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Abstract: 

The neurotransmitter serotonin has been implicated in a range of complex neurological 

disorders linked to alterations of neuronal circuitry. Serotonin is synthesized in the developing 

brain before most neuronal circuits become fully functional, suggesting that serotonin might 

play a distinct regulatory role in shaping circuits prior to its function as a classical 

neurotransmitter. In this study, we asked if serotonin acts as a guidance cue for axons during 

development by examining how serotonin alters the motility of neuronal growth cones. Using 

a growth cone motility assay, we found that extracellular gradients of serotonin acted as both 

an attractive and repulsive guidance cue through a narrow concentration range. Low 

concentrations of serotonin (50 µM) elicited attraction, mediated by the serotonin 5-HT2a 

receptor whilst high concentrations (100 µM) elicited repulsion mediated by the 5-HT1b 

receptor. Importantly, pharmacological interventions and high resolution imaging of growth 

cones suggested that these receptors signalled through their canonical pathways of 

endoplasmic reticulum-mediated calcium release and cAMP depletion respectively. This novel 

characterisation of growth cone motility in response to serotonin gradients provides compelling 

evidence that secreted serotonin acts as an axon guidance cue to shape neuronal circuit 

formation during development. In vitro optogenetic manipulation of Gαq signalling associated 

with the 5HT2a receptor, reversed growth cone attraction to repulsion from serotonin, further 

demonstrating the role of serotonin as a bidirectional guidance cue. To examine the function 

of serotonin in an intact animal, we investigated early circuit development in the zebrafish. 

While previous work has suggested a non-canonical role for serotonin in early development, 

it remained unclear whether serotonin modulates the guidance of pioneer axons or rather 

plays a more instructive role in overall circuit function. We hypothesized that optogenetic 

manipulation of Gαq signalling is sufficient to modulate neural connectivity in early zebrafish 

embryos. Using a range of behavioural assays and time-lapse recordings of axon trajectories, 

we observed a critical developmental window during which altered Gαq signalling might lead 

to structural and functional abnormalities. Specifically, inhibition of Gαq signalling led to an 

increased coiling behaviour but decreased sensitivity to the touch-startle response in 

zebarafish larvae. Moreover, inhibition of Gαq signalling disrupted axon pathfinding in a subset 

of serotonergic neurons, leading to several misprojecting and straying axons. Unravelling how 

serotonin functions to regulate the normal wiring of the brain will allow us to better understand 

how dysfunction in serotonin signalling contributes to important neurodevelopmental 

disorders. 
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Opening remarks 
One of the most astonishing phenomena of life is the development of the nervous system, as 

it starts from a small group of cells and develops into a network comprising trillions of neuronal 

connections. This highly complex network of neurons is precisely wired during development 

of the brain. When this harmonious process is not in tune, it is believed that early changes or 

defects in the formation of specific brain circuits may contribute to mental disorders, such as 

schizophrenia, autism and mood-like disorders, including anxiety and depression. These 

cognitive and emotional behaviours are often subtle and are generated by a complex 

interaction of factors such as genetics, environment and epigenetics (Brummelte et al., 2017). 

Human and animal studies have revealed that a wide range of mental conditions are linked to 

the monoamine neurotransmitter serotonin (as reviewed in (Sodhi and Sanders-Bush, 2004; 

Wirth et al., 2017)). Serotonin has been shown to refine the formation of brain circuits that 

mediate adult mood-like disorders (Gross et al., 2002; Perroud et al., 2015). It is believed that 

a dysregulation of serotonergic signalling during sensitive developmental periods might disrupt 

how the brain develops and cause long-lasting structural and functional changes in the brain, 

that underlie most neurodevelopmental disorders, such as autism (Maloney et al., 2013), as 

well as neuropsychiatric disorders, such as schizophrenia (Millan, 2000; Wirth et al., 2017). 

Recent studies suggest that many neurological disorders associated with serotonin signalling 

can have a developmental origin (Daubert and Condron, 2010). In the current thesis, I intend 

to investigate the role of serotonin in regulating brain wiring prior to functioning as a 

neurotransmitter in the mature brain. Serotonin is one of the earliest monoamine 

neurotransmitters present at terminal connections (Takahashi et al., 1986; Sundström et al., 

1993). Therefore, learning how serotonin affects developing circuits using the characterization 

of in vitro and in vivo models will provide a deeper understanding of the different brain 

behaviours and hopefully insights into the repair of the functional circuitry in nervous system 

disorders. The focus of this thesis is to investigate how serotonin might regulate the guidance 

of axons during development  but I will first briefly review the function of serotonin in the brain. 
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1.1 Serotonin and brain function 
Serotonin (5-hydroxytryptamine, 5-HT) is a highly conserved monoamine neurotransmitter 

found in the invertebrate and vertebrate nervous systems (as reviewed in (Lauder, 1993a; 

Turlejski, 1996). In addition to its role as a neurotransmitter, serotonin acts as mitogen, 

neuromodulator and hormone (Gaspar et al., 2003; Mohammad-Zadeh et al., 2008; Berger et 

al., 2009; Brummelte et al., 2017). In this thesis I will use the term “serotonin” to refer to the 

secreted molecule and “5-HT1b” or “5-HT2a” for two of its canonical receptors. The first 

description of serotonin was by the physiologist Vittorio Erspamer, who in 1937 coined the 

term “enteramine” to describe a substance purified from enterochromaffin cells that induced 

gut smooth muscle contraction (Vialli and Erspamer, 1937). Following this discovery, Maurice 

Rapport (1948) purified a substance that he termed “serotonin”, which similarly caused smooth 

muscle contraction in blood vessels (Rapport et al., 1948). It was later agreed that 

“enteramine” and “serotonin” were the same molecule but the latter term remained in use, 

coined from Latin serum (meaning ‘watery fluid’: an amber-coloured, protein-rich liquid which 

separates out when blood coagulates) and Greek tonic (meaning ‘medicine’: a medicinal 

substance taken to give a feeling of vigour or well-being) (Erspamer and Asero, 1952). One 

of the first studies that indicated the importance of serotonin to brain function can be found in 

1952, when Betty Twarog identified serotonin in the central nervous system (CNS) in ganglia 

of molluscs and later on in the mammalian brain (Twarog and Page, 1953; Twarog, 1988). 

While the existence of serotonin in the CNS was demonstrated by other research groups, its 

specific function was unclear. Gaddum and colleagues performed several studies using rat 

uterus to measure the contractions of smooth muscle upon serotonin exposure (Gaddum, 

1953). These experiments were used by Woolley and Shaw to show that the effects of 

serotonin on uterine smooth muscle could be antagonized by lysergic acid diethylamide (LSD) 

(Woolley and Shaw, 1954a). After showing that LSD is structurally related to serotonin and 

able to block such function, it was proposed that a serotonin deficiency caused by LSD 

application could be responsible for mental changes, leading to disorders such as 

schizophrenia (Shaw and Woolley, 1954; Woolley and Shaw, 1954b; 1954a). Later, Marazzi 

and Hart demonstrated the inhibitory action of serotonin at synaptic regions by recording the 

electric response evoked by synaptic transmission (Marrazzi and Hart, 1955) thus suggesting 

a role as humoral inhibitor in the nervous system. In 1957, serotonin was accepted by the 

scientific community as a chemical mediator and neurohumoral agent (Hesselink, 1992), 

leading to an acceleration in the field of neuroscience and psychiatric disorders.  

 

 

 

 

… “it is possible that the 5-HT in our brains plays 
an essential part in keeping us sane…” 

Sir John Gaddum, 1954 
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1.1.1 Ontogeny of serotonergic neurons 
Serotonin is synthesized by serotonergic neurons before the emergence of functional neuronal 

circuitry (Gaspar et al., 2003; Gaspar and Lillesaar, 2012; Homberg et al., 2013). This early 

appearance of serotonergic neurons is conserved among species (Figure 1-3): in the human 

brain they are evident as early as 5 weeks of gestation (Sundstrom et al., 1993); in primates 

appear within the first month of gestation (Levitt and Rakic, 1982); in rodents within the first 

E10-12 days (Gaspar et al., 2003); in zebrafish they appear as early as the first day post 

fertilization (dpf) (Lillesaar et al., 2007; 2009; Lillesaar, 2011). One conserved feature of the 

serotonergic system is the large number of axonal projections throughout the nervous system, 

reaching nearly all regions of the brain and spinal cord (Gaspar et al., 2003).  

Serotonergic neurons are located in the raphe nuclei and provide innervation to the entire 

nervous system (Figure 1.1, 1.2 and 1.3). Despite the small number of serotonergic neurons 

(400,000 in humans and 20,000 in mice) (Ishimura et al., 1988; Baker et al., 1991; Hornung, 

2003a), they extend axonal projections throughout the brain and spinal cord (Gaspar et al., 

2003). There are several raphe nuclei located along the brainstem, designated B1 to B9, 

reflecting a specific connectivity. Essentially, the raphe serotonergic population can be 

subdivided into a caudal cluster (B1-B5) that projects to the brainstem and to the spinal cord, 

and a rostral cluster (B6-B9) that mainly innervates the forebrain (Gaspar et al., 2003; 

Hornung, 2003a). There are only few studies that focus specifically on the development of 

serotonergic axons. However, as reviewed by Gaspar et al., (2003), serotonergic axons begin 

to extend within the first 24 hours of serotonergic neuron formation and the network matures 

over time (Lidov, H. G. & Molliver, M. E., 1982). The dorsal raphe nucleus is part of the raphe 

nucleus and comprises the largest group of serotonin-producing neurons in the brain 

(Hornung, 2003b). It is thought that release of serotonin to all these brain regions shapes 

neuronal circuitry, involved later in life in many human cognitive behaviours, such as 

perception, judgement, personality and problem-solving (Homberg et al., 2013; Brummelte et 

al., 2017). 
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Figure 1.1. Serotonergic neurons project throughout the human nervous system. 
Serotonergic neurons are located in the median reticular column (raphe nuclei), represented 

in this cartoon in red. The dorsal serotonergic pathway projects to the cortex while the ventral 

serotonergic pathway extends to nucleus accumbens and septum and the posterior 

serotonergic pathway reaches the posterior horn of the spinal cord and cerebellum. (Adapted 

from Duvernoy’s Atlas of the Human Brain Stem and Cerebellum, 2009.) 
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Figure 1.2. Serotonergic neurons innervate the rodent nervous system. Serotonergic 

neurons are distributed in nine raphe nuclei, B1-B9. The caudal clusters B1-B3 send their 

projections to the spinal cord and cerebellum. The nuclei B6 and B7 constitutes the dorsal 

raphe, while B5, B8 and B9 comprises the median raphe. Serotonergic neurons from the 

rostral cluster innervate almost all regions of the brain. (Adapted from Lesch and Waider 2012) 

 

 

Figure 1.3. Serotonergic neurons innervate the zebrafish nervous system. The main 

serotonergic projections that originate from the raphe populations are labelled in red in this 

lateral view of the zebrafish brain. (Adapted from Gaspar and Lillesaar 2012)  
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1.1.2 Biosynthesis of serotonin regulates circuit development 
Serotonergic neurons regulate the synthesis, inactivation, packaging, release and detection 

of serotonin (Gaspar et al., 2003; Spencer and Deneris, 2017) (Figure 1.4). The synthesis of 

serotonin occurs through two enzymatic steps starting from the amino acid tryptophan, which 

is taken up into serotonergic neurons (Daubert and Condron, 2010). The rate-limiting enzyme, 

tryptophan hydroxylase (Tph2), specifically expressed in the raphe nuclei of the midbrain, 

hydroxylates tryptophan into 5-hydroxytryptophan (McKinney et al., 2005; Daubert and 

Condron, 2010). 5-hydroxytryptophan is then decarboxylated to 5-hydroxytryptamine (5-HT, 

serotonin) by the L-aromatic amino acid decarboxylase enzyme (AADC) (Rahman and 

Nagatsu, 1982; Spencer and Deneris, 2017). Once serotonin is synthetized, the vesicular 

monoamine transporter (Vmat2 in the central nervous system, Vmat1 in the periphery) uses 

a proton gradient to transport serotonin from the cytoplasm into vesicles for storage (Fon et 

al., 1997). The fusion of vesicles with the plasma membrane leads to the release of serotonin 

where it interacts with serotonin receptors located on releasing cell (autoreceptors) and/or 

other cell types (heteroreceptors). After its release, serotonin is transported back into releasing 

cells by the serotonin reuptake transporter (Sert) (Blakely et al., 1991). Alternatively, serotonin 

can be degraded by monoamine oxidase (MAOa or MAOb) located on the mitochondrial 

membrane (Levitt et al., 1982; Tipton et al., 2004). MAOa is involved in the serotonin 

metabolism by inactivating its signalling. Once serotonergic identity is acquired, new-born 

serotonergic neurons mature and integrate into neuronal circuitry. 
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Figure 1.4. Biosynthesis of serotonin occurs within serotonergic neurons. Serotonergic 

neurons (yellow) synthesize serotonin from tryptophan by two enzymes, Tph2 and AADC. 

Serotonin is then transported by Vmat into vesicles for storage until its release. Once vesicles 

fuse with the plasma membrane, serotonin is released in the synaptic cleft. Here, it binds to 

auto- and/or hetero-receptors present on the releasing cells or on other type of cells, 

respectively. Serotonin can be transported back into the releasing cell by Sert, where it can 

either be stored again for release or degraded by MAO. (Adapted from (Deneris and Wyler, 

2012)) 
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1.1.3  Serotonergic signalling is regulated by seven families of serotonin 
receptors. 

There are seven families of serotonin receptors with each having subtypes that activate a 

specific signal transduction mechanism mediated by different downstream effectors (Figure 

1.5) (Table 1) (Wirth et al., 2017). New studies are unravelling the role of specific serotonin 

receptors at different developmental stages of neurogenesis, axon guidance and 

dendritogenesis (Gaspar et al., 2003). Serotonin signalling occurs through one class that is a 

cation channel and the other six that belong to the G-protein coupled receptors (GPCRs) 

families, transduced through the activation of a heterotrimeric G-protein (Masson et al., 2012; 

Wirth et al., 2017).  
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Figure 1.5. Schematic illustrating downstream signalling pathways of the seven classes 
of serotonin receptors. Classes 5-HT1 and 5-HT5 signal through the second messenger 

adenylyl cyclase (AC), inhibiting its action, which in turn decreases the cAMP levels. Classes 

5-HT4, 5-HT6 and 5-HT7 activate AC, which subsequently increase cAMP and protein kinase 

A levels. 5-HT2 activates phospholipase C (PLC), which in turn increases the levels of inositol 

(1,4,5)-triphosphate (IP3). The latter stimulates the endoplasmic reticulum to release calcium 

in the cytosol. 5-HT3 is composed of pentameric subunits around a central ion channel that is 

permeable to Na+, K+, and largely permeable to Ca2+.  
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Table 1. Summary of the seven classes of serotonin receptors 

Receptor Subtypes Structure Known 
localisation 

Known function References 

5-HT1 A, B, D, E, F 
40-60% 
sequence 
homology 

GPCR Presynaptic 
and 
postsynaptic  
5-HT1A 
neuronal cell 
bodies and 
dendrites 
5-HT1B 
neuronal 
terminals 

Learning and 
memory 

(Frey et al., 1993a; 
Gerhardt and van 
Heerikhuizen, 1997; 
Riad et al., 2000; 
Idova et al., 2011; 
Masson et al., 
2012; Di Giovanni, 
2013; Wirth et al., 
2017) 

 
5-HT2 A, B, C 50% 

sequence 
identity 

GPCR -  Neuronal 
survival, 
synaptic 
plasticity, 
morphogenesis 

(Pazos and 
Palacios, 1985; 
Pompeiano et al., 
1994; López-
Giménez et al., 
1997; Numakawa et 
al., 2010; Masson 
et al., 2012)  

5-HT3 Five 
subunits 
assembled 
in pentamers 

Ligand-
gated, 
non-
selective 
cation 
channel 

Presynaptic 
and 
postsynaptic  
 

Neuronal 
development 

(Davies et al., 1999; 
Miquel et al., 2002; 
Lee et al., 2010; 
Wirth et al., 2017) 

5-HT4 Ten splice 
variants 

GPCR Presynaptic 
and 
postsynaptic  

Neuron 
survival, 
neurite 
outgrowth 

(Kienlen Campard 
et al., 1997; Schmidt 
et al., 1998; Franke 
et al., 2000; Kao et 
al., 2002; Vilaró et 
al., 2005; Bockaert 
et al., 2006; MILLAN 
et al., 2008) 

5-HT5 A, B GPCR -  Learning and 
memory 

(Gonzalez et al., 
2013; Wirth et al., 
2017) 

5-HT6 -  GPCR Postsynaptic Synaptic 
plasticity 

(Monsma et al., 
1993; Hoeffer and 
Klann, 2010; Meffre 
et al., 2012) Boess 
et al., 1998; Gérard 
et al., 1997;; Ruat et 
al., 1993b; Yoshioka 
et al., 1998;  

5-HT7 Three splice 
isoforms 

GPCR -  Neuronal 
network 
formation and 
synaptic 
plasticity 

(Heidmann et al., 
1997) (Citri and 
Malenka, 2008; 
Ibata et al., 2008) 
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1.1.3.1 5-HT1 receptors 

The 5-HT1 family includes five subtypes (A-F) that share 40-60% sequence homology 

(Gerhardt and van Heerikhuizen, 1997; Masson et al., 2012; Di Giovanni, 2013) but I will focus 

only on 5-HT1a and 5-HT1b in this section because they are most abundant in the CNS in 

comparison to 5-HT1c, 5-HT1d, 5-HT1e, 5-HT1f. Interestingly, 5-HT1a and 5-HT1b are found 

at presynaptic sites acting as “autoreceptors” (Wirth et al., 2017). 5-HT1b is commonly located 

on neuronal terminals where it mediates the release of serotonin, while 5-HT1a is found on 

neuronal cell bodies and dendrites to regulate neuronal activity (Riad et al., 2000). Distribution 

of 5-HT1a receptor is abundant in limbic brain areas, such as the hippocampus and cortical 

areas and in the mesencephalic raphe nuclei (dorsal and median raphe nuclei) (Chalmers and 

Watson, 1991; Pompeiano et al., 1992). Distribution of 5-HT1b is abundant in the 

hippocampus and dorsal and medial raphe nuclei (Voigt et al., 1991; Boschert et al., 1994; 

Bruinvels et al., 1994). Distribution of 5-HT1 receptor subtypes has been analysed in early 

postnatal mouse forebrain development (Bonnin et al., 2006). During embryonic forebrain 

development, 5-HT1 receptor subtypes are expressed in the dorsal thalamus, suggesting a 

possible role for serotonin to regulate early thalamic development. When serotonin signals 

through 5-HT1 at postsynaptic sites, these receptors cause membrane hyperpolarizion 

through activation of potassium channel and/or inhibition of calcium channels (Bayliss et al., 

1995; Heine et al., 2002; Johnston et al., 2014). Binding of serotonin to 5-HT1 can inhibit AC 

and decrease cAMP levels (Barnes and Sharp, 1999; Albert and Tiberi, 2001), which is 

involved in long-term potentiation (Frey et al., 1993b) and therefore might have a role in 

learning and memory (Weisskopf et al., 1994). 5-HT1 can also activate the mitogen-activated 

protein kinase ERK2 (Rocca et al., 1999), which in turn regulates neurite filopodia outgrowth 

and increased synaptogenesis (Wirth et al., 2017). Both 5-HT1a and 5-HT1b have been 

shown to promote neurite outgrowth of hippocampal neurons and thalamocortical neurons, 

respectively (Lotto et al., 1999; Rojas et al., 2014). 

 

1.1.3.2 5-HT2 receptors 

The 5-HT2 family includes three subtypes (A-C) that share 50% sequence identity, similar 

molecular structure and signal transduction properties (Wirth et al., 2017). While 5-HT2a and 

5-HT2c are broadly distributed throughout the brain (Masson et al., 2012), 5-HT2b is restricted 

to fewer brain regions (Duxon et al., 1997a). Distribution of 5-HT2a has been detected in many 

forebrain regions, cortical areas, hippocampus, olfactory tubercle and nucleus accumbens 

(Pazos and Palacios, 1985; López-Giménez et al., 1997). At the cellular level, 5-HT2a has 

been detected on neurons, specifically on GABAergic interneurons and glutamatergic cortical 

pyramidal neurons and on serotonergic axons projecting from the dorsal raphe nucleus (Blue 
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et al., 1988). Distribution of 5-HT2b receptor appears to be limited to the cerebellum, dorsal 

hypothalamus, medial amygdala and lateral septum in the rat brain (Duxon et al., 1997b) and 

has been found in brain tissue of human (Loric et al., 1992; Bonhaus et al., 1995). Distribution 

of 5-HT2c is abundant in the choroid plexus, basal ganglia, in areas of cortex and limbic 

system including amygdala, hippocampus and nucleus accumbens (Barnes and Sharp, 1999).  

The 5-HT2 receptor activates phospholipase C (PLC), which in turn increases the levels of 

inositol (1,4,5)-triphosphate (IP3) (Conn and Sanders-Bush, 1984; Nebigil et al., 2003; 

Wouters et al., 2009). IP3 stimulates calcium release from the endoplasmic reticulum through 

the IP3 receptor which is involved in neuronal survival, plasticity and morphogenesis 

(Numakawa et al., 2010). This signalling cascade is important for the regulation of synaptic 

plasticity (Brown and Gerfen, 2006). While recent experiments have shown that 5-HT2b 

activation has no effect on neurite outgrowth (Anelli et al., 2013), the role of 5-HT2a and 5-

HT2c in axon guidance has not been examined prior to the work described in this thesis.  

 

1.1.3.3 5-HT3 receptors 

The 5-HT3 family of receptors include five receptor subunits (A-E) that belong to the class of 

cysteine loop ion channels (Barnes and Sharp, 1999; Davies et al., 1999; Niesler et al., 2007). 

This subclass is the only ligand-gated, non-selective cation channel, within the serotonin 

receptor family. Structurally, the receptor assembles in pentamers (Davies et al., 1999) and 

can be found either pre- or postsynaptically (Miquel et al., 2002). Pentameric subunits 

surround a central ion channel that is permeable to Na+, K+, and largely permeable to Ca2+ 

(Barnes et al., 2009). Pharmacological studies have demonstrated that 5-HT3 activates 

voltage-gated calcium channels, which in turn increase calcium concentration (Homma et al., 

2006). The distribution of 5-HT3 receptor in the brain has been demonstrated within the dorsal 

vagal complex in the brainstem (for review see Pratt et al., 1990), which includes the dorsal 

motor nucleus of the vagus nerve that regulates the vomiting reflex. Evidence that 5-HT3 

regulates neuronal development comes from the presence of 5-HT3 on dendrites and growth 

cones of embryonic rat hippocampal neurons (Sun et al., 2008), suggesting a role in neurite 

formation. Indeed, stimulation of the receptor promotes neurite length of cortical GABAergic 

neurons of embryonic rat (Vitalis and Parnavelas, 2003). 5-HT3 activation also enhances the 

growth of primary thalamic neurites in vitro (Persico et al., 2006).  

 

1.1.3.4 5-HT4 receptors 

The 5-HT4 family constitutes at least 11 human splice variants expressed in neurons pre- and 

post-synaptically that vary in their signalling properties (Vilaró et al., 2005; Bockaert et al., 

2006). Distribution of 5-HT4 is abundant in the nigrostriatal and mesolimbic systems of several 
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species, including rat, guinea pig, pig, cow, monkey, human brain (Grossman et al., 1993; 

Jakeman, 1994; Schiavi et al., 1994; Patel et al., 1995; Doménech et al., 1997). 5-HT4 

activates AC, which subsequently increases cAMP and protein kinase A (PKA) levels, whose 

downstream signalling molecule is cAMP response element-binding protein (CREB) (Wirth et 

al., 2017). The cAMP/PKA signalling pathway enhances neuron survival (Kienlen Campard et 

al., 1997; Franke et al., 2000) and neurite outgrowth (Schmidt et al., 1998; Kao et al., 2002). 

In parallel, the 5-HT4 also stimulates the small GTPase RhoA (Ponimaskin et al., 2002) that 

regulates neuronal development, axon guidance and dendritic growth (Sanno et al., 2010; 

Mulherkar et al., 2014; Stankiewicz and Linseman, 2014). The small GTPases of the Rho 

family, including RhoA, Rac1 and Cdc42, regulate both actin and microtubule cytoskeleton 

(Hall, 1998; Newey et al., 2005). Specifically, Rac1 and Cdc42 are known to promote growth 

cone protrusion and neurite extension, while RhoA causes neurite retraction and growth cone 

collapse (Li et al., 2000; Ponimaskin et al., 2007). However, to date there is no evidence that 

5-HT4 is involved in axon pathfinding.  

 

1.1.3.5 5-HT5 receptors 

The 5-HT5 family comprises two subtypes (5-HT5a and 5-HT5b) that are inhibitors of AC and 

are implicated in learning and memory (Masson et al., 2012; Wirth et al., 2017). Distribution 

of 5-HT5a and 5-HT5b mRNAs has been detected in rodent and human spinal cord, forebrain 

and cerebellum but their protein products have not been elucidated (Plassat et al., 1992; Rees 

et al., 1994). 5-HT5 activation inhibits cAMP accumulation and ADP-ribosyl cyclase, that 

function as second messengers to mediate ryanodine-sensitive Ca2+ mobilization. 5-HT5 

regulates the release of calcium from intracellular stores through increasing the levels of IP3, 

triggering an K+-outward current (Noda et al., 2003). To date, there is no evidence that 5-HT5 

is expressed on growth cones or dendrites, suggesting it may not have a role in neurite 

extension or axon guidance.  

 

1.1.3.6 5-HT6 receptors 

The 5-HT6 family is located in postsynaptic compartments (Wirth et al., 2017). Within the brain. 

5-HT6 is expressed in the hippocampus, striatum, olfactory tubercles and nucleus accumbens 

(Monsma et al., 1993; Ruat et al., 1993a,b; Ward et al., 1995; Gerald et al., 1996; Kohen et 

al., 1996). 5-HT6 stimulates AC signalling and the Fyn-dependent (Ras-Raf1-MEK mitogen-

activated protein kinase) phosphorylation of Erk1/2 (Yun et al., 2007; 2010). Moreover, 5-HT6 

interacts with the mammalian target of rapamycin (mTOR), a kinase involved in synaptic 

plasticity (Hoeffer and Klann, 2010; Meffre et al., 2012). Additionally, 5-HT6 activates cyclin-

dependent kinase 5 (Cdk5) through mTOR and cAMP-independent mechanisms (Duhr et al., 
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2014). Activation of 5-HT6 promotes hippocampal and striatal neurite outgrowth through the 

activation of small GTPase Cdc42 (Duhr et al., 2014). 

 

1.1.3.7 5-HT7 receptors 

The 5-HT7 family includes three splice isoforms with different C-terminal tails (Heidmann et 

al., 1997). Distribution of 5-HT7 is abundant in hippocampus, hypothalamus and thalamus and 

sparse within the cerebral cortex and amygdala (To et al., 1995; Gustafson et al., 1996; Stowe 

and Barnes, 1998). 5-HT7 regulates intracellular calcium concentration through the calcium/ 

calmodulin-dependent signalling pathways. Moreover, 5-HT7 activates AC, which in turn 

increases cAMP levels and triggers PKA (Shen et al., 1993). The latter is responsible for 

initiating morphogenic signalling such as Ras-dependent activation of Erk and protein kinase 

B (Akt) (Lin et al., 2003). Interestingly, Erk signalling is inhibited by intracellular calcium 

concentration, while Akt activation requires increases of cAMP and calcium concentrations 

(Lin et al., 2003). 5-HT7 regulates neuronal network formation, synaptic plasticity and 

stimulate proteins involved in spinogenesis such as, CamKII and Shank3, through mTOR 

signalling pathway. Activation of 5-HT7 also promotes neurite outgrowth of cultured 

hippocampal neurons, suggesting a role in regulating the neuronal cytoarchitecture 

(Kvachnina et al., 2005).  
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1.1.4 Neurodevelopmental deficits linked to serotonin dysfunction 
Disruption of serotonergic signalling during development can result in long-term alterations of 

connectivity in the adult brain (Daubert and Condron, 2010). Atypical serotonergic signalling 

could result from either abnormal receptor functioning and expression or from altered 

availability of serotonin itself. It is believed that altered serotonin production in early 

development triggers long-term defects in brain function and could contribute to many 

neurological disorders. Indeed, serotonin is thought to be a crucial component underlying the 

symptoms of a range of behaviours, such as anxiety disorders (Gross et al., 2002), aggression 

and drug abuse (Gingrich and Hen, 2001), autism (Maloney et al., 2013), Downs Syndrome 

(Whitaker-Azmitia, 2001), Alzheimer’s disease (Michelsen et al., 2008), ADHD (Baehne et al., 

2009), bipolar disorders (Perroud et al., 2015), schizophrenia (Millan, 2000; Wirth et al., 2017) 

and addictive behaviours (Sodhi and Sanders-Bush, 2004; Bonnin and Levitt, 2012). Direct 

evidence that serotonin can affect brain development comes from the children of women who 

are diagnosed with depression and prescribed antidepressants (Homberg et al., 2013). The 

most commonly prescribed class of antidepressants are serotonin-specific reuptake inhibitors 

(SSRIs), which act to increase the levels of serotonin in the brain. The administration of SSRIs 

to pregnant mothers results in an increase of serotonin levels in both the mother and the fetal 

brain (Leboyer et al., 1999; Rampono et al., 1999; Gentile and Galbally, 2011). The unborn 

child, exposed to SSRI’s during pregnancy, presents an increased risk of developing autism-

related symptoms (Croen, 2011), reduced psychomotor control (Casper et al., 2011) and 

somatosensory responses (Oberlander et al., 2009).  

The involvement of serotonin in such a wide range of disorders that have a developmental 

component, reveals serotonin as a critical regulator of neuronal networks. Given axon 

guidance is crucial for circuit development, it could be hypothesised that these defects are 

correlated with an axon guidance function of serotonin in the developing CNS. 

 

 

1.1.5 The role of serotonin in brain circuit formation  
Serotonin is present early in CNS development, long before birth and found in networks that 

contribute to cognition, learning and stress reactivity (Brummelte et al., 2017). Serotonergic 

neurons are among the earliest neurons to be generated in the CNS. They secrete serotonin 

from axons before most conventional synapses are formed (Takahashi et al., 1986; 

Sundström et al., 1993; Gaspar et al., 2003) and can synthesize and transport serotonin along 

axons to their terminal regions (Takahashi et al., 1986; Sundström et al., 1993). As 

serotonergic neurons project to the limbic, motor and somatosensory systems (Hornung, 

2003a), release of serotonin could be predicted to influence development of many brain 

regions. Understanding how serotonin signalling could influence the development of neuronal 
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circuitry will add to our understanding of the molecular mechanisms that underpin specific 

neurological disorders (Kinast et al., 2013; Olivier et al., 2013).  
Serotonin plays a crucial role in neurodevelopmental processes such as neuroplasticity, 

network formation, cellular proliferation and migration (Masson et al., 2012; Homberg et al., 

2013; Brummelte et al., 2017). For example, disruption of serotonin synthesis alters 

interneuron migration in embryonic rats (Vitalis et al., 2007) while activation of 5-HT2c 

promotes neurogenesis in the subgranular layer (Banasr et al., 2004). Interestingly, serotonin 

is also involved in modulating the extracellular matrix (ECM) between neurons and glial cells 

(Wirth et al., 2017), which provides a microenvironment to regulate cell morphology and 

scaffolding, neuronal migration and possibly axon pathfinding (Dityatev and Schachner, 2003; 

Dityatev et al., 2010). Furthermore, serotonin regulates cell adhesion by increasing the 

expression of several cell adhesion molecules, such as polysialylated neural cell adhesion 

molecule (PSA-NCAM), NCAM, and tenascin-C (TN-C), which in turn contribute to synaptic 

plasticity (Brezun and Daszuta, 1999). An example of how serotonin can promote new 

synapse formation (Bailey et al., 1992; Zhu et al., 1994) and regulate neuronal morphology 

and synaptic plasticity is through epigenetic modifications. Serotonin upregulates P-element 

induced wimpy testis (PIWI)-interacting RNAs (piRNAs), which in turn coordinate the 

methylation of certain CpG isles of genes’ promoters involved in plasticity (Rajasethupathy et 

al., 2012). For example, piRNAs can bind and therefore regulate the expression of cAMP 

response element-binding protein 2 (CREB2), a suppressor of synaptogenesis and long-term 

facilitation (Bartsch et al., 1995).  

Several studies have focused on the role of serotonin on neuronal morphology and neuronal 

network formation. The morphogenic effects of serotonin vary in context of neuronal type, 

brain region, animal model and time of development (Wirth et al., 2017). Serotonin stimulates 

neurite outgrowth in cultured E14 rat serotonin and catecholamine neurons and postnatal rat 

thalamic neurons (Liu and Lauder, 1991; Lieske et al., 1999); spine density on CA1 pyramidal 

neurons of the dorsal hippocampus (Alves et al., 2002); neuronal arborisation on E12–17 

pyramidal neurons of layers III and V of the somatosensory cortex (Vitalis et al., 2007); 

interneuron migration (Vitalis et al., 2007); filopodia outgrowth and formation of new synapses 

in Aplysia sensory neurons (Udo et al., 2005). Serotonin can also inhibit neurite outgrowth and 

branching of serotonergic neurons in Helisoma (Diefenbach et al., 1995); can lead to 

termination of growth cone motility of buccal ganglion neuron subtype 19 but has no effect on 

neuron subtype 5 (Haydon et al., 1984); can cause growth cone collapse of serotonergic 

cerebral giant cells in Lymnaea stagnalis (Koert et al., 2001) and neurite retraction of cultured 

E7 chick DRG neurons (Igarashi et al., 1995). As a consequence, dysregulated serotonergic 

signalling leads to delayed maturation of specific neuronal circuits (Narboux-Nême et al., 

2012) or irreversible network malformations (Salichon et al., 2001).  
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In order to understand how serotonin alters neurodevelopment, this thesis will focus on the 

role of serotonin, axon guidance in order to resolve some of the conflicting evidence with 

regards to serotonin signalling in neurodevelopment.  

 

 
1.2 The development of circuits in the CNS is regulated by axon pathfinding 

The process by which neurons extend axonal tips, known as growth cones, through the 

embryonic nervous system, to connect to their correct synaptic targets, is called axon 

pathfinding (Stoeckli and Zou, 2009). Axon pathfinding is controlled by intermediate targets 

which release guidance cues to shape the behaviour of growth cones. Guidance cues induce 

growth cones to pause, extend and turn to lead them to their appropriate synaptic target 

(Lance-Jones and Landmesser, 1981; Bentley and Keshishian, 1982; Tosney and 

Landmesser, 1985). Growth cone motility is driven by the extension and retraction of their 

filopodia and lamellipodia, which in turn depends on the rearrangement of the cytoskeleton.  

 

 

1.2.1 Growth cone structure 
Neuronal growth cones are composed of three structurally different regions: the central 

domain, the transitional zone and the peripheral domain (Jay, 2000; Suter and Forscher, 2000) 

(Figure 1.6). The central domain is rich in microtubules, vesicles and organelles such as 

mitochondria and endoplasmic reticulum (Suter and Forscher, 2000). The transitional zone is 

located between the central and peripheral domains, and is enriched with actin-myosin 

contractile structures that aid the retrograde flow of actin and the protrusion of microtubules 

(Suter and Forscher, 2000). The peripheral domain is characterized by the membranous 

structures filopodia and lamellipodia (Jay, 2000; Henley and Poo, 2004). These highly 

dynamic components continuously sense and interpret the environment for guidance signals 

that regulate the direction of axon outgrowth (Bray and Chapman, 1985; Suter and Forscher, 

2000). Filopodia are long, thin actin-rich filaments cross-linked into bundles to create a 

structure resembling a finger-like protrusion (Jay, 2000). In contrast, lamellipodia are dense 

regions of f-actin located between filopodia, with a veil-like membranous appearance (Jay, 

2000). The motility of growth cones is characterised by the constant extension and retraction 

of these actin protrusions at the peripheral domain. The direction of filopodia and lamellipodia 

promotes growth cone stabilisation and axon extension (Bentley and O'Connor, 1994). The 

motility of filopodia and lamellipodia is induced by guidance cues present in the extracellular 

environment that bind to receptors on the membrane and trigger signalling cascades that 

regulate the assembly of microtubules and actin filaments (Henley and Poo, 2004). Permissive 

cues promote the polymerization of actin filaments, while inhibitory cues lead to actin 
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depolymerisation. The balance and reorganization of the growth cone cytoskeleton is the 

driving force for axon extension (Gallo et al., 2002). However, the molecular mechanisms 

through which guidance cues can modulate growth cone cytoskeleton and subsequently drive 

motility are yet to be completely unravelled.  

 

1.2.2 Growth cone cytoskeleton 
The major growth cone cytoskeletal components are actin and microtubules and their 

rearrangement determines growth cone motility in response to the environment (Dent and 

Gertler, 2003). Microtubules are polarised filaments made of tubulin subunits arranged in 

stable and parallel bundles within the axon shaft, while they splay apart within the growth cone 

periphery (Suter and Forscher, 2000; Dickson, 2002). In the peripheral domain, microtubules 

interact with actin filaments where they can extend and retract along filopodia and lamellipodia 

(Zhou et al., 2002; Dent and Gertler, 2003) to guide the ER and supply calcium to signalling 

domain (Pavez et al., 2019). Microtubule dynamics are therefore considered to be responsible 

for leading axon outgrowth, branching and growth cone turning (Dent and Gertler, 2003). Actin 

filaments are polarised and mainly composed of actin monomers. Filaments can either 

polymerize or dissociate, respectively at the barbed end and pointed end (Dent and Gertler, 

2003). F-actin forms bundles in filopodia, while they arrange as a cross-linked network in 

lamellipodia (Bentley and O'Connor, 1994; Suter and Forscher, 2000). The rearrangement of 

cytoskeletal proteins within a growth cone is highly dynamic and it is responsible for driving 

growth cone motility during axon guidance.  

Axon outgrowth is characterized by three stages: protrusion, engorgement and consolidation 

(Goldberg and Burmeister, 1986; Godement et al., 1994; Halloran and Kalil, 1994). Protrusion 

consists of a rapid extension of filopodia and lamellipodia at the leading edge of the growth 

cone. During engorgement, actin moves to the lateral edges of filopodia so that microtubules 

can invade the growth cone together with vesicles and organelles (Dent and Gertler, 2003). 

The consolidation step is characterized by filopodia retraction and consolidation of a new axon 

segment by the shrinkage of the membrane and the stabilization of an axon shaft around the 

microtubule bundle (Dent and Gertler, 2003). Therefore, axon extension results from the 

gradual advancement of organelles and vesicles from the central domain to the initial part of 

the peripheral domain, a process that is reliant on the growth cone cytoskeleton.  
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Figure 1.6. Structure of the neuronal growth cone. The central domain of the growth cone 

(red zone) consists of stable microtubules, depicted as red filaments. The transitional zone 

(defined in green) is enriched with actin-myosin structures that help the localization of 

microtubules and the retrograde of actin flow. The peripheral domain (yellow region) is 

composed of lamellipodia and filopodia, both outlined by curly brackets. Actin subunits (green 

filaments) form a meshwork that is abundant in lamellipodia and bundle up within filopodia. 

Adapted from (Lowery and Vactor, 2009). 
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1.3 Neurotransmitters as molecular guidance cues in axon pathfinding. 
Beyond their canonical role as chemical transmitters in the mature brain, neurotransmitters 

also play an equally important and unique role in shaping the development of the brain, for 

example in organizing the connectome (Ruediger and Bolz, 2007). A growing body of 

evidence has suggested that neurotransmitters act as trophic factors to enhance the neuronal 

growth, survival, differentiation and synapse maturation (Ruediger and Bolz, 2007). Recent 

work has demonstrated that neurotransmitters can act as trophic signals to guide the targeting 

of migrating neurons (Behar et al., 1995; 2001) and the steering of growing axons (Zheng et 

al., 1996a; Spencer et al., 2000; Xiang et al., 2002; Rüdiger and Bolz, 2008a) during early 

circuit formation. It has been suggested that neurotransmitters are required for the 

development, survival and maintenance of the nervous system (Ruediger and Bolz, 2007). 

The aim of the current section is to examine the available evidence for a non-canonical role 

of neurotransmitters, as molecular guidance cues.  

 

 

1.3.1 Neurotransmitters regulate circuit development 
A non-canonical role for neurotransmitters as early signals during neurodevelopment was  

suggested in the late 80s and early 90s (Haydon et al., 1984; Lipton et al., 1988; Zheng et al., 

1996b). While a general role for neurotransmitters in shaping the developing brain has been 

recognized, the underlying molecular mechanisms are yet to be elucidated. There is evidence 

advocating that neurotransmitters are ancient molecules that predate the formation of nervous 

system (Azmitia, 2007). Most neurotransmitters appear very early in developing embryos 

(Azmitia, 2001; Herlenius and Lagercrantz, 2001; Azmitia, 2007). Their presence sustains the 

entire lifespan of an organism, including the development, maturation and aging of the brain 

(Whitaker-Azmitia, 2001). The presence of neurotransmitters during early stages of brain 

development suggests is consistent with a role in axon pathfinding prior to functioning as 

chemical transmitters. 

If neurotransmitters are guidance molecules, there must be freely available sources detectable 

by growth cones and axons. Extracellular serotonin has been detected locally at synapses, 

from extra-synaptic sites including soma and dendrites and from the systemic circulation 

(reviewed in (De-Miguel and Trueta, 2005)). Similarly, secretion of dopamine from 

dopaminergic neurons has been recorded by carbon fiber amperometry, as well as vesicular 

release of acetylcholine at presynaptic sites in somatic spines (Jaffe et al., 1998; Puopolo et 

al., 2001; Nguyen and Sargent, 2002). Therefore, it is reasonable to consider these extra-

synaptic sources of neurotransmitters could function as a “guidance landscape” in the 

developing nervous system, possibly to lead migrating neurons or growing axons towards their 

final destinations and targets (Theisen et al., 2018). For example, serotonergic neurons extend 
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a vast array of projections to nearly all regions of the CNS and release serotonin prior to the 

formation of most conventional synapses, suggesting a role in shaping the formation of 

neuronal circuits (Gaspar et al., 2003). Alternatively, target tissues might release diffusible 

neurotransmitters to direct the guidance of growing axons to specific cellular partners: 

attractive molecules could assist the growth while inhibitory cues could either prevent the 

innervation of specific regions or inhibit growth cone motility prior to synapse formation 

(Doherty and Walsh, 1989). How could extra-synaptic sources of neurotransmitters interact 

with developing axons to enable circuit development?  

 

 

1.3.2 Neurotransmitter regulation of growth cone motility 

Neuronal growth cones are exquisitely tuned in their responses to extracellular concentrations 

of guidance cues including neurotransmitters. There is considerable evidence to demonstrate 

that neurotransmitters shape the morphology and motility of the growth cone (Mattson, 1988). 

Several studies have demonstrated both an inhibitory and enhancing role of extracellular 

application of neurotransmitters at the growth cone in many types of cultured neurons (Haydon 

et al., 1984; McCobb and Kater, 1986; Mattson and Kater, 1987; Lankford and Letourneau, 

1989). The following section provides examples of neurotransmitters in steering pathfinding 

growth cones.  

 

1.3.2.1 Acetylcholine 

Acetylcholine (ACh) is synthesized and released during early stages of neural development 

where it is well-known to be used by growing axons on their journey to reach their target fields 

to establish functional synapses (Hume et al., 1983; Young and Poo, 1983; Yao et al., 2000). 

For example, the role of ACh in development is well established at the neuromuscular junction 

where it attracts navigating axons (Li and Peng, 2012). Similar to other neurotransmitters, 

acetylcholine has a dual effect on the extension of cultured neurites. The application of 

acetylcholine to embryonic chick neuronal cultures inhibits neurite outgrowth through ACh 

muscarinic and nicotinic receptors (Small et al., 1995). Similarly, the activation of nicotinic 

receptor has an inhibitory effect on rat retinal ganglion cell neuronal outgrowth (Lipton et al., 

1988; Owen and Bird, 1995) and results in the retraction of developing axons in the leech 

embryo (Elsas et al., 1995). The application of cholinergic agonists induced neurite outgrowth 

in rat primary olfactory bulb cultures, suggesting that ACh can also increase neurite length 

(Coronas et al., 2000). Besides influencing neurite outgrowth, ACh acts as regulator of more 

complex molecular events modulating growth cone motility in explant cultures. Indeed, while 

microgradients of acetylcholine were sufficient to reduce the length of thalamic axons, their 
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growth cones were larger and had a more complex morphology, including increased filopodial 

activity (Rüdiger and Bolz, 2008b). The observation that growth cone arrest was not followed 

by subsequent collapse or retraction suggested a plausible in vivo scenario where ACh might 

regulate the directional turning of growth cones when approaching intermediate targets 

(Rüdiger and Bolz, 2008b). Indeed, the application of an ACh gradient by a micropipette was 

sufficient to promote growth cone attraction in Xenopus spinal neurons (Zheng et al., 1994) 

and in dorsal root ganglia (DRG) sensory neurons (Kuffler, 1996). The asymmetric activation 

of nicotinic receptors, but not muscarinic receptors and the subsequent rise in calcium levels 

were believed to mediate the attracting turning response by increasing the number of filopodia 

on the side of the growth cone facing the pipette (Zheng et al., 1994). However, experiments 

by Poo and colleagues showed that decreasing the levels of cAMP were sufficient to switch 

the turning of Xenopus spinal growth cones to the same guidance cues, including ACh (Song 

et al., 1997). Several studies have demonstrated the effects of acetylcholine on growth cone 

motility might be mediated by rearrangements of filopodia, structures known to be important 

for neuronal pathfinding. For example, ACh promoted filopodial elongation through nicotinic 

acetylcholine receptors that resulted in the elevation of the intracellular calcium concentration 

(Zhong et al., 2013). Similarly, the local application of ACh induced the formation of both 

filopodia and lamellipodia in neuroblastoma cell lines (Rösner and Fischer, 1996; Kozma et 

al., 1997).  

ACh has been hypothesized to regulate axon pathfinding in vivo. A study by Lipton and 

colleagues suggested that ACh-induced inhibition of neurite outgrowth could represent an in 

vivo mechanism for halting or stabilizing dendritic growth prior to the formation of synapses 

(Lipton et al., 1988). Whether this is the case in vivo remains to be further elucidated, although 

more recent studies have reported a role for ACh in axon pathfinding in drosophila and 

c.elegans model systems (Yang and Kunes, 2004; Xu et al., 2011). During early development 

of drosophila visual system, ACh secretion is required to modulate the pathfinding of 

photoceptor growth cones on their journey to target sites before the formation of functional 

synapses (Yang and Kunes, 2004). ACh has also been shown to modulate the signalling 

pathways that mediate axon responses of specific neurons to guidance cues, such as netrin 

and slit, in c.elegans developing nervous system (Xu et al., 2011). Together, these studies 

provide evidence for the non-synaptic role of ACh in regulating growth cone pathfinding 

towards target sites, before synaptogenesis.  

 

1.3.2.2 Glutamate 

Metabotropic receptor signalling has been implicated in regulating growth cone motility before 

synapse formation (Demarque et al., 2002). High levels of glutamate are inhibitory and cause 
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mammalian cortical cell culture death (Choi et al., 1987; Rothman et al., 1987; Hahn et al., 

1988). Endogenous glutamate stimulated neuronal outgrowth acting on NMDA receptor in 

cerebellar granule cell cultures (Pearce et al., 1987). Neurite outgrowth is also regulated by 

levels of glutamate, ranging from selective inhibition at lower levels and cell death at higher 

levels (Mattson and Kater, 1989). The intracellular mechanisms that could mediate glutamate-

induced changes rely on calcium dependent pathways and alterations in the microtubule 

cytoskeleton (Wilson et al., 2000). 

In the context of axon guidance in vitro, a narrow range of glutamate concentrations (0.005-

5mM) were sufficient to promote growth cone attraction responses in a dose-dependent 

manner in xenopus neuronal cultures (Zheng et al., 1996b). Interestingly, growth cones did 

not elicit any responses to higher gradients of glutamate (150mM), reflecting the asymmetric 

regulation that often mediates the growth cone turning decisions (Zheng et al., 1996b). The 

glutamate-induced attraction was preceded by the presence of more filopodia on the near side 

of growth cones and mediated by asymmetric activation of NMDA receptors and subsequently 

calcium influx into the growth cones (Zheng et al., 1996b). A follow up study confirmed 

glutamate-induced attraction in xenopus growth cones and provided evidence that 

microtubules mediate growth cone turning to sources of glutamate (Buck and Zheng, 2002). 

In another study, 5-25mM glutamate inhibited neurite outgrowth through calcium influx via 

ligand-gated ion channels in a larval lamprey neuronal cultures (Ryan et al., 2007). These 

studies provide evidence that glutamate presents both promoting and inhibiting effects on 

neurite outgrowth, depending on the concentration. Acetylcholine and glutamate-induced 

growth cone turning demonstrates the ability of growth cones to sense a specific 

neurotransmitter concentration, based on their repertoire of receptors density and ligand-

receptor affinity binding. Moreover, the presence of both dendrites and axons in most neuronal 

cell culture might cause opposite effects elicited by glutamate, as suggested by a study where 

focal application of glutamate reduced dendritic outgrowth but did not affect axonal growth 

(Mattson et al., 1988). The inhibitory function on dendrites was explained by the presence of 

glutamate receptors that led to the opening of voltage-dependent calcium channels, which in 

turn caused the decrease dendritic outgrowth (Mattson et al., 1988). A recent study has shown 

that glutamate also modulates the branching and growth rate of dopaminergic axons, in 

postnatal ventral midbrain cultures (Schmitz et al., 2009). This accelerated growth and 

arborization was mediated by the activation of NMDA and AMPA/kainate receptors, while 

selective activation of only AMPA/kainate was responsible for decreased axon growth rate 

(Schmitz et al., 2009). Together, these studies provide evidence for a non-canonical role of 

glutamate in regulating growth cone motility, in vitro. 
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1.3.2.3 Dopamine 

Dopamine has demonstrated inhibitory and stimulatory properties in vitro. Similar to serotonin, 

dopamine has been shown to inhibit growth cone motility and axon elongation in distinct 

Helisoma neurons (McCobb et al., 1988b). Dopamine’s inhibitory effect on cultured retinal 

growth cones was mediated by dopamine receptor D1 and cAMP levels and caused a rapid 

reduction of filopodia activity, followed by a flattening of growth cones and subsequent 

retraction of neurites (Lankford et al., 1988). In Lymnaea cultures, dopamine displayed a dual 

role on growth cone motility depending on the cell type (Spencer et al., 2000). Dopamine 

enhanced growth cone advance from target cells and subsequent synaptic connections, while 

inhibited growth cone advance from nontarget cells followed by collapse in vitro (Spencer et 

al., 2000). The striking finding of this study demonstrated that both growth cones and soma of 

right pedal dorsal neurons released dopamine, which was then detected at a distance of 300-

500µm, supporting the hypothesis of neurotransmitters acting as relatively long-distance 

diffusible guidance cues (Spencer et al., 2000). A follow-up study has shown that pedal cells, 

a group of non-target neurons, are inhibited by the application of dopamine to soma and 

growth cone (Dobson et al., 2006). The dopaminergic inhibition was mediated by D2 receptor, 

while the growth cone collapse was mediated by D1 receptor (Dobson et al., 2006). This study 

demonstrates how receptor heterogeneity and their compartmentalization can mediate subtly 

different inhibitory effects of dopamine on the same neurons. The evidence that dopamine 

receptors mediate several neuronal functions, demonstrates that dopamine could also play a 

role in neuronal differentiation and growth prior to functioning as neurotransmitter. 

 

1.3.2.4 Serotonin. 

Early studies have demonstrated conflicting evidence that implicates serotonin in the 

regulation of axon guidance and axon outgrowth in vitro. Serotonin promotes neurite 

outgrowth (Liu and Lauder, 1991; Lieske et al., 1999), spine density (Alves et al., 2002), 

neuronal arborisation (Vitalis et al., 2007), filopodia outgrowth (Udo et al., 2005) as well as to 

inhibit neurite outgrowth, branching (Diefenbach et al., 1995) and growth cone motility 

(Haydon et al., 1984). Indeed, serotonin caused growth cone collapse (Koert et al., 2001) and 

neurite retraction (Igarashi et al., 1995). Haydon and colleagues showed selective inhibitory 

effects of serotonin on buccal ganglion neurons of the pond snail Helisoma, with a negative 

regulation of outgrowth of neuron 19, but no effect on neuron 5 (Haydon et al., 1984). This 

study provided a clear example of how distinct types of neurons respond differently to 

serotonin. Later, in 1987, Cohan and colleagues demonstrated that serotonin caused inhibition 

of outgrowth in Helisoma growth cones by increasing growth cone calcium levels (Cohan et 

al., 1987). In contrast, neurons whose growth cones were unaffected by serotonin showed no 
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change in calcium levels (Cohan et al., 1987). These studies suggested that serotonin function 

at growth cones is mediated by calcium and this role is cell type specific. Further evidence 

from a more complex and combinatorial regulation of neurite elongation by the simultaneous 

application of serotonin and ACh (McCobb et al., 1988a). McCobb and colleagues showed 

that Ach blocked the serotonin-induced inhibition of Helisoma outgrowth by preventing the rise 

in calcium (McCobb et al., 1988a). Axon extension of serotonergic neurons is regulated with 

the presence of autoreceptors on serotonergic terminals in vitro. For example, the outgrowth 

of foetal rat serotonergic neurons is inhibited by serotonin application (Whitaker-Azmitia and 

Azmitia, 1986). In another study, performed on Aplysia sensory and motor neurons, serotonin 

application induced the growth of new synaptic connections (Bailey et al., 1992). Serotonin 

also enhanced neurite outgrowth of embryonic mouse thalamic neurons through the serotonin 

receptor 5-HT1b (Lotto et al., 1999). These studies provide further evidence that distinctive 

serotonin receptors modulate several developmental features including neurogenesis, axon 

guidance and synaptogenesis.  

In the following section, I will outline studies in animal models that have suggested a possible 

role for serotonin in modulating axonal wiring during pre- and postnatal development and 

formation of specific neuronal circuits. Permanent changes in the adult brain of selected 

neuronal networks formation might be the consequences of a loss/gain of function of specific 

serotonin receptors at critical developmental periods. The existence of a sensitive 

developmental window for serotonin signalling was first demonstrated in MAOa- , Sert- and 5-

HT1b- knockout mice models. These studies were carried out in the barrel cortex within the 

somatosensory cortex circuit, which consists of several whisker-barrels (van Kleef et al., 

2012a). Each barrel receives thalamic axons carrying sensory afferents, which form distinct 

clusters in the cortical layer IV (van Kleef et al., 2012a). Thalamic axons express the 5-HT1b 

exactly during this period of development (Bennett-Clarke et al., 1993). Mice lacking the gene 

encoding for Sert and MAOa, resulted in excess levels of serotonin in the brain, which was 

followed by abnormal development of the whisker-barrels in the somatosensory cortex (Cases 

et al., 1996; Salichon et al., 2001). Specifically, the thalamic clusters did not form but 

preserved an immature status characterised by a decreased number of branches (Rebsam et 

al., 2002). Interestingly, if expression of the 5-HT1b is also reduced, thalamic clusters were 

restored together with the correct number of axonal branches (Salichon et al., 2001; Rebsam 

et al., 2002). The same was observed in the formation of the visual system: in MAOa - and 

Sert-knockout mice, the segregation of retinal axons is lost (Upton et al., 1999; 2002), while 

in double knockout mutants (MAOa /5HT1BR and Sert/5-HT1b) the loss is repaired (Salichon 

et al., 2001). The double-knockout strategy that has restored the phenotype is suggesting a 

return towards a balanced and homeostatic serotonin signalling. Later studies showed that 

elevated extracellular serotonin levels caused structural and functional abnormalities (Persico 
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et al., 2001; Esaki et al., 2005; Lee et al., 2009), including postnatal effects of serotonin on 

the organization of the barrel cortex (Miceli et al., 2013). They revealed the possibility of 

several serotonin-dependent mechanisms acting together at distinct cellular elements of the 

barrel cortex development (Miceli et al., 2013). In addition to the somatosensory system and 

cortical circuits (Vitalis et al., 2013), olfactory performance is also dependent on serotonin 

during brain development (Zhang et al., 2013). Normally, serotonergic raphe neurons project 

to the olfactory bulb, while in presence of selective serotonin reuptake inhibitors (SSRI), the 

serotonergic innervation in the olfactory bulb appeared to be drastically decreased. Either 

excessive or too little serotonin levels in the brain result in wiring deficits. For example, Sert 

transporter mutations, which result in higher serotonin levels in the brain, has been shown to 

play a role in the formation of the raphe-prefrontal network (Witteveen et al., 2013). Witteveen 

and colleagues examined the ability of rostral raphe projections to fasciculate and target 

correctly to the prefrontal cortex, a region involved in memory and attention processes. In a 

Sert-knockout rat model, the early development of these brain regions is strongly dependent 

on serotonergic signalling (Witteveen et al., 2013). On the other hand, the lack of serotonin in 

the brain, due to deletion of Tph2, causes severe abnormalities in the formation of serotonergic 

circuitry and its innervation to several rostral brain regions (Migliarini et al., 2012). Additionally, 

Migliarini and colleagues showed a significant increase of BDNF expression in mutants rather 

than wild type (Migliarini et al., 2012). These results suggest that serotonin could act as a 

neurodevelopmental signal and mediate growth cone responses to guidance cues. Taken 

together, the aforementioned investigations showed a common feature for the exact fine 

tuning of neuronal circuits: the presence of optimum levels of serotonin in the brain.  

 

 

1.3.3 Serotonergic signalling modulates axonal pathfinding. 
The presence of serotonergic signalling within the first gestational month (Bonnin et al., 2007a; 

Xing et al., 2015b), has raised the question whether serotonin could have a role in axon 

guidance. The fact that the placenta is providing the developing brain with serotonin (Bonnin 

and Levitt, 2011), even before the serotonergic differentiation occurs, suggests that serotonin 

could play a crucial role in regulating several aspects of early neuronal development and 

differentiation. In the current section, I will present evidence for serotonin signalling in 

regulating early brain circuit formation.  

Alteration of extracellular levels of serotonin plays a crucial role in the development of the fetal 

brain. Fetal thalamocortical axons (TCA) are finely tuned during their growth and guidance by 

serotonergic signalling (Bonnin et al., 2007a). Serotonin signalling switched TCA axon 

responsiveness to netrin-1 from attraction to repulsion during cortical network formation, 

demonstrating for the first time the role of serotonergic signalling in modulating how axons 
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respond to guidance cues during wiring of the fetal rodent brain (Bonnin et al., 2007a). 

Thalamocortical axon pathway formation is disrupted by the alteration of serotonergic 

signalling through 5-HT1BR and 5-HT1DR, whose expression is spatially and temporally 

regulated (Bonnin et al., 2006). Serotonin signalling plays a crucial role in midline crossing of 

telencephalic neurons in the zebrafish (Xing et al., 2015b), demonstrating the importance of 

raphe nucleus and its projections in modulating pathfinding of commissural axons. When 

serotonergic signalling was disrupted, commissural axons no longer crossed the midline, 

suggesting that serotonin signalling is necessary for commissural axons to correctly respond 

to environmental guidance signals (Xing et al., 2015a). It is known that EphrinB signalling 

regulates midline crossing (Imondi and Kaprielian, 2001; Kadison et al., 2006), and this study 

demonstrated that serotonin, provided by raphe nucleus projections, mediates midline axon 

crossing via EphrinB2. This supports the idea of serotonin interacting with other guidance 

cues.  
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1.4 Hypothesis and Aims 
Work from many laboratories over the last few decades indicates that serotonin plays a role 

in regulating axon outgrowth, with evidence suggesting that serotonin acts to both enhance 

and inhibit axon outgrowth (Haydon et al., 1984; Cohan et al., 1987; Bailey et al., 1992; Lotto 

et al., 1999). However, the underlying molecular mechanisms by which serotonin regulates 

axon guidance are yet to be unravelled. Calcium signalling is known to be vital for regulating 

rearrangements of growth cone cytoskeletal to drive growth cone motility (Gasperini et al., 

2017). Evidence from Aplysia growth cones indicates that ER-calcium release induced by 

serotonin can initiate redistribution of microtubules (Zhang and Forscher, 2009), suggesting 

that serotonin regulates growth cone behaviour, and therefore axon pathfinding. Whether this 

is true in vertebrate neurons remains to be determined. Multiple serotonin receptor subtypes 

are expressed on the growth cone of rat sensory neurons (Chen et al., 1998), suggesting they 

might mediate growth cone motility in response to serotonin. Dorsal root ganglia 

pseudounipolar neurons extend axons that bifurcate into two axons: one projects to the 

periphery, including to sensory organs, while the other axon projects to the spinal cord. There 

is evidence that DRG thoracic/lumbar projections connect and synapse with enterochromaffin 

cells (cells of the gastrointestinal tract that synthesize serotonin). In this in vivo scenario, DRG 

axons potentially encounter serotonin at concentrations similar to those used in this study (50-

100uM; Damien Keating, Flinders University, personal communication, ANS 2019 Adelaide). 

Similarly, the axon projecting to the CNS may encounter serotonergic neurons in the spinal 

cord (Yokogawa et al., 2012). Given that serotonin is widely expressed in the developing 

nervous system, and the importance of serotonin for normal circuit formation, deciphering how 

serotonin regulates growth cone motility would provide novel insights on how serotonin 

modulates the initial circuit wiring of the brain. 

 

In summary, there is clear evidence that serotonin is important in neurodevelopment, however 

there is also conflicting data showing that serotonin has both inhibitory and enhancing 

properties on neurite outgrowth in vitro. In the current thesis I sought to investigate the 

molecular mechanisms underpinning the conflicting role of serotonin in axon guidance. The in 

vitro and in vivo experiments described in the following chapters examined the central 

hypothesis as such, serotonin acts as an instructive guidance cue during early brain 
circuit formation and serotonin signalling can be manipulated optogenetically to 
control axon guidance. 
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2  

 
2.1 Animals  

All animal procedures were approved by the Animal Ethics Committee of University of 

Tasmania under the ethic numbers A14975, A17373, A0018664 and in accordance with the 

Australian NHMRC Code of Practice for the Care and Use of Animals for Scientific Purposes.  

 

2.2 Zebrafish husbandry and embryo collection 

Adult zebrafish (Danio rerio) were maintained at standard conditions (28°C, pH of 7.3 and 

conductivity of 800 µS) in a 14 hr light/10h dark cycle. Natural mating between selected 

genotypes was set up overnight and eggs were collected using a fine filter. Eggs were placed 

in a petri dish containing 0.5x E2 embryo media with methylene blue and assessed for quality 

and fertilisation rate with a SZX19 dissection microscope (Olympus, Japan). Eggs were 

maintained in an incubator at 28°C in the dark until required.  

 

2.3 Cell culture 

2.3.1 DRG sensory neurons: 

Pregnant rats were euthanized by CO2 inhalation and c-section was performed to extract 

embryos at the developmental stage E17.5-E18.5. Embryos were decapitated and dissected 

in Earle's Balanced Salt Solution (EBSS 1X; Gibco, Invitrogen, USA) to remove the spinal 

cord. Thoracic and lumbar dorsal root ganglia (DRG) were then excised using forceps and 

collected in a microcentrifuge tube containing 200 µL of sensory neuron medium (SNM) 

comprising foetal calf serum (%5 v/v; Invitrogen, CA, USA), penicillin-streptomycin (100 μg/ml; 

Gibco, Invitrogen, USA), N2 neural medium supplement (1% v/v; Gibco, Invitrogen, CA, USA), 

nerve growth factor (50ng/mL; Sigma-Aldrich, St Louis, MO, USA) and Dulbecco’s Modified 

Eagle’s Medium (DMEM)/Ham’s F12 (Invitrogen, CA, USA). DRGs were mechanically 

triturated  and dissociated cells were plated on glass coverslips, previously treated (see 

section below for dish and coverslip preparation). Cells were maintained in a humified 

incubator (37°C, 5% CO2) for 4-6hr before growth cone turning assay was performed. We 

routinely use rat E17.5-18.5 thoracic and lumbar DRG in the growth cone turning assay, 

because they actively extend  axons (not dendrites) that demonstrate robust growth (20 µm 

in 30 mins) in vitro (Gasperini et al., 2009, Mitchel et al., 2012, Pavez et al., 2019). 
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2.3.2 HEK293A cell line: 

Cells were cultured under standard conditions at 37°C, with 5% CO2 at 95% humidity in 

Dulbecco’s Modified Eagles Medium (DMEM; Gibco, Invitrogen, USA) comprising of D-

glucose (1000 mg/L), L-glutamine, sodium pyruvate (110 mg/L), penicillin/streptomycin 

antibiotic solution (1 %), with supplemented with foetal bovine serum (5 % FBS; Gibco, 

Invitrogen, USA). Cells were kept in T25 flask (Corning Incorporated NY) and passaged every 

three days (85-90% confluency): cells were rinsed with 5ml Dulbecco’s Phosphate-Buffered 

Saline and Ethylenediaminetetraacetic acid (DPBS + EDTA, Sigma-Aldrich, USA), incubated 

under standard conditions for 5-10min with 2ml trypsin (0.5g/L; TrypLETM Express, Gibco, 

Invitrogen, USA) and swirled with 100 μl of FBS to inactivate the trypsin. Cells were centrifuged 

at 300 x g for 5min and resuspended with DMEM. Once homogenously resuspended, cells 

were passaged with a 1:10 ratio in culture media into a new T25 flask. For live cell imaging, 

cells were seeded on glass coverslips (ø18 mm, Thermo Fisher Scientific) in DMEM-Glutamax 

(4.5 g/L D-Glucose, Gibco, Invitrogen, USA) supplemented with 5% fetal bovine serum (FBS; 

Gibco, Invitrogen, USA) and 1% Penicillin-Streptomycin solution (Sigma-Aldrich, USA) at 

37°C in a humidified 5% CO2 environment. 

 

2.3.3 Zebrafish motorneurons 

Zebrafish embryos were dechorionated and dissected from the yolk, the skin, head and tail. 

Spinal cords of 3 embryos were collected, combined in a tube containing ATV-trypsin solution 

(0.05 %, Appendix 1) for 10min at 30°C and dissociated with a 10 μl pipet 10x. Cell culture 

media (I-15 media comprising foetal calf serum [%5 v/v; Invitrogen, Carlsbad, CA, USA] and 

penicillin-streptomycin [100 μg/ml; Gibco, Invitrogen, USA]) was then added and spinal cells 

were plated onto coverslips. Cells were cultured in 2 ml of culture media and incubated 

overnight at 21-24°C or for 6hr at 28°C 

 

2.4 Imaging dish and coverslip preparation 

Dishes (35 mm) containing a glass coverslip (MatTek, MA, USA) were used for the turning 

assay. Coverslips were incubated for 15 min with 69% v/v nitric acid (5 M; MERCK Millipore, 

Germany), thoroughly rinsed with reversed osmosis (RO) water and air-dried at room 

temperature. Coverslips were coated with poly-L-ornithine hydrochloride (1 mg/mL; Sigma-

Aldrich, MO, USA) diluted in TRIS (50 mM; Sigma-Aldrich, St Louis, MO, USA) and incubated 

at 4°C. One hour prior to culturing, coverslips were coated with laminin (50 µg/mL; Invitrogen, 

CA, USA) and incubated at 37°C and 5% CO2.  
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Glass coverslips (13 mm; MatTek Corporation, Ashland, MA, USA) for zebrafish cultures were 

incubated for 15 min with 69% v/v nitric acid (5 M; MERCK Millipore, Darmstadt, Germany), 

thoroughly rinsed with RO water and air-dried at room temperature. Later, coverslips were 

coated with poly-D-lysine hydrobromide (1 mg/mL; Sigma-Aldrich, St Louis, MO, USA) at RT 

for 3-4 hr. Next, coverslips were rinsed with RO water, air-dried at room temperature and 

sterilised using ultraviolet (UV) light for a cycle of 20 min. One hour prior to culturing, coverslips 

were coated with laminin (5 µg/mL; Invitrogen, Carlsbad, CA, USA) diluted in laminin solution 

and incubated at 37°C and 5% CO2.  

 

2.5 Growth cone turning assay 

Sensory neuron cultures were placed on a heated stage (26-32°C) of an inverted microscope 

(Nikon Instruments, NY, USA). Fire-polished micropipettes (CG100F-10; Harvard Apparatus 

Ltd., Kent, UK) were pulled (P87, Sutter Instrument Co., USA) to obtain a diameter of 0.5-0.8 

µm. Micropipettes were loaded with one of four solutions: BDNF (Brain-derived neurotrophic 

factor; 10ug/ml; Sigma-Aldrich, St Louis, MO, USA), Sema3a (Semaphorin-3A; 20 ug/ml; R&D 

systems), Serotonin (0.5-100 mM; Sigma-Aldrich, St Louis, MO, USA) and Vehicle. The 

serotonin concentration range of 0.5-100 uM serotonin was used because it was a similar 

order of magnitude to earlier in vitro studies (example: Haydon et al., 1984). Growth cones 

were positioned at a 45° angle and 85µm distance from the tip of the micropipette that 

generated a pulsatile ejection (5 psi, 1Hz; Picospritzer, Parker, USA) of guidance cues and 

imaged using phase-contrast microscopy. Images were acquired for 30 min with custom 

software (MatLab, MA, USA).  

 

2.6 Image Analysis 

Time lapse images of growth cones extending more than 10 μm in 30 min were analysed with 

ImageJ (NIH, MD, USA). Turning angle was defined as the change in axon trajectory of the 

distal 10 μm of axon. Attraction was defined as a positive turning angle towards the 

micropipette. Repulsion was defined as a negative turning angle away from the micropipette. 

No change in the angle of turning was defined as random growth.  

 

2.7 Pharmacologicals 

Pharmacological agents were bath-applied to cultures 20min prior to growth cone turning 

assay as listed: Chlorpromazine (5 μM, Sigma-Aldrich, USA), Ritanserin (1 nM, Tocris; 
Bioscience, Bristol, UK), GR 55562 (500 nM, R&D Systems, Israel), Rp-cAMP (20 μM, BioLog 

Life Science Institute), Sp-cAMP (20 μM, BioLog Life Science Institute), U-731222 (20 nM, 
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Sigma-Aldrich, USA), Forskolin (5 μM, Sigma-Aldrich, USA), Nifedipine (5 μM, Alomone Labs, 

Israel), Thapsigargin (50 nM, Alomone Labs, Israel), Ondansentron, (10 nM, Tocris, UK), TCB-

2 ((4-Bromo- 3,6-dimethoxybenzocyclobuten-1-yl)methylamine hydro- bromide, 2 nM, Tocris, 

UK), CP 94253 hydrochloride (5-Pro- poxy-3-(1,2,3,6-tetrahydro-4-pyridinyl)-1H-pyrrolo[3,2-

b] pyridine hydrochloride, 5 nM, Tocris, UK). Concentrations in the dish, perceived by growth 

cones.  

 

2.8 Immunoblotting 

Whole dorsal root ganglia were dissected, rinsed twice with ice-cold EBSS and lysed in 100 

μl of RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% NP-40 (Sigma-Aldrich, USA), 1 % 

sodium deoxycholate (Sigma-Aldrich, USA), 0.1% sodium dodecyl sulfate (SDS)). Collected 

lysates were clarified by centrifugation at 13,000 rpm (Heraeus Rotor 3325B), 4°C for 10min. 

Protein concentration of lysates were assessed using a Lowry assay (DC Protein Assay, Bio-

Rad). Blotting was performed as follows. 10 μg of total protein was mixed with Bolt LDS 

Sample Buffer (Invitrogen, USA), supplemented with DTT and denatured at 75°C for 10 min. 

Protein lysates were then centrifuged at 12,000 rpm for 1 min at RT and loaded on Bolt 4–

12% Bis-Tris Plus gels (Invitrogen, USA) using a Mini Gel Tank (Life Technologies, USA). 

Proteins were transferred to a 0.2 μm polyvinylidene fluoride (PVDF) membrane (Bio-Rad) 

using a Mini Blot Module (Life Technologies, USA) at 20V, 4°C for 60 min. After transfer, PVDF 

membranes were blocked for 60 min in 5 % (w/v) non-fat dry milk in TBS buffer supplemented 

with 0.05 % (v/v) Tween-20 (Sigma-Aldrich, USA). Membranes were incubated overnight at 

4°C with primary antibodies 5-HT1b (1:100; ab13896, Abcam, UK) 5-HT2a (1:100; ASR-033, 

Alomone Labs, Israel) b-actin (1:100; Sigma-Aldrich, USA) diluted in blocking solution. 

Subsequently, incubation with goat anti-rabbit / anti-mouse horseradish peroxidase (HRP)-

conjugated secondary antibody (1:10000 dilution) diluted in 1% non-fat dry milk + TBS buffer 

+ 0.05% Tween-20 for 1 hr at RT. Antibody conjugates were detected using chemiluminescent 

HRP substrate (Millipore, Germany) and imaged on a gel documentation system (Chemismart, 

Vilber-Lourmat).  

 

2.9 Immunohistochemistry 

Thoracic and lumbar DRGs were fixed in paraformaldehyde (PFA) (4 %, Sigma-Aldrich, St 

Louis, MO, USA) overnight at 4°C. After fixation, DRGs were washed in PBS (3x10 min) and 

sucrose (30 %; Sigma-Aldrich, St Louis, MO, USA) then incubated overnight at 4°C. Optimal 

Cutting Temperature (OCT) embedding medium was added (50 %, Thermo Scientific, USA) 

and incubated overnight at 4°C. Approximately 20 DRGs were embedded into a plastic mould 

and sectioned on a cryostat (Leica). Sections (10 μm) were collected on slides (Dako, Thermo 
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Scientific, USA), left to dry for 4 hr at RT and rehydrated with PBS for 30 min. Blocking solution 

(goat serum (5 %, Sigma-Aldrich, St Louis, MO, USA) and Triton X-100 (0.4 %, Sigma-Aldrich, 

St Louis, MO, USA) in PBS), was added for 1hr at RT. Primary polyclonal rabbit antibody 5-

HT1B (1:200, ab13896, Abcam, UK) and 5-HT2A (1:200, ASR-033, Alomone Labs, Israel) 

were added to the blocking solution and added to sections overnight at 4°C. Samples were 

then washed with PBS (3x10 min), incubated for 1hr at RT with secondary antibody anti rabbit 

488 (1:1000) diluted in blocking solution, stained with DAPI (1:10000) for 10min and mounted 

in fluorescent mounting media (Dako, Thermo Scientific, USA) 

 

2.10 Immunocytochemistry 

Sensory neurons were cultured for 4-6 hr on gridded coverslips (MatTek Corporation) prior to 

fixation with paraformaldehyde (PFA) (4%, Sigma-Aldrich, USA) in PBS overnight at 4°C.  

For single label experiments, cells were washed in PBS (3x10 min) and permeabilised with 

blocking solution for 1 hr at RT. Primary polyclonal rabbit antibody 5-HT1B (1:500, ab13896, 

Abcam, UK) or 5-HT2a (1:500; ASR-033, Alomone Labs, Israel)  were diluted in the blocking 

solution and incubated overnight at 4°C followed by PBS washes (3x10 min) and 1 hr 

incubation at RT with secondary antibodies Alexa Fluor goat anti- rabbit 488 (1:1000; Thermo 

Scientific, USA) and Phalloidin 568 (1:200; Thermo Scientific, USA) diluted in blocking 

solution.  

For double label experiments, cells were washed in PBS (3x10 min) and permeabilised for 1 

hr in blocking solution and immunostained with a rabbit antibody to serotonin receptors 5-

HT1b (1:500; ab13896, Abcam, UK) or 5-HT2a (1:500; ASR-033, Alomone Labs, Israel) in 

blocking solution overnight at 4°C. Following washes in PBS (3x10 min), Alexa Fluor goat anti-

rabbit 488/568/647 secondary antibodies (1:1000, Invitrogen, USA) were incubated for 1 hr 

and rinsed in PBS (3x10 min) prior to 4% PFA incubation overnight at 4°C. Following washes 

in PBS (3x10 min) and 1 hr incubation with blocking solution, primary polyclonal rabbit 

antibodies 5-HT1b or 5-HT2a were added to the blocking solution for 5 hr and rinsed in PBS 

(3x10 min). Alexa Fluor goat anti-rabbit 488/568/647 secondary antibodies (1:1000, 

Invitrogen, USA) were added for 1 hr and rinsed in PBS (3x10 min) prior to mounting.  

For direct immunocytochemistry experiments, a Zenon Rabbit IgG-Alexa Fluor 488 labelling 

Kit (Molecular Probes,) was used. Fixed neuron cultures were rinsed in PBS and incubated 

for 30 min with non-permeabilising blocking solution (PBS and 10% goat serum). Primary 

antibodies for receptors 5HT1b and 5HT2a were conjugated for 10 min at 20-24°C (RT) and 

applied to cell cultures for 1hr at RT (1:200). Following washes in PBS, cells were fixed with 

PFA for 10 min at RT and stained with Alexa Fluor 568 Phalloidin for 1 hr at RT prior to 

mounting.   
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Zebrafish motor neurons (Gal4s1020t/UAS_mCh) and serotonergic neurons (Tph2-eGPF) 

were fixed with PFA in PBS (PBS) for 20 min at RT. ICC performed as described above.  
 

2.11 Confocal Imaging.  

Confocal stacks were acquired in 0.2 μm increments spanning total growth cone thickness of 

1.5 μm, using a spinning disk confocal microscope (UltraView, PerkinElmer, USA) equipped 

with a x100 oil objective (1.4 NA) and Volocity software (PerkinElmer). 

Confocal stacks were acquired in 25 μm increments covering total zebrafish thickness, using 

Olympus Confocal FV3000 Upright equipped with a x20 water immersion objective (1.25 NA).  
 

2.12 Serotonin receptor distribution and image analysis. 

To assess 5-HT1b and 5-HT2a receptor translocation during turning, growth cones were 

rapidly fixed while turning (15 min post exposure to guidance cue) and processed for 

immunocytochemistry (as described in 2.10). Growth cones were annotated into “near” vs “far” 

with respect to the micropipette, by drawing a line from the distal 10μm of the axon through 

the final growth cone orientation. Integrated pixel intensity was measured within the two 

regions of the central zone and normalised to the background fluorescence using ImageJ 

software, as previously described (Mitchell et al., 2012; Pavez et al., 2019). Serotonin receptor 

densities along each filopodia was counted as individual puncta and plotted as the amount of 

receptor per micron of filopodia. Filopodia shorter than 1 μm were excluded from analysis.  

 

2.13 Calcium imaging. 

Cells were loaded with Fluo-4AM (5 μM, Molecular Probes) in SNM (without serum) for 10 min 

at RT. Cultures were then rinsed with SNM and incubated at 37°C for a further 30-40 min prior 

to imaging. Growth cones were exposed to serotonin microgradients for 15 min and images 

acquired at 5 s intervals at 488 nm using an EMCCD digital camera (Evolve, Photometrics) 

and inverted microscope (Eclipse TiE; Nikon Instruments). Intracellular calcium changes were 

quantitated using a region of interest (ROI), covering the entire growth cone. Images were 

acquired using NIS-Elements AR 4.00.12 software (Nikon, Japan). 

 

2.14 Cyclic nucleotide imaging.  

To measure changes in cAMP, neurons were transfected with Flamindo2 (Addgene, plasmid 

# 73938) using a Rat Neuron Nucleofection kit (Lonza, Switzerland). Growth cones were 

exposed to serotonin microgradients for 15min and images acquired every 10s at 514nm using 
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an EMCCD camera (Evolve, Photometrics) and inverted microscope (Eclipse TiE; Nikon 

Instruments). Intracellular cAMP changes were quantitated using a region of interest (ROI), 

covering the entire growth cone. 

 

2.15 Experimental design and statistical analysis. 

All growth cone turning experiments were carried out during 90-100 independent imaging 

sessions, using sensory neurons from 45-50 rats. Each imaging session contained at least 

one negative (vehicle) and one positive (BDNF or sema3a) control. Only one growth cone was 

imaged from each dish. Operator was blinded to pharmacological treatments throughout 

imaging and analysis. Statistical analysis of turning angles and receptor distributions were 

performed using Prism 6 (GraphPad Software, USA). All data was assessed using D’Agostino-

Pearson omnibus or the Shapiro-Wilk test for normality. Normally distributed data were 

analysed using unpaired t-tests with Welch’s correction and one-way ANOVA followed by 

Tukey’s multiple comparison post-hoc test. Non-parametric data were analysed using Mann–

Whitney u-test or Kruskal-Wallis followed by Dunn’s multiple comparison post-hoc test. See 

figure legends for specific details. All scatter plots denote mean and standard deviation.  

 

2.16 Transfection 

In the optimization experiments illustrated in Figures 4.2-4.4, mCh-cytosol refers to the 

component B of the construct described in figure 4.1B-C, while eGFP-membrane refers to the 

component A. PIGM-Iq or “Photo-Induced G-protein Modulator – inhibitor G⍺q” describes the 

optogenetics tool used to inhibit G⍺q signalling in Chapters 4 and 5 of the current thesis 

(Figure 4.4-4.10). 

HEK293A cells were plated in a 12-well plate for 24 hr prior to transfection with PIGM-Iq 

plasmid using X-tremeGENE 9 (Roche, Switzerland). Briefly, X-tremeGENE 9 reagent was 

mixed with DNA in 3:1 ratio volume:weight (e.g., 0.3 μl X-tremeGENE + 0.1 μg DNA) in a 

serum-free DMEM culture media. After 20 min incubation at RT, the mixture was then dropped 

onto cells and incubated under standard conditions for further 24 hr prior to imaging.  

Dissociated sensory neurons were electroporated with PIGM-Iq DNA using manufacturer’s 

instructions (Lonza, Switzerland). Briefly, 60-70 whole DRGs were treated with 0.125% trypsin 

(Sigma-Aldrich, USA), DNase (Sigma-Aldrich, USA) and EBSS (1x, Gibco, Invitrogen, USA) 

for 12 min at 37°C. Trypsin was then inactivated with FBS and supernatant replaced with fresh 

EBSS prior to gently and mechanical dissociation. Cells were then centrifuged at 2000 rpm 

for 5min, supernatant discarded and pellet resuspended with 100 μl of transfection reagent 

(Rat Neuron Nucleofector, Cat#VPG-1003, Lonza, Switzerland) and 2 μg of DNA prior to 
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electroporation. Neurons were resuspended in fresh media and plated on laminin-coated 

coverslips (18 mm). Cells were incubated 4-6 hr prior to imaging. 

 

2.17 Live-cell imaging and in vitro photostimulation 

Cells (n=3 per experiment illustrated in Figure 4.4-4.7) and growth cones (n=1 per experiment 

illustrated in Figure 4.2-4.3, 4.9; n=8-12 in Figure 4.10) were analysed in a consistent manner: 

raw fluorescence values measured in the cytosol/membrane were subtracted from the raw 

fluorescence values of the background as a proxy measure for photobleaching. As per 

previous papers, we routinely normalize for background and cell volume (Gasperini et al., 

2009; Mitchel et al., 2012; Pavez et al., 2019; Vicenzi et al., 2020). To measure changes in 

fluorescence, I defined a region of interest in the cytosol and membrane and performed a time 

measurement which was then plotted as a graph to support the images. For experiments 

illustrated in Figure 4.10, fluorescence was detected in the soma of the growth cone tested in 

the in vitro growth cone turning assay. Turning angles were determined as described in section 

2.5.  

 

2.17.1 HEK293A cell line 

Cells transfected with the photoactivatable PIGM-Iq were imaged at RT using an EMCCD 

digital camera (Evolve, Photometrics) and a motorized inverted microscope (Eclipse TiE; 

Nikon Instruments Inc) with x100 NA.1.4 oil immersion objective. Regions of HEK cells were 

stimulated with light (470 nm) using a digital mirror device (Mightex, USA) attached to the light 

path of the motorized inverted microscope. For PIGM-Iq photostimulation cells were imaged 

firstly with the phase channel and subsequently every second for 10 s with the LED red light 

(594 nm). Depending on the experiment, cells were stimulated with 100 ms-5s pulse of LED 

blue light (470 nm) at 2%-100%. Light intensity at 100% was measured as 0.22 µW.  

 

2.17.2 DRG sensory neurons: 

Transfected growth cones with the photoactivatable PIGM-Iq system were imaged at RT using 

an EMCCD digital camera (Evolve, Photometrics) and a motorized inverted microscope 

(Eclipse TiE; Nikon Instruments Inc) with x100 oil immersion (1.40 NA). Spatially-restricted 

regions of transfected growth cones (ROIs on the half side of growth cone exposed to the 

cue), or whole field of view, were stimulated with 2 s pulse of LED blue light (470 nm) at 10% 

light intensity. For single co-localization experiments, growth cones were initially imaged with 

mCherry channel pre- and post- whole field stimulation and eventually the bright field and 

eGFP channels were taken, too. For repetitive PIGM-Iq stimulations over time, 2 s pulses of 
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blue light stimulations were delivered at intervals of 5 min each and mCherry channel captured 

for 30 min. For growth cone turning assay, 2 s pulses were delivered in spatially-restricted 

regions every 5 min and phase images were acquired every 7s for 30 min. The angle of turning 

was defined as previously described in “Growth cone turning assay” section. Analysis of time-

lapse images was performed using ImageJ (NIH, USA). 

 

2.17.3 Zebrafish embryos 

Zebrafish embryo were illuminated with a IO Rodeo midi blue LED transilluminator (Smart Lab 

Technology) for periods of 2 hr every 5 min for 10 s of continuous illumination. PIGM-Iq 

mutants and PIGM-IqD387A light insensitive mutants were stimulated with LED blue light 

simultaneously. Light intensity was measured as 0.021 mW/mm^2.  
 

2.18 Image processing and data analysis  

For membrane co-localisation data, membrane and cytoplasm were outlined using the ‘free-

hand’ tool with ImageJ and measure of mean grey value was recorded for each image in the 

stack. Average background values were calculated for each image stack and subtracted from 

the experimental value to give a true representation of cell pixel intensity. The change in 

fluorescence over initial fluorescence was then calculated using the following normalisation 

method: initial fluorescence (F0) was determined by averaging 10 values immediately prior to 

blue-light stimulation; the Ft/F0 was then determined over time, with Ft being the fluorescence 

value at each given time point post blue-light stimulation. The change of fluorescence of mCh-

cytosol component was analysed over time. The eGFP-membrane component could not be 

visualized before and after blue light stimulation given the excitation wavelength required to 

visualize the eGFP-membrane component would activate the PIGM-Iq construct. Statistical 

analysis for all data arrays were conducted using a student’s T-test with statistical significance 

requiring a p-value <0.05. 

 

2.19 Fin Clipping - Genotyping  

Tg(tph2:GAL4FF) fish line with the y298et (AB) genetic background was obtained from ZIRC 

and outcrossed with AB wild type (WT). Offspring was raised to adulthood, fin clipped and 

genotyped to screen the pool of y298Et fish line in order to keep only the hetero/homozygous 

carriers for the GAL4FF mutation. Extract-N-Amp Tissue PCR kit (Sigma-Aldrich, XNAT2-1KT, 

Lot # SLCB0079, USA) was used to extract genomic DNA from zebrafish fin tissue. Briefly, 

adult fish were anesthetized with MS222 (150 mg/L; Appendix 1). The fin-tail tissue was 

resected with the aid of scissor or blade and collected with forceps. A mix of 50 µl of extraction 
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solution and 14 µl of tissue preparation solution was added into each tube. Tissue was 

vortexed 3 times during an incubation period of 10 min at RT, which was followed by another 

incubation period of 5 min at 95°C. 50 µl of Neutralization solution B was then added to each 

tube, mixed and vortexed. Genomic DNA was quantitated with Qubit Assays (Invitrogen, 

USA). Briefly, working solution was prepared by diluting the Qubit reagent 1:200 with the Qubit 

buffer. Then, 190µl working solution was mixed with 10 µl of standard solutions (the kit has 

two standards for low and high) while 198 µl were mixed with 2 µl of user sample solutions 

(based on how many fin clipping DNA were collected). All tubes were gently vortexed and 

incubated for 2 min at RT and inserted in the Qubit Fluorometer to take readings of the 

samples. Standard solutions A and B were measured at first while samples were recorded at 

the end (ng/µl) and adjusted to 20 ng/μl to proceed with PCR using MyTaq HS Mix.  

 

2.20 Oocyte microinjections 

Micropipettes borosilicate glass capillaries (1.0 mm O.D. x 0.58 mm I.D, Harvard Apparatus, 

USA) were prepared using the Flaming/Brown micropipette puller (Model P-87, Sutter 

instrument, USA). Tol2 constructs were diluted (50 ng/μl) using nuclease free water and 

maintained on ice with transposase mRNA (50 ng/μl). Micropipettes were filled with 2 µl of the 

desired Tol2 construct. Micropipette was inserted into a Pico-liter injector (PLI-10, Warner 

Instruments, USA) and the pipette tip was slightly broken off with the use of sharp forceps. 

This created a tiny orifice diameter that would inject a volume of between 1-2 nl (assessed 

through an haemocytometer covered with a drop of mineral oil on a coverslip) with a pressure 

of around 20 psi and a 0.1 ms injection time. Eggs from Tph2_Gal4 positive adult fish were 

selected at 1 cell stage for all injections and placed on a pre-prepared agarose microinjection 

plate.  
 

2.21 Generation of transgenic embryos 

The zebrafish lines that express PIGM-Iq and PIGM-IqD387A constructs in serotonergic 

neurons are labelled as Tg(Tph2_Gal4)y298Et; UAS_PIMG-Iq and Tg(Tph2_Gal4)y298Et; 

UAS_PIMG-IqD387A. Tol2 transposase mRNA and ptol2P2A_UAS_RGS2 or 

ptol2P2A_UAS_RGS2D387A plasmids were injected into the Tg(Tph2_Gal4)y298Et. Exploiting 

the Gal4;UAS editing system, the presence of the PIGM-Iq and PIGM-IqD387A constructs under 

the Tph2 promoter the expression of eGFP cassette located in the injected plasmid.  

 

2.22 Behavioural experiments. 



 

 41 

To assess coiling behaviour at 22-26 hpf, PIGM-Iq and PIGM_IqD387A embryos were placed in 

a petri dish to acclimatise for 30 s. Spontaneous coiling behaviour was recorded at a rate of 

40 fps (frames per second) for a period of 2 min. To assess startle-response at 36 hpf, 48 hpf, 

72 hpf, PIGM-Iq and PIGM_IqD387A embryos were stimulated using a fine micro-capillary tip 

applied to the tail. Touch-startle response was recorded at 89 fps. In both assays, PIGM-Iq or 

PIGM_IqD387A embryos were alternated during each experiment. Coiling and startle behaviours 

were recorded with Mightex super speed CCD camera (Scitech) on a SZX19 dissection 

microscope (Olympus, Japan) and the software SS Classic Camera App. All videos were 

analysed in Fiji and manually counted. 
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Chapter 3: 
Serotonin functions as a bidirectional 

guidance molecule in vitro. 
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3  

3.1 Introduction  
Serotonin regulates early CNS development including neuronal migration, proliferation, 

differentiation and synaptogenesis (Lipton and Kater, 1989; Lauder, 1993b; Azmitia, 2001). 

Importantly, extracellular application of serotonin promotes outgrowth of embryonic mouse 

(Lotto et al., 1999) and postnatal rat (Lieske et al., 1999) thalamic axons, while inhibiting the 

outgrowth of snail  (Haydon et al., 1984; Koert et al., 2001) and chick (Igarashi et al., 1995) 

axons in culture. There are numerous lines of evidence to support the notion that in addition 

to its canonical neurotransmitter and neuromodulator functions, serotonin may also act as a 

guidance cue. Serotonin is released into the CNS from synapses, axons and the systemic 

circulation (reviewed in (De-Miguel and Trueta, 2005). Focal application of serotonin 

generates cytosolic calcium signals (Cohan et al., 1987) that promote cytoskeletal 

rearrangement in growth cones (Zhang et al., 2012). Serotonin is also known to fine-tune the 

development of CNS somatosensory circuits as perturbation of serotonin levels alters 

thalamocortical axon targeting and cortical barrel field formation [reviewed in (Gaspar et al., 

2003) and (van Kleef et al., 2012a)].  

Seven sub-types of serotonin receptors are present in the embryonic vertebrate brain and 

their activation has been shown to influence brain development (Wirth et al., 2017). For 

example, Xing and colleagues have shown that early activation of the serotonin htr2a gene, 

encoding the 5-HT2a receptor, abolished ephrin-mediated midline axon crossing in zebrafish. 

This suggests that serotonin signaling, through the 5-HT2a receptor, is necessary for 

telencephalic axons to correctly respond to environmental guidance signals (Xing et al., 

2015b). Embryonic thalamocortical axons are also tuned during their growth and guidance by 

5-HT1b/1d receptor activation by switching axon responses to netrin-1 from attraction to 

repulsion during cortical network formation  (Bonnin et al., 2007b), suggesting that serotonin 

interacts with other key guidance cues during early stages of neural circuit formation. Although 

these studies are consistent with a crucial role for serotonin in the development of the 

connectome, whether serotonin is important for simply regulating axonal outgrowth or whether 

it plays a more instructive role in regulating growth cone guidance remains largely unexplored.  

In this chapter, I hypothesize that serotonin acts as a guidance molecule through the activation 

of specific serotonin receptor signalling mechanisms. Using a combination of a growth cone 

motility assay, pharmacology and high-resolution imaging, I show that serotonin acts in a 

dose-dependent manner to regulate attraction and repulsion of rodent sensory neuron growth 

cones in vitro thus providing a potential mechanism where a “serotonin concentration 

landscape” might fine tune early circuit formation in the developing brain. 
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3.2  Results  
 

3.2.1 Serotonin regulates growth cone motility in a dose-dependent manner.  

Serotonin is secreted into the CNS and regulates early circuit development (Takahashi et al., 

1986; Sundström et al., 1993). While these early studies have suggested that serotonin alters 

growth of developing axons, they do not provide any insights into how serotonin might act to 

coordinate more complex molecular events during circuit formation such as growth cone 

motility during axon guidance.  

Using a well described method to measure growth cone motility (Lohof et al., 1992; Gasperini 

et al., 2009; Mitchell et al., 2012; Pavez et al., 2019), we compared responses of embryonic 

growth cones to the “gold-standard” guidance cues, brain derived neurotrophic factor (BDNF) 

and sema-3a (Fig 3.1E-F). Based on previous in vitro studies that investigated the effect of 

serotonin on neuronal outgrowth (Haydon 1984, Cohan 1987, Koert 2001, Sykes 2005), we 

initially exposed growth cones to two 5-HT concentrations (50 µM and 100 µM). Surprisingly, 

we observed both attraction to 50µM (+8.15°; p=<0.001) and repulsion from 100 µM (-8.84°, 

p=0.0002) serotonin respectively. We next investigated a possible dosage response by 

exposing growth cones to a wider range of serotonin concentrations. Interestingly, growth 

cone responses to doses in the range of 0.5µM to 25µM or 75µM were not statistically different 

from vehicle (Fig 3.1E). I will refer to 5HT-Lo and 5HT-Hi to describe the attractive 50 µM and 

repulsive 100 µM concentrations respectively. Importantly, growth cone responses to 5HT-Lo 

were not significantly different (p=0.9668) to turning angles elicited by the established 

chemoattractant, BDNF and growth cone responses to 5HT-Hi were not significantly different 

(p=0.2244) to turning angles elicited by the gold standard repulsive cue, sema3a. To exclude 

the possibility that these guidance effects were due to non-specific changes in axon outgrowth, 

we measured axon extension and showed that none of the serotonin doses tested altered 

axon extension (Fig 3.1F), confirming that observed responses to serotonin were specific to 

growth cone motility. This is not surprising given we only measured axon turning over a 30 

min period. Previous studies that have shown that serotonin alters axon extension did so over 

a 24 hr incubation period (Liu and Lauder, 1991; Udo et al., 2005; Diefenbach et al., 1995) up 

to one week period (Lieske et al., 1999). 
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Fig 3.1 Serotonin elicits growth cone attraction and repulsion in a dose-dependent 

manner. (A) Representative image of DRG neuron in culture. (B) Isolated growth cone 

exposed to pulsatile ejections of serotonin gradient. The pipette is located in the upper right 

corner.  (C-D) Phase contrast images of growth cones trajectories at the start (0 min) and at 

the end (30 min). Ti initial trajectory; Tf final trajectory. Dotted lines denote the change in axon 

trajectory in respect to the micropipette measured as angle of turning. (C) is an example of 

vehicle and (D) 5HT-Lo turning. (E) Growth cones turned predictably towards BDNF (n=51, 

p<0.0001) and away from sema-3A (n=21, p=0.0009) compared to vehicle (n=77). Serotonin 

concentrations (0.5, 5, 25 and 75μM) were not significantly (n=15, p>0.999), (n=16, p>0.1614), 

(n=14, p=0.573), (n=14, p>0.999), different to vehicle turning angles. Only growth cones 

exposed to 50 μM (n=51, p<0.001) and 100 μM serotonin (n=34, p=0.0002) showed significant 

motile responses. Positive angles denote attractive turning and negative angles denote 

repulsive turning, when compared to random growth (vehicle) (Kruskal-Wallis with Dunn’s 

multiple comparison post-hoc test). (F) Axon extension was not significantly different in any 

experimental treatment (ns, p>0.05). Scale bars are 5µm.  
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3.2.2 Rodent dorsal root ganglia express 5-HT1b and 5-HT2a receptors. 

Among the seven classes of serotonin receptors, 5HT1b and 5HT2a play critical roles in 

growth cone navigation (Bonnin et al., 2007; Xing et al., 2015). Serotonin receptors have been 

well characterised in rodent dorsal root ganglia sensory neurons with 5-HT1b and 5-HT2a 

being among the most abundant receptor subtypes (Chen et al., 1998). We therefore 

characterised the expression of 5-HT1b and 5-HT2a receptors in sensory neurons using 

immunohistochemistry and immunoblotting analysis (Fig 3.2).  

Antibodies directed against 5-HT1b and 5-HT2a were used in immunohistochemistry of DRG 

sections (Fig 3.2 A-K) and lysates of whole DRG (Fig 3.2 L-M). Immunostained sections of 

whole ganglia showed a punctate pattern of cytoplasmic expression in neuronal soma (Fig 3.2 

J, arrowhead) and non-neuronal cells (Fig 3.2 K, arrowhead), possibly glia. Immunoblotting of 

whole DRG lysates with the 5-HT1b and 5-HT2a antibody detected bands at the predicted 

molecular weight. These antibodies were subsequently used to detect 5HT1b and 5HT2a 

receptors in DRG growth cones. 
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Fig 3.2 5-HT1b and 5-HT2a receptors are widely expressed in embryonic dorsal root 
ganglia. Sections from whole dorsal root ganglia immunostained for serotonin receptors, 5-

HT1b (green, A), 5-HT2a (green, E), neuronal marker (bIII-tubulin, red; B and F) and nuclear 

DAPI staining (blue, C and G). The receptors 5-HT1b and 5HT2a were distributed throughout 

neuronal and non-neuronal cells. (J-K) High power images of D and H to show non 

homogenous distribution of 5HT1b (J, arrowhead) and 5HT2a puncta (K, arrowhead). (L-M) 
Western blot of whole DRG lysate to validate 5HT1b (G) and 5HT2a (N) antibody compared 

to beta-actin loading control.  
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3.2.3 Growth cones express 5-HT1b and 5-HT2a receptors  

The biphasic nature of growth cone responses to high and low concentrations of serotonin 

suggests that multiple serotonin receptors might act to mediate serotonin-induced attraction 

and repulsion. To confirm that serotonin receptors are present in DRG, we used 

immunocytochemistry to examine the expression of 5-HT1b (Figs 3.3 a-c) and 5-HT2a 

receptors (Figs 3.3 d-f) in growth cones in vitro. Both 5-HT1b and 5-HT2a receptors were 

expressed throughout growth cones and filopodia and both 5-HT1b and 5-HT2a receptors 

share a similar range of affinity binding, which is in the nM range (Davidson et al., 1997; 

Newman-Tancredi et al., 2000; Egan et al., 1998; Shapiro et al., 2000). Dual labelling 

experiments using antibodies directed against 5-HT1b and 5-HT2a receptor subtypes 

revealed colocalization of 5HT receptors widely distributed in growth cones (Figs 3.3 g-i, 

arrow) and filopodia (Fig 3.3 j, arrowheads). Filopodia are key signalling structures of growth 

cones, necessary for initiating signal transduction pathways that regulate growth cone 

responses to guidance cues (Davenport et al., 1996; Pavez et al., 2019). Significantly, a 

punctate pattern of expression of serotonin receptors was observed on distal filopodial tips.  

To explore whether extracellular serotonin signals through 5-HT1b and 5-HT2a receptors  we 

applied specific pharmacological inhibitors of serotonin receptors in the growth cone turning 

assay. We first tested whether a non-selective 5-HT1 and 5-HT2 antagonist, chlorpromazine, 

could perturb growth cone motility in response to serotonin. Bath application of chlorpromazine 

(5µM) abolished both attractive (-10.10°; p<0.0001) and repulsive (+1.04°, p=0.0003) turning 

in response to 5HT-Lo and 5HT-Hi (Fig 3.3 k) respectively, confirming that growth cone 

responses to extracellular serotonin are regulated by serotonin receptors, possibly 5-HT1 and 

5HT2. As previously shown with other attractive cues, inhibition of the attractive guidance cue 

5HT-Lo, with chlorpromazine reversed growth cone attraction to repulsion (Gasperini et al., 

2009; Wen et al., 2004). Consistent with the serotonin turning data, treatment with 

chlorpromazine had no effect on axon extension when growth cones were exposed to 

gradients of serotonin (Fig 3.3 l). 
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Fig 3.3 5-HT1b and 5-HT2a receptors are expressed in growth cones and filopodia. (A-
J) Sensory neuron growth cones immunostained for serotonin receptors, 5-HT1b (green, A, 

red in G), 5-HT2a (green, D and H) as well as filamentous actin (f-actin) to highlight the extent 

of the growth cone (Phalloidin, red; B and E). The receptors 5-HT1b and 5HT2a were observed 

as a widespread punctate distribution throughout the growth cone (Fig G-H).  Punctate 

expression was evident in filopodia (Fig J) with isolated 5HT-1b (green, *), 5HT-2a (red, #) as 

well as colocalised (arrowheads) puncta on filopodial shafts. There was prominent 

colocalization of 5-HT2a and 5-HT1b receptors in peripheral areas (see arrow in Fig 2I).  Scale 

bars are 5 µm (Fig 2A-I) and 1µm (Fig 2J). (K) Turning responses to serotonin were sensitive 

to chlorpromazine, a non-selective antagonist of serotonin receptors. Attractive turning of 

growth cones to 5HT-Lo (n=7, p=<0.0001) and repulsion to 5HT-Hi (n=8, p=0.003) were 

significantly different when cultures were treated with chlorpromazine. (L) Axon extension was 

not significantly different in any experimental treatments (ns, p>0.05). (Mann-Whitney u-test). 

Controls (data not shown) were performed but not displayed in this graph in order to simplify 

graph presentation. The vehicle only data did not differ from that shown in Figure 3.1.  
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3.2.4 Growth cone attraction to serotonin is regulated by the 5-HT2a receptor 

Serotonin binding to 5-HT2a receptor activates phospholipase-C (PLC) and inositol 

triphosphate (IP3) that elicits calcium release from the endoplasmic reticulum (ER) (Wirth et 

al., 2017). Given that ER-mediated calcium release sustains attractive turning of growth cones 

in response to BDNF (Mitchell et al., 2012; Pavez et al., 2019), we hypothesized that 5-HT2a 

signaling mediates growth cone attraction in response to 5HT-Lo. We exposed growth cones 

to asymmetric gradients of TBC-2 (2 nM), a potent and highly selective 5-HT2a agonist, which 

induced robust attraction (Fig 3.4a), confirming that activation of 5-HT2a mediates attraction. 

We next bath applied a specific 5-HT2a antagonist, ritanserin (1 nM) or the PLC inhibitor U-

73122 (20 nM) to sensory neurons and exposed them to a gradient of 5HT-Lo. Both drugs 

abolished attraction towards 5HT-Lo (Figs 3.4a). To exclude the possibility that other serotonin 

receptors could regulate growth cone attraction towards 5HT-Lo, we bath applied antagonists 

to the 5-HT1b and 5-HT3 (5-HT3 is also commonly expressed on neurons from dorsal root 

ganglia (Chen et al., 1998). Neither the 5-HT1b antagonist GR-55562 (500 nM) or the 5-HT3 

antagonist ondansetron (10 nM) altered attractive turning towards 5HT-Lo (Fig 3.4b). Given 

the importance of calcium signals in initiating growth cone motility (Gomez et al., 1995; Spitzer, 

2008), and that release of calcium from ER via IP3 receptor activation is a hallmark feature of 

5-HT2a signalling, we asked whether calcium signals from the ER can sustain attractive 

turning towards serotonin. We bath applied the sarco endoplasmic reticulum ATPase 

(SERCA) inhibitor, thapsigargin (50 nM), to deplete ER calcium prior to serotonin exposure. 

We observed that thapsigargin abolished attractive turning to 5HT-Lo (Fig 3.4b). Conversely, 

extracellular calcium influx through voltage gated calcium channels (VGCCs) was not required 

for turning towards 5HT-Lo. Bath application of the L-type VGCC inhibitor nifedipine (5 µM) 

failed to perturb serotonin-mediated attraction (Fig 3.4b). The application of these 

pharmacological agents did not alter axon extension during the imaging period, confirming 

these treatments affected only growth cone turning responses (Figs 3.4c-d). These data 

demonstrate that 5-HT2a regulates growth cone attraction towards serotonin in an ER calcium 

dependent manner. 
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Fig 3.4 5HT-Lo elicits growth cone attraction through the 5-HT2a receptor. (A) Growth 

cone attraction to 5HT-Lo was induced with TCB-2 (n=14; p=0.0003) and abolished by 

pharmacological application of the selective 5-HT2a receptor antagonist, ritanserin (n=17, 

p=0.0003) and the PLC inhibitor, U-73122 (n=9, p=0.0053).  (B) Depletion of ER calcium with 

thapsigargin (n=19, p=0.0012) also abolished attractive turning to 5HT-Lo, while inhibition of 

VGCCs with nifedipine (n=15, p=0.0297) had no significant effect. *** p<0.001; **** p<0.0001; 

(Kruskal-Wallis, Dunn’s multiple comparison test). Growth cone attraction to 5HT-Lo was not 

perturbed when growth cones treated with a specific 5-HT1b antagonist, GR55562 (n=8, 

p=0.0003), or the 5-HT3 antagonist ondansetron (n=8, p=0.0261). (C-D) Axon extension was 

not significantly different in any experimental treatments (ns, p>0.05). Turning angles were 

compared to vehicle and 5HT-Lo. ** p<0.01; **** p<0.0001; (Only significant differences shown 

in (A) and (B). Kruskal-Wallis, Dunn’s multiple comparison test).   
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3.2.5 Growth cone repulsion from serotonin is regulated by 5-HT1b receptor 

Early in vitro studies have demonstrated significant dose dependent and cell specific 

responses of neurons to serotonin (Haydon et al., 1984; Lieske et al., 1999; Lotto et al., 1999; 

Koert et al., 2001). The observation that exposure of growth cones to 5HT-Hi resulted in 

repulsion rather than attraction, as seen with 5HT-Lo, suggests the activation of a different 

serotonergic receptor. The 5-HT1b receptor is known to be coupled to an inhibitory G-protein 

(Wirth et al., 2017), and we hypothesized that it could mediate growth cone repulsion. 

Asymmetric gradients of CP-94253 hydrochloride (5 nM), a potent and highly selective 5-HT1b 

agonist, induced robust growth cone repulsion (Fig 3.5a). Bath application of the selective 5-

HT1b antagonist GR-55562 (500 nM) abolished repulsive turning to 5HT-Hi (Fig 3.5a). Since 

5-HT1b is known to act through inhibition of AC (Wirth et al., 2017), we sought to determine 

whether activating cAMP would perturb growth cone repulsion to 5HT-Hi. Application of the 

AC activator, forskolin (5 µM) or the activator of cAMP signalling, Sp-cAMPs (20 µM) both 

abolished repulsive turning (Fig 3.5a). To exclude the involvement of 5-HT2a or 5-HT3 in 

growth cone repulsion from 5HT-Hi, we applied ritanserin (1 nM) or ondansetron (10 nM), 

respectively. Neither drug altered growth cone repulsion from 5HT-Hi, suggesting that 5-HT1b, 

and not 5-HT2a or 5-HT3, mediated growth cone repulsion from 5HT-Hi (Fig 3.5b). To 

investigate the possibility of signalling “crosstalk” between 5HT-Hi and 5HT-2a, we next asked 

whether intracellular or extracellular calcium sources could contribute to 5HT-Hi-induced 

growth cone repulsion. We bath applied thapsigargin (50 nM) and nifedipine (5 µM) to growth 

cones exposed to 5HT-Hi gradients and measured turning angles. Both drugs failed to impair 

growth cone responses from 5HT-Hi (Fig 3.5b), suggesting a mechanism of growth cone 

repulsion that does not rely on relatively large calcium signals, potentially similar to the 

mechanisms that govern sema3a-mediated repulsion (Togashi et al., 2008). Bath application 

of these pharmacological agents did not affect the normal axonal growth (Figs 3.5c-d). 

Together, these data demonstrate that 5-HT1b signalling mediates growth cone repulsion in 

response to 5HT-Hi in sensory growth cones.  
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Fig 3.5 5HT-Hi promotes growth cone repulsion through the 5-HT1b receptor (A) Growth 

cone repulsion to 5HT-Hi was altered to levels indistinguishable from random growth (vehicle) 

with application of the selective antagonist to 5-HT1b, GR55562 (n=16, p=<0.0001), by 

activating AC with forskolin (n=8, p=0.0001) and restoration of cAMP signals with Sp-cAMPs 

(n=8, p=<0.0001). (B) Repulsion to 5HT-Hi was not perturbed when growth cones were 

treated with the 5-HT2a receptor antagonist ritanserin (n=8, p=0.002) or the 5-HT3 antagonist 

ondansetron (n=10, p=0.00013). Inhibition of ER calcium release with thapsigargin (n=10, 

p=<0.0001) or calcium influx with nifedipine (n=8, p=<0.0001) did not alter growth cone 

repulsion from 5HT-Hi.  Turning angles were compared to vehicle and 5HT-Hi. (C-D) Axon 

extension was not perturbed by any pharmacological application. Turning angles were 

compared to vehicle and 5HT-Hi.  ** p<0.01; *** p<0.001; **** p<0.0001; (Kruskal-Wallis, 

Dunn’s multiple comparison test).  
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3.2.6 Growth cone attraction to 5HT-Lo is ER calcium dependent. 

Calcium signalling is vital for regulating the cytoskeletal rearrangements necessary to drive 

growth cone motility (Gasperini et al., 2017). Given that coordinated cytosolic calcium 

signalling is crucial for growth cone motility (Gasperini et al., 2017) and that 5HT2a signalling 

is ER-calcium dependent, our turning experiments suggest that serotonin-mediated attraction, 

but not repulsion, require release of cytosolic calcium signals from the ER. To demonstrate 

the calcium dependency of growth cone attraction to serotonin, we performed live cell calcium 

imaging of DRG growth cones exposed to gradients of serotonin (Fig 3.6). We observed a 

calcium rise in growth cones exposed to 5HT-Lo, while microgradients of 5HT-Hi and vehicle 

did not cause any detectable changes in cytosolic calcium levels within growth cones (Figs 

3.6a-c). As predicted from the growth cone turning data, bath application of the 5-HT2a 

inhibitor ritanserin (1 nM) or depletion of ER calcium with thapsigargin (50 nM), abolished 

calcium elevations induced by 5-HT-Lo microgradients (Fig 3.6d). These results confirm our 

pharmacological experiments, demonstrating that activation of 5-HT2a signalling and 

subsequent calcium mobilisation from the ER regulates attractive turning towards 5HT-Lo, 

while growth cone repulsion from 5HT-Hi is consistent with a calcium independent 

mechanism. 
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Fig 3.6 Growth cone attraction to 5HT-Lo is regulated by specific calcium signals. (A) 
Representative time-lapse images of a growth cone exposed to 5HT-Lo while recording 

cytosolic calcium. (B) The average (n=9+/-sem) change in calcium levels in growth cones 

exposed to vehicle, 5HT-Lo and 5HT-Hi gradients. (C) Representative growth cone responses 

in cytosolic calcium to vehicle, 5HT-Lo and 5HT-Hi exposure. (D) Quantitation of average 

change in growth cones after 20 min of exposure to serotonin gradients. While growth cones 

exposed to 5HT-Lo showed significant (n=9, p=0.0027) increase in calcium influx, vehicle 

(n=9) and 5HT-Hi (n=9, p=0.0018) exposure did not elicit any calcium influx. Significant 

reduction in cytosolic calcium occurred with ritanserin (n=9, p=0.0344) and thapsigargin (n=9, 

p=0.0033) in response to 5HT-Lo exposure. All conditions were compared to vehicle and 5HT-

Lo (** p<0.01; * p<0.05; Kruskal-Wallis, Tukey’s multiple comparison test).  
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3.2.7 Growth cone repulsion from 5HT-Hi is transduced through cAMP 

signaling. 

The ratio of the cyclic nucleotides, cAMP and cGMP, regulates growth cone motility (Song et 

al., 1997), with low cAMP:cGMP ratios regulating repulsive turning (Nishiyama et al., 2003) 

and high ratios regulating attraction (Ming et al., 1997). Spatially restricted changes in cAMP 

or cGMP alter the nucleotide ratio in a reciprocal manner in neurons to promote axon 

protrusion and dendrite differentiation (Shelly et al., 2010). Furthermore, crosstalk between 

cyclic nucleotides and calcium signals refines receptor signaling (Forbes et al., 2012). 

Signaling via the 5-HT1b receptor is known to inhibit AC and hence decrease cAMP activation. 

We therefore asked if 5-HT1b-mediated decreases in cAMP levels occurred in growth cones 

exposed to 5HT-Hi during growth cone repulsion. We performed time-lapse imaging of cAMP 

levels in cells transfected with flamindo-2 (Odaka et al., 2014), a biosensor for cAMP and 

exposed growth cones to serotonin gradients (Figs 3.7A, C). We first confirmed the specificity 

and ability of flamindo-2 to detect changes in cAMP levels in growth cones. We bath applied 

forskolin (20 µM) and measured a significant increase in cAMP levels, observed as a decrease 

in the fluorescence emission of the sensor (Fig 3.7B). There was no significant change in 

cAMP levels in growth cones exposed to vehicle (Figs 3.7C-D) and in support of our 

pharmacological data, 5HT-Hi exposure caused a significant decrease in cAMP (Figs 3.7C-

D), further confirming the role of the 5-HT1b in serotonin-mediated growth cone repulsion. 

Conversely, microgradients of 5HT-Lo resulted in activation of cAMP signalling (Figs 3.7C-D), 

suggesting that cAMP is activated downstream of store-released calcium in response to 5-

HT2a activation, highlighting the crosstalk mechanism between calcium and cAMP signals. 
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Fig 3.7 5HT-Hi repulsion is regulated by cAMP signalling. Flamindo-2 accurately reports 

cAMP signaling in growth cones. (A) representative images showing localization of cAMP.  (B) 
Bath application of forskolin (n=7, +/- sem) to growth cones elicited a decrease in fluorescence 

indicating the activation of cAMP signaling. (C) Average change in cAMP in growth cones 

exposed to gradients of vehicle (open triangles, n=8, +/- sem), 5HT-Lo (open circles, n=8, +/- 

sem) and 5HT-Hi (open squares, n=13, +/- sem). (D) Quantitation of average changes in 

cAMP levels within growth cones after 20min of serotonin exposure. 5HT-Hi significantly 

decreased (n=12, p=0.0003) cAMP levels and 5HT-Lo significantly increased (n= 8,  

p=0.0076) cAMP signalling. (** p<0.01; *** p<0.0005; One-way ANOVA followed by Tukey’s 

multiple comparison post-hoc test). 
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3.2.8 Serotonin receptors translocate during asymmetric exposure to 

serotonin  

Our observation of a biphasic growth cone turning response to serotonin led us to hypothesise 

that spatial reorganisation of serotonin receptors to the “turning” or motile side might explain 

the opposing responses of growth cones to low and high serotonin gradients. In the following 

experiments we assessed the spatial distribution of receptor puncta in growth cones and 

filopodia as previously described (Pavez et al., 2019) (Fig 3.8a). Briefly, growth cones were 

rapidly fixed during turning and processed for 5-HT2a (Fig 3.8b) and 5-HT1b (Fig 3.8c) 

localisation using immunocytochemistry. Serotonin receptor expression was measured in 

growth cones (Fig 3.8d, i-j) and filopodia (Fig 3.8e, g-h) in response to gradients of vehicle, 

BDNF, 5HT-Lo, and 5HT-Hi. BDNF was used to establish the specificity of any observed 5HT 

receptor translocation. Given the importance of filipodia in the initiation of growth cone motility 

(Pavez et al., 2019), we sought to determine whether receptor distribution along filopodia was 

biased with respect to gradient orientation. Individual filopodial lengths were measured and 

categorised as “near” or “far” with respect to the pipette. Given that attractive guidance cues 

can promote filopodial extension and stabilisation on the motile side of growth cones ((Pavez 

et al., 2019)), we measured filopodial number and found there was no significant bias of 

filopodia across growth cones in all experimental conditions (Fig 3.8f).  Filopodia oriented 

towards the source of 5HT-Lo showed a small, but significant increase in 5-HT2a receptor 

density (Fig 3.8g-h) when compared to filopodia oriented towards a 5HT-Hi, vehicle or BDNF 

gradient. There was no detectable bias or asymmetry in receptor localisation on filopodia 

exposed to 5HT-Hi, vehicle or BDNF (Fig 3.8g-h). These data suggest that growth cone 

responses to 5HT-Lo require the translocation of 5-HT2a receptors to the motile or turning 

side of growth cones, including the sensory structures, the filopodia. Indeed, the increased 

presence of 5HT2a in filopodia exposed to 5HT-Lo further confirms that 5-HT2a receptor 

mediates 5HT-Lo-induced- growth cone attraction. 

As expected, when growth cones were exposed to gradients of vehicle or BDNF there was no 

spatial reorganisation of 5-HT2a or 5-HT1b puncta across the growth cone (Figs 3.8i-j). 

Importantly, there was a significant bias of receptor expression in response to 5-HTLo, with 

both receptors, 5-HT2a and 5-HT1b puncta expressed at higher levels on the “near” or turning 

side of growth cones (Fig 3.8i-j). Interestingly, in response to 5HT-Hi, no expression bias was 

detected for either receptor on the near or far side of growth cones turning away from 5HT-Hi 

(Fig 3.8i-j). These data suggest that there is an active translocation of both 5-HT2a and 5-

HT1b in response to 5HT-Lo exposure. These immunolocalization experiments were 

conducted using permeabilising reagents and therefore reflect the total pool of receptors within 

the cytosol, as well as any receptors at the membrane. Given guidance cues bind to 
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membrane receptors to initiate growth cone turning, we next directed our focus on membrane 

localisation of serotonin receptors and performed a second set of experiments using the same 

primary antibodies conjugated directly to a fluorescent probe. Growth cones were fixed during 

turning to 5HT-Lo or vehicle and processed for immunocytochemistry without permeabilization 

(Figs 3.9a-i). As expected, non-permeabilised cells showed less receptor expression, with 

puncta present throughout growth cones and filopodia (asterisks, insets, Fig 3.9i). The number 

of filopodia detected across growth cones was not significantly different between near or far 

regions (Fig 3.9j) and among all experimental conditions, 60-70% of filopodia were enriched 

with 5-HT2a and 5-HT1b puncta (Fig 3.9k). The amount of f-actin was not significantly different 

between near vs far regions (Fig 3.9l). We then assessed the near vs far distribution of 5-

HT2a and 5-HT1b puncta in growth cones and filopodia (Figs 3.9m-n). As expected, growth 

cones and filopodia exposed to gradients of vehicle showed an equal distribution of both 5-

HT2a and 5-HT1b puncta with no bias to the motile or “near” side (Fig 3.9m-n). Similarly, there 

was no bias in the amount of 5-HT2a and 5-HT1b puncta detected in filopodia exposed to 

5HT-Lo and vehicle (Fig 3.9m). Importantly, we detected a significant translocation of 5-HT2a 

in growth cones exposed to 5HT-Lo, with higher 5-HT2a puncta density on the near side (Fig 

3.9n), with no detectable translocation of 5-HT1b puncta in the membrane of growth cones 

exposed to 5HT-Lo (Fig 3.9n). These data confirm that 5-HT2a receptor distribution is 

sensitive to the extracellular serotonin concentration, mobilising asymmetrically to the 

membrane on the near side of growth cones exposed to 5HT-Lo.  
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Fig 3.8 5HT-Lo exposure redistributes serotonin receptors to the motile side of growth 
cones. Schematic (a) showing growth cone divided into “near” and “far” regions with respect 

to micropipet position (located on the upper left side). (b-d) Growth cones immunostained after 

turning in response to 5HT-Lo and stained for 5-HT2a (green, b), 5-HT1b (red, c) and merged 

in (d). Dotted line separates the near and far regions of growth cone (near vs far). (e) 
Representative image of filopodia with 5-HT2a (green), 5-HT1b (red) receptor puncta. (f) 
There was no significant near/far bias in the number of filopodia following exposure to 5HT-

Lo (n=8, p=0.9004), 5HT-Hi (n=13, p=0.5450) or BDNF (n=10, p=0.7907) compared to vehicle. 

(Data not normally distributed: Kruskal-Wallis, Dunn’s multiple comparison test). (g) There 

were significantly more (n=36, p=0.0033) 5-HT2a puncta in filopodia on the near side of growth 

cones exposed to 5HT-Lo compared to all other treatments. (h) There was no bias in 5-HT1b 
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puncta in filopodia of growth cones. (Mann-Whitney U-test). (i-j) When entire growth cones 

were analysed, (i) 5HT-2a (n=9, p=0.0006) and (j) 5HT-1b (n= 9, p=0.0028) receptor 

translocation was significantly biased in growth cones exposed to 5HT-Lo. All ratios were 

compared to vehicle (Data normally distributed: Shapiro-Wilk. One-way ANOVA, Tukey’s 

multiple comparison test). Scale bars are 5μm (Figs 10b-d) and 1μm (Fig 10e).  
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Fig 3.9 5HT-Lo exposure redistributes membrane 5-HT2a receptors to the motile side 
of growth cones (a-h) Representative growth cones exposed to vehicle and 5HT-Lo 

gradients (micropipette on upper left side) and stained for membrane localization of receptors 

5-HT1b (green, a, e), 5-HT2a (green, c, g) and merged with actin, (red, b, d, f, h). Dotted line 

separates the near and far regions of the growth cone. (i) Increase magnification of 
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representative image h to show the presence of 5-HT2a receptor membrane on most filopodia 

(*) of the growth cone (yellow *, insets). Scale bars are 5 μm. (j-k)There was no significant 

near/far bias in the amount of f-actin (/area) (j) and the number of filopodia (k) in growth cones 

exposed to vehicle and 5HT-Lo. Kruskal-Wallis, Dunn’s multiple comparison post-hoc test. (l) 
There was no significant bias in the total percentage of filopodia containing 5HT2a and 5HT1b 

puncta (60%). One-way ANOVA followed by Tukey’s multiple comparison post-hoc test. (m) 
There was no significant near/far bias in the amount of 5-HT2a and 5-HT1b puncta per 

filopodia. (n) Analysis of 5-HT receptor membrane localization showed translocation of 5-

HT2a (n=18, p=<0.0001) to the near side of growth cones exposed to 5HT-Lo while no 

significant translocation of 5-HT1b (n=15, p=0.346) was observed. (Mann-Whitney U-test).   
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3.3 Discussion: 

Serotonin, a neuromodulator of the mature nervous system, is also prominently expressed 

during development of the CNS (Takahashi et al., 1986; Sundström et al., 1993). In this study, 

we asked whether serotonin acts as a bona fide guidance cue during axon pathfinding in vitro, 

capable of modulating growth cone motility. Our experiments have revealed that serotonin can 

indeed function as an instructional guidance molecule by regulating the bidirectional turning 

of rodent sensory neuronal growth cones, in vitro, without altering the rate of axon growth. We 

found that serotonin initiates and sustains growth cone attraction and repulsion in a dose-

dependent manner through 5-HT2a and 5-HT1b receptors, coupled to canonical second 

messenger signalling pathways. To our knowledge, this is the first direct demonstration of 

serotonin acting in a dose-dependent manner to activate growth cone chemoattraction and 

chemorepulsion. Our data support a novel mechanism where extracellular serotonin might 

regulate axon guidance in a binary manner, to attract and subsequently stop axons during 

development of circuits in the embryonic brain.  

The role of serotonin in shaping CNS circuits has been studied intensively over past decades, 

primarily by studying in vivo models that manipulate the extracellular serotonin milieu through 

altered serotonin synthesis or reuptake. This body of work illustrates a spectrum of subtle 

guidance and targeting defects and suggests normal circuit development requires optimum 

extracellular levels of serotonin (extensively reviewed in (van Kleef et al., 2012b; Brummelte 

et al., 2017; Deneris and Gaspar, 2018)). Similarly, previous in vitro work has demonstrated 

that serotonin levels could alter both axon extension and branching in vertebrate and 

invertebrate neurons (Lieske et al., 1999, Haydon et al., 1984; Koert et al., 2001; Sykes and 

Condron, 2005), yet how developing neurons during axon pathfinding are able to discern and 

respond appropriately to extracellular serotonin was unclear. Our study provides a model 

where extra-synaptic gradients of serotonin can function in chemoattraction and repulsion in 

the “guidance landscape” of the developing CNS.  

Neurotransmitters are well known to regulate neuronal migration and axon growth (reviewed 

in (Ruediger and Bolz, 2007)), with neurotransmitter receptors expressed on progenitor cells 

(Nguyen et al., 2001) and coupled to second messengers (Lipton and Kater, 1989) are able 

to regulate developmental processes such as neuronal growth cone motility and guidance. 

For example, acetylcholine induces attractive turning through the activation of nicotinic 

receptors and a significant rise in cytosolic calcium, without significantly affecting the rate of 

extension (Zheng et al., 1994). Similarly, glutamate induces growth cone attraction mediated 

by NMDA receptors and calcium signaling (Zheng et al., 1996b). Interestingly, dopamine is 

also capable of activating attraction and repulsion. Dopamine acts as a chemoattractant for 
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target cell growth cones but at the same concentration, also acts as a chemorepellent for non-

target cell growth cones (Spencer et al., 2000).  

Serotonin has disparate effects in vitro, both inhibiting and enhancing neurite outgrowth 

(Haydon et al., 1984; Igarashi et al., 1995; Lieske et al., 1999; Lotto et al., 1999; Koert et al., 

2001). These seemingly contradictory effects of serotonin on developing neurons in vitro 

suggest that serotonin action is defined by (a) pleiotropic expression of serotonin receptor 

subtypes, (b) downstream effectors of receptor signaling and (c) heterogeneity of serotonin 

concentration in the developing CNS. The presence of diverse serotonin receptor subtypes in 

embryonic neurons (Chen et al., 1998) and our demonstration of serotonin receptors in growth 

cones, together with the coupling of selected receptors to distinct second messenger signaling 

cascades (Wirth et al., 2017), supports the notion that serotonin could regulate opposing 

growth cone turning responses at specific concentrations. We have shown that serotonin 

elicits attraction through specific activation of 5-HT2a receptors and PLC-mediated ER 

calcium release. Significantly, inhibition of the 5-HT2a receptor completely abolished 

attraction, suggesting little or no involvement by other receptor subtypes. Surprisingly, the 

exposure of growth cones to a higher serotonin concentration (100µM) induced significant 

growth cone repulsion which was abolished by specific antagonism of 5-HT1b receptors and 

restoration of cAMP signalling with the AC activator, forskolin. These results are consistent 

with previous research demonstrating the second messengers, cytosolic calcium and cAMP, 

regulate turning and guidance of growth cones in response to molecular cues such as 

serotonin (as reviewed in (Song and Poo, 2001)).  

It is well established that growth cone attraction to guidance cues such as BDNF are 

characterised by spatially restricted calcium gradients that are sustained temporally and 

spatially by store operated calcium entry (SOCE) (Mitchell et al., 2012; Pavez et al., 2019). 

We found that attraction of growth cones to 5HT-Lo was dependent on replete ER stores and 

activation of PLC- and IP3 mediated signal transduction. The sustained calcium response 

supports the hypothesis that 5HT-Lo activation of 5HT-2a signals via IP3-mediated calcium 

release/influx and is consistent with our previous work (Mitchell et al., 2012; Pavez et al., 2019) 

demonstrating that other calcium-dependent guidance cues such as BDNF activate ER-

medicated calcium dynamics that drive cytoskeletal reorganisation during growth cone turning. 

The exact spatiotemporal nature of calcium release in the case of serotonergic stimulation 

seen in this study has yet to be determined. Exposure of growth cones to 5HT-Hi, however, 

did not alter cytosolic calcium levels, but instead relied on 5-HT1b-mediated inhibition of cAMP 

signalling. Coincidently, 5HT-Lo stimulation elicited a small but significant increase in cAMP 

levels confirming downstream crosstalk between cAMP and calcium signalling during 

attractive turning (Forbes et al., 2012). Exactly how the biphasic responses, from attraction to 

repulsion, are initiated over a relatively narrow concentration gradient are not completely 
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understood. A similar concentration-dependent bimodal turning response has been observed 

in embryonic cortical axons, upon exposure to netrin-1 gradients (Taylor et al., 2015), where 

low concentrations of netrin-1 promoted attraction and higher concentrations of netrin-1 

caused repulsion, without perturbing axon growth (Taylor et al., 2015).  

Immunolocalization experiments designed to track receptors after exposure to serotonin 

revealed significant translocation of the 5-HT2a receptor in response to low serotonin 

exposure. Exactly how this translocation might be regulated in highly motile structures such 

as growth cones is unclear. Specific binding motifs between serotonin receptors and the 

cytoskeleton have not been detected, however heterotrimeric G proteins (G𝛼𝛽𝛾), which are 

the components of G protein-coupled receptors interact with microtubules (Roychowdhury et 

al., 2006, Montoya et al., 2007). These studies demonstrate that G𝛼 subunits inhibit 

microtubule polymerization and G𝛽𝛾 promotes microtubule assembly. Our experiments 

provide compelling functional data that suggest a mechanism for growth cone turning towards 

5-HTLo whereby the G𝛼 subunit could initiate the PLC-mediated ER calcium release, while 

the G𝛽𝛾subunits could interact with the tubulin cytoskeleton to promote microtubule assembly 

in the direction of attractive turning. A more detailed biophysical analysis of receptor 

localization and/or translocation would be necessary to understand these mechanisms but is 

beyond the scope of the current study. Notably, desensitization of G-protein coupled receptors 

by prolonged agonist or antagonist exposure has been well documented in the case of the 5-

HT2a receptor. The 5-HT2a receptor exhibits a time dependent desensitization at serotonin 

concentrations of 10-100 µM in rodent cortical neurons (Rahman and Neuman, 1993). 

Prolonged exposure of 5-HT2a receptors to both serotonin and ritanserin in a glioma cell line 

results in significant receptor internalisation through a clathrin and dynamin-dependent 

process (Hanley and Hensler, 2002). Signalling in this case was reduced through the inability 

of 5-HT2a to couple downstream G-proteins resulting in attenuation of PLC-mediated calcium 

release. Our results suggest that once desensitized, serotonin signaling might “spill over” to 

5-HT1b receptors, mediating growth cone repulsion.   

Our data demonstrate that neuronal growth cones are exquisitely tuned in their responses to 

extracellular concentrations of serotonin. Given the variable secretion of serotonin from a 

variety of extra-synaptic sites, including soma and axons (De-Miguel and Trueta, 2005) of 

serotonergic neurons, our results would be consistent with a mechanism for subsequent 

waves of extending axons guided through a process of growth cone attraction and repulsion, 

to target serotonergic neurons in early developmental landscape of the CNS.  Our data support 

a novel hypothesis for early neuronal circuit development whereby serotonin might contribute 

to guiding growth cones towards synaptic targets, acting as a chemoattractant by activating 

5HT-2a receptors and IP3 mediated calcium signals. The very narrow tuning responses of 

growth cones in the micromolar range seen in this study would suggest that as growth cones 
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approach the domains of higher serotonin concentration, desensitisation of 5HT-2a receptors 

occurs and higher serotonin levels subsequently activate the 5HT-1b receptors, possibly 

acting as molecular “stop” signals. In conclusion, these data suggest a novel guidance 

mechanism for serotonin, where rather than simply modulating existing guidance cues it also 

acts as a “stop or go” instructional signal during early circuit formation in the developing CNS.  
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Chapter 4: 
Understanding 5-HT2a receptor signalling 

with optogenetic manipulation of G-
proteins in vitro. 
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4  

4.1 Introduction: 

G protein-coupled receptors (GPCRs) represent the largest family of cell surface receptors 

encoded by the human genome (Lane et al., 2013). GPCRs have crucial roles in the 

transduction of stimuli from the extracellular environment into specific cellular responses 

(Masseck et al., 2011). The diversity of GPCR ligands reflects their role in regulating many 

physiological behaviours as evidenced by aberrant GPCR expression or signalling in a 

multitude of human disorders (Borroto-Escuela et al., 2017). Thus, it comes as no surprise 

that nearly half of the therapeutics prescribed today target GPCR activity (Kobilka, 2007). 

While current pharmacologicals that modulate GPCR function are abundant, they have a low 

specificity of action in terms of spatial and temporal precision. The advent of optogenetic 

techniques has the potential to allow a more targeted experimental approach in our 

understanding of GPCR mediation of serotonergic signalling in developing neurons. 

Serotonin signals through 14 different receptors comprising six GPCR families and one ion-

channel family (Masson et al., 2012; Wirth et al., 2017). There is good evidence to suggest 

that specific actions of serotonin on the formation of brain circuits can be explained by the 

variable expressions of specific 5-HT receptor subtypes coupled with distinct downstream 

effectors in different brain areas (Gaspar and Lillesaar, 2012; van Kleef et al., 2012a; 

Brummelte et al., 2017). Indeed, each of the 14 receptors is characterized by specific spatial 

and temporal expression that depends on the developmental stage, type of tissue, type of 

neuron and subcellular localization (Barnes and Sharp, 1999; Masson et al., 2012; Wirth et 

al., 2017). Deciphering the relationship between receptor families and subtypes will aid our 

understanding of the role of serotonin in CNS development. Serotonin heteroreceptors 

dysfunction is believed to be a molecular basis for a pathological change in brain circuits 

underpinning schizophrenia, addiction and depression (Soriano et al., 2009; Le Naour et al., 

2013; Guidolin et al., 2015; Fuxe et al., 2021). Understanding the molecular mechanisms 

underlying serotonergic signalling could aid the development of novel and specific drugs 

targeting defined serotonin receptors. Studying how serotonin signals through 5-HT2a and 5-

HT1b to steer growth cones is crucial to understanding GCPR signalling during development. 

In chapter 3, we have shown that serotonin regulates motility of sensory neuron growth cones 

in a dose dependent manner by binding to its specific GPCR receptors, in vitro (Vicenzi et al., 

2020). This work has led us to hypothesize that bidirectional turning is induced by spatial 

localisation of 5-HT2a receptors.  

We show that growth cone turning is regulated by spatial 5-HT2a receptor recruitment and 

activation to the motile side of growth cones exposed to 5HT-Lo gradients. If that is true, 

subcellular activation/inhibition of 5-HT2a receptor should be sufficient to control growth cone 
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turning to serotonin. Optogenetics is one of the available current tools to modulate GPCR 

function in a spatial and temporal manner and our lab has previously shown the ability to 

manipulate growth cone turning using this technique (Pavez et al., 2019). We therefore 

decided to use an optogenetic tool that has been developed by our collaborators (Jayde 

Lockyer, John Lin lab) to spatially inhibit 5-HT2a receptor in growth cones turning to 5HT-Lo. 

We hypothesized that spatially-restricted inhibition of 5-HT2a receptor would induce 

asymmetric signalling sufficient to switch 5HT-Lo-induced growth cone attraction into 

repulsion.  

To address whether 5-HT2a could be optogenetically manipulated in a spatial manner to 

control the direction of growth cone turning, we used a photo-induced G-protein modulator-

inhibitor Gαq (PIGM-Iq) tool that exploits photo-dimerizing properties to specifically inhibit the 

Gαq downstream signalling with a high temporal (msec range) and spatial (µm range) 

resolution (Jayde Lockyer, personal communication). Beyond its 95% efficacy, PIGM-Iq has 

also the ability to be reactivated following initial stimulation and at a similar timescale to that 

of the 5-HT2a GPCR signal transduction cascade (Jayde Lockyer, personal communication). 

Binding of 5-HT to 5-HT2a receptor triggers ER-calcium release through the activation of Gαq 

subunit (Fig 4.1A). PIGM-Iq consists of the fusion of an engineered version of RGS2 protein, 

a natural inhibitor of Gα subunits, to a photo-dimerizing-cytosol protein, with a binding partner 

localised at the membrane (Fig 4.1B). The subsequent dimerization occurs upon blue light 

stimulation, which in turn will localize the RGS2 protein to the activated Gαq, thus arresting its 

signalling ability (Fig 4.1C). This will result into attenuation, if not total inhibition, of the 

associated Gαq-linked receptor pathway, thus preventing ER-calcium release (Fig 4.1C). We 

hypothesized that delivery of blue light to one side of growth cones exposed to serotonin 

gradients would be sufficient to inhibit or revert the attractive turning (Fig 4.1D). To address 

this hypothesis we first explored the characteristics of PIGM-Iq in HEK cells to optimize its 

efficacy to control serotonin-mediated Gαq signalling in a physiologically relevant. We next 

tested the efficacy of PIGM-Iq in pathfinding growth cones exposed to 5HT-Lo.  
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Figure 4.1. Experimental design for the use of PIGM-Iq in modulating serotonin signal 
transduction through Gαq subunit. A) Upon serotonin binding to 5-HT2a receptor, Gαq 

triggers ER-calcium release which has been shown to sustain the growth cone attraction. B) 

In the absence of blue light, the photo-dimerising proteins (A and B; green) do not interact and 

Gαq is still free to exerts its function. C) Upon blue light activation, photo-dimerising cytosol 

component B localizes at the membrane placing RGS2 in a position to be able to interfere with 

Gαq activity and therefore halting any further ER-calcium release. D) This system will be 

integrated into DRG to modulate serotonin-mediated Gαq signalling in pathfinding growth 

cones by illuminating only the near side of growth cones exposed to serotonin gradients. 

Schematics made with Biorender.   
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4.2 Results: 

4.2.1 Characterisation of light-activated translocation of PIGM-Iq. 

To investigate the expression and stimulation characteristics of PIGM-Iq in a range of cell 

types, plasmids containing the light active variant (PIGM-Iq) and the light-insensitive variant 

(PIGM-IqD387A) were used. To test whether PIGM-Iq can be activated, we delivered one pulse 

of blue light and measured the mean fluorescence over time in HEK cells (Fig 4.2A), DRG 

soma (Fig 4.2B) and growth cones (Fig 4.2C). Upon PIGM-Iq activation, a decrease of 

fluorescence in the cytosol and a rise of fluorescence in the plasma membrane was observed, 

as the photo-dimers co-localize to the plasma membrane. We quantitated similar patterns of 

co-localization in HEK293A cells (Fig 4.2D) as well as in DRG soma (Fig 4.2E) and growth 

cones (Fig 4.2F). As expected, the light insensitive PIGM-IqD387A mutant did not display any 

changes in fluorescence neither in the membrane nor in the cytosol upon blue light stimulation 

(Fig 4.3). Quantification was attempted using line intensity across growth cones. However, 

due to the structure of growth cones with only two membranes and very little cytoplasm, these 

analyses were not informative. Altogether, these experiments demonstrated the suitability of 

PIGM-Iq tool in DRG cultures, as growth cones displayed a similar colocalization response 

compared to DRG soma and HEK cells. Figure 4.2 represents one illustrative growth cone 

example to demonstrate that mCh-cytosol construct can move to the membrane. It was difficult 

to consistently measure construct relocation across all growth cones because of the variability 

of growth cone structure and morphology. Growth cones are flattened structures with very little 

cytosol (and extremely low fluorescence signals), hence HEK cells were used to optimize the 

construct membrane recruitment in this chapter. 

 



 

 73 

 
Figure 4.2. Photoactivatable PIGM-Iq system translocates to the membrane of HEK293A 
cells and DRG neurons. Representative images of the co-localization of mCh-component 

from the cytosol to its partner eGFP-partner located on the membrane of HEK cell (A), DRG 

soma (B) and growth cone (C). Representative images of the mCh-fused cytosol component 

change in fluorescence prior- (i) and post- (ii) blue light stimulation (ii, arrows pointing to the 

membrane localised protein), and the eGFP-fused membrane component (iii). Fluorescence 

quantitation at the membrane and cytosol over time in a D) HEK cell, E) DRG soma and F) 

growth cone. G) Schematic of how fluorescence was measured over time at the membrane 

(white dotted line) and in the cytosol (region defined by blue line). The eGFP channel was 

used to define the membrane but changes in fluorescence were recorded in the mCh channel. 

For this reason, the mCh-cytosol image was used to represent the data.” Scale bars 5 µm.  
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Figure 4.3 The light insensitive version of PIGM-Iq system does not localise to the 
membrane in HEK293A cells nor in DRG neurons. Representative images of PIGM-Iq light 

insensitive variant in HEK cell (A), DRG soma (B) and growth cone (C), showing the mCh-

fused cytosol component prior- (i) and post- (ii) blue light stimulation, and the eGFP-fused 

membrane component (iii). Quantitation of fluorescence at the membrane and cytosol over 

time in D) HEK cells, E) DRG soma and F) growth cone. Scale bars 5 µm.   
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4.2.2 Characterisation of light dosage required for PIGM-Iq translocation. 

HEK cells were used to demonstrate membrane localization of the construct as they are large 

structures with plentiful cytoplasm, facilitating imaging of membrane localization, compared to 

growth cones, which comprise very little cytoplasm between the two membranes. In order to 

determine the lowest power of 470 nm light needed to activate PIGM-Iq, transfected HEK cells 

were exposed to 5sec light pulses with the LED intensity set at 100%, 50%, 25%, 10% and 

2% (Fig. 4.4A-E; 100% corresponds to 0.22µW). All LED power settings (Fig 4.4A-D), except 

for 2% (Fig 4.4E), activated PIGM-Iq from the cytosol to the membrane (arrowheads, Fig 

4.4Aii-Dii). We therefore selected the lowest blue light intensity (10%) that produced a 

significant increase in the normalised membrane fluorescence  and a decrease in the 

normalised cytosol fluorescence (p<0.0001). As expected, the PIGM-Iq light insensitive 

mutant was not activated at any LED intensity (Figure 4.5).   
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Figure 4.4 Low (10%) LED intensity of blue light (470nm) is sufficient to activate PIGM-
Iq. Representative images of transfected HEK293A cells with PIGM-Iq and stimulated with 

100% (Ai-ii); 50% (Bi-ii); 25% (Ci-ii); 10% (Di-ii); 2% (Ei-ii) of blue light (470 nm) LED intensity. 

(iii) Quantitation of membrane and cytosol fluorescence revealed that all blue light illumination 

intensities, except for 2%, led to the translocation of PIGM-Iq to the membrane (n=3 per 

condition; **** p<0.0001; Mann-Whitney test). Whole cell illumination. Scale bars 5 µm.  
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Figure 4.5 Light insensitive mutant of PIGM-IqD387A is not photoactivatable with blue 
light. Representative images of transfected HEK293A cells with light insensitive PIGM-IqD387A 

and stimulated with 100% (Ai-ii); 50% (Bi-ii); 25% (Ci-ii); 10% (Di-ii); 2% (Ei-ii) of blue light 

(470nm) LED intensity. (iii) Quantitation of membrane and cytosol fluorescence revealed that 

none of the blue light illumination intensities led to the translocation of PIGM-IqD387A to the 

membrane (n=3 per condition; n.s. Mann-Whitney test). Scale bars 5 µm.   
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4.2.3 The effect of localized, timed optical stimulation of PIGM-Iq. 

The photoactivation experiment we conducted on whole cells led us hypothesize that PIGM-

Iq could be focally stimulated in specific regions of HEK cells using a digital mirror device 

attached to the stimulation light source. Regions of interest (ROI) of PIGM-Iq-positive HEK 

cells were exposed to 10% LED intensity using three different time pulses: 100msec (Fig 4.6A-

B), 2 sec (Fig 4.6C-D), 5sec (Fig 4.6E-F). ROIs were defined at the edges of HEK cells and 

the normalised mean intensity fluorescence was measured and plotted for (a) the respective 

stimulated-ROIs (S-ROIs), (b) adjacent areas to the stimulated ROI (NEAR), (c) the remaining 

portions of cytosol. The PIGM-Iq recruitment from the cytoplasm to the S-ROI was measured 

as a change in fluorescence over time upon localized delivery of blue light pulses. As 

expected, the light insensitive PIGM-Iq mutant failed to translocate to any selected regions 

regardless of light pulse duration (Fig 4.6B, D, F, J). The 100msec-pulse of blue light did elicit 

a small change in membrane localisation of PIGM-Iq in the S-ROI tested compared to NEAR 

region (Fig 4.6G, p=0.0022) and the cytoplasm (Fig 4.6G, p=0.0006). The 2 sec pulse 

significantly activated PIGM-Iq, measured as an increase in fluorescence in S-ROIs compared 

to NEAR region (Fig 4.6H, p=0.0002) and the cytoplasm (Fig 4.6H, p<0.0001). The 5 sec pulse 

significantly activated PIGM-Iq in the NEAR region to the S-ROI (Fig 4.6I, p=0.0002) and in S-

ROIs (Fig 4.6I, p<0.0001) compared to the cytoplasm. There was no change in fluorescence 

in the NEAR area and in the S-ROI compared to the rest of the cytoplasm upon 100msec- and 

2sec- pulses, suggesting these LED intensities do not elicit any off-target effects (Fig 4.6C, H) 

and that PIGM-Iq recruitment from the cytoplasm was specific to the S-ROI only. On the other 

hand, increasing the duration of the pulse to 5sec was sufficient to activate PIGM-Iq in the 

NEAR area to the S-ROI (Fig 4.6E, I), suggesting a non-specific activation of PIGM-Iq 

represented by an increase of fluorescence in the NEAR area (as shown by the arrows in Fig 

4.6Eii). Given 2 sec- pulse triggered the most substantial and activation of PIGM-Iq, these 

data confirm that in our system PIGM-Iq can be stimulated and activated within spatially-

restricted ROIs upon exposure to 2sec- pulse of 10% blue light (470 nm). 
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Figure 4.6 Spatially restricted, timed stimulation translocates PIGM-Iq to the cell 
membrane. Representative images of transfected HEK293A cells with the PIGM-Iq (A, C, E) 

and PIGM-IqD387A (B, D, F) and stimulated with 10% blue light (470nm) LED intensity for 

100msec (Ai-ii; Bi-ii), 2sec (Ci-ii; Di-ii), and 5sec (Ei-ii; Fi-ii) pulses. The white dotted circles 
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(Ai-Fi) outline the stimulated ROIs (S-ROIs). White arrowheads define the PIGM-Iq activation 

and subsequent co-localization within the S-ROI (Cii-Eii) while white arrows indicate the 

unspecific activation of PIGM-Iq in the NEAR region to the S-ROI (Eii). (G-J) Quantitation of 

time course fluorescence intensity at the S-ROI, at the NEAR region and in the rest of the cell 

cytoplasm demonstrated that only 100 msec and 2 sec pulse generated a specific stimulation 

in the S-ROI and not in the NEAR region. G) 100msec pulse caused a small change in 

fluorescence between S-ROI and NEAR, S-ROI and cytosol but no changes between NEAR 

and cytosol (n=7). H) The 2 sec pulse caused a small change in fluorescence between S-ROI 

and NEAR, S-ROI and cytosol but no changes between NEAR and cytosol (n=8). I) The 5sec 

pulse did not cause any changes in fluorescence between S-ROI and NEAR, but changes in 

fluorescence were measured between S-ROI and cytosol and between NEAR and cytosol 

(n=4). PIGM-IqD387A was not activated with any of the different time pulses (n=10). Data not 

distributed, Kruskal-Wallis test. Scale bars 5 µm.  
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4.2.4 Photoactivation of PIGM-Iq is reversible. 

To examine whether photoactivation of the PIGM-Iq construct is reversible, three independent 

transfected cells were stimulated with 2 sec-pulse of 10% light and imaged for the duration of 

25 min (Fig 4.7A). The mean fluorescence of PIGM-Iq was plotted prior and post stimulation 

(Fig 4.7B). As expected, a rapid drop in mean fluorescence was recorded upon stimulation, 

while a subsequently slow and steady rise to baseline levels was measured within the lifetime 

of PIGM-Iq (lifetime of PIGM-Iq is 12 min – J. L. personal communication). Interestingly, the 

cytosol component dynamics seemed to be partially restored within the half-life of PIGM-Iq 

(half-life of PIGM-Iq is 6 min – J. L. personal communication), suggesting repetitive 

stimulations are required to keep the total amount of activated cytosol component in close 

proximity to the other component localised to the membrane.  
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Figure 4.7 PIGM-Iq activation is reversable.  
Delivery of 2sec pulse of 10% blue light evoked translocation of PIGM-Iq to the membrane 

that was restored within the life time of the construct. A) Representative time lapse images of 

one cell. B) Representation of mean ± SD calculated from 3 independent cells. Total cell 

fluorescence was measured and all responses were normalized to the baseline fluorescence 

before light stimulation at 5 min. Scale bars 5µm.  
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4.2.5 Expression of PIGM-Iq in DRG sensory neurons.  

Expression of PIGM-Iq in DRG cultures appeared as a diffuse distribution of both photo-

dimerized components throughout the cytoplasm with the exception of a small proportion of 

cells that showed aggregates or puncta within the growth cone surface (as illustrated in Figure 

4.8). Fluorescence intensity and distribution of both PIGM-Iq and PIGM-IqD387A constructs did 

not show any significant qualitative differences and based on the expression levels of 

mCherry-fused cytosol component, three groups were identified (Figure 4.8A’-F’). The first 

group were high-expressing growth cones that showed several puncta-aggregates in both 

mCh-fused cytosol and eGFP-fused membrane components probably due to their high 

abundancy and consecutive dimerization (Fig 4.8A-B, J. L. personal communication). 

Therefore, these growth cones were excluded from any experiments. The second group were 

medium-expressing growth cones with a diffuse expression of mCh-fluorescence (Fig 4.8C-

D) that were selected for co-localization experiments as they expressed sufficient levels of 

fluorescence to enable the measurement of the translocation of PIGM-Iq to the plasma 

membrane. The third group of mCh low-expressing growth cones (Fig 4.8E-F) were selected 

to perform functional experiments, to exclude any unspecific effects caused by 

overabundance of the construct. In conclusion, PIGM-Iq can be successfully expressed in 

neuronal primary cultures, including growth cones.  
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Figure 4.8 Growth cones present distinct expression patterns of PIGM-Iq system. 
(A-F) Representative images of DRG growth cones transfected with the following PIGM-Iq and 

PIGM-IqD387A. The mCherry-fused components in the cytosol (A’-F’) were used to classify three 

different threshold of fluorescence levels in positive expressing growth cones through the NIS 

software: (A’-B’) high-expressing growth cones with distinct puncta aggregates (arrowheads); 

(C’-D’) medium-expressing growth cones; (E’-F’) low-expressing growth cones. All 

fluorescence responses were normalized to the background fluorescence prior to sorting them 

into groups. Scale bars 5 µm.  
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4.2.6 Repetitive photoactivation of PIGM-Iq is not toxic to growth cones 

Delivering repetitive stimulations of blue light could be toxic and/or cause unspecific effects in 

sensory neuron growth cones. PIGM-Iq has previously shown to have little or no loss of 

efficacy recorded for up to six consecutive activation cycles (Kennedy et al., 2010). To assess 

whether repetitive stimulations of blue light cause cell toxicity, mCherry-positive growth cones 

were stimulated every 5 min with a 2 sec-pulse of 10% blue light and imaged for the duration 

of 30 min (Figure 12). The mCherry fluorescence underwent an initial quick drop within the 

first pulse of stimulation, followed by a stationary phase and a further decline. As expected, 

no changes in mCh fluorescence were detected in growth cones with the light-insensitive 

variant. Growth cones appeared healthy and did not present any sign of collapse within the 

imaging period, suggesting repetitive 2 sec-pulse of 10% blue light stimulation are not toxic to 

growth cones. We cannot exclude the possibility of photobleaching, although the developers 

of this tool (Jayde Lockyer – Lin lab; personal communication, Lockyer thesis, 2021) have 

previously determined photobleaching parameters. The 2 sec-pulse of 10% LED intensity was 

less than the one used by the developers of the tool.. 
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Figure 4.9 Repetitive stimulation of PIGM-Iq is not toxic to growth cones. Delivery of six 

stimulations of 2 sec pulse each at 10% of intensity evoked translocation of PIGM-Iq to the 

membrane for the whole imaging duration, as shown by the drop in fluorescence in the plot. 

Representative time lapse images of one growth cone with the light sensitive mutant (A) and 

the light-insensitive mutant (B). Changes in fluorescence were monitored throughout the 

growth cone area and normalized to background fluorescence (C). Scale bars 5 µm.  
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4.2.7 Spatially restricted and repetitive optical stimulations of PIGM-Iq can turn 

growth cones. 

Our Chapter 3 data suggest that serotonin activation of 5-HT2a receptor together with the 

spatial recruitment of 5-HT2a result in reorientation of growth cones and attraction. If this is 

true, then spatially restricted inhibition of 5-HT2a with PIGM-Iq should abolish and revert 

attractive turning to 5HT-Lo.  

We first tested whether PIGM-Iq stimulation alone could alter axon growth or axon trajectory. 

Asymmetric stimulation (2 sec pulse; 10%; 6 pulses with intervals of 5 min) of transfected 

growth cones with PIGM-Iq and PIGM-IqD387A were performed in the absence of 5HT-Lo 

gradients. Mean turning angles after 30 min for both PIGM-Iq and PIGM-IqD387A were not 

significantly different, classified as random growth (n=8; Fig 4.10, 4.11b). To investigate any 

non-specific effects on turning by asymmetric stimulation, untransfected growth cones were 

illuminated while being exposed to 5HT-Lo gradients (n=12; Fig 4.10). As expected, 

untransfected growth cones were attracted to 5HT-Lo gradients, suggesting blue light 

stimulations are not sufficient alone to deviate growth cone turning. 

Given PIGM-Iq has a component in the membrane and one in the cytoplasm, we tested 

whether PIGM-Iq mutant could stochastically inhibit Gαq signalling. We therefore tested 

whether unstimulated PIGM-Iq could randomly interact with Gαq in growth cones in a dark 

state and perturb turning to 5HT-Lo. To exclude the possibility that unstimulated PIGM-Iq is 

sufficient to perturb the turning response to 5HT-Lo, we exposed mCh-positive growth cones 

to 5HT-Lo gradients, in the absence of light stimulations and measured the angle of turning 

that resulted in attraction (n=11; Fig 4.10). To test whether PIGM-Iq targets specifically Gaq 

signalling and does not interfere with Gαi signalling-linked to 5-HT1b receptor, we performed 

asymmetric light stimulation of PIGM-Iq-positive growth cones while being exposed to 5HT-Hi 

gradients. Growth cones showed a repulsive turning response to 5HT-Hi gradients (n=12; Fig 

4.10) suggesting PIGM-Iq is a suitable tool to specifically perturb the turning response of 

growth cones in response to 5HT-Lo. We then tested whether asymmetric blue light 

stimulation was sufficient to steer PIGM-Iq-transfected growth cones away from 5HT-Lo 

sources. Localised illumination of PIGM-Iq-transfected growth cones resulted in a significant 

change of turning angles, reverting the attraction into repulsion (n=11; Fig 4.10, 4.11a). On 

the other hand, growth cones transfected with the light insensitive mutant were attracted to 

5HT-Lo (n=12; Fig4.10). These data demonstrate that spatially restricted inhibition of 5-HT2a 

by PIGM-Iq-activation was sufficient to perturb growth cone turning to 5HT-Lo. 
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Figure 4.10 PIGM-Iq activation can reverse growth cone motility from 5HT-Lo gradients. 
A) Representative images of a transfected growth cone with PIGM-Iq. B) Quantitation of 

turning angles. C) All conditions displayed same rate of axon extensions over 10 µm and are 

not significant different among conditions. Scale bars are 5 µm.  
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Figure 4.11 Attractive turning to 5HT-Lo is reverted with PIGM-Iq activation. a) Growth 

cone turning away from 5HT-Lo gradients upon activation of PIGM-Iq (pipette located in the 

upper left corner). b) Growth cone extension upon PIGM-Iq activation in the absence of 5HT-

Lo gradient. Scale bars are 5 µm (a-b).  

  



 

 90 

4.3 Discussion: 

Data presented in chapter 3 suggests that 5-HT2a receptors are spatially localised to the 

motile side of growth cones exposed to 5HT-Lo (Vicenzi et al., 2020). In this chapter we 

demonstrate that spatially restricted inhibition of 5-HT2a reverses attractive turning of growth 

cones exposed to 5HT-Lo. I optimized and validated PIGM-Iq stimulations parameters in HEK 

cells as well as turning growth cones. Being a modulator of Gαq signalling, PIGM-Iq is 

expected to perturb the attractive turning in response to 5HT-Lo and therefore prevent Gαq-

linked 5-HT2a receptor activation. This tool enabled us to address our hypothesis that 5-HT2a 

receptors, located on the near half of growth cones exposed to 5HT-Lo gradients, are 

responsible to mediate the attractive turning to 5HT-Lo.  

Adding to the versatility of the system, PIGM-Iq responses were modulated by varying 

intensity of blue-light to expressing cells (J. L. personal communication). This feature is 

analogous to applying different drug concentrations by simply altering the intensity of delivered 

light. However, the advantages of PIGM-Iq over drug-based tools are the greater level of 

spatial and temporal resolution together with its superior reversion kinetics, allowing an overall 

heightened physiological relevance and increased manipulability (J. L. personal 

communication). The choice of selecting the lowest blue light intensity to produce a 

measurable effect is expected to help reducing cytotoxicity and side-effects while collecting 

the functional data, as growth cones are fragile structures and prefer light-free conditions 

(unpublished observations). Photobleaching was tested by Jayde Lockyer (PhD thesis, 2021, 

Lin Lab) and only 10% of the total power LED intensity was used to ensure no photobleaching 

occurred. The activation of PIGM-Iq in a spatially-restricted region also presents several 

advantages, including a lower risk of light-toxicity due to only a smaller region being exposed 

to blue light. This level of tool manipulation allows a really precise control of the targeted 

cellular response and it was essential to confirm whether spatial reorganisation of 5-HT2a 

receptors is responsible for growth cone attraction to 5HT-Lo. Although we cannot say 

definitely that fluorescence moved from cytosol to membrane in Figure 4.2, the functional data 

presented in Figure 4.10 suggest it does. 

We tested the dimerization properties of PIGM-Iq and the time-lapse recording of PIGM-Iq 

dynamics revealed it is reversible (Fig 4.7), reaching nearly 50% dissociation from the 

membrane component within the half-life (6 min) of PIGM-Iq and 100% of complete 

dissociation within the life-time (12 min) of PIGM-Iq, consistent with previous work (Kennedy 

et al., 2010). This reveals that the PIGM-Iq has the ability to cease membrane binding within 

few minutes and therefore requires repetitive stimulations to ensure a prolonged binding to 

the membrane. The ability of PIGM-Iq to completely revert to its inactive state is encouraging 

for future in vivo experiments where constitutive activation of a given pathway could be 
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problematic. Repetitive blue light stimulations demonstrated that PIGM-Iq has the ability to be 

re-activated up to six pulses of light with 5 min intervals (Fig 4.9). The continuous loss of 

fluorescence recorded in the PIGM-Iq positive growth cone could be explained by the 

presence of an inactivated PIGM-Iq pool, that although failed to be activated with the previous 

stimulation, can still be activated by subsequent pulses of blue light. This data suggest that 

PIGM-Iq has the potential to be repeatedly stimulated in a physiologically relevant manner to 

the turning assay, allowing the possibility to prevent the turning response for the whole 

duration of the assay.  

The manipulation of 5-HT2a-Gαq signalling with PIGM-Iq reversed 5HT-Lo attraction into 

repulsion (Figure 4.10). This was achieved through spatially restricted optogenetic inhibition 

of 5-HT2a on the motile side of growth cone, thus confirming the specificity of 5-HT2a 

signalling in sustaining the attractive turning. Given activated 5-HT2a receptors are recruited 

to the near side of growth cones exposed to 5HT-Lo (Figure 3.9), the use of a digital mirror 

device enabled the specific illumination of the near half of turning growth cones and 

subsequently blocked only the near pool of 5-HT2a receptors. Contrarily, ritanserin bath 

application inhibited the total pool of 5-HT2a receptors (near and far) and therefore abolished 

any growth cone turning (Figure 3.4). Data from Chapter 3 suggest that 5-HT2a is activated 

and recruited in preference to 5-HT1b on the near side of growth cones exposed to 5-HTLo. 

We hypothesise that following the inhibition of 5-HT2a by PIGM-Iq, the 5-HT1b receptor was 

activated, leading to repulsion. Ritanserin has also been reported to desensitize the receptor, 

which is why the optogenetic approach was key to address the spatial and temporal specificity 

of 5HT-Lo-induced growth cone attraction. To test whether this hypothesis is true, one future 

experiment could measure the effect of ritanserin in the pipet in the growth cone turning assay. 

These data suggest the loss of asymmetric 5-HT2a downstream signalling is pivotal to control 

growth cone turning in vitro. The absence of PIGM-Iq activity in the dark state (Fig 4.10) 

supports the choice of using PIGM-Iq approach to answer more complex questions in a 

developing in vivo model. Overall, PIGM-Iq neither showed detectable side-effects nor 

cytotoxicity such as growth cone collapse or stalling. Analysed growth cone were actively 

pathfinding and extending more than 10μm, all signs of healthy cultures.  

In conclusion, the current experiments demonstrated that asymmetric inhibition of 5-HT2a 

receptor with PIGM-Iq was sufficient to switch 5HT-Lo-induced growth cone attraction into 

repulsion. The ability of the tool to revert back to its inactive conformation together with the 

possibility to deliver multiple stimulations within a certain time window, presents another 

advantage in terms of its suitability as a modulator of the Gαq pathway during early stages of 

brain circuit formation in vivo. Therefore, the use of PIGM-Iq appears to be a promising tool to 

manipulate axon pathfinding in living animal organisms. 
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Chapter 5: 
Optogenetic manipulation of Gαq 

signalling regulates early circuit formation 
and functionality in vivo. 
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5  

 
5.1 Introduction 

The work in chapter 4 demonstrated that serotonin-activated Gαq signalling could be 

optogenetically manipulated to affect growth cone turning in vitro. Whether PIGM-Iq-induced 

Gαq inhibition could also manipulate axon guidance in vivo remains to be determined. 

Therefore, in the current chapter I will use PIGM-Iq to probe GPCR Gαq signalling in zebrafish 

embryos, assessing developing (tph2+) serotonergic circuitry and underlying behaviour. The 

overall goal is to understand whether optogenetic G𝛼q inhibition could affect the formation of 

neural networks and behaviour.  

Zebrafish are an ideal model system to confirm whether optogenetic manipulation of Gαq is 

feasible in an intact and living organism. The modular structure of the zebrafish locomotor 

network makes it an easily accessible model to assess tools like PIGM-Iq in vivo, allowing 

complex in vivo cellular analyses as well as manipulations of neuronal networks coupled to 

behaviour (Del Bene et al., 2010; Ahrens et al., 2012; Seredick et al., 2012; Heap et al., 2013; 

Plazas et al., 2013; Portugues et al., 2013; Sainath and Granato, 2013). The rapid 

development of transparent embryos combined with transgenic fluorescent markers makes 

zebrafish an excellent model for in vivo time-lapse imaging of neural circuit formation and 

elucidating the underpinning molecular mechanisms.  

Coupling optogenetic manipulations with time-lapse imaging of neuronal circuitry and 

behavioural readouts will enable us to decipher the role of Gαq signalling in a specific neuronal 

circuit formation. I will assess the presence of a time-developmental window for Gαq signalling 

to lead to structural and functional abnormalities. To characterise the critical developmental 

window, I will assess zebrafish behaviour at distinct developmental time points.  

 

.   
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5.2 Results 

5.2.1 The 5-HT2a receptor is present on zebrafish serotonergic and motor 

neurons.  

Data presented in chapter 4 demonstrated that the Gαq signalling linked to 5-HT2a was 

successfully inhibited with the use of PIGM-Iq in vitro. In in vivo experiments designed in this 

chapter we demonstrated that Gαq inhibition in vivo could perturb axon guidance and motor 

behaviour. We next sought to determine whether the (tph2+) serotonergic and (1020+) motor 

neurons possess 5-HT2a receptors.  

To confirm the presence of 5-HT2a receptors on primary neuronal cell cultures of zebrafish, 

immunocytochemistry and western blot analyses were conducted. Briefly, zebrafish at 18-

24hpf were pooled in groups of 3 embryos (n=5) and their dissected nervous systems (brain 

+ spinal cord) were dissociated, plated for 6hr at RT and stained for 5-HT2a receptor. The 

presence of 5-HT2a receptor was visualized on (tph2+) serotonergic neurons and (1020+) 

motor neurons (Fig 5.1A). The validation of 5-HT2a antibodies was confirmed with western 

blots on whole zebrafish embryos at 18-24hpf pooled in groups of 15 embryos per group (n= 

4). The expected band for 5-HT2a antibody is at 53-55kDa and the loading control used is 

Histone H3 antibody with expected band size at 15-17kDa (Fig 5.1B). These data suggest that 

the serotonergic neurons do express 5-HT2a receptors and that the in vivo optogenetic 

inhibition of Gαq could act on 5-HT2a in vivo. 
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Figure 5.1. Primary neuronal cell cultures from 18-24hpf zebrafish embryos express the 
5-HT2a receptor. (A) Immunocytochemistry of serotonergic and motor neurons in culture 

displays a punctate pattern of expression of 5-HT2a antibody in soma, axon and growth cones. 

(B) Western blots of 24hpf zebrafish embryos show the expected band for 5-HT2a receptor at 

53-55kDa. Loading control used in this experiment is H3 that detected the predicted band at 

17kDa. Scale bar 30 µm. 

 
  



 

 96 

5.2.2 Generation of Tph2_PIGM-Iq zebrafish embryos. 

To express PIGM-Iq in zebrafish, we used the Tol2 system as described previously (Pavez et 

al., 2019). The Tol2 system consists of a Tol2 transposon-donor plasmid, which is 

microinjected into fertilized 1-cell stage eggs (Kawakami et al., 2016). Using a Tol2 

transposition system, I generated embryos that express PIGM-Iq, an inhibitor of G𝛼𝑞, in 

serotonergic neurons (Figure 5.2). To describe fish expressing the light-sensitive or insensitive 

PIGM-Iq, I will refer to PIGM-Iq and PIGM-IqD387A, respectively. To generate zebrafish embryos 

that express PIGM-Iq and PIGM-IqD387A constructs in serotonergic neurons, Tol2 transposase 

mRNA and UAS_ PIGM-Iq or UAS_ PIGM-IqD387A plasmids were injected into the Tph2_Gal4 

eggs (Yokogawa et al., 2012) (Figure 5.2). Exploiting the Gal4-UAS editing system (Figure 

5.2), expression of the PIGM-Iq and PIGM-IqD387A in serotonergic neurons can be visualised 

with eGFP (Figure 5.2). To test whether PIGM-Iq was successfully expressed in serotonergic 

neurons, injected embryos were examined and screened for eGFP+ cells at 18-19hpf (Figure 

5.2). The resulting eGFP+ embryos were imaged to demonstrate PIGM-Iq expression in 

serotonergic neuron (Figure 5.2-3). Zebrafish Tph2_PIGM-Iq or PIGM-IqD387A embryos 

present similar patterns of expression throughout their developmental stages (Figure 5.3).  
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Figure 5.2 Schematic design to generate Tph2_PIGM-Iq or PIGM-IqD387A zebrafish 
embryos. Tph2_Gal4 zebrafish adults were set up for mating. Eggs were injected at 1-cell 

stage with mRNA Tol2 transposase and UAS_PIGM-Iq/PIGM-IqD387A eGFP labelled 

constructs. Injected fertilised eggs were kept in respective petri dishes and screened for eGFP 

expression at 18-19hpf. eGFP expression highlights serotonergic neruons expressing PIGM-

Iq or PIGM-IqD387A. Zebrafish schematics made with Biorender. 
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Figure 5.3 Zebrafish embryos expressing PIGM-Iq or the light insensitive mutant (PIGM-
IqD387A) present identical pattern of expression throughout development. Representative 

images of zebrafish embryos at 48hpf, from dorsal view (A, B) and lateral view (C, D) that 

express PIGM-Iq (A, B) and PIGM-IqD387A (C, D) in serotonergic neurons and projections, 

driven by the Tph2 promoter. (B, D) Tph2 fish expressing PIGM-Iq or PIGM-IqD387A showed 

eGFP expression in serotonergic neurons located in the raphe (arrows), in the telencephalon 

(#) and spinal cord (*). Scale bar is 50µm. 
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5.2.3 Characterisation of the Tph2_PIGM-Iq/ PIGM-IqD387A embryos 

Serotonergic neurons are among the earliest neurons to emerge in the developing brain and 

this feature is retained among species, including human, rodent and zebrafish. McLean and 

Fetcho characterised the ontogeny and innervation patterns of serotonergic neurons in 

zebrafish embryos and revealed that diencephalic serotonin and tyrosine hydroxylase 

immunoreactive neurons were among the earliest to emerge (McLean and Fetcho, 2004). 

Here, I will describe the development of (tph2+) serotonergic neurons and their projections 

expressing PIGM-Iq.  

 

5.2.3.1 Ventral diencephalic serotonergic neurons 

At 18-19hpf the brain becomes a hollow structure allowing the first neurons to extend growing 

axons (Hjorth and Key, 2002). Tph2_PIGM-Iq/PIGM-IqD387A displayed the first-born (tph2+) 

neurons located in the ventral diencephalon (Fig 5.4A-F). These neurons emerged at 18hpf 

and extended projections ipsilaterally to the midline where they project contralaterally (Fig 

5.34-F). Ventral diencephalic (tph2+) serotonergic neurons consistently showed the same 

pattern of development (100%; n=30) to form a simple contralateral network by 24 hpf (Fig 

5.4G-K), in all PIGM-Iq and PIGM-IqD387A embryos analysed. 

 

5.2.3.2 Hindbrain serotonergic neurons 

Another subpopulation of (tph2+) neurons that emerge at 18-19 hpf, is located in the hindbrain 

to send distal projections to the spinal cord (Fig 5.5). By 26 hpf other (tph2+) positive neurons 

emerge in the first five somite segments of the spinal cord to project anterior to the brain and 

posterior to the tail (Fig 5.5), although the time of emergence was not consistent among 

embryos. There was some variability in when (tph2+) positive neurons appeared in the spinal 

cord at 18-19 hpf (n=30). At that early stage of development, there was a small pool of 

embryos characterized by no eGFP expression (15%), embryos with only one eGFP positive 

neuron (45%) and embryos with multiple positive neurons (40%). By 2 6hpf, all fish had (tph2) 

eGFP positive neurons along the spinal cord. 
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Figure 5.4 Ventral diencephalic serotonergic neurons at 18hpf and 24hpf. A-F) Around 
18-19 hpf, the first-born (tph2+) neurons located in the ventral diencephalon extend their first 
projections that travel ipsilaterally to the midline where they next cross contralateral to reach 
their opposed partners. G-K) Ventral diencephalic (tph2+) serotonergic neurons connect with 
each other by 24 hpf. Ventral view. Scale bars 50µm . 
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Figure 5.5 Hindbrain serotonergic neurons development. A-C) Around 18-19 hpf, the first-

born (tph2+) neurons located in the hindbrain extend their first projections that travel to the 

spinal cord. At 22 hpf, (tph2+) positive neurons along the spinal cord send long-range 

projections that extend the entire length of the spinal cord and also project anteriorly into the 

hindbrain. C) Representative figures of distal projections along the spinal cord. Serotonergic 

soma (arrowheads) and axons (arrows) expressing PIGM-Iq are labelled with eGFP. Lateral 

view. Scale bar 50 µm. 
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5.2.3.3 Dorsal raphe serotonergic neurons 

At 36 hpf, the dorsal raphe (tph2+) neurons emerge in the developing hindbrain and project 

ipsilaterally to cover the entire length of the spinal cord by 48 hpf (Figure 5.6). The dorsal 

raphe is the main source of serotonergic neurons in the brain and presents a complex circuitry. 

However, given how early serotonergic projections appear in zebrafish CNS development, it 

is likely that they actively modulate the activity of presumptive anatomical targets located in 

the spinal cord to induce motor behaviour (Barrios et al., 2020).  
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Figure 5.6 Dorsal raphe serotonergic neurons development. Lateral (A-C) and dorsal (D-

F) views and schematics of zebrafish embryos at 48hpf. The dorsal raphe (tph2+) neurons 

located in the hindbrain (CI, FI) start sending ipsilateral projections at 36hpf that bundle 

together to cover the entire length of the spinal cord (CII, FII) by 48hpf. Scale bars 50µm.   
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5.2.4 Repetitive optogenetic inhibition of Gαq signalling in ventral diencephalic 
serotonergic projections creates axon guidance defects. 

Given the early development of ventral diencephalic (tph2+) neurons, this circuit was selected 

to investigate the effect of PIGM-Iq-induced Gαq inhibition on axon guidance. The ventral 

diencephalic circuit presents many advantages to examine axon pathfinding. It is the first one 

to emerge in the zebrafish embryo; it is very simple in comparison to other circuits and can 

therefore be tested over stereotypical routes at the midline; it is consistent among all zebrafish 

embryos analysed.  

To investigate whether inhibition of Gαq signalling could perturb axon guidance, Tph2_PIGM-

Iq or PIGM-IqD387A embryos were placed on a blue light transilluminator (Smart Lab 

Technology) and exposed to repetitive stimulations of 10 s pulses of blue light every 5 min for 

the duration of 2 hr (Figure 5.7). Initially, the ventral diencephalic subpopulation of 

serotonergic neurons was examined to test early axon pathfinding defects (Figure 5.8A-B).  

The majority of embryos expressing PIGM-Iq consistently showed one or more axons that 

navigated “off route” before finding their path back with the rest of the bundle labelled as 

“straying” (Figure 5.8C-D, 5.9) and/or axons that projected to other regions labelled as 

“misprojecting” (Figure 5.8E-F, 5.9). Embryos expressing PIGM-IqD387A exhibited few axon 

guidance defects within the ventral diencephalic subpopulation (Figure 5.9). Data was plotted 

as number of embryos (Figure 5.9A) that displayed “normal” stereotypical circuitry, “straying” 

axons and “misprojecting” axons in both PIGM-Iq (n=23) and PIGM-IqD387A (n=22) positive 

embryos. Data was also plotted as number of total “normal” axons (Figure 5.8B), “straying” 

axons and “misprojecting” axons in both PIGM-Iq (n=59) and PIGM-IqD387A (n=57) positive 

embryos. Embryos that were stimulated only once did not present any axon guidance defects 

in the ventral serotonergic circuitry (data not shown).  
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Figure 5.7 Repetitive optogenetic inhibition of Gαq signalling. 
Tg(Tph2_Gal4)y298Et offspring were injected with UAS_ PIGM-Iq or PIGM-IqD387A plasmids 

at the 1-cell stage. Zebrafish embryos were kept in the incubator until 18 hpf when they were 

screened for eGFP+ cells and placed back in the incubator. At 24 hpf, both PIGM-Iq mutant 

and light-insensitive mutant lines were simultaneously illuminated with repetitive blue light 

stimulations (10 s pulse) for two hours prior to circuitry analyses.  
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Figure 5.8 Ventral diencephalic serotonergic axon projection after repetitive blue light 
stimulation. Zebrafish embryos expressing PIGM-Iq or PIGM-IqD387A were fixed and imaged 

for axon pathfinding defects. (A-F) Schematics and representative images of embryos that 

displayed a normal ventral diencephalic serotonergic circuitry (A-B) and axon guidance 

defects including straying axons (arrows, C, D, F) and misprojecting axons (arrowheads, D-

F). Scale bar 50µm.  
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Figure 5.9: Stimulation of PIGM-Iq positive embryos is correlated with axon guidance 
defects in ventral diencephalic serotonergic projections. A) Repetitive stimulations of blue 

light perturbed circuitry formation of ventral diencephalic serotonergic neurons in zebrafish 

embryos expressing PIGM-Iq (60%) and PIGM-IqD387A (20%). B) In PIGM-Iq embryos, axons 

displaying pathfinding defects were 42% while in PIGM-IqD387A embryos, axons with defects in 

pathfinding were 15%.  
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5.2.5 PIGM-Iq inhibition of Gαq signalling perturbed motor behaviour. 

Locomotor behaviours can be readily measured in zebrafish embryos and reflect nervous 

system development (McKeown et al., 2009). Spontaneous coiling is the earliest locomotor 

behaviour to appear in the zebrafish embryo around 17 hpf and the frequency of coiling 

changes with development, reaching its peak at 19-21 hpf and gradually decreasing at 27 hpf 

(Buss and Drapeau, 2002; Drapeau et al., 2002). Touch-startle response is another motor 

behaviour that can be readily measured in embryos that swim away following a tactile 

stimulation (Koch, 1999; Best et al., 2008). Startle response is mediated by motor and sensory 

circuitry in the spinal cord and it can therefore be used to study their role in development 

(Burgess and Granato, 2007). Projections from the hindbrain reach the spinal cord to enable 

different sensory systems to be integrated from periphery to CNS (O'Malley et al., 1996; Liu 

and Fetcho, 1999). To investigate whether inhibition of Gαq could impair the nervous system 

function, spontaneous coiling and touch-startle behavioural readouts were tested in 

Tph2_PIGM-Iq and PIGM-IqD387A embryos at several stages of development. 

Any leakage of Gαq inhibition (activity of the construct with minimal stimulation) was tested on 

coiling behaviour prior to delivering repetitive blue light stimulations. Tph2_PIGM-Iq/PIGM-

IqD387A embryos at 18.5-19hpf were tested for spontaneous coiling behaviour (Figure 5.10A) 

upon one pulse of blue light stimulation of 60sec. As expected, there was no significant 

difference in the number of coils per minute among WT embryos, or embryos expressing 

PIGM-IqD387A or embryos expressing PIGM-Iq (Figure 5.10B). These data demonstrate that 

neuronal expression of the constructs alone did not appear to alter circuit functioning. Also, 

Tph2_PIGM-Iq/PIGM-IqD387A embryos appeared normal with regards to body shape and 

phenotype.  
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Figure 5.10 Expression of PIGM-Iq and a single light pulse doesn’t affect spontaneous 
coiling behaviour. (A) Inset of a timeline depicting methodology. (B) Embryos displayed an 

average of 5-6 coils per minute at 18.5-19hpf regardless of being WT embryos or embryos 

expressing the PIGM-IqD387A or PIGM-Iq constructs. (n.s, One-Way ANOVA test). 
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To investigate whether continuous blue light inhibition of Gαq signalling could perturb 

behaviour readout, five time points of development were examined. Tph2_PIGM-Iq/PIGM-

IqD387A embryos at distinct stages of development were placed on a blue LED transilluminator 

(Smart Lab Technology) and exposed to repetitive stimulations of 10 s pulses of blue light 

every 5 min for the duration of 2 hours preceding the behavioural tests (Figure 5.11A, timeline). 

There was an increase in spontaneous coiling behaviour in fish expressing PIGM-Iq at 22hpf 

and 26hpf (Figure 5.11B). The fact that light does not affect coiling in WT embryos in Figure 

5.10, is in support of not adding a WT control in 5.11. In conclusion, embryos that were 

repeatedly stimulated with blue light to inhibit Gαq signalling seemed to be more sensitive to 

spontaneous coiling by nearly 2-fold (Figure 5.11B).  

Using the same stimulation paradigm, we examined the effect of Gαq inhibition on the touch-

startle response in older embryos at 36hpf, 48hpf and 72hpf (Figure 5.12A). While 

Tph2_PIGM-IqD387A embryos displayed a 100% response to touch, Tph2_PIGM-Iq embryos 

displayed a 55%, 80% and 60% of response upon being touched at 36hpf, 48hpf and 72hpf, 

respectively (Figure 5.12B). Embryos that were unresponsive to touch appeared to be healthy, 

alive, and moved spontaneously, suggesting PIGM-Iq activation has inhibited the response to 

touch.  
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Figure 5.11. Repetitive optogenetic inhibition of Gαq perturbed spontaneous coiling 
behaviour in Tph2_PIGM-Iq zebrafish embryos. (A) The timeline illustrating the stimulation 

paradigm. (B) Embryos expressing PIGM-Iq showed an increased spontaneous coiling 

behaviour vs embryos expressing PIGM-IqD387A, upon repetitive blue light stimulation at both 

22hpf and 26hpf. Data normally distributed, means +/- SD, 2-way ANOVA. 
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Figure 5.12 Repetitive optogenetic inhibition of Gαq decreased the touch-startle 
response. (A) The timeline illustrated the stimulation paradigm. (B) Percentage of PIGM-Iq 

and PIGM-IqD387A embryos that responded to touch-startle response upon repetitive blue light 

stimulation. Sample size varies from n=9-12 fish per time point.   
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5.3 Discussion: 

In the current chapter we aimed at perturbing axon pathfinding and behaviour in zebrafish 

embryos expressing PIGM-Iq in serotonergic neurons. Given in chapter 4 we demonstrated 

that growth cone turning could be perturbed through inhibition of Gαq with PIGM-Iq, we next 

aimed to test the feasibility of the method in vivo. We found that continuous inhibition of Gαq 

was sufficient to induce axon pathfinding defects in the ventral diencephalic serotonergic 

subpopulation. Furthermore, PIGM-Iq-induced Gαq inhibition caused a nearly 2-fold increase 

of spontaneous coiling behaviour as well as a reduction in touch perception in the touch-startle 

response. During the first 24-26hpf of zebrafish development, we hypothesise that inhibition 

of Gαq signalling could have activated compensatory mechanism among several GPCR 

receptors linked to Gαq, which could result in more coils. From 30-36hpf onward, inhibition of 

Gαq signalling could impair serotonergic circuitry that controls the sensory signalling within 

the zebrafish larvae, causing a loss of touch sensitivity, which resulted in a reduced startle 

response.  

 

5.3.1 Presence of serotonin receptor on primary neuronal cell culture. 
Although it was not possible to address the specific question of whether serotonin can regulate 

brain wiring, it enabled us to test the feasibility of the methods through inhibition of Gαq, that 

also mediate 5-HT2a signalling. Early data has shown that serotonergic neurons use serotonin 

as an instructive cue to promote growth (Whitaker-Azmitia and Azmitia, 1986; Diefenbach et 

al., 1995; Daubert and Condron, 2010). The presence of serotonin receptors on the 

projections of serotonergic neurons provides a feedback mechanism through which 

serotonergic neurons can sense extracellular gradients of serotonin (Whitaker-Azmitia and 

Azmitia, 1986). Autoregulatory mechanisms guide serotonergic development through 

activation of serotonin receptors and downstream signalling cascades. Fine-tuning of 

serotonergic circuitry relies on autoregulatory mechanisms across invertebrate and vertebrate 

species, including great pond and freshwater snail, leech, fruit fly, rat and mouse animal model 

systems (as reviewed in (Daubert and Condron, 2010)). The autoregulation of serotonergic 

morphology, suggests a conserved role for serotonin signalling to regulate and maintain 

serotonergic circuitry development.  

We therefore confirmed the presence of 5-HT2a receptors on serotonergic and motor neurons 

to reveal whether Gαq inhibition could be linked to 5-HT2a receptor signalling. We found that 

5-HT2a receptor is expressed in zebrafish neuronal cultures in both serotonergic and motor 

neurons. Given serotonin activates growth cone motility through 5-HT2A receptor G𝛼q in vitro 

(Vicenzi et al., 2020), future experiments will inform how manipulations of 5HT2a signalling, 

obtained through the combination of PIGM-Iq and targeted nanobodies towards 5-HT2A 



 

 114 

(English et al., 2019), might alter the formation and functionality at a cellular and organism 

level. The validation of the serotonin antibody 5-HT2a on zebrafish through western blot and 

immunocytochemistry pave the way for further research on addressing specific questions to 

serotonin-induced axonal defects.  

In conclusion, the current experiments demonstrated that inhibition of Gαq signalling with 

PIGM-Iq was sufficient to perturb brain circuit formation and behaviour. Therefore, the use of 

PIGM-Iq appears to be a promising tool to manipulate axon pathfinding in a living animal. 

 

5.3.2 Optogenetic manipulation of Tph2+ axon guidance. 
Ventral diencephalic serotonergic neurons are the first to emerge in the developing brain of 

zebrafish embryos (McLean and Fetcho, 2004) and send short-range projections 

contralaterally. In this chapter we tested whether we could optogenetically manipulate Gαq 

signalling to perturb that network formation. The preliminary data collected in this chapter 

demonstrate that optogenetic inhibition of Gαq with PIGM-Iq can perturb axon pathfinding in 

vivo. The low incidence of axonal defects might suggest further optimization is required. For 

example, longer periods of stimulation, stronger intensity or more directed blue light delivery 

might be required to achieve an higher degree of axon guidance defects. Some pathfinding 

deficits were observed in the hindbrain serotonergic neurons that project to the spinal cord, 

however, future studies with increased number of larvae will be required in order to draw 

definitive conclusions about the pathfinding deficits in hindbrain serotonergic neurons. 

Given Gαq is activated downstream of multiple neuromodulators, the optogenetic inhibition of 

Gαq with PIGM-Iq could inhibit several downstream signalling cascades. Gαq-linked pathway 

is often associated with the release of calcium from the endoplasmic reticulum and can be 

stimulated by the ligand binding of glutamate to metabotropic glutamate receptors Group I 

(mGluR1), acetylcholine to muscarinic acetylcholine receptors, adenosine to adenosine 

receptors and serotonin to 5-HT2a receptor (Huang and Thathiah, 2015). Therefore, PIGM-Iq 

inhibition of Gαq signalling could trigger several compensatory mechanisms in a living animal 

organism. In the future, it would therefore be important to look at the specific Gαq mechanism 

that mediate only the 5-HT2a signalling. For example, a great future approach to address this 

question is the use of a nanobody (English et al., 2019) that can target PIGM-Iq construct to 

the 5-HT2A-coupled Gαq only in zebrafish embryos and test whether we could analyse any 

more profound effects.  

 

5.3.3 Optogenetic inhibition of Gαq signalling perturbs motor behaviour. 
In the current experiments, we tested whether PIGM-Iq-induced Gαq inhibition was sufficient 

to perturb behaviour at different developmental stages to determine whether a time-sensitive 
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developmental window existed. Interestingly, all the time points tested were sensitive to Gαq 

inhibition with regards to the behavioural readout, suggesting that Gαq signalling plays a 

central role in mediating locomotion-associated activity. Increased spontaneous coiling 

behaviour and decreased touch perception suggest a loss of neuromodulation signalling, such 

as serotonin, glutamate and acetylcholine which are known to finetune the locomotor output 

at every developmental time analysed (Downes and Granato, 2006; Thirumalai and Cline, 

2008; Gabriel et al., 2009; Pietri et al., 2009). Ideally future experiments will correlate 

behavioural readout with a specific guidance defect. Indeed, to date there is little data in 

behavioural zebrafish studies that demonstrate direct link between incorrect wiring and 

behaviour during development. 

There are several conflicting studies that have shown spontaneous coiling behaviour is either 

completely autonomous (Saint-Amant and Drapeau, 2000) or directly dependent on hindbrain 

inputs (as extensively reviewed by (Drapeau et al., 2002)). In our study, there is no direct 

apparent link between the axonal defects we imaged in the ventral serotonergic neurons and 

the recorded spontaneous coiling behavioural readout, which simply suggests this behaviour 

might not depend on hindbrain inputs. At this stage of development though, sporadic (tph2+) 

neurons in the hindbrain project down the spinal cord and we cannot exclude the possibility of 

these long-range projections to influence locomotion. Indeed, an intriguing possibility that 

would be consistent with our data is that (tph2+) cells influence locomotion using a completely 

novel functional mechanisms in which serotonin is potentially secreted into the ventricle and 

signals by diffusion through the cerebral spinal fluid, although it has not been tested, yet.  

The touch-startle behaviour is controlled by the integration of motor and sensory circuitry in 

the spinal cord (Burgess and Granato, 2007). Projections from the hindbrain, including 

serotonergic projections, reach the spinal cord to enable different sensory systems to be 

integrated from periphery to CNS (O'Malley et al., 1996; Liu and Fetcho, 1999). The touch-

startle behaviour could therefore be controlled by serotonergic neurons that are either located 

in the dorsal raphe or next to motor neurons along the spinal cord, and perhaps influence that 

behavioural response. The fact that PIGM-Iq-induced Gαq inhibition caused a 20-40% of 

unresponsive embryos (no visible response to touch) suggests that long-range serotonergic 

projections could modulate the locomotion in the spinal cord. The unresponsive embryos to 

touch has been previously reported in other studies, while retaining the spontaneous coiling 

behaviour, as well. In one study, the touch-unresponsive behaviour was recorded in zebrafish 

mutants for a voltage-gated calcium channel, suggesting that locomotor network is regulated 

by the sensory neurons expressing this gene (Low et al., 2012). Further follow-up experiments 

might examine the expression profile of Gαq or 5-HT2a and assess the electrophysiological 

activity within neurons that belong to the touch-evoked escape circuit. Another study has 

shown that a mutation that abolishes action potentials in Rohon-Beard (RB) neurons caused 
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unresponsive zebrafish embryos to touch (Pietri et al., 2009). Similar to tph2+ neurons, also 

RB neurons extend their long-range axonal projections to the spinal cord between 17hpf-

24hpf, suggesting RB cells must be integrated into the motor network (Pietri et al., 2009). 
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Chapter 6: 
Conclusions and Future Directions. 
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6  

The nervous system is organized into functional neuronal circuits that underlie behaviour. The 

formation of functional neuronal circuits is absolutely reliant on the process of axon guidance 

(Tessier-Lavigne and Goodman, 1996; Dickson, 2002; Araújo and Tear, 2003; Kolodkin and 

Tessier-Lavigne, 2011). Although the axon guidance field has made enormous progress in the 

past century, there are still many questions unresolved (Yang and Kunes, 2004; Xu et al., 

2011). One example is the neurotransmitter serotonin, that has been shown to play a variety 

of roles in the mature brain as well as in the developing brain (Bonnin and Levitt, 2011). 

Serotonin is present in the developing brain prior to the formation of most conventional 

synapses, suggesting it might regulate and orchestrate the wiring of the brain (as reviewed by 

(Gaspar et al., 2003; Brummelte et al., 2017)).  

Previous studies have focused on the role of serotonin as a regulator of neurite extension in 

culture (Haydon et al., 1984; Cohan et al., 1987; Lieske et al., 1999; Lotto et al., 1999; Koert 

et al., 2001). There is conflicting evidence showing that serotonin both inhibits and enhances 

neurite outgrowth in vitro. However, there is little data that has examined the role of serotonin 

in growth cone motility. Haydon and colleagues did show that serotonin can induce growth 

cone collapse in a specific subpopulation of neurons (Haydon et al., 1984; Cohan et al., 1987). 

Since the late 1980s, there is little work examining whether and how serotonin could regulate 

growth cone motility or growth cone turning. Therefore, in chapter 3, I sought to unravel 

whether serotonin could act as an instructive cue in regulating growth cone motility. I found a 

serotonin-dose dependent effect on growth cones, promoting both attractive and repulsive 

turning (Vicenzi et al., 2020). These data suggest that serotonin could function as short-range 

or long-range guidance cue in vivo and support a novel mechanism where extracellular 

serotonin might act first as a long-range guidance cue to attract axons with relatively low 

concentrations activating attraction through 5-HT2a-coupled Gαq receptor. Subsequently as 

serotonin concentration gradient increases, the 5-HT1b receptor is activated triggering 

repulsion or stopping axons at their final target. In vivo, the narrow tuning responses of growth 

cones that we have demonstrated would suggest that as growth cones approach the domains 

of higher serotonin concentration, serotonin could regulate target recognition following long-

range axon pathfinding. There is no evidence of serotonin gradients within brain regions. 

However, several studies performed in rodents and zebrafish have shown the presence of 

distinct expression gradients of serotonin receptors, Sert pump and serotonergic markers, 

including Tph and Pet1 (Bonnin et al., 2006; Wang et al., 2006; Tanaka et al., 2012). For 

instance, Norton and colleagues have characterised expression gradients of the serotonin 

transporter slc6a4a/4b (Sert) and the serotonin receptor 1 htr1aa/ab/bd (5-HT1) in embryonic 

and adult zebrafish brain with in situ hybridization in wholemounts and coronal cryosections 
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(Norton et al., 2008). Zebrafish embryos showed a homogenous expression of 5-HT1 receptor 

throughout the brain with higher expression levels in specific regions, including caudal 

hypothalamus, preoptic area, midbrain and anterior hindbrain, rhombomere 1, superior raphe 

nucleus and medulla oblongata (Norton et al., 2008). The Sert expression was abundant in 

the superior and inferior raphe nucleus as well as in the pretectal diencephalic cluster (Norton 

et al., 2008) which is not surprising. In another study, Lillesaar and colleagues revealed the 

expression of the two serotonergic markers Pet1 and Tph2 by in situ hybridization on 

wholemount zebrafish embryos (Lillesaar et al., 2007). Expression of Pet1 was detected in 

rhombencephalon and hindbrain floor plate at 19-25hpf during axon guidance events, while 

expression of Tph2 was identified in the hindbrain floor plate, epiphysis, pretectal and thalamic 

complex few hours later. Schneider and colleagues instead focused their attention on cloning 

and revealing the expression of a zebrafish 5-HT2c receptor through whole-mount-in-situ-

hybridization (Schneider et al., 2012). Zebrafish embryos showed a wide distribution of 5-

HT2c throughout the CNS, characterized by an anterior to posterior gradient and with higher 

clusters of neurons in the telencephalon, diencephalon and rhombencephalon (Schneider et 

al., 2012). This laboratory is currently on the process of cloning all the 23 variants of serotonin 

receptors in zebrafish (SFN conference personal communication from Schneider lab to Foa 

lab – 2018). Although there is no direct evidence, these studies would suggest the presence 

of serotonin gradients in the developing brain during axon guidance events supporting the role 

of serotonin as guidance cue in the developing brain.  

The spatiotemporal control of guidance cue responsiveness is regulated by guidance cue 

receptor expression dynamics during neurodevelopment and axon pathfinding (Pignata et al., 

2019). Navigating axons can change their sensitivity to guidance cues along their trajectories, 

as seen in semaphorin and slit-mediated repulsion upon midline crossing in the floor plate 

(Chen et al., 2008; Nawabi et al., 2010; Philipp et al., 2012; Yang et al., 2018; Pignata et al., 

2019). For example, Pignata and colleagues monitored the receptor dynamics of Robo1/2, 

PlexinA1 and Neuropilin-2 upon midline crossing and showed how growth cones become 

sensitized to slit and semaphorin midline cues (Pignata et al., 2019). The subcellular 

distribution of specific serotonin receptors activated during crucial periods of 

neurodevelopment, could provide for a change of sensitivity to serotonin. For example, our 

experiments described in chapter 3 suggest that as growth cones approach increasing 

serotonin concentrations, desensitisation and internalisation of 5-HT2a receptors occurs and 

higher serotonin levels subsequently activate 5-HT1b receptors, thus changing growth cone 

sensitivity to serotonin that resulted in a switch from attractive to repulsive turning (Vicenzi et 

al., 2020). One study that looked at gain of response to semaphorin 3B, a floor plate midline 

repellent, showed an accumulation of Plexin-A1 receptor in growth cones prior to sensitization 

to semaphorin 3B (Nawabi et al., 2010). Thus, the distribution of guidance cue receptors at 
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the cell surface is required to control growth cone responses to guidance cues at intermediate 

targets. 

The observed serotonin-induced bidirectional turning in vitro has suggested to be regulated 

by 5-HT2a desensitization and subsequent internalisation upon exposure to 5HT-Hi (Vicenzi 

et al., 2020). Our in vitro results suggest that once desensitized, serotonin signalling might 

“spill over” to 5-HT1b receptors, mediating growth cone repulsion. There is previous work to 

support the hypothesis that growth cones exposed to 5HT-Hi gradients, activates 5-HT2a 

receptor internalisation occurs through a clathrin and dynamin-dependent process (Rahman 

and Neuman, 1993; Hanley and Hensler, 2002). Other non-canonical guidance cues use a 

similar mechanism of internalisation of their receptors and an example is the study of Sonic 

hedgehog (Shh) and its receptor Boc in the context of axon guidance (Ferent et al., 2019). 

The binding of Shh to Boc leads to endocytosis of Boc which has been shown to regulate both 

the Shh-mediated growth cone turning in vitro and axon guidance in vivo (Ferent et al., 2019). 

It would be of interest to determine whether internalization of 5-HT2a receptors are also 

required to mediate axon guidance decisions in vivo, as growth cones approach the domains 

of higher serotonin concentration. Future experiments in animal model systems would be 

crucial to determine whether serotonin can act as long-range attractive and short-range 

pausing cue to shape targeting, thus linking developmental defects of circuit wiring with long-

term circuit function. 

Given activation of growth cone attraction by low 5HT-Lo concentrations may be regulated by 

the recruitment of 5-HT2a receptor to the motile side of growth cones (Vicenzi et al., 2020), 

the spatial activation of 5-HT2a receptor was investigated in chapter 4 using an optogenetic 

tool that inhibits the downstream signalling of 5-HT2a, by blocking Gαq activities. To determine 

whether restricted distribution of 5-HT2a receptor is required for growth cone attraction to 

serotonin, I inhibited the Gαq signalling associated with 5-HT2a receptor on the motile side of 

growth cones exposed to extracellular gradients of serotonin. The data demonstrated that 5-

HT2a subcellular activation in a spatially-restricted area could regulate the directionality of 

growth cones while pathfinding. We therefore followed-up the in vitro work to determine 

whether optogenetic inhibition of Gαq could control neuronal wiring for orchestrating normal 

behavioural output in vivo. In chapter 5, I tested whether optogenetic manipulation of Gαq 

signalling could regulate axon pathfinding and behaviour in a living animal. However, it is not 

known if in vivo PIGM-Iq manipulation specifically targets the 5-HT2a receptor. Future studies 

will perform the same set of experiments with the use of a recently-engineered nanobody, 

which can specifically target PIGM-Iq to 5-HT2a receptor only (English et al., 2019). In vivo 

manipulations of Gαq during critical windows of development will reveal how serotonergic 

neuronal projections navigate in real-time and are integrated into functional circuits that 

underlie behaviour. Furthermore, advances in genetic tools and calcium imaging techniques 
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coupled with behavioural analysis will allow us to connect neural signalling at a cellular level 

with the locomotor output (Scott et al., 2007). Genetically encoded calcium indicators, such as 

GCamp, can be expressed in a desired neuronal population by specific promoters (Akerboom 

et al., 2012). This enables in vivo analysis of the firing properties of individual neurons in a 

non-invasive manner (Poulsen et al., 2021). 

Our observations of axon guidance defects of ventral diencephalic serotonergic projections 

after optogenetic inhibition of Gαq, is consistent with a previous study that investigated the 

contribution of 5-HT2a receptor to midline crossing of telencephalic axons (Xing et al., 2015b). 

Xing and colleagues demonstrated that 5-HT2a is expressed on commissural axons of 

telencephalic neurons and plays a crucial role to mediate midline crossing (Xing et al., 2015a). 

Another study that showed the importance of serotonin in regeneration of retinal ganglion cells 

comes from the Granato Lab (unpublished data/personal communication, CSHL Molecular 

Mechanisms of Neuronal Connectivity – September 2020) that showed that the 5-HT1b 

agonist increases ectopic axonal regrowth of the optic nerve after injury. This suggests that 

axon guidance molecules, while crucial in development to guide growth cones to their targets, 

might also play a similar role on axon growth following injury. For example, a recent review 

illustrated that key axon guidance molecules were switched on after spinal cord injury, 

including Wnts, Ephrins and Semaphorins (Zou, 2021).  

In conclusion, my future aim is to answer important long-standing questions in the field of axon 

guidance that will address the molecular mechanisms underpinning circuit assembly. With the 

advent of novel genetic, transcriptomic, and proteomic technologies, new roles for guidance 

cues have been unravelled. In the future, it will be interesting to investigate distinct populations 

of neurons with diverse compositions of cell surface receptors that characterize the wiring with 

their synaptic partners. Subcellular control of axon guidance determined by the distribution of 

cell-surface receptors, coupled with downstream signalling second messengers that control 

cytoskeletal dynamics, demonstrate how guidance cues orchestrate the wiring of the brain. 

My work using novel and traditional techniques has described novel non-canonical roles for 

serotonin in circuit development, in particular serotonin functioning as a bimodal guidance cue.  

The data generated pose a range of interesting and testable questions about how serotonin 

regulates growth cone motility in vivo.  
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APPENDIX 1: Supplementary Methods 

 
List of Reagents: 
 
Lysogeny Broth (LB) Preparation: 
LB was prepared by mixing Tryptone (10g/L; Oxoid), Yeast (5g/L; Oxoid) and Sodium Chloride 

for DNA (10g/L; Reearch Organics) in 1L of RO water. This solution was then autoclaved for 

30 min at 121°C 

 

Ampicillin-LB Solution: 
Ampicillin (0.1mg/ml) was added to LB to screen only bacteria containing the plasmid of 

interest, with an ampicillin-resistant cassette. 

 

Ampicillin-LB agar plates: 
Agar powder (14g, Oxoid) was added to 1L LB sterile solution, melted in a microwave and 

was allowed to be cool down prior to the addition of Ampicillin (0.1mg/ml; Sigma). The LB-

agar-ampicillin solution was poured into petri dishes (15ml each dish) and allowed to solidify.  

 
Agarose Gel Electrophoresis 
Standard 1% Agarose gel was made by mixing agarose (1g, Biorad) to 100ml of 1X TAE 

(Fisher Scientific BioReagents), microwaved and cooled down prior to adding 4μl of Sybr safe 

(Invitrogen, S33102). Add 5X loading dye (Purple 6x, New England BioLabsTM) to each sample 

(2.5μl per tube per 10μl reaction) and load samples on each wells. Load 4μl of Ladder 1KB 

and run it for 30 min at 100V. 
 
PCR machine (Thermal Cycler T100, Biorad) steps: 98°C 10 min, 98°C 10 sec, 62°C 30 sec, 

72°C 15sec, repeat from step 2 for 25X, 72°C 5min, infinite 4C 

 
 
Transformation of competent DH5-alpha RecA1 E. coli cells 
KCM-competent DH5-alpha RecA1 E.coli strain were transformed with 1μg of pcDNA vectors 

(RGS2-CRY2-T2A-CIBN1-mCh-CaaX; RGS2(D387A)-CRY2-T2A-CIBN1-mCh-CaaX) and 

the addition of 30µl of KCM and 30µl DH5-alpha cells. The solution was then heat-shocked 

for 1min at 42°C, placed back on ice for 2min and incubated in 1ml of LB for 1hr at 37°C in a 

shaking incubator. Transformed bacteria were centrifuged for 1min at 7000rpm and the pellet 

was plated on ampicillin-containing LB plates and incubated for 16hrs at 37°C. Single and 

isolated bacterial colonies were then picked, added to 6ml of AMP-LB and placed them at 

37°C in a shaking incubator at 200rpm for an 16hrs.  
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Isolation of plasmid DNA  
Miniprep 
Plasmid DNA was isolated from bacteria using a commercially available minipreparation kit 

(GenEluteTM HP plasmid MiniPrep kit, Sigma-Aldrich). Briefly, 5ml of overnight recombinant 

bacterial culture was pelleted at 12,000 x g for 1 min and supernatant was discarded. Bacterial 

cells were then resuspended in 200μl of resuspension solution (RNase A, comp) and mixed 

followed by the addition of 200μl of lysis buffer to lyse the suspended cells. This reaction was 

then inverted 6 to 8 times and allowed to settle for 5mins at RT. Once lysis of the bacterial 

cells was complete, 350 μl of neutralisation and binding buffer was added to precipitate cell 

debris, inverted 4-6 times and centrifuged for 10 min at 12,000 x g. Column preparation was 

initiated by adding 500 μl of column preparation solution to a microcentrifuge tube containing 

a GenEluteTM HP miniprep binding column and centrifuged for 1 min at 12,000 x g. Flow-

through liquid was discarded. The cleared lysate was then transferred to the microcentrifuge 

tube containing the prepped binding column, centrifuged at 12,000 x g for 1 min and flow-

through liquid was discarded. Proceeding this, 500 μl of wash solution 1 was added to the 

column containing the DNA, centrifuged for 1 min at 12,000 x g and followed by a second 

round of washes with 750μl of wash solution 2 and centrifugation for 1 min at 12,000 x g. After 

discarding the flow-through, the column was further centrifuged to ensure removal of any 

excess ethanol still present from the previous wash steps. The columns was then places into 

a new provided collection tube and DNA was eluted by adding 50μl of elution buffer and 

centrifuged at 12,000g for 1 min. The DNA-containing flow-through stored at -20°C until further 

use. 

 

Maxiprep 
If the isolated plasmid DNA passed the digestion check, it was further isolated from bacteria 

using a commercially available maxipreparation kit (PureLink, High Pure Plasmid Filter, 

Invitrogen Thermo Fisher, USA). Firstly, 850μl of overnight recombinant bacterial culture was 

added to 400ml of sterile Amp-LB and incubated on a shaker at 200rpm for 16 hr at 37°C. 

Secondly, the recombinant bacterial culture for high copy number plasmids was pelleted at 

4,000 x g for 10 min and supernatant was discarded. The pellet was dissolved with 10ml of 

resuspension buffer R3, then lysed with 10ml of lysis buffer L7, inverted 5 to 6 times and 

incubated at RT for 5 min. The lysed solution was then neutralized with the precipitation buffer 

N and inverted 4 to 5 times. Following this, the precipitated lysate was transferred to an 

equilibrated column and allowed to filter through the column by gravity flow. The column was 

then washed twice with 10 and 50ml of wash buffer W8 and flow-through was discarded. The 

DNA was then extracted by adding 15ml of Elution Buffer E4 to the column and collecting the 

flow-through. The eluted DNA was mixed with 10.5ml of isopropanol, inverted 5 times and 
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centrifuged 12,000 x g for 30 min at 4°C. Supernatant was discarded while pellet was washed 

with 5ml of 70% ethanol and centrifuged further at 12,000 x g for 10 min at 4°C. Pellet was 

air-dried and resuspended with 200μl of TE buffer then stored at -20°C.  

 
 
List of SOLUTIONS – need to be prepared in advanced and chilled overnight at 4C 

Solutions (at the end or at the start – make an appendix: 

- E2 media:  
- Bleach, ~6% laundry grade: Chill in the refrigerator overnight at 4°C. 

- Salt Solution: 100g of Aquarium salt were added to 500ml of water and have running 

on the stirrer for 1hr to dissolve completely. Store bottle in the refrigerator overnight at 

4°C. 

- ATV-trypsin solution: NaCl 8g, KCl 0.4g, NaHCO3 0.58g, Glucose 1.1g, EDTA 0.2g, 

Trypsin (2.5%) 20mL in 1L of H2O 

- Tricaine (MS222) stock solution: 400 mg tricaine powder (Ethyl-3 aminobenzoate 
methanesulfunate salt) (Fluka A5040 (Lot#MKBH 7915V)) were added to 97.9 ml 

dH2O, then , 2.1 ml 1 M Tris (pH 9) was added and pH was adjusted to 7. Solutions 

were stored in the refrigerator at 4°C for few weeks.  

Working solutions were prepared by thawing 6mL aliquot of stock solution. Fill 

50mL falcon tube to 40mL with system water. 
Treatment: 
Embryos were anaesthetised in 1:1 Tricaine working solution in E2 media. 

- Phenylthiourea (PTU) stock solution: 76.1mg of PTU powder were dissolved in 
50mL of MilliQ.  

Working solutions were made by diluting the stock solution 1:50 in E2 media to reach 

(200µM). 

Treatment: 
-Working solution of PTU/E2 mix was mixed and ~25mL was added to petri dish 

containing embryos added. 

 
 
Artemia 
 
1. Cyst hydration: Dried cyst were hydrated by adding 300ml of tap RO water in a hatching 

cone with aeration for 1 hr at room temperature. Cysts were examined under a 

stereomicroscope with top lighting before proceeding. If cysts were not fully hydrated, the 

hydration process continued for a maximum of 2 hrs until cysts were completely spherical in 

shape.  
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2. Decapsulation: Hydrated cysts in 300ml water were collected into a 1L glass jar and rinsed 

with small amount of RO water to remove cysts from sides of bottle. The chilled bleach (300ml) 

was added to the glass jar and swirled regularly for up to 5-10min while watching for colour 

change of the cysts, from brown to grey to orange.  

3. Rinse and Storage: When the cysts turned 90% orange, were quickly poured onto a 125µm 

mesh bag and rinsed well with RO tap water. Decapsulated cysts were then collected with 

pre-chilled prepared saturated salt water into a bucket. Cysts in salt water were stored in fridge 

for up to 4 weeks.   

 

 
PCR amplification 

 Mastermix 
PCR Component x1 x10 
MyTaq HS PCR 
mix 5μL 50μL 
Water 2μL 20μL 
Forward Primer 0.5μL 5μL 
Reverse Primer 0.5μL 5μL 
DNA 2μL - 

 
Primers Design:  
y298Et 
F = CTCTTCCGCAGAAAGAACTGA 
R = ACTCAAGTAAAGTAAAATCCCAAA 
 
 
Cycling Conditions 

 
Step Time Temp #Cycles 

Initial Denature 1 min 94°C 1 
Denature 10 sec 94°C 30 
Anneal 15 sec 58°C 30 
Extend 20 sec 72°C 30 
Final Extension 10 min 72°C 1 
Hold hold 4°C 1 

 
Gel electrophoresis 
Load 10μL (with 2μL of loading dye) onto 1.5% gel (as described in chapter 2 Methods) and 
electrophorese at 80V for 40 mins. 
 

Glycerol stocks 
Mix together 850μl of plasmid and 150μl of glycerol and stored at -80°C 
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Agarose petri dish for injections. 

1.5% Agarose was prepared with methylene blue water and added to a Petri Dish. 

Subsequently, the plastic mould was inserted into the melted agarose to give a shape of 

narrow channels where embryos will be located during injections. After 20 mins, the mould 

was removed and the plate stored in methylene blue water in the fridge. 
 
 
mRNA Tol2 
Plasmid linearization: 

Transposase mRNA was prepared from a pCS2+ vector, which has been linearised using a 

Sp6 RNA transcriptase at the level of the gene of interest (transposase) and including the 

SV40 late pA site.  

To linearize the plasmid, 5µg of plasmid together with NEB buffer 4 (1x), BSA (1x), Not1 and 

MilliQ water were mixed in one PCR tube and incubated for 2 hrs at 37°C. Linearization of the 

plasmid was confirmed on a 1% agarose:TBE gel at 130V for 30 min. Reaction was cleaned 

up with Qiagen Gel purification kit, eluted in MilliQ water, nanodropped and stored at -20C. 

 
mRNA Transcription: 

Transcription of mRNA was performed using the mMessage machine kit SP6 transcription kit. 

SP6 RNA polymerase enzyme mix and 2x NTP/CAP were kept on ice, while 10x reaction 

buffer and nuclease-free water were kept at RT. The assembling reaction (TOT Volume of 

20µl) was mixed in a PCR tube by adding the agents in the following order at RT: nuclease-

free water (only if necessary), 2x NTP/CAP (10µl), 10x reaction buffer (2µl), linearized plasmid 

(1µg), enzyme mix 2µl. The incubation for 1-2 hrs at 37°C was followed by addition of 1µl 

TURBO DNase and further incubation of 15 min at 37°C.  

Degradation of mRNA was checked by running 2µl reaction on 1% agarose gel at 130V for 20 

min. The undegraded reaction of mRNA was cleaned-up with Qiagen RNeasy kit protocol and 

stored in aliquots at -80°C with a final concentration of 300ng/µl ready to be injected. Briefly, 

volume was adjusted with RNase-free water up 100 µl, then 250 µl of 100% molecular graded 

Ethanol was added to the diluted RNA prior to collection in a RNeasy Mini spin column and 

centrifuged for 15s at 8000g. Flow-through was discarded, 500µl of RPE was added to the 

spin column, centrifuged for 15s at 8000g and this step was repeated twice. RNeasy spin 

column was then placed on a new collection tube and 50µl of RNase-free water was added, 

centrifuged for 1min at 8000g to elute the RNA. 
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Ligation of RGS2-mCh into pME-MCS Tol2: 
Digestion of the restriction enzyme sites (BamH1-HF and XbaI-HF) located in the RGS2-mCh 

(engineered by Jayde Lockyer, John Lin laboratory, Tasmanian School of Medicine) into pME-

MCS plasmids (kindly donated by Emily Don laboratory) was performed using 10μl of DNA, 

2μl of CutSmartTM buffer (New England BioLabs), 6μl of water and 1μl of each of the 

respective restriction enzymes, in two distinct tubes and separate reaction. Solutions were 

then incubated for 30min at 37°C. Digestion products (20μl) were loaded together with 4μl 

loading dye (Purple 6x, New England BioLabsTM) and separated by size using 1% agarose 

gel electrophoresis (Power Pac Basic) at 100V for 30-35 mins or until the dye front had 

travelled 80% of the gel length and compared to a DNA ladder (2-log, 0.1μg/ml, 0.1-10kb, New 

England BioLabsTM). DNA was visualised on the gel using 5μl SYBR® safe (Thermo Fisher 

Scientific, USA) and being exposed to UV light (Safe ImagerTM, Invitrogen). Gel images were 

captured using the fluorescence UV transilluminator (312nm)(AmershamTM Imager 600). Gel 

concentrations used were determined by expected product length, as shown in the following 

table: 
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DNA extraction and Gel DNA purification: 
DNA was extracted and purified using a DNA recovery kit (ZymocleanTM Gel DNA recovery 

Kit, Zymo Research). Briefly, the DNA fragment of expected size from the agarose gel was 

excised and placed into a 1.5ml eppendorf tube. The band size for RGS-mch plasmid was 

expected at 3,000bp while the band size for pME-MC was expected at 2,000bp. The weight 

of the excised slice was then determined (mg), dissolved in a 3x volume of agarose dissolving 

buffer (ADB) to each volume of agarose excised and incubated at 60°C for 10 mins, or until 

slices were completely dissolved. To separate the melted gel from the DNA, the melted 

agarose solution was transferred into a spin column and centrifuged for 1 min. The flow 

through comprising of the melted gel was discarded while the DNA was kept in the membrane. 

To purify the DNA, 200μl of DNA wash buffer was added to the column, centrifuged for 1min, 

flow-through was discarded and the step repeated. To elute the DNA, >6μl of DNA elution 

buffer was added to column and centrifuged for further 1 min. Purified DNA was then stored 

at -20°C until further use. 

 

DNA ligation: 
Ligation of 1μl DNA insert (RGS2-mch) into 6μl of expression vector (vector pME-MC) was 

performed using 5x ligase buffer (Invitrogen), T4 ligase enzyme (Invitrogen) and water to 

reach a final volume of 20μl reaction. 

 
Transformations  
Ligated products were transformed into KCM competent DH5-alpha RecA1 E. coli cells. 

Transformations were accomplished for each of the ligated products plus a positive control for 

each of the destination vectors and a negative no DNA control. In this instance, the pellet was 

plated on kanamycin-containing LB plates because the pME-MC vector presents a kanamycin 

cassette. 

 

PCR digestion check 
One colony was picked, transferred into an Eppendorf tube with 5μl of water and mixed well. 

While 4.5μl were set up to grow overnight at 37°C in 4ml of kanamycin-containing LB, the rest 

was process for PCR. The PCR mix included 1μl of each primers (BamH1-RGS2_r1-53_5F’, 

RGS2-EgCi-taa-Xba1-3R’), 0.5μl of diluted colony, 10μl of Master Mix and water to reach a 

final volume of 20μl reaction. PCR run for 10min at 98°C, 10s at 98°C, 30s at 62°C, 15s at 

72°C (repeated 25x) and for 5min at 72°C. Digested product was then run on a 1% agarose 

gel to confirm the presence of RGS2 insert in the vector (expected at 5,000bp).  

Gel? 
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Miniprep of ligated product 
From the bacteria that grew in the 4ml kanamycin-containing LB overnight, 3ml were used to 

miniprep the plasmid DNA while 850μl were mixed with 150μl of glycerol (Sigma-Aldrich) to 

generate a glycerol stock. 

 

Restriction Enzymes Digestion of Plasmid DNA 
The reaction mix was prepared with 2μl of pME-MC_BamHi_RGS2 DNA, 2μl of CutSmart 

buffer, 1μl of Sal1 enzyme and water to reach a reaction of 20μl. Reaction was digested at 

37°C for 1-2 hr and run on a 1% agarose gel to confirm the presence of RGS2 insert. Two 

expected bands, at 1575bp and 4658bp respectively ,were measured and kept the cleanest 

sample to proceed with sequencing and LR reaction. 

 

Sequencing 
The cleanest samples underwent sequencing check with the following primers: RGS2(R1-

53)_BamH1_5’; mCh_stop_XbaI_3R’; T2A_3R’. The sequencing mix included 1μg of plasmid 

DNA, 9.6pmol of each primer in distinct reaction tubes and water to reach a final volume of 

12μl reaction. 

 
LR Reaction 
The middle entry vector comprising the gene of interest (pME-MC_RGS2 and D387A 

respectively) was combined together with the 5’ entry vector (458 p5E-uasE1b, Addgene 

plasmid #26026) and the 3’ entry vector (p3A_PA) in the destination vector (pTol2_p2A) 

following the LR cloning protocol of Emily Don’s lab. LR reaction was prepared by mixing 

together 60ng/μl of each vector and 1μl of LR clonase and incubated at 25°C for 24 hrs. Post 

incubation, 0.5μl of Proteinase K was added to the LR reaction to block LR clonase activity 

and transformation followed. 

 
Transformation from a LR reaction. 
After spinning down LR reaction and Proteinase K solution, it was incubated for 10 min at 

37°C and 15μl pf water was added. This solution was then combined with 30μl KCM and 30μl 

DH5alfa and incubated on ice for 20 min. It was later exposed for 1 min at 42°C and 2 min on 

ice to then be added at 1ml of LB and incubated at 37°C for 1 hr. The solution was next 

centrifuged at 7000rpm for 1min and removed 900μl of supernatant. The rest of solution was 

plated on an petri dish and incubated overnight at 37°C. 

Miniprep, enzymatic digestion check and maxiprepep followed. The Tol2 maxiprep constructs 

were kept at -20°C and were then sequenced prior to injection. 
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Mounting of zebrafish embryos. 
Embryos were mounted in 1-2% low melting agarose in plastic dishes (35mm) containing a 

glass coverslip (14mm; MatTek Corporation, Ashland, MA, USA). Embryo orientation varied 

from lateral view to image the spinal cord, to frontal view to image the ventral diencephalon 

and to dorsal view to image the dorsal raphe. 
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APPENDIX 2: PAPER 1 
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Abstract
The neurotransmitter serotonin has been implicated in a range of complex neurological disorders linked to alterations of 
neuronal circuitry. Serotonin is synthesized in the developing brain before most neuronal circuits become fully functional, 
suggesting that serotonin might play a distinct regulatory role in shaping circuits prior to its function as a classical neurotrans-
mitter. In this study, we asked if serotonin acts as a guidance cue by examining how serotonin alters growth cone motility of 
rodent sensory neurons in vitro. Using a growth cone motility assay, we found that serotonin acted as both an attractive and 
repulsive guidance cue through a narrow concentration range. Extracellular gradients of 50 µM serotonin elicited attraction, 
mediated by the serotonin 5-HT2a receptor while 100 µM serotonin elicited repulsion mediated by the 5-HT1b receptor. 
Importantly, high resolution imaging of growth cones indicated that these receptors signalled through their canonical path-
ways of endoplasmic reticulum-mediated calcium release and cAMP depletion, respectively. This novel characterisation 
of growth cone motility in response to serotonin gradients provides compelling evidence that secreted serotonin acts at the 
molecular level as an axon guidance cue to shape neuronal circuit formation during development.

Keywords Serotonin · Growth cone · Axon guidance · Guidance cue · Circuit development · Axon pathfinding

Abbreviations
5-HT  5-hydroxytryptamine; serotonin
CNS  Central nervous system
DRG  Dorsal root ganglia
SNM  Sensory neuron medium
DMEM  Dulbecco’s Modified Eagle’s Medium
BDNF  Brain-derived neurotrophic factor
sema-3a  Semaphorin-3A
ROI  Region of interest
PFA  Paraformaldehyde
PBS  Phosphate buffered saline
PLC  Phospholipase-C
ER  Endoplasmic reticulum

IP3  Inositol triphosphate
SERCA   Sarco-endoplasmic reticulum ATPase
VGCCs  Voltage-gated calcium channels
SOCE  Store operated calcium entry

Introduction

Serotonin (5-hydroxytryptamine, 5-HT) is a crucial neu-
rotransmitter with a range of nervous system functions 
including modulation of cognition, sleep, decision-mak-
ing and attention [1, 2] in the adult brain. Serotonin also 
regulates early central nervous system (CNS) development 
including neuronal migration, proliferation, differentiation 
and synaptogenesis [3–5]. In neuronal circuit development, 
extracellular application of serotonin promotes outgrowth of 
embryonic mouse [6] and postnatal rat [7] thalamic axons, 
while inhibiting the outgrowth of snail [8, 9] and chick [10] 
axons in culture. While these studies have suggested that 
serotonin alters growth of developing axons, they do not 
provide any insight into how serotonin might act to directly 
coordinate axon guidance events during the formation of 
neuronal circuits.
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There are numerous lines of evidence to support the 
notion that in addition to the classical neurotransmitter 
and neuromodulator functions of serotonin, it may also 
act as an axon guidance cue. Serotonin is released into the 
CNS from sources such as synapses, axons and the sys-
temic circulation (reviewed in [11]). At the cellular level, 
focal application of serotonin generates cytosolic calcium 
signals [12] that regulate cytoskeletal rearrangements in 
growth cones [13, 14]. At the circuit level, serotonin is 
well known as a key player in fine-tuning development 
of CNS circuits, such as the somatosensory system where 
elevation of serotonin alters thalamocortical axon target-
ing and cortical barrel field formation (reviewed in [15] 
[16]). Alterations of extracellular serotonin during brain 
development have been implicated in the onset of many 
neuropsychiatric and neurodevelopmental disorders (as 
reviewed by [17]), such as schizophrenia [18] and autism 
[19]. Therefore, a better understanding of how serotonin 
regulates axon guidance during development will inform 
our understanding of the aetiology of such neurological 
disorders.

Seven serotonin receptor sub-types are present in the 
embryonic brain and their activation has been shown to 
influence brain development [20]. For example, activation 
of the serotonin htr2a gene, encoding the 5-HT2a recep-
tor, abolished ephrin-mediated midline axon crossing in 
zebrafish. This suggests that serotonin signaling, through 
the 5-HT2a receptor, is necessary for telencephalic axons 
to correctly respond to environmental guidance signals 
[21]. Embryonic thalamocortical axons are also tuned 
during their growth and guidance by 5-HT1b/1d receptor 
activation which can switch axon responses to netrin-1 
from attraction to repulsion during cortical network 
formation [22], suggesting that serotonin interacts with 
other key guidance cues during early stages of neural cir-
cuit formation. While these studies are consistent with a 
crucial role for serotonin in modulating other guidance 
cues to shape the connectome, the question of whether 
serotonin is capable of playing an instructive role in its 
own right in regulating growth cone guidance, remains 
unclear.

In this study, we hypothesized that serotonin acts as 
a guidance molecule that alters growth cone motility 
through the regulation of specific second messenger sig-
nalling mechanisms. Using a combination of an estab-
lished growth cone motility assay, pharmacology and 
high-resolution imaging, we provide compelling evidence 
that serotonin functions, in a dose-dependent manner, as 
an instructional guidance cue to regulate attraction and 
repulsion of neuronal growth cones in vitro and illustrates 
a potential mechanism whereby serotonin regulates the 
fine tuning of circuit formation in the developing brain.

Materials and methods

Animals

Female Sprague–Dawley rats were maintained under stand-
ard conditions and embryonic (E17.5-18.5) tissue was used 
for all experiments. Animal procedures were approved by 
the Animal Ethics Committee of the University of Tasmania 
and performed in accordance with the National Health and 
Medical Research Council Code of Practice for the Care and 
Use of Animals for Scientific Purposes.

Primary embryonic dorsal root ganglia cell culture

Sensory neuron cultures from dorsal root ganglia (DRG) 
were prepared as previously described [23]. Briefly, thoracic 
and lumbar DRGs were excised from E17.5-18.5 embryonic 
rats and mechanically dissociated prior to culturing. Neurons 
were plated on glass coverslips, previously coated with poly-
l-ornithine hydrochloride (1 mg/mL; Sigma-Aldrich) and 
laminin (50 µg/mL; Invitrogen), in sensory neuron medium 
(SNM) Dulbecco’s Modified Eagle’s Medium (DMEM/
Ham’s:F12 (Invitrogen), comprising foetal calf serum 
(5%v/v; Invitrogen), penicillin–streptomycin (100 μg/ml; 
Invitrogen), N2 neural medium supplement (1%v/v; Gibco), 
nerve growth factor (50 ng/mL; Sigma-Aldrich). Cultures 
were maintained in a humified incubator at the following 
conditions: 37 °C and 5%  CO2 for 4–6 h prior to use.

In vitro growth cone turning assay

Growth cone turning assays were performed as previously 
described [23, 24]. Micropipettes were loaded with the 
following guidance cues: brain-derived neurotrophic fac-
tor human (BDNF; 10 μg/ml; Sigma-Aldrich) and sema-
phorin-3A (sema-3a; 20 μg/ml; R&D Systems), serotonin 
(0.5–100 mM; Sigma-Aldrich) and vehicle (DMEM, 20% 
HCl in DMEM, 10% DMSO in DMEM). Images were 
acquired at 0.15 Hz for 30 min using custom software (Mat-
lab, MathWorks) and videos exported in avi format. Axon 
extension and growth cone turning angles were quantitated 
using ImageJ.

Pharmacological agents

Pharmacological agents were bath-applied to cultures 
20 min prior to growth cone turning assay as listed: chlor-
promazine (5 μM,Sigma-Aldrich), ritanserin (1 nM, Tocris), 
GR-55562 dihydrochloride (500 nM, R&D Systems), Sp-
cAMPs (20 μM, BioLog Life Science), U-731222 (20 nM, 
Sigma-Aldrich), forskolin (5 μM, Sigma-Aldrich), nifedipine 
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(5 μM, Alomone Labs), thapsigargin (50 nM, Alomone 
Labs), ondansentron (10 nM, Tocris), TCB-2 ((4-Bromo-
3,6-dimethoxybenzocyclobuten-1-yl)methylamine hydro-
bromide, 2 nM, Tocris), CP 94253 hydrochloride (5-Pro-
poxy-3-(1,2,3,6-tetrahydro-4-pyridinyl)-1H-pyrrolo[3,2-b]
pyridine hydrochloride, 5 nM, Tocris).

Immunocytochemistry

DRG sensory neurons were fixed with paraformaldehyde 
(PFA) (4%, Sigma-Aldrich) in phosphate buffered saline 
(PBS) overnight at 4 °C, washed in PBS (3 × 10 min), for 
some experiments, cells were permeabilised for 1 h with 
blocking solution (PBS containing 0.4% Triton X-100; 5% 
goat serum, Sigma-Aldrich & Gibco) and immunostained 
with a rabbit antibody to serotonin receptors 5-HT1b 
(1:500; Abcam) or 5-HT2a (1:500; Alomone Labs) in block-
ing solution overnight at 4 °C. Following washes in PBS 
(3 × 10 min), Alexa Fluor goat anti-rabbit 488/568/647 sec-
ondary antibodies (1:1000, Invitrogen) were incubated for 
1 h and rinsed in PBS (3x10 min) prior to 4% PFA incuba-
tion overnight at 4 °C. Following washes in PBS (3x10 min) 
and 1 h incubation of blocking solution, primary polyclonal 
rabbit antibodies 5-HT1b or 5-HT2a were added to the 
blocking solution for 5 h and rinsed in PBS (3 × 10 min). 
Alexa Fluor goat anti-rabbit 488/568/647 secondary antibod-
ies (1:1000, Invitrogen) were added for 1 h then rinsed in 
PBS (3 × 10 min) prior to mounting.

For direct immunocytochemistry experiments, a Zenon 
Rabbit IgG Labelling Kit (Molecular Probes, Alexa Fluor 
488) was used. Fixed DRGs were rinsed in PBS and incu-
bated for 30 min with non-permeabilising blocking solution 
(PBS containing 10% goat serum). Primary antibodies for 
receptors 5-HT1b and 5-HT2a were conjugated for 10 min 
at 20–24 °C and applied to cell cultures for 1 h (1:200). Fol-
lowing washes in PBS, cells were fixed with PFA for 10 min 
at RT and stained with Alexa Fluor 568 Phalloidin for 1 h at 
RT prior to mounting.

Confocal Imaging

Confocal stacks were acquired in 0.2 μm increments cover-
ing total growth cone thickness of 1.5 μm, using a spinning 
disk confocal microscope (UltraView, PerkinElmer, USA) 
equipped with a × 100 oil objective and Volocity software 
(Perkin–Elmer).

Serotonin receptor distribution and image analysis

To assess 5-HT1b and 5-HT2a receptor translocation dur-
ing turning, cells were rapidly fixed and processed for 
immunocytochemistry (as described above). Growth cone 
images were divided into “near” vs “far” with respect to 

the micropipette, by drawing a line from the distal 10 μm 
of the axon through the final growth cone orientation. Inte-
grated density of pixel intensity was measured within the 
two regions of the central zone and normalised to the back-
ground fluorescence using ImageJ software, as previously 
described [25, 26]. Serotonin receptor density in filopodia 
was plotted as receptor puncta per micron of filopodia. Filo-
podia shorter than 1 μm were excluded from analysis. Colo-
calized 5-HT1b and 5-HT2a puncta were measured on back-
ground subtracted images of growth cones and expressed 
as percentages compared to the total amount of colocalized 
puncta. Phalloidin staining was used to define organelle-
rich central-domain and the actin-rich peripheral-domain. 
Percentage of filopodia containing serotonin receptors was 
quantitated using ImageJ software and plotted as near/far 
ratio and total. Quantitation of f-actin was measured as inte-
grated density of pixel and plotted as a near/far ratio.

Calcium imaging

To measure cytosolic calcium levels during turning, cells 
were loaded with Fluo-4AM (5 μM, Molecular Probes) in 
SNM for 10 min at RT. Cultures were rinsed with SNM 
and incubated at 37 °C for a further 30–40 min prior to 
imaging. Growth cones were exposed to serotonin micro-
gradients for 15 min and images were acquired every 5 s at 
488 nm using an EMCCD digital camera (Evolve, Photomet-
rics) and inverted microscope (Eclipse TiE; Nikon Instru-
ments). Intracellular calcium changes were quantitated using 
a region of interest (ROI), covering the entire growth cone.

Cyclic nucleotide imaging

To measure changes in cAMP levels, neurons were trans-
fected with Flamindo2 (Flamindo2 was a gift from Tetsuya 
Kitaguchi (Addgene plasmid # 73938; http://n2t.net/addge 
ne:73938 ; RRID:Addgene_73938) using a Rat Neuron 
Nucleofection kit (Lonza). Growth cones were exposed to 
serotonin microgradients for 15 min and images acquired 
every 10 s at 514 nm using an EMCCD camera (Evolve, 
Photometrics) and inverted microscope (Eclipse TiE; Nikon 
Instruments). Intracellular cAMP changes were quantitated 
using a region of interest (ROI), covering the entire growth 
cone.

Experimental design and statistical analysis

All growth cone turning experiments were performed 
using 90–100 independent imaging sessions, using dor-
sal root ganglia from 45 to 50 rats. Each imaging session 
contained at least one negative (vehicle) and one positive 
(BDNF, sema3a) control. No more than one growth cone 
was imaged from each dish. Operators were blinded to 

http://n2t.net/addgene:73938
http://n2t.net/addgene:73938
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pharmacological treatments throughout imaging and analy-
sis. Statistical analysis of turning angles and receptor distri-
butions were performed using Prism 6 (GraphPad Software, 
USA). Normality of all experimental data was assessed 
using D’Agostino-Pearson omnibus or the Shapiro–Wilk 
test for normality. Normally distributed data were analysed 
using unpaired t tests with Welch’s correction and one-way 
ANOVA followed by Tukey’s multiple comparison post hoc 
test. Non-parametric data were analysed using Mann–Whit-
ney u-test or Kruskal–Wallis followed by Dunn’s multiple 
comparison post hoc test. See figure legends for specific 
details. All scatter plots denote mean and standard deviation.

Results

Extracellular serotonin regulates growth cone 
motility in a dose‑dependent manner

Serotonin is a neurotransmitter known to be released dur-
ing early circuit development [27, 28] and we hypoth-
esized that serotonin functions as a guidance cue dur-
ing axon pathfinding. Using a well described method 
(Fig.  1a–c) to measure growth cone motility [23–26], 
we exposed embryonic growth cones from dorsal root 
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ing. d Growth cones turned predictably towards BDNF (n = 51, 
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pared to vehicle (n = 77). Serotonin concentrations (0.5, 5, 25 and 
75 μM) were not significantly different (n = 15, p =>0.999), (n = 16, 
p =>0.1614), (n = 14, p = 0.573), (n = 14, p =>0.999) to vehicle turn-
ing angles. Only growth cones exposed to 50 μM (n = 51, p = <0.001) 
and 100 μM serotonin (n = 34, p = 0.0002) showed significant motile 
responses. Positive angles denote attractive turning and negative 
angles denote repulsive turning, when compared to random growth 
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test). (e) Axon extension was not significantly different in any experi-
mental treatment (ns, p > 0.05). Scale bars are 5 μm
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ganglion sensory neurons to micro-gradients of serotonin 
and compared turning responses to the “gold-standard” 
guidance cues, BDNF and sema-3a (Fig. 1d). To deter-
mine a dose response curve for serotonin responses, we 
used a range of serotonin concentrations. Interestingly, 
growth cone responses to doses in the range of 0.5 µM 
to 25 µM or 75 µM were not statistically different from 
vehicle (Fig. 1d). However, 50 µM and 100 µM (described 
herein as 5HT-Lo and 5HT-Hi) elicited growth cone 
attraction and repulsion, respectively (Fig. 1d). Impor-
tantly, the growth cone response to 5HT-Lo was not 
significantly different (p = 0.9668) to the turning angle 
elicited by the established chemoattractant, BDNF, and 
growth cone responses to 5HT-Hi, were not significantly 
different (p = 0.2244) to the turning angle elicited by the 
gold standard repulsive cue, sema3a. To exclude the pos-
sibility that these guidance effects were caused by non-
specific changes in axon outgrowth, we measured axon 
extension and showed that none of the serotonin doses 
tested altered axon extension (Fig. 1e), confirming that 
observed responses to serotonin were specific to growth 
cone motility.

Sensory neuron growth cones express 5‑HT1b 
and 5‑HT2a receptors

The biphasic nature of growth cone responses to high and 
low concentrations of serotonin suggests that multiple sero-
tonin receptors might act to mediate attraction and repul-
sion. Serotonin receptors have been well characterised in 
rodent dorsal root ganglia sensory neurons with 5-HT1b and 
5-HT2a being the most abundant receptor subtypes [29]. 
We used immunocytochemistry to confirm the expression 
of 5-HT1b (Fig. 2a–c) and 5-HT2a receptors (Fig. 2d–f) in 
growth cones in vitro. Dual label experiments using antibod-
ies directed against 5-HT1b and 5-HT2a receptor subtypes 
revealed colocalization of 5HT receptors across the entire 
surface of growth cones (Fig. 2 g–i, arrow) and filopodia 
(Fig. 2j, arrowheads). Significantly, 80% of colocalized 
puncta were seen in peripheral areas including filopodia 
(Fig. S1). Filopodia are the key signalling structures of 
growth cones, necessary for initiating signal transduction 
pathways that regulate growth cone responses to guidance 
cues [26, 30]. Hence, the localisation of serotonin receptors 
on distal filopodial tips supports our hypothesis that 5-HT1b 
and 5-HT2a receptors could regulate growth cone turn-
ing to serotonin gradients. To explore this hypothesis, we 
tested whether chlorpromazine (a non-selective 5-HT1 and 
5-HT2 antagonist) could perturb growth cone motility seen 
in response to serotonin. Bath application of chlorpromazine 
(5 µM) abolished both attractive and repulsive turning in 
response to 5HT-Lo and 5HT-Hi (Fig. 2k), respectively, con-
firming that growth cone responses to extracellular serotonin 

are regulated by serotonin receptors, possibly 5-HT1 and 
5HT2. Consistent with the serotonin turning data (Fig. 1e), 
treatment with chlorpromazine had no effect on axon exten-
sion when growth cones were exposed to gradients of sero-
tonin (Fig. 2l).

Growth cone attraction to serotonin is regulated 
by the 5‑HT2a receptor

Activation of the 5-HT2a receptor signals through phos-
pholipase-C (PLC)-mediated calcium release from the 
endoplasmic reticulum (ER) and inositol triphosphate  (IP3) 
signalling [20]. Given that ER-mediated calcium release 
sustains attractive turning of growth cones by BDNF [25, 
26], we hypothesized that 5-HT2a signaling mediates growth 
cone attraction in response to 5HT-Lo. We exposed growth 
cones to asymmetric gradients of TCB-2 (2 nM), a potent 
and highly selective 5-HT2a agonist, which induced robust 
attraction (Fig. 3a), suggesting that activation of 5-HT2a 
receptor mediates attraction. To confirm that 5-HT2a recep-
tor regulates growth cone attraction towards 5HT-Lo, we 
bath applied a specific 5-HT2a receptor antagonist, ritan-
serin (1 nM) or the PLC inhibitor U-73122 (20 nM) to sen-
sory neurons and exposed them to a gradient of 5HT-Lo. 
Both drugs abolished attraction towards 5HT-Lo (Fig. 3a; 
Fig S2). To exclude the possibility that other serotonin 
receptors could regulate growth cone attraction towards 
5HT-Lo, we bath applied antagonists to the 5-HT1b and 
5-HT3 receptors (5-HT3 is also commonly expressed on 
neurons from dorsal root ganglia [29]). Neither the 5-HT1b 
receptor antagonist GR-55562 (500 nM) or the 5-HT3 recep-
tor antagonist ondansetron (10 nM) altered attractive turning 
towards 5HT-Lo (Fig. 3b). Given the importance of calcium 
signals in initiating growth cone motility [31, 32], and that 
release of calcium from ER via  IP3 receptor activation is a 
hallmark feature of 5-HT2a signalling, we asked whether 
calcium signals from the ER can sustain attractive turning 
towards serotonin. We bath applied the sarco-endoplasmic 
reticulum ATPase (SERCA) inhibitor, thapsigargin (50 nM), 
to deplete ER calcium prior to serotonin exposure. We 
observed that thapsigargin abolished attractive turning to 
5HT-Lo (Fig. 3b). Conversely, extracellular calcium influx 
through voltage-gated calcium channels (VGCCs) was not 
required for turning towards 5HT-Lo. Bath application of the 
L-type VGCC inhibitor nifedipine (5 µM) failed to perturb 
serotonin-mediated attraction (Fig. 3b). The application of 
these pharmacological agents did not alter axon extension 
during the imaging period, confirming these treatments 
affected only growth cone turning responses (Fig. 3c, d). 
These data demonstrate that 5-HT2a regulates growth cone 
attraction towards serotonin in an ER calcium-dependent 
manner.
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Growth cone repulsion from serotonin is regulated 
by the 5‑HT1b receptor

Early in  vitro studies have demonstrated significant 

dose-dependent and cell-specific responses of neurons to 
serotonin [6–9]. The observation that exposure of growth 
cones to 5HT-Hi resulted in repulsion rather than attrac-
tion, as seen with 5HT-Lo, suggests the activation of a 
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Fig. 2  5-HT1b and 5-HT2a receptors are expressed in growth cones 
and filopodia. a–j Sensory neuron growth cones immunostained for 
serotonin receptors, 5-HT1b (green in a, red in g), 5-HT2a (green, 
d and h) as well as filamentous actin to highlight the extent of the 
growth cone (Phalloidin, red; b and e). The receptors 5-HT1b and 
5HT2a were observed as a widespread punctate distribution through-
out the growth cone (g–h). Punctate expression was evident in filo-
podia (j) with isolated 5-HT1b (green, *), 5-HT2a (red, #) as well 
as colocalised (arrowheads) puncta on filopodial shafts. There was 

prominent colocalization of 5-HT2a and 5-HT1b receptors in periph-
eral areas (i, arrow). Scale bars are 5 μm (a–i) and 1 μm (j). k Turn-
ing responses to serotonin were sensitive to chlorpromazine. Attrac-
tive turning of growth cones to 5HT-Lo (n = 7, p = <0.0001) and 
repulsion to 5HT-Hi (n = 8, p = 0.003) were significantly different 
when cultures were treated with chlorpromazine. l Axon extension 
was not significantly different in any experimental treatments (ns, 
p > 0.05). (Mann–Whitney u-test)
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different serotonergic receptor. The 5-HT1b receptor is 
known to be coupled to an inhibitory G-protein [20], and 
we hypothesized that it could mediate growth cone repul-
sion. Asymmetric gradients of CP-94253 hydrochloride 
(5 nM), a potent and highly selective 5-HT1b agonist, 
induced robust growth cone repulsion (Fig.  4a). Bath 
application of the selective 5-HT1b receptor antagonist 
GR-55562 (500 nM) abolished repulsive turning to 5HT-
Hi (Fig. 4a). Since 5-HT1b receptors are known to act 
through inhibition of adenylate cyclase [20], we sought 
to determine whether activating cAMP would perturb 
growth cone repulsion to 5HT-Hi. Application of the ade-
nylate cyclase activator, forskolin (5 µM) or the activator 
of cAMP signalling, Sp-cAMPs (20 µM) both abolished 
repulsive turning (Fig. 4a). To exclude the involvement 
of 5-HT2a or 5-HT3 in growth cone repulsion from 5HT-
Hi, we applied ritanserin (1 nM) or ondansetron (10 nM), 

respectively. Neither drug altered growth cone repulsion 
from 5HT-Hi, suggesting that 5-HT1b, and not 5-HT2a 
or 5-HT3, mediated growth cone repulsion from 5HT-Hi 
(Fig. 4b). To determine whether intracellular or extra-
cellular calcium sources contributed to 5HT-Hi-induced 
growth cone repulsion, we applied thapsigargin (50 nM) 
and nifedipine (5 µM) to growth cones exposed to 5HT-
Hi gradients. Both drugs failed to impair growth cone 
responses from 5HT-Hi (Fig. 4b), suggesting a mechanism 
of growth cone repulsion, that does not rely on relatively 
large calcium signals, potentially similar to the mecha-
nisms that govern sema3a-mediated repulsion [33]. Bath 
application of these pharmacological agents did not affect 
the normal axonal growth (Fig. 4c, d). Together, these data 
demonstrate that 5-HT1b signalling mediates growth cone 
repulsion in response to 5HT-Hi in sensory growth cones.

Fig. 3  5HT-Lo elicits growth 
cone attraction through the 
5-HT2a receptor. a Growth cone 
attraction was measured in the 
presence of 5HT-Lo gradients 
(p = <0.0001) and TCB-2 
gradients (p = 0.0002). Growth 
cone attraction to 5HT-Lo was 
abolished by pharmacologi-
cal application of the selective 
5-HT2a receptor antagonist, 
ritanserin (n = 17, p = 0.0001) 
and the PLC inhibitor, U-73122 
(n = 9, p = 0.0018). b Growth 
cone attraction to 5HT-Lo was 
not perturbed when growth 
cones treated with a specific 
5-HT1b antagonist, GR55562 
(n = 8, p = <0.0001), or the 
5-HT3 antagonist ondansetron 
(n = 8, p = 0.0082). Depletion of 
ER calcium with thapsigargin 
(n = 19, p = 0.0003) abolished 
attractive turning to 5HT-Lo, 
while inhibition of VGCCs with 
nifedipine (n = 15, p = 0.0330) 
had no significant effect. Turn-
ing angles were compared to 
vehicle and 5HT-Lo and only 
significant differences shown 
in (a) and (b). Kruskal–Wallis, 
Dunn’s multiple comparison 
test. c, d Axon extension was 
not significantly different in 
any experimental treatments 
(ns, p > 0.05). Kruskal–Wallis, 
Dunn’s multiple comparison test
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Growth cone attraction to 5HT‑Lo is regulated 
by mobilisation of ER calcium

Coordinated cytosolic calcium signalling is crucial for 
growth cone motility [34] and our findings suggest that ser-
otonin-mediated attraction, but not repulsion, requires the 
activation of cytosolic calcium signals. To demonstrate the 
calcium dependency of growth cone turning to serotonin, 
we performed live cell calcium imaging in growth cones 
exposed to gradients of serotonin (Fig. 5a). We observed 
a rise in intracellular calcium in growth cones exposed to 
5HT-Lo, while microgradients of 5HT-Hi and vehicle did 
not cause any detectable changes in cytosolic calcium lev-
els within growth cones (Fig. 5a–c). As predicted from 
the growth cone turning data (Fig. 3), bath application of 
the 5-HT2a inhibitor ritanserin (1 nM) or depletion of ER 

calcium with thapsigargin (50 nM), abolished calcium eleva-
tions induced by 5-HT-Lo microgradients (Fig. 5d). These 
results confirm our pharmacological experiments, dem-
onstrating that activation of 5-HT2a signalling and subse-
quent calcium mobilisation from the ER regulates attrac-
tive turning towards 5HT-Lo, while growth cone repulsion 
from 5HT-Hi is consistent with a calcium-independent 
mechanism.

Growth cone repulsion from 5HT‑Hi is transduced 
through inhibition of cAMP signaling

The ratio of cyclic nucleotides, cAMP and cGMP, has been 
previously shown to regulate growth cone motility [35], with 
low ratios regulating repulsive turning [36] and high ratios 
regulating attraction [37]. Spatially restricted changes in 

Fig. 4  5HT-Hi promotes growth 
cone repulsion through the 
5-HT1b receptor. a Growth cone 
repulsion was measured in the 
presence of 5HT-Hi gradients 
(p = <0.0001) and CP-94253 
gradients (p = 0.0018). Growth 
cone repulsion to 5HT-Hi was 
altered to levels indistinguish-
able from random growth 
(vehicle) with application of 
the selective antagonist to 
5-HT1b, GR55562 (n = 16, 
p = <0.0001), by activating 
adenylate cyclase with forskolin 
(n = 8, p = 0.0003) and restora-
tion of cAMP signals with 
Sp-cAMPs (n = 8, p = 0.0001). 
b Repulsion to 5HT-Hi was not 
perturbed when growth cones 
were treated with the 5-HT2a 
receptor antagonist ritanserin 
(n = 8, p = 0.002) or the 5-HT3 
antagonist ondansetron (n = 10, 
p = 0.0003). Inhibition of ER 
calcium release with thapsi-
gargin (n = 10, p = <0.0001) or 
calcium influx with nifedipine 
(n = 8, p = <0.0001) did not 
alter growth cone repulsion 
from 5HT-Hi. Turning angles 
were compared to vehicle and 
5HT-Hi. c, d Axon extension 
was not perturbed by any phar-
macological application (ns, 
p > 0.05). Turning angles were 
compared to vehicle and 5HT-
Hi. (Kruskal–Wallis, Dunn’s 
multiple comparison test)
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cAMP or cGMP alter the nucleotide ratio in a reciprocal 
manner in neurons to promote axon protrusion and dendrite 
differentiation [38]. Furthermore, crosstalk between cyclic 
nucleotides and calcium signals refines receptor signaling 
[39]. Signaling through the 5-HT1b receptor is known to 
inhibit adenylate cyclase and hence decrease cAMP activa-
tion. We therefore asked if we could detect 5-HT1b-medi-
ated decreases in cAMP levels in growth cones exposed to 
5HT-Hi during growth cone repulsion. We performed time-
lapse imaging of cAMP levels in growth cones transfected 
with flamindo-2 [40], a biosensor for cAMP and exposed 
to serotonin gradients (Fig. 6a, c). We first confirmed the 
specificity and ability of flamindo-2 to detect changes in 
cAMP levels in growth cones. We bath applied forskolin 
(20μM) and measured a significant increase in cAMP levels, 
observed as a decrease in the fluorescence emission of the 
sensor (Fig. 6b). There was no significant change in cAMP 
levels in growth cones exposed to vehicle (Fig. 6c, d) and 

in support of our pharmacological data (Figs. 3,4), 5HT-Hi 
exposure caused a significant decrease in cAMP (Fig. 6c, 
d), further confirming the role of the 5-HT1b receptor in 
serotonin-mediated growth cone repulsion. Conversely, 
microgradients of 5HT-Lo resulted in activation of cAMP 
signalling (Fig. 6c, d), suggesting that cAMP is activated 
downstream of store-released calcium in response to 5-HT2a 
receptor activation, highlighting the crosstalk mechanism 
between calcium and cAMP signals.

Serotonin receptors are translocated within growth 
cones during asymmetric serotonin exposure

Growth cone turning is underpinned by the asymmetric 
reorganisation of signaling proteins and receptors required 
for motility [41, 42]. It is well established that molecules 
required for transduction of external guidance cues are 
actively translocated by the cytoskeleton to the active or 

Fig. 5  Growth cone attraction to 
5HT-Lo is regulated by specific 
calcium signals. a Repre-
sentative time-lapse images 
of a growth cone exposed to 
5HT-Lo while recording cyto-
solic calcium. b The average 
(n = 9 ± sem) change in calcium 
levels in growth cones exposed 
to vehicle, 5HT-Lo and 5HT-Hi 
gradients. c Representative 
growth cone responses in cyto-
solic calcium to vehicle, 5HT-
Lo and 5HT-Hi exposure. d 
Quantitation of average change 
in growth cones after 15 min of 
exposure to serotonin gradients. 
While growth cones exposed 
to 5HT-Lo showed significant 
(n = 9, p = 0.0027) increase in 
calcium influx, vehicle (n = 9) 
and 5HT-Hi (n = 9, p = 0.0018) 
exposure did not elicit any 
calcium influx. Significant 
reduction in cytosolic calcium 
occurred with ritanserin (n = 9, 
p = 0.0344) and thapsigargin 
(n = 9, p = 0.0033) in response 
to 5HT-Lo exposure. All condi-
tions were compared to vehicle 
and 5HT-Lo. (Kruskal–Wallis, 
Tukey’s multiple comparison 
test)
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turning side of growth cones, including filopodia [26]. Our 
observation of a biphasic growth cone turning response to 
serotonin led us to hypothesise that spatial reorganisation 
of serotonin receptors might explain the opposing motile 
responses of growth cones to low and high serotonin gradi-
ents. We assessed the spatial distribution of receptor puncta 
in growth cones and filopodia as previously described [26] 
(Fig. 7a). Briefly, growth cones were rapidly fixed dur-
ing turning and processed for serotonin receptor 5-HT2a 
(Fig. 7b) and 5-HT1b (Fig. 7c) localisation using immu-
nocytochemistry. Serotonin receptor expression was meas-
ured in growth cones (Fig. 7d, i–j) and filopodia (Fig. 7e, 
g–h) in response to gradients of vehicle, BDNF (used here 
as a control), 5HT-Lo, and 5HT-Hi. Given the importance 
of filipodia in the initiation of growth cone motility [26], 
we sought to determine whether receptor distribution along 
filopodia was biased with respect to gradient orientation. 
Individual filopodial lengths were measured and categorised 
as “near” or “far” with respect to the pipette. There was 
no significant bias in overall number of filopodia detected 
across growth cones in all experimental conditions (Fig. 7f). 
Serotonin receptor puncta were counted on filopodia longer 
than 1 μm. Immunocytochemistry revealed prominent sero-
tonin receptor localisation on many filopodia, and only filo-
podia oriented towards a source of 5HT-Lo showed a small, 

but significant increase in 5-HT2a receptor density (Fig. 7g, 
h) when compared to filopodia oriented towards a 5HT-Hi, 
vehicle or BDNF gradient. There was no detectable bias or 
asymmetry in receptor localisation on filopodia exposed to 
5HT-Hi, vehicle or BDNF (Fig. 7g, h). These data suggest 
that growth cone responses to 5HT-Lo require the translo-
cation of 5-HT2a receptors to the motile or turning side of 
growth cones, including the sensory structures, the filopodia.

When growth cones were exposed to gradients of vehicle 
or BDNF there was no spatial reorganisation of 5-HT2a or 
5-HT1b receptor puncta across the growth cone (Fig. 7i, j). 
However, there was a significant bias of receptor expression 
in response to 5-HTLo, with both receptors, 5-HT2a and 
5-HT1b puncta expressed at higher levels on the “near” or 
turning side of growth cones (Fig. 7i, j). Interestingly, in 
response to 5HT-Hi, no expression bias was detected for 
either receptor on the near or far side of growth cones turn-
ing away from 5HT-Hi (Fig. 7i, j). These data suggest that 
there is an active translocation of both 5-HT2a and 5-HT1b 
receptors in response to 5HT-Lo exposure. However, these 
experiments were conducted using permeabilising reagents 
(Triton-X) in the staining protocol, and so reflect receptors 
within the cytosol, as well as any receptors at the remaining 
membrane. To focus on membrane localisation of seroto-
nin receptors, we performed a second set of experiments 

Fig. 6  5HT-Hi repulsion is 
regulated by cAMP signalling. 
Flamindo-2 accurately reports 
cAMP signaling in growth 
cones. a Representative images 
showing localization of cAMP. 
b Bath application of forskolin 
(n = 7, ± sem) to growth cones 
elicited a decrease in fluores-
cence indicating the activation 
of cAMP signaling. c Average 
change in cAMP in growth 
cones exposed to gradients 
of vehicle (open triangles, 
n = 8, ± sem), 5HT-Lo (open cir-
cles, n = 8, ± sem) and 5HT-Hi 
(open squares, n = 13, ± sem). d 
Quantitation of average changes 
in cAMP levels within growth 
cones after 15 min of serotonin 
exposure. 5HT-Hi significantly 
decreased (n = 12, p = 0.0003) 
cAMP levels and 5HT-Lo 
significantly increased (n = 8, 
p = 0.0076) cAMP signalling. 
(One-way ANOVA followed by 
Tukey’s multiple comparison 
post hoc test)
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Fig. 7  5HT-Lo exposure causes asymmetric distribution of 5-HT 
receptors to the turning or motile side of growth cones. Schematic 
a showing growth cone divided into “near” and “far” regions with 
respect to micropipet position (located on the upper left side). b–d 
Growth cones immunostained after turning in response to 5HT-Lo 
and stained for 5-HT2a (green, b), 5-HT1b (red, c) and merged in (d). 
Dotted line separates the near and far regions of growth cone (near 
vs far). (e) Representative image of filopodia with 5-HT2a (green), 
5-HT1b (red) receptor puncta. (f) There was no significant near/
far bias in the number of filopodia following exposure to 5HT-Lo 
(n = 8, p = 0.9004), 5HT-Hi (n = 13, p = 0.5450) or BDNF (n = 10, 
p = 0.7907) compared to vehicle. (Data not normally distributed: 

Kruskal–Wallis, Dunn’s multiple comparison test). g There were sig-
nificantly more (n = 36, p = 0.0033) 5-HT2a puncta in filopodia on 
the near side of growth cones exposed to 5HT-Lo compared to all 
other treatments. h There was no bias in 5-HT1b puncta in filopodia 
of growth cones. (Mann–Whitney U-test). (i-j) When entire growth 
cones were analysed, i 5HT-2a (n = 9, p = 0.0006) and j 5HT-1b 
(n = 9, p = 0.0028) receptor translocation was significantly biased in 
growth cones exposed to 5HT-Lo. All ratios were compared to vehi-
cle (Data normally distributed: Shapiro–Wilk. One-way ANOVA, 
Tukey’s multiple comparison test). Scale bars are 5  μm (Fig.  7b–d) 
and 1 μm (Fig. 7e)
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Fig. 8  5HT-Lo exposure causes asymmetric distribution of mem-
brane 5-HT2a receptors to the motile side of growth cones. a–h 
Representative growth cones exposed to vehicle and 5HT-Lo gra-
dients (micropipette on upper left side) and stained for membrane 
localization of receptors 5-HT1b (green, a, e), 5-HT2a (green, c, g) 
and merged with actin, (red, b, d, f, h). Dotted line separates the near 
and far regions of the growth cone. i Increase magnification of rep-
resentative image h to show the presence of 5-HT2a receptor mem-
brane on most filopodia (*) of the growth cone (yellow *, insets). 
Scale bars are 5  μm. (j-k)There was no significant near/far bias 
in the amount of f-actin (/area) (j) and the number of filopodia (k) 

in growth cones exposed to vehicle and 5HT-Lo. Kruskal–Wallis, 
Dunn’s multiple comparison post hoc test. (l) There was no signifi-
cant bias in the total percentage of filopodia containing 5HT2a and 
5HT1b puncta (60%). One-way ANOVA followed by Tukey’s multi-
ple comparison post hoc test. (m) There was no significant near/far 
bias in the amount of 5-HT2a and 5-HT1b puncta per filopodia. (n) 
Analysis of 5-HT receptor membrane localization showed transloca-
tion of 5-HT2a (n = 18, p = <0.0001) to the near side of growth cones 
exposed to 5HT-Lo while no significant translocation of 5-HT1b 
(n = 15, p = 0.346) was observed. (Mann–Whitney U-test)
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using the same primary antibodies conjugated directly to a 
fluorescent probe. Growth cones were fixed during turning 
to 5HT-Lo or vehicle and processed for immunocytochem-
istry without permeabilization (Fig. 8a, i). Although non-
permeabilised ICC showed less immunoreactivity, serotonin 
receptor puncta were present throughout growth cones and 
filopodia (asterisks, insets, Fig. 8i). The number of filopodia 
detected across growth cones was not significantly different 
between near vs far regions (Fig. 8j) and among all experi-
mental conditions, 60-70% of filopodia were enriched with 
5-HT2a and 5-HT1b receptor puncta (Fig. 8k). The amount 
of f-actin was not significantly different between near vs far 
regions (Fig. 8l). We then assessed the near:far distribution 
of 5-HT2a and 5-HT1b receptor puncta in growth cones and 
filopodia (Figs. 8m, n). As expected, growth cones and filo-
podia exposed to gradients of vehicle showed an equal, or 
random “near/far” distribution of both 5-HT2a and 5-HT1b 
receptors with no bias of puncta to the motile, or “near” 
side (Fig. 8m, n). Similarly, there was no near:far bias in the 
amount of 5-HT2a and 5-HT1b puncta detected in filopodia 
exposed to 5HT-Lo (Fig. 8m). Importantly, we detected a 
significant translocation of 5-HT2a in growth cones exposed 
to 5HT-Lo, with higher 5-HT2a receptor density on the near 
side (Fig. 8n), with no detectable translocation of 5-HT1b 
receptors in the membrane of growth cones exposed to 5HT-
Lo (Fig. 8n). These data confirm that 5-HT2a receptor distri-
bution is sensitive to the extracellular serotonin concentra-
tion, mobilising asymmetrically to the membrane on the near 
side of growth cones exposed to 5HT-Lo.

Discussion

Serotonin, a vital neuromodulator of the mature nervous sys-
tem, is also prominently expressed during development of 
the CNS [27, 28]. In this study, we asked whether serotonin 
acts as a bona fide guidance cue during axon pathfinding, 
capable of modulating growth cone motility. Our experi-
ments have revealed that serotonin can indeed function as 
an instructional guidance molecule by regulating the bidi-
rectional turning of rodent sensory neuronal growth cones, 
in vitro, without altering the rate of axon growth. We found 
that serotonin initiates and sustains growth cone attraction 
and repulsion in a dose-dependent manner through 5-HT2a 
and 5-HT1b receptors, coupled to canonical second mes-
senger signalling pathways. To our knowledge, this is the 
first direct demonstration of serotonin acting in a dose-
dependent manner to activate growth cone chemoattraction 
and chemorepulsion. Our data support a novel mechanism 
where extracellular serotonin might regulate axon guidance 
in a binary manner, to attract and subsequently stop axons 
during development of circuits in the embryonic brain.

The role of serotonin in shaping CNS circuits has been 
studied intensively over past decades, primarily by studying 
in vivo models that manipulate the extracellular serotonin 
milieu through altered serotonin synthesis or reuptake. This 
body of work illustrates a spectrum of subtle guidance and 
targeting defects and suggests normal circuit development 
requires optimum extracellular levels of serotonin (exten-
sively reviewed in [2, 43, 44]). Similarly, previous in vitro 
work has demonstrated that serotonin levels could alter both 
axon extension and branching in vertebrate and invertebrate 
neurons [7–9, 45], yet how developing neurons, during axon 
pathfinding, are able to discern and respond appropriately 
to extracellular serotonin was unclear. Our study provides 
a model where extra-synaptic gradients of serotonin can 
function in chemoattraction and repulsion in the “guidance 
landscape” of the developing CNS.

Neurotransmitters are well known to regulate neuronal 
migration and axon growth (reviewed in [46]), with neuro-
transmitter receptors expressed on progenitor cells [47] and 
coupled to second messengers [5] are able to regulate devel-
opmental processes such as neuronal growth cone motility 
and guidance. For example, acetylcholine induces attractive 
turning through the activation of nicotinic receptors and a 
significant rise in cytosolic calcium, without significantly 
affecting the rate of extension [48]. Similarly, glutamate 
induces growth cone attraction mediated by NMDA recep-
tors and calcium signaling [49]. Interestingly, dopamine is 
also capable of activating attraction and repulsion. Dopa-
mine acts as a chemoattractant for target cell growth cones 
but at the same concentration, also acts as a chemorepellent 
for non-target cell growth cones [50].

Serotonin has been shown to have disparate effects 
in vitro, both inhibiting and enhancing neurite outgrowth 
[6–10]. These seemingly contradictory effects of serotonin 
on developing neurons in vitro suggest that serotonin action 
is defined by (a) pleiotropic expression of serotonin recep-
tor subtypes, (b) downstream effectors of receptor signal-
ing and (c) heterogeneity of serotonin concentration in the 
developing CNS. The presence of diverse serotonin receptor 
subtypes in embryonic neurons [29] and our demonstration 
of serotonin receptors in growth cones, together with the 
coupling of selected receptors to distinct second messenger 
signaling cascades [20], supports the notion that serotonin 
could regulate opposing growth cone turning responses at 
specific concentrations. We have shown that serotonin elicits 
attraction through specific activation of 5-HT2a receptors 
and PLC-mediated ER calcium release. Significantly, inhibi-
tion of the 5-HT2a receptor completely abolished attraction, 
suggesting little or no involvement by other receptor sub-
types. Surprisingly, the exposure of growth cones to a higher 
serotonin concentration (100 µM) induced significant growth 
cone repulsion which was abolished by specific antagonism 
of 5-HT1b receptors and restoration of cAMP signalling 
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with the adenylate cyclase activator, forskolin. These results 
are consistent with previous research demonstrating the sec-
ond messengers, cytosolic calcium and cAMP, regulate turn-
ing and guidance of growth cones in response to molecular 
cues such as serotonin (as reviewed in [51]).

It is well established that growth cone attraction to guid-
ance cues such as BDNF is characterised by generation of 
spatially restricted calcium gradients that are sustained tem-
porally and spatially by store operated calcium entry (SOCE) 
[25, 26]. We found that attraction of growth cones to 5HT-
Lo was dependent on replete ER stores and activation of 
PLC- and  IP3 mediated signal transduction. The sustained 
calcium response supports the hypothesis that 5HT-Lo acti-
vation of 5HT-2a signals via IP3-mediated calcium release/
influx and is consistent with our previous work [23, 25, 26] 
demonstrating that other calcium-dependent guidance cues 
such as BDNF activate ER-medicated calcium dynamics that 
drive cytoskeletal reorganisation during growth cone turn-
ing. The exact spatiotemporal nature of calcium release in 
the case of serotonergic stimulation seen in this study has 
yet to be determined. Exposure of growth cones to 5HT-Hi, 
however, did not alter cytosolic calcium levels, but instead 
relied on 5-HT1b-mediated inhibition of cAMP signalling. 
Coincidently, 5HT-Lo stimulation elicited a small but sig-
nificant increase in cAMP levels confirming downstream 
crosstalk between cAMP and calcium signalling during 
attractive turning [39]. Exactly how the biphasic responses, 
from attraction to repulsion, are initiated over a relatively 
narrow concentration gradient are not completely under-
stood. A similar concentration-dependent bimodal turning 
response has been observed in embryonic cortical axons, 
upon exposure to netrin-1 gradients [52], where low con-
centrations of netrin-1 promoted attraction and higher con-
centrations of netrin-1 caused repulsion, without perturbing 
axon growth [52].

Immunolocalization experiments designed to track 
receptors after exposure to serotonin revealed significant 
translocation of the 5-HT2a receptor in response to low 
serotonin exposure. Exactly how this translocation might 
be regulated in highly motile structures such as growth 
cones is unclear. Specific binding motifs between sero-
tonin receptors and the cytoskeleton are unknown at this 
time. However, it has been shown that heterotrimeric G 
proteins (G ��� ), which are the components of G pro-
tein-coupled receptors, interact with microtubules [53], 
[54]. These studies demonstrate that G � subunits inhibit 
microtubule polymerization and G �� promotes micro-
tubule assembly. Our experiments provide compelling 
functional data that suggest a mechanism for growth cone 
turning towards 5-HTLo whereby the G � subunit could 
initiate the PLC-mediated ER calcium release, while the 
G �� subunits could interact with the tubulin cytoskel-
eton to promote microtubule assembly in the direction of 

attractive turning. A more detailed biophysical analysis 
of receptor localization and/or translocation would be 
necessary to understand these mechanisms but is beyond 
the scope of the current study. Notably, desensitization 
of G-protein coupled receptors by prolonged agonist or 
antagonist exposure has been well documented in the case 
of the 5-HT2a receptor. The 5-HT2a receptor exhibits a 
time-dependent desensitization at serotonin concentrations 
of 10-100 µM in rodent cortical neurons [55]. Prolonged 
exposure of 5-HT2a receptors to both serotonin and ritan-
serin in a glioma cell line results in significant receptor 
internalisation through a clathrin and dynamin-dependent 
process [56]. Signalling in this case was reduced through 
the inability of 5-HT2a to couple downstream G-proteins 
resulting in attenuation of PLC-mediated calcium release. 
Our results suggest that once desensitized, serotonin sign-
aling might “spill over” to 5-HT1b receptors, mediating 
growth cone repulsion.

Our data demonstrate that neuronal growth cones are 
exquisitely tuned in their responses to extracellular con-
centrations of serotonin. Given the variable secretion of 
serotonin from a variety of extra-synaptic sites, including 
soma and axons [11] of serotonergic neurons, our results 
would be consistent with a mechanism for subsequent 
waves of extending axons guided through a process of 
growth cone attraction and repulsion, to target serotoner-
gic neurons in early developmental landscape of the CNS. 
Our data support a novel hypothesis for early neuronal 
circuit development whereby serotonin might contribute 
to guiding growth cones towards synaptic targets, acting 
as a chemoattractant by activating 5HT-2a receptors and 
 IP3 mediated calcium signals. The very narrow tuning 
responses of growth cones in the micromolar range seen 
in this study would suggest that as growth cones approach 
the domains of higher serotonin concentration, desensitisa-
tion of 5HT-2a receptors occurs and higher serotonin lev-
els subsequently activate the 5HT-1b receptors, possibly 
acting as molecular “stop” signals. In conclusion, these 
data suggest a novel guidance mechanism for serotonin, 
where rather than simply modulating existing guidance 
cues it also acts as “stop” or “go” instructional signal dur-
ing circuit formation.
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