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Abstract 

The physiological and functional characterisation of the 

subpallial dopaminergic neurons in larval zebrafish 

Neal Rimmer 

 

Dopamine is a highly conserved neurotransmitter, and it is known to be involved 

reward, locomotion, cognition and motivation. Moreover, dysfunction or loss of 

dopamine neurons has been implicated in diseases such as addiction and 

Parkinson’s disease, respectively. Dopamine neurons develop early in life, and 

zebrafish possess a complete compliment of dopaminergic neurons by 5 days 

post fertilisation. Previous anatomical and genetic studies have suggested the 

dopaminergic interneurons of the zebrafish subpallium are equivalent to 

mammalian midbrain DAergic neurons. In this thesis the physiology and 

functional role of the cluster of dopamine neurons found in the zebrafish 

subpallium have been examined. 

In the first results chapter, the anatomical, morphological and physiological 

development of subpallial dopaminergic neurons has been examined. This 

revealed that by 5 dpf, subpallial dopaminergic neurons innervate the 

telencephalon, thalamus and hypothalamus whilst receiving input from across the 

brain. Additionally, subpallial dopaminergic neurons receive excitatory and 

inhibitory synaptic input, are intrinsically excitable and exhibit endogenous firing. 

Together, these findings suggest the subpallial dopaminergic neurons are 

functionally integrated into the brain during early development. 

In the second and third results chapters, the functional role of subpallial 

dopaminergic neurons was investigated. To delineate their function, these 

neurons were targeted for laser ablation. These investigation demonstrated loss 

of subpallial dopaminergic neurons was sufficient to perturb foraging and startle 

behaviours in free-swimming fish without affecting locomotion. Physiological 

recordings revealed these neurons are active when zebrafish are exposed to 

attractive and aversive stimuli. In sum, these investigations provide insights into 

the role of dopamine signalling in modulating decision-making, approach, and 

avoidance behaviours.  
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Dopamine (DA) is a highly conserved catecholamine neurotransmitter within the 

central nervous system (CNS), where it is known to play a modulatory role in 

several behavioural processes such as reward, locomotion, cognition and 

motivation (Missale et al., 1998, Schultz, 1998, Koob, 1992, Graybiel, 1990). 

Dysfunction or degeneration of dopaminergic (DAergic) neurons can lead to 

perturbed DA signalling and is associated with a range of motor deficits including 

bradykinesia, rigidity and tremors, as well as cognitive deficits in diseases such 

as schizophrenia, addiction, depression and Parkinson’s disease (Chen et al., 

2017, Keiflin and Janak, 2015, Matsumoto, 2015, Chung et al., 2016, Grace, 

2016). Therefore, DA plays a key role in a range of behavioural processes in 

normal physiological and pathophysiological states. 

1.1 Dopamine synthesis, storage and degradation 

DA is synthesised from L-tyrosine by a two-step biochemical reaction. Initially, 

the enzyme tyrosine hydroxylase (TH) converts L-tyrosine into L-3, 4-

dihydroxyphenylalanine (L-DOPA). Next, aromatic L-amino acid decarboxylase 

(AADC) converts L-DOPA to DA (Figure 1:1). TH is the rate-limiting enzyme in 

the synthesis of DA (Daubner et al., 2011, Elsworth and Roth, 1997). In 

noradrenergic (NAergic) neurons, DA is converted to noradrenaline (NA) by 

dopamine-β-hydroxylase (DβH; Figure 1:1). NA can be further converted to 

synthesise adrenaline when NA is exposed to phenylethanolamine N-

methyltransferase (PNMT) (Sauter et al., 1977). Once synthesised, DA is 

transported into synaptic vesicles by vesicular monoamine transporter 2 

(VMAT2), a protein that facilitates the movement of monoamines such as DA, 

NA, histamine and serotonin into the synaptic vesicles (Eiden and Weihe, 2011, 

Guillot and Miller, 2009). There is no singular molecular marker for identifying 

DAergic neurons as TH is expressed in DAergic, NAergic and some non-

aminergic neurons (Kumer and Vrana, 1996).  

During neurotransmission, vesicles containing DA are exocytosed into the 

synaptic cleft where it binds to pre and postsynaptic DA receptors. DA 

transmission is terminated by presynaptic reuptake mediated by the dopamine 

transporter (DAT) protein (McHugh and Buckley, 2015) or metabolised for 
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degradation. DA can be metabolised via one of two pathways. Monoamine 

oxidase (MAO) can convert DA into the reactive species 3,4-

dihydroxyphenylacetaldehyde (DOPAL), which is then oxidised into the 

unreactive metabolite 3,4-dihydroxyphenylacetic acid (DOPAC) by the enzyme 

aldehyde dehydrogenase (ADH) (Meiser et al., 2013). Alternately, catechol-O-

methyl transferase (COMT) converts DA to 3-methoxytyramine which is then 

further converted into homovanilic acid (HVA) by MAO (Meiser et al., 2013). 
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Figure 1:1 Biosynthesis of catecholamines. Catecholamines are synthesised 
from L-tyrosine by multiple steps. Tyrosine hydroxylase (TH) converts L-Tyrosine 
to L-DOPA. Aromatic L-amino acid decarboxylase (AADC) converts L-DOPA to 
dopamine. NAergic neurons express dopamine-β-hydroxylase which converts 
dopamine to noradrenaline. Noradrenaline is converted to adrenaline by 
phenylethanolamine N-methyltransferase (PNMT). 

1.2 Dopamine receptors  

DA receptors are 7-transmembrane domain G protein-coupled metabotropic 

receptors (GPCRs). In mammals, there are five DA receptors which are 

segregated into two families: D1-like and D2-like (Sidhu and Niznik, 2000). These 

receptors are classified on the basis of their ability to regulate adenylyl cyclase 

(AC) (Spano et al., 1978, Kebabian and Calne, 1979). The D1-like receptors, 

which comprise D1 and D5 receptors, are bound to the Gαs G-protein which 

activates AC, resulting in an increase in cAMP production (Jaber et al., 1996, 

Missale et al., 1998). The D2-like receptor family comprises D2, D3 and D4 

receptors that are linked to the Gαi G-protein which decreases AC activity and 

thus cAMP synthesis (Jaber et al., 1996, Missale et al., 1998). There are two 

splice variants of D2 receptors, short and long isoforms that differ in the third 

intracellular loop (Missale et al., 1998). The D2S and D2L isoforms have similar 

pharmacological profiles (Missale et al., 1998, Rani and Kanungo, 2006). 

All DA receptors subtypes are expressed post-synaptically whilst D2 and D3 

receptors can also be found presynaptically (Elsworth and Roth, 1997, McGinnis 

et al., 2016). Here, they act as autoreceptors that inhibit DA release (Stagkourakis 

et al., 2016, Fasano et al., 2010), ensuring that DA does not reach pathological 

concentrations (Mercuri et al., 1997). The autoreceptor function of D2 receptors 

is primarily achieved by the activation of the inwardly rectifying potassium 

channel, GIRK2, and the activation of GIRK2 causes the hyperpolarisation of the 

neuron (Ford, 2014). Thus, presynaptically expressed D2 and D3 receptors 

functions as a negative feedback loop to modulate DA transmission.  
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1.3 Mammalian dopaminergic system 

In the mammalian brain, DAergic neurons are localised into ten clusters, 

designated A8 – A17 (Bjorklund and Dunnett, 2007, Fu et al., 2012) (Figure 1:2). 

The DAergic clusters are primarily located in the midbrain (Parker et al., 2013) 

and give rise to four major ascending DAergic axon tracts: the mesostriatal, 

mesolimbic, mesocortical and tuberoinfundibular pathways (Fu et al., 2012). In 

addition, the A11 cluster sends descending projections into the spinal cord (Luo 

and Huang, 2016, Ryczko et al., 2016b).  

The mesostriatal pathway terminates in the dorsal striatum and originates from 

the A9 DAergic cell group, which forms the substantia nigra pars compacta (SNc) 

(Strange, 1990). This pathway is involved in voluntary motor behaviours and in 

Parkinson’s disease, loss of these neurons results in motor perturbation (Grealish 

et al., 2010). The mesolimbic pathway is composed of the A10 cell group which 

forms the ventral tegmental area (VTA) (Reynolds et al., 2001). These neurons 

project to multiple areas of the CNS, including the nucleus accumbens (NAc), 

amygdala and olfactory tubercle (Beier et al., 2015). The mesolimbic pathway 

modulates both reward-seeking (via the NAc) and aversive behaviours (via the 

amygdala) (Adinoff, 2004, Brooks and Berns, 2013). 

The mesocortical pathway also originates from the VTA, but these neurons send 

projections to the frontal cortex (Goldman-Rakic, 1992), where they influence 

cognition (Miller et al., 2002). The final ascending pathway originates from the 

tuberoinfundibular group located in A12 (arcuate nucleus) and A14 

(periventricular nucleus) of the hypothalamus (Lerant et al., 1996). This pathway 

innervates the pituitary gland and modulates the neuroendocrine release 

(Renaud, 1981, Ben-Jonathan and Hnasko, 2001). 

The sole descending DAergic pathways of the mammalian brain originates from 

the A11 population and is the only source of DA innervation to the spinal cord 

(Koblinger et al., 2014a). Interestingly, A11 neurons do not express the DA 

reuptake transporter DAT (Koblinger et al., 2014a) or D2 autoreceptors (Pappas 

et al., 2008). Therefore, A11 neurons lack the negative feedback loop to control 

neurotransmission. 
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Figure 1:2 Distribution of DAergic cell populations in rodent brain. 
Schematic illustration of the adult rat brain, displaying the distribution of DAergic 
cell populations, A8 – A16. Redrawn from Bjorklund and Dunnet, (2007). 

1.4 Expression of the dopamine receptors in the 

mammalian nervous system 

The expression and distribution of D1 and D2 receptors are highly conserved 

between mammalian species, including rat, monkey and human (Levey et al., 

1993). D1 receptors are expressed throughout the brain but are particularly 

enriched in the striatum, NAc and frontal cortex, regions where mesostriatal, 

mesolimbic and mesocortical DA neurons terminate (Stagkourakis et al., 2016, 

Cadet et al., 2010). D2 receptors have been found in abundance in the core of 

NAc (Rani and Kanungo, 2006), SNc, VTA, hippocampus and hypothalamus (de 

Jong et al., 2015, Chaiseha et al., 2003, Hitzemann et al., 2003). The striatum 

expresses all five DA receptors, however, D1 and D2 receptors are the most 

abundant (Gerfen and Surmeier, 2011). The expression of D1 and D2 receptors is 

highly segregated across the dorsal and ventral striatum (Surmeier et al., 2007, 

Robertson et al., 2015, Le Moine and Bloch, 1995, Sillivan and Konradi, 2011), 

with the exception of a small number of cells (Gagnon et al., 2017). The striatum 

is primarily composed of GABAergic medium spiny striatal neurons (MSNs), 

which can divided into two populations based which receptor they express, either 

D1 or D2 receptors (Ren et al., 2017). They are known as D1 or D2-MSNs, and 
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their associated projections constitute two pathways of the striatum, known as 

the direct and indirect striatal pathways (Gerfen and Surmeier, 2011) (see section 

4.1.1.2). 

D3 receptors are part of the D2-like receptor family and have been found in many 

regions including the NAc, olfactory tubercle, SNc, VTA, striatum and 

hippocampus (Gobert et al., 1995, Gurevich and Joyce, 1999). In the striatum, 

the D3 receptors are expressed in the MSNs, however, the distribution of the 

receptors varies: the dorsal striatum expresses a lower density of D3 receptors 

compared to the shell of the NAc (Nicola et al., 2000, Fiorentini et al., 2015). D3 

receptors are expressed presynaptically and possess similar autoreceptor 

function to D2 receptors (De Mei et al., 2009). D4 receptors are less abundant but 

have been found in the frontal cortex, amygdala, hypothalamus, SNc and basal 

ganglia (Missale et al., 1998, Jaber et al., 1996). The expression of D5 receptors 

is low in comparison to other DA receptors and can be found in the cortex, 

striatum and SNc (Missale et al., 1998). 

1.5 Zebrafish development  

Zebrafish embryo development is rapid and well documented (Kimmel et al., 

1995). When incubated at 28.5⁰C, a newly fertilized egg (1 cell stage) undergoes 

rapid division until it reaches the 128-cell stage or blastula period at 2.25 hours 

post fertilisation (hpf) (Figure 1:3). The blastula period lasts until 5.25 hpf when 

the embryo begins to undergo gastrulation (Figure 1:3). During gastrulation the 

primary germ layers form, along with the embryonic axis. After gastrulation 

completes (10 hpf), the embryo enters the segmentation period in which somites 

develop sequentially along the trunk (Kimmel et al., 1995). During this period, 26 

bilateral pairs of somites develop until the zebrafish reach the age of 24 hpf 

(Figure 1:3). By this stage, the body plan of the zebrafish has been established. 



Introduction 

 

8 
 

 

Figure 1:3 Early Zebrafish development. Illustration of the rapid development 
zebrafish embryo until larval stage at 3 dpf. Data derived from Kimmel et al., 
(1995). 

After the first 24 hpf, zebrafish development enters the pharyngular period, which 

lasts until 48 hpf. During this stage the embryo develops the median fin fold, and 

the retina and skin develops pigment. During this stage, the embryo develops the 

touch evoked escape response (Kimmel et al., 1995). From 48 hpf onwards, the 

pectoral fins continue to develop, and jaw morphogenesis begins, triggering the 

movement of the mouth anteriorly (Kimmel et al., 1995). By 72 hpf, the mouth 

protrudes beyond the eyes and the yolk sac is significantly reduced (Figure 1:3). 

At this stage melanophores, melanin containing pigment cells, can be observed 

over the swim bladder (Kimmel et al., 1995). After the first 72 hrs, zebrafish reach 

their larval state, when morphogenesis is mostly completed and they have 
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hatched (Kimmel et al., 1995). At this stage they continue to grow, and inflation 

of the swim bladder occurs at 4 days post fertilisation (dpf) (Kimmel et al., 1995). 

During the early larval stage zebrafish begin to exhibit several innate behaviours 

including beat-glide swimming, acoustic startle response and foraging. However, 

they are not able to feed and are dependent on nourishment from the yolk sac 

until after 5 dpf, when their mouth opens, they become protected by the Animals 

(Scientific Procedures) Act 1986 (ASPA). 

1.6 Zebrafish as a model to study dopaminergic systems 

Zebrafish have several properties that make them a suitable model for 

investigating vertebrate nervous systems. Their genome has been sequenced, 

and genetic analysis reveals that approximately 71% of their genes are 

orthologues to those found in the human genome (Howe et al., 2013). 

Additionally, a range of genetic tools, including CRISPR/cas/9, have been 

adapted for use in zebrafish (Cornet et al., 2018). Zebrafish eggs are laid and 

fertilised externally, which allows the development of zebrafish to be studied from 

the single-cell stage. Furthermore, embryonic and larval zebrafish are 

transparent which makes them ideal for in vivo imaging and electrophysiology. 

Finally, by 5 dpf, larval zebrafish exhibit a range of complex behaviours, including 

locomotion, thigmotaxis, place preference, foraging and startle response (Kalueff 

et al., 2013).  

The zebrafish DAergic systems has been studied by multiple laboratories 

including Driever, Panula/Sallinen and Wullimann (Schweitzer et al., 2012, Kaslin 

and Panula, 2001, Panula et al., 2010). Each laboratory employs their own 

naming system to identify DAergic clusters in the zebrafish brain. The 

nomenclature used by Sallinen and colleagues, refers to catecholamine (CA) 

groups including DAergic and NAergic clusters (1-17) according to their location 

on the rosto-caudal axis (Schweitzer et al., 2012, Kaslin and Panula, 2001, 

Panula et al., 2010). Alternatively, the nomenclature used by Wullimann, refers 

to the CA groups based on their anatomical location; however, the diencephalon 

groups were assigned numbers (1-7). This is based on morphology and rostro-

caudal axis (Rink and Wullimann, 2002b). The subpallial DAergic neuron cluster 
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currently do not have a corresponding cluster in mammals. The terminology used 

by Sallinen  and colleagues to describe these neurons designates these neurons 

with the olfactory bulb (A16). Therefore, the neuroanatomical terminology of 

DAergic cell populations used within this thesis is derived from the nomenclature 

first described by Rink and Wullimann (2002) to specify the difference between 

the two telencephalic DAergic populations.   

Zebrafish possess eleven DA neuron clusters that form early during development 

(Schweitzer et al., 2012). In contrast to mammals, where the majority of DAergic 

are found in the mesencephalon, the zebrafish DAergic clusters are located in 

the forebrain (Parker et al., 2013). This has limited direct comparison of DAergic 

clusters across species. Several hodological and genetic studies have suggested 

homologous groups between zebrafish and mammals (Table 1.1). However, 

corresponding mammalian midbrain DAergic groups (A8 – A10) have not 

identified in zebrafish. Conversely, the zebrafish DAergic groups in the pretectum 

and subpallium do not correspond any mammalian DAergic cluster (Schweitzer 

and Driever, 2009, Parker et al., 2013).  

 

Table 1.1 Comparison of DA groups in mammals and zebrafish 

Mammalian Zebrafish  Region 

Mesencephalon (A8-A10) (*) Midbrain 

(**) Pretectum Forebrain 

Diencephalon (A11, A13) DC1/2/3/4 and DC6  

Hypothalamic (A12, A14) DC5, 7  

Preoptic (A15) Preoptic group  

(***) Subpallial DAergic neurons  

Olfactory bulb (A16) Olfactory bulb  

Retinal group (A17) Retinal amacrine DA clusters Retina 

Data derived from Schweitzer and Driever, (2009) and Parker et al., (2013). (*) 
No midbrain DAergic neurons in zebrafish. (**) No equivalent pretectal DAergic 
neurons found in mammals. (***) No corresponding DAergic neurons located in 
the mammalian striatum/amygdala. 
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1.7 The zebrafish telencephalon 

Understanding functional roles of telostean subregions is limited due to the lack 

of comparative anatomical structures. Like other teleosts, the zebrafish 

telencephalon develops via eversion. This contrasts with the telencephalon of 

other vertebrates which develops by invagination (Rink and Wullimann, 2002a, 

Wullimann and Mueller, 2004). During eversion, the dorsal aspect of the 

telencephalon expands to fold over the subpallium, exposing the ventricular 

surface as an external structure (Folgueira et al., 2012). This contrasts with 

invagination, whereby the telencephalon expands, and the roof plate and floor 

plate fold inwards to the centre of the neural tube (Figure 1:4). In the invagination 

model of development, the ventricular surface remains an internal surface. 

Therefore, the eversion and invagination models generate markedly different 

topographies which in turn results in limited comparable anatomical structures.  

 

 

Figure 1:4 Schematic illustration of eversion of teleost forebrain. Illustration 
showing the development of the telencephalon via eversion (left) and invagination 
(right). During eversion, the dorsal structure of the neural tube expands laterally, 
with the ventricular wall (magenta) an exposed surface. During invagination, the 
roof plate (green) and floor plate of the tube invaginate, and the walls of the neural 
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tube expands laterally, whilst the ventricle remains encapsulated. Abbreviation: 
V; ventricle, RP; roof plate. Redrawn from Folgueira et al., (2012). 

1.7.1 Zebrafish subpallium 

The zebrafish telencephalon can be divided into two regions, the pallium (dorsal 

region) and subpallium (ventral region). These regions are anatomically and also 

genetically distinct. The pallium expresses various transcription factors including 

Ascl1a, Emoesa, Emx1, Emx2, Emx3 and Prox1 (Ganz et al., 2015). By contrast, 

the subpallium expresses the genes Lhx6, Lhx7, Dlx2a, and GAD67 as well as 

the pallial gene Tbr2 (Figure 1:5A) (Mueller et al., 2008, Ganz et al., 2012, Ganz 

et al., 2015). The subpallium can be divided into regions based on this gene 

expression, including the striatum, pallidum and septum-like regions (Mueller et 

al., 2008) (Figure 1:5A). Genetic analysis of the zebrafish telencephalon has 

shown homology with that of other vertebrates including mouse (Figure 1:5A) 

(Mueller et al., 2008, Osorio et al., 2010, Wullimann, 2009). Based on the spatial 

gene expression profiles, studies have suggested the ventral aspect of the 

zebrafish telencephalon is homologous to the mammalian striatum, pallidum and 

septum (Wullimann and Mueller, 2004, Wullimann and Rink, 2002) (Figure 1:5B). 
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Figure 1:5 Schematic illustration of the gene expression and regions of the 
zebrafish and rodent forebrain. A: Illustration showing the early telencephalon 
of mouse (upper panel) and zebrafish (lower panel), specifying the regions that 
develop into the striatum, pallidum and septum (left) and the gene expression 
across the telencephalon that is the marker for those regions (right). B: Lateral 
view of adult telencephalon specifying the subpallium and the regions of the 
putative striatum, pallidum and septum. Abbreviation: Hb; habenular, Cb; 
Cerebellum, MO; Medulla, H; Hypothalamus, T; Thalamus, Tel; telencephalon, 
PO; preoptic region, PTc; posterior tuberculum, PT; pretectum, PG; 
preglomerular, OB; olfactory bulb. Sdd; dorsal subdivision of dorsal subpallium, 
Sdv; ventral subdivision of dorsal subpallium, Sv; ventral subpallium. Adapted 
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from Mueller et al., (2008), Wullimann and Mueller, (2004) and Wullimann and 
Rink, (2002). 

1.8 Zebrafish catecholaminergic systems 

Many studies have used genetic and immunohistochemical approaches to 

characterise catecholamine systems within the larval zebrafish (Rink and 

Wullimann, 2002b, Schweitzer et al., 2012, Tay et al., 2011). These show the 

presence of a full complement of DAergic cell groups by 72 hours post fertilisation 

(Mahler et al., 2010, Schweitzer et al., 2012). The DAergic system of zebrafish is 

restricted to the forebrain (Schweitzer et al., 2012, Rink and Wullimann, 2001, 

Tay et al., 2011), which contrasts with mammals where they are predominately 

found in the midbrain. 

There are eleven DAergic clusters within the zebrafish brain (Figure 1:6A) 

(Schweitzer et al., 2012). The telencephalon contains DAergic clusters localised 

to the olfactory bulb and subpallium (Figure 1:6B) (Schweitzer et al., 2012). The 

remaining nine clusters are located in the diencephalon, which comprises 

preoptic and pretectal clusters and seven clusters that collectively make up the 

posterior tuberculum group known as diencephalon cluster (DC) 1 to DC7 (Figure 

1:6B) (Mahler et al., 2010, Rink and Wullimann, 2002b). The DA clusters DC1 to 

DC7 are also known as the diencephalic DAergic neurons or DDNs (Figure 1:6C). 

The DDNs form a horse-shoe shaped chain of cells that extend from posterior 

tuberculum to the hypothalamus (Tay et al., 2011, Schweitzer et al., 2012). 

Anatomical studies have shown that DC1 neurons project to the pretectum, 

tectum and hypothalamus as well as the hindbrain (Tay et al., 2011). Previous 

investigations of DC2 and DC4 have shown these neurons possess descending 

projections and innervate the spinal cord (Jay et al., 2015, Lambert et al., 2012). 

It has also been shown that DC2/4 neurons possess ascending projections to the 

subpallium, in which it was suggested these neurons could be equivalent to the 

mammalian midbrain DAergic neurons, however, more recent studies have 

suggested these neurons are homologous to the A11 group (Schweitzer et al., 

2012, Rink and Wullimann, 2001, Tay et al., 2011). A study revealed DC3 and 

DC7 clusters exhibit short range projections, innervating the hypothalamus (Tay 

et al., 2011). Additionally, this study also found that the DC5 cluster which are 
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located in the hypothalamus, have similar projectome to that of the DC2/4 cluster, 

innervating the hypothalamus as well as the tectum and hindbrain (Tay et al., 

2011). Furthermore, examination of the DC6 cluster has revealed these neurons 

innervate the hypothalamus locally as well as the anterior hindbrain (Mahler et 

al., 2010, Tay et al., 2011, McLean and Fetcho, 2004a).  

  

 

Figure 1:6 Distribution of the catecholaminergic system.  A-C: Schematic 
illustration of the zebrafish brain and the distribution of the catecholaminergic 
neurons of larvae and adult zebrafish brains. A: Lateral view of the adult brain 
illustrating the DAergic populations and projection pathways. B: Lateral view of a 
5 dpf brain, illustrating the DAergic and NAergic clusters as well as the dorsal 
view C: Abbreviations: MO, Medulla oblongata; Lc, Locus coeruleus; OB, 
Olfactory bulb; PO, Preoptic; PT, Pretectum; SP, subpallium. Schematics are 
derived from Mahler et al., (2010), Schweitzer et al., (2012), and Parker et al., 
(2013).  

The development of the catecholaminergic system has been investigated by 

multiple methods (Holzschuh et al., 2001, McLean and Fetcho, 2004a, Mahler et 

al., 2010). Investigations using EdU-based birth dating techniques have revealed 

that catecholaminergic clusters begin to appear from 8 hpf (Figure 1:7) and their 

differentiation is complete by 3 dpf (Mahler et al., 2010). The first neurons to 
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appear are located in DC1, 2, 3, 4, 5, 6. The pioneer neurons of the olfactory bulb 

and subpallium appear at 12 hpf, and the remaining clusters including preoptic, 

pretectum and DC7 appear at 16 hpf. Examination of the TH expression in the 

catecholaminergic clusters showed DC2/4 are the earliest DAergic clusters to 

express TH (Figure 1:7) (Mahler et al., 2010). The remaining CAergic clusters 

(olfactory bulb, subpallium, DC5, DC6) except for DC7 and pretectum clusters in 

which the expression of TH is observed from 48 hpf. TH is expressed in DC7 and 

pretectum clusters from 60 hpf (Mahler et al., 2010). 

 

Figure 1:7 Ontogeny of the catecholaminergic system during zebrafish 
development. The development of the catecholaminergic system, revealed by 
EdU-based birth dating. Red lines illustrate the time frame of proliferation. Black 
lines represent the time point at which each catecholaminergic population 
expresses TH. Data derived from Mahler et al., (2010). 

Many studies have focused on the development and projectome of the DAergic 

systems in zebrafish (Mahler et al., 2010, Tay et al., 2011, McLean and Fetcho, 

2004a); however, relatively few studies have examined expression of DA 

receptors across the brain. Examination of the zebrafish D1 receptor gene (drd1) 

sequence revealed a high degree of conservation with other species (Liu et al., 

2007). drd1 is found in the diencephalon from 30 hpf and by 5 dpf also localises 

to rhombomeres of the hindbrain (Liu et al., 2007). Boehmler and colleagues 

examined the expression of D2 receptor and identified three forms of the D2 

receptor gene (drd2a, drd2b and drd2c) (Boehmler et al., 2004). The three forms 

of the D2 receptor gene is a due to a gene duplication event that resulted in the 

evolution of isoforms of the gene (Boehmler et al., 2004). These are differentially 

expressed in the nervous system: by 5 dpf, drd2a is found across the nervous 
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system with prominent staining in the diencephalon, hindbrain and tectum, whilst 

drd2b is expressed in telencephalon, diencephalon, hindbrain and spinal cord 

(Boehmler et al., 2004). The expression of drd2c is found across the nervous 

system as well as in the ganglion and intermediate cell layers of the retina 

(Boehmler et al., 2004). The D3 receptor gene (drd3) appears to be diffusely 

expressed throughout the zebrafish nervous system (Boehmler et al., 2004)  

Another study by Boehmler and colleagues identified three separate isoforms of 

the D4 receptor gene in zebrafish. Similar to the D2 receptor gene, a gene 

duplication even resulted in the three isoforms of the D4 receptor gene (Boehmler 

et al., 2004, Boehmler et al., 2007).  These three isoforms were originally known 

as drd4a, drd4b and drd4c (Boehmler et al., 2007) although they have recently 

been renamed drd4b and drd4c as drd4-rs and drd4b, respectively 

(www.ZFIN.org). Examination of drd4a expression has revealed it is first detected 

at 24 hpf, and by 5 dpf drda is strongly expressed in the retina but with a low level 

of expression throughout the brain (Boehmler et al., 2007). Expression of drd4-rs 

has been detected from 24 hpf in the forebrain and by 36 dpf expression is also 

found in the tegmentum and otic vesicle (Boehmler et al., 2007). By 5 dpf, drd4-

rs has been detected in the same regions as well as the nuclei of the rostral spinal 

cord (Boehmler et al., 2007). Finally, drd4b appears to be the first D4 receptor to 

be expressed, with transcript first detected at 15 hpf in the spinal cord (Boehmler 

et al., 2007). At 24 hpf, drd4b is found in the diencephalon and spinal cord, 

however, at 5 dpf a basal level of drd4b is found across the nervous system with 

prominent expression in the retina (Boehmler et al., 2007). 

In sum, zebrafish possess D1-like and D2-like receptors, however, D5 receptor 

has not been identified in zebrafish. Due to gene duplication events, there are 

multiple forms of the D2 receptor and D4 receptor genes (Boehmler et al., 2007, 

Boehmler et al., 2004). DA receptors are found across the zebrafish nervous 

system from embryonic stages. DA receptors have distinct expression patterns 

across the brain and spinal cord. 
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1.9 Subpallial dopaminergic neurons 

As previously mentioned, the zebrafish subpallium contains a population of 

DAergic neurons (Schweitzer et al., 2012, Mahler et al., 2010, McLean and 

Fetcho, 2004a) that are first observed at around 12 hpf and become TH positive 

at approximately 2 dpf (Figure 1:7) (Mahler et al., 2010). Whilst these neurons 

have received limited attention, anatomical studies have shown that they are 

small unipolar cells that by 4 dpf project throughout the telencephalon with dense 

arborisation fields (Tay et al., 2011). In addition, a proportion of these cells project 

to the contralateral hemisphere before turning to project posteriorly to the 

thalamus and hypothalamus (Tay et al., 2011).  

Genetic studies have suggested the subpallium is homologous the mammalian 

striatum (Mueller et al., 2008, Ganz et al., 2012, Ganz et al., 2015). Additionally, 

it has been shown that the primary source of DA input to the putative striatum is 

from the subpallial DAergic neurons rather than the DC2/4 cluster that was 

suggest by the early work of Rink and Wullimann (Schweitzer et al., 2012, Rink 

and Wullimann, 2001, Tay et al., 2011). Since the subpallial DAergic neurons 

innervate the putative striatum, these neurons could be functionally equivalent to 

the mammalian midbrain DAergic neurons. However, although the morphology 

of subpallial DAergic neurons has been investigated, physiological and functional 

studies have yet to be undertaken.  In this thesis I address this problem to 

examine the functional relevance of these cells.  
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1.10 Aims and objectives 

The aim of this thesis is to characterise the subpallial DAergic neurons during 

early development and delineate the role of these neurons in zebrafish behaviour. 

It has been hypothesised that the subpallial DAergic neurons are physiologically 

equivalent to the mammalian midbrain DAergic neurons, to address this 

hypothesis, the anatomical and physiological properties of subpallial DAergic 

neurons are first examined in early-stage zebrafish (Chapter 3). Furthermore, as 

it has been proposed that subpallial DAergic neurons are functionally 

homologous to that of the mammalian midbrain DAergic neurons, the 

physiological properties, activity patterns and functional role of these neurons 

was therefore examined during locomotion, anxiety and foraging behaviours 

(Chapter 4). Finally, it has been suggested subpallial DAergic neurons are 

involved in the processing of aversive stimuli. To address this, the functional role 

of subpallial DAergic neurons in zebrafish startle behaviour was studied (Chapter 

5). 



 

20 
 

 

Chapter 2 Methods 

 

 



Methods 

 

21 
 

2.1 Zebrafish husbandry 

Adult zebrafish were maintained in accordance with established procedures 

described by Westerfield, 2000 and in compliance with the Animals (Scientific 

Procedures) Act 1986 (ASPA). Adult zebrafish were housed at the aquatic’s 

facility within the University of Leicester’s animal facility. Zebrafish were kept at 

28.5⁰C, on a 14:10 light: dark cycle. Husbandry duties of adult zebrafish were 

carried out by technician employed by the animal facility. Adult zebrafish were 

fed a combination of brine shrimp and dry granular food (ZMsystems) twice a day 

as described by Westerfield, 2000. Adult Tg(ETvmat2:GFP) zebrafish (Wen et 

al., 2008) were incrossed to obtain embryos in accordance with established 

procedures described by Westerfield, 2000. Upon fertilisation, embryos were 

collected and incubated in egg water (1.5ml of stock aquarium salts per litre of 

dH20) at 28.5⁰C. Developing zebrafish were housed in an incubator on a 14:10 

light: dark cycle until the required developmental stage. All experiments were 

conducted on larval Tg(ETvmat2:GFP) zebrafish at 2, 3, 4, 5 and 5.5 dpf, which 

were staged in accordance with (Kimmel et al., 1995). Tg(ETvmat2:GFP) 

zebrafish developed slower than wild type fish when raised at 28.5⁰C. Prior to 

experiments, zebrafish were visually examined to determine their mouth was not 

open. Subsequently, only non-protected larval zebrafish were used for 

experiments. 

 

2.2 Electrophysiological reagents 

2.2.1 Extracellular solutions 

For all electrophysiological, juxtacellular and retrograde labelling studies 

preparations were continuously perfused with Evans extracellular saline 

containing D-tubocurarine to block contraction of axial swim muscles (Table 2.1) 

When investigating spontaneous miniature postsynaptic currents (mPSCs), 1 μM 

of tetrodotoxin (TTX; HelloBio) was added to the Evan’s extracellular saline to 
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abolish action potentials mediated by voltage-gated sodium channels. Moreover, 

when isolating glutamatergic mPSCs, Mg2+ was excluded from the Evan’s 

extracellular saline to alleviate block the N-Methyl-D-aspartic acid (NMDA) 

receptors at hyperpolarised holding potentials. 

 

Table 2.1 Evan's extracellular saline 

Constituent Concentration (mM) Supplier 

NaCl 123 Fisher Scientific 

KCl 2.9 Fisher Scientific 

CaCl2 2.1 Fisher Scientific 

MgCl2 1.2 Fisher Scientific 

HEPES 10 Melford 

Glucose 10 Fisher Scientific 

D-Tubocurarine 0.01 Chem Cruz 

pH adjusted to 7.8 using sodium hydroxide (NaOH). 

In order to investigate action potential kinetics during whole-cell current-clamp 

experiments, 1 mM of kynurenic acid (KYN; HelloBio) and 100 μM of picrotoxin 

(PIC; Sigma) was added to the Evan’s extracellular saline to abolish synaptic 

transmission.  

2.2.2 Intracellular solutions 

Intracellular solutions used during the course of this study are listed in Error! 

Reference source not found. - Error! Reference source not found.. 

Sulforhodamine B was routinely added to all intracellular solutions to visualise the 

neuron post experimentation with epifluorescence microscopy. 
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Table 2.2 K-gluconate intracellular solution 

Constituent Concentration (mM) Supplier 

D-Gluconic acid 126 Acrose Organics 

KCl 6 Fisher Scientific 

NaCl 10 Fisher Scientific 

MgCl2 2 Fisher Scientific 

EGTA 10 Sigma 

HEPES 10 Melford 

Na2ATP 4 Sigma 

NA2GTP 0.2 Sigma 

pH adjusted to 7.2 with potassium hydroxide (KOH) (Tong and McDearmid, 
2012). 

Table 2.3 Cesium Chloride intracellular solution 

Constituent Concentration (mM) Supplier 

CsCl 135 Sigma 

MgCl2 2 Fisher Scientific 

EGTA 10 Sigma 

HEPES 10 Melford 

Na2ATP 4 Sigma 

Na2GTP 0.2 Sigma 

pH adjusted to 7.3 with cesium hydroxide (CsOH) (Jay et al., 2015). 

Table 2.4 Low chloride intracellular solution 

Constituent Concentration (mM) Supplier 

K-Gluconate 125 Acrose Organics 

MgCl2 2.5 Fisher Scientific 

EGTA 10 Sigma 

HEPES 10 Melford 

Na2ATP 4 Sigma 

NA2GTP 0.2 Sigma 

pH adjusted to 7.3 with KOH. 
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2.3 Electrophysiology 

2.3.1 Fish preparations 

For electrophysiological experiments, zebrafish were anaesthetised with 0.02 % 

MS-222 (Sigma) dissolved in Evan’s extracellular saline before being secured 

laterally to a sylgard lined petri dish by inserting 25 µm diameter tungsten pins 

inserted through the notochord and jaw. In most experiments, the left eye was 

removed, along with skin covering the forebrain to expose the underlying 

telencephalon (Figure 2:1A). For electrophysiological experiments in which visual 

stimuli were presented, larval zebrafish were secured to the sylgard lined petri 

dish allowing the specimen to lie upright so that the visual field was not 

obstructed. In these cases, the dissection was modified to ensure that both eyes 

remained intact. Here, a small region of dorsal skin lying between both eyes was 

removed using a sharp glass electrode.  

2.3.2 Electrophysiological methods 

Following fish preparation, fish were transferred to the patch-clamp setup and 

perfused with Evan’s extracellular saline containing 10 µM D-tubocurarine and 

10 mM glucose (Table 2.1). Standard patch-clamp techniques (extracellular and 

whole-cell) were used to investigate the electrophysiological properties of 

subpallial DAergic neurons. Patch-clamp electrodes were pulled from filamented 

borosilicate glass rods (1.5 mm outer diameter, 0.06 mm inner diameter; Harvard 

Apparatus, UK) with a P-80 micropipette puller (Sutter Instrument, USA). For 

whole-cell records, glass pipettes had the electrode resistance = 9 – 13 MΩ. 

Whilst extracellular recordings, juxtacellular and retrograde labelling 

experiments, the electrode resistance was 5 – 10 MΩ. Targeted recording of 

subpallial DAergic neurons in Tg(ETvmat2:GFP) larvae was achieved by using 

fluorescent microscopy features of the patch-clamp rig. 
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Figure 2:1 Standard dissection and electrophysiological preparation. A: 
Larval zebrafish were pinned to sylgard dish by the use of tungsten pins being 
inserted through the notochord and developing lower jaw. B: During physiological 
analysis, GFP positive neurons were visually targeted. C: Whole-cell patch-clamp 
confirmation enables the dialysis of fluorescent dye and permits visualisation of 
cell morphology. 

2.3.2.1 Whole cell recording 

Following specimen preparation, glass micropipettes were filled with the 

appropriate intracellular solution (see section: 2.2.2) and secured to a Biologic 

head stage connected to an RK-400 amplifier (Intracell, Shepreth, England). 

Positive pressure was applied to the tip of the micropipette during approach to 

the preparation. Upon contact, pressure was neutralised, and pulses of negative 

pressure were applied to the micropipette to obtain a giga-Ohm seal. A holding 

potential of -65 mV was applied to the electrode to facilitate seal formation. 

Subsequently, negative pressure was applied until whole-cell access was 



Methods 

 

26 
 

achieved. On completion of experiments, cell identity was confirmed by 

visualising sulforhodamine B fluorescence under 540 nm wavelength fluorescent 

light. 

To study glutamatergic mPSCs, micropipettes were filled with a K-Gluconate 

solution (Error! Reference source not found.) and the 1 μM TTX was added to 

the extracellular saline. For these recordings, Mg2+
 in the Evans extracellular 

solution was replaced with equimolar CaCl2. To isolate glutamatergic mPSCs, 

100 μM PIC was added to the Evan’s extracellular solution to block GABAergic 

mPSCs. Here, cells were voltage clamped at -65 mV, and 1mM KYN was added 

at the end of experiments to confirm that mPSCs were glutamatergic. To study 

GABAergic mPSCs, the electrode was filled with a CsCl intracellular solution 

(Table 2.3) and cells were held at -70 mV to allow the GABAergic mPSCs to be 

resolved as large inward currents. GABAergic mPSCs were isolated by the 

addition of 1 mM KYN to the Evans solution to abolish glutamatergic inputs. The 

presence of GABAergic inputs were confirmed by the application of 100 μM PIC 

to abolish the presumably GABAergic currents.  

To examine the firing properties of subpallial DAergic neurons, whole-cell current 

clamp recordings were performed using an electrode filled with low chloride 

intracellular solution (Error! Reference source not found.). The addition of 1 

mM KYN and 100 μM PIC to the Evans extracellular saline allowed the blocking 

of synaptic input. Therefore, action potential kinetics could be resolved without 

noise generated by synaptic input. In this configuration, neurons were subjected 

to depolarising current steps spanning 0 to 30 pA at 1 pA step increments. 

Neurons were also subjected to hyperpolarising current steps ranging from 0 to -

50 pA to investigate Ih currents. In this case, step increments were 5pA in 

amplitude. 

2.3.2.2 Extracellular recording 

Extracellular recordings, also known as loose patch recordings, were used to 

non-invasively characterise subpallial DAergic neuron firing activity. During 

extracellular recordings, an electrode containing Evan’s extracellular solution was 

used. Electrodes were positioned over a singular subpallial GFP positive cell, and 
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negative pressure was applied until a low-resistance seal (15 to 50 MΩ) was 

obtained.  

2.3.2.3 Data Acquisition 

Data was acquired using an RK-400 amplifier (Intracell, Shepreth, England) and 

A-D converter connected to a PC running WinEDR (V3.1.3) and WinWCP 

(V5.1.6; Strathclyde Electrophysiology Software). Raw traces were acquired at 

10 – 20 kHz. During whole-cell recordings, traces were filtered using low pass 

filter at 10 kHz, and a bandpass filter between 1 and 4 kHz was used for loose 

patch recordings. 

2.4 Fast-scan Cyclic Voltammetry  

2.4.1.1 FSCV Equipment 

The fast-scan cyclic voltammetry (FSCV) equipment was integrated into the 

patch-clamp rig and was composed of a recording bath, carbon fibre recording 

electrodes and an Ag/AgCl reference electrode. Both electrodes were connected 

to a potentiostat, head stage, amplifier and a computer running TarHeel (Chapel 

Hill, University of North Carolina) voltammetry software. 

2.4.1.2 Carbon fibre electrode generation 

Electrodes were generated inhouse as described in Jones et al., (2015). Briefly, 

a carbon fibre rod was aspirated into a borosilicate glass capillary (World 

Precision Instruments, 100 mm length, 1/0.58 mm OD/ID). The capillary was 

pulled using a vertical needle puller (PE-21, Narishige). The exposed carbon fibre 

at the tip of the electrode was cut to 100 µm in length. A wire coated in silver 

conductive paint (Coating Silver Print II, GC Electronics) was inserted into the 

glass electrode. The silver-coated wire was connected to a gold pin (Newark) and 

secured to the glass electrode using heat shrink-wrap. 
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2.4.1.3 FSCV procedure 

The carbon fibre recording electrode was lowered into the subpallium using a 

micromanipulator. The electrode was held at -0.4 V and a triangular voltage 

waveform was applied to the electrode (-0.4 to +1.3 to –0.4 V, 400 V.s-1; “scan”) 

using TarHeel software. With this waveform, DA oxidizes at ~ +0.6 V (visualised 

by a peak) and shows a single reduction peak at ~ -0.2 V. 

Each recording of analyte release within the subpallium lasted for 2 minutes. 

During these recordings, the triangular waveform scans were applied at a 

frequency of 10 Hz. During rotifer exposure experiments, baseline activity was 

recorded for 2 minutes, after which the inflow was switched to a secondary inflow 

filled with Evans extracellular solution that contained rotifers. Subsequent 

recordings of analyte released were conducted for 4 minutes. Following this, a 

further 4 minutes of recordings were gained during the wash using original Evan’s 

extracellular saline to wash the rotifers out of the bath. After the recording 

session, a two-minute recording was gained whilst 5 μM DA was added to the 

bath solution to gain a concentration-voltage reference. 

2.5 Juxtacellular labelling 

To label neurons for morphological study, electrodes were filled with Evan’s 

extracellular saline containing 0.5 % neurobiotin (Vector Laboratories). The glass 

pipettes had the electrode resistance = 7 – 10 MΩ. The electrode was placed on 

a cell, and a low resistant seal (15 to 50 MΩ) was formed. Subsequently, 500ms 

1nA current pulses were applied to the pipette at a frequency of 0.5 Hz for 45 

minutes to facilitate the uptake of neurobiotin into the attached cell.  

2.6 Retrograde labelling 

Retrograde labelling of subpallial afferents was achieved using electroporation. 

Here, a glass pipette pulled from filamented borosilicate glass rods (1.5 mm outer 

diameter, 0.06 mm inner diameter; Harvard Apparatus, UK) containing 2% 

neurobiotin tracer was connected to a Grass S88 Stimulator (Grass Instrument 

Company, MA, USA) was positioned in close proximity to the DAergic neurons. 
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Axons were then electroporated with 2-second trains of 5 V pulses at a rate of 

0.5 Hz. Trains were repeated 8 times at 1-minute intervals. After cells were 

electroporated, specimens were left for 5 hours before being subjected to 

streptavidin histochemistry (see subsection: 2.7.3). 

2.7 Histochemistry 

Larvae were anaesthetised in 0.02 % MS-222 and fixed in 4 % paraformaldehyde 

(PFA; Fisher Scientific) dissolved in phosphate buffer solution (PBS; Fisher 

Scientific) at room temperature up to 90 minutes for 2 dpf fish, and up to 120 

minutes for 5 dpf fish. Following fixation, specimens were repeatedly washed 

using PBS containing 0.1 % Triton-X 100 (PBS-TX; Fisher Scientific) for 45 

minutes. 

 

Table 2.5 Primary and secondary antibodies used for 
immunohistochemistry 

Antibody  Description Ratio Supplier 

Anti-TH Mouse, clone LNC1, Anti-Tyrosine 
Hydroxylase Antibody 

1:100 Merck 
Millipore 

Anti-pERK Phospho-p44/42 MAPK (Erk1/2) 
XP Rabbit mAB 

1:100 Cell Signaling 
technology 

CY5 goat, anti-
mouse  

Goat, Anti-mouse secondary 
Antibody with CY5 conjugate 

1:200 Fisher 
Scientific 

Cy5 goat, anti-
rabbit  

Goat, Anti-rabbit IgG (h+l) with 
CY5 conjugate 

1:200 Invitrogen 

 

2.7.1 Anti-tyrosine hydroxylase immunohistochemistry  

To investigate TH positive neurons, fixed tissue was placed in blocking solution 

(Error! Reference source not found.) for 60 minutes. Primary antibody (anti-

TH; Table 2.5) was added to the blocking solution (1:100) and incubated at room 

temperature overnight. The primary antibody was subsequently removed by 3x 

15 minutes washes with PBS-TX. Specimens were incubated for a further 40 

minutes in blocking solution before the addition of the secondary antibody (CY5, 
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Goat anti-mouse; 1:200, Table 2.5) for 4 hours. Specimens were again washed 

in PBS-TX to remove the secondary antibody. Preparations were then cleared in 

60% glycerol before mounting on microscope slides.  

 

Table 2.6 Blocking buffer solution 

Constituent Concentration (%) Supplier 

Milk powder 3 Marvel Milk 

DMSO 1 Fisher Scientific 

Triton-X 100 0.1 Fisher Scientific 

Dissolved in PBS. 

2.7.2 Anti-pERK immunohistochemistry 

To investigate pERK expression, fixed tissue underwent antigen retrieval in 150 

mM Tris-HCl (pH = 8.6; Melford) for 15 minutes at 70°C. Following antigen 

retrieval, larvae were washed in PBS-TX for 15 minutes and subsequently 

permeabilized in 0.05% Trypsin-EDTA (Gibco) for 45 minutes (on ice). Trypsin-

EDTA was removed by subsequent washes using PBS-TX for a further 15 

minutes. Specimens were then incubated in blocking solution (see Error! 

Reference source not found.) for 60 minutes. Primary antibody (anti-pERK; 

Table 2.5) was added to blocking solution (1:100) and incubated at room 

temperature overnight. The primary antibody was removed by subsequent 

washes with PBS-TX for 45 minutes. Larvae were incubated for a further 40 

minutes in blocking solution before the addition of the secondary antibody (CY5, 

goat anti-rabbit; 1:200; Table 2.5) and left overnight at room temperature. 

Specimens were washed in PBS-TX for 45 minutes to remove the secondary 

antibody. All immunohistochemistry preparations were cleared in 60% glycerol 

before mounting on microscope slides.  

2.7.3 Streptavidin histochemistry  

To investigate the localisation of neurobiotin containing cells following 

juxtacellular and retrograde labelling procedures, specimens were fixed using 

methods mentioned in sections 2.7, and incubated overnight with Cy3-conjugated 
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streptavidin (1:100; Sigma) in PBS-TX. Tissue was subsequently washed in PBS-

TX for 45 minutes before being cleared in 60% glycerol and mounted on 

microscope slides. 

2.8 Image acquisition 

Confocal images were captured using an Olympus FluoView FV1000 laser 

scanning confocal microscope. Images were captured in 0.50 to 3 μm z-stack 

increments. GFP expression was visualised using a 488 nm wavelength laser. 

TH expression was imaged using an anti-TH antibody and a CY5 conjugated 

secondary antibody, which was visualised using a 635 nm wavelength laser. For 

preparations subjected to anti-pERK staining, images were taken of anti-pERK 

antibody and a CY5-conjugated secondary antibody, which was visualised using 

a 635 nm wavelength laser. Specimens that underwent streptavidin 

histochemistry were imaged using CY3-conjugate streptavidin and visualised 

using a 559 nm wavelength laser.  

2.9 Laser ablation 

For behavioural studies, 3 dpf ETvmat2:GFP embryos were embedded in 1.5 % 

low melting point agarose dissolved in embryo medium containing 0.02 % MS-

222. Using an Olympus FluoView FV1000 confocal laser scanning microscope, 

subpallial GFP positive neurons were targeted for laser ablation by defining a 

region of interest within the FluoView FV1000 software. Fluorescent cells were 

irradiated for 50 seconds with both a UV (405 nm, 50 mW) laser set to 99 % 

power and an Argon (488 nm, 40 mW) laser at 12% power. Control fish were 

given a sham procedure of embedding in the MS-222 agarose medium. Following 

ablation, zebrafish were removed from the agarose and allowed to recover for 48 

hours. Successful ablation was confirmed once behavioural recording had been 

completed by anti-TH immunohistochemistry in fixed specimens at 5 dpf. 
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2.10 Behaviour 

Individual 5 dpf larval zebrafish were transferred to a behavioural arena, within a 

behavioural chamber that contained an infrared light source and an overhead 

camera (Point Grey DragonFly 2). The chamber also contained a fibre optic white 

light source to control the ambient lighting of the behavioural chamber (Figure 

2:2A). Fish were allowed to acclimatise for 5 minutes before behaviour was 

recorded. Digital video (audio video interleave (AVI) format) recordings were 

acquired at 15 frames per second (FPS) and captured using Flycap2 software. 

Unless otherwise stated, recordings were captured for 5 minutes. 
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Figure 2:2 Behavioural equipment setup and analysis.  A: Larval zebrafish at 
5 dpf were placed in a behavioural arena within the behavioural chamber on top 
of an infrared light source with an overhead camera and a fibre optic light source 
to control the illumination of the chamber. B: Recorded AVI files (left) were 
processed in VirtualDub and Ctrax to quantify positional information and 
orientation (middle). Traces of tracking data was generated in MATLAB (right) to 
illustration swimming behaviours of zebrafish. C: Ctrax data was imported into 
JAABA to categorise specified behaviours (red) and non-specified behaviours 
(blue). 

In order to investigate anxiety-related behaviours such as thigmotaxis and place 

preference, larvae were placed in a 55 mm diameter dish and allowed to 

acclimatise for 5 minutes. The dish was placed in an arena illuminated with a fibre 
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optic light white light source (300 lux) for 5 minutes. Subsequently, the light 

source was switched off and behaviour recorded for a further 5 minutes in 

darkness (0 lux). To investigate place preference, zebrafish were placed in a 55 

mm diameter dish, in which half of the dish was darkened using black electrical 

tape. Zebrafish place preference behaviour was recorded for 10 minutes. 

2.10.1 Optokinetic reflex 

Optokinetic reflex (OKR) assays were used to investigate zebrafish eye 

movements in response to visual stimuli. To record eye rotation zebrafish were 

embedded in 3% methylcellulose (Sigma) and orientated in an upright position in 

a glass arena 10mm in diameter. This arena was placed in a larger 70mm glass 

arena, and fish were allowed to acclimatise for 5 minutes, after which stimuli were 

projected onto the outer arena wall. The OKR stimuli were generated using an 

open-source MATLAB suite described by Scheetz et al., (2018). The OKR 

stimulus was a grating stimulus and was projected onto the wall of the outer 

arena. Eye rotational responses to this stimulus were recorded at 50 FPS. The 

stimulus grated at a spatial frequency of 10 cycles per 360° at an angular velocity 

of 30 °/s. The grating stimulus moved in one direction and alternated direction 

every 30 seconds. 

2.10.2 Foraging behaviour assay 

For specimen subjected to foraging experiments, 5 dpf larvae were placed in a 

25 mm agarose dish and recorded for 15 minutes at 30 FPS. Low saline rotifers 

(ZMsystems) were added to the embryo saline as a natural prey stimulus to 

trigger foraging behaviours. To visualise free moving rotifers and larval zebrafish, 

the behavioural arena was placed on a black surface, and fibre optic lights were 

angled at 45 ⁰ towards the dish to illuminate the arena (70 lux) (Bianco et al., 

2011b). 
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2.10.3 Acoustic startle response 

In order to investigate the startle response of larval zebrafish, zebrafish were 

placed in a 25 mm diameter agarose dish and acclimatised for 10 minutes. 

Zebrafish were recorded for 40 seconds, and bouts of startle responses were 

captured at 500 FPS using the overhead camera. A speaker underneath the 

behavioural dish projected a 500 Hz acoustic pulse at 70dB after 10 seconds and 

repeated a further 2 times at 10-second intervals. When zebrafish were not in the 

behavioural arena, they were kept in another room to limit pre-exposure to the 

acoustic stimuli. 

2.10.4 Virtually evoked startle response assay  

Larval zebrafish were placed in a small glass dish that was 30 mm in height and 

10 mm diameter (Figure 5:11A). The lower 20 mm contained sylgard 184 to 

restrict the vertical swimming space to the upper quadrant. Zebrafish were placed 

into the dish with system water and acclimatised for 5 minutes prior to any 

experiment. The small dish was placed in the centre of 70 mm diameter glass 

arena that was filled with system water upon the infrared light source. A sheet of 

60 gms tracing paper was affixed to the outer surface of the 70 mm diameter 

arena to create a screen for the looming stimuli to be projected onto. Looming 

stimuli were generated using Psychtoolbox within MATLAB and projected onto 

the screen using a 100-lumen portable DLP pico projector (iXunGo, Guangdong, 

China). The projector was placed 15 cm away from the outer arena wall. The size 

of virtual stimuli was defined by visual angle and calculated using Equation 2.1 

 

 

 

 

𝜃 = 2 arctan (
𝑆

2𝐷
) 
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Equation 2.1 Visual angle calculation. S = Object size (mm); D = Distance 
from object (mm). 

Zebrafish visually evoked startle responses were triggered using simulated 

looming dark squares. Looming stimuli represented an approaching predator and 

defined by an increase in diameter size and therefore, the visual angle (Figure 

5:11C). Free swimming zebrafish were exposed to a looming stimulus. The 

looming stimulus approached at a constant velocity but expanded at an 

exponential rate to represent to a realistic approaching stimuli (Matheson et al., 

2004, Gabbiani et al., 1999, Bhattacharyya et al., 2017). MATLAB scripts used to 

generate the realistic looming stimuli were provided by Prof M. MacIver, and 

experimental protocol was replicated from Bhattacharyya et al., (2017). 

Looming stimuli comprised a black object that expanded over time (Figure 5:11). 

The realistic looming stimulus (constant approach velocity) was defined by the l/v 

ratio, an indicator of angular (θ) expansion over time. The l/v ratio is determined 

as the ratio between half the size of the approaching object (L) and the approach 

velocity (V) (Matheson et al., 2004, Bhattacharyya et al., 2017, Temizer et al., 

2015). The l/v ratio is defined as the angular size of the looming stimuli that is 

determined by the l/v ratio initially expands slowly and then expands rapidly as 

the object reaches collision (object reaches the visual angle of 180⁰).  

Four looming stimuli of variable approach velocities were presented to zebrafish. 

The approach velocities of these stimuli included; l/v = 0.31, l/v = 0.62, l/v = 1.25 

and l/v = 2.5 s, which correspond to approach velocities of 32 mm/s, 16 mm/s, 8 

mm/s and 4 mm/s, respectively. Each stimulus was presented to the zebrafish 3 

times with 2 minutes interval between the stimulus presentations. Bouts of 

visually evoked startle behaviours during both constant velocity and linear 

expanding experiments were captured at 500 FPS using the overhead camera.  
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2.11 Analysis 

2.11.1 Neuron morphology  

Juxtacellular experiments reveal the morphology of subpallial DAergic neurons 

at 2, 3 and 5 dpf. Images of neurobiotin labelled neurons were captured using the 

Olympus FV1000 confocal microscope. Acquired images were analysed offline 

using the ImageJ plugin “Simple Neurite Tracer”. 

2.11.2 Electrophysiology 

Electrophysiological recordings were acquired by WinEDR and WinWCP 

software. .EDR and .WCP files were exported to Axon format. All 

electrophysiological analyses were conducted offline using Clampfit (Molecular 

Devices; V10.6). For the analysis of mPSCs, the template search functions were 

used to identify populations of spontaneous glutamatergic and GABAergic 

mPSCs. Captured events were manually examined, and inaccurate events (such 

as fluctuations in baseline noise) were excluded. Event frequencies were 

determined by counting the number over 300 seconds. For analysis of subpallial 

DAergic neuron firing activity during extracellular and intracellular recordings, 

events were identified using Clampfit’s threshold detection functions. For fast-

scan cyclic voltammetry, electrochemical data were acquired by TarHeel_bob4 

software. Subsequent recordings were analysed offline using TarHeelCV.  

2.11.3 Behaviour 

2.11.3.1 Automated analysis 

Compressed digital video AVI files were uncompressed using VirtualDub 

(V1.10.4). Video colour depth was changed to ‘Luminance only (Y8)’ and ‘No 

Audio’ was specified for the file. The video brightness and contrast were further 

processed to maximise contrast between specimen and arena background. The 

uncompressed AVI files were subsequently converted to micro fly movie format 

(ufmf: V1.0.0.0) using any2ufmf (http://ctrax.sourceforge.net/any2ufmf.html). The 

http://ctrax.sourceforge.net/any2ufmf.html
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ufmf video files were subsequently imported into California Institute of 

Technology Fly Tracker (Ctrax; V0.5.16). Video files were processed in Ctrax. 

Tracking data such as co-ordinates and orientation were obtained for the duration 

of the recording and extracted in MATLAB format files (Figure 2:2B; left and 

central panel). Tracking data was reviewed in MATLAB (VR2016a), and any 

errors were corrected using the ‘FixErrors’ MATLAB graphical user interface 

(GUI).To analyse swimming distance and velocity, reviewed Ctrax-derived data 

was extracted and processed in R-studio (V3.2.0; Figure 2:2B, right panel). 

Swimming distance, velocity and swimming trajectories were analysed using R 

script from Jay et al. (2015). 

2.11.3.2 Behaviour classification 

To analyse specific behaviours exhibit by larva reviewed Ctrax data was imported 

into Janelia Automatic Animal Behavior Annotator (JAABA; V0.5.0). Using 

JAABA, the reviewed Ctrax data was used to classify behaviours, e.g. Beat-glide 

swimming, thigmotaxis and startle response. For JAABA to identify episodes of a 

specific behaviour, JAABA required an initial training period. During this training 

period, example (s) of a given behaviour and non-behaviour were manually 

labelled. Once a behaviour was classified, the machine learning algorithm was 

executed to identify the behaviour across the video files. Raw data relating to 

specified data was exported as an excel file for statistical analysis (see 

subsection 2.11.4). 

2.11.3.3  ImageJ analysis  

Foraging and startle response kinetics that could not be quantified using the 

automated software of Ctrax and JAABA were analysed in ImageJ. For startle 

response analysis, maximal C-bend and counter-bend angles were measured 

manually using the ImageJ angle tool. To analyse eye movements during free-

swimming foraging assays, AVI files were processed in ImageJ. The angle of the 

eye from the midline of the zebrafish was measured manually for each eye using 

the ImageJ angle tool. 
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2.11.3.4  OKR analysis 

The analysis of the OKR was conducted using the automated processing of an 

open-source Matlab suite described in Scheetz et al., (2018). OKR analysis 

software was used to obtain the orientation of each eye for the duration of the 

video. Raw traces of the ocular angles were generated automatically from the 

software. Saccade frequency was extracted using the OKR analysis software in 

Matlab.  

2.11.4 Statistics 

All statistical analyses were conducted in Graphpad Prism 7. Gaussian 

distribution was first examined by the use of the Shapiro-Wilk normality test to 

determine the appropriate statistical approach (parametric or non-parametric). 

Data that was determined to be parametric or non-parametric is graphically 

presented as bar chart or box and whisker plot, respectively (see section 2.11.5). 

To examine statistical significance, the two-tailed Student’s t-test or one-way 

ANOVA were typically used on normally disturbed data. Non-normally distributed 

data were statistically analysed using Mann Whitney U test, Kruskal-Wallis test 

or the Friedman test (paired data). Levene’s test was used to compare the 

variation in the orientation change of control and ablated fish. Two-way ANOVA 

was used compare multiple stimuli between control and ablated fish. 

Subsequently a Sidak correction was applied to account for multiple 

comparisons. Statistical significance is reported as: *p< 0.05; ** p < 0.01, *** p < 

0.001 and **** p < 0.0001. 

2.11.5 Data presentation 

Results within the figures were generated primarily using Graphpad Prism 7. 

Unless otherwise stated, bars in bar charts represent the mean, and error bars 

represent standard error of the mean (SEM). Similarly, for group plots, filled 

circles represent the mean and the SEM. For box and whisker plots, the internal 

line represents the median and circles represent raw data points. Upper and 

lower boundaries of the box correspond to the first and third quartiles and the 
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whiskers extended to the 1.5x the interquartile ranges. For XY plots, the circles 

represent raw data points, and the lines represent line of best fit for each 

condition. Zebrafish swimming traces were generated using R studio using Ctrax 

data, and plots represent the trajectory of an individual fish. Polar plots were 

generated in Origin 2015 to illustrate change in orientation, and each line 

represents the trajectory of a single response from a fish from the looming stimuli. 

All figures were created in Adobe Illustrator. 
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3.1 Introduction 

Our knowledge of the function of DAergic neurons is primarily based on research 

conducted on mammalian midbrain DAergic neurons. To gain a holistic 

understanding of these cells, electrophysiological approaches are needed to 

delineate “how” and “when” DA neurons work. However, current physiological 

approaches have significant technical limitations. Due to the location of midbrain 

DAergic neurons, intracellular access cannot be readily gained to delineate “how” 

these neurons work in vivo; therefore, electrophysiological recordings are 

typically conducted in slice culture. Furthermore, to understand “when” these 

neurons are active, in vivo studies are required to delineate the sensory 

mechanisms that control DA neuron firing. Therefore, both in vivo and ex vivo 

experimental procedures are required fully understand the physiology and 

function of DA neurons. Early-stage zebrafish is are a useful model for studying 

the vertebrate nervous system and can overcome the technical limitations 

associated with mammalian physiological studies (see section 1.5). Due to the 

size of early-zebrafish, whole-cell patch clamp techniques can be used in vivo to 

visually target DAergic neuron. Therefore, “how” and “when” DAergic neurons 

work can be conducted in vivo. 

The zebrafish nervous system contains eleven DA clusters, each of which is 

thought to correspond to an equivalent mammalian DAergic population (Parker 

et al., 2013). The mammalian midbrain DAergic neurons projects to the striatum 

as well as the nucleus accumbens, amygdala and frontal cortex (Parker et al., 

2013). Whilst there are no DAergic neurons in the zebrafish midbrain, there are, 

however, a cluster of local DA neurons in the subpallium, the putative striatum 

(ventral telencephalon) (McLean and Fetcho, 2004a, Tay et al., 2011), that are 

suggested to be equivalent to the mammalian nigrostriatal neurons (Wullimann 

and Mueller, 2004, Wullimann and Rink, 2002). This raises the prospect that 

zebrafish subpallial DAergic neurons could be a model for studying nigrostriatal 

neurons. However, to date no functional or physiological studies have been 

conducted to delineate the function of these cells. In this chapter, I have 

described the physiological properties of subpallial DAergic neurons with an aim 

to understand if their physiological characteristics are similar to that of the 
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mammalian nigrostriatal cells. To determine if early-stage zebrafish can be used 

as a model to study these neurons, their properties have been examined across 

early development (2 – 5 dpf) to delineate when subpallial DAergic neurons 

mature and are functionally active. Below, I will discuss an overview of 

mammalian DA systems and review the physiological studies of mammalian DA 

neurons to understand the features found in these neurons. 

Within this chapter, I have conducted anatomical studies of the subpallial DAergic 

neurons to examine the development of their morphology and input to assess 

when they come wired in. Furthermore, I have examined the development of their 

intrinsic excitability and firing properties of subpallial DAergic neurons in early-

stage zebrafish to determine when they are integrated and functional. 

3.1.1 Mammalian dopaminergic neurons 

There are ten DAergic populations in the mammalian brain (A8 – A17). Eight of 

these are located in the midbrain/mesencephalon (A8 – A15) (Matsui, 2017, 

Smeets and Gonzalez, 2000) whilst the remaining are found in the olfactory bulb 

(A16) and the retina (A17) (Matsui, 2017, Smeets and Gonzalez, 2000). Our 

understanding of the physiology of DAergic is largely derived from research 

conducted on midbrain DAergic neurons, specifically the SNc (A9) and VTA (A10) 

clusters. Early investigations of mammalian DAergic neurons suggested these 

cells possess a uniform molecular and physiological identity, however, with 

developing technology and single-cell analysis, evidence now suggests that 

midbrain DAergic neurons are physiologically heterogeneous (Anderegg et al., 

2015, Tapia et al., 2018).  

DAergic neurons can be identified by the expression of several genes, including 

TH, VMAT2, AADC, DAT and D2 receptors (Eiden and Weihe, 2011, Himi et al., 

1995, Smits et al., 2013, Ikemoto et al., 1998). TH and AADC are enzymes 

involved in the production of DA, and therefore ideal markers for identifying 

DAergic neurons; however, they are not specific DAergic neuron markers as they 

are also expressed in NAergic neurons which synthesis DA as a substrate for NA 

production (Wassall et al., 2009, Daubner et al., 2011). DA and NA neurons can 

be distinguished by the expression of DβH, an enzyme which converts DA into 
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NA and therefore is found in NAergic neurons (Issidorides et al., 2004) (see 

subsection 1.1). Furthermore, DAergic neurons can be identified by the aminergic 

marker VMAT2 (Eiden and Weihe, 2011). However, as VMAT2 transports the 

monoamine neurotransmitters including DA, serotonin, histamine and NA (Eiden 

and Weihe, 2011) into synaptic vesicles (Nirenberg et al., 1996a, Merickel et al., 

1995, Gonzalez et al., 1994). Cells that co-express VMAT2 and TH have been 

used to identify midbrain DAergic neurons (Nirenberg et al., 1996a). However, 

the levels of VMAT2 expression have been shown to heterogeneous, with the 

SNc expressing higher levels of VMAT2 than the VTA neurons (Reyes et al., 

2013). Together, this suggests there are no universal markers for DAergic 

neurons. Since NAergic neurons express both TH and DβH, DA neurons can be 

identified by the expression of TH and the lack of DβH. 

Once DA is released into the synaptic cleft, DAT is responsible for reuptake into 

presynaptic terminals where it is recycled for release or degrade (Giros et al., 

1992, Nirenberg et al., 1996b, McHugh and Buckley, 2015). Both D2 receptor and 

DAT expression have been observed in the midbrain DAergic neurons as well as 

the DAergic neurons of the hypothalamus (Stagkourakis et al., 2019, 

Stagkourakis et al., 2018, Benskey et al., 2012, Revay et al., 1996, Demaria et 

al., 2000, Meister and Elde, 1993, Stagkourakis et al., 2016). Conversely, the A11 

DAergic group express VMAT2 but lack D2 receptors and DAT (Koblinger et al., 

2014a). Without DAT, A11 DAergic neurons are thought to be incapable of 

regulating DA transmission by reuptake in the same way as SNc and VTA 

neurons (Koblinger et al., 2014a). Additionally, these neurons cannot be 

regulated by D2 autoreceptors. Therefore, DA neurons are active for longer and 

DA will persist in the synaptic cleft, prolonging the postsynaptic activation of DA 

receptors.  

In sum, although DAergic neurons can be identified by their gene expression 

profiles, the molecular identity of DAergic neurons is heterogeneous. Therefore, 

there is no universal set of molecular markers expressed by DAergic neurons. 

However, DAergic neurons can be identified by the expression of specific genes.  
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3.1.1.1 Intrinsic excitability and firing patterns of mammalian 

dopaminergic neurons 

Classical studies examining midbrain DAergic neuron excitability (Grace and 

Bunney, 1984b, Grace and Bunney, 1984a, Grace and Onn, 1989) have identified 

a number of stereotyped physiological characteristics associated with these cells: 

broad action potentials characterised by a long half-width (>2ms), cobalt-

sensitive calcium currents that drive low threshold depolarisation (Grace and 

Bunney, 1984b, Grace and Bunney, 1984a, Grace and Onn, 1989), as well as 

calcium-activated BK channels and Kv2 channels, which are activated during the 

depolarisation and drive repolarisation (Gantz et al., 2018, Bean, 2007, Kimm et 

al., 2015) (Figure 3:1). Midbrain DAergic neurons exhibit an after 

hyperpolarisation (AHP), characterised by a negative shift in membrane potential 

that inhibits spiking and is dependent on T-type calcium channels and calcium-

sensitive potassium channels such as SK channels (Grace and Bunney, 1984b, 

Evans and Khaliq, 2015, Gantz et al., 2018, Bean, 2007).  
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Figure 3:1 Ionic currents underlying action potential wave form. Ion 
conductances that underlie the generation of action potentials in DA neurons, 
with the focus to the phases of the waveform. Abbreviations: CaL, L-type calcium 
channel; CaN, N-type calcium channel; CaP/Q, P/Q calcium channel; CaT, T-
type calcium channel; HCN, hyperpolarization-activated cyclic nucleotide-gated 
channel; INa-TTX sensitive, voltage-dependent sodium current; K-BK, large-
conductance calcium-activated potassium (BK) channel; K-SK, small- 
conductance calcium-activated potassium (SK) channel; Kv2, voltage-gated Kv2 
channel. Redrawn and adapted from Gantz et al., (2018), and Bean, (2007).  

Early research into the midbrain DAergic neurons revealed these neurons 

exhibited two types of firing patterns; autonomous and burst firing (Grace and 

Bunney, 1984a, Grace and Bunney, 1984b, Grace and Onn, 1989). At rest, 

DAergic neurons exhibit autonomous spiking, characterised by a low firing 

frequency of approximately 1 – 10Hz (Grace and Bunney, 1984a, Grace and 

Bunney, 1984b, Grace and Onn, 1989) (see section 3.1.1.2), whilst burst firing 

pattern is driven by synaptic input and was characterised by repetitive spiking up 

to a frequency of approximately 50Hz (Overton and Clark, 1997, Hyland et al., 

2002) (see section 3.1.1.3). Alongside these dual firing patterns, classical studies 
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of revealed a variety of physiological features that were used to identify DAergic 

neurons. These include the presence of presynaptic D2 autoreceptors, thereby 

regulating the firing activity of these cells (Ford, 2014, Stagkourakis et al., 2016) 

(see subsection 3.1.2). As mentioned earlier, another feature of mammalian 

midbrain DAergic neurons is the presence of an Ih current, which can be identified 

by a sag potential when the neurons are hyperpolarised (He et al., 2014, Carbone 

et al., 2017, Okamoto et al., 2006) (see subsection 3.1.3).  

3.1.1.2 Autonomous firing  

Autonomous firing, or ‘pacemaker activity’, is characterised by the rhythmic slow 

membrane oscillations that are sufficient to drive action potentials and persists 

when synaptic input is blocked (Grace and Bunney, 1984a, Grace and Bunney, 

1984b, Grace and Onn, 1989, Guzman et al., 2009, Liss et al., 2001). Such 

activity is driven by an ensemble of sodium, potassium and calcium currents in 

midbrain DAergic neurons (Khaliq and Bean, 2010, Canavier et al., 2016, Khaliq 

and Bean, 2008). Application of TTX is sufficient to abolish action potentials but 

not membrane oscillations in VTA neurons, suggesting a lack of requirement for 

voltage gated sodium  currents (Grace and Onn, 1989). Khaliq and colleagues 

found the non-voltage dependent sodium currents in VTA neurons that maintain 

the neurons above resting membrane potential, substituting external sodium with 

N-methyl-D-glucamine (NMDG) revealed a TTX-sensitive persistent sodium 

current (INaP) that drives the neurons to threshold (Khaliq and Bean, 2010). By 

contrast, autonomous firing activity of SNc neurons is not driven by sodium 

currents. Rather, SNc neurons appear to have a higher density of nifedipine-

sensitive Cav1.3 L-type calcium channels and application of this drug abolishes 

subthreshold membrane oscillations in these neurons (Chan et al., 2007, Putzier 

et al., 2009, Philippart et al., 2016). Together, this suggests the subthreshold 

calcium conductances drive membrane oscillations in SNc neurons (Philippart et 

al., 2016). 

Mammalian DAergic neurons often possess an Ih current (hyperpolarisation-

activated inward current; see subsection 3.1.3), which has also been implicated 

in the generation of autonomous firing (Maccaferri and McBain, 1996, Okamoto 

et al., 2006, Funahashi et al., 2003). This current is mediated by 
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hyperpolarisation-activated cyclic nucleotide-gated (HCN) cation ion channels. 

As the name suggests HCN channels are activated by membrane 

hyperpolarisation. The central pore conducts cations to generate a slow 

membrane depolarisation, gradually pushing the membrane towards threshold 

(Pape, 1996, He et al., 2014). In DAergic neurons that possess HCN channels, 

the action potential AHP is sufficient to  generate an Ih current drive cyclical firing 

in the absence of synaptic transmission (Okamoto et al., 2006). Blocking Ih can 

decrease the autonomous firing SNc and VTA neurons (Krashia et al., 2017) 

through attenuation of rebound depolarisation following the AHP (Gambardella et 

al., 2012). Autonomous firing can be restored to by the injection of depolarising 

current into the neuron (Gambardella et al., 2012). Therefore, the Ih current is not 

necessary for autonomous firing but facilitates this firing pattern in DAergic 

neurons.  

Autonomous firing has also been observed in olfactory bulb (A16) DA neurons. 

Here activity is driven by voltage-dependent sodium, potassium and calcium and 

Ih currents (Pignatelli et al., 2005, Pignatelli et al., 2013). Tuberoinfundibular 

dopamine (TIDA) neurons of the hypothalamus (A12 cluster) can be divided into 

two subpopulations based on rhythmic burst firing and the other non-burst firing 

(Zhang and van den Pol, 2015). Lyons and colleagues suggested oscillatory 

bursting TIDA cells exhibit electrically coupled rhythmic oscillations that 

coordinates this activity (Lyons et al., 2010). Recent work has shown that 

membrane oscillations driving rhythmic bursting occur independently of synaptic 

input and the application of a T-type calcium channel blocker and an antagonist 

of A-type potassium channels inhibited the slow depolarisation phase of the 

membrane oscillation and generated irregular bursting in TIDA cells, respectively 

(Zhang and van den Pol, 2015). This suggests the rhythmic membrane 

oscillations are driven by a calcium current and controlled by voltage-dependent 

A-type potassium channels.  

It is also believed that the conductances underpinning subthreshold membrane 

oscillations differ with respect to developmental stage (Costa, 2014, Dreher et al., 

2008, Marti et al., 2009, Vogt Weisenhorn et al., 2016). During maturation, the 

SNc neurons exhibit a physiological shift with age, at juvenile stage (P17) the 

subthreshold membrane oscillations of SNc neurons are driven by sodium 
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currents, however, calcium currents appear to become more important for 

membrane oscillation generation in older animals (Chan et al., 2007). These 

neurons of SNc have an increased susceptibility to degeneration in Parkinson’s 

disease (Surmeier et al., 2017). One possible reason for this is that the high 

density of L-type calcium channels found in SNc neurons may chronically 

increase calcium load when compared to the neighbouring DAergic neurons of 

the VTA (Guzman et al., 2009). This increase in calcium signalling may induce 

oxidative stress and contribute to the degeneration of SNc neurons (Guzman et 

al., 2010, Dias et al., 2013).  

3.1.1.3 Burst firing  

Burst firing in DAergic neurons is typically characterised by brief bouts of high-

frequency spiking (Grace and Bunney, 1984a, Shepard and Stump, 1999, 

Overton and Clark, 1997), resulting in the phasic release of DA. Classical studies 

of SNc DAergic neurons defined burst firing as two or more spikes with the initial 

interspike interval (ISI) of less than 80 ms, but as the burst progresses the 

subsequent ISI between spikes increases until it becomes greater than 160 ms 

(Grace and Bunney, 1984a). The 80/160ms criteria was classically used to 

identify burst firing in DAergic neurons, however, the diversity in the physiology 

properties of DAergic neurons has resulted in alternative detection methods 

(Paladini and Roeper, 2014). 

There are multiple models for the mechanism of burst firing in these cells 

(Morikawa and Paladini, 2011). Injection of depolarising current into DAergic 

neurons cultured in vitro can elicit bursts (Blythe et al., 2009, Blythe et al., 2007, 

Deister et al., 2009, Morikawa and Paladini, 2011), suggesting depolarising input 

evokes this response. In support of this premise, sensory stimulation can evoke 

burst firing in vivo (Horvitz et al., 1997) suggesting synaptic transmission 

underpins bursting in the intact CNS. Blockade of NMDAs receptor is sufficient to 

attenuate burst firing, suggesting that this response is driven by excitatory 

glutamatergic afferents (Overton and Clark, 1992, Zweifel et al., 2009, Chergui et 

al., 1993).  

Whilst synaptic input is required to initiate burst firing, intrinsic membrane 

properties help to maintain high frequency firing during a burst. Application of 
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EGTA, a calcium chelator abolishes bursting whilst dialysis with calcium during 

patch-clamp recording evokes bursting in SNc neurons (Grace and Bunney, 

1984a). By contrast, application of apamin, an SKca channel antagonist also 

induces bursting in DA neurons (Shepard and Stump, 1999). Similarly, block of 

potassium currents with intracellular caesium generates bursts in DA neurons 

(Mercuri et al., 1994). These neurons can generate plateau potential, a stable 

prolonged depolarisation of the membrane potential that can facilitate successive 

firing activity without sustained synaptic input (Kiehn and Eken, 1998). Calcium 

currents have been shown to produce the plateau potential, application of 

Nifedipine, the antagonist of the L-type calcium channels, abolishes the plateau 

potential and inhibits burst firing in DA neurons (Shepard and Stump, 1999). 

Activation of these L-type calcium channels by Bay K8644 can induce bursting in 

DA neurons (Zhang et al., 2005). The plateau potential of DA neurons is 

dependent on high threshold calcium currents, which are activated by NMDA 

receptors (Overton and Clark, 1997). Therefore, burst firing of DAergic neurons 

is driven by the interaction of excitatory synaptic input and intracellular calcium 

currents.  

Burst firing is not just a physiological feature of DAergic neurons of the SNc and 

VTA: rhythmic bursting has also been observed in hypothalamic DAergic neurons 

(A12 cluster). However, here bursting is not driven by synaptic input (Zhang and 

van den Pol, 2015). Instead, these neurons generate slow rhythmic membrane 

oscillations, in which slow depolarisation of the membrane potential is driven by 

T-type calcium, and A-type potassium channels inhibit these oscillations (Zhang 

and van den Pol, 2015). Rhythmic burst firing is dependent on membrane 

oscillation exhibited by hypothalamic DAergic neurons (Zhang and van den Pol, 

2015) rather than the interaction of synaptic input and plateau potential that is 

seen in the VTA and SNc. Additionally, Injection of depolarising current can 

trigger high-frequency firing, up to 28 Hz in some olfactory DAergic neurons 

(Chand et al., 2015); however, these neurons only exhibit autonomous firing 

(Pignatelli et al., 2005). 

In sum, studies have shown DAergic can generate high-frequency firing patterns 

known of burst firing. However, burst firing pattern is not conserved between all 

DA populations, whilst subpopulations can generate high-frequency spike chains, 
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they are not driven by the same intrinsic mechanisms. Thus, the firing properties 

of DAergic neurons are heterogeneous. 

3.1.2 Presynaptic expression of D2 receptors can modulate dopamine 

neuron activity 

A traditional physiological feature of mammalian midbrain DAergic neurons is 

autoregulation by the expression of presynaptic D2 receptors (Ford, 2014). These 

activate G protein-coupled inwardly-rectifying potassium (GIRK) channels (Rifkin 

et al., 2018, McCall et al., 2019, Lalive et al., 2014), resulting in membrane 

hyperpolarisation (Groves et al., 1975, Luscher and Malenka, 2011, Cruz et al., 

2004). In addition, through inhibition of AC (Beaulieu and Gainetdinov, 2011), D2 

reduces cAMP-PKA mediated phosphorylation of TH (Ford, 2014, Wolf and Roth, 

1990), thereby reducing DA synthesis (Anzalone et al., 2012, Ford, 2014).  

Activation of D2 autoreceptors can also regulate membrane excitability through 

GIRK channels, which hyperpolarise the DAergic neurons. Activation of these 

receptors reduces firing activity of VTA and SNc DA neurons in these regions 

(Bunney and Aghajanian, 1974, Beckstead et al., 2007). Additionally, D2 

autoreceptor reduces DA transmission by inhibiting voltage-gated calcium 

channels, therefore inhibiting calcium influx, which promotes synaptic 

transmission by facilitating vesicle fusion (Phillips and Stamford, 2000, Sudhof, 

2012). D2 receptor null animals have reduced DA levels and exhibit reduced 

locomotive and reward seeking behaviours (Welter et al., 2007, Kelly et al., 1998). 

Together, this suggests D2 receptors have a role in negatively regulating DA 

levels in the brain. This ensures pathological levels do not occur. 

Classically, D2 autoreceptor inhibition was used as a physiological marker to 

identify DAergic neurons (Lacey et al., 1987). However, the development of 

technology that allows single-cell analysis, such as electrophysiology and 

RNAseq, has shown that not all DAergic neurons exhibit this property. For 

example, VTA neurons of the mesocortical pathway do not possess physiological 

responses to D2 autoreceptor agonism (Lammel et al., 2008). Similarly, unlike 

those projecting to the striatum, amygdaloid projecting VTA neurons are not 

hyperpolarised by D2 receptor agonists (Margolis et al., 2008). Beyond the 
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midbrain, the D2 autoreceptor function of TIDA cells is controversial, and early 

investigations could not determine the presence of D2 autoreceptors in these 

neurons (Timmerman et al., 1995), although recent work has challenged this view 

(Stagkourakis et al., 2016). Studies have shown that the spinal cord projecting 

A11 DAergic population lack presynaptic D2 receptors (Pappas et al., 2008). This 

has been suggested to contribute to disorders such as restless leg syndrome 

(Pappas et al., 2008). In sum, early studies used D2 autoreceptor inhibition to 

identify DA neurons; however, D2 autoreceptors are not conserved between all 

DAergic neurons and subpopulations of DAergic neurons exhibit different 

sensitivities to DA. Therefore, not all DA neurons require autoreceptors to 

regulate their activity. 

3.1.3 Sag potential and Ih current in mammalian dopaminergic neurons  

As previously discussed, the Ih current is a hyperpolarisation-activated current 

that is generated by the HCN cation ion channel (He et al., 2014). These channels 

conduct potassium and sodium ions (Funahashi et al., 2003, Angelo and Margrie, 

2011, Banks et al., 1993), resulting in an initial rapid and subsequent steady-state 

depolarisation (Pape, 1996). The electrophysiological property of this rebound 

depolarisation generated by the Ih current is also referred to as a “sag” potential 

(Maccaferri and McBain, 1996). The presence of this current was traditionally 

used to identify DAergic neurons as initial studies revealed its presence in SNc, 

VTA and olfactory bulb DA neurons. However, some DAergic cells, such as TIDA 

neurons do not generate sag potentials (Grace and Onn, 1989, Lammel et al., 

2008, Pignatelli et al., 2013, Lyons et al., 2010). Therefore, whilst Ih was believed 

to be a common feature of DA neurons, it now appears that this channel is not 

ubiquitously expressed in this cell population. 

The Ih current can be attenuated by the application of ZD7288 (Seutin et al., 

2001), and blocking this current can perturb autonomous firing (see subsection 

3.1.1.2). Autonomous firing activity can be restored to these neurons by 

depolarising the resting membrane potential whilst in the presence of ZD7288 

(Gambardella et al., 2012). Therefore, the Ih is not necessary for autonomous 

firing to occur, but the current facilitates autonomous firing in DAergic neurons by 
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depolarising the membrane to a voltage that activates ion channels that drive 

currents such as INaP.   

The Ih current has been observed in multiple DAergic populations, however, 

studies have shown this property is heterogeneous between DAergic neurons. 

VTA and SNc DA populations exhibit differences in the Ih current, sag potential 

amplitude, as well as rebound delay (Neuhoff et al., 2002). SNc neurons exhibit 

larger amplitude sag potentials that DAergic neurons of the VTA (Neuhoff et al., 

2002, Lammel et al., 2008). One suggestion for the variation is that the ion 

channels that drive the Ih current are differentially expressed between DAergic 

neurons groups, however, other factors may affect the sag potential kinetics such 

as HCN subunit expression (Neuhoff et al., 2002).  

3.1.4 Zebrafish dopaminergic neurons 

The zebrafish DAergic system is restricted to the zebrafish forebrain, which 

consists of eleven populations (Schweitzer et al., 2012) (Figure 1:6). The DAergic 

clusters found in the diencephalon include the preoptic cluster, the posterior 

tuberculum groups (DC1 to DC7) and the pretectal cluster (Mahler et al., 2010, 

Rink and Wullimann, 2002b). The DAergic neurons in the diencephalon can be 

identified based on soma morphology and location across the diencephalic 

DAergic clusters (Schweitzer et al., 2012). DC1, DC6 and pretectal DAergic 

neurons have a small round morphology, whilst DC2 and DC4 are large pear-

shaped neurons, and the final morphology observed is a bipolar liquor-contacting 

neuron and found in the DC3, 5 and 7 clusters (Rink and Wullimann, 2002b). The 

preoptic DAergic neurons can be divided into two morphologies, the most rostral 

are oval-shaped unipolar neurons, whilst the caudal neurons were larger and had 

a descending unipolar projection (McLean and Fetcho, 2004a). The DAergic 

neurons of the olfactory bulb and subpallium have similar soma morphology, 

small, unipolar and ovoid (McLean and Fetcho, 2004a). 
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3.1.4.1 Physiological properties of dopaminergic neurons in early-stage 

zebrafish  

Currently, we know relatively little about DA neuron physiology in zebrafish. 

However, patch-clamp studies of the DDNs in the posterior tuberculum have 

shown that these cells possess many of the physiological features observed in 

mammalian midbrain DAergic neurons (Jay et al., 2015). DDNs were found to 

have broad action potentials and were capable of high frequency firing patterns 

that resembled burst firing (Jay, 2015). Physiological recordings of the zebrafish 

DC2/4 neuron clusters in the presence of synaptic blockers have shown that 

these cells exhibit autonomous firing (Jay et al., 2015). Furthermore, the 

application of KYN and PIC revealed slow membrane oscillations, that were 

abolished by the application of TTX (Jay et al., 2015). The conductances driving 

autonomous firing in DC2/4 neurons were voltage-dependent, and since the 

application of TTX abolished membrane oscillations, Jay and colleagues 

suggested the autonomous firing activity of DC2/4 clusters is generated by 

voltage-gated sodium channels (Jay et al., 2015). 

Further examination of the physiological features of DC2/4 neurons found they 

do not exhibit a sag potential when subjected to hyperpolarising current injection 

(Jay, 2015). Therefore, these neurons do not possess an Ih current. Additionally, 

physiological recordings of DC2/4 clusters revealed these neurons exhibit D2 

autoreceptor inhibition (Jay, 2015). Similar to that of the mammalian DAergic 

neurons, application of DA during physiological records attenuates firing activity 

and hyperpolarises the membrane potential an effect that is blocked by 

preincubation with the D2 receptor antagonist raclopride (Jay et al., 2015, Jay, 

2015).  

In sum, physiological analysis of the DDNs revealed the DC2/4 cluster exhibit 

multiple physiological features of mammalian midbrain DAergic neurons. DC2/4 

cluster possesses broad action potentials and exhibits both burst and 

autonomous firing patterns. The DC2/4 cluster also exhibits D2 autoreceptor 

inhibition, a feature observed in most mammalian midbrain DAergic neurons. 

However, the DC2/4 cluster does not exhibit a sag potential or Ih current; a 

physiological feature traditionally used to identify mammalian DAergic neurons. 
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Together, this suggests that traditional physiological features of mammalian 

DAergic neurons are conserved across species and observed in zebrafish, but 

unique molecular identities of DA neurons can give rise to distinct physiological 

features exhibited by DA populations. 

3.1.4.2 Zebrafish subpallial dopaminergic neurons 

To date, investigations into the subpallial DAergic neurons have been limited to 

morphological and anatomical studies. Morphological studies have revealed 

these neurons to be small unipolar neurons that project ventrolaterally (McLean 

and Fetcho, 2004a, Tay et al., 2011). One study found that the subpallial DAergic 

neurons project locally with dense arbours, with a percentage of these neurons 

projecting contralaterally and to the thalamus and hypothalamus (Tay et al., 

2011). Additionally, anatomical studies have also investigated subpallial afferents 

in adult zebrafish. Rink and colleagues found the subpallium is innervated by the 

olfactory bulb, pallium, preoptic region, thalamus, posterior tuberculum, 

hypothalamus and hindbrain regions including the nucleus of medial longitudinal 

fascicle (nMLF), raphe, locus coeruleus (Rink and Wullimann, 2004, Rink and 

Wullimann, 2002a, Rink and Wullimann, 2002b, Rink and Wullimann, 2001). 

However, these studies did not investigate the subpallial DAergic neurons 

afferents exclusively.  

In adult zebrafish, there have been a limited number of physiological 

investigations of the subpallial DAergic neurons. Fast-scan cyclic voltammetry 

(FSCV) was able to detect DA release within the subpallium when electrically 

stimulated ex vivo (Shin et al., 2017, Jones et al., 2015, Field et al., 2018). 

However, these studies only examined DA release in the telencephalon, the 

physiological features and firing activity of the subpallial DAergic neurons has not 

been examined. I aim to address the lack of physiological analysis within the 

literature and characterise the physiology of subpallial DAergic neurons of early-

stage zebrafish. 
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3.2 Aims and Objectives 

In this chapter, I aim to better understand the subpallial DAergic neurons of early-

stage zebrafish by characterising the morphological and physiological properties 

of these cells across early zebrafish development. Of note to this thesis, these 

properties were examined in 2 to 5 dpf zebrafish. I hypothesise that the subpallial 

DAergic neurons are physiologically homologous to the DAergic neurons of the 

SNc. To address this, I examine morphological development of these cells. 

Additionally, I use whole-cell patch-clamp techniques to examine the 

development of synaptic input, intrinsic excitability and endogenous firing 

patterns to delineate their functional maturation. The data presented in this 

chapter demonstrates the ontogeny of morphological and physiological 

properties of subpallial DAergic neurons change rapidly during early 

development. 
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3.3 Results 

3.3.1 Identification of subpallial dopaminergic neurons during early 

development 

First, I sought to identify and characterise subpallial DAergic neurons in the brain 

of Tg(ETvmat2:GFP) fish, which express GFP in all aminergic neurons (Wen et 

al., 2008). To do this, I examined the co-localisation of th and GFP in the 

telencephalon of these fish. There are two spatially segregated clusters of th 

positive cells in the telencephalon: one located in the olfactory bulb and the other 

in the neighbouring subpallium (Yamamoto et al., 2010a). As previous studies 

have shown that th positive neurons are first observed in the subpallium at 48 hpf 

(Mahler et al., 2010), I restricted my studies to developmental periods beyond this 

stage. Immunohistochemical analysis revealed that, in agreement with previous 

studies (Wen et al., 2008, Sallinen et al., 2009, McLean and Fetcho, 2004a, Tay 

et al., 2011), a cluster of vmat2, th positive neurons were observed in the 

subpallium between 2 and 5 dpf (Figure 3:2B-F).  

As mentioned previously, there is no unique marker of DAergic neurons (Eiden 

and Weihe, 2011) as th is also expressed in NAergic cells. However, the 

distribution of NAergic neurons has been mapped previously using DβH 

immunohistochemistry (Tay et al., 2011, Schweitzer et al., 2012, Filippi et al., 

2010). Based on these findings, NAergic neurons are restricted to the hindbrain, 

strongly suggesting that forebrain TH neurons are exclusively DAergic 

(Holzschuh et al., 2003, Schweitzer et al., 2012, Filippi et al., 2010). In this study 

I used vmat2 as a marker for DAergic cells, which also labels NAergic, 

serotonergic and histaminergic cells. Histaminergic neurons are restricted to the 

hypothalamus, and serotonergic neurons are only found in the ventral 

diencephalon, caudal hypothalamus and raphe (Sundvik and Panula, 2012, Ren 

et al., 2013, McLean and Fetcho, 2004a). Taken together, it can be assumed the 

caudal cluster of th and vmat2 co-expressing neurons in the telencephalon are 

DAergic.  
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Figure 3:2 Visualisation of TH positive neurons of the zebrafish 
telencephalon.  A: Schematic illustration of zebrafish brain (lateral) representing 
Vmat2/GFP expression (green). Dashed line represents the region of interest in 
subsequent confocal images. Orientation is indicated in panel (A); R = rostral, C 
= caudal, D = dorsal and V = ventral. B–E: Images illustrating 
immunohistochemical staining of TH positive neurons in zebrafish telencephalon 
and visualised by confocal microscopy. Left column: Vmat2/GFP expression 
(green). Middle column: Anti-TH (red). Right column: merge of green and red 
channels. B1–3: Lateral view of telencephalon (2 dpf). C1–3: Lateral view of 
telencephalon (3 dpf). D1–3: Lateral view of telencephalon (4 dpf). E1–3: Lateral 
view of telencephalon (5 dpf). F1–3: Lateral view of telencephalon (5.5 dpf). 
Abbreviations; olfactory bulb (OB), subpallium (SP), pallium (P), preoptic (PO), 
posterior tuberculum (PTc), hypothalamus (H), pretectum (PT), locus coeruleus 
(LC), raphe nucleus (RA) and hindbrain (HB). Scale bar 20μm. 

Analysis revealed that the number of th-positive neurons in each hemisphere of 

the subpallium increased between 2 and 3 dpf but remained constant thereafter 

(2 dpf = 3.75 ± 1.04, nfish = 8; 3 dpf = 7 ± 1.16, nfish = 7; 4 dpf = 8 ± 0.93, nfish =8; 

5 dpf = 8.29 ± 1.38, nfish = 7; 5.5 dpf = 9.38 ± 1.99, nfish =8, p = 0.0001, Kruskal-

Wallis test; Figure 3:3A). During this period, soma diameter gradually increased 

until plateauing  at 4 dpf (2 dpf = 5.96 ± 0.52μm, nfish = 8; 3 dpf = 6.42 ± 0.62μm, 

nfish = 7; 4 dpf = 7.11 ± 0.58μm, nfish =8 ; 5 dpf = 6.67 ± 0.42μm, nfish = 7; 5.5 dpf 

= 7.36 ± 0.74μm, nfish =8, p = 0.0004, one way ANOVA; Figure 3:3B).  

 

 

Figure 3:3 Tyrosine hydroxylase neuron measurements during early 
development. A: Box and whisker plots of TH positive neuron cell count. B: Bar 
chart comparing the soma diameter of TH positive neurons at developmental 
stages 2 to 5.5 dpf. *P < 0.05, **P < 0.005, ***P < 0.0005. 
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3.3.2 Ontogeny of subpallial dopaminergic neuron morphology 

Tay and colleagues have previously investigated the morphology of subpallial 

DAergic neurons at 4 dpf, finding that the majority of these neurons arborize 

locally within the telencephalon (Tay et al., 2011). However, a small proportion 

also extends processes to posterior tubercular, thalamic and hypothalamic 

regions (Tay et al., 2011). To examine the ontogeny of subpallial DAergic 

neurons, I performed juxtacellular neurobiotin labelling of these cells across 2-5 

dpf. Imaging of individually neurobiotin labelled neurons revealed that neurites 

could be identified across all ages studied (Figure 3:4). Juxtacellular labelling 

revealed that subpallial DAergic neurons arborize locally in close proximity to the 

cell body (Figure 3:4). I also identified descending projections entering the 

diencephalon in 5 dpf zebrafish (Figure 3:5). To quantify the development of the 

subpallial DAergic neurons’ Sholl intersection profiles at 2, 3 and 5 dpf (Figure 

3:4D). The Sholl intersection profile quantifies the number of times a neurite 

intersects a hypothetical sphere of a given radius, with the centre of the sphere 

being the soma (Bird and Cuntz, 2019). Sholl analysis of 2 and 3 dpf neurons 

revealed a low number of intersections, and therefore a low density of 

arborisation proximal to the some (Figure 3:4D). At 5 dpf Sholl analysis revealed 

an increase in the number of intersections, when compared to 2 and 3 dpf 

neurons (see Table 3.1 Two-way ANOVA of Sholl analysis and Table 3.2 for 

multiple comparisons for Sholl analysis, Figure 3:4C/D).  

Analysis of cumulative neurite length revealed an increase across early 

development (2 dpf = 150.4 ± 120.2μm, nfish = 6, ncells = 6; 3 dpf = 421.8 ± 

174.6μm, nfish = 6, ncells = 6; 5 dpf = 827.0 ± 328.4μm, nfish = 5, ncells = 5; p = 

0.0006, one-way ANOVA; Figure 3:4E). Together, with the Sholl analysis, the 

results show an increase in the number of arbours and arbour length, suggesting 

the cytoarchitecture of subpallial DAergic neuron becomes more complex during 

early development, as suggested by previous findings (Tay et al., 2011). 

Together, these results suggest the dendritic arbours of subpallial DAergic 

neurons increases as they mature 
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Figure 3:4 Juxtacellular labelling of subpallial DAergic neurons (2, 3 and 5 
dpf) A-C: Images illustrating streptavidin histochemical staining of neurobiotin 
juxtacellular labelled neurons in the subpallium and visualised by confocal 
microscopy. Upper column: Vmat2/GFP expression (green). Middle column: 
Neurobiotin (red). Lower column: merge of green and red channels. Orientation 
is indicated in upper panel; R = rostral, C = caudal, D = dorsal and V = ventral.  
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A1–3: Neuron morphology of subpallial DAergic neuron at 2 dpf. B1–3: 
Morphology of subpallial DAergic neuron at 3 dpf. C1–3: Morphology of subpallial 
DAergic neuron at 5 dpf. D: Bar chart comparing the cumulative dendritic arbour 
length at 2, 3 and 5 dpf. E: Bar chart comparing the average neurite length. Scale 
bar: 10μm. *P < 0.05, ***P < 0.0005. 

 

Table 3.1 Two-way ANOVA of Sholl analysis  
DF MS F (DFn, DFd) P value 

Interaction 30 6.424 F (30, 195) = 1.924 P=0.0045** 

Distance 15 24.87 F (15, 195) = 7.449 P<0.0001**** 

Age 2 104.2 F (2, 13) = 6.531 P=0.0109* 

Subjects (matching) 13 15.95 F (13, 195) = 4.776 P<0.0001**** 

Residual 195 3.339 
 

 

* P < 0.05, ** P < 0.005, **** P < 0.0001 

Table 3.2 Tukey multiple comparison analysis  
Diff. in mean DF P value 

10µm    

2 dpf vs 3 dpf 1.336 208 0.5237 

2 dpf vs 5 dpf 0.6623 208 0.8639 

3 dpf vs 5 dpf -0.6739 208 0.8477 

20µm    

2 dpf vs 3 dpf 1.778 208 0.3196 

2 dpf vs 5 dpf 0.5736 208 0.8960 

3 dpf vs 5 dpf -1.204 208 0.5909 

30µm    

2 dpf vs 3 dpf 1.238 208 0.5738 

2 dpf vs 5 dpf 0.05973 208 0.9988 

3 dpf vs 5 dpf -1.178 208 0.6044 

40µm    

2 dpf vs 3 dpf -1.759 208 0.3272 

2 dpf vs 5 dpf -1.376 208 0.5333 

3 dpf vs 5 dpf 0.3837 208 0.9478 

50µm    

2 dpf vs 3 dpf -1.168 208 0.6094 

2 dpf vs 5 dpf -2.598 208 0.1095 

3 dpf vs 5 dpf -1.429 208 0.4772 

60µm    

2 dpf vs 3 dpf -1.71 208 0.3477 

2 dpf vs 5 dpf -5.362 208 0.0001**** 

3 dpf vs 5 dpf -3.652 208 0.0093* 
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70µm    

2 dpf vs 3 dpf -0.1494 208 0.9919 

2 dpf vs 5 dpf -6.065 208 <0.0001**** 

3 dpf vs 5 dpf -5.916 208 <0.0001**** 

80µm    

2 dpf vs 3 dpf -0.4937 208 0.9151 

2 dpf vs 5 dpf -3.557 208 0.0168* 

3 dpf vs 5 dpf -3.063 208 0.0360* 

90µm    

2 dpf vs 3 dpf -0.6714 208 0.8487 

2 dpf vs 5 dpf -4.201 208 0.0036** 

3 dpf vs 5 dpf -3.53 208 0.0125* 

100µm    

2 dpf vs 3 dpf -0.8325 208 0.7773 

2 dpf vs 5 dpf -2.626 208 0.1044 

3 dpf vs 5 dpf -1.793 208 0.3134 

110µm    

2 dpf vs 3 dpf 0 208 >0.9999 

2 dpf vs 5 dpf -2.496 208 0.1294 

3 dpf vs 5 dpf -2.496 208 0.1078 

120µm    

2 dpf vs 3 dpf 0 208 >0.9999 

2 dpf vs 5 dpf -1.507 208 0.4707 

3 dpf vs 5 dpf -1.507 208 0.4398 

130µm    

2 dpf vs 3 dpf 0 208 >0.9999 

2 dpf vs 5 dpf -1.5 208 0.4738 

3 dpf vs 5 dpf -1.5 208 0.4429 

140µm    

2 dpf vs 3 dpf 0 208 >0.9999 

2 dpf vs 5 dpf -0.6039 208 0.8854 

3 dpf vs 5 dpf -0.6039 208 0.8757 

150µm    

2 dpf vs 3 dpf 0 208 >0.9999 

2 dpf vs 5 dpf -1.794 208 0.3447 
3 dpf vs 5 dpf -1.794 208 0.3132 

* P < 0.05, ** P < 0.005, *** P < 0.0005, **** P < 0.0001 

At 2 and 3 dpf subpallial DAergic neurons, labelled neurons only possessed local 

arbours. However by 5 dpf two morphologies were observed: those that only 

arbourise locally (n = 5; Figure 3:5A/B) and those that had local and long-range 

projections to regions caudal to the subpallium (n = 1; Figure 3:5C). This is 

consistent with the literature, in which Tay and colleagues observed similar 

projection patterns in 4 dpf subpallial DAergic neurons, with 20% of subpallial 

DAergic neurons projecting to the thalamus and 30% to the hypothalamus (Tay 
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et al., 2011). If the subpallial DAergic neurons labelled at 5 dpf are the same as 

observed by Tay and colleagues, it can be assumed these neurons project to the 

thalamus and hypothalamus. Together, this suggests the architecture of 

subpallial DAergic neurons expands rapidly during early development, and by 5 

dpf, these neurons innervate structures outside the telencephalon. 

 

Figure 3:5 Subpallial DAergic neurons have two morphologies at 5 dpf, 
local arbours and descending projections A1–A3: Confocal images of 
neurobiotin labelled neurons at 5 dpf with local arbours Left column: Vmat2/GFP 
expression (green). Middle column: neurobiotin (red). Right column: merge of 
green and red channels. B1: Confocal image of 5 dpf subpallial DAergic neuron 
with arbours restricted to the telencephalon and representative line z stack of 
neurites line (B2). C1: Confocal image of 5 dpf subpallial DAergic neuron with 
local arbours and descending projections and representative line z stack of 
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neurites (C2). Orientation is indicated in panel (A1, B1 and C1); R = rostral, C = 
caudal, D = dorsal and V = ventral. Scale bar 20μm (A -B) and 50μm (C). 

3.3.3 The ontogeny of input to the subpallium 

Previous studies have shown that the adult subpallium receives input from a 

number of brain regions, including the telencephalon, diencephalon and 

hindbrain (Rink and Wullimann, 2004). To understand the innervation patterns of 

this region during earlier development, I examined subpallial afferents by 

electroporating DAergic neurons in this region at 2, 3 and 5 dpf. This resulted in 

the uptake and retrograde transport of neurobiotin to the cell body in regions 

innervated by subpallial DAergic neurons (Figure 3:6). Neurobiotin labelled 

neurons were found locally within the subpallium, proximal to the subpallial 

DAergic neurons (Figure 3:7B). Further caudal, a labelled neuron was identified 

lateral to the raphe (RA) within the hindbrain in 2 fish (nfish = 2 of 8, Figure 3:7C). 

This data suggests subpallial DAergic neurons at 2 dpf receives limited input, with 

a few labelled cells proximal to the electroporation site and distal cell labelled in 

the hindbrain. 
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Figure 3:6 Illustration of the retrograde labelling technique of subpallial 
DAergic neurons. A: Larval zebrafish were pinned to sylgard dish by the use of 
tungsten pins being inserted through the notochord and developing lower jaw. B: 
GFP positive neurons in the subpallium were visually targeted with an neurobiotin 
filled electrode and were electroporated. C: Area around the subpallial DAergic 
neurons were electroporated, neurobiotin was taken up by afferent projections. 
Subsequently, the neurobiotin is retrogradely transported along the axon to the 
cell body. Labelled cell bodies were visualised using streptavidin histochemistry. 
Arrowheads show the direction of the retrograde transport of neurobiotin (C). 
Abbreviations; olfactory bulb (OB), subpallium (SP), posterior tuberculum (PTc), 
hypothalamus (H), pretectum (PT), raphe nucleus (RA) and hindbrain (HB).  
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Figure 3:7 Retrograde labelling of subpallial DAergic neurons at 2 dpf A: 
Illustration of the zebrafish brain at 2 dpf, showing the distribution of VMAT2 
expressing cells in ETvmat2:GFP fish. Orientation is indicated in panel (A); R = 
rostral, C = caudal, D = dorsal and V = ventral. B–C: VMAT2/GFP (green) 
expression, neurobiotin labelling (red) and merge channels for the rostral region 
(B1–3), caudal aspect of the brain (C1–3). Abbreviations; olfactory bulb (OB), 
subpallium (SP), posterior tuberculum (PTc), hypothalamus (H), pretectum (PT), 
raphe nucleus (RA) and hindbrain (HB). Arrowheads point to neurobiotin labelled 
cells. Scale bar: 50μm. 
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By contrast, retrograde labelling at 3 dpf revealed neurons scattered through 

various compartments of the zebrafish brain (nfish = 8; Figure 3:8A). Specifically, 

labelled cells were found in the preoptic region (Figure 3:8B) the ventral 

diencephalon, the posterior tuberculum (Figure 3:8C), the pretectal region of the 

dorsal diencephalon (Figure 3:8D) and the hindbrain (Figure 3:8E). 

 

 

Figure 3:8 Retrograde labelling of subpallial DAergic neurons at 3 dpf. A–
E: Images illustrating neurobiotin retrograde labelling of subpallial projecting 
neurons in tg(ETvmat2:GFP) fish and visualised using confocal microscopy. * = 
electroporation site. Orientation is indicated in panel (A1); R = rostral, C = caudal, 
D = dorsal and V = ventral. A1: Lateral overview of the larval brain at 3 dpf, 
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stained for neurobiotin (red) in VMAT2/GFP expressing fish (green). A2: 
Schematic overview of larval zebrafish brain showing distribution of Vmat2 
expression in ETvmat2:GFP fish. B–E: VMAT2/GFP (green) expression, 
neurobiotin labelling (red) and merge channels for telencephalon (B1–3), 
posterior tuberculum (C1–3), pretectum (D1–3) and rostral hindbrain (E1–3). 
Abbreviations; olfactory bulb (OB), subpallium (SP), pallium (P), preoptic (PO), 
posterior tuberculum (PTc), hypothalamus (H), pretectum (PT), locus coeruleus 
(LC), raphe nucleus (RA) and hindbrain (HB). Arrowheads point to neurobiotin 
labelled cells. Scale bar: 50μm. 

At 5 dpf (nfish = 9), a similar distribution of cells was seen, with neurobiotin labelled 

neurons scattered through the preoptic, posterior tubercular, pretectal and locus 

coeruleus regions (Figure 3:9). In addition, labelled neurons were also found in 

the hypothalamus and anterior to the RA (Figure 3:9D). Furthermore, labelled 

neurons in the preoptic, posterior tubercular, pretectal and hypothalamus were 

found in to be ipsilateral when images were taken dorsally and ventrally (Figure 

3:10A/B). However, dorsal and ventral images revealed neurobiotin labelled 

neurons in the contralateral subpallium and ventral diencephalon (Figure 

3:10A/B). The location of these labelled neurons are summarised in Figure 3:10C. 

A summary illustration of labelled subpallial afferents can be observed in Figure 

3:11. In sum, afferents terminating in the subpallium can be observed from 3 dpf 

onwards. By 5 dpf, subpallial afferents were identified throughout the zebrafish 

brain, including forebrain regions: telencephalon and diencephalon as well as 

midbrain and hindbrain regions.  
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Figure 3:9 Retrograde labelling of subpallial DAergic neurons at 5 dpf 
(lateral view). A–F: Images illustrating neurobiotin retrograde labelling of 
subpallial projecting neurons in tg(ETvmat2:GFP) fish and visualised using 
confocal microscopy. * = electroporation site. Orientation is indicated in panel 
(A1); R = rostral, C = caudal, D = dorsal and V = ventral. A1: Lateral overview of 
the larval brain at 5 dpf, stained for neurobiotin (red) in VMAT2/GFP expressing 
fish (green). A2: Schematic overview of larval zebrafish brain showing the 
distribution of VMAT2 expression in ETvmat2:GFP fish. B–F: VMAT2/GFP 
expression (green), neurobiotin labelling (red) and merge channels for 
telencephalon (B1–3), posterior tuberculum (C1–3), rostral hindbrain (D1–3), 
pretectum (E1–3) and caudal hindbrain (F1–3). Abbreviations: Olfactory bulb 
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(OB), subpallium (SP), pallium (P), preoptic (PO), posterior tuberculum (PTc), 
hypothalamus (H), pretectum (PT), locus coeruleus (LC), raphe nucleus (RA) and 
hindbrain (HB). Scale bar: 50μm (A1). Scale bar: 20 μm (B–F). 

 

 

Figure 3:10 Retrograde labelling of subpallial DAergic neurons at 5 dpf 
(dorsal and ventral views). A–B: Images illustrating neurobiotin retrograde 
labelling of subpallial DAergic neurons from dorsal (A) and ventral (B) views. * = 
electroporation site. Left column: Vmat2/GFP expression (green). Middle column: 
neurobiotin (red). Right column: merge of green and red channels. Arrowheads 
point to neurobiotin labelled cells. Orientation is indicated in panel (A1/B1); R = 
rostral, and C = caudal. C: Schematic illustration summarising the neurobiotin 
labelled cells in panels (A+B). Green cells represet Vmat2 positive cells and 
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neurobiotin labelled cells are red. Orientation is indicated in the panel; R = rostral, 
C = caudal, D = dorsal and V = ventral. Abbreviations: Olfactory bulb (OB), 
subpallium (SP), preoptic (PO), posterior tuberculum (PTc), hypothalamus (H), 
pretectum (PT), locus coeruleus (LC). 

 

 

Figure 3:11 Schematic illustration of retrograde labelling at 5 dpf. A: 
Schematic illustration of the location of retrogradely labelled neurobiotin 
retrograde labelled neurons locations from dorsal (left) and lateral (right) views. 
B: 3D schematic summary of retrograde labelled neurons. * = electroporation 
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site. Abbreviations: Olfactory bulb (OB), subpallium (SP) ventral subpallium 
(SPv), preoptic (PO), posterior tuberculum (PTc), hypothalamus (H), pretectum 
(PT), thalamic nuclei (T), nucleus of the medial longitudinal fasciculus (NMLF), 
medial to locus coeruleus (mLC), locus coeruleus (LC), raphe nucleus (RA) and 
hindbrain (HB), medulla oblangata (MO), Area Postrema (AP). Orientation is 
indicated in panel, R = rostral C = caudal, D = dorsal and V = ventral. 

 

Having shown that the subpallium receives afferent input from the telencephalon, 

pretectum, posterior tuberculum, hypothalamus and the hindbrain during early 

stages of development, I next sought to determine whether subpallial DAergic 

neurons receive synaptic input during these stages of development. To do this, 

whole-cell voltage-clamp was used to isolate miniature postsynaptic currents 

(mPSCs) in subpallial DAergic neurons. Attempts to record from 2 dpf neurons 

were unsuccessful. However, recordings could be routinely acquired from 

neurons of 3 and 5 dpf fish. At both stages studied, application of PIC isolated a 

population mPSCs that were abolished by subsequent application of KYN (Figure 

3:12A, B), suggesting they originated from glutamatergic synapses. Conversely, 

application of KYN revealed a population of mPSCs that were abolished by the 

subsequent application of PIC (Figure 3:12A, B), suggesting they were mediated 

by GABA. 

Comparison of glutamatergic and GABAergic mPSC revealed different kinetic 

properties: at 5 dpf, KYN-sensitive glutamatergic inputs and PIC-sensitive 

GABAergic mPSCs had similar rise times (Glutamatergic = 4.944 ± 0.9092 ms, 

nfish = 7, ncells = 7; GABAergic = 4.128 ± 1.572 ms, nfish = 8; p = 0.2500, unpaired 

t test, Figure 3:13A) but glutamatergic mPSCs had a shorter decay 

(Glutamatergic = 14.93 ± 0.8244 ms, nfish = 7, ncells = 7; GABAergic = 34.30 ± 5.20 

ms, nfish = 8, ncells = 8; p < 0.0001, unpaired t test, Figure 3:13B). Additionally, 

glutamatergic mPSCs occurred at a higher frequency compared to the 

GABAergic mPSCs of subpallial DAergic neurons (Glutamatergic = 1.614 ± 

0.7804 Hz, nfish = 7, ncells = 7; GABAergic = 0.2595 ± 0.3556 Hz, nfish = 8, ncells = 

8; p = 0.0003, Mann-Whitney test, Figure 3:13C). The differences in decay time 

exhibit by these two populations supports the argument that these populations 

are two distinct mPSC populations in origin. 
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Figure 3:12 Development and identification of synaptic input. Identified 
spontaneous synaptic inputs at 3 (A) and 5 (B) dpf. At 3 and 5 dpf, application of 
picrotoxin (PIC) during whole-cell voltage-clamp recordings of TTX-treated 
subpallial DAergic neuron in vivo isolated a population of kynurenic acid (KYN) 
sensitive mPSCs (presumably glutamatergic), holding potential at -65mV. At 3 
and 5 dpf, the application of KYN isolated another population of PIC sensitive 
mPSCs (presumably GABAergic), holding potential at -70mV. Bottom traces (A-
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B) overlays of isolated mPSC events on an expanded time scale, the black line 
represents the average trace.  

 

 

Figure 3:13 Isolated glutamatergic and GABAergic mPSC kinetics at 5 dpf. 
Bar chart and distribution plot of glutamatergic and GABAergic rise times (A) and 
decay time (B). Box and whisker plot of the instantaneous frequency of 
spontaneous glutamatergic and GABAergic mPSCs (C). ***P < 0.0005, ****P < 
0.0001, N.S = not significant. 

 

Developmentally-related changes in receptor number, clustering and subunit 

composition often results in a sharpening of PSC kinetics (Gonzalez-Forero and 

Alvarez, 2005, Hall and Sanes, 1993). Therefore, I asked if mPSC parameters 

change across the period of study. Comparison of glutamatergic mPSCs 

revealed that these currents had similar amplitudes (3 dpf = -3.06 ± 0.57 pA, nfish 

= 7, ncells = 7; 5 DPF = -5.636 ± 3.147 pA, nfish = 7, ncells = 7; p = 0.3829, Mann-

Whitney test, Figure 3:14A), rise times (3 dpf = 4.94 ± 0.91 ms, nfish = 7, ncells = 7; 

5 DPF = 4.52 ± 0.35 ms, nfish = 7, ncells = 7; p < 0.2683, unpaired t test, Figure 

3:14B) and decay times (3 dpf = 14.27 ± 2.48 ms, nfish = 7, ncells = 7; 5 DPF = 

14.93 ± 0.82 ms, nfish = 7, ncells = 7; p = 0.5191, unpaired t test, Figure 3:14C) at 

3 and 5 dpf.  

Examination of GABAergic mPSCs revealed no difference in amplitude (3 dpf = 

-4.268 ± 1.55 pA, nfish = 6, ncells = 6; 5 DPF = -5.636 ± 3.147 pA, nfish = 8, ncells = 

8; p = 0.2284, Mann-Whitney test, Figure 3:14D), However, rise time decreased 

(3 dpf = 8.314 ± 0.918 ms, nfish = 6, ncells = 6; 5 DPF = 4.128 ± 1.572 ms, nfish = 8, 
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ncells = 8; p < 0.0001, unpaired t test, Figure 3:14E). in addition to the decay time 

decreasing during development (3 dpf = 43.84 ± 4.547 ms, nfish = 6, ncells = 6; 5 

DPF = 34.30 ± 5.20 ms, nfish = 8, ncells = 8; p = 0.0048, unpaired t test, Figure 

3:14F). The decrease in the rise and decay time of GABAergic neurons shows a 

faster activation kinetics, suggesting maturation of the GABAergic synapse. In 

sum, these experiments isolated glutamatergic and GABAergic synaptic inputs 

during early developments, suggesting the subpallial DAergic neurons receive 

glutamatergic and GABAergic input from 3 dpf. 

 

 

Figure 3:14 Comparison of mPSC kinetics during development. Bar chart 
and distribution plot of glutamatergic mPSC at 3 and 5 dpf comparing amplitude 
(A), rise time (B), decay time (C). Comparison of GABAergic mPSC at 3 and 5 
dpf comparing amplitude (D), rise time (E), decay time (F). ** P < 0.005, ****P < 
0.0001, N.S = not significant. 
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3.3.4 Characterisation of intrinsic excitability 

So far, I have shown that subpallial DAergic neurons undergo extensive 

morphological maturation and receive synaptic input during early periods of 

development. Next, I sought to determine if the subpallial DAergic neurons are 

also capable of generating action potentials during this developmental period. 

3.3.4.1 Response to depolarising current 

In order to examine the intrinsic excitability of the subpallial DAergic neurons, 1 

pA current steps were applied to subpallial DA neurons during voltage recordings. 

At rheobase current, single broad action potentials could be evoked at 3 dpf (nfish 

= 10, ncells = 10) and 5 dpf (nfish = 7, ncells = 7; Figure 3:15A). However, only one 

recording could be acquired from 2 dpf neurons. In this cell, unitary action 

potentials was observed in response to suprathreshold current injection (nfish = 1, 

ncells = 1; Figure 3:15A). Comparison of 3 and 5 dpf neurons revealed that 

threshold potential did not changed with respect to age (3 dpf = -29.55 ± 4.76mV, 

nfish = 10, ncells = 10; 5 dpf = -33.62 ± 2.79mV, nfish = 7, ncells = 7; p = 0.061, 

unpaired t test; Figure 3:15B). Examination of action potentials in neurons of 3 

and 5 dpf fish revealed a larger spike amplitude (3 dpf = 24.72 ± 5.02mV, nfish = 

10, ncells = 10; 5 dpf = 30.58 ± 4.37mV, nfish = 7, ncells = 7; p = 0.0248, unpaired t 

test; Figure 3:15C) but no difference in half-width (3 dpf = 11.82 ± 3.06ms, nfish = 

10, ncells = 10; 5 dpf = 9.71 ± 6.59ms, nfish = 7, ncells = 7; p = 0.2002, unpaired t 

test; Figure 3:15D).  
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Figure 3:15 Activity patterns of subpallial DAergic neurons in response to 
rheobase current injection. A: Representative whole-cell patch-clamp 
recordings in response to rheobase current from subpallial DAergic neurons at 2 
dpf (left), 3 dpf (central) and 5 dpf (right) ages. Bottom traces represent a single 
action potential over an expanded time scale. Neurons were subjected to current 
steps of 1pA, and the lower traces show rheobase current. Note subpallial 
DAergic at 2 dpf are fragile and unable to gain significant replicates for analysis 
and this 2 dpf has been included as an example. B–D: Bar charts comparing the 
action potential threshold (B), spike amplitude (C) and spike half-width (D). N.S 
= no significant difference. 

Injection of depolarising current into subpallial DAergic neurons could elicit 

repetitive firing in these neurons at both 3 and 5 dpf (Figure 3:16A). Repetitive 

spiking was seen in the majority of neurons at 3 dpf (ncells = 7 of 10) and all 

neurons at 5 dpf (ncells = 7 of 7; Figure 3:16A). Whilst there was no difference in 

action potential waveform at 3 and 5 dpf, at 1.5 x rheobase, instantaneous spike 

frequency increased at 5 dpf when compared 3 dpf (3 dpf = 3.496 ± 1.735 Hz, 
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nfish = 10, ncells = 7; 5 dpf = 7.259 ± 2.58 Hz, nfish = 7, ncells = 7; p = 0.0076, unpaired 

t test; Figure 3:16B).  

 

 

Figure 3:16 Subpallial DAergic neurons exhibit repetitive spiking. A: 
Representative whole-cell patch-clamp recordings in response to 1 x rheobase 
(black line) and 1.5 x rheobase (colour line) current injection from subpallial 
DAergic neurons at 3 dpf (left) and 5 dpf (right). Bottom traces represent current 
injection traces, 1 x rheobase (black line) and 1.5 x rheobase (colour line) B: Bar 
chart comparing average action potential instantaneous frequency of 3 and 5 dpf 
neurons at 1.5 x rheobase. **P<0.005. 

Table 3.3 Two-way ANOVA of consecutive action potential Amplitude  
DF MS F (DFn, DFd) P value 

Interaction 1 1.351 F (1, 9) = 0.3942 P=0.5457 

A.P. Number 1 321.2 F (1, 9) = 93.74 P<0.0001**** 

Age 1 252.7 F (1, 9) = 4.667 P=0.0590 

Residual 9 3.427 
 

 

**** P < 0.0001 
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Table 3.4 Consecutive action potential Amplitude - Sidak multiple 
comparison analysis 
1st – 4th Action potential Diff. in mean DF P value 

3 dpf 8.172 9 0.0001**** 

5 dpf 7.177 9 0.0002*** 

*** P < 0.0005, **** P < 0.0001 

Additionally, the injection of current evoked repetitive spiking in both 3 dpf and 5 

dpf (Figure 3:17A, B). Consecutive spikes showed a progressive decrease in 

spike amplitude (Figure 3:17C). Comparison of spike amplitude of the 1st and 4th 

action potentials revealed a decrease in successive action potentials (see Table 

3.3 and Table 3.4 for two-way ANOVA and multiple comparisons analysis; Figure 

3:17D) and examination of consecutive spikes suggested a progressive increase 

in spike half-width (Figure 3:17E). However, comparison of the spike halfwidth of 

consecutive action potentials  revealed there was no difference between 3 and 5 

dpf fish (see Table 3.5 for two-way ANOVA; Figure 3:17F). In sum, my data 

suggest that subpallial DAergic neurons generate spike trains on current injection 

from early larval stages.  

 



The developmental properties of subpallial dopaminergic neurons  

 

81 
 

 

Figure 3:17 Action potential waveforms during 1.5 x Rheobase current 
injection. A: Representative whole-cell patch-clamp recordings in response to 
1.5 x rheobase current injection from subpallial DAergic neurons at 3 dpf (left) 
and 5 dpf (right). Bottom traces represent current injection traces. B: Initial 4 
action potentials from traces in Figure 3:17A at 3 dpf (lower panel) and 5 dpf 
(upper panel). C: Line graph illustrating the change in amplitude of the first four 
action potentials of 3 and 5 dpf neurons. D: Separated scatter plot comparing the 
spike amplitudes of the first and fourth action potentials of 3 and 5 dpf neurons at 
1.5 x rheobase. E: Line graph illustrating the change in spike half-width first four 
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action potentials of 3 and 5 dpf neurons. F: Separated scatter plot comparing the 
half-width of the first and fourth action potentials of 3 and 5 dpf neurons at 1.5 x 
rheobase. **P<0.005; ***P<0.0005; N.S = no significant difference. 

Table 3.5 Two-way ANOVA of consecutive action potential half-width  
DF MS F (DFn, DFd) P value 

Interaction 1 0.9592 F (1, 8) = 0.06595 P= 0.8038 

A.P. Number 1 24.16 F (1, 8) = 1.661 P= 0.2335 

Age 1 62.38 F (1, 8) = 2.493 P= 0.1530 

Residual 8 14.54 
 

 

 

3.3.4.2 Application of hyperpolarising current injection 

A typical feature of mammalian DAergic neurons is the presence of an Ih, which 

can be visualised by the presence of a rebound depolarisation, also known as a 

sag potential. The Ih is activated when a neuron is hyperpolarised, and it has been 

observed in the DAergic neurons of the SNc, VTA and olfactory bulb (Grace and 

Bunney, 1984a, Grace and Bunney, 1984b, Pignatelli et al., 2013). To investigate 

the presence of Ih in subpallial DAergic neurons, hyperpolarising current was 

applied into these cells during whole-cell recordings. At both 3 dpf (nfish = 10, ncells 

= 10) and 5 dpf (nfish = 7, ncells = 7), injection of hyperpolarising current steps failed 

to activate Ih, as observed by the lack of sag potential (Figure 3:18A). However, 

rebound spikes were often observed at 5 dpf (Figure 3:18B). The lack of sag 

potential suggests the subpallial DAergic neurons do not possess Ih.  
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Figure 3:18 Activity patterns of subpallial DAergic neurons in response to 
hyperpolarising current injection. A–B: Representative whole-cell patch-
clamp recordings in response to hyperpolarising current injection in subpallial 
DAergic neurons at 3 dpf (A) and 5 dpf (B). Resting membrane potential -65 mV. 
Bottom traces represent current traces.   

3.3.5 The development of endogenous firing activity 

Having found that subpallial DAergic neurons are intrinsically excitable during 

early development, I next sought to determine whether subpallial DAergic 

neurons exhibit endogenous firing activity during early stages of development. 

Extracellular recordings of subpallial DAergic neurons revealed endogenous 

firing activity at 2 dpf (nfish = 9), 3 dpf (nfish = 9) and 5 dpf (nfish = 8; Figure 3:19A). 

The instantaneous frequency of firing activity increased significantly between 2 

and 5 dpf (2 dpf = 1.51 ± 1.02Hz, nfish = 9, ncells = 9; 3 dpf = 1.52 ± 1.24Hz, nfish = 

9, ncells = 9; 5 dpf = 3.81 ± 1.90Hz, nfish = 8, ncells = 8; p = 0.0035, one-way ANOVA; 

Figure 3:19B). Consistent with results seen in Figure 3:16C, extracellular 

recordings at 5 dpf exhibited higher firing frequencies when compared with 2 or 

3 dpf neurons. 

Examination of loose patch recording revealed changes in spike amplitudes 

(Figure 3:19A). These recordings are of singular high input resistant neurons 

using cell attached mode with a low resistant seal, therefore, fluctuations in spike 

amplitude are unlikely to be attributable to noise from other neurons. Studies have 

found similar results and suggested the changes to the amplitudes are due to 
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changes in the seal and the interaction with the electrode (Shmoel et al., 2016). 

Furthermore, the firing frequency and spike amplitudes of high input resistant 

neurons are affected by mechanical stress during loose patch recordings (Alcami 

et al., 2012). 

 

 

Figure 3:19 Endogenous firing activity of subpallial DAergic neurons. A: 
Representative extracellular recordings of endogenous firing activity of subpallial 
DAergic neurons at 2 dpf (upper trace), 3 dpf (middle trace) and 5 dpf (lower 
trace). B: Box and whisker plot comparing the instantaneous frequency firing 
activity detected by extracellular recordings. **P<0.005. 

 

3.3.5.1 Firing activity of subpallial dopaminergic neurons is synaptically 

driven 

As some mammalian DAergic neurons and zebrafish DDNs have been shown to 

exhibit autonomous firing (Lammel et al., 2008, Grace and Onn, 1989, Jay et al., 

2015), I therefore asked if subpallial DAergic neurons exhibited this type of firing 

activity. To do this I performed whole-cell current-clamp recordings of subpallial 

DAergic neurons at 5 dpf (Figure 3:20A; upper trace). After obtaining a recording, 
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1 mM KYN and 100 μM PIC was added to the extracellular saline to block both 

glutamatergic and GABAergic input, respectively. Subsequent application of the 

synaptic blockers abolished the endogenous firing activity of subpallial DAergic 

neurons (baseline = 1.774 ± 1.305Hz, nfish = 7, ncells = 7; synaptic blockers = 0.00 

± 0.00 Hz, nfish = 7, ncells = 7; p = 0.0114, paired t-test; Figure 3:20A lower trace 

& B). These results suggest that the firing activity of subpallial DAergic neurons 

is synaptically driven and they do not exhibit autonomous firing.  

 

 

Figure 3:20 Endogenous firing activity is synaptically driven at 5 dpf. A: 
Representative whole-cell patch-clamp recordings of endogenous firing activity 
of subpallial DAergic neurons 5 dpf (upper trace) and in the presence of KYN and 
PIC (lower trace). B: Representative activity recording of subpallial DAergic 
neurons in response to current injection (upper panel) after the application of KYN 
and PIC. The lower panel represents the current injection trace. C: Box and 
whisker plot comparing the instantaneous frequency of endogenous firing activity 
of 5 dpf neurons. *P<0.05.  
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3.3.5.2 Exposure to dopamine reduces firing activity of subpallial 

dopaminergic neurons 

Mammalian DAergic neurons exhibit D2 autoreceptor-mediated inhibition 

(Stagkourakis et al., 2016, Lammel et al., 2008, Grace and Onn, 1989), and this 

feature has also been found in zebrafish DDNs (Jay et al., 2015). I next asked if 

subpallial DAergic neurons displayed D2 autoreceptor-mediated inhibition. To do 

this, neurons were exposed to 5µM of DA. Loose patch recordings revealed the 

application of DA reversibly reduced firing frequency of subpallial DAergic 

neurons (Figure 3:21A) (Control = 5.69 ± 0.65Hz; DA = 2.29 ± 1.15Hz, wash = 

5.94 ± 2.21Hz, nfish = 5, ncells = 5; p = 0.0279, RM one-way ANOVA; Figure 3:21B). 

These results suggest that subpallial DAergic neurons possess autoreceptors 

which supress neuronal firing. To confirm if the inhibition of subpallial DAergic 

neurons is mediated by D2 autoreceptors, further studies using preincubation D2 

receptor antagonist prior to DA application are required. Additionally, using 

immunohistochemistry to stain for D2 receptor on subpallial DAergic neurons 

would demonstrate if these neurons express presynaptic D2 receptors. 
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Figure 3:21 DA application reduces subpallial DAergic neuron activity. A: 
Representative loose patch recordings of firing activity of subpallial DAergic 
neurons 5 dpf (upper trace) and in the presence of 5µM DA (middle trace) and in 
wash (lower trace) condition. B: Bar chart comparing the instantaneous 
frequency during control, DA treatment and wash condition. * P<0.05, ** P<0.005.  
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3.4 Discussion 

In this chapter, I have examined the development of subpallial DAergic neurons 

during early periods of zebrafish development. The results presented in this 

chapter demonstrate three key findings. Firstly, these neurons undergo rapid 

morphological changes  during late embryonic and early larval life; second, they 

receive excitatory and inhibitory synaptic input from as early as 3 dpf and; third, 

they are intrinsically excitable and exhibit synaptically driving firing activity from 

late embryonic life. 

3.4.1 Morphogenesis of subpallial dopaminergic neurons 

To examine the morphology of subpallial DAergic neurons during early 

development, I performed single-cell labelling using neurobiotin juxtacellular 

labelling and streptavidin histochemistry to visualise the cytoarchitecture of 

subpallial DAergic neurons. These experiments revealed that at 2 and 3 dpf 

subpallial DAergic neurons possess ventrolateral projections proximal to the 

soma that are restricted to the subpallium. At 5 dpf, large arbours were seen that 

primarily innervated the subpallium. However, a proportion of these neurons 

possess descending projections that enter the diencephalon at 5 dpf. This was to 

be expected, as previous studies found subpallial DAergic neurons projected 

ventrolaterally and then arbourise extensively, a subpopulation of subpallial 

DAergic neurons was also found to project to the thalamus and hypothalamus 

(Tay et al., 2011, McLean and Fetcho, 2004a). Interestingly, I observed also a 

population of subpallial DAergic neurons that also possessed descending 

projections in which they extended axons posteriorly towards the diencephalon. 

Limitations associated with staining prevents me from determining where these 

axons terminated. However, previous studies suggest these most likely 

innervated thalamic and hypothalamic regions (Tay et al., 2011). However, 

further research is needed to determine whether this is indeed the case for the 

neurons labelled in this study. 

Based on my anatomical evidence, can anything be inferred about the functional 

role of subpallial DAergic neurons? Genetic studies have suggested ventral and 
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dorsal aspects of the subpallium are homologous to the mammalian striatum and 

extended amygdala respectively (Mueller et al., 2008, Osorio et al., 2010, 

Wullimann, 2009, Wullimann and Mueller, 2004, Wullimann and Rink, 2002, 

Ganz et al., 2012, Perathoner et al., 2016, O'Connell and Hofmann, 2011). 

Therefore, locally projecting DAergic neurons may be functionally equivalent to 

nigrostriatal neurons of the mammalian brain. To determine if this is the case 

ablation of subpallial DAergic could be used to if these neurons have a similar 

role in locomotion. Since SNc neurons have a role in modulating locomotion and 

loss of these neurons cause Parkinson’s disease like symptoms, ablating 

subpallial DAergic neurons may have a similar effect of zebrafish locomotion. The 

role of subpallial DAergic neurons in locomotion will be addressed in chapter 4. 

3.4.2 Development of synaptic input to subpallial dopaminergic 

neurons 

Electroporation of subpallium DAergic neurons allowed me to study 

developmental morphology (Figure 3:6). I found labelled cells in the olfactory bulb 

and contralateral subpallium. This is consistent with the literature, retrograde 

labelling studies conducted in adult zebrafish, found labelled neurons in the 

ventral telencephalon, Vs, Vp and olfactory bulb (Rink and Wullimann, 2004, Rink 

and Wullimann, 2002a, Rink and Wullimann, 2002b). However, these studies 

found the ventral telencephalon was innervated by the pallium, the putative 

hippocampus and amygdala. Together, this would suggest the ventral 

telencephalon of adults receives input from putative striatum, hippocampus, 

amygdala and extended amygdala, as well as the olfactory bulb (Rink and 

Wullimann, 2004, Rink and Wullimann, 2002a, Rink and Wullimann, 2002b, 

Perathoner et al., 2016, O'Connell and Hofmann, 2011, Mueller et al., 2011, Ganz 

et al., 2015). The experiments I conducted did not find the pallial input. One 

explanation for this is that subpallium and pallium are transient structures that 

become the ventral and dorsal telencephalon later in development; therefore, 

these structures are still developing, and the connectome is not complete. 

Evidence supporting this argument includes studies investigating learning and 

memory, which are conducted from 7 dpf onwards. Social behaviours, learning 

and operant conditioning are examined in older fish, when they are juvenile 
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(Roberts et al., 2013). Pallial lesions can disrupt memory and learnt behaviours 

in other teleost fish (Portavella et al., 2002). Therefore, it could be assumed that 

functional connections from the pallium develop later in development and which 

is why subpallial afferents from the pallium are not present at 5 dpf.  

In larval zebrafish, subpallial afferents were found in the posterior tuberculum-

pretectum border as early as 3 dpf. The posterior tuberculum-pretectum border 

corresponds to the thalamus in adult zebrafish, and this structure integrates, 

processes and relays sensory input (Roberts et al., 2013). The zebrafish 

thalamus has been shown to filter visual information, specifically changes in 

luminescence (Heap et al., 2018b), and this structure is an integral part of the 

ascending visual and auditory pathway (Roberts et al., 2013, Mueller, 2012). The 

thalamic connections I observed in early-stage zebrafish are consistent with 

reports in the literature: Rink and colleagues found subpallial afferents originating 

in the thalamus in adult fish (Rink and Wullimann, 2004, Rink and Wullimann, 

2002a, Rink and Wullimann, 2002b). Interestingly, similar thalamic-subpallial 

connections have been observed in goldfish (Northcutt, 2006). Together, these 

studies suggest the teleost subpallium receives input from the thalamus and 

these connections develop as early as 3 dpf in zebrafish. Since the subpallium 

receives input from the thalamus early in development, it could be assumed the 

subpallial DAergic neurons receive sensory input from a thalamic relay; however, 

functional studies are required to determine if these neurons receive sensory 

information. 

During early larval stages, subpallial afferents were found in the preoptic area, 

the posterior tuberculum and hypothalamus from 3 dpf. Similar observations were 

found in adult zebrafish; retrograde labelling studies found the ventral 

telencephalon received input from the preoptic area, posterior tuberculum as well 

as multiple regions of the hypothalamus (Rink and Wullimann, 2004, Rink and 

Wullimann, 2002a, Rink and Wullimann, 2002b). Interestingly, these studies 

found ascending DAergic projections from the posterior tuberculum and 

suggested these DAergic neurons are homologous to the neurons in VTA and 

SNc (Rink and Wullimann, 2002a). However, the experiments I conducted did not 

find any subpallial afferents that originated from vmat2/gfp positive neurons in the 

posterior tuberculum. This suggests the subpallial DAergic neurons do not 
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receive input from DAergic neurons of the posterior tuberculum. One explanation 

is that these neurons do not innervate the dorsal aspect of the subpallium, where 

the cell bodies of the subpallial DAergic neurons reside and was the location of 

the electroporation site. Evidence supporting this argument is a study by Tay and 

colleagues, in which they examined the projectome of zebrafish catecholamine 

neurons found the ascending projections originated from DC2/4; however, these 

neurons do not innervate the subpallium extensively and were restricted to the 

ventral aspect of the subpallium (Tay et al., 2011). Another explanation may be 

that, due to technical limitations, the electroporation was proximal to the soma 

and did not label the subpallial afferents that innervate the subpallial DAergic 

neurons projections. 

My retrograde labelling experiments also revealed that the subpallium receives 

input from the hindbrain from 2 dpf onwards. These neurons were found close to 

the locus coeruleus and raphe at 2, 3 and 5 dpf. Similarly, Rink and Wullimann 

found the ventral telencephalon of adult zebrafish received input from the 

hindbrain, however, they found input specific structures, including the nMLF, 

dorsal tegmental, superior reticular nucleus, superior raphe and locus coeruleus 

(Rink and Wullimann, 2004, Rink and Wullimann, 2002a, Rink and Wullimann, 

2002b). These studies suggest the ventral telencephalon receives a range of 

cholinergic, noradrenergic and serotonergic input from across the hindbrain. 

Whilst these studies found input from these regions in adult fish, I only found a 

subset in larval zebrafish. One explanation for this discrepancy is these 

connections have not fully developed in early-stage zebrafish. Another 

explanation is that different labelling techniques were used: I electroporated 

locally to the subpallial DAergic neurons, which reside in the dorsal aspect of the 

subpallium, whilst Rink and Wullimann used DiI-labelling to identify the afferent 

nuclei to both ventral and dorsal aspects of the ventral telencephalon. Subpallial 

DAergic neurons are restricted to the dorsal aspect of the ventral telencephalon 

of adult zebrafish (Yamamoto et al., 2010a), therefore, only a subset of afferent 

nuclei identified by Rink and Wullimann may innervate this region (Figure 3:22) 

(Rink and Wullimann, 2004, Rink and Wullimann, 2002a, Rink and Wullimann, 

2002b). Evidence supporting this includes a study investigating the 

catecholamine projectome. Rink and Wullimann found NAergic neurons of the 
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locus coeruleus innervate the ventral telencephalon; however, Tay and 

colleagues examined the morphology of these NAergic neurons and found their 

projections innervate the ventral aspect of the subpallium (Figure 3:22) (Tay et 

al., 2011, Rink and Wullimann, 2002a). Therefore, the NAergic afferents were not 

electroporated as they do not project to the dorsal aspect of the subpallium, 

where the subpallial DAergic neurons are located. This suggests the subpallial 

DAergic neurons are not innervated by NAergic neurons. However, subpallial 

DAergic neurons innervate the subpallium extensively, and NAergic neurons 

could modulate DAergic synapse in these regions.  

 

 

Figure 3:22 Schematic illustration of the connectome of subpallial DAergic 
neurons. Schematic illustration of the afferent projections to the subpallium (navy 
arrows), as well as the ascending DAergic projections originating from the DDNs 
(red arrow) and the NAergic projection originating from the LC (blue). The 
projections of the subpallial DAergic neurons are shown by orange arrows. 
Orientation is indicated in the panel; R = rostral, C = caudal, D = dorsal and V = 
ventral. Abbreviations: Olfactory bulb (OB), cerebellum (Cb) subpallium (SP), 
preoptic (PO), posterior tuberculum (PTc), hypothalamus (H), pretectum (PT), 
thalamic nuclei (T), nucleus of the medial longitudinal fasciculus (NMLF), griseum 
centrale (GC), dorsal tegmental nucleus (DTN), nucleus lateralis valvulae (NLV), 
superior reticular nucleus (SRN), superior raphe (SR), locus coeruleus (LC), 
habenular (HB) and medulla oblangata (MO). Redrawn from Tay et al., (2011) 
and Rink and Wullimann (2002). 
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In sum, the subpallium receives input early in development, and these afferent 

processes change rapidly. I observed input originating from the putative striatum 

and extended amygdala during early development, this suggests the subpallial 

DAergic neurons receive input from these regions. Furthermore, similar findings 

have been observed in adult zebrafish. Additionally, I observed afferent nuclei in 

the olfactory bulb and thalamus, and these afferent nuclei were labelled in adult 

retrograde labelling studies (Rink and Wullimann, 2002b). Furthermore, I found 

subpallial afferents originating from the posterior tuberculum, hypothalamus and 

hindbrain regions as early as 3 dpf. These have also been found in adult 

zebrafish; however, these studies found additional afferent nuclei (Rink and 

Wullimann, 2004, Rink and Wullimann, 2002a, Rink and Wullimann, 2002b). 

These discrepancies could be due to changes to input that appear later in 

development, or due to differences in retrograde labelling techniques used.  

In this chapter, I have also shown that subpallial DAergic neurons receive 

GABAergic and glutamatergic input from at least 3 dpf. Examination of the 

kinetics of glutamatergic mPSCs did not differ between 3 and 5 dpf. However, the 

rise and decay time kinetics of GABAergic mPSCs decreased with age. The 

kinetics of mPSCs often change during development as synapses mature. The 

rise time of the GABAergic mPSCs decreased with age, suggesting faster 

activation of GABAergic receptors. These kinetics are driven by ion channels and 

receptors, and mPSC kinetics are affected by their densities. During early neuron 

development, there is low expression of receptors, and they are dispersed across 

the membrane (Hall and Sanes, 1993). Subsequently, there is slow activation of 

the receptors on the postsynaptic terminal. During synapse maturation, receptor 

number increases and clustering occurs (Favuzzi and Rico, 2018, Craig et al., 

1994, Hall and Sanes, 1993, Sudhof, 2018). In combination, these changes lead 

to a decrease in the rise and decay time and an increase in the amplitude of 

mPSCs (Gonzalez-Forero and Alvarez, 2005, Sutor and Luhmann, 1995, Jang et 

al., 2010, Kuhlman et al., 2010, Felix and Magnusson, 2016, DuBois et al., 2004). 

In sum, the subpallium begins to receive axonal projections from 2 dpf. By 5 dpf, 

the subpallial afferent largely resembles innervation patterns observed in the 

adult zebrafish. Examination of functional synaptic input by whole-cell patch-

clamp revealed subpallial DAergic neurons receive glutamatergic and GABAergic 
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input from 3 dpf. Together, this suggests subpallial DAergic neurons have 

become integrated into the neural circuits. 

3.4.3 The ontogeny of intrinsic excitability. 

I have shown subpallial DAergic neurons are wired into the CNS; however, i 

sought to determine if they are capable of releasing DA. This can be inferred by 

studying the excitable properties of these neurons. Whole-cell patch clamp 

recordings of subpallial DAergic neurons revealed these cells are intrinsically 

excitable from 3 dpf. Here, rheobase current evoked broad action potentials. At 

5 dpf, the action potential kinetics had similar threshold potential and halfwidth to 

3 dpf neurons. However, 5 dpf neurons had larger spike amplitudes suggesting 

changes in action potential kinetics. Since action potential kinetics are driven by 

ion channel expression and densities, it could be assumed changes in ion 

channels and/or their densities. The depolarisation phase of an action potential 

is driven by TTX-sensitive voltage-gated sodium channels and N-type and P/Q-

type calcium channels (Gantz et al., 2018, Bean, 2007). An increase in their 

expression could result in an increase depolarisation phase and amplitude. 

Immature neurons typically generate small spikes that are activated at 

depolarised threshold potentials. During maturation, changes to ion channel 

expression, densities and subunit composition alter the conductances that drive 

action potential kinetics (Gao and Ziskind-Conhaim, 1998). The density of both 

voltage-gated sodium and potassium channels have been observed to increase 

during early development, leading to a decrease in spike time to peak, width and 

increased amplitude (Benninger et al., 2003, Gao and Ziskind-Conhaim, 1998).  

Analysis of subpallial DAergic neurons revealed they exhibited broad action 

potentials (~9ms) during early development, whilst the DDNs exhibit shorter 

action potential durations (~4ms) during this time (Jay, 2015). The subpallial 

DAergic neurons have relatively broader action potentials when compared to 

those of the DC2/4 population. One explanation for this is that DC2/4 neurons are 

more mature since these neurons develop early. DC2/4 are some of the first 

catecholamine neurons that appear in the zebrafish brain, becoming th positive 

at 20 hpf, whilst subpallial DAergic neurons can only be identified by their th 
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expression at 48 hpf (Mahler et al., 2010). Another explanation is that zebrafish 

DAergic neurons exhibit heterogeneity with regards to action potential kinetics. 

Interestingly, studies of mammalian DAergic neurons revealed a high degree of 

diversity in the action potential duration and amplitude. Subpopulations of VTA 

neurons that project to the cortex, amygdala and the core of the NAc have 

broader action potentials (action potential duration ~7ms) compared to the SNc 

neurons (~4ms) (Lammel et al., 2008). Together, it shows DAergic neurons of 

zebrafish exhibit similar properties to mammalian DAergic neurons; they both 

generate broad action potentials and are heterogeneous.   

As neurons mature, some develop the capacity to generate repetitive spikes 

when subjected to constant depolarising current injection. In this chapter, the 

individual recording of a neuron at 2 dpf, a single spike was observed. This is due 

to the difficulty of performing whole-cell patch clamp recordings on these neurons. 

At 3 dpf, injection of suprathreshold current was able to elicit multiple action 

potentials in the majority (~70%) of subpallial DAergic neurons while at 5 dpf, all 

recorded neurons exhibited repetitive spike trains of action potentials and had an 

increase in spike frequency compared to 3 dpf neurons. This suggests that by 5 

dpf, subpallial DAergic neurons developed the capacity to fire repetitively. Similar 

observations have been made in maturing neurons in rodents as well as the 

DDNs of zebrafish (Jay et al., 2015, Strubing et al., 1995, Lenka et al., 2002, 

Benninger et al., 2003, Jay, 2015).  

In sum, subpallial DAergic neurons are intrinsically excitable during early 

development. Subpallial DAergic neurons are capable of generating action 

potentials and exhibit maturation in the action potential waveform. With age, the 

subpallial DAergic neurons generate trains of spikes, by 5 dpf they are capable 

of generating higher firing frequencies. Together, this suggests the maturation of 

the neurons.  

3.4.4 Physiological Properties of subpallial dopaminergic neurons. 

I examined the subpallial DAergic neurons for the traditional physiological 

features of mammalian midbrain DAergic neurons, including Ih current and D2 

autoreceptors. However, subpallial DAergic neurons do not exhibit all of the 
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traditional physiological properties that have been observed in mammalian 

DAergic neurons. A classical property of mammalian DAergic neurons is the 

presence of an Ih current, examination of the subpallial DAergic neurons revealed 

they do not possess an Ih current. A recent study of mammalian DAergic neurons 

found that this feature is not conversed between all mammalian DAergic 

populations, mesocortical DA neurons of the VTA did not exhibit a sag potential 

(Lammel et al., 2008). Interestingly, examination of zebrafish DC2/4 neurons 

revealed they also lacked an Ih current (Jay, 2015).  

The presence of D2 autoreceptors is another feature used to identify mammalian 

DAergic neurons. Activation of presynaptically expressed D2 receptors can 

activate GIRK channels, which reduces the excitability of the DA neurons (Ford, 

2014). Autoreceptor function has been observed in multiple mammalian DAergic 

neuron populations as well as the zebrafish DC2/4DAergic cluster (Lammel et al., 

2008, Jay, 2015). This suggests that the autoreceptor function of DAergic 

neurons is conserved across species. My work stands in broad agreement with 

this principle: application of DA to subpallial DAergic neurons decreased the firing 

activity of these neurons, suggesting activation of presynaptic D2 receptors 

typically attenuates firing activity; however, I did not use a specific D2 antagonist 

to confirm the DA induced inhibition of firing activity was mediated by D2 

receptors. Interestingly, physiological recordings of zebrafish DC2/4 neurons 

revealed they exhibited D2 autoreceptor inhibition (Jay, 2015), demonstrating this 

physiological feature is conserved across species. However, work in mammals 

revealed D2 autoreceptor are not conserved in all DAergic clusters, activation of 

presynaptic D2 receptors of the VTA DAergic neurons that project to the 

amygdala does not abolish firing activity but rather reduces the firing of these 

neurons (Lammel et al., 2008). 

3.4.5 Conclusion 

In sum, the findings presented in this chapter confirm that the DAergic neurons 

of the zebrafish subpallium can be targeted for physiological techniques. These 

neurons demonstrate fast development in their input, morphology and 

physiological features between 2 and 5 dpf. The cellular and physiological 
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properties and activity of subpallial DAergic neurons at 2, 3 and 5 dpf, have been 

examined and by 5 dpf, subpallial DAergic neurons exhibit chain spiking and 

endogenous firing. This work lays the foundation to delineating the functional role 

of subpallial DAergic neurons in awake, free-moving zebrafish.  



 

98 
 

 

Chapter 4 The Functional Role of Subpallial 

Dopaminergic Neurons 
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4.1 Introduction 

Our understanding of subpallial DAergic neurons has been limited by a lack of 

studies investigating this neural population. From anatomical and genetic studies, 

it has been hypothesised that the zebrafish subpallium is homologous to the 

mammalian striatum and extended amygdala (Ganz et al., 2012, Perathoner et 

al., 2016, O'Connell and Hofmann, 2011). Within the subpallium, there is a cluster 

of DAergic neurons that provide the primary source of DA input to the 

telencephalon as well as innervate the thalamus and hypothalamus (Tay et al., 

2011). Based on these observations, it is hypothesised that the subpallial DAergic 

neurons may be functionally equivalent to mammalian midbrain DAergic neurons. 

However, as no functional studies have been conducted, this hypothesis remains 

untested. In this chapter, I use physiological, imaging and behavioural 

approaches to determine whether subpallial DAergic neurons are functionally 

homologous to mammalian midbrain DAergic neurons. Below, I provide an 

account of the nigrostriatal and mesostriatal pathways in mammals and its role in 

regulating behaviours before detailing our current understanding of equivalent 

pathways in zebrafish. 

4.1.1 Mammalian striatum 

The striatum is a nucleus located in the forebrain and can be structurally and 

functionally subdivided into dorsal and ventral regions (Dudman and Krakauer, 

2016, Yoshimi et al., 2015). The dorsal region of the striatum is composed of the 

caudate nucleus and putamen and has a role in locomotion and action selection 

(Grahn et al., 2008, Palmiter, 2008). The caudate nucleus primarily receives 

cortical input, whilst the putamen receives input from sensorimotor and prefrontal 

cortex as well as the limbic circuits (Krack et al., 2010, Soares-Cunha et al., 

2016b). The ventral striatum contains the NAc and is associated with the reward 

circuits (Nakanishi et al., 2014, Hikida et al., 2013, Minami et al., 2017). The NAc, 

which is divided into the core and shell components, receives input from the 

prefrontal cortex and limbic systems (Soares-Cunha et al., 2016b). Both dorsal 



The functional role of subpallial dopaminergic neurons 

 

100 
 

and ventral regions of the striatum are innervated by the midbrain DAergic 

neurons. 

The dorsal striatum is an integral component of the basal ganglia, a group of 

subcortical nuclei that regulate motor control, as well as motor learning, executive 

behaviours and emotions (Lanciego et al., 2012). The basal ganglia is composed 

of the striatum, substantia nigra pars reticulata (SNr), SNc, globus pallidus 

externus (GPe) and internus (GPi), subthalamic nucleus, thalamus and cortex. 

The classical model of the basal ganglia circuit is divided into two cortex-basal 

ganglia-thalamus-cortex loops described as direct and indirect pathways 

(Kreitzer and Malenka, 2008) (Figure 4:1). The dorsal striatum receives input from 

the cortex as well as DAergic input from the SNc (Lim et al., 2014). Furthermore, 

the dorsal striatum innervates the GPe, GPi and SNr (Lanciego et al., 2012). 

The ventral aspect of the striatum is a major component of the limbic system, 

mediating reward, aversion, cognition and motivational salience (Cardinal et al., 

2002, Jensen et al., 2003, Heekeren et al., 2007, Meffert et al., 2018, Floresco, 

2015). The ventral striatum receives input from the amygdala, thalamus, cortex 

and hippocampus (Zhu et al., 2016, Choi et al., 2017). Additionally, it receives 

DAergic input from the VTA as part of the mesolimbic pathway (Reynolds et al., 

2001). The ventral striatum innervates the ventral pallidum, globus pallidus, 

thalamus and the extended amygdala (Morales and Margolis, 2017). 

Both dorsal and ventral aspects of the striatum are primarily composed of 

GABAergic medium spiny projecting neurons (MSNs), cholinergic interneurons 

as well as a four classes of GABAergic interneurons (Gangarossa et al., 2013, 

Gerfen, 1988, DiFiglia, 1987, Straub et al., 2016, Tepper et al., 2018). The 

GABAergic interneurons can be distinguished based on molecular markers and 

include parvalbumin expressing fast spiking interneurons, tyrosine hydroxylase 

expressing interneurons, the neuropeptide Y/ somatostatin/ nitric oxide synthase 

expressing interneurons and calretinin expressing neurons (Tepper et al., 2018). 

The striatal circuitry is modulated by DA signalling which, when perturbed, cause 

conditions such addiction, schizophrenia and Parkinson’s disease (Berke and 

Hyman, 2000, Hamid et al., 2016, Deserno et al., 2016, Lotharius and Brundin, 
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2002, Dauer and Przedborski, 2003). Below, I review the structural and functional 

studies of the striatum and the role of DA signalling in this region. 

4.1.1.1 Medium spiny projecting neurons 

MSNs are inhibitory GABAergic neurons that makeup approximately 95% of the 

striatal grey matter (Plenz and Wickens, 2016). MSNs have been clearly defined 

and possess stereotypical morphological and physiological characteristics 

(Ericsson et al., 2011, Bicanic et al., 2017, Gertler et al., 2008). Specifically, these 

cells have 5-6 primary dendrites projecting from the soma, which branch 

extensively and are studded with numerous spines (Bicanic et al., 2017, Plenz 

and Wickens, 2016). 

MSNs exhibit episodic spike trains followed by quiescent periods. On current 

injection these cells show repetitive firing (Plenz and Wickens, 2016, Galarraga 

et al., 2007, Kimura et al., 1990). The resting membrane potential of MSNs 

alternates between two subthreshold states, a hyperpolarised ‘down-state’ and a 

depolarised ‘up-state’ (Evans et al., 2013, Wilson and Kawaguchi, 1996). The up-

state is dependent on combined cortical and striatal inputs (Surmeier and Kitai, 

1997, Carter and Sabatini, 2004, Wilson and Kawaguchi, 1996). When in the up-

state MSNs display slow ramp-like depolarisations that is mediated by slowly 

inactivating A-type K+ channels (IAs) (Gabel and Nisenbaum, 1998, Nisenbaum 

and Wilson, 1995, Nisenbaum et al., 1994, Surmeier et al., 1991). The IAs current 

can persist for seconds and is associated with prolonged spike latency, restricting 

recurring spiking by delaying depolarisation (Nisenbaum and Wilson, 1995, 

Nisenbaum et al., 1994, Gabel and Nisenbaum, 1998). The IAs current of MSNs 

is inhibited and activated by D1 and D2 receptor signalling, respectively. 

Depending on the state of the MSN, DA signalling can affect the excitability of 

these neurons (see section 4.1.1.3).  

MSNs can be segregated into D1-MSN and D2-MSN populations: D1-MSNs can 

be identified by expression of substance P, dynorphin and D1 receptors (Thibault 

et al., 2013, Young et al., 1986) while D2-MSNs can be identified by expression 

of D2 receptors and encephalin (Gerfen et al., 1990). A small population of MSNs 

also express D1 and D2 receptors, but little is known about the function of these 

cells (Gagnon et al., 2017). The D1-MSNs and D2-MSNs are functionally and 
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anatomically differentiated, comprising the direct and indirect striatal pathways, 

respectively (Gerfen and Surmeier, 2011) (see section 4.1.1.2). These cells are 

evenly distributed across the dorsal striatum although the caudal aspect of the 

dorsal striatum has been found to express D1 receptors only (Gangarossa et al., 

2013). 

4.1.1.2 The direct and indirect pathways of the dorsal striatum 

In the direct pathway, the striatum receives glutamatergic input from the cortex 

and thalamus, which excite GABAergic neurons projecting to the GPi and SNr. 

This, in turn, inhibits GABAergic neurons of the GPi/SNr that project to the 

thalamus and the net result is disinhibition of the thalamus (Freeze et al., 2013). 

DA input activates D1 receptors expressed by D1-MSNs, which increases the 

excitability of D1-MSNs (Gerfen and Surmeier, 2011). Since the D1-MSNs are 

GABAergic, the increased excitability leads to an increase in inhibitory 

GABAergic transmission to the GPi/SNr (Freeze et al., 2013). Subsequently, the 

activity of GABAergic GPi/SNr neurons is reduced, which disinhibits thalamic 

neurons that are innervated by the GPi/SNr (Figure 4:1). The activation of the 

direct pathway is thought to promote movement by allowing activation of the 

thalamocortical loop. 

In the indirect pathway, the striatum receives excitatory input from the cortex 

which in turn excites GABAergic neurons projecting to the GPe. Once activated, 

these cells inhibit GABAergic GPe neurons that project to the subthalamic 

nucleus (STN; Figure 4:1) (Morera-Herreras et al., 2012). This loss of inhibition 

of STN neurons allows excitatory glutamatergic input to activate GPi/SNr 

GABAergic neurons that project to the thalamus (Lanciego et al., 2012). This, in 

turn, inhibits the glutamatergic thalamocortical projecting neurons. In the indirect 

pathway, DA input from the SNc activates D2 receptors in the striatum and 

reduces the excitability of the D2-MSNs, which in turn reduces the GABAergic 

transmission to the GPe (Murer et al., 2000). Subsequently, there is an increase 

in activity of the GABAergic neurons of the GPe that innervate the STN, therefore, 

the activity of the STN is reduced. In sum, activation of the indirect pathway leads 

to increased inhibition of the thalamocortical loop and subsequently inhibits 

movement. 
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In Parkinson’s disease, DAergic neurons of the SNc are lost. The resulting loss 

of DA modulation of the striatum perturbs locomotion (Sveinbjornsdottir, 2016, 

Magrinelli et al., 2016). Optogenetic activation D2-MSNs of the indirect pathway 

can elicit Parkinson-like symptoms, whilst activation of D1 receptors rescues the 

locomotive deficits (Kravitz et al., 2010). Loss of DA input to the direct pathway 

reduces the activity of D1-MSNs, which reduces inhibition of GPi/SNr neurons 

and subsequently increases the GABAergic input to the thalamocortical loop 

(Lanciego et al., 2012). Loss of DAergic input to the indirect pathway increases 

the excitability of D2-MSNs, inhibiting the GPe (Lanciego et al., 2012) and causes 

hyperexcitability of the STN, resulting in increased inhibition of the 

thalamocortical loop (Murer et al., 2000, Calabresi et al., 2014). 

 



The functional role of subpallial dopaminergic neurons 

 

104 
 

 

Figure 4:1 Classic model of basal ganglia. Schematic illustration the direct and 
indirect pathways of the basal ganglia, highlighting the excitatory and inhibitory 
effects of neurotransmission. Abbreviations: GPe – Globus Pallidus externus, 
GPi – Globus Pallidus Internus, SNc – Substantia Nigra Pars Compacta, STN – 
Subthalamic nucleus. Adapted from Morera-Herreras et al., (2012) and Lanciego 
et al., (2012). 

4.1.1.3 Dopamine signalling and medium spiny projecting neurons 

DA can modulate D1-MSNs through multiple ion channel targets. Activation of D1 

receptors on D1-MSN has been shown to reduce the IAs current (Kitai and 

Surmeier, 1993, Surmeier and Kitai, 1993). In the up-state, D1 receptor activation 

increases the activity in the L-type Ca2+ channels, and along with the reduction of 

the IAs current can increase the excitability of the D1-MSNs (Hernandez-Lopez et 

al., 2000, Plenz and Wickens, 2016, Surmeier et al., 1995). During the downstate, 

DA activation of D1-MSNs increases IKir and decrease INa currents, which in turn 
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stabilises the hyperpolarisation of the down-state, making the cell less excitable 

(Surmeier and Kitai, 1993).  

Whilst DA stimulation of D1-MSNs increases excitability of the up-state and 

stability of the down-state, DA input to D2-MSNs has an opposite effect. 

Activation of D2 receptors enhances the IAs current in the D2-MSNs and 

decreases the IKir current. Modulation by DA enhances the probability of transiting 

from the down-state to up-state (Plenz and Wickens, 2016, Uchimura et al., 

1989). In the up-state, D2 receptor activation decreases L-type Ca2+ channel 

activity, and along with an increase in the IAs current can increase the delay in 

D2-MSN firing activity (Olson et al., 2005, Plenz and Wickens, 2016). In sum, DA 

transmission modulates the excitability of MSNs. 

4.1.2 Dopamine transmission in the ventral striatum 

As mentioned above, the ventral striatum is composed of NAc core and shell 

regions that can be differentiated by their inputs, outputs and 

immunohistochemical marker expression (Burke et al., 2017). Further subregions 

can be identified based on their activity and the information they encode (Tsutsui-

Kimura et al., 2017a, Ikemoto, 2007, de Jong et al., 2019, Badrinarayan et al., 

2012). As with the dorsal aspect of the striatum, the NAc is composed primarily 

of D1 and D2 MSNs, a smaller population of cholinergic interneurons as well as 

four classes of GABAergic interneurons. Mesolimbic DA transmission can 

modulate the activity of the NAc and has been associated with motivational 

salience, aversive and rewarding cues and various aspects of decision making 

by (de Jong et al., 2019, Badrinarayan et al., 2012, Yoshimi et al., 2015, Jenni et 

al., 2017, Tsutsui-Kimura et al., 2017a).  

Traditionally, both direct and indirect pathways of the NAc were thought to 

modulate motivated behaviour such as reward and aversion (Lobo et al., 2010). 

Here, activation of D1-MSNs (the direct pathway) was thought to increase 

motivational behaviour and promote reward signalling (Lobo and Nestler, 2011), 

while indirect pathway activation triggers aversive learning behaviours (Kravitz et 

al., 2012, Hikida et al., 2010, Lobo et al., 2010). Optogenetic activation of NAc 

D1-MSNs facilitated conditioned place preference, whilst optogenetic activation 
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of NAc D2-MSNs attenuated conditioned place preference (Lobo et al., 2010). 

However, recent studies challenge this functional dichotomy (Soares-Cunha et 

al., 2016a). Studies have shown that D1 and D2-MSNs can both modulate reward 

and aversion. Optogenetic studies have shown that activation of both D1 and D2-

MSNs had both rewarding and aversive effects on behaviour (Soares-Cunha et 

al., 2019). Additionally, application of D1 and D2 receptor antagonists reduced 

avoidance behaviours during two-way active avoidance tasks (Boschen et al., 

2011, Wietzikoski et al., 2012). It has been suggested that the DAergic population 

of the VTA are involved in processing both aversive and reward-related 

information (Lammel et al., 2014). Below, I review the functional studies of the 

ventral striatum and the role of DA signalling in mammalian striatum. 

4.1.2.1 Reward related dopamine transmission in the ventral striatum 

Midbrain DAergic neuron activity has been shown to be involved in conveying 

reward signals and reward-prediction which provides a mechanism by which 

reward learning can occur (Schultz, 2016, Schultz et al., 2017, Schultz, 1998). 

Schultz and colleagues describe DA as a reward prediction error (RPE) signal 

that provides a mechanism of error-driven reinforcement learning (Schultz et al., 

2017). Without a predictor, phasic DA release is detected in the striatum when 

presented with an unexpected reward (Yoshimi et al., 2015, Schultz et al., 2017). 

During learning and in the context of RPE, phasic DA is released in response to 

the predictive stimulus of an expected reward and not released when the reward 

is received. If the value of the reward is equal to the expected reward, then the 

firing activity of DAergic neurons does not change (Schultz et al., 2017). However, 

if an expected reward is not received, the firing activity of DA neurons decreases 

(Schultz et al., 2017). These errors in the RPE reflects a reward value and can 

promote learning (Schultz, 2016, Keiflin and Janak, 2015).  

Phasic DA signalling and RPE is a system that conveys the value of an object as 

well as encoding information regarding stimuli that predicts future rewards. 

Changes to phasic DA signalling can alter motivation to work and affect learning 

(Hamid et al., 2016). Exposure to food rewards causes an increase in DA 

concentrations in NAc (Biesdorf et al., 2015) and .depletion of NAc DA by 

neurochemical lesions impairs reward-related behaviours (Bergamini et al., 
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2016). The pursuit of food rewards can be inhibited by blocking the phasic release 

of DA in the NAc by inducing tonic firing activity of VTA DAergic neurons 

(Mikhailova et al., 2016).  

Exposure to addictive drugs such as cocaine and amphetamine increases 

DAergic transmission and enhances learning processes to reinforce reward 

signals (Koob, 1992, Sulzer, 2011). Amphetamine exposure has several effects 

on DA transmission, including increased TH activity, decreased MAO activity and 

DAT inhibition (Sulzer, 2011). Furthermore, cocaine blocks the activity of DAT 

(Siciliano and Jones, 2017). The net result of amphetamine and cocaine 

exposure is an increase in extracellular DA in the synaptic cleft by increasing DA 

concentration available for synaptic release and inhibiting DA reuptake (Carboni 

et al., 2001).  

D1 and D2-MSNs have been shown to be involved in mediating reward (Soares-

Cunha et al., 2016b). Knockout of D1 receptors in mice abolished Pavlovian 

conditioning (Parker et al., 2010). Additionally, D1 receptor knockout mice had a 

reduction in performance during a cocaine self-administration task, suggesting 

the rewarding effects of cocaine is attenuated in these animals (Caine et al., 

2007). Furthermore, D2 receptor knockout mice exhibited reduced cocaine-

induced conditioned place preference (Welter et al., 2007), similar to D1 receptor 

knockout mice. Together, these studies suggest both D1 and D2 receptors are 

required for reward. Optogenetic studies into D1 and D2-MSNs further support 

this argument.  Lobo and colleagues found that optogenetic activation of D1-

MSNs in the NAc enhanced cocaine place preference in rodents (Lobo et al., 

2010). Furthermore, this study also found that optogenetic activation of D2-MSNs 

in the NAc attenuated cocaine place preference (Lobo et al., 2010).  

Together, these findings suggest that loss of phasic DA release is sufficient to 

perturb reward-related behaviours such as the pursuit of food. It has been 

suggested that the DAergic reward circuitry is involved in overeating and 

decreased activity of D2 receptor is associated with obesity (Stice and Dagher, 

2010, Mahapatra, 2010).  
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4.1.2.2 Dopamine transmission in the ventral striatum and aversion  

DA transmission has been well studied in the context of reward-orientated 

behaviours, however, the role of DA transmission in aversive behaviours remains 

somewhat controversial. Nonetheless, recent studies have shown that 

mesolimbic DAergic transmission in the NAc increases in response to aversive 

stimuli (Matsumoto and Hikosaka, 2009, Soares-Cunha et al., 2016a). Aversive 

stimuli can enhance DA transmission in the NAc shell, whilst the opposite is 

observed in the core (Tsutsui-Kimura et al., 2017a, Ikemoto, 2007, de Jong et al., 

2019, Badrinarayan et al., 2012). Real-time DA signalling within the NAc core is 

decreased when rodents are exposed to fear-evoking cues whilst in the 

ventromedial NAc shell, DA transmission is increased (Badrinarayan et al., 2012, 

de Jong et al., 2019). In support of this premise, the ventral VTA DAergic neurons 

encode information about aversive events, these neurons are excited in response 

to foot shock, whilst the dorsal VTA DAergic neurons only excite to rewarding 

stimuli (Brischoux et al., 2009). Populations of VTA DAergic neurons that project 

the medial prefrontal cortex (mPFC) and NAc lateral shell have been observed to 

increase in activity to aversive stimuli (Lammel et al., 2011). This suggests that 

the VTA can modulate both aversive and reward behaviours by the segregation 

of DAergic neurons function based on location and targets.  

Classically, it was suggested that the direct and indirect pathways of the ventral 

striatum modulate reward and aversive behaviours, respectively (Kupchik and 

Kalivas, 2017). However, recent studies have shown that activation of D1-MSNs 

can evoke both aversive and reward-orientated behaviours. Excitation D1-MSNs 

in the ventral NAc shell elicits robust aversive behaviours, whilst in the dorsal NAc 

shell activation of these neurons induced positive reinforcement of behaviours 

(Al-Hasani et al., 2015). Application of either D1 or D2 receptor antagonist can 

block amphetamine place preference (Liao, 2008), and D2 receptor agonist 

enhances the effects of cocaine during self-administration task (Caine et al., 

2002). Together these findings suggest both D1 and D2-MSNs are involved in 

reward and learning. In support of this premise, D1 receptor knockout mice 

exhibited reduced performance in a cocaine self-administration task (Caine et al., 

2007). Similarly, mice lacking D2 receptors exhibited a decrease in the rewarding 

effects of opiates (Maldonado et al., 1997). Optogenetic activation of NAc D1-
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MSNs enhance cocaine place preference (Lobo et al., 2010) and optogenetic 

inhibition of these neurons suppresses cocaine sensitization (Chandra et al., 

2013). Together, these data suggest that both D1 and D2-MSNs in the NAc 

influences reward behaviours. 

The examination into the role of D1 and D2-MSNs in the role of aversion has 

received relatively little attention (Soares-Cunha et al., 2016b). However, studies 

have shown that VTA DA neurons that project to the NAc medial shell are 

activated by aversive stimuli and aversive-predicting cues (de Jong et al., 2019). 

Blocking D1-MSN activity by application of D1 receptor antagonists in the NAc 

shell can block conditioned taste aversion (Fenu et al., 2001, Fenu and Di Chiara, 

2003). Similarly, D1 receptor knockouts attenuate the learning and maintenance 

of conditioned taste aversion responses (Cannon et al., 2005). Optogenetic 

inactivation of DAergic neurons induced aversive behaviours and abolishing D2 

receptor in these animals could abolish learnt aversive behaviour (Danjo et al., 

2014). This suggests DA signalling is activated by aversive cues and modulates 

aversive learning. 

It has been shown that the activity DAergic neurons from the VTA can be 

modulated by aversive stimuli, not just reward-like stimuli. Distinct DAergic 

populations within the VTA have been shown to respond specifically to either 

reward-like or aversive stimuli (Matsumoto and Hikosaka, 2009, Lammel et al., 

2011). Both D1 receptor and D2 receptor activation can modulate both aversion 

and reward, rather than having the dichotomy of a direct and indirect pathway, as 

seen in the dorsal striatum. However, reward and aversion processing is 

segregated between the NAc dorsal shell and mediolateral shell, respectively 

(Nakanishi et al., 2014).  

4.1.2.3 Dopamine transmission in the NAc conveys motivational signals 

DA signalling has also been associated with motivation (Soares-Cunha et al., 

2016a). Incentive salience relates to the presence of a reward and promotes 

reward-seeking, whilst motivational salience relates to both rewarding and 

aversive stimuli (Berridge and Robinson, 1998). Bromberg-Martin and colleagues 

discuss DAergic neurons as having distinct roles in motivation: populations that 

encode value, which deal with reward/aversive stimuli that drive learning, whilst 
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another population encode motivational salience to support cognition and general 

motivation, and are activated by both reward and aversive stimuli (Bromberg-

Martin et al., 2010). Evidence supporting role of DA neurons in motivational 

salience includes the identification of a subpopulation of VTA neurons that 

projects to the NAc lateral shell in response to both reward and aversive stimuli 

(Lammel et al., 2011, Matsumoto and Hikosaka, 2009, Matsumoto and Takada, 

2013). Additionally, an examination into the DA transmission in the NAc shell was 

associated with motivational salience (Saddoris et al., 2015).  

Early work has suggested that D1-MSNs and D2-MSNs can either promote or 

decrease motivation, respectively (Flanigan and LeClair, 2017). However, recent 

studies show that motivation of nonhuman primates can decrease upon the 

administration of D1 or D2 receptor-specific agonists (Marino and Levy, 2019). 

Investigations into incentive salience revealed optogenetic inhibition of either D1 

or D2-MSNs of the ventrolateral striatum is sufficient to reduce performance in 

goal-directed and food incentive behaviours (Natsubori et al., 2017). Optogenetic 

activation of D1-MSNs in the NAc has been shown to promote incentive 

motivation during a self-stimulation task, however, this was not observed with D2-

MSNs (Cole et al., 2018). Furthermore, perturbed D2-MSN activity in the 

ventrolateral striatum perturbs motivation and reduces goal directed behaviours 

(Tsutsui-Kimura et al., 2017b). Additionally, optogenetic activation D2-MSNs 

could increase performance during a progressive ratio task, whilst optogenetic 

inhibition of these neurons can decrease performance (Soares-Cunha et al., 

2016a). Together, this data suggests that DA transmission in the NAc is involved 

in modulating incentive salience and motivation.  

DA signalling and motivational salience are associated with both rewarding and 

aversive stimuli. A population of VTA DAergic neurons are known to respond to 

both types of stimuli (Lammel et al., 2011, Horvitz, 2000). Similarly, Matsumoto 

and colleagues found that DA neurons responded to both rewarding and aversive 

stimuli, as well as the predictive cue of a reward or aversive stimulus (Matsumoto 

and Hikosaka, 2009). Little is known in the role of these neurons, although 

Bromberg-Martin and colleagues suggest they encode motivational salience 

(Bromberg-Martin et al., 2010). 
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As mention previously, midbrain DAergic neurons exhibit both phasic and tonic 

DA release that is underpinned by burst and autonomous firing patterns 

respectively (Grace and Bunney, 1984a, Grace and Bunney, 1984b, Grace and 

Onn, 1989, Guzman et al., 2009, Liss et al., 2001, Shepard and Stump, 1999, 

Overton and Clark, 1997). It has been suggested that phasic DA release is 

typically associated with rewards and learning, and tonic DA transmission 

conveys motivation levels (Hamid et al., 2016, Salamone and Correa, 2012). One 

study found that elevated tonic levels of DA release enhanced performance to 

earn reward but did not affect Pavlovian learning (Cagniard et al., 2006). 

Similarly, Beeler and colleagues found changes to tonic DA release didn’t affect 

learning, though it did modulate exploitation of reward learning (Beeler et al., 

2010). Additionally, computational models of tonic DA release have also 

suggested a role in motivation and response vigor (Niv et al., 2007). A recent 

study found infusion of fluropenthixol, the nonselective DA receptor antagonist, 

reduces performance during an effort-based choice task and decreased 

response vigor (Bailey et al., 2018). Taken together, these suggest that tonic DA 

levels are not required for learning, but influence motivation by affecting 

performance. 

Within the mesolimbic pathway, the ventral pallidum (VP) is among multiple 

circuits that are known to influence motivation. The VP is composed of 

GABAergic, and to a lesser extent, glutamatergic and cholinergic neurons (Root 

et al., 2015), and receives input from the NAc and DAergic input from the VTA 

(Breton et al., 2019). Additionally, GABAergic VP neurons innervate the VTA and 

inhibit the activity of these neurons (Root et al., 2015). Activation of D1 receptors 

increases the excitability of VP neurons, whilst D2 receptor activation has both 

inhibitory and excitatory effects (Clark and Bracci, 2018). D1 receptor agonist in 

the VP increased the step-through latency during an inhibitory avoidance learning 

paradigm, which was abolished by the pre-treatment of a D1 receptor antagonist 

(Peczely et al., 2014). Similar findings were observed when investigating D2 

receptor activity during inhibitory avoidance learning, activation of these 

receptors facilitated avoidance learning (Lenard et al., 2017). Taken together, it 

suggests D1 and D2 receptors facilitate inhibitory avoidance learning. 



The functional role of subpallial dopaminergic neurons 

 

112 
 

The VP is innervated by both D1 and D2-MSNs (Gong et al., 1999, Castro et al., 

2015, Smith et al., 2009), therefore, it can be modulated indirectly by DA 

transmission in the NAc. A recent study found the D1-MSNs that innervate the 

VP are necessary for reward-seeking (Pardo-Garcia et al., 2019). Whilst, 

activation of D2 receptors in NAc D2-MSNs decreased the inhibitory transmission 

in the VP, subsequently, this enhanced motivation as measured by a concurrent 

choice task (Gallo et al., 2018). As mentioned earlier, the VP innervates the VTA 

with GABAergic projections (Root et al., 2015). A recent study found that the 

optogenetic activation of NAc D2-MSN projections to the VP, inhibits the VP and 

subsequently disinhibits VTA DAergic neurons and enhances the motivational 

response in animals (Soares-Cunha et al., 2018).  

In sum, DA signalling to the NAc conveys an array of information associated with 

reward-orientated behaviours, which can include contextual information such as 

reward prediction from environmental cues, the value of the reward and the 

motivational information to pursue a reward. DA transmission can directly 

modulate neurons to enhance or attenuate motivation signals. However, DA 

signalling also modulates regions like the VP indirectly to enhance motivation. 

4.1.3 The non – mammalian striatum 

Evidence derived from studies of the lamprey suggests that the striatum and the 

components of the basal ganglia, including the direct and indirect pathways, are 

conserved in amniotes (Stephenson-Jones et al., 2012, Grillner et al., 2013). 

Below, I will review the anatomical, genetic and functional studies that support 

this premise. 

4.1.3.1 The lamprey striatum and basal ganglia 

The components of the basal ganglia are highly conserved across species, 

throughout the vertebrate phylogeny, nuclei including the striatum, GPi, GPe and 

STN have been identified in the lamprey forebrain (Stephenson-Jones et al., 

2011, Grillner et al., 2013). The organisation of the lamprey striatum is similar to 

that of mammals, being composed of both GABAergic and cholinergic neurons 

(Pombal et al., 1997b). Tracing studies showed the putative pallium receives 
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GABAergic input from the striatum, and electrophysiological recordings showed 

that neurons of this region exhibit tonic firing properties that persist in the 

presence of synaptic blockers, a feature found in the mammalian pallium 

(Stephenson-Jones et al., 2011). Additionally, the putative STN was identified 

using IHC and whole-cell recordings, and these glutamatergic neurons exhibit 

spontaneous firing activity with a post-inhibitory rebound spike (Stephenson-

Jones et al., 2011). These are stereotypical features associated with the 

mammalian STN (Bevan and Wilson, 1999). Furthermore, homologs of the SNr 

and pedunculopontine nucleus have been identified in lamprey using IHC and 

whole-cell recordings (Stephenson-Jones et al., 2012). Additionally, DAergic 

neurons have been identified within the mesencephalic nucleus of the tuberculum 

posterior (NTP) that are suggested to be homologous to the SNc and VTA 

DAergic neurons of mammals (Perez-Fernandez et al., 2017). Together, these 

studies have identified homologous nuclei that make up the basal ganglia. These 

tracing studies suggests nuclei of the putative basal ganglia have a conserved 

projectome as that of the mammalian counterparts, this includes the ascending 

DAergic pathways.  

Studies have shown that the lamprey striatum has a similar organisation to that 

of mammals (Pombal et al., 1997b, Robertson et al., 2014, Robertson et al., 

2007). Tracing studies found the lamprey striatum projects to the VP. This study 

also identified DAergic, serotonin, encephalin and substance P immunoreactive 

fibres in the VP (Stephenson-Jones et al., 2011). Moreover, lamprey striatal 

neurons have similar electrophysiological properties to mammalian MSNs such 

as the presence of pronounced inward rectification, driven by a Kir channel as 

well as the presence of a low-voltage-activated potassium current that contributes 

to the long delay to spiking (Ericsson et al., 2011). Ericsson and colleagues also 

observed spiny dendrites in these neurons and suggested these neurons are 

homologous to the MSNs (Ericsson et al., 2011).  

Further evidence, supporting the conserved anatomy and function of lamprey 

striatum is DA receptor expression and DA neuron projections. As with mammals, 

the lamprey striatum also expresses DA receptors, including the D1 and D2 

receptors (Perez-Fernandez et al., 2014). There are two populations of 

GABAergic neurons in the lamprey striatum that express either the mammalian 
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direct or indirect pathway markers, substance P or encephalin, respectively 

(Stephenson-Jones et al., 2011). The striatum receives ascending DAergic input 

from the NTP (Pombal et al., 1997a, Pombal et al., 1997b). This suggests the 

ascending DAergic pathways are conserved between mammals and lamprey. 

Functional examination of the lamprey striatum have shown that the activation of 

D1 receptors on GABAergic neurons in this region increases their excitability 

(Ericsson et al., 2013b, Ericsson et al., 2013a), whilst activation of D2 receptors 

has the opposite effect (Robertson et al., 2012). These findings are similar to 

mammalian studies of the D1 and D2-MSNs within the mammalian striatum 

(Surmeier et al., 2007). Together, they suggest that there are functionally 

conserved direct and indirect pathways in the lamprey basal ganglia.  

In mammals, depletion of striatal DA input from the midbrain DAergic neurons of 

the SNc impairs motor behaviours and generate Parkinson’s disease-like 

symptoms (Dauer and Przedborski, 2003). Similar results have been seen in 

lamprey with chemogenic ablations of NTP neurons causing depletion of striatal 

DA and locomotor defects including perturbed initiation of movement, decreased 

locomotion and duration of swim episodes (Thompson et al., 2008). This 

suggests the lamprey ascending DAergic neurons are functionally equivalent to 

the mesostriatal pathway in mammals. 

In sum, these studies suggest that the basal ganglia and the role of ascending 

DAergic input is highly conserved, and perturbed DAergic signalling in lamprey 

generates similar locomotive phenotypes similar to that of Parkinson’s disease 

models. Thus, the striatum and associated DAergic circuits are highly conserved 

between lamprey and mammals. 

4.1.3.2 The striatal homolog in zebrafish 

Although they lack comparable anatomical structures, the zebrafish 

telencephalon exhibits genetic homology to that of mammals (Wullimann and 

Mueller, 2004, Wullimann and Rink, 2002, Mueller et al., 2008, Osorio et al., 

2010, Wullimann, 2009). The adult zebrafish telencephalon can therefore be 

divided into the putative pallium (dorsal) and subpallium (ventral) based on 

differentially expressed genes which include Lhx6, Lhx7, Dlx2a, Tbr2 and GAD67 

(Mueller et al., 2008, Ganz et al., 2012, Ganz et al., 2015). By contrast, Lhx6, 
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Lhx7, Dlx2a and GAD67 are expressed differentially across the subpallium 

(Mueller et al., 2008). The subpallium can be further subdivided based on the 

combinational expression of genes which have been defined as striatum, 

pallidum and septum-like regions (Figure 4:2). 

The subpallium is a transient structure, and the striatal region of the subpallium 

is hypothesised to be homologous to the mammalian structure known as the 

lateral ganglionic eminence (LGE). The LGE is a transient developmental 

structure that becomes the striatum after development (Deacon et al., 1994, 

Olsson et al., 1998). The expression pattern of zebrafish genes in the dorsal 

subpallium include Dlx2a, Lhx6 and GAD67, corresponds to the mammalian gene 

expression pattern found in the LGE (Mueller et al., 2008). The pallidum-like 

regions of the subpallium are found the ventral aspect of the dorsal subpallium 

and genetic analysis has shown the homologous gene expression of Lhx6, Lhx7, 

Dlx2a, and GAD67 between that of the zebrafish pallidum and the medial 

ganglionic eminence (MGE) in mammals (Mueller et al., 2008). These genetic 

studies have defined the topography of zebrafish subpallium to have homologous 

regions to the mammalian striatum. 
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Figure 4:2 Schematic illustration of gene expression across the 
subdivisions of zebrafish subpallium. Summary of the gene expression in the 
subpallium of adult zebrafish. Cross-section at the mid-telencephalon level 
Orientation is indicated in panel; R = rostral, C = caudal, D = dorsal, V = ventral, 
M = medial and L = lateral. Abbreviation – OB; Olfactory Bulb, Tel; 
Telencephalon, Vc; central, Vd; dorsal, Vl; lateral, Vv; ventral zones of ventral 
telencephalon, D; dorsal telencephalon. Redrawn from Ganz et al., (2012).  

Anatomic studies have identified clusters of DAergic neurons throughout the 

zebrafish brain. Two of these, located in the posterior tuberculum, are known as 

DC2 and DC4 and possess ascending projections that innervate the subpallium 

(Tay et al., 2011). Based on their projection patterns, it had been previously 

thought that these neurons are homologous to ascending DAergic projections of 

both lampreys and mammals (Rink and Wullimann, 2001). These studies have 

also suggested that the conserved hodology of these neurons could be 

homologous to the mesostriatal or mesolimbic pathways in zebrafish (Rink and 

Wullimann, 2002a). However, studies have not been conducted to determine 

their functional equivalence. As discussed in Chapter 3, there is also a cluster of 

DAergic neurons in the subpallium. These cells innervate the telencephalon, and 
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are proposed to be the primary source of DA in the telencephalon (Tay et al., 

2011). However, this has yet to be experimentally validated. 

In the mammalian and lamprey striatum, GABAergic MSNs can be subdivided on 

the basis of D1 receptor and D2 receptor expression (Robertson et al., 2012, 

Ericsson et al., 2013b, Levey et al., 1993). The zebrafish brain expresses both 

D1 and D2 receptors, the expression pattern of these receptors have been 

examined independently (Liu et al., 2007, Boehmler et al., 2004). However, co-

expression has not. Therefore, it is currently unknown whether segregated D1 

receptor and D2 receptor expression is observed in the putative zebrafish 

striatum, as it is in mammals. 

In sum, anatomical and genetic studies of the zebrafish brain suggested genetic 

homology between the zebrafish forebrain and the mammalian striatum. 

Hodological studies have suggested there are conserved DAergic projections in 

zebrafish that could correspond to the putative meso-striatal pathways (Rink and 

Wullimann, 2001). Nonetheless, no functional or physiological studies have been 

conducted to support these hypotheses. 

4.1.4 Mammalian amygdala 

The amygdaloid complex is a structure that is developmentally derived from the 

pallium and subpallium (O'Connell and Hofmann, 2011). In mammals, this brain 

region is composed of several interconnected nuclei that are known to be a 

crucial part of the neural circuitry for emotion, memory, motivation, reward and 

fear (Gallagher and Chiba, 1996). The heterogeneous nuclei of the amygdala 

complex can be divided into three groups; the basolateral amygdala, cortical-like 

and centromedial nuclei but also encompasses the extended amygdala (Sah et 

al., 2003, Benarroch, 2015). Below, I review the structural and functional studies 

of the amygdaloid complex and the role of DA signalling in mammals. 

4.1.4.1 Basolateral amygdala in mammals  

The basolateral nucleus (BLA) is a heterogeneous collection of nuclei, composed 

of the lateral, basomedial and basolateral nuclei (Yang and Wang, 2017). The 

BLA is primarily composed of spiny glutamatergic neurons(~80% of the 
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population)and  GABAergic neurons (~20% of the population) (Sah et al., 2003, 

Duvarci and Pare, 2014, Spampanato et al., 2011). The BLA is innervated by a 

range of structures including, the thalamus, hippocampus, mPFC midbrain 

DAergic neurons (Christian et al., 2013, Yang and Wang, 2017, Floresco and 

Tse, 2007, Rosenkranz and Grace, 1999). However, each BLA nucleus receives 

input from different regions. The lateral nuclei receives the majority of its input 

from the thalamus, hippocampus, visual, auditory and somatosensory cortices 

(Sah et al., 2003, LeDoux, 2007). The basolateral nuclei receive input from 

hippocampus and the prefrontal cortex (LeDoux, 2007) while the basomedial 

nuclei receives input from the accessory olfactory tract and the hypothalamus 

(Sah et al., 2003).  

Tracing studies have revealed extensive intra-amygdaloid connections (Sah et 

al., 2003). There are reciprocal projections between the lateral, basolateral and 

basomedial nuclei with exception between the basolateral and basomedial nuclei, 

in which the basomedial nucleus does not innervate the basolateral nucleus (Sah 

et al., 2003). All three nuclei of the BLA innervate the central amygdaloid nuclei 

(CeA) (Sah et al., 2003, Yang and Wang, 2017). Examination of BLA output 

reveals substantial innervation to the medial temporal lobe (LeDoux, 2007). Other 

studies have shown BLA also innervates the NAc, hypothalamus and extended 

amygdala (Janak and Tye, 2015, McDonald, 1991, Petrovich et al., 2001). 

The BLA has been implicated in reward learning, drug-seeking, fear response 

and anxiety behaviours, as well as acquisition of conditioned threats (Stamatakis 

et al., 2014, Fox et al., 2015). Investigations into the role of the BLA in anxiety 

shows that optogenetic activation of excitatory BLA neurons induces anxiety-like 

behaviours (Siuda et al., 2016) whilst lesion of the BLA reduces anxiety-like 

during open field tests (Ranjbar et al., 2017). Evidence supporting the role of the 

modulation of BLA in anxiety responses comes from studies showing NA in this 

region promotes anxiety-like behaviours (McCall et al., 2017), whilst depletion of 

serotonin has the opposite effect (Johnson et al., 2015).  

The BLA can modulates circuits such as the NAc, hippocampus and mPFC that 

are known to be involved in reward learning (Stevenson and Gratton, 2003, Yang 

and Wang, 2017, Floresco and Tse, 2007). For example, the BLA has been 
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implicated in Pavlovian conditioning and is required for responding to reward 

(Cardinal et al., 2002, Sharp, 2017). Lesions to the BLA inhibit cue-induced 

reinstatement during cocaine self-administration task but not the self-

administration for cocaine (See et al., 2003). Additionally, lesions to the BLA 

blocked the effects of cocaine conditioning, supporting an involvement of the BLA 

in conditioning. Furthermore, BLA projections to the NAc facilitate reward-seeking 

behaviours (Ambroggi et al., 2008). In sum, anatomical studies have shown that 

the BLA receives sensory information, and functional studies have shown the 

BLA has a role in reward, learning, fear and anxiety behaviours.  

4.1.4.2 Mammalian extended amygdala  

The extended amygdala is composed of several nuclei that include the CeA and 

medial amygdaloid nuclei (MeA) and incorporates the bed nucleus of the stria 

terminalis (BNST) (Ahrens et al., 2018, Shackman and Fox, 2016, Waraczynski, 

2016). Morphological and electrophysiological studies suggest the majority of the 

CeA neurons are GABAergic (Chieng et al., 2006). The CeA can be identified by 

Lhx6/7, Dlx1/2, GAD67 and Nkx2.1 expression (O'Connell and Hofmann, 2011, 

Garcia-Lopez et al., 2008). Homologs of these genes are also expressed in the 

zebrafish pallidum (Ganz et al., 2012) (see subsection 1.7).  

The CeA can be divided into its lateral and medial subdivisions (Janak and Tye, 

2015). The lateral CeA contains striatal-like MSNs, whilst the medial subdivision 

contains pallial-like aspiny projection neurons. The lateral aspect of the CeA is 

innervated by the insular cortex, thalamus, SNc and VTA (Sun et al., 1994, Yasui 

et al., 1991, Moga et al., 1995, Fallon and Moore, 1978, Veinante and Freund-

Mercier, 1998). The medial subdivision receives input from the hypothalamus and 

periaqueductal gray (PAG) (Fallon and Moore, 1978, Gray and Magnuson, 1992, 

Veinante and Freund-Mercier, 1998). As mentioned previously, the CeA receives 

intra-amygdaloid connections from the BLA and serves as a major output of the 

amygdala (Sah et al., 2003, Yang and Wang, 2017). Anatomical studies have 

found connections between the lateral and medial subdivisions of the CeA (Sah 

et al., 2003, Calhoon and Tye, 2015). The main efferent targets of the CeA has 

been shown to be the hypothalamus, PAG, BNST and modulatory systems 

including NA and midbrain DAergic circuits (Sah et al., 2003, LeDoux, 2007, 
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Fadok et al., 2018). In addition to this direct input to the hypothalamus is a 

polysynaptic pathway that is routed through the BNST (Yamamoto et al., 2018, 

Lebow and Chen, 2016). It has been suggested the efferent connections 

influence action selection and influence physiological states (Fadok et al., 2018).   

Studies of the CeA and BNST suggest their function is involved in fear and 

anxiety (Shackman and Fox, 2016, Fox and Shackman, 2019, Newman, 1999, 

Trimble and Van Elst, 1999). Using functional MRI in humans, activity in the 

extended amygdala has been shown to be associated with a sustained threat 

(Torrisi et al., 2018). Whilst this only shows a correlation between amygdala 

activity and stimulus presentation, partial deletion of the CeA population 

promotes anxiety as observed by decreased time in the centre of an open arena 

as well as arms of an elevated plus-maze (Ahrens et al., 2018). Additionally, 

lesions to the CeA and BNST can attenuate conditioned freezing behaviour as 

well as impair visual and auditory conditioned startle behaviours (Ahrens et al., 

2018, Nader et al., 2001, Zimmerman et al., 2007 

, Campeau and Davis, 1995, Hitchcock and Davis, 1986, Hitchcock and Davis, 

1987). Moreover, stimulation of the CeA can cause defensive behaviours 

including freezing (Davis and Whalen, 2000). Together, these studies show that 

the extended amygdala is active when subjects are presented with threatening 

stimuli and influence aversive behaviours. 

Research into the function of the CeA has also suggested a role in modulation of 

motivational aspects of reward, appetitive and addictive behaviours (Jennings et 

al., 2013, Waraczynski, 2006, Koob, 2003, Stamatakis et al., 2014). Whole-brain 

mapping studies of the rodent brain found that activity in the extended amygdala 

was associated with predatory hunting, suggesting it may encode motivational 

values that influence motor output (Comoli et al., 2005). Optogenetic activation 

of the CeA can enhance incentive motivation to favour reward (Robinson et al., 

2014). Moreover, stimulation of the CeA increases attention but also causes 

freezing behaviour (Davis and Whalen, 2000), whilst inhibition of the CeA 

decreases freezing (Gozzi et al., 2010). Together, this shows the CeA has a 

multifaceted role in processing sensory information, and also influencing 
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behavioural output and decision-making processes that affect fear, reward and 

motivationally-driven behaviours 

The BNST is another component of the extended amygdala that has been 

suggested to have a role in anxiety and stress responses (Everitt et al., 1999). 

Evidence supporting this has revealed the BNST is active in response to threat 

anticipation (Herrmann et al., 2016). Furthermore, optogenetic activation of 

glutamatergic neurons in the BNST can cause aversive and anxiety-like 

behaviours while activation of GABAergic neurons in this region elicits rewarding 

and anxiolytic responses (Jennings et al., 2013). These GABAergic neurons 

reside in the anteromedial BNST and innervate the VTA, presumably modulating 

reward and aversion circuits in this region (Kaufling et al., 2017). Together, 

studies have shown that the activity of the BNST processes threat anticipation, 

anxiety and stress, which can modulate subsequent behaviours.  

4.1.5 The role of dopamine signalling on amygdala function 

The amygdala receives a broad DAergic input from the SNc, VTA and retrorubral 

field (RRF) (Cho and Fudge, 2010, de la Mora et al., 2010). DA receptors have 

been detected throughout the amygdala, including the BLA, CeA and LA (de la 

Mora et al., 2010) and D1 and D2 receptors are known to be differentially 

expressed across the amygdaloid nuclei: the BLA expresses a high density of D1 

receptors and a low density of D2 receptors, whilst the CeA has a low density of 

D1 receptors and a high density of D2 receptors (Perez de la Mora et al., 2012). 

Other DA receptors such as D3 and D4 receptors have also been detected 

throughout this region (Gurevich and Joyce, 1999, Xiang et al., 2008). Since DA 

release has been detected in the amygdala by the presentation of aversive stimuli 

and the administration of addictive drugs such as cocaine (Hurd et al., 1997, Lee 

et al., 2006), and the disruption of DA transmission to the amygdala can affect 

this behaviour (Andrzejewski and Ryals, 2016, Fudge and Haber, 2000). It can 

be assumed DA is an essential modulator of the amygdala. Below, I review the 

function studies of DA transmission on the amygdaloid complex and behaviour. 
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4.1.5.1 Dopamine and the basolateral amygdala 

As mentioned previously, the BLA has been shown to be involved in fear and 

anxiety behaviours (Muller et al., 2009). Furthermore, DA signalling in the 

amygdala can modulate its function, application of a D1 receptors antagonist 

within the BLA has an anxiolytic effect and can block fear responses, including 

freezing and startling behaviours (Ng et al., 2018, Heath et al., 2015, Stevenson 

and Gratton, 2003). Further studies have shown that DA transmission in the BLA 

has shown to be involved in fear conditioning. Evidence supporting this comes 

from studies showing D1 receptor signalling in the BLA disrupts fear conditioning 

(Heath et al., 2015) whilst local application of either a D1 receptor agonist or 

antagonist  impairs fear response suppression during conditioned reward fear 

safety cue discrimination (Ng et al., 2018). However, modulating D1 receptor 

signalling in both the hippocampus and BLA is required for the acquisition of fear 

conditioning but not consolidation or retrieval of fear memories (Heath et al., 

2015). As such, DA signalling to the BLA appears to be involved in modulating 

anxiety-like behaviours and fear response as well as the learning of fear 

conditioning.  

An examination into the role of D2 receptor signalling within the BLA has been 

shown to modulate anxiety and fear behaviours, and specific D2 receptor 

antagonism can attenuate freezing responses during a conditioned fear test (de 

Oliveira et al., 2017). Chemogenic ablation of D2 receptor expressing DA neurons 

that innervate the BLA promotes anxiety-like behaviours (Zhang et al., 2017). 

Additionally, activation of D2 receptors facilitates fear extinction (Shi et al., 2017). 

VTA activation of D2 receptors in the BLA modulates the expression of contextual 

conditioned freezing (de Souza Caetano et al., 2013). Together, this suggests D2 

receptor signalling in the BLA is involved in evoking aversive behaviours as well 

as fear-induced conditioning. Therefore, D2 receptor signalling in these regions 

may modulate learning. 

DA signalling in the amygdala has also been shown to affect decision-making 

processes and affect risky behaviours. Impulsivity is the impaired control of 

inappropriate behaviours and is associated with many multiple disordered, 

including addiction and can perturb decision making. Pharmacological activation 
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of D1 receptors in the BLA could increase risky choices, whilst blocking D1 

receptor activity within the BLA by intra-BLA infusion of D1 receptors antagonist 

could reduce risky behaviours in rodents (Larkin et al., 2016). Cocaine exposure 

can reduce impulsive decision making, but BLA injection of the D1 receptor 

antagonist SCH23390 could increase impulsivity and application of a D2 receptor 

antagonist could reverse the cocaine-induced inhibitory effect on impulsive 

choice (Li et al., 2015).  

4.1.5.2 Dopamine and extended amygdala 

The extended amygdala is innervated by DAergic neurons of the VTA, SNc and 

RRF (Hasue and Shammah-Lagnado, 2002, Cho and Fudge, 2010). Studies 

have shown the majority of DA fibres in this region innervate the dorsolateral 

BNST and lateral CeA (Freedman and Cassell, 1994). Similarly, the CeA 

expresses a very higher density of D2 receptors compared to D1 receptors (Perez 

de la Mora et al., 2012).  

Studies have shown that injecting muscimol (a GABA receptor agonist) into the 

CeA attenuates anxiety-like behaviours (Moreira et al., 2007). VTA stimulation 

can activate the CeA (Gelowitz and Kokkinidis, 1999); therefore DA transmission 

can also modulate CeA activity. DA modulation of the CeA has been shown to 

modulate aversive learning, D1 receptor signalling in the CeA is involved in the 

acquisition and expression of fear conditioning (Guarraci et al., 1999a, Guarraci 

et al., 1999b). Blocking D2 receptor signalling within the CeA prior to fear 

conditioning attenuates conditioned freezing behaviours (Guarraci et al., 2000). 

Together, this suggests DAergic signalling in the CeA is required for fear 

conditioning.  

DA signalling in the CeA can modulate anxiety-like behaviours, modulation of the 

CeA activity with D1 receptor agonist or antagonist can have an anxiogenic or 

anxiolytic effect, respectively (de la Mora et al., 2010). Antagonism of D1 

receptors in the CeA can attenuate fear response such as freezing and startling 

(Lamont and Kokkinidis, 1998, Guarraci et al., 1999a, Guarraci et al., 1999b). 

Whilst antagonism of D2 receptors in the extended amygdala can induce a fear 

response to threats (De Bundel et al., 2016). Injection of D2-like receptor 

antagonists in the CeA evoked increase burying behaviour (Perez de la Mora et 
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al., 2008). Overexpression of D1 receptor on amygdaloid neurons has been 

associated with higher anxiety levels in rats (Rebolledo-Solleiro et al., 2016). 

Nicotine can trigger an anxiogenic-like response in rats, but the modulation of DA 

signalling by D1 receptors and D2 receptor antagonists attenuates anxiogenic-like 

behaviours (Zarrindast et al., 2013). Together, these findings show that DA 

receptor activation modulates anxiety-like behaviours and fear responses. 

Research by de la Mora and colleagues has suggested that the CeA D1 receptor 

activity facilitates behaviours associated with threat recognition, whilst D2 

receptors have a role in adaptive responses to deal with threatening stimuli (de 

la Mora et al., 2010).  

DA signalling within the extended amygdala has been shown to modulate 

attention and motivation. Chemogenic lesions to the CeA caused animals to have 

reduced sustained performance in multiple-choice reaction time tasks and other 

attention test paradigms (Holland et al., 2000). Disruption of DA signalling from 

the SNc to the CeA perturbed attention and learning (Lee et al., 2006). This 

suggests DA transmission from the midbrain is required for attention-related 

activity of the CeA. D1 receptor antagonism reduced motivational and attentional 

performance (Smith et al., 2015). Loss of DA input to the CeA or the application 

D1 receptor antagonists in the CeA disrupts rodent disengagement behaviour (the 

ability to stop an ongoing behaviour to interact with a new stimulus) (Smith et al., 

2013). Together, DA transmission to the CeA can modulate attention and 

motivation, and D1 receptors activity is required for motivation. 

DA signalling in the NAc is known to convey rewards and perturbed DA signalling 

can cause addictive behaviours. Studies have implicated DA signalling to the CeA 

to be involved in conveying rewards (Douglass et al., 2017b, Lammel et al., 2014, 

Smith et al., 2015). Blocking D1 receptor activity reduces the rewarding effects of 

cocaine, suggesting that DA transmission in the CeA has a role in rewarding 

behaviours (Laszlo et al., 2018). Blocking of DA transmission via D1 and D2 

receptor antagonism can perturb the reinforcing effects of neurotensin and block 

conditioned place preference (Laszlo et al., 2018). Activating D2 receptor in the 

CeA can reduce cue evoked drug-seeking behaviours as well as self- 

administration of cocaine, however, D1 receptor agonist was not able to block cue 

evoked drug-seeking behaviours (Thiel et al., 2010). Together, these studies 
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suggest DA transmission in the CeA conveys rewards as well as being required 

for the motivational aspect of drug-seeking behaviours. It has been suggested 

that CeA D1 receptor activation mediates the attentional functions regarding 

visual cue detection (Smith et al., 2015).  

Evidence also suggests DA modulation of the CeA play a role in impulsive 

behaviours (Dalley et al., 2008, Trifilieff and Martinez, 2014). Impulsivity is 

described as the tendency to undertake risky behaviours and is associated with 

addiction. Loss of D2 receptors expressed in the CeA can cause an increase in 

impulsive behaviour, restoration of D2 receptors can attenuate impulsivity (Kim et 

al., 2018). Optogenetic activation of D2 receptors expressed by the GABAergic 

neurons of the CeA can attenuate impulsive behaviours by inhibiting BNST 

circuitry (Kim et al., 2018). These results show that DA signalling can directly 

modulate the extended amygdala and impulsive behaviours. 

In sum, the extended amygdala is involved in many behaviours including 

motivation, attention, fear and anxiety as well as the pursuit of reward. DA 

signalling to the extended amygdala can modulate the CeA and BNST activity 

and related behaviours. 

4.1.6 The homologous zebrafish extended amygdala 

Genetic analysis of the subpallium revealed the supracommissural (Vs) and 

postcommissural (Vp) regions of dorsal/posterior aspect of the subpallium of the 

ventral telencephalon has been suggested to be equivalent to the extended 

amygdala, an area in mammals composed of the BNST and the medial amygdala 

(O'Connell and Hofmann, 2011) (Figure 4:3A). The differential expression pattern 

of nkx2.1b, lhx1 and lsl in the caudal aspect of the adult zebrafish subpallium 

suggest homologous regions to the tetrapod telencephalon (Figure 4:3B/C) 

(Ganz et al., 2012). This differential gene expression within the ventral subpallium 

can be divided up into homologous regions, including the dorsal and ventral 

central amygdala and the BNST (Ganz et al., 2012). The medial amygdala and 

accessory olfactory systems have been identified in the ventral telencephalon 

(Biechl et al., 2016). 
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Genetic studies into the zebrafish subpallium have suggested that this region can 

be divided up into multiple areas that are homologous to structures including the 

striatum, pallidum and amygdala (Figure 4:3). Whole-brain mapping has revealed 

that the subpallium is active when zebrafish are exposed to both food rewards 

and amphetamines (Randlett et al., 2015, von Trotha et al., 2014). It has also 

been shown that the subpallium is active when zebrafish are exposed to aversive 

stimuli (Randlett et al., 2015). Research also suggests that the zebrafish medial 

amygdala has a role in kin recognition (Biechl et al., 2016). Together, the limited 

behavioural studies suggest the zebrafish subpallium processes information 

conveying reward and aversion. 

 

 

Figure 4:3 Gene expression pattern of the zebrafish putative amygdala. A: 
Schematic illustration of the sagittal cross-section of the zebrafish amygdala. B: 
Coronal cross-section of the zebrafish subpallium at the anterior commissure, 
highlighting the CeA, BNST and entopeduncular nucleus and the gene 
expression pattern. C: Illustration of the coronal section of the subpallium 
posterior to the anterior commissure, highlighting the gene expression the CeA, 
BNST, Entopenduncular nucleus and BNSM. Orientation is indicated in panel; R 
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= rostral, C = caudal, D = dorsal, V = ventral, M = medial and L = lateral. 
Abbreviation: D; Dorsal telencephalon, Dc; central, Dd; dorsal, Dl; lateral, Dm; 
medial zones of dorsal telencephalon. Hb; habenular, Cb; Cerebellum, MO; 
Medulla, H; Hypothalamus, T; Thalamus, Tel; telencephalon, PO; preoptic region, 
PTc; posterior tuberculum, OB; olfactory bulb. Vc; central, Vd; dorsal, Vl; lateral, 
Vp; postcommissural, Vs; supracommissural, Vv; ventral zones of ventral 
telencephalon. Adapted from Ganz et al., (2012), and Perathoner et al., (2016). 

4.1.7  Dopamine input to the putative amygdala of zebrafish 

The zebrafish subpallium receives DA input from two sources; local DAergic 

neurons within the subpallium, and the DC2/4 group in the posterior tuberculum 

(Tay et al., 2011). In larval zebrafish, subpallial DAergic neurons are located at 

the boundary of subpallium and pallium. In adult zebrafish, these neurons are 

found at the boundaries of the central (Vc), dorsal (Vd) and ventral (Vv) zones of 

the ventral telencephalon (adult subpallium) of the rostral subpallium and within 

the supracommissural (Vs) and postcommissural (Vp) zones of the ventral 

telencephalon (Yamamoto et al., 2010a). The subpallial DAergic neurons 

arbourise extensively throughout the telencephalon, and it is suggested these 

neurons are the primary source of DA to telencephalon (Tay et al., 2011). 

However, there have been no studies conducted to determine the function of the 

subpallial DAergic neurons to the subpallial amygdala structures.  

The second population of DAergic neurons that project to the subpallium was 

identified by Rink and Wullimann, who found ascending DAergic projections from 

the DDNs (Rink and Wullimann, 2004, Rink and Wullimann, 2002a, Rink and 

Wullimann, 2002b). Selective ablation of DC2/4 neurons affects locomotion, and 

it has been suggested these are functionally homologous to the A11 DAergic 

cluster (Tay et al., 2011, Jay et al., 2015). A study investigating the projectome 

of zebrafish DAergic neurons found DC2/4 superficially innervate the ventral 

aspect of the subpallium (Tay et al., 2011). Since the putative amygdala exists in 

the dorsal aspect of the subpallium (Ganz et al., 2012), the DC2/4 neurons do 

not innervate this region. However, this study was conducted in 4 dpf fish and 

these neurons could still be developing. Unfortunately, the morphology of these 

neurons has not been studied in older fish. Additionally, their functional role in 

motivation, reward or aversion has not been examined. 
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4.2 Aims and Objectives 

Previous anatomical and genetic studies suggest that the zebrafish subpallium is 

homologous to striatal and amygdaloid structures. If this is indeed the case, 

subpallial DAergic neurons could provide a local source of DA that is functionally 

equivalent to that originating from the SNc and VTA in mammals. I hypothesise 

that the subpallial DAergic neurons are functionally equivalent to the mammalian 

midbrain DAergic neurons and have a role in locomotion, anxiety and foraging. 

In this chapter, I aim to address this hypothesis by laser ablating these neurons 

and studying the behavioural effects in early-stage zebrafish. The data presented 

in this chapter suggests that subpallial DAergic neurons have a key role in 

regulating foraging behaviours and therefore, share functional roles with VTA 

neurons in mammals. 
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4.3 Results 

4.3.1 Targeted laser ablation of subpallial dopaminergic neurons 

First, I sought to determine if subpallial DAergic neurons can be targeted for 

selective laser ablation (see section 2.9). To this end, I used Tg(ETvmat2:GFP) 

fish in which aminergic neurons, including DA neurons of the subpallium, can be 

visualised from 2 dpf (Wen et al., 2008, Mahler et al., 2010). Previous 

immunohistochemistry I performed (see section 3.3.1) revealed the number of 

subpallial DAergic neurons does not change from 3 dpf onwards. Therefore, I 

asked whether targeted ablation by laser of the subpallial GFP positive neurons 

at 3 dpf was sufficient to reduce the number of subpallial TH positive neurons at 

later larval stages. Zebrafish subpallial DA neurons were ablated (see section 2.9 

for methods; Figure 4:4A1, B1).  

To confirm that the ablation method was successful, fish were raised to 5 dpf 

before fixation and processing for anti-TH immunohistochemistry (see subsection 

2.7.1). This revealed a loss of TH positive neurons within the subpallium at 5 dpf 

(Figure 4:4A2, B2). These findings show that targeted laser ablation of GPF-

positive subpallial DAergic neurons cells at 3 dpf is sufficient to cause selective 

loss of these cells at 5 dpf. A summary illustration of the selective ablation of 

subpallial DAergic neurons can be observed in Figure 4:4D. 
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Figure 4:4 Subpallial DAergic neurons can be selective ablated in larval 
zebrafish. A: Representative confocal images of the subpallium (dorsal view 
aspect) showing VMAT2/GFP expression (A1), TH immunohistochemical 
staining (A2) and merged channels (A3) of a control zebrafish at 5 dpf. Orientation 
is indicated in panel C. B: Confocal images of the subpallium in zebrafish 
subjected to selective ablation, with VMAT2/GFP expression (B1), TH 
immunohistochemical staining (B2) and merged channels (B3). Orientation is 
indicated in panel C. C: Schematic overview of larval zebrafish brain (dorsal) 
showing the distribution of Vmat2 expression in ETvmat2:GFP fish. Dash line 
represents region of focus in confocal images. Orientation: R = rostral and C = 
caudal. D: Schematic 3D illustration of the telencephalon of control zebrafish (left) 
and the telencephalon with the selective loss of subpallial DAergic neurons 
(right). Green neurons represent the olfactory bulb Vmat2 positive cells. Red 
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neurons represent the subpallial DAergic neurons. Orientation is indicated in 
panel (A); R = rostral, C = caudal, D = dorsal and V = ventral.  Abbreviations; 
olfactory bulb (OB), subpallium (SP), preoptic (PO), posterior tuberculum (PTc), 
hypothalamus (H), pretectum (PT), locus coeruleus (LC), raphe nucleus (RA) and 
medulla oblangata (MO). Scale bar = 20μm. 

4.3.2 Effects of subpallial dopaminergic neuron ablation on 

locomotion 

Next, I sought to determine the behavioural effects of ablating subpallial DAergic 

neurons on motor behaviour. If subpallial DAergic neurons are homologous to 

the SNc, then ablating these cells should generate locomotive deficits. To 

determine if this was the case, free-swimming behaviour was studied in ablated 

larvae at 5 dpf. At this stage swimming behaviour is characterised by ‘beat-glide’ 

swimming which comprises brief bouts of tail beating (beat periods) separated by 

bouts of inactivity (glide periods) (Saint-Amant and Drapeau, 1998, Buss and 

Drapeau, 2001). Fish in the control (nfish = 18) and ablated (nfish = 14) conditions 

exhibited robust beat-glide swimming behaviour (Figure 4:5A) and analysis 

revealed no significant differences in distance travelled (control = 736.9 ± 463 

mm, nfish = 18, ablated = 665.6 ± 411.1 mm, nfish = 14, p = 0.6535, Unpaired t test; 

Figure 4:5B/D) or swim velocity (control =1.99 ± 1.07 mm/s, nfish = 18, ablated = 

1.71 ± 0.98 mm/s, nfish = 14, p = 0.4547, Unpaired t test; Figure 4:5C).  

Examination of the beat episodes revealed the proportion of time spent 

performing beat swimming episodes was similar in control and ablated fish 

(control= 17.27 ± 13.66%, nfish =18, ablated = 16.56 ± 12.08%, nfish = 14, p = 

0.8833, Unpaired t test; Figure 4:6A). Further analysis of this behaviour showed 

there was no difference in beat durations (control = 0.40 ± 0.15s, nfish = 18, 

ablated = 0.39 ± 0.11, nfish = 14, p = 0.8534, Mann-Whitney U; Figure 4:6B), peak 

velocity during beat bouts (control = 15.14 ± 7.29 mm/s, n = 18, ablated = 12.48 

± 4.51 mm/s, n = 14, p = 0.2563, Unpaired t test; Figure 4:6D) or glide duration 

(control = 2.91 ± 2.77s, nfish = 18, ablated = 1.71 ± 1.12, nfish = 14, p = 0.5118, 

Mann-Whitney U; Figure 4:6C). Together, these results suggest that subpallial 

DAergic neurons do not modulate basic parameters of free-swimming behaviour 

in larval. 
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Figure 4:5 Selective loss of subpallial DAergic neurons does not affect 
locomotion output. A: Representative swimming trajectories of control (left 
panel) and ablated (right panel) zebrafish at 5 dpf recorded over a 5-minute 
period. B: Box and whisker plot comparing the total distance travelled over 5 
minutes of control and ablated fish. C: Comparison of the mean swimming 
velocity of larval zebrafish. D: Cumulative distance that individual control (orange) 
and laser ablated (ultramarine) fish travelled. N.S, no significant difference. 
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Figure 4:6 Beat-glide swimming kinetics are not affected by the loss of 
subpallial DAergic neurons. A: Box and whisker plots comparing the 
percentage of time spent exhibiting beat-glide swimming over 5 minutes of 
observed swimming. B: Comparison of average beat duration of bouts of beat 
glide swimming. C: Comparison of the mean inter-bout duration between 
episodes of beat-glide swimming. D: Plots of average velocity and distribution as 
a function of time for bouts of beat glide swimming. Zero (0s) marks the onset of 
the beat event, with a sharp increase in velocity and subsequent decline to 
baseline during glide events. N.S, no significant difference. 
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4.3.2.1 Effects of subpallial dopaminergic neuron ablation on the 

optomotor response 

To this point, I have shown the subpallial DAergic neurons do not influence free-

swimming behaviour in larval zebrafish. I next asked whether these neurons are 

involved in sensorimotor integration. The optomotor response (OMR) is an innate 

behaviour exhibited by zebrafish (Portugues and Engert, 2011) that comprises 

locomotion in response to a whole-field moving stimulus, such as gratings 

(Neuhauss et al., 1999, Portugues and Engert, 2011, Roeser and Baier, 2003). 

Upon presentation of grating stimuli, zebrafish will change orientation and swim 

in the same direction as the stimulus moves (Figure 4:7). To examine the OMR, 

zebrafish were placed in an arena that was suspended in a rotating drum and 

exposed to grating moving in alternating directions and speed. 

 

Figure 4:7 Schematic illustration of OMR experimental equipment. A: Larval 
zebrafish were placed in a glass arena (red outline) suspended on a central 
opaque column. A digital video camera was placed overhead. The glass arena 
was suspended in a rotating wall patterned with a black and white striped grating. 
B: Aerial view of equipment, showing outer rotating wall, suspended glass arena 
and the inner behavioural arena (red outline) with a central column. 
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When exposed to grating stimuli, the OMR was observed in both control and 

ablated fish (Figure 4:8A). Closer examination revealed that control and ablated 

larvae spent a similar proportion of time performing the OMR, regardless of 

stimulus direction or speed (see Table 4.1 Two-way ANOVA of Time spent 

performing OMR). Analysis of swimming velocity showed the fish swam at similar 

velocities regardless of stimulus speed (Figure 4:8B; see Table 4.2 for two-way 

ANOVA analysis). Furthermore, ablation did not affect distance swum regardless 

of stimulus speed (Figure 4:8C; see Table 4.3 for two-way ANOVA analysis). 

Together this data suggests that selective loss of subpallial DAergic neurons 

does not affect the processing of the visual information and the subsequent 

modulation of during OMR behaviour. 

 

 

Figure 4:8 Selective loss of subpallial DAergic neurons does not affect 
OMR. A: Bar chart comparing the percentage of time zebrafish larvae performed 
OMR to various stimuli. B: Bar chart showing the average velocity larval zebrafish 
swam when presented with alternating direction grating stimuli that varied in 
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speed. C: Bar chart showing the distance travelled when zebrafish were 
presented with grating stimuli that varied in speed. 

 

Table 4.1 Two-way ANOVA of Time spent performing OMR  
DF MS F (DFn, DFd) P value 

Interaction 2 323.6 F (2, 16) = 1.044 P=0.3749 

Speed 2 858.1 F (2, 16) = 2.768 P=0.0928 

Condition 1 31.24 F (1, 8) = 0.1413 P=0.7167 

Residual 16 310 
 

 

 

 
Table 4.2 Two-way ANOVA of OMR evoked swim velocity  

DF MS F (DFn, DFd) P value 

Interaction 3 1.429 F (3, 24) = 1.012 P=0.4048 

Speed 3 1.67 F (3, 24) = 1.183 P=0.3372 

Condition 1 1.829 F (1, 8) = 0.592 P=0.4638 

Residual 24 1.412 
 

 

 
 

Table 4.3 Two-way ANOVA of OMR evoked swimming distance  
DF MS F (DFn, DFd) P value 

Interaction 3 2850 F (3, 24) = 0.9722 0.4221 

Speed 3 9358 F (3, 24) = 3.193 0.0417 

Condition 1 5781 F (1, 8) = 0.4628 0.5155 

Residual 24 2931 
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4.3.3 The effects of subpallial dopaminergic neuron ablation on 

anxiety-like behaviours 

It has been proposed that the dorsal subpallium is functionally equivalent to the 

extended amygdala and therefore mediates anxiety and fear-like behaviours 

(Perathoner et al., 2016, von Trotha et al., 2014, O'Connell and Hofmann, 2011). 

Zebrafish larvae exhibit multiple anxiety-like behaviours, including thigmotaxis; 

the avoidance of open fields; and an aversion to dark environments (Bai et al., 

2016, Maximino et al., 2011, Maximino et al., 2010). Thigmotaxis is an 

evolutionarily conserved behaviour and is commonly used to assess anxiety 

(Simon et al., 1994). Examination of thigmotaxis behaviours in 5 dpf zebrafish of 

control (nfish = 20) and ablated (nfish = 11) groups. The behaviour was examined 

in an open field test in both light and dark conditions (see section 2.10 for 

methodology). Analysis of the swimming behaviour revealed that both groups 

exhibited a preference for the arena wall and dark conditions (Figure 4:9B). 

Moreover, in agreement with the literature (Schnorr et al., 2012), fish spend more 

time performing thigmotaxis in the dark than in the light (see Table 4.4 for two-

way ANOVA, P < 0.0001). Finally, control and ablated zebrafish spent similar 

amounts of time performing thigmotaxis whilst in the illuminated arena or the 

darken arena (see Table 4.5 for Sidak multiple comparison). This finding 

suggests that zebrafish anxiety-like behaviours are not modulated by subpallial 

DAergic neurons. 

Exposing larval zebrafish to anxiolytic stimuli can increase swimming distance 

and velocity (Liu et al., 2016, Peng et al., 2016). Whilst thigmotaxis was not 

affected by the loss of subpallial DAergic neurons, I wanted to assess the 

swimming behaviour when zebrafish were exhibiting thigmotaxis. To do this, 

locomotion was assessed as in section 4.3.1. Analysis of swimming velocity 

showed that the darkened environment caused zebrafish to swim at a higher 

velocity (Figure 4:9C, see Table 4.6 for two-way ANOVA, P < 0.0001). However, 

ablating subpallial DAergic neurons had no effect on swim velocity (see Table 4.7 

for Sidak multiple comparison analysis). Analysis of the distance swam revealed 

that luminosity had no effect on cumulative distance swam over a 5-minute period 

(Figure 4:9D, see Table 4.8 for two-way ANOVA). Additionally, loss of subpallial 
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DAergic neurons did not affect swimming distance (see Table 4.9 for Sidak 

multiple comparison analysis). 

 

 

Figure 4:9 Thigmotaxis is not affected by the loss of subpallial DAergic 
neurons. A: Swimming trajectories of 5 dpf zebrafish in a 55mm diameter dish. 
Left to right; control illuminated arena, control dark arena, ablated illuminated 
arena and ablated dark arena. B: Box and whisker plot comparing the percentage 
of time spent performing thigmotaxis (swimming within 5mm of outer edge). C: 
Box and whisker plots comparing the swimming velocities of control and ablated 
fish during light and dark environments. D: Comparison of distance swam in light 
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and dark environments. F: Comparison of control and ablated fish performing 
place preference. N.S, no significant difference. 

To further test the role of subpallial DAergic neurons in anxiety-like behaviours 

control and ablated fish were subjected to a place preference assay. Larval 

zebrafish exhibit preference for illuminated environments (Mathur et al., 2011). 

Here preference for darkened or well-lit areas of an arena was quantified. 

Subsequent analysis showed both control and ablated fish exhibited similar 

preferences for the illuminated side of the arena (control = 1.32 ± 2.16%, nfish = 

24, ablated = 2.25 ± 3.47%, nfish = 14, p = 0.987, Mann-Whitney U, Figure 4:9E). 

Together, these findings show that subpallial DAergic neurons are unlikely to 

modulate anxiety-like responses.  

 

Table 4.4 Two-way ANOVA analysis of thigmotaxis behaviour  
DF MS F (DFn, DFd) P value 

Interaction 1 231.8 F (1, 29) = 0.8604 0.3613 

Luminosity 1 31167 F (1, 29) = 115.7 <0.0001 

Condition 1 171..2 F (1, 29) = 0.4088 0.5276 

Residual 29 269.4 
 

 

 

Table 4.5 Time performing thigmotaxis - Sidak multiple comparison 
Control - Ablation Diff. in mean DF P value 

Light  -7.515 58 0.4888 

Dark 0.5681 58 0.9958 

 

Table 4.6 Two-way ANOVA analysis of swimming velocity during 
thigmotaxis  

DF MS F (DFn, DFd) P value 

Interaction 1 0.7993 F (1, 30) = 1.239 P=0.2745 

Luminosity 1 21.45 F (1, 30) = 33.26 P<0.0001 

Condition 1 4.779 F (1, 30) = 4.09 P=0.0521 

Residual 30 0.645   
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Table 4.7 Sidak analysis of swimming velocity during thigmotaxis 
Control - Ablation Diff. in mean DF P value 

Light  0.3336 60 0.566 

Dark 0.7953 60 0.051 

 

Table 4.8 Two-way ANOVA analysis of the effect of luminosity on distance 
swam  

DF MS F (DFn, DFd) P value 

Interaction 1 779.4 F (1, 30) = 0.01052 P=0.9190 

Luminosity 1 156.2 F (1, 30) = 0.002107 P=0.9637 

Condition 1 824492 F (1, 30) = 5.224 P=0.0295 

Residual 30 74115   

 

Table 4.9 Sidak analysis of the effect of luminosity on distance swam 
Control - Ablation Diff. in mean DF P value 

Light  241.7 60 0.1101 

Dark 227.2 60 0.1400 
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4.3.4 Effects of subpallial dopaminergic neuron ablation on foraging 

behaviours 

Recent whole-brain activity mapping techniques have shown that neurons of the 

subpallium are activated in response to prey and DAergic drugs such as 

amphetamine (Randlett et al., 2015, von Trotha et al., 2014). This suggests that 

the subpallium may have a role in mediating reward and feeding behaviour. To 

determine if this was the case, I asked whether selectively ablating subpallial 

DAergic neurons affects foraging in larval fish. To do this, I examined responses 

of ablated fish to the presence of rotifers. Zebrafish exhibit foraging from 4 dpf, 

which is defined by complex locomotive behaviours with the integration of visual 

stimuli to pursue prey (Semmelhack et al., 2014, Nikolaou and Meyer, 2015, Muto 

and Kawakami, 2013). Larval zebrafish (5 dpf) were examined prior to 

experiments to determine if their mouths were close and not capable of feeding 

at this age. Zebrafish foraging behaviour is composed of several manoeuvres 

such as re-orientation towards prey (J-turn), prey tracking (eye convergence), an 

approach swim (striking) and capture event (Gahtan et al., 2005, Bianco et al., 

2011a, Nikolaou and Meyer, 2015). Control zebrafish exhibited all components 

of foraging behaviours, including reorientation, an approach swim but failed to 

collide with prey (Figure 4:10A). These fish also initiated capture behaviour but 

were unable to complete this manoeuvre (bite; Figure 4:10B) as their mouths had 

not opened by this stage of development.  
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Figure 4:10 Examples of swimming manoeuvres during foraging at 5 dpf. 
A-B: Image sequence of zebrafish performing foraging behaviours. A: Image 
sequence of a control zebrafish exhibiting a striking manoeuvre towards live prey. 
B: Consecutive images of a control zebrafish exhibiting ‘prey capture’ 
manoeuvres. Arrows denote the target prey.   

Examination of foraging behaviour revealed that 77% of control fish exhibited 

foraging behaviours, whilst only 16% of ablated fish showed foraging behaviours 

(Chi-square test, 74.79, df = 1, z = 8.648, p = 0.0001, Figure 4:11a). Analysis of 

the striking manoeuvres showed that, when compared to controls, ablated fish 

exhibited a reduced strike rate (control = 0.20 ± 0.15 per minute, nfish = 24, ablated 

= 0.11 ± 0.31 per minute, nfish = 19, p = 0.0001, Mann-Whitney U, Figure 4:11B) 

and a reduced capture rate (control = 0.13 ± 0.13per minute, nfish = 24, ablated = 

0.04 ± 0.11, nfish = 19, p = 0.0023, Mann-Whitney U, Figure 4:11C). The capture 

probability (that is the number of capture events relative to the number of striking 

events) was also decreased in ablated fish (control = 0.55 ± 0.44, nfish = 24, 
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ablated = 0.08 ± 0.19, nfish = 19, p = 0.0001, Mann-Whitney U, Figure 4:11D). 

These findings suggest that selective loss of DAergic neurons in the subpallium 

perturbs foraging behaviours in larval zebrafish. 

 

 

Figure 4:11 Loss of subpallial DAergic neurons reduces foraging 
behaviours. A: Bar chart illustrating the percentage of fish that exhibited foraging 
behaviour in control and ablated fish. B: Box and whisker plot comparing the 
strike rate of control and ablated fish. C: Box and whisker plot comparing the rate 
of attempted capture events. D: Comparison of the capture probability between 
control and ablated fish. ** = P < 0.005, *** = P < 0.0005, **** = P < 0.0001. 
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4.3.4.1 The effects of live prey on subpallial dopaminergic neuron 

activity 

So far, these findings have revealed that lack of subpallial DAergic neurons 

negatively impact foraging behaviour, suggesting the activity of subpallial 

DAergic neurons may change in the presence of prey. Therefore, I examined the 

activity patterns of these cells in the presence and absence of prey using loose 

patch electrophysiology methods in awake but paralysed zebrafish.  

On obtaining loose patch recordings from subpallial DAergic neurons, I observed 

periodic action potential discharges during control conditions (Figure 4:12A). On 

addition of rotifers to the recording chamber, action potential frequency increased 

significantly (control = 1.62 ± 1.36Hz, rotifers = 3.93 ± 1.78Hz, saline = 1.73 ± 

0.66Hz, nfish = 10, p = 0.0006, one-way ANOVA, Holm-Sidak’s multiple 

comparison test, control vs rotifer p = 0.0003, rotifer vs saline p = 0.0082, control 

vs saline p = 0.8347, Figure 4:12B). This effect was reversed by subsequent 

removal of rotifers. These findings show that the subpallial DAergic neurons 

increase activity in response to prey and supports the hypothesis that subpallial 

DAergic neurons are involved in foraging behaviours.  
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Figure 4:12 Exposure to live prey increases the firing activity of subpallial 
DAergic neurons. A: Extracellular action potential recordings of subpallial 
DAergic neurons at 5 dpf in control condition (upper trace), the presence of 
rotifers (middle trace) and during a saline wash condition (bottom trace). B: 
Paired-plot comparing the firing frequency of subpallial DAergic neurons during 
control, rotifer and saline wash conditions with mean and standard error 
superimposed. ** = P < 0.005, *** = P < 0.0005. 

Thus far, my electrophysiological data suggest that subpallial DAergic neuron 

firing activity is increased by the presentation of prey. Next, I asked whether DA 

release can be detected in response to the exposure of rotifers using Fast-Scan 

Cyclic Voltammetry (FSCV). Studies have shown that DA can be detected in ex 

vivo zebrafish brains utilizing this approach (Jones et al., 2015, Shin et al., 2017). 

However, in vivo responses to prey presentation have not been investigated. To 

do this, a carbon fibre microelectrode was placed in the subpallium of awake yet 

paralysed fish. A voltage waveform optimised for the detection of DA was applied, 

and analyte release was measured for 2 minutes in control conditions, a further 

4 minutes with rotifers and finally a saline wash for 4 minutes to remove the 

rotifers from the arena (nfish = 7). 
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Figure 4:13 Rotifer exposure causes DA release in zebrafish subpallium. A-
B: Colour plot and current vs. time plot from a single representative experiment 
of FSCV with carbon fibre placed in zebrafish subpallium at 5 dpf. A: Colour plot 
during control (upper trace), rotifer exposure (middle trace) and wash conditions 
(lower trace). The white trace shows a representative voltammogram during each 
condition. The dashed white line shows the position at which the voltammogram 
was taken. The dashed black line shows the position at which the current vs. time 
plots were taken. B: Current vs. time plot during control (upper trace), rotifer 
exposure (middle trace) and wash conditions (lower trace).  
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Using FSCV, DA release was not detected during control conditions (Figure 

4:13A/B, upper panel). However, DA was detected with FSCV at approximately 

0.6V, when exposed to rotifer (Figure 4:13A middle panel). On washout, the DA 

signal decreased to baseline (Figure 4:13A/B, lower panel). Comparison of the 

DA concentration before, during and after rotifer exposure revealed a significant 

increase in DA release when zebrafish are exposed to live prey (control= -11.82 

± 5.257 nM, rotifers = 293.6 ± 242.5 nM, wash = 81.11 ± 258.11 nM, nfish = 7, p = 

0.0207, Friedman test, Dunn’s multiple comparison test, control vs rotifer p = 

0.0485, rotifer vs wash p = 0.0485, control vs wash p = 0.9999, Figure 4:14A-C). 

These findings show that DA is released within subpallium when zebrafish are 

exposed to rotifers. Together, the FSCV data and loose patch experiments 

(Figure 4:12) suggests the presence of prey modulates the activity of subpallial 

DAergic neurons. 

 

 

Figure 4:14 DA increases within the subpallium during exposure to live 
prey. A: Changes in DA concentration during control, rotifer exposure and wash 
conditions, the blue line represents mean, grey tone represents S.E.M. B: Bar 
chart illustrating mean DA concentration in 1-minute intervals. The bold line 



The functional role of subpallial dopaminergic neurons 

 

148 
 

represents the time during zebrafish are exposed to rotifers C: Paired plot 
comparing the DA concentration during control, rotifer exposure and wash 
conditions, concentrations were taken from A, represented by dashed lines with 
mean and standard error. * = P < 0.05. 

4.3.4.2 Subpallial dopaminergic neuron activity of free-swimming fish 

during foraging 

So far, I have shown that the subpallial DAergic neurons exhibit increased firing 

and that subpallial DA concentrations are elevated in the presence of prey. To 

confirm that these neurons are active during foraging, activated extracellular 

signal-regulated kinase (ERK) staining methods were used. Neuronal activity 

resulting in calcium influx activates the Ras-ERK signalling pathway, leading to 

the phosphorylation of ERK (Xia et al., 1996, Randlett et al., 2015). Therefore, 

pERK is a marker for neuronal activity that can be used to localise recently active 

neurons (Ji et al., 1999, Randlett et al., 2015). Here, free-swimming fish were 

maintained in either control conditions (saline only) or in the presence of prey 

(saline containing rotifers) for 1 hour. Thereafter, they were fixed and underwent 

standard anti-pERK staining (Randlett et al., 2015).  

Control fish that were not exposed to rotifers displayed low levels of pERK 

staining in DAergic subpallial neurons (Figure 4:15B, left column). However, the 

percentage of subpallial DAergic neurons that expressed pERK was significantly 

increased in rotifer exposed fish (control = 11.11 ± 10.80%, nfish = 10, Treatment 

= 47.22 ± 13.93%, nfish = 8, p < 0.0001, Unpaired t test; Figure 4:15C). These 

findings support the premise that subpallial DAergic neurons are active in the 

presence of prey.  
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Figure 4:15 Subpallial DAergic neurons co-express pERK when exposed to 
live prey. A: Schematic overview of larval zebrafish brain (dorsal) showing the 
distribution of Vmat2 expression in ETvmat2:GFP fish. Dash line represents 
region of focus in confocal images. Orientation is indicated in panel (A); R = 
rostral and C = caudal. B: Z-stack images illustrating immunohistochemical 
staining for pERK positive neurons in the zebrafish subpallium in control (left 
column) and zebrafish exposed to rotifers (right column) and visualised by 
confocal microscopy. Left column: Vmat2/GFP expression (green). Middle 
column: Anti-pERK (red). Right column: merge of green and red channels. Scale 
bar = 20μm. C: Bar char comparing the percentage of subpallial DAergic neurons 
that co-express pERK in control and rotifer treatment conditions. Abbreviations; 
olfactory bulb (OB), subpallium (SP), preoptic (PO), posterior tuberculum (PTc), 
hypothalamus (H), pretectum (PT), locus coeruleus (LC), raphe nucleus (RA) and 
medulla oblangata (MO).****P < 0.0001. 
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4.3.4.3 Effects of subpallial dopaminergic neuron ablation on visual 

acuity 

So far, I have found that subpallial DAergic neurons are active in the presence of 

prey and that ablation of these cells perturbs foraging behaviour. However, these 

effects could simply arise from impaired vision caused by ablation procedures. 

To address this, I first tested for the presence of the optokinetic response (OKR) 

in ablated fish. The OKR is a behaviour that is characterised by stereotyped eye 

movements in response to the presentation of moving objects (Cameron et al., 

2013, Scheetz et al., 2018, Brockerhoff, 2006). The OKR is used as a behavioural 

screen designed to identify defects in the visual system and can examine the 

visual acuity of zebrafish (Brockerhoff, 2006). Typically a grating stimulus, 

alternating in direction is used to evoke the OKR (Roeser and Baier, 2003). To 

do this, I analysed the OKR of control and ablated zebrafish that are awake, yet 

immobile. Zebrafish were embedded in 3% methylcellulose and positioned in the 

upright position to ensure both left and right eyes were visible by the overhead 

camera. Zebrafish were acclimatised to the new environment for 5 minutes before 

being presented with the grating stimulus generated in open-source MATLAB 

suite described by Scheetz and colleagues (Scheetz et al., 2018). 
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Figure 4:16 OKR is elicited by an anticlockwise grating stimulus. A: Images 
of initial eye position (upper panel) and the eye position at the end of a saccade 
and (lower panel) when shown an anticlockwise moving grating stimulus (shown 
with grating illustration). B: Ocular angle plotted against time shows the 
anticlockwise rotation of the eyes (left eye = blue and right eye = magenta) of 
control fish (upper panel) and ablated fish (lower panel). C Box and whisker plot 
comparing the saccade frequency of control and ablated fish in response to a 
leftward moving grating stimulus. N.S = Not Significant. 
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Figure 4:17 Selective loss of subpallial DAergic neurons does not affect the 
OKR of larval zebrafish. A: Images of initial eye position and the eye position at 
the end of a saccade (upper and lower panel, respectively), when shown a 
clockwise moving grating stimulus (shown with grating illustration). B: Ocular 
angle plotted against time show the clockwise rotation of the eyes (left eye = blue 
and right eye = magenta) of control fish (upper panel) and ablated fish (lower 
panel). C: Box and whisker plot comparing the saccade frequency of control and 
ablated fish in response to a rightward moving grating stimulus. N.S = not 
significant. 
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The OKR, which comprises saccadic movements (the smooth tracking of the 

object followed by resetting of eye position) could be elicited in both control and 

ablated fish when subjected to the grating stimulus (Figure 4:16A). The 

presentation of a leftward moving stimulus evoked the anticlockwise rotation of 

both eyes during the tracking phase of the OKR (Figure 4:16B). The saccade 

movement could be seen in both conditions (Figure 4:16B) and analysis showed 

similar saccade frequency between control and ablated fish (control = 0.18 ± 0.07 

Hz, nfish = 17, ablated = 0.16 ± 0.08 Hz, nfish = 9, p = 0.5918, Unpaired t test, 

Figure 4:16C). The OKR could be evoked regardless of the direction of stimuli 

(Figure 4:17A, B). Similarly, a rightward moving stimuli evoked saccade 

movements and control and ablated fish had similar saccade frequencies (control 

= 0.19 ± 0.12 Hz, nfish = 17, ablated = 0.20 ± 0.09 Hz, nfish = 9, p = 0.3360, Mann-

Whitney U, Figure 4:17C). In sum, these findings show that selective loss of 

subpallial DAergic does not affect the OKR which suggests that subpallial 

DAergic neurons are not required for visual acuity. 
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4.3.5 The effects of selective loss of subpallial dopaminergic neurons 

on prey tracking  

Foraging is composed of a sequence of manoeuvres, including reorientations (j-

turn), prey tracking, striking and capture (Budick and Malley, 2000, Henriques et 

al., 2019, Gahtan et al., 2005). Loss of subpallial DAergic neurons reduced the 

striking and capture behaviours; however, locomotion was not affected. Ablating 

subpallial DAergic neurons did not affect OKR in larval zebrafish, suggesting 

visual acuity was not affected by subpallial DA neuron ablation. I next asked 

whether ablating subpallial DAergic neurons perturbs prey tracking. To do this, I 

examined the eye movements of free-swimming zebrafish in the presence of 

rotifers.  

Consistent with previous data, striking and capture manoeuvres were reduced in 

ablated fish. Nonetheless, eye convergence onto prey was observed in both 

control and ablated larvae (Figure 4:18A). Subsequent analysis of eye 

convergence duration during prey tracking revealed no difference between 

experimental conditions (control = 2.08 ± 1s, nfish = 12, nevents = 70, ablated = 1.75 

± 0.79s, nfish = 10, nevents = 31, p = 0.4491, Mann-Whitney U, Figure 4:18B). Similar 

to the findings by Bianco et al., (2011a), I found that the convergence angle of 

the eyes increased during prey tracking, knowns as binocular vision and this 

angle reduced after prey tracking events (Figure 4:18C, see Table 4.10 for Two-

way ANOVA analysis). Analysis of the convergence angle before, during and 

after prey tracking showed no difference between control and ablated fish (see 

Table 4.11 for Sidak multiple comparisons analysis).  
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Figure 4:18 Selective loss of subpallial DAergic neurons does not affect 
prey tracking. A: Consecutive images showing eye movements of control 
zebrafish before foraging, during prey tracking, foraging and post-foraging. Arrow 
points to the target rotifer in the arena. B: Box and whisker plot comparing the 
duration of eye convergence throughout prey tracking and foraging. C: Line graph 
showing the convergence angle of both eye before, during and post prey tracking 
events for control and ablated fish. D: Change in left eye position during eye 
convergence plotted against initial eye position for control and ablated fish. E: 
Comparison of the change of the right eye position during eye convergence 
plotted against initial eye position for control and ablated fish. 

I also examined eye rotations during prey tracking. With both eyes, a linear 

relationship with the initial location and the degree of eye rotation could be seen 

(Figure 4:18D/E). Larger clockwise (+ve) angular rotations were observed when 

the initial position of the left eye was not in binocular position (nasal position; 

Figure 4:18D). Linear regression analysis revealed there was no correlation, and 
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no difference between control and ablated fish when examining the rotation of 

the left during the initial stages of prey tracking (control R2 = 0.037, nfish = 12, 

nevents = 70, ablated R2 = 0.031, nfish = 10, nevents = 31, p = 0.1660, Figure 4:18D). 

Similar results were seen with right eye movements. When the initial position of 

the right eye was not in the binocular vision position, larger anticlockwise (-ve) 

angular rotations occurred to enter binocular vision conformation (Figure 4:18E). 

Linear regression analysis revealed correlation between the degree of eye 

rotation of the right eye, however there was no difference between control and 

ablated fish (control R2 = 0.432, nfish = 12, nevents = 70, ablated R2 = 0.495, nfish = 

10, nevents = 31, p = 0.8370, Figure 4:18E). Together these results suggest that 

ablating subpallial DAergic neurons does not affect eye movements or 

convergent saccades and the ability to track prey. In sum, these findings suggest 

that subpallial DAergic neurons are not involved in prey tracking. 

 

Table 4.10 Two-way ANOVA analysis of Eye Convergence  
DF MS F (DFn, DFd) P value 

Interaction 2 48.83 F (2, 192) = 0.7004 0.4976 

Time 2 38281 F (2, 192) = 549.1 <0.0001 

Condition 1 742.7 F (1, 96) = 7.372 0.0079 

Residual 192 69.72   

 
Table 4.11 Sidak multiple comparison of Eye convergence  

Diff. in mean DF P value 

Pre 5.214 288 0.0246 

During 2.473 288 0.5040 

Post. 2.66 288 0.4408 
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4.4 Discussion 

In this chapter, I have examined the functional role of subpallial DAergic neurons 

locomotion, anxiety and foraging behaviours of larval zebrafish. The results 

presented in this chapter demonstrate three key findings. Firstly, loss of subpallial 

DAergic neurons has no effect on larval locomotor activity, visual acuity or 

anxiety-like behaviours. Secondly, loss of subpallial DAergic neurons is sufficient 

to perturb foraging behaviours in larval zebrafish and finally, subpallial DAergic 

neuron activity increases in response to prey. 

4.4.1 The relationship between subpallial dopaminergic neurons and 

locomotion 

I first sought to delineate the role of subpallial DAergic neurons in zebrafish 

behaviours, specifically behaviours that relate to mammalian striatum. The dorsal 

aspect of the striatum has functions relating to motor control, in which the basal 

ganglia receives DA input from the SNc, and in turn, modulates voluntary 

movement (Dudman and Krakauer, 2016). Selective laser ablation of subpallial 

DAergic neurons did not affect that motor output and beat glide swimming kinetics 

of free-swimming zebrafish.  

If the subpallium is functionally homologous to the striatum that involves motor 

control, it can be assumed the subpallial DAergic neurons will perturb swimming 

behaviour. The function of SNc DAergic neurons to regulate the initiation of 

voluntary movements. In mammals the dorsal striatum receives DA input from 

the SNc, and DA transmission activates either D1-MSNs or D2-MSNs which has 

been shown to facilitate or inhibit movement, respectively. In Parkinson’s 

disease, the DAergic neurons of the SNc are lost, and symptoms of this disease 

include reduced movement and rigidity. Additionally, exposure to MPTP, a 

neurotoxin that induces selective chemogenic ablation of the SNc DAergic 

neurons by oxidative stress, also elicits impaired motor output including reduced 

locomotion and rigidity (Langston, 2017). However, loss of subpallial DAergic 

neurons by laser ablation does not impair locomotion or the swimming kinetics of 

larval fish.  
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Similar locomotive impairment has been observed in zebrafish, studies have 

shown that exposing zebrafish to MPTP can cause loss of DAergic neurons 

clusters in the posterior tuberculum, and can induce locomotion deficits (Sallinen 

et al., 2010, Sallinen et al., 2009, Lam et al., 2005, Wen et al., 2008). A recent 

investigation showed selective loss of the DDNs, specifically DC2/4 by laser 

ablation could cause impaired locomotion (Jay et al., 2015). Patch-clamp 

recordings of DC2/4 revealed these neurons are active during fictive swimming 

episodes (Jay et al., 2015). The DC2/4 cluster possesses both ascending and 

descending projections providing DA input to the telencephalon and spinal cord, 

respectively (Tay et al., 2011, Jay et al., 2015). Early studies by Rink and 

Wullimann identified ascending DAergic projections from the DDNs and 

suggested they were equivalent to the SNc (Rink and Wullimann, 2004, Rink and 

Wullimann, 2002a, Rink and Wullimann, 2002b). Whilst DC2/4 have ascending 

projections to the subpallium, similar to that of the ascending projections of the 

SNc DAergic neurons, recent anatomical and functional studies have shown they 

equivalent to the A11 group (Tay et al., 2011, Koblinger et al., 2014b, Reinig et 

al., 2017). Loss of DC2/4 in zebrafish generates similar locomotion deficits 

observed in mammals, disruption to A11 DA transmission in the spinal cord can 

perturb locomotion in mammals, whilst optogenetic activation of the A11 DA 

neurons promotes locomotion (Pappas et al., 2008, Sharples et al., 2014, 

Koblinger et al., 2018).  

In sum, ablating subpallial DAergic neurons, the primary source of DA input to 

the subpallium, the putative striatum, do not influence locomotion or swimming 

episodes. Therefore, the subpallial DAergic neurons do not appear to be 

functionally equivalent to SNc neurons.  

4.4.2 The effects of selective loss of subpallial dopaminergic neurons 

on anxiety-like behaviours 

Since genetic studies have suggested that the dorsal and postcommissural 

regions of the subpallium (Vs/Vp) is the putative extended amygdala (Perathoner 

et al., 2016, von Trotha et al., 2014), subpallial DAergic neurons could influence 

anxiety-like behaviours, similar to that of the mesolimbic pathway in mammals. 
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Ablating the subpallial DAergic neurons did not affect thigmotaxis or place 

preference in larval zebrafish, suggesting these neurons do not affect anxiety-like 

behaviours. If the subpallium is the extended amygdala and the subpallial 

DAergic neurons innervate this region, this raises the question as to whether 

subpallial DAergic neurons are functionally equivalent to the VTA neurons of that 

project to the amygdala. Anatomical studies suggest there are hodological 

similarities between subpallial DAergic neurons and the VTA neurons of 

mammals. Subpallial DAergic neurons innervate the putative amygdala in 

zebrafish, whilst subpopulations of VTA neurons innervate the amygdala in 

mammals (Lammel et al., 2014, Hasue and Shammah-Lagnado, 2002, Cho and 

Fudge, 2010, Tay et al., 2011). From this hodological data, we can infer that 

subpallial DAergic neurons innervate the putative amygdala, similar to amygdala 

projecting VTA neurons in mammals.  

Functional studies have shown the mammalian amygdala is involved in a range 

of behaviours, including anxiety and fear response (Stamatakis et al., 2014, Fox 

et al., 2015, Shackman and Fox, 2016, Fox and Shackman, 2019, Newman, 

1999, Trimble and Van Elst, 1999), and DA innervation has been shown to 

modulate these behaviours as well as activity in the amygdala (Gelowitz and 

Kokkinidis, 1999, de la Mora et al., 2010, Zarrindast et al., 2013). Loss of DAergic 

innervation to the BLA can cause anxiety-like behaviours (Zhang et al., 2017). 

Activation of the BLA induces anxiety-like behaviours and lesions to this region 

can attenuate anxiety-like behaviours (Siuda et al., 2016, Ranjbar et al., 2017). 

The BLA projects to the CeA and can subsequently modulate the CeA activity 

(Babaev et al., 2018). Optogenetic activation of BLA projections to the CeA 

reduces anxiety behaviours whilst inhibition of these projections promoted 

anxiety (Tye et al., 2011). The behavioural effects caused by the loss of subpallial 

DAergic neurons suggests these neurons are not involved in anxiety-like 

behaviours. 

Nonetheless, ablating subpallial DAergic neurons in zebrafish did not mimic the 

behavioural effects of perturbed DA signalling in the extended amygdala of 

mammals. Non-selective DA receptor agonist can increase thigmotaxis 

behaviour in mice, therefore, increasing anxiety-like behaviours (Simon et al., 

1994). Additionally, application of D1 antagonist in the CeA attenuates anxiety-
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like behaviours as well as freezing and startling in mammals (Lamont and 

Kokkinidis, 1998, Guarraci et al., 1999a, Guarraci et al., 1999b, Zarrindast et al., 

2013). If blocking DA transmission can attenuate anxiety-like behaviours in 

mammals, then ablating subpallial DAergic neurons should attenuate anxiety-like 

behaviours in zebrafish. However, loss of subpallial DAergic neurons did not 

affect anxiety-like behaviours, suggesting these neurons do not modulate anxiety 

behaviours of zebrafish. To further investigate the role of subpallial DAergic 

neurons in anxiety, the application of anxiolytic drugs such as fluoxetine during 

scototaxis assay could be undertaken. Application of fluoxetine can reduce 

anxiety, subsequently zebrafish spend more time in a non-preferred environment 

(Egan et al., 2009, Kysil et al., 2017). Additionally, other paradigms can be used 

to investigate zebrafish anxiety such as the novel tank test, however, this 

paradigm is typically conducted in adult fish (Egan et al., 2009, Kysil et al., 2017). 

4.4.3 The relationship of subpallial dopaminergic neurons activity and 

foraging behaviours 

I next sought to delineate the role of subpallial DAergic neurons in foraging 

behaviours. Using electrophysiological recording, FSCV and pERK IHC, 

subpallial DAergic neurons increase in activity when exposed to live prey. 

Previous whole brain mapping of the zebrafish subpallium show this region is 

active during foraging (Randlett et al., 2015). Whilst this study didn’t look directly 

at the activity of local DA neurons directly, I have shown they are active during 

foraging. The mammalian amygdala has been implicated in hunting behaviours, 

whole-brain mapping of rodent brains found the activity of the extended amygdala 

was associated with the predatory hunting (Comoli et al., 2005). Additionally, Han 

and colleagues examined the extended amygdala during hunting and foraging in 

rodents, and they found the activation of CeA during hunting/foraging for prey 

(live and artificial) and CeA activity can modulate the foraging locomotion and 

biting behaviour (Han et al., 2017).  

There has been limited research into the relationship between DA transmission 

and the modulation of the amygdala role of predatory hunting in mammals; 

however, it has been shown that CeA circuits receive input relaying feeding-
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related information and can positively modulate feeding behaviours (Douglass et 

al., 2017a). Additionally, activation of VTA DAergic neurons in rodents can 

increase feeding behaviours, and during feeding, DA levels increase within the 

CeA (Boekhoudt et al., 2017, Hajnal and Lenard, 1997). I observed similar 

results, exposing zebrafish to prey in conjunction with FSCV, DA release was 

detected in the zebrafish subpallium. Along with the extracellular recordings of 

the subpallial DAergic neurons, my work shows these neurons are activated 

when presented with prey. Since these neurons innervate the putative amygdala, 

it shows that the subpallial DAergic neurons are activated by the presentation 

and DA is release in the putative extended amygdala. Since similar observations 

were made in mammals regarding the VTA and CeA, it suggests the subpallial 

DAergic are homologous to the VTA neurons that innervate the amygdala.  

Given the correlation between subpallial DAergic neuron activity and foraging, I 

next sought to examine whether disruption to DA signalling affected foraging. 

Ablating subpallial DAergic neurons perturbed foraging behaviours, and zebrafish 

were less likely to exhibit prey capture manoeuvres such as striking. Since 

subpallial DAergic neurons innervate the telencephalon, ablating these neurons 

could abolish DAergic innervation to the putative amygdala. There are limited 

studies into the role of DA in the modulation of amygdala and foraging in 

mammals; however, lesion to the CeA attenuated prey capture events (Han et 

al., 2017). Additionally, modulation of DA signalling in the amphibian CeA can 

alter prey capture events, injections of apomorphine, a D1 and D2 receptor 

agonist, attenuated prey capture behaviours in these animals (Glagow and Ewert, 

1999, Lees, 1993). Whilst these experiments were conducted in different species, 

this work suggests DA and the amygdala influence prey capture behaviour. If the 

subpallium is functionally homologous to the extended amygdala, then subpallial 

DAergic neurons innervation modulates prey capture behaviour, and ablating 

these neurons perturbs this behaviour. 

In mammals, lesions to the CeA disrupt signalling to the PAG in rodents and can 

attenuate foraging behaviours, including biting and pursuit locomotion (Han et al., 

2017). The PAG is a critical output nucleus that has roles in hunting, aversion 

and defensive behaviours (Silva and McNaughton, 2019, Comoli et al., 2005). 

The PAG mediates behaviours via the mesencephalic locomotor region (MLR), a 
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region of the midbrain that initiates and controls movement via reticulospinal 

neurons (Franklin, 2019, Josset et al., 2018, Ryczko et al., 2016a). Lesions to the 

CeA-PAG-MLR pathway can reduce hunting behaviours, whilst optogenetic 

activation of the CeA-PAG-MLR pathway induces robust hunting behaviours in 

rodents (Han et al., 2017). In zebrafish, the PAG has been identified and is known 

as the griseum centrale (GC), which is located in the midbrain. The nMLF has 

been suggested to be homologous to the MLR in zebrafish (Severi et al., 2014, 

Naumann et al., 2016, Dunn et al., 2016b, Ryczko and Dubuc, 2013). A 

corresponding pathway exists between the zebrafish GC and nMLF (Olson et al., 

2017, Robles et al., 2011, Kittelberger and Bass, 2013), and visual evoked prey 

capture behaviours are mediated by the nMLF (Gahtan et al., 2005). Therefore, 

the prey capture locomotion could be driven by the interaction of the GC and 

nMLF (Figure 4:19A). Since subpallial DAergic neurons do not innervate these 

structures, it is to be expected that these neurons do not affect locomotion 

directly. A study found neurites that innervated the tectum, including the GC, 

primarily originated from hypothalamic neurons, however, they found sparse 

labelling of neurons in the forebrain (Heap et al., 2018a). Unfortunately, the 

forebrain-GC pathway was not investigated to determine if these projections 

originate from the putative extended amygdala. If these neurons are located in 

the putative extended amygdala, then these neurons could be the amygdala-GC-

nMLF and could be homologous to the mammalian CeA-PAG-MLR pathway 

(Figure 4:19). However, this pathway has not been investigated in zebrafish and 

further experiments are required to determine if this pathway is functionally 

equivalent to the CeA-PAG-MLR. 
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Figure 4:19 Comparison of rodent and zebrafish foraging related circuits. 
Schematic illustration of the sagittal cross-section of the rodent brain (upper 
illustration) and zebrafish brain (lower illustration). The flow of foraging related 
information across the brain of visual information (blue line), connections 
between nuclei (purple), DA transmission (orange) and locomotor output 
(magenta). Abbreviation: Cb; Cerebellum, CeA; Central nuclei of the amygdala, 
Ctx; Cortex, GC; griseum centrale, H; hypothalamus, Hb; habenular, Hip; 
Hippocampus, IC; Inferior Colliculus, MLR; Mesencephalic locomotor region, MO; 
Medulla, NAc; Nucleus accumbens, NMLF; nucleus of the medial longitudinal 
fasciculus, PAG; Periaqueductal grey, PO; preoptic region, PTc; posterior 
tuberculum, PT; pretectum, OB; olfactory bulb, SC; Superior Colliculus, T; 
Thalamus, VTA; ventral tegmental area, Adapted and derived from Mueller, 
(2012), Rink and Wullimann (2002) and Tay et al., (2011). (Mueller, 2012) 
(Mueller, 2012)  
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How then, does the loss of DA signalling perturb foraging in zebrafish? Ablating 

subpallial DAergic neurons reduced foraging behaviour, prey tracking was not 

affected along with locomotion. This suggests zebrafish recognise and track prey 

but are less likely to initiate capture or striking manoeuvres. A recent investigation 

found ablating the nucleus isthmi, a region in the zebrafish optic tectum had 

similar effects on prey capture behaviours to ablating subpallial DAergic neurons. 

Henriques and colleagues found that ablation of the nucleus isthmi resulted in 

failures in the ability to sustain prey capture sequences, these animals still exhibit 

prey capture manoeuvres and prey tracking (Henriques et al., 2019). The 

zebrafish optic tectum has been shown to recognise prey and drive hunting 

locomotion (Gahtan et al., 2005, Bianco and Engert, 2015, Bianco et al., 2011a, 

Henriques et al., 2019). Therefore, subpallial DAergic neurons do not appear to 

have a role in prey recognition, tracking and pursuit.  

One explanation for the role of subpallial DAergic neurons is to modulate the 

putative amygdala to influence visually evoked prey capture behaviours is to 

affect motivation. Since DA is known to be involved in reward and motivation 

(Smith et al., 2013, Lee et al., 2006, Guarraci et al., 1999b), loss of subpallial 

DAergic neuron in zebrafish perturbs foraging by affecting reward or motivation-

related circuits. However, loss of the subpallial DAergic neurons prior to an age 

when zebrafish are capable of feeding reduced zebrafish predatory hunting 

manoeuvres. This suggests subpallial DAergic neurons convey a motivational 

signal to pursue prey rather than reward since these zebrafish are not capable of 

feeding on a natural reward. Comoli and colleagues have suggested that the 

extended amygdala conveys motivational values which influence the motor 

output of predatory feeding (Comoli et al., 2005). Stimulation of D1 receptor within 

the CeA can modulate the attention towards visual stimuli as well as motivation 

(Smith et al., 2015) supporting this argument. Additionally, it has been suggested 

that CeA conveys incentive motivation regarding prey and modulates the MLR 

via the PAG in mammals (Han et al., 2017, Robinson et al., 2014). Since these 

structures are conserved in zebrafish, subpallial DAergic neurons could be 

influencing visually evoked prey capture behaviour by providing motivational 

signals. 
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I conducted experiments in pre-feeding zebrafish and these animals are not able 

to experience the reward of food, another consideration is that, the subpallial 

DAergic neurons may be involved in motivation rather than reward. Since ablating 

subpallial DAergic neurons perturbed foraging in pre-feeding zebrafish, therefore, 

the motivation to pursue prey maybe perturbed by the loss of these neurons. 

Further studies are required to examine if subpallial DAergic neurons are involved 

in processing reward. This can be achieved by utilising conditioned place 

preference (CPP) paradigm (Mathur et al., 2011). Exposure to an addictive 

substance such as cocaine or amphetamine can change preference (Mathur et 

al., 2011, Brock et al., 2017).  If subpallial DAergic neurons have a role in reward 

rather than motivation, ablating these neurons would affect CPP compared to 

control zebrafish. 

Another explanation for the role of subpallial DAergic neurons in foraging, is that 

these neurons could modulate sensory integration and prey capture behaviours. 

Selective ablation of subpallial DAergic neurons perturbed prey capture 

behaviours without affecting locomotion, prey tracking or hunting initiation. A 

recent investigation found that ablating the nucleus isthmi of the zebrafish optic 

tectum had similar effects to prey capture behaviours to ablating subpallial 

DAergic neurons. (Henriques et al., 2019) found that ablation of the nucleus 

isthmi resulted in failures in the ability to sustain prey capture sequences. Both 

subpallial DAergic neurons and nucleus isthmi project to the thalamus (Tay et al., 

2011, Henriques et al., 2019) and ablation of either group disrupts prey capture 

behaviours in similar ways. The thalamus integrates visual information from the 

ascending visual system and can influence behaviours (Heap et al., 2018b, 

Mueller, 2012). The thalamus projects to the subpallium as well as the optic 

tectum (Heap et al., 2018b, Mueller, 2012, Rink and Wullimann, 2004). Therefore, 

subpallial DAergic neurons may modulate prey capture circuits via a subpallium-

thalamo-optic tectum loop and convey DA transmission relaying motivational, 

valence or decision-making signals (Figure 4:19). The VTA DAergic neurons 

project to the thalamus and can modulate sensory processing (Varela, 2014, 

Jacob and Nienborg, 2018). DA transmission can modulate the activity of the 

thalamus and subsequently modulate the visual evoked behaviours (Zhao et al., 

2002, Varela, 2014). Since subpallial DAergic neurons project to the thalamus, it 
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suggests there is a conserved DA-thalamic pathway in zebrafish, similar to the 

VTA-thalamus (Figure 4:19A/B). However, further investigations are required to 

understand how DA modulates thalamus function in zebrafish and mammals. 

In sum, subpallial DAergic neurons are activated by the visual stimulus when 

zebrafish are exposed to prey (Figure 4:20A). DA signalling from these neurons 

can modulate the putative amygdala/striatum, the thalamus and the 

hypothalamus (Figure 4:20A). Ablating subpallial DAergic neurons perturbs prey 

capture behaviour without affecting locomotion and prey tracking (Figure 4:20B). 

Loss of DA signalling to the thalamus (Figure 4:20B.1) could affect sensory 

processing of visual stimuli that influences the NMLF (Figure 4:20B.2) and 

reduces the pursuit of prey. Alternatively, Loss of DA signalling to the 

hypothalamus could affect motivational pursuit of prey (Figure 4:20B.3). Changes 

in activity of the hypothalamus can reduce the motivation to pursue prey by 

influencing the TeO (Figure 4:20B.4) and therefore perturb prey capture 

behaviour (Figure 4:20B.5). In mammals, disruption to the CeA-PAG-MLR 

pathway can attenuate prey capture behaviours. DA signalling from the VTA can 

influence CeA activity and subsequently affect prey capture behaviour by 

affecting motivational signals (Figure 4:19). If the subpallium of zebrafish is 

functionally equivalent to the extended amygdala, then subpallial DAergic 

neurons may be homologous to the VTA neurons and modulate these behaviours 

by influencing the motivational aspects of foraging. 
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Figure 4:20 Schematic circuit of ascending visual system and the 
involvement of subpallial DAergic neurons. A - B:Schematic illustration of 
ascending visual system in zebrafish brain and the connectome of subpallial 
DAergic neurons. A: Visual information is relayed indirectly to the subpallial 
DAergic neurons by the thalamus. The thalamus receives input from the 
subpallial DAergic neurons to modulate the thalamus activity. Downstream 
signalling from the TeO and thalamus can influence motor output via the NMLF 
to pursue prey. B: Ablating subpallial DAergic neurons abolishes DA input to the 
putative amygdala/striatum, the thalamus (1) and the hypothalamus (3). Lack of 
DA signalling to the thalamus could affect sensory processing and change the 
thalamic influence of the NMLF (2) and subsequently perturbed the pursuit of 
prey (5). The lack of subpallial DAergic neurons reduces the DAergic input to the 
hypothalamus, which projects to the TeO and can influence prey capture 
behaviour. The flow of foraging related information across the brain of visual 
information (blue line), connections between nuclei (purple), DA transmission 
(orange) and locomotor output (magenta). Abbreviation: GC; griseum centrale, 
NMLF; nucleus of the medial longitudinal fasciculus, TeO; optic tectum, T; 
Thalamus, derived from Mueller, (2012), Rink and Wullimann (2002) and Tay et 
al., (2011). 
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4.4.4 Conclusion 

In sum, the findings presented in this chapter suggest that subpallial DAergic 

neurons are active and release DA in the presence of live prey. Moreover, 

selective ablation of subpallial DAergic neurons significantly perturbed prey 

capture behaviours, reducing the probability of hunting-related locomotion 

without affecting prey tracking. Thus, the role of subpallial DAergic neurons may 

be to initiate or facilitate prey capture behaviours, possibly via provision of 

motivation signals to the extended amygdala. 

. 
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Chapter 5 Delineating the Functional Role 

of Subpallial Dopaminergic 

Neurons in the Processing of 

Aversive Stimuli 
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5.1 Introduction 

Startle behaviours are fast motor responses to sudden and intense stimuli which 

protect organisms from injury or predation. Startle behaviours can be seen in 

occur across several species ranging from humans to rodents and zebrafish 

(Koch, 1999). In mammals, startle behaviour can be evoked by acoustic, tactile 

and visual stimuli (Koch, 1999) and is driven by relatively simple circuits in the 

brainstem (Meloni and Davis, 1999, Lee et al., 1996). Studies have shown that 

startle reflexes can be modulated by fear-potentiated stimulation which is 

dependent on the amygdala (Zhao and Davis, 2004, Hitchcock and Davis, 1986). 

Moreover, DA transmission modulate startle reflexes in mammals (Meloni and 

Davis, 2000a).  

Zebrafish startle behaviours are evoked by acoustic, touch, visual and olfactory 

stimuli and are characterised by series of high-velocity, highly stereotyped 

manoeuvres (Budick and Malley, 2000, Zeddies and Fay, 2005, Temizer et al., 

2015). Several studies have shown that the subpallium, the putative striatum and 

extended amygdala, is activated by stimuli that elicit startle responses (Ganz et 

al., 2012, Perathoner et al., 2016, O'Connell and Hofmann, 2011, Randlett et al., 

2015, Heap et al., 2018b, Vanwalleghem et al., 2017). This suggests the 

subpallium may be involved in the processing of aversive stimuli. The DAergic 

neurons of the zebrafish subpallium innervate the telencephalon, thalamus and 

hypothalamus (Tay et al., 2011) which have been shown to be activated by 

aversive stimuli (Randlett et al., 2015, Heap et al., 2018b, Vanwalleghem et al., 

2017).Therefore, subpallial DAergic neurons could modulate these regions and 

the startle responses of zebrafish. However, to date, experiments have not 

addressed the involvement of subpallial DAergic neurons in startle behaviours.  

In this chapter, I selectively ablate subpallial DAergic neurons so that their role in 

processing of aversive stimuli can be examined. Furthermore, I also ask how 

subpallial DAergic neuron firing  is influenced by stimuli that evoke startle 

responses in zebrafish.  
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5.1.1 The mammalian fear and startle response  

Fear is defined as defensive behavioural responses to threatening stimuli (Silva 

et al., 2016). The neural circuitry involved in detecting threatening stimuli include 

the sensory and association cortices which provide input into the lateral and 

central amygdala. In addition, inputs from the thalamus also to promote or 

decrease fear responses (Tovote et al., 2015). Startle behaviour is a fast-innate 

response to an unexpected intense stimulus (Koch, 1999). Silva and colleagues 

discussed three circuits (Figure 5:1) that mediate fear response in animals which 

include the detection, the integration and the output circuits (Silva et al., 2016). 

In mammals, these neural circuits elicit the escape behaviours via the PAG (Silva 

et al., 2016). 
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Figure 5:1 Schematic illustration of the neural circuits that mediate auditory 
and visual fear responses in mammals. Three units process fear, detection 
(upper panel), integration (middle panel) and an output unit (lower panel). 
Sensory information regarding a threat is collected via different sensory organs. 
Auditory stimuli (red line) are processed by the auditory cortex (AuC) and relayed 
to the inferior colliculus which projects to the dorsal region of the periaqueductal 
gray (PAGd). Whilst visual information (orange line) is relayed from retinal 
ganglion cells (RGC) directly to the superior colliculus (SC) and indirectly via the 
visual cortex (V1). Visual information is sent directly into the spinal cord to 
mediate a behavioural response or via the amygdala. Olfactory stimuli are 
processed by the main and accessory olfactory system (MOS and AOS, 
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respectively). Signals are relayed to the hypothalamus via the cortical amygdala 
(CoA) and medial amygdala (MEA). The fear circuit processes polymodal 
sensory information regarding a threat via the basolateral amygdala (BLA) and 
the basomedial amygdala (BMA), which integrates the information in the 
hypothalamic circuits. Pain is relayed via the PAG and midline thalamic nuclei 
(MTN) to the BLA, as well as the via the parabrachial nucleus (PB) to the CeA. 
The PAG receives information about multiple threats from the amygdala circuits 
(blue line) is the primary output for eliciting a behaviour. Redrawn from Silva et 
al., (2016). 

5.1.1.1 The acoustic startle response in mammals  

The acoustic startle reflex (ASR) is an innate defensive behavioural response to 

sudden, loud acoustic stimuli (Hormigo et al., 2018). The ASR has been studied 

in mammals, and the neural circuit that drives this behaviour is composed of the 

cochlear root neurons (CRNs), nucleus reticularis pontis caudalis (PnC) and 

motor neurons (Lee et al., 1996, Meloni and Davis, 2000b). Intense auditory 

stimuli is relayed to the ventrocaudal aspect of the PnC via the CRNs, which 

activate motor neurons via the reticulospinal network (Yeomans and Frankland, 

1995, Gao et al., 2015). These neural circuits also integrate auditory information 

from the auditory cortex via the inferior colliculus (Chen et al., 2018). 

DA transmission has been shown to modulate startle behaviour in mammals 

(Lewis and Gould, 2003, Meloni and Davis, 1999). The SNc projects directly to 

the PnC and indirectly to the pedunculopontine tegmental nucleus (PPTg) 

(Hormigo et al., 2018). The PnC is critical for the primary ASR, whilst the PPTg 

is involved in the regulation of motor output (Mori et al., 2016, Lee et al., 1996). 

Studies have shown that chemogenic ablation of SNc DAergic neurons affects 

the ASR kinetics, including response latency (Hormigo et al., 2018). This 

suggests that DA transmission from the SNc is involved in modulating the neural 

circuits that directly drive the ASR. Modulating DA transmission by the application 

of DA receptor agonists and antagonists also influence the ASR. The systematic 

application of D1 receptor agonists can enhance the ASR amplitude (Meloni and 

Davis, 1999). However, deletion of the D1 receptors revealed that D1 KO mice 

have amplified ASR sensitivity (Halberstadt and Geyer, 2009). Together, this 

shows that either activation or disruption of D1 receptor signalling in this region 

evokes similar behavioural responses.  
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Whilst the ASR is triggered by a relatively simple circuit that processes auditory 

information, it can be modulated/enhanced by the indirect pathway, in which the 

inferior colliculus receives input from the auditory cortex and influences the PAG 

to modulate reflexes (Winer et al., 2002, Winer et al., 1998) (Figure 5:1). 

Optogenetic activation of either the corticofugal neurons of the auditory cortex or 

inferior colliculus can initiate escape responses in rodents, whilst optogenetic 

inhibition has the opposite effect (Xiong et al., 2015). Additionally, optogenetic 

activation of inferior colliculus neurons projecting to the dorsal PAG can evoke 

escape behaviours (Xiong et al., 2015). The CeA modulates the ASR by indirectly 

innervating the PnC via the PAG, lesions to either the CeA or PAG block 

sensitisation of the ASR in footshock studies (Fendt et al., 1994). Additionally, 

lesions to the PAG can abolish the fear-potentiated startle reflex (Walker and 

Davis, 1997), suggesting the PAG is critical for indirect enhancement of the startle 

reflex. Interestingly, intra-amygdaloid infusions of D1 antagonists can block the 

acquisition of fear-potentiated startle behaviours (Greba and Kokkinidis, 2000). 

Similarly, chemogenic lesions to the VTA blocked fear-potentiated startle 

responses (Borowski and Kokkinidis, 1996). Together, this suggests DA 

transmission to the amygdala can modify startle responses in mammals. 

The ASR can be inhibited by prior exposure to weak stimuli, a phenomenon 

known as prepulse inhibition (PPI). Sensory input that mediates non-startling 

acoustic or visual stimuli is relayed to both inferior and superior colliculi. In turn, 

these structures activate the PPTg which then inhibits the PnC (Fendt et al., 

2001). Since the PnC activates the reticulospinal system, inhibition of this 

structure via the PPTg results in the inhibition of the startle response, and lesions 

to the PPTg can reduce PPI without affecting startle amplitudes (Swerdlow and 

Geyer, 1993). DA transmission in the NAc has been shown to be a modulator of 

PPI (Zhang et al., 2000). The NAc innervates the PPTg directly and indirect via 

the ventral pallidum (Koch, 1999). Deficits in PPI can be induced by intra-

accumbal infusion of DA agonist and rescued by the application of the DA 

receptor antagonist, haloperidol (Swerdlow et al., 2016, Swerdlow et al., 1994). 

In sum, DA signalling can modify startle behaviour by modulating PPI via the NAc 

or enhancing the ASR by fear-potentiated startling via the amygdaloid circuits. 
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5.1.1.2 Detection, processing and triggering the visually evoked startle 

response  

Rodent escape behaviours are influenced by the contrast, speed and direction of 

looming stimuli (Yilmaz and Meister, 2013). Visual cues are detected by the 

retinal ganglion cells (RGCs), which are relayed directly to the superior colliculus 

and indirectly via the primary visual cortex (Figure 5:1). Visual information is 

relayed from RGCs to several structures, either directly to the superior colliculus 

or indirectly via projections to the dorsal lateral geniculate nucleus (LGN) of the 

thalamus, and subsequently to the primary visual cortex and superior colliculus 

(Ahmadlou et al., 2018, Yamasaki and Krauthamer, 1990). The visual cortex 

processes visual information to generate an image, whilst the superior colliculus 

is involved in sensorimotor integration and mediates reflexive approach and 

avoidance behaviours (Westby et al., 1990, Cohen and Castro-Alamancos, 

2010). The superior colliculus receives input from visual nuclei including the 

ventral LGN and the visual cortex; as well as auditory centres such as the auditory 

cortex, inferior colliculus and lateral lemniscus (Cadusseau and Roger, 1985). In 

addition to these regions, the superior colliculus is innervated by the thalamus, 

hypothalamus and motor cortices (Cadusseau and Roger, 1985). There are three 

efferent pathways of the superior colliculus, known as the ascending and 

descending ipsilateral tectopontine-tectobulbar tracts and the contralateral 

descending or crossed tectospinal tract (Dean et al., 1988, Harting, 1977).  

The superior colliculus receives a range of sensory and motor input and is critical 

for visually evoked startle/escape behaviours (Liu et al., 2011, Ito and Feldheim, 

2018), and a subpopulation of neurons in the superior colliculus receives input 

from both visual and auditory cortices which drive escape behaviours in rodents 

(Zingg et al., 2017). Superior colliculus neurons exhibit speed tuning to looming 

stimuli (Zhao et al., 2014). Optogenetic inhibition of the superior colliculus 

modulates the visual cortex and pathways to the lateral posterior nucleus, 

influencing size tuning of these neurons (Ahmadlou et al., 2018). Moreover, a 

recent investigation revealed that the superior colliculus is necessary for the 

processing of visual stimuli and optogenetic activation of superior colliculus 

projections to the thalamus is sufficient to trigger behaviours similar to visually 
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evoked fear response (Wei et al., 2015). Inactivation of the cortical projections to 

the superior colliculus is sufficient to attenuate superior colliculus dependent 

visually evoked fear response (Liang et al., 2015). Therefore, the superior 

colliculus integrates sensory information and relays to other nuclei in the brain.  

The amygdala is a major component for the processing of sensory information 

and eliciting fear responses (Martinez et al., 2011, Shackman and Fox, 2016, Fox 

and Shackman, 2019, Newman, 1999, Trimble and Van Elst, 1999, Fendt et al., 

1994). The amygdala receives sensory information directly from the superior 

colliculus or indirectly via a non-canonical thalamic pathway (Wei et al., 2015). 

Activation of the superior colliculus – amygdala pathway can elicit escape 

behaviour in rodents, whilst lesions to the amygdala can abolish the visually-

evoked escape responses (Shang et al., 2015, Wei et al., 2015). This suggests 

that visual information relating to threatening stimuli is relayed to the amygdala 

via the superior colliculus. Interestingly, lesions to the lateral posterior nucleus of 

the thalamus blocks colliculus – amygdala mediated behaviours while 

optogenetic activation of the thalamus mimics visually evoked fear responses 

(Wei et al., 2015). This shows that visual information is indirectly relayed to the 

amygdala via the thalamus. Yuan and colleagues have suggested a model of 

contextualising fear via thalamic relay of visual information to the cortex and 

superior colliculus which process and contextualise visual information and 

subsequently send this information to the amygdala which triggers fear 

responses (Yuan and Su, 2015). Taken together, these observations suggest that 

visual stimuli can trigger defensive or startle behaviour in mammals. Sensory 

information is relayed to the amygdala via the multiple pathways to elicit the 

appropriate behavioural response, and the amygdala is crucial for processing of 

threatening stimuli. 

5.1.1.3 Integration of threat cues 

Threatening cues are conveyed to downstream regions, including the 

hypothalamus and amygdala. The mammalian hypothalamus integrates sensory 

information regarding predatory threats and has been shown to be involved in 

mediating defensive behaviours: in rodents optogenetic activation of the 

ventromedial hypothalamic projections to the PAG induces freezing like 



Delineating the functional role of subpallial dopaminergic neurons in the processing of aversive 
stimuli 

 

177 
 

behaviours (Wang et al., 2015, Silva et al., 2016) while activation of the 

ventromedial hypothalamic projections to the anterior hypothalamic nucleus can 

induce avoidance behaviours in mammals (Wang et al., 2015).  

The amygdaloid nuclei are critical for eliciting fear responses (Martinez et al., 

2011, Shackman and Fox, 2016, Fox and Shackman, 2019, Newman, 1999, 

Trimble and Van Elst, 1999). The amygdala receives visual information via a 

thalamo-amygdalo-collicular feedback circuit (Marsh et al., 2002). Lesions to the 

amygdala can abolish escape responses to predator cues (Martinez et al., 2011), 

while lesions to the extended amygdala can abolish conditioned freezing 

behaviour (Nader et al., 2001, Zimmerman et al., 2007 

). Visually evoked fear responses are processed by thalamo-amygdalo-collicular 

circuitry, information from the superior colliculus is relayed to the amygdala via 

the thalamus and lesions to the amygdala block visually evoked fear responses 

in rodents (Wei et al., 2015).  

The mammalian amygdala and striatum receive DAergic input from the VTA and 

SNC (Gerfen and Surmeier, 2011, Lammel et al., 2011, Lammel et al., 2014, 

Hasue and Shammah-Lagnado, 2002). Nonetheless, the role of DA signalling 

and aversive stimuli is controversial. Historically, DAergic transmission in the NAc 

is associated with rewarding stimuli. Recent studies have shown the NAc 

projecting DAergic neurons from the VTA increase in activity in response to the 

presentation of aversive stimuli (Matsumoto and Hikosaka, 2009, Soares-Cunha 

et al., 2016a, Yoshimi et al., 2015, Schultz et al., 2017). Release of DA in the NAc 

shell increases when exposed to fear-evoking cues (Badrinarayan et al., 2012). 

The DAergic neurons of the ventral VTA are activated in response to aversive 

stimuli (Brischoux et al., 2009). DAergic neurons innervating the mPFC and NAc 

lateral shell increase in activity to aversion (Lammel et al., 2011). The NAc core 

and shell are composed of both D1 and D2-MSNs (Zahm, 1999). Excitation of 

D1-MSNs in the ventral NAc shell can elicit aversive behaviours, whilst activation 

of the dorsal NAc shell induced positive reinforcement of behaviours (Al-Hasani 

et al., 2015).  

As mentioned previously, the amygdala is involved in the fear-potentiated startle 

reflexes (Fendt et al., 1994, Walker and Davis, 1997, Greba and Kokkinidis, 2000, 
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Borowski and Kokkinidis, 1996). Subpopulations of VTA DAergic neurons are 

excited when exposed visually aversive stimuli (Bromberg-Martin et al., 2010, 

Horvitz et al., 1997). Blocking DA signalling in the amygdala can attenuate fear-

potentiated startle behaviour (Borowski and Kokkinidis, 1996, Greba and 

Kokkinidis, 2000, Greba et al., 2001, Lamont and Kokkinidis, 1998), and freezing 

and startling behaviours can be abolished by D1 receptor antagonists (Lamont 

and Kokkinidis, 1998, Guarraci et al., 1999a, Guarraci et al., 1999b), while D2 

receptor agonism in the extended amygdala induces fear responses to threats 

(De Bundel et al., 2016). Interestingly, disruption to DA signalling to the CeA can 

attenuate the PPI, suggesting DA is involved in sensorimotor gating in the 

amygdala (Alsene et al., 2011). Together, this suggests DA signalling in the 

amygdala can modulate behavioural responses to threatening stimuli by 

influencing sensorimotor gating.  

In sum, the amygdala receives visual and auditory input and is critical for 

processing threatening stimuli which. Activation of the superior and inferior 

colliculi is associated with the detection and processing of visual and auditory 

stimuli, respectively. These subcortical regions can modulate DA transmission to 

the amygdala and striatum which can modulate aversive behaviours in mammals. 

5.1.1.4 Behavioural output of fear response  

Threatening stimuli can elicit fear responses in animals; however, these 

responses can be highly variable. Some stimuli can elicit an innate fear response 

and directly trigger an avoidance behaviour such as flight or freezing. The PAG 

is found in the midbrain and co-ordinates behaviours by influencing sensory 

circuits and motor output (Koutsikou et al., 2015). Lesions to the PAG reduces 

both passive and active escape behaviours (Behbehani, 1995). In humans, 

startling stimuli can increase activity in the thalamo-PAG loop and the insular 

cortex (Lindner et al., 2015, Wu et al., 2014, Rinvik and Wiberg, 1990).  

Reciprocal connections have been observed between the PAG and amygdala 

(Sun et al., 2019, Rizvi et al., 1991, Tupal and Faingold, 2012). The ventral PAG 

mediates passive escape responses, including freezing behaviour (Ullah et al., 

2015), whilst the dorsal PAG mediates active escape behaviours such as flight 
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(Ullah et al., 2015). Stimulation of the dorsal PAG can evoke innate fear 

responses (Kim et al., 2013)and lesions to the amygdala blocks this PAG-

mediated behaviour (Kim et al., 2013). 

In sum, threatening stimuli are detected by multiple nuclei in the brain. These 

nuclei relay various forms of visual, auditory, olfactory and nociceptive 

information to critical neural circuits that convey threats. Structures including the 

amygdala, striatum and thalamus receive input regarding threats and these 

circuits determine if a stimulus is a threat and what the appropriate response is. 

DA has been shown to modulate these neural circuits and influence behavioural 

responses to aversive stimuli.  

5.1.2 The zebrafish startle response 

The zebrafish startle behaviour consists of a series of high-velocity manoeuvres 

(Figure 5:2) that allow this animal to escape predation and can be evoked by 

acoustic, touch, visual and olfactory stimuli (Budick and Malley, 2000, Zeddies 

and Fay, 2005, Temizer et al., 2015). Acoustic stimuli can evoke startle 

behaviours in zebrafish from 3 dpf, but a robust response can be observed from 

4 dpf onwards (Roberts et al., 2011, Zeddies and Fay, 2005). Startle responses 

can also be evoked visually by looming stimuli (Temizer et al., 2015; 

Bhattacharyya et al., 2017).  

Zebrafish exhibit a range of escape responses to evade threats; the most widely 

studied being the ‘C-start’. This is composed of an initial tail bend, followed by a 

counter bend and subsequent escape swimming (Figure 5:2C) (Budick and 

Malley, 2000, Zeddies and Fay, 2005, Roberts et al., 2011). The initial bend of 

the body resembles a “C” shape and is driven by Mauthner cells of the 

reticulospinal system (Kalueff et al., 2013, Liu et al., 2012). Another startle 

response is known as an S-start (Kalueff et al., 2013, Liu et al., 2012). During an 

S-start, Mauthner cells are bilaterally activated and the latency between the 

ipsilateral and contralateral Mauthner cell to the stimulation drives which “S” 

shape body bend (Liu and Hale, 2017) (Figure 5:2D). 
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Figure 5:2 Swimming manoeuvres of larval zebrafish. A: Example of routine 
turn, illustrating small-angle bend and angular velocity over a long duration. B: 
Example escape response with 180⁰ reorientation resembling “O” shape. C: 
Illustration of C-start escape response, high angular velocity and bend in body 
axis resembles “C” shape. D: Example of S-start escape response, and initial 
body bend resembles “S” shape characterised by rostral and caudal bends on 
opposing sides of the body. Adapted/redrawn from Liu et al., (2012), and Budick 
and Malley (2000). 

5.1.2.1 Neural circuits of the zebrafish startle responses 

The zebrafish startle response is primarily driven by hindbrain reticulospinal 

neurons (Hale et al., 2016) (Figure 5:3A). The hindbrain is divided into seven 

segments, with neurons within each segment possessing homologous 

morphology. The Mauthner cells are located within the 4th segment (Nakayama 

and Oda, 2004). In the 5th and 6th segment are Mauthner homologs called 

MiD2cm and MiD3cm (Nakayama and Oda, 2004). Mauthner cells and their 

homologs project contralaterally and descend into the spinal cord (Becker et al., 

1997, Barry and Bennett, 1990, Hale et al., 2016) (Figure 5:3A). These 

reticulospinal cells receive auditory input from the cranial nerve VIII, and visual 

information from the optic tectum (Hale et al., 2016, Nakayama and Oda, 2004) 

and also receive mechanosensory information from Rohon-Beard neurons, 

sensory neurons found in dorsal spinal cord of larval zebrafish (Reyes et al., 

2004, Palanca et al., 2013). Interestingly, Rohon-Beard neurons are embryonic 
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sensory neurons that undergo apoptosis and are only present in larval zebrafish 

(Reyes et al., 2004, Williams et al., 2000, Kanungo et al., 2009). The 

somatosensory function of Rohon-Beard neurons is replaced by the dorsal root 

ganglion (DRG) in older zebrafish (Williams et al., 2000, Honjo et al., 2011, 

McGraw et al., 2008). In addition to the DRG, the lateral line detects vibrations in 

water and sends tactile sensory information to the reticulospinal neurons (Olt et 

al., 2016a, Olt et al., 2016c, Olt et al., 2016b, Kohashi and Oda, 2008, Reyes et 

al., 2004).  

Mauthner cells and their homologs are regulated by interneurons located in the 

hindbrain (Koyama et al., 2011, Hale et al., 2016) (Figure 5:3A). Mauthner cells 

are directly innervated by passive hyperpolarizing potential commissural 

(PHPcom) cells located in the rhombomere 4 of the hindbrain (Hale et al., 2016). 

PHPcom cells receive input from cranial nerve VIII and act as glycinergic 

inhibitory feed-forward neurons that inhibit Mauthner cells by hyperpolarisation 

(Koyama et al., 2011, Zottoli et al., 1987, Zottoli and Faber, 2000). Mauthner cells 

are also indirectly regulated by cranial relay neurons as part of a feedback loop 

(Koyama et al., 2011, Zottoli and Faber, 2000). Cranial relay neurons are 

excitatory, cholinergic neurons that are activated by Mauthner cells and synapse 

onto contralateral PHP neurons (PHPcol), providing inhibitory feedback (Koyama 

et al., 2011). The Mauthner cells are also regulated by contralateral spiral fiber 

neurons (SFNs), which are excitatory interneurons that directly innervate 

Mauthner cells (Koyama et al., 2011, Hale et al., 2016). Ablating SFNs largely 

abolishes Mauthner cell-dependent escape responses (Lacoste et al., 2015), 

suggesting they facilitate escape behaviour. Together, these interneurons 

regulate Mauthner cell activity to drive unilateral muscle activity during escape 

behaviour. 
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Figure 5:3 Schematic illustration of hindbrain and spinal cord circuitry for 
escape responses. A: Schematic illustration of the hindbrain circuitry that drives 
the Mauthner cell-dependent escape response. B: Illustration of the spinal cord 
circuity that drives Mauthner cell-dependent escape response. Abbreviations: 
SFN, Spiral fibre neurons; CRN, cranial relay neuron; DRG, dorsal root ganglion; 
PHPcol, passive hyperpolarizing potential collateral neuron; PHPcom, passive 
hyperpolarizing potential commissural neuron; PMN, primary motor neuron; MN, 
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motor neurons; CiD, Circumferential Descending; CoLo, Commissural local; M-
cell, Mauthner Cell. Adapted from Hale et al., (2016). 

Mauthner cells project to the contralateral spinal cord and provide glutamatergic 

excitation to circumferential descending (CiD) interneurons, commissural local 

(CoLo) interneurons and primary motor neurons (PMN; Figure 5:3B). CiDs are 

ipsilateral descending excitatory premotor interneurons that innervate both PMNs 

and secondary motor neurons (SMN) (Bhatt et al., 2007, McLean et al., 2007, 

McLean and Fetcho, 2009, Ritter et al., 2001). Ritter and colleagues suggest CiD 

activity may drive the initial bend of the escape response (Ritter et al., 2001). 

Furthermore, CoLo are inhibitory interneurons that project to the contralateral 

spinal cord and, when activated, inhibit contralateral PMNs and CiDs (Satou et 

al., 2009). Thus, stimulation of the Mauthner cells activates contralateral CiDs 

and CoLo, subsequently driving contralateral motor neuron activation, whilst 

simultaneously inhibiting cells of the ipsilateral spinal cord (Figure 5:3B). The 

resulting locomotion is a fast bend on the opposite side to the stimulated 

Mauthner cells. 

Activation of Mauthner cells and their homologs drives escape behaviour in 

zebrafish (Kohashi and Oda, 2008, Troconis et al., 2017, Burgess and Granato, 

2007a, Burgess and Granato, 2007b). Zebrafish C-starts are highly stereotyped 

(Budick and Malley, 2000) and comprise a characteristic tail bend (C-bend) 

followed by counter-bend that establishes the trajectory of the escape manoeuvre 

(Figure 5:2C). Mauthner cells and their homologs receive the same sensory 

information (visual, auditory and tactile), but differences in output to the spinal 

circuitry allow for an adaptive escape response (Nakayama and Oda, 2004). 

Auditory evoked C-starts have a bimodal distribution in the latency, bend angle, 

duration and angular velocity of the C-start (Burgess and Granato, 2007b). Based 

on these kinetics, zebrafish C-starts are divided into two categories, either short-

latency C-start (SLC) and Long-latency C start (LLC) (Troconis et al., 2017, 

Burgess and Granato, 2007b). SLC response is driven by the Mauthner cells, 

whilst the LLC response is initiated the Mauthner cell homologs; MiD2cm and 

MiD3cm (Liu and Fetcho, 1999, Kohashi and Oda, 2008). It has been shown that 

C-start escape responses persist Mauthner cells are ablated. However, in this 

scenario, only LLC responses persist (Liu and Fetcho, 1999). This suggests that 
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Mauthner cells are required for SLC responses. By contrast, MiD2cm, and 

MiD3cm are active during LLC responses and ablating the Mauthners and their 

homologs attenuates both SLC and LLC responses (Kohashi and Oda, 2008). 

This suggests that LLCs are dependent of Mauthner cell homologs. 

C-start escape responses have been shown to exhibit short term habituation 

(Roberts et al., 2011). SLC circuitry can exhibit habituation: exposing zebrafish 

to repetitive acoustic stimuli attenuates SLC responses and is associated with the 

suppression of Mauthner cells activity (Takahashi et al., 2017). However, the 

habituation of Mauthner cells has no effect on LLC responsiveness (Takahashi 

et al., 2017). A recent investigation has suggested the decision-making process 

to select the appropriate startle response is dynamic and dependent on previous 

experience as well as stimulus interpretation (Jain et al., 2018). Repetitive 

exposure to an acoustic stimulus can shift the bias from SLC to LLC response in 

larval fish (Jain et al., 2018). Therefore, examination of SLC – LLC in zebrafish 

can be used to study sensorimotor gating and decision-making behaviours.  

The S-bend is another startle response displayed by zebrafish, characterised by 

the “S” shape bending of the body (Kalueff et al., 2013) (Figure 5:2D). Electrical 

stimulation of the tail of a zebrafish fish can elicit both S and C-start escape 

responses (Liu et al., 2012). During an S-start, Mauthner cells are bilaterally 

active, unlike a C-start during a touch evoked escape response (Liu and Hale, 

2017). The proposed neural circuitry of S-start is that tail stimulation activates the 

lateral line, DRG, or Rohon-Beard cells which extend ascending projections to 

the Mauthner cells (Liu and Hale, 2017, Palanca et al., 2013) (Figure 5:3B). The 

DRG innervates the Mauthner cells via an electrical synapse (Sillar, 2009). 

Additionally, Rohon-Beard cells innervate CoLo directly, inhibiting muscle activity 

(Liu and Hale, 2017). Together, tail stimulation during an S-start bilaterally 

activates Mauthner cells and the unilateral activation of CoLos in the tail results 

in the S-shaped swimming manoeuvre. The latency between the ipsilateral and 

contralateral Mauthner cell spiking determines which hemisphere of the spinal 

cord is inhibited to block motor output (Liu and Hale, 2017).  
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5.1.2.2 Visually evoked escape response. 

The study of zebrafish startle behaviours has revealed several neural circuits that 

integrate sensory information to drive escape behaviours. As mentioned earlier, 

Mauthner cells and their homologs receive auditory and mechanosensory 

information and innervate spinal cord interneurons and motor neurons to drive 

escape behaviour (Koyama et al., 2011) (Figure 5:4 – Pathway 1). Similarly, 

visually evoked startle behaviours are relayed by the same premotor output 

circuits as mechanosensory startle responses (Budick and Malley, 2000, Zeddies 

and Fay, 2005, Temizer et al., 2015, Dunn et al., 2016a). Mauthner cells receive 

input from the optic tectum (Zottoli et al., 1987), and visual input can activate 

reticulospinal neurons to generate escape responses to threatening stimuli 

(Canfield, 2006, Bhattacharyya et al., 2017) (Figure 5:4 – Pathway 2). Visual 

threat is calculated by the size and approach velocity of an object: large or fast-

moving objects are processed by neural circuits as potential threats, whilst 

smaller objects, slower approaching objects are processed as potential prey 

(Preuss et al., 2014). Startle behaviour can be triggered by the presentation of a 

looming stimulus of ≥10° (Barker and Baier, 2015). Therefore, the visual system 

of zebrafish must distinguish between objects based on size and approach 

velocity and relay this information to the premotor system to elicit escape 

behaviour. Object size discrimination is dependent on the retinotectal circuits 

(Preuss et al., 2014), and lesions to these circuits can impair escape responses 

to looming stimuli (Temizer et al., 2015).  

RGCs are activated by objects of a specific size (Levick, 1967, Olveczky et al., 

2003). RGCs of various cyprinid fish can be segregated base on their object 

direction as well as size tuning (Damjanović et al., 2019), in which these neuron 

only activate when an object travels in a specific direction or is a particular size. 

The optic tectum, a structure equivalent to the mammalian superior colliculus, 

integrates visual information (May, 2006) to elicit avoidance and approach 

behaviours (Barker and Baier, 2015). The tectum can be segregated in areas 

based on the input from specific RGCs that relay size specific information 

generating a topographical map of object size across the optic tectum (Preuss et 

al., 2014, Helmbrecht et al., 2018). The superficial layers of the tectum are 
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selective to small stimuli whilst responses to larger stimuli occur deeper in the 

tectal neuropil (Preuss et al., 2014).  

The neural circuits that process looming stimuli are the contralateral optic tectum 

to the retina that detected the stimulus (Figure 5:4 – Pathway 2) (Dunn et al., 

2016a). The presentation of a looming stimuli can activate the AF6 and AF8 

regions of the optic tectum (Temizer et al., 2015). Since the neurons optic tectum 

exhibit size and speed tuning, objects that could be interpreted as a threatening 

stimuli such as the approach velocity and angular size can trigger escape 

response in larval zebrafish (Temizer et al., 2015). This occurs by projections 

from the optic tectum to the Mauthner cell on the opposite side of the body, 

ipsilateral to the stimulus (Dunn et al., 2016a) (Figure 5:4 – Pathway 2).  

Dunn and colleagues propose a multi-modal convergence pathway for sensory 

information that drives escape behaviour. Here, looming stimuli are detected by 

RGCs and information relating to size and velocity are processed in the 

contralateral optic tectum (Figure 5:4 – Pathway 3) (Dunn et al., 2016a). The 

alternative startle response is more variable since stimulation can elicit 

postsynaptic potentials in both ipsilateral and contralateral Mauthner cells and 

their homologues (Zottoli et al., 1987), however, the neural pathway has not been 

fully described (Korn and Faber, 2005) (Figure 5:4 – Pathway 3). Marquart and 

colleagues have suggested prepontine neurons could initiate Mauthner cell 

alternative escape behaviours, which generate delayed escape responses with a 

highly variable escape trajectory (Marquart et al., 2019). Similar to Dunn and 

colleagues, Marquart have shown these prepontine neurons integrate both 

acoustic and visual information and have suggested they allow for a dynamic and 

flexible escape response. 
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Figure 5:4 Proposed model for the flow of information to evoke startle 
behaviours in zebrafish. Schematic illustration of the hindbrain circuitry that 
drives the Mauthner cell-dependent escape response (pathway 1), the visual 
evoked startle response (pathway 2) and the alternative visually evoked escape 
behaviour (pathway 3). Adapted from Dunn et al., (2016) and Hale et al., (2016). 

 

5.1.2.3 Ascending auditory and visual pathways 

As mentioned earlier, Mauthner cells receive visual input via the optic tectum 

(Zottoli et al., 1987) as well as auditory and mechanosensory information from 

the otic capsule and lateral line (Eaton and Popper, 1995, Mirjany and Faber, 

2011). However, sensory information, is also processed by forebrain structures 
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such as the thalamus (Randlett et al., 2015, Heap et al., 2018b, Vanwalleghem 

et al., 2017). In mammals the thalamus is a multi-nuclei structure that relays, 

modifies and filters sensory information across the brain (Mueller, 2012). The 

thalamus is a highly conserved structure across vertebrate including zebrafish 

(Lynn et al., 2015, Bandin et al., 2015, Schmitt and Halassa, 2017). Below, I will 

review the anatomical, genetic and functional studies of the ascending auditory 

and visual pathways in cyprinid fish, including zebrafish. 

In zebrafish, the thalamus receives auditory and mechanosensory information 

(Mueller, 2012). Auditory information is relayed to the thalamus indirectly via the 

central nucleus of the torus semicircularis (TSc), a structure homologous to the 

IC in mammals (Mueller, 2012). The TSc receives auditory and mechanosensory 

input from the lateral line via the secondary octaval population (SOP), which is 

homologous to the mammalian superior olive (McCormick and Hernandez, 1996, 

McCormick, 1997). Both the TSc and SOP receive input via descending octaval 

nucleus (DON) and anterior octaval nucleus (AO) (Fame et al., 2006, Yamamoto 

et al., 2010b, Mueller, 2012) (Figure 5:5). A recent investigation using calcium 

imaging has shown the thalamus, along with the TSc and the octaval nuclei of 

larval zebrafish respond to auditory stimuli, suggesting the auditory pathways 

exist early in development (Vanwalleghem et al., 2017). 

The cyprinid thalamus receives visual input from multiple areas including the optic 

tectum and direct input from the RGCs (Mueller, 2012, Henriques et al., 2019) 

(Figure 5:5). Additionally, information regarding looming stimuli has been shown 

to be relayed by the optic tectum to Mauthner cells, the hypothalamus and 

thalamus via different pathways (Yao et al., 2016, Mueller, 2012, Heap et al., 

2018b). A recent investigation found that luminescence information is relayed via 

thalamo-tectal connections (Heap et al., 2018b). Selective ablation of these 

connections is sufficient to impair startle responses to the dark looming stimuli 

(Heap et al., 2018b), suggesting the thalamus is involved in the influencing 

responses to looming stimuli. 

The thalamus is known to relay information to other brain regions, in cyprinids, it 

has been shown that this region processes auditory and visual information 

indirectly via the TSc and optic tectum, respectively (Mueller, 2012). The 
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thalamus projects to telencephalon, including the subpallium (Figure 5:5) (Rink 

and Wullimann, 2004, Rink and Wullimann, 2002a, Mueller, 2012). This suggests 

that the subpallium processes sensory information and studies have shown the 

pERK activity increases in the subpallium when zebrafish are exposed to auditory 

(Vanwalleghem et al., 2017), mechanosensory (Randlett et al., 2015) and visual 

stimuli (Heap et al., 2018b). Together, this suggests the subpallium is active in 

response to these stimuli and receives input from the ascending auditory and 

visual pathways, however, the role of the subpallium in processing auditory, 

mechanosensory and visual information has not been previously investigated. I 

have previously shown the subpallial DAergic neurons are active when presented 

with visual stimuli such as prey (see subsection 4.3.4). 

 

Figure 5:5 Ascending auditory and visual pathways in cyprinids. Schematic 
illustration of the sagittal cross-section of the zebrafish brain. Primary visual 
targets to the anterior thalamic nucleus (blue line) and the optic tectum (green) 
which is homologous to the mammalian superior colliculus. The dorsoposterior 
thalamic nucleus receives visual input from the TeO. The anterior thalamic 
nucleus projects to the subpallium/Vd providing visual information. The PG 
receives visual information from the Teo, which is relayed to the pallium. 
Abbreviation: A; anterior thalamic nucleus, CP; centroposterior thalamic nucleus,  
DP; dorsoposterior thalamic nucleus, Hb; habenular, Cb; Cerebellum, MO; 
Medulla, H; Hypothalamus, T; Thalamus, TeO; optic tectum, PO; preoptic region, 
PTc; posterior tuberculum, OB; olfactory bulb, Vd; dorsal, Vl; lateral, Vp; 
postcommissural, Vs; supracommissural, Vv; ventral zones of ventral 
telencephalon. Redrawn from Mueller, (2012). 
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5.1.2.4 Aminergic modulation of the zebrafish startle response 

The study of DA transmission and the modulation of the zebrafish escape 

response is limited. TH-reactive projections have been observed close to 

dendrites of Mauthner cells and their homologues (McLean and Fetcho, 2004b). 

This suggests a potential interaction with DA input to the reticulospinal neurons. 

DA application can reduce repetitive firing of Mauthner cells (Curti and Pereda, 

2010). A recent investigation found that exposing zebrafish to light flashes prior 

to acoustic stimulation can increase the chance of eliciting an acoustic-mediated 

C-start, a phenomenon which is driven by light-responsive DAergic neurons of 

the hypothalamus (Mu et al., 2012). Additionally, lesions to optic tectum can 

attenuate hypothalamic DAergic neuron responses to visual input (Yao et al., 

2016). The acoustic-evoked startle response is modulated by D1 receptor activity 

within the Mauthner cells, which enhances the signal to noise ratio of auditory 

signals (Mu et al., 2012). This shows DA transmission can modulate the activity 

of the reticulospinal neurons and subsequently the escape responses.  

Whilst a recent study showed DA transmission could enhance startle behaviour, 

another study revealed a subpopulation of hypothalamic DAergic neurons 

positively regulate hindbrain inhibitory neurons during the presence of non-

threatening stimuli, decreasing the probability of eliciting a visually evoked 

escape response (Yao et al., 2016, Mu et al., 2012). Thus, hypothalamic DAergic 

neurons activate inhibitory neurons that inhibit Mauthner cell activation. Together, 

these hypothalamic DAergic neurons both enhance and inhibit escape behaviour 

in zebrafish. An investigation into the role of other DAergic neurons and their 

influence of startle behaviour found chemogenic loss of DAergic of the pretectum 

and DDNs reduced spontaneous locomotion but did not affect visually evoked 

startle response (Stednitz et al., 2015). Together, this suggests specific groups 

of DAergic populations modulate startle behaviours by influencing the premotor 

system.   
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5.2 Aims and Objectives 

The subpallium has been shown to be activated by mechanical, acoustic and 

visually aversive stimuli. However, the role of subpallial DAergic neurons in the 

processing of aversive stimuli has not been addressed. In mammals, the VTA 

has been shown to process aversive stimuli, and modulate the amygdala. Since 

it has been suggested the subpallial DAergic neurons are homologous to the 

midbrain DAergic neurons, if this is indeed the case, subpallial DAergic neurons 

could modulate aversive behaviours in zebrafish. I hypothesise that the subpallial 

DAergic neurons are activated by aversive stimuli and modulate startle 

behaviour. Using targeted laser ablation of subpallial DAergic neurons and 

behavioural paradigms, I examine the involvement of subpallial DAergic neurons 

in the acoustic evoked startle responses. Additionally I examined the role of 

subpallial DAergic neurons in visually evoked startle behaviours using looming 

stimuli that simulate an approaching virtual predator. Finally, I examined the firing 

activity of subpallial DAergic neurons when exposed to looming stimuli. The data 

presented in this chapter demonstrates that by 5 dpf, the subpallial DAergic 

neurons can selectively modulate long latency C-starts (LLC).  
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5.3 Results 

5.3.1 Effects of selective loss of subpallial dopaminergic neurons on 

the acoustic startle response 

Whole-brain mapping has revealed that the subpallium is active when zebrafish 

are exposed to aversive stimuli such as dish tapping (Randlett et al., 2015). 

Furthermore, a study found the subpallium was active in response to acoustic 

stimuli (Vanwalleghem et al., 2017). However, this study restrained the fish prior 

to acoustic stimulation, therefore, the escape response was not examined. 

Nonetheless, Vanwallenghem and colleagues presented zebrafish with acoustic 

stimuli (500Hz) that has been used to elicit robust escape responses in zebrafish 

(Zeddies and Fay, 2005, Troconis et al., 2017, Burgess and Granato, 2007b). 

Therefore, it could be assumed the subpallium activity in response to acoustic 

stimulation relates acoustically evoked escape responses, however, further 

experiments would be required to address this. Since regions of the subpallium 

are the putative striatum and extended amygdala (Mueller et al., 2008, Wullimann 

and Mueller, 2004, Perathoner et al., 2016, O'Connell and Hofmann, 2011), and 

these regions in mammals are known to process aversive stimuli and are 

modulated by DA signalling (Lamont and Kokkinidis, 1998, Guarraci et al., 1999a, 

Guarraci et al., 1999b), the subpallial DAergic neurons may be involved in 

acoustically evoked escape behaviour. Therefore, I aimed to determine if the 

subpallial DAergic neurons modulate aversive behaviours. Since auditory tone 

are another type of mechanosensory stimuli, I also examined acoustic startle 

responses to delineate the role of subpallial DAergic neurons in aversion.  

There are multiple startle responses exhibited by zebrafish (section 5.1.2), as part 

of this study I focused on C-start escape behaviour. Figure 5:6A illustrates an 

acoustically evoked C-start in a 5 dpf zebrafish, which is composed of a C-bend 

(Figure 5:6B left panel), followed by a counter bend (Figure 5:6B right panel) and 

followed by escape swimming. 
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Figure 5:6 Example of acoustic startle response of larval zebrafish. A: 
Sequence of the acoustic startle response of 5 dpf zebrafish swimming 
trajectories of 5 dpf zebrafish, * = c-bend, ** = counter-bend. B: Example of c-
bend (left panel) and counter-bend (right panel). 

To determine the role of subpallial DAergic neurons in zebrafish startle 

behaviours, subpallial DAergic neurons were selectively ablated following 

procedures described in section 2.9. Subsequently, after recovery, these fish 

were exposed to a 500Hz acoustic pulse and C-start responses were analysed. 

When compared to non-ablated controls, ablated fish exhibited a shorter latency 

in evoked startle behaviours (control = 32.17 ± 37.29ms, nfish = 18, nevents = 40, 

ablated = 11.1 ± 13.85ms, nfish = 13, nevents = 26 p = 0.0001, Mann-Whitney U, 

Figure 5:7A). Examination of the startle response duration, measured from initial 

C-bend to the termination of escape swimming, revealed that ablation of 

subpallial DAergic neurons, resulted in shorter startle response durations (control 

= 0.156 ± 0.035s, nfish = 18, nevents = 40, ablated = 0.120 ± 0.029s, nfish = 13, nevents 

= 26, p = 0.0001, Unpaired t-test, Figure 5:7B). The velocity of the of startle 
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response did not differ between control and ablated fish (control = 22.55 ± 

9.61mm/s, nfish = 18, nevents = 40, ablated = 20.90 ± 9.36mm/s, nfish = 13, nevents = 

26, p = 0.4916, Unpaired t-test, Figure 5:7C). However, distance travelled during 

the startle response was reduced in ablated fish (control = 26.34 ± 8.71mm, nfish 

= 18, nevents = 40, ablated = 20.76 ± 8.31mm, nfish = 13, nevents = 26, p = 0.0155, 

Unpaired t-test, Figure 5:7D/E). Together, this suggests that fish lacking 

subpallial DAergic neurons have shorter response latency and a shorter-duration 

escape response. 
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Figure 5:7 Acoustic startle behaviour kinetics are altered by the loss of 
subpallial DAergic neurons. A-E: Number of fish for each condition is control 
nfish = 18, ablated nfish = 13.  A: Box and whisker plot comparing the latency of 
the acoustic startle response and duration of startle response (B). C: Comparison 
of the swimming velocity during the startle response. D: Box and whisker plot 
comparing the distance travelled from the initiation of the acoustic startle 
response. E: Cumulative distance travelled by control and ablated fish, the onset 
of stimulus at 0.1s. * = P < 0.05, *** = P < 0.0005, **** = P < 0.0001, N.S. = not 
significant. 

Next, I sought to determine how kinematics of the escape response changes as 

a result of subpallial DA neuron ablation. Therefore, I analysed the kinetics of the 

C-bend and counter-bend components of the startle behaviour. The initial 

component of a C-start is a high-velocity bend in the body resembling a “C” 

(Kalueff 2013) (Figure 5:8A). Examination of the C-bend angle in both groups 

showed no difference (control = 42.25 ± 10.69⁰, nfish = 18, nevents = 40, ablated = 

42.46 ± 10.33⁰, nfish = 13, nevents = 26, p = 0.9353, Unpaired t-test, Figure 5:8B). 

Subsequent analysis of the C-bend angular velocity also showed no change 

between the control and ablated groups (control = 12.63 ± 3.39⁰/ms-1, nfish = 18, 

nevents = 40, ablated = 14.25 ± 3.72⁰/ms-1, nfish = 13, nevents = 26, p = 0.072, 

Unpaired t-test, Figure 5:8C). The C-bend angular velocity had similar distribution 

in these groups (Figure 5:8D) suggesting the subpallial DAergic neurons do not 

modulate the motor response involved in generating the C-bend. 
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Figure 5:8 Selective loss of subpallial DAergic neurons does not affect the 
c-bend kinetics. A: Example of c-bend behaviour of 5 dpf fish and the method 
used to measure c-bend angle. B: Box plot comparing the c-bend angle at 
maximum flexion. C: Box plot comparing the angular velocity of the c-bend angle. 
D: Histogram depicting the distribution of the angular velocity of c-bends. N.S. = 
not significant.  

Next, the counter-bend angle was measured in control and ablated fish (Figure 

5:9A). This angle was larger in control than ablated fish (control = 115.4 ± 18.53⁰, 

nfish = 18, nevents = 40, ablated = 98.93 ± 20.44⁰, nfish = 13, nevents = 26, p = 0.0019, 

Mann-Whitney U, Figure 5:9B). Examination of the counter-bend angular velocity 

reveal that zebrafish lacking subpallial DAergic neurons exhibited counter-bends 

with greater angular velocity (control = 7.48 ± 3.99⁰/ms-1, nfish = 18, nevents = 40, 

ablated = 9.99 ± 2.91/ms-1, nfish = 13, nevents = 26, p = 0.0076, Unpaired t-test, 

Figure 5:9C). Analysis of the distribution of counter-bend angular velocity 

exhibited a shift in ablated fish, and these animals did not exhibit counter-bend 

responses with low angular velocities (Figure 5:9D). Together, this suggests that 
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subpallial DAergic neurons are involved in modulating the counter-bend 

component of the startle response.  

 

 

Figure 5:9 Selective loss of subpallial DAergic neurons alters the counter-
bend response. A: Example of counter-bend response during startle behaviour 
and the method used to measure the c-bend angle. B: Box plot comparing the 
counter-bend angle at maximum flexion. C: Bar chart comparing the angular 
velocity of the counter-bend. D: Histogram showing the distribution of the angular 
velocity kinetic of the counter-bend. ** = P <0.005. 

So far, I have shown that loss of subpallial DAergic neurons decreases the 

latency and duration of the acoustic startle response and also affects the kinetics 

of the counter-bend component of this manoeuvre. As mentioned previously, the 

C-start response can be divided into two categories, the Mauthner cell-driven 

SLC, and the Mauthner homolog dependent LLC. Acoustic-evoked SLC and LLC 

responses can be distinguished on the basis of response latency. Therefore 

startle responses were classified as SLC if they possess a latency ≤10ms and 
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LLC if they were ≥ 10ms (Burgess and Granato, 2007b, Troconis et al., 2017, 

Issa et al., 2011). I compared startle latency in ablated fish according to these 

criteria. The results revealed that 30.5% of control fish exhibited LLC responses 

whilst only 7.7% of ablated fish exhibited LLC responses (Chi-square test, 18.44, 

df = 1, z = 4.294, p < 0.0001, Figure 5:10A). This supports the initial hypothesis 

that loss of subpallial DAergic neurons is associated with a loss of LLC escape 

responses. 

Along with latency, SLC and LLC response can be distinguished by the bimodal 

distribution of the C-bend response kinetics therefore examined parameters of C-

bend responses in control and ablated fish. The C-bend angle of SLC responses 

shown no change in control or ablated fish (control = 43.55 ± 10.7⁰, nevents = 24, 

ablated = 41.32 ± 8.761⁰, nevents = 24, p = 0.4308, Unpaired t-test, Figure 5:10B). 

Similarly, the counter-bend angle of SLC was not affected by the loss of subpallial 

DAergic neurons (control = 107.5 ± 13.72⁰, nevents= 24, ablated = 101.8 ± 21.86⁰, 

nevents = 24, p = 0.2752, Unpaired t test, Figure 5:10C). This suggests that SLC 

kinetics are not affected by the loss of subpallial DAergic neurons.  

There was a reduction in the number of LLC responses exhibited by ablated fish 

(nevents = 2). The angle of the LLC C-bend was increased in the ablated group 

(control = 40.31 ± 11.7⁰, nevents = 11, ablated = 54.33 ± 24.22⁰, nevents = 2, Figure 

5:10D). Similarly, the LLC counter-bend angle was smaller in the ablated group 

(control = 135.6 ± 18.31⁰, nevents = 11, ablated = 84.22 ± 10.34⁰, nevents = 2, Figure 

5:10E). However, the low number of data points of LLC responses in the ablated 

group meant that no statistical analysis could be conducted.  
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Figure 5:10 Ablating subpallial DAergic neurons reduces the presentation 
of LLC. A: Bar chart illustrating the percentage of SLC and LLC exhibited by 
control and ablated fish when exposed to an acoustic stimulus. B: Comparison 
Of the C-bend angle of SLC response C: Comparison of counter bend angle 
exhibit during SLC responses. D: Box plot comparing the C-bend angle of LLC 
response. E: Comparison of counter bend angle exhibited by LLC responses. 
N.S. = not significant. 

  



Delineating the functional role of subpallial dopaminergic neurons in the processing of aversive 
stimuli 

 

200 
 

5.3.2 Delineating the role of subpallial dopaminergic neurons in 

visually evoked startle response  

So far, I have shown ablating subpallial DAergic neurons reduced the number of 

LLC responses evoked by acoustic stimuli. However, this experiment used a 

single tone to elicit a startle response and was not designed to evoke either SLC 

or LLC responses. Since SLC are evoked by high-intensity stimuli, and LLCs are 

elicited by low-intensity stimuli (Burgess and Granato, 2007b, Kohashi and Oda, 

2008), presenting zebrafish with an acoustic stimulus that did not vary in intensity 

would not differentially elicit SLC and LLC. Therefore, I sought to determine if 

ablating subpallial DAergic neurons affected the proportion of LLC responses by 

presenting zebrafish looming stimuli of varying approach velocities to elicit 

visually evoked startle responses. The looming stimuli models an approaching 

object of constant velocity and can be used to delineate the relationship between 

approaching stimulus and onset of escape response. Therefore, zebrafish were 

exposed to looming stimuli that were projected onto an outer arena wall to elicit 

visually evoked startle behaviours (Figure 5:11). Simulated approach speed, the 

rate at which the looming stimulus expanded, was varied experimentally. 

Looming stimuli elicited visually-evoked startle responses in control and ablated 

fish. Examination of the response latency revealed an increase as stimulus 

approach velocity was decreased (Figure 5:12A, see Table 5.1 for two-way 

ANOVA, P > 0.0001). Control and ablated fish did not differ in response latency 

(see Error! Reference source not found. for Sidak multiple comparison 

analysis). 
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Figure 5:11 Virtual reality (free swimming) equipment schematic. A: Larval 
zebrafish at 5 dpf were placed in a behavioural arena (red outline) within a larger 
arena on top of an infrared light source with an overhead camera and a pico 
projector positioned 15cm away from outer dish wall. B: Lateral view schematic 
illustration of the behavioural arena (inner and outer) dimensions (all units in 
millimetre). Blue line represents water level. C: Representative illustration of 
approaching virtual stimuli (black circles) that expanded with an exponential 
velocity. The upper panel illustrates an aerial view of expanding stimuli against 
outer arena wall (dotted lines represent change in visual angle over time). The 
lower panel depicts the expanding stimulus presented to the zebrafish. 
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Previous studies found that visually evoked startle responses are triggered once 

an object reached an angular size threshold >10°, regardless of speed and 

direction (Temizer et al., 2015, Barker and Baier, 2015). Therefore, I sought to 

determine the critical object size needed to initiate startle responses. Subsequent 

analysis revealed that size of the looming stimulus the same, independent of 

speed (Figure 5:12B, see Table 5.2 for two-way ANOVA, P=0.3358). This is to 

be expected since zebrafish RGCs and neurons in the optic tectum exhibit size 

tuning and are capable of eliciting escape behaviour once a looming stimulus 

reaches the threshold of >10° (Barker and Baier, 2015, Dunn et al., 2016a). 

However, Bhattacharyya and colleagues found zebrafish responded when the 

object size reached ~ 35° (Bhattacharyya et al., 2017). Examination of the 

remaining time to collision, collision being the point when the object reaches a 

visual angle of 180⁰ (Figure 5:12C), revealed that decreasing stimulus speed 

increased the time to collision (Figure 5:12D, see Table 5.3 for two-way ANOVA, 

P > 0.0001). Similar to latency, control and ablated fish did not differ in time to 

collision. Together, this shows that approaching stimuli of varying speed can 

change the response kinetics such as latency; however, the threshold of the 

object size to evoke a startle response remains the same regardless of stimulus 

speed.  
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Figure 5:12 Visually evoked startle response kinetics are not affected by 
the loss of subpallial DAergic neurons. A: Latency of escape response from 
the presentation of the looming stimulus as a function of l/v. B: Angular size of 
looming stimulus at the onset of escape response as a function of l/v. C: Example 
of the change in the angular size of looming stimuli as it reaches collision. Time 
= 0 represents collision time, at which object reaches 180⁰, l = object’s radius, v 
= approach speed. D: Time to collision at the onset of escape response as a 
function of l/v. N.S. = not significant. 

Table 5.1 Two-way ANOVA analysis of the effect of looming stimuli on 
response latency  

DF MS F (DFn, DFd) P value 

Interaction 3 0.04651 F (3, 272) = 0.03544 P=0.9910 

Stimulus speed 3 809.6 F (3, 272) = 616.8 P<0.0001**** 

Condition 1 1.144 F (1, 272) = 0.8719 P=0.3513 

Residual 272 1.313   

**** P < 0.0001 
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Table 5.2 Two-way ANOVA analysis of the looming stimuli size at the on 
point of startle response   

DF MS F (DFn, DFd) P value 

Interaction 3 173.3 F (3, 276) = 1.954 P=0.1212 

Stimulus speed 3 100.6 F (3, 276) = 1.134 P=0.3358 

Condition 1 34.71 F (1, 276) = 0.3913 P=0.5321 

Residual 276 88.69   

 
 

Table 5.3 Two-way ANOVA analysis of the time to collision of looming 
stimuli triggered a startle response   

DF MS F (DFn, DFd) P value 

Interaction 3 0.03042 F (3, 271) = 0.0231 P=0.9952 

Stimulus speed 3 119.5 F (3, 271) = 90.77 P<0.0001**** 

Condition 1 1.044 F (1, 271) = 0.7927 P=0.3741 

Residual 271 1.316   

**** P < 0.0001 

 

Previous studies have shown approach speed determines the type of escape 

response, with SLC being triggered by high approach velocities and LLC being 

evoked by low approach velocities (Burgess and Granato, 2007a, Burgess and 

Granato, 2007b, Kohashi and Oda, 2008, Temizer et al., 2015, Bhattacharyya et 

al., 2017). Since looming stimuli can elicit escape behaviour in both control and 

ablated fish, I sought to determine the effect of stimulus approach velocity on the 

probability of eliciting SLC or LLC responses. Examination of the effect of varying 

stimulus speed revealed the probability of triggering SLC was not influenced by 

velocity of approach (Figure 5:13A, see  

Table 5.4 for two-way ANOVA, P = 0.0981). Similarly, ablating subpallial DAergic 

neurons had no effect on the probability of the SLC response. 

Interestingly, stimulus speed did affect the probability of eliciting an LLC: 
decreasing the stimulus approach speed increased the probability of triggering 
an LLC (Figure 5:13B, see  
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Table 5.5 for two-way ANOVA, P = 0.0283). Selective ablation of subpallial 

DAergic neurons attenuated the presentation of LLCs compared to the control 

fish, and low intensity stimuli was able to elicit LLC in control but not ablated fish 

(see Table 5.6 for Sidak multiple comparison analysis). Together, this suggests 

that ablating the subpallial DAergic neurons is sufficient to reduce the LLC 

response. Since ablating subpallial DAergic neurons reduced the probability of 

eliciting LLC responses to stimuli with low approach velocities but the probability 

of SLC was not affected, I wanted to examine if the probability of freezing 

behaviour was affected by loss of subpallial DA signalling. Freezing behaviour is 

a fear response and is characterised by immobilisation to an aversive stimulus 

(Kalueff et al., 2013). Examination of the freezing behaviour revealed that 

decreasing stimulus speed reduces probability of freezing (Figure 5:13C, see 

Table 5.7 for two-way ANOVA, P=0.0548), consistent with the literature 

(Bhattacharyya et al., 2017). However, the comparison between control and 

ablated fish showed that loss of subpallial DAergic neurons increased the 

incidence of freezing behaviour in response to objects approaching at a velocity 

of l/v = 0.62 (see Table 5.8 for Sidak multiple comparison analysis). Finally, I 

aimed to determine if ablating subpallial DAergic neurons changed the probability 

of the looming stimulus failing to elicit a behavioural response such as freezing 

or startle response, as defined by C, S or O-bend. Analysis of the effect of 

stimulus approach velocity on the probability behavioural response revealed 

stimuli speed did not affect the probability of freezing, nor did neither did ablating 

subpallial DAergic neurons (Figure 5:13D, see Table 5.9 for two-way ANOVA, 

P=0.4910). Together, this shows that ablating subpallial DAergic neurons 

reduces the probability of LLC responses to looming stimuli with low approach 

velocity. 
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Figure 5:13 Selective loss of subpallial DAergic neurons reduces the 
probability of evoking an LLC. A: Probability of looming stimulus eliciting an 
SLC escape response as a function of l/v. B: Probability of looming stimulus 
triggering an LLC escape response as a function of l/v. C: Probability of looming 
stimuli eliciting freezing behaviour as a function of l/v. D: Probability of visual 
stimulus not evoking a change in behaviour as a function of l/v. * P = 0.05, ** P = 
0.005, **** P <0.0001, N.S. = not significant. 

 
Table 5.4 Two-way ANOVA analysis of the effect of looming stimuli on 
evoking an SLC response    

DF MS F (DFn, DFd) P value 

Interaction 3 2195 F (3, 96) = 1.101 P=0.3528 

Stimulus speed 3 4303 F (3, 96) = 2.157 P=0.0981 

Condition 1 345.1 F (1, 96) = 0.173 P=0.6784 

Residual 96 1995   
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Table 5.5 Two-way ANOVA analysis of the looming stimuli on evoking an 
LLC response  

DF MS F (DFn, DFd) P value 

Interaction 3 952.8 F (3, 96) = 2.675 P=0.0515 

Stimulus speed 3 1124 F (3, 96) = 3.155 P=0.0283* 

Condition 1 9399 F (1, 96) = 26.39 P<0.0001**** 

Residual 96 356.2   

* P < 0.05, **** P < 0.0001 

Table 5.6 Sidak analysis of stimulus speed on the probability of evoking 
an LLC response 
Control - Ablation Diff. in mean DF P value 

l/v 0.31 4.444 96 0.9606 

l/v 0.62 15.56 96 0.1526 

l/v 1.25 33.33 96 <0.0001**** 

l/v 2.5 23.64 96 0.0085*** 

*** P < 0.0005, **** P < 0.0001 

Table 5.7 Two-way ANOVA analysis of the looming stimuli triggering 
freezing behaviour   

DF MS F (DFn, DFd) P value 

Interaction 3 1509 F (3, 96) = 1.504 P=0.2185 

Stimulus speed 3 2634 F (3, 96) = 2.626 P=0.0548 

Condition 1 3366 F (1, 96) = 3.356 P=0.0701 

Residual 96 1003   

 
Table 5.8 Sidak analysis of stimulus speed and triggering freezing 
behaviour 
Control - Ablation Diff. in mean DF P value 

l/v 0.31 6.061e-007 96 >0.9999 

l/v 0.62 -32.73 96 0.0421* 

l/v 1.25 -13.13 96 0.7584 

l/v 2.5 -0.202 96 >0.9999 

* P < 0.05 
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Table 5.9 Two-way ANOVA analysis of the looming stimuli on the not-  
triggering a startle response   

DF MS F (DFn, DFd) P value 

Interaction 3 444.3 F (3, 96) = 1.664 P=0.1798 

Stimulus speed 3 216.4 F (3, 96) = 0.8106 P=0.4910 

Condition 1 88.64 F (1, 96) = 0.332 P=0.5658 

Residual 96 267   

 
 

Visually evoked escape responses generate highly structured manoeuvres to 

evade predators. Mauthner-dependent escape responses typically generate a 

~180⁰ change in orientation. However, slower stimuli generate more variable 

reorientations (Jain et al., 2018, Bhattacharyya et al., 2017). I therefore asked if 

ablating subpallial DAergic neurons affects reorientation of zebrafish during 

escape behaviour. Examination of initial bend angle when exposed to a front-

looming stimulus (front; - 45⁰ to 0 to + 45⁰; Figure 5.14A upper polar plots), 

revealed that both control and ablated fish exhibited ‘perfect avoidance’, in which 

zebrafish turn 180⁰ away from the stimulus. Control and ablated fish displayed 

similar variability in the initial bend angle, regardless of approach speed 

(Levene’s test, front: Ncontrol, fast = 8, Nablation, fast = 7, p = 0.666, Ncontrol, slow = 22, 

Nablation, slow = 9, p = 0.124, Figure 5:14B). Similarly, examination of the initial bend 

angle when exposed to a stimulus presented from behind (back, -135⁰ to ±180⁰ 

to +135⁰; Figure 5:14C) resulted in a  turn of ~150⁰ (Figure 5:14A lower polar 

plots). Additionally, control and ablated fish responded with similar variability in 

the initial bend angle, regardless of approach speed (Levene’s test, back: Ncontrol, 

fast = 6, Nablation, fast = 2, p = 0.344, Ncontrol, slow = 13, Nablation, slow = 12, p = 0.850, 

Figure 5:14C). This suggests subpallial DAergic neurons do not affect the 

directionality of evasive responses when zebrafish are presented with looming 

stimuli that approach from the front or behind. 
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Figure 5:14 Control and ablated fish have similar orientation changes to 
visual stimuli. A: Top panel; direction of control and ablated zebrafish in 
response to a fast (l/v = 0.31) or slow (l/v = 2.5) approaching stimulus from the 
front of the zebrafish. Body midline axis represents 0⁰, approaching objects from 
the front were classified between -45⁰ to +45⁰. Bottom panel; Direction of control 
and ablated zebrafish in response to a fast or slow approaching stimuli from 
behind the zebrafish. Body midline axis represents 0⁰, approaching objects from 
the front were classified between -135⁰ to +135⁰. B: Box and whisker plot 
comparing the absolute initial bend angle of control and ablated fish in response 
to fast and stimuli when approached from the front. C: Box and whisker plot 
comparing the absolute initial bend angle of control and ablated fish in response 
to fast and stimuli when approached from behind. N.S. = not significant. 

Examination of the effect of stimulus direction on the initial bend angle of 

zebrafish when exposed to a right-approaching stimulus (right; +45⁰ to +135⁰; 

Figure 5:15A, upper polar plots) revealed control and ablated fish turned up to 

180⁰ from their original direction. Furthermore, control and ablated fish responded 

with similar variation in the initial bend angle when exposed to a fast stimulus, 

however, the slow stimulus elicited more variable swimming trajectories in 

ablated fish (Levene’s test, right: Ncontrol, fast = 7, Nablation, fast = 6, p = 0.730, Ncontrol, 

slow = 27, Nablation, slow = 10, p = 0.032, Figure 5:15B). Examination of the visual 

stimuli when approaching from the left of the specimen (left -45⁰ to -135⁰; Figure 

5:15A, lower polar plots) showed zebrafish swam laterally in the opposite 
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direction to the stimuli. Similar changes in orientation were observed in response 

to fast approaching stimuli from the left (Levene’s test, left: Ncontrol, fast = 9, Nablation, 

fast = 4, p = 0.100, Ncontrol, slow = 37, Nablation, slow = 29, p = 0.536, Figure 5:15C). 

With exception to slow looming stimuli approaching from the right, this suggests 

subpallial DAergic neurons do not affect the directionality of evasive response 

when zebrafish are presented with looming stimuli. 

 

 

Figure 5:15 Laterally approaching visual stimuli triggers similar orientation 
responses in control and ablated fish. A: Top panel; the direction of control 
and ablated zebrafish in response to a fast or slow approaching stimuli from the 
right of the zebrafish. Body midline axis represents 0⁰, approaching objects from 
the right were classified between +45⁰ to +135⁰. Bottom panel; the direction of 
control and ablated zebrafish in response to a fast or slow approaching stimuli 
from left of the fish. Body midline axis represents 0⁰, approaching objects from 
the left were classified between -45⁰ to -135⁰ to the midline. B: Box and whisker 
plot comparing the absolute initial bend angle of control and ablated fish in 
response to fast and stimuli when approached from the right C: Box and whisker 
plot comparing the absolute initial bend angle of control and ablated fish in 
response to fast and stimuli when approached from left. * P < 0.05, N.S. = not 
significant. 
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Loss of subpallial DAergic neurons did not affect the variability in the direction of 

evasive responses. This contrasts with Bhattacharyya and colleagues who found 

that looming stimuli of slower approach velocity triggered an increase in the 

variation of the directionality of escape behaviours (Bhattacharyya et al., 2017). I 

did not observe an increase in variation when comparing stimuli of fast and slow 

approach velocities, however, I did not present looming stimuli with the same 

speeds, which could have an effect on the directionality of escape responses. 

Another explanation for this difference could arise from strain differences. 

Bhattacharyya and colleagues used short fin wild type fish whilst in this study I 

used long fin zebrafish. van den Bos and colleagues found that the startle 

behaviours of short fin and long fin zebrafish have different kinetics (van den Bos 

et al., 2017) and this could explain the differences between these experiments 

and previously published work. 

In sum, loss of subpallial DAergic neurons reduces the probability of zebrafish 

eliciting LLC responses to threatening stimuli. Ablating subpallial DAergic 

neurons does not affect SLC startle kinetics, suggesting that Mauthner cells are 

not modulated by subpallial DAergic input. Since zebrafish lacking these neurons 

are less likely to elicit LLC responses, my findings suggest that these neurons 

modulate the probability of LLC responsiveness. 
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5.3.3 Activity of Subpallial dopaminergic neurons and looming stimuli 

Since ablating subpallial DAergic neurons perturbs startling behaviour by 

attenuating the LLC response, I sought to examine the firing pattern of subpallial 

DAergic neurons when zebrafish are exposed to looming stimuli. In order to 

achieve this, a series of loose patch recordings were performed on awake but 

paralysed zebrafish at 5 dpf exposed to looming stimuli (Figure 5:16). 

 

 

Figure 5:16 Virtual reality – physiological recording schematic. A: Paralysed 
yet awake larval zebrafish were placed in a patch arena (red outline) with a pico 
projector positioned 15cm away from dish wall, and looming stimuli were 
projected onto a screen surrounding the arena. B: Dorsal view schematic 
illustration of the patch-clamp dish with looming stimuli and equipment.  
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Firing activity was detected in subpallial DAergic neurons when exposed to fast-

approaching looming stimuli (l/v = 0.31; Figure 5:17A/B), however, the firing 

frequency did not change (control = 1.38 ± 1.08Hz, looming = 0.89 ± 1.78Hz, 

post-stimulus = 1.89 ± 1.95Hz, nfish = 6, nevents = 17, p = 0.1769, RM one-way 

ANOVA, Tukey’s multiple comparison test, control vs looming p = 0.4083, 

looming vs post-stimulus p = 0.5980, control vs post-stimulus p = 0.2661, Figure 

5:17C). This suggests subpallial DAergic neurons do not respond to stimuli with 

fast approach velocities.  

Similarly, the firing activity of subpallial DAergic neurons did not change when 

exposed to looming stimuli with an intermediate approach velocity (l/v = 1.25; 

Figure 5:18A/B). The firing frequency did not differ between control, looming 

stimulus and post-stimulus conditions (control = 0.98 ± 1.64Hz, looming = 1.77 ± 

2.28Hz, post-stimulus = 2.03 ± 2.71Hz, nfish = 6, nevents = 17, p = 0.3968, Friedman 

test, Dunn’s multiple comparison test control vs looming p = 0.6898, looming vs 

post-stimulus p = 0.7949, control vs post-stimulus p = 0.9999, Figure 5:18C). 

Interestingly, when exposed to slow approaching stimuli (l/v = 2.5; Figure 

5:19A/B), subpallial DAergic neuron firing changed significantly. When presented 

with the looming stimuli, firing frequency increased, an effect that was reversed 

on revival of stimuli (control = 0.96 ± 1.45Hz, looming = 3.89 ± 2.92Hz, post-

stimulus = 1.98 ± 1.66Hz, nfish = 6, nevents = 17, p < 0.0001, Friedman test, Dunn’s 

multiple comparison test control vs looming p <0.0001, looming vs post-stimulus 

p = 0.0081, control vs post-stimulus p = 6898, Figure 5:19C). Together, this 

suggests subpallial DAergic neurons respond to looming stimuli with slow 

approach velocities. 
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Figure 5:17 Firing activity of subpallial DAergic neurons does not change 
when exposed to fast approaching stimuli. A: Representative trace of 
subpallial DAergic neuron in response to looming stimuli (l/v 0.31). B: Raster plot 
and peri-stimulus time histogram (PSTH) of collective firing activity. (A-B): 
Magenta line represents the time at which the stimulus was present to zebrafish. 
C: Bar chart comparing firing frequencies during control, looming stimulus and 
post-stimulus. N.S. = not significant.  
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Figure 5:18 Firing activity of subpallial DAergic neurons in response to 
visually aversive stimuli. A: Representative recording of subpallial DAergic 
neuron firing activity when present with a looming stimulus (l/v 1.25), the blue line 
represents the time at which the stimulus was present to fish. B: Raster plot and 
PSTH summary of firing activity of subpallial DAergic neurons. (A-B): Blue line 
represents time at which the stimulus was presented to fish. C: Box and whisker 
plot comparing firing frequencies during control, looming stimulus (l/v 1.25), and 
post-stimulus. N.S. = not significant. 
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Figure 5:19 Firing activity of subpallial DAergic neurons increases when 
exposed to slow approaching virtual stimuli. A: Example recording of 
subpallial DAergic neuron as well as raster plot summary and PSTH (B) of 
collective firing patterns when exposed to stimuli with slow approach velocities 
(l/v 2.5). (A-B): Green line represents the time at which the stimulus was present 
to fish. C: Box and whisker plot comparing firing frequencies during control, 
looming stimulus (l/v 2.5), and post-stimulation. ** p = 0.005, **** p < 0.0001. 
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In sum, an examination of the startle responses suggests that ablating subpallial 

DAergic neurons reduces the occurrence of LLC responses to looming stimuli 

with a slow approach velocity. Bhattacharyya and colleagues found zebrafish are 

more likely to elicit an LLC escape response when presented with slow 

approaching loom stimuli (Bhattacharyya et al., 2017). Since ablating subpallial 

DAergic neurons reduces the probability of LLC response, this suggests that 

subpallial DAergic neurons facilitate the alternative escape behaviour in 

zebrafish, loose patch recordings revealed subpallial DAergic neurons increased 

firing frequency to specific looming stimuli. However, this response was restricted 

to stimuli with a slow approach velocity. Several studies using pERK IHC found 

that the subpallium is active when exposed to aversive acoustic stimuli, however, 

the role of subpallial DAergic neurons in this response was not addressed 

(Randlett et al., 2015, Vanwalleghem et al., 2017). Since subpallial DAergic 

neurons increase in activity in response to slow approaching looming stimuli, this 

suggests these neurons receive information about object kinetics. 
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5.4 Discussion 

In this chapter, I have examined the role of subpallial DAergic neurons in 

modulation of zebrafish startle behaviours. The results presented in this chapter 

demonstrate three key findings: firstly, loss of subpallial DAergic neurons 

perturbs startle behaviours; secondly, ablation of these cells reduces the 

incidence of LLC responses and; finally, these neurons increase their activity to 

slow approaching looming stimuli. 

5.4.1 The effects of subpallial dopaminergic neurons ablation on 

escape behaviour 

Whole-brain activity mapping of the zebrafish revealed the subpallium is active 

when zebrafish are presented with aversive stimuli (Randlett et al., 2015, 

Vanwalleghem et al., 2017). I first sought to examine the effect of perturbed 

DAergic signalling on acoustic startle behaviours and found that ablating 

subpallial DAergic neurons reduces escape latency, decreases startle duration 

and distance swum. However, swimming velocity was not affected by the loss of 

subpallial DAergic neurons. Further analysis suggested selective ablation of 

subpallial DAergic neurons did not alter the kinetics of stereotypical C-bend 

manoeuvres; however, the counter-bend angular velocity increased in ablated 

fish. Since zebrafish C-start behaviours can be divided into SLC and LLC (Liu et 

al., 2012, Troconis et al., 2017), I analysed the proportion of these responses and 

found a specific reduction in LLCs in response to auditory stimuli. However, there 

were limitations to this experiment, since LLCs are more likely to be elicited at 

different auditory tone thresholds to the SLCs. This experiment used a single tone 

to elicit a startle response and was not designed to evoke either SLC and LLC 

responses. To investigate SLC and LLC response, I presented zebrafish with 

looming stimuli of varying approach speeds and found ablating subpallial DAergic 

neurons reduces the proportion of LLC responses when compared to control fish. 

Nonetheless, my findings indicate that subpallial DAergic neurons facilitate LLC 

responses to aversive stimuli.  
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By contrast, loss of subpallial DAergic neurons did not affect the incidence of 

SLCs in response to both acoustic and visual stimuli. This is to be expected since 

SLCs are driven by Mauthner cells, which generate fast escape reflexes through 

innervation of the contralateral spinal cord, triggering muscle contractions that 

mediate the high-velocity body bends (Bhatt et al., 2007, McLean et al., 2007, 

McLean and Fetcho, 2009, Liu and Fetcho, 1999, Kohashi and Oda, 2008). 

Mauthner cells receive auditory, mechanosensory and visual input from the 

cranial nerve, lateral line, Rohon-Beard neurons (depending on age) and the optic 

tectum (Canfield, 2006, Bhattacharyya et al., 2017, Zottoli et al., 1987, Palanca 

et al., 2013, Reyes et al., 2004, Hale et al., 2016, Nakayama and Oda, 2004, 

O'Malley et al., 1996). Previous work has shown that Mauthner cell are modulated 

by DA input (Curti and Pereda, 2010). Exposing zebrafish to a light flash prior to 

an acoustic stimuli increases the probability of evoking an acoustic-mediated C-

start, an enhancement driven by light-responsive DAergic neurons in the 

hypothalamus (Mu et al., 2012). However, subpallial DAergic neurons do not 

innervate the Mauthner cells, subpallial DAergic neurons must be modulating 

escape behaviours by a polysynaptic pathway.  

Selective loss of subpallial DAergic neurons reduced the probability of eliciting 

LLCs when exposed to auditory and visual stimuli, suggesting these neurons 

modulate the activity of cells that drive this response. The LLC is initiated by 

Mauthner cell homologs MiD2cm and MiD3cm (Liu and Fetcho, 1999, Kohashi 

and Oda, 2008). However, the sensorimotor pathways of LLCs are not fully 

understood. Nonetheless, it has been shown that the MiD2cm and MiD3cm are 

activated by auditory, mechanosensory and visual stimuli (Burgess and Granato, 

2007b, Canfield, 2006, Nakayama and Oda, 2004) and are more likely to be 

evoked by low-intensity acoustic or slow approaching visual stimuli (Liu et al., 

2012, Troconis et al., 2017, Bhattacharyya et al., 2017, Takahashi et al., 2017). 

Therefore, MiD2cm and MiD3cm appear to be selectively activated by less 

immediately threatening stimuli. As no TH reactivity is observed near to MiD2cm 

and MiD3cm, these neurons are unlikely to be directly modulated by DA input 

(McLean and Fetcho, 2004b).  

How then, do subpallial DAergic neurons influence LLCs responses? Jain and 

colleagues suggest that the decision-making process to select an appropriate 
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response such as SLC vs LLC is a dynamic system that is dependent on previous 

experience and stimulus interpretation (Jain et al., 2018). SLC circuitry can exhibit 

habituation, an effect associated with the suppression of Mauthner cells activity, 

without affecting the LLC responsiveness (Takahashi et al., 2017). Repetitive 

exposure to acoustic stimuli can shift the bias from a SLC to LLC response in 

larval zebrafish (Jain et al., 2018). Ablating subpallial DAergic neurons decreases 

the LLC responsiveness, suggesting stimulus interpretation has changed as a 

result of this intervention. Marquart and colleagues found that prepontine neurons 

could initiate visually evoked escape behaviours, these responses were delayed 

and had a highly variable escape trajectory (Marquart et al., 2019). They also 

found that these prepontine neurons receive visual information from the optic 

tectum and do not project to the Mauthner cells. Subpallial DAergic neurons could 

modulate this parallel escape system by influencing the delay escape circuits 

described by Marquart.  

In sum, ablating subpallial DAergic neurons reduces the probability of eliciting 

both acoustic and visually evoked LLCs, without affecting the SLC reflex. Since 

subpallial DAergic neurons do not directly innervate the reticulospinal neurons 

that drive escape behaviour, they are likely to modulate startle behaviours via 

polysynaptic pathways.  

5.4.2 Delineating subpallial dopaminergic neurons firing patterns and 

looming stimuli. 

I next sought to delineate the role of subpallial DAergic neurons in processing 

looming stimuli. During electrophysiological recordings, subpallial DAergic 

neurons only increased in activity when exposed to specific looming stimuli: firing 

frequency of these neurons increased when fish were exposed to the l/v = 2.5 

stimuli (constant approach velocity = 4mm/s). In contrast, firing frequency was 

unaffected by looming stimuli with faster approach velocities (l/v = 0.31 and l/v = 

1.25, 32 mm/s and 8mm/s, respectively). This suggests subpallial DAergic 

neurons response to slow approaching stimuli. There have been limited numbers 

of investigations into the functional role of the subpallium. They have found that 

the subpallium is active when exposed to aversive stimuli such as auditory, 
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mechanosensory stimuli and looming stimuli (Heap et al., 2018b, Vanwalleghem 

et al., 2017, Randlett et al., 2015). However, the activity of subpallial DAergic 

neurons in response to these stimuli was not investigated.   

The examination of subpallial DAergic neuron sensory responses revealed an 

increase in activity when presented with looming stimuli of lower approach 

velocities. Heap and colleagues found that the telencephalon, thalamus, tectum 

and hindbrain respond to looming stimuli (Heap et al., 2018b). This study focused 

on thalamic and tectal, but not telencephalic, responses to looming stimuli. 

However, they suggested this region may process cognitive interpretation of 

threats. Therefore, the zebrafish subpallium may be equivalent to the mammalian 

amygdala and striatum. In mammals, DA transmission from the VTA to the NAc 

and amygdala increases in response to aversive stimuli (Badrinarayan et al., 

2012, Brischoux et al., 2009, Lammel et al., 2011, Matsumoto and Hikosaka, 

2009, Soares-Cunha et al., 2016a, Yoshimi et al., 2015, Schultz et al., 2017, 

Greba and Kokkinidis, 2000, Borowski and Kokkinidis, 1996). Blocking DA 

signalling in the amygdala can weaken fear-potentiated startle behaviours, as 

well as abolishing defensive behaviours (Lamont and Kokkinidis, 1998, Guarraci 

et al., 1999a, Guarraci et al., 1999b, Borowski and Kokkinidis, 1996, Greba and 

Kokkinidis, 2000, Greba et al., 2001). Furthermore, it has been shown that 

activation of D1-MSNs of the NAc shell can evoke aversive behaviours (Al-Hasani 

et al., 2015). Since slow approaching stimuli increase subpallial DAergic neuron 

activity, it could be hypothesised that these neurons have a similar role to VTA 

neurons, at least in the context of responding to aversive stimuli. Little is known 

in regard to the firing activity of VTA neurons responds to looming stimuli. 

Therefore, further understanding of the VTA, looming stimuli and visually evoked 

escape behaviours is required. 

Ablating subpallial DAergic neurons attenuated LLC responses in fish presented 

with looming stimuli. This suggests that subpallial DAergic neurons influence the 

alternative escape response. In mammals, abolishing amygdaloid DA signalling 

can eliminate defensive behaviours (Lamont and Kokkinidis, 1998, Guarraci et 

al., 1999a, Guarraci et al., 1999b), suggesting a key role for defensive behaviour. 

As mentioned previously, subpallial DAergic neurons are the primary source of 

DA in the telencephalon hypothalamus (Tay et al., 2011). Ablating subpallial 
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DAergic neurons would reduce the DA transmission in the putative amygdala and 

I have shown that loss of these neurons perturbs escape behaviour in zebrafish. 

It suggests that loss of amygdaloid DA in zebrafish disrupts defensive behaviour, 

similar to findings in mammals. Therefore, these experiments support the 

hypothesis that the subpallial DAergic neurons are, at least in the context of threat 

detection, functionally equivalent to mammalian VTA neurons.  

Since the loss of subpallial DAergic neurons reduces DA input to the putative 

striatum as well as perturbs escape responses, changes to zebrafish escape 

behaviour could be mediated via striatal structures. In mammals, DA signalling to 

the NAc has been shown to increases in response to aversive stimuli (Matsumoto 

and Hikosaka, 2009, Soares-Cunha et al., 2016a). It has been suggested that DA 

transmission in the NAc conveys motivational signals, regardless of rewarding or 

aversive nature of the stimuli (Matsumoto and Hikosaka, 2009, Matsumoto and 

Takada, 2013). Optogenetic manipulation of DA signalling in the NAc can 

increase or decrease progressive ratio task performance in rodents, an effect that 

is dependent on activation or inhibition of D2-MSNs (Soares-Cunha et al., 2016a). 

Additionally, a nonselective DA receptor antagonist was capable of decreasing 

response vigour in an effort-based choice task (Bailey et al., 2018). If subpallial 

DAergic neurons are involved in responding to aversive stimuli and ablating them 

decreases the probability of eliciting an alternative escape, this could be due to 

deficits in motivation or even attention. A recent investigation in rodents revealed 

DA transmission enhances the signal to noise ratio of aversive stimuli (Vander 

Weele et al., 2018). Therefore, subpallial DAergic neurons may modulate NAc 

activity and influence motivation and valence regarding threatening stimuli. 

However, DA transmission has been shown to modulate decision making in many 

species (Filla et al., 2018, Rutledge et al., 2015). VTA neurons have been 

implicated in decision making and valence (Koob, 1996, Rogers, 2011). DA 

transmission in the striatum has been shown to define effort rather than the value 

aspect of decision making in rodents and dysfunction of DA signalling can 

generate deficits in motivation (Filla et al., 2018). Since ablating subpallial 

DAergic neurons reduced the probability of prey capture and LLC responses, my 

findings point towards deficits in decision making processes to predatory and prey 

stimuli. 
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5.4.3 Subpallial dopaminergic neurons and sensorimotor gating of 

threatening stimuli 

If subpallial DAergic neurons respond to specific looming stimuli and loss of these 

neurons perturbs escape behaviours, what then, is the role of subpallial DAergic 

neurons in threat recognition? One possible explanation is that they modulate 

sensorimotor gating. The ascending auditory and visual pathways of teleosts 

converge in the thalamus, a structure that integrates, filters and relays motor and 

sensory information (Heap et al., 2018b, Mueller, 2012, Vanwalleghem et al., 

2017). Subpallial DAergic neurons receive input from the thalamus but also 

project to the thalamus, suggesting a thalamo-subpallium loop that could 

modulate sensory processing. In mammals, the thalamus integrates sensory 

information and can influence escape behaviours (Tyll et al., 2011, Ewert et al., 

2001). Studies have found VTA DAergic neurons innervate the thalamus and can 

modulate sensory processing in the thalamus (Varela, 2014, Jacob and 

Nienborg, 2018). It has been suggested that the VTA-thalamic pathways could 

modulate sensory processing of reward or threatening stimuli (Sanchez-

Gonzalez et al., 2005). However, little is known of the function of the VTA-

thalamus pathway (Groenewegen, 1988, Sanchez-Gonzalez et al., 2005, 

Papadopoulos and Parnavelas, 1990, Melchitzky et al., 2006). In zebrafish the 

thalamus responds to looming stimuli and lesions to this structure can attenuate 

startle behaviour (Heap et al., 2018b). Additionally, ablating subpallial DAergic 

neurons can attenuate LLC startle responses; therefore, these neurons could 

modulate the thalamus to influence escape behaviour. If subpallial DAergic 

neurons modulate the function of the thalamus, then further studies are required 

to delineate the role of DA modulation of thalamic activity. This can be addressed 

by using whole brain mapping techniques such as calcium imaging, which can be 

used to compare the activity of subpallial DAergic neurons and the thalamus. 

Furthermore, optogenetic tools can be used in conjunction to whole brain activity 

mapping to delineate the effects of optogenetic activation and inhibiton of 

subpallial DAergic neurons on the activity of the thalamus. 

In addition to innervating the thalamus, the subpallial DAergic neurons innervate 

the putative amygdala, a structure involved in processing threatening stimuli. The 



Delineating the functional role of subpallial dopaminergic neurons in the processing of aversive 
stimuli 

 

224 
 

putative amygdala is innervated by the thalamus, a structure in which the 

ascending auditory and visual pathways of teleosts converge (Heap et al., 2018b, 

Mueller, 2012, Vanwalleghem et al., 2017). In mammals, there is a homologous 

pathway that connects the superior colliculus to the amygdala via the thalamus, 

a circuit known as the non-canonical thalamic pathway (Wei et al., 2015). 

Activation of this pathway can elicit escape behaviour in rodents, and its 

disruption abolishes fear responses to looming stimuli (Shang et al., 2015, Wei 

et al., 2015). The amygdala is critical for eliciting fear responses and lesions to 

this structure abolishes escape responses to predator cues (Martinez et al., 2011, 

Shackman and Fox, 2016, Fox and Shackman, 2019, Newman, 1999, Trimble 

and Van Elst, 1999). DA signalling has been studied extensively in the context of 

modulating amygdala-dependent aversive behaviour (Lamont and Kokkinidis, 

1998, Guarraci et al., 1999a, Guarraci et al., 1999b, De Bundel et al., 2016). One 

study found that modulating DA transmission facilitates behaviours associated 

with threat recognition, and adaptive responses to deal with threatening stimuli 

(de la Mora et al., 2010).  

Several studies have suggested the subpallium is involved in higher-order 

processing of sensory information and stimulus interpretation (Cheng et al., 2014, 

Heap et al., 2018b, Vanwalleghem et al., 2017). The subpallium has been shown 

to be active when presented with aversive acoustic, mechanosensory and visual 

stimuli. However, the role of subpallial DAergic neurons is not fully understood. 

Several studies have suggested LLC behavioural response is driven by threat 

assessment and influence by sensorimotor decision-making processes (Jain et 

al., 2018, Bhattacharyya et al., 2017). In this chapter, I found that ablating 

subpallial DAergic neurons reduced the probability of eliciting an LLC escape 

response. Additionally, I found subpallial DAergic neurons responded to looming 

stimuli with slow approach velocities. Together, this suggests these neurons 

respond to potentially threatening stimuli and influences decision-making 

processes behind threat assessment. To fully understand how subpallial DAergic 

neurons influence the decision-making processes, further studies are required to 

determine how DA signalling modulates the putative amygdala. For example, 

investigating the activity of the amygdala in response to social, attractive and 

aversive stimuli. This could be examined by the use of whole brain activity 
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mapping techniques can be used to compare the activity of subpallial DAergic 

neurons and the amygdala when zebrafish are exposed to social, rewarding or 

aversive stimuli. Furthermore, optogenetic tools can be used to inhibit subpallial 

DAergic neurons in conjunction with whole brain activity mapping to delineate the 

relationship on the amygdala as well as changes in behaviour. 

 

 

Figure 5:20 Comparison of rodent and zebrafish ascending auditory and 
visual circuits. Schematic illustration of the sagittal cross-section of the rodent 
brain (upper illustration) and zebrafish brain (lower illustration). The flow of 
foraging related information across the brain of visual information (blue line), 
connections between nuclei (purple), acoustic (green), DA transmission (orange) 
and locomotor output (magenta). Abbreviation: Cb; Cerebellum, CeA; Central 
nuclei of the amygdala, Ctx; Cortex, H; hypothalamus, Hb; habenular, Hip; 
Hippocampus, IC; Inferior Colliculus, MO; Medulla, NAc; Nucleus accumbens, 
NMLF; nucleus of the medial longitudinal fasciculus, PAG; Periaqueductal grey, 
PO; preoptic region, PTc; posterior tuberculum, PT; pretectum, OB; olfactory 
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bulb, SC; Superior Colliculus, T; Thalamus, VTA; ventral tegmental area, 
Adapted and derived from Mueller, (2012), Rink and Wullimann (2002) and Tay 
et al., (2011). (Mueller, 2012) (Mueller, 2012) 

In sum, subpallial DAergic neurons are activated by the visual stimulus when 

zebrafish are exposed to looming stimuli (Figure 5:21A). These neurons receive 

sensory input from the thalamus which originates from ascending visual and 

auditory systems (Figure 5:21A). Subpallial DAergic neurons can influence startle 

behaviour by modulating sensory processing in the thalamus (Figure 5:21A). The 

thalamus processes sensory information. Ablating subpallial DAergic neurons 

perturbs LLC response to aversive stimuli (Figure 5:21B) whilst loss of DA 

signalling to the thalamus (Figure 5:21B.1) may affect sensory processing of 

aversive stimuli that is relayed to the Mauthner cells and their homologs (Figure 

5:21B.2). Furthermore, loss of these DAergic neurons could affect the decision-

making behaviour to respond to potential threats and reduces the probability of 

eliciting an LLC response (Figure 5:21). 
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Figure 5:21 Schematic illustration of zebrafish sensory integration of 
startling stimuli. A - B:Schematic illustration of ascending visual system in 
zebrafish brain and the connectome of subpallial DAergic neurons. A: Visual 
information is relayed indirectly to the subpallial DAergic neurons by the 
thalamus. The thalamus receives input from the subpallial DAergic neurons to 
modulate the thalamus activity. Downstream signalling from the TeO and 
thalamus can influence motor output via the NMLF to pursue prey. B: Ablating 
subpallial DAergic neurons abolishes DA input to the putative amygdala/striatum, 
the thalamus (1) and the hypothalamus (3). Lack of DA signalling to the thalamus 
could affect sensory processing and change the thalamic influence of the NMLF 
(2) and subsequently perturbed the pursuit of prey (5). The lack of subpallial 
DAergic neurons reduces the DAergic input to the hypothalamus, which projects 
to the TeO and can influence prey capture behaviour. The flow of foraging related 
information across the brain of visual information (blue line), connections 
between nuclei (purple), DA transmission (orange) and locomotor output 
(magenta). Abbreviation: GC; griseum centrale, NMLF; nucleus of the medial 
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longitudinal fasciculus, TeO; optic tectum, T; Thalamus, derived from Mueller, 
(2012), Rink and Wullimann (2002) and Tay et al., (2011). 

 

5.4.4 Conclusion 

In sum, the findings presented in this chapter demonstrate the subpallial DAergic 

neurons are active when presented with threatening stimuli with a slow approach 

velocity. Selective ablation of the subpallial DAergic neurons was sufficient to 

perturb LLC responses to both acoustic and looming stimuli. Ablating these 

neurons affected the probability of LLC responses without disrupting swimming 

or startle kinetics. Loose patch recordings of subpallial DAergic neurons revealed 

that these cells increased their activity when exposed to looming stimuli with slow 

approach velocity; however, this was not observed with high velocity looming 

stimuli. This suggests subpallial DAergic neurons exhibit speed tuning. 

Therefore, subpallial DAergic neurons may respond to specific stimuli based on 

locomotive kinetics and influence behavioural response to aversive stimuli. 
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Within this thesis, the physiology of subpallial DAergic neurons of larval zebrafish 

was characterised during the first 5 dpf. Furthermore, the role of subpallial 

DAergic neuron activity was examined to determine their involvement in zebrafish 

behaviour. In the first results chapter, the anatomical, morphological and 

physiological development of subpallial DAergic neurons was investigated. Whilst 

previous studies have already identified the morphology of subpallial DAergic 

neurons during early zebrafish development (Tay et al., 2011, McLean and 

Fetcho, 2004a) and mapped brain regions that innervate the subpallium (Rink 

and Wullimann, 2004, Rink and Wullimann, 2002a), the early development of the 

morphology, the physiological properties and afferent inputs to these cells have 

remained unknown.  

Imaging of subpallial DAergic neurons revealed rapid morphological maturation 

during the first days of life. By 5 dpf, subpallial DAergic neurons arbourise 

extensively throughout the telencephalon, and a subpopulation of these neurons 

possess descending projections into the diencephalon. Previous investigations 

have observed these projections from 4 dpf, which innervate the thalamus and 

hypothalamus and estimate 50% of subpallial DAergic neurons possess these 

descending projections (Tay et al., 2011, McLean and Fetcho, 2004a). In 

mammals, VTA DAergic neurons have been observed to project to the thalamus 

and could modulate the activity of the thalamus and sensory processing (Varela, 

2014). Sanchez-Gonzalez and colleagues have suggested that DA signalling 

could modulate thalamic relay regarding reward or threatening features of 

environmental stimuli (Sanchez-Gonzalez et al., 2005). However, relatively little 

is known about the function of VTA-thalamus signalling (Papadopoulos and 

Parnavelas, 1990, Groenewegen, 1988, Melchitzky et al., 2006, Sanchez-

Gonzalez et al., 2005). The zebrafish thalamus is known to be activated by 

auditory and visual stimuli (Heap et al., 2018b, Vanwalleghem et al., 2017). If DA 

signalling to mammalian thalamus modulates thalamic activity, the subpallial 

DAergic neurons could modulate the activity of the zebrafish thalamus. However, 

further work is needed to determine the role of DA transmission in the thalamus.  

Retrograde labelling studies revealed that by 3 to 5 dpf, inputs to subpallial 

DAergic neurons originate from brain regions that include the subpallium, 

preoptic, pretectum, posterior tuberculum and hindbrain regions. In adults, tracing 
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studies have shown that the subpallium receives local input from the olfactory 

bulb, pallium and subpallium as well as receiving input from the thalamus, 

posterior tuberculum and hindbrain areas including the raphe, LC, MO and 

premotor regions (Rink and Wullimann, 2004, Rink and Wullimann, 2002a). 

Similar afferent regions were identified in larval zebrafish when compared to 

previous work in adults; however, not all afferent nuclei were observed at larval 

stages. For example, studies found the subpallium receives both DAergic input 

from the posterior tuberculum and NAergic input from the Lc (Rink and 

Wullimann, 2001, Tay et al., 2011, McLean and Fetcho, 2004a), however, these 

projections were not observed in the neurobiotin retrograde labelling study in 

larval zebrafish, suggesting that at the stages studied here, DAergic neurons do 

not receive DA and NA input. Tay and colleagues found the ascending projections 

of DAergic neurons in the posterior tuberculum and the NAergic neurons of the 

LC superficially innervate the ventral aspect of the subpallium (Tay et al., 2011) 

whereas subpallial DAergic neurons are found in the dorsal aspect this region, 

which could account for the discrepancy in findings. Additionally, adult tracing 

studies found the subpallium receives input from the pallium and olfactory bulb 

(Rink and Wullimann, 2004, Rink and Wullimann, 2002a), however, at larval 

stages, pallial input was not observed. Therefore, innervation to these areas may 

occur during later developmental periods. Since tracing studies in larval and adult 

zebrafish found the subpallium and subpallial DAergic neurons are innervated by 

the thalamus and premotor network, they may receive input regarding sensory 

and motor information. Therefore, the function of subpallial DAergic neurons 

could be involved in the processing of sensorimotor signals. 

I have shown that by 5 dpf, subpallial DAergic neurons arbourise locally and 

receive input from multiple regions. To determine when these cells become 

functionally integrated into the nervous system, I used electrophysiological 

methods. Whole-cell recordings of subpallial DAergic neurons revealed they 

receive both excitatory and inhibitory synaptic input from 3 dpf. At this time, these 

cells are also intrinsically excitable, becoming capable of generating robust trains 

of action potentials by 5 dpf. Importantly, subpallial DAergic neurons also display 

endogenous firing activity during loose patch recordings, suggesting they are an 

integrated part of the CNS by 5 dpf. Interestingly, the application of synaptic 



General Discussion 

 

232 
 

blockers abolished the endogenous firing activity of subpallial DAergic neurons, 

demonstrating they do not exhibit autonomous firing. Autonomous firing is a 

physiological hallmark of many mammalian midbrain DAergic neurons, which is 

driven by voltage-dependent slow depolarisation oscillations (Grace and Bunney, 

1984b, Grace and Onn, 1989, Tucker et al., 2012) and has been observed in the 

DAergic neurons of the olfactory bulb (Pignatelli et al., 2005). However, recent 

studies reveal variations in autonomous firing capability. Specifically, TIDA cells 

do not possess autonomous firing (Margolis et al., 2006, Lammel et al., 2008, 

Lyons et al., 2010, Lyons et al., 2012, Pignatelli et al., 2005). In zebrafish, DC2/4 

group exhibit autonomous firing when synaptic transmission is blocked, (Jay et 

al., 2015). Together, this suggests autonomous firing is conserved across 

species, however, it is not conserved in all DAergic clusters. Autonomous firing 

patterns of DAergic neurons results in tonic DA release that maintains 

extracellular DA concentrations, generating a baseline for the proper functioning 

of target regions (Guzman et al., 2009, Albin et al., 1989, Grace, 2016). Loss of 

tonic firing has been implicated in changes in cognition, and attenuated tonic 

release is associated with enhanced phasic DA release in ADHD patients 

(Badgaiyan et al., 2015). One reason for this discrepancy is that subpallial 

DAergic neurons were investigated in early-stage zebrafish and autonomous 

firing may appear later in development. The use of physiological recording in 

older subpallial DAergic neurons would be able to determine if these neurons 

develop autonomous firing at later stages of life.  

Traditional studies of the mammalian midbrain DAergic neurons suggested 

neurons possessed similar properties, however, recent studies have challenged 

the hypothesis of a conserved physiological ‘signature’ for DA neurons (Margolis 

et al., 2006, Lammel et al., 2008). I did not observe similar physiological 

properties in subpallial DAergic neurons, and I did not observe autonomous firing 

or identify an Ih current. I did not observe an Ih current in subpallial DAergic 

neurons, investigations into DC2/4 were unable to identify an Ih current (Jay, 

2015). Therefore, this property is not conserved in zebrafish DAergic neurons. 

However, my studies were conducted in larval zebrafish, and these DAergic 

neurons may be still developing, and these properties may appear later in 

development. The use of electrophysiological techniques in older subpallial 
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DAergic neurons would be able to determine if these physiological features 

appear later in development. 

In the second and third results chapters, I examined the functional relevance of 

subpallial DAergic neurons in early-stage zebrafish. Previous works have 

suggested that regions of the subpallium are the homologous striatum and 

extended amygdala (Ganz et al., 2012, Mueller et al., 2008, Wullimann and 

Mueller, 2004, Perathoner et al., 2016, O'Connell and Hofmann, 2011). 

Additionally, the subpallium has previously been shown to be active when 

zebrafish are exposed to rewarding stimuli (von Trotha et al., 2014, Randlett et 

al., 2015). However, the involvement of subpallial DAergic neurons during the 

exposure to rewarding stimuli has not been previously investigated. The work 

presented in chapter two used FSVC and IHC techniques to demonstrate that 

subpallial DAergic neurons are active when zebrafish are exposed to live prey. 

Moreover, laser ablation of subpallial DAergic abolished prey capture behaviours 

without affecting prey tracking or basal locomotion. This suggests that DA 

transmission from subpallial DAergic neurons is required for foraging behaviour.  

Since loss of subpallial DAergic neurons did not affect locomotion, perturbation 

of foraging behaviour cannot be mediated by changes in swimming behaviour. 

This is to be expected, as a recent study has shown that motor activity during 

prey capture is controlled by the MeLc and MeLr of the nMLF reticulospinal 

neurons while visual evoked prey capture behaviour is mediated by the nMLF 

(Gahtan et al., 2005). These premotor neurons are modulated by visual input 

from the tectum to facilitate prey capture events (Nikolaou and Meyer, 2015, 

Gahtan et al., 2005, Muto and Kawakami, 2013, Tay et al., 2011). Since subpallial 

DAergic neurons do not innervate this region, ablating these neurons would not 

directly affect nMLF activity. However, the nMLF has been shown to receive 

DAergic input, suggesting this region is modulated by DA, though not from 

subpallial sources (McLean and Fetcho, 2004b). 

Prey capture behaviour is composed of several manoeuvres, one of which is prey 

tracking. My studies revealed that loss of subpallial DAergic neurons has no effect 

on prey tracking. RGCs and neurons in the optic tectum have been shown to 

exhibit size, speed and direction tuning (Levick, 1967, Olveczky et al., 2003, 
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Damjanović et al., 2019, Bianco and Engert, 2015), which allows zebrafish to 

distinguish objects as prey or threat. Neurons of the optic tectum are segregated 

based on the object size they respond to, generating a topographical map of 

object size across this region (Preuss et al., 2014, Helmbrecht et al., 2018). The 

optic tectum integrates sensory information eliciting eye convergence via 

extraocular medial rectus motoneurons (Bianco and Engert, 2015). 

In this study, selective ablation of subpallial DAergic neurons attenuated prey 

capture without affecting locomotion, prey tracking or initiation of hunting 

manoeuvres. A recent study found that ablation of the nucleus isthmi had similar 

effects on foraging, described as a failure to sustain prey capture sequences and 

resulting in aborted hunting attempts (Henriques et al., 2019). What then, is 

subpallial DAergic neuron signalling doing to the sensorimotor networks that drive 

prey capture behaviours? One explanation is that these cells may modulate 

thalamic activity thereby influencing integration of sensory information. In 

monkey, the thalamus receives DA input from multiple nuclei, including the VTA 

and SNc (Sanchez-Gonzalez et al., 2005). DA signalling can influence the activity 

of the thalamus, microinjections of D1 and D2 receptor antagonist in the thalamus 

reduced decisional impulsiveness and pursuit of a reward, as measured by an 

increase in omissions of lever presses (Wang et al., 2017). Disruption to DA 

signalling and DA transmission to the thalamus reduced motivation and attention 

to pursue reward in mammals (Winstanley et al., 2010, Wang et al., 2017). Since 

zebrafish subpallial DAergic neurons project to the thalamus and ablation of this 

pathway reduces the pursuit of prey the subpallial DAergic neurons could be 

involved in motivation, attention or decision-making processes related to 

acquisition of food, as they are in mammals.  

Another possible explanation is that subpallial DAergic neurons influence 

pretecto-hypothalamic pathways. Using juxtacellular labelling techniques, I found 

subpallial DAergic neurons project to the hypothalamus, similar to the 

observations of (Tay et al., 2011). The pretecto-hypothalamic pathway is required 

for prey capture behaviours as ablation of this pathway abolishes this behaviour 

(Muto et al., 2017). Hypothalamic projections to the tectum can convey satiety, 

and fed zebrafish are less likely to pursue prey by reducing the activity of neurons 

that are tuned to small objects (Filosa et al., 2016). Since subpallial DAergic 
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neurons project to the hypothalamus, they could modulate the pretecto-

hypothalamic loop and influence prey capture behaviour. In mammals, the 

extended amygdala and hypothalamus are also involved in predatory hunting 

behaviours (Comoli et al., 2005). Activation of the CeA can initiate hunting and 

lesions to this structure attenuates this behaviour (Han et al., 2017). Activation of 

the VTA and increased DA levels in the CeA can increase feeding behaviours 

(Hajnal and Lenard, 1997, Boekhoudt et al., 2017). Comoli and colleagues have 

suggested that the extended amygdala may convey motivation and influence 

motor output of predatory feeding (Comoli et al., 2005). Therefore, if the zebrafish 

subpallium is functionally equivalent to the extended amygdala, subpallial 

DAergic neurons may share a similar functional role to mammalian VTA neurons 

in regulation hunting behaviour via amygdala and hypothalamic circuits. 

In the final results chapter, I examined the role of subpallial DAergic neurons in 

escape behaviour. As stated before, parts of the subpallium may be homologous 

to the extended amygdala. In mammals, the amygdala is known to be involved in 

processing fear and anxiety (Fox and Shackman, 2017, Ahrens et al., 2018, 

Jennings et al., 2013). Additionally, the subpallium is active when zebrafish are 

exposed to aversive stimuli (Randlett et al., 2015, Heap et al., 2018b, 

Vanwalleghem et al., 2017). However, it is unknown whether subpallial DAergic 

neurons are involved in this process. The work presented in chapter five 

demonstrates that selective loss of subpallial DAergic neurons perturbs startle 

behaviour, with zebrafish less likely to elicit LLC responses. Additionally, firing 

frequency of subpallial DAergic neurons increased when larvae were exposed to 

looming stimuli with slow, but not fast, approach speeds. This suggests that 

subpallial DAergic neurons may respond to aversive stimuli and modulate 

predator avoidance circuitry. 

My data suggest that ablation of subpallial DAergic neurons selectively 

suppresses LLC escape responses in response to both visual and acoustic 

stimuli. However, bending manoeuvres or escape locomotion were not affected 

by the loss of subpallial DAergic neurons. Previous studies have shown the 

reticulospinal neurons including Mauthner, MiD2cm and MiD3cm neurons are 

critical for escape behaviours (Kohashi and Oda, 2008, Liu and Hale, 2017, Liu 

and Fetcho, 1999). Mauthner cells drive SLC responses, whilst the MiD2cm and 
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MiD3cm neurons elicit LLCs (Liu and Fetcho, 1999, Kohashi and Oda, 2008). 

Mauthner cells have been shown to receive DA input, however, MiD2cm and 

MiD3cm neurons do not appear to be directly innervated by DA neurons (McLean 

and Fetcho, 2004b). My data also suggests that subpallial DAergic neurons do 

not directly innervate reticulospinal networks. By contrast, Mauthner cells receive 

DA input, and this originates from the light-responsive hypothalamic DAergic 

neurons that have been shown to enhance acoustic-evoked SLC (Mu et al., 

2012). Therefore, DA signalling to the Mauthner cells can modulate escape 

before, however, it is not through direct innervation from the subpallial DAergic 

neurons. 

If subpallial DAergic neurons do not innervate reticulospinal neurons, how do 

these DAergic neurons modulate LLC responses? Investigations into the 

assessment of threats and behavioural responses to these stimuli reveals 

dynamic responses that ensure appropriate escape behaviour selection for a 

given threat (Jain et al., 2018). Recordings of subpallial DAergic neurons showed 

they respond to slow approaching looming stimuli. This suggests these cells 

receive information regarding object kinetics such as speed. The decision-making 

process involved in selection between SLC and LLC responses is greatly 

influenced by the threat, LLC responses are triggered by looming stimuli with 

lower approach velocities than SLC (Bhattacharyya et al., 2017, Barker and 

Baier, 2015, Temizer et al., 2015, Preuss et al., 2014). Since the activity of 

subpallial DAergic neurons increased in response to stimuli most likely to elicit 

LLC responses. Therefore, subpallial DAergic neurons could influence threat 

assessment and facilitate LLC behaviours.  

Extracellular recordings of subpallial DAergic neurons when zebrafish were 

exposed to looming stimuli revealed that their activity only increased when 

exposed to slow approaching stimuli. The zebrafish thalamus has been shown to 

process visual information regarding looming stimuli and facilitate visually evoked 

escape behaviour (Heap et al., 2018b). In mammals, VTA DAergic neurons have 

been observed to project to the thalamus, and DA signalling can modulate 

sensory processing in the thalamus (Varela, 2014, Jacob and Nienborg, 2018). 

Sanchez-Gonzalez and colleagues have suggested that DA signalling could 

modulate thalamic relay regarding reward or threatening features of 
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environmental stimuli (Sanchez-Gonzalez et al., 2005). DA transmission in the 

thalamus has been shown to modulate the processing of visual stimuli in the 

thalamus (Albrecht et al., 1996). Several studies found that modulation of DA 

transmission in the thalamus can facilitate or inhibited visual induced spike 

activity which was dependent on visual stimulus size and contrast (Zhao et al., 

2002, Zhao et al., 2001) These studies also found that thalamic DA signalling 

facilitated the activity in response to small stimuli (Zhao et al., 2002). Additionally, 

recent investigations have shown that DA transmission enhances the signal-to-

noise ratio of aversive stimuli, thereby enhancing valence (Vander Weele et al., 

2018). Subpallial DAergic neurons could have a similar role: as they respond to 

specific looming stimuli with slow approach speeds, they could enhance signal-

to-noise ratio of information related to potential threats. Therefore, the DA 

signalling enhances the valence of potential threats by modulating activity in the 

telencephalon as well as sensory processing in the thalamus to facilitate LLC 

escape behaviours. This could be assessed by the use of optogenetic tools to 

drive the activity of subpallial DAergic neurons and determine if the proportion of 

LLC response is affected by subpallial DAergic neuron activity and if this activity 

modulates the activity of thalamic neurons. 

Examining the role of subpallial DAergic neurons has revealed they respond to 

both attractive and aversive stimuli: activity in these cells neurons increases in 

response to both prey as and slow-approaching threats. Selective loss of 

subpallial DAergic neurons reduces the pursuit of prey and to respond to potential 

threats. DA neurons of the VTA have been shown to activate in response to both 

rewarding and aversive stimuli. Therefore, DA transmission may convey signals 

that relate to both rewarding and aversive stimuli which can include motivation, 

attention and valence (Wise, 2004, Nieoullon, 2002, Soares-Cunha et al., 2016b, 

Nieh et al., 2013). 

If subpallial DAergic neurons are active in response to prey and looming stimuli, 

what is the role of subpallial DAergic neurons? One possible explanation for the 

role of subpallial DAergic neurons during prey capture and escape behaviours is 

they provide a mechanism of valence and influence decision making. In 

mammals, the thalamus integrates sensory information and can influence 

behavioural responses during prey capture and fear responses (Tyll et al., 2011, 
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Ewert et al., 2001). This structure receives input from both the amygdala and 

superior colliculus (homologous to the zebrafish optic tectum), and disruption to 

amygdala-thalamic or superior colliculus-thalamic circuits can disrupt the 

processing of aversive stimuli and escape behaviours in mammals. DA signalling 

has previously shown to enhance signal-to-noise ratio of aversive stimuli in fear 

response circuits and is a mechanism of valence processing (Vander Weele et 

al., 2018). In zebrafish and mammals, sensorimotor gating and decision-making 

circuits involve the tectum (Helmbrecht et al., 2018, Barker and Baier, 2015, 

Filosa et al., 2016, Huk and Shadlen, 2005, Kardamakis et al., 2015). Additionally, 

DA transmission has been shown to modulate these decision-making circuits in 

many species (Filla et al., 2018, Rutledge et al., 2015). VTA neurons have been 

implicated influencing decision making and valence (Koob, 1996, Rogers, 2011). 

DA transmission in the striatum has been shown to define effort rather than the 

value aspect of decision making in rodents and dysfunction of DA signalling can 

generate deficits in motivation (Filla et al., 2018). Since ablating subpallial 

DAergic neurons reduced probability of prey capture and LLC responses, 

suggests deficits in decision making processes to respond to stimuli. 

In zebrafish, disruption to the thalamus-tectal pathways can perturb prey capture 

and visually evoked startle behaviour (Semmelhack et al., 2014, Mueller, 2012, 

Heap et al., 2018b). I found the subpallial DAergic neurons receive input from the 

pretectal region, and similar projections have been found in adult zebrafish, with 

the subpallium receiving input from the parvocellular superficial pretectal nucleus 

(PSp) of the thalamus (Rink and Wullimann, 2004, Rink and Wullimann, 2002a). 

The PSp in zebrafish is the equivalent to the lateral geniculate nucleus in the 

mammalian thalamus, which serves to relay visual information to the visual cortex 

(Semmelhack et al., 2014). Heap and colleagues found the subpallium and 

thalamus responds to looming stimuli, and luminescence information is relayed 

via thalamic pathways and can facilitate escape behaviour (Heap et al., 2018b). 

However, the role of thalamic– subpallial projections is not known. Additionally, 

my results suggest that subpallial DAergic neurons project to the thalamus. Taken 

together, this suggests a loop exist between the zebrafish subpallium and 

thalamus. To determine if this is indeed the case, whole-brain activity mapping 

techniques such as calcium imaging can be used to delineate how thalamus 
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activity is modulated by DA transmission by integrating optogenetic tools in which 

the activity of subpallial DAergic neurons can be directly modulated. Therefore, 

subpallial DAergic neurons can receive multi-sensory information via the 

thalamus. Subsequent DAergic signalling could convey valence and modulating 

decision making by influencing sensorimotor circuits at the thalamus and 

hypothalamus (Figure 6:1). 

 

 

Figure 6:1 Hypothetical circuit for subpallial DAergic neurons signalling 
and sensorimotor gating and decision making. Schematic illustration of the 
sagittal cross-section of the zebrafish brain (upper) and flow chart of input and 
output circuits (lower). The flow of information across the brain, visual (blue line), 
auditory (green line) and thalamo-subpallial pathway (purple). DA transmission 
from the subpallium (orange) and proposed premotor input (magenta). The 
thalamus receives direct visual input and indirect sensory input from the TeO. 
Motor output is modulated by input from the thalamus, TeO and direct sensory 
information. Subpallial DAergic neurons receive input from the thalamus and are 
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relayed back to potential modulate decision making circuits. Influence the pursuit 
of prey (1) or to avoid potential threats (2). Abbreviation: PG; Preglomerular 
region, Hb; habenular, H; hypothalamus, Cb; Cerebellum, MO; Medulla, H; 
NMLF; nucleus of the medial longitudinal fasciculus, Hypothalamus, T; 
Thalamus, TeO; optic tectum, PO; preoptic region, PTc; posterior tuberculum, 
OB; olfactory bulb, DON; descending octaval nucleus , SOP; secondary octaval 
population, TSc; central nucleus of the torus semicircularis. Derived and adapted 
from Mueller, (2012), Rink and Wullimann (2002) and Tay et al., (2011). 

Additionally, subpallial DAergic neurons innervate the subpallium extensively, 

and these neurons respond to both potential prey and predator (looming stimuli). 

In mammals, VTA neurons respond to both rewarding and aversive stimuli, which 

is relayed to the NAc and amygdala (Matsumoto and Hikosaka, 2009, Soares-

Cunha et al., 2016a). These signals have been suggested to convey motivational 

signals irrespective of whether the stimulus is aversive or rewarding (Matsumoto 

and Hikosaka, 2009, Matsumoto and Takada, 2013). The subpallial DAergic 

neurons may correspond to the VTA neurons of mammals and modulate activity 

of the putative striatum and amygdala. However, the functional role of the 

presumptive zebrafish amygdala and striatum need to be further investigated. To 

address this, whole brain imaging techniques can be employed to analyse when 

the putative amygdala is active. The rodent amygdala is active when animals 

during fear, anxiety, reward, social, aggression and motivated behaviours, 

zebrafish can be presented with a range of stimuli to investigate what stimuli are 

processed by the putative amygdala. Since, several studies have shown that the 

subpallium is active when zebrafish are exposed to rewarding and threating 

stimuli as well as social stimuli(Randlett et al., 2015, von Trotha et al., 2014, Heap 

et al., 2018b, Vanwalleghem et al., 2017, Biechl et al., 2017). Functional studies 

could be conducted to determine the role of the putative amygdala. To address 

this, lesions to the amygdala can be used to determine how it is involved in 

learning, reward, cognition, and social behaviours. Furthermore, to understand 

how subpallial DAergic neurons affect the putative amygdala activity and 

function, pharmacological manipulation of DA signalling can be used to determine 

the role of DA in behaviour. Additionally, optogenetic activation and inhibition of 

subpallial DAergic neurons in conjunction with whole brain activity mapping and 

behaviour can be used to determine how the activity of these neurons affects the 

putative amygdala. 
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In sum, this thesis investigated the physiological properties of DA neurons within 

the subpallium and the functional role in zebrafish behaviour. The work presented 

in this thesis represents the first examination of the physiology and activity 

patterns of subpallial DAergic neurons during early development. Additionally, the 

work presented here demonstrates that disruption to subpallial DA signalling is 

sufficient to disrupt foraging and startle behaviours of free-swimming zebrafish. 

These findings will help inform future investigation into the role of DA signalling 

in valence and decision making. 
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