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Abstract 
 

Within the central nervous system, dopamine (DA) release from dopaminergic neurons occurs in 

two regions of the ventral midbrain, the substantia nigra pars compacta (SNc) and the ventral 

tegmental area (VTA). Dopaminergic mesencephalic neurons play an important role in a variety of 

brain functions, such as motor control, cognitive processes, reward-based learning, motivation. 

Dysfunctions of the dopaminergic system are associated to neurological disorders including 

Parkinson's disease (PD), a progressive neuropathology that is diagnosed when neuronal functions 

are severely damaged, but preceded by a long-lasting asymptomatic phase during which neuronal 

properties are altered without clearly affecting brain function. Despite different causes may be 

associated to the onset of the disease, growing evidence focus on the role of alpha-synuclein 

(aSyn) anomalous aggregation, and the pathogenic effects exerted by aSyn oligomers’ spreading 

from neuron to neuron in the early stages of the disease.   

My PhD research has been focused on evaluating the electrophysiological properties of cultured 

midbrain dopaminergic neurons and the changes of their pattern activity during the network 

development, through the use of multielectrode arrays (MEA). Using TH-GFP mice as experimental 

model, I could investigate the role of Cav1.2, Cav1.3, Cav2.3 channels in sustaining the spontaneous 

firing of midbrain DA neurons as well as the Ca2+-dependent secretion. Quantal dopamine release 

and its correlation with spontaneous firing has been quantified taking advantage of diamond-

based multielectrode (μG-SCD-MEA) prototypes, which have been realized to provide an 

electrochemical mapping of exocytosis from the network undergoing either spontaneous or 

stimulated activity. By means of μG-SCD-MEAs, I uncovered a heterogeneous modulation of 

cultured midbrain neurons by L-DOPA, which caused either a potentiation or an inhibition of the 

spontaneous firing activity.  

Finally, I focused on the effect of exogenous aSyn in modifying the network activity, unravelling a 

potential role of the MVIIC in counteracting the detrimental effects of aSyn. 
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• AMPA: acid-α-amino-3-idrossi-5-isoxazol-propionico; 

• AP-V, AP-5: acid (2R)-amino-5- fosfonopentanoico; 

• BK: large conductance potassium channels; 

• cAMP: Cyclic adenosine monophosphate; 

• Ctrl: control; 

• DA: dopamine; 

• DAT: dopamine transporter; 

• DIV: days in vitro; 

• DNQX: 6,7-dinitrchinossalin-2,3 (1H,4H)-dione; 

• DOPA: diidrossifenilalanine; 

• GABA: ɣ- aminobutirric acid; 

• GIRK: G protein-coupled inwardly-rectifying potassium channel; 
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• GPCR: G protein coupled receptor; 

• GPe: globus pallidus external; 

• GPi: globus pallidus internal; 

• HVA:  high voltage-activated channes; 

• L-dopa: l - DiOxyPhenylAlanine 

• KA: kainate; 

• MEA: multiElectrode array; 

• mGluR: metabotropic glutammatergic receptors; 

• NACC: nucleus accumbens; 

• NiT: titanium nitride; 

• NMDA: N-metil-D-aspartic acid; 

• PD: Parkinson disease; 

• PKA: protein kinasi A; 

• SCH 23390: (R)-(+)-7-cloro-8-idrossi-3-metil-1-fenil-2,3,4,5-tetraidro-1H-3-
benzazepine; 

• SK: small conductance calcium-activated potassium channels; 

• SN: substantia nigra; 

• SNARE: SNAP (Soluble NSF Attachment Protein) receptor 

• SNCA: Synuclein alpha gene; 

• SNPC o SNc: substantia nigra pars compacta; 

• SNPR o SNr: substantia nigra pars reticulata; 

• STN: subthalamic nucleus; 

• TH: tyrosine hydroxylase; 

• TTX: tetrodotoxine; 

• VGCC: voltage-gated calcium channels; 

• VTA: ventral tegmental area. 
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Chapter 1 

Introduction 
 

Midbrain dopaminergic neurons, releasing dopamine (DA), are crucial for regulating 

important physiological functions in the central nervous system, such as the control of 

movement, behaviour and reward. There are several dopaminergic pathways, which 

originate mainly from two mesencephalic nuclei: the ventral tegmental area (VTA) and 

the substantia nigra (SN). The latter represents one of the five nuclei that make up the 

basal ganglia circuit, which controls volunteer movements [1]–[3]. The substantia nigra 

further divides into two distinct parts: the pars compacta (SNc) and the reticulate (SNr), 

which mainly contain dopaminergic and GABAergic cells. 

Most DA midbrain neurons are found in the substantia nigra and ventral tegmental area 

and have diffuse axonal projections to subcortical and cortical target areas. In particular, 

the SNc projects its afferents mainly towards the dorsal striatum (as shown in Figure 1) 

[4]. Dopaminergic neurons of the VTA project towards the limbic areas (nucleus 

accumbens, hippocampus, amygdala) and the cortical regions, constituting the 

mesolimbic and mesocortical respectively. 

 

 
 

Figure 1 “Overview of basal ganglia neuroanatomy. A schematic overview of the primary 
motor circuits in the basal ganglia, the indirect (left) and direct (right) pathways. Note, 
pathways crossing sides does not imply decussation, rather the contralateral connections 
separate the indirect and direct pathways. Excitatory connections are depicted in green 
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with triangle ends, inhibitory connections are depicted in red with “T” ends. Not all 
connections are depicted, including but not limited to, all connections from thalamus to 
cortex, all connections from cortex to striatum, connections to/from caudate nucleus (tail), 
connections from cortex to brainstem, and inputs to SNc (pictured in the inset). Inset: a 
schematic overview of the inputs to SNc . The PPN is located caudal to the substantia nigra 
and inputs are depicted as such. Inputs from the caudate nucleus (tail) is not pictured, and 
not all inputs from the cortex are depicted. Merging of signals from the cortex 
orcaudate/putamen are done for illustrative purposes. D1; D1 receptors; D2; D2 receptors; 
DA dopamine; ENK enkephalin; GLU glutamate; NUC nucleus; PPN pedunculopontine 
nucleus; SP substance P; SUB substantia” [4]. 

1.0 Function of basal ganglia 

The basal ganglia and related nuclei are made up of a variety of subcortical neuronal 

groups primarily engaged in motor control, along with a wider variety of roles such as 

motor learning, executive functions, behaviour, and emotions. The term basal ganglia in 

the strict sense means the nuclei immersed deep in the cerebral hemispheres (striatum 

or caudate-putamen and globus pallidus), while the relative nuclei consist of structures 

located in the diencephalon (subthalamic nucleus), midbrain (substantia nigra) and bridge 

(pedunculo pontine nucleus). These consist of five closely interconnected entities: the 

caudate nucleus and the putamen (form the dorsal striatum), the globus pallidus (GP), the 

substantia nigra (SN) (divided into pars compacta and reticulata) and the nucleus 

subthalamic (STN). 

Basal ganglia and related nuclei can be classified into: input nuclei, output nuclei and 

intrinsic nuclei. 

Input nuclei receive incoming information from various sources. The striatum and 

subthalamic nucleus represent the most important input and reception stations 

information from the cerebral cortex. The output nuclei send information about the basal 

ganglia to the thalamus. The inner part of the globus pallidus (GPi) and the substantia 

nigra pars reticulata (SNr) represent the main output nuclei, protruding towards the 

thalamus and the brain stem. Finally, the intrinsic nuclei are located between the input 

and output nuclei in the information relay. These nuclei are the outer segment of the 

globus pallidus (GPi) and the substantia nigra pars compacta [5]. 

Two distinct pathways, one direct, monosynaptic and inhibitory (striatum-GPi and 

striatum-SNr) and the other indirect, polysynaptic and excitatory, which includes external 

part of the globus pallidus (GPe) and subthalamic nucleus (STN) (striatum - GPe -STN) [6], 
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[7], provide synaptic communication between the striatum and the nuclei of output (GPi 

and SNr). The output of the basal ganglia consists of GABAergic fibers (from GPi and SNr) 

which terminate in the thalamus and inhibit glutamatergic thalamo-cortical neurons. The 

strength of thalamic inhibition is believed to depend on the clear prevalence of the direct 

versus the indirect pathway: the activation of some striatal neurons inhibits GPi and SNr 

through the direct pathway (D1), while the activation of other striatal neurons may have, 

through the indirect pathway (D2), a net excitatory effect on GPi and SNr. 

As a consequence of this complex modulation, an increase in the output of the basal 

ganglia (GABAergic) produces a decrease in movement through the inhibition of the 

glutamatergic neurons of the cortical thalamus, while a reduced output of the basal 

ganglia leads to an increase in movement due to the disinhibition of the thalamic neurons 

themselves. 

In particular, an important internal circuit, consisting of the nigrostriatal dopaminergic 

projection, provides the source of dopamine (DA) in the dorsal striatum. The SN, located 

in the ventral midbrain, is an essential site that regulates the overall execution of 

movements. Is divided in two functional and anatomically distinct areas: pars compacta, 

where they are located neurons that synthesize DA and project towards the striatum and 

pars reticulata, where they have originated the outgoing GABAergic neurons directed 

towards the thalamus [8]. 

 

2.0 Electrophysiological properties of substantia nigra 

and VTA neurons 

 

The neurons of the substantia nigra, as mentioned, are distributed within the substantia 

nigra pars compacta (SNc) containing mostly dopaminergic neurons, and substantia nigra 

pars reticulata (SNr) mostly GABAergic neurons. 

 

2.1 Substantia nigra pars compacta neurons 

Dopaminergic neurons in the substantia nigra compacta (SNc) are characterized by a 

short-lasting action potential (AP) (> 1.5 ms), which appears biphasic in most extracellular 
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recordings made with MEAs (MultiElectrode Array) [9]. The AP is characterized by a post-

hyperpolarization phase mediated by a Ca2+-activated potassium conductance [10]. 

As reported by Berretta et al. [11] in slices, these mesencephalic dopaminergic neurons 

can be distinguished in high rate (HR) neurons and low rate neurons (LR).  HR are mainly 

identified by a basal firing frequency > 7 Hz and are characterized by a regular pacemaker-

like firing pattern defined by an higher-frequency burst firing evoked by glutamatergic 

input [12].   

The low firing frequency are very heterogeneous: it is possible to distinguish low rate 

pacemaker (LRp), with a typical basal firing rate (1-3 Hz), and low rate non-pacemaker 

(LRn-p) with a typical basal firing frequency less than 1 Hz [11], [13].  

The pacemaker-like firing pattern is mainly regulated by Ca2+currents, particularly L-type, 

although it has been also recently observed an important component of R-type calcium 

[14], [15], which support depolarizations that regulate this pacemaker activity [16]. 

Though, several evidence [17]–[20] demonstrated also a role of Ca2+ and Na+ currents in 

the pacemaking: others elucidates the role of Kv4-mediated A-type current, SK Ca2+-

activated potassium current [21]–[24]. Recently, Kimm et al., [25] demonstrated the 

involvement of BK and Kv2 channels in spike repolarization, even though the effect on 

pacemaker is different among slices and dissociated neurons: the role of these two 

potassium channels in slices is relevant while a consistent effect in dissociated neurons is 

lacking. One possible explanation could be due to the fact that some channels in the 

dendrites or axon that can be lost in the dissociation procedures. 

 

In vivo, midbrain dopaminergic neurons may be silent or exhibit regular, infrequent and 

irregular firing or burst firing. The pacemaker-like activity promotes a tonic release of 

dopamine, while a burst firing promotes a phasic release [26], [27]; this is very important 

in voluntary movement control. 

Last but not least, a further phenomenon that modulates this firing is the release of 

dopamine from the soma and dendrites: released DA activates D2 autoreceptors, 

providing an inhibition of electrical activity through the activation of K+ currents linked to 

G proteins (GIRK) [28]–[30]. These characteristics suggest that the depolarization of 

dopaminergic cells is able to activate Cav causing a release of dopamine which, in turn, 

acts on dopaminergic D2 autoreceptors [29]. 
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It has also been observed that specific activation systems of oscillatory activity in 

synchronized neuronal populations encode information in both physiological and 

pathological conditions [11], [31]. 

 

2.2 Substantia nigra pars reticulata neurons 

The neurons of the SNr, unlike those of the SNc, are for the most part GABAergic. They 

are characterized by a tonic firing that depends on different conductances. Furthermore, 

they express apamine-sensitive K+-Ca2+ channels (SK) [32]. SNr neurons show a relatively 

depolarized membrane potential compared to other neurons; this seems to depend on a 

tonic incoming current that provides a depolarization of 10 mV and is mediated by TRPC3 

channels [8],[33]. 

In pathological conditions, such as in Parkinson's disease, the firing is affected and the 

GABAergic neurons of the SNr and the internal globus pallidus acquire a burstly firing 

mode due, at least in part, to a greater excitatory contribution from the subthalamic 

nucleus [7],[8]. Stimulation of the NMDA receptor activates a non-selective cationic 

conductance activated by Ca2+ (TRPM2) capable of sustaining burst firing; the latter seems 

to be further supported by low conductivity K+ (SK) channels dependent on calcium and 

high voltage Ca2+ (HVA) channels [8]. 

 

2.3 Ventral tegmental area neurons 

Ventral tegmental area (VTA) is characterized by dopaminergic and non-dopaminergic 

(mainly GABAergic) neurons.  

Dopamine (DA) neurons in VTA are implicated in different brain functions: drug addiction, 

behavioral disorders, cognition, motivation, and locomotor activity. These neurons are 

characterized by a hyperpolarization activated current (Ih). Electrophysiological properties 

have confirmed the presence of DA neurons mainly in the lateral and medial VTA. These 

DA neurons show spike frequency adaptation when the cell membrane is depolarized, and 

a large voltage “sag1” when hyperpolarized [34]. 

Autoreceptor feedback, also in the VTA, is an important regulator in controlling the 

activity and discharge patterns of dopaminergic cells. A notable exception to this form of 

 
1 Absolute difference between the steady state decrease in the voltage and the largest decrease in voltage following a 

hyperpolarizing current step. 
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lateral inhibition occurs in the mesocortical VTA dopaminergic neurons projecting to the 

prefrontal cortex. These cells exhibit reduced levels of D2 receptors and GIRK channels 

and are therefore insensitive to autoreceptor-mediated feedback inhibition [35], [36]. 

Recent evidence show that VTA DA neurons can release glutamate as co-transmitter [35], 

[37]–[39]. In the VTA a subpopulation of GABA and glutamate neurons is also present: it 

has been estimated that GABA neurons to be around 30-35%, and the glutamate more or 

less 2-5% [40]. 

 

3.0 Dopamine release, uptake and autocrine effect SN on 

dopaminergic neurons 

 

Dopamine, is released in several brain areas, including the substantia nigra and the ventral 

tegmental area (VTA). Other quantities are found also in the telencephalon, in the 

accumbens, in the olfactory tubercle, in the central nucleus of the amygdala. 

 

 

Figure 2 Dopamine  

Besides regulating a wide range of neurophysiological functions such as movement 

control, behavioural functions, dopamine is also involved in some neurological diseases, 

such as Lewis bodies disease, Parkinson's or schizophrenia, all of which are related to 

dysfunctions of dopaminergic synapses. Dopamine may act also a hormone, which is 

released from the hypothalamus, it is also known as the euphoria hormone due to its role 

related to reward mechanisms. 

Dopamine belong to the catecholamine family, deriving from the amino acid tyrosine, 

characterized by the presence of a catechol nucleus (to which they owe their name), via 

an ethylene bridge. 
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The synthesis of dopamine occurs in the cytosol of dopaminergic neurons starting from 

tyrosine. The first step leading to the synthesis of dopamine is carried out by the tyrosine 

hydroxylase (TH) enzyme, producing dihydroxyphenylalanine (DOPA). The second step 

involves the DOPA-decarboxylase enzyme, which eliminates the carboxyl group thus 

forming dopamine. This is the principal way, but dopamine can also be synthesized 

indirectly from phenylalanine [41], [42], which is the amino acid from which tyrosine is 

derived by hydroxylation. 

 

Once synthesized, dopamine is stored in vesicles via the monoamine transporter 2 and is 

released from these following a presynaptic stimulus. 

Dopamine-induced effects are mediated by G protein-coupled receptors (GPCRs) 

consisting of transmembrane 7α-helices with the N-terminal domain at the extracellular 

level and the C-terminal domain at the intracellular level.  

 

The physiological effects of dopamine are mediated by five dopaminergic receptors, 

divided into two groups: the D1-like (D1, D5) and D2-like (D2, D3, D4) receptors. These are 

respectively coupled to excitatory Gs/olf and inhibitory Gi/Go proteins. 

D1-like receptors increase cAMP (adenosine monophosphate cyclic) which acts by 

stimulating protein kinase A (PKA) and activating a cascade of phosphorylations, while D2-

like receptors cause inhibition of adenylate cyclase (AC), lower cAMP levels and inhibit 

PKA [43]. The primary action of DA is to activate neurons through D1-like receptors, this 

activation is regulated/antagonized by D2-like receptors [44]. 

D1 modulates several ion channels, including voltage-gated Na+ (Nav), K+ (Kv), and Ca2+ 

channels (Cav); G-protein activated potassium channels (GIRK) and calcium-dependent 

potassium channels (KCa) [45]. D1-like receptors exhibit a higher density at the level of the 

striatum or caudo-putamen, of the nucleus accumbens (NACC), of the SN pars reticulata 

(SNr), of the SN pars compacta (SNc) [46], of the hypothalamus [46] and of the olfactory 
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bulb [43], [47]. A moderate presence of the D1 receptors in the entopeduncular nucleus 

(inner part of the globus pallidus). 

 

Figure 3 D1-like receptors function. Adapted from Mishra et al., 2018  [43] 

 

The D2 receptor is mainly expressed in the striatum, in the external globus pallidus, in the 

nucleus accumbens, in the amygdala, in the cerebral cortex, in the hippocampus, in the 

pituitary gland. Is present also in the prefrontal, temporal and entorhinal cortex; in the 

ventral tegmental area (VTA) and in the substantia nigra pars compacta (SNc) [43], [48]. 

D2 receptors are autoreceptors expressed at the somatodendritic level, where reduce 

neuronal excitability, and at the axon terminal, where they reduce the synthesis, the 

storage and the release of dopamine. 

 

 

Figure 4 D2-like receptors function. Adapted from Mishra et al., 2018  [43] 



16 
 

The D1 and D2 receptors show a separate expression at the level of the GABAergic medium 

spiny neurons (MSNs), which are the largest population in the striatum. The striatum 

modulates the activity of the basal ganglia by acting on both dopaminergic receptors. 

MSNs expressing D1 project directly onto the output nuclei of the basal ganglia, the SNr 

and the globus pallidus internus, via what is termed the direct or D1-pathway. MSNs 

expressing D2 projection to the intermediate nuclei, the external globus pallidus which in 

turn projects to the subthalamic nucleus this is known as the indirect pathway. The 

combined D1/D2 activation regulates SNr and globus pallidus internus, which control 

excitation of the cortex through the thalamus, promoting or inhibiting locomotion [45]. 

Neurons expressing D1 or D2 have been confirmed to have opposite effects on movement, 

in fact, the stimulation of the direct pathway facilitates movement, while the activation 

of the indirect pathway inhibits it [49]. However, a low number of MSNs express both 

receptor types (D1 and D2) adding further complexity to the phenomenon.  

The effects of dopamine at the striatal level are regulated by D2 autoreceptors located at 

the presynaptic level on dopaminergic terminals and on mesencephalic neurons. Hence 

the receptors D2 possess a negative feedback, which by regulating neuronal firing and 

dopamine synthesis/release, modifies the level of the extracellular neurotransmitter [29]. 

 

Dopamine, in addition to being fundamental in the control of movements, also regulates 

essential cognitive functions. D1-like receptors are extensively involved in cognitive 

processes, including behavioural flexibility, working memory, decision-making, learning 

and memory processes, and act by regulating the excitability of neurons cortical pyramids 

and regulation of synaptic plasticity at the hippocampal and striatal level [49]. D2-like 

receptors are highly expressed in the striatum and hippocampus and moderately in the 

prefrontal cortex where they regulate decision-making, behavioural flexibility and also 

affect long-term memory by modifying the excitability of cortical pyramidal neurons 

and/or involvement in synaptic glutamatergic plasticity in the hippocampus and striatum. 

D3 receptors are absent in the prefrontal cortex, but indirectly modulate cognitive 

functions through the inhibition of dopaminergic activity at the cortical level and / or the 

regulation of cortical acetylcholine levels. Inhibition mediated by these receptors 

improves functions such as memory and learning. 
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Finally, D4 receptors, located in the prefrontal cortex and hippocampus, are important in 

cognitive processes such as object recognition memory [45]. 

 

Midbrain dopaminergic neurons in the SNc and VTA, release dopamine (DA) from soma 

and dendrites [50], [51]. Dopamine neurotransmission starts by the fusion of synaptic 

vesicles. This process is regulated at many levels: DA synthesis, uptake and vesicular 

transport [52]. 

The term "somatodendritic", which historically describes the evoked release of DA in SNc 

and VTA, is defined in this way as somatic and dendritic release cannot be easily 

distinguished. As described above in SNc [53]–[55] the D2 autoreceptor when binding to 

dopamine regulates the firing rate and pattern of dopaminergic neurons, consequently 

regulating release in both the dorsal and ventral striatum [56]. This local autoinhibition 

through this link between dopamine and D2 autoreceptors creates a feedback to limit the 

release of somatodendritic DA too. 

Furthermore, dopamine is released from the dendrites of SNc neurons that protrude 

ventrally into the adjacent substantia nigra pars reticulata (SNr). In this case, dopamine 

acts on the D1 receptors of the striatonigral axon terminals (also called direct pathway) in 

the SNr to enhance the release of gamma-aminobutyric acid (GABA) from these axons in 

order to amplify the inhibition of the main cells of the SNr, which are mainly GABAergic 

neurons. It has been shown that there is a calcium dependency linked to somatodendritic 

release. It has been recognized the very important role of the Cav1.3 L-type calcium 

channel in the regulation of the pacemaker activity in the SNc compared to the 

dopaminergic neurons of the VTA. It seems that this contributes to the greater 

vulnerability of the neurons of the SNc. Liss and colleagues further showed a functional 

link between Cav1.3 L-type channels and the desensitizing / non-desensitizing state of the 

D2 autoreceptor, which is governed by intracellular levels of neuronal calcium sensor 

(NCS-1) [28], [57]. 

The classic mechanism of fusion regulation occurs through synaptic proteins. These 

proteins belong to the SNARE complex. The neuron's plasma membrane contains two t-

SNAREs, (syntaxin and SNAP-25), while the synaptic vesicle membrane contains a single 

v-SNARE (synaptobrevin). As the vesicle and membrane come together, the SNARE 

proteins interact with each other to form bundles of four strands. Each beam consists of 
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two α-helices of SNAP-25, one α-helix of syntaxin and one of synaptobrevin. When the 

bilayer of the two membranes fuses, the SNAREs that previously protruded from the 

separate membranes are now in the same cell membrane and the release of the 

neurotransmitter in the extracellular zone is possible. Another form of regulation is 

presynaptic macroautophagy. Striatal DA buttons can form autophagic vacuoles which 

can sequester and degrade synaptic vesicles, resulting in decreased release of evoked DA 

[52]. 

The modulation of dopamine release at the somatodendritic level can also occur by 

synaptic input. In this specific case, glutamate and GABA provide primary synaptic input 

to DA neurons in the midbrain, with a different balance between excitatory and inhibitory 

input between SNc and VTA. The GABAergic input predominates in the SNc and glutamate 

input predominates in the VTA [57]. 

 

Therefore, it is easy to understand the important of dopamine in motor control and 

behaviour, the loss of DA leads to the consequent dysfunction of the ganglia with 

consequent motor deficits of Parkinson's disease. 

 

4.0 Role of aSyn in Parkinson’s disease 

Parkinson's disease (PD) is the second most common neurodegenerative disease in the 

world, about 1-2% of the world population over the age of 65 is affected. The main 

symptoms are of a motor type: slowness of movement, rigidity, tremor and instability 

postural; however, non-motor symptoms are also present including fatigue, olfactory 

disturbances, anxiety, sleep disturbances, depression, memory and learning disorders. 

Symptoms of the disease appear in most cases as tremors in the upper limbs or in the 

head, and are caused by the death of dopaminergic neurons of the substantia nigra pars 

compacta (SNc). There are only palliative therapies, such as the administration of 

Levodopa to compensate for the loss of dopaminergic neurons. No cure has yet been 

found, as when the first symptoms appear the disease is already in a very advanced stage, 

in which most of the dopaminergic neurons have been compromised. In addition to the 

loss of dopaminergic neurons at the SNc level, neurodegeneration has been observed also 

in other areas of the brain such as the locus ceruleus, the intralaminar nuclei of the 
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thalamus, the lateral hypothalamus and the pedunculopontine nucleus; these regions are 

characterized by neurons that do not use dopamine as a neurotransmitter, suggesting 

that this is not the only cause of degeneration. In many neurons of patients with the 

disease there is no correct regulation of protein homeostasis, as evidenced by the 

abnormal accumulation of intracellular protein aggregates in the brains of affected 

patients. These aggregates, if present at the level of the neuronal soma, are called Lewy 

bodies (LB); when present at the dendritic or axonal level they are called Lewy neurites 

(LN). 

An Important component of this pathology (Lewy pathology) is the phosphorylated α-

synuclein (aSyn). However, it is still unclear whether the LB cells represent a cause or an 

effect of neurodegeneration [58]. 

 

The second line of study of Parkinson's disease is based on genetics: one in ten cases of 

PD is familiar, that is, it can be traced by a genetic mutation. Recessive and dominant 

mutations associated with Parkinson's disease have been identified. Mutations better 

characterized, recessive and loss-of-function related have been clearly linked to 

mitochondria, these mutations involving specific PINK1 and PARKIN genes. PARKIN is also 

involved in biogenesis mitochondrial in which it negatively regulates the PARIS repressor; 

in the absence of PARKIN the PARIS repressor accumulates leading to the progressive loss 

of dopaminergic neurons in the CNS. Another gene involved is the DJ-1 gene, this gene is 

involved in the regulation of defences against oxidation at the mitochondrial and cellular 

level. Mutations only listed, related to mitochondrial function, increase the likelihood of 

developing an early form of PD and are not necessarily related to the presence of Lewy 

bodies. 

Autosomal dominant mutations associated with PD have not yet been linked to any 

particularly via cellular. Mutations or duplications / triplications of copies of SNCA they 

are associated with the onset of Parkinson's disease at the age of approximately 60, which 

is defined as the normal course of the disease. SNCA encodes the aSyn protein. Under 

physiological conditions, aSyn is abundant in synaptic terminals where it could modulate 

vesicle trafficking and neurotransmitter release [59]. 
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According to some studies, an excessive presence of these proteins or their misfolding 

could also be associated with familial Parkinson's, although several studies are necessary 

to investigate this phenomenology. It would appear that these aSyn oligomers can behave 

like a prion and catalyze the formation of new oligomers and / or fibrils that spread from 

neuron to neuron, generating Lewy bodies. Mutations in a number of other genes are 

associated with PD, including LRRK2. All of these genes have been studied, but 

unfortunately none of these genetic mutations are able to fully reproduce Parkinson's 

disease in mice. This would indicate that there are a multitude of factors that contribute 

to the genesis of the disease. 

-synuclein plays an important role in the synaptic physiology of dopaminergic neurons: 

mice lacking aSyn show a strong alteration in the release of dopamine, as the supply of 

dopamine within the pool of vesicles ready for synaptic release has decreased. On the 

other hand, an overexpression of aSyn determines a lower exocytosis of dopaminergic 

neurons in culture, which release alongside dopamine, glutamate [60]. Furthermore, the 

insertion of a truncated form and an overexpression of aSyn into the nigrostriatal system 

of transgenic mice reduces vesicle density and dopamine release [61] resulting in motor 

damage. 

Although the identification of specific genetic defects in familial cases of the disease offers 

important clues to the pathogenesis, most cases of PD are idiopathic and lack a 

recognizable genetic cause, some causes currently recognized seem to be due to 

environmental pollution, pesticides and nutrition.  

 

Another hypothesis about pathogenesis in PD is the role of calcium channels, infact these 

neurons are autonomous pacemakers [12], [20], [58], [62], [63], the spikes in these 

neurons maximizes Ca2+ entry [64]. 

The pacemaker activity is characterized by slow fluctuations in the intracellular 

concentration of Ca2+ [20], [62], [65], [66]. In particular, Cav1.3 channels are particularly 

involved in this phenomenon because activate at relatively hyperpolarized membrane 

potentials [67]. These Ca2+ fluctuations therefore produce an increased risk of 

degeneration in patients with PD [68]; this correlation has also been found in transgenic 

mouse models [69]. Ca2+ promotes aSyn aggregation [70] because the Ca2+-dependent 



21 
 

protease calpain cleaves off the carboxyl-terminus of aSyn, promoting the aggregation 

[70].  

Different evidence show that isradipine, the selective blocker of L-type calcium channels, 

confers strong protection in SNc DA neurons. To test the importance of L-type channels, 

slices or isolated neurons were pre-treated with isradipine and exposed to preformed α-

synuclein fibrils (PFF), or to the toxic effects of environmental factors known to cause PD. 

In these experiments, isradipine confers strong protection in SNc DA neurons, indicating 

that Ca2+ flow through L-type channels contributes significantly to neuronal cell death. 

The importance of the role of L-type calcium channel is also supported by the fact that the 

neighbouring ventral tegmental midbrain DA neurons, which do not express the Cav1.3 

channels, are less susceptible to cell death in PD [71]–[73]. 

Isradipine has already been used extensively in the clinic as an antihypertensive to treat 

hypertension and other cardiovascular conditions. The proposed role of Ca2+ channels in 

neurodegeneration opens up the possibility of reusing isradipine for the treatment of 

Parkinson's disease. A phase III clinical trial (NCT02168842; www.clinicaltrials.gov) [67], 

[74] has recently been completed to investigate the neuroprotective potential of 

isradipine in patients with early stage PD. Unfortunately, the results did not show a 

significant slowdown in the development of the disease, but there are several points still 

to be clarified also regarding the administration protocol used. However, this opens the 

way for important and promising studies on the relationship between the various 

isoforms of calcium channels (not only L-type) and dopaminergic neurons [73]. 

 

 

 

 

 

 

 

 

 

 

http://www.clinicaltrials.gov/
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5.0 Physiological and pathological properties of aSyn  

 

 

Figure 5 Different aSyn structure: monomeric, oligomeric, protofibrillar and fibrillar 

aggregates 

-Synuclein (aSyn) is an abundant and physiological protein localized in presynaptic 

terminals. This protein is well known for its close relationship with Parkinson's disease and 

other Parkinson-like neurodegenerative diseases. Paradoxically, much more is known 

about the role that this protein has when it begins to accumulate abnormally in the 

synaptic terminals, degenerating into more complex and neurotoxic structures such as 

oligomers and fibrils, but its physiological role is still under study. Both physiological and 

pathological aspects are the source of intense studies and research. 

aSyn is encoded by the SNCA gene; it is composed of 140 amino acid residues with a 

molecular weight of approximately 15kDa [75], [76]. This protein exists in a balance 

between one soluble and one membrane-bound state; its secondary structure changes 

depending on of the state. 

Cytosolic aSyn is soluble, unstructured and behaves like an originally unfolded protein 

[75], [77]–[79]. This binds to lipid membranes as artificial liposomes, lipid droplets and 

lipid rafts. By binding to lipids it adopts an α-helix structure [80]. Binding of the protein to 

lipid membranes requires groups such as phosphatidylserine or phosphatidylinositol, 

suggesting an interaction of the membrane with lysines present on opposite sides of the 

α-helix.  
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During the development of cultured neurons, the aSyn is initially localized in the soma of 

the immature neuron and during development it also concentrates in the presynaptic 

terminals during synapse formation. 

The localization of this protein in the synapse may be due to its preference for synaptic 

vesicle membranes and/or for binding to the SNARE vesicular protein, the synaptobrevin-

2 [78]. Numerous studies have reported that aSyn can also be localized in other locations 

such as mitochondria, endoplasmic reticulum and others; however the significance of 

these localizations is not yet clear and is a matter of debate in several studies [80][81]. 

 

Physiological aSyn appears to be involved in numerous activities such as: 

• Transport and packaging of lipids and membrane biogenesis: The binding of aSyn 

to phospholipids and its similarity to apolipoproteins suggests its role in the 

transport of lipids. aSyn is a specific inhibitor of phospholipases D1 and D2 in vitro 

and in vivo [82]–[84], suggesting it may be involved in the cleavage of lipids of 

membrane and in the biogenesis of the latter. Furthermore, it has been suggested 

that aSyn is able to detect lipid packing defects and affect their packaging [85], 

[86] indicating that it may be in able to actively remodel them. 

•  Molecular "chaperone" activity: The biochemical structure of aSyn provides a 

function as a molecular chaperone capable of binding to other intracellular 

proteins. The aSyn in fact shares the structural and functional homology with a 

specific family of molecular chaperones [87]. Second, through its domain C-

terminal, aSyn suppresses the aggregation of thermally denatured proteins [88]–

[92] and the overexpression of aSyn protects dopaminergic neurons from 

oxidative stress and apoptosis [93], [94]. 

• Vesicle trafficking: Numerous evidences from studies conducted on different 

animal models show that aSyn is associated with defects in vesicle trafficking. 

• Synthesis and transport of dopamine: aSyn inhibits the synthesis of dopamine by 

inhibiting the expression and activity of TH [95]–[99]. 

• Release of neurotransmitters and synaptic plasticity: its presynaptic localization, 

its interaction with synaptic vesicles [100], [101] and synaptobrevin-2 [102], its 

accompanying activity of the SNARE complex [102] suggest that this protein plays 
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a role in neurotransmitter release and synaptic plasticity, although its precise 

function remains unclear. Within the presynaptic terminal the aSyn is mobile and 

disperses from the synaptic vesicles upon stimulation [103]. It also organizes itself 

into multimers in the synapses, which group synaptic vesicles, thus limiting their 

motility [104] and probably attenuating exo/endocytosis. Multimerization is 

triggered by membrane binding and mediates the accompanying activity of the 

SNARE complex [105]. The effect of aSyn on neurotransmitter release is probably 

not mediated by direct influence on the delivery machine, but through a regulation 

of vesicle pools within the presynaptic terminal. 

 

Several studies have shown that aSyn can spread from neuron to neuron. This mechanism 

appears to derive from prion2-like propagation, with evidence deriving from both in vitro 

and in vivo models. The release of aSyn appears to occur through unconventional 

pathways of exocytosis. Some evidence indicates that aSyn can be released with 

exosomes (luminal vesicles of multi-vesicular bodies, MVBOs). This process is supposed to 

be calcium dependent [106], [107], providing a neuronal activity-dependent mechanism 

for aSyn exocytosis and suggesting spread along synaptically connected neurons. 

Extracellular aSyn can be endocytosed by neurons and microglia [108], [109], although 

endocytosis-independent uptake has also been reported [110]. Recombinant aSyn fibrils 

can also be endocytosed by neurons and lead to aggregates similar to those detected in 

Lewy body disease in cells expressing endogenous levels of aSyn [110]. Exocytosis and 

uptake of aSyn may be an important mechanism for the progression and amplification of 

degenerative changes in synucleinopathies from certain cells to surrounding tissue, or 

they may also have a biological function not yet known. 

 

Recently, it has been shown that aSyn is able to oligomerize in multimers after binding to 

membranes [78],[104].  

 
2 altered forms of the prion protein (PrP) which is normally present in various organs of our body, principally in the 

brain. In pathology, PrP changes its shape, becoming a prion, that is, an infectious protein capable of inducing normal 
PrP to assume the pathological form. 
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The aggregation process of several monomers of aSyn produce oligomers, that can 

assume different forms: spherical, chain-like annular or tubular [111], [112]. Recent 

evidence indicates that extracellular aSyn oligomeric aggregates, that precede fibril 

formation, may be the most neurotoxic species [113] and in the most of the case can be 

found extracellularly. For several years, it was thought that most of the toxicity by aSyn 

was due to intracellular deposits of fibril aggregates, and that mainly these were the 

causes of all synucleopathies including Parkinson's disease. Today this view has changed 

somewhat, recent evidence shows that these oligomers increase intracellular calcium 

levels [113], [114]. This high amount of intracellular calcium can lead to subsequent cell 

death. 

 

Regarding the effects of fibril formation, several experimental studies have support the 

theory that fibrillar aSyn can induce normal aSyn to form pathogenic inclusions. Using cell 

lines overexpressing fibrillar aSyn generated by recombinant aSyn induces the formation 

of insoluble, phosphorylated and ubiquitinated aggregates [115]. Exposure of neurons 

expressing endogenous levels of aSyn to fibrils causes the formation of inclusions of aSyn 

that morphologically and biochemically resemble neurites and Lewy bodies [116]. The 

striatum was injected with aSyn fibrils, which produced a Lewy-like pathology in 

dopaminergic neurons of the substantia nigra pars compacta, resulting in loss of 

dopaminergic neurons and motor behaviour phenotypes similar to PD [117], [118]. 

Inclusions of α-synuclein are also produced in other brain regions relevant to Parkinson's 

disease, such as the cortex and amygdala. The formation of these inclusions in such 

different areas of the brain causes a significant loss in synaptic connections, this would 

explain why Parkinson's patients are characterized by a very broad spectrum of 

symptoms, ranging from motor problems to cognitive ones. 

It has been observed that exposure of neurons from aSyn knockout mice to aSyn fibrils 

does not produce intracellular inclusions and does not alter neuronal connectivity. 

Therefore, it can be inferred that the corruption of endogenous aSyn to form insoluble 

fibrillar aggregates is responsible for neuronal dysfunction. 

Studies demonstrating that peripheral fibril injection induces Parkinson's disease 

phenotypes specifically support that aggregated aSyn can travel along related neuronal 

pathway [119]–[122]. 
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Ultimately the last two decades have been fundamental for the acquisition of knowledge 

on the function and role of aSyn, partly due to the development of in vitro and in vivo 

models which, with their limitations, as they do not fully reproduce PD, however, they can 

be considered similar to pathological processes in humans. We know that aSyn is 

important for the normal function and integrity of synapses and in the aging of the 

nervous system. The different conformations that aSyn can assume, i.e. monomer, 

oligomer and fibrils, have a fundamental and different role in synucleopathies, given its 

multiple interactions in different subcellular compartments, as well as its numerous post-

translational modifications, which generate a spectrum of negative effects for the cell that 

can exacerbate and eventually culminate in cell death. 

Overexpression of aSyn triggers redistribution of SNARE proteins, impairs proper vesicle 

trafficking and recycling, and large aSyn oligomers inhibit SNARE-mediated vesicle fusion 

in vitro [123]. Furthermore, misfolded aSyn, in the form of oligomers and aggregates, is 

believed to be particularly neurotoxic and able to propagate from neuron to neuron [116], 

[124]–[126]. 

We also know something more about its physiological function, especially in bioenergetic 

control or vesicle transport, both factors that outline the importance of this protein. 

Despite these advances, the role of aSyn in the early events of the disease process, 

including the development and differentiation events of dopaminergic neurons, the 

causes of the selective vulnerability of the SNc dopaminergic neurons, remains to be 

determined. This could make it possible to discover the first biomarkers and even to 

advance therapeutic strategies to modify the natural course of the disease. 
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Chapter 2 

Materials and Methods 
 

1.0 Culture of midbrain dopaminergic neurons  
 

The methods for the primary culture of mesencephalic dopamine neurons from substantia 

nigra (SN) was adapted from Pruszak et all. [127]. TH–GFP mice were kept heterozygous 

via breeding TH–GFP mice with C57BL/6J mice. All animals were housed under a 12 h 

light/dark cycle in an environmentally controlled room with food and water ad libitum. All 

experiments were conducted in accordance with the European Community’s Council 

Directive 2010/63/UE and approved by the Italian Ministry of Health and the Local 

Organism responsible for animal welfare at the University of Turin (Authorization DGSAF 

0011710-P-26/07/2017).  

For the preparation of dopaminergic primary cell cultures, the substantia nigra portion 

was surgically isolated from the brain of E14-E18 embryos, taking the ventral midbrain 

area [128], [129]. The tissue fragments were digested with a papain solution and plated 

on dishes pre-treated with polylysine D at a density of 400 cells / mm2 (approximately 

40000 cells/dishes). Neurobasal (Gibco) implemented with B27 (Gibco) and 2.5% dialysate 

FBS was used as the culture medium. Subsequently, to improve the yield, some changes 

were made to the protocol: a co-culture with cells from the Striatum area and the addition 

to the culture of 5 M of antimitotic fluoro-deoxyuridine (FDU) starting from 4 DIV, 

reducing the uncontrolled growth of the glia and thus increasing survival and quality of 

dopaminergic neurons, favouring their dendritic development. FDU kills proliferating cells 

(mainly glial cells at E14-E18)  by interphering with DNA synthesis[130], [131].  

The addition of growth factors, such as NT3, BDNF, NGF, has also been tried, obtaining 

satisfactory results in particular with the administration of 10 ng/mL of BDNF. 
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The culture is done only with embryos that appear to be fluorescent under the 

microscope, as can be seen from Figure 1. Statistically, about 50/60% of mice are found 

to be labelled with the fluorescent protein. 

 

 

Figure 1. Dopaminergic midbrain neurons of embryonic TH-GFP mouse 

The dissection of substantia nigra and striatum is performed by sagittal separation of 

the different areas of the brain, the meninges are removed from the hemisphere and 

the brainstem. 

The mesencephalic region including the substantia nigra is dissected from a rostral and 

caudal section. The striatum, on the other hand, is located within the cerebral 

hemisphere. The caudal and dorsal part in the midbrain area is removed. The remaining 

portion of the midbrain contains the substantia nigra [132]. 
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Figure 2 “Dissection of substantia nigra and striatum from embryonic E16.5 brains. (a) 
After sagittal separation of the brain halves, meninges are removed from the hemisphere 
and the brain stem. (b–d) The mesencephalic region containing the substantia nigra (sn) 
is dissected by a rostral and caudal section. The striatum is located on the inside of the 
brain hemisphere as indicated (broken lines in d). (e) The caudal part of the mesencephalic 
preparation is removed, (f) as well as the dorsal part. (g) The remaining preparation of the 
mesencephalon contains the substantia nigra (sn).” Citated from Fath et all. 2008, nature 
protocols [132]. 

 
At this point the digestion phase begins; the digestion buffer is composed by: HBSS 

(Hank’s balanced salt solution, without CaCl2 and MgCl2), enriched with 0.18% glucose, 1% 

BSA, 60% papain (Wortington, Lakewood, NJ, United States), 20% Dnase (SigmaAldrich) 

and it was stored at 4 °C.  

Neurons were plated at final densities of 2.000 cells mm−2 on conventional MEAs or µG-

SCD-MEAs, 40.000 cells mm-2 on dishes for patch-clamp measurements.  

Cultured neurons were used at different DIV (days in vitro), depending on the experiment. 

MEAs, µG-SCD-MEAs and dishes were coated with poly-L-Lysine (0.1 mg ml−1) as substrate 

adhesion. Cells were incubated at 37 °C in a 5% CO2 atmosphere, with Neuro basal 

Medium containing 1% pen-strep, 1% ultra-glutamine, 2% B-27 plus and 2.5% FBSd; pH 

7.4. 
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2.0 Techniques: Patch clamp, MultiElectrode Arrays 

(MEA), µG-SCD MEAs 

 

2.1 Patch clamp: voltage clamp, current clamp, capacitance 

Patch-clamp experiments were performed using patchmaster software (HEKA Elektronik 

GmbH – a division of Harvard Bioscience). All the experiments were performed at room 

temperature (22–24 °C). 

Voltage-clamp recordings 

The voltage-clamp configuration allows to study voltage-gated ion channels by controlling 

the membrane potential. The recordings were made in whole-cell configuration, the 

extracellular solution containing (in mM): 135 TEA, 2 CaCl2, 2 MgCl2, 10 HEPES, 10 glucose 

(pH 7.4). Tetrodotoxin (0.3 μM) (Tocris Cookson Ltd, Bristol, UK) was added to block 

voltage dependent Na+ channels and spontaneous action potentials propagation. 

GABAergic and glutamatergic currents were respectively isolated by Picrotoxin (100 μM), 

APV (50 μM) and DNQX (20 μM). The standard internal solution contained (in mM): 90 

CsCl, 20 TEACl, 10 EGTA, 10 glucose, 1 MgCl, 4 ATP, 0.5 GTP and 15 phosphocreatine (pH 

7.4).  

Traces were sampled at 10 kHz and filtered using a low-pass Bessel filter set at 2 kHz. 

Borosilicate glass pipettes (Kimble Chase life science, Vineland, NJ, USA) with a resistance 

of 7-8 MΩ were used. Uncompensated capacitive currents were reduced by subtracting 

the averaged currents in response to P/4 hyperpolarizing pulses. Ca2+ currents were 

evoked by applying a single depolarization step (50 ms duration), from a holding of -70 

mV to 0 mV. Fast capacitive transients due to the depolarizing pulse were minimized 

online by the patch-clamp analog compensation. Series resistance was compensated by 

80% and monitored during the experiment [132]. 
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Current-clamp recordings 

The current-clamp configuration detects transmembrane voltage change resulting 

from ion channel activity. This technique allows to control the amount of current injected 

into the cell, thereby controlling the transmembrane potential. 

The pipette internal solution contained in mM: 135 gluconic acid (potassium salt: K-

gluconate), 10 HEPES, 0.5 EGTA, 2 MgCl2, 5 NaCl, 2 ATP-Tris and 0.4 Tris-GTP, pH 7.4. The 

extracellular solution is tyrode standard solution contained in mM: 2 CaCl2, 10 HEPES, 130 

NaCl, 4 KCl, 2 MgCl2, 10 glucose adjusted to pH 7.4. All experiments were performed at a 

temperature of 22–24°C. Data analysis was performed using Clampfit software.  

 

Capacitance 

The cell membrane is formed by a double layer of phospholipids which form a particularly 

effective barrier to charged molecules. This barrier is a dynamic substrate in which other 

constituents of the membrane are embedded (receptors, ion channels, cytoskeletal 

anchors, ion pumps, enzymes, etc). The flow of ions across the plasma membrane is 

facilitated by specialised proteins (ion channels, transport, pump, etc.). The membrane is 

generally defined as an insulator between two conductors, the intra-cellular and extra-

cellular medium, charged with ions, and can be compared to a capacitor with flat and 

parallel faces. However, this electrical isolation is not perfect: there are ion channels, 

transporters and more that form the membrane resistance.  

In electronic terms, the moving charge is expressed in current, i.e. the charge per unit of 

time: 

𝐼 =  
𝑑𝑄

𝑑𝑡
 

Where I is the current in ampere (A) and dQ/dt is the change in charge (coulomb, C) over 

time.  

The cell membrane, the intracellular and extracellular media, form a capacitor, in terms 

of electronics. The cell membrane consists of the more negative intracellular side of the 

extracellular side, both sides exert an electromagnetic field through the membrane, which 

attracts charged particles, negative ions (anions). The outer side will be positively charged 

https://www.moleculardevices.com/applications/g-protein-coupled-receptors-ion-channels
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and accumulate close to the membrane, while positive ions (cations) will accumulate on 

the outside. The ions accumulated along the two sides are characterized by a quantity of 

stored charge which can be calculated as: 

 

𝑄 = 𝐸𝑚𝐶 

 

where Q is the charge, Em is the potential difference across the membrane and C is the 

membrane capacitance expressed in Farad. The physical dimensions of the membrane are 

important in determining the capacitance: the more membrane is large, the more charge 

can be accumulating, therefore the capacitance is proportional to membrane surface 

area. 

Membrane capacitance increases can be used to detect exocytosis because when 

secretory vesicles undergo fusion with the plasma membrane during exocytosis the 

membrane surface area increase. The capacitance per unit area of membrane is referred 

to as the specific capacitance (Cm), Cm was estimated to be 1 μF/cm2 [133]–[135]. 

Therefore, these changes in the membrane surface area can be monitored by measuring 

the cell capacitance (Figure 3). Exocytosis of secretory granules results in an increase of 

the cell surface area that is compensated by membrane retrieval processes (e.g., 

endocytosis) that consequently reduce the cell surface area. Because of the low-noise and 

high temporal resolution, this method enables fast quantitative measurements of changes 

in membrane capacitance [135]–[138].  

The pipette internal solution contained in mM: 90 CsCl, 20 TEACl, 10 EGTA, 10 glucose, 1 

MgCl, 4 ATP, 0.5 GTP and 15 phosphocreatine pH 7.4. The extracellular solution contained 

in mM: 4 TEA, 2 CaCl2, 2 MgCl2, 10 HEPES, 10 glucose, pH 7.4. 
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Figure 3 Vesicle fusion with cell membrane 

In the whole-cell voltage-clamp mode, I measured the capacitance using a lock-in 

amplifier.  The protocol provides that membrane potential is modified in a sinusoidal 

manner, there is a phase shift of 90° between the resistive and the capacitive current 

components [136]. The formula that describes it is: 

 

𝐼(𝑡) = 𝐺𝑚𝑉 +  𝐶𝑚(
𝑑𝑉

𝑑𝑡
) 

 

Where V is the command voltage, Gm is the membrane conductance, and Cm is the cell 

capacitance. When a sinusoidal voltage command, 𝑉 = 𝑉0𝑠𝑖𝑛𝜔𝑡 is applied: 

 

𝐼(𝑡) = 𝐺𝑚𝑉0𝑠𝑖𝑛𝜔𝑡 +  𝐶𝑚𝑉0𝑠𝑖𝑛𝜔𝑡 

 

In the phase plan, Gm and Cm are orthogonal to each other. Usually, to perform this 

protocol is necessary lock-in amplifiers, that are implemented only in the software HEKA 

Pulse and Patchmaster. 

2.2 Microelectrode arrays (MEA): recordings 
 

The MEA - Microelectrode arrays (Multichannel Systems, MCS, Reutlingen Germany) 

consisted of 60 TiN/SiN planar round electrodes (30 μm diameter; 200 μm center-to-
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center inter-electrode distance). The MEA is characterized by 8x8 recording electrodes 

included the ground electrode. After 1200x amplification, signals were sampled at 10 kHz 

and acquired through the data acquisition card and MC-Rack software (MCS). The matrix 

on which the electrodes rest is made of glass, a chemically inert and biocompatible 

material, which makes these devices reusable. The disadvantages of glass are 

undoubtedly linked to its fragility and to the fact that after several autoclave washes it 

tends to become opaque. 

The MEA is inserted inside an incubator with a controlled temperature (37°C) and a 

controlled atmosphere (i.e., gas flow of 5% CO2 and 95% O2). 

The auxiliary or counter electrode is a fixed electrode (number 15, defined REF in Figure 

4), structurally larger than the other electrodes. The auxiliary electrode establishes the 

electrical potential against which the other potentials can be measured. The auxiliary 

electrode often has a larger surface area than the working electrode to ensure that the 

reactions occurring on the working electrode are not limited by the surface area via the 

auxiliary electrode [139]–[142]. 

 

 

Figure 4 Multichannel System – Standard Microelectrode Arrays (MEAs) 
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The MEA is connected to an amplifier by means of a conductive track and a series of gold 

pins, each unit in titanium nitride (NiT) detects the extracellular signals produced 

from neurons; these signals can arrive either from a single cell or from a sum of signals 

coming from several cells, or even from different cellular parts such as soma and axons in 

the case of neurons. Above the electrodes and metal tracks there is a polyamide layer, 

with insulating function, above which there is the culture chamber delimited by a glass 

cylinder (internal diameter 19 mm, external diameter 24 mm, height 6 mm) with a 

capacity of 1 mL. 

Each MEA is covered with an ethylene-propylene membrane, the latter reducing 

evaporation of the culture medium, still allowing a gaseous exchange with the 

environment and maintaining the conditions of sterility necessary for repeated recordings 

over time.  

To conduct the experiments, a MEA 1060-Inv-BC amplifier filter supplied with the device 

was used, the latter amplifies and filters the acquired signal before it is transferred to the 

analog / digital converter. The MEA is placed in the preamplifier which contains a 

suppression circuit (MEA 1060-BC-PA); when closing the amplifier, the contact pins fixed 

on its cover are pressed on the pads on the MEA. Contact between this results in a 

favourable signal-to-noise ratio. 

The filter and gain specifications are set by the operator. To record high frequency 

electrical signals, it is necessary to set a bandwidth between 300 Hz and 3 kHz; for those 

at low frequency an interval between 1 and 300 Hz is required. The gain is set to a value 

between 100 and 5000; the amplifier will multiply the signal by the value set before the 

signal is acquired via cable and then processed in digital format. 
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Figure 5 On the left, the amplifier (used for the experiments) with a view on the pins that 

contact the pads on the MEA. Right, amplifier with view of the amplifier filter and ADC (1). 

 

MEA devices are a powerful tool for studying time-dependent potential interactions 

among neurons [9], [143]. Unlike conventional electrophysiology (e.g. patch-clamp 

technique), the multielectrode-based approach is certainly a non-invasive technique, as 

cells are grown over the multilayer of electrodes. The main advantage of MEA is the 

possibility to perform repeated measurements on the same culture over time. 

 

2.3 Micro-Electrode Array:  analysis 

The electrical activity of the cells can be characterized by single action potentials (spikes) 

or by rapid sequences of action potentials (synchronous bursts) [143].  

After amplification and filtration, the signal is converted in real time from analog to digital 

by means of an ADC (MC_Card), or an analog / digital card. It is possible to obtain sampling 

rates up to 50 kHz / channel. 
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Once the data have been acquired, they are analyzed using a multichannel system 

acquisition and analysis software (MC_Rack). Through this software it is possible to set 

specific thresholds for each channel in order to eliminate noise from the tracks. 

Once the signal has been digitized, the final analysis is carried out using Neuroexplorer 

software (Nex Technologies, Littleton, MA, USA). Through Neuroexplorer the burst 

analysis and the study of cross-correlation have been developed. 

The burst analysis allows to extract the parameters related to the spontaneous firing of 

neurons, including the average frequency, the number of signals, the number of bursts 

and the related parameters related to the burst analysis (duration of the burst and 

percentage of spikes in the burst). The cross-correlation analysis, on the other hand, 

allows information to be obtained concerning the electrical synchronization of neurons 

through a probability index Ymax (0 <Ymax <1). 

Once the analysis setting has been chosen, the following criteria are set: 

Burst analysis 

Burst was detected using the Poisson-surprise method. The surprise method distinguishes 

bursting periods from basal firing. The method assumes that the spike trains are 

distributed in a Poissonian way. The Poisson Surprise method in a period (T) containing n 

spikes calculates the value: 

 

𝑆 = −𝑙𝑜𝑔𝑃 

 

𝑃 = exp (−𝜆𝑇 ∑
(𝜆𝑇)𝑛

𝑛!

∞

𝑛=𝑁

) 

Where  is the average firing rate, T is the period of length and N is the number of 

spikes. This equation defines the probability that N spikes are randomly distributed in a 

period T [144], [145]. 
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Cross correlation analysis 

Synchronization was analyzed using the same software in cross-correlation histogram 

mode (± 500 ms, bin size 1 ms), smoothed with a boxcar 3 filter. Pairs of neurons were 

considered synchronous if there was a clear peak exceeding the 99% confidence limit 

[146]. For greater statistical completeness we have not limited to choosing a single 

reference electrode, but we have divided the quadrant of the electrodes into four parts 

and for each single zone of each MEA we have chosen from one to two reference 

electrodes. This choice frees the analysis from the selective choice of the operator. 

We used different inferential static tests depending on whether the analyzed sample was 

normally distributed or not. We used parametric type tests (t-test, ANOVA) or non-

parametric type tests (Kruskal-Wallis), via the Origin Pro software. 

 

Auto correlation analysis 

 

Figure 6 autocorrelogram detailing the parameters used in the peak algorithm. Adapted 
from [147].  

The peaks and valleys were determined using the following mathematical criteria: 

The method that will be described was defined in 1995 by Sugihara et al [147]. The first 

step is the individuation of the baseline, after which the algorithm searches the peaks and 

valleys, these are recognized if their heights and depths exceeded the average base level 

± SD of the fluctuation, or if the difference between one peak and the next valley exceeded 

the double the SD of the spontaneous fluctuation. The first peak was defined as the 

highest bin within a time interval that is defined by the operator, similarly the first valley 
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was defined as the shortest bin within the same interval. If the nth peak and valley were 

recognized, the next peak and valley were searched within an interval time of: 

 

𝑡𝑛 +  𝑡(𝑝𝑒𝑎𝑘) ±  
𝑡𝑝𝑒𝑎𝑘

2
 

 

Where tn is the time lag of the nth peak or valley and t(peak) is the time lag of the first peak. 

The oscillation frequency was defined as the reciprocal of the time lag of the first peak. 

The rhythm index (RI) that defined the number of peak that exceed to the baseline was 

defined by the following formula: 

 

𝑅𝐼 =  
𝑎1

𝑧
+ 

𝑏1

𝑧
+ ⋯ +  

𝑎𝑖

𝑧
+  

𝑏𝑖

𝑧
 

 

In which ai (i = 1,2,…,n) is the difference the height of the ith peak and baseline level in the 

autocorrelogram, bi (i = 1,2,…,n) is the difference the depth of the ith peak and baseline 

level, and z is the difference between the height of the zero-time bin and the baseline 

level (Figure 6). 
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3.0 Amperometric detection of quantal dopamine release 

by carbon fibers and G-SCD-MEAs 

 

Figure 7 Schematic illustration of the electrochemical detection of vesicular exocytosis 
performed at the apical pole (by CFE, left image) or at the basal pole (by microelectrode, 
right image). Note that the planar microelectrode is used both as substrate for cell 
adhesion and to detect oxidation signals. In both cases, single vesicle secretion is recorded 
as an individual current spike. The signal represents the amperometric spike. Adapted from 
Liu et al., [148]. 

Historically, the amperometric detection of exocytosis on a single cell is obtained with a 

carbon fiber microelectrode (CFE) by Wightman et al., in the 1990s [149]. Catecholamines 

are the main recorded electroactive reporters used for the electrochemical test of cell 

secretions by exocytosis. These can be detected at femto to zeptomole levels with time 

resolutions from microseconds to milliseconds. Single cell amperometer has become a 

large and widely used tool for studying exocytosis. The amperometric detection of cellular 

exocytosis has been carried out for years with a single microelectrode, providing average 

information over the entire electrode surface. Recently this technique has been extended 

by designing various micro-electrode arrays (MEAs) to collect electrochemical information 

related to specific exocytotic areas on the surface of the single cell, speed up cell 

measurement, make the measurement easier. To perform traditional amperometric test, 

a constant potential is applied to the microelectrode and the resulting current is 

monitored with time lapse. 

Integration of current spike area gives the total charge transferred Q, which is related to 

the number of moles of biomolecules released “N”. According to Faraday's law:  

https://www.sciencedirect.com/topics/chemistry/electrochemical-detection
https://www.sciencedirect.com/topics/chemistry/microelectrodes
https://www.sciencedirect.com/topics/chemistry/faradays-law
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𝑁 =  
𝑄

𝑛𝐹
 

 “n” is the number of electrons removed from each molecule and F = 96,485 C mol−1 

[149],[52], [150]. 

 

3.1 µG-SCD MEAs: micro graphitic single crystal 

diamond MEAs (Picollo et all., Scientific reports DOI: 

10.1038/srep20682) 

 

The diamond prototypes were developed during a long lasting collaboration with the 

Physics Department of Torino University (Dr. Picollo). Purpose of this research was to 

overcome various critical issues typical of the standard amperometric technique with CFE 

(carbon electrode fiber), in fact the diamond prototype characterized by: mechanical and 

chemical stability over long periods measurement, substrate transparency, 

biocompatibility, parallel multielectrode recordings and the possibility of directly 

culturing living cells on the substrate. 

The µG-SCD MEAs were realized using optical-grade single-crystal artificial diamond 

substrates by means of an advanced MeV ion beam lithography technique. This diamond-

based MEAs were realized in high-purity monocrystalline CVD (Chemical Vapour 

Deposition) diamond substrates produced by ElementSixTM (UK). The substrates are 4.5 × 

4.5 × 0.5 mm3 in size, cut along the (100) crystalline direction and optically polished on 

the two opposite large faces. The presence of low impurity concentrations ensures a good 

transparency of the substrates in the visible spectrum, up to the near UV.  

The samples were implanted at room temperature with a 1.2 MeV He+ ion beam, it was 

carried out at the AN2000 accelerator facility of the INFN Legnaro National Laboratories. 

The implantation of MeV ions induces structural damage in matter mainly at end of the 

penetration range of the ions, where the cross section for nuclear collisions is strongly 

enhanced. The high damage density induced by ion implantation promotes the conversion 

of the diamond lattice into an amorphous phase within a layer which is located   ̴ 2 μm 

below the sample surface.  The implantation fluence, F = 1.5×1017 cm−2, was chosen to 
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overcome a critical damage density (usually referred to as “graphitization threshold”) in 

correspondence of the Bragg peak and to determine the formation of a   ̴ 250 nm thick 

and    ̴2 μm deep fully amorphized layer below the sample surface [151],[151]. 

 

Figure 8 – Adapted from Picollo et al., Scientific reports DOI: 10.1038/srep20682. Deep ion 
beam lithography of synthetic diamond. (a) Vacancy density profile induced by 1.2 MeV 
He+ ions implanted in diamond at a fluence of 1.5 × 1017 cm−2. The horizontal line indicates 
the graphitization threshold, while the patterned rectangle highlights the thickness of the 
graphitic layer formed upon thermal annealing. Schematics (not to scale) of the fabrication 
a sub-superficial graphitic channel: three-dimensional view of the masked diamond (b), 
zoom of three-dimensional (c) and cross-sectional (d) view of a single channel with 
emerging end-points. The lateral features of the electrode are defined by the aperture in 
the non-contact mask (in grey), while its depth profile is defined by the contact variable-
thickness metallic mask (in yellow) [151] . 

 

The three-dimensional geometry of the implanted structures was defined by the 

combination of two masking systems, as shown in Figure 8. The first system consists of an 

array of variable-thickness copper masks directly deposited over the sample surface which 

modulate the penetration depth of the ions, thus ensuring the connection of the sub-

superficial amorphized structures with the sample surface at their endpoints [152]–[154]. 

The second system consists of a free-standing mask realized in a 15 μm thick aluminium 

foil microfabricated with high-power laser ablation. This mask is thick enough to fully stop 

the broad MeV ion beam, thus allowing the definition of the lateral geometry of the 
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amorphized regions. The two masking systems were suitably aligned to simultaneously 

define in each sample 16 amorphous-carbon micro-channels with emerging end-points. 

After the implantation, a high temperature thermal annealing, 950 °C for 2 hours in high 

vacuum, was performed to induce the permanent conversion of the amorphized regions 

to a graphite-like phase.  

As a consequence, 16 graphitic micro-channels (width:   ̴ 20 μm, length: 1.4–1.9 mm, 

thickness:   ̴ 250 nm) were obtained at a depth of ~ 2 μm in each substrate, with surface-

emerging endpoints, as schematically shown for a single channel in Figure 8 c,d. 

The device consists of 16 sub-superficial graphitic micro-channels converging into a 

central region where their endpoints (i.e. the sensing electrodes) are exposed to the 

sample surface. As a consequence of the geometrical elongation of its thickness as it 

emerges in contact with surface [154], each   ̴ 250 nm thick channel terminates with a    ̴

20 × 3.5 μm2 sensing electrode at the sample surface, and the 16 electrodes are arranged 

on a 4 × 4 square grid with 200 μm spacing. At the substrate periphery, the other emerging 

endpoints of the micro-channels provide electrical contacts for bonding to a dedicated 

chip carrier.  

The chip carrier was specifically designed to perform in vitro measurements on cells 

directly cultured on the micro-fabricated diamond substrate and was therefore equipped 

with a 1 ml perfusion chamber [151].  

3.2 Acquisition electronic chain 
 

The chip carrier was directly plugged into the front-end electronics (designed by Dr. 

Pasquarelli, Ulm university) and controlled by an acquisition software developed in 

LabViewTM environment [155], [156].  

The front-end electronics consists of 16 low noise trans-impedance amplifiers having an 

input bias current of   ̴ 2 pA and a gain, set by feedback-resistors, of 100 MΩ. The amplified 

signals were filters at 4 kHz with 4th Bessel low-pass filters and were subsequently 

acquired at a sampling rate of 25 kHz per channel. The filtered signals are then acquired 

by a 16-bit analog/digital converter working over an input range of ± 10 V. A buffered 16-

bit digital/analog converter (DAQ, the National Instruments) provides the bias voltage for 
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the catecholamine oxidation, over the common quasi-reference Ag/AgCl electrode 

immersed into the working solution. The noise level was evaluated in spike-free trace 

segments and then averaged over the 16 electrodes, leading to a mean amplitude of 5.5 

± 0.7 pA, with a mean signal-to-noise ratio (S/N) of   ̴ 3 [157],[158]. 

 

Figure 9 Left:  Electronic board with a diamond prototype inserted, connected to the ADC 

(white NI board) through a 6° order Bessel filter. Right: magnification of electronic board 

with a diamond prototype. 

      3.3 Electrical characterization (Tomagra et all., Sensors, 

Lecture Notes in Electrical Engineering 539, doi.org/10.1007/978-

3-030-04324-7_17) 
 

The graphitic microchannels of both devices were electrically characterized before 

performing the cell sensing. 

I-V characteristics of the graphitic electrodes were measured to identify their conduction 

properties. Figure 10 shows linear trends indicating that the electrodes have an ohmic 

conduction with resistances comprised between 5 k and 9 k, which correspond to a 

resistivity of ρ ∼ 1.3 mcm, once the geometrical parameters are suitably taken into 

https://doi.org/10.1007/978-3-030-04324-7_17
https://doi.org/10.1007/978-3-030-04324-7_17
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account. This value is in very satisfactory agreement with that of nanocrystalline graphite 

(ρ ∼ 1.3 mcm) [154], [158], [159]. 

 

 

Figure 10 Current-voltage characteristics of 16 graphitic electrodes [158]. 

In Electrochemical Impedance Spectroscopy measurements (EIS), a sinusoidal voltage of 

10mV and variable frequency is applied, with the help of a potentiostat, between the 

working and the counter electrode and monitored by means of a reference electrode (3-

electrode cell), thus measuring the total complex impedance of the circuit. EIS 

measurements were performed using a water-based electrolyte (PBS, phosphate buffer 

saline). The AC signal frequency varied between 0.1 Hz and 100 kHz with seven discrete 

points per decade, while the DC potential was kept constant at 0 mV. Figure 10 a, b reports 

the data of a representative channel. The module and phase of the impedance |Z| as a 

function of the modulation frequent (Bode plot) were fitted using the equivalent circuit 
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Figure 11 a Bode plot of a representative channel. The black squares represent the 
measured values, while the solid lines represent the fit considering the equivalent circuit 
reported in panel (c). b Nyquist plot. The red circles represent the measured values, while 
the black squares represent the values calculated using the fit results. c Equivalent circuit 
used to fit the experimental data. The first circuit mesh corresponds to a double layer 
imperfect capacitor Q, placed in parallel with the resistance due to charge transfer and the 
impedance due to the diffusion (the Warburg element ZW). In addition to these elements, 
a second RC circuit (to the right) is considered to account for the bulk of the electrode 
[158]. 

 

reported in Figure 11c. Best-fit parameters were used to calculate the imaginary part of 

the impedance as function of the real part of the impedance and were compared with the 

experimental data, as shown in Figure 11b, indicating good agreement between model 

and experimental data [158].  

Cyclic voltammetry (see Figure 12) was performed to evaluate the sensitivity of μG-SCD-

MEA electrodes to detect dopamine. A physiological saline solution (Tyrode solution) 

containing (in mM) 128 NaCl, 2 MgCl2, 10 glucose, 10 HEPES, 10 CaCl2 and 4 KCl (pH 7.4), 

and a Tyrode solution containing dopamine at different concentrations (25 and 100 μm), 

were employed in these tests. A triangular voltage waveform, ranging from −0.5 and +1.1 

V, and with 20 mVs−1 scan rate was applied to the graphitic electrodes. 

The solution was grounded with a quasi-reference Ag/AgCl electrode. No redox activity 

was observed using the Tyrode solution in the anodic interval of the hydrolysis window, 
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i.e. up to a polarization voltage of +0.9 V. Under these conditions, a leakage current of 

less than 10 pA was measured at +0.6 V. 

 

 

Figure 12 Steady-state ciclic voltammograms of tyrode in control (0 M) and with 

dopamine solution at different concentration (25, 100 M) [158]. 

The width of the electrochemical window of the graphitic microelectrodes allows the 

detection of the oxidation peak of dopamine, located between + 0.5 V and + 0.8 V, as 

shown in Figure 12. On the basis of these results, the optimal bias voltage for the 

subsequent amperometric measurement was set to +  0.8 V, i.e. in correspondence of the 

maximum value of the ratio between the voltammetric signals of dopamine oxidation and 

water hydrolysis [158]. 
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Chapter 3 
 

Firing properties of cultured 

midbrain dopaminergic neurons 
 

In my experimental model, dopaminergic neurons are obtained by enzymatic dissociation 

from the substantia nigra (SN) (see materials and methods) even though, we cannot 

exclude a contamination by the adjacent ventral tegmental area (VTA), the globus pallidus 

and subthalamic nucleus. The SN in turn is subdivided into the substantia nigra pars 

compacta (SNc) mainly consisting of dopaminergic neurons modulated by GABAergic 

neurons and substantia nigra pars reticulata (SNr), consisting of GABAergic neurons. 

Moreover, different dopaminergic neurons belonging to the SN are characterized by 

different electrophysiological properties, as described in the chapter 1 [160]–[162]. The 

tegmental area is mainly composed of dopaminergic neurons synaptically connected to 

each other, but also with glutamatergic and GABAergic neurons [163]–[165]. A 

subpopulation of glutamatergic neurons has been described within the VTA, representing 

a glutamatergic modulatory pathway on dopaminergic neurons [166]. 

Because of this heterogeneity, I initially monitored the electrical activity of the whole 

network over time, and then I quantified the role of inhibitory and excitatory components 

to isolate the contribution of dopaminergic neurons. 

1.0 The firing mode of midbrain neurons switches from 

isolated spikes to burst-driven activity along with the 

network development (Tomagra et al., in preparation) 
 

In a first series of experiments I focused on monitoring the spontaneous firing of cultured 

mesencephalic neurons. The measurements were made using the MEA (Multi-Electrode 

Array). As previously described (see chapter 2: Materials and Methods), this experimental 

approach allows to simultaneously record the electrical activity from 60 electrodes and to 
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carry out repeated measurements over time, from the same cell preparation, because of 

sterility conditions are preserved. The recordings were made inside an incubator, under 

standard temperature (37 °C) and CO2 (5%) conditions. The electrical activity of 

mesencephalic neurons was studied by keeping the cells in their culture medium (see 

Materials and Methods) and was monitored during the first three weeks of their 

development, respectively at 7, 9, 11, 14, 16, 18 and 21 DIV (days in vitro). 

In figure 1A, 7 representative traces, detected from the same electrode over time, are 

shown: these represent the spontaneous activity of the network evolving from 7 DIV until 

21 DIV. At 7 and 9 DIV the firing was mainly characterized by single spikes, generated with 

low frequency: respectively 2.27 ± 0.11 Hz and 2.84 ± 0.14 Hz (p > 0.05). At 11 DIV the 

firing rate significantly increased to 4.07 ± 0.15 Hz (p < 0.05).  Otherwise, from 14 DIV to 

21 DIV, a further slight increase was observed, which however was not statistically 

different with respect to the one measured for 14 DIV neurons, as shown in the histogram 

in Figure 1B. I also observed an increase in the number of active electrodes, a 

phenomenon clearly linked to the development and maturation of the network. This is 

shown in figure 1C:  the number of active electrode increased from 50% (7 DIV) to 72% 

(14 DIV, p < 0.05), whereas remained unaltered in the range 14-21 DIV (NMEA = 15). Thus, 

since 14 DIV is a critical stage for network maturation, I considered the network mature 

at 14 DIV.  

For what concerns the distribution of the firing rates at 14 DIV, values are broadly 

scattered from 0.1 to 40 Hz (Figure 1D). By setting a threshold at 4.5 Hz [8], I found that 

55% of neurons were spontaneously firing at low frequency (1.59 ± 0.05 Hz), whereas 45% 

fired at 10.2 ± 0.2 Hz [11]. As mentioned in the introduction, this expected variability of 

the firing rates is due to the variability of dopaminergic and non-dopaminergic neurons in 

the network [11], [160]. In Figure 1E, the distributions of the firing frequency values are 

showed in the range 9-21 DIV. 
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Figure 1 A: Seven representative traces from 7 to 21 DIV. B: Histograms of mean firing rate 

from 7 to 21 DIV. C: % of active electrodes from 7 to 21 DIV. D: firing rate distribution at 

14 DIV. E: distributions of the firing frequency values in the range 9-21 DIV. 

After measuring the firing rate, I also compared, among the young (7-9 DIV) and the 

mature neurons (>14 DIV), the waveform and peak amplitude of the extracellular action 

potentials. I limited this analysis only to biphasic waveform signals, characterized by a 

pronounced negative peak followed by a positive peak (antipeak).  

Two representative examples of peak amplitudes at 7DIV and 14 DIV (from the same 

electrode) are shown in figure 2. On average, the negative peak, for 7-9 DIV neurons, had 

a mean amplitude of -30.0 ± 1.4 μV and was followed by a smaller antipeak (11.9 ± 0.5 μV) 

[167]. In elder neurons (14-21 DIV), the amplitude of the antipeak was still distributed 

around a unique value (21.7 ± 0.8 μV), while the distribution of negative peaks shows 

three different peaks distribution, centered at -49.0 ± 2.4 μV, -155 ± 27 μV and -218 ± 20 

μV, respectively (Figure 2). Different hypotheses have been put forward to explain this 

phenomenon: (a) as reported in recent studies [168], [169] on high density MEA (HD-

MEAs) as the network matures, neuronal interconnections increase, depending on the 

area of the neuron (soma axons or dendrites) located above the electrode varies the 

amplitude of the recorded signal; (b) another possibility is that there is a remodelling in 

the distribution of ion conductance’s during the development of the network; (c) last but 
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not least, the presence of the burst that before the 14 DIV is not well developed, this in 

fact is characterized by a first larger amplitude peak and the following ones that decrease 

in amplitude. 

 

Figure 2 A representative traces at 7 and 14 DIV from the same electrode, B:  peak 

amplitude distributions (NMEA = 15).  

Thus, until 9 days in culture, only isolated peaks are observed (Figure 2), while after 14 

DIV, the occurrence of burst begins and progressively increases with the development of 

the network. A burst is described as a set of action potentials generated in rapid 

succession and followed by a period of relative quiescence [170]. In dopaminergic 

neurons, burst generation can be associated to NMDA receptor activation and GABA-

mediated disinhibition [171]. Figure 3A shows three representative recordings, acquired 

consecutively from the same electrode at 11, 14 and 21 DIV, respectively. The average 

progressive increase in the number of bursts is shown in the histogram in Figure 3D. 

 A quantitative detection of burst activity can be performed by analyzing the interspike 

interval (ISI) distribution.  As reported by Chen et al. [172], it is possible to define the type 

of firing, if characterized by single spikes (sporadic) or bursts, by analyzing the ISI. I 

analyzed the number of cases for each MEA of sporadic and burst firing over time from 7 

to 21 DIV (Figure 3C). As shown in Figure 3C, the ISI distribution may drastically vary 

among sporadic spike generation and burst-driven activity [173]. Sporadic firing has a 

broad heterogeneous ISI distribution, whereas burst firing pattern displays a single-peak 

distribution (Figure 3B). I used this method for measuring the number of electrodes that 

a

A
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were detecting burst activity or sporadic spike firing (NMEA = 15, Figure 3C). It is possible 

to observe that at 14 DIV there is a trend inversion, characterized by an increase in the 

burst firing respect to the sporadic single-spike firing mode. Number of bursts 

progressively increased from 7 to 21 DIV, together with the number of spikes / bursts 

(Figure 3D), whereas burst duration does not exhibit significant variations. 

 

Figure 3 A: Representative traces at 11, 14, 21 DIV acquired from the same electrode. 

Examples of bursts are indicated by the black asterisks, while the red asterisk indicates the 

one shown in the enlargement. B: Interspike interval distribution in sporadic (black trace) 

and burst (red trace) activity. C: percentage of number of electrodes that were detecting 

burst activity or sporadic spike firing. D: Burst analysis histograms: number of burst, mean 

burst duration, % spikes in burst. 
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2.0 Modulation of the firing rate and the synchronism by 

GABAergic and glutamatergic input 
 

In a successive series of experiments, I studied, through the use of selective blockers, the 

role of glutamatergic and GABAergic tone in the regulation of the network spontaneous 

activity and the network synchronism. It is reported that in dopaminergic neurons, the 

generation of bursts is associated with the activation of NMDA receptors mediated by the 

disinhibition of the GABAergic tone [174].  

To this purpose, mature neurons (14 DIV) were exposed to picrotoxin (100 μM), APV (50 

μM) and DNQX (20 μM). Drugs have been acutely applied to sequentially and selectively 

block GABAA, NMDA and AMPA/kainate receptors and thus reveal the involvement of the 

specific neurotransmitters. 

 

 

Figure 4 A: representative traces in sequence of the recordings made in control condition 

at 14DIV, after administration of picrotoxin, APV and DNQX, and relative magnification of 
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a burst. Under each recording there is the relative raster plot.  B: histograms representing 

the mean firing rate, the mean number of bursts, the mean burst duration, the % spikes in 

bursts and (C) the cross correlation index. 

Administration of picrotoxin caused a significant increase of the firing rate, from 5.4 ± 0.2 

Hz to 10.3 ± 0.4 Hz (p < 0.05, Figure 3A, B). Similarly, picrotoxin caused a comparable 

increase of the number of bursts, the duration of the burst and the percentage of peaks 

during the burst. These data are in good agreement with the records, which show that the 

GABA-mediated inhibition of nigral dopaminergic neurons in vivo arises from the 

collateral axons of pars reticulata projection neurons [174]. The subsequent 

administration of APV did not produce a significant change in firing, only a decreasing 

trend can be observed compared to the previous administration with picrotoxin (9.7 ± 0.4 

Hz). On the contrary, the addition of DNQX drastically reduced the firing frequency to 2.9 

± 0.2 Hz (p < 0.05), as well as the burst parameters, confirming the role of glutamate 

receptors in the burst activity [175]–[177]. Recent evidence suggests that, in addition to 

glutamatergic excitatory inputs from the subthalamic nucleus, excitatory cholinergic and 

glutamatergic inputs can arrive from the PPN (pedunculopontine nucleus) [178]; 

furthermore, glutamatergic neurons were also recently discovered in the VTA [179]. 

This reduction in mean discharge rate respect to control conditions suggests that a basal 

glutamate tone is driving the network [179].  

 

3.0 Synchronization of midbrain neurons  
 

The functional connection within neuronal networks in vitro can be analyzed by 

measuring the synchronism of the network [180]. Synchronization is quantified by cross-

correlation histograms (CCH) [146], [181]. 

Cross-correlation compares two-time series of signals and objectively find how they 

couple over time, and in particular where the best match occurs. The cross-correlation 

can therefore reveal the periodicity in the data. In the case of the MEA, a reference 

electrode is identified with respect to all the other electrodes that are defined as targets, 

the more synchronized the two signals, the greater the cross-correlation peak. 
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The time-lag refers to how much the signals are offset, two ideally synchronous signals 

are spiked to 0, in general there is always a time delay, so that the sign of the time-lag 

determines which signal is displaced with respect to the other. Note that as the delay 

increases, the number of possible matches decreases because the signals "hang" at the 

ends and do not overlap. The value of the delay with the highest correlation coefficient 

represents the best fit between the two sets of signals. The sampling interval delay time 

provides the length of time one signal precedes or follows the other [182]–[184]. 

I observed that, under control conditions, immature midbrain neurons show low 

synchronism. This was quantified by measuring the maximum CCH peak probability 

(0.05%). On the contrary, this value increased up to 0.13% and 0.24%, respectively for 14 

and 21 DIV neurons. This is in accordance with the development of the network over time, 

not only increases the frequency and the burst parameters, but also the synchronism of 

the network as expected [185]. The addition of picrotoxin (14 DIV) dramatically enhances 

the CCH peak (0.21%), indicating improved synchronization and suggesting that the 

gabaergic input exerts a negative control on the network synchronization. Thus, GABAA 

receptors influence both the initiation of the burst and the timing of the burst. The 

subsequent addition of APV has no significant effect, while a drastic reduction of the CCH 

peak is observed in the presence of DNQX (0.11 %), indicating that synchronous activation 

in the mature network depended on AMPA / kainate receptors. 

 

Another information about the network synchronism can be inferred by measuring the 

position of the CCH peak probability respect the time lag 0. When the CCH peak is 

centered at 0 ms, no delay offset exists between the spike trains revealed by a pair of 

electrodes, which have been randomly selected respectively as reference and target 

electrode [169], [186]. On the contrary, when the CCH peak is shifted from 0 ms, this 

indicates that activation of one electrode is delayed (or anticipated) respect to the other 

one. Under control conditions (14 DIV, without GABAergic and glutamatergic receptor 

antagonists), the mean CCH peak was centered around 1.16 ± 0.31 ms. Three 

representative CCH (control condition) are shown in Figure 5A. CCH peak values are 

described by a gaussian distribution, whose mean value is 1.13 ± 0.31 ms (Figure 5C). In 

this condition it is possible to define that neither neuron drives the other, probably 

because the network is in equilibrium between the excitatory and the inhibitory input. 
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On the other hand, as a consequence of the addition of picrotoxin, the CCH maximum 

peak probability was enhanced (Figure 5B), but also exhibited a significant (positive or 

negative) time lag. On average, the positive shift was 26 ± 1 ms and indicates that the 

activation of the reference electrode respectively precedes the activation of the target 

electrode, while the opposite occurs for the negative shift -27 ± 2 ms. As described by 

Opalka et al. [168], if the peak is shifted to the left it means that the reference neuron 

fires slower than the target neuron, on the contrary, if shifted to the right, the reference 

neuron fires faster than the target neuron. This suggests that one of the two signals 

(inhibitory / excitatory) prevails over the other and is therefore conditioned by it. 

Therefore, if the reference neuron, for example, is excitatory while the target neuron is 

inhibitory, it will activate faster than other, and conversely. This defines the importance 

of a correct balance in a neuronal network between inhibition and excitation. 

 

 

Figure 5 Cross correlogram at 14 DIV in control condition (A) and after picrotoxin 

administration (B). C: Distribution of the time lag (ms). 

Another important conclusion that can be drawn from these results is related to the fact 

that, after the administration of glutamatergic and GABAergic antagonists, a residual 

spontaneous activity persists and the network is not completely silenced, suggesting a 
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role of dopaminergic neurons.  This is different from what observed in cultured 

hippocampal neurons [187], which are completely silenced by the addition of 

glutamatergic antagonists.   

For this reason, next step was to investigate the role of dopaminergic neurons within the 

network. 

 

4.0 The pacemaking activity of cultured midbrain 

dopaminergic neurons  
 

The addition of GABAergic and glutamatergic antagonists allowed us to quantify the 

contribution of dopaminergic neurons in the overall firing of the network. Since a 

peculiarity of these neurons is related to their pacemaking activity, this has been 

quantified by measuring the existence of multiple equally spaced peaks in the 

autocorrelograms [11]. Autocorrelation defines the degree of cross-correlation of the 

signal with itself. This means that the signal at instant t is compared with the value of the 

signal at instant t + t to verify how much it correlates with the progress of time. If the 

autocorrelation between two values of t is proved, as one of the two varies, the other will 

also vary. So autocorrelation is nothing more than the cross-correlation of the signal with 

itself [188]. 

I separated neuronal populations by quantifying the firing frequency and the number of 

symmetric peaks of autocorrelogram that exceed the 99% confidence level, according to 

the procedure described in  [146]. The peaks of the autocorrelogram are an intrinsic 

property of the degree of synchrony of the neuron, depending on the number of peaks 

and valleys present it is possible to define the different neuronal populations of your 

model (see materials and methods).  

In order to distinguish among the different firing of dopaminergic neurons, I followed the 

protocol described by Berretta et al. [11] on SN slices. Interfacing SN slices with the same 

multi-electrode arrays (MEA) that I used, Berretta and colleagues demonstrated that most 

of SN dopaminergic neurons (50.21%) had a low discharge frequency (1-3 Hz) and a stable 

pacemaker-like pattern, while others (44.84%) were sporadic, but are characterized of a 

low frequency. The remaining population (4.95%) included neurons with higher regular 

activation in frequency (5-10 Hz). This allowed therefore defines three populations: the 
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low rate (LR), including the pacemaker (LRp) the not-pacemaker ones (LRn-p), and the high 

rate (HR). Thus, I decided to study whether such a parallelism observed on the slice model 

could be applied even on dissociated dopaminergic neurons [11]. 

I found that in 21% of cases neurons were characterized by high firing rates (HRp) (9.2 ± 

0.5 Hz) and were accompanied by more than four consecutive peaks in the 

autocorrelogram, thus revealing regular activity [11]. The autocorrelation probability 

measured on the first of the repetitive peaks was 18.21 ± 1.12 % and CV 0.62 ± 0.04.  

Another set of pacemaking neurons exhibited low frequency values (low-rate pacemaking 

neurons, LRp), with 2.9 ± 0.1 Hz firing rate, and more than three consecutive peaks in the 

autocorrelogram. These were contributing to 8% of the total population, the 

autocorrelation probability measured on the first of the repetitive peaks was 21.36 ± 0.73 

% and their mean CV was 0.67 ± 0.07.  

Finally, low rate not pacemaking neurons were firing at 0.76 ± 0.05 Hz and showed one 

consecutive peak in the autocorrelogram, with a first peak spike autocorrelation 

probability 7.47 ± 0.43 % and CV was 0.92 ± 0.03. 

These data are in perfect agreement with what reported by Berretta et al. for the same 

experiments performed on substantia nigra slices.  

All these results further confirm that cultured dopaminergic neurons represent a reliable 

model and exhibit functional properties which are comparable to those observed in slices. 
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Figure 6. HR-p (top), LR-p (middle) and LRn-p (bottom) neurones. A. The spike time 

autocorrelograms are represented, while on the right the inter-spike interval histograms 

are represented. Horizontal dotted lines in the autocorrelograms indicate 99% confidence 

limits [25]. B Scatter plots of the basal firing rate vs. coefficient of variation (CV), showing 

fairly distinct clusters, corresponding to the three different populations. 

 

After the characterization of the network of dopaminergic neurons of the midbrain in 

dissociated culture, I studied the effects that exogenous -synuclein oligomers may exert 

on the firing activity. I performed these experiment by combining MEA and patch-clamp 

recordings, the latter in current-clamp mode. 

 

 

 

 

A 

B 
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Chapter 4  

 

Time- and dose-dependent 

alteration of the firing rate by 

exogenous α-synuclein  
 

α-synuclein (aSyn) is a presynaptic protein involved in the processes of exocytosis and 

endocytosis [80], [189], [190]. Despite its consolidated physiological role, α-synuclein 

(aSyn) is still a subject of study. Under physiological conditions it is a soluble protein, but 

for reasons still unclear, insoluble protein aggregates can be created, with altered 

structure (protein misfolding), known as Lewy bodies, involved in the neuronal 

degeneration that characterizes Parkinson's disease. The mechanism driving the change 

from the normal conformation to the pathological one that generates aggregates is still 

not clear, but one hypothesis is that it may be attributable to an alteration of specific 

genes that code for aSyn or to errors in the appropriate mechanism to the metabolism of 

altered proteins [191]–[193]. 

It is also believed that aSyn accumulated on the extracellular side can be internalized in 

neurons through non-selective endocytosis or receptor-mediated endocytosis [194], 

propagating toxicity from one cell to another (spreading). 

Recent evidence indicate that extracellular aSyn oligomeric aggregates, that precede fibril 

formation, may be the most neurotoxic species [195], [196]. The in vitro application of 

aSyn oligomers mimicked the synaptic effects observed in vivo in Parkinson's disease 

models [197]. 

For all these reasons, the goal of these experiments is to investigate, through the use of 

MEAs and conventional electrophysiology, the effects of aSyn oligomers accumulated on 

the extracellular side. I studied the effect of exogenous aSyn at different concentrations 

on mesencephalic neurons by measuring the activity of the network in acute, after 24 

hours and after 48 hours. The measurements were initially carried out at 14 DIV, since as 
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described in chapter 3, the network can be considered mature. But once the 

concentration was defined, I also studied the effect of aSyn on an immature network. 

Since the measurements have been carried out through the MEA, and this approach 

provides information on the whole network, next I evaluated the specific effect that aSyn 

has on dopaminergic neurons using the patch-clamp technique, by identifying TH-GFP 

positive (dopaminergic) neurons. 

 

1.0 Effect of aSyn at different concentrations in a mature 

network (14 DIV) 
 

In a first series of experiments, I tested the effects of extracellular aSyn on the 

spontaneous firing, by varying the exposure time and the concentration of applied aSyn 

(Figure 1). These trials have been performed using MEAs. 

 

Figure 1 A Dose- and time-dependence effect of aSyn. Representative traces are shown at 

different concentrations (300 nM, 500 nM, 1 μM, 70 μM): in control condition, in acute 

and after 48 h exposure. B Dose-response curve showing % variation of the firing rate 

versus increasing aSyn concentrations. C Mean firing rate in control condition, acute and 

after 48h at 4 different concentrations. D time-dependence of frequency reduction as a 
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function of the exposure time (acute exposure, 24 hours and 28 hours for 48h at 1 μM 

concentration). 

Firing rate was monitored in control condition, immediately after aSyn exposure (acute), 

after 24 and 48 hours. aSyn-treated cells were always compared with a control sample at 

the same DIV. I performed a dose-response test at different concentrations (0.1, 0.3, 0.5, 

1 and 70 μM). As it can be seen from figure 1, in the presence of 300 and 500 nM aSyn, 

both in acute and after incubation for 48h, the firing frequency is not significantly changed 

compared to the control condition (p > 0.05). At concentrations of 1 μM and 70 μM, in 

acute, no significant differences are observed, but after incubation for 48 h the firing 

frequency is significantly reduced by 35% (1 μM) and 55% (70 μM) respect the control 

condition (p < 0.05).  

Thus, we decided to use 1 M for future experiments. In more details, at 1 μM, the firing 

rate decreased from 5.43 ± 0.67 Hz to 4.10 ± 0.19 Hz after 24 hours (p < 0.05) and 5.91 ± 

0.79 Hz to 3.44 ± 0.18 Hz after 48 hours (p < 0.001, Figure 1D). After 48h I observed a 

significant decrease in firing, for this reason I carried out tests to verify if the effect was 

actually due to the formation of aSyn oligomers. 

To validate the presence of aSyn oligomers, in collaboration with Dr. Federico Cesano 

(Department of Chemistry, Torino University), we have performed some trials using the 

AFM (atomic force) microscope. As shown in Figure 2, after 48h of incubation at 37 °C, 

using a concentration of 1 μM, we found that the height and width of the oligomers were 

in the range of few micrometres. These data are comparable with those reported in the 

literature [198]–[200], thus confirming the formation of the oligomer structures in our 

experimental conditions. 
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Figure 2 AFM measurement, A: 2-dimensions oligomeric profile; B: High (y) and weight(x) 

of different oligomeric form defined in the picture A with number from 1 to 5; C: 3-

dimenson oligomeric from profile. 

Next, I investigated whether aSyn oligomers, besides causing a reduction of the 

spontaneous firing frequency, could also induce an altered firing mode. I found that the 

reduction of the firing frequency after aSyn 48 h exposure was associated to a reduced 

number of bursts, which decreased from 24 ± 1 to 15 ± 1, and to an increased burst 

duration and number of spikes/bursts (Figure 3A-B). Change of the burst activity was also 

by comparing the ISI (interspike interval) in control and after aSyn exposure. As can be 

seen in Figure 3C, after 48 h exposure, the mean number of neurons exhibiting burst 

decreases while under control conditions the network is more burstly and not sporadic, 

in ordinate it was counted for each channel of each MEA (NMEA = 10) when the channel 

has a typically sporadic ISI and when instead it is typically burstly (as shown in figure 3A, 

chapter 3).  

I also observed that the cross correlogram after 48h is significantly different compared to 

the control condition measurement: the cross correlogram peak decreases from 0.137 ± 
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0.004 to 0.101 ± 0.004 (Figure 3B, p < 0.05). This data indicates that another effect of 

synuclein is an impairment of the network synchronism. 

 

 

Figure 3 A representative trace in control condition, in acute and after aSyn exposure for 

48h, with a corresponding enlargement of a representative burst. B The burst parameters 

in acute and after exposure for 48h: number of burst, mean burst duration, % spikes in 

burst and cross correlation index. C Mean percentage of electrodes exhibiting burst 

activity, measured counting for each channel of each MEA (NMEA = 10) when the channel 

has a typically sporadic ISI and when it is typically burstly (as shown in figure 3A, chapter 

3) (in control condition at 14DIV and after 48h exposure to aSyn for sporadic firing is 

represented in grey, the burst firing in green). 

2.0 aSyn is uneffective on young neurons (9 DIV) 
 

Since, through the use of MEAs, we can monitor the evolution of the neuronal network 

[201], [202], I decided to study whether the effect exerted by aSyn on a mature network 

(previous paragraph) is analogous to the effect exerted on an immature network. For this 
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reason, I performed the same experiments on a young (9 DIV) neurons, which are 

characterized by few bursts and mostly absent synchronism. 

 

 

Figure 4 Top. Representative traces in control condition (9 DIV) and after 48h exposure to 

aSyn. Below. Mean frequency histogram and ISI histogram in control condition and after 

aSyn incubation for 48h. 

As expected, acute exposure to aSyn, did not significantly altered the firing frequency, 

even for immature neurons, as observed for mature neurons. Same conclusions can be 

drawn even after 48 hours’ exposure:  aSyn was still uneffective on young neurons, 

whereas drastically impaired the firing frequency of mature neurons. More experiments 

will be needed to better understand this phenomenon.   

 

 

 



66 
 

3.0 aSyn-reduction of the firing rate is reversed by MVIIC  
 

After studying the effect of aSyn on the whole network, I focused on studying the effect 

exerted by aSyn on dopaminergic neurons. These measurements were carried out using 

the patch-clamp technique, in order to limit this trials to GFP-stained dopaminergic 

neurons. 

To this purpose, I blocked both the inhibitory and excitatory synapses (by applying 

picrotoxin (100 μM), APV (50 μM) and DNQX (20 μM)). Recordings were conducted on 

mature cells, exposed for 48 h to 1 M aSyn. 

I measured the cell activity in current-clamp mode. Even in these conditions, 

dopaminergic neurons are spontaneously firing, similarly to what observed from the MEA 

trials (see figure 1).  Without applying any stimulating pulse, as can be seen in figure 5, 

and as already emerged from the tests at the MEA, in the presence of aSyn the frequency 

is significantly reduced, varying from 3.1 ± 0.3 Hz to 1.7 ± 0.1 Hz (N= 10, p < 0.05). 

 

Figure 5 Top, representative trace in control condition (black) and after 48h aSyn (1 μM exposure (red). Below (left) 
histogram of the mean firing frequency and (right) images of TH-GFP midbrain dopaminergic neurons. 

Thus, this experiments confirms that exogenous aSyn oligomers, impair both the 

spontaneous activity of dopaminergic neurons (current clamp experiments) and the 

spontaneous activity of the whole network (MEA). Future trials will be necessary to 
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understand whether the inhibition of the dopaminergic tone is also associated to altered 

firing of GABAergic and glutamatergic neurons. 

In a successive set of experiments, I studied the effects of aSyn oligomers on dopaminergic 

neurons stimulated by current pulses of increasing amplitude. 

In spontaneous firing conditions (0 pA injected), as already observed in the previous 

experiment, the firing frequency is drastically lowered by aSyn. 

In the pulsed protocol, pulses increasing current amplitude were applied (20 pA steps). 

The results observed are exactly the opposite of the expected ones:  

• without aSyn (control condition), the frequency increases proportionally to the 

applied current pulse.  The average frequency is 2.73 ± 0.56 Hz (0 pA), 3.98 ± 1.23 

Hz (+ 20 pA), 5.47 ± 1.62 Hz (+ 40 pA), 5.23 ± 1.37 Hz (+ 60 pA); 

• after aSyn exposure, 20 pA pulses were sufficient to produce a dramatic increase 

of the firing rate, whereas under control conditions the same step caused only a 

moderate increase. This different behaviour among control and aSyn-treated 

neurons persists for current pulses > 20 pA: 7.39 ± 1.15 Hz (+ 20 pA), 9.79 ± 1.77 

Hz (+ 40 pA) and 8.21 ± 1.48 Hz (+ 60 pA). 

So, it is possible to conclude (figure 6) that in a pulsed protocol aSyn significantly increases 

the firing frequency at each pulse, but adapts much earlier than the control condition. 

Infact by applying stimuli of increasing intensity from 20 to 40 pA, the firing frequency 

doubled compared to that observed in the control condition. Preliminary data suggest 

different adaptation of the firing frequency: the firing date decreases by 40 ± 5 % control 

and by 70 ± 3 % after aSyn incubation. Though, further experiments are needed to confirm 

these findings. Another interesting parameter is the derivative of the voltage over time ( 

dV/dt ), which represents the rising phase, or the speed with which the action potential is 

generated. This parameter is closely related to the role of Nav and Cav channels. After 

incubation with aSyn, the rising phase is significantly higher than in control (control 

condition: (102.01 ± 14.62) mV/ms, aSyn: (151.30 ± 10.85) mV/ms, p < 0.05). This may 

suggest that a different recruitment of Nav and Cav involved in the rising phase of the AP. 

More studies will be needed to better understand this effect. 
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Figure 6 A: Frequency variation vs pulse (o pA, +20 pA, +40 pA, + 60 pA); B: Barr plot of derivative of voltage over time 
in control condition (black) and after aSyn post 48h (red); C: phase plane plot in control condition (black) and after aSyn 
post 48h (red); D: representative pulse trace in control condition (black) and after aSyn incubation (red). 

4.0 MVIIC restores the firing rate 
Cav2.2 are targeted to presynaptic nerve terminals where they open in response to 

incoming action potential [203], [204]. The ensuing entry of calcium ions then triggers the 

fusion of synaptic vesicles, culminating in the release of neurotransmitters into the 

synaptic cleft [205].  

Recent evidence [206]–[208] suggests that aSyn selectively activates Cav2.2 channels, and 

this activation correlates with increased neurotransmitter release. In particular, it has 

been observed that in vivo microdialysis of aSyn into the striatum, leads a tonic increase 

of dopamine, this is attributable to aSyn accumulation in the synaptic cleft [206]. 

 

I therefore carried out some tests using chronic MVIIC (2 M), to block Cav2.1 and Cav2.2 

channels. As can be observed in Figure 8, significant difference appears in the firing rate 

between the control condition and with MVIIC (control condition: 3.07 ± 0.10, MVIIC: 2.83 

± 0.21, p > 0.05). These data confirm that Cav2.1 and Cav2.2 do not contribute to the 

spontaneous firing of DA neurons. 
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Then, I repeated the experiment by incubating with aSyn for 48h, and by administering 

chronic MVIIC after aSyn incubation. In these conditions, I found that by MVIIC reversed 

the aSyn-induced effects on the firing rate. The basal firing rate increased the values 

comparable with those of the control condition (aSyn post 48h + MVIIC: 4.98 ± 0.95 Hz). 

From these trials, we can therefore conclude the blocking effect of MVIIC could represent 

a mechanism for restoring the firing activity.  

 

Figure 7 Left: Representative traces and the corresponding histogram of the firing frequency in control condition, aSYN 
post 48h, MVIIC and aSYN post 48h + MVIIC. Right:  relative bar plot histogram. 
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Chapter 5 
 

Role of calcium channels in 

sustaining the firing and the Ca2+ 

dependent secretion of midbrain 

dopaminergic neurons (by means 

of conventional electrophysiology)  
 

After characterizing through the use of MEA the firing patterns of midbrain neuronal 

networks, I investigated the electrophysiological properties of single dopaminergic 

neurons and, in particular, I focused on the contribution of calcium channels in sustaining 

the spontaneous firing and in regulating the Ca2+-dependent exocytosis.  

For these experiments, I used the patch-clamp technique, both in the current-clamp 

configuration, to measure the action potential firing, and, in the voltage-clamp 

configuration, to detect the contribution of ion channels and to measure the membrane 

capacitance increases (Cm).   

 

• Cav1.3  

It is well known that L-type Ca2+ channels, in particular isoform Cav1.3, contributes to the 

autonomous activation of dopaminergic neurons of the substantia nigra pars compacta 

[205], [209]. Besides having a role in the spontaneous firing, it was demonstrated that the 

activity of Cav1.3 channels supports the release of dopamine [210], [211]. Infact, DA 

release is crucial for voluntary movement and it is strictly Ca2+- and electrical activity-

dependent. Indeed, the continuous supply of dopamine to the different brain areas, e.g. 

striatum is guaranteed by an autonomous pacemaking mechanism, which occurs in the 

absence of normally synaptic input, but it is orchestrated thank to the action of different 

ion channels. The presence of voltage-dependent L-type Ca2+ channels allow calcium entry 
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with an oscillatory pathway and contribute to the membrane potential threshold [19], 

[20], [211], [212]. Recent evidence shows that DA itself, upon release, acts in a negative 

feedback vicious circle in which binding to D2-receptors inhibits DA neurons electrical 

activity and further DA release, but both Ca2+ influx and receptor desensitization limit this 

action [28], [136], [211]. Some in vivo studies showed neuroprotection by the systemic 

administration of dihydropyridine (DHP) L-type channel blockers in 6-OHDA and MPTP 

animal models of PD thus further supporting a role of LTCCs as potential neuroprotective 

drug target [213]. 

In addition to L-type, other types of Cav expressed in SN DA neurons, such as Cav2.3 (R-

type) [214]–[216] may also contribute to pacemaking activity and to Ca2+-induced 

metabolic stress in SN DA neurons. 

• Cav2.3 

Cav2.3 is abundantly expressed in mature SN dopaminergic neurons and contributes to 

activity-related Ca2+ oscillations. Benkert et al. [14], indicated that Cav2.3 contributes 

significantly to Ca2+ fluxes and Ca2+ currents upon pacemaking in the somata of SN 

dopaminergic neurons. Currently, it remains also unclear to which extent Cav-mediated 

Ca2+ oscillations [212], [217] in dopaminergic neurons are coupled and amplified by Ca2+-

induced Ca2+ release from intracellular Ca2+ stores [218]. 

However, a lot of evidence support the idea that Ca2+ and DA are two critical components 

in the PD disease, but the complexity of DA metabolism that includes an autoregulatory 

nature of DA secretion and its relationship with Ca2+ channels is still an obscure issue. The 

development of novel neuroprotective strategies for the treatment of early PD requires 

the understanding of the cellular mechanisms responsible for the high vulnerability of SN 

DA neurons. Among these mechanisms elevated metabolic stress appears to play a central 

role, these neurons must handle a constant intracellular Ca2+-load resulting from dendritic 

and somatic Ca2+-oscillations triggered during their continuous electrical activity [219], 

[220].  
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In this chapter I have investigated through the patch clamp technique (in current-clamp 

mode and by means of membrane capacitance increases) the role of Cav1.3 and Cav2.3   on 

the firing and secretion of midbrain dopaminergic neurons. All of the experiments 

discussed below were done after blocking both inhibitory and excitatory synapses. 

1.0 Role of Cav1.3 in sustaining the spontaneous firing 

activity of midbrain dopaminergic neurons. 

I performed these experiments to validate the role of Cav1.3 channels in dopaminergic 

neurons. To this purpose, I have used the selective blocker isradipine at a concentration 

of 3 M [220], [221]. As it is possible to observe in figure 1, after isradipine administration, 

the firing rate is significantly reduced from 2.03 ± 0.67 Hz (control, n = 8) to 0.36 ± 0.09 Hz 

(isradipine, n = 8) (p < 0.05, paired Student’s t-test). Isradipine does not only reduces the 

firing rate, but also significantly modifies the AP waveform. In particular, I found a reduced 

mean AP half-width (control: 7.1 ± 0.1 ms, isradipine: 4.9 ± 0.3 ms, p < 0.05, paired 

Student’s t-test), and a more hyperpolarized resting membrane potential (Vresting) (control: 

-41.6 ± 1.8 mV, isradipine: -44.3 ± 3.2 ms, p < 0.05, paired Student’s t-test). 

Thus, from these experiments I can conclude that, in culture dopaminergic neurons, 

isradipine significantly decreases the spontaneous firing frequency, and that this 

reduction is associated with a more sustained hyperpolarization, confirming the 

fundamental role of L-type calcium channels in our experimental model. My data confirm 

most of the experimental evidence that have been performed on SN slices [213], [222]–

[224].  
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Figure 1. Isradipine effects on pacemaking of cultured mouse midbrain DA neurons. A. Representative recordings of 
spontaneous firing activity of cultured midbrain dopaminergic neurons before, during and after the application (wash-

out) of 3 M isradipine. B: Firing frequency [Hz], C: Vresting, D: AP antipeak [mV], F: AP half width [ms] and H: threshold 

[mV] before (control) and during the application of 3 M isradipine. Statistical significance was determined using paired 
Student’s t-test.: * p < 0.05. E-G: Phase-plane plot analysis (time derivative of voltage (dV/dt) vs. voltage (V)) before 

(control) and during the application of 3 M isradipine. Inset: overlay of one single AP before (control) and during the 

application of 3 M isradipine. 

2.0 Role of Cav2.3 sustaining the firing activity of midbrain 

dopaminergic neurons: SNX-482 inhibits Ca2+ current 

(ICa) and reduces spontaneous AP firing (Siller et al. e-

life 2021, peer review e-Life) 

Recently it has been shown that in SN DA neurons Cav2.3 channels contribute to action 

potential (AP)‐induced somatic Ca2+-oscillations. This continuous Ca2+ load can potentially 

contribute to the high vulnerability of these neurons in PD [14].To investigated the role of 

Cav2.3 on firing frequency and AP shape in spontaneously firing neurons, I have used the 

selective blocker SNX-482. We employed SNX-482 at a low concentration (100 nM) to 

inhibit Cav2.3 current components (IC50=30 nM) but spare L-type channels (IC50>1 µM, [14] 

, [245]).  

In Figure 2 A,B it is possible to observe that, in current-clamp recordings, the spontaneous 

firing frequency is significantly reduced, from 4.1 ± 0.8 Hz (control, n=10) to 1.1 ± 0.2 Hz 

(SNX-482, n=10, p = 0.0036, paired Student’s t-test). Another effect is the decreased 
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regularity of pacemaking: this was evaluated by measuring the coefficient of variation (CV) 

of the mean interspike interval. The CV increased from 0.25 ± 0.06 (control) to 0.78 ± 0.13 

(SNX-482, p = 0.0032, paired Student’s t-test; figure 2B)). Slowing down of the firing was 

associated with hyperpolarization of the most negative voltage reached during the after 

hyperpolarization immediately after the spike (AHP peak), which decreased from -43.2 ± 

1.3 mV (control) to -47.0 ± 1.2 mV (SNX-482, p = 0.0005, paired Student’s t-test; figure 

2B).  

 

 

Figure 2. SNX-482 effects on pacemaking of cultured mouse midbrain DA neurons. A. 

Representative recording of spontaneous firing activity of cultured midbrain dopaminergic 

neurons before, during and after the application (wash-out) of 100 nM SNX-482. Inset 

(bottom right): overlay of one single AP before (control) and during the application of 100 

nM SNX-482. B. Firing frequency [Hz], coefficient of variation of the interspike interval [%], 

and AHP peak [mV] before (control) and during the application of 100 nM SNX-482. 

Statistical significance was determined using paired Student’s t-test.: *** p<0.001; ** 

p<0.01; * p<0.05. 
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Other changes in the AP waveform, which are related with the slowing of AP frequency or 

result from inhibition of Cav2.3 channels, were also noted: a reduced mean AP half-width 

(control: 5.1 ± 0.3 ms, SNX-482: 4.2 ± 0.3 ms, p = 0.005, paired Student’s t-test), and a 

trend towards increased maximum time-derivative of voltage (control: 45.3 ± 4.9 mV/ms, 

SNX-482: 74.3 ± 13.5 mV/ms p = 0.0625, paired Student’s t-test, estimated from the 

phase-plane plot of Figure 3C). The latter is likely due to the recruitment of more voltage-

gated Na+-channels during the AP onset from the more hyperpolarized interspike 

membrane potential [9].  

It is possible to note that isradipine reduces the firing rate by 82%, while SNX-482 by 70%, 

and that both drugs produce a significant hyperpolarization. Thus we can deduce that the 

Cav1.3 channel is certainly more involved in the firing of these neurons, even though a 

significant contribution of Cav2.3 channels cannot be ruled out. 

 

Figure 3C. Left panel: Phase-plane plot analysis (time derivative of voltage (dV/dt) vs. voltage (V)) before (control) and 
during the application of 100 nM SNX-482. Right panel: corresponding AP trace in control and in the presence of SNX-
482. 

I also isolated SNX-482-sensitive Cav2.3 currents in cultured DA midbrain neurons under 

the voltage-clamp experiments. Ca2+-currents were elicited by consecutive depolarizing 

50 ms square pulses to 0 mV from a holding potential of -70 mV every 10 s. Once stable 

recordings were obtained in the presence of isradipine (see representative experiments 

in Figure 4A, B), 100 nM of SNX-482 were applied. Addition of 100 nM SNX-482 

significantly reduced non-L-type currents by 41 ± 4 % (paired Student's t-test; p<0.001) 

(figure 4C) corresponding to an absolute decrease of current amplitude from 529 ± 57 pA 

to 313 ± 33 pA (n = 20, p<0.01, paired Students t-test) (figure 4D). All residual ICa 

components were blocked by adding 500 μM Cd2+ to the bath solution (figure 4A, B).  
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Figure 4. SNX-482 inhibition of non-L-type ICa in cultured midbrain DA neurons. A. Representative traces illustrating the 
inhibition of non-L-type ICa by 100 nM SNX-482 (red). Cells were initially perfused with a bath solution containing 3 μM 
ISRADIPINE (ISR, black). Full block was obtained using 500 μM Cd2+(blue). Square pulses (50 ms) were applied to 0 mV 
from a holding potential -70 mV (top) B. Current amplitude values plotted as a function of time. After stabilization of ICa 

with ISR (black circles), 100 nM SNX-482 was applied. The remaining currents was blocked by 500 μM Cd2+ C. SNX-482 
inhibition expressed as % of control ICa after LTCC block using 3 μM ISR. D. Mean current amplitude at the end of ISR 
application and at the end of SNX-482 application. Statistical significance was determined using paired Student’s t-test: 
***p < 0.001; **p<0.01; *p<0.05. 

Nevertheless, our experiments clearly demonstrate that Cav2.3 channels contribute to 

total Ca2+-current and can support pacemaking in cultured mouse DA neurons. This finding 

requires that Cav2.3 channels must be continuously available throughout the average 

interspike membrane potentials of these cells (between -70 to -40 mV).  

3.0 Ca2+ channels contribution to the Ca2+-dependent 

secretion in midbrain DA neurons. 
 

After characterizing the role of Cav1.3 and Cav2.3  channels in firing, I investigated their role 

on the Ca2+-dependent secretion [225], [226]. The measurements were performed by 

means of the patch-clamp technique, which allows to measure the capacitance increases 

following depolarization-evoked Ca2+ influx. The membrane capacitance, which reflects 

the surface area of the plasma membrane, increases during an exocytotic process by 

fusion of secretory granules with the plasma membrane [136] (see chapter 2). Exocytosis 

was estimated by the membrane-capacitance increment (ΔC) evoked by the depolarizing 

step according to the Lindau-Neher technique [138] implemented as the “sine + dc” 

feature of the PATCHMASTER lock-in module. A sinusoidal wave function (1 kHz, ± 25 mV 

amplitude) was superimposed on the holding potential, for more information see material 

and methods (chapter 2).  
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I measured respectively the effect of isradipine (3 μM, Cav1.3 blocker), SNX-482 (100 nM, 

Cav2.3 blocker) and MVIIC (2 μM, Cav2.1 and Cav2.2 blocker) on the quantity of charge and 

the capacitance increase. Results are shown in Figure 5. The greatest contribution to the 

overall quantity of charge is given by the Cav1.3, even though also Cav2.3, Cav2.1 and Cav2.2 

contribute as well. For what concerns the depolarization-evoked secretion, C, this 

changes from 91.47 ± 36.01 fF in control condition to 18.40 ± 7.66 fF with isradipine, 46.53 

± 7.36 fF with SNX and 39.80 ± 6.28 fF with MVIIC. Thus, using selective blockers for the 

Cav1.3, Cav2.3, Cav2.1 and Cav2.2, I observed that the Cav1.3 maximally contribute to 

secretion, but the Cav2.3, Cav2.1 and Cav2.2 also appear to play a significant role. Quantity 

of Ca2+ charge and corresponding secretion (C) increases proportionally each other.  

 

Figure 5 (Left) depolarization-evoked membrane capacitance increases in control condition and in the presence of 
isradipine, SNX and MVIIC and (below) the corresponding depolarization-evoked Ca2+ current traces. (Right) Percentage 
variations of the mean quantal charge and membrame capacitance increase in the different experimental conditions. 

 

Now, I focused on L-DOPA effects on firing and subsequently on the study of the relative 

dopaminergic receptors. Also in this case the measurement was carried out using the 

patch-clamp technique which allows a specific measurement on a single dopaminergic 

cell, and with conventional MEAs and μG-SCD-MEA. The measurement with conventional 
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MEAs was carried out in order to confirm the correct functioning also at the 

potentiometric level of the diamond prototypes. 
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Chapter 6 

New approaches for investigating 

multisite detection of DA release 

and cell firing (diamond-based 

multiarray prototypes) 
   

1.0 L-DOPA potentiates the stimulus-dependent exocytosis 

and down-regulates the spontaneous firing activity  
 

In the previous chapter I showed the importance that the calcium channels Cav1.3 and 

Cav2.3 have both in firing and secretion, defining the possible neuroprotective role that 

their antagonists (isradipine and SNX-482) may have in Parkinson's disease. In this chapter 

I focused on the role of L-DOPA and relative dopaminergic receptors. 

My goal is to characterize the role of L-DOPA both in the firing and in the secretion, using 

different techniques. Currently these two mechanisms are studied separately, as there is 

no single device that simultaneously allows recording both firing and secretion. In this 

chapter I demonstrate that cellular sensors based on embedded graphitic micro-channels 

in diamond substrates (μG-SCD-MEAs) can be successfully applied for the investigation of 

both types of cellular signal mechanisms. The final goal is realizing a single device that it 

will allow to record both in amperometry and potentiometry simultaneously. For this 

purpose, in these years I have been working in collaboration with: the physics department 

(UNITO) and the electronics department of Uhlm, on the development of a device that 

allows to perform amperometric and potentiometric measurements at the same time.  

To validate the μG-SCD-MEAs in the secretion I started using a simple neurosecretion 

model: the PC12 dopaminergic cell model. Having defined the correct functioning of the 

sensor, I replicated the measurement using the dopaminergic neurons of the midbrain. In 

the same way I validated the diamond prototype for potentiometry by carrying out 
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parallel measurements between the two devices and confirming a uniformity in the 

results both from conventional MEAs and from μG-SCD-MEAs. 

The strong interest of L-DOPA arises because, unlike dopamine, crosses the blood-brain 

barrier. Once it reaches the dopaminergic neurons it is internalized and converted into 

dopamine, for this reason L-DOPA plays a fundamental role in Parkinson’s disease 

therapy. L-DOPA infact thanks to an amino acid transport system, is able to enter the SNC 

and once here it is metabolized into dopamine, using the enzyme DOPA decarboxylase. 

The clinical assumption of the use of L-DOPA starts from the observation of a dopamine 

deficiency in the substantia nigra, and since the administration of this is not useful, L-

DOPA is used to restore dopamine levels in this area. 

Though, L-DOPA does not represent a valid pharmacological alternative. Complications of 

a motor and non-motor nature occur in the evolution of the disease. Reduced response 

to levodopa (or L-DOPA) exposes the motor neuronal circuit to complications. It has been 

observed, in fact, that after about 5 years of treatment with L-DOPA, motor fluctuations 

(on-off phenomenon) and dyskinesias (involuntary movements other than tremors) arise. 

Late motor complications are included in the term "long-term levodopa treatment 

syndrome" and, as we have seen, depend on the duration of exposure and the daily 

dosage of L-DOPA [227]–[229].  

The pathogenesis of the disease has not yet been delineated with certainty. Several 

hypotheses have been advanced: 

• hypersensitivity of dopamine receptors (in particular dopaminergic D2 receptors) 

due to the long-term blocking of the neuroleptic drug. This generates an 

exaggerated response to endogenous dopamine at the level of the extrapyramidal 

circuits (most accredited hypothesis). To control this effect, benserazide 

(decarboxylase inhibitor) is also administered together with L-DOPA; 

• Neuronal damage from the pro-oxidant effect of these drugs (the intake of 

antioxidants such as vitamins or melatonin seems to decrease the possibility of 

developing the syndrome); 

• Damage to the GABAergic pathways (this derives from the observation that 

benzodiazepines relieve symptoms) [230], [231]. 
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From all these observations it is easy to understand that L-DOPA and dopaminergic 

receptors play a very important role in Parkinson's disease and understanding its 

physiology could be of great help in defining much more targeted therapies. 

Not only that, L-DOPA plays a dual role in firing and secretion, which has not yet been fully 

gutted and understood. It was observed that L-DOPA decreased the firing frequency in 

the zona of substantia nigra pars compacta and ventral tegmental areas [9], [11], [28], 

while, on the contrary, increased the quantal size [232]. The concomitance of these two 

opposite effects has not yet been fully clarified. 

Another important task in this characterization is the relationship of L-DOPA and DA 

receptor; dopamine receptors are G-protein coupled metabotropic receptors, these are 

divided into two groups: D1-like and D2-like [28], [233], [234]. These two groups have 

different actions when activated by DA. The activation of D1-like receptors leads to the 

activation of adenylate cyclase, as they are coupled to stimulatory Gs proteins. The activity 

of adenylate cyclase involves the synthesis of the second messenger cAMP. On the 

contrary, D2-like receptors are coupled to inhibitory Gi proteins. The activation of these 

receptors by dopamine and other agonists leads to the inhibition of adenylate cyclase and 

therefore to a decrease in the second messenger cAMP [235], [236]. 

2.0 The μG-SCD-MEAs: compact and versatile device that 

allows the measurement of secretion from 16 

electrodes 
 

The historical technique conventionally used for the measurement of secretion is the 

carbon electrode [237]–[241]. This technique, however, has several disadvantages: it 

requires a fixed setup with an amplifier, it allows the measurement of one cell at a time, 

it is rather complex and expensive. In this context it was decided to develop a multi-

electrode that would allow for compact and portable electronics and a less expensive, 

more versatile chip that would allow the simultaneous measurement of several cells from 

different electrodes. In collaboration with UNITO physic department we have therefore 

developed a diamond matrix device (μG-SCD-MEAs). Diamond was chosen as it is 

transparent, biocompatible and chemically inert material, in which it is possible to create 



82 
 

conductive graphite tracks that allow the measurement of oxidizable molecules (for more 

information see chapter 2). 

3.0  Dopamine detection in the PC12 dopaminergic cells by 

means of μG-SCD-MEAs (Tomagra et al., Biophysical 

chemistry 2019 [157]) 

 

To validate the performance of μG-SCD-MEAs prototypes, initially I used the dopaminergic 

PC12 cell line. The major advantage of performing real-time measurement using multi-

arrays is to simultaneously measure the secretion from multiple cells. In these 

experiments μG-SCD-MEAs have been used in the amperometric configuration (see 

material and methods) for monitoring DA release from many cells simultaneously.  

PC12 cells are conventionally used as model for neurosecretion [242].  PC12 vesicles   store 

dopamine and also limited amount of norepinephrine; this characteristic makes PC12 one 

of the best models to study the effects of L-DOPA on secretion using and testing μG-SCD-

MEAs [157]. 

In Figure 1A it is possible to observe a typical recording of amperometric spikes using the 

μG-SCD-MEA. The secretory activity of several PC12 cells was stimulated by external KCl 

(30 mM) and recorded by 13 out of the 16 electrodes, allowing to collect a significant 

number of events in few recordings (i.e. n ≅ 1500 events/device/trial). 
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Figure 1.Amperometric recordings from 16 different electrodes. 

 After recording under control conditions (external stimulation with 30 mM KCl), PC12 

cells are incubated for 1h with L-DOPA (20 μM), to increase the dopamine content [243]. 

The effect of the treatment with L-DOPA is shown for a representative electrode in Figure 

2B. I found that the frequency of amperometric spikes generation is not affected by L-

DOPA [232] (0.60 ± 0.16 Hz in control condition and 0.56 ± 0.12 Hz after L-DOPA 

incubation, p > 0.1), and that the Ca2+ channel blocker CdCl2 (500 μM), completely 

suppressed the exocytotic response. On the contrary, L-DOPA caused a significant 

increase in the number of secreted molecules (250% with respect to control, p < 0.05). 

The mean values of the spike charge (Q) increased from 0.143 ± 0.002 pC (control) to 

0.320 ± 0.010 pC (L-DOPA) (p < 0.05). Similarly, concerning the kinetic spike parameters, 

that the t1/2 is increased by over 120% with respect to control condition, i.e. from 2.79 ± 

0.03 ms to 6.01 ± 0.18 ms (p < .05). These findings are in good agreement with those 

reported by Pothos et al. [232]. In the cited work, 1 h incubation with 50 μM of L-DOPA 

potentiated by 250% the quantal release; in our case, we have incubated PC12 cells for 1 

h at 20 μM and we have obtained an increment of 120%. 
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Figure 2 A. A representative trace in control condition, after incubation with L-DOPA for 30 min and in the presence of 
CdCl2 (500 μM). Inset: magnification of two amperometric spikes, in control conditions and following L-DOPA incubation. 
B. Histograms of half-height width and relative charge in control and after incubation with L-DOPA. 

The reason for this change in the shape of the spikes is rather complex, nonetheless some 

hypotheses can be advanced. Sombers et al. [244] hypothesized that L-DOPA favours 

multiple pre-fusion events (i.e. fusion between two or more vesicles before exocytosis). 

Alternatively, Colliver et al. [245] from TEM images observed that after incubation with L-

DOPA there is a significant increase in the diameter and volume of the vesicles, these 

pharmacological studies demonstrated that this increase is mediated by the vesicular 

monoamine transporter (VMAT). 

 

If we plot the histogram of the vesicular content (Q or molecules), what we get is an 

asymmetric (non-Gaussian) distribution. The most feasible explanation for this 

distribution is that the vesicles have a range of radii with a relatively uniform 

concentration of catecholamines [149]. Therefore, if the cube root of the vesicular 

content (Q1/3 or mole1/3) is used for the generation of the histograms, a normal (Gaussian) 

distribution is obtained. 

For this reason, I plotted the distribution of the vesicles radii derives from molecule1/3 

values using the Faraday law assuming spherical shape of the vesicles: 

𝑁 =
𝑄

𝑛𝐹
 

Where n is the number of electrons transferred in the redox reaction (n = 1 or 2 for 

oxidation of catecholamines), N is the number of neurotransmitter molecules detected, 

and F is the Faraday constant (96 485 C mol-1). The total charge (Q) can be calculated by 

integrating the current versus time for each recorded amperometric peak [246]. 

A B 
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The cube root of the quantal size before and after L-DOPA is normally distributed (Figure 

3), as confirmed from the determination coefficient calculated from the fit (RCTRL = 0.99; 

RL-DOPA = 0,96). The entire population of quanta after L-DOPA treatment is significantly 

shifted to larger values with respect to control (p < 0.05, KS test = 0.79). The corresponding 

cumulative distribution is shown in Figure 3, where it is evident that the distribution with 

L-DOPA is shifted by 17% toward higher values with respect to control (peak maxCTRL = 

71.9 ± 0.3 pA, peak maxL-DOPA = 84.2 ± 0.7 pA) [150], [247]. These results, using the μG-

SCD-MEA, confirm that incubating with L-DOPA increases the quantal size. 

 

Figure 3 left: probability distribution of the molecules1/3, in control (red) and with L-DOPA 
(black). The molecules1/3 distribution with L-DOPA is shifted to the right, toward values 
greater than control. right: cumulative probability of the molecule1/3, in control and after 
incubation with L-DOPA.  

 

4.0 Detection of quantal DA release from dopaminergic 

neurons using μG-SCD-MEAs (Tomagra et al., Frontiers 

in Neuroscience 2019 [9]) 
 

Having defined the correct functioning of the diamond prototypes using PC12 cells, I 

studied the effect of L-DOPA on the culture of dopaminergic neurons of the midbrain [9]. 

DA release from cultured midbrain neurons can either occur at the somato-dendritic or 

the axon-terminal level [57]. Quantal exocytotic events are detected after 10 DIV. 
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Unstimulated (i.e., spontaneous) release was barely detectable (5% of trials) and occurred 

at low frequency (0.11 ± 0.07 Hz) in 2 mM CaCl2 (figure 4A). 

Amperometric spikes were characterized by a mean maximum current amplitude (Imax) of 

10.1 ± 1.0 pA and a half-time width (t1/2) of 0.31 ± 0.01 ms (n = 5). After L-DOPA (20 μM) 

incubation (1h) it is possible to observe a significant increase in these parameters: Imax was 

30 ± 1.9 pA and t1/2 was 0.36 ± 0.02 ms (n = 5) (p < 0.5). Stimulation with KCl after L-DOPA 

administration does not modify any spike parameter, but significantly increases the 

frequency: 0.35 ± 0.14 Hz (L-DOPA) respect 0.90 ± 0.35 (L-DOPA+ KCl) Hz (p < 0.05).  

Therefore, it is possible to state that both in the control condition and after incubating 

with L-DOPA, by stimulating with KCl the release frequency increases significantly (see 

Figure 4). 

On the contrary, 500 M CdCl2 suppressed Ca2+-dependent exocytosis through voltage-

gated Ca2+ channels, as shown in figure 4. No events were detected when the recording 

electrodes were polarized to 0 mV to nullify dopamine detection. 

 

 

Figure 4 Detection of quantal dopamine release by μG-SCD-MEAs. Representative 

recordings from one channel of μG-SCD-MEAs (4 x 4). DA release occurred spontaneously 
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in 2 mM CaCl2; following stimulation with 30 mM KCl, the frequency of release increased 

without significantly altering spike parameters (see text for details). DA release occurred 

after LD incubation for 1h, following stimulation with 30 mM KCl the frequency increase 

significantly and it is suppressed with Cd. Relative histograms of frequency. 

5.0 L-DOPA–induced modulation of firing dopaminergic 

neurons and role of D2-autoreceptors (Tomagra et al., 

Frontiers in Neuroscience 2019) 
 

In order to investigate the role of Dopamine in the regulation of DA neuron firing, I studied 

the modulation of dopaminergic neurons by perfusing L-DOPA and subsequently the 

modulation of the dopaminergic receptors D2, using the relative antagonists sulpiride. For 

these measurements I combined classical electrophysiological approaches (current-

clamp) together with multielectrode: conventional MEA (Multi Electrode Array) and μG-

SCD-MEAs. I used both conventional MEAs and μG-SCD-MEAs to also validate the 

potentiometric measurement of these diamond prototypes. All these measurements 

made using conventional techniques and the diamond prototypes were done in order to 

achieve the double measurement simultaneously. 

6.0  D2-autoreceptor induced inhibition after L-DOPA 

administration in Current-Clamp Recordings  
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Figure 5. Current-clamp recordings exhibiting the features of L-DOPA induced modulation 

of neuronal firing. (A) Repetitive firing activity is inhibited by L-DOPA (20 M) and restored 
by blocking the D2 autocrine receptors. Firing inhibition is accompanied by a membrane 
hyperpolarization and increased peak amplitude. (B) Phase-plane plot analysis of the 
action potential shown in (A). (C) Signals identified by the asterisk in (A) are shown through 
an enlarge scale. (D) The following parameters have been calculated from the phase-plot 
analysis: maximum dV/dt versus V, action potential (AP) peak amplitude, AP 
hyperpolarization peak. Data are expressed as mean values. Statistical difference (p < 

0.05) is indicated on the bar histogram. (E) Negative first derivative of signals reported in 
(C). (F) Example of firing inhibited by L-DOPA without significant alterations in the AP peak 
amplitude, shown in (G) on an enlarged scale. Image from [9]. 

The firing of nigral dopaminergic neurons is down-regulated by DA release through a D2-

autoreceptor mediated pathway [248], [249]. Preliminary experiments were performed 

in whole-cell current clamp configuration, by applying the L-DOPA (20 μM). Recordings 

were selectively performed on 11 DIV dopaminergic neurons that were identified by 

means of GFP staining. Although the responses to applied L-DOPA varied, it caused a 70 ± 

4% reduction of the firing frequency in 80% of cases (n = 20 cells, from 1.36 ± 0.02 to 0.41 

± 0.11 Hz; Figures 5 A, F). Maximum inhibition occurred within 2–5 min of L-DOPA 

perfusion, and was reversed some minutes after the application of the D2 antagonist 

sulpiride (10 μM). The repetitive firing frequency measured in the presence of the D2 

antagonist recovered to 1.2 ± 0.2 Hz, thus confirming the autocrine inhibition that is 

induced by released DA [250]. It is worth mentioning that the reduced firing frequency 

was associated, in 70% of the cases, to a membrane hyperpolarization of -7.8 ± 1.1 μV and 

by a sharp increase in AP peak amplitude (from 27 ± 3 to 36 ± 2 μV; n = 14, p < 0.05; Figures 

5 C, D). All this was most likely induced by the DA mediated activation of a G-protein-

coupled potassium channel (GIRK) [29]. Both effects were reversed after perfusion with 

sulpiride. 

In the remaining 30% of neurons, the nearly threefold reduction of firing frequency 

occurred without causing either the significant hyperpolarization of the membrane 

potential, or alterations in the AP waveform (Figures 5 F, G). For this subset of neurons, in 

some cases sulpiride restored the control firing frequency, even though the recovery was 

not always complete. This variability reveals the probable existence of distinct modulatory 

pathways that may originate from different midbrain neuron subpopulations [251]. 
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Phase plane plot analysis was performed in order to gain further insights into the APs 

properties and their modulation by L-DOPA [252], [253]. By plotting the time derivative of 

voltage versus time (dV/dt), parameters such as the AP threshold can be easily inferred 

from the voltage value at which dV/dt suddenly increases. The phase plane plots in Figure 

5B are referred to the same APs that are indicated by the asterisks in Figure 5A. From the 

plot we found that: (i) the maximum derivative (dV/dtmax), which is associated with the 

maximum current density through voltage gated Nav channels, was drastically enhanced 

by L-DOPA (from 67 to 129 mV ms-1, p < 0.05, Figure 5D), suggesting a sustained 

recruitment of Nav channels [254]; (ii) the AP hyperpolarization peak was significantly 

augmented by L-DOPA, from from -37.2 ± 1.3 to -40 ± 2 mV (p<0.05, Figure 5D); (iii) the 

AP threshold, measured from the phase-plane plot when an abrupt change in dV/dt was 

observed (at 4.5 ± 1.2 mV ms-1 for control and 6.4 ± 0.9 mV ms-1 for L-DOPA-treated 

neurons), decreased from -25.3 ± 1.8 to -31.9 ± 1.8 mV (p < 0.05), respectively. This again 

confirms a potentiated recruitment of Nav channels during L-DOPA treatment. 

In order to compare the AP waveform recorded intracellularly with those recorded 

extracellularly, the negative first derivative of AP traces shown in Figure 5C is reported in 

Figure 5E. 

They correspond to the AP shape recorded extracellularly by the MEAs [255] and 

identified as a biphasic AP waveform, it is characterized by a large negative peak and a 

small positive antipeak component can be distinguished. Finally, a range of different 

effects on neuronal activity were detected in the neurons that were not inhibited by L-

DOPA (20% of neurons). L-DOPA accelerated repetitive firing by 80 ± 20% (17% of 

neurons), while it was ineffective in the remaining ones (3% of neurons). 
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7.0 Dopamine-induced modulation of neuronal firing 

observed through μG-SCD-MEAs and conventional 

MEAs: role of D2 receptor (Tomagra et al., Frontiers in 

Neuroscience 2019) 
 

 

Figure 6. Potentiometric recordings from μG-SCD-MEAs and MEAs. (A) Representative 
spontaneous firing activity of cultured midbrain neurons detected using μG-SCD-MEAs 
(left) and conventional MEAs (right). (B) Top: representative extracellularly detected APs 
shown on an expanded time scale for both devices. The red trace is the averaged signal. 
Bottom: the bar histogram represents the mean peak amplitude (negative deflection) and 
antipeak amplitude (positive deflection) of the extracellularly recorded APs. Data refer to 
the traces indicated by the asterisks in (A).  

With the aim of carrying out the same studies on the effect of L-DOPA in a neuronal 

network, recordings were performed in parallel using μG-SCD-MEAs and conventional 

MEAs, for a more rigorous interpretation of acquired data. 

Representative recordings of spontaneously firing midbrain neurons, measured using μG-

SCD-MEAs and conventional MEAs, are shown in Figure 6A. This spontaneous spiking 

activity occurred under physiological conditions (external solution contained 2 mM Ca2+) 

and was suppressed by blocking the firing during the exogenous application of 300 nM 

TTX (data not shown). Unlike amperometric spikes, which exhibit monopolar waveforms, 

single APs (Figure 6B) were characterized by a fast downward deflection (negative peak), 

which corresponds to the AP rising phase, followed by an upward deflection (positive 

antipeak), which is associated to the AP repolarising phase [256], [257]. The mean 

amplitude of the negative peaks recorded by μG-SCD-MEAs (n = 10) was -50.2 ± 3.6 μV, 

with S/N of ~ 4, while the mean signal amplitude was equal to -54.0 ± 4.7 μV, with S/N of 

~5, for conventional MEAs (n = 10). 
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Here, the objective of this comparison was to validate the correct functioning of the 

diamond prototype with respect to conventional multi-electrode arrays. 

These recordings are the first experimental evidence that μG-SCD-MEAs are suitable for 

potentiometric recordings from primary cultures of cultured midbrain neurons. 

 

At this point, I used μG-SCD-MEAs to investigate the modulation of the firing activity by L-

DOPA on a network of dopaminergic neurons and the relative effect of the antagonist D2 

(Figure 7).  

Potentiometric recordings using μG-SCD-MEAs were performed to simultaneously detect 

spikes arising from different neuronal populations and to investigate their responses to 

the applied drugs. With respect to patch-clamp experiments (see chapter 6, paragraph 

6.0), performed on isolated and young neurons (10 DIV), these trials were designed to 

provide a rapid screening of the effects of L-DOPA on mature networks (14 DIV). After the 

firing properties under control conditions were monitored for a couple of minutes, the 

addition of L-DOPA to the culture medium revealed three different responses, confirming 

the existence of heterogeneous firing, as measured in SN slices [11]. In most cases (70% 

of neurons), the firing activity was significantly reduced by L-DOPA and the inhibitory 

effect required some minutes for completion [248]. As shown in a representative 

recording using μG-SCD-MEAs, the firing frequency was reduced by 80% after 2–3 min, 

and the extracellular AP peak increased from -75 ± 1 to -87 ± 3 μV, while sulpiride reversed 

both effects, suggesting that D2 autoreceptors are involved (Figures 7A, C). On average L-

DOPA decreased the spontaneous spiking activity from 1.1 to 0.3 Hz and increased the 

negative peak amplitude by 14% (n = 5 μG-SCD-MEAs, p < 0.05), suggesting a prominent 

recruitment of Nav channels following L-DOPA hyperpolarization.  
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Figure 7 D2-autoreceptor mediated down-regulation of neuronal firing activity measured 
by μG-SCD-MEAs and MEAs. (A) Representative recordings from one channels of μG-SCD-
MEAs. Bottom: potentiometric signals from (A) are visualized on an enlarged scale (black 
traces). Averaged signals are shown in red. (B) Representative recording from one 
electrode belonging to a conventional MEA, showing the reduction of the firing frequency 
and its recovery induced by sulpiride Bottom: individual (black) and averaged signals (red). 
(C) Top: the bar histograms represent the mean firing frequency in the three conditions 
(control, with L-DOPA and with L-DOPA + sulpiride), measured by conventional MEAs. 
Centre, bottom: the bar histogram shows the mean values of the negative peak amplitude 
and related statistical significance (p<0.05), for μG-SCD-MEAs and MEAs, respectively. 

In order to validate these experimental findings, I repeated the same experiments using 

conventional MEAs. Once again, the majority of neurons (64%), responded to L-DOPA by 

reducing the mean firing frequency, on average from 1.5 ± 0.7 to 0.29 ± 0.09 Hz p < 0.05, 

n = 10 MEAs; Figure 6B), while sulpiride restored the basal frequency to 1.1 ± 0.3 Hz 

(Figure 7B). In this subset of neurons, firing frequency reduction was also associated to a 

20% increase in the negative peak amplitude, confirming the prominent role that D2-

autoreceptors play in L-DOPA induced inhibition. 

Nevertheless, a relevant fraction of neurons in the mature networks (30 and 36%, 

respectively for μG-SCD-MEAs and MEAs) also displayed a significant increase (up to six 

fold) in spontaneous frequency and a 30% reduction in the negative peak amplitude 

following exposure to L-DOPA. This is in good agreement with the heterogeneity of 

responses that we observed in dissociated neurons under current-clamp conditions. In 

the example shown in Figure 8A for μG-SCD-MEAs, the negative peak amplitude 
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decreased from -44.1 ± 1.2 to -34.2 ± 1.1 mV, while the firing frequency increased from 

0.5 to 2.9 Hz [258]. Similarly, the potentiation of firing activity by L-DOPA occurred with a 

mean threefold increase in firing frequency when using conventional MEAs, and was 

usually accompanied by a 28% decrease in the negative peak amplitude (Figure 8B). 

L-DOPA reduced the spiking activity without affecting the AP shape in the remaining cases. 

Examples of this modulation are shown in Figure 8C. The unaltered amplitude of the 

negative AP peak, that have been revealed by μG-SCD-MEAs and conventional MEAs 

(Figure 8D), confirms the findings obtained under patch-clamp conditions, in which 30% 

of neurons displayed a reduced firing frequency without alterations of the AP rising phase. 

 

Concerning the opposing effect that was observed in a minority of neurons, in which L-

DOPA increased the spiking activity (Figure 8), variable responses have also been 

described in Substantia Nigra pars compacta (SNc) neurons, using MEA recordings from 

midbrain slices [11]. In that case, neurons that fired at high rates (>5 Hz) were insensitive 

to DA, while low-firing neurons were either highly or weakly inhibited by DA. Furthermore, 

a fraction of low rate spiking neurons was insensitive to DA, or excited by DA, and a 

minority of neurons were potentiated by L-DOPA. 

Under my experimental conditions, where midbrain neurons were cultured for weeks on 

the microarray, signals detection may occur from different DA subpopulations [35], [259], 

either from non-DA neurons or from DA neurons of the nearby ventral tegmental area. 

Indeed, the excitatory effects of L-DOPA on nigral dopaminergic neurons have been 

previously described, and were featured as an “early” and a “late” phase of excitation 

[250]. Finally, regarding the fraction of neurons that were inhibited by L-DOPA and did not 

undergo relevant membrane potential hyperpolarization, several pathways may be 

responsible for this modulation, based on the involvement of K+ channels other than GIRK 

[260], or D1-mediated signalling cascades [261]. 
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Figure 8. Heterogeneity of L-DOPA-induced responses on midbrain neurons viewed 
through μG-SCD-MEAs and MEAs. (A) Representative recordings of L-DOPA-induced 
potentiation of neuronal firing, respectively acquired by μG-SCD-MEAs (top) and MEAs 

(bottom). Under each recording, individual (black) and averaged signals (red) are shown 
on an expanded time scale. (B) L-DOPA induced potentiation is associated to the reduced 
amplitude of the AP peak, as shown in the bar histograms. (C) L-DOPA reduces the firing 
frequency without causing any significant alteration in the extracellularly recorded peak 
amplitude. Significant recordings detected by μG-SCD-MEAs (top) and MEAs (bottom). (D) 
The bar histograms show the mean negative peak amplitude, which is not affected by L-
DOPA, for both devices. 

I started studying the causes of these side effects by perfusing, after L-DOPA 

administration, with SCH-23390, a selective antagonist of the dopaminergic D1 receptor. 

These preliminary data show both in current clamp and with multi-electrode 

measurements, that after an increase in firing frequency with L-DOPA administration, a 

subsequently reduction in the firing rate after perfusion with the D1 antagonist. Despite 

everything, the statistics of these data are still not sufficient to be able to draw adequate 

conclusions. More experiments will be needed in the future. 
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8.0  Simultaneous amperometric and potentiometric 

detection of neural signals  

Recently micrographitized MEAs have been interfaced with dopaminergic neurons to 

detect, for the first time, amperometric and potentiometric signals from the same 

diamond device simultaneously. As shown in Figure 9, the simultaneous measurement of 

firing and secretion is detected by two electrodes.  

 

As mentioned before, this results further demonstrate the extreme versatility of diamond 

probes. 

The operating modality (amperometric versus potentiometric) was independently 

selected for each of the 16 electrodes by the operator. As shown in Figure 9, following 

stimulation with external KCl (30 mM), electrical spiking activity and quantal exocytotic 

release from midbrain dopaminergic neurons could be simultaneously detected by two 

electrodes of the array. In good agreement with values reported in the literature and 

previous trials using micrographitized diamond MEA uniquely as amperometric probes, 

detected amperometric spikes had 0.60 ± 0.05 ms half-time width and 35.5 ± 1.9 pA 

unitary amplitude (n = 248 spikes). Simultaneous detection of action potential from 

another electrode of the array revealed events with 35 ± 1 μV peak amplitude (n = 152 

events). These pionieristic results confirm the potentiality of micrographitized diamond 

MEAs as sensitive bio-probes for performing multiparametric detection of neuronal 

activity. 
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Figure 9. Micrographitized diamond MEA for simultaneous potentiometric and 
amperometric recording. A Scheme of the recording apparatus of micrographitized 
diamond MEA. Bottom: detail of the array geometry. B Midbrain neurons cultured on the 
micrographitized diamond MEA. C Simultaneous recordings of exocytosis and neuronal 
excitability using a micrographitized diamond MEA. Quantal dopamine release from 
midbrain dopaminergic neurons (upper trace) and action potential firing (lower trace) 
have been simultaneously detected from two graphitic electrodes of the 4 × 4 array. Insets 
show single events (amperometric spike and extracellular action potential, respectively) 
on a higher magnification scale (Pflugers Arch - Eur J Physiol (2021) 473:15–36) [242]. 
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Chapter 7  

Discussion 

1.0 Monitoring the maturation of the dopaminergic 

network maturation 

 

I started by studying how the firing frequency changes over time as the circuit develops. I 

observed that there is a significant change in the firing pattern. 

Cultured midbrain neurons are characterized by isolated peaks up to 9 DIV, with a reduced 

number of active channels, after 14 DIV, the number of spikes not only increases 

progressively, but gives way to a mainly burstly network. This increase in the number of 

bursts over time is a parameter that indicates how the network evolves and matures. I 

observed that from 14 DIV onwards there are no more significant variations in firing, so it 

is possible to define the mature network from this age.  

Another very interesting parameter that has been observed is that by distributing the 

amplitude of the peaks before and after 14 DIV, different amplitude distributions are 

observed. In fact, when the network is young (7-9 DIV), a single-peak distribution is found, 

while since 14 DIV onwards, three peak distributions are revealed. This is an indication of 

the network maturation and, besides the increased firing, burst and synchronism 

parameters, also signal amplitude increases. Various hypothesis can be made to explain 

this last issue: 

• As reported in [262]–[265] , the signal amplitude varies according to the part of 

the neuron (soma, axon or dendrites) which is in contact with the electrode. The 

observation of different peaks may be due to the fact that from an electrode it is 

possible to detect signals originating from different areas of different neurons; 

• remodelling of the ion conductance’s, associated with the development of the 

network; 

• burst activity increases over time, infact bursts develop towards 11 DIV and 

stabilizes since 14 DIV onwards. 
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2.0 Dopaminergic neurons are affected by GABAergic and 

glutamatergic control 

 

Dopamine (DA) and ɣ-aminobutyric acid (GABA) are the two main neurotransmitters that 

mediate the signal processing of the nigro-striatal circuit involved in motor control and 

several other functions. Most neurons in the substantia nigra pars compacta (SNc) are 

dopaminergic and project onto the striatum where they release DA onto striato-nigral and 

striato-pallidal neurons. In turn, from the striatum and globus pallidus there is a 

convergence of GABAergic signals with the substantia nigra pars reticulata (SNr). The 

GABAergic neurons of the SNr would control the release of striatal DA through the 

collaterals of the axons projecting onto the SNc, as demonstrated by the suppressive 

effect of SNr stimulation on the firing of the DA neurons. A subpopulation of GABAergic 

neurons in the CNS is expected to regulate the transmission of DA through a local circuit. 

The neurons of the substantia nigra have a tonic firing and are controlled by both 

GABAergic and glutamatergic afferents. GABAergic input is provided by the striatal 

afferents and globus pallidus, while glutamatergic input is mainly provided by the 

subthalamic nucleus.  

My experimental model was obtained by enzymatic dissociation of the midbrain: the first 

objective was to study the in vitro reorganization of the network and to evaluate its 

development over time and its modulation by GABAergic and glutamatergic inputs. 

I had shown that the suppression of the activities of GABAergic neurons, by means of the 

selective blocker picrotoxin (100 M), produces a disinhibition of the network which 

appears as an increase in the firing activity of the bursts and synchronism parameters.  

Dopaminergic neurons, in vitro, are mainly characterized by regular spontaneous 

activation, characterized by single spikes [175], [266], [267]. 

Thus excitatory synaptic inputs play several roles in this control mechanism: 

• NMDA (Nmethyl-d-aspartic acid) plays an essential role in the discharge pattern 

of these cells principally in vivo experiments [268], [269]; the continuous 

activation of NMDA receptors transforms the typical pacemaker-like discharge 
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typical of dopaminergic neurons into bursting mode in vitro [270], [271]. Clearly 

this may not be the only component present. In the data showed the NMDA 

contribution is not that significant. 

• AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) and kainate seem 

to be more involved in these mechanisms. In particular, the AMPA ionotropic 

receptor, recently found in the glutamatergic synapse of SNc, is characterized by 

an electrical stimulation of glutamatergic axons that can induce burst-type peaks 

in dopaminergic neurons of the CNS that depend on specific AMPAR receptors. 

[272]. 

The fact that firing was not totally suppressed after the total blockade of inhibitory and 

excitatory synapses, unlike what happens with other neuronal networks, such as 

hippocampus or cortex, suggests that the remaining electrical activity following the 

silencing of GABAergic and glutamatergic synapses, is attributable to dopaminergic 

neurons, coming from the SNc and VTA. 

These data therefore demonstrate that the experimental model that I have developed can 

constitute a coherent method for monitoring dopaminergic neurons and their GABAergic 

and glutamatergic modulations. 

I have also demonstrated, as reported in Berretta et al. [11], that the remaining firing has 

the same physiological characteristics observed in sliced dopaminergic neurons. 

The presence of dopaminergic neurons in the preparation was confirmed by a series of 

specific experiments, aimed at studying the modulation of the firing frequency by 

exogenous dopamine. 

 

3.0 Synchronization is regulated by the GABAergic and 

glutamatergic activity  

 

After demonstrating, as expected, that with the maturation of the network also the 

network synchronism increases, due to the growth and development of neuronal 

connections, I evaluated the contribution of inhibitory and excitatory components in 

balancing the synchronism. 
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In fact, the overall activity of the network depends on the balance between GABAergic 

inhibition and the glutamatergic excitatory component [273]. 

My data clearly showed that by blocking the inhibitory component, the degree of 

synchronization significantly increases. Conversely, by blocking the AMPA and kainate 

component, the synchronization is drastically reduced. These data were in agreement 

with the fact that in the adult brain, the balance between neuronal excitation and 

inhibition is an essential condition to avoid the onset of pathological conditions. In fact, 

by blocking the GABAergic synapses, convulsions are generated, as well as the excessive 

activation of the glutamatergic synapses can have devastating effects since only the 

component that inhibits remains active. 

The result obtained strengthens the theory that this preparation of dissociated 

dopaminergic neurons represents a valid experimental model to study the functionality 

of dopaminergic neurons, in physiological and pathological conditions, since it has been 

observed that dopaminergic neurons, in vivo, are subject to a significant GABAergic 

control. 

Alterations in the tonic activity of GABAergic afferents are a potential mechanism extrinsic 

that triggers a firing mainly characterized by bursts interspersed with pauses. This firing 

behaviour was observed in slice experiments conducted by Lobb et al. in 2010 [274] and 

confirmed in the experiments that I conducted on dissociated dopaminergic neurons 

(chapter 3). 

I have also observed that by blocking the inhibitory component the typical peak of the 

crosscorrelogram is not centered around 0 ms, but it can be shifted either to the right or 

to the left. This implies that depending on which neuron is the target and which is the 

referent, one fires faster than the other and vice versa. This variation is presumably due 

to the fact that picrotoxin alters the balance within the network. 
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4.0 Cav1.3 and Cav2.3 can play an important role in 

neuroprotection in PD 

 

Although it is an already known effect, I reported that Cav1.3 play a significant role in 

sustaining the firing activity of DA neurons. In current-clamp conditions, 3 μM isradipine 

was sufficient to reduce the spontaneous firing frequency by approximately 60-70% and 

the AP peak amplitude by 15%.  

An important neuroprotective role of these calcium channels has been claimed for some 

time, unfortunately the recent failure of the L-type Ca2+ channel blocker isradipine in the 

STEADY-PD study (Parkinson Study Group, 2020) to prevent disease progression in 

patients with early stage PD indicates that inhibition of Cav1.3 alone may not be sufficient 

in the neuroprotection. But there are recent preclinical results that identify Cav2.3 

channels as a new possible drug targets for the neuroprotective therapy of PD. To this 

end, the important effect of R-type calcium channels as the contribution of SNX-482-

sensitive Cav2.3  currents to activity-dependent somatic Ca2+ oscillations in SN DA neurons 

in brain sections has been demonstrated [14], but also to the pacemaker rate in cultured 

DA neurons. 

It has already been previously demonstrated that Cav2.3 knockout mice are protected from 

the selective loss of SN DA neurons in the chronic MPTP / probenecid PD model [14]. In 

this rodent PD model, the observed protection provides strong evidence for the role of 

these channels in PD pathology. 

I have shown that in cultured mouse DA neurons, Cav2.3 channels can contribute to 

pacemaking. A possible objection could be that SNX-482 (Cav2.3 blocker) is also a powerful 

Kv4.3 channel blocker [275] underlying K+ type A (IA) currents. Therefore, it can be argued 

that in current clamp recordings, a concentration between 50-300 nM of SNX-482 could 

alter the pacemaker or AP shape by effectively blocking Kv4.3 channels. However, the 

results obtained on the spontaneous activation of DA neurons show very clearly that 100 

nM SNX-482 causes a shortening and reduced frequency of spontaneous APs, while a 

block of IA channels typically induces an enlargement of APs in different neuronal 

preparations [276] and an increase in frequency in DA neurons [21].  
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Thus, pharmacological inhibition of Cav2.3 in addition to Cav1.3 may be required for 

clinically meaningful neuroprotection. However, Cav2.3-mediated R-type currents are 

known to be drug resistant [277]. Thanks to these results it will be possible to expand and 

spend greater efforts to define an effective Cav2.3 drug, or to define a joint 

pharmacological protocol on the selective block Cav2.3 and Cav1.3. 

 

5.0 μG-SCD-MEAs are efficient to monitor quantal release 

and electrical activity 

 

I demonstrated that the μG-SCD-MEAs, the diamond prototype that I developed in 

collaboration with the Physic Department in these years, are efficient as carbon fiber 

electrodes (CFEs) to monitor the exocytotic activity in real time. 

I started with a simple experimental model, the PC12 cells, defined by Westerink et 

all.,[242] “The PC12 cells as model for neurosecretion”. The amperometric detection can 

be performed simultaneously by 16 graphite electrodes: together with the portability of 

the instrument, this is one of its greatest strengths, combined with the fact that data 

acquisition is enormously faster, and, being the cells placed on the multielectrodes, this 

avoids mechanical stimulation as may occur using carbon fiber electrodes. 

I also demonstrated the reliability of μG-SCD-MEAs to carry out pharmacological activities, 

aimed at monitoring the alterations in kinetics and amplitude of quantum secretory 

events. For example, I showed that cell incubation with L-DOPA causes significant changes 

in the shape of the amperometric spikes. These results are consistent with those 

performed by Pothos et al. [232]. In the cited work, 1 h of incubation with 50 µM of L-

DOPA increases the quantal release by 250%; in my case, I incubated PC12 cells for 1 h at 

20 μM and obtained a 120% increase. 

The reason for these changes in the shape of the amperometric spikes is quite complex 

[244], however some hypotheses can be advanced. It has been hypothesized that L-DOPA 

favors more fusion events (i.e. fusion between two or more vesicles before exocytosis). 

Alternatively, Colliver et al. [245] from the TEM images observed that after incubation 

with L-DOPA there is a significant increase in the diameter and volume of the vesicles, 
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these pharmacological studies have shown that this increase is mediated by the vesicular 

monoamine transporter (VMT).  

 

6.0 L-DOPA induced down-modulation of spontaneous 

firing and the effect is reverted by D2 autoreceptor 

antagonist 

 

The G-SCD-MEAs, in addition to detecting the quantal release of dopamine, can be 

exploited to measure the electrical activity of neuronal cultures of the midbrain. Network 

activity becomes detectable in both devices in most electrodes (70%) when the network 

is mature (14 DIV). 

Neuronal firing of SN DA neurons is inhibited by autoreceptor-mediated D2-activation of 

GIRK and is prevented by the D2 antagonist sulpiride [28], [278]. To evaluate the sensitivity 

of G-SCD-MEAs, I tested this inhibitory pathway in TH-GFP neurons cultured for 2 weeks 

on G-SCD-MEA and conventional MEAs. Autocrine inhibition is induced by the addition 

of L-DOPA, which is converted into dopamine (DA) and then released by dopaminergic 

neurons. 

In most neurons L-DOPA blocked the current, a reduction in firing rate was observed 

together with a slow membrane hyperpolarization and an increase in AP amplitude which 

was subsequently restored by sulpiride, the selective antagonist of the D2 autoreceptor. 

Both MEAs device revealed the reduced rate of firing and increased phase-boosting AP, 

which was restored by the sulpiride. 

From a physiological point of view, both measurements are in excellent agreement and 

suggest a sustained recruitment of NaV channels due to the greater cellular 

hyperpolarization induced by the activation of the GIRK channel. Sustained cellular 

hyperpolarizations increase the recruitment rate of NaV channels from steady state 

inactivation [252], [254], while the recruitment of different Nav channel isoforms which 

are characterized by a lower activation threshold it cannot be excluded. 

For what concerns the opposite effect observed in a minority of neurons, in which L-DOPA 

increased the peak of activity, variable responses have also been described in substantia 

nigra pars compacta (SNc) neurons, using MEA recordings from midbrain sections [11]. In 
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that case, neurons that fired at high frequency (> 5 Hz) were insensitive to DA, while 

neurons at low frequency were either highly or weakly inhibited by DA. 

In my experimental conditions, where mesencephalic neurons have been grown for weeks 

on the microarray, the signals arrive from different DA subpopulations [35], [259], either 

from non-dopaminergic neurons or from neighbouring DA neurons of ventral tegmental 

area (VTA). Indeed, the excitatory effects of L-DOPA on dopaminergic nigral neurons was 

mentioned by Berretta et all. on slices [11], I was able to reproduce for the first time this 

effect on the culture of dopaminergic neurons and recently it was also demonstrated by 

Liss et all. [279] on a slice.  

Finally, for what concerns the fraction of neurons that have been inhibited by L-DOPA and 

have not undergone a membrane potential with a relevant hyperpolarization, different 

causes may be responsible for this modulation, based on the involvement of other K+ 

channels of GIRK [260]. This dopamine-mediated lack of inhibition observed in some cases 

could also be caused by desensitization of D2 receptors (as argued by Dragicevic et al., 

2014 [28]) or by the action of DOPA-quinone, a metabolite produced in the conversion of 

tyrosine to melanin, which counteracts the inhibition of the firing of dopaminergic 

neurons of the SNc induced by the opening of GIRK in response to D2 stimulation [280]. 

These experiments represent a valid in vitro investigation model of the maturation of the 

mesencephalic network and the determination of its regulatory components, and may 

represent a starting point for future studies aimed at understanding the mechanisms 

responsible for the alteration of dopaminergic neurons. 

 

   G-SCD-MEAs are suitable tools for simultaneously 

performing amperometric and potentiometric 

measurements  

 

Our data demonstrate that G-SCD-MEAs are highly reliable as a long-term 

multifunctional detection multiarray both for neuronal activity recordings and for 

measuring secretion from multiple electrodes simultaneously. Compared to conventional 

approaches, real-time measurements of quantum exocytosis and neuronal firing make 



105 
 

G-SCD-MEA a promising biosensor for the in vitro investigation of neuronal circuit 

properties, as well as a valuable tool for studying deactivated neurotransmission in 

neurodegenerative disorders. The new goal that was achieved was to realize a first 

simultaneous measurement of amperometry and potentiometry from the same neuronal 

network. Currently this is the first simultaneous measurement performed by a multi-

electrode device. 

 

8.0 MVIIC restores the impaired firing rates by aSyn 

The sinucleinopathies are neurodegenerative diseases characterized by the abnormal 

accumulation of aggregates of −synuclein (aSyn) protein in neurons, nerve fibers or glial 

cells. Among the most common synucleinopathies are Parkinson's disease (PD) and Lewy 

body dementia (LBD). In both of these diseases, the aSyn protein aggregates into amyloid 

fibrils which are deposited in characteristic inclusions, i.e. bodies Lewy and Lewy neuritis. 

The relationship between the aggregation of aSyn, the formation of inclusions of the 

amyloid protein, the clearance of aggregates, and the development of the disease remains 

to be understood. The protein is constantly secreted into the extracellular space. 

Extracellular monomers and aSyn aggregates can be absorbed by other cells. This 

absorption probably contributes to the diffusion of aSyn aggregation throughout the 

nervous system. In healthy cells, the function of the protein is associated with synaptic 

activity, in which it appears to regulate the pool of synaptic vesicles through the 

rearrangement of the vesicles after endocytosis, although several studies are still 

underway for a better understanding of its physiological role. 

A protein concentration of  ~ 100-200 mg/mL, this corresponds to a physiological protein 

concentration of 35-70 μM in the human brain and ~ 40 μM in the rat brain [196]. In 

pathological conditions, intracellular concentrations well above 100 μM are possible 

[281]. 

 It has been shown that an extracellular administration of aggregated aSyn induces in turn 

the aggregation of intracellular aSyn [282]. aSyn can be found in the extracellular 

environment not only in the form of a monomer but also as an oligomer that can be 

internalized by neuronal cells, through a clathrin mediated endocytotic pathway [283]. 
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Recent evidence shows that these endogenous oligomers are the most cytotoxic in the 

early stages of disease development [197]. 

To this end, I exposed dissociated mesencephalic dopaminergic neurons, cultured on 

MultiElectrodeArray (MEA), to extracellular aSyn with the aim of studying the possible 

damaging effects of extracellular synuclein on firing activity and network synchronization. 

The formation of these aggregated oligomers starting from the monomer form after 48 

hours of incubation was demonstrated through the AFM technique. 

After observing a reduction in the firing frequency proportional to concentration of αSyn 

of 1 and 70 μM and an absence of effect at concentrations lower than 0.3 and 0.5 M, it 

is possible to state that the phenomenon of attenuation of the frequency of electrical 

activity is dose-dependent. These data are in agreement with other experimental 

evidences, even if obtained on a different preparation (cortical neurons): it has been 

shown that high concentrations of extracellular aSyn lead to a reduction in the firing 

frequency of the neuronal network by interrupting the synaptic transmission, while the 

neuronal capacity to generate action potential remains intact [196]. Among the observed 

effects there are also a reduction in the number of bursts, while for each burst the number 

of spikes and the duration increase. This means that aSyn acts by reducing the total 

number of events generated by the network by altering their distribution, as the number 

of bursts is reduced, but each of these becomes longer and with a higher percentage of 

spikes than in the control condition.  

Even synchronization is reduced after incubation with aSyn, at the moment it was 

evaluated in the absence of synapse blockers, it will be interesting to understand, through 

the use of synapse blockers, how synchronization behaves of the dopaminergic 

component in the presence of the protein at an extracellular level. 

A very interesting result, but which undoubtedly needs further investigation is the effect 

that aSyn has on a young network (9 DIV). Unlike the case of the mature network (14 DIV), 

no significant variation was observed in the firing rate. This result could be linked to the 

fact that extracellular aSyn plays an important role on the synapse, which is not developed 

at such an early stage of neuronal development, but as mentioned other experiments will 

be needed to major understand this interesting phenomenon. 
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In parallel, single-cell dopaminergic tests were developed in current-clamp and using 

synapse blockers. It emerges that in the absence of stimulation (constant current at 0 pA) 

the frequency is drastically reduced, confirming the results with MEAs device. 

This could be caused by an increase in the influx of calcium into the cell induced by the 

direct interaction of the extracellular protein with the Cav2.2, as observed by Adamczyk et 

al., 2006 and by Ronzitti et al., 2014 [206], [208]. The increase in intracellular Ca2+ 

increases the firing of the dopaminergic cells of the SNc and therefore the secretion of 

dopamine, which through the D2 autoreceptor reduces the firing frequency by activating 

a potassium channel (GIRK) via a G-dependent protein mechanism. The reduction in firing 

could also be due to the interaction between aSyn and DAT: according to the studies by 

Wawer et al., Luk et al. and Wakamatsu et al. [115], [284], [285], exogenous aSyn causes 

a decrease in the gene expression of DAT, which is responsible for the reuptake of 

dopamine from the synaptic space, therefore a reduction of its action leads to an increase 

in the concentration of dopamine in the synapses and increased dopaminergic 

stimulation, binding to the D2 receptor. For these reasons I blocked Cav2.1 and Cav2.2, I 

observed a recovery of the firing frequency compatible with the control condition. It is 

therefore possible to state that Cav2.1 and Cav2.2 may play a role in signal recovery. Future 

experiments could confirm this hypothesis, for by applying both MVIIC but also sulpiride, 

a selective blocker of the D2 autoreceptor.  

These experiments therefore imply the need to carry out further tests to understand at 

the molecular level the mechanism of action of aSyn on neuronal activity. It is necessary 

to understand which dopaminergic receptors are most expressed on the neurons of the 

substantia nigra pars compacta in order to explain what was observed at the MEA and in 

these preliminary current clamp experiments with the current set at 0 pA. 

 

Another particularly interesting result derives from what was observed by applying a 

depolarizing pulse of 20 pA. It is observed differently from the non-stimulated condition 

that the frequency increases in a statistically significant way after having incubated for 48 

h with aSyn. Also the rising phase, that is the phase of ascent of the action potential, 

increased with the stimulation > + 20 pA. But when the current pulse delivered reaches 

60 pA the activity decreases as the cell adapts earlier than the control condition. In the 

control condition the firing frequency gradually increases proportionally to the pulse 
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amplitude; by comparing the two situations it is clear that aSyn induces an uncontrolled 

increase in cellular activity, inducing higher frequency and earlier adaptation. 

The increase in the rising phase could be due to an expression of channels that induce the 

entry of depolarizing cationic currents. To test this hypothesis, future experiments could 

be carried out with the same method but in the presence of sodium or calcium channel 

blockers. 

The increase in firing frequency observed under stimulation is in agreement with the 

observation of Lin et al., 2021 [286]: this study states that in the presence of over-

expressed aSyn, a reduction in the expression of the D2 receptor occurs in dopaminergic 

neurons, which causes an increase in the regulation of firing and dopamine secretion,  

since D2 is the receptor responsible for inhibiting cellular excitability. 
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