement of 

voltage-gated Ca2+ channels. 

While changes of firing rate produced by diazoxide caused a linear decrease of [Ca2+]i 

(-79.82 nM/Hz; R2 = 0.96), the relationship between inhibition of firing and ∆[Ca2+]i evoked by 

rotenone, was better described by a piece-wise linear function (piece-wise linear R2 = 0.70 vs. 

simple linear fit R2 = 0.24; Fig. 4.2-16D). During the first stage of inhibition evoked by 

rotenone, there was a steep increase of [Ca2+]i (313.68 nM/Hz; R2 = 0.39). However, further 

inhibition of firing lead to a gradual reduction of [Ca2+]i (-29.93 nM/Hz; R2 = 0.78), which 

accelerated as firing decreased (-146.02 nM/Hz; R2 = 0.85). 

These results indicate that rotenone evokes a rise of [Ca2+]i in unclamped LC neurons, which 

remains elevated despite reduced firing rate. Since [Ca2+]i rise in voltage-clamped neurons was 

largely mediated by TRPM2-like channels, it would be expected that the same channels 

mediate the elevation of [Ca2+]i in unclamped neurons, disrupting the normal relationship 

between firing rate and [Ca2+]i. 
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Figure 4.2-16. Changes of [Ca2+]i and firing evoked by rotenone in unclamped LC neurons. 

A: Current clamp (I=0) recording from an LC neuron, showing firing before (left) and in the 

presence of rotenone (1 µM; right). B: Effect of rotenone (1 µM) and diazoxide (500 µM) on 

simultaneous measurements of [Ca2+]i and firing rate in LC neurons (whole-cell, I=0). 

C: Despite causing similar changes of firing rate, [Ca2+]i remained elevated in neurons treated 

with rotenone. D: Linear relationship between changes of firing (ΔHz) and Δ[Ca2+]i evoked by 

diazoxide, compared to piece-wise linear effect of rotenone.  
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4.2.7 Comparison of the excitatory effects of rotenone on LC, SNc and nigral non-DA 

neurons 

Similar to LC neurons (Section 4.2.4), when KATP channels were blocked with tolbutamide 

(100 µM), rotenone (1 µM, 5 min) increased the firing of both SNc (measured 10 min after 

rotenone start; 5.06±4.13%; baseline: 2.28±0.13 Hz) and nigral non-DA neurons (7.61±4.61%; 

baseline: 10.77±2.11 Hz; Fig. 4.2-17A). Although the increase of firing in LC neurons 

appeared larger (22.52±6.76%; baseline: 1.50±0.12 Hz), there were no significant differences 

between these groups of neurons (F(2,37) = 2.12, p=0.13). 

Whole-cell inward currents evoked by rotenone (1 µM, 10 min; K+ channels blocked with 

intracellular Cs+), were significantly larger in SNc neurons (ΔpA/pF = -0.56±0.16 pA/pF; n=8) 

than LC neurons (ΔpA/pF = -0.21±0.04 pA/pF; n=19; F(1,28) = 7.99, p=0.009), but did not 

significantly differ between LC and nigral non-DA neurons (ΔpA/pF = -0.44±0.25 pA/pF; n=4; 

F(1,28) = 2.16, p=0.15; Fig. 4.2-17B). The fact that changes in firing (above) were not larger in 

SNc neurons, may be due to stronger influence of other K+ conductances (KATP-independent) 

on excitation evoked by rotenone in these neurons. Since intracellular Cs+ blocks all K+ 

conductances, larger inward currents observed in SNc neurons more correctly reflect the 

stronger excitatory effects of rotenone on this group of neurons. 

Consistent with this idea, rotenone (1 µM, 10 min) evoked a larger increase of [Ca2+]i in SNc 

neurons (measured 10 min after the end of rotenone; Δ[Ca2+]i = 224.7±7.3 nM) compared to 

either LC (Δ[Ca2+]i = 127.2±18.7 nM) or nigral non-DA neurons (Δ[Ca2+]i = 92.7±9.7 nM; 

F(1,25) = 8.32, p=0.008; Fig. 4.2-18). At the end of rotenone application, Δ[Ca2+]i was similar in 

LC (137.8±19.4 nM) and SNc neurons (137.8±27.5 nM; F(1,25) = 0.02, p=0.89). However, 

[Ca2+]i continued to rise in SNc neurons, while remaining relatively stable in LC neurons 

(F(1,25) = 6.02, p=0.02; Fig. 4.2-18B). In comparison, [Ca2+]i rise occurred more slowly in nigral 

non-DA neurons – at the end of rotenone exposure, Δ[Ca2+]i in these neurons (54.4±8.9 nM) 

was significantly lower than that of either LC or SNc neurons (F(1,25) = 4.77, p=0.04). By the 

end of recordings (10 min after the end of rotenone application), Δ[Ca2+]i in nigral non-DA 
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neurons had reached a similar level as in LC neurons (F(1,25) = 0.26, p=0.62), but was 

significantly lower than in SNc neurons (F(1,25) = 5.77, p=0.02). 

Together with electrophysiological data, these observations suggest that SNc neurons are more 

sensitive to the excitatory effects of rotenone (increase of firing, inward currents and [Ca2+]i 

rise), than either LC or nigral non-DA neurons. Despite similar changes of firing and inward 

currents observed in LC and nigral non-DA neurons, faster [Ca2+]i rise in LC neurons suggests 

that they are more susceptible than nigral non-DA neurons.  
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Figure 4.2-17. Comparison of the excitatory effects of rotenone on LC, SNc and nigral 

non-DA neurons. A: When KATP channels were blocked with tolbutamide (100 µM), rotenone 

increased the firing of all three groups of neurons. B: Whole-cell inward currents (Cs+ internal) 

evoked by rotenone were larger in SNc neurons compared to LC neurons, but did not 

significantly differ between LC and non DA neurons. Note that similar magnitude currents 

(right) in nigral non-DA neurons yielded larger current densities (left) due to smaller Cm of 

these neurons.  
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Figure 4.2-18. Comparison of Δ[Ca2+]i evoked by rotenone in LC, SNc, and nigral non-DA 

neurons. A: Pseudo-coloured images of neurons filled with fura-2 (250 µM; ex. 380 nm). Scale 

bar: 20 µm. B: Time-course of Δ[Ca2+]i evoked by rotenone in SNc, nigral non-DA and LC 

neurons. Rotenone caused a slow rise of [Ca2+]i in nigral non-DA neurons, and a moderate 

increase of [Ca2+]i in LC neurons which remained elevated after toxin washout. In contrast, 

[Ca2+]i continued to rise in SNc neurons. C: Summary of Δ[Ca2+]i in these groups of neurons. 
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 4.2.8 Changes of [Ca2+]i evoked by ADP-ribose in LC and SNc neurons 

The effects of ADP-ribose (ADP-r) were investigated on LC and SNc neurons, to determine 

whether larger excitatory effects of rotenone could be attributed to greater functional 

expression of TRPM2 channels (Fig. 4.2-19). ADP-r (200 µM), an endogenous activator of 

TRPM2 channels, was applied intracellularly by injecting the drug into the patch pipette after 

establishing stability in the whole-cell configuration (Fig. 4.2-19C). 

As the drug diffused into the cell, ADP-r evoked a slow increase of [Ca2+]i in LC neurons 

(measured 20 min after ADP-r application; Δ[Ca2+]i = 51.7±31.9 nM; n=5; Fig. 4.2-19A). In 

SNc neurons, ADP-r caused a large, delayed rise of [Ca2+]i (Δ[Ca2+]I = 301.8±95.9 nM; n=4) 

which was significantly larger than that observed in LC neurons (F(1,9) = 5.19, p=0.049; 

Fig. 4.2-19A and B). While differences in membrane currents were not statistically significant, 

inward currents were consistent with activation of TRPM2 channels (Fig. 2.19D). 

These data suggest that ADP-r is able to evoke a larger increase of [Ca2+]i in SNc neurons 

compared to LC neurons, reflecting the larger increase of [Ca2+]i evoked by rotenone in SNc 

neurons (Fig. 4.2-18). Together, these observations suggest that larger excitatory effects of 

rotenone on SNc neurons could be due to greater expression of TRPM2 channels. 
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Figure 4.2-19. Effects of ADP-ribose on [Ca2+]i in LC and SNc neurons. A: Intracellular 

application of ADP-r (200 µM) produced a slow rise of [Ca2+]i in LC neurons, but evoked a 

larger, delayed increase of [Ca2+]i in SNc neurons. B: Summary of Δ[Ca2+]i evoked by ADP-r, 

measured 10 and 20 min after application. C: Illustration showing method of ADP-r application 

(top) and pseudo-coloured images of a SNc neuron before (middle) and after (bottom) ADP-r 

application (r340/380 nm). Scale bar: 20 µm. D: Example inward current evoked by ADP-r 

(200 µM) on an LC neuron (top) and summary of current densities in LC and SNc neurons 

(bottom).  
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4.2.9 Rotenone depolarizes mitochondria in LC, SNc and nigral non-DA neurons 

Changes of mitochondrial membrane potential (ΔΨm) were measured using the fluorescent dye, 

rhodamine-123 (Rh-123; 10 µg/mL, loaded to cells through the patch-pipette; Fig. 4.2-20). 

After at least 10 min to allow sufficient dye loading, rotenone (1 µM, 10 min) was applied to 

LC, SNc and nigral non-DA neurons. Rotenone caused the largest depolarization of Ψm in SNc 

neurons (measured 10 min after the start of rotenone; ΔΨm = 78.81±7.66 mV), followed by LC 

neurons (ΔΨm = 44.56±9.79 mV) and then nigral non-DA neurons (ΔΨm = 18.89±15.53 mV; 

Fig. 4.2-20A). After washout of the toxin, fluorescence continued to increase in SNc neurons 

until mitochondria became completely depolarized (measured 10 min after the end of rotenone; 

ΔΨm = 119.85±13.23 mV). In contrast, Ψm remained relatively stable in LC neurons 

(ΔΨm = 61.25±16.07 mV) and returned to baseline levels in nigral non-DA neurons 

(ΔΨm = -3.15±13.89 mV). 

Early depolarisation of Ψm (measured 10 min after the start of rotenone) was significantly larger in 

SNc neurons compared to nigral non-DA neurons (F(1,20) = 6.47, p=0.02) but did not significantly differ 

from that observed in LC neurons (F(1,20) = 2.88, p=0.11; Fig. 4.2-20B). Conversely, by the end of 

recordings (10 min after the end of rotenone application) ΔΨm was significantly larger in SNc neurons 

compared to either nigral non-DA (F(1,20) = 19.98, p<0.001) or LC neurons (F(1,20) = 5.88, p=0.02). 

Depolarisation of Ψm also tended to be larger in LC neurons than nigral non-DA neurons at this time-

point (F(1,20) = 3.58, p=0.07). 
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Figure 4.2-20. Rotenone-induced changes of mitochondrial membrane potential in LC, SNc 

and nigral non-DA neurons. A: Time course of ΔΨm evoked by rotenone in LC, SNc and nigral 

non-DA neurons. B: Summary demonstrating larger ΔΨm evoked by rotenone in SNc neurons, 

followed by LC, and nigral non-DA neurons. C: Pseudo-coloured image of an LC neuron filled 

with Rh-123 (10 µg/mL). Scale bar: 20 µm. 
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 4.2.10 Rotenone increases H2O2 production from LC, SNc and nigral non-DA neurons 

Changes of extracellular hydrogen peroxide concentration (∆[H2O2]o) were measured in the 

LC, SNc and SNr using fast-scan cyclic voltammetry (FSCV; Fig. 4.2-21). Bath application of 

rotenone (1 µM, 10 min) caused a large increase of [H2O2]o within the SNc 

(∆[H2O2]o = 128.34±16.78 µM; measured 10 min after the start of rotenone; n=10) which was 

abolished by H2O2 scavenger, catalase (100 U/mL; measured 5 min after the start of catalase; 

F(1,9) = 16.52, p=0.003). Importantly, Δ[H2O2]o could be identified by its characteristic 

voltammogram (Fig. 4.2-21C). 

Rotenone evoked smaller changes of [H2O2]o in the SNr (measured 10 min after the start of 

rotenone; ∆[H2O2]o = 59.96±23.37 µM; n=4) and LC regions (∆[H2O2]o = 13.22±20.14 µM; 

n=5; Fig. 4.2-21D). Increases of [H2O2] were significantly larger in the SNc compared to either 

the SNr or LC regions (measured 10 min after the start of rotenone; vs. SNr: F(1,16) = 5.39, 

p=0.034; vs. LC: F(1,16) = 17.93, p<0.001), suggesting that rotenone evokes greater production 

of H2O2 in SNc neurons. These results correspond to larger depolarisation of mitochondrial 

membrane potential measured in SNc neurons and larger inhibition of firing and outward 

currents evoked by rotenone in these neurons.  
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Figure 4.2-21. Rotenone evokes a larger increase of extracellular H2O2 in the SNc. A: Example 

FSCV recording in the SNc demonstrating slow rise of [H2O2]o reversed by catalase. 

B: Colour-plot of background-subtracted currents analysed by PCR, showing an increase 

corresponding to H2O2 (+1.2 V). C: Characteristic H2O2 voltammograms (left) plotted from 

time points indicated by arrowheads in panel B. Positioning of carbon fibre microelectrodes 

(right). Scale bar: 0.5 mm. D: Summary showing largest increase of [H2O2]o in the SNc, 

followed by SNr and LC regions. Increased [H2O2]o was reversed by catalase.  
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4.3 Discussion 

For the first time, the present study has described the acute effects of the mitochondrial toxin, 

rotenone, on noradrenergic LC neurons. Rotenone inhibited the spontaneous firing of these 

neurons by evoking an outward current via KATP channel activation, as well as a KATP-

independent mechanism following prolonged exposure to the toxin. When KATP channels were 

blocked, brief application of rotenone increased firing and evoked an inward current. This 

effect was associated with an increase of intracellular [Ca2+], mediated by oxidative stress-

gated TRPM2-like channels. Both inhibitory and excitatory effects of rotenone on LC neurons 

(summarised in Fig. 4.3-1) were compared to those of nigral dopaminergic (SNc) neurons and 

nigral non-dopaminergic (non-DA) neurons. These effects as well as comparisons between LC, 

SNc and nigral non-DA neurons are discussed below. 

4.3.1 Acute effects of rotenone on LC neurons 

Mitochondrial inhibition by rotenone reduced the firing of LC neurons. Although the effects of 

rotenone have not previously been investigated in the LC, comparisons can be made to other 

forms of metabolic inhibition, including the classical respiratory inhibitor, cyanide (Koyama, 

Jin, & Akaike, 1999), mitochondrial un-coupler, FCCP (Murai, Ishibashi, Koyama, & Akaike, 

1997), and experimental ischemia, hypoxia and hypoglycaemia (Illes et al., 1994; Nieber, 

Sevcik, & Illes, 1995; Yang, Chou, Lin, & Chiu, 1997). 

Cyanide inhibits cytochrome oxidase (complex IV) of the mitochondrial electron transport 

chain (Egekeze & Oehme, 1980), and similar to rotenone, evokes an outward current in 

voltage-clamped LC neurons (Koyama et al., 1999; Murai et al., 1997). Previous studies have 

shown that cyanide-induced outward currents are reversed by tolbutamide, consistent with the 

involvement of KATP channels, and are also reduced by charybdotoxin (ChTX), a blocker of 

large conductance Ca2+-activated K+ (BK/KCa) channels (Koyama et al., 1999). Interestingly, it 

was shown that the onset of KATP activation was faster than that of KCa activation, and 

displayed time-dependent rundown, while the contribution of KCa increased over time. In 
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contrast to these findings, outward currents evoked by rotenone in the present study were 

completely abolished by tolbutamide, although blocking KATP channels was unable to 

completely restore firing after prolonged (30 min) exposure to rotenone. Considering that KCa 

channels are slowly activated by cyanide, it is likely that rotenone-induced inhibition which 

was not reversed by tolbutamide, involves KCa channels. However, the fact that rotenone-

induced outward currents were completely blocked by tolbutamide, indicates that KCa 

activation requires longer exposure to rotenone (>10 min) or higher baseline [Ca2+]i (as 

observed in spontaneously firing neurons, compared to voltage-clamp). Activation of KCa 

channels by rotenone is supported by rise of [Ca2+]i evoked by the toxin, and evidence that KCa 

channels modulate the firing of LC neurons (Osmanovic & Shefner, 1993; Osmanovic, 

Shefner, & Brodie, 1990). Moreover, when both KATP and TRPM2-like channels were blocked 

(Fig. 4.2-9B), rotenone inhibited neuronal firing, suggesting that TRPM2-mediated excitation 

might mask early inhibitory effects mediated by KCa channels. 

It has previously been shown that mitochondrial un-coupling by FCCP, ischemia, hypoxia and 

hypoglycemia, also produce outward currents mediated by KATP and KCa channels in LC 

neurons (Murai et al., 1997). Similar to rotenone, inhibition evoked by hypoxia or 

hypoglycemia was often preceded by a transient excitatory effect which was enhanced by 

tolbutamide (Nieber et al., 1995). These studies demonstrated that block of KATP channels 

reduced inhibitory responses which could also be attenuated by buffering ATP levels with 

creatine – suggesting that hypoxia activated KATP channels by reducing [ATP] as opposed to an 

increase of ROS (Illes et al., 1994). Upon reperfusion, post-hypoxic hyperpolarisation 

developed, which was attributed to re-activation of Na+/K+ ATPase. In contrast, the inhibitory 

effects of rotenone in the present study were not reversible, thus there were no obvious signs of 

re-activation of Na+/K+ ATPase. 

Prolonged exposure to rotenone (up to 30 min) inhibited the firing of almost all LC neurons 

(>90%), however inhibition depended on duration of exposure to the toxin, suggesting that 

some LC neurons are more sensitive to rotenone. Based on the effects of hypoxia, it was 
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suggested that two populations of noradrenergic neurons within the LC can be distinguished 

(Yang et al., 1997). Hypoxia hyperpolarised 60% of LC neurons (type 1) by activating KATP 

channels, but slowly depolarised the remaining 40% of neurons (type 2) which had higher input 

resistances than the first group of neurons (type 1: 144±5 MΩ, type 2: 183±9 MΩ). Inhibitory 

and excitatory effects could be mimicked by cyanide, and it was shown that KATP channel 

opener, diazoxide, only hyperpolarised type 1 neurons. The authors concluded that differential 

responses were due to heterogenous distribution of KATP channels among LC neurons, however 

exposure to both hypoxia or cyanide was relatively short (2-5 min and 1.5-3.5 min 

respectively), which was likely to activate KATP channels in only the most sensitive LC 

neurons. 

The inhibitory effects of rotenone observed in the current study suggest that instead of distinct 

subpopulations defined by KATP expression (or lack thereof), there is a spectrum of sensitivity 

to mitochondrial inhibition among LC neurons. Only a third of neurons were inhibited by 

5 min exposure to rotenone, but after 30 min, over 90% of neurons were inhibited by the toxin. 

However, it cannot be said whether inhibition involved KATP activation in every neuron, since 

another mechanism (KCa) may have mediated inhibitory responses in neurons which do not 

express KATP channels. Conversely, studies which have examined KATP expression in the rat 

brain have not described heterogeneity within the LC (Karschin, Ecke, Ashcroft, & Karschin, 

1997; Treherne & Ashford, 1991). In fact, it was reported that “virtually all” noradrenergic 

neurons within this region also expressed Kir6.2, the pore-forming subunit of KATP channels 

(Dunn-Meynell, Rawson, & Levin, 1998; Thomzig, Laube, Pruss, & Veh, 2005). 

Differential sensitivity of KATP channels in nigral dopaminergic neurons has been attributed to 

alternative expression of sulphonylurea receptor subunits (SUR1 or SUR2), which form the 

regulatory domain of KATP channels (Liss et al., 1999). While Kir6.2 mRNA was detected in 

the LC, the presence of SUR1 mRNA could not be determined (Karschin et al., 1997), 

suggesting that KATP channels in LC neurons might only express SUR2, making them less 

sensitive to changes in ATP (Ashcroft & Gribble, 1998; Inagaki et al., 1996). In addition to 
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lower ATP sensitivity (as well as sulfonylureas), KATP channels composed of Kir6.2 + SUR2 

subunits are not sensitive to diazoxide (Inagaki et al., 1996), which is consistent with the 

absence of any effect of diazoxide reported in LC neurons (Pieribone et al., 1995), but in 

opposition to my own results. This discrepancy likely owes to the low concentration of 

diazoxide (100 µM) which was used by Pieribone and colleagues (1995). At the same 

concentration of diazoxide, my results also showed very little response, but a higher dose 

(500 µM) caused clear inhibition of firing in every neuron tested (12 of 12 neurons). 

Neuronal (and pancreatic) KATP channels are composed of Kir6.2 + SUR1 subunits, while 

SUR2 is primarily found in cardiac and smooth muscle (Ashcroft & Gribble, 1998). This 

suggests that KATP channels in LC neurons contain SUR1, consistent with the response of these 

neurons to diazoxide. Furthermore, the same authors who had described differential expression 

of SUR1 and SUR2 in juvenile (post-natal day 12-16) dopaminergic SNc neurons (Liss et al., 

1999), found no evidence for differential expression of these subunits in adult SNc neurons 

(Liss et al., 2005), and an earlier study had failed to detect SUR2 mRNA by in situ 

hybridization in the adult rodent brain (Karschin et al., 1997). Together, these observations 

suggest that SUR2 might only be a feature of the juvenile brain. The fact that Kir6.2 does not 

form channels on its own (Ashcroft & Gribble, 1998), and the presence of functional KATP 

channels (which respond to diazoxide) suggest that LC neurons express SUR1. 

However, the question remains as to why some LC neurons are more sensitive to rotenone than 

others. A previous study has described differential effects of anti-oxidants on LC neurons, 

suggesting that subpopulations within the LC may be more susceptible to oxidative stress (de 

Oliveira et al., 2012). However, this study provided little explanation as to what factors divided 

these subpopulations. While the majority of LC neurons (16 of 30) showed little response to 

trolox or dithiothreitol (DTT), the remaining neurons were either excited (4 of 30) or inhibited 

(10 of 30) by the anti-oxidants. These neurons showed little differences in their 

electrophysiological properties (eg. resting membrane potential, Rin and baseline firing 

frequency), treatment with either anti-oxidant had no effect on [Ca2+]i, and both anti-oxidants 
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depolarised mitochondria (Ψm). Differential changes in Ψm were not described, suggesting that 

neither ∆[Ca2+]i nor ∆Ψm explained their differing responses to anti-oxidants. 

Instead, the anatomical location of neurons within the LC might determine their sensitivity to 

rotenone-induced inhibition. The density of LC neurons decreases in the caudo-rostral 

direction, and although it was not examined in the present study, it is possible that more 

densely-packed (caudal) LC neurons may have been more sensitive to rotenone-induced 

inhibition than more diffuse (rostral) neurons. In addition to ROS, mitochondrial inhibition can 

result in adenosine (ADP) release (Zetterstrom et al., 1982), which can activate KATP channels 

(Nieber et al., 1995). At higher density, diffusable messengers would be expected to evoke 

greater responses in neighbouring neurons (Ennis & Aston-Jones, 1986), especially since LC 

neurons can be electrotonically coupled (Alvarez, Chow, Van Bockstaele, & Williams, 2002). 

Unlike in Alzhiemer’s disease and Down’s syndrome, there is significant loss of neurons along 

the entire caudo-rostral axis of the LC in PD (German et al., 1992). However, in 2 (of 6) cases, 

there was significantly greater degeneration in the caudal portion of the LC (German et al., 

1992), consistent with an observation of greater degeneration of caudal LC neurons (Chan-

Palay & Asan, 1989), and the hypothesized caudo-rostral progression of PD (Braak et al., 

2003). Together, these findings suggest that caudal LC neurons may be more vulnerable to 

disease processes including oxidative stress, and would agree with the idea that caudal, higher 

density LC neurons may have been more sensitive to rotenone. 

Alternatively, LC neurons may exhibit differing degrees of constitutive mitochondrial 

uncoupling, as has been proposed to explain differences in metabolic sensitivity between SNc 

and VTA dopaminergic neurons (Liss et al., 2005). Mild mitochondrial uncoupling can reduce 

ROS generation (Krauss, Zhang, & Lowell, 2005), and was proposed to prevent KATP 

activation in VTA neurons (Liss et al., 2005). It was shown that VTA neurons express three-

fold more mRNA for the neuronal uncoupling protein UCP-2 compared to SNc neurons, 

conferring greater resistance to KATP activation by rotenone (Liss et al., 2005). Some LC 
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neurons may also express greater uncoupling proteins, and therefore display mild 

mitochondrial uncoupling, which would prevent KATP activation in less sensitive neurons. 

The reversal potential of outward currents evoked by rotenone (-82.8±3.9 mV) was near the 

estimated equilibrium potential for K+ (EK+ = -100.7 mV) but was not as close as reversal 

potentials measured for cyanide on LC neurons (reversal potential -81±1 mV; EK+ = -82 mV; 

Murai et al., 1997) or rotenone on nigral dopaminergic neurons (reversal potential -80 mV; 

EK+ = -85 mV; Roper et al., 1995).  The reason for the positive shift may be due to the fact that 

this is not a pure K+ conductance, and that simultaneous influx of Na+ and Ca2+ through 

TRPM2-like channels might shift reversal towards positive values (ENa+ = +82.53 mV; 

ECa2+ = +50.16 mV). Alternatively, despite careful monitoring of changes in whole-cell access 

resistance (Ra), the lack of series resistance compensation may have contributed to an under-

estimation of reversal potentials. 

Before the onset of KATP-mediated inhibition, rotenone often increased the firing of LC 

neurons, particularly at higher concentrations. In fact, the lowest dose of rotenone (10 nM) 

increased firing without producing inhibition, suggesting that this excitatory effect had a lower 

threshold than KATP-mediated inhibition. Indeed, a rise of [Ca2+]i could also be demonstrated at 

this concentration. When KATP channels were blocked, rotenone caused an increase of firing 

which could be abolished by a non-selective blocker of TRPM2 channels, suggesting that this 

effect was mediated by TRPM2-like channels. 

Bath application of CCCP also caused excitation, while direct application of the mitochondrial 

un-coupler onto neurons (via U-tube) caused inhibitory effects. It has been shown that CCCP 

causes depolarisation of neuroblastoma (NG108-15) cells, but the mechanism of this effect was 

not determined (Doebler, 2000). Although [H+] is slightly higher inside the cell, 

permeabilization of the plasma membrane to protons by CCCP can cause depolarisation 

(Tretter, Chinopoulos, & Adam-Vizi, 1998). However, the dramatically different response 

caused by applying CCCP via U-tube (rapid inhibition instead of slow excitation) suggests that 
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bath application of CCCP causes mild mitochondrial un-coupling resulting in ROS generation 

and neuronal excitation via TRPM2-like channels. In comparison, direct application of CCCP 

(via U-tube) causes stronger mitochondrial un-coupling, resulting in neuronal inhibition likely 

by KATP channel activation.  

As mentioned, experimental hypoxia increased the firing of LC neurons before the onset of 

inhibition (Illes et al., 1994). This increase of firing was mostly attributed to extracellular 

accumulation of K+ due to inhibition of Na+/K+ ATPase. However, since rotenone causes a 

smaller reduction of ATP than hypoxia/anoxia (Roper & Ashcroft, 1995), the excitatory effect 

of rotenone is likely to be caused by a different mechanism. Similar to rotenone, hypoxia and 

cyanide were also shown to increase [Ca2+]i, however these changes were attributed the 

inability of these neurons to remove or sequester Ca2+ due to a decline of ATP (Murai et al., 

1997). In neuroblastoma (SH-SY5Y) cells, [Ca2+]i rise was attributed to voltage-gated Ca2+ 

channel activation (X. J. Wang & Xu, 2005), however evidence that L-type Ca2+ blocker, 

nifedipine, did not affect [Ca2+]i rise argues against this mechanism in LC neurons. 

The ability of three non-selective TRPM2 channel blockers to attenuate [Ca2+]i rise (although 

the effect of clotrimazole was not statistically significant) provides strong evidence that [Ca2+]i 

rise and the excitatory actions of the toxin are mostly mediated by TRPM2-like channels. The 

fact that the source of Ca2+ was mostly extracellular and the ability of anti-oxidants to reduce 

[Ca2+]i rise are also consistent with this hypothesis. Previous work from our group has 

demonstrated that [Ca2+]i rise evoked by rotenone in nigral dopaminergic neurons is also 

mediated by TRPM2-like channels (Freestone et al., 2009). The presence of TRPM2 mRNA 

has been demonstrated in LC neurons (Cui et al., 2011), and the present study has confirmed 

the expression of TRPM2 channels by immunohistochemistry. Furthermore, the small rise of 

[Ca2+]i evoked by intracellular ADP-ribose, which is known to gate TRPM2 channels (Chung, 

Freestone, & Lipski, 2011), provides further functional support that these channels are 

expressed in LC neurons. 
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An early rise of [Ca2+]i was evident in the presence of TRPM2 channel blockers, and a small 

residual increase of [Ca2+]i could also be observed when extracellular Ca2+ was removed. This 

indicates that although the bulk of rotenone-evoked Δ[Ca2+]i is mediated by TRPM2-like 

channels,  a small component is from an intracellular source. This is consistent with the 

involvement of IP3-induced Ca2+ release from the endoplasmic reticulum following exposure to 

cyanide (Murai et al., 1997). However, the effects of thapsigargin (a blocker of IP3-induced 

Ca2+ release) on changes of [Ca2+]i evoked by cyanide were not explored in aforementioned 

study. An alternative source of Ca2+ is from mitochondria (Richter & Schlegel, 1993), and 

another parkinsonian toxin, 6-OHDA, has been shown to cause mitochondrial Ca2+ release 

from nigral dopaminergic neurons (Berretta et al., 2005). Considering its potent effects on 

complex I (Degli Esposti, 1998), pro-oxidant nature, and its ability to depolarize Ψm, it is likely 

that rotenone also evokes Ca2+ release from mitochondria (Richter & Schlegel, 1993). 

Neuronal [Ca2+]i is estimated to be ~100 nM at rest, but during activation can rise to 500-

1,000 nM (Berridge, Lipp, & Bootman, 2000). In spontaneously active LC neurons, in which 

pacemaking is driven by Ca2+ influx, it would be expected that [Ca2+]i would more closely 

reflect this ‘active’ range. At room temperature, [Ca2+]i in LC neurons (filled with fura-2 AM) 

was measured at 94±3 nM (Moorman & Hume, 1993). This is significantly lower than my 

measurement of [Ca2+]i in spontaneously active LC neurons (368±27 nM; 34ºC), but 

corresponds more closely to that of voltage-clamped neurons (139±7 nM; 34ºC). 

Interestingly, the expected linear relationship between changes of firing and [Ca2+]i was 

disrupted by rotenone, in contrast to diazoxide. Despite decreased firing and reduced 

engagement of voltage-gated Ca2+ channels, rotenone caused an initial increase of [Ca2+]i, 

which remained elevated even when firing was significantly inhibited. Since [Ca2+]i rise in 

voltage-clamped neurons was mostly mediated by TRPM2-like channels, it can be assumed 

that [Ca2+]i rise in unclamped neurons involves a similar mechanism. As such, this would 

provide evidence that TRPM2-like channels are tonically activated by rotenone in unclamped 

neurons.  
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Figure 4.3-1. Summary of inhibitory and excitatory effects of rotenone on LC neurons. (1) 

Rotenone diffuses across the plasma membrane and (2) inhibits mitochondrial complex I which 

causes Ψm depolarisation and decreases ATP production while promoting generation of ROS 

including H2O2. (3) Reduced ATP and increased ROS activate KATP channels which inhibit 

neuronal firing by allowing K+ efflux. (4) Increased ROS activates oxidative stress-sensitive 

TRPM2 channels which conduct an excitatory inward current, carrying Ca2+ into the cell. (5) 

H2O2 diffuses out of the cell via aquaporin channels. (6) Increased [Ca2+]i from TRPM2 

conductance, and to a lesser extent from an intracellular source (eg. mitochondria), activates 

KCa channels which contribute to KATP-independent inhibition.  
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4.3.2 Comparison of the effects of rotenone on LC neurons to the responses of SNc 

and nigral non-DA neurons 

The inhibitory effects of rotenone were greatest in SNc neurons, compared to both LC and 

nigral non-DA neurons. At all concentrations, brief application of the toxin caused larger 

inhibition of firing in nigral dopaminergic neurons, reflected by the lower EC50 (35 nM) in 

these neurons (LC: EC50 = 3.52 µM; nigral non-DA: EC50 = 3.38 µM). Longer exposure to 

rotenone rapidly inhibited SNc neurons, and outward currents evoked by the toxin were also 

largest in this group. Normalised outward currents (to cell capacitance) in nigral non-DA 

neurons were of similar magnitude as in SNc neurons, owing to the smaller size of nigral non-

DA neurons. However, the fact that outward currents corresponded to a smaller (normalised) 

decrease of firing in nigral non-DA neurons, suggests that the inhibitory effects of rotenone 

were indeed the greatest in SNc neurons.  

The highest density of KATP channels has been described in the Substantia Nigra (Mourre, Ben 

Ari, Bernardi, Fosset, & Lazdunski, 1989; Treherne & Ashford, 1991), however these studies 

did not distinguish between dopaminergic neurons of the SNc and non-DA neurons of the pars 

compacta or pars reticulata sub-regions. Moreover, few functional studies have directly 

compared KATP channel activation between nigral dopaminergic neurons and nigral non-DA 

neurons. Similar membrane hyperpolarisations and outward currents were produced by 

intracellular dialysis of an ATP-free internal solution in SNc and SNr neurons, although these 

results came from separate studies and thus are difficult to compare (Stanford & Lacey, 1995, 

1996). Importantly, rotenone was previously shown to evoke larger outward currents in 

dopaminergic SNc neurons compared to nigral non-DA neurons (Freestone et al., 2009). My 

results are consistent with this report, and indicate that larger outward currents in SNc neurons 

may be due to greater expression of KATP channels in dopaminergic neurons, since diazoxide 

evoked a larger outward current, independent of mitochondrial inhibition. Dopaminergic SNc 

neurons express two-fold greater SUR1 mRNA than dopaminergic VTA neurons (Liss et al., 

2005), consistent with high estimates of KATP channel density which suggest that SNc neurons 
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possess three to four-fold more KATP channels per cell than cortical or hippocampal neurons 

(Roper & Ashcroft, 1995). The larger conductances evoked by rotenone on SNc neurons in the 

present study, suggests greater KATP channel density than in LC neurons, which could 

contribute to the larger inhibitory responses of SNc neurons. Conversely, the density of KATP 

channels in LC neurons was estimated to be “quite low” (Finta, Harms, Sevcik, Fischer, & 

Illes, 1993), forming a basis for the smaller responses to both rotenone and diazoxide. 

Single-cell mRNA profiling of non-DA neurons within the pars compacta and pars reticulata, 

identified differences in KATP channel expression (Liss et al., 1999). It was reported that non-

DA interneurons within the pars compacta did not express either Kir6.2 or SUR1 subunits, 

while non-DA projection neurons of the pars reticulata expressed both functional subunits 

(Liss et al., 1999). Since these two groups of neurons were not differentiated in the present 

study, the sensitivity of nigral non-DA neurons to KATP channel activation may have been 

either under- or over-estimated with respect to non-DA neurons of the pars reticulata or the 

pars compacta. However, the fact that rotenone was previously shown to evoke smaller 

outward currents in nigral non-DA neurons (Freestone et al., 2009), agrees with the results of 

the current study and suggests that inhibitory responses were not under-estimated. 

Based on their sensitivity to either rotenone or diazoxide, no distinct subpopulations of 

dopaminergic SNc neurons were found in the present study. This is in contrast to a previous 

report which had identified differential expression of SUR1 and SUR2 subunits of KATP 

channels in mouse SNc neurons (Liss et al., 1999). Since a previous study also demonstrated 

consistent inhibitory responses of rat SNc neurons to rotenone (Freestone et al., 2009), the 

expression of SUR2-containing KATP channels in some SNc neurons might be specific to the 

mouse. 

In addition to KATP channel activation, KATP-independent inhibition of firing was also greater in 

nigral dopaminergic neurons compared to either LC or nigral non-DA neurons. This was 

illustrated by the fact that blocking KATP channels with tolbutamide was unable to restore firing 

in SNc neurons following prolonged exposure to the toxin, while firing was restored in both 
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LC and nigral non-DA neurons. These observations suggest that KATP-independent inhibition 

of firing, which I have proposed is mediated by KCa channels, is also greater in SNc neurons. 

This is consistent with the larger rise of [Ca2+]i in this group of neurons and evidence that KCa 

channels regulate the firing of nigral dopaminergic neurons (Ping & Shepard, 1996; Su, Song, 

& Ji, 2010; Wolfart, Neuhoff, Franz, & Roeper, 2001). 

Larger inward currents evoked by rotenone in SNc neurons were also associated with a larger 

rise of [Ca2+]i. This difference was most pronounced 10 min after the end of rotenone 

application, which corresponded to the time when TRPM2 channel blockers were most 

effective. While [Ca2+]i appeared to plateau after washout of rotenone in LC neurons, [Ca2+]i 

continued to rise in SNc neurons suggesting irreversible damage or dysregulation of [Ca2+]i in 

these neurons (Freestone et al., 2009). In contrast, LC neurons appeared more capable of 

buffering changes of [Ca2+]i, consistent with moderate expression of calbindin (Bhagwandin, 

Gravett, Bennett, & Manger, 2013), and greater ability to sequester toxicants such as MPP+ 

(German, Liang, Manaye, Lane, & Sonsalla, 2000). In comparison, the rise of [Ca2+]i in nigral 

non-DA neurons was smaller than in SNc or LC neurons, reflecting the resistance of nigral 

non-DA neurons to rotenone (Radad, Gille, & Rausch, 2008; Sakka et al., 2003). However, the 

slow increase of [Ca2+]i observed in these neurons may reflect a tissue-wide response, as 

produced by experimental hypoxia and hypoglycemia (Karunasinghe & Lipski, 2013). 

ADP-ribose caused a larger increase of [Ca2+]i in SNc neurons compared to LC neurons, 

reflecting the larger increase of [Ca2+]i evoked by rotenone in SNc neurons. TRPM2-mediated 

responses are potentiated by elevated [Ca2+]i (Freestone et al., 2009; McHugh, Flemming, Xu, 

Perraud, & Beech, 2003), and higher baseline [Ca2+]i may have contributed to larger responses 

of SNc neurons, although differences in baseline [Ca2+]i were not statistically significant (LC: 

162.8±36.5 nM, SNc: 182.2±37.6 nM; p=0.72). Based on these findings, it can be speculated 

that SNc neurons express higher density of TRPM2 channels than LC neurons, which might 

contribute to the larger increase of [Ca2+]i and inward currents evoked by rotenone in these 

neurons. 
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A previous study showed that rotenone evoked little or no effect on mitochondrial membrane 

potential (Ψm) in cultured dopaminergic neurons (Lotharius & O'Malley, 2000), consistent with 

a report that rotenone-induced toxicity is independent of mitochondrial complex I inhibition 

(Choi, Kruse, Palmiter, & Xia, 2008). However, these observations are opposed to previous 

studies which have shown that rotenone depolarises Ψm (Freestone et al., 2009; Moon, Lee, 

Park, Geum, & Kim, 2005; J. Wu et al., 2006), as well as the results of the present study. My 

results showed that rotenone produced the largest Ψm depolarisation in SNc neurons, 

suggesting that more pronounced electrophysiological responses are not only attributed to 

greater KATP or TRPM2 channel expression, but are also due to greater sensitivity of SNc 

neurons to mitochondrial inhibition. In comparison, LC neurons showed only moderate Ψm 

depolarisation, while the effects on nigral non-DA neurons were relatively small and transient. 

Greater sensitivity of nigral dopaminergic neurons to mitochondrial depolarisation may be a 

result of the abnormally low density of mitochondria in the somato-dendritic compartment of 

these neurons (Liang, Wang, Luby-Phelps, & German, 2007) and might explain why these 

neurons are more susceptible to toxin-induced models of degeneration. 

Fast-scan cyclic voltammetry (FSCV) has traditionally been used to detect catecholamine 

release (eg. DA and NA), but has recently been utilized to measure changes in H2O2 (Sanford 

et al., 2010; Spanos et al., 2013), a ROS which is important in pathological processes as well 

normal cellular functions (Rice, 2011). Changes of extracellular [H2O2] ([H2O2]o) in the 

striatum have previously been measured with FSCV, and changes of intracellular [H2O2] have 

been measured in nigral dopaminergic neurons and striatal neurons using the fluorescent dye, 

dichlorofluorescein (DCF) (Avshalumov, Chen, Koos, Tepper, & Rice, 2005; Bao, 

Avshalumov, & Rice, 2005). However, this is the first time that Δ[H2O2]o has been assessed in 

the Substantia Nigra or LC using FSCV. 

Rotenone promotes H2O2 production from isolated mitochondria (Votyakova & Reynolds, 

2001) and increases DCF fluorescence in striatal medium spiny neurons (Bao et al., 2005). 

Consistent with these effects, rotenone produced large changes of [H2O2]o within the SNc, 
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confirming that mitochondrial inhibition and  Ψm depolarisation caused significant generation 

H2O2.  Considering the size of Δ[H2O2]o generated by MCS in the striatum 

(Δ[H2O2]o = 151±26 µM; Spanos et al., 2013), the comparable change of [H2O2]o  evoked by 

rotenone in the SNc (Δ[H2O2]o = 128.3±16.8 µM) is not excessive. Moreover, the spontaneous 

activity of SNc neurons is known to stimulate H2O2 production on its own (Avshalumov et al., 

2005). Since increased [Ca2+]i stimulates mitochondrial H2O2 production (Starkov, Polster, & 

Fiskum, 2002), the larger increase of [Ca2+]i in SNc neurons is likely to potentiate increase of 

[H2O2]o, contributing to larger responses compared to the LC or SNr. Smaller changes of 

[H2O2]o in the LC and SNr reflect smaller changes of Ψm and [Ca2+]i in neurons of these 

regions. Furthermore, smaller changes in these regions suggest that neurons may have better 

anti-oxidant capabilities to quench ROS production caused by mitochondrial inhibition. The 

fact that Δ[H2O2]o was larger in the SNr compared to the LC despite smaller changes of Ψm, 

could be due to spill-over of H2O2 produced in the neighbouring SNc. 

The presence of activated microglia in the Substantia Nigra is a characteristic of PD (McGeer, 

Itagaki, Boyes, & McGeer, 1988) which is also reproduced by rotenone (Sherer, Betarbet, Kim, 

& Greenamyre, 2003). As the brain’s resident immune cells, microglia respond to 

immunological stimuli by secreting pro-inflammatory and cytotoxic factors including tumor 

necrosis factor alpha (TNFα), nitric oxide (NO) and ROS (Gao, Hong, Zhang, & Liu, 2002; Liu 

et al., 2001). The high density of microglia in the Substantia Nigra (Lawson, Perry, Dri, & 

Gordon, 1990) might contribute to the vulnerability of SNc neurons to rotenone, causing 

additional production of H2O2. It was shown in vitro that microglia have a pivitol role in 

rotenone-induced degeneration of dopaminergic neurons (Gao et al., 2002), and inhibition of 

microglial activation protects SNc neurons in other models of the disease (He, Appel, & Le, 

2001; D. C. Wu et al., 2002). Superoxide production from microglial NADPH oxidase and the 

resulting production of H2O2, may trigger a self-amplifying cascade of oxidative stress by 

stimulating further microglial proliferation (Mander, Jekabsone, & Brown, 2006). 
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Like other polar molecules, H2O2 cannot freely diffuse across cell membranes, and as such, 

H2O2 must leave the cell via specific aquaporins (Bienert et al., 2007). Interestingly however, 

increases of [H2O2]o could be measured using FSCV which appeared similar to exocytotic or 

vesicular neurotransmitter release (Fig. 4.3-2). These events were observed in 13 (of 19) 

recordings, could be identified as H2O2 by its characteristic voltammogram (Fig. 4.3-2C), and 

occurred more frequently following rotenone (1 µM) exposure. It was not determined whether 

these events were action potential-dependent (TTX-sensitive), but an alternative hypothesis is 

that they originated from microglia. Regardless of their origin, the observed release of H2O2 

provides further support for its role in normal cell signalling (Rice, 2011), as well as in 

pathological responses. 

 

 

 

Figure 4.3-2. Release of H2O2 

recorded using FSCV. A: Spikes in 

[H2O2]o signal during rotenone 

(1 µM) application. These events 

resembled vesicular or exocytotic 

release with a rapid rise and 

expontential decay. B: Colour-plot of 

background subtracted signals. 

C: Characteristic voltammogram 

from time-point labelled (C) in 

panel A. 
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 4.3.3 Summary and conclusions 

Both inhibitory and excitatory effects of rotenone were largest in SNc neurons compared to 

both LC and nigral non-DA neurons. While inhibition of firing via KATP channel activation has 

traditionally been regarded as neuroprotective, there is evidence to suggest that chronic 

neuronal silencing is detrimental to long-term survival (Section 8.4). Mitochondrial 

depolarisation, rise of [Ca2+]i and production of H2O2 were also largest in SNc neurons, 

suggesting that these effects may contribute to greater susceptibility to rotenone-induced 

degeneration. These effects are likely to act synergistically, making it difficult to determine 

which factor is the most important in initiating the cascade of events leading to degeneration. 

Although the present study has not directly examined neurotoxicity (ie. cell death), these 

results improve our understanding of mechanisms leading to neuronal damage in the rotenone 

model of PD. The fact that the effects of rotenone were larger in SNc neurons is consistent with 

the concept that they are indeed the most vulnerable in PD pathology. However, the effects 

which I have described on LC neurons are also of significance, and reinforce the importance of 

considering PD as a multi-system disorder. 
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5.0 Acute effects of MPP+ on LC, SNc and nigral non-DA neurons. 

MPP+ is the active metabolite of the infamous neurotoxin, MPTP, which is the only toxin 

known with certainty to cause parkinsonian symptoms in man (Langston, Ballard, Tetrud, & 

Irwin, 1983). It is recognised that DAT-mediated uptake of MPP+ is pivotal for selective 

toxicity to nigral dopaminergic neurons, yet despite the fact that noradrenergic LC neurons 

also take up MPP+ via NAT (Herkenham et al., 1991; Javitch, D'Amato, Strittmatter, & 

Snyder, 1985; Speciale, Liang, Sonsalla, Edwards, & German, 1998) and are profoundly 

affected by the toxin (Miyoshi, Kito, Ishida, & Katayama, 1988; Seniuk, Tatton, & 

Greenwood, 1990), the acute effects of MPP+ on LC neurons have yet to be investigated. 

Moreover, it is uncertain whether LC or nigral dopaminergic neurons are more vulnerable to 

MPTP/MPP+ toxicity (Hu, Chang, Sung, Hsu, & Lee, 1991; Seniuk et al., 1990). By 

comparing the acute effects of the toxin on these neurons, I aimed to resolve this uncertainty. 

The electrophysiological actions of MPP+ have previously been investigated on nigral 

dopaminergic neurons (Liss et al., 2005; Masi, Narducci, Landucci, Moroni, & Mannaioni, 

2013). These studies demonstrated that MPP+
 slows the firing of SNc neurons by inhibiting 

HCN channel-mediated Ih current (Masi et al., 2013), and by activating KATP channels (Liss 

et al., 2005). Our recent work assessed the contribution of these mechanisms to inhibition, 

and identified a novel mechanism involving displacement of vesicular DA and activation of 

D2 auto-receptors (Yee et al., 2014). 

In the following section, the effects of MPP+ on the electrophysiological properties of LC 

neurons are characterized, and compared to the responses of nigral dopaminergic (SNc) 

neurons and nigral non-DA neurons. In addition, data characterizing the effects of MPP+ on 

SNc neurons are also presented. 
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5.1 Results 

 5.1.1 Effects of MPP+ on LC neurons 

The acute effects of MPP+ on noradrenergic LC neurons were investigated using conventional 

extracellular recordings (Fig. 5.1-1). Bath application of MPP+ (20 µM, 30 min) caused rapid 

inhibition of firing (∆Hz = -1.06±0.18 Hz; measured 10 min after the start of MPP+) which 

started to reverse approximately 10 min after the start of drug application (arrowhead; 

Fig. 5.1-1A), despite continued exposure to the toxin. 

Inhibition was abolished by pre-treating slices with idazoxan (30 µM; applied 10 min before 

the start of MPP+), indicating that inhibition was primarily mediated by α2-adrenoceptors 

(F(3,33) = 8.46, p<0.001; Fig. 5.1-1A). When α2 receptors were blocked, MPP+ evoked a small 

increase of firing (∆Hz = 0.15±0.11 Hz; measured 10 min after MPP+ start), although this 

effect was not statistically significant (F(1,11) = 0.62, p=0.45). Following continued MPP+ 

exposure, this increase in firing gradually diminished and firing rate dropped slightly below 

baseline, suggesting that MPP+ might also cause α2-independent inhibition. 
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Figure 5.1-1. Effects of MPP+ on the firing of noradrenergic LC neurons. A: Bath application 

of MPP+ (20 µM, 30 min) rapidly inhibited the firing of LC neurons. This effect was 

abolished by pre-treating slices with α2-adrenoceptor antagonist, idazoxan (30 µM), 

indicating that inhibition was mediated by α2 receptors. B: Summary of changes of firing 

measured 10, 20 and 30 min after the start of MPP+ application. 
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5.1.2 Comparison of the effects of MPP+ on LC, dopaminergic SNc and nigral 

non-DA neurons 

In contrast to LC neurons, MPP+ (20 µM, 30 min) inhibited the firing of nigral dopaminergic 

(SNc) neurons with no sign of recovery (Fig. 5.1-2A). Inhibition of SNc neurons occurred in 

two distinct phases, which could be distinguished by onset and involved different 

mechanisms (Section 5.1-3; Yee et al., 2014). The firing of SNc neurons was initially reduced 

by ~25% (during the first 10 min of MPP+ exposure), before neurons were eventually 

silenced by the toxin. 

Inhibition of firing was more rapid in LC neurons compared to SNc neurons. During this 

early period, MPP+ evoked significantly greater inhibition of LC neurons (measured 10 min 

after the start of MPP+; F(1,29) = 32.83, p<0.001), however as the firing of SNc neurons 

continued to decrease, the two groups became indistinguishable (20 min after MPP+ start; 

F(1,29) = 0.74, p=0.40). By the end of recordings, recovery of firing in LC neurons and 

continued inhibition of SNc neurons resulted in separation of the two groups (30 min after 

MPP+ start; F(1,29) = 7.74, p=0.009). 

In contrast to both LC and SNc neurons, MPP+ increased the firing of nigral non-DA 

neurons. This effect developed relatively quickly, and was maintained throughout exposure to 

the toxin (measured 20 min after MPP+ start; ∆Hz = 2.63±0.47 Hz; F(1,29) = 71.54, p<0.001). 
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Figure 5.1-2. Comparison of the effects of MPP+ between LC, SNc and nigral non-DA 

neurons. A: Example recording from a dopaminergic SNc neuron showing progressive 

inhibition of firing in response to MPP+ (top). Inhibition of SNc neurons occurred in two 

phases (Section 5.1.3), while the firing of nigral non-DA neurons was increased by the toxin. 

B: Summary of changes of firing measured 10, 20 and 30 min after the start of MPP+ 

application. Early inhibition was significantly greater in LC neurons compared to SNc 

neurons (10 min), however there was little difference in inhibition between LC and SNc 

neurons after 20 min exposure. After 30 min exposure, the firing of LC neurons had 

increased while SNc neurons continued to slow down. 
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 5.1.3 Effects of MPP+ on nigral dopaminergic neurons 

As mentioned, a previous study had reported that rapid inhibition of firing produced by MPP+ 

on nigral dopaminergic neurons, was mediated by inhibition of Ih current (Masi et al., 2013). 

This conclusion was based on the observation that inhibition evoked by MPP+ was mimicked 

by ZD7288, a blocker of HCN channels responsible for conducting Ih current. However, it 

was not reported whether the inhibitory effects of MPP+ were prevented by this blocker. If 

the early inhibition evoked by MPP+ was indeed mediated by block of HCN channels, then 

blocking these channels with ZD7288 before MPP+ exposure, should occlude this effect. 

However, pre-treatment of slices with ZD7288 (5 µM; 20 min before MPP+) had no effect on 

the inhibitory effects of MPP+ (20 µM, 30 min), indicating that inhibition was not mediated 

by block of HCN channels (measured 10, 20 and 30 min after the start of MPP+; F(3,75) = 0.34, 

p=0.80; Fig. 5.1-3).  
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Figure 5.1-3. MPP+-induced inhibition of nigral dopaminergic neurons is not mediated by 

block of HCN channels. A: Pre-treatment of slices (20 min before MPP+) with a blocker of 

HCN channels, ZD7288 (5 µM), had no effect on inhibition produced by MPP+. B: No 

significant differences were observed at any time-point measured. 

 

Importantly, work from our lab (conducted by S-M Lee) revealed that the early phase of 

inhibition evoked by MPP+ (during the first 10 min of toxin application) could be abolished 

by dopamine D2 receptor antagonists (Yee et al., 2014; Fig. 5). However, when D2 receptors 

were blocked, continued exposure to the toxin still resulted in silencing of nigral 

dopaminergic neurons. It was previously shown by Liss and co-workers (2005) that genetic 

inactivation of KATP channels prevented silencing of nigral dopaminergic neurons by MPP+. 

Conversely, pharmacological block of these channels did not affect the rapid inhibition of 
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firing evoked by the toxin (Masi et al., 2013). These observations suggested that KATP 

channels are involved in the later stages of MPP+-induced inhibition, but are not activated 

during early inhibition. 

Consistent with the involvement of KATP channels in the later stages of inhibition, application 

of tolbutamide (KATP channel blocker; 100 µM), reversed the inhibitory effects of MPP+ 

(20 µM; F(1,25) = 12.47, p=0.002; measured 20 min after MPP+ start; Fig. 5.1-4A). 

Tolbutamide was not able to restore firing to baseline frequency, consistent with the 

involvement of D2 receptors in early inhibition.  

In order to exclude the possibility that tolbutamide increased firing on its own, slices were 

pre-treated (5 min before MPP+) with either tolbutamide (100 µM) or glibenclamide (an 

irreversible KATP channel blocker; 10 µM). In the presence of these blockers, inhibition 

evoked by MPP+ was significantly reduced (20 min after MPP+ start: F(1,32) = 7.80, p=0.009; 

30 min after MPP+ start: F(1,32) = 8.58, p=0.006; Fig. 5.1-4B), confirming that the toxin 

activated KATP channels. In addition, early inhibition evoked by MPP+ was also reduced by 

these blockers (10 min after MPP+: F(1,32) = 4.34, p=0.045), indicating that KATP channel 

activation also contributes to early effects of the toxin. 
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Figure 5.1-4. Involvement of KATP channels in MPP+-induced inhibition of nigral 

dopaminergic neurons. A: Application of tolbutamide at the end of MPP+ exposure, 

prevented further inhibition of firing observed when MPP+ was applied alone. 

B: Pre-treatment of slices (5 min before MPP+) with either tolbutamide (100 µM) or 

glibenclamide (10 µM), reduced the later stages of inhibition (measured 20 and 30 min after 

the start of MPP+), and to a lesser extent, attenuated the initial phase of inhibition (10 min 

after MPP+ start). 

 

However, significant inhibition of firing was still observed when MPP+ was applied during 

blockade of KATP channels (Fig. 5.1-5). While the contribution of KATP channels could be 

estimated as the change in firing rate marked between arrowheads (iii) and (iv), and the 

contribution of D2 receptor activation between (i) and (ii), remaining inhibition could be 

transiently reversed by apamine (0.5 µM), a blocker of small conductance, Ca2+-activated K+ 
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(SK/KCa) channels (ii-iii; Fig. 5.1-5). This suggested that in addition to D2- and KATP-

mediated effects, MPP+ also activated KCa channels. Since apamine causes burst firing in 

nigral dopaminergic neurons (Gu, Blatz, & German, 1992), reversal of MPP+-evoked 

inhibition was transient due to this bursting activity. 

 

Figure 5.1-5. Block of KCa channels transiently restores the firing of nigral dopaminergic 

neurons inhibited by MPP+. Although the later stages of inhibition were reduced by 

pre-treatment of slices with tolbutamide (iii-iv), a residual decrease in firing can be observed 

(ii-iii) following the initial inhibition attributed to D2 receptor activation (i-ii). Brief 

application of apamine transiently restored the firing of SNc neurons, suggesting that residual 

inhibition (ii-iii) is mediated by KCa channels. 

 

 5.1.4 MPP+ indirectly activates D2 receptors in nigral dopaminergic neurons 

Since the early phase of inhibition was dependent on D2 receptor activation (Yee et al., 

2014), we sought to clarify whether this was due to a direct action of MPP+, or an indirect 

effect caused by mobilization of vesicular DA. 

Binding assays using membranes isolated from HEK-293 cells transfected with recombinant 

human D2 receptor, demonstrated that MPP+ (1 nM to 100 µM) did not displace 

[3H]raclopride binding (Fig. 5.1-6). Although higher concentrations of the toxin (≥1 mM) 
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displaced [3H]raclopride binding (EC50 = 0.98 mM), the dose used in electrophysiological 

experiments (20 µM) had little effect (black dashed line). This suggests that D2 activation 

was caused by DA released by MPP+, as opposed to direct receptor activation by the toxin 

itself. 

  

Figure 5.1-6. MPP+ does not directly bind to D2 receptors. Membrane binding assay 

demonstrating that MPP+ (1 nM to 100 µM) does not displace [3H]raclopride binding from 

membranes prepared from HEK-293 cells transfected with recombinant human D2 receptor. 

The effect of MPP+ is compared to the conventional D2 antagonist, sulpiride (grey). Black 

dashed line indicates concentration of MPP+ used in electrophysiological experiments 

(20 µM). 

 

These findings were confirmed with CAMYEL, an assay designed to measure cAMP 

production using bioluminescence resonance energy transfer (BRET). HEK-293 cells 

expressing recombinant human D2 receptors (HEK-293-D2) were transfected with the 

CAMYEL construct and cAMP levels were measured after stimulation of adenylate cyclase 

with forskolin (FSK; 5 µM). As expected, DA (50 µM) caused a significant reduction of 

cAMP (F(1,35) = 23.19, p<0.001), however MPP+ (1-100 µM) did not significantly affect 

cAMP levels (F(1,35) = 1.57, p=0.22; Fig. 5.1-7A). At high concentration (1 mM), MPP+ did 

decrease cAMP production (F(1,35) = 10.82, p<0.01), but this effect was not relevant to 
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electrophysiological experiments in which a much lower concentration (20 µM) was used. 

Furthermore, this dose of MPP+ (1 mM) consistently reduced cAMP production in 

cannabinoid CB1 receptor-transfected cells (HEK-293-CB1), indicating that this may reflect 

a non-specific (toxic) effect of MPP+. 

Interestingly, DA (50 µM) increased cAMP production in CB1 transfected cells, which was 

unexpected since HEK-293 cells do not express D1/D5-like receptors (Atwood, Lopez, 

Wager-Miller, Mackie, & Straiker, 2011). Production of cAMP could be inhibited by a CB1 

receptor agonist, CP-55940 (1 µM) in these cells (F(1,35) = 7.24, p=0.01; data not shown). 

In order to investigate whether MPP+ allosterically modulated D2 receptors, we measured 

FSK-stimulated cAMP production in the presence of both DA (30 µM) and MPP+ 

(1-1000 µM; Fig. 5.1-7B). While DA (30 µM) significantly inhibited cAMP production on its 

own (F(1,35) = 51.57, p<0.001), the addition of MPP+ (1-100 µM) had no further effect (all 

p>0.47 vs. FSK + DA; Fig. 5.1-6B). The highest concentration of MPP+ (1 mM) caused 

additional inhibition of cAMP production (F(1,26) = 5.53, p=0.03), however this was attributed 

to potential toxicity caused by the extremely high dose of MPP+. 
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Figure 5.1-7. MPP+ does not affect cAMP production in HEK-293 cells transfected with 

human D2 receptor. A: In contrast to DA, MPP+ (1-100 µM) did not inhibit forskolin (FSK)-

stimulated cAMP production. A higher concentration of MPP+ (1 mM) caused a significant 

decrease of cAMP production, however this may reflect D2 receptor binding observed at high 

concentration (cf. Fig. 5.1-6), or non-specific toxicity since a small reduction was also 

observed in CB1 transfected cells (without D2 expression). Interestingly, DA increased 

cAMP production in this group of cells. B: MPP+ (1-100 µM) did not modulate the effect of 

DA (30 µM) on cAMP production, although the highest concentration of MPP+ (1 mM) 

caused further reduction of cAMP. 
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5.2 Discussion 

5.2.1 MPP+ inhibits the firing of LC neurons 

For the first time, the present study has shown that MPP+ inhibits the firing of noradrenergic 

LC neurons by activating α2-adrenoceptors. Similar to the action of MPP+ on nigral 

dopaminergic neurons (Yee et al., 2014), it is likely that the toxin indirectly activates α2 

receptors by displacing vesicular NA. This is consistent with the affinity of the toxin for NAT 

(Javitch et al., 1985) and VMAT-2 (Speciale et al., 1998), as well as the ability of MPTP to 

facilitate NA release from cortical slices (Markstein & Lahaye, 1984). 

It has been shown that MPTP can displace [3H]clonidine binding from α2-adrenoceptors 

(Enz, Hefti, & Frick, 1984), suggesting that the toxin directly binds to these receptors. 

However, it is thought that MPTP acts as a competitive antagonist since it caused a right-

ward shift of the dose-response curve of α2 agonist, clonidine (Markstein & Lahaye, 1984). 

Direct action of MPP+ as a competitive α2 antagonist would explain reversal of inhibition 

during exposure to the toxin. Released NA could also activate α1 receptors (Finlayson & 

Marshall, 1986; Williams & Marshall, 1987), contributing to the rise and fall of firing rate 

during MPP+ exposure, and the small excitatory effect observed when α2 receptors were 

blocked. 

The decrease of firing slightly below baseline evoked by MPP+ in the presence of α2 block, 

suggests that the toxin may activate additional inhibitory conductances. Since MPP+ activates 

KATP channels in SNc neurons, the toxin may also cause mild activation of KATP channels in 

LC neurons. However, this hypothesis remains to be tested. 
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Figure 5.2-1. Summary of hypothesized effects of MPP+ on noradrenergic LC neurons. (1) 

Uptake of MPP+ via NAT allows the toxin entry to LC neurons. (2) MPP+ is quickly 

sequestered by VMAT-2, displacing vesicular NA which is released into the extracellular 

space. (3) Extracellular NA activates somato-dendritic α2-adrenoceptors leading to 

GIRK-mediated K+ efflux, causing inhibition of firing. (4) Accumulation of MPP+ directly 

blocks α2-adrenoceptors, reversing the inhibitory effect of displaced NA. 

 

5.2.2 Comparison of the effects of MPP+ on LC, SNc and nigral non-DA neurons 

The initial inhibition evoked by MPP+ was greater in LC neurons compared to dopaminergic 

SNc neurons. Since the initial phase of inhibition is attributed to release of NA and DA 

respectively, this difference probably reflects greater NA release from LC neurons compared 

to DA release from SNc neurons. It has been proposed that LC neurons are more resistant to 

MPTP/MPP+ because of greater VMAT-2 expression (Speciale et al., 1998), conferring 

resistance because vesicular sequestration of the toxin is regarded to be protective (German, 

Liang, Manaye, Lane, & Sonsalla, 2000).  As a result of greater MPP+ sequestration, more 

NA is displaced and released, evoking greater initial inhibition of LC neurons. 

In addition, the firing of LC neurons began to increase by the end of MPP+ application, while 

the spontaneous activity of SNc neurons continued to decline. The antagonistic action of 
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MPP+ at α2-adrenoceptors may be beneficial in that it helps to restore the firing of LC 

neurons. Conversely, the activation of additional inhibitory mechanisms (including KATP and 

KCa) contributes to the silencing effects of MPP+ on nigral dopaminergic neurons. 

Considering their dependence on neuronal activity for long-term survival (Section 8.4), 

chronic activation of these inhibitory mechanisms is likely to be detrimental for their 

survival. 

The inhibitory effects of MPP+ on dopaminergic neurons in the SNc have been compared to 

those of dopaminergic VTA neurons (Liss et al., 2005). In their recordings, an initial 

inhibitory effect (unmentioned by the authors) is followed by complete silencing in wild type 

SNc neurons. In comparison, neither effect can be observed in recordings from wild type 

VTA neurons, suggesting that both displacement of vesicular DA and KATP channel 

activation are less prominent in this group of neurons. Resistance to KATP activation was 

attributed to mild, constitutive mitochondrial uncoupling of VTA neurons. Interestingly, this 

also corresponds to the relative resistance of dopaminergic VTA neurons to degeneration in 

PD (German, Manaye, Smith, Woodward, & Saper, 1989). The inability for MPP+ to evoke 

an initial D2-mediated inhibitory effect on VTA neurons may reflect the lower density of 

dopaminergic neurons in this region (Margolis, Lock, Hjelmstad, & Fields, 2006) causing a 

smaller rise of extracellular DA in each neuron’s local microenvironment. Furthermore, DA 

release in the VTA involves both somato-dendritic release and axon collaterals (Chen, Patel, 

Moran, & Rice, 2011), which may reduce the ability of MPP+ to release vesicular DA from 

VTA neurons. 

The excitatory effects of MPP+ on nigral non-DA neurons is likely to be due to DA released 

from neighbouring dopaminergic neurons of the pars compacta, similar to the activation of 

nigral non-DA neurons by L-DOPA (Guatteo et al., 2013). Following L-DOPA application, 

glutamate receptor-independent excitation of nigral non-DA neurons was attributed to the 

release of newly-synthesized DA. It has been shown that DA can activate TRPC3 channels in 

SNr neurons via dopamine D1/D5 receptor co-activation (Zhou, Jin, Matta, Xu, & Zhou, 
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2009) and a similar mechanism might be involved following MPP+ exposure. Alternatively, 

ROS generated by MPP+ in dopaminergic neurons, and/or DA-derived ROS could cause an 

increase in firing of nigral non-DA neurons via TRPM2-like channel activation  (Lee, 

Witkovsky, & Rice, 2011). 

 

5.2.3 Mechanisms of inhibition in SNc neurons 

Our recent work demonstrated that MPP+ inhibited the firing of nigral dopaminergic neurons 

by multiple inhibitory mechanisms which are summarised in Fig. 5.2-2. (Yee et al., 2014). 

Importantly, it was shown that the initial phase of inhibition was dependent on D2 receptor 

activation, and I have presented results which support an indirect action of MPP+ on these 

receptors. The toxin did not directly bind to D2 receptors, nor did it affect downstream 

signalling via cAMP levels, consistent with the absence of an effect of MPTP on adenylate 

cyclase activity in striatal homogenates, determined by cAMP radioimmunoassay (Markstein 

& Lahaye, 1984). These observations suggest that MPP+ releases DA which in turn activates 

D2 receptors, consistent with reports that the toxin can release DA in vivo (Rollema, 

Damsma, Horn, De Vries, & Westerink, 1986), from striatal slices (Markstein & Lahaye, 

1984) and from dopaminergic neurons in culture (Lotharius & O'Malley, 2000). In agreement 

with this mechanism, experiments conducted by our group (by S-M Lee) demonstrated that 

depletion of vesicular DA with Ro4-1284 (10 µM), abolished the initial phase of inhibition, 

indicating that releasable DA is required for this effect (Yee et al., 2014). 

The inability of ZD7288 to prevent the inhibitory effects of MPP+ provides evidence against 

the direct involvement of HCN channel block in MPP+-evoked inhibition. Voltage-clamp 

experiments conducted by our group (by Dr. Peter Freestone) confirmed that treatment of 

slices with ZD7288 (5 µM, 20 min) fully blocked Ih activation by voltage steps 

(-40 to -120mV, 1 s), indicating that MPP+-induced inhibition was not via block of HCN 

channels (Yee et al., 2014). This is also supported by the inhibitory effects of MPP+ on 
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noradrenergic LC neurons, which share the ability of SNc neurons to take up MPP+ causing 

NA/DA release, but do not express HCN channels (Section 4.1.1). 

While these observations suggest that block of HCN channels does not contribute to the 

inhibitory effects of MPP+, our work (conducted by S-M Lee) does support the ability of 

MPP+ to block these channels (Yee et al., 2014). In sharp electrode recordings, MPP+ 

increased cell input resistance (Rin) and attenuated sag amplitude in nigral dopaminergic 

neurons, indicating that the toxin can block HCN channels. While HCN channel block was 

not directly responsible for inhibition of firing, block of these channels may promote other 

inhibitory mechanisms (D2, KATP and KCa) due to elimination of depolarizing Ih current, 

which might otherwise be activated during hyperpolarizing responses. 

Our results indicate that MPP+ activates KATP channels, particularly after long (20-30 min) 

exposure to the toxin.  These findings were consistent with a previous study which had shown 

that genetic inactivation of KATP channels prevented the silencing effect of MPP+ (Liss et al., 

2005). However, significant inhibition was still observed in the presence of KATP channel 

blockers, indicating that an additional mechanism was involved. Apamine was able to 

transiently restore firing, suggesting that KCa channels were activated by MPP+. The 

involvement of KCa channels is consistent with their importance in modulating the firing of 

nigral dopaminergic neurons (Ping & Shepard, 1996), and is likely to occur considering the 

ability of other mitochondrial toxins (eg. rotenone) to significantly increase [Ca2+]i in these 

neurons (Section 4.2.7).  
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Figure 5.2-2. Summary describing the inhibitory effects of MPP+ on nigral dopaminergic 

neurons. (1) Uptake of the MPP+ by DAT and (2) storage of the toxin in DA vesicles by 

VMAT-2. Displaced DA is released from neurons, which (3) activates D2 receptors causing 

GIRK-mediated K+ efflux and the initial inhibition of firing. (4) Slow accumulation of MPP+ 

in mitochondria causes Complex I inhibition, decreased ATP production and enhanced 

generation of ROS. (5) These effects activate KATP channels, contributing to the later stages 

of inhibition. (6) KCa channels are activated by increased intracellular Ca2+ potentially from 

mitochondria or membrane influx. (7) Block of HCN channels promotes hyperpolarisation by 

preventing depolarising Ih activation. 

122 
 



 5.2.4 Summary and conclusions 

MPP+ inhibited the firing of noradrenergic LC neurons by activating α2-adrenoceptors. 

Presumably, this is via uptake of MPP+ and displacement of vesicular NA, eventually being 

released onto α2 auto-receptors. While there was slight indication that MPP+ may also 

activate another inhibitory mechanism (eg. KATP channels), this remains to be proven. 

Considering the large and rapid α2-mediated inhibition of firing, it is likely that MPP+ is 

quickly and efficiently sequestered, preventing mitochondrial inhibition in LC neurons. 

Therefore, KATP-mediated effects in these neurons are likely to be minor. 

In contrast, the firing of nigral non-DA neurons was increased by MPP+. I hypothesize that 

this is via DA released from neighbouring dopaminergic neurons. DA, DA-derived ROS and 

diffusible ROS generated in nigral dopaminergic neurons, may contribute to the excitatory 

responses observed in nigral non-DA neurons. While chronic excitation could be detrimental 

to the survival of these neurons, the fact that MPP+ does not cause degeneration of nigral 

non-DA neurons suggests that this is not the case. 

MPP+ caused profound silencing of nigral dopaminergic neurons by activating multiple 

inhibitory mechanisms. These included D2, KATP and KCa-mediated responses. The smaller 

size of D2-mediated responses (compared to α2-mediated inhibition of LC neurons) and 

delayed activation of KATP (and KCa) channels, suggest that SNc neurons are less able to 

sequester MPP+ to protect themselves from mitochondrial inhibition than LC neurons. Thus, 

these findings suggest that SNc neurons are more vulnerable than LC neurons to MPP+. 
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6.0 Acute effects of 6-OHDA on LC, SNc and nigral non-DA neurons 

Synthetic 6-OHDA was one of the first neurotoxins used to produce long-lasting models of 

PD, causing relatively selective degeneration of nigral dopaminergic neurons following its 

specific uptake via DAT (Blum et al., 2001). In addition, endogenous 6-OHDA may occur 

naturally in the brain (Curtius, Wolfensberger, Steinmann, Redweik, & Siegfried, 1974) from 

oxidation of DA (Napolitano, Pezzella, & Prota, 1999), and may even contribute to PD 

pathogenesis (Glinka, Gassen, & Youdim, 1997; Jellinger, Linert, Kienzl, Herlinger, & 

Youdim, 1995). 

Previous studies have investigated the early effects of 6-OHDA on nigral dopaminergic 

neurons, indicating that the toxin causes rapid inhibition of firing by activating D2 receptors 

and KATP channels (Berretta et al., 2005). It was also shown that 6-OHDA increases 

intracellular Ca2+ in these neurons (Berretta et al., 2005; Qu et al., 2014). These early effects 

have been compared to those of nigral non-DA neurons (Berretta et al., 2005), but little is 

known about the effects of 6-OHDA on noradrenergic neurons of the LC. This is in spite of 

the fact that 6-OHDA is commonly used to lesion LC neurons (Bing, Zhang, Watanabe, 

McEwen, & Stone, 1994; Mavridis, Degryse, Lategan, Marien, & Colpaert, 1991; Ruckert, 

Bubser, & Schmidt, 1997), which take up 6-OHDA via NAT (Luthman, Fredriksson, 

Lewander, Jonsson, & Archer, 1989). It has been suggested that specific uptake of 6-OHDA 

is not required for toxicity (Blum, Torch, Nissou, Benabid, & Verna, 2000; Dodel et al., 1999; 

Lotharius, Dugan, & O'Malley, 1999; Offen et al., 1998), calling to question how and why the 

toxin causes selective degeneration of LC and SNc neurons. 

It is clear that the cellular mechanisms of 6-OHDA toxicity are not fully understood. By 

examining the effects of 6-OHDA on LC, SNc and nigral non-DA neurons, I aimed to 

improve our understanding of these mechanisms, and to identify early electrophysiological 

actions of the toxin which may lead to neurodegeneration. 
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6.1 Results 

6.1.1 Dual actions of 6-OHDA on the firing of LC neurons 

The acute effects of 6-OHDA on noradrenergic LC neurons were characterized using 

conventional extracellular recordings. Bath application of the toxin (5-500 µM, 10 min) 

produced dose-dependent inhibition of firing (measured 5 min after the start of 6-OHDA; 

F(6,33)=3.47, p=0.009; baseline: 1.27±0.12 Hz) with an EC50 of 38.5 µM (Fig. 6.1-1). Although 

the lowest concentration of 6-OHDA (5 µM) had no effect on firing frequency, inhibition at 

higher doses (50-500 µM) was rapid in onset and occurred almost immediately as the toxin 

entered the bath. Interestingly, firing consistently resumed during application of the highest 

dose (arrowhead), suggesting that the toxin caused receptor desensitization, or an opposing 

excitatory effect (Fig. 6.1-1A). Firing quickly returned after washout of 6-OHDA (500 µM) 

and tended to rise above baseline firing rate (ΔHz = 0.34±0.15 Hz; F(1,7) = 5.46, p=0.05; 

measured 10 min after the end of 6-OHDA). These observations suggested that in addition to 

its inhibitory effects, high doses of 6-OHDA caused delayed excitation. 
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Figure 6.1-1. 6-OHDA dose-dependently inhibits the firing of LC neurons. A: While the 

lowest dose (5 µM) had no effect on firing frequency, higher doses (50-500 µM) evoked 

significant inhibition of firing. As shown in the raw example, firing resumed during 

application of the highest dose (arrowhead). B: Dose-response curve (measured 5 min after 

the start of 6-OHDA) indicating an EC50 of 38.5 µM. 
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Pre-treatment of LC slices with α2-adrenoceptor antagonist, idazoxan (30 µM, 15 min prior to 

6-OHDA), abolished inhibition evoked by 6-OHDA (500 µM, 10 min), indicating that the 

toxin inhibits firing by activating α2-adrenoceptors (measured 5 min after the start of 

6-OHDA; F(1,16) = 50.42, p<0.001; Fig. 6.1-2). When α2 receptors were blocked, 6-OHDA 

significantly increased the firing of LC neurons (ΔHz = 0.80±0.27 Hz; measured 5 min after 

the start of 6-OHDA; F(1,16) = 15.84, p=0.001), confirming that the toxin also evoked an 

excitatory effect. Application of an α1-adrenoceptor antagonist, prazosin (0.5 µM), tended to 

decrease this excitation, but this reduction was not statistically significant (measured 5 min 

after the start of 6-OHDA; F(1,16) = 1.07 p=0.32; Fig. 6.1-2B). 

Taken together, these results indicate that 6-OHDA inhibits the firing of LC neurons by 

activating α2-adrenoceptors, but also exerts an excitatory action which may in part be 

mediated by α1 receptors. 
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Figure 6.1-2. Inhibition of firing is mediated by α2-adrenoceptors. A: Pre-treatment of slices 

with α2 antagonist, idazoxan (30 µM, 15 min before 6-OHDA) abolished inhibition evoked 

by 6-OHDA and revealed an excitatory effect. Excitation was long-lasting and firing rate 

remained elevated after washout. B: Summary of changes in firing evoked by 6-OHDA (500 

µM). A combination of idazoxan and α1-adrenoceptor antagonist, prazosin (0.5 µM; n=4), 

tended to reduce excitation suggesting α1 activation may contribute to this effect. 

 

It was investigated whether 6-OHDA activates KATP channels by pre-treating slices with 

tolbutamide (100 µM; 5 min before the start of 6-OHDA; Fig. 6.1-3). Although blocking KATP 

channels had no effect on inhibition (F(1,12) = 1.38, p=0.26; measured 5 min after the start of 

6-OHDA), firing rate after washout was significantly higher in the presence of tolbutamide 

128 
 



(measured 10 min after the end of 6-OHDA; Ctrl: ΔHz = 0.34±0.15 Hz; Tolb: 

ΔHz = 0.90±0.21 Hz; F(1,12) = 5.09, p=0.04). This indicates that 6-OHDA slowly activates 

KATP channels, decreasing the delayed excitatory effect of the toxin. 

 

Figure 6.1-3. KATP channel activation by 6-OHDA in LC neurons. A: Inhibition evoked by 

6-OHDA (500 µM) was not affected by blocking KATP channels with tolbutamide (100 µM). 

However, tolbutamide tended to elevate firing rate after washout of the toxin, indicating that 

delayed KATP activation decreased the delayed excitatory effect of 6-OHDA. B: Firing 

segments illustrating elevated firing rate after washout of 6-OHDA in the presence of 

tolbutamide. C: Summary of changes in firing evoked by 6-OHDA in the absence (Ctrl) and 

presence of tolbutamide.  
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6.1.2 Comparison of the effects of 6-OHDA on LC, SNc and nigral non-DA neurons 

The effects of 6-OHDA (500 µM, 10 min) on the firing of LC neurons were compared to the 

responses of nigral dopaminergic (SNc) and nigral non-DA neurons (Fig. 6.1-4). Similar to 

LC neurons, nigral dopaminergic neurons were also inhibited by the toxin, however inhibition 

followed two distinct phases and did not recover after washout. The initial inhibitory effect on 

SNc neurons was also very rapid, but firing was only reduced by -64.2±16.2% (measured 

5 min after 6-OHDA start; baseline: 2.20±0.22 Hz), compared to -99.9±0.2% in LC neurons 

(baseline: 1.17±0.20 Hz; Fig. 6.1-4A). Following this initial decrease in firing, SNc neurons 

were eventually silenced by 6-OHDA (-100%; 10 min after the start of 6-OHDA application) 

and in contrast to LC neurons, firing did not recover after toxin washout (F(1,15) = 44.53, 

p<0.001; measured 10 min after the end of 6-OHDA; Fig. 6.1-4). 

In comparison to both LC and SNc neurons, the firing of nigral non-DA neurons was 

increased by 6-OHDA (67±23%; measured 5 min after the start of 6-OHDA; baseline: 

4.74±0.60 Hz). This effect was also largely non-reversible, and firing remained elevated after 

washout of the toxin (59±17%; measured 10 min after the end of 6-OHDA). 
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Figure 6.1-4. Comparison of the effects of 6-OHDA on LC, SNc and nigral non-DA neurons. 

A: 6-OHDA (500 µM, 10 min) inhibited the firing of LC and SNc neurons, but increased the 

firing of nigral non-DA neurons. Inhibition of SNc neurons was biphasic, whereas LC 

neurons were rapidly inhibited by the toxin. While LC neurons resumed firing after washout, 

SNc neurons were irreversibly silenced by 6-OHDA. B: Summary of changes of firing evoked 

by 6-OHDA in LC, SNc and nigral non-DA neurons. 
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6.1.3 Mechanisms of 6-OHDA-evoked inhibition of SNc neurons 

The inhibitory actions of 6-OHDA on nigral dopaminergic neurons appeared remarkably 

similar to inhibition evoked by MPP+ on these neurons (Section 5.1.3). To further investigate 

the biphasic inhibition produced by 6-OHDA, slices were pre-treated (5 min before 6-OHDA) 

with D2 receptor antagonist, sulpiride (30 µM; Fig. 6.1-5). Block of D2 receptors abolished 

the early inhibitory effect of 6-OHDA (500 µM; measured 5 min after the start of 6-OHDA; 

F(1,11) = 33.04, p<0.001) and revealed a significant increase of firing (ΔHz = 0.59±0.19 Hz; 

measured 5 min after the start of 6-OHDA; F(1,11) = 8.09, p=0.02;  Fig. 6.1-5A). However, 

sulpiride had no effect on the later stages of inhibition evoked by the toxin (F(1,11) = 1.78, 

p=0.21; measured 10 min after 6-OHDA start). After a transient rise in firing, the firing of 

SNc neurons was eventually silenced by 6-OHDA even when D2 receptors were blocked. 

These data indicated that the early phase of inhibition was mediated by D2 receptors, while 

later stages of inhibition involved a different mechanism. 

Membrane binding assays demonstrated that 6-OHDA was able to displace [3H]raclopride 

binding to D2 receptors over a range of concentrations (1-50 mM; EC50 = 1.92 mM) close to 

that used in electrophysiological experiments (500 µM; Fig. 6.1-5B). This result suggested 

that this concentration of 6-OHDA was likely to directly activate D2 receptors. 

Unlike MPP+, the late phase of inhibition evoked by 6-OHDA did not appear to be affected by 

blocking KATP channels with tolbutamide (Fig. 6.1-6B). In the presence of both sulpiride 

(30 µM) and tolbutamide (100 µM), the late phase of inhibition was not significantly different 

compared to sulpiride alone (F(1,11) = 0.14, p=0.71; measured 10 min after the start of 

6-OHDA). Conversely, block of DAT with cocaine (10 µM) abolished the late inhibitory 

effects of 6-OHDA (F(1,11) = 19.61, p=0.001; measured 10 min after the end of 6-OHDA), 

indicating that uptake of the toxin is required for inhibition. Cocaine had no effect on the 

early increase of firing evoked by 6-OHDA in the presence of sulpiride (F(1,11) = 0.37, p=0.56; 

measured 5 min after the start of 6-OHDA), suggesting that excitation does not require uptake 

of the toxin.  
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Figure 6.1-5. 6-OHDA directly activates D2 receptors in nigral dopaminergic neurons. 

A: Pre-treatment of slices with D2 receptor antagonist, sulpiride (30 µM), abolished the early 

inhibitory effect of the toxin. In the presence of sulpiride, 6-OHDA transiently increased 

firing before neurons were eventually silenced. B: Membrane binding assays demonstrated 

that 6-OHDA displaced [3H]raclopride binding from D2 receptors (EC50 of 1.92 mM), 

although with lower affinity than sulpiride (EC50 = 18 nM). Red dashed line indicates the dose 

of 6-OHDA used in electrophysiological experiments (500 µM), suggesting that this 

concentration of 6-OHDA can directly bind to D2 receptors.  
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Figure 6.1-6. Late inhibition of SNc neurons is not mediated by KATP channels but is 

dependent on DAT-mediated uptake of 6-OHDA. The addition of KATP channel blocker, 

tolbutamide (100 µM), had no effect on the delayed inhibition evoked by 6-OHDA (0.5 mM) 

in the presence of sulpiride (30 µM), suggesting that the toxin does not activate these 

channels. However, block of DAT-mediated uptake of the toxin with cocaine (10 µM), 

abolished the inhibitory effects of 6-OHDA.  
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6.2 Discussion 

6.2.1 Dual effects of 6-OHDA on LC neurons 

To my best knowledge, direct effects of 6-OHDA on the electrophysiological properties of 

LC neurons have not previously been described. Indirect effects have been reported in vivo, 

where 6-OHDA injection into the medial forebrain bundle decreased the firing of LC neurons 

(Miguelez, Aristieta, Cenci, & Ugedo, 2011; Miguelez, Grandoso, & Ugedo, 2011). However, 

this effect was attributed to dopaminergic denervation rather than a direct effect on LC 

neurons. Conversely, direct injection of 6-OHDA into the LC increased the firing rate of 

surviving neurons, however these changes were measured weeks after toxin exposure (Szot et 

al., 2014). 

The present study showed that 6-OHDA caused dose-dependent inhibition of firing in LC 

neurons (EC50 = 38.5 µM) by activating α2-adrenoceptors. Although the affinity of 6-OHDA 

was considerably lower than that of NA (EC50 = 2.96 µM; measured in brain slices; Chessell 

et al., 1996), it was sufficient to evoke an inhibitory response at concentrations an order of 

magnitude lower than doses of 6-OHDA used to lesion the LC (eg. 2-6 µg/mL = 10-30 mM) 

(Bing et al., 1994; Mavridis et al., 1991; Ruckert et al., 1997; Szot et al., 2014; Wang et al., 

2010). 

Activation of α2-adrenoceptors by 6-OHDA is not surprising considering: (1) structural 

similarities between NA, DA and 6-OHDA (Fig. 6.2-1); (2) the fact that DA can activate 

adrenergic receptors (Lin, Quartermain, Dunn, Weinshenker, & Stone, 2008); (3) affinity of 

6-OHDA to NAT and the ability of NAT inhibitors to prevent toxicity (Luthman et al., 1989; 

Wang et al., 2010); and (4) the ability of 6-OHDA to be taken up and released as a ‘false 

neurotransmitter’ from noradrenergic terminals (Thoenen & Tranzer, 1968). Indeed, it is 

believed that 6-OHDA behaves like a catecholamine in many respects (Jonsson & Sachs, 

1972). 
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Figure 6.2-1. Structural similarities 

between dopamine, noradrenaline 

and 6-OHDA. 

 

 

An excitatory effect of 6-OHDA on LC neurons was apparent during application of the 

highest dose (500 µM), after washout of the toxin, and when 6-OHDA was applied while α2-

adrenoceptors were blocked. This indicated that in addition to α2-mediated inhibition, the 

toxin evokes a long-lasting excitatory effect. Excitation was slightly reduced by blocking α1 

receptors, however the residual increase in firing was likely due to a ‘non-specific’ effect 

since excitation was also observed in nigral non-DA neurons and nigral dopaminergic neurons 

when D2 receptors were blocked. 

Non-enzymatic auto-oxidation of 6-OHDA (Equation 6.2-1) can result in extracellular 

production of reactive quinones (Saner & Thoenen, 1971), and generation of other ROS 

including superoxide, H2O2 and hydroxyl radicals (Cohen & Heikkila, 1974). Since 6-OHDA 

also caused excitation of nigral non-DA neurons (which cannot take up the toxin), it is likely 

that these ‘non-specific’ excitatory effects are mediated by extracellular generation of ROS. 

Importantly, it has been shown that H2O2 regulates the activity of nigral dopaminergic and 

non-DA neurons by activating oxidative stress-gated TRPM2-like channels (Chung, 

Freestone, & Lipski, 2011; Lee, Witkovsky, & Rice, 2011). The latter study reported that 

exogenous H2O2 or elevated endogenous1 H2O2 increased the firing of guinea pig non-DA 

pars reticulata (SNr) neurons by activating TRPM2-like channels (Lee et al., 2011). 

Considering the importance of H2O2 in 6-OHDA toxicity (Heikkila & Cohen, 1971), it is 

1 Endogenous H2O2 was elevated by inhibition of glutathione peroxidase with 

mercaptosuccinate (Avshalumov, Chen, Koos, Tepper, & Rice, 2005; Lee et al., 2011). 
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likely that the excitation which I have described, is mediated by extracellular generation of 

H2O2 acting on TRPM2 channels. This hypothesis remains to be proven, but could be tested 

using non-selective blockers of TRPM2 channels (eg. ACA, FFA or Clt), the H2O2 scavenger, 

catalase, or with anti-oxidants such as ascorbic acid, trolox, or N-acetylcysteine. 

6-OHDA + O2 → o- and p-quinones + H2O2 

Equation 6.2-1. Formation of H2O2 by auto-oxidation of 6-OHDA (Heikkila & Cohen, 1971). 

Although tolbutamide had no effect on inhibition evoked by 6-OHDA, blocking KATP 

channels increased excitation after washout of the toxin. This indicated that 6-OHDA causes 

delayed activation of KATP channels in LC neurons, and is consistent with the involvement of 

ROS and/or mitochondrial inhibition in the effects of 6-OHDA. 

 

Figure 6.2-2. Summary of effects of 6-OHDA on LC neurons. (1) 6-OHDA activates α2-

adrenoceptors, causing rapid inhibition of firing. (2) Activation of α1 receptors causes 

excitation by decreasing GIRK responses and via phospholipase C signalling. (3) Uptake of 

6-OHDA by NAT, some of which may be sequestered by VMAT-2. Reactive oxygen species 

including H2O2 are produced by (4) extracellular auto-oxidation of 6-OHDA and (5) 

mitochondrial inhibition. (6) These sources of ROS activate TRPM2-like channels, 

contributing to the excitatory effects of the toxin. (7) Decrease of ATP and generation of ROS 

activate KATP channels, which limit the excitatory effects of 6-OHDA. 
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 6.2.2 Comparison of inhibition evoked by 6-OHDA on LC and SNc neurons 

Consistent with previous studies (Berretta et al., 2005; Qu et al., 2014), 6-OHDA also 

inhibited the firing of nigral dopaminergic neurons. While inhibition of LC neurons involved 

activation of α2-adrenoceptors, the early phase of inhibition in SNc neurons involved D2 

receptor activation (Berretta et al., 2005).  Using membrane binding assay, the present study 

has provided novel evidence supporting direct activation of D2 receptors by 6-OHDA. 

Although 6-OHDA (EC50 = 1.92 mM) did not displace [3H]raclopride binding as effectively 

as sulpiride (EC50 = 18 nM), we are likely to have under-estimated the affinity of 6-OHDA in 

binding experiments, due to visible oxidation of the toxin during the lengthly (30 min) 

reading period. This is supported by rapid auto-oxidation of 6-OHDA in cell-free culture 

media within only 10 min (Blum et al., 2000). In order to better estimate 6-OHDA binding to 

D2 receptors, membrane binding assays should have been conducted with an anti-oxidant (eg. 

ascorbic acid) to protect 6-OHDA from oxidation. Despite this, our membrane binding assay 

demonstrated that the dose of 6-OHDA used in electrophysiological experiments (500 µM) 

was likely to directly activate D2 receptors. 

The dose-response relationship of inhibition evoked by 6-OHDA on LC neurons was 

compared to that of nigral dopaminergic neurons using data kindly provided by Dr. Peter 

Freestone (Fig. 6.2-2A). Data from SNc neurons in the present study (red) were overlaid on 

this dose-response curve, indicating that 6-OHDA (500 µM) had a comparable effect on the 

firing of SNc neurons from both data sets. These analyses indicated that 6-OHDA inhibited 

the firing of nigral dopaminergic neurons with lower affinity (EC50 = 433.3 µM) than 

noradrenergic LC neurons (EC50 = 38.5 µM; Fig. 6.2-3B), suggesting that 6-OHDA has 

higher affinity for α2-adrenoceptors than D2 receptors. While it hasn’t been shown whether 

6-OHDA directly binds to α2 receptors, this idea is consistent with the rapid inhibition of 

firing observed in LC neurons, compared to more gradual inhibition of SNc neurons. 
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Figure 6.2-3. Comparison of 6-OHDA-evoked inhibition of firing in LC and SNc neurons. 

A: Dose-response curve for 6-OHDA on SNc neurons from data provided by Dr. Peter 

Freestone (circa 2003 BC; EC50 = 433.3 µM). Red data point is from the present study, 

showing a comparable effect of 6-OHDA (500 µM). B: Normalised dose-response curves for 

6-OHDA on LC and SNc neurons, demonstrating a left-ward shift in LC neurons and smaller 

EC50 (38.5 µM) compared to SNc neurons. 

 

In contrast to LC neurons, 6-OHDA caused biphasic inhibition of SNc neurons, in which 

firing did not recover after washout of the toxin. While blocking α2 receptors completely 

abolished inhibition of LC neurons, SNc neurons were eventually silenced by 6-OHDA even 

when D2 receptors were blocked. This ‘late phase’ of inhibition was not affected by 

tolbutamide, suggesting that KATP channels were not involved. This is consistent with little 

change of ATP:ADP following 6-OHDA exposure in SH-SY5Y cells (Storch, Kaftan, 

Burkhardt, & Schwarz, 2000), however KATP channels can also be activated by ROS (Bai et 

al., 2012; Freestone et al., 2009), and it has been demonstrated that outward currents evoked 

by 6-OHDA could be reversed by blocking KATP channels (Berretta et al., 2005). 

Furthermore, I have proposed that the excitatory effects of 6-OHDA are mediated by H2O2 

generated by the toxin. The fact that H2O2 activates KATP channels in nigral dopaminergic 

neurons (Avshalumov et al., 2005; Chung et al., 2011), suggests that H2O2 generated by 

6-OHDA may also activate these channels. Furthermore, other neurotoxins more strongly 
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activate KATP channels in SNc neurons than LC neurons (eg. rotenone; Section 4.2.2). This 

would suggest that since 6-OHDA causes delayed KATP activation in LC neurons, the toxin 

probably also activates KATP channels in SNc neurons. It is likely that tolbutamide had no 

effect on inhibition of firing evoked by 6-OHDA on nigral dopaminergic neurons in the 

present study, because of the overwhelming influence of other inhibitory mechanisms. 

A potential mechanism which may contribute to late inhibition is Ca2+-activated K+ (KCa) 

currents. 6-OHDA increases intracellular [Ca2+] in nigral dopaminergic neurons (Berretta et 

al., 2005; Qu et al., 2014) and it has been demonstrated that small conductance (SK) KCa 

channels are activated by 6-OHDA in organotypic slices (Wang et al., 2015). However, since 

blocking DAT abolished late inhibition of firing, but did not affect intracellular [Ca2+] rise 

(Berretta et al., 2005), it could be proposed that the two effects are independent, and therefore 

late inhibition is unlikely to be entirely mediated by KCa channels. 

Another possibility is that late inhibition is also caused by Na+ loading, which can to generate 

large outward currents mediated by Na+/K+ ATPase and Na+-activated K+ (KNa) channels 

(Kaczmarek, 2013; Seutin, Shen, North, & Johnson, 1996; Shen & Johnson, 1998). ‘Pump 

currents’ mediated by the electrogenic action of Na+/K+ ATPase, are important in burst firing 

of dopaminergic neurons, and generate large hyperpolarizations in response to Na+ loading 

(Johnson, Seutin, & North, 1992). It is possible that 6-OHDA could stimulate high density 

pump currents by increasing intracellular [Na+] via TRPM2 channels, which are permeable to 

both Ca2+ and Na+ (Eisfeld & Luckhoff, 2007). Substantial Na+ loading may also arise from 

DAT-mediated uptake of 6-OHDA (similar to transport of DA), which utilizes Na+ gradients 

to drive transport of 6-OHDA into the cell (Krueger, 1990). Hyperpolarizing currents via KNa 

channels are activated by elevations of intracellular [Na+], which can occur during bursts of 

firing evoked by excitatory stimuli (Kaczmarek, 2013). The transient increase in firing evoked 

by 6-OHDA before the onset of inhibition may contribute to such an elevation of [Na+]. 
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Figure 6.2-4. Graphical summary of hypothesized actions of 6-OHDA on nigral 

dopaminergic neurons. (1) 6-OHDA directly activates dopamine D2 receptors, producing 

early inhibition of firing. (2) Auto-oxidation of 6-OHDA causes extracellular production of 

H2O2, which enters the cell via specific aquaporins (Bienert et al., 2007). (3) Uptake via DAT 

allows entry of 6-OHDA into the cell and causes substantial Na+ loading. (4) Intracellular 

auto-oxidation of 6-OHDA and mitochondrial depolarisation cause further ROS production 

and elevated Ca2+ levels. (5) ROS and elevated cytosolic [Ca2+] activate TRPM2 channels 

evoking further Na+ and Ca2+ influx. (6) Na+ loading causes Na+/K+ ATPase ‘pump current’ 

and Na+-activated K+ (KNa) channels to hyperpolarise the cell with the contribution of (7) 

Ca2+-activated K+ channels and KATP channels, producing late inhibition of neuronal firing. 

  

141 
 



6.2.6 Summary and conclusions 

For the first time, the present study has demonstrated that 6-OHDA inhibits the firing of 

noradrenergic LC neurons by activating α2-adrenoceptors. When α2 receptors were blocked, 

the toxin evoked an excitatory effect which could also be observed in both nigral 

dopaminergic neurons (when D2 receptors were blocked) and nigral non-DA neurons. This 

non-specific excitatory effect is likely to be mediated by extracellular generation of H2O2 and 

activation of oxidative stress-gated TRPM2 channels. I propose that this mechanism may also 

underlie the non-specific toxic effects of 6-OHDA on neurons which lack the ability to take 

up the toxin (Blum et al., 2000; Dodel et al., 1999; Offen et al., 1998). Non-specific toxicity 

can be prevented by anti-oxidants, N-acetyl cysteine (NAC) and reduced glutathione (GSH), 

as well as membrane-impermeable H2O2 scavenger, catalase (Blum et al., 2000), supporting 

the role of extracellular ROS production (Blum et al., 2000). 

Cell membrane potential depolarisation due to respiratory failure or excessive excitatory 

stimuli has been implicated in the mechanism of 6-OHDA-induced toxicity (Glinka et al., 

1997), and may release Mg2+ block of voltage-sensitive NMDA receptors leading to 

uncontrolled Ca2+ influx and neurodegeneration (Beal, Hyman, & Koroshetz, 1993). 

Consistent with this idea, excitotoxic cell death of LC neurons can also be produced by direct 

infusion of another parkinsonian toxin, paraquat (Corasaniti, Bagetta, Rodino, Gratteri, & 

Nistico, 1992). Three weeks after 6-OHDA injection into the LC, it was reported that 

surviving neurons fired faster and with greater irregularity (Szot et al., 2014). It is possible 

that this observation reflects the faster firing rate of LC neurons measured after 6-OHDA in 

the present study. 

The toxic effects of 6-OHDA are remarkably fast and degenerative changes can be detected in 

noradrenergic terminals within 30 min of exposure to the toxin (Hokfelt, Jonsson, & Sachs, 

1972). Therefore, it is likely that the acute effects which I have described, represent the first 

stages of degeneration. 
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Inhibition of nigral dopaminergic neurons by 6-OHDA was complex and involved multiple 

mechanisms (Figure 6.2-4). While the firing of LC neurons recovered after toxin washout, 

SNc neurons were non-reversibly silenced by 6-OHDA, suggesting that this group of neurons 

was most vulnerable. Since the survival of nigral dopaminergic neurons is dependent on 

neuronal activity (Section 8.4), irreversible silencing may lead to their degeneration. 

Excessive K+ efflux through D2 receptor-coupled GIRK channels, KATP, KNa, or KCa currents, 

may induce apoptotic cell death (Cain, Langlais, Sun, Brown, & Cohen, 2001; Putcha, 

Deshmukh, & Johnson, 1999). Furthermore, Na+ loading via DAT and TRPM2 may also 

cause hyperpolarization via pump conductances, which are larger in SNc neurons than any 

other type of neuron (Seutin et al., 1996; Sulzer, 2007). Activation of these additional 

inhibitory mechanisms may permanently silence nigral dopaminergic neurons, underlying 

their greater vulnerability to damage. 
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7.0 Effects of L-DOPA on neurons of the Locus Coeruleus and Substantia Nigra 

L-DOPA (levodopa) is the ‘gold standard’ for the treatment of PD. However, its use is 

controversial due to dyskinetic side-effects which frequently develop after prolonged use. 

Furthermore, there are indications that the drug might be toxic to dopaminergic neurons in 

vitro and possibly in vivo (Lipski et al., 2011). By increasing DA turnover, both L-DOPA and 

newly synthesized DA can potentially contribute to ROS production and DA-derived radicals 

(Hastings, Lewis, & Zigmond, 1996). Furthermore, an auto-oxidation product of L-DOPA has 

been shown to cause excitotoxic lesions of non-dopaminergic neurons (Biscoe, Evans, 

Headley, Martin, & Watkins, 1976; Olney et al., 1990). 

In the following section, the effects of L-DOPA on nigral dopaminergic neurons, nigral non-

DA neurons and noradrenergic LC neurons are investigated. These effects are particularly 

important since PD patients are exposed to large doses of the drug over many years of 

treatment. Furthermore, little is known about the effects of L-DOPA on noradrenergic LC 

neurons, despite the fact that L-DOPA is a precursor to NA. In addition to recently published 

results (Guatteo et al., 2013; Note that E. Guatteo and A. Yee are first equal authors), 

comparison of the effects of L-DOPA on LC neurons and investigation of non-conventional 

effects of L-DOPA on nigral dopaminergic neurons are presented below. 
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7.1 Results 

7.1.1 Dual effects of L-DOPA on nigral dopaminergic neurons 

The conventional, inhibitory effects of L-DOPA on nigral dopaminergic neurons have been 

well documented (Mercuri, Calabresi, & Bernardi, 1990). Following its uptake by 

dopaminergic neurons, L-DOPA is converted to DA by L-aromatic acid decarboxylase 

(AADC). Newly synthesized DA is released and acts on D2 auto-receptors, causing 

membrane hyperpolarisation and inhibition of firing. In the present study, these effects were 

demonstrated using sharp intracellular microelectrodes and conventional extracellular 

recordings (Fig. 7.1-1). Bath application of L-DOPA (0.3 mM, 4 min) hyperpolarised cell 

membrane potential by -9.6±0.4 mV (from -46.4±2.2 mV, measured from spontaneously 

firing neurons as described in Section 3.2.2; n=3; Fig. 7.1-1B) and decreased cell input 

resistance (Rin) by -17.1±7.7% (from 110.5±25.9 MΩ, calculated from Vm changes in 

response to current injection; n=5; Fig.7.1-1C). In extracellular recordings, L-DOPA 

(0.05-3 mM, 4 min) evoked dose-dependent inhibition of firing (0.05 mM: -0.71±0.23 Hz, 

n=8; 0.3 mM: -1.87±0.16 Hz, n=27; 1 mM: -1.89±0.22 Hz, n=13; 3 mM: -0.84±0.35 Hz, 

n=10; F(3,54) = 6.91, p<0.001; measured over the last 30 s of L-DOPA application; 

Fig. 7.1-1C) which could be reversed by D2 receptor antagonist, sulpiride (2 µM; n=11; 

F(1,10) = 35.06, p<0.001). 

Interestingly, the highest dose of L-DOPA (3 mM) produced a transient increase of firing 

before the onset of inhibition (ΔHz = 0.39±0.24 Hz, measured 2 min after the start of 

L-DOPA), and evoked a smaller inhibitory effect than lower concentrations of the drug 

(0.3-1 mM). This suggested that L-DOPA simultaneously evoked an excitatory effect on these 

neurons which was particularly evident at higher concentration. Furthermore, reversal of 

inhibition by sulpiride (2 µM) resulted in a higher firing rate than baseline (21±5%; baseline: 

2.19±0.16 Hz) after exposure to 0.3 mM L-DOPA (measured 5 min after the start of sulpiride; 

Fig. 7.1-1D). This effect was also dose-dependent (F(3,38) = 5.09, p=0.005) and provided 

further evidence for a ‘non-conventional’ excitatory effect of L-DOPA.  
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Figure 7.1-1. Classical inhibitory effect of L-DOPA on nigral dopaminergic neurons. 

A: Example sharp electrode recording demonstrating inhibition of firing and cell membrane 

hyperpolarisation evoked by L-DOPA which could be reversed by D2 receptor antagonist, 

sulpiride. B: Summary of changes of membrane potential (Vm) evoked by L-DOPA. 

C: Measurements of cell input resistance (Rin) from steady-state voltage responses to current 

injection (-100 pA, 250 ms). Summary of changes of Rin normalised to pre-drug baseline 

period. D: Normalised measurements of firing rate demonstrating inhibition of firing evoked 

by L-DOPA and reversal by sulpiride. Note that firing returns higher than baseline rate. 

E: Summary of changes in firing rate evoked by L-DOPA (0.05-3 mM).  
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The ‘non-conventional’ excitatory effects of L-DOPA on nigral dopaminergic neurons, were 

investigated by applying the drug when D2 receptors were blocked (Fig. 7.1-2). In the 

presence of sulpiride (2 µM), L-DOPA (0.05-3 mM) caused a dose-dependent increase of 

firing (measured 4 min after the start of L-DOPA; 0.05 mM: 0.20±0.09 Hz, n=11; 0.3 mM: 

0.34±0.02 Hz, n=44; 1 mM: 0.87±0.10 Hz, n=10; 3 mM: 1.77±0.36 Hz, n=10; F(4,77) = 46.49, 

p<0.001). A rapid increase of firing was evident following application of the highest dose of 

L-DOPA (3 mM), which declined after washout, but firing remained elevated above baseline 

for a prolonged period (>10 min; Fig. 7.1-2A). Indeed, firing was elevated 10 min after 

washout of all doses of L-DOPA which were tested (measured 10 min after washout; 0.05 

mM: 0.33±0.12 Hz; 0.3 mM: 0.41±0.05 Hz; 1 mM: 0.62±0.10 Hz; 3 mM: 0.45±0.21 Hz; 

F(4,77) = 6.55, p<0.001). 

In voltage-clamped neurons, L-DOPA (0.3 and 1 mM) evoked a dose-dependent inward 

current (0.3 mM: -0.25±0.08 pA/pF, n=5; 1 mM: -0.62±0.06 pA/pF, n=8; F(1,11) = 14.87, 

p=0.003; Fig. 7.1-2C), but in contrast to changes of firing rate, inward currents rapidly 

dissipated with drug washout. This suggested that the prolonged elevation of firing observed 

in extracellular recordings was associated with membrane currents below detection limit 

(<5-10 pA), or involved changes in pacemaker conductances not observed in voltage-clamped 

neurons. 
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Figure 7.1-2. L-DOPA increases the firing of nigral dopaminergic neurons and evokes a 

dose-dependent inward current when D2 receptors are blocked. A: Normalised change of 

firing rate demonstrating  dose-dependent increase in firing evoked by L-DOPA (0.05-3 mM) 

in the presence of sulpiride (2 µM, continuously applied 5 min before L-DOPA). B: Summary 

of changes in firing rate evoked by L-DOPA (0.05-3 mM), measured 4 min after the start of 

L-DOPA application. C: Example inward current evoked by L-DOPA (1 mM) when D2 

receptors were blocked with sulpiride (2 µM). Summary illustrating dose-dependence of 

inward currents evoked by L-DOPA (0.3 and 1 mM) in sulpiride (2 µM).   
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Importantly, an early component of L-DOPA (0.3 mM)-induced excitation could be 

attenuated by blocking ionotropic glutamate receptors with kynurenic acid (1 mM, 

continuously applied 5 min before L-DOPA) (F(1,49) = 16.17, p<0.001; measured 4 min after 

the start of L-DOPA; Fig. 7.1-3A). Pre-treatment of slices with CNQX (20 µM) produced a 

similar effect (F(1,49) = 6.77, p=0.01), indicating that the early component of L-DOPA-induced 

excitation was largely mediated by AMPA/kainate receptors (Fig. 7.1-3B). The addition of 

NMDA receptor antagonist, APV (50 µM) did not further reduce the excitation evoked by 

L-DOPA (CNQX vs. CNQX + APV: F(1,49) = 0.61, p=0.44), supporting the activation of 

mainly AMPA/kainate receptors. These observations were consistent with the ability of 

CNQX to abolish inward currents evoked by a very high concentration of L-DOPA (3 mM) in 

voltage-clamp recordings (Guatteo et al., 2013), and the involvement of TOPA quinone, an 

auto-oxidation product of L-DOPA which activates AMPA/kainate receptors (Rosenberg, 

Loring, Xie, Zaleskas, & Aizenman, 1991). 

Notably, a delayed increase of firing was not affected by ionotropic glutamate receptor 

antagonists (Ctrl vs. Kyn, CNQX and CNQX + APV: F(1,49) = 2.15, p=0.15; Fig. 7.1-3B), 

which we defined as the ‘late phase’ of excitation evoked by L-DOPA. This persistent 

increase of firing was clearly evident 10 min after washout of L-DOPA, and in comparison to 

the early phase of excitation (ΔVm = 2.82±2.27 mV; F(1,6) = 36.27, p<0.001; measured 4 min 

after the start of L-DOPA; n=7; Fig. 7.1-3C), was not associated with significant cell 

membrane depolarisation (ΔVm = 2.36±2.42 mV; F(1,6) = 5.88, p=0.05; measured 10 min after 

the end of L-DOPA), consistent with whole-cell inward currents. Neither early nor late phases 

of excitation were associated with significant changes of Rin (baseline: 113.1±19.8 MΩ; early: 

119.0±22.4 MΩ; late: 106.4±17.4 MΩ; n=7; F(2,10) = 1.34, p=0.30; data not shown), 

suggesting that both effects were below detection limit using sharp microelectrodes. The 

mechanism of the late phase of excitation in nigral dopaminergic neurons is further explored 

in Section 7.1.4.  

149 
 



 

Figure 7.1-3. Excitation of nigral dopaminergic neurons consists of early and late 

components. A: Increase of firing evoked by L-DOPA in the presence of sulpiride (2 µM) 

could be reduced by blocking ionotropic glutamate receptors with kynurenic acid. However, 

only the early component of excitation was decreased while the late phase of excitation was 

not significantly affected. B: Summary of changes of firing evoked by L-DOPA (0.3 mM). 

The addition of APV (50 µM) with CNQX (20 µM) did not significantly improve reduction 

indicating that the early component is largely mediated by AMPA/kainate receptors. 

C: Application of L-DOPA in the presence of sulpiride (2 µM) and TTX (1 µM) caused early 

Vm depolarisation, while late depolarisation was not statistically significant. 
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7.1.2 Excitatory effects of L-DOPA on nigral non-DA neurons 

Similar to nigral dopaminergic neurons, L-DOPA (0.3 mM) increased the firing of nigral non-

DA neurons in two phases, although it should be noted that block of D2 receptors was not 

required to reveal this excitation (Fig. 7.1-4A). Consistent with increased firing, L-DOPA 

(0.3-3 mM) evoked a dose-dependent inward current in nigral non-DA neurons 

(0.3 mM: -0.28±0.06 pA/pF, n=4; 1 mM: -1.66±0.25 pA/pF, n=5; 3 mM: -4.92±0.64 pA/pF, 

n=4; F(1,11) = 79.55, p<0.001; EC50 = 2.28 mM ;R2 = 0.86; Fig. 7.1-4C). 

An early phase of excitation (measured 4 min after the start of L-DOPA) could be attenuated 

by kynurenic acid (1 mM, continuously applied 5 min before L-DOPA; F(1,44) = 8.20, 

p=0.006), indicating that early excitation of nigral non-DA neurons was also mediated by 

ionotropic glutamate receptors. In the same way as in nigral dopaminergic neurons, kynurenic 

acid had no effect on the late component of excitation in non-DA neurons (measured 10 min 

after the end of L-DOPA; F(1,44) = 0.48, p=0.49). Pre-treatment of slices with SCH-23390 

(5 µM, applied 5 min before L-DOPA) did not reduce early (Ctrl: ΔHz = 0.73±0.11 Hz; SCH: 

1.39±0.19 Hz; F(1,44) = 10.69, p=0.002) or late (Ctrl: 0.81±0.26 Hz; SCH: 1.12±0.34 Hz; 

F(1,44) = 0.63, p=0.43) phases of excitation, indicating that activation of D1 receptors was not 

involved (Fig. 7.1-4B). 
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Figure 7.1.4. L-DOPA increases firing and evokes an inward current in nigral non-DA 

neurons. A: Normalised increase of firing evoked by L-DOPA (0.3 mM) on nigral non-DA 

neurons. Ionotropic glutamate receptor antagonist, kynurenic acid (1 mM), reduced the early 

phase of excitation but did not affect the late component. B: Summary of changes in firing. 

Neither early (4 min after L-DOPA start) nor late (10 min after L-DOPA end) components of 

firing were reduced by D1 receptor antagonist, SCH-23390 (5 µM). C: L-DOPA (0.3-3 mM) 

evoked a dose-dependent inward current in nigral non-DA neurons.  
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 7.1.3 L-DOPA-induced excitation of noradrenergic LC neurons 

As a precursor to NA, it was expected that exposure to L-DOPA would result in α2-mediated 

inhibition of noradrenergic LC neurons, although perhaps more slowly than D2-mediated 

inhibition of dopaminergic neurons, due to an additional step in the biosynthesis of NA. 

However, application of L-DOPA (0.3 mM) produced an excitatory effect on LC neurons 

(ΔHz = 0.21±0.04 Hz, n=13), with no sign of inhibition (Fig. 7.1-5A). This suggested that the 

drug was either not taken up, or not converted to NA and released to a significant extent. 

Excitation evoked by L-DOPA (0.3 and 1 mM) was dose-dependent (1 mM: 2.75±0.40 Hz, 

n=8; F(1,19) = 65.31, p<0.001; EC50 = 0.93 mM, R2 = 0.85), and could be abolished by 

kynurenic acid (1 mM, applied 5 min before L-DOPA; n=11; F(1,22) = 26.04, p<0.001; Fig. 

7.1-5B). Similar to nigral dopaminergic and non-DA neurons, this indicated that the drug 

activates ionotropic glutamate receptors in LC neurons. When this increase in firing was 

blocked, no significant inhibition could be observed (Kyn: ΔHz = -0.03±0.03 Hz; F(1,22) = 

0.66, p=0.42; Fig. 7.1-5A), supporting the idea that L-DOPA does not result in sufficient NA 

release to activate α2 auto-receptors. 

In voltage-clamped LC neurons, L-DOPA evoked a transient and dose-dependent inward 

current (0.05 mM: 0.06±0.06 pA/pF, n=3; 0.3 mM: -0.16±0.04 pA/pF, n=9; 

1 mM: -1.78±0.39 pA/pF, n=7; F(2,16) = 15.98, p<0.001; Fig. 7.1-5C). Curve-fitting 

demonstrated an EC50 of 0.79 mM (R2 = 0.65), similar to that calculated from changes of 

firing. 

A striking difference between LC neurons, and nigral dopaminergic and non-DA neurons was 

the transient nature of excitation evoked by L-DOPA in LC neurons; there was no ‘late’ 

excitation observed in LC neurons (Fig. 7.1-5A). Excitation immediately declined with 

washout of L-DOPA (0.3 mM), and returned close to baseline firing rate (baseline: 

1.56±0.17 Hz; 10 min after end of L-DOPA: 1.61±0.17 Hz; F(1,12) = 1.11, p=0.31). 
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Figure 7.1-5. L-DOPA transiently increases firing and evokes an inward current in 

noradrenergic LC neurons. A: Application of L-DOPA (0.3 mM) caused a transient increase 

of firing which could be blocked by kynurenic acid (1 mM). B: Summary of changes of firing 

evoked by L-DOPA (0.3 and 1  M), and block of excitation by kynurenic acid. C: In whole-

cell recordings, L-DOPA (0.05-1 mM) evoked a dose-dependent inward current in LC 

neurons.  
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7.1.4 Late phase of excitation evoked by L-DOPA on nigral dopaminergic neurons 

As described earlier (Section 7.1.1), L-DOPA-induced excitation of nigral dopaminergic 

neurons could be divided into two phases: an early phase which was attenuated by blocking 

AMPA/kainate receptors, and a late phase which was not mediated by these receptors (Fig. 

7.1-3). Numerous mechanisms were investigated in attempt to explain the late phase of 

excitation, including the possible involvement of metabotropic glutamate receptors, release of 

glutamate, activation of D1, α1, and GABAB receptors, and TRPM2 channels (Fig. 7.1-6). 

The involvement of type I metabotropic glutamate receptors (mGluR1) was tested by pre-

treating slices (15 min before L-DOPA) with CPCCOEt (100 µM; n=13), but this had little 

effect on the late phase of excitation evoked by L-DOPA (0.3 mM) in the presence of 

sulpiride (2 µM; measured 10 min after the end of L-DOPA; F(1,43) = 2.51, p=0.12; Fig. 

7.1-6). Treatment of slices with riluzole (5 µM, applied 5 min before L-DOPA; n=9), which 

has previously been used in reduce glutamate release in hippocampal slices (Martin, 

Thompson, & Nadler, 1993), also had no effect on L-DOPA-induced excitation. In the 

presence of riluzole, the excitatory effect of L-DOPA was determined by subtracting averaged 

responses to riluzole (5 µM) and sulpiride (2 µM) alone (n=12), due to inhibition evoked by 

riluzole itself (-0.24±0.04 Hz; not shown). However, riluzole did not significantly reduce the 

late phase of excitation (measured 10 min after the end of L-DOPA; F(1,51) = 0.48, p=0.49). 

These data indicate that L-DOPA does not release glutamate, and support the direct action of 

TOPA quinone on AMPA/kainate receptors, as opposed to indirect activation of these 

receptors by glutamate release. 

Block of D1 receptors with SCH-23990 (4 µM, n=12), α1-adrenoceptors with prazosin 

(0.3 µM, n=9) or GABAB receptors with CGP-55485 (0.5 µM, n=8) also had no significant 

effect on L-DOPA (0.3 mM)-induced excitation (all applied 5 min before the start of L-

DOPA; Fig. 7.1-6), indicating that none of these receptors were involved (measured 10 min 

after the end of L-DOPA; SCH-23390: F(1,23) = 3.09, p=0.09; prazosin: F(1,15) = 1.40, p=0.26; 

CGP-55485: F(1,13) = 1.56, p=0.23). 
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Additionally, a non-specific blocker of TRPM2-like channels, flufenamic acid (FFA; 10 µM) 

had no effect on the late phase of excitation evoked by L-DOPA (0.3 mM; n=11; 

F(1,53) = 0.63, p=0.43; Fig. 7.1-6). Similar to riluzole, because of inhibition caused by FFA 

itself (ΔHz = -0.15±0.02 Hz; not shown), the magnitude of L-DOPA-evoked responses were 

determined by subtracting averaged responses to sulpiride (2 µM) and FFA (10 µM) alone 

(n=10). However, the absence of an effect suggested that TRPM2-like channels were not 

activated during the late phase of excitation evoked by L-DOPA. 

 

Figure 7.1-6. Lack of involvement of various mechanisms in the late phase of L-DOPA-

induced excitation of nigral dopaminergic neurons. The late phase of excitation evoked by 

L-DOPA (0.3 mM; measured 10 min after the end of L-DOPA application) in the presence of 

sulpiride (2 µM) was not affected by block of type I metabotropic glutamate receptors with 

CPCCOEt (100 µM), reduction of glutamate release with riluzole (10 µM), block of D1 

receptors with SCH-23390 (4 µM), α1-adrenoceptors with prazosin (0.3 µM), GABAB 

receptors with CGP-55485 (0.5 µM), or TRPM2 channels with flufenamic acid (FFA; 

10 µM). 

 

An important breakthrough was the discovery that pre-treatment of slices (20 min before 

L-DOPA) with the L-aromatic amino acid decarboxylase (AADC) inhibitor, carbidopa 

(300 µM; n=11), abolished the late phase of excitation evoked by L-DOPA (0.3 mM) in the 

presence of sulpiride (2 µM). While the early phase of excitation was largely unaffected, the 

late phase was strongly attenuated by blocking conversion of L-DOPA to DA (measured 
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10 min after the end of L-DOPA; F(1,53) = 15.43, p<0.001; Fig. 7.1-7A). This indicated that the 

late phase of excitation was mediated by newly synthesized DA generated by dopaminergic 

neurons following L-DOPA treatment. 

Conversely, it was demonstrated that block of the dopamine transporter (DAT) with cocaine 

(8 µM; applied 5 min before L-DOPA; n=12), enhanced the late excitatory effect of L-DOPA 

(0.3 mM; measured 10 min after the end of L-DOPA; F(1,22) = 5.65, p=0.03) in the presence of 

sulpiride (30 µM; a higher concentration was used to prevent stronger D2 activation by 

extracellular accumulation of DA; Fig. 7.1-7B). This finding provided support for the role of 

DA in the late excitatory effect of L-DOPA, and suggested that this mechanism occurred at an 

extracellular site on these neurons. 

This was supported by the effects of another DAT blocker, methylphenidate (MPH; 

1-30 µM), which produced dose-dependent inhibition of firing (1 µM: -0.24±0.05 Hz, n=6; 

5 µM: -0.55±0.09 Hz; 30 µM: -0.99±0.11 Hz, n=12; F(2,22) = 12.12, p<0.001; Fig. 7.1-8B) by 

causing extracellular accumulation of DA and D2 activation. When inhibition was blocked by 

sulpiride (10 µM; n=7; F(1,25) = 72.72, p<0.001) or raclopride (1 µM; n=8; F(1,25) = 81.83, 

p<0.001), MPH (30 µM) evoked an increase of firing (measured 10 min after the start of 

MPH; Sulp: 0.20±0.05 Hz, F(1,25) = 3.06, p=0.09; Rac: 0.22±0.06 Hz, F(1,25) = 4.25, p=0.049; 

Fig. 7.1-8A and C) supporting the idea that extracellular accumulation of DA mediates the 

late phase of excitation evoked by L-DOPA.  
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Figure 7.1-7. The late phase of L-DOPA-induced excitation is mediated by newly 

synthesized DA and can be enhanced by blocking DAT. A: Pre-treatment of slices (>20 min 

before L-DOPA) with AADC inhibitor, carbidopa (300 µM), abolished the late phase of 

excitation evoked by L-DOPA (measured 10 min after the end of drug application) in the 

presence of sulpiride (2 µM). B: The late phase of excitation (L-DOPA 0.3 mM; sulp 30 µM) 

was potentiated by blocking DAT with cocaine (8 µM; started 5 min before L-DOPA). 
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Figure 7.1-8. Block of DAT with methylphenidate (MPH) increases the firing of nigral 

dopaminergic neurons. A: On its own, MPH (30 µM) inhibited firing by causing extracellular 

accumulation of DA (measured 10 min after MPH start). B: This effect was dose-dependent 

(1-30 µM). C: Block of D2 receptors with either sulpiride (10 µM) or raclopride (1 µM) 

reversed the inhibitory effects of MPH (30 µM) and revealed an excitatory effect produced by 

extracellular accumulation of DA. 

 

The involvement of TOPA quinone in the early phase of excitation and the role of newly 

synthesized DA in the late phase, were supported by experiments in which conversion of 

L-DOPA to TOPA quinone was promoted using Fe2+ (1 mM) and H2O2 (0.1 µM) (Newcomer, 

Rosenberg, & Aizenman, 1995) (Fig. 7.1-9A). Preparation of L-DOPA (0.3 mM, n=12) with 

Fe2+ and H2O2 enhanced the early phase of excitation (measured 4 min after the start of 

L-DOPA; F(1,38) = 4.13, p=0.049), since greater oxidation of L-DOPA lead to greater 
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production of TOPA quinone. This enhanced increase in firing could be blocked using CNQX 

(20 µM) and APV (50 µM; F(1,38) = 18.10, p<0.001). Conversely, Fe2+ and H2O2 significantly 

reduced the late phase of excitation (measured 10 min after the end of L-DOPA; F(1,38) = 7.89, 

p=0.008), since there was less L-DOPA available to be converted into DA. 

We hypothesized that decreasing oxidation of L-DOPA with the anti-oxidant, ascorbic acid 

(450 µM), would reduce the early excitatory effect evoked by the drug. However, ascorbic 

acid had little effect on the early phase of excitation evoked by L-DOPA (0.3 mM) in the 

presence of sulpiride (2 µM; measured 4 min after the start of L-DOPA; F(1,63) = 1.90, p=0.17; 

n=21; Fig. 7.1-9C). Later measurement showed that ascorbic acid caused significant reduction 

of excitation shortly after this time-point (measured 1 min later; F(1,63) = 6.77, p=0.01; 

Fig. 7.1-9D), still within the period corresponding to early, TOPA quinone-mediated 

excitation (based on Fig. 7.1-7A). This suggested that ascorbic acid was indeed able to 

attenuate the early phase of excitation, although not evident from the standard measurement 

(4 min after the start of L-DOPA). 

The late phase of excitation was significantly reduced by ascorbic acid (measured 10 min 

after the end of L-DOPA; F(1,63) = 8.35, p=0.005), suggesting that the late increase of firing is 

mediated by oxidation of newly synthesized DA.  

160 
 



 

Figure 7.1-9. Oxidation of L-DOPA enhances early excitation and reduces late excitation. 

A, B: Oxidation of L-DOPA (0.3 mM) with Fe2+ (1 mM) and H2O2 (0.1 mM) enhanced the 

early phase of excitation observed in the presence of sulpiride (2 µM), while reducing the late 

increase of firing evoked by the drug. Pre-treatment of slices with CNQX (20 µM) and APV 

(50 µM) abolished the excitatory effect of oxidized L-DOPA. C, D: Incubation of slices with 

ascorbic acid (450 µM), had little effect on early excitation, but decreased the late phase of 

excitation evoked by L-DOPA (0.3 mM) in the presence of sulpiride (2 µM).  
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We hypothesized that the biologically inactive stereoisomer, D-DOPA would auto-oxidise to 

form TOPA quinone but would not be converted by dopaminergic neurons to DA, and 

therefore would produce an early increase in firing without the late phase of excitation evoked 

by L-DOPA (via newly synthesized DA). However, application of D-DOPA (0.3 mM) only 

produced a slow increase of firing which resembled neither early nor late phases of excitation 

evoked by L-DOPA (Fig. 7.1-10). This effect was of similar magnitude to the residual 

increase of firing caused by Fe2+-oxidised L-DOPA when AMPA/kainate receptors were 

blocked (D-DOPA: 0.11±0.02 Hz; Fe2+-oxidised L-DOPA: 0.09±0.03 Hz; Fig. 7.1-9A), 

suggesting that this may be a non-specific extracellular effect of reactive quinone species. 

 

Figure 7.1-10. D-DOPA slowly increases the firing of nigral dopaminergic neurons. In 

comparison to the excitatory effects of L-DOPA (0.3 mM) in sulpiride (2 µM), application of 

D-DOPA (0.3 mM) by itself (without sulpiride), produced no early phase of excitation but 

slowly increased the firing of these neurons. 
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7.1.5 Exogenous DA increases the firing of nigral dopaminergic neurons when D2 

receptors are blocked 

Supporting the involvement of newly synthesized DA in the late excitatory effects of 

L-DOPA, application of exogenous DA (50 µM) increased the firing of nigral dopaminergic 

neurons when D2 receptors were blocked (with sulpiride, 30 µM; Fig. 7.1-11A). In 

comparison to the excitatory effects of L-DOPA (0.3 mM), the increase of firing evoked by 

DA (50 µM) was transient, and quickly declined with drug washout (Fig. 7.1-11B). While the 

early increase of firing was significantly larger following DA application (measured 4 min 

after the start of DA/L-DOPA application; F(1,57) = 9.44, p=0.003), there was virtually no 

‘late’ excitation compared to that produced by L-DOPA (measured 10 min after application; 

F(1,57) = 14.59, p<0.001). The early increase of firing evoked by DA was not affected by 

blocking ionotropic glutamate receptors with CNQX (20 µM) and APV (50 µM) (measured 4 

min after the start of DA; F(1,23) = 3.00, p=0.10; Fig. 7.1-11C), compatible with the idea that 

the late phase of L-DOPA-induced excitation was mediated by DA, since both effects were 

not mediated by glutamate receptors. 

However, the excitatory effect of exogenous DA was not reduced by pre-treatment of slices 

with the anti-oxidant, N-acetyl cysteine (NAC; 1 mM, applied 30 min before DA; n=6; 

F(1,12) = 2.06, p=0.18; Fig. 7.1-11C). This was in contrast to the ability of ascorbic acid to 

decrease the late excitation evoked by L-DOPA, and suggested that these may not be the same 

effect after all. 
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Figure 7.1-11. Exogenous DA transiently increases the firing of nigral dopaminergic neurons. 

A: Bath application of DA (50 µM) in the presence of sulpiride (30 µM) increased the firing 

of nigral dopaminergic neurons and was not affected by block of ionotropic glutamate 

receptors with CNQX (20 µM) and APV (50 µM). B: Comparison of excitatory effects of L-

DOPA (0.3 mM) and DA (50 µM) measured 4 min after the start of drug application (early) 

and 10 min after the end of drug application (late). C: DA (50 µM)-induced excitation was not 

affected by CNQX and APV, or the anti-oxidant, N-acetyl cysteine (NAC; 1 mM). 
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It has been shown that DA activates an inward current in neurons of the subthalamic nucleus 

(STn) which could be mimicked by the D2 receptor agonist, quinpirole (Zhu, Shen, & 

Johnson, 2002). Consistent with the increase of firing evoked by DA in nigral dopaminergic 

neurons (Fig. 7.1-10A), inward currents in the STn were not affected by CNQX and APV 

(Zhu et al., 2002). In order to test whether these effects shared further similarities, quinpirole 

(5-10 µM) was applied to nigral dopaminergic neurons before and after blocking D2 receptors 

with sulpiride (30 µM; Fig. 7.1-12). As expected, quinpirole (5 µM; n=7) on its own, 

reversibly inhibited the firing of SNc neurons but had no effect when D2 receptors were 

blocked (measured 5 min after the start of quinpirole; F(1,14) = 138.88, p<0.001; Fig. 7.1-12B). 

Increasing the concentration of quinpirole (10 µM; n=4) had little effect on the firing of SNc 

neurons when D2 receptors were blocked (F(1,14) = 0.003, p=0.96), indicating that the 

mechanism of excitatory effects produced by DA/quinpirole on STn neurons is different from 

that of DA on nigral dopaminergic neurons. 
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7.1-12. Quinpirole inhibits the firing of nigral dopaminergic neurons. A: Bath application of 

quinpirole (5 µM) inhibited the firing of SNc neurons which was abolished by pre-treatment 

of slices (5 min before quinpirole) with sulpiride (30 µM). B: Sulpiride abolished the 

inhibitory effects of quinpirole (5 µM), but did not reveal an increase in firing, even with a 

higher concentration of quinpirole (10 µM). 

 

In voltage-clamped dopaminergic neurons, DA (50 µM)-induced outward currents 

(0.51±0.10 pA/pF; n=9) could be reversed by sulpiride (30 µM; -0.09±0.03 pA/pF; n=6; F(1,13) 

= 24.77, p<0.001; Figure 7.1-13A). Interestingly, the increase of firing evoked by DA could 

be reduced by blocking DAT with cocaine (20 µM; F(1,32) = 13.68, p<0.001). In these 

experiments, a higher concentration of sulpiride (50 µM) was used to prevent D2 activation 

by extracellular accumulation of DA, which might ‘mask’ the excitatory effect of DA as 

opposed to blocking it. In order to rule out this possibility, whole-cell experiments were 

conducted in which GIRK channels were blocked with intracellular Cs+, and D2 receptors 

were blocked with extracellular sulpiride (20 µM; Fig. 7.1-13C). Under these conditions, 
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inward currents evoked by DA (50 µM; -0.32±0.05 pA/pF; n=13) were significantly reduced 

by cocaine (20 µM; -0.08±0.05 pA/pF; n=8; F(1,19) = 8.90, p=0.008). 

Together, these observations suggest that the excitatory effect of exogenous DA is either due 

to electrogenic uptake by DAT, and/or due to an intracellular action of DA inside 

dopaminergic neurons.  
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Figure 7.1-13. Exogenous DA evokes an inward current in nigral dopaminergic neurons 

when D2 receptors are blocked which can be reduced by blocking DAT. A: Outward currents 

evoked by DA (50 µM) could be reversed by sulpiride (30 µM). B: The increase in firing 

evoked by DA in the presence of sulpiride (50 µM, continuously applied 5 min before DA) 

could be significantly reduced by blocking DAT with cocaine (20 µM, 5 min before DA). 

C: Inward currents evoked by DA (50 µM) in the presence of sulpiride (30 µM) and 

intracellular Cs+ were also reduced by cocaine (20 µM). 
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 7.1.6 The effect of DA on pacemaker currents in nigral dopaminergic neurons 

It has been shown that DA can suppress after-hyperpolarisation current (IAHP) in hippocampal 

neurons (Pedarzani & Storm, 1995), mediated by Ca2+-activated K+ (KCa) channels which also 

regulate the firing of nigral dopaminergic neurons (Ping & Shepard, 1996; Wolfart, Neuhoff, 

Franz, & Roeper, 2001). Thus, it was investigated whether the excitatory effects of DA on 

nigral dopaminergic neurons (when D2 receptors are blocked) were caused by suppression of 

IAHP. In voltage-clamped dopaminergic neurons, IAHP was activated by a voltage-step (from -

60 mV to +40 mV, 100 ms) sufficient to evoke a robust rise of intracellular Ca2+ (Pedarzani & 

Storm, 1995). By changing the holding voltage after the depolarising step (-140 to -40 mV), 

the current-voltage (I-V) relationship of IAHP was measured (IAHP was measured before 

activation of Ih), resulting in a fairly linear conductance which reversed at -88.2±3.0 mV 

(n=5; Fig. 7.1-14A). Application of DA (30 µM) on its own resulted in a 

reversible, -42.3±9.1% decrease of IAHP amplitude (baseline: 514.71±55.77 pA; n=6) which 

was not significantly different in the presence of sulpiride (30 µM; n=4; F(1,8) = 4.51, p=0.07; 

Fig. 7.1-14B). In comparison, KCa channel blocker, apamine (1 µM), evoked a -89.3±1.5% 

decrease of IAHP amplitude (n=2). 

Together, these data suggest that the excitatory effect of DA and the late phase of excitation 

evoked by L-DOPA, could be mediated by partial inhibition of IAHP. 
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Figure 7.1-14. DA reduces after-hyperpolarisation (AHP) in nigral dopaminergic neurons. In 

voltage-clamped neurons, IAHP was activated by stepping from -60 to +40 mV (100 ms). 

A: After stepping to +40 mV, stepping to different voltages (-140 to -40 mV) allowed 

measurement of I-V relation for AHP (n=5). B: Example of IAHP currents in the presence of 

DA and apamine. Summary showing reduction of IAHP (normalised to pre-drug baseline) 

produced by application DA (30 µM) alone (n=6) or in the presence of sulpiride (30 µM; 

n=4).  
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7.1.7 The effects of L-DOPA on metabolically compromised neurons 

The effects of L-DOPA were investigated on neurons in slices which were treated with the 

mitochondrial inhibitor, rotenone (50 nM, 30 min). Inward currents were evoked by L-DOPA 

(0.3-1 mM, 5 min) in nigral dopaminergic neurons (SNc), nigral non-DA neurons, and 

noradrenergic LC neurons. Baseline electrophysiological properties did not significantly 

differ between neurons in control slices (SNc n=5, Non-DA n=4, LC n=7) and rotenone-

treated slices (SNc n=5, Non-DA n=5, LC n=8; Table 7.1-1), although cell input resistance 

(Rin) tended to be lower, and baseline holding current (Ihold) tended to be more positive, 

consistent with KATP channel opening and net outward currents evoked by rotenone (Section 

4.0). 

Table 7.1-1. Electrophysiological properties of neurons in control and rotenone (50 nM, 

30 min)-treated slices. 

 

 

Consistent with our previous findings in nigral dopaminergic neurons (Guatteo et al., 2013), 

there was no effect of tolbutamide (100 µM) on inward currents evoked by L-DOPA 

(0.3 mM, 5 min) in the presence of sulpiride (2 µM; sulp: -0.25±0.08 pA/pF; sulp and 

tolb: -0.26±0.05 pA/pF; F(1,8) = 0.51, p=0.94; n=5), indicating that KATP channels do not 

modulate the inward current evoked by L-DOPA under control conditions (Fig. 7.1-15B). 

However, when slices were treated with a low concentration of rotenone (50 nM, 30 min), the 

same dose of L-DOPA (0.3 mM) did not appear to evoke an inward current. Block of KATP 

channels with tolbutamide revealed a long-lasting inward current evoked by L-DOPA 

(-0.22±0.06 pA/pF; F(1,16) = 10.64, p=0.005; n=5), indicating that when slices are treated with 

SNc Non-DA LC SNc Non-DA LC
Cm (pF) 104.8±11.3 84.8±17.0 111.0±9.3 111.0±8.3 62.6±10.2 100.0±9.5
Rin (MΩ) 213.6±31.4 422.9±77.8 358.4±54.9 179.1±58.9 420.6±104.1 365.9±82.6
Ihold (pA) -99.9±31.1 -57.5±20.7 -18.7±22.9 -28.8±40.5 -22.8±15.4 -76.5±33.8

Control Rotenone
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rotenone, L-DOPA activates a KATP-mediated outward current which ‘masks’ the 

AMPA/kainate receptor-mediated inward current. 

Inward currents evoked by L-DOPA (0.3 mM) when KATP channels (and D2 receptors) were 

blocked,  did not significantly differ in amplitude, between control and rotenone-treated slices 

(F(1,8) = 0.23, p=0.65). However, inward currents appeared to be longer-lasting in rotenone-

treated slices (cf. Fig. 7.1-4C), which may reflect impairment of Na+/K+ ATPase and the 

ability of these neurons to restore ion gradients after L-DOPA washout. 

 

Figure 7.1-15. L-DOPA activates KATP channels in nigral dopaminergic neurons pre-treated 

with rotenone. A: Example of inward currents evoked by L-DOPA in the presence of 

sulpiride in slices treated with rotenone. L-DOPA produced little change in holding current 

but a long-lasting inward current was observed when KATP channels were blocked. B: While 

inward currents were very similar in control slices with or without blocking KATP channels, 

these currents were significantly larger in rotenone-treated slices when KATP channels were 

blocked with tolbutamide. 
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In comparison, tolbutamide (100 µM) had no effect on inward currents evoked by L-DOPA 

(0.3 mM) on nigral non-DA neurons in control (F(1,7) = 0.01, p=0.92; n=4) or rotenone 

(50 nM, 30 min)-treated slices (F(1,7) = 0.42, p=0.54; n=5; Fig. 7.1-16). This indicates that 

L-DOPA (0.3 mM) does not activate KATP channels in this group of neurons, regardless of 

whether they had been treated with rotenone. However, a higher concentration of L-DOPA 

(1 mM) evoked a larger inward current in rotenone-treated slices when KATP channels were 

blocked (no tolb: -0.81±021 pA/pF, n=5; tolb: -2.22±0.30 pA/pF, n=3; F(1,11) = 13.42, 

p=0.004), indicating that the ability of L-DOPA to activate KATP channels in nigral non-DA 

neurons is dose-dependent, since only a higher dose was able to activate KATP channels in 

these neurons (Fig. 7.1-16C). 
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Figure 7.1-16. A higher concentration of L-DOPA is required to activate KATP channels in 

nigral non-DA neurons which were pre-treated with rotenone. A: Example inward currents 

evoked by L-DOPA (0.3 mM) on nigral non-DA neurons. The current did not differ in the 

absence or presence of tolbutamide (100 µM). B: L-DOPA (0.3 mM) did not activate KATP 

channels in control or rotenone (50 nM, 30 min)-treated slices. C: However, a higher dose of 

L-DOPA (1 mM) evoked a larger inward current in the presence of tolbutamide (100 µM). 
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Similar to the effects seen in nigral dopaminergic neurons, inward currents evoked by 

L-DOPA (0.3 mM) in noradrenergic LC neurons, were potentiated by blocking KATP channels 

in slices pre-treated with rotenone (no tolb: -0.22±0.08 pA/pF; tolb: -0.33±0.08 pA/pF; 

F(1,11) = 7.43, p=0.02; n=7; Fig. 7.1-17). In contrast, there was no difference between inward 

currents in the absence or presence of tolbutamide in control slices (F(1,11) = 0.17, p=0.69; 

n=6). Together, these observations indicate that similar to the effects seen in nigral 

dopaminergic neurons, L-DOPA (0.3 mM) is able to activate KATP channels in LC neurons 

under mitochondrial inhibition. 

In comparison to the effects of rotenone (Section 4.0), which had similar or larger effects on 

nigral non-DA neurons compared to LC neurons, these data suggest that LC neurons are more 

sensitive than nigral non-DA neurons to L-DOPA with regard to the ability of L-DOPA to 

activate KATP channels. This is likely due to the catecholaminergic properties of LC neurons, 

and suggests that KATP activation is promoted by L-DOPA uptake, and catecholamine 

production. The fact that L-DOPA-induced inward currents were completely masked by KATP 

activation in nigral dopaminergic neurons, indicates that this effect is stronger in this group of 

neurons, and supports the greater sensitivity of nigral dopaminergic neurons to rotenone and 

other metabolic stressors. 
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Figure 7.1-17. Activation of KATP channels by L-DOPA in noradrenergic LC neurons treated 

with rotenone. A: Example inward currents evoked by L-DOPA (0.3 mM) before and after 

blocking KATP channels with tolbutamide (100 µM). B: Inward currents were not affected by 

tolbutamide in control slices, but were potentiated in slices pre-treated with rotenone 

(50 nM, 30 min) indicating that L-DOPA activates KATP channels in LC neurons under 

mitochondrial inhibition. 
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7.2 Discussion 

While L-DOPA remains the gold standard for the treatment of PD, its frequent side-effects 

after prolonged use, and controversy surrounding its potential toxicity, have prompted 

decades of research into its actions on nigral dopaminergic neurons. However, SNc neurons 

are not the only group of neurons chronically exposed to the drug. In this chapter it was 

shown that L-DOPA produces excitatory effects on nigral dopaminergic neurons when D2 

receptors are blocked, and also increases the firing of both nigral non-DA neurons and 

noradrenergic LC neurons (without blocking D2 receptors). The mechanisms and implications 

of these excitatory effects are discussed below. 

7.2.1 Nigral dopaminergic neurons 

When D2-mediated inhibition was blocked, L-DOPA evoked a complex excitatory response 

in nigral dopaminergic neurons. This could be divided into an early phase, involving TOPA 

quinone activation of AMPA/kainate receptors, and a late phase which involved newly 

synthesized DA. 

Excitatory and excitotoxic effects of L-DOPA via its oxidation product, TOPA quinone, have 

previously been demonstrated in spinal and hippocampal neurons (Biscoe et al., 1976; Olney 

et al., 1990), but this is the first time which excitatory effects of L-DOPA have been 

demonstrated on nigral dopaminergic neurons. Consistent with the involvement of TOPA 

quinone, early excitation could be potentiated by enhancing oxidation of L-DOPA 

(Newcomer et al., 1995). Furthermore, excitation was decreased by an anti-oxidant 

(Aizenman, Boeckman, & Rosenberg, 1992), and was attenuated by blocking AMPA/kainate 

receptors. We have also demonstrated that inward currents evoked by L-DOPA could be 

blocked by CNQX (Guatteo et al., 2013), consistent with previous studies in hippocampal 

neurons (Olney et al., 1990). 

L-DOPA can evoke glutamate release in striatal slices (Goshima et al., 1993), suggesting that 

the drug could have indirectly activated glutamate receptors by causing release from 
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glutamatergic terminals in the slice. The SNc receives glutamatergic input from the prefrontal 

cortex, subthalamic nucleus (STn) and the pedunculopontine nucleus (PPn), and although 

these afferents are severed in brain slices, intact terminals may continue to function. However, 

neither riluzole (glutamate release blocker) nor CPCCOET (type I mGluR blocker) reduced 

excitation, suggesting that L-DOPA does not cause glutamate release. Additionally, L-DOPA 

did not affect the frequency or amplitude of glutamate receptor-mediated spontaneous 

excitatory post-synaptic currents (Guatteo et al., 2013). Together, these observations support 

direct activation of AMPA/kainate receptors by TOPA quinone. Consistent with this idea, it 

has been shown that TOPA directly displaces [3H]AMPA binding in the rat striatum (Cha, 

Dure, Sakurai, Penney, & Young, 1991), indicating that the L-DOPA/TOPA quinone 

primarily activates AMPA receptors. 

A prolonged increase in firing persisted when ionotropic glutamate receptors were blocked, 

indicating that L-DOPA also caused glutamate receptor-independent excitation. Our results 

indicated that this ‘late excitation’ was mediated by newly synthesized DA and could be 

enhanced by cocaine. Application of another DAT blocker, MPH, also increased firing when 

D2 receptors were blocked. These observations suggested that the late phase of L-DOPA-

induced excitation was mediated by newly synthesized DA after its release from the cell. The 

ability of ascorbic acid to reduce late excitation suggests that extracellular DA is oxidised, 

potentially generating ROS and/or DA-derived quinones, resulting in oxidative stress. Block 

of TRPM2 channels with FFA did not affect late excitation, however a relatively low 

concentration (10 µM) was used in these experiments. A larger concentration (50 µM) was 

used to block TRPM2-mediated [Ca2+]i rise evoked by rotenone (Section 4.2.5), but could not 

be used in extracellular recordings because of its inhibitory effects on firing. 

Consistent with the idea that newly synthesized DA mediates the late phase of excitation 

evoked by L-DOPA, exogenous DA also increased the firing of SNc neurons (when D2 

receptors were blocked). Since both the phase of excitation evoked by L-DOPA, and 

excitatory effect of DA were not affected by blocking AMPA/kainate receptors, we had 
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thought that both effects were mediated by a similar mechanism. However, the late phase of 

L-DOPA-induced excitation was decreased by an anti-oxidant (ascorbic acid), while DA-

evoked excitation was not (NAC). In fact, NAC tended to increase the excitatory effect of 

exogenous DA. This may be due to protection of DA from oxidation, suggesting that 

excitation evoked by exogenous DA was due to DA itself, and not an oxidation product. 

Conversely, the late phase of excitation evoked by L-DOPA was decreased by ascorbic acid, 

suggesting that it was due to oxidation of newly synthesized DA. It must be noted however, 

that the use of different anti-oxidants weakens this argument, since NAC and ascorbic acid 

potentially act in different ways. 

Another key difference between L-DOPA- and DA-evoked excitation was that cocaine 

reduced the increase of firing evoked by DA (when D2 receptors were blocked), but increased 

the late phase of L-DOPA-induced excitation. This indicated that the latter effect involves 

extracellular accumulation of DA, while the former requires DAT-mediated uptake of DA. 

Uptake of DA via DAT is coupled to influx of two Na+ ions and one Cl- ion, resulting in the 

net movement of positive charge into the cell (Krueger, 1990; Leviel, 2011). This electrogenic 

effect may therefore explain the increase in firing and inward current evoked by exogenous 

DA. This conclusion is consistent with  a previous study which demonstrated that DA 

activated a depolarising current in cultured dopaminergic neurons which could be blocked by 

cocaine (Ingram, Prasad, & Amara, 2002). 

The fact that exogenous DA evoked an inward current when D2 receptors were blocked, 

while the late phase of L-DOPA-induced excitation was not associated with membrane 

current or depolarisation, is further evidence that different mechanisms are involved. Since 

the late phase of L-DOPA-induced excitation could only be observed when neurons were 

firing (ie. not in voltage-clamp or in the presence of TTX), it is likely that this effect involves 

modulation of pacemaker currents involved in spontaneous firing. The present study has 

provided evidence that small conductance (SK) Ca2+-activated K+ (KCa) currents are inhibited 

by exogenous DA, suggesting that this effect may underlie the late excitation evoked by 
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L-DOPA. This is consistent with the ability of DA to inhibit SK-mediated after-

hyperpolarisation currents (IAHP) in hippocampal neurons (Pedarzani & Storm, 1995). It has 

also been shown that DA can reduce SK currents by inhibiting Cav2.2 channels in STn 

neurons (Ramanathan, Tkatch, Atherton, Wilson, & Bevan, 2008). However in STn neurons, 

SK inhibition evoked by DA could be blocked with D2 antagonists, indicating that a different 

mechanism was involved. On the other hand, suppression of IAHP in hippocampal neurons was 

independent of D2 receptors and was blocked by inhibition of protein kinase A (PKA) 

signalling (Pedarzani & Storm, 1995). Although block of SK-KCa channels with apamine 

causes burst firing in nigral dopaminergic neurons (Ping & Shepard, 1996), it is possible that 

incomplete suppression of IAHP by DA in the present study increased firing rate without 

affecting regularity. 

An alternative mechanism by which DA might affect pacemaker conductances in nigral 

dopaminergic neurons is through inhibition of subthreshold, A-type K+ currents. Kv4.3-

mediated A-type K+ currents inversely regulate the firing of nigral dopaminergic neurons 

(Liss et al., 2001) and can be modulated by oxidative stress via an intracellular redox switch 

(Wang, Strang, Pfaffinger, & Covarrubias, 2007). It has been shown that mutant α-synuclein 

increases the firing of SNc neurons by oxidative impairment of A-type K+ currents 

(Subramaniam et al., 2014), consistent with the ability of ascorbic acid to reduce the late 

phase of L-DOPA-induced excitation. This fits nicely with the idea that the late phase of 

excitation is mediated by ROS or an oxidation product of DA, however because of technical 

difficulties assessing the effect of DA on this current (activation required a large amount of 

series resistance compensation and extremely stable access resistance), at this stage it can only 

be speculated. 
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 7.2.2 Nigral non-DA neurons 

Interestingly, excitation of nigral non-DA neurons by L-DOPA followed a similar pattern as 

observed in nigral dopaminergic neurons (except these effects could be seen without blocking 

D2 receptors). Early excitation was mediated by AMPA/kainate receptors, but the mechanism 

mediating the late phase of excitation in these neurons remains unclear. Although it remains to 

be proven, I propose that the late phase of excitation in nigral non-DA neurons is also mediated 

by newly synthesized DA released from neighbouring dopaminergic neurons. The dendrites of 

dopaminergic neurons extend throughout the SNc and SNr (Lin, van Wyk, Bowala, Teo, & 

Lipski, 2003; Tepper, Sawyer, & Groves, 1987), and DA can activate nigral non-DA neurons 

via D1-mediated TRPC2 channel activation (Zhou, Jin, Matta, Xu, & Zhou, 2009). However, 

our findings demonstrated that block of D1 receptors had no effect on the late phase of 

excitation evoked by L-DOPA in these neurons (Fig. 7.1-4). Furthermore, similar to 

dopaminergic neurons, there was no evidence of prolonged inward currents following L-DOPA 

application, suggesting that changes in pacemaker conductances may also be responsible for 

mediating this effect in nigral non-DA neurons. While nigral non-DA neurons lack prominent 

A-type K+ current (Liss, Bruns, & Roeper, 1999), SK-KCa channels are involved in their 

autonomous activity (Atherton & Bevan, 2005). This supports the involvement of SK-KCa 

channels in the late phase of excitation evoked by L-DOPA, although it remains unclear how 

DA mediates this effect. 

Alternatively, DA may generate ROS which can directly activate nigral non-DA neurons via 

TRPM2-like channels. It has been shown that exogenous and endogenous H2O2 increase the 

firing of nigral non-DA neurons via TRPM2-like channels (Lee, Witkovsky, & Rice, 2011), 

indicating that ROS generated from DA may evoke a similar effect. 
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Figure 7.2-1. Summary of the actions of L-DOPA on nigral dopaminergic and non-DA 

neurons. In SNc (DA) neurons, L-DOPA is taken up by amino acid transporter (AAT) and 

converted into DA by AADC. Newly synthesized DA is sequestered by VMAT-2 and released, 

causing inhibition of firing via D2 receptors. Auto-oxidation of L-DOPA produces TOPA 

quinone which activates AMPA receptors, causing the early phase of excitation observed when 

D2 receptors are blocked. When D2 receptors are blocked, newly synthesized DA mediates the 

late phase of excitation evoked by L-DOPA. Block of DAT enhances this effect, indicating an 

extracellular action of DA. Inhibition of KCa channels or activation of TRPM2 channels via 

DA-derived ROS, are likely to contribute to late excitation. In non-DA neurons, early 

excitation is attributed to TOPA quinone, and we hypothesize that DA released from 

neighbouring dopaminergic neurons evokes late excitation by similar mechanisms as in 

dopaminergic neurons. 

 

 7.2.3 Locus Coeruleus neurons 

To my best knowledge, the direct effects of L-DOPA on noradrenergic LC neurons have never 

before been described. In addition to DA, L-DOPA is also a precursor to NA,  and we expected 

that application of the drug would produce somato-dendritic NA release (Huang et al., 2012) 

and inhibition of firing via α2-adrenoceptors (Cedarbaum & Aghajanian, 1977; Svensson, 
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Bunney, & Aghajanian, 1975), similar to the conventional effect of L-DOPA on nigral 

dopaminergic neurons (cf. Mercuri et al., 1990; Guatteo et al., 2013). Contrary to expectation, 

L-DOPA accelerated the firing of LC neurons by activating AMPA/kainate receptors via its 

auto-oxidation product, TOPA quinone (without blocking α2 receptors). Even when excitation 

was blocked, there was no sign of inhibition suggesting that insufficient (or no) NA was 

released to cause α2-mediated inhibition. LC neurons certainly have the capacity to produce 

NA from L-DOPA since uptake of radiolabelled L-DOPA ([18F]DOPA, or fluorodopa) (Brown 

et al., 1999; Moore, Whone, McGowan, & Brooks, 2003) via neutral amino acid transporters 

(Nirenberg, Tate, Mosckovitz, Udenfriend, & Pickel, 1995), and the presence of required 

biosynthetic enzymes, AADC (Jaeger et al., 1984) and DBH (Cimarusti et al., 1979; Swanson 

& Hartman, 1975) have been demonstrated in LC neurons. Furthermore, increased NA 

turnover is observed the brains of PD patients following L-DOPA therapy (Riederer, 

Birkmayer, Seemann, & Wuketich, 1977). This suggests that although NA was synthesized, it 

was not released from LC neurons following L-DOPA application. It has been shown that 

VMAT-2 immunoreactivity is higher in LC neurons compared to dopaminergic SNc neurons 

(Speciale, Liang, Sonsalla, Edwards, & German, 1998), which may allow LC neurons to 

sequester and store NA following L-DOPA application, as opposed to immediately releasing 

the neurotransmitter. Indeed, it has been shown that LC neurons produce releasable NA 

following application of its synthetic precursor, L-DOPS1, which had no direct effects in 

terminal regions, but enhanced NA release following electrical stimulation of the LC (Hirose, 

Sasa, Ohno, & Takaori, 1988). 

The hypothesis that LC neurons make but do not release NA following L-DOPA exposure 

could be tested using brain slices treated with reserpine (or Ro4-1284) to block VMAT-2. It 

would be expected that LC neurons treated with reserpine would release NA after L-DOPA 

exposure, and that α2-mediated inhbition would be evident after blocking TOPA quinone-

mediated effects on AMPA receptors. 

1 L-threo-dihydroxyphenylserine (L-DOPS, or droxidopa) is converted to NA by aromatic 
amino acid decarboxylase (AADC). 
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Excitatory effects of L-DOPA on LC neurons have been demonstrated in vivo, where injection 

of L-DOPA (6 mg/kg) increased the mean firing rate of LC neurons in sham or 6-OHDA-

lesioned rats, but it was not shown that this was a direct effect of L-DOPA on these neurons 

(Miguelez, Aristieta, Cenci, & Ugedo, 2011). The results of the present study are consistent 

with this observation, and indicate that this is likely mediated by AMPA/kainate receptors. 

7.2.4 Activation of KATP channels by L-DOPA in metabolically compromised 

neurons 

It has previously been shown that rotenone enhances damage produced by sub-toxic doses of 

L-DOPA in cultured dopaminergic neurons (Nakao, Nakai, & Itakura, 1997). It has also been 

reported that rotenone potentiates NMDA currents by promoting generation of DA-derived 

reactive oxygen species (ROS), which were further enhanced by L-DOPA (Wu & Johnson, 

2011). While rotenone had little effect on AMPA-mediated responses (Wu & Johnson, 2007), 

an alternative form of metabolic stress evoked by hypoglycaemia depressed GIRK-mediated 

responses and enhanced responses to both AMPA and NMDA (Marinelli, Federici, Giacomini, 

Bernardi, & Mercuri, 2001). 

Contrary to our hypothesis that rotenone would increase L-DOPA-mediated inward currents, 

treatment of slices with rotenone reduced inward currents evoked by L-DOPA in nigral 

dopaminergic neurons. Block of KATP channels restored inward currents, indicating that 

L-DOPA simultaneously activated a KATP-mediated outward current which ‘masked’ 

AMPA/kainate-mediated inward currents in neurons treated with rotenone. Rotenone did not 

affect the magnitude of inward currents revealed by KATP channel blockade, consistent with 

AMPA receptor-mediated responses (Wu & Johnson, 2007). 

Potentiation of AMPA responses by hypoglycaemia was attributed to unbalanced clearance of 

Na+ and Ca2+ caused by Na+/K+ ATPase inhibition (Ca2+ extrusion could be diminished due to 

lower activity of Na+/Ca2+ exchanger; Marinelli et al., 2001), and could be replicated by 

Na+/K+ ATPase inhibition with strophanthidin (Marinelli et al., 2001; Wu & Johnson, 2007). 

The fact that low (50 nM; used in the present study) or higher doses (300 nM; Wu & Johnson, 
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2007) of rotenone failed to potentiate AMPA currents, suggests that rotenone, as opposed to 

hypoglycaemia, does not cause rapid depletion of ATP and inhibition of Na+/K+ ATPase. 

However, the addition of L-DOPA was able to cause sufficient ATP depletion or ROS 

generation (more likely) to activate KATP channels. 

In comparison to nigral dopaminergic neurons, rotenone had little effect on inward currents 

evoked by the same concentration of L-DOPA (300 µM) in nigral non-DA neurons. A higher 

dose (1 mM) however, produced a similar effect as observed in dopaminergic neurons, 

suggesting that nigral non-DA neurons possess a higher threshold for KATP activation following 

L-DOPA application. In noradrenergic LC neurons, L-DOPA (300 µM) was able to activate 

KATP channels in rotenone-treated slices. While LC neurons and nigral non-DA neurons 

showed similar sensitivity to rotenone in many regards (Section 4.0), the ability of L-DOPA to 

activate KATP channels in rotenone-treated LC neurons suggests that LC neurons are more 

sensitive to the combined effects of rotenone and L-DOPA. This may be attributed to uptake of 

L-DOPA by LC neurons, and intracellular generation of L-DOPA-derived ROS as opposed to 

nigral non-DA neurons which do not take up the drug. 
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Figure 7.2-2. Summary of the actions of L-DOPA on noradrenergic LC neurons. Uptake of 

L-DOPA by LC neurons resulted in production of NA, but no release and auto-inhibition. 

Meanwhile, auto-oxidation of L-DOPA resulted in TOPA quinone-mediated activation of 

AMPA receptors. 

 

 7.2.5 Functional implications 

L-DOPA-induced dyskinesias affect up to 40% of PD patients within 5 years of treatment with 

the drug (Ahlskog & Muenter, 2001). These dyskinesias often occur at the time of peak 

concentration following L-DOPA, but also occur throughout “on-off” periods (Fox & Lang, 

2008). As it is thought that non-dopaminergic mechanisms could underlie L-DOPA-induced 

dyskinesias (Brotchie, 2005), the excitatory effects on nigral non-DA neurons and 

noradrenergic LC neurons which have been described, may contribute to these side-effects. 

Furthermore, these excitatory effects may be involved in potentially neurotoxic actions of the 

drug on nigral dopaminergic neurons. 

It has been shown that L-DOPA causes a long-lasting increase of cytosolic DA in 

dopaminergic neurons (Mosharov et al., 2009), which corresponds to the long-lasting 

inhibition, or long-lasting excitation which we observed when D2 receptors were blocked. The 
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excitatory effects of L-DOPA oppose conventional D2-mediated effects of the drug, and during 

prolonged exposure to large doses of the drug, or metabolic stress which can reduce GIRK-

mediated inhibition (Marinelli et al., 2001), glutamate receptor-mediated excitatory effects of 

L-DOPA may predominate. Furthermore, L-DOPA-induced excitation of nigral dopaminergic 

neurons may also occur in PD patients who are also medicated with neuroleptics which block 

D2 receptors (Friedman & Factor, 2000). The fact that blocking AMPA receptors improves 

L-DOPA-induced dyskinesias, suggests that glutamate receptor-mediated excitation may 

contribute to dyskinetic side-effects of the drug (Konitsiotis, Blanchet, Verhagen, Lamers, & 

Chase, 2000). 

Excitation of nigral non-DA neurons and noradrenergic LC neurons may also contribute to 

dyskinesias produced by L-DOPA (Miguelez et al., 2011; Rangel-Barajas et al., 2011). 

Increased blood flow and glucose utilization have been measured in the SNr during L-DOPA-

induced dyskinesias (Ohlin et al., 2012). These observations suggest that the activity of nigral 

non-DA neurons is elevated, corresponding to the excitatory effects of L-DOPA which I have 

shown. Single-unit recordings conducted in vivo from LC neurons also demonstrated a positive 

correlation between firing rate and abnormal involuntary movements in 6-OHDA-lesioned rats 

treated with L-DOPA (Miguelez et al., 2011). The ability of adrenergic receptor agonists and 

antagonists to improve L-DOPA-induced dyskinesias, provides further support for the 

involvement of the LC and noradrenergic signalling in these side-effects (Dekundy, Lundblad, 

Danysz, & Cenci, 2007; Fox et al., 2001; Rascol et al., 2001). 

Our work demonstrated that both L-DOPA and DA lead to a long-lasting rise of intracellular 

[Ca2+] in nigral dopaminergic neurons (Guatteo et al., 2013). Although the mechanism by 

which [Ca2+] was elevated was not identified, we hypothesized that oxidative stress-gated 

TRPM2 channels might be involved, since removing extracellular Ca2+ abolished this effect 

(Guatteo et al., 2013). This is consistent with the idea that these channels might contribute to 

the late phase of excitation evoked by L-DOPA, as the late increase of firing was attenuated by 

ascorbic acid. Although a non-selective blocker of TRPM2 channels (flufenamic acid) was not 
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effective in reducing this phase of excitation, the concentration used may not have been 

sufficient to do so, without significantly affecting spontaneous firing (Section 7.2.1). The 

similarly slow kinetics of [Ca2+] rise (Guatteo et al., 2013) and the late phase of excitation, 

supports the idea that they may be mediated by similar mechanisms. 

Finally, when neurons were already under metabolic stress induced by rotenone, L-DOPA 

activated KATP channels, indicating that the drug can act as a stressor when cells are in a 

compromised state. Impaired mitochondrial function and oxidative stress are well-established 

in the pathogenesis of PD (Jenner & Olanow, 1996), indicating that surviving neurons are 

likely to be in a similar condition. While transient KATP activation is likely to be protective 

since this effect decreased excitatory inward currents evoked by L-DOPA, the fact that KATP 

channels can be activated indicates that the drug has the potential to cause deleterious effects in 

these neurons. 

 

 7.2.6 Summary and conclusions 

The present study demonstrated that L-DOPA increases the firing of LC neurons without 

producing α2-mediated inhibition of firing. This suggested that while these neurons have the 

capacity to produce NA from L-DOPA, NA is not released following L-DOPA exposure. 

Instead, L-DOPA evoked an excitatory effect in these neurons, which could also be observed in 

SNc neurons (when D2 receptors were blocked) and nigral non-DA neurons (on its own). 

Excitation of SNc neurons and nigral non-DA neurons occurred in two phases. An early phase 

which was mediated by AMPA/kainate receptor activation, and a late phase which was 

mediated by newly synthesized DA. Exogenous DA was also able to increase the firing of 

nigral dopaminergic neurons (when D2 receptors were blocked), but the mechanism of this 

effect is likely to be electrogenic uptake of DA via DAT, while the late phase of L-DOPA-

induced excitation involves oxidation of extracellular DA. I have presented evidence that DA 

can inhibit IAHP, mediated by KCa channels. This would explain why net inward currents or 
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membrane depolarisation corresponding to the late phase of L—DOPA-induced excitation 

could not be observed. KCa channels are also involved in the firing of nigral non-DA neurons, 

suggesting that the same mechanism could contribute to late excitation in both groups of 

neurons. However, both L-DOPA and DA increase [Ca2+]i in these neurons (Guatteo et al., 

2013), which would promote KCa activity. Activation of TRPM2-like channels by DA-derived 

ROS is an alternative mechanism which might be involved. 

Finally, I have shown that L-DOPA can activate KATP channels when neurons are pre-treated 

with rotenone. This indicates that L-DOPA can contribute to the metabolic burden of these 

cells, when they are already in a compromised state. The threshold of this effect was lower in 

SNc and LC neurons, indicating that uptake of the drug can enhance mitochondrial stress. 

While KATP activation by L-DOPA is likely to be protective, it does indicate that the drug can 

be regarded as a cellular stressor under certain conditions. 
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8.0 Overall discussion 

The present study has described the effects of parkinsonian toxins (rotenone, MPP+ and 

6-OHDA), on the electrophysiological properties of nigral dopaminergic (SNc) neurons, 

nigral non-DA neurons, and noradrenergic LC neurons. The effects of these neurotoxins are 

likely to reflect patterns of vulnerability between these groups of neurons in PD. While there 

is profound degeneration of both nigral dopaminergic neurons and noradrenergic LC neurons, 

nigral non-DA neurons are spared in PD. Generally speaking, the responses of dopaminergic 

SNc neurons and noradrenergic LC neurons were similar, while nigral non-DA neurons 

displayed smaller and/or opposite (ie. excitatory as opposed to inhibitory) responses to these 

toxins. In addition, the effects of L-DOPA were also investigated in SNc, nigral non-DA and 

LC neurons. In addition to a ‘non-conventional’ excitatory effect mediated by AMPA 

receptors, the current study has presented evidence that the drug can cause mitochondrial 

stress when neurons are already metabolically challenged by rotenone. 

The mechanisms underlying the responses of LC, SNc and nigral non-DA neurons to 

parkinsonian toxins and L-DOPA will be briefly summarised, followed by discussion of the 

implications of these effects for neurodegeneration and survival. 

 

8.1 Contribution of mitochondrial inhibition and KATP channel activation to the effects of 

parkinsonian neurotoxins and L-DOPA. 

The toxic effects of rotenone, MPP+ and 6-OHDA are traditionally attributed to 

mitochondrial inhibition, causing decreased production of ATP and increased generation of 

ROS (Degli Esposti, 1998; Glinka & Youdim, 1995; Ramsay, Salach, Dadgar, & Singer, 

1986). ATP-sensitive K+ (KATP) channels are often regarded as ‘metabolic sensors’ which 

open when cellular ATP:ADP ratio decreases (Ashcroft & Gribble, 1998) or with increased 

production of ROS (Bai et al., 2012; Freestone et al., 2009). 
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Rotenone caused the strongest activation of KATP channels compared to either MPP+ or 

6-OHDA. It has been shown that rotenone activates KATP channels when cellular ATP is 

highly buffered (Freestone et al., 2009), or when no decrease of ATP can be detected (Bai et 

al., 2012). Elevation of intracellular ROS (Bai et al., 2012; Freestone et al., 2009) and the 

ability of anti-oxidants to reduce KATP activation (Freestone et al., 2009), indicate that KATP 

activation by rotenone is caused ROS, rather than decreased ratio of ATP:ADP. This is 

consistent with the idea that significant reduction of ATP only occurs in the later stages of 

rotenone-induced toxicity (Sherer et al., 2003; Wu & Johnson, 2007). The fact that rotenone 

caused largest activation of KATP channels in nigral dopaminergic neurons, suggests that the 

toxin causes largest generation of ROS in these neurons. This was consisitent with larger 

increases of [H2O2] in the SNc compared to both the SNr and LC, measured by FSCV. 

In contrast to rotenone, MPP+ caused delayed activation of KATP channels only in nigral 

dopaminergic neurons. KATP activation by MPP+ requires uptake of the toxin via DAT (Yee 

et al., 2014), indicating that specific transporters are required for this effect. Although LC 

neurons can also take up MPP+ via NAT (Javitch, D'Amato, Strittmatter, & Snyder, 1985), 

KATP activation was not observed in this group of neurons. It has been suggested that LC 

neurons are less vulnerable to MPP+ because of greater expression of VMAT-2 and vesicular 

sequestration of the toxin, resulting in less mitochondrial inhibition (German, Liang, Manaye, 

Lane, & Sonsalla, 2000; Speciale, Liang, Sonsalla, Edwards, & German, 1998). This may 

explain why KATP activation was not observed in this group of neurons. 

In comparison, 6-OHDA activated KATP channels in LC neurons, but KATP activation could 

not be detected in SNc neurons. KATP activation reduced excitation after washout of 6-OHDA 

in LC neurons. However, I was not able to detect KATP activation in SNc neurons because of 

overwhelming inhibition of firing caused by other mechanisms (Section 8.2). Since rotenone 

causes greater KATP activation in nigral dopaminergic neurons compared to LC neurons, this 

may also be true for 6-OHDA. Once firing has stopped, extracellular recordings cannot assess 

the contribution of KATP activation. Therefore, intracellular recordings may provide better 
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insight. Consistent with the idea that 6-OHDA activates KATP channels in SNc neurons, 

outward currents were reversed by tolbutamide (Berretta et al., 2005). However, this 

argument would be more convincing if tolbutamide had been applied before 6-OHDA. 

L-DOPA also activated KATP channels when neurons were pre-treated with rotenone. This 

indicated that the drug can contribute to the metabolic burden of these cells when they are 

already in a compromised state. The threshold of this effect was lower in LC and SNc 

neurons, indicating that uptake of L-DOPA may contribute to mitochondrial stress through 

NA/DA metabolism and/or generation of ROS. In contrast, nigral non-DA neurons required a 

higher dose of L-DOPA to activate KATP channels in the presence of rotenone. 

As opposed to chronic KATP activation by parkinsonian toxins, KATP activation by L-DOPA 

was transient and served to decrease AMPA-mediated inward currents. Therefore, activation 

of KATP channels by L-DOPA is likely to be neuroprotective against potentially excitotoxic 

effects of L-DOPA (Section 8.3). 

 

8.2 Mechanisms contributing to chronic inhibition of firing of nigral dopaminergic 

neurons 

In addition to KATP channels, rotenone also activated another inhibitory mechanism in LC 

neurons, which I have proposed is mediated by Ca2+-activated K+ (KCa) channels. This is 

based on the inability of tolbutamide to restore firing after prolonged exposure to rotenone 

(30 min), elevation of intracellular [Ca2+], and a report showing that cyanide activates KCa 

channels in LC neurons (Koyama, Jin, & Akaike, 1999). Consistent with greater rise of 

[Ca2+]i, tolbutamide restored firing to a lesser extent in SNc neurons, suggesting that KCa 

channel activation is greater in this group of neurons (Su, Song, & Ji, 2010). 

Blocking KCa channels reversed a component of inhbition evoked by MPP+ in nigral 

dopaminergic neurons. However, inhibition of LC neurons was almost fully abolished by 

blocking α2 receptors, indicating that KCa channels were not activated in these neurons. 
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Similarly, 6-OHDA likely activates KCa channels in nigral dopaminergic neurons, since the 

toxin elevates intracellular [Ca2+] (Berretta et al., 2005; Qu et al., 2014) and activates these 

channels in organotypic slice (Wang et al., 2015). Conversely, 6-OHDA-induced inhibition 

of LC neurons was completely abolished by blocking α2 receptors. Together, this indicates 

that both MPP+ and 6-OHDA activate KCa channels in SNc neurons, but do not activate these 

channels in LC neurons. 

Both MPP+ and 6-OHDA activated D2 and α2 receptors in SNc and LC neurons respectively. 

A key difference was that membrane binding (and cAMP production) assays indicated that 

6-OHDA directly activated D2 receptors, while MPP+ did not. Although it was not tested, it 

is likely that these toxins have the same (direct/indirect) effects on α2 receptors. This could 

be proven using a blocker of NAT (eg. desipramine), or by depleting NA stores (with 

reserpine or ro4-1284). It would be expected that these interventions would abolish the 

inhibitory effect of MPP+ on LC neurons but would not affect direct inhibition evoked by 

6-OHDA. 

Indirect activation of D2 receptors by MPP+ is caused by displacement of vesicular DA 

resulting from sequestration of the toxin by VMAT-2 (Yee et al., 2014). This effect is 

considered to be protective (German et al., 2000; Liu, Roghani, & Edwards, 1992), and 

decreases mitochondrial inhibition by the toxin (Liu & Edwards, 1997). Therefore, 

displacement of vesicular DA (and NA) and activation of D2 (and α2) receptors reflects this 

neuroprotective mechanism. Although I have proposed that 6-OHDA directly activates D2 

(and likely α2) receptors, it has been shown that 6-OHDA can be taken up and released from 

noradrenergic terminals (Thoenen & Tranzer, 1968), indicating that 6-OHDA may also 

displace NA/DA from vesicular stores. The fact that block of DAT with nomifensine did not 

affect early inhibition of nigral dopaminergic neurons (Berretta et al., 2005), suggests that 

6-OHDA mainly acts by directly activating D2/α2 receptors, and that protection afforded by 

vesicular sequestration of the toxin is minimal. 
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Additional mechanisms which may contribute to the inhibitory responses of nigral 

dopaminergic neurons are Na+-dependent currents. Na+ loading in dopaminergic neurons has 

been shown to activate large outward currents via Na+/K+ ATPase (Johnson, Seutin, & North, 

1992; Shen & Johnson, 1998) and Na+-activated K+ (KNa) channels (Seutin, Shen, North, & 

Johnson, 1996). Na+ loading caused by uptake of MPP+ and 6-OHDA via DAT (Krueger, 

1990) and activation of Na+-permeable TRPM2-like channels (Eisfeld & Luckhoff, 2007), is 

likely to trigger these Na+-dependent conductances. Considering the transient increase of 

firing evoked by 6-OHDA (when D2 receptors were blocked) which would further elevate 

[Na+]i, 6-OHDA is more likely to activate Na+-dependent conductances than MPP+, and may 

explain the ‘overwhelming’ inhibition of firing which concealed KATP activation. Nigral 

dopaminergic neurons exhibit some of the highest density Na+/K+ ATPase pump currents in 

the brain (Sulzer, 2007), which may result from expression of the α3 subunit (of Na+/K+ 

ATPase), which has high affinity for Na+ (Hieber, Siegel, Fink, Beaty, & Mata, 1991; Shen & 

Johnson, 1998). In comparison, LC neurons express the α1 subunit (Hieber et al., 1991), 

which may result in smaller pump currents. 

KNa channels may be activated by trains of action potentials (Kaczmarek, 2013), excitatory 

stimuli (Zamalloa, Bailey, & Pineda, 2009), or hypoxic/ischemic conditions (Dryer, 1994). 

This is consistent with their activation by oxygen and glucose deprivation in nigral 

dopaminergic neurons (R. Karunasinghe, unpublished results), which express the slack 

subunit (of KNa channels; Bhattacharjee, Gan & Kaczmarek, 2002) and as already mentioned, 

display prominent KNa currents evoked by Na+ loading (Seutin et al., 1996). Based on the 

characteristics of KNa channels, it is likely that 6-OHDA also activates these channels in 

nigral dopaminergic neurons. 
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8.3 Contribution of excitatory effects and intracellular [Ca2+] rise to the actions of 

parkinsonian toxins and L-DOPA 

When KATP channels were blocked, rotenone increased the firing of LC, SNc and nigral 

non-DA neurons. In LC neurons, this increase in firing could be abolished by a non-selective 

blocker of TRPM2-like channels. These channels were also implicated in [Ca2+]i rise evoked 

by rotenone in all three groups of neurons. I have also hypothesized that the increase of firing 

evoked by 6-OHDA in LC, SNc (when α2/D2 receptors are blocked) and nigral non-DA 

neurons, was also mediated by ROS activation of TRPM2-like channels (cf. Lee, Witkovsky, 

& Rice, 2011). In nigral dopaminergic neurons, TRPM2-like channels mediate [Ca2+]i rise 

evoked by rotenone (Freestone et al., 2009), H2O2 (Chung, Freestone, & Lipski, 2011), and 

are likely to contribute to elevation of [Ca2+]i caused by 6-OHDA (Berretta et al., 2005; Qu et 

al., 2014). Together, these observations suggest that [Ca2+]i rise via TRPM2 activation, is a 

converging pathway of parkinsonian toxins. Expression of TRPM2 channels confers 

susceptibility to H2O2-induced cell death (Hara et al., 2002; Ishii et al., 2007; Kaneko et al., 

2006), and amyloid β-induced oxidative stress (Fonfria et al., 2005). Considering their 

involvement in rotenone-evoked [Ca2+]i rise in SNc (Freestone et al., 2009) and LC neurons, 

it is likely that they are critically involved in cell death evoked by rotenone and 6-OHDA, 

and perhaps even in PD. 

Ca2+ is thought to contribute to the vulnerability of nigral dopaminergic neurons in PD 

(Section 1.7.1; Sulzer, 2007; Surmier et al., 2010). SNc neurons which express the Ca2+ 

binding protein calbindin, are spared in PD (Damier, Hirsch, Agid, & Graybiel, 1999) and are 

protected against MPTP toxicity (A. Iacopino, Christakos, German, Sonsalla, & Altar, 1992; 

Liang, Sinton, Sonsalla, & German, 1996). Expression of calbindin can also protect 

dopaminergic neurons against 6-OHDA (Sun et al., 2011). The smaller rise of [Ca2+]i evoked 

by rotenone in LC neurons (compared to SNc neurons), could be explained by expression of 

calbindin, which may protect these neurons in PD (A. M. Iacopino & Christakos, 1990). The 

fact that rotenone caused the slowest rise of [Ca2+]i in nigral non-DA neurons, which express 

 195 



a complement of Ca2+ binding proteins (Gonzalez-Hernandez & Rodriguez, 2000; Hontanilla, 

Parent, & Gimenez-Amaya, 1997; Lee & Tepper, 2007), is consistent with their resistance to 

damage, and lower vulnerability.  

In comparison to rotenone and 6-OHDA, MPP+ did not significantly increase the firing of LC 

or SNc (Yee et al., 2014) neurons, when α2/D2 receptors or KATP channels were blocked. 

However, MPP+ produced a large excitatory effect in nigral non-DA neurons. Since KATP 

activation by rotenone and MPP+ is likely mediated by ROS (Section 8.1), smaller activation 

of KATP channels by MPP+ in nigral dopaminergic neurons, could indicate lower generation 

of ROS. Therefore, the increase of firing evoked by MPP+ on nigral non-DA neurons was 

unlikely to be caused by ROS, in contrast to the effect of 6-OHDA on these neurons. Instead, 

MPP+-induced excitation of nigral non-DA neurons was likely to be caused by DA released 

from neighbouring dopaminergic neurons, similar to glutamate receptor-independent 

excitation evoked by L-DOPA on these neurons (below). 

Excitatory effects of L-DOPA could be revealed in nigral dopaminergic neurons by blocking 

D2 receptors, but could also be observed in LC and nigral non-DA neurons without D2 

blockers. Increased activity of SNc, LC and nigral non-DA neurons caused by activation of 

AMPA receptors by TOPA quinone, an auto-oxidation product of L-DOPA, may contribute 

to L-DOPA-induced dyskinesias (Konitsiotis, Blanchet, Verhagen, Lamers, & Chase, 2000; 

Miguelez, Aristieta, Cenci, & Ugedo, 2011; Ohlin et al., 2012). Furthermore, the prolonged 

increase of firing and [Ca2+]i rise (Guatteo et al., 2013) in SNc and nigral non-DA neurons 

evoked by newly synthesized DA, may have pathological implications. My results indicated 

that part of this ‘late excitation’ could be mediated by block of KCa-mediated after-

hyperpolarization current (IAHP). However, the fact that [Ca2+]i rise would promote KCa 

activation, and the ability of ascorbic acid to reduce excitation suggest that oxidative stress 

may be a larger contributor to this effect. Extracellular accumulation of DA caused by 

cocaine and methylphenidate (MPH) also increased the firing of nigral dopaminergic neurons 

when D2 receptors were blocked. Similar to the effects of 6-OHDA, auto-oxidation of 
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extracellular DA may generate ROS which could mediate excitatory effects via TRPM2 

channels. This would be congruent with the effects of parkinsonian toxins, as well as the 

ability for L-DOPA to cause toxicity via oxidative mechanisms (Lipski et al., 2011; Mena, 

Pardo, Paino, & De Yebenes, 1993). 

In nigral dopaminergic neurons, elevated cytosolic DA caused by L-DOPA, can interact with 

increased [Ca2+]i and α-synuclein causing selective cell death (Mosharov et al., 2009). This is 

consistent with the ‘multiple hit’ hypothesis of neuronal vulnerability in PD (Sulzer, 2007), 

and highlights the potential for DA to act in synergy with [Ca2+]i rise and α-synuclein to 

damage SNc neurons. Nigral dopaminergic neurons and noradrenergic LC neurons engage L-

type Ca2+ channels during pacemaking (Section 1.7.1), causing significant mitochondrial 

oxidant stress in both groups of neurons (Dryanovski et al., 2013; Guzman et al., 2010; 

Sanchez-Padilla et al., 2014). In SNc neurons, both α-synuclein (Dryanovski et al., 2013) and 

knockout of DJ-1 (known as PARK7 in humans, mutation of which is associated with early 

onset PD) (Guzman et al., 2010), exacerbated mitochondrial stress caused by Ca2+ influx. DJ-

1 knockout caused downregulation of mitochondrial uncoupling proteins which comprimised 

protective effects of mitochondrial uncoupling, causing increased oxidation of mitochondrial 

proteins (Guzman et al., 2010). Interestingly, impaired communication between L-type Ca2+ 

channels and mitochondria via direct linkage by actin filaments, peturbs energy production in 

cardiac myocytes in a model of Duchenne muscular dystrophy (Viola et al., 2014). If 

communication between L-type Ca2+ channels and mitochondria is also impaired in SNc 

neurons, this may contribute to their vulnerability in PD (personal communication with D. 

van Helden). 

 

8.4 Pathological significance of chronic inhibition of firing 

Inhibition of neuronal activity via KATP channel activation is traditionally regarded to be 

neuroprotective, as this process can reduce metabolic demand under stressful conditions 
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(Ballanyi, 2004). Supporting this idea, pre-treatment with KATP channel openers can protect 

cultured cells against rotenone and MPTP/MPP+ (Hu et al., 2005; Tai & Truong, 2002; Xie et 

al., 2010). In addition to decreasing energy demand, KATP activation can up-regulate trophic 

factors (Blondeau, Plamondon, Richelme, Heurteaux, & Lazdunski, 2000; Tai & Truong, 

2002), reduce ROS (Xie et al., 2010) and decrease extracellular glutamate (Hu et al., 2005). 

However, this concept has been challenged by the fact that KATP activation promoted the 

degeneration of nigral dopaminergic neurons (Liss et al., 2005). This idea is supported by 

selective activation of KATP channels in SNc neurons, but not in dopaminergic VTA neurons 

(Liss et al., 2005) which are relatively resistant to degeneration (German, Manaye, Smith, 

Woodward, & Saper, 1989). Furthermore, it has been shown that MPTP increases glucose 

utilization in the SNc (Palombo et al., 1988) during a time the toxin might activate KATP 

channels (within 10-30 min). This suggests that early activation of KATP channels by MPTP 

results in greater, rather than smaller energy expenditure. 

The toxic effects of MPTP/MPP+ and 6-OHDA are remarkably fast. MPTP/MPP+ causes 

parkinsonian symptoms in humans within days (Ballard, Tetrud, & Langston, 1985), and 

causes severe striatal DA depletion (Ambrosio, Espino, Cutillas, & Bartrons, 1996) and 

damage to nigral dopaminergic neurons within minutes to hours of exposure in rats (Turski, 

Bressler, Rettig, Loschmann, & Wachtel, 1991). In comparison, 6-OHDA causes 

degenerative changes in noradrenergic terminals within 30 min of exposure (Hokfelt, 

Jonsson, & Sachs, 1972). 

The fact that rotenone, MPP+ and 6-OHDA all caused irreversible silencing of nigral 

dopaminergic neurons, not only supports the higher vulnerability of these neurons, but also 

indicates that chronic inhibition of firing is likely to represent an early stage of degeneration. 

Excessive K+ efflux through KATP, KCa, KNa and D2-activated GIRK channels (as well as 

Na+/K+ ATPase pump currents) could lead to caspase-dependent apoptosis (Coulson et al., 

2008) and activation of pro-apoptotic proteins (Putcha, Deshmukh, & Johnson, 1999). The 

activity of nigral dopaminergic neurons is not only critical for DA synthesis and release 
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(Aumann et al., 2011; Rice, Patel, & Cragg, 2011), but is also crucial for their survival 

(Dragicevic, Schiemann, & Liss, 2015; Michel et al., 2007). The survival of cultured 

dopaminergic neurons is enhanced by low level stimulation of voltage-gated Na+ channels 

(Katsuki, Takenaka, Kume, Kaneko, & Akaike, 2001; Salthun-Lassalle, Hirsch, Wolfart, 

Ruberg, & Michel, 2004). Depolarisation by extracellular K+ also promotes neuronal 

survival, but only when ionotropic glutamate receptors are blocked to prevent secondary 

excitotoxicity (Douhou, Troadec, Ruberg, Raisman-Vozari, & Michel, 2001). Maintenance of 

[Ca2+]i within a trophic range is crucial for survival (Michel et al., 2007; Salthun-Lassalle et 

al., 2004), but as has been discussed, chronic [Ca2+]i elevation can be equally detrimental. 

 

8.5 Conclusions 

The present study has characterised the effects of parkinsonian toxins (rotenone, MPP+ and 

6-OHDA) on the electrophysiological properties and intracellular Ca2+ levels of LC neurons. 

Consistent with the vulnerability of LC neurons, the effects of these toxins were similar to 

those of nigral dopaminergic neurons, which are traditionally regarded to be the most 

vulnerable group of neurons in PD. In agreement with this view, the present study showed 

that the effects of parkinsonian toxins were more pronounced in SNc neurons. Rotenone 

evoked the largest inhibition of firing, elevation of [Ca2+], Ψm depolarisation and H2O2 

production in SNc neurons. Conversely, the effects of parkinsonian toxins on nigral non-DA 

neurons, which are resistant to degeneration, were smaller and/or opposite in nature (ie. 

excitatory instead of inhibitory). This indicates that chronic inhibition is likely to be a feature 

of early damaging effects of these toxins on vulnerable groups of neurons (LC and SNc 

neurons). However, prolonged rise of [Ca2+] caused by rotenone and long-lasting excitatory 

effects such as those caused by L-DOPA, can be detrimental for neuronal survival through 

excitotoxic or synergistic actions with other stressors. Overall, this study supports the view 

that neuronal survival depends on a fine balance of factors, which may be disrupted by 

cellular toxicants, as well as in PD.  
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9.0 Appendix 

9.1 Calibration of fura-2 for measurements of [Ca2+]i 

Background-subtracted fluorescence ratios (340/380 nm) were converted into intracellular 

Ca2+ concentrations by the approach described by Grynkiewicz and colleagues (1985). Ca2+ 

concentrations were calculated by the following equation. 

[𝐶𝐶𝐶𝐶2+] = 𝐾𝐾𝑑𝑑𝛽𝛽
(𝑅𝑅 − 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚)
(𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑅𝑅)

 

Where Kd is the dissociation constant for fura-2, β is F380
max/F380

min, and Rmin and Rmax are 

minimum and maximum ratios which were determined experimentally. 

Values of Rmin and Rmax were determined using nigral dopaminergic neurons in acute brain 

slices (Fig. 9.1-1A). Neurons were filled with fura-2 (250 µM), loaded through the patch 

pipette (with Cs+-methanesulfonate-based internal solution), and exposed to a Ca2+ ionophore, 

ionomycin (5 µM), to permeablise the membrane to Ca2+. To determine Rmin, neurons were 

exposed to ‘zero’ Ca2+ aCSF (Table 9.1-1), and Rmax was determined by exposing neurons to 

high Ca2+ aCSF (Table 9.1-2). 

Table 9.1-1. Chemical composition of ‘zero’ Ca2+ artificial cerebrospinal fluid. 

Chemical Concentration (mM) 
NaCl 127 
KCl 3 
NaH2PO4 1.25 
MgSO4 2 
MgCl2 7 
Glucose 10 
NaHCO3 26 
EGTA 1 
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Table 9.1-2. Chemical composition of high Ca2+ artificial cerebrospinal fluid. 

Chemical Concentration (mM) 
NaCl 127 
KCl 3 
NaH2PO4 1.25 
MgSO4 2 
MgCl2 7 
Glucose 10 
NaHCO3 26 
CaCl2 1 

 

Fitting parameters, Kd and β were determined using a fura-2 calibration kit (Molecular Probes 

by Life Technologies, USA), containing different concentrations of free Ca2+ (0.017-39 µM) 

with fura-2 (50 µM) and polystyrene microbeads to aid focusing. 

Because fluorescence measurements from the calibration kit were conducted at room 

temperature (20°C), the effect of temperature on Kd was adjusted by the following equation 

adapted from Shuttleworth & Thompson (1991). 

−𝑙𝑙𝑙𝑙𝑙𝑙10(𝐾𝐾′
𝑑𝑑) = −𝑙𝑙𝑙𝑙𝑙𝑙10(𝐾𝐾𝑑𝑑) +

∆𝐻𝐻
𝑅𝑅𝑙𝑙𝑅𝑅10

(
1
𝑇𝑇
−

1
𝑇𝑇′

) 

Where K’d is the dissociation constant of fura-2 at temperature T’ (34°C), ΔH is Van’t Hoff 

isochore for fura-2 (10.3 kJmol-1) (Shuttleworth & Thompson, 1991) and R is the universal 

gas constant (8.31 JK-1mol-1). 

Table 9.1-3. Fitting parameters for fura-2 calibration. 

Parameter  
Rmin 0.46±0.08 
Rmax 7.32±0.04 
K’d 183 nM 
β 21.20 
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Figure 9.1-1. Calibration of fura-2 for measurements of Ca2+ concentration. A: Example of 

background-subtracted measurements (r340/380 nm)  from a nigral dopaminergic neuron 

(Vhold = -60 mV; with 250 µM fura-2) showing reduction in ‘zero’ Ca2+ aCSF and slow 

increase in high Ca2+ aCSF. B: Examples of raw ratios during baseline, ‘zero’ Ca2+ and high 

Ca2+ conditions. Scale bar: 25 µm. C: Fitting parameters Kd and β were determined using a 

fura-2 calibration kit ([Ca2+] 0.017-39 µM ; with 50 µM fura-2).  
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9.2 Calibration of Rh-123 for measurements of Ψm 

Since Rh-123 fluorescence is linearly related to mitochondrial membrane potential (Ψm) 

(Duchen, 1992), a two-point calibration was used to convert changes of fluorescence 

(ΔF/F≡F) into ΔΨm, as described by Schuchmann and colleagues (2000). Ψm was calculated 

by the following equation. 

Ψ𝑚𝑚 = Ψ𝑚𝑚(ℎ𝑦𝑦𝑦𝑦) − (
𝐹𝐹 − 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚

𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚
) × (Ψ𝑚𝑚(ℎ𝑦𝑦𝑦𝑦) −Ψ𝑚𝑚(𝑑𝑑𝑑𝑑𝑦𝑦)) 

Maximally hyperpolarised mitochondrial membrane potential (Ψm(hyp)) was assumed to 

be -200 mV, while maximally depolarised mitochondrial membrane potential (Ψm(dep)) was 

assumed to be -60 mV (Schuchmann et al., 2000). Values of Fmin and Fmax were determined 

experimentally using nigral dopaminergic neurons in acute brain slices (Fig. 9.2-1A). Neurons 

were filled with Rh-123 (10 µg/mL) loaded through the patch pipette (using 

K+-methanesulfonate-based internal solution) and after 5-10 min to allow sufficient dye 

loading, were exposed to ATP synthase inhibitor, oligomycin (10 µg/mL), to cause maximal 

Ψm hyperpolarisation followed by mitochondrial un-coupler, FCCP (5 µM), to cause maximal 

Ψm depolarisation. 

Neurons were excluded from analysis if ΔF/F was not stable during pre-drug baseline period. 

Stability was quantified by calculating coefficient of variation (CV) of background-subtracted 

fluorescence over this period. When CV exceeded 2%, neurons were excluded. 

 

203 
 



 

Figure 9.2-1. Calibration of Rh-123 for measurements of mitochondrial membrane potential. 

A: Example measurement of fluorescence in a nigral dopaminergic neuron filled with Rh-123 

(10 µg/mL). Application of oligomycin (10 µg/mL) fully hyperpolarized mitochondria 

(-200 mV), while FCCP (5 µM) fully depolarized mitochondria (-60 mV). B: Examples of 

dye-filled neurons showing higher fluorescence when exposed to FCCP. C: Summary of 

background-subtracted normalised fluorescence values during oligomycin (Fmin) and FCCP 

(Fmax). 
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9.3 Conventional electrochemical detection of DA by FSCV 

Carbon fibre microelectrodes made for the electrochemical detection of H2O2 could also be 

used for conventional measurements of [DA] (Fig. 9.3-1). 

 

Figure 9.3-1. Conventional electrochemical detection of exogenous DA using fast scan cyclic 

voltammetry. A: Background-subtracted colour plot of DA calibration series in beaker 

(100-500 nM). B: DA (100-300 nM) produced characteristic voltammograms corresponding 

to the catecholamine. Peaks and troughs correspond to oxidation and reduction potentials of 

DA, reflected in Panel A as a kaleidoscope-of-colours. 
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