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1. INTRODUCTION 

1.1. Parkinson’s disease 

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by 

the degeneration of dopaminergic neurons in the substantia nigra pars compacta 

(SNc), striatal dopamine (DA) depletion and presence of Lewy aggregates containing 

alpha-synuclein. Clinically, PD major manifestation is the motor impairment, but 

non-motor symptoms are also present and severely affect the quality of life of the 

patients. 

1.1.1. Epidemiology and etiology 

In 1817, James Parkinson published “An essay on the shaking palsy” where 

first described this unclassified syndrome until then. Later in the 19th century, Jean 

Martin Charcot and William Rutherford Sanders proposed to name the disorder as 

“maladie de Parkinson” or Parkinson’s disease in acknowledgment for his adequate 

definition (Goedert and Compston, 2018). Two centuries later, PD has become the 

second most common neurodegenerative disorder, affecting approximately 0.3 % of 

the world’s population, 1% of the individuals older than 60 years old (the mean age 

of onset) and increasing until 3% in those older than 80 years old (de Lau and 

Breteler, 2006; Poewe et al., 2017).  

The etiology of PD is still poorly understood in idiopathic cases, which 

represent the 90% of the total patients. The remaining 10% is associated to a genetic 

mutation cause (genes involved: α-synuclein, parkin, DJ-1, PINK1 and LRRK2 

among others), especially in those cases with an onset age younger than 50 (de Lau 

and Breteler, 2006; Wirdefeldt et al., 2011). The principal risk factors implicated in 
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the development of the disease are the increasing age and family history, although 

exposure to traumatic brain injury or various toxins, like MPTP (1-methyl 4-phenyl 

1,2,3,6-tetrahydropyridine) or pesticides (rotenone or paraquat), are also proposed 

(Langston et al., 1983; Betarbet et al., 2000; Thiruchelvam et al., 2000; Poewe et al., 

2017). 

1.1.2. Symptomatology 

It is now accepted that PD is characterized not only by its motor symptoms, 

but also by non-motor features. 

A) Motor symptoms 

The cardinal features of PD are mainly the motor symptoms, which are 

frequently unilateral or at least asymmetrical. Following the Movement Disorder 

Society clinical diagnostic criteria for PD, parkinsonism is defined as bradykinesia 

(slowness in spontaneous and voluntary movement), in combination with either 

resting tremor (rhythmic tremor that disappears during voluntary movement), 

rigidity (muscle stiffness), or both. Other motor symptoms such as walking problems 

or postural instability are commonly present (Postuma et al., 2015).  

B) Non-motor symptoms 

Most of the patients suffer non-motor dysfunctions, which can occur as early 

non‐motor manifestations of PD or appear in the late stages of the disease. The 

presymptomatic or prodromal phase is often characterized by olfactory dysfunction, 

autonomic dysregulation, pain, sleep and mood disorders while the symptomatic 

phase is accompanied by somatomotor symptoms and impaired cognitive 

functioning (Poewe et al., 2017) (Figure 1.1). 
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The most frequent non-motor symptoms are neuropsychiatric disorders 

(depression and anxiety) (Schrag and Taddei, 2017; Ryan et al., 2019), mild cognitive 

impairment and dementia (Svenningsson et al., 2012; Aarsland et al., 2017), 

autonomic dysfunction (orthostatic hypotension, urogenital dysfunction and 

constipation) (Martinez-Martin et al., 2015; Leclair-Visonneau et al., 2018), pain 

presented as nociceptive (musculoskeletal and visceral) and neuropathic (radicular 

and central) types (Wasner and Deuschl, 2012), sleep disorders (excessive sleepiness 

or sleep attacks) (Stacy, 2002; Gjerstad et al., 2006), impaired visual function 

(Murueta-Goyena et al., 2019), hyposmia, apathy, fatigue and psychosis (visual 

hallucinations and delusions) (Bohnen et al., 2008; Schapira et al., 2017).    

 

 

 

Figure 1.1. Motor and non-motor symptoms in Parkinson’s disease. The non-motor 
features in PD involve numerous functions of the central and autonomic system. 
Some symptoms appear in the prodromal phase, preceding the motor dysfunction 
and some other non-motor symptoms are more prominent in the course of the 
disease. Image taken from Poewe et al. (2017).  
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1.1.3. Neuropathology 

PD is characterized by the neurodegeneration of dopaminergic and other cell 

types in the brain. Several studies have demonstrated the involvement of neuronal 

inclusions of α-synuclein and mitochondrial dysfunction contributing to cellular 

oxidative stress, degeneration and death. 

A) Neurodegeneration of the nigrostriatal pathway  

Pathogenesis of PD has been focused on the degeneration of dopaminergic 

neurons in the SNc, which affects lateral nigral projections to the putamen and the 

function of the basal ganglia network (Kish et al., 1988). The basal ganglia are a 

collection of subcortical structures involved in the cortico-basal ganglia-thalamo-

cortical loop (Maurice et al., 1999), which are essential for motor control, but also 

participate in learning, cognition and memory functions (Nambu et al., 2002; 

Packard and Knowlton, 2002; Graybiel, 2005; Kravitz et al., 2010).  Motor symptoms 

are evident when about 80% of striatal DA and 50-60% of nigral neurons are lost 

(Fearnley and Lees, 1991; Wirdefeldt et al., 2011). 

Parkinsonism is often associated with changes in cortico-basal ganglia-

thalamo network. Indeed, nigrostriatal DA loss has opposing effects on the direct 

(striatum-SN pars reticulate and globus pallidus internal) and indirect (striatum-

globus pallidus externus-subthalamic nucleus-SN pars reticulate and globus pallidus 

internal) pathways. When DA loss occurs, direct pathway activity (dopaminergic 

D1-receptor dependent) is reduced while indirect pathway activity (dopaminergic 

D2-receptor dependent) increases, resulting in a strong increase in the firing rate of 

GABAergic basal ganglia output neurons (substantia nigra pars reticulate and 

internal globus pallidus). Then, hyperactivity of output structures inhibits 
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thalamocortical and brainstem areas, eliciting the parkinsonian state (Alexander et 

al., 1986; DeLong, 1990; Kravitz et al., 2010) (Figure 1.2).  

 

 

 
 

 
 

 

During parkinsonism, the basal ganglia undergo an adaptation to DA loss 

causing changes in neural oscillation (presence of rhythmic fluctuations at specifics 

frequency bands) and synchronization (whether oscillations in two brain nuclei 

show a consistent phase relationship at specifics frequency bands). In particular, 

there is excessive synchronization between some of the basal ganglia nuclei, which 

also show enhanced oscillatory activity in several frequency bands. These alterations 

Figure 1.2. Simplified basal ganglia circuitry changes in Parkinson’s disease. The 
principal components of this circuitry are the striatum (caudate and putamen), the 
external segment of the globus pallidus, the internal segment of the globus pallidus 
(entopeduncular nucleus, in rat), the substantia nigra pars compacta and reticulate 
and the subthalamic nucleus; all these structures are involved in the cortico-basal 
ganglia-thalamo-cortical loop. Taken from Poewe et al. (2017). 
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are clinically relevant, since treatments capable of supressing them improve the 

motor performance of the patient at the same time (Brown et al., 2001; Kühn et al., 

2006, 2008).  

B) Neurodegeneration causes 

Oxidative stress and mitochondrial dysfunction 

One possible cause of the neurodegeneration during PD is the oxidative 

stress. Since Schapira in 1990 first documented it in idiopathic PD patients (Schapira 

et al., 1990), large number of studies consider that mitochondrial dysfunction plays 

a pivotal role in the disease causing cellular damage and eventual cell death 

(reviewed in Winklhofer and Haass, 2010). In fact, mitochondrial impairment is 

linked to excessive reactive oxygen species, altered enzymes from the electron 

transport chain, impaired bioenergetics (decreased ATP production) and oxidative 

stress (generation of free radicals), leading to cellular dysfunction (Schapira, 2008; 

Blesa et al., 2015).  

Mitochondrial dysfunction in PD has been usually related to deficiencies in 

the complex I (NADH dehydrogenase), which is an enzyme of the respiratory chain. 

A recent meta-analysis of results published regarding the mitochondrial complex I 

activity in PD patients has shown a strong reduction in the SN and peripheral muscle 

(Holper et al., 2019). Deficiency in blood platelets of untreated patients, in 

leukocytes and in the prefrontal cortex has been reported as well (Yoshino et al., 

1992; Haas et al., 1995; Müftüoglu et al., 2004; Parker et al., 2008). However, 

complex I is not the only one affected in PD patients. Activity of complex IV 

(cytochrome-c-oxidase, COX) is also reduced in the frontal cortex (meta-analysis 

Holper et al., 2019) and in leukocytes (Müftüoglu et al., 2004) when compared to 

the controls. Complex II  activity is slightly lower in platelets and lymphocytes in 



   Chapter I. Introduction 

9 

PD (Yoshino et al., 1992). Complex III activity was also reduced in platelets of PD 

compared with controls (Haas et al., 1995). Other evidence for mitochondrial 

dysfunction in PD is related to genetic forms of the disease, since the mutation of 

specific genes coding for proteins like parkin or PINK1, leads to mitochondrial 

dysfunction  (Müftüoglu et al., 2004; Valente et al., 2004). 

Inclusions of α-synuclein  

The cell loss in the SNc is accompanied by the widespread presence of 

insoluble α-synuclein protein fibrils, which conform aggregates that form the Lewy 

bodies. These aggregates may be responsible for the onset and progression of the 

disease, but they do not appear all over the brain at the same time. Indeed, recent 

publications have suggested that the α-synuclein pathology begins in the gut and 

travels up to the brain, via the vagal nerve. Once in the brain, it may spread 

following the six stages defined by Braak and colleagues (Ulusoy et al., 2013; Kim et 

al., 2019). 

According to Braak’s theory (Braak et al., 2003, 2004), the first α-synuclein 

aggregates in the central nervous system appear in the anterior olfactory structures 

and the dorsal motor nucleus of the vagus nerve, following by lower raphe system 

and the locus coeruleus (LC) in stage 2 (Figure 1.3A). It is not until stage 3 that the 

SNc is affected together with the amygdala, tegmental pedunculopontine nucleus, 

and the higher raphe nuclei, among others. During stage 4, α-synuclein spreads to 

the hippocampal formation and specific cortical areas (Figure 1.3B) and finally, in 

the last two stages (5 and 6), almost the whole cortex is damaged (Figure 1.3C). The 

pathological process underlying PD would consist of a prodromal period followed 

by a symptomatic one when the disease is usually diagnosed. The presymptomatic 

or prodromal phase occurs during stages 1-3 and the symptomatic phase during 

stages 4-6 (Chaudhuri and Schapira, 2009; Braak and Del Tredici, 2016).  
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Figure 1.3. Schematic progression of Parkinson’s disease according to Braak’s 
theory. A) During stage 1 the olfactory bulb, anterior olfactory nucleus, and dorsal 
motor nucleus of the vagus nerve are affected. In stage 2, the lesion ascends to the 
LC, gigantocellular reticular nucleus, and caudal raphe nuclei. B) The central 
subnucleus of the amygdala, the cholinergic nuclei of the basal forebrain, and the 
pars compacta of the substantia nigra are reached in stage 3. The cerebral cortex 
becomes involved at stage 4. C) In stages 5 and 6, the lesions reaches the cerebral 
cortex. Image taken and modified from Braak et al. (2003). 



   Chapter I. Introduction 

11 

According to this theory, damage to other areas precedes the degeneration 

of SNc neurons, affecting glutamatergic, noradrenergic, serotonergic, histaminergic 

and cholinergic cells (Del Tredici et al., 2002; Braak et al., 2003). In particular, LC 

noradrenergic cells share some intrinsic cellular factors with SNc neurons that are 

thought to increase the vulnerability to neurodegeneration in PD. Both contain 

neuromelanin, enzymatic metabolism and autoxidation of catecholamines yield 

products leading to oxidative stress, exhibit autonomous peacemaking activity 

involving cytosolic calcium oscillations and an extensive axonal arborization with 

multiple synaptic and paracrine neurotransmitters release sites (reviewed in Martin-

Bastida et al., 2017; Oertel et al., 2019; Vila, 2019).  

This heterogeneous and progressive neurodegeneration may explain the 

diverse symptomatology of PD, which includes motor and non-motor alterations 

(Chaudhuri and Schapira, 2009). Indeed, PD is more likely to be a multisystem 

disorder rather than a pure motor disease.  

1.1.4. Treatment  

As mentioned above, the pathophysiological process in PD involves many 

areas and multiple neurotransmitter pathways, beyond the nigrostriatal 

dopaminergic system. Therefore, PD treatment requires includes not only 

dopaminergic medication, but also drugs acting on others neurotransmitter systems. 

A) Motor symptoms treatment 

Dopaminergic therapy 

3,4-Dihydroxy-L-phenylalanine methyl ester (L-DOPA or levodopa) is 

considered the most efficient anti-parkinsonian drug since its introduction in the 
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late 60s (Cotzias et al., 1967). DA is administered as its immediate precursor L-

DOPA, which is a small neutral molecule and is transported across the blood-brain 

barrier by a large amino acid transporter. To avoid peripheral decarboxylation, L-

DOPA is commonly administered in combination with a decarboxylase inhibitor 

(carbidopa or benserazide) that increases its central biodisponibility. Once in the 

brain, L-DOPA is converted into DA (Fahn, 2008).  

Although the standard oral L-DOPA therapy is well established in the clinic 

and provides general satisfactory symptomatic relief, it has major limitations. L-

DOPA does not control some motor complications like freezing or “off” periods 

(times when L-DOPA is not working optimally)  and its long-term use is associated 

with the development of dyskinesia (uncontrolled, involuntary movements) and 

motor fluctuations (Olanow et al., 2009; Hirao et al., 2015). In order to avoid motor 

fluctuations, pharmacological research is focused on new administration ways to 

allow continuous infusion of the drug (Olanow et al., 2014).  

Catechol-O-methyltransferase inhibitor (entacapone or tolcapone) is often 

combined with L-DOPA in order to prolong its effect (Connolly and Lang, 2014). 

Monoamine oxidase type B inhibitors (rasagiline, selegiline or safinamide) reduce 

DA metabolism and are usually administered in combination with L-DOPA or 

dopaminergic agonists (Kalia and Lang, 2015; Dietrichs and Odin, 2017). 

Alternative treatments to L-DOPA therapy are also used. In this sense, 

dopaminergic agonists (pramipexole, ropinirole, rotigotine or apomorphine) are 

often prescribed alone or in combination with other dopaminergic drugs (Connolly 

and Lang, 2014). 
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Other treatments  

Some non-dopaminergic drugs are also prescribed for ameliorating the motor 

symptoms. Adenosine A2A receptors antagonist (istradefylline) has been approved 

in August 2019by the U.S. Food and Drug Administration (FDA) in combination to 

L-DOPA/carbidopa to treat “off” periods (Research, 2019). Amantadine is often used 

to treat motor symptoms in early PD, and in 2017 an extended release formulation 

was also approved for treating dyskinesia in the United States (Drug Approval 

Package: Gocovri (amantadine extended-release); Kalia and Lang, 2015). 

Anticholinergic drugs (trihexyphenidyl or benztropine) can be used alone or in 

combination with other drugs, especially in patients with tremor although its 

efficacy shows high interindividual variability (Connolly and Lang, 2014).  

Surgery is directed at treating L-DOPA motor complications that are severe 

enough to justify the surgical risk (Munhoz et al., 2016). Bilateral deep brain 

stimulation of the subthalamic nucleus is now an established evidence-based therapy 

for motor fluctuations and dyskinesia in patients with advanced PD, although the 

globus pallidus internus may be an alternative surgical target (Poewe et al., 2017). 

At present, clinical trials are testing ultrasound surgery, a permanent and 

irreversible procedure which seems to improve the motor performance in PD 

patients with asymmetric parkinsonism through unilateral subthalamotomy 

(Martínez-Fernández et al., 2018).  

 

 

 

https://www.michaeljfox.org/news/dyskinesia
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B) Non-motor symptoms  treatment 

It is important to determine if the non-motor symptoms in PD are 

independent or not from the motor symptoms, in order to manage them properly. 

Unlike the majority of motor features of PD, non-motor symptoms have often 

limited treatment options, which are not specific for parkinsonian patients 

(Martinez-Martin et al., 2011; Engels et al., 2019). 

Dopaminergic therapy 

Although not for all symptoms, some studies have described that non-motor 

complications intensity is inversely related to the efficacy of L-DOPA/dopaminergic 

agonists in motor performance, as for pain (Nebe and Ebersbach, 2009) and sleep 

disorders (Rektorova et al., 2008; Trenkwalder et al., 2011).  

Dopaminergic therapy, mainly dopaminergic agonists that bind D3 

receptors, as rotigotine and pramiprexol, improves depression in some patients with 

PD (Willner, 1997; Sauerbier et al., 2017; Schrag and Taddei, 2017; Ryan et al., 2019). 

Other dopaminergic agonist, ropinirole, also caused significant improvement of 

depressive and anxiety symptoms, in addition to controlling motor and sleep 

symptoms (Rektorova et al., 2008).  

Clinical management of sleep disorders is complex because most of the 

antiparkinsonian drugs can alter sleep architecture and induce sleepiness as a side 

effect (Schapira et al., 2017). However, the dopaminergic agonists, ropirinole and 

rotigotine, improved motor symptoms and sleep scores (Rektorova et al., 2008; 

Trenkwalder et al., 2011).  

Musculoskeletal pain is the most common form of pain related to PD and 

usually responds to dopaminergic medication (Wasner and Deuschl, 2012). Pain can 

be significantly alleviated by adjustments of L-DOPA treatment (Nebe and 
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Ebersbach, 2009) and transdermal administration of rotigotine, which improves the 

perception of the affective dimension of PD-associated pain (Rascol et al., 2016; 

Timmermann et al., 2017). In both cases, the improvement was attributed to benefits 

in the motor function.  

Although apathy following subthalamic stimulation responded to ropinirole 

administration (Czernecki et al., 2008), the evidence regarding the effect of 

dopaminergic medication in this non-motor complication is still scarce. 

Other treatments  

Depressive symptoms are often treated with those antidepressants used in 

major depression as, selective serotonin reuptake inhibitors, selective noradrenaline 

(NA) reuptake inhibitors, tricyclic antidepressants, serotonin and NA reuptake 

inhibitors, and monoamine oxidase inhibitors (Schrag and Taddei, 2017; Ryan et al., 

2019). There are no general agreement regarding the effect of deep brain stimulation 

surgery of the subthalamic nucleus or globus pallidus internus in depressive and 

anxiety symptoms (Couto et al., 2014; Pusswald et al., 2019). 

Eszopiclone and melatonin are considered acceptable for the treatment of 

insomnia, and melatonin and clonazepam are the two main pharmacotherapies 

for REM behaviour disorder (Albers et al., 2017; Videnovic, 2018).  

Severe pain is improved with prolonged-release formulation of opioids 

(oxycodone–naloxone) (Trenkwalder et al., 2015) while painful dystonia may be 

relieved with botulinum injections (Bruno et al., 2016, 2018). The selective 

serotonin and norepinephrine reuptake inhibitor, duloxetine, reported pain relief in 

PD patients as well (Djaldetti et al., 2007). 

As for neuropsychiatric symptoms, evidence supports the use of 

cholinesterase inhibitors, rivastigmine, to treat mild to moderate dementia in PD 

https://www.sciencedirect.com/topics/medicine-and-dentistry/musculoskeletal-pain
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(Aarsland et al., 2017). In addition, a controlled trial of rivastigmine showed marked 

improvement in apathy in PD patients without dementia (Devos et al., 2014). 

Psychosis, including visual hallucinations and delusions, are usually treated with 

serotonergic-based antipsychotics (pimvaserin) (Schapira et al., 2017; Weintraub 

and Mamikonyan, 2019).  

Regarding autonomic dysfunction, in patients with orthostatic hypotension 

fludrocortisone and noradrenergic drugs (α1-adrenoceptor agonists, NA transporter 

inhibitors or droxidopa (approved in the United States)) are often used. Constipation 

is usually managed by fibre supplements or laxatives. Urinary dysfunction is treated 

with anticholinergic agents (oxybutynin or tolterodine), β3-adrenergic agonists 

(mirabegron) and botulinum toxin injections (Palma and Kaufmann, 2018).



   Chapter I. Introduction 

17 

1.2. The locus coeruleus 

The LC is the main source of NA in the brain (Dahlstroem and Fuxe, 1964). 

Despite being one of the smallest nuclei in the brain, thanks to its strategic location, 

the LC is a crucial nucleus whose broad noradrenergic projection network explains 

its implication in many physiological functions and pathological conditions.  

1.2.1. Neuroanatomy 

A) Localization and composition 

The LC is a bilateral nucleus, densely composed by noradrenergic neurons. 

It is located in the upper dorsolateral pontine tegmentum and is considered the 

principal noradrenergic nucleus in the central nervous system in humans (Figure 

1.4) (Amaral and Sinnamon, 1977) and rodents (Dahlstroem and Fuxe, 1964) (Figure 

1.5). 

 

 

 

Figure 1.4. Bilateral location of the locus coeruleus in a human brain. (A) Spatial 
extent of the LC (shown in red). (B) Axial slices corresponding to the highlighted 
lines in the sagittal image. Taken from Murphy et al. (2014). 

https://www.sciencedirect.com/topics/neuroscience/substantia-nigra
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Noradrenergic neurons are the biggest cell population within the LC and at 

least two types of cells have been observed, large multipolar and smaller fusiform 

cells (Swanson, 1976). However, GABAergic interneurons also inhabit the LC 

making synapses and efficiently inhibiting the noradrenergic neurons (Aston-Jones 

et al., 2004; Jin et al., 2016; Breton-Provencher and Sur, 2019).   

B) Neurochemical content 

Within the nucleus, in addition to NA, other neurotransmitters are present 

such as galanin (Holets et al., 1988), neuropeptide Y (Holets et al., 1988), glutamate 

(Kaehler et al., 1999b; Timmerman et al., 1999; Somogyi and Llewellyn-Smith, 

2001), serotonin (Kaehler et al., 1999a), GABA (Nitz and Siegel, 1997; Kaehler et al., 

1999b; Somogyi and Llewellyn-Smith, 2001; Aston-Jones et al., 2004), DA (Versteeg 

et al., 1976; Kaehler et al., 1999b) or glycine (Somogyi and Llewellyn-Smith, 2001). 

Receptor expression is also very heterogeneous. Anatomical and functional 

studies have revealed the presence of adrenergic (α1 and α2) (Young and Kuhar, 

Figure 1.5. Representation of the bilateral location of the locus coeruleus in the rat 
brain. Coronal slice showing the ventrolateral location to the fourth ventricle (4V). 
Taken and modified from Paxinos and Watson, 2007. 
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1980; Chamba et al., 1991; Alba-Delgado et al., 2012a), acetylcholine (nicotinic) 

(Egan and North, 1986; Léna et al., 1999), cannabinoid (CB1) (Scavone et al., 2010), 

corticotropin releasing factor (CRF1) (Reyes et al., 2007), dopaminergic (D1, D2, D2/3) 

(Yokoyama et al., 1994; Shelkar et al., 2017; Stark et al., 2018), GABAergic (GABAA 

and GABAB) (Sinkkonen et al., 2000; Wang et al., 2015), glutamatergic (mGlu, 

AMPA and NMDA) (Van Bockstaele and Colago, 1996; Dubé and Marshall, 1997; 

Chandler et al., 2014; Kimura et al., 2015), opioid (µ-opioid and κ-opioid) (Mansour 

et al., 1994; Van Bockstaele et al., 1996; Reyes et al., 2009; Medrano et al., 2017), 

orexin (orexin1, orexin2) (Marcus et al., 2001) and serotonergic (5-HT2A, 5-HT2C ,5-

HT3)  (Parker et al., 1996; Ortega et al., 2012; de Freitas et al., 2016) receptors.  

C) Efferent and afferent projections 

Despite being a tiny nucleus, the LC sends an enormous projecting network, 

which influences the activity of nuclei all over the brain (Figure 1.6A). It sends 

descending projections to the spinal cord (Westlund et al., 1983; Howorth et al., 

2009a; Hirschberg et al., 2017) and densely innervates ascending areas of the CNS as 

the amygdala (McCall et al., 2017; Llorca-Torralba et al., 2019), cerebellum (Schwarz 

et al., 2015), dorsal raphe (Kim et al., 2004), hippocampus (Kempadoo et al., 2016; 

Takeuchi et al., 2016), olfactory bulb (Shipley et al., 1985), paraventricular thalamic 

nucleus (Beas et al., 2018), superior colliculus (Li et al., 2018a) and cortex, including 

prefrontal, orbitofrontal, anterior cingulate and primary motor cortices (Chandler et 

al., 2014; Hirschberg et al., 2017). An individual LC neuron may project to a single 

or, on the contrary, to various projection areas (Chandler et al., 2019); however, it is 

not clear if LC afferents differ depending on the projection target. The SNc and the 

ventral tegmental area also receive modest noradrenergic innervation from the LC 

(Baldo et al., 2003; Mejías-Aponte et al., 2009). Those areas with intense 



Chapter I. The locus coeruleus 

20  

dopaminergic innervation as the striatum show sparse noradrenergic innervation 

(Mason and Fibiger, 1979; Berridge et al., 1997; Delfs et al., 1998; Fitoussi et al., 2013; 

Zerbi et al., 2019).  

The LC can influence dopaminergic transmission distally. Devoto and 

collaborators have extensively characterized that LC-tyrosine hydroxylase (TH) 

positive fibres can co-release not only NA but also DA in the cortex, including 

prefrontal, parietal and occipital cortices involving 2 adrenoceptor-mediated 

mechanisms (Devoto et al., 2001, 2003, 2004, 2005a, 2005b). More recently, other 

authors have also supported that LC activation promotes DA release in the thalamus 

and hippocampus, contributing to stress and cognitive functions (Smith and Greene, 

2012; Kempadoo et al., 2016; Yamasaki and Takeuchi, 2017; Beas et al., 2018). 

As for the afferences (Figure 1.6B), the LC also receives a large variety of 

inputs including those from the cerebellum (Breton-Provencher and Sur, 2019), 

central amygdala (Breton-Provencher and Sur, 2019), dorsal raphe (Kim et al., 2004; 

Lu et al., 2012), hypothalamus (Marcus et al., 2001; Breton-Provencher and Sur, 

2019), paragigantocellularis (PGi) (Aston-Jones et al., 1986; Breton-Provencher and 

Sur, 2019), periaqueductal gray (Breton-Provencher and Sur, 2019), prepositus 

hypoglossi (Aston-Jones et al., 1986; Breton-Provencher and Sur, 2019), superior 

colliculus (Breton-Provencher and Sur, 2019), prefrontal cortex (Lu et al., 2012; 

Torres-Sanchez et al., 2018; Breton-Provencher and Sur, 2019), SNc (Breton-

Provencher and Sur, 2019) and ventral tegmental area (Deutch et al., 1986). 
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Figure 1.6. Main afferent and efferent projections in the locus coeruleus in the 
rodents’ brain. A) The locus coeruleus (LC) sends projections to the amygdala (Am), 
cerebellum (Cb), cortex (Cx), dorsal raphe nucleus (DRN), hippocampus (HPC), 
hypothalamus (Hth), striatum (Str), spinal cord (SpC), substantia nigra (SN), 
superior colliculus (SC) and ventral tegmental area (VTA). B) The LC receives 
afferents from the amygdala (Am), cerebellum (Cb), cortex (Cx), dorsal raphe 
nucleus (DRN), gigantocellular nucleus (Gi), hypothalamus (Hth), periaqueductal 
gray (PAG), prepositus nucleus (Pr), substantia nigra (SN), superior colliculus (SC) 
and ventral tegmental area (VTA). 
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1.2.2. Physiology of the locus coeruleus 

A) Electrophysiology properties 

The LC neurons display two different modes of activity, tonic and phasic 

discharge (Figure 1.7). 

 

 

 

Tonic activity of LC neurons is characterized by exhibiting autonomous 

peacemaking activity, where a combination of Na+, K+ and Ca2+ currents regulates 

the spontaneous activity of the cell (Williams et al., 1984, 1988, 1991; Osmanović et 

al., 1990; Forsythe et al., 1992; Alreja and Aghajanian, 1993; Osmanović and Shefner, 

1993; de Oliveira et al., 2010; Sanchez-Padilla et al., 2014; Matschke et al., 2015, 

2018). The activation of different receptors also regulates LC tonic activity. The α2-

adrenoceptors, which are associated with the Gi/o heterotrimeric G-protein, are the 

main controllers. The activation of these receptors by NA leads to a progressive 

reduction in the firing activity, through local feed-back inhibition, and this effect is 

blocked by pre-treatment with α2-adrenoceptors antagonists (Cedarbaum and 

Aghajanian, 1976; Egan et al., 1983; Freedman and Aghajanian, 1984; Elam et al., 

1986; Ruiz-Ortega and Ugedo, 1997). Moreover, GABA exerts tonic inhibition acting 

onto GABAB receptors in developing rats (Wang et al., 2015).  

Figure 1.7. Locus coeruleus modes of activity. LC neurons are characterized by 
discharging in tonic and phasic mode. 

https://en.wikipedia.org/wiki/Gi_alpha_subunit
https://en.wikipedia.org/wiki/Heterotrimeric_G-protein
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In addition to the tonic activity, LC neurons are able to discharge in a phasic 

mode or burst. An increase in the number of burst discharges has been seen to 

augment the release of NA in the medial prefrontal cortex (mPFC), a target of LC 

projections (Florin-Lechner et al., 1996). This mode of function has been associated 

to responses to sensorial stimuli or to the task processing, that will evoke a burst 

discharge of LC neurons (Grant and Weiss, 2001; West et al., 2009, 2010). This phasic 

mode is consistently associated with a low tonic discharge and high levels of task 

activity performance. On the contrary, higher levels of tonic activity with low 

phasic response to task events has been related to poor performance on tasks that 

require focused attention and corresponds to apparent increases in distractibility 

(Aston-Jones and Cohen, 2005). 

Regarding the oscillatory activity, investigations performed in slices 

containing the LC have provided evidence of a tendency across the nucleus to 

discharge following a synchronous pattern, it is believed that electrical coupling 

between dendrites outside the cell body region promote this synchrony (Christie et 

al., 1989; Ishimatsu and Williams, 1996). However, the synchronous pattern within 

the LC disappears with age in adult rats (Christie et al., 1989). In this line, a recent 

study in anaesthetized rats, using a high-channel density recordings to gather a 

dense data package from the LC population, shows that only a small proportion of 

unit pairs have synchronized spontaneous discharge. Moreover, this little 

synchronized activity was found to be present only in subsets of LC neurons which 

tend to project to similar forebrain targets (Totah et al., 2018). 
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B) Cell diversity 

The availability of new technologies, as optogenetics and chemogenetics, 

that allow efficient activation/inhibition of specific anatomical projections or 

cellular subtypes, unravelled that the LC is a more heterogeneous nucleus than 

previously proposed.  Indeed, there is emerging evidence suggesting that the LC does 

not necessarily act functionally as a uniform cluster of neurons, but more as 

specialized subsets. Various publications demonstrate that subpopulations of LC 

neurons send different projections to the mPFC, orbitofrontal cortex, motor cortex, 

spinal cord or basolateral amygdala (Chandler et al., 2014; Li et al., 2016; Hirschberg 

et al., 2017; Llorca-Torralba et al., 2019).  

Along with the segregate connections, LC neurons that innervate the PFC 

(mPFC or orbitofrontal cortex) differ biochemically and electrophysiologically from 

the neurons projecting to the motor cortex. For instance, the majority of the LC 

neurons project to the PFC and contains higher levels of mRNA transcripts coding 

for markers of excitability and release (AMPA receptor subunit GluR1, NMDA 

receptor subunit NR1, VMAT2 and voltage-gated sodium channel subunit β3), 

display  increased spontaneous firing rate, as well as enhanced size and frequency of 

glutamate-mediated excitatory postsynaptic currents (Chandler et al., 2014). 

Electrophysiological specialization of spinally projecting LC neurons was also 

reported, since the action potential duration was shorter and the 

afterhyperpolarization was smaller in comparison to the rest of LC neurons (Li et al., 

2016). In a recent publication (Totah et al., 2018) two types of LC units were 

identified according to their spike waveform width, which show different firing 

frequency and spatial distribution. Despite overall sparse population synchrony, 

neurons with a brief synchronous activity (over submilliseconds) were more likely 
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to project to the same forebrain region. These recent findings suggest an important 

cellular diversity and distinct functional roles of LC neurons. 

Apart from the cell diversity, the LC also accounts sex differences at 

molecular and functional levels, suggesting that this dimorphism may influence 

behavioural differences for certain diseases, as anxiety. A recent study showed 

elevated expression of the prostaglandin EP3 receptor in the LC from female mice, 

whose agonism produced a stronger inhibitory effect on LC firing and LC-driven 

anxiety behaviour (Mulvey et al., 2018). In addition, significant reduction in the µ-

opioid receptor-mediated inhibition and µ-opioid receptor expression has been 

reported in the LC from females rats, what has been related to less impulsive 

behaviour and higher perseverative responses in comparison to male rats (Guajardo 

et al., 2017).  

1.2.3. Implication of the locus coeruleus in physiological 

and pathological conditions 

As consequence of its widespread axonal projections, the LC has a critical 

role in a diverse range of functions as the nociceptive transmission, anxiety, 

sleep/wake states and cognition. 

One of the most studied physiological function of the LC is its participation 

in the nociceptive transmission. Sensory stimulation triggers the transmission of the 

information from the spinal cord to supra-spinal levels as the PGi, which innervates 

the LC, and from there the signal is send to the thalamus and cortical structures 

(Andrezik et al., 1981; Aston-Jones et al., 1986; Ennis et al., 1992; Llorca-Torralba et 

al., 2016; Neves et al., 2018; Vazey et al., 2018; Breton-Provencher and Sur, 2019). 

On one hand, the LC is implicated in the descending pain modulatory pathway 
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through its projections to the spinal cord. The NA released at spinal levels suppresses 

the transmission of the sensory information via α2-adrenoreceptors, promoting 

analgesia in control and pain model animals (Hentall et al., 2003; Hirschberg et al., 

2017). On the other hand, optoactivation of the LC evoked antinociceptive or 

pronociceptive effects, suggesting the existence of different subpopulations in the 

LC with bidirectional influence in pain perception and aversion/anxiety (Hickey et 

al., 2014). Cellular segregation has helped to further characterize the LC diversity. 

Selective activation of cells with ascending projections to the mPFC or to the 

basolateral amygdala promotes emotional aversive aspects of pain in a model of 

neuropathic pain (Hirschberg et al., 2017; Llorca-Torralba et al., 2019).  

The LC noradrenergic system also plays a major role in the apparition of 

negative emotions such as anxiety, stress, defensive and aversive behaviour, driven 

by the activation of different efferent projections. Activation of the LC-mPFC and 

LC-basolateral amygdala pathways mentioned above is aversive and anxiogenic in 

control animals  (Hirschberg et al., 2017; McCall et al., 2017; Llorca-Torralba et al., 

2019). At the same time, stimulation of inputs originated in the central amygdala to 

the LC increases tonic LC activity and induces anxiety-like and aversive behaviours, 

through the endogenous corticotropin releasing hormone (McCall et al., 2015). 

Interestingly, corticotropin-releasing factor antagonist administration during stress 

decreased tonic LC discharge, which was opioid-mediated (Curtis et al., 2012). 

Moreover, activation of LC projections to the superior colliculus mediates stress-

induced accelerated defensive responses to looming, in an adrenergic receptor 

dependent manner (Li et al., 2018a). Regarding the implication of the LC in 

depression, depressive-like behaviour is observed following loss of LC noradrenergic 

neurons (Szot et al., 2016). 
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The LC noradrenergic neurons have been long related to the modulation 

between sleep/waking states proving a causal relationship between LC 

noradrenergic neuron firing, sleep-to-wake transitions and maintenance of 

wakefulness (Aston-Jones and Bloom, 1981a; Carter et al., 2010). More recently, it 

has been revealed that GABAergic neurons in the LC reduce noradrenergic neuron 

mediated arousal (Breton-Provencher and Sur, 2019). In addition, LC noradrenergic 

neuron activation accelerates behavioural emergence from deep isoflurane 

anaesthesia, through β and α1-adrenorecceptors (Vazey and Aston-Jones, 2014). 

Noradrenergic fibres originated in the LC have been identified in brain areas 

related to memory/cognition such as the dorsal hippocampus and PFC. It has long 

been believed that dopaminergic signalling in the dorsal hippocampus comes mainly 

from the ventral tegmental area (Lisman and Grace, 2005). However, recent 

publications have reported that LC-TH+ fibres densely innervate the dorsal 

hippocampus, co-realising both neurotransmitters, NA and DA and subsequently 

promoting spatial learning and memory via the dopaminergic D1/D5 receptor 

(Kempadoo et al., 2016). Other authors reported that LC activation successfully 

enhances memory retention, presumably mimicking the response to environmental 

novelty (Takeuchi et al., 2016). The LC also regulates cognitive functions through 

its projection to the PFC. Indeed, lesion of these noradrenergic afferents impairs 

attentional set-shifting, a measure of attention and cognitive flexibility (Newman et 

al., 2008), and stimulation of LC terminals in the PFC improves it (Cope et al., 2019).  

Interestingly, many of the pathological situations triggered by the 

dysfunction of the LC are present in PD, stressing the role of this nucleus in the 

development of the non-motor complications of the disease.  
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1.3. The noradrenergic system in Parkinson’s disease 

In the last decades, researchers have shown increasing interest in further 

understanding the pathophysiological basis of the non-motor symptoms present in 

PD, with special focus on the noradrenergic system.  

1.3.1. Noradrenergic dysfunction in Parkinson’s disease  

A) Anatomical and functional studies  

There is substantial evidence showing degeneration of the noradrenergic 

system in patients with PD. Numerous anatomical post mortem studies in brains of 

patients with PD have documented a moderate to severe cell loss (around 30-90%) 

and Lewy body pathology in the LC, equal in magnitude throughout the rostral-

caudal parts of the nucleus (Gaspar and Gray, 1984; Chan-Palay and Asan, 1989; 

German et al., 1992; Bertrand et al., 1997; Zarow et al., 2003; McMillan et al., 2011). 

Specifically, neuromelanin-containing medium-size LC neurons present somatic 

and dendritic alterations, whereas smaller non-noradrenergic LC cells do not show 

severe pathological changes (Patt and Gerhard, 1993). Consistent with LC neuron 

loss,  patients with PD show decreased noradrenergic innervation of LC target 

structures, including prefrontal and motor cortex, striatum, thalamus, 

hypothalamus, and cerebellum (Kish et al., 1984; Shannak et al., 1994; Pavese et al., 

2011; Pifl et al., 2012; Sommerauer et al., 2018b). The atrophy of TH-containing 

axons is not restricted to the central nervous system, since a prominent loss of 

noradrenergic innervations of the peripheral autonomic system has been 

demonstrated, including the left cardiac ventricle (Hakusui et al., 1994; Takatsu et 

al., 2000; Slaets et al., 2015). Recent neuromelanin-sensitive magnetic resonance 

studies found progressive loss of the LC signal in both, idiopathic or genetic PD 
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patients and late- or early-stage patients; even distinguishing a lower signal in those 

PD patients with depressive symptoms (Sasaki et al., 2006; Ohtsuka et al., 2013; 

Castellanos et al., 2015; Schwarz et al., 2017; Wang et al., 2018). 18F-dopa positron 

emission tomography imaging, as an index of monoaminergic nerve terminal 

function, have also demonstrated reduced uptake in the LC, indicating progressive 

loss of noradrenergic terminal function in parkinsonian patients (Pavese et al., 2011) 

(Figure 1.8). LC in vivo imaging has the potential to provide new pathophysiological 

insights, as it is likely to change with disease progression, and stratify patients 

according to noradrenergic dysfunction  (Betts et al., 2019). In fact, it was recently 

shown that in vivo magnetic resonance imaging of brain cell water 

delineates the LC not only in human, but also in mice (Watanabe et al., 2019), and 

that pupil diameter covaries with blood‐oxygen‐level‐dependent functional 

magnetic resonance in human LC (Murphy et al., 2014). 

 

 

Figure 1.8. Findings in the locus coeruleus of Parkinson’s disease patients. (A) 
Macroscopic image from the brain of a cadaver without PD showing presence of 
neuromelanin in the LC (arrow). (B) Macroscopic image from the brain of a patient 
with pathologically proven PD with reduced neuromelanin pigment in the LC 
(arrow). (C) Neuromelanin magnetic resonance of a healthy control, hyperintensity 
found at the LC (arrow). (D) Neuromelanin magnetic resonance of a patient with 
PD, the hyperintensity areas indicating the LC (arrow) do not emerge. Taken and 
modified from Sasaki et al. (2006). 
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Anatomical studies using the unilaterally 6-OHDA lesioned rat model show 

that the number of LC neurons is not affected by the DA loss (Miguelez et al., 2011b; 

Oliveira et al., 2017; Ostock et al., 2018), but MPTP-treated monkeys exhibit LC cell 

loss (Pifl et al., 1991). Few electrophysiological studies using anaesthetized 6-OHDA 

lesioned animals have also revealed that experimental DA degeneration influences 

LC neuron basal activity. In this regard, results are contradictory reporting increased 

or decreased activity, and altered response to antidepressant agents in parkinsonian 

rodents (Wang et al., 2009; Miguelez et al., 2011a, 2011b).  

B) Neurochemical studies 

Although plasma NA levels are elevated in de novo patients with PD 

(Ahlskog et al., 1996), neurochemical studies have reported lower levels of the 

neuronal NA metabolite, dihydroxyphenylglycol, in the cerebrospinal fluid 

(Goldstein et al., 2012), as well as marked reduction of DA-beta-hydroxylase 

activity, an enzyme responsible for hydroxylation of DA to NA, in parkinsonian 

patients (Hurst et al., 1985; O’Connor et al., 1994). Regarding changes in adrenergic 

receptors in PD, an in vitro autoradiographic study showed upregulation of 1- and 

1- adrenoreceptors and reduced density of 2-adrenoreceptors in the PFC of post 

mortem parkinsonian patients (Cash et al., 1984).  

Animal studies performed in the unilateral 6-OHDA model have reported 

that NA levels in different projection areas are variably decreased. In the PFC of the 

lesioned hemisphere, some authors found unchanged (Delaville et al., 2012a, 2012b) 

or reduced NA concentrations (Shin et al., 2014; Ostock et al., 2018). Similarly, other 

areas with sparse noradrenergic innervation, as the striatum, show unchanged (Shin 

et al., 2014; Ostock et al., 2018) or lower NA levels (Ostock et al., 2015) but increased 

noradrenergic transporter sites (Chotibut et al., 2012). Bilateral models of 6-OHDA 
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show, however, more robust NA deficits in the cortex and striatum (Vieira et al., 

2019). Another widely used model of PD, the MPTP-treated monkeys, exhibits clear 

noradrenergic damage, such as lower NA concentrations in several brain regions and 

reduced noradrenergic innervation of the SNc and the subthalamic nucleus (Pifl et 

al., 1991; Masilamoni et al., 2017). Some publications have also reported low NA 

striatal, cortical and olfactory bulb tissue content in MPTP-treated mice (Dluzen, 

1992; Luchtman et al., 2009; Nayyar et al., 2009; Ando et al., 2018). Evidence 

regarding the integrity of the noradrenergic system in transgenic mice models of PD 

is more scarce but also stresses noradrenergic impairment in some, but not all, 

parkinsonian genotypes, as parkin- or LRRK-null mice, Pink1-/-rats or mice 

expressing A53T human α-synuclein (Giasson et al., 2002; Von Coelln et al., 2004; 

Sotiriou et al., 2010; Grant et al., 2015; Giaime et al., 2017; Cullen et al., 2018). 

1.3.2. Implications of the noradrenergic dysfunction in 

Parkinson’s disease 

The degeneration of the noradrenergic system in the CNS and periphery 

occurring in PD is associated with a broad spectrum of non-motor symptoms that 

encompass autonomic, behavioural and cognitive parameters. In accordance with 

the predicted Braak’s stages, the different clinical features due to noradrenergic 

dysfunction can be observed along the progression of the disease (Halliday et al., 

2011) and, often appear before the onset of motor symptoms. Detecting 

noradrenergic impairment could be used as a diagnostic biomarker for early 

detection of the neurodegeneration (Betts et al., 2019). The following non-motor 

complications appear in the course of the disease and can be associated, at least in 

part, with malfunctioning of LC neurons.  
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Sympathetic autonomic dysfunction  

Patients with symptomatic orthostatic hypotension exhibit decreased LC 

neuromelanin signal on magnetic resonance studies (Sommerauer et al., 2018a) and 

low plasma levels of NA, which is associated with supersensitivity of vascular 

adrenergic receptors and an up-regulation of platelet 2-adrenoceptors (Senard et 

al., 1990). The clearest clinical laboratory correlate of dysautonomia in PD is the loss 

of myocardial noradrenergic innervation, detected by cardiac sympathetic 

neuroimaging (Jain and Goldstein, 2012). Urinary and sexual dysfunctions are late 

features of PD related to degeneration of brain regions that innervate the bladder, 

among them the LC (Micieli et al., 2003; Park and Stacy, 2009). 

Sleep disturbances  

Sleep impairments, which are often premotor manifestations may underlie 

LC dysfunction, since this nucleus contributes to the control of arousal and sleep-

wake cycle (Carter et al., 2010). In fact, post mortem examinations of patients with 

REM sleep behaviour disorder without motor symptoms revealed neuronal loss and 

Lewy bodies in the LC (Uchiyama et al., 1995). Recently, neuromelanin-sensitive 

magnetic resonance have linked LC neuromelanin levels with amount of REM sleep 

without atonia in patients with PD (Sommerauer et al., 2018a).  

Sensory features: pain 

Despite the link between the noradrenergic system and the nociception, this 

relationship has been hardly explored in patients with PD. Treatment with 

duloxetine, a selective serotonin and norepinephrine reuptake inhibitor, relieved 

pain symptoms with a suspected central origin in 65% of the patients. Improvements 

in subjective measures included better quality of life and general pain scores, but no 

effect on heat-pain threshold have been reported (Djaldetti et al., 2007).  
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Neuropsychiatric disorders  

There is strong evidence supporting the correlation between noradrenergic 

function and depression in patients with PD. In fact, in PD patients with depression 

neuroimaging and neuropathological studies have demonstrated a reduction of 

[11C]RTI-32 (catecholaminergic binding ligand) binding in the LC and projecting 

regions of the limbic system  areas (cingulate cortex, thalamus, ventral striatum or 

amygdala), as well as gliosis and cell loss at the LC level (Remy et al., 2005; Frisina 

et al., 2009). Mostly, selective serotonin reuptake inhibitors and tricyclic 

antidepressants have demonstrated significant, but not total, clinical improvement 

(Schrag and Taddei, 2017; Ryan et al., 2019). In fact, a negative correlation was found 

between the level of DA and NA transporter availability in the LC and the severity 

of anxiety in patients with PD and depression (Remy et al., 2005).  

The loss of LC neurons and decreased noradrenergic connections to forebrain 

areas are associated with cognitive dysfunction in PD (Cash et al., 1987; 

Rommelfanger and Weinshenker, 2007; Vazey and Aston-Jones, 2012; Sommerauer 

et al., 2018a). Flexibility in cognitive processing is an essential function of PFC and 

loss of prefrontal noradrenergic input has been proposed to contribute to prodromal 

cognitive deficit (Vazey and Aston-Jones, 2012). Although dementia in PD is related 

to a substantial reduction in cortical cholinergic markers, PD patients with dementia 

show more severe loss of noradrenergic input from the LC to cortical areas, in 

comparison with the cases without dementia (Chan-Palay and Asan, 1989). 

Furthermore, the presence of dementia in patients with PD was associated with 

significantly lower LC neuronal counts (Zweig et al., 1993). Other studies have also 

related dementia severity to LC dysfunction, since the signal obtained through 

neuroimaging of the LC was significantly decreasing over these three conditions: 
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control, patients with PD and patients with PD and mild cognitive impairment (Li 

et al., 2019). 

Animal studies 

At the behavioural level, regardless discrepancies found through the 

scientific publications, parkinsonian animals tend to mimic the human 

symptomatology showing motor and also non-motor impairment (Titova et al., 

2017). An array of studies report that rodents lesioned with 6-OHDA or MPTP show 

anxious and depressive behaviour, pain, cognitive and sleep disturbances (Monaca 

et al., 2004; Pérez et al., 2009; Berghauzen-Maciejewska et al., 2014; Vo et al., 2014; 

Kamińska et al., 2017; Charles et al., 2018; Campos et al., 2019; Domenici et al., 

2019), more notably in bilateral models of the disease (Ferro et al., 2005; Tadaiesky 

et al., 2008; Santiago et al., 2010; Bonito-Oliva et al., 2014; Vieira et al., 2019). 

Although the participation of other nuclei cannot be ruled out, the role of the LC in 

the mentioned symptoms is widely accepted as previously mentioned. 

1.3.3. Neuroprotective effect of noradrenaline on 

dopaminergic degeneration 

Preclinical studies combining noradrenergic and dopaminergic dual lesions 

have suggested a neuroprotective effect of NA in the process of neurodegeneration 

of the dopaminergic neurons. Data from MPTP lesions in mice and marmosets stress 

that LC damage leads to a loss of dopaminergic neurons in the SNc, followed by more 

pronounced motor deficits (Mavridis et al., 1991; Marien et al., 1993; Bing et al., 

1994; Fornai et al., 1995, 1997; Yao et al., 2015; Li et al., 2018b). Conversely, the 

damage produced by MPTP is reduced when the synthesis of NA is boosted 

(Kilbourn et al., 1998; Archer, 2016) or the NA transporter is knocked out 
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(Rommelfanger et al., 2004). A recent publication using mutant mice characterized 

by the progressive degeneration of DA neurons demonstrated that chronic 

pharmacological NA transporter blockade ameliorates such degeneration and the 

subsequent motor impairment (Kreiner et al., 2019). Peripheral administration of 

the NA transporter blocker atomoxetine also reduced dopaminergic damage in a 

lipopolysaccharide inflammatory rat model of PD (Yssel et al., 2018). Direct NA 

damage by the administration of the neurotoxin N-(2-chloroethyl)-N-ethyl-2-

bromobenzylamine also produces motor deficits and dopaminergic cell loss in 

control rats (Af Bjerkén et al., 2019). The mechanism underlying this 

neuroprotective effect is still unknown, although some publications suggest that NA 

deficit accelerates DA neurodegeneration by promoting microglial inflammation in 

the SNc (Yao et al., 2015; Af Bjerkén et al., 2019). Some studies performed in 6-

OHDA lesioned rodents also suggest that noradrenergic lesions in parkinsonian rats 

augment DA neuron vulnerability (Ostock et al., 2014) leading to lower DA levels 

(Srinivasan and Schmidt, 2003) and worsening of motor performance (Srinivasan 

and Schmidt, 2003, 2004; Wang et al., 2010; Shin et al., 2014; Ostock et al., 2018). 

However, other studies using the same 6-OHDA model did not reproduce the latter 

findings (Delaville et al., 2012a; Guimarães et al., 2013; Ostock et al., 2014; Shin et 

al., 2014).  

Although wide evidence supports the neuroprotective role of the 

noradrenergic system in parkinsonian animal models, the clinical relevance of this 

findings are still unknown.  
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2. HYPOTHESIS AND OBJECTIVES 

PD is a neurodegenerative disorder, which was defined initially by its motor 

symptoms. However, nowadays it is widely accepted that it is more likely to be a 

complex disorder rather than a pure motor disease. One of the first area undergoing 

degeneration in PD is the LC. This nucleus provides extensive innervation 

throughout the brain, mPFC among others, and plays a fundamental 

neuromodulatory role participating in stress responses, emotional memory and 

control of motor, sensory and autonomic functions. Considering these findings, we 

hypothesized that dopaminergic lesion induces modifications in the LC that could 

be responsible for the appearance of non-motor PD symptoms.  

The global aim of this study was to investigate the impact of the DA depletion 

in the function of LC neurons and the subsequent behavioural consequences.  

To this end, the specific objectives of the present study were:  

I. To investigate in vivo the electrophysiological changes induced by the DA 

depletion in LC neuron activity.  

For this purpose, we measured tonic and phasic electrical activity of LC 

neurons in sham and 6-OHDA lesioned rats. We also analysed its 

modulation by the α2-adrenergic agonist, UK 14,304, and L-DOPA. 

 

II. To characterise the oscillatory activity and synchronization in the LC and 

between the LC and the mPFC after DA depletion.  

For this purpose, we analysed simultaneous recordings of the LFP and ECoG 

activity in sham and 6-OHDA lesioned rats. We also investigated the effect 

of L-DOPA administration in absence or presence of the dopaminergic 

lesion.  
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III. To evaluate ex vivo the impact of DA depletion in neuron activity and 

excitatory and inhibitory synaptic transmission in the LC. 

For this purpose, we performed whole-cell patch-clamp recordings of LC 

neuron intrinsic properties, and analysed glutamatergic and GABAergic 

synaptic transmissions in LC neurons from sham and 6-OHDA rats. 

 

IV. To investigate the histochemical changes in the LC and modifications 

regarding the nociceptive and anxious behaviour in parkinsonian rats 

For this purpose, we measured the TH and extracellular signal-regulated 

kinases 1 and 2 (ERK1/2) expression using the western blot (WB) technique 

and COX activity in the LC from sham and 6-OHDA rats. In addition, we 

carried out a battery of nociceptive and anxious behavioural tests in the same 

experimental groups 
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3. EXPERIMENTAL PROCEDURES 

3.1. Animals 

139 male Sprague–Dawley rats (SGiker facilities from the University of the 

Basque Country or Janvier Labs) of 7 weeks of age (±190 g) at the beginning of the 

experiments were used. They were housed in groups of three-five in standard 

laboratory conditions (22 ± 1 °C, 55 ± 5% of relative humidity, and a 12:12 h 

light/dark cycle) with ad libitum access to food and water. Every effort was made to 

minimize animal suffering and to use the minimum number of animals per group 

and experiment. Experimental procedures comply with the ARRIVE guidelines and 

were performed in accordance with the EU Directive 2010/63/EU and Spanish (RD 

53/2013) regulations for the care and use of laboratory animals. All protocols were 

reviewed and approved by the Local Committee for Animal Experimentation at the 

University of the Basque Country (Leioa, Spain; CEEA/M20-2015-024) and the 

University of Cadiz (27-04-2016-0872, P001/16). 

3.2. Drugs 

The drugs used in this study are shown in Table 3.1. 

All drugs were prepared on the day of the experiment. Benserazide, chloral 

hydrate, desipramine, L-DOPA, RX 821002, UK14,304 and Dolethal were prepared 

in physiological saline (0.9% NaCl) and 6-OHDA in milli-Q water containing 0.02% 

ascorbic acid. For ex vivo recordings drug stocks were prepared in milli-Q water (D-

AP5, gabazine, QX 314 chloride and strychnine) or in DMSO (CGP55845, DNQX 

and picrotoxin) and diluted in artificial cerebrospinal fluid right before application. 
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Drug Activity Purchased from 

6-OHDA hydrochloride 

(6-Hydroxydopamine) 
Catecholaminergic neurotoxin Sigma-Aldrich 

Benserazide hydrochloride 
Peripheral DOPA-decarboxylase 

inhibitor 
Sigma-Aldrich 

CGP55845 GABAB receptor antagonist Tocris 

Chloral hydrate Anaesthetic Sigma-Aldrich 

D-AP5 NMDA antagonist Tocris 

Desipramine hydrochloride NA reuptake inhibitor Sigma-Aldrich 

DNQX Non-NMDA receptor antagonist Sigma-Aldrich 

Dolethal  

(Pentobarbital Sodium) 
Anaesthetic Vetoquinol 

Gabazine GABAA receptor antagonist Sigma-Aldrich 

Isoflurane Anaesthetic Esteve 

L-DOPA Precursor of dopamine Sigma-Aldrich 

Picrotoxin GABAA receptor antagonist Abcam 

QX 314 chloride Na+ channel blocker Tocris 

RX 821002 hydrochloride α2-adrenoceptor antagonist Sigma-Aldrich 

Strychnine hydrochloride Glycine receptor antagonist Sigma-Aldrich 

UK14,304 tartrate α2-adrenoceptor agonist Tocris 
 

Antibody Activity Purchased from 

Rabbit anti-TH  Primary antibody 
Merk-Millipore or 

Pierce 

Biotinylated goat anti-rabbit IgG Secondary antibody Vector Laboratories 

Goat Anti-rabbit IgG Secondary antibody LI-COR 

Mouse anti-ERKt Primary antibody Cell signaling 

Goat anti-mouse IgG Secondary antibody LI-COR 

Rabbit anti-pERK  Primary antibody Neuromics 

Goat Anti-rabbit IgG Secondary antibody LI-COR 

Table 3.1. Drugs and antibodies used in the study. 
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3.3 Experimental design 

The design and timeline of the experiments are shown in Figure 3.1. At the 

beginning of all the studies, rats received 6-OHDA or vehicle injections into the 

right medial forebrain bundle (MFB); the groups are referred to as sham or 6-OHDA 

rats. Prior to the electrophysiological or behavioural experiments, the dopaminergic 

lesion was screened using the cylinder test. Only those animals showing a use of the 

contralateral forelimb compatible with severe dopaminergic loss (see section 3.6.1) 

further followed the experimental protocol. At the end of the experiments, TH 

immunostaining confirmed post mortem the severe dopaminergic depletion. 

Study I 

In vivo single-unit extracellular recordings of LC cells were obtained two 

(sham n=8 and 6-OHDA n=9) and four (sham n=11 and 6-OHDA n=13) weeks after 

the stereotaxic injection of 6-OHDA or corresponding vehicle. In order to study LC 

tonic and phasic neuron activity, baseline recordings and sensory-evoked responses 

triggered by a paw compression were acquired in anaesthetized rats. For studying 

the effect of DA replacement, L-DOPA (24 mg/kg plus benserazide 12 mg/kg, i.p.) 

was administered and LC cell recordings were obtained from 30 to 90 min after. An 

additional set of animals (8 sham and 9 6-OHDA animals) received cumulative 

increasing doses of the α2-adrenoceptor agonist, UK 14,304.  

Study II 

In vivo local field potential (LFP) from the LC and electrocorticograms 

(ECoG) from the mPFC were recorded four weeks after the lesion in anaesthetized 

rats (sham n=9 and 6-OHDA n=11). LFP and ECoG were simultaneously recorded 

in absence or presence of L-DOPA (24 mg/kg plus benserazide 12 mg/kg, i.p.), as 
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described above. In addition, the impact of a paw compression in the LFP and ECoG 

was analysed.  

Study III 

Ex vivo, patch clamp electrophysiological recordings were performed four 

weeks after the lesion in brain slices from 23 sham and 27 6-OHDA animals. LC 

basal intrinsic properties, as well as spontaneous and evoked glutamatergic and 

GABAergic synaptic transmission were evaluated. 

Study IV 

TH expression and ERK1/2 activation were studied by WB procedures (6 

animals per group). In a parallel group of animals (sham n=6; 6-OHDA n=6), COX 

activity was also analysed. Nociceptive and anxiety testing was performed in sham 

(n = 8) and 6-OHDA lesioned rats (n = 11). Nociceptive behaviour was evaluated one 

week before and during four weeks (once per week) after the surgery. Anxiety 

behaviour was evaluated five weeks after the lesion.  
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3.4. Dopaminergic lesion with 6-OHDA  

The most extensively used animal model of PD is the 6-OHDA lesioned rat 

model (Ungerstedt, 1968). The toxin is injected in the MFB, where enters in the 

dopaminergic fibres of the neurons through the DA transporter. Retrogradely 6-

OHDA is transported to the dopaminergic cell bodies of the SNc where it causes the 

neuronal death. 

Animals were unilaterally lesioned with 6-OHDA following the protocol 

described in (Miguelez et al., 2011b) with some modifications and represented in 

Figure 3.2. Animals were anesthetized with isoflurane (4% for induction and 1.5-

2% for maintenance) and placed in the stereotaxic frame (David Kopf® Instruments, 

Tujunga, California, EEUU, model 957). For preventing damage in the noradrenergic 

system, desipramine (25 mg/kg, i.p.) was administered thirty minutes before the 

injection of 6-OHDA. The scalp was incised, the skull exposed and a hole (0.5-1 mm 

diameter) drilled over the right MFB. 6-OHDA (3.5 μg/μl) was injected using a 

Hamilton syringe in the following coordinates (relative to bregma and the dural 

surface): AP=-4.0 mm, ML=-0.8 mm, DV=-8.0 mm, (tooth bar=+3.4; 2 μl deposit); 

and AP=-4.4, ML=-1.2, DV=-7.8 (tooth bar=-2.4; 2.5 μl deposit). The toxin was 

infused at a rate of 1 μl per min by a syringe infusion pump (KDS Scientific, 

Massachusetts, USA).  The needle was left in the site of injection for additional 2-4 

mins to allow the toxin to diffuse into the structure, before its slow retraction. Sham 

animals received exactly the same procedures, but using vehicle (0.02% ascorbic acid 

in MiliQ water) instead of 6-OHDA. The severity of the dopaminergic loss was first 

screened with the cylinder test and verified post mortem with TH 

immunohistochemical assays.  
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The 6-OHDA solutions were prepared daily for each session and changed 

every 2-3 h. The solution was kept in the dark and on ice during surgery to avoid 

oxidation, which is indicated by a colour change (clear to brown-pink colour). 

 

 

3.5. Electrophysiology procedures 

3.5.1. In vivo single-unit extracellular recordings of locus 

coeruleus neurons in anesthetized rats 

A) Animal preparation 

Animals were anaesthetized intraperitoneally with chloral hydrate. For 

induction of the anaesthesia, 420 mg/kg was used, followed by continuous 

administration of the anaesthetic at a rate of 115.5 mg/kg/h, using a peristaltic pump 

to keep a steady level of anaesthesia. For intravenous drug administration, a catheter 

Figure 3.2. 6-OHDA lesion procedure. Animals were mounted on a stereotaxic 
frame and maintained under isoflurane anaesthesia. A hole was drilled on the skull 
and 6-OHDA was injected by means of a Hamilton syringe connected to a pump. 
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was inserted in the jugular vein. After, the animal was placed in the stereotaxic 

frame (David Kopf® Instruments, Tujunga, California, EEUU, model 957) and the 

body temperature was maintained at 37 °C for the entire experiment by means of a 

heating pad connected to a rectal probe (RTC-1 Thermo Controller, Cibertec).  

The head was oriented at 15º to the horizontal plane (nose down) and a 

burhole was drilled and using a hydraulic microdrive (David Kopf® Instruments, 

Tujunga, California, EEUU, model 640) the electrode was stereotaxically lowered in 

coordinates of the LC (relative to lambda): AP: -3.7 mm, ML: -1.1 mm, DV: -5.5 to -

6.5 mm (Paxinos and Watson, 1997). 

For those experiments when ECoG activity of the mPFC was recorded, a 1-

mm-diameter steel screw was placed above the right mPFC and juxtaposed to the 

dura (coordinates relative to bregma: AP: +2.6 mm and ML: -0.6 mm) (Paxinos and 

Watson, 1997). All recordings were performed in the hemisphere lesioned with 6-

OHDA (Figure 3.3). 

 

 

 

Figure 3.3. Representation of the in vivo electrophysiological studies. Scheme 
showing the glass electrode in the LC and the mPFC ECoG recording locations. On 
the right, representative recording tracks of the ECoG, LC-LFP and spikes are 
shown. 



Chapter III. Experimental procedures 

 

51 

B) Recording electrode preparation 

For the recording electrode preparation, Omegadot single glass micropipettes 

(TW150F-4, World Precision Instruments, UK) were pulled using an automatic 

vertical electrode stretcher (Narishige Scientific Intrument Lab, model PE-2). After, 

the tip of the electrode was broken to a tip diameter of 1-2.5 μm (approximately 5–

7 MΩ) and filled with a 2% solution of Pontamine Sky Blue in 0.5% sodium acetate. 

C) In vivo electrophysiological recordings 

Single-unit extracellular recording 

LC neuron single-unit extracellular signal from the electrode was first pre-

amplified (10X) and later amplified (100X) in a high-input impedance amplifier 

(Cibertec S.A., model amplifier 88) where the signal was also bandpass filtered (1000 

Hz), and then monitored on an oscilloscope (Tektronix® 5111A) and audio monitor 

(Cibertec S.A., model AN-10). Next, the signal was bandpass filtered at 30-3000 Hz 

in a second amplifier (Cibertec S.A. model 63AC) and neuron action potentials 

(spikes) were digitized using computer software (CED micro 1401 interface and 

Spike2 software, Cambridge Electronic Design, UK). LC neurons were identified by 

standard criteria (Cedarbaum and Aghajanian, 1976) which included: spontaneous 

activity displaying a regular rhythm, firing rate between 0.5 and 5 Hz and 

characteristic spikes with a long-lasting positive–negative waveform (Figure 3.4). 

The basal firing rate was recorded for 3-5 min or until stable baseline was obtained. 

Procedure is represented in Figure 3.5. 
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Local field potential  

The LFP of the LC was recorded through the same glass electrode used for 

single-unit extracellular recordings, both signals were recorded at the same time. 

This signal was amplified (10X) and bandpass filtered (0.1-100 Hz) in a second 

amplifier (Cibertec S.A., model amplifier 63AC) (Figure 3.5). The discriminated LFP 

activity (sampled at 2500 Hz) was digitized, stored and analysed using computer 

software (CED micro 1401 interface and Spike2 software, Cambridge Electronic 

Design, UK). 

Electrocorticogram activity 

Simultaneous to the recording of the LC LFP, ECoG activity of the mPFC 

was recorded. The signal was pre-amplified (10X), amplified (200X) and bandpass 

filtered (0.1-1000 Hz) in an amplifier (Cibertec S.A., model amplifier 63AC) (Figure 

3.5).  

Figure 3.4. Example of a single spike from a locus coeruleus neuron recorded in 
vivo. Signal was taken from Spike2 recordings. The abscise and ordinate axes 
represent duration (ms) and amplitude (mV) of the action potential, respectively. 
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Phasic activity 

Phasic LC activation, triggered by a sensory stimulus, was recorded after 

stable basal spontaneous firing. Paw compression was applied manually for 1 s to the 

contralateral hind paw of the animal, using a surgical forceps as described in (Borges 

et al., 2017a). This sensory-evoked response is well characterized by a burst 

discharge followed by a suppression period. For each neuron recorded, sensory-

evoked response was applied 5 times at the most with a 100-second interval; similar 

compression was applied to the ipsilateral paw. To prevent paw damage, no more 

than 4 neurons were studied per animal. Lastly, the changes in the potential evoked 

by the compression of the contralateral paw of the animal (event related potentials) 

were assessed by recording the LFP and the ECoG signals (Ehlers and Somes, 2002). 

Figure 3.5. Schematic illustration of extracellular electrophysiological procedure in 
vivo. Briefly, the extracellular signal recorded was passed through high input 
impedance amplifiers, displayed in an oscilloscope, and monitored with an 
audioanalyser. The signals were analysed by means of the PC-based software 
Spike2. 
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D) Drug administration 

To evaluate the effect of DA replacement, L-DOPA (24 mg/kg plus 

benserazide 12 mg/kg, i.p.) was acutely administered and LC single unit, LFP and 

ECoG recordings were obtained from 30 to 90 min after drug administration 

(Aristieta et al., 2016).  

To study the effect of the 6-OHDA lesion on the sensitivity of the α2-

adrenoceptors in the LC, increasing doses of the α2-adrenoceptor agonist UK 14,304 

(2.5-40μg/kg, i.v.) were tested. After complete inhibition of LC neuron activity, the 

α2-adrenoceptor antagonist, RX 821002 (100μg/kg, i.v.) was administered to recover 

cell firing. The changes in firing rate evoked by UK 14,304 were expressed as the 

reduction relative to the basal firing rate. Sensory-evoked response was measured 40 

s after each dose administration. Only one cell was studied in each animal after drug 

administration.  

E) Data analysis  

In vivo electrophysiological data was analysed off-line by Spike2 software 

(Cambridge Electronic Design, UK).  

Tonic activity 

The following parameters were analysed during a period of 40 s, after, or 90 

s before drug administration: 

 Firing rate (Hz): Defined as the number of neuronal discharges per second. 

The data was represented in a bar histogram that showed the mean firing 

rate each 10 s.  
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 Coefficient of variation (%): This parameter is related to the interval 

between consecutive discharges (inter-spike interval) and gives an idea of 

the regularity of the firing. The representation of the inter-spike interval 

histogram followed by the analysis ran by Spike 2 (script meaninx.s2s) led to 

the numerical value. Data was represented in percentage, as the division 

between the standard deviation and the mean value. The recording period 

analysed was the same as that one used for the analysis of the firing rate. 

 Burst spikes: Some LC neurons showed burst firing activity (first interspike 

interval ≤ 80 ms; termination interspike interval ≤ 160ms). In those neurons 

the number of burst, percentage of spikes in burst, spikes per burst, burst 

interspike and burst length were analysed. The analysis of the burst firing 

was performed using the Spike 2 software (script w_burst.s2s) in the same 

period as the previous parameters. 

 Dose-effect curve: Dose-concentration-effect curves were analysed for the 

best non-linear fit to a logistic three-parameter equation (Parker et al., 1996): 

𝐸 =(Emax [A]n)/(ED50n + [A]n) 

 

 Oscillatory activity and synchronization: LFP and ECoG signals (sampled at 

2500 Hz) were smoothed to 1 ms. Cells were classified as oscillatory pattern 

when the spike waveform autocorrelogram contained a second oscillation 

peak that was at least twice the magnitude of the random fluctuation and 

non-oscillatory when only one or no peak appeared. 

 Power spectrum and coherence. The power spectrum of smoothed ECoGs 

and LFPs and coherence analyses between LFPs and ECoGs were analysed 

[A] is the i.v. dose of the used drug 
E is the effect on the firing rate induced by A 

Emax is the maximal percentage change at “infinite” dose (100 %) 
ED50 is the effective dose for eliciting 50 % of Emax 

n is the slope factor of the dose-response curve. 
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using the fast Fourier transform (8192 block size). The mean coherence was 

calculated from 90-s epochs of data. Statistical significance of the coherence 

was determined by the equation: 1 − (1 − α) 1 / (L − 1), where α is 0.95 and 

L is the number of windows used. The area under the curve (AUC) of 

coherence and power spectrum curves was calculated in the delta (δ: 0–

5 Hz), theta (ϑ: 5–8 Hz), alpha (α: 8–12 Hz) and beta (β: 12–30 Hz) frequency 

range.  

Phasic activity 

The parameters of the sensory evoked-response, triggered by the paw 

compression, which are shown in Figure 3.6, were assessed: 

 Evoked firing rate (Hz): frequency between the first and last spike of the 

evoked response. 

 Suppression period (s): time after each evoked response in which there was 

no neuronal activity, until a spontaneous spike was discharged.  

 Percentage of change in the firing rate according to the baseline firing rate 

(%): the tonic activity was measured over an interval of 40 s, starting 10 s 

after each paw compression. Changes in the postcompression discharge were 

expressed as the percentage of change in the firing rate according to the 

baseline for each neuron. 

 Phasic:tonic ratio: it was calculated as the ratio between evoked frequency 

and spontaneous activity, also known as signal-to-noise ratio (George et al., 

2013). 

 Event related potential (mV): the potential is shown 0.5 s before and 2 s after 

the paw compression. The amplitudes of the peak to trough values at or 

around zero time were compared. 
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3.5.2. Ex vivo patch-clamp recordings of locus coeruleus 

neuron activity in brain slices 

A) Brain slice preparation  

Rats were anesthetized with chloral hydrate (420 mg/kg, i.p) and perfused 

transcardially with ice-cold modified artificial cerebrospinal fluid (ACSF), saturated 

with 95% O2 and 5% CO2, and containing (in mM): 230 sucrose, 26 NaHCO3, 2.5 

KCl, 1.25 NaH2PO4, 0.5 CaCl2, 10 MgSO4 and 10 glucose. Immediately, rats were 

decapitated and the brain was quickly removed. Coronal sections (220 μm) 

containing the LC were cut using a vibratome (Microm HM 650V) in cold modified 

ACSF. After cutting, LC slices were incubated to recover for at least 40 min before 

recording in warmed (35ºC) ACSF containing (in mM): 126 NaCl, 26 NaHCO3, 2.5 

KCl, 1.25 NaH2PO4, 2 CaCl2, 2 MgSO4, 10 glucose, 1 sodium pyruvate and 4.9 L-

glutathione reduced (equilibrated with 95% O2–5% CO2, pH 7.3–7.4, osmolarity 

280-290mOsm/L). 

Figure 3.6. Phasic activity triggered by sensory stimulus recorded in locus coeruleus 
neurons. Parameters studied during the phasic response: evoked firing rate, 
duration of the suppression period and percentage of change in the firing rate 
according to the baseline. 



Chapter III. Experimental procedures 

58 

B) Whole-cell patch clamp recordings 

Slices were transferred into the recording chamber (Figure 3.7A) and 

perfused continuously with oxygenated ACSF heated to 32-34°C (TC-324B Single 

Channel Automatic Heater Controller, Warner Instruments). LC neurons were 

identified, using an upright microscope with infrared optics (Eclipse E600FN, 

Nikon) and a 60X water-immersion objective (60X/1.00 W, Nikon) (Figure 3.7B).  

 

 

Pipettes were prepared from borosilicate glass capillaries (GC150F-10, 

Harvard Apparatus) with a micropipette puller (PC-10, Narishige) (impedance, 3–

6MΩ). Recordings were obtained using an Axopatch 200B amplifier and Digidata 

1322A digitizer (Molecular Devices, Sunnyvale, CA, USA) controlled by Clampex 

10.3, the image was visualized in a TV monitor. In whole cell voltage-clamp 

recordings, cells were hold at −60 mV and series resistance was monitored by a step 

of –5 mV, discarding the data if it exceeded 25 MΩ or when the series resistance 

changed ± 20%. Signals were low-pass filtered at 2 kHz and sampled at 10 kHz for 

voltage clamp mode, and at 5 kHz and sampled at 20 kHz for current clamp mode 

(Figure 3.8). 

Figure 3.7. Representation of the experimental ex vivo study. (A) Schematic coronal 
section of a rat brain, illustrating the glass pipette and the stimulating electrode 
placed in the LC. (B) Image of a LC neuron with a recording patch pipette.  
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Basal electrophysiological parameters 

Intrinsic properties were recorded in whole cell voltage clamp and current 

clamp mode. For that purpose, borosilicate glass pipettes were filled with an internal 

solution containing (in mM): 130 K-Gluconate, 10 4-(2-hydroxyethyl)piperazine-1-

ethanesulfonic acid (HEPES), 5 NaCl, 1 MgCl2, 1 ethylene glycol-bis(2-

aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA), 2 adenosine 5’-triphosphate 

magnesium salt (Mg-ATP), 0.5 guanosine 5’-triphosphate sodium salt hydrate (Na-

GTP), and 10 phosphocreatine disodium salt hydrate (pH: 7.4, 280 mOsm). Junction 

potential between the pipette internal solution and the ACSF was 15 mV and was 

not corrected. First, voltage clamp recordings were performed and intrinsic 

properties of the neurons were analysed using Clampex software: membrane 

capacitance, membrane resistance, series resistance and time constant. After that, 

presence of resting inwardly-rectifying potassium (IRK) conductance was recorded 

by stepping the membrane potential from -50 to -120 mV in -10 mV increments, 

Figure 3.8. Schematic illustration of patch clamp electrophysiological recordings. 
Briefly, data from the recordings were acquired using an Axopatch 200B amplifier, 
digitized with a digidata and stored on-line using the pClamp 10 software. To 
visualize the cells, the image from the microscope was enhanced with a camera to 
a camera controller and displayed on a TV monitor. 
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100ms/step. Secondly, recordings from LC neurons were made in current clamp 

mode without current injection (I=0) in order to analyse action potential properties. 

Last, current pulses were injected, from 0 to 300 pA or -300 to 0 pA (50 pA steps), to 

evaluate the current-spike frequency and current-voltage curves, respectively. 

GABAergic synaptic transmission  

To record spontaneous inhibitory postsynaptic currents (sIPSC) and evoked 

inhibitory postsynaptic currents (eIPSC), NMDA, AMPA, GABAB and glycine 

receptor antagonists were added to the ACFS (50 µM APV, 20 µM DNQX, 1 µM 

CGP55845 and 1 μM strychnine, respectively). The internal solution contained (in 

mM): 135 CsCl, 3.6 NaCl, 1 MgCl2.6H2O, 10 HEPES, 2 QX-314, 0.1 Na4EGTA, 0.4 

Na3GTP and 2 Mg1.5ATP (pH 7.3–7.4, 280-290mOsm/L). Junction potential 

between the pipette internal solution and the ACSF was 4 mV and was not corrected. 

sIPSC were recorded at least for 6 minutes. eIPSC were recorded applying five 

electric pulse trains (600 μA on average, Iso-Flex stimulus isolator A.M.P.I) at 5, 10 

and 20 Hz using a bipolar tungsten electrode (TST33A05KT, World Precision 

Instruments) situated just under the LC. At the end of some experiments, gabazine 

(10 µM) was added to completely abolish all sIPSC and verify that the recorded 

signal was exclusively GABAA mediated transmission (Figure 3.9A). 

Glutamatergic synaptic transmission  

To record spontaneous excitatory postsynaptic currents (sEPSC) and evoked 

excitatory postsynaptic currents (eEPSC), GABAA receptor antagonist was added to 

the ACFS (50 μM picrotoxin). The glass pipettes were filled with an internal solution 

containing (in mM): 70 CsSO4, 20 CsCl, 20 NaCl, 15 MgCl2, 5 HEPES, 2 QX-314, 1 

EGTA, 2 Mg ATP, and 0.5 Na-GTP (pH 7.3–7.4, 280-290mOsm/L). Junction 
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potential between the pipette internal solution and the ACSF was 15 mV and was 

not corrected. sEPSC were recorded at least for 6 minutes. eEPSC were evoked by 

passing five pulse trains (600 μA on average) at 10 Hz using a bipolar tungsten 

electrode situated just under the LC, as in the eEPSC. At the end of some 

experiments, DNQX (20 µM) was added to completely abolish sEPSC in order to 

check the glutamatergic transmission (Figure 3.9B). 

 

 

C) Data analysis  

Analyses were carried out off-line using Clampfit application of pClamp 10.3 

software. 

Basal electrophysiological parameters 

 Electrophysiological intrinsic properties: membrane capacitance (pF), 

membrane resistance (MΩ), series resistance (MΩ) and time constant (ms) 

were measured 1 minute after gaining access to the cell in voltage clamp 

configuration (Figure 3.10A). The software automatically provides these 

parameters when a pulse of 5 mV is injected. 

Figure 3.9. Representative spontaneous current traces. (A) Representative current 
traces of GABAA mediated sIPSC before and after GABAzine (10 μM) 
administration. (B) Representative current traces of glutamate-mediated sEPSC 
before and after DNQX (20 μM) administration. 
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 IRK current-voltage curve: Using voltage clamp configuration, a current-

voltage relationship was obtained when the membrane potential was 

hyperpolarized. Currents were analysed at each voltage injection step during 

a period of 80 ms.  

 Spontaneous firing frequency (Hz): Event frequency is defined as the 

number of neuronal discharges per second. It was recorded for 200 s, resting 

potential and threshold were analysed from the same period.  

 Spontaneous action potentials parameters: peak amplitude (mV), duration 

(ms) and afterhyperpolarization amplitude (mV) were calculated by 

averaging at least 4 minutes of recording (Figure 3.10B).  

 

 Current-spike frequency: current-spike frequency relationship was obtained 

when the cell was depolarized over several steps in current clamp mode. 

Currents were analysed at each current injection step during a period of 500 

ms. Time after each depolarization in which there was no neuronal activity, 

until a spontaneous spike was discharge was also analysed an named as 

suppression period. 

Figure 3.10. Patch clamp whole-cell recordings. (A) Representative trace of the 
current induced by a -5 mV step and intrinsic membrane properties. (B) 
Representative trace of spontaneous action potentials and parameters analysed. 
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 Current-voltage curves: current-voltage relationship was obtained when the 

cell was hyperpolarized over several steps in current clamp configuration. 

Currents were analysed at each current injection step during a period of 500 

ms.  

GABAergic and glutamatergic postsynaptic currents 

 sIPSC and sEPSC parameters: The peak of each spontaneous synaptic current 

was detected using a semiautomated sliding template detection procedure. 

The template was generated by averaging multiple spontaneous currents 

(different templates for sIPSC and sEPSC), the selection was fitted to 3 

threshold of the template and each detected event was visually inspected and 

discarded if necessary. sIPSC and sEPSC were calculated by averaging at least 

4 minutes of recording and the following kinetic parameters were calculated: 

event frequency (Hz), peak amplitude (pA), half-width (ms), 10-90% rise 

time (ms) and 90-10% decay time (ms) (Figure 3.11). 

 

 eIPSC and eEPSC parameters: The amplitude of eIPSC and eEPSC was 

calculated by averaging at least ten sweeps. Changes in the probability of 

GABA and glutamate release were evaluated measuring the PSCn/PSC1 ratio, 

where the amplitude of a consecutive PSC (PSCn) was divided by the 

amplitude of the first PSC (PSC1). Parameters defining GABAergic and 

glutamatergic short-term plasticity 

Figure 3.11. Whole cell voltage clamp recordings. Representative trace of 
spontaneous action potentials and parameters analysed. 
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3.6. Behaviour tests 

All tests were conducted between 9:00 and 14:00 h and under dim lighting. 

Rats were transferred to a noise free testing room at least 30 minutes before the tests 

for environmental habituation. Before each trial, the apparatus was wiped with 

ethanol 33% to remove odour traces (Figure 3.12). 

 

 

3.6.1. Locomotive behaviour 

Forelimb asymmetry was measured with the cylinder test. It is a sensitive 

and simple test extensively used for screening dopaminergic denervation in rodents 

hemilaterally lesioned with 6-OHDA. The use of each forelimb during vertical 

exploration is directly related to the striatal dopaminergic levels (Tillerson et al., 

2001).  

Figure 3.12. Schematic representation of the behavioural tests performed. (A) 
Locomotive behaviour was evaluated with the cylinder test in order to screen the 
severity of the 6-OHDA lesion. (B) Spontaneous (dynamic weight bearing test), 
mechanical (von Frey test) and thermal (plantar test and hot plate) nociception was 
assessed. (C) Anxiety-like behaviour was evaluated with the marble burying and 
social interaction tests. 
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In order to maximize exploration behaviours, animals were not acclimatized 

to the cylinder before the initial testing period (Figure 3.12A). Rats were placed 

individually in transparent glass cylinders (Ø 20 cm) with two mirrors positioned at 

a 90-degree angle behind the cylinder to allow visualization from all directions. The 

animals were videotaped and scored later. A measure of limb use asymmetry was 

obtained by counting the number of weight-bearing touches during 5 minutes. 

Significant impairment in the lesioned group was defined by comparison 

with the sham animals. Less than 40% of contralateral paw usage was established as 

the cut-off value for significant impairment, this value corresponds to the mean 

minus 2 standard deviations of the performance measured in intact animals 

(Lundblad et al., 2005). 

3.6.2. Nociceptive behaviour 

The effect of the 6-OHDA lesion on nociception behaviour was evaluated 

one week before and for four weeks after the surgery (Figure 3.12B). No animal 

showed signs of damage in the paws once either study was completed. 

Dynamic weight bearing 

Spontaneous nociceptive behaviour was measured using the dynamic weight 

bearing test allowing the rat to move freely within the apparatus (Tétreault et al., 

2011). The device (Bioseb, Boulogne, France) consisted of a Plexiglas enclosure (22 

× 22× 30 cm) with a floor sensor composed of 44 × 44 captors (10.89 mm2 per captor) 

and a camera appointed to the place of the enclosure. Animals were not acclimatized 

to the enclosure before the initial testing period in order to maximize exploration 

behaviour. The rat was allowed to move freely within the apparatus for 5 min. Raw 
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data were synchronized with the image of the camera and processed by the device 

software. After the test, an observer validated the areas established, according to the 

video and the pressure map at the same time. Finally, we obtained the weight of the 

body distributed on each paw and spontaneous nociception was considered when 

there was a reduction in the dynamic weight bearing. Percentage of weight with 

respect to the total weight was represented. 

Von Frey test 

Sensitivity to non-nociceptive mechanical stimuli was tested using the 

electronic von Frey hair (Dynamic Plantar Aesthesiometer, Ugo Basile, Italy) 

(Berrocoso et al., 2011). Animals were placed individually in Plexiglass cages (18.5 x 

21 x 13.5 cm) with a mesh floor and habituated for 30 minutes before starting the 

test. A single filament was applied perpendicular to the hind paw and the force 

increased (from 0 to 50 g, 20 s maximum) until paw withdrawal. Three measures of 

each paw were obtained with a separation of 5 minutes. The mean was calculated 

and established as nociceptive threshold. Mechanical sensitivity was indicated by a 

reduction in the force that provokes paw withdrawal (Llorca-Torralba et al., 2018). 

Hot plate test 

This test evaluates the sensitivity to nociceptive stimulus evoked by heat 

(Woolfe and Macdonald, 1944). Rats were placed into a glass cylinder standing on a 

hot metal plate maintained at 53 ± 0.5 °C. The time from when the rat was placed 

until the first hind paw withdrawal/licking was recorded in seconds and a cut-off 

time was set at 25 s. The time taken to elicit a nociceptive-like behaviour was 

interpreted as an index of nociceptive threshold and thermal sensitivity was 

indicated by a reduction in this time. One measurement was performed per day. 
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Plantar test 

To assess sensitivity to nociceptive thermal stimuli the plantar test was used, 

also known as Hargreave’s Method (Plantar Test Instrument, Ugo Basile, Italy) 

(Hargreaves et al., 1988). Rats were placed individually in small cages with a glass 

floor and were habituated for 30 minutes before starting the test. A constant 

intensity of radiant heat (50 A) was generated on the plantar surface of the hind paw 

until paw withdrawal occured (30-s cut-off). Three measures of each paw were 

obtained with a separation of 5 minutes. The mean of the three measurements was 

calculated and established as nociceptive threshold index and thermal sensitivity 

was indicated by a reduction in the force that provokes paw withdrawal 

Acetone test 

The acetone evaporation test is a technique used to measure the sensitivity 

to a non-nociceptive cold thermal stimulus and is considered an indicator of cold 

allodynia (Choi et al., 1994). A drop of acetone (100 μl) was placed gently on the 

plantar surface with a pipette. The acetone was applied four times in each hind paw 

with an interval of 5 min between each application. The responses were recorded 

according to the scale described previously (Flatters and Bennett, 2004): 0, no 

response; 1, quick withdrawal of the paw; 2, repeated flicking of the paw; 3, repeated 

flicking of the paw with persistent licking directed at the ventral side of the paw. 

The cumulative scores were obtained by summing the four scores for each rat and 

paw together, being the minimum score 0 (no response to any of the four trials) and 

the maximum possible 12 (repeated flicking and licking of paws on each of the four 

trials). Mean punctuation was obtained and divided by 4 and an increase in the 

response was indicative of cold allodynia. 
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3.6.3. Anxiety behaviour 

The effect of the 6-OHDA lesion on anxiety-like behaviour was evaluated in 

the sixth week after the surgery (Figure 3.12C). 

Marble burying test  

The marble-burying test has been characterized as a model of anxiety and 

impulsive behaviour (Njung’e and Handley, 1991). This test is based on the 

observation that rats spontaneously use bedding material to bury unpleasant sources 

of discomfort. Rats were placed in Plexiglas cages (45cm x 45 cm x 35 cm) with 3 cm 

of woodchips on bottom and 20 marbles were spaced in grid-like manner (4x5). 

Following the 10-minute test period, subjects were carefully removed to minimize 

disturbance to the bedding. The number of marbles buried was registered, 

considering buried when at least 75% of the marble was covered with bedding. 

Social interaction test 

The social interaction test can be used as a measure of anxiety in animals (File 

and Hyde, 1978). A digital camera was mounted above the social apparatus to track 

the locomotion of the animal. The activity of the animal was recorded for 15 

minutes. Two unfamiliar rats were placed in the arena (40cm x 24 cm x 18 cm); one 

was the test animal, allowed to move freely, and the other one was a control (Wistar 

rat), restricted to the cell. The duration of contact was measured and sniffing or 

approaching to the cell were scored. Data were presented in percentage, as the 

contact time obtained by the total time.  
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3.7. Histochemical and quantification procedures 

After the behaviour and in vivo electrophysiology experiments, animals 

were anaesthetised deeply and transcardially perfused with 4% ice-cold buffered 

paraformaldehyde prepared in 0.1M phosphate buffer. Brains were removed and 

transferred to 4% ice-cold buffered paraformaldehyde in 0.1M phosphate buffer. In 

the case of the ex vivo study after decapitation, the remaining brain containing the 

striatum was transferred to the paraformaldehyde solution. 24 h after, brains were 

moved to a 25% sucrose and azide 0.1% solution until they sank. Coronal sections 

of 40 μm were cut using a freezing microtome.  

 

3.7.1. Tyrosine hydroxylase immunostaining 

Slices containing the striatum and SNc were processed for TH 

immunostaining to qualitatively confirm the decreased of dopaminergic fibres 

expected after induction of the 6-OHDA lesion. Brain sections were rinsed 3 times 

in potassium-PBS (KPBS), after the endogenous peroxidases were inactivated (3% 

H2O2 and 10% methanol in KPBS for 30 min). The sections were pre-incubated for 

1 h in 5% normal goat serum and 1% Triton X-100 in KPBS. Subsequently, they 

were incubated overnight with the primary antibody (rabbit anti-TH diluted at 

1:1000 in 5% normal goat serum and 0.5% Triton X‐100). Afterwards, the sections 

were incubated with the secondary antibody for 2 h (biotinylated goat anti-rabbit 

IgG diluted at 1:200 in 2.5% normal goat serum and 0.5% Triton X‐100). Sections 

were processed with an avidin–biotin–peroxidase complex (ABC kit) for 1 h, and the 

reaction was visualized with 3,3′‐diaminobenzidine and 0.03% H2O2. Finally, the 

brain sections were rinsed in KPBS and mounted onto gelatine-coated slides, 

dehydrated, cleared in xylene and cover slipped with DPX mounting medium 

(Figure 3.13). 

https://www.sciencedirect.com/topics/medicine-and-dentistry/peroxidase
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The TH immunoreactive dopaminergic fibres containing in the striatum 

were captured using a resolution digital scan (Epson) and analysed with ImageJ win-

64 Fiji. Eight sections separated by 220 μm were used. The striatum was defined and 

optical density was expressed as the percentage of that in the ipsilateral side respect 

to the contralateral non-lesioned side after background subtraction. Only animals 

with more than 90% reduction in TH‐fibre density in the striatum on the side 

ipsilateral to the lesion were included in the study. 

3.7.2. Cytochrome-c-oxidase staining 

In an extra set of animals, COX staining was performed as described in 

(Armentero et al., 2006; Blandini et al., 2007) with slight modifications. Twenty-

four h after the perfusion, brains were moved to a 25% sucrose solution until they 

sank and coronal sections of 40 μm were cut using a freezing microtome. The day 

Figure 3.13. Representative photomicrographs of TH-immunostained striatum and 
substantia nigra. Sham (upper panels) and 6-OHDA (bottom panels) animals (scale 
bar 2 mm).  
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after, sections containing the LC were placed in incubation medium with 0.05M PBS 

(pH 7.4), 1% sucrose, 0.05% nickel sulphate (II), 2.5µM imidazole, 0.025% 3,3′-

diaminobenzidine, 0.015% COX, and finally 0.01% catalase was added to start the 

enzymatic reaction. COX staining was performed in darkness for 5 h at 37ºC. After, 

the sections were rinsed twice with PBS 0.05M and mounted on gelatine-coated 

slides. Then, sections were dehydrated in ascending series of alcohols, cleared in 

xylene and cover slipped with DPX mounting medium. 

Digital images were obtained with an automated digital slide scanner 

(3DHistech, Pannoramic MIDI II). The mean IOD was determined by the selection 

of the nuclei of interest and subtracting the background for each section. 

Measurements were performed on three or four sections separated by 80 µM 

throughout the LC and was calculated the mean per animal. Results were expressed 

as the increase of optical intensity (Δ IOD %) of the ipsilateral lesioned hemisphere 

with respect to the intact or contralateral non-lesioned hemisphere. 

3.8. Western blot 

Animals were deeply anesthetised (Dolethal 60mg/kg, i.p.) and killed by 

decapitation and the LC was removed bilaterally. Equal amounts of protein from 

tissue homogenates were separated by SDS-PAGE (sodium dodecyl sulphate-

polyacrylamide gel electrophoresis) and transferred to polyvinylidene difluoride 

membranes (PVDF). The membranes were probed overnight at 4 °C with primary 

antibodies against TH (rabbit anti-TH diluted at 1:1000), ERKt (mouse anti-ERKt 

diluted at 1:2000) and pERK (rabbit anti-pERK diluted at 1:2500). The primary 

antibodies were detected using the corresponding secondary antibody (goat anti-

rabbit diluted at 1:10000, goat anti-mouse diluted at 1:10000, goat anti-rabbit diluted 

at 1:10000). The protein signals were detected using a LI-COR Odyssey® two-
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channel quantitative fluorescence imaging system (Bonsai Advanced Technologies, 

Spain). Digital images of WB were analysed by densitometry using the ImageJ win-

64 Fiji free access software (National Institutes of Health, USA), and the protein 

levels were normalized to the level of β-actin. 

3.9. Statistical analysis of data 

Experimental data were analysed using the computer programme GraphPad 

Prism (v. 5.01, GraphPad Software, Inc). The level of statistical significance was set 

at p < 0.05. Data are presented as the group mean ± standard error of the mean 

(S.E.M.). 

 Electrophysiological studies: in vivo tonic, phasic and oscillatory activity; ex 

vivo intrinsic properties, action potential parameters, sIPSC and sEPSC were 

analysed using unpaired Student's t-test. The effect of L-DOPA 

administration in in vivo tonic, phasic and oscillatory activity; effect of  UK 

14,304; ex vivo IRK conductance, current-spike frequency and current-

voltage relationships, eIPSC and eEPSC were analysed by 2-way analysis of 

variance ANOVA followed by post hoc comparisons using the Bonferroni 

post hoc test. The burst incidence, incidence of response and oscillatory 

pattern were analysed using Fisher’s exact test. Relationships between the 

duration of the suppression period and basal firing rate or the evoked firing 

rate were analysed using Pearson correlation. 

 Behavioural studies: anxiety testing were analysed using unpaired Student's 

t-test. Body weight of the rats and locomotive and nociceptive behaviour 

were analysed by repeated measures (RM) 2-way analysis of variance 

ANOVA followed by post hoc comparisons using the Bonferroni post hoc 

test.  
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 Histochemical studies: TH and COX optical density were analysed using 

paired Student's t-test. Western blot experiments were analysed by 2-way 

analysis of variance ANOVA followed by post hoc comparisons using the 

Bonferroni post hoc test.  
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4. RESULTS 

4.1. STUDY I: Dopamine depletion alters tonic and 

phasic locus coeruleus neuron activity 

In order to investigate the effect of dopaminergic denervation on the 

noradrenergic function, tonic electrophysiological properties of LC neurons were 

investigated two and four weeks after the dopaminergic loss. In addition, we 

investigated the phasic activation of LC neurons upon mechanical stimulation, since 

the LC is implicated in the modulation of sensory inputs (reviewed in Llorca-

Torralba et al., 2016) and patients with PD suffer non-motor symptoms linked to 

this process (Djaldetti et al., 2004; Schestatsky et al., 2007; Tinazzi et al., 2008; Okada 

et al., 2016; Priebe et al., 2016). Finally, we studied the impact of DA replacement 

on LC neuron activity by acutely administering L-DOPA. Detailed statistical results 

belonging to this study are shown in Annex I. 

4.1.1. Dopaminergic loss does not affect locus coeruleus 

neuron activity two weeks after the lesion 

Two weeks after the vehicle or 6-OHDA injection, a total of 

97 noradrenergic neurons were recorded in the LC: 55 neurons from the sham group 

(n = 8 animals) and 42 neurons from the 6-OHDA group (n = 9 animals). All cells 

recorded displayed the characteristic firing patterns of noradrenergic neurons, long-

lasting positive–negative waveform (Cedarbaum and Aghajanian, 1976) and were 

localized within the LC. Basic electrophysiological parameters related to tonic 

activity as firing frequency, firing pattern and burst firing activity were similar 

between the 6-OHDA lesioned and sham groups (Table 4.1).   
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 Sham (n=55)       6-OHDA (n=42) 

Basal firing rate (Hz) 2.03 ± 0.14 2.05 ± 0.15 

Coefficient of variation 35.2 ± 1.56 38.18 ± 2.11 

Incidence of burst firing (%) 40 (22/55) 45 (19/42) 

Spikes in burst (%) 5.40 ± 1.02 6.68 ± 2.28 

Spikes/burst 2.05 ± 0.05 2.11 ± 0.07 

Mean burst interspike (ms) 67.78 ± 2.05 69.2 ± 1.68 

Mean burst length (ms) 73.77 ± 3.97 77.01 ± 4.45 

 

 

 

For methodological issues, phasic LC activity was recorded in a smaller 

subgroup of neurons. First, we analysed the incidence of the sensory-evoked 

response triggered by the paw compression, which was similar in 6-OHDA lesioned 

and sham rats. LC neurons from both groups responded in a similar way when the 

contralateral or ipsilateral paw were compressed, sham 86 % vs 6-OHDA 70 % and 

sham 70 % vs 6-OHDA 55 % respectively  (p > 0.05, Fisher's exact test; Figure 4.1).  

Next, we analysed the parameters of the phasic LC responses from those 

neurons that responded to the paw compression. The application of a single 

contralateral compression evoked a similar response in the two studied groups. DA 

depletion did not affect the post-stimulus frequency, subsequent suppression period 

or percentage of change in the firing frequency 10 s after paw compression according 

to the basal firing rate (p > 0.05, unpaired Student’s t-test; Figure 4.2A). In the same 

way, when the compression was applied to the ipsilateral paw to the lesion, no 

modifications were observed between the groups for any of the studied parameters 

(p > 0.05, unpaired Student’s t-test; Figure 4.2B).  

Table 4.1. Basal electrophysiological properties of locus coeruleus neurons two 
weeks after the surgery in sham and 6-OHDA animals. 

Data are expressed as the mean ± S.E.M. of n cells from a total of 8 sham and 9 6-
OHDA animals. 
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Finally, we assessed if the phasic activity was influenced by the repetition of 

the paw compression. To do so, in some neurons, five sequential compressions were 

performed. Phasic LC responses parameters were identical along the repetitions for 

both, contralateral or ipsilateral paws, as previous reported in control and rats model 

of inflammatory pain (Borges et al., 2017a) (p > 0.05, 2-way ANOVA test for paw 

compression factor; Figure 4.3A and B). 

 

 

 

 

 

Figure 4.1. Incidence of sensory-evoked locus coeruleus phasic response two weeks 
after the surgery in sham and 6-OHDA animals. Graphs represent the percentage 
of neurons that showed (gray) or not (black) a sensory-evoked response. No 
significant difference was observed between groups. Data are expressed as n cells 
from a total of 8 sham and 9 6-OHDA animals.  
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Figure 4.2.  Sensory-evoked locus coeruleus phasic response to single paw 
compressions two weeks after the surgery in sham and 6-OHDA animals. (A) 
Graphs representing the effect of a single contralateral paw compression on the 
phasic response of LC neurons (n=24 cells from sham animals; n=19 cells from 6-
OHDA animals). (B) Graphs representing the effect of a single ipsilateral paw 
compression on the phasic response from LC neurons (n=16 cells from sham 
animals; n=12 cells from 6-OHDA animals). Data are shown as the mean ± S.E.M. 
of n cells from a total of 8 sham and 9 6-OHDA animals. 
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Figure 4.3. Sensory-evoked locus coeruleus phasic response to sequential 
contralateral paw compressions two weeks after the surgery in sham and 6-OHDA 
animals. (A) Graphs representing the effect of 5 sequential contralateral paw 
compressions on the LC phasic response (n=12 cells from sham animals; n=21 cells 
from 6-OHDA animals). (B) Graphs representing the effect of 5 sequential 
ipsilateral paw compressions on the LC phasic response (n=12 cells from sham 
animals; n=12 cells from 6-OHDA animals). Data are shown as the mean ± S.E.M. 
of n cells from a total of 8 sham and 9 6-OHDA animals. 
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4.1.2. Dopamine replacement restores locus coeruleus 

tonic and phasic activity four weeks after the 

dopaminergic lesion 

Four weeks after the vehicle or 6-OHDA injection, a total of 

126 noradrenergic neurons were recorded in the LC: 75 neurons from the sham 

group (n = 11 animals) and 51 neurons from the 6-OHDA group (n = 13 animals). 

After analysing tonic and phasic responses in basal conditions, L-DOPA was 

administered (24 mg/kg plus benserazide 12 mg/kg, i.p.), and recordings were 

obtained between 30 and 90 min following the injection.  

Basal spontaneous LC neuron activity significantly decreased four weeks 

after the 6-OHDA lesion (p < 0.05, Bonferroni's post hoc test). Interestingly L-

DOPA acute administration (24 mg/kg plus benserazide 12 mg/kg, i.p.) recovered 

the basal values confirming that this modification was produced by the DA loss. LC 

neuron firing pattern and burst activity were not modified in the 6-OHDA lesioned 

group or after the L-DOPA administration (p > 0.05, 2-way ANOVA test; Table 4.2). 

 

 

 
Sham 

(n=75) 

6-OHDA 

(n=51) 

Sham  

L-DOPA 

(n=31) 

6-OHDA  

L-DOPA 

(n=35) 

Basal firing rate (Hz) 2.33 ± 0.12 1.87 ± 0.10 * 2.24 ± 0.21 2.06 ± 0.17 

Coefficient of variation 38.78 ± 1.43 37.13 ± 1.81 41.78 ± 2.71 40.23 ± 2.47 

Incidence of burst firing (%) 39 (29/75) 37 (19/51) 61 (19/31) 49 (17/35) 

Spikes in burst (%) 7.22 ± 1.24 5.35 ± 1.69 6.77 ± 2.27 6.6 ± 1.61 

Spikes/burst 2.03 ± 0.03 2 ± 0 2.16 ± 0.12 2 ± 0 

Burst interspike (ms) 67.55 ± 2.09 68 ± 1.56 70.21 ± 1.21 70.29 ± 1.64 

Burst length (ms) 75.44 ± 3.62 68.23 ± 1.55 84.53 ± 7.88 77.35 ± 3.82 

 

Table 4.2. Basal electrophysiological properties of locus coeruleus neurons four 
weeks after the surgery in sham and 6-OHDA animals, in absence or presence of L-
DOPA. 

Data are expressed as the mean ± S.E.M. of n cells from a total of 8-11 sham and 9-
13 6-OHDA animals. *p < 0.05, Bonferroni's post hoc test.  
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Then, we analysed the sensory-evoked responses in absence or presence of 

L-DOPA and for methodological issues this was recorded in a smaller subgroup of 

neurons. The dopaminergic loss did not modify the incidence of responses of LC 

neurons when the contralateral (sham 87 % and 6-OHDA 77 %) or ipsilateral (sham 

52 % and 6-OHDA 39 %) paw were compressed (p > 0.05, Fisher's exact test; Figure 

4.4A). However, L-DOPA administration significantly reduced the incidence of 

response in both, sham and 6-OHDA animals to the contralateral or to the ipsilateral 

compression of the paw, sham L-DOPA 25 % vs 6-OHDA L-DOPA 36 % and sham 

L-DOPA 0 % vs 6-OHDA L-DOPA 14 % respectively (Figure 4.4B) (Contralateral: 

sham vs sham L-DOPA p < 0.001; 6-OHDA vs 6-OHDA L-DOPA p < 0.01) 

(Ipsilateral: sham vs sham L-DOPA p < 0.001; 6-OHDA vs 6-OHDA L-DOPA p < 

0.05) (Fisher's exact test). 

 

 

Figure 4.4. Incidence of sensory-evoked locus coeruleus phasic response four weeks 
after the surgery in sham and 6-OHDA animals, in absence or presence of L-DOPA. 
Graphs represent the percentage of neurons that responded (gray) or not (black) to 
paw compression. (A) No significant difference was observed between groups 
during basal situation. (B) No significant difference was observed between groups 
under L-DOPA (24 mg/kg plus benserazide 12 mg/kg, i.p.) effect. However, this 
parameter was dramatically decreased in both groups when compared to the 
respective basal incidence. Data are expressed as n cells from a total of 8-10 sham 
and 8-11 6-OHDA animals. Fisher's exact test. 
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Next, parameters of the phasic response triggered by the compression of the 

contralateral paw were analysed. As described in Figure 4.5A, 6-OHDA lesioned 

animals showed higher post-stimulus frequency and longer duration of the 

suppression period compared to the sham group (p < 0.05 and p < 0.01, respectively, 

Bonferroni's post hoc test). As happened for the tonic activity, L-DOPA acute 

administration restored basal phasic values (post-stimulus frequency and 

suppression period) in the 6-OHDA lesioned group, without affecting those in the 

sham group. The percentage of change according to the basal firing rate did not differ 

among all experimental groups (p > 0.05, 2-way ANOVA test). Interestingly, the 

greater post-stimulus frequency along with the lower tonic activity resulted in a 

significantly higher phasic:tonic ratio in the 6-OHDA lesioned animals compared to 

sham rats (p < 0.01, Bonferroni's post hoc test). Also here, L-DOPA administration 

restored this parameter (p < 0.05, Bonferroni's post hoc test). In the same line, when 

analysing the parameters of the phasic response evoked by the compression of the 

ipsilateral paw (Figure 4.5B), we found that the suppression period was significantly 

longer in the 6-OHDA lesioned group (p < 0.05, unpaired Student’s t-test) without 

modifying the rest of the parameters. Analysis of the parameters related to the 

compression of the ipsilateral paw could not be performed when L-DOPA was 

present due to the low or non-existent positive response (Figure 4.4B).  

Finally, we tested if the application of 5 successive compressions in the 

contralateral (Figure 4.6A) or ipsilateral (Figure 4.6B) paw influences the sensory-

evoked responses. In all cases, the factor linked to the reiteration of paw compression 

was not significant (p > 0.05, 2-way ANOVA test). In support of the results obtained 

with one paw compression, significant differences were seen between groups for the 

post-stimulus frequency (p < 0.01, 2-way ANOVA test; Figure 4.6A) and the 

suppression period (p < 0.05, Bonferroni's post hoc test; Figure 4.6A and B). 
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Figure 4.5. Sensory-evoked locus coeruleus phasic response to single paw 
compressions four weeks after the surgery in sham and 6-OHDA animals, in 
absence or presence of L-DOPA. (A) Graphs representing the effect of a single 
contralateral paw compression on the phasic response of LC cells (n=26 and n=6 
cells from sham animals basal or with L-DOPA (24 mg/kg plus benserazide 
12 mg/kg, i.p.), respectively; n=24 and n=10 cells from 6-OHDA animals basal or 
with L-DOPA, respectively). (B) Graphs representing the effect of a single 
ipsilateral paw compression on the phasic response (n=13 cells from sham animals; 
n=11 cells from 6-OHDA animals). Data are shown as the mean ± S.E.M. of n cells 
from a total of 3-8 sham and 4-10 6-OHDA animals. *p < 0.05 and **p < 0.01 vs 
respective sham, *p < 0.05 vs 6-OHDA L-DOPA Bonferroni's post hoc test; #p < 0.05 
vs sham, unpaired Student’s t-test. 
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Figure 4.6.  Sensory-evoked locus coeruleus phasic response to sequential 
contralateral paw compressions four weeks after the surgery in sham and 6-OHDA 
animals. (A) Graphs representing the effect of 5 sequential contralateral paw 
compressions on the phasic LC response (n=14 cells from sham animals; n=15 cells 
from 6-OHDA animals). (B) Graphs representing the effect of 5 sequential 
ipsilateral paw compressions on the phasic LC response (n=9 cells from sham 
animals; n=7 cells from 6-OHDA animals). Data are shown as the mean ± S.E.M. 
of n cells from a total of 7-8 sham and 7 6-OHDA animals. *p < 0.05 vs sham, 
Bonferroni's post hoc test. 
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4.1.3. Correlation between tonic locus coeruleus activity 

and sensory-evoked response does not change after 

dopaminergic denervation 

Due to the prolonged suppression period observed after the compression of 

the contralateral or ipsilateral paws in 6-OHDA lesion animals, we hypothesized 

that this parameter could be related to the decreased tonic basal firing rate or to the 

increased post-stimulus frequency previously observed (Table 4.2 and Figure 4.5A, 

respectively). The correlation analysis between the suppression period and the basal 

firing rate was significant in sham and 6-OHDA lesioned animals (p < 0.05, Pearson 

correlation; Figure 4.7A and B, upper panel), stressing that low firing rate was 

associated to a large suppression period. On the contrary, no relationship was 

observed between the suppression period and the post-stimulus frequency in the 

tested groups (p > 0.05, Pearson correlation; Figure 4.7A and B, bottom panels).  

This relationship was also present, regardless the experimental group, two 

weeks after the surgery. The correlation analysis between the suppression period 

and the basal firing rate was significant in sham and 6-OHDA group (p < 0.01, 

Pearson correlation; Figure 4.8A and B, upper panel). In addition, two weeks after 

the lesion, we observed that the relationship the suppression period was not related 

to the post-stimulus frequency (p > 0.05, Pearson correlation; Figure 4.8A and B, 

bottom panels). 
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Figure 4.7. Relationship between tonic and phasic locus coeruleus neuron 
parameters four weeks after the surgery in sham and 6-OHDA animals. (A) 
Correlation analysis after a single contralateral paw compression (n=26 from sham 
animals, respectively; n=24 cells from 6-OHDA animals). In both groups, the 
suppression period in the sensory-evoked phasic response was significantly 
correlated with the tonic basal firing rate (upper panel) but not with the post-
stimulus frequency (bottom panel). (B) Correlation analysis after a single ipsilateral 
paw compression (n=13 cells from sham animals; n=11 cells from 6-OHDA 
animals). As happened with the compression of the contralateral paw, the 
suppression period in the sensory-evoked phasic response was significantly 
correlated with the tonic basal firing rate (upper panel) but not with the post-
stimulus frequency (bottom panel). Each dot represents the value from one neuron 
from a total of 7-8 sham and 7-10 6-OHDA animals. *p < 0.05 and ***p < 0.001, 
Pearson correlation. 
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Figure 4.8. Relationship between tonic and phasic locus coeruleus neuron 
parameters two weeks after the surgery in sham and 6-OHDA animals. (A) 
Correlation analysis after a single contralateral paw compression (n=24 from sham 
animals, respectively; n=19 cells from 6-OHDA animals). In sham and 6-OHDA 
animals, the suppression period in the sensory-evoked phasic response was 
significantly correlated with the tonic basal firing rate (upper panel) but not with 
the post-stimulus frequency (bottom panel). (B) Correlation analysis after a single 
ipsilateral paw compression (n=16 cells from sham animals; n=12 cells from 6-
OHDA animals). Again, the suppression period in the sensory-evoked phasic 
response was significantly correlated with the tonic basal firing rate (upper panel) 
but not with the post-stimulus frequency (bottom panel). Each dot represents the 
value from one neuron from a total of 8 sham and 9 6-OHDA animals **p < 0.01, 
Pearson correlation. 
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4.1.4. Dopamine depletion does not modify α2-

adrenoceptor response in the locus coeruleus  

Another set of animals (8 sham and 9 6-OHDA animals) was employed to 

evaluate if the observed alterations in the tonic and phasic activity of LC neurons 

were due to an altered sensitivity of α2-adrenoceptors in the LC. To that end, 

increasing doses of the α2-adrenoceptor agonist UK 14,304 (2.5-40 μg/kg, i.v.) were 

tested in tonic and phasic conditions. As it is shown in Figure 4.9A, UK 14,304 

completely inhibited the firing rate, which was recovered by the administration of 

the α2-adrenoceptor antagonist RX 821002 (100 µg/kg, i.v.) in both groups. As shown 

in Figure 4.9B, dose–effect curves in both groups did not differ (p > 0.05, RM 2-way 

ANOVA test) and the ED50 values were also similar in the sham and 6-OHDA 

animals (sham 13.81 ± 2.14, n=8; 6-OHDA 10.27 ± 1.30, n=9) (p > 0.05, unpaired 

Student’s t-test). The effect of the α2-adrenoceptor agonist was also determined in 

the phasic activity when the contralateral paw was compressed, revealing no 

modifications in the percentage of change according to the basal post-stimulus 

frequency (p > 0.05, 2-way ANOVA test; Figure 4.9C). As expected for the complete 

inhibitory effect of the drug, significant changes in the percentage of change 

according to the basal suppression period were seen for the highest tested doses in 

both groups (p < 0.05 and p < 0.001, Bonferroni's post hoc test; Figure 4.9D). 
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Figure 4.9. Effects of UK 14,304 on locus coeruleus neurons in sham and 6-OHDA 
lesioned animals. (A) Representative example showing the effect of cumulative 
doses of UK 14,304 (2.5-40μg/kg, i.v.) on the tonic firing frequency. Paw 
compressions followed each dose administration. (B) Dose–effect curves for UK 
14,304 in sham and 6-OHDA lesioned rats. Percentage of reduction from the tonic 
basal firing rate was represented over drug doses. (C) Percentage of change 
according to the basal post-stimulus frequency when administering cumulative 
doses of UK 14,304. (D) Percentage of change according to the basal suppression 
period when administering cumulative doses of UK 14,304. Data are shown as the 
mean ± S.E.M. of one cell from a total of 8 sham and 9 6-OHDA animals. $p < 0.05 
vs respective 2,5 and 5 dose; and $$$p < 0.01 vs all respective doses, Bonferroni's 
post hoc test. 
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Annex I. Statistical analysis of the experiments included in Study I 

  

 Unpaired t test 

 P value 
P value 

summary 
t (df) n Sham n 6-OHDA 

Tonic LC neurons (2 weeks)          

Basal firing rate  0.9137 ns t95 = 0.1087 55 42 

Coefficient of variation 0.2497 ns t95 = 1.158 55 42 

Spikes in burst (%) 0.5938 ns t39 = 0.5378 22 19 

Spikes/burst 0.4759 ns t39 = 0.7199 22 19 

Mean burst interspike (ms) 0.6041 ns t39 = 0.5227 22 19 

Mean burst length 0.5891 ns t39 = 0.5496 22 19 

Phasic LC activity (CL single PC) (2 
weeks) 

     

Evoked firing frequency 0.1855 ns t41 = 1.347 24 19 

Suppression period 0.4543 ns t41 = 0.7554 24 19 

% of change according to the basal 

firing rate 
0.3235 ns t41 = 0.9994 24 19 

Phasic LC activity (IL single PC) (2 
weeks) 

     

Evoked firing frequency 0.7150 ns t26 = 0.7150 16 12 

Suppression period 0.4613 ns t26 = 0.7478 16 12 

% of change according to the basal 

firing rate 
0.1330 ns t25 = 1.553 15 12 

Phasic LC activity (IL single PC) (4 
weeks) 

     

Evoked firing frequency 0.9032 ns t22 = 0.1231 13 11 

Suppression period 0.0164 * t22 = 2.598 13 11 

% of change according to the basal 

firing rate 
0.6460 ns t21 = 0.466 13 10 

Phasic:tonic ratio 0.2425 ns t22 = 1.201 13 11 

UK 14,304 ED50 0.1678 ns t15 = 1.449 8 9 
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 2-way ANOVA 

 F (DFn, DFd) 

 Interaction L-DOPA Lesion 

Tonic LC neurons (4 weeks)       

Basal firing rate F (1, 188) = 0.9132 F (1, 188) = 0.103 F (1, 188) = 4.534 * 

Coefficient of variation F (1, 188) = 0.0005 F (1, 188) = 2.204 F (1, 188) = 0.606 

Spikes in burst (%) F (1, 80) = 0.2455 F (1, 80) = 0.0552 F (1, 80) = 0.3545 

Spikes/burst F (1, 80) = 1.117 F (1, 80) = 1.117 F (1, 80) = 2.715 

Burst interspike (ms) F (1, 80) = 0.0095 F (1, 80) = 1.774 F (1, 80) = 0.021 

Burst length F (1, 80) = 0.0000 F (1, 80) = 3.645 F (1, 80) = 2.276 

Phasic LC activity (CL single PC) 
(4 weeks) 

   

Evoked firing frequency F (1, 62) = 8.175 ** F (1, 62) = 0.025 F (1, 62) = 0.0962 

Suppression period F (1, 62) = 1.301 F (1, 62) = 0.3681 F (1, 62) = 4.173 * 

% of change according to the basal 

firing rate 
F (1, 57) = 0.0159 F (1, 57) = 0.0039 F (1, 57) = 0.3382 

Phasci:tonic ratio F (1, 62) = 4.545 * F (1, 62) = 0.714 F (1, 62) = 0.523  

  

 2-way ANOVA 

 F (DFn, DFd) 

 Interaction PC Lesion 

Phasic LC activity (CL 5 PC) 
(2 weeks) 

      

Evoked firing frequency F (4, 123) = 0.8049 F (4, 123) = 0.4213 F (1, 123) = 1.567 

Suppression period F (4, 123) = 0.3092 F (4, 123) = 0.4672 F (1, 123) = 0.0176 

% of change according to the 

basal firing rate 
F (4, 123) = 0.4464 F (4, 123) = 0.9091 F (1, 123) = 0.0046 

Phasic LC activity (IL 5 PC) 
(2 weeks) 

   

Evoked firing frequency F (4, 83) = 0.0168 F (4, 83) = 0.7705 F (1, 83) = 4.085 * 

Suppression period F (4, 83) = 0.1892 F (4, 83) = 0.0663 F (1, 83) = 0.0425 

% of change according to the 

basal firing rate 
F (4, 83) = 0.3801 F (4, 83) = 0.715 F (1, 83) = 5.957 * 

Phasic LC activity (CL 5 PC) 
(4 weeks) 

   

Evoked firing frequency F (4, 119) = 1.363 F (4, 119) = 0.3761 F (1, 119) = 7.158 ** 

Suppression period F (4, 119) = 0.6785 F (4, 119) = 0.304 F (1, 119) = 23.77 *** 

% of change according to the 

basal firing rate 
F (4, 119) = 1.363 F (4, 119)= 0.3761 F (1, 119) = 7.158 

Phasic LC activity (IL 5 PC)  
(4 weeks) 

   

Evoked firing frequency F (4, 61) = 1.106 F (4, 61) = 0.2456 F (1, 61) = 0.2167 

Suppression period F (4, 61) = 0.2428 F (4, 61) = 0.5132 F (1, 61) = 21.78 *** 

% of change according to the 

basal firing rate 
F (4, 61) = 0.4608 F (4, 61) = 0.1191 F (1, 61) = 1.152  
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 Fisher's exact test 

 P value 
P value 

summary 
n Sham n 6-OHDA 

Incidence of burst firing 
Incidence of burst firing (%) (2 weeks) 

0.6801 ns 55 42 

Incidence of burst firing (%) (4 weeks) >0.9999 ns 75 51 

Incidence of burst firing L-DOPA (%) 0.3319 ns 31 35 

Incidence of sensory-evoked response     

Incidence of CL sensory-evoked 

response (2 weeks) 
0.2047 ns 28 27 

Incidence of IL sensory-evoked 

response (2 weeks) 
0.3651 ns 23 22 

Incidence of CL sensory-evoked 

response (4 weeks) 
0.5077 ns 30 31 

Incidence of IL sensory-evoked 

response (4 weeks) 
0.4145 ns 25 28 

Incidence of CL sensory-evoked 

response L-DOPA 
0.5487 ns 24 28 

Incidence of IL sensory-evoked 

response L-DOPA  
0.1291 ns 21 29 

Incidence of CL sensory-evoked 

response L-DOPA (Sham) 
<0.001 *** 30 (Sham) 24 (Sham L-DOPA) 

Incidence of IL sensory-evoked 

response L-DOPA (Sham) 
<0.001 *** 25 (Sham) 21 (Sham L-DOPA 

Incidence of CL sensory-evoked 

response L-DOPA (6-OHDA) 
<0.01 ** 31 (6-OHDA) 

28 (6-OHDA  

L-DOPA) 

Incidence of IL sensory-evoked 

response L-DOPA (6-OHDA) 
0.0379 * 28 (6-OHDA) 

29 (6-OHDA  

L-DOPA) 

 

 Pearson correlation 

 P value P value summary r n 

Suppression period – Evoked firing rate (Sham) 0.0009 *** -0.6118 26 

Suppression period – Evoked firing rate (6-OHDA) 0.0001 *** -0.7034 24 

Suppression period – Basal firing rate (Sham) 0.7133 ns -0.07569 26 

Suppression period – Basal firing rate (6-OHDA) 0.5780 ns 0.1195 24 

 

 2-way ANOVA 

 F (DFn, DFd) 

 Interaction Dose Lesion 

UK 14,304 inhibition (% baseline) F (4, 60) = 1.577 F (4, 60) = 155.9 *** F (1, 15) = 1.825 

% of change according to the basal 

evoked firing rate 
F (3, 51) = 0.7363 F (3, 51) = 0.1951 F (1, 51) = 3.014 

% of change according to the basal 

suppression period 
F (3, 51) = 1.336 F (3, 51) = 14.53 *** F (1, 51) = 2.373 
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4.2. STUDY II: Dopaminergic depletion reduces low 

frequency oscillations in the locus coeruleus and 

projecting cortical areas 

Since LC and mPFC receive dense reciprocal innervation and both regions 

are important for some PD non-motor symptoms as impaired cognitive processing, 

nociception or depression, we evaluated the impact of dopaminergic loss on the 

oscillatory activity and synchronization in the LC and between the LC and the 

mPFC. Finally, we studied the impact of the paw compression in the oscillatory 

activity, in absence or presence of L-DOPA. Detailed statistical results belonging to 

this study are shown in Annex II. 

4.2.1. Dopaminergic loss decreased low frequency 

oscillatory activity and synchronization between the 

locus coeruleus and medial prefrontal cortex 

To evaluate the impact of the 6-OHDA lesion in the oscillatory activity and 

synchronization in the LC and between the LC and the prefrontal cortex, we 

recorded simultaneously LC spikes, LFP from the LC and ECoG from the mPFC 

activity. A total of 9 sham (59 neurons for LFP and 41 neurons for ECoG and 

coherence analysis) and 11 6-OHDA lesioned animals (31 neurons for LFP and 29 

neurons for ECoG and coherence analysis) were used. 

The proportion of neurons that showed an oscillatory pattern was similar in 

sham (36%) and 6-OHDA lesioned (34%) animals (p > 0.05, Fisher´s exact test), as 

the autocorrelograms revealed (Figure 4.10).  
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Although the LFP and the ECoG power spectra were represented in the 0-30 

Hz frequency range, a maximum peak was revealed at delta band with a minor peak 

in theta band, being practically absent in both groups from alpha band on (Figure 

4.11).  

 

Figure 4.10. Oscillatory activity of locus coeruleus neurons. (A) Oscillatory pattern 
of LC neurons expressed as the percentage of neurons. The oscillatory activity of 
LC neurons was similar in sham and 6-OHDA lesioned group. Data are expressed 
as percentage of n cells from a total of 9 sham and 11 6-OHDA animals. (B) 
Autocorrelograms showing the pattern of oscillatory and non-oscillatory LC 
neurons. Red dashed line represents twice the magnitude of the random 
fluctuation.  

Figure 4.11. Representative oscillatory activity in the locus coeruleus LFP. 
Representative power spectrum of the LC LFP in a control animal in the 0-30 Hz 
frequency range, where 0-5 Hz corresponds to delta, 5-8 Hz to theta, 8-12 Hz to 
alpha and 12-30 Hz to beta. Note that the highest activity corresponds to the low-
frequency (delta) oscillations.  
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Analysis of the power spectrum in the delta-range (0-5 Hz) for the LFP or 

ECoG showed a peak between 0.3-0.9 Hz in both experimental groups, and AUC 

values for the low frequency range oscillations were significantly lower after the 

dopaminergic lesion (p < 0.001 and p < 0.01, respectively, unpaired Student’s t-test; 

Figure 4.12A and B). The analysis of the theta, alpha and beta bands did not reveal 

any difference between the groups (see Annex II). As the maximum range of activity 

was mostly circumscribe to the delta-band, the analysis was later restricted to this 

last frequency band, from 0 to 5 Hz. Coherence analysis between simultaneously 

recorded LFP and ECoG showed similar results to the power spectrum analysis. 

Regardless the experimental group, coherence analysis was significant only in the 

delta frequency range where AUC values were lower in the 6-OHDA group (p < 

0.05, unpaired Student’s t-test; Figure 4.12C).  
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Figure 4.12. Effect of the 6-OHDA lesion on the power spectrum analysis of LFP 
and ECoG and LFP/ECoG coherence analysis. Power spectrum and coherence 
curves (left) were used to analyse AUC values (delta frequency range, δ) (right). (A) 
Power spectrum of the LFP showed maximum activity at delta-range in both groups 
and its oscillatory activity analysed as the AUC decreased after the lesion with 6-
OHDA. (B) Power spectrum for the ECoG showed maximum activity at delta-range 
in both groups and its power spectrum analysis showed lower AUC values after DA 
depletion. (C) Coherence analysis between the LFP and the ECoG was significant 
in the delta range for both, sham and 6-OHDA animals (the horizontal dashed line 
indicates p = 0.05); note that coherence AUC decreased in the 6-OHDA group 
compared to sham. Data are expressed as mean ± S.E.M. and represented by a solid 
line and an upper and lower area defined by the S.E.M. #p < 0.05, ##p < 0.01 and 
###p < 0.001   vs sham, unpaired Student’s t-test. A total of 9 sham (59 recordings 
for LFP and 41 recordings for ECoG and coherence analysis) and 11 6-OHDA 
lesioned animals (31 recordings for LFP and 29 recordings for ECoG and coherence 
analysis) were used. 
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4.2.2. Dopamine acute replacement restored locus 

coeruleus oscillatory activity after 6-OHDA lesion 

After performing recordings in basal conditions, a group of these animals (6 

sham and 8 6-OHDA animals) received an acute dose of L-DOPA (24 mg/kg plus 12 

mg/kg of benserazide, i.p.). A total of 47 noradrenergic neurons were recorded in 

the LC under the effect of the L-DOPA administration: 20 neurons from the sham 

group and 27 neurons from the 6-OHDA group. The percentage of neurons showing 

oscillatory patterns was similar when L-DOPA was administered in sham and 6-

OHDA lesioned animals, 32% vs 41% respectively (p > 0.05, Fisher´s exact test). 

After the acute administration of L-DOPA, the maximum oscillatory peak of 

the LFP, ECoG and coherence LFP/ECoG remained in the delta band, between 0.6 

and 1.2 Hz; non remarkable oscillatory activity was found in other oscillatory 

frequency bands (Figure 4.13, left column). The posterior analysis of the power 

spectrum of the LFP under L-DOPA condition did not show the difference between 

groups observed in basal conditions, revealing that DA replacement reverted the 

modifications induced by the lesion with 6-OHDA (p > 0.05, 2-way ANOVA test) 

(Figure 4.13A). L-DOPA administration did not change the ECoG power spectrum, 

which was significantly lower in 6-OHDA lesioned rats (p < 0.01, Bonferroni's post 

hoc test). Similarly, L-DOPA did not alter the LFP or the ECoG in the sham group 

(p > 0.05, 2-way ANOVA test; Figure 4.13B). Finally, the coherence analysis 

between the LFP and the ECoG showed that L-DOPA administration significantly 

increased the AUC value in the 6-OHDA group (p < 0.001, Bonferroni's post hoc 

test) suggesting again a functional recovery of the synchrony induced by 6-OHDA 

lesion. L-DOPA did not modify coherence values in the sham group (p > 0.05, 2-way 

ANOVA test; Figure 4.13C).  
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Figure 4.13. Effect of L-DOPA administration on the LFP, ECoG and LFP/ECoG 
coherence from sham and 6-OHDA animals. Power spectrum and coherence curves 
(left) were used to analyse AUC values (delta frequency range, δ) (right). (A) Power 
spectrum for the LFP showed a maximum activity at delta-range in all experimental 
groups that was significantly lower only in the 6-OHDA group. Acute L-DOPA (24 
mg/kg plus 12 mg/kg of benserazide, i.p.) administration restored this value.  (B) 
Power spectrum for the ECoG showed a maximum activity at delta-range in all 
groups which again was reduced in the 6-OHDA group. In this case L-DOPA failed 
to recover the basal value. (C) Coherence analysis between the LFP and ECoG was 
increased in the 6-OHDA lesioned group compared to sham after L-DOPA 
administration (the horizontal dashed line indicates p = 0.05). The data are shown 
as mean ± SEM. * p < 0.05, **p < 0.01 and ***p < 0.001 vs respective sham; $$$ 
p < 0.001 vs 6-OHDA basal (Bonferroni's post hoc test). From a total of 6 sham 
animals n = 43 basal and n= 20 L-DOPA recordings were analysed for LFP analysis 
and n = 18 basal and n= 11 L-DOPA recordings were analysed for ECoG and 
coherence analysis. From a total of 8 6-OHDA animals n = 36 basal and n= 27 L-
DOPA recordings were analysed for LFP analysis and n = 18 basal and n= 15 L-
DOPA recordings were analysed for ECoG and coherence analysis). 
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4.2.3. Paw compression induces an event related potential 

in the locus coeruleus and cortex that may depend on the 

dopaminergic lesion 

To determine how a noxious stimulus may modify LFP and cortical activity, 

one compression/neuron in the contralateral hind paw of the animal was applied 

before and after L-DOPA administration and the event related potential was 

analysed. For studying the sensory stimulus effect 6 sham (n = 15 basal and n= 12 L-

DOPA recordings for LFP analysis and n = 15 basal and n= 8 L-DOPA recordings for 

ECoG and coherence analysis) and 8 6-OHDA animals (n = 21 basal and n= 15 L-

DOPA recordings for LFP analysis and n = 21 basal and n= 12 L-DOPA recordings 

for ECoG and coherence analysis) were used. 

In all groups, the compression of the paw produced an evoked potential both, 

in the LFP and the ECoG, that matched in time the LC phasic response described in 

Study I. In the LFP, the evoked potential consisted in a negative peak immediately 

after the paw compression followed by a second positive peak at ∼ 0.4 s after the 

compression, being less pronounced in the sham animals (Figure 4.14A, left). The 

magnitude between the negative and the positive peak was higher in the 6-OHDA 

lesioned group (p < 0.05, Bonferroni's post hoc test). Interestingly, this difference 

disappeared after acute administration of L-DOPA (Figure 4.14A, right). In the 

ECoG, the evoked potential showed a first positive peak just after the paw 

compression followed by a second negative peak at ∼ 0.7 s (Figure 4.14B, left).. In 

this case, L-DOPA decreased the evoked potential trigger by the paw compression 

in the 6-OHDA lesioned animals in comparison with its respective sham values 

(p < 0.05, Bonferroni's post hoc test; Figure 4.14B, right). 
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Figure 4.14. Phasic sensory-evoked response in the LFP and the ECoG from sham 
and 6-OHDA animals, in presence or absence of L-DOPA. (A) Average LFP evoked 
potential from the LC during 0.5 s before and 2 s after the paw compression in basal 
(left panel) and under L-DOPA (24 mg/kg plus 12 mg/kg of benserazide, i.p.) effect 
(middle panel). Quantitative analysis of the peak to through amplitude (right panel) 
was significantly higher in the 6-OHDA basal group compared to its respective 
sham. L-DOPA reversed this effect. (B) Average ECoG evoked potential during 0.5 
s before and 2 s after the paw compression in basal (left panel) and under L-DOPA 
(24 mg/kg plus 12 mg/kg of benserazide, i.p.) effect (middle panel). Quantitative 
analysis of the peak to through amplitude (right panel) was significantly decreased 
only in the 6-OHDA L-DOPA group compared to its respective sham. The data are 
shown as mean ± SEM. * p < 0.05 vs respective sham, Bonferroni's post hoc test.  
(From a total of 6 sham animals n = 15 basal and n= 12 L-DOPA recordings were 
analysed for LFP analysis and n = 15 basal and n= 8 L-DOPA recordings were 
analysed for ECoG and coherence analysis) (From a total of 8 6-OHDA animals 
n = 21 basal and n= 15 L-DOPA recordings were analysed for LFP analysis and 
n = 21 basal and n= 12 L-DOPA recordings were analysed for ECoG and coherence 
analysis). 
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Annex II. Statistical analysis of the experiments included in Study II 

 Unpaired t test 

 P value 
P value 

summary 
t (df) n Sham n 6-OHDA 

Power spectrum LFP delta-band (AUC) 0.0002 *** t98=3.93 59 41 

Power spectrum ECoG delta-band (AUC) 0.0024 ** t58=3.18 31 29 

Coherence LFP/ECoG delta-band (AUC) 0.0162 * t58=2.48 31 29 

Power spectrum LFP theta-band (AUC) 0.9781 ns t98=0.02 59 41 

Power spectrum ECoG theta-band (AUC) 0.3762 ns t58=0.89 31 29 

Power spectrum LFP alpha-band (AUC) 0.7773 ns t98=0.28 59 41 

Power spectrum ECoG alpha-band (AUC) 0.6264 ns t58=0.48 31 29 

Power spectrum LFP beta-band (AUC) 0.6693 ns t98=0.43 59 41 

Power spectrum ECoG beta-band (AUC) 0.9564 ns t58=0.05 31 29 

 

 2-way ANOVA 

 F (DFn, DFd) 

 Interaction L-DOPA Lesion 

Power spectrum LFP (AUC) F (1, 122) = 1.35 F (1, 122) = 3.479 F (1, 122) = 15.8 *** 

Power spectrum ECoG (AUC) F (1, 58) = 0.7322 F (1, 58) = 3.212 F (1, 58) = 16.14 *** 

Coherence LFP/ECoG (AUC) F (1, 58) = 24.79 *** F (1, 58) = 3.334 F (1, 58) = 0.0429 

Peak to through amplitude (LFP) F (1, 54) = 6.54 * F (1, 54) = 0.018 F (1, 54) = 0.994 

Peak to through amplitude (ECoG) F (1, 52) = 2.309 F (1, 52) = 0.024 F (1, 52) = 5.041 * 

 

 Fisher's exact test 

 P value P value summary n Sham n 6-OHDA 

Oscillatory pattern (%) >0.9999 ns 59 41 

Oscillatory pattern L-DOPA (%) 0.5546 ns 19 27 
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4.3. STUDY III: Dopaminergic depletion alters the 

excitability and spontaneous glutamatergic 

transmission in the locus coeruleus  

To evaluate ex vivo the impact of DA depletion on LC neuron activity, we 

investigated the basal electrophysiological properties as well as the glutamatergic 

and GABAergic synaptic activity in brain slices from sham and 6-OHDA lesioned 

rats. Detailed statistical results belonging to this study are shown in Annex III. 

4.3.1. Basal electrophysiological properties of the locus 

coeruleus neurons are compromised after the 6-OHDA 

lesion   

Four weeks after the vehicle or 6-OHDA injection, 73 noradrenergic 

neurons were recorded in the LC: 28 neurons from the sham group (n = 13 animals) 

and 45 neurons from the 6-OHDA group (n = 14 animals). All experiments where 

performed in whole-cell mode.  

One minute after the cell was opened, we inspected the intrinsic membrane 

properties of LC neurons using voltage-clamp configuration. As shown in Table 4.3, 

after DA depletion membrane capacitance and time constant were significantly 

lower than in sham animals (p < 0.05 and p < 0.01, respectively; unpaired Student’s 

t-test). The rest of the parameters, membrane resistance and series resistance, were 

not modified (p > 0.05, unpaired Student’s t-test). Next, IRK currents were recorded 

when negative voltage pulses were injected. Current-voltage curves showed the 

typical presence of inward rectification in both experimental groups (Figure 4.15A); 

however, this current was decreased after the 6-OHDA lesion (p < 0.001, 

Bonferroni's post hoc test; Figure 4.15B). 



Chapter IV. Study III 

106 

 

 Sham 

(n=28) 

6-OHDA 

(n=45) 

Membrane capacitance (pF) 110.70 ± 7.61 86.61 ± 6.41 # 

Membrane resistance (MΩ) 509.70 ± 78.72 677.70 ± 115.70 

Series resistance (MΩ) 14.68 ± 0.10 15.73 ± 1.12 

Time constant  (ms) 1.547 ± 0.13 1.17 ± 0.07 ## 

 
 

 

 

 

 

 

 

 

 

Table 4.3. Intrinsic membrane properties of locus coeruleus neurons from sham and 
6-OHDA animals. 

Data are expressed as the mean ± S.E.M of n cells from a total of 13 sham and 14 6-
OHDA animals. #p < 0.05 and  ##p < 0.01 vs sham, unpaired Student’s t-test. 

4.15. Inwardly-rectifying potassium currents in locus coeruleus neurons from sham 
and 6-OHDA animals. (A) Representative traces of IRK currents  responses to 
graded series of voltage pulses (-10 mV increments from -50 mV to -120 mV, 
100ms/step). (B) Graph represents IRK current response. Note that negative voltage 
injection produce significantly smaller IRK currents in the 6-OHDA lesioned 
group. Data are shown as the mean ± S.E.M. of 28 and 45 cells from a total of 13 
sham and 14 6-OHDA animals, respectively.  ***p < 0.001 vs respective sham, 
Bonferroni's post hoc test. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/scanning-electron-microscopy
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After studying the intrinsic properties, spontaneous action potentials were 

analysed (I=0). As previously reported for in vivo experiments (see Study I), neurons 

from 6-OHDA lesioned animals showed lower basal firing frequency (p < 0.01, 

unpaired Student’s t-test). However, parameters related to the action potential were 

similar in both experimental groups (p > 0.05, unpaired Student’s t-test; Table 4.4).  

 

 

 Sham 6-OHDA 

Basal firing rate (Hz) 1.731 ± 0.4226 (28) 0.5923 ± 0.1616 (42) ## 

Resting potential (mV) -50.58 ± 3.03 (15) -52.51 ± 1.802 (39) 

Threshold (mV) -32.32 ± 3.544 (10) -33.09 ± 1.406 (19) 

Peak amplitude (mV) 72.07 ± 4.012 (10) 75.74 ± 4.314 (19) 

AP duration (ms) 1.02 ± 0.12 (10) 0.965 ± 0.09848 (19) 

AHP amplitude (mV) 25.14 ± 1.029 (10) 24.39 ± 0.836 (19) 

 
 

Next, in current clamp configuration, we analysed LC neuron excitability by 

evaluating evoked spike frequency triggered by depolarizing currents steps (Figure 

4.16A). LC neurons from 6-OHDA lesioned animals were significantly more 

excitable than those from sham rats were (p < 0.05, 2-way ANOVA test). Next, we 

applied hyperpolarizing current injections and assessed the change in the evoked 

potential (Figure 4.16B). Hyperpolarizing steps induced more negative potentials in 

neurons from 6-OHDA lesioned rats than in sham animals (p < 0.01, 2-way ANOVA 

test). Interestingly, the time to recover spontaneous firing activity after 

depolarization was significantly longer in 6-OHDA lesioned animals (p < 0.001, 2-

way ANOVA test), which was independent from the amount of injected current (p 

> 0.05, 2-way ANOVA test; Figure 4.16C). 

Table 4.4. Action potential properties of locus coeruleus neurons from sham and 6-
OHDA animals. 

Data are expressed as mean ± S.E.M. of n cells. ##p < 0.01 (unpaired Student's t-
test). A total of 13 sham and 14 6-OHDA lesioned animals were used.  
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Figure 4.16. Basal properties of locus coeruleus neurons from sham and 6-OHDA 
animals. (A) Depolarizing current steps evoked significantly higher firing 
frequencies in 6-OHDA lesioned animals when compared to sham rats. (B) 
Hyperpolarising current steps produced more negative potentials in the 6-OHDA 
lesioned group. (C) Relationship between the duration of the suppression period 
and the injected current (the horizontal dashed line indicates the maximum 
recorded time at 9.5 s);  Data are shown as the mean ± S.E.M. of 23-27 and 27-32 
cells from a total of 12 sham and 13 6-OHDA animals, respectively. *p < 0.05 and  
**p < 0.01 vs respective sham, Bonferroni's post hoc test. 
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4.3.2. Dopaminergic loss does not affect the GABAergic 

transmission in the locus coeruleus  

To study the inhibitory GABAergic transmission in the LC, we first isolated 

GABAA receptor mediated currents by adding NMDA, AMPA/kainate, GABAB and 

glycine receptor antagonists to the external solution. Recordings were obtained from 

16 and 25 cells from a total of 6 sham and 9 6-OHDA animals, respectively. To 

confirm that the recorded currents were mediated by GABAA receptors, the GABAA 

antagonist gabazine (10 µM) was perfused at the end of the recordings and, as 

expected, all sIPSC and eIPSC were abolished (see Experimental procedures). 

Mean event frequency and amplitude of sIPSC was similar in sham and 6-

OHDA lesioned animals (p > 0.05, unpaired Student’s t-test; Figure 4.17B). In 

relation to the kinetic parameters, no differences were observed in the half-width, 

rise time or decay time of the sIPSC (p > 0.05, unpaired Student’s t-test; Figure 

4.17C).  

Evoked GABAergic transmission was analysed showing that for all tested 

frequencies (5, 10 and 20 Hz), eIPSC amplitudes were similar in the neurons from 

sham and 6-OHDA lesioned rats (p > 0.05, 2-way ANOVA test; Figure 4.18 middle 

panels). Trains of stimulation at 5 and 10 Hz, revealed no synaptic plasticity (p > 

0.05, 2-way ANOVA test) as all electric pulses produced IPSC of similar magnitude 

in sham and 6-OHDA lesioned animals (Figure 4.18A and B right panels). Trains of 

stimulation at 20 Hz revealed that neurons presented a moderate short-term 

facilitation (p > 0.05, 2-way ANOVA test), being significant in the sham animals 

when comparing the first and last stimulus (p < 0.05, Bonferroni's post hoc test; 

Figure 4.18C).  
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Figure 4.17. Spontaneous GABAergic postsynaptic currents in locus coeruleus 
neurons from sham and 6-OHDA animals. (A) Representative current traces of 
GABAA-mediated sIPSC in sham and 6-OHDA animals. (B) Mean frequency and 
amplitude of sIPSC in LC neurons. (C) sIPSC kinetics parameters in LC neurons 
were similar in both experimental groups. Data are shown as the mean ± S.E.M. of 
16 and 25 cells from a total of 6 sham and 9 6-OHDA animals, respectively.  
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Figure 4.18. Evoked GABAergic postsynaptic currents in LC neurons from sham 
and 6-OHDA animals. (A) Representative train of electrically evoked IPSCs at 5 Hz 
(left panel), population graph showing IPSC amplitude (middle panel) and graph of 
normalized IPSCs (right panel). IPSC short-term plasticity was similar in both 
groups. (B) Same as (A) for 10 Hz stimulation trains. (C) Representative train of 
electrically evoked IPSCs at 20 Hz (left panel), amplitude analysis (middle) did not 
show modifications after dopaminergic loss; however, normalized IPSCs (right 
panel) were different among the stimuli denoting short term facilitation that was 
significant in the sham group. Data are shown as the mean ± S.E.M. of 11-17 and 
14-18 cells from a total of 5-7 sham and 6-OHDA animals per group, respectively. 
$ p < 0.05 vs IPSC1 in sham, Bonferroni's post hoc test. 
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4.3.3. Dopaminergic loss increases spontaneous 

glutamatergic transmission in the locus coeruleus  

Next, we evaluated whether excitatory transmission in the LC was different 

after DA depletion. In our preparation at the recorded potential, AMPA receptors 

govern the glutamatergic transmission since NMDA component is absent and the 

receptor antagonist, picrotoxin, blocked GABAA transmission. Recordings were 

obtained from 27 and 29 cells from a total of 7 sham and 10 6-OHDA animals, 

respectively. To further confirm that AMPA receptor-transmission was recorded at 

the end of the experiment, the AMPA receptor antagonist DNQX (20 µM) was 

perfused and completely abolished the recorded sEPSC and eEPSC (see 

Experimental procedures). 

Mean sEPSC frequency was significantly increased after the 6-OHDA lesion 

(p < 0.05, unpaired Student’s t-test), but the amplitude was similar in both 

experimental groups (p > 0.05, unpaired Student’s t-test; Figure 4.19B). Regarding 

the kinetic parameters, no differences were found in peak amplitude, half-width, 

rise time or decay time of sEPSC (p > 0.05, unpaired Student’s t-test; Figure 4.19C). 

Afterwards, we analyzed the influence of the DA depletion in the evoked 

glutamatergic transmission. The stimulation was performed at a frequency of 10 Hz 

and no changes were detected in the mean amplitudes of the eEPSC (p > 0.05, 2-way 

ANOVA test). Analysis of the normalized eEPSC revealed a moderate facilitating 

response in both experimental groups (p < 0.01, 2-way ANOVA test; Figure 4.20).  
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Figure 4.19. Spontaneous glutamatergic postsynaptic currents in locus 
coeruleus neurons from sham and 6-OHDA animals. (A) Representative current 
traces showing sEPSC in sham and 6-OHDA animals. (B) Mean frequency and 
amplitude of sEPSC in LC neurons, showing increased event frequency after the 
dopaminergic loss. (C) sEPSC kinetics parameters in LC neurons were similar in 
both experimental groups. Data are shown as the mean ± S.E.M. of 27 and 29 cells 
from a total of 7 sham and 10 6-OHDA animals, respectively. #p < 0.05 vs sham, 
unpaired Student's t-test. 

Figure 4.20. Evoked glutamatergic postsynaptic currents in LC neurons from sham 
and 6-OHDA animals. Representative trace of electrically EPSCs at 10 Hz (left 
panel). Population graph showing EPSC amplitude (middle panel) was similar in 
both groups. Normalized EPSCs (right panel) denoting short-term facilitation in 
sham and 6-OHDA lesioned rats. Data are shown as the mean ± S.E.M of 10 and 11 
cells from a total of 6 sham and 7 6-OHDA animals, respectively. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/scanning-electron-microscopy
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Annex III. Statistical analysis of the experiments included in Study III 

 Unpaired t test 

 P value P value summary t (df) n Sham n 6-OHDA 

Membrane properties      

Membrane capacitance (pF) 0.0195 * t70=2.39 28 44 

Membrane resistance (MΩ) 0.2921 ns t70=1.06 28 44 

Series resistance (MΩ) 0.5207 ns t70=0.65 28 44 

Time constant  (ms) 0.0084 ** t70=2.71 28 44 

Action potential properties      

Basal firing rate (Hz) 0.0053 ** t68=2.88 28 42 

Resting potential (mV) 0.5368 ns t52=0.62 15 39 

Threshold (mV) 0.8518 ns t27=0.19 10 19 

Peak amplitude (mV) 0.3778 ns t27=0.89 10 19 

AP duration (ms) 0.7137 ns t27=0.37 10 19 

AHP amplitude (mV) 0.8735 ns t27=0.16 10 19 

sIPSC      

Event frequency 0.9892 ns t39=0.01 16 25 

Peak amplitude 0.7792 ns t39=0.28 16 25 

Half-width 0.8835 ns t39=0.14 16 25 

Rise time 0.3408 ns t39=0.96 16 25 

Decay time 0.8690 ns t39=0.16 16 25 

sEPSC      

Event frequency 0.0259 * t54=2.29 27 29 

Peak amplitude 0.3059 ns t54=1.03 27 29 

Half-width 0.4775 ns t54=0.71 27 29 

Rise time 0.1836 ns t54=1.34 27 29 

Decay time 0.0641 ns t54=0.47 27 29 

      

 2-way ANOVA 

 F (DFn, DFd) 

 Interaction Factor Lesion 

IRK current response F (7, 560) = 2.1890 * F (7, 560) = 175.5000 *** F (1, 560) = 9.2560 ** 

Depolarizing currents F (6, 399) = 1.531 F (6, 399) = 183.6000 *** F (1, 399) = 6.0190 * 

Hyperpolarizing currents F (6, 328) = 0.2059 F (6, 328) = 67.7400 *** F (1, 328) = 7.8810 ** 

Suppression period F (5, 342) = 0.4798 F (5, 342) = 1.6550 F (1, 342) = 37.8800 *** 
 

 2-way ANOVA 

 F (DFn, DFd) 

 Interaction IPSC or EPSC number Lesion 

eIPSC amplitude (5 Hz) F (4, 92) = 0.2365 F (4, 92) = 0.7475 F (1, 23) = 0.0373 

eIPSC amplitude (10 Hz) F (4, 132) = 0.0241 F (4, 132) = 0.7505 F (1, 33) = 0.0020 

eIPSC amplitude (20 Hz) F (4, 116) = 0.3926 F (4, 116) = 10.19 *** F (1, 29) = 0.1345 

IPSCn/IPSC1 (5 Hz) F (4, 92) = 0.2538 F (4, 92) = 0.3773 F (1, 23) = 0.1934 

IPSCn/IPSC1 (10 Hz) F (4, 132) = 0.6113 F (4, 132) = 2.551 * F (1, 33) = 1.001 

IPSCn/IPSC1 (20 Hz) F (4, 116) = 0.4531 F (4, 116) = 8.485 *** F (1, 29) = 0.3642 

eEPSC amplitude (10 Hz) F (4, 76) = 0.2494 F (4, 76) = 4.38 ** F (1, 19) = 0.1689 

EPSCn/EPSC1 (10 Hz) F (4, 76) = 0.0149 F (4, 76) = 8.305 *** F (1, 19) = 0.0026 
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4.4. STUDY IV: Dopaminergic depletion produces a 

discrete impact in nociceptive and anxiety behaviour 

and decreased locus coeruleus metabolic activity 

In this study, it was investigated the effect of DA depletion on the COX 

activity, and expression of TH and ERK 1 and 2 in the LC. Lastly, we assessed 

whether the nociceptive and anxiety-like behaviour, which are linked to the LC and 

altered in patients with PD, were affected by the DA loss. Detailed statistical results 

belonging to this study are shown in Annex IV. 

4.4.1. Dopaminergic loss does not produce major 

molecular changes in the locus coeruleus  

First, we performed COX staining; this maker provides information about 

metabolic and mitochondrial activity. We performed COX staining in the slices 

containing the LC from sham (6 animals) and 6-OHDA rats (6 animals) (Figure 

4.21A). In line with the electrophysiological parameters, COX metabolic activity 

was significantly lower in the ipsilateral site to the lesion in 6-OHDA but not in 

sham animals (p < 0.001, paired Student’s t-test; Figure 4.21B). 

 

 

Figure 4.21.  Cytochrome-c-oxidase expression in the locus coeruleus from sham 
and 6-OHDA lesioned animals. (A) Representative COX staining of sham and 6-
OHDA animals (scale bar 100 µm). (B) Quantification shows a decreased COX 
staining in the 6-OHDA lesioned group. Data are expressed as mean ± S.E.M of 6 
sham and 6 6-OHDA animals. *p < 0.05, unpaired Student's t-test. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/scanning-electron-microscopy
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As an additional molecular measurement in the LC, we assessed the amount 

of TH, the rate-limiting enzyme of NA biosynthesis. The results obtained did not 

show any difference between groups or between the ipsilateral and contralateral LC 

of the brain (p > 0.05, 2-way ANOVA test; Figure 4.22). Later, pERK1 and 2 were 

assessed, again, no differences were revealed after DA depletion or between the 

ipsilateral and contralateral LC (p > 0.05, 2-way ANOVA test; Figure 4.23). 

 

 

 

 

 

Figure 4.22. Tyrosine hydroxylase in the locus coeruleus from sham and 6-OHDA 
animals. Representative regions of the immunoblots and statistical data are 
represented. TH expression was measured in the LC in sham and 6-OHDA animals 
without any change. Data are shown as the mean ± S.E.M. of 6 sham and 6 6-OHDA 
animals per group. 

Figure 4.23. Phosphorylated extracellular signal-regulated kinase 1 and 2 levels in 
the LC from sham and 6-OHDA animals.  
Representative regions of the immunoblots and statistical data are represented. No 
differences between groups were obtained after analysing the pERK1 (left) and 
pERK2 (right) expression. Data are shown as the mean ± S.E.M. of 6 sham and 6 6-
OHDA animals per group. 
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4.4.2. Dopaminergic loss has minor impact in the 

nociceptive and anxious behavioural tests performed  

Motor impairment 

The body weight of both groups, sham and 6-OHDA, increased over time (p 

< 0.001, RM  2-way ANOVA test), being lower in the parkinsonian rats the last two 

weeks of evaluation (p < 0.01 and p < 0.001, Bonferroni's post hoc test). Weight loss 

in 6-OHDA animals has been previously described (Guimarães et al., 2013) (Figure 

4.24A). Before the lesion and during four weeks after, motor impairment was 

evaluated with the cylinder test (once per week). As expected, DA depletion 

produced forelimb asymmetry during free exploration in the 6-OHDA group in all 

testing session after the surgery (p < 0.001, Bonferroni's post hoc test; Figure 4.24B). 

Overall the use of the ipsilateral paw was >80% in all the 6-OHDA lesioned rats. 

 

 

 

Figure 4.24. Evolution of rats' body weight and asymmetric locomotive behaviour 
during the study. (A) Body weight increased over time in both groups, being lower 
in the 6-OHDA lesioned animals. (B) Cylinder test performed before and 4 weeks 
after the 6-OHDA lesion confirmed the motor impairment induced by the severe 
dopaminergic lesion. Data are shown as the mean ± S.E.M. of 8 sham and 11 6-
OHDA animals. **p < 0.01 and ***p < 0.001 vs respective sham, Bonferroni's post hoc 
test; $$$p < 0.001 vs respective prelesion, Bonferroni's post hoc test. 
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Nociceptive behaviour 

The temporal evolution of the nociceptive behaviour was performed at 5 

different time points: one week before the surgery and during four after (once per 

week). To do so, spontaneous, mechanical and thermal nociception were evaluated. 

First, we evaluated spontaneous nociceptive behaviour using the dynamic 

weight bearing test (Figure 4.25). The percentage of weight distributed on each paw 

was represented in order to avoid errors from the body weight loss previously 

shown. Decreased weight distributed on the hind limb contralateral was observed 

in 6-OHDA animals (p < 0.05, RM 2-way ANOVA test). The weight distribution in 

the ipsilateral hind limb was similar in both groups (p > 0.05, RM 2-way ANOVA 

test). These results were accompanied by increased weight supported on the 

ipsilateral forelimb in 6-OHDA lesioned rats (p < 0.01, Bonferroni's post hoc test), 

since they used preferentially the ipsilateral site to the lesioned hemisphere while 

free exploration. 

After, mechanical nociceptive behaviour was assessed using von Frey test 

(Figure 4.26). During two weeks after the lesion, the 6-OHDA group showed 

significantly reduced withdrawal threshold in the contralateral hind paw (p < 0.05 

and p < 0.01, Bonferroni's post hoc test), denoting increased nociceptive responses. 

This difference was not seen in the last testing sessions. Results from the ipsilateral 

hind paw were not different between groups (p > 0.05, RM 2-way ANOVA). 

Finally, we evaluated thermal nociceptive behaviour using cold (acetone 

test) or hot (plantar test and hot plate) stimuli. There was a discrete increased in the 

acetone response of the ipsilateral hindpaw in the 6-OHDA animals (p < 0.05, RM 

2-way ANOVA) after the lesion. In the contralateral hindpaw, response to acetone 

was similar among the groups (p > 0.05, RM 2-way ANOVA; Figure 4.27A). In the 
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plantar test, heat application produced similar nociceptive responses in both hind 

paws among the groups (p > 0.05, RM 2-way ANOVA; Figure 4.27B). Analysis of the 

hot plate test neither revealed differences between groups (p > 0.05, RM 2-way 

ANOVA; Figure 4.27C). This response was stable over time. 

 

 

 

 

Figure 4.25. Evolution of spontaneous nociceptive behaviour during the study. 
Weight distributed on the contra- and ipsilateral fore (top) or hind (bottom) paws 
in percentage of the total weight, in the dynamic weight bearing test. Data are 
shown as the mean ± S.E.M. of 8 sham and 11 6-OHDA animals. **p < 0.01 vs 
respective sham and $p < 0.05 vs respective prelesion, Bonferroni's post hoc test. 
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Figure 4.26. Evolution of mechanical nociceptive behaviour during the study. 
Mechanical hypersensitivity was evaluated with the von Frey test, a discrete 
progression over time was revealed after dopaminergic loss. Data are shown as the 
mean ± S.E.M. of 8 sham and 11 6-OHDA animals. $p < 0.05 and $$p < 0.01 vs 
respective prelesion, Bonferroni's post hoc test. 
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Figure 4.27. Evolution of thermal nociceptive behaviour during the study. (A) 
Response of contra- and ipsilateral hindpaws to acetone application showed an 
increased acetone score in the ipsilateral hindpaw of the 6-OHDA group over time. 
(B) Thermal hypersensitivity evaluated with the plantar test did not revealed 
differences between groups. (C) Hot plate test did not show any difference during 
the four weeks evaluated after the 6-OHDA lesion. Data are shown as the 
mean ± S.E.M. of 8 sham and 11 6-OHDA animals. $p < 0.05 and $$p < 0.01 vs 
respective prelesion, Bonferroni's post hoc test. 
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Anxious behaviour 

Six weeks after the dopaminergic denervation, anxiety-like behaviour was 

evaluated using two different paradigms, the marble burying test and the social 

interaction test. In the marble burying test, sham and 6-OHDA lesioned rats showed 

similar anxious behaviour, since both groups buried same amount of marbles 

(p > 0.05, unpaired Student’s t-test; Figure 4.28A). The social interaction test neither 

showed anxious-like behaviour. The percentage of time that the studied rat spent 

interacting with an unfamiliar rat was similar in both experimental groups (p > 0.05, 

unpaired Student’s t-test; Figure 4.28B). 

 

 

 

Figure 4.28. Evolution of anxiety-like behaviour during the study. (A) No 
differences were observed in the number of buried marbles in the arena after 
spending 10 minutes. (B) Percentage of interaction time between the studied rats 
with the unfamiliar ones was similar for both groups. Data are shown as the 
mean ± S.E.M. of 8 sham and 11 6-OHDA animals.  
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Annex IV. Statistical analysis of the experiments included in Study IV 

 Unpaired t test 

 P value P value summary t (df) n Sham n 6-OHDA 

COX staining  <0.001 *** t10=6.4240 6 6 

Buried marbles 0.3956 ns t17=0.8715 8 11 

% Interaction time 0.1965 ns t17=1.344 8 11 

 

 2-way ANOVA 

 F (DFn, DFd) 

 Interaction Lesion Side 

TH expression F (1, 20) = 0.3374 F (1, 20) = 0.3757 F (1, 20) = 0.2154 

pERK1/ERKt1 F (1, 20) = 0.8231 F (1, 20) = 0.6081 F (1, 20) = 0.9341 

pERK2/ERKt2 F (1, 20) = 0.7991 F (1, 20) = 0.8186 F (1, 20) = 0.9725 

      

 RM 2-way ANOVA 

 F (DFn, DFd) 

 Interaction Time Lesion 

Weight F (4, 68) = 10.4 *** F (4, 68) = 258.5 *** F (1, 17) = 5.176 * 

Cylinder test F (4, 68) = 22.81 *** F (4, 68) = 13.64 *** F (1, 17) = 174.3 *** 

Dynamic weight test (CL forelimb) F (4, 68) = 0.69 F (4, 68) = 2.20 F (1, 17) = 1.50 

Dynamic weight test (IL forelimb) F (4, 68) = 3.07 * F (4, 68) = 0.80 F (1, 17) = 7.24 * 

Dynamic weight test (CL hindlimb) F (4, 68) = 0.16 F (4, 68) = 2.44 F (1, 17) = 5.76 * 

Dynamic weight test (IL hindlimb) F (4, 68) = 0.56 F (4, 68) = 0.94 F (1, 17) = 0.02 

Von Frey test (CL) F (4, 68) = 0.8835 F (4, 68) = 2.887 * F (1, 17) = 3.093 

Von Frey test (IL) F (4, 68) = 0.7976 F (4, 68) = 1.823 F (1, 17) = 0.9142 

Acetone test (CL) F (4, 68) = 1.171 F (4, 68) = 2.166 F (1, 17) = 1.569 

Acetone test (IL) F (4, 68) = 1.043 F (4, 68) = 4.227 ** F (1, 17) = 7.882 * 

Plantar test (CL) F (4, 68) = 0.8491 F (4, 68) = 5.505 *** F (1, 17) = 0.01 

Plantar test (IL) F (4, 68) = 1.157 F (4, 68) = 3.028 * F (1, 17) = 0.002 

Hot plate test F (4, 68) = 0.7129 F (4, 68) = 0.7159 F (1, 17) = 1.703 
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5. DISCUSSION 

Study I 

Study I indicates that DA loss influences LC tonic and phasic activity, but 

four weeks after the lesion are necessary to observe these changes. At this time point, 

6-OHDA lesioned animals showed decreased firing rate. Furthermore, when the 

effect of a sensory stimulus (paw compression) in the phasic activity was assessed, 

lesioned animals showed increased post-stimulus frequency and prolonged 

suppression period. DA replacement with L-DOPA exogenous administration 

restored the alterations produced in the tonic and phasic parameters.  

Dopamine depletion reduces tonic firing frequency in locus 

coeruleus neurons 

Few studies carried out in 6-OHDA lesioned animals have reported 

electrophysiological changes in the basal activity of LC neurons as a consequence of 

the nigrostriatal degeneration. The present data are in agreement with previous 

work from our lab (Miguelez et al., 2011b, 2011a) showing decreased firing 

frequency in the LC from 6-OHDA lesioned animals. However, these data differ 

from other publications reporting that dopaminergic loss increases LC neuronal 

activity (Guiard et al., 2008; Wang et al., 2009). The basis for the discrepancy may 

rely on methodological variations, since the animal model used in each study was 

different. In the work from Wang et al (2009), the toxin was injected unilaterally in 

the SNc and Guiard and collaborators (2008) injected the toxin bilaterally in the 

ventral tegmental area. However, in our study the location of the toxin injection was 

the MFB, as it was done in the previous studies from our laboratory. Guiard et al. 

(2008) reported that the mean number of LC neurons recorded per track was 
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significantly lower in lesioned animals, suggesting that the observed effect in the 

firing frequency might be a compensatory mechanism due to the noradrenergic 

damage. Indeed, noradrenergic cell loss in the LC leads to hyperactivity of the 

remaining neurons (Szot et al., 2016), probably because the loss of NA and 

subsequent decreased of the tonic inhibitory control of the nucleus (Szot et al., 2012, 

2016). In the model used in the present project, it is likely that the number of LC 

cells was unaffected as described by a previous study from our research group in 

which not only the mean number of LC neurons recorded per track was unaltered, 

but also the number of TH-positive cells, quantified by stereological method 

(Miguelez et al., 2011b). In our model the decreased basal firing rate may be a direct 

effect of the absence of DA and not a consequence of the NA cell loss, in fact when 

we administered L-DOPA tonic activity was recovered to sham values. Other studies 

measuring NA content in LC-projecting areas indirectly indicate that the LC activity 

is reduced. Indeed, rats lesioned with 6-OHDA in the MFB show lower levels of NA 

in the spinal cord, striatum, SNc, hippocampus and prefrontal cortex from the 

lesioned hemisphere (Bhide et al., 2015; Cao et al., 2016; Kamińska et al., 2017). In 

addition, LC hypoactivity is also shown in Studies III and IV where significant 

reduction in ex vivo spontaneous firing rate and COX activity was reported. 

 As described in the introduction, it is well known that LC tonic electrical 

activity is mainly regulated by α2-adrenoceptors, which provide local feed-back 

inhibition leading to a progressive reduction in the firing activity (Cedarbaum and 

Aghajanian, 1976; Egan et al., 1983). However, in our study, neurons from lesioned 

and sham groups responded in a similar way to the systemic administration of an α2-

adrenoceptors agonist (UK 14,304), confirming that changes in these receptors are 

not responsible for the decreased tonic firing rate. In this line, a previous publication 

shows similar results with the administration of the α2-adrenoceptors agonist, 
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clonidine (Miguelez et al., 2011b). Other aspects that could origin decreased LC 

spontaneous activity could be a reduction of TH expression or alteration of 

pacemaking currents (Williams et al., 1984, 1988, 1991; Osmanović et al., 1990; 

Forsythe et al., 1992; Alreja and Aghajanian, 1993; Osmanović and Shefner, 1993; de 

Oliveira et al., 2010; Sanchez-Padilla et al., 2014; Matschke et al., 2015, 2018), along 

with increased GABAA-mediated GABAergic transmission (Corteen et al., 2011; 

Breton-Provencher and Sur, 2019). However, these options were further discussed 

and discarded in Studies III and IV.  

Despite the high presence of α2-adrenoceptors, the LC also contains α1-

adrenoceptors (Young and Kuhar, 1980; Chamba et al., 1991; Pudovkina et al., 2001; 

Osborne et al., 2002; Pudovkina and Westerink, 2005). There is compelling indirect 

pharmacological evidence about DA acting at α1-adrenoreceptors in different tissues 

(see review Lei, 2014), and in particular in the LC, causing an activation of this 

nucleus (Pudovkina and Westerink, 2005; Lin et al., 2008). Apart from DA acting 

onto α1-adrenoceptors, D1-dopaminergic receptors may also exert tonic activation of 

LC neurons. These latter receptors are present on the somas of the LC noradrenergic 

neurons (Shelkar et al., 2017) and, although signal transduction driven by D1-

dopaminergic receptors has not yet been examined in the LC, studies in other brain 

regions and cell types have established that D1 receptor activation produces a 

stimulatory effect via adenylyl cyclase activity regulated by Gs-type G proteins (see 

review (Undieh, 2010)). Thus, it is possible that dopaminergic loss compromises the 

equilibrium in the LC, preventing the activation of α1-adrenoceptors or D1-

dopaminergic receptors by DA and the subsequent LC stimulation. Under control 

conditions, substantial amounts of DA are present in the LC (Versteeg et al., 1976; 

Kaehler et al., 1999b) and the nigrostriatal lesion induced by 6-OHDA may decrease 

the dopaminergic levels directly in the LC, through its direct innervation from the 
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SNc (Breton-Provencher and Sur, 2019). Another mechanism that could also 

influence LC tonic activity is the GABAB mediated GABAergic tonic inhibition. This 

possibility is further discussed in Study III. 

Dopamine depletion enhances phasic activity in locus coeruleus 

neurons 

The phasic activity in the LC is driven by both, noxious and non-noxious 

stimuli (Cedarbaum and Aghajanian, 1978; Aston-Jones and Bloom, 1981b) and it is 

important for arousal (Carter et al., 2010), attention (Vazey et al., 2018), adaptation 

to changing environmental circumstances (Snyder et al., 2012; Cope et al., 2019), 

stress vulnerability (Curtis et al., 2012) and nociception (Alba-Delgado et al., 2012b; 

Borges et al., 2017a).  

The transmission of the sensory information triggered by a noxious stimulus 

is driven by the primary afferents, which reaches the dorsal horn of the spinal cord 

and synapses with second-order neurons. Mostly, the signal is contralaterally 

transmitted to different supra-spinal structures, such as the PGi, which strongly 

innervates the LC (Andrezik et al., 1981; Aston-Jones et al., 1986; Ennis et al., 1992; 

Llorca-Torralba et al., 2016; Neves et al., 2018; Vazey et al., 2018; Breton-

Provencher and Sur, 2019). Once the noxious stimulus arrives at the LC, phasic 

activity is triggered, which is composed by two phases: an excitation (post-stimulus 

frequency) and a subsequent inhibition (suppression period). In our study when the 

contralateral paw was compressed, LC neurons from 6-OHDA animals showed 

increased excitation followed by enlarged inhibition. Interestingly, changes in both 

modes of activity, tonic and phasic, were reverted by acute L-DOPA administration, 

suggesting the involvement of DA in the control of these functional parameters. 



Chapter V. Discussion 

131 

The mechanism involved in the generation of the excitatory component of 

the phasic response is linked to glutamate released from the PGi, which is strongly 

activated by noxious inputs (Azami et al., 1981; Tung et al., 1989; Ennis et al., 1992; 

Chiang and Aston-Jones, 1993). However, the generation of the suppression period 

is not completely understood although an implication of α2-adrenoceptors has been 

proposed (Cedarbaum and Aghajanian, 1978), as we discuss below.  

Excitatory component 

Various studies in anesthetized rats have demonstrated that noxious 

stimulation (footshock or paw compression) evokes the excitatory component of the 

phasic response in the LC. This excitation is triggered by glutamate released from 

the PGi, acting onto non-NMDA receptors in the LC, since the phasic response is 

abolished by non-NMDA receptor blockage or PGi inhibition (Tung et al., 1989; 

Ennis et al., 1992; Chiang and Aston-Jones, 1993). Therefore, in future experiments 

it would be interesting to assess the functionality of the PGi after dopaminergic loss 

in basal conditions and during noxious stimulation. 

Some publications have also suggested the participation of α2-mediated 

mechanism in this excitatory component of the phasic response. Simson et al. 

initially proposed that systemic blockade of α2-adrenoceptors augments the 

responsiveness to the paw compression (Simson and Weiss, 1988). However, more 

recent publications do not support this observation. Administration of atomoxetine, 

a potent NA uptake inhibitor that indirectly activates α2-adrenoceptors, does not 

modify the excitatory component induced by footshock in anesthetized rats (Bari 

and Aston-Jones, 2013). In our study administration of the α2-adrenoceptor agonist, 

UK 14,304, neither modified the post-stimulus frequency in any experimental group, 

indicating that the changes observed in the 6-OHDA lesioned group do not depend 
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on α2-adrenoceptor activation. In addition, α2-adrenoceptor antagonists do not 

modify glutamate-induced excitation in the LC ex vivo (Zamalloa et al., 2009). 

Some authors also suggest the implication of other neurotransmitter in the 

excitatory component of the response, as the serotonin system. Modulation of 

serotonin content but not direct antagonism of 5-HT receptors seems to alter this 

parameter (Simson and Weiss, 1988); specifically, serotonin depletion (PCPA 

treated) increases the excitation while serotonin precursor administration attenuates 

it (Shiekhattar and Aston-Jones, 1993). In 6-OHDA lesioned animals, some 

publications have reported lower serotonin levels in different brain areas (Karstaedt 

et al., 1994; Kamińska et al., 2017) and less sensitivity to serotonergic drugs in the 

LC (Miguelez et al., 2011b). However, previous publications from our group using 

the same animal model used in our study, did not find modifications in the 

electrophysiological properties of the dorsal raphe nucleus (Miguelez et al., 2011b, 

2016a) neither in the serotonin content in projecting areas in the lesioned  

hemisphere (Miguelez et al., 2016b).  

Inhibitory component 

The α2-adrenoceptors seem to be responsible, at least in part, for the 

inhibitory component of the phasic response. Administration of α2-adrenoceptors 

antagonists attenuates the suppression period (Cedarbaum and Aghajanian, 1978) 

while NA uptake inhibitor administration increases it (Bari and Aston-Jones, 2013). 

In our work, an α2-adrenoceptor agonist increased the suppression period triggered 

by the paw compression. However, the effect of the α2-adrenoceptor agonist was 

similar in sham and 6-OHDA lesioned animals, indicating again no changes in the 

sensitivity of these receptors.  
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We also observed that the duration of the suppression period was not 

correlated with the magnitude of the post-stimulus frequency, but with the tonic 

activity of the nucleus, in both experimental groups. Since the suppression period is 

probably regulated by the tonic activity rather than by α2-adrenoceptors, any 

change in this activity induced by other mechanisms will modify it. Indeed, those 

drugs that reduce the suppression period, α2-adrenoceptors antagonists, also 

augment the basal firing frequency (Ugedo et al., 1998; Miguelez et al., 2009), while 

drugs enlarging the suppression period have the opposite effect on the firing rate 

(Bari and Aston-Jones, 2013).   

 

 

Correlation between the spontaneous activity and the suppression period 

explains the similar enlarged effect on this last parameter in the 6-OHDA lesioned 

rats, regardless the stimulated hindpaw (contralateral or ipsilateral to the recording 

electrode). Indeed, ipsilateral paw compression also evoked a phasic response in the 

LC that was similar in sham and 6-OHDA lesioned rats. Although spinal ascending 

projections to the LC are mainly contralateral, bilateral pathway has been suggested 

since unilateral noxious stimulation results in bilateral activation of the LC in both 

hemispheres (Proudfit, 2002; Hayashida et al., 2008; Alba-Delgado et al., 2012b; 

Neves et al., 2018). It is not clear, however, how ipsilateral stimulation triggers this 

response. One possibility could be that the LC from the intact hemisphere is 

responsible for it. In this sense, reciprocal innervation between both LC has been 

described (Li et al., 2016), and direct LC stimulation triggers a phasic response in the 

contralateral LC similar to that analysed in the present study (Marzo et al., 2014). 

Thus, the lack of alteration that we observed in the response to the compression of 

the ipsilateral paw is probably due to the control exerted by the contralateral intact 

LC.  
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Our results show that dopaminergic depletion alters the phasic-tonic balance 

of LC neurons, producing decreased tonic but enhanced phasic activity in 6-OHDA 

lesioned rats. The behavioural meaning of this increased phasic:tonic ratio is 

however not well understood. Some authors suggest that in stressful conditions, 

elevated tonic activity constrains LC phasic activity (‘hyperarausal’) in order to scan 

diverse stimuli providing adaptation to the challenging environment (Valentino and 

Foote, 1987, 1988; Curtis et al., 2012). By contrast, when stress or painful situations 

are persistent, the electrophysiological changes are the opposite ones, inducing 

reduced tonic and exacerbated phasic responses (Bravo et al., 2013; George et al., 

2013; Borges et al., 2017a). Other authors have also related increased phasic:tonic 

ratio to improved task performance but also to attention-deficit/hyperactivity 

disorder (Aston-Jones and Cohen, 2005; Gilzenrat et al., 2010; Howells et al., 2012). 

In this line, neonatal disruption of the nigrostriatal dopaminergic pathway with 6-

OHDA induces attention-deficit/hyperactivity like disorder in mice (Bouchatta et 

al., 2018). Patients with a history of attention-deficit/hyperactivity disorder show 

also higher risk of developing diseases of the basal ganglia and cerebellum, including 

PD (Curtin et al., 2018). 

Dopamine replacement restores tonic and phasic activity in locus 

coeruleus neurons 

L-DOPA is the metabolic precursor of NA through its decarboxylation into 

DA by the aromatic amino acid decarboxylase and the -hydroxylation of DA by the 

DA beta-hydroxylase. The observed changes in this study can be attributed to a 

direct action of L-DOPA on adrenergic receptors (Alachkar et al., 2010) or to the 

ability of DA to act on α1-adrenoreceptors or D1-dopaminergic receptors probably 

promoting LC neuron activation. A previous study from our group reported that 
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chronic treatment with L-DOPA is also able to recover the reduced firing frequency 

in 6-OHDA rats (Miguelez et al., 2011a).  

The effect of L-DOPA on the phasic response may be related to the 

improvement on the spontaneous activity (for the inhibitory component) or to the 

modulation of glutamatergic transmission (for the excitatory component), which is 

increased in many brain nuclei during parkinsonian conditions (Aristieta et al., 2012; 

Schintu et al., 2016; Chang et al., 2019). Indeed, it has been proven that L-DOPA 

inhibits excitatory synaptic transmission in the nucleus tractus solitarius in control 

rats (Ohi et al., 2017) and reduces glutamate efflux in the primary motor cortex of 

6-OHDA lesioned rats (Lindenbach et al., 2016). Apart from restoring the excitatory 

and inhibitory components, L-DOPA dramatically suppressed the probability to 

trigger the phasic response in the LC. This effect occurred in sham and 6-OHDA 

lesioned animals, suggesting a mechanism not dependant on the integrity of the 

nigrostriatal pathway that probably involves structures at the spinal level, rather 

than supraspinal nuclei. L-DOPA derived DA acting on D2 receptors may affect the 

primary sensory afferent system, as D2 receptors are present in the spinal dorsal horn 

(Yokoyama et al., 1994), where primary afferents terminate.  

Persistent dopamine loss is necessary to observe changes in the 

locus coeruleus neurons 

Finally, although we have shown changes in tonic and phasic 

electrophysiological properties of LC neurons four weeks after the induction of the 

dopaminergic loss, minor changes occurred two weeks after the 6-OHDA lesion. 

This finding suggests the need of a persistent DA deficit in order to observe 

consistent changes in the noradrenergic system. This is a methodological issue, as 

mentioned above, that should be taken into account when using the 6-OHDA 
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model. In agreement with our results, a recent study performed in mice lesioned in 

the medial forebrain bundle with 6-OHDA, found that although striatal 

dopaminergic terminals degenerate already one week after the lesion, dopaminergic 

cells are progressively affected over three week-time. The lesion was considered 

stable only three weeks after the 6-OHDA injection (Rentsch et al., 2019). Likewise, 

other studies performed in rats observed stable changes four weeks after the 6-

OHDA lesion in the MFB (Sun et al., 2011) or in the SNpc (Schwarting and Huston, 

1996). 

Conclusion 

In this study, we conclude that dopaminergic persistent loss has an impact in 

the electrophysiological activity of LC neurons favouring an increased phasic:tonic 

ratio. These changes are likely to contribute to the expression of behavioural 

modifications and may depend on different mechanisms including PGi hyperactivity 

and 1, D1, GABAB, but not 2, receptors changes. Interestingly, dopamine 

replacement was able to restore LC functionality indicating that direct DA loss was 

responsible for the observed changes. 
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Study II 

In Study II several findings were obtained. Dopaminergic loss induced 

decreased low frequency oscillatory activity and synchronization between the LC 

and mPFC and DA acute replacement reversed these changes. Finally, DA loss 

induced changes in the noxious stimulation related potential in the LC suggesting 

an increased or decreased probability of response depending on DA availability. 

Dopaminergic depletion decreases low frequency oscillatory 

activity in the locus coeruleus  

A large number of studies have been performed in anesthetized parkinsonian 

animals showing low frequency oscillations increment in the basal ganglia 

(substantia nigra reticulata, subthalamic nucleus and entopeduncular nucleus) and a 

strong synchronization between them and the cerebral cortex (Magill et al., 2001; 

Belluscio et al., 2003; Parr-Brownlie et al., 2007; Walters et al., 2007; Galati et al., 

2009; Aristieta et al., 2016, 2019). However, so far no study has analyzed whether 

the pattern of oscillatory activity changes in non-basal ganglia nuclei that are also 

involved in PD, in particular the LC under DA loss circumstances. Although 

different publications have reported the oscillatory activity of the LC in basal 

conditions and in models of other pathologies, the methodology of data analysis is 

very heterogeneous (Christie et al., 1989; Ishimatsu and Williams, 1996; Lestienne 

et al., 1997; Eschenko et al., 2012; Bari and Aston-Jones, 2013; Manohar et al., 2017; 

Torres-Sanchez et al., 2018; Totah et al., 2018; Vazey et al., 2018). In this study, we 

followed the methodology previously used in our laboratory and in other 

publications carried out in the basal ganglia studies (Magill et al., 2001; Galati et al., 

2009, 2010; Aristieta et al., 2016, 2019). 



Chapter V. Study II 

138 

First, we analyzed the spike wave autocorrelogram of LC neurons in order to 

evaluate the presence of rhythmic fluctuations in their spike rate. Previous studies 

from our laboratory, using the same model of 6-OHDA lesion, saw increased 

proportion of oscillatory neurons in the output basal ganglia, along with an evident 

hyperactive neuronal discharge pattern (Aristieta et al., 2016, 2019). In our study, 

the majority of the LC neurons showed non-oscillatory activity (around 60-70 %), 

and the lesion with 6-OHDA did not modify this percentage. Thus, lack of 

modification may be due to the absence of change in the neuronal discharge pattern 

in spontaneous active LC neurons, shown in the Study I. 

Power spectrum analysis found that nigrostriatal degeneration causes 

changes in the LFP of the LC in 6-OHDA lesioned rats. LFP recordings reflect the 

activity of the neural population surrounding the electrode, providing a measure of 

mostly the synaptic activity (reviewed in (König, 1994; Buzsáki et al., 2012)). Here, 

we expressed the data with a frequency-domain analysis, which segregates the signal 

in its different components according to its frequency domain. In the LC, we saw 

mainly the presence of low-frequency oscillations with a peak of oscillatory activity 

in the delta-frequency band (0-5 Hz), as previously shown in awake and 

anaesthetized rats in the LFP of this nucleus during spontaneous activity (Manohar 

et al., 2017; Torres-Sanchez et al., 2018). The delta activity in the LC was attenuated 

after DA loss and reverted after acute administration of L-DOPA. It seems, therefore, 

that low frequency oscillatory activity is under the control of DA; conversely, its 

decrement is a direct consequence of the lack of DA in our model. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/epileptic-discharge
https://www.sciencedirect.com/topics/medicine-and-dentistry/epileptic-discharge
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Dopaminergic depletion decreases the synchronization between 

the locus coeruleus and prefrontal cortex  

The analysis of the oscillatory activity in the LC and its relation with the 

projection targets in a model of PD will help us to better understand brain 

connectivity impairments beyond the basal ganglia. The LC extensively innervates 

the mPFC and modulates its activity (Chandler et al., 2014; Hirschberg et al., 2017), 

mainly through an ipsilateral pathway (Chandler and Waterhouse, 2012). LC cells 

that innervate the mPFC contain enriched mRNA transcripts coding for markers of 

excitability and transmitter release and they present increased excitatory synaptic 

transmission, spontaneous firing rate and excitability compared to other LC neuron 

subtypes in control animals (Chandler et al., 2014). In addition, release of NA is 

higher in the mPFC than in other cortical areas (Agster et al., 2013). At the same 

time, the LC is strongly innervated by the mPFC (Lu et al., 2012; Torres-Sanchez et 

al., 2018; Breton-Provencher and Sur, 2019). Overall, these publications support the 

importance of the relation between both areas. 

As seen in the ECoG of awake, non-anesthetized naturally sleeping and 

anaesthetized control rats (Fujisawa and Buzsáki, 2011; Eschenko et al., 2012; Li et 

al., 2016; Manohar et al., 2017; Torres-Sanchez et al., 2018), the power spectrum 

from the PFC showed low-frequency oscillations, with major activity in the delta-

frequency band. Although we observed delta oscillations in the mPFC of the 6-

OHDA lesioned animals, the average of the AUC of the power spectra was decreased 

when compared to that obtained in sham animals, and acute L-DOPA administration 

did not reverse the impaired activity. Likewise, patients with PD 

have attenuated delta activity in the mPFC, which is associated with cognitive 

dysfunctions, even after taking the prescribed dopaminergic medication (Parker et 

al., 2015). One possible mechanism for this pattern may be that DA release in the 
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mPFC facilitates delta-band oscillations, as mPFC activity is synchronized at low-

frequency bands with dopaminergic neurons (Fujisawa and Buzsáki, 2011). Thus, 

DA loss might lead to adaptive changes underlying the alterations in oscillatory 

activity. 

In order to understand how DA loss affects rhythmic brain activity between 

the LC and the mPFC, we studied their synchronization/coherence to measure 

whether oscillations in the two places show a consistent phase relationship. Studying 

the synchrony between brain nuclei may be crucial because this parameter encodes 

information about connexion between different areas and its relevance in the 

processing of sensory signals (reviewed in (Engel et al., 2001, 2012)). The 

connectivity between both areas is of interest, since the mPFC (Hirschberg et al., 

2017; Hiser and Koenigs, 2018; Cope et al., 2019) and its coherence with the LC 

(Eschenko et al., 2012; Zitnik et al., 2016; Torres-Sanchez et al., 2018) play an 

essential role in emotions and cognition, which are alterations that appear in patients 

with PD (Svenningsson et al., 2012; Aarsland et al., 2017; Schrag and Taddei, 2017; 

Ryan et al., 2019). In the present study coherence analysis identified coordination 

between the LC and the mPFC in the delta frequency range, similar to that observed 

in other studies with other animal models (Torres-Sanchez et al., 2018; Totah et al., 

2018). This coherence was decreased in 6-OHDA lesioned animals, which suggests 

an impairment in the neuronal communication between both areas. In fact, it has 

been previously seen that when the power spectrum of the LC and mPFC decrease 

at the delta frequency band, the coherence between them is also impaired (Manohar 

et al., 2017). In addition, L-DOPA acute administration re-established the coherence 

pattern, probably as a consequence of the restored activity in the LC, since an 

increased in the AUC of the power spectrum of the LC, without affecting the cortical 
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activity, is capable of increasing in the coordination between both nuclei (Torres-

Sanchez et al., 2018).  

Dopaminergic depletion increases noxious stimulus-induced 

potentials in the locus coeruleus 

As mentioned in the discussion from Study I, LC neurons are characterized 

by its activation following a peripheral noxious stimulus. Previous studies with 

simultaneous and multi-unit extracellular recordings in awake and anesthetized 

rats demonstrate that paw compression produces a similar phasic response in the 

entire population of LC neurons, suggesting high synchrony all over the nucleus 

during the evoked discharge (Aston-Jones and Bloom, 1981b; Chen and Sara, 2007). 

However, a recent paper reports that the LC response to a sensory stimulus under 

anaesthesia is not necessarily homogeneous and units tend to respond independently 

to each other (Totah et al., 2018). 

In the previous sections, the analysis of the power spectrum represented the 

signal in a frequency domain, through identification of the bands with higher 

dominance. However, this type of analysis hides temporal information and it is 

difficult to determine when different frequency components are present. Moreover, 

delta oscillations observed before need around 1 to 3 seconds to be completed. For 

these reasons, we evaluated the effects of paw compression with a time-domain 

analysis as previously made in other studies (Bari and Aston-Jones, 2013; Vazey et 

al., 2018).  

The peak to through amplitude of the average evoked potential in the LC was 

significantly higher in the 6-OHDA lesioned animals compared to that in sham 

animals, and this effect was reversed by acute L-DOPA administration. Since LFP 

represents integrated synaptic activity, it seems that DA depletion increases the 
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average synaptic input and the spiking output in the LC when a sensory-evoked 

response is triggered, or alternatively it increases the LC sensitivity to stimulus 

probability, as suggested when the event-related potentials are reduced and 

sensitivity to stimulus probability is lowered (Ehlers and Somes, 2002). In any case, 

L-DOPA administration restores these inputs. When the paw compression evoked 

potential in the mPFC was represented, it was clear the apparition of a transient 

potential in both groups. A recent study also described a transient gamma power 

increase in the mPFC after LC phasic discharge, that was abolished after LC firing 

inhibition (Neves et al., 2018). These findings, together with those that show a 

decrement in LC-mPFC synchronization, indicate that DA loss impairs the influence 

that the LC elicits over cortical sensory processing areas (Waterhouse and 

Woodward, 1980; Armstrong-James and Fox, 1983) suggesting that DA is a 

significant contributor to sensory processing by LC and mPFC networks. Altogether, 

these results may contribute to understand the mechanisms involved in non-motor 

symptoms of PD such as impairment in pain sensitivity and cognitive function.  

 

Conclusion 

To the best of our knowledge, this is the first time that oscillatory activity of 

the LC, its synchronization with the mPFC and phasic activity (event-related 

potential) have been analysed in the 6-OHDA animal model, both, in absence and 

presence of L-DOPA. In summary, our results highlight that rodents show low-

frequency activity in the mPFC and LC activity and synchronization between both 

areas, and that this activity is attenuated when DA signaling is dysfunctional. In 

addition, our results show that changes in phasic activity induced by DA loss in the 

LC do not occur in the mPFC. Our data provide insight into how mPFC and LC 

networks are impaired in PD or other diseases involving DA. 
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Study III 

Although extensive work has been performed in brain slices from 

parkinsonian animals, limited work has focused in other nuclei beyond the basal 

ganglia. Here, after charactering the electrophysiological modifications produced in 

LC cells by the 6-OHDA lesion in vivo (Study I), we further studied the impact of 

the DA depletion on the synaptic transmission ex vivo. We carried out patch clamp 

recordings in brain slices from 6-OHDA rats four weeks after the lesion. DA loss 

induced modifications in some LC cell intrinsic properties, as lower values of 

membrane capacitance and time constant, decreased conductance through IRK 

channels and hyperexcitability. In 6-OHDA rats, spontaneous glutamatergic, but not 

GABAergic, transmission was enhanced. Glutamatergic or GABAergic short-term 

plasticity was neither modified in parkinsonian rats. 

Basal electrophysiological properties of locus coeruleus neurons 

are compromised after the 6-OHDA lesion   

First of all, we verified that in control animals, passive membrane properties, 

potassium conductance, action potential parameters, excitability and potentials after 

hyperpolarizing steps of LC neurons in our study were comparable to those in 

previous reports from rat slices (Williams et al., 1988; Murai and Akaike, 2005; 

Howorth et al., 2009a; Chandler et al., 2014; Bruzos-Cidón et al., 2015; Rohampour 

et al., 2017).  

Dopamine loss results in membrane changes in locus coeruleus neurons 

In 6-OHDA lesioned rats, two passive membrane properties of LC neurons, 

time constant and cell capacitance,  showed lower values after the DA loss. Although 

the exact physiological meaning of these parameters is unclear, some authors have 
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related them to the neuronal surface area in different brain regions (Isokawa, 1997; 

Iwasaki et al., 2008; Pineda et al., 2008) including the LC  (Zhang et al., 2010). 

Although the size of LC neurons after the 6-OHDA lesion have not been reported 

in our study or the existing literature, different publications using animal models (6-

OHDA or MPTP) or patients with PD show smaller cell volume in the SNpc, ventral 

tegmental area or retrorubral field  (Rudow et al., 2008; Ahmad et al., 2009; Healy-

Stoffel et al., 2014).  

Dopamine loss increases excitability of locus coeruleus neurons 

LC neurons from 6-OHDA animals showed enhanced excitability when 

depolarizing currents were injected, as previously shown in the dorsal raphe nucleus 

from the same animal model (Prinz et al., 2013). In addition, the duration of the 

suppression period after depolarization was enlarged in the 6-OHDA group, as 

observed in Study I in vivo. The hyperexcitability observed in LC neurons from 

brain slices may be responsible, at least in part, for the higher post-stimulus 

frequency observed in 6-OHDA lesioned rats after applying an external stimulus 

(paw compression), extensively described in Study I.  

Given that K+ conductance through IRK channels activated by G proteins 

seems to have a significant role preventing the excessive excitability of the cell 

(Llamosas et al., 2017; Torrecilla et al., 2013), we characterized the impact of 

dopaminergic loss on IRK conductances. In control conditions, the activation of 

these channels leads to K+ inward rectification in a voltage-dependant manner which 

is enhanced when α2-adrenoceptor, galanin or μ and δ opioid receptors are 

additionally activated (Williams et al., 1982, 1988; Sadeghi et al., 2015; Bai et al., 

2018). In agreement with previous reports, in our study neurons from both groups 

showed IRK currents (Williams et al., 1988; Bruzos-Cidón et al., 2015), although 

they were significantly decreased after the dopaminergic loss. This modification may 

https://www.sciencedirect.com/topics/neuroscience/ventral-tegmental-area
https://www.sciencedirect.com/topics/neuroscience/ventral-tegmental-area
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be a result of the decreased expression or impaired functionality of IRK channels 

and it may underlie hyperexcitability of LC cells in parkinsonian rats.  

LC neurons from 6-OHDA lesioned rats also showed more negative 

potentials than sham animals for the same hyperpolarizing steps. One reason for this 

difference could be a dysfunction of the hyperpolarization-activated cyclic 

nucleotide-gated cation channels, as previously seen in external globus pallidus and 

subthalamic nucleus from parkinsonian rats (Chan et al., 2011; Yang et al., 2015). 

This possibility is, however, unlikely as the presence the mentioned channels in the 

LC from rodents is not well defined (Santin et al., 2013). 

Pacemaking intrinsic properties of locus coeruleus neurons may not be 

responsible for the decreased spontaneous firing rate 

LC neurons from 6-OHDA lesioned animals exhibited slower firing 

frequency ex vivo, in accordance with the Study I performed in vivo. Given that LC 

spontaneous activity requires a complex combination of persistent pacemaking 

currents, it is possible that changes in those channels could account for the 

modifications observed in the basal firing rate. The speed of the spontaneous 

depolarization of LC neurons is determined by a combination of Na+ and K+ currents, 

which are activated at potentials close to the threshold for action potential 

generation (around -68 to -42 mV) (Williams et al., 1991; Alreja and Aghajanian, 

1993; de Oliveira et al., 2010). At the same time, afterhyperpolarization amplitude 

is regulated by Ca2+  (L- and T-type Ca2+ channels) (Williams et al., 1988; Sanchez-

Padilla et al., 2014; Matschke et al., 2015) and K+ (voltage-dependant and SK 

channels) currents (Williams et al., 1984, 1988; Osmanović et al., 1990; Forsythe et 

al., 1992; Osmanović and Shefner, 1993; Matschke et al., 2018). In our study, the 

analysis of different parameters of the action potential waveform, as 

afterhyperpolarization amplitude and depolarization duration, did not reveal 
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changes between the two experimental groups, depicting that the channels involved 

in the pacemaking may not be modified by the DA loss. However, impairment of 

Ca2+ channels cannot be ruled out, as combined, but not isolated, blockade of L- and 

T-type Ca2+ channels is necessary to alter afterhyperpolarization of the action 

potential or firing rate in the LC (Sanchez-Padilla et al., 2014; Matschke et al., 2015). 

As mentioned in Study I, involvement of other receptors, as α1-adrenoceptor, D1 

dopaminergic or GABAergic receptors, could be responsible for the decreased firing 

tone in the 6-OHDA group. 

Dopamine loss increases spontaneous glutamatergic input to locus 

coeruleus neurons, without effect on GABAergic transmission 

In the present study, DA depletion increased spontaneous glutamatergic 

synaptic transmission within the LC whereas GABAergic transmission remained 

unaltered. 

Dopamine depletion does not affect GABAergic transmission in locus 

coeruleus neurons from 6-OHDA lesioned rats 

The LC receives extensive GABA inhibitory input from the prepositus 

hypoglossi (Aston-Jones et al., 1986; Breton-Provencher and Sur, 2019) or 

GABAergic interneurons, whose distribution is still unclear as they have been 

observed in the peri-LC dendritic area, below the 4th ventricle dorsomedial to the 

LC and dorsal to Barrington’s nucleus or wide-spread within the LC (Aston-Jones et 

al., 2004; Jin et al., 2016; Breton-Provencher and Sur, 2019). As a consequence of the 

release of GABA, acting onto GABAA receptors, noradrenergic neurons from the LC 

are inhibited (Corteen et al., 2011; Breton-Provencher and Sur, 2019). Contrary to 

our expectations, GABAergic spontaneous synaptic transmission and short-term 

plasticity were not modified in 6-OHDA lesioned rats indicating that the inhibitory 
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transmission through GABAA receptors was intact, and therefore it was not 

responsible for the lower firing tone observed in those animals.  

Although GABAergic synaptic transmission mediated by GABAA receptors, 

also called phasic transmission, was not modified in our animal model, it is still 

possible that GABAergic tonic transmission could account for the observed changes. 

In parkinsonian rats, it has been described that this type of transmission is enhanced 

in the globus pallidus, contributing to the lower firing activity observed in pallidal 

cells recorded from brain slices (Miguelez et al., 2012; Chazalon et al., 2018). In the 

LC, tonic GABAergic inhibition is mediated by GABAB receptors, which regulates 

the spontaneous firing rate in developing rats (Wang et al., 2015). Therefore, 

enhanced GABAergic tonic transmission through GABAB receptors might lead to 

increased inhibitory control of the cell activity.  

Dopamine depletion enhanced spontaneous glutamatergic transmission in 

LC neurons from 6-OHDA lesioned rats 

Patients with PD show increased expression of metabotropic glutamate 

receptors in the putamen, hippocampus and amygdala (Kang et al., 2019) and those 

patients experiencing L-DOPA-induced motor complications present upregulation 

of AMPA glutamate receptors in the putamen (Calon et al., 2003). Moreover, studies 

in parkinsonian animals show enhanced release of glutamate and AMPA receptor-

mediated excitatory transmission in the dorsal striatum and rostromedial tegmental 

nucleus, respectively (Schintu et al., 2016; Chang et al., 2019).  

In our model, DA depletion influenced the spontaneous glutamatergic 

synaptic transmission within the LC, corresponding to an increased presynaptic 

release of glutamate. This higher glutamatergic input could arise from the PGi (Ennis 

and Aston-Jones, 1987) or the prefrontal cortex (Lu et al., 2012; Torres-Sanchez et 

al., 2018; Breton-Provencher and Sur, 2019), as they represent the main 
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glutamatergic afferences to the LC. So far, PGi function after DA loss has not been 

assessed, but as we suggest in Study I, it may be enhanced, especially in terms of 

phasic stimulation. It is also possible that the increased glutamatergic input could be 

provided from nuclei different from the PGi. Indeed, different publications using 

parkinsonian rats lesioned with 6-OHDA in the SNc or the MFB show increased 

discharge frequency of mPFC pyramidal neurons due to the loss of DA or DA/NA 

cortical release (Wang et al., 2010; Fan et al., 2019).  

Although spontaneous glutamatergic transmission was increased in our 

model, short-term plasticity was similar in both experimental groups, and showed 

facilitation profile. We applied electrical stimulation as previously described 

(Bruzos-Cidón et al., 2015; Arami et al., 2016), but optogenetic techniques or the use 

of oblique slices (Kaeidi et al., 2015) for better preserving glutamatergic projections 

could be applied in future experiments in order to manipulate specific inputs to the 

LC noradrenergic neurons.  

 

Conclusion 

Altogether, our data indicate that LC neurons are affected by 6-OHDA 

lesion, since membrane and intrinsic excitability properties and glutamatergic 

transmission are altered. Although our results support that there is a hypoactivity of 

the LC neurons after dopaminergic loss as observed in vivo, no changes were 

obtained in the action potential parameters or the inhibitory GABAergic 

transmission through GABAA receptors. However, the increased excitability 

observed ex vivo in the LC neurons may contribute to the increased response 

triggered by the noxious stimulus in Study I.
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Study IV 

In this study, we found that dopaminergic cell loss decreased COX activity, 

without altering TH or ERK expression in the LC. We also used a battery of 

behavioural tests for assessing nociception and anxiety in our animal model. In 

general, 6-OHDA lesioned rats showed moderate decreased in the nociceptive 

threshold and no changes in the anxious behaviour.  

Reduced COX activity is observed in 6-OHDA lesioned animals 

In order to gain new information about LC activity in our model, we 

quantified COX (complex IV) activity, which is an enzyme of the mitochondrial 

electron transport chain and a metabolic marker of electrical activity (Wong-Riley, 

1989). Neurons tonically active need to maintain greater COX activity to produce 

enough energy to satisfy the neuronal demand (Karmy et al., 1991). Previous studies 

have revealed parallel changes in the electrical and metabolic activity of the dorsal 

raphe nucleus, substantia nigra reticulata and globus pallidus internus from 

parkinsonian animals (Blandini et al., 2007; Kaya et al., 2008). Here, dopamine 

depletion reduced COX activity in the LC four weeks after the lesion. Thus, the 

observed decreased metabolic activity is in line with the decreased spontaneous 

firing activity (Study I), confirming a reduction in LC activity in the 6-OHDA 

lesioned model of PD. Moreover, deficiencies in various complexes of the respiratory 

chain have been reported in PD patients (Yoshino et al., 1992; Haas et al., 1995; 

Müftüoglu et al., 2004; Valente et al., 2004; Holper et al., 2019). In particular, COX 

activity is reduced in the frontal cortex (Holper et al., 2019) and leukocytes 

(Müftüoglu et al., 2004) of the patients with the disease.  

The impairment of the LC observed in the previous studies might be 

accompanied by loss of LC cells or decreased TH expression. However, dopaminergic 



Chapter V. Study IV 

150 

lesion does not reduce the number of LC noradrenergic neurons in animal models 

of PD induced by 6-OHDA injection in the MFB (Miguelez et al., 2011b) or the 

caudado putamen (Oliveira et al., 2017). To rule out the second possibility, TH 

expression in the LC was measured with the WB technique and no changes were 

observed in the 6-OHDA lesioned rats. Altogether, previous and present results 

suggest the decrease LC activity is not due to TH loss.  

ERK1/2 are members of the mitogen-activated protein kinase implicated in 

the activation of transcriptional factors in the nucleus of the cell. Its activated form 

through phosphorylation, pERK1/2, is related to the modulation of pain, and its 

affective/emotional components (Ji et al., 2009; Borges et al., 2015). Many 

publications reveal ERK activation in painful conditions at the spinal cord level, 

presumably because of its implication in the sensory component of the pain (Ji et al., 

1999, 2002; Dai et al., 2002). However, results regarding ERK activation at 

supraspinal levels are more complex to interpret. Specifically, there are conflicting 

results in the LC, since ERK1/2 is activated in painful conditions, after acute (Seo et 

al., 2008; Imbe et al., 2009) or prolonged states (Borges et al., 2014, 2017b), but also 

after the administration of analgesic drugs (Seo et al., 2008). Moreover, lower levels 

of pERK1/2 occur in the LC from a model of neuropathic pain in comparison with 

the control group (Borges et al., 2013). These paradoxical results may be explained 

by the involvement of the LC in different dimensions of pain, as the sensory and 

emotional ones. Therefore, in the LC, ERK seems to be regulated in different ways 

depending on the pathophysiological disorder and the stress induced in the model, 

as chronic stress was related to decrease ERK1/2 activation while acute stress evoked 

its activation (Imbe et al., 2004; Kwon et al., 2006). In our study, we did not detect 

changes in the activation of ERK1/2 in the LC of 6-OHDA lesioned animals in basal 
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conditions suggesting that more strong changes in neuronal activity are necessary 

for increasing ERK expression in the LC.  

Nociceptive responses are slightly altered in the 6-OHDA lesioned 

model 

Pain and anxiety are common non-motor disturbances in patients with PD, 

whose prevalence goes from 30 to even 80% (Djaldetti et al., 2004; Wasner and 

Deuschl, 2012; Priebe et al., 2016; Schapira et al., 2017; Schrag and Taddei, 2017; 

Titova et al., 2017). Because of its significant presence, it is necessary for researchers 

to have a better understanding of these symptoms in PD, which may require an 

impairment of the noradrenergic system and the LC (Introduction 1.2.1). The LC is 

critical for pain and negative emotions modulation, given its implications in the 

descending and ascending pathways through inputs to the spinal cord, frontal 

cortices and limbic system (Hentall et al., 2003; Curtis et al., 2012; Alba-Delgado et 

al., 2013; Hickey et al., 2014; McCall et al., 2015, 2017; Szot et al., 2016; Hirschberg 

et al., 2017; Li et al., 2018a; Llorca-Torralba et al., 2019). For this reason, we analysed 

the nociceptive responses and anxiety-like behaviours in a PD rat model with altered 

activity of the LC. 

Although recent publications have revealed modifications in nociception in 

6-OHDA lesioned rats, the results are very controversial. This disagreement is 

specially notorious in unilateral models (as the one used in this study), showing 

reduced thresholds and increase response to nociceptive inputs in the ipsilateral 

hind paw (Tassorelli et al., 2007; Takeda et al., 2014; Campos et al., 2019), 

contralateral hind paw (Charles et al., 2018) or bilaterally in both hind paws (Takeda 

et al., 2005; Gee et al., 2015; Gómez-Paz et al., 2018; Domenici et al., 2019; Romero-

Sánchez et al., 2019). In most of the mentioned studies mechanic nociceptive 
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transmission was analysed using the von Frey test (Takeda et al., 2005, 2014; Charles 

et al., 2018; Gómez-Paz et al., 2018; Domenici et al., 2019; Romero-Sánchez et al., 

2019) while thermal nociception has been less frequently explored. So far only one 

study has reported lower thresholds in the acetone test (Gómez-Paz et al., 2018) 

while contradictory results reporting decreased threshold (Charles et al., 2018) or 

no change (Domenici et al., 2019) have been obtained with the plantar test. In our 

experimental conditions, unilateral 6-OHDA injection induced spontaneous and 

mechanical nociceptive behaviour score increment in the contralateral paw to the 

lesion, and increased responses to a cold stimulus in the ipsilateral paw. However, 

the results in the spontaneous and cold-thermal nociceptive behaviour should be 

interpreted cautiously. On the one hand, the difference observed in the dynamic 

weight bearing test may be influenced by the motor impairment induced after the 

lesion, as lesioned rats with 6-OHDA present gait deficits (Chang et al., 1999; Metz 

et al., 2005; Zhou et al., 2015). On the other hand, the results of the nociceptive 

behaviour tested with the acetone test in the 6-OHDA lesioned rats were similar in 

both paws. Although statistical analysis revealed significant differences in the 

ipsilateral hind paw, the relevance of this effect may not be very important as the 

mean score in lesioned animals was very discrete (0.6 out of 12 points). 

In order to understand the discrepant behavioural results, it should be 

stressed that integrity of the LC may have differed among the cited publications. In 

our study, the LC integrity was assured by the administration of desipramine before 

the stereotaxic injection of 6-OHDA, as previously corroborated (Miguelez et al., 

2011b). This is a general practice, and absence of this pretreatment will lead to 

noradrenergic damage and lower NA levels in projecting areas (Kamińska et al., 

2017). In this line, most of the mentioned publications have revealed decreased 

number of LC neurons (Campos et al., 2019) or no use of desipramine during the 
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stereotaxic injection, implying direct noradrenergic damage (Takeda et al., 2005, 

2014; Tassorelli et al., 2007; Gómez-Paz et al., 2018; Domenici et al., 2019; Romero-

Sánchez et al., 2019). In fact, lesions in noradrenergic neurons or the induction of 

very low firing frequencies in the LC (median 0.2 Hz) were accompanied by thermal 

hyperalgesia but not by increased response during mechanical tests (Martin et al., 

1999; Howorth et al., 2009b). In our hands, we observed that specific dopaminergic 

damage is not enough for observing substantial changes in the nociceptive 

behaviour, especially in thermal and spontaneous behaviour. Altogether, differences 

in the methodology during the lesion and the type of nociceptive tests can 

differently affect the pattern of nociceptive responses. 

In our work, although DA degeneration increased the responsiveness of LC 

neurons to nociceptive inputs (Study I), behavioural consequences were more 

modest than those reported in previous publications. The information provided by 

the electrophysiological experiments and the behavioural assays was different and 

changes in one did not imply modifications in the other. This is however not 

surprising, as both ascending and descending pathways are differentially involved in 

both experimental conditions. The phasic response recorded after the paw 

compression is related with the ascending noradrenergic pathway through the PGi 

to supraspinal levels and this via is more related with the motivational-affective 

dimensions (Llorca-Torralba et al., 2016, 2019). Conversely, the descending 

noradrenergic pathway to the spinal cord is involved in the paw withdrawal 

evaluated in the tests that we performed, which is mainly ipsilateral (Hirschberg et 

al., 2017).  
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Anxiety-like behaviour was not present in the 6-OHDA lesioned 

model 

In the literature, various studies have investigated the effect of unilateral 6-

OHDA lesion in rats on anxiety-like behaviour, and conflicting results can be found. 

The majority of the studies in which 6-OHDA animals presented anxiety-like 

behaviours are based on the elevated plus maze or the open field test (Eskow 

Jaunarajs et al., 2010; O’Connor et al., 2016; Guo et al., 2018; Sun et al., 2018; Mishra 

et al., 2019), whose results may be overestimated when animal suffer 

hypolocomotion. Here, we performed the marble burying and social interaction 

tests and no differences were observed between the groups. The result obtained in 

the marble burying test is in line with a paper published in the 6-OHDA model 

(O’Connor et al., 2016). Decreased social interaction is reported in other publications 

(Eskow Jaunarajs et al., 2010; Mishra et al., 2019), although we did not observed any 

difference. This disparity might be explained by the difference in the time of 

evaluation, which was shorter in our study, 5 vs 13 (Eskow Jaunarajs et al., 2010) 

weeks after the lesion.  Another reason that can potentially influence the results is 

the size of the cage used. Indeed, in Mishra et al., 2019 the test was performed in an 

automated three‐chambered apparatus, which is considerably bigger than the one 

used in our study (45 vs 112 cm). Considering that it has been proven that 6-OHDA 

rats travel less distance than sham animals (Eskow Jaunarajs et al., 2010; Guo et al., 

2018), performing the social interaction test in larger cages may influence the 

results.  

As both studied behavioural responses are the result of the integration 

between the right and left hemispheres, the affection of both of them may be 

essential to observe changes in the non-motor behaviour. In this line several 

publications using bilateral models of the disease show more consistent changes in 
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anxious behaviour (Branchi et al., 2008; Chen et al., 2011; Campos et al., 2013; 

Loiodice et al., 2019; Vieira et al., 2019). 

 

Conclusion 

The understanding of the pathophysiology of the non-motor symptoms 

present in PD have gained interest in the scientific community during the past 

decades. This study aimed to evaluate the contribution of the impairment in the 

noradrenergic system in non-motor symptomatology in a model of PD. The 

impaired COX activity in the nucleus confirmed the decreased basal function of LC 

neurons after dopaminergic depletion. Unlike our expectations, the results obtained 

showed discrete increment of the nociceptive responses and no anxiety-like 

behaviour. 
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6. CONCLUSIONS 

The results obtained in this work lead us to the following conclusions: 

 

1. The dopaminergic degeneration induced by the 6-OHDA injection 

produces electrophysiological changes in the LC, which are evident in 

the fourth, but not in the second week after the lesion. 

2. DA loss produces a reduction in the LC basal firing activity recorded in 

vivo. By contrast, phasic discharge evoked by noxious mechanical 

stimulation is enhanced, leading to a major phasic:tonic ratio.  

3. L-DOPA acute administration highly abolishes LC phasic response to 

peripheral noxious stimuli. At the same time, DA replacement in the 6-

OHDA lesioned group restores the alterations produced in the tonic and 

phasic parameters.  

4. The efficacy of the α2-adrenoceptor agonist, UK 14,304, in the LC is not 

modified by the DA loss. Therefore, α2-adrenoceptors may not be 

responsible for the hypoactivity and hyperresponsiveness observed in 

parkinsonian animals. 

5. Dopaminergic depletion reduces low frequency oscillations in the mPFC 

and LC and the mPFC-LC synchronization, which is restored after DA 

replacement. This result demonstrates the impairment of the neural 

communication between both areas in a situation of DA deficit.  
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6. Noxious stimulation is associated with a shift in the potential of the LC 

and mPFC, supporting their implication in the sensory processing. After 

dopaminergic loss, the evoked potential increases in the LC, suggesting 

enhanced sensitivity to the stimulus, which is restored after L-DOPA 

administration. 

7. Ex vivo, basal electrophysiological properties of LC neurons are 

compromised after the 6-OHDA lesion. DA loss induces membrane 

changes, dysfunctional K+ conductance through IRK channels, low firing 

frequency and hyperexcitability of LC neurons while pacemaking 

intrinsic properties remain unaffected. 

8. DA loss increases glutamatergic spontaneous transmission in the LC. 

However, GABAergic spontaneous transmission and excitatory or 

inhibitory short-term plasticity are not modified in the 6-OHDA 

lesioned animals. 

9. 6-OHDA injection decreases LC metabolic activity without producing 

molecular changes in TH and pERK1/2 expression. The results confirm 

the hypoactive state of the LC after the DA depletion. 

10. The lesion with 6-OHDA induces discrete increment in the nociceptive 

responses and no anxiety-like behaviour, demonstrating that the LC 

affection observed in the parkinsonian animals has a minor impact at 

behavioural level. 
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In summary, the present study demonstrates that dopaminergic deficit 

strongly influences the LC-noradrenergic system. Persistent DA loss leads to 

hypoactivity and hyperresponsiveness in the LC, along with a dysfunctional mPFC-

LC network, which were demonstrated by electrophysiological and histochemical 

approaches in vivo and ex vivo. DA replacement restores LC neuron oscillatory 

pattern and tonic and phasic activity. This finding confirms that the changes 

observed in the parkinsonian rats were directly due to the dopaminergic loss and 

stresses the implication of the DA in the modulation of the noradrenergic system. 

However, all these LC affections have discrete impact in nociceptive and anxious 

behaviour. 
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