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1. INTRODUCTION 

1.1. Cortico-basal ganglia circuits 

The basal ganglia (BG) form a highly organized network of subcortical nuclei 

implicated in a vast array of functions influencing movement, learning, cognition and 

motivation (Pennartz et al., 2009). Therefore, disturbances in this complex network could 

lead to a wide range of behavioural disorders like schizophrenia, drug abuse or Parkinson’s 

disease (PD) (Tremblay et al., 2015). Moreover, cortex and thalamus are tightly associated 

with the BG, giving place to the so called cortico-BG circuits, destined to integrate multi-

modal information, in order to fine-tune behavioural output. Following, the more relevant 

structures in cortico-BG circuits are detailed. 

1.1.1. Main structures involved in cortico-basal ganglia circuit function 

1.1.1.1. Cortex 

Cortical neurons can be divided in two fundamental types: pyramidal and non-

pyramidal cells. Generally, these neurons in the cerebral cortex are disposed in six layers, 

forming a characteristic laminar pattern (Pandya et al., 2014). Most of these neurons are 

pyramidal neurons using glutamate as neurotransmitter, with ~20% being GABAergic 

interneurons, important in keeping balance between excitatory and inhibitory inputs, that 

otherwise may end up in disorders such as epilepsy (Chu & Anderson, 2015; Defelipe et al., 

2013; Marín, 2012). Pyramidal neurons, depending on the layer they are located, form 

different synapses thus having different functions (Pandya et al., 2014). Pyramidal neurons 

in layers 2 and 3 form axonal projections within the cerebral cortex, not just between layers 

(i.e., 4, 5 and 6), but also with different cortical areas. Pyramidal neurons in layer 4 convey a 

source of information entering cortex receiving, for instance, inputs from thalamic 

projections, thus closing the cortico-BG-thalamic loops (Gerfen et al., 2018; Shepherd, 2013). 
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Of great importance in cortico-BG circuits are pyramidal neurons in layers 5 and 6, especially 

those in layer 5. According to their projections, these neurons can be classified as 

intratelencephalic or pyramidal tract neurons. Intratelencephalic neurons (i.e., layers 5 and 

6) project ipsi- or bilaterally to cortical and striatal targets, whilst pyramidal tract neurons 

(i.e., layer 5) ipsilaterally innervate BG nuclei like the striatum and the subthalamic nucleus 

(STN), on their way to their targets in the brain stem and the spinal cord. Finally, another 

group of pyramidal neurons in the layer 6, would project exclusively to the ipsilateral 

thalamus (Shepherd, 2013).  

1.1.1.2. Striatum  

The striatum is considered the main input structure of the BG, whose main theorized 

function is to integrate a wide range of inputs from cortex, thalamus, hippocampus, and 

amygdala, among others. The striatum is composed in a ~95% of GABAergic projection 

neurons called medium spiny neurons (MSN). According to their projection patterns, 

approximately half of MSNs project to the substantia nigra pars reticulata (SNr) or 

entopeduncular nucleus (internal globus pallidus (GPi) in primates) forming the so-called 

‘direct’ or striato-nigral pathway, while the other half projects to the globus pallidus (GP; 

external globus pallidus (GPe) in primates) stablishing the so-called ‘indirect’ or striato-

pallidal pathway (Albin et al., 1989). In terms of their molecular profile, MSNs belonging to 

the direct pathway express substance P, dynorphin, and the dopamine (DA) D1 receptor, 

while MSNs from the indirect pathway express enkephalin and the DA D2 receptor (Gerfen 

& Young, 1988). Striatal interneurons, despite their small number, comprise several neuronal 

populations with distinct electrophysiological, molecular and synaptic profiles. According to 

the neurotransmitter used, these interneurons can be classified as cholinergic or GABAergic, 

although they might release other signalling molecules as well, like glutamate (Higley et al., 

2011). GABAergic interneurons can be further classified as fast-spiking, low-threshold, 

calretinin-expressing, tyrosine hydroxylase (TH)-expressing, neurogliaform, fast adapting or 

spontaneous active bursty interneurons (Assous et al., 2018; Faust et al., 2015; Ibáñez-

Sandoval et al., 2010, 2011; Kawaguchi et al., 1995). 
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Different criteria have been used to partition the striatum, in order to study it. Based 

on certain molecular markers (i.e., opioid μ receptors, acetyltransferase), the striatum can be 

divided in patches and matrix (Graybiel & Ragsdale, 1978; Herkenham & Pert, 1981). 

Attending to anatomical criteria (i.e., cortical inputs), this nucleus can be divided in 

functional territories. The dorsal striatum comprises what would be the caudate and 

putamen in primates, and can be further divided in dorsolateral, and dorsomedial striatum. 

On the other hand, the ventral striatum would refer to the nucleus accumbens, both core and 

shell. Cortical projections onto the striatum follow a highly organized pattern, following a 

dorsolateral-ventromedial distribution (Figure 1.1). The dorsolateral striatum receives mostly 

afferents from sensorimotor (SM)-related cortical areas, while the dorsomedial striatum 

receives principally projections from the dorsal part of the medial prefrontal (mPF) cortex 

(i.e., anterior cingulate cortex (ACC) and dorsal prelimbic cortex). On the other hand, the 

nucleus accumbens principally receives afferents from ventral areas of the mPF cortex (i.e., 

ventral prelimbic and infralimbic cortices) and insular cortices, sharing some cortical 

projection areas with the dorsomedial striatum, especially in its core (Berendse et al., 1992; 

McGeorge & Faull, 1989). Despite this highly organized pattern, there is no clear-cut division 

between projections from different cortical areas, showing some degree of overlapping 

(Heilbronner et al., 2016). Thalamic nuclei also project to the striatum in a patterned 

manner, as each thalamic nuclei innervate mainly a striatal region (Van der Werf et al., 

2002). Basal amygdaloid complex innervation of the striatum especially innervate its ventral 

tiers, with some fibres reaching the dorsomedial striatum, and sparse innervation of the 

dorsolateral striatum (Wright et al., 1996). In addition, the hippocampus projects almost 

exclusively to the nucleus accumbens shell (Groenewegen et al., 1999). Furthermore, 

monoaminergic areas of the brain, like the substantia nigra pars compacta (SNc) and ventral 

tegmental area, dorsal raphe nucleus, and to some extent the locus coeruleus also project to 

the striatum, conveying important neuromodulation to striatal circuits (Joel & Weiner, 

2000; Mason & Fibiger, 1979; Steinbusch et al., 1981). Regarding striatal DA innervation, SNc 

and ventral tegmental area projections are arranged in a compartmentalized fashion. 

Dorsolateral striatum receives mainly DA inputs from the lateral SNc, while the dorsomedial 

striatum receives afferents especially from the medial SNc, but also from the ventral 
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tegmental area. On the other hand, the ventral striatum receives DA inputs especially from 

the ventral tegmental area, and to some extent from the medial SNc (Joel & Weiner, 2000). 

 

Figure 1.1: Patterned distribution of cortical, thalamic, amygdaloid and hippocampal inputs to the rodent 
striatum. Note the dorsolateral-ventromedial characteristic organization of cortico-striatal projections. ac, 
anterior commissure; ACC, anterior cingulate cortex; AId, dorsal agranular insular cortex; AIv, ventral agranular 
insular cortex; CeM, central medial thalamic nucleus; CL, central lateral thalamic nucleus; IL, infralimbic cortex; 
IMD, intermediodorsal thalamic nucleus; MD, mediodorsal thalamic nucleus; PC, paracentral thalamic nucleus; 
PFC, prefrontal cortex; PLd, dorsal prelimbic cortex; PLv, ventral prelimbic cortex; PV, paraventricular thalamic 
nucleus; SMC, sensorimotor cortex. (Voorn et al., 2004). 
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Altogether, striatal neurons would stablish contacts with each other, as well as with 

incoming terminals to the striatum, forming a complex circuitry, that will ultimately shape 

striatal output conveyed by MSNs.  

1.1.1.3. Globus pallidus 

The GP is a GABAergic nucleus, and key component of the indirect pathway in 

cortico-BG circuits. Principal inputs to this nucleus come from GABAergic MSNs belonging 

to the indirect pathway, and glutamatergic inputs from the STN, as well as collaterals from 

GP neurons (Kita, 2007; Parent & Hazrati, 1995; Sadek et al., 2007). On the other hand, GP 

neurons mainly send efferents to the striatum, STN and SNr (Chang et al., 1983; Gerfen et al., 

1990; Smith & Bolam, 1989). Striatal inputs to the GP follow a functional organization, as 

shown by their calbindin expression pattern, lateral tiers of the GP would receive inputs from 

the dorsolateral striatum, while medial tiers of the GP would receive afferents from the 

dorsomedial striatum (Fujiyama et al., 2016; Rajakumar, Rushlow, et al., 1994). GP 

input/output seem to be defined by two distinct electrophysiological and molecularly 

characterized neuronal subpopulations: prototypical and arkypallidal GP neurons (Mallet et 

al., 2012). Prototypical neurons are characterized by Nkx2.1 expression, accounting for more 

than the 70% of GP neurons. This GP neuronal population receive innervation from striato-

pallidal MSNs and STN neurons. In turn, these neurons project to nuclei such as the STN, 

both parts of the SN, the entopeduncular nucleus, and the striatum (Abdi et al., 2015; Bevan 

et al., 1998; Fujiyama et al., 2016; Saunders et al., 2016). On the other hand, arkypallidal 

neurons are characterized for expressing FoxP2, and constitute ~20% of GP neurons. These 

neurons receive external inputs from striato-pallidal MSNs, although to a lesser extent than 

prototypical neurons. Additionally, arkypallidal GP neurons exclusively project their axons 

to the striatum (Dodson et al., 2015; Mallet et al., 2012; Yuan et al., 2017). This GP circuitry 

is regulated by serotonergic and DA neurotransmission systems, coming from the raphe 

nuclei and the SNc, respectively (Perkins & Stone, 1983; Rommelfanger & Wichmann, 2010). 
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1.1.1.4. Subthalamic nucleus 

Together with the striatum, the STN represents a station of external excitatory inputs 

into the BG. The STN is integrated by densely packed glutamatergic projection neurons, 

mainly receiving GABAergic contacts from the GP, and glutamatergic contacts from 

thalamus and cortex, the latter constituting the so-called hyperdirect pathway (Afsharpour, 

1985a; Chang et al., 1983; Groenewegen & Berendse, 1990; Kita et al., 1983; Parent & Hazrati, 

1995). Excitatory projections onto the STN seem to be topographically arranged, with SM 

related cortical areas projecting to the lateral part of this nucleus, while mPF cortical areas 

innervate the medial tier (Afsharpour, 1985b; Berendse & Groenewegen, 1991; Janssen et al., 

2017). Moreover, the thalamus sparsely innervates the STN, also showing a mediolateral 

distribution. Similarly, pallidal innervation show this mediolateral distribution as well, in 

this case heavily innervating the STN (Groenewegen et al., 1993; Groenewegen & Berendse, 

1990; Parent & Hazrati, 1995). Additionally, DA and serotonergic neurotransmitter systems 

project to the STN modulating its neuronal activity (Canteras et al., 1990; Steinbusch, 1981). 

Regarding its efferences, STN neurons send projections especially to the GP, but also to both 

sections of the SN, and to some extent to the striatum and cortex (Koshimizu et al., 2013). 

STN neurons project to the GP and the SNr profusely and in a topographical way, following 

a mediolateral distribution (Groenewegen & Berendse, 1990; Parent & Hazrati, 1995; Van Der 

Kooy & Hattori, 1980). In addition, some STN projections will reach SNc DA neurons, 

modulating DA release (Koshimizu et al., 2013; Rosales et al., 1994; Smith & Grace, 1992). 

Moreover, STN axon collaterals contact with other STN neurons, providing an amplification 

mechanism (Gouty-Colomer et al., 2018). 

1.1.1.5. Substantia nigra 

The SN is a large midbrain structure composed by a dorsal region called pars 

compacta, and a ventral region called pars reticulata. This anatomically and functionally 

diverse structure stablish relevant synapses with nuclei outside and inside the BG, therefore 

being involved in several physiological and pathological processes. 
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1.1.1.5.1. Substantia nigra pars compacta 

The SNc correspond to an elongated and densely packed DA nucleus dorsal to the 

SNr. Its DA neurons project long axons to the striatum and other brain areas forming the 

nigrostriatal pathway, which is included in the medial forebrain bundle (MFB). Besides DA 

neurons, the SNc also has GABAergic and glutamatergic neurons (Morales & Root, 2014). 

This way the SNc provides DA to the striatum, the STN and the GP, among other nuclei 

(Canteras et al., 1990; Joel & Weiner, 2000; Rommelfanger & Wichmann, 2010). Most of the 

afferences to this nucleus are GABAergic, coming from the SNr, the GP, and the striatum 

(Grofová, 1975; Hattori et al., 1975; Tepper et al., 1995). In turn, glutamatergic projections 

from the mPF cortex and the STN, in addition to serotonergic projections from medial and 

dorsal raphe nuclei, reach the SNc (Hauber, 1998; Koshimizu et al., 2013; Naito & Kita, 1994). 

1.1.1.5.2. Substantia nigra pars reticulata 

Ventral to the SNc, there is the SNr, formed mainly by GABAergic projection neurons, 

with the occasional infiltration of DA neuron groups (González-Hernández & Rodríguez, 

2000). GABAergic neurons in the SNr show molecular diversity with neurons subsets 

expressing parvalbumin, calretinin, nitric oxide and acetylcholine transferase (González-

Hernández & Rodríguez, 2000; Martínez-Murillo et al., 1989). Parvalbumin-expressing SNr 

neurons are mainly located in the lateral aspects of the nucleus, involved in the processing 

of information from SM-related cortical areas (Rajakumar, Elisevich, et al., 1994).  

Together with the entopeduncular nucleus, the SNr constitutes one of the output 

nuclei of the BG, where information from distinct cortical and thalamic inputs abandons the 

BG after adequate integration. In line with this, afferents to the SNr come mainly from BG 

structures, maintaining the mediolateral distribution seen in other BG nuclei afferents 

(Deniau et al., 1996). The main GABAergic input to the SNr comes from MSNs in the striatum 

(both dorsal and ventral) conforming the direct-pathway, as well as from other sources such 

as the GP, and the ventral pallidum (Chevalier & Deniau, 1990; Deniau et al., 1994; 
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Groenewegen et al., 1993; Smith & Bolam, 1989). Moreover, SNr neurons receive important 

glutamatergic inputs from the STN, constituting the last step in the hyperdirect pathway 

(Kita & Kitai, 1987). Additionally, serotonergic and DA innervation from the dorsal raphe 

nucleus and the SNc respectively, reaches the SNr (Cheramy et al., 1981; Corvaja et al., 1993). 

SNr neurons send projections mainly to the thalamus, which in turn, projects back to the BG 

or the cortex closing the cortico-BG-thalamic loops (Kha et al., 2001). In addition to the 

thalamus, SNr neurons also reach the superior colliculus, the pedunculopontine nucleus, and 

the periaqueductal grey, offering tonic inhibition on these structures. Projections out of the 

SNr are carried out by four specific neuronal populations, that projects to different 

combinations of these nuclei (Cebrián et al., 2005; Kha et al., 2001). Besides this, these 

neurons display collaterals, playing a dual role as inter- and projection neurons in the SNr 

(Deniau et al., 1982, 2007).  

1.1.2. Sensorimotor and medial prefrontal basal ganglia circuits 

The BG nuclei provide the substrate for a complex network that links cortex and 

thalamus, creating the known as cortico-BG-thalamo-cortical loops or circuits (Figure 1.2). 

As mentioned above, almost the entire cortex projects to the striatum following an anatomo-

functional organization, thus allowing us to establish functional subdivisions of this nucleus, 

depending on the cortical areas innervating that region. Moreover, this apparent anatomo-

functional compartmentalization is not exclusive of the striatum, as it is conserved 

throughout the BG nuclei. This suggests the existence of parallel and closed cortico-BG 

circuits through which specific functional information flow back to cortex, after being 

processed within the BG nuclei. Alexander and colleagues (1986) proposed a cortico-BG-

thalamo-cortical organization in non-human primates, including five functionally-distinct 

parallel loops (Alexander et al., 1986). Later, evidences suggested the involvement of 

associative/limbic BG territories in motor behaviour (Belin & Everitt, 2008; Sawada et al., 

2015), observations further supported by anatomical and functional studies (Aoki et al., 2019; 

McFarland & Haber, 2002), thus opening a gateway in these ‘closed’ cortico-BG circuits for 

information exchange between functionally distinct circuits. Nowadays, is generally 
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accepted to group these circuits in three functional domains (Tremblay et al., 2015). The 

‘motor’ and ‘oculomotor’ circuits fall into the SM domain, including premotor, motor and 

somatosensory cortices; the ‘dorsolateral prefrontal’ and ‘lateral orbitofrontal’ circuits belong 

in the ‘associative’ domain; and the ‘anterior cingulate’ circuit pertain to the ‘limbic’ domain. 

In rodents, a distinction can be made between the ‘sensorimotor’ circuits, that would belong 

to the ‘sensorimotor’ domain, and the mPF circuits, which would represent a mixed 

‘associative/limbic’ domain (Aliane et al., 2009; Beyeler et al., 2010). 

 

Figure 1.2: Sagittal view of the nuclei involved in the cortico-BG-thalamo-cortical loops. Arrows schematically 
show the information flow within these circuits. Cortical pyramidal neurons are labelled with Thy1-controlled 
YFP, GABAergic neurons expressing GAD65 and GAD67 co-express GFP (all shown in green). Red indicated 
tyrosine hydroxylase immunostaining. GPe, external globus pallidus; Hippo, hippocampus; IC, inferior colliculus; 
PRF, midbrain and pontine reticular formation; RT, reticular thalamus; SC, superior colliculus; SNc, substantia 
nigra pars compacta; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus; Thal, thalamus; VP, ventral 
pallidum; ZI, zona incerta (Zhou, 2016).  
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In a simplified way, cortical information through the SM and mPF BG circuits is 

transmitted to the output structures (i.e., SNr and entopeduncular nucleus) of the BG 

through three pathways, the hyperdirect trans-subthalamic pathway, and the direct and 

indirect trans-striatal pathways (Albin et al., 1989; Kita, 1994; Maurice et al., 1999). Inputs 

from SM and mPF cortices enter the BG through the striatum and the STN. Glutamatergic 

projections from SM/mPF cortices make contact with lateral/medial STN neurons, which in 

turn send glutamatergic projections to the lateral/medial SNr, constituting the hyperdirect 

pathway. Moreover, SM and mPF cortices send glutamatergic projections onto the 

dorsolateral/dorsomedial-ventral striatum. MSNs from these regions of the striatum send 

GABAergic projections to the lateral/medial SNr, forming the direct pathway. Ultimately, 

MSNs from the dorsolateral/dorsomedial-ventral striatum send GABAergic projections to 

prototypical neurons in the lateral/medial GP. From the GP, GABAergic neurons will project 

to the lateral/medial STN, which sends glutamatergic projections to the lateral/medial SNr 

(Figure 1.3). The way these pathways are constituted set the neural substrates for BG circuits 

function. 
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Figure 1.3: Schematic representation of the sensorimotor (SM, purple) and medial prefrontal (mPF, green) basal 
ganglia circuits (BG). These circuits convey cortical information to the BG output nuclei through three pathways: 
the hyperdirect (cortex-STN-SNr; (1) dotted line), the direct (cortex-striatum-SNr; (2) dashed line) and the 
indirect pathways (cortex-striatum-GP-STN-SNr; (3) solid line). However, SM and mPF BG circuits are 
anatomically segregated. While the SM circuits course through the lateral parts of the BG nuclei, the mPF circuits 
go through the medial parts of these nuclei. GP, globus pallidus; mPFc, medial prefrontal cortex; SMc, 
sensorimotor cortex; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus. 
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As its name suggests, the SM BG circuits process SM information provided by the 

motor and somatosensory cortices. These circuits are involved in modulating motor and 

sensory cortices in order to control motor output, allowing precise movement execution, 

learning motor sequences, and their correct expression (Gremel & Costa, 2013; Jin et al., 2014; 

Phillips et al., 1993). According to the classical functioning model of the BG, the direct and 

indirect pathways play opposite roles in movement control (Albin et al., 1989). This model 

predicts that activation of direct-pathway MSNs by cortical projection neurons, leads to 

inhibition of the BG output nuclei. This would decrease the GABAergic inhibitory drive of 

these nuclei onto the thalamus, which in turn increases the excitatory thalamo-cortical 

pathway, leading to excitation of the motor cortex, and ultimately, movement facilitation. 

On the other hand, activation of indirect-pathway MSNs by cortical excitatory inputs reduces 

GP activity, leading to STN disinhibition, and increases STN glutamatergic input onto the 

BG output nuclei. This would end up inhibiting thalamic neurons, thus reducing excitatory 

input onto the motor cortex, and promoting movement suppression. Beyond this model, 

manipulation of direct or indirect-pathway MSNs has confirmed the hypothesized functions 

for these SM BG circuits pathways (Kravitz et al., 2010). Theoretically, activation of STN 

neurons in the hyperdirect pathway by cortical inputs, would increase excitatory drive onto 

the BG output nuclei, resulting in reduced thalamo-cortical input, inducing movement 

suppression. In agreement with this, ablation of this pathway induces hyperactivity in 

rodents, probably by increasing thalamo-cortical input (Koketsu et al., 2021). The specific 

role of this pathway in movement execution has been hypothesized to be the inhibition of 

competing motor programs, thus contributing to correct expression of motor patterns 

(Nambu et al., 2002). A similar role has been proposed for the indirect pathway in the 

inhibition of competing motor programs, while the direct pathway would be involved in 

selecting the desired motor programs (Mink, 2003). In line with this, direct- and indirect-

pathway MSNs are active during the initiation and termination of action sequences, with 

mainly direct-pathway MSNs being activated during sustained motor activity. Thus, 

revealing that balanced activity between both pathways is needed for correct motor program 

selection (Cui et al., 2013; Jin et al., 2014). 
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On the other hand, mPF circuits process information coming from mPF cortical areas 

(i.e., anterior cingulate, prelimbic and infralimbic cortices), and are involved in 

‘associative/limbic’ aspects of behaviour like goal-directed and drug-seeking behaviour, 

evaluation and revaluation of outcome values, and action selection update after outcome 

revaluation (Balleine & O’Doherty, 2010; Gremel & Costa, 2013; Nakanishi et al., 2014; 

Nonomura et al., 2018). Activation of the pathways constituting these circuits would provoke 

physiological responses in the BG nuclei similar to those described above for the SM circuits, 

although their behavioural correlates are not well understood. Evidence suggests that 

accumbal direct-pathway MSNs are involved in positive outcome learning, but not in 

negative outcome learning, for which participation of indirect-pathway MSNs is necessary 

(Hikida et al., 2010, 2013; Kravitz et al., 2012). Similar pathway-specificity is seen in the 

dorsomedial striatum, where direct-pathway MSNs code positive outcomes, and indirect-

pathway MSNs code for negative outcomes, and switch in action selection (Nonomura et al., 

2018). Similarly, accumbal indirect-pathway MSNs are required for flexible learning (Yawata 

et al., 2012). 

1.2. The endocannabinoid system in the basal ganglia 

The psychotropic effects of Cannabis sativa extracts fuelled the investigation about 

the compounds of this plant, which ultimately lead to the discovery of the endocannabinoid 

system. Identification of the Δ9-Tetrahydrocannabinol (Δ9-THC) as the main responsible for 

the plant psychotropic effects made possible the development of synthetic cannabinoids, 

that allowed the identification of the CB1 receptor (Devane et al., 1988; Gaoni & Mechoulam, 

1964). The existence of CB1 receptors was the start point for the search of endogenous ligands, 

culminating with the first isolation of an endocannabinoid: the anandamide (Devane et al., 

1992). Nowadays, the endocannabinoid system represents a widely distributed 

neuromodulatory system, constituted by receptors, and synthesis, degradation and transport 

pathways for endogenous ligands (Piomelli, 2003).  
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Besides its relationship with the psychotropic effects of cannabis, this system has 

been gaining attention over the last decades regarding its potential therapeutic use. The 

endocannabinoid system has been proposed as a useful target for neuroprotection, which 

could be especially useful in modifying the progression of neurodegenerative BG disorders, 

such as PD (Fernández-Ruiz et al., 2011). Activation of cannabinoid receptors (i.e., CB1 and 

CB2) can lead to neuroprotection by reducing glutamatergic excitotoxicity, proinflammatory 

molecule release, and gliosis (Smith et al., 2000; Van Der Stelt et al., 2001; Walter et al., 

2003). Additionally, certain cannabinoids have anti-inflammatory and anti-oxidant 

properties, given their chemical structure containing phenolic groups, or by acting on other 

non-cannabinoid receptors, such as peroxisome proliferator-activated receptors (Marsicano 

et al., 2002; O’Sullivan, 2016).  

1.2.1. Cannabinoid receptors distribution 

The distribution of the CB1 receptor is principally in the central nervous system, being 

present in neurons, astrocytes, oligodendrocytes, and neuronal precursors (Aguado et al., 

2005; Gomez et al., 2011; Molina-Holgado et al., 2002). In neurons, CB1 receptors are located 

mainly presynaptically, and its presence has been described in the external mitochondrial 

membrane (Bénard et al., 2012; Szabo & Schlicker, 2005). In the brain, CB1 receptor 

expression is not homogeneous, and is observed especially in the BG nuclei, cerebellum and 

hippocampus, showing moderate expression in cortex (Mailleux & Vanderhaeghen, 1992). 

Outside the brain, this receptor is located in adrenal glands, heart, lung, liver, thymus, bone 

marrow, tonsils, gastrointestinal tract, and urinary and reproductive systems (Galiègue et al., 

1995; Gérard et al., 1991; Pertwee, 2001).  

Putting the focus on the structures related with cortico-BG circuit function, the mPF 

cortex is one of cortical areas showing a higher mRNA of this receptor, while lateral cortical 

areas (i.e., motor and somatosensory areas) show less CB1 receptor mRNA and binding (Heng 

et al., 2011; Herkenham, Lynn, Johnson, et al., 1991; Mailleux & Vanderhaeghen, 1992). CB1 

receptor expression in the striatum follows a dorsolateral-ventromedial gradient, resembling 

cortical afferents onto this nucleus. This way, there is an intense CB1 receptor mRNA and 
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binding in the dorsolateral part, with lower mRNA and binding in the dorsomedial/ventral 

striatum (Herkenham, Lynn, Johnson, et al., 1991; Julian et al., 2003; Mailleux & 

Vanderhaeghen, 1992). The relatively moderate mRNA in cortex, together with the high 

striatal mRNA and preferential presynaptic location of this receptor, argues for the CB1 

receptor observed in binding studies to be in striatal neuron collateral terminals (Van Waes 

et al., 2012). GP neurons lack CB1 receptor mRNA, although it shows intense CB1 receptor 

labelling, suggesting that the CB1 receptor present in this nucleus, is located specially in 

striato-pallidal, and to some extent subthalamo-pallidal terminals. Consistent with the 

striato-pallidal projection pattern, lateral tiers of the GP have more CB1 receptor presence 

than the medial parts of the GP (Herkenham, Lynn, de Costa, et al., 1991; Herkenham, Lynn, 

Johnson, et al., 1991; Julian et al., 2003; Mailleux & Vanderhaeghen, 1992). Regarding the 

STN, it shows moderate mRNA, together with sparse CB1 receptor binding. Given the lack of 

CB1 receptor mRNA in GP neurons –main contributor of STN afferents–, the slight binding 

observed in the STN, is likely coming from cortical afferents and STN neuron collaterals. In 

these studies, no gradient in CB1 receptor mRNA or binding was observed in the STN 

(Herkenham, Lynn, Johnson, et al., 1991; Julian et al., 2003; Mailleux & Vanderhaeghen, 

1992). SNr neurons lack CB1 receptor mRNA, but shows a high density of this receptor 

(Herkenham, Lynn, Johnson, et al., 1991; Mailleux & Vanderhaeghen, 1992). Thus, CB1 

receptor in this nucleus is likely located in striato-nigral terminals, and to some extent in 

subthalamo-nigral terminals (Herkenham, Lynn, de Costa, et al., 1991). CB1 receptor presence 

in the SNr shows a mediolateral gradient, resembling the striato-nigral projection pattern, 

with low CB1 receptor presence in medial tiers of the SNr, and high presence in lateral 

portions (Julian et al., 2003) (Figure 1.4). 

The second cannabinoid receptor described was the CB2 receptor (Munro et al., 1993). 

This receptor was first described in spleen; thus, it has been attributed with immune 

functions. In line with this, is located mainly in immune cells like macrophages, NK cells, B 

and T lymphocytes, monocytes and neutrophils (Galiègue et al., 1995). Besides immune cells, 

this receptor has also been described in other peripheral tissues like lung, gastrointestinal 

tract, heart, adipocytes, bone cells and meiotic cells (Grimaldi et al., 2009; Joyeux et al., 

2002; Ofek et al., 2006; Roche et al., 2006; Storr et al., 2002; Zoratti et al., 2003). CB2 
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receptor presence in the central nervous system has been questioned, although several 

authors have described its presence mainly in microglia and astrocytes, especially after an 

inflammatory, infectious, traumatic or toxic insult, which places this receptor in a privileged 

spot as a therapeutic target for neurodegenerative processes (Benito et al., 2008; Fernández-

Ruiz et al., 2007). Moreover, CB2 receptor expression has been found in neurons in the BG, 

brainstem, and cerebellum (Gong et al., 2006; Lanciego et al., 2011; Van Sickle et al., 2005). 

Besides CB1 and CB2 receptors, cannabinoids also act upon other targets including 

orphan G protein-coupled receptors (i.e., GPR18 and GPR55), peroxisome proliferator-

activated receptors (i.e., PPARα and γ) and transient receptor potential channels (i.e., TRPV1, 

TRPV2 y TRPA1) (Di Marzo et al., 1998; Jordt et al., 2004; McHugh et al., 2012; O’Sullivan & 

Kendall, 2010; Qin et al., 2008; Sylantyev et al., 2013). 
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Figure 1.4: Schematic representation of the CB1 receptor presence in the pathways and nuclei involved in the BG 
circuits. In cortex, most of the observed CB1 receptor binding is due to the presence of this receptor at interneuron 
terminals, represented as white circles, where most of this receptor is expressed; CB1 receptor is abundantly 
expressed in the mPFc (medial prefrontal cortex), while moderate to sparse expression is observed in 
sensorimotor cortices (SMc). In the striatum, there is a dorsolateral-ventromedial gradient in CB1 receptor 
expression and binding; principal contribution to binding is from medium spiny neuron collaterals. In the globus 
pallidus (GP), there is no CB1 receptor expression and binding comes mostly from striato-pallidal terminals. In 
the subthalamic nucleus (STN), CB1 receptor is moderately expressed and mild binding is observed, presumably 
from cortical terminals. In the substantia nigra pars reticulata (SNr), there is no CB1 receptor expression, but 
shows an intense binding coming mainly from striato-nigral, but also from subthalamo-nigral terminals. Intensity 
of the orange shade represents the relative level, within that nucleus, of CB1 receptor mRNA transcripts; more 
intense colour means higher presence of transcripts. The size of the arrow point indicates the amount of CB1 
receptor located on that terminal and, therefore, its contribution to the binding detected in the nucleus where 
the terminal is present; the bigger the arrow the higher the presence of CB1 receptor at that terminal. 
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1.2.2. CB1 receptor and its function in the basal ganglia 

Transmission between BG nuclei rely on GABA and glutamate, which cannabinoids 

have proven to interfere with, by acting mainly on the CB1 receptor. Most of the CB1 receptor 

expression in cortex is in GABAergic interneurons, and to a lesser extent pyramidal 

projection neurons (Bodor et al., 2005; Mailleux & Vanderhaeghen, 1992; Marsicano & Lutz, 

1999). Therefore, most of the effects seen in cortex after CB1 receptor manipulation would be 

restricted to local GABAergic neurotransmission, decreasing GABA release, and supressing 

pyramidal projection neuron inhibition (Bodor et al., 2005; Pistis et al., 2002; Trettel & 

Levine, 2002). Another important role is modulation of synaptic plasticity. Within cortex, 

cannabinoids mainly intervene in long term depression development in excitatory and 

inhibitory synapses, as well as in depolarization-induced suppression of inhibition (Auclair 

et al., 2000; Chiu et al., 2010; Trettel & Levine, 2003). Despite the apparent low CB1 receptor 

expression in cortical projection neurons, it is an important modulator of cortico-striatal 

synapses, decreasing glutamate release at both direct- and indirect-pathway cortico-MSN 

contacts (Gerdeman & Lovinger, 2001; Kreitzer & Malenka, 2007). This receptor is involved 

in depolarization-induced suppression of excitation, and long term depression induction in 

cortico-MSN synapses, although this latter form of plasticity seems to preferentially involve 

indirect-pathway MSNs (Lovinger & Mathur, 2016; Uchigashima et al., 2007). GABAergic 

neurotransmission in the striatum is modulated by CB1 receptor activation, reducing MSNs 

GABA currents, in a mechanism likely involving MSNs axon collaterals (Hoffman & Lupica, 

2001; Szabo et al., 1998). Moreover, this receptor is also involved in GABAergic synaptic 

plasticity in the striatum, where CB1 receptors located in MSN-MSN and fast spiking 

interneurons-MSN synapses, participate in long term depression induction (Mathur et al., 

2013). Additionally, cannabinoid-dependent depolarization-induced suppression of 

inhibition has been described in fast spiking interneurons-MSN synapses (Narushima et al., 

2006). CB1 receptors expressed in striato-pallidal terminals reduce GABA release upon 

activation, and participate in depolarization-induced suppression of inhibition induction at 

these synapses (Engler et al., 2006; Miller & Walker, 1996). Besides striatal inputs, 

subthalamo-pallidal terminals contain CB1 receptors that reduce glutamate release onto GP 
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neurons upon activation (Freiman & Szabo, 2005). Regarding the STN, CB1 receptor 

activation caused inhibition or excitation of STN neurons in the lateral or medial part of this 

nucleus, respectively. Therefore, suggesting cannabinoid modulation mainly on 

glutamatergic inputs in the medial STN, and on GABAergic inputs in the lateral STN 

(Morera-Herreras et al., 2010). In the SNr, CB1 receptor activation decreases both GABA and 

glutamate release from striato-nigral and subthalamo-nigral terminals, respectively, 

although the net effect of cannabinoids on SNr neuron activity is excitatory (Miller & Walker, 

1995; Sañudo-Peña & Walker, 1997; Szabo et al., 2000; Wallmichrath & Szabo, 2002a, 

2002b). Similar to that observed in the GP, CB1 receptor in striato-nigral terminals 

participates in depolarization-induced suppression of inhibition induction (Yanovsky et al., 

2003). Moreover, the CB1 receptor control serotonergic, noradrenergic and DA 

neurotransmitter systems, which in turn control BG function (Carvalho & Van Bockstaele, 

2012; Fitzgerald et al., 2012; Haj-Dahmane & Shen, 2011).  

In the case of the DA system within the BG, cannabinoids by activating the CB1 

receptor can influence DA neurotransmission indirectly, modulating other neurotransmitter 

systems since DA neurons lack CB1 receptor mRNA (Julian et al., 2003). Cannabinoids are 

thought to indirectly modulate DA release disinhibiting DA neurons in the midbrain (i.e., 

SNc and ventral tegmental area neurons). Several mechanisms involving suppression of 

GABA release by cannabinoids have been proposed to explain this, such as inhibition of 

GABA release from interneurons or GABAergic afferents expressing CB1 receptor, as well as 

modulation of other BG nuclei activity, like the STN, resulting in DA neuron net excitation 

after cannabinoid administration (Cheer et al., 2000; Lupica & Riegel, 2005; Morera-

Herreras et al., 2008; Szabo et al., 2002; Yanovsky et al., 2003). Therefore, disinhibition of 

midbrain DA neurons would produce an increase in DA release in both dorsal and ventral 

striatum, as it happens after cannabinoid systemic administration (Cheer et al., 2004; 

Polissidis et al., 2014). Although the net effect of systemic cannabinoid administration is 

increased DA neuron activity, and subsequent DA release, there is an additional modulatory 

effect mediated through CB1 receptors expressed in glutamatergic terminals in midbrain DA 

nuclei. CB1 receptor activation in this terminals would hinder glutamate release, 

subsequently suppressing excitatory drive onto DA neurons (Lupica & Riegel, 2005). Locally, 
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at the target nuclei of DA neurons, cannabinoids can modulate DA release as well. In the 

ventral striatum, CB1 receptors located in mPF cortical terminals reduce DA release induced 

by acetylcholine or glutamate release from cholinergic interneurons or cortical terminals, 

respectively (Mateo et al., 2017). Although the exact circuit components involved in CB1 

receptor-mediated DA release in the dorsal striatum have not been stablish yet, activation of 

this receptor can locally inhibit DA release as well (Sidló et al., 2008). The role of 

cannabinoids on DA release in the striatum has been thoroughly explored, but the 

participation that this receptor might have on DA neurotransmission in other BG nuclei 

where cannabinoid and DA systems coexist, is yet to be determined.  

In line with the effects CB1 receptor activation has on BG neurotransmission, 

behavioural traits related with BG function are affected by cannabinoids. Cannabis users 

display motor (i.e., fine motor control) and cognitive deficits (i.e., impulsivity, memory, 

learning), functions that are related to cortico-BG circuits (Boggs et al., 2018; Ramaekers et 

al., 2006; Schreiner & Dunn, 2012; Tremblay et al., 2015). In preclinical studies, systemic 

administration of CB1 receptor agonists induces motor impairments, like hypokinesia and 

fine motor control disruption (De Fonseca et al., 1994; Di Marzo et al., 2001; Mclaughlin et 

al., 2000; Romero, de Miguel, et al., 1995; Romero, García, et al., 1995; Wickens & Pertwee, 

1993). In line with this, cortico-BG circuit efficiency during motor tasks is reduced in humans 

after cannabis consumption (Filbey & Yezhuvath, 2013). However, direct administration of 

CB1 receptor agonists into different BG nuclei, induce different effects on motor behaviour 

in animals, hinting at the specific contribution of the endocannabinoid system in each BG 

nuclei. Activation of the CB1 receptor specifically in the striatum or the SNr, increases 

rotatory behaviour in rodents, while receptor activation in the GP or STN decreased it (Miller 

et al., 1998; Sañudo-Peña et al., 1998, 1999; Sañudo-Peña & Walker, 1998; Souilhac et al., 

1995).  

Regarding associative/limbic functions, systemic CB1 receptor agonist administration 

impairs strategy update based on reward, therefore persevering in behaviours without taking 

into account changes in cue-reward association (Egerton et al., 2005; Hill et al., 2006). 

Activation of this receptor in the mPF cortex or the nucleus accumbens impairs aversive 
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learning and aversive-related responses (Hikida et al., 2013; Lisboa et al., 2010). In line with 

this, heavy cannabis users have a decreased ACC-striatum functional connectivity, as 

observed between the prefrontal cortex and the striatum after Δ9-THC administration 

(Bhattacharyya et al., 2015; Blanco-Hinojo et al., 2017).  

Distribution of cannabinoid receptors within the BG, together with their ability to 

modulate the principal neurotransmitters involved in its function, and their actions on 

inflammatory processes, place them in a privileged spot as disease-modifying and 

symptomatology treatment targets in BG disorders such as PD.  

1.3. Parkinson’s Disease 

PD was first described by Dr. James Parkinson in 1817, which referred to it as ‘shaking 

palsy’, describing some of the key motor symptoms (Parkinson, 2002). Afterwards, a more 

in-detail description of the disease, including a clinical definition and further description of 

the motor symptoms, was made by Jean-Martin Charcot which put its final name: Parkinson’s 

disease (Charcot, 1892). In the early 20th century, Frederick Lewy described the presence of 

intracellular inclusion bodies in PD patients’ brains, which he called ‘Lewy bodies’ (Lewy, 

1912). Later, the SNc was targeted as the main brain structure affected by these cellular 

inclusions (Holdorff, 2019). After a few decades, a link was stablished between PD pathology 

and DA, with the observation of a DA deficit in the striatum and SNc of PD patients (Ehringer 

& Hornykiewicz, 1998). Making such link between central DA deficiency and PD symptoms 

led to the development of DA replacement therapies, which now constitute the main 

treatment for alleviating motor symptomatology (Birkmayer & Hornykiewicz, 1961). Despite 

this, not all patients respond to such therapy, and after a few years into treatment, the vast 

majority begin to develop serious adverse effects (i.e., dyskinesia) (Marsden & Parkes, 1977). 

At this moment, symptomatology treatment strategies without such side effects, together 

with disease-modifying treatments that hinder the neurodegenerative process are the aim of 

the actual efforts in developing PD effective treatments. 
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1.3.1. Epidemiology, aetiology and pathology 

PD is the most common neurodegenerative disorder after Alzheimer’s Disease, 

affecting 2% of the population over 60 years old (Tysnes & Storstein, 2017). Increase in life 

expectancy has led to a rise in neurodegenerative disorders prevalence, such as PD (Lee & 

Gilbert, 2016). However, prevalence is not homogeneous, depending on race, ethnicity and 

gender, among other factors (Ascherio & Schwarzschild, 2016; Van Den Eeden et al., 2003). 

PD presentation consists in two major neuropathological traits: SNc DA neuronal loss 

and widespread Lewy body inclusions –mainly constituted by α-synuclein– are necessary for 

a formal PD diagnosis (Poewe et al., 2017). Loss of DA neurons begins in the ventrolateral 

SNc, principally affecting DA neurons involved in motor behaviour; other DA midbrain 

neurons remain more or less unaffected (Damier et al., 1999; Fearnley & Lees, 1991). Before 

motor symptoms start taking place, a dramatic loss of DA neurons and the subsequent DA 

striatal denervation are necessary (Dijkstra et al., 2014; Iacono et al., 2015). Together with 

this, α-synuclein aggregation and subsequent Lewy body formation appear in several brain 

regions. According to Braak’s theory, Lewy bodies start to build up in cholinergic and 

monoaminergic midbrain neuron populations, as well as in the olfactory system. As the 

neurodegeneration progresses, Lewy bodies start to appear in neocortical and limbic regions 

(Braak et al., 2003, 2004).  

Although the exact aetiology for PD is still unknown, several cellular and molecular 

mechanisms are known to be involved in its pathology (Figure 1.5), among which are:  

Mitochondrial dysfunction is caused by gene mutations (i.e., SNCA, parkin, PINK1, 

among others), but also morphological and functional alterations have been described in PD 

patients (Surmeier, 2018; Zhang et al., 2018). These alterations affect mitochondrial electron 

chain complex I, and are related with the aggregation of α-synuclein in SNc neurons (Poewe 

et al., 2017; Schapira et al., 1990). This, together with the presence of iron deposits in PD 

patients’ brain, could favour the over-exposition of these patients to oxidative stress (Gu et 

al., 1998; Jomova et al., 2010). 
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Mounting evidence indicate that oxidative stress is an important contributor of PD 

pathology. Together with deficits in the main antioxidant enzymes (i.e., catalase, superoxide 

dismutase, glutathione peroxidase), further evidence of an oxidant environment is found in 

lipid peroxidation, DNA oxidation and oxidised proteins (Alam, Daniel, et al., 1997; Alam, 

Jenner, et al., 1997; Dexter et al., 1994; Hornykiewicz & Kish, 1987; Saggu et al., 1989). The 

source of this oxidative stress, is linked to mitochondrial malfunction, altered iron 

metabolism and pathological α-synuclein forms (Schapira & Jenner, 2011). 

Protein homeostasis seems to be altered in PD patients’ brain. Under-expression of 

proteasome subunits, is accompanied by elevated levels of ubiquitinated proteins, indicating 

decreased protein elimination (Lonskaya et al., 2013; McNaught & Jenner, 2001; Toulorge et 

al., 2016). Moreover, proteasome alterations in PD have been linked to deleterious α-

synuclein degradation (Tofaris et al., 2001). In addition, parkin mutations –known to be 

involved in protein metabolism– are linked to PD (Seirafi et al., 2015). Furthermore, 

autophagy-related genes present mutations in PD, hindering even more protein metabolism 

(Schapira & Jenner, 2011; Toulorge et al., 2016). 

Neuroinflammation is present in PD and is related with DA degeneration and PD 

worsening (Kaur et al., 2017; Ouchi et al., 2005). It can be mainly attributed to glial 

activation, as is shown in activated microglia and astrocytosis in PD patients’ brains (McGeer 

et al., 1988). As a consequence of glial activation pro-inflammatory agents such as TNF-α, IL-

1α, IL-1β, inducible nitric oxide and cyclooxygenase 2 are released, inducing cellular injury 

and further promoting neuroinflammation (Ramsey & Tansey, 2014; Teismann & Schulz, 

2004). 

Excitotoxicity caused by high glutamate levels in PD could increase neuronal 

calcium permeability, inducing a cascade of events resulting in cell apoptosis (Surmeier et 

al., 2017). The source of this elevated glutamatergic tone is thought to be the STN 

hyperactivity well documented in PD, which innervates the SNc, and would be directly 

implicated in DA neuronal loss (Steigerwald et al., 2008). Moreover, neuroinflammation and 
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α-synuclein aggregates promote glutamate release, which in turn, act on the microglia 

feeding pro-inflammatory processes, further contributing to cell loss (Ambrosi et al., 2014). 

 

Figure 1.5: Schematic summary of the mechanisms involved in the aetiology of Parkinson’s disease. Aggregation 
of α-synuclein, mitochondrial dysfunction and subsequent oxidative stress, proteosomal dysfunction leading to 
altered protein homeostasis, neuroinflammation and excitotoxicity (not shown) contribute to dopaminergic 
neuron cell death and progressive degeneration. α-Sp22, a 22-kilodalton glycosylated form of α-synuclein; 
PAELR, parkin-associated endothelin receptor-like receptor; UbCH7, ubiquitin-conjugating enzyme 7; UbCH8, 
ubiquitin-conjugating enzyme 8; UCHL1, ubiquitin carboxy-terminal hydrolase L1. (Obeso et al., 2010). 
 

PD can be classified as idiopathic or genetic PD (Tysnes & Storstein, 2017). Idiopathic 

PD accounts for ~90% of the total PD cases, and it is thought to be caused by aging, as well 

as environmental factors and genetic predisposition. Although aging is the main PD risk 

factor, several environmental agents like toxin exposure (i.e., MPTP, rotenone, paraquat) or 

lifestyle, have been linked to PD (Ascherio & Schwarzschild, 2016; Ball et al., 2019). Genetic 

PD accounts for ~10% of total cases, they are characterized by an early symptomatology onset 

(< 50 years old), and a strong heritable genetic component. There are 23 loci and 19 causative 
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genes linked to PD like parkin and UCH-L1, affecting protein homeostasis; PINK1 and LRRK2 

interfering with phosphorylation, or DJ-1 provoking oxidative stress (Del Rey et al., 2018; Van 

Der Brug et al., 2015). Moreover, epigenetic alterations (i.e., DNA methylation, histone 

modification and microRNA’s) have been linked to PD (Coupland et al., 2014; Kim et al., 

2007; Park et al., 2016). Despite its low prevalence, heritable forms of PD have provided an 

understanding of the mechanisms involved in PD pathology, as genes affected in these forms 

are also affected in idiopathic PD (Nalls et al., 2014). 

1.3.2. Parkinson’s disease treatment 

At this moment, only symptomatic treatment of motor and non-motor symptoms is 

available for PD, with no therapy aimed at slowing down progression, although the sooner 

treatment starts, patients have a better prognosis. Currently, DA replacement therapies are 

the first choice in PD treatment. In some cases, surgical approaches are necessary, as some 

patients develop strong side effects, or show small benefits from medication (Lang & Espay, 

2018; Olanow, 2008).  

1.3.2.1. Pharmacological treatments 

The golden-standard for motor symptoms treatment in PD is L-DOPA. This is a DA 

precursor, therefore replacing DA deficits in PD patients’ brains. This is possible by the L-

DOPA ability to cross the blood-brain barrier, reaching the brain where is going to be 

transformed to DA (Kageyama et al., 2000). L-DOPA is administered concomitantly with 

carbidopa or benserazide, DA decarboxylase inhibitors unable to cross the blood-brain 

barrier, thus preventing peripheral transformation of L-DOPA into DA. This way, 

biodisponibility increases and side effects caused by peripheral circulating DA are avoided. 

Unfortunately, L-DOPA treatment is unable to modify disease progression and over time 

decreases in efficacy. Moreover, long-term treatment produces serious motor complications 

such as L-DOPA-induced dyskinesia (Fahn, 2008). Besides L-DOPA, other treatments 

targeting the DA system to control motor symptoms are available including DA agonists, 
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monoamine oxidase B inhibitors, catechol-O-methyltransferase inhibitors and 

anticholinergic drugs.  

Regarding PD cognitive impairments, primavanserin, an atypical antipsychotic with 

inverse-agonist actions at the 5-HT2A receptor, is indicated for PD psychosis since it lacks 

effects upon the DA system (Markham, 2016). L-DOPA treatment is able to address some 

psychiatric symptoms (i.e., apathy, anhedonia), but could induce impulse control disorders, 

hypersexuality or eating disorders, among others (Weintraub et al., 2010). Moreover, 

rivastigmine, an acetylcholinesterase inhibitor, is often used for cognitive decline treatment 

in PD patients (Pagano et al., 2015). 

Other PD therapeutic strategies addressing mainly motor symptoms include: Surgery 

(i.e., mechanical or ultrasound ablation of BG nuclei) and STN stimulation (Lang & Lozano, 

1998; Martínez-Fernández et al., 2018; Starr et al., 1998). 

1.3.2.2. Cannabinoids as neuroprotective agents in Parkinson’s Disease 

Cannabinoid receptors distribution within the BG and components of the immune 

system (reviewed in 1.2.1) place them in a privileged spot for neuroprotection, and they have 

indeed shown ability to modulate some of the pathological features observed in PD 

(Fernández-Ruiz et al., 2011). Cannabinoids have a direct impact on neuroinflammation, 

likely by tackling glial activity, since this cellular type is necessary for the neuroprotective 

effects of these compounds (Chung et al., 2011; Lastres-Becker et al., 2005). Both CB1 and CB2 

receptors seem to be involved in neuroprotection. CB1 receptor activation offered protection 

against toxic insults to DA neurons (i.e., MPTP, LPS), decreasing microglial activation, TNF-

α, IL-1β and inducible nitric oxide levels, and oxidative stress markers, such as DNA and 

protein oxidized species (Chung et al., 2011; Vrechi et al., 2018). Other studies, suggest that 

antagonism of this receptor could lead to neuroprotective effects against 6-

hydroxydopamine (6-OHDA), by astroglial activation (Cerri et al., 2014). As reviewed in 1.2.2, 

CB1 receptor activation modulates glutamate release, therefore hindering the main 

mechanism by which excitotoxicity occurs in PD. In fact, activating the CB1 receptor reduces 
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ouabain-induced excitotoxicity (Van Der Stelt et al., 2001). CB1-related protection against 

excitotoxicity is thought to be mediated by induction of BDNF mRNA, which has shown to 

protect against 6-OHDA-induced DA degeneration (Blázquez et al., 2015; Herrán et al., 2014; 

Khaspekov et al., 2004; Marsicano et al., 2003). CB2 receptor involvement in 

neuroprotection seems more straightforward, with mounting evidence indicating that its 

activation prevents neurodegeneration in several animal models of PD (i.e., MPTP, rotenone, 

LPS), as well as decreasing inflammatory factors and increasing antioxidant enzymes and 

molecules (Chung et al., 2016; Javed et al., 2016; Malek et al., 2015; Ojha et al., 2016). 

Moreover, Δ9-THC by activating PPAR-γ receptors protect against MPTP toxicity in an in 

vitro model, as well as increasing mitochondrial biogenesis markers and decreasing oxidative 

stress (Carroll et al., 2012; Zeissler et al., 2016). Cannabidiol, another phytocannabinoid, 

protects against 6-OHDA DA insult in PD animal models, an effect that could be mediated 

by the positive impact this compound has in mitochondrial function, as well as in oxidative 

stress in in vitro models (Lastres-Becker et al., 2005; Liu et al., 2015; Sun et al., 2017; Yang et 

al., 2014). 

1.3.3. Motor and non-motor symptoms of Parkinson’s disease: relationship with 

the dysfunction of basal ganglia circuits  

The main motor symptoms in PD are often unilateral or asymmetrical at the 

beginning, finally becoming bilateral. These include resting tremor (rhythmic tremor that 

disappears during voluntary movement), rigidity (muscle stiffness, reducing movement 

range) and bradykinesia (reduction in movement speed, movement initiation difficulties and 

postural instability) (Louis, 2016; Postuma et al., 2015). In advanced stages gait and balance 

impairments may appear (Bloem et al., 2004). Although motor symptoms draw most of the 

attention, PD patients experience several non-motor dysfunctions. During the first stages of 

the disease, and before motor symptoms start, PD patients show hyposmia, autonomic 

dysfunctions (i.e., constipation) and mood and sleep disorders (Poewe et al., 2017). The most 

frequent non-motor symptom in PD is psychosis, as it is experienced by more than a half of 

PD patients (Fénelon & Alves, 2010). Another very frequent non-motor symptoms in PD are 
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mood disorders such as anxiety, depression or apathy, that can appear throughout the 

disease course (Aarsland et al., 2009; Pontone et al., 2009; Reijnders et al., 2008). Other 

non-motor symptoms arise as neurodegeneration makes its way through the brain, such as 

cognitive decline and dementia or autonomic dysfunction (McGregor & Nelson, 2019; Poewe 

et al., 2017). Moreover, PD patients show planning, working memory and set-shifting deficits 

(Robbins & Cools, 2014). 

Classical models of BG function during PD stablish that, after nigrostriatal DA 

pathway degeneration, direct-pathway MSNs –expressing D1 receptor– and indirect-pathway 

MSNs –expressing D2 receptor– activities are imbalanced (Albin et al., 1989; DeLong, 1990). 

According to this model, direct-pathway MSNs activity would be reduced, thus disinhibiting 

neurons in BG output nuclei. On the other hand, indirect-pathway MSNs would be 

hyperactive, therefore inhibiting GP neurons which in turn would be disinhibiting STN 

neurons, which would ultimately excite neurons in BG output nuclei. According to this 

model, BG output nuclei during PD would be hyperactive, which would end up inhibiting 

thalamic nuclei, relieving thalamo-cortical glutamatergic input, and finally, inhibiting 

behaviour development at a cortical level that would result in PD symptomatology. In 

agreement with this theoretical model, STN and GPe neurons are hyperactive and 

hypoactive, respectively, in PD patients (Filion & Tremblay, 1991; Miller & DeLong, 1987). 

Moreover, parkinsonian symptoms can be alleviated by GPi or STN stimulation (Lang & 

Lozano, 1998). Despite the usefulness of this model –known as ‘rate model’– in 

understanding some PD traits, and developing surgical strategies for PD symptomatology 

treatment, it fails to explain some BG changes during PD, as well as in explaining PD 

symptom development. Moreover, this model represents general BG function in PD without 

accounting for differential pathological processes happening in different cortico-BG circuits. 

As it happens, DA neuron loss starts in lateral parts of the SNc, principally affecting motor 

behaviours by putamen DA denervation, while degeneration of other midbrain DA neurons 

is spared, partially affecting caudate, and barely affecting nucleus accumbens, regions that 

are involved in spatial working memory, reward and impulsive behaviour (Damier et al., 

1999; Kish et al., 1988). 
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Beyond the rate model, other pathophysiological changes in PD may help to explain 

PD symptoms. Neurons in BG nuclei display burst firing pattern in addition to changes in its 

tonic activity. Bursting has been observed throughout the BG circuits, with burst patterns 

being displayed in GPe, STN and GPi neurons of PD patients (Bergman et al., 1994; Hutchison 

et al., 1994; Soares et al., 2004). This abnormal firing pattern has been linked to PD 

symptoms, since they were alleviated with L-DOPA, which also reduced burst firing in GPe 

and GPi neurons of primate PD models and PD patients (Boraud et al., 1998; Filion et al., 

1991). Moreover, both experimental PD models and PD patients, present aberrant activity 

(i.e., burst and synchronized firing) in STN, GPe and GPi neurons, that are linked to 

bradykinesia and tremor (Hutchison et al., 1997; Levy et al., 2002; Pan et al., 2016). 

Oscillatory changes, emerge as another alteration of BG nuclei in PD. The main oscillatory 

change in PD patients is the appearance of oscillations in the β frequency range (i.e., ~ 20 

Hz) in the STN and GPi, which is treatment responsive, and correlates with bradykinesia and 

rigidity (Brown et al., 2001; Kühn et al., 2009; Levy et al., 2002). Besides changes in the β 

frequency range activity, γ band frequency activity is decreased in PD patients, and it is 

restored after L-DOPA treatment, thus this band has been considered to be prokinetic 

(Brown & Williams, 2005).  

Neurophysiological representations of non-motor symptoms in PD are even less 

understood that those for motor symptoms. Most non-motor symptoms are unaffected or 

worsened by DA replacement therapy, which points towards a different neurobiological 

substrate than that observed for motor symptoms (Sethi, 2008). However, L-DOPA 

treatment improves some non-motor symptoms in PD patients, such as spatial and verbal 

working memory, planning and task-set switching, likely by acting on cortico-BG circuitry 

(Cools et al., 2001; Lange et al., 1992; Lewis et al., 2004, 2005). Therefore, similar 

mechanisms than those linked to PD motor symptoms might be involved in these DA-

dependent non-motor symptoms. In line with the DA deficit pattern observed in the BG of 

PD patients, is thought that L-DOPA causes a hyperdopaminergic state in other, still DA-

competent circuits, such as the associative/limbic BG circuits (Cools et al., 2001). In line with 

this, patients without L-DOPA learn more when they receive negative feedback, but when 

they are on L-DOPA treatment they learn more after receiving a positive feedback, 
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resembling the ascribed functions for the direct and indirect pathways in the mPF BG circuits 

of rodents (Frank et al., 2004; Hikida et al., 2010, 2013; Kravitz et al., 2012).  

1.3.4. Parkinson’s disease and the endocannabinoid system 

Although the DA system is greatly affected in PD, the neurodegenerative process 

taking place affects other neurotransmitter systems such as the serotonergic, noradrenergic, 

cholinergic and endocannabinoid system (Halliday et al., 1990; McMillan et al., 2011; Müller 

& Bohnen, 2013). Regarding the endocannabinoid system –specifically their receptors–, its 

behaviour in PD patients and in animal models has gathered mixed results. Some of the 

problems faced when determining CB1 receptor status in PD patients are the different 

medication and PD progression of the patients being examined. Drug-naïve early-PD 

patients show decreased CB1 receptor binding in the SN and an increased receptor binding 

in putamen and prefrontal cortex, similar to what was found in late-PD patients, measured 

in vivo through positron emission tomography (Van Laere et al., 2012). Such results have 

been partially replicated in post mortem brain tissue from PD patients showing increased 

binding, together with increased mRNA and G protein coupling, in the putamen. However, 

no changes in the SN were found in these studies (Lastres-Becker et al., 2001; Navarrete et 

al., 2018). On the other hand, other studies report conflicting results showing no changes, or 

decreased CB1 receptor mRNA in the putamen from post mortem tissue (Farkas et al., 2012; 

Hurley et al., 2003). One study also reported changes in other BG structures showing 

increased CB1 receptor binding and G protein coupling in the caudate, and increased G 

protein coupling in the GPe and SN in post mortem brain tissue from PD patients (Lastres-

Becker et al., 2001). Additionally, a functional correlate could be stablished between CB1 

receptor and some non-motor symptoms in PD patients, showing that decreased CB1 

receptor binding in some areas of the prefrontal cortex correlates with impaired executive 

and visuospatial functioning and episodic memory (Ceccarini et al., 2019). 
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This picture gets more complicated with PD animal models. Neurotoxins have been 

used widespread to model PD in animals. Administration of known toxins for DA neurons 

(i.e., MPTP, 6-OHDA), yield different degrees of DA denervation overtime, modelling the 

hypodopaminergic state observed in PD patients. MPTP-treated non-human primates have 

gathered conflicting results, showing both increases and decreases in CB1 receptor presence 

in the dorsal striatum (Lastres-Becker et al., 2001; Rojo-Bustamante et al., 2018). In the case 

of rats, 6-OHDA injections have to be made in different points within the DA system 

anatomy to achieve these results, which further adds variability to this PD model. Injection 

of 6-OHDA in the MFB is unable to induce any changes in CB1 receptor binding, 

immunostaining, G protein coupling or mRNA in different BG nuclei (i.e., dorsal striatum, 

GP and SN), at different time-points (i.e., 3,4 and 7 weeks) (Romero et al., 1999; Walsh et al., 

2010; Zeng et al., 1999). However, other studies find that MFB 6-OHDA injection decreases 

CB1 receptor binding 3 weeks after lesion in different BG nuclei, or increases its expression 

in the striatum 4 and 17 weeks post-surgery (Mackovski et al., 2016; Mailleux & 

Vanderhaeghen, 1993; Romero et al., 1999). Moreover, 6-OHDA injection into the SN 

decreases CB1 receptor binding in the dorsal striatum 6 weeks after lesioning, as intrastriatal 

6-OHDA injections does, consistently decreasing CB1 receptor immunostaining in the SNr 3-

4 weeks after surgery, although this is thought to reflect cell loss in the striatum (Casteels et 

al., 2010; Chaves-Kirsten et al., 2013; Walsh et al., 2010).  

Regarding the CB2 receptor in PD much less is known, but results across patients and 

animal models seem more consistent. PD patients and MPTP treated non-human primates 

show increased CB2 receptor mRNA in the SN, preferentially located in astrocytes (Navarrete 

et al., 2018; Price et al., 2009). A rodent PD model consisting in 6-OHDA injections into the 

striatum showed increased mRNA in the striatum, contrary to what was observed in PD 

patients (Concannon et al., 2015; Navarrete et al., 2018). CB2 receptor behaviour in PD, 

together with its intimate relationship with glial cells, reveals the potential utility of 

manipulating this receptor to modify disease progression. 
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2. HYPOTHESIS AND OBJECTIVES 

Classically considered to have mainly motor functions, mounting evidence is 

redefining our view about BG as a highly organized network that, beyond motor behaviour, 

integrates cognitive and emotional information. Information in the BG is processed through 

anatomically segregated circuits following a dorsolateral-ventromedial distribution, being 

the SM and the mPF circuits the two major anatomo-functional entities in the BG of rats. 

Adding to the anatomical segregation, there are differences in some neurotransmission 

systems. Several studies find a different presence of the DA and the endocannabinoid 

systems in these circuits, along with differences in how these neurotransmission systems act 

on them. Being PD an affection involving several neurotransmission systems and brain 

regions, plenty of evidence aim at the BG as the main structures behind PD motor and non-

motor features. Considering this, we hypothesized that the function of the SM and mPF BG 

circuits could be differently affected by cannabinoid drugs and DA denervation. 

The main objective of this thesis was to characterize the CB1 receptor modulation on 

information transmission through the SM and mPF BG circuits, as well as the impact of DA 

denervation on these circuits, in order to understand their function and cannabinoid drugs 

usefulness in PD. 
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To this end, the specific objectives of this study were:  

I. To characterize the spontaneous and cortically-evoked activity of the lateral 

and medial SNr. 

II. To study the CB1 receptor modulation on cortico-nigral information 

transmission through the SM and mPF BG circuits. 

III. To investigate the impact of DA denervation on cortico-nigral information 

transmission through the SM and mPF BG circuits. 

IV. To explore the effect of DA denervation on the cannabinoid regulation of SM 

and mPF BG circuits. 

V. To characterize the SM and mPF cortico-striatal networks and their 

modulation by the CB1 receptor. 
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3. EXPERIMENTAL PROCEDURES 

3.1. Animals 

Male (Studies I, II and III; SGiker facilities, University of the Basque Country, 

UPV/EHU) and female (Study III; ENVIGO, Barcelona, Spain) Sprague-Dawley rats were 

housed under standard laboratory conditions (22 ± 1°C, 55 ± 5% relative humidity, and 12:12 

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

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

experiment. Experimental protocols were reviewed and approved by the Local Ethical 

Committee for Animal Research of the University of the Basque Country (UPV/EHU, CEEA, 

M20/2016/176; M20/2019/172). All experiments were performed in accordance with the 

European Community Council Directive on “The Protection of Animals Used for Scientific 

Purposes” (2010/63/EU) and with Spanish Law (RD 53/2013) for the care and use of 

laboratory animals. 

3.2. Drugs 

6-OHDA, desipramine hydrochloride, WIN 55,212-2 (WIN), chloral hydrate and 

urethane were obtained from Sigma-Aldrich. AM251 was obtained from Tocris Bioscience. 

Δ⁹-THC was a generous gift from GW Pharmaceuticals Ltd. Isoflurane was obtained from 

Ecuphar. Ketamine (100 mg/mL) and xylazine (20 mg/mL) stock solutions were obtain from 

Richter-Pharma and Calier, respectively. Used drugs and their pharmacological activity are 

summarized in Table 3.1. 
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Table 3.1: Pharmacological activity and structure of drugs used 

Drug 
Pharmacological 

activity 
Structure 

6 – OHDA Neurotoxin 

 

Desipramine 
hydrochloride 

Noradrenalin reuptake 
inhibitor 

 

WIN 55,212-2 CB1/CB2 receptor full agonist 

 

Δ⁹-THC 
CB1/CB2 receptor partial 

agonist 

 

AM251 CB1 receptor antagonist  

Chloral hydrate Anaesthetic 

 

Urethane Anaesthetic 
 

Isoflurane Anaesthetic 

 

 

Ketamine Anaesthetic 

 

Xylazine Anaesthetic/Analgesic 
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Desipramine, chloral hydrate and urethane were dissolved in a physiological saline 

solution (0.9% NaCl). 6-OHDA was prepared in Milli-Q water containing 0.02 % ascorbic 

acid. Cannabinoid drugs (WIN, AM251 and Δ⁹-THC) were dissolved in 1:1:18 

cremophor/ethanol/saline solution, and if necessary, further diluted with physiological 

saline until reaching the desired concentration; Δ⁹-THC was previously dissolved in ethanol 

and stored at -20 °C; WIN aliquots were stored at –20 °C, and used within the next 3 weeks. 

Ketamine and xylazine stock solutions were diluted with physiological saline. Except 

urethane and ketamine/xylazine mixture, all solutions were freshly prepared immediately 

prior to use. 

3.3. Antibodies 

General characteristics of the antibodies employed are summarized in Table 3.2. 

Table 3.2: Primary and secondary antibodies characteristics 

Antigen Host Reference Manufacturer 

Tyrosine 
Hydroxylase 

Rabbit AB152 Merck Millipore 

Rabbit IgG (H+L) Goat BA-1000 Vector Laboratories 

CB1 receptor Goat CB1-Go-Af450 Frontier Institute 

Goat IgG (H+L) Horse BA-9500 Vector Laboratories 

Proenkephalin Rabbit LS-C23084 LifeSpan Biosciences 

Rabbit IgG (H+L) Donkey A-21206 ThermoFisher 
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3.4. Experimental design 

Study I 

A total of 177 male Sprague-Dawley rats (250-325 g) were used in this study. Animals 

were divided into two groups for the characterization of the spontaneous and cortically-

evoked activity of SNr neurons: 87 rats were used for electrophysiological recordings in the 

SM circuits, and 90 for recordings in the mPF circuits. Basal SNr neuron activity was 

recorded during ≈ 200 s, before starting cortical stimulation during another ≈ 200 s. When 

the neuron was challenged with drug, at least 180 s passed before making any measurement 

on the recorded activity; just one neuron per animal was pharmacologically tested. At the 

end of the experiment animals were transcardially perfused, brains removed, and prepared 

for histological processing (i.e. Verification of the stimulation and recording sites) (Figure 

3.1).  

Study II 

A total of 124 male Sprague-Dawley rats (160-215 g at the beginning of the 

procedures) were used in this study. Animals were divided into four groups according to 

circuit (i.e. SM or mPF) and neurotoxin or vehicle injection (i.e. 6-OHDA or sham). In the 

SM group, 17 rats corresponded to the sham group, and 24 in the 6-OHDA-lesioned group. 

In the mPF group, 28 rats were in the sham group, and 29 in the 6-OHDA-lesioned group. 

Both circuits were recorded in 4 sham, and 12 6-OHDA-lesioned animals. Rats received 6-

OHDA or vehicle injections in the right MFB 4-5 weeks before electrophysiological 

experiments. The same week electrophysiological experiments were performed, the severity 

of the DA lesion was assessed using the cylinder test. As the recordings performed in study 

I, basal SNr neuron activity was recorded during ≈ 200 s., before starting cortical stimulation 

during another ≈ 200 s. When the neuron was challenged with drug, at least 180 s passed 

before making any measurement on the recorded activity; just one neuron per animal was 

pharmacologically tested. At the end of the experiment animals were transcardially perfused, 

brains removed, and prepared for histological processing (i.e. Verification of the stimulation 
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and recording sites, TH immunohistochemistry). A separate group of 10 animals was 

employed to determine the expression of the CB1 receptor within the BG. These animals were 

equally distributed between sham and 6-OHDA-lesioned groups (i.e. Sham: n = 5; 6-OHDA: 

n = 5). Perfusion of this group of animals took place at the same time after toxin injection 

(i.e. 4 weeks), than those animals employed for electrophysiology recordings. Thus, after 

performing the cylinder test to assess lesion severity, animals were perfused and brains 

prepared for histological processing (Figure 3.1).  

Study III 

A total of 42 Sprague-Dawley rats (250-360 g) were used in this study. Animals were 

divided into two groups regarding the studied circuit: SM and mPF. In the SM group, 21 rats 

were used for electrophysiological recordings in the SM functional territory of the striatum 

(i.e. dorsolateral striatum). In the mPF group, 21 rats were used for electrophysiological 

recordings in the mPF functional territory of the striatum (i.e. dorsomedial striatum). Of the 

total 42 rats used in this study, 6 were female rats that were distributed as follows: SM: n=2; 

mPF: n=4. During these experiments, the cortex would be stimulated while slowly lowering 

the electrode upon finding a striatal neuron. Then, stimulation would be stopped, and the 

spontaneous activity of the neuron recorded. The basal activity was recorded during at least 

300 s, before starting cortical stimulation during another ≈ 200 s. When the neuron was 

challenged with drug, at least 180 s passed before making any measurement on the recorded 

activity; just one neuron per animal was pharmacologically tested. At the end of the 

experiment, juxtacellular labelling with neurobiotin was attempted, animals transcardially 

perfused, brains removed, and prepared for histological processing (i.e., Neuronal 

identification and molecular characterization) (Figure 3.1). 
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3.5. Dopaminergic denervation with 6-Hydroxydopamine 

Thirty minutes prior surgery, rats were pretreated with desipramine (25 mg/kg, i.p.) 

in order to protect noradrenergic terminals from 6-OHDA toxicity. After that, rats were 

deeply anaesthetized through isoflurane inhalation (4% for induction; 1.5-2% for 

maintenance), and placed in a stereotaxic frame (David Kopf® Instruments). A sagittal 

incision was done on the scalp to reveal the skull, and the connective tissue removed. Two 

burr holes were drilled over the right MFB coordinates. First, 8.75 µg were injected at 

anteroposterior (AP) −4.4 mm and mediolateral (ML) +1.2 mm relative to Bregma, and 

dorsoventral (DV) −7.8 mm relative to dura, with the tooth bar set at −2.4 mm. The second 

injection of 7 µg was at AP −4.0 mm, ML +0.8 mm, and DV −8 mm, with the tooth bar set at 

+3.4 mm (Paxinos & Watson, 2006). A total of 4.5 µL of 6-OHDA (3.5 µg/µL; saline with 

0.02% ascorbic acid) or vehicle (sham animals) were infused into de MFB through a 10 µL 

Hamilton syringe coupled to a pump (KDS Scientific, Massachusetts, USA) at a rate of 1 

µL/min. After the infusion ended, the syringe needle was left in place for an additional 2-3 

minutes to allow diffusion of the neurotoxin in the injection site, before being slowly 

retracted. The 6-OHDA solution was prepared daily for each surgery session. It was kept in 

ice and away from light to avoid premature oxidation. The toxin was replaced when oxidation 

was apparent, as indicated by a change in its colour from clear to pale pink. After surgery, 

rats were left to recover for 4-5 weeks. 
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3.6. Cylinder test 

The cylinder test is designed to evaluate asymmetry in forelimb use, by assessing the 

ability of the animal to stand on the wall of a translucent cylinder with their forelimbs during 

exploration. 4 – 5 weeks after surgery rats were individually placed in a 20 cm diameter 

methacrylate cylinder, and allowed to explore freely. Mirrors were placed behind the cylinder 

to allow a 360º view of the exploratory behaviour. Each animal was left in place until at least 

20 supporting front paw touches with open digits were done on the walls of the cylinder. 

The session was video-recorded for posterior analysis. Touches performed with the forelimb 

contralateral or ipsilateral to the lesioned hemisphere were counted, and data expressed as 

the percentage of ipsilateral placement. Rats using the ipsilateral paw about 70% or more 

were considered to have severe damage of the DA system. 

3.7. Electrophysiological procedures 

3.7.1. In vivo single-unit extracellular recordings of substantia nigra pars 

reticulata neurons and simultaneous cortical stimulation 

3.7.1.1. Animal preparation and surgery 

The animals were anaesthetized with chloral hydrate (420 mg⁄kg, i.p.) for induction, 

followed by continuous administration of chloral hydrate at a rate of 115.5 mg/kg/h (i.p.) 

using a peristaltic pump to keep a steady level of anaesthesia. For additional systemic drug 

administration, the right jugular vein was cannulated with a polyethylene cannula (Clay 

Adams, Becton Dickinson and Company Division, model PE-240). The rat was placed in a 

stereotaxic frame and its body temperature was maintained at ~37°C for the entire 

experiment with a heating pad connected to a rectal probe (Thermoregulator RTC-1, 

Cibertec). After making a sagittal incision on the scalp to reveal the skull, cleaning the 

connective tissue, and setting the skull to a 0° plane, two burr-holes were made in the right 

hemisphere. The first burr-hole was over the motor cortex (MC; AP +3.5 mm and ML -3.2 
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mm relative to Bregma, and DV -1.6 mm to dura) or the anterior cingulate cortex (ACC; AP 

+2.9 mm and ML -0.6 mm relative to Bregma, and DV -1.7 to dura) in which an stimulation 

electrode was placed. The second was over the lateral part (AP -5.8 mm, ML -2.5 mm relative 

to Bregma, and DV -7/-8 mm to dura), or the medial part (AP -5.4 mm and ML -1.8 mm 

relative to Bregma, and DV -7/-8 mm to dura) of the SNr, depending on whether the MC or 

the ACC cortex were being stimulated, respectively.  

3.7.1.2. Recording electrode preparation 

A thin-wall glass capillary with filament (TW150F-4, World Precision Instruments, 

UK) was stretched using an automatic vertical electrode stretcher (PE-2, Narishige Scientific 

Instrument Lab, Japan). Afterwards, the tip of the electrode was broken back to a tip 

diameter of approximately 1-2.5 µm under visual inspection through a microscopy (CH-2, 

Olympus Optical Co.) with 40x magnification. The electrode was finally filled with filtered 

(Minisart® syringe filter, 0.2 µm pore diameter, Sartorius) 2% solution of Pontamine Sky Blue 

(Sigma-Aldrich) in 0.5% sodium acetate.  

3.7.1.3. Electrical stimulation of the cortex 

After placement of the stimulation electrode ipsilateral to the recording site, in the 

coordinates described above, MC and ACC were electrically stimulated at 1 Hz (pulse width 

0.6 ms; intensity 1 mA), using a coaxial stainless-steel electrode (diameter, 250 µm; tip 

diameter, 100 µm; tip-to-barrel distance, 300 µm; Cibertec S.A.). Electrical pulses were 

generated with a CS-220 Stimulator (Cibertec S.A.) and a stimulus isolator (ISU 165, Cibertec 

S.A.). 
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3.7.1.4. Recording and neuronal identification 

The glass electrode was lowered to the above-mentioned stereotaxic coordinates for 

the SNr by a hydraulic microdrive (David Kopf® Instruments, Tujunga, California, EEUU, 

model 640). The electrical signal from the electrode was pre-amplified (10x) and amplified 

(x10) with a high-input impedance amplifier (model AE-2, Cibertec S.A.), notch-filtered at 

50 Hz and bandpass-filtered at 300-3000 Hz in a second amplifier (1x; 63AC, Cibertec 

S.A.). From this amplifier the signal was sent to an oscilloscope (HAMEG® analog digital 

scope HM507) and on an audio monitor (AUMON 14, Cibertec S.A.) to be monitored, and to 

an analog-digital interface (CED micro 1401 mk II interface, Cambridge Electronic Design, 

UK) to allow the digitization of the recorded signals at a rate of 25 kHz.  

Neurons from the SNr were identified as GABAergic by their classically defined 

electrophysiological characteristics: biphasic action potentials with an average duration of 

0.5-1.2 ms, regular firing rates above 10 Hz without a decrease in spike amplitude, as 

described by (Aristieta et al., 2016), and location ventral to SNc neurons, with spikes wider 

than 2 ms. 

Cortical stimulation evoked characteristic triphasic responses in SNr neurons, 

consisting in different combinations of an early excitation (EE), inhibition (INH) and/or late 

excitation (LE) (Aliane et al., 2009; Kolomiets et al., 2003; Maurice et al., 1999) (Figure 3.2). 
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Figure 3.2: Schematic illustration of the cortico-nigral information transmission through the sensorimotor (SM) 
and medial prefrontal (mPF) basal ganglia (BG) circuits. A. Schematic parasagittal sections of the rat brain 
showing the SM (Left, purple) and mPF (Right, green) circuits of the BG, and representative spike traces from 
lateral and medial SNr neurons during single-unit extracellular recordings. Additional coronal sections of the 
different BG nuclei show their involvement in the different pathways that constitute these BG circuits. Cortical 
information from the motor (MC) and anterior cingulate (ACC) cortex is transferred through the hyperdirect 
(cortex-STN-SNr; 1, dotted line), direct (cortex-striatum-SNr; 2, dashed line) and indirect pathways (cortex-
striatum-GP-STN-SNr; 3, solid line). Scale bars for spike traces are set at 1 V and 1 ms. B. Peristimulus time 
histograms showing the characteristic triphasic responses evoked after MC stimulation in lateral SNr neurons 
(Left), and after ACC stimulation in medial SNr neurons (Right). Numbers above the responses in the 
peristimulus time histograms reference the pathway producing that response. Arrows indicate cortical stimulus 
application. Dashed lines show the threshold above which an excitatory response is considered. DL/DM striatum: 
dorsolateral/dorsomedial striatum; GP: globus pallidus; STN: subthalamic nucleus; SNr: substantia nigra pars 
reticulata. 
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3.7.2. In vivo single-unit extracellular recordings of medium spiny neurons and 

simultaneous cortical stimulation 

3.7.2.1. Animal preparation and surgery 

As described in Sharott et al. (2017), animals were anaesthetized with urethane (1.3 

g/kg, i.p.) for induction. To achieve a deeper level of anaesthesia, supplemental doses of 

ketamine (30 mg/kg, i.p.) and xylazine (3 mg/kg, i.p.) were added throughout the 

experiment. Proper depth of anaesthesia was assessed regularly by testing the spontaneous 

electrocorticogram (ECoG), in order to keep the animal in a state of cortical slow-wave 

activity (SWA; ECoG dominant frequency < 1.6 Hz), which is similar to the observed activity 

during natural sleep. The right jugular vein was cannulated with a polyethylene cannula, for 

additional systemic drug administration. A lower gauge polyethylene cannula was used to 

perform a tracheotomy in order to facilitate the breathing of the rat, and minimize possible 

vibrations coming from respiratory movements that could interfere with the recordings. 

Body temperature was maintained at ~37°C for the entire experiment with a heating pad 

connected to a rectal probe. 

The rat was placed in a stereotaxic frame and the body and head of the rat were 

disposed at the same level to minimize differences in vascular pressure that could 

compromise recording stability. A sagittal incision was made on the scalp to reveal the skull, 

the connective tissue cleaned, and the skull set to a 0º plane. The craniotomy was performed 

as described in Pinault (2005): First, the skull zone in which the stimulation/recording 

electrode was going to be placed was drilled down until a thin bone membrane remained. 

This thin bone layer was carefully removed exposing a little section (around 1 mm2) of the 

brain underneath. Finally, the dura was removed trying not to disturb any adjacent blood 

vessels. The first burr-hole was over the MC (3.5 mm anterior to Bregma, 3.2 mm lateral to 

midline, and 1.6 mm ventral to the dura mater) or the ACC (3.7 mm anterior to Bregma, 0.6 

mm lateral to midline, and 1.7 ventral to the dura mater) in which the stimulation electrode 

was placed. The second burr-hole was targeting the MC (4.7 mm anterior to Bregma, 2 mm 



Chapter 3. EXPERIMENTAL PROCEDURES 

51 

 

lateral to midline) or the ACC (1.4 mm anterior to Bregma, 0.3 mm lateral to midline) at a 

different coordinate, where an epidural stainless steel screw was placed. The third was aimed 

to the lateral (-0.5 to 1 mm relative to Bregma, 3 to 4 mm lateral to midline) or medial (-0.6 

to 0.9 mm relative to Bregma, 1.7 to 3 mm lateral to midline) dorsal striatum depending on 

whether the MC or the ACC were being stimulated, respectively. The fourth was made above 

the ipsilateral cerebellum, and an additional fifth hole was made above the contralateral 

cerebellum. Epidural stainless steel screws were placed in these two last holes, acting as 

reference and ground electrodes for the ECoG, respectively. 

3.7.2.2. Recording electrode preparation 

A standard-wall glass capillary with filament (G150F-4, Warner Instruments, USA) 

was stretched, and the tip was broken back as detailed above. The electrode was left in a 

filtered solution containing 2% neurobiotin (Neurobiotin tracer, SP-1120, Vector 

Laboratories) in 0.5M sodium chloride, for approximately 2 h to let the tip be filled by 

capillarity, and avoid bubble formation. Afterwards, the rest of the electrode was filled 

entirely. 

3.7.2.3. Electrical stimulation of the cortex 

After placement of the stimulation electrode ipsilateral to the recording site, in the 

coordinates described above, MC or ACC were electrically stimulated using a coaxial 

platinum/iridium electrode (diameter, 350 µm; tip diameter, 75 µm; tip-to-barrel distance, 

300 µm; MicroProbes). Electrical pulses were generated as previously described. Stimulation 

of the cortices took place under two different stimulation protocols: search and response 

protocols.  

The search protocol consisted in two square-wave current pulses (each having a 

duration of 0.3 ms, an amplitude of 1 mA, and a pulse interval of 100 ms) delivered at a 

frequency of 0.5 Hz. These parameters were chosen as they have demonstrated to evoke 
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spikes in MSNs, even those not firing spontaneously under urethane anaesthesia (Mallet et 

al., 2006). 

The response protocol consisted in one square-wave current pulse, with a duration 

of 0.6 ms and an intensity of 1 mA delivered at 1 Hz.  

3.7.2.4. Recording and neuronal identification 

The electrical signal from the electrode was pre-amplified (0.1x) and amplified (10x) 

with a high-input impedance amplifier (AxoClamp 2-B, Axon Instruments), notch-filtered at 

50 Hz and bandpass-filtered at 300-3000 Hz in a second amplifier (100x; 63AC; Cibertec 

S.A.). From this amplifier the signal was sent to an oscilloscope (HAMEG® analog digital 

scope HM507) and on an audio monitor (AUMON 14; Cibertec S.A.) to be monitored, and to 

an analog-digital interface (CED micro3 1401 interface, Cambridge Electronic Design, UK) to 

allow the digitization of the recorded signals at a sampling rate of 25 kHz. The glass electrode 

was slowly lowered into the striatum at the mentioned coordinates by a hydraulic microdrive 

(David Kopf® Instruments, Tujunga, California, EEUU, model 640).  

While lowering the electrode, the cortex was stimulated with the named “search” 

protocol until encountering a unit responding consistently and with short latency (<20 ms.) 

to cortical stimulation; the stimulation would be then stopped. After recording its 

spontaneous activity, the neuron would be then stimulated with the named “response” 

protocol, and its evoked activity recorded. Putative MSNs were identified by their consistent 

response to cortical stimulation and spike waveform. Posterior juxtacellular labelling with 

neurobiotin would confirm the identity of the recorded neuron. Labelled neurons not 

identified as MSNs were discarded from all the analyses. 

Other filters were applied to the signal coming from the glass electrode to record the 

striatal local field potential (LFP). In this case the signal was similarly pre-amplified (0.1x) 

and amplified (10x), and then notch-filtered at 50 Hz, and band-pass filtered at 0.1-100 Hz 

in the amplifier (100x). The filtered signal was digitized at a sample rate of 2.5 kHz. 
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The ECoG signal was recorded from the screw placed over the MC or the ACC. The 

signal was pre-amplified and notch-filtered at 50 Hz. (10x, AmpliBox, Cibertec S.A.), and 

band-pass filtered at 0.1-400 Hz by the amplifier (200x). The filtered signal was digitized at 

a sample rate of 2.5 kHz (Figure 3.3). 

 

Figure 3.3: Schematic summary of the methodological approach used to study cortico-striatal networks in rats. 
A. Schematic representation of the experimental set-up (Left), and representative recording from a spontaneously 
active MSN (Right), along with the correspondent electrocorticogram (ECoG) and local filed potential (LFP). 
Note the synchronicity between firing and oscillatory activity in ECoG and LFP channels. A representative MSN 
spike trace is shown; scale bar set at 1 V and 2 ms. B. Representative scheme of the search and response protocols 
illustrating the squared pulses delivered to motor cortex (MC) or anterior cingulate cortex (ACC) during 
recordings, followed by a scheme showing the stimulation and recording sites (Left). Cortical projection neurons 
make synapses with preproenkephalin+ (yellow) and preproenkephalin- (red) MSNs, among others, in the 
striatum. After cortical stimulation, MSNs would consistently fire short-latency spikes (Right). Scale bar set at 1 
V and 100 ms. 
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3.7.3. Electrophysiological data analysis 

Before data analysis, spike-sorting procedures, such as template matching and 

principal component analysis, were used to discriminate artefacts from the electrical 

stimulation that might interfere with the posterior analysis. All analysis were done offline 

using the Spike2 software (version 7; Cambridge Electronic Design) or MATLAB (v. R2020a, 

MathWorks Inc.). Electrophysiological data was averaged per animal since more than one 

neuron (1-15) would usually be recorded during these experiments; this way, each animal 

would have one value for each electrophysiological parameter. The following parameters 

were estimated: 

Firing rate (FR): Expressed as Hz (number of action potentials per second). The number of 

action potentials during the recording was grouped in 10 s bins. The mean FR of GABAergic 

SNr neurons was quantified for 150 s under physiological conditions, and during 120 s after 

drug administration, to assess the effects of administered drugs. Only neurons above 7 Hz 

were considered for analysis. 

In the case of recordings from striatal neurons, action potentials were grouped in 1 ms bins. 

Under physiological conditions, firing was quantified during 300 s epochs, and 120 s after 

drug administration, for drug effect assessment. Only putative MSNs with spontaneous firing 

≥ 0.03 Hz (Sharott et al., 2017) were considered for further analysis. 

Coefficient of variation (CV): The CV consists on the ratio, expressed as a percentage, between 

the weighted standard deviation and mean of the inter-spike interval (ISI) histogram of a 

given neuron. This histogram was made with 1 ms bins, and considering all ISIs ≤ 0.5 ms for 

SNr neurons (given their relatively high FR) and ≤ 33.33 s for putative MSNs (based on the 

minimum FR considered for a putative MSN to be spontaneously active). The periods used 

in either case for the analysis were the same than in the analysis of the FR. 

Index of pauses: The index of pauses was analysed as an additional regularity measure for the 

spontaneous firing of putative MSNs. The analysed time range was divided into four equal 
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periods, from which ISI histograms considering all ISIs ≤ 33.33 s were made with 1 ms bins. 

The longest ISI in each of these ISI histograms was used to calculate the mean, which would 

represent the index of pauses. In other words, the index of pauses is the mean of the longest 

ISIs in the four periods the analysed time range was divided into. Analysed time epochs were 

the same than in previous analyses. 

Burst firing pattern: Burst-related parameters in SNr neurons (i.e. number of bursts, mean 

duration of burst, number of spikes per burst, recurrence of bursts and intraburst frequency) 

were analysed using the Poisson surprise method (Legendy & Salcman, 1985) through a 

Spike2 script (“surprise”). Depending on whether neurons presented burst firing, they were 

classified as neurons with or without bursts. Analysed time epochs were the same than in 

previous analyses. 

Spectral analysis: ECoGs and LFPs were smoothed to 1 ms prior to the calculation of the 

power spectrum using a fast Fourier transform (Block size: 8192; Frequency resolution: 0.3 

Hz). Data from these power spectra was used to calculate the coherence spectra between 

ECoG-LFP pairs. The peak frequency and the frequency band area under the curve (AUC) 

was analysed for each ECoG, LFP and coherence spectra. The peak frequency was defined as 

that frequency contributing the most to a given signal. The AUC was analysed in the 

following frequency bands: δ [0.6 – 4 Hz], θ [4 – 9 Hz], α [9 – 13 Hz], β [13 – 31 Hz], γ [31 – 49 

Hz] using the trapezoidal rule. In order to calculate frequency band AUCs that describe 

actual changes in that band and not in total power, AUC values for each band were 

normalized to the total AUC of the power spectrum. Thus, frequency band AUCs are 

expressed as percentages, reflecting the relative contribution of that band to the total AUC 

of a given power spectrum. The total AUC was calculated as the AUC between 0 and 80 Hz, 

excluding the electrical noise around 50 Hz. Analysed time epochs were the same than in 

previous analyses. 

Phase-lock analysis: ECoGs and LFPs were down-sampled to 62.5 Hz and band-pass filtered 

at 0.4-1.6 Hz. Peak events were extracted from the filtered waveform and used to calculate 

the instantaneous phase of each spike. Descriptive circular statistics and Rayleigh’s test for 
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uniformity were calculated from the instantaneous spike phases using CircStat toolbox 

(Berens, 2009). In this work, only neurons with ≥ 10 spikes in the recorded period were used 

for these analyses. Analysed time epochs were the same than in previous analyses. 

Cortically-evoked responses: Peristimulus time histograms were generated from 180 

stimulation trials using 1 ms bins. In the case of SNr neurons, the criterion used to determine 

the existence of an excitatory response was an increase of two-fold the standard deviation, 

plus the mean number of spikes from a pre-stimulus period of 20 ms, for three consecutive 

bins. An INH was defined as a period in which no spikes were observed for at least three 

consecutive bins. The duration was equal to the time between the beginning of the first bin, 

and the end of the last bin in a given response meeting the above criteria. The latency would 

correspond to the time in which the first bin begins in a given response. The amplitude of 

the excitations 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 in the pre-stimulus period.  

Since SM and mPF circuits of the BG in 6-OHDA-lesioned animals are not as 

thoroughly described as in control ones (Maurice et al., 1999), to better describe the 

information transmission through these circuits, we set latency ranges based on the latencies 

of triphasic responses, since they provide full information on transmission through the three 

pathways that constitute these circuits. Ranges were set up to each cortically-evoked 

response (i.e. EE, INH, LE), in each circuit (i.e. SM or mPF) and experimental group (i.e. 

Sham or 6-OHDA). For each response, a range was set according to the minimum and 

maximum latency observed within the triphasic-respondent neurons of that circuit and 

experimental group. Hence, cortically-evoked responses whose latency were out of range 

were excluded from the analyses of the cortically-evoked responses, and neurons with no 

cortically-evoked response within range were excluded from all the analysis.  

For the cortically-evoked responses in striatal neurons, the duration of the response 

was defined as the beginning of the first bin, and the end of the last bin right after the 

stimulation. The latency corresponded to the time in which the first bin after the stimulation 
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begins. The amplitude was defined as the difference between the spike counts during the 

response duration, and the spike counts in the 20-ms period before the stimulation.  

3.8. Histological and quantification procedures 

3.8.1. Histological procedures 

At the end of the electrophysiological experiments animals were deeply 

anaesthetized with chloral hydrate (1 g/kg, i.p.) and transcardially perfused with phosphate 

buffer saline (PBS; 0.1M, pH = 7.4), followed by 4% ice-cold paraformaldehyde in PBS. Brains 

were removed and post-fixed in paraformaldehyde for at least 24 h at 4 °C. Afterwards, brains 

were transferred to a 30% sucrose solution until they sank. Brains were cut in 40-µm coronal 

sections using a freezing microtome (HM 430, Microm®), and slices were conserved in a 

cryoprotective solution (30% ethylene glycol and 26% glycerol in PBS) at -20 °C until further 

processing. All brains were processed this way, unless stated otherwise. 

3.8.2. Verification of the recording and stimulation site 

In a set of experiments, at the end of SNr recordings a 10 µA cathodic current was 

constantly applied through the recording electrode for 10 minutes (Digital Midgard precision 

current source, 515595, Stoelting) to allow the formation of a Pontamine Sky Blue deposit on 

the recording site. Brains were processed as described above, and coronal brain sections 

containing the SNr were mounted on gelatinized glass slides, stained with 1% Neutral Red 

for 10 minutes, washed in distilled water, dehydrated in an ascending series of alcohol, 

cleared with xylene and coverslipped with DPX (Sigma-Aldrich) mounting medium. A blue 

dot on the lateral or medial portion of the SNr, examined under a microscope, determined 

the correct placement of the recording electrode.  

To verify the correct placement of the stimulation electrode, a 1 mA cathodic current 

was passed through the electrode during 10 minutes to allow the deposition of iron at the tip 

of the electrode. Brains removed after perfusion, were post-fixed in a solution containing an 
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80% of a 4% paraformaldehyde solution, 20 % of ethanol containing 2% acetic acid, and 1% 

(w/v) of potassium ferricyanide. This would stain the iron deposit from the electrode in blue, 

showing the stimulation site. Coronal sections containing the MC or ACC were mounted on 

gelatinized glass slides, if the blue point was apparent sections were counterstained with 

Neutral red as described above; otherwise Nissl-thionine stained, to inspect the tract of the 

electrode in cortex. 

 To Nissl-thionine-stained slices, after mounting them in gelatine-coated slides, were 

processed as follows: slides were washed in distilled water twice for 5 min. Then they were 

dehydrated in 70% ethanol and 96% ethanol for 10 and 2 min, respectively. They were then 

rinsed in an ethanol-paraformaldehyde mixture for 5 min (4:1, 96% ethanol | 10% 

paraformaldehyde). They were washed in 96% ethanol for 2 min, to be rinsed in a 

chloroform-ethyl ether-96% ethanol mixture for 10 min (8:1:1, chloroform | ethyl ether | 96% 

ethanol). Slides were then washed in 96% ethanol during 2 min, further dehydrated with 

100% ethanol twice for 2 min, and xylene for 5 min. Afterwards, slides were rehydrated 

rinsing them in 100% ethanol for 10 min twice, 96% ethanol for 2 min, then 96% ethanol for 

10 min, 70% ethanol for 5 min, and 50% ethanol for 5 min. They were then stained with 

thionine 1% for 20-45 min, washed in distilled water for 1 min, then rinsed in glacial acetic 

0.3% in distilled water for 1.5 min, and glacial acetic 0.3% in 70% ethanol for 1.5 min. Finally, 

they were dehydrated in 96% ethanol, and 100% ethanol for 2 min each, and xylene for 8 

min twice. After that, they were coverslipped with DPX mounting medium. The blue 

point/tract of the stimulation electrode in MC or ACC cortices served to determine its correct 

placement (Figure 3.4). 
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Figure 3.4: Histological verification of the cortical stimulation site and recording place within substantia nigra 
pars reticulata (SNr), for the sensorimotor (lateral SNr) (A) and medial prefrontal circuits (medial SNr) (B). 
Cortical and SNr areas targeted in the experiments are shaded in gray. Arrows indicate the exact position of the 
blue dot in the target area by ferricyanide-iron reaction (Left) or deposition of Pontamine Sky Blue (Right). Scale 
bar set at 1 mm. ACC: anterior cingulate cortex; MC: motor cortex. 
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3.8.3. Identification of recorded and juxtacellularly-labelled striatal neurons 

At the end of each electrophysiological recording, striatal neurons were 

juxtacellularly labelled with neurobiotin. In order to achieve that, positive currents pulses 

ranging from 2 to 10 nA in amplitude, and 200 ms in duration (50% duty cycle) were applied 

until the activity of the neuron became robustly synchronized with the pulses. After that, the 

current was rapidly stopped, the amplitude was lowered, and pulses resumed entraining 

neuron activity. If this was accomplished, the pulses would be maintained for around 1 

minute to allow neurobiotin to enter into the recorded neuron; if not, the process would start 

from the beginning, until the neuron was satisfactory entrained by the pulses. Next, the glass 

electrode was slowly withdrawn from the brain to ensure no damage to the recently labelled 

neuron. To allow the neurobiotin disseminate through the perikaryon and dendrites, 

perfusion was performed two to four hours after the labelling procedure. Brains were 

processed as described above, and cut in 50-µm parasagittal sections with a freezing 

microtome. 

Floating sections containing the striatum were washed in PBS, and incubated at room 

temperature a minimum of 7 hours in PBS containing a 0.3% of Triton X-100, and Cy3-

conjugated streptavidin (1:1000; ZyMax Streptavidin-Cy3, 43-8315, ThermoFisher Scientific). 

Afterwards, sections were washed in PBS, mounted in superfrost slides and coverslipped with 

Vectashield (H-1000, Vector Laboratories), and the striatum inspected under a fluorescence 

microscope (BX51, Olympus), coupled to a CCD camera (Orca R2 C10600, Hamamatsu). 

Labelled neurons with dense spiny dendrites were considered MSNs; these sections were 

retrieved for further molecular characterization. Sections with labelled neurons presenting 

aspiny dendrites, or no labelled neurons, were discarded; electrophysiological recordings 

from neurons with aspiny dendrites were excluded from further analysis. 

 

 



Chapter 3. EXPERIMENTAL PROCEDURES 

61 

 

3.8.4. Immunohistological assays 

3.8.4.1. Tyrosine hydroxylase immunohistochemistry 

TH immunostaining was used to examine the degree of DA denervation in the 

striatum and the SNc. Briefly, free-floating sections of these areas were first washed three 

times in potassium phosphate buffer saline (KPBS; 0.02M, pH = 7.4). Endogenous 

peroxidases were quenched using 3% H₂O₂ and 10% methanol in KPBS for 30 min at room 

temperature. After washing the sections three times in KPBS, these were incubated in the 

blocking solution consisting of 0.1% Triton X-100, and 5% normal goat serum (NGS) in KPBS 

for 1 h at room temperature. They were incubated with an anti-TH primary antibody (1:1000, 

Table 3.2) in the blocking solution overnight at room temperature. Next, slices were washed 

in KPBS twice, slices were pre-incubated in the blocking solution (2.5% NGS) for 10 min, and 

incubated for 2 h with a biotinylated antibody (anti-rabbit 1:200, Table 3.2) in blocking 

solution (2.5% NGS). Sections were washed in KPBS, and incubated with an avidin-biotin-

peroxidase complex (PK-6100, Vector Laboratories) in KPBS with 0.1% Triton X-100, for 1 h 

at room temperature. Peroxidase activity was revealed with 0.05% 3,3′-diaminobenzidine 

(DAB; Sigma) and 0.03% H₂O₂. The reaction was stopped by washing the sections in mQ 

water. The sections were then washed three times in KPBS and mounted onto gelatine-

coated slides, dehydrated, cleared with xylene and coverslipped with DPX mounting 

medium. 

3.8.4.2. CB1 receptor immunohistochemistry 

Another series of animals (i.e. sham and 6-OHDA-lesioned rats) different to those 

used in electrophysiological experiments were used to determine the expression of CB1 

receptors within the BG. Rats were transcardially perfused with a PBS solution followed by a 

mixture of 4% paraformaldehyde, 0.5 % glutaraldehyde and 0.2% of a saturated solution of 

picric acid in phosphate buffer (PB; 0.1M, pH = 7.4). Brains were extracted and stored in 

fixative solution for one week. After that, brains were coronally cut at 50 µm with a cryotome. 
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Sections were preincubated in blocking solution containing 10% bovine serum 

albumin, 0.5% Triton X-100 and 0.1% sodium azide in Tris-HCl buffered saline (TBS) for 30 

min. Then, sections were incubated in a solution with the primary antibody raised in goat 

against CB1 cannabinoid receptor (Table 3.2), at a final concentration of 2 µg/ml in 10% 

bovine serum albumin, 0.5% Triton X-100, and 0.1% sodium azide in TBS for 20 h. Sections 

were afterwards rinsed in 1% bovine serum albumin and 0.5% Triton X-100 in TBS, and 

incubated in biotinylated horse anti-goat secondary antibody (Table 3.2), at a concentration 

of 15 µg/ml in 1% bovine serum albumin and 0.5% Triton X-100 in TBS for 1 h. After secondary 

antibody incubation, sections were again rinsed in 1% bovine serum albumin, and 0.5% 

Triton X-100 in TBS, and reacted for 90 min in ABC complex diluted 1:1:50 in TBS. After 

several rinses in PB, peroxidase reaction with 0.05 % DAB and 0.003% H₂O₂ in PB was 

developed for 2 min. Sections were rinsed in PB, mounted onto gelatine-coated slides, 

dehydrated, cleared in xylene and coverslipped with DPX mounting medium.  

3.8.4.3. Preproenkephalin immunofluorescence 

Brain sections containing neurobiotin-labelled MSNs were used to determine 

whether they expressed preproenkephalin or not. Somatic expression of this molecular 

marker was used to identify MSNs from the indirect pathway, considering those with no 

preproenkephalin somatic expression to correspond to the direct pathway (Lee et al., 1997; 

Sharott et al., 2017).  

Parasagittal 50-µm brain sections containing Cy3-positive MSNs were washed in PBS, 

and then incubated in a blocking solution with 10% normal donkey serum and 0.3% Triton 

X-100 in PBS, for 1 h at room temperature. Following that, sections were washed in PBS and 

incubated in a 10 mM sodium citrate (pH = 6) solution for 3 h at 80 °C for antigen retrieval 

(Mallet et al., 2012). After washing sections in PBS, they were incubated with a solution 

containing an anti-preproenkephalin primary antibody (1:2500, Table 3.2) with 0.3% Triton 

X-100 in PBS, overnight at 4 °C. Afterwards sections were washed in PBS, and incubated 4 h 

at room temperature with a donkey anti-rabbit secondary antibody (1:500, Table 3.2), with 

0.3% Triton x-100 in PBS. After washing the sections in PBS, these were re-incubated in the 
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primary antibody solution for 1 h at 4 °C. Following PBS washing of the sections, these were 

re-incubated in the secondary antibody solution for 1 h at 4 °C. Sections were finally washed 

in PBS before mounting the sections in Vectashield to determine preproenkephalin 

expression in Cy3-positive MSNs under a fluorescence microscope. 

3.8.4.4. Quantification procedures for the immunohistochemical assays 

3.8.4.4.1. Optical densitometry of tyrosine hydroxylase-positive fibres in the 

striatum 

To assess the extent of the DA denervation induced by 6-OHDA injection we 

performed an optical density (OD) analysis of striatal DA fibres based on TH 

immunoreactivity. Striatal coronal sections from each animal covering the rostral, medial 

and caudal striatal levels were digitized using an EPSON V700 scanner at a resolution of 

6400 ppp. For each slice, the dorsal striatum was delimited and the mean OD of the 

ipsilateral or lesioned hemisphere was expressed as a percentage of that in the contralateral 

or intact non-lesioned hemisphere. The corpus callosum was considered as the background. 

Images were analysed using FIJI software (Schindelin et al., 2012). Only animals with more 

than 90% DA degeneration were include in the analysis. 

3.8.4.4.2. Optical densitometry of the CB1 receptor 

To analyse the effect of the 6-OHDA lesion on the expression of the CB1 receptor in 

the BG nuclei, an OD analysis of the CB1 immunoreactivity was performed. The analysis had 

into account the different anatomo-functional BG territories to assess whether expression in 

them was different, or the lesion affected these territories differently. Microscope slides with 

the reacted tissue were scanned with the 20× objective (NA 0.8; Carl-Zeiss) of a Pannoramic 

MIDI II (3DHISTECH) automatic slide scanner coupled to a CMOS camera (pco. edge 4.2, 

PCO), through an adapter with 1.6× magnification, and the images studied with FIJI software 

using the Bio-Formats plugin (Linkert et al., 2010). 
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We defined the regions of interest for each functional division in each nucleus based 

on previous tracing, molecular and functional reports, in which compartmentalization of the 

analysed BG nuclei is made depending on the cortical information they process. Regarding 

the cortex, we focused on MC and ACC areas since they were the target of cortical stimulation 

in electrophysiological assays. BG nuclei receiving information from MC were considered to 

belong to the SM circuits, and those receiving ACC information to the mPF circuits of the 

BG. MC and ACC regions of interest were defined following a rat brain atlas (Paxinos & 

Watson, 2006). Cortical areas were analysed until 0.4 mm posterior to Bregma, where they 

were considered small enough to be properly selected. SM and mPF striatal functional 

territories were limited to those areas receiving afferences from MC and ACC, respectively 

(Heilbronner et al., 2016; McGeorge & Faull, 1989). SM and mPF GP functional territories 

were defined based on calbindin expression patterns, which resembles striatal projections 

from these territories onto the GP (Rajakumar, Rushlow, et al., 1994). SM and mPF SNr 

functional territories were defined based on functional studies showing connectivity 

between the MC or the ACC, respectively (Kolomiets et al., 2003). For frontal slices the 

olfactory tract, forceps minor or corpus callosum, were selected as background. For more 

caudal slices, the thalamus, geniculate nucleus or reticular formation, were used as 

background (Figure 3.5). 

To analyse changes in CB1 receptor density between lesion group (i.e. sham vs. 6-

OHDA) and functional territories (i.e. SM or mPF) of the analysed BG nuclei, background 

OD from each hemisphere was subtracted from regions of interest ODs in their 

corresponding hemisphere. Then values from both hemispheres of the same slice, 

corresponding to a given nucleus and functional territory, were averaged between them; 

averaged values from all the slices in an animal were averaged, so each animal would have 

two values per nucleus: one value for the SM territory, and another for the mPF territory. 

Values corresponding to the same BG functional territory and nucleus were averaged by 

lesion group.  
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Figure 3.5: Representative coronal sections of a rat brain showing CB1 receptor immunoreactivity and the regions 
of interest analysed in each basal ganglia nuclei (A, cortex; B, cortex and striatum; C, globus pallidus; D, substantia 
nigra pars reticulata). Sensorimotor and medial prefrontal functional territories are marked in purple and green, 
respectively. Scale bar set at 1 mm. 

3.9. Statistical analysis 

GraphPad Prism (v. 5.01; GraphPad Software, Inc.), SPSS (v. 25; IBM Corp.) and 

MATLAB (v. R2020a, MathWorks Inc.) were used for statistical analysis. The level of 

statistical significance was set at p<0.05. Shapiro-Wilk test was used to determine if variables 

were normally distributed. Kuiper test was used to assess whether distributions from circular 

variables were significantly different from a von Mises distribution. Data are presented as 

group means ± standard error of the mean (S.E.M.) of n rats, unless stated otherwise. 
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Differences in FR, CV and parameters related to cortically-evoked responses in SNr 

neurons were analysed using a two-tailed unpaired Student’s t test. Differences in most 

burst-related parameters were analysed using Mann-Whitney rank sum test as data were not 

normally distributed; intra-burst FR was analysed using a two-tailed unpaired Student’s t 

test. Likewise, FR, parameters related to cortically-evoked responses of striatal neurons, 

phase vector length, peak frequency and band frequency AUCs of power spectra were 

analysed using a Mann-Whitney rank sum test; CV and index of pauses were analysed using 

a two-tailed unpaired Student’s t test. Fisher’s exact test was used to determine differences 

in the number of neurons presenting burst firing, and different cortically-evoked response 

patterns. To assess differences in the mean phase angle of neurons the Watson-Williams test 

was used. 

To assess the effect of the administered drugs (i.e. WIN or Δ⁹-THC) in control 

animals, two-tailed paired Student’s t test was used to analyse differences in FR, CV, and 

parameters related to cortically-evoked responses, before and after drug administration. To 

determine if WIN and Δ⁹-THC were differentially affecting the SM or mPF circuits in control 

animals, cortically-evoked responses before and after drug administration were analysed 

using a repeated-measures two-way ANOVA (drug × circuit). In sham and 6-OHDA-lesioned 

animals, a repeated-measures two-way ANOVA was used (drug × lesion) to assess the effects 

of WIN on FR, CV and parameters related to cortically-evoked responses, before and after 

drug application. Differences in the number of neurons with burst firing, before and after 

drug administration, were assessed with Fisher’s exact test. Most burst-related parameters 

before and after drug application were analysed using Wilcoxon matched-pairs signed rank 

test; intra-burst FR was analysed using a two-tailed paired Student’s t test. Differences in the 

FR and cortically-evoked responses of striatal neurons, and peak frequency and band 

frequency AUCs of power spectra were analysed using Friedman test. When allowable, 

Bonferroni’s (ANOVA) or Dunn’s (Friedman) post hoc test was used for correction of 

multiple comparisons. 

To study the impact of AM251 on the effect of WIN or Δ⁹-THC, FR, CV and 

parameters related to cortically-evoked responses pre-AM251, post-AM251 and post 
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AM251+WIN or Δ⁹-THC were compared using a repeated-measures one-way ANOVA. In the 

mPF circuits a repeated-measures two-way ANOVA (drug × lesion) was used. The number 

of neurons with burst firing was compared using the Chi-squared (2) test. To assess how 

these drugs would alter burst firing, most burst-related parameters were analysed using 

Friedman test. Intra-burst FR was analysed using a repeated-measures one-way ANOVA; in 

the mPF circuits, repeated-measures two-way ANOVA (drug × lesion) was used for this 

analysis. Geisser-Greenhouse’s correction was used if epsilon was below 0.75. When 

allowable, Bonferroni’s post hoc test was used for correction of multiple comparisons.  

CB1 receptor density averages from sham or 6-OHDA-lesioned rats were compared 

using a two-way ANOVA (lesion × territory) to assess differences in CB1 receptor density. 

When allowable, Bonferroni’s post hoc test was used for correction of multiple comparisons.  

Differences in TH OD and ipsilateral forelimb use between sham and 6-OHDA-

lesioned rats were analysed using a two-tailed unpaired Student’s t-test. 
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4. RESULTS 

4.1. STUDY I: CB1 receptor control of cortico-nigral transmission through the 

sensorimotor and medial prefrontal basal ganglia circuits 

Neurons from a total of 177 animals were recorded in the SNr, among which 87 were 

recorded in the lateral SNr, and 90 in the medial SNr. GABAergic neurons within the SNr 

display typical electrophysiological characteristics (i.e., a narrow spike waveform and a 

relatively high FR with a regular pattern of discharge). To ensure the belonging of the 

recorded cells to their corresponding circuits (i.e. SM or mPF), only those responding to 

cortical stimulation were used in the analysis. 

4.1.1. Spontaneous and cortically-evoked activity of substantia nigra pars 

reticulata neurons: Territorial particularities 

Recorded neurons from the lateral and medial SNr were not different in terms of their 

FR or CV, although they showed differences regarding their firing pattern (Table 4.1). A 

smaller percentage of neurons in the lateral SNr exhibited bursting discharge in comparison 

to medial SNr neurons. In line with the number and duration of bursts, as well as the 

recurrence of burst displayed by lateral SNr neurons.  
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Table 4.1: Firing properties of neurons from the lateral and medial subdivisions of the substantia nigra 

pars reticulata (SNr) 

 Lateral SNr  
(n = 87) 

Medial SNr 
 (n = 90) 

Firing rate (Hz) 25.2 ± 0.9 22.8 ± 0.9 

Coefficient of variation (%) 47.0 ± 1.9 48.3 ± 2.2 

Burst firing neurons / recorded neurons 39 / 87 74 / 90 

Neurons exhibiting burst firing pattern (%) 44.8 82.2* 

Number of bursts 12.4 ± 2.8 21.7 ± 3.0* 

Duration of burst (ms) 0.6 ± 0.1 0.9 ± 0.1* 

Nº spikes/burst 20.3 ± 3.5 23.2 ± 2.7 

Recurrence of burst (nº burst/min) 4.1 ± 0.9 8.7 ± 1.2* 

Intraburst frequency (Hz) 49.2 ± 2.8 45.5 ± 2.0 

Each value represents the mean ± S.E.M. of (n) recorded rats. *p<0.05 vs. Lateral SNr (neurons 
exhibiting burst firing pattern: Fisher’s exact test; burst parameters: Mann-Whitney rank sum test). 

 

According to previous publications (Aliane et al., 2009; Kolomiets et al., 2003; 

Maurice et al., 1999), cortical stimulation of the MC or ACC evoked responses in the SNr 

neurons that consisted of an EE, followed by an INH and a LE, forming a characteristic 

triphasic response. The presence of the EE is attributable to the activation of the so-called 

‘hyperdirect’ cortico-subthalamo-nigral pathway. The activation of the ‘direct’ cortico-

striato-nigral pathway produces the observed INH, and the LE derives from the activation of 

the ‘indirect’ cortico-striato-pallido-subthalamo-nigral pathway (Maurice et al., 1999). 

Different patterns of responses were observed in both SNr functional territories, yielding 

triphasic, biphasic and monophasic responses from the activation of the different pathways 

along the circuits. The percentage of occurrence of such patterns of responses in lateral SNr 

and medial SNr neurons is shown in Figure 4.1A. 
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Regarding the parameters analysed for each of the responses, such as latency of 

appearance, duration of the response and amplitude of the excitations, the major differences 

between circuits were observed in latency. In the SM circuits, the appearance of all three 

responses was significantly advanced in comparison to the mPF circuits, as indicated by an 

increased latency. Moreover, the duration of the INH was greater in the SM circuits than in 

the mPF circuits Figure 4.1B.  

 

Figure 4.1: Patterns of responses evoked in substantia nigra pars reticulata (SNr) neurons by cortical stimulation 
of the motor cortex or anterior cingulate cortex. A. Percentage of occurrence of the different patterns of response 
evoked in SNr cells by cortical stimulation. From darker to lighter colours: EE + I + LE; EE + I; I + LE; EE + LE; EE; 
I; LE. B. Characteristics of the responses (latency, amplitude of excitations, and duration of the inhibition). Note 
that the duration of the inhibitions is shorter in the medial prefrontal (mPF) circuits, whereas the appearance of 
all three responses is delayed when compared to the sensorimotor (SM) circuits, as a higher latency is observed. 
(EE: early excitation [SM: n = 70; mPF: n = 54]; INH: inhibition [SM: n = 72; mPF: n = 67]; LE: late excitation [SM: 
n = 68; mPF: n = 77]). Each bar represents the mean ± SEM of n rats. *p < 0.05, two-tailed unpaired Student's t 
test. 
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4.1.2. Effect of cannabinoids on spontaneous and cortically-evoked activity in 

substantia nigra pars reticulata neurons: Involvement of the CB1 receptor 

We further explored the effect of the synthetic CB1/CB2-receptor full agonist WIN, 

and the natural cannabinoid Δ9-THC, a CB1/CB2-partial agonist, on the spontaneous and 

cortically-evoked activity of SNr neurons identified as receiving input from the MC or the 

ACC. To demonstrate the contribution of the CB1 receptor on these effects the synthetic, CB1-

selective antagonist, AM251 was used to block the effects induced by cannabinoid drugs. 

Cannabinoid drugs doses used in this study were carefully selected to minimize 

modifications on the firing activity of SNr neurons that could affect the analysis of the 

cortically-evoked responses.  

4.1.2.1. Effect of WIN 55,212-2 on spontaneous and cortically-evoked activity of 

substantia nigra pars reticulata neurons by CB1 receptor activation 

Administration of WIN (125 µg/kg, i.v.) was not able to modify most of the studied 

parameters associated with the spontaneous activity of these neurons in either of the two 

recorded functional territories. Despite that, differences were observed in the CV, where 

neurons from the lateral SNr became more regular after WIN administration (Annex 4.I). 

Additionally, administration of the CB1 receptor antagonist AM251 (2 mg/kg i.v.) did not 

modify the spontaneous activity of SNr neurons (Annex 4.II). 

Regarding the cortically-evoked activity, systemic administration of WIN modulated 

cortico-nigral information transmission through the hyperdirect pathway in the SM and mPF 

BG circuits differently. While WIN was not able to significantly affect the amplitude of the 

hyperdirect pathway in the SM circuits, it reduced this response in the mPF circuits (Figure 

4.2A, B, C, top). On the other hand, transmission through the direct pathway was 

significantly diminished in both circuits, as a consequence of WIN administration; this is 

shown by a reduction in the duration of the inhibitory component of the response (Figure 

4.2A, B, C, middle). Transmission through the indirect pathway was also reduced in both 
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circuits after WIN injection, as seen by a reduction in the amplitude of this response (Figure 

4.2A, B, C, bottom). Effects induced by WIN on cortico-nigral transmission through both BG 

circuits, were effectively blocked by previous administration of AM251. Moreover, AM251 did 

not modify the cortico-nigral information transfer by itself in either of the two circuits 

(Figure 4.3). 

 

Figure 4.2: Effect of systemic administration of WIN 55,212-2 (125 μg/kg, i.v.) on cortico-nigral information 
transmission through the sensorimotor (SM) and medial prefrontal (mPF) basal ganglia circuits. A. Top: raster 
plot and peristimulus time histogram showing a representative example of a triphasic response evoked in a 
substantia nigra pars reticulata (SNr) neuron by stimulation of the motor cortex in basal condition. Bottom: after 
WIN 55,212-2 injection, the inhibitory and late excitatory components disappeared, without affecting the early 
excitation. Arrows indicate the stimulation artefact. Dashed lines indicate the threshold for excitatory responses. 
C. Top: raster plot and peristimulus time histogram showing a representative example of a triphasic response 
evoked in a SNr neuron by stimulation of the anterior cingulate cortex under basal conditions. Bottom: WIN 
55,212-2 injection was able to reduce transmission through all three pathways. Arrows indicate the stimulation 
artefact. Dashed lines indicate the threshold for excitatory responses. B. Bar graphs showing the mean effect of 
WIN 55,212-2 (125 μg/kg, i.v.) on cortically-evoked responses in SNr neurons (amplitude of early [EE; SM: n = 5 | 
mPF: n = 8] and late [LE; SM: n = 5 | mPF: n = 7] excitations and duration of inhibition (INH; SM: n = 5| mPF: n 
= 11]) in SM and mPF circuits. Each bar represents the mean ± SEM of n rats. Each dot represents the value from 
one neuron before and after drug administration. *p < 0.05, two-tailed paired Student's t test. 
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Figure 4.3: Blockade of WIN 55,212-2-induced effect on cortico-nigral information transmission in sensorimotor 
(SM) and medial prefrontal (mPF) basal ganglia circuits by pre-treatment with the selective CB1 antagonist AM251 
(2 mg/kg, i.v.). A. Top: raster plot and peristimulus time histogram showing a representative example of a 
triphasic response evoked in a substantia nigra pars reticulata (SNr) neuron by stimulation of the motor cortex 
under basal conditions. AM251 administration did not modify the characteristics of the three components of the 
cortically-evoked response (middle) but blocked the effects induced by WIN 55,212-2 (bottom). Arrows indicate 
the stimulation artefact. Dashed lines indicate the threshold for excitatory responses. C. Top: raster plot and 
peristimulus time histogram showing a representative example of a triphasic response evoked in a SNr neuron by 
stimulation of the anterior cingulate cortex under basal conditions. Administration of AM251 did not modify the 
characteristics of the cortically-evoked triphasic response (middle) but blocked the effects mediated by WIN 
55,212-2 (bottom). Arrows indicate the stimulation artefact. Dashed lines indicate the threshold for excitatory 
responses. B. Bar graphs showing the mean effect of AM251 (2 mg/kg, i.v.) and WIN 55,212-2 (125 μg/kg, i.v.) on 
cortically-evoked responses in SNr neurons (amplitude of early [EE; SM: n = 7 | mPF: n = 6] and late [LE; SM: n = 
6| mPF: n = 6] excitations and duration of inhibition [INH; SM: n = 8| mPF: n = 7]) in SM and mPF circuits. Each 
bar represents the mean ± SEM of n rats. Each dot represents the value from one neuron before and after drug 
administration. 
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4.1.2.2. Effect of Δ9-tetrahydrocannabinol on spontaneous and cortically-

evoked activity of substantia nigra pars reticulata neurons by CB1 receptor 

activation 

Δ⁹-THC (0.5 mg/kg, i.v.) administration at the dose used in this study was not able 

to change the spontaneous FR in either functional territory of the SNr (Annex 4.III). Similar 

to the effect of WIN, Δ⁹-THC affected the burst firing of SNr neurons inducing a decrease in 

the burst duration of lateral SNr neurons, and reducing the intraburst frequency in medial 

SNr neurons. Furthermore, administration of the CB1 receptor antagonist AM251 (2 mg/kg, 

i.v.) did not change the spontaneous activity of SNr neurons (Annex 4.IV). 

Cortically-evoked activity in SNr neurons was affected after administration of Δ⁹-

THC. Transmission through the hyperdirect pathway was significantly reduced in both 

circuits after administration of the drug, as it reduced the amplitude of this response. The 

effect of Δ⁹-THC on this pathway was significantly smaller in the SM circuits than in the mPF 

circuits, completely abolishing hyperdirect pathway transmission through the mPF circuits 

(Figure 4.4A, B, C, top). Moreover, Δ⁹-THC administration was shown to significantly reduce 

transmission through the direct pathway in both circuits since it reduced the duration of the 

inhibitory response (Figure 4.4A, B, C, middle). A disruption in information transmission 

was also observed through the indirect pathway in both circuits, as seen by a reduction in 

the amplitude of the LE after Δ⁹-THC administration (Figure 4.4A, B, C, bottom). In line with 

the results obtained with WIN, the effects induced by Δ⁹-THC administration on cortico-

nigral transmission through the SM and mPF BG circuits were blocked by previous 

administration of AM251. As we have previously described, in these experiments AM251 was 

not able to alter cortically-evoked responses in SNr neurons by itself (Figure 4.5). 
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Figure 4.4: Effect of systemic administration of Δ9-THC (0.5 mg/kg, i.v.) on cortico-nigral information 
transmission in the sensorimotor (SM) and medial prefrontal (mPF) basal ganglia circuits. A. Top: raster plot and 
peristimulus time histogram showing a representative example of a triphasic response evoked in a substantia 
nigra pars reticulata (SNr) neuron by stimulation of the motor cortex under basal conditions. Bottom: after Δ9-
THC injection, the inhibitory and late excitatory components disappeared, with the early excitation diminished. 
Arrows indicate the stimulation artefact. Dashed lines indicate the threshold for excitatory responses. C. Top: 
raster plot and peristimulus time histogram showing a representative example of a triphasic response evoked in 
a SNr neuron by stimulation of the anterior cingulate cortex under basal conditions. Bottom: in this circuit, Δ9-
THC injection was able to reduce transmission through all three pathways. Arrows indicate the stimulation 
artefact. Dashed lines indicate the threshold for excitatory responses. B. Bar graphs showing the mean effect of 
Δ9-THC (0.5 mg/kg, i.v.) on cortically-evoked responses in SNr neurons (amplitude of early [EE; SM: n = 7 | mPF: 
n = 5] and late [LE; SM: n = 6 | mPF: n = 9] excitations and duration of inhibition [I; SM: n = 5 | mPF: n = 5]) in 
SM and mPF circuits. Each bar represents the mean ± SEM of n rats. Each dot represents the value from one 
neuron before and after drug administration. *p < 0.05, two-tailed paired Student's t test. &p < 0.05, interaction 
(Circuit × Drug) repeated-measures two-way ANOVA. 
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Figure 4.5: Blockade of Δ9-THC-induced effects on cortico-nigral information transmission in sensorimotor (SM) 
and medial prefrontal (mPF) basal ganglia circuits by pre-treatment with the selective CB1 antagonist AM251 (2 
mg/kg, i.v.). A. Top: raster plot and peristimulus time histogram showing a representative example of a triphasic 
response evoked in a substantia nigra pars reticulata (SNr) neuron by stimulation of the motor cortex under basal 
conditions. AM251 administration did not modify the characteristics of the three components of the cortically-
evoked response (middle) but blocked the effects induced by Δ9-THC (bottom). Arrows indicate the stimulation 
artefact. Dashed lines indicate the threshold for excitatory responses. C. Top: raster plot and peristimulus time 
histogram showing a representative example of a triphasic response evoked in a SNr neuron by stimulation of the 
anterior cingulate cortex under basal conditions. AM251 administration did not modify the characteristics of the 
cortically-evoked triphasic response (middle) but blocked the effects induced by Δ9-THC (bottom). Arrows 
indicate the stimulation artefact. Dashed lines indicate the threshold for excitatory responses. B. Bar graphs 
showing the mean effect of AM251 (2 mg/kg, i.v.) and Δ9-THC (0.5 mg/kg, i.v.) on cortically-evoked responses in 
SNr neurons (amplitude of early [EE; SM: n = 3 | mPF: n = 6] and late [LE; SM: n = 3 | mPF: n = 11] excitations and 
duration of inhibition [INH; SM: n = 5 | mPF: n = 11]) in SM and mPF circuits. Each bar represents the mean ± 
SEM of n rats. Each dot represents the value from one neuron before and after drug administration. 
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Annex 4.I: Effect of WIN 55,212-2 (125 μg/kg, i.v.) on the firing properties of neurons from the lateral 

and medial subdivisions of the substantia nigra pars reticulata (SNr). 

Lateral SNr 
Before WIN  

(n = 7) 
After WIN 

Firing rate (Hz) 24.4 ± 3.6 27.8 ± 4.0 

Coefficient of variation (%) 38.7 ± 4.4 33.1 ± 3.9* 

Burst firing neurons / recorded neurons 1 / 7 1 / 7 

Neurons exhibiting burst firing pattern (%) 14.3 14.3 

Number of bursts 25.0 1 

Duration of burst (ms) 0.3 0.04 

Nº spikes/burst 10.2 3 

Recurrence of burst (nº burst/min) 8.3 0.3 

Intraburst frequency (Hz) 36.0 82.9 

Medial SNr 
Before WIN  

(n = 17) 
After WIN 

Firing rate (Hz) 21.0 ± 2.1 24.2 ± 2.5 

Coefficient of variation (%) 55.1 ± 7.3 58.4 ± 8.0 

Burst firing neurons / recorded neurons 14 / 17 13 / 17 

Neurons exhibiting burst firing pattern (%) 82.4 76.5 

Number of bursts 33.2 ± 12.3 27.4 ± 13.4 

Duration of burst (ms) 0.3 ± 0.1 2.2 ± 1.1 

Nº spikes/burst 11.3 ± 2.0 41.6 ± 15.2 

Recurrence of burst (nº burst/min) 13.3 ± 4.9 13.7 ± 6.7 

Intraburst frequency (Hz) 48.6 ± 6.4 45.9 ± 9.3 

Each value represents the mean ± SEM of (n) recorded rats. *p<0.05 vs. WIN (coefficient of variation: 
two-tailed paired Student’s t test) 
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Annex 4.II: Effect of AM251 (2 mg/kg, i.v) and WIN 55,212-2 (125 μg/kg, i.v.) on the firing properties 
of neurons from the lateral and medial subdivisions of the substantia nigra pars reticulata (SNr). 

Lateral SNr 
Before AM  

(n = 9) 
After AM After AM+WIN 

Firing rate (Hz) 21.8 ± 3.7 21.0 ± 3.5 20.7 ± 3.8 

Coefficient of variation (%) 53.4 ± 7.9 50.6 ± 4.4 48.4 ± 4.4 

Burst firing neurons/ recorded neurons 5 / 9 5 / 9 6 / 9 

Neurons exhibiting burst firing pattern (%) 55.6 55.6 66.7 

Number of bursts 4.3 ± 1.9 3.7 ± 1.3 4.0 ± 2.3 

Duration of burst (ms) 0.7 ± 0.3 0.8 ± 0.4 1.0 ± 0.7 

Nº spikes/burst 27.7 ± 13.2 17.4 ± 4.1 14.1 ± 4.8 

Recurrence of burst (nº burst/min) 1.7 ± 0.8 1.8 ± 0.6 1.9 ± 1.2 

Intraburst frequency (spikes/s) 30.4 ± 7.6 30.7 ± 9.5 53.3 ± 16.5 

Medial SNr 
Before AM 

(n = 11) 
After AM After AM+WIN 

Firing rate (Hz) 23.6 ± 3.2 22.5 ± 285 23.5 ± 3.4 

Coefficient of variation (%) 43.5 ± 5.7 45.4 ± 4.9 41.8 ± 3.0 

Burst firing neurons/ recorded neurons 8 / 11 6 / 11 7 / 11 

Neurons exhibiting burst firing pattern (%) 72.7 54.5 63.6 

Number of bursts 10.9 ± 6.7 6.3 ± 2.6 4.6 ± 1.7 

Duration of burst (ms) 0.3 ± 0.1 0.6 ± 0.2 0.6 ± 0.2 

Nº spikes/burst 13.7 ± 5.6 14.2 ± 4.5 26.9 ± 10.1 

Recurrence of burst (nº burst/min) 4.7 ± 3.0 3.2 ± 1.3 2.3 ± 0.8 

Intraburst frequency (Hz) 36.2 ± 9.0 28.8 ± 8.8 40.4 ± 17.3 

Each value represents the mean ± SEM of (n) recorded rats. 
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Annex 4.III: Effect of Δ⁹-THC (0.5 mg/kg) on the firing properties of neurons from the lateral and 
medial subdivisions of the substantia nigra pars reticulata (SNr). 

Lateral SNr 
Before Δ9-THC  

(n = 11) 
After Δ9-THC 

Firing rate (Hz) 25.3 ± 2.3 25.1 ± 3.1 

Coefficient of variation (%) 53.2 ± 7.0 51.4 ± 8.7 

Burst firing neurons / recorded neurons 8 / 11 3 / 11 

Neurons exhibiting burst firing pattern (%) 80.0 30.0 

Number of bursts 16.5 ± 9.4 13.2 ± 12.7 

Duration of burst (ms) 0.5 ± 0.2 0.2 ± 0.2* 

Nº spikes/burst 20.6 ± 6.8 8.0 ± 6.6 

Recurrence of burst (nº burst/min) 6.5 ± 3.8 6.6 ± 6.3 

Intraburst frequency (Hz) 51.2 ± 5.9 23.4 ± 14.3 

Medial SNr 
Before Δ9-THC 

(n = 15) 
After Δ9-THC 

Firing rate (Hz) 24.6 ± 2.2 23.7 ± 2.6 

Coefficient of variation (%) 46.9 ± 4.9 45.1 ± 5.6 

Burst firing neurons / recorded neurons 12 / 15 9 / 15 

Neurons exhibiting burst firing pattern (%) 80.0 60.0 

Number of bursts 15.7 ± 5.1 12.3 ± 5.4 

Duration of burst (ms) 0.7 ± 0.1 1.5 ± 0.9 

Nº spikes/burst 25.1 ± 4.4 20.8 ± 6.6 

Recurrence of burst (nº burst/min) 6.3 ± 2.0 5.2 ± 2.2 

Intraburst frequency (Hz) 42.0 ± 5.0 25.3 ± 6.6* 

Each value represents the mean ± SEM of (n) recorded rats. *p<0.05 vs. Δ⁹-THC (Duration of bursts: 
Wilcoxon matched-pairs signed rank test; Intraburst frequency: two-tailed paired Student’s t test). 
  



Chapter 4. RESULTS – Study I 

83 

 

Annex 4.IV: Effect of AM251 (2 mg/kg, i.v) and Δ⁹-THC (0.5 mg/kg) on the firing properties of neurons 
from the lateral and medial subdivisions of the substantia nigra pars reticulata (SNr). 

Lateral SNr 
Before AM 

(n = 5) 
After AM 

After AM 
+ 

Δ9-THC 

Firing rate (Hz) 22.6 ± 4.0 24.7 ± 2.9 23.9 ± 3 

Coefficient of variation (%) 43.5 ± 4.7 41.8 ± 5.8 44.2 ± 7.9 

Burst firing neurons/ recorded neurons 0 / 5 0 / 5 1 / 5 

Neurons exhibiting burst firing pattern (%) 0.00 0.00 20.0 

Number of bursts n.d n.d 2.0 

Duration of burst (ms) n.d n.d 0.5 

Nº spikes/burst n.d n.d 20.5 

Recurrence of burst (nº burst/min) n.d n.d 1.0 

Intraburst frequency (Hz) n.d n.d 42.3 

Medial SNr 
Before AM 

(n = 14) 
After AM 

After AM 
+ 

Δ9-THC 

Firing rate (Hz) 24.9 ± 3.7 24.3 ± 3.8 22.43 ± 2.4 

Coefficient of variation (%) 46.4 ± 4.4 47.4 ± 7.0 41.0 ± 4.5 

Burst firing neurons/ recorded neurons 8 / 14 8 / 14 7 / 14 

Neurons exhibiting burst firing pattern (%) 57.1 57.1 50.0 

Number of bursts 15.2 ± 5.6 11.5 ± 5.5 7.7 ± 3.3 

Duration of burst (ms) 0.7 ± 0.4 0.9 ± 0.4 1.0 ± 0.4 

Nº spikes/burst 14.8 ± 3.7 23.9 ± 9.6 12.9 ± 4.2 

Recurrence of burst (nº burst/min) 8.2 ± 2.8 5.8 ± 2.7 3.9 ± 1.6 

Intraburst frequency (Hz) 38.9 ± 9.0 37.7 ± 9.5 24.9 ± 7.3 

Each value represents the mean ± SEM of (n) recorded rats. 
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4.2. STUDY II: Impact of dopaminergic denervation on cortico-nigral 

transmission through the sensorimotor and medial prefrontal basal ganglia 

circuits and CB1 receptor function 

In this study, animals were tested in the cylinder test for motor asymmetry 4 – 5 

weeks after 6-OHDA stereotaxic injection into the right MFB. All 6-OHDA-lesioned rats used 

in this study showed biased use of the ipsilateral forelimb above 70%, thus being considered 

to have severe damage of the DA system (Figure 4.6A). After electrophysiological recordings 

were performed, TH immunostaining was used to confirm DA denervation. All animals in 

the 6-OHDA-lesioned group showed a reduction above 90% in TH+ density in the striatum 

of the lesioned hemisphere (Figure 4.6B). 

As in the Study I, all recorded cells exhibited the typical electrophysiological 

characteristics of GABAergic SNr neurons, including a narrow spike waveform and a 

relatively high FR with a regular pattern of discharge. To ensure the belonging of the 

recorded cells to their corresponding BG circuits, only those with a FR above 7 Hz and 

responding to cortical stimulation within the latency ranges stablished (Annex 4.V and 

Annex 4.VI), were included in the analyses. Neurons meeting these criteria were recorded 

from 114 animals, among which 49 were in the sham group (SM: n = 17 | mPF: n = 28 | SM & 

mPF: n = 4), and 65 in the 6-OHDA-lesioned group (SM: n = 24 | mPF: n = 29 | SM & mPF: 

n = 12). 
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Figure 4.6: Motor asymmetry and dopaminergic denervation in sham and 6-OHDA-lesioned rats. A. Left: Mean 
percentage of ipsilateral forelimb use shows that 6-OHDA-lesioned rats use more the forelimb ipsilateral to the 
lesioned hemisphere, indicating an important degree of motor asymmetry, and suggesting severe dopaminergic 
denervation. Right: mean percentage of variation in TH optical density (OD), referring to the change in the 
hemisphere ipsilateral to the lesion vs. the contralateral hemisphere. 6-OHDA-lesioned animals show a severe 
dopaminergic denervation. B. Representative brain slices showing TH immunostaining for both sham and 6-
OHDA-lesioned rats. Note the severe striatal dopaminergic denervation in 6-OHDA-lesioned rats, after infusion 
of the toxin in the MFB. Slice scale bars are set to 1 mm. *p < 0.05, two-tailed unpaired Student’s t-test. 
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4.2.1. Spontaneous and cortically-evoked activity of substantia nigra pars 

reticulata neurons after dopaminergic denervation 

Lateral and medial SNr neurons were differently affected by DA denervation. The FR 

of neurons from the medial SNr was reduced in 6-OHDA-lesioned animals, while neurons 

from the lateral SNr were not affected, in comparison to sham rats. Moreover, lateral and 

medial SNr neurons presented a higher CV in lesioned animals. In addition, firing pattern 

analysis revealed that the number of neurons with bursts was increased in both SNr 

functional territories after DA denervation. In line with this, further burst firing analysis 

showed alterations in neurons from the lateral and medial SNr in 6-OHDA-lesioned animals. 

In the lateral SNr of 6-OHDA-lesioned animals, neurons displayed a greater number of bursts 

than neurons from sham rats. In the case of the medial SNr of these animals, neurons showed 

the same alterations that those in the lateral SNr, adding a decreased duration of burst, and 

number of spikes per burst (Table 4.2).  

As in Study I, cortical stimulation of the MC or ACC evoked characteristic triphasic 

responses in SNr neurons that consisted of an EE, followed by an INH and a LE, from the 

activation of the different pathways that constitute these circuits. Different patterns of 

response can be observed in both SNr functional territories, yielding triphasic, biphasic or 

monophasic cortically-evoked responses. These patterns of response observed in the lateral 

SNr were altered after DA denervation: the proportion of neurons displaying triphasic and 

biphasic (i.e. INH + LE) responses was reduced, in favour of more monophasic (i.e. EE) 

responses, in the 6-OHDA-lesioned group. DA loss also changed patterns of response in 

neurons from the medial SNr, showing a greater amount of monophasic (i.e. INH) responses 

(Figure 4.7A). Overall, lateral SNr neurons displayed fewer INHs and LEs, while neurons 

from the medial SNr displayed only fewer LEs after DA loss (Figure 4.7B). 
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Table 4.2: Firing properties of neurons from the lateral and the medial substantia nigra pars reticulata 
(SNr) in sham and 6-OHDA-lesioned animals 

Lateral SNr 
Sham 

(n = 21) 
6-OHDA 
(n = 36) 

Firing rate (Hz) 21.2 ± 1.8 19.0 ± 1.2 

Coefficient of variation (%) 43.6 ± 2.4 70.3 ± 4.6* 

Burst firing neurons / recorded neurons 51 / 98 91 / 115 

Neurons exhibiting burst firing pattern (%) 52.0 79.1* 

Number of bursts 12.8 ± 2.5 45.9 ± 7.2* 

Duration of burst (ms) 0.5 ± 0.1 0.6 ± 0.1 

Nº spikes/burst 14.6 ± 1.8 13.3 ± 1.8 

Recurrence of burst (nº burst/min) 5.1 ± 1.0 18.4 ± 2.9* 

Intraburst frequency (Hz) 36.1 ± 2.6 35.5 ±1.9 

Medial SNr 
Sham 

(n = 32) 
6-OHDA 
(n = 41) 

Firing rate (Hz) 24.8 ± 1.3 19.4 ± 1.0* 

Coefficient of variation (%) 49.0 ± 2.4 102.5 ± 5.9* 

Burst firing neurons / recorded neurons 126 / 187 144 / 160 

Neurons exhibiting burst firing pattern (%) 67.4 89.6* 

Number of bursts 24.0 ± 3.9 87.3 ± 7.6* 

Duration of burst (ms) 0.6 ± 0.1 0.3 ± 0.1* 

Nº spikes/burst 18.4 ± 2.2 11.1 ± 0.5* 

Recurrence of burst (nº burst/min) 9.6 ± 1.6 34.9 ± 3.0* 

Intraburst frequency (Hz) 46.2 ± 2.7 49.5 ± 2.9 

Each value represents the mean ± S.E.M. of (n) recorded rats. *p<0.05 vs. 6-OHDA (Firing rate, 
coefficient of variation and response parameters: two-tailed unpaired Student’s t-test; neurons 
exhibiting burst firing pattern: Fisher’s exact test; burst parameters: Mann-Whitney rank sum test). 
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Figure 4.7: Patterns of response evoked in substantia nigra pars reticulata (SNr) neurons by cortical stimulation 
of the motor cortex and anterior cingulate cortex, in sham and 6-OHDA-lesioned animals. A. Percentage of 
occurrence of the different patterns of responses evoked in SNr cells by cortical stimulation. From left (darker 
colour) to right (lighter colour): EE+I+LE; EE+I; I+LE; EE+LE; EE; I; LE. Note that triphasic (EE+I+LE) and biphasic 
responses (I+LE) are less common in lateral SNr neurons from 6-OHDA-lesioned animals, while monophasic 
early excitations (EE) are more common. Regarding medial SNr neurons, monophasic inhibition (INH) responses 
are more common in the DA-denervated animal. B. Percentage of SNr neurons displaying early or late excitation, 
or inhibition after cortical stimulation. Note that the occurrence of inhibitions is reduced in lateral SNr neurons 
in DA-denervated animals, and the late excitation occurrence is diminished in neurons from both SNr functional 
territories. *p < 0.05, Fisher’s exact test. 

DA denervation changed the electrophysiological characteristics of the cortically-

evoked responses in neurons from both functional territories of the SNr. In the SM circuits, 

the EE had a greater duration in 6-OHDA-lesioned animals than in sham rats. On the other 

hand, DA loss also affected the EE in the mPF circuits increasing its latency. In addition, the 

latency of the INH was higher in both circuits after DA denervation (Table 4.3). 
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Table 4.3: Electrophysiological characteristics of the cortically-evoked responses in neurons from the 
lateral and medial functional territories of the substantia nigra pars reticulata (SNr) in sham and 6-
OHDA-lesioned rats 

SM circuits 
Sham 

(n = 21) 
6-OHDA 
(n = 36) 

Early excitation n = 19 n = 27 

Duration (ms) 5.3 ± 0.4 8.3 ± 1.0* 

Latency (ms) 5.5 ± 0.4 5.7 ± 0.3 

Amplitude 14.4 ± 1.3 13.2 ± 0.8 

Inhibition n = 20 n = 29 

Duration (ms) 19.8 ± 2.1 27.6 ± 4.6 

Latency (ms) 12.1 ± 0.4 14.0 ± 0.4* 

Late excitation n = 21 n = 29 

Duration (ms) 6.0 ± 0.5 7.5 ± 0.7 

Latency (ms) 27.1 ± 0.6 27.7 ± 0.7 

Amplitude 17.9 ± 2.5 13.7 ± 1.5 

mPF circuits 
Sham 

(n = 32) 
6-OHDA 
(n = 41) 

Early excitation n = 30 n = 28 

Duration (ms) 7.2 ± 0.7 6.4 ± 1.0 

Latency (ms) 8.5 ± 0.6 13.7 ± 0.5* 

Amplitude 8.2 ± 0.5 7.9 ± 0.8 

Inhibition n = 32 n = 38 

Duration (ms) 11.5 ± 0.8 13.0 ± 1.7 

Latency (ms) 18.8 ± 0.4 20.8 ± 0.4* 

Late excitation n = 32 n = 38 

Duration (ms) 11.2 ± 0.8 11.3 ± 0.9 

Latency (ms) 33.4 ± 0.4 33.5 ± 0.5 

Amplitude 15.4 ± 1.0 13.8 ± 0.8 

Each value represents the mean ± S.E.M. of (n) recorded rats. *p<0.05 vs. 6-OHDA (two-tailed 
unpaired Student’s t-test). 
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4.2.2. Effect of cannabinoids on spontaneous and cortically-evoked activity in 

substantia nigra pars reticulata neurons: Dopaminergic denervation influence 

Next, we investigated the influence of the DA system on the cannabinoid modulation 

of BG circuits. For this, we studied the spontaneous activity of SNr neurons receiving input 

from the MC or ACC, and the cortico-nigral transmission through the SM and mPF BG 

circuits. We used the synthetic CB1/CB2-receptor full agonist WIN, and the synthetic CB1-

selective antagonist AM251 to evaluate the endocannabinoid system function under DA 

denervation. As in the Study I, we used drug doses known not to alter the firing activity of 

SNr neurons substantially, so the analysis of the cortically-evoked responses was not affected.  

4.2.2.1. Effect of WIN 55,212-2 on spontaneous and cortically-evoked responses 

of lateral substantia nigra pars reticulata neurons 

The effect of the synthetic cannabinoid agonist WIN (125 g/kg, i.v.) on the 

spontaneous and cortically-evoked activity of lateral SNr neurons from sham and 6-OHDA-

lesioned rats was investigated. At the administered dose, WIN did not modify the FR, the 

number of neurons with burst activity, or any of the analysed burst-related parameters in the 

lateral SNr from sham and 6-OHDA-lesioned animals, although some changes were observed 

regarding the regularity of these neurons in 6-OHDA-lesioned animals (Annex 4.VII). 

As shown in Study I, the EE was not altered after systemic administration of WIN in 

sham rats (Figure 4.8A, B, top), but diminished cortico-nigral transmission through the 

indirect pathway, as shown by a reduction in the amplitude of the LE (Figure 4.8A, B, 

bottom). In contrast to what was found in Study I, no statistically significant decrease was 

observed in transmission through the direct pathway (Figure 4.8A, B, middle). In the SM 

circuits, 6-OHDA lesions modified the effect of WIN on cortico-nigral transmission, being 

the EE decreased after drug administration (Figure 4.8B, C, top). However, cortico-nigral 

information transfer through the trans-striatal pathways (i.e. direct and indirect pathways) 

was not affected after WIN administration in 6-OHDA-lesioned animals (Figure 4.8B, C, 
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middle/bottom). The effects observed in sham rats were blocked by the previous 

administration of the CB1-selective antagonist AM251 (2 mg/kg, i.v.) (Figure 4.9). Moreover, 

AM251 alone did not modify cortico-nigral information transfer (Figure 4.9), or the 

spontaneous activity of lateral SNr neurons (Annex 4.VIII). 

 

Figure 4.8: Effect of systemic administration of WIN 55,212-2 (125 μg/kg, i.v.) on cortico-nigral information 
transmission through the sensorimotor basal ganglia circuits in sham and 6-OHDA-lesioned animals. A. Top: 
raster plot and peristimulus time histogram showing a representative example of a triphasic response evoked in 
a neuron from the lateral substantia nigra pars reticulata (SNr) in a sham rat by stimulation of the motor cortex 
(MC) in basal condition. Bottom: after WIN 55,212-2 injection, the inhibitory and late excitatory components 
disappeared, with the early excitation still present. Arrows indicate cortical stimulus application. Dashed lines 
indicate the threshold for excitatory responses. C. Top: raster plot and peristimulus time histogram showing a 
representative example of a triphasic response evoked in a neuron from the lateral SNr in a 6-OHDA-lesioned 
animal by stimulation of the MC under basal conditions. Bottom: After WIN 55,212-2 injection only a decrease in 
transmission through the early excitation was observed in 6-OHDA-lesioned animals. Arrows indicate cortical 
stimulus application. Dashed lines indicate the threshold for excitatory responses. B. Bar graphs showing the 
mean effect of WIN 55,212-2 (125 μg/kg, i.v.), on cortically-evoked responses in lateral SNr neurons (amplitude 
of early (EE: sham: n=5 | 6-OHDA: n=6) and late (LE: sham: n=5 | 6-OHDA: n=6) excitations and duration of 
inhibition (INH: sham: n=6 | 6-OHDA: n=6)) in the SM circuits. Each bar represents the mean ± S.E.M. of n rats. 
Each dot represents the value from one neuron before and after drug administration. *p < 0.05 before vs. after 
WIN, repeated measures two-way ANOVA (Drug × Lesion). 
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Figure 4.9: Blockade of WIN 55,212-2-induced effects on cortico-nigral information transmission in sensorimotor 
basal ganglia circuits in sham animals by the previous administration of the CB1 selective antagonist AM251 (2 
mg/kg, i.v.). A. Left: raster plot and peristimulus time histogram showing a representative example of a triphasic 
response evoked in a lateral substantia nigra pars reticulata (SNr) neuron by stimulation of the motor cortex in a 
sham rat under basal conditions. AM251 administration did not modify the characteristics of the three 
components of the cortically-evoked response (middle) but blocked the effects induced by WIN 55,212-2 (right). 
Arrows indicate cortical stimulus application. Dashed lines indicate threshold for excitatory responses. B. Bar 
graphs showing the mean effect of AM251 (2 mg/kg, i.v.) and WIN 55,212-2 (125 μg/kg, i.v.) on cortically-evoked 
responses in lateral SNr neurons (amplitude of early (EE: n = 4) and late (LE: n = 4) excitations and duration of 
inhibition (INH: n = 4)) in SM circuits. Each bar represents the mean ± S.E.M. of n rats. Each dot represents the 
value from one neuron before and after drug administration. 
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4.2.2.2. Effect of WIN 55,212-2 on spontaneous and cortically-evoked responses 

of medial substantia nigra pars reticulata neurons 

We also explored the effect of WIN (125 g/kg, i.v.) on the spontaneous and 

cortically-evoked activity of medial SNr neurons from sham and 6-OHDA-lesioned animals. 

At the administered dose, WIN did not modify the neuronal FR, regularity or the number of 

neurons displaying burst activity in medial SNr neurons. On the other hand, WIN induced a 

decrease in the intraburst frequency, as well as in the number of bursts and burst recurrence. 

This seemed to depend on DA transmission as it was only observed in sham animals (Annex 

4.IX).  

As in Study I, WIN administration impaired all cortically-evoked responses, reducing 

the amplitude of the EE and LE and the duration of the INH (Figure 4.10A, B). As in SM 

circuits, DA denervation induced changes in the way WIN modulates transmission through 

the mPF circuits. The administration of WIN reduced the amplitude of the EE but had no 

effect on cortical information transfer through the direct and indirect pathways (Figure 

4.10B, C). These effects were blocked by previous administration of the CB1-selective 

antagonist AM251 (2 mg/kg, i.v.) in both sham and 6-OHDA-lesioned animals (Figure 4.11). 

Moreover, AM251 alone did not have any effect on cortico-nigral information transfer (Figure 

4.11), or the spontaneous activity of medial SNr neurons (Annex 4.X). 
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Figure 4.10: Effect of systemic administration of WIN 55,212-2 (125 μg/kg, i.v.) on cortico-nigral information 
transmission in medial prefrontal basal ganglia circuits in sham and 6-OHDA-lesioned animals. A. Top: raster 
plot and peristimulus time histogram showing a representative example of a triphasic response evoked in a medial 
substantia nigra pars reticulata (SNr) neuron from a sham rat after stimulation of the anterior cingulate cortex 
(ACC) under basal conditions. Bottom: WIN 55,212-2 injection was able to reduce transmission through the three 
pathways. Arrows indicate cortical stimulus application. Dashed lines indicate the threshold for excitatory 
responses. C. Top: raster plot and peristimulus time histogram showing a representative example of a triphasic 
response evoked in a medial SNr neuron from a 6-OHDA-lesioned animal after stimulation of the ACC under 
basal conditions. Bottom: after WIN 55,212-2 injection, only reduced transmission through the early excitation 
in 6-OHDA-lesioned animals was observed. Arrows indicate cortical stimulus application. Dashed lines indicate 
the threshold for excitatory responses. B. Bar graphs showing the mean effect of WIN 55,212-2 (125 μg/kg, i.v.) 
on cortically-evoked responses in medial SNr neurons (amplitude of early (EE: sham: n = 6 | 6-OHDA: n = 5) and 
late (LE: sham: n = 8 | 6-OHDA: n = 6) excitations and the duration of inhibition (INH: sham: n = 7 | 6-OHDA: n 
= 5)) in mPF circuits. Each bar represents the mean ± the S.E.M. of n rats. Each dot represents the value from one 
neuron before and after drug administration. *p < 0.05 before vs. after WIN, repeated-measures two-way ANOVA 
(Drug x Lesion). 
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Figure 4.11: Blockade of WIN 55,212-2-induced effects on cortico-nigral information transmission in medial 
prefrontal basal ganglia circuits in sham and 6-OHDA-lesioned animals by the previous administration of the CB1 
selective antagonist AM251 (2 mg/kg, i.v.). A. Top: raster plot and peristimulus time histogram showing a 
representative example of a triphasic response evoked in a medial substantia nigra pars reticulata (SNr) neuron 
by stimulation of the anterior cingulate cortex (ACC) in a sham rat under basal conditions. AM251 administration 
did not modify the characteristics of the three components of the cortically-evoked response (middle) but 
blocked the effects induced by WIN 55,212-2 (bottom). Arrows indicate cortical stimulus application. Dashed 
lines indicate threshold for excitatory responses. C. Top: raster plot and peristimulus time histogram showing a 
representative example of a triphasic response evoked in a medial SNr neuron by stimulation of the ACC in a 6-
OHDA-lesioned rat under basal conditions. AM251 administration did not modify the characteristics of the three 
components of the cortically-evoked response (middle) but blocked the effects induced by WIN 55,212-2 
(bottom). Arrows indicate cortical stimulus application. Dashed lines indicate threshold for excitatory responses. 
B. Bar graphs showing the mean effect of AM251 (2 mg/kg, i.v.) and WIN 55,212-2 (125 μg/kg, i.v.) on cortically-
evoked responses in medial SNr neurons (amplitude of early (EE: sham: n = 5 | 6-OHDA: n = 5) and late (LE: 
sham: n = 5 | 6-OHDA: n = 5) excitations and duration of inhibition (INH: sham: n = 5 | 6-OHDA: n = 6) in mPF 
circuits. Each bar represents the mean ± S.E.M. of n rats. Each dot represents the value from one neuron before 
and after drug administration. 
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4.2.2.3. CB1 receptor localization in the sensorimotor and medial prefrontal 

functional territories of the basal ganglia nuclei in sham and 6-OHDA-lesioned 

rats 

Finally, CB1 immunostaining was measured in all BG structures relevant for 

transmission through the SM and mPF BG circuits. The study of the mean OD obtained from 

all the slices in which these structures were present, and the comparison between the 

divisions related to the SM and mPF circuits for every nucleus revealed some differences in 

CB1 receptor presence. In the striatum of sham animals, CB1-positive labelling in the 

dorsolateral division related to the SM circuits was higher than in the dorsomedial division 

related to the mPF circuits. This difference was also statistically significant in 6-OHDA-

lesioned animals. On the other hand, no statistically significant changes were found in the 

CB1 receptor immunostaining between sham (n = 5) and 6-OHDA-lesioned (n = 5) rats, in 

any of the analysed divisions of the BG nuclei (Figure 4.12B). 
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Figure 4.12: CB1 receptor immunoreactivity in the sensorimotor (SM) and medial prefrontal (mPF) functional 
territories of the basal ganglia in cortex, striatum (Str), globus pallidus (GP) and substantia nigra (SN) from sham 
and 6-OHDA-lesioned rats. A. Brain microphotographs of coronal sections showing the CB1 receptor 
immunohistochemistry. The first four panels show (from left to right) the distribution of the CB1 receptor in the 
motor cortex (MC) and anterior cingulate cortex (ACC). The next four panels show the sensorimotor territory 
(Top: dorsolateral striatum; SM-Str) and the medial prefrontal territory (Bottom: dorsomedial striatum; mPF-
Str). The last four panels show the GP (Top) divided in its sensorimotor (SM-GP) and medial prefrontal territory 
(mPF-GP), and the SN (Bottom). Studied areas are shown in pairs, being the pictures on the left from the lesioned 
hemisphere. B. Bar graphs showing the mean CB1 receptor optical density (OD) in the SM and mPF territories of 
the studied brain areas in sham and 6-OHDA-lesioned animals. Note that there is significantly less CB1 receptor 
immunoreactivity in the mPF territories of the Str in both sham and 6-OHDA-lesioned animals compared to SM 
territories. Scale bars are set to 500 μm. Each bar represents the mean ± the S.E.M. Each dot represents the 
averaged value from one rat. *p< 0.05 SM vs. mPF, repeated-measures two-way ANOVA (Territory × Lesion).  
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Annex 4.V: Firing properties and electrophysiological characteristics of triphasic responses in lateral 
substantia nigra pars reticulata (SNr) neurons from the sensorimotor (SM) circuits of the basal ganglia 
in sham and 6-OHDA-lesioned rats 

SM circuits Sham 
(n= 17) 

6-OHDA  
(n=16) 

Firing rate (Hz) 19.0 ± 1.9 17.2 ± 1.4 

Coefficient of variation (%) 39.6 ± 2.3 56.6 ± 6.2* 

Burst firing neurons / recorded neurons 11 / 29 9 / 19 

Neurons exhibiting burst firing pattern (%) 37.9 47.4 

Number of bursts 9.1 ± 3.8 20.1 ± 7.4 

Duration of burst (ms) 0.6 ± 0.1 0.6 ± 0.2 

Nº spikes/burst 15.0 ± 3.7 13.7 ± 2.3 

Recurrence of burst (nº burst/min) 3.7 ± 1.5 8.0 ± 3.0 

Intraburst frequency (Hz) 27.3 ± 2.7 28.0 ± 2.8 

Early excitation   

       Duration (ms) 4.5 ± 0.3 5.4 ± 0.4  

             Latency (ms) 5.6 ± 0.5 

Min: 2 - Max: 12 

5.1 ± 0.4  

Min: 2 - Max: 9 

        Amplitude 12.1 ± 1.7 14.1 ± 1.9  

Inhibition   

        Duration (ms) 13.6 ± 0.8 11.8 ± 0.8  

        Latency (ms) 12.9 ± 0.7 

Min: 7 - Max: 21 

13.1 ± 0.6  

Min: 7 - Max: 18 

Late excitation   

       Duration (ms) 5.1 ± 0.5 6.2 ± 0.6  

       Latency (ms) 28.0 ± 0.6 

Min: 15 - Max: 37 

27.1 ± 1.1 

Min: 19 - Max: 37  

       Amplitude 20.0 ± 3.2 18.6 ± 2.5  

Each value represents the mean ± S.E.M. of (n) recorded rats. *p<0.05 vs. 6-OHDA (two-tailed 
unpaired Student’s t-test) 
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Annex 4.VI: Firing properties and electrophysiological characteristics of triphasic responses in medial 
substantia nigra pars reticulata (SNr) neurons from the medial prefrontal (mPF) circuits of the basal 
ganglia in sham and 6-OHDA-lesioned rats 

mPF circuits Sham 
(n= 28) 

6-OHDA  
(n=16) 

Firing rate (Hz) 24.4 ± 1.8 21.7 ± 3.1 

Coefficient of variation (%) 44.6 ± 2.4 95.1 ± 12.0* 

Burst firing neurons / recorded neurons 27 / 37 16 / 19 

Neurons exhibiting burst firing pattern (%) 73.0 84.2 

Number of bursts 18.6 ± 5.6 76.4 ± 16.9* 

Duration of burst (ms) 0.5 ± 0.1 0.3 ± 0.1 

Nº spikes/burst 15.2 ± 2.2 10.6 ± 0.9 

Recurrence of burst (nº burst/min) 7.5 ± 2.2 30.6 ± 6.7* 

Intraburst frequency (Hz) 42.8 ± 3.6 52.0 ± 8.3 

Early excitation   

       Duration (ms) 5.5 ± 0.5 4.9 ± 0.6 

             Latency (ms) 8.6 ± 0.7 

Min: 2 - Max: 18 

13.6 ± 0.7* 

Min: 8 - Max: 18 

        Amplitude 7.3 ± 0.5 6.4 ± 0.7 

Inhibition   

        Duration (ms) 11.0 ± 1.0 9.8 ± 0.8 

        Latency (ms) 18.3 ± 0.5 

Min: 13 - Max: 24 

20.8 ± 0.6* 

Min: 16 - Max: 26 

Late excitation   

       Duration (ms) 13.3 ± 1.4 11.2 ± 1.8 

       Latency (ms) 32.9 ± 0.8 

Min: 26 - Max: 47 

34.0 ± 0.9 

Min: 27 – Max: 44 

       Amplitude 18.5 ± 1.6 16.5 ± 1.4 

Each value represents the mean ± S.E.M. of (n) recorded rats. *p<0.05 vs. 6-OHDA (Coefficient of 
variation and response parameters: two-tailed unpaired Student’s t-test; burst parameters: Mann-
Whitney rank sum test). 
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Annex 4.VII: Effect of WIN 55,212-2 (125 μg/kg, i.v.) on the firing properties of lateral substantia nigra 
pars reticulata neurons from sham and 6-OHDA-lesioned rats 

Sham 
Before WIN  

(n = 6) 
After WIN 

Firing rate (Hz) 21.6 ± 4.1 23.3 ± 3.2 

Coefficient of variation (%) 40.7 ± 6.2 33.2 ± 3.43 

Burst firing neurons / recorded neurons 3 / 6 1 / 6 

Neurons exhibiting burst firing pattern (%) 50.0 16.7 

Number of bursts 4.7 ± 3.7 0.7 

Duration of burst (ms) 1.3 ± 0.2 0.5 

Nº spikes/burst 28.9 ± 3.5 15.8 

Recurrence of burst (nº burst/min) 1.9 ± 1.5 0.3 

Intraburst frequency (Hz) 23.7 ± 2.5 12.4 

6-OHDA 
Before WIN  

(n = 7) 
After WIN 

Firing rate (Hz) 21.0 ± 2.5 20.0 ± 3.2 

Coefficient of variation (%) 71.0 ± 12.0 58.1 ± 10.6* 

Burst firing neurons / recorded neurons 5 / 7 4 / 7 

Neurons exhibiting burst firing pattern (%) 71.4 57.1 

Number of bursts 41.8 ± 13.9 20.6 ± 16.0 

Duration of burst (ms) 1.2 ± 0.8 0.5 ± 0.3 

Nº spikes/burst 20.0 ± 8.3 9.5 ± 3.3 

Recurrence of burst (nº burst/min) 16.7 ± 6.9 10.3 ± 8.0 

Intraburst frequency (Hz) 29.6 ± 5.7 25.9 ± 9.7 

Each value represents the mean ± SEM of (n) recorded rats. *p<0.05 before vs. after WIN (repeated-
measures two-way ANOVA (Drug x Lesion)). 
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Annex 4.VIII: Effect of AM251 (2 mg/kg, i.v) and WIN 55,212-2 (125 μg/kg, i.v.) on the firing properties 
of lateral substantia nigra pars reticulata neurons from sham and 6-OHDA-lesioned rats 

Sham 
Before AM  

(n = 4) 
After AM After AM+WIN 

Firing rate (Hz) 19.8 ± 0.2 17.0 ± 1.6 16.7 ± 1.3 

Coefficient of variation (%) 37.1 ± 7.4 38.8 ± 8.8 38.6 ± 8.3 

Burst firing neurons/ recorded neurons 1 / 4 1 / 4 1 / 4 

Neurons exhibiting burst firing pattern (%) 25.0 25.0 25.0 

Number of bursts 11 9 4 

Duration of burst (ms) 0.5 0.5 1.1 

Nº spikes/burst 16.9 11.9 23 

Recurrence of burst (nº burst/min) 4.4 4.5 2.0 

Intraburst frequency (spikes/s) 40.3 25.7 22.5 

Each value represents the mean ± SEM of (n) recorded rats. 
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Annex 4.IX: Effect of WIN 55,212-2 (125 μg/kg, i.v.) on the firing properties of medial substantia nigra 
pars reticulata neurons from sham and 6-OHDA-lesioned rats 

Sham 
Before WIN  

(n = 8) 
After WIN 

Firing rate (Hz) 22.0 ± 1.6 22.3 ± 1.7 

Coefficient of variation (%) 39.1 ± 4.1 31.7 ± 2.2 

Burst firing neurons / recorded neurons 6 / 8 2 / 8 

Neurons exhibiting burst firing pattern (%) 75.0 25.0 

Number of bursts 20.7 ± 13.5 6.7 ± 6.1* 

Duration of burst (ms) 0.3 ± 0.1 0.1 ± 0.1 

Nº spikes/burst 11.7 ± 1.7 4.1 ± 2.6 

Recurrence of burst (nº burst/min) 8.3 ± 5.4 3.3 ± 3.1* 

Intraburst frequency (Hz) 42.7 ± 6.2 13.4 ± 9.2* 

6-OHDA 
Before WIN  

(n = 5) 
After WIN 

Firing rate (Hz) 33.1 ± 8.4 28.8 ± 9.6 

Coefficient of variation (%) 76.9 ± 19.7
$
 68.9 ± 16.0

$
 

Burst firing neurons / recorded neurons 4 / 5 4 / 5 

Neurons exhibiting burst firing pattern (%) 80.0 80.0 

Number of bursts 70.3 ± 45.2 45.5 ± 28.8 

Duration of burst (ms) 0.2 ± 0.1 1.1 ± 0.7 

Nº spikes/burst 11.3 ± 3.2 18.7 ± 4.6 

Recurrence of burst (nº burst/min) 28.1 ± 18.1 22.8 ± 14.4 

Intraburst frequency (Hz) 74.6 ± 25.9 60.7 ± 31.9 

Each value represents the mean ± SEM of (n) recorded rats. *p<0.05 before vs. after WIN; 
$
p<0.05 

Sham vs. 6-OHDA (Coefficient of variation and intraburst frequency: repeated-measures two-way 

ANOVA (Drug x Lesion); Number of bursts and burst recurrence: Wilcoxon matched-pairs signed 
rank test). 
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Annex 4.X: Effect of AM251 (2 mg/kg, i.v) and WIN 55,212-2 (125 μg/kg, i.v.) on the firing properties 
of medial substantia nigra pars reticulata neurons from sham and 6-OHDA-lesioned rats 

Sham 
Before AM  

(n = 9) 
After AM After AM+WIN 

Firing rate (Hz) 22.0 ± 3.3 20.8 ± 3.2 20.8 ± 2.7 

Coefficient of variation (%) 43.5 ± 4.8 41.3 ± 4.6 41.0 ± 5.4 

Burst firing neurons/ recorded neurons 3 / 5 3 / 5 3 / 5 

Neurons exhibiting burst firing pattern (%) 60.0 60.0 60.0 

Number of bursts 14 ± 9.8 6.3 ± 3.9 5.3 ± 3.4 

Duration of burst (ms) 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 

Nº spikes/burst 6.8 ± 2.4 7.3 ± 3.3 8.1 ± 2.8 

Recurrence of burst (nº burst/min) 5.6 ± 3.9 3.1 ± 2.0 2.6 ± 1.7 

Intraburst frequency (spikes/s) 34.4 ± 13.3  35.5 ± 12.3 27.3 ± 11.4 

6-OHDA 
Before AM 

(n = 11) 
After AM After AM+WIN 

Firing rate (Hz) 16.2 ± 2.2 12.2 ± 1.1 11.9 ± 1.1 

Coefficient of variation (%) 92.5 ± 23.8 89.5 ± 21.8 91.4 ± 20.7 

Burst firing neurons/ recorded neurons 5 / 6 5 / 6 5 / 6 

Neurons exhibiting burst firing pattern (%) 83.3 83.3 83.3 

Number of bursts 47.3 ± 28.7 37.3 ± 17.2 37.3 ± 17.5 

Duration of burst (ms) 0.3 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 

Nº spikes/burst 10.1 ± 2.5 8.1 ± 2.0 5.5 ± 1.8 

Recurrence of burst (nº burst/min) 18.9 ± 11.5 18.7 ± 8.6 18.7 ± 8.7 

Intraburst frequency (Hz) 32.3 ± 8.7 24.7 ± 6.0 26.7 ± 5.9 

Each value represents the mean ± SEM of (n) recorded rats. 
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4.3. STUDY III: Cannabinoid modulation of cortico-striatal networks 

To study cortico-striatal functional relationships, spontaneously active neurons (≥ 

0.03 Hz) displaying consistent low-latency (< 20 ms) responses to cortical stimulation were 

recorded during cortical SWA (spectral dominant frequency < 1.6 Hz). These criteria ensured 

the functional connection between the cortex and the striatal functional territory. Therefore, 

allowing us to establish relationships between cortical SWA, and spontaneous neuron 

activity. Cortical and striatal recordings meeting these criteria were obtained from 42 

animals, among which 21 were recorded in the MC/dorsolateral striatum, and the other 21 in 

the ACC/dorsomedial striatum. One LFP from the dorsolateral and another from the 

dorsomedial striatum were excluded from the analysis due to the non-optimal condition of 

the recording. Putative MSNs were identified in terms of their spike waveform and low FR 

(<1 Hz). Posterior morphological identification of juxtacellularly labelled neurons would 

confirm a MSN was recorded by the presence of single neurons labelled with dense spiny 

dendrites. Further molecular identification using preproenkephalin somatic expression 

would confirm the involvement of the recorded MSNs to the direct or indirect pathway. 

(Figure 4.13). 

 

Figure 4.13: Fluorescence micrographs of neurobiotin (NB)-labelled medium spiny neurons (MSN; Top) from the 
direct (A) and indirect (B) pathways as determined by their preproenkephalin (PPE) expression (PPE- and PPE+, 
respectively) (A,B. Bottom right). Arrows indicate the position of the NB-labelled neuron. Note their densely 
spiny dendrites (A, B. Bottom left) characteristic of MSNs. Scale bars are set to 20 μm and 5 μm for the dendritic 
spine zoom-in. 
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4.3.1. Spontaneous, cortically-evoked and oscillatory activity in sensorimotor 

and medial prefrontal cortico-striatal networks 

As summarized in Table 4.4, putative MSNs from the dorsolateral and dorsomedial 

striatum, included in the SM and mPF functional territories of the striatum, respectively, 

could not be differentiated by their spontaneous firing activity. These neurons showed no 

differences in their FR, CV or index of pauses when grouped by striatal territory, 

preproenkephalin expression or sex of the rat. The firing of these neurons was relatively 

irregular and generally phase-locked to SWA (0.4 - 1.6 Hz) (Figure 4.14). The mean firing 

phase of these neurons to cortical SWA was not different between functional territories. 

Moreover, phase vector lengths to cortical slow oscillations were smaller in neurons from the 

dorsolateral striatum, suggesting more variability in phase firing than those in the 

dorsomedial striatum. No additional differences were found in the firing phase angle or 

vector lengths, for cortical SWA as per functional territory, preproenkephalin expression or 

sex of the rat. Regarding the responses evoked after MC or ACC stimulation in putative MSNs 

from the dorsolateral or dorsomedial striatum, responses from neurons located in the 

dorsolateral striatum had lower latencies, as well as an increased amplitude, than those in 

the dorsomedial striatum. Moreover, indirect-pathway MSNs showed a higher duration in 

their responses than direct-pathway MSNs. 
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Table 4.4: Spontaneous, phase-locked and cortically-evoked firing properties of putative medium 
spiny neurons from the dorsolateral (DLS) or dorsomedial (DMS) striatum 

 Striatal territory Sex Pathway 

 
DLS 

n = 23 
DMS 
n = 24 

Male (n = 40) 

Female (n = 7) 

dMSN (n = 8) 

iMSN (n = 8) 

Firing rate (Hz) 0.2 ± 0.02 0.3 ± 0.07 
0.2 ± 0.03 

0.5 ± 0.2 

0.1 ± 0.03 

0.2 ± 0.03 

Coefficient of variation (%) 141.5 ± 9.3 151.8 ± 8.4 
144.1 ± 6.7 

161.9 ± 17.7 

161.5 ± 15.0 

163.1 ± 13.4 

Index of pauses (s) 17.1 ± 0.8 17.7 ± 1.4 
18.0 ± 0.9 

14.2 ± 2.2 

17.9 ± 2.3 

16.9 ± 2.6 

ECoG phase-locked neurons (%) 91.3 (21/23) 95.8 (23/24) 
92.5 (37/40) 

100 (7/7) 

75 (6/8) 

100 (8/8) 

ECoG Phase (°) 353.4 ± 0.1 357.5 ± 0.1 
354.9 ± 0.1 

359.2 ± 0.2 

19.2 ± 0.3 

352.4 ± 0.2 

ECoG vector length 0.6 ± 0.04 0.7 ± 0.03* 
0.7 ± 0.03 

0.8 ± 0.03 

0.6 ± 0.08 

0.7 ± 0.05 

Duration (ms) 10.4 ± 0.8 12.8 ± 1.3 
10.9 ± 0.7 

15.6 ± 3.2 

8.6 ± 1.5 

15.4 ± 2.8& 

Latency (ms) 6.4 ± 0.5 8.5 ± 0.7* 
7.7 ± 0.5 

6.3 ± 1.0 

8 ± 1.6 

7.9 ± 0.7 

Amplitude 180.1 ± 15.5 132.0 ± 11.7* 
159.1 ± 11.2 

135.3 ± 23.5 

126.1 ± 14.1 

156.4 ± 27.7 

Each value represents the mean ± S.E.M. of (n) recorded neurons. *p<0.05 vs. DLS; &p<0.05 vs. dMSN 

(Mann-Whitney rank sum test). dMSN: direct-pathway medium spiny neurons; iMSN: indirect-
pathway medium spiny neurons. 
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Figure 4.14: Circular plots of the preferred firing angles of putative medium spiny neurons from the dorsolateral 
(DLS, purple) and dorsomedial (DMS, green) striatum to cortical slow oscillations (0.4 – 1.6 Hz). The black line 
indicates the mean firing phase angle of that group of neurons. Thin lines indicate the mean firing phase angle 
for individual neurons, also shown in the outer circle of the plot. Lengths of lines show the vector length; large 
vectors would indicate less variability in neuron(s) firing around the mean phase angle for that neuron/group. 
Labelled medium spiny neurons from the direct pathway are represented as squares, while those from the indirect 
pathway are triangles. Circles represent unlabelled putative medium spiny neurons from the DLS or DMS. 
Neurons recorded from males are represented in colour, while those from females are shown in black. Only 
neurons with more than 10 spikes in the analysed period are shown, regardless of being significantly or non-
significantly phase-locked to slow oscillations. [MC: n=23 | ACC: n=24]. 

Regarding the oscillatory activity recorded in both cortices and functional territories 

of the striatum, differences were found between SM and mPF networks, as well as between 

sexes. Signals recorded from the MC and the ACC were similar in terms of their dominant 

frequency (Figure 4.15A). Contribution of the δ band frequency to the signal from the MC is 

lower than that from ACC. On the other hand, the contribution of the rest of the studied 

frequency bands (i.e., θ, α, β and γ) to the MC oscillatory activity is higher in comparison to 

ACC. Regarding sex differences, females displayed smaller dominant frequencies and δ band 

frequency contribution to their ECoG signals. Moreover, higher contribution of β and γ band 

frequencies was found in recordings from females (Annex 4.XI). Local oscillatory activity 

recorded in the dorsolateral and dorsomedial striatum was similar in terms of their dominant 

frequency and contribution of the studied frequency bands to the signal (Figure 4.15B), 

although differences in striatal recordings between male and female rats were found. Female 
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rats showed smaller dominant frequencies than males, as well as less δ band frequencies 

contributing to their striatal oscillatory activity. Additionally, female rats had more α, β and 

γ band frequencies contributing to their LFP signal (Annex 4.XII).  

The coherence spectra of ECoG – LFP pairs was calculated to study the relationship 

between the cortical oscillatory activity in MC and ACC and the local oscillatory activity from 

the dorsolateral and dorsomedial striatum. The dominant frequency in the coherence spectra 

in SM and mPF networks was found in the δ band, in line with the important contribution 

of this frequency band to the ECoG – LFP coherence of these cortico-striatal networks. Even 

so, there seems to be lesser coherence in the δ band in the SM network than in the mPF 

network. In addition, β and γ frequency bands contribute importantly to the coherence in 

both SM and mPF cortico-striatal networks, being the γ frequency band more prominent in 

the SM network. The smaller coherence found in these networks correspond to the θ and α 

frequency bands, where no differences between networks were found (Figure 4.15C). Again, 

the sex of the rat was an important source of variation. Coherence in the θ and α bands are 

higher in female rather than male rats, while the coherence at the γ frequency band was 

reduced (Annex 4.XIII). 
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Figure 4.15: Normalized power spectra from motor cortex (MC) and anterior cingulate cortex (ACC) 
electrocorticograms (ECoG) (A), dorsolateral striatum (DLS) and dorsomedial striatum (DMS) local field 
potentials (LFP) (B) and the normalized coherence spectra for ECoG – LFP pairs (C). Note that frequencies in the 
δ band are higher in the medial prefrontal cortico striatal networks (i.e., ECoG and coherence spectra). Moreover, 
in the ACC the θ, α, β and γ bands contribute less to its ECoG signal, while only less γ band contribution is found 
in the coherence spectra from the medial prefrontal cortico striatal networks. Dotted lines illustrate frequency 
band delimitation. Data are expressed as the percentage of the total area under the curve (AUC) of a given 
spectrum. Blunt black lines indicate the mean, while the coloured shadows represent the S.E.M of n recordings 
[ECoGs: MC: n=23 | ACC: n=24 // LFPs: DLS: n=22 | DMS: n=23 // Coherence: MC-DLS: n=22 | ACC-DMS: n=23]. 
*p<0.05 vs. MC (Mann-Whitney rank sum test). 

 

 



Chapter 4. RESULTS – Study III 

110 

 

4.3.2. Effect of cannabinoids on spontaneous, cortically-evoked and oscillatory 

activity of sensorimotor and medial prefrontal cortico-striatal networks 

The effect of the synthetic CB1/CB2-receptor full agonist WIN was used to study the 

impact of cannabinoids on spontaneous, evoked and oscillatory activity of the SM and mPF 

cortico-striatal networks. To explore the contribution of the CB1 receptor on these effects, 

the CB1-selective antagonist AM251 was used to reverse the effects induced by WIN. In need 

of more experiments to clarify the role of sex, or pathway-specific effects exerted by 

cannabinoids, the data herein presented correspond to males and both putative MSNs and 

identified MSNs.  

4.3.2.1. Effect of cannabinoids on spontaneous, cortically-evoked and 

oscillatory activity of the sensorimotor cortico-striatal network 

The effect of the synthetic cannabinoid agonist WIN (125 g/kg, i.v.) on the 

spontaneous, evoked and oscillatory activity of the SM cortico-striatal network was 

investigated. The administered dose of WIN almost completely silenced putative MSNs from 

the dorsolateral striatum, an effect that was not entirely reversed by the administration of 

AM251 (2 mg/kg, i.v.) (Annex 4.XIV). This effect on spontaneous activity interfered with 

regularity (i.e., CV and index of pauses) and phase-lock analyses, which could not be 

performed. Regarding the cortically-evoked responses in putative MSNs from the 

dorsolateral striatum, the administration of WIN, as well as the posterior administration of 

AM251, had no effect on the latency or the duration of these responses. However, 

administration of WIN was able to increase the amplitude, an effect that was reversed by the 

subsequent administration of AM251 (Figure 4.16).  
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Figure 4.16: Effect of systemic administration of WIN 55,212-2 (125 μg/kg, i.v.) on the cortically-evoked responses 
of putative medium spiny neurons from the dorsolateral striatum, and its reversal by the administration of the 
CB1 selective antagonist AM251 (2 mg/kg, i.v.). A. Top: peristimulus time histogram showing a representative 
example of response evoked in a putative medium spiny neurons of the dorsolateral striatum after motor cortex 
(MC) electrical stimulation. Middle: after WIN 55,212-2 administration the number of spikes constituting the 
response increased. Bottom: reversal of the effects caused by WIN 55,212-2 back to basal levels after the 
administration of the CB1 antagonist AM251. Arrows indicate cortical stimulus application. B. Bar graphs showing 
the mean effect of WIN 55,212-2 and AM251 on cortically-evoked responses in putative medium spiny neurons 
from the dorsolateral striatum. Each bar represents the mean ± S.E.M. of n = 10 neurons. Each symbol represents 
the value from one neuron. Squares indicate direct-pathway MSNs and triangles indicate indirect-pathway MSNs. 
Black dots represent unlabelled putative medium spiny neurons. *p<0.05 vs. BASAL (Friedman test). 
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Cannabinoid administration induced changes in the oscillatory activity of the SM 

cortico-striatal network. The dose of AM251 administered after WIN reduced the δ band 

frequencies contributing to MC ECoG signal. Moreover, after AM251 administration 

frequencies in the θ, β and γ band increased (Figure 4.17A). The local oscillatory activity 

recorded in the dorsolateral striatum was also affected by cannabinoids. Administration of 

WIN only was able to induce a decrease in the γ band frequencies contributing to the LFP 

signal. Like in MC, AM251 administration reduced δ band contribution to the LFP signal, 

although without inducing any significant changes in other frequency bands (Figure 4.17B). 

The only effect exerted by cannabinoids on the coherence between MC ECoGs and 

dorsolateral striatum LFPs was that of AM251, after whose administration, increased the 

coherence between MC and dorsolateral striatum in the β frequency band (Figure 4.17C). 
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Figure 4.17: Normalized power spectra from motor cortex (MC) electrocorticograms (ECoG) (A), dorsolateral 
striatum local field potentials (LFP) (B) and the normalized coherence spectra for ECoG – LFP pairs (C) showing 
the effect of WIN 55,212-2 (125 μg/kg, i.v.) and AM251 (2 mg/kg, i.v.) systemic administration on the sensorimotor 
cortico-striatal network. WIN 55,212-2 administration could only induce a decrease in the γ frequency band of 
LFPs in the dorsolateral striatum. Note the decrease in the δ band after AM251 (2 mg/kg, i.v.) administration in 
signals from both the MC and the dorsolateral striatum. AM251 also had significant effects on MC oscillatory 
activity in the θ, β and γ frequency bands, enhancing them. Additionally, AM251 administration increased the 
MC- dorsolateral striatum coherence in the β band. Data are expressed as the percentage of the total area under 
the curve (AUC) of a given spectrum. Blunt black lines indicate the mean, while the coloured shadows represent 

the S.E.M of n = 10 recordings. *p<0.05 Basal vs. WIN 55,212-2; &p<0.05 Basal vs. AM251 (Friedman test). 
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4.3.2.2. Effect of cannabinoids on spontaneous, cortically-evoked and 

oscillatory activity of the medial prefrontal cortico-striatal network 

We also explored the effect of WIN (125 g/kg, i.v.) on the spontaneous, evoked and 

oscillatory activity in the mPF cortico-striatal network. As in the dorsolateral striatum, 

putative MSNs from the dorsomedial striatum were almost entirely silenced after the 

administered dose of WIN. Such an effect was not reversed by the administration of AM251 

(2 mg/kg, i.v.) (Annex 4.XIV). As happened with neurons from the SM cortico-striatal 

network, this effect upon spontaneous activity made impossible to perform regularity and 

phase-lock analyses. Cortically-evoked responses in putative MSNs from the dorsomedial 

striatum experienced no change in their latency, duration or amplitude, after the 

administration of WIN or the subsequent AM251 administration (Figure 4.18).  

The administration of cannabinoids affected the oscillatory activity of the mPF 

cortico-striatal network. Administration of WIN increased the θ and β frequency bands, 

while reducing the contribution of γ band frequencies to the signal. Moreover, posterior 

administration of AM251 reduced the contribution of δ band frequencies to the ACC ECoG 

signal, as well as in the MC. Additionally, AM251 increased the contribution of all the other 

studied frequency bands (i.e., θ, α, β and γ) (Figure 4.19A). Local oscillatory activity recorded 

in the dorsomedial striatum also experienced changes after the administration of 

cannabinoid drugs. Regarding the effect induced by WIN, it caused a reduction in the θ and 

γ frequency band contribution to the LFP signal. Moreover, AM251 administration decreased 

δ band contribution, while increasing the rest of the studied frequency bands (Figure 4.19B). 

Administration of cannabinoids also affected the coherence between ACC and dorsomedial 

striatum. The administered dose of WIN caused an increase in coherence between ACC and 

dorsomedial striatum in the θ and α frequency bands. Additionally, AM251 changed the 

frequency at which ACC and dorsomedial striatum displayed more coherence, increasing the 

dominant frequency of the coherence spectra. Moreover, its administration decreased the 

coherence at the δ frequency band, while increasing the coherences between these signals in 

the θ, β and γ frequency bands (Figure 4.19C).  
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Figure 4.18: Effect of systemic administration of WIN 55,212-2 (125 μg/kg, i.v.) and AM251 (2 mg/kg, i.v.) on the 
cortically-evoked responses of putative medium spiny neurons from the dorsomedial striatum. A. Top: 
peristimulus time histogram showing a representative example of the response evoked in putative medium spiny 
neurons from the dorsomedial striatum after anterior cingulate cortex (ACC) electrical stimulation. Middle: after 
WIN 55,212-2 administration. Bottom: after the administration of the CB1 antagonist AM251. Note that none of 
this cannabinoids had any substantial effect on the electrophysiological parameters of this response. Arrows 
indicate cortical stimulus application. B. Bar graphs showing the mean effect of WIN 55,212-2 and AM251 on 
cortically-evoked responses in putative medium spiny neurons from the dorsomedial striatum. Each bar 
represents the mean ± S.E.M. of n = 16 neurons. Each symbol represents the value from one neuron. Squares 
indicate direct-pathway MSNs and triangles indicate indirect-pathway MSNs. Black dots represent unlabelled 
putative medium spiny neurons. 
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Figure 4.19: Normalized power spectra from anterior cingulate cortex (ACC) electrocorticograms (ECoG) (A), 
dorsomedial striatum local field potentials (LFP) (B) and the normalized coherence spectra for ECoG – LFP pairs 
(C) showing the effect of WIN 55,212-2 (125 μg/kg, i.v.) and AM251 (2 mg/kg, i.v.) systemic administration on the 
medial prefrontal cortico-striatal network. Administration of WIN 55,212-2 increased θ and β frequency bands, 
while decreasing the γ band in signals from the ACC. In a similar way, it decreased the γ band in LFPs from the 
dorsomedial striatum. Additionally, it also decreased the θ frequency band. Moreover, WIN 55,212-2 increased 
coherence in the θ and α frequency bands of the spectrum. AM251 administration decreased cortical and striatal 
oscillations in the δ frequency band. On the other hand, it increased θ, α, β and γ frequency bands in signals from 
both ACC and dorsomedial striatum. This same effect of AM251 was observed in the coherence, with the 
exception of the α frequency band, in which it caused no effect. Data are expressed as the percentage of the total 
area under the curve (AUC) of a given spectrum. Blunt black lines indicate the mean, while the coloured shadows 
represent the S.E.M of n recordings [ECoGs: n = 16 // LFPs & Coherence: n = 15]. *p<0.05 Basal vs. WIN 55,212-2; 
&p<0.05 Basal vs. AM251 (Friedman test). 
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Annex 4.XI: Frequency description of the electrocorticogram (ECoG) from the motor cortex (MC) or 
anterior cingulate cortex (ACC). 

 Cortical area Sex 

ECoG 
MC 

(n = 23) 
ACC 

(n = 24) 

Male (n = 40) 

Female (n = 7) 

Dominant frequency (Hz) 0.9 ± 0.06 0.8 ± 0.05 
0.9 ± 0.04 

0.6 ± 0.04& 

δ [0.6 – 4 Hz] (% of total AUC) 68.9 ± 1.9 74.6 ± 2.5* 
74.6 ± 1.4 

56.2 ± 2.4& 

θ [4 – 9 Hz] (% of total AUC) 6.8 ± 0.7 3.6 ± 0.3* 
5.0 ± 0.4 

6.1 ± 1.6 

α [9 – 13 Hz] (% of total AUC) 1.7 ± 0.2 1.0 ± 0.1* 
1.2 ± 0.1 

2.0 ± 0.6 

β [13 – 31 Hz] (% of total AUC) 2.0 ± 0.3 0.9 ± 0.1* 
1.3 ± 0.2 

2.1 ± 0.5& 

γ [31 – 49 Hz] (% of total AUC) 0.4 ± 0.08 0.2 ± 0.04* 
0.3 ± 0.05 

0.5 ± 0.07& 

Each value represents the mean ± S.E.M. of (n) recordings. *p<0.05 vs. MC; &p<0.05 vs. Male (Mann-
Whitney rank sum test).  
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Annex 4.XII: Frequency description of the local field potential (LFP) from the dorsolateral (DLS) or 
dorsomedial (DMS) striatum. 

 Striatal territory Sex 

LFP 
DLS 

(n = 22) 
DMS 

(n = 23) 

Male (n = 38) 

Female (n = 7) 

Dominant frequency (Hz) 0.9 ± 0.07 0.8 ± 0.05 
0.9 ± 0.05 

0.5 ± 0.06& 

δ [0.6 – 4 Hz] (% of total AUC) 70.7 ± 2.6 68.8 ± 3.6 
74.3 ± 1.7 

44.6 ± 2.7& 

θ [4 – 9 Hz] (% of total AUC) 2.7 ± 0.3 2.5 ± 0.2 
2.5 ± 0.2 

3.1 ± 0.5 

α [9 – 13 Hz] (% of total AUC) 0.5 ± 0.06 0.6 ± 0.07 
0.5 ± 0.04 

0.9 ± 0.2& 

β [13 – 31 Hz] (% of total AUC) 0.5 ± 0.07 0.5 ± 0.09 
0.4 ± 0.05 

0.9 ± 0.2& 

γ [31 – 49 Hz] (% of total AUC) 0.05 ± 0.01 0.06 ± 0.01 
0.05 ± 0.01 

0.08 ± 0.01& 

Each value represents the mean ± S.E.M. of (n) recordings. &p<0.05 vs. Male (Mann-Whitney rank 
sum test). 
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Annex 4.XIII: Frequency description of the coherence between the electrocorticogram (ECoG) of the 
motor cortex (MC) and anterior cingulate cortex (ACC) and the local field potential (LFP) from the 
dorsolateral (DLS) and dorsomedial (DMS) striatum, respectively. 

 ECoG – LFP pairs Sex 

ECoG – LFP Coherence 
MC/DLS 
(n = 22) 

ACC/DMS 
(n = 23) 

Male (n = 38) 

Female (n = 7) 

Dominant frequency (Hz) 3.3 ± 1.6 0.9 ± 0.04 
2.3 ± 0.94 

0.7 ± 0.04 

δ [0.6 – 4 Hz] (% of total AUC) 13.4 ± 1.8 21.6 ± 1.9* 
17.4 ± 1.7 

18.8 ± 2.4 

θ [4 – 9 Hz] (% of total AUC) 7.3 ± 1.5 7.5 ± 1.4 
6.2 ± 1.0 

13.5 ± 2.7& 

α [9 – 13 Hz] (% of total AUC) 6.9 ± 1.4 7.4 ± 1.2 
5.8 ± 0.9 

14.4 ± 2.1& 

β [13 – 31 Hz] (% of total AUC) 25.82 ± 2.3 22.9 ± 2.3 
25.4 ± 1.7 

18.4 ± 3.9 

γ [31 – 49 Hz] (% of total AUC) 18.7 ± 2.0 13.3 ± 1.6* 
17.1 ± 1.4 

9.4 ± 2.7& 

Each value represents the mean ± S.E.M. of (n) recordings. *p<0.05 vs. MC/DLS; &p<0.05 vs. Male 
(Mann-Whitney rank sum test).  

 

Annex 4.XIV: Effect of WIN 55,212-2 (125 μg/kg, i.v.) and AM251 (2 mg/kg, i.v) on the firing rate of 
putative medium spiny neurons (pMSNs) from the dorsolateral striatum (DLS) and dorsomedial 
striatum (DMS). 

Firing rate (Hz) 
DLS pMSNs 

n = 10 
DMS pMSNs 

n = 16 

Basal 0.2 ± 0.03 0.1 ± 0.03 

Vehicle 0.2 ± 0.04 0.1 ± 0.03 

WIN 0.04 ± 0.02* 0.02 ± 0.01* 

WIN + AM 0.1 ± 0.1 0.01 ± 0.01* 

Each value represents the mean ± S.E.M. of (n) recordings. *p<0.05 vs. Basal (Friedman test). 
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5. DISCUSSION 

5.1. Study I: CB1 receptor control of cortico-nigral transmission through the 

sensorimotor and medial prefrontal basal ganglia circuits 

This study presents results showing differences in the spontaneous and cortically-

evoked activity of SNr neurons from different functional territories, as well as evidence on 

how cortico-nigral transmission through the SM and mPF BG circuits is differently 

modulated by cannabinoid drugs through CB1 receptor activation. While cannabinoid 

agonists equally affected cortico-nigral transmission through the direct and the indirect 

pathways of both circuits, the impact of these drugs upon the hyperdirect pathway was 

different.  

5.1.1. Spontaneous and cortically-evoked activity differential characteristics of 

neurons from the lateral and medial territories of the substantia nigra pars 

reticulata  

Results from this study show that rats recorded in the medial SNr are more likely to 

have neurons presenting burst firing than those recorded in the lateral SNr. These animals 

also display neurons with a greater number of bursts, duration of the burst and recurrence 

of bursts. SNr neuronal burst activity is mainly related to NMDA receptor activation by 

glutamate release from subthalamic terminals (Ding et al., 2013; Ibáñez-Sandoval et al., 

2007; Shen & Johnson, 2006). This may be due to differences in the glutamatergic input that 

these two territories receive, either a higher glutamatergic innervation or greater presence 

of NMDA receptors in the medial SNr would account for these results. 
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The latency of the responses recorded in the medial SNr resulted to be higher than 

those recorded in the lateral SNr. This might be due to the distance that cortical information 

has to travel until reaching the SNr. In the mPF circuits, cortical projections reach more 

caudal tiers of the dorsomedial striatum, whereas in the case of the SM circuits, the MC 

projections are restricted to more rostral areas of the dorsolateral striatum (McGeorge & 

Faull, 1989). Thus, the MC would be closer to its targets than the ACC, resulting in lower 

latencies in the responses evoked in the SNr after MC stimulation. Besides that, electrical 

particularities of these circuits or additional modulatory synapses may be influencing 

information transmission. The inhibitory response, related to the transmission through the 

direct pathway, had more duration in the SM than in the mPF circuits. This could be 

explained as a consequence of a higher activation of the SM circuits since binding 

experiments showed higher amounts of AMPA receptors in the dorsolateral striatum, in 

comparison to the dorsomedial striatum (Nicolle & Baxter, 2003). 

5.1.2. Cannabinoids reduce cortico-nigral transmission through the SM and 

mPF BG circuits 

Our results show that the systemic administration of CB1 receptor agonists (i.e., WIN 

and Δ9-THC) disrupt cortical information transmission through the trans-subthalamic 

hyperdirect pathway, as well as through the trans-striatal direct and indirect pathways. These 

data are in line with previous in vivo and in vitro electrophysiological studies demonstrating 

that cannabinoid agonists inhibit GABAergic and glutamatergic neurotransmission. 

Specifically, cannabinoids reduce cortico-striatal and subthalamo-nigral glutamatergic 

neurotransmissions (Gerdeman & Lovinger, 2001; Sañudo-Peña & Walker, 1997; Szabo et al., 

2000), as well as striato-pallidal and striato-nigral GABAergic signalling (Miller & Walker, 

1996; Wallmichrath & Szabo, 2002a, 2002b). Moreover, recent reports show that CB1 

receptor activation decreased transmission through the direct and indirect pathways of the 

SM circuits after sensory stimulation (Báez-Cordero et al., 2020). However, the administered 

cannabinoid drugs exerted a differential modulation of cortico-nigral information 

transmission through the SM and mPF BG circuits. While CB1 receptor agonists equally 
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impaired transmission through the trans-striatal pathways of the SM and mPF BG circuits, 

the hyperdirect pathway from the mPF BG circuits seemed to be more sensitive to the 

administration of these drugs. These observations could be explained by the heterogeneous 

presence of the CB1 receptor within the BG. Although CB1 receptor expression has been 

detected in the STN, no topographical variations in the expression between its motor and 

limbic/associative areas were demonstrated (Mailleux & Vanderhaeghen, 1992). Previous 

electrophysiological studies show that CB1 receptor agonists have different effects on STN 

neurons from motor and limbic/associative territories of the STN (Morera-Herreras et al., 

2010). Therefore, differences in the sensitivity of the hyperdirect pathway to CB1 receptor 

agonists may underlie differences in cortical CB1 receptor expression between mPF and SM 

cortical areas. In line with this, high CB1 receptor expression levels are found in territories of 

the striatum related with the SM circuit (i.e., dorsolateral striatum), receiving afferents from 

motor cortical areas with relatively low CB1 receptor expression. On the other hand, striatal 

territories related with the mPF circuits (i.e., dorsomedial striatum) show low CB1 receptor 

expression levels, and receive afferents from mPF cortical areas where the CB1 receptor is 

relatively highly expressed (Heng et al., 2011; Van Waes et al., 2012). Data presented in this 

study fits the hypothesis proposed by Van Waes et al., (2012) where, based in this CB1 

receptor distribution, cannabinoid agonists would principally inhibit striatal GABA release 

from the dorsolateral striatum, while preferentially inhibiting cortical glutamate release from 

mPF cortical areas. Therefore, as shown in this study, both cannabinoid agonists would be 

more efficient inhibiting striatal GABA release in the SM circuits, thus impairing cortico-

nigral transmission through the trans-striatal pathways. Additionally, in the mPF circuits, 

these drugs would principally inhibit glutamate release from cortex, leading to a disruption 

in cortico-nigral information transfer through the three pathways that constitute these 

circuits. 

Regarding the cannabinoid drugs tested, although both WIN and Δ9-THC activate 

CB1 receptors, their pharmacological profiles are different. The synthetic compound WIN is 

a potent CB1/CB2 full agonist. However, Δ9-THC is a CB1/CB2 partial agonist that also targets 

GPR55 and GPR18 receptors, although it seems to exert its effects principally via CB1 

receptors (Pertwee, 2006). In fact, all the effects we observed seem to be mediated by the 
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CB1 receptor since they were blocked by previous administration of AM251 a selective CB1 

antagonist, and GPR55/GPR18 agonist. Moreover, the administration of AM251 at the tested 

dose did not have any effect on the triphasic responses, indicating no tonic endocannabinoid 

control over these circuits. Administration of Δ9-THC seemed to have a stronger effect than 

WIN administration on cortico-nigral transmission through the BG circuits, especially on the 

transmission through the hyperdirect pathway. Both agonists show to have similar affinities 

for the CB1 receptor, with binding affinity values that range from 15.3 to 41 nM for the Δ9-

THC, and from 24 to 62.3 nM for the WIN (Breivogel et al., 2001; Brents et al., 2011; Felder 

et al., 1995; Showalter et al., 1996; Wiley et al., 1998). Moreover, GTPγS binding experiments 

show that both agonists are similarly effective, or Δ9-THC more effective, inducing CB1 

receptor G coupling (EC50: 81-167 nM for the Δ9-THC and 170 nM for the WIN) (Breivogel 

et al., 2001; Brents et al., 2011). This, together with the higher dose of Δ9-THC that was used 

in comparison to that of WIN (0.5 mg/kg vs. 125 µg/kg), could explain the apparently 

stronger effect observed on cortico-nigral information transmission through the hyperdirect 

pathway after the administration of Δ9-THC. 

5.1.3. Conclusion 

In this study, results show differences in cortico-nigral transmission through the SM and 

mPF BG circuits, as well as in SNr spontaneous activity between functional territories. These 

changes fit with a hypothetical different presence of the glutamatergic system within the BG 

nuclei. Moreover, the CB1 receptor would act hindering cortico-nigral transmission through 

the SM and mPF BG circuits, although differently affecting the hyperdirect pathway 

depending on the circuits. The relative sensitivity of this pathway might account for the 

different CB1 receptor distribution along the SM and mPF BG circuits. 
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5.2. Study II: Impact of dopaminergic denervation on cortico-nigral 

transmission through the sensorimotor and medial prefrontal basal ganglia 

circuits and CB1 receptor function 

This study shows that 6-OHDA-induced DA denervation differently affected 

spontaneous and cortically-evoked activity in SNr neurons from different functional 

territories. Moreover, results herein suggest that DA denervation alters the way cannabinoids 

modulate cortico-nigral transmission through the SM and mPF BG circuits, regardless of CB1 

receptor expression. In both circuits, WIN lost its ability to affect transmission through the 

trans-striatal pathways (i.e., direct and indirect pathways), while it increased hyperdirect 

pathway sensitivity to cannabinoids in the SM circuits.  

5.2.1. Dopaminergic denervation changes the spontaneous and cortically-

evoked activity of substantia nigra pars reticulata neurons from the lateral and 

medial territories 

Neurons from the lateral and medial SNr in DA-denervated animals principally 

exhibit alterations in their spontaneous activity, displaying a more irregular firing pattern 

followed by more burst firing neurons and alterations in burst-related parameters. In 

addition to this, FR of medial SNr neurons is decreased in 6-OHDA-lesioned animals, as 

noted by other groups after injection of 6-OHDA in the MFB (Wang et al., 2010). On the 

other hand, there is much more evidence supporting the hyperactive SNr neuronal discharge 

pattern after DA depletion, without changes in the FR of lateral SNr neurons (Aristieta et al., 

2016; Maurice, Deltheil, et al., 2015; Meissner et al., 2006; Murer et al., 1997; Tseng et al., 

2000; Vegas-Suárez et al., 2020). Several studies suggest that there might be a mediolateral 

gradient in the SNr regarding its DA content, with less DA in the lateral SNr and more DA 

in the medial SNr (Ciliax et al., 1995; Cragg et al., 1997; Rice et al., 1994, 1997; Weiss-Wunder 

& Chesselet, 1990). This would be in accordance with the greater impact DA denervation has 

on the FR and discharge pattern of medial SNr neurons. Altogether, this suggests that medial 
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SNr neurons are more reliant on DA for their normal function than those in the lateral SNr. 

Since D1 and D2 receptors in the SNr are located mainly in axons and terminals (Levey et al., 

1993; Yung et al., 1995), DA denervation effects on the spontaneous activity of SNr neurons 

likely involve indirect mechanisms. A hypothetical predominant D2 receptor involvement in 

glutamate release (Ibañez-Sandoval et al., 2006), or a decreased D1-mediated facilitation of 

GABA release (Chuhma et al., 2011), would promote the hyperactive pattern observed in SNr 

neurons (Ibáñez-Sandoval et al., 2007). Moreover, several studies show STN hyperactivity in 

6-OHDA-lesioned animals (Aristieta et al., 2012; Hassani et al., 1996; Magill et al., 2001; Vila 

et al., 2000), which would explain the increased irregularity and burst firing pattern 

observed in both SNr territories, as an increased glutamate release would be expected. In 

contrast to earlier works, there is evidence for the co-expression of D1/D5 receptors in SNr 

neurons with a direct role on the physiology of SNr neurons (Zhou et al., 2009). This would 

not only explain the increased irregularity and burst firing observed in neurons from both 

SNr territories, but also the decreased FR observed in neurons from the medial part of this 

nucleus after DA denervation. 

Regarding transmission through the SM circuits there is an increase in transmission 

through the hyperdirect trans-subthalamic pathway, reflected by a greater mean duration 

and more neurons displaying monophasic EEs in 6-OHDA-lesioned animals. Moreover, less 

neurons displayed triphasic responses, together with less neurons displaying INHs and LEs 

after DA denervation. These data differ at least in part from that in other studies, although 

these heterogeneous results may depend on methodological differences like the DA 

interruption method (6-OHDA lesion or pharmacological blockade) (Degos et al., 2005; 

Sano & Nambu, 2019). Moreover, another source of variation could be the degree of DA 

denervation, and time after the 6-OHDA injection (Willard et al., 2019). The effect of acute 

pharmacological blockade of DA transmission on circuit functionality assessed by systemic 

neuroleptic injection, showed a decreased direct pathway transmission and a reinforced 

transmission through the indirect pathway, without any changes in the hyperdirect pathway 

(Degos et al., 2005). In awake mice, DA denervation after 6-OHDA injection into the MFB, 

resulted in EEs and LEs being more prevalent and INHs less prevalent after DA denervation 

(Sano & Nambu, 2019). However, predominant transmission through the hyperdirect 
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pathway of the SM circuits described in this study, is consistent with the extensively 

described overactive state of the STN under low DA conditions that has been related to PD 

motor features (Benabid et al., 1994; Bergman et al., 1994; Hassani et al., 1996; Steigerwald 

et al., 2008). 

Regarding the mPF circuits, we observed an increase in neurons showing monophasic 

inhibitory responses, as well as a decreased number in neurons showing LEs. To our 

knowledge, this study shows the first demonstration that DA denervation alters the 

cortically-evoked responses in medial SNr neurons, leading to a predominant information 

transfer though the direct pathway, together with a loss of efficacy in transmission through 

the indirect pathway. Spontaneous and cortically-evoked activity alterations in medial SNr 

neurons, suggest abnormal functionality inside associative and limbic territories of the BG 

after DA denervation. Behavioural studies performed in similar PD models show cognitive 

dysfunctions, such as apathy (Anderson et al., 2020; Carvalho et al., 2013; Furlanetti et al., 

2015) or depression-like behaviours (Winter et al., 2007; Zhang et al., 2011), that are linked 

to the BG and are present in PD patients (Tremblay et al., 2015). Thus, the observed 

alterations in the mPF circuits after DA denervation might help understand the 

neurobiological components behind these motivational symptoms in PD patients. 

Although, in principle, data presented in this study are not in line with studies 

showing hyperactivity in direct and indirect pathway MSNs in animal models and PD 

patients (Fieblinger et al., 2014; Singh et al., 2016; Suarez et al., 2016), other factors could 

influence the output of the circuits seen in SNr neurons after cortical stimulation. Some 

studies point out alterations during hypodopaminergic states such as dendritic atrophy, 

spine pruning and reduced cortico-striatal glutamatergic synapses in direct-pathway MSN, 

indirect-pathway MSN or both MSNs that could be reducing cortical input on these neurons 

(Fieblinger et al., 2014; Gagnon et al., 2017; Graves & Surmeier, 2019; Suarez et al., 2016). 

Moreover, functional studies show a decreased cortico-striatal connectivity in direct-

pathway MSNs, and increased in indirect-pathway MSNs in a 6-OHDA model similar to ours, 

in line with the classical model of BG function in hypodopaminergic states (Escande et al., 

2016; Mallet et al., 2006). Overall, this evidence would support the reduced percentage of 
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neurons displaying INHs (i.e., direct pathway activation) that we observe in the SM circuits 

of 6-OHDA-lesioned animals. However, the reduced transmission through the indirect 

pathway of the SM circuits in lesioned animals is contradictory. Being the indirect pathway 

a polysynaptic pathway, interpretation of the effects of DA denervation grows in complexity, 

especially if we consider the impact of the DA loss in pallidal and subthalamic function 

(Aristieta et al., 2012; Chan et al., 2011; Magill et al., 2001; Miguelez et al., 2012). Moreover, 

one characteristic of the BG nuclei is the high synaptic convergence in its output nuclei. DA 

denervation increases the time window at which indirect-pathway MSNs respond to 

stimulation of the MC (Mallet et al., 2006). This variability in indirect-pathway MSNs 

response time after cortical stimulation could interfere with the summation of multiple 

inputs on neurons in downstream nuclei, therefore failing to engage neuronal activity 

efficiently, and provoke full transmission through the indirect pathway, reaching the SNr. 

Most of the studies discussed above address how BG physiology is altered in 

hypodopaminergic states with special emphasis on the SM territories, but few have 

addressed this same topic on the mPF territories of the BG nuclei. Some studies manifest 

substantial differences between SM and mPF territories. For instance, sensory- and limbic-

related cortical areas preferentially innervate direct-pathway MSNs, whilst motor-related 

areas innervate indirect-pathway MSNs (Wall et al., 2013). Moreover, functional studies have 

shown different forms of plasticity taking place under different conditions in SM and mPF 

territories of the striatum, besides differences in components from key striatal 

neurotransmitter systems (Arbuthnott & Wickens, 2007; Atwood et al., 2014; Braz et al., 

2017; Herkenham, Lynn, de Costa, et al., 1991). Together, this evidence calls for caution in 

extrapolating traits typically related with components from the SM circuits, into components 

from the mPF circuits. These differences could affect the way mPF circuits behaves, not only 

under physiological conditions, but also in pathological states, therefore stepping aside from 

what is expected from BG physiology under low DA conditions.  

Overall, our results indicate that DA denervation lead to deficits in cortical 

information selection through the segregated anatomo-functional cortico-BG loops, 

although compensatory changes induced by DA denervation should not be ruled out. The 
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abnormal information selectivity affecting motor, cognitive and motivational domains could 

be the neurophysiological impetus to the development of the motor and non-motor 

symptoms observed in PD, and it can be due to reduced anatomical and functional 

connectivity in cortico-BG networks, as demonstrated in PD patients and more evident for 

SM connections (Sharman et al., 2013). 

5.2.2. Cannabinoid modulation of cortico-nigral transmission through the SM 

and mPF basal ganglia circuits is affected after dopaminergic denervation 

Cannabinoid modulation of cortical information transmission through the SM or 

mPF BG circuits is changed in 6-OHDA-lesioned animals. In agreement with study I, 

administration of WIN in sham rats caused a reduction in the information transmission 

through the indirect pathway, without affecting the hyperdirect pathway in the SM circuits. 

Regarding the mPF circuits, administration of WIN in sham rats decreased information 

transmission through the three pathways (i.e., hyperdirect, direct and indirect pathways). 

However, no statistically significant reduction in transmission through the direct pathway 

was observed in the SM circuits in this study, contrary to the observations made in study I. 

This could be due to the extreme value present in the 6-OHDA dataset, which would increase 

data dispersion, and make the statistical test uncertain whether to reject the null hypothesis 

or not. Supporting this, data obtained here and in study I before and after WIN 

administration are similar, both mean and dispersion values (Before WIN: 12.3 ± 2.6 vs. 15.0 

± 1.5; After WIN: 3.5 ± 2.3 vs. 4.4 ± 2.1). 

After DA denervation, the hyperdirect pathway in the SM circuits became sensitive 

to WIN administration. In line with this, administration of WIN in 6-OHDA-lesioned rats 

reduces FR of STN neurons, while increases it in control animals (Morera-Herreras et al., 

2011), therefore this could explain the reduced transmission through the hyperdirect 

pathway after WIN administration in the SM circuits of 6-OHDA-lesioned animals. In the 

mPF circuits, this pathway remains sensitive to WIN in the 6-OHDA group. However, after 

DA denervation trans-striatal pathways in both circuits became insensitive to WIN 

administration.  
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A possible explanation for these findings could be CB1 receptor expression alteration 

induced by DA denervation. For this reason, we decided to perform immunohistochemical 

assays to determine the precise territory-specific potential changes in CB1 receptor for each 

of the nuclei involved in the BG circuits. In sham animals, sub-territorial analysis of the 

immunolabelling revealed predominant CB1 expression in the dorsolateral areas of the 

striatum compared to medial/ventral regions. These data is consistent with previous work 

suggesting that CB1 receptors located in these striatal regions could regulate principally 

information processing through the SM circuits, or at least to a greater extent than in the 

mPF circuits. (Hohmann & Herkenham, 1999; Mailleux & Vanderhaeghen, 1992; Marsicano 

& Lutz, 1999; Matsuda et al., 1993; Van Waes et al., 2012; Zimmer et al., 1999). In the SM 

areas of the striatum, and given the preferential location of CB1 receptors on terminals (Irving 

et al., 2000), extensive location of the CB1 receptor in the dorsolateral striatum likely comes 

from MSNs axon collaterals. Therefore, contributions from striatal afferents to CB1 

immunostaining in this region is probably minimal. Although the CB1 receptor is expressed 

in cortical areas projecting to SM territories of the striatum, this expression is modest, and 

located principally in non-pyramidal neurons (Heng et al., 2011; Mailleux & Vanderhaeghen, 

1992). Moreover, midbrain DA neurons and thalamic neurons show negligible levels of CB1 

expression (Herkenham, Lynn, de Costa, et al., 1991; Mailleux & Vanderhaeghen, 1992). This 

is in line with the sparse CB1 presence in mPF territories of the striatum (i.e., dorsomedial 

striatum), where the expression of this receptor is minimal (Hohmann & Herkenham, 2000; 

Van Waes et al., 2012). In this case, afferences from mPF cortical areas, and to some extent 

hippocampus and amygdala where CB1 receptor is highly expressed would be contributing to 

the sparse CB1 immunostaining in this territory (Herkenham, Lynn, de Costa, et al., 1991; 

Mailleux & Vanderhaeghen, 1992; Voorn et al., 2004). Overall, contribution to CB1 

immunostaining from striatal interneurons is probably low since they represent < 3% of the 

total number of striatal neurons, even though some of them express CB1 receptor (Hohmann 

& Herkenham, 2000; Martín et al., 2008; Oorschot et al., 2002). 

Additionally, we did not find any topographical difference in CB1 receptor expression 

under conditions of low DA, although the higher CB1 expression in the striatal SM territory 

in comparison to the mPF territory was preserved in 6-OHDA-lesioned animals. In 
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agreement with our observations, using the unilateral-MFB 6-OHDA rat model, no changes 

in CB1 receptor binding in the BG have been described, measured by [3H]-WIN-55,212-2 

autoradiography 7-10 weeks after the lesion (Romero et al., 2000), by 

immunohistochemistry at different post-lesion time points (Walsh et al., 2010), or by mRNA 

in situ hybridization histochemistry (Zeng et al., 1999). More recently, similar results have 

been reported in MPTP parkinsonian monkeys (Rojo-Bustamante et al., 2018). Data coming 

from PD patients post mortem brain tissue are inconclusive, showing increased (Lastres-

Becker et al., 2001) or no changes (Farkas et al., 2012) in CB1 receptor binding or decreased 

receptor expression measured through mRNA (Hurley et al., 2003). 

Taking into account these results, we can conclude that, in our experimental 

conditions, CB1 receptor expression in the BG nuclei is not affected by DA denervation, 

suggesting that the loss of cannabinoid modulation on cortico-BG circuits could be due to a 

mechanism related to an alteration in CB1 receptor functionality. In this sense, current 

evidence also shows some discrepancies, describing increased activation of GTP-binding 

proteins in PD patients treated with L-DOPA and MPTP marmosets (Lastres-Becker et al., 

2001), as well as no changes in 6-OHDA-lesioned rats (Romero et al., 2000). In our 

experimental model, and according to the observed results, we hypothesize that after 4-5 

weeks of inducing DA denervation by unilateral-MFB 6-OHDA injection, CB1 receptor 

hyposensitivity to cannabinoid drugs occurs within the cortico-BG circuits, explaining the 

lack of modulation in these networks. 

5.2.3. Conclusion 

Results gathered in this study show hyperactive SNr neurons in lateral and medial 

territories of this nucleus, consistent with the known hyperactive state of the STN in 6-

OHDA PD models, although other mechanisms might be involved. Several alterations 

through the SM and mPF BG circuits are observed because of DA denervation. Although 

some concur with the classical model of the BG circuits in low DA conditions, results herein 

challenge this view and suggest that complex changes take place along the BG circuits after 

DA denervation, affecting the final output of these circuits. After 6-OHDA lesion 
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cannabinoids lose their ability to decrease cortical information processing through the direct 

and indirect pathways of the SM and mPF BG circuit, although they gain control over the 

hyperdirect pathway of the SM circuits. These changes in cannabinoid modulation of the BG 

circuits were not related with changes in CB1 receptor expression in the BG nuclei, suggesting 

changes in CB1 receptor functionality. 
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5.3. Study III: Cannabinoid modulation of cortico-striatal networks 

This study brings to light differences in the cortically-evoked responses of putative 

MSNs and the oscillatory activity of SM and mPF cortico-striatal networks. CB1 receptor 

activation only affects cortico-striatal connectivity between MC and the dorsolateral 

striatum, while having no effects on cortico-striatal connectivity between ACC and the 

dorsomedial striatum. Moreover, the effects of cannabinoids on cortical and local SWA 

suggest a differential modulation of CB1 receptor agonists on the studied frequency bands, 

together with the ability of CB1 receptor antagonists to change brain state in anaesthetized 

rats. 

5.3.1. Spontaneous, cortically-evoked and oscillatory activity differential 

characteristics of SM and mPF cortico-striatal networks 

In this study spontaneously active putative MSNs displayed a low FR during SWA, 

similar to that observed in other studies with rodents under anaesthesia, were MSNs from 

different striatal functional territories (i.e., dorsolateral or dorsomedial) or pathways (i.e., 

direct or indirect) were undistinguishable in terms of their spontaneous activity (Alegre-

Cortés et al., 2021; Huerta-Ocampo et al., 2014; Mallet et al., 2005; Sharott et al., 2012, 2017). 

The firing of MSNs in the dorsolateral and dorsomedial striatum is generally phase-locked 

to cortical SWA and no difference was found regarding the phase angle between direct and 

indirect-pathway MSNs, in agreement with previous data (Huerta-Ocampo et al., 2014; 

Sharott et al., 2012, 2017). However, putative MSNs in the dorsolateral striatum present a 

reduced vector length, suggesting a more variable phase firing in relation to cortical SWA.  

Regarding the cortically-evoked responses in putative MSNs after cortical 

stimulation, neurons in the dorsolateral striatum show responses with smaller latencies and 

higher amplitudes after MC stimulation, than those putative MSNs in the dorsomedial 

striatum after ACC stimulation. Higher amplitude of cortically-evoked responses from 

putative MSNs in the dorsolateral striatum could reflect higher amounts of AMPA receptors 
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in this striatal territory (Nicolle & Baxter, 2003). As shown in study I and II, responses in the 

SM BG circuits have lower latencies than those form mPF BG circuits. In this case, the 

distance that cortical projections have to travel until reaching the striatum could underlie 

differences between dorsolateral and dorsomedial functional territories of the striatum in 

the latencies observed in putative MSNs. However, latencies in our study were shorter than 

those reported in other studies. This discrepancy is likely due to differences in the way 

latency was calculated in each study (Mallet et al., 2005, 2006; Sharott et al., 2012).  

Additionally, indirect-pathway MSNs show higher duration in cortically-evoked 

responses than direct-pathway MSNs. Given the way response duration is conceived in this 

study, this higher duration could be differently interpreted regarding neuronal physiology. 

Increased inter-stimulation variability in latency after cortical stimulation could be 

translated into an increased duration. However, this hypothesis seems unlikely given the less 

inter-stimulation variability reported for indirect-pathway MSNs in comparison to direct-

pathway MSNs (Mallet et al., 2006). Moreover, an increased ability for indirect-pathway 

MSNs to fire more than one spike per stimulation could also explain the observed increase 

in duration, although normally MSNs fire one single spike per stimulation trial (Sharott et 

al., 2012). However, in line with this hypothesis, in vitro studies have shown a higher FR in 

indirect-pathway MSNs after cortical stimulation than direct-pathway MSNs, together with 

higher neurotransmitter release probability and smaller firing threshold (Cepeda et al., 2008; 

Flores-Barrera et al., 2010; Kreitzer & Malenka, 2007; Maurice, Liberge, et al., 2015). On the 

other hand, in vivo recordings show that direct-pathway MSNs are more readily activated 

after cortical stimulation (Escande et al., 2016). It is worth mentioning that the observed 

differences in cortically-evoked responses might be influenced by striatal interneurons 

differently modulating striatal functional territories and MSN subpopulations (Fino et al., 

2018; Garas et al., 2016). On top of this, the reduced sample size, and the possible 

participation of other factors in this particular result (i.e., striatal territory or sex) calls for 

caution when interpreting these results. 
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 In line with previous reports in anaesthetized animals, cortical and local oscillations 

during SWA show a dominant frequency in the δ band around 1 Hz, together with a 

predominant contribution of this frequency band to the activity of SM and mPF cortico-

striatal networks (Alegre-Cortés et al., 2021; Garas et al., 2016; Mallet et al., 2005, 2006; 

Sharott et al., 2017). Despite this, δ frequency band contribution to the ACC ECoG signal was 

higher than its contribution to the MC signal, together with a higher contribution of the rest 

of the studied frequency bands (i.e., θ, α, β and γ) to the MC ECoG signal. During slow-wave 

sleep in humans, slow oscillations are likely generated in fronto-central cortical regions, 

expanding from there (Massimini et al., 2004). Moreover, a similar observation has been 

made in ketamine-anaesthetized rats (Ruiz-Mejias et al., 2011). Therefore, this could explain 

the higher presence of δ frequency oscillations in fronto-central cortical structures such as 

the ACC of the rat, where this SWA would originate. In line with this, coherence in the mPF 

cortico-striatal network is greater than that in the SM cortico-striatal network in the δ 

frequency band.  

Additionally, females show smaller dominant frequencies than males in both cortical 

and striatal power spectra, which might reflect a higher sensibility to the anaesthetic regime. 

In fact, some studies report different pharmacokinetics in female rats after intraperitoneal 

administration of anaesthetic agents, leading to increased anaesthetic concentrations 

(Mansouri et al., 2019; Saland & Kabbaj, 2018). Contrary to this hypothesis is the decreased 

δ frequency band in females. This decrease would argue against an increased effect of 

anaesthesia in females. However, this would not be explainable by changes in the 

contribution of other frequency bands, but might account for the range of frequencies 

defining δ band in this work (i.e., 0.6 – 4 Hz). Therefore, this decrease is likely to be due to 

increases in the AUC below 0.6 Hz, which would support the idea of a higher sensibility of 

females to the anaesthetic regime used. Anyway, differences reported herein regarding the 

effects of sex on cortical and local oscillations should be taken with caution given the reduced 

sample size, together with the possible effect of other factors (i.e., direct-indirect pathway 

MSNs or striatal territory).  
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5.3.2. Cannabinoids alter spontaneous, cortically-evoked and oscillatory 

activity in SM and mPF cortico-striatal networks 

Cannabinoids were able to modulate spontaneous activity of putative MSNs in the 

dorsolateral and dorsomedial striatum. After administration of WIN putative MSNs in both 

striatal functional territories were silenced, without producing any changes in cortical SWA 

(i.e., δ frequency band) to which these neurons were phase-locked to. Functional CB1 

receptors are present at cortico-striatal synapses, modulating cortical input onto MSNs. A 

possible explanation to the inhibition of WIN on spontaneous firing would be the 

obstruction of cortico-striatal transmission by activation of the CB1 receptor in cortico-

striatal terminals, thus decreasing glutamate release and ‘disconnecting’ striatal circuits from 

cortical activity dynamics (Gerdeman & Lovinger, 2001; Kreitzer & Malenka, 2007). 

Moreover, subsequent administration of the CB1-selective antagonist AM251 was not able to 

reverse the effect of WIN on spontaneous activity. At first glance, this suggests a non-CB1-

dependent mechanism to the effect of WIN. However, administration of AM251 induced 

changes in cortical oscillatory activity, decreasing the δ frequency band and increasing the 

contribution of higher frequency bands (i.e., θ, α, β and γ), thus recreating a state of ‘cortical 

activation’ that has been proven to silence MSNs by fast-spiking interneuron feed-forward 

inhibition (Magill et al., 2006; Mallet et al., 2005). This way, the effect of AM251 on cortical 

activity would mask the exact participation of the CB1 receptor in the effects exerted by WIN, 

leaving the role of the CB1 receptor on the spontaneous activity of putative MSNs yet to be 

determined. Data in this study suggest that WIN and AM251 administration might have a 

similar effect on the spontaneous activity of putative MSNs in anaesthetized rats by inducing 

different changes in cortico-striatal network dynamics. In this scenario, while WIN 

administration might hypothetically disrupt connection between cortex and striatum, 

AM251 would disrupt cortical SWA, producing in both cases the silencing of putative MSNs 

observed in this study. In line with this, other studies evidence the deep changes striatal 

activity suffers in relationship to cortical oscillatory activity (i.e., SWA, ‘cortical activation’ 

state) (Magill et al., 2006; Mallet et al., 2005; Sharott et al., 2012, 2017; Zold et al., 2012). 
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Furthermore, administration of WIN was able to differently modulate cortically-

evoked responses in dorsolateral and dorsomedial putative MSNs. The expected result was a 

decrease in cortically-evoked responses, especially in neurons from the dorsomedial 

striatum, since mPF cortico-striatal terminals express a higher amount of CB1 receptors in 

comparison to MC (Heng et al., 2011). However, administration of WIN was able to increase 

the cortically-evoked response in putative MSNs from the dorsolateral striatum after MC 

stimulation, in a CB1-dependent manner. On the other hand, neither of the cannabinoid 

drugs used (i.e., WIN and AM251) had any effect on the cortically-evoked response of 

putative MSNs in the dorsomedial striatum after ACC stimulation. Most of the CB1 receptor 

expression detected in cortex is found in interneurons, rather than in pyramidal projection 

neurons (Bodor et al., 2005; Mailleux & Vanderhaeghen, 1992; Marsicano & Lutz, 1999). 

Therefore is possible that the low dose of WIN used in this study, together with the high 

intensity of cortical stimulation procedures, may have overridden a hypothetical CB1-

receptor-mediated decrease in glutamate neurotransmission from cortico-striatal terminals. 

Moreover, cortically-evoked responses of putative MSNs in the dorsomedial striatum after 

ACC stimulation, where CB1 receptor expression is higher, was unchanged after WIN 

administration (Heng et al., 2011; Mailleux & Vanderhaeghen, 1992). Therefore, disinhibition 

of pyramidal projecting neurons in cortex after activation of CB1 receptors at GABAergic 

interneuron-pyramidal neuron synapses is not likely to explain our results (Bodor et al., 

2005). This is also consistent with the subtle effect WIN had on cortical oscillations in SM 

and mPF cortico-striatal networks in this study, suggesting mild changes in the activity 

pattern of cortical neurons. In a similar experimental setting, fast-spiking interneurons 

demonstrated to inhibit MSNs spontaneous and cortically-evoked activity, showing to 

control MSN activity (Mallet et al., 2005). Moreover, fast-spiking interneurons and MSNs 

show similar CB1 receptor expression (Hohmann & Herkenham, 2000; Martín et al., 2008). 

Therefore, CB1 receptor activation might be obstructing GABA release at fast-spiking 

interneuron-MSN synapses, ultimately disinhibiting MSNs. In support of this hypothesis, 

fast-spiking interneurons in the nucleus accumbens provide an inhibitory input to MSNs that 

is reduced upon CB1 receptor activation (Wright et al., 2017). Moreover, in this same study, 

authors also find that inhibitory input provided by collaterals from other MSNs is not 

affected by the activation of the CB1 receptor (Wright et al., 2017). In additional support of 
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this hypothesis, a similar mechanism has been described in vitro in the dorsolateral striatum, 

where CB1 receptor reduces fast-spiking interneuron-MSN neurotransmission (Narushima et 

al., 2006). In agreement with data in this study, this phenomenon might be more relevant 

in the dorsolateral striatum, where parvalbumin-expressing interneurons (i.e., fast-spiking 

interneurons) are more abundant (Fino et al., 2018; Gerfen et al., 1985). However, the 

participation of collaterals from other MSNs in the dorsolateral striatum should not be ruled 

out, given the high CB1 receptor expression in this area in comparison to the nucleus 

accumbens (Herkenham, Lynn, Johnson, et al., 1991; Julian et al., 2003; Mailleux & 

Vanderhaeghen, 1992). 

Most of the studies addressing the effect of cannabinoids on cortical or local 

oscillations have been made in awake animals and humans (Cortes-Briones et al., 2015; 

Hernandez & Cheer, 2012; Kucewicz et al., 2011; Liao et al., 2020; Ohiorhenuan et al., 2014; 

Robbe et al., 2006; Sales-Carbonell et al., 2013; Skosnik et al., 2018). In this study, while WIN 

administration was not able to induce any changes in the cortical oscillatory activity of the 

MC, oscillatory activity in the ACC was affected after cannabinoid drug administration, in 

line with the higher CB1 receptor expression found in mPF cortex (Heng et al., 2011). 

Administration of WIN induced an increase in θ and β frequency bands and reduced γ band 

in the ACC ECoG. Some studies show a decrease in the θ and γ frequency band in the mPF 

cortex after administration of CB1 receptor agonists in animals and humans (Cortes-Briones 

et al., 2015; Ilan et al., 2004; Kucewicz et al., 2011; Nelong et al., 2019). Moreover, alterations 

in θ, β and γ frequency bands have been related with perceptual abnormalities observed in 

psychosis and working memory impairments, altered states known to be caused by cannabis 

intoxication (Ilan et al., 2004; Javitt et al., 2018; Nottage et al., 2015; Skosnik et al., 2016; 

Wilkinson et al., 2014). Differences between results in this study and others might stem 

mainly from differences in the arousal state of the animals, since rats in this study were 

deeply anaesthetized.  

WIN administration induced little changes in the SM cortico-striatal network, just 

reducing the γ band frequency contribution to the LFP signal from the dorsolateral striatum. 

Similarly, administration of WIN also reduced this frequency band in the dorsomedial 
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striatum LFP. In the ventral striatum, γ band has been reported to follow a dorsoventral 

gradient and is related with reward and movement, among other functions (Berke et al., 

2004; van der Meer et al., 2010). This band is particularly increased before movement 

initiation (Masimore et al., 2005; van der Meer & Redish, 2009). The effect of WIN on 

reducing γ striatal oscillations might lay the origin for the motor impairments cannabis users 

experience (Boggs et al., 2018; Schreiner & Dunn, 2012). In addition to changes in the γ band 

in the dorsomedial striatum, WIN administration decreased θ oscillations in this territory. It 

has been proposed that some frequency bands in the striatal LFP –specially the θ band–, 

might be ‘contaminated’ by signal from other nucleus (Lalla et al., 2017). In this work, authors 

propose the hippocampus to be a source of θ contamination in striatal LFPs. In line with this, 

administration of CB1 receptor agonists induced a θ band decrease in the hippocampus 

(Robbe et al., 2006). Therefore, the decreased θ band observed in this study might underlie 

changes in hippocampal synchrony. 

In order to establish a relationship between the observed changes in SM and mPF 

cortico-striatal networks and CB1 receptor activation, AM251 was administered. However, 

although some effects were ‘reverted’ after the administration of this CB1 receptor antagonist, 

other changes were in the same direction that those observed after WIN administration. 

Moreover, in both of the cortico-striatal networks studied a similar effect was observed: 

AM251 administration reduced δ band contribution to cortical and local activity, together 

with a decrease in cortico-striatal coherence at this band, and generally provoked an increase 

in higher frequency bands (i.e., θ, α, β and γ) in cortical and local activity, as well as in 

coherence. This pattern of SWA decreased, together with an increase in higher frequency 

bands has been observed after the transition from cortical SWA to ‘cortical activation’, 

induced by a sensory stimulus on an anaesthetized rat (Magill et al., 2006). Therefore, is not 

possible to draw any conclusions about CB1 receptor involvement in the changes induced by 

WIN nor the effect endocannabinoids might have on the oscillatory activity. Nevertheless, is 

clear that the administration of WIN, followed by AM251 administration, changed the 

functional state of the network towards a state resembling that of an awake animal. This shift 

from SWA to cortical activation is accomplished after sensory stimulus, normally 

nociceptive. Therefore, one possibility is that AM251 administration increases nociception, 
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causing the shift from SWA to cortical activation. In line with this, the CB1 receptor is a 

proposed target for nociception, and its blockade by AM251, increases nociceptive response 

(Guindon et al., 2007; Woodhams et al., 2015). Moreover, CB1 receptor knock-out mice spent 

more time awake, suggesting that CB1 receptor blockade might induce aroused states (Silvani 

et al., 2014). 

5.3.3. Conclusion 

In summary, data from this study, show differences in cortically-evoked responses 

between putative MSNs from the dorsolateral and dorsomedial striatum. Moreover, CB1 

receptor activation differently affected cortico-striatal transmission selectively enhancing 

cortical input onto putative MSNs from the dorsolateral striatum, with no effect on cortico-

striatal transmission onto dorsomedial striatum putative MSNs. This observation relate with 

CB1 receptor expression in the striatum, but could also suggest the participation of striatal 

fast-spiking interneurons, placing them at a central spot in the regulation of cortico-striatal 

information transmission mediated by cannabinoids. Consistent with CB1 receptor 

expression, in this study, ACC SWA was more sensible than MC to CB1 receptor drugs, which 

also altered frequency bands related with functions affected after cannabis use. Moreover, 

the CB1 receptor agonist silenced putative MSNs in both territories in a way that was not 

reversed by CB1 receptor antagonism, and that might be related with effects of the antagonist 

on brain state.
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6. CONCLUSIONS 

The results obtained in the aforementioned studies lead us to the following 

conclusions: 

1. In control animals, spontaneous activity of lateral and medial SNr neurons is 

different, especially in those neurons exhibiting burst firing pattern. 

2. The electrophysiological characteristics of the responses from the SM and mPF 

BG circuits indicate that cortical information processing through these circuits 

takes place differently, showing shorter latencies in the three pathways, and 

longer duration in the direct pathway of the SM BG circuits. 

3. CB1 receptor differently modulates cortical information transmission through the 

SM or mPF BG circuits. Cortico-nigral transmission through the direct and 

indirect pathways in both circuits is reduced upon activation of this receptor. 

However, transmission through the hyperdirect pathway is only impaired in the 

mPF circuits, while showing reduced sensitivity to CB1 receptor activation in the 

SM BG circuits. 

4. DA denervation induced by unilateral 6-OHDA injection in the MFB produces 

electrophysiological changes in the spontaneous activity of lateral and medial SNr 

neurons, displaying more irregular and burst firing patterns, suggesting that DA 

denervation induces hyperactivity in these neuronal populations. 

5. DA denervation leads to deficits in cortical information selection through the SM 

and mPF BG circuits, specially affecting the SM circuits. The hyperdirect and 

direct pathways show electrophysiological alterations in both BG circuits. In the 

SM BG circuits cortico-nigral transmission is enhanced through the hyperdirect 



Chapter 6. CONCLUSIONS 

146 

 

pathway, while in the mPF BG circuits this transmission is enhanced through the 

direct pathway.  

6. CB1-mediated modulation of cortico-nigral transmission through the direct and 

indirect pathways of the SM and mPF BG circuits is lost after DA denervation, 

while CB1 receptor agonism gains control over the transmission through the 

hyperdirect pathway of the SM BG circuits. 

7. CB1 receptor expression in the BG nuclei is not affected after DA denervation, 

suggesting that the loss of cannabinoid modulation on cortico-nigral 

transmission through both BG circuits might reflect an alteration in CB1 receptor 

functionality after DA denervation. 

8. In control rats, putative MSNs from the dorsolateral and dorsomedial striatum 

respond differently to cortical stimulation. Moreover, during states of slow 

cortical oscillatory activity the mPF cortico-striatal network is more synchronized 

in the δ band. 

9. Activation of the CB1 receptor selectively enhances responses to cortical 

stimulation in putative MSNs from the dorsolateral striatum, with no effects on 

the cortically-evoked response of putative MSNs from the dorsomedial striatum. 

This suggests that CB1 receptor activation disinhibit putative MSNs by acting on 

a circuit component involved in cortico-striatal transmission, especially in the 

dorsolateral striatum. 

10.  Systemic CB1 receptor activation induces changes in slow cortical oscillatory 

activity in the SM and mPF cortico-striatal networks, especially in the latter, 

altering θ, β and γ frequency bands. On the other hand, CB1 receptor antagonism 

alters nearly all frequency bands in both cortico-striatal networks.  
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In summary, the present results indicate that cortical information transfer through 

the SM and mPF BG circuits is differently processed. Moreover, CB1 receptor activation 

impairs information transmission through both BG circuits, differently affecting the 

transmission through the hyperdirect pathway. DA denervation induced by 6-OHDA 

modifies cortico-nigral transmission through both BG circuits, especially affecting the SM 

circuits. Moreover, DA denervation differently affects the modulatory role of CB1 receptor on 

cortico-nigral transmission through these circuits, in a way that suggests changes in CB1 

receptor functionality. Further assessment on the role of CB1 receptor activation in the SM 

and mPF BG circuits reveals to especifically affect cortico-striatal transmission onto the 

dorsolateral striatum.  

Overall, these findings contribute to the better understanding of the CB1 receptor-

mediated modulation of cortico-BG information processing in physiological condition and 

in pathologies where DA neurotransmission is compromised, such as PD. Moreover, the 

present data indicate that the endocannabinoid system may represent a promising target in 

the development of new therapies for several pathologies related with cortico-BG 

transmission dysfunctionallity.  
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