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Abstract

Mesostriatal dopamine (DA) transmission plays key roles in the functions of the basal
ganglia such as reward prediction signalling and regulation of goal-directed behaviour.
Dysregulation of DA release is implicated in numerous neurological and psychiatric
disorders such as Parkinson’s disease and addiction. DA signalling, in addition to being
driven through action potential (AP) generated at the cell body, can be gated locally by
neuromodulators present within the striatum. Elucidation of mechanisms modulating axonal
DA release is crucial to further understand the various role for DA signalling within the basal
ganglia, and could help uncover potential therapeutic targets.

In the mammalian striatum, acetylcholine (ACh) released from cholinergic
interneurons (Chls) is a modulator of DA release through nicotinic acetylcholine receptors
(nAChRs) located on striatal DA axons. Ex vivo studies using fast-scan cyclic voltammetry
(FCV) have shown that nAChRs can modify the frequency dependency of DA release. Indeed,
nNAChRs either promote DA release when stimulated at low frequencies or provoke a
pronounced short-term depression (STD) of DA release when stimulated at higher
frequencies. Although the downstream mechanism through which nAChRs mediate this dual
effect on DA release remains unknown, recent work has suggested that nAChRs exert their
effect through modification of DA axonal excitability. This thesis examines the potential role
of voltage gated-potassium channels (VGKCs) and voltage-gated sodium channels (VGSCs)
in the mechanisms involved in how nAChRs operate on striatal DA axons in mice.

In chapter 3, | investigate the potential role of VGKCs. | found in mouse ex vivo
striatum that altering VGKCs function affected dopamine release in similar ways whether
nAChRs were active or antagonised, suggesting that VGSCs are not the driving force behind
the effects of nAChRs on DA release.

Next, in chapter 4, | examined the potential role of VGSCs. | describe the
implementation of a new genetically encoded voltage indicator (GEVI), ASAP5, which
allowed direct interrogation of the membrane voltage of populations of striatal DA axons.
Using this technique, along with calcium imaging, | revealed that nAChR activation evoked a
prolonged depolarisation of DA axons, which is accompanied by an intracellular Ca*
transient. | also found that limited VGSC availability following nAChR-mediated
depolarisation is a limiting factor for population spike height during pulse-trains. These
smaller population spike also triggered smaller Ca?* transients and consequently less DA
release, providing an explanation for the nAChR-mediated STD of DA release.

Finally, in chapter 5, | streamlined a novel approach to study the ACh-DA interaction
by investigating these potentially conserved mechanisms in the simpler brain of Drosophila
melanogaster.

Data presented in this thesis provided novel insights into the nAChR modulation of
DA release and suggests a potential mechanism involving VGSCs. Furthermore, the
implementation of new voltage imaging in a population of axons opens a range of new
hypothesis to be tested concerning DA axonal physiology.
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General Introduction



1.1. Thesis overview

Mesostriatal dopamine (DA) transmission plays key roles in the reward prediction
signalling and regulation of goal-directed behaviour. Dysregulation of DA signalling is
implicated in multiple neurological and psychiatric disorders such as Parkinson’s disease
and addiction. Striatal DA release can be driven through action potential (AP) generated at
the cell body but have also been shown be gated locally by neuromodulators present within
the striatum (Sulzer et al. 2016). Elucidating mechanisms involved in the local modulation of
striatal DA release could help uncover potential therapeutic targets and deepen our
understanding of the behaviourally relevant roles for DA signalling.

The mammalian striatum is also particularly enriched in acetylcholine (ACh) released
from striatal cholinergic interneurons (Chls). Striatal DA and ACh reciprocally regulate each
other’s release with ACh modulating DA release through axonal nicotinic acetylcholine
receptors (nNAChRs) located on striatal DA axons. Ex vivo studies using fast-scan cyclic
voltammetry (FCV) have shown that nAChRs can modify the frequency dependency of DA
release (Rice and Cragg 2004; Zhang and Sulzer 2004). nAChRs can either promote DA
release when stimulated at low frequencies or induce a pronounced short-term depression
(STD) of DA release when stimulated at higher frequencies. nAChR promotes DA release by
evoking release upon activation (Threlfell et al. 2012; Cachope et al. 2012; Wang et al.
2014b, a). However, despite few hypothesis — including vesicle pool depletion and changes
to the probability of release (Cragg 2003; Wang et al. 2014b) — the mechanisms allowing
nAChRs to also inhibit DA release are still unresolved.

Recentwork has suggested that nAChRs exert their effect through modification of DA
axonal excitability (Zhang et al. 2025). This thesis examines the potential role of voltage

gated-potassium channels (VGKCs) (chapter 3) and voltage-gated sodium channels
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(VGSCs) (chapter 4) in the mechanisms involved in how nAChRs exert their dual effects on
on striatal DA in mice. In chapter 4, | also describe the implementation of a new genetically
encoded voltage indicator (GEVI), ASAP5f (Hao et al. 2024), which allowed direct
interrogation of the membrane voltage of a population of striatal DA axons.

Finally, chapter 5 is a standalone chapter in which | streamlined a novel approach to
study the ACh-DA interaction by investigating these potentially conserved mechanisms in
the brain of Drosophila melanogaster. The mushroom body (MB) is the centre for associative
learning of the fly’s brain, and exhibits functions similar to the striatum (Waddell 2010;
Cognigni et al. 2018). Plus, the MB hosts relevant ACh-DA connections thought to be
involved in aversive learning (Cervantes-Sandoval et al. 2017). The background information
for this chapter will be covered in detail within Chapter 5, and this introduction chapter will
solely focus on providing background concerning the mammalian striatum, as well as the

origin, function and modulatory roles of DA and ACh within it.

1.2. Organisation and function of the striatum

1.2.1.The striatum is a major input nucleus from the basal ganglia

The mammalian basal ganglia is a highly evolutionary conserved and interconnected
network of subcortical nuclei involved multiple behavioural processes such as
reinforcement learning, habits formation (Yin and Knowlton 2006) and action selection
(Graybiel et al. 1994a; Balleine et al. 2007). This structure is composed of three principal
input nuclei: the striatum, the subthalamic nucleus (STN) and the substantia nigra pars
Compacta (SNc) together with the ventral tegmental area (VTA); two output nuclei: the

substantia nigra pars reticulata (SNr) and the internal globus pallidus (GPi); and finally, an



intrinsic nucleus: the external globus pallidus (GPe) (Redgrave and Costa 2021)(Simplified

schematic of the basal ganglia connectivity in Figure 1.1) .

Numerous and diverse brain regions project to the basal ganglia input nuclei (Steiner and
Tseng 2016; Redgrave and Costa 2021). The striatum — the largest nucleus of the basal
ganglia — receives inputs varied in their provenance and in their nature. Indeed, it receives
excitatory glutamatergic inputs from structures external to the basal ganglia including cortex,
or thalamus, through which motivational, limbic and sensorimotor information are relayed;
as well as inhibitory GABAergic inputs from the GPe, the intrinsic nucleus of the basal
ganglia. The striatum receives projections from subcortical areas such as the brain stem, the
amygdala and the hippocampus. It also receives critical modulatory inputs from
dopaminergic neurons whose cell bodies are located in another input nucleus of the basal
ganglia: the SNc/VTA in the midbrain. All of these inputs are computed by neurons intrinsic
to the striatum and medium spiny neurons (MSNs) which send inhibitory GABAergic
processes directly or indirectly to all other basal ganglia nuclei. The topography of the
striatum will be further detailed in the next section 1.2.2 and 1.2.3.

The STN is the second major input nuclei. Historically, it used to be considered mainly as
a structure relaying indirectly to the striatum to the output nuclei. But recent studies
(Bonnevie and Zaghloul 2019) have drawn a more complex picture of its connection within
the basal ganglia and with external structures. It receives inputs from similar regions as the
striatum but sends exclusively excitatory glutamatergic projections onto the output nuclei
(SNr and GPi), the SNc and the intrinsic GPe (Kitai and Deniau 1981; Kita et al. 1983).

The third input nucleus from the basal ganglia is the SNc/VTA nucleus composed of

dopaminergic neurons. They receive both inhibitory (from the striatum) and excitatory (from



the STN) inputs from within the basal ganglia. This region also takes inputs from multiple
other brain regions such as cortex, brain stem and raphe nuclei (Floresco et al. 2003). SNc
and VTA dopaminergic neurons project to the striatum where they provide crucial
modulatory inputs (Watabe-Uchida et al. 2012; Poulin et al. 2018). More detailed description

of their projections, physiological properties and role will be given in section 1.3.

Finally, in brief, both the output nuclei the GPi and SNr project back to the thalamus
through GABAergic inhibitory connections (Steiner and Tseng 2016). The GPe also send
GABAergic projections to the cortex. Therefore, the basal ganglia main output projections are
also where its main inputs arise from. The structure of the basal ganglia with its layered
inhibitory connections associated with the excitatory re-entrant loops from cortex and
thalamus enable inhibition or disinhibition of specific pathways resulting in the selection of
appropriate behaviours. This selection process relies heavily on the computations occurring

within the striatum.
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Figure 1.1: Simplified model of basal ganglia connectivity with cortex and thalamus.

A simplified representation of the basal ganglia showing the between cortex, thalamus, and the basal ganglia
nuclei (modified from Redgrave and Costa, 2021). Shaded colours at the back of compartments highlight the
topographical continuum formed of cortical and thalamic inputs (limbic, associative, sensory and motor) that
are conserved throughout the basal ganglia and form parallel re-entrant loops with the basal ganglia.
Inhibitory GABAergic pathways are indicated in red, glutamatergic excitatory projections in green and
dopaminergic in pink. GPe = external segment of the globus pallidus, STN = subthalamic nucleus, SNc =
substantia nigra pars compacta, SNr = substantia nigra pars reticulata, GPi = internal segment of the globus
pallidus, D1 = D1-like DA receptor (direct pathway from D1-positive striatal MSNs to output nuclei of basal
ganglia), D2 = D2-like DA receptor (indirect pathway from D2-positive striatal MSNs to output nuclei of basal
ganglia through GPe and STN).

1.2.2. The integrative function of the striatum is supported by its topography

As detailed above, the striatum is the main input nucleus of the basal ganglia and receives
a wide range of inputs from sensory-motor, limbic and associative areas of the brain. These

inputs are integrated within the striatum and then distributed to the output nuclei. Although



the striatum does not possess clear physical boundaries in rodents, it is subdivided into
functionally different regions on the basis of their anatomical location, nature of their inputs
and biochemical identities. The different regions of the cortex and thalamus the project to
the striatum in a limbic, associative and sensorimotor gradient along the ventromedial-
dorsolateral axis (Voorn et al. 2004). This gradient overlaps with a dorso-ventral gradient of
dopaminergic innervation with SNc innervating principally dorsal striatum and VTA
innervating mainly the ventral striatum. Within each midbrain nuclei, a medio-lateral gradient
also exists, with lateral parts of the SNc and VTA respectively innervating more lateral
regions in the striatum (Farassat et al. 2019). This is a brief and simplified description of the
highly complex topography and connectivity of the striatum, since studies also shows that
most lateral parts of SNc innervate the tail of the striatum along a rostro-caudal gradient
(Poulin et al. 2018). Despite their varied inputs, these different territories share similar
neuronal type composition (detailed in the next section), and the same striated aspect—from
which the striatum gets its name. This suggest that while the inputs differ, the computations
they go through within the striatum are likely to be similar, therefore creating highly parallel

integrative pathways.

The dorsal striatum — containing the caudate nucleus and the putamen - has historically
been associated with sensorimotor functions and action selection (Graybiel et al. 1994b;
Knowlton et al. 1996; Yin and Knowlton 2006) while the ventral striatum - the nucleus
accumbens (NAc) and olfactory tubercule — has traditionally been considered as a limbic-
motor interface and as the seat of associative learning and motivation (McFarland et al.
2003; Sellings and Clarke 2003; Ikemoto 2007). Throughout this body of work, the dorso-

lateral (DLS) and ventral (nucleus accumbens core, NAcC) striatum are investigated side-



by-side, and comparisons are drawn where disparities in responses to our manipulation

arose.

1.2.3. The striatum consists of diverse neuronal populations

The striatum is composed of four main types of cells. First, the main output neurons of the
striatum — the medium spiny neurons (MSNSs) — represent up to 95% of the striatal neurons.
These GABAergic neurons are homogenously distributed throughout the striatum. However,
they also present a chemical heterogeneity which splits them into two populations based on
the type of DA receptor they express, the neurotransmitter and peptides they can also
release, and their projections. One population can release dynorphin and substance P on top
of releasing GABA, expresses D1-like receptors at its membrane, and sends its inhibitory
projections to GPi and SNr - the direct pathway projecting directly to output nuclei. The
second population releases enkephalin and GABA, possesses D2-like receptors and
projects to the GPe where it mostly inhibits its synaptic partners. This pathway is called the
indirect pathway, as D2-expressing MSNs project to the GPe which then sends its own
intrinsic neurons to the basal ganglia output nuclei. Although both of these populations
receive similar inputs and send inhibitory output projections, the nature of the DA receptor
they express dictate their role within the striatum and their target nuclei. Indeed, DA-
receptors are G-protein coupled receptors, and their downstream pathway dictates their
action on the cells. The D1-like receptor family (including D1 and D5-receptors) exert an
excitatory effect on the cells that express them, while the D2-like receptor family (including
D2, D3 and D4-receptors) are mainly inhibitory (Trantham-Davidson et al. 2004; Beaulieu
and Gainetdinov 2011). Besides major differences in their modulation by dopamine, these
two MSNs population have historically been segregated as two very distinct pathways: the
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first one promoting movement (direct) while the other one is thought to suppress it (indirect)
(Steiner and Tseng 2016). However, recent studies suggest a more nuanced approach as
these apparently distinct pathways shared some downstream interconnectivity (D1-
expressing MSNs sending collaterals to the GPe for instance Figure 1.1) with evidence both
can, at appropriate times, signal for either start or stop of action sequences (Calabresi et al.

2014).

The remaining 5% of striatal neurons comprises various different types of interneurons
(Tepper and Bolam 2004). Most striatal types of interneurons are GABAergic and are
critically involved for the modulation of striatal output (Tepper et al. 2018). One type
however is mainly cholinergic (although they can also partly co-transmit GABA and
glutamate (Lozovaya et al. 2018). The cholinergic interneurons (Chls) are large aspiny
neurons which are tonically active and occupy 1-2% of the striatum making the striatum the
brain region that is the most enriched in acetylcholine (ACh) (Contant et al. 1996). The major
role of Chls within the striatum, including their powerful modulatory role on DA axons, will
be detailed in section 1.4 and 1.5.

Finally, a cocktail of other neurotransmitters is present is the striatum such as serotonin
— 5-hydroxytryptamine, 5-HT (Steinbusch 1981), noradrenaline, glycine, somatostatin etc.
which all seem to modulate DA release, but for which the behavioural relevance is still
unclear. Overall, the striatum possesses a complex neurotransmitter landscape with DA as

main modulatory neurotransmitter playing a key role in dictating its output.



1.3. The meso-striatal dopaminergic system

1.3.1. Midbrain dopaminergic neurons: akin yet distinct
1.3.1.1. Morphologically disparate projections but similar cell

morphology

The cell bodies of DA neurons innervating the striatum are located in the midbrain. These
midbrain DA neurons also project to multiple other brain regions such as cortex, amygdala,
hippocampus, lateral habenula, septum and sub-thalamic (Redgrave and Costa 2021). As
mentioned previously (section 1.2.1), SNc and VTA DA neurons whose cell bodies are
located in the midbrain are the two main populations of DA neurons populating the striatum.
In brief, SNc and VTA DA neurons innervate the striatum in a continuum from dorsal to ventral
striatum respectively (Poulin et al. 2018). Within each regions of the midbrain, cell bodies
located on arostro-lateral axis can also innervate the striatum along a rostro-caudal gradient
(Poulin et al. 2018). DA neurons present within the VTA and SNc can also be segregated in
smaller according to the topography of their projections, their various biochemical and
genetical markers and their potential behavioural relevance (Poulin et al. 2014; Anderegg et

al. 2015; Avvisati et al. 2024).

Midbrain DA neurons receive inputs from various areas of the brain including
glutamatergic excitatory inputs from the subthalamic nucleus, inhibitory GABAergic inputs
from the striatum and glutamatergic and cholinergic inputs from the pedunculopontine
nucleus (Floresco et al. 2003) and the STN. The two midbrain DA neurons population also
receive different inputs, and one study using retrograde tracing from midbrain DA neurons

showed that DA neurons whose cell bodies are located in the SNc receive strong excitatory
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inputs from the somatosensory and motor cortices, as well as subthalamic nucleus, and DA
neurons whose cell bodies are located in the VTA receive more inputs from lateral
hypothalamus (Watabe-Uchida et al. 2012). Finally, their activity is also regulated by

GABAergic interneurons which also project to the striatum (Nair-Roberts et al. 2008).

Despite displaying different input and output connections, both populations share similar
morphology in that they extend a single unmyelinated axon to the striatum, where they form
colossal and extremely branched axonal arbours. SNc¢ neurons sending their axons to the
DLS might display a higher level of axonal branching points than VTA neurons projecting to
the NAcC (Yetnikoff et al. 2014; Rodriguez-Lépez et al. 2017). Nevertheless, it has been
estimated that the axon of single DA neuron from a rat brain can occupy up to 5-6% of the
total volume of the striatum (Matsuda et al. 2009), and form up to form ~10° en passant
varicosities (Matsuda et al. 2009; Pissadaki and Bolam 2013). DA neurons form a small
number of classical synapses (Descarries et al. 1996; Bérubé-Carriere et al. 2012) and are
thought to mostly signal through volume transmission (Cragg and Rice 2004; Bérubé-
Carriere et al. 2012) . Indeed, DA neurons form a small number of symmetrical synapses,
with 60-70% of axonal varicosities being asynaptic (Descarries et al. 1996). Such large and
branched axonal arbours have extremely high metabolic demands for the upkeep of their
arborisations (Pissadaki and Bolam 2013), and it is therefore likely that this unique
morphology serves a major role in striatal computations. Indeed, on top of relaying
information from the midbrain, DA release from these largely branched axons have been
shown to be heavily modulated locally within the striatum (Rice et al. 2011; Sulzer et al.

2016).
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1.3.1.2. Physiological properties

In vivo, DA neurons from VTA and SNc both display tonic firing patterns driven by intrinsic
pacemaking properties. In rats, tonic firing has been shown to range between 1 to 10 Hz
(Grace and Bunney 1984a, b; Hyland et al. 2002). They also exhibit a switch from tonic to
burst firing at 20-40 Hz following excitatory inputs, although higher intra-burstintervals up to
100 Hz have also been reported (Hyland et al. 2002). The action potential (AP) generated by
midbrain DA neurons are generally relatively broad (>2ms) (Grace and Bunney 1984b; Lacey
etal. 1989).

Midbrain DA neurons also display heterogeneity in their firing patterns. For instance,
SNc neurons exhibit large spikes with a strong after-hyperpolarisation (AHP) while VTA
neurons exhibit smaller spikes with shallower AHP, and a lower tonic firing rate (Lammel et
al. 2008). These neurons also exhibit disparate vulnerability towards neurodegeneration, as
only SNc DA neurons are affected by abnormal cell death in Parkinson’s disease (PD) for
instance. Additionally, within each region (SNc and VTA), several subgroups of DA neurons
can be drawn based on firing patterns and gene expression patterns (Roeper 2013; Poulin et
al. 2014, 2018), painting a complex map of finely tuned but widely distributed dopaminergic
neuromodulation. In ex vivo striatal slices however, axons are severed from their cell bodies

and do not exhibit tonic firing patterns.

1.3.2. Striatal DA transmission

In the mammalian striatum, dopamine transmission occurs primarily through volume
transmission (Cragg and Rice 2004) at the ~10° en passant varicosities formed by the
extensive axonal arbours of each DA neuron (Matsuda et al. 2009; Pissadaki and Bolam

2013). Electron-microscopy studies have shown that these varicosities are mostly
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asynaptic, ie. where vesicles are condensed in the pre-synaptic terminal, no clear post-
synaptic density can be found in potential post-synaptic partners, which further supports the
idea that DA exerts its effects on striatal networks mainly through volume transmission
(Pickel et al. 1981; Bérubé-Carriere et al. 2012). Furthermore, studies have demonstrated
that DA transporters (DAT) and DA receptors are mostly localised outside of striatal
synapses (Yung et al. 1995; Caillé et al. 1996; Uchigashima et al. 2016) suggesting that DA
can diffuse in the extracellular matrix. Release machinery at DA active zones is however
thought to operate broadly similarly to those of classical synapses, with Ca?*-dependent
release of areadily releasable pool of DA-containing vesicles (Liu et al. 2021), although there
are distinctions in the presynaptic molecular machinery required (Robinson et al. 2019;
Delignat-Lavaud et al. 2023). However, only 30 % of these varicosities have have been found
to have active release sites with the necessary machinery for action potential evoked DA
release (Liu et al. 2018). Finally, a study found that electrical stimulation of ex vivo striatal
mouse brain slices only triggered release from approximately 20% of the varicosities at DA
axons, despite most of them displaying similar Ca?* event following the stimulation (Pereira
etal. 2016). Some varicosities unresponsive to electrical stimulation did however display DA
release when stimulated through KCl application, suggesting that some silent varicosities

also possess release mechanisms (Pereira et al. 2016).

Dopamine exerts its effects on cells and afferents in the striatum through a range of G-
protein coupled receptors with various affinities for DA, classified in two groups according to
their downstream pathways. The D1-like receptors — comprising D1- and D5-receptors —
couple to Gasor family of G-proteins which stimulate cAMP production by adenylyl cyclase.

They are exclusively localised on post-synaptic cells (such as MSNs form the direct pathway
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forinstance) and are generally thought to have an excitatory effect on the cells in which they
are expressed. The D2-like receptors comprise the D2-, D3- and D4-receptors that activate
the Gay, family of G-proteins which inhibit adenylyl cyclase and are thought to have a
generally inhibitory effect. The D2-like receptors can be located post-synaptically (on MSNs
forming the indirect pathway or Chls for instance) but are also found on DA axons where they

act as inhibitory auto-receptors.

1.3.3. Local modulation of DA release

Generation of APs by midbrain dopaminergic cell bodies does not always faithfully
translate to DA release in the striatum (Rice et al. 2011; Sulzer et al. 2016; Mohebi et al.
2023). The relay of APs from the midbrain to release sites of extensively branched DA axonal
arbours located in the striatum is affected by the local modulation. DA release is under local
regulation of a large range of neurotransmitters and neuromodulators present in the striatum
(Rice etal. 2011) such as small molecules (for instance ATP, nitric oxide, hydrogen peroxide,
glycine); peptides like substance P or somatostatin; monoamines including serotonin and
noradrenaline; and neurotransmitters such as ACh, glutamate or GABA (Chesselet and
Reisine 1983; Avshalumov et al. 2008; Brimblecombe and Cragg 2015; Lopes et al. 2019;

Roberts et al. 2020).

1.3.4. Behavioural role of striatal DA release

Seminal studies have highlighted a role for dopaminergic activity in reward learning. A
characteristic of DA neurons is that they switch firing mode from tonic to phasic (15-100 Hz)
upon presentation of a reward or of a cue previously associated with a reward, but on the

contrary switch to a pause when an expected reward is omitted (Schultz 1986; Hyland et al.
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2002; Morris et al. 2004). Furthermore, DA can encode for the salience of the reward (Morris
et al. 2004). Studies have also involved DA in reward prediction error (RPE) which consists
in predicting expected reward based on past-experiences and confront this expectation with
the actualreceived reward (Schultz 2016). This process helps reinforcing behaviours that are
appropriate to a specific context (Schultz 2016). DA neurons have been shown to respond
to various types of reward such as food, water, sex (Miyasaka et al. 2025) but have also been
shown to respond to aversive signals such as bitter taste (quinine), tail pinches or foot
shocks (Lopez and Lerner 2025). DA is also reported to code the motivational state of the
animal (Mohebi et al. 2023). In this context, disruption to the DA system can also lead to
addiction and expression of abnormal motivational drive in humans (DSM-IVR 2013). In
mice, self-administration of optogenetic activation of the midbrain DA neurons can also
provoke compulsive behaviours (Pascoli et al. 2015).

Activity at DA neurons have also been shown play a role in movement. Historically, this
has been discovered through the motor-symptoms of PD and the realisation that these
symptoms are linked to the characteristic loss of DA neurons (Barbeau 1962; Hornykiewicz
1998). In PD, the loss of DA release in the DLS causes a reduced activation of direct pathway
D1-expressing MSNs, and a loss of inhibition to the D2-expressing MSNs (indirect pathway),
which results in abnormal firing rate across multiple basal ganglia nuclei and is thought to be
the cause of motor defects in PD (McGregor and Nelson 2019). Studies have highlighted an
increased phasic firing and DA release at movement onset (Dodson et al. 2016; Howe and
Dombeck 2016), and in motor learning.

Finally, the behavioural relevance for tonic firing of DA neurons is not fully understood.
Tonic activity is thought to provide higher occupancy at D2-like striatal receptors compared

to occupancy of the D1-like receptors (Dreyer et al. 2010). A study in primates monitoring
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DA release during a Pavlovian task suggest that tonic levels can help monitor the continuous
changes in areward value (Wang et al. 2021). Amore recent study using RIM knock-out mice
(a protein necessary for the organisation of an active release zone), which strongly reduces
AP-driven DA release, suggests that AP-independent DA release is sufficient for movement
initiation but not for reward-motivated behaviours (Cai et al. 2024). This study however does
not provide further explanation concerning the mechanisms through which AP-independent
release would occur, as both phasic and tonic release modes are thought to depend on AP
generation either by burst firing for phasic release or through AP generated by the pace-
marker properties of DA neurons for tonic firing (Grace and Bunney 1984a, b). Disentangling
the behavioural role of tonic versus phasic DA is technically challenging, and often
techniques with lower temporal resolution — such as microdialysis and high performance
liquid chromatography — are thought to reflect tonic changes, but these can more difficultly
be correlated with specific behaviours (Berke 2018). Finally, the role of tonic DA release
could vary across regions within the striatum as different frequency of slow oscillations have
been reported in behaving mice across dorsal and ventral striatum (Jgrgensen et al. 2023).
More studies would be needed to more finely dissect the role of tonic firing of DA neurons

and tonic DA release.

1.4. The striatal cholinergic system

1.4.1. Striatal cholinergic interneurons and connectivity

Chls represent only 1-2% of the overall striatal neuron population (Phelps et al. 1985;
Contant et al. 1996). Their small number is however compensated by their large spineless

dendritic trees and their extensive axonal arbours (Kawaguchi 1993). Although they can form
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classical synapses with their downstream partners, Chls also use volume transmission
(Contant et al. 1996; Descarries et al. 1997) to exert a strong influence on striatal networks.
Although their effect can be carried over a wide range of targets spread in a large volume, the
presence of acetylcholine esterase (AChE) greatly limits the spread of ACh by breaking down
the neurotransmitter atincredibly fast rates (Quinn 1987; Nosaka and Wickens 2022). AChE
density is not uniform across striatum and delineates microdomains called striosome
(lacking in AChE) and matrix (enriched in AChE) (reviewed in Brimblecombe and Cragg
2017). Chl distribution is not homogeneous throughout the striatum as Chls exhibit a gradient

of decreased density along the anterio-posterior axis (Matamales et al. 2016).

Physiologically, Chls can be characterised by their large spikes followed by strong
hyperpolarising currents (Kawaguchi 1993). Chls display multiple autonomous firing
patterns including burst firing, irregular firing and tonic firing (Goldberg and Reynolds 2011).
These spontaneous firing modes have little dependence on the inputs (Sharott et al. 2012),
and Chls can tonically discharge even in ex vivo brain slices (Kramer et al. 2022).

In mammals, Chls receive glutamatergic inputs from the cortex and the thalamus (in
particular form the parafascicular (Pf) nucleus in rat) mediated through both ionotropic and
metabotropic receptors (Kawaguchi 1993). Chls also receive GABAergic inputs through
GABAAx-receptors from striatal interneurons and MSNs (Szydlowski et al. 2013) and in the
NAcC at least, Chls also receive inputs from GABAergic interneurons located in the VTA
(Brown et al. 2012). Chls are responsive to 5-HT through metabotropic 5-HT,¢; receptors
(Bonsi et al. 2007). Finally, Chls are also strongly modulated by dopaminergic inputs, mainly
through D2-receptors and D5-receptors which are respectively inhibitory and excitatory

GPCRs. In rodent striatal slices, DA acting at D2-receptors have been demonstrated to
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inhibit Chl firing (Maurice et al. 2004; Deng et al. 2007), while other reports have indicated

that bath application of DA can excites Chls through D5-receptors (Centonze et al. 2003).

One of the most notable characteristics of Chls is their pause (~200 ms decrease
tonic firing) in response to a learned association between an external stimulus and a reward
or a punishment (Kimura et al. 1984; Aosaki et al. 1994; Apicella et al. 1997; Morris et al.
2004; Szydlowski et al. 2013) This conditioned pause response can in some cases be
preceded by a short increase in Chls activity and can eventually be followed by a rebound
activity as well. This pause is also a hallmark of the DA-ACh interaction since it is
synchronised to a burst of activity in DA neurons and DA is necessary for the pause to be
acquired during learning (Aosaki et al. 1994). The characteristics of the pause —in amplitude
or latency for instance — evolve depending on the stage of learning at which the recording
occurs and the type of task animals are taught (Zhang and Cragg 2017). Most importantly the
characteristics of the pause does not vary according to the same parameters as DA phasic
events, indicating they both code for different aspects of the reward prediction error (Zhang
and Cragg 2017). Although DA has been considered to be the driving force for this pause
mainly through involvement of inhibitory D,-receptors on Chls, other candidates such as
cortical and thalamic inputs to the striatum are considered as well. Indeed, stimulation of
the thalamus or striatal Pf afferent has been shown to induce a pause in the striatum both in
vitro and in vivo (Ding et al. 2010; Doig et al. 2014; Kosillo et al. 2016). Clarity on the
mechanisms underlying the pause has yet to be put forward.

Overall, the behavioural role for striatal Chls is still incompletely resolved, but they

are thought to be involved in behavioural flexibility, reward memory and memory extinction
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(Morris et al. 2004; Schulz and Reynolds 2013; Aoki et al. 2015; Fleming et al. 2022; Bouabid

etal. 2025).

1.4.2. Cholinergic receptors present in the striatum

Although Chls have been demonstrated to also co-release GABA (Lozovaya et al.
2018) and glutamate (Gras et al. 2002), Chls exerts their postsynaptic effect mainly through
ACh release, at muscarinic ACh receptors, which are modulatory G-protein coupled
receptors (GPCRs) and nicotinic ACh receptors (hAAChRs), which are fast ligand-gated cation
channels (Hille 2001). These channels have been named after agonists — muscarine and
nicotine — that mimic action of ACh upon binding to respectively mAChRs and nAChRs. Both

channels are expressed on most cell types within the striatum (Poppi et al. 2021).

1.4.2.1. mAChRs

The mAChRs are a family of GPCRs consisting in five subtypes (M:- to Ms-AChRs)
divided into the M;-like receptors (M-, Ms- and Ms-AChRs) which couple to Gy+1and are
regarded as excitatory receptors, and the M»-like receptors (M.- and M,;-mAChRs) which
couple to Gy, with a generally inhibitory impact. These receptors operate a long-term
modulatory role on the cells on which they are expressed, either enhancing or limiting their
excitability (Lim et al. 2014).

The terminals of glutamatergic afferents innervating the striatum express M,- and
M,-mAChRs through which glutamate release is attenuated, which in turn limits its
excitatory drive, in particular on MSNs (Assous 2021). M,- and M4,-mAChRs are also present
on Chls and act as autoinhibitory receptors to prevent excessive ACh release (Yan and

Surmeier 1996; Ding et al. 2006).

19



Chls form direct synapses with MSNs(lzzo and Bolam 1988), which express both
M;- (excitatory) and M,;-mAChRs (inhibitory) which exert opposing effects on their excitability
(Assous 2021).

Finally, Ms-mAChRs mRNA is expressed by DA neurons (Vilaré et al. 1990; Weiner
et al. 1990). However, the role Ms-mAChRs on DA axons and DA release is poorly
characterised (Shin et al. 2015; Zell et al. 2023). However, auto-activation of inhibitory M,-
and Ms;-mAChRs at Chls, by lowering ACh release, can affect DA release through nAChRs

located on DA axons (Threlfell et al. 2010).

1.4.2.2. nAChRs

The nAChRs are part of a conserved family of pentameric ligand-gated ion-channels
with similar architecture to glycine receptors or GABA-A receptors or 5-HT; receptors for
instance (Hille 2001; Dani 2015). In mammals, at least 16 genes codes for homologous yet
distinct nAChR-subunits which are divided into 5 subunit types: the q, B, 8, y or e-subunits.
In the central nervous system, only a panel of 12 a- and B-subunits are present (a1- a7 and
B2 — B4) (Corringer et al. 2000) which form mainly heteromeric receptors. The different
associations of subunits within a receptor provide them with different kinetics and affinities
for their ligands, also conferring them different functions (Alkondon et al. 1999; Albuquerque
et al. 2009; Dani 2015). For example, upon ligand binding, nAChRs are cation permeable.
Their permeability is non-selective to cations however the gradient is mostly in favour of Na*
and Ca?" as opposed to K*. From the total current flowing through open nAChRs, only 2to 5
% is Ca?', suggesting that most of the current is supported by Na* influx (Vernino et al. 1994;
Dani and Mayer 1995). However, different subunit composition have been demonstrated to

be more or less permeable to specific cations, and in particular with strong Ca?
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conductance’s being attributed to a7-containing receptors (Albuquerque et al. 2009). Upon
ACh application, a7-containing nAChRs have been shown to elicit fast current in midbrain
GABA and DA neurons, while neurons expressing non-a7-containing nAChRs exhibit slower
onset current in response to agonist presentation. Further, the f2-subunit was necessary for
any current to arise in these neurons (Klink et al. 2001).

In general in the CNS, activity at nAChRs triggers Na* (and potentially Ca?*) influx
leading to membrane depolarization — such as through recruitment of voltage-gated sodium
channels (VGSCs) - and consequently activation of voltage-gated Ca?' channels
(Albuquerque et al. 2009). The membrane depolarisation and consequent Ca?* entry have
been demonstrated to be ample enough to evoke neurotransmitter release, such as for
example GABA release from CA1 interneurons in rat hippocampal slices (Alkondon et al.
1999) where nAChRs are likely to be located on periterminal sites of axons and in
somatodendritic regions of CA1 interneurons. Presynaptic nAChR have been shown to
modulate neurotransmitter release throughout the CNS, mostly using EPSCs in downstream
neurons as a readout of neurotransmitter release and using pharmacology to determine the
involvement of NnAChRs . For example, presynaptic nAChRs have been reported to enhance
glutamatergic release in several brain regions: in the VTA from glutamatergic afferent from
the prefrontal cortex (Mansvelder and McGehee 2000; Mansvelder et al. 2002); in layer 5 of
the prefrontal cortex from thalamocortical terminals (Lambe et al. 2003; Poorthuis et al.
2013); or in the striatum from glutamatergic PFn afferents (Tanimura et al. 2019). Another
study found that activation of pyramidal tract fibres triggers a two-component EPSC on
striatal MSNs, with the second peak of the signal caused by ACh release from Chls excited
by PT neurons, which leads to a ACh-dependent and nAChR-mediated glutamate release at

the PT axons (Morgenstern et al. 2022). In the lateral geniculate nucleus, both glutamate and
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GABA release seem to be enhanced by presynaptic nAChRs (Guo et al. 1998). Finally, in the
striatum, synchronous activation Chl ex vivo drives 5-HT release through nAChRs present

the axons of raphe nuclei afferents (Matityahu et al. 2024).

In the striatum, nAChRs can be found on most afferents and interneurons but do not
seem to be expressed on MSNs (Assous 2021). Although the most abundant subunits in the
striatum are the a4 and B2, cortex afferents have been demonstrated to express a7-
containing NnAChRs where they enhance glutamate release (Howe et al. 2016). Inputs to the
Chis from the PFn express nAChRs containing the a6- and B2-subunits, which upon
activation also enhance glutamate release from these terminals (Tanimura et al. 2019).
Finally, dopaminergic afferents to the striatum express mainly a4p2-containing nAChRs at
their axonal membrane, but their subunit composition varies along the dorso-ventral
gradient, with a4a5B2-containing and a6pf2p3-containing nAChRs being more prominent in
DLS and more a4a6B2B3-containing nAChRs present in NAcC (Exley and Cragg 2008; Exley
etal. 2008, 2011, 2012a, 2013) (Figure 1.2). Finally, some studies reported expression of a7
subunit in DA neurons, however nothing indicates these are getting trafficked to the striatum
and are thus more likely to be localised at the cell bodies of DA neurons in the midbrain.
These a7-containing NAChRs are therefore unlikely to take part in the local modulation of DA
release within the striatum. On brain slices ex vivo, varied effects of NAChR impact on DA
release have been reported, notably depending on the experimental conditions and
stimulation paradigms. Indeed, work on brain slices have demonstrated that nAChRs at DA
axons can enhance DA release, but can also limit it (Rice and Cragg 2004; Zhang and Sulzer
2004). Modulation of DA release through nAChRs will be further explained in the next

section.
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Finally, the mechanisms underlying desensitisation of these receptors is not fully
understood, but many studies have highlighted once again the crucial effect of the nAChRs
subunit composition on the desensitisation parameters (Dani et al. 2000; Quick and Lester
2002; Giniatullin et al. 2005). For example, the high-affinity a4B2-nAChRs desensitize with
slower kinetics than the rapidly desensitizing a7-containing nAChRs. But even when
receptors share the same subunits, their kinetics can differ greatly such as for the a4a532-
containing nAChRs which have higher ECsoand desensitization rate than the a4p2-

containing nAChRs.
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Figure 1.2: Subuint composition of nAChRs expressed on DA axons in the mouse striatum (schematic by
Dr. R. Exley). DA axons expresses nAChR-subunit composition varies along a dorso-ventral gradient in the
striatum, with a4a5B2-containing and a6B82p3-containing nAChRs being more prominent in DLS and
a4a6B2p3-containing nAChRs being the major DA release modulators in NAcC.

1.5. ACh-DA interaction

Historically, the crosstalk between ACh and DA within the striatum has been seen an

antagonising one, from the realisation that motor symptoms in PD — characterised by a loss
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of DA neurons — can be treated by pro-dopaminergic drugs, or anti-cholinergic agents to
partly restore striatal output to other basal ganglia nuclei (Barbeau 1962). This led to the DA-
ACh imbalance theory, whereby DA was believed to mainly exert a powerful inhibitory effect
on Chl — and henceforth ACh release. This would create strong disinhibition in PD, from the
loss of DA neurons, leaving the striatum in a hypercholinergic state.

However, DA and ACh display much more complex interactions than previously
thought. They reciprocally act on one another at a presynaptic level. DA can either promote
or limit ACh release respectively through D1-like receptors or the D2-like receptors located
on Chls, and conversely, ACh can support or limit DA release solely through the dynamics
control of NAChRs.

In vivo, the impact of nAChR on DA release is still unclear. Indeed, studies reports
that nAChRs can support DA release (Mohebi et al. 2023; Matityahu et al. 2023), inhibit DA
release (Cragg and Rice 2004; Zhang et al. 2025), or that NnAChRs are not giving rise to phasic
patterns of DA release since deletion of B2-containing nAChRs does not disturb those
patterns (Krok et al. 2023). On striatal brain slices ex vivo however, nAChRs on DA axons
have revealed to be key modulators of DA release and have been reported to alter the
frequency dependency of dopamine release (Rice and Cragg 2004; Zhang and Sulzer 2004).
DA release measured using fast-scan cyclic voltammetry (FCV) evoked by low frequency
electrical stimulation (< ~10 Hz) is increased when nAChRs are active compared to when
they are pharmacologically antagonised (Rice and Cragg 2004; Zhang and Sulzer 2004;
Threlfell et al. 2012). However, at higher frequency stimulations, DA release was lower when
nNAChRs were active revealing a strong short-term depression (STD) of DA release. Plus,
when nAChRs are active, the frequency dependency of DA release is low, i.e. alow frequency

stimulation elicits a DA transient that is only marginally smaller than the one evoked by high-
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frequency pulse trains but becomes more responsive to frequency when nAChRs are

antagonised (Figure 1.3).
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Figure 1.3: nAChR activity reduces the frequency dependency of DA release.

A, C: Data collected using FCV. Mean (+ SEM, shaded area) [DA], transients in response to 1 pulse electrical
stimulation (1p) and 4 pulses at 100 Hz (4p 100 Hz) in DLS (A) and NAcC (C), in drug-free condition in black
after bath application of B2-containing nAChR antagonist dihydro-B-erythroidine hydrobromide (DHBE) in grey.
The arrow indicates the time of stimulation. n = 5 slices in DLS and n = 6 slices in NAcC.

B, D: Peak [DA], in response to different frequency of train-pulses (4p) normalise to the peak [DA], evoked by
1p stimulation in the drug-free condition in DLS (B) and NAcC (D). Two-way ANOVA multiple comparison test
(in DLS (B), drug-effect: F (1, 32) = 5.101, p=0.0309, frequency effect: F (3, 32) = 32.34, p<0.0001, interaction:
F (3, 32) =10.67, p<0.0001; in NAcC (D), drug-effect: F (1, 40) = 7.746, p=0.0082, frequency effect: F (3, 40) =
89.72, p<0.0001, interaction: F (3, 40) = 12.36, p<0.0001) and Fisher’s LSD test.

On one hand, investigation of how nAChRs can support DA release found, using
amperometry, that electrically evoked DA release is composed of two phases occurring
within milliseconds of one another (Wang et al. 20144, b). The first phase relies on the direct
activation of dopaminergic axons and creates a first release event. A few milliseconds later,
a second release event is triggered upon activation by ACh of the nAChRs. In addition,
optogenetically triggering ACh release through activation of Chls elicits DA release which is
abolished when nAChRs are antagonised by the 2-containing nAChR antagonist dihydro--
erythroidine hydrobromide (DHPBE) (Threlfell et al. 2012; Cachope et al. 2012; Brimblecombe
et al. 2018). Additionally, spontaneous or induced activity at striatal Chlis is thought to be
able to drive ectopic APs at DA axons through nAChRs (Threlfell et al. 2012; Liu et al. 2022).

These data indicate that nAChRs seem able to support DA release (at low frequency
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stimulation) by provoking a release event following their activation, under these conditions
at least.

Onthe other hand, investigations of the mechanisms by which activity at nAChRs can
generate STD in DA release have not reached a consensus yet. An initial hypothesis
suggested DA vesicle pool depletion (Wang et al. 2014b, a) to be the cause of the nAChR-
mediated DA release STD, but other studies have shown otherwise (Cragg 2003; Zhang et al.
2025). In particular, findings from a recent study (Zhang et al. 2025) suggest that rather than
depleting the readily releasable pool of vesicles (RRP), activity at nAChRs limits the
excitability of the DA membrane for around 100 ms following a train-pulse stimulation, which
in turns prevent subsequent release for any stimulation arriving within that time-window.
This data therefore suggests that rather than modulating DA release depending on the
frequency of stimulation per se, NAChRs limit release within a ~ 100 ms time-window after
their activation. Unfortunately, the lack of temporal resolution arising both from the nature of
the sensor used in this study and the absence of time-locked stimulus have prevented
further investigation of the underlying mechanisms and cannot resolve specific threshold
versus subthreshold depolarisation events.

To date, the intracellular mechanisms by which nAChRs can either promote or inhibit
DA release still remain to be found. Despite providing partial explanation for the strong STD
found at high-frequency (> 10 Hz) pulse-trains, these data do not allow for delineation of a
potential intracellular mechanisms of action by which nAChRs act on DA release. It paves
the way for new hypothesis, especially those exploring how the excitability of DA axonal
membrane is modified by activation of nAChRs. Two main types of voltage-gated ion
channels (potassium and sodium) are known to strongly regulate neuronal membrane

excitability (Debanne 2004). Early on from studies on giant squid axon (Hodgkin and Huxley
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1952a, b) have demonstrated the capacity of voltage-gated sodium channels (VGSCs) to
depolarise cell membrane and the capacity of voltage-gated potassium channels (VGKCs)
to repolarise the membrane after initial depolarisation.

Inthis study, we will test the potential involvement of VGKCs (Chapter 3) and VGSCs
(Chapter 4) in the downstream mechanisms of NAChRs and further details on the hypothesis
tested will be given in each chapter.

Due to the complexity of connectivity in the mammalian striatum, we also explored
ACh-DA interactions in another model organism: Drosophila melanogaster. The use of the
neuronal networks within the Drosophila Mushroom Body (MB, centre for olfactory learning)
as a model to investigate ACh-DA interactions can be justified by the highly evolutionary
conserved nature of the receptors and the targeted voltage-gated ion channels, as well as
with the conserved morphological and functional roles of DA neurons in Drosophila. Plus,
Drosophila allows for easier access to genes, and the simpler and well understood circuits
provide an unrivalled mechanistic insight with behavioural relevance. Introduction to the fly’s

MB and relevant ACh-DA crosstalk within will be given more in details in Chapter 5.
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2

General Methods



2.1. Use of mouse as an animal model to investigate dopamine
release mechanisms

2.1.1. Ethical statement for the use of animals

This body of work explore mechanisms through which presynaptic nAChRs on DA
axons affect DA release within the mammalian adult striatum and within the Drosophila
melanogaster brain. Since the entirety of the inter-specie approach of this thesis is
concentrated in Chapter 6, introduction to the fly brain will be given then.

This thesis is based on decades of studies investigating ACh-DA interaction within
the mammalian striatum we therefore inserted the current study in the same framework.
Using real brain tissue which preserves the complexity of the striatal network was crucial for
our understanding of ACh-DA interaction within the appropriate context. We used acute ex
vivo striatal mouse brain slices which best allow for studies on local modulation of DA axons.
The use of mice allows us to have access to wide range genetic modification such as to
express specific sensors and reporters within a defined set of cells using readily available
genetically modified animals. Most semantic studies interested in the local modulation of
DA release within the striatum have used mice as a model, which allows us to compare the
results in this study to wide range of literature. Furthermore, the present high degrees of
homology to humans as much in the organisation and connections with their brain, as in the
proteins expressed on their cells. This approach could therefore potentially uncover highly
conserved.

All experiments were performed under the UK (Scientific Procedures) Act of 1986
(PPL P9371BF54 and PP8860348) following local ethical approval, and Home Office

guidelines. Animals were housed in the Bioscience Medical Building at the University of
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Oxford and kept on a C57BL/6 background. They were grouped housed, had access to food
and water ad libitum, were kept on a 12h light-dark cycle, in a room with controlled

temperature (~22°C) and relative humidity (40-60%).

2.1.2. Mouse strains used in this body of work

Adult wild-type (WT) mouse (C57BL/6J) sourced from Charles River were used for
fast-scan cyclic voltammetry and GRAB-imaging experiments. This strain is the most
appropriate for the study of DA signalling as it possess a wild-type gene for a-synuclein
(Abeliovich et al. 2000) which is necessary for unaltered DA signalling, while this gene have
been reported to be spontaneously deleted in some other WT C57BL/6 strains e.g. Harlan
(Specht and Schoepfer 2001).

Experiments involving voltage and calcium sensors required these sensors (packaged in
viruses) to be expressed exclusively in dopaminergic neurons (see intracranial surgeries,
section 2.2). To this end, we were performed these experiments using transgenic mice (DAT-
Cre) expressing Cre recombinase under the control of the promoter for the gene (Slc6a3) for
the DAT (Backman et al.). Heterozygous (+/-) DAT-Cre mice were locally bred from
homozygous DAT-Cre mice on a C57BL/6J background. DAT-Cre +/-were also used in fast-
scan cyclic voltammetry experiments (Chapter 4), to control for any changes in DA

transmission occurring because of the genetic manipulation they underwent.
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2.2. Stereotaxic intracranial injections for viral transfection of

genetically encoded fluorescent sensors for imaging experiments

In this study, stereotaxic surgeries were performed to inject adeno associated viruses
(AAVs) fused with fluorescent indicators of extracellular acetylcholine sensor in striatal
neurons (see section 2.6), or voltage and calcium sensors in dopaminergic neurons (see
Chapter 4). Use of genetically modified animal lines were not available for the specific virus
that we used.

Throughout the stereotaxic intracranial surgeries, mice were anaesthetized with
isoflurane. In the first instant the level if isoflurane would be set at 4% for induction of
anaesthesia and was then adjusted between 1.5% to 3.5% during the surgery to assure
maintenance of the appropriate level of anaesthesia, with a consistent breathing rate
(minimum 1 breath per second) and the absence of pedal reflex. Temperature was
monitored through the surgery using an external thermometer and maintained using a heating

mat with feedback loop. All the surgeries were conducted following aseptic techniques.

Before safely and securely placing the animal’s head in a stereotaxic frame (Kopf
Instruments), the incision site was shaved and cleaned with ethanol (70%, diluted in sterile
saline), followed by 6 swabs alternating sterile saline and chlorhexidine (HiBi scrub, at 4%).
Before incision, mice were injected with 1 mL of sterile saline to prevent dehydration due to
the anaesthesia, meloxicam (Metacam, 5mg/kg) to prevent post-operative pain or

discomfort, and a local analgesic Marcaine (2mg/kg) was injected at the incision site.
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After adjusting the positioning of the skullin the stereotaxic frame, craniotomies were

performed with a hand drill at different coordinates depending on the virus to be injected
(Figure 2.1). Injections in the striatum (in Chapter 3 and 4) were made either unilaterally or
bilaterally. Craniotomies were conducted at A/P: + 0.65, M/L: +/- 2, D/V: -2.6 to -2.4 to target
viral expression in the Dorso-Lateral Striatum (DLS) and A/P: + 1.4, M/L: +/- 0.9, D/V:-3.7 to
-3.4 to target viral expression in Nucleus Accumbens Core (NAcC).
For injections in the midbrain (in Chapter 4), the coordinates used to target the SNc for
recordings in the DLS were A/P: -3, M/L: +/- 1.25, D/V: -4.25 to -4.2 and A/P: -3, M/L: +/- 1,
D/V:-4.2510 -4.2 for the targeting of VTA for recording in the NAcC. We found that bilaterally
injecting in the same midbrain sub-region was providing us with the best expression in the
corresponding striatal region of interest, and therefore only performed bilateral injections
(VTA/VTA or SNc/SNc).

Each site received an injection of 1 pL of the viral solution at an infusion rate of 100
nL/min delivered with a 32-gauge Hamilton syringe (Hamilton Company). After the injection,
the needle was left in place for 5 min before being withdrawn in order to allow for the viral

solution to diffuse in the brain tissue.

Animals were then closed using monofilament suture and skin glue. Animals were
then placed in a heated cage (35°C) to recover before being transfer in a post-surgical cage
containing soft bedding to avoid any abrasion to the wound. During the following 7 days,
animals were closely monitored closely, and weight daily. During the first 3 post-operative
days, meloxicam (Metacam, 5 mg/kg) was provided in the form of a strawberry flavoured
jelly, to alleviate any pain or discomfort should the mice experience it. Mice were then used

for experiments 3 to 4 weeks post-surgery to allow for sufficient time viral expression.
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AAV5-hSyn-ACh3.0 AAV5-hSyn-ACh3.0

C57BL/6J WT mice

D
AAV9-EF1a-DIO-ASAP5f-WPRE AAV9-EF1a-DIO-ASAP5f-WPRE
or or
pGP-AAV-syn-FLEX-jGCaMP8m-WPRE pGP-AAV-syn-FLEX-jGCaMP8m-WPRE

DAT-Cre +/- mice

Figure 2.1 : Schematic of injection sites and their matching recording sites

A: Injection site in the striatum (used for GRABachsoinjection in WT (C57BL/6) mice in chapter 3 and 4) shown
on a sagittal view of a mouse brain.

B: On the left, injection site in the striatum shown on a coronal striatum slice (used for GRABachs.0in chapter3
and 4). On the right, corresponding recording sites in hemisected coronal striatum slices.

C: Injection site in the midbrain (used for voltage sensor ASAP5f and jGCaMP8m in DAT-CRE mice in chapter
4) shown on a sagittal view of a mouse brain.

D: On the left, injection site in the midbrain (used for voltage sensor ASAP5f and jGCaMP8m in DAT-CRE mice
in chapter 4) shown on a coronal slice of midbrain. Injections were made bilaterally in either VTA or SNc, but
injection sites are here illustrated on the same slice. On the right, corresponding recording sites in hemisected
coronal striatum slices. The recordings sites are located in the axonal projection arbours of the injected
dopaminergic cells bodies.

2.3. Live mouse brain slices preparation and solutions

All experiments using mouse brain tissue (Chapter 3 & 4) were performed on coronal
slices. Coronal striatal slices only contain DA axons, which allow to isolate local control of
dopamine release in the striatum from cell-body generated activity.

Mice were sacrificed using cervical dislocation and the brain was quickly extracted after
decapitation. Cervical dislocation was performed on unanaesthetised animals or animals
that underwent a brief exposure (enough to lose the righting reflex) to isoflurane (4%,

anaesthetic solution).
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Brains were promptly extracted and placed in anice-cold slicing solution. The slicing solution
was equilibrated with oxygen (95% O,, 5% CO,) and contained: 85 mM NaCl, 25 mM
NaHCO;, 2.5 mM KCL, 1.25 mM NaH,PQO,, 0.5 mM CaCl,, 7 mM MgCl,, 10 mM glucose, 65
mM sucrose or 30 mM NaCl, 26 mM NaHCOs, 4.5 mM KCl, 1.2 mM NaH;PO4, 1 mM MgCl,,

10 mM D-glucose, 194 mM sucrose.

Brains were then placed into a Leica vibratome (VT1200 S, Leica) and sliced at 0.42
mm/s and 300 pm thick. | used slices from approximately +1.5 mm to +0.5 mm Bregma from
the Franklin-Paxinos atlas to target the dorsal and ventral striatum. Slices were first
transferred for 15 min to a 32°C * 1°C bath of artificial cerebrospinal fluid (aCSF) containing
130 mM NaCl, 25 mM NaHCOg3, 2.5 mM KCl, 1.25 mM NaH.PO,, 2.5 mM CaCl,, 2 mM MgCl,,
10 mM glucose equilibrated with carbogen too (95% O,, 5% CO.). This aCSF bath was then
removed left at ambient temperature for the rest of the day.

During experiments, hemisected slices were submerged into a recording chamber
superfused with aCSF heated to 32 + 1°C and equilibrated with carbogen as explained

above. The slices were held by pins.

2.4. Electrical stimulation on mouse brain slices

In this body of work, all experiments performed on mouse brain slices use electrically
evoked stimulation. The stimulating electrode used was a surface bipolar concentric Pt/Ir
electrode (outer/inner diameter:125/25 pum; FHC) was used for all experiments. Electric

pulses were given at an intensity of 650 mA and were 200 ps long. Stimulations were given
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every 2.5 min for all experiments except voltage sensor experiments, for which the
stimulations were given every 1 min. Frequency at which electric pulses are given is detailed
for each experiment. For example, if 4 pulses are delivered at 100 Hz, the second pulse
comes 10 ms after the end of the first one, and so on. Electrical stimulation composed of a
single pulse are abbreviated “1p”, and several pulses are in a row they are abbreviated as

“4p 100 Hz” for 4 pulses at 100 Hz.

During experiments, the stimulating electrode was placed on top of the tissue such
as it makes enough contact with the tissue without altering the integrity of the slice. The
electrical stimulation provided are thought to synchronously activate all cells in the vicinity
of the electrode (Cragg 2003). Therefore, all intra-striatal circuits are activated during the

electric stimulation such as cholinergic interneurons and GABA interneurons for example.

2.5. Electrochemical detection of dopamine ex vivo in live mouse

brain slices using fast-scan cyclic voltammetry (FCV)

2.5.1.FCV as a method to detect dopamine release in acute mouse brain

slices

In this body of work, fast scan cyclic voltammetry (FCV) with carbon fibre
microelectrode (CFM) was used as a method to detect dopamine release in real-time in

acute coronal mouse brain slices.

The FCV method is based on the electroactive properties of the monoamines such as

dopamine, noradrenaline or serotonin. Dopamine possesses two hydroxyl groups that can
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be oxidised to form dopamine-o-quinone and reduced back to dopamine (Figure 2.2 A). The
switch from one state to the other can be induced and monitored through a CFM inserted in
the tissue at a region of interest. A triangular shaped potential (-0.7 V to +1.3 V) is then
applied to this microelectrode to oxidise dopamine on the upward ramp at approximately
+650 mV and reduced on the downward phase at approximately -250 mV. The redox reaction
induced by the triangular voltage ramp creates a movement of ions that is recorded as a
faradaic current against an Ag/AgCl reference electrode. The potential at which a molecule
oxidises and reduces are specific to each molecule, and the shape of the faradaic current
indicates the type of molecules that is being detected upon electrical stimulation. A
voltammogram where the potential applied is plotted against the current recorded is useful
to identify the molecule of interest (Figure 2.2 B). In our case, dopamine and serotonin
possess very similar voltammograms, however, in the striatum, serotonin release is marginal
compared to the amount of dopamine, and therefore our recordings report dopamine
changes in the environment of the microfibre electrode. The faradaic current recorded

reflects the actual dopamine concentration [DA], in the environment in real time.

In addition to the faradaic current, another main current detected atthe CFM is called
the charging current. This current varies on much longer time scales than the faradaic and
occurs when charged particles around the electrode in the tissues moved or rearranged. We
usually leave our electrode in the tissue at a region of interest for 45 min to 1 h before starting
the recording for the environment of the CFM to have reorganised and therefore for the
charging current variations to have stabilised. Throughout our experiments, this background
currentis monitored but subtracted to enable the sole recording of the faradaic current using

a Millar Voltameter (Julian Millar, Barts and the London School of Medicine and Dentistry).
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To achieve high temporal resolution, the triangular wave is applied in sweeps lasting
5 ms and repeated at a scanning rate of 8 Hz, therefore leading in measurement of dopamine
concentration [DA], every 125 ms. This temporal resolution is appropriate to detect release
events (Armstrong-James et al. 1980; Rice and Nicholson 1989). However, it is too slow to
detect changes that occur on a millisecond basis such as the release events provokes by the
opening of nicotinic acetylcholine receptors at dopaminergic axons. Higher sweep frequency
could be implemented however it would have reduced the amplitude of the signal and

therefore lowered the signal-to-noise ratio which is not desirable.

Other methods for dopamine detection are available that would have higher temporal
resolution. For example, amperometry, which is a technique similar to voltammetry except
that the potential is held at the oxidising potential of dopamine instead of the triangular
waveform. Although using this method the scanning rate can reach, it provides much less
specific chemical identification compared to voltammetry. Indeed, because the current is
constant, we cannot plot a voltammogram and ensure that the signal recorded is originating

solely from the oxidation of the targeted compound.
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Figure 2.2 : Fast-scan cyclic voltammetry (FCV)

A: At the top, triangular voltage sweep applied to the CFM, at the bottom, current resulting of the dopamine

redox reaction with the dopamine oxidation peak in orange at 0.65 V and its reduction peak in bleu occurring at

-0.25V.

B: Example of a voltammogram where the resulting current is plotted against the voltage applied during the

sweep.

C: Example of the positioning of the CFM and the stimulating electrode to perform FCV.

Current reslulting
from redox reaction

Another new technique that can be used to detect DA in acute mouse brain slices is
imaging of new genetically encoded fluorescent indicators. These tools — for example
GRABpA (Sun et al. 2018, 2020) or dLight (Patriarchi et al. 2018) — are genetically encoded
modified dopamine receptors linked to a circularly permutated GFP which emits
fluorescence upon binding of dopamine. Although sampling at faster rates than 8 Hz is
possible with these sensors, the limiting factors are the on and off kinetics of the sensor
themselves which are not fast enough to faithfully report events occurring within
milliseconds of one another. Furthermore, what FCV offers that fluorescent reporters do not
is a pseudolinear sensitivity to dopamine (sensors are often non-linear), and the ability to

calibrate electrodes to convert our signals into actual dopamine concentration detected.
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Thus, the most appropriate methods to report [DA], in real-time in mouse brain slices

remains for our purposes is the FCV method.

2.5.2. Carbon fibre microelectrode (CFM)

CFMs were made in house using borosilicate capillary tubes (2.0 mm outside
diameter, 1.16 mm inside diameter, Harvard Apparatus). Acetone was used to help threading
the capillary tube with a single epoxy-free carbon fibre (7 pm diameter, Goodfellow
Cambridge Ltd.). The threaded capillary tube was then inserted in a PE-2 vertical
microelectrode heated puller (Narishige, Japan) in order for the glass to seal with the carbon
fibre. The tighter the seal the better the signal-to-noise ratio will be. The carbon fibre was
then cut using a scalpel under a microscope at x100 magnification so that it is exposed after
the seal tip for a length of 50 nm to 130 nm. This length allows desirable sensitivity to
dopamine and enough surface area for our recordings. Finally, an insulated copper wire was
stripped from the insulation and the copper wire was dipped into silver conductance paint
and inserted at the back of the threaded and sealed capillary tube. The silver paint ensures
good electrical contact between the carbon fibre and the copper wire. The electrode was

then closed using cyanoacrylate glue to maintain the copper wire in place.

The carbon fibre diameter (7 pm) and length (50 pm to 130 pm) allow for detection at
multiple release site since it exceed the size of a synaptic cleft (~20-30 nM) and are therefore
adapted to detect volume transmission such as DA transmission.

A single CFM was used per day as repeated exposure to brain tissue lowers the

electrode’s sensitivity to dopamine. Each electrode was calibrated using a 2 uM DA solution
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to allow conversion of the faradaic currents into a DA concentration. Only one concentration
was required as electrode responses are linear over the range of concentrations of DA
detected in brain tissue. The DA solution was stored as a 2.5 mM stock solution inin 0.1 M

HCLO, at 4°C and made up on the day to the final 2 uM concentration by dilution in aCSF.

2.5.3. FCV recordings

Throughout this study, evoked dopamine transients were recorded using FCV and
hand-made CFMs. Recordings were performed in DLS and NAcC.

Hemisected slices were put in a 32°C aCSF bath. The CFM was inserted into the
tissue around 100 pm away from the tip of the stimulating electrode at an angle of 21° and a
depth of 100 pm to 120 um (Figure 2.2 C). The signal gain was adjusted and the CFMs was
only used if the signal gain was between 3 mV/nA and 12 mV/nA. Before starting the
recordings, the charging current was left to equilibrate for 1h as explained in section 2.5.1.
The signal gain was monitored and adjusted throughout the experiment. Stimulations were
given every 2.5 min to allow the dopaminergic release to recover from the previous
stimulation. Single pulses were given until the evoked [DA], stabilises around the same value
(= 10 %) for 4 to 5 stimulations in a row. Only once this stage is reached then we did proceed
with the experiment, if stabilisation of [DA], couldn’t be reached, we moved on to another
site. Up to 3 sites per region were tried on one slice before changing the slice is none of the
sites exhibited stable evoked [DA], to single pulse stimulations. Once the experiment had
started if the [DA]o to single pulse stimulation had dropped orincreased more than 15% from

the stable [DA], evoked by single pulses within 10 to 15 min, the experiment was later
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excluded. Atthe end of the day, each CFM was calibrated as described in section 2.5.2 and

a calibration factor was extracted.

Data was acquired using a Clampex 10.7 (Molecular Devices) and custom-made
Microsoft Excel macros (Visual Basic). Oxidation peaks extracted from the voltammograms
acquired during the experiment were plotted over time, and these values were converted to

[DA], using the calibration factor to create [DA], transients.

2.6. Using the genetic encoded GRABAach sensor to record evoked

acetylcholine transients in live mouse brain slices

2.6.1. About GRAB sensors and GRABach

G-protein-coupled receptor-activation-based sensors (GRAB sensors) are
genetically encoded transmembrane fluorescent sensors, that allow detection of specific
neurotransmitter or neuropeptide in the environment towards which the sensor is faced.
GRAB sensors are based on modified receptors for a specific neurotransmitter or
neuropeptide of interest that is linked to a circularly permutated green fluorescence protein
(cpGFP). Upon binding of the molecule of interest to the modified receptor, a conformational
change occurs and triggers the cpGFP to emit fluorescence. The sensor retains partly the
properties of the receptors it is derived from such as sensitivity, however, it does not act as
a channel and only negligible initiate the G-protein coupled receptors (GPRC) downstream

pathways the original receptor would have (Jing et al., 2018, 2020).
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GRABAch sensors were developed by combining a circularly permutated green fluorescence
protein (cpGFP) and a human M3-mAChR (Jing et al. 2018, 2020). When acetylcholine is
released in the nearby environment of the sensor, it can bind to the modified receptor, which
by conformational changes provokes the cpGFP to emit fluorescence. An increase in
fluorescence translates an increase in extracellular concentration of ACh, however it is not
possible to translate this increase in fluorescence to an actual concentration value. | used
this technique to look at changes in evoked striatal acetylcholine release in different

conditions (Chapter 3 & 4).

GRABch imaging was also performed on live Drosophila using 2-photon imaging for

which the methods and fly line used are described in Chapter 5.

2.6.2. Animals used for GRABachimaging

All animals used for GRABachs.o experiments were mixed-sex wild-type (C57BL/6)
mice aged 7 to 14 weeks which had undergone the procedure described in section 2.2 for
intracranial injection in the striatum. We used the following viral solution from WZ
Biosciences: AAV5-hSyn-ACh3.0(ACh4.3) (Cat #YL0O01003-AV5) at a titre ranging from
3.78x10"? vg/mlto 4.07x10" vg/mlin saline.

The virus was expressed non-specifically in neurons of the striatum for a readout of
striatal ACh release. The human synapsin (hSyn) promoter therefore was adapted for

expression in all neurons in the vicinity of the injection site (Ktgler et al., 2003).
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2.6.3.Imaging parameters to detect ACh release in the striatum using

GRABAch

We used a blue LED light (A=470 nm) at 5 mW (measured under at 10x objective) to
perform these experiments. Imaging of evoked ACh release using the GRABachs.0 (Jing et al.
2020) sensor was performed using an IRIS 9 CMOS camera (Teledyne Photometrics) under
a 10x objective. The images were acquired using Fiji2 Micromanager software. The exposure
length was set at 10 ms and the frame rate at 100 Hz. The field of view was selected to allow
the camera to accommodate the 100 fps, and the images were binned 2x2 to allow the
camera to acquire at the required frame rate. The field of view always included the tip of the
stimulating electrode which allowed later positioning of the Region of Interest (ROI) for the
subsequent analysis of the signal (Figure 2.3 A, A’, C, C’ and D). Images were acquired as

TIF files.

The ROl was chosen to be located at the distance from the stimulating electrode that
matched those used for FCV recording electrodes, so that GRAB signals are acquired from a
region that is similar to the region in which FCV would be performed. The ROl was designed
as a 100 um x 100 um square whose centre lies 100 um away from the tip of the stimulation
electrode. The ROI is also tilted at the same angle as the angle at which the stimulating
electrode is positioned onto the slice (Figure 2.3 A, A’, C, C’ and D). The slices were
illuminated 400 ms or 1 s before the electrical stimulation was given. Each recording lasted

in total 2 s to 3 s to allow the signal to return to baseline after stimulation.
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Figure 2.3 : Performing GRABchs.0 recording in coronal mouse brain slices.

A: Schematic of the recording site in DLS. A’: Picture of a slice with GRABacns.0 €xpression in the DLS and
positioning of the stimulating electrode under a 10x objective.

B: Schematic of the analysis of the signal. The averaged fluorescence values are extracted from the ROI over
time (raw F), an exponential curve is fitted to before and after the stimulation occurs. To correct for bleaching,
the fitted curve is subtracted to the raw F to provide the fluorescence values F from which calculations such as
peak AF/ Fo and AUC will be taken. Fy is taken as the value on the fitted curve that corresponds to the peak time.
C: Schematic of the recording site in NAcC. C’: Picture of a slice with GRABachs.0 expression in the NAcC and
positioning of the stimulating electrode under a 10x objective.

D: Picture showing an example of field of view during image acquisition under a 10x objective. The ROlis chosen
a 100 uym square whose centre is 100 um away from the tip of the electrode. The ROl is rotated to align with the
stimulating electrode.

2.6.4. Data extraction and analysis for GRABachimaging

Average fluorescence within the ROI (described in 2.6.3) along with the frame number was
extracted in ImageJ using a custom-made macro. Raw values of fluorescence over time were
then transferred to a custom-made MatLab code (MATLAB R2024_b, MathWorks). The
frames number were converted into seconds. The fluorescence recorded followed an
exponential decay throughout the recording. Therefore, we first fitted a 2-term exponential
decay function (f(x) = abx + cdx) to the pre-and post- stimulation trace (Figure 2.3 B). The
post stimulation trace was set as the time at which the average fluorescence has gone back
to baseline. This fit was then subtracted to the raw fluorescence to correct for the initial

decay which provided us with the change in fluorescence AF. Lastly, the AF was then divided
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by the fit to obtain the normalised transient AF/F. The baseline fluorescence FO was then
calculated so it would be equal to the value on the fit curve at the time of peak in the raw
fluorescence. Area under the curve (AUC) was calculated using the Trapz function on

MatLab.

2.7. Statistical analyses

Statistical analyses were carried out using GraphPad Prism. All datasets were tested for
normality using the Shapiro-Wilk test which compare the standard deviation to a normal
distribution and, depending on if the n is sufficient, the D'Agostino & Pearson test which
analyses the shape (skewness and kurtosis) of the distribution of the data by comparing it to
an expected normal distribution. The subsequent statistical tests to compare different
treatments were chosen accordingly: parametric tests were performed if the data had a
normal distribution (for which the QQ and homoscedasticity plots were inspected when
necessary), and un-parametric otherwise. For pilot data-sets with small number of repletion
(n>5), tests were chosen depending on whether the variable measured is known to usually
follow a normal distribution. For instance, [DA], measured by FCV usually follows a normal
distribution, thus pilot data-sets with low number of repetitions were assumed to also follow
anormaldistribution and parametric tests were performed for these experiments. Repetition
number n was chosen based on the repetition number traditionally used in the field to reflect
meaningful differences, which usually falls between five to ten repetitions. In this body of
work, a repetition reflects a single recording site per slice. Variables were considered
dependent when the different treatments were applied to the same recording site within a
slice or to the same fly within a single continuous recording, leading to the use of paired

statistical tests. Where data is independent, i.e., when the groups compared where recorded
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from different brain slices, from different sites within the slice or from different flies, the

statistical tests chosen were un-paired. The threshold for statistical significance was p <

0.05. Statistical significance was reported as: ns p > 0.05; * p < 0.05; ** p <0.01; *** p<0.001;

****p<0.0001.

2.8. Drugs

Drugs were diluted in either deionised water (dH-O) or dimethyl-sulfoxide (DMSO) to stock

solutions and aliquots were stored at -20°C. Drugs were diluted to the final working

concentration in carbonated (saturated with 95% O,/ 5% CO,) aCSF on the day of the

experiment.

Drug Action Supplier Solvent Concentration References

4-aminopyridine VGKC blocker | Sigma-Aldrich | dH.O 100 uM Condon et al.,

(4-AP) 2019

(+)-Bicuculline GABA, Cayman DMSO 10uM Lopesetal.,
receptor chemical (DMSO0: 0.05%) 2019
antagonist company

CGP 55845, HCl GABA: AbCam DMSO 4uM Roberts et al.,
receptor (DMSO0: 0.05%) 2020
antagonist

Cocaine DAT inhibitor Sigma-Aldrich | dH,O 5uM Condon et al.,

2019

Dihydro-B- B2-nAChR Tocris dH,0 1uM Threlfell et al.,,

erythroidine antagonist Bioscience 2012

hydrobromide

(DHBE)

Oxotremorine mAChR Tocris dH,O 250 nM - Threlfell et al.,

(Oxo-m) antagonist Bioscience 500 nM 2010

Rufinamide Prolongs Cayman DMSO 100 uM (Otoom et al.
VGSCs chemical (DMSO0: 0.25%) 1998)
inactivation company

Tetrodotoxin Broad VGSCs Bio-Techne dH,O 4nM-24nM Brody et al.,

(TTX) blocker or 2000

1uM Threlfell et al.,
2012

Veratridine Prolongs Chem Cruz DMSO 2uM (Lin et al.
VGSCs (DMSO: 0.05%) 2022b)
opening

Table 2.1: Drugs used in this thesis, including their mode of action and references to studies clarifying
their use for our purposes and chosen concentrations.
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3

The Role of Axonal

Voltage-gated Potassium Channels in
the Modulation of

Dopamine Release by

Nicotinic Acetylcholine Receptors



3.1. Introduction and initial hypothesis

In the mammalian striatum, ACh released from Chls modulates DA release through
nNAChRs located on DA axons (Rice and Cragg 2004; Zhang and Sulzer 2004; Exley and Cragg
2008; Exley et al. 2008, 2012a; Threlfell et al. 2012). Ex vivo work on mouse brain slices have
shown that the activation of nAChRs on DA axons changes the frequency dependency of
dopamine release (Threlfell and Cragg 2011; Brimblecombe et al. 2018). Thus, when
nAChRs are active, the frequency dependency of DA release is low, i.e. a low frequency
stimulation elicits a DA transient that is only marginally smaller than the one evoked by high-
frequency pulse trains. However, when nAChRs are pharmacologically antagnosied by the
specific B2-containing NnAChR antagonist dihydro-B-erythroidine hydrobromide (DHSE), the
frequency dependency of DA release increases greatly and release at low frequency
stimulation decreases while train-pulses evoke more release compared to when nAChRs
are active. Therefore, NAChRs seem to support DA release at low frequency stimulations,
while they hinder release at higher frequencies.

Electrically evoked dopamine (DA) release is composed of two phases occurring
within milliseconds of one another (Wang et al. 2014a, b): the first relies on the direct
activation of dopaminergic axons, and second is triggered by activation by ACh of the
nAChRs. Therefore, nAChRs support release at low frequency stimulation by provoking a
release event upon activation. However, nAChRs can in also drastically limit DA release
when a pulse-train follows, and mechanisms for that dual-action on DA release remains
unknown.

DA vesicle pool depletion (Wang et al. 2014b, a) has been put forward as an

explanation to the nAChR-mediated STD in DA release, but other studies have contradicting
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results (Cragg 2003; Zhang et al. 2025). In particular, a recent study (Zhang et al. 2025) uses
new genetically-encoded voltage indicators to suggest that nAChR activation decreases the
excitability of DA axons by limiting subsequent axonal reactivation. However, the lack in
temporal resolution arising both from the nature of the sensor itself and the absence of time-

locked stimulus have prevented further investigation of the underlying mechanisms.

To date, the intra-cellular mechanisms by which nAChRs can either promote or
inhibit DA release still remains to be found. From the dynamic effect of nAChRs on DA
release, as well as the recent data suggesting they modify axonal excitability, we delved into
the potential key roles in the mechanisms downstream of nAChR activation of two main
types of voltage-gated ion channels (potassium and sodium) which are known to strongly
regulate neuronal membrane excitability (Debanne 2004). Both voltage gated ion-channels
types have been highlighted early on from studies on giant squid axon (Hodgkin and Huxley
1952a, b) for their capacity to depolarise (VGSCs) and repolarise (VGKCs) the membrane
after initial depolarisation. This chapter will focus solely on the potential involvement of
voltage-gated potassium channels (VGKCs) and work on voltage-gated sodium channels
(VGSCs) will be presented in the next chapter.

VGKCs form a large evolutionarily conserved family. VGKCs are mostly
homotetramers — although they can also heterotetramerize — channels composed of Kv a-
subunits. Each a-subunit is formed by 6 transmembrane segments comprising a voltage-
sensing domain (segment 1 to 4) and an extremely potassium-specific pore domain
(segments 5 and 6) (Gonzalez et al. 2012; Kim and Nimigean 2016). These tetramers can
also bind to B-subunits which regulate the trafficking but also the gating and kinetics of the

channels (Gonzalez et al. 2012; Kim and Nimigean 2016).
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Although their roles are diverse, VGKCs in excitable cells such as neurons can
modulate the waveform of an action potential (AP) and general firing patterns (Debanne
2004; Rama et al. 2018). Their wide range of intrinsic properties and of voltage dependence
for their activation and inactivation kinetics provide these channels with the ability to finely
modulate AP shape and ensures the reset of the membrane after depolarisation. For
example, the inactivation kinetics can affect AP duration, as demonstrated in mossy fibres
boutons where heteromers of fast-inactivation type-A VGKCs (Kv1.4) and delayed rectifiers
VGKCs (Kv1.1) broaden spikes upon repeated stimulation (Geiger and Jonas 2000). VGKCs
blockage using the broad VGKCs blocker 4-aminopyridine (4-AP) (Yeh et al. 1976; Choquet
and Korn 1992; McCormack et al. 1994) can also widens spikes (Bostock et al. 1981) leading
to enhanced neurotransmitter release through increased calcium entry (Katz and Miledi

1967; Llinas et al. 1976; Augustine 1990; Geiger and Jonas 2000).

Therefore, inactivation of VGKCs upon nAChR activation — which widens spikes —
could provide an explanation for the heightened dopamine release in response to single-
pulse stimulations observed when nAChRs are active compared to when they are
antagonised. Following this first stimulation, we hypothesised that the VGKCs inactivation
due to nAChR activation is particularly pronounced and slowing the repolarisation of the
membrane of the axons so much so that it prevents subsequent action potentials despite
further stimulation (during pulse-trains), potentially impairing the ability of VGSCs to be
activated too. The absence or greater difficulty of the axon to produce spikes following initial
activation would then prevent further release.

In contrast, antagonising NAChRs would prevent the initial fastinactivation of VGKCs,

therefore creating an initial spike that is narrower than when nAChRs are active. Subsequent
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pulses would thus also be able to generate spikes, leading to an increase in dopamine

release associated with each electrical pulse.

Although little is known about the DA axons composition in VGKCs subunits, it has
been previously shown — through varying external potassium concentration ([K*],) and 4-AP
(Condon et al. 2019) in the absence of nAChR control —that K*-dependent mechanisms are
key to govern axonal short-term plasticity and calcium entry in striatal mouse brain slices.

In this chapter, we will explore a potential role of VGKCs in the nhAChR-driven
modulation of DA release mainly using FCV, application of a broad VGKCs blocker (4-AP)
and varying [K*],. We also confirmed, using novel GRABach sensor, that potential changes in

ACh release due to 4-AP wash was not a confounding effect of our FCV data.
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3.2. Methods

Experiments described in this chapter were carried out as described in Chapter 2.

Specifics of this chapter are detailed in this section.

3.2.1. Slice preparation

Acute ex vivo coronal striatum slices were prepared for FCV and GRABachso as
described in section 2.3.

The number of slices used for each experiment is noted “n”. At maximum, 2 slices
from the same animal have been used for each experiment, and a minimum of 6 animals
were used per experiments. All experimental procedures involving the use of animals were
carried out according to institutional guidelines and conformed to the UK Animals (Scientific

Procedures) Act 1986.

3.2.2. FCV recordings

Animals used for FCV experiments were mixed gender (7 to 14 weeks of age)

C57BL/6J mice. FCV recordings were performed as described sections 2.4 and 2.5.

3.2.3. GRABAach imaging

Animals used for GRABach experiments were mixed gender (9 to 14 weeks of age)
C57BL/6J mice. GRAB imaging wad performed as described in sections 2.6.2 on animals
who have undergone intracranial surgeries in the striatum (described in section 2.2) and
injected with AAV5-hSyn-ACh3.0(ACh4.3) (Cat #YL001003-AV5) at a concentration of

3.78x10'? vg/ml diluted in sterile saline, between 3 and 4 weeks prior to the experiment.
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3.2.4. Data acquisition and analysis

FCV data was acquired and analysed as described in section 2.5. Imaging data was
acquired and analysed as described in section 2.6.3 and 2.6.4 respectively. Statistical
analyses were carried out using GraphPad Prism as described in section 2.7. and the
threshold for statistical significance was p < 0.05. Statistical significance was reported as:

ns p >0.05; *p <0.05; ** p<0.01; *** p<0.001; ***p<0.0001.

3.2.5. Drugs

Drugs were diluted into aCSF (saturated with 95% O,/ 5% CO,) to their final working
concentration (Table 3-1) on the day of experiment from concentrated aliquots diluted in
dH,O and kept at -20°C. The aCSF-drug solution was washed on for 10 to 20 min before

probing effect of the drug on DA release.

Drug Action Supplier Solvent | Concentration References
4-aminopyridine Broad VGKC Sigma- dH,0 100 uM Condon et al.,
(4-AP) blocker Aldrich 2019
Dihydro-B- B2-nAChR Tocris dH.0 1uM Threlfell et al.,
erythroidine antagonist Bioscience 2012
hydrobromide

(DHBE)

Table 3-1: Drugs used in Chapter 3, including their mode of action and references to studies clarifying
their use for our purposes and chosen concentrations.
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3.3. Results

3.3.1. VGKC inhibition only partially substitutes for nAChR activation

when nAChRs are inhibited by DHBE

As explained in section 3.1 when nAChRs are active, extracellular dopamine ([DA].)
evoked by single pulse is higher compared to when nAChRs are antagonised, as opposed to
[DA], evoked by high frequency train-pulses which is hindered compared to when nAChRs
are active. This stimulation-frequency dependent change in DA release is often probed using
a ratio of the [DA], evoked by pulse-trains over [DA], evoked by 1p, here the 4p/1p ratio. This
ratio is much lower when nAChRs are active contrary to when they are antagonised. We
hypothesised that upon nAChR activation, VGKCs quickly inactivate triggering wider spikes
and thus larger release events (Katz and Miledi 1967; Llinas et al. 1976; Augustine 1990), but
that this inactivation is such that it incapacitates the membrane to produce more spikes
during train pulses, thereby preventing further release. As a corollary, we hypothesise that
when nAChRs are antagonised, VGKCs are available and able to repolarise the membrane in
due time past the first stimulation allow any further stimulation to initiate spikes triggering
release events.

Using this hypothesis as a starting point, we first tested whether blocking of VGKCs
when nAChRs are antagonised could substitute for nAChR activation. Although blocking
VGKCs will increase release in general, we expect a greater relative increase of [DA], after a
single pulse than for pulse-train stimulation. Therefore, we tested in particular whether
VGKC inhibition could mimic nAChR activation by increasing [DA], evoked by single stimuli

pulse and increase 4p/1p ratio while inhibiting nAChRs.
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We first bath applied DHBE, a B2-containing nAChR antagonist, following by an
application of 100 uM 4-AP, a broad VGKC blocker. We performed these successive bath
applications in the two regions of the striatum (section 1.3) DLS and NAcC which receive
inputs from SNc DA neurons and VTA DA neurons respectively, in order to have an overview

of the potential disparities between these distinct populations.

Both in DLS and NAcC, blockage of nAChRs through wash on of 1 uM DHBE had the
expected effect of decreasing the [DA], evoked by 1p stimulation (in DLS Figure 3.1 A and B,
p-value < 0.0001 ; in NAcC Figure 3.1 E and F, p-value = 0.0004). However, here [DA],
evoked by 4p 100 Hz stimulation seemed unaffected by nAChRs antagonism (in DLS Figure
3.1AandC, p-value =0.2746 ; in NAcC Figure 3.1 Eand F, p-value = 0.1503). Consequently,
addition of DHPBE increased greatly the 4p/1p ratio (in DLS Figure 3.1 A and D, p-value <

0.0002; in NAcC Figure 3.1 E and H, p-value = 0.0002).

Next, we tested whether addition of a the VGKCs blocker 4-AP would mimic the
opening of NAChRs when nAChRs are pharmacologically antagonised by DHBE. We found
that in both striatal regions, [DA], evoked by 1p stimulation was increased by additional
blockage of VGKCs using 4-AP (DHBE + 4-AP condition) compared to [DA], evoked by 1p
stimulation when on the nAChRs are antagonised in the presence of DHBE only (in DLS
Figure 3.1 A and B, p-value =0.0073; in NAcC Figure 3.1 E and F p-value = 0.0184).

We then compared the [DA], levels evoked by 1p when nAChRs and VGKCs are
blocked (DHBE + 4-AP condition) and in drug-free condition when nAChRs are active to
assess whether VGKCs blockage is fully substituting for nAChR activation, in which case

release levels should be similar in both aforementioned conditions. However, [DA], evoked
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by 1p stimulation in the presence of DHBE and 4-AP did not reach the initial release levels
from the drug-free condition (in DLS Figure 3.1 A and B, p-value = 0.0218; in NAcC Figure
3.1 E and F p-value <0.0001).

Therefore, concerning release evoked by 1p stimulation, blocking VGKCs when
nAChRs are already antagonised seem to partially substitute for nAChR opening, since
release is increased upon VGKCs blockage when nAChR are antagonised, but these release

levels do not yet reach similar levels than in drug-free condition where nAChRs are active.

Next, we looked at release evoked by 4p 100 Hz stimulation. In DLS, when both
nNAChRs and VGKCs are blocked (DHBE + 4-AP condition) release evoked by 4p 100 Hz was
only slightly increased compared to when only nAChRs (DHBE condition) are antagonised
(Figure 3.1 A and C, p-value = 0.0468). However, in NAcC, release evoked by 4p was
unchanged after VGKCs blockage when nAChRs are already inhibited (DHBE + 4-AP
condition) compared to when only nAChRs are antagonised by DHPBE (Figure 3.1 E and G p-
value = 0.1428).

We then compared [DA], evoked by 4p when nAChRs and VGKCs are blocked (DHBE
+ 4-AP condition) and the [DA], in drug-free condition when nAChRs are active. In both
regions, [DA], evoked by pulse-trains (4p 100 Hz) was significantly higher than in drug-free
condition (in DLS Figure 3.1 A and C, p-value = 0.0210 ; in NAcC Figure 3.1 E and G, p-value
= 0.0052). This increase was expected since 4-AP is known to widen spikes which
consequently increases neurotransmitter release (Katz and Miledi 1967; Llinas et al. 1976;
Augustine 1990). However, even if blocking VGKCs elevates release across stimulation
paradigms (1p and 4p), release might not be increased uniformly. Indeed, nAChR activation

increases release evoked 1p more but seems to hinder release at 4p consequently greatly
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decreasing the 4p/1p ratio. Therefore, if blocking VGKCs when nAChRs are antagonised
mimics the opening of nAChRs, then it should affect release at 1p more than release at 4p

and diminish the 4p/1p.

* 4k
DHBE DHBE + 4-AP B - C * D LI L
1.5+ *¥k* k% 4 ns_ ns 84 —  — —
° = - *
. H =2
L : L]
E1 o * §3- ) °] .
& . Q ° [=Y !
= a2+ s 344 ]
S 8\ ! < : 5 s H
:0.5' v 2 < : ® ° :
3 o . 211 . 21 8
o 3 é ]
0.0+ ——7— Lol 0-+—T——
05s Drug DHBE DHBE Drug DHBE DHBE Drug DHBE DHBE
’ free +4-AP free + 4-AP free +4-AP
E Drug-free DHBE DHBE + 4-AP F kR G H * kK
i * * _4q *X* 109  **x%x %
h = ns ns
N 8+ A
T 31 . .
o o L ]
; ARSI
a2 3
° ‘ o » vo ; ° ! &4' - ;
< ; ® . < L . i
o . 014 ° . .
=) $ s = L3 s 24 '
: Ak -
=1 - - o f ol 0-————
4 05s 4 4 Drug DHBE DHBE Drug DHBE DHBE Drug DHBE DHBE
: free +4-AP free + 4-AP free +4-AP

Figure 3.1 : Blocking VGKCs only partially mimics opening of nAChRs.

A, E: Mean (£ SEM) [DA], transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz
(4p 100 Hz) in DLS (A) and NAcC (E), in drug-free condition (left) after bath application of 1 uM DHBE (middle),
and after bath addition of 100 uM 4-AP (right). The arrow indicates the time of stimulation.n=6in DLSand n =
8in NAcC.

B, F: Peak [DA], evoked by 1p stimulation in DLS (B) and NAcC (F). Each dot corresponds to a slice. Grey bars
indicate the mean. One-way ANOVA (in DLS (B), F (1.852, 11.11) = 36.83, p-value < 0.0001; in NAcC (F), F
(1.160, 9.281) = 39.39, p-value < 0.0001) and Tukey’s multiple comparisons test.

C, G: Peak [DA], evoked by 4p 100 Hz stimulation in DLS (C) and NAcC (G). Each dot corresponds to a slice.
Grey bars indicate the mean. One-way ANOVA (in DLS (B), F (1.407, 8.443) =8.072, p-value =0.0153; in NAcC
(F), F (1.724, 13.79) = 8.708, p-value = 0.0046) and Tukey’s multiple comparisons test.

D, H: Ratio of peak [DA], in response to 4p 100 Hz over 1p in DLS (D) and NAcC (H). Each dot corresponds to a
slice. Grey bars indicate the mean. One-way ANOVA (in DLS (D), F (1.482, 8.891) = 48.04, p-value < 0.0001; in
NAcC (H), F (1.302, 10.41) = 37.29, p-value < 0.0001) and Tukey’s multiple comparisons test.

Thus, we next tested whether the 4p/1p ratio was affected comparing first the DHBE
+ 4-AP condition and the DHBE only condition. In both regions, the 4p/1p ratio decreased
upon VGKCs blockage when nAChRs are antagonised (DHBE + 4-AP condition) compared to
when only nAChRs (DHBE condition) are antagonised (in DLS Figure 3.1 A and D, p-value =
0.0079; in NAcC Figure 3.1 E and H p-value = 0.0230). Therefore, release at 1p was

increased more than release at 4p upon blockage of VGKCs, which seems to suggest VGKCs
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did substitute for nAChR activation. Comparing the ratio in the DHBE + 4-AP condition and
the in the drug-free condition will allow us to determine whether this substitution was a
complete substitution or a partial one. In both regions, 4p/1p ratio found when both VGKCs
and nAChRs are antagonised were significantly lower to the 4p/1p ratio found in drug-free
condition when nAChRs are active (in DLS Figure 3.1 A and D, p-value = 0.0008; in NAcC

Figure 3.1 E and H p-value < 0.0001), suggesting the substitution was not a full substitution.

Altogether, this data suggests blocking VGKCs when nAChRs are already
antagonised only partially substitute the opening of nAChRs. Indeed, VGKCs blockage
mimicked the increased [DA], evoked by single pulse and decreased 4p/1p ratio, but none

reach the same values as in drug free condition when nAChRs are active.
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3.3.2. VGKC inhibition partially prevents the nAChR-mediated STD of DA

release

Since our initial hypothesis is that following nAChR activation, VGKCs rapidly
inactivate causing larger release events. However, VGKCs inactivation would be such that
the membrane would be unable to produce more spikes during train pulses, therefore not
allowing further release. We therefore wondered whether all VGKCs were thus inactivated
when nAChRs are active. Using FCV to monitor [DA], in real-time, we investigated how
blocking of VGKCs would affect [DA], by washing on the broad VGKCs blocker 4-AP (100
pUM) from drug-free conditions when nAChRs are active. If most VGKCs are indeed
inactivated by nAChR activation, we would expect no increase, or eventually only a marginal
increase in evoked [DA], following 4-AP wash on for all stimulation paradigms. The eventual
small increase that we could expect to see could be due to few VGKCs types that are not
blocked by 4-AP.

Further, we wondered whether the blockage of VGKCs would prevent the effects that
antagonising nAChRs has on DA release. Indeed, if all VGKCs are already pharmacologically
blocked, it would therefore render them unavailable, whether or not nAChRs are active,
hence preventing the expected appearance of frequency-dependency of DA release. We
thus tested whether adding nAChR antagonist DHBE (1 uM) when VGKCs are already
blocked would decrease 1p release and increase 4p release like it does when starting from
drug-free conditions, or if these effects would be attenuated of even absent since VGKCs are

already blocked.
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We therefore first applied 4-AP to assess the impact of 4-AP on DA release when
nAChRs are active and compare dit to drug-free condition. Next, we tested whether prior

inhibition of VGKCs would prevent the effects of an nAChR antagonist by washing on DHpBE.

First, we compared the evoked [DA], before (drug-free condition) and after 4-AP (100
MM) wash on in order to assess the effect of blocking VGKCs on DA release when nAChRs
are active. In DLS, the application of 4-AP increased [DA], evoked by 1p (Figure 3.2 A and B,
p-value = 0.0053) and by 4p 100 Hz stimulation (Figure 3.2 A and C, p-value = 0.0152)
compared with [DA], in drug-free conditions (Figure 3.2 D, p-value = 0.0375).

InNACcC, although after 4-AP wash on there is a trend towards the increase compared
to drug-free condition of [DA], evoked by 1p (Figure 3.2 E and F, p-value = 0.0664) and
evoked by 4p 100 Hz (Figure 3.2 E and G, p-value = 0.5543) no statistical test revealed to be
significant. Nevertheless, the 4p/1p ratio decreased upon bath application of 4-AP
compared to drug-free condition (Figure 3.2 H, p-value = 0.0053), suggesting 4-AP elevated
release evoked by 1p more than release evoked by pulse-trains.

These results seem to indicate that VGKCs are not fully inhibited in drug-free
condition as our hypothesis suggested. Indeed, the trend towards an increase in [DA],evoked
by single stimulation suggest that spike width can be further increased, even during pulse-

trains in DLS.

Next, we assessed whether prior inhibition of VGKCs prevented the effects of an
nAChR antagonist. If it did, we expect no or only marginal changes to the [DA], and in
particular no significant changes for the 4p/1p ratio compared to the drug-free condition and

to the 4-AP condition. However, a drop 1p-evoked release and arise in 4p-evoked release or
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an increased 4p/1p ratio would suggest that also blocking VGKCs seem to partially mimic
nAChR activation, it is likely to not be downstream of the nAChR activation.

In both regions, application of DHBE when VGKCs are blocked (4-AP + DHBE
condition) reduced [DA], evoked by 1p compared to when only VGKCs are blocked (in DLS,
Figure 3.2 A and B, p-value = 0.0088; in NAcC, Figure 3.2 E and F, p-value = 0.0082). Plus,
the [DA], evoked 1p in 4-AP + DHBE condition was no statistically different the drug-free
condition (in DLS, Figure 3.2 A and B, p-value = 0.9627; in NAcC, Figure 3.2 E and F, p-value
= 0.9124). This suggests that prior blocking of VGKCs did not prevent at all the effects of
antagonising nAChRs on DA release evoked by 1p stimulation.

Antagonising nAChRs when VGKCs are blocked (4-AP + DHBE condition) did not
increase [DA], release evoked by pulse trains further compared to when only VGKCs are
blocked (in DLS, Figure 3.2 A and C, p-value = 0.2131; in NAcC, Figure 3.2 E and G, p-value
= 0.9763). However, when compared to the drug-free condition, [DA], evoked by 4p 100 Hz
— when both VKGCs and nAChRs are inhibited — increased in DLS (Figure 3.2 A and C, p-
value = 0.0152) but notin NAcC (Figure 3.2 E and G, p-value = 0.7573).

These results suggest that blocking of VGKCs can partially prevent the effects of
antagonising nAChRs on DA release evoked by 4p 100 Hz stimulation, as it can prevent the
DA increase compared to 4-AP condition in both regions, but can only prevent his increase

in NAcC when compared to drug-free condition.
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Figure 3.2 : VGKCs are not fully blocked un drug-free condition and blocking them does not prevent the
effect of antagonising nAChRs on DA release.

A, E: Mean (£ SEM) [DA], transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz
(4p 100 Hz) in DLS (A) and NAcC (E), in drug-free condition (left), after bath application of 100 uM 4-AP (middle)
and after addition of 1 yM DHE (right). The arrow indicates the time of stimulation. n =5 in both regions.

B, F: Peak [DA], evoked by 1p stimulation in DLS (B) and NAcC (F). Each dot corresponds to a slice. Grey bars
indicate the mean. One-way ANOVA (in DLS (B), F (1.077, 5.383) = 31.62, p-value = 0.0018; in NAcC (F), F
(1.129, 5.645) = 14.29, p-value = 0.0094) and Sidak's multiple comparisons test.

C, G: Peak [DA], evoked by 4p 100 Hz stimulation in DLS (C) and NAcC (G). Each dot corresponds to a slice.
Grey bars indicate the mean. One-way ANOVA (in DLS (C), F (1.488, 7.442) = 13.37, p-value = 0.0047; in NAcC
(G), F (1.128, 5.639) = 0.9845, p-value = 0.3743) and Sidak's multiple comparisons test.

D, H: Ratio of peak [DA], released by 4p 100 Hz over 1p in DLS (D) and NAcC (H). Each dot corresponds to a
slice. Grey bars indicate the mean. One-way ANOVA (in DLS (D), F (1.747, 8.734) = 28.28, p-value = 0.0002;
in NAcC (G), F (1.086, 5.431) = 13.85, p-value = 0.0111) and Sidak's multiple comparisons test.

Mainly as a consequence of the drop in release evoked by 1p stimulation, the 4p/1p
ratio increased in both regions when comparing 4-AP and 4-AP + DHBE conditions (in DLS,
Figure 3.2 D, p-value = 0.0039; in NAcC, Figure 3.2 H, p-value = 0.0141). In DLS, the ratio
when both VGKCs and nAChRs are antagonised increased to higher than the ratio in drug-
free conditions when nAChRs are active (Figure 3.2 D, p-value = 0.0215), while in NAcC, the
ratio in 4-AP + DHBE condition rose from the 4-AP condition only to matched its initial drug-

free level (Figure 3.2 H, p-value = 0.1894).
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Inhibition of nAChRs when VGKCs are already blocked did not prevent the usual
effects antagonising NnAChRs has on DA release which are to decrease [DA], following single
pulse stimulation and increase in 4p/1p ratios. It however did prevent increasing of [DA],
following pulse trains.

In conclusion, our initial hypothesis does not seem to hold and VGKCs inactivation
seems unlikely to be downstream of the profound effects nAChR activation has on DA
release. However, VGKCs blockage can still partially mimic nAChR activation (section 3.3)
and partially prevent increase in [DA]o evoked by 4p 100 Hz stimulation occurring when
nAChRs are subsequently antagonised (section 3.4), implying it might still play a role in the

mechanisms downstream of nAChRs even if not the main driving force.
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3.3.3. Effects of VGKCs blockade on DA release are not due to the change

in ACh levels

A confounding factor of electrical stimulations is that they activate all neurons and
other brains cells in the vicinity of the stimulating electrode. In addition, our drug application
is not targeted to specific cell types or regions, and exogenous application of
pharmacological agents affect all circuits within the striatum.

Since our study is investigating the mechanisms downstream of activation of nAChRs
at DA axons, varying ACh release levels could modify their occupancy levels and therefore

their effect on DA release.

Previous unpublished data from the lab has shown that DHBE does change ACh
release when monitored with GRABach (Vietti-Michelina 2022). Thus, we only tested whether
4-AP also increases ACh release. In order to detect extracellular levels of ACh in the
striatum, we used the GRABchs.0 Sensor (Jing et al. 2020). The GRABacns.0 Sensor is a modified
mAChHR receptor fused with a cpGFP, which emits fluorescence upon binding of ACh. The
viral construct (AAV5-hSyn-ACh3.0) for the sensor was injected directly in the striatum for

expression in all neurons.
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Figure 3.3 : Blocking VGKCs using 4-AP (100 pM) enhances ACh release.

A, G: Example slices with expression of GRABacnso in DLS (A) and in NAcC (G) with positioning of the
stimulation electrode (in block from the left) and where ROl would be positioned during analysis. Pictures taken
under a 10x objective.

B, H: Mean (= SEM) AF/F, transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz
(4p 100 Hz) in DLS (B) and NAcC (H), in drug-free condition (black) and after bath application of 100 uM 4-AP
(blue). The arrow indicates the time of stimulation. n=7in DLS and n =7 in NAcC.

C, I: Peak AF/F, evoked by 1p stimulation in DLS (C) and NAcC (l). Each dot corresponds to a slice. Grey bars
indicate the mean. Paired t-test, in DLS (C), p-value = 0.0158; in NAcC (l), p-value = 0.0179.

D, J: AUC evoked by 1p stimulation in DLS (D) and NAcC (J). Grey bars indicate the mean. In DLS (D), Wilcoxon
matched-pairs test, p-value = 0.0312; in NAcC (J), paired t-test p-value = 0.0548.

E, K: Peak AF/F, evoked by 4p 100 Hz stimulation in DLS (E) and NAcC (K). Each dot corresponds to a slice.
Grey bars indicate the mean. In DLS (E), Wilcoxon matched-pairs test, p-value = 0.0156; in NAcC (K), paired t-
test, p-value =0.0148.

F, L: AUC. evoked by 4p 100 Hz stimulation in DLS (F) and NAcC (L). Each dot corresponds to a slice. Grey bars
indicate the mean. In DLS (F), Wilcoxon matched-pairs test, p-value = 0.0156; in NAcC (L), paired t-test, p-
value = 0.0238.

Blocking VGKCs increased the peak AF/F, evoked by 1p in both regions (Figure 3.3 B,
C, H, I). 4-AP wash on increased peak AF/F, evoked by 4p 100 Hz stimulation only in DLS
(Figure 3.3 B, E), but not in NAcC (Figure 3.3 H, K) despite a trend towards an increase too.
However, peak AF/F, might not always reflect smaller changes in ACh release levels; studies
from the lab (Vietti-Michelina 2022) have found that AUC might be more reflective of finer
changer in external ACh concentrations. Hence, we also used the AUC of the transients as

an approximation for changes in extracellular ACh concentration. In both regions, blocking

65



VGKCs using 4-AP increased the AUC of ACh transients evoked by 1p stimulation (Figure
3.3 B, D, Hand J), and by 4p 100 Hz stimulation (Figure 3.3 B, F, Hand L).

These results show that extracellular ACh concentration is increased by exogenous
applications of the broad VGKCs blocker 4-AP. Since we do not expect changes in the
efficacy of the AChE, this data suggest that the increase might be solely due to more ACh
being released from Chls.

Since DHBE is a competitive inhibitor of the nAChRs, the elevated ACh release when
4-AP is present could affect the efficacy of DHBE on nAChRs at DA axons. Therefore, with
more ACh in the vicinity of nAChRs, it is possible that the DHBE concentration we initially

used did not fully occlude nAChR activity.
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Figure 3.4: Blocking VGKCs only partially mimics opening of nAChRs.

A, E: Mean (+ SEM) [DA], transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz
(4p 100 Hz) in DLS (A) and NAcC (E), in 4-AP (100 uM) and DHBE (1 pM) followed by bath application of higher
concentration of DHBE (10 uM) still in the presence of 4-AP (100 uM).n =3 in DLS and n =5in NAcC.

B, F: Peak [DA], evoked by 1p stimulation in DLS (B) and NAcC (F). Each dot corresponds to a slice. Grey bars
indicate the mean. Paired t-test, in DLS (B), p-value = 0.4456; in NAcC (F), p-value = 0.3206.

C, G: Peak [DA], evoked by 4p 100 Hz stimulation in DLS (C) and NAcC (G). Each dot corresponds to a slice.
Grey bars indicate the mean. Paired t-test, in DLS (C), p-value = 0.5945; in NAcC (G), p-value = 0.1828.

D, H: Ratio of peak [DA], in response to 4p 100 Hz over 1p in DLS (D) and NAcC (H). Each dot corresponds to a
slice. Grey bars indicate the mean. Paired t-test, in DLS (D), p-value = 0.2711; in NAcC (H), p-value = 0.6017.
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Our initial concentration of 1 uM DHBE has been shown to be largely inhibiting all .-
containing nAChRs in drug-free condition (Clements 2008). Therefore, we chose to raise this
concentration to 10 uM DHBE, as a 10-fold increase from the initial concentration should be
sufficient to counterbalance the rise in ACh levels.

In order to test whether the concentration of DHBE used in section 3.3 and 3.4 was
insufficient to fully occlude nAChRs effect on DA release, we tested whether increasing the
concentration of DHBE from 1 uM to 10 uM in the presence of 4-AP would reveal different
effect of 4-AP on DA release when all NAChRs are antagonised.

In both regions, neither release evoked by 1p or 4p was significantly modified after
washing on DHBE at a higher concentration (10 uM) compared to in the initial 1 yM DHBE
used (Figure 3.4 A, B, C, E, F and G). The resulting 4p/1p ratios remain stable in both regions
(Figure 3.4 D and H).

In conclusion, increasing further the DHBE concentration does not change the effect
of blocking VGKCs on DA release suggesting the initial concentration of DHBE was sufficient
to fully block nAChRs in experiments presented in section 3.3 and 3.4 despite the increase

in ACh release shown in Figure 3.3.
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3.3.4. Higher external potassium seems to lower 4p/1p

Previous work (Threlfell et al. 2012; Condon et al. 2019) from the lab used a different
aCSF solution containing HEPES acid and different salt concentrations (in mM): 120 NaCl, 5
KCl, 20 NaHCOs, 2 CaCl,, 2 MgS0,, 3.3 HEPES salt and 1.2 KH,PO,, as opposed to the
solution used throughout this body of word which contains the following salt concentrations
(in mM): 130 NaCl, 2.5 KCl, 26 NaHCO3, 2 CaCl,, 2 MgCl,, 1.25 NaHCl, 1.25 NaH,PO.. In
particular, previous recordings undertaken by the lab used an external solution contained
higher potassium concentration ([K*], > 5 mM) to the current aCSF used in this study (2.5
mM) which has taken a potassium concentration closer to the in vivo CSF composition
(Czarniak et al. 2023). Upon comparing this current body of work with previous studies, we
realised that it seems that the 4p/1p ratio using the higher concentration potassium solution
was lower than in experiments performed in 2.5 mM [K*], solution.

Although experiments in 3.3 and 3.4 seemed to suggest that VGKCs were not acting
directly downstream of nAChR activation in the modulation of DA by ACh, it is possible that
the pharmacological agent we used to block VGKCs, although defined as a broad VGKCs
blocker, was not blocking the right VGKCs type. Therefore, we decided to test whether
changing [K*], in the external solution would affect the potential role VGKCs play in the
nAChR modulation of DA release. Indeed, increasing [K*],changes the Nernst equilibrium of
the membrane thereby lowering the driving force for K* ions outward movements through the
membrane, as well as impact the inactivation state of VGKCs themselves (Baukrowitz and

Yellen 1995).
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Figure 3.5 : Increasing external potassium concentration in aCSF seems to reduce DA release and 4p/1p
ratio.

A, F: Mean (= SEM) [DA], transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz
(4p 100 Hz) in DLS (A) and NAcC (F), in aCSF containing 2.5 mM [K*], following by aCSF containing 5 mM [K*],.
n=5inDLSand n=3in NAcC.

B, G: Peak [DA], evoked by 1p stimulation in DLS (B) and NAcC (G). Each dot corresponds to a slice. Grey bars
indicate the mean. Paired t-test, in DLS (B), p-value = 0.0428; in NAcC (G), p-value = 0.1955.

C, H: Peak [DA], evoked by 4p 100 Hz stimulation in DLS (C) and NAcC (H). Each dot corresponds to a slice.
Grey bars indicate the mean. Paired t-test, in DLS (C), p-value = 0.0538; in NAcC (H), p-value = 0.0823.

D, I: Ratio of peak [DA], in response to 4p 100 Hz over 1p in DLS (D) and NAcC (l). Each dot corresponds to a
slice. Grey bars indicate the mean. Paired t-test, in DLS (D), p-value = 0.1299; in NAcC (1), p-value = 0.0730.
E, J: Mean peak [DA], over time in DLS (E) and NAcC (J) starting in 2.5 mM [K*], aCSF and followed by a wash
on of 5 mM [K*], aCSF. Data is normalised to the average of the four first [DA], values evoked by 1p shown on
the graph. The mean peak for release evoked by single pulse in B and G are the values flanking the [DA], evoked
by 4p 100 Hz.

Data acquired in this panel have been collected by Mahnoor Khurram and me.

We therefore performed pilot experiments to assess how higher external potassium
concentration in the aCSF could the effect release and 4p/1p ratio in the presence or
absence of nAChR antagonist. To do this, we started in the aCSF solution used throughout
this study containing 2.5 mM [K*],, and washed on the same solution but with the potassium
concentration increased to with 5 mM [K*],. We first compared release and 4p/1p ratio
between the different [K*], conditions and in the absence of nAChR antagonist.

In both regions and for both 1p and 4p 100 Hz stimulations, we notice a trend towards
lowered [DA], when external levels of potassium are increased to 5 mM compared to when

they are equal to 2.5 mM (Figure 3.5). For both regions, the 4p/1p ratios tend towards a
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decrease (Figure 3.5 D and J) which suggests that the [DA], evoked by pulse-trains is
diminished more strongly by the changes in [K*], than the [DA], evoked by 1p. The decrease
in [DA], evoked by 4p and the decrease in 4p/1p ratio seems to partially mimics further

activation of nAChRs.

A DHBE +2.5mM [K'],  DHBE +5 mM [K'], B ns c * D E_°600 5mM [K'],
Stim. 051 ~ 257 81 s 53 4p 100 Hz
eLqurgde s = o1p
[ <CFM S 044 2 2.0 € 3
) S ) 6 0
/ = =z x N
%/ 2 0.3 '\ S 1.5 o N
DLS =) 5 G\ 3 44 3
o % 0.24 g 1.04 \ < ;
e o N
< a ~—__ z ) 2 5
=) AL B S 0.51 <
3 N Z
— | T e e e 0.0 T T 0.0 T T 0 T T [=) — T
* 05s * 25 5 25 5 25 5 0 10 20 30 40 50

[K", (mM) K], (mM) Kl (mM) Time (min)
Figure 3.6 : Increasing external potassium concentration in aCSF seems to reduce DA release even when
nAChRs are antagonised using DHBE.
A: Mean (£ SEM) [DA], transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz (4p
100 Hz), in aCSF containing 2.5 mM [K"], following by aCSF containing 5 mM [K*], in DLS. The whole experiment
is conducted in the presence of DHBE, nAChR blocker. n = 4.
B: Peak [DA], evoked by 1p stimulation. Grey bars indicate the mean. Paired t-test, p-value = 0.0851.
C: Peak [DA], evoked by 4p 100 Hz stimulation. Grey bars indicate the mean. Paired t-test, p-value = 0.0157.
D: Ratio of peak [DA], in response to 4p 100 Hz over 1p. Paired t-test, p-value = 0.3073.
E: Mean peak [DA], (+ SEM) over time. The mean peak for release evoked by single pulse in B are the values
flanking the [DA], evoked by 4p 100 Hz.
Data acquired in this panel have been collected by me and Mahnoor Khurram.

Since increasing [K*], seems to partially mimic further opening of nAChRs when
nAChRs are already active, we wondered whether the axons are affected differently by
changes in external [K*], when nAChRs are closed. We performed pilot experiments in DLS
where nAChRs are antagonised using DHBE throughout and starting in aCSF containing 2.5
mM [K*], and later increased to 5 mM.

We found that [DA], evoked by 4p 100 Hz in 5 mM [K*], aCSF was significantly
lowered compared to release in 2.5 mM [K*], aCSF (Figure 3.6 A and C). A trend towards a
decrease was also observed for release evoked by single pulse (Figure 3.6 A and B).

However, no clear trend was observed for the 4p/1p ratio signifying the general decrease in
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evoked [DA], observed in 5 mM [K*], aCSF may be uniform across stimulation paradigms.

However, more repetitions would be needed to confirm this.

In conclusion, changes in external [K*], do affect dopamine release whether or not
nAChRs are active. This confirms that the aCSF used in this body of work, i.e. the aCSF
containing a 2.5 mM [K*],, seems better at reflecting the frequency dependency of DA
release, by increasing release and 4p/1p ratio, allowing for wider working range especially

when manipulations tend to reduce release levels or the ratio.
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3.4. Conclusion and discussion

In this chapter, we investigated the potential role for VGKCs in the mechanisms
downstream of nAChR activation at DA axons. We used FCV to monitor [DA], in real time
and bath applied a broad VGKCs blocker 4-AP to test whether activation of NAChRs at DA
axons provoked a prolonged inactivation of VGKCs that incapacitated the membrane to
produce subsequent spikes leaving an apparent inhibition in DA release. We found that
blocking VGKCs only partially mimic opening of nAChRs when nAChRs are already
antagonised by DHBE, but that blocking VGKCs does not prevent the effects produced by
antagonising nAChRs. Altogether these results suggest the VGKCs effect on DA release is

likely not downstream of nAChR activation.

However, although slice work with electrical stimulation gives us better control over
the circuits involved and stimulus provided than in vivo work while keeping the complexity of
the circuits to a certain extent as opposed to cell culture, this technique does not allow us to
fully isolate only the two neuronal populations of interest within the striatal circuits.
Therefore, it is likely that the VGK blocker also affected other cells and circuits within the
striatum that might have had an impact on [DA],. We controlled for the main other
neurotransmitter involved in the mechanism at interest here, ACh, and found that although
ACh release level increase, this did not affect the result of our experiments regarding DA
release. However, other more subtle changes in the circuit could have affected the DA axons
in a way that changes their behaviour in response to some stimulation paradigms or other

neurotransmitters. These potential confounds have not been tested here.
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Secondly, we used 4-AP for its ability to block a broad range of VGKCs (Khammy et
al. 2018) because little is known about what VGKCs are expressed on DA axons.
Nevertheless, it is also possible that our choice of pharmacological agent was not targeted
at the right types of VGKCs, and that 4-AP was too broad of a blocker and disrupted the
membrane behaviour entirely masking potential more effects of nAChRs. These
observations could however not be verified without a better access to the membrane voltage

of the axons themselves.

Finally, the work in this chapter leads us to measure even more the importance for
the field to gain easier access to the membrane behaviour of dopaminergic axons in order to
measure the direct effect of receptor and channel activation as opposed to an indirect read-
out of release. In the next chapter, in conjunction with FCV, novel approaches using state of
the artvoltage sensorimaging and ultra-fast calcium imaging at a population of dopaminergic
axons allowed us to more finely dissect the potential mechanisms by which nAChRs
modulate DA release. Although this chapter suggests that VGKCs are not the main actors in
nAChR modulation of DA release, the next chapter (chapter 4) builds up on the hypothesis
that nAChR activation still modifies the excitability of the axons, but this time focusing on the
role of VGSCs which key players in action potential upstroke as well as in signal propagation

within a neuron.
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4

The Role of Axonal

Voltage-gated Sodium Channels in the
Modulation of

Dopamine Release by

Nicotinic Acetylcholine Receptors



4.1. Introduction and initial hypothesis

In the striatum, the highly branched DA axons receive local inputs from Chls. Ex vivo
studies on brain slices have shown that ACh release from Chls influences DA release
through nAChRs located on DA axons (Rice and Cragg 2004; Zhang and Sulzer 2004; Exley
and Cragg 2008; Exley et al. 2008, 2012a; Threlfell et al. 2012). These studies highlight that
nAChRs can affect DA release in opposite ways, since nAChRs can both enhance or limit DA
release depending on the type of stimulation.

Firstly, on the one hand, DA release can be supported by nAChRs when the striatum is
stimulated with single electrical pulses or low frequency trains (< ~10 Hz). DA release
detected with amperometry in these scenarios has been shown to be composed of two
phases separated only by few milliseconds (Wang et al. 2014a, b): an initial direct DA
release event independent from nAChR action and a subsequent DA release event ~10 ms
later dependent upon ACh released in response to the electrical pulse. Targetted
optogenetic stimulation of Chls correspondingly evokes DA release from striatal DA axons
measured with FCV (Threlfell and Cragg 2011; Brimblecombe et al. 2018).

Secondly, nAChRs can limit DA release. This is particularly evident during pulse-trains
stimulations at higher frequencies (> 10 Hz). Antagonism of nAChRs using a specific B2-
containing nAChR antagonist DHBE increases release level during high frequency pulse
trains compared to when nAChRs are active, appearing to relieve a short-term depression

(STD) and to promote frequency dependence of DA release.

However, the nAChR-mediated mechanisms that drive the STD of DA release that
limits its apparent frequency-dependency are still unknown. The STD mediated by nAChRs

following pulse-trains has been hypothesised previously to be due to DA vesicle depletion
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(Wang et al. 2014b, a) however other studies find alternative explanations (Cragg 2003;
Zhang et al. 2025). A recent study (Zhang et al. 2025) suggest that nAChR activation limits
the excitability of the DA membrane for around 100 ms afterwards, effectively limiting DA
release by subsequent stimuli arriving within this time frame (i.e. frequencies greater than 10
Hz). This finding provides a partial explanation for the previously reported frequency-
dependence of DA release, which will arise not from a frequency dependence per se, but will
be a function of the interval between activation of nAChRs and new incoming activity in DA
axons. To date, no studies have provided an underlying mechanism though which nAChRs
can support and limit DA release. However, a recent study did identify that nAChR activation
can drive ectopic axonal action potential (AP) (Liu et al. 2022) and so there are likely to be
ensuing changes to axonal excitability as a result. We explored how the excitability of DA
axonal membrane is modified by activation of nAChRs, and candidate underlying

mechanisms.

Several candidate mechanisms exist, including voltage-dependent modulation or
changes to availability of VGKCs or VGSCs. In Chapter 3, we investigated the potential role
of VGKCs in the mechanisms downstream of nAChR activation but did not find that changes
in VGKC handling offered an explanation for how nAChRs modify the excitability of DA axons.
In this chapter, we explore an alternative explanation through the potential role of VGSCs in

nAChR modulation of DA release.

VGSCs play key roles in local AP generation as they are responsible for the upstroke
of AP allowing the membrane to depolarise. VGSC genes are a highly conserved family

branching from a single common ancestor, conferring all VGSCs with similar structures
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(Hille 2001). VGSCs are formed by a single functional a-subunit constituted of four domains,
each comprising six transmembrane segments including a voltage sensing domain on the
fourth segments. They can also be accompanied by auxiliary or regulatory B-subunits
oriented towards the extracellular matrix (Hille 2001) chapter 3). In a series of seminal
experiments, Hodgkin, Katz and Huxley demonstrated that VGSCs are responsible for the
upstroke of action potential (Hodgkin and Katz 1949), and that although they can activate
rapidly, their inactivation also occurs extremely quickly during the depolarisation (Hodgkin
and Huxley 1952c, a, d; Hodgkin 1958). VGSCs then remain inactivated unless the
membrane is repolarised or hyperpolarised, often by VGKCs. Using patch-clamp
techniques, it has been shown that raising the resting membrane voltage (to -60 mV from -
67.5mV) caninactivate enough VGSCs to reduce subsequent Na* currents evoked by a short
depolarising voltage-step and, conversely, that hyperpolarising the membrane prior to

stimulation increases Na* conductance (Dodge 1963; Hille 2001).

We thus hypothesised that the participation of VGSCs in DA axon membrane
depolarisation when nAChRs are active limits the pool of VGSCs available during
ensuing pulse trains and thereby limits the subsequent generation of action potentials

in DA axons.

Until now, the techniques available to study the impact of N AChRs on DA axons have
been indirect, ie. measuring DA release using FCV or measuring cytosolic Ca** using GCaMP
sensors. Although these techniques have allowed us to understand how nAChRs shape DA

release, they do not possess the resolution to define the mechanisms through which nAChRs
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modulate DA release through potential changes in the excitability of the membrane of DA
axons.

Recent advances in optogenetic tools with the arrival of ultra-fast genetically encoded
voltage indicators (GEVIs) have allowed us to access a whole new set of questions
previously answerable, such as how nAChRs impact the membrane voltage of DA axons
directly? The study by Zhang et al. (2025) used an early generation GEVI
(Accelerated Sensor of Action Potentials - ASAP3) that does not have the temporal
resolution or sensitivity to resolve specific threshold versus subthreshold depolarisation
events, or their time course. For the first time, we implemented and optimised (section
4.4.2.4) (Duquenoy and O’Connor 2024) the novel GEVI ASAP5f (Hao et al. 2024) for
recording membrane voltage variations akin to action potentials and other depolarisation
events in a population of DA axons. We injected AAV9-EF1a-DIO-ASAP5-WPRE in in the
midbrain of DAT-Cre mice to recorded from a population of axons of DA neurons in the
striatum (section 4.4.2.4). We used ultra-fast sampling of 600 Hz in order to achieve
appropriate near-millisecond temporal resolution for the signal, given that changes in
membrane potential occur at a millisecond scale. With unprecedented sub-millisecond time
resolution, this technique revealed identifiable population spikes and subthreshold events
(section 4.2.4.5) in response to electrical stimulation. Using this GEVI, we directly
investigated the effect of nAChR activation on DA axonal membrane following electrical
stimulation. We found that nAChR activation provokes a prolonged depolarisation that
limits the amplitude of subsequent population spikes during a pulse-train. Next, we
assessed whether, the limited amplitude of the population spikes following nAChR
activation could be the cause for the strong nAChR-mediated STD of DA release observed in

studies using FCV. With the aim of bridging existing data on DA release dynamics (acquired
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through FCV) and membrane voltage dynamics (acquired using ASAP5f), we set up ultra-fast
jGCaMP8m imaging that allowed us to distinguish axonal Ca?" events with high temporal
resolution. Using this technique, we first found that nAChR activation elicits a strong axonal
Ca? event, and confirmed that any subsequent electrical pulses only elicit very limited Ca?*
levels. Finally, using FCV, we tested whether limited VGSC availability following nAChR
activation, potentially due to inactivation provoked by the prolonged depolarisation, was the
cause for the limited spike height and consequently the strong STD of DA release. Our data
supported our hypothesis that inactivation of VGSCs is the limiting factor in spike formation
following NAChR activation. Finally, using a combination of GRABach and FCV we ruled out

the involvement of other neurotransmitters from the striatal circuit.
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4.2. Methods

Experiments described in this chapter were carried out as described in Chapter 2.
Specifics of this chapter — such as voltage imaging and ultra-fast JGCaMP8m imaging — are

detailed in this section.

4.2.1. Slice preparation

Acute ex vivo coronal striatum slices were prepared for FCV, ASAP5f, GCaMP8m
and GRABachs.0 experiments as described in section 2.3.

The number of slices used for each experiment is noted “n”. At maximum, 2 slices
from the same animal have been used for each experiment. All experimental procedures
involving the use of animals were carried out according to institutional guidelines and

conformed to the UK Animals (Scientific Procedures) Act 1986.

4.2.2. FCV recordings

Animals used for FCV experiments were mixed gender (7 to 13 weeks of age)
C57BL/6J mice heterozygous DAT-Cre (Slc6c3 heterozygous on a C57BL6 background).
FCV recordings were performed as described sections 2.4. and 2.5. FCV data was acquired
and analysed as described in section 2.5. Imaging data was acquired and analysed as
described in section 2.6.3 and 2.6.4 respectively. Statistical analyses were carried out using
GraphPad Prism as described in section 2.7. and the threshold for statistical significance
was p < 0.05. Statistical significance was reported as: ns p > 0.05; * p < 0.05; ** p <0.01; ***

p <0.001; *** p < 0.0001.
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4.2.3. GRABAch imaging

Animals used for FCV experiments were mixed gender (9 to 13 weeks of age)
C57BL/6J mice. GRAB imaging was performed as described in sections 2.6.2 on animals
who have undergone intracranial surgeries in the striatum (described in section 2.2) and
injected with AAV5-hSyn-ACh3.0(ACh4.3) (Cat #YL001003-AV5) at a concentration of
3.78x10" vg/ml diluted in sterile saline, between 3 and 4 weeks prior to the experiment. FCV
data was acquired and analysed as described in section 2.5. Imaging data was acquired and
analysed as described in section 2.6.3 and 2.6.4 respectively. Statistical analyses were
carried out using GraphPad Prism as described in section 2.7. and the threshold for
statistical significance was p < 0.05. Statistical significance was reported as: ns p > 0.05; * p

<0.05; ** p <0.01; ***p <0.001; ****p <0.0001.

4.2.4. Monitoring membrane voltage changes population of striatal
dopaminergic axons using fluorescent voltage sensor

4.2.4.1. About voltage sensors and ASAP5f

Roles of nAChRs on striatal dopaminergic axons have been probed for decades.
However, the lack of access of these axons and the complexity of the striatal network has
made it a difficult enterprise. Indeed, although patching is possible in some cases (Kramer et
al. 2020, 2022; Xiao et al. 2021), itis only doable on the main unbranched axon of the medial
fibre bundle and therefore would not answer the question of local modulation in the context
of very branched axons within the striatum. Being able to match our data to years of studies

on DA release in specific regions of the striatum was crucial for us to infer a link between the
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behaviour of the membrane in response to an electrical stimulation and the well-known DA
release dynamics.

Although there are many options available for voltage sensing fluorescent reporters
(fluorescent dies, rhodopsin-based or FRET-based), the best tool that allowed us to have a
sensor specifically expressed in dopaminergic neurons, fast enough to resolve single action
potentials and that would have good expression outside the soma for recordings on axons
only were the GEVIs ASAP from the Lin lab (St-Pierre et al. 2014; Chamberland et al. 2017;
Villette et al. 2019; Evans et al. 2023; Hao et al. 2024). We therefore decided to use these
exciting new optogenetic with the aim of investigating the behaviour of the membranes of the
dopaminergic axons in response to various stimuli and in different drug conditions.

The ASAP sensors are composed of 4 transmembrane helixes that act as voltage-
sensing domains (VSDs) thanks the intrinsic properties of charged amino-acids expressed
within their bundles. A cpGFP protein is attached to extracellular loop between helix 3 and
4. Upon depolarisation, the VSD reorganises its 3D conformation, and the loop between the
3" and 4™ helix is particularly altered, which leads to changes in the conformation of the
cpGFP allowing it toincrease its fluorescence - if it is a upward reporting sensor (Evans et al.
2023) - or dim its fluorescence — for downward deflecting sensors (St-Pierre et al. 2014;

Chamberland et al. 2017; Villette et al. 2019; Hao et al. 2024).

Upon discussion with the Lin lab, we decided to use the newly developed ASAP5f
sensor can promptly switch from supporting to limiting DA release which has been designed
to be faster and brighter than previous versions of GEVIs, and which is also sensitive to single

action potentials and even subthreshold events at the membrane (Hao et al. 2024).
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4.2.4.2. Animals used for voltage sensor experiments

All animals used for voltage sensor experiments were mixed-sex DAT-Cre
heterozygous (Slc6c3 heterozygous on a C57BL6 background) mice aged 9 to 13 weeks
which had undergone the procedure described in Chapter 2 section 2.2 for intracranial
injection in the midbrain (Figure 4.1 A). We used the following viral solution provided by the
Lin Lab: AAV9-EF1a-DIO-ASAP5-WPRE, diluted in sterile saline to final concentration of
1.92x10"? vg/mL. Recordings were made in the region of the striatum in which the targeted

midbrain neurons project, and therefore exclusively in axons.

4.2.4.3. Imaging parameters allowing the detection of membrane voltage

changes in a population of dopaminergic axons in the striatum

The detailed protocol for voltage sensor imaging in a population of dopaminergic
axons in the striatum is available at (Duquenoy and O’Connor 2024).

We used a blue LED light (A=470 nm) at 10 mW measured under at 10x objective, or
approximately 3 mW measured under a 60x objective to perform these experiments.

The use of the Andor iXon Ultra 888 camera for its high speed and high sensitivity was
crucial to our recordings. In order for the camera to reach very high frame rates, we used itin
combination with an Optomask which prevents any photons to reach the sensor of the
camera outside of a chosen field of view (148 pixels high x 496 pixels long). Images were
binned 4x4 and acquired at 599.92 Hz (600 Hz) with an exposure time of 1.5870 ms. We
chose and acquisition rate of 600 Hz to maximise of signal to noise ratio without
compromising the time resolution of our signal since events at the membrane can occur in

the range of milliseconds.
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We used a main magnification of 1.25x in order to reduce vignetting effect throughout
our experiments. We first used a the 10x objective to position the stimulating electrode and
then switched the 60x objective and for our recordings (Figure 4.1 A). Once at 60x, we first
located the tip of the electrode and then navigated to ~100 um away from the tip to set our
field of view. Our ROl was defined by a 20 um x 20 pm square located approximately 150 um
from the tip of the stim (Figure 4.1 A and B).

The illumination and recording were synchronised and lasted a total of 3.5sto 5 s
depending on the experiments. Illumination was kept as short as possible after the
stimulation in order to avoid unnecessary bleaching. The stimulations were automatically

triggered 1.4s after the start of the illumination.

4.2.4.4. Data extraction and analysis for voltage sensor experiments

Average fluorescence within the ROI (described in previous subsection) along with
the frame number was extracted in Imagel using a custom-made macro. Raw values of
fluorescence over time were then transferred to a custom-made MatlLab code (MATLAB
R2024_b, MathWorks).

The frames number were converted into seconds. The raw fluorescence traces were
fitted with linear function (f(x) = a *x + b) to 660 ms and 1330 ms, for a total of 670 ms (400
frames) before the stimulation (Figure 4.1 C). The baseline fluorescence F, was defined as
the factor b of the linear fit. The factor a corresponding to the slope of the linear fit was
multiplied to the frame number and subtracted to the raw fluorescence in order to correct
for the decay caused by bleaching during individual recordings. Since ASAP5f deflect

downwards upon depolarisation, the variation over time of the slope-corrected fluorescence
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value (F) was then calculated in the following way: - (F-Fo)/ Fo = AF/F, (Figure 4.1 C). [t was
then converted in percentage by multiplying by 100.

We used the area under the curve (AUC) as an unbiased approach to describe our
signal. The total AUC was obtained using the Trapz function in MatLab from stimulation time
until 100 ms post-stimulation. Example of AUC calculation shown in panel D in Figure 4.1.
For spike analysis, timings of spikes were determined by the type of stimulation given. Each
spike was re-baselined using an average of the 2 points before the time of stimulation, or 1
point before the time of stimulation for 100 Hz stimulations. The maximum (later called
height) was taken from the re-baselined traces of the spikes using the max function in
MatLab. The AUC for each spike is calculated on re-baselined trace of the spike from the
moment of the stimulation and calculated using the Trapz over the next 5 points
corresponding in 8 ms after the stimulation. Other calculations were made using Excel.

For analysis of the isolated nAChR-mediated depolarisation, we subtracted traces
evoked by 1p stimulation from DHBE condition (when nAChRs are antagonised) to the traces
from drug-free condition (when nAChRs are active), all traces where normalised to the size
of their initial spike. From these normalised subtracted traces, we recalculated the pre-
stimulation baseline average and standard deviation of the mean for 100 frames before the
stimulation onset. To calculate the duration of the nAChR-mediated prolonged
depolarisation, we first fitted an exponential curve to the repolarisation phase of the event
(using fit exp1 in MatLab) from one frame after the maximum until 110 frames (~ 183 ms)
after the stimulation initiation. Next, we found the time point for which the fitted curve is
lower than the averaged baseline + the standard deviation of the mean. This time point was

reported as the “end time” of the nAChR-mediated depolarisation.
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Statistical analyses were carried out using GraphPad Prism as described in section 2.7. and

the threshold for statistical significance was p < 0.05. Statistical significance was reported

*p < 0.05; ** p <0.01; *** p < 0.001; **** p < 0.0001.
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Figure 4.1 : Methods for ASAP5f experiments.

A: The AAV9-packaged ASAP5f was injected in the midbrain of DAT-Cre +/- mice. On the left, example pictures
of midbrain cell bodies labelled infected with ASAP5f (top), labelled by anti-TH (tyrosine hydroxylase)
antibodies (middle) and co-labelled by both. On the right, example pictures of recording sites in the DLS (top)
and in the NAcC (bottom).

B: Top: Example of field of view (x10 objective) with placement of the stimulating electrode and FOV during
recording. Bottom: example of FOV (x60 objective) chosen for data acquisition with 20 pm x 20 pm ROI used
for data collection.

C: Example raw trace (purple) along with calculations to slope-correct (blue), baseline and flip (black) the
signal so depolarisations are seen upwards. Arrows indicate time of stimulation, here 4 pulses at 100 Hz.

D: Example trace (from single electrical pulse stimulation in DHBE) after slope correction, baselining and
flipping demonstrating how AUC is calculated. Areas below 0 are subtracted to areas above zero.
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4.2.4.5. Voltage sensor characterisation for recording in a population of
axons

i. ASAPS5f signal reflects changes in membrane voltage

We first validated that evoked signals reported by ASAP5f were due to VGSC-
mediated depolarisation rather than to an artefact, using voltage-gated sodium channel
(VGSC) blocker tetrodotoxin (TTX) at 1 yM, a concentration that usually abolishes all action
potential and subthreshold events in patch-clamp experiments (Marshall et al. 1996; Khaliq
and Bean 2010). Indeed, since VGSCs are responsible for the upstroke of the action
potential, blocking them prevents the formation of spikes, and their propagation along the
axons. Therefore, if any part of our signal remains after washing on TTX, it is likely to be a
stimulation or movement artefact as opposed to a voltage change happening at the
membrane membranes.

We tested a wide range of stimulation frequencies and found for all of them that the
signal is completely abolished in the presence of 1 uM TTX (Figure 4.2). We therefore
concluded with confidence that our signal is reflecting actual changes at the membranes of
the dopaminergic axons located within our ROl and not an artefact. No residual TTX-

insensitive components were discernible.
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Figure 4.2: TTX abolishes ASAP5f signal evoked by single electrical pulse and train pulse.
On the left, ASAP5f signal from a population of DA axons evoked by single pulse (top) and 4p 100 Hz (bottom)
in drug free condition. On the right, ASAP5f signal evoked by single pulse (top) and 4 p 100 Hz (bottom) after
TTX (1 puM) wash on (n = 2).

ii. Axonaltransients are widened by VGKCs block

Since it has been shown that ASAP5f can report individual spikes (Hao et al. 2024)
and the initial fast depolarising and fast repolarising event evoked by an electrical pulse is
reminiscent of a spike shape, therefore, we tested whether our signals could reflect
synchronous spikes over the whole population of DA axons present within our ROIl. We
hypothesised that if these fast events were indeed spikes, then a voltage-gated potassium
channel (VGKCs) blocker such as 4-aminopyridine (4-AP) should prolong these spikes,
because blocking VGKCs slows down the repolarisation phase.

In order to have a better resolution for the spikes, we used a nhAChR antagonist
(DHBE) to prevent the second slower event (described in section 4.3.1 and 4.3.2) to obstruct
the repolarising phase of the first event (Figure 4.3). In the DLS, we found that the width of
the signal (initial spike) was increased in the presence of 4-AP (Figure 4.3 A, B), as well as

the area under the curve of the spike (Figure 4.3 C). In NAcC, the width of the signal (initial
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spike) was also increased in the presence of 4-AP (Figure 4.3 D, E). In NAcC, although there
is a trend towards an increase in the AUC in the presence of 4-AP, no clear measurement
was found statistically significant from the control trace (in DHBE only, Figure 4.3 F). The
signalis enlarged in both regions, which confirms our hypothesis that those events reflect an

action potential synchronised across the axonal population.
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Figure 4.3: Blocking VGKCs with 4-AP widens DA axon spikes.
A, D: Mean (+ SEM) -AF/F, (ASAP5f) response to 1 pulse electrical stimulation (1p) in DLS (A) and NAcC (D).
We started the experiment in nAChR antagonist DHBE (1 pM) and added through bath application 4-AP (100
UM). The arrow indicates the time of stimulation. n =3 in DLS and n = 3 in NAcC.
B, E: Zoom on initial spike shown in traces A and D. Mean (x SEM) AF/F, (ASAP5f) evoked by 1 pulse electrical
stimulation (1p) in DLS (B) and NAcC (E). Two-way ANOVA in DLS (B) drug effect, ,time effect: F (8, 16) =25.96
, P <0.0001, interaction: F (8, 16) = 35.23, p < 0.0001; in NAcC (E), drug effect: F (1,2) =2.674, p =0.2436, time
effect: F (8, 16) =3.828, p =0.0107, interaction F (8, 16) = 2.963, p = 0.0307.
C, F: AUC of spike from stimulation until end of trace B in DLS and E in NAcC. Paired t-test, in DLS (C) p =
0.0099, in NAcC (F) p=0.2310.
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iii. The shape of the signal is stable over time despite overall AF/Fo

attenuation

Fluorescence-based sensors can bleach over time, and therefore we tested the
stability of the signal over the length of an experiment. We stimulated the slices every minute
with a single electric pulse. We plotted the initial spike height of each stimulation over time
(Figure 4.4 A and H). We averaged three stimulations at the beginning of the experiment
(‘early’) correspondto the timings of the single pulses that would be given in most of our wash
on experiments. The ‘late’ condition corresponds to the timings of the single pulse
stimulations after the drug wash-on in most experiments. Stimulations used for those ‘early’
and ‘late’ averages are highlighted on Figure 4.4 A and H.

We assessed decay of initial spike peak height and AUC (taken over 100 ms after
stimulation) over the time-course of the experiment. We found that the initial spike height
and the AUC both are smaller in ‘late’ timepoints compared to ‘early’ timepoints (Figure 4.4
B to E and | to L). In both regions, we found a decay of approximately ~15-20% that was
similar for both initial spike height and AUC. However, we found that the F, seems to remain
stable over time (Figure 4.4 F and M). Finally, and most importantly, the shape of the traces
remains the same over the course of the experiments, as when the traces were normalised

to their own spikes, the ‘early’ and ‘late’ traces overlap completely (Figure 4.4 G and N).
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Figure 4.4: The shape of evoked ASAP5f signal is stable over time despite overall AF/F, attenuation.

A, H: Mean initial spike height (+ SEM) -AF/F, in response mixed stimulation protocols
DLS (A) and in NAcC (H). In DLS, n=6 ; in NAcC n=5.

(drug free throughout) in

B, I: Traces (Mean + SEM) -AF/F, of responses to single pulse electrical in ‘early’ (red) and ‘late’ (green)

conditions in DLS (B) and in NAcC (I).

C, J: Zoom oniinitial spike from traces (Mean + SEM) -AF/F, of responses to single pulse electricalin ‘early’ (red)

and ‘late’ (green) conditions in DLS (C) and in NAcC (J).

D, K: Initial spike height (-AF/Fo) of ‘early’ versus ‘late’ single pulse stimulations in DLS (D) and in NAcC (K).
Each dot represents a separate slice. The grey bars represent the mean. Paired-t-test, in DLS (D) p = 0.0007

and in NAcC (K) p=0.0047.
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E, L: AUC taken over 100 ms following the stimulation of traces in B and | respectively of ‘early’ versus ‘late’
single pulse stimulations in DLS (E) and in NAcC (L). Each dot represents a separate slice. The grey bars
represent the mean. Paired-t-test, in DLS (E) p = 0.0059 and in NAcC (L) p = 0.0034.

F, M: F, calculated from traces of ‘early’ versus ‘late’ single pulse stimulations in DLS (F) and in NAcC (M). Each
dot represents a separate slice. The grey bars represent the mean. Paired-t-test, in DLS (F) p =0.0913 and in
NAcC (M) p=0.1368.

G, N: Traces (Mean = SEM) of responses to single pulse electrical in ‘early’ (red) and ‘late’ (green) conditions
normalised to their own initial spike to highlight that the shape of the signal remains the same throughout the
experiment, in DLS (G) and in NAcC (N).

Thus, in order to quantitatively assess the differences in the signal shape caused by
drugs application for example (Figure 4.5), we need to correct for the AF/F,decay observed
during the characterisation of the sensor for in axonal population (Figure 4.4). Plus, different
datasets can have an inherent variation in signal amplitude as demonstrated in an example
drug application data set below (Figure 4.5 A). Therefore, to correct for this, we normalised
each dataset within themselves for each slice. We first average three stimulations
corresponding to single pulse stimulations at in the wash on data set (in dark red on the
graphs) to calculate our pre-drug baseline. Then we normalised the whole wash on dataset
to this pre-drug baseline (Figure 4.5 B). Next, we used the same calculation for the time-
matched data, using an average of the time matched single pulse stimulations (in bright red
on the graph) after the start of the experiment and normalised the whole time-matched
dataset to this ‘early’ baseline (Figure 4.5 B). Now, both datasets are normalised to their own
controls (pre-drug for the wash on dataset or ‘early’ for the time-matched dataset) and are
comparable (Figure 4.5 B). To assess whether the wash-on has affected the initial spike
height evoked by single pulse, we next averaged the initial spike height (normalised to the
relevant control) evoked by single pulse after the drug has washed on for 10 min (in dark
green on the graph, Figure 4.5 B). We also averaged of the corresponding initial spike height
values taken from the time-matched dataset (in dark green on the graph, Figure 4.5 B). We

then compared the spike height from the drug wash on and the time-matched dataset, both
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normalised to their respective controls (Figure 4.5 C and D). We used the same calculation
described for the height to normalise the AUC of the signals (not shown here). We used this
data normalisation for all panels investigating the effect of a wash on single pulse release,

unless otherwise stated. Specific differences in the calculations will be mentioned with each

figure.
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Figure 4.5: Details of normalisation and baseline used for description of data collected using voltage-
indicator ASAP5f using an example drug application dataset.

A: Initial spike height (Mean + SEM) -AF/F, of initial spike in response to mixed stimulation protocols for a time-
matched experiment (drug free throughout) in black and for an example wash on data set starting in drug-free
condition in grey (named of the drug removed for clarity but data discussed in the result section). In different
shades of red are the point that will be used to normalise the data set shown in B. Time-matched n = 6; wash
onn=6.

B: Initial spike height (Mean = SEM) -AF/F, in response electrical stimulation as a percentage of their respective
controlinitial spike height (in dark red for time-matched dataset and in bright red for wash on data set). In green
are the points used for averaging to compare the spike height from time-matched dataset and the drug wash on
data set.

C: Mean * SEM) -AF/F, of traces evoked by single pulse stimulations normalised to their respective initial spike
height control (dark red for time-matched dataset and bright red for drug wash on).

D: Example of graph comparing the initial spike height normalised to their respective controls. Each dot
represents a separate slice. The grey bars represent the mean. In this example the drug has not affected the
first spike height compared to time-matched control.
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4.2.5. Reporting Ca?* dynamics from a population of striatal dopaminergic
axons using ultra-fast Ca®* imaging

4.2.5.1. About jGCaMP8m sensor

Genetically encoded Ca?" indicators (GECIs) — and in particular GCaMP a fusion of
cpGFP, calmodulin and M13 peptide — have been extensively used in the past decades as a
proxy measure of neuronal activation. They report variations in intracellular Ca*
concentration by conformational changes when Ca?* binds to the calmodulin.

Although previous GCaMP sensors were reporting Ca* at much slower time scale
than neural activity actually occurs, the newer version jGCaMP8 is more sensitive and
possess faster kinetics. Work from Brill-Weil et al. (Brill-Weil et al. 2024) using jGCaMP8m
indicates that it is now possible to disentangle Ca?* events due to direct activation of DA

axons from Ca?* events due to activation of NAChRs in slices using electrical stimulation.

These improved kinetics are rendering jGCaMP8 the best tool for us to probe Ca?*
transients at a millisecond scale, which was impossible until now. In order to make sure
there would be sufficient time resolution and brightness to be detected from the sensor, we
chose jGCaMP8m which is fast enough to detect events in the ranges of milliseconds and
brighter than the fastest sensor. Since we will image at ultra-fast frame rates, making sure
the sensor remains reliably detectable is crucial.

In this body of work, preliminary jJGCaMP8m experiments are used to test hypotheses

led by our work with voltage sensor.
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4.2.5.2. Animals used to detect ultra-fast Ca?* transient in a population of

dopaminergic axons in the striatum

Animal used for jGCaMP8m experiments were DAT-Cre heterozygous (Slc6¢c3 het) mice,
two females aged from 12 to 12.6 weeks and one male aged 11.9 weeks which had
undergone the procedure described in section 2.2 for intracranial viral injection in the
midbrain. We used the following viral solution from AddGene: AAV9 packaged pGP-AAV-
syn-FLEX-jGCaMP8m-WPRE (162378-AAV9) diluted in sterile saline to final concentration

of 1x1012 vg/ML (Figure 4.6 A).

4.2.5.3. Imaging parameters for ultra-fast JGCaMP8m experiments

To perform these experiments, we used a blue LED light (A = 470 nm) at 5 mW
measured under at 10x objective, or approximatively 3 mW measured under a 60x objective.
The use of the Andor iXon Ultra 888 camera for its high speed and high sensitivity was crucial
to our recordings (section 4.2.4.2). In order for the camera to reach very high frame rates,
we used it in combination with an Optomask which prevents any photos to reach the sensor
of the camera outside of a chosen field of view (148 pixels high x 392 pixels long). Images
were binned 4x4 and acquired at 993.05 Hz (1000 Hz) with an exposure time of 0.917 ms.
We chose and acquisition rate of 1000 Hz since to maximise our chances to see sub-second
events.

For the placement of the ROI, | used the same method as of the voltage sensor experiments
(section 4.2.4.3.) for a final ROl size of 20 pm x 20 pm located around 150 pm from the tip

of the stimulating electrode (Figure 4.6 B).
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The illumination and recording were synchronised and lasted a 6 s per recording to allow for
signal to return to baseline after the stimulation. The stimulations were automatically

triggered 1.4s after the start of the illumination.

4.2.5.4. Data extraction and analysis for the ultra-fast [GCaMP8m imaging

Average fluorescence within the ROI (described in previous subsection) along with
the frame number was extracted in Imagel using a custom-made macro. Raw values of
fluorescence over time were then transferred to a custom-made MatlLab code (MATLAB

R2024_b, MathWorks).

The frames number were converted into seconds. The raw fluorescence traces were
fitted with linear function (f(x) = a*x+b) to the 500 ms before the stimulation (Figure 4.6 C).
The baseline fluorescence F, was defined as the factor b of the linear fit. The factor a
corresponding to the slope of the linear fit was multiplied to the frame number and
subtracted to the raw fluorescence in order to correct for the decay caused by bleaching
during individual recordings. The variation over time of the slope-corrected fluorescence
value (F) was then calculated in the following way: (F-Fo)/ Fo = AF/F,. It was then converted
in percentage by multiplying by 100.

The maximum peak fluorescence of the traces was found using the max function in
MatLab, from the time of stimulation until 1.6 s after the stimulation. The area under the curve
was obtained using the Trapz function in MatLab from stimulation time until 1.6 s post-

stimulation. Other calculations were made using Excel.
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Statistical analyses were carried out using GraphPad Prism as described in section 2.7.
and the threshold for statistical significance was p < 0.05. Statistical significance was
reported as: ns p > 0.05; * p <0.05; ** p <0.01; *** p <0.001; *** p <0.0001.
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Figure 4.6: Methods for ASAP5f experiments.

A: The AAV9-packaged jGCaMP8m was injected in the midbrain of DAT-Cre +/- mice. On the right, example
pictures of recording sites in the DLS (top) and in the NAcC (bottom).

B: Top: Example of field of view (x10 objective) with placement of the stimulating electrode and FOV during
recording. Bottom: example of FOV (x60 objective) chosen for data acquisition with 20 pm x 20 um ROl used
for data collection.

C: Example raw trace (purple) along with linear fit (red) used to correct slope (black). Arrows indicate time of
stimulation, here single pulse.

4.2.6. Drugs

Drugs were diluted into aCSF (saturated with 95% O,/ 5% CO.) to their final working
concentration (Table 4-1) on the day of experiment from concentrated aliquots diluted in
dH.0 and kept at -20°C. The aCSF-drug solution was washed on for 10 to 20 min before

probing effect of the drug on DA release.
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Drug Action Supplier Solvent Concentration References
4-aminopyridine VGKC blocker | Sigma-Aldrich dH,0 100 uM Condon et al.,
(4-AP) 2019
(+)-Bicuculline GABA, Cayman DMSO 10uM Lopesetal.,
receptor chemical (DMSO0: 0.05%) 2019
antagonist company
CGP 55845, HCL GABA: AbCam DMSO 4uM Roberts et al.,
receptor (DMSO0: 0.05%) 2020
antagonist
Dihydro-B- [2-nAChR Tocris dH,0 1uM Threlfell et al.,,
erythroidine antagonist Bioscience 2012
hydrobromide
(DHPE)
Oxotremorine mAChR Tocris dH,O 250 nM -500 nM Threlfell et al.,
(Oxo0-m) agonist Bioscience 2010
Veratridine Prolongs Chem Cruz DMSO 2uM (Otoom et al.
VGSC opening (DMSO0: 0.05%) 1998)
Tetrodotoxin Broad VGSC Bio-Techne dH,O 4nM-24nM Brody et al.,
(TTX) blocker 1uM 2000
Threlfell et al.,
2012
Rufinamide Prolongs Cayman DMSO 100 uM (Linetal.
VGSC chemical (DMSO: 0.25%) 2022b)
inactivation company

Table 4-1: Drugs used in Chapter 4, including their mode of action and references to studies clarifying

their use for our purposes and chosen concentrations.
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4.3. Results

4.3.1. nAChR activation support prolonged depolarisation of DA axons and
limit spike height

In this section, we explore the effect that nAChR activation by ACh has on the
membrane voltage of a population of DA axons mainly using the novel GEVI ASAP5f (Hao et
al. 2024) (Figure 4.7 A and F). We first describe the effect of nAChR activity on membrane

voltage changes evoked by single pulse stimulation (section 4.3.1.1) and then focus on the

corollary of these observations for train-pulse stimulation (section 4.3.1.2).

4.3.1.1 nAChR activity provokes prolonged depolarisation of DA axonal

membranes

i. Single pulse stimulation provokes an axonal spike and prolonged

depolarisation when nAChRs are activated, but only a spike when nAChRs are
antagonised

First, we explored how nAChR activity affects the membrane voltage of DA axons. We

used electrical stimulations to evoke activity at the DA membrane — akin to FCV experiments

— and the B2-nAChR antagonist DHBE (1 uM). We will first present result from two striatal

regions (DLS and NAcC) side-by-side and will draw out some differences later.

We found that, in both regions when nAChRs are active, a single pulse stimulation
provokes a rapid spike (see method section 4.2.4.5. for spike characterisation), followed by

a prolonged depolarisation (Figure 4.7). However, when nAChRs are antagonised by DHBE,
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only the initial spike remains, and the subsequent prolonged depolarisation seems either
greatly decreased in DLS (Figure 4.7 B) or completely abolished in NAcC (Figure 4.7 G).

We next quantitatively assess the differences in the signal shape caused by the
antagonism of nAChRs by DHBE. We found that initial spike height (Section 4.2.4.5.) is
unchanged between the drug-free time-matched control and in the presence of DHpBE
(Figure 4.7 C, D, H and I). Next, we compared the AUC (taken over 100 ms) between the
time-matched control traces and the wash-on traces in the presence of DHBE and found the
AUC plummets in the presence of DHBE in both regions (Figure 4.7 C, E, H and J).

These data highlight an important depolarisation of the membrane voltage of DA
axons upon opening of nAChRs. Since nAChRs are non-selective cation channels (Decker
and Dani 1990; Fieber and Adams 1991; Mulle et al. 1992; Fucile 2004), it is plausible that
their activation provoked a depolarisation at the membrane as a result of the cation influx
within the axons. Although these channels are non-selective, the permeability to K* is
negligible in this context, and nAChRs have been demonstrated to be mostly permeable to
Na*, with Ca?* conductances representing only 2 to 5% of the current flowing through open
nAChRs (Vernino et al. 1994; Dani and Mayer 1995). Based on DA release data (Rice and
Cragg 2004; Threlfell et al. 2012; Zhang et al. 2025) these data suggests that that the initial
spike triggers a first DA release event, and that the prolonged depolarisation could also be
triggering a second release event. Indeed, the latency of the maximum peak of this second
depolarisation following the initial spike is in the same order of magnitude (few ms after
stimulation) as the second DA release event measured by amperometry studies (Wang et al.
2014b, a). Finally, this prolonged depolarisation is unlikely to be equivalent to or exceeding

the size of the spike since the sensor used here (ASAP5f) is likely to better report slower
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Chapter 4

events je. with larger amplitudes (Hao et al. 2024). These points will be more thoroughly

considered in the discussion (section 4.4).
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Figure 4.7: Single pulse stimulation evokes spike and activity at nAChRs provokes prolonged
depolarisation at DA axons.

A, F: Diagram illustrating the injection site (midbrain) of the virus containing ASAP5f, and the recording site in
the striatum in DLS (A) and in NAcC (F). The arrow indicates the time of stimulation.

B, G: Mean (+ SEM) -%AF/F, evoked by single electrical stimulation (1p), in drug-free condition (black) or after
nAChR antagonist DHBE (1 pM) wash on (grey), in DLS (B) and in NAcC (G). n = 6 in both regions. The arrow
indicates the time of stimulation.

C, H: Mean (+ SEM) normalised to respective control initial spike height evoked by single pulse stimulation (1p)
in drug-free time-matched control (black) and or after nAChR antagonist DHBE (1 uM) wash on (grey). In DLS,
n = 6 for time-matched dataset, and n = 6 for DHBE application dataset; in NAcC, n = 5 for time-matched
dataset, and n = 6 for DHBE application dataset

D, I: Spike height normalised to respective controls. Each dot represents a slice. The grey bars represent the
mean. Unpaired t-test, in DLS (D) p =0.0928; in NAcC (I) p = 0.5921.

E, F: AUC (100 ms post-stimulation) normalised to respective controls. Each dot represents a slice. The grey
bars represent the mean. Unpaired t-test, in DLS (E) p < 0.0001; in NAcC (F) p=0.0001.
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We next addressed the topographical heterogeneity (between DLS and NAcC) of the
membrane voltage responses evoked by single electrical pulse when nAChRs are active
(drug-free condition) and when they are antagonised (Figure 4.8). Although the initial
component of the signal — the spike — exhibits a similar shape across regions, the second part
of the signal is drastically different. In DLS, the suspected nAChR-mediated depolarisation
is far greater than in NAcC (Figure 4.8 A). However, in the absence of nAChR activity (DHBE
condition), the membrane voltage post-initial spike seem to first hyperpolarise briefly in DLS,
before repolarisation slightly (at ~9-10 ms post-stimulation) and reaching a plateau, which
contrasts with NAcC where the membrane voltage hyperpolarises strongly and does not
repolarise before at least 100 ms post-stimulation (Figure 4.8 B). Thus, we tested whether
the total depolarisation potentially triggered by nAChR activation taking in account the initial
state of the membrane voltage (in the absence of nAChR activation) was dissimilar between
regions (Figure 4.8 C). We found that the kinetics at the onset of the signal are the main
dissimilarity between the regions: indeed, the subtracted signal is larger and reaches its peak
sooner after stimulation in DLS than it does in NAcC (Figure 4.8 C, D and E). Firstly, the peak
of the isolated nAChRs-driven event is equivalent to more than 200% the size of the initial
spike in DLS but only represents about the same size as the initial spike in NAcC (Figure 4.8
D). Secondly, although the isolated nAChR event seems to have the same latency to onset
(~3 ms post-stimulation), their latency to peak is different. In DLS, this peak occurs ~11 ms
after the stimulation onset, while it occurs ~22 ms in NAcC (Figure 4.8 E). Finally, we found
that the total duration of the isolated nAChR event is similar between the two regions,
approximately 150 msin DLS and 135 ms in NAcC (Figure 4.8 F).

These regional disparities could have multiple causes:
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a. Thedifferencesin nAChR subunit composition between DLS and NAcC (Exley and Cragg
2008; Exley etal. 2008, 2011, 2012a) could be the cause for these different kinetics since
subunit composition can greatly alter the properties of the channels (Alkondon et al.
1999; Albuquergue et al. 2009; Dani 2015).

b. Varied nAChR and Chls densities across regions could also play a key role in these
differences.

c. A differential catabolism of ACh by acetylcholinesterase (AChE), by a difference in the

enzyme’s efficacy or density could affect ACh level.
These regional differences could arise from different composition of the axons in various
voltage-gated ions channels altering the behaviour of the membranes. For example,
VGSCs density could be different in each region since the axons innervating the DLS
display more branching than in the NAcC and therefore might require different VGSCs or
more VGSCs to support propagation of APs.

We will explore further the potential causes for regional differences in the potential nAChRs-

mediated response in the discussion of this chapter (Section 4.4). Because the overall effect

of nAChR activity causes a prolonged depolarisation in both regions, we will present both

regions simultaneously for the remainder of the chapter.
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Figure 4.8: The isolated nicotinic component of the signal presents regional heterogeneity
A: Mean (+ SEM) of traces evoked by single electrical stimulation (1p) normalised to their own initial spike height
in drug-free. The traces were normalised to their own initial spike height in order to compare the relative size of
the prolonged depolarisation succeeding the initial spike. The arrow indicates the time of stimulation. n=6in
both regions.
B: Mean (+ SEM) of traces evoked by single electrical stimulation (1p) normalised to their own initial spike height
in presence of DHBE. The arrow indicates the time of stimulation. n = 6 in both regions.
C: Mean (+ SEM) of isolated nAChR component calculated by subtracting traces from panel A (Drug-free) by
traces from panel B (in DHBE). The vertical doted lines label the time at which the peak is reached on averaged
(panel E) in each region. The arrow indicates the time of stimulation. n = 6 in both regions.
D: Peak (% from initial spike height) from the subtracted traces, representing effectively the ratio of NAChRs
component size:initial spike height size. Unpaired t-test, p = 0.0283.
E: Time at which the peak described in D occurs. Unpaired t-test, p =0.0010.
F: Duration of the of isolated nAChR component calculated from stimulation time on traces shown in C.
Unpaired t-test, p = 0.3506.

ii. The prolonged depolarisation is attenuated when ACh levels are reduced by
oxotremorine

If the prolonged depolarisation is indeed caused by ACh binding to nAChRs at DA

axons, lowering ACh release without abolishing it should diminish the amplitude of the

prolonged depolarisation without affecting the size of the initial spike. Hence, we

manipulated the quantity of ACh release from Chls by partially activating mAChRs which are

auto-receptors on Chls inhibiting release. We used mAChR agonist oxotremorine (oxo-M) to

manipulate ACh release levels. We used oxo-M concentrations previously reported (Vietti-
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Michelina 2022) to decrease DA release evoked by light-activation of Chls by 75% in DLS

(500 uM), and by 25% in NAcC (250 nM).
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Figure 4.9: The prolonged depolarisation is attenuated when ACh levels are reduced by oxo-M.

A, D: Mean (+ SEM) normalised to respective control initial spike height evoked by single pulse stimulation (1p)
in drug-free time-matched control (black) or after mMAChR agonist Oxo-M application (green), in DLS (A) and in
NAcC (D). The arrow indicates the time of stimulation. In DLS, for time-matched n = 6, and for Oxo-M wash on
n =6; in NAcC, for time-matched n =5, and for Oxo-M wash onn =6.

B, E: Initial spike height normalised to respective controls. Each dot represents a slice. The grey bars represent
the mean. Unpaired t-test, in DLS (B) p = 0.5673; in NAcC (E) p = 0.4274.

C, F: AUC (100 ms post-stimulation) normalised to respective controls. Each dot represents a slice. The grey
bars represent the mean. | Unpaired t-test, in DLS (B) p =0.0001; in NAcC (E) p = 0.0004.

In line with our hypotheses that only the prolonged depolarisation is triggered by nAChR
activity, we found that the initial spike height is unchanged in the presence of oxo-M in both
DLS and NAcC (Figure 4.9 A, B, D and E). Second, we found that AUC was reduced by 48 %
for normalised wash-on traces in the presence of 500 nM oxo-M in DLS compared to 16%
for normalised time-matched control traces (Figure 4.9 A and C). In NAcC, AUC was
reduced by 75 % for normalised wash-on traces in the presence of 250 nM oxo0-M in

compared to 17% for normalised time-matched control traces (Figure 4.9 D and F). We
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concluded that manipulating ACh release can affect the amplitude of the prolonged
depolarisation occurring when nAChRs are active and that decrease ACh release also

decrease the amplitude of the prolonged depolarisation.

iii. Probing occurrence of prolonged depolarisation
We next performed pilot experiments to explored the time-course of this nAChRs
mediate prolonged depolarisation using paired pulse ratios at different IPIs. In order to
compare the signal evoked by the second pulse to the signal evoked by the first pulse
normalised the signal evoked by the second pulse by the either the initial spike height or AUC
of the signal evoked by the first pulse (Figure 4.10 A and G). We use the AUC to measure

whether or not the prolonged depolarisation occurred and its amplitude.

We found that at short IPIs (0.25 s and 0.5 s) the initial spike height of the second pulse is
lowered by 40% in DLS, and no prolonged depolarisation is evoked (Figure 4.10 B and D)
This suggests that in DLS, the membrane excitability is altered for longer than the duration of
the prolonged depolarisation — approximately 150 ms — found in Figure 4.8 F. A possible
explanation is that VGSCs in this region are not yet de-inactivated and therefore affect the
subsequent spike formation. From IPIs equal or over 0.8 s onwards, spike height evoked by
the second pulse is similar to the spike height evoked by the first pulse (Figure 4.10 B, E and
F). The AUC of the second pulse however is abolished completely at 0.25 s and 0.5 s IPIs and
gradually increase to reach AUC similar to that evoked by the first pulse at an IPl of 2 s (Figure
4.10C,D,EandF).

In NAcC, the spike height evoked by the second stimulation is only smaller at an IPI of 0.25

s, but reaches the same height as the initial spike even for IPI as short as 0.5 s (Figure 4.10
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H and J). These timings seem to echo that of the duration of the nAChR-mediated
depolarisation found in Figure 4.8 F which is approximately 135 ms in NAcC. Similarly to
DLS, in NAcC the AUC of the signal highlights that the prolonged depolarisation gradually

reaches a similar AUC as evoked by the first pulse by 2 s IPI (Figure 4.101, J, Kand L).

First, this data highlights that dynamics of the spike and the prolonged depolarisation
are following different time-course, which supports our hypothesis that they originate from
different sources: the spike reflects direct activation of the membrane voltage, while the
prolonged depolarisation is due to opening of NAChRs upon ACh binding.

Secondly, we found overall that an electrical pulse does elicit a prolonged
depolarisation at IPIs for which ACh release is greatly dampened (Vietti-Michelina 2022),
suggesting that indeed the prolonged depolarisation needs ACh present in the environment
and nAChRs to not be antagonised. However, the time needed for the AUC to fully recover
seems shorter than what was found for ACh release to recover from paired pulse (Vietti-
Michelina 2022). This could be due to the difference in aCSF used. This discrepancy could
also reflect of the density or sensitivity of nAChRs on DA axons as perhaps just a fraction of

the AChreleased by electrical pulseis required to activate 100% of the nAChRs on DA axons.
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Figure 4.10: Probing occurrence of prolonged depolarisation.

A, G: Mean (+ SEM) -%AF/F, (ASAP5f) evoked two electrical pulses (stim 1 and stim 2) with an IPl of 0.5 s in
DLS (A) and in NAcC (G). Example traces of data before response to each stimulation is overlapped in zoomed
in traces below. The arrow indicates the time of stimulation. n = 3 in both regions.

B, H: Mean (+ SEM) initial spike height evoked by stim 2 normalised to initial spike height evoked by stim 1.

C, I: Mean (* SEM) initial spike height evoked by stim 2 normalised to initial spike height evoked by stim 1.

D, J: Mean (+ SEM) -%AF/F, (ASAP5f) evoked by stim 1 aligned and overlapped with response evoked by stim
2withan [Pl of 0.5sin DLS (D) and in NAcC (J). The arrow indicates the time of stimulation. n =3 in both regions.
E, K: Mean (+ SEM) -%AF/F, (ASAP5f) evoked by stim 1 aligned and overlapped with response evoked by stim
2 withan IPlof 1 sin DLS (E) and in NAcC (K). The arrow indicates the time of stimulation.n=4in DLSand n=
3in NAcC.

F, L: Mean (+ SEM) -%AF/F, (ASAP5f) evoked by stim 1 aligned and overlapped with response evoked by stim
2, with an IPl of 2 sin DLS (F) and in NAcC (L). The arrow indicates the time of stimulation.n=2in DLSand n =
3in NAcC.
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4.3.1.2. nAChR activity limits successive population spike

Since we found that a single electrical pulse can provoke a prolonged depolarisation at
DA axonal membrane, we tested how the membrane behaves in response to a pulse-train
when nAChRs are operative or when nAChRs are antagonised by DHBE (1 pM) and in
particular whether this prolonged depolarisation has an impact on the ability of the

membrane to respond to the successive pulses.

To assess how the shape of the signal has changed because of the drug wash on,
we normalised the traces to the height of the initial spike (Figure 4.11 A), in order to control
for the general time decay due to bleaching. The effect of the drug on the initial spike has

been discussed in the study of the single pulse stimulation in section 4.3.1.1.

In drug-free condition, we can see distinguish the prolonged depolarisation observed
with the single pulse stimulation in both regions (Figure 4.11 A and C). In both conditions,
we also noticed that during pulse-trains each electric pulse creates a fast depolarisation —
population spike —and that these seem to lay on top of the prolonged depolarisation. We first
measure each population spike as described on figure (Figure 4.11 A, B and D). We found
thatin DLS, all subsequent population spikes are drastically smaller when nAChRs are active
in drug-free condition than they are when nAChRs are antagonized by DHBE (Figure 4.11 A
and B, Sidak's multiple comparisons test between Drug-free and DHBE, 2" spike p=0.0005,
3" spike p=0.0032, 4" spike p=0.0207). As opposed to DLS, NAcC population spike height is

similar in both drug-free and DHBE condition (Figure 4.11 C and D, Sidak's multiple
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comparisons test between Drug-free and DHBE, 2™ spike p=0.3575, 3" spike p=0.8030, 4™

spike p=0.9862).
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Figure 4.11: nAChR activity limits successive population spike during pulse-train stimulation in DLS.
A, C: Mean (= SEM) normalised to their respective initial spike height of traces evoked by four electrical train-
pulses at 100 Hz (4p 100 Hz), in drug-free condition (black) or after nAChR antagonist DHBE (1 pM) wash on
(grey), in DLS (A) and in NAcC (C). Traces on the right show a zoom of the traces on the left. The arrows indicate
the time of stimulation. n = 6 in both regions.
B, D: Mean (= SEM) of population spike height normalised to respective initial spike height. Two-way ANOVA
(in DLS (B), drug effect: F (1, 15) = 49.52, p<0.0001; in NAcC (D), drug-effect: F (1, 15) = 1.459, p=0.2458) with
Sidak's multiple comparisons test and simple linear regression (in DLS (B), Yorug free = -3.172*X + 40.14, Ypppe= -
18.33*X + 150.6 and slopes significantly different p=0.0011; in NAcCC (D),Yorug-free= -11.96*X + 139.0, Yppge= -
1.485*X + 99.86 and slopes are significantly different p=0.0140). Dotted lines represent the 95% confidence
intervals of the linear regressions.

In order to be able to isolate the depolarisations cause by each subsequent pulse
rather that their summation on a dynamic background, we stimulated the slices with different
pulse number (2, 3, and 4) at 100 Hz in order to obtain a background signal to subtract from
each successive signal. Doing so allowed us to isolate the depolarisation evoked by the
fourth electrical pulse for example, by subtracting the trace evoked by 3 pulses to the trace
evoked by 4 pulses. We washed on DHBE to antagonise nAChRs and compared signals pre-

and post-drug wash on.
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Figure 4.12: nAChR activity limits successive population spike pulse-train stimulation in DLS and NAcC.
A, D: Mean (= SEM) -%AF/F, evoked by one, two three or four electrical train-pulses at 100 Hz (1p, 2p, 3p or 4p
100 Hz), in drug-free condition (black) or after nAChR antagonist DHBE (1 uM) wash on (grey), in DLS (A) and in
NAcC (D). The arrows indicate the time of stimulation. n=5in DLS and n=6 in NAcC.

B, E: Mean (+ SEM) of subtracted population spike height. Two-way ANOVA (in DLS (B), drug effect: F (1, 4) =
33.44, p=0.0044; in NAcC (D), drug-effect: F (1, 5) = 3.894, p=0.1055) with Sidak's multiple comparisons test
and simple linear regression (in DLS (B), Yorug-free = -0.08099*X + 0.7463, Ypnge= 0.02482*X + 2.227 and slopes
are statistically significantly different p=0.0744, but their intercepts are p<0.0001; in NAcCC (D), Yorug-free= -
0.09590*X + 2.278, Yphge= -0.01543*X + 2.860 and slopes different p=0.0199). The arrows indicate the time of
stimulation.

C, F: Mean (x SEM) -%AF/F, subtracted traces from A and D to isolate the event triggered by the 2" (left), the
3 (middle) and the 4™ (right) pulse of a train pulse at 100 Hz. Traces in black are from the drug-free condition
or and traces in grey are from DHBE (1 uM) wash on, in DLS (C) and in NAcC (F).

In DLS, similarly to the previous experiment using solely 4p 100 Hz, we found that the
isolated fast depolarisations caused by the second (2p - 1p), third (3p - 2p) and fourth (4p -

3p) electrical pulses were drastically attenuated in drug-free condition when nAChRs are
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active compared to when nAChRs are antagonised by DHBE (Figure 4.12 C and B, Sidak's
multiple comparisons test between Drug-free and DHBE, 2™, 3 and 4" pulses p<0.0001).
In NAcC, the trace subtractions revealed that the population spikes evoked by each
individual second (2p - 1p), third (3p - 2p) and fourth (4p - 3p) electrical pulses were
significantly smaller in drug-free condition when nAChRs are active compared to when
nAChRs are antagonised by DHBE (Figure 4.12 F and E, Sidak's multiple comparisons test
between Drug-free and DHBE, 2™ pulse p=0.0003, 3™ pulse p=0.0001 and 4™ pulse
p<0.0001). Plus, subtracted traces in drug-free condition do not reveal additional prolonged
depolarisations meaning that the second, third and fourth electrical stimulations activate the
DA axon directly without further added impact of nAChRs (Figure 4.12 C and F).

Fitting a linear regression between subtracted population spike height and pulse number
revealed no attenuation in the spike height over the pulse-train (all slopes were statistically
not significant from zero, Figure 4.12 B and E). This contrasts with the un-subtracted data
where all linear fit displayed negative slopes which had appeared to indicate a spike
attenuation throughout the pulse-trains (Figure 4.11). However, the un-subtracted is still
providing useful information concerning the subsequent population spike height, but might

underestimate the height of these population spikes.

Together, these data suggest that the prolonged depolarisation occurring upon
nNAChR activation on DA axons limits subsequent spike height. One important point to note
here, is that our signals are averaged the responses of a population of axons as opposed to a
single axon. It is therefore possible that a smaller population spike indicates that a smaller
proportion of the population is spiking, rather than that each axon is generating ‘small’ spikes

(further discussed in section 4.4).
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4.3.1.3. Forced opening of VGSCs restores prolonged depolarisation and

supports population spike attenuation

Our data suggest that activation of NAChRs creates a sustained depolarisation of DA
axonal membranes, potentially through Na* entry (Decker and Dani 1990; Fieber and Adams
1991; Mulle et al. 1992; Vernino et al. 1994; Dani and Mayer 1995; Fucile 2004), that
attenuates the ability of DA axons to spike again.

To corroborate this relationship, we tested the principle that the forced opening of a
depolarising channel on DA axons could drive subsequent spike attenuation. We used DHBE
to prevent NAChR-mediated depolarisation and used veratridine (2 uM) to keep VGSCs open.
Veratridine (VTD) bind to VGSCs when they are in an open state, and to prolong that state
(Sutro 1986; Barnes and Hille 1988; Ulbricht 1998; Zhang et al. 2018a).

Since prolonging the opening of VGSCs lowers AP amplitude (Sutro 1986; Barnes and Hille
1988; Ulbricht 1998; Zhang et al. 2018a) and ultimately limits the pool of available VGSCs
for subsequent stimulation, and VGSCs are responsible for the upstroke of action potential
and their propagation, we expect a decline in evoked signals. We also expect that following
the initial spike, the sustained opening of VGSCs might limit population spike height when

evoked by pulse trains.

As expected, application of veratridine (2 pM) (in the presence of DHBE) reduced
initial spike height evoked by a single stimulus compared DHBE only in NAcC (Figure 4.13 F
and G) and shows a trend towards a reduction in DLS (Figure 4.13 A and B). We also found
that a sustained depolarisation occurs after the initial spikes (Figure 4.13 A, and F)
consistent with the prolonged opening of VGSCs by veratridine. Plus, despite a smaller initial

spike, general AUC (taken over 100 ms) is enhanced in veratridine + DHBE condition
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compared to DHBE only in NAcC (Figure 4.13 F and H), with strong trend towards an
increase in DLS too (Figure 4.13 A and C) signifying that the post-stimulation depolarisation

is larger in the presence of veratridine.
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Figure 4.13: Forced opening of VGSCs using veratridine restores prolonged depolarisation and supports
population spike attenuation.

A, F: Mean (= SEM) -%AF/F, evoked by single electrical stimulation (1p), in nAChR antagonist DHBE (1 pM) in
grey, or after addition of veratridine (2 pM) in blue in DLS (A) and in NAcC (F). The arrow indicates the time of
stimulation. n =4 in both regions.

B, G: Initial spike height (-%AF/F,). Each dot represents a slice. The grey bars represent the mean. Paired t-test,
in DLS p=0.0653, in NAcC p=0.304.

C, H: AUC of traces shown in A and F respectively. Each dot represents a slice. The grey bars represent the
mean. Paired t-test, in DLS p=0.0552, in NAcC p=0.0006.

D, I: Mean (= SEM) traces evoked by 4p 100 Hz stimulation normalised to their respective initial spike height.
The arrows indicate the time of stimulation. n = 4 in both regions.

E, J: Spike height normalised to respective controls. Two-way ANOVA (in DLS (B), drug effect: F (1, 3) =4.242,
p=0.1315; in NAcC (D), drug-effect: F (1, 3) = 3.397, p=0.1625) with Siddk's multiple comparisons test.

Finally, in order to assess whether subsequent population spikes are attenuated in
veratridine during pulse-trains, we normalised traces evoked by pulse-trains to the initial
spike height and compared the normalised height of the population spikes. We found that in
both regions, although the drug effect does not come up as significant, population spike
height are in general smaller upon veratridine addition compared to when only DHBE is

present (Figure 4.13,in DLS D and E Sidék's multiple comparisons test between DHBE and
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DHBE + veratridine, 2" spike p= 0.0034, 3" spike p=0.1411, 4" spike p=0.0210; and in NAcC
I and J Sidak's multiple comparisons test between DHBE and DHRBE + veratridine, 2™ spike

p=0.0194, 3" spike p=0.0230, 4'" spike p=0.0092).

These results suggests that prolonged cation entry following an initial spike can
indeed create a prolonged depolarisation at the DA axonal membrane. Furthermore, this
prolonged depolarisation can also limit the subsequent population spike height during pulse
trains. Hence, we mimicked nAChR activation by prolonging VGSCs opening using
veratridine.

Our predictions are that population spike height govern DA release, and therefore
smaller spikes trigger smaller release events.

Therefore, if our predictions hold true, we expect that veratridine would impact DA release in
the following way when nAChRs are antagonised:
(1) Release would be decreased across regions and stimulation paradigms because of
the overall decrease in population spike height.
(2) The decrease in DA release evoked by single pulse might be slightly compensated by
a post-spike prolonged depolarisation.
(3) The release evoked by train pulses will be disproportionally decreased compared to
single pulse evoked release.
Altogether these predictions also converge towards mimicking the opening of nAChRs by
forcing the opening VGSCs using veratridine when nAChRs are antagonised using DHBE.
We performed pilot FCV experiments during which we antagonised nAChRs with DHBE
throughout, and wash on the 2 uM of veratridine in order to assess whether our predictions

are verified.
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Figure 4.14: Forced opening of VGSCs using veratridine reduces 4p/1p ratio of DA release.

A, F: Mean (= SEM) [DA], transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz
(4p 100 Hz), in DHBE (1 uM), and following by a bath application of veratridine (2 uM) in addition to the DHBE.
The arrow indicates the time of stimulation. n =5 in both regions.

B, G: Peak [DA], evoked by 1p stimulation in DLS (B) and in NAcC (G). Each dot corresponds to a slice. The grey
bar represents the mean. Paired t-test, in DLS p=0.8761, in NAcC p=0.0294.

C, H: Peak [DA], evoked by 4p 100 Hz stimulation in DLS (C) and in NAcC (H). Each dot corresponds to a slice.
The grey bar represents the mean. Paired t-test, in DLS p=0.0157, in NAcC p=0.1246.

D, I: Ratio of peak [DA], in response to 4p 100 Hz and peak [DA], in response 1p in DLS (D) and in NAcC (l). The
grey bar represents the mean. Paired t-test, in DLS p=0.0024, in NAcC p= 0.0002.

E, J: Mean peak [DA], (+ SEM) evoked by 1p (plain circles) or by 4p 100 Hz (empty circles) over time in DLS (E)
and NAcC (J) starting in DHBE and after addition of veratridine. Data is normalised to the average of the four first
[DA], values evoked by 1p shown on the graph. The mean [DA], peak for release evoked by single pulse in B
and G are average from the values flanking the peak [DA], evoked by 4p 100 Hz.

Surprisingly, in neither region did prolonging the opening state of VGSCs using
veratridine (2 pM) lessen [DA], evoked by single pulse stimulation compared to when only
the nAChRs are antagonised. Indeed, in DLS, [DA], evoked by single pulse remained the
same between veratridine + DHBE condition and DHBE condition (Figure 4.14 A and B). In
NAcC, addition of veratridine increased [DA], evoked by single pulse stimulation (Figure

4.14F and G).
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This data could suggest that the prolonged depolarisation caused by veratridine might be
compensating for the lessened spike height. Our prediction (1) that release would overall be
decreased is therefore not verified. Nevertheless, our prediction (2) revealed to be true, since
the compensationin DLS prevent DA release decreased and in NAcC it even allowed release
to exceed its initial release levels in DHBE condition.

[DA], evoked by pulse-train stimulation was decreased in DLS upon application of
veratridine (Figure 4.14 A, C and E), while it left [DA], unchanged compared to the DHBE
conditionsin NAcC (Figure 4.14 F, Hand J). This leads to the prediction (3) holding true, since
the 4p/1p ratio in both regions is lower in veratridine compared to control (Figure 4.14 D and
I).

This experiment showed that forced and maintained opening of VGSCs can drive
prolonged depolarisation and accompanying spike attenuation, mimicking key effects of

activation of nAChRs.
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4.3.1.4. Partial conclusion

We have seen that electrical stimulation evoked a compound depolarisation event in
membranes of DA axons:
- First, afast spike corresponding to the direct activation of DA axons
- Second, afew milliseconds after the initial spike, a second depolarisation occurs and
is sustained over approximately 150 ms. This prolonged depolarisation is evoked
when nAChRs are active (in absence of DHBE) and can be attenuated by lowering
ACh release either pharmacologically (using oxo-m) or during IPls that are known to

evoke little ACh release.

Since nAChRs are permeable to cations — especially Na* - upon binding of ACh (Decker
and Dani 1990; Fieber and Adams 1991; Mulle et al. 1992; Fucile 2004), we tested whether
entry of cations in the membrane could be causing the prolonged depolarisation. We found
that we could mimic the depolarisation when nAChRs are antagonised (by DHBE) by keeping
VGSCs open after the initial depolarisation using veratridine (Sutro 1986; Barnes and Hille
1988; Ulbricht 1998; Zhang et al. 2018a). We could mimic opening of nAChRs both in

membrane voltage and DA release levels, by keeping VGSCs open.

Our data also indicate that during pulse-trains, nAChR opening limits population spike
height, by raising the membrane voltage. These shortened spike population could be due to
propagation failure across the axonal population imaged. These results therefore force the
following predictions on the mechanisms at play here:

- Since VGSCs are known to be responsible for the upstroke of AP, to inactivate rapidly

during depolarisation and they require subsequent repolarisation or
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hyperpolarisation to be de-inactivated, we hypothesise that VGSC inactivation is
the driving force behind those shortened population spike.

- Next, because FCV data measuring DA release indicates that DA release is lower
when nAChRs are active compared to when they are antagonised, we hypothesised
that the attenuated population spikes lead to attenuated release events too. The
converse would be also true, when nAChRs are inactive, the DA axon membrane will
more freely repolarise and even hyperpolarise during train pulse, and therefore, each

spike evokes more release than the small spikes evoked when nAChRs are active.

Finally, both predictions could provide alternative explanations for the regional
differences observed. In DLS, nAChR-mediated prolonged depolarisation occurs closer to
the initial spike almost without hyperpolarising at all, therefore preventing most VGSCs from
de-inactivating, hence explaining why the subsequent population spike-during pulse-trains
are so small/non-existent.

In NAcC, the nAChR-mediated prolonged depolarisation has a slower onset that in
DLS, and we can observe a more pronounced hyperpolarisation after the initial spike. The
hyperpolarisation could allow for more VGSCs to de-inactivate and therefore allow more

reliable subsequent spikes despite nAChR activation in this striatal region.
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4.3.2. nAChR activation provokes Ca** transient upon initial stimulation but

prevents subsequent events despite further stimulation

To bridge our voltage-sensor-based hypothesis and known DA release dynamics we
assessed accompanying axonal Ca?" dynamics that are intermediates between changes of
membrane potential and release. we hypothesised that the first pulse of stimulation triggers
a first event of Ca?* event, quickly followed by a second event corresponding the activation
of nAChRs, few milliseconds later. When nAChRs are active, we expect that any further
stimulation ellicit much smaller Ca?* transients compared to the initial transient, suggesting
that smaller spikes are indeed the caused less DA release. On the contrary, when nAChRs
are blocked, only one Ca?* event occurs corresponding to the initial spike. When nAChRs are
blocked, each subsequent stimulation evoke Ca?* events similar in magnitude to the initial
event. In order to confirm that the STD in DA release evoked by pulse trains when nAChRs
are active is due inability of the membrane to produce spikes and therefore trigger sufficient
Ca? transient for release, we performed pilot Ca?* imaging experiments using jGCaMP8m at
a sampling rate of 1000 Hz (see Methods section 4.2.5) during which | bath-applied nAChR

antagonist (DHBE).

In both regions we could successfully identify the dual event occurring at DA axons
following a stimulation when nAChRs are active (Figure 4.15 A, B, | and J). Indeed, the traces
in drug-free and DHPBE overlap for the first Ca?* event, but few milliseconds later a second
ample Ca? event occurs in drug free condition, while the signal in DHBE reaches a plateau
(Figure 4.15 A, B, | and J). This resulted, in both regions, in the peak AF/F, to be significantly

smaller in DHBE compared to the drug free condition (Figure 4.15 C and K). Similarly, in both

120



regions, the AUC of the traces evoked by single pulse in DHBE was significantly lower than

the AUC evoked by single pulse in drug-free condition (Figure 4.15 D and L).

The first derivative of the traces — which highlight rate of change at any given moment
— allowed us to confirm the existence of two separate Ca*" events in both regions since the
first derivative exhibits two clear maxima with different kinetics (Figure 4.15 E and M). The
first event shows a fast onset which reaches its maximum speed 2.75 ms after stimulation.
It also exhibits the same characteristics in drug-free (hnAChRs active) and DHBE (nAChRs
antagonised) conditions suggesting this first event corresponds in the Ca?* transientfollowing
direct activation of DA axons (Figure 4.15 E, F, M and N). The second event however, is only
present in drug-free condition and not in the presence of DHBE, suggesting this second Ca*
transient corresponds to an event triggered by the opening of nAChRs (Figure 4.15E, G, M
and O). This second event reaches its maximum speed at 8.7 ms after the stimulation in DLS

(Figure 4.15 E and H), and at 11.2 ms after the stimulation in NAcC (Figure 4.15 M and P).
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Figure 4.15: nAChRs activation provokes large Ca®* transient in DA axons measured with jGCaMP8m.

A, I: Mean (= SEM) %AF/F, evoked by single electrical stimulation (1p), in drug-free condition (black) or after
addition of nAChR antagonist DHBE (1 puM) in grey. The arrow indicates the time of stimulation. The arrow
indicates the time of stimulation.n=4in DLS, and n =5 in NAcC.

B, J: Zoom on the initial rise from traces shown in A and I respectively. Mean (+ SEM) %AF/F, evoked by single
electrical stimulation (1p). The arrow indicates the time of stimulation.n=4in DLS, and n =5 in NAcC.

C, K: Peak %AF/F, of traces shown in A and I. Each dot represents a slice. The grey bars represent the mean.
Paired t-test, in DLS p=0.0003, in NAcC p=0.0017.

D, L: AUC (taken over 1.6 s) of traces shown in A and F respectively. Each dot represents a slice. The grey bars
represent the mean. Paired t-test, in DLS p=0.0166, in NAcC p=0.0054.

E, M: Mean (+ SEM) of first derivative d(AF/Fo/dt) of traces shown in B and J. The arrow indicates the time of
stimulation.

F, N: Max value for 15 peak from the first derivative in E and M respectively. Each dot represents a slice. The
grey bars represent the mean. Paired t-test, in DLS p=0.1541, in NAcC p=0.9894.

Rest of legend on next page
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G, O: Max value for 2" peak from the first derivative in E and M respectively. Each dot represents a slice. The
grey bars represent the mean. Paired t-test, in DLS p=0.0100, in NAcC p=0.0112.

H, P: Time (post-stimulation) of 15t and 2™ peaks from the first derivative in E and M respectively. Each dot
represents a slice. The grey bars represent the mean. Paired t-test, in DLS p=0.0034, in NAcC p=0.0007.

Next, we applied two, three or four electrical pulses at 100 Hz. In DLS, peak AF/F,
and AUC evoked by 2p 100 Hz stimulation was higher when nAChRs are active in drug free
condition compared to when nAChRs are antagonised (Figure 4.16 A, B, C Sidak's multiple
comparisons test between Drug-free and DHPBE for 2™ pulse (2p) p = 0.0015 and D Sidak's
multiple comparisons test between Drug-free and DHBE for 2" pulse (2p) p = 0.0108). We
observed a similar trend in NAcC but only the AUC of the traces evoked 2p 100 Hz is
statistically higher in drug-free conditions compared to when nAChRs are antagonised with
DHBE (Figure 4.16 H, I, J Sidak's multiple comparisons test between Drug-free and DHBE for
2 pulse (2p) p = 0.1778 and H Sidak's multiple comparisons test between Drug-free and
DHBE for 2™ pulse (2p) p = 0.0030). In both regions, peak AF/F, and AUC evoked by 3p and
4p 100 Hz was similar between drug free conditions and when nAChRs are antagonised with
DHBE (Figure 4.16 in DLS A, B, C with Sidak's multiple comparisons test between Drug-free
and DHBE for 3 pulse (3p) p = 0.6843, for 4™ pulse (4p) p = 0.9948 and D Sidak's multiple
comparisons test between Drug-free and DHBE for 3 pulse (3p) p = 0.4372, for 4™ pulse
(4p) p = 0.9980; and in NAcC H, I, J Sidak's multiple comparisons test between Drug-free
and DHBE for 3 pulse (3p) p = 0.9358, for 4™ pulse (4p) p = 0.1159 and H Sidak's multiple
comparisons test between Drug-free and DHBE for 3 pulse (3p) p = 0.7623, for 4™ pulse
(4p) p=0.7664). This suggest that total Ca** transient is the similar whether nAChRs are open
or closed. Nevertheless, the event dynamics are highly different between the two conditions
(Figure 4.16 in DLS A, B, C and in NAcC H, |, J). In drug-free conditions when nAChRs are

active, the total Ca®* transient seems mostly unchanged by pulse number. On the contrary
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when nAChRs are antagonised by DHBE, total Ca?* transient seems to gradually increase
with pulse number (Figure 4.16 in DLS A, B, C andin NAcCH, |, J).

To be able to isolate the added Ca?" transient caused by each pulse of a pulse train,
we subtracted the signal evoked by 1 pulse to the trace evoked by 2 pulses, the signal evoked
by 2 pulses to the signal evoked by 3 pulses and so on (Figure 4.16 E and L). In both regions,
the peak AF/F,of the subtracted traces is significantly higher when nAChRs are antagonised
compared to when they are active for every pulse (Figure 4.16 in DLS F, Sidak's multiple
comparisons test between Drug-free and DHBE for 2™ pulse (2p) p = 0.0044, for 3™ pulse
(3p) p = 0.0258, for 4™ pulse (4p) p = 0.3955; in NAcC M, Sidak's multiple comparisons test
between Drug-free and DHPBE for 2™ pulse (2p) p = 0.0002, for 3" pulse (3p) p = 0.0021, for
4™ pulse (4p) p = 0.0418). Although the AUC in both regions shows the same trend, not all
pulses evoked significantly higher AUCs (Figure 4.16 in DLS, G Sidak's multiple comparisons
test between Drug-free and DHBE for 2™ pulse (2p) p = 0.1190, for 3" pulse (3p) p = 0.2669,
for 4™ pulse (4p) p = 0.3557; in NAcC, N Sidak's multiple comparisons test between Drug-
free and DHBE for 2" pulse (2p) p = 0.0219, for 3™ pulse (3p) p = 0.0595, for 4" pulse (4p) p

=0.0914).
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Figure 4.16: nAChRs activation limits Ca?* transient evoked by subsequent pulses during pulse-train
stimulation.

A, H: Mean (= SEM) %AF/F, evoked by electrical stimulation composed of 1, 2, 3 or 4 pulses given at 100 Hz, in
drug-free condition (black) or after addition of NnAChR antagonist DHBE (1 pM) in grey. Arrows indicate the time
of stimulation. n =4 in DLS, and n =5 in NAcC.

B, I: Zoom on the initial rise from traces shown in A and H respectively and overlapped by condition drug free
(left) and DHBE (right). Mean (x SEM) %AF/F,. The doted vertical lines indicate the time of stimulation.

Rest of legend on next page

125



C, J: Mean (= SEM) peak %AF/F, of traces shown in A and H. Two-way ANOVA (in DLS (C), drug effect: F (1, 12)
=63.30, p <0.0001, pulse effect: F (3, 12) = 3.877, p = 0.0377, interaction: F (3, 12) = 21.90, p < 0.0001; in
NAcC (I), drug effect: F (1, 16) =6.581, p = 0.0207, pulse effect: F (3, 16) =5.278, p = 0.0101, interaction: F (3,
16) = 13.62, p = 0.0001) with Sidak's multiple comparisons test.

D, K: Mean (x SEM) AUC (taken over 1.6 s) of traces shown in A and H. Two-way ANOVA (in DLS (D), drug effect:
F(1,12)=40.05,p <0.0001, pulse effect: F (3, 12) =1.253, p =0.3342, interaction: F (3, 12) =8.643, p = 0.0025;
in NAcC (K), drug effect: F (1, 16) = 37.39, p < 0.0001, pulse effect F (3, 16) = 2.787, p = 0.0743, interaction: F
(3,16) = 15.76, p < 0.0001) with Sidak's multiple comparisons test.

E, L: Subtraction of traces in B and | to isolate contribution of each pulse in drug free (left) and DHBE (right).
Mean (+ SEM) %AF/F,. The doted vertical lines indicate the time of stimulation.

F, M: Mean (= SEM) peak %AF/F, of subtracted traces shown in E and L. Two-way ANOVA (in DLS (F), drug
effect: F (1, 3) =61.18, p = 0.0044, pulse effect: F (2, 6) =21.22, p = 0.0019, interaction: F (2, 6) = 3.843, p <
0.0843 ; in NAcC (M), drug effect: F (1, 4) = 18.05, p = 0.0132, pulse effect: F (2, 8) = 48.87, p < 0.0001,
interaction: F (2, 8) = 4.446, p = 0.0503) with Sidak's multiple comparisons test.

G, N: Mean (+ SEM) AUC (taken over 1.6 s) of subtracted traces shown in E and L. Two-way ANOVA (in DLS
(G), drug effect: F (1.000, 3.000) = 8.371, p = 0.0628, pulse effect: F (1.316, 3.949) = 5.040, p = 0.0865,
interaction: F (1.133, 3.400) = 5.350, p = 0.0928; in NAcC (N), drug effect: F (1.000, 4.000) = 16.99, p = 0.0146,
pulse effect F (1.046, 4.183) = 17.36, p = 0.0126, interaction: F (1.659, 6.636) = 19.50, p = 0.0020) with Sidak's
multiple comparisons test.

Altogether, this data suggests that upon nAChR activation, no further Ca?* event is
added by subsequent pulses of a pulse train but when nAChRs are antagonised, each
subsequent pulse of the train evoked a new event of Ca?* event. These results mirror the data
collected using the voltage sensor ASAP5f. Indeed, when nAChRs are active, nAChRs limit
population spike height at DA axons, which in turns limit Ca?* transients, as the opposite of
when nAChRs are antagonised, and each subsequent pulse provokes tall population spikes,
which leads to increased Ca?" transients after each pulse. Hence, this data indicates that the
STD in DA release evoked by pulse trains when nAChRs are active is due to the inability of
the membrane to produce spikes ample enough to trigger further Ca?* transient, and not due

to a different management of intracellular Ca?".
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4.3.3. VGSC availability is limiting subsequent release when nAChRs are

active

Next, using FCV, we tested the hypothesis that nAChRs activity reduces DA release
during pulse trains by limiting the pool of available VGSCs, therefore limiting population

spike height which reduces Ca? transients necessary for release.

4.3.3.1. Partial inhibition of VGSCs limits subsequent DA release when

nAChRs are active

In this section, to investigate whether VGSC unavailability causes strong STD of DA
release when nAChRs are active, we tested whether limiting their availability further using
low concentrations of tetrodotoxin (TTX) would abolish re-release completely.

TTX is a broad-spectrum VGSC blocker that is known to abolish completely APs
when used at concentrations in the range of uM (Marshall et al. 1996; Khaliq and Bean 2010).
At lower concentrations in the nM range, TTX can be used to reveal situations where VGSCs
are extremely limiting (Brody and Yue 2000; Debanne 2004), when even partial addition
block of VGSCs therefore has detectable impact. We hypothesised that if nAChR activation
is compromising the VGSC pool available to mediate successive depolarisation events, then
(i) DA release evoked by pulse trains should be disproportionally sensitive to low
concentrations of TTX compared to release evoked by single electrical pulses, and (ii) more

so when nAChRs are active than inactive.
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i. Compromising the pool of VGSCs using low concentration of TTX
disproportionally impairs release evoked by pulse-trains.

First, we tested whether TTX in the nM range could affect DA release and with
disproportionate impact on the 4p/1p ratio. We applied increasing concentrations of TTX 4,
8 and 12 nM to find the lowest concentration for which the 4p/1p ratio would be affected.
We found that in both regions there was a progressive reduction in [DA], evoked by single
pulse and pulse-trains with increasing TTX concentration compared to compared to the drug
free condition (Figure 4.17, in DLS A, B Drug-free versus TTX at 4 nM p = 0.0062, at 8 nM =
0.0020, at12nM p=0.0035 and C Drug-free versus TTXat4nMp=0.0136,at8nM=0.0013,
at12nMp=0.0018;in NACCE, F Drug-free versus TTXat4nMp=0.1910,at 8 nM =0.0435,
at12nM p =0.0109 and G Drug-free versus TTXat4 nM p = 0.1354, at 8 nM =0.0105, at 12
nM p = 0.0012). At 4 nM TTX, the 4p/1p ratio was not significantly different from drug-free
conditions, but by 8 nM the 4p/1p ratio was significantly reduced in both DLS and NAcC
(Figure 4.17 in DLS A and D Drug-free versus TTX at 4 nM p = 0.2714, at 8 nM = 0.0223, at
12 nM p = 0.0009; in NAcC E and H Drug-free versus TTX at 4 nM p = 0. 4075, at 8 nM =

0.0439, at 12 nM p = 0.0298) compared to drug-free condition.

Thus, further limiting the pool of available VGSCs when nAChRs are active does
disproportionally reduce release evoked by pulse-trains compared to release evoked by
single electrical pulse. These results seem to verify our hypothesis that availability of VGSCs
at DA membrane is reduced when nAChRs are on, and in particularly that their unavailability

is limiting release evoked by pulse trains.
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Figure 4.17: Partially compromising the pool of VGSCs using low concentrations of TTX disproportionally
attenuates release evoked by pulse-train stimulations.

A, E: Mean (£ SEM) [DA], transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz
(4p 100 Hz), in drug free condition first, followed by a wash on of TTX at 4 nM, then TTX at 8 nM and finally TTX
at12nM.n=5in DLS (A) and n=5 in NAcC (E).

B, F: Peak [DA], evoked by 1p stimulation in DLS (B) and in NAcC (F). Each dot corresponds to a slice. The grey
bar represents the mean. One-way ANOVA (in DLS (B), F (1.714, 6.855) = 51.02, p-value < 0.0001; in NAcC (F),
F (1.174, 4.697) = 17.25, p-value = 0.0092) and Dunnett’s multiple comparisons test.

C, G: Peak [DA], evoked by 4p 100 Hz stimulation in DLS (C) and in NAcC (G). Each dot corresponds to a slice.
The grey bar represents the mean. One-way ANOVA (in DLS (C), F (1.210, 4.841) = 56.60, p-value < 0.0001; in
NAcC (G), F (1.327, 5.307) = 31.55, p-value = 0.0016) and Dunnett’s multiple comparisons test.

D, H: Ratio of peak [DA], in response to 4p 100 Hz and peak [DA], in response 1p in DLS (D) and in NAcC (H).
The grey bar represents the mean. One-way ANOVA (in DLS (D), F (1.701, 6.803) = 5.834, p-value = 0.0365; in
NAcC (H), F (1.797,7.189) = 12.70, p-value = 0.0049) and Dunnett’s multiple comparisons test.
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ii. When nAChRs are antagonised by DHBE, TTX does not differently affect trains
versus single pulse release.

We antagonised nAChRs throughout the experiment using DHBE (1puM) and washed
on 8 nM of TTXwhich is the first concentration for which the 4p/1p ratio had decreased when
nAChRs are active. Although we might expect a slight decrease in DA overall, we expect this
decrease to be homogeneous across stimulation patterns with no differences across
conditions in the 4p/1p ratio.

We found that in both region addition of 8 nM TTX when nAChRs are already
antagonised using DHBE reduces [DA], evoked by single pulse compared to when on the
nAChRs are antagonised (Figure 4.18 A, B, E and F). In DLS, upon bath application of 8 nM
TTX when nAChRs are antagonised, [DA], evoked by pulse-train was reduced compared to
when only DHBE was present (Figure 4.18 A, and C). In NAcC [DA], evoked by pulse-train
was unchanged by additional application of 8 nM TTX compared to when only DHBE was
applied (Figure 4.18 E and G). Finally, in neither region did the 4p/1p ratio significantly
change after bath application of 8 nM TTX when nAChRs are antagonised compared to the
DHBE only condition (Figure 4.18 D and H).

Taken together these results highlight that low nM concentrations of TTX only
disproportionally affect DA release evoked by pulse-trains when nAChRs are active but not
when they are antagonised. Therefore, availability of VGSCs at DA axons seems to govern

DA release evoked by pulse-trains when nAChRs active but not when they are antagonised.
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Figure 4.18: Partially compromising the pool of VGSCs using a low concentration of TTX when nAChRs
are antagonised does not differently affect release evoked by single or pulse-train stimulations.

A, E: Mean (£ SEM) [DA], transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz
(4p 100 Hz), initially in nAChR antagonist DHBE (1 pM) only, following a bath application of 8 nM TTX along with
DHBE (1 uM).n=5in DLS (A) and n=5in NAcC (E).

B, F: Peak [DA], evoked by 1p stimulation in DLS (B) and in NAcC (F). Each dot corresponds to a slice. The grey
bar represents the mean. Paired t-test, in DLS p = 0.0203; in NAcC p = 0.0038.

C, G: Peak [DA], evoked by 4p 100 Hz stimulation in DLS (C) and in NAcC (G). Each dot corresponds to a slice.
The grey bar represents the mean. Paired t-test, in DLS p = 0.0170; in NAcC p = 0.1291.

D, H: Ratio of peak [DA], in response to 4p 100 Hz and peak [DA], in response 1p in DLS (D) and in NAcC (H).
Each dot corresponds to a slice. The grey bar represents the mean. Paired t-test, in DLS p = 0.3174; in NAcC p
=0.1952.

Data acquired in this panel have been collected by Mahnoor Khurram and me.

4.3.3.2. Prolonging inactivation of VGSCs limits DA release when
nAChRs are active

i. When nAChRs are active, prolonging the inactivation of VGSCs reduces DA
release evoked by a train more than for a single pulse
We tested whether pharmacologically prolonging inactivation of VGSCs using
rufinamide would limit subsequent release even further during pulse-trains when nAChRs

are active and diminish the 4p/1p ratio.
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We washed on 100 uM rufinamide which is a drug that binds to inactive VGSCs and
prolong their inactive state (Hille 2001; Deeks and Scott 2006; Arroyo 2007; White et al.
2010; Lin et al. 2022c). We expect release to we overall decrease across stimulation
paradigm since our hypothesis suggest that more VGSCs are inactive when nAChRs are
active which therefore would allow rufinamide to bind even in the absence of a stimulation.
However, we expect a more ample decay in DA release evoked by pulse-train since
rufinamide would bind to the VGSCs inactivated by the first electric pulse which should
further impede the membrane to produce spikes upon the subsequent pulses.

In DLS, [DA], evoked by single pulse (Figure 4.19 A, B and E) and pulse-train (Figure
4.19 A, C and E) was lowered upon rufinamide application compared to the drug-free
condition. The 4p/1p ratio was also decreased upon rufinamide wash on compared to the
drug-free condition (Figure 4.19 D), suggesting [DA], evoked by pulse-train was
disproportionally decreased by rufinamide compared to the [DA], evoked by single pulse.

In NAcC, rufinamide did not lower [DA], evoked by single pulse (Figure 4.19 F, G and
J) but slightly decreased [DA], evoked by pulse-train (Figure 4.19 F, H and J) compared to
drug-free condition. In consequences, the 4p/1p ratio also decreased following rufinamide

wash on (Figure 4.191).

Altogether, this data indicates that prolonging the inactivation of VGSCs
disproportionally reduces DA release evoked by pulse-trains compared to release evoked by
single pulse. It therefore supports our hypothesis that limited availability of VGSCs hinders

release evoked pulse-train when nAChRs are active.
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Figure 4.19: Prolonging inactivation of VGSCs using rufinamide limits DA release evoked by pulse-trains
when nAChRs are active.

A, F: Mean (= SEM) [DA], transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz
(4p 100 Hz), in drug-free aCSF first, and followed by a bath application of rufinamide (100 uM, Ruf). n=8in DLS
(A)and n=8in NAcC (F).

B, G: Peak [DA], evoked by 1p stimulation in DLS (B) and in NAcC (G). Each dot corresponds to a slice. The grey
bar represents the mean. In DLS paired t-test p = 0.0011; in NAcC, Wilcoxon test p = 0.1484.

C, H: Peak [DA], evoked by 4p 100 Hz stimulation in DLS (C) and in NAcC (H). Each dot corresponds to a slice.
The grey bar represents the mean. In DLS paired t-test p = 0.0103; in NAcC, Wilcoxon test p = 0.0134.

D, I: Ratio of peak [DA], in response to 4p 100 Hz and peak [DA], in response 1p in DLS (D) and in NAcC ().
Each dot corresponds to a slice. The grey bar represents the mean. Paired t-test, in DLS p =0.0319; in NAcC p
=0.0436.

E, J: Mean peak [DA], (* SEM) evoked by 1p (plain circles) or by 4p 100 Hz (empty circles) over time in DLS (E)
and NAcC (J) starting drug-free conditions and followed by a rufinamide (100 pM, ruf) wash on. Data is
normalised to the average of the four first [DA], values evoked by 1p shown on the graph. The mean peak [DA],
evoked by single pulse in B and G are averaged from the values flanking the peak [DA], evoked by 4p 100 Hz.

ii. When nAChRs are antagonised by DHBE, prolonging inactivation of VGSCs
does not differently affect DA release by single versus train pulses
Next, we wanted to make sure the decrease in 4p/1p ratio seen upon rufinamide
wash on when nAChRs are active, was not seen when nAChRs are antagonised. Indeed,
when nAChRs are antagonised, the hypothesis taken from our voltage-sensor data suggest
that VGSCs are available — and therefore not inactivated — for generating population spikes

tall enough to trigger DA release. Hence, washing on rufinamide, which is a drug that prolongs
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inactivation state of VGSCs that are already inactivated, should not affect release or 4p/1p
ratio when nAChRs are antagonised.

Using FCV, we monitored [DA], before and after washing on rufinamide (100 uM)

while nAChRs were antagonised throughout the experiment using DHBE (1 pM).
When nAChRs are antagonised by DHBE, rufinamide does not affect [DA], evoked by single
pulse (Figure 4.20 A, B, E, F, G and J) nor does it change [DA], evoked by pulse trains (Figure
4.20 A, C, E, F, H and J). In both regions, the 4p/1p ratio also remain unchanged in
rufinamide+ DHBE condition compared to when only nAChRs are antagonised by DHBE
(Figure 4.20 D and I).

These results are in accordance with what we were expecting and therefore suggest
that most of the VGSCs pool is available when nAChRs are antagonised, since prolonging
inactivation of already inactivated VGSCs does not impact release. This is likely due to the
fact that enough other VGSCs are available to support release despite some being effectively

antagonised through prolonged inactivation during pulse trains.
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Figure 4.20: Prolonging inactivation of VGSCs using rufinamide does not limits DA release when nAChRs
are antagonised by DHBE.

A, F: Mean (+ SEM) [DA], transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz
(4p 100 Hz), initially in NnAChR antagonist DHBE (1 pM) only, following a bath application of rufinamide (100 pM,
Ruf) along with DHBE (1 pM). n =6in DLS (A) and n =6 in NAcC (F).

B, G: Peak [DA], evoked by 1p stimulationin DLS (B) and in NAcC (G). Each dot corresponds to a slice. The grey
bar represents the mean. In DLS Wilcoxon test p = 0.8438; in NAcC, paired t-test p = 0.6323.

C, H: Peak [DA], evoked by 4p 100 Hz stimulation in DLS (C) and in NAcC (H). Each dot corresponds to a slice.
The grey bar represents the mean. Paired t-test, in DLS p = 0.0940; in NAcC p = 0.4365.

D, I: Ratio of peak [DA], in response to 4p 100 Hz and peak [DA], in response 1p in DLS (D) and in NAcC (I).
Each dot corresponds to a slice. The grey bar represents the mean. Paired t-test, in DLS p = 0.2402; in NAcC p
=0.8045.

E, J: Mean peak [DA], (+ SEM) evoked by 1p (plain circles) or by 4p 100 Hz (empty circles) over time in DLS (E)
and NAcC (J) starting DHBE (1 pM) and followed by a rufinamide (100 uM, Ruf) wash on along with DHBE (1
puM). Data is normalised to the average of the four first [DA], values evoked by 1p shown on the graph. The mean
peak [DA], evoked by single pulse in B and G are averaged from the values flanking the peak [DA], evoked by 4p
100 Hz.
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4.3.3.3. DAT-Cre animals have higher DA release levels as well as

different VGSCs handling compared to WT C57BL6/J animals

Next, we wanted to test our hypothesis that VGSCs are a limiting factor for release
evoked by pulse trains by predicting what would happen at the DA axonal membrane when
partially inhibiting VGSCs with TTX or when prolonging VGSCs inactivation using rufinamide.
However, we use DAT-Cre (heterozygous DAT-Cre) for voltage sensor experiments. These
animals have been demonstrated to have 15% less dopamine transporter (DAT) than their
WT (C57BL/6J) counterparts (Backman et al.). Plus, using FCV, increased [DA], evoked by
single electrical pulse has been reported DAT-Cre+/— compared to control DAT-Cre-/-
(O’Neill et al. 2017).

Thus, this section, we first controlled for the effect of nAChR blockage on DA release
in DAT-Cre animals using FCV. Next, we investigated whether 8 nM TTX and 100 uM
rufinamide would have similar effects on DA release — namely reduce the 4p/1p ratio — than

these drugs have on DA release in WT animals.

i. DAT-Cre animals present higher DA release levels, but blocking nAChRs using
DHPpE still produces the effects expected from WT experiments
We first verified that blocking nAChRs through DHBE application in DAT-Cre produces
the expected effects observed in WT animals which are:
- Areductionin DA release evoked by single pulse
- Anincrease or trend towards an increase in DA release evoked by pulse-trains (at
100 Hz)

- And mostimportantly rise in the 4p/1p ratio
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We performed pilot FCV experiments on mouse brain-slices of DAT-Cre animals, and
bath-applied 1 uM of DHBE. In both regions, we noticed a strong reduction in [DA], evoked
by 1p upon DHBE wash on compared to the drug-free condition (Figure 4.21 A, B, E, F, G and
J). [DA], evoked by 4p 100 Hz showed a slight increase after blocking nAChRs compared to
the drug-free condition, but was however not statistically significant (Figure 4.21 A, C, E, F,
H and J). Finally, the 4p/1p ratio was drastically increased by addition of DHBE (Figure 4.21
A, D, F and I). Therefore, blocking nAChRs in DAT-Cre animals also provokes a drastic

increase in 4p/1p ratio.
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Figure 4.21: Antagonising nAChRs with DHBE in DAT-Cre animals increases 4p/1p.

A, F: Mean (+ SEM) [DA], transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz
(4p 100 Hz), in drug-free conditions initially and after a bath application of DHBE (1 pM). n =3 in DLS (A) and n
=3in NAcC (F).

B, G: Peak [DA], evoked by 1p stimulation in DLS (B) and in NAcC (G). Each dot represents a slice. The grey bar
represents the mean. Paired t-test, in DLS (B) p = 0.1273, in NAcC (G) p = 0.0122.

C, H: Peak [DA], evoked by 4p 100 Hz stimulation in DLS (C) and in NAcC (H). Each dot represents a slice. The
grey bar represents the mean. Paired t-test, in DLS (C) p = 0.0567, in NAcC (H) p = 0.7500.

D, I: Ratio of peak [DA], in response to 4p 100 Hz and peak [DA], in response 1p in DLS (D) and in NAcC ().
Each dot represents a slice. The grey bar represents the mean. Paired t-test, in DLS (D) p =0.0012, in NAcC (1)
p=0.0434.

E, J: Mean peak [DA], (* SEM) evoked by 1p (plain circles) or by 4p 100 Hz (empty circles) over time in DLS (E)
and NAcC (J) starting in drug-free conditions initially and after a bath application of DHBE (1 pM). Data is
normalised to the average of the four first [DA], values evoked by 1p shown on the graph. The mean peak [DA],
evoked by single pulse in B and G are averaged from the values flanking the peak [DA], evoked by 4p 100 Hz.
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We next compared release levels and the resulting ratios in drug-free conditions
between WT and DAT-Cre animals and compared the 4p/1p ratio between genotypes in
DHBE too. In DHBE, the 4p/1p ratio was also reduced in DAT-Cre animals compared to WT
in NAcC, but was not different in DLS (Figure 4.22 D and H). We found that for both regions
and both stimulation paradigm [DA], was higher in DAT-Cre animals than in WT animals
(Figure 4.22 A, B, E and F). However, the resulting 4p/1p ratio was smaller in DAT-Cre

animals compared to WT animals in both region (Figure 4.22 C and G).
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Figure 4.22: DAT-Cre animals exhibit higher release in drug-free condition, but lower 4p/1p ratio
compared to WT animals.

A, E: Peak [DA], (+ SEM) evoked by single pulse stimulation (1p) in drug-free condition between WT and DAT-
Cre animals. In DLS (A) n =19 in WT and n = 12 in DAT-Cre, unpaired t-test p = 0.0001; in NAcC (E) n =18 in
WT and n=14in DAT-Cre, p = 0.0003.

B, F: Peak [DA], (+ SEM) evoked by 4p 100 Hz stimulation in drug-free condition between WT and DAT-Cre
animals. InDLS (B) n=19in WT and n =12 in DAT-Cre, unpaired t-test p = 0.0004; in NAcC (F) n=18in WT and
n=14in DAT-Cre, p =0.0003.

C, G: Ratio of peak [DA], inresponse to 4p 100 Hz and peak [DA], in response 1p in drug-free condition between
WT and DAT-Cre animals. In DLS (C) n=19in WT and n =12 in DAT-Cre, unpaired t-test p = 0.0027; in NAcC
(G)n=18inWTand n =14 in DAT-Cre, p = 0.0364.

D, H: Ratio of peak [DA], in response to 4p 100 Hz and peak [DA], in response 1p in DHBE (1 pM) condition
between WT and DAT-Cre animals. In DLS (D) n =5 in WT and n = 3 in DAT-Cre, unpaired t-test p = 0.2911; in
NAcC (H) n=5in WT and n =3 in DAT-Cre, p = 0.0050.
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This data suggests that the axons of DAT-Cre animals are in a slightly different resting
state compared to the DA axons of WT animals — potentially due to the lower DAT expression
—but that the main effect of blocking nAChRs on DA axons retains its general characteristics.
However, the smaller 4p/1p ratio might greatly reduce the working range of FCV experiments
in which we comprise the pool of VGSCs and use 4p/1p ratio as read to highlight the
disproportionate effect doing so has on pulse-trains stimulations. This flooring effect is
particularly striking in DLS where the 4p/1p ratio is close to 1 in DAT-Cre animals, and the
spread of the data is not following a normal distribution (D’Agostino & Pearson test for 4p/1p
ratio in DLS p = 0.0072). We therefore expect that potential effects will be more easily

detectable in NAcC compared to DLS.

ii. In DAT-Cre animals, partially impeding the pool of VGSCs available for re-
release using TTX does not disproportionally affect DA release evoked by pulse-
trains

Next, we wondered whether partially compromising the pool of VGSCs using low
concentrations of TTX would disproportionately affect release evoked by pulse-trains in
DAT-Cre animals like it does in WT animals. We used FCV to monitor [DA], as we washed on
increasing TTX concentrations starting at 8 nM TTX and followed by 12 nM TTX.

We found that in DLS, [DA], evoked by single pulse and pulse-train decreases in 8 nM
and 12 nM TTX compared to drug-free, although the decrease is not significant for single
pulse at 8 nM (Figure 4.23 A, B Sidak's multiple comparisons test between Drug-free and
TTX, at 8 nM p = 0.0955, at 12 nM p = 0.0326 and C Sidak's multiple comparisons test
between Drug-free and TTX, at 8 nM p =0.0223, at 12nM p =0.0046). In NAcC, [DA], evoked
by single pulse and 4p 100 Hz was unchanged in 8 and 12 nM TTX compared to the drug-free
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condition (Figure 4.23 E, F Sid4k's multiple comparisons test between Drug-free and TTX, at
8nMp=0.9806, at 12nM p =0.9873 and G Sidak's multiple comparisons test between Drug-
free and TTX, at 8 nM p = 0.8036, at 12 nM p = 0.6869) which was unexpected. In both
regions, the 4p/1p ratio did not decrease upon application of 8 nM or 12 nM TTX compared
to the drug-free condition (Figure 4.23 in DLS D Sidak's multiple comparisons test between
Drug-free and TTX, at 8 nM p = 0.6789, at 12 nM p = 0.8257; in NAcC H Sidak's multiple
comparisons test between Drug-free and TTX, at8 nM p =0.1499, at 12nM p = 0.4077).
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Figure 4.23: Partially compromising the pool of VGSCs using low concentrations of TTX does not
disproportionally attenuates release evoked by pulse-train stimulations in DAT-Cre animals.

A, E: Mean (£ SEM) [DA], transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz
(4p 100 Hz), in drug free condition first, followed by a wash on of TTXat8 nMand TTX at 12nM. n=5in DLS (A)
and n=>5in NAcC (E).

B, F: Peak [DA], evoked by 1p stimulation in DLS (B) and in NAcC (F). Each dot represents a slice. The grey bar
represents the mean. Mixed-effect analysis (in DLS (B) drug effect: F (0.6009, 2.103) = 15.59, p = 0.3005; in
NAcC (F) drug effect: F (0.5193, 1.817) = 0.2340, p = 0.2596) with Sidak's multiple comparisons test.

C, G: Peak [DA], evoked by 4p 100 Hz stimulation in DLS (C) and in NAcC (G). Each dot represents a slice.The
grey bar represents the mean. Mixed-effect analysis (in DLS (C) drug effect: F (0.3820, 1.337) = 42.76, p =
0.1910; in NAcC (G) drug effect: F (0.6409, 2.243) = 1.214, p = 0.3205) with Sidak's multiple comparisons test.
D, H: Ratio of peak [DA], in response to 4p 100 Hz and peak [DA], in response 1p in DLS (D) and in NAcC (H).
Each dot represents a slice. The grey bar represents the mean. Mixed-effect analysis (in DLS (D) drug effect: F
(0.7893, 2.763) = 0.4114, p = 0.3947; in NAcC (H) drug effect: F (0.9680, 3.388) = 2.151, p = 0.4840) with
Sidak's multiple comparisons test.
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Therefore, in DAT-Cre animals, partially blocking VGSCs using low concentrations of TTX
does not affect the 4p/1p ratio the same way it does for WT animals. This could be due to the
fact that their membrane is in a slightly different resting state as shown by comparing [DA],
between DAT-Cre and WT animals in drug-free condition (Figure 4.22). Thus, these TTX
concentrations (8 and 12 nM) might not be enough to compromise the pool of VGSCs in DAT-
Cre animals. The lower 4p/1p ratio observed in DAT-Cre animals compared to WT animals
could suggest that the pool of VGSCs is already more compromised thanitis in WT, however
it does not seem to be the case here especially in NAcC where 12 nM TTX barely reduced

release at all.

Thus, we hypothesised that DA axons of DAT-Cre animals may be less prone to be
affected very low TTX concentrations because of the potentially different state of their
membrane, and that they might therefore require higher TTX concentrations. We tested
sequentially higher concentrations of TTX to assess if we could compromise VGSC
availability enough to limit release evoked by pulse-trains more than release evoked by single
pulse. The data we present next was obtained from the highest TTX concentrations we used
and for which the evoked DA was still reliably detectable.

In DLS, although we found that upon 20 nM TTX application, [DA], for both single pulse and
train pulses plummeted compared to drug-free levels (Figure 4.24 A, B and C), the 4p/1p
ratio remained unchanged (Figure 4.24 D).

In NAcC, application of 24 nM of TTX reduced [DA], for both single pulse and train pulses
compared to drug-free levels (Figure 4.24 E, F and G), contrary to application of 8 nM or 12

nM TTX (Figure 4.23 D, E and G). However, it did not affect the 4p/1p ratio (Figure 4.24 H).
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Figure 4.24: Partially compromising the pool of VGSCs using 20 nM and 24 nM does not differently
attenuate release evoked by single or pulse-train stimulations in DAT-Cre animals.

A, E: Mean (£ SEM) [DA], transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz
(4p 100 Hz), in drug free condition first, followed by a wash on of TTX at 20 nM in DLS (A) or TTX at 24 nM in
NAcC (E).n=5inDLS (A) and n=6in NAcC (E).

B, F: Peak [DA], evoked by 1p stimulation in DLS (B) and in NAcC (F). The grey bar represents the mean. Paired
t-test, in DLS p = 0.0230; in NAcC p = 0.0006.

C, G: Peak [DA], evoked by 4p 100 Hz stimulation in DLS (C) and in NAcC (G). The grey bar represents the mean.
Paired t-test, in DLS p =0.0171; in NAcC p = 0.0001.

D, H: Ratio of peak [DA], in response to 4p 100 Hz and peak [DA], in response 1p in DLS (D) and in NAcC (H).
The grey bar represents the mean. Paired t-test, in DLS p = 0.4666; in NAcC p =0.6127.

Thus, the use of low concentrations of TTX (8 — 24 nM) does not appear to affect the

4p/1p ratio in DAT-Cre animals. Using of low concentration of TTX partially to compromise

the pool of available VGSCs when nAChRs are active does not achieve the same effect asin

WT animals, jie. does not reduced release evoked by pulse-trains more than release evoked

by single pulse. This could potentially be due to a larger pool of VGSCs available when

nAChRs in DAT-Cre than in WT. In consequence, the concentration of TTX needed to reach

the tipping point where the pool is compromised enough to affect release at pulse-trains

more than single pulse would be higher. However, at higher TTX concentrations release

reaches undetectable levels with FCV. Thus, this experiment might require a more targeted
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drug-such as rufinamide —that focuses on compromising the pool VGSCs after a pulse-train

rather than lowering release overall like TTX being a broad VGSC blocker.

iii. In DAT-Cre animals, prolonging inactivation of VGSCs only affects the 4p/1p
ratio in NAcC

We tested whether rufinamide (100 uM) would be more suited to reduce the pool of
VGSCs available during pulse-trains. Since rufinamide binds to the inactivated state of the
VGSCs, and prolonged their inactive state (Hille 2001; Deeks and Scott 2006; Arroyo 2007;
Humayun and Wadhwa 2022), this drug is likely to have a more specific and targeted effect
on DArelease than TTX has.

We piloted experiments in DLS, where rufinamide reduces [DA], evoked by single
pulse (Figure 4.25 A, B and E) compared to drug-free condition. Although [DA], evoked by
pulse-trains tends to decrease with rufinamide wash on compared to drug-free condition, it
is not a statistically significant reduction (Figure 4.25 A, C and E). The 4p/1p ratio was
unchanged by the bath application of rufinamide in DLS (Figure 4.25 D).

On the contrary in NAcC, [DA], evoked by single pulse was unchanged compared to drug-
free condition (Figure 4.25 F, G and J) but [DA], evoked by pulse-trains was statistically
significantly reduced by bath application of rufinamide (Figure 4.25 F, H and J). As a result,

the 4p/1p ratio was also reduced in NAcC (Figure 4.251).
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Figure 4.25: Prolonging inactivation of VGSCs using rufinamide limits DA release evoked by pulse-trains
when nAChRs are active only in NAcC in DAT-Cre animals.

A, F: Mean (+ SEM) [DA], transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz
(4p 100 Hz), in drug-free aCSF first, and after bath application of rufinamide (100 pM, Ruf). n=3in DLS (A) and
n=6in NAcC (F).

B, G: Peak [DA], evoked by 1p stimulation in DLS (B) and in NAcC (G). The grey bar represents the mean. Paired
t-test, in DLS p = 0.0370; in NAcC p = 0.3017.

C, H: Peak [DA], evoked by 4p 100 Hz stimulationin DLS (C) and in NAcC (H). The grey bar represents the mean.
In DLS Wilcoxon test p = 0.2500; in NAcC paired t-test p = 0.0270.

D, I: Ratio of peak [DA], in response to 4p 100 Hz and peak [DA], in response 1p in DLS (D) and in NAcC (l). The
grey bar represents the mean. Paired t-test, in DLS p = 0.9785; in NAcC p = 0.0006.

E, J: Mean peak [DA], (* SEM) evoked by 1p (plain circles) or by 4p 100 Hz (empty circles) over time in DLS (E)
and NAcC (J) starting drug-free conditions and followed by a rufinamide (100 pM, ruf) wash on. Data is
normalised to the average of the four first [DA], values evoked by 1p shown on the graph. The mean peak [DA],
evoked by single pulse in B and G are averaged from the values flanking the peak [DA], evoked by 4p 100 Hz.

Thus, in DLS prolonging inactivation of VGSCs does not affect release evoked by
single pulse or pulse-trains differently as the 4p/1p ratio remained constant upon rufinamide
bath application. This could be explained the low starting point for 4p/1p ratio in DAT-Cre in
drug-free, and the potential flooring effect revealed in Figure 4.22 , which makes it difficult
to decrease the 4p/1p ratio further. Nevertheless, the use of a higher rufinamide

concentration could potentially reveal an effect in DLS.
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In NAcC, prolonging inactivation of VGSCs did limit release evoked by pulse-trains more
strongly than release evoked by single-pulse. This is consistent with our initial hypothesis

that VGSC availability is a limiting factor for DA release evoked by pulse-trains.

iv. In NAcC of DAT-Cre animals, prolonging inactivation of VGSCs reduces height
of fourth spike during pulse-train

Next, we assessed if our hypothesis that the population spike height seen with the
voltage sensor can dictate DA release. Thus, we hypothesised that the reduction 4p/1p ratio
cause by rufinamide (which prolongs inactivation of VGSCs) is due to limited height of
population spike. We performed voltage sensor experiments in DAT-Cre animals where we
washed on rufinamide (100uM) and focused our recordings in NAcC since rufinamide only
reduced DA release evoked by 4p and 4p/1p in this region (Figure 4.25).

First, we determined the general effect rufinamide has the signal. We found no
differences in the initial spike height in rufinamide compared to the initial spike height of the
drug-free time-matched dataset (Figure 4.26 A and B). The AUC in the presence of
rufinamide was also similar to the AUC of the drug-free time-matched signals evoked by 1p
(Figure 4.26 A and C). Therefore, in NAcC, rufinamide does not affect the signal evoked by
1p stimulations, consistent with its absence of effect on DA release evoked by 1p in DAT-
Cre (Figure 4.25 F and G) in DAT-Cre, and in WT animals (Figure 4.19 F and G).

Next, assessed whether rufinamide affects the population spikes evoked by
subsequent pulses of a pulse-train differently than in drug-free (pre-rufinamide) condition.
We found that the population spike height evoked by the second pulse is lower in rufinamide
compared to the drug-free condition (Figure 4.26 D, E and F Sidak's multiple comparisons
test between drug-free and rufinamide, for 2" pulse, p = 0.380). The height of the third
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population spike has not been affected by the addition of rufinamide (Figure 4.26 D, E and F
Sidak's multiple comparisons test between drug-free and rufinamide, for 3 pulse, p =
0.1037). The fourth population spike height is significantly decreased compared to the drug-
free condition (Figure 4.26 D, E and F Sidak's multiple comparisons test between drug-free

and rufinamide, for 4" pulse, p = 0.0005).
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Figure 4.26: Prolonging inactivation of VGSCs reduces subsequent population spikes during
pulse-train measured with ASAP5f (in NAcC).

A: Mean (+ SEM) traces evoked by single-pulse, normalised to their respective control initial spike height in
drug-free time-matched condition (black) or in rufinamide 100 pM wash on (fuschia). The arrows indicate the
time of stimulation. n = 6 for time-matched dataset, and n = 7 for rufinamide wash on.

B: Initial spike height normalised to respective controlinitial spike height. Each dot represents a slice. Grey bars
represent the mean. Unpaired t-test, p = 0.7734.

C: AUC taken over 100 ms from normalised to respective AUC control. Each dot represents a slice. Grey bars
represent the mean. Unpaired t-test, p = 0.7453.

D: Mean (+ SEM) traces evoked by 4p 100 Hz electrical stimulation, normalised to their respective initial spike
in drug-free (pre-rufinamide) condition (black) and after rufinamide 100 uM wash on (fuschia). The arrows
indicate the time of stimulation.n=7.

E: Traces of spikes evoked by 2", 3" and 4" electrical pulse from the pulse-train. Mean (x SEM) normalised to
their respective initial spike in drug-free (pre-rufinamide) condition (black) and after rufinamide 100 pM wash
on (fuschia). The arrows indicate the time of stimulation.n =7.

F: Mean (+ SEM) of population spike height normalised to respective initial spike height. Two-way ANOVA drug
effect F (1, 6) = 7.803, p = 0.0314; pulse effect F (2, 12) = 81.54, p < 0.0001; interaction F (2, 12) =2.649, p =
0.1114) with Sidak's multiple comparisons test.
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Prolonging the inactivation of VGSCs seem to lower spike-height during pulse trains,
and especially the spike height of the last spike. This could be due to the fact that opening of
nAChRs likely inactivates some VGSCs by raising the membrane voltage and each electric
pulse recruits some VGSCs which then become inactive, therefore, by the fourth pulse,
rufinamide has had the more VGSCs to bind to (since more are now inactivated). Altogether,
this data suggests supports our hypothesis that population spike height is limited by the pool
of available VGSCs and govern DA release. Indeed, the smaller spike height in rufinamide
compared to control condition suggest that the pool of available VGSCs is indeed very
limited. Plus, this lower population spike height is consistent with the decrease in DA release
evoked by pulse-trains (seen in both DAT-Cre and WT animals) upon bath application of
rufinamide. However, for more precision on the spike height, using the subtraction technique

shown in Figure 4.12 might be more adapted.

Overall, these data support our hypothesis that at a population of DA axons, nAChRs
activation causes a prolonged depolarisation, which inactivates VGSCs or renders VGSCs
unavailable to respond to further stimulation. In consequences, smaller population spikes
are elicited following subsequent stimulation during pulse-trains, plus, they mirror the lower

DA release evoked by subsequent stimulation during pulse-trains
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4.3.4. VGSC blockers are not acting through differential impact on ACh

release

Electrical stimulations activate all neurons and brain cells surrounding the
stimulating electrode. In addition, drug application affects all circuits within the striatum.
Since our interest lies in investigating the mechanisms downstream of activation of nAChRs
at DA axons, varying ACh release levels could modify their occupancy levels and therefore
their effect on DA release.

Thus, we tested whether the manipulation done in section 4.3.3. using VGSC
blockers can affect ACh release release, using the GRABacns.o sensor (Jing et al. 2020) to
detect extracellular levels of ACh (Figure 4.27 A and G). The virus containing the sensor
(AAV5-hSyn-ACh3.0) was injected directly in the striatum for WT (C57JBL6) for expression

in all neurons.

We first tested the effect of low concentration of TTX on ACh release. We used the
lowest TTX concentration (8 nM) that affect the 4p/1p ratio of DA release when nAChRs are
active. If the reduction of the 4p/1p DA ratio seen with FCV in TTX was due to variations in
ACh release, we might expect it to signify an increase in ACh release, since the 4p/1pratio is
lower where [ACh] is higher. However, this effect seems unlikely given that blocking VGSCs
is normally expected to decrease neurotransmitter release. In order to understand whether
the effects of low concentrations of TTX involve confounding effects on ACh release, it was

important to establish assess if and how 8 nM TTX could affect ACh release.
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Figure 4.27: Partially blocking VGSCs using 8 nM TTX does not affect ACh release.

A, G: Example slices with expression of GRABacnso in DLS (A) and in NAcC (G) with positioning of the
stimulation electrode (in block from the left) and where ROl would be positioned during analysis. Pictures taken
under a 10x objective.

B, H: Mean (+ SEM) %AF/F, transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz
(4p 100 Hz) in DLS (B) and NAcC (H), in drug-free condition (black) and after bath application of 8 nM TTX
(orange). The arrow indicates the time of stimulation. n=4in DLS and n =4 in NAcC.

C, I: Peak %AF/F, evoked by 1p stimulation in DLS (C) and NAcC (I). Grey bars indicate the mean. Paired t-test,
in DLS p =0.9726; in NAcC p = 0.2302.

D, J: Peak %AF/F, evoked by 4p 100 Hz stimulation in DLS (E) and NAcC (K). Grey bars indicate the mean.
Paired t-test, in DLS p =0.7699; in NAcC p = 0.1877.

E, K: AUC evoked by 1p stimulation in DLS (D) and NAcC (J). Grey bars indicate the mean. Paired t-test, in DLS
p =0.9861;in NAcC p = 0.0955.

F, L: AUC evoked by 4p 100 Hz stimulation in DLS (F) and NAcC (L). Grey bars indicate the mean. Paired t-test,
in DLS p = 0.9548; in NAcC p = 0.2525.

In both regions, blocking few VGSCs using 8 nM TTX did not change the peak AF/F,
evoked by 1p in both regions (Figure 4.27 B, C, H and I) from the drug-free condition. 8 nM
TTX wash on did not affect the peak AF/F, evoked by 4p 100 Hz in either region (Figure 4.27
B, D, H and J), compared to the drug-free condition. However, peak AF/F, might not always
reflect smaller changes in ACh release levels; studies from the lab (Vietti-Michelina 2022)
have found that AUC might be more reflective of finer changer in external ACh
concentrations. Hence, we also used the AUC of the transients as an approximation for

changes in extracellular ACh concentration. In both regions, blocking few VGSCs using 8 nM
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TTX did not affect the AUC of ACh transients evoked by 1p stimulation (Figure 4.27 B, E, H
and K), and by 4p 100 Hz stimulation (Figure 4.27 B, F, Hand L).
Therefore, variation in [ACh] was not a confounding effect in our FCV experiments

using low concentrations of TTX, since 8 nM TTX did not affect ACh release.

Next, we assessed whether ACh release was affected by rufinamide wash on.
Similarly to the rationale for low TTX concentration, if the reduction of the 4p/1p DA ratio
seen with FCV in rufinamide was due to variations in ACh release, we might expect it to
signify an increase in ACh release since a decrease in ACh would increase 4p/1p ratio.
However, similarly to TTX, ACh release is more likely to decrease upon rufinamide
application, therefore suggesting that the drop in 4p/1p ratio of DA release could not be
caused by variations in ACh release.

Prolonging the inactivation of VGSCs using rufinamide decreased the peak AF/F,
evoked by 1p from the drug-free condition in DLS (Figure 4.28 B and C) but not in NAcC
(Figure 4.28 H and I). Rufinamide wash on decreased the peak AF/F, evoked by 4p 100 Hz in
both region (Figure 4.28 B, D, H and J) compared to the drug-free condition. Additionally, in
DLS, prolonging VGSCs inactivation shows a trend towards a decrease the AUC of ACh
transients evoked by 1p stimulation, but did not change AUC in NAcC (Figure 4.28 B, E, H
and K). For AUC of transients evoked by 4p 100 Hz stimulation although there is a trend
towards decrease in DLS (Figure 4.28 B and F), the decrease is only statistically significant

in NAcC (Figure 4.28 Hand L).

150



A B Cc D E F
—Stim. 60- * ’\380- * N ns 60-
Clayesd — Drug-free _ &; 3 ns
l ] — Ruf 100 um S \ L ool o
\ w404 \ 4 :¥ ol \ 2 404 N
= L < [©] N
) T
j &. 840- < .\' P o\e
Ty 8 20- T ‘910. = 201
L a S 201 S~ §| o
s o
& = obr—— ¥ ol 0o O ——
tip 02s $4p 100 Hz Drug-free Ruf Drug-free Ruf Drug-free Ruf ~ Drug-free Ruf
G H | J K L
Stim: 60 5801 304 60
electrode < ns
| — Drug-free e T * 1)
_ = =60 "
Ruf 100 uM 2 n 20 e 3240
L = kg S N
j §40- < .\. g N
u o] B2 ¥ | o ] =204
i 20 ;s 27 8 g
g a o~ o S <
g J\\— o3
N = 01— — ¥ 04— T 01— r 01— r
tip 0.2s t4p 100 Hz Drug-free Ruf Drug-free Ruf Drug-free Ruf Drug-free Ruf

Figure 4.28: Prolonging inactivation state of VGSCs using rufinamide reduces ACh release mainly evoked
by pulse-train stimulations.

A, G: Example slices with expression of GRABacnso in DLS (A) and in NAcC (G) with positioning of the
stimulation electrode (in block from the left) and where ROl would be positioned during analysis. Pictures taken
under a 10x objective.

B, H: Mean (x SEM) AF/F, transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz
(4p 100 Hz) in DLS (B) and NAcC (H), in drug-free condition (black) and after bath application of 100 uM
rufinamide (Ruf, in fuchsia). The arrow indicates the time of stimulation. n=4in DLS and n =4 in NAcC.

C, I: Peak AF/F, evoked by 1p stimulation in DLS (C) and NAcC (l). Grey bars indicate the mean. Paired t-test,
in DLS p=0.0274;in NAcC p =0.1778.

D, J: Peak AF/F, evoked by 4p 100 Hz stimulation in DLS (E) and NAcC (K). Grey bars indicate the mean. Paired
t-test, in DLS p = 0.0387; in NAcC p = 0.0498.

E, K: AUC evoked by 1p stimulation in DLS (D) and NAcC (J). Grey bars indicate the mean. Paired t-test, in DLS
p=0.0712;in NAcC p =0.1426.

F, L: AUC evoked by 4p 100 Hz stimulation in DLS (F) and NAcC (L). Grey bars indicate the mean. Paired t-test,
in DLS p =0.0541; in NAcC p =0.0344.

Since [ACh] was reduced by rufinamide wash on, the expected effect on DA release
would be an increase in 4p/1p ratio, however our FCV experiments revealed a decrease in
4p/1p ratio upon rufinamide application. Therefore, the changes in ACh release related here
may reduce the amplitude effect seenin FCV, but they do not underlie the reductionin 4p/1p
ratio of DA release.

Altogether, these data indicate that changes in ACh release cause by blocking or
prolonging inactivation of VGSCs do not underlie the reduction in 4p/1p of DA release since

a reduction in ACh release would have opposite effect on 4p/1p of DA release.
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4.3.5. VGSC blockers affect DA release independently of GABA receptor

control

Confounding effects from electrical stimulation of brain slices include activation of all
neurones surrounding the stimulating electrode, including the GABAergic MSNs. GABA,
through GABA. receptors and GABAg receptors located on DA axons, tonically inhibits DA in
slices (Kramer et al. 2020). Using TTX or rufinamide (in section 4.3.3) to modify the
excitability of DA axons may have also changed the excitability of MSNs and GABA release.
Therefore, we tested (in WT animals) whether the reduction in 4p/1p ratio seen in section
4.3.3.1, when VGSC availability is compromised and nAChRs are active, are indirect effects
of GABA on DA release. If the reduction in 4p/1p is due to an indirect effect of GABA through
GABA receptors on DA release, therefore blocking the GABA receptors would negate the
effects of TTX or rufinamide on DA release. To control for this, we first pharmacology
antagonised GABAa receptors and GABAg receptors and washed on 8 nM TTX to partially

inhibit VGSCs.

In DLS, we found that additionally blocking 8 nM TTX wash on when GABA receptors
already are antagonised lessen [DA], evoked by both single stimulation (Figure 4.29 A, B and
E) and pulse train (Figure 4.29 A, C and E) compared to when only the GABA receptors are
blocked. In NAcC, only release evoked by train pulses has been reduced by additional wash
on of TTX (Figure 4.29 F, H and J) compared to when only GABA receptors are blocked, but

release evoked by single pulse stimulation remains unchanged (Figure 4.29 F, G and J).
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Figure 4.29: Partially compromising the pool of VGSCs using 8 nM TTX while GABA,-R and GABAg-R are
antagonised still disproportionally affect release evoked pulse-train stimulations.

A, F: Mean (+ SEM) [DA], transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz
(4p 100 Hz), initially in GABA-R antagonists (GABAs-R antagonist = (+)-bicuculline (10 uM), GABAg-R
antagonist = CGP 55845, HCL (4 uM)), followed by a wash on of TTX at 8 nM still in the presence of GABA-R
antagonists. Arrows indicate time of stimulation. n =6 in DLS (A) and n =6 in NAcC (F).

B, G: Peak [DA], evoked by 1p stimulation in DLS (B) and in NAcC (G). Each dot corresponds to a slice. The grey
bar represents the mean. Paired t-test, in DLS (B) p =0.0017; in NAcC (G), p = 0.1508.

C, H: Peak [DA], evoked by 4p 100 Hz stimulation in DLS (C) and in NAcC (H). Each dot corresponds to a slice.
The grey bar represents the mean. Paired t-test, in DLS (C) p =0.0011; in NAcC (H), p =0.0026.

D, I: Ratio of peak [DA], in response to 4p 100 Hz and peak [DA], in response 1p in DLS (D) and in NAcC (I).
Each dot corresponds to a slice. The grey bar represents the mean. Paired t-test, in DLS (D) p=0.0429; in NAcC
(1), p=0.0178.

E, J: Mean peak [DA], (+ SEM) evoked by 1p (plain circles) or by 4p 100 Hz (empty circles) over time in DLS (E)
and NAcC (J) starting in GABA-R antagonists (GABA4-R antagonist = (+)-bicuculline (10 uM), GABAs-R
antagonist = CGP 55845, HCL (4 uM)), followed by a wash on of TTX at 8 nM still in the presence of GABA-R
antagonists. Data is normalised to the average of the four first [DA], values evoked by 1p shown on the graph.
The mean peak [DA], evoked by single pulse in B and G are averaged from the values flanking the peak [DA],
evoked by 4p 100 Hz.

However, in both regions TTX seems to have impaired disproportionately release
evoked by pulse trains compared to single pulse even in presence of GABA receptors
antagonists, lowering the 4p/1p ratio compared to when only GABA receptors are blocked

(Figure 4.29 D and I).

Next, we controlled for the potential indirect GABA effect onto DA release when
rufinamide is bath-applied on striatal slices. We pharmacologically blocked GABAa
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receptors and GABAg receptors and washed on rufinamide to prolong the inactivation state
of VGSCs.

In DLS, additional bath application of rufinamide when GABA receptors already are
blocked diminished [DA], evoked by both single stimulation (Figure 4.30 A, B and E) and
pulse train (Figure 4.30 A, C and E) compared to when only the GABA receptors are blocked.
In NAcC, release evoked by train pulses was reduced by additional application of rufinamide
(Figure 4.30 F, H and J) compared to when only GABA receptors are blocked. However,
prolonging VGSC inactivation using rufinamide when GABA receptors are blocked did not
lower [DA], evoked by single pulse stimulation (Figure 4.30 F, G and J) compared to when
only GABA receptors are blocked. Finally, akin to TTX bath application, prolonging
inactivation of VGSCs when GABA receptors are already blocked lessened [DA], evoked by
pulse trains more than [DA], evoked single pulse even in presence of GABA receptors
antagonists, lowering the 4p/1p ratio compared to when only GABA receptors are blocked

(Figure 4.30 D and I).

This data suggests that the drop in 4p/1p ratio caused by TTX or rufinamide in section

4.3.3.2 are not due to confounding effects of potential changes in GABA release and GABA

receptors are indirectly affecting DA release.
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Figure 4.30: Prolonging the inactivation state of VGSCs using rufinamide while GABAA-R and GABAg-R are
antagonised still disproportionally affect release evoked pulse-train stimulations.

A, E: Mean (£ SEM) [DA], transients in response to 1 pulse electrical stimulation (1p) and 4 pulses at 100 Hz
(4p 100 Hz), initially in GABA-R antagonists (GABAA-R antagonist = (+)-bicuculline (10 uM), GABAg-R antagonist
= CGP 55845, HCL (4 uM)), followed by a wash on of rufinamide (Ruf, 100 uM) still in the presence of GABA-R
antagonists. Arrows indicate time of stimulation.n=7in DLS (A) and n = 6 in NAcC (E).

B, G: Peak [DA], evoked by 1p stimulation in DLS (B) and in NAcC (G). Each dot corresponds to a slice. The grey
bar represents the mean. Paired t-test, in DLS (B) p = 0.0079; in NAcC (G), p = 0.9602.

C, H: Peak [DA], evoked by 4p 100 Hz stimulation in DLS (C) and in NAcC (H). Each dot corresponds to a slice.
The grey bar represents the mean. Paired t-test, in DLS (C) p = 0.0034; in NAcC (H), p = 0.0359.

D, I: Ratio of peak [DA], in response to 4p 100 Hz and peak [DA], in response 1p in DLS (D) and in NAcC (I).
Each dot corresponds to a slice. The grey bar represents the mean. Paired t-test, in DLS (D) p=0.0470; in NAcC
(1), p<0.0001.

E, J: Mean peak [DA], (+ SEM) evoked by 1p (plain circles) or by 4p 100 Hz (empty circles) over time in DLS (E)
and NAcC (J) starting in GABA-R antagonists (GABAs-R antagonist = (+)-bicuculline (10 pM), GABAg-R
antagonist = CGP 55845, HCL (4 pM)), followed by a wash on of rufinamide (Ruf, 100 uM) still in the presence
of GABA-R antagonists. Data is normalised to the average of the four first [DA], values evoked by 1p shown on
the graph. The mean peak [DA], evoked by single pulse in B and G are averaged from the values flanking the
peak [DA], evoked by 4p 100 Hz.
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4.4. Conclusion and discussion

In this chapter, we investigated the role of VGSCs in the downstream mechanisms of the
nNAChR modulation of DA release. Using the new GEVI ASAP5f (Duquenoy and O’Connor
2024; Hao et al. 2024) to record membrane voltage variations in a population of DA axons,
we found that nAChR activation provokes a prolonged depolarisation at DA axons, likely to
arise from the cation conductances carried by the nAChRs in their open state (Figure 4.31).
We also found when nAChRs are active, the amplitude of subsequent population spikes
is limited during pulse-trains. Next, ultra-fast jJGCaMP8m imaging allowed us to show that
nAChR activation elicits a strong Ca? transient, but that any subsequent electrical pulses
only elicit very limited additional Ca?* signals. Finally, using FCV, we found that the limited
VGSC availability following nAChR activation provoked STD of DA release during pulse
trains. Finally, using a combination of GRABach and FCV we ruled out the involvement of

GABA in mediating these nAChR-gated mechanisms.
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Figure 4.31: Schematic of sequence of events after initial pulse during pulse trains when nAChRs are
active (left) and when they are antagonised (right).

This schematic represents what our data suggests happens at a population of DA axons (here represented as
a single axon for clarity) after the initial electrical pulse of a pulse train in ex vivo striatal mouse brain slices. In

this context, electrical stimulation provokes highly synchronous action potential firing in neurons in the vicinity
of the stimulating electrode and in particular co-actuvates dopamine neuron axons and cholinergic
interneurons.

On the left, when nAChRs are active: (1) ACh binds to nAChRs on DA axons, which triggers a cation entry in the
axon and the prolonged depolarisation. (2) most VGSCs are unavailable due to the depolarisation, and only few
VGSCs are able to support further depolarisation triggered by a subsequent pulse, and subsequent population
spike height is impaired. (3) The limited added depolarisation hinders subsequent Ca?* entry. (4) The limited
Ca?* entry only evokes little added release.

On the right, when nAChRs are antagonised (or when no ACh is release): (1’) ACh does not bind to nAChRs on
DA axons. (2°) most VGSCs are available to support further depolarisation triggered by a subsequent pulse, and
subsequent population spike height is similar to initial spike height. VGSCs can potentially de-inactivate during
hyperpolarisation phases (3’) The added depolarisation triggers consequent Ca®* entry. (4°) The Ca?* entry
evokes consequent DA release.

4.4.1. Synchronous population spikes evoked by electrical stimulation

ASAP5f, when imaged from single cell bodies, can reliably report single APs,
subthreshold events and even be calibrated to correlate mV and fluorescence changes. In

the present study, ASAP5f is imaged from a population of striatal dopaminergic axons, and
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although signals provide novel valuable insight into the behaviour of the membrane potential
of these axons, they do not allow for direct determination of absolute mV.

We found that the sensor reliably report an apparently synchronous, short-lived
population spike evoked by electrical stimulation resembling action potential spikes
recorded in individual distal axons (Kramer et al. 2022) in time course. The relatively slow
acquisition rate ofimage capture (600 Hz) compared to the near continuous (kHz) membrane
potential recordings with electrophysiological methods precludes accurate quantification of
millisecond order events such as AP rise and decay times, or dV/dt versus V that can be
achieved with patch-clamp recordings. Our temporal resolution for imaging has however
been maximised by us and precludes faster sampling without compromising signal

amplitude.

4.4.2. The nAChR-mediated prolonged depolarisation at a population of DA

axons: occurrence at each axon, or asynchronous population signal?

Our findings suggest that activity at nAChRs provokes a prolonged depolarisation at a
population of DA axons. This prolonged depolarisation could arise from an actual

depolarisation at each axon, asynchronous spiking events within the ROI, or both.

Most axons within our ROI could be experiencing a prolonged membrane depolarisation
in response to activation of nAChRs. nAChRs are pentameric ligand gated ion-channels
which are cation permeable (Alkondon et al. 1999; Corringer et al. 2000; Albuquerque et al.
2009; Dani 2015). Their permeability is non-selective to cations however only 2 to 5 % of
their conductance seems supported by Ca?*, while the rest is vastly attributed to Na* entry

(Vernino et al. 1994; Dani and Mayer 1995). Upon activation nAChRs have been
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demonstrated to elicit prolonged depolarisation at neuromuscular junction (Hille 2001), but
also in the CNS, for instance at DA and GABAergic neurons present in the VTA (Klink et al.
2001). Pressure application of ACh for 30 ms evoked large inward currents lasting up to 600
ms in DA VTA and SNc neurons (Klink et al. 2001). Plus, in this study, the B2 subunit seemed
critical for the initiation of these currents, while the a4 subunit seem to mediate the length of
duration of these large inwards currents. Both of these subunits are present in nAChRs
expressed at striatal DA axons in DLS and in NAcC (Exley and Cragg 2008; Exley et al. 2008,
2011, 2012a, 2013). It is therefore plausible that nAChRs on striatal DA axons can elicit a
prolonged depolarisation following ACh binding, and that this depolarisation lasts
approximately 150 ms on mouse brain slices ex vivo. Furthermore activity NnAChRs can lead
to further membrane depolarization through recruitment of voltage-gated sodium channels
(VGSCs) leading activation of voltage-gated Ca?* channels and neurotransmitter release
((Albuquerque et al. 2009)). Plus, patch-clamp recordings from dopaminergic axons reveal
a rapid and sustained membrane depolarisation following spontaneous ACh release only
when nAChRs are not antagonised, suggesting that single axons can indeed be depolarised

by nAChR activity (Kramer et al. 2022).

The prolonged depolarisation may also represent asynchronous spiking occurring across
the axonal population within our ROI. This hypothesis relies on nAChR reported ability to
induce ectopic APs at DA axon (Liu et al. 2022; Kramer et al. 2022). This hypothesis also
implies that DA axons receive or summate ACh input throughout the approximately 150 ms
during which nAChRs mediate depolarisation, which may not be realistic due to the high

AChE efficacy (Nosaka and Wickens 2022).
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The prolonged depolarisation observed could also be the result of a compound effect of
both of the scenario aforementioned as they are not mutually exclusive. Indeed, nAChRs
could evoke prolonged depolarisation at most axons within our ROl and trigger asynchronous

APs at axons for which the depolarisation exceeds the spiking threshold.

4.4.3. Amplitude of nAChR-mediated prolonged depolarisation

We next observed that the amplitude of nAChR-mediated prolonged depolarisation can
surpass that of initial AP-like population spike, particularly in DLS. However, it is quite
unlikely that the membrane voltage of each axon is indeed experiencing a depolarisation that
exceeds the amplitude of an action potential spike. Rather, the larger, prolonged
depolarisation could be a compound of multiple factors:

(1) As discussed before, the prolonged depolarisation observed might at least partly
reflect asynchronous spike within the axonal population. Asynchronous spiking
could be occurring at a greater level than synchronous initial spiking across the
axonal population.

(2) The sensor might be biased towards exaggerating subthreshold event or longer-
duration events integrated over a longer timescale compared to more short-lived
events (Hao et al. 2024). Thus, a prolonged depolarisation by just a few mV might be
reported as a larger increase in fluorescence than a fast depolarisation.

The larger amplitude of the prolonged depolarisation in DLS could be a compound of both
factors mentioned here. Although its absolute amplitude cannot be directly correlated to
membrane voltage, its time course and kinetics can be compared within striatal regions to

infer potential regional differences.
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4.4.4. Regional differences in response to nAChR activation

We found that, although the onset of the nAChR-mediated depolarisation seems to
occur at similar time (~3 ms post-stimulation), the onset dynamics of the nAChR-mediate
response are different between striatal regions.

The DLS and NAcC are enriched in different NnAChR subunits (Exley and Cragg 2008;
Exley etal. 2008, 2011, 2012a). Indeed, work on mouse brain slices have shown thatin DLS,
a4a5B2-nAChRs and a6B2B3-nAChRs are the main modulators of DA release. In NAcC,
a4a6B2B3-nAChRs seems to be responsible for effects on DA release. Varying subunit
composition can greatly influence the kinetics of the nAChRs (Alkondon et al. 1999;
Albuquerque et al. 2009; Harpsge et al. 2013; Dani 2015; Nosaka and Wickens 2022). Varied
nAChR densities across regions could also play a key role in these differences. Different
localisation of NAChRs at DA axons in relation to cholinergic release sites might also be a
source of disparities.

Any regional differences concerning the Chls and their transmission could be
responsible for these disparities at DA axons. The gradient of decreased Chl density along
the anterior-posterior axis (Matamales et al. 2016) could impact the amount of ACh release
upon electrical stimulation. Regional variations in catabolism of ACh by
acetylcholinesterase (AChE) through a difference in the enzyme’s efficacy or density could
also affect ACh level and in turns affect the activation of nAChRs.

However, these regional differences may as well arise from different composition of
the axons themselves, therefore changing their response to nAChR activation. For example,
VGSC density might be different in each region. The axons innervating the DLS display more
branching than in the NAcC and might therefore be more prone to propagation failure and/or
require different types or density of VGSCs to support reliable propagation of APs. Another
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potential master regulator of short-term plasticity and DA axonal excitability is the DAT
(Ingram et al. 2002; Cragg and Rice 2004; Condon et al. 2019), which is known to be
differentially expressed between striatal regions (Block et al. 2015). Indeed, DAT exhibits
electrogenic properties, such as generation of a depolarising inward current upon DA uptake
(Carvelli et al. 2004). Thus, the DAT could also partially contribute for the post-initial spike
depolarisation or to the regionally different after-spike behaviours of the membrane when

nAChRs are blocked.

4.4.5. Subsequent population spike during pulse-trains: deciphering

actual membrane voltage changes from sensor dynamics

Our data also revealed that when nAChRs are active, the amplitude of subsequent
population spikes is limited during pulse-trains. The limited amplitude of the population
spikes is unlikely to reflect such small depolarisation on each individual axon within our ROI.
Although spike at those axons could be of slightly smaller amplitude (such as demonstrated
upon GABA.R agonist application by Kramer et al., 2022) the all-or-none fundamental
property of APs prevents its amplitude to be so strongly reduced. Itis therefore possible that
the non-linearity of the ASAP5f sensor in relation to voltage distort the shape of our signal,
and depicts AP which ride on top of a prolonged depolarisation as smaller depolarisation
than they are in mV. Indeed, the sensor is mostly linear very hyperpolarised potentials until -
20 to -10 mV after which the relation between change in fluorescence and membrane
voltage becomes much less steep (Hao et al. 2024).

These smaller population spike could also reflect that only a small proportion of axons is
able to create a spike, and that most axons are unable to be further depolarised. This

explanation is not mutually exclusive with the previous one, and whenever axons are able to
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spike despite the prolonged depolarisation, these spikes might be smaller in amplitude too
(Kramer et al. 2020).

Our accompanying GCaMP8m data also revealed limited Ca?* transient during pulse-
trains when nAChRs are active. This data matches out hypothesis that these smaller

population spikes are causing smaller Ca?* event resulting in less DA release.

4.4.6. VGSC unavailability is downstream of nAChR-mediated STD of DA
release

This study highlights the role of VGSC downstream of nAChR activation at DA axons. In
first instance, our findings show that reduced population spike height occurring when
nAChRs are active are likely to be a result of unavailability of VGSCs at DA axons. VGSCs are
responsible for the upstroke of action potential (Hodgkin and Katz 1949). They activate and
inactivate rapidly, from membrane potential as low as — 60 mV (Hodgkin and Huxley 1952c,
a, d; Hodgkin 1958) and are de-inactivated by hyperpolarisation (Dodge 1963; Hille 2001).
Therefore, during pulse-trains and following nAChR-mediated depolarisation, the pool of
available VGSCs is likely to be compromised, as little or no repolarisation has occurred
between initial pulse and the subsequent ones.

These effects of NAChRs can be mimicked by partial inhibition/activation of VGSCs using
three different ligands — including very low TTX concentrations, rufinamide which prolongs
inactivation of VGSCs, and veratridine which prolongs the open state of VGSCs) giving
support to the notion that nAChR activation does indeed limits VGSC availability. The
prolonged depolarisation is however also conditional on the DA axonal membrane not being
able to repolarise rapidly. It therefore suggests that after the initial nAChR-mediated

depolarisation VGKCs are unable to efficiently and rapidly repolarise the membranes.
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Modelling conductances through DA axonal membrane might enable to disentangle the time

course and role that each different channel type has to play in this process.

Finally, the exact type of VGSCs expressed at DA axons is not known. In DA neurons from
the midbrain, TRAP data from SpatialBrain (Kilfeather et al. 2024) revealed a relative
enrichment in the SCN2B and SNC3B genes coding for B-regulatory subunits of VGSCs, and
in SNC3a coding for the intrinsic a3 subunit (Na,1.3). Mutations in the former (B-subunits)
are known to be involved cardiac atrial fibrillation (Lin et al. 2022a), and the latter (a-subunit)
is involved in epilepsy (Liao et al. 2022). However, no information on whether these are
located at the axonal level. Plus, since the structures of VGSCs is largely conserved within
this family of channels, pharmacological agents allowing discrimination between channel
types and subunits is extremely limited. Finer dissection of the mechanisms downstream of
nAChRs activation would therefore require better access to genes for instance.

In order to circumvent these issues in the mouse brain, we took advantage of the highly
conserved and more easily manipulable genes from Drosophila melanogaster to investigate
the mechanisms downstream of nAChR activation in the next Chapter (Chapter 5). Indeed,
the fly brain also provides a simpler and well understood circuits with unrivalled mechanistic
insight of behavioural relevance. Plus, the Drosophila mushroom body offer pertinent ACh-
DA interaction within its a centre for olfactory learning, the mushroom body.

Our inter-phylum approach could uncover conserved mechanisms and common function of
cholinergic modulation of DA release by linking molecular mechanisms to the behaviourally

relevant signals.
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5.1. Introduction
5.1.1. Function and anatomy of the fly’s centre for associative learning

and memory: the mushroom body (MB)

The fly mushroom body (MB) appears to support functions homologous to the
striatum. Indeed, similarly to the striatum which has been associated with reward learning
(Schultz 1986; Schultz et al. 1997; McFarland et al. 2003; Sellings and Clarke 2003; Ikemoto
2007) motor functions and goal-directed behaviour (Graybiel et al. 1994b; Knowlton et al.
1996; Yin and Knowlton 2006) , the MB has been demonstrated to be the seat of associative
learning (Tempel et al. 1983; Tully and Quinn 1985; Waddell 2013), memory (Pascual and
Préat 2001; Folkers et al. 2006; Aso et al. 2010; Waddell 2010), motivation (Krashes et al.
2009; Perisse et al. 2016; Burnett et al. 2016), as well as directing approach or avoidance
behaviours. Akin the striatum, these functions rely heavily on the activity of DA neurons

(DANSs) which densely innervate the mushroom body.

The MB is comprised of three main cell types (Aso et al. 2014a, b): the presynaptic
fields of cholinergic Kenyon Cells (KCs) and dopaminergic neurons (DANs), and the post-
synaptic fields of mushroom body output neurons (MBONSs).

The MB is formed by the parallel axonal projections of 2 000 Kenyon-cells (KCs) that are
arranged in L-shaped structures and separated into lobes, the a, a’f’ and y lobes. These
mainly cholinergic neurons (Aso et al. 2014a) provide the MB with multisensory information
(Ito et al. 1998; Vogt et al. 2016; Okray et al. 2023), although they mostly receive olfactory
inputs. They are third-order olfactory neurons and relay olfactory information through sparse

coding (Turner et al. 2008; Ito et al. 2008; Honegger et al. 2011). A study looking at calcium
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dynamics at the KCs cell bodies (Honegger et al. 2011) has suggested that single compound
odour activated around 5% of the 2 000 intrinsic KCs, and that upon first encounter with an
odour, the activation pattern amongst KCs is random, and that the same neurons will fire
again upon second application of the same odour. Associative memories integrating the
animal’s internal state and context are believed to reside at synapses between KCs and
MBONSs (Cognigni et al. 2018).

Next, the MBON dendrites tile the MB lobes into 15 distinct compartment (Aso et al.
2014b). These cells are mainly glutamatergic, GABAergic or cholinergic neurons (Aso et al.
2014b). Activity across the MBON network ultimately skews behaviour towards approach or
avoidance of learned cues. Artificial activation of a single MBON using optogenetic tools can
skewed behaviour towards approach or avoidance of an odour (Aso et al. 2014b). Studies
have also highlighted that MBONSs can project back to the MB, contra- or ipsi-laterally and in
different compartments (Aso et al. 2014a).

Finally, axons of specific and discrete groups of DANs overlap with the specific
MBON dendrites and KC axons within each of the 15 MB compartments (Aso et al. 2014b).
Some compartments are innervated by as little as the axon of a single DAN (Tanaka et al.
2008; Krashes et al. 2009; Aso et al. 2014a). DANs have extremely dense and branched
axons (Aso et al. 2014a; Otto et al. 2020) reminiscent of the axonal arbours of striatal DA
neurons (Matsuda et al. 2009). They are crucial in the functioning of the MB as they provide
teaching signal, internal state and motivational control to the MB (Mao and Davis 2009;
Waddell 2010; Watabe-Uchida and Uchida 2018). During learning, DAN activity is thought to
depress the strength of synapses between the cholinergic odour activated KCs and the

MBONSs dendrite located in the same compartment (Aso et al. 2014a; Perisse et al. 2016).
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The architecture of the MB, although overall more anatomically and functionally more
segregated, can be compared to that of the striatum in the way that they both rely on DA
release to modulate the signal of their output neurons —the MBONSs in the MB and the MSNs
in the striatum —which ultimately drive behaviour. While the main function of cholinergic KCs
is generally defined as providing sensory information to the MB, the information Chls encode
is still debated (Morris et al. 2004; Schulz and Reynolds 2013; Aoki et al. 2015; Fleming et al.

2022; Bouabid et al. 2025), but could also carry sensory information (Schulz and Reynolds

2013).
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Figure 5.1: Schematic of simplified circuits within the mouse striatum (left) and the Drosophila
mushroom body (right).

5.1.2. Role of DANs in the MB

In the fly MB, DANs are functionally heterogeneous. Indeed, some DANs - such as
those from the Protocerebral Anterior Medial (PAM) cluster code for reward while others,
such as those from Protocerebral Anterior Lateral 1 (PPL1) cluster seem to be mainly
responsive to aversive stimulus. Within each of these clusters discrete subsets innervating
anatomically segregated compartments also code for behaviourally relevant rewarding or
aversive signals. For example, sweet taste, nutrient value or water reward are encoded by
different identifiable PAM DANs subsets which can differentially trigger the formation of
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short (STM) or long-term memory (LTM) (Krashes et al. 2009; Burke et al. 2012; Lin et al.
2014; Huetteroth etal. 2015; Felsenbergetal. 2017, 2018; Senapati et al. 2019). Conversely,
aversive reinforcement is encoded by PPL1 DANs innervating mostly the vertical
compartments and peduncle of the mushroom body (Claridge-Chang et al. 2009; Aso et al.
2010, 2012; Galili et al. 2014; Perisse et al. 2016; Jacob and Waddell 2020; Meschi et al.
2024).These neurons are responsive to signals such as bitter taste, foot shocks and have
recently been shown to be involved in memory linked to repetitive-aggression in males
aggression (Kim et al. 2018). DANs innervating the mushroom body can also integrate the
internal state of the animals, which modulate their activity in order to exhibit the appropriate
state-dependent memory. Activity in DANs innervating specific MB compartments have also
been shown to correlate with movement (Berry et al. 2015; Cohn et al. 2015; Siju et al. 2020).
Altogether DANSs integrate a multitude of signals and enable skews the MB network towards
expression of the appropriate behaviour.

In brief, axons of DANs providing positive value to a stimulus overlap with the dendrites
of MBONSs driving aversion, and axons of negatively reinforcing DANs overlap with dendrites
of approach-driving MBONSs (Aso et al. 2014a) (Figure 5.2). Therefore, for the appropriate
behaviour to arise, the MB network balances activity such that rewarding DANs depress
synapses onto avoidance directing MBONs - ultimately creating ‘less avoidance’ and
therefore more approach — and aversive DANs synapses depress odour activation of
approach directing MBONSs - creating ‘less approach’ and ultimately leading to avoidance

(Felsenberg et al. 2017, 2018).

Although these DA mediated-processes are thought to be regulated by phasic or burst-

like activity in the appropriate subset of DANSs, there have been report of tonic activity in
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DANs innervating the MB (Placgais and Preat 2013; Cohn et al. 2015; Aimon et al. 2019; Siju
et al. 2021). A recent suggests that the tonic level of activity in the DAN innervating the y1-
pedc compartment of the MB signals codes for the modulation in internal state in particular
related to hunger (Meschi et al. 2024).

Finally, DANs can modulate the strength of KCs-MBONSs synapses through four types of
DAreceptors known in Drosophila. Akinto mammals, these receptors have differentkinetics
and sensitivity to DA, the two D1-like receptors (Dop1R1 (Dumb) and Dop1R2 (Damb)) have
low affinity for DA and respond better to changes in phasic levels, while the D2-like receptor
(Dop2R) has a higher affinity and is thought respond better to changes in tonic levels of
DA(Siju etal. 2021). In addition, DopEcR (dopamine/ecdysteroid receptor) a third type of DA
receptor is also expressed in Drosophila. Co-expression of several of these receptors on
target cells is common. Single-cell sequencing studies (Croset etal. 2018; Kondo et al. 2020)
have demonstrated that two to four DA receptors can be expressed on axons of KCs, each
type being involved in different aspect of memory formation and updating (Pavlowsky et al.

2018; Handler et al. 2019)
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Figure 5.2: Schematic of MB connectivity modified from Cognigni et al, 2018.
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5.1.3. ACh-DA interactions within the MB

As explained above, DAN-to-KCs synapses have been extensively studied. However,
little is known about the reciprocal axo-axonal KCs-to-DANs synapses.
A study revealing the MB connectome in adult Drosopohila (Takemura et al. 2017) highlights
anatomical connections between the KC and DANs at the level of their axons often occurring
within tripartite or rosette synapses. Unfortunately, these tripartite synapses are often not
accounted for clearly in the downstream/upstream count of synaptic partners (Otto et al.
2020). Plus, the study does not explore the pre-synaptic KC to post-synaptic DAN
connections. Another study presenting the connectome data of the larval brain (Eichler et al.
2017) also accounts for some KC-to-DAN connections, however no description of such
connections is discussed. Considering both that both of DA and ACh are released by en-
passant synapses (Takemura et al. 2017), localisation of physical connections between KCs
and DANs might not be possible.

ACh inputs from KCs onto DA axons have been shown to be involved in aversive
leaning (Cervantes-Sandoval et al. 2017). Cervantes-Sandoval et al.,2017 suggested that
nNAChRs expressed by DANs play an essential role in aversive learning. Indeed, when
preventing the Drosophila al, a4 and a5 nAChR subunits translation in specific aversive
DANSs, flies would show a decreased learning score when trained to pair an odour with an
aversive cue. They also showed that silencing KCs dampened the odour response of the
a2a’2 PPL1 (aversive) DANs measured with GCaMP6s, as well as drastically reduced the
response to foot shocks provided along with an odour in the same a2a’2 PPL1 DANs.
Surprisingly, response to shocks alone was also dampened by silencing KCs, suggesting that

KCs would also be necessary for shock response even when no odour is presented.
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Other evidence of cholinergic modulation of DA release in flies was found in the
ventral nerve chord (VNC) of Drosophila larvae (Pyakurel et al. 2018). This study found that
puffing an external solution containing ACh elicits DA release in the VNC, and nAChRs are
necessary to elicit release (Pyakurel et al. 2018). This study therefore supports that, in the fly
nervous system, nAChRs on DA axons can also promote DA release upon application of ACh
or nicotine similarly to what happens at mammalian striatal DA axons (Rice and Cragg 2004;

Wang et al. 2014a, a).

Although few pieces of evidence suggest axo-axonal cholinergic modulation occurs in
the fly CNS and in particularly in the MB, clear molecular and behavioural link has yet to be
established. Plus, the precise release dynamics of each neurotransmitter and their potential
interaction remain to be established as release patterns from neither KCs nor DANs have

been studied directly in the context of associative learning.

5.1.4. Comparison of nAChR subunit enrichment in DANs within the MB in
flies and striatum in mice

In Drosophila, 10 nAChRs subunits have been identified (Da1-Da7 and Dp1-
DB3) (Schloss etal. 1991, 1992; Schulz et al. 1998, 2000; Chamaon et al. 2000; Jones et al.
2007). This compact family of nAChR genes is however mainly composed by nAChR genes
homologous to that of human and mouse nAChRs (Rosenthal and Yuan 2021) with the
exception of one DB3 subunit (Lansdell and Millar 2002).

To confirm the presence of nAChRs on DANSs, as well as explore their subunit
composition, | took advantage of an existing unpublished single-cell dataset of the fly brain

available in the Waddell lab. | used a pre-annotated dataset (by Dr. C. Treiber) containing
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identifiable subsets of DANs innervating the MB. | focussed on extracting the information of
nNAChR subunits expression from subsets of DANs that are known to code for aversive
reinforcement, since literature suggest these are where the reciprocal ACh-DA interaction
occur (Cervantes-Sandoval et al. 2017). Interrogating the single cell sequencing dataset
revealed that the Da5, Da6 and DB1 are the most expressed subunits in these fly DANs,

along with Da1, Da7 (Figure 5.3 A).
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Figure 5.3 : Identification of nAChR subunits present in aversive DANs innervating the fly MB and their
orthologs in the mouse.
A: nAChR subunit expression levels in aversive DANs innervating the Drosophila MB. Expression levels for each
subunit was averaged over 32 replicates. Average + SEM.
B: Table showing the correspondance between Drosophila nAChR subunit and the top orthologous genes in
mouse (Mus musculus) revealed with DIOPT v8.5 using protein alignment. DIOPT combines fifteen different
alignment methods, and the score reflects how many of these predicted two genes to be orthologs. The
similarity column indicates how similar the amino acid sequences are, taking in account the substitution of
amino acids by others with similar properties. The identity reveals how many amino acids are exactly matching
between the two aligned sequences

Since Drosophila and mouse genes are homologous but their nomenclature is different, |
used DIOPT v8.0, an ortholog prediction tool (Hu et al. 2011) to identify what mouse nAChR
subunit are the closest the ones enriched in PPL1 aversive DANs in Drosophila (Figure 5.3
B). | have selected the highest ortholog matches between the two species for each
Drosophila gene tested (Figure 3 B). The DB1 gene shows 57% similarities with both 1 and
B2 mouse genes. The Da5 and Da6 seem to both mostly resemble most the murine a7 gene.
Finally, the Da1 gene shares 60% similarities with the mouse a6 gene. In the mouse striatum,

a4/B2-containing NnAChRs prevail (Exley and Cragg 2008; Exley et al. 2008, 2011, 2012b).

173



Although the subunit composition of nAChRs receptors seems different from the striatum, it
is likely that, like in the striatum, nAChRs in Drosophila aversive DANs are heteromeric, i.e.
comprising both alpha and beta subunits. Nevertheless, little is known about the kinetics of
these channels in the context of DA axons, and they could potentially possess similar

properties and kinetics across species.

5.1.5. Overarching aims of the inter-specie approach

The use of a model with identifiable and behaviourally relevant clusters of
dopaminergic neurons (DANs) as well as easy access to gene, such a Drosophila
melanogaster, could help finding potentially conserved candidate mechanisms for nAChR-
mediated modulation of DA release as well as a potential common function for this
modulation by linking molecular mechanisms to the behaviourally relevant signals.
Furthermore, crosstalk between models allows us to formulate clear hypothesis to be tested
in flies based on what has been found in mice while circumventing the more complex striatal
mouse circuitry.

In this chapter, | first present the data obtained during the optimisation GRAB sensor imaging
in live flies by revealing DA and ACh release patterns in response to odours and foot shock in
live Drosophila using GRABpazm and GRABacha.4 Under a 2-photon microscope.

Next, | investigated the impact of ACh release on DA release in live flies, with the aim of
uncovering the potentially conserved mechanisms of DA release modulation downstream of

nAChR activation on DA axons.
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5.2. Methods

5.2.1. Fly strains

All fly stocks were reared on standard cornmeal and agar food with active yeast at
25°C, 40-60% relative humidity and under a 12:12 h light cycle.

Fly strains were all acquired from the Bloomington Drosophila Stock Centre (BDSC),
apart from the UAS-GRABchs.4« Who had been given to the institute directly by the Li lab. We
used the OK107-GAL4 (BDSC: 44404)(Aso et al. 2009) strain to target all KCs, and the
MB504B-GAL4 (BDSC: 68329)(Galili et al. 2014; Aso et al. 2014a) strain to target DANs
innervating the y1-peduncle compartment of the MB that has been shown to be responsive
to negative reinforcement and involved in aversive learning (Aso et al. 2010). We used newer
versions of the GPCR-activation-based protein (GRAB) sensors for DA (Sun et al. 2018,
2020) and ACh (Jing et al. 2018, 2020) called UAS-GRABpa2m (BDSC : 90878) and UAS-
GRABachs.4.

The GAL4/UAS (Brand and Perrimon 1993) system which allow cell-specific gene
expression in Drosophila. GAL4 is a transcription factor needed enhance expression of the
gene downstream of the UAS-sequence. Expression of GAL4 can be targeted to specific
group of cells defined by a particular marker. A protein of interest can be placed after the UAS
and will only be expressed in cells which also express the GAL4 gene. Therefore, crossing a
fly line in which GAL4 are under the promoter of specific marker genes with a fly line
containing a gene of interest (such as the gene encoding for GRAB sensors), will result in an

offspring line in which the gene of interest is only expressed in certain, chosen cells.
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5.2.2. Live functional imaging in Drosophila

Virgin females from UAS-GRABpa2m and UAS-GRABchs.s Were crossed to male flies from
either OK107-GAL4 or MB504B-GAL4 lines to obtain the following lines (Figure 5.4 C):
- 0OK107-GAL4 x UAS-GRABcha.s Where GRABcha4 is expressed in all KCs
- OK107-GAL4 x UAS-GRABpa2m Where GRABpazmis expressed in all KCs
- MB504B-GAL4 x UAS-GRABpa2m Where GRABpaamis expressed in in the DAN innervating
the y1-peduncle compartment of the MB.
Mixed sex flies aged between 10 to 20 days were used for functional imaging
experiments. For experiments comparing internal state of hunger, the starved condition

refers to flies which were food-deprived on 1% agar for 15 to 19 h before recording.

Flies were first briefly (> 1 min) anaesthetised on ice, before being were mounted in a
custom-made stage and positioned so that the top of their head lies in the window — small
hole — of the stage. Their wings were waxed the back of the stage, as well as the tip of the
abdomen. The head was secured to the back of the stage by placing a thin wire — stuck to the
platform using wax — across the neck with enough pressure to maintain the flies without
damaging the neck. Similarly, the proboscis was secured in an extended position using a
second wire, so head and brain movement are minimized by preventing proboscis extension
reflex. Finally, the head was secured to the platform by light waxing of the top of the eyes to
the back of the stage, while avoiding wax to block antennae and damaged brain by touching
the cuticle at the top of the head between the eyes. The legs and antennae were left freely
moving (Figure 5.4 A).

Next, the head capsule was opened by hand using thin forceps under a binocular

microscope and under oxygenated buffer solution (95% O,, 5% CO,) (103 mM NaCl, 3 mM
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KCL, 5 mM N-Tris, 10 mM trehalose, 10 mM glucose, 7 mM sucrose, 26 mM NaHCO;, 1 mM
NaH:PQO4, 1.5 mM CaCl,, 4 mM MgCl,, osmolarity 275 mOsm, pH 7.3). To avoid fluorescence
contamination during recordings and allow for visual better access to structure deep in the
brain, fat and tracheas were removed from the surface of the brain. During this step, special
care was accorded to preserve the integrity of the brain and the neural connections between
the brain and the antennae. Next, flies were left to recover in the dark for a minimum of 5 to
15 min before being placed in the recording chamber.

Individual flies in the recording chamber were placed under a two-photon microscope
(2P, Scientifica), in front of the odour port, and above an electric shock grid which was
positioned in contact with the fly’s legs. However, the legs were still allowed move which
avoids potential burns or the flies and short circuits. The electric shock grid is built such that
the circuit is completed only when the fly’s leg touches the positive and negative bands at
the same time. This system however has the caveat of not providing shocks are each
stimulation since the flies have to position their legs in a particular way to receive the current.
Finally, this also does not allow us to control for the length nor the intensity of the shock
received despite fixing them to six 1.5 s long 90V electric shocks provided over for 1 min
(0.1Hz). In order to monitor when a shock was actually received by the fly, we created a
custom-made device that visually signalled when the circuit was completed, and current
was going through. The visual information was recorded and synced to the functional
recording.

A 40x, 0.8 NA water immersion objective and wide field blue laser (A=470 nM) were used
to locate the region of interest (ROI). The ROl was visually assessed from anatomical
landmarks and the hemisphere it was selected in was randomly assigned. Next,

fluorescence was excited using ~140 fs pulses, 80 MHz repetition rate, centred on 910 nm
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generated by a Ti-Sapphire laser (Chameleon Ultra Il, Coherent) and the ROI region was
adjusted and zoomed in x 4 when recording from the y1-peduncle DAN (MB504B-GAL4 line).
The start of the recording (controlled by Scanlmage 3.8 software) was synced to the start of
the protocol controlled custom-made in conjunction with the odour delivery system (Shang
et al. 2007). Images (256x256 pixels) were acquired at 5.92 Hz using a with a 40x, 0.8 NA
water immersion objective.

Each nrepresents afly, and each fly was presented with a single protocolin order to avoid

potential confound of learning or plasticity induced by the protocol presented.
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Figure 5.4 : Functional GRAB sensor imaging in live flies under a two-photon microscope

A: Schematic of the set up for functionalimagingin live flies. Legs and antennae are left intact and freely moving.
The fly is attached to a custom-made platform by the wings and abdomen. The head capsule is open,
submerged by external solution and exposed to the microscope (two-photon, 2P) through a small whole in the
platform. The flies are placed onto a shock grid, and in between an odour port (in front of them) and a vacuum
port (behind them).

B: Example of a field of view during recording from the y1-peduncle compartment. The raw fluorescence was
extract from the yellow ROI. The background fluorescence was extracted from zone delimited by the brown
line.

C: Schematic of the different genotypes and where the recordings were taken from.

D: Schematic of the protocol with successive 10 s presentation of solvent and odour.

E: Schematic of the protocol which allow for testing the ACh>DA interaction.
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5.2.3. Odour delivery and foot shock protocols used for functional imaging

in Drosophila

The odour delivery system used in this body of work is a custom-made system
providing a constant airflow in which either odorants or solvents can be mixed through(Shang
et al. 2007). Odours (3-Octanol (OCT) and 4-methylcyclohexanol (MCH)) were diluted in
mineral oil (solvent) to 1 x 10 M. These odours and concentration are the commonly used
in learning paradigms especially for T-mazes (Krashes and Waddell 2011a, b), and therefore
were good starting points for this study, and left the opportunity to potentially do behaviour

using odours matching the functional imaging.

We used a first protocol (Figure 5.4 D) to confirm that ACh is indeed release from KCs
in response to odour presentation as expected from the literature, and presented in
sequence: 10 s of odour or solvent separated by 30 s of airflow to leave enough time for the
previous odour to be fully dissipated before the next one is presented. The flies are facing the
odour port, and a vacuum port to help extract odours is place at the behind the flies and is
active throughout. The first 10 s presentation was a presentation of the solvent (mineral oil),
then MCH and finally OCT both diluted in mineral were presented, all presentation inter-
spaced by 30 s of air. This sequency was repeated twice, so each odour was presented twice
to the fly. At the beginning of the protocol, 25 s of air in order to allow the fly to habituate to
the air flow, and to allow for the initial short exponential decay in fluorescence seen in the
recordings to reach a plateau.

Next, we used the following protocol to assess whether prolonged odour presentation

(1 min long) would evoke sustained neurotransmitter release. Similarly to the first protocol,
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airflow was first presented for 30 s, followed by 1 min or either MCH or OCT (both diluted in
mineral oil).

Finally, we wanted to assess whether DA release from the aversive stimuli responsive
y1-pedc compartment of the MB during foot shock was altered by the presence of AChin the
environment. We therefore designed a protocol (Figure 5.4 E) such as: we could record
responses to foot shock only, when only DA is release, then, we could control for the integrity
of the olfactory system by monitoring DA release to odour onset, which also infers ACh is
release upon odour presentation too, and finally, we would present both the shocks and the
odour at the same time to compared DA release in the shock + odour condition compared to
the shock only condition.

First, 30 s of air were presented in order to allow the fly to habituate to the air flow, and
to allow for the initial short exponential decay in fluorescence seen in the recordings to reach
a plateau. Next, 1.5 s-long 90 V electric shocks were presented 6 times over 1 min at a rate
of 0.1Hz. Electric shock of 1.5 s at 90 V spread over 1 min are traditionally used for aversive
learning in T-mazes (Tully and Quinn 1985; Krashes and Waddell 2011b) although the rate
used is 0.2 Hz. We chose a lower rate of 0.1 Hz to allow signal to go back to baseline after
the rise in DA evoked by electric pulses. An airflow was also presented during shock
presentation. After the end of the shocks, there was a 45 s break during which only air flow
was provided.

Next, we presented an odour for 1 min, as a control for the integrity of the olfactory
pathways. This step was placed after the shock to avoid any associative learning to arise. If
there no response to the odour onset was detected, the signal from that fly was discarded

altogether, because we could not exclude the possibility that either antennae or neuronal
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connection had been damaged and therefore could not infer that ACh would be release in
response to the odour. After the odour presentation, 45 s of clean air was presented.
Finally, the shock + odour condition was delivered as follow: the odour was delivered first for
1 min and the shock sequence (6 six 90 V shock, 1.5 s long, at 0.1 Hz rate over 1 min) was
started 10 s later. The delay in the start of the shock sequence was put in place to avoid
confounding effects of the increase in DA release due to the second odour presentation.
For this protocol, odours presented were either OCT throughout or MCH throughout (both
diluted in mineral oil), and the use of one odorant or the other was chosen at random and

aimed to have an equal splitin the final data sets.

5.2.4. Analysis of functional imaging in live flies

Files were recorded were first manually segmented on FlJI Imagel. The ROl was then
visually drawn around the compartment(s) of interest base on morphological landmarks and
detectable fluorescence. For recordings in the y1-pedcuncle compartment, an aera of the
same size and shape as the ROl was placed in a zone where no fluorescent changes other
than those potentially caused by small brain movements occur to account for those slight
movements and is referred to as the background fluorescence (Figure 5.4 B). In general, fly
movements were small enough such that images did not require registration. Average
fluorescence over time within the ROl and the background-ROIl were from ImageJ and pasted
into excel, along with the information determining the time of odour onset and offset, as well
as the time at which shocks are being received by the flies.

Next, analysis was made using custom-made MatLab codes adapted to the different
protocol used. The fluorescence F was calculated by subtracting the background
fluorescence to the fluorescence extracted from the ROI. The baseline fluorescence F, was
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then defined before each stimulation. For odour presentations, the F, was calculated as the
mean fluorescence F from 11.5 s to 1.5 s before the stim onset. For shock presentations, the
Fo was calculated as the mean fluorescence F between 1.5 s and 0.5 s before shock onset.
Variations in the fluorescence were then calculated as AF/ Fo = (F - Fo)/ Fo. The AUC were
calculated on the AF/ F, traces using the Trapz function in MatLab. The peak AF/ Fo was
defined as the maximum value over the 5 s after shock onset, or 10 s after odour onset on
excel. Responses to shock were averaged per fly, so that each n corresponds to a fly in
graphs related to shock responses — for peak AF/ Fo, AUC or Fo. Therefore, on all graphs, an
corresponds to a fly.

Statistical analyses were carried out using GraphPad Prism as described in section
2.7. and the threshold for statistical significance was p < 0.05. Statistical significance was

reported as: ns p>0.05; * p<0.05; ** p <0.01; *** p<0.001; **** p <0.0001.

5.2.5. Single cell data extraction and analysis

Single-cell sequencing was performed by Dr. C. Treiber as described in (Croset et al.
2018). Data was sorted, analysed and annotated by Dr. C. Treiber (Treiber et al.,
unpublished). From the analysed dataset, we extracted expression levels of NAChR subunits
exclusively from clusters of cells that have been identified as being dopaminergic cells

innervating the mushroom body using custom-made code on R.

182



5.3. Results

5.3.1. Establishing ACh and DA release patterns from odour responsive
Kenyon cells in behaving flies
5.3.1.1. Kenyon cells ACh release dynamics upon short odour

presentation

First, we aimed to assess the release dynamics of ACh from KCs in response to odour
stimulations. We expressed GRABachas (UAS-GRABAcha4) in all KCs (OK107-Gal4). We
recorded from the MB where KC axons are overlapped tightly with DAN axons and MBON
dendrites. In particular, we recorded from the horizontal lobe of the MB (Figure 5.5 A), since
we know DANSs carrying shock information project in some of these compartments.

Flies were exposed to two odours — Octanol (OCT) and MCH - that are commonly
used to train flies in learning paradigms (Krashes and Waddell 2011a, b), and to the solvent
— mineral oil — in which those odours are diluted into. We presented each solution for 10 s
with 30 s intervals in which air was puffed. For the order of presentations, we used the
following sequence mineral oil, MCH and OCT seen on Figure 5.5 B. We expect to find
increase in ACh release upon odour delivery, and a lower or no response to the solvent

mineral oil.

We found that all three solutions tested evoke an increase in AF/F, (Figure 5.5 B and
F) which suggest an increase in ACh release to both odours and their solvent. Nevertheless,
OCT and MCH elicit transients which have significantly higher AUCs than mineral oil does
during the first presentation (Figure 5.5 B, F and G, solvent versus MCH p-value = 0.0035,

solvent versus OCT p-value = 0.0018) and the second presentation (Figure 5.5 B, F and H,
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solvent versus MCH p-value < 0.0001, solvent versus OCT p-value < 0.0001). Therefore,
although KCs are responsive to the solvent (mineral oil), ACh release is mostly due to the
odour mixed in the solvent. Plus, both odours elicit ACh transients with similar AUC for both
presentations (Figure 5.5 B, F, G MCH versus OCT p-value =0.4512, and H MCH versus OCT

p-value =0.1122).

Next, we compared responses between the first and the second presentation for
each solution. The response to mineral oil was significantly reduced (Figure 5.5 F and C),
however it was not completely abolished. For presentation of OCT and MCH, no decline in
AUC was found to be significant for either odours (Figure 5.5 F, D and E). Finally, the AUC
upon second odour presentation is more reduced after mineral oil exposure compared to
MCH and OCT exposure (Figure 5.5 B, F and I, solvent versus MCH p-value = 0.020, solvent
versus OCT p-value = 0.043). These results suggest that although ACh release may decrease
slightly upon second presentation of the solvent, but that KCs seem to release similar ACh

amount in response the first and second odour presentations.
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Figure 5.5 : ACh is released in response to first and second odour presentation.

A: Top, schematic of the genotype used for the experiment. GRABachs.4 is expressed in all KCs labelled by
OK107-GAL4. The recording plane is shown in red and is located on the horizontal lobe of the mushroom body.
Bottom, example of field of view during recording and ROI used for analysis. The dotted line represents the
midline.

B: Mean (+ SEM) of raw fluorescence throughout the experiment over time. Shaded areas represent odour
delivery times. In the whole panel, n = 9 flies undergoing the protocol once each.

C, D and E: comparison of AUC of the transients in response first and second presentation of the solvent (C,
Wilcoxon test, p-value = 0.02), MCH (D, Paired t-test, p-value = 0.287) or OCT (E, Wilcoxon test, p-value =
0.055).

F: Mean (+ SEM) AF/F,in response to solvent (left), MCH (middle) or OCT (right) delivery during first (top row)
or second (bottom row) odour presentation. The shaded area represents the time on odour delivery.
G, H: Mean AUC of each odour during first odour presentation (G, RM One-Way ANOVA F (1.606, 12.85) =
16.01, p-value = 0.0005, with Tukey’s multiple comparison tests), and during second odour presentation (H,
RM One-Way ANOVA F (1.832, 14.66) = 68.13, p-value < 0.001, with Tukey’s multiple comparison tests).
I: Mean of AUC of second odour presentation plotted as a percentage of the AUC from first odour presentation.
RM One-Way ANOVA F (1.981, 11.89) = 8.348, p-value = 0.006, with Tukey’s multiple comparison tests).

5.3.1.2. Kenyon cells ACh release dynamics upon prolonged odour

presentation

In the protocol we use to interrogate the impact of coincident ACh release on DA
release evoked by foot shock, we exposed the flies to an odour for 60 s, to mimic what flies
usually go through during aversive training (Krashes and Waddell 2011b), and to allow

sufficient time for the flies to receive at least one electric foot shock during the session.
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Therefore, we wanted to assess whether ACh release was sustained throughout a prolonged
odour presentation.

Similarly to section 5.3.1., we imaged from the KC axons innervating the horizontal
lobe of the MB from OK107-Gal4 x UAS-GRABxcn4.4 flies (Figure 5.6 A). We exposed them to
either OCT or MCH. We found that, like with 10 s stimulation from section 5.3.1., there is
strong on response with a fast peak in ACh release when the odour first reaches the fly
(Figure 5.6 B, C and D). Although release quickly decreases, it reaches a plateau. This
plateau indicates sustained release throughout the odour presentation as the AUC of the
trace taken over the 60 s of odour presentation is significantly different from zero (Figure 5.6
B and E).

We noticed what seems to be an off response to the odour being turned off. The off
response is likely to be due to transient changes in airflow speed. The signal takes
approximately 30 s to return to pre-odour stimulus baseline. The slow decay could be due to
a few factors. Although quite unlikely due to the presence of a vacuum port behind the fly,
the tail of the signal could be due to the odour still surrounding the flies for few seconds after
being switched off. The slow return to baseline is also unlikely to be due to the intrinsic
properties of the sensor since the off kinetics are faster than the slow decay observed here
(Jing et al. 2020). Finally, it is more likely to be caused by biologically relevant processes
whereby a prolonged exposure to a high odour concentration changes plasticity for release

and flies habituate to the odour (Semelidou et al. 2018).
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Figure 5.6 : ACh released is sustained throughout long odour presentation.

A: Top, schematic of the genotype used for the experiment. GRABachs4 is expressed in all KCs labelled by
OK107-GAL4. The recording plane is shown in red and is located on the horizontal lobe of the mushroom body.
Bottom, example of field of view during recording and ROI used for analysis. The dotted line represents the

midline.

B: Left, mean (* SEM) AF/F, during 60 s of odour presentation. Right, zoom on the first 10 s of odour
presentation, when the peak occurs. In the whole panel, n = 13 flies undergoing the protocol once each with
either MCH or OCT as an odour.

C: Peak AF/F, of odour response within the first 10 s of odour exposure. Grey bars represent the mean. One-
sample Wilcoxon, theoretical median = 0, p-value = 0.0002.

F: AUC of odour response taken over the first 10 s of odour exposure. Grey bars represent the mean. One-
sample Wilcoxon, theoretical median = 0, p-value = 0.0002

G: AUC of odour response taken over the whole 60 s of odour exposure. Grey bars represent the mean. One-
sample t-test, theoretical mean = 0, p-value = 0.0001.

5.3.1.3. Odour presentation triggers DA release from DANs

Finally, we tested whether odour presentation was also eliciting DA release. Although
previous work used indirect methods for assessing neurotransmitter release such as
GCaMP, previous studies (Dylla et al. 2017) suggest DA release should also be elicited by
odour presentation in several compartment of the horizontal lobe of the MB.

We expressed GRABpam (UAS- GRABpa2m) in all KCs (OK107-Gal4). We recorded from
the whole horizontal lobe of the MB (Figure 5.7 A). Although KCs are not known to release
DA, they are in close contact with DA axons within the MB, which allows us to measure DA
release from different compartments all at once to control for a general response to odours.

We found that odour onset triggers a sharp increase in AF/F, (Figure 5.7 B, C and D).
However, although the AUC over 60 s of odour exposure is statistically different from zero
(Figure 5.7 E), the signal slowly decays to return to baseline within 20 to 30 s of odour

exposure (Figure 5.7 B).
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Similarly to ACh release, DA release seems to also be increased as the odour is turned off
after 60 s (Figure 5.7 B), which is likely to be due to transient changes in airflow speed after

the odour is turned off.
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Figure 5.7: DA is release at onset and offset of odour presentation.

A: Top, schematic of the genotype used for the experiment. GRABpaom is expressed in all KCs labelled by
OK107-GAL4. The recording plane is shown in red and is located on the horizontal lobe of the mushroom body.
Bottom, example of field of view during recording and ROI used for analysis. The dotted line represents the
midline.

B: Left, mean (* SEM) AF/F, during 60 s of odour presentation. Right, zoom on the first 10 s of odour
presentation, when the peak occurs. In the whole panel, n = 9 flies undergoing the protocol once each with
either MCH or OCT as an odour.

C: Peak AF/F, of odour response within the first 10 s of odour exposure. Grey bars represent the mean. One-
sample Wilcoxon, theoretical median = 0, p-value = 0.0039.

F: AUC of odour response taken over the first 10 s of odour exposure. Grey bars represent the mean. One-
sample Wilcoxon, theoretical median = 0, p-value = 0.0039.

G: AUC of odour response taken over the whole 60 s of odour exposure. Grey bars represent the mean. One-
sample Wilcoxon, theoretical median =0, p-value =0.0195.
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5.3.2. Exploring modalities for fine tuning of DA release from aversive

DANs

5.3.2.1. DA release evoked by shocks is not impacted by consequent

odour presentation

To test whether ACh has an effect on DA release in neurons responsive to aversive
stimuli, we designed our protocol (Figure 5.8 A) so that we can first test for DA release to
foot shocks in the absence an odour and therefore in the absence of ACh in the environment.
Next, we present an odour as a control for the odour responsiveness of the DANSs, since DA
is released upon odour onset (section 5.3.2). This step allows us to control for the fact that
neither the antennae nor neurons in the odour processing pathway have been damaged
during the surgery. Indeed, if there is no response from DA neurons it suggests that the
odours information might not have been detected or relayed properly, and we cannot be sure
the odour presentation has evoked ACh release from KCs. We provided shock stimulus first
and odour stimulus second to avoid confound of potential associative learning occurring
between the odour and the shocks (Yarali and Gerber 2010; Gerber et al. 2014). Last, we
present an odour at the same time as providing foot shocks so ACh is released due to the
odour stimulation, and DA is also released during each electric foot shock. We can therefore
compare, within the same animal DA release evoked by foot shock in the presence and in the
absence of ACh in the vicinity of the DA terminals.

To achieve this, we expressed GRABpazm in a DAN innervating the y1-pedc
compartment and which is known to be responsive to foot shock (Aso et al. 2010; Villar et al.
2022) and thatis also involved in aversive learning. We imaged the response to shock (Figure

5.8 B and C) and odour stimuli using the protocol described above. The implication of y1-ped
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in aversive learning strongly suggest that some plasticity between KCs and DA could occurs

in this compartment learning.

We first analysed the response to odours (OCT or MCH), as we used that stimulus as
a quality control of our recordings. If no increase in AF/F, was observed upon odour onset,
we did not keep data from this fly, as we couldn’t exclude the fact that its antennae or other
brain regions were damaged and therefore potentially the odour information was not relayed

to the MB and no ACh would be released from KCs.

Similarly to what we observed when imaging the whole horizonal lobe of the MB
(section 5.3.1.3), we found that for the first odour presentation AF/F, increases upon odour
onset in the y1-pedc compartment (Figure 5.8 D, E and F). The signal returns to baseline
within 10 s after odour onset (Figure 5.8 D). Finally, we observed no increase in AF/F, in
response to the termination of the odour, which is likely to be a result of fine tuning to the set
up to limit airflow fluctuation upon odour switches.

The second odour presentation did not elicit a strong peak in AF/F, at odour onset
(Figure 5.8 D). The response to the second presentation of the odour was smaller in
amplitude (peak AF/F, Figure 5.8 E) and in AUC (Figure 5.8 F) compared to the first
presentation. We only compared AUC between first and second presentation over the first
10 s succeeding the odour onset because this is when the rise in the signal is the greatest
(see Figure 5.7 B and Figure 5.8 D), and because shock are also presented during the second
odour presentation, which causes the AF/F, to rise periodically in response to the shocks,

therefore, the comparing the AUC over 60 s of odour presentation would be unfit.
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Next, we assessed whether the shock response (DA release) would be affected by the
presence of ACh (trigger by odour presentation). We compared the increase in AF/F, evoked
by the shock stimulus alone (Shock only condition), and the shocks given while an odour was
presented (Shock + Odour condition). Each n corresponds to an average of all shock
responses from a fly in a certain condition (shock only or shock + odour). We expect to see a
change of DA release when ACh is coincidentally released.

We found no difference in the peak AF/F, between the shock only and shock + odour
condition (Figure 5.8 H and I). No statistical difference in area under the curve (AUC) taken
over 1.5 s (length of the shock) or 5 s (time for signal to return to baseline) were found
between the two conditions either (Figure 5.8 H, J and K).

A small decrease in the Fo was found the response to shock in the shock + odour
condition compared to the shock only condition (Figure 5.8 L). However, a decay in Fo was
also found for the response to odour in the shock + odour condition (which is the second
odour presentation) compared to the first odour presentation (Figure 5.8 G). This suggests
that there is a general decay in Fo which is likely to be due to bleaching, rather than plasticity

decrease baseline levels of DA release.
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Figure 5.8: Shock responses from y1-pedc DAN remains unchanged whether or not an odour is
concurrently delivered.

A: Schematic of the protocol used. Electric foot shock given were 1.5 s long, 90 V, and pretended at a rate of
0.1 Hz. During concurrent odour delivery, the start of the electric foot shock sequence was delayed by 10 s to
allow for odour response to go back to baseline before first shock. Dark grey shaded areas represent shock
times, and light grey shaded areas represent times where an odour is presented to the fly.

B: Schematic of the genotype used for the experiment. GRABpam4 is expressed in the y1-pedc DAN (green)
labelled by MB504B-GAL4. The recording plane is shown in red.

C: Example of field of view during recording and ROl used for analysis. Contrasts have been increased to allow
for better visualisation.

D: Left, mean (+ SEM) AF/F, during odour presentation alone (1% presentation, pink) or odour + shock
presentation (2" presentation, purple). Right, zoom on the first 8 s of odour presentation, where the main
response occurs. In the whole panel, n = 10 flies undergoing the protocol once each with either MCH or OCT as
an odour.

E: Peak AF/F, of odour response within the first 10 s of odour exposure. Grey bars represent the mean. Paired
t-test, p-value = 0.0050.

F: AUC of odour response taken over the first 10 s of odour exposure. Grey bars represent the mean. Paired t-
test, p-value = 0.0016.

G: F, of odour response. Grey bars represent the mean. Wilcoxon test, p-value = 0.0059.

H: Mean (x SEM) AF/F, during shock alone (pink) or shock + odour presentation (purple). The shade area
indicated the time of the shock.

I: Peak AF/F, of shock response. Grey bars represent the mean. Wilcoxon test, p-value = 0.3223.

J: AUC of shock response taken over the shock duration (1.5 s). Grey bars represent the mean. Wilcoxon test,
p-value >0.9999.

K: AUC of shock response taken over the 5 s until signal returns to baseline. Grey bars represent the mean.
Paired t-test, p-value = 0.8992.

L: Fo of shock response. Grey bars represent the mean. Wilcoxon test, p-value = 0.0098.
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5.3.2.2. Internal state alters DA release evoked by foot shocks

Next, we wondered if altering the internal state of the flies could reveal differences in
responses to shocks in the presence or absence of ACh in the environment. In hungry
Drosophila, aversively reinforcing dopaminergic neurons (DANS) are inhibited to provide part
of the hunger-dependent control of the expression of food-seeking memory (Hirano et al.
2013; Placais and Preat 2013). However, inhibiting part of the reinforcement system in food-
deprived flies could potentially undermines its ability to function in aversive learning and
provide relevant teaching signals. Furthermore, data from the lab (Meschi et al. 2024) has
shown that hunger enhances aversive learning. We therefore first tested how hunger impact
naive response to shocks only, and next tested whether starved flies have different

responses to shock only and shock presented at the same time as an odour.

i. DA release evoked by foot shocks is heightened from baseline in

starved animals

In this section, we first compare the odour and shock responses of fed and hungry
animals in order to assess the impact of internal state — here hunger — on DA release in
response to these behaviourally relevant stimulations (Figure 5.9 A).

We expressed GRABpazm in the y1-pedc DAN (Figure 5.9 B and C) known to be responsive to
foot shock (Villar et al. 2022), involved aversive learning and in the expression of aversive
memories relevant to the current internal state of the animal, in particular hunger (Krashes
et al. 2009; Placais and Preat 2013). Hungry flies were starved on 1% agar for 15 to 19h

before recording, and fed flies were fed ad libitum until the experiment.
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We found that responses to the first presentation of the odour are the same between
fed and starved animals (Figure 5.9 D, E and F). Indeed, both peak AF/F, and AUC were not
significantly different between the two states (Figure 5.9 E and F). This indicates that in this
specific MB compartment DA release in response to odour stimuli does not vary depending
on the state of hunger of the fly.

Next, we compared signals evoked by electric foot shocks, and we found that peak AF/F, and
AUC at 1.5 s and 5 s were increased in starved animals compared to when the animal is
satiated (Figure 5.9 H, |, J and K). Therefore, shocks trigger larger DA release events when
the animalis food deprived compared to fed animals.

Finally, we also noticed that the baseline fluorescence Fo, was lower in food deprived flies
compared to the fed flies for both odour response (Figure 5.9 G) and shock response (Figure
5.9 L). This suggest that upon starvation, the y1-pedc DAN is releases less DA in a tonic
manner compared to when the fly is satiated. This lower F, found in starved animals did not
affect the amplitude of the response to odours compared to fed animals and is therefore
unlikely to be the driving force for the increased response to shock observed in starved

animals.
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Figure 5.9 : Foot shock elicits higher DA release in food-deprived animals compared to satiated animals
despite odour response to be the same.

A: Schematic of the protocol used. In this panel, only the naive response to foot shock and the first odour
presentation are compared between fed and starved animals. Electric foot shock given were 1.5 s long, 90V,
and pretended at a rate of 0.1 Hz. Dark grey shaded areas represent shock times, and light grey shaded areas
represent times where an odour is presented to the fly.

B: Schematic of the genotype used for the experiment. GRABpaom.4 is expressed in the y1-pedc DAN (green)
labelled by MB504B-GAL4. The recording plane is shown in red.

C: Example of field of view during recording and ROl used for analysis. Contrasts have been increased to allow
for better visualisation.

D: Left, mean (x SEM) AF/F, during odour presentation alone (1% presentation) in fed flies (pink) and starved
food-deprived animals (light green). Right, zoom on the first 8 s of odour presentation, where the main response
occurs. In the whole panel, n =10 fed flies were used, and n = 10 food deprived flies. Each fly underwent the
protocol only once either MCH or OCT as an odour.

E: Peak AF/F, of odour response within the first 10 s of odour exposure. Grey bars represent the mean. Mann-
Whitney test, p-value = 0.4040.

F: AUC of odour response taken over the first 10 s of odour exposure. Grey bars represent the mean. Unpaired
t-test, p-value = 0.6271.

G: Fo of odour response. Grey bars represent the mean. Unpaired t-test, p-value = 0.0050.

H: Mean (+ SEM) AF/F, during shock alone in fed (pink) or starved (light green) animals. The shade area indicated
the time of the shock.

I: Peak AF/F, of shock response. Grey bars represent the mean. Mann-Whitney test, p-value = 0.0031.

J: AUC of shock response taken over the shock duration (1.5 s). Grey bars represent the mean. Mann-Whitney
test, p-value =0.0.0152.

K: AUC of shock response taken over the 5 s until signal returns to baseline. Grey bars represent the mean.
Mann-Whitney test, p-value = 0.0243.

L: Fo of shock response. Grey bars represent the mean. Unpaired t-test, p-value = 0.0046.
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This data has been included in Meschi et al., 2024 which demonstrated that hunger
enhances aversive olfactory learning and that adipokinetic hormone (AKH) signalling — the fly
functional homolog of the vertebrate glucagon - is required for aversive learning in both
satiated and hungry states. The improved efficacy for aversive learning in food-deprived flies
can be attributed to their hunger-mediated elevated response to shocks as shown in Figure

5.9.

Next, we hypothesised that starvation, by enhancing the response to shock and
improving olfactory learning, could be a way for us to reveal the potential effect of ACh -

released upon odour delivery — in modulating DA release evoked by electric foot shocks.

ii. In starved animals, DA release evoked by shocks is lowered when

shocks are provided in coincidence with an odour stimulus

Since starvation increases the amplitude of DA transients in response to shocks
compared to satiated animals, we wondered whether this heightened sensitivity for shock
could reveal an action of ACh onto the DA terminals. Again, we expressed GRABpazm in the
y1-pedc DAN (Figure 5.10 B and C), and all flies were starved on 1% agar for 15 to 19h
before recording. We exposed each fly to the protocol described in section 5.2.3 and

5.3.2.1.

First, we compared the odour responses during first and second presentation (Figure
5.10 D). Although the AF/F, peak value did not show significant decrease between the first

and the second presentation (Figure 5.10 E) as would be expected from results in fed flies
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(Figure 5.8 D and E), a statistically significant reduction in AUC was found for the second
odour presentation compared to the first one (Figure 5.10 F). Since no differences were
found in the odour response to the 1% presentation between food-deprived and satiated
animals in Figure 5.9 D, E and F, this could suggest that adaptation is handled differently
depending on the hunger state of the animal, since the decrease in release at the second
presentation can only be read out when measuring AUC and not AF/F, peak for food-deprived
animals.

Secondly, we compared responses to shocks in the absence (shock alone) or
presence (shock + odour) of an odour, which causes ACh release in the environment of the
DA axons. We found that although there is a trend towards a decrease in DA response to
shocks in the presence of an odour (Figure 5.10 H) both for the peak AF/F, (Figure 5.10 H)
and the AUC at 1.5 s (Figure 5.10 J), these metrics did not reveal a statistically significant
decrease. However, the AUC at 5 s was statistically reduced in the shock + odour condition

compared to the shock alone condition (Figure 5.10 K).

Similarly to what was observed for fed animals (Figure 5.8 L and G), a small decrease
in the Fo was found the response to shock in the shock + odour condition compared to the
shock only condition (Figure 5.10 L) and for the response to odour in the shock + odour
(second presentation) condition compared to the odour only condition (first presentation)
(Figure 5.10 G). This suggests that there is a general slight decay in Fo over the 200 s of
recording which is likely to be due to bleaching, rather than plasticity decrease baseline

levels of DA release.
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Figure 5.10: Shock responses in food-deprived animals from y1-pedc DAN seems lowered upon
coincident odour delivery.
A: Schematic of the protocol used. Electric foot shock given were 1.5 s long, 90 V, and pretended at a rate of
0.1 Hz. During concurrent odour delivery, the start of the electric foot shock sequence was delayed by 10 s to
allow for odour response to go back to baseline before first shock. Dark grey shaded areas represent shock
times, and light grey shaded areas represent times where an odour is presented to the fly.
B: Schematic of the genotype used for the experiment. GRABpaom.4 is expressed in the y1-pedc DAN (green)
labelled by MB504B-GAL4. The recording plane is shown in red.
C: Example of field of view during recording and ROl used for analysis. Contrasts have been increased to allow
for better visualisation.
D: Left, mean (+ SEM) AF/F, during odour presentation alone (1% presentation, light green) or odour + shock
presentation (2" presentation, dark green). Right, zoom on the first 8 s of odour presentation, where the main
response occurs. In the whole panel, n =9 flies undergoing the protocol once each with either MCH or OCT as
an odour.
E: Peak AF/F, of odour response within the first 10 s of odour exposure. Grey bars represent the mean. Wilcoxon
test, p-value = 0.0645.
F: AUC of odour response taken over the first 10 s of odour exposure. Grey bars represent the mean. Paired t-
test, p-value = 0.0069.
G: Fo of odour response. Grey bars represent the mean. Paired t-test, p-value = 0.0010.
H: Mean (= SEM) AF/F, during shock alone (light green) or shock + odour presentation (dark green). The shade
area indicated the time of the shock.
I: Peak AF/F, of shock response. Grey bars represent the mean. Paired t-test, p-value = 0.0696.
J: AUC of shock response taken over the shock duration (1.5 s). Grey bars represent the mean. Paired t-test, p-
value = 0.1212.
K: AUC of shock response taken over the 5 s until signal returns to baseline. Grey bars represent the mean.
Paired t-test, p-value = 0.0007.
L: Fo of shock response. Grey bars represent the mean. Paired t-test, p-value = 0.0050.
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Altogether this data suggests thatin food deprived animals, responses to shocks seem to be
decreased by the presence of ACh in the environment released by the KCs from odour
presentation. In particular, the width of the transient seems affected as neither peak AF/Fq
nor AUC over shorter period (1.5 s, length of the shock) revealed a significant decrease, but
only AUC taken over a longer period of time (5 s) has shown a drastic decrease when an
odouris presented in coincidence with the electric foot shocks. Therefore, this could indicate
that when flies are food-deprived ACh has an inhibitory effect of DA release in response to

foot shocks.
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5.4. Conclusion and discussion

In this chapter, we explored the potentially conserved mechanism governing axo-
axonal modulation of DA release by ACh in the centre for olfactory learning of Drosophila
melanogaster, and its potential behavioural relevance. The mushroom body is known to
exhibit strong DAN to KC connections which are necessary for the formation and retrieval of
associative learning, however little is known the reciprocal KC to DAN connections. We
decided to focus on the MB compartment involved in aversive learning, the y1-pedc
compartment, within which nAChRs on DA axons are believed to be necessary for normal
expression of aversive memory (Cervantes-Sandoval et al. 2017). We assessed whether
ACh modulates DA release in the presence or absence of an odour (which drives ACh release
through KCs) using GRABach or GRABp, in live Drosophila.

We first established the release patterns of both ACh and DA in response to odour
presentations. We confirmed that ACh was released from KCs upon odour delivery, and
showed that, to a lesser extent, DANs also released DA in response to an odour
presentation. We also confirmed that the DAN innervating the y1-pedc compartment
release DA in response to foot shock which was expected from work using Ca?* sensors in
that compartment (Villar et al. 2022).

Next, we investigated whether the DA release in response to shocks alone would be
different from the DA release in response to shocks given on a background of odour delivery
— and therefore when ACh is present in the environment. We found that DA release was
similar whether or not ACh was present in the environment. We next explored whether
internal state could affect the ACh-DA interaction and found that hunger enhances shock
response inthe y1-pedc compartment, but it does not alter the response to odours. In hungry

flies, coincident ACh release seemed decrease DA release in response to shock, suggesting
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there might be state-specific modulation of DA release by ACh in the y1-pedc compartment
of the mushroom body. This effect could be mediated via nAChRs present at DA axons, but

we could not demonstrate or test their involvement in the present study.

5.4.1. ACh release plasticity in odour responses.

We found that 10 s exposure to the same odour twice did not significantly reduce ACh
release upon the second presentation. This suggest that habituation to a specific odour is
mild in this context. However, over the 1 min long presentation, ACh release isn’t sustained
at initial levels throughout the exposure, suggesting that ACh does adapt on longer time
scales. However, we did not test whether flies habituate to a second prolonged odour
exposure, which therefore might be a confounding effect in this study. Indeed, if ACh release
is decreased upon second 1 min exposure of the same odour, it is possible that in fed
animals, we do not observe an effect of ACh on DA release because very little ACh is actually
being released. Further experiments testing for habituation would be needed, as well as a
potentially shorter exposition time to odour in general, to limit adaptation. A possible
alternative would be to expose the flies to shock+ odour before testing their response to

odour only.

We investigated impact of altering internal state on DA release to shocks and odour in
the y1-pedc compartment. We found that DA response to the first presentation of an odour
is similar between starved and fed animals (Figure 5.9 D). However, in fed animals, we found
a strong habituation as no DA release was seen upon 2™ odour presentation (Figure 5.8 D).

On the contrary, in hungry animals, the second odour presentation elicits similar DA release
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levels as the first presentation (Figure 5.10 D) which highlights an interesting state-
dependent plasticity in the dynamics of DA release.

Finally, it would be interesting to test whether the DA release evoked by odour
presentation is (at least partly) mediated by ACh release through activation of nAChRs
present on DANs. Any plasticity — such as habituation or its state-dependence for example —

could also involved differential ACh release, and potential effect of ACh on DA release.

5.4.2. No difference in shock response in the presence or absence of ACh
in the environment in fed flies: technical limitations or biological process?

We found that DA release evoked by shock did not change in the presence of ACh in the
environment. This could be due, as discussed above before, to a potential lack of ACh
release following prolonged exposure to an odour (1 min) due to habituation. It could also be
due to the slow frame rate used in these experiments. Indeed, despite a lot of optimisations,
we were still limited to 6 Hz for these experiments. As demonstrated in Chapter 4, in mice
the effect of ACh on DA release through nAChRs occurs within ms of one another when
stimulation is synchronised across the circuit. In the context of in vivo recordings in flies,
where activity across the network is not as highly synchronised as on brain slices, the lack of
temporal resolution could prevent us from seeing more subtle changes in the DA release.

The lack of phenotype observed could also be due to the lack of precision with which
shocks are detected in our set up. Indeed, the shock delivery varies greatly from shock to
shock as all shock are not necessarily felt by the fly because they can avoid shocks by
changing their leg placement on the grid. Although | implemented a way to detect the current
when it travels through the fly, | could only extract visual approximate of how much current
the fly receives, and not actual current values. Therefore, the intensity of the shock could not
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be used as a parameter to normalise their response. Plus, since they can move their legs on
the platform, the length of the shock could also vary. Taken together, these factors could
greatly hinder our capacity to compare the signal properly between conditions in relation the
amount of current the fly actually receives.

Despite these experimental caveats, we revealed that in hungry flies, DA release in
response to foot shock was lowered when an odour was delivered at the same time. Since
DA release does not habituate to the second odour presentation in hungry animals, the lower
DA release in the shock+ odour condition could potentially be due to DA vesicle depletion,
which we have not tested for. Finally, further experiments are needed to test the involvement
of nAChRs in this potential axo-axonal cholinergic modulation of DA release. For instance,
the use of RNAI for specific NAChRs subunits expressed in DA neurons could help assess
whether this effect is mediated through nAChRs, and give clarity on what nAChR-subunit

might be involved in this effect.
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6

General Discussion



Midbrain dopaminergic neurons project their extensively branched axons to the
striatum where DA transmission is involved in shaping associative learning and RPE,
sensory-motor processing and goal-directed behaviour amongst many other functions. In
addition to being driven through APs coming from DA cell bodies in the midbrain, DA release
is also highly modulated locally from neurotransmitters present within the striatum, and in
particular by ACh released from Chls. Unravelling mechanisms through which DA
transmission is governed is therefore critical to the understand how DA can shape
behaviours. Furthermore, understanding these mechanisms in healthy animals could
provide insight on how they could be dysregulated in disease, and potentially help identify

new targets for therapies.

The main aim of this body of work was to explore the downstream mechanisms by
which ACh shapes DA release through nAChRs. We hypothetised than nAChRs exert their
dual effect — either promoting or hindering DA release — by modifying the DA axonal
membrane excitability. In this context, we first explored the potential role of VGKCs (chapter
3) in the mechanisms downstream of nAChR activation. We tested whether activation of
nAChRs at DA axons provoked a prolonged inactivation of VGKCs that incapacitated the
membrane from producing subsequent spikes, leaving an apparent inhibition in DA release.
Although altering VGKCs function did affect DA release, our data suggested that VGKCs are
unlikely to be supporting the dual effect of nAChR on DA release. Next, in chapter 4, we
investigated the role of VGSCs. We found that nAChR activation provokes a prolonged
depolarisation at DA axonal membrane, and that lower availability of VGSCs following
nAChRs activation limits the amplitude of subsequent population spikes during a pulse-train
stimulation, which in turn limits subsequent Ca?* entry and consequently also limits DA
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release. In chapter 5, we streamlined a novel approach to study the ACh-DA interaction by
investigating these potentially highly conserved mechanisms in another simple brain of
Drosophila melanogaster. The MB possess similar functions to the basal ganglia in multiple
regards, and hosts relevant ACh-DA connections whose behavioural relevance remain to be
confirmed. Our preliminary data suggest a potential internal-state dependence of axo-axonal
cholinergic modulation of DA release within the MB. In this chapter, | will discuss the main

findings presented in the experimental chapters and their implications.

6.1. Revisiting the involvement of VGKCs in the nAChR-mediated

control of DA release

In this thesis, we investigated the potential role two types of voltage-gated ion
channels in the mechanisms modulating DA release downstream of nAChR activation. We
fist explored the potential role of VGKCs (chapter 3) and next assessed the role of VGSCs
(chapter 4). Although, our experiments from chapter 3 blocking VGKCs in the presence or
absence of nAChR control were unconclusive, our experiments our work in chapter 4
suggested that activity of nAChRs triggers a prolonged depolarisation at DA axons, which
limits the pool of VGSCs available to evoke DA release by pulse-train stimulation Thus, in the
light of these findings, the role of VGKCs in the nAChR-mediated modulation of DA release
needs to be revisited. Indeed, blockage of VGKCs could have impacted the initial spike
produced by electrical stimulation corresponding to the direct activation of DA axon, but it
may have also changed the dynamics of the prolonged depolarisation caused by the
activation of nAChRs at DA axons. Both of these effects might be confounding factors that

we could not disentangle by the sole use of FCV in chapter 3, but may now be re-assessed
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using the voltage imaging technique set up in chapter 4. Differences in VGKCs present on
the DA axonal membrane could also be the cause of the regional differences observed in the
shape of the voltage sensor signal in chapter 4. Plus, specific VGKCs could be involved in

mediating the duration of the prolonged depolarisation.

6.2. Potential in vivo implications of the prolonged depolarisation

mediated by nAChRs activation at DA axons

6.2.1. The controversial role of NAChRs on DA release in vivo

In ex vivo striatal mouse brain slices, DA and ACh strongly and bidirectionally regulate
each other. Synchronised activity of Chls activates nAChR receptors located on DA axons
which depolarises the axons (sometimes reaching spiking threshold), and consequently
triggering subsequent DA release (Threlfell et al. 2012; Cachope et al. 2012; Liu et al. 2022;
Kramer et al. 2022). However, subsequent DA release is hindered by nAChR activation (Rice
and Cragg 2004; Zhang and Sulzer 2004; Zhang and Cragg 2017). In turn, DA has been
demonstrated to exert an inhibitory effect on ACh release mainly through D,Rs located on
Chls (Chuhma et al. 2014; Straub et al. 2014). This inhibitory connection has been
hypothesised to mediate the pause-response exhibited in by Chls in response to reward
stimulus (Goldberg and Reynolds 2011; Gallo et al. 2022), but studies have found that this
pause can also be induced by glutamatergic afferents to the Chls (Zhang et al. 2018b).

However, the study of the behavioural relevance of these interactions in vivo, and the
identification of when, where and how they potentially occur has revealed challenging, in part
due to the complexity of the striatal network. The D,R-mediated inhibition of ACh release has

been demonstrated to occur both ex vivo (Maurice et al. 2004; Deng et al. 2007) and in vivo
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where it is involved in decision making and learning (Aosaki et al. 1994; Gallo et al. 2022;
Chantranupong et al. 2023) . However, studies investigating nAChRs effects on DA release
in vivo depict a much more complex picture. Indeed, some studies reveal a role for nAChRs
as promoting DA release (Kramer et al. 2022; Mohebi et al. 2023). Kramer et al. 2022
demonstrates using patch-clamp at DA axons of mice (DMS) or macaques (Putamen) that
application of B2-containing nAChR antagonist DHBE abolishes spontaneous and evoked
axonal excitatory postsynaptic potentials (axEPSPs) (Kramer et al. 2022), suggesting that
nNAChRs at exert an excitatory effect on DA axons. Mohebi et al. demonstrated thatin NAcC
of unrestrained rats, optogenetic activation of Chls could evoke DA release measured by
GRAB©,. This study also highlighted interesting co-increase of both ACh and DA release upon
receiving a cue associated with unexpected reward or ramping in both ACh and DA release
during approach to a potential reward. During these ‘release’ ramps, no changes in firing rate
occurred at the cell bodies of DA neurons, indicating a local control for this increased
release, likely through nAChR activation, suggesting a key role for Chls and local nAChR-
mediate DA release in motivated behaviours (Mohebi et al. 2023).

Other studies however have attributed an inhibiting effect of nAChRs on striatal DA
releasein vivo (Collins et al. 2016; Zhang et al. 2025). Using FCV in NAcC of malerats, Collins
et al. (Collins et al. 2016) found that antagonising NAChRs increased cue evoked DA release
following Pavlovian conditioning and unexpected reward response and cue, which contrasts
with the findings of Mohebi et al., 2023 in motivated behaviours. Finally, recent work using
GRABpato report DA release in DLS of anaesthetised mice showed an increase in basal DA
tone upon DHBE application, suggesting that nAChRs inhibit tonic DA release (Zhang et al.
2025). Although the authors also drive APs from midbrain DA cell bodies using electrical

stimulation, they do not comment on how potential changes in tonic DA release affect the
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DA response to their stimulations and therefore the effect on phasic release remains to be
investigated.

Finally, studies have also reported an absence of correlation between release patterns of
ACh and DA (Krok et al. 2023). Using GRAB sensors to detect release of both ACh and DA,
they demonstrated that coordination between DA and ACh release arises from extra-striatal
sources suggesting no dependence of DA release on nAChR activation. Other work by
Chantranupong et al. 2023 also reported that preventing ACh release did not affect DA
transientinresponse to reward stimulus (Chantranupong et al. 2023), also suggesting norole
for nAChR modulation of phasic DA release.

Taken together, these studies do not come to a consensus for the potential role of nAChR
activation on striatal DA axons in vivo. Although these studies have covered different regions
of the striatum and different tasks, most of them used the same tools to monitor ACh and DA
release namely the GRAB sensors and occasionally FCV. As suggested in this thesis, nAChR
effect on DA axonal activity and DA release occurs within few milliseconds. Therefore, FCV
and GRAB imaging might not possess the sensitivity and temporal resolution necessary to
investigate these processes. Nevertheless, these studies highlight the importance of nACh
and DA signalling in striatal processing in multiple behavioural contexts. Further

investigations are needed to elucidate the role of these interactions in vivo.

6.2.2. Time-course and kinetics of nAChR-mediated depolarisation at a

population of striatal DA axons

In Chapter 4, we found that in ex vivo mouse brain slices, activation of nAChRs at DA
axons leads to a prolonged depolarisation likely to be due to either Na* entry through the

cation-permeable pore of nAChR or to asynchronous spiking across the DA axonal
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population within our ROl or due to both (as discussed in section 4.4). We found that this
prolonged depolarisation arises approximately 3 to 4 ms after stimulation and lasts
approximately 150 ms. However, transposition of these time-courses to in vivo scenarios
might not be that simple. Indeed, we perform our experiments at a temperature of 32°C
which is lower than mammalian body temperatures that are closer to 36-37°C. Since
kinetics of biological processes heavily rely on the temperature of their environment, it is
highly probable that the time-courses described in this study are modified in vivo. Although
increasing temperatures to body temperature usually shortens time-courses of biological
processes, the amplitude of currents involved might be affected in various manners. A study
using whole cell patch-clamp recording has reported that currents evoked by ACh through
a7-containing NnAChRs could be reduced by raising the temperature from 22°C to 37° (Sitzia
etal. 2011). Therefore, the translation of our data to in vivo scenarios needs to be taken with

care, since time-courses as well as amplitude of these process might be different.

6.2.3. What can we infer about desensitisation of NAChRs?

In Chapter 4 (section 4.3.1.1iii) we attempted to investigate the time-course of the
nAChRs -mediated prolonged depolarisation and probe the duration over which these
channels are desensitised, jie. unable to be activated despite presence of ACh in the
environment. However, our study was limited by strong STD of ACh release evoked by
electrical stimulation in striatal slice. Because of this confound, we were unable to assess
the time-course over which the nAChRs are desensitised. In the literature, very little
information about recovery from desensitisation is available for a4p2-containing nAChRs

(Dani et al. 2000; Giniatullin et al. 2005), and would therefore require further investigation.
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Nevertheless, let’s consider that the time over which nAChRs are desensitised
corresponds at the very least to the duration of the prolonged depolarisation (approximately
150 ms). Given that in vivo Chls tonically fire at rates between 3 and 10 Hz (Goldberg and
Reynolds 2011), it would indicate that nAChR could be constantly desensitised by ACh in
vivo and therefore effectively unable to play a role in the modulation of DA release. However,
optogenetic activation of Chls (anaesthetised mice or in awake rats) evokes DA release from
striatal DA axons (Cachope et al. 2012; Mohebi et al. 2023), suggesting that nAChRs are not
all desensitised in these contexts. Thus, tonic ACh release in vivo might not be sufficient to
activate all nAChRs present at DA axons as opposed to evoked ACh release.

Although the desensitisation kinetics of nAChRs remain unclear, it seems unlikely
that jin vivo nAChRs would be mainly in a desensitised state and thereby not do not exert a
modulatory effect on DA release. More studies would be needed to determine both the
desensitisation time-course of the nAChRs present in the striatum and the role they play on

tonic/basal DA release.

6.2.4. The involvement of VGSCs in nAChR-mediated STD of DA release

could also restrict signal propagation at DA axons

We found that upon nAChRs activation, nAChRs evoke a prolonged depolarisation
which first supports DA release but also compromise the pool if VGSCs available to be
recruited for the formation of a subsequent population spike during pulse trains, effectively
hindering release at subsequent pulses.

VGSCs are known to be involved in the upstroke of AP and are necessary for its

faithful propagation along axons (Debanne 2004; Rama et al. 2018). Thus, our data might
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suggest that, upon repeated stimulation (through pulse-trains) nAChR activity might
effectively locally restrict the propagation of AP along the DA axons by limiting the availability
of VGSCs (Figure 6.1 A). This could affect incoming APs generated at the cell body, and
activity of nAChRs could therefore act as a local filter (Figure 6.1 B). In addition, DA axons
are extremely branched and enriched in varicosities, which can render faithful propagation
of APs difficult.

This hypothesis seems contradictory with the results found by Matityahu et al. 2023
(Matityahu et al. 2023) which suggested that nAChR activation spatially extended the range
of DArelease evoked by a single pulse electrical stimulation and read out using GRABpazmin
striatal mouse brain slices. Although the spatial range of DA release seems initially extended
by single pulse electrical stimulation, data from chapter 4 suggests that within the range of
nAChR activation, VGSCs are highly unavailable to propagate any further stimulation.
Together these data can bereconciled by considering that synchronous activation of nAChRs
initially extends the spatial range of DA release, but this ultimately will also limit faithful
propagation incoming APs (Figure 6.1 A). Finally, the experiments in Matityahu et al. 2023
engage all neurons in the vicinity of the stimulating electrode in a highly synchronous manner,
which is not realistic in vivo and it is therefore possible that the extended range of DA release
is highly exaggerated by the experimental parameters.

Further ex vivo experiments using the voltage sensor and imaging at different ROls
located at increasing distances from the stimulating electrode could help understand the
dynamics of signal propagation in the presence (drug-free condition) or absence (DHBE
condition) of NnAChR control. Further investigation in vivo would be needed to test whether
AP generated at the cell bodies of DA neurons in the midbrain could indeed be attenuated by

local Chl activity.
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Chapter 6
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Figure 6.1: Schematic representing potential scenarios in which signal propagation is altered by nAChR
activity on DA axons.

A: Propagation of signal in a population of DA axons evoked by electrical stimulation in mouse brain slices.
Electrical stimulation activates all cells in its vicinity in a synchronous manner. The dotted curved lines
represent the propagation on the electric signalin general, and below are the corresponding hypothetical traces
reported by voltage sensors expressed in DA neurons in drug-free condition or when nAChRs are antagonised.
Initial spike height is reduced with increasing distance from stimulating electrode both when nAChRs are active
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and when they are not. However, the height of the subsequent population spikes decays faster with increasing
distance from the stimulating electrode when nAChRs are active partly because they are initially smaller but
also because the unavailability of VGSCs (due to prolonged depolarisation cause by nAChRs) prevents them
from spreading further. The amplitude of the nAChR prolonged depolarisation might also be reduced with
increasing distance from the stimulating electrode.

B: Hypothetical voltage sensor imaging along a DA axon when activity at Chls and DA axons is asynchronous.
A Chl releases ACh (represented by the blue hue) which provoked a prolong depolarisation at DA axons, and
few ms later an AP is being transmitted along a DA axon (from right to left). When the AP propagation reaches
the part of the axons that underwent nAChRs activity, VGSCs are unavailable to support the propagation of that
AP along the axon. The blue and pink arrows adjacent to the hypothetical voltage sensor traces represent the
initial height of the nAChR-mediated prolonged depolarisation (at its highest point) and the AP amplitude
respectively.

6.3. Dopamine and ACh in Parkinson’s disease

Parkinson’s disease (PD), affecting approximately 6 million individuals worldwide, is the
second most common neurodegenerative disease (Rocca 2018).

PD patients can exhibit a triad of sometimes highly debilitating motor symptoms, such a
resting tremor, bradykinesia and rigidity, as well as many non-motor symptoms including
loss of smell, sleep disturbances and dementia (Samii et al. 2004; Park and Stacy 2009).
Although this disease is mostly considered an idiopathic disorder, rare genetically inherited
forms exists (Singleton et al. 2003). The hallmark of PD is the degeneration of DA neurons
whose cell bodies originate from the SNc in the midbrain which result in denervation in the
DLS (Hornykiewicz 1998; Sulzer and Surmeier 2013). A second common feature found in PD
patients are the Lewy bodies, constituted by the accumulation of protein aggregates — mainly
comprised of a-synuclein- in the cytoplasm of SNc DA neurons (Spillantini et al. 1998).
Although the role of these aggregates, and whether or not the cell death precedes their
formation is unclear, they have been shown to disrupt presynaptic function including DA
release (Anwar etal. 2011; Janezic et al. 2013). DA denervation to the DLS provokes aberrant
downstream signalling, disrupting basal ganglia activity that leads to the motor symptoms of

PD (Graybiel et al. 1994a).
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Historically, the ACh-DA interaction within the striatum has been seen an
antagonising one, from the realisation that motor symptoms in PD can be treated by pro-
dopaminergic drugs (such as L-DOPA), or anti-cholinergic agents to partly restore striatal
output to other basal ganglia nuclei (Barbeau 1962). This led to the DA-ACh imbalance
theory, whereby DA was believed to mainly exert a powerful inhibitory effect on Chls —and
henceforth ACh release. This would create strong disinhibition in PD, from the loss of DA
neurons, leaving the striatum in a hypercholinergic state. More recent studies — conducted
mouse model for early PD — have nuanced this view and suggested that reinstating healthy
burst firing patterns in Chls in a model of PD — therefore enhancing ACh release — could also
alleviate motor-impairments (Cai et al. 2021). The authors suggested it would in turn
enhance DA through activity at nAChRs. Furthemore, the aberrant Chl activity observed in
PD was shown to arise from downregulation of metabotropic Glutamate receptor 1
(mGLluR1) due to the loss of DA terminals which co-release glutamate (Cai et al. 2021).
Further investigation on the nature of the dysregulated interaction between ACh and DA
release in the striatum, and in particular the potential involvement of nAChRs would be
necessary. In particular, we could apply the use of our voltage sensor in mouse models of
PD to interrogate whether the membrane voltage of DA axons behaves differently from
healthy axons, and if the nAChR-mediated effects on DA axons are similar in healthy animals

compared to PD models.

6.4. Conclusion

Overall, the data presented in this thesis outlined the potential mechanism through which
nNAChRs exert their dual activation on striatal DA release by either promoting or preventing
DA release and described the crucial involvement of VGSCs in this process. These findings
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were enabled by the new use of the GEVI ASAP5f, which allow monitoring of the membrane
voltage of a group of DA axons within the mouse striatum. Finally, parallelwork on Drosophila
melanogaster suggests a potential state-dependent modulation of DA release by ACh within

the y1-pedc compartment of the MB.
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