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1. INTRODUCTION 
 

1.1. PARKINSON’S DISEASE  

 

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

after Alzheimer’s disease. The global prevalence is estimated to be 2% of the world 

population older than 60 years and 3% of those over the age of 80 (Tysnes & Storstein, 

2017). Due to increasing life expectancy, the prevalence and incidence of PD are growing, 

and are expected to double by 2030 (Lee & Gilbert, 2016). Nevertheless, the prevalence 

and incidence of PD vary depending on geographical location, race, ethnicity, genetic 

interactions, and exposure to different environmental factors or economic resources 

(Goetz et al., 2016; Tysnes & Storstein, 2017). In general, PD prevalence is higher in 

Europe and the United States and lower in Asia, Latin America, and, especially, on the 

African continent (Benito-Leon, 2018). 

 

The annual cost caused by PD in the United States is estimated to be over $50 billion 

by 2040 (Huse et al., 2005). There are at least 300,000 patients diagnosed with PD in 

Spain, and each year there is one new case per 10,000 habitants. PD has a considerable 

impact on the quality of life of these patients, and the mean cost per patient may exceed 

17,000 € per year (García-Ramos et al., 2016). 

 

1.1.1. Principal hallmarks of Parkinson’s disease  

 

The milestones in our understanding of PD is shown in Figure 1.1. In 1817, James 

Parkinson described PD as a neurological condition in his publication “An essay on the 

shaking palsy” (Parkinson, 1817). He outlined some key motor symptoms, resting tremor, 

postural instability, and gait festination that he had observed in six patients. Five decades 

later, the neurologist Jean-Martin Charcot who was particularly interested in Parkinson’s 

work, renamed the disorder “Parkinson’s disease”, established the clinical definition, and 

made some important contributions, such as describing bradykinesia and rigidity 

(Charcot, 1875).  
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In 1912, Frederick Lewy reported the presence of intracellular inclusion bodies in 

the brain of patients with PD, now named “Lewy bodies”. In 1919, Konstantin Tretiakoff 

discovered that the substantia nigra pars compacta (SNc) is the main structure affected in 

PD. Between the 1950s and 1960s, the role of dopamine (DA) as a cerebral 

neurotransmitter and its relevance in the striatum were discovered by Montagu and 

Carlsson (Carlsson et al., 1958; Montagu, 1957). Later, a DA deficit in both the striatum 

and the SNc was observed in patients with PD (Ehringer and Hornykiewicz, 1960), and 

DA signalling was shown to play a crucial role in motor control. After these discoveries, 

small oral doses of 3,4-dihydroxyphenylalanine or levodopa (L-DOPA) were 

demonstrated to improve motor symptoms of PD (Cotzias, 1968), and L-DOPA became 

the gold-standard treatment for PD. Since then, significant progress has been made in the 

development of new pharmacological and surgical tools to treat PD motor symptoms, and 

other cell types and molecular mechanisms have been implicated in the development of 

PD. 

 

During the late 1980s, deep brain stimulation (DBS) emerged as a possible 

treatment for PD, but it was not approved for clinical use by the US Food and Drug 

Administration (FDA) until 1997 (Coffey, 2009). In the late 1990s, due to improvements 

in molecular and genetic techniques, the first PD-associated mutation was identified, the 

human alpha-synuclein (α-syn) protein (SNCA) (Polymeropoulos et al., 1997). In 1998, 

Spillantini and collaborators reported that the α-syn protein was the main component of 

the protein aggregates in Lewy bodies which are found in the soma and neurites of the 

few surviving dopaminergic neurons of the SNc (Spillantini et al., 1998). Since then, it 

has been revealed that apart from the SNc, other brain areas are also affected in the early 

and late stages of the disease. Braak and collaborators (2003) postulated a six-stage theory 

for the development of Lewy pathology in sporadic PD. This theory considers that Lewy 

bodies sequentially advance via neuroanatomical interconnected pathways until they 

reach the SNc. The areas affected in the first stages (stage 1 and 2) are non-dopaminergic 

regions including the olfactory bulb, the dorsal nucleus of the vagal nerve, the locus 

coeruleus, and the caudal raphe nuclei. The Lewy body lesions then extend to the 

amygdala, the pedunculopontine tegmental nucleus, and the SNc (stages 3 and 4). Finally, 

in stages 5 and 6, a large part of the brain is affected, including the cortical areas, 

mesocortex, temporal lobe, and hippocampus (Braak et al., 2003). Overall, although it is 

clear that abnormal α-syn deposition occurs early in PD, the pathway that drives the 
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misfolding of α-syn aggregates still remains unclear, and many hypotheses have been 

proposed.  

 

 

Figure 1.1. The hallmarks of Parkinson’s disease over time. DA: dopamine; L-DOPA: 
levodopa; PD: Parkinson´s disease; STN-DBS: subthalamic deep brain stimulation; SNCA: 
human alpha-synuclein protein; SNc: substantia nigra pars compacta. 

 

1.1.2. Aetiology and pathogenesis of Parkinson’s disease 

 

PD is a progressive and chronic disorder characterized by the gradual degeneration 

of dopaminergic neurons in the SNc of the midbrain causing a massive loss of DA in the 

striatum (Kish et al., 1988) and the presence of Lewy bodies in many brain regions. Lewy 

bodies are cytoplasmic aggregations formed by more than 25 compounds, but principally 

α-syn and ubiquitin, with a diameter of 8–30 µm (Samii et al., 2004). PD is likely a result 

of multiple factors: aging, genetic predispositions, and environmental risk factors. 

Advanced age is considered the main risk factor for PD. However, environmental risk 

factors, such as exposure to various toxins like 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) or pesticides like rotenone or paraquat (Betarbet et al., 2000; 

Langston et al., 1983; Thiruchelvam et al., 2000) and lifestyle are key elements 

underlying the pathogenesis of idiopathic PD (Tanner, 1989, 2010; Tysnes & Storstein, 
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2017). While the majority of diagnosed cases represent idiopathic or sporadic PD (Gasser, 

2003) whose causes are still largely unknown, gene mutations are responsible for some 

familiar forms: these forms are less frequent (15% of total cases), generally have an early 

onset (before 45 years of age), and a strong genetic component (autosomal dominant, 

recessive, or X-linked). The literature shows that at least 23 loci and 19 causative genes 

are linked to PD, such as SNCA/PARK1/4, parkin/PARK2, UCHL1/PARK5, PINK1, 

DJ1/PARK7, and LRRK2/PARK8 which encodes dardarin (For a review see Del Rey et 

al., 2018). Besides genetics, epigenetic alterations seem to be involved in the pathogenesis 

of PD. Thus, abnormal changes in epigenetic mechanisms regulating gene expression 

such as DNA methylation (Coupland et al., 2014; Fernández‐Santiago et al., 2015; 

Masliah et al., 2013), histone modifications (Park et al., 2016), or microRNAs (miRNAs) 

(Kim et al., 2007) have been reported and linked to PD. 

 

These days, PD is considered a multifactorial disorder and, in addition to the loss 

of dopaminergic neurons in the SNc and the presence of Lewy bodies, other cellular and 

molecular mechanisms have been involved in its pathogenesis. In the following 

paragraphs, we briefly explain the main mechanisms. 

 

Mitochondrial dysfunction. The mitochondria play a key role in energetic 

metabolism, thermogenesis, calcium maintenance, and redox signalling (Zhang et al., 

2018). Mitochondrial dysfunction in PD is caused by bioenergetics defects, mitochondria-

associated gene mutations (SNCA, LRRK2, Parkin, PINK1, and others), and 

morphological and functional alterations (Surmeier, 2018; Zhang et al., 2018). 

Impairments of mitochondrial electron chain complex I and also complex IV or 

cytochrome c oxidase (COX) (Itoh et al., 1996; Schapira et al., 1990), as well as a close 

relationship between α-syn aggregation and mitochondrial impairments in SNc neurons, 

have been observed in patients with PD (Poewe et al., 2017). Several changes in 

mitochondrial protein expression have been described, such as molecular chaperones in 

the SNc and prefrontal cortex of patients with PD (Ferrer et al., 2007), aberrant increases 

in the activity of serine protease, HTRA2, in patients with PD and animal models (Vande 

Walle et al., 2008), and changes in mitochondrial haemoglobin (a and b) expression in 

the nigral cells in patients with PD and animal models (Freed & Chakrabarti, 2016). 
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Oxidative stress. Reactive oxygen species and other reactive species are needed 

for the maintenance of cellular homeostasis. These components are strictly regulated by 

the action of anti-oxidant proteins and systems (Puspita et al., 2017). Under pathological 

conditions, a failure in their regulation may increase oxidative stress that can lead to 

metabolic dysfunction and, as consequence, final cell death (Puspita et al., 2017). A large 

amount of evidence has shown an elevation in oxidative stress markers in nigral cells of 

patients with genetic and idiophatic PD (Surmeier et al., 2017a; Zhou et al., 2008), 

parkinsonism induced by neurotoxins like the 6-hydroxydopamine (6-OHDA) or MPTP, 

causing an excess of free radicals and leads to apoptosis (Jenner et al., 2003; Olanow, 

1990). 

 

Excitotoxicity. The increased glutamatergic neuron activity in PD results in an 

excessive glutamate (GLU) release, evoking the excessive stimulation of receptors which 

enhance intracellular calcium levels. This high calcium concentration can activate lipases, 

proteases and endonucleases, inducing nigral cell apoptosis (Giguère et al., 2018; 

Surmeier et al., 2017a). 

 

Calcium homeostasis. The regulation of calcium levels is crucial for maintaining 

neuronal function. Some mutations have been correlated with the dysregulation of 

intracellular homeostasis and may be responsible for mitochondrial impairments, which 

may increase oxidative stress and apoptosis (Surmeier et al., 2017b; Verma et al., 2018).  

 

Apoptosis. Programmed cell death has been considered as a pathogenic mechanism 

in PD since this process has first been observed in the SNc (Burke & Kholodilov, 1998; 

Tatton & Olanow, 1999; Tatton et al., 2003). However, it is not known if this mechanism 

is a sign of neuronal vulnerability to internal or external toxins (Jellinger, 2001). 

Supporting the role of apoptosis in PD, a gene mutation related to a familiar form of PD 

that leads to a reduction in antiapoptotic cell capacity has been described (Xu et al., 2005). 

 

Protein homeostasis. The two main mechanisms underlying protein homeostasis 

are the ubiquitin-proteasome system, for the degradation of small proteins, and the 

autophagy-lysosome pathway for the elimination of bigger proteins and even damaged 

organelles. Abnormal protein homeostasis has been reported in PD (Zhang et al., 2018). 

Several findings, such as elevated ubiquitinated proteins in the striatum, underexpression 
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of some subunits of the proteasome in the SNc, and mutations of ubiquitin ligase and 

deubiquitinase activity, have been linked to PD (Seirafi et al., 2015; Toulorge et al., 

2016). On the other hand, autophagy impairments mediated by chaperones (Cuervo & 

Wong, 2014) and increased levels of lysosomal macroautophagy markers such as LC3II 

(Dehay et al., 2010) and Beclin-1 (Miki et al., 2018) have been found in the SNc of 

patients with PD. Finally, lysosomal autophagy-related genes are altered in sporadic and 

genetic forms of PD (Koga & Cuervo, 2011; Miki et al., 2018; Toulorge et al., 2016). 

 

Parkinson’s disease as a prion-like disorder. This hypothesis proposes the key 

involvement of misfolded α-syn propagation from cell to cell, from one brain region to 

another, and also to the peripheral nerves of the autonomic nervous system, in the 

progression of PD (Braak et al., 2003; Braak & Del Tredici, 2017; Brundin & Melki, 

2017). The propagation of α-syn can occur via anterograde or retrograde transport (Brahic 

et al., 2016), and failures of the lysosomal or proteasome system increase the secretion of 

α-syn (Bandyopadhyay et al., 2007). Therefore, α-syn inclusions pathogenic forms can 

be taken up by neighbouring neurons as well as by microglia and astrocytes and trigger 

(as a “seed”) the aggregation of native α-syn (Reyes et al., 2015) as well as by microglia 

or astrocytes (Lim et al., 2018b). 

 

Neuroinflammation. Neuroinflammation is a key feature in PD, but its exact role 

has not been identified yet (Deczkowska et al., 2018). Dopaminergic neurons in the SNc 

have been shown to be prone to neuroinflammation due to the small proportion of 

astrocytes regulating the microglia (Mena & García De Yébenes, 2008; Whitton, 2007). 

While some studies support the notion that the inflammatory response appears as a 

consequence of nigral cell death, others suggest that neuroinflammation precedes 

neurodegeneration (Halliday & Stevens, 2011; Harms et al., 2017). High levels of 

different inflammatory markers including interleukins, TNFα, and IFN-γ have been 

identified in patients with PD or animal models (Barcia et al., 2005, 2011; Plaza-Zabala 

et al., 2017; Toulorge et al., 2016). Several studies point out that inflammatory responses 

during PD cause uncontrolled glial cell activation and collateral damage to healthy tissue 

and neurons, thus initiating a neurodegenerative process (Deczkowska et al., 2018; 

Dzamko et al., 2015; Halliday & Stevens, 2011). 
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1.1.3. Clinical features of Parkinson’s disease 

 

1.1.3.1. Motor symptoms 

 

The diagnosis of PD is generally made at the onset of the first motor symptoms. 

When the clinical signs of PD become evident, about 80% of striatal and 50–60% of nigral 

dopaminergic neurons are already lost (Brooks, 1998; Fearnley & Lees, 1991; Rice, 

1984). The classic motor features of PD include resting tremor, rigidity, and bradykinesia, 

but other motor symptoms such as walking problems or difficulties with balance and 

coordination (postural instability) may also occur. Tremor and rigidity are denominated 

“positive” phenomena, while bradykinesia, together with postural reflex abolition and 

freezing, is considered a “negative” phenomenon and the most disabling problem for 

patients with PD.  

 

Tremor, defined as an involuntary rhythmic oscillatory movement of a body part 

that affects the coordination and execution of targeted movements, is the most common 

and most easily recognized symptom of PD. The localization of tremor is variable: most 

patients show hand tremors, unilateral or even bilateral, but also occur in the legs or the 

head (at a frequency of 4–6 Hz) (Louis, 2016). Rigidity is defined as an increase in passive 

muscle tone in flexor and extensor muscle groups that reduces the range of movement. 

Bradykinesia, also a characteristic clinical feature of PD, refers to reductions in 

movement velocity and difficulty in initiating movement. Postural instability refers to the 

gradual development of poor balance, increasing the risk of falls, and is usually absent in 

the early stages of the disease. In the advanced stages of PD, additional motor features 

such as impairments in gait and balance develop (Bloem et al., 2004). In addition to these 

features, changes in the patient’s voice are commonly experienced in advanced PD; their 

speech becomes soft and monotone and sometimes difficult to understand, and 

swallowing deficits can cause choking episodes, coughing, and drooling. 
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1.1.3.2. Non-motor symptoms 

 

Non-motor symptoms are also common and can appear before the onset of motor 

symptoms. Non-motor symptoms can be as disabling as motor symptoms (Sullivan et al., 

2007) and often represent the major complication to treat. These symptoms include 

psychiatric symptoms, severe cognitive decline, and autonomic dysfunction, but also 

involve pain and sleep disturbances (Figure 1.2). Psychosis is highly prevalent in PD. Up 

to 60% of patients with PD experience psychosis over the course of the disease, 

manifesting in hallucinations, illusions, a false sense of presence or passage, or delusions 

(Fénelon & Alves, 2010; Forsaa et al., 2010; Ravina et al., 2007). Anxiety or depression 

often emerge several years before the onset of typical motor symptoms. Depression 

affects approximately 40%–50% of patients with PD (Reijnders et al., 2008) and may 

occur at any stage of the disease, while anxiety is present in approximately 40% of 

patients (Pontone et al., 2009).  

 

PD is also characterized by sleep disturbances, including insomnia and alterations 

in sleep and wake cycles, as well as by excessive daytime sleepiness or fatigue. The sleep 

disorders often appear before the onset of motor symptoms (Galbiati et al., 2019; Postuma 

et al., 2009). In PD, and other synucleinopathies, there is a loss of rapid eye movement 

sleep paralysis, leading to patients “acting out” their dreams (St Louis et al., 2017). 

Cognitive decline is one of the most disabling features of PD, evident from the time of 

diagnosis, with severe and progressive impairments manifesting several years later 

(Aarsland et al., 2009; Hely et al., 2008; Williams-Gray et al., 2007). Patients with PD 

also experience olfactory dysfunctions or anosmia and, earlier, dysfunctions of the 

autonomic nervous system. Some symptoms, like constipation, may occur earlier than the 

onset of motor symptoms, while others, like sweating and abnormal orthostatic 

hypotension, sexual dysfunction, urinary symptoms, and incontinence, only become 

clinically relevant at later stages of the disease. Visual disturbances are also present and 

can range from dry eyes and blurry vision to difficulty controlling eye movements. 

Finally, a moderate weight loss is common (for a review, see McGregor & Nelson, 2019). 
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Figure 1.2. Clinical symptoms and time course of Parkinson’s disease progression. Although 
the diagnosis of PD is made at the onset of the first motor symptoms (0 years), it can be preceded 
by non-motor symptoms by more than 20 years (premotor or prodromal phase). The manifestation 
of both motor and non-motor features tends to occur in advanced disease stages, together with 
long-term complications of dopamine replacement therapies, including fluctuations, dyskinesia, 
and psychosis. EDS: excessive daytime sleepiness; MCI: mild cognitive impairment; RBD: rapid 
eyes movement sleep behaviour disorder (taken from Kalia & Lang, 2015). 

 

1.1.4. Treatment of Parkinson’s disease 

 

Currently, pharmacological treatment with DA replacement drugs is the first choice 

for the treatment of PD. Generally, the surgery is reserved for patients who do not tolerate 

the medication, develop strong side effects, or show small therapeutic benefits. All 

treatments available right now target symptomatic motor and non-motor manifestations, 

and are not able to stop the progression of the disease, let alone prevent it. However, the 

sooner the treatment is applied, the better the prognosis seems to be (Lang & Espay, 2018; 

Olanow, 2008).  

 

1.1.4.1. Pharmacological treatment 

 

For motor symptoms, L-DOPA is considered the gold-standard treatment. L-DOPA 

is the precursor of DA, and in contrast to DA it can cross the blood-brain barrier 

(Kageyama et al., 2000). Its administration exogenously replaces the DA deficit present 

in PD. Normally, L-DOPA is administered together with a DA decarboxylase inhibitor, 

such as carbidopa or benserazide that does not cross the blood-brain barrier, in order to 

avoid the peripheral transformation of L-DOPA in DA. L-DOPA improves striatal 

dopaminergic transmission, producing a rapid improvement of the signs and symptoms 

of the PD. L-DOPA can be used in all patients and at any stage of the disease. 
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Unfortunately, L-DOPA does not stop the development of the disease, and its efficacy 

decreases over time. Moreover, the prolonged treatment with L-DOPA produces new 

motor complications, such as dystonia or L-DOPA-induced dyskinesia (LID). Other 

pharmacological treatments for PD are therefore also used. These include DA agonists, 

monoamine oxidase type B inhibitors (MAO-B), catechol-O-methyltransferase inhibitors 

(COMT), and some non-dopaminergic drugs such as anticholinergic drugs and 

amantadine.  

 

DA agonists act on dopaminergic receptors and mimic the DA effect. DA agonists 

are used especially in young patients during the early stages of PD, to delay the beginning 

of L-DOPA therapy and avoid the L-DOPA-induced motor complications. These drugs 

include apomorphine, bromocriptine, ropinirole, pramipexole, and rotigotine and can be 

taken alone or in combination with other PD medications including L-DOPA. In patients 

with advanced PD, apomorphine is the only approved drug for the acute rescue of “off-

periods” when the medication wears off and, as a result, symptoms return before a new 

dose can be taken.  

 

The MAO-B inhibitors rasagiline and selegiline can be taken in combination with 

L-DOPA. In addition to being effective drugs for the treatment of motor symptoms in PD, 

MAO-B inhibitors have shown neuroprotective effects in preclinical models of PD, but 

no conclusive results have been reported in clinical trials (Kong et al., 2015). New results 

might suggest that MAO-B inhibitor exposure could slow PD progression (Hauser et al., 

2017). Finally, other PD medications, such as COMT inhibitors, entacapone, opicapone 

and tolcapone, are used in combination with L-DOPA. These three therapeutic strategies 

lead to an increase in DA levels and a reduction of motor symptoms. 

 

Atropine, a muscarinic anticholinergic drug was widely used until the arrival of L-

DOPA. Currently, however, the use of anticholinergic drug has drastically declined due 

to the occurrence of cognitive side effects. Anticholinergics drugs such as benzatropine 

and trihexyphenidyl can be used as initial treatment in young patients with resistant 

tremors. These drugs modulate the activity of acetylcholine to restore the balance between 

acetylcholine and DA, which is important in the regulation of movement, and can be used 

alone or in combination with other PD treatments. Amantadine is an N-methyl-D 

aspartate (NMDA) glutamatergic receptor antagonist approved to treat PD symptoms 
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such as slowness, stiffness and tremor, and dyskinesia. In August 2019, the FDA 

approved istradefylline, an adenosine receptor A2A antagonist, as an add-on treatment to 

L-DOPA plus carbidopa to treat "off episodes”. 

 

 Non-motor symptoms are also affected by PD therapy. DA replacement therapies 

with L-DOPA or DA agonists can alleviate some psychiatric symptoms, such as apathy 

(observed in 30–40% of patients) or anhedonia, but may also create new psychiatric 

symptoms in susceptible individuals, such as impulsive control disorders and the 

dopaminergic dysregulation syndrome. Impulsive control disorders include pathological 

gambling, hypersexuality, compulsive shopping, and eating disorders (McGregor & 

Nelson, 2019), while patients with PD and dopaminergic dysregulation syndrome develop 

an addiction to their dopaminergic therapy and become dependent on it.  

 

Cognitive impairments can be classified into DA-dependent (alleviated or 

exacerbated by DA replacement therapy) and DA-independent (Sethi, 2008). DA-

dependent cognitive decline tends to emerge earlier and includes deficits in attention, 

processing speed, set-switching, and verbal fluency (Robbins & Cools, 2014), while DA-

independent symptoms tend to emerge later and include deficits in episodic memory and 

visuospatial function. In later stages of the disease, visual illusions and hallucinations are 

frequently developed and worsened by DA replacement therapy (Sethi, 2008). 

Pimavanserin, a serotonin inverse agonist, has been prescribed for the treatment of 

psychosis associated with PD. The antipsychotic drugs clozapine and quetiapine are less 

commonly used, because they can worsen motor symptoms due to their effect on the 

dopaminergic system. Cognitive decline is commonly treated with rivastigmine, an 

acetylcholinesterase inhibitor (Pagano et al., 2015). Finally, droxidopa, a prodrug of 

noradrenaline, is used in the management of neurogenic orthostatic hypotension in PD. 
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1.1.4.2. Other treatments 

 

Surgical treatment and deep brain stimulation 

 

Neurostimulation or DBS and ablation or lesion are alternative treatments for PD, 

especially when the pharmacological treatment is not improving L-DOPA side effects. 

DBS consists of the implantation of one or more electrodes in specific brain areas, the 

subthalamic nucleus (STN), the internal globus pallidus (GPi), or the pedunculopontine 

tegmental nucleus, and the application of electrical stimulation at frequencies between 

100 and 200 Hz (Benabid, 2003; Starr et al., 1998). DBS is the current surgical procedure 

of choice, due to its reversibility, its low morbid-mortality rate, the possibility to remove 

the electrodes in case of problems or the availability of better treatment, and the 

possibility to customize the parameters for each patient in case of side effects. It has 

however some limitations, such as the fragility of the electrode system, elevated economic 

costs, and problems caused by battery replacement (Doshi, 2011; Oh et al., 2002). 

 

Focused ultrasound 

 

In July 2016, the FDA approved the use of focused ultrasound (FUS) for the 

treatment of tremor-dominated PD that does not benefit from medication. For some 

patients, FUS may be an alternative to DBS. Magnetic resonance-guided FUS is a non-

invasive technique based on the application of focused acoustic energy (ultrasound) on 

selected brain areas (thalamus, GPi, STN) whose circuits are involved in tremor, akinesia, 

and LID (Martínez-Fernández et al., 2018). FUS may be performed in one or both brain 

hemispheres and minimizes damage to non-targeted healthy brain regions. One limitation 

of this method is that FUS causes permanent and irreversible changes in the brain. 

 

Drug delivery systems 

 

Therapeutic strategies these days are focused on developing new formulations and 

new drug-delivery systems that improve the absorption, bioavailability, and maintenance 

of constant plasma concentrations of antiparkinsonian drugs. Sublingual apomorphine 

formulations for the off-periods are also being developed. Some of the latest 

developments are subcutaneous pumps, sublingual formulations, and intraduodenal 
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administration systems. The subcutaneous delivery of apomorphine allows acute and 

continuous administration of the drug, while L-DOPA-carbidopa intestinal infusion 

(duodopa) provides a steady concentration of L-DOPA (Antonini & Nitu, 2018). 

Apomorphine and duodopa are last-term treatments used when the patient does not show 

a good response to previous treatments. 

 

Neuroprotection 

 

The target of neuroprotection is the reduction or stop of the progression of PD. The 

utilization of neurotrophic factors or growth factors like the glial cell line-derived 

neurotrophic factor which increases DA levels in the SNc (Hudson et al., 1995), and, in 

combination, the vascular endothelial growth factor which is a potent angiogenic factor, 

have demonstrated nigral neuron recovery in 6-OHDA-lesioned rats (Herrán et al., 2013, 

2014). 

 

Physical exercise 

 

Regular and moderate-intensity physical exercise shows neuroprotective effects, 

because of its anti-inflammatory properties. Physical exercise may improve the patient’s 

overall motor condition, increasing muscle strength and aerobic capacity and reducing 

balance and gait dysfunction (Gil-Martínez et al., 2018; Lang & Espay, 2018). Thus, 

regular exercise improves the quality of life of patients with PD. 

 

Other experimental therapies 

 

Currently, three different experimental strategies are under development with the 

aim of achieving clinical translation: gene therapy, cell transplantation, and 

immunotherapy.  

 

Since the first cell therapy assays were published in the 1980s, several attempts with 

foetal cell transplants did not lead to improvements of PD and LID symptoms, despite 

inducing the reinnervation of the striatum (Freed et al., 2001; Olanow et al., 2003). 

However, the discovery of stem cells with the ability to multiply and differentiate into 

several cell types, including dopaminergic cells, represents a promising treatment option 
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for PD. Recent studies have shown that human embryonic and induced stem cells can 

survive grafting in animals and supply functional recovery (Barker et al., 2015). In spite 

of the commercial and scientific interest in stem cell therapies for PD, such therapies are 

far from being commercially available. 

 

Gene therapy allows to introduce specific genes into the cells of a patient, by 

reprogramming, in order to restore expression deficits. At the moment, two gene therapy 

approaches, based on the use of viral vectors, are being tested: (1) viral expression vectors 

of growth factors, glial cell line-derived neurotrophic factor and neurturin, both 

preventing the death of dopaminergic neurons in animal models (Bartus & Johnson, 

2017a, 2017b; Poewe et al., 2017) and (2) viral expression of key DA metabolism 

enzymes, such as TH and other cofactors, and GLU decarboxylase (Björklund et al., 2009; 

Carlsson et al., 2005; LeWitt et al., 2011). There is in fact a second open-label trial (VY-

AADC01) that evaluates the gene delivery infusion of enzyme aromatic L-amino acid 

decarboxylase into the striatum. The safety and tolerability of this method have been 

reported in non-human primates before (Hadaczek et al., 2010; San Sebastian et al., 

2013). However, there are not enough randomized clinical trials that confirm the efficacy 

of this therapeutic approach. 

 

Finally, both active and passive immunological strategies are under clinical 

development. The first is the active immunization with a vaccine (AFFITOPE, AFFiRiS) 

generated from short peptides homologous to α-syn, which induce the formation of 

antibodies. This vaccine has completed the phase I/II safety trial in patients with PD and 

has provided evidence for antibody formation as well as immunological efficacy up to 

3 years after treatment (Fields et al., 2019). A placebo-controlled phase II trial of a second 

vaccine (AFF03) is currently ongoing. The second is passive immunization with 

monoclonal antibodies against α-syn (Bergström et al., 2016). Different compounds are 

currently studied (NI-202, PRX002, MEDI1341), with one compound, PRX002 (Schenk 

et al., 2017), now entering a phase II randomized and double-blind clinical trial that 

should be completed by June 2021. 
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1.1.5. Levodopa-induced dyskinesia 

 

Soon after the clinical confirmation of L-DOPA treatment efficacy in alleviating 

motor symptoms of PD, the appearance of LID was also reported (Cotzias et al., 1969). 

LID is typically characterized by choreic or dystonic movements involving the limbs, the 

orofacial musculature, and the trunk. LID can present in three clinical forms, “peak-dose 

dyskinesia”, the most common form that often consists of stereotypic, choreic, or ballistic 

movements involving the head, trunk, and limbs and sometimes respiratory muscles and 

occurs at the peak of L-DOPA plasma concentrations, “diphasic dyskinesia”, occurring 

at the beginning and the end of L-DOPA treatment, and “off-period dystonia”, where the 

concentration of L-DOPA in the brain is low, manifesting in abnormal dystonic postures 

affecting mainly the lower limbs (Guridi et al., 2012). Approximately 40% of patients 

develop LID after 4–6 years of L-DOPA treatment and 90% of patients after 10 years 

(Ahlskog & Muenter, 2001). LID can disable patients over time, impairing their quality 

of life, affecting their daily activities and routines, and increasing the caregiver burden 

and stress (Ahlskog & Muenter, 2001; Khlebtovsky et al., 2012; Perez-Lloret & Rascol, 

2018). The current treatment strategy consists in improving the pharmacokinetics and 

bioavailability of L-DOPA, changing the frequency and amount of the dose, switching to 

an extended-release formulation, or adding DA agonist or MAO-B or COMT inhibitors. 

Initially, amantadine (symmetrel) was approved by the FDA with the indication as an 

antiviral agent and antiparkisonian drug and later as antidyskinetc drug. In 2017, an 

extended release formulation of amantadine (Gocovri) was approved by the FDA to treat 

dyskinesia in patients with PD. At the moment, amantadine is the only effective and 

available medication for the treatment of LID. Another effective treatment appears to be 

DBS. While STN-DBS can reduce the required dose of DA therapy and ameliorate LID, 

GPi-DBS provides greater antidyskinetic effects but does not allow to reduce medication 

(Ramirez-Zamora & Ostrem, 2018). 

 

The development of LID has been associated with several factors, such as earlier 

age at the onset of L-DOPA treatment, total L-DOPA exposure, female sex, and possible 

genetic factors (Zappia et al., 2005). Nevertheless, the pathophysiological changes 

involved in LID are not fully understood. Nigrostriatal degeneration and exposure to L-

DOPA are considered the two main factors for the development of LID (Guridi et al., 
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2012; Papathanou et al., 2011). However, in the last decades, many studies have shown 

roles of different neurotransmitter systems in LID.  

 

Nigrostriatal degeneration and L-DOPA therapy induce turnover and downstream 

signaling of striatal dopaminergic D1 receptors and very probably also D3 receptors 

(Aubert et al., 2005; Bézard et al., 2003). LID is associated with several molecular 

changes, such as increased FosB and prodynorphin expression at the striatal level, which 

are likely mediated by D1 receptor overactivity. The increased sensitivity of the D1 

receptor enhances the activation of cAMP-dependent protein kinase A, which 

phosphorylates several proteins including DARPP-32. Phosphorylated DARPP-32, 

together with two mitogen-activated protein kinases, the extracellular signal-regulated 

kinases 1 and 2, has been implicated in the development of LID in PD rodents (Picconi 

et al., 2003; Santini et al., 2007, 2009). The striatal expression of FosB-related proteins 

and prodynorphin is also altered and involved in the severity of LID in PD rodents (Cenci 

et al., 1998; Doucet et al., 1996). The expression of other proteins such as proenkephalin 

or the glutamic acid decarboxylase GAD67 is also associated with the development of 

LID (Andersson et al., 1999; Cenci et al., 1998; Henry et al., 1999). 

 

Apart from dysregulated DA neurotransmission, other neurotransmitters systems 

have been involved in the pathogenesis of LID, including the glutamatergic, 

noradrenergic, serotonergic, cannabinoid, cholinergic, and opioidergic systems (Espay et 

al., 2018; Vijayakumar & Jankovic, 2016a, 2016b). Experimental and clinical findings 

have provided compelling evidence for the prominent role of the serotonergic system in 

the pathophysiology of PD and LID (Carta et al., 2007; Navailles et al., 2011). The 

mechanisms underlying LID are poorly understood, but there is a consensus that the 

serotonergic system plays a relevant role, since L-DOPA is transformed into DA and 

stored and released by the serotonergic terminals (Miller & Abercrombie, 1999). These 

and other findings that will be discussed later suggest that the serotonergic system plays 

a relevant role in LID. 
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1.2. BASAL GANGLIA 

 

The basal ganglia (BG) are a group of highly interconnected subcortical structures 

which are involved in the control and initiation of motor movement, emotion, and 

cognition (Lanciego et al., 2012). The BG are composed by the striatum (caudate and 

putamen), the external globus pallidus (GPe) and internal globus pallidus (GPi) or the 

entopeduncular nucleus (EP) in rodents, the subthalamic nucleus (STN), and the SNc and 

substantia nigra pars reticulata (SNr). The BG nuclei are shown in Figure 1.3. 

 

Figure 1.3. The basal ganglia nuclei and their main connections. Scheme representing the 
main connections of the BG network in a sagittal section of the rodent brain (A). Anatomical-
functional diagram adapted from the classic model of BG circuits (B). Dopaminergic, 
GABAergic, and glutamatergic projections and nuclei are depicted in blue, purple, and red, 
respectively. Some additional connections between BG nuclei are omitted for simplicity; see the 
text for details. A: arkypallidal neuron; dSPN: direct-pathway spiny projection neuron; EPN: 
entopeduncular nucleus; GP: globus pallidus; iSPN: indirect-pathway spiny projection neuron; P: 
prototypic neuron; SNc: substantia nigra pars compacta; SNr: substantia nigra pars reticulata; 
SIN: striatal interneurons; STN: subthalamic nucleus (taken from Mallet et al., 2019). 
 
  



1. Introduction 

20 
 

1.2.1. Striatum  

 

The primary afferent structure and the largest subcortical brain structure of the BG 

is the striatum, which is formed by the caudate (medial dorsal striatum) and the putamen 

(lateral dorsal striatum) nuclei divided by the fibres of the internal capsule. The nucleus 

accumbens (Acc) is the main component of the ventral striatum. In rats, the striatum 

consists of 2.8 million neurons. The striatum is mainly composed of gamma-aminobutyric 

acid (GABA) spiny projection neurons or medium spiny projection neurons (SPN or 

MSNs) that receive cortical innervation and represent 90–95% of all neurons, depending 

on the species, and are divided into several types of interneurons in two interlaced 

compartments known as “patches” (also called striosomes) and the “matrix” (Crittenden 

& Graybiel, 2011). The MSNs are divided into two equal proportional groups based on 

projections patterns: dMSNs express dynorphin (or substantia P) and dopaminergic D1 

receptor, while iMSNs express enkephalin and dopaminergic receptor D2. Striatal dMSNs 

project to the GPi/SNr, while iMSNs connect to the GPe; dMSNs do however also send 

collaterals to the GPe (Gerfen & Surmeier, 2011). Other neurons, called interneurons, are 

found in the striatum: cholinergic interneurons (1–2% of all neurons) which do not present 

spines, the big aspiny somatostatin interneurons, and small aspiny GABAergic 

interneurons (Tepper et al., 2018; Tepper & Bolam, 2004). The striatum receives 

glutamatergic projections from the cerebral cortex and the thalamus as well as the STN, 

and GABAergic projections from the GPe; it is the principal recipient of dopaminergic 

inputs from the SNc (Hazrati et al., 1990). In addition, the striatum receives serotonergic 

projections from the dorsal raphe nucleus (DRN) (Huang et al., 2019; Steinbusch et al., 

1981) and also discrete noradrenergic input from the locus coeruleus (Fitoussi et al., 2013; 

Mason & Fibiger, 1979). 

 

1.2.2. Globus pallidus 

 

The globus pallidus is located medially to the putamen and can be divided into the 

external (GPe, or simply named GP in rodents) and the internal (GPi/EP) nucleus. In rats, 

the GPe consists of approximately 45,000 big ovoid GABAergic projection neurons 

(Oertel and Mugnaini, 1984) that can be divided in two subtypes, the so-called prototypic 

and arkypallidal neurons (Abdi et al., 2015; Mallet et al., 2012). Prototypic neurons are 

the convectional neurons and represent approximately two-thirds of all GPe neurons, they 
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often express parvalbumin and innervate downstream nuclei (the STN, the SNr, and the 

EP) but also the striatum (Abdi et al., 2015; Saunders et al., 2016). Arkypallidal neurons 

(one-fourth of all neurons) often express preproenkephalin and innervate the striatum 

exclusively, which certainly constitutes the main GABAergic projection of the striatum 

(Abdi et al., 2015; Mallet et al., 2012). The GPe receives afferents from striatal iMSNs, 

while the GPi/EP receives afferents from the striatal dMSNs as well as glutamatergic 

inputs from the STN (Reiner & Anderson, 1990). Both the GPe and GPi also receive 

serotonergic projections from the DRN (Perkins and Stone, 1983). Finally, the GPe also 

receives dopaminergic inputs from the SNc; the dopaminergic innervation is however 

much weaker than that from the striatum (Rommelfanger & Wichmann, 2010).  

 

1.2.3. Subthalamic nucleus  

 

The STN is located ventral to the thalamus and is the only glutamatergic nucleus of 

the BG. A total of 23,000 neurons has been determined in rats (Hardman et al., 2002). 

The STN neurons mainly express AMPA and NMDA glutamatergic receptors, but other 

neurotransmitter receptors are located there as well (Mallet et al., 2019). Apart from these 

glutamatergic neurons, GABAergic interneurons have been detected, but only in the 

human STN (Hamani et al., 2004; Lévesque & André, 2005; Parent & Hazrati, 1995). 

 

The intrinsic organization and the afferent and efferent connections of the STN 

divide the nucleus into the following functional domains (Temel et al., 2005). The medial 

part of the STN projects to the ventral GPe and is connected to the associative and limbic 

functions. In contrast, the lateral part of the STN projects to the dorsal parts of the GPe, 

the GPi/EP and the SNr, and is connected to sensorimotor cortical functions. Specifically, 

the STN innervates mainly the SNr, but the STN-SNc connection is nevertheless 

considered one of the principal mechanisms underlying the control of DA release in the 

SNc (Benarroch, 2009; Parent & Hazrati, 1995). Apart from that, the STN also innervates 

the striatum, the ventral tegmental area, and the pedunculopontine tegmental nucleus 

(Kita & Kitai, 1987; Parent & Hazrati, 1995). 

 

The STN, on the other hand, receives information from the sensorimotor cortex and 

the striatum (Parent and Hazrati, 1995), but also serotonergic input, mainly from the 

DRN, that clearly modulates its neuronal activity (Di Matteo, 2008). Additionally, the 
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STN receives glutamatergic projections from the thalamus, dopaminergic inputs from the 

SNc, and cholinergic innervation from the pedunculopontine tegmental nucleus (for a 

detailed review see Hamani et al., 2004). 

 

1.2.4. Substantia nigra  

 

The substantia nigra (SN) is located in the ventral midbrain and is composed by two 

distinct functional regions. The most dorsal region is called “compacta” (SNc) and 

contains mainly dopaminergic neurons, while the ventral region is called “reticulata” 

(SNr) and contains mainly GABAergic neurons. The SNc is a densely packed nuclear 

region with a high neuromelanin pigment content, which is produced in the DA 

biosynthesis pathway. The SNc is formed by dopaminergic neurons and is one of the most 

important dopaminergic nuclei in the central nervous system. It also contains a population 

of GABAergic interneurons.  

 

The SNc sends dopaminergic projections to the putamen, and the caudate nuclei (or 

the striatum), through the medial forebrain bundle (Giménez-Amaya & Graybiel, 1990). 

These projections inhibit iMSNs and stimulate dMSNs. Over 70% of SNc inputs are 

GABAergic afferent projections from the SNr, striatum, and GP (Tepper et al., 1995). 

Moreover, the SNc receives glutamatergic innervation from the STN, the 

pedunculopontine tegmental nucleus, and the medial prefrontal cortex (Naito & Kita, 

1994). The SNc also receives serotonergic projections from the medial raphe and DRN 

(Corvaja et al., 1993; Moukhles et al., 1997), and noradrenergic innervation from the 

locus coeruleus (Baldo et al., 2003; Mejías-Apuonte et al., 2009). 

  



1. Introduction 

23 
 

1.2.5. The basal ganglia output nuclei 

 

The main BG output nuclei are the EP/GPi and the SNr. The classical BG model of 

motor control (Alexander et al., 1986; DeLong, 1990) described the EP and SNr as 

performing the same function. In the last years, a number of studies have demonstrated 

that each BG output nucleus performs different functions with differential effects on both 

limbic and sensorimotor subcircuits. The sensorimotor regions of the EP and SNr appear 

to be more similar in function. Both target motor thalamic regions and primarily consist 

of GABAergic projection neurons. While the EP projects to lateral portions of the 

ventrolateral thalamus, the SNr seems to project mostly to the medial ventrolateral and 

ventromedial thalamus and the superior colliculus (Oh et al., 2014; Root et al., 2018; 

Wallace et al., 2017) (see Figure 1.4). This anatomical difference suggests that each BG 

output nucleus represents a different function in the BG-thalamo-cortical loops. Since this 

thesis focuses on the BG output nuclei, these nuclei will be described in detail. 

 

Figure 1.4. Basal ganglia output pathways arise from GABAergic neurons in the internal 
globus pallidus and the substantia nigra pars reticulata. The GPi/EP output is directed to the 
VL thalamus and to the LHb. The SNr output is directed to the MD, and PF, and VM thalamic 
nuclei, to the intermediate layers of the superior colliculus, and to the PPT. GPi/EP: internal 
globus pallidus; LHb: lateral habenula; MD: mediodorsal thalamus; PF: parafascicular thalamus; 
PPT: pedunculopontine tegmental nucleus; SNr: substantia nigra pars reticulata; VL: ventrolateral 
thalamus; VM: metromedial thalamus. Adapted from Dudman & Gerfen, 2015. 
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1.2.5.1. Entopeduncular nucleus 

 

The GPi, or EP in rodents, is a major BG output nucleus and the smallest nucleus 

of the circuit with a population of 3,000 neurons (Oorschot, 1996). Anatomical studies 

have revealed the existence of cellular heterogeneity within the rodent EP and GPi of 

humans and primates (Miyamoto and Fukuda, 2015; Parent et al., 2001; Takada et al., 

1994). It is now known that the EP is not only a GABA-releasing nucleus but the main 

brain structure containing dual glutamatergic-GABAergic neurons (Root et al., 2018). 

Additional molecular profiling has shown the existence of three neuronal subtypes and 

has specified their molecular identity. The proportions of these three populations have 

been estimated as one fourth of parvalbumin neurons, two fourths of somatostatin 

neurons, and one fourth of non-parvalbumin neurons (Wallace et al., 2017).  

 

The different classes of neurons are distributed along the EP, with the rostral or 

anterior region expressing somatostatin while neurons in the caudal or posterior region 

express parvalbumin. Most parvalbumin EP neurons are purely GABAergic neurons 

(Penney & Young, 1981), and somatostatin EP neurons are capable of co-releasing both 

GABA and glutamate. However, a small subpopulation of parvalbumin EP neurons are 

exclusively glutamatergic and are mostly found at the borders of the EP and at the 

interface between the parvalbumin and somatostatin zones. Interestingly, these two 

classes of neurons and the differential expression of somatostatin and parvalbumin are 

preserved across mammals (Grillner & Robertson, 2016).  

 

Types of receptors in the entopeduncular nucleus 

 

The rat EP neurons express different types of receptors. One recent 

immunohistochemical study revealed that the dopaminergic system can modulate EP 

activity directly via DA transporter (DAT) and dopaminergic receptors (D1-5) (Lavian et 

al., 2018). The glutamatergic AMPA receptor (GluR1, GluR2/3, GluR4) and 

glutamatergic NMDA (NR1) receptors are localized in the EP (Clarke & Bolam, 1998). 

GABAA receptors mainly contain subunits α1, β2, and γ2, but α2, α3, β1, β3, and γ1 are 

also expressed. The GABAB subunits R1 and R2 are strongly expressed (Boyes & Bolam, 

2007). Serotonin (5-HT) receptors are also localized in the GPi/EP. The 5-HT1B subtype 

is highly expressed, but 5-HT1A, 5-HT1D, 5-HT2A, and 5-HT2C are also present (Di Matteo 
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et al., 2008). Although cholinergic receptors within the BG nuclei have not been well 

characterized, it is known that nicotinic and muscarinic M2 type receptors are localized 

in the EP (Luo & Kiss, 2016). Finally, the µ, κ, and δ opioid and CB1 endocannabinoid 

receptors are also present in the EP (Mansour et al., 1993; Schroeder & Schneider, 2002; 

Sharif & Hughes, 1989; Svíženská et al., 2008). 

 

Afferents and efferents of the entopeduncular nucleus 

 

The EP receives glutamatergic projections from the STN (Alexander, 1990), but 

also from the prefrontal cortex including the insular, orbitofrontal, and anterior cingulate 

cortex (Naito & Kita, 1994). It also receives GABAergic projections from the GPe 

(Hazrati et al., 1990) and from striatal iMSNs (Gerfen et al., 1990). Like the GPe, the EP 

exhibits moderately dense innervation from the DRN (Moore et al., 1978; Perkins & 

Stone, 1983) and, to a lesser extent, dopaminergic projections from the SNc (Lindvall & 

Björklund, 1979).  

  

The GPi/EP principally sends projections to the ventral anterior and ventral lateral 

regions of the thalamus that are also connected to the cortex. However, the GPi/EP also 

projects to the centromedian thalamic nucleus, the lateral habenula, and the 

pedunculopontine tegmental nucleus (Parent and Hazrati, 1995) (Figure 1.4). Apart from 

these projections, in rats, the EP sends fibres to the parafascicular thalamic nucleus 

(Carter & Fibiger, 1978) and to the deeper layers of the superior colliculus (Takada et al., 

1994). Somatostatin EP neurons are known to project to the lateral habenula, while 

parvalbumin EP neurons innervate the motor thalamus (Stephenson-Jones et al., 2016; 

Wallace et al., 2017). Therefore, EP-thalamic neurons are innervated by parvalbumin GPe 

neurons and matrix iMSNs, while EP-lateral habenula neurons receive inputs from non-

parvalbumin GPe neurons and striosome dMSNs, suggesting that each population takes 

part in the distinct functional networks. It has been proposed that EP-thalamic projection 

neurons process motor control tasks, such as movement initiation and organization as 

well as action selection, while lateral habenula-EP projection neurons participate in the 

evaluation of the motor outcome, that is, localization and direction of a targeted 

movement (Stephenson-Jones et al., 2016; Wallace et al., 2017). 

  



1. Introduction 

26 
 

1.2.5.2. Substantia nigra pars reticulata 

 

The SNr is the other main BG output nucleus. While the SNr has classically been 

considered a homogeneous nucleus, it is known now that this nucleus is mainly formed 

by GABAergic neurons, discrete clusters of dopaminergic neurons are however also 

found in the caudomedial region (González-Hernández & Rodríguez, 2000). Thus, the 

SNr is composed of approximately 30,000 GABAergic neurons and 7,000 dopaminergic 

neurons per hemisphere in the rat (Oorschot, 1996). The majority of SNr GABAergic 

neurons express parvalbumin and are localized in the lateral two-thirds of the entire 

rostrocaudal extent, the sensorimotor region of the SNr (Rajakumar et al., 1994; Reiner 

& Anderson, 1993). A small population of SNr GABAergic neurons express calretinin 

(Liang et al., 1996), nitric oxide synthase, or acetylcholine transferase (González-

Hernández et al., 2000). In the rostrolateral region of the SNr, GABAergic neurons are 

large and contain parvalbumin and nitric oxide synthase. In the caudomedial region, most 

SNr neurons are small and express only parvalbumin, while in the rostromedial region, 

they are predominantly small and contain either calretinin, nitric oxide synthase, or 

parvalbumin (González-Hernández et al., 2000).  

 

Types of receptors in the substantia nigra pars reticulata 

 

Several dopaminergic receptors (D1, D4 and D5) are expressed in SNr GABAergic 

neurons and astrocytes (Nagatomo et al., 2017; Rivera et al., 2003). Several subtypes of 

glutamatergic i.e. AMPA (GluR2/3), NMDA (NR1, NR2 and NR2A/B) and kainate 

receptors are also localized in the SNr (Albin et al., 1992; Chatha et al., 2000). The vast 

majority of parvalbumin SNr neurons display GABAA receptors mainly containing 

subunits α1-5, β2, 3, and γ2 (Ng et al., 2000; Ng & Yung, 2001). On the other hand, SNr 

GABAergic neurons express several 5-HT receptors, with 5-HT2C and 5-HT1B highly 

expressed but 5-HT1A and 5-HT1D also present (Di Matteo, 2008). The SNr also expresses 

multiple cholinergic receptors, mainly muscarinic M4 and nicotinic α7 (Poisik et al., 2008; 

Turski et al., 1984; Xiang et al., 2012). The different subtypes of opioid receptors, µ, κ, 

δ, and NOP (nociceptin/orphanin FQ opioid peptide) receptors, are also found in the rat 

SNr (Mabrouk et al., 2008; Mansour et al., 1993; Tempel & Zukin, 1987). While CB1 and 

CB2 endocannabinoid receptors are also found in SNr neurons and glial cells (Herkenham 

et al., 1991; Gong et al., 2006), some SNr neurons express the purinergic receptor P2 
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(Amadio et al., 2007) and histamine receptors H2 and H3 (Vizuete et al., 1997; Zhou et 

al., 2006).  

 

Afferents and efferents of the substantia nigra pars reticulata 

 

The SNr receives GABAergic projections principally from the striatum and the 

GPe. Thus, dMSNs project to the SNr via the “direct pathway”. In contrast, iMSNs project 

to the SNr via the GPe and STN via the “indirect pathway” (Gerfen et al., 1990; 

Alexander, 1990). The Acc also sends GABAergic innervation to the SNr (Deniau et al., 

1994) and the STN emits glutamatergic projections to the SNr (Hammond et al., 1978; 

Kitai and Kita, 1987). In addition, the SNr receives dense serotonergic innervation from 

the DRN (Corvaja et al., 1993; Moukhles et al., 1997), cholinergic input from the 

pedunculopontine tegmental nucleus, and modulatory dopaminergic input from the SNc 

(Lee & Tepper, 2009). 

 

As previously mentioned, while there is some overlap in the projections from the 

SNr and the EP, they predominantly target distinct structures in the thalamus (Gerfen, 

1984; Steinbusch et al., 1981). The main target of the SNr is the motor thalamus (Kha et 

al., 2001) and four populations of SNr neurons have been described based on their axonal 

projections. Type I neurons project specifically to the motor thalamus, type II neurons 

target the thalamus, superior colliculus, and pedunculopontine tegmental nucleus, type III 

cells project to the periaqueductal grey matter and thalamus, and type IV neurons send 

projections to the deep mesencephalic nucleus and the superior colliculus (Brown et al., 

2014; Cebrián et al., 2005; Deniau et al., 2007; Higgs & Wilson, 2016). However, while 

the EP/GPi projects to the ventral lateral thalamic nuclei and the lateral habenula, the SNr 

projects to the ventral medial, zona incerta, and intralaminar thalamic nuclei (see Figure 

1.4). Thus, the SNr is associated with the motor control of orienting movements, head 

movement generation, and saccadic eye movements, as well as with the regulation of 

nigrostriatal dopaminergic neurons (Brown et al., 2014; Rizzi & Tan, 2019).  
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1.2.6. Basal ganglia motor circuit 

 

The BG nuclei are a highly organized network that connects the cerebral cortex to 

the thalamus, creating the cortico‐BG‐thalamo‐cortical loop. Since the late 1980s, several 

authors have proposed a “classical” or functional mechanism of the BG motor circuit 

(Alexander et al., 1986; Albin et al., 1989). The implicated nuclei and their connections 

are shown in the schemes in Figure 1.5. This circuit can be separated into three different 

pathways, (a) the hyperdirect or cortico-subthalamo-pallidal/nigral pathway, (b) the direct 

cortico‐striato-pallidal/nigral pathway, and (c) the indirect cortico‐striatal-pallidal-

subthalamo-pallidal/nigral pathway (Maurice et al., 1999). For a better understanding of 

the BG circuit, the three pathways are described in detail below. 

 

According to the classical BG model, the striatum is the main input station of the 

BG. The direct pathway originates in the striatal dMSNs, which project directly to the 

GPi/EP and the SNr. The indirect pathway, on the other hand, originates in the striatal 

iMSNs, which project to the prototypic neurons of the GPe; the signal later arrives at the 

STN and, from here, is transmitted to the parvalbumin GABAergic neurons of the GPi/EP 

and the SNr. However, the STN likely functions as another input station of the BG, 

besides the striatum, because it receives direct cortical projections, especially from the 

frontal lobe and subdivisions of the premotor cortex. In addition, the cortico/STN neurons 

and cortico/striatal neurons belong to distinct populations. Thus, the hyperdirect pathway 

conveys powerful excitatory effects from the motor-related cortical areas to the GPi/EP 

and SNr, bypassing the striatum, with a very short conduction time (Maurice et al., 1999; 

Miocinovic et al., 2018; Monakow et al., 1978; Nambu et al., 2002).  

 

The direct striato-EP/SNr and indirect striato-GPe-STN-EP/SNr pathways play 

opposite roles in the control of movements. The classical BG model predicts that the 

activation of cortico-striatal projections leads to the inhibition of the GPi/EP and the SNr 

via the direct pathway. This causes a reduction in the GABAergic inhibitory input to the 

thalamus, which leads to an increase in excitatory activity over the motor cortex and 

results in the release of movements. In contrast, activation of cortico-striatal projections 

leads to a reduction in GPe activity, inducing a lower inhibitory effect on the STN, leading 

to an increase in excitatory glutamatergic activity over the BG output nuclei. The GPi/EP 

and SNr nuclei then increase their inhibitory effect on the thalamus, thereby inhibiting 
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the thalamocortical connections and resulting in the suppression of movements. This 

effect is mediated via the indirect pathway (Figure 1.5A) (Albin et al., 1989; DeLong 

1990; Gerfen et al., 1990; Kravitz et al., 2010; Chiken et al., 2015). 

 

1.2.7. Basal ganglia nuclei in Parkinson’s disease and levodopa-induced 

dyskinesia 

 

According to the classical BG model (Alexander et al., 1986; Albin et al., 1989; 

DeLong, 1990), the nigrostriatal degeneration during PD induces a reduction in the 

activity of dMSNs in the direct pathway and, in consequence, a reduction in the inhibition 

over the GPi/EP and the SNr. On the other hand, there is a hyperactivity of striatal iMSNs 

in the indirect pathway which leads to an inhibition of the GPe, causing a hyperactivity 

of STN neurons and, in consequence, the STN releases more GLU and hyperactivates the 

BG output nuclei. The hyperactivity of the output BG nuclei then leads to hypoactivity of 

the thalamic-cortical projections and results in hypokinetic movements (Figure 1.5B). It 

is generally assumed that after chronic L-DOPA therapy, iMSNs and dMSNs are 

overstimulated, which leads to overactivity of the direct pathway and inhibition of the 

indirect pathway. These changes then lead to an increase in glutamatergic thalamo-

cortical projections and result in excess motor movements or LID (Figure 1.5C). 

 

The classical BG model hypothesized that the origin of motor dysfunction is the loss 

of DA, and that this loss induces an abnormal neuronal firing rate within the BG nuclei, 

which may be relevant in the pathophysiology of PD. However, the model fails to explain 

other features of neuronal firing that are observed in PD, such as the increased burst firing 

activity and the increased synchronization and oscillatory activity, particularly in the beta 

frequency band, in the BG nuclei (Wichmann & Dostrovsky, 2011).  
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Figure 1.5. The classical basal ganglia model representing (A) normal, (B) Parkinson’s 
disease, and (C) levodopa-induced dyskinesia conditions. Normally, DA input from the SNc 
facilitates motor movement through excitatory responses in the direct pathway via dopaminergic 
D1 receptors and reduces motor movements through inhibitory responses in the indirect pathway 
via dopaminergic D2 receptors. Loss of dopaminergic input from the SNc influences both the 
direct and the indirect pathway. There is underactivity of the direct pathway and overactivity of 
the indirect pathway, resulting in decreased glutamatergic output from the thalamus, thereby 
causing hypokinetic movements. Chronic L-DOPA therapy overstimulates both D1 and D2 
receptors, with opposite influence on the direct and indirect pathways leading to increased 
thalamo-cortical glutamatergic output, thereby causing LID. Changes in the expression of Enk 
and Dyn are depicted in yellow (increased levels) and purple (decreased levels). The clear 
intensity of the grey colour of SNc represents the loss of dopaminergic neurons. Blue lines 
indicate GABAergic or inhibitory connections; red lines glutamatergic or excitatory connections, 
and green lines dopaminergic or modulatory connections. Changes in the rate of neural 
transmission are indicated with thick (increased activity) and thin (decreased activity) lines. DA: 
dopamine; Dyn: dynorphin; Enk: enkephalin; GPe: external globus pallidus; GPi: internal globus 
pallidus; L-DOPA: levodopa, STN: subthalamic nucleus; SNc: substantia nigra pars compacta; 
SNr: substantia nigra pars reticulata.  

 

Oscillatory activity is a property of neurons and is defined as rhythmic neuronal 

fluctuations that occur periodically. This may be reflected in single-unit spikes, in the 

electroencephalogram (EEG), electrocorticogram (ECoG), or in local field potentials 

(LFPs). The ECoG provides rich information about synaptic currents from the deep layers 

of the cortex, while LFPs reflect net postsynaptic potential changes from synaptic input 

and do not necessarily correlate with spiking behaviour (Ellens and Leventhal, 2013). 

Neuronal oscillations are crucial for efficient communication within and across the brain 

circuits, and have been implicated in different processes such as cognition, locomotion, 

learning, and alert (Uhlhaas & Singer, 2006). Neuronal oscillations are organized in 

different frequency bands categorized into delta (< 4 Hz), theta (4–8 Hz), alpha (8–12 

Hz), beta (12–30 Hz), gamma (30–90 Hz), and high-frequency (>90 Hz) oscillations, as 

well as into subdivisions within each band (Buzsáki & Chrobak, 1995; Assenza et al., 
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2017). Under normal physiological conditions, low-frequency or delta oscillations are the 

most prominent EEG feature of human non-rapid eye movement sleep, also known as the 

“slow-wave” state (∼1 Hz) (Steriade, 2006). These slow waves are also prominent in the 

cortex of anaesthetised rodents and reflect spontaneous neural activity from ECoGs, 

LFPs, and single-unit spikes. The examination of slow-wave oscillatory activity in 

anaesthetised rodents has become a useful tool to study the functional dynamics of 

activity in the BG networks. Interestingly, slow-wave oscillatory activity in the BG is 

enhanced by 6-OHDA lesions (Tseng et al., 2001). In addition, it is well documented that 

the pattern of burst activity after 6-OHDA lesions correlates with slow-wave frequency 

oscillations occurring in cortical networks (Magill et al., 2001; Tseng et al., 2001). 

 

It has thus been proposed that a loss of DA alters the striatal processing of 

oscillatory cortical input that promotes the synchronization within the BG nuclei observed 

in anaesthetised rats. The increased phasic oscillatory activity in the GPe as a 

consequence of striatal output, in conjunction with convergent oscillatory input from the 

cortex, contributes to the oscillatory activity in the STN. In addition, increased oscillatory 

activity in the GPi/SNr is consistent with convergent inhibitory input from the GPe and 

excitatory oscillatory input from the STN (Mallet et al., 2006; Walters et al., 2007; Parr-

Brownlie et al., 2007). Figure 1.6 summarizes the passage of oscillatory signals within 

the BG nuclei. However, the other faster frequencies are also affected and contribute to 

the exaggerated oscillatory activity observed in patients with PD (Belluscio et al., 2007; 

Zold et al., 2012). 

 

Abnormal oscillatory activity in the beta frequency band is the most prominent 

neuronal change detected in patients with PD and has been related to tremor and 

akinesia/bradykinesia syndromes in PD (Brown, 2006a, 2006b; Dostrovsky & Bergman, 

2004), while abnormal oscillatory activity in the gamma frequency band is thought to be 

prokinetic and to underlie dyskinesia (Salvadè et al., 2016; Sharott et al., 2014). However, 

the abnormalities in beta and gamma oscillations cannot by themselves explain all the 

motor and non-motor symptoms underlying this pathophysiology and, together with 

pathological activity in other frequency bands, may result in different manifestations of 

PD. 
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Figure 1.6. Illustration of the passage of oscillatory signals in the low frequency range (0.3–
2.5 Hz (through the cortico-basal ganglia pathway after 6-hydroxydopamine lesion in 
anaesthetised rats. Left diagram: Examples of striatal, GPe, STN, and SNr/GPi spiking activity 
are shown with simultaneously recorded SNr/GPi LFPs. Right diagram: the loss of DA enhanced 
the transmission of oscillatory activity primarily through the indirect pathway, resulting in robust 
oscillatory activity in the BG output nuclei, SNr/GPi. The D2-iMSNs transmit patterned activity 
from the cortex to the GPe. The inhibitory GPe activity contributes to the timing of bursts in STN 
neuron activity, and pauses in inhibitory GPe output coincide with bursts in excitatory STN 
output, supporting enhanced oscillatory activity in SNr/GPi spike trains. Cortical oscillatory input 
to the striatum and STN is indicated. Green arrows indicate excitatory connections between 
nuclei, and red arrows or bars indicate inhibitory connections. DA: dopamine; Dopaminergic D1 
and D2 receptors; GPi: internal globus pallidus; GPe: external globus pallidus; PPN: 
pedunculopontine nucleus; STN: subthalamic nucleus; SNc: substantia nigra pars compacta; SNr: 
substantia nigra pars reticulata (taken and adapted from Walters, 2016).  
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1.3. THE SEROTONERGIC SYSTEM IN PARKINSON’S DISEASE AND 

LEVODOPA-INDUCED DYSKINESIA 

 

5-HT is synthesized from tryptophan by the enzyme tryptophan hydroxylase 

(Cooper & Melcer, 1961) and accumulates in secretory granules via a vesicular 

monoamine transporter before being released to the synaptic cleft. In the central nervous 

system, the action of 5-HT is terminated either via neuronal uptake by the 5-HT reuptake 

transporter (SERT) located in 5-HT axon terminals, or through enzymatic metabolism by 

monoamine oxidase to 5-hydroxyindoleacetaldehyde and the principal metabolite, 5-

hydroxyindoleacetic acid (Dorszewska et al., 2014). 5-HT acts via 5-HT receptors, which 

are classified into seven families and at least 14 different subtypes, including the G-

protein-coupled receptor subtypes (5-HT1, 5-HT2, 5-HT4–7) and ligand-gated ion channels 

(5-HT3) (Hoyer et al., 2002). 

 

The main population of serotonergic neurons is located in the DRN (Peyron et al., 

1998), which provides extensive innervation to almost the entire brain and controls 

multiple functions such as mood, cognition, emotion, motor behaviour, sleep, appetite, 

and regulation of the circadian rhythm (Benarroch, 2009). The serotonergic system is also 

involved in the aetiology of numerous neuropsychiatric disorders such as depression and 

anxiety. The serotonergic neurons from the DRN innervate almost all brain areas 

including the BG nuclei, the pedunculopontine nucleus, the ventral tegmental area, the 

thalamus, and the cortex (Huang et al., 2019; Muzerelle et al., 2016) (Figure 1.7). In 

addition, the BG nuclei contain 5-HT, SERT, and almost all 5-HT receptor subtypes that 

are differently distributed within the BG nuclei. However, the effects of 5-HT drugs on 

the BG nuclei are complex, since they are the result of the direct activation of 5-HT 

receptors in the different nuclei plus the activation of those located on serotonergic 

neurons that project to the BG (for a review, see Miguelez et al., 2014). Despite this 

complexity, it is well accepted that the serotonergic system modulates the activity of the 

BG (Benarroch, 2009; Di Matteo et al., 2008).  



1. Introduction 

34 
 

 

Figure 1.7. Serotonergic innervation of the basal ganglia nuclei. The dorsal raphe nucleus 
sends serotonergic projections to all components of the BG: the striatum, GPe, GPi, SNc, SNr, 
and subthalamic nucleus. Other nuclei such as the pedunculopontine nucleus and the ventral VTA 
also receive afferences from the dorsal raphe nucleus. GPi: internal globus pallidus; GPe: external 
globus pallidus; SNc: substantia nigra pars compacta; SNr: substantia nigra pars reticulata; PPN: 
pedunculopontine nucleus; VTA: ventral tegmental area. Taken from Benarroch (2009). 

 

1.3.1. The serotonergic system in the progression of Parkinson’s disease 

 

According to the six-stage theory of Braak, the forebrain, including the locus 

coeruleus, reticular formation, raphe nuclei, and spinal cord, becomes affected in stage 2 

of the disease, and specifically the raphe nuclei are entirely involved in stage 3 (Braak et 

al., 2003). Post-mortem studies from patients with PD who died during the early stages 

of Lewy pathology have shown intracellular accumulation of α-syn in the raphe nuclei 

(Braak et al., 2003), along with a loss of serotonergic neurons (Halliday et al., 1990) and 

dystrophic degeneration of serotonergic axons in the cortex, hippocampus, and SN 

(Azmitia & Nixon, 2008). Alterations of several components of 5-HT neurotransmission, 

such as a reduction in 5-HT and its metabolite 5-hydroxyindoleacetic acid, tryptophan 

hydroxylase, and SERT have been described in the striatum (Kish et al., 2007) and the 

hypothalamus (Shannak et al., 1994).  

 



1. Introduction 

35 
 

Studies in neurotoxic animal models of PD (6-OHDA, MPTP) have provided 

heterogeneous results regarding the serotonergic system, showing either no change or 

increased activity of 5-HT cells and diverse modifications of 5-HT receptor expression. 

In general, these animals show alterations involving the serotonergic system that depend 

on the loss of DA (for a review, see Gagnon et al., 2018; Miguelez et al., 2014). 

Interestingly, in transgenic mice expressing human mutant LRRK2 G2019S, a model of 

the most common genetic cause of PD, along with a progressive loss of dopaminergic 

fibers in the striatum, 5-HT levels declined, and 5-HT1A receptor expression increased in 

the hippocampus (Lim et al., 2018a). Findings of stereological studies using MPTP 

parkinsonian monkeys revealed a sprouting of 5-HT axon varicosities in the striatum and 

GPe and GPi, while the density and morphology of serotonergic neurons in the DRN were 

unchanged (Gagnon et al., 2018). These results, according to the authors, suggest the 

rearrangement of the surviving serotonergic neurons (Gagnon et al., 2016; Gagnon et al., 

2018). 

 

1.3.2. The serotonergic system in levodopa-induced dyskinesia 

 

The dopaminergic and serotonergic systems are functionally connected and 5-HT, 

via its numerous receptors, modulates dopaminergic transmission and DA levels in the 

striatum (Alex & Pehek, 2007; Lucas et al., 2000). Raphe-striatal serotonergic terminals 

contain the enzyme aromatic L-amino acid decarboxylase and are able to convert 

exogenous L-DOPA into DA, store it in vesicles, and release it. However, serotonergic 

neurons lack the proper autoregulatory mechanisms to control DA release and clearance, 

which can cause excessive DA levels in several brain regions (De Deurwaerdère et al., 

2017; Miller & Abercrombie, 1999). It has been suggested that serotonergic neurons are 

mainly responsible for the increase in DA release in the striatum induced by chronic L-

DOPA treatment (Carta et al., 2007, 2008). With the progression of PD, the dysregulated 

release of DA from serotonergic neurons acting as a “false neurotransmitter” plays a key 

role in LID development (Carta et al., 2007, 2008; Navailles et al., 2011; Nevalainen et 

al., 2011). 

 

Long-term L-DOPA administration may damage the serotonergic system in PD. L-

DOPA-derived DA displaces 5-HT in exocytotic vesicles, is trapped in the serotonergic 

terminal, and may be degraded by the enzyme MAO and auto-oxidation mechanisms, 
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resulting in the production of reactive oxygen species (Stansley & Yamamoto, 2014) and 

the subsequent detrimental effects (Navailles et al., 2011; Stansley & Yamamoto, 2015a). 

Thus, L-DOPA can promote oxidative stress, generate free radicals or toxic compounds 

(Stansley & Yamamoto, 2015b) and cause 5-HT cell death and the depletion of 5-HT 

content in a subregion of the DRN and the frontal cortex (Stansley & Yamamoto, 2014). 

Figure 1.8 summarizes the factors associated with PD and chronic L-DOPA treatment 

that cause changes, damage, and dysfunction of the serotonergic system and that may be 

clinically relevant not only regarding motor and non-motor symptoms but also in terms 

of PD treatment. 

 

 
Figure 1.8. Serotonergic neuron modifications in Parkinson’s disease and levodopa-induced 
dyskinesia. (A) Control situation. (B) In Parkinson’s disease, α-syn accumulates in serotonergic 
neurons and leads to neuronal cell death by impacting mitochondrial function, protein depletion, 
serotonin (5-HT) release, and SERT expression. (C) During chronic treatment with levodopa, 
apart from the modifications produced by α-synuclein, L-DOPA-derived dopamine competes 
with 5-HT for entrance into exocytosis vesicles, and the accumulation of dopamine and 5-HT in 
the cytoplasm induces the synthesis of toxic compounds that are harmful for the cell. 5-HT: 
serotonin; SERT: serotonin transporter. Taken from Vegas-Suarez et al. (2019). 
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1.3.3. Serotonin-based therapies for the treatment of levodopa-induced dyskinesia 

 

Despite the complexity of the serotonergic system, only three 5-HT-related targets 

have been studied with the aim to alleviate LID, 5-HT1A, and 5-HT2A receptors as well as 

SERT. Among these, the 5-HT1A receptor agonists are the most studied when it comes to 

LID symptom management (Lanza & Bishop, 2018). A partial agonist of the 5-HT1A 

receptor, buspirone, has been shown to reduce the abnormal involuntary movements 

induced by chronic L-DOPA treatment in different animal models (Aristieta et al., 2012; 

Dekundy et al., 2007; Eskow et al., 2007; Gerlach et al., 2011; Sagarduy et al., 2016). 

Buspirone has also shown efficacy in open-label trials performed in humans (Bonifati et 

al., 1994; Kleedorfer et al., 1991; Politis et al., 2014), where LID reduction was found to 

be associated with the modulation of striatal DA levels quantified by imaging techniques 

(Politis et al., 2014). Between 2015 and 2018, the antidyskinetic properties of buspirone 

have been re-evaluated in a clinical phase III trial (NCT02617017). The results are 

however still unpublished. Currently, the efficacy of a co-therapy of buspirone and 

amantadine in reducing LID in participants with PD is being investigated in a clinical 

phase I trial (NCT02589340). This study should be completed by December 2019. 

 

Similar to buspirone, eltoprazine, a 5-HT1A/B-receptor agonist, has shown 

antidyskinetic effects in 6-OHDA-lesioned rats chronically treated with L-DOPA 

(Lindgren et al., 2010; Paolone et al., 2015) as well as in macaques (Bezard et al., 2013). 

In a double-blind, randomized, placebo-controlled and dose-finding phase I/IIa study 

conducted in 22 patients, a single dose showed antidyskinetic effects (Svenningsson et 

al., 2015). However, despite these promising results, no new clinical data have been 

published since then. On the other hand, sarizotan, a full 5-HT1A receptor agonist, 

improved dyskinesia in macaques (Grégoire et al., 2009) and in a rat model of LID 

(Gerlach et al., 2011). However, in a phase III clinical trial in patients with PD, sarizotan 

did not counteract LID better than placebo (Goetz et al., 2007). Tandospirone, another 

full agonist of the 5-HT1A receptor with a chemical structure similar to that of buspirone, 

seems to improve LID in rats, to some degree (Iderberg et al., 2015). In contrast, clinical 

studies have suggested that tandospirone has no significant effect on LID and may 

interfere with L-DOPA efficacy (Kannari et al., 2002; Yoshida et al., 1998). 
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Finally, ± 8-hydroxy-2-dipropylamino tetralin (± 8-OH-DPAT), a full agonist of 

the 5-HT1A receptor, reduces D1 and D2 agonist-induced dyskinesia and LID in 6-OHDA-

lesioned rats (Bishop et al., 2009; Dupre et al., 2007, 2008). It has also been reported that 

both buspirone and 8-OH-DPAT reverse the catalepsy observed in 6-OHDA-lesioned rats 

(Nayebi et al., 2010), improve their motor performance (Dupre et al., 2007), and reverse 

L-DOPA-induced increases in c-Fos and preprodynorphin (Bishop et al., 2009) and 

phosphorylated extracellular signal-regulated kinases 1 and 2 (Crane et al., 2007; 

Lindenbach et al., 2013). However, a reduction in motor activity and worsening motor 

symptoms have also been observed in 6-OHDA rats (Carta et al., 2007; Dupre et al., 2007) 

and MPTP-treated monkeys (Iravani et al., 2006). 8-OH-DAT induces a pronounced side 

effect, the 5-HT syndrome, when compared to other 5-HT-based drugs (Lindenbach et 

al., 2015). In the last years, selectively “biased” agonists for auto- or heteroreceptors, such 

as NLX-112, F13714, and F15599, which were first developed for the treatment of 

affective disorders, have been found to alleviate LID expression without worsening motor 

symptoms or lowering L-DOPA efficacy (Fisher et al., 2020; Iderberg et al., 2015; 

McCreary et al., 2016; Meadows et al., 2017). However, these new compounds have not 

yet been investigated clinically regarding PD or LID symptom management. 

 

Clozapine, an atypical antipsychotic that acts as a 5-HT1A and 5-HT2A/5-HT2C 

antagonist, reduces LID in 6-OHDA-lesioned rats and LID and psychosis-like behaviours 

in MPTP-treated marmosets (Lundblad et al., 2002; Visanji et al., 2006). Two clinical 

trials demonstrated that clozapine effectively reduces DA-induced psychosis and LID, 

without interfering with L-DOPA efficacy (Durif et al., 2004; Morgante et al., 2004). Low 

doses of clozapine have also shown tremor improvement in patients with PD. However, 

the use of clozapine has been limited because of its potential adverse effects and its 

stringent monitoring criteria (see the review by Fox, 2013). The selective 5-HT2A 

antagonist EMD-281,014 successfully reduced LID in parkinsonian marmosets without 

affecting the anti-parkinsonian action of L-DOPA (Hamadjida et al., 2018), but the same 

treatment failed to reduce LID in 6-OHDA-lesioned rats (Frouni et al., 2018). 

 

In addition to 5-HT drugs, selective 5-HT reuptake inhibitors (SSRI) appear to be 

a potential treatment for PD and LID. Furthermore, SSRI displayed the lowest motor side 

effect (i.e. 5-HT syndrome) profile, compared to other 5-HT drugs, in one study 

performed in 6-OHDA rats (Lindenbach et al., 2015). Citalopram improved behavioural 



1. Introduction 

39 
 

impulsivity in advanced PD (Ye et al., 2014) and led to LID improvement without 

interfering with L-DOPA efficacy in 6-OHDA rats (Bishop et al., 2012; Conti et al., 2014; 

Lindenbach et al., 2015) but it compromised L-DOPA efficacy in MPTP-treated monkeys 

(Fidalgo et al., 2015). Additionally, results on the effects of citalopram in the clinic are 

inconclusive, because it has been reported that PD symptoms either worsened 

(Linazasoro, 2000; Van De Vijver et al., 2002) or improved (Rampello et al., 2002). A 

retrospective study of 111 patients demonstrated that SSRI exposure within the first 

decade after the diagnosis of PD may delay the onset of LID without interfering with L-

DOPA therapy (Mazzucchi et al., 2015). Another SSRI, fluoxetine, attenuated LID but 

compromised L-DOPA efficacy in 6-OHDA rats (Bishop et al., 2012) and, in a small 

clinical trial, reduced apomorphine-induced dyskinesia without exacerbating PD 

symptoms (Durif et al., 1995). Recently, an open-label multi-centre randomized study 

showed that SSRI therapy can improve depression and gait instability in patients with PD 

(Takahashi et al., 2018).  

 

In summary, even though the aetiopathogenic basis of PD and LID has not been 

fully determined, growing evidence indicates that there is a reduction in the activity of 

the serotonergic system, and that this neurotransmitter system plays a role in motor and 

non-motor clinical manifestations. 5-HT-based therapies could be a good strategy for the 

treatment of PD and LID. However, the main problem is that despite showing promising 

results in preclinical studies, none of the so far investigated 5-HT drugs have achieved 

remarkable results in clinical trials and none has been approved for use in patients. More 

studies are therefore needed to elucidate the roles 5-HT-based drugs could play in the 

management of PD and LID symptoms.
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2. HYPOTHESIS AND OBJECTIVES 
 

A large body of evidences supported that PD is a multisystem disorder, involving 

several neurotransmitter and multiple brain regions. Apart from the dopaminergic system, 

experimental and clinical findings have suggested the prominent role of the serotonergic 

system and its degeneration in the manifestation of the motor and non-motor symptoms 

in PD. The BG nuclei contain 5-HT, SERT and almost all 5-HT receptors. Despite the 

complex effect of 5-HT, it is well accepted that 5-HT modulates BG activity. Several 

studies have documented the potential of 5-HT-based therapy to treat both motor and non-

motor symptoms in PD. Buspirone, a partial 5-HT1A receptor agonist, has shown 

promising results in patients with PD and animal models but the mechanism involved in 

this therapeutic effect are not fully understood. On the other hand, the involvement of the 

BG output nuclei, the SNr and GPi/EP, in PD and LID have been extensively documented 

both in patients with PD and animal models. Abnormal burst firing as well as abnormal 

oscillatory activity and synchronization within the cortical-BG-thalamus circuit have 

been reported during PD. However, few studies have tested the effect of 5-HT-based 

therapies on the BG output nuclei activity and on the oscillatory activity within the BG 

nuclei. 

 

Taking these findings into account we hypothesize that the antiparkinsonian and 

antidyskinetic properties of buspirone might be a consequence of normalizing the 

aberrant neuron activity of the BG output nuclei via 5-HT1A receptors. 

 

The global aim of this study was to characterize the effect of buspirone on the BG 

the activity of the SNr and GPi/EP, in order to define whether these nuclei are good targets 

to investigate potential antiparkisonian and antidyskinetic 5-HT-based treatments. 

  



2. Hypothesis and objectives 

44 
 

The specific objectives of the present study were:  

 

I. To characterize the electrophysiological and amino acid release changes in the 

SNr induced by buspirone in sham, 6-OHDA-lesioned, and long-term L-

DOPA treated 6-OHDA-lesioned rats. 

 

II.  To characterize the electrophysiological changes induced by buspirone in the 

EP from sham, 6-OHDA-lesioned, and long-term L-DOPA treated 6-OHDA-

lesioned rats.  

 

III.  To investigate the modulation of the STN and EP electrophysiological activity 

by optogenetic stimulation of the STN and how buspirone alters EP neuron 

response induced by optogenetic stimulation of the STN. 

 

IV.  To investigate the effect of buspirone in the cortical-nigral and cortical-EP 

information transmission through the BG circuits by electrical stimulation of 

motor cortex in sham and 6-OHDA-lesioned rats. 

 

V. To evaluate SERT and 5-HT1A receptor immunoreactivity expression and 

COX activity within the BG nuclei and the DRN in sham, 6-OHDA-lesioned, 

and long-term L-DOPA treated 6-OHDA-lesioned rats. 
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3. MATERIALS AND METHODS 
 

3.1. MATERIALS 

 

3.1.1. Animals 

 

Male Sprague–Dawley rats (150 g at the beginning of the experiment, SGiker 

facilities, University of Basque Country, UPV/EHU) were housed 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. Experimental procedures were approved by the Local 

Ethical Committee of the University of Basque Country (UPV/EHU, 

CEEA/M20/2016/176) following European (2010/63/UE) and Spanish (RD 53/2013) 

regulations for the care and use of laboratory animals. Microdialysis experiments were 

performed in male Sprague-Dawley rats (150 g; Charles River, Calco, Lecco, Italy) 

following protocols approved by the Ethical Committee of the University of Ferrara and 

the Italian Ministry of Health (license n. 714/2016-PR). Every effort was made to 

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

experiment. 

 

3.1.2. Drugs 

 

All drugs used in this study are specified in Table 3.1.  

 

Table 3.1. Used drugs and their pharmacological activity. 

Drug Activity Purchased from 

Isofluorane Anaesthetic ESTEVE 

Urethane 

ethyl carbamate  
Anaesthetic Sigma- Merck 

Desipramine hydrochloride 
Preferential 

Noradrenaline reuptake 
inhibitor 

Sigma-Merck 
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Pargyline hydrochloride 
 Monoamine Oxidase B 

Inhibitor 
Sigma-Merck 

6-OHDA 

6-hydroxydopamine 
hydrochloride 

Catecholaminergic 

neurotoxin 
Sigma-Merck 

Buspirone hydrochloride 
5-HT1A receptor partial 

agonist 
Sigma -Merck 

Levodopa, L-DOPA 

3,4-dihydroxy-L-phenylalanine 
methyl ester hydrochloride 

Precursor of DA Sigma- Merck 

Benserazide hydrochloride 
Peripheral DOPA 

decarboxylase 

inhibitor 

Sigma- Merck 

WAY-100635 maleate 

N-[2-(4-[2-Methoxyphenyl]-1- 

piperazinyl)ethyl]-N-2- 

pyridinylcyclohexanecarboxamide 

Maleate Salt 

5-HT1A receptor 
antagonist 

Tocris Biogen 

8-OH-DPAT 

 (±)-8-Hydroxy-2-
(dipropylamino)-tetralin 

hydrobromide 

5-HT1A receptor full 
agonist 

Tocris Biogen 

 

Desipramine, pargyline, L-DOPA, benserazide, buspirone, 8-OH-DPAT, WAY-

100635, were prepared in saline (NaCl 0.9%). 6-OHDA was dissolved in Milli-Q water 

containing 0.02% ascorbic acid. For local administration, buspirone was dissolved in 

Dulbecco’s buffered saline solution containing (in mM): NaCl 136.9, KCl 2.7, NaH2PO4 

8.1, KH2PO4 1.5, MgCl2 0.5, and CaCl2 0.9 (pH of 7.40). For microdialysis, buspirone 

was dissolved in Ringer´s solution (1.2 mM CaCl2, 2.7 mM KCl, 148 mM NaCl, and 0.85 

mM MgCl2). With the exception of urethane, all drugs were prepared on the day of the 

experiment. 
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3.1.3. Antibodies  

 

Antibodies used for immunohistochemical assays are summarized in Table 3.2. 

 

Table 3.2. Characteristics of the primary and secondary antibodies. 

Antigen Host Cat. No. Manufacturer 

Tyrosine Hydroxylase Rabbit AB152 Merck Millipore 

5-HT1A receptor Rabbit GTX104703 Genetex 

SERT Rabbit 24330 Immunostar 

Biotinylated anti-rabbit Goat BA-1000 
Vector 

Laboratories 

Biotinylated anti-rabbit Donkey 711-005-152 
Jackson 

Immunoresearch 

 

3.1.4. Viral vectors 

 

Adeno-associated viral vectors (AVV) were used for the expression of 

channelrhodopsin-2 (ChR2) in the STN. The viral vector AAV-hSyn-hChR2(H134R)-

EYFP (Addgene plasmid no. 26973, Karl Deisseroth) was produced by UNC Vector Core 

(University North Carolina at Chapel Hill, USA) (Figure 3.1). This vector expresses 

channelrhodopsin 2 (ChR2) tagged with enhanced yellow fluorescent protein (eYFP) 

driven by hSynapsin promoter and it is used for optogenetic excitation. Viral 

concentration was 4.6x1012 viral particles/ml dissolved in 350 mM Nacl and 1.5% sorbitol 

in PBS). The viral vector was aliquoted right after arrival and stored t −80°C until use. 
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Figure 3.1. Maps of the of AAV-hSyn-hChR2(H134R)-EYFP plasmid. Produced by Karl 
Deisseroth´s laboratory. 

 

3.1.5. Nomenclature of targets and ligands 

 

Key protein targets and ligands in this document are hyperlinked to corresponding 

entries in http://www.guidetopharmacology.org, the common portal for data from the 

IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al., 2018), and are permanently 

archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017). 
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3.2. METHODS 
 

3.2.1. Stereotaxic surgery 

 

3.2.1.1. Dopaminergic lesion with 6-hydroxydopamine 

 

Thirty minutes before surgery, rats were pretreated with desipramine (25 mg/kg, 

intraperitoneal [i.p.]) and pargyline (50 mg/kg i.p.) in order to preserve the noradrenergic 

system and the degradation of the toxin, respectively. Then, rats were deeply 

anaesthetised with isoflurane, used at concentrations of 4% for induction and 1.5–2.0% 

for maintenance, and placed in the stereotaxic frame (David Kopf® Instruments). Sagittal 

incision was performed to expose the skull surface and drilled a burr hole above the 

coordinates of the MFB and meninges were carefully removed (Figure 3.2). The 6-

OHDA (3.5 µg/µl, in 0.02% ascorbic acid in Milli-Q water) or vehicle was infused using 

a 10 µl-Hamilton syringe. A total of 7.5 µg and 6 µg, respectively was injected in two 

sites at the right MFB: 2.5 µl at anteroposterior (AP) − 4.4 mm, mediolateral (ML) + 1.2 

mm and dorsoventral (DV) − 7.8 mm, relative to bregma and dura with the toothbar set 

at − 2.4, and 2 µl at AP − 4.0 mm, ML + 0.8 mm, and DV − 8 mm, with the toothbar at + 

3.4 (Paxinos and Watson, 1997).  

 

6-OHDA was infused at a rate of 1 µl/min by a single syringe infusion pump (KDS 

Scientific, Massachusetts, USA). The needle was left in the site for additional 2-3 mins 

to allow the toxin to diffuse, and then it was slowly retracted. 6-OHDA was prepared 

daily for each surgery session and changed every 2-3 hours. The solution was kept dark 

and on ice during surgery to avoid oxidation, which would be indicated by a color change 

(clear to brown-pink color). Rats were allowed to recover at least two weeks from the 6-

OHDA lesion. After that period, DA degeneration was stabilized and inflammation was 

reduced. 
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Figure 3.2. 6-hydroxydopamine lesion procedure. Animals were mounted on a stereotaxic 
frame and maintained under isofluorane anaesthesia. A hole was drill on the skull and 6-OHDA 
was injected by means of a Hamilton syringe connected to a pump. 

 

3.2.1.2. Injection of viral vectors 

 

Rats were deeply anaesthetised with isoflurane (4% for induction and 1.5–2.0% for 

maintenance) and placed in the stereotaxic frame. The head was oriented in the horizontal 

plane and a sagittal incision was performed to expose the skull surface. Meninges were 

carefully removed. The viral vector AAV5-hSyn-hChR2-(H134R)-EYFP was delivered 

unilaterally with a calibrated thick-walled micropipette (7087-07, BLAUBRAND®, 

intraMark, Germany) which was previously broken (tip diameter approximately 40 µm). 

Pulses (50–150 ms) were applied by means of Picospritzer™ II (General Valve 

Corporation, Fairfield, NJ, USA) at rate of 0.25 µl/min. 

 

A total volume of 500 nl of viral vector was delivered into the STN in two injections 

at the following coordinates (relative to bregma and dura matter): 250 nl at AP: -3.6 mm, 

ML: -2.5 mm, DV: - 7.5 mm and 250 nl at AP: -3.9 mm, ML: -2.5 mm, DV: - 7.5 mm 

(Paxinos and Watson, 1997). After the injections, the micropipette was left in the site for 

additional 2–3 mins to allow the diffusion of the virus, and then it was slowly removed.  
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3.2.2. Behavioural studies 

 

All behavioural studies were conducted between 8.00 and 17.00 hours. Motor 

activity in rats was evaluated by means of three non-drug-induced tests specific for 

different motor abilities. Work surface and objects were cleaned with ethanol 33% to 

remove odour traces before each trial. The cylinder, drag and bar tests were used for 

screening the DA depletion prior to electrophysiological, immunostaining or 

microdialysis experiments. These test were performed between 2 and 3 weeks after the 

6-OHDA lesion when the animals were completely recovered from the surgery and the 

dopaminergic depletion was stabilized. The cylinder test was performed in one session. 

Bar test and drag test were repeated in two consecutive days, first the bar test and second 

drag test. 

 

3.2.2.1. Cylinder test  

 

The cylinder test evaluates the forelimb use asymmetry by determining the ability 

of the animal to support their body-weight against the wall of a glass cylinder during 

explorative behaviour (Figure 3.3). Rats were individually placed in transparent glass 

cylinders (Ø 20 cm) with two mirrors positioned at a 90-degree angle behind the cylinder 

to allow a complete view of the exploratory activity. Each animal was left in place until 

freely performing at least 20 weight-bearing touches with any of both forelimbs on the 

glass walls or 5 min. Rats were videotaped and scored at a later date. The percentage of 

contralateral or ipsilateral forelimb use with respect to the total touches was calculated.  

 

 

Figure 3.3. Cylinder test (spontaneous forelimb use). This test evaluated the ability to perform 
explorative behaviour. Sham animals (A) used right and left paws equally. 6-OHDA-lesioned 
animals (B) used predominatly the paw ipsilateral to the lesion. 
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3.2.2.2. Bar test  

 

The bar test (Catalepsy test) was performed as previously described by Arcuri et al. 

(2018) to measure the ability of the animal to react to an externally imposed position. The 

ipsilateral and contralateral forelimbs were alternatively placed on three blocks of 

increasing heights (3, 6 and 9 cm) (Figure 3.4). The immobility time (in seconds) of each 

forelimbs on the blocks was recorded (cut-off time in each step of 20s). 

 

 

Figure 3.4. Bar test (Catalepsy test). This test measured 
the ability of the animal to react to an externally imposed 
position. Naïve animals immediately retracted and equally 
used both paws. However, 6-OHDA-lesioned animals (in 
the figure) showed more immobility when the contralateral 
forelimb to the lesion was placed on the bar. 

 

 

3.2.2.3. Drag test  

 

The drag test (Akinesia/bradykinesia test) was performed as reported by Arcuri et 

al. (2018). This test measures the ability of the animal to balance its body posture using 

the forelimbs, in response to backward dragging. Briefly, each rat was lifted from the 

abdomen leaving the forelimb on the table and dragged backwards through a fixed 

distance of 1m at a constant speed of 20 cm/s (Figure 3.5). Two different observers 

counted the number of touches made by each forelimb.  

 

 

Figure 3.5. Drag test (Akinesia/bradykinesia test). 
Example of the appropriate positioning of a rat during the 
drag test for forelimb akinesia. Control animals used 
symmetrically both left and right forelimb. However, 6-
OHDA-lesioned animal tended to support its weight on 
only one forelimb. 
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3.2.2.4. Levodopa-induced dyskinesia score 

 

Abnormal involuntary movements (AIMs) were induced in 6-OHDA-lesioned rats 

by long-term injections of L-DOPA (6 mg/kg, i.p.) in combination with the peripheral 

decarboxylase inhibitor benserazide (12 mg/kg, i.p.) over 3 weeks. The development of 

L-DOPA-induced AIMs were scored according to the scale described by Cenci & 

Lundblad (2007). On the testing days, rats were placed individually in transparent empty 

plastic cages for at least 10 minutes before drug administration. Each rat was observed 

for one full minute every 20th minute around 200 minutes. The severity of the three 

subtypes of dyskinetic movements (axial, limb and orolingual; ALO AIMs) was rated on 

two scales based on the frequency and amplitude of ALO AIMs. Locomotive AIMs were 

separately evaluated. 

 

Frequency of AIMs was scored on a 0 to 4 scale, where 0 meant that the movement 

was not present; 1 that the movement was occasional and present less than 30 seconds; 2 

that the movement become frequent and present more than 30 seconds; 3 that the 

movement was present constantly during the observation time but interrupted by repeated 

strong sensory stimuli; and 4 that the movement was continuous and not interrupted by 

repeated strong sensory stimuli. In addition to the frequency scale, the amplitude of the 

AIMs was also scored using 1-4 points. For limb AIMs, “1” referred to small movements 

of the paw around a fixed position; “2” referred to low amplitude movements resulting in 

visible displacement of the whole limb; “3” consisted of notable translocation of the 

whole limb and visible contraction of the shoulder muscles, and “4” referred to vigorous 

limb movements of maximum amplitude and speed with contraction of proximal and 

extensor muscles. The amplitude of the axial AIMs was also scored on a scale from 1 to 

4. Thus, “1” referred to lateral flexion of the head and neck, at approximately 30º angle; 

“2” equaled sustained deviation of the head and neck at an angle ≤ 60º; “3” equaled 

sustained torsion of the upper trunk at an angle from 60 to 90º with the rat in a bipedal 

position; and “4” referred to sustained torsion of the upper trunk at an angle > 90º, causing 

the rat to lose the balance. Finally, the orolingual AIMs was also scored on a scale from 

1 to 4. Thus, “1” referred to twitching of facial muscles accompanied by small masticatory 

movements without jaw opening; “2” twitching of facial muscles accompanied by 

noticeable masticatory movements and occasionally leading jaw opening; “3” movements 

with broad involvement of facial muscles and masticatory muscles. Jaw opening is 
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frequent, tongue protrusion occasional; and “4” all the above muscle categories are 

involved to the maximal possible degree. 

 

Data were expressed as the AIM score/session for ALO, which is calculated by 

multiplying the frequency score by the amplitude scores during each monitoring period, 

with all of these products summed for each testing sessions (Lindgren et al., 2010). We 

will refer this score as “Global AIM score” Locomotive AIM is represented separately. 

All 6-OHDA-lesioned animals chronically treated with L-DOPA developed severe 

dyskinetic movements that reach the peak between 40 and 100 minutes after a single 

injection of L-DOPA and had a total score > 100 on ALO AIMs by the last testing session. 
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3.2.3. In vivo single-unit extracellular recordings of substantia nigra pars 

reticulata and entopeduncular neuron activity in anaesthetised rats 

 

3.2.3.1. Animal preparation and surgery 

 

Rats were anaesthetised with urethane (1.2 g/kg, i.p.) and the right jugular vein was 

cannulated for systemic drugs administration with a polyethylene cannula (Clay Adams, 

Becton Dickinson and Company Division, model PE-240). Next, rats were placed in a 

stereotaxic frame and the body temperature was maintained at ~37ºC for the entire 

experiment by heating pad connected to a rectal probe. 

 

For all recordings, the head was oriented in the horizontal plane. A burr hole (1-2 

mm diameter approximately) was drilled and an electrode was placed in the following 

coordinates (relative to bregma): AP: -5.3 mm, ML: -2.5 mm, DV: -7.5 to 8.5 mm for 

SNr recordings. In the same way, for EP recordings, a hole was drilled and an electrode 

was placed in the following coordinates (relative to bregma): AP: -2.3 to -3 mm, ML: -

2.5 mm, DV: -7 to -8.5 mm (Paxinos & Watson, 1997). 

 

3.2.3.2. Recording electrode preparation 

 

For single-unit and LFP recording electrode preparation, a thin wall glass capillary 

with filament (TW150F-4, World Precision Instruments, UK) was stretched using an 

automatic vertical electrode stretcher (Narishige Scientific Instrument Lab, model PE-2, 

Japan). After that, the electrode was filled with 2% solution of Pontamine Sky Blue in 

0.5% sodium acetate, previously filtered in a Millex®-GS filter (Millipore®) with a 0.22 

µm pore diameter. The tip of the electrode was broken to a diameter of 1-2 µm under a 

microscopy (Olympus Optical Co., model CH-2) with 40X magnification. 

 

3.2.3.3. Recording and neuronal identification 

 

The electrophysiological recordings of SNr and EP neurons were performed at least 

three weeks after 6-OHDA or vehicle injection or twenty-four hours after the last L-

DOPA administration in the case of 6-OHDA L-DOPA group. In same animals, single-
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unit extracellular recordings of the SNr or EP were obtained simultaneously to the LFP 

and ECoG. 

 

For single-unit extracellular recording, the electrode was lowered in the above 

described coordinates of the SNr and EP by a hydraulic microdrive (David Kopf® 

Instruments, Tujunga, California, EEUU, model 640). The extracellular signal from the 

electrode was first pre-amplified (10x) and amplified (10x) later with a high-input 

impedance amplifier (Cibertec S.A., model amplifier AE-2), and then simultaneously 

monitored on an oscilloscope (HAMEG® analog digital scope HM407-2) and on an audio 

monitor (Cibertec S.A., model AN-10) (Figure 3.6). Next, the signal was bandpass 

filtered at 30-5000 Hz in a second amplifier (Cibertec S.A., model amplifier 63AC) and 

finally neuron action potentials or “spikes” were digitized using computer software (CED 

micro 1401 interface and Spike2 software, Cambridge Electronic Design, UK).  

 

The LFP was recorded through the same glass electrodes used for single-unit 

extracellular recordings. The signal was pre-amplified (10x) then amplified (10x) and 

bandpass filtered (0.1–5000 Hz). In a second amplifier, the LFP signal was amplified 

(10x) and bandpass filtered (0.1–100 Hz). The discriminated LFP activity (sampled at 

2500 Hz) was digitized, stored and later analysed using computer software.  

 

Additionally, the ECoG was simultaneously recorded via a 1-mm-diameter steel 

screw, which was juxtaposed to the dura mater above the right frontal somatic sensory-

motor cortex (AP: +4.5 mm and ML: -2.5 mm to bregma) (Paxinos and Watson, 1997), 

as described by Aristieta et al. (2016). The signal was pre-amplified (10x), amplified 

(200x) and bandpass filtered (0.1–1000 Hz) in an amplifier (Cibertec S.A., model 

amplifier 63AC). The discriminated ECoG activity (sampled at 2500 Hz) was digitized, 

stored and analysed using computer software. 

 

At the end of the experiments, a 5 µA cathodal current was passed through the 

recording glass electrode to deposit a discrete mark of Pontamine Sky on the recording 

site. Figure 3.7 illustrates the single-unit extracellular recording of the SNr and EP 

simultaneously performed with SNr-LFPs or EP-LFPs and ECoGs. 
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Figure 3.6. Schematic illustration of the electrophysiological procedure. Glass electrode was 
used for recording the LFP and single-unit extracellular signal. Neuron activity was passed 
through a high-input impedance amplifier, displayed in an oscilloscope and monitored with an 
audioanalyzer. Single-unit neuronal spikes were isolated and analysed by means of PC-based 
software Spike2. For recording the ECoG, a steel screw was implanted in the motor cortex. LFP 
and ECoG were amplified and filtered, and later analysed using Spike2.  
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SNr neurons were identified by established criteria. These neurons were easily 

distinguished based on their action potentials waveforms, firing rates, and location ventral 

to the SNc. SNr neurons displayed smooth, sharp, biphasic action potentials with an 

average duration of 0.5–1.2 ms, and firing rates between 10 and 40 Hz, described by 

Waszczak et al. (1980) and Aristieta et al. (2016). Finally, EP neurons were identified 

following criteria described by Ruskin et al. (2002). Recorded EP neurons were located 

ventral to the ventral thalamic nuclei and thalamic reticular nucleus, after passing 100–

200 µm of silence through the dorsal aspect of the internal capsule. EP neurons showed 

biphasic waveforms with short wide-duration action potentials 0.8–0.9 ms and the firing 

rates between 10 and 20 Hz and it was increased after 6-OHDA lesion (Aristieta et al., 

2019; Darbin et al., 2016). 

 

Figure 3.7. Schematic parasagittal section of a rat brain, showing the motor cortex and the 
basal ganglia nuclei. Glass electrodes were placed in the SNr (A) or EP (B) for recording single-
unit extracellular activity and LFP. For recording the ECoG, a steel screw was implanted in the 
somatic motor cortex (M1). A single spike from SNr (A) and EP (B) neurons recorded in vivo. A 
recording trace containing SNr spikes, SNr-LFP and ECoG from a neuron, which exhibited a 
regular firing pattern (C), the most common neuron firing pattern in the sham group. A recording 
track containing SNr spikes, SNr-LFP and ECoG from a neuron, which exhibited burst firing 
pattern (D), the most representative neuron firing pattern in 6-OHDA saline and 6-OHDA L-
DOPA groups. ECoG: electrocorticogram; LFP: local field potential; EP: entopeduncular; SNr: 
substantia nigra pars reticulata. 
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3.2.3.4. Local administration 

 

A calibrated micropipette glued adjacent to the recording micropipette was filled 

with 0.25 M of buspirone in Dulbecco's buffered saline solution as previously performed 

by Sagarduy et al. (2016). Local buspirone injection in the SNr and EP was applied with 

pressure pulses (50–150 ms) using a Picospritzer™ II. The injected volume was measured 

by monitoring the meniscus movement in a calibrated pipette. Every pipette was 

calibrated so that each pulse corresponded to the injection of 2 nl of solution. The firing 

rate of each dose was recorded until the neuron recovered. Doses of buspirone were 

calculated as the volume of solution locally administered (i.e., number of ejection pulses 

multiplied by 2 nl/pulse) multiplied by the drug concentration in the pipette solution. 

 

3.2.3.5. Motor cortex stimulation and substantia nigra pars reticulata or 

entopeduncular neuron recordings 

 

The motor cortex (relative to bregma and dura, AP: +3.0 to +3.5 mm, ML: -3.2 mm 

and DV: -1.2 to -1.6 mm) (Paxinos & Watson, 1997) ipsilateral to the recording site was 

stimulated at 1 Hz (pulse width 600 µs; intensity 1 mA) using a bipolar stainless-steel 

electrode (diameter, 250 µm; tip diameter, 100 µm; tip-to-barrel distance, 300 µm) 

(Cibertec S.A.).  

 

Cortical stimulation evoked characteristic triphasic responses consisting of a 

combination of an early excitation, inhibition and/or late excitation in SNr neurons in 

according to Antonazzo et al. (2019) and in EP as previously described by Chiken et al., 

(2015) in mice (Figure 3.8A and 3.8B, respectively). 

 

 Peristimulus time histograms (Figure 3.8C and D) were generated from 180s 

period using 1 ms bins and the criterion used to determine the existence of response was 

performed as stated in by Antonazzo et al. (2019). An excitatory response was considered 

when there was an increase of two-fold the standard deviation, plus the mean of the 

number of spikes compared with the pre-stimulus frequency, for at least three consecutive 

bins. The amplitude of excitatory responses was quantified by calculating the difference 

between the mean number of spikes evoked within the time window of the excitation and 

the mean number of spikes occurring spontaneously before the stimulation. The duration 
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of an inhibitory response corresponded to the time interval without spikes were observed, 

for at least three consecutive bins. 

 

 

Figure 3.8. Illustration of cortical stimulation evoked triphasic response in the basal ganglia 
output nuclei in anaesthetised rats. Schematic parasagittal sections of a rat brain showing the 
M1 and the BG nuclei: striatum, GPe, STN, SNr (A) and EP (B) and a respective example of 
single spike. The abscissa and ordinate axes represent duration (ms) and amplitude (volt) of the 
action potential. Dashed lines represent glutamatergic projections and blunt line GABAergic 
projections. (C) Raster plot and peristimulus time histogram showing the characteristic cortically‐

evoked triphasic response in SNr neurons: (1) Early excitation in blue: activation of hyperdirect 
pathway (cortex‐STN‐SNr), (2) Inhibition in orange: activation of direct pathway (cortex‐
striatum‐SNr), and (3) Late excitation in purple: activation of indirect pathway (cortex‐striatum‐
GPe-STN‐SNr). (D) Raster plot and peristimulus time histogram showing the characteristic 
cortically‐evoked triphasic response in EP neurons: (1) Early excitation in blue: activation of 
hyperdirect pathway (cortex‐STN‐EP), (2) Inhibition in orange: activation of direct pathway 
(cortex‐striatum‐EP), and (3) Late excitation in purple: activation of indirect pathway (cortex‐
striatum‐GPe‐STN‐EP). Arrows indicate the time when the stimulus was applied. GPe: external 
globus pallidus; EP: entopeduncular nucleus; M1: motor cortex; STN: subthalamic nucleus; SNr: 
substantia nigra pars reticulata. 
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3.2.3.6. Integrated in vivo optogenetic stimulation of the subthalamic nucleus 

coupled to subthalamic and entopeduncular electrophysiological recordings  

 

For in vivo optogenetic stimulation, the optic bare fibers (200/230 µm core; 1.5m 

length, 94063, Plexon, Texas, USA) was inserted in a modified glass capillary and 

positioned above the transfected STN as showed in Figure 3.9. Photostimulation of the 

STN was obtained by using the PlexBright 465 nm blue LED for Optogenetic Stimulation 

System (94002-002, Plexon, Texas, USA). The stimulation was digitally controlled by 

Spike2 software (version 7). Blue light was passed through a LED fiber to reach the brain. 

At the beginning of the experiment, the power intensity at the tip of the optic fiber was 

tested by a digital photodetector kit (PM100D, Thorlabs, New Jersey, USA) and 

calibrated with a protocol that exponentially grows from 0.5 V to 5 V. The intensity was 

set between 10 and 20 mW. 

 

Next, the LED fiber was lowered into the STN at 30º angle to the horizontal plane 

(relative to bregma and dura, AP: -8.23 mm, ML: -2.5 mm and DV: -8.66 mm) by a 

hydraulic drive micromanipulator (Narishige, Japan, MO-10). Neuron activity was 

recorded firstly in STN at the following coordinates (relative to bregma and dura, AP: -

3.6 mm, ML: -2.5 mm and DV: -7 to -8 mm) to check functional expression of ChR. 

Three optical stimulation protocols were applied. The first one consisted of twenty single 

2V-pulse (~5.5 mW), delivered for 1 s every 5 s. The second protocol consisted of ten 

single 5V-pulses (~14 mW), delivered for 0.5 s every 10 s. Finally, the third stimulation 

protocol consisted of train of 5V-pulses (~14mW) at 25 Hz frequency delivered for 7 ms 

once every 10 seconds.  

 

Peristimulus time histograms were generated from 100 s period using 1 ms bins, 

1.5 – 3 s width, and 0.5 – 1 s offset to determine the type of response of EP evoked by 

STN stimulation. With the peristimulus, the firing rate was analysed prior to (pre) and 

during (light-on). The protocols were randomized applied per neuron, and were separated 

by 5 min. The protocols were also applied before and after buspirone administration (4 

mg/kg i.p.). 
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Figure 3.9. Illustration of integrated optogenetic stimulation of subthalamic nucleus coupled 
to in vivo electrophysiology in anaesthetised rats. Schematic parasagittal sections of a rat brain 
showing the viral vector AAV-hSyn-hChR2(H134R)-EYFP injection into the STN. 4 weeks after 
the viral injection, the LED fiber was positioned into the STN as well as a glass electrode for 
recording the STN single-unit extracellular activity. Later EP single-unit extracellular activity 
was recorded when the STN was optically stimulated (2). During the experiment, EP neuron 
activity was modulated by photoestimulation of STN terminals through LED fiber controlled by 
Spike2 software. GPe: external globus pallidus: EP: entopeduncular; STN: subthalamic nucleus; 
SNr: substantia nigra pars reticulata. 

 

3.2.3.7. Electrophysiological data analysis 

 

Electrophysiological experiments were analysed off-line using Spike2 software 

(version 7). The following parameters were estimated: 

 

Firing rate:  Defined as the number of neuronal discharges per second. Data were 

represented in a bar histogram that showed the mean firing rate each 10 seconds. Basal 

firing rate was recorded for 300 seconds and mean firing rate after drug administration 

for 60-300 seconds (depending on plateau effect for each drug). 

 

Coefficient of variation: The coefficient of variation (CV) is a parameter 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 Spike2 (script Meaninx.s2s) lead to the numerical value. Data was 

expressed in percentage, as the division between standard deviation and mean value. The 

recording period analysed was the same used for the firing rate. 

 

Burst firing pattern:  Burst‐related parameters such as the number of bursts, mean 

duration of burst, number of spikes per burst, recurrence of bursts, and intraburst 
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frequency were analysed during time epochs of 90 s applying a Spike2 script 

(“surprise.s2s”), based on the Poisson surprise algorithm. Two different firing patterns 

were described: “non-bursting firing pattern” characterized by a symmetrical density 

distribution histogram and “bursting firing pattern” characterized by a distribution 

histogram which is significantly different (p < 0.05) from a Poisson distribution. The 

bursting firing pattern presents a significantly positive skewness (p < 0.05) of the density 

discharge distribution histogram and a minimum of three spikes per burst.  

 

Oscillatory activity and synchronization: Spike train activity, LFPs and ECoGs were 

also analysed off-line by Spike2 software as we previously described (Ariesta et al. 2016; 

2019). LFP and ECoG signals (sampled at 2500 Hz) were smoothed to 1 ms and action 

potentials were converted to series of events (sampled at 2500 Hz). Then, these events 

were transformed to a spike continuous waveform (1 ms smoothing period) using a 

custom-made script “convert_event_to_waveform.s2s”. The power spectrum of 

smoothed ECoGs, LFPs and SNr or EP spike waveforms and the coherence analyses 

between SNr or EP-LFPs and SNr or EP-spikes waveforms, between ECoGs and SNr or 

EP-spikes, and finally between SNr or EP-LFPs and ECoGs were analysed using the fast 

Fourier transform (8192 blocks size) in the low frequency range 0–5 Hz range from 90 

seconds of data. The significance of the coherence was determined by the equation 

described by Rosenberg et al. (1989): 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 were calculated in the 0 to 5 Hz low frequency range in all the neurons, 

before and after drug administration.  

  



3. Material and Methods 

66 
 

3.2.4. Intracerebral microdialysis in freely moving rats 

 

3.2.4.1. Microdialysis probes manufacture 

 

For this study, concentric microdialysis probes were made using AN69 (Gambro 

Industries, Meyzieu, France) semipermeable hollow membranes (65-kDa molecular-

weight cutoff: 340 µm outer diameter with an active surface of 2.0 mm active membrane 

length in the case of SNr). 

 

3.2.4.2. Stereotaxical microdialysis probe implantation 

 

Rats were deeply anaesthetised with isoflurane (4% for induction and 1.5–2.0% for 

maintenance) and placed in the stereotaxic frame. Once the head was horizontally 

immobilized, a sagittal incision was performed to expose the skull surface. Meninges 

were carefully removed to allow vertical insertion of the probe.  

 

Intracerebral microdialysis probes were stereotaxically implanted into the right SNr 

(relative to Bregma and dura: AP= -5.5 mm, ML= -2.2 mm and DV= -8.7 mm) according 

to Paxinos and Watson (1997). Together with three holes were also drilled for screw 

placements, which aids fixation to the skull with the dental cement and resin. Ringer 

buffer solution was perfused during the surgical procedure through all the process to avoid 

blockage and breakage of the dialysis membrane and facilitate the implantation. Probes 

were fixed and reinforced with dental cement. Once the implantation was finished, the 

microdialysis probe was checked and the end of the polyethylene tubes was clamped. 

 

After surgery, animals were left to recover one night, housed in individual cages 

provided with ad libitum access to food and water. Animals needed to recover between 

10 a 24 hours due to inflammation, the low local cerebral blood flow and low glucose 

metabolism, and damages in the neuronal morphology near probe (De Lange et al., 1997; 

Imperato & Di Chiara, 1984). A probe implantation that lasts more than 72 hours might 

result in a gliosis near to microdialysis probe increasing the risk of reducing dialysis and 

neurotransmitters detection. 
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3.2.4.3. Dialysate sample collection  

 

Twenty-four hours after surgery, the probes were perfused with a Ringer’s solution, 

and sample collection (45 µl) at a flow rate of 3 µl/min began after 6 hours of washout. 

GLU and GABA levels were monitored every 15 minutes up to 3 hours. Each animal 

implanted with a single microdialysis probe was randomized to Ringer/Ringer or 

Ringer/buspirone (50 nM, 150 nM, and 500 nM) in the first microdialysis session, and 

treatments were crossed in the second session to test the effectiveness of the treatment 

(Figure 3.10). At the end of the experiments, animals were anaesthetised with isofluorane 

and cresyl violet solution (0.15%) was perfused through the probe to facilitate its location. 

Five minutes later, rats were sacrificed by an overdose of isoflurane and decapitated. The 

brains were removed, ultrafreezing, cryopreserved with 2-methyl-butane and storage at -

80 ºC. Dialysate samples were also storage at -80 ºC until HPLC detection. 

 

3.2.4.4. Glutamate and gamma-aminobutyric acid detection 

 

GLU and GABA were measured by HPLC coupled with fluorometric detection as 

previously described (Bido et al., 2011). Thirty microliters of o-

phthaldialdehyde/mercaptoethanol reagent was added to the aliquots containing 30-µl of 

sample, and 50 µl of the mixture was automatically injected (Triathlon autosampler; 

Spark Holland, Emmen, Netherlands) onto a 5-C18 Hypersil ODS analytical column (3-

mm inner diameter, 10-cm length; Thermo Fisher Scientific, Waltham, MA), which was 

perfused at a flow rate of 0.48 ml/min (Jasco PU-2089 Plus quaternary pump; Jasco, 

Tokyo, Japan) with a mobile phase containing 0.1 M sodium acetate, 10% methanol and 

2.2% tetrahydrofuran (pH 6.5). GLU and GABA were detected by means of a 

fluorescence spectrophotometer FP-2020 plus (Jasco, Tokyo, Japan) managed by 

ChromNAV 2.0 HPLC software (Jasco, MD, USA). The excitation and the emission 

wavelengths were set at 370 and 450 nm, respectively. Under these conditions, the limits 

of detection for GLU and GABA were ∼1 nM (i.e., ∼147 pg/ml) and ∼0.5 nM (i.e., 51 

pg/ml), and the retention times were between 2.8 and 4 minutes for GLU and between 16 

and 19 minutes for GABA. 
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Figure 3.10. Schematic representation of the microdialysis procedure in an awake freely 
moving rat. First microdialysis probes were implanted in the right SNr under anaesthesia. Next 
day after rat recovered, the probes were perfused with a Ringer´s solution at uniform flow (3 
µl/min) by a syringe pump. After 6 hours of washout each set of experiments was started with 
perfusion of Ringer´s solution or buspirone. During the experiment, dialysis samples (45 µl) 
containing GLU and GABA were collected every 15 min. Before sampling, each Eppendorf tube 
was storage -80ºC until transferring to HPLC (High performance liquid chromatography) 
equipment coupled to fluorescence spectrophotometer. GABA: gamma-aminobutyric; GLU: 
glutamate. 
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3.2.5. Histological and quantification procedures 

 

3.2.5.1. Histological procedures  

 

Animals were deeply anaesthetised and transcardially perfused with saline followed 

by 4% ice-cold paraformaldehyde and 0.2% picric acid prepared in 0.1 M phosphate 

saline buffer. Brains were kept in paraformaldehyde and transferred the following day to 

a 25% sucrose solution until they sank. The brains were serially cut in coronal 40-µm 

sections using a freezing microtome, and slices were conserved in a cryoprotectant 

solution at -20 °C until further processing. 

 

3.2.5.2. Immunohistochemical assays 

 

Tyrosine hydroxylase  

 

Tyrosine (TH) immunostaining was used to examine the degree of DA denervation 

in the striatum and the SNc according to our established protocol (Aristieta et al., 2016). 

Sections were rinsed three times in potassium phosphate buffered saline (KPBS; 0.02 M 

and pH=7.4). Then, endogenous peroxidase were quenched using 3% H2O2 and 10% (v/v) 

methanol in KPBS for 30 minutes at room temperature. After three rising steps in KPBS, 

brain sections were preincubated in 1% Triton X-100 with KPBS (KPBS-T) and 5% 

normal goat serum (NGS) for 1 hour at room temperature. Then, they were incubated 

with primary antibody (rabbit anti-TH, AB152, 1:1000, Merck Millipore, Spain) 

overnight at room temperature. Afterwards, the sections were then incubated with 

secondary antibody (biotinylated goat anti-rabbit IgG, BA-1000, 1:200, Vector 

Laboratories, California, USA) in KPBS-T with 2.5% NGS for 2 hours at room 

temperature. All the sections were incubated with an avidin–biotin–peroxidase complex 

(ABC kit, PK-6100, Vector Laboratories, California, USA) as chromogen, and 

peroxidase activity was visualized with 0.05% 3,3′-diaminobenzidine (DAB) and 0.03% 

H2O2 for 1-2 min. Then reaction was stopped by rinsing the sections in KPBS for 5 min. 

Finally, sections were mounted onto gelatin-coated slides, dehydrated in ascending series 

of ethanol, cleared in xylene and coverslipped with DPX mounting medium. 
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Serotonin transporter and 5-HT1A receptor  

 

SERT and 5-HT1A receptor expression in the BG nuclei and the DRN was 

investigate using immunohistochemical procedures. Coronal slices presented an 

anteroposterior distance of 200 µm. At least three slices containing the area of interest 

were selected for each subject. Sections of interest from the BG nuclei and raphe were 

firstly rinsed two times in phosphate buffer (PB; 0.1 M and pH = 7.4) and later were 

incubated in 30% methanol and 3% H2O2 in 0.1 M PB for 30 minutes. Later, the sections 

were rinsed in PB for 5 minutes and after in 1% sodium borohydride for 30 minutes. 

Afterwards, the sections were profusely washed with PB before rinsing in Trizma base 

saline (TS; 0.1M, pH=7.6) for 10 min. Brain sections were then incubated in 0.5% bovine 

serum albumin (BSA) and 0.25% Triton X-100 in TS (TS-T) for 30 minutes and later 

incubated 48 hours and room temperature with primary antibody (rabbit anti-SERT, 1: 

2500, Immunostar, Hudson, WI, USA or rabbit anti-5-HT1Ar, 1: 200, GTX104703, 

Genetex, California, USA) in TS-T with 0.5% BSA. Later, the sections were rinsed in TS 

for 30 minutes and incubated in the secondary antibodies (biotinylated donkey anti-rabbit 

IgG, 1:400, Jackson Immunoresearch, Stratech Scientific, UK; or biotinylated goat anti-

rabbit IgG, BA-1000, 1:200, Vector Laboratories, California, USA) for 2 hours at room 

temperature. Sections were rinsed with TS for 30 minutes followed by incubation for 60 

minutes in ABC-kit. The peroxide reaction product was visualized by incubation in a 

solution containing 0.022% DAB and 0.003% H2O2 for 10 – 15 minutes, as described 

previously (Aristieta et al., 2014). The reaction was stopped by rinsing in TS for 5 minutes 

followed by PB for 15 min. Finally, brain sections were mounted, dehydrated and 

coverslipped. 
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3.2.5.2. Histochemical essays 

 

Cytochrome c oxidase staining 

 

Metabolic activation of the BG nuclei and DRN was investigated by histochemical 

staining for the activity of the mitochondrial enzyme COX, a marker of neuronal 

activation using a slightly modified method of a metal-enhanced technique as described 

by other authors (Armentero et al., 2006; Blandini et al., 2007; Kaya et al., 2008). Coronal 

slices presented an anteroposterior distance of 200 µm. At least three slices containing 

the area of interest were selected for each subject. Then, the sections of interest from the 

BG nuclei and raphe were placed in incubation medium with 0.05M PBS pH 7.4, 1% 

sucrose, 0.05% nickel sulphate (II), 2.5µM imidazole (Fluka), 0.025% DAB, 0.015% 

cytochrome c (Sigma-Aldrich-Merck), and finally 0.01% catalase (Sigma-Aldrich-

Merck) was added to start the enzymatic reaction. COX staining was performed in 

darkness for 5 hours at 37ºC. Sections were washed twice with PBS 0.05M and mounted 

on gelatin-coated slices. Finally, sections were dehydrated in ascending series of alcohols 

and cleared in xylene and coverslipped with DPX mounting medium. 

 

Neutral red and Nissl-thionine staining 

 

As mentioned before, at the end of each electrophysiological experiment, a 

Pontamina Sky Blue mark was deposited in the recording site for posterior verification. 

5 µA cathodic current was constantly applied for 7-10 minutes through the recording 

electrode (Digital Midgard precision current source, 515595, Stoelting, Illinois, USA). 

Brain sections containing the SNr and EP nuclei of recorded regions were mounted on 

gelatinized glass slices. Later, the slices were incubated with neutral red staining for 8-10 

minutes. Next, sections were washed twice in distilled water, dehydrated in alcohols and 

xylene for 2 minutes. Afterwards, these slices were coverslipped with DPX medium. The 

location of the recording site was checked microscopically and only experiments with a 

clear localitation in the SNr or EP were included in the analysis. 
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Figure 3.11. Histological verification of the recording site in the substantia nigra pars 
reticulata (A) and entopeduncular nucleus (B). A pontamina sky blue dot was deposited in the 
recording area by a cathodal current of 10 µA during 7 minutes. Animals were perfused and brains 
cut into 40 µm slices. After neutral red staining, brain sections were analysed and the anatomical 
position of the blue point was microscopically verified. Only recordings performed within the 
SNr and EP were included in the study (relative to bregma, AP = -5.3 and AP= -2.3, respectively).  

 

The Nissl-thionine staining has been used to facilitate the localization of specific 

BG nuclei after immunostainings and verify cortical stimulation of the motor cortex 

(Figure 3.12). For that, sections were mounted on gelatin-coated slices, and processed 

for thionine staining [distilled water (2x5 min), 70% ethanol (10 min), 96% ethanol (2 

min), 96% ethanol/10% paraformaldehyde (4/1, 5 min), 96% ethanol (2 min), 

chloroform/ethyl ether/96% alcohol (8/1/1, 10 min), 96% ethanol (2 min), 100% ethanol 

(2x2 min), xylene (5 min), 100% ethanol (2x2 min), 96% ethanol (2 min), 96% ethanol 

(10 min), 70% ethanol (5 min), 50% ethanol (5 min), thionine (1g/100 ml, 20–45 min), 

distilled water (1 min), distilled water/glacial acetic acid (1000/3, 1 min and 30 s), 70% 

alcohol/glacial acetic acid (1000/3, 1 min and 30 s), 96% ethanol (2 min), 100% ethanol 

(2 min), xylene (2x8 min)]. Immediately after the staining, the slices were coverslipped 

with DPX mounting medium. 
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Figure 3.12. Histological verification of the electrical stimulation of the motor cortex. For 
verification of the stimulation electrode, a deposit of iron was made at the tip of the electrode by 
a 1 mA cathodal current during 10 minutes. Brains were removed after perfusion, and post‐fixed 
in a solution containing an 80% of a 4% paraformaldehyde solution, 20% of ethanol containing 
2% acetic acid, and 1% (w/v) of potassium ferricyanide Indicating the stimulation. Afterwards, 
40 µm thick coronal sections were stained with Nissl to microscopically verify the anatomical 
position of the stimulation place in motor cortex (M1) (Relative to Bregma: AP = +3.5). 

 

3.2.5.3. Quantification procedures 

 

Integrated optical densitometry of TH 

 

The degree of DA loss produced by the 6-OHDA lesion was verified by the mean 

integrated optical density (IOD) of striatal dopaminergic innervation based on TH-

immunoreactivity. Between 3 and 6 striatal sections were digitally captured using a 

scanner EPSON perfection V700 photo. Images were analysed using NIH-produced 

software, ImageJ win64 Fiji (https://imagej.net/Fiji). For each slide, the whole striatum 

was delimited and its optical TH-immunoreactivity IOD was expressed as a percentage 

of the contralateral or intact non-lesioned hemisphere with respect to the intact or 

ipsilateral lesioned hemisphere subtracting the cortex as background for each hemisphere. 

The values were between 100% for an intact striatum and 0% for completely DA depleted 

striatum.  
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Integrated optical densitometry of serotonin transporter and 5-HT1A receptor 

 

The IOD of SERT terminals and 5-HT1A receptors in the BG nuclei and DRN were 

measured using ImageJ win64 Fiji for reading optical densities as grey levels. Digital 

images from sections were obtained with 20X objective of an automatic panoramic digital 

slide scanner (Pannoramic MIDI II, 3DHistech, Hungary) using CaseViewer 2.3 (64-bit 

version) software. The mean IOD was determined in each BG nuclei subtracting the 

background for each section. Measurements were performed from 2 to 6 sections 

throughout the nucleus of interest and the mean per animal was calculated. Results were 

expressed as the ratio of the contralateral or intact non-lesioned hemisphere with respect 

to the intact or ipsilateral lesioned hemisphere. The background of each slide was set as 

non-immunoreactive structures such as internal capsule or other fibers. 

 

Integrated optical densitometry of cytochrome c oxidase 

 

The IOD of COX activity was performed as previously described (Armentero et al., 

2006; Blandini et al., 2007). Digital images were obtained with 2.5X objective of a Leica 

M80 Stereomicroscope equipped with IC80 HD camera and Leica Application Suite, 

LAS core software. The mean IOD was determined by the nuclei of interest in the BG 

and subtracting the background for each section. Measurements were performed on every 

section (2 – 6 per interested nucleus) and calculated the mean per animal. Results were 

expressed as the ratio of the contralateral or intact non-lesioned hemisphere with respect 

to the intact or ipsilateral lesioned hemisphere. The background of each slide was set as 

structures without colour such as internal capsule or other fibers. 

 

3.2.6. Statistical analysis  

 

In the electrophysiological experiments, when more than one neuron were recorded 

per animal (one to five per rat), data values were averaged per animal. 

Electrophysiological parameters (firing rate and CV) from independent groups were 

analysed by unpaired Student’s t test for the comparison between two experimental 

groups or one-way analysis of variance (ANOVA) for the comparison between three 

experimental groups. The AUC values from power spectrum of LFP and ECOG and 

coherence were also analysed with One-way ANOVA for the comparison between three 
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experimental groups. To assess differences in the percentage of neurons with burst firing 

neurons in two or three experimental groups, Fisher's exact test was used and the 

parameters related to bursting activity pattern (i.e., number, duration, and spikes per burst, 

recurrence of burst, and intraburst frequency) were analysed using the Mann–Whitney 

rank sum test or, when necessary, Student's two‐tailed unpaired t test. The effect of the 

different drugs on the electrophysiological parameters (firing rate, CV and AUC of 

oscillatory activity and synchronization) was analysed by repeated measures (RM) two-

way ANOVA. F values were expressed as F (lesioned; within-groups) or F (treatment; 

between groups) and only one neuron was tested per animal. To determine whether these 

drugs were altering the burst‐related parameters of these neurons or not, RM one‐way 

ANOVA was used. Cortically‐evoked responses (i.e., duration, latency, and amplitude of 

the excitations) were also averaged per animal, so that one value per animal was shown. 

Parameters related to the cortical stimulation evoked were analysed by two‐tailed 

unpaired Student's t test for looking at differences between sham and 6-OHDA groups. 

To determine whether the drugs were affecting cortically‐evoked from sensorimotor 

circuit responses differently, a RM two‐way ANOVA was performed. In optogenetic 

experiments, two‐tailed paired Student's t test was performed to compare STN or EP 

neuron activity before (laser off) and during (laser on) STN optoillumination. The effect 

of buspirone on STN photostimulation response was also analysed by RM two-way 

ANOVA. For behavioural experiments, unpaired t-test (sham vs 6-OHDA) or paired t-

test (ipsilateral vs contralateral paw) was used. 

 

In the microdialysis experiments, the mean value was calcultated and GABA and 

GLU levels expressed as percentages of this baseline concentration. Basal values among 

groups were compared using one-way ANOVA, whereas the effect of buspirone was 

analysed using RM two-way ANOVA. In these analyses, all the experimental points 

including basal values were considered. Complementary, net area under the curve (AUC 

net) was also calculated as the summation of the percentage changes with respect to the 

baseline during the full period after buspirone administration and were also calculated the 

effect per each dose. Two-way ANOVA was used to compare AUC of the different 

groups.  

 

In SERT and 5-HT1A immunostaining and COX staining results, one-way ANOVA 

was used. All statistically significant ANOVAs were followed by Bonferroni’s post hoc 
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test and no significant variance in homogeneity. The level of statistical significance was 

set at p < 0.05. Data are presented as mean ± standard error of the mean (S.E.M.). 

 

3.2.7. Experimental design 

 

Study I 

 

A total of 84 rats were used in this study. Animals were divided into three groups 

which are referred to as sham/naïve, 6-OHDA, and 6-OHDA L-DOPA groups. Figure 

3.13 shows the timeline and the number of animals (in brackets) used in each experiment. 

For SNr electrophysiology recordings (experiment 1), rats received 6-OHDA or vehicle 

injections into the MFB, and the severity of the 6-OHDA lesion was screened using the 

cylinder test at least two weeks later. L-DOPA was then administered daily for three 

weeks, and AIMs were evaluated at baseline and on the 21st day. Electrophysiological 

recordings or perfusion were performed at least three weeks after the lesion (sham or 6-

OHDA group) or 24 h after the last of L-DOPA treatment (6-OHDA L-DOPA group). At 

the end of the electrophysiological experiments, animals were perfused and brains 

removed for histological verification. For microdialysis experiments (experiment 2), rats 

received 6-OHDA injections and were screened using the bar and drag tests three weeks 

later. L-DOPA was administered for three weeks and AIMs score was evaluated. At least 

three weeks after the lesion or 24 h after the last L-DOPA injection, rats were implanted 

with microdialysis probes. Each animal underwent two microdialysis sessions (24 and 48 

h after surgery) and received Ringer solution or buspirone administration in a randomized 

fashion. Samples were collected every 20 min for a total of 4 h. At the end of the 

experiment the animals were sacrificed, brains were removed, and the probe location in 

the SNr was verified.  
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Figure 3.13. Schematic representation of the experimental design. At the beginning of the 
experiments, animals received a vehicle or 6-OHDA injection into the right MFB. Three weeks 
later, dopaminergic depletion was evaluated by different asymmetry tests (cylinder or bar and 
drag test). After that, rats received a 21-day treatment of daily L-DOPA injections (6 mg/kg plus 
12 mg/kg benserazide). AIMs were scored at baseline and at the end of the treatment. 
Electrophysiological recordings and microdialysis assays in the SNr were performed after the L-
DOPA chronic treatment. Finally, animals were perfused transcardially and processed for 
histological examination. * The group was divided into three subgroups with the respective sizes. 
 

Study II 

 

A total of 57 rats were used in this study. Animals were divided into three groups 

which are referred to as sham, 6-OHDA, and 6-OHDA L-DOPA groups for the 

experiment 1. Figure 3.14 shows the timeline and the number of animals (in brackets) 

used in each experiment. For the electrophysiological recordings in the EP (experiment 

1), rats received 6-OHDA or vehicle injections into the MFB, and the severity of the 6-

OHDA lesion was screened using the cylinder test at least two weeks later. L-DOPA was 

then administered daily for three weeks, and AIMs score was evaluated at baseline and 

on the 21st day. Electrophysiological recordings or perfusion were performed at least three 

weeks after the lesion (sham or 6-OHDA group) or 24 h after the last of L-DOPA 

treatment (6-OHDA L-DOPA group). At the end of the electrophysiological experiments, 

animals were perfused and brains removed for histological verification. At the beginning 

of the experiment 2, control rats received an AAV5-ChR2-EYFP injection in the STN. 

Four weeks later, optogenetic illumination of the STN was coupled to 

electrophysiological recordings in the STN and in the EP. Afterwards, animals were 

transcardially perfused and histological verifications by confocal microscopy were 

performed to confirm the correct viral transfection of the STN. 
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Figure 3.14. Schematic representation of the experimental design. At the beginning of the 
experiment 1, animals received a vehicle or 6-OHDA injection into the right MFB. Three weeks 
later, dopaminergic depletion was evaluated by the cylinder test. After that, rats received a 21-
day treatment of daily L-DOPA injections (6 mg/kg plus 12 mg/kg benserazide). AIMs were 
scored at baseline and at the end of the treatment. Electrophysiological recordings in the EP 
nucleus were performed after the L-DOPA chronic treatment. Finally, animals were perfused 
transcardially and processed for histological examination. * The group was divided into three 
subgroups with the respective sizes. At the beginning of the experiment 2, animals received a 
vector viral transfection (AAV5-ChR2-EYFP). Four weeks after the viral transfection, STN 
optogenetic illumination and STN and EP electrophysiological recordings were performed. 
Afterwards, histological verifications were performed. 

 

To use the minimum number of animals possible and to avoid effects induced by 

local administration. We only studied the local or systemic effect of buspirone per 

nucleus. For instance, after local administration of buspirone in the SNr, a new recording 

electrode was used and the systemic effect of the drug was studied in the EP. Thus, we 

never applied local and systemic buspirone in the same neuron or nucleus. 

 

Study III 

 

A total of 53 rats were used in this study. Animals were divided into two groups 

which are referred to as sham and 6-OHDA groups for the experiment 1. Figure 3.15 

shows the timeline and the number of animals (in brackets) used in each experiment. At 

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

MFB, and the severity of the dopaminergic lesion was screened using the cylinder test at 

least two weeks later. The experimental design is shown in Figure 3.15. At the beginning 

of experiments, rats received 6-OHDA or vehicle injections into the MFB and the severity 

of the DA lesion was screened using the cylinder test at 2 weeks after the 6-OHDA lesion. 

The stimulation of motor cortex evoked a triphasic response in the SNr (experiment 1) or 

in the EP (experiment 2). The electrophysiological recordings were performed 4 weeks 

after the 6-OHDA lesion in both sham and 6-OHDA groups. At the end of the 
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electrophysiological experiments, animals were perfused and brains removed for 

histological verification. 

 

 

Figure 3.15. Schematic representation of the experimental design. At the beginning of the 
experiments 1 and 2, animals received a vehicle or 6-OHDA injection into the right MFB. Three 
weeks later, dopaminergic depletion was evaluated by the cylinder test. Electrophysiological 
recordings in the SNr (experiment 1) or EP (experiment 2) were performed from the 4th week after 
the 6-OHDA lesion. Finally, animals were perfused transcardially and processed for histological 
examination. * The group was divided into two subgroups with the respective sizes. 
 

Study IV 

 

A total of 33 rats were used in this study. Not all animals included in this study took 

part in the two experiments. Animals were divided into three groups which are referred 

to as sham, 6-OHDA, and 6-OHDA L-DOPA groups. Figure 3.16 shows the timeline and 

the number of animals (in brackets) used in each experiment. In both experiments (1 and 

2), rats received 6-OHDA or vehicle injections into the MFB, and the severity of the 6-

OHDA lesion was screened using the cylinder test at least two weeks later. L-DOPA was 

then administered daily for three weeks, and AIMs score was evaluated at baseline and 

on the 21st day. The perfusion was performed 4 week after the lesion (sham or 6-OHDA 

group) or 24 hours after the last of L-DOPA treatment (6-OHDA L-DOPA group).  
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Figure 3.16. Schematic representation of the experimental design. At the beginning of the 
experiments 1 and 2, animals received a vehicle or 6-OHDA injection into the right MFB. Three 
weeks later, dopaminergic depletion was evaluated by the cylinder test. After that, rats received 
a 21-day treatment of daily L-DOPA injections (6 mg/kg plus 12 mg/kg benserazide). AIMs were 
scored at baseline and at the end of the treatment. Finally, sham and 6-OHDA groups were 
perfused transcardially and processed for histological examination at the 4th week and 6-OHDA 
L-DOPA was perfused 24 hours after the last of L-DOPA treatment. COX staining was performed 
right after sectioning the brain. TH, SERT and 5-HT1A immunostaining were performed later. 
COX: Cytochrome c oxidase; SERT: serotonin transporter; TH: Tyrosine hydroxylase.  
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4. RESULTS 
 

Validation of the 6-hydroxydopamine lesion and levodopa-induced abnormal 

involuntary movements 

 

Two to three weeks after the 6-OHDA or vehicle injection, animals were tested for 

forelimb asymmetry using the cylinder test (animals used for electrophysiology 

recordings or immunostaining assays) and the bar and drag test (animals used for 

microdialysis experiments). All the 6-OHDA-lesioned animals included in these studies 

showed severe forelimb asymmetry. The 6-OHDA-lesioned animals (n = 110) 

preferentially used the ipsilateral forepaw in the cylinder test (p < 0.001, two-tailed paired 

t-test; Fig. 4.1A) in contrast to sham (n = 46). The time spent in the bar was shorter in the 

bar test (p < 0.001, two-tailed paired t-test, n = 15; Fig. 4.1B) and the use of the 

contralateral forelimb was significantly lower than the ipsilateral one in the drag test (p < 

0.001, two-tailed paired t-test, n = 15; Fig. 4.1C). All the 6-OHDA-lesioned rats treated 

with long-term L-DOPA (n = 43) showed axial, limb and orolingual abnormal movements 

and increased locomotion activity that were evident after 10-20 min, reached the peak at 

40-60 min and lasted for 140-160 min after single injection of L-DOPA (Fig. 4.1D and 

E).  

 

Finally, DA denervation was confirmed by TH-immunostaining. All animals 

included in the 6-OHDA groups showed a severe reduction (> 95%) in TH-fibre density 

in the striatum and TH-neurons in the SNc on the ipsilateral side to the lesion (Fig. 4.1F). 
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Figure 4.1. Validation of the 6-hydroxydopamine lesion and levodopa-induced abnormal 
involuntary movements. Motor asymmetry was evaluated comparing the use of the forelimb 
contralateral (CL) and ipsilateral (IL) to the lesion in three behavioural tests. In the cylinder test 
(A), data are expressed as the mean value of the percentage of ipsilateral or contralateral touches 
divided into the total number ± S.E.M. (***p < 0.001, two-tailed paired Student’s t test). In the 
bar test (B), data are expressed as mean ± S.E.M. of immobility time in seconds and in the drag 
test (C), results are mean ± S.E.M. of number of steps. Evolution of dyskinesia scores showing 
(D) the time course of abnormal involuntary movements (AIMs) scores for axial, limb and 
orolingual ratings and (E) locomotive score, on the last session after L-DOPA chronic treatment. 
Results are expressed as mean ± S.E.M. Coronal sections (F) from sham and 6-OHDA group 
showing the lack of TH-immunoreactivity in the striatum and substantia nigra. Scale bar = 1 mm. 
***p < 0.001 (two-tailed paired Student’s t test).
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4.1. STUDY I: EFFECT OF BUSPIRONE ON AMINO ACID RELEASE AND 

NEURON ACTIVITY OF THE SUBSTANTIA NIGRA PARS 

RETICULATA IN SHAM, 6-HYDROXYDOPAMINE AND LONG-TERM  

L-DOPA TREATED 6-HYDROXYDOPAMINE RATS 

 

4.1.1. Effect of 5-HT1A agonists on substantia nigra pars reticulata neuron activity  

 

A total of 92 GABAergic neurons from 54 animals were recorded in the SNr of 

anaesthetised rats; 31 from the sham group (n = 19 rats), 29 from the 6-OHDA group (n 

= 17 rats) and, 32 from the 6-OHDA L-DOPA group (n = 18 rats). All cells recorded were 

located within the SNr and displayed the characteristic firing properties described for SNr 

GABAergic neurons in our previous publication (Aristieta et al., 2016). Thus, the mean 

value of the basal firing rate was higher in the 6-OHDA L-DOPA group (F (2, 51) = 3.738, 

p < 0.05, one-way ANOVA), the CV was increased in the 6-OHDA group (F (2, 51) = 

4.111, p < 0.05, one-way ANOVA) and the number of bursty neurons was increased in 

the 6-OHDA and 6-OHDA L-DOPA groups (Fisher´s exact test, p < 0.05). Mean values 

± S.E.M. of the firing rate and firing pattern parameters are shown in Table 4.1. 

Specifically, the effect of local and systemic buspirone or 8-OH-DPAT administration 

was evaluated.  

 

Local effect of buspirone was studied on 54 SNr neurons from a total of 16 animals: 

18 neurons from the sham group (n = 6), 17 neurons from the 6-OHDA group (n = 5) and 

19 neurons from the 6-OHDA L-DOPA group (n = 5). As it is shown in Figure 4.2A and 

C, local administration of buspirone (0.25–2 nM) caused a marked, dose-dependent 

inhibition of neuronal activity in the three experimental groups, with a maximal reduction 

of the firing rate of ~ 70% of the basal value (buspirone: F (4, 52) = 48.74, p < 0.001 and 

lesion: F (2, 13) = 3.38, p > 0.05; RM two-way ANOVA; Fig. 4.2C). No difference in the 

efficacy of local buspirone among groups was detected when compared the percentage of 

effect with respect to the basal firing values (Fig. 4.2C). The inhibitory effect of buspirone 

was blocked (two-tailed unpaired Student´s t test, p < 0.05) by previous systemic 

administration of the 5-HT1A antagonist WAY-100635 (100 µg/kg, intravenously [i.v.]) 

(n = 6 neurons from 2 control animals; Fig. 4.2D). 
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Table 4.1. Firing properties of substantia nigra pars reticulata neurons.  

 Sham  
(n = 19) 

6-OHDA  
(n = 17) 

6-OHDA  
L-DOPA  
(n = 18) 

Firing rate (Hz) 20.9 ± 2.0 26.4 ± 2.0 28.4 ± 2.0* 

CV (%) 35.7 ± 3.9 53.1 ± 5.6* 48.5 ± 5.2 

Neurons exhibiting burst 
firing pattern (%) 

41.9 68.9### 75.0### 

Number of bursts 13.7 ± 2.7 25.8 ± 8.9 23.9 ± 9.9 

Duration of burst (ms) 0.8 ± 0.2 1.2 ± 0.6 1.2 ± 0.7 

Nº spikes/burst 21.3 ± 7.1 31.6 ± 16.6 57.5 ± 31.8 

Recurrence of burst 
(nº burst/min) 

8.9 ± 1.7 13.2 ± 4.3 14.6 ± 5.9 

Intraburst frequency (spike/s) 49.9 ± 5.7 59.0 ± 6.4 69.1 ± 9.7 

  

Data from the firing rate, the CV and burst related parameters are expressed as mean ± S.E.M. of 
n rats. *p < 0.05 vs sham (One-way ANOVA followed by Bonferroni´s post hoc test) and ###p < 
0.001 vs sham (Fisher´s exact test).  
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Figure 4.2. Effect of local administration of buspirone on substantia nigra pars reticulata 
neuron activity. Representative firing rate histogram illustrating the inhibitory local effect of 
buspirone on neurons in the sham group (A). Representative firing rate histogram illustrating the 
blockage of the inhibitory local effect of the previous buspirone by previous administration of 
WAY-100635 (B). Buspirone (0.25–2 nmol) locally injected into the SNr induced a dose-
dependent inhibitory effect in all three experimental groups (C). The inhibitory local effect of 
buspirone (white circles; n = 5 neurons from 2 sham rats) was blocked by the systemic 
administration of WAY-100635 (0.1 mg/kg, i.v.) (two-tailed paired Student´s t test) (Grey circle; 
n = 6 neurons from the same 2 sham rats) (D). Data are expressed as mean ± S.E.M. xx < 0.01 and 
xxx < 0.001 vs. sham baseline (n = 5), y < 0.05, yy < 0.01, and yyy < 0.001 vs. 6-OHDA baseline 
(n = 5), and finally, z < 0.05 and zzz < 0.001 vs. 6-OHDA L-DOPA baseline (n = 5) (RM two-
way ANOVA followed by Bonferroni’s post hoc test). 
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Next, the effect of cumulative doses of buspirone (from 0.6125 mg/kg to 5 mg/kg, 

i.v.) on the firing rate and pattern of SNr neurons was studied. One neuron per animal 

was pharmacology tested from a total of 23 animals: sham group (n = 8), 6-OHDA group 

(n = 7) and 6-OHDA L-DOPA group (n = 8) (Fig. 4.3A-C). As shown in Figure 4.3, 

systemic administration of buspirone did not modify the firing rate of SNr neurons 

(buspirone: F (4, 80) = 2.043, p > 0.05; and lesion: F (2, 20) = 1.158, p > 0.05; RM two-way 

ANOVA; Fig. 4.3D) nor the CV (buspirone: F (4, 80) = 0.852, p > 0.05 and lesion: F (2, 

20) = 1.209, p > 0.05; RM two-way ANOVA; Fig. 4.3E) in any of the groups. However, 

systemic buspirone decreased the number of bursty neurons in the 6-OHDA and 6-OHDA 

L-DOPA groups but not in the sham group (p < 0.05, Fisher´s exact test; Fig. 4.3F). No 

changes in intraburst parameters were observed. Followed systemic administration of the 

5-HT1A antagonist WAY-100635 (0.5 and 1 mg/kg) did not modify buspirone effect. 

Table 4.2 summarizes mean ± S.E.M. values of all firing activity parameters before and 

after buspirone administration in the three experimental groups. 

 

Finally, we investigated the effect of systemic administration of 8-OH-DPAT (from 

20 µg/kg to 160 µg/kg; i.v.). One neuron per animal was pharmacologically tested from 

a total of 15 animals (n = 5 in each group) (Fig. 4.4A-C). A dose-dependent inhibition of 

SNr neuron firing rate was observed in the sham group (n = 5), with a maximal reduction 

of 47% of the basal value (Fig. 4.4A and D). Conversely, 8-OH-DPAT did not modify 

the firing rate of neurons in 6-OHDA and 6-OHDA L-DOPA groups (8-OH-DPAT: F (4, 

48) = 5.467, p < 0.001, and lesion: F (2, 12) = 5.917, p < 0.05; RM two-way ANOVA; Fig. 

4.4D). No change was also observed in the CV (8-OH-DPAT: F (4, 48) = 1.127, p > 0.05, 

and lesion: F (2, 12) = 1.22, p > 0.05; Fig. 4.4E). In contrast, 8-OH-DPAT administration 

significantly decreased the number of bursty neurons in the three experimental groups (p 

< 0.05, Fisher´s exact test; Fig. 4.4F) without modifying intraburst parameters (Table 

4.3). WAY-100635 (0.5 -1 mg/kg, i.v.) partially reversed the effect of 8-OH-DPAT (Fig. 

4.4F). Table 4.3 summarizes mean value ± S.E.M. of all firing activity parameters before 

and after 8-OH-DPAT in the three experimental groups. 
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Figure 4.3. Effect of systemic administration of buspirone on substantia nigra pars 
reticulata neuron activity. Representative firing rate histogram illustrating the lack of effect of 
buspirone (0.06125–2.5 mg/kg, i.v.) and WAY-100635 (0.1 mg/kg, i.v) on SNr neuronal firing 
rate, and schematic representation of burst firing events that shows the loss of burst firing activity 
after drug administration in sham (A) 6-OHDA (B) and 6-OHDA L-DOPA groups (C). Graphical 
representation of the mean ± S.E.M. of the firing rate (D), the CV (E), and the number of neurons 
with burst (F) in the three experimental groups, sham (n = 8), 6-OHDA (n = 7), and 6-OHDA L-
DOPA (n = 8) before and after increasing doses of buspirone and WAY-100635. ##p < 0.01 and 
###p < 0.001 vs. sham group and &p < 0.05 and &&& p < 0.001 vs. respective baseline (Fisher´s exact 
test for firing pattern). 
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Table 4.2. Effect of systemic administration of buspirone (0.6125–5 mg/kg, i.v.) and 
WAY-101635 (0.5–1 mg/kg, i.v.) on firing properties of substantia nigra pars 
reticulata neurons. 

 

 

Buspirone (mg/kg)  WAY-101635 (mg/kg) 

 Basal 0.6125 1.25 2.5 5 0.5 1 

S
ha

m
 (

n 
=

 8
) 

1 23.0 ± 4.2 23.5 ± 4.5 23.3 ± 4.6 22.6 ± 5.0 23.4 ± 5.2 20.7 ± 5.9 18.1 ± 5.8 

2 27.6 ± 4.7 29.1 ± 4.1 31.7 ± 4.2 34.3 ± 5.1 29.1 ± 2.5 39.0 ± 7.9 45.1 ± 18 

3 50 75& 50 50 62.5 50 40 

4 4.4 ± 2.6 1.7 ± 0.6 3.4 ± 1.5 7.3 ± 4.1 7.4 ± 4.6 5.0 ± 4.4 5.2 ± 3.4 

5 0.5 ± 0.3 0.4 ± 0.2 0.5 ± 0.2 0.8 ± 0.4 0.7 ± 0.4 5.0 ± 4.4 0.6 ± 0.6 

6 9.9 ± 6.5 8.3 ± 3.7 9.5 ± 4.9 11.3 ± 5.0 9.0 ± 3.6 1.0 ± 0.9 18.3 ± 16 

7 3.0 ± 1.8 1.1 ± 0.4 2.2 ± 1.0 4.6 ± 2.6 4.6 ± 2.8 3.0 ± 2.2 3.2 ± 2.1 

8 27.5 ± 12 38.0 ± 13 20.6 ± 10 23.3 ± 12 41.4 ± 16 36.1 ± 18 20.6 ± 14 

6-
O

H
D

A
 (

n 
=

 7
) 

1 30.1 ± 4.2 26.3 ± 6.0 31.6 ± 4.3 28.1 ± 3.9 28.1 ± 3.9 28.9 ± 5.3 26.6 ± 4.1 

2 44.3 ± 9.5 37.8 ± 6.2 38.5 ± 6.2 38.7 ± 6.9 42.8 ± 10 48.9 ± 18 48.6 ± 13 

3 85.7### 71.4 57.1& 57.1& 42.9&&  57.1& 33.3&&&  

4 9.0 ± 4.1 7.0 ± 3.8 6.3 ± 3.3 4.4 ± 2.3 4.1 ± 2.5 7.9 ± 3.9 6.8 ± 5.0 

5 0.2 ± 0.1 0.1 ± 0.1 0.1 ± 0.0 0.3 ± 0.1 0.5 ± 0.3 0.6 ± 0.2 0.2 ± 0.1 

6 7.7 ± 2.2  7.4 ± 2.5 5.8 ± 2.4 11.2 ± 5.1 25.6 ± 19 18.4 ± 7.8 5.9 ± 3.7 

7 5.2 ± 2.8 4.4 ± 2.3 4.0 ± 2.0 2.9 ± 1.5 2.7 ± 1.7 5.2 ± 2.6 4.6 ± 3.3 

8 60.3 ± 12 53.0 ± 17  44.7 ± 17 31.2 ± 12 25.6 ± 14 21.4 ± 8.8 11.0 ± 7.3 

6-
O

H
D

A
 L

-D
O

P
A

 (
n 

=
 8

) 

1 27.4 ± 3.4 37.5 ± 6.4 33.9 ± 6.6 31.1 ± 6.7 30.7 ± 6.3 29.5 ± 6.1 36.3 ± 8.1 

2 30.4 ± 5.2 37.0 ± 5.9 44.3 ± 8.3 47.4 ± 9.3  39.1 ± 7.2 38.6 ± 7.7 31.9 ± 6.9 

3 75## 37.5&&  50& 50& 50& 50& 12.5&&&  

4 19.2 ± 16 21.5 ± 16 28.5 ± 16 30.5 ± 16 31.2 ± 19 28.2 ± 21 16.3 

5 0.1 ± 0.1 0.1 ± 0.0 0.2 ± 0.1 0.2 ± 0.1 0.1 ± 0.0 0.2 ± 0.1 0.025 

6 9.5 ± 3.7 5.9 ± 3.6 11.7 ± 4.4 8.5 ± 3.5 7.0 ± 3.2 10.4 ± 5.0 3.4 

7 11.7 ± 9.7 13.2 ± 9.9 17.6 ± 11 18.8 ± 9.7 18.9 ± 12 17.3 ± 12 9.8 

8 82.5 ± 27 49.7 ± 28 52.7 ± 26 53.6 ± 27 52.9 ± 27 57.5 ± 26 23.2 

 

Data from the firing rate, the CV and burst related parameters are expressed as mean ± S.E.M. &p 
< 0.05, && p < 0.01 and &&& p < 0.001 vs baseline, and ##p < 0.01 and ###p < 0.001 vs sham (Fisher´s 
exact test). (1) Firing rate (Hz), (2) CV (%), (3) neurons exhibiting burst firing pattern (%), (4) 
number of bursts, (5) duration of burst (ms), (6) nº spikes/burst, (7) recurrence of burst (nº 
burst/min), and (8) intraburst frequency (spike/s).  



4. Results: Study I 

91 
 

Table 4.3. Effect of of systemic administration of 8-OH-DPAT (20–160 µg/kg, i.v.) 

and WAY-101635 (0.5–1 mg/kg, i.v.) on firing properties of substantia nigra pars 

reticulata neurons.  

 

 

8-OH-DPAT (µg/kg)  WAY-101635 (mg/kg) 

 Basal 20 40 80 160 0.5 1 

S
ha

m
 (

n 
=

 5
) 

1 20.3 ± 1.5 15.8 ± 1.7 13.0 ± 1.1 9.4 ± 1.9 10.3 ± 1.8 23.9 ± 7.6 22.1 ± 7.3 

2 31.0 ± 6.0 29.2 ± 3.7 32.9 ± 4.4 28.2 ± 4.9 40.7 ± 7.2 33.7 ± 8.5 40.8 ± 15 

3 40 20& 0&&&  0&&&  40  0&&&  0&&&  

4 9.3 ± 8.8 2 0 0 7.3 ± 6.3 0 0 

5 0.1 ± 0.1 6.8 0 0 0.2 ± 0.1 0 0 

6 4.3 ± 3.4 154 0 0 2.3 ± 12 0 0 

7 5.6 ± 5.3 1.25 0 0 4.3 ± 3.8 0 0 

8 31 ± 15.6 21.21 0 0 34.0 ± 29 0 0 

6-
O

H
D

A
 (

n 
=

 5
) 

1 25.3 ± 3.1 27.9 ± 4.7 25.6 ± 4.1 22.4 ± 3.7 20.9 ± 3.6 17.7 ± 4.2 17.4 ± 4.4 

2 33.3 ± 11 33.3 ± 9.7 29.6 ± 9.0 31.7 ± 12 35.3 ± 9.1 29.8 ± 5.1 38.1 ± 7.0 

3 50 50 33.3& 33.3& 100& 50 66.6 

4 11.5 ± 5.9 2.5 ± 2.1 1.7 ± 1.5 1.8 ± 1.6 3.5 ± 1.3 1.0 ± 0.5 1.9 ± 1.0 

5 1.1 ± 1.0 0.2 ± 0.1 0.1 ± 0.0 0.4 ± 0.3 0.4 ± 0.1 0.1 ± 0.0 4.6 ± 3.7 

6 7.1 ± 3.9 4.9 ± 2.5 2.8 ± 1.9 9.6 ± 7.2 8.3 ± 2.2 3.6 ± 2.1 87.7 ± 48 

7 3.9 ± 3.4 1.5 ± 1.2 1.0 ± 0.9 1.1 ± 1.0 2.1 ± 0.8 0.7 ± 0.3 1.1 ± 0.6 

8 25.8 ± 12 25.0 ± 14 17.6 ± 13 8.2 ± 5.3 45.7 ± 8.1 26.9 ± 13 40.4 ± 19 

6-
O

H
D

A
 L

-D
O

P
A

 (
n 

=
 5

) 

1 32.0 ± 3.1 31.5 ± 4.6 30.7 ± 5.9 29.0 ± 5.8 28.9 ± 6.6 23.9 ± 3.8 21.9 ± 4.1 

2 46.0 ± 17 38.4 ± 13 45.7 ± 18 50.5 ± 21 51.1 ± 18 36.2 ± 7.7 25.1 ± 1.8 

3 60# 40& 40& 40& 80& 40& 20& 

4 40.3 ± 26 32.3 ± 29 39.3 ± 38 37.3 ± 34 42.5 ± 34 2.3 ± 0.8 3 

5 2.4 ± 2.3 0.1 ± 0.1 0.1 ± 0.1 0.6 ± 0.5 0.7 ± 0.5 2.3 ± 1.9 0.32 

6 19.0 ± 9.2 4.9 ± 3.3 4.4 ± 2.6 21.0 ± 15 21.0 ± 15 60.3 ± 40 11.3 

7 17.7 ± 17 29.1 ± 17 23.3 ± 22 25.6 ± 20 25.6 ± 21 1.4 ± 0.5 1.8 

8 48.2 ± 20 37.1 ± 25 38.0 ± 25 46.7 ± 22 45.9 ± 23 27.2 ± 11 39.7 

 
Data from the firing rate, the CV and burst related parameters are expressed as mean ± S.E.M. &p 
< 0.05, && p < 0.01 and &&& p < 0.001 vs baseline and #p < 0.05 vs sham (Fisher´s exact test). (1) 
Firing rate (Hz), (2) CV (%), (3) neurons exhibiting burst firing pattern (%), (4) number of bursts, 
(5) duration of burst (ms), (6) nº spikes/burst, (7) recurrence of burst (nº burst/min), and (8) 
intraburst frequency (spike/s). 
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Figure 4.4. Effect of systemic administration of 8-OH-DPAT on substantia nigra pars 
reticulata neuron activity. Representative firing rate histogram illustrating the absence of effects 
of 8-OH-DPAT (20–160 µg/kg, iv) and WAY-100635 (0.1 mg/kg, i.v) on SNr neuronal firing 
rate, and schematic representation of burst firing events that shows the loss of burst firing activity 
after drug administration in sham (A), 6-OHDA (B), and 6-OHDA L-DOPA groups (C). 
Graphical representation of the mean ± S.E.M. of the firing rate (D), the CV (E), and the number 
of neurons with burst (F) in the three experimental groups, sham (n = 5), 6-OHDA (n = 5), and 6-
OHDA L-DOPA (n = 5) before and after increasing doses of 8-OH-DPAT and WAY-100635. 
Data are expressed as mean ± S.E.M. *p < 0.05 and **p < 0.01 vs. sham group (Two-way 
ANOVA followed by Bonferroni’s post hoc test) and &p < 0.05 and &&& p < 0.001 vs. 
corresponding basal value (Fisher´s exact test for firing pattern). 
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4.1.2. Effect of 5-HT1A agonists on the low oscillatory activity and synchronization 

in the substantia nigra pars reticulata and motor cortex  

 

Simultaneously with the single-unit extracellular recordings of SNr neurons, SNr-

LFP and motor cortex (ECoG) were recorded. We analysed the power spectrum and the 

coherence in the 0–5 Hz range to determine the parameters of low frequency activity and 

synchronization into the SNr and between this nucleus and the motor cortex. 31 neurons 

from the sham group (n = 19 rats), 29 neurons from the 6-OHDA group (n = 17 rats) and, 

32 neurons from the 6-OHDA L-DOPA group (n = 18 rats) were included in the analysis.  

 

In agreement with our previous publication (Aristieta et al., 2016), power spectra 

analysis showed a low oscillatory activity in the ECoG and the LFP with a peak, near to 

1 Hz in all experimental groups (Fig. 4.5A and B). AUC values of the ECoG power 

spectrum was similar among the groups (F (2, 51) = 1.86, p > 0.05, one-way ANOVA; Fig. 

4.5A) whereas the LFP AUC value was higher in the 6-OHDA group (F (2, 51) = 4.21, p < 

0.05, one-way ANOVA; Fig. 4.5B). The coherence analysis showed that synchronization 

between ECoG and SNr spikes (Fig. 4.6A) and between SNr-LFP and SNr spikes (Fig. 

4.6B) was higher after 6-OHDA lesion and L-DOPA treatment with the AUC value 

obtained from the coherence curves being significantly larger in the 6-OHDA and 6-

OHDA L-DOPA group (F (2, 51) = 9.351, p < 0.001 one-way ANOVA and F (2, 51) = 12.52, 

p < 0.001; one-way ANOVA). No difference was observed in the synchronization 

between ECoG and SNr-LFP (F (2, 51) = 1.469, p > 0.05; one-way ANOVA; Fig. 4.6C). 

 

Next, to investigate the effect of 5-HT drugs on low oscillatory activity and 

synchronization between the SNr and ECoG, we compared the power spectrum and 

coherence obtained before and after the systemic administration of increasing doses of 

buspirone or 8-OH-DPAT. One neuron per animal was pharmacologically tested with 

buspirone in a total of 23 animals: sham group (n = 8), 6-OHDA group (n = 7) and 6-

OHDA L-DOPA group (n = 8). Buspirone administration produced an effect on the ECoG 

(buspirone: F (4, 80) = 9.816, p < 0.001, and lesion: F (2, 20) = 0.3387, p > 0.05; RM two-

way ANOVA; Fig. 4.5C) and LFP (buspirone: F (4, 80) = 4.034, p < 0.05, and lesion: F (2, 

20) = 0.0266, p > 0.05; RM two-way ANOVA; Fig. 4.5D). This effect was only significant 

for the first dose in ECoG of sham and 6-OHDA groups. As it is shown in Figure 4.6D, 

buspirone administration did not modify the synchronization between ECoG and SNr 
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spikes (buspirone: F (4, 80) = 0.1971, p > 0.05 and lesion: F (2, 20) = 2.012, p > 0.05; RM 

two-way ANOVA). Nevertheless, buspirone produced a slight effect between LFP and 

SNr spikes synchronization (buspirone: F (4, 80) = 2.633, p < 0.05 and lesion: F (2, 20) = 

0.178, p > 0.05; RM two-way ANOVA; Fig. 4.6E). Synchronization between ECoG and 

LFP was not affected much by buspirone (buspirone: F (4, 80) = 5.718, p < 0.05, and lesion: 

F (2, 20) = 0.03768, p > 0.05; RM two-way ANOVA; Fig. 4.6F). 

 

Finally, we investigated the effect of systemic 8-OH-DPAT administration on the 

oscillatory activity and synchronization. One neuron per animal was pharmacologically 

tested in a total of 15 animals (n = 5 in each group). As it is shown in Figures 4.5E and 

F, 8-OH-DPAT did not cause any change in the AUC of the ECoG and LFP power spectra 

(For ECoG, 8-OH-DPAT: F (4, 48) = 1.04, p > 0.05 and lesion: F (2, 12) = 1.231, p > 0.05; 

For LFP, 8-OH-DPAT: F (4, 48) = 2.37, p > 0.05 and lesion: F (2, 12) = 0.2284, p > 0.05; RM 

two-way ANOVA). In addition, analysis of coherence revealed that 8-OH-DPAT had a 

slight effect on AUC of the coherence between ECoG and SNr spike but no differences 

between the three experimental groups were observed (8-OH-DPAT: F (4, 48) = 2.977, p < 

0.05, and lesion: F (2, 12) = 0.02681, p > 0.05; RM two-way ANOVA; Fig. 4.6G). 8-OH-

DPAT did not cause any effect in the AUC of the coherence between LFP and SNr spikes 

(8-OH-DPAT: F (4, 48) = 1.1, p > 0.05, and lesion: F (2, 12) = 0.4539, p > 0.05; RM two-way 

ANOVA; Fig. 4.6H). In the coherence between ECoG and LFP there was a reduction in 

6-OHDA L-DOPA group with the first dose of 8-OH-DPAT, but no effect was observed 

for subsequent doses (8-OH-DPAT: F (4, 48) = 2.796, p < 0.05, and lesion: F (2, 12) = 2.609, 

p < 0.05; RM two-way ANOVA; Fig. 4.6I). 
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Figure 4.5. Effect of systemic administration of buspirone and 8-OH-DPAT on the power 
spectrum of the local field potential of substantia nigra pars reticulata and the motor cortex 
in low oscillatory frequency range (0–5 Hz). Power spectra and AUC values obtained from the 
ECoG (A) and SNr-LFP (B) in the sham (n = 19), 6-OHDA (n = 17), and 6-OHDA L-DOPA (n 
= 18) animals. Effect of administration of increasing doses of buspirone (0.6125–5 mg/kg, i.v.) 
on the AUC of the power spectrum of the ECoG (C) and SNr-LFP (D) in the sham (n = 8), 6-
OHDA (n = 7), and 6-OHDA L-DOPA (n = 8) animals. Effect of administration of increasing 
doses of 8-OH-DPAT (20–160 µg/kg, i.v.) on the AUC of the power spectrum of the ECoG (E) 
and SNr-LFP (F) obtained from the three experimental groups, sham (n = 5), 6-OHDA (n = 5), 
and 6-OHDA L-DOPA (n = 5). Data are expressed as mean ± S.E.M. &p < 0.05 vs sham (one-
way ANOVA followed by Bonferroni´s post-hoc test) ##p < 0.01, and ###p < 0.001 vs respective 
baseline (two-way ANOVA followed by Bonferroni´s post-hoc test). 
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Figure 4.6. Effect of systemic administration of buspirone and 8-OH-DPAT on substantia 
nigra pars reticulata neuron spikes, the local field potential of substantia nigra pars 
reticulata neuron and the motor cortex coherence in low frequency range (0–5 Hz). 
Coherence power spectra between the ECoG and SNr spikes simultaneously recorded in the sham 
(n = 19), 6-OHDA (n = 17), and 6-OHDA L-DOPA (n = 18) groups. AUC value obtained from 
coherence between the ECoG and SNr spikes was augmented in 6-OHDA L-DOPA group (A). 
AUC values obtained from SNr-LFP/ SNr spikes coherence curves showed an increase in 6-
OHDA L-DOPA group (A, medium). AUC values obtained from ECoG/SNr-LFP coherence 
curves showed no differences (B). Effect of administration of acute doses of buspirone (0.6125–
5 mg/kg, i.v.) on the synchronization between ECoG and SNr spikes (D), between SNr-LFP and 
SNr spikes (E), and between ECoG and SNr-LFP spikes (F) in the sham (n = 8), 6-OHDA (n = 
7), and 6-OHDA L-DOPA (n = 8) groups. Effect of administration of acute doses of 8-OH-DPAT 
(20–160 µg/kg, i.v.) on the synchronization between ECoG and SNr spikes (G), between SNr-
LFP and SNr spikes (H), and between ECoG and SNr-LFP spikes (I) in the sham (n = 5), 6-OHDA 
(n = 5), and 6-OHDA L-DOPA (n = 5) groups. Data are expressed as mean ± S.E.M. && p < 0.01 
and &&& p < 0.001 vs sham (one-way ANOVA followed by Bonferroni´s post-hoc test), *p < 0.05 
and **p < 0.01 vs sham and ##p < 0.01 vs respective baseline (RM two-way ANOVA followed 
by Bonferroni´s post-hoc test).
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4.1.3. Effect of buspirone on the amino acid release of substantia nigra pars 

reticulata 

 

The effect of locally perfused buspirone on the levels of GABA and GLU in the 

SNr was studied in naïve (n = 11), 6-OHDA (n = 11), and 6-OHDA L-DOPA rats (n = 

8). Basal GABA and GLU levels in the SNr did not differ among the three experimental 

groups (for GABA: F (2, 27) = 0.1225, p > 0.05 and for GLU: F (2, 27) = 1.95, p > 0.05; one-

way ANOVA), being 7.28 ± 2.65 nM and 94.35 ± 11.99 nM in naïve, 8.44 ± 1.89 nM and 

110.27 ± 16.01 in 6-OHDA and 8.73 ± 1.58 and 71.87 ± 7.65 in 6-OHDA L-DOPA 

animals. Local stepwise perfusion of buspirone (50 nM, 150 nM and 500 nM) raised 

GABA levels in naïve and 6-OHDA groups but had no effect in 6-OHDA L-DOPA 

animals (Fig. 4.7A). However GABA enhancement was significantly lower in the 6-

OHDA group when compared to the naïve group (buspirone: F (15, 360) = 2.611, p < 0.001 

and lesion: F (2, 24) = 6.408, p < 0.01, RM two-way ANOVA; Fig. 4.7B and C). Likewise, 

buspirone also elevated GLU release in control and 6-OHDA groups but it had no effect 

in 6-OHDA L-DOPA animals (Fig. 4.7D, E and F). Again the effect of buspirone on 6-

OHDA-lesioned rats was significantly less when compared to the effect on naïve rats 

(Fig. 4.7E and F) (buspirone: F (15, 345) = 3.009, p < 0.001 and lesion: F (2, 23) = 5.654, p < 

0.01, RM two-way ANOVA; Fig. 4.7D).  
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Figure 4.7. Effect of local perfusion of buspirone (50 nM–500 nM) on nigral amino acid 
levels of gamma-aminobutyric acid and glutamate. Local perfusion of buspirone raised nigral 
gamma-aminobutyric (GABA) levels in naïve (n = 9) and 6-OHDA (n = 11) groups, but with 
less intensity, and it had no effect in 6-OHDA L-DOPA (n = 7) group (A). Buspirone also raised 
nigral glutamate (GLU) levels in naïve (n = 10) and in 6-OHDA (n = 9) groups, with less intensity, 
and it had no effect in 6-OHDA L-DOPA (n = 7) group (D). Bar representation (mean ± S.E.M.) 
of the AUC (60–240 min) (B and E) and AUC 60 min after administration of the respective 
buspirone concentration dose (C and F). Data are expressed as percentage of basal levels 
calculated as the mean of the two samples preceding buspirone perfusion. *p < 0.05, **p < 0.01 
and ***p < 0.001 vs. naïve group; $p < 0.05, $$p < 0.01, and $$$p < 0.001 vs. Net Area of naïve 
group; #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. respective concentration of naïve group, and 
&p < 0.05 vs respective concentration of 6-OHDA group (RM two-way ANOVA followed by 
Bonferroni’s post-hoc test).
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4.2. STUDY II: EFFECT OF BUSPIRONE ON ENTOPEDUNCULAR 

NEURON ACTIVITY IN SHAM, 6-HYDROXYDOPAMINE AND 

LONG-TERM L-DOPA TREATED 6-HYDROXYDOPAMINE RATS 

 

4.2.1. Effect of 5-HT1A agonists on entopeduncular neuron activity  

 

A total of 90 GABAergic neurons were recorded in the EP of anaesthetised rats; 26 

from the sham group (n = 15 rats), 27 from the 6-OHDA group (n = 16 rats) and, 32 from 

the 6-OHDA L-DOPA group (n = 17 rats). Additionally, 5 neurons from a group of 6-

OHDA-lesioned rats which did not show a total dopaminergic fiber loss (< 80%) was 

included (n = 5) (see later). All cells recorded were located within the EP and displayed 

the characteristic firing properties of EP-GABAergic neurons that we previously 

described (Aristieta et al., 2019). The mean value of the basal firing rate (F (3, 49) = 4.4, p 

< 0.01, one-way ANOVA) and the CV were higher in the 6-OHDA L-DOPA group (F (3, 

49) = 2.9, p < 0.05, one-way ANOVA) and the number of bursty neurons was increased in 

the 6-OHDA and 6-OHDA L-DOPA groups (p < 0.05, Fisher´s exact test, Table 4.4). 

The mean value per animal ± S.E.M. of the firing rate, CV and firing pattern parameters 

for all experimental groups are shown in Table 4.4. After the analysis of the basal firing 

properties, the effect of local and systemic buspirone or systemic 8-OH-DPAT 

administration was evaluated.  
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Table 4.4. Firing properties of entopeduncular neurons. 

Parameters 
Sham  

(n =15) 

Partially  
6-OHDA 

(1) 
(n = 5) 

6-OHDA  
(n = 16) 

6-OHDA 
L-DOPA  
(n = 17) 

Firing rate (Hz) 17.4 ± 1.7 13.2 ± 3.9 24.6 ± 2.7 26.7 ± 2.7*$ 

CV (%) 46.8 ± 6.0 54.2 ± 6.2 55.0 ± 9.4 80.3 ± 10.8* 

Neurons exhibiting 
burst firing pattern (%) 

61.5 80# 77.8# 87.5### 

Number of bursts 46.8 ± 13.6 60.6 ± 34.3 29.4 ± 10.9 46.9 ± 13.9 

Duration of burst (ms) 0.6 ± 0.3 0.2 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 

Nº spikes/burst 11.3 ± 2.5 5.4 ± 1.9 14.1 ± 6.4 14.4 ± 2.2 

Recurrence of burst  
(nº burst/min) 

33.3 ± 9.5 34.1 ± 20.1 19.6 ± 7.4 24.6 ± 6.2 

Intraburst frequency 
(spike/s) 

71.5 ± 14.3 58.5 ± 19.2 62.6 ± 8.9 66.2 ± 5.1 

 

Values are expressed as mean ± S.E.M. *p < 0.05 vs sham and $p < 0.05 vs partially 6-OHDA 

(One-way ANOVA followed by Bonferroni´s post hoc test) and #p < 0.05 and ###p < 0.001, vs 

sham (Fisher´s exact test). (1) It refers to a group of 6-OHDA animals which did not show a total 

dopaminergic fiber loss (> 80%). 
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Figure 4.8. Effect of local administration of buspirone on entopeduncular neuron activity. 
Representative firing rate histograms illustrating the inhibitory local effect of buspirone in an EP 
neuron from the sham (A), 6-OHDA (B) and 6-OHDA L-DOPA groups (C). When buspirone 
(0.25-2 nmol) was locally applied into EP induced a dose-dependent inhibitory effect in the three 
experimental groups (D). Data are expressed as mean ± S.E.M. xxx: p < 0.001 vs. sham baseline 
(n = 5), y < 0.05, yy < 0.01 and yyy < 0.001 vs. 6-OHDA baseline (n = 5) and zzz < 0.001 vs. 6-
OHDA L-DOPA baseline (n = 5) (RM two-way ANOVA followed by Bonferroni’s posthoc test). 
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Local effect of buspirone was studied on 50 EP neurons: 15 neurons from the sham 

group (n = 5), 15 neurons from the 6-OHDA group (n = 5) and 20 neurons from the 6-

OHDA L-DOPA group (n = 5). As shown in Figure 4.8, local administration of buspirone 

(0.25–2 nM) caused a marked dose-dependent inhibition of the neuron activity in the three 

experimental groups with a maximal reduction of the firing rate of ~ 70% of the basal 

value (buspirone: F (4, 48) = 54.72, p < 0.001, RM two-way ANOVA). No difference in the 

efficacy of local buspirone was detected among the groups (lesion: F (2, 12) = 1.426, p > 

0.05, RM two-way ANOVA).  

 

Next, the effect of cumulative doses of buspirone (from 0.6125 mg/kg to 5 mg/kg, 

i.v.) on the firing rate and pattern of EP neurons (sham n = 5, partial 6-OHDA n=5, 6-

OHDA, n = 6 and 6-OHDA L-DOPA, n = 6 animals) were studied in 22 rats (Fig. 4.9A-

D). One neuron per animal was pharmacological tested. As shown in Figure 4.9E, 

systemic administration of buspirone only inhibited the firing rate of EP neurons in the 

sham (Fig. 4.9A) and partially 6-OHDA-lesioned groups (buspirone: F (4, 72) = 21.34, 

p < 0.001; and lesion: F (3, 18) = 9.835, p < 0.001, RM two-way ANOVA). Buspirone also 

increased the CV only in the sham group (buspirone: F (4, 72) = 7.31, p < 0.001 and lesion: 

F (3, 18) = 1.786, p > 0.05, RM two-way ANOVA; Fig. 4.9F). In contrast, this effect was 

almost totally absent in the 6-OHDA and 6-OHDA L-DOPA groups. Moreover, 

buspirone administration slightly decreased the number of bursty neurons in the 6-OHDA 

and 6-OHDA L-DOPA groups, while the number of bursty neurons was increased in 

sham and partial 6-OHDA groups (p < 0.05, Fisher´s exact test; Table 4.5). There were 

no changes in intraburst parameters (Table 4.5). The inhibitory effect observed in sham 

and partial 6-OHDA groups was partially reversed by the intravenous administration of 

the 5-HT1A antagonist WAY-100635 (0.5 and 1 mg/kg) (two‐tailed paired Student´s t test, 

p < 0.05; Fig. 4.9A and B). Table 4.5 summarizes mean value ± S.E.M. of all firing 

activity parameters before and after buspirone administration in the three experimental 

groups. 
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Figure 4.9. Effect of systemic administration of buspirone on entopeduncular neuron 
activity . Representative firing rate histogram illustrating that buspirone (0.06125-2.5 mg/kg, i.v.) 
inhibited the EP firing rate in sham (A) and partially 6-OHDA-lesioned (B). WAY-100635 (0.1 
mg/kg, i.v) partially reverted the effect. No inhibition was seen in 6-OHDA (C) and 6-OHDA L-
DOPA (D) groups. On the top, the schematic representation of burst firing events shows the loss 
of burst firing activity after buspirone administration in 6-OHDA group and higher burst firing 
activity in sham, partially lesioned and 6-OHDA L-DOPA group. Graphics representing the mean 
± S.E.M. of the firing rate (E), and the CV (F), in the four experimental groups, sham (n = 5), 
partial 6-OHDA (n = 5) 6-OHDA (n = 6), 6-OHDA L-DOPA (n = 6) before and after increasing 
doses of buspirone and WAY-100635. aa < 0.01 6-OHDA group vs sham group; bbb < 0.001, 6-
OHDA L-DOPA group vs. sham group (RM two-way ANOVA followed by Bonferroni’s post 
hoc test).
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Table 4.5. Effect of systemic administration of buspirone (0.6125–5 mg/kg, i.v.) and 

WAY-101635 (0.5–1 mg/kg, i.v.) on firing properties of entopeduncular neurons. 

 

 

Buspirone (mg/kg)  WAY-101635 (mg/kg) 

 Basal 0.6125 1.25 2.5 5 0.5 1 

S
ha

m
 (

n 
=

 5
) 

1 14.6 ± 2.7 7.2 ± 2.3* 2.7 ± 1*** 2.3 ± 1*** 1 ± 0.6*** 14.8 ± 2## 15.9 ± 0.9 

2 51.6 ± 9.9 117.6 ± 45* 142 ± 48*** 173 ± 58*** 163 ± 46*** 71.3 ± 9.5 55.4 ± 9.6 

3 60 100&&&  100&&&  100&&&  100&&&  75& 75& 

4 19.2 ± 15 13.2 ± 6.2 14.2 ± 7.0 18.6 ± 7.6 25.0 ± 11 36.2 ± 31 37.8 ± 37 

5 0.8 ± 0.6 2.6 ± 1.2 1.8 ± 0.8 1.8 ±0.7 1.4 ± 0.8 2.7 ± 2.6 0.7 ± 0.6 

6 10.7 ± 5.3 8.4 ± 3.5 5.4 ± 0.6 5.3 ± 0.7 6.0 ± 1.7 4.4 ± 1.6 4.7 ± 1.7 

7 12.7 ± 10 8.7 ± 4.2 9.4 ± 4.6 9.4 ± 4.6 16.8 ± 7.6 24.3 ± 22 24.3 ± 23 

8 31.7 ± 20 41.1 ± 19 37.0 ± 17 36.9 ± 17 55.8 ± 32 53.6 ± 41 49.4 ± 36 

P
ar

tia
lly

 6
-O

H
D

A
 (

n 
=

 5
) 

(1
)  1 13.2 ± 3.9 3.6 ± 1.0** 3.3 ± 1** 3 ± 1.5*** 2.5 ± 2*** 9.5 ± 1.5## 10.1 ± 0.7 

2 54.2 ± 6.2 71.2 ± 11 80.6 ± 4.8 71.3 ± 11 77.0 ± 13 104.5 ± 73 101.3 ± 19 

3 80# 80 100&&&  100&&&  100&&&  80 100& 

4 60.6 ± 34 17.0 ± 9.6 10.6 ± 7.0 5.0 ± 2.1 20.0 ± 13 41.8 ± 27 46.6 ± 26 

5 0.2 ± 0.1 2.9 ± 2.5 2.9 ± 1.0 3.0 ± 1.4 0.3 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 

6 5.4 ± 1.9 8.7 ± 5.9 4.9 ± 0.9 12.1 ± 3.8 4.9 ± 2.1 4.9 ± 2.1 6.9 ± 2.5 

7 34.1 ± 20 10.1 ± 5.8 6.9 ± 4.8 3.1 ± 1.2 25.3 ± 16 25.3 ± 16 29.0 ± 15 

8 58.5 ± 19 18.5 ± 12 8.3 ± 4.6 26.2 ± 17 35.2 ± 18 35.2 ± 18 44.3 ± 10 

6-
O

H
D

A
 (

n 
=

 6
) 

1 20.2 ± 3.0 16.0 ± 1.6 15.4 ± 1.4 15.1 ± 2.0 15.2 ± 3.0 10.8 ± 2.7 13.6 ± 4.6  

2 42.2 ± 4.4 49.0 ± 8.1 48.1 ± 7.8 48.3 ± 6.8 54.5 ± 6.1 43.3 ± 7.0 35.2 ± 5.9 

3 66.7 50& 50& 66.7 66.7 50& 33.3&&&  

4 14.2 ± 8.7 11.6 ± 5.9 11.6 ± 7.9 10 ± 7.8 12.2 ± 9.7 12.2 ± 10.2 9.4 ± 6.8 

5 0.2 ± 0.1 0.4 ± 0.3 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.1 ± 0.1 

6 6.2 ± 3.4 9.5 ± 6.0 5.3 ± 2.3 6.4 ± 2.4 6.1 ± 2.4 5.1 ± 2.1 3.4 ± 2.2 

7 8.9 ± 5.3 7.4 ± 5.0 7.4 ± 5.0 6.5 ± 5.0 8.2 ± 6.5 7.9 ± 6.6 6.5 ± 4.7 

8 39.7 ± 10.2 19.4 ± 8.6 19.4 ± 8.6 30.7 ± 9.7 27.8 ± 10.6 22.5 ± 9.9 15.4 ± 9.4 
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6-
O

H
D

A
 (

n 
=

 6
) 

1 25.4 ± 3.1 22.1 ± 3.1 18 ± 4*** 17 ± 4***  17 ± 3*** 18.8 ± 5.0 15.5 ± 5.4 

2 71.2 ± 17.2 81.3 ± 32.4 112 ± 44.6 110 ± 40.7 121 ± 42* 91.4 ± 18.6 76.2 ± 14.9 

3 83.3### 50&&&  66.6&&  83.3 100&&&  100&&&  83.3 

4 55.8 ± 33.1 15.0 ± 9.3 19.3 ± 11.0 32.2 ± 12.3 39.0 ± 12.5 44.3 ± 13.3 29.7 ± 9.7 

5 0.3 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.4 ± 0.2 0.2 ± 0.1 

6 13.2 ± 5.2 9.0 ± 4.2 10.1 ± 3.8 19.2 ± 7.1 10.6 ± 2.1 13.0 ± 2.7 4.5 ± 1.6 

7 22.5 ± 11.2 7.5 ± 4.2 32.2 ± 12.3 36.4 ± 8.8 23.4 ± 7.5 27.4 ± 8.2 18.3 ± 6.0 

8 53.9 ± 13.0 26.1 ± 12.0 28.1 ± 9.7 36.4 ± 8.9 44.8 ± 5.7 45.5 ± 8.2 21.1 ± 7.1 

 
Data from the firing rate, the CV and burst related parameters are expressed as mean ± S.E.M. *p 
< 0.05, **p < 0.01 and ***p < 0.001 vs baseline (RM two-way ANOVA followed by Bonferroni´s 
post hoc), &p < 0.05, && p < 0.01 and &&& p < 0.001 vs baseline, #p < 0.05, ##p < 0.01 and ###p < 
0.001 vs sham (Fisher´s exact test). (1) Firing rate (Hz), (2) CV (%), (3) neurons exhibiting burst 
firing pattern (%), (4) number of bursts, (5) duration of burst (ms), (6) nº spikes/burst, (7) 
recurrence of burst (nº burst/min), and (8) intraburst frequency (spike/s). (1) It refers to a group of 
6-OHDA animals which did not show a total dopaminergic fiber loss (> 80%). 
 

Finally, we investigated the effect of the systemic administration of 8-OH-DPAT 

(from 20 µg/kg to 160 µg/kg; i.v.) in 16 animals (sham n = 5, 6-OHDA, n = 5 and 6-

OHDA L-DOPA, n = 6 animals; Fig. 4.10A-C). As we had observed with buspirone 

administration, 8-OH-DPAT caused a significant dose-dependent inhibition of EP neuron 

firing rate only in the sham group (Fig. 4.10A) and did not modify the firing rate of 

neurons in the 6-OHDA and the 6-OHDA L-DOPA groups (8-OH-DPAT: F (4, 52) = 3.275, 

p < 0.05, and lesion: F (2, 13) = 10.05, p < 0.01, RM two-way ANOVA; Fig. 4.10D). On 

the other hand, 8-OH-DPAT administration had slight effect on the CV in the 6-OHDA 

L-DOPA group (8-OH-DPAT: F (4, 52) = 3.35, p < 0.05, and lesion: F (2, 13) = 2.129, p 

> 0.05; Fig. 4.10E). 8-OH-DPAT administration decreased the number of bursty neurons 

in the three experimental groups, however, the highest effect was observed in the sham 

group (p < 0.05, Fisher´s exact test). 8-OH-DPAT administration did not modify the 

intraburst parameters (Table 4.6). Following administration of WAY-100635(0.5 -1 

mg/kg, i.v.) partially reversed the inhibitory effect of 8-OH-DPAT (Fig. 4.10A and D). 

Table 4.6 summarizes mean value ± S.E.M. of all firing activity parameters before and 

after buspirone in the three experimental groups. 
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Figure 4.10. Effect of 8-OH-DPAT on entopeduncular neuron activity. Representative firing 
rate histogram illustrating the effect of 8-OH-DPAT (20-160 µg/kg, i.v.) and WAY-100635 (0.1 
mg/kg, i.v) on EP neuronal firing rate and schematic representation of burst firing events that 
shows the loss of burst firing activity after drug administration in sham (A) 6-OHDA group (B) 
and 6-OHDA L-DOPA group (C). Graphics representing the mean ± S.E.M. of the firing rate (D), 
the CV in the three experimental groups, sham (n = 5), 6-OHDA (n = 5), 6-OHDA L-DOPA (n = 
6) before and after increasing doses of 8-OH-DPAT and WAY-100635. *p < 0.05 vs baseline, aa 
< 0.01 6-OHDA group vs sham group; b < 0.05; bb < 0.01 and bbb < 0.001, 6-OHDA L-DOPA 
group vs sham group (RM two-way ANOVA followed by Bonferroni’s post hoc test). 
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Table 4.6. Effect of systemic administration of 8-OH-DPAT (20–160 µg/kg, i.v.) and 

WAY –101635 (0.5-1 mg/kg, i.v.) on firing properties of entopeduncular neurons. 

 

 

8-OH-DPAT (µg/kg) i.v. WAY-101635 (mg/kg) 

 Basal 20 40 80 160 0.5 1 

S
ha

m
 (

n 
=

 5
) 

1 14.3 ± 2.6 11.4 ± 2.2 8.6 ± 2.4 4.3 ± 1.4*  5.5 ± 1.2 10.2 ± 2.1 6.6 ± 0.4 

2 29.6 ± 5.9 30.6 ± 10.3 38.8 ± 14.1 48.3 ± 13.7 29.0 ± 6.5 49.7 ± 7.6 41.8 ± 9.1 

3 40 20&&  0&&&  20&&  60&&  60&&  40 

4 2.5 ± 1.7 1 0 20 4.0 ± 2.5 8.5 ± 7.5 16.2 ± 15.6 

5 0.2 ± 0.2 0.8 0 0.1 0.5 ± 0.3 3.3 ± 3.2 0.6 ± 0.5 

6 3.6 ± 2.8 13 0 1 3.1 ±1.4  6.7 ± 4.1 5.9 ± 4.2 

7 1.5 ± 1.0 0.6 0 0.7 2.5 ± 1.5 5.3 ± 4.6 9.8 ± 9.4 

8 43.6 ± 33.8 4.3 0 3.9 17.9 ± 11.2 22.4 ± 10.9 12.5 ± 9.6 

P
ar

tia
lly

 6
-O

H
D

A
 (

n 
=

 5
) 

1 26.4 ± 2.3 29.2 ± 3.6 29.1 ± 4.0 30.4 ± 2.9 30.6 ± 3.9 29.9 ± 5.0 25.2 ± 3.3 

2 31.1 ± 10.3 33.6 ± 6.3 34.1 ± 6.4 34.3 ± 6.8 36.5 ± 7.4 49.7 ± 7.6 41.8 ± 9.1 

3 60# 60 20&&&  60 60 80&&  60  

4 6.3 ± 3.3 10.0 ± 9.3 11 8.0 ± 5.5 9.0 ± 4.1 19.5 ± 11.1 8.8 ± 7.1 

5 0.1 ± 0.1 0.3 ± 0.2 0.06 0.1 ± 0.0 0.2 ± 0.1 0.2 ± 0.0 0.4 ± 0.3 

6 6.1 ± 3.4 13.1 ± 7.1 3.8 6.7 ± 3.4 10.2 ± 4.6 9.9 ± 3.4 15.6 ± 11.9 

7 4.0 ± 2.2 6.2 ± 5.7 6.6  5.1 ± 3.4 6.1 ± 2.6 12.6 ± 7.4 5.8 ± 4.8 

8 53.4 ± 21.3 45.2 ± 17.5 16.3 55.9 ± 18.7 57.5 ± 19.2 76.7 ± 10.7 40.9 ± 16.4 

6-
O

H
D

A
 (

n 
=

 6
) 

1 30.1 ± 5.4 29.5 ± 3.8 26.1 ± 4.3 22.0 ± 5.3* 22.5 ± 5.1 22.5 ± 4.9 17.7 ± 4.6 

2 60.3 ± 21.2 67.4 ± 22.4 81.7 ± 23* 77.8 ± 22.6 61.8 ± 12.8 50.1 ± 24.9 74.4 ± 17.9 

3 100### 50&&&  66.67&&&  100 100 83.33&&&  83.33&&&  

4 24.8 ± 15.2 21.2 ± 14.0 25.5 ± 15.3 25.2 ± 10.3 26.5 ± 8.1 15.2 ± 6.8 25.3 ± 12.7 

5 0.3 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.4 ± 0.1 3.6 ± 3.3 4.4 ± 4.2 4.4 ± 4.2 

6 15.4 ± 3.9 5.8 ± 3.0 6.8 ± 2.8 12.0 ± 2.3 15.9 ± 5.0 16.3 ± 8.4 16.3 ± 8.4 

7 12.5 ± 7.7 13.4 ± 8.7 15.9 ± 9.5 15.6 ± 7.1 17.0 ± 3.8 16.3 ± 8.4 16.3 ± 8-2 

8 67.7 ± 11.5 33.9 ± 17.0 40.9 ± 15.7 55.1 ± 12.1 49.3 ± 14.4 56.7 ± 17.1 39.8 ± 20.9 

 

Data from the firing rate, the CV and burst related parameters are expressed as mean ± S.E.M. *p 
< 0.05 vs baseline (RM two-way ANOVA followed by Bonferroni´s post hoc), &p < 0.05, && p < 
0.01 and &&& p < 0.001 vs baseline, #p < 0.05 and ###p < 0.001 vs sham (Fisher´s exact test). (1) 
Firing rate (Hz), (2) CV (%), (3) neurons exhibiting burst firing pattern (%), (4) number of bursts, 
(5) duration of burst (ms), (6) nº spikes/burst, (7) recurrence of burst (nº burst/min), and (8) 
intraburst frequency (spike/s). 
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4.2.2. Effect of 5-HT1A agonists on the low oscillatory activity and synchronization 

in the entopeduncular nucleus and the motor cortex  

 

We recorded EP-LFP and ECoG simultaneously with single-unit extracellular 

recordings of EP neurons. We analysed the power spectrum and the coherence in the 0–

5 Hz range to determinate the parameters of low frequency activity and synchronization 

in the EP and between this nucleus and the motor cortex. 26 neurons from the sham group 

(n = 15 rats), 27 neurons from the 6-OHDA group (n = 16 rats) and, 32 neurons from the 

6-OHDA L-DOPA group (n = 17 rats) were included in the analysis.  

 

In agreement with our previous publication (Aristieta et al., 2019), power spectra 

analysis showed low oscillatory activity in the ECoG and the LFP with a peak, near to 1 

Hz in the three experimental groups. The AUC values of the ECoG power spectrum 

revealed no significant differences among the three experimental groups (F (2, 45) = 0.6479, 

p > 0.05, one-way ANOVA; Fig. 4.11A) whereas LFP AUC value was higher in the 6-

OHDA group (F (2, 45) = 3.464, p < 0.05, one-way ANOVA; Fig. 4.11B). The coherence 

analysis showed that synchronization between ECoG and EP spikes and between EP-LFP 

and EP spikes was higher after 6-OHDA lesion and L-DOPA treatment being the AUC 

value obtained from the coherence curves significantly larger in the 6-OHDA L-DOPA 

group (F (2, 45) = 4.109, p < 0.05 one-way ANOVA and F (2, 45) = 4.727, p < 0.05; one-way 

ANOVA; Fig. 4.12A and B, respectively). No difference was observed in the 

synchronization between ECoG and EP-LFP (F (2, 45) = 1.712, p > 0.05; one-way ANOVA; 

Fig. 4.12C). 

 

Next, to investigate the effect of 5-HT drugs on low oscillatory activity and 

synchronization between the EP and ECoG. We compared the power spectrum and 

coherence obtained before and after the systemic administration of increasing doses of 

buspirone or 8-OH-DPAT. One neuron per animal was pharmacology tested with 

buspirone from a total of 17 animals: sham (n = 5), 6-OHDA (n = 6) and 6-OHDA L-

DOPA (n = 6) groups. The first dose of buspirone produced a significant effect on the 

ECoG in the sham group (buspirone: F (4, 56) = 3.357, p < 0.05 and lesion: F (2, 14) = 4.767, 

p < 0.05; RM two-way ANOVA; Fig. 4.11C). While, the highest doses of buspirone 

enhanced the oscillatory activity of LFP-EP only in 6-OHDA L-DOPA group (buspirone: 

F (4, 56) = 6.044, p < 0.001 and lesion: F (2, 14) = 5.585, p < 0.05; RM two-way ANOVA; 
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Fig. 4.11D). As it is shown in Figure 4.12D, buspirone administration did not modify the 

coherence between ECoG and EP spikes (buspirone: F (4, 56) = 1.433, p > 0.05 and lesion: 

F (2, 14) = 3.108, p > 0.05; RM two-way ANOVA). Buspirone administration did not affect 

the synchronization between LFP and EP spikes (buspirone: F (4, 80) = 1.861, p > 0.05 and 

lesion: F (2, 14) = 0.293, p > 0.05; RM two-way ANOVA; Fig. 4.12E). Buspirone also 

failed to alter the synchronization between ECoG and LFP (buspirone: F (4, 56) = 1.249, p 

> 0.05 and lesion: F (2, 14) = 1.178, p > 0.05; RM two-way ANOVA; Fig. 4.12F). 

 

Finally, we investigated the effect of systemic 8-OH-DPAT on the oscillatory 

activity and coherence in the sham group (n = 5), 6-OHDA group (n = 5) and, 6-OHDA 

L-DOPA group (n = 6). As it is shown in Figure 4.11E, 8-OH-DPAT administration did 

not modify the AUC of the ECoG power spectrum (8-OH-DPAT: F (4, 52) = 2.008 p > 0.05 

and lesion: F (2, 13) = 1.767, p > 0.05). However, 8-OH-DPAT significant reduced AUC 

values of LFP in the 6-OHDA L-DOPA group (8-OH-DPAT: F (4, 52) = 2.158, p > 0.05 

and lesion: F (2, 13) = 8.224, p < 0.01; RM two-way ANOVA; Fig. 4.11F). On the other 

hand, the analysis of coherence revealed that 8-OH-DPAT did not cause any effect on 

synchronization between ECoG and EP spikes (F (4, 52) = 1.743, p > 0.05 and lesion: F (2, 

13) = 2.713, p > 0.05; RM two-way ANOVA; Fig. 4.12G). In contrast 8-OH-DPAT 

significant reduced the AUC values of the coherence between LFP and EP spikes in 6-

OHDA L-DOPA group (8-OH-DPAT: F (4, 52) = 4.013, p < 0.01 and lesion: F (2, 13) = 7.428, 

p < 0.01; RM two-way ANOVA; Fig. 4.12H). Finally, 8-OH-DPAT also failed to modify 

the coherence between ECoG and LFP (8-OH-DPAT: F (4, 52) = 0.7439, p > 0.05 and 

lesion: F (2, 13) = 2.03 p > 0.05; RM two-way ANOVA; Fig. 4.12I). 
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Figure 4.11. Effect of systemic administration of buspirone and 8-OH-DPAT on the power 
spectra of the local field potential of entopeduncular nucleus and the motor cortex in the 
low oscillatory frequency range (0–5 Hz). Power spectra and AUC values obtained from the 
ECoG (A) and EP-LFP (B) in the sham (n = 15), 6-OHDA (n = 16) and 6-OHDA L-DOPA (n = 
17) animals. Effect of increasing doses of buspirone administration (0.6125 – 5 mg/kg, i.v.) on 
the AUC of the power spectrum of the ECoG (C) and EP-LFP (D) in the sham (n = 5), 6-OHDA 
(n = 6) and 6-OHDA L-DOPA (n = 6). Effect of increasing doses of 8-OH-DPAT administration 
(20 – 160 µg/kg, i.v.) on the AUC of the power spectrum of the ECoG (E) and the EP-LFP (F) 
obtained from the three experimental groups, sham (n = 5), 6-OHDA (n = 5) and 6-OHDA L-
DOPA (n = 6). Data are expressed as mean ± S.E.M. &p < 0.05 vs sham (One-way ANOVA), *p 
< 0.05, **p < 0.01 and ***p < 0.01 vs sham and #p < 0.05, and ###p < 0.001 vs baseline (RM two-
way ANOVA followed by Bonferroni´s post-hoc test).  
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Figure 4.12. Effect of systemic administration of buspirone and 8-OH-DPAT on 
entopeduncular nucleus spikes, the local field potential of entopeduncular nucleus and 
motor cortex coherences in the low frequency range (0–5 Hz). Coherence power spectra 
between the ECoG and EP spikes simultaneously recorded in the sham (n = 15), 6-OHDA (n = 
16), and 6-OHDA L-DOPA (n = 17) groups. Area under the curve (AUC) value obtained from 
coherence between the ECoG and EP spikes (A) and AUC values obtained from LFP-EP spikes 
coherence curves (B) were augmented in the 6-OHDA L-DOPA group. AUC values obtained 
from ECoG/EP-LFP coherence curves showed no differences (C). Acute doses of buspirone 
administration (0.6125 – 5 mg/kg, i.v.) did not modify the synchronization between ECoG and 
EP spikes (D). Buspirone administration increased the synchronization between EP-LFP and EP 
spikes (E). In contrast, no effect was observed between ECoG and EP-LFP (F) in sham (n = 5), 
6-OHDA (n = 6) and 6-OHDA L-DOPA (n = 6). 8-OH-DPAT administration (20 – 160 µg/kg, 
i.v.) did not modify was the synchronization between ECoG and EP spikes (G). 8-OH-DPAT 
modified the synchronization between LFP and EP spikes (H) in 6-OHDA L-DOPA group. No 
effect was observed between ECoG and LFP (I) were observed in the sham (n = 5), 6-OHDA (n 
= 5) and 6-OHDA L-DOPA groups (n = 6). Data are expressed as mean ± S.E.M. &p < 0.05 vs 
sham (One-way ANOVA), and *p < 0.05 vs sham (RM two-way ANOVA followed by 
Bonferroni´s post-hoc test). 
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4.2.3. Effect of subthalamic optoillumination on subthalamic and entopeduncular 

neuron activity 

 

To investigate the impact of STN stimulation on STN and EP neuron activity and 

its modulation by buspirone, we performed optical stimulation after AAV-hSyn-

hChR2(H134R)-EYPF injection into the STN (from here ChR2-EYFP). First we carried 

out simultaneously 465-nm blue light stimulation and single-unit extracellular recordings 

of STN neurons in anaesthetised rats between 4 or 6 weeks after viral injection. Only 

animals that showed a stimulatory response in most recorded neurons were included in 

this study. After the electrophysiological experiment, histological verification was done 

to confirm the correct viral transfection and corresponding ChR2 overexpression in the 

STN (Fig. 4.13A). Before implantation the optic fiber a V-W calibrated curve was 

performed. (Fig. 4.13B).  

 

 A total of 40 STN neurons were recorded in 6 animals (5 – 9 neurons per animal) 

before and during light stimulation using three different protocols; continuous pulses (1s-

duration at ~ 5.5 mW-intensity or 0.5s-duration at ~ 14 mW-intensity) and trains of light 

pulses (25Hz-frequency, 0.5s-duration at ~ 14 mW-intensity) (Fig. 4.13C-G). Regardless 

the protocols, light stimulation excited 35 STN neurons (87.5%) In average, during the 

first protocol STN neuron firing rate passed from 10.95 ± 2.29 Hz to 62.2 ± 46.3 Hz (Fig. 

4.13D), during the second from 12.2 ± 1.57 Hz to 61.2 ± 14.5 Hz (Fig. 4.13F) and during 

the third (the train of light pulses) from 13.0 ± 1.9 Hz to 39.9 ± 10.5 Hz (Fig. 4.13H) 

(two-tailed paired Student´s t-test, p < 0.05). 

 

Next, we carried out single-unit extracellullar recordings of EP neurons before and 

during optical stimulation through the fiber positioned in the STN, in basal conditions 

and after buspirone administration (4 mg/kg, i.p.). As mentioned above, light stimulation 

protocols were applied on the STN causing similar effect in both situations. There was an 

increment in the EP firing rate of 26 neurons from 36 neurons (72.2%), and in 19 neurons 

from 24 neurons (79.2%) in basal conditions and after buspirone administration. As it 

shown in Figure 4.14A-F, firing rate was significantly higher during the STN 

optoillumination with either protocol compared to the basal firing. In average, during the 

first protocol EP firing rate passed from 25.24 ± 4.9 Hz to 53.6 ± 43.4 Hz, during the 

second protocol it passed from 25.9 ± 3.7 Hz to 55.8 ± 6.3 Hz and during the last protocol, 
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it passed from 24.98 ± 4.1 Hz to 55.8 ± 6.3 Hz. Furthermore, RM two-way ANOVA 

revealed that buspirone administration did not modify the intensity of the response to 

STN stimulation (blue light: F (1, 7) = 25.18, p < 0.01 and buspirone: F (1, 7) = 0.01, p > 

0.05 for the first protocol; blue light: F (1, 7) = 32, p < 0.001 and buspirone: F (1, 7) = 0.65, 

p > 0.05 for the second and blue light: F (1, 5) = 13.85, p < 0.01 and buspirone: F (1, 7) = 

0.757, p > 0.05 for the last protocol). 
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Figure 4.13. Optostimulation induced of subthalamic neurons expressing 
channelrhodopsin-2. Coronal section (left) showing ChR2‐eYFP-H134R expression in the STN 
of the injected hemisphere. (A). Standard curve generated from the calibration of LED 
illumination at the beginning of the experiments (B). Peristimulus histograms were constructed 
to show the STN firing rate before and after local optical stimulation with 465-nm blue-light 
pulses (highlighted area). Peristimulus histogram shows the effect of light pulse (1 ms, ~5.5 mW) 
on the firing rate of STN neurons (C). Bars with averaged plots represents the mean firing rate 
value of STN (white) and the response to local illumination (highlighted area) (D). Peristimulus 
histogram shows the effect of light pulse (0.5 ms, ~14 mW) on the firing of STN neurons (E). 
Bars with averaged plots represents the mean firing rate value of STN neuron (white) and the 
response induced by local illumination (highlighted area) (F). Peristimulus histogram shows the 
effect of trains of light pulses (40 ms, at 25 Hz, ~14 mW) on the firing of STN neurons (G). Bars 
with averaged plots represents the mean firing rate value of STN (white) and the response induced 
by local illumination (highlighted area) (H). Data are represented as mean ± S.E.M. from n = 6 
rats. #p < 0.05 vs light off (two-tailed paired Student´s t-test). 
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Figure 4.14. Subthalamic optostimulation increased entopenducular neuron firing 
frequency. Peristimulus histograms showing changes in EP firing frequency during STN 
stimulation with 465nm blue light pulses. Three stimulation protocols were used; continuous 1-
5.5mW (A), 0.5s-14mW (C) and 25 Hz train-14mW (E) pulses. Note that buspirone 
administration did not modify the type of response in the EP induced by STN optoillumination. 
Corresponding bar histogram representing the mean firing rate value of EP neuron (B, D, F) in 
response to light stimulation and buspirone administration. Bars with averaged plots represents 
the mean firing rate value of EP neurons (blue) and when buspirone was administered (red), and 
the responses to STN stimulation (highlighted areas). Data are represented as mean ± S.E.M. from 
n = 8 rats. *p < 0.05, **p < 0.01 and ***p < 0.001 vs blue light illumination (RM two-way 
ANOVA followed by Bonferroni´s post hoc test).
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4.3. STUDY III: EFFECT OF BUSPIRONE ON CORTICO-NIGRAL AN D 

CORTICO-ENTOPEDUNCULAR TRANSMISSION IN SHAM AND 

6-HYDROXYDOPAMINE-LESIONED RATS 

 

4.3.1. Spontaneous discharge and cortically evoked responses of the substantia 

nigra pars reticulata neurons from sensorimotor circuit in sham and 6-

hydroxydopamine-lesioned rats 

 

A total of 96 SNr GABAergic neurons responding to motor cortex stimulation were 

recorded in 28 anaesthetised rats; 52 SNr neurons from the sham group (n = 15) and 44 

SNr neurons from the 6-OHDA group (n = 13). All recorded cells displayed a narrow 

spike waveform and a relatively high firing rate with a regular pattern of discharge as 

reported in the Study I. As described in section 4.1.1, SNr neurons responding to motor 

cortex stimulation had similar firing frequencies in sham and 6-OHDA-lesioned rats 

(two-tailed unpaired Student´s t-test, p < 0.05), and higher CV and increased number of 

bursty neurons in the latter group (p < 0.001, two-tailed unpaired Student´s t-test, and 

Fisher´s exact test, p < 0.05 respectively). The mean values ± S.E.M. of the firing rate 

and firing pattern parameters are shown in Table 4.7. 

 

Table 4.7. Firing properties of substantia nigra pars reticulata neurons from the 

sensorimotor circuit in sham and 6-hydroxydopamine-lesioned rats.  
 

Sham (n = 15) 6-OHDA (n = 13) 
Firing rate (Hz) 22.9 ± 1.5 25.9 ± 2.3 
CV (%)  35.5 ± 3.3 60.4 ± 3.9*** 
Neurons exhibiting burst firing 
pattern (%)  

38 70.5### 

Number of bursts 7.0 ± 1.1 13.3 ± 3.0$ 
Duration of burst (ms) 1.2 ± 0.4 0.78 ± 0.1 
Nº spikes/burst 36.6 ± 12.2 23.6 ± 4.2 
Recurrence of burst (nº burst/min) 5.4 ± 0.8 8.0 ± 1.8$ 
Intraburst frequency (spike/s) 48.7 ± 4.2 42.5 ± 5.7 

 
Data from the firing rate, the CV and burst related parameters are expressed as mean ± S.E.M. of 
n rats. ***p < 0.001 vs sham (Two‐tailed unpaired Student's t test), ###p < 0.001 vs sham (Fisher´s 
exact test), and &p < 0.05 (Mann–Whitney rank sum test for burst parameters). 
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According to previous publications (Aliane et al., 2009; Antonazzo et al., 2019; Beyeler 

et al., 2010; Degos et al., 2005), stimulation of the motor cortex evoked three different 

patterns of responses in a population of SNr neurons (Table 4.8): (1) monophasic 

response (early excitation, inhibition or late excitation) (Fig. 4.15A), (2) a biphasic 

response (combination of monophasic responses) (Fig. 4.15B), and (3) a triphasic 

response that consisted of an early excitation, followed by an inhibition and a late 

excitation (Fig. 4.15C). The early excitation involves the activation of the “hyperdirect” 

pathway or cortico‐subthalamo‐nigral pathway, the inhibition involves the activation of 

the “direct” pathway or cortico‐striato‐nigral pathway and the late excitation involves the 

activation of the “indirect” pathway or cortico‐striato‐pallido‐subthalamo‐nigral 

pathway. The percentage of occurrence of these different patterns is shown in Figure 

4.15D. While less SNr neurons exhibited monophasic response consisting of early 

excitation, a higher percentage of biphasic response consisting of an early excitation and 

late excitation pattern was observed in the 6-OHDA group (p < 0.05, Fisher´s exact test).  

 

Table 4.8. Electrophysiological characteristics of the responses evoked in substantia 

nigra pars reticulata neurons after cortical stimulation in sham and 6-

hydroxydopamine-lesioned rats. 
 

Sham (n = 15) 6-OHDA (n = 13) 
Nº of responded neurons/ Nº 
tested neurons 

52/80 (65%) 44/56 (79%) 

Early Excitation  
  

Latency (ms) 6.5 ± 0.6 6.9 ± 0.9 
Duration (ms) 4.3 ± 0.3 4.5 ± 0.3 
Amplitude  15.8 ± 1.4 15.9 ± 1.5 

Inhibition  
  

Latency (ms) 15.1 ± 1.3 14.2 ± 0.8 
Duration (ms) 7.0 ± 1.0 7.9 ± 0.9 

Late Excitation 
  

Latency (ms) 25.8 ± 0.9 24.0 ± 1.0 
Duration (ms) 6.6 ± 0.6 5.9 ± 0.5 
Amplitude  11.6 ± 1.0 11.6 ± 1.0 

 
Data is expressed as mean ± S.E.M. of n rats.  
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The parameters defining each response as the latency of appearance, duration of the each 

component and the amplitude of the excitations were not altered by the 6-OHDA lesion 

(p > 0.05, two-tailed unpaired Student's t test; Table 4.8). 

 

 
Figure 4.15. Patterns of responses evoked in substantia nigra pars reticulata neurons by 
motor cortex stimulation. Raster plot and peristimulus time histogram showing a representative 
example of a monophasic response evoked in a SNr neuron from the sham group (A). Raster plot 
and peristimulus time histogram showing a representative example of a biphasic response evoked 
in a SNr neuron of 6-OHDA group (B). Raster plot and peristimulus time histogram showing a 
representative example of a triphasic response in a SNr neuron from the 6-OHDA-lesioned group 
(C). Percentage of occurrence of the different patterns of responses evoked (D). EE: early 
excitation (sham: n = 42; 6-OHDA: n = 41); I: inhibition (sham: n = 18; 6-OHDA: n = 16); LE: 
late excitation (sham: n = 22; 6-OHDA: n = 28). Data are expressed as percentage. $p < 0.05 
(Fisher's exact test). 
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4.3.2. Spontaneous discharge and cortically evoked responses of the 

entopeduncular neurons from sensorimotor circuit in sham and 6-

hydroxydopamine-lesioned rats 

 

In the EP we recorded a total of 90 GABAergic neurons that responded to motor 

cortex stimulation; 46 EP neurons from the sham group (n = 14) and 44 EP neurons from 

the 6-OHDA group (n = 12). All recorded EP cells displayed biphasic waveform with 

short wide-duration action potentials of 0.8-0.9 s as reported in the Study II. As described 

in section 4.2.1, EP neurons that responded to motor cortex stimulation showed higher 

firing frequency (two-tailed unpaired Student´s t-test, p < 0.001,) and higher CV (two-

tailed unpaired Student´s t-test, p < 0.05) in the 6-OHDA-lesioned group. In addition, the 

6-OHDA-lesioned group presented a larger percentage of EP neurons exhibiting bursting 

discharge in comparison to sham group (p < 0.05, Fisher´s exact test). The mean values 

± S.E.M. of the firing rate and firing pattern parameters are shown in Table 4.9. 

 

Table 4.9. Firing properties of entopeduncular neurons from the sensorimotor 

circuit in sham and 6-hydroxydopamine-lesioned rats. 
 

Sham (n = 14) 6-OHDA (n = 11) 
Firing rate (Hz) 17.5 ± 1.8 25.6 ± 1.9** 
CV (%)  52.5 ± 3.7 66.6 ± 5.5* 
Neurons exhibiting burst 
firing pattern (%)  65.2 81.8## 

Number of bursts 27.9 ± 6.0  15.3 ± 4.5$ 
Duration of burst (ms) 2.0 ± 1.0 1.0 ± 0.3 
Nº spikes/burst 18.3 ± 5.0 28.4 ± 16.2 
Recurrence of burst 
 (nº burst/min) 

18.5 ± 3.5 10.0 ± 2.7$ 

Intraburst frequency (spike/s) 50.1 ± 8.3 47.5 ± 2.1 
 

Data from the firing rate, the CV and burst related parameters are expressed as mean ± S.E.M. of 
n rats. *p < 0.05, **p < 0.01 vs sham (Two‐tailed unpaired Student's t test), ##p < 0.01 vs sham 
(Fisher´s exact test for burst firing pattern) and $p < 0.05 (Mann–Whitney rank sum test for burst 
parameters). 
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In agreement with Chiken et al. (2015), motor cortex stimulation evoked three 

different patterns of responses in a population of EP neurons: (1) monophasic (early 

excitation, inhibition or late excitation) (Fig. 4.16A), (2) a biphasic response 

(combination of monophasic responses) (Fig. 4.16B), or (3) triphasic response (Fig. 

4.16C) which is attributed to the activation of the different pathways along the 

sensorimotor cortical-BG circuit as explained above for the SNr. The early excitation 

involves the activation of the “hyperdirect” pathway or cortico‐subthalamo‐

entopeduncular pathway, the inhibition involves the activation of the “direct” pathway or 

cortico‐striato‐entopeduncular pathway and the late excitation involves the activation of 

the “indirect” pathway or cortico‐striato‐pallido‐subthalamo‐entopeduncular pathway. 

The proportion of each pattern of response (p > 0.05, Fisher´s exact test; Fig. 4.16D) and 

parameters of each component were not altered after the 6-OHDA-lesion (p > 0.05, two-

tailed unpaired Student's t test; Table 4.10).  

 

Table 4.10. Electrophysiological characteristics of the responses evoked in 

entopeduncular neurons after cortical stimulation in sham and 6-

hydroxydopamine- lesioned rats. 

Parameters Sham (n = 14) 6-OHDA (n = 11) 
Nº of responded neurons/ Nº 
tested neurons 46/104 (44%) 44/65 (68%) 

Early Excitation    

Latency (ms) 6.4 ± 0.7 7.2 ± 0.8 
Duration (ms) 4.2 ± 0.3 4.3 ± 0.3 
Amplitude  18.2 ± 1.7 14.3 ± 1.9 

Inhibition  
  

Latency (ms) 16.5 ± 1.1 14.6 ± 1.1 
Duration (ms) 6.5 ± 1.0 5.9 ± 0.5 

Late Excitation 
  

Latency (ms) 24.9 ± 1.1 23.0 ± 0.9 
Duration (ms) 6.1 ± 0.8 5.8 ± 0.6 
Amplitude  11.6 ± 1.4 13.0 ± 0.9 

 

Data is expressed as mean per animal value ± S.E.M. of n rats.  
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Figure 4.16. Patterns of responses evoked in entopeduncular neurons by motor cortex 
stimulation. Raster plot and peristimulus time histogram showing a representative example of a 
monophasic response evoked in an EP neuron from the sham group (A). Raster plot and 
peristimulus time histogram showing a representative example of a biphasic response evoked in 
an EP neuron of sham group (B). Raster plot and peristimulus time histogram showing a 
representative example of a triphasic response in an EP neuron from the 6-OHDA group (C). 
Percentage of occurrence of the different patterns of responses evoked (D). EE: early excitation 
(sham: n = 37; 6-OHDA: n = 33); I: inhibition (sham: n = 24; 6-OHDA: n = 16); LE: late excitation 
(sham: n = 29; 6-OHDA: n = 26). Data are expressed as percentage.  
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4.3.3. Effect of buspirone on cortically evoked activity in the substantia nigra pars 

reticulata neurons in sham and 6-hydroxydopamine-lesioned rats 

 

We also studied the effect of buspirone on sensorimotor cortical evoked responses 

in SNr cells from sham (n = 14) and 6-OHDA-lesioned (n = 12) rats. To minimize any 

effect on basal parameters two low doses of buspirone (0.6125 and 1.25 mg/kg, i.v.) were 

administered. The doses of buspirone did not modify the basal firing rate (buspirone: F (2, 

52) = 0.2636, p > 0.05 and lesion: F (1, 26) = 0.09252, p > 0.05 RM two-way ANOVA) 

neither the CV (buspirone: F (2, 52) = 0.6556, p > 0.05 and lesion: F (1, 26) = 10.31, p < 0.01; 

RM two-way ANOVA) and caused little effect on burst activity (p < 0.05, Fisher´s exact 

test). Posterior WAY-100635 administration (0.5 mg/kg, i.v.) did not cause any effect on 

SNr neuron activity in both groups (two-tailed paired Student´s t test, p > 0.05; Table 

4.11).  

 

The analysis of the parameters of all evoked responses before and after buspirone 

administration shows that systemic administration of 1.25 mg/kg but not the lowest dose 

modified the transmission of cortical information through the hyperdirect pathway only 

in the 6-OHDA group (Figure 4.17). The mean amplitude of early excitatory component 

of the response was significantly higher after drug administration in the 6-OHDA group 

(buspirone: F (2, 50) = 3.761, p < 0.05 and lesion: F (1, 25) = 0.7174, p > 0.05 RM two-way 

ANOVA). This effect was reverted by the systemic administration of the 5-HT1A receptor 

antagonist, WAY-100635 (two-tailed paired Student´s t test, p < 0.01). The rest of the 

parameters of the early excitatory component of the response were unchanged.  

 

The effect of buspirone (0.6125 and 1.25 mg/kg) on the transmission of 

sensorimotor cortical information through the direct pathway also differed between sham 

and 6-OHDA group. While buspirone significantly enhanced the duration of the 

inhibitory component of the evoked response in cells from sham rats this effect was not 

observed the 6-OHDA group (buspirone: F (2, 30) = 16.74, p < 0.001 and lesion: F (1, 15) = 

2.082, p > 0.05, RM two-way ANOVA). Besides, WAY-100635 administration reverted 

the effect induced by buspirone (two-tailed paired Student´s t test, p < 0.001). The rest of 

parameters of the inhibitory component of the response were unchanged. 
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Table 4.11. Effect of buspirone on firing properties of substantia nigra pars 

reticulata neurons in sham and 6-hydroxydopamine-lesioned rats. 

  
Basal 

Buspirone (mg/kg) WAY 
(mg/kg) 

  0.6125 1.25 0.5 

S
ha

m
 (

n 
=

 1
2)

 

Firing rate (Hz) 27.4 ± 2.3 26.7 ± 2.8 27.0 ± 2.4 25.0 ± 2.6 

CV (%) 30.8 ± 3.6 39.3 ± 5.6 39.1 ± 4.1 38.5 ± 4.7 

Neurons exhibiting 
burst firing 
pattern (%) 

40 60&&  50 70&&  

Number of bursts 3.1 ± 1.8 6.5 ± 3 5.3 ± 3.2 3.9 ± 1.2 

Duration of burst 
(ms) 

0.8 ± 0.5 1.2 ± 0.75 1.4 ± 1.1 1.5 ± 1.1 

Nº spikes/burst 23.4 ± 14.2 27.1 ± 14.7 49.3 ± 44.6 46.7 ± 28.7 

Recurrence of 
burst (nº 
burst/min) 

2.1 ± 1.2 4.3 ± 1.9 3.6 ± 2.2 2.9 ± 0.8 

Intraburst 
frequency (spike/s) 

31.6 ± 11.0 40.1 +10.9 41.2 ± 18.1 49.0 ± 11.6 

6-
O

H
D

A
 (

n 
=

 1
2)

 

Firing (Hz) 27.6 ± 2.8 25.6 ± 3.6 25.0 ± 3.4 22.3 ± 2.6 

CV (%) 57.9 ± 4.5** 56.40 ± 6.7 57.35 ± 7.9 49.8 ± 7.5 

Neurons exhibiting 
burst firing 
pattern (%) 

76.9### 92.3&&  81.8 75 

Number of bursts 9.9 ± 4.1 11.9 ± 4.7 17.1 ± 6.3 12.7 ± 5.2 

Duration of burst 
(ms) 

0.5 ± 0.1 0.8 ± 0.3 0.6 ± 0.1 0.4 ± 0.1 

Nº spikes/burst 14.9 ± 4.7 20.8 ± 6.1 13.9 ± 4.4 9.9 ± 2.4 

Recurrence of 
burst (nº 
burst/min) 

6.4 ± 2.6 9.3 ± 4.1 13.9 ± 4.4 10.6 ± 5.0 

Intraburst 
frequency (spike/s) 

41.5 ± 9.6 52.7 ± 9.7 41.0 ± 7.7 43.4 ± 10.3 

 

Data is expressed as mean ± S.E.M. **p < 0.01 vs sham (RM two-way ANOVA followed by 
Bonferroni´s posthoc test), and Fisher´s exact test, && p < 0.01 vs baseline and ###p < 0.001 vs 
sham. 
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Figure 4.17. Effect of the systemic administration of buspirone on sensorimotor cortico-
nigral information.  Representation of characteristic parameters related to cortically‐evoked 
responses (latency, duration, and amplitude of the responses). On the top, the latency, duration 
and amplitude of the early excitatory component (sham n = 11; 6-OHDA n = 13). In the middle, 
the latency and duration of the inhibitory component (sham n = 7; 6-OHDA n = 8). On the bottom, 
the latency, duration and amplitude of the late excitatory component (sham n = 10; 6-OHDA n = 
9). Note that buspirone enhanced the duration of inhibition in the sham group and delayed the 
latency of late excitation. Each bar represents the mean ± S.E.M. Each dot represents the value 
from one neuron before and after buspirone (0.6125 and 1.25 mg/kg, i.v.) and WAY-100635 (0.5 
mg/kg).*p < 0.05, **p < 0.01 and ***p < 0.001 vs respective sham (RM two-way ANOVA 
followed by Bonferroni´s post hoc test); && p < 0.01 and &&& p < 0.001 WAY-100635 (0.5 mg/kg) 
administration vs buspirone (0.6125 mg/kg) administration and ##p < 0.01 and ###p < 0.001 WAY-
100635 (0.5 mg/kg) administration vs buspirone (1.25 mg/kg) administration (two-tailed paired 
Student´s t test). 
 

Finally, buspirone failed to modify the sensorimotor cortical information through 

the indirect pathway. Thus, as described in Figure 4.17, only the latency of the late 

excitation was significantly higher in the sham group after buspirone administration 

(buspirone: F (2, 40) = 7.40, p < 0.01 and lesion: F (1, 20) = 9.169, p < 0.01, RM two-way 

ANOVA) what was reverted by WAY-100635 (two-tailed paired Student´s t test, p < 

0.001). However, this change may be due to the longer duration of inhibitory response 

observed after buspirone administration in sham rats. 
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4.3.4. Effect of buspirone on cortically evoked activity in the entopeduncular 

nucleus neurons in sham and 6-hydroxydopamine-lesioned rats 

 

Finally, the effect of buspirone on sensorimotor cortico-entopeduncular 

transmission was studied. Although we chose a low dose of buspirone (0.6125 mg/kg), 

this dose caused a decrease in the firing rate (buspirone: F (1, 20) = 8.035, p < 0.01 and 

lesion: F (1, 20) = 9.67, p < 0.01, RM two-way ANOVA) and an increase the CV of EP 

neurons (buspirone: F (1, 20) = 0.129, p > 0.05 and lesion: F (1, 20) = 1.717, p > 0.05 RM 

two-way ANOVA) in the sham group. WAY-100635 partially reverted buspirone (two-

tailed paired Student´s t test, p < 0.05). Table 4.12 summaries all electrophysiological 

parameters before and after buspirone.  

 

The analysis of the parameters of the evoked responses show that the transmission 

of sensorimotor cortical information through the hyperdirect pathway was not modulated 

by buspirone administration in any of experimental groups (Figure 4.18). Thus, all the 

parameters of the early excitatory component of the response remained unaltered after 

buspirone administration. 

 

Buspirone modulated the sensorimotor cortical transmission through the direct 

pathway in the sham group. Thus, there was an increment in the duration of the inhibitory 

component (buspirone: F (1, 12) = 37.92, p < 0.001 and lesion: F (1, 12) = 1.943, p > 0.05, 

RM two-way ANOVA) and anticipated latency (buspirone: F (1, 12) = 5.991, p < 0.05 and 

lesion: F (1, 12) = 0.034, p > 0.05, RM two-way ANOVA) in EP neurons recorded from the 

sham group. No changes were seen in the 6-OHDA-lesioned group. Posterior WAY-

100635 administration reverted the effect induced by buspirone (two-tailed paired 

Student´s t test, p < 0.05,). 

 

Finally, buspirone also modified the sensorimotor cortical information through the 

indirect pathway. As seen in Figure 4.18, only in the sham group the duration of the late 

excitation was significantly higher after buspirone administration (buspirone: F (1, 16) = 

6.439, p < 0.05 and lesion: F (1, 16) = 0.063, p > 0.05; RM two-way ANOVA) while 

amplitude was significantly reduced (buspirone: F (1, 16) = 6.644, p < 0.05 and lesion: F (1, 

16) = 2.122, p > 0.05; RM two-way ANOVA). Posterior WAY-100635 administration 

reverted the effect induced by buspirone (two-tailed paired Student´s t test, p < 0.05). 
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Table 4.12. Effect of buspirone on firing properties of entopeduncular neurons in 

sham and 6-hydroxydopamine-lesioned rats. 
  

Basal 

Buspirone 
(mg/kg) 

WAY 
(mg/kg) 

  0.6125 0.5 

S
ha

m
 (

n 
=

 1
2)

 

Firing rate (Hz) 20.39 ± 2.6 11.8 ± 2.2* 19.9 ± 3.6 

CV (%) 49.4 ± 7.7 64.9 ± 9.6* 52.4 ± 9.9 

Neurons exhibiting burst 
firing pattern (%) 

75 66.7 63.6 

Number of bursts 29.4 ± 13.7 10.1 ± 3.1 7.7 ± 2.9 

Duration of burst (ms) 0.4 ± 0.1 0.7 ± 0.2 0.7 ± 0.3 

Nº spikes/burst 12.6 ± 3.1 12.7 ± 3.2 7.6 ± 3.2 

Recurrence of burst (nº 
burst/min) 

19.7 ± 7.9 7.0 ± 1.9 4.9 ± 1.4 

Intraburst frequency 
(spike/s) 

45.1 ± 11.5  36.2 ± 10.1 27.2 ± 11.7 

6-
O

H
D

A
 (

n 
=

 9
) 

Firing rate (Hz) 27.8 ± 3.4 24.9 ± 2.8 21.3 ± 3.5 

CV (%) 54.8 ± 6.2 36.6 ± 4.4 48.8 ± 8.3 

Neurons exhibiting burst 
firing pattern (%) 

88.9## 55.6&&  77.8& 

Number of bursts 9.2 ± 5.4 3.8 ± 1.9 8 ± 4.2 

Duration of burst (ms) 0.6 ± 0.3 0.2 ± 0.1 1.5 ± 1.2 

Nº spikes/burst 25.6 ± 18.3 4.8 ± 1.8 9.7 ± 2.9 

Recurrence of burst (nº 
burst/min) 

5.1 ± 2.7 2.4 ± 1.1 5.9 ± 2.9 

Intraburst frequency 
(spike/s) 

55.9 ± 12.6 32.0 ± 10.8 35.9 ± 7.3 

 

Data is expressed as mean ± S.E.M. *p < 0.05 vs baseline (RM two-way ANOVA followed by 
Bonferroni´s posthoc test), and &p < 0.05 and && p < 0.01 vs baseline and ##p < 0.01 vs sham 
(Fisher´s exact test). 
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Figure 4.18. Effect of the systemic administration of buspirone on sensorimotor cortico-
entopeduncular information. Representation of characteristic parameters related to cortically‐

evoked responses (latency, duration, and amplitude of the responses). On the top, parameters of 
the early excitatory component (sham n = 11; 6-OHDA n = 8). In the middle, parameters of the 
inhibitory component (sham n = 7; 6-OHDA n = 6). On the bottom, parameters of the late 
excitatory component (sham n = 10; 6-OHDA n = 8). Note that buspirone enhanced the duration 
of inhibition and late excitation in the sham group. Each bar represents the mean ± S.E.M. of n 
rats. Each dot represents the value from one neuron before and after buspirone (0.6125 mg/kg, 
i.v.) and WAY-100635 (0.5 mg/kg).*p < 0.05, **p < 0.01 and ***p < 0.001 vs respective sham 
(RM two-way ANOVA followed by Bonferroni´s post hoc test) and &p < 0.05 WAY-100635 (0.5 
mg/kg) administration vs buspirone administration (0.6125 mg/kg).
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4.4. STUDY IV: SEROTONIN TRANSPORTER, 5-HT 1A RECEPTOR 

EXPRESSION AND CYTOCHROME C OXIDASE ACTIVITY IN 

THE BASAL GANGLIA NUCLEI AND DORSAL RAPHE NUCLEUS 

IN SHAM, 6-HYDROXYDOPAMINE-LESIONED AND LONG-

TERM L-DOPA TREATED 6-HYDROXYDOPAMINE-LESIONED 

RATS 

 

4.4.1. Serotonin transporter and 5-HT1A immunoreactivity expression in the basal 

ganglia and the dorsal raphe nucleus 

 

In order to investigate the mechanism involved in the observed changes produced 

by buspirone on the BG output nuclei after 6-OHDA lesion and long-term L-DOPA 

treatment, we evaluated SERT and 5-HT1A immunoreactivity in the BG nuclei and the 

DRN in the three experimental groups (sham n = 7, 6-OHDA n = 7, and 6-OHDA L-

DOPA n = 6 animals). The areas of interest were delimited according to Paxinos and 

Watson´s Rat Brain Atlas and Nissl staining images (Fig. 4.19A and B). Figures 4.19C 

and D show an example of SERT, 5-HT1A receptor immunostaining in the coronal 

sections used for IOD quantification. Changes in the ratio between the immunoreactivity 

of the ipsilateral vs contralateral hemisphere was compared between the three 

experimental groups. Detailed statistical results belonging to this study are shown in 

ANNEX I. 

 

The average IOD for SERT or 5-HT1A receptor immunoreactivity was decreased in 

the dorsal striatum nuclei of the lesioned hemisphere: dorsal striatum in the 6-OHDA 

groups (Fig. 4.20A and 4.21A, respectively). No effect was observed in the ventral 

striatum (Acc) in both 6-OHDA and 6-OHDA L-DOPA groups (Fig. 4.20B and 4.21B, 

respectively). In the GPe, SERT expression was unchanged in the 6-OHDA group and 

decreased in the 6-OHDA L-DOPA group (Fig. 4.20C). Decreased 5-HT1A receptor 

expression was found in both 6-OHDA and 6-OHDA L-DOPA groups (Fig. 4.21C). On 

the other hand, in the EP, SERT and 5-HT1A receptor immunoreactivity was unchanged 

in the 6-OHDA group but it was decreased in the 6-OHDA L-DOPA group (Fig. 4.20D 

and 4.21D, respectively). In the STN, SERT immunoreactivity was unchanged in both 6-

OHDA groups (Fig. 4.20E) and 5-HT1A receptor immunoreactivity was decreased in the 
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6-OHDA L-DOPA group (Fig. 4.21E). In the SN, SERT and 5-HT1A receptor 

immunoreactivity was unchanged in the 6-OHDA group. By contrast, an increased SERT 

and a decreased 5-HT1A receptor immunoreactivity were found in the 6-OHDA L-DOPA 

group (Fig. 4.20F and 4.21F). 

 

Finally, since the DRN is the main serotonergic nucleus in the brain, SERT and 5-

HT1A immunoreactivity was studied in the dorsal, ventral and lateral regions (DRD, DRV 

and DRL, respectively). Reduced SERT expression was observed in the DRD and DRL 

in both 6-OHDA and 6-OHDA L-DOPA groups (Fig. 4.20G and I , respectively). In the 

DRV, a reduced SERT expression was only observed in the 6-OHDA L-DOPA group 

(Fig. 4.20H). Conversely, 5-HT1A receptor expression in the DRD, DRV and DRL was 

unchanged in the 6-OHDA group and moderate reduced in the 6-OHDA L-DOPA group 

(Fig. 4.21G-I). To sum up, slight reduction of SERT and 5-HT1A expression was seen in 

some nuclei from the BG and DRN in 6-OHDA-lesioned rats. This reduction was more 

consistently observed in the majority of BG and DRN after the treatment with L-DOPA. 
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Figure 4.19. Illustration of the coronal sections used in the histological evaluation of the 
basal ganglia nuclei and dorsal raphe nucleus. Representative coronal sections of the BG nuclei 
and the dorsal raphe nucleus (DRN) with the delimited regions from ipsilateral (IL) and 
contralateral (CL) hemispheres adapted from Paxinos and Watson, 1997 (A). Representative brain 
coronal slices of the BG nuclei and the DRN in Nissl staining (B). Examples of coronal sections 
for SERT immunostaining from a sham animal (C). Examples of coronal sections for 5-HT1A 
receptor immunostaining from a sham animal (D). Examples of coronal sections for cytochrome 
c oxidase (COX) staining from a sham animal (E). From the left to the right we can find the 
following nuclei, AP = +1.3 mm: the striatum and nucleus accumbens (Acc); AP = -2.3 mm: the 
external globus pallidus (GPe) and in the entopeduncular nucleus (EP); AP = -3.6 mm: 
subthalamic nucleus (STN); AP = -5.9 mm; the substantia nigra (SN) AP = -7.2 mm, the raphe 
nucleus divided in the dorsal (DRD), ventral (DRV) and lateral (DRL) regions (relative to 
bregma). Scale bar = 1 mm. 
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Figure 4.20. Serotonin transporter immunoreactivity in the basal ganglia and dorsal raphe 
nucleus. The IOD of SERT was expressed on the ratio between ipsilateral (IL) and contralateral 
(CL) hemispheres in the three experimental groups. Different patterns were observed in the 
striatum (A), nucleus accumbens (Acc) (B), external globus pallidus (GPe) (C), the 
entopeduncular nucleus (EP) (D), the subthalamic nucleus (STN) (E), the substantia nigra (SN) 
(F) and the three different regions of the dorsal raphe nucleus (DRN): the dorsal (DRD) (G), 
ventral (DRV) (H), and lateral (DRL) (I) regions. The three experimental groups included in the 
analysis are sham (n = 7), 6-OHDA-lesioned (n = 7), and 6-OHDA L-DOPA (n = 6). Each bar 
represents the mean ± S.E.M. *p < 0.05, **p < 0.01, and ***p < 0.001 vs sham group (one-way 
ANOVA followed by Bonferroni’s post-hoc test). 
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Figure 4.21. 5-HT1A receptor immunoreactivity expression in the basal ganglia and dorsal 
raphe nucleus. The IOD of 5-HT1A receptor was expressed on the ratio between ipsilateral (IL) 
and contralateral (CL) hemispheres in the three experimental groups. Different patterns were 
observed in the striatum (A), nucleus accumbens (Acc) (B), external globus pallidus (GPe) (C), 
the entopeduncular nucleus (EP) (D), the subthalamic nucleus (STN) (E), the substantia nigra 
(SN) (F) and the three different regions of the dorsal raphe nucleus (DRN): the dorsal (DRD) (G), 
ventral (DRV) (H), and lateral (DRL) (I) regions. Three experimental groups included in the 
analysis are sham (n = 7), 6-OHDA-lesioned (n = 7), and 6-OHDA L-DOPA (n = 6). Each bar 
represents the mean ± S.E.M. *p < 0.05, **p < 0.01, and ***p < 0.001 vs sham group and #p < 0.05 
vs 6-OHDA group (one-way ANOVA followed by Bonferroni’s post-hoc test). 
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4.4.2. Cytochrome c oxidase activity in the basal ganglia and the dorsal raphe 

nucleus 

 

The measurement of COX may provide information about the metabolic status of 

the neuron and it is used to deduce patterns of neuron activity of the different brain 

regions. Therefore, we evaluated the degree of COX activity between the ipsilateral and 

contralateral hemispheres in the BG nuclei and the DRN in the three experimental groups 

(sham n = 8, 6-OHDA n = 7, and 6-OHDA L-DOPA n = 6 animals). The areas of interest 

were also delimited according to Paxinos and Watson´s Rat Brain Atlas and Nissl staining 

(Fig. 4.19A and B). Figure 4.19E shows an example of COX staining in the coronal 

sections used for IOD quantification. Changes in the ratio between the ipsilateral vs 

contralateral hemisphere was compared between the three experimental groups. Detailed 

statistical results belonging to this study are shown in ANNEX I. 

 

The overall IOD for COX activity revealed increased COX activity in the dorsal 

striatum as well as the Acc in both 6-OHDA and 6-OHDA L-DOPA groups (Fig. 4.22A 

and B, respectively). In the GP, an increase in COX activity was found in the external 

region (GPe) and in the internal region (EP) in both 6-OHDA and 6-OHDA L-DOPA 

groups (Fig. 4.22C and D). COX activity in the STN (Fig. 4.22E) and SN (Fig. 4.22F) 

was significantly increased in both 6-OHDA and 6-OHDA L-DOPA groups. Conversely, 

a different pattern was observed in the DRN. Measured COX activity remained unaltered 

in the DRD and DRV in both 6-OHDA and 6-OHDA L-DOPA groups. However in the 

DRV, a moderate decrease in COX activity was observed in the 6-OHDA group that was 

restored after the long-term L-DOPA treatment in the 6-OHDA L-DOPA group (Fig. 

4.22H). Overall, most of the measured areas revealed increased COX activity both in 6-

OHDA and 6-OHDA L-DOPA conditions. 
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Figure 4.22. Cytochrome c oxidase reactivity in the basal ganglia nuclei and dorsal raphe 
nucleus. The IOD of COX was expressed on the ratio between ipsilateral (IL) and contralateral 
(CL) hemispheres in the three experimental groups. Different patterns were observed in the 
striatum (A), nucleus accumbens (Acc) (B), external globus pallidus (GPe) (C), the 
entopeduncular nucleus (EP) (D), the subthalamic nucleus (STN) (E), the substantia nigra (SN) 
(F) and the three different regions of the dorsal raphe nucleus (DRN): the dorsal (DRD) (G), 
ventral (DRV) (H), and lateral (DRL) (I) regions. The three experimental groups included in the 
analysis are sham (n = 8), 6-OHDA-lesioned (n = 7), and 6-OHDA L-DOPA (n = 6). Each bar 
represents the mean ± S.E.M. *p < 0.05, **p < 0.01, and ***p < 0.001 vs sham group and 
##p < 0.01 vs 6-OHDA group (one-way ANOVA followed by Bonferroni’s post-hoc test). 
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ANNEX I: A summary of one-way ANOVAs. 

Assay Basal gaglia nuclei One-way ANOVA P value 

SERT 

Striatum F (2,17) = 20.94 ***p < 0.001 

Acc F (2,17) = 2.97 p > 0.05 

GP F (2,17) = 5.044 *p < 0.05 

EP F (2,17) = 11.42 *p < 0.001 

STN F (2,17) = 0.1293 *p > 0.05 

SN F (2,17) = 11.01 ***p < 0.001 

DRD F (2,17) = 7.397 **p < 0.01 

DRV F (2,17) = 6.059 **p < 0.01 

DRL F (2,17) = 17.52 ***p < 0.001 

5-HT1A receptor 

Striatum F (2,17) = 5.132 *p < 0.05 

Acc F (2,17) = 1.059 p > 0.05 

GP F (2,17) = 6.331 **p < 0.01 

EP F (2,17) = 4.871 *p < 0.05 

STN F (2,17) = 3.641 *p < 0.05 

SN F (2,17) = 3.699 *p < 0.05 

DRD F (2,17) = 6.852 *p < 0.01 

DRV F (2,17) = 5.69 *p < 0.05 

DRL F (2,17) = 11.94 ***p < 0.001 

COX 

Striatum F (2,18) = 12.36 *p < 0.05 

Acc F (2,18) = 8.733 **p < 0.01 

GP F (2,18) = 9.9 ***p < 0.001 

EP F (2,18) = 13.48 ***p < 0.001 

STN F (2,18) = 10.22 ***p < 0.001 

SN F (2,18) = 12.63 ***p < 0.001 

DRD F (2,18) = 2.414 p > 0.05 

DRV F (2,18) = 8.326 **p < 0.01 

DRL F (2,18) = 2.407 p > 0.05 

 

Statistical details for SERT and 5-HT1A receptor immunohistochemical assays and COX 
histochemical assays. F values and p-values result for the one-way ANOVA. 



 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

5. DISCUSSION 
 



 

 
 

 

 

 

 

 

  



5. Discussion: Study I 

145 
 

5. DISCUSSION 
 

5.1. STUDY I: EFFECT OF BUSPIRONE ON AMINO ACID RELEASE 

AND NEURON ACTIVITY OF THE SUBSTANTIA NIGRA PARS 

RETICULATA IN SHAM, 6-HYDROXYDOPAMINE AND LONG-

TERM L-DOPA TREATED 6-HYDROXYDOPAMINE RATS 

 

We have used 6-OHDA-lesioned rats to elucidate whether the SNr could be a good 

target to evaluate pharmacological treatments for the motor symptoms associated with 

Parkinsonism. Buspirone is one of the most effective drugs in reducing motor symptoms, 

and it can reverse certain molecular changes induced by L-DOPA in parkinsonian rats 

(Azkona et al., 2014; Dekundy et al., 2007; Eskow et al., 2007). Here, we show that in 

anaesthetised rats, buspirone (1) reduces the firing rate of SNr neurons when administered 

directly into the nucleus, (2) decreases bursty activity when it is administered 

systemically after DA loss but not in control conditions, and (3) has no effect on LFP and 

synchronization between the cortex and the SNr and within the nucleus. In addition, 

buspirone modulates GABA and GLU levels depending on the integrity of the 

nigrostriatal dopaminergic pathway. Thus, amino acid levels were increased in control 

conditions, were little affected after DA degeneration, and were not modified after 6-

OHDA lesion and L-DOPA treatment.  

 

Effect of buspirone on substantia nigra pars reticulata neuron activity  

 

Although numerous behavioural studies have shown the efficacy of full or partial 

5-HT1A receptor agonists in decreasing dyskinesias (Ba et al., 2003; Iravani et al., 2006; 

Eskow et al., 2007; Dekundy et al., 2007; Gregoire et al., 2009; Gerlach et al., 2011; 

Aristieta et al., 2012; Dupre et al., 2013; Azkona et al., 2014; Ideberg et al., 2015), no 

study has examined how these drugs may affect the altered output BG activity in PD and 

LID. Here, we first showed that the firing rate of SNr neurons was reduced when 

buspirone was administered directly into the nucleus. However, buspirone caused no 

change in the firing rate of SNr neurons when was systemically administered, whereas 8-

OH-DPAT dose-dependently reduced it. The effect of local as well as systemic 8-OH-

DPAT can be attributed to 5-HT1A receptor activation since WAY-100635 antagonized 
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it. Altogether, these results indicate that the reduction of firing rate involves 5-HT1A 

receptors located within the SNr and 5-HT1A receptors located on excitatory and 

inhibitory neurons that project to the SNr. Thus, the systemic effect of buspirone and 8-

OH-DPAT depends first on the inhibition of serotonergic neurons in the raphe nuclei and 

the activity modulation of the striatum, GPe, and STN and second on the direct activation 

of 5-HT1A receptors into the SNr. In fact, the DRN sends efferences to the SNr as well as 

to the other basal nuclei (see Di Matteo et al., 2008).  

 

Differences between the effects of buspirone and 8-OH-DPAT likely rely on the 

fact that 8-OH-DPAT is a full agonist at pre and postsynaptic 5-HT1A receptors (which 

results in inhibition of the spontaneous firing rate of serotonergic neurons and 5-HT 

release) and reduces inhibitory responses on targeted structures (Blier et al., 1993; Martín-

Ruiz & Ugedo, 2001). Conversely, buspirone acts as a full agonist at presynaptic 5-HT1A 

receptors inhibiting serotonergic neurons (VanderMaelen et al., 1986) but as a partial 

agonist of postsynaptic 5-HT1A receptors (Cowen et al., 1994) where its effect will depend 

on 5-HT levels at the synaptic cleft. Notably, following DA depletion and L-DOPA 

treatment, the effect of 8-OH-DPAT was abolished. In that sense, several studies have 

shown that dysfunction of 5-HT1A receptors in rats after DA degeneration decreases or 

abolishes the effect of 8-OH-DPAT on GABAergic interneurons (Hou et al., 2012) and 

pyramidal neurons (Wang et al., 2009). However, regarding the effect of systemic 8-OH-

DPAT administration on DRN neurons, a loss in efficacy of inhibition (Wang et al., 2009) 

or no changes (Miguelez et al., 2016) have been reported. Interestingly, systemic 

administration of buspirone reduced the number of bursty SNr neurons after DA loss but 

not in control conditions where 8-OH-DPAT has a more pronounced effect. Precisely, an 

increment in bursty activity was the major change we observed in SNr neurons from the 

6-OHDA and 6-OHDA L-DOPA groups. This is also in line with data from 

electrophysiological studies in anaesthetised rats, which have reported changes in firing 

patterns rather than in the firing frequency (Aristieta et al., 2016; Meissner et al., 2006; 

Tseng et al., 2000). SNr burst activity is also reduced by L-DOPA in 6-OHDA-lesioned 

rats (Aristieta et al., 2016) and by STN-DBS in patients with PD (Maltête et al., 2007). 

Although also no changed were obtained in 6-OHDA-lesioned rats with STN-DBS (Shi 

et al., 2006). Previous works have suggested that abnormally increased burst activity 

could drive the motor dysfunction in PD (Bergman et al., 1994; Boraud et al., 1998; Lobb 

& Jaeger, 2015; Thomas Wichmann et al., 1999; Thomas Wichmann & Soares, 2006). 
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This enhancement in burst activity may be due to changes in synaptic plasticity induced 

by nigrostriatal DA loss (see Lobb, 2014). It seems that bursting activity is more relevant 

in information-carrying signals (Chergui et al., 1996) and neurotransmitter release rather 

than single action potentials (Gonon, 1988). Here, we shown that buspirone regularizes 

burst activity in 6-OHDA and 6-OHDA L-DOPA groups. Therefore, it may be 

hypothesized that the decrement in burst activity induced by buspirone administration 

would produce less intense nigral GABA release in the same line that our microdialysis 

results as we will discuss below. 

 

Effect of buspirone on neuronal oscillatory activity and synchronization of 

substantia nigra pars reticulata 

 

Cortical slow-wave activity induced by urethane anaesthesia favours low-frequency 

oscillations in the cortex and the BG nuclei in rats, including the SNr (Aristieta et al., 

2016; Brown, 2006; Clement et al., 2008; Magill et al., 2001). The cited studies have 

demonstrated that these electrophysiological properties are altered in 6-OHDA-lesioned 

groups that show increased coupling between the cortex and the SNr. In agreement with 

these findings, we also observed oscillatory activity in the low frequency band (0-5 Hz) 

in the cortex and the SNr and an increased synchronization between those areas after DA 

loss and L-DOPA treatment. The coherence analysis between simultaneous recorded SNr 

spikes and ECoGs and SNr-LFP revealed that AUC values were higher when 6-OHDA-

lesioned rats were long-term treated with L-DOPA. This low frequency oscillatory 

activity and synchronization were not affected by buspirone or 8-OH-DPAT systemically 

administered at the same doses that modified bursty activity.  

 

So far, there are no studies regarding the effect of antidyskinetic drugs on SNr-LFP 

in low frequency band, but our previous work found that an acute L-DOPA challenge had 

little effect on it (Aristieta et al., 2016). It seems therefore that low frequency oscillatory 

activity and synchronization does not have a relevant role in LID while they may be 

important in PD. In fact, recent published evidence obtained from 6-OHDA-lesioned rats 

indicates that oscillations in distinct spectral bands are different at every Parkinsonism 

stage and may be modulated by pharmacological treatments. In patients with PD, L-

DOPA treatment decreased abnormal beta oscillatory activity while increased high 

gamma oscillatory activity in the motor cortex and BG nuclei (Litvak et al., 2012; López-
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Azcárate et al., 2010). Some studies have investigated how 5-HT1A agonists may 

modulate gamma oscillations and LID. Thus, recordings performed in awake animals 

have shown that, apart from decreasing dyskinesia, 5-HT-antidyskinetic drugs suppressed 

80 Hz oscillation activity, but not the oscillations in other bands (5–10 Hz and 110–140 

Hz) in the SNr (Brys et al., 2018). Another recent publication revealed that theta 

oscillations (5–8 Hz) were elevated in dyskinetic rats and correlated with AIMs score and 

were reduced by eltoprazine, a 5HT1A/B receptor agonist (Wang et al., 2019). Finally, the 

aberrant gamma activity (> 60 Hz) found in cortical and SNr-LFP and LID were also 

reduced by 8-OH-DPAT administration (Dupre et al., 2016).  

 

Effect of buspirone on substantia nigra pars reticulata amino acid release 

 

In this study, using microdialysis approaches we found no significant changes in 

GABA and GLU basal levels after DA loss with or without prolonged L-DOPA treatment. 

This finding is consistent with those of other studies performed in freely moving 6-

OHDA-lesioned rats (Bianchi et al., 2003; Mela et al., 2007). However, we found that the 

enhancement in GABA and GLU release induced by locally perfused buspirone in control 

animals was significantly reduced after 6-OHDA lesion and almost abolished after 

prolonged L-DOPA treatment. The sources of GABA in the SNr include striatal and GPe 

terminals and collaterals from GABAergic neurons in the SNr, while the STN provides 

the major glutamatergic input to the SNr (Kita & Kitai, 1987). In control conditions, 

GABA and GLU release in the SNr may be regulated by 5-HT1A receptors localized on 

serotonergic terminals coming from the raphe nuclei, striatal, GPe, and STN terminals 

and nigral GABAergic neurons. The fact that the inhibitory effect of buspirone on SNr 

neuron activity was unchanged after 6-OHDA lesion rules out the possibility that changes 

in 5-HT1A receptors on GABAergic neurons are responsible for the reduction of GABA 

release as it is shown previously (Lindenbach et al., 2013; Paolone et al., 2015). However, 

this may reflect altered responsiveness from afferent terminals as shown for nigral GABA 

release following striatal kainate application and for GLU release following local 

application of potassium in 6-OHDA-lesioned rats (Bianchi et al., 2003). Furthermore, 

buspirone, besides its mentioned 5-HT1A receptor partial agonist activity, is also endowed 

with dopamine D2 and D3/D4 receptor antagonist activity (Bergman et al., 2013). These 

receptors, whose activity is modulated by 6-OHDA lesion (Avalos-Fuentes et al., 2013), 

are present in the pallidonigral and striatonigral terminals, modulate GABA release 
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(Acosta-García et al., 2009; Avalos-Fuentes et al., 2015), and are involved in the 

antidyskinetic effect of buspirone (Azkona et al., 2014; Shin et al., 2014). Therefore, 

changes in GABA and GLU release induced by buspirone may involve modulation of 

several receptors apart from 5-HT1A receptor. In fact, as we see in the study IV, we only 

found a decrease in optical density of 5-HT1A receptors in the SNr from 6-OHDA-

lesioned rats with prolonged L-DOPA treatment where buspirone effect on amino acid 

release was negligible. After DA degeneration, although buspirone effect was 

significantly low than in control rats, no changes in 5-HT1A receptor expression was 

observed. 

 

Conclusion 

 

In summary, the results of this study shows that buspirone modulates amino acid 

release and neuronal activity, mainly burst activity, in the SNr of the rat. Abnormal burst 

activity seems to be a more important pathophysiological mechanism than the increased 

neuronal firing rate observed after nigrostriatal DA loss and long-term L-DOPA 

treatment. Altogether, our findings point out the importance of burst activity in the SNr 

from 6-OHDA-lesioned rats as a functional basis to test antiparkinsonian and 

antidyskinetic drugs.
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5.2. STUDY II: EFFECT OF BUSPIRONE ON ENTOPEDUNCULAR NEU RON 

ACTIVITY IN SHAM, 6-HYDROXYDOPAMINE AND LONG-TERM L -

DOPA TREATED 6-HYDROXYDOPAMINE RATS 

 

We have previously shown that nigrostriatal degeneration plus the L-DOPA 

treatment induces alterations in the EP activity that correlates with STN hyperactivity 

(Aristieta et al., 2019). Here to extend these results, we have evaluated the impact of 5-

HT1A receptor agonists in the EP activity of rats with nigrostriatal degeneration that 

received long-term L-DOPA treatment. Results show that in anaesthetised rats, buspirone 

(1) reduces the firing rate of EP neurons when administered directly into the nucleus, (2) 

when it is systemically administered it reduces the firing rate of EP neurons in control 

conditions and decreases bursty activity after DA loss, and (3) has no effect on the LFP 

and synchronization between the cortex and the EP, and within the nucleus. In addition, 

(4) the STN optoillumination increases the firing rate of the STN and EP, and the posterior 

buspirone administration failed to modify STN optoillumination this effect. 

 

Effect of buspirone on the entopeduncular nucleus activity 

 

It is well established that PD and LID are associated with altered neuron activity at 

several levels in the BG (Alonso-Frech et al., 2006). In agreement with previous studies, 

the present results show an increment in bursty activity in EP neurons after DA loss 

(Ruskin et al., 2002; Lagière et al., 2013; Darbin et al., 2016; Jin et al., 2016; Rumpel et 

al., 2017; Aristieta et al., 2019) resembling the altered bursting activity found in GPi 

neurons in patients with PD (Gale et al., 2009; Hutchison et al., 1994; Starr et al., 2005) 

and in MPTP-injected monkeys (Boraud et al., 1998; Miller & DeLong, 1988; 

Muralidharan et al., 2017). 

 

When we evaluated the effect of buspirone directly applied into the nucleus there 

was a reduction of the firing rate of EP neurons that was not influenced by dopaminergic 

integrity. However, the systemic effect of buspirone or 8-OH-DPAT reduced EP neuron 

firing rate in control conditions and reduced bursty activity after the severe DA loss. 

Several studies have investigated whether DA agonists or DBS could normalize abnormal 

bursting activity providing different results. Some authors found that DA agonists reduce 

burst activity in the striatum, GPe, and GPi of MPTP-injected monkeys motor function 
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(Filion & Tremblay, 1991; Singh et al., 2015). The STN-DBS did not change burst 

activity of the GPi (Hashimoto et al., 2003) or even reduced bursting activity in MPTP-

injected monkeys (Hahn et al., 2008; Hahn & McIntyre, 2010). In the same line, the GPi-

DBS has demonstrated no effect on bursting activity in the GPe and GPi from humans 

with PD (Cleary et al., 2013) and MPTP-injected monkeys (McCairn & Turner, 2015). 

Interestingly, we appreciated that when animals had a partial loss of dopaminergic fibers, 

the effect of buspirone was similar to that we observed in intact rats. These results point 

out, as we have discussed in Study I, the importance of the nigrostriatal DA pathway in 

the 5-HT1A receptor mediated effect of buspirone (WAY-100635 reverted buspirone 

effects) on the output BG nuclei. In this regard, we obtained similar results to those 

observed in the STN using the same experimental model of PD (Sagarduy et al., 2016). 

In that work, we observed that buspirone inhibited STN neuron activity in control 

conditions and decreased bursty activity after DA depletion (Sagarduy et al., 2016). In 

that line, chemical ablation of STN resulted in a reduction of severity of LID as well as 

an attenuation of the antidyskinetic effect of buspirone (Aristieta et al., 2012). So it could 

be hypothesized that buspirone antidyskinetic effect involved the STN together with the 

GPi/EP and or SNr. 

 

 Both the GPi/EP and STN are well-established target nuclei for DBS treatment of 

motor complication in patients with PD (Ramirez-Zamora & Ostrem, 2018). Furthermore, 

while there is consensus about the efficacy of GPi-DBS and STN-DBS in reducing motor 

symptoms in PD, their effects on LID is still a matter of discussion (Ramirez-Zamora & 

Ostrem, 2018). A recent publication where the efficacy of STN-DBS or GPi-DBS in 

reducing LID is compared, authors conclude that GPi-DBS exerts greater direct 

antidyskinetic effects than STN-DBS (Fan et al., 2020). There are few pharmacological 

studies concerning the modulation of the EP by 5-HT drugs, that agree with our results. 

Thus, injection of a 5-HT2C agonist, Ro 60-0175, into the EP promotes abnormal oral 

movements in 6-OHDA-lesioned rats but not in control rats (Lagière et al., 2013). Then, 

systemic administration elicits different effect on the firing rate of EP neurons depending 

on nigrostriatal pathway integrity. 
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Effect of buspirone on the entopeduncular nucleus oscillatory activity 

 

Patients with PD and animal models exhibit an increased oscillatory activity and 

higher synchronization between BG nuclei and with the cerebral cortex (Aristieta et al., 

2019; Galati et al., 2009, 2010; Magill et al., 2001; Parr-Brownlie et al., 2007; Walters et 

al., 2007). In urethane-anaesthetised animals, the cortical slow-wave activity or low 

frequency oscillatory activity is increased after DA loss as we observed in the present 

study and in previous publications (Jin et al., 2016; Aristieta et al., 2019). This low 

frequency activity is also present in other brain areas as for example the hippocampus 

(Vanderwolf, 1969). Among the mechanisms that modulate hippocampal oscillations 5-

HT is directly implicated (Olvera-Cortés et al., 2013) and 5-HT1A receptor agonists may 

increase or suppress oscillatory activity depending on the location of drug application and 

the animal species used (Horváth et al., 2015; Matulewicz et al., 2010; Olvera-Cortés et 

al., 2013; Vertes et al., 1994). In this study, neither buspirone nor 8-OH-DPAT altered 

the low frequency oscillatory activity as it happened in the SNr. However, in our previous 

work, we observed that an acute L-DOPA challenge reverted the low frequency 

oscillatory activity and synchronization in the EP from long-term L-DOPA treated 6-

OHDA-lesioned rats (Aristieta et al., 2019). In the same line, L-DOPA challenge reduced 

high synchronization between motor cortex and the EP in 6-OHDA-lesioned rats in theta 

and beta frequency bands from 6-OHDA-lesioned with and without long-term L-DOPA 

treatment (Jin et al., 2016). Again, it seems that the important marker of the antidyskinetic 

efficacy of buspirone is the alteration in bursty activity more that firing frequency and 

oscillatory activity as our previous studies suggested (Aristieta et al., 2016, 2019).  

 

Optogenetic stimulation of the subthalamic nucleus on the local neuron activity and 

the entopeduncular neuron activity 

 

Over the last years, optogenetic technology allows researchers to study the brain 

functionality on multiple scales from the inhibition or excitation of specific neuronal 

populations to the manipulation of brain circuits. The optogenetic technologies provides 

a novel way to understand and characterize the BG motor circuit in PD. Nowadays, 

optogenetics can be an alternative way for high-frequency stimulation to study the impact 

of STN control on the BG nuclei. Optogenetically-DBS, unlike electrical DBS, allows 

the selective high-frequency stimulation of the STN neurons in 6-OHDA-lesioned rodents 
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(Gradinaru et al., 2009; Yoon et al., 2016). Other studies have been focused on the 

manipulation of the different subpopulations of neurons. Thus in the GPe, the optogenetic 

stimulation of the arkypallidal neurons suppressed motor activity (Glajch et al., 2016) and 

the stimulation of prototypical neurons showed hyperkinesia (Tian et al., 2018). The 

optogenetic approach has also been used for the selective activation of striatal dMSNs 

from the direct pathway, which increases locomotor activity, while specific activation of 

striatal iMSNs from the indirect pathway causes akinesia and freezing in mice (Borgkvist 

et al., 2015; Freeze et al., 2013; Kravitz et al., 2010). A recent study have demonstrated 

that optogenetic stimulation of dMSNs inhibited SNr neurons and induces LID in 6-

OHDA-lesioned mice regardless L-DOPA administration (Keifman et al., 2019).  

 

The STN plays an important role in the BG neuronal network. Especially, 

nigrostriatal dopaminergic degeneration, results in a hyperactivity of the SNr and the 

GPi/EP, originated mainly by the overactivity of the STN (DeLong, 1990; DeLong & 

Wichmann, 2007). In line with this, in our experiments, STN optostimulation derived to 

increased EP neuron activity. We found that our protocol consisting in continuous blue-

light pulses of 1s-duration and 5.5 mW-intensity is enough to get the maximum excitation 

of STN and EP neuron activity. However, when we applied other design protocol based 

on trains of 25Hz-pulses of 0.5s-duration and ~14 mW-intensity, the excitation of STN 

and EP neurons was lower than the previous one. Other authors have reported that ChR2, 

including our mutation ChR2-H134R, are inactivated by saturation of the kinetic profile 

under high levels of light intensities (more than a few mW), and especially, more 

continuous (not pulsing) light frequencies (Herman et al., 2014; Lin, 2011; Lin et al., 

2009). Therefore, the moderate excitation in the train-pulses-protocol may be 

compromised by the saturation of ChR2-H134R activation.  

 

Next, we studied the effect of buspirone on EP neuron activity and found that 

buspirone did not produce any different effect during the stimulation. Altogether, these 

results are in agreement with our previous publications (Aristieta et al., 2012; Sagarduy 

et al., 2016) and show that it is difficult to consider that the antidiskinetic property of 

buspirone is exclusively mediated by the reduction of the STN hyperactivity. 
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Conclusion 

 

In summary, the results of this study shows that buspirone reduced the firing rate in 

the EP from controls and 6-OHDA-lesioned animals which do not present a severe lesion, 

and modulated mainly the abnormal burst activity observed in 6-OHDA and 6-OHDA L-

DOPA groups. On the other hand, optogenetic manipulation of STN neuron activity 

allows us to evaluate the impact of STN control over other BG output nuclei such as the 

EP. Although buspirone did not produce any different effect during the stimulation. Our 

findings suggest again the importance of burst activity in the EP in parkinsonian animals 

for testing drugs with antiparkinsonian and antidyskinetic efficacy.
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5.3. STUDY III: EFFECT OF BUSPIRONE ON CORTICO-NIGRAL AN D 

CORTICO-ENTOPEDUNCULAR TRANSMISSION IN SHAM AND 

6-HYDROXYDOPAMINE-LESIONED RATS 

 

In the present study, we analysed whether nigrostriatal DA loss affects cortico-

nigral and cortico-entopeduncular information transmission through the sensorimotor 

circuit of the BG. We also studied the effect of buspirone on these circuits. These main 

results suggest that: (1) the DA loss induced by the 6-OHDA lesion does not alter the 

parameters of the evoked response in the SNr after motor cortex stimulation. However, 

monophasic responses (early excitation) are less frequent while biphasic response pattern 

(early excitation and late excitation) is more often observed. (2) In the EP, the parameters 

of motor cortex stimulation evoked response and the pattern of the response are similar 

in controls and the 6-OHDA-lesioned animals. (3) Buspirone differentially modulates the 

cortico-nigral and cortico-entopeduncular information transfer through the sensorimotor 

circuit after the 6-OHDA lesion. 

 

Effect of the 6-hydroxydopamine lesion on cortico-nigral and cortico-

entopeduncular information transfer through the sensorimotor circuit 

 

The electrical stimulation of the motor cortex allows to mimic the sensorimotor 

processing during voluntary movements and provides important clues for understanding 

the transmission of information through the BG (Chiken et al., 2008, 2015). The 

activation of the direct striato-nigral/entopeduncular pathway facilitates movement while 

activation of the indirect trans-striatal pathway inhibits it. In the healthy state, the direct 

and indirect pathways are meant to be balanced; however, dopaminergic degeneration 

during PD produces an imbalance between both pathways, leading to decreased inhibition 

of the BG output nuclei that results in higher inhibition of the motor thalamus causing 

akinesia. 

 

As we have previously shown in Study II, the nigrostriatal DA loss by 6-OHDA 

lesion increased the number of bursty SNr neurons without producing changes in the 

firing rate. In agreement with previous publications (Beyeler et al., 2010; Deniau et al., 

2007; Kolomiets et al., 2003; Mailly et al., 2001), 65% of SNr neurons from the sham and 
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79% of the cells from the 6-OHDA group responded to the motor cortex stimulation. The 

reason why not all SNr neurons responded may be that not all stimulated cortical 

projections are involved in the cortico-nigral information transfer through the 

sensorimotor circuit (Beyeler et al., 2010; Deniau et al., 2007; Kolomiets et al., 2003; 

Mailly et al., 2001). Moreover, the SNr receives cortical inputs from other non-motor 

areas. The stimulation of the motor cortex elicited a triphasic response in SNr neurons in 

both sham and 6-OHDA-lesioned rats as described by us and others in control rats (Aliane 

et al., 2009; Antonazzo et al., 2019; Beyeler et al., 2010; Degos et al., 2005). However, 

after the 6-OHDA-lesion, monophasic early excitation was the less frequent response 

pattern, while biphasic response consisting of early excitation followed by late excitation 

was the most frequent response type. So far, only one publication has reported the effect 

of the 6-OHDA lesion in the pattern of response evoked by motor cortex stimulation using 

awake mice (Sano & Nambu, 2019). The authors found that in the 6-OHDA-lesioned 

mice, monophasic early excitation pattern was the most frequent response and that 

inhibitory pattern was more unusual. In terms of the triphasic response, they also observed 

that parkinsonian mice showed shorter duration of both early excitation and inhibition 

corresponding to direct and indirect pathways, respectively. On the other hand, Degos et 

al. (2005) have showed that the interruption of dopaminergic transmission caused by the 

systemic administration of neuroleptics evokes 1) shorter duration of the inhibition and 

2) earlier latency and longer duration of the late excitation, Altogether, these results 

confirm that nigrostriatal degeneration leads to an imbalance of the direct pathway and 

indirect pathway after nigrostriatal degeneration. 

 

As again mentioned in Study II, the nigrostriatal DA loss induced abnormal burst 

firing and more irregular pattern in EP neurons. So far, few studies have analysed the 

triphasic response, studied here, in the EP. We observed that the parameters of the 

triphasic response and its pattern remained unchanged after DA depletion. One 

publication performed in anaesthetised 6-OHDA-lesioned rats, studied the response of 

EP neurons to the stimulation of the cingulate cortex but did not characterize the evoked 

response (Lagière et al., 2013). Another study has characterized the evoked triphasic 

response in EP neurons from awake transgenic mice with deletion of dopaminergic D1 

receptors (Chiken et al., 2015). The authors showed that when the motor cortex was 

electrically stimulated, the response related to the direct pathway was absent without 

changing the firing rate and burst pattern of EP cells. The suppression of D1 receptor 
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resulted in the loss of transmission through the direct pathway and the consequent 

reduction of the motor activity in those mice. Here, we showed that the stimulation of the 

motor cortex evoked the typical triphasic response consisting of early excitation, 

inhibition, and late excitation in both experimental groups, sham and 6-OHDA-lesioned 

rats. On the other hand, 44% of EP neurons responded to stimulation of the motor cortex 

in sham rats as it happens in the SNr, not all cortical axons are involved in the 

sensorimotor circuit of the BG. Moreover, apart from the motor cortex afferences, the EP 

also receives cortical inputs from limbic and associative regions, which are involved in 

emotions (Gerfen, 1984; Wallace et al., 2017). 

 

The electrical stimulation of the motor cortex also elicits a triphasic response in 

other BG nuclei as the GPe in awake mice (Chiken et al., 2008; Sano and Nambu et al., 

2019) and the STN in rats (Janssen et al., 2017). Janssen et al. (2017) showed that the 

parameters and patterns of the evoked response were not altered in anaesthetised 6-

OHDA-lesioned rats. As it happens in rodents, stimulation of several cortical areas in 

awake monkeys also elicited a similar triphasic response in the GPe, GPi and STN 

(Nambu et al., 1990, 2000; Tachibana et al., 2008; Yoshida et al., 1993). The stimulation 

of the primary motor cortex resulted in a triphasic response in GPe and GPi neurons 

recorded during stereotaxic neurosurgery in patients with PD and showed similarities 

with the evoked response observed in rodents and monkeys (Nishibayashi et al., 2011). 

 

Effect of buspirone on cortico-nigral and cortico-entopeduncular information 

transfer through the sensorimotor circuit 

 

Systemic administration of buspirone did not alter SNr firing rate in both 

experimental groups but normalized the burst activity in 6-OHDA-lesioned rats, as we 

described in Study I. However, buspirone modulated differently the sensorimotor circuit 

depending on the nigrostriatal dopaminergic integrity. In sham animals systemic 

administration of buspirone enhanced the duration of the inhibitory striato-nigral 

component and as consequence, the late excitatory trans-striatal component was delayed. 

By contrast, in 6-OHDA-lesioned rats we observed increased amplitude only in the 

hyperdirect trans-subthalamic component for the highest tested dose of buspirone. In both 

experimental groups, the effect of the drug was reversed by the administration of the 5-

HT1A receptor antagonist, WAY-100635, confirming the implication of this serotonergic 
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receptor subtype. The influence of 5-HT on the cortico-nigral circuits has been previously 

shown by Beyeler et al. (2010). These authors found that the 5-HT2C agonist, Ro 60-0175, 

markedly increased the magnitude of the late excitatory component of the triphasic 

response. As commented, 6-OHDA lesion can disrupt normal motor patterns, and further 

alter SNr activities mainly via the direct pathway. Recently, Wang et al. (2019) showed 

that chronic administration of the 5-HT1A/1B agonist, eltoprazine, could normalize the 

activity in the direct pathway from dyskinetic rats. 

 

Regarding the EP, as we observed in Study II, high doses of buspirone reduced the 

basal firing rate in sham rats. In parkinsonian animals, buspirone systemic administration 

had no effect in the firing frequency but normalized the burst activity. Here, we used the 

lowest dose of buspirone to evaluate its effect on cortico-entopeduncular transmission 

transfer. In control conditions, as it happened for the SNr, buspirone enhanced the 

duration of the direct striato-entopenduncular component, and enhanced the duration but 

reduced the amplitude of the indirect trans-subthalamic component. These effects were 

mediated by 5-HT1A receptors since WAY-100635 reverted the mentioned changes. In 

the 6-OHDA-lesioned group, motor cortex evoked response was not modified by the 

same dose of buspirone. 

 

Altogether, the present results indicate that buspirone markedly modulates the 

direct trans-striatal pathway through 5-HT1A receptors, and that this effect is 

compromised by the nigrostriatal dopaminergic integrity. Previous studies have reported 

that the stimulation of 5-HT1A receptors improved the catalepsy induced by the 6-OHDA 

lesion or neuroleptic injection (Nayebi et al., 2010; Mahmoud et al., 2011; Sharifi et al., 

2012; Ahmadi et al., 2018). The stimulation of presynaptic 5-HT1A receptors leads to 

increase striatal DA release via the inhibition of adenylate cyclase activity that activates 

potassium but inhibits calcium channels (Harrington et al., 1988). The activation of 

postsynaptic 5-HT1A receptors in the BG nuclei, motor cortex and thalamus is known to 

promote motor activity in 6-OHDA-lesioned rats (Ahmadi et al., 2019; Mignon & Wolf, 

2007; Nayebi et al., 2010; Prinssen et al., 2002; Shimizu et al., 2013). In vivo 

microdialysis studies have shown that buspirone systemic administration can evoke 

different effects depending on the brain region. In the DRN reduces 5-HT release (Matos 

et al., 1996) while in the prefrontal cortex reduces 5-HT but increases DA release in 

control conditions (Gobert et al., 1999; Silverstone et al., 2012). The 5-HT1A agonists 
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could inhibit GABAergic interneurons in the prefrontal cortex and evoke striatal DA 

release probably via GABAergic MSNs (Díaz-Mataix et al., 2005; Ng et al., 1999; Ohno 

et al., 2015; Sakaue et al., 2000). Additional activation of 5-HT1A receptors in the 

prefrontal cortex could also inhibit the activity of cortical glutamatergic neurons and 

normalize the excessive cortico-striatal glutamatergic input in 6-OHDA-lesioned rats 

(Antonelli et al., 2005; Dupre et al., 2008, 2011; Mignon & Wolf, 2005, 2007).  

 

The lack of effect on the direct trans-striatal pathway observed in 6-OHDA-lesion 

rats could be due to the impaired ability of buspirone to increase striatal DA release and 

the effect on GLU and GABA release like other authors have reported. In the Studies I 

and II, we showed that the effect of buspirone was lower on nigral GLU and GABA 

release in 6-OHDA-lesioned rats compared to naïve animals. Additionally, buspirone 

failed to alter the firing rate of the SNr and EP after 6-OHDA-lesion while buspirone 

normalized the abnormal burst activity in both output nuclei from 6-OHDA-lesioned rats. 

Here, we observed that in control conditions, buspirone enhances direct trans-striatal 

pathway while inhibits the EP activity. The net effect of buspirone could be the thalamic 

disinhibition and movement promotion. This effect could be conditioned by the used dose 

as other studies have reported that acute low doses of buspirone promotes locomotion in 

control rats whereas high doses impairs it (File & Andrews, 1991; Pich & Samanin, 1986). 

The antiparkinsonian effect of buspirone would be mediated by the normalization of the 

burst activity by the activation of 5-HT1A receptors. Moreover, it is thought that 5-HT1A 

agonists could ameliorate LID stimulating 5-HT1A inhibitory receptors within the raphe 

nuclei and normalizing the excessive DA release in the striatum (Bara-Jimenez et al., 

2005; Carta et al., 2008; Eskow et al., 2007; Muñoz et al., 2008; Ostock et al., 2011). 

Therefore, evidence from other authors as well as our results suggest that buspirone via 

5-HT1A receptors modulates the direct trans-striatal pathway through sensorimotor-BG 

circuit by a complex mechanism involving the dopaminergic system and other 

neurotransmitter systems which are present in the BG circuit. 
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Conclusion 

 

In summary, the motor cortex stimulation evoked a triphasic response in both BG 

output nuclei, the SNr and EP. After the 6-OHDA lesion, the parameters of the triphasic 

response in the SNr remained unchanged whereas the pattern of response was modified. 

In the EP, the parameters of the triphasic response and the pattern of the response were 

similar in both experimental groups. We also found that buspirone differently modulates 

the cortico-nigral and cortico-entopeduncular information transmission transfer through 

the direct pathway after the 6-OHDA lesion. Therefore, the antiparkinsonian effect of 

buspirone seems to be mediated though the direct trans-striatal pathway by a complex 

mechanism in which the activation of 5-HT1A receptors and other neurotransmitter 

systems may be involved. 
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5.4. STUDY IV: SEROTONIN TRANSPORTER, 5-HT 1A RECEPTOR 

EXPRESSION AND CYTOCHROME C OXIDASE ACTIVITY IN 

THE BASAL GANGLIA NUCLEI AND DORSAL RAPHE NUCLEUS 

IN SHAM, 6-HYDROXYDOPAMINE-LESIONED AND LONG-

TERM L-DOPA TREATED 6-HYDROXYDOPAMINE-LESIONED 

RATS 

 

The most widely used animal model of PD is the unilaterally 6-OHDA-lesioned 

rodent described by Ungerstedt (1968). The neurotoxin 6-OHDA can be injected in three 

different sites, the striatum, SNc or MFB. The injection of 6-OHDA into the striatum 

destroys DA terminals in striatum first and as a consequence of axonopathy, DA cells 

bodies in the SNc days laters. The 6-OHDA is taken by dopaminergic neurons via DAT 

and noradrenaline reuptake transporters resulting in a rapid cell death. This lesion causes 

a slow partial degeneration that mimics the slow progression of PD. The injection of 6-

OHDA in the SNc produces a nearly complete lesion of the dopaminergic cells in this 

region while the injection in the MFB leads to the most severe lesion type resembling 

late-stage PD (Shimohama et al., 2003). The induction of parkinsonism with 6-OHDA is 

often accompanied by pretreatment with desipramine and pargyline to increase the 

selectivity and efficacy of 6-OHDA lesion. Desipramine, a noradrenaline/5-HT uptake 

inhibitor, decreases 6-OHDA-induced noradrenaline and 5-HT depletion (Schallert et al., 

2000), whereas pargyline, a monoamine oxidase inhibitor, enhances availability of 6-

OHDA (Henry et al., 1998). Even if the lesion stars just at the moment of the injection, 

between 3 and 4 weeks are necessary to reach the stable lesion, which will remain several 

months (Rentsch et al., 2019). Depending on the injection site, the extension of the lesion 

and duration of the progression in DA loss can vary (Schwarting & Huston, 1996; Sun et 

al., 2011). This can explain the discrepant results obtained when the MFB or striatum 

models are used.  

 

In addition, the use of drugs for testing the accuracy of DA loss induced by 

unilateral 6-OHDA injection may contribute to inconsistent results found in the literature. 

Motor deficits observed in parkinsonian animals can give an indication of the extent of 

the lesion (Deumens et al., 2002). The behavioural tests can be divided into drug-induced 

and non drug-induced ones. The apomorphine and amphetamine-induced rotational tests 
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have been commonly used to assess DA denervation, whereas, repeated administration of 

both drugs can directly and indirectly activate dopaminergic receptors causing changes in 

their sensitivity (Kamata & Rebec, 1983; Rebec & Lee, 1982). This is the reason why to 

assess the motor deficits and to discard the pharmacological impact of DA agonists in our 

results, we used three non-drug induced behavioural tests including the cylinder, bar and 

drag tests, in the three experimental groups.  

  

Serotonin transporter and 5-HT1A receptor expression  

 

Studies regarding SERT and 5-HT1A receptor changes in PD have provided 

contradictory results showing increased, decreased, or unmodified expression of these 

proteins both in humans and in animal models. This discrepancy may be due to 

methodological issues mentioned above (the stage of the disease or the drugs used to 

screen the degree of the lesion) or the experimental model used. Therefore, to better 

explain our electrophysiological and microdialysis results in the BG output nuclei, we 

performed immunohistochemical detection of SERT and 5-HT1A receptors in the BG 

nuclei and the DRN in the PD animal model used in Study I, II and III. As commented in 

the introduction, 5-HT1A receptors and serotonergic terminals are unevenly expressed in 

the BG nuclei and their distribution also differs between species, but they are highly 

expressed in the raphe nuclei (Di Matteo et al., 2008). The results of this section showed 

that 6-OHDA lesion and L-DOPA treatment induces a slight reduction of SERT and 5-

HT1A immunoreactivity within the BG nuclei and in different regions of the DRN with 

the exception of the SN, mostly belonging to the SNr, where it increases. 

 

The evaluation of SERT expression can be used as a biomarker of the serotonergic 

neurotransmission since it provides information about serotonergic innervation. Overall, 

we found slight reduction of SERT expression in the striatum and no changes in the rest 

of the BG after the 6-OHDA-lesion. Additional long-term L-DOPA treatment reduced 

SERT expression in the striatum, GPe and EP while increased it in the SNr. In other 

nuclei, as the Acc and STN, SERT expression was neither modified by the 6-OHDA 

lesion or the long-term L-DOPA treatment. Although SERT expression in parkinsonian 

conditions has been reported by different authors, the results are not very consistent. A 

recent SERT-binding study has observed that striatal SERT levels are reduced in 6-

OHDA-lesioned rats but in long-term L-DOPA treated rats the values were similar to 
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those in the sham group (Walker et al., 2019). Other studies have shown that striatal SERT 

expression was upregulated (Rylander et al., 2010; Tronci et al., 2017), not modified 

(Prinz et al., 2013) or even decreased (Nevalainen et al., 2014) in long-term L-DOPA 

treated rats. Stereological studies performed in MPTP-injected monkeys have revealed 

sprouting of SERT terminal axons in the striatum, GPe and GPi (Gagnon et al., 2016, 

2018). Our results are in line with the studies in patients with PD where reduced SERT-

binding has been found in the striatum and GPe (Chinaglia et al., 1993; Kish et al., 2007). 

In addition, one positron emission tomography (PET) study has revealed that striatal 

SERT expression in patients with PD at early stages was significantly reduced compared 

to subjects without PD, and that this reduction was more pronounced during the 

progression of the disease (Albin et al., 2008).  

 

Surprisingly, we found unchanged SERT expression in the SNr from 6-OHDA-

lesioned animals while it was increased after long-term L-DOPA treatment. The reason 

why SERT expression was differentially regulated in the SNr may be due to the variability 

on density and pattern of the serotonergic innervation along the BG nuclei. In fact, 

according to anatomical studies, the SNr receives the highest serotonergic innervation 

from the DRN within the BG nuclei in rodents, primates and humans (Hashemi et al., 

2011; Huang et al., 2019; Moukhles et al., 1997; Wallman et al., 2011). Overall, in our 

experimental approach, SERT expression suffered a slight increase in 6-OHDA-lesioned 

animals after long-term L-DOPA treatment. Other studies have reported an upregulation 

in the striatum from patients with PD and animal models and have related such increment 

with the development of LID (Politis et al., 2014; Roussakis et al., 2016). It is possible 

that the nigral serotonergic hyperinnervation observed in our study was also relevant for 

the appearance of LID. Indeed, in a previous publication from our group, we observed 

that neuronal SNr firing activity was positively correlated with limb and orolingual AIMs 

in long-term L-DOPA treated 6-OHDA-lesioned rats (Aristieta et al., 2016). Other 

authors have also related SNr activity with the expression of abnormal orofacial 

movements (Deniau et al., 1996). 

 

We also appreciated a discrete reduction of SERT immunoreactivity in the DRD 

and DRL both after the 6-OHDA lesion and the long-term L-DOPA treatment. However, 

in the DRV, the SERT expression was only reduced in the 6-OHDA L-DOPA group. This 

result is in line with previous studies performed in humans and animal models. In MPTP-



5. Discussion: Study IV 
 

166 
 

injected monkeys, the density and morphology of serotonergic neurons remained 

unchanged while the axonal projections were diminished (Gagnon et al., 2016). However, 

PET and post-mortem studies in patients with PD showed reduced SERT levels in raphe 

nuclei (Chinaglia et al., 1993; Kish et al., 2003; 2007) and severe degeneration in 

advanced stages of the disease (Halliday et al., 1990; Politis et al., 2010).  

 

Together with SERT, we also evaluated 5-HT1A receptor expression, which was 

slightly decreased in the striatum and GPe from the 6-OHDA-lesioned group. Additional 

treatment with L-DOPA induced more pronounced decrements in the GPe, EP, STN and 

SN. As commented in the introduction, 5-HT1A receptors are located at the presynaptic 

level on neurons from the raphe nuclei and postsynaptically in other brain regions such 

as the BG nuclei (Di Matteo et al., 2008). Results concerning 5-HT1A receptor expression 

in animal models are also rather contradictory. In MPTP-injected monkeys, increased and 

decreased 5-HT1A receptor levels were observed in the striatum and motor and premotor 

cortical areas, respectively (Frechilla et al., 2001; Huot et al., 2012a; Huot et al., 2012b) 

while other study found no changed expression in the striatum, GP and SN (Riahi et al., 

2012). In 6-OHDA-lesioned rats, no striatal changes in mRNA levels and protein 

expression were found by other authors (Numan et al., 1995; Radja et al., 1993). 

However, PET and post-mortem studies in patients with PD have demonstrated that 5-

HT1A receptors were decreased in the caudate nucleus and cingulate cortex (Ballanger et 

al., 2012) but not in the GP and SN (Huot et al., 2012b).  

 

Regarding the different regions of the DRN, we observed that 5-HT1A receptor 

immunoreactivity was not altered in 6-OHDA-lesioned rats. Nevertheless, decreased 5-

HT1A receptor immunoreactivity was found after long-term L-DOPA treatment. Other 

authors have found the same results in our rat model (Hou et al., 2012) and MPTP-injected 

monkeys (Frechilla et al., 2001). It is widely accepted that raphe nuclei, especially the 

DRN, suffers changes during PD (Braak et al., 2003; Halliday et al., 1990) and PET 

studies have demonstrated a significant reduction of 5-HT1A receptor levels in lower 

midbrain raphe of patients with PD (Doder et al., 2003). Altogether, it seems that the 

serotonergic system undergoes degeneration after the 6-OHDA lesion what can result in 

altered 5-HT1A receptor expression. L-DOPA treatment produced more severe alterations 

of SERT expression, probably because of the proposed neurotoxic effect of the drug on 

5-HT cell population (Stansley & Yamamoto, 2014). 
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Although the change in SERT and 5-HT1A receptor expression was significant, this 

difference accounted only around a 10% of the control value. It could be speculated that 

changes in 5-HT1A receptors could take place on serotonergic terminals rather than 

postsynaptic 5-HT1A receptors on SNr or EP neurons, which could explain why local 

buspirone administration had a similar effect in the three experimental groups. The 

activation of presynaptic 5-HT1A autoreceptors in the DRN decreases serotonergic neuron 

firing rate and 5-HT release in the soma and terminals and subsequently modulates the 

activity of other neurons via postsynaptic receptors. On the other hand, although the 

mechanism is not fully understood, the excitability of DRN serotonergic neurons and 

GABAergic interneurons depends on a fine balance between glutamatergic excitatory 

drive and GABAergic inputs from other brain regions such as the prefrontal cortex or 

SNr, which can be modulated by 5-HT1A receptors (Celada et al., 2001; Hernández-

Vázquez et al., 2019; Pollak et al., 2014; Soiza-Reilly & Commons, 2011; A. Takahashi 

et al., 2015; Weissbourd et al., 2014). GABAergic interneurons in the DRN play an 

important role in feedback inhibition because they can also regulate the activity of 

serotonergic neurons via 5-HT1A receptors (Liu et al., 2000). Recent molecular and 

anatomical studies have demonstrated that DRN serotonergic neurons co-release 5-HT 

and GLU within the BG nuclei (Huang et al., 2019; Wang et al., 2019). Furthermore, it is 

observed that 6-OHDA-lesion decreased the response of GABAergic interneurons to 5-

HT1A receptor stimulation (Hou et al., 2012) producing higher inhibition of 5-HT cells 

and subsequent reduction of 5-HT and GLU release at terminal levels. Similarly, 8-OH-

DPAT administration in 6-OHDA-lesioned-rats produced minor effect in GABAergic 

interneurons from the medial prefrontal cortex compared to control animals (Zhang et al., 

2014). This evidence could help to understand the lack of the effect of buspirone on nigral 

amino acid release in parkinsonian animals but also suggest that 5-HT1A agonists exerts 

a complex mechanism in the BG modulation in which other neurotransmitters systems 

may be also involved.  
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Cytochrome c oxidase activity in the basal ganglia and the dorsal raphe nucleus 

  

COX is the last enzymatic complex (IV) of the mitochondrial electron transport 

chain responsible for catalysing the transfer of electrons to oxygen, which serves to 

generate ATP via oxidative phosphorylation (Wong-Riley, 1989). Neurons depend 

mostly on oxidative metabolism as an energy source. For this reason, the enzymatic 

activity of COX is used as a metabolic marker for neuronal activity and its quantification 

by histochemical approaches allows to study changes in neural metabolism (Wong-Riley, 

1989). The most metabolically active regions present higher patterns of neuronal activity 

showing increased COX density ratios compared with the lowest neuronal activity 

regions (Hevner & Wong-Riley, 1989, 1991; Melendez-Ferro et al., 2013). Histochemical 

and in situ hybridization studies of COX performed in human brain has demonstrated that 

mRNA levels of COX in the BG nuclei from patients with PD and L-DOPA therapy were 

similar compared to control subjects (Vila et al., 1996, 1997). Nevertheless, a recent meta-

analysis screening more than 30 studies published between January 1980 and January 

2018 have examined the COX enzymatic activity in patients with PD, apart from other 

major psychiatric disorders and Alzheimer´s disease. Specifically, this meta-analysis 

points out that COX enzymatic activity was downregulated in blood, muscle and several 

brain regions mainly the prefrontal cortex and SNc of patients with PD (Holper et al., 

2019). In the present section, we showed increased COX activity in the GPe, EP, STN 

and SNr after nigrostriatal degeneration as it was described in detail in 6-OHDA-lesioned 

rats by other works (Blandini et al., 2000, 2007). Additionally, we observed that long-

term L-DOPA treatment did not alter this increased activity.  

 

In parkinsonian animals, increased COX activity was found in the striatum and Acc 

according to the described hyperactivity of iMSNs (see introduction). COX activity in the 

STN was also increased after the 6-OHDA lesion in agreement with our 

electrophysiological data that demonstrated that nigrostriatal degeneration increased STN 

activity and the posterior L-DOPA chronic treatment did not modify this hyperactivity 

(Aristieta et al., 2012, 2016, 2019). Other authors have found that the hyperactivity of the 

STN was related to the increased COX activity (Beurrier et al., 1999; Chetrit et al., 2013). 

As consequence of DA loss, the GPe should be hypoactive, nevertheless, we found 

increased COX density in this region while others have reported unchanged COX activity 

in MPTP-injected monkeys (Vila et al., 1996, 1997). The GPe of rats contains two main 
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types of GABAergic projection cells, the prototypic parvalbumin-containing neurons that 

innervate exclusively the STN and the arkypallidal preproenkephalin-containing neurons 

that are the main GABAergic projection to the striatum (Abdi et al., 2015; Mallet et al., 

2012). Double immunohistochemical detection for COX and parvalbumin revealed that 

non-parvalbumin cells displayed more dense staining for COX (Karmy et al., 1991). 

Regarding electrophysiological data, the firing rate of the arkypallidal neurons remained 

unaltered while prototypic neurons were found hypoactive after 6-OHDA-lesion (Abdi et 

al., 2015; Mallet et al., 2012). Thus, the increased COX density that we observed in the 

GPe could be due to arkypallidal neuron activity and not reflect the general hypoactivity 

observed in prototypical neurons. 

 

The pathological hyperactivity of the STN results in an increased neural activity of 

the BG output nuclei. In the same line, we found increased COX activity in the SNr and 

EP after 6-OHDA and after long-term L-DOPA treatment. Precisely in Study I and II, an 

increment in bursty activity was the major electrophysiological change observed in both 

SNr and EP neurons after 6-OHDA lesion and 24 h after the last injection of L-DOPA. 

The present results from 6-OHDA-lesioned rats are in agreement with those published by 

Lacombe et al. (2009). However the same author found that L-DOPA treatment reversed 

the changes observed after 6-OHDA lesion in the STN and EP. The discrepancy may be 

due to the fact that they measured COX mRNA levels and we determined COX activity 

by histochemistry. 

 

It is important to point out that COX activity cannot be acutely modulated in several 

brain regions because its catalytic activity in response to neuronal energy demand needs 

long periods of time (hours or even days) to be regulated (Gonzalez-Lima & Cada, 1994; 

Padilla et al., 2011; Riha et al., 2011; Vélez-Hernández et al., 2014). Thus, one previous 

work showed that chronic treatment with NMDA or mGluR5 antagonist could reduce 

abnormal COX activity of the SNr or STN from 6-OHDA-lesioned rats (Armentero et al., 

2006) while others found that chronic co-administration of entacapone with L-DOPA 

could not normalize COX expression in the STN (Marin et al., 2008). Nevertheless, acute 

administration of different drugs in rats did not modify COX activity (Vélez-Hernández 

et al., 2014). Therefore, is not expected that acute dose of buspirone could modify COX 

activity as it happened with neuron activity in Study I and II. 
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When studying COX activity in the DRN, no changes were observed in the DRD 

and DRL. By contrast, decreased COX activity of the DRV was found in 6-OHDA-

lesioned rats. In agreement with this, one work has described that the caudal-extent of the 

dorsal DRN is more susceptible to oxidative stress than the other extensions (Stansley & 

Yamamoto, 2014). Two previous histochemical studies have found increased COX 

activity in the DRN (Kaya et al., 2008; Tan et al., 2011) together with increased firing 

activity of serotonergic neurons in 6-OHDA-lesioned rats. However this result is rather 

discrepant, as similar studies have also reported increased (Prinz et al., 2013; Wang et al., 

2009; Zhang et al., 2007), decreased (Guiard et al., 2008) or unchanged firing rate 

(Miguelez et al., 2011) in the DRN from 6-OHDA animals. The variability of the results 

may be due to the methodological differences already mentioned. In addition, we have 

previously observed that chronic L-DOPA treatment did not alter firing rate of the DRN 

(Miguelez et al., 2011, 2016). In line with this, we found that COX activity in the DRN 

and DRL remained unchanged in 6-OHDA and 6-OHDA L-DOPA rats with the exception 

of the DRV, which could be more susceptible to the 6-OHDA lesion.  

 

Conclusion 

 

In summary, the present results suggest that the serotonergic systemic undergoes 

degeneration after nigrostriatal dopaminergic denervation and that chronic L-DOPA 

treatment further alters it. Slight reduction of SERT and 5-HT1A receptor 

immunoreactivity was observed within the BG nuclei and the different regions of the 

DRN after the 6-OHDA lesion with the exception of the SNr, where it was increased in 

6-OHDA L-DOPA rats. Overall, COX activity was found enhanced within the BG nuclei 

as consequence of nigrostriatal DA loss and posterior chronic L-DOPA treatment. 

Finally, COX activity in DRV neurons denotes that this region may be more vulnerable 

to nigrostriatal degeneration than other regions of the DRN, nevertheless, long-term L-

DOPA treatment may reverse this change.
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5.5 EXPERIMENTAL LIMITATIONS 

 

One limitation of the present work is that electrophysiological recordings from 

Studies I, II and III were performed in urethane-anaesthetised rats and it may be argued 

that this does not accurately represent clinical situations. However, we have recently 

characterized the electrophysiological parameters in 6-OHDA-lesioned rats and have 

demonstrated a relationship between these electrophysiological parameters and AIMs 

score (Aristieta et al., 2016; 2019). It is widely recognized that urethane induces a long-

lasting steady level of anaesthesia with minimal effects on autonomic and cardiovascular 

systems (Hara & Harris, 2002; Neville & Haberly, 2003). Urethane is considered suitable 

for studying the low frequency oscillatory activity (Galati et al., 2009, 2010; Magill et al., 

2001; Parr-Brownlie et al., 2007; Walters et al., 2007) since this anaesthetic induces 

prolonged maintenance of a stable brain state (Steriade, 2006). The low frequency also 

called slow-wave are the most prominent oscillation type in humans during non-rapid 

eyes movement sleep (Steriade, 2006). Similarly, they are also prominent in urethane-

anaesthetised rodents and the examination is useful to study the activity in the BG 

network (Walters et al., 2017). As mentioned, low frequency oscillations are found 

increased after DA loss. Interestingly, the burst activity after 6-OHDA lesion is still found 

more enhanced under anaesthesia than in the awake state (Lobb & Jaeger, 2015; Magill 

et al., 2001; Tseng et al., 2001). Nevertheless, future experiments should explore these 

initial observations in awake animals because it is more close to physiological conditions. 

Using multi-electrode recording technology increases the robustness of the data since it 

makes possible to record LFP and several single spikes from different neurons at the 

same, permitting the analysis of the synchronization between those signals. In addition, 

different behavioural tests can be performed simultaneously to the electrophysiological 

recordings. 

 

It could be argued that buspirone is not a selective drug. However, a single dose of 

buspirone has showed efficacy in reducing AIMs score in animal models (Aristieta et al., 

2012; Azkona et al., 2014; Dekundy et al, 2007; Eskow et al., 2007; Gerlach et al., 2011; 

Sagarduy et al., 2016) and has demonstrated certain clinical efficacy in open-label trials 

performed in PD patients (Bonifati et al., 1994; Kleedorfer et al., 1991; Politis et al., 

2014). Since then, the antidyskinetic properties of monotherapy of buspirone have been 

re-evaluated in a phase III clinical trial (NCT02617017) and the efficacy of the 
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combination with amantadine is being investigated in another phase I clinical trial 

(NCT02589340), however, the results are still unpublished. From the experimental point 

of view, it would be interesting to study the effect of buspirone in freely moving animals 

as well as to further elucidate the effect of buspirone in the triphasic response from 

urethane-anaesthetised 6-OHDA rats chronically treated with L-DOPA. 

 

The neurotoxin-based models are widely used to understand the nigrostriatal 

dopaminergic degeneration that occurs in PD. Unfortunately, these models cannot mimic 

the full pathophysiology and progression observed in PD. In the last few years, new PD 

animal models based on transgenic overexpression or intracerebral injection of aberrant 

α-syn aggregations have emerged. These models seem to reproduces better the 

pathological hallmarks of PD (Dehay et al., 2016; Visanji et al., 2016). Thus, the use of 

α-syn-based models could drive to significant advances in the understanding of the 

pathophysiology of PD and would be useful for developing new therapeutic strategies. 

 

The major limitation of immunohistochemistry assays observed in Study IV is that 

we cannot perform manual counting of 5-HT1A receptor-positive cells and SERT fibers 

due to the elevated density, distribution and compact morphology. It is widely accepted 

that the proportion of immunostaining intensity is suitable to estimate or to measure the 

antigen expression. However, the resolution is limited due to the chromogenic substrate 

precipitate, as well as the thickness of the sections analysed by the light microscope. The 

saturation of chromogen may also interfere in the quantitative analyses. For these reasons, 

in this study, quantification is only performed in regions of interest (the BG nuclei and 

DRN) and always compared to the contralateral region using selecting non-

immunoreactive structures as background. We also used a digital slide scanner with the 

same source of light and same experimental conditions. Few limitations of these 

experiments were that we did not take into account the diverse neuron subpopulations 

that inhabit the studied areas or managed to perform double immunostaining 

SERT/5HT1A. More specific antibodies and an automatic software specifically designed 

for these markers could improve these technical details.  
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6. CONCLUSIONS 

 

The different results obtained in the aforementioned studies lead us to the following 

conclusions: 

 

1. The nigrostriatal DA loss and long-term treatment with L-DOPA did not alter the 

inhibitory effect induced by buspirone, locally applied into the BG output nuclei, the 

SNr and EP. These findings suggest that the local mechanisms involved in the effect 

of buspirone are not affected by DA loss. 

 

2. Systemic administration of buspirone in control conditions did not alter the firing 

frequency in the SNr but reduced it in EP neurons. Buspirone, however, normalized 

the burst activity enhanced by DA loss. Abnormal burst activity seems to be a more 

important pathophysiological mechanism than the increased neuronal firing rate 

observed after nigrostriatal DA loss and long-term L-DOPA treatment.  

 

3. Systemic administration of the full 5-HT1A agonist, 8-OH-DPAT, reduced the firing 

rate of SNr and EP neurons in control conditions and the burst activity that was 

increased in 6-OHDA-lesioned and long-term L-DOPA treated 6-OHDA-lesioned 

rats. Therefore, the effect of 8-OH-DPAT depends on the integrity of the nigrostriatal 

pathway. 

 

4. The enhanced low frequency oscillatory activity and synchronization between the 

motor cortex and the SNr or EP found after 6-OHDA lesion and L-DOPA treatment 

were not modified by buspirone or 8-OH-DPAT when systemically applied. 

 

5. Buspirone effect on nigral GABA and GLU levels depends on the integrity of the 

nigrostriatal dopaminergic pathway. Thus, nigral GABA and GLU levels were 

increased in the naïve group, little affected after DA degeneration, and not affected 

after 6-OHDA lesion and long-term L-DOPA treatment. 
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6. The optogenetic stimulation of the STN enhanced EP neuron activity. Nevertheless, 

the systemic administration of buspirone did not modify the EP neuron response 

induced by optogenetic stimulation of the STN. 

 

7. After nigrostriatal degeneration the parameters of the triphasic response evoked by 

motor cortex stimulation in the SNr remained unchanged, however, less frequency of 

monophasic responses (early excitation) and more frequency biphasic responses 

(early excitation and late excitation) were observed. By contrast, buspirone required 

the nigrostriatal integrity to modulate the sensorimotor cortico-nigral information 

transmission through the direct trans-striatal pathway.  

 

8. The nigrostriatal degeneration did not alter the parameters of the triphasic response 

and the type of evoked response in the EP. Nevertheless, buspirone required intact 

nigrostriatal integrity to modulate the sensorimotor cortico-entopeduncular 

information transmission through the direct trans-striatal pathway.  

 

9. The serotonergic system undergoes down regulation after the 6-OHDA-lesion, which 

was manifested by decreased expression of SERT in the dorsal striatum and DRN, 

and 5-HT1A receptors in the striatum and the GPe. Long-term L-DOPA treatment 

further decreased these changes in most BG nuclei and the DRN. By contrast, SERT 

expression was enhanced in the SN from 6-OHDA-lesioned rats. 

 

10. Overall, COX activity was increased within the BG nuclei as consequence of the 

nigrostriatal DA loss and it was not altered by the chronic L-DOPA treatment. Within 

the DRN, the DRV showed reduced COX activity after DA loss and long-term 

treatment with L-DOPA attenuated it. 

 

In summary, the present results indicate that DA loss alters the effects induced by 

buspirone in the BG output nuclei, the SNr and EP, and that the main effect of this drug 

and other full 5-HT1A receptor agonist, 8-OH-DPAT, is to normalize the burst activity. 

Altogether, these findings suggest that the regulation of burst activity of the BG output 

nuclei may be a good predictor for antiparkinsonian and antidyskinetic effects. They also 

point out the importance of using an experimental models of PD and LID when 

investigating the potential therapeutic effect of new drugs.
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