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Abstract 

The striatum receives dense dopaminergic (DA) input from the midbrain and sparser 

serotonergic (5-hydroxytryptamine, 5-HT) input from the raphe nuclei. While striatal 5-HT is 

known to interact with DA signalling and regulate striatal output, the mechanisms underlying 5-

HT release regulation have remained poorly understood, in part due to technical limitations. In 

this thesis, I used a genetically encoded G-protein-coupled receptor sensor (GRAB5-HT3.0; Deng 

et al., 2024) to investigate how striatal 5-HT release is modulated by dopaminergic, cholinergic, 

and GABAergic systems in acute ex vivo brain slices from both healthy and parkinsonian mice. 

I firstly characterised evoked GRAB5-HT signals and validated their specificity for 5-HT in both the 

dorsolateral striatum (DLS) and nucleus accumbens core (NAcC). Evoked signals were greater 

and decayed faster in NAcC than DLS consistent with greater 5-HT axon innervation density in 

NAcC. For comparison, GRAB5-HT signals evoked in the substantia nigra pars reticulata (SNr), a 

region receiving some of the densest 5-HT innervation in the brain, were an order of magnitude 

larger, consistent with detection of 5-HT and not DA. Furthermore, striatal GRAB5-HT signals 

were significantly prolonged by the selective 5-HT uptake inhibitor citalopram, while unilateral 6-

OHDA injections into the substantia nigra pars compacta (SNc) to lesion striatal DA innervation 

reduced DA release detected by fast-scan cyclic voltammetry (FCV), but did not alter GRAB5-HT 

signals in DLS. Together, these characteristics are consistent with detection of 5-HT rather than 

DA in the striatum. 

I then investigated how local neurotransmitter systems regulate evoked 5-HT release. Activation 

of D1 receptors enhanced 5-HT release, while D2 receptor activation suppressed it; both effects 

were abolished by selective antagonists, confirming receptor specificity. I also found that 5-HT 

release is modulated by cholinergic inputs: blocking nicotinic ACh receptors (nAChRs) or 

activating muscarinic ACh receptors (mAChRs) altered 5-HT release in a region-specific 



 

 xi 

manner, and the mAChR effect required intact nAChRs, suggesting an indirect mechanism via 

ACh release. In addition, I found that simultaneous blockade of GABAA and GABAB receptors 

enhanced 5-HT release, indicating tonic GABAergic inhibition of serotonergic axons. 

In a mouse model of early Parkinson’s disease (PD) overexpressing human wild-type alpha-

synuclein (SNCA-OVX), I observed a compensatory increase in evoked striatal 5-HT release in 

DLS. This increase varied depending on the background dopaminergic and GABAergic tone, 

suggesting that the compensatory mechanisms are dynamically regulated. Additionally, I found 

that D2 receptor-mediated inhibition of 5-HT release was diminished, and SERT function was 

also reduced in the PD model. Moreover, under conditions of dopaminergic receptor blockade, 

GABAergic modulation of 5-HT release was enhanced, implying a shift in the balance of 

inhibitory control in the parkinsonian striatum. 

In summary, this thesis reveals how striatal 5-HT release is tightly regulated by dopaminergic, 

cholinergic, and GABAergic circuits and shows that this regulatory balance is disrupted in early 

PD. By combining real-time 5-HT imaging with pharmacological manipulations, I demonstrate 

region-specific and disease-specific alterations in neuromodulatory control of 5-HT. These 

findings provide new insights into the functional reorganization of striatal networks in PD and 

offer potential targets for future therapeutic intervention. 
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1.1 Thesis overview 

The striatum integrates diverse neuromodulatory inputs to regulate motor control, motivation, 

and learning. While dopaminergic signalling has long been recognised as central to striatal 

function, increasing evidence suggests that serotonergic transmission also plays a critical role. 

However, the mechanisms underlying 5-HT release and its regulation within striatal circuits 

remain incompletely understood, particularly in relation to other modulatory systems such as 

dopamine (DA), acetylcholine (ACh), and γ-aminobutyric acid (GABA). 

This thesis investigates how striatal 5-HT release is shaped by local neuromodulatory inputs 

and how these regulatory mechanisms are altered in Parkinson’s disease (PD). To address this, 

I employed a genetically encoded fluorescent sensor (GRAB5-HT) to characterise the 

spatiotemporal dynamics of 5-HT release across striatal subregions, enabling high-resolution 

analysis of its modulation under both healthy and disease-relevant conditions. Across four 

experimental chapters, I examined the interactions between serotonergic signalling and 

cholinergic, dopaminergic, and GABAergic circuits, as well as their dysregulation in PD mouse 

models. Chapter 3 investigates the characteristics of GRAB5-HT signals in striatum and the 

influence of cholinergic and GABAergic signalling on striatal 5-HT release. Chapter 4 examines 

how DA receptors and reuptake mechanisms affect 5-HT transmission. Chapter 5 explores, in 

turn, the effects of 5-HT4 receptor ligands on ACh and DA signalling, with particular emphasis on 

the role of acetylcholinesterase (AChE). Chapter 6 assesses the potential imbalances in striatal 

5-HT release and its modulation in a mouse model of parkinsonism. 

Together, the studies presented in this thesis provide a framework for understanding how striatal 

5-HT signalling is integrated within broader neuromodulatory networks. This work contributes to 

identifying potential mechanisms through which serotonergic dysfunction may arise in disease 

and offers new perspectives on the regulation of 5-HT within basal ganglia circuits. 
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1.2 The basal ganglia and striatum 

The basal ganglia comprise a group of subcortical nuclei deeply involved in the regulation of 

voluntary motor control, procedural learning, reward processing, and action selection (Graybiel, 

1998; Lanciego et al., 2012). These structures include the striatum, globus pallidus (external 

segment, GPe; internal segment, GPi), subthalamic nucleus (STN), substantia nigra (pars 

compacta, SNc; pars reticulata, SNr), and the ventral tegmental area (VTA) (Bolam et al., 2000; 

Obeso et al., 2014; Rocha et al., 2023). The striatum, receiving extensive glutamatergic input 

from the cortex and thalamus, serves as the primary input nucleus of the basal ganglia 

(Crittenden & Graybiel, 2011) (Fig 1.1). Output from the basal ganglia is primarily relayed via 

the GPi and SNr to the thalamus and brainstem  (Crittenden & Graybiel, 2011; Foster et al., 

2021; Lanciego et al., 2012). 

The connectivity within the basal ganglia is classically described by two parallel pathways: the 

direct and indirect pathways (Albin et al., 1989; DeLong, 1990; Y. Smith et al., 1998). The direct 

pathway facilitates movement by disinhibiting thalamocortical circuits, whereas the indirect 

pathway suppresses movement through a more circuitous inhibitory route involving the GPe and 

STN (Crittenden & Graybiel, 2011; Y. Smith et al., 1998). Dopaminergic input from the SNc 

modulates the activity of these pathways by acting on D1- and D2-type DA receptors located on 

distinct populations of striatal projection neurons of the direct and indirect pathway respectively 

(DeLong & Wichmann, 2007). These circuits are essential for balanced motor control and are 

critically imbalanced in movement disorders such as PD (DeLong & Wichmann, 2007; 

Wichmann & Dostrovsky, 2011). 

Beyond motor regulation, the basal ganglia contribute to a range of cognitive and affective 

functions, including motivation (Mogenson et al., 1980; Wise, 2004), goal-directed learning 

(Balleine & Ostlund, 2007), and reinforcement processing (Robinson & Berridge, 1993). 
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Dysfunctions in basal ganglia circuitry have been associated with neurological and psychiatric 

disorders such as Huntington’s disease, obsessive-compulsive disorder (OCD), and substance 

use disorders (Berke & Hyman, 2000; Ring & Serra-Mestres, 2002). 

1.2.1 Anatomy and function of the striatum 

The striatum derives its name from the striated appearance produced by interleaved grey and 

white matter fibres (Bamford & Bamford, 2019). In primates, the striatum is anatomically divided 

into the caudate nucleus and putamen, which are separated by the internal capsule. In rodents, 

 

Figure 1.1. Simplified schematic of basal ganglia connectivity. A simplified schematic 
illustrating the main connections between the cortex, thalamus, and basal ganglia nuclei, with 
inhibitory GABAergic pathways shown in red, excitatory glutamatergic projections in green, 
and dopaminergic projections in light blue. GPi: internal segment of the globus pallidus; SNc: 
substantia nigra pars compacta; SNr: substantia nigra pars reticulata; STN: subthalamic 
nucleus; D1R: DA D1 receptor; D2R: DA D2 receptor. 
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these structures are collectively referred to as the caudate-putamen (CPu) due to the lack of a 

prominent anatomical division (Voorn et al., 2004). 

Functionally, the striatum can be subdivided along a dorsolateral to ventromedial gradient (Fig 

1.2). The dorsolateral striatum (DLS) is involved in habitual and sensorimotor processes 

(Knowlton et al., 1996; Quinn et al., 2013; Yin et al., 2004), whereas the dorsomedial striatum 

(DMS) is implicated in goal-directed behaviours and cognitive flexibility (Burton et al., 2015; 

Voorn et al., 2004). The ventral striatum, which includes the nucleus accumbens core (NAcC) 

and shell (NAcSh), plays a critical role in motivation, reward learning, and affective processing 

(Burton et al., 2015; Carboni et al., 1989; Cardinal et al., 2002; Kalivas & McFarland, 2003; 

Kelley, 2004; Zahm, 1999). 

In addition to regional segmentation, the striatum exhibits a compartmental architecture 

consisting of the striosome and matrix (Gerfen et al., 1987; Graybiel & Ragsdale, 1978). 

Striosomes account for approximately 15% of the striatal volume and are enriched in markers 

such as μ-opioid receptors (MOR), substance P, and D1 receptors (D1Rs) (Besson et al., 1988; 

Brimblecombe & Cragg, 2017; Crittenden & Graybiel, 2011; Pert et al., 1976). The matrix, by 

contrast, is enriched in calbindin, enkephalin (ENK), somatostatin (SST), and D2 receptors 

(D2Rs) (Brimblecombe & Cragg, 2017; Gerfen et al., 1987; Graybiel & Ragsdale, 1978). These 

compartments also differ in connectivity and function: striosomes preferentially receive input 

from limbic cortical areas, while the matrix is innervated by sensorimotor and associative 

cortices (Crittenden & Graybiel, 2011). 
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1.2.2 Neuronal composition of the striatum 

The striatum comprises a highly specialised network of neuronal and non-neuronal cell types 

that together support its role as a central integrator within the basal ganglia. The predominant 

neuronal population in the striatum consists of projection neurons known as medium spiny 

neurons (MSNs), which account for approximately 95% of the total neuronal population in 

rodents (Graveland & DiFiglia, 1985; Tepper et al., 2010). These neurons primarily utilise GABA 

as their inhibitory neurotransmitter and are characterised by medium-sized somata and densely 

spiny dendritic arbors (Kawaguchi, 1993). MSNs receive glutamatergic inputs from the cortex 

and thalamus, as well as modulatory inputs from dopaminergic, serotonergic, and cholinergic 

afferents, and serve as the principal output neurons of the striatum, projecting to key basal 

 

Figure 1.2. Nissl-stained coronal section of adult mouse brain with anatomical 
annotations. The dorsal striatum is labelled as the caudate putamen (CP), subdivided into the 
dorsolateral striatum (DLS, 1) and dorsomedial striatum (DMS, 2). The ventral striatum is 
labelled as the nucleus accumbens (ACB), comprising the nucleus accumbens core (NAcC, 3) 
and shell (NAcSh, 4). Image adapted from the Allen Mouse Brain Reference Atlas. 

1
2

34
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ganglia nuclei including the GP and SNr (Bolam et al., 2000; Kawaguchi et al., 1990; Lanciego 

et al., 2012). Based on their receptor expression and projection targets, MSNs are divided into 

two equally represented subtypes that give rise to the direct and indirect pathways. The direct 

pathway MSNs express dopamine D1 receptors (D1Rs) and project directly to the internal 

segment of the GPi and SNr, where their activation facilitates movement initiation (Bolam et al., 

2000; Gerfen & Surmeier, 2011; Gittis & Kreitzer, 2012). Conversely, indirect pathway MSNs 

express dopamine D2 receptors (D2Rs) and send their axons to the external segment of the 

GPe, which connects to the STN and ultimately regulates output from the GPi/SNr to suppress 

inappropriate motor behaviours (Bolam et al., 2000; Cui et al., 2013; DeLong & Wichmann, 

2007; Lanciego et al., 2012). 

In addition to projection neurons, the striatum contains a diverse class of interneurons, which 

together constitute the remaining ~5% of the neuronal population (Kawaguchi, 1993; Tepper et 

al., 2010). Although fewer in number, these interneurons are highly heterogeneous in terms of 

their electrophysiological, morphological, and molecular characteristics, and they exert powerful 

local control over MSN excitability and synaptic integration (Assous & Tepper, 2019; Tepper et 

al., 2010). The majority of striatal interneurons are GABAergic and comprise several distinct 

subtypes, including fast-spiking interneurons (FSIs), low-threshold spiking interneurons (LTSIs) 

and tyrosine hydroxylase (TH)-expressing interneurons (THINs).  

FSIs, which express parvalbumin (PV), are characterised by their narrow action potentials, short 

afterhyperpolarisations, and capacity for high-frequency firing (Gerfen, 1985; Kawaguchi, 1993; 

Tepper et al., 2010). FSIs form strong inhibitory synapses on MSNs, providing powerful 

feedforward inhibition that helps regulate the timing and synchronized MSN activity (Gittis et al., 

2010; Koós & Tepper, 1999; Planert et al., 2010). Another major class is LTSIs, which express 

SST, nitric oxide synthase (NOS) and neuropeptide Y (NPY) (DiFiglia et al., 1982; Kawaguchi, 

1993; Tepper et al., 2010; Vuillet et al., 1989). These interneurons display more slowly adapting 
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firing patterns and primarily target the distal dendrites of MSNs, contributing to more diffuse and 

integrative forms of inhibition (Ibáñez-Sandoval et al., 2011). Besides FSIs and LTSIs, THINs is 

another distinct class of GABAergic interneurons with diverse electrophysiological properties, 

which have been categorised into four subtypes based on firing patterns (Ibáñez-Sandoval et 

al., 2010). They receive excitatory input from both cortical and thalamic afferents and may also 

be influenced by dopaminergic projections (Assous et al., 2017; Ibáñez-Sandoval et al., 2010, 

2015; Xenias et al., 2015). THINs target MSNs and SST-expressing interneurons, express 

nicotinic ACh receptors (nAChRs), and are involved in mediating polysynaptic inhibition between 

cholinergic interneurons (ChIs), suggesting a powerful role in shaping local microcircuit activity 

(Assous et al., 2017; Dorst et al., 2020; Ibáñez-Sandoval et al., 2010; Luo et al., 2013). 

Additional to these GABAergic interneurons, ChIs represent small but functionally significant 

population that utilises ACh as their principal neurotransmitter and also co-release GABA (B. M. 

Roberts et al., 2021; Saunders et al., 2015). ChIs constitute approximately 1-2% of all striatal 

neurons and are easily identified by their large cell bodies (20-40 μm) and aspiny morphology 

(Bolam et al., 1984; Goldberg & Wilson, 2016; Phelps et al., 1985). They exhibit autonomous 

tonic firing at a rate of 2-10 Hz and release ACh continuously, exerting widespread modulatory 

influence via both muscarinic and nicotinic ACh receptors (Bennett & Wilson, 1999; Calabresi et 

al., 1998; Lee et al., 1998; Wilson et al., 1990; Yan & Surmeier, 1996). Despite their sparse 

numbers, ChIs have extensive axonal arborisations that allow them to influence widespread 

areas of the striatum. Their activity is shaped by excitatory input from the cortex and thalamus, 

and they play key roles in synaptic plasticity, reward-related learning, and modulation of 

dopaminergic and serotonergic transmission. 

Alongside these neuronal populations, the striatum contains a network of glial cells, particularly 

astrocytes, which play a crucial role in maintaining homeostasis and regulating neuronal 

function (Hirrlinger & Nimmerjahn, 2022; Stedehouder et al., 2024). Astrocytes express 
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receptors and transporters for glutamate, GABA, ACh, and other monoamines, allowing them to 

sense changes in neuronal activity and modulate synaptic transmission through the release of 

gliotransmitters (De Ceglia et al., 2023; Liu et al., 2021; Ota et al., 2013; Paixão & Klein, 2010). 

They also regulate extracellular ion concentrations, clear neurotransmitters from the synaptic 

cleft, and participate in synapse formation and elimination (Allen, 2014; Araque, 2008; 

Benarroch, 2016; Chung et al., 2015; Haydon & Carmignoto, 2006). Emerging evidence 

highlights the involvement of astrocytic dysfunction in neurological disorders such as PD, 

emphasising their relevance not only as support cells but as active contributors to striatal 

signalling dynamics (Booth et al., 2017; Brandebura et al., 2023; Haydon & Carmignoto, 2006; 

Rossi & Volterra, 2009). 

Together, the cellular composition of striatum - dominated by GABAergic MSNs and 

complemented by a diverse set of interneurons and glial elements - provides the anatomical and 

functional substrate for the complex integration of motor, cognitive, and motivational information 

within the basal ganglia. 

1.2.3 FCV measurement in the striatum 

While the previous section outlined the cellular architecture of the striatum, assessing 

neurotransmission dynamics requires temporally precise methods. FCV, developed and refined 

largely by Wightman and colleagues, has become a cornerstone technique for real-time 

monitoring of neurotransmitter release in the brain. Specifically, a carbon-fiber microelectrode 

rapidly scans voltage waveforms, allowing oxidation and reduction of electroactive species such 

as DA. The resulting faradaic currents are plotted against potential to yield cyclic 

voltammograms, whose characteristic redox peaks identify specific analytes (Wightman et al., 

1988). Repeated scans at high frequency generate two-dimensional colour plots, where 

oxidation current changes are converted into concentration-time traces to visualize sub-second 
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neurotransmitter dynamics (Wightman et al., 1988). Wightman’s group pioneered the application 

of FCV in the striatum, first demonstrating electrically evoked DA release and reuptake in vivo 

(Millar et al., 1985; Stamford et al., 1986; Wightman et al., 1988) and subsequently refining the 

technique through improved waveform control, data acquisition, and kinetic analysis (Garris & 

Wightman, 1994; Michael et al., 1999). They subsequently optimized waveform design and 

electrode conditioning to enhance selectivity and sensitivity, extending the method beyond DA to 

5-HT through the use of “N-shaped” waveforms (Jackson et al., 1995). Later work from the 

same group quantified 5-HT release and uptake kinetics across striatal and midbrain regions 

and examined pharmacological modulation of transporter activity (Bunin & Wightman, 1998; 

Venton et al., 2003). Together, these studies established FCV as a powerful method to resolve 

spatially and temporally defined monoaminergic signals within the striatum. 

1.3 Mesostriatal dopaminergic system 

1.3.1 Mesostriatal dopaminergic projections and signalling 

DA neurons projecting to the striatum are located predominantly in the SNc and the VTA, 

forming the nigrostriatal and mesolimbic pathways, respectively (Björklund & Dunnett, 2007; 

Molochnikov & Cohen, 2014). While SNc DA neurons mainly innervate the dorsal striatum, 

including the caudate and putamen, VTA DA neurons project more heavily to the ventral 

striatum, particularly the nucleus accumbens (NAc) (Björklund & Dunnett, 2007; Yetnikoff et al., 

2014). These projections are not completely segregated and exhibit a degree of overlap, 

allowing for crosstalk between motor and motivational circuits (Björklund & Dunnett, 2007).  

DA neurons display diverse firing patterns that directly influence the dynamics of DA release. In 

vivo, they can exhibit tonic low-frequency firing (~1-10 Hz), irregular single-spike patterns, or 

brief high-frequency bursts (20-40 Hz), particularly in response to salient stimuli (Freeman et al., 
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1985; Grace & Bunney, 1984; Hyland et al., 2002). These patterns shape the mode and extent 

of DA transmission from their axon. Burst firing leads to larger phasic DA release events, while 

tonic firing supports baseline extracellular DA levels (Grace et al., 2007; Grace & Bunney, 1983, 

1984). 

Unlike classical synaptic transmission, striatal DA release predominantly operates through 

volume transmission, where DA diffuses to act on extrasynaptic receptors (Cragg & Rice, 2004; 

Rice, 2000; Rice & Cragg, 2008). Electron microscopy studies show that up to 70% of DA 

varicosities in the striatum lack postsynaptic densities, supporting a model of widespread, non-

synaptic DA signalling (Descarries et al., 1996). DA uptake is mediated by DA transporters 

(DATs), which are largely localised extrasynaptically and restrict the spatial and temporal spread 

of extracellular DA (Cragg & Rice, 2004; Hersch et al., 1997; Nirenberg et al., 1997; Sesack et 

al., 1997). 

1.3.2 Local striatal modulation of DA release 

Although DA release is initiated by action potentials (AP) in midbrain cell bodies, axons in the 

striatum exhibit local mechanisms that dynamically modulate release. This local modulation 

allows DA output to be fine-tuned independently of somatic firing (Sulzer et al., 2016). Notably, 

DA axons form extensive, unmyelinated arbours that integrate signals from local 

neurotransmitter systems and neuromodulators, such as GABA, adenosine, 5-HT, nitric oxide 

(NO), hydrogen peroxide, and substance P (Aransay et al., 2015; Avshalumov et al., 2003; 

Brimblecombe & Cragg, 2015; Lopes et al., 2019; Matsuda et al., 2009; Navailles & De 

Deurwaerdère, 2011; Ng et al., 1999; Roberts et al., 2021). 

One of the principal local modulators of striatal DA release is ACh, acting primarily through 

nAChRs and mAChRs located on DA axons (Rice & Cragg, 2004; Threlfell et al., 2010). Rather 
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than simply reflecting the firing patterns of midbrain DA neurons, striatal DA release is 

extensively shaped by cholinergic signalling within the striatum itself (Rice et al., 2011; Threlfell 

et al., 2012). These local mechanisms allow for activity-independent DA release and add a layer 

of control where striatal output can be modulated in real time. 

Activation of β2-containing nAChRs on DA axons facilitates DA release evoked by single 

electrical pulses or low-frequency stimulation, in part by triggering a second, ACh-driven release 

event that merges with the directly evoked release (Wang et al., 2014). This cholinergic 

amplification enhances DA signalling under baseline conditions. However, following this 

facilitation, nAChR activation induces a short-term depression (STD) of DA release that limits 

subsequent phasic output. Notably, this depression is not due to vesicle depletion but instead 

reflects a release-independent mechanism, likely involving axonal depolarisation and reduced 

excitability (Zhang & Sulzer, 2004). As a result, when nAChR signalling is blocked or 

desensitised, the STD is alleviated, and DA release becomes more sensitive to the frequency of 

firing (Rice & Cragg, 2004; Threlfell & Cragg, 2011). 

Importantly, ACh can directly trigger DA release in the striatum, even in the absence of somatic 

firing of DA neurons. This has been demonstrated by experiments where synchronous activation 

of ChIs led to local DA release via nAChRs, bypassing action potentials in DA soma 

(Brimblecombe et al., 2018; Cachope et al., 2012; Threlfell et al., 2012). Recent studies provide 

further support for this cholinergic-driven release mechanism. For instance, optogenetic 

stimulation of ChIs can evoke APs in distal DA axons, which are abolished by blocking β2-

nAChRs (Liu et al., 2022). Moreover, ACh-mediated depolarisations resembling EPSPs have 

been recorded in DA axons following nicotinic stimulation, and their summation can lead to 

axonal firing and DA release (Kramer et al., 2022). Notably, this release is not a faithful readout 

of ChI firing patterns, suggesting that once initiated, the cholinergic influence on DA axons may 

be amplified locally (Shin et al., 2017; Threlfell et al., 2012). 
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In addition to nicotinic mechanisms, muscarinic ACh receptors also play a role in regulating the 

influence of ACh on DA output. Activation of M2 and M4 mAChRs on ChIs can inhibit their 

activity and reduce ACh release, thereby indirectly modulating nAChR-driven DA release and 

relieving STD (Threlfell et al., 2010). While M5 mAChRs are expressed in midbrain DA neurons 

(Vilaró et al., 1990; Weiner et al., 1990), their presence on axons remains uncertain, though 

they have been proposed to enhance DA release directly (Shin et al., 2015; Zhang et al., 2002). 

Finally, ChIs act as integrative nodes for multiple neuromodulatory systems. Their activity can 

be influenced by glutamate, NO, opioids, and insulin, allowing these signals to shape striatal DA 

release via ACh (Britt & McGehee, 2008; Hartung et al., 2011; Kosillo et al., 2016; Stouffer et al., 

2015). DA axons also express D2-like auto receptors, which do not affect the initial pulse of 

release (when evoked in acute coronal slices) but limit subsequent release at inter-pulse 

intervals of a few hundred milliseconds (Condon et al., 2019). Beyond autoreceptors, striatal DA 

release is also shaped by other neuromodulators and by mechanisms intrinsic to DA axons. For 

instance, voltage-gated calcium channels (VGCCs) on DA axons mediate Ca2+ entry required 

for exocytosis, and distinct VGCC subtypes shape DA release probability and plasticity 

(Brimblecombe et al., 2024; Brimblecombe & Cragg, 2015). DATs not only transport DA but also 

influence release via regulation of axonal excitability and vesicle dynamics (Condon et al., 2019; 

Threlfell et al., 2021; Venton et al., 2006). 

Additionally, several neurotransmitter systems modulate DA release locally. GABAergic input 

exerts both tonic and phasic inhibitory effects on DA axons, primarily via GABAA and GABAB 

receptors (Brodnik et al., 2019; Lopes et al., 2019; Pitman et al., 2014; Roberts et al., 2021). 

Adenosine, via A1 receptors, inhibits DA release, while neuropeptides such as substance P may 

enhance it under certain conditions (Brimblecombe & Cragg, 2015; Roberts et al., 2022). These 

mechanisms highlight that DA release is not merely a reflection of DA neuron firing but is 

shaped extensively by the local striatal environment. 
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Beyond regulation by other neuromodulators, DA clearance itself is shaped by a diverse set of 

membrane transporters beyond DAT. While DAT remains the primary mechanism for high-

affinity DA reuptake, a range of lower-affinity, higher-capacity transporters - including organic 

cation transporter 3 (OCT3) and plasma membrane monoamine transporter (PMAT) - also 

contribute to extracellular monoamine clearance (Daws, 2021; Gasser, 2019). These uptake-2 

transporters are characterized by broader substrate selectivity and higher transport capacity, 

allowing them to compensate for impaired function of high-affinity systems such as DAT, SERT, 

or NET. In genetic or pharmacological models of transporter deficiency, both OCT3 and PMAT 

have been shown to be upregulated and capable of clearing monoamines from the extracellular 

space under conditions of elevated neurotransmitter levels or transporter blockade (Baganz et 

al., 2008; Li et al., 2013). Functionally, this compensatory mechanism has important implications 

for psychiatric pharmacology. Because uptake-2 transporters can clear monoamines even when 

DAT or SERT are blocked, they may reduce the effects of reuptake inhibitors used as 

antidepressant (Bacq et al., 2012; Daws, 2021; Daws et al., 2013; Horton et al., 2013).  

In addition to these uptake-2 systems, high-affinity monoamine transporters can also display 

“promiscuous” substrate transport under certain physiological or compensatory conditions. 

When 5-HT transport via SERT is reduced - such as after SERT blockade, genetic deletion, or in 

serotonergic axons adjacent to DAergic regions - 5-HT can be taken up by DAT. In the striatum, 

5-HT uptake has been shown to persist even in the absence of functional SERT, indicating that 

the DAT can mediate 5-HT reuptake under compensatory conditions (Zhou et al., 2002). 

Conversely, DA can also be transported via SERT. Larsen et al. (2011) demonstrated that 

human and rodent SERTs are capable of DA uptake in vitro and in forebrain synaptosomal 

preparations, although direct evidence in the striatum remains lacking. Using heterologous 

expression systems, they showed that SERT can transport DA through a mechanistically distinct 

mode of substrate translocation, characterized by lower affinity but higher maximal transport 
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velocity compared with 5-HT (Larsen et al., 2011). This atypical DA transport via SERT was 

sensitive to classical SERT inhibitors such as citalopram, confirming its transporter specificity 

(Larsen et al., 2011). These findings indicate that SERT can act as a secondary pathway for DA 

clearance under conditions of elevated extracellular DA or reduced DAT function. 

In summary, this “promiscuous” transport properties of the monoamine uptake system allow for 

flexible and redundant mechanisms of extracellular monoamine clearance, which may become 

particularly relevant under pathophysiological or pharmacologically altered conditions. 

1.3.3 DA modulation of striatal signalling 

DA exerts its effects via two main receptor families: D1-like (D1 and D5) and D2-like (D2, D3, and 

D4) receptors, all of which are GPCRs (Beaulieu et al., 2015; Kebabian & Calne, 1979; Martel & 

Gatti McArthur, 2020). D1-like receptors couple to Gαs/olf proteins to stimulate adenylyl cyclase 

and increase cAMP, whereas D2-like receptors couple to Gαi/o proteins and inhibit cAMP 

production (Beaulieu & Gainetdinov, 2011). D1-like receptors have a lower affinity for DA and are 

preferentially activated under conditions of high extracellular DA, such as during phasic release, 

whereas D2-like receptors can be engaged at lower DA concentrations due to their higher affinity 

(Martel & Gatti McArthur, 2020). 

In the striatum, D1Rs are primarily expressed on MSNs of the direct pathway and D2Rs are 

expressed on MSNs of the indirect pathway (Gerfen & Surmeier, 2011). Activation of D1Rs 

enhances excitability and synaptic strength in direct-pathway MSNs, while D2Rs exert the 

opposite effect in indirect-pathway MSNs (Beaulieu et al., 2015; Beaulieu & Gainetdinov, 2011). 

This mechanism enables DA to regulate the balance between action facilitation and 

suppression. 
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Presynaptically, D2-like auto receptors on DA axons serve as a feedback mechanism to limit 

further DA release. They do not influence the first pulse of evoked release but reduce 

subsequent release when the interval of stimuli is more than 0.5 s, providing a mechanism for 

temporal filtering of DA signals (Condon et al., 2019). DA also modulates the activity of striatal 

interneurons and afferent inputs, including cortico-striatal glutamatergic synapses, where D1 and 

D2 receptor activation can influence synaptic plasticity such as long-term potentiation and 

depression (Surmeier et al., 2007). 

Moreover, DA receptors can form heteromers with other receptors, including adenosine and 

NMDA receptors, adding another layer of complexity to DA signalling. For instance, D1-A1 or D2-

A2A receptor interactions allow crosstalk between DA and adenosine systems (Perreault et al., 

2014), while D1-NR1 or D2-NR2B complexes integrate DA and glutamate signalling (Beaulieu et 

al., 2015). 

1.3.4 Comparison of DA detection with voltammetry and photometry 

Two widely used techniques for monitoring extracellular DA dynamics nowadays are 

voltammetry (i.e., FCV) and fluorescent DA sensors (e.g., dLight, GRABDA). These methods are 

slightly different in their detection principles, spatial and temporal resolution, and applicability 

across experimental contexts. Understanding their respective strengths and limitations is crucial 

for interpreting DA signals under both physiological and pharmacologically manipulated 

conditions. FCV offers high temporal resolution (sub-second) and quantitative insight into both 

release and reuptake kinetics of DA, since it measures direct extracellular DA near the electrode 

tip. However, it suffers from potential chemical cross-reactivity (e.g., with norepinephrine), and 

faces challenges in long-term or cell-type-specific recordings, particularly in vivo. In contrast, 

GRABDA and similar sensors (e.g., dLight) detect DA through fluorescence changes in neurons 

that express the sensor. This optical approach captures DA dynamics integrated over a broader 
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spatial domain and is suitable for long-term recordings. Compared with FCV, GRABDA signals 

are not influenced by electroactive molecules at the electrode surface, and the sensors can, in 

some cases, be expressed in specific cell types. However, it should be noted that both FCV and 

fluorescent sensors are sensitive to pH fluctuations, which can alter electrochemical currents in 

FCV and affect baseline fluorescence in optical recordings, thereby complicating data 

interpretation. 

Salinas et al. (2023) performed a direct comparison between FCV and dLight in striatal slices 

and freely moving mice, highlighting both convergences and divergences between the two 

readouts. They observed that electrically evoked DA transients were comparable between 

methods in terms of sensitivity to presynaptic inhibition and excitability induced changed in DA 

release (Salinas et al., 2023). However, differences emerged after pharmacological 

manipulations. Upon application of cocaine or the selective DAT inhibitor Nomifensine, FCV 

detected a robust increase in peak amplitude, reflecting increased extracellular DA levels due to 

impaired reuptake and prolonged DA diffusion. However, dLight signals failed to show such 

peak enhancement, instead displaying little or no change in amplitude (Salinas et al., 2023). 

These differences are thought to arise from differences in how each method integrates DA 

dynamics: FCV is sensitive to local DA accumulation, while dLight signals are constrained by 

sensor saturation and receptor-like binding kinetics. In freely moving mice, dLight photometry 

enabled detection of behaviourally linked DA transients in DLS, a region where electrode-based 

measurements such as FCV are technically challenging (Salinas et al., 2023).  

In summary, the two techniques are complementary: FCV provides high-resolution, quantitative 

assessment of extracellular DA dynamics and uptake kinetics within restricted sites, whereas 

genetically encoded sensors like dLight and GRABDA allow broader spatial access and facilitate 

the analysis of circuit- and behaviour-associated DA signalling across brain regions. 
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1.3.5 Behavioural roles of mesostriatal DA 

Mesostriatal DA plays a critical role in a wide range of behavioural functions, including 

movement, reinforcement learning, motivation, and reward. Seminal studies demonstrated that 

loss of nigrostriatal DA neurons underlies the motor deficits in PD (Ehringer & Hornykiewicz, 

1960; Kish et al., 1988), while systemic L-DOPA administration restores DA levels and alleviates 

symptoms (Barbeau, 1969). DA neuron activity correlates with movement initiation, and burst 

firing seem closely coupled with transitions in motor states (Coddington & Dudman, 2019; 

Dodson et al., 2016; Schultz et al., 1983). 

In reward-related contexts, DA neurons encode reward prediction-related events including 

errors, unpredicted rewards, and conditioned cues, wherein unexpected rewards and cues 

increase firing and DA release, whereas omission of expected rewards leads to suppression of 

DA activity (Schultz, 1997, 2013). This capacity to signal the mismatch between predicted and 

actual outcomes allows DA to guide adaptive learning and behavioural flexibility. Moreover, 

mesolimbic DA contributes to incentive salience, attributing motivational value to cues 

associated with rewards, and supports behavioural engagement (Mirenowicz & Schultz, 1996; 

Schultz, 2007). 

Disruptions in DA signalling are implicated in a range of neuropsychiatric and 

neurodegenerative disorders. In addiction, repeated exposure to drugs of abuse hijacks DA 

circuits, leading to sensitisation of mesolimbic pathways and habit formation through 

nigrostriatal mechanisms (Poisson et al., 2021; Robinson & Berridge, 1993). In PD, progressive 

loss of nigrostriatal DA input leads to imbalance in basal ganglia output and motor impairments. 

Understanding how DA transmission contributes to these processes is essential for therapeutic 

strategies. 
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1.4 Striatal serotonergic system 

Serotonergic afferents to the striatum primarily arise from the dorsal (and to a lesser extent, the 

median) raphe nuclei (DRN), projecting extensively across both dorsal and ventral regions of 

the striatum (Dorocic et al., 2014; Steinbusch, 1981). These projections form a modulatory layer 

that is essential to striatal function, despite there being no intrinsic serotonergic neurons within 

the striatum itself (Dorocic et al., 2014; Steinbusch, 1981). Importantly, descending modulation 

of raphe activity by basal ganglia outputs creates feedback loops that incorporate serotonergic 

tone into striatal information processing (Dorocic et al., 2014). 

5-HT exerts its modulatory influence primarily by shaping synaptic integration among key 

neuronal populations, for example: ChIs, GABAergic MSNs, and local presynaptic terminals. 

Within this microcircuit, 5-HT acts at multiple sites. On ChIs, several 5-HTR subtypes regulate 

ACh release and ChI excitability (Blomeley & Bracci, 2005; Bonsi et al., 2011; Virk et al., 2016). 

In MSNs and presynaptic terminals, 5-HT influences synaptic transmission via distinct receptor 

classes and terminal innervation patterns (Brown & Molliver, 2000; Göthert, 1990; Shukla et al., 

2014; Ward & Dorsa, 1996). By modulating afferent inputs from cortical and thalamic projections 

as well as local inhibitory and cholinergic networks, 5-HT fine-tunes synaptic integration and 

plasticity across striatal compartments. The complexity of serotonergic modulation is further 

reflected in the distinct distribution patterns of 5-HT receptor subtypes throughout the striatum, 

as described below. 

1.4.1 5-HT receptors in striatum 

The 5-HT receptor family includes seven principal classes - 5-HT1 through 5-HT7 - that together 

encompass up to 14 subtypes, including 5-HT1 (5-HT1A, 5-HT1B, 5-HT1D, 5-HT1E, and 5-HT1F), 5-

HT2 (5-HT2A, 5-HT2B and 5-HT2C), 5-HT3, 5-HT4, 5-HT5 (5-HT5A and 5-HT5B), 5-HT6 and 5-HT7 
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(Filippo & Schmitz, 2024; Pithadia & Jain, 2009; Ślifirski et al., 2021). Within the striatum, at 

least eight of these subtypes - 5-HT1B, 5-HT1D, 5-HT2A, 5-HT2C, 5-HT3, 5-HT4, 5-HT6 and 5-HT7 - 

are robustly expressed, as demonstrated by autoradiography, in situ hybridization, and 

transcriptomic analyses (Filippo & Schmitz, 2024; Helboe et al., 2015; Ruat et al., 1993; Ward & 

Dorsa, 1996). 

Evidence at the level of individual neuronal types reveals that ChIs within the striatum express 

multiple 5-HT receptor subtypes. These include 5-HT1A and 5-HT1B, which are particularly 

enriched in the ventral striatum, where they mediate inhibitory effects on ChI excitability 

(Blomeley & Bracci, 2005; Virk et al., 2016). In addition, 5-HT2C, 5-HT6 and 5-HT7 receptors 

have also been identified on ChIs, as demonstrated by single-cell RT-PCR, electrophysiological 

depolarization assays, and recent transcriptomic analyses (Blomeley & Bracci, 2005; Bonsi et 

al., 2007; Rada et al., 1993; Virk et al., 2016). Immunohistochemical and autoradiographic 

studies further support this receptor distribution, showing relatively higher expression of 5-HT7 in 

the dorsal striatum compare to the ventral striatum (Steinbusch, 1981; Virk et al., 2016). In vivo 

pharmacological data is consistent with this receptor topography: for instance, local infusion of 

5-HT into the NAc reduces ACh release that is blocked by 5-HT1 receptor antagonists, 

suggesting a presynaptic inhibitory mechanism (Rada et al., 1993). 

Functionally, 5-HT exerts both excitatory and inhibitory influences on ChIs depending on the 

receptor subtype and anatomical region. In the dorsal striatum, bath application of 5-HT leads to 

depolarization and increased spontaneous firing of ChIs, an effect attributed to activation of 5-

HT2 receptors and blocked by selective antagonists (Blomeley & Bracci, 2005). Conversely, in 

the ventral striatum, 5-HT induces hyperpolarization of ChIs, likely via 5-HT1 receptor signalling 

(Virk et al., 2016). These bidirectional effects highlight a region-dependent serotonergic 

modulation, where rapid fluctuations in extracellular 5-HT may dynamically adjust ChI firing and 
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cholinergic tone during behavioural events (Bonsi et al., 2007; Rada et al., 1993; Virk et al., 

2016). 

MSNs, encompassing both direct- and indirect-pathway cells, are thought to express 5-HT2A, 5-

HT2C, and 5-HT6 receptors at the mRNA level, with in situ hybridization indicating higher 

expression of 5-HT2C in the patch compartments (Shukla et al., 2014; Ward & Dorsa, 1996). 

Functional studies further implicate 5-HT6 receptors in shaping MSN excitability and influencing 

learning behaviours, through modulation of cAMP signalling downstream of Gs protein activation 

(Eskenazi et al., 2015) . 

Presynaptically, 5-HT1B and potentially 5-HT1D autoreceptors are found in striatal axons, where 

they regulate neurotransmitter release by inhibiting 5-HT or glutamate release (Göthert, 1990; 

Guo & Rainnie, 2010; Hjorth et al., 2000; Moret & Briley, 2000; Nishijo et al., 2022). However, 

cell-type-specific expression of these receptors remains less well-defined. Certain subtypes - 

namely 5-HT1E, 5-HT1F, 5-HT2B, and 5-HT5A/B  - appear to be absent or expressed at very low 

levels in the striatum, as they are typically undetected in transcriptomic surveys and 

autoradiographic maps (Filippo & Schmitz, 2024; Nair et al., 2020; Pithadia & Jain, 2009).   

In summary, striatal serotonergic modulation relies on the selective expression of receptor 

subtypes across neuronal types. The absence of several subtype expressions highlights the 

specificity of serotonergic signalling in the striatum, while the identified receptor distributions 

underscore the ability of 5-HT to tune striatal output through multiple cellular targets. 

1.4.2 5-HT modulation of striatal DA transmission 

5-HT exerts complex control over striatal DA transmission through diverse receptor 

mechanisms, resulting in both inhibitory and facilitatory modulation depending on receptor 

subtype and neural context. For example, activation of 5-HT2C receptors located at presynaptic 
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sites within the dorsal striatum inhibits basal DA release, as shown by in vivo microdialysis 

studies using the inverse agonist SB206553, which enhances DA levels in a dose-dependent 

manner (Alex et al., 2005; Navailles et al., 2006). Conversely, systemic administration of the 

5-HT2C agonist mCPP suppresses striatal DA, further reinforcing the inhibitory role of 5-HT2C on 

DA efflux (Alex et al., 2005; Navailles et al., 2006). 

In addition to basal regulation, 5-HT2A receptors modulate amphetamine-induced DA release in 

vivo: microdialysis studies in rats show that amphetamine-evoked DA release in the NAc and 

striatum is significantly attenuated by the selective 5-HT2A antagonist SR46349B, without 

affecting basal DA levels (Porras et al., 2002). Conversely, morphine-induced DA release is 

enhanced when 5-HT2C receptors are blocked using antagonists like SB206553, revealing 

contrasting roles for 5-HT2A and 5-HT2C in different stimulant contexts (De Deurwaerdère et al., 

2004; Porras et al., 2002). Multiple studies have also demonstrated that activation of 5-HT4 

receptors facilitates striatal DA release via indirect, AP-dependent mechanisms. This effect has 

been consistently reported using in vivo and ex vivo models and is blocked by selective 5-HT4 

antagonists or TTX, indicating a circuit-mediated rather than terminal-specific action 

(Bonhomme et al., 1995; De Deurwaerdère et al., 1997; Steward et al., 1996). 

Human and animal PET studies further support the concept that 5-HT receptor activity 

modulates dopaminergic transmission in vivo. In rodents, systemic pre-treatment with the 

5-HT2A/2C antagonist ketanserin or the selective 5-HT2C antagonist SB206553 significantly 

decreases striatal [¹¹C]raclopride binding, indicating increased DA release. Moreover, 

amphetamine-induced decreases in [¹¹C]raclopride binding are partially abolished by selective 

5-HT2A antagonism (Egerton et al., 2008). In humans, pharmacological increases in 

endogenous 5-HT - whether through SSRIs like citalopram or psychotropic drugs - consistently 

produce reductions in striatal D2 receptor availability, suggesting elevated DA tone (Dewey et 

al., 1995; Smith et al., 1997; Vollenweider et al., 1999). 
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Beyond the well-characterised roles of 5-HT2A, 5-HT2C, and 5-HT4 receptors, additional 5-HT 

receptor subtypes, including 5-HT3, 5-HT6, and 5-HT7, have been implicated in modulating 

striatal DA release. In vivo microdialysis studies demonstrate that activation of 5-HT3 receptors 

enhances extracellular DA levels in the striatum in a dose-dependent manner (Deurwaerdère et 

al., 1998; Imperato & Angelucci, 1989; Santiago et al., 1995). This effect is attenuated by 5-HT3 

antagonists and DAT blockers, indicating a facilitatory role of 5-HT3 receptors on dopaminergic 

transmission (Deurwaerdère et al., 1998; Imperato & Angelucci, 1989; M. Santiago et al., 1995). 

5-HT6 receptors are Gs-coupled 5-HT receptors that stimulate intracellular cAMP accumulation 

upon activation, and are highly expressed in MSNs within the striatum, as shown by cloning, 

pharmacological binding and in situ hybridization (Grimaldi et al., 1998; Hirst et al., 2000; 

Roberts et al., 2002; Ruat, et al., 1993). However, current evidence does not support a direct 

role in modulating striatal DA release, but some evidence has suggested their ability to 

modulate striatal-based behaviours (Eskenazi et al., 2015; Ferguson et al., 2008; Hauser et al., 

2015; Lopez et al., 2025; Mitchell et al., 2007). Autoradiography shows that 5-HT7Rs are present 

in striatal regions, similar to their localization in hippocampus and thalamus (Bonaventure et al., 

2002; Martín-Cora & Pazos, 2004; Ruat, et al., 1993). Electrophysiological studies further 

indicate that 5-HT-induced excitation of striatal ChIs is partly mediated by 5-HT7Rs (Bonsi et al., 

2007). Although direct behavioural evidence in the striatum is limited, 5-HT7R-knockout mice 

display deficits in cognitive flexibility-based spatial tasks, suggesting an indirect role in striatal-

dependent strategy switching (Sarkisyan et al., 2010). More broadly, 5-HT7R contributes to 

neuronal development and plasticity across the brain, potentially influencing striatal circuit 

function (Volpicelli et al., 2014).  

Besides receptor-mediated DA release, 5-HT also influences DA indirectly via modulation of 

local inhibitory circuits. For example, activation of 5-HT1B receptors reduce lateral inhibition 

among MSNs, therefore altering the excitatory-inhibitory balance in striatal circuits and 
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potentially modifying DA-driven output patterns (Mathur et al., 2011; Pommer et al., 2021). 

Moreover, experimental evidence suggests that 5-HT can induce DA efflux in the striatum via 

reverse transport through DAT (Sershen et al., 2000). In striatal slices, exogenous 5-HT triggers 

DA release that is blocked by the DAT inhibitor GBR12909 and mimicked by cocaine, which 

blocks DAT (and also SERT), therefore preventing reuptake and promoting transporter-

mediated efflux independent of vesicular mechanisms (Sershen et al., 2000). 

Collectively, these lines of evidence highlight the complex regulatory role of 5-HT in modulating 

striatal DA release. The net outcome of serotonergic activity depends on the balance between 

inhibitory receptor subtypes and facilitating receptors, as well as local network interactions 

involving interneurons and transporters. 

1.4.3 Behavioural roles of striatal 5-HT 

The serotonergic system in the striatum plays a critical role in shaping a wide range of 

behaviours, including reward processing, motivation, emotional regulation, cognitive flexibility, 

and motor control (Bang et al., 2020; Eskenazi et al., 2015; Liu et al., 2025; Nair et al., 2020; 

Spring & Nautiyal, 2024). Striatal 5-HT modulates these behavioural outputs through 

coordinated actions of multiple receptor subtypes, as well as through its interactions with other 

neuromodulatory systems such as DA and ACh. Evidence from in vivo behavioural studies 

consistently supports the behavioural relevance of serotonergic signalling in the striatum. 

Serotonergic modulation critically shapes reward processing mechanisms: systemic elevation of 

5-HT enhances DA release in the striatum, as shown in microdialysis studies, suggesting that 5-

HT facilitates reward-related neural activity (Benloucif & Galloway, 1991). Beyond reward, 

serotonergic signalling in the striatum contributes to emotional process. For instance, reduced 

5-HT levels in the ventral striatum have been associated with high anxiety-like behaviours in 

rodents, as shown by tissue analyses following elevated plus-maze performance (Schwarting et 
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al., 1998), highlighting the influence of striatal 5-HT tone on emotional regulation. Recent 

studies further emphasize the role of striatal 5-HT in adaptive cognitive behaviours. For 

example, human neuroimaging demonstrates that striatal 5-HT levels correlate with decision 

uncertainty, implicating 5-HT in the updating of behavioural confidence (Bang et al., 2020). 

Striatal 5-HT is also implicated in behavioural flexibility and goal-directed action. DRN 

serotonergic neurons exhibit tonic firing during delayed reward tasks, supporting behavioural 

persistence (Miyazaki et al., 2012). Separately, elevating 5-HT levels has been shown to 

improve flexibility in probabilistic reversal learning by reducing sensitivity to negative feedback, 

suggesting a role for 5-HT in behavioural updating based on outcome history (Bari et al., 2010). 

Finally, striatal 5-HT also modulates motor timing and motivational value. Under conditions of 

uncertainty or delayed reinforcement, 5-HT contributes to action restraint and persistence (Nair 

et al., 2020). 

Importantly, the behavioural functions of 5-HT in the striatum are not restricted to serotonergic 

transmission alone but emerge from the dynamic interplay between 5-HT and other 

neuromodulators (Avery & Krichmar, 2017; Fischer & Ullsperger, 2017; Nair et al., 2020; Salvan 

et al., 2023). Additionally, in vivo studies show that serotonergic manipulation can alter DA-

dependent measures of impulsivity. For example, systemic 5-HT1A receptor agonism or global 5-

HT depletion attenuates the ability of amphetamine to reduce impulsive choice, and the effect of 

amphetamine depends on intact DAergic circuitry within the NAc (Winstanley et al., 2003), 

highlighting that the behavioural impact of 5-HT requires functional DA pathways under certain 

circumstances. Meanwhile, 5-HT also has been reported to influence cholinergic level in a 

behaviourally relevant manner. Direct infusion of 5-HT or SSRI into the NAc significantly 

reduces extracellular ACh levels in freely moving rats, suggesting a suppressive 5-HT-ACh 

interaction that may shape motivational states or response inhibition (Rada et al., 1993). While 
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this demonstrated fundamental serotonergic control over ACh, it remains to be directly linked to 

behaviour through task-based paradigms.  

In summary, striatal 5-HT has showed powerful influences on behaviour through both direct 

serotonergic mechanisms and interactions with other neuromodulatory systems. Independent 5-

HT signalling regulates key behavioural functions, including reward valuation, decision-making, 

motor control, and emotional processing. These effects are mediated through diverse receptor 

subtypes and vary according to anatomical subregions, task demands, and temporal dynamics. 

In parallel, 5-HT modulates dopaminergic and cholinergic systems in a context-sensitive 

manner, shaping reward-seeking, impulsivity, and motivation. Together, these findings indicate 

that striatal 5-HT functions as a key coordinator within broader neurotransmitter networks that 

support adaptive behaviour. 

1.4.4 5-HT measurement techniques and methodological advances 

Accurate measurement of extracellular 5-HT is necessary for linking serotonergic 

neurochemistry to circuits, behaviours and diseases. Advances in 5-HT measurement have 

progressively enhanced temporal, spatial and chemical resolution, enabling finer dissection of 

5-HT dynamics in the brain. Historically, microdialysis was commonly used to monitor 

extracellular 5-HT levels over time. Previous studies have shown that microdialysis can detect 

both basal and evoked 5-HT release. This has been demonstrated in raphe neuron graft 

experiments within the hippocampus and forebrain following pharmacological manipulations 

(Sharp & Foster, 1989; Sharp & Hjorth, 1990). These studies showed that extracellular 5-HT 

levels and their stimulus-evoked changes can be reliably measured in the brain, providing 

quantitative insight into serotonergic dynamics under physiological conditions. However, 

classical microdialysis suffers from limited temporal resolution and often fails to capture rapid 

phasic release events. To address this, Andrews’s laboratory advanced fast microdialysis 



Chapter 1: Introduction 

 
27 

protocols capable of sampling at 2 min intervals. For instance, Yang et al. (2013) reported that 

with enhanced temporal resolution, 5-HT overflow evoked by brief K⁺ pulses could be resolved 

in the ventral striatum of mice (Yang et al., 2013). Their follow-up work further revealed sex- and 

SERT-mediated differences in stimulated 5-HT dynamics using this technique (Yang et al., 

2015). 

Despite these advances, sub-second measurements of 5-HT release and uptake were not 

possible until the development of FCV. Hashemi et al. (2009) first demonstrated in vivo 

detection of endogenous 5-HT using Nafion-coated carbon-fibre microelectrodes, overcoming 

electrode fouling and allowing simultaneous measurement of 5-HT and DA (Hashemi et al., 

2009). Subsequent work refined this approach to permit reliable multi-analyte detection, 

including simultaneous measurement of 5-HT and histamine in the same recording site 

(Hashemi et al., 2011). Further analyses revealed distinct release and uptake kinetics between 

5-HT and DA, reflecting their divergent regulatory mechanisms (Hashemi et al., 2012). Building 

on these developments, Dankoski and colleagues utilized FCV in behaving animals to monitor 

rapid monoamine signalling (Dankoski et al., 2014). Together, these studies established the 

basis for investigating fast serotonergic signalling.  

Biosensor-based methods have greatly expanded the ability to detect 5-HT, and new techniques 

now enable precise tracking of its dynamics with high temporal and spatial resolution. Among 

these, GRAB5-HT sensors are genetically encoded fluorescent probes that use a modified 5-HT 

receptor linked to a circularly permuted GFP, allowing the direct visualization of transient 

serotonergic activity both in vitro and in vivo (Deng et al., 2024). In parallel, implantable 

aptamer–field-effect transistor (FET) neuroprobes have enabled continuous monitoring of 5-HT 

in head-fixed animals (Zhao et al., 2021). These technologies combine high chemical selectivity 

with spatial precision, complementing established approaches such as microdialysis and FCV 

for 5-HT detection. 
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In summary, advances from classical microdialysis to FCV and biosensor-based techniques 

have greatly enhanced our ability to study 5-HT dynamics, providing flexible tools to explore 

serotonergic function across physiological and pathological conditions.  

1.5 Parkinson’s disease 

PD is a progressive neurodegenerative disorder that primarily affects the motor system but also 

cause a range of non-motor symptoms. First described by James Parkinson in 1817, PD is the 

second most prevalent neurodegenerative disease after Alzheimer’s disease, affecting 

approximately 1% of individuals over the age of 60 (McGregor & Nelson, 2019; Poewe et al., 

2017). The global number of patients with PD have been rising rapidly. Recent global estimates 

indicate that the number of individuals living with Parkinson’s disease reached nearly 11.8 

million in 2021, continuing the upward trend observed since 1990 (Dorsey et al., 2018; Li et al., 

2025; Peng et al., 2025).  

The clinical features of PD are heterogeneous, including both motor and non-motor symptoms. 

Classical motor symptoms include bradykinesia, rigidity, resting tremor, and postural instability, 

while non-motor symptoms range from sleep disturbances and depression to anosmia and 

cognitive decline (Jankovic & Tan, 2020; Poewe et al., 2017). Importantly, many non-motor 

symptoms appear during a long prodromal phase prior to clinical diagnosis, reflecting the 

widespread neurobiological alterations that occur early in the disease course (Jankovic & Tan, 

2020). Despite the availability of symptomatic treatments, no current therapy halts or slows 

disease progression, representing a major unmet medical need (McGregor & Nelson, 2019; 

Peng et al., 2025; Poewe et al., 2017). 

Although most PD cases have no known cause, rare familial forms have been linked to genetic 

mutations, including those in SNCA, LRRK2, PINK1, DJ-1 and PARK2 (Chartier-Harlin et al., 
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2004; Cookson, 2012; Nuytemans et al., 2010; Singleton et al., 2003; Tran et al., 2020). In 

addition, environmental risk factors such as pesticide exposure and chronic disease 

comorbidities like diabetes have been associated with elevated PD risk, potentially due to 

shared pathogenic mechanisms like mitochondrial dysfunction and oxidative stress (Ascherio & 

Schwarzschild, 2016; De Pablo-Fernandez et al., 2018; Santiago & Potashkin, 2014). 

1.5.1 Degeneration of DA neurons in PD 

A pathological hallmark of PD is the selective degeneration of DA neurons in the SNc, which 

project to the dorsal striatum via the nigrostriatal pathway (Kish et al., 1988; Poewe et al., 2017). 

This leads to a marked reduction in striatal DA levels, disrupting the balance of activity across 

the basal ganglia circuitry and resulting in the characteristic motor deficits (Albin et al., 1989; 

DeLong, 1990; Poewe et al., 2017). Post-mortem studies show that the most vulnerable 

population comprises neuromelanin-positive and calbindin-negative DA neurons in the ventral 

tier of the SNc, which display large unmyelinated axonal arbors and high metabolic demand 

(Bolam & Pissadaki, 2012; Pissadaki & Bolam, 2013). These unique structural features make 

nigrostriatal DA neurons particularly susceptible to metabolic stress, oxidative damage, and 

mitochondrial dysfunction (Gonzalez-Rodriguez et al., 2020; Surmeier et al., 2017). 

In PD, dopaminergic axons in the striatum often degenerate before the loss of SNc cell bodies, 

a pattern confirmed by post-mortem analyses, in vivo imaging, and transgenic animal models 

(Grosch et al., 2016; Koch et al., 2015; Koeglsperger et al., 2023). The resulting DA denervation 

of the striatum disrupts cortico-striatal integration and synaptic plasticity, affecting not only 

movement but also motivation and cognition (Obeso et al., 2017; Poewe et al., 2017). 

Currently, the most widely used treatment for PD is Levodopa (L-DOPA), a DA precursor that 

restores DA synthesis. However, long-term use of L-DOPA is associated with complications 
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such as dyskinesia and motor fluctuations (Poewe et al., 2017). Other pharmacological 

approaches include DA receptor agonists and MAO-B inhibitors (Jankovic & Tan, 2020; Riederer 

& Müller, 2018; Schaeffer & Berg, 2017), while surgical treatments like deep brain stimulation 

(DBS) target the STN or GP to alleviate motor symptoms (Jankovic & Tan, 2020). Still, the 

underlying neurodegeneration remains unaddressed. 

1.5.2 Alpha-synuclein in PD 

Alongside DA neuron loss, PD is characterised by intracellular inclusions known as Lewy 

bodies, composed primarily of aggregated α-synuclein (Baba et al., 1998; Spillantini et al., 

1998). Genetic studies have established that SNCA gene mutations, including point mutations 

and locus multiplications, can cause both familial and sporadic PD (Bekris et al., 2010; 

Singleton et al., 2003). Although the physiological function of α-synuclein is not fully understood, 

it is believed to play a role in synaptic vesicle trafficking, neurotransmitter release, and 

regulation of DA synthesis and reuptake (Burré, 2015; Cabin et al., 2002; Lautenschläger et al., 

2018; Nemani et al., 2010; Threlfell et al., 2021). 

Abnormal α-synuclein can oligomerise, form fibrils and aggregate, disrupting normal cell 

function and becoming toxic (Poewe et al., 2017; Taschenberger et al., 2012). These 

aggregates can impair mitochondrial function, inhibit lysosomal degradation, and interfere with 

intracellular trafficking, although the exact mechanisms of toxicity remain incompletely defined 

(Braak et al., 2003; Poewe et al., 2017; Schapira, 2015). 

1.5.3 PD mouse models 

To investigate PD mechanisms, a range of animal models have been developed, including 

neurotoxin and genetic models. Neurotoxin-based models using 6-hydroxydopamine (6-OHDA) 

or MPTP induce rapid DA neuron degeneration but lack progressive pathology and α-synuclein 
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aggregation (Perese et al., 1989; Sauer & Oertel, 1994). These models are widely used due to 

their reproducibility and mechanistic clarity but lack key pathological hallmarks of PD, including 

α-synuclein aggregation and progressive multisystem involvement. Conversely, genetic models 

targeting PD-associated genes better represent chronic disease progression and allow 

investigation of early synaptic dysfunction and compensatory changes prior to neuronal loss. 

For example, the MitoPark model represents mitochondrial dysfunction-induced 

neurodegeneration (Ekstrand & Galter, 2009). In this model, mitochondrial transcription factor A 

(Tfam) is selectively deleted in DAergic neurons. As a result, MitoPark mice exhibit gradual 

DAergic neuron loss and motor impairments, closely resembling key pathological and 

behavioural features of PD (Ekstrand & Galter, 2009). However, the MitoPark model often 

shows variable symptoms and a late onset, which makes it less suitable for studying early-stage 

changes. 

Leveraging the strengths of both model types, the present study employs a synuclein-driven 

model that combines genetic specificity with a well-characterised DAergic background. This 

approach enables detailed characterisation of presynaptic pathology and neurotransmission 

deficits prior to overt neuronal loss, providing a tractable system for studying early mechanisms 

that may contribute to disease initiation. At the Oxford Parkinson’s Disease Centre, a BAC-

transgenic mouse model known as SNCA-OVX was developed to overexpress wild-type human 

α-synuclein on a mouse Snca-/- background (Janezic et al., 2013). This model mimics gene 

multiplication found in some familial PD and exhibits early impairments in evoked DA release 

within the dorsal striatum prior to cell body loss, followed by degeneration of SNc DA neurons 

and motor deficits (Dodson et al., 2016; Janezic et al., 2013; Roberts et al., 2020). Importantly, 

this model provides a valuable tool to study axon dysfunction, a process that may precede and 

even drive cell body loss in PD. More details about Parkinson’s disease will be described in 

Chapter 6. 
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1.6 Thesis aims 

Despite extensive research into striatal function, key questions remain regarding how 5-HT 

release is dynamically regulated and how it interacts with dopaminergic and cholinergic 

signalling under both physiological and pathological conditions. In particular, while DA 

transmission is well studied over the past decades, how striatal 5-HT release is regulated and 

interacts with other neurotransmitters is still not well understood. Addressing these gaps is 

critical for better understanding of how disturbances in monoamine system contributes to basal 

ganglia dysfunction in diseases. Altered DA and 5-HT signalling have been studied in a range of 

movement and psychiatric disorders, including PD, dystonia, depression, and addiction, yet the 

precise mechanisms by which serotonergic regulation influences striatal network activity remain 

poorly defined. A deeper understanding of these processes will not only refine our knowledge of 

striatal physiology but may also reveal novel targets for therapeutic intervention in disorders 

associated with imbalanced monoamine system. 

Therefore, the main aim of this thesis was to investigate how striatal 5-HT release is 

dynamically regulated, particularly in relation to DA signalling, under both physiological and 

disease-relevant conditions. Two complementary techniques were employed to measure 

neurotransmitter release: fast-scan cyclic voltammetry for DA and the genetically encoded 

GRAB5-HT fluorescent sensor for 5-HT in striatal slices ex vivo. Chapter 3 first validated the 

application of the GRAB5-HT sensor in the striatum. It is proposed that GRAB5-HT can retain high 

specificity for 5-HT over DA even in a DA-rich brain region - striatum, and thus reliably reports 5-

HT dynamics. This chapter also investigated the modulation of striatal 5-HT release by local 

microcircuits, testing the hypothesis that both cholinergic and GABAergic systems shape the 

temporal and spatial dynamics of 5-HT release under physiological conditions. Chapter 4 

explores the dopaminergic regulation of striatal 5-HT release. It is hypothesised that D1 and D2 
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dopamine receptors, as well as DA reuptake system, exert modulatory control over 5-HT 

transmission. Chapter 5 investigated the reciprocal modulation, focusing on how serotonergic 

signalling via 5-HT4 receptors regulates DA and ACh release. This chapter characterised the 

impact of 5-HT4R ligands on cholinergic and dopaminergic transmission, with a particular focus 

on the role of acetylcholinesterase. Chapter 6 further examined alterations in serotonergic 

signalling in a transgenic mouse model of Parkinson’s disease. This chapter aimed to test the 

hypothesis that the loss of striatal DA release leads to adaptive changes in 5-HT release and its 

regulation, potentially contributing to non-motor symptoms and therapeutic side effects. 

Together, the studies presented in this thesis provide new mechanistic insights into how 

serotonergic, dopaminergic, and cholinergic systems interact to regulate striatal 

neurotransmission, and how these interactions are altered in Parkinson’s disease. 
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2.1 Animal models for investigating striatal circuits 

2.1.1 Ethical statement for the use of animals 

The primary aim of this thesis is to investigate the mechanisms by which mammalian striatal 5-

HT and DA release is regulated, with the ultimate goal of identifying novel targets for the 

treatment of human disorders involving dysfunctional serotonergic and dopaminergic 

neurotransmission. Although advances in computational modelling have enabled simulation of 

individual components of the mesostriatal pathway, the complete mapping of interacting 

regulatory circuits is not yet available, and experimental studies still require the use of biological 

tissue. 

All experimental procedures were conducted in accordance with the UK Animals (Scientific 

Procedures) Act 1986 (PPL P9371BF54 and PP8860348), the University of Oxford ethical 

guidelines, and Home Office regulations. All mice were maintained on a C57BL/6 background 

and housed in the Biomedical Services Building, University of Oxford, in groups under controlled 

environmental conditions (temperature 22-24 °C; relative humidity 40-60%; 12 h light-dark 

cycle), with ad libitum access to food and water. 

2.1.2 Investigating 5-HT and DA signalling in mouse acute brain slices 

This thesis investigated 5-HT and DA signalling in the striatum using acute coronal ex vivo brain 

slices prepared from mice. Mice were selected due to their conserved neural architecture and 

close similarity to human brain organisation within mesostriatal and mesolimbic pathways, 

enabling the study of neurotransmission mechanisms with translational potential. The availability 

of numerous transgenic lines for targeted genetic manipulation allows for selective expression of 

fluorescent sensors and optogenetic tools in defined neuronal populations. Moreover, the 
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widespread use of mice in studies of striatal neurotransmission facilitates direct comparison of 

the present findings with an extensive body of literature. 

Acute ex vivo slices containing dorsal and/or ventral striatum were used for all experiments 

monitoring real-time neurotransmitter release. This approach was chosen over primary in vitro 

cultures because slices preserve native striatal connectivity and neuronal spatial organisation, 

including the complex axonal arborisation of DA and 5-HT neurons (Matsuda et al., 2009). 

Compared with parasagittal sections, coronal slices isolate axons from their somatodendritic 

regions, enabling the investigation of axonal-specific mechanisms without confounding inputs 

from cell bodies.  

An ex vivo preparation was preferred to in vivo approaches because it allows precise control of 

the extracellular environment, consistent bath application of pharmacological agents, and 

straightforward manipulation of ionic conditions, pH, and temperature. Additionally, multiple 

slices can be obtained from a single animal, increasing experimental throughput and reducing 

the total number of animals used in line with the principle of Reduction from the 3Rs framework. 

While ex vivo approaches cannot capture intact circuit-level or behavioural dynamics, they 

provide an optimal balance between experimental control and preservation of physiological 

striatal architecture for dissecting the mechanisms underlying neurotransmitter signalling.  

To ensure that experimental findings were broadly applicable and not biased towards one sex, 

both male and female adult mice were included in all cohorts, with similar numbers of each sex 

whenever possible. Neuroscience research has historically shown a strong bias towards the 

exclusive use of male rodents, often justified by concerns that the oestrus cycle in females 

would introduce excessive variability (Beery, 2018; Perreault et al., 2014). However, 

comparative studies across behavioural, morphological, physiological, and molecular traits have 

demonstrated that variability in females is not greater than in males, and fluctuations across the 
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oestrus cycle are no larger than intrinsic variability observed in male animals (Beery, 2018; 

Perreault et al., 2014). Including both sexes therefore improves the relevance of preclinical 

research to the human population and supports the development of clinical studies with stronger 

translational validity (Clayton, 2016). Data from both sexes were combined unless sex-specific 

differences emerged. 

2.1.3 Transgenic mouse lines 

The majority of experiments described in Chapters 3, 4 and 5 used wild-type C57BL/6J mice 

(Charles River). In Chapter 6, striatal 5-HT signalling was studied in a genetic model of early PD 

- mice overexpressing human α-synuclein (SNCA-OVX, aged 3-4 months) at levels relevant to 

disease pathology (Janezic et al., 2013). These mice were generated by introducing a bacterial 

artificial chromosome (BAC) containing the complete human SNCA locus into C57BL/6 

pronuclei, followed by backcrossing onto an α-synuclein-null (Snca-/-) background. Littermate 

Snca-/- mice served as controls, as they lack endogenous α-synuclein and therefore avoid 

confounding protein-protein interactions. Notably, Snca-/- animals exhibit normal DA storage 

and release compared with mice expressing moderate levels of human α-synuclein, indicating 

that functional deficits in SNCA-OVX mice arise from overexpression rather than α-synuclein 

expression itself (Janezic et al., 2013). 

2.2 Fast-scan cyclic voltammetry for real-time detection of DA 

release 

2.2.1 Rationale for the use of FCV 

Fast-scan cyclic voltammetry (FCV) at carbon fibre microelectrodes (CFMs) was chosen in this 

work as the primary method to monitor DA release in the striatum due to its combination of high 
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temporal resolution, sensitivity, and chemical identification capabilities. FCV detects 

electroactive neurotransmitters by applying a triangular voltage waveform to the CFM, which 

induces oxidation and reduction reactions in molecules such as DA. The resulting faradaic 

current is proportional to the extracellular concentration of the analyte, and the shape of the 

cyclic voltammogram provides a unique chemical marker that can identify a specific molecule. 

Compared with alternative approaches, FCV offers several advantages for the study of rapid DA 

signalling. Unlike microdialysis, which is limited to a temporal resolution of tens of seconds, FCV 

achieves sub-second sampling rates suitable for resolving release and uptake kinetics. In 

contrast to genetically encoded fluorescent DA indicators, which require viral delivery and report 

only relative changes in fluorescence, FCV can quantify absolute DA concentration changes 

through post-experiment calibration with known standards. It also avoids the lack of chemical 

specificity seen with constant-potential amperometry, which measures current at only one fixed 

voltage. Without scanning across a range of voltages, this method cannot capture the oxidation 

and reduction peaks needed to distinguish between different electroactive molecules with 

similar structures. These features make FCV particularly well suited for ex vivo slice 

experiments aimed at dissecting axonal-level mechanisms of DA regulation, while avoiding 

excessive invasiveness and preserving the physiological architecture of the striatum. 

2.2.2 FCV for the detection of DA 

FCV was implemented using CFMs positioned within the striatal recording site of acute ex vivo 

brain slices. This method exploits the electroactive nature of DA, which arises from its two 

hydroxyl groups that can be oxidised to dopamine-o-quinone and subsequently reduced back to 

DA. A triangular voltage waveform was applied between the working electrode and an Ag/AgCl 

reference electrode. During the positive-going phase of the sweep, DA was oxidised at 

approximately +0.6 V to form dopamine-o-quinone (Fig. 2.1A). During the negative-going 
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phase, this product was reduced back to DA at approximately -0.2 V. The change in oxidation 

state involves the loss and gain of electrons, producing a faradaic current whose amplitude is 

directly proportional to the extracellular DA concentration at the electrode surface. A 

voltammogram where the potential applied is plotted against the current recorded is useful to 

identify the molecule of interest (Fig. 2.1B). 

Each waveform scan lasted approximately five milliseconds and was repeated eight times per 

second (8 Hz), providing a sub-second sampling rate that is sufficient to resolve the rapid 

dynamics of DA release and uptake. A large, relatively stable background charging current, 

generated by capacitive effects at the electrode-tissue interface, was always present. This 

 Figure 2.1. Fast-scan cyclic voltammetry for the detection of DA. (A) A triangular 
waveform is applied, ramping from -0.7 V to +1.3 V and back to -0.7 V, vs Ag/AgCl. In the 
background-subtracted voltammogram, DA is oxidised at 0.6 V to DA-o-quinone and reduced 
to DA at -0.2 V. (B) Current vs voltage plot showing background-subtracted cyclic 
voltammogram upon application of 2 µM DA. Current vs time plot, and an example of 
electrically-evoke DA transient.  
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background current was digitally subtracted in real time by a Millar voltammeter to isolate the 

faradaic component. In practice, the electrode was allowed to remain in the tissue for close to 

an hour before data acquisition commenced, ensuring that the local environment had stabilised 

and that slow fluctuations in the charging current had subsided. 

To permit quantification, each recording electrode was calibrated at the end of the experiment 

with a known concentration of DA. This established a linear relationship between current 

amplitude and DA concentration over the physiological range observed in the slice preparation. 

When pharmacological agents were applied during recordings, calibrations were performed both 

in the presence and absence of these agents to verify that they did not alter electrode 

sensitivity, for example by interacting with the carbon fibre surface. 

The recorded signals were identified as DA based on several lines of evidence. First, DA 

produces a characteristic cyclic voltammogram, with a peak oxidation potential around +0.6 V 

and a reduction peak near -0.2 V, which allows for clear differentiation from other electroactive 

molecules measurable with FCV, such as 5-HT, which exhibits a distinct voltammetric profile. 

During each experiment, voltammograms were compared with those obtained during end-of-day 

calibration using a known concentration of DA. Second, recordings were made in the striatum, 

where DA is far more abundant than other electroactive transmitters, making it the most likely 

source of the signal. Third, the application of pharmacological agents produced effects 

consistent with DA-specific mechanisms. For example, blocking the DA transporter with cocaine 

led to a slower decay of the evoked signal, as expected from inhibition of DA reuptake (Threlfell 

et al., 2021). 

2.2.3 Fabrication of carbon fibre microelectrodes (CFMs) 
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Carbon fibre microelectrodes were fabricated in-house, and each electrode was used for a 

single day of recording. This ensured consistent sensitivity and response kinetics, as repeated 

exposure to DA and biological tissue can degrade electrode performance. 

A single epoxy-free carbon fibre (7 µm diameter; Goodfellow Cambridge Ltd) was threaded 

through a borosilicate glass capillary tube (outer diameter 2.0 mm, inner diameter 1.6 mm; Multi 

Channel Systems, Harvard Bioscience Inc). The capillary was first filled with acetone to assist 

fibre insertion and cleaning, then dried thoroughly. The capillary tube was sealed tightly around 

the carbon fibre using a vertical electrode puller (PE-2, Narishige) with a high heat setting. This 

created a narrow glass tip and a strong seal around the fibre, which helps to minimise electrical 

noise during recordings. The seal was inspected under high magnification to ensure it was intact 

and free of cracks. The exposed fibre extending from the seal was then trimmed to a length 

between approximately 50-150 µm using a scalpel. This length provided a balance between 

signal sensitivity and noise levels. To complete the electrode, an insulated copper wire was 

partially stripped and coated with silver conductive paint (RS Components Ltd). This wire was 

inserted into the opposite end of the capillary tube until it made electrical contact with the carbon 

fibre. The wire was fixed in place using cyanoacrylate glue (Loctite). 

Before use, each electrode was connected to the Millar voltammeter and assessed for stability 

and signal quality, ensuring the amplification factor (full signal gain) was ~3-12 mV/nA indicating 

an exposed fibre length of ~50-150 µm. The background charging current was examined, and 

electrodes showing abnormal noise or poor gain were discarded. Sensitivity was also checked, 

ensuring the electrode fell within an acceptable amplification range to provide reliable DA 

detection with sufficient signal-to-noise ratio. 

2.2.4 Slice preparation 
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Acute coronal brain slices containing the striatum or SNr were prepared for all ex vivo 

recordings in this thesis. On the day of the experiment, mice were culled by cervical dislocation 

and the brain was removed and transferred to an ice-cold cutting solution, containing in mM: 

194 sucrose, 30 NaCl, 4.5 KCl, 1 MgCl2-6H2O, 26 NaHCO3, 1.2 NaH2PO4, 10 glucose, 

saturated with 95% O2/5% CO2. Coronal slices 300 μm-thick containing the striatum were cut 

using a vibratome (VT1200S, Leica Microsystems). Slices were immediately transferred to 

artificial cerebrospinal fluid (aCSF) containing in mM: 130 NaCl, 2.5 KCl, 26 NaHCO3, 1.25 

NaH2PO4, 2 MgCl2-6H2O, 2.5 CaCl2 and 10 glucose, saturated with 95% O2/5% CO2. Sections 

were incubated at 34°C for 15 min before they were stored at room temperature (20-22°C) until 

recordings were performed. All recordings were obtained within 6 h of slicing. 

2.2.5 FCV recording  

Following incubation, individual slices were hemisected and transferred to a recording chamber 

perfused with aCSF at a flow rate of approximately 2 ml/min, maintained at 31-33°C and 

continuously bubbled with 95% O2 / 5% CO2. Slices were allowed to equilibrate in the bath for 

30-40 minutes prior to recording. During this period, the CFM was inserted into the tissue with 

the voltammetric scan active, allowing the electrode surface to stabilise in the local environment 

and minimising baseline drift caused by interactions with endogenous electroactive molecules. 

To begin recording, the CFM was positioned at a depth of 100-150 µm in the DLS or NAcC. 

Electrical stimulation is described in the following Section 2.2.6. Recording sites were excluded 

if stable release could not be achieved after multiple stimulations. At the end of each 

experimental day, electrodes were calibrated using 2 µM DA in aCSF. Calibration solutions were 

freshly prepared from a 2.5 or 5 mM DA stock in 0.1 M perchloric acid, stored at 4°C. In drug 

experiments, calibrations were repeated in the relevant drug-containing solution to assess any 

impact on electrode sensitivity. 
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Data were acquired using Axoscope software (version 10.7, Molecular Devices) and analysed 

with Python code written in-house. Peak DA oxidation current values were extracted from 

background-subtracted voltammograms, converted to concentration using the electrode-specific 

calibration factor, and plotted over time to produce DA transients. 

2.2.6 Electrical stimulation and experimental design 

To evoke DA release in striatal slices, local electrical stimulation was applied, as the coronal 

slices used in this study do not contain DA cell bodies and thus lack spontaneous dopaminergic 

activity. This approach enables selective investigation of presynaptic mechanisms regulating DA 

release without input from midbrain somatodendritic regions. However, it should be noted that 

electrical stimulation is not cell-type specific and may activate local non-dopaminergic elements. 

Stimulation was delivered using a bipolar concentric Pt/Ir electrode (inner pole diameter 

approximately 25 µm; FHC Inc.), positioned on the tissue surface around 100 µm from the 

carbon fibre microelectrode. Stimulation pulses were 0.2 ms in duration and delivered at an 

amplitude of 0.6 mA. 

Single-pulse and five-pulse stimulation protocols were used throughout, with stimulation 

delivered every 2.5 minutes to allow signal recovery and stable baseline measurements. 

Experiments involving drug application were initiated only once evoked DA release had 

stabilised, defined as no more than 10% variation across four consecutive recordings. Once 

stable, test compounds were applied for a period of 20-30 minutes (8-12 recordings), and their 

effects on evoked DA release were assessed. The single-pulse protocol was designed to reflect 

the low-frequency, tonic firing mode of DA neurons, typically ranging from 1 to 10 Hz under 

basal conditions. In contrast, DA neurons can switch to a burst firing mode in response to salient 
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stimuli, with average firing rates around 20-40 Hz, and in some cases reaching up to 100 Hz 

(Freeman et al., 1985; Grace & Bunney, 1984; Hyland et al., 2002). 

2.3 GRAB sensor imaging 

2.3.1 Stereotaxic intracranial injections 

Stereotaxic intracranial injections were performed to deliver AAV-packaged GRAB sensors into 

the striatum of wild-type (C57BL/6J) or transgenic (SNCA-OVX and Snca -/-) mice (Fig 2.2). All 

surgical procedures were conducted under aseptic conditions and in accordance with the 

Project Licence approved by the UK Home Office. 

Anaesthesia was induced using 4% isoflurane in an induction chamber and maintained at 1.5-

2% throughout the procedure. Mice were placed in a stereotaxic frame (Kopf Instruments) and 

monitored for anaesthetic depth by the pedal withdrawal reflex. Eye ointment was applied, and 

core body temperature was maintained at 37°C using a rectal probe and heated mat. The 

incision site was shaved, cleaned with chlorhexidine gluconate (Chloraprep), and injected with 

bupivacaine hydrochloride (2 mg/kg, s.c.). Meloxicam (5 mg/kg, s.c.) and sterile saline (Vetivex) 

were also administered sub-cutaneously. 

A midline scalp incision was made, and craniotomies were drilled at the target site: DLS (ML 

±2.2 mm, AP +0.65 mm, DV -2.7 to -2.5 mm), NAcC (ML ±0.9 mm, AP +1.4 mm, DV -3.8 to -3.5 

mm). Viral constructs were injected using a 32-gauge Hamilton syringe at 200 nL/min (1 µL per 

site), with the needle left in place for 5 minutes post-injection to allow diffusion. The injected 

constructs included AAV2/5-hSyn-5-HT3.0, AAV2/9-hSyn-5-HT3.0mut, AAV2/5-hSyn-ACh3.0 

and AAV2/5-hSyn-DA3h/3m (BrainVTA), all at a titre of ≥ 2.00 x 1012 viral genome copies per ml. 
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Following injection, the incision was closed with monofilament suture (Monocryl). Mice were 

placed in a temperature-controlled recovery cage until fully awake and monitored daily for 7 

days post-surgery. Medicated jelly (Metacam) was provided on days 0-3 for analgesia. Mice 

were used for experiments 3-4 weeks after injection to allow time for sufficient viral expression. 

2.3.2 GRAB imaging 

Fluorescent GPCR-activation based sensors were used to monitor extracellular levels of 5-HT, 

ACh and DA in acute striatal brain slices. AAV2/5-hSyn-GRAB5-HT3.0 sensors were used to detect 

5-HT release, AAV2/5-hSyn-GRABACh3.0 sensors for ACh, and AAV2/5-hSyn-GRABDA3h/3m 

sensors for DA (all from BrainVTA).  

All GRAB sensors were expressed under the control of the human synapsin 1 (hSyn) promoter, 

ensuring stable, neuron-specific expression at the injection site (Kügler et al., 2003). These 

constructs encode sensors based on modified human GPCRs, in which a circularly permutated 

GFP (cpGFP) is inserted into an intracellular loop of the receptor(Deng et al., 2024). Binding of 

 Figure 2.2. Schematic representation of the experimental procedure for GRAB sensor 
expression in mouse striatum. AAV-packaged GRAB5-HT3.0 or GRAB5-HT3.0mut or GRABACh3.0 
sensors were bilaterally injected into the dorsal striatum (DLS) or ventral striatum (NAcC) of WT 
mice. After 3 weeks of expression, acute slices were prepared for recording. Representative 
fluorescence images show bright and uniform sensor expression in the targeted regions. 
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the relevant neurotransmitter triggers a conformational change in the receptor, leading to an 

increase in fluorescence. 

2.3.3 Imaging acquisition 

All imaging experiments were performed using the same recording setup and aCSF conditions 

as for FCV recordings, including temperature (~32 °C) and perfusion rate (~2 mL/min). Slices 

were placed in the recording chamber and held in place using silver pins. GRAB sensor 

expression was visualised using a 10x water immersion objective (Olympus) and a sCMOS 

camera (Teledyne Photometrics). The objective was lowered into the bath and an LED (470 nm, 

4 mW, pE-300, CoolLED) was briefly switched on to visualise GFP expression to confirm 

expression, and to place the stimulating electrode in the desired expressing-region. For GRAB5-

HT, sampling rate was 10 Hz, exposure time 100 ms, field size was 665.6 μm x 665.6 μm and 

image sequences were recorded for 40 s with a 7 s pre-recording photo-bleaching time using 

Micro-Manager 2.0. For GRABACh and GRABDA, sampling rate was 100 Hz, exposure time 10 

ms, field size was 665.6 μm x 665.6 μm and images sequences were recorded for 5 s with a 1 s 

pre-recording photo-bleaching time. Electrical stimulations were delivered every 2.5 minutes 

and the same stimulation parameters and protocols were used as in Section 2.2.6. 

2.3.4 Data processing 

Fluorescence data were extracted in ImageJ using a custom-written macro. For evoked release 

experiments, a square region of interest (ROI, 50 μm × 50 μm) was placed with its centre 

located 75 μm from the centre of the stimulating electrode (Fig. 2.3A), matching the spatial 

configuration used in FCV recordings.  

The fluorescence values and corresponding frame numbers of the ROI were exported and 

analysed in MATLAB (R2023b, MathWorks) using a self-written code. Time was calculated from 
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frame numbers, and traces were generated by the signal from ROI. A ‘exp2’ MATLAB 

function, f(x) = abx + cdx was fit to the pre- and post-peak of the trace to estimate baseline 

fluorescence (F0) in the absence of stimulation (Fig. 2.3B). Evoked responses were calculated 

as ΔF/F0, where ΔF = F - F0, and F is the raw fluorescence at the peak. In addition to measuring 

evoked transients, F0 at the time of stimulation was also recorded as a proxy for tonic (non-

evoked) neurotransmitter levels, to assess changes across time or in response to 

pharmacological manipulation. 

2.4 AChE chemiluminescent assay 

AChE activity was measured using a commercially available colorimetric assay kit (Abcam, 

ab138871), which utilizes 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) to detect thiocholine (TCh), 

a product of acetylthiocholine (ATCh) hydrolysis catalyzed by AChE. The kit includes DTNB, 

assay buffer, ATCh, and AChE standards. Dorsal and ventral striatal tissue punches (1.2 mm 

diameter) were collected from 300 μm-thick acute coronal striatal slices, prepared using a 

 Figure 2.3. Data extraction and processing for imaging experiments with electrical 
stimulation. (A) Example recording window (GRAB5-HT) and schematic of the recording 
configuration in the DLS. The stimulating electrode angle was measured, and a 50 μm × 50 μm 
square region of interest (ROI) was positioned with its centre 75 μm from the electrode tip. Scale 
var = 50 µm. (B) Example trace illustrating ΔF/F0 calculation. Raw fluorescence values (F) were 
fitted with an exponential decay function in MATLAB to determine baseline fluorescence (F0). The 
fluorescence change (ΔF = F - F0) was then divided by F0 to obtain ΔF/F0 values. The baseline 
fluorescence at the peak ΔF/F0 (F0 at peak) was also extracted to monitor basal fluorescence 
changes over time and under different drug conditions. 
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vibratome in ice-cold cutting solution as described above (Section 2.2.4). Each slice was 

bisected along the midline, with the left hemisphere incubated in aCSF as control and the right 

hemisphere treated with either 10 µM RS67333 or 10 µM BIMU8 for 1 hour at room 

temperature. Following treatment, tissue punches were lysed in PBS containing 0.5% IGEPAL 

CA-630 for 10 minutes, sonicated (10-15 s, 2-3 cycles), and centrifuged at 800 rpm for 5 

minutes at 4 °C. The resulting supernatants were transferred to new Eppendorf tubes and 

diluted at a ratio of 1:5 in assay buffer for use in subsequent assays. To generate test mixtures 

with defined substrate concentrations (0%, 10%, 50%, 75%, and 100%), different proportions of 

ATCh-containing reaction mix (ATCh MIX) and control mix lacking substrate (Null MIX) were 

combined in a fixed total volume of 50 µL per well. The mixtures were loaded into the 

designated wells of a 96-well plate following addition of 50 µL of diluted sample to each well. 

After a 15-minute incubation at room temperature in the dark, absorbance was measured at 410 

nm using a microplate reader. Saturation curves were generated based on the calculated 

enzyme activities. The test compounds (RS67333 or BIMU8) were present in the reaction buffer 

throughout the entire assay process. Michaelis constant (Km) and maximum reaction velocity 

(Vmax) were determined by fitting the data to the Michaelis–Menten equation using non-linear 

regression. 

2.5 Statistical testing 

Statistical analyses were performed using GraphPad Prism (version 10). Standard errors of the 

mean (SEMs) shown in figures were calculated based on slice-level replication, treating each 

slice as a statistical unit. For each dataset, SEM was then calculated as the standard deviation 

divided by the square root of the number of slices. This approach reflects the slice-level 

randomisation, handling, and recording protocols applied during the experiments. SEMs were 

not adjusted by the number of animals because the analysis was performed at the slice level. In 
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all cases, slices from different animals were appropriately balanced across treatment groups to 

avoid pseudo-replication and to maintain biological validity. Each slice was randomly allocated 

to a treatment group, independently handled, and recorded from a single site, fulfilling standard 

criteria for genuine biological replication. Additionally, all datasets were reviewed to ensure that 

no group-level effects or outliers were driven by data from a single animal or a specific sex, and 

no such biases were detected. 

Statistical testing was applied to datasets with a minimum of four slices per group. In each case, 

the number of animals contributing to the dataset is reported, with a minimum of three animals 

per group unless otherwise stated. 

Parametric tests were used in most cases, based on the assumption that evoked striatal 

neurotransmitter release follows a normal distribution with relatively consistent variance 

between slices and recording sites. Student’s t-tests or two-way analysis of variance (ANOVA) 

were applied as appropriate, with Fisher’s LSD post-hoc comparisons conducted where the 

main effect or interaction was significant. The threshold for statistical significance was set at p < 

0.05. Significance levels are noted as: *p < 0.05, **p < 0.01, ***p < 0.001. In the case of multiple 

comparisons, the absence of asterisks is taken to indicate no significant difference, unless 

explicitly stated that statistical testing was not performed. Detailed statistical results for each 

dataset are provided in the corresponding figure legends. 
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3.1 Introduction 

3.1.1 Serotonin in striatum 

The striatum is a major target of ascending serotonergic input, receiving dense innervation from 

several midbrain raphe nuclei. In rodents, these inputs predominantly arise from the dorsal 

raphe nucleus (DRN), with additional projections from the median raphe (MRN) and 

supralemniscal nucleus (SLN) (Nair et al., 2020). These nuclei originate from distinct 

developmental rhombomeres and express divergent transcriptional profiles, which likely give 

rise to functionally heterogeneous serotonergic pathways (Okaty et al., 2015). Mapping studies 

using immunohistochemistry, retrograde and anterograde tracers, and genetic labelling 

approaches (e.g., GFP expression in 5-HT neurons) have helped delineate these distinct circuits 

(Doucet et al., 1986; Muzerelle et al., 2016; Vertes & Crane, 1997).  

Importantly, the pattern of 5-HT innervation within the striatum is not uniform. The dorsal 

striatum receives inputs mainly from the DRN and SLN, while the ventral striatum, including the 

nucleus accumbens (NAc), receives converging projections from both the DRN and MRN 

(Kosofsky & Molliver, 1987). Comparative studies have shown that ventral striatal subregions 

exhibit denser serotonergic innervation than dorsal parts, particularly in the shell region of the 

NAc (Brown & Molliver, 2000). In primates and humans, these patterns are largely conserved, 

though with species-specific differences (Parent et al., 2011).  

At the cellular and circuit level, 5-HT modulates the activity of both projection neurons and 

interneurons, thereby influencing striatal output across multiple behaviours- motor control, 

cognitive flexibility, inhibitory gating, and reward evaluation (Abg Abd Wahab et al., 2019; Carli & 

Invernizzi, 2014; Lesch & Waider, 2012; Matias et al., 2017). For example, 5-HT has been 
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shown to activate fast-spiking interneurons in the dorsal striatum, increasing local inhibitory tone 

(Blomeley & Bracci, 2009). 

Finally, disruption of 5-HT signalling within the striatum is implicated in numerous 

neuropsychiatric and motor disorders, including PD, depression, and obsessive-compulsive 

disorder (OCD). Although many treatments aim to modulate serotonergic tone 

pharmacologically, there remains a lack of detailed understanding of how 5-HT operates within 

striatal microcircuits in real-time. 

3.1.2 Evidence of striatal 5-HT regulation 

Striatal 5-HT transmission is subject to modulation by multiple neurotransmitter systems, with 

DA exerting a strong influence. DA and 5-HT share a complex bidirectional relationship within 

the striatum. DA can suppress 5-HT release via D2 receptor–mediated mechanisms and 

reciprocally, 5-HT modulates DA signalling through receptors such as 5-HT1B and 5-HT2C, 

forming a reciprocal regulatory loop (Di Giovanni et al., 2008; Di Matteo et al., 2008). This 

interplay helps fine-tune reward-related processes, action selection, and behavioural flexibility. 

Recent advances in real-time imaging tools, particularly genetically encoded fluorescent 

sensors like GRAB5-HT, have revealed that serotonergic release in the striatum is not simply a 

consequence of DRN activity. In an operant reward task, Liu et al. (2025) demonstrated that 5-

HT levels in the dorsomedial striatum dynamically track reward-predictive cues and outcome 

values, and that these fluctuations occur independently of DRN firing (Liu et al., 2025). This 

indicates that 5-HT release is tightly regulated at the axonal level within striatal circuits, likely 

influenced by local modulators such as DA. These findings underscore the importance of local 

striatal mechanisms in shaping motivational and value-driven behaviours via serotonergic 

signalling. 
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Beyond dopaminergic modulation, accumulating evidence suggests that both cholinergic and 

GABAergic signalling pathways significantly contribute to the regulation of striatal 5-HT release. 

A recent study using optogenetic activation of ChIs found that synchronous firing of these 

neurons triggers robust local 5-HT release, and this mechanism is exaggerated in 

hypercholinergic states such as OCD-like conditions, implicating ChIs as key modulators of 

striatal serotonergic tone (Matityahu et al., 2024). GABAergic control of striatal monoamine 

release has also been well documented, particularly in the context of DA. Lopes et al. (2019) 

demonstrated that blocking GABAA and GABAB receptors significantly increased extracellular 

DA in the striatum, likely by removing tonic inhibitory control over DA axons (Lopes et al., 2019). 

Since DA influences 5-HT, GABAergic modulation may thus indirectly affect 5-HT release. 

Therefore, such findings collectively suggest that monoaminergic cross-regulation may 

represent a universal principle of neuromodulatory control within the striatum. 

Additionally, 5-HT clearance is governed by monoamine transporters, primarily the serotonin 

transporter (SERT) and the DA transporter (DAT). Cocaine, a blocker of SERT, DAT, and NET, 

leads to increases in extracellular 5-HT levels, demonstrating the importance of transporter-

mediated uptake in controlling 5-HT dynamics (Andrews & Lucki, 2001; Carey et al., 2001; 

Essman et al., 1994; Koe, 1976). Notably, studies have also reported that 5-HT can be taken up 

into dopaminergic axons via DAT and co-released with DA, further underscoring the functional 

coupling of these systems (F.-M. Zhou et al., 2005). These findings collectively support a model 

in which striatal 5-HT release is finely tuned by transporter activity and neuromodulatory inputs, 

and potentially co-released by DA systems, emphasizing the need to consider multisystem 

interactions when studying 5-HT function in the striatum. 

Given the complex and highly interconnected regulatory landscape of striatal 5-HT signalling, 

further studies are required to more fully understand its release properties and modulation. This 

chapter aimed to investigate the local circuit mechanisms that modulate striatal 5-HT release, 
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using the genetically encoded fluorescent sensor GRAB5-HT. The first hypothesis tested was that 

GRAB5-HT selectively reports extracellular 5-HT, rather than DA, in the striatum - a region with 

dense dopaminergic innervation over 5-HT. Establishing the specificity of this sensor in striatal 

tissue was essential for interpreting following experiments. Based on this, a second hypothesis 

was that striatal 5-HT release is dynamically regulated by local cholinergic and GABAergic 

signalling. Together, these studies define the key local modulatory influences that govern 5-HT 

signalling in the striatum and provide a validated new approach for monitoring 5-HT release ex 

vivo. 

3.2 Methods 

3.2.1 Animals and slice preparation 

Wild-type C57BL/6J mice (6 - 8 weeks old, mixed sex) were injected with either AAV5-hSyn-5-

HT3.0 or AAV9-hSyn-5-HT3.0mut (Brain VTA), as described in Chapter 2, Section 2.3.1. Mice 

were sacrificed 3 - 4 weeks after injection, and acute ex vivo coronal brain slices containing both 

dorsal and ventral striatum as well as SNr, were prepared as previously described in Section 

2.2.2. 

3.2.2 Stereotaxic intracranial injections 

Mice were allowed to acclimate for at least 7 days prior to surgery. Post-operative supportive 

care included familiarization with recovery food, provision of soft bedding, and single housing to 

facilitate health monitoring. 

For intracranial virus injections, AAV5-hSyn-GRAB5-HT3.0 (Brain VTA, PT-4724) was diluted by 

mixing 0.75 μL of virus with 3.25 μL of sterile saline on ice. 6-hydroxydopamine (6-OHDA; 
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Sigma-Aldrich) lesions were freshly prepared by dissolving 3 mg of powder in 1 mL of ice-cold 

ascorbic acid solution (3 mg/mL, made from 15 mL sterile saline with 3 mg L-ascorbic acid; 

Sigma). Desipramine hydrochloride (25 mg/mL in saline; Merck, D3900) was diluted 1:10 prior 

to intraperitoneal injection. All reagents were kept on ice and protected from light during 

preparation and use. 

Mice were anesthetized with isoflurane (4 - 5% for induction and 1.5 - 2% for maintenance) and 

placed in a stereotaxic frame. GRAB5-HT3.0 virus was injected bilaterally into the DLS at 240 nL 

per site using the following coordinates: AP -0.3 mm, ML ±2.5 mm, DV -2.1 mm. For SNc 

injections, 200 nL of either 6-OHDA (3 μg in 1 μL of ascorbic acid) or ascorbic acid alone was 

injected unilaterally at AP -3.2 mm, ML ±1.4 mm, DV -4.0 mm. Injections were performed slowly 

and followed by a 10-minute diffusion period before pipette withdrawal. To protect noradrenergic 

axons, desipramine (25 mg/kg; 0.3 mL i.p. for a 30 g mouse) was administered 45–60 minutes 

prior to 6-OHDA injection on the lesion side. 

Following surgery, mice received 0.3 mL of Glucosaline subcutaneously. They were placed on a 

heating mat and monitored until ambulatory. Post-operative care included provision of soft food 

and hydration sources placed on the cage floor to support recovery. Mice were weighed and 

assessed twice daily for the first 3 days and then daily for at least one week. Buprenorphine was 

administered during the first 2 days post-surgery to manage pain. 

The method in Section 3.2.2 was provided by Dr. Helen Collins; full procedure details can be 

found at the following link: https://www.protocols.io/view/intrastriatal-injections-of-ggrab5-ht3-0-

virus-and-g5zcby72x. 

3.2.3 GRAB5-HT imaging 
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For GRAB5-HT imaging experiments involving electrical stimulation, recordings were conducted 

as detailed in Chapter 2. The camera was set to an exposure time of 100 ms with 2×2 pixel 

binning. Excitation was provided by a continuously illuminated blue LED (470 nm) at an intensity 

of approximately 4 mW for a duration of 40 seconds for each recording, allowing the detection of 

each 5-HT release event. These acquisition parameters enabled the resolution of individual 

release events during train stimulations, depending on the off kinetics of the sensor. Data 

extraction and processing followed the methods described in Chapter 2. 

In all experiments involving electrical stimulation, stimulation protocols were performed in 

duplicate, and the order of stimuli was randomized. Each experimental group included at least 

four animals (N ≥ 4). Statistical significance was evaluated using two-way ANOVA, Student’s t-

test, and regression analysis in GraphPad Prism 10. 

3.2.4 Immunochemistry and imaging 

After completion of ex vivo slice experiments, 300 μm brain slices were fixed in 4% 

paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 2–3 days at 4 °C. Slices were 

then transferred to 30% sucrose in PBS for cryoprotection and storage. Lesioned and sham 

hemispheres were marked prior to fixation. To validate dopaminergic and serotonergic terminal 

loss and sensor expression, immunostaining was performed for tyrosine hydroxylase (TH), 

serotonin transporter (SERT), and green fluorescent protein (GFP, to enhance gGRAB5-HT3.0 

signal). Slices were washed in PBS and PBS-T (0.3% Triton X-100, 0.05% sodium azide in 

PBS), then incubated overnight at room temperature with the following primary antibodies 

diluted 1:1000 in PBS-T with 1% normal donkey serum (NDS): anti-TH (Guinea pig, Synaptic 

Systems, #213 104), anti-SERT (Rabbit, Synaptic Systems, #340 003), anti-GFP (Chicken, 

Aves Labs, #GFP-1020). The next day, slices were washed again and incubated for 4 hours at 

room temperature in the dark with secondary antibodies (1:1000 in PBS-T + 1% NDS): Cy3 
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donkey anti-rabbit IgG (Jackson ImmunoResearch, #706-165-148), Cy5 donkey anti-guinea pig 

IgG (Jackson ImmunoResearch, #711-175-152), Alexa Fluor 488 donkey anti-chicken IgY 

(Jackson ImmunoResearch, #703-545-155). After final washes in PBS, slices were mounted 

onto labelled glass slides, dried briefly, and cover-slipped using VECTASHIELD® antifade 

mounting medium (Vector Laboratories, #H-1000). Slides were sealed with clear nail varnish 

and stored at 4 °C in the dark until imaging. Full procedural details can be found at the following 

link: https://www.protocols.io/view/immunohistochemical-validation-of-ggrab5-ht3-0-sen-

g53sby8nf.  

3.2.5 Drugs 

Drugs were diluted in either dH2O or DMSO (dymethl sulfoxide) to 1,000x stock aliquots and 

stored at -20 °C. Final drug concentrations were prepared in aCSF saturated with 95% O2/ 5% 

CO2 right before use. 

Drug Supplier Action Concentration Solvent References 

Dihydro-β-
erythroidine 

(DHβE) 
hydrobromide 

Sigma-
Aldrich 

nAChR 
antagonist 1 µM dH2O Threlfell et al. (2012); 

Roberts et al. (2020) 

RS 23597-190 Tocris 5-HT4R 
antagonist 100 µM DMSO Eglen et al. (1993) 

Deng et al. (2024) 

Tetrodotoxin 
(TTX) 

Bio-
Techne 

Na+ 
channel 
blocker 

1 µM  DMSO Threlfell et al. (2012) 

Cocaine 
hydrochloride 

Sigma-
Aldrich 

DAT, 
SERT, 
NET 

blocker 

5 µM dH2O Condon et al. (2020); 
Threlfell et al. (2021) 

Citalopram 
hydrobromide 

Sigma-
Aldrich SSRI 75 nM DMSO Stenfors et al. (2001) 

Nomifensine 
maleate 

Sigma-
Aldrich 

DAT 
inhibitor 2 µM 

Hydrochlor
ic acid 
(HCl) 

Condon et al. (2019); 
Threlfell et al. (2021) 

Sumatriptan 
succinate 

Bio-
Techne 

5-HT1B/1DR 
antagonist 1 µM dH2O Pierce et al. (1996) 
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Oxotremorine-
M Tocris mAChR 

agonist 5 µM dH2O Threlfell et al. (2010) 

(+)-Bicuculline Abcam GABAAR 
antagonist 10 µM DMSO Roberts et al. (2020); 

Stedehouder et al. (2024) 

CGP 55845 
hydrochloride Abcam GABAB-R 

antagonist 4 µM DMSO Roberts et al. (2020); 
Stedehouder et al. (2024) 

 

3.3 Results 

3.3.1 Properties of the 5-HT signal measured with GRAB5-HT sensors in 

striatum 

The structural similarity and anatomical overlap of DA and 5-HT can make it challenging to 

detect 5-HT, especially in DA-rich brain regions, without confounding detection of DA. Classic 

detection methods such as microdialysis and fast-scan cyclic voltammetry (FCV) can face 

challenges in separately detecting 5-HT from DA with either sufficient high spatiotemporal 

resolution, specificity or sensitivity. In the striatum, where DA is abundant, the regional varicosity 

density for 5-HT axons in rat striatum is documented as 2.8-10% of the density of DA 

varicosities (Descarries et al., 1990; Doucet et al., 1986; Mrini et al., 1995) and striatal tissue 

content of DA is 20-fold higher than 5-HT (De Deurwaerdère & Di Giovanni, 2017). We assume 

that the monoamine signal detected by FCV in the DLS has a negligible contribution from 5-HT. 

However, a newly developed florescent sensor GRAB5-HT3.0 offers a potentially powerful method 

for monitoring 5-HT dynamics in real time. The GRAB5-HT sensor has excellent cell surface 

trafficking, high specificity, sensitivity, and spatiotemporal resolution, as well as rapid kinetics 

making it suitable for monitoring 5-HT dynamics in vivo (Deng et al., 2024). Evidence has shown 

that the GRAB5-HT3.0 sensor has high specificity and sensitivity to 5-HT compared with DA and 
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other neurotransmitters tested in cultured rat cortical neurons (Deng et al., 2024). Based on this, 

I first explored the properties of GRAB5-HT3.0 in striatum acute brain slices.  

To verify the expression pattern of GRAB5-HT3.0 sensors following viral injection into the DLS, 

immunofluorescence staining was performed on brain slices containing the DLS and SNr, as 

described in the Methods. Representative fluorescence images revealed robust GFP signal in 

the DLS, corresponding to GRAB expression that was detected via its GFP tag (Deng et al., 

2024), and this signal co-localised with the 5-HT transporter (SERT) (Fig. 3.1). Notably, GFP 

signal was also detected in the substantia nigra pars reticulata (SNr) (Fig. 3.1), a non-injected 

region but one receiving dense 5-HT innervation from raphe (Corvaja et al., 1993; Van Der Kooy 

& Hattori, 1980; Wirtshafter & McWilliams, 1987) as well as striatonigral afferents from the 

injected regions of striatum. This expression is presumed to result from retrograde trafficking of 

the GRAB5-HT sensor from the DLS injection site. These findings confirmed detectable 

expression of GRAB5-HT sensors in the striatum. 
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After confirming detectable expression of GRAB5-HT sensor in the striatum, I next evaluated their 

performance in acute brain slices. GRAB5-HT was bilaterally injected into either DLS or NAcC and 

following a three-week expression period, acute striatal slices were prepared, and electrical 

stimulation was delivered locally to evoke 5-HT release (Fig. 3.2A). The fluorescence change 

(ΔF/F0) upon each stimulation was recorded as the indicator of [5-HT]o dynamics.  

First, signal stability of the sensor was assessed over a standard experimental time window 

(~40 min). Both the evoked peak amplitude (ΔF/F0) and baseline F0 remained relatively stable, 

showing only a mild reduction of ~5% after 40 min (Fig. 3.2B). We speculate that the small  

 
Figure 3.1. Expression of GRAB5-HT sensor following viral injection into the DLS. 
Representative fluorescence image showing GRAB5-HT expression (GFP, green) in the dorsal 
lateral striatum (DLS, top) and substantia nigra pars reticulata (SNr, bottom). Co-localised with 
tyrosine hydroxylase (TH, red) and the 5-HT transporter (SERT, cyan). Scale bar = 2000 µm 
(DLS), 1000 µm (SNr). Images were acquired by Dr. Helen Collins. 
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decline in baseline F0 was due to gradual photobleaching, while the reduction in evoked peak 

amplitude likely reflected a mild deterioration in vesicle pool, or slice health over time. 

 Figure 3.2. Striatal 5-HT signal measured with GRAB5-HT is not respond to DA and can be 
abolished by 5-HT4R antagonist. (A) Fluorescence images showing GRAB5-HT expression 
(green) in DLS. Scale bar indicates 50 μm. (B) Normalized mean peak [5-HT]o and baseline 
fluorescence (F0) ± SEM during consecutive 40 min recordings of 5-HT release evoked by 1p 
(n = 6 experiments/5 mice). (C) Normalized mean baseline fluorescence (F0) ± SEM during the 
application of 10 µM 5-HT (green) or DA (blue) in DLS (n = 5 experiments/3 mice each). (D) 
Mean evoked 5-HT transients ± SEM, before (black) and after (orange) application of 100 µM 
RS 23597-190 in DLS (n = 6 experiments/3 mice). (E) Mean 1p and 5p 100 Hz [5-HT]o peak of 
drug-free conditions (black) and following RS 23597-190 application (orange) in DLS. 2-way 
ANOVA, Fisher’s LSD post-hoc test, Student’s unpaired t-test; **p < 0.005, ***p < 0.001. Error 
bars are ± SEM. 
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Next, the specificity of the GRAB5-HT sensor was examined by washing on either 10 μM 5-HT or 

10 μM DA. As expected, bath application of 5-HT caused a robust elevation of baseline F0, to 

~300% of pre-drug levels, whereas DA had no detectable effect on fluorescence intensity (Fig. 

3.2C; t(8) = 4.317, p = 0.0026; Student’s unpaired t-test). This result confirmed that the GRAB5-HT 

sensor responds selectively to extracellular 5-HT, with no cross-reactivity to DA, despite the high 

DA concentration in the striatum. However, we note that this does not fully rule out the possibility 

of sensitivity to endogenous DA, as applied DA will be rapidly cleared via the highly efficient 

DAT system. Therefore, further tests on the specificity of GRAB5-HT sensor are presented later in 

this chapter. 

Since the GRAB5-HT3.0 sensor was engineered based on the 5-HT4 receptor (Deng et al., 2024), 

its changes in fluorescence should be specific to activity at the 5-HT4R and not artefacts due to 

other non-specific effects of stimulation. I therefore tested whether its signal could be blocked by 

a 5-HT4R antagonist (Deng et al., 2024; Eglen et al., 1993), almost completely abolished the 

evoked 5-HT signal (Fig. 3.2D-E). This confirmed that the fluorescence signal is specifically 

mediated by binding to the 5-HT4R of the sensor. 

To further confirm that the GRAB5-HT signal is not an artefact, e.g. an evoked pH change, we 

used a mutated version of the sensor, GRAB5-HT3.0mut, which has the same structure as GRAB5-

HT3.0 but lacks the ability to bind 5-HT (Deng et al., 2024). In the same way, I injected GRAB5-

HT3.0mut sensor into the striatum as with GRAB5-HT3.0. In acute slices prepared from these animals, 

I applied the same electrical stimulation protocols to evoke 5-HT release. No measurable 

evoked signal was detected in slices expressing the mutant sensor (Fig. 3.3A-B). Moreover, 

bath application of 10 μM 5-HT did not alter either the peak response or baseline F0 in GRAB5-

HT3.0mut-expressing slices (Fig. 3.3B-C). These results confirm that the fluorescence signal 

observed with GRAB5-HT3.0 is specifically dependent on ligand binding to the functional sensor, 

and not due to electrical stimulation artefacts or nonspecific changes in fluorescence. 
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Together, these results demonstrate that GRAB5-HT is a reliable and selective tool for monitoring 

extracellular 5-HT dynamics in striatal slices, with minimal interference from DA. 

Next, to determine whether the 5-HT signals detected by GRAB5-HT3.0 sensors were action 

potential (AP)-dependent, I applied tetrodotoxin (TTX, 1 μM), a voltage-gated Na⁺ channel 

blocker that abolishes AP generation. Application of TTX completely abolished electrically-

evoked 5-HT release in DLS, indicating that the observed 5-HT transients were AP-dependent 

(Fig. 3.4A-C; F(1,16) = 36.86, p < 0.001, RM ANOVA main effect of the drug; n = 5 slices from N = 

3 mice). Baseline fluorescence (F0) remained unchanged following TTX treatment (Fig. 3.4A), 

suggesting that GRAB5-HT expression and sensor stability were unaffected by blockade of Na+ 

activity. 

 

Figure 3.3. GAB5-HT3.0mut does not respond to electrical stimulations and external 5-HT. 
(A) Mean 1p and 5p 100 Hz evoked 5-HT transients ± SEM reported by GRAB5-HT3.0 (green) or 
GRAB5-HT3.0mut (grey) in DLS (n = 4 experiments/3 mice). (B) Mean 1p and 5p at 100 Hz [5-HT]o 
peak reported by GRAB5-HT3.0 (green) or GRAB5-HT3.0mut (grey) before and after the application 
of 10 µM 5-HT in DLS. (C) Normalized mean baseline fluorescence (F0) ± SEM before (grey) and 
after (green) the application of 10 µM 5-HT in DLS (n = 8 experiments/3 mice). 2-way ANOVA, 
Fisher’s LSD post-hoc test; ***p < 0.001. Error bars are ± SEM. 
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3.3.2 Specificity of GRAB5-HT sensor in reporting 5-HT signals in a DA-

dominated brain region – the striatum 

As described above, it is crucial to confirm whether GRAB5-HT3.0 can still maintain its high 

specificity to 5-HT in a DA-dominated brain region. Therefore, I employed a 6-hydroxydopamine 

(6-OHDA) lesion model to examine whether destruction of DA axons affects the GRAB5-HT 

signal. The underlying hypothesis was that if GRAB5-HT in the striatum predominantly reports 5-

HT rather than DA, the GRAB5-HT signal should not be reduced by a DA lesion. 

To achieve unilateral dopaminergic depletion, 6-OHDA was injected unilaterally into the SNc, 

while the contralateral SNc was injected with vehicle (ascorbic acid) as an internal control. In the 

same animals, 200 nL of the GRAB5-HT virus was also bilaterally injected into the DLS (Fig. 

3.5A). After a three-week incubation period to allow for sufficient viral expression and lesion 

stabilization, acute striatal and midbrain slices were prepared. GRAB5-HT imaging was then 

 
Figure 3.4. TTX abolished evoked 5-HT signal in DLS. (A) Normalized mean peak [5-HT]o and 
baseline fluorescence (F0) ± SEM during consecutive 15 min recordings of 5-HT release evoked 
by 1p (n = 5 experiments/3 mice). (B) Mean evoked 5-HT transients ± SEM, before (black) and 
after (cyan) application of 1 µM TTX in DLS. Mean transients of [5-HT]o are derived from three 
timepoints prior to the application of TTX (grey shaded region) and last two timepoints (green 
shaded region). (C) Mean 1p and 5p 100 Hz [5-HT]o peak of control conditions and following TTX 
application in DLS (n = 5 experiments/3 mice). 2-way ANOVA, Fisher’s LSD post-hoc test; ***p < 
0.001. Error bars are ± SEM. 
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performed to monitor evoked 5-HT fluorescence responses on both sides, while FCV was used 

in parallel to verify changes in DA signals between the lesioned and non-lesioned sides.  

We found that the 6-OHDA lesion resulted in a robust reduction of evoked extracellular DA 

concentrations ([DA]o) in the lesioned hemisphere, with [DA]o reduced by ~70%, compared to 

the non-lesioned side (Fig. 3.5B). Specifically, [DA]o evoked by 1p or by a train of 5p at 100 Hz 

showed markedly attenuated peak amplitudes on the lesioned side, confirming a DA release 

deficit in the DLS (Fig. 3.5D-E). In contrast, GRAB5-HT fluorescence responses were preserved, 

with no significant difference in evoked signals between the lesioned and non-lesioned sides 

(Fig. 3.5C). 5-HT release and its short-term plasticity seemed unaffected by the loss of DA input 

(Fig 3.5F-G). Together, these findings suggest that the GRAB5-HT sensor predominantly reports 

5-HT dynamics in DLS and is not substantially influenced by DA depletion. 
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Figure 3.5. 6-OHDA induces unilateral DA depletion without affecting GRAB5-HT signalling. 
(A) Schematic of bilateral injection of GRAB5-HT into DLS, and unilateral injection of 6-OHDA or 
ascorbic acid (vehicle control) into SNc. (B) Normalized peak [DA]ₒ evoked by 1p and 5p 100 Hz 
stimulation on the lesioned side, expressed as a percentage of the contralateral control side (set 
at 100%) in the DLS (n = 14 slices in 6 animals). (C) Normalized peak [5-HT]ₒ evoked by 1p and 
5p 100 Hz stimulation on the lesioned side, expressed as a percentage of the contralateral control 
side (set at 100%) in the DLS (n = 14 slices in 6 animals). (D) Schematic of the DA recording site 
and 1p and 5p 100 Hz evoked DA transients on the control (solid line) and lesioned (dashed line) 
sides (n = 14 slices in 6 animals). (E) Mean 1p and 5p 100Hz [DA]o peak ± SEM of the control 
side (solid dots) and the 6-OHDA lesion side (hollow dots) in DLS (n = 14 slices in 6 animals). (F) 
Schematic of GRAB5-HT recording site and mean 1p and 5p 100 Hz evoked 5-HT transients ± 
SEM, on the control (solid line) and lesion (dashed line) side. (G) Mean 1p and 5p 100Hz [5-HT]o 
peak ± SEM of the control side (solid dots) and the 6-OHDA lesion side (hollow dots) in DLS (n = 
14 slices in 6 animals). 2-way ANOVA, Fisher’s LSD post-hoc test; ***p < 0.001. Error bars are ± 
SEM. 
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To investigate potential local heterogeneity in lesion efficacy and monoamine dynamics, I 

quantified [DA]o and [5-HT]o of each recording site within the DLS, targeting three locations 

(sites a-c) spanning the medial-lateral axis (Fig. 3.6A). I measured evoked [DA]o and [5-HT]o at 

each site using FCV and GRAB5-HT imaging, respectively. The measurements of striatal DA and 

5-HT were performed in random order, with recordings alternated between the lesion and 

control sides at sites a, b, and c within the same slice to minimize potential confounds from slice 

health or recording sequence.  

Across all three sites, DA signals were significantly reduced on the lesioned side compared to 

the control hemisphere (Fig. 3.6B,E,H), confirming successful 6-OHDA-induced depletion. 

While evoked [DA]o at all sites decreased to approximately 30% of control levels, site b showed 

a slightly greater reduction, suggesting this region may have undergone a more extensive lesion 

(Fig. 3.6E,G). Despite this variability in DA loss, 5-HT signals were comparable across all sites, 

with no significant difference observed between lesion and control sides (Fig. 3.6C,F,I). These 

findings indicate that ~70% loss of evoked [DA]o, presumably due to DA denervation, across 

DLS subregions does not impact 5-HT release (Fig. 3.6D,G,J), further supporting the specificity 

of the GRAB5-HT sensor for reporting 5-HT dynamics in a DA-abundant brain region - the 

striatum. 
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To confirm the DA lesion, we performed immunofluorescence staining after recording. Slices 

were fixed and labelled with antibodies against GFP (to visualize GRAB5-HT expression), tyrosine 

hydroxylase (TH, to mark DA axons), and the serotonin transporter (SERT, to identify 5-HT 

axons). In each slice, we observed a significant reduction in TH-immunoreactivity in the 

hemisphere corresponding to the 6-OHDA injection (Fig. 3.7; right hemisphere), confirming 

 Figure 3.6. Multisite recording of [DA]o and [5-HT]o in the unilateral 6-OHDA animal model. 
(A) Schematic of three recording sites - a, b and c - across DLS. (B,E,H) Left: Mean 1p-evoked 
DA transients ± SEM from the control hemisphere (solid line) and 6-OHDA lesion hemisphere 
(dashed line) in DLS at recording sites a (B), b (E), and c (H). Right: Mean 1p-evoked peak of 
[DA]o ± SEM from the control hemisphere (solid dots) and 6-OHDA lesion hemisphere (hollow 
dots) in DLS at recording sites a (B), b (E), and c (H). (C,F,I) Left: Mean 1p-evoked 5-HT 
transients ± SEM from the control hemisphere (solid line) and 6-OHDA lesion hemisphere (dashed 
line) in DLS at recording sites a (C), b (F), and c (I). Right: Mean 1p-evoked peak of [5-HT]o ± 
SEM from the control hemisphere (solid dots) and 6-OHDA lesion hemisphere (hollow dots) in 
DLS at recording sites a (C), b (F), and c (I). (D,G,J) Normalised mean [DA]o (red) and [5-HT]o 
(green) peak ± SEM of its control hemisphere in DLS at recording sites a (D), b (G), and c (J). n = 
14 slices in N = 6 animals. Student’s paired t-test, ***p < 0.001. Error bars are ± SEM. 
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effective DA axon loss. In contrast, the expression patterns of both GRAB5-HT (GFP) and SERT 

appeared comparable between hemispheres, with no obvious change following DA lesion (Fig. 

3.7). 

Together, these results indicate that the unilateral 6-OHDA lesion successfully depleted 

dopaminergic input in the DLS, without affecting 5-HT release or its anatomical distribution, 

further supporting the specificity of GRAB5-HT for monitoring striatal 5-HT dynamics. 

 

Figure 3.7. Immunostaining of GFP, TH, and SERT in striatal slices following unilateral 
6-OHDA lesion. Coronal striatal sections from four mice (mouse 1-4) showing labelling of GFP 
(green), TH (red), and SERT (cyan). GRAB5-HT3.0 was bilaterally injected into the DLS, and 6-
OHDA was unilaterally injected into the SNc. The right hemisphere represents the 6-OHDA 
lesion side, while the left hemisphere was injected with ascorbic acid as control. Scale bar = 
2000 µm. Immunostaining and image acquisition by Dr. Helen Collins. 
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Given our earlier observation that GRAB5-HT3.0 expression injected into the DLS is trafficked to 

downstream projection areas, including the SNr, we next examined whether unilateral 

dopaminergic lesion affected 5-HT dynamics in the SNr as a further means to validate detected 

signals as 5-HT. Using GRAB5-HT imaging, we compared evoked 5-HT signals between the 

lesion and control hemispheres in the SNr (Fig. 3.8A). Consistent with our findings in the DLS, 

we observed no significant difference in peak or area under the curve (AUC) of 5-HT responses 

between hemispheres, regardless of stimulation paradigm - 1p or 5p at 100 Hz (Fig. 3.8B-D). 5-

HT levels remained comparable across both sides, suggesting that 6-OHDA-induced 

dopaminergic depletion in the SNc does not impact serotonergic transmission in the SNr. These 

results further support the conclusion that GRAB5-HT selectively reports 5-HT dynamics and is 

not confounded by DA loss. 

3.3.3 5-HT transmission comparison across DLS, NAcC and SNr 

The development of the GRAB5-HT sensor enabled us to investigate striatal 5-HT transmission 

with higher temporal resolution compared to microdialysis. Building on my characterization of 

 

Figure 3.8. [5-HT]o release in SNr in an unilateral 6-OHDA animal model. (A) Recording sites 
(ROI) of 5-HT reported by GRAB5-HT in SNr. Scale bar = 1000 µM. (B) Mean evoked 5-HT 
transients ± SEM, of the control (black) and 6-OHDA lesion (blue) side in SNr (n = 7 experiments/4 
mice). (C) Mean 1p and 5p 100 Hz [5-HT]o peak of the control (black) and 6-OHDA lesion (blue) 
side in SNr (n = 7 experiments/4 mice). (D) Mean 1p and 5p 100 Hz [5-HT]o AUC of the control 
(black) and 6-OHDA lesion (blue) side in SNr. 2-way ANOVA, Fisher’s LSD post-hoc test. Error 
bars are ± SEM. Picture in (A) was taken by Dr. Helen Collins. 
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the sensor as a reliable tool for detecting striatal 5-HT signals, I next compared the dynamics of 

5-HT transmission between the dorsal and ventral striatum under drug-free conditions. As 

described in the Methods section, GRAB5-HT sensor was injected into the DLS and NAcC of 

mice. After a three-week incubation period, acute striatal brain slices were prepared. Using an 

identical stimulation protocol, we evoked 5-HT release and analyzed the resulting fluorescence 

transients. Several parameters were used to compare 5-HT dynamics across regions: peak 

amplitude, the 5p:1p ratio, AUC, and decay half-life.  

First, we found that peak [5-HT]o in NAcC was consistently higher than in DLS following either 

1p or 5p (100 Hz) stimulation (Fig. 3.9A-B; F(1,52) = 11.40, p = 0.001, RM ANOVA main effect of 

the region; n = 19 slices in DLS and n = 9 slices from NAcC), indicating that 5-HT release in the 

ventral striatum is greater than that in the dorsal striatum regardless of stimulation strength. 

Next, we examined 5-HT reuptake dynamics. Interestingly, despite higher peak levels, the AUC 

in NAcC was significantly lower compared to the DLS (Fig. 3.9C; t(24) = 2.108, p = 0.0457, 

Student’s unpaired t-test), suggesting faster clearance of extracellular 5-HT in the ventral 

striatum. Consistent with this, a fit of the decay phase of each transient with a single-exponential 

curve to extract the decay half-life indicated a significantly shorter half-life in the NAcC than in 

the DLS (Fig. 3.9D; F(1,52) = 7.496, p = 0.008, RM ANOVA main effect of the region). Next, we 

compared the 5p:1p ratio, which reflects aspects of local microcircuitry and short-term plasticity. 

We found that the 5p:1p ratio was much lower than 5 in both regions indicating significant short-

term depression of release. This ratio was significantly lower in the DLS compared to the NAc 

(Fig. 3.9E; t(20) = 3.552, p = 0.0020, Student’s unpaired t-test), indicating that 5-HT release in 

the dorsal striatum is more strongly depressed during rapid pulse trains, likely partially due to 

greater nAChR-mediated inhibition. 

To corroborate that evoked [5-HT]o signals reflect serotonergic innervation, we performed 

immunostaining on WT striatal slices using a 5-HT antibody (Immunostar anti-5-HT rabbit, AB 
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572263) to visualise and quantify the density of 5-HT-positive fibres (Fig. 3.9F). Fluorescence 

images of DLS and NAcC were captured under identical imaging conditions and quantified 

using a fixed threshold (200-255). Consistent with the release and re-uptake rate data, the 5-HT 

innervation density was significantly higher in NAcC than in the DLS (Fig. 3.9G; t(17) = 5.926, p < 

0.001, Student’s paired t-test). 

Overall, these results demonstrate that 5-HT release in ventral striatum reaches more elevated 

[5-HT]o in NAc than dorsal striatum. Specifically, 5-HT release in the NAcC is greater in 

magnitude and exhibits faster clearance kinetics compared to the DLS. These differences are 

consistent with our immunohistochemical findings showing there is higher 5-HT innervation in 

NAcC than in DLS. 
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Figure 3.9. Comparison of 5-HT release in dorsal and ventral striatum. (A) Mean 1p (solid 
line) and 5p 100 Hz (dashed line) evoked 5-HT transients ± SEM in DLS (left) and NAcC (right) 
(DLS: n = 16 slices in 7 mice; NAcC: n = 6 slices in 3 mice). (B) Mean 1p and 5p at 100 Hz [5-HT]o 
peak in DLS (blue) and NAcC (yellow). (C) Mean 1p evoked [5-HT]o AUC in DLS (blue) and NAcC 
(yellow). (D) Ratios of peak [5-HT]o released by 5p 100 Hz versus 1p in DLS (blue) and NAcC 
(yellow). (E) Decay half-life of 1p and 5p 100 Hz evoked [5-HT]o in DLS (blue) and NAcC (yellow). 
(F) Immunofluorescence of labelling 5-HT in DLS (left) and NAcC (right). Scale bar indicates 100 
µm. (G) Quantification of 5-HT innervation as indicated by 5-HT+ florescent area (µm2) in DLS 
(blue) and NAcC (yellow). Student’s unpaired t-test, 2-way ANOVA, Fisher’s LSD post-hoc test, *p 
< 0.05, **p < 0.01, ***p < 0.0001. Error bars are ± SEM. Images in (F) were taken by Wenhui Wu. 
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Following the comparison between dorsal and ventral striatum, we next examined how striatal 

5-HT signals compare with those in SNr. As previously noted, the SNr receives some of the 

densest serotonergic innervation, with numerous 5-HT fibres projecting from the DRN (McDevitt 

et al., 2014). Therefore, we compared the 5-HT dynamics in the striatum with those observed in 

the SNr. As described in the Methods section, GRAB5-HT was injected into the DLS, and 

fluorescence were recorded following electrical stimulation in both striatum and SNr. I found that 

5-HT signals detected in the SNr were markedly greater than in the striatum - approximately an 

order of magnitude higher (Fig. 3.10A-B; F(1,78) = 208.8, p < 0.001, RM ANOVA main effect of 

the region). In particular, following 5p stimulation at 100 Hz, the evoked ΔF/F0 signal reached 

nearly 90% in the SNr, compared to only ~15% in DLS and NAcC on average. This difference 

was further corroborated by a significant region × pulse number interaction (F(1,78) = 68.42, p < 

0.001). We also compared the AUC values evoked by 1p stimulation. Consistent with the larger 

signal amplitudes in the SNr, the AUC in SNr were roughly three times greater than that 

averaged in DLS and NAcC (Fig. 3.10C; t(39) = 6.487, p = 0.001, Student’s unpaired t-test). 

Although the AUC of 5-HT signals in the SNr was markedly higher than averaged in DLS and 

NAcC, further analysis revealed that the decay half-life of the transient decay phase in SNr was 

significantly shorter than in the striatum (Fig. 3.10D; F(1,82) = 4.560, p = 0.04, RM ANOVA main 

effect of the region). More rapid clearance of 5-HT in the SNr is consistent with the dense 5-HT 

innervation in this region and associated higher density of SERT, although other degradation 

mechanisms or other supporting cells facilitating 5-HT clearance might also participate. 

Furthermore, the 5p:1p ratio was significantly higher in the SNr compared to the average ratio in 

the DLS and NAcC (Fig. 3.10E; t(31) = 7.618, p < 0.001, Student’s unpaired t-test), indicating that 

short-term depression was less prominent in the SNr. Nonetheless, the ratio remained below 5, 

suggesting that some degree of depression was still present. 
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In summary, my data reveal regional differences in 5-HT transmission dynamics across the 

striatum. Further, compared to the striatum, the SNr exhibits significantly greater 5-HT release, 

faster clearance, and reduced short-term depression. These findings reflect the different 

serotonergic architecture of each region and highlight the value of high-resolution 5-HT sensors 

in dissecting region-specific neuromodulatory processes. 

3.3.4 Striatal 5-HT clearance is mediated by both SERT and DAT  

To better understand the clearance mechanisms of extracellular 5-HT in the striatum, I sought to 

investigate how striatal 5-HT is taken back up following release. Given the notably high 

 

Figure 3.10. Comparison of the 5-HT transmission in striatum and SNr. (A) Mean 1p (solid 
line) and 5p 100 Hz (dashed line) evoked 5-HT transients ± SEM in striatum (left) and SNr (right) 
(Striatum: n = 28 slices in 13 mice; SNr: n = 12 slices in 6 mice). (B) Mean 1p and 5p at 100 Hz 
[5-HT]o peak in striatum (purple) and SNr (brown). (C) Mean 1p evoked [5-HT]o AUC in striatum 
(purple) and SNr (brown). (D) Ratios of peak [5-HT]o released by 5p 100 Hz versus 1p in striatum 
(purple) and SNr (brown) (E) Decay half-life of 1p and 5p 100 Hz evoked [5-HT]o in striatum 
(purple) and SNr (brown). Student’s unpaired t-test, 2-way ANOVA, Fisher’s LSD post-hoc test, *p 
< 0.05, ***p < 0.001. Error bars are ± SEM. 
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expression of DAT in the striatum, which is reported to be approximately 20-fold more dense 

than that of SERT (Bunin & Wightman, 1998), I hypothesized that 5-HT reuptake in the striatum 

is mediated not only by SERT, but also by DAT. Previous studies have provided evidence that 5-

HT can be taken up by DA axons and co-released with DA (F.-M. Zhou et al., 2005), suggesting 

a complex interplay between the DA and 5-HT reuptake systems. Leveraging the temporal 

resolution of the GRAB5-HT sensor suited to exploring uptake kinetics, I assessed the 

contribution of each main monoamine uptake transporter on striatal 5-HT clearance. As 

described previously, I injected GRAB5-HT sensor into the DLS and prepared acute striatal brain 

slices after three weeks. In these experiment, all experiments were performed in the presence 

of DHßE, a selective nAChR antagonist (effects of DHBE to be discussed separately in Section 

3.3.6).  

As an initial step, I tested whether monoamine transporters mediate 5-HT reuptake by applying 

5 µM cocaine, a non-selective DAT, SERT and NET inhibitor. Upon wash-on, I observed a 

biphasic change in evoked 5-HT peak amplitude over the 40 minutes of cocaine application: the 

peak amplitude of evoked [5-HT]o was initially increased by cocaine to approximately 120% of 

pre-drug values, followed by a gradual decline in these peak amplitudes to around 80% of the 

original pre-drug level (Fig. 3.11A). Thus, after 40-min wash-on of cocaine, the [5-HT]o peak 

amplitude was slightly less than prior to cocaine (Fig. 3.11B-C; F(1,8) = 3.392, p = 0.1028, RM 

ANOVA main effect of the drug). Notably, the decrease appeared to be more pronounced under 

5p stimulation compared with 1p stimulation (Fig.3.11C; F(1,8) = 9.792, p = 0.0140, RM ANOVA 

main effect of the pulse number). In contrast, AUC showed a pronounced and sustained 

increase, reaching approximately 230% of the pre-drug level (Fig. 3.11D-E; F(1,8) = 37.92, p = 

0.0003, RM ANOVA main effect of the drug). This indicates that despite the reduced peak 

amplitude, the extracellular lifetime of released 5-HT was prolonged by cocaine demonstrating 

that striatal 5-HT reuptake is mediated by monoamine uptake transporters. Curve fitting of the 
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 Figure 3.11. Striatal 5-HT reuptake is under control of the monoamine system. (A) 
Normalized mean peak [5-HT]o and baseline fluorescence (F0) during consecutive recordings of 5-
HT release evoked by 1p during the application of cocaine in the presence of DHßE in DLS (n = 5 
experiments/3 mice). (B) Mean evoked 5-HT transients ± SEM, before (black) and after (brown) 
application of cocaine (in the presence of DHßE) in DLS. Mean transients of [5-HT]o are derived 
from two timepoints prior to the application of the drug (grey shaded region) and last two 
timepoints (brown shaded region). (C) Mean 1p, 5p 100 Hz [5-HT]o peak of control conditions 
(black) and following cocaine application (brown) in the presence of DHßE in DLS. (D) Normalized 
mean AUC [5-HT]o during consecutive recordings of 5-HT release evoked by 1p during the 
application of cocaine in the presence of DHßE in DLS. (E) Mean [5-HT]o AUC of control 
conditions (grey) and following drug application (brown) in the presence of DHßE in DLS. (F) 
Mean 1p and 5p 100 Hz decay half-life of [5-HT]o under control conditions (grey) and following 
drug application (brown) in the presence of DHßE in DLS. (G) Mean [5-HT]o of 5p at 100 Hz to 1p 
(5p/1p) in control (black) and in drug conditions (brown) in the presence of DHßE in DLS. 2-way 
ANOVA, Fisher’s LSD post-hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. Error bars are ± SEM. 
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decay phase of the transients also revealed a significant increase in decay half-life for both 1p- 

and 5p-evoked signals, reflecting a slowing of 5-HT clearance under cocaine (Fig. 3.11F; F(1,8) = 

17.41, p = 0.0031, RM ANOVA main effect of the drug). No significant change of 5p:1p ratio was 

noted after cocaine application (Fig. 3.11G; t(4) = 0.9955, p = 0.3758, Student’s paired t-test). 

To further dissect the individual contributions of specific monoamine transporters, I next 

examined the role of SERT in striatal 5-HT reuptake. Since citalopram is a selective serotonin 

reuptake inhibitor (SSRI) with an IC50 of approximately 3 nM (Chen et al., 2005). A concentration 

of 75 nM was used in the following experiments. Wash-on of citalopram led to a significant 

increase in peak evoked [5-HT]o, which rose to approximately 170% of the pre-drug level (Fig. 

3.12A-C; F(1,8) = 29.49, p = 0.0006, RM ANOVA main effect of the drug). Similarly, citalopram 

produced a sustained increase in AUC, reaching around 250% of pre-drug level (Fig. 3.12D-E; 

F(1,8) = 0.0012, p = 0.0006, RM ANOVA main effect of the drug).  
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 Figure 3.12. Citalopram prolonged and increased evoked 5-HT signal in DLS. (A) Normalized 
mean peak [5-HT]o and baseline fluorescence (F0) during consecutive recordings of 5-HT release 
evoked by 1p during the application of citalopram in the presence of DHßE in DLS (n = 5 
experiments/3 mice). (B) Mean evoked 5-HT transients ± SEM, before (black) and after (green) 
application of citalopram in the presence of DHßE in DLS. Mean transients of [5-HT]o are derived 
from two timepoints prior to the application of the drug (grey shaded region) and last two 
timepoints (green shaded region). (C) Mean 1p, 5p 100 Hz [5-HT]o peak of control conditions 
(black) and following citalopram application (green) in the presence of DHßE in DLS. (D) 
Normalized mean AUC [5-HT]o during consecutive recordings of 5-HT release evoked by 1p 
during the application of citalopram in the presence of DHßE in DLS. (E) Mean [5-HT]o AUC of 
control conditions (grey) and following drug application (green) in the presence of DHßE in DLS. 
(F) Mean 1p and 5p 100 Hz decay half-life of [5-HT]o under control conditions (grey) and following 
drug application (green) in the presence of DHßE in DLS. (G) Mean [5-HT]o of 5p at 100 Hz to 1p 
(5p/1p) in control (black) and in drug conditions (green) in the presence of DHßE in DLS. 2-way 
ANOVA, Fisher’s LSD post-hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. Error bars are ± SEM. 
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Consistent with the AUC results, curve fitting of the transient decay phase revealed a significant 

increase in decay half-life, again for both 1p- and 5p-evoked 5-HT responses (Fig. 3.12F; F(1,8) = 

50.99, p < 0.0010, RM ANOVA main effect of the drug). The 5p:1p ratio remained unchanged 

after citalopram treatment (Fig. 3.12G; t(4) = 1.210, p = 0.2929, Student’s paired t-test), 

indicating that short-term plasticity was not affected. Altogether, these results supports the 

conclusion that SERT plays a key role in mediating 5-HT reuptake. Furthermore, the specific 

and robust 5-HT signal enhancement observed with SSRI application validates that the GRAB5-

HT sensor reliably reports extracellular 5-HT, rather than DA.  

To determine whether the DAT contributes to striatal 5-HT reuptake, we next applied 

nomifensine (2 µM), a selective DAT blocker. Unlike the effects observed with cocaine or 

citalopram, nomifensine did not significantly alter peak [5-HT]o levels compared with the pre-

drug condition (Fig. 3.13A-C; F(1,8) = 0.8048, p = 0.39, RM ANOVA main effect of the drug). 

However, the AUC of the [5-HT]o evoked by both 1p and 5p 100 Hz increased to approximately 

160% of pre-drug values (Fig. 3.13D-E; F(1,8) = 24.91, p = 0.0011, RM ANOVA main effect of the 

drug), indicating a moderate prolongation of extracellular 5-HT lifetime. This effect was also 

validated by a significant drug × pulse number interaction (F(1,8) = 7.029, p = 0.0292). The decay 

half-life of [5-HT]o was also significantly increased following nomifensine application for both 1p- 

and 5p-evoked signals (Fig. 3.13F; F(1,8) = 31.50, p < 0.001, RM ANOVA main effect of the 

drug), suggesting that DAT participates in the clearance of 5-HT in striatum. Meanwhile, the 

5p:1p ratio remained stable before and after nomifensine treatment (Fig. 3.13G; t(4) = 0.4343, p 

= 0.6864, Student’s paired t-test), indicating that short-term plasticity was not affected. 

Together, these results indicate that in addition to SERT, DAT also contributes to the reuptake of 

extracellular 5-HT in DLS. This highlights a dual-transporter mechanism underlying 5-HT 

clearance and further supports the existence of functional crosstalk between serotonergic and 

dopaminergic systems in striatum. 
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 Figure 3.13. Nomifensine prolonged and increased evoked 5-HT signal in DLS. (A) 
Normalized mean peak [5-HT]o and baseline fluorescence (F0) during consecutive recordings of 5-
HT release evoked by 1p during the application of nomifensine in the presence of DHßE in DLS (n 
= 5 experiments/3 mice). (B) Mean evoked 5-HT transients ± SEM, before (black) and after 
(purple) application of nomifensine in the presence of DHßE in DLS. Mean transients of [5-HT]o 
are derived from two timepoints prior to the application of the drug (grey shaded region) and last 
two timepoints (purple shaded region). (C) Mean 1p, 5p 100 Hz [5-HT]o peak of control conditions 
(black) and following nomifensine application (purple) in the presence of DHßE in DLS. (D) 
Normalized mean AUC [5-HT]o during consecutive recordings of 5-HT release evoked by 1p 
during the application of nomifensine in the presence of DHßE in DLS. (E) Mean [5-HT]o AUC of 
control conditions (grey) and following drug application (purple) in the presence of DHßE in DLS. 
(F) Mean 1p and 5p 100 Hz decay half-life of [5-HT]o under control conditions (grey) and following 
drug application (purple) in the presence of DHßE in DLS. (G) Mean [5-HT]o of 5p at 100 Hz to 1p 
(5p/1p) in control (black) and in drug conditions (purple) in the presence of DHßE in DLS. 2-way 
ANOVA, Fisher’s LSD post-hoc test. ***p < 0.001. Error bars are ± SEM. 
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3.3.5 Striatal 5-HT release is regulated by 5-HT auto-receptors 

I investigated whether striatal 5-HT transmission is subject to regulation by serotonergic auto-

receptors, focussing on a potential role of 5-HT1B/1D receptors, which are well-characterized 

presynaptic auto-receptors known to suppress 5-HT release (Göthert et al., 1995; Hagan et al., 

2012). Thus, I used sumatriptan (1 μM), a selective 5-HT1B/1D agonist, and monitored its effects 

on evoked 5-HT signals. 

Following wash-on of sumatriptan, I observed a progressive decrease in peak [5-HT]o, which 

dropped to approximately 65% of the pre-drug level (Fig. 3.14A-C; F(1,6) = 77.46, p < 0.001, RM 

ANOVA main effect of the drug). Both 1p- and 5p-evoked peaks were reduced, and this effect 

was validated by a significant drug × pulse number interaction (Fig. 3.14C; F(1,6) = 22.49, p = 

0.003), indicating that sumatriptan suppressed 5-HT release in an activity-dependent manner. 

Consistent with the decrease in signal amplitude, AUC was significantly reduced, reaching 

approximately 60% of pre-drug values after sumatriptan treatment (Fig. 3.14D–E; F(1,6) = 169.6, 

p < 0.001, RM ANOVA main effect of the drug).  A significant drug × pulse number interaction 

was also observed (Fig. 3.14E; interaction: F(1,6) = 25.00, p = 0.002), with a reduction in the 

5p:1p ratio following sumatriptan application (Fig. 3.14F; t(3) = 17.68, p = 0.0004, Student’s 

paired t-test), suggesting that 5-HT1B/1D receptor activation not only decreases release 

probability but also alters short-term dynamics. 

In summary, activation of 5-HT1B/1D auto-receptors by sumatriptan significantly suppresses 

striatal 5-HT release and increases short-term inhibition, indicating that presynaptic auto-

receptors offer an important modulatory mechanism for striatal 5-HT transmission. 
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 Figure 3.14. Sumatriptan supressed striatal 5-HT release. (A) Normalized mean peak [5-HT]o 
and baseline fluorescence (F0) during consecutive recordings of 5-HT release evoked by 1p 
during the application of sumatriptan  in DLS (n = 4 experiments/2 mice). (B) Mean evoked 5-HT 
transients ± SEM, before (black) and after (blue) application of sumatriptan in DLS. Mean 
transients of [5-HT]o are derived from two timepoints prior to the application of the drug (grey 
shaded region) and last two timepoints (blue shaded region). (C) Mean 1p, 5p 100 Hz [5-HT]o 
peak of control conditions (black) and following sumatriptan application (blue) in DLS. (D) 
Normalized mean AUC [5-HT]o during consecutive recordings of 5-HT release evoked by 1p 
during the application of sumatriptan in DLS. (E) Mean [5-HT]o AUC of control conditions (grey) 
and following drug application (blue) in DLS. (F) Mean [5-HT]o of 5p at 100 Hz to 1p (5p/1p) in 
control (black) and in drug conditions (blue) in DLS. 2-way ANOVA, Fisher’s LSD post-hoc test. *p 
< 0.05, **p < 0.01, ***p < 0.001. Error bars are ± SEM. 
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3.3.6 Striatal 5-HT release is regulated by ACh via nAChRs in DLS and 

NAcC 

Striatal ACh is known to modulate monoamine transmission through presynaptic nAChRs. Rice 

and Cragg (2004) demonstrated that ACh acts via nAChRs to support striatal DA release, 

minimising its pulse-number dependence, while in a later study, Threlfell showed that ACh 

released from striatal cholinergic interneurons can directly drive DA release from striatal axons 

through activation of presynaptic nAChRs (Threlfell et al., 2012). However, whether striatal 5-HT 

transmission is similarly regulated by ACh acting at nAChRs has been unknown.  

To investigate this, DHβE (1 µM) was applied in acute striatal slices from mice injected with 

GRAB5-HT in either the DLS or NAcC. To assess the effect of DHβE on striatal 5-HT release 

under different stimulation frequencies (i.e., different pulse intervals), I recorded 5-HT transients 

evoked by 1p and 5p stimulation delivered at 2 Hz, 25 Hz, 50 Hz, and 100 Hz, both before and 

after DHβE wash-on. I analysed changes in peak amplitude, 5p:1p ratio at different stimulation 

frequencies and decay half-life to evaluate both the magnitude and short-term plasticity of 5-HT 

release under ACh modulation via nAChRs. 

In the DLS, I found that DHβE wash-on selectively reduced 5-HT release evoked by 1p or low-

frequency stimulation. Specifically, the peak [5-HT]o evoked by 1p stimulation decreased to 

approximately 60% of the pre-drug level (Fig. 3.15A). A similar reduction was observed for 5p 

stimulation at 2 Hz, particularly at the first pulse. The degree of inhibition gradually diminished 

with increasing pulse number within the 5p train. By the fifth pulse, the difference between pre- 

and post-DHβE conditions was minimal, suggesting a pulse-dependent loss of the inhibitory 

effect. In contrast, at higher stimulation frequencies, especially pulse interval less than 40 ms 

(5p at 25 Hz, 50 Hz, and 100 Hz) blocking nAChRs had little to no effect on the 5-HT peak 
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amplitude (Fig. 3.15B-C; F(1,25) = 23.20, p < 0.001, RM ANOVA main effect of the drug). This 

was further validated by a significant frequency x drug interaction (F(4,25) = 7.410, p < 0.001). 

To further quantify changes of striatal 5-HT in short-term plasticity, I normalized the 5p-evoked 

responses to their corresponding 1p responses. I found that the 5p:1p ratio increased 

significantly across all frequencies (2, 25, 50, and 100 Hz) following DHβE treatment (Fig. 

3.15D; F(1,25) = 46.99, p < 0.001, RM ANOVA main effect of the drug). This was primarily due to 

the strong suppression of 1p-evoked release, while 5p-evoked release remained relatively 

intact. Additionally, I did not observe any significant change in decay half-life after DHβE 

 

Figure 3.15. DHßE supressed evoked 5-HT release only by 1p in DLS. (A) Normalized mean 
peak [5-HT]o and baseline fluorescence (F0) during consecutive recordings of 5-HT release 
evoked by 1p during the application of DHßE in DLS (n = 6 experiments/4 mice). (B) Mean evoked 
5-HT transients ± SEM, before (black) and after (yellow) application of DHßE in DLS. Mean 
transients of [5-HT]o are derived from two timepoints prior to the application of the drug (grey 
shaded region) and last two timepoints (yellow shaded region). (C) Mean 1p, 5p at 2 Hz, 25 Hz, 
50 Hz and 100 Hz [5-HT]o peak of control conditions (black) and following DHßE application 
(yellow) in DLS. (D) Normalized mean [5-HT]o of 5p at 2 Hz, 25 Hz, 50 Hz and 100 Hz to 1p 
(5p/1p) in control (black) and in drug conditions (yellow) in DLS. (E) Mean 1p and 5p 100 Hz 
decay half-life of [5-HT]o under control conditions (grey) and following drug application (yellow) in 
DLS. 2-way ANOVA, Fisher’s LSD post-hoc test. ***p < 0.001. Error bars are ± SEM. 
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application, indicating that DHβE does not affect 5-HT clearance or reuptake kinetics (Fig. 

3.15E; F(1,10) = 0.2017, p = 0.66, RM ANOVA main effect of the drug). 

Together, these results suggest that in the DLS, nAChR blockade by DHβE suppresses low-

frequency 5-HT release, particularly under 1p conditions, while leaving high-frequency release 

and 5-HT clearance unaffected. This supports a frequency-dependent regulatory role of 

nAChRs in modulating striatal 5-HT transmission. 

Given the previously reported regional differences in cholinergic modulation across the striatum, 

I also examined the effect of nAChR blockade in the ventral striatum, specifically NAcC. This 

allowed us to directly compare how ACh regulates 5-HT transmission in distinct striatal 

subregions. 

In the NAcC, I found that DHβE wash-on had no significant effect on 5-HT release evoked by 

either 1p or low-frequency stimulation. Specifically, the peak [5-HT]o evoked by 1p stimulation 

remained comparable to the pre-drug level (Fig. 3.16A). Similarly, 5p stimulation at 2 Hz did not 

show any notable change in peak amplitude following nAChR blockade. However, a distinct 

effect emerged at higher stimulation frequencies. When the inter-pulse interval dropped below 

40 ms (5p at 25 Hz, 50 Hz, and 100 Hz) DHβE application significantly enhanced 5-HT release 

(Fig. 3.16B-C; F(1,25) = 10.45, p = 0.003, RM ANOVA main effect of the drug).  

To further assess how nAChR blockade alters short-term plasticity of 5-HT transmission in the 

NAcC, I normalized 5p responses to their corresponding 1p responses. The 5p:1p ratio 

significantly increased across stimulation frequencies ≥ 25 Hz following DHβE treatment (Fig. 

3.16D; F(1,25) = 39.84, p < 0.001, RM ANOVA main effect of the drug). These results suggest that 

nAChR inhibition preferentially facilitates high-frequency 5-HT release in the NAcC, in contrast 

to the suppressive effect observed in the DLS under low-frequency conditions. Consistent with 

the findings in the DLS, we did not observe any significant change in decay half-life before and 
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after DHβE application in the NAcC, indicating that 5-HT clearance and reuptake dynamics were 

unaffected (Fig. 3.16E; F(1,10) = 0.0034, p = 0.95, RM ANOVA main effect of the drug). 

Together, these results reveal a region-specific role of nAChRs in modulating striatal 5-HT 

transmission. While nAChR blockade in the DLS preferentially suppresses low-frequency 

release, it enhances high-frequency release in the NAcC, highlighting distinct cholinergic control 

mechanisms across dorsal and ventral striatal domains. 

 
Figure 3.16. DHßE increased evoked 5-HT release at high stimulation frequency in NAcC. 
(A) Normalized mean peak [5-HT]o and baseline fluorescence (F0) during consecutive recordings 
of 5-HT release evoked by 1p during the application of DHßE in NAcC (n = 6 experiments/3 mice). 
(B) Mean evoked 5-HT transients ± SEM, before (black) and after (yellow) application of DHßE in 
NAcC. Mean transients of [5-HT]o are derived from two timepoints prior to the application of the 
drug (grey shaded region) and last two timepoints (yellow shaded region). (C) Mean 1p, 5p at 2 
Hz, 25 Hz, 50 Hz and 100 Hz [5-HT]o peak of control conditions (black) and following DHßE 
application (yellow) in NAcC. (D) Normalized mean [5-HT]o of 5p at 2 Hz, 25 Hz, 50 Hz and 100 
Hz to 1p (5p/1p) in control (black) and in drug conditions (yellow) in NAcC. (E) Mean 1p and 5p 
100 Hz decay half-life of [5-HT]o under control conditions (grey) and following drug application 
(yellow) in NAcC. 2-way ANOVA, Fisher’s LSD post-hoc test. *p < 0.05, **p < 0.01. Error bars are 
± SEM. 
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3.3.7 Striatal 5-HT release is regulated by ACh via mAChRs in DLS 

Building on our findings regarding cholinergic modulation of 5-HT via nAChRs, I next 

investigated whether striatal 5-HT release is also regulated by muscarinic ACh receptors 

(mAChRs). Previous studies have shown that ACh can act on mAChRs to modulate striatal 

circuits, including DA transmission. For example, Threlfell et al. (2010) reported that activation of 

mAChR with oxotremorine-M (oxo-M) robustly suppressed 1p-evoked DA release, while having 

little effect (or even slightly enhancing) release evoked by high-frequency stimulation (4p at 100 

Hz). These effects are lost when nAChRs are inhibited, indicating that that mAChRs regulate 

striatal DA release in a frequency-dependent manner by suppressing ACh release from 

cholinergic interneurons and thereby reducing nAChR-mediated modulation of neurotransmitter 

release (Threlfell et al., 2010).  

To test whether mAChRs similarly regulate 5-HT transmission, I applied the same broad-

spectrum mAChR agonists oxo-M (5 µM) to acute DLS slices from mice expressing GRAB5-HT, 

using the same stimulation protocols as in previous experiments. 5-HT release was evoked by 

both 1p and 5p stimulation across a range of frequencies (2, 25 and 100 Hz), and I recorded 

fluorescence transients before and after oxo-M application. 

I found that oxo-M strongly suppressed 5-HT release across all stimulation conditions (Fig. 

3.17A-C; F(1,20) = 90.12, p < 0.001, RM ANOVA main effect of the drug). The effect was most 

pronounced for 1p stimulation, where peak [5-HT]o decreased to approximately 40% of pre-drug 

levels. For 5p stimulation at 100 Hz, the suppression was less severe, with peak [5-HT]o 

reduced to about 70% of baseline. These results suggest that mAChR activation preferentially 

inhibits 5-HT release under low-activity conditions. To assess the impact of oxo-M on short-term 

plasticity, I calculated the 5p:1p ratio at different frequencies. A significant increase was 

observed in the 5p:1p ratio across stimulation conditions following oxo-M application, with the 
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strongest effect at 100 Hz (Fig. 3.17D; F(1,20) = 79.42, p < 0.001, RM ANOVA main effect of the 

drug). This effect was further supported by a significant drug × frequency interaction (Fig. 

3.17D; F(3,20) = 9.469, p = 0.0004, RM ANOVA interaction). 

Together, these results demonstrate that activation of mAChRs by oxo-M potently suppresses 

striatal 5-HT release, particularly under low-frequency stimulation, and alters short-term release 

dynamics in a frequency-dependent manner. 

Further, to determine whether the inhibitory effect of mAChR activation on 5-HT release is 

mediated via nAChR-dependent mechanisms, I repeated the oxo-M experiments under 

 
Figure 3.17. Activation of mAChR inhibited striatal 5-HT release in DLS. (A) Normalized mean 
peak [5-HT]o and baseline fluorescence (F0) during consecutive recordings of 5-HT release 
evoked by 1p and 5p 100 Hz during application oxotremorine-M in DLS (n = 6 experiments/4 
mice). (B) Mean evoked 5-HT transients ± SEM, before (black) and after (yellow) application of 
oxotremorine-M in DLS. Mean transients of [5-HT]o are derived from two timepoints prior to the 
application of the drug (grey shaded region) and last two timepoints (yellow shaded region). (C) 
Mean 1p, 5p at 2 Hz, 25 Hz and 100 Hz [5-HT]o peak of control conditions (black) and following 
drug application (yellow) in DLS. (D) Normalized mean [5-HT]o of 5p at 2 Hz, 25 Hz and 100 Hz to 
1p (5p/1p) in control (black) and in drug conditions (yellow) in DLS. 2-way ANOVA, Fisher’s LSD 
post-hoc test. ***p < 0.001. Error bars are ± SEM. 
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continuous blockade of nAChRs. Specifically, DHβE (1 µM) was applied throughout the entire 

experiment to isolate mAChR effects from any nAChR-mediated cholinergic modulation. 

Under these conditions, the inhibitory effect of oxo-M was completely abolished in the DLS. 

Peak [5-HT]o amplitudes remained unchanged after oxo-M application across all stimulation 

conditions (Fig. 3.18A-C; F(1,12) = 0.1836, p = 0.68, RM ANOVA main effect of the drug). In 

addition, the 5p:1p ratio showed no significant change following oxo-M treatment in the 

presence of DHβE (Fig. 3.18D; F(1,12) = 0.0396, p = 0.85, RM ANOVA main effect of the drug). 

These findings suggest that the effect of mAChR activation on striatal 5-HT release is indirect 

and depends on functional nAChRs, likely through modulation of ACh release from cholinergic 

interneurons. 
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3.3.8 Antagonism of GABAA&B receptors promoted striatal 5-HT release 

GABAergic transmission plays a dominant role in striatal circuitry, and ambient GABA tone has 

been detected in both dorsal and ventral regions (Ade et al., 2008; Kirmse et al., 2009). 

Previous studies have shown that such tonic GABAergic signalling can inhibit striatal 

monoamine transmission, including DA release (Lopes et al., 2019; Roberts et al., 2020). 

Considering this, I sought to determine whether striatal 5-HT release is similarly regulated by 

 Figure 3.18. DHßE prevented the further inhibition of Oxotremorine-M on striatal 5-HT. (A) 
Normalized mean peak [5-HT]o and baseline fluorescence (F0) during consecutive recordings of 5-
HT release evoked by 1p during application oxotremorine-M in the presence of DHßE in DLS (n = 
5 experiments/4 mice). (B) Mean evoked 5-HT transients ± SEM, before (black) and after (yellow) 
application of oxotremorine-M in the presence of DHßE in DLS. Mean transients of [5-HT]o are 
derived from two timepoints prior to the application of the drug (grey shaded region) and last two 
timepoints (yellow shaded region). (C) Mean 1p, 5p at 2 Hz and 100 Hz [5-HT]o peak of control 
conditions (black) and following drug application (yellow) in DLS in the presence of DHßE. (D) 
Normalized mean [5-HT]o of 5p at 2 Hz and 100 Hz to 1p (5p/1p) in control (black) and in drug 
conditions (yellow) in the presence of DHßE in DLS. 2-way ANOVA, Fisher’s LSD post-hoc test. 
Error bars are ± SEM. 
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tonic GABAergic inhibition. Given the earlier finding that ACh can modulate 5-HT release via 

nAChRs, and to exclude indirect effects mediated by ACh, all experiments were conducted in 

the presence of the nAChR antagonist DHβE (1 μM). 

To test the effect of GABAergic inhibition on 5-HT release, I applied a combination of GABAA 

and GABAB receptor antagonists: bicuculline (10 μM) and CGP 55845 (4 μM). Blockade of 

GABA receptors led to a robust increase in evoked 5-HT signals across all stimulation 

conditions. Specifically, 5-HT release was significantly enhanced following both 1p stimulation 

and 5p stimulation at 2, 25, and 100 Hz (Fig. 3.19A-C; F(1,16) = 31.05, p < 0.001, RM ANOVA 

main effect of the drug). GABA receptor antagonism also significantly increased the AUC of 5-

HT transients across stimulation frequencies (Fig. 3.19D; F(1,16) = 49.74, p < 0.001, RM ANOVA 

main effect of the drug). No significant 5p:1p ratio changes were found at any stimulation 

frequency (Fig. 3.19E; F(1,16) = 3.983, p = 0.06, RM ANOVA main effect of the drug), suggesting 

that the enhancement of 5-HT release by GABA receptor antagonism is not frequency-

dependent. 

In summary, these findings demonstrate that tonic GABAergic tone suppresses striatal 5-HT 

release, and that blocking GABAA and GABAB receptors facilitates 5-HT transmission 

independently of changes in cholinergic tone or short-term plasticity. 
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3.4 Discussion 

In this chapter, I investigated the dynamics and regulation of striatal 5-HT release using the 

genetically encoded fluorescent sensor GRAB5-HT. By combining real-time optical recordings in 

acute brain slices with pharmacological manipulations, I systematically characterized the basic 

 

Figure 3.19. GABAA&BR antagonist increased striatal 5-HT release. (A) Normalized mean peak 
[5-HT]o and baseline fluorescence (F0) during consecutive recordings of 5-HT release evoked by 
1p during application of bicuculine (10 µM) and CGP55845 (4 µM) in the presence of DHßE in 
DLS (n = 5 experiments/3 mice). (B) Mean evoked 5-HT transients ± SEM, before (black) and 
after (purple) application of bicuculines and CGP55845 in the presence of DHßE in DLS. Mean 
transients of [5-HT]o are derived from two timepoints prior to the application of the drug (grey 
shaded region) and last two timepoints (purple shaded region). (C) Mean 1p, 5p at 2 Hz, 25 Hz 
and 100 Hz [5-HT]o peak of control conditions (black) and following drug application (purple) in 
DLS in the presence of DHßE. (D) Mean [5-HT]o AUC of control conditions (grey) and following 
drug application (purple) in DLS in the presence of DHßE. (E) Normalized mean [5-HT]o of 5p at 2 
Hz, 25 Hz and 100 Hz to 1p (5p/1p) in control (black) and in drug conditions (purple) in the 
presence of DHßE in DLS. 2-way ANOVA, Fisher’s LSD post-hoc test. *p < 0.05, **p < 0.01, ***p < 
0.001. Error bars are ± SEM. 
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properties of evoked 5-HT signals and examined how they are modulated by uptake 

mechanisms, auto receptors, and local neurotransmitter systems including ACh and GABA. 

My findings demonstrate that GRAB5-HT provides a reliable and selective readout of extracellular 

5-HT in both DLS and NAcC. I validated the stability, specificity, and pharmacological sensitivity 

of this sensor under ex vivo conditions and further confirmed that it predominantly reports 5-HT 

rather than DA, even in the dopamine-rich striatal environment. Together, these results support 

the utility of GRAB5-HT for dissecting the mechanisms that shape serotonergic transmission in the 

striatum. 

3.4.1 GRAB5-HT3.0 to measure real-time 5-HT release in striatal slices 

I first validated the fundamental properties of the new GRAB5-HT sensor under ex vivo conditions. 

Application of exogenous 5-HT induced strong fluorescence changes, whereas DA had no 

effect. The 5-HT4R antagonist RS 23597-190 completely abolished electrically evoked signals, 

confirming that signal generation is 5-HT-dependent rather than an optical optical or other 

evoked artifact. Furthermore, a mutant version of the sensor (GRAB5-HT3.0mut), incapable of 

binding 5-HT, showed no response to either stimulation or external 5-HT, further supporting that 

the evoked signal is not artifact. Although the lack of response from GRAB5-HT3.0mut provides 

strong evidence that the observed fluorescence signals are not artifacts, this control does not 

entirely exclude other confounding factors. It remains uncertain whether viral expression of the 

mutant sensor may have altered the physiological viability of the tissue. Although in our 6-OHDA 

experiment, the stable control hemisphere 5-HT signal indicate that GRAB5-HT3.0 (expressed via 

AAV5) does not appear to compromise tissue health or the capacity for neurotransmitter 

release. However, the mutant sensor was delivered using a different viral serotype (AAV9), and 

differences in the expression efficiency, or potential cytotoxicity between AAV5 and AAV9 

(especially at high viral titres) cannot be ruled out. To directly address this uncertainty, future 
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experiments incorporating FCV in the same slices following GRAB imaging would help confirm 

whether robust DA release can still be evoked. Such dual-modality validation would strengthen 

the interpretation of GRAB5-HT3.0mut as an appropriate negative control. 

Beyond the striatum, I observed that GRAB5-HT fluorescence could also be detected in the 

midbrain SNr after striatal injections, resulting from trafficking of the sensor from striatum to 

midbrain. This is likely due to viral expression in striatal projection neurons, such as MSNs or 

GABAergic long-range interneurons, which transport the sensor in an anterograde fashion to 

their axons in the SNr. This anatomical observation highlights the potential for GRAB5-HT to label 

not only somatic compartments but also long-range projections. 

Building on this anatomical expression pattern, I next focused on validating the chemical 

specificity of GRAB5-HT in the striatum, a region densely innervated by dopaminergic projections. 

While previous studies have demonstrated the specificity of GRAB5-HT in cultured cells and in 

vivo in the cortex (Deng et al., 2024), it remained unclear whether the sensor could reliably 

differentiate 5-HT from DA in DA-rich tissue like the striatum. Here, I systematically tested the 

specificity of the sensor under ex vivo conditions for the first time in this context. The strongest 

evidence for specificity comes from experiments using 6-OHDA lesions to selectively eliminate 

striatal DA. Despite ~70% loss of DA markers, evoked 5-HT signals measured by GRAB5-HT 

remained robust and unchanged, confirming that the sensor does not rely on DA input for its 

activation. Additionally, several properties of evoked 5-HT signal further support the detection of 

by GRAB5-HT of 5-HT over DA. For example, the 5p:1p ratio of evoked responses was higher for 

5-HT (typically between 1.5-2) than the ratio for DA, which is often close to 1-1.3 due to nAChR-

mediated suppression of DA release during following stimulations. This also suggests that 5-HT 

transmission in the striatum is subject to weaker inhibition compared to DA, resulting in a 

distinct dynamic signature. 
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Moreover, activation of 5-HT1B/1D autoreceptors using sumatriptan markedly suppressed GRAB5-

HT signals, consistent with strong potential for these receptors to operate auto-inhibitory control 

of 5-HT release. In contrast, preliminary FCV data suggest that sumatriptan at the same 

concentration has no effect on DA release (data not shown), reinforcing the transmitter 

specificity of the GRAB5-HT sensor. Together, these findings strongly support the conclusion that 

GRAB5-HT predominantly reports striatal 5-HT release rather than DA. 

Nonetheless, it is important to acknowledge that we cannot fully rule out the possibility of a 

small DA contribution to the recorded signal. Although minor DA involvement cannot be entirely 

excluded, this limitation does not substantially impair the utility of GRAB5-HT for investigating 

striatal 5-HT dynamics. Therefore, GRAB5-HT can be used as a reliable tool for reporting 5-HT 

transmission in the striatum under the conditions tested in my study. 

3.4.2 Differences in evoked 5-HT release across dorsal, ventral striatum 

and SNr 

After establishing the utility and specificity of GRAB5-HT for detecting real-time 5-HT release in 

striatal slices, I next sought to compare the characteristics of evoked 5-HT signals across key 

striatal subregions and midbrain, including DLS, NAcC, and SNr. These regions differ 

anatomically and functionally, and their serotonergic innervation density and local circuitry are 

also distinct. My aim was to determine whether these factors are reflected in measurable 

differences in 5-HT release dynamics. 

As shown in Fig. 3.9, electrical stimulation evoked robust 5-HT transients in both DLS and 

NAcC. Notably, the peak amplitude was significantly higher in the NAcC compared to the DLS, 

indicating a greater initial release of 5-HT in the ventral striatum. However, this stronger release 

was accompanied by a smaller AUC and a shorter decay half-life, suggesting faster clearance of 
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5-HT in NAcC than in DLS. These differences likely reflect region-specific differences in 5-HT 

reuptake transporter expression or extracellular environment. Additionally, baseline fluorescence 

(F0) remained comparable between DLS and NAcC, indicating that the observed signal 

differences are not due to variations in GRAB5-HT expression levels or tonic activation by ambient 

endogenous non-evoked 5-HT tone. Furthermore, when examining short-term plasticity by 

calculating the 5p:1p ratio, I found that NAcC displayed less depressed ratios than DLS across 

stimulation conditions. This suggests that ventral striatum experiences less short-term inhibitory 

modulation in NAcC. Taken together, these findings suggest that NAcC receives denser 

serotonergic input and exhibits less constrained 5-HT dynamics than DLS, consistent with 

previous anatomical studies (Jiménez-Sánchez et al., 2020). 

To further explore regional distinctions, I next compared striatal 5-HT signals (DLS and NAcC 

combined) with those observed in SNr, a midbrain target that receives direct serotonergic 

projections from DRN (McDevitt et al., 2014). Compared to the striatum, the SNr showed a 

strikingly different profile of 5-HT release. Evoked peak amplitude in SNr was approximately an 

order of magnitude larger than in the striatum, and AUC was also substantially elevated, 

reflecting a very strong and prolonged 5-HT signal. However, decay half-life in SNr was shorter 

than in striatum, suggesting that despite its high amplitude, clearance rate is faster - possibly 

due to differences in extracellular space properties or higher SERT expression. Notably, the 

5p:1p ratio in SNr was markedly higher than in striatum, indicating less short-term inhibition in 

SNr to suppress 5-HT subsequent release. 

Collectively, these findings reveal region-specific profiles of 5-HT transmission across dorsal, 

ventral striatum and SNr. These distinctions likely arise from a combination of differential 

serotonergic innervation, transporter expression, and local circuit modulation, and underscore 

the importance of spatial context when interpreting 5-HT function in the basal ganglia. 
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3.4.3 Contribution of SERT and DAT to striatal 5-HT reuptake 

Building on the observed regional dynamics of 5-HT release, I next examined how 5-HT 

clearance in the striatum is mediated by monoamine transporters, particularly SERT and DAT. 

When SERT was blocked by the SSRI citalopram, evoked 5-HT signals became both larger in 

amplitude and slower to decay. This effect not only aligns with expectations for SERT inhibition 

but also further corroborates the specificity of the GRAB5-HT sensor for 5-HT. Notably, the 

increase in peak amplitude during 5p stimulation is likely influenced by the pharmacological 

inhibition of reuptake by citalopram, which prolongs extracellular 5-HT availability and enhances 

summation across pulses. It is therefore important to distinguish sensor limitations from the 

effects of citalopram on synaptic dynamics. Specifically, previous characterization has shown 

that GRAB5-HT3.0 exhibits an on rate (τon) of approximately 0.25 s when locally puffing 10 μM 5-

HT, and an off rate (τoff) of about 1.66 seconds upon application of the 5-HT4 receptor antagonist 

RS 23597-190 (100 µM) in the continued presence of 5-HT (Deng et al., 2024). This relatively 

slow clearance of signal likely causes temporal summation of sensor activation during repeated 

stimulation, particularly under conditions where extracellular 5-HT clearance is 

pharmacologically impaired. Therefore, the increase in 5p peak amplitude under SSRI may not 

solely reflect enhanced release per se, but also the integration of lingering 5-HT signal due to 

delayed sensor deactivation. This further supports the conclusion that GRAB5-HT is a valid 

reporter of extracellular 5-HT and that its signal dynamics are closely tied to serotonergic uptake 

mechanisms. 

Further, to probe the role of DAT in 5-HT reuptake, I applied a widely used DAT inhibitor 

nomifensine at a concentration of 2 μM (Condon et al., 2019). This dosage was chosen to 

achieve preferential DAT blockade, based on its reported Ki values of 26 nM for DAT and ~4000 

nM for SERT, and IC50 values of 48 nM for DAT versus 830 nM for SERT in rat brain 
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synaptosomes (Katz et al., 2010; Tuomisto, 1977). Unlike SERT inhibition, DAT blockade had a 

selective effect: it prolonged decay half-life and increased AUC without significantly altering 

peak amplitude. One possible explanation is that blocking DAT increases extracellular DA after 

stimulation, which in turn activates D2 receptors to indirectly suppress 5-HT release (more 

details in Chapter 4). This outcome is also consistent with previous evidence indicating that 5-

HT can be taken up by DA axons and co-released with DA (F.-M. Zhou et al., 2005), further 

suggesting a functional interplay between serotonergic and dopaminergic clearance 

mechanisms. 

Together, these findings indicate that both SERT and DAT contribute to striatal 5-HT reuptake. 

This dual-transporter mechanism may be particularly relevant in conditions such as drug 

addiction or depression, where transporter function is altered, and monoamine dynamics are 

disturbed. Understanding the relative contributions of these transporters helps inform 

pharmacological strategies targeting serotonergic systems in such disorders. 

3.4.4 ACh acting at nAChRs to regulate 5-HT release is in a brain-region-

dependent manner 

I next investigated how local cholinergic signalling - particularly through nAChRs - modulates 5-

HT release. My results using the nAChR antagonist DHβE revealed striking region-specific 

differences between DLS and NAcC. In DLS, DHβE significantly reduced 5-HT release evoked 

by 1p stimulation and the early pulses of 5p trains at low frequency (2 Hz) but had no significant 

effect on 5p-evoked responses at higher frequencies (25-100 Hz). This resulted in a pronounced 

increase in the 5p:1p ratio, suggesting that ACh acting at nAChRs may facilitate low-frequency 

5-HT release in DLS, but this influence diminishes during high-frequency stimulation. By 

contrast, in the NAcC, DHβE had no significant effect on 1p-evoked release, but significantly 

increased 5p-evoked 5-HT signals starting from 25 Hz, likewise producing elevated 5p:1p ratios. 
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These data reveal an opposing frequency-dependent modulation pattern in NAcC, where 

nAChRs appear to constrain, rather than support, multi-pulse serotonergic responses. 

Rather than indicating a strictly inhibitory or facilitatory role, these findings suggest that nAChR-

mediated regulation of 5-HT release is both brain-region and frequency dependent. This mirrors 

prior observations in dopaminergic transmission: for instance, it has been reported that nAChRs 

facilitate low-frequency DA release in the dorsal striatum but inhibit high-frequency release, 

possibly via depolarization block or reduced axonal excitability (Rice & Cragg, 2004; Threlfell et 

al., 2012).Specifically, same paper showed that this frequency dependence is more pronounced 

in the DLS, whereas in the NAcC nicotinic regulation is less sensitive to high-frequency 

stimulation, reflecting differences in receptor subunit composition (Threlfell & Cragg, 2011). 

Importantly, the observed effects may not solely reflect direct cholinergic modulation of 

serotonergic axons. Previous studies have shown that striatal DA release is also tightly 

regulated by nAChRs in a region- and frequency-specific manner (Brimblecombe et al., 2018; 

Rice & Cragg, 2004; Threlfell & Cragg, 2011). Given that DA itself can also modulate 5-HT 

transmission via D1Rs and D2Rs (see Chapter 4), the impact of DHβE likely reflects a 

combination of direct and indirect mechanisms. For example, in DLS, blocking nAChRs reduces 

1p-evoked DA release, which may disinhibit 5-HT release via D2Rs. Therefore, the effect of 

DHβE on 5-HT release described in this Chapter represents a composite of direct ACh 

modulation of 5-HT and indirect DA-mediated regulation. In future studies, to disentangle the 

pure impact of nAChRs on 5-HT axons, it will be essential to further isolate this pathway - for 

instance, by pharmacologically blocking DA receptors to eliminate DA's influence on 5-HT 

release. 

Supporting the relevance of cholinergic regulation, recent work by Matityahu et al. (2024) 

demonstrated that synchronous activation of striatal ChIs induces local 5-HT release via volume 
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transmission (Matityahu et al., 2024). While this may reflect direct modulation of 5-HT axons, it 

is also plausible that ChI-driven activation of dopaminergic axons could lead to the release of 5-

HT previously taken up into these axons. Previous study has reported that dopaminergic axons 

are known to accumulate and re-release 5-HT (F.-M. Zhou et al., 2005) with DA. At present, it 

remains unclear whether 5-HT axons within the striatum express functional nAChRs. This 

mechanism is enhanced in a hypercholinergic striatum in a mouse model of OCD-like 

behaviour, suggesting that ChIs critically shape serotonergic tone under both physiological and 

pathological conditions. These findings align with our own observations and further highlight that 

local ACh levels can modulate 5-HT output across striatal subregions, potentially in a 

behaviourally relevant manner. 

3.4.5 Tonic GABAergic inhibition of 5-HT release 

To investigate whether GABAergic signalling exerts tonic control over striatal 5-HT transmission, 

I examined the effects of bath-applied GABAA and GABAB receptor antagonists (bicuculline and 

CGP55845, respectively) on single-pulse release. Blocking GABA receptors significantly 

increased the peak amplitude and AUC of electrically evoked 5-HT signals in DLS, indicating 

that GABAergic inputs exert an inhibitory influence on striatal 5-HT release. However, the 5p:1p 

ratio remained unchanged, suggesting that the frequency dependence of 5-HT release is not 

altered, and that the tonic inhibition by GABA affects the overall magnitude rather than the short-

term dynamics of release. 

These findings are consistent with the idea of a tonic GABAergic inhibition of monoamine 

release in the striatum. A similar concept has been demonstrated for both DA and ACh 

transmission: previous studies showed that GABA receptor antagonism enhances ACh and DA 

levels in the striatum (DeBoer & Westerink, 1994; Lopes et al., 2019). Since the striatum is 
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densely GABAergic and contains ongoing ambient GABA tone, it is plausible that serotonergic 

axons or upstream regulatory neurons are similarly suppressed under basal conditions. 

Multiple cellular pathways may underlie this GABAergic inhibition of striatal 5-HT I reported in 

this Chapter. On one hand, GABA may act directly on 5-HT axons, suppressing vesicular 

release via GABAA or GABAB receptors, as has been proposed for other monoaminergic 

systems. On the other hand, GABA may act indirectly through intermediary neurons that control 

serotonergic output, for example via ChIs or DA neurons that provide feedback to 5-HT axons. 

Since the potential contribution of ACh was already considered in this experiment by applying 

DHβE to block nAChRs, the indirect effect of GABA via ACh was minimized. However, the 

influence of GABA on DA release was not controlled in this context, leaving open the possibility 

that part of the effect on 5-HT was mediated via GABA–DA–5-HT interactions. In particular, 

dopaminergic axons are known to be under tonic GABAergic inhibition, and a previous study 

showed that GABA receptor antagonism increases DA levels in the striatum, which 

subsequently activate DA receptors and modulate downstream neurotransmission (Lopes et al., 

2019). Given the established role of DA in modulating 5-HT release (see Chapter 4), it is 

conceivable that some of the GABAergic effects on 5-HT described here are mediated via 

disinhibition of DA. Therefore, the observed increase in 5-HT release following GABA receptor 

blockade likely reflects a composite effect, including direct disinhibition of 5-HT axons and 

indirect enhancement via GABA–DA–5-HT interactions.  

To disentangle these pathways, future experiments could employ pharmacological or genetic 

tools to selectively block DA receptors (e.g., D1R and D2R antagonists) during GABA receptor 

manipulation, thereby isolating the direct GABAergic influence on serotonergic axons. Such 

work would be crucial for understanding how inhibitory microcircuits regulate striatal 5-HT 

levels, especially in disease contexts such as Parkinson’s disease and mood disorders, where 

GABA, DA, and 5-HT signalling are often disrupted. 
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4.1 Introduction 

The striatum is a critical integrative hub within the basal ganglia, coordinating motor, cognitive, 

and reward-related processes. These functions are tightly regulated by neuromodulators, such 

as DA, ACh, GABA and 5-HT. While extensive research has delineated the role of DA in 

modulating striatal ACh transmission, the influence of DA on striatal 5-HT release remains 

relatively underexplored. Several earlier studies using techniques such as microdialysis, FCV 

and immunohistochemistry have reported that 5-HT levels or 5-HT receptor levels are regulated, 

at least in part, by dopaminergic signalling (Bang et al., 2020; Ferré et al., 1994; Laprade et al., 

1996; Van Bockstaele & Pickel, 1993; F.-M. Zhou et al., 2005). However, despite these 

important insights, the experimental tools available at the time imposed significant limitations on 

temporal and spatial resolution.  

To overcome these limitations and directly assess the modulation of 5-HT release by striatal DA, 

I used the genetically encoded 5-HT sensor - GRAB5-HT3.0 (Deng et al., 2024) - in acute brain 

slices. This tool allows for real-time imaging of extracellular 5-HT release with high temporal and 

spatial resolution, enabling a more precise dissection of neuromodulatory mechanisms. 

Specifically, I investigated whether D1R and D2R individually influences 5-HT release in the DLS.  

4.1.1 DA receptors and distribution in striatum 

DA exerts its effects via two major classes of G protein-coupled receptors (GPCRs): the D1-like 

receptors (D1R and D5R) and the D2-like receptors (D2R, D3R, and D4R) (Aghajanian et al., 

1978; Beaulieu et al., 2015; Kebabian & Calne, 1979; Martel & Gatti McArthur, 2020). Receptors 

within each family share high sequence homology, which allows for reliable pharmacological 

discrimination between D1-like and D2-like receptors but makes it difficult to achieve selectivity 

between subtypes within the same family (Beaulieu & Gainetdinov, 2011; Vallone et al., 2000). 
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D1-like receptors generally exhibit lower affinity for DA compared to D2-like receptors - by 

approximately 10- to 100-fold - indicating that their recruitment is more prominent during periods 

of elevated extracellular DA levels, such as during phasic DA release (Martel & Gatti McArthur, 

2020). Structurally, D1-like receptors have seven transmembrane domains and signal via Gαs/olf 

proteins to stimulate adenylyl cyclase and elevate intracellular cAMP (Beaulieu et al., 2015; 

Beaulieu & Gainetdinov, 2011). The genes encoding D1R and D5R (DRD1 and DRD5) are 

intronless (Gingrich & Caron, 1993), and both subtypes are expressed post-synaptically. Among 

them, D1R is more abundantly distributed, with high expression in the striatum, substantia nigra 

pars compacta (SNc), cortex, hippocampus, and amygdala (Beaulieu & Gainetdinov, 2011; 

Grandy et al., 1990; Vallone et al., 2000), while D5R is found in the SNc, cortex, hippocampus, 

hypothalamus, and dentate gyrus. 

D2-like receptors also possess seven transmembrane domains, but they couple to Gαi/o proteins 

to inhibit adenylyl cyclase and reduce intracellular cAMP levels (Beaulieu et al., 2015; Beaulieu 

& Gainetdinov, 2011; Martel & Gatti McArthur, 2020). Unlike D1Rs, D2-like receptors are located 

both pre- and post-synaptically. In particular, D2R functions as an autoreceptor on dopaminergic 

axons, regulating DA synthesis and release, and also acts post-synaptically on striatal neurons 

(Beaulieu & Gainetdinov, 2011), In rodents, the D2R gene undergoes alternative splicing to 

generate two isoforms: D2S (short), predominantly presynaptic, and D2L (long), more common 

post-synaptically. Similarly, D3R and D4R exhibit splice and polymorphic variants in rodents and 

humans, respectively (Giros et al., 1991; Tol et al., 1992). Among the D2-like receptors, D2R has 

the highest expression in the brain, notably in the striatum, SNc, VTA, cortex, and hypothalamus 

(Beaulieu & Gainetdinov, 2011). D3Rs are localized in the nucleus accumbens shell, 

hypothalamus, and cerebellum, while D4Rs are found in the prefrontal cortex, hippocampus, and 

substantia nigra pars reticulata (Beaulieu & Gainetdinov, 2011; Vallone et al., 2000). 
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In addition to canonical signalling, DA receptors can form functional heterodimers. For example, 

D1R can dimerize with D2R, or with other neurotransmitter receptors such as adenosine A1 or 

NMDA receptor subunits, forming D1-A1 or D1-NR1 complexes (Beaulieu et al., 2015; Perreault 

et al., 2014). These interactions add an additional layer of complexity and flexibility to 

dopaminergic signalling. 

In the striatum, DA receptor-mediated modulation contributes critically to the control of 

neurotransmitter release, neuronal excitability and plasticity. D1Rs are primarily expressed on 

direct-pathway medium spiny neurons (dMSNs), where their activation promotes excitability and 

output to basal ganglia motor circuits. Conversely, D2Rs are enriched on indirect-pathway MSNs 

(iMSNs) and various interneurons, where they exert inhibitory control (Gerfen & Surmeier, 2011; 

Tritsch & Sabatini, 2012). The differential localization and intracellular coupling of D1R and D2R 

enable DA to exert bidirectional and circuit-specific effects. 

While their role in modulating GABAergic and cholinergic transmission in the striatum has been 

extensively characterized, it remains largely unknown how D1R and D2R signalling influences 

serotonergic activity in this region. recent findings have demonstrated that DRN 5-HT neurons 

express both D1 and D2 dopamine receptors (Cai et al., 2022). Given the anatomical 

convergence of DA and 5-HT axons in the striatum and their reciprocal involvement in various 

neuropsychiatric disorders, understanding the DA receptor-specific regulation of striatal 5-HT 

release is of both mechanistic and therapeutic importance. 

4.1.2 Dopaminergic regulation of ACh release: a benchmark model 

A foundational example of the neuromodulatory capacity of DA is its ability to regulate striatal 

ACh release via D2Rs. In the striatum, DA exerts inhibitory control over ChIs through D2Rs 

expressed directly on these interneurons. Electrophysiological and optical recording studies 
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have demonstrated that D2R activation reduces ChI firing and suppresses evoked ACh release 

(Alcantara et al., 2003; Lim et al., 2014; Maurice et al., 2004). For example, Lim et al. (2014) 

used optogenetics and microdialysis to show that D2R agonists such as quinpirole reduced tonic 

ACh levels and phasic evoked responses in both dorsal and ventral striatum. 

DA acting at D2R downregulating ACh pathway has become a canonical model of 

neuromodulator interaction and provides an important conceptual foundation for examining 

whether DA might exert similar control over striatal 5-HT. Notably, the serotonergic innervation 

of the striatum, arising primarily from the DRN, is anatomically and functionally poised to interact 

with dopaminergic and cholinergic systems. However, the direct influence of DA on 5-HT 

release dynamics, particularly via D1R and D2R activation, remains to be fully characterized. 

4.1.3 Rationale for investigating striatal DA modulation of 5-HT 

Anatomically, 5-HT fibres from the dorsal raphe nucleus densely innervate the striatum and are 

positioned to interact with dopaminergic axons and their postsynaptic targets(Mori et al., 1985; 

Törk, 1990). Moreover, DA receptor expression is not restricted to dopaminergic neurons; 

previous studies suggest that D1Rs and D2Rs may be present on, or indirectly influence, 5-HT 

axons (Azmitia & Segal, 1978; De Deurwaerdère & Di Giovanni, 2017). These receptors could 

theoretically regulate 5-HT release via direct mechanisms - such as presynaptic receptor 

localization on serotonergic afferents - or through indirect pathways involving GABAergic or 

cholinergic interneurons. Functionally, both DA and 5-HT have been shown to regulate reward-

related behaviour, motivation, and affect, often through complex and region-specific interactions 

(Daw et al., 2002; Di Giovanni et al., 2008). However, despite extensive study of DA - 5HT 

crosstalk in midbrain structures like the VTA and raphe, far less is known about how DA 

modulates 5-HT at the axonal level in striatum. 
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Therefore, in this chapter, I investigated how D1R and D2R activation or inhibition modulates 

striatal 5-HT release using a real-time detection of extracellular 5-HT sensor (Deng et al., 2024) 

- GRAB5-HT - in acute striatal slices. To determine whether DA receptor signalling modulates 5-

HT release in a receptor-specific manner, I applied selective D1R and D2R agonists and 

antagonists while blocking nAChR-mediated cholinergic input with DHβE. This approach was 

designed to minimise cholinergic influences on dopaminergic axons, thereby allowing a clearer 

assessment of how D1R and D2R activation independently affect serotonergic transmission in 

the DLS. 

4.2 Methods 

4.2.1 Animals and slice preparation 

Male and female wild-type C57BL/6J mice were culled by cervical dislocation and acute ex vivo 

brain slices were prepared as described in Chapter 2. All procedures were performed in 

accordance with institutional guidelines and the U.K. Animals (Scientific Procedures) Act, 1986.  

4.2.2 Stereotaxic intracranial injections 

Stereotaxic intracranial injections were performed to achieve viral transfection of an adeno-

associated virus (AAV) containing the 5-HT3.0 genetically encoded fluorescent sensor (Deng et 

al., 2024). C57BL/6 wild type mice were anaesthetized with 4% isoflurane (IsoFlo, Zoetis) in 

100% O2, at a flow rate of ~2 L/min. Fur on the scalp was shaved, and mice were transferred to 

a stereotaxic frame (David Kopf Instruments). Isoflurane concentration was lowered to 1.5 – 2% 

for maintenance anesthesia. An incision was made along the scalp and stereotaxic coordinates 

were set relative to bregma, for injection in DLS (A/P: + 0.65, M/L: +/- 2.2, D/V: -2.7 to -2.5). 

Undiluted AAV2/5-hsyn-5-HT3.0 (≥ 2.00 x 1012 genome copies per ml) (BrainVTA, China) was 
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infused bilaterally, with a Hamilton syringe and 32 gauge needle (Hamilton Company) at a rate 

of 200 nL/minute, for a total volume of 1000 nL per site. The needle was left in situ for 5 minutes 

post injection. The incision was closed using suture (Monocryl, Ethicon) and skin glue (Vetbond, 

3M), and mice were transferred to a temperature-controlled cage to recover from anesthesia. 

Mice were culled for experiments 3-4 weeks post-surgery. 

4.2.3 GRAB5-HT imaging 

For GRAB5-HT imaging experiments involving electrical stimulation, recordings were conducted 

as detailed in Chapter 2. The camera was set to an exposure rate of 100 ms with 2×2 pixel 

binning. Excitation was provided by a continuously illuminated blue LED (470 nm) at an intensity 

of approximately 4 mW for a duration of 40 seconds for each recording, allowing the detection of 

each 5-HT release event. These acquisition parameters enabled the resolution of individual 

release events during train stimulations, depending on the off kinetics of the sensor. Data 

extraction and processing followed the methods described in Chapter 2. 

In all experiments involving electrical stimulation, stimulation protocols were performed in 

duplicate, and the order of stimuli was randomized. Each experimental group included at least 

four animals (N ≥ 4). Statistical significance was evaluated using two-way ANOVA, Student’s t-

test, and regression analysis in GraphPad Prism 10. 

4.2.4 Drugs 

Drugs were diluted in either dH2O or DMSO (dymethil sulfoxide) to 1,000x stock aliquots and 

stored at -20 °C. Final drug concentrations were prepared in aCSF saturated with 95% O2/ 5% 

CO2 right before use. 
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Drug Supplier Action Concentratio
n Solvent References 

Dihydro-β-
erythroidine 

(DHβE) 
hydrobromide 

Sigma-
Aldrich 

nAChR 
antagonist 1 µM dH2O Threlfell et al. (2012); 

Roberts et al. (2020) 

SKF81297 
hydrobromide 

MedChem
Express 
(MCE) 

D1R 
agonist 1 µM DMSO Nesbit et al. (2022) 

Reavill et al. (1993) 

SCH39166 
hydrobromide Tocris D1R 

antagonist 1 or 10 µM DMSO Zheng et al. (1999) 
Yang et al. (2020) 

Quinpirole Cambridge 
Bioscience 

D2R 
agonist 2 µM DMSO Brimblecombe et al. (2019) 

L-741,626 Abcam D2R 
antagonist 1 or 2 µM DMSO Condon et al. (2019) 

4.2.5 Data acquisition and analysis 

GRAB sensor data were acquired and extracted by Image J and analyzed by locally written 

MATLAB script described in Section 2.3.5. Statistical tests were performed in GraphPad Prism 

10. 

4.3 Results 

4.3.1 Striatal 5-HT is under regulation by DA via D1Rs 

4.3.1.1 Agonism of D1R – SKF81297 augmented striatal 5-HT release 

We first investigated the impact of D1 receptor agonist SKF81297 on evoked 5-HT release in 

DLS in acute coronal slices of mouse striatum, using GRAB5-HT3.0 to detect 5-HT released by 

electrical stimulus pulses delivered singly (1p) or in short trains of 5-pulses (5p) at 2 Hz and 100 

Hz (Fig. 4.1A). To mimic physiologically relevant firing patterns of 5-HT neurons, we applied 5p 

stimulation at 2 Hz and 100 Hz, which approximate the tonic and burst firing frequencies, 

respectively, observed in serotonergic neurons in vivo (Mlinar et al., 2016). As we know from 
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Chapter 3 that striatal 5-HT is under control of ACh via nAChR in both DLS and NAcC, we 

excluded the indirect regulation from cholinergic circuits of DA/ACh on 5-HT by including nAChR 

antagonist DHßE throughout.  

In DLS, the application of SKF81297 (1 µM) significantly increased [5-HT]o evoked by a single 

pulse and during five-pulse trains at both 2 Hz and 100 Hz, by approximately 125% of the pre-

drug condition (Fig. 4.1B-D; F(1,14) = 18.93, p = 0.0007, RM ANOVA main effect of the drug). 

SKF81297 significantly augmented the AUC of 5-HT transients, intriguingly prolonging the 

extracellular lifetime of 5-HT to ~160% of the pre-drug condition (Fig. 4.1E). Correspondingly, 

application of SKF81297 increased the decay half-life of [5-HT]o in DLS (Fig. 4.1F; F(1,10) = 

18.75, p = 0.0015, RM ANOVA main effect of the drug). In the presence of DHßE, the 

application of SKF81297 did not modify 5p:1p ratio of [5-HT]o in DLS (Fig. 4.1G; F(1,28) = 0.1715, 

p = 0.68, RM ANOVA main effect of the drug). These findings indicated that the activation of 

D1Rs by D1R agonist SKF81297 increases 5-HT release probability, and this regulation is 

independent of ACh acting at nAChRs. 
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Figure 4.1. Agonism of D1Rs facilitates striatal 5-HT release. (A) Viral delivery of GRAB5-HT 
to striatum for imaging extracellular 5-HT levels ex vivo and the schematic of stimulation and 
GRAB5-HT recording site. (B) Normalized mean peak [5-HT]o and baseline fluorescence (F0) 
during consecutive recordings of 5-HT release evoked by 1p during application of SKF81297 
in the presence of DHßE in DLS (n = 5 experiments/3 mice). (C) Mean evoked 5-HT transients 
± SEM, before (black) and after (green) application of SKF81297 in the presence of DHßE in 
DLS. Mean transients of [5-HT]o are derived from three timepoints prior to the application of 
SKF81297 (grey shaded region) and last two timepoints (green shaded region). (D) Mean 1p, 
5p 2 Hz and 5p 100 Hz [5-HT]o peak of control conditions (black) and following drug 
application (green) in DLS in the presence of DHßE. (E) Normalized mean AUC [5-HT]o during 
consecutive recordings of 5-HT release evoked by 1p during the application of SKF81297 in 
DLS. (F) Mean 1p and 5p 100 Hz decay half-life of [5-HT]o under control conditions (grey) and 
following drug application (green) in DLS. (G) Normalized mean [5-HT]o of 5p at 2 Hz and 100 
Hz to 1p (5p/1p) in control (black) and in drug conditions (green) in the presence of DHßE in 
DLS. 2-way ANOVA, Fisher’s LSD post-hoc test. *p < 0.05. Error bars are ± SEM.  
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4.3.1.2 Antagonist of D1R blocked the effect of D1R agonist on 5-HT release 

To corroborate the effect of SKF81297 on evoked [5-HT]o detected with GRAB5-HT is mediated 

by D1Rs, we then used a competitive D1R antagonist – SCH39166 (10 µM) to block the effect of 

SKF81297. The hypothesis is that if the high concentration of D1R antagonist abolished the 

facilitatory effect that SKF81297 caused, then we can confirm this is a D1R-mediated control on 

striatal 5-HT release. In the presence of SCH39166 (10 µM) and DHßE (1 µM), we found 

application of the same concentration of SKF81297 (1 µM) failed to cause any [5-HT]o peak 

change by either a single pulse or a five-pulse train at 100 Hz in DLS (Fig. 4.2A-C; F(1,12) = 

0.001734, p = 0.97, RM ANOVA main effect of the drug). Correspondingly, the AUC of [5-HT]o 

did not increase when applying SKF81297 in the presence of SCH39166 (Fig. 4.2D). Similarly, 

with the presence of DHßE, the 5p:1p ratio of [5-HT]o remained at a similar level before and 

after washing on SKF81297 (Fig. 4.2E; t(4) = 1.383, p = 0.2607, Student’s paired t-test). 

Altogether, these data suggest that the D1R agonist SKF81297 - control of striatal 5-HT 

transmission is mediated by D1Rs in DLS, which can be completely abolished by the D1R 

antagonist. Additionally, this effect does not require the function of nAChRs in striatum. 
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4.3.1.3 Effect of D1R agonist CY208243 on striatal 5-HT release 

To further corroborate that the effect SKF81297 was due to D1R action, I performed the same 

experiment with an alternative D1R agonist – CY208243. In DLS, application of the D1R agonist 

CY20843 (10 μM) resulted in a significant reduction in extracellular 5-HT levels evoked by both 

 Figure 4.2. Antagonism of D1R blocked the D1R agonism-mediated facilitation of striatal 
5-HT release. (A) Normalized mean peak [5-HT]o and baseline fluorescence (F0) during 
consecutive recordings of 5-HT release evoked by 1p during application of SKF81297 in the 
presence of DHßE and SCH39166 in DLS (n = 4 experiments/3 mice). (B) Mean evoked 5-HT 
transients ± SEM, before (black) and after (green) application of SKF81297 in DLS in the 
presence of DHßE and SCH39166. Mean transients of [5-HT]o are derived from three 
timepoints prior to the application of SKF81297 (grey shaded region) and last two timepoints 
(green shaded region). (C) Mean 1p and 5p 100 Hz [5-HT]o peak of control conditions (black) 
and following drug application (green) in DLS in the presence of DHßE and SCH39166. (D) 
Mean [5-HT]o AUC of control conditions (grey) and following drug application (green) in the 
presence of DHßE and SCH39166 in DLS. (E) Ratios of peak [5-HT]o released by 5p versus 
1p in DLS in the presence of DHßE and SCH39166. 2-way ANOVA, Fisher’s LSD post-hoc 
test, Student’s paired t-test. Error bars are ± SEM. 
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single-pulse and five-pulse stimulations delivered at 2 Hz and 100 Hz (Fig. 4.3A-C; F(1,12) = 

22.26, p < 0.001, RM ANOVA main effect of the drug). Compared to pre-drug baseline, the peak 

response decreased to approximately 68% of the pre-drug level. Alongside this effect, CY20843 

also modestly diminished the AUC of [5-HT]o evoked by 5p at 100 Hz, reducing the integrated 

extracellular presence of 5-HT especially to roughly 70% of control levels (Fig. 4.3D; F(1,24) = 

1.780, p = 0.19, RM ANOVA main effect of the drug). However, the ratio of five-pulse to single-

pulse responses remained unaffected by the drug in the presence of DHβE (Fig. 4.3E; F(1,24)  = 

3.52e-005, p > 0.99), indicating that CY20843 alters release magnitude without changing short-

term dynamics. Together, these results suggest that D1R activation by CY20843 suppresses 5-

HT release in the DLS, independently of cholinergic modulation through nAChRs. 

However, the outcome observed with 10 μM CY208243 appeared to contradict the effects 

previously seen with SKF81297, which robustly enhanced striatal 5-HT release via D1R 

activation. In contrast, 10 µM CY208243 produced a suppressive effect on 5-HT transmission, 

raising the possibility that this concentration may have triggered off-target effects. In other 

words, this concentration may have exceeded the optimal window for specific D1R activation, 

introducing pharmacological complexity. To address this concern, we repeated the same set of 

experiments using a lower concentration of CY208243 in 1 μM, aiming to assess whether a 

more selective activation of D1Rs would replicate the facilitatory effect seen with SKF81297. 

In DLS, application of the D1 receptor agonist CY20843 at a lower concentration (1 μM) did not 

significantly alter [5-HT]o levels evoked by either single-pulse or five-pulse stimulations delivered 

at 2 Hz and 100 Hz (Fig. 4.4A-C; F(1,12) = 0.02316, p = 0.88, RM ANOVA main effect of the 

drug). Unlike the suppressive effect observed with 10 μM CY20843, the peak response 

following 1 μM CY208243 drug application remained at a similar level of the pre-drug condition, 

indicating no measurable change in evoked 5-HT amplitude. Consistently, CY20843 at 1 μM did  



Chapter 4: Identifying the modulation of 5-HT release by DA receptors 

 
117 

not affect the AUC of [5-HT]ₒ evoked by 1p and 5p at 2 Hz or 100 Hz (Fig. 4.4D). The ratio of 

five-pulse to single-pulse responses (5p:1p) also showed no change when washing on 

CY208243 in the presence of DHβE (Fig. 4.4E; F(1,12) = 0.2198, p = 0.65), indicating that short-

term facilitation dynamics were unaffected. These findings indicate that, at 1 μM, CY20843 does 

not modulate striatal 5-HT release in the DLS, in contrast to the concentration-dependent 

suppressive effects observed at 10 μM. This divergence suggests that CY208243 may engage 

different targets or downstream pathways at higher concentrations. 

 Figure 4.3. 10 µM CY208243 attenuated striatal 5-HT release. (A) Normalized mean peak 
[5-HT]o and baseline fluorescence (F0) during consecutive recordings of 5-HT release evoked 
by 1p during application of 1 µM CY208243 in the presence of DHßE in DLS (n = 4 slices in 3 
mice). (B) Mean evoked 5-HT transients ± SEM, before (black) and after (green) application of 
1 µM CY208243 in DLS in the presence of DHßE. Mean transients of [5-HT]o are derived from 
three timepoints prior to the application of CY208243 (grey shaded region) and last two 
timepoints (green shaded region). (C) Mean 1p and 5p at 2 Hz and 100 Hz [5-HT]o peak of 
control conditions (black) and following drug application (green) in DLS in the presence of 
DHßE. (D) Mean [5-HT]o AUC of control conditions (grey) and following drug application 
(green) in the presence of DHßE in DLS. (E) Ratios of peak [5-HT]o released by 5p versus 1p 
in DLS before and after 1 µM CY208243 application in the presence of DHßE. 2-way ANOVA, 
Fisher’s LSD post-hoc test, *p < 0.05, Error bars are ± SEM. 
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4.3.1.4 D1R antagonist did not change 5-HT release in DLS 

We next sought to determine whether endogenous DA exerts a regulatory influence without 

externally activating D1R. Specifically, we asked whether there is any dopaminergic tone, acting 

via D1Rs, that contributes to the modulation of striatal 5-HT transmission. To address this, we 

applied a D1R antagonist - SCH39166 - and examined whether blocking D1R activity would 

 

Figure 4.4. 1 µM of D1R agonist CY208243 did not change striatal 5-HT release in DLS. 
(A) Normalized mean peak [5-HT]o and baseline fluorescence (F0) during consecutive 
recordings of 5-HT release evoked by 1p during application of 1 µM CY208243 in the presence 
of DHßE in DLS (n = 3 experiments/2 mice). (B) Mean evoked 5-HT transients ± SEM, before 
(black) and after (green) application of 1 µM CY208243 in DLS in the presence of DHßE. 
Mean transients of [5-HT]o are derived from three timepoints prior to the application of 
CY208243 (grey shaded region) and last two timepoints (green shaded region). (C) Mean 1p 
and 5p at 2 Hz and 100 Hz [5-HT]o peak of control conditions (black) and following drug 
application (green) in DLS in the presence of DHßE. (D) Mean [5-HT]o AUC of control 
conditions (grey) and following drug application (green) in the presence of DHßE in DLS. (E) 
Ratios of peak [5-HT]o released by 5p versus 1p in DLS before and after 1 µM CY208243 
application in the presence of DHßE. 2-way ANOVA, Fisher’s LSD post-hoc test, Error bars are 
± SEM. 
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reduce 5-HT release, thereby revealing a role for endogenous DA in maintaining or facilitating 

serotonergic output. As previously discussed in Chapter 3, 5-HT release is modulated by ACh 

signalling via nAChRs. Therefore, to isolate the effect of DA receptor manipulation, all 

subsequent experiments were again conducted in the presence of DHβE to block nAChRs. 

In DLS, application of the D1 receptor antagonist SCH39166 at a concentration of 1 μM did not 

significantly alter [5-HT]ₒ levels evoked by either single-pulse or five-pulse stimulations delivered 

at 2 Hz and 100 Hz (Fig. 4.5A-C; F(1,24)  =  2.200, p = 0.15, RM ANOVA main effect of the drug). 

Compared to the control condition, the peak amplitude of evoked 5-HT responses remained 

unchanged following SCH39166 application, indicating that blockade of D1Rs under baseline 

conditions does not affect stimulus-evoked 5-HT release. Consistently, the AUC of [5-HT]ₒ 

transients evoked by 1p also showed no significant difference before and after application of 

SCH39166 (Fig. 4.5D). Moreover, the ratio of five-pulse to single-pulse responses (5p:1p) 

remained unchanged when SCH39166 was washed on in the presence of DHβE (Fig. 4.5E; 

F(1,24)  = 0.4081, p = 0.53, RM ANOVA main effect of the drug), further confirming that short-term 

dynamics are not affected under these conditions. 

Together, these results suggest that there is no detectable endogenous dopaminergic tone 

acting through D1 receptors to regulate 5-HT release in DLS under these experimental 

conditions. Alternatively, it is also possible that blocking D1Rs alone is insufficient to disrupt any 

existing dopaminergic influence on 5-HT transmission, implying that additional pathways or 

receptor subtypes may be involved. 
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 Figure 4.5. Antagonism of D1R does not alter striatal 5-HT release. (A) Normalized mean peak 
[5-HT]o and baseline fluorescence (F0) during consecutive recordings of 5-HT release evoked by 
1p and 5p at 2 Hz and 100 Hz during application of SCH39166 in the presence of DHßE in DLS 
(n = 4 experiments/3 mice). (B) Mean evoked 5-HT transients ± SEM, before (black) and after 
(purple) application of SCH39166 in DLS in the presence of DHßE. Mean transients of [5-HT]o are 
derived from three timepoints prior to the application of SCH39166 (grey shaded region) and last 
two timepoints (purple shaded region). (C) Mean 1p, 5p 2 Hz and 5p 100 Hz [5-HT]o peak of 
control conditions (black) and following drug application (purple) in DLS in the presence of DHßE. 
(D) Mean [5-HT]o AUC of control conditions (grey) and following drug application (purple) in the 
presence of DHßE and SCH39166 in DLS. (E) Ratios of peak [5-HT]o released by 5p versus 1p at 
2 Hz and 100 Hz in DLS in the presence of DHßE before (black) and after (purple) SCH39166 
application. 2-way ANOVA, Fisher’s LSD post-hoc test, Error bars are ± SEM. 
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4.3.2 Striatal 5-HT is under regulation by DA via D2Rs 

4.3.2.1 D2R agonist quinpirole inhibited 5-HT release in DLS 

In addition to D1-like receptors, D2-like receptors also play a critical role in dopaminergic 

modulation within the striatum. As the primary auto receptors for DA, D2Rs regulate DA release 

and neuronal excitability, and are well-positioned to influence the interplay between the 

dopaminergic and serotonergic systems. Given their strategic localization and functional 

relevance, I next investigated whether activation of D2Rs modulates 5-HT release in the 

striatum. 

To assess whether D2Rs regulate 5-HT release, I examined the effect of the D2R agonist 

quinpirole (2 μM) on single-pulse (1p) and five-pulse at 2 Hz and 100 Hz evoked 5-HT release. 

As described previously, the 2 Hz and 100 Hz stimulation paradigm approximates the 

physiological tonic and burst firing frequency of 5-HT neurons (Mlinar et al., 2016), which aligns 

with the temporal window where D2R-mediated effects are known to be prominent (Sulzer et al., 

2016). 

In DLS, application of the D2 receptor agonist quinpirole (2 μM) led to a robust suppression of 

extracellular 5-HT levels evoked by both 1p and 5p stimulations at 2 Hz and 100 Hz (Fig. 4.6A-

B; n = 5 slices in N = 4 animals). Compared to the pre-drug baseline, the peak 5-HT signal was 

reduced to approximately 40% of control levels (Fig. 4.6C; F(1,12) = 60.81, p < 0.001, RM ANOVA 

main effect of the drug). This inhibitory effect was observed consistently across stimulation 

pulses and was further supported by a significant drug × stimulation pulse number interaction 

(F(2,12) = 4.830, p = 0.03) and a main effect of stimulation pulses (F(2,12) = 13.96, p < 0.001, RM 

ANOVA main effect of the pulses). In addition to the reduction in peak amplitude, quinpirole also 

significantly decreased the AUC of 5-HT transients, indicating a shortened duration of  
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extracellular 5-HT presence following stimulation (Fig. 4.6D; F(1,12) =125.0, p < 0.001, RM 

ANOVA main effect of the pulses). Consistently, this decrease was robust across different 

stimulations by a drug × stimulation pulse number interaction (F(2,12) = 11.24, p = 0.002). 

Analysis of the 5p:1p ratio revealed that while this ratio remained unchanged at 2 Hz 

stimulation(Fig. 4.6E; p = 0.61, post-hoc uncorrected Fisher’s LSD test), a modest increase 

 

Figure 4.6. Quinpirole attenuated striatal 5-HT release in DLS. (A) Normalized mean peak 
[5-HT]o and baseline fluorescence (F0) during consecutive recordings of 5-HT release evoked 
by 1p and 5p at 2 Hz and 100 Hz during application of quinpirole in the presence of DHßE in 
DLS (n = 5 experiments/3 mice). (B) Mean evoked 5-HT transients ± SEM, before (black) and 
after (orange) application of quinpirole in DLS in the presence of DHßE. Mean transients of [5-
HT]o are derived from three timepoints prior to the application of quinpirole (grey shaded 
region) and last two timepoints (orange shaded region). (C) Mean 1p, 5p 2 Hz and 5p 100 Hz 
[5-HT]o peak of control conditions (black) and following drug application (orange) in DLS in the 
presence of DHßE. (D) Mean [5-HT]o AUC of control conditions (grey) and following drug 
application (orange) in the presence of DHßE in DLS. (E) Ratios of peak [5-HT]o released by 
5p versus 1p at 2 Hz and 100 Hz in DLS in the presence of DHßE before (black) and after 
(orange) quinpirole application. 2-way ANOVA, Fisher’s LSD post-hoc test, *p < 0.05, **p < 
0.01, ***p < 0.001. Error bars are ± SEM. 
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suggesting a frequency-dependent shift in short-term dynamics (Fig. 4.6E; F(1,12) = 28.03, p < 

0.001, RM ANOVA main effect of the drugs; 5p 100 Hz: p < 0.001, post-hoc uncorrected Fisher’s 

LSD test).  

Together, these findings indicate that D2R activation potently suppresses both the amplitude and 

duration of evoked 5-HT release in the DLS, with a minor alteration in short-term facilitation at 

high-frequency stimulation. 

4.3.2.2 D2R antagonist blocked 5-HT release inhibition induced by quinpirole 

To verify whether the suppressive effect of the D2R agonist quinpirole on evoked [5-HT]ₒ is 

specifically mediated through D2 receptors, we next applied the selective D2R antagonist L-

741,626 (1 µM) to determine whether it could block the action of quinpirole. Our working 

hypothesis was that if the presence of L-741,626 effectively prevented the reduction in 5-HT 

release induced by quinpirole, it would provide strong evidence that this modulation is indeed 

D2R-dependent. In DLS, application of L-741,626 (1 µM) completely abolished the inhibitory 

effect of quinpirole (2 µM) on [5-HT]ₒ peaks evoked by both 1p and 5p at 100 Hz stimulations in 

the presence of DHβE (1 µM) (Fig. 4.7A–C; F(1,16) = 0.0021, p = 0.96, RM ANOVA main effect of 

the drug). 

Consistent with this, no difference was observed in the AUC of [5-HT]ₒ transients following 

quinpirole application in the presence of L-741,626 and DHßE (Fig. 4.7D; F(1,16) = 1.133, p = 

0.30, RM ANOVA main effect of the drug), further confirming the absence of D2R-mediated 

suppression under these conditions. Moreover, the 5p:1p ratio remained stable before and after 

quinpirole application in slices treated with L-741,626 and DHβE (Fig. 4.7E; t(4) = 1.127, p = 

0.3229, Student’s paired t-test). 
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Taken together, these findings demonstrate that the inhibitory effect of quinpirole on 5-HT 

release in the DLS is dependent on D2R activation and can be fully blocked by the D2R 

antagonist L-741,626. This effect is independent of nAChR function, as DHβE was present 

throughout the experiment. 

4.3.2.3 D2R antagonist – L-741,626 – promoted striatal 5-HT release 

 Figure 4.7. Antagonism of D2R blocked the D2R agonism-mediated inhibition of striatal 5-
HT release. (A) Normalized mean peak [5-HT]o and baseline fluorescence (F0) during 
consecutive recordings of 5-HT release evoked by 1p during application of quinpirole in the 
presence of DHßE and L-741,626 in DLS (n = 5 experiments/4 mice). (B) Mean evoked 5-HT 
transients ± SEM, before (green) and after (orange) application of SKF81297 in DLS in the 
presence of DHßE and L-741,626. Mean transients of [5-HT]o are derived from three timepoints 
prior to the application of SKF81297 (grey shaded region) and last two timepoints (orange shaded 
region). (C) Mean 1p and 5p 100 Hz [5-HT]o peak of control conditions (green) and following drug 
application (orange) in DLS in the presence of DHßE and L-741,626. (D) Mean [5-HT]o AUC of 
control conditions (green) and following drug application (orange) in the presence of DHßE and L-
741,626 in DLS. (E) Ratios of peak [5-HT]o released by 5p versus 1p in DLS in the presence of 
DHßE and L-741,626. 2-way ANOVA, Fisher’s LSD post-hoc test, Student’s paired t-test. Error 
bars are ± SEM. 
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To test whether 5-HT release is regulated by endogenous dopamine acting at D2Rs, I examined 

the effect of the selective D2R antagonist L-741,626 (1 µM) on 5-HT release evoked by single-

pulse and five-pulse stimulation in the presence of DHßE. In DLS, D2R antagonism significantly 

enhanced 5-HT release evoked by both 1p and 5p trains at 2 Hz and 100 Hz (Fig. 4.8A-C; F(1,12) 

= 53.59, p < 0.001, RM ANOVA main effect of the drugs; n = 5 slices from N = 5 mice). To 

determine whether this effect was due to endogenous activation of D2Rs, I examined the impact 

of D2R blockade on 5-HT release evoked specifically by the second and the following pulses 

individually in the 5p train. In DLS, the enhancement of 5-HT release observed specifically at 

the second pulse of the 2 Hz train (i.e., 500 ms after the first stimulus) is particularly notable and 

aligns well with the known kinetics of D2R-mediated inhibition (Fig. 4.8D; F(1,20) = 87.30, p < 

0.001, RM ANOVA main effect of the drugs). This has been further confirmed by a significant 

drug × pulse number interaction (F(4,20) = 4.234, p = 0.01).  

In addition to the increased peak amplitude, surprisingly, the application of L-741,626 also 

resulted in a significant enhancement of the AUC of 5-HT transients evoked by both 1p and 5p 

(2 Hz and 100 Hz) stimulations, suggesting a prolonged presence of extracellular 5-HT following 

D2R blockade (Fig. 4.8E; F(1,12) = 43.76, p < 0.001, RM ANOVA main effect of the drugs). 

Consistently, the decay half-life of 5-HT signals was significantly increased under D2R 

antagonism in the DLS (Fig. 4.8F; F(1,8) = 37.30, p < 0.001, RM ANOVA main effect of the 

drugs). However, we did not expect that L-741,626 would influence 5-HT clearance. The 

underlying reasons for this unexpected effect will be discussed in Section 4.4.2. Despite these 

increases in signal amplitude and duration, the ratio of 5p to 1p responses remained unchanged 

in the presence of L-741,626 in the presence of DHßE (Fig. 4.8G; F(1,24) = 0.4260, p = 0.52, RM 

ANOVA main effect of the drugs), suggesting that D2R blockade enhances overall 5-HT output 

without altering short-term facilitation dynamics. Overall, these data suggest that 5-HT release is 

under regulation by endogenous striatal DA acting at D2Rs in DLS. 
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 Figure 4.8. Antagonist of D2R enhanced 5-HT release in DLS. (A) Normalized mean peak [5-
HT]o and baseline fluorescence (F0) during consecutive recordings of 5-HT release evoked by 1p 
and 5p at 100 Hz during application of L-741,626 in the presence of DHßE in DLS (n = 5 
experiments/3 mice). (B) Mean evoked 5-HT transients ± SEM, before (black) and after (orange) 
application of L-741,626 in DLS in the presence of DHßE. Mean transients of [5-HT]o are derived 
from three timepoints prior to the application of quinpirole (grey shaded region) and last two 
timepoints (green shaded region). (C) Mean 1p, 5p 2 Hz and 5p 100 Hz [5-HT]o peak of control 
conditions (black) and following drug application (green) in DLS in the presence of DHßE. (D) 
Mean [5-HT]o peak of each pulse in 5p at 2 Hz in control conditions (black) and following drug 
application (green) in DLS in the presence of DHßE. (E) Mean [5-HT]o AUC of control conditions 
(grey) and following drug application (green) in the presence of DHßE in DLS. (F) Decay half-life 
of evoked [5-HT]o in control condition and in L-741,626 in DLS. (G) Ratios of peak [5-HT]o 
released by 5p versus 1p at 2 Hz and 100 Hz in DLS in the presence of DHßE before (black) and 
after (green) L-741,626 application. 2-way ANOVA, Fisher’s LSD post-hoc test, *p < 0.05, **p < 
0.01, ***p < 0.001. Error bars are ± SEM. 
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4.4 Discussion 

4.4.1 D1R control of striatal 5-HT release 

My results demonstrate that activation of D1 dopamine receptors enhances extracellular 5-HT 

levels in DLS. Specifically, application of the selective D1R agonist SKF81297 significantly 

increased peak [5-HT]o in response to both single-pulse and five-pulse stimulation paradigms (2 

Hz and 100 Hz). This increase was also reflected in the AUC of 5-HT transients and in 

prolonged decay kinetics, indicating a sustained elevation in 5-HT release and extracellular 

lifetime. Importantly, the 5p:1p ratio remained unchanged, suggesting that D1R activation leads 

to a global enhancement of release probability without altering short-term plasticity. This 

facilitatory effect was fully abolished by co-application of the competitive D1R antagonist 

SCH39166 (10 µM), confirming that the effect of SKF81297 is specifically mediated by D1Rs.  

Interestingly, the second D1R agonist tested, CY208243, produced opposing effects depending 

on concentration. At 10 µM, CY208243 significantly suppressed 5-HT release, in contrast to 

SKF81297. However, this inhibitory effect could not be blocked by SCH39166 (not shown), 

raising concerns regarding off-target actions at high concentrations. Additionally, when tested at 

1 µM, CY208243 showed no measurable effect on 5-HT release, further indicating dose-

dependent variability in pharmacological specificity. The divergent effects of CY208243 highlight 

the critical importance of drug concentration and receptor selectivity. Previous studies have 

reported an in vitro Ki of 55 nM and EC50 of approximately 125 nM for CY208243 (Andersen & 

Jansen, 1990), suggesting that a concentration of 10 µM likely exceeds its optimal effective 

range. At this high dose, CY208243 may have lost its D1R selectivity and instead activated other 

receptors, such as D2Rs, which are known to inhibit 5-HT release. This is consistent with the 

inability of SCH39166 to reverse the suppressive effect, suggesting a non-D1R mediated 
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mechanism. Moreover, the fact that 1 µM CY208243 had no effect supports either a lack of 

efficacy at that dose or that D1Rs require more robust and selective activation to alter 5-HT 

output. In contrast, the SKF81297-mediated facilitation was robust and reproducible, and could 

be fully reversed by D1R antagonism, making SKF81297 the more reliable tool for probing D1R 

function in this context. 

Administration of the D1R antagonist alone in the presence of DHßE failed to alter 5-HT 

transmission, indicating that under basal slice conditions there is no evidence for endogenous 

D1R-mediated DA control of 5-HT release. 

These results suggest that D1Rs exert a positive modulatory effect on serotonergic transmission 

in the striatum, but only when exogenously activated. The increase in AUC and decay half-life 

following SKF81297 application points to prolonged extracellular persistence of 5-HT, possibly 

reflecting enhanced vesicle fusion, reduced reuptake, or changes in diffusion dynamics. 

When investigating the function of pharmacologically active receptors, it is crucial to account for 

the selectivity and pharmacodynamic profile of the drugs employed. In this study, we did not use 

genetic knockout models; rather, we relied on the application of receptor-targeting compounds 

to infer receptor function. This approach, while experimentally tractable, has important 

limitations. The strikingly opposite outcomes observed with two putative D1R agonists 

(SKF81297 and CY208243) highlight the risk of overinterpreting results from a single 

compound. Each drug has its own pharmacological profile and may engage unintended targets, 

especially at higher concentrations. Absolute receptor selectivity is rarely achievable, and thus, 

the effect of one drug cannot be taken as a definitive representation of the receptor's 

endogenous role. To rigorously dissect receptor-specific mechanisms, it is important for the 

future studies to incorporate multiple pharmacological agents, ideally with differing selectivity 

profiles, alongside orthogonal validation strategies to minimize confounding indirect effects. This 
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principle will be essential for future efforts to accurately map receptor-specific modulation of 5-

HT transmission. 

4.4.2 D2R control of striatal 5-HT release 

In addition to D1Rs, D2 receptors - well-established as DA auto-receptors on dopaminergic 

neurons - also exert significant influence on striatal 5-HT dynamics. Pharmacological activation 

of D2Rs with the agonist quinpirole robustly suppressed evoked 5-HT release in the DLS, 

reducing both the amplitude and AUC of 5-HT transients elicited by single pulses and five-pulse 

trains at 2 Hz and 100 Hz.  

This inhibitory effect was abolished by co-application of the selective D2R antagonist L-741,626, 

confirming that the action of quinpirole is mediated via D2Rs. Moreover, application of L-741,626 

alone significantly enhanced 5-HT release. Notably, this facilitation was strongest at the second 

stimulus of 5p at 2 Hz trains, consistent with the ~500 ms activation window for GPCR-mediated 

signalling, and suggestive of phasic DA engagement of D2Rs (Sulzer et al., 2016). These 

findings strongly suggest that endogenous DA, though limited in slice preparations, is still 

capable of engaging D2Rs to regulate 5-HT transmission under certain conditions. Importantly, 

while the exact cellular or synaptic locus of this effect remains unresolved, this represents clear 

pharmacological evidence for D2R-mediated regulation of 5-HT in the DLS. 

The finding that L-741,626 alone enhanced 1p-evoked 5-HT release - despite the absence of 

sustained DA tone - raises important considerations. Since it is generally accepted that DA tone 

is minimal in acute striatal slices due to the severing of midbrain dopaminergic afferents during 

tissue preparation (Sulzer et al., 2016), the observation that even these early or single pulses 

exhibit modest changes in response to D2R antagonism nevertheless raises the possibility that 

additional mechanisms may be engaged. One interpretation is that short phasic DA release from 
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residual dopaminergic afferents may tonically suppress 5-HT via D2Rs in a pulse-dependent 

manner, particularly under stimulation conditions that mimic physiological firing. Alternatively, it 

is possible that L-741,626 may exert additional pharmacological effects beyond D2R blockade. 

Although L-741,626 is widely used as a selective D2R antagonist, some reports have raised 

concerns that it may interact with components of the serotonergic system beyond DA receptors 

(Myslivecek, 2022). While there is no definitive evidence pinpointing its binding to a specific 5-

HT receptor or transporter, its potential off-target effects suggest that it may influence 

serotonergic signalling and dynamics through unknown mechanisms. To test these possibilities, 

future studies should repeat these experiments using a chemically distinct D2R antagonist such 

as sulpiride to confirm specificity. Additionally, monitoring DA release in real time alongside 5-HT 

would help determine whether phasic DA signals coincide with D2R-dependent suppression of 

5-HT. Further circuit-level analysis will also be necessary to determine the site of action for 

D2Rs. These receptors may not be directly expressed on serotonergic axons; instead, they may 

influence local microcircuits such as GABAergic interneurons, which in turn gate 5-HT output. 

Combined optogenetic and pharmacogenetic approaches will be critical for mapping these 

mechanisms. 

The D2R-mediated enhancement of 5-HT release observed specifically at the second pulse of 

the 2 Hz train (500 ms after the first stimulus) is particularly notable and aligns well with the 

known kinetics of D2R-mediated inhibition. Given that D2Rs are G-protein-coupled receptors 

with relatively slow activation kinetics, the effect of phasically released DA is expected to peak 

approximately 500 ms following stimulation (Sulzer et al., 2016). Thus, the selective facilitation 

of 5-HT release at this time point in the presence of a D2R antagonist likely reflects blockade of 

transient D2R activation induced by the first pulse, supporting a model of phasic DA-dependent 

regulation of serotonergic transmission in the striatum. 

4.4.3 Limitations and future directions 
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Despite providing new insights into the dopaminergic regulation of striatal 5-HT transmission, 

several limitations of this study should be acknowledged, which also guide directions for future 

work. 

First, all experiments were conducted in acute striatal slices. While this preparation offers tight 

pharmacological control and precise temporal resolution, it lacks key components of the intact 

network, including long-range afferents and ongoing neuromodulatory tone. In particular, DA 

tone is thought to be minimal or absent in ex vivo slices (Sulzer et al., 2016), which limits our 

ability to investigate how physiological levels of endogenous DA regulate 5-HT release under 

more naturalistic conditions. Future in vivo experiments, such as those using fiber photometry 

may help address this limitation by enabling real-time monitoring of dopamine–serotonin 

interactions in behaving animals. 

Second, although we pharmacologically blocked cholinergic influence on 5-HT transmission 

using DHβE to isolate dopaminergic effects, the striatum comprises a highly complex 

neuromodulatory network. Prior findings, including those in Chapter 3, demonstrate that 

GABAergic signalling plays a crucial role in modulating both DA and 5-HT transmission. 

Therefore, it remains possible that the dopaminergic effects observed here are partially shaped 

by unblocked GABAergic inputs or other local circuit mechanisms. Moreover, since our study 

relied solely on pharmacological manipulation of D1Rs and D2Rs, the precise cellular locus of 

action - whether on serotonergic axons directly or via indirect pathways involving interneurons 

or afferent projections - remains unresolved. Future studies that combine pharmacological 

blockade of both GABA and ACh receptors with genetic or circuit-level approaches - such as 

cell-type-specific knockout models or optogenetic stimulation of D1R- or D2R-expressing 

populations - will be essential to disentangle the direct versus indirect contributions of 

dopaminergic signalling. Additionally, anatomical mapping of D1R and D2R distribution on striatal 

5-HT axons would provide crucial insight into whether dopaminergic modulation occurs via 
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terminal-autonomous mechanisms or is mediated through broader microcircuit interactions. 

Integrating pharmacology with targeted circuit-based tools will ultimately yield a more precise 

understanding of the mechanisms underlying DA-5-HT crosstalk in the striatum. 

Lastly, all experiments were performed in the dorsolateral striatum, a region characterized by 

strong dopaminergic innervation and sparse serotonergic input. In contrast, ventral striatal 

regions such as the nucleus accumbens core receive denser serotonergic projections but 

comparatively weaker dopaminergic innervation. These regional differences may result in 

divergent receptor expression patterns and distinct modulatory mechanisms. Therefore, 

extending this work to other striatal subregions will be critical for determining whether 

dopaminergic regulation of 5-HT transmission is conserved or varies across the dorsal-ventral 

axis of the striatum. 

Taken together, my findings support a model in which dopaminergic modulation of striatal 5-HT 

release occurs via both D1R- and D2R-dependent mechanisms, consistent with their canonical 

Gs- and Gi/o-coupled signalling pathways. Notably, D2 receptors, with their higher affinity for DA, 

are likely engaged under tonic firing conditions and may exert a persistent inhibitory influence 

on serotonergic output. In contrast, D1 receptors, which require higher DA concentrations for 

activation, may mediate transient facilitation of 5-HT release during phasic dopaminergic bursts. 

This dual regulation suggests a layered system in which the balance between tonic and phasic 

DA activity dynamically tunes serotonergic tone in the striatum. 

Given the known interactions between DA and 5-HT systems in regulating mood, motivation, 

and motor behaviour, it would be highly informative to explore how these neuromodulatory 

influences unfold during behaviour. In particular, future experiments employing fibre photometry 

or voltammetry to simultaneously monitor striatal 5-HT and DA dynamics during defined 

behavioural tasks could provide key insights into how these systems coordinate in real time. 
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Such approaches could help clarify which dopaminergic pathway (D1R-mediated facilitation or 

D2R-mediated inhibition) dominates under specific behavioural conditions. Beyond establishing 

the dominant modulatory influence, a key future direction is to determine whether DA and 5-HT 

dynamics during behaviour are coordinated or antagonistic, and whether fluctuations in one 

system precede, follow, or mirror changes in the other. Dissecting the functional interplay 

between these two neuromodulatory systems within the same behavioural context could bring 

critical insights into how DA-5-HT crosstalk shapes striatal output and behaviour. 
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5.1 Introduction 

5.1.1 Diverse functional landscape of 5-HT receptor subtypes in the brain  

The serotonergic system regulates a wide range of physiological and behavioural functions 

through its interaction with a diverse array of receptor subtypes. To date, at least 14 distinct 5-

HT receptor subtypes have been identified, classified into seven families (5-HT1 to 5-HT7) 

(Barnes & Sharp, 1999; Hannon & Hoyer, 2008; Millan et al., 2008; Nichols & Nichols, 2008). 

With the exception of the ionotropic 5-HT3 receptor, all 5-HT receptors are G-protein-coupled 

receptors (GPCRs), each linked to distinct intracellular signalling cascades. These include Gi/o-

coupled 5-HT1 and 5-HT5 receptors, Gq-coupled 5-HT2 receptors, and Gs-coupled 5-HT4, 5-HT6, 

and 5-HT7 receptors (Bockaert et al., 2006; Hannon & Hoyer, 2008). 

Phylogenetic analyses have revealed that the serotonin receptor families are remarkably 

conserved across vertebrate evolution, underscoring their fundamental role in neuromodulation 

(Nichols & Nichols, 2008; Peroutka & Howell, 1994). The seven-transmembrane domain 

structure typical of GPCRs is retained across species, and orthologues of nearly all human 5-HT 

receptor subtypes can be identified in rodents, with sequence homology frequently exceeding 

80% (Peroutka & Howell, 1994).  

Despite this molecular diversity, not all 5-HT receptor subtypes are equally distributed across 

brain regions. Many, including 5-HT1a and 5-HT2a, are predominantly expressed in cortical and 

midbrain structures. In contrast, 5-HT4 receptors (5-HT4Rs) show marked enrichment in the 

basal ganglia, particularly in the striatum, across rodent, primate, and human brains (Compan et 

al., 1996; Vilaró et al., 2005). This specific anatomical localisation within the striatum - a key 

node in motor control, reinforcement learning, and dopamine signalling - raises important 

questions about the functional role of 5-HT4Rs in regulating local circuit dynamics. Unlike other 
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5-HT receptor subtypes that may have diffuse or cortical-centric distributions, 5-HT4Rs are 

uniquely positioned to influence striatal neurotransmission through both direct and indirect 

mechanisms. Therefore, the subsequent sections of this chapter will focus specifically on the 

detailed functional roles, modulatory mechanisms, and therapeutic potential of striatal 5-HT4 

receptors. 

5.1.2 Function and therapeutic relevance of 5-HT4 receptors  

Serotonin subtype 4 receptors (5-HT4Rs), a subtype of Gs-coupled receptors, are of interest as 

modulators of neural function due to their expression in limbic brain regions such as 

hippocampus and basal ganglia (Bonaventure et al., 2000; Compan et al., 1996; Gerald et al., 

1995), and to the relatively advanced development and availability of their ligands. Ligands 

acting at 5-HT4Rs are considered to have potential therapeutic utility in diverse neuropsychiatric, 

cognitive and psychomotor disturbances (Agrawal et al., 2020; Ballardin et al., 2024; Eglen et 

al., 1995; Ishii et al., 2019; Jansen et al., 2021; Lamirault & Simon, 2001; Ohno et al., 2015; 

Politis & Niccolini, 2015; Shen et al., 2011) through their ability to modulate circuits that shape 

mood, cognition, and motor function (Twarkowski et al., 2016; Ishii et al., 2019; Ballardin et al., 

2024). For example, RS67333, a 5-HT4R partial agonist, enhances memory performance in 

object recognition tasks and ameliorates stress-induced affective behaviours in rats (Lamirault & 

Simon, 2001; Orsetti et al., 2003), while in mouse models of PD, 5-HT4R agonists RS67333 and 

prucalopride are reported to reduce L-DOPA-induced dyskinesias (Ballardin et al., 2024).  

As a result, the anatomical distribution of 5-HT4 receptors, combined with the extensive range of 

selective ligands, position the 5-HT4 receptors as a highly attractive target for serotonergic 

research in both in vivo and ex vivo studies. The availability of various agonists, antagonists, 

and radioligands has facilitated detailed functional studies, enabling researchers to elucidate the 

precise roles of 5-HT4Rs across different brain circuits. Given their influence on critical brain 
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functions and their emerging role in disease pathology, continued research on 5-HT4 receptors 

is crucial for advancing our understanding of their mechanistic contributions and therapeutic 

potential, thereby aiding the development of novel pharmacological interventions for complex 

neuropsychiatric and neurodegenerative conditions. 

5.1.3 Evidence for 5-HT4R modulation of DA and ACh in the striatum 

A growing body of evidence suggests that 5-HT4Rs, their ligands in particular, have been 

suggested to modulate key neurotransmitters involved in cognitive and motor function such as 

acetylcholine (ACh) and dopamine (DA). In vivo and ex vivo studies have shown that 5-HT4R 

agonists, including renzapride and (S)-zacopride, can increase extracellular DA levels in rat 

striatum (Bonhomme et al., 1995; De Deurwaerdère et al., 1997; Steward et al., 1996). 5-HT4R 

mRNA and ligand-binding sites have been reported within the striatum, in rats, guinea pigs, and 

primates (Gerald et al., 1995; Vilaró et al., 2005) but there is a paucity of evidence regarding the 

expression of the 5-HT4R htr4 gene in midbrain DA neurons, consistent with a suggestion that 

any modulation of DA by 5-HT4R ligands is indirect, via striatal circuits (De Deurwaerdère et al., 

1997). Striatal 5-HT4 receptors are thought to be localized on non-dopaminergic neurons, such 

as striatal cholinergic interneurons (ChIs) and D2R-expressing striatal GABAergic projection 

neurons (Ballardin et al., 2024; Gerald et al., 1995; Lavoie & Parent, 1990; Patel et al., 1995). 

Both striatal ACh and GABA are known to modulate DA release (Lopes et al., 2019; Threlfell & 

Cragg, 2011) and to mediate the impact of other striatal modulators and circuits on DA signaling 

including opioids, glutamate, insulin and astrocytes (Britt & McGehee, 2008; Kosillo et al., 2016; 

Roberts et al., 2020; Stouffer et al., 2015) making them candidates for mediating an impact of 5-

HT4Rs on DA signalling. Several studies have explored striatal ACh regulation through 

serotonergic signalling. For instance, direct activation of 5-HT receptors using the broad-

spectrum 5-HT receptor agonist quipazine has been shown to inhibit stimulation-induced ACh 
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overflow in both the rostral and caudal striatum (Jackson et al., 1988), suggesting a suppressive 

role of serotonergic input on cholinergic activity. However, evidence for specific involvement of 

5-HT4Rs remains mixed. One in vivo microdialysis study reported that administration of selective 

5-HT4R agonists - BIMU 1 and BIMU 8 - did not affect ACh release in the striatum, although it 

significantly enhanced ACh release in the prefrontal cortex (Consolo et al., 1994). These 

findings imply a region-specific role of 5-HT4R activation in regulating cholinergic 

neurotransmission, possibly due to differential receptor distribution or circuit-level modulation.  

5.1.4 Acetylcholine detection with GRABACh 

The genetically encoded GRABACh (GPCR-Activation-Based ACh) sensor represents a powerful 

tool for monitoring cholinergic transmission, offering the sensitivity, specificity and temporal 

resolution needed to probe ACh dynamics in complex brain circuits, such as the striatum (Jing 

et al., 2020). The optimized GRABACh3.0 sensor is engineered by inserting a circularly permuted 

GFP into the third intracellular loop of the human M3 muscarinic receptor, enabling fluorescence 

changes upon ACh binding (Jing et al., 2020). It shows markedly enhanced fluorescence 

responses to physiologically relevant concentrations of ACh, making it well suited to detect 

changes in ACh release. Its rapid on/off kinetics allow detection of fast, transient ACh signals in 

response to stimuli, while its minimal coupling to downstream G-protein or β-arrestin signalling 

pathways helps preserve actual cholinergic activity (Jing et al., 2020). These properties make 

GRABACh3.0 particularly advantageous for use in acute slice recordings, where resolving rapid 

and localized ACh dynamics is critical. 

Striatal slice preparations have shown effective for visualizing stimulus-evoked ACh release 

using GRABACh3.0, delivered via AAV-mediated expression. This approach enables the study of 

cholinergic signalling in defined circuits under both physiological and disease-relevant 

conditions. Notably, ACh dynamics can be assessed through changes in both fluorescence peak 
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amplitude and area under the curve, allowing reliable estimation of both the magnitude of ACh 

release and the efficiency of its clearance. These features make GRABACh3.0 ideally suited for 

investigating how ACh release and reuptake dynamics are modulated in the striatum across 

different experimental conditions. 

This strategy provides a critical experimental foundation for the subsequent sections of this 

chapter, which explore the modulatory influence of DA and 5-HT systems on striatal cholinergic 

activity, using GRABACh3.0 as the primary readout tool. 

5.1.5 Dual pharmacology of RS67333: 5-HT4R agonism versus AChE 

inhibition 

In addition to their primary actions at 5-HT4Rs, some ligands possess pleiotropic properties that 

may complicate interpretation of their in vivo effects. RS67333, in particular, has structural 

similarities to the acetylcholinesterase (AChE) inhibitor donepezil and has been reported to 

inhibit AChE in vitro at submicromolar concentrations (Lecoutey et al., 2014). A pleiotropic 

profile of 5-HT4R agonists as AChE inhibitors might complicate interpretation of their effects on 

neurotransmission in brain circuits involving ACh, but could also offer benefits as novel 

multitarget-directed ligands. AChE inhibition prolongs extracellular ACh availability, and can not 

only rescue ACh deficits in neurodegenerative cognitive deficits in cortical/hippocampal circuits, 

but also shapes how ACh activates striatal nicotinic ACh receptors (nAChRs) on DA axons to 

modulate DA release (Dajas-Bailador et al., 1996; F.-M. Zhou et al., 2001). It is highly plausible 

that 5-HT4R ligands possessing efficacy as AChE inhibitors might thereby modify striatal ACh 

and, in turn, DA signalling.  

Therefore, in this chapter, I explored the impact of RS67333, a purported dual 5-HT4R agonist 

and AChE inhibitor, on striatal DA and ACh release dynamics. Specifically, we assessed 
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whether RS67333 modifies evoked striatal DA release detected directly with fast-scan cyclic 

voltammetry, and whether this effect was mediated via modulation of ACh input acting on striatal 

nAChRs. We addressed whether RS67333 modifies the sub-second clearance of extracellular 

ACh detected using sensor GRABACh consistent with AChE inhibition.  

5.2 Methods 

Experiments detailed in this chapter were carried out in accordance with the general methods 

described in Chapter 2. Variations and further details are reported below. 

5.2.1 Animals and slice preparation 

Male and female wild-type C57BL/6J mice were culled by cervical dislocation and acute ex vivo 

brain slices were prepared as described in Section 2.1.2. All procedures were performed in 

accordance with institutional guidelines and the U.K. Animals (Scientific Procedures) Act, 1986.  

5.2.2 Fast-scan cyclic voltammetry 

Fast-scan cyclic voltammetry was used to measure changes in [DA]o, as described in Section 

2.2. Each experiment was performed at a single recording site in either the DLS or NAcC. DA 

was evoked every 2.5 minutes by either single pulse (1p) or five-pulse train at 100 Hz (5p 100 

Hz) electrical stimulation. Drug application was performed once signal stability was achieved: ≤ 

10% variation across four consecutive recordings. Electrodes were calibrated at the end of the 

experimental day in 2 μM DA, prepared immediately beforehand in recording solutions. DA 

oxidation currents values were measured from background-subtracted voltammograms, 

converted to concentration using the electrode calibration factor. The drug RS67333 was found 

to be electroactive, reducing the sensitivity of the CFM to applied DA to an average sensitivity of 
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54 ± SEM % during calibration (29 electrodes, Fig. 5.1A-B). All [DA]o data collected with FCV in 

the presence of RS67333 were scaled for this loss of sensitivity with a coefficient of 100/54. 

5.2.3 GRABDA and GRABACh imaging 

Green GRABDA3h and GRABACh3.0 were used in this Chapter of works (Jing et al., 2020; Zhuo et 

al., 2024). For GRABDA and GRABACh imaging involving electrical stimulation, recordings were 

conducted following the procedures detailed in Chapter 2 section 2.3 and 2.4. In summary, the 

acute striatal brain slices were hemisected and transferred into a slice immersion recording 

chamber and superfused at ~2.5 ml/min with aCSF at 31-33 °C. A 10X water immersion 

objective was lowered into the superfusate and an LED (470 nm, 4 mW) was briefly switched on 

to allow for visualisation of green fluorescent protein (GFP) expression to confirm viral 

expression, and to place the stimulating electrode on top of slices. All images were recorded by 

a Prime BSI Express Scientific CMOS camera (field size: 665.6 μm x 665.6 μm). Sampling rate 

was 100 Hz, exposure time 10 ms, and pixels were binned 2x2. Images sequences were 

recorded for 5 s (for GRABACh3.0) or 8 s (for GRABDA3h) with a 1 s pre-recording photo-bleaching 

time. These settings enabled detection of individual ACh and DA release events during 

 

Figure 5.1. Calibration of 2 µM DA in aCSF and RS67333. (A) Representative 
voltammograms of 2 μM DA in aCSF (black) and in RS67333 (blue) for electric-evoked [DA]o. 
(B) The oxidation current calibrated in 1 μM DA in aCSF and RS67333. 
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stimulation trains, depending on the off kinetics of the sensors. Electrical stimulations were 

delivered every 2.5 minutes. Fluorescence of GRABACh or GRABDA was captured from the 

region of interest (ROI, 50 µm × 50 µm), at a distance of 50 µm from the stimulating electrode 

tip. Data are expressed as a change in fluorescence from baseline (ΔF/F0), where F0 is the 

baseline signal prior to the stimulation. To evoked ACh or DA release, electrical stimulus pulses 

(1p or 5 pulses at 100 Hz; pulse duration, 200 μs; 0.6 mA) were given by a local bipolar 

concentric Pt/Ir electrode. 

5.2.4 AChE chemiluminescent assays 

AChE activity was measured using a commercially available colorimetric assay kit – Abcam, as 

described in Section 2.4. Dorsal and ventral striatal tissue punches (1.2 mm diameter) were 

collected from 300 μm-thick acute coronal striatal slices, prepared using a vibratome in ice-cold 

cutting solution as described Section 2.1.2. The test compounds (RS67333 or BIMU8 or 

ambenonium) were present in the reaction buffer throughout the entire assay process. Michaelis 

constant (Km) and maximum reaction velocity (Vmax) were determined by fitting the data to the 

Michaelis–Menten equation using non-linear regression. 

5.2.5 Drugs 

Stock solutions were prepared at 1,000x – 20,000x the final concentration and stored at -20°C. 

Final drug concentrations were prepared in aCSF on the day of the experiment. 

Drug Supplier Action Concentration Solvent References 

Dihydro-β-
erythroidine 

(DHβE) 
hydrobromide 

Sigma-
Aldrich 

nAChR 
antagonist 1 µM dH2O Threlfell et al. (2012); 

Roberts et al. (2020) 

RS67333 
hydrochloride 

MedChem
Express 
(MCE) 

5-HT4R 
agonist 

1 or 10 µM dH2O Cavaccini et al. (2018) 
Lecoutey et al. (2014) 
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BIMU8 Tocris 5-HT4R 
agonist 1 µM DMSO Bickmeyer et al. (2002) 

Ambenonium Bio-
Techne 

AChE 
inhibitor 100 nM dH2O Exley et al., (2008) 

5.2.6 Data acquisition and analysis 

FCV data were digitized and acquired using Axoscope 10.7 and extracted using locally written 

Python script. GRAB sensor data were extracted by Image J and analyzed by locally written 

MATLAB or Python script described in Section 2.3.5. Statistical tests were performed in 

GraphPad Prism 10. 

5.3 Results 

5.3.1 5-HT4R ligand RS67333 attenuated DA release in DLS and NAcC 

We first investigated the impact of 5-HT4 receptor agonist RS67333 on evoked DA release in 

DLS and in NAcC in acute coronal slices of mouse striatum, using FCV at carbon-fibre 

microelectrodes to detect DA released by electrical stimulus pulses delivered singly (1p) or in 

short trains of 5-pulses (5p) at 100 Hz. The ratio of release evoked by these two protocols is 

useful as a tool for exposing dynamic changes in DA release probability, particularly those due 

to changes in the action of ACh acting at nAChRs (Rice & Cragg, 2004). In DLS, application of 

RS67333 (10 µM) significantly reduced [DA]o evoked by a single pulse, approximately halving 

peak [DA]o compared to pre-drug conditions (Fig. 5.2A-B; F(1,10) = 12.60, p = 0.0137, RM 

ANOVA main effect of the drug). [DA]o evoked by 5p at 100 Hz was not reduced significantly 

from pre-drug levels in DLS (Fig. 5.2A-B; p = 0.0690, Fisher’s LSD test), but correspondingly, 

the ratio of peak [DA]o evoked by 5p versus 1p (5p:1p ratio) was significantly increased by 

RS67333 from ~1.1 to ~2 (Fig. 5.2C; t(5) = 4.240, p = 0.0082; Student’s paired t-test). In NAcC, 
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RS67333 significantly reduced [DA]o evoked by either 1p or 5p (100 Hz) (Fig. 5.2D-E; F(1,10) = 

18.61, p = 0.0015, RM ANOVA main effect of the drug) and also significantly increased 5p:1p 

ratio from ~1.4 to ~2 (Fig. 5.2F; t(5) = 4.375, p = 0.0072; Student’s paired t-test).  

To corroborate the effects of RS67333 on evoked [DA]o detected with FCV, and control for any 

residual uncompensated electrochemical effects of changes to the detection of DA by the 

carbon-fibre microelectrode caused by the drug RS67333 (see 5.2.2), we also assessed the 

impact of RS67333 on [DA]o detected in DLS by imaging GRABDA (Zhuo et al., 2024), a  

 
Figure 5.2. RS67333 modifies striatal DA release and short-term plasticity in DLS and 
NAcC reported by FCV. (A,D) Schematics of FCV stimulation and recording in (A) DLS or (D) 
NAcC, alongside mean [DA]o transients ± SEM evoked (at arrows) by single pulse (1p, solid line) 
and 5 pulses (100 Hz) (dashed line), before (black) and after (blue) application of RS67333 (n = 6 
experiments in 5 mice). (B,E) Mean peak evoked [DA]o in control (grey) or with RS67333 (blue) 
in (B) DLS or (E) NAcC. (C,F) Ratios of peak [DA]o released by 5p versus 1p in (C) DLS or (F) 
NAcC. 2-way ANOVA, Fisher’s LSD post-hoc test, Student’s paired t-test. *p < 0.05, **p < 0.01. 
Error bars are ± SEM. 
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GPCR-activation-based-DA sensor expressed after intracranial delivery of viral vector (Fig. 

5.3A). In broad agreement with observations using FCV, RS67333 significantly reduced [DA]o 

reported by dF/F after stimulation by 1p or 5p (100 Hz), and increased 5p:1p ratio (Fig. 5.3B-E; 

F(1,8) = 69.57, p < 0.0001, RM ANOVA main effect of the drug; 5p/1p: t(4) = 5.675, p = 0.0048, 

Student’s paired t-test). These observations with both DA detection techniques indicate that 

RS67333 decreases DA release probability and relieves a driver of short-term depression to 

modestly enhance the activity-dependence of DA release.  

 

Figure 5.3. RS67333 modifies striatal DA release and short-term plasticity in DLS reported 
by GRABDA. (A) Viral delivery of GRABDA3h to striatum for imaging extracellular DA levels ex 
vivo. (B) Normalised mean peak [DA]o and baseline fluorescence (F0) during consecutive 
recordings of DA release evoked by 1p (black) and 5p (100 Hz, red), during application of 
RS67333 in DLS (n = 5 experiments in 3 mice). (C) Mean evoked DA transients ± SEM, before 
(black) and after (blue) application of RS67333 (n = 5 experiments in 3 mice) in DLS. Mean 
transients of [DA]o are derived from three timepoints prior to the application of RS67333 (grey 
shaded region) and last three timepoints (blue shaded region). (D) Mean 1p and 5p 100 Hz [DA]o 
peak of control conditions (grey) and following drug application (blue) in DLS. (E) Ratio of peak 
[DA]o released by 5p versus 1p in control and drug conditions in DLS. 2-way ANOVA, Fisher’s 
LSD post-hoc test, Student’s paired t-test. *p < 0.05, ***p < 0.001. Error bars are ± SEM. 
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5.3.2 Modulation of DA release by RS67333 is mediated by ChIs 

These effects of RS6733 are strongly reminiscent of the effects of changes to nAChR activity: 

either a reduction in ACh release or desensitisation of nAChRs has been shown to reduce [DA]o 

evoked by 1p and increase 5p:1p ratio (Rice & Cragg, 2004; H. Zhang & Sulzer, 2004). To test 

whether a change to nAChR activity is responsible for these effects of RS67333, we applied a 

competitive nAChR antagonist, DHβE, to prevent nAChR activation and subsequently assessed 

the impact of RS67333 on evoked [DA]o, detected with FCV. In the presence of DHβE, in DLS 

and NAcC, the 5p:1p ratio was larger (≥ 3) than seen in control conditions (compare Fig 5.2), 

as published previously (Rice & Cragg, 2004).  

Furthermore, additional administration of RS67333 failed to reduce [DA]o evoked by 1p or 5p 

(100 Hz) in DLS (Fig. 5.4A-B; F(1,10) = 1.519, p = 0.2460, RM ANOVA main effect of the drug) 

and in NAcC (Fig. 5.4D-E; F(1,8) = 0.2762, p = 0.6134, RM ANOVA main effect of the drug). 

RS67333 did not modify 5p:1p ratio in both DLS (Fig. 5.4C; t(5) = 0.1848, p = 0.8606) and 

NAcC (Fig.5.4F; t(4) = 0.3974, p = 0.7113; Student’s paired t-test). These findings indicate that 

RS67333 modulates striatal DA release via a mechanism involving changes to ACh acting on 

nAChRs. 
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5.3.3 RS67333 changes ACh dynamics in DLS and NAcC  

We therefore investigated directly whether RS67333 modifies extracellular ACh signals. We 

detected ACh levels in mouse striatal slice by imaging fluorescence of GRABACh3.0 (Jing et al., 

2020), a virally expressed genetic reporter, injected previously into striatum (Fig. 5.5A). In DLS, 

application of RS67333 did not significantly change peak dF/F evoked by 1p but slightly 

increased dF/F evoked by 5p (100 Hz) trains (Fig. 5.5B-D; F(1,8) = 0.1285, p(1p) = 0.0609, p(5p) = 

0.0276, RM ANOVA main effect of the drug, Fisher’s LSD test). However notably, RS67333 

approximately tripled the AUC of ACh transients, significantly prolonging the integrated 

 
Figure 5.4. RS67333 does not modify evoked striatal DA release in the presence of 
nAChR antagonist DHβE. (A,D) Schematics of FCV stimulation and recording in (A) DLS or 
(D) NAcC, alongside mean [DA]o transients ± SEM evoked (at arrows) by single pulse (1p, 
solid line) and 5 pulses (100 Hz) (dashed line), before (black) and after (blue) application of 
RS67333, in the presence of DHßE (n = 6 experiments/5 mice in DLS; n = 5 experiments/4 
mice in NAcC). (B,E) Mean peak evoked [DA]o in control (grey) or with RS67333 (blue) in (B) 
DLS or (E) NAcC, in the presence of DHßE. (C,F) Ratios of peak [DA]o released by 5p versus 
1p in (C) DLS or (F) NAcC in the presence of DHßE. 2-way ANOVA, Fisher’s LSD post-hoc 
test, Student’s paired t-test. Error bars are ± SEM. 
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extracellular lifetime of ACh (Fig. 5.5E-F; F(1,8) = 49.26, p = 0.0001, RM ANOVA main effect of 

the drug). Single phase exponential decay curves fitted to GRABACh signals (Fig. 5.5G) 

indicated that RS67333 significantly extended the ACh extracellular half-lives for either 1p or 5p 

stimuli (Fig. 5.5H; F(1,8) = 7.527, p = 0.0253, RM ANOVA main effect of the drug). A similar effect 

was seen in the NAcC, where RS67333 did not modify the peak df/F of ACh transients but 

significantly augmented the AUC and decay half-life of [ACh]o (Fig. 5.5I-K; F(1,10) = 0.3993, p = 

0.5416, RM ANOVA main effect of the drug; Fig. 5.5L-M, F(1,10) = 15.78, p = 0.0026, RM ANOVA 

main effect of the drug; Fig. 5.5N, F(1,10) = 44.33, p < 0.0001, RM ANOVA main effect of the 

drug). These data indicated that RS67333 significantly changed the dynamic, especially the 

clearance, of striatal ACh in both DLS and NAcC. 
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5.3.4 RS67333 can act as an AChE inhibitor in striatum 

The primary clearance mechanism for extracellular ACh is catabolism via AChE (Descarries et 

al., 1997) and therefore we tested whether RS67333 was an inhibitor of activity of AChE 

extracted from striatal tissue punches (Fig. 5.6A) using an AChE chemiluminescent assay. 

RS67333 (1 μM and 10 μM) concentration-dependently inhibited AChE activity (Fig. 5.6B; Drug-

free: Vmax = 4383, Km = 137.1; 1 μM RS67333: Vmax = 1538, Km = 76.54; 10 μM RS67333: Vmax = 

303.9, Km = 37.02; Nonlinear Michaelis-Menten fit). The inhibition of AChE with 10 µM RS67333 

was comparable to the level seen after slice were treated with ambenonium (Fig. 5.6B; Vmax = 

145.0, Km = 0.8631; Nonlinear Michaelis-Menten fit), a potent AChE inhibitor widely used in 

previous studies (Hodge et al., 1992; Yamamoto et al., 1991). These findings indicate that 

RS67333 is a potent inhibitor of striatal AChE, and so limits degradation of released ACh, 

extending ACh extracellular lifetime. Enhancements of striatal extracellular ACh readily cause 

nAChR desensitization and consequently change to downstream modulation of DA release by 

nAChRs across the striatum (Ochoa et al., 1989; F.-M. Zhou et al., 2001). 

Figure 5.5. RS67333 significantly prolongs striatal extracellular ACh dynamics in DLS 
and NAcC. (A) Viral delivery of GRABACh to striatum for imaging extracellular ACh levels ex 
vivo. (B,I) Schematic of stimulation and GRABACh recording site, alongside normalised mean 
peak [ACh]o and baseline fluorescence (F0) during consecutive recordings of ACh release 
evoked by 1p (black) and 5p (100 Hz, red), during application of RS67333 in (B) DLS or (I) 
NAcC (n = 5 experiments/3 mice). (C,J) Mean evoked ACh transients ± SEM, before (black) 
and after (blue) application of RS67333 (n = 5 experiments in 3 mice) in (C) DLS or (J) NAcC. 
Mean transients of [ACh]o are derived from three timepoints prior to the application of 
RS67333 (grey shaded region) and last three timepoints (blue shaded region). (D,K) Mean 1p 
and 5p 100 Hz [ACh]o peak of control conditions (grey) and following drug application (blue) in 
(D) DLS or (K) NAcC. (E,L) Normalised mean AUC [ACh]o during consecutive recordings of 
ACh release evoked by 1p (black) and 5p (100 Hz, red), during application of RS67333 in (E) 
DLS or (L) NAcC (n = 5 experiments in 3 mice). (F,M) Mean 1p and 5p 100 Hz [ACh]o AUC of 
control conditions (grey) and following drug application (blue) in (F) DLS or (M) NAcC. (G) 
Example of nonlinear one phase decay fitting curve (red dash line), R2 = 0.99108. (H,N) Mean 
1p and 5p 100 Hz decay half-life of [ACh]o under control conditions (grey box) and following 
drug application (blue) in (H) DLS or (N) NAcC. 2-way ANOVA, Fisher’s LSD post-hoc test, *p 
< 0.05, **p < 0.01. Error bars are ± SEM. 



Chapter 5: Assessing the effects of 5-HT4R ligands on striatal DA release 

 
151 

5.3.5 5-HT4R ligand BIMU8 does not inhibit AChE, or alter striatal ACh 

release 

To investigate whether the effects of RS67333 on striatal ACh release (and in turn DA release) 

are solely due to an action as an AChE inhibitor, or whether agonism of 5-HT4Rs can also 

contribute to modulation of ACh, we tested the effects of another 5-HT4R ligand, BIMU8, on 

AChE activity, and in turn, ACh and DA release. First, we established that BIMU8 treatment (1 

µM) of striatum did not detectably modify striatal AChE activity (Fig. 5.7A-B; Drug-free: Vmax = 

4383, Km = 137.1; BIMU8: Vmax = 4278, Km = 129.7; Nonlinear Michaelis-Menten fit). Next, we 

tested whether BIMU8 (1 µM) could affect ACh release in DLS detected with GRABACh. BIMU8 

did not alter peak dF/F (Fig. 5.7C-E; F(1,10) = 0.1292, p = 0.7267, RM ANOVA main effect of the 

drug) or the AUC of ACh transients (Fig. 5.7F-G; F(1,10) = 0.1422, p = 0.7140, RM ANOVA main 

effect of the drug), or the decay half-life of ACh transients evoked by 1p or 5p (100 Hz) (Fig. 

5.7H; F(1,10) = 0.3155, p = 0.5867, RM ANOVA main effect of the drug).  

 
Figure 5.6. RS67333 inhibited AChE degradation in striatal slices. (A) Schematic of tissue 
punches from striatal slices with or without incubation in RS67333 (1 or 10 µM) for an hour (n 
= 4 slices in 4 animals). (B) Fitted Michaelis-Menten curves of AChE activity incubated with 
RS67333 (1 μM and 10 μM), ambenonium (100 nM) and drug-free condition. 
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Together, these findings indicate that BIMU8, unlike RS67333, does not inhibit AChE activity or 

influence striatal ACh release, suggesting that the modulatory effects of RS67333 on cholinergic 

transmission are unlikely to be mediated by 5-HT4R activation alone. 

 Figure 5.7. BIMU8 does not alter striatal AChE activity, or ACh dynamics in DLS. (A) 
Schematic of tissue punches from striatal slices with or without incubation in BIMU8 (1 µM) for an 
hour (n = 4 slices in 4 animals). (B) Fitted Michaelis-Menten curves of AChE activity incubated with 
BIMU8 (1 μM) and control condition. (C) Schematic of stimulation and GRABACh recording site, 
alongside normalised mean peak [ACh]o and baseline fluorescence (F0) during consecutive 
recordings of ACh release evoked by 1p (black) and 5p (100 Hz, red), during application of BIMU8 
in DLS (n = 6 experiments in 4 mice). (D) Mean evoked ACh transients ± SEM, before (black) and 
after (yellow) application of BIMU8 in DLS. Mean transients of [ACh]o is derived from three 
timepoints prior to the application of BIMU8 (grey shaded region) and last three timepoints (yellow 
shaded region). (E) Mean 1p and 5p 100 Hz [ACh]o peak of control conditions (grey) and following 
drug application (yellow) in DLS. (F) Normalised mean AUC [ACh]o during consecutive recordings 
of ACh release evoked by 1p (black) and 5p (100 Hz, red), during application of BIMU8 in DLS (n = 
6 experiments in 4 mice). (G) Mean 1p and 5p 100 Hz [ACh]o AUC of control conditions (grey) and 
following drug application (yellow) in DLS. (H) Mean 1p and 5p 100 Hz decay half-life of [ACh]o 
under control conditions (grey box) and following drug application (yellow) in DLS. 2-way ANOVA, 
Fisher’s LSD post-hoc test. Error bars are ± SEM. 
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5.3.6 5-HT4R ligand BIMU8 does not alter striatal DA release 

Finally, we assessed whether BIMU8 could alter DA release detected with FCV. BIMU8 failed to 

modify DA release evoked by either 1p or 5p (100 Hz) stimuli (Fig. 5.8A-C; F(1,8) = 2.036, p = 

0.1915, RM ANOVA main effect of the drug). Consistent with this, the 5p/1p ratio of [DA]o in the 

presence of BIMU8 was not significantly different from the drug-free condition (Fig. 5.8D; t(4) = 

2.596, p = 0.0603; Student’s paired t-test). These findings show that 5-HT4R ligand BIMU8, 

does not exhibit signs of AChE inhibition at this concentration and correspondingly does not 

influence ACh or DA release dynamics in striatal slices, suggesting that 5-HT4R activation alone 

is not responsible for striatal modulation of ACh or DA by 5-HT4 ligands. 
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5.4 Discussion 

In this study, we examined the actions of RS67333, a purported dual 5-HT₄ receptor agonist and 

AChE inhibitor, on striatal neurotransmission. We found that RS67333 reduces DA release in 

both dorsal and ventral striatum. This effect was mediated not via 5-HT4R activation, but via a 

prolongation of extracellular ACh signals, leading to desensitization of nAChRs on dopaminergic 

axons. This cholinergic mechanism was driven by potent inhibition of AChE enzymatic activity, 

confirmed using an AChE assay. In contrast, BIMU8, a 5-HT₄R ligand lacking AChE inhibitory 

activity, had no effect on either DA or ACh release. Together, these results establish that 

RS67333 acts as a functional AChE inhibitor in striatal circuits, altering ACh dynamics and 

thereby modulating DA transmission indirectly via nAChRs. 

Importantly, to ensure that the observed reduction in DA signals was not an artefact of the 

detection method, we considered the potential influence of RS67333 on our measurement tools. 

 

Figure 5.8. BIMU8 does not alter striatal DA dynamics in DLS. (A) Schematics of FCV 
stimulation and recording in DLS, alongside normalised mean peak [DA]o during consecutive 
recordings of DA release evoked by 1p (black) and 5p (100 Hz, red), during application of 
BIMU8. (B) mean [DA]o transients ± SEM evoked (at arrows) by single pulse (1p, solid line) 
and 5 pulses (100 Hz) (dashed line), before (black) and after (yellow) application of BIMU8 
(n = 5 experiments in 4 mice). Mean transients of [DA]o are derived from three timepoints prior 
to the application of BIMU8 (grey shaded region) and last three timepoints (yellow shaded 
region). (C) Mean 1p and 5p 100 Hz [DA]o peak of control conditions (grey) and following drug 
application (yellow) in DLS. (D) Ratios of peak [DA]o released by 5p versus 1p in DLS. 2-way 
ANOVA, Fisher’s LSD post-hoc test, Student’s paired t-test. Error bars are ± SEM. 
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RS67333 was found to reduce the sensitivity of carbon fibre electrodes to DA during FCV, likely 

due to its electroactive structure. To correct for this, we calibrated each electrode individually 

and applied standardized correction coefficients as described in Methods. Moreover, to 

independently validate our findings, we employed a non-electrochemical approach using the 

genetically encoded fluorescent DA sensor GRABDA3h. Compared to FCV, GRABDA provides 

superior spatial resolution and the ability to monitor DA dynamics over a broader time window, 

further strengthening the validity of these observations. These results together reinforce that 

RS67333 genuinely suppresses DA release via a biological mechanism, and not due to 

recording artefacts. 

The modulation of DA release by ACh in the striatum is primarily mediated by nAChRs located 

on dopaminergic axons (Lopes et al., 2019; Threlfell & Cragg, 2011). These ligand-gated ion 

channels are activated by transient ACh release from ChIs, facilitating action potential–

dependent DA release. However, nAChRs are highly sensitive to the temporal profile of ACh 

exposure. Short bursts of ACh promote receptor activation and DA release, whereas prolonged 

or excessive ACh presence leads to receptor desensitization - a conformational state in which 

the receptor remains bound by ligand but is functionally unresponsive (Ochoa et al., 1989; F.-M. 

Zhou et al., 2001). This desensitization, observed at α4β2 and α6-containing nAChRs that are 

presynaptically expressed on dopaminergic axons, serves as a protective mechanism against 

excitotoxicity but functionally suppresses dopaminergic output (Britt & McGehee, 2008; Ochoa 

et al., 1989). In our study, RS67333 significantly prolonged the extracellular ACh lifetime, as 

indicated by increased decay half-life and AUC of GRABACh signals. This likely resulted in 

sustained nAChR occupancy and receptor desensitization, thereby reducing the ability of ACh to 

gate DA release. Importantly, prior studies using AChE inhibitors such as donepezil and 

ambenonium have demonstrated that elevated ACh levels can desensitize nAChRs and reduce 

striatal DA output in rodent models, both ex vivo and in vivo (Hodge et al., 1992; Kramer et al., 
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2022; Wang et al., 2014; F.-M. Zhou et al., 2001). Therefore, our findings are consistent with a 

model in which RS67333 suppresses DA release by potently inhibiting AChE, extending ACh 

availability, and inducing nAChR desensitization. This mechanistic cascade illustrates how 

modulation of ACh can dynamically influence DA transmission in the striatum and underscores 

the importance of cholinergic-dopaminergic interactions in interpreting the pharmacological 

effects of compounds like RS67333. 

To further confirm that AChE is a direct and primary target of RS67333, future studies could 

examine whether RS67333 shares mechanistic properties with established AChE inhibitors, 

such as donepezil. For instance, assessing whether RS67333 produces additive effects when 

co-applied with known AChE blockers may help verify a shared target mechanism. Additionally, 

in silico docking approaches could provide structural evidence of the interaction of RS67333’s 

interaction with the AChE active site (Akhoon et al., 2020; Kramer et al., 2022; Yu et al., 2022). 

These strategies would complement our enzymatic assay results and provide converging 

support that RS67333 acts through AChE inhibition to influence striatal ACh and DA 

transmission. 

The ability of RS67333 to inhibit AChE may be structurally determined. RS67333 shares key 

pharmacophores with donepezil, a well-characterized AChE inhibitor, including a tertiary amine 

that engages the catalytic anionic site (CAS) of AChE, and aromatic moieties that interact with 

the active-site gorge via π–π stacking interactions (Lecoutey et al., 2014). These features have 

been functionally exploited in the design of donecopride - a compound incorporating structural 

elements of both RS67333 and donepezil - which retains dual activity as a 5-HT4R agonist and 

AChE inhibitor and has been proposed as a therapeutic candidate for Alzheimer’s disease 

(Lecoutey et al., 2014). Other 5-HT4R agonists, such as RS67506, prucalopride, ML10302, 

CJ033466, have also been reported to weakly inhibit AChE, likely owing to similar structural 

characteristics (Lecoutey et al., 2014). However, this dual activity is not a general class effect. 
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For example, BIMU8, which we tested here, lacks AChE inhibitory function and did not affect 

ACh or DA transmission in our assays. Previous studies have shown that RS67333 inhibits 

human AChE with an IC50 of ~403 ± 86 nM (Lecoutey et al., 2014), therefore, in our 

experiments, RS67333 was applied at 10 µM in order to maximize its known off-target inhibition 

of AChE, which is a key focus of this study. Given that the EC50 of BIMU8 for wild type 5-HT4R is 

~ 7-18 nM (RM. Eglen et al., 1995; Pellissier et al., 2009; Schaus et al., 1998), BIMU8 was 

applied at 1 µM, a concentration widely used in the literature to selectively activate 5-HT4Rs with 

minimal off-target effects (Uchiyama-Tsuyuki et al., 1996). To rule out concentration-dependent 

effects, we also tested BIMU8 at 10 µM and found no evidence of AChE inhibition, as supported 

by our GRABACh and AChE assay data (not shown). This reinforces the conclusion that not all 5-

HT4R ligands are AChE inhibitors, and that this is likely structure-dependent.  

Our study is, to our knowledge, the first to demonstrate that RS67333 inhibits endogenous 

AChE activity in the striatum, expanding upon prior biochemical in vitro evidence that identified 

RS67333 as a sub-micromolar AChE inhibitor (Lecoutey et al., 2014). These findings also carry 

important implications for experimental studies that utilize RS67333 as a “selective” 5-HT4R 

agonist. Previous reports have noted the impact of RS67333 on mood, neurogenesis, and 

memory, without accounting for AChE-mediated modulation of ACh and downstream targets 

(Faye et al., 2020; Freret et al., 2012; Lamirault & Simon, 2001; Mendez-David et al., 2014). Our 

data reveal that these effects may stem not solely from 5-HT4R activation, but from potent 

cholinergic modulation via AChE inhibition. This adds a new layer of complexity to how 

RS67333 modulates brain circuits and provides a mechanistic foundation for its pleiotropic 

actions. Given the dual action of RS67333 on both 5-HT4 receptors and AChE, it should not be 

considered a selective 5-HT4R agonist in systems where cholinergic signalling contributes to 

circuit function. Our findings highlight the importance of accounting for cholinergic mechanisms - 
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particularly in regions where ACh and DA interact to shape neurotransmission, such as the 

striatum and hippocampusn - when interpreting the pharmacological or physiological effects. 

Nonetheless, the identification of RS67333 as a dual-action ligand acting on both 5-HT4 

receptors and AChE offers new opportunities for therapeutic development. Although not 

clinically approved, its ability to simultaneously modulate serotonergic and cholinergic 

transmission, has made it a valuable research tool and a potential prototype for multi-target drug 

design. Given that both systems are dysregulated in neurodegenerative and neuropsychiatric 

disorders, such as AD, PD, and depression, RS67333’s dual mechanism may offer therapeutic 

benefits in restoring neurotransmitter balance. Its effects on cognition, mood, and 

neuroprotection continue to warrant further investigation.  

In summary, our studies have uncovered a pronounced function of RS67333 as an inhibitor of 

striatal AChE, which significantly shifts the understanding of the underlying circuits of how 5-

HT4R ligands regulating ACh and DA in striatum. Our study not only provides a new 5-HT4R 

ligand pathway, but also emphasizes the importance of re-evaluating this compound's potential 

therapeutic applications, particularly in neurodegenerative and neuropsychiatric disorders where 

cholinergic and dopaminergic dysfunctions are central. These findings also highlight the 

importance of thoroughly evaluating off-target actions when using pharmacological tools to 

interpret circuit or behavioural functions.  
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6.1 Introduction 

6.1.1 Dysfunction of neurotransmission in PD 

A hallmark of PD is the degeneration of nigrostriatal dopaminergic neurons, leading to a marked 

reduction of DA levels in the striatum (Bernheimer et al., 1973; Hornykiewicz, 2006). In the 

healthy brain, DA interacts with other neuromodulatory systems - including ACh and GABA - to 

regulate basal ganglia output and ensure normal motor control (Surmeier et al., 2014). 

Disruption of this finely tuned network in PD results in widespread synaptic dysfunction that 

extends beyond dopaminergic circuits. Today, levodopa (L-DOPA) remains the gold standard 

treatment for PD motor symptoms, but it does not correct underlying neurotransmitter 

imbalances and can induce long-term complications such as dyskinesia (Cenci, 2007). 

Historically, PD has been described as a hypodopaminergic and hypercholinergic disorder 

(Barbeau, 1962). Animal model studies using neurophysiological and electrochemical 

approaches have demonstrated that dopaminergic depletion in the striatum leads to altered 

cholinergic interneuron (ChI) activity, often resulting in increased spontaneous firing rates and 

exaggerated ACh release in specific models, thereby disrupting the local DA-ACh balance that 

is critical for motor control (Maurice et al., 2015; Ztaou et al., 2016). However, these changes 

vary depending on the model and stage of pathology, and direct evidence from post-mortem 

human studies remains limited. Clinically, this imbalance was first addressed with anticholinergic 

drugs, which improved motor symptoms but were associated with cognitive and autonomic side 

effects (Lim et al., 2014; Paz et al., 2021).  

In rodent models of PD, neurotransmitter alterations have been extensively characterized. DA 

depletion induced by 6-hydroxydopamine (6-OHDA) lesions leads to robust motor deficits and 

reductions in evoked DA release in the striatum (Zigmond et al., 1990). Alongside DA loss, 
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microdialysis studies in the 6-OHDA model have revealed elevated extracellular ACh levels in 

the striatum (Ikarashi et al., 1997; Tobón-Velasco et al., 2010). Although one study has reported 

reduced spontaneous firing of striatal ChIs following 6-OHDA lesions (Choi et al., 2020), the 

majority of electrophysiological evidence suggests that chronic dopaminergic depletion leads to 

ChI hyperexcitability. For instance, ChIs in 6-OHDA-lesioned mice exhibit increased tonic firing, 

depolarized membrane potentials, and enhanced excitatory synaptic input (Ding et al., 2010; 

Maurice et al., 2015). In addition to cholinergic changes, GABAergic transmission is also 

disrupted in a PD model. Expression of GABA transporters (GATs) is reduced, leading to 

enhanced tonic GABAergic inhibition of DA release, and DA axons co-release less GABA in the 

SNCA-OVX mouse model than in control mice (Roberts et al., 2020). Such GABAergic 

dysregulation may contribute to both motor impairments and compensatory changes in other 

neurotransmitter systems, including 5-HT. 

Taken together, evidence from human studies and rodent models indicates that PD is not solely 

a dopaminergic disorder but involves complex maladaptation in multiple neurotransmitter 

systems. In early disease stages, before extensive neuronal loss occurs, these imbalances may 

already be present and could play a role in shaping disease progression and therapeutic 

responsiveness. 

6.1.2 Striatal 5-HT dysfunction in PD 

In addition to the well-characterized degeneration of nigrostriatal DA neurons, PD is also 

associated with marked alterations in the 5-HT system. Neuropathological studies indicate that 

brainstem raphe nuclei, including the DRN, are affected early in PD progression (Braak et al., 

2003; Qamhawi et al., 2015), and post-mortem as well as in vivo PET imaging studies have 

revealed reduced striatal 5-HT transporter (SERT) availability and axonal terminal density, which 

correlate with non-motor symptoms such as depression, anxiety, sleep disturbances, and 
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fatigue (Bohnen & Albin, 2011; Politis et al., 2014; Politis & Loane, 2011). In the context of DA 

depletion and L-DOPA therapy, surviving 5-HT axons can abnormally convert exogenous L-

DOPA into DA and release it in a dysregulated manner, lacking normal autoregulatory feedback, 

which has been proposed to contribute to the development of L-DOPA-induced dyskinesia (LID) 

(Carta et al., 2007; Rylander et al., 2010). In rodent PD models involving dopaminergic lesions 

(e.g., 6-OHDA or MPTP), studies have observed a significant increase in striatal serotonergic 

axon density, indicative of hyperinnervation (Muñoz et al., 2020; Rozas et al., 1998). This 

structural plasticity is accompanied by increased basal firing rates of serotonergic neurons, 

suggesting that the 5-HT system undergoes both anatomical and functional change in response 

to DA depletion. DA denervation also induces plastic changes in serotonergic axons that 

enhance L-DOPA-derived DA release, while pharmacological activation of 5-HT1A/1B receptors or 

inhibition of 5-HT axon activity attenuates LID (Cenci, 2007; Huot & Fox, 2013). While these 

findings establish a role for 5-HT in PD pathophysiology, key gaps remain: it is unknown how 5-

HT transmission is shaped during early onset of striatal dysfunction, whether its properties of 

release signalling, and whether its regulation by DA and GABA transmission that become 

dysfunctional also become dysregulated, and with what net outcome. The limited ability of 

established amine detection techniques like microdialysis or FCV to detect 5-HT over DA in 

striatum with either sufficient temporal or chemical sensitivity has hampered efforts to address 

potential dysregulation of 5-HT until now. 

6.1.3 PD mouse models 

A variety of animal models have been developed to study the pathogenesis of PD and to 

investigate potential therapeutic strategies. These include toxin-based models, such as the 6-

OHDA lesion, which induces targeted degeneration of DA neurons, and genetic models, which 
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are generated by overexpressing or knocking out genes associated with PD, such as alpha-

synuclein-overexpressing (SNCA-OVX) mice (Bové & Perier, 2012; Janezic et al., 2013). 

Mutations and multiplications in the SNCA gene, which encodes the presynaptic protein α-

synuclein, are linked to both familial and sporadic forms of PD (Singleton et al., 2003; Venda et 

al., 2010). Under physiological conditions, α-synuclein regulates synaptic vesicle mobilization 

and neurotransmitter release (Lautenschläger et al., 2018; Nemani et al., 2010), but in PD, it 

aggregates to form Lewy bodies - a pathological hallmark of neurodegeneration (Baba et al., 

1998; Spillantini et al., 1998). 

The SNCA-OVX mouse model overexpresses the entire human SNCA gene at disease-relevant 

levels while lacking endogenous mouse α-synuclein (Janezic et al., 2013). This genetic mutation 

allows the selective investigation of pathogenic mechanisms triggered by progressive human α-

synuclein accumulation without interference from the native protein. SNCA-OVX mice show 

early striatal DA transmission impairments before neurodegeneration. Specifically, ex vivo 

recordings reveal that evoked DA release in DLS is reduced by approximately 30% in young 

adult SNCA-OVX mice (3-4 months old) compared to their Snca-/- littermates, with these deficits 

persisting across the lifespan (Janezic et al., 2013). Notably, these early release deficits occur 

prior to DA neuron loss and without alterations in SNc firing patterns or the release of other 

neurotransmitters such as 5-HT and NE (Janezic et al., 2013). 

Alterations in GABAergic regulation of DA release are also evident from early adulthood. In the 

DLS of wild-type mice, DA release is subject to tonic GABAergic inhibition mediated by GABA 

transporters (GATs) (Lopes et al., 2019). In SNCA-OVX mice, GAT expression is 

downregulated, resulting in increased tonic GABAergic inhibition of DA release (Roberts et al., 

2020). In addition, the DA release deficits in this model are also associated with concurrent 
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deficits in GABA co-release from DA axons, potentially further disrupting the spatiotemporal 

balance of inhibitory control within the striatum (Roberts et al., 2020). 

These findings establish the SNCA-OVX line as a progressive and physiologically relevant 

model of early PD, characterised by selective α-synuclein overexpression, early-onset DA 

release deficits, and maladaptive changes in GABAergic regulation. While DA and GABAergic 

alterations have been documented, it remains unknown whether progressive α-synuclein 

accumulation in this model leads to early maladaptive changes in 5-HT transmission, a question 

addressed in the present work. Given the integrative role of 5-HT in modulating striatal function 

and its potential contribution to both motor and non-motor symptoms in PD, understanding how 

serotonergic signalling is altered during the early stages of the disease is essential. The SNCA-

OVX model offers a unique opportunity to investigate these changes in the absence of 

widespread DA neuron loss, thereby isolating early synaptic alterations from downstream 

degenerative processes. 

In this chapter, we used genetically encoded GRAB5-HT sensors to monitor evoked and tonic 5-

HT release in DLS of SNCA-OVX mice and their Snca-/- controls. We further assess whether 

previously reported deficits in DA release (Janezic et al., 2013) and alterations in GABAergic 

regulation (Roberts et al., 2020) in SNCA-OVX mice influence serotonergic transmission. This 

approach aims to provide a comprehensive characterization of striatal 5-HT dysregulation in 

early PD and to identify potential mechanisms linking α-synuclein pathology to neurotransmitter 

imbalance. 

6.2 Methods 

Experiments detailed in this chapter were carried out in accordance with the general methods 

described in Chapter 2. Variations and further details are reported below. 
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6.2.1 Animal models 

To investigate early-stage disruptions in striatal 5-HT transmission associated with α-synuclein 

overexpression, I employed a well-established transgenic mouse model that overexpresses 

human wild-type α-synuclein (SNCA-OVX) at levels relevant to PD (Janezic et al., 2013). Details 

of the generation and genotyping of this mouse line are provided in Chapter 2 (Section 2.1.3). 

Age- and sex-matched littermate mice lacking endogenous α-synuclein expression (Snca -/-) 

were used as controls throughout the experiments. 

For in situ monitoring of 5-HT release, both SNCA-OVX and Snca -/- mice received stereotaxic 

injections of AAV2/5-hSyn-GRAB5-HT3.0 targeted to the DLS, as described in Section 2.3.1. 

Three weeks post-injection, acute coronal brain slices containing the striatum were prepared for 

ex vivo imaging studies following the procedures outlined in Chapter 2 (Section 2.2.4). 

All animals were between 3 and 4 months of age, a time window previously shown to capture 

early synaptic dysfunction in SNCA-OVX mice. At this developmental stage, striatal 

dopaminergic and GABAergic alternations have been consistently reported (Janezic et al., 

2013; Roberts et al., 2020), making it suitable for examining potential serotonergic impairments. 

All recordings were conducted in DLS, a subregion where α-synuclein–dependent alterations in 

DA and GABAergic transmission have been previously characterized. 

6.2.2 GRAB5-HT imaging 

For experiments assessing electrically evoked 5-HT release, recordings were performed as 

outlined in Chapter 2 (Sections 2.3.2). Continuous blue light (470 nm) illumination at ~4-5 mW 

was used to excite the GRAB5-HT fluorophore. Electrical stimuli (0.6 mA, 200 µs) were delivered 

at intervals of 2.5 minutes, and stimulation protocols were performed in duplicate with random 
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presentation order. To exclude the effect of cholinergic system on striatal DA, GABA or 5-HT, the 

experiments were conducted in the presence of DHßE throughout. 

In all experiments, a minimum of three animals (N ≥ 3) was used per condition. Slices from 

different genotypes were prepared on separate experimental days to avoid unnecessary 

photostimulation of non-imaged samples. This ensured that slices were only exposed to 

excitation light during active recording sessions, reducing potential phototoxic effects or sensor 

desensitisation across preparations. 

6.2.3 Drugs 

 Stock solutions were prepared at 1,000x – 20,000x the final concentration and stored at -20°C. 

Final drug concentrations were prepared in aCSF on the day of the experiment.  

6.2.4  Data acquisition and analysis 

Drug Supplier Action Concentrati
on Solvent References 

Dihydro-β-
erythroidine 

(DHβE) 
hydrobromide 

Sigma-
Aldrich 

nAChR 
antagonist 1 µM dH2O Threlfell et al. (2012); 

Roberts et al. (2020) 

Citalopram Sigma-
Aldrich SSRI 75 nM DMSO Stenfors et al. (2001) 

(+)-Bicuculline Abcam GABAAR 
antagonist 10 µM DMSO Roberts et al. (2020); 

Stedehouder et al. (2024) 

CGP 55845 
hydrochloride Abcam GABABR 

antagonist 4 µM DMSO Roberts et al. (2020); 
Stedehouder et al. (2024) 

Quinpirole Cambridge 
Bioscience D2R agonist 2 µM DMSO Brimblecombe et al. 

(2019) 

L-741,626 Abcam D2R 
antagonist 1 µM DMSO Condon et al. (2019) 
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FCV data were digitized and acquired using Axoscope 10.7 and extracted using locally written 

Python script. GRAB sensor data were extracted by Image J and analyzed by locally written 

MATLAB or Python script described in Section 2.3.4. Statistical tests were performed in 

GraphPad Prism 10. 

6.3 Results 

6.3.1 5-HT dynamics release in a mouse model of early PD 

After establishing the fundamental properties and modulatory mechanisms of striatal 5-HT 

release in WT animals in Chapter 3, I assessed whether these dynamics are disrupted under 

early parkinsonian conditions. While previous studies have reported approximately 30% 

reduction of striatal DA release in this parkinsonian mouse model, the release of 5-HT when 

assessed in the SNr appears unaffected (Janezic et al., 2013). However, it remains unclear how 

5-HT release in striatum is altered under early disease conditions. Therefore, I used mice 

overexpressing human α-synuclein (SNCA-OVX), a well-characterised mouse model of PD that 

exhibits functional alterations in DA and GABAergic transmission prior to cell loss (Janezic et al., 

2013; Roberts et al., 2020). Littermate mice lacking endogenous α-synuclein (Snca-/-) were 

used as controls. Both groups were injected with the same GRAB5-HT3.0 virus in DLS, and ex vivo 

slice recordings were performed 3-4 weeks later using electrical stimulation to evoke local 5-HT 

release. 

Electrical stimulation of the DLS evoked robust 5-HT signals in both Snca-/- and SNCA-OVX 

animals. A marked enhancement in peak amplitude was observed in SNCA-OVX mice 

compared to that in Snca-/- mice under both 1p and 5p 100 Hz stimulation protocols (Fig. 6.1A-

C; F(2,184) = 6.496, p = 0.002, RM ANOVA main effect of the genotype; WT: n = 45 slices/23 mice; 

Snca-/- and SNCA-OVX: n = 25 slices/8 pairs of mice). Notably, evoked [5-HT]o in Snca-/- mice 
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showed no significant deviation from WT animals in either condition. Additionally, the baseline 

(F0) of evoked 5-HT signals in SNCA-OVX mice closely matched those recorded in Snca-/- and 

WT animals, suggesting that the removal of endogenous α-synuclein alone does not modify 

basal 5-HT dynamics. The augmented evoked 5-HT peaks observed in SNCA-OVX mice may 

indicate a compensatory upregulation of release mechanisms in the DLS. 

To test whether there was a change in uptake, that might contribute to a change to the peak [5-

HT]o detected, I examined the clearance kinetics of the evoked 5-HT signals. Exponential fitting 

of the decay phase revealed that SNCA-OVX mice exhibited significantly prolonged decay half-

life compared with both Snca-/- and WT groups (Fig. 6.1D-E; F(2,184) = 17.66, p < 0.001, RM 

ANOVA main effect of the genotype). These findings suggest impaired 5-HT reuptake or 

metabolism in SNCA-OVX animals. This impairment might contribute to the larger evoked [5-

HT]o detected. The decay half-life of evoked 5-HT signals of Snca-/- mice again showed no 

significant difference from WT animals, supporting the notion that the slowed clearance is 

specific to the SNCA-OVX line. 

To investigate whether these functional changes are accompanied by alterations in serotonergic 

innervation, we performed immunohistochemical staining of 5-HT fibres in both DLS and NAcC. 

As described in previous sections, tissue sections were labelled using a 5-HT antibody, and the 

bulk density of labelled fibres was quantified as an approximate measure of 5-HT innervation 

density. No significant differences were observed in 5-HT innervation density between SNCA-

OVX, Snca-/-, and WT mice in either subregion (Fig. 6.1F-G; DLS: F(2,51) = 2.136, p = 0.0691; 

NAcC: F(2,51) = 0.9719, p = 0.3852; RM ANOVA main effect of the genotype; n = 18 

slices/genotype). This suggests that the increased evoked [5-HT]o detected in SNCA-OVX mice 

is not due to a gross enrichment in serotonergic innervation.  



Chapter 6: Dysregulation of striatal 5-HT release in a mouse model of early Parkinson’s disease 

 
169 

Together, these findings indicate that striatal 5-HT transmission is dysregulated in SNCA-OVX 

mice, with enhanced stimulus-evoked release and impaired clearance, despite apparently 

normal 5-HT levels as assessed by 5-HT-immunoreactivity. These alterations may reflect 

compensatory mechanisms in response to α-synuclein-induced cellular stress, early synaptic 

dysfunction including down regulation of 5-HT uptake and might also involve a change to the 

 
Figure 6.1. Striatal 5-HT signals in WT, Snca-/- and SNCA-OVX mice. (A) Mean evoked 5-HT 
transients ± SEM, in the presence of DHßE (1 µM) in DLS in WT, Snca-/- and SNCA-OVX mice 
(WT: n = 45 experiments/23 mice; Snca-/- and SNCA-OVX: n = 25 experiments/8 pairs of mice). 
(B,C) Mean 1p (B) and 5p 100 Hz (C) [5-HT]o peak in the presence of DHßE in DLS in WT, Snca-
/- and SNCA-OVX mice. Each data point represents an individual slice. For Snca-/- and SNCA-
OVX groups, slices originating from the same mouse are colour-coded identically. (D,E) Mean 1p 
(D) and 5p 100 Hz (E) decay half-life of [5-HT]o in the presence of DHßE (1 µM) in DLS in WT, 
Snca-/- and SNCA-OVX mice. Each data point represents an individual slice. For Snca-/- and 
SNCA-OVX groups, slices originating from the same mouse are colour-coded identically. (F,G) 
Quantification of 5-HT innervation as indicated by 5-HT+ florescent area (µm2) in DLS (F) and 
NAcC (G) from WT, Snca-/- and SNCA-OVX mice (n = 18 slices/6 mice). One-way ANOVA or 2-
way ANOVA, Fisher’s LSD post-hoc test, *p < 0.05, ***p < 0.001. Error bars are ± SEM. 
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neuromodulator landscape. By contrast, Snca-/- mice display 5-HT dynamics indistinguishable 

from the WT control, reinforcing that the observed changes in 5-HT release are not due to the 

depletion of α-synuclein. 

To determine whether dopaminergic mechanisms contribute to the altered 5-HT signals in 

SNCA-OVX mice, I assessed striatal 5-HT release in the presence of DA receptor antagonists. 

SNCA-OVX mice display an approximate 30% reduction in striatal DA release relative to 

controls (Janezic et al., 2013), raising the possibility that dysregulated DA-5-HT interactions 

could underlie the observed phenotype. To test this, I applied a combination of D1 and D2 

receptor antagonists (SCH39166 and L-741,626, 1 µM each) to block dopaminergic influence 

on 5-HT axons and compared evoked 5-HT release in WT, Snca-/-, and SNCA-OVX mice. 

In the presence of DA receptor antagonists, electrical stimulation of the DLS evoked 5-HT 

signals that were highly similar across all three genotypes. Peak amplitudes evoked by both 1p 

and 5p 100 Hz stimulation showed no significant differences between WT, Snca-/-, and SNCA-

OVX mice (Fig. 6.2A-B; F(2,58) = 1.101, p = 0.34, RM ANOVA main effect of the genotype; n = 11 

experiments/6 pairs of mice). This contrasts with the enhanced evoked 5-HT signals observed in 

SNCA-OVX mice without DA receptor blockade (Fig. 6.1), suggesting that DA signalling plays a 

critical role in modulating 5-HT output in these animals.  

Intriguingly, analysis of the decay kinetics revealed no significant differences in half-life values 

among the three genotypes when DA receptors were blocked (Fig. 6.2C; F(2,58) = 1.312, p = 

0.28, RM ANOVA main effect of the genotype). This impact of DA receptor inhibition is 

somewhat unexpected as DA receptors are not usually expected to change uptake transporter 

function particularly, raising the question of whether the decay kinetics of 5-HT signals detected 

by GRAB are a function of signal amplitude and not just uptake and sensor off-time.  
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Together, these findings demonstrate that the dysregulated 5-HT transmission in SNCA-OVX 

mice is abolished by blocking DA receptor activity, highlighting a DA-dependent mechanism 

underlying the observed phenotype. In the absence of reduced DA acting at DA receptors, 

serotonergic dynamics across SNCA-OVX, Snca-/- and WT mice become indistinguishable, 

pointing to DA as a key modulator of 5-HT function in the striatum under disease-relevant 

conditions. 

GABA also plays a critical role in striatal circuit function, and an enhanced GABAergic tone has 

been reported in the same SNCA-OVX mouse model of PD (Roberts et al., 2020). However, it 

remains unclear whether the effects of genotype on striatal 5-HT dynamics are modulated by 

the presence or absence of GABAergic input under these pathological conditions. To explore 

how 5-HT transmission behaves in the absence of GABAergic tone in SNCA-OVX mice, I next 

compared evoked [5-HT]o in the presence of GABAA and GABAB receptor antagonists – 

bicuculine (10 µM) and CGP55845 (4 µM) respectively. Under these conditions, SNCA-OVX 

mice again exhibited significantly elevated evoked [5-HT]o compared to both WT and Snca-/- 

mice (Fig. 6.3A-B; F(2,24) = 4.941, p = 0.02, RM ANOVA main effect of the genotype; n = 5 

 
Figure 6.2. Striatal 5-HT dynamics in the presence of DA antagonist in WT, Snca-/- and 
SNCA-OVX mice. (A) Mean evoked 5-HT transients ± SEM, in the presence of SCH39166 (1 
µM) and L-741,626 (1 µM) in DLS from WT, Snca-/- and SNCA-OVX mice (WT: n = 10 
experiments/5 mice; Snca-/- and SNCA-OVX: n = 11 experiments/6 pairs of mice). (B) Mean 1p 
and 5p 100 Hz [5-HT]o peak in the presence of SCH39166 (1 µM) and L-741,626 (1 µM) in DLS 
from WT, Snca-/- and SNCA-OVX mice. (C) Mean 1p and 5p 100 Hz decay half-life of [5-HT]o in 
the presence of SCH39166 (1 µM) and L-741,626 (1 µM) in DLS from WT, Snca-/- and SNCA-
OVX mice. 2-way ANOVA, Fisher’s LSD post-hoc test. Error bars are ± SEM. 
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experiments/3 pairs of mice). This enhancement was observed across both stimulation 

paradigms, resembling the pattern seen under baseline conditions (Fig. 6.1), and contrasting 

with the normalised response seen in the presence of DA receptor antagonists (Fig. 6.2).  

Similarly, decay kinetics analysis showed prolonged half-life of 5-HT signals in SNCA-OVX mice 

compared with both Snca-/- and WT mice (Fig. 6.3C; F(2,24) = 11.72, p < 0.001, RM ANOVA main 

effect of the genotype). No significant differences in either peak amplitude or decay were found 

between WT and Snca-/- mice. These results demonstrate that, in the absence of GABAergic 

inhibition, the enhanced 5-HT release and impaired clearance observed in SNCA-OVX mice re-

emerge.  

To further examine whether dopaminergic and GABAergic influences exert opposing effects on 

striatal 5-HT dynamics in SNCA-OVX mice, I next assessed evoked 5-HT release under 

simultaneous blockade of DA and GABA receptors. This approach was designed to test whether 

removing both major modulatory inputs would counterbalance the effects of each other and 

thereby normalise the altered 5-HT transmission observed in this PD model. To this end, I 

applied both D1/D2R antagonists (SCH39166 and L-741,626, 1 µM each) and GABAA/B receptor 

 
Figure 6.3. Striatal 5-HT dynamics in the presence of GABAA&BR antagonist in WT, Snca-/- 
and SNCA-OVX mice. (A) Mean evoked 5-HT transients ± SEM, in the presence of bicuculine 
(10 µM) and CGP55845 (4 µM) in DLS from WT, Snca-/- and SNCA-OVX mice (WT: n = 5 
experiments/4 pairs of mice). (B) Mean 1p and 5p 100 Hz [5-HT]o peak in the presence of  
bicuculine (10 µM) and CGP55845 (4 µM) in DLS from WT, Snca-/- and SNCA-OVX mice. (C) 
Mean 1p and 5p 100 Hz decay half-life of [5-HT]o in the presence of bicuculine (10 µM) and 
CGP55845 (4 µM) in DLS from WT, Snca-/- and SNCA-OVX mice. 2-way ANOVA, Fisher’s LSD 
post-hoc test, *p < 0.05, **p < 0.01. Error bars are ± SEM. 

 

A B C

5 s

5%
 

F/
F 0

1p

WT
Snca-/-
SNCA-OVX 

5p 100 Hz

*

1 5
0.0

0.1

0.2

0.3

0.4

Pe
ak

 [5
-H

T]
o 

(
F/

F 0) GABA antagonist WT
Snca-/-
SNCA-OVX

*
**

1 5
0

5

10

15

20

[5
-H

T]
o d

ec
ay

 h
al

f-l
ife

 (s
) WT

Snca-/-
SNCA-OVX

**
*

**
GABA antagonist



Chapter 6: Dysregulation of striatal 5-HT release in a mouse model of early Parkinson’s disease 

 
173 

antagonists (bicuculline 10 µM and CGP55845 4 µM) during GRAB5-HT recordings in DLS slices 

from Snca-/- and SNCA-OVX mice. 

In this condition, electrical stimulation evoked significantly larger 5-HT signals in SNCA-OVX 

mice compared to Snca-/- animals, particularly under 5p 100 Hz stimulation (Fig. 6.4A-B; F(1,18) 

= 20.41, p < 0.001, RM ANOVA main effect of the genotype; n = 5 experiments/3 pairs of mice). 

This enhancement was further reflected in the decay kinetics, where SNCA-OVX mice exhibited 

prolonged decay half-life compared with Snca-/- mice, again most notably under high-frequency 

stimulation (Fig. 6.4C; F(1,18) = 5.400, p = 0.003, RM ANOVA main effect of the genotype). 

Together, these results indicate that when both dopaminergic and GABAergic inputs are 

pharmacologically removed, striatal 5-HT release remains abnormally elevated in SNCA-OVX 

mice. These findings suggest that additional local or intrinsic mechanisms may contribute to the 

serotonergic compensation observed in this PD model. 

6.3.2 SERT control of 5-HT release is diminished in PD mice 

 
Figure 6.4. Striatal 5-HT dynamics in the presence of DA and GABAA&BR antagonist in 
Snca-/- and SNCA-OVX mice. (A) Mean evoked 5-HT transients ± SEM, in the presence of 
bicuculine (10 µM), CGP55845 (4 µM), SCH39166 (1 µM), L-741,626 (1 µM) and DHßE (1 µM) in 
DLS from Snca-/- and SNCA-OVX mice (n = 6 experiments/4 pairs of mice). (B) Mean 1p and 5p 
100 Hz [5-HT]o peak in the presence of bicuculine, CGP55845, SCH39166, L-741,626 and DHßE 
in DLS from Snca-/- and SNCA-OVX mice. (C) Mean 1p and 5p 100 Hz decay half-life of [5-HT]o 
in the presence of bicuculine, CGP55845, SCH39166, L-741,626 and DHßE in DLS from Snca-/- 
and SNCA-OVX mice. 2-way ANOVA, Fisher’s LSD post-hoc test, *p < 0.05, ***p < 0.001. Error 
bars are ± SEM. 
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I next examined whether 5-HT reuptake via SERT is functionally altered. Previous reports have 

shown that DAT function is enhanced in SNCA-OVX mice (Threlfell et al., 2021), including 

evidence of greater impact of DAT blockers such as cocaine or nomifensine on evoked [DA]o. 

Motivated by these findings, I applied the SERT blocker citalopram (75 nM) to assess whether 

5-HT clearance mechanisms are similarly altered in the same PD mouse model. 

SERT blockade with citalopram increased the peak amplitude of electrically evoked 5-HT 

release across all genotypes, but the effect was notably reduced in SNCA-OVX mice compared 

to both WT and Snca-/- animals (Fig. 6.5A-C). Under both 1p and 5p 100 Hz stimulation 

conditions, the increase in 5-HT peak amplitude following citalopram application was 

significantly smaller in SNCA-OVX mice than in controls (Fig. 6.5C; F(2,24) = 9.985, p < 0.001, 

RM ANOVA main effect of the genotype; n = 5 experiments/3 pairs of mice). Similarly, the AUC 

of evoked [5-HT]o increased less in SNCA-OVX mice relative to WT and Snca-/- controls 

(Fig. 6.5D-E; F(2,24) = 10.70, p < 0.001, RM ANOVA main effect of the genotype), indicating a 

diminished capacity of SERT blockade to prolong extracellular 5-HT levels in the PD model. 

Additionally, in earlier experiments, I showed that the decay of 5-HT signals in SNCA-OVX mice 

has longer half-live than in WT and Snca-/- animals, consistent with impaired clearance. 

Following citalopram application, the [5-HT]o decay half-life remained slowest in SNCA-OVX 

mice despite the reduced peak and AUC response to SERT inhibition (Fig. 6.5F; F(2,28) = 15.58, 

p < 0.001, RM ANOVA main effect of the genotype), potentially suggesting compromised 

function of an alternative transporter. 

Together, these results demonstrate that SERT-mediated reuptake control is impaired in SNCA-

OVX mice. The reduced sensitivity to pharmacological SERT blockade suggests a loss of 

functional SERT capacity, potentially contributing to the prolonged 5-HT signals observed under 

basal conditions in this early PD model. However, it is important to consider that 5-HT  
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clearance in the striatum is not relied solely on SERT. Previous studies and my earlier results 

indicate that DAT can also transport 5-HT. A critical unresolved issue is the relative contribution 

of SERT vs. DAT to 5-HT uptake in this context - we cannot currently determine which 

transporter plays the dominant role. Moreover, we do not yet have direct evidence to assess 

DAT-mediated 5-HT transport in SNCA-OVX mice, and further experiments would be needed to 

clarify this point. 

 Figure 6.5. Citalopram prolonged and increased evoked 5-HT signal in WT, Snca-/- and 
SNCA-OVX mice. (A) Normalized mean peak [5-HT]o during consecutive recordings of 5-HT 
release evoked by 1p during the application of citalopram (75 nM) in the presence of DHßE in 
DLS in WT, Snca-/- and SNCA-OVX mice (n = 5 experiments/3 mice). (B) Mean 1p-evoked 5-HT 
transients ± SEM, before (left) and after (right) application of citalopram in the presence of DHßE 
in DLS in WT, Snca-/- and SNCA-OVX mice. Mean transients of [5-HT]o are derived from two 
timepoints prior to the application of the drug (grey shaded region) and last two timepoints (green 
shaded region). (C) Normalized 1p and 5p 100 Hz [5-HT]o peak after citalopram application in the 
presence of DHßE in DLS in WT, Snca-/- and SNCA-OVX mice. (D) Normalized mean AUC [5-
HT]o during consecutive recordings of 5-HT release evoked by 1p during the application of 
citalopram (75 nM) in the presence of DHßE in DLS in WT, Snca-/- and SNCA-OVX mice. (E) 
Normalized 1p and 5p 100 Hz [5-HT]o AUC after citalopram application in the presence of DHßE 
in DLS in WT, Snca-/- and SNCA-OVX mice. (F) Mean 1p decay half-life of [5-HT]o under control 
conditions (grey) and following drug application (green) in the presence of DHßE in DLS in WT, 
Snca-/- and SNCA-OVX mice. 2-way ANOVA, Fisher’s LSD post-hoc test. *p < 0.05, **p < 0.01, 
***p < 0.001. Error bars are ± SEM. 
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6.3.3 D2R-mediated inhibition of striatal 5-HT release is diminished in PD 

mice 

I next directly investigated whether DA receptor-mediated modulation of 5-HT release is also 

affected. In WT animals, previous results in Chapter 4 demonstrated that dopaminergic 

signalling can regulate striatal 5-HT release through D2 receptors. Given that DA release is 

reduced in SNCA-OVX mice, I hypothesised that endogenous activation of D2 receptors might 

also be impaired, potentially altering D2R-mediated modulation of 5-HT release. Therefore, I 

examined the effects of D2 receptor activation in GRAB5-HT-expressing slices from SNCA-OVX 

and Snca-/- animals. Quinpirole (2 µM) was bath-applied during ex vivo slice recordings and 

evoked 5-HT responses were measured in the DLS.  

I found that quinpirole significantly suppressed [5-HT]o across all genotypes, reducing peak 

amplitude to approximately 50% of pre-drug levels (Fig. 6.6A-C). Importantly, the extent of 

suppression was comparable between SNCA-OVX and Snca-/- mice. I also compared the 

magnitude of quinpirole-induced suppression in the PD mouse model with the WT animals. 

Peak reduction following D2 receptor activation was comparable among all three genotypes 

(Fig. 6.6D; F(2,27) = 2.422, p = 0.11, RM ANOVA main effect of the genotype), suggesting in the 

PD mouse model, the ability of D2 receptor activation to suppress 5-HT release is not 

functionally impaired. 
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If D2R function is altered in the PD mouse model, such changes are likely to be mild. In this 

case, activating D2Rs by externally applying an agonist may not be sensitive enough to detect 

these subtle dysfunctions in D2R-mediated control of 5-HT release. Therefore, even though no 

differences were observed in D2R agonist-induced modulation of 5-HT release between 

genotypes, I next used a complementary approach by pharmacologically blocking D2Rs. In WT 

mice, as shown in Chapter 4, D2R blockade reliably increases evoked 5-HT release in peak 

amplitude and AUC. Based on this observation, I similarly applied the selective D2R antagonist 

 
Figure 6.6. D2R agonism-induced 5-HT inhibition showed no difference between SNCA-
OVX and Snca-/- mice. (A,C) Mean evoked 5-HT transients ± SEM, before (solid line) and 
after (dash line) application of quinpirole (2 µM) in the presence of DHßE in DLS of Snca-/- (A) 
and SNCA-OVX (C) mice. Mean transients of [5-HT]o are derived from two timepoints prior to 
the application of the drug (grey shaded region) and last two timepoints (orange shaded 
region). (B) Normalized mean peak [5-HT]o and baseline fluorescence (F0) during consecutive 
recordings of 5-HT release evoked by 1p during the application of quinpirole in the presence of 
DHßE in DLS in Snca-/- and SNCA-OVX mice. (n = 4 experiments/2 pairs of mice). (D) 
Normalized 1p, 5p 2 Hz and 5p 100 Hz [5-HT]o peak after quinpirole application in the 
presence of DHßE in DLS in WT, Snca-/- and SNCA-OVX mice. 2-way ANOVA, Fisher’s LSD 
post-hoc test. Error bars are ± SEM. 
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L-741,626 (1 µM) to GRAB5-HT-expressing DLS slices from Snca-/-, and SNCA-OVX mice to 

determine whether D2R control of 5-HT release is altered in the PD model. Blocking D2R activity 

with L-741,626 increased evoked [5-HT]o to approximately 135% of pre-drug levels in both WT 

and Snca-/- animals, whereas the corresponding increase in SNCA-OVX mice was markedly 

attenuated, reaching only ~110% of pre-drug (Fig. 6.7A,C-E; F(2,45) = 12.91, p < 0.001, RM 

ANOVA main effect of the genotype). This reduced facilitatory effect in SNCA-OVX animals was 

evident for both 1p and 5p 2 Hz and 100 Hz stimulations (Fig. 6.7C-E). Baseline fluorescence 

(F0) values remained comparable across the three genotypes (Fig. 6.7B), indicating that the 

genotype differences reflect altered evoked release rather than baseline shifts. I further 

analysed each pulse-evoked 5-HT transient during a 5p 2 Hz stimulation train. Consistent with 

previous findings that DA receptor modulation of 5-HT release is maximal around 500 ms after 

the stimulus, the largest genotype difference was observed at the second pulse, where the 

increase in 5-HT release in SNCA-OVX mice was minimal compared to the robust facilitation 

seen in WT and Snca-/- animals (Fig. 6.7F; F(2,70) = 14.63, p < 0.001, RM ANOVA main effect of 

the genotype). 

Unlike peak amplitude, neither the AUC (Fig. 6.7G; F(2,28) = 1.429, p = 0.27, RM ANOVA main 

effect of the genotype) nor the decay half-life (Fig. 6.7H; F(2,28) = 2.176, p = 0.13, RM ANOVA 

main effect of the genotype) showed significant genotype-dependent differences following D2R 

blockade. 

Together, these findings demonstrate that while D2Rs are stably coupled to the control of 5-HT 

release across genotypes, the D2R-mediated inhibition of 5-HT release offered by endogenous 

DA is diminished in a mouse model of PD, as indicated by the diminished increase in evoked 

release after pharmacological D2R blockade. This is consistent with the deficit in DA release in 

the model. 
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Figure 6.7. D2R-mediated inhibition of striatal 5-HT release is diminished in SNCA-OVX 
mice compared with Snca-/- mice. (A) Normalized mean peak [5-HT]o during consecutive 
recordings of 5-HT release evoked by 1p during the application of L-741,626 (1 µM) in the 
presence of DHßE in DLS in WT, Snca-/- and SNCA-OVX mice. (n = 6 experiments/4 pairs of 
mice). (B) Normalized mean baseline fluorescence (F0) during consecutive recordings of 5-HT 
release evoked by 1p during the application of L-741,626 (1 µM) in the presence of DHßE in 
DLS in WT, Snca-/- and SNCA-OVX mice. (n = 6 experiments/4 pairs of mice). (C) Normalized 
1p, 5p 2 Hz and 5p 100 Hz [5-HT]o peak after L-741,626 application in the presence of DHßE 
in DLS in WT, Snca-/- and SNCA-OVX mice. (D,E) Mean evoked 5-HT transients ± SEM, 
before (solid line) and after (dash line) application of L-741,626 (1 µM) in the presence of 
DHßE in DLS of SNCA-OVX (D) and Snca-/- (E) mice. Mean transients of [5-HT]o are derived 
from two timepoints prior to the application of the drug (grey shaded region) and last two 
timepoints (blue shaded region). (F) Normalized each pulse of 5p 2 Hz [5-HT]o peak after L-
741,626 application in the presence of DHßE in DLS in WT, Snca-/- and SNCA-OVX mice. (G) 
Normalized 1p, 5p 2 Hz and 5p 100 Hz [5-HT]o AUC after L-741,626 application in the 
presence of DHßE in DLS in WT, Snca-/- and SNCA-OVX mice. (H) Mean 1p decay half-life of 
[5-HT]o under control conditions (grey) and following drug application (blue) in the presence of 
DHßE in DLS in WT, Snca-/- and SNCA-OVX mice. 2-way ANOVA, Fisher’s LSD post-hoc test. 
*p < 0.05, **p < 0.01. Error bars are ± SEM. 
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To further validate whether the changes in D2R control of 5-HT release observed in the chronic 

but mild SNCA-OVX model generalise to other Parkinsonian mouse models, we repeated the 

experiment in an acute PD mouse model generated by unilateral 6-OHDA injection into the SNc, 

as described in Chapter 3. This approach produces a rapid and profound loss (approximately 

70% in our hands) of striatal DA release on the lesioned side, while the contralateral 

hemisphere serves as an internal control. GRAB5-HT was expressed bilaterally in the DLS and 

evoked 5-HT release was recorded ex vivo in both hemispheres before and after 

pharmacological D2R blockade with L-741,626 (1 µM). 

In contrast to the findings in SNCA-OVX mice, D2R blockade increased evoked [5-HT]o to a 

similar extent in both lesioned and non-lesioned hemispheres under 1p and 5p at 2 Hz and 100 

Hz stimulation (Fig. 6.8A, D-F; F(1,12) = 1.438, p = 0.25, RM ANOVA main effect of the lesion). 

Moreover, absolute peak amplitudes also remained very similar between the two hemispheres, 

either before or after D2R antagonist application (Fig. 6.8B-C; control: F(1,24) = 1.440, p = 0.24; 

L-741,626: F(1,24) = 2.904, p = 0.10, RM ANOVA main effect of the lesion). Consistent with the 

peak changes, the magnitude of AUC increase induced by D2R blockade did not differ between 

lesioned and non-lesioned hemispheres (Fig. 6.8G; F(1,24) = 0.2673, p = 0.61, RM ANOVA main 

effect of the lesion). 

In contrast to the alterations observed in the SNCA-OVX model, D2R-mediated regulation of 5-

HT release remained unchanged in the acute unilateral 6-OHDA lesion model. This suggests 

that the diminished D2R control observed in SNCA-OVX mice may reflect chronic, disease-

related adaptations rather than an acute consequence of DA loss. Alternatively, it may result 

from broader changes in striatal neurochemistry or physiology that are absent from acute, 

targeted DA lesion models. 
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 Figure 6.8. D2R-mediated inhibition of striatal 5-HT release remains similar in a 6-OHDA 
acute PD mouse model. (A) Normalized mean peak [5-HT]o during consecutive recordings of 5-
HT release evoked by 1p during the application of L-741,626 (1 µM) in the presence of DHßE in 
DLS in control and 6-OHDA mice. (n = 6 experiments/4 mice). (B,C) Mean 1p, 5p 2 Hz and 5p 
100 Hz [5-HT]o peak before (B) and after (C) L-741,626 application in the presence of DHßE in 
DLS in control and 6-OHDA mice. (D,E) Mean evoked 5-HT transients ± SEM, before (solid line) 
and after (dash line) application of L-741,626 (1 µM) in the presence of DHßE in DLS in control 
(D) and 6-OHDA (E) mice. Mean transients of [5-HT]o are derived from two timepoints prior to the 
application of the drug (grey shaded region) and last two timepoints (blue shaded region). (F) 
Normalized 1p, 5p 2 Hz and 5p 100 Hz [5-HT]o peak after L-741,626 application in the presence 
of DHßE in DLS in control and 6-OHDA mice. (G) Normalized 1p, 5p 2 Hz and 5p 100 Hz [5-HT]o 
AUC after L-741,626 application in the presence of DHßE in DLS in control and 6-OHDA mice. 2-
way ANOVA, Fisher’s LSD post-hoc test. Error bars are ± SEM. 
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6.3.4 GABA-mediated facilitation on 5-HT release is enhanced in PD mice 

To determine whether GABA-mediated facilitation of striatal 5-HT release is altered in the 

parkinsonian condition, I next assessed the effect of pharmacologically removing GABAergic 

tone in the SNCA-OVX mouse model. Previous studies have reported an enhanced GABA tone 

in PD mouse models (Roberts et al., 2020), prompting us to test whether such changes alter 

GABA-mediated facilitation of 5-HT release in the SNCA-OVX model. Similar to the previous 

section, both SNCA-OVX mice and their Snca-/- littermate controls were injected with GRAB5-HT 

in the DLS, and ex vivo slice recordings were performed 3-4 weeks later. Electrical stimulation 

was delivered to evoke local 5-HT release, and a combination of GABAA and GABAB receptor 

antagonists (bicuculline, 10 µM; CGP55845, 4 µM) were bath-applied to block inhibitory 

GABAergic tone.  

Blockade of GABA receptors produced a robust facilitation of evoked 5-HT release in both 

genotypes, increasing peak amplitude to approximately 120% of pre-drug levels under both 1p 

and 5p 100 Hz stimulation (Fig. 6.9A-C). Baseline fluorescence (F0) remained stable in all 

conditions, indicating that the drug effect was specific to stimulus-evoked responses (Fig. 6.9A). 

As previous mentioned, absolute peak amplitudes measured prior to GABA antagonist 

application were higher in SNCA-OVX mice compared to Snca-/- animals, and this difference 

persisted following blockade (Fig. 6.9D; F(1,16) = 15.46, p = 0.001, RM ANOVA main effect of 

genotype). However, when expressed as a percentage of pre-drug values, the facilitation 

induced by GABA receptor antagonists was similar between SNCA-OVX and Snca-/- mice for 

both 1p and 5p stimulation protocols (Fig. 6.9E; F(1,16) = 3.245, p = 0.09, RM ANOVA main effect 

of genotype). In line with this, the drug-induced increase in AUC was comparable between 

genotypes, with both groups reaching ~160% of pre-drug values (Fig. 6.9F; F(1,16) = 0.002, p = 

0.99, RM ANOVA main effect of genotype). These findings indicate that, despite the elevated 
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absolute [5-HT]o seen in SNCA-OVX mice, the magnitude of GABA-mediated facilitation is 

preserved relative to non-PD mouse controls. 

DA and GABA both contribute to the regulation of striatal 5-HT release, and our earlier results 

indicated that D2R-mediated dopaminergic control is diminished in SNCA-OVX mice. This raises 

the possibility that any concurrent change in GABA-mediated regulation might be masked under 

baseline conditions, as opposing effects from DA and GABA systems could cancel each other 

out. To further isolate GABAergic regulation on striatal 5-HT dynamic, we blocked DA signalling 

 
Figure 6.9. GABA-mediated facilitation on striatal 5-HT release shows no difference in 
SNCA-OVX mice. (A) Normalized mean peak [5-HT]o and baseline fluorescence (F0) during 
consecutive recordings of 5-HT release evoked by 1p during application of bicuculines (10 µM) 
and CGP55845 (4 µM) in the presence of DHßE in DLS of Snca-/- and SNCA-OVX mice (n = 5 
experiments/3 pairs of mice). (B,C) Mean evoked 5-HT transients ± SEM, before (black) and after 
(purple) application of bicuculines and CGP55845 in the presence of DHßE in DLS of SNCA-
OVX (B) and Snca-/- (C) mice. Mean transients of [5-HT]o are derived from two timepoints prior to 
the application of the drug (grey shaded region) and last two timepoints (purple shaded region). 
(D) Mean 1p-evoked [5-HT]o peak of control conditions (black) and following drug application 
(purple) in DLS in the presence of DHßE of Snca-/- and SNCA-OVX mice. (E) Normalized 1p and 
5p 100 Hz evoked [5-HT]o peak after the application of bicuculine and CGP55845 in DLS in the 
presence of DHßE of Snca-/- and SNCA-OVX mice. (F) Normalized 1p and 5p 100 Hz evoked [5-
HT]o AUC after the application of bicuculine and CGP55845 in DLS in the presence of DHßE of 
Snca-/- and SNCA-OVX mice. 2-way ANOVA, Fisher’s LSD post-hoc test. Error bars are ± SEM. 
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at both D1 and D2 receptors using SCH39166 and L-741,626 (1 µM each) and then examined 

GABA-mediated control of 5-HT release. As in previous experiments, GRAB5-HT was expressed 

in the DLS, and recordings were performed on ex vivo DLS slices before and after application of 

the GABAA and GABAB receptor antagonists bicuculline (10 µM) and CGP55845 (4 µM). 

Application of GABA receptor antagonists produced a larger increase in evoked 5-HT release in 

SNCA-OVX animals than in Snca-/- controls. In SNCA-OVX mice, peak amplitude increased to 

approximately 150% of pre-drug levels, whereas in Snca-/- mice the increase was limited to 

~120% (Fig. 6.10A-C; F(1,18) = 25.20, p < 0.001, RM ANOVA main effect of genotype). This 

genotype difference was evident in both 1p and 5p stimulation but was most pronounced for 

single-pulse stimulation (Fig. 6.10D-E; F(1,16) = 7.767, p = 0.0132, RM ANOVA main effect of 

genotype). Consistent with these peak changes, AUC values increased to ~200% of pre-drug 

levels in SNCA-OVX mice compared with ~150% in Snca-/- animals (Fig. 6.10F-H; F(1,16) = 

6.548, p = 0.02, RM ANOVA main effect of genotype). Furthermore, the ratio of 5p/1p was 

decreased following GABA receptor blockade in both genotypes, but the magnitude of this 

reduction was substantially greater in SNCA-OVX mice (Fig. 6.10I; F(1,16) = 14.38, p = 0.002, 

RM ANOVA main effect of the drug; F(1,16) = 4.728, p = 0.05, interaction between drug × 

genotype). 

Together, these results demonstrate that when dopaminergic influence is removed by DA 

receptor blockade, SNCA-OVX mice exhibit an enhanced GABA-mediated facilitation of evoked 

5-HT release. This suggests that elevated GABA tone is present in the PD model and becomes 

functionally unmasked when DA–5-HT interactions are pharmacologically silenced. 
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 Figure 6.10. GABA-mediated facilitation on striatal 5-HT release is enhanced when 
blocking DA in SNCA-OVX mice. (A) Normalized mean peak [5-HT]o and baseline fluorescence 
(F0) during consecutive recordings of 5-HT release evoked by 1p during application of 
bicuculines (10 µM) and CGP55845 (4 µM) in the presence of SCH39166 (1 µM), L-741,626 (1 
µM) and DHßE in DLS of Snca-/- and SNCA-OVX mice (n = 5 experiments/3 pairs of mice). 
(B,C) Mean evoked 5-HT transients ± SEM, before (solid line) and after (dash line) application of 
bicuculines and CGP55845 in the presence of SCH39166, L-741,626 and DHßE in DLS of 
SNCA-OVX (B) and Snca-/- (C) mice. Mean transients of [5-HT]o are derived from two timepoints 
prior to the application of the drug (grey shaded region) and last two timepoints (purple shaded 
region). (D) Mean 1p-evoked [5-HT]o peak of control conditions (black) and following drug 
application (purple) in DLS in the presence of SCH39166, L-741,626 and DHßE of Snca-/- and 
SNCA-OVX mice. (E) Normalized 1p and 5p 100 Hz evoked [5-HT]o peak of after the application 
of bicuculine and CGP55845 in DLS in the presence of SCH39166, L-741,626 and DHßE of 
Snca-/- and SNCA-OVX mice. (F) Normalized mean AUC [5-HT]o during consecutive recordings 
of 5-HT release evoked by 1p during application of bicuculines and CGP55845 in the presence of 
SCH39166, L-741,626 and DHßE in DLS of Snca-/- and SNCA-OVX mice. (G) Mean 1p-evoked 
[5-HT]o AUC of control conditions (black) and following drug application (purple) in DLS in the 
presence of SCH39166, L-741,626 and DHßE of Snca-/- and SNCA-OVX mice. (H) Normalized 
1p and 5p 100 Hz evoked [5-HT]o AUC of after the application of bicuculine and CGP55845 in 
DLS in the presence of SCH39166, L-741,626 and DHßE of Snca-/- and SNCA-OVX mice. (I) 
Normalized mean [5-HT]o of 5p 100 Hz to 1p (5p/1p) in control (black) and in bicuculine and 
CGP55845 conditions (purple) in the presence of SCH39166, L-741,626 and DHßE in DLS of 
Snca-/- and SNCA-OVX mice. 2-way ANOVA, Fisher’s LSD post-hoc test. *p < 0.05, **p < 0.01. 
Error bars are ± SEM. 
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6.4 Discussion 

6.4.1 Striatal 5-HT dynamics in a PD mouse model  

In this section, we examined how 5-HT release is altered in SNCA-OVX mice under different 

background conditions. It is known that in this PD model, striatal DA release is reduced by 

~30% and GABA tone is enhanced (Janezic et al., 2013; Roberts et al., 2020), while 5-HT is 

regulated by both DA and GABA (in Chapter 3), which in turn modulate each other. To 

disentangle these direct and indirect influences, we tested four conditions in which 

dopaminergic and/or GABAergic inputs were selectively preserved or blocked. To avoid the 

interplay between ACh and the other neurotransmitter systems, DHßE was presented 

throughout all experiments to block nAChRs in DLS slices. 

In the first condition, both DA and GABA tone were preserved, meaning that no DA or GABA 

receptor antagonists were applied. Under these circumstances, we found that the evoked 5-HT 

release in SNCA-OVX mice exhibited a significantly higher peak amplitude compared with 

Snca-/- animals. The peak amplitude in Snca-/- mice was comparable to that observed in WT 

controls. In addition, the decay time of the evoked 5-HT signal in SNCA-OVX mice was longer 

than that in Snca-/- and WT mice. These results indicate that, when both dopaminergic and 

GABAergic modulation are intact, the baseline evoked 5-HT release in this PD mouse model is 

elevated relative to the non-PD control animals. However, it is important to note that these 

findings were obtained from single-site recordings. Multisite recordings as  previously 

documented (Janezic et al., 2013) would be necessary to confirm whether this elevation in 5-HT 

release is consistent across sub-regions in DLS and as a known alteration in SNCA-OVX mice 

of this PD model. Nevertheless, the current data suggest that SNCA-OVX mice possess an 

intrinsically higher level of evoked 5-HT release under physiological modulatory conditions. 
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In the second condition, DA tone was preserved, but GABA tone was removed by applying 

GABAA and GABAB receptor antagonists. Under these circumstances, where DA remained 

intact, but GABA was blocked, the overall pattern of 5-HT release was similar to that observed 

in the baseline condition. Specifically, SNCA-OVX mice still exhibited a higher evoked 5-HT 

peak amplitude compared with Snca-/- animals, and the decay time followed the same pattern 

as in the baseline condition, with SNCA-OVX values exceeding those of Snca-/- mice. These 

results can be explained by considering both direct and indirect effects. Directly, in the absence 

of DA receptor antagonists, as described in this chapter, we did not observe any difference in 

GABA control on 5-HT release between genotypes, indicating that the facilitation of 5-HT 

release induced by GABA blockade was similar in SNCA-OVX and Snca-/- mice. Indirectly, 

however, the enhanced GABA-mediated inhibition of DA release in SNCA-OVX mice means that 

blocking GABA could result in greater DA availability (Roberts et al., 2020). This additional DA 

would then act on D2 receptors to inhibit 5-HT release, as demonstrated in Chapter 3. Taken 

together, this indirect inhibitory pathway would be expected to slightly reduce 5-HT levels 

relative to the baseline condition. Nevertheless, under this GABA-blocked but DA-intact 

background, we still observed greater evoked 5-HT release in SNCA-OVX mice compared with 

Snca-/- animals. 

In the third condition, DA action was blocked while GABA tone was preserved, achieved by 

applying D1 and D2 receptor antagonists. Under this circumstance, both the peak amplitude and 

decay half-life of evoked 5-HT release were similar across all three genotypes, with no clear 

elevation in SNCA-OVX animals compared with Snca-/- or WT controls. This outcome can be 

interpreted through both direct and indirect mechanisms. Directly, as shown in earlier 

experiments, D2 receptor-mediated inhibition of 5-HT release is diminished in SNCA-OVX mice. 

Consequently, blocking DA receptors in these animals would be expected to have a smaller 

facilitatory effect on 5-HT release than in non-PD controls. Indirectly, DA can influence 
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GABAergic transmission, which in turn modulates 5-HT release. However, the regulation of 

striatal DA on GABA in this model is not yet established, making it difficult to predict the net 

contribution of this indirect pathway. Considering both mechanisms, it is plausible that the 

overall 5-HT level in this DA-blocked but GABA-intact background remains comparable across 

genotypes, consistent with our observations. 

In the fourth condition, both DA and GABA tone were removed simultaneously by applying D1, 

D2, GABAA, and GABAB receptor antagonists. In this background, SNCA-OVX mice once again 

exhibited a higher peak amplitude of evoked 5-HT release compared with Snca-/- animals. The 

decay half-life followed the same pattern, being longer in SNCA-OVX than in Snca-/-. The 

mechanistic interpretation in this case is relatively straightforward. Directly, blocking D2 

receptors would normally lead to an increase in 5-HT release by removing DA-mediated 

inhibition. However, because D2 receptor-mediated inhibition of 5-HT release is already 

diminished in SNCA-OVX mice, the magnitude of this increase would be smaller compared with 

controls. At the same time, the enhanced GABAergic inhibition of 5-HT in SNCA-OVX mice 

means that blocking GABA receptors would produce a strong facilitatory effect on release. 

Indirectly, effects through DA-GABA interactions are absent in this condition, since both 

modulatory systems are pharmacologically blocked. Therefore, the net outcome in this condition 

is similar to the drug-free conditions, because the strong facilitatory effect from enhanced 

GABAergic inhibition of 5-HT release, once blocked, is counterbalanced by the smaller increase 

in 5-HT release resulting from diminished D2 receptor-mediated inhibition in SNCA-OVX mice. 

As a result, the overall 5-HT levels remain comparable to those observed under drug-free 

conditions, in which SNCA-OVX animals exhibit higher evoked 5-HT release than non-PD 

controls. 

Taken together, when both dopaminergic and GABAergic effects are intact, SNCA-OVX mice 

display higher evoked 5-HT release than controls. Strikingly, when all indirect influences are 
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eliminated by blocking both DA and GABA receptors, this elevation persists, which might initially 

suggest that no major dysfunction exists in these modulatory systems. However, this 

interpretation would be misleading. When either DA tone or GABA tone is blocked in isolation, 

the outcome changes: the two systems exert opposing influences on 5-HT release, such that 

alterations in one pathway can be masked by compensatory changes in the other. As a result, 

the observed elevation in 5-HT release is not a fixed feature across all backgrounds, but instead 

reflects a dynamic balance between dopaminergic and GABAergic regulation that shifts 

depending on which modulatory inputs remain active. 

6.4.2 SERT-mediated 5-HT release in a PD mouse model 

Next, we examined the regulation of 5-HT release by SERT in the PD model, focusing on 

possible dysregulation of SERT-mediated clearance. In the PD mouse model used in this 

chapter, it is already known that DAT function is enhanced, as blocking DAT with inhibitors such 

as cocaine or nomifensine produces a greater increase and prolongation of DA release in 

SNCA-OVX mice compared with Snca-/-. In contrast to this enhancement of DAT function, our 

results indicate that SERT function is diminished in SNCA-OVX animals. When SERT was 

blocked with the SSRI citalopram, the resulting increase and prolongation of 5-HT release were 

smallest in SNCA-OVX mice, relative to both control genotypes. Moreover, the decay half-life of 

the 5-HT signal in SNCA-OVX mice was already longer than in controls before drug application 

and remained longest after SERT blockade. These findings suggest that SERT-mediated 

clearance is less effective in SNCA-OVX animals, both under baseline conditions and when 

pharmacologically inhibited. Given that we previously showed in Chapter 3 that striatal 5-HT 

reuptake is jointly regulated by DAT and SERT, one plausible explanation is that the diminished 

SERT function represents a compensatory adaptation to the increased DAT activity. Such a 

mechanism could help maintain overall monoamine clearance balance in the striatum despite 
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elevated DAT-mediated DA uptake. We speculate that this SERT downregulation may be a 

localised phenomenon within the striatum, arising as a compensation for altered DAT and DA 

dynamics in this PD model. 

6.4.3 D2R-mediated inhibition of striatal 5-HT release 

We next examined the regulation of 5-HT release by D2 receptors in two PD mouse models, one 

genetic and one acute lesion. Interestingly, these two models produced divergent outcomes. In 

the genetic SNCA-OVX model, blocking D2 receptors with the antagonist L-741,626 produced a 

smaller increase in evoked 5-HT release in SNCA-OVX mice compared with both control 

genotypes. This finding indicates that D2 receptor-mediated inhibition of 5-HT release in DLS is 

diminished in SNCA-OVX animals. In contrast, in the acute unilateral 6-OHDA lesion model, 

blocking D2 receptors increased 5-HT release to a similar extent in both the lesioned and non-

lesioned hemispheres, and no significant difference in drug response was detected between the 

two sides. 

This difference may come from the underlying DA pathology between the two PD mouse 

models. In the genetic SNCA-OVX model, mice are born with genetic deficits that affect striatal 

DA release. They have an approximately 30% reduction in DA release but show no 

dopaminergic neuron loss in the SNc at three months of age. Consequently, less DA is 

chronically available to act on D2 receptors, making it plausible that D2 receptor-mediated 

inhibition of 5-HT release is reduced. In contrast, the acute 6-OHDA lesion model produces a 

rapid and severe degeneration of dopaminergic neurons, leading to marked loss of DA 

innervation within only three weeks after injection. In this condition, different compensatory 

mechanisms may occur, or insufficient time may have elapsed for changes in D2 receptor 

control of 5-HT release to emerge. This difference in the chronicity and nature of the DA deficit 
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likely explains why the two models show distinct patterns of D2 receptor-mediated regulation of 

5-HT release. 

6.4.4 GABAR-mediated inhibition of striatal 5-HT release 

Finally, we examined how GABA receptors regulate 5-HT release in the PD models. This 

regulation showed a strong dependence on whether DA was present in the background. When 

DA signalling was intact - without DA receptor blockade - we found no difference in GABA 

receptor control of 5-HT release between SNCA-OVX mice and controls. However, when we 

blocked DA signalling by applying D1 and D2 receptor antagonists, a clear difference appeared. 

In this case, blocking both GABAA&B receptors caused a larger increase in evoked 5-HT release 

in SNCA-OVX mice than in controls, indicating that GABA tone was enhanced in the PD mouse 

model. 

This pattern can be explained by our earlier finding that D2 receptor control of 5-HT release is 

reduced in SNCA-OVX mice. When DA signalling is present, GABA receptor effects are 

combined with an already diminished D2 receptor influence. Under these conditions, changes in 

GABA tone may be masked or counteracted by alterations in DA-mediated inhibition, so the 

overall GABA effect appears unchanged. When DA receptor activity is removed, these indirect 

interactions are eliminated, revealing the enhanced GABA tone in SNCA-OVX animals. 

Overall, these results show that striatal DA and GABA systems interact in complex ways to 

shape striatal 5-HT release. In the PD model, reduced D2 receptor control and increased GABA 

receptor control may work in opposite directions, partly cancelling each other out when both 

systems are active. This highlights the need to isolate specific pathways in experiments to 

detect changes that might otherwise be hidden by indirect effects. 

6.4.5 General limitation 
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While these findings provide new insight into serotonergic dysregulation in PD models, several 

limitations should be acknowledged. First, most of our measurements were obtained from a 

restricted region within the DLS, which may not capture potential spatial heterogeneity across 

striatal subregions. Multisite recordings, or parallel assessment of the NAcC, could reveal 

region-specific regulatory differences. Second, our pharmacological manipulations isolate 

regulatory pathways in an artificial manner. Although this is necessary to dissect individual 

contributions, it may not fully reflect the in vivo situation where multiple modulatory systems 

interact dynamically. Third, the genetic and acute PD models differ in how the disease starts, 

how it develops, and how the brain adapts over time. These differences mean that results from 

one model cannot be directly applied to the other. 

Despite these limitations, the present study demonstrates that serotonergic dysregulation in PD 

is not simply a unidirectional loss or gain of function, but rather the outcome of overlapping and 

sometimes opposing changes in multiple modulatory pathways. Understanding how these 

pathways interact, and under what conditions specific dysregulations become unmasked, will be 

essential for developing targeted therapeutic strategies aimed at restoring balanced 5-HT 

signalling in PD. 
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The striatum is a major subcortical structure that integrates inputs from multiple neurotransmitter 

systems to regulate motor control, learning, and reward processing (Cataldi et al., 2022; Do et 

al., 2013; Nakano et al., 2000). 5-HT is an important neuromodulator in the striatum. It shapes 

local network activity through its actions on diverse receptor subtypes located on both projection 

neurons and interneurons (Bockaert et al., 2006; Cavaccini et al., 2018; Fuxe et al., 2012; 

Pommer et al., 2021). Dysregulation of striatal 5-HT signalling has been implicated in several 

neurological and psychiatric disorders, including PD, depression, and drug addiction (Marino et 

al., 2025; Miguelez et al., 2014; Muñoz et al., 2020). Despite its recognised importance, the 

precise mechanisms governing 5-HT release and its regulation within the striatum remain 

incompletely understood. 

Previous studies on striatal 5-HT signalling have been limited by technical constraints. 

Conventional techniques such as microdialysis and FCV have restricted spatial and temporal 

resolution, making it difficult to measure sub-second changes in 5-HT release or to dissect 

circuit-specific modulation. Recent advances in genetically encoded sensors, such as GRAB5-HT, 

now enable high-resolution measurements of extracellular 5-HT dynamics in vivo and ex vivo, 

providing new opportunities to investigate the cellular and synaptic mechanisms underlying 

serotonergic transmission. 

This thesis uses GRAB5-HT to characterise the regulation of 5-HT release in the striatum in both 

health and PD conditions. Chapters 3 to 6 each address different aspects of striatal 5-HT 

regulation. In Chapter 3, I characterised the GRAB5-HT sensor, confirming its specificity and 

reliability for 5-HT detection, and then used it to investigate how other neurotransmitter, such as 

ACh and GABA, modulate 5-HT release in the striatum. Chapter 4 focused on DA regulation of 

5-HT, showing receptor-specific bidirectional effects through D1R and D2R. In Chapter 5, I 

examined, in turn, the influence of 5-HT4R ligands on DA and ACh release, identifying a novel 

mechanism involving modulation of AChE activity. Finally, Chapter 6 explored 5-HT signalling in 
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a PD mouse model, revealing multiple forms of dysregulation in release and receptor-mediated 

control. Together, these studies address important gaps in our understanding of how 5-HT 

release is controlled in the striatum and how this regulation is altered in PD. 

In this chapter, I will discuss the main findings of this thesis and their implications for 

understanding striatal function in health and disease. 

7.1 Measuring striatal 5-HT release with GRAB5-HT 

Previous methods for measuring 5-HT release in the striatum have been limited by insufficient 

spatial or temporal resolution, making it difficult to capture rapid and pathway-specific changes 

in serotonergic signalling. In this thesis, I used the genetically encoded sensor GRAB5-HT (Deng 

et al., 2024) to monitor extracellular 5-HT dynamics in acute striatal slices. This approach 

enabled direct detection of stimulus-evoked 5-HT release with sub-second resolution, providing 

a substantial advantage over traditional electrochemical and microdialysis techniques. 

The first major benefit of using GRAB5-HT is its specificity for detecting 5-HT instead of DA, 

despite the structural similarity between the two monoamines and their overlapping anatomical 

projections even in a DA-rich region such as the striatum. In Chapter 3, I provided experimental 

evidence supporting the specificity of the sensor by showing that GRAB5-HT signals are 

unaffected by pharmacological depletion of DA. This provides strong evidence that the sensor is 

a reliable reporter of 5-HT release in the striatum and establishes the experimental foundation 

for all subsequent investigations into 5-HT regulation throughout this thesis. 

Secondly, GRAB5-HT is sensitive enough to resolve ex vivo differences in 5-HT dynamics across 

brain regions and disease models. In the results presented in Chapter 3, I demonstrated that 

GRAB5-HT could detect distinct patterns of 5-HT release in DLS versus NAcC, and importantly, 

revealed altered 5-HT dynamics in a parkinsonian mouse model (SNCA-OVX) in Chapter 6. 
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These findings suggest that GRAB5-HT is not only suitable for detecting 5-HT presence but also 

can report regional and pathological differences in release probability, reuptake, and tonic 

signalling. This feature makes GRAB5-HT particularly valuable for studying the physiological and 

circuit-level mechanisms of serotonergic dysfunction in PD and other neuropsychiatric 

conditions. 

Thirdly, unlike electrochemical methods such as FCV, GRAB5-HT is not limited by the 

electrochemical properties of the drugs or ligands used in the experiment. FCV recordings 

require careful consideration of whether the ligand or the agents are electroactive as described 

in Chapter 5, which may introduce interpretational difficulties or need for additional calibration. 

In contrast, GRAB5-HT relies on a genetically encoded GPCR-based sensor that turns ligand 

binding into a fluorescence signal (Deng et al., 2024). Therefore, most pharmacological ligands 

can be applied without interfering with signal readout - except those that directly target the 5-

HT4 receptor, which the sensor is based on. As long as this consideration is accounted for, 

GRAB5-HT provides a more flexible and interpretable tool for studying 5-HT release and 

modulation under diverse pharmacological conditions. 

Despite its advantages, several limitations of GRAB5-HT should be acknowledged. First, 

because GRAB5-HT reports extracellular serotonin, the fluorescence signal inevitably reflects 

the net balance of release, diffusion, uptake, and the density of cells expressing the sensor in 

the local environment, rather than activity confined to a defined cell type. Although Cre-

dependent viral constructs (e.g., in SERT-Cre mice) can restrict sensor expression, their main 

advantage is reducing variability in where and how much the sensor is expressed, rather than 

true cell-type specificity. More broadly, cell-type specific viral strategies have been applied to 

dissect serotonergic function in vivo. For example, Ogelman et al. (2024) employed a Cre-

dependent inhibitory DREADD in SERT-Cre mice to selectively silence 5-HT neurons, and 

demonstrated that endogenous 5-HT promotes maturation and stabilization of excitatory 
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synapses in the prefrontal cortex via 5-HT2A and 5-HT7 receptor-mediated mechanisms 

(Ogelman et al., 2024). Such approaches highlight the value of combining genetic targeting with 

functional readouts to resolve the diverse contributions of 5-HT signalling. 

Second, unlike FCV, GRAB5-HT cannot reflect the absolute concentrations of extracellular 5-HT. 

Instead, changes in fluorescence are reported as ΔF/F0 relative to a fitted baseline curve, which 

can vary depending on experimental conditions. While this is sufficient to detect relative 

changes in 5-HT release or reuptake, it limits the ability to quantify extracellular 5-HT in absolute 

concentration. Furthermore, the biological interpretation of the baseline fluorescence signal (F0) 

remains unclear. Whether F0 reflects tonic 5-HT levels or just a background of sensor 

expression or tissue environment or a combination of some/all is not yet fully resolved. 

Third, the lower detection limit and dynamic range of GRAB5-HT in striatum tissue is not yet well 

defined. We do not currently know what the minimal detectable 5-HT change is under 

physiological conditions especially in striatal tissue, nor whether the sensor is saturated at 

higher concentrations of evoked 5-HT. This is an important area for future methodological work, 

particularly in calibrating fluorescence signals against known 5-HT concentrations ex vivo or 

even in vivo. 

In conclusion, GRAB5-HT is a powerful tool for investigating serotonergic signalling in the brain. 

Its high temporal resolution, anatomical precision, and molecular specificity make it uniquely 

suited for studying 5-HT release and regulation in both health and disease contexts. While 

limitations exist, its advantages are particularly well suited to the aims of this thesis. Specifically, 

GRAB5-HT enabled detailed characterisation of the spatiotemporal properties of 5-HT dynamics 

in DLS and NAcC, and facilitated new insights into how these dynamics are altered in a 

parkinsonian mouse model. These findings highlight the utility of GRAB5-HT for understanding 
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the imbalances of serotonergic system in neurological disease, while also building the 

foundation for future work of sensor-based imaging approaches. 

7.2 5-HT release in the striatum 

The striatum is one of the brain regions exhibiting dense serotonergic innervation, primarily 

originating from the DRN (Nakano et al., 2000; Soghomonian et al., 1987; Waselus et al., 2006). 

Serotonergic axons arborise extensively across both the dorsal and ventral striatum and 

establish widespread extra synaptic release sites, contributing to a persistent extracellular 

presence of 5-HT (Bunin & Wightman, 1998; Pierret et al., 1998; Soghomonian et al., 1989). 

Despite this extensive innervation, the dynamics of striatal 5-HT release remain incompletely 

characterised, partially due to methodological challenges in isolating fast 5-HT transients and 

distinguishing them from closely related neuromodulators like DA in the striatum. This validation 

laid the foundation for subsequent experiments exploring region- and condition-specific 5-HT 

dynamics across dorsal and ventral striatal subregions. 

7.2.1 Cholinergic modulation of 5-HT release 

Striatal cholinergic interneurons (ChIs) are known to exert powerful modulation of local 

neurotransmission (Drenan et al., 2010; Jaunarajs et al., 2015; Exley & Cragg, 2008; Li et al., 

2024; Lim et al., 2014). A recent study has revealed that synchronous activation of ChIs 

enhances the local range of 5-HT release in the striatum, via mechanisms similar to those 

influencing DA spread (Matityahu et al., 2024). This supports the concept that ACh signalling 

plays a direct regulatory role in serotonergic transmission. In turn, endogenous 5-HT also 

modulates striatal cholinergic signalling by acting on 5-HT receptors expressed on ChIs. For 

example, early studies demonstrated that 5-HT can inhibit striatal ACh release, with the extent 

of this modulation depending on the density of serotonergic innervation (D. Jackson et al., 
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1988). More recent work has shown that 5-HT can profoundly excite striatal ChIs through 5-

HT2c, 5-HT6 and 5-HT7 receptors (Bonsi et al., 2007), highlighting the complexity of 5-HT-ACh 

interactions. Together, these findings underscore the importance of dissecting cholinergic 

regulation of 5-HT release in the striatum, particularly considering the complex receptor-

mediated crosstalk between these two neuromodulatory systems. 

In my experiments detailed in Chapter 3, I found that activation of nAChRs plays a significant 

role in modulating evoked 5-HT release in the striatum, in both frequency-dependent and 

region-specific manners. Specifically, in the DLS, blockade of nAChRs led to a notable reduction 

in 5-HT release when evoked by 1p and low-frequency stimulation, as shown in Fig. 3.15. This 

suggests that under low-frequency stimulation conditions, endogenous ACh provides basal 

activation of nAChRs, which facilitates 5-HT release. However, when the frequency of 

stimulation was increased to above 25 Hz, this effect was no longer observed. This indicates 

that cholinergic modulation of 5-HT release via nAChRs in the DLS is frequency-dependent, 

with nAChRs exerting a more prominent influence under low-activity conditions. 

In contrast, in the NAcC, a strikingly different pattern of regulation emerged. As shown in Fig. 

3.16, nAChR blockade did not significantly alter 5-HT release at single-pulse or low-frequency 

stimulation but led to a marked increase in release under high-frequency conditions. This 

indicates that nAChRs in the ventral striatum selectively constrain 5-HT release during burst-like 

activities. Taken together with the findings from the DLS, where nAChRs facilitate 5-HT release 

under low-frequency conditions, these results reveal a bidirectional role of nAChR signalling on 

serotonergic transmission in the striatum. 

This bidirectional cholinergic modulation of 5-HT is similar to previously described patterns of 

frequency-dependent control of striatal DA release, where nAChRs are known to either enhance 

or suppress DA transmission depending on the frequency of the stimulus and local circuit 
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dynamics (Brimblecombe et al., 2018; Rice & Cragg, 2004; Threlfell & Cragg, 2011). However, a 

key distinction is that in dopaminergic systems, both facilitation and inhibition by nAChRs can be 

observed within a single subregion, such as the dorsal or ventral striatum. In contrast, my data 

suggest that for 5-HT, this bidirectional modulation is region-specific. 

The mechanistic basis for this regional dissociation remains uncertain, but one plausible 

explanation lies in the potential multi-circuit modulation of 5-HT release by both direct and 

indirect cholinergic inputs. As demonstrated in Chapter 4, dopaminergic signalling also governs 

5-HT release, and DA itself is subject to robust cholinergic modulation through both nAChRs 

and mAChRs. Thus, the observed effects of nAChR manipulation on 5-HT could reflect a 

combination of direct modulation (e.g., via nAChRs on serotonergic neurons) and indirect 

modulation (e.g., through ACh-driven changes in DA release, which in turn alters 5-HT output). 

Given that cholinergic regulation of DA is also frequency- and region-dependent, the 5-HT signal 

detected by GRAB5-HT sensors may represent an integrated output of multiple interacting 

neuromodulatory circuits. 

This layered regulation complicates the interpretation of cholinergic influence on 5-HT 

transmission but also opens valuable opportunities for future work. Dissecting the relative 

contributions of direct and indirect effects, and how they vary across circuits and behavioural 

states, will be essential for understanding the true dynamics of serotonergic signalling in the 

striatum. 

In contrast to the complexity readout observed with nAChR activation, I revealed that mAChR 

modulation of 5-HT release is indirect and solely nAChR-dependent (Fig. 3.17 and Fig. 3.18). 

Activation of mAChRs has been shown to reduced tonic ACh release from ChIs, thereby 

decreasing basal nAChR activation which would ultimately inhibit evoked 5-HT release in the 

DLS. This aligns with previously reported dopaminergic regulation, in which mAChR-driven 
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modulation of ACh tone indirectly shapes dopaminergic output by regulating nAChR availability 

(Threlfell et al., 2010). My findings indicate that striatal 5-HT release is under the control of a 

universal cholinergic mechanism, in which tonic ACh maintains nAChR-mediated gating of 5-HT 

release, and this gating is further modulated by mAChRs. Such layered regulation may serve as 

a mechanism by which the striatum dynamically adopts serotonergic signalling in response to 

changes in network state or multiple behavioural contexts. 

7.2.2 GABAergic inhibition of 5-HT release 

GABAergic interneurons and projection neurons are abundant throughout the striatum and 

provide a powerful source of local inhibition, regulating multiple neurotransmitter systems 

including DA and ACh (DeBoer & Westerink, 1994; Lopes et al., 2019; Roberts et al., 2021). 

However, how GABAergic tone shapes serotonergic transmission in the striatum has remained 

far less understood. 

In Chapter 3 (Section 3.3.8), I examined the influence of GABAergic signalling on 5-HT release 

using pharmacological manipulations targeting both GABAA and GABAB receptors. My data 

showed that tonic GABAergic inhibition suppresses evoked 5-HT release, and that this 

suppression is partially relieved upon blocking GABA receptors.  

While the results presented here demonstrate that blocking GABAA and GABAB receptors 

facilitates 5-HT release, they reflect the compound effect of dual-receptor antagonism. Previous 

studies have demonstrated that exogenous GABA can inhibit 5-HT release via presynaptic 

GABAB receptors in the rat striatum and PFC, suggesting a conserved mechanism of 

GABAergic suppression of serotonergic transmission across regions (Schlicker et al., 1984). 

Future studies should aim to identify the distinct roles of GABAA and GABAB receptors in 

modulating 5-HT release, which would be helpful to determine which subtype exerts dominant 
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influence under physiological conditions. In parallel, further work is needed to resolve whether 

GABAergic regulation of 5-HT arises from direct actions at serotonergic axons or reflects 

upstream circuit-level modulation. Moreover, as demonstrated in Chapter 6, GABAergic 

modulation of 5-HT release may occur via both direct inhibition at serotonergic axons and 

indirect mechanisms involving DA. In particular, my data showed that the presence or absence 

of DA receptor signalling influenced the final 5-HT output following GABA receptor manipulation, 

especially under conditions of DA imbalance. These findings suggest that the influence of GABA 

control on 5-HT release is at least partially mediated through its impact on DA signalling. To 

clarify the relative contributions of direct versus indirect regulation, future studies should include 

systematic DA receptor blockade in wild-type animals during GABAergic manipulation. 

In summary, GABAergic signalling exerts a strong inhibitory effect on striatal 5-HT release, 

which is likely to be universal in striatum. While the exact mechanism remains unclear, the 

modulation likely involves both direct action at serotonergic axons and indirect pathways via DA. 

Future studies should dissect these components to clarify how GABA shapes 5-HT output under 

different physiological and pathological conditions. 

7.2.3 Dopaminergic modulation of 5-HT release 

DA has long been recognized as a critical modulator of striatal neurotransmission, and 

increasing evidence suggests that its regulatory influence extends to the serotonergic system 

(Ferré et al., 1994; Movassaghi et al., 2021; SŚmiałowski & Bijak, 1987). Multiple studies have 

shown that DA receptors can influence extracellular 5-HT levels in the striatum, using methods 

ranging from microdialysis to voltammetry and genetic approaches (Crespi et al., 1988; Ferré et 

al., 1994; John & Jones, 2007; Laprade et al., 1996). For instance, Laprade et al. (1996) 

demonstrated that dopaminergic drugs can significantly alter extracellular 5-HT concentrations, 

suggesting a receptor-level interaction between these two systems (Laprade et al., 1996). 
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In Chapter 4, I systematically investigated the effects of various DA receptor ligands on 5-HT 

release using the GRAB5-HT sensor. Although different DA receptor ligands showed variable 

effects on 5-HT release, the overall interpretation presented in Chapter 4 supports a conclusion: 

activation of D1 receptors tends to facilitate 5-HT release, whereas activation of D2 receptors 

suppresses it. This distinction aligns with the functions of these receptor classes, where D1 

receptors are generally excitatory and D2 receptors inhibitory (Clark & White, 1987; SŚmiałowski 

& Bijak, 1987). Although DHβE was included in all relevant experiments to exclude cholinergic 

contributions, this does not provide sufficient evidence to confirm a direct action of DA receptors 

on serotonergic axons. It is possible that DA receptor activation modulates local microcircuits, 

which in turn influence 5-HT release via indirect mechanisms. The observed effects may thus be 

a combination of direct modulation of 5-HT axons and indirect influences mediated by other 

neuronal populations. 

Beyond receptor-level interactions, DA may also modulate serotonergic transmission through 

reuptake mechanisms. My data show that 5-HT can be taken up into dopaminergic axons via 

DAT, suggesting that DAT-mediated reuptake contributes to shaping extracellular 5-HT 

dynamics in the striatum. This observation is consistent with previous findings by Zhou et al. 

(2005), who demonstrated that 5-HT can enter DA axons through DAT and subsequently be co-

released with DA, thereby implicating DA neurons in the regulation of serotonergic tone (F.-M. 

Zhou et al., 2005). This co-release mechanism of 5-HT via DA axons represents a distinct 

mechanism from well-established GABA co-release with DA, which relies on DA neurons 

expressing GABA transporters (GAT1) to actively accumulate GABA (Nelson et al., 2014; Tritsch 

et al., 2016). In contrast, 5-HT can be taken up into DA axons via DAT, likely due to the relatively 

broad substrate specificity and the high expression levels of DAT in the striatum. However, the 

relative proportion of 5-HT reuptake mediated by SERT versus DAT in the striatum remains 

unknown. This uncertainty complicates the interpretation of extracellular 5-HT signals and limits 
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our ability to simply use external application of DA or 5-HT to infer specific mechanisms. 

Because a high concentration of external 5-HT may be recycled through dopaminergic axons 

and subsequently re-released, the output signal detected by GRAB5-HT likely reflects an 

integrated outcome of both 5-HT and DA activity. 

This interaction is particularly relevant in the context of PD, where patients are typically treated 

with L-DOPA to restore DA function. Clinical observations have shown that many PD patients 

concurrently take SSRIs to manage depression, introducing further complexity. SSRIs block 

SERT and increase extracellular 5-HT levels, which may promote 5-HT uptake into DA axons. 

As a result, each firing event may release less DA, potentially reducing the efficacy of L-DOPA 

treatment. This indicates a critical role of the 5-HT system in shaping dopaminergic output under 

pharmacological manipulation. 

Nevertheless, interpretation of the decay kinetics in GRAB5-HT signals remains challenging. The 

decay phase of the GRAB5-HT fluorescence response is often used as an indicator for 5-HT 

clearance, but this measure does not purely reflect reuptake mechanisms. Instead, it is 

determined by several confounding factors, including the off kinetics of the sensor itself and the 

flow rate of the bath the slice is incubated in. According to the original characterisation of 

GRAB5-HT sensors, the sensor exhibits an off time (τoff) of approximately 1.3 s in vitro (Deng et 

al., 2024). This relatively slow unbinding rate might be limiting the temporal resolution with 

which 5-HT clearance can be measured. As a result, the decay half-life observed in our imaging 

data likely reflects a combination of true 5-HT reuptake, sensor unbinding, and diffusion 

properties, and should be interpreted with caution when drawing mechanistic conclusions about 

serotonergic clearance dynamics. 

Taken together, these findings suggest that dopaminergic modulation of 5-HT release is multi-

layered, involving both receptor-driven control and transporter-mediated crosstalk between the 
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two systems. The net effect of DA on 5-HT transmission depends on the balance between these 

systems, which may shift across behavioural states or pathological conditions. Future studies 

will be essential to disentangle these contributions, using cell-type-specific tools and temporally 

resolved assays to determine the precise circuitry through which DA influences striatal 

serotonergic dynamics. 

7.3 5-HT signalling in a mouse model of PD 

Striatal 5-HT transmission has been increasingly recognised as a critical component in the 

pathophysiology of PD. Beyond the well-established DA neuron degeneration, evidence has 

revealed early and progressive disruptions to serotonergic systems in PD (Blesa et al., 2022; 

Huot & Fox, 2013; Qamhawi et al., 2015). Reduced striatal levels of key serotonergic markers - 

including 5-HT itself, its transporter (SERT), and the synthesising enzyme tryptophan 

hydroxylase - have been consistently reported in clinical and postmortem studies (Kerenyi et al., 

2003; Kish et al., 2008). At the same time, enhanced striatal 5-HT innervation has been 

proposed as a compensatory mechanism for dopaminergic loss, with modest increases in 

SERT-expressing axonal varicosities observed in PD striatum (Bédard et al., 2011). However, 

this compensatory hypothesis remains debated, as other studies reported no significant change 

in striatal 5-HT fibre density or raphe neuron numbers (Jiménez-Sánchez et al., 2020). Thus, the 

exact dynamics of serotonergic adaptation in PD remain unresolved, particularly under differing 

models and stages of disease. 

In Chapter 6, I explored striatal 5-HT signalling in two PD mouse models: SNCA-OVX animals, 

which exhibit a partial DA release deficit without overt DA neuron degeneration, and 6-OHDA-

lesioned animals, representing acute and massive dopaminergic denervation. My findings 

revealed that 5-HT release was significantly enhanced in the SNCA-OVX model, suggesting a 

compensatory upregulation in response to moderate DA insufficiency. This aligns with previous 
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proposals of serotonergic compensation in early PD (Bédard et al., 2011). Surprisingly, however, 

this enhancement was not observed in the 6-OHDA model, despite the more severe DA 

depletion. This is in contrast with previous findings reporting increased striatal 5-HT levels 

following 6-OHDA lesions (Luthman et al., 1987). This inconsistency cannot be fully explained 

yet but may reflect differences in the temporal dynamics or underlying mechanisms of the two 

models. In the acute 6-OHDA paradigm, the duration of DA depletion may be insufficient to 

induce compensatory changes in the 5-HT system. Alternatively, the loss of DA neurons in this 

model may disrupt the pathways required to trigger serotonergic adaptation. 

Analyses in Chapter 6 revealed that the dynamics of 5-HT release in PD models depend 

heavily on background neuromodulation. In both conditions with intact or fully blocked DA and 

GABA signalling, SNCA-OVX animals showed elevated 5-HT release, suggesting a 

compensatory enhancement. However, when either DA or GABA signalling was selectively 

blocked - particularly when DA receptors were blocked alone - there was no genotype 

differences in 5-HT release. This indicates that the mechanisms regulating 5-HT release are 

altered in PD, and these changes only become apparent under certain circuit conditions. These 

results suggest that DA tone plays a critical role in shaping 5-HT output, and that its loss reveals 

hidden changes in serotonergic regulation that remain masked under intact neuromodulatory 

input. 

Mechanistically, these shifts in regulation were reflected in altered receptor function. SERT-

mediated reuptake was found to be impaired in PD animals, while GABA receptor-mediated 

inhibition was upregulated. Meanwhile, D2 receptor-mediated inhibition of 5-HT release was 

attenuated in the PD mice. These opposing changes in dopaminergic and GABAergic control 

are consistent with previously reported alterations in dopaminergic and GABAergic tone in PD 

models (Janezic et al., 2013; Roberts et al., 2020), reflecting a shift in the balance of 

neuromodulatory regulation. Importantly, this also suggests that under certain conditions - 
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particularly without careful control of GABA and DA signalling - the net 5-HT output may appear 

unchanged, masking underlying circuit-level alterations. 

My findings have implications for interpreting therapeutic treatment of PD. Drugs modulating 

dopaminergic or GABAergic tone may unintendedly alter serotonergic transmission. The 

serotonergic system itself has emerged as a potential therapeutic target in PD. Several studies 

have investigated whether modulating 5-HT signalling can ease motor or non-motor symptoms 

of PD. For instance, activation of 5-HT1A receptors has been shown to reduce LID in both animal 

models and clinical trials (Kannari et al., 2001; Politis & Loane, 2011). This effect is thought to 

arise from presynaptic inhibition of 5-HT neuron activity, thereby reducing abnormal DA release 

from serotonergic axons. Additionally, preclinical studies have suggested that 5-HT2A receptor 

antagonists might relieve motor difficulties and improve L-DOPA responsiveness (Hamadjida et 

al., 2018). Although these serotonergic targets are still being explored, they reflect growing 

recognition that 5-HT modulates the therapeutic efficacy and side-effect of DA-based treatments 

in PD. 

Current evidence on 5-HT changes in PD remains inconsistent. While some studies report 5-HT 

axons hyperinnervation (Bédard et al., 2011; Li et al., 2013; Rozas et al., 1998), the prevailing 

view still supports a reduction or loss of serotonergic function in PD (Kerenyi et al., 2003; 

Nayyar et al., 2009; Schrag & Politis, 2016). In parallel, Garris and Wightman (1997) reported 

that striatal DA release in vivo remains largely unchanged even after significant DA depletion, 

with measurable release only dropping in very late-stage lesions. This suggests a compensatory 

capacity in dopaminergic axons to help maintain extracellular DA levels despite structural loss 

(Garris et al., 1997). This implies that functional neurotransmitter release can be maintained by 

compensatory mechanisms even when structural integrity is compromised. However, our data 

show that 5-HT release is already altered in early-stage PD models, suggesting that 

serotonergic axons may be more vulnerable or less capable of maintaining function compared  
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to DA axons. This could be due to differences in vesicle release properties, reuptake efficiency, 

or presynaptic control mechanisms between the two systems. It also raises the possibility that 

serotonergic dysfunction may emerge earlier than previously thought, potentially contributing to 

early circuit imbalance in PD. 

In summary, my findings in Chapter 6 show that striatal 5-HT signalling changes differently 

across PD models, shaped by both compensation and shifts in DA and GABA interactions, as 

summarized by Fig. 7.1. These changes may not appear under normal conditions but become 

clear when specific striatal circuits are blocked, highlighting the need to study 5-HT regulation in 

detail when multiple neurotransmitter system is affected. 

7.4 Conclusion 

In this thesis, I investigated the properties of striatal 5-HT transmission and characterised its 

release dynamics using a genetically encoded sensor. I demonstrated that 5-HT release is 

 Figure 7.1. Dysfunction of 5-HT signalling in DLS in a mouse model of early PD. In early 
parkinsonian SNCA-OVX mice (3-4 months old), striatal 5-HT signalling is enhanced as a 
compensatory response to impaired DA release, accompanied by reduced D2R-mediated 
inhibition and increased GABAergic suppression of 5-HT release. In addition, SERT-mediated 
control of 5-HT is diminished, further contributing to the altered serotonergic dynamics 
observed in this model. 
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jointly regulated by dopaminergic, cholinergic, and GABAergic inputs in the DLS. Furthermore, I 

revealed that each of these modulatory systems are disrupted to varying degrees in a mouse 

model of PD, leading to altered serotonergic transmission and a broader imbalance across 

striatal neuromodulatory networks. These findings provide new insights into how 5-HT signalling 

is integrated within basal ganglia circuits, and how this integration becomes dysregulated in the 

context of PD. My work contributes to a deeper understanding of neurotransmitter imbalance in 

neurodegenerative disease and may help guide future therapeutic strategies targeting 

serotonergic dysfunction. 
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