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Abstract

L. Sophie Gullino, Balliol College Oxford, DPhil, Trinity Term 2024
The behavioural role of glutamate co-release from 5-HT neurons

5-hydroxytryptamine (5-HT) is a key neurotransmitter involved in a variety of critical
functions including emotional modulation and reward processing. Recent evidence
suggests that many 5-HT neurons express the vesicular glutamate transporter 3
(VGLUT3) and release both 5-HT and glutamate. Yet, the role of this co-released
glutamate is unknown. This thesis aimed to further our understanding of the role of
5-HT-glutamate co-release in behaviour using a novel mouse model with conditional
VGLUT3 knockout from 5-HT neurons (VGLUT3 cKO>-HT).

A combination of immunohistochemistry and qPCR confirmed the depletion of VGLUT3
expression in 5-HT neurons in VGLUT3 cKO>-HT mice. Initial behavioural analysis showed
no alteration in natural behaviour, nor evidence of anxiety-like behaviour in a variety of
tests. However, VGLUT3 cKO>HT mice displayed decreased sucrose preference, which
might indicate anhedonia.

C-Fos immunohistochemistry experiments using wildtype mice revealed that
VGLUT3-expressing 5-HT neurons in the ventral DRN were activated by exposure to an
uncontrollable stressor, acute swim stress. This effect was reversed by the selective
serotonin reuptake inhibitor fluoxetine. Additionally, VGLUT3 cKO>HT mice spent more
time climbing during swim stress, suggesting increased active coping.

Reward function was then assessed in VGLUT3 cKO>HT mice using two operant
paradigms. In both paradigms transgenic mice were able to learn over time but showed
reduced performance, compared to controls. Conversely, VGLUT3 cKO>HT mice did not
differ from controls in tests probing learning and memory in other domains, suggesting
that impairments might be specific to reward-based learning.

Finally, in vivo fibre photometry with a DA biosensor was used to probe DA release in the
nucleus accumbens during reward-based tasks. Interestingly, VGLUT3 cKO>-HT mice
demonstrated increased DA release in response to a reward-predictive auditory cue but
a reduced DA response to the reward as learning progressed. This finding suggested
faster transfer of DA neuronal activation from the reward to the reward-predictive cue.
This apparent shift toward Pavlovian learning is consistent with a propensity for
sign-tracking behaviour which may contribute to the observed deficits in reward-based
learning.

Altogether, through the use of a novel transgenic mouse model the current thesis

provides new insights into the role of 5-HT-glutamate co-release in stress coping and
reward processing.
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Chapter 1

Chapter 1
Introduction

1.1 Scope of this thesis

A recent development is the discovery that many neuron types are capable of
co-releasing more than one neurotransmitter (Svensson et al., 2019). Evidence
indicates that the majority of 5-hydroxytryptamine (5-HT) neurons in the dorsal
raphe nucleus (DRN) release not only 5-HT, but also glutamate (Johnson, 1994;
Schifer et al,, 2002; Sengupta et al., 2017). This capacity to co-release glutamate is
mediated by the vesicular glutamate transporter 3 (VGLUT3), which accumulates
glutamate in pre-synaptic vesicles prior to release (Fremeau et al., 2002; Gras et al,,
2002). Separate lines of recent evidence employing transgenic mouse models and
optogenetics have suggested a role for co-released glutamate in anxiety (Amilhon et
al,, 2010), stress coping (Ren et al., 2018), and reward processing (Liu et al., 2014;
Wang et al, 2019). However, most of these studies target all populations of
VGLUT3-expressing neurons and not glutamate co-released specifically from 5-HT
neurons. This thesis aimed to investigate the behavioural role of glutamate co-
released from 5-HT neurons using a novel transgenic mouse model with conditional
VGLUT3 knockout in 5-HT neurons (Gullino et al.,, 2024; Mansouri-Guilani et al.,
2019). The following chapter introduces the central 5-HT system, the concept of co-

release, and the current understanding of 5-HT-glutamate co-release.
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1.2 The 5-HT system

1.2.1 Chemical aspects of 5-HT neurotransmission

1.2.1.1 5-HT synthesis, release, and metabolism

5-HT (also known as serotonin) is a monoamine neurotransmitter present in the
central (CNS) and peripheral nervous system (Dahlstrom & Fuxe, 1964; Erspamer &
Asero, 1952; Twarog & Page, 1953). Within the CNS, 5-HT is synthesised in the
midbrain raphe nuclei from the essential amino acid L-tryptophan which is
converted to 5-hydroxytryptophan (5-HTP) by tryptophan hydroxylase (TPH), the
rate-limiting enzyme in 5-HT synthesis (Fitzpatrick, 1999). In turn, 5-HTP is
converted into 5-HT by L-amino acid decarboxylase (Nakamura & Hasegawa, 2009).
In the CNS, TPH2 is the predominant TPH isoform (Walther et al., 2003), but TPH1
is also expressed during the late developmental stage (Nakamura et al., 2006). TPH2
is synthesised in the soma of 5-HT neurons from where it can be transported to
axonal terminals for local 5-HT synthesis (Deguchi & Barchas, 1972; Koubi et al,,

2001), thus constituting a useful marker for 5-HT neurons.

Once synthesised, 5-HT is packaged and stored into vesicles in neuronal terminals
by the vesicular monoamine transporter 2 (VMATZ2; Nickell et al.,, 2014). 5-HT is
then released by depolarisation, which opens voltage-gated calcium channels and
triggers exocytosis (Stidhof, 2012). In the extracellular space, neurotransmission is
terminated either by degradation of 5-HT by monoamine oxidase (MAO), or by

removal of 5-HT by the 5-HT transporter (5-HTT, also known as serotonin
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transporter, SERT; Blakely et al., 1994). 5-HTT is a transmembrane protein and a
sodium-dependent transporter expressed in soma, axons, dendrites, and
presynaptic terminals of 5-HT neurons (Bengel et al., 1997; Blakely et al., 1998;
Fujita etal, 1993; Lesch, 1998). 5-HTT controls the extent and duration of activation
of 5-HT receptors, and it is the target of selective serotonin reuptake inhibitors
(SSRI; Hyttel, 1994), which are currently the first line of treatment for anxiety and

depression.

After reuptake by the 5-HTT, 5-HT is either reloaded into vesicles or degraded by
MAO on mitochondrial membranes (Bortolato et al., 2010). MAO oxidises 5-HT into
hydroxyindole acetaldehyde, and in turn aldehyde dehydrogenase converts
hydroxyindole acetaldehyde into 5-hydroxyindole acetic acid (5-HIAA), the main

metabolite of 5-HT (Bortolato et al., 2010; Nestler et al,, 2015).

1.2.1.2 5-HT receptors

5-HT exerts its effects by binding to 14 known receptors, grouped into 7 families
(Barnes & Sharp, 1999; Hoyer et al., 2002; Sharp & Barnes, 2020; Table 1.1). All
5-HT receptors are heteroreceptors, thus they are expressed post-synaptically on
non-5-HT neurons. However, they can also act as autoreceptors when located pre-
synaptically on the soma (5-HT1a) or axon terminals (5-HTig, 5-HTip) of 5-HT
neurons, controlling 5-HT release. 5-HT receptors are predominantly metabotropic,
and signal via G-protein coupled receptors. Different families of 5-HT receptors are
Gi/o-coupled inhibitory receptors (5-HT1 and 5-HTs families), Gs-coupled excitatory

receptors (5-HT4, 5-HTs and 5-HT7) or Gq/11-coupled excitatory receptors (5-HT2).
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The 5-HT3 receptor is the only ligand-gated ionotropic 5-HT receptor. Within each
family, 5-HT receptor subtypes differ for their affinities for 5-HT, distributions,
functions, and downstream signalling cascades (summarised in Table 1.1), thus
adding to the complexity of 5-HT transmission (for reviews see Barnes & Sharp,

1999; Sharp & Barnes, 2020).

Table 1.1 | 5-HT receptors. Details from Barnes and Sharp (1999), Hoyer et al. (2002),
Sharp and Barnes (2020).

Receptor Distribution Localisation Mechanism Effect

5-HT1a Raphe nuclei Somatodendritic, = Gijo-coupled Hyperpolarisation
(autoreceptor), cortex, presynaptic,
hippocampus, limbic postsynanptic,
areas (heteroreceptor) extrasynaptic

5-HTis Raphe nuclej, cortex, basal | Presynaptic, Gi/o-coupled Hyperpolarisation
ganglia, substantia nigra postsynaptic

5-HTp Raphe nuclei (5-HT Presynaptic Gi/o-coupled Hyperpolarisation

neurons), trigeminal
nucleus, substantia nigra,
nucleus accumbens,
hippocampus, cortex
5-HTiE Trigeminal nucleus, Postsynaptic Gi/o-coupled Hyperpolarisation
cortex, caudate, putamen,
claustrum, hippocampus,
amygdala, striatum
5-HTir Raphe nuclei (5-HT Presynaptic Gi/o-coupled Hyperpolarisation
neurons) trigeminal
nucleus, hippocampus,
cortex, claustrum,
caudate, putamen
5-HT2a Cortex, nucleus Postsynaptic Ggq/11-coupled | Depolarisation
accumbens, olfactory
tubercle, hippocampus,
basal ganglia, caudate,
claustrum
5-HTzs Hypothalamus, cortex, Postsynaptic Ggq/11-coupled | Depolarisation
amygdala, cerebellum,
lateral septum,
hypothalamus
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5-HT2c

5-HT3

5-HT4

5-HTsa

5-HTss
(rodents)
5-HTe

5-HT»

1.2.1.3

Raphe nuclei (GABA
interneurons), cortex,
hippocampus, limbic
areas, nucleus accumbens,
basal ganglia,
hypothalamus, substantia
nigra

Cortex, limbic areas, vagus
nerve, area postrema,
hippocampus, brainstem
nuclei, amygdala

Cortex, limbic areas, basal
ganglia, hippocampus,
striatum, substantia nigra,
nucleus accumbens
Frontal cortex, raphe
nuclei (5-HT neurons),
hippocampus, cerebellum,
olfactory bulb

Raphe nuclei,
hippocampus, habenula
Cortex, limbic areas, basal
ganglia, striatum, nucleus
accumbens, hippocampus
Suprachiasmatic nucleus,
hypothalamus, cortex,
hippocampus

5-HT transmission

Postsynaptic

Postsynaptic

Postsynaptic

Unknown

Unknown

Postsynaptic

Postsynaptic

Ggq/11-coupled

Ligand-gated
ion channel

Gs-coupled

Gi/o-coupled

Gi/o-coupled

Gs-coupled

Gs-coupled

Depolarisation

Depolarisation

Depolarisation

Hyperpolarisation

Unknown

Depolarisation

Depolarisation

5-HT neurons are characterised by tonic slow, regular “clock-like” firing patterns,

predominantly firing at low frequencies (1-5 Hz), with broad action potentials and

large after-hyperpolarisations (Allers & Sharp, 2003; Vandermaelen & Aghajanian,

1983). Nonetheless, 5-HT can also be released by burst firing, consisting of short

bursts of high-frequency groups of spikes followed by periods of quiescence (Hajos

& Sharp, 1996). Signalling is likely to involve a combination of volume transmission,

involving diffusion in extracellular fluids without defined physical constraints

(Descarries et al, 2006; Descarries & Riad, 2012), and direct transmission at

synapses (Gianni & Pasqualetti, 2023).
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1.2.2 Neuroanatomical organisation of the 5-HT system

1.2.2.1 The raphe nuclei

Cell bodies of 5-HT neurons are located in the brainstem raphe nuclei, including a
rostral group residing in the midbrain and rostral pons (caudal linear, dorsal and
median raphe nuclei) and a caudal group situated in the pons and the medulla
(raphe magnus, obscurus and pallidus nuclei, lateral medullary reticular formation;
Hornung, 2010). The DRN and median raphe nucleus (MRN) are the most
well-characterised, and in rodents they are located ventral to the cerebral aqueduct
and periaqueductal grey (PAG; Baker et al., 1991; Jacobs & Azmitia, 1981; Jacobs &
Fornal, 1991; Steinbusch et al., 1981). The DRN alone contains a third of all 5-HT
neurons in the brain and, based on its anatomical and functional properties, it can
be further divided into ventral DRN, dorsal DRN, and lateral wings (Hornung, 2010;
Lowry, 2002). The raphe nuclei are highly heterogeneous structures containing
several other neuronal types including neurons releasing glutamate, y-aminobutyric

acid (GABA), dopamine (DA), and neuropeptides (Huang et al., 2019).

5-HT neurons are characterised by their ability to synthesise 5-HT, thus sharing the
expression of several essential markers described in Section 1.2.1 (such as TPH2 and
5-HTT). Nonetheless, they also demonstrate heterogeneity with subpopulations of
5-HT neurons presenting different transcriptional profiles (Gaspar & Lillesaar,
2012; Huang et al., 2019; Okaty et al., 2019, 2020). For example, recent single-cell
transcriptomic analysis revealed non-overlapping subpopulations of 5-HT neurons

expressing markers of glutamatergic transmission (VGLUT3) or GABA-ergic
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transmission (glutamate decarboxylase; GAD65 and GAD67; Huang et al.,, 2019),
indicating the usage of a second neurotransmitter. Specifically, 5-HT neurons
expressing VGLUT3 are abundant in the ventromedial, medial, and caudal DRN,
whereas 5-HT neurons expressing GAD are found more rostrally, in the dorsal DRN
and lateral wings (Okaty et al, 2020; Ren et al, 2018; Shikanai et al., 2012;

Spaethling et al.,, 2014).

1.2.2.2 5-HT projections

From the raphe nuclei 5-HT neurons project extensively throughout the brain
(Muzerelle et al., 2016). Rostral 5-HT neurons from the DRN and MRN innervate
forebrain regions including the prefrontal cortex, thalamus, hippocampus, and
amygdala (Hornung, 2003). DRN and MRN projections are predominantly
complementary, with the DRN preferentially innervating the cortex, amygdala,
striatum, and dorsal hippocampus, while the MRN primarily projects to limbic
regions and ventral hippocampus (Muzerelle et al., 2016). Recent retrograde tracing
studies revealed that the DRN comprises two anatomically defined and functionally
distinct 5-HT subsystems, with neurons located in ventral DRN projecting
preferentially to the frontal cortex, and dorsal DRN neurons innervating the
amygdala (Ren et al, 2018). In turn, midbrain 5-HT neurons also receive dense
inputs from the forebrain, such as from the prefrontal cortex, amygdala, nucleus
accumbens (NAc), and hypothalamus (Peyron et al., 1997). Conversely, caudal 5-HT
neurons project to the cerebellum, brainstem, and spinal cord (Steinbusch et al,,

1981; Jacobs & Azmitia, 1992; Nestler et al., 2015).
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1.2.2.3 5-HT and behaviour

As a result of its plethora of projections and diverse transmission modalities, 5-HT
can act as a neuromodulator, influencing a wide variety of physiological processes
and behaviours. Firstly, 5-HT plays a central role in emotional modulation and
mood, regulating stress coping, anxiety, and depressive behaviour, but it has also
been implicated in cognition, attention, appetite, reward, arousal, aggression, sleep,
thermoregulation, and sensory processing (Abela et al., 2020; Cohen et al., 2015; He

et al.,, 2020; Jacobs & Fornal, 1991; Paulus & Mintz, 2016; Pourhamzeh et al., 2022).

Dysregulation of the 5-HT system is implicated in several neuropsychiatric
disorders in particular mood and anxiety disorders, but also schizophrenia and
autism (Nemeroff & Owens, 2002; Sharp & Cowen, 2011). Moreover, the 5-HT
system is the target of many pharmacological therapies, with SSRIs currently being
the first-line treatment for depression and anxiety (Geddes et al., 1996; Song et al.,
1993). Nonetheless, a full explanation for the mechanisms of action of
antidepressants and the specific role of 5-HT in pathological conditions has
remained elusive (Cowen & Browning, 2015; Harmer et al., 2017; Nemeroff &

Owens, 2002).
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1.3 5-HT-glutamate co-release

1.3.1 Historic perspective on co-transmission

Chemical neurotransmission, postulating neuronal communication via
neurotransmitters as opposed to direct electrical connections, was first accepted in
the 1950s. In the midst of the debate over chemical versus electrical transmission,
the “Dale’s Principle” was coined referring to the idea that the same chemical
transmitter is released from all synaptic terminals of a neuron (Eccles et al., 1954).
Nonetheless, in the following years several lines of evidence have indicated
colocalisation or co-release of different neurotransmitters from the same neuronal
terminal (for early reviews see Burnstock, 1980; Cuello, 1982; Potter et al., 1981).
Colocalisation refers to the presence of two substances in the same neuronal
terminal or varicosity, which can be released to act as chemical messengers in a
process commonly known as co-transmission. Conversely, co-release refers to the
simultaneous release of two substances stored in the same vesicle (Jonas etal., 1998;
Merighi et al., 2011; Vaaga et al., 2014; Vilim et al,, 2000). Nonetheless, the difficulty
in establishing the precise mechanisms of release (see Section 1.3.2 for further
details) has often resulted in the terms co-release and co-transmission being used

interchangeably.

In 1976, Eccles proposed that the “Dale’s Principle” should be revised stating that
“at all the axonal branches of a neuron, there was liberation of the same transmitter
substance or substances”, thus allowing for the release of more than one

neurotransmitter type (Eccles et al, 1997). This general principle was also
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questioned in the 1990s when evidence emerged that separate compartments of a
single neuron could contain and release different neurotransmitters (Blitz &
Nusbaum, 1999; Sossin et al., 1990; Sulzer & Rayport, 2000). The development of
immunohistochemistry finally allowed the detection of substances colocalised in the
same soma, neuronal terminal, axonal bouton, or varicosity, and thus co-
transmission became widely accepted (for reviews see Burnstock, 1980; Cuello,
1982; Hokfelt et al.,, 2000; Kupfermann, 1991; Osborne, 2013; Potter et al., 1981;
Svensson et al,, 2019). Recent examples of colocalisation, co-transmission and co-

release are summarised in Table 1.2.

Table 1.2 | Examples of CNS neurons that co-release a second neurotransmitter. In
most cases evidence indicated colocalisation, but there are also a few cases where functional
co-release has been reported. The below classification between primary and secondary
neurotransmitter is often arbitrary. For reviews on co-transmission and co-release see

Nusbaum et al., 2001; Svensson et al., 2019; Vaaga et al., 2014.

Primary neuro- Secondary neuro- Soma location References
transmitter transmitter
5-HT Glutamate DRN, MRN (Grasetal, 2002; Sengupta etal.,
2017)
5-HT GABA Raphe nuclei (e.g. (Belin et al., 1983; Okaty et al.,
DRN, raphe magnus) 2015, 2020)
5-HT Neuropeptides DRN, MRN (reviewed in Okaty et al., 2020)
DA Glutamate VTA, substantia (Adrover et al,, 2014; Hnasko et
nigra al,, 2010; Sulzer et al., 1998)
DA GABA Olfactory bulb, VTA, = (Borisovska et al., 2013; Liu et
substantia nigra al,, 2013; Tritsch et al,, 2012)
GABA Glutamate VTA, basal ganglia (Root et al,, 2014; Shabel et al,,
2014)
Acetylcholine Glutamate Striatum (Gras et al.,, 2002, 2008)
Acetylcholine GABA Forebrain, basal (Granger et al., 2016; Lee et al,,
ganglia 2010; Saunders, Granger, et al.,
2015; Saunders, Oldenburg, et
al,, 2015)
Glycine GABA Striatum, (Wojcik et al., 2006; reviewed in
hippocampus Vaaga et al,, 2014)

10
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Noradrenaline DA Locus coeruleus (Devoto et al., 2001, 2005)
Histamine GABA Tuberomammillary (Haas et al.,, 2008; Tritsch et al.,
nucleus 2014; Yuetal,, 2015)

1.3.2 Mechanisms and function of co-transmission

Across systems, neurotransmitters of low molecular weight, including amino acids
such as glutamate, glycine, GABA, and acetylcholine, are typically contained in small
clear synaptic vesicles located in proximity to the active zone (i.e. the site of
neurotransmitter release). Conversely, neuropeptides are found in large dense-core
vesicles, located away from active zones (Hokfelt et al., 2003; Pelletier et al., 1981).
Immunoelectromicroscopic evidence suggests that monoamines, such as 5-HT, can
be contained both in small clear vesicles (Johansson et al., 1980; Pelletier etal., 1977;
Van Bockstaele & Chan, 1997) and in dense-core vesicles (Pelletier et al., 1981).
Furthermore, there is evidence that larger neurotransmitters including
monoamines and neuropeptides are often co-packaged together with other
substances (Hokfelt et al., 2000; Pelletier et al., 1981; Salio et al., 2006). Compared
to smaller vesicles, dense-core vesicles are usually slower to release due to their
location away from active zones and the lack of synapsins, proteins that regulate
synaptic neurotransmitter release (Xia et al, 2009). As a result, lower firing
frequencies generally cause rapid mobilisation of small synaptic vesicles, while
dense-core vesicles are mobilised by higher frequencies or burst firing, thus
allowing for frequency-dependent release of different neurotransmitter types

(Svensson et al., 2019).

11
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Generally, neurotransmitters are released by exocytosis, a process in which the
complete fusion of the vesicle with the plasma membrane results in the release of
all the substances stored in the vesicle (Winkler et al., 1986). However, exocytosis
can also occur by “kiss-and-run” mechanisms involving partial release through a
smaller fusion pore that allows selective expulsion of smaller neurotransmitters

(Stevens & Williams, 2000; Xia et al., 2009; Zhang et al., 2011).

The main purpose of co-transmission could be to increase synaptic flexibility,
allowing the same anatomical connection to generate a wide variety of outputs,
through multiple neurotransmitters and a variety of release modes. In fact,
co-transmission likely involves a combination of divergent or convergent signalling
mechanisms and a range of interactions between co-transmitters with additive,
subtractive or non-linear effects in different systems (Brezina, 2010; Harris-Warrick
& Johnson, 2010; Nusbaum et al,, 2001). Furthermore, increasing evidence suggests
that levels of colocalisation are not fixed during the lifetime of an individual. Rather,
colocalisation may vary during development as well as in response to injury, disease
(for a review see Vaaga et al, 2014) and environmental triggers (Li et al., 2024;
Prakash et al., 2020), a phenomenon known as “phenotype switching” (Dulcis et al.,
2013; Li et al., 2020; Spitzer, 2015). For instance, a decrease in VGLUT3 expression
in 5-HT neurons has been reported in rats exposed to chronic stress (Prakash et al,,
2020), and during acquisition of generalised fear following acute stress (Li et al,,
2024), suggesting alterations in 5-HT-glutamate co-release (see Chapter 6, Section

6.3, for further discussion). Altogether, this highlights the complexity of

12
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understanding how colocalisation, co-transmission and co-release can impact

behaviour.

1.3.3 Evidence of 5-HT-glutamate co-release

1.3.3.1 Vesicular glutamate transporter 3 (VGLUT3)

Alongside a plethora of studies documenting the presence of co-transmission across
different neuronal populations, it has recently been shown that 5-HT neurons are
capable of not only releasing 5-HT but also glutamate (see Section 1.3.3.2 for further
details; Fremeau et al., 2002; Johnson, 1994). In this case, glutamate co-release is
facilitated by VGLUT3, one of three vesicular glutamate transporters (VGLUT]1,
VGLUT2 and VGLUT3) responsible for storing cytosolic glutamate in pre-synaptic
vesicles prior to release (El Mestikawy et al,, 2011; Gras et al., 2002; Liguz-Lecznar
& Skangiel-Kramska, 2007; Takamori et al.,, 2002). While all VGLUTSs share a similar
function, they are expressed in a predominantly complementary manner, with
VGLUT1 being prevalent in glutamatergic neurons in cortical areas and VGLUT2 in
glutamatergic neurons in subcortical regions (Vigneault et al., 2015). Conversely,
VGLUT3 is primarily expressed in cortical and hippocampal GABAergic
interneurons, striatal cholinergic interneurons, and 5-HT neurons in the raphe
nuclei. Some specific populations of glutamatergic neurons, including glutamatergic
DRN neurons, also express VGLUT3 (Favier et al, 2021; Schafer et al, 2002;

Takamori et al., 2002; Vigneault et al,, 2015)
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1.3.32 Colocalisation and co-release of 5-HT and glutamate

The first evidence of 5-HT-glutamate co-release was identified by
electrophysiological studies in cultured rat 5-HT neurons, where 60% of 5-HT
neurons evoked excitatory glutamatergic potentials (Johnson, 1994). This was
followed by in situ hybridisation studies reporting VGLUT3 expression in
approximately two-thirds of midbrain 5-HT neurons (Hioki et al., 2010). VGLUT3
was found to be prevalent in the soma of 5-HT neurons of the ventral DRN and MRN,
with only sparse colocalisation in the dorsal DRN and lateral wings (Fremeau et al.,
2002; Gras et al, 2002; Hioki et al, 2010; Schafer et al, 2002). VGLUT3 also
colocalised with VMAT?2 in several brain regions, including 50% of 5-HT varicosities
of the prelimbic cortex and in specific hippocampal subregions (e.g. ~30% in CA1,
~50% in CA3 and dentate gyrus, and ~79% in the hippocampal fissure; Amilhon et
al,, 2010). Conversely, it was reported that VGLUT3 rarely colocalises with 5-HTT,
and raphe 5-HT neurons express 5-HTT and VGLUT3 mainly in segregated axon
terminals (Amilhon et al., 2010; Voisin et al., 2016). These terminals colocalising
VMAT2 and VGLUT3 but lacking 5-HTT might display enhanced extracellular 5-HT

levels after release due to low reuptake.

More recently, it was demonstrated that optogenetic activation of 5-HT neurons
released both 5-HT and glutamate, eliciting fast post-synaptic excitation via
ionotropic glutamate receptors in the hippocampus, amygdala, and striatum
(Kapoor et al., 2016; Liu et al., 2014; Sengupta et al., 2017; Varga et al.,, 2009), thus

confirming a functional role of VGLUT3 in 5-HT neurons.
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1.3.3.3  Mechanisms of 5-HT-glutamate co-release

The mechanisms of 5-HT-glutamate co-release remain to be clarified. It has been
suggested that VGLUT3 promotes vesicular loading of 5-HT by enhancing the
activity of VMAT2 (Amilhon et al., 2010; El Mestikawy et al., 2011). Thus, amino acid
uptake assays indicate that hippocampal and cortical vesicles accumulate more
[3H]5-HT in the presence of glutamate (Amilhon et al,, 2010). This idea is in line with
evidence that VGLUT3 also facilitates vesicular filling of acetylcholine in striatal
cholinergic neurons (Gras et al, 2008). This phenomenon, known as “vesicular
synergy”, involves 5-HT and glutamate being released from the same vesicle (El

Mestikawy et al., 2011), thus warranting the use of the term “co-release”.

Nonetheless, optogenetic evidence has demonstrated that low frequency (<1 Hz)
stimulation of 5-HT terminals in the amygdala preferentially elicits glutamate
release, whilst 5-HT release was observed in response to higher frequencies (10-20
Hz; Sengupta et al,, 2017). As 5-HT neurons predominantly fire at low frequencies
(Allers & Sharp, 2003), it is possible that under these circumstances 5-HT neurons
might preferentially release glutamate (Sengupta et al, 2017; Trudeau & El
Mestikawy, 2018). Similarly, in a separate study (Zou et al., 2020) optogenetic
activation of 5-HT neurons by a single-pulse light stimulation elicited glutamate-
mediated excitation in the ventral tegmental area (VTA), while prolonged
stimulation of the same neurons (20 Hz for 30 s) produced 5-HT mediated currents
(Zou et al., 2020). Furthermore, the above evidence is consistent with glutamate
being packaged in small clear vesicles located in proximity to the active zone, while

5-HT might be accumulated into dense-core vesicles which are typically mobilised
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by higher frequencies (as discussed in Section 1.3.2). Thus, this frequency-
dependent release might indicate that 5-HT and glutamate are released from
separate vesicles (Trudeau & El Mestikawy, 2018), albeit alternative mechanisms of
partial release such as “kiss-and-run” could also occur. Due to the lack of consensus
on the mechanisms of release, here we use the term “5-HT-glutamate co-release” in
a broad manner encompassing the possibility of both co-release from the same

vesicle and of co-transmission from separate vesicular pools.

1.3.4 Behavioural role of 5-HT-glutamate co-release

1.34.1 5-HT-glutamate co-release in anxiety and fear learning

Transgenic mice have been used to shed light on the role of VGLUT3-mediated
co-release, with several studies employing mice with global VGLUT3 KO (KO;
Amilhon et al,, 2010; Balazsfi et al.,, 2018; De Almeida et al.,, 2023; Fazekas et al.,,
2019). Adult VGLUT3 KO mice demonstrated increased anxiety-like behaviour on
the elevated plus maze (EPM), novelty suppressed feeding test and marble burying,
while VGLUT3 KO pups displayed increased ultrasonic vocalisation (Amilhon et al.,
2010). Due to the well-established links between 5-HT and anxiety (Graeff et al,,
1996; Ohmura et al., 2020), this high anxiety phenotype of VGLUT3 KO mice was
hypothesised to be driven by the lack of glutamate co-released specifically from
5-HT neurons (Amilhon et al,, 2010). Interestingly, VGLUT3 KO mice also showed
decreased sensitivity of 5-HT1a autoreceptors as indicated by hyposensitivity to
hypothermia induced by the 5-HTia receptor agonist 8-OH-DPAT. This finding,

together with increased 5-HT turnover (5-HIAA/5-HT ratio) in the hippocampus of
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VGLUT3 KO mice, suggested a role for VGLUT3 in the control of 5-HT function
(Amilhon et al.,, 2010). Nonetheless, mice with VGLUT3 KO targeted to Pet1 neurons
(including the majority of 5-HT neurons) displayed hypolocomotion in the open
field and EPM, but no difference in time spent in the centre zone or open arms
(Cunha et al,, 2020), thus calling into question the proposed role of 5-HT-glutamate

co-release in anxiety.

Mice with global VGLUT3 KO also displayed increased contextual fear and fear
generalisation, as evidenced by exaggerated freezing during fear conditioning,
which was attributed to a pattern separation deficit (Balazsfi et al., 2018; De Almeida
et al, 2023). VGLUT3 KO mice also displayed mild learning deficits, including
reduced performance in avoidance-based learning tasks (e.g. the “shuttle-box”) and
reduced reversal learning in a reward-based operant paradigm (Fazekas et al,,
2019). These changes were accompanied by alteration of the hypothalamic-
pituitary-adrenal (HPA) axis involving enhanced resting HPA activity, but lowered
HPA axis stress-reactivity as indicated by reduced stressor-induced corticosterone
elevations (Balazsfi et al., 2018). Nonetheless, the role of glutamate co-release from

5-HT neurons in fear remains unclear.

1.34.2 5-HT-glutamate co-release and stress coping

5-HT neurons are highly responsive to stress, threats, and noxious stimuli and are
likely to mediate stress coping, the behavioural and physiological responses
exhibited in reaction to perceived threats (Deakin & Graeff, 1991; Grahn et al., 1999).

In particular, DRN 5-HT neurons are reported to be robustly activated by
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uncontrollable stressors such as swim stress, restraint, and foot shock, as
demonstrated by increased expression of the activity-dependent immediate early
gene c-fos under these conditions (Bonapersona et al., 2022; Hale et al.,, 2008; Kelly
etal, 2011; Roche etal., 2003; Senba et al., 1993). Furthermore, in vivo microdialysis
studies found that exposure to acute stress, such as to predator stress or inescapable
foot shock, increased extracellular levels of 5-HT or 5-HT turnover in terminal
regions, including the hippocampus, cortex, and amygdala (Amat et al., 1998;
Beekman et al., 2005; Rueter & Jacobs, 1996; for a review see Linthorst & Reul,

2010).

Interestingly, in a recent study chemogenetic activation of 5-HT neurons projecting
to the prefrontal cortex from the ventral DRN, comprising predominantly
5-HT-glutamate co-releasing neurons, increased active stress coping measured as
decreased immobility during swim stress (Ren et al, 2018). The latter finding
suggests that glutamate co-releasing 5-HT neurons may be involved in stress coping

behaviour.

1.34.3 5-HT-glutamate co-release and SSRI treatment

It has also been suggested that co-released glutamate might play an important role
in the clinical actions of SSRIs (Fischer et al., 2015; Gras et al., 2002), although this
hypothesis remains to be tested. Current thinking is that acute SSRI administration
causes an increase in extracellular 5-HT, leading to activation of 5-HTia
autoreceptors and a decrease in 5-HT neuronal firing, which is expected to reduce

the release of both 5-HT and glutamate. However, with continued SSRI
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administration 5-HT1a autoreceptors are thought to desensitise resulting in a return
of 5-HT neuronal activity, albeit in the presence of continued 5-HTT blockade (Beyer
& Cremers, 2008; Blier & de Montigny, 1994; Fischer et al., 2015). The latter is
predicted to shift the 5-HT/glutamate balance at their receptors towards 5-HT.
Interestingly, the timing of this shift could be consistent with the delayed onset of

the antidepressant effect of SSRIs (Fischer et al., 2015).

1.3.44  5-HT-glutamate co-release and reward

The DRN has dense reciprocal connections with several brain regions involved in
the reward system (Vertes, 1991; Vertes & Linley, 2008). Moreover, a plethora of
evidence from pharmacological, optogenetic, and imaging studies links the DRN to
reward processing (for a review see Luo et al, 2015). Nonetheless, there is no
consensus on the role of 5-HT in reward, as evident in recent conflicting theories
(for a review see Liu et al., 2020). For example, it has been suggested that 5-HT
neurons might encode punishment and frustration by opposing the DA system
(Boureau & Dayan, 2011; Daw et al,, 2002; Deakin & Graeff, 1991). Alternatively,
5-HT neurons might promote waiting for rewards by increasing tonic activity in the
reward anticipatory phase (Miyazaki et al, 2012). More recent photometry and
electrophysiological studies have shown that 5-HT can differentially encode reward
expectation and reward value (with tonic and phasic activities respectively)
enabling the tracking of beneficial or aversive value of the current environment to

guide behaviour (Cohen etal., 2015; Li et al., 2016; Zhong et al., 2017).
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Recently, it has been suggested that the release of 5-HT might act in synergy with
co-released glutamate in signalling reward (Liu et al, 2020). Thus, in vitro
electrophysiological studies found that VGLUT3-expressing 5-HT neurons excite DA
neurons in the VTA which project to the NAc, a key pathway for reward processing
(Cunhaetal,, 2020; Wang et al., 2019). Furthermore, optogenetic activation of either
VGLUT3-positive or 5-HTT-positive DRN projections to the VTA elicited conditioned
place preference (Wang et al, 2019). These rewarding effects of 5-HT neuron
activation were reduced by knocking out VGLUT3 from Pet1 neurons (including the
majority of 5-HT neurons), and any residual effects were blocked by 5-HT depletion

(Liuetal, 2014).

Nonetheless, it is reported that only 14% of DRN projections to the VTA co-release
5-HT and glutamate, 13% released only 5-HT, whereas the majority are non-5-HT-
containing neurons and include many (46%) VGLUT3-expressing glutamatergic
projections (Qi et al., 2014). Recent optogenetic studies indicate that activation of
DRN neurons is strongly rewarding in a VGLUT3-dependent manner (McDevitt et
al, 2014), therefore these rewarding effects could be driven exclusively by
glutamatergic signalling (McDevitt et al., 2014; Qi et al., 2014). Altogether, this lack
of consensus suggests that the role of glutamate co-released from 5-HT neurons in

reward warrants further investigation.
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1.3.5 Aim of this thesis

The majority of 5-HT neurons in the DRN express VGLUT3 and co-release 5-HT and
glutamate, yet the role of this co-released glutamate is poorly understood. The
behavioural effects of global VGLUT3 deletion have been characterised in several
studies, but there is a sparsity of research specifically investigating the role of
VGLUT3 in 5-HT neurons. In this thesis, a novel transgenic mouse model with
conditional VGLUT3 KO in 5-HT neurons (VGLUT3 cKO5-HT) was validated (Chapter
2) and then used to investigate the behavioural role of 5-HT-glutamate co-release.
Specifically, Chapter 2 explored the performance of VGLUT3 cKO5-HT mice in tests of
anxiety, and also assessed whether these mice have altered 5-HT neurochemistry
and expression of 5-HT-related genes. Chapter 3 used c-Fos immunohistochemistry
to investigate whether 5-HT-glutamate co-releasing neurons are activated by acute
stress, and assessed stress coping behaviour in VGLUT3 cKO5-HT mice. Chapter 4
examined reward-based learning in VGLUT3 cKO>HT mice employing several
different behavioural paradigms. Chapter 5 used fibre photometry with a DA
biosensor to measure DA release in the NAc of behaving VGLUT3 cKO>-HT mice in a
reward-based operant task. Altogether this thesis aims to further our understanding
of the behavioural role 5-HT-glutamate co-release, with a focus on anxiety, stress

coping, reward processing, and its interactions with the DA system.
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Chapter 2
Phenotyping of a novel transgenic mouse
with conditional VGLUT3 knockout in 5-HT
neurons

2.1 Introduction

Evidence suggests that the majority of 5-HT neurons expresses VGLUT3 and therefore
co-releases 5-HT and glutamate, yet the role of this co-released glutamate is unknown.
This chapter investigated a novel transgenic mouse model with conditional VGLUT3
knockout in 5-HT neurons (VGLUT3 cKO5-HT), and thus with a presumed deficit in
glutamate co-release. Upon validation, VGLUT3 cKO>HT mice will be used for

characterisation of the behavioural role of glutamate co-released from 5-HT neurons.

2.1.1 Development of a novel transgenic mouse with conditional VGLUT3 KO in

5-HT neurons

VGLUT3 cKO5HT mice were first developed by our collaborators from the Sorbonne
University (Mansouri-Guilani et al., 2019). They used the CreLox system to insert in the
mouse genome a site-specific Cre recombinase which recognises two directly repeated

loxP sites and excises the loxP flanked DNA (Kim et al., 2018). Specifically, a floxed

VGLUT3 mouse (VGLUT3LxP/LoxP ' §lc17a8 mutant; Fasano et al.,, 2017) was crossed with
a SERT-Cre line, where Cre recombinase is inserted upstream of the SERT gene (Sic6a4),

to achieve a conditional VGLUT3 knockout from SERT-expressing neurons (SERT-

Cre::VGLUT3LoxP/LoxP; Fjg, 2,1). Control littermates also had floxed VGLUT3 but did not
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express Cre under the SERT promoter (SERT*/+::VGLUT3LoxP/LoxP; see Section 2.2.1 for
further details). Prior to the experiments described here, the behaviour of these VGLUT3
cKO>-HT mice had not been fully characterised. Specifically, this mouse model had only
previously used in one published study (Mansouri-Guilani et al., 2019) which
investigated the potential involvement of glutamate co-transmission in modulating
psychostimulant-induced maladaptive behaviours. Evidence showed that VGLUT3
cKO>HT mice had no alteration in amphetamine sensitivity, specifically in terms of
locomotor and stereotypy responses (Mansouri-Guilani et al., 2019). In comparison, two
previous studies (Cunha et al.,, 2020; Liu et al,, 2014; see below for further discussion)
have reported the generation of mice with conditional VGLUT3 KO from neurons
expressing Pet1, a transcription factor regulating the expression of genes required for 5-
HT function (Hendricks et al., 2003; Liu et al.,, 2010). Pet1 is expressed by 95% of 5-HT
neurons in the DRN, but also in a subpopulation of glutamatergic neurons which amounts
to 10% of total Pet1 neurons (Luo et al., 2015; Scott et al,, 2005). Due to the higher 5-HT
neuron selectivity of the SERT gene the VGLUT3 cKO>HT mouse has advantages over the
conditional Pet1 KO mouse for investigating the role of glutamate co-release from 5-HT

neurons.

2.1.2 Evidence for a role co-released glutamate in anxiety

Previous evidence indicates that mice with global VGLUT3 KO exhibit a high anxiety
phenotype, as demonstrated by their behaviour in the EPM, novelty-suppressed feeding
and marble burying tests (Amilhon et al, 2010). Due to the well-established links
between 5-HT and anxiety (Graeff et al.,, 1996; Ohmura et al., 2020), this phenotype has

been hypothesised to be driven by the lack of glutamate co-release specifically from 5-HT
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neurons. Additionally, VGLUT3 KO mice also showed decreased 5-HT1a autoreceptor
function in the DRN and increased 5-HT turnover in the hippocampus (Amilhon et al,,

2010), suggesting a role for VGLUT3 in the control of 5-HT neuronal activity.

Furthermore, mice with conditional VGLUT3 KO from Petl neurons were reported to
spend more time in the dark compartment of the light/dark box, and demonstrated
hypolocomotion in the open field and on the EPM (Cunha et al, 2020), potentially
consistent with an increase in anxiety. However, these mice did not show altered number
of open arm entries or time spent in the open arms of the EPM (Cunha et al., 2020), which
would normally be indicative of anxiety-like behaviour. Thus, on the basis of experiments

to date a role for glutamate co-released from 5-HT neurons in anxiety is unclear.

2.1.3 Evidence for a role of VGLUT3 in reward and learning

Mice with global VGLUT3 KO also displayed mild learning deficits, including impairments
in avoidance-based learning tasks and appetitively-motivated reversal learning (Fazekas
et al,, 2019). Furthermore, a recent study reported conditional VGLUT3 KO from Petl
neurons significantly reduced the behavioural reinforcing effects of optogenetic
activation of Petl neurons (Liu et al.,, 2014). The latter study adds to a body of evidence
suggesting that DRN glutamatergic inputs to the VTA are reinforcing during behaviour,
but a role for the glutamate co-released from 5-HT neurons remains to be clarified (for a

more detailed discussion on glutamate co-release and reward, see Chapter 4).
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2.1.4 Hypothesis and aim

Firstly, experiments described in this chapter aimed to validate the conditional VGLUT3
KO from 5-HT neurons in VGLUT3 cKO>HT mice by immunohistochemistry and gene
expression. Additionally, 5-HT and DA function in VGLUT3 cKO>HT mice was also
assessed via gene expression analysis of a panel of 5-HT and DA-related genes, and
neurochemical analysis of 5-HT, DA and their main metabolites. The second aim of this
chapter involved investigating the role of glutamate co-released from 5-HT neurons in
anxiety and reward mechanisms. To this end VGLUT3 cKO5-HT mice were examined in a
battery of tests probing naturalistic, anxiety-like, and appetitively-motivated behaviours.
These paradigms were selected to shed light on the role of glutamate co-release in both

anxiety and reward, as well as to probe the general wellbeing of the mice.

2.2 Methods

2.2.1 Animals

Experiments used transgenic mice with conditional VGLUT3 knockout in 5-HT neurons
(VGLUT3 cKO5-HT or SERT-Cre::VGLUT3LoxP/LoxP C57BL /6] background, aged 8-30 weeks)
and their control littermates (SERT*/+::VGLUT3LoxP/LoxP) VGLUT3 cKO>HT mice were
originally generated by crossing VGLUT3!**/1o*P mice (a Slc17a8 mutant mouse line with

specific knockout of a DNA fragment encompassing exon 2; Fasano et al,, 2017) with a

SERT-Cre line (Mansouri-Guilani et al., 2019). For the experiments described in this
thesis, mice were bred by crossing SERT-Cre:VGLUT3LoxP/LoxP mijce with

SERT*/+::VGLUT3LoxP/LoxP mjce, hence both VGLUT3 cKO5-HT mice and control littermates

have floxed VGLUT3, but VGLUT3 cKO>HT mice also express Cre under the control of the
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SERT promoter (unlike their control littermates which are wildtype for SERT). As Cre
expression has been reported to inadvertently affect behavioural phenotypes (Chohan et

al., 2020; Costa et al,, 2021), a phenotyping pilot was also carried out on SERT-Cre mice

compared to wildtype (SERT*/*) controls to ensure that Cre expression itself was not

responsible for behavioural changes.

Original crossing Breeding strategy

VGLUT3LoxP/LoxP X SERT-Cre SERT-Cre::VGLUT3LoxP/LoxP X SERT*/*::VGLUT3LoxP/LoxP

50% SERT-Cre::VGLUT 3LoxP/LoxP
SERT-Cre::VGLUT3LoxP/LoxP > or VGLUT3 cKOS5-HT

or VGLUT3 cKO5HT

50% +/+es LoxP/LoxP
3 SERT*/*::VGLUT 3LoxP/Lox
or control

Figure 2.1 | Breeding diagrams detailing the development of VGLUT3 cKOS5-HT mice and
current breeding strategy. VGLUT3 cKO5-HT mice (SERT-Cre::VGLUT3LoxP/LoxP) ywere originally

3 LoxP/LoxP

obtained by crossing a VGLUT mouse with a SERT-Cre line. Mice used in this thesis were

bred by crossing SERT-Cre::VGLUT3LoxP/LoxP  (heterozygous for SERT-Cre) and

SERT+/+::VGLUT3LexP/LoxP (wildtype for SERT-Cre). Thus, all mice had a floxed VGLUT3, but
VGLUT3 cKOSHT mice also expressed Cre under the SERT promoter, while controls did not

express Cre.

Male and female mice were group-housed (2-6 per cage) with littermates in individually
ventilated cages, in a temperature-controlled room (21°C) with a 12 h light/dark cycle
(light on 07:00, lights off 19:00). Mice had ad libitum access to food and water (unless
otherwise specified), and cages were lined with sawdust bedding and contained cage
enrichment consisting of sizzle nest and a cardboard tube. To minimise stress, mice were

habituated to handling on three occasions before any experiment, and handling was

26



Chapter 2

always carried out using a cardboard tunnel (Gouveia & Hurst, 2019; Hurst & West,

2010).

Experiments followed the principles of the Animal Research: Reporting of In Vivo
Experiments (ARRIVE) guidelines and were conducted according to the United Kingdom
Animals (Scientific Procedures) Act of 1986, with appropriate personal and project
licence coverage. All measurements were obtained and analysed by a researcher blind to

genotype.

2.2.2 Behavioural tests

VGLUT3 cKO>HT mice and control littermates underwent one of the following batteries of
tests, with at least two days of rest in between each test.

a. Tests of anxiety-like behaviour: novelty-induced hyponeophagia, non-anxiogenic
open field, EPM, and light/dark box (Fig. 2.24).

b. Marble burying: this test was performed separately in a cohort of naive mice.

c. Exploratory cohort (comprising naturalistic behaviours and appetitively-motivated
tests of anxiety, anhedonia and reward): measurement of food /water consumption,
body weight and nest building; novelty-induced hyponeophagia, sucrose
preference test, and appetitively-motivated spatial reference memory test (Fig.

2.2B).

Additionally, the behaviour of SERT-Cre mice, compared to wildtype controls (SERT*/+),

was assessed in the non-anxiogenic open field, EPM, and sucrose preference test.
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All experiments were conducted during the light phase (10:00-17:00) unless otherwise
specified. Mice were always allowed to habituate to the testing room for at least 30 min
prior to experimentation. In all experiments involving an apparatus without bedding, the

apparatus was wiped between animals with 0.5% Anistel (Tristel) to remove odours.

= = B
n ﬂ| ‘ | -

Novelty-induced
hyponeophagia

VGLUT3 cKO
and control littermates T T T

N

Open field Elevated plus maze Light-dark box

- \ y
¢, L (
P, i
Food/water Novelty-induced Sucrose Appetitively-motivated
Nestlets hyponeophagia preference Y maze

VGLUT3 cKO
and control littermates T T T ]7

Figure 2.2 | Experimental timeline of behavioural experiments. (A) Experimental timeline of
cohort a, including tests of anxiety-like behaviour. (B) Experimental timeline of cohort c,
comprising tests of naturalistic behaviours and appetitively-motivated tests of anxiety,

anhedonia, and reward. Figure made with Biorender®©.

2.2.2.1 Food/water consumption, body weight and nesting abilities

Mice were single-housed overnight (5pm-9am) in individually ventilated cages (14 x 32
x 13 cm), with ad libitum water and 7 g of regular chow (which was familiar to them).

Cages were lined with sawdust bedding and contained a 3 g square of compressed cotton
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(“Nestlet”, Datesand). Each morning (9am) food and water consumption were measured
and nesting abilities were assessed using a 5-point scoring scale, as previously described
(Deacon, 2006): 1 = minimum shredding (<10%) of the cotton, 2 = 10-50% of the cotton
was shredded, 3 = most of the cotton was shredded (50-90%) but a nest configuration
was lacking, 4 = identifiable nest site, but with flat walls, 5 = good circular nests with tall
walls. If a nest had features associated with more than one score (e.g. circular
configuration, but <50% of the cotton was shredded), the two relevant scores were
averaged (Deacon, 2006). Nest building was assessed once, while food and water

consumption were recorded over two nights, and measurements were averaged.

2.2.2.2  Non-anxiogenic open field

The non-anxiogenic open field was carried out to control for possible differences in
locomotion and exploratory activity which will be relevant for interpreting the data from
anxiety tests. Mice were exposed to a non-anxiogenic open field consisting of an empty
square arena, with white plastic floor and grey wooden wall (50 x 50 cm) located in a
dimly lit room. Mice were placed in the outer zone (close to the walls) and were then free
to explore the arena for 10 min, as previously described (Seibenhener & Wooten, 2015).
Locomotor activity was recorded with an overhead camera and ANY-maze software
(Stoelting Europe) was used for offline analysis of total distance travelled and distance

travelled in the outer and centre zones (15 cm radius).

2.2.2.3  Elevated plus maze (EPM)

The EPM is one of the most commonly used tests of unconditioned anxiety. It is based on

the approach-avoid conflict, as mice prefer dark and enclosed spaces due to lower chance
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of predation, but have an innate drive to explore in search of food, shelter, or mates.
Specifically, in the EPM the open arms are brighter and more exposed than the closed
arms and thus are aversive to mice (Komada et al., 2008; Lister, 1987; Pellow et al., 1985).
Here, the EPM comprised a cross-shaped elevated maze (50 cm height) with two open
arms (35 x 6 cm) perpendicular to two closed arms (35 x 6 cm, 20 cm walls) located in a
dimly-lit room (Lister, 1987). Mice were placed in the closed arm (counterbalanced
between the two closed arms), and left free to explore for 5 min. Movement on the EPM
was monitored using an overhead camera. ANY-maze (Stoelting Europe) tracking
software was used for offline analysis of time spent, distance travelled, latency to enter
and number of entries into the open arms as measures of anxious behaviour. Total

distance travelled was also measured.

2.2.24  Light/dark box

The light/dark box is also based on the approach-avoid conflict and takes advantage of
the aversion of mice for bright and open spaces (Bourin & Hascoét, 2003; Crawley &
Goodwin, 1980). Here, the light/dark box was made of wood, and comprised of a black
covered compartment (21 x 16 cm, 16 cm walls) with a small doorway leading to a white
and brightly lit open compartment (21 x 16 cm, 16 cm walls). The light source consisted
of a lamp which illuminated the open compartment from above. Mice were placed into
the dark compartment and were then free to explore both areas for 10 min, during which
their movements were monitored via an overhead camera. Total entries and time spent

in the light compartment were manually scored later off-line.
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2.2.2.5  Marble burying

VGLUT3 cKO>HT mice were exposed to the marble burying test as it has been reported
that mice global VGLUT3 KO were faster to bury marbles compared to controls, which
was interpreted as neophobia (Amilhon et al., 2010). The marble burying test is based on
the tendency of rodents to bury novel objects. Specifically, sawdust digging and burying
behaviour has been previously used to model stereotypes typical of obsessive-
compulsive disorders (De Brouwer et al., 2019). Here, the marble burying test was
carried out using a clean cage (14 x 32 x 13 cm) containing a 5 cm layer of sawdust
bedding and 12 colourful glass marbles (20 mm diameter), which were positioned on
surface of the sawdust, evenly spaced in four rows of three. All mice were injected with
saline i.p. (as the data reported here were part of a larger pharmacological study) and
were individually placed in the cage for 30 min. In between animals the bedding was
flattened and marbles were wiped with 0.5% Anistel (Tristel) to remove odours. Burying
activity was recorded by an overhead camera. Latency to start digging anywhere in the
cage, and number of marbles buried (in 3 min time bins) were obtained from the video
recordings. A marble was considered buried when over two-thirds of its surface was

covered in sawdust, as previously described (Amilhon et al., 2010; Deacon, 2009).

2.2.2.6  Novelty-induced hyponeophagia

Mice were food deprived overnight and novelty-induced hyponeophagia was conducted
the following day (~18 hr later), as previously described (Barkus et al., 2012; Santarelli
etal.,, 2003). Specifically, at 6:00 pm mice were weighed, and the chow was removed from
their home cage. The test was conducted the following day from 11:30 am onwards, and

mice were weighed prior to testing to ensure that their body weight had not fallen below
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90%. The testing apparatus consisted of a white plastic arena covered with an upturned
transparent jug (15 cm diameter) with a spout protruding 2cm to a food well. The well
was filled with 50% sweetened condensed milk in water, which was novel to the mice.
Mice were tested across a maximum of three 120 s trials, during which latency to
approach the novel food (e.g. by sniffing it or moving in close proximity) and latency to
continuously drink were both manually recorded. In between each trial mice were placed
in a clean cage. When drinking commenced, the trial would end, the mice would be
removed from the apparatus, and no further trials would take place. If a mouse did not

drink during the three trials, the latency was recorded as 360 s.

2.2.2.7  Sucrose preference test

The sucrose preference test was conducted in the dark phase, over four consecutive
evenings, as previously described (Strekalova & Steinbusch, 2010). For the first two
evenings (3 h each) mice were single-housed and habituated to the testing setup. This
consisted of an open top cage (42 x 22 cm, 20 cm walls) lined with bedding, two water
bottles and food available ad libitum. On the third evening (2 h) mice were offered 2.5%
sucrose in a single bottle to reduce neophagia for the sucrose solution during the testing
day. The testing took place on the fourth evening (7 h) when the mice were presented
with one bottle containing water and another one containing 1 % sucrose. Previous
evidence suggests that pre-exposure to sucrose (e.g. to reduce hyponeophagia) might
increase sucrose preference, leading to potential ceiling effects. To avoid this, it is
recommended to use a reduced sucrose concentration in the test phase, compared to the
pre-exposure (Serchov et al, 2016; Strekalova et al.,, 2006). On the third and fourth

evenings the positions of the bottles were swapped half-way through the session to
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reduce the influence of any side preference. Following testing on day 4, sucrose

preference was measured as 1% sucrose consumption minus water consumption.

2.2.2.8.  Appetitively-motivated spatial reference memory test

To investigate reward function in VGLUT3 cKO>HT mice, an appetitively-motivated,
spatial reference memory test was carried out over 11 days (Barkus et al,, 2012). From
the day before testing and till the end of the experiment mice underwent food restriction
to 90% of initial body weight. Mice were weighed daily after the task and chow was
administered to group-housed mice. The specific amount of chow was dependent on
weight loss. If a given mouse showed significantly less weight loss compared to
cage-mates, it was housed individually. The apparatus consisted of a wooden elevated Y
maze painted black (arms 50 x 9 cm, 0.5 cm high walls) placed in a room containing a
variety of extra-maze cues (e.g. colourful posters and large objects). At the end of each
arm, furthest from the centre, a food well was located. Prior to testing, each mouse was
assigned a “target” arm which was always rewarded with 50% sweetened condensed
milk in water throughout the testing. The “target” arm referred to a specific position of
the arm within the testing room, requiring the mice to use allocentric extra-maze cues as
opposed to intra-maze cues. Mice underwent one habituation day (during which they
were allowed to freely explore the maze) and then 10 training days with 10 trials per day.
In each trial mice were placed on the start arm, furthest from the centre of the maze. Mice
were then allowed to reach the centre area and enter one arm of their choice. If their
chosen arm was their “target” arm, they were allowed to drink the reward and this was
recorded as a correct response. Conversely, if their chosen arm was unrewarded, the mice
were removed from the apparatus after reaching the empty food well, and this was

recorded as an incorrect response. In between trials mice were single-housed in clean
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cages. On the final day of testing, to ensure that the reward was not providing a direct
olfactory cue itself, the rewarded arm was baited only after the mice had made a choice
and reached the target arm (i.e. post-choice baiting). The starting arm (i.e. either of the
two arms that weren’t baited) was assigned pseudo-randomly for each trial but was
counterbalanced between groups, with equal number of left and right rewarded trails
within a 10 trial block, and no more than 3 consecutive left or right trials. The target arms
were also counterbalanced across groups and the maze was rotated 120° every few trials
to avoid the use of intra-maze cues. Daily % of correct arm entries were recorded for each

mouse.

2.2.3 Immunohistochemistry and microscopy

2.2.3.1 Perfusion fixation

Mice were deeply anesthetised by intraperitoneal (ip.) injection of pentobarbitone
5 mg/kg, and intracardially perfused with phosphate buffered saline (PBS, Sigma Aldrich)
followed by a fixative solution of 4% paraformaldehyde (PFA, Sigma Aldrich) in PBS.
Brains were dissected, post-fixed by immersion in the same fixative for 48 h at 4°C, then

stored long-term in cryoprotective 30% sucrose (Sigma Aldrich) in PBS at 4°C.

2.2.3.2 Brain sectioning

Prior to sectioning, fixed brains were coated in Cryo-M-Bed embedding compound
(Bright) and stored at -80°C for 45 min. Coronal sections (30 um) were cut using a Bright
LOFT cryostat, and free-floating sections were stored in antifreeze solution (40% PBS,
30% ethylene glycol, 30% bi-distilled glycerol, all Sigma Aldrich) at -20 °C until use.
Midbrain sections were selected based on their distance from Bregma (AP= -4.7 to 4.8

mm) to contain the DRN (Franklin & Paxinos, 1997).
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2.2.3.3 Immunohistochemistry

Immunohistochemistry was performed as previously described (Sengupta & Holmes,
2019). Briefly, sections were washed 3 x 10 min in 500 pl PBS, 10 min in 500 pl
ammonium chloride and 3 x 10 min in 500 pl PBS with 0.3% Tween (Sigma Aldrich; PBS-
T). Next sections were blocked in PBS-T with 10% donkey serum (Sigma Aldrich) for 1 h
at room temperature. Sections were then incubated in primary antibodies (Table 2.1)
made up in PBS-T with 2% donkey serum for 1 h at room temperature then overnight at
40C.

Table 2.1 | Antibodies used for immunohistochemistry.

Target Host Conjugate Concentr Company Ref. number
ation

Primary antibodies

TPH2 Goat N/A 1:1000 Abcam Ab121013

VGLUT3 Guinea Pig N/A 1:500 Synaptic Systems = 135-204

Secondary antibodies

Goat IgG | Donkey Alexa Fluor 647 1:1000 Invitrogen A21206

(H+L)

Guinea Pig Donkey Cy3 1:1000 Jackson Immuno @ 706-165-148

Cy3 Research

The next day, sections were washed 2 x 10 min in 500 ul PBS-T before incubating with
secondary antibodies (Table 2.1) made up in 500 pl PBS-T with 2% donkey serum for 2
h at room temperature. Then, sections were washed 2 x 10 min in 500 pl PBS-T, and cell
nuclei were stained using DAPI (1:1000, 5 min), prior to a 10 min wash in PBS. Sections
were mounted onto glass slides with Vectashield Antifade Mounting Medium (Vector

Laboratories) and covered with a glass coverslip, prior to being stored in the dark at 4°C.

2.2.3.4 Imaging and analysis
Images were acquired using an Olympus Epifluorescence Microscope BX40 with Image]
Micromanager v1.4 with 500 ms exposure. Specifically, the ventral DRN was imaged at

20x magnification, including an area of 0.14 mm? (Paxinos & Franklin, 2001). Cell
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counting and quantification of colocalisation was performed employing the Image]
Software package, by an experimenter blind to treatment. A graticule (Graticules Optics

Ltd) was used to ascertain the area of the region of interest.

For each mouse, the mean cell count of three sections was used for statistical analysis.
TPH2-immunoreactive neurons were defined as neurons where TPH2 immunoreactivity
colocalised with DAPI immunoreactivity. Colocalisation between DAPI, TPH2Z and

VGLUT3 identified TPH2/VGLUT3 double-labelled neurons.

FIGURE 10 B a '77;9.?/;&{7 FIGURE 23

NS

Interaural 6.26 mm

Bregma 2.46 mm

FIGURE 54

Bregma 0.98 mm

FIGURE 71

Bregma -4.84 mm

Figure 2.3 | Dissected regions of interest based on stereotaxic atlas. Dissection were based
on Franklin & Paxinos, 1997. Regions were (A) prefrontal cortex, (B) dorsal striatum and NAc,
(C) hippocampus, (D) dorsal raphe region (including ventrolateral periaqueductal gray). Red

dashes indicate the approximate location of the scalpel cuts.
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2.2.4 Frozen tissue collection and dissections

For qPCR and HPLC-ED experiments mice were culled by cervical dislocation followed by
decapitation. Mice used in these experiments had previously undergone behavioural
testing, but were culled at least one week after any testing took place to avoid any
potential effect of behavioural testing or handling on gene expression and
neurochemistry. After decapitation brains were quickly removed and frozen in dry
ice-cold isopentane (Sigma-Aldrich) prior to long-term storage at -80°C. Prior to
dissection, frozen brains were left to acclimatise to -20°C for 15 mins and then 1 mm thick
coronal frozen slices were cut using a stainless-steel brain slicer (Zivic Instruments) with
fine edge blades. Fine forceps and a scalpel were then used to isolate the prefrontal
cortex, NAc, dorsal striatum, hippocampus, and dorsal raphe region (including both the
DRN and ventrolateral periaqueductal gray; as shown in Fig. 2.3), based on their

anatomical locations (Franklin & Paxinos, 1997).

2.2.5 Quantitative real-time polymerase chain reaction (qPCR)

2.2.5.1 RNA extraction

Following dissection (as described in Section 2.2.4), samples containing the prefrontal
correct, hippocampus, DRN, and NAc were placed into empty RNase-free Eppendorf tubes
on dry ice and stored at -80°C until RNA extraction. RNA was extracted using the TRIzol
method (Rio etal., 2010) as previously described. Briefly, samples were immersed in 500
ul of TRIzol (Invitrogen) prior to being homogenised with an RNAse free pestle. Next, 250
ul of chloroform (Sigma-Aldrich) was added to the samples followed by centrifugation for
15 min at 10,000 rpm. RNA was then isolated using the Qiagen RNeasy Mini Kit, according
to manufacturer’s instructions. This involved washing the lysate with 70% ethanol to
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provide appropriate conditions for binding the RNA to the RNeasy silica membrane,
thereby allowing contaminants to be washed away with appropriate buffers. Finally, RNA
was eluted into 20 pl RNase-free water and both total RNA and RNA purity were
immediately measured using a NanoDrop (ThermoFisher). If the 260/280 nm ratio
(indicating RNA purity) was between 1.8 and 2.2, the sample was deemed sufficiently

pure for cDNA conversion. RNA was stored at -80°C until cDNA conversion.

2.2.52 c¢DNA conversion

DNA conversion and qPCR were conducted as described previously (Radford-Smith et al,,
2022). For each reaction, 800 ng of RNA was converted to cDNA using a high-capacity
cDNA Reverse Transcription Kit (Life Technologies), relying on the random primers
method for initiating cDNA synthesis as per the manufacturer’s instructions. The
obtained reaction solution was processed using a T100 Thermocycler (Bio-Rad) for 10
min at 25°C, 120 min at 37°C and 5 min at 85°C. Following reverse transcription, cDNA

was stored at -20°C until qPCR analysis.

2.2.5.3 Primers

Wherever possible previously published primers were used (as detailed in Table 2.2),
otherwise primers were designed using the National Center of Biotechnology
Information (NCBI) Primer-BLAST tool (Ye et al,, 2012). Optimal primer pairs aimed to
meet the following specifications whenever possible (ThermoFisher Scientific, 2019):
crossing one exon-exon boundary, comprising of 18-24 bases, having no self-dimers, no
secondary structures, and no off-target binding, producing a product of 70-200 bases

with 40-60% GC content, having annealing temperatures between 65-75°C and within
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5°C of each other. Primer details were confirmed using the NCBI Primer-BLAST tool (Ye

et al.,, 2012), Oligo Analysis Tool (Eurofins Genomics, 2024) and the OligoEvaluator Tool

(Sigma-Aldrich, 2014). VGLUT3 primers (Slc17a8 gene) were designed specifically to

target exon 2, as this is where the VGLUT3 knockout is located (Fasano et al., 2017). After

determining suitable primers, these were custom-made by ThermoFisher, except for

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) which was pre-designed (Santa

Cruz Biotechnology).

Table 2.2 | Details of the primer sequences for qPCR analysis

Gene
VGLUT3
(Slc17a8)
VGLUT1
(Slc17a7)
VGLUT2
(Slc17a6)
VMAT?2
(Slc18a20)
Tph2

5-HTT
(Slc6A4)
5-HT1a
5-HTis
5-HTza
5-HTzc
5-HTa
B-actin
DA1

DA2

Forward Sequence (5’ to 3’)
CGATGGGACCAATGAAGAGGA

TCGTACCCATTGGAGGCCAG
CTGTCCGTGGTCCTGAAATGC
CATCACGCAGACTTGAAAGAC

CAGGGTCGAGTACACA
GAAG
TGCCTTTTATATCGCCT
CCTAC
GACAGGCGGCAACGA
TACT
CCCATCAGCACCATGT
ACAC
CAGGCAAGTCACAGGA
TAGC
CTAATTGGCCTATTGGTTTGGCA

CCTCACAGCAACTTCTC
CTT
CATTGCTGACAGGATG
CAGAAGG
CTCCCAGATCGGGCATTTG

ATCTCTTGCCCACTGCTCTTTGGA

Reverse sequence (5’ to 3’)
CAGTCACAGACAGGGCGATG

AGTGCGAGTATCCGACCACC
CCGGGGGAGACCTTCCATAAA
CGCCTCGCCTTGCTTATCC

CTTTCAGAAACATGGA
GACG
CAGTTGCCAGTGTTCCA
AGA
CCAAGGAGCCGATGAGA
TAGTT
GACTTGGTTCACGTACAC
AG
TTAAGCAGAAAGAAAA
TCCCACAG
CGGGAATTGAAACAAGCGTCC

TCCCCTGACTTCCTCAA
ATA
TGCTGGAAGGTGGACA
GTGAGG
CTTCTGGGTTCAGTGCTCCA

ATAGACCAGCAGGGTGACGAT
GAA
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Sequence source
Designed

Designed

Designed

(Hwang et al.,
2009).
(Vogelgesang et
al,, 2017)
(Couch etal,
2015)
(Gorlova et al,,
2020)
(Guilloux et al.,
2011)
(Couch etal,
2015)
(Veniaminova et
al,, 2020)
(Vogelgesang et
al,, 2017)
(Yuetal, 2019)

Designed

(Kramer et al,,
2011)
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2254  gPCR

QPCR was performed using a LightCycler® 480 instrument (Roche Diagnostics). Primers
were used at 300 nM, with a total of 10 pl reaction volume used per well in a 384 well
plate, which contained 5 pl Precision®PLUS qPCR Master Mix with SYBRgreen (Primer
Design). For each reaction 25 ng cDNA was made up in RNase-free water. The following
PCR reaction cycle was used: enzyme activation for 2 min at 95°C, then 40 cycles of 10 s
at 95°C and 1 min at 60°C, then held at 4°C. Generation of a melt curve was included in
each experiment to confirm that only one PCR product was generated. All samples were
run in triplicates. Since normalising to the housekeeping gene GAPDH or (3-actin did not

affect the results, data were normalised to GAPDH only.

2.2.5.5  qPCR analysis

The ACt method was employed to analyse qPCR data using Microsoft Excel. Triplicates
were averaged to give a Ct (threshold cycle) value for each target gene per animal (values
from failed cycles or large outliers were not included in the Ct values). For each target
gene, the Ct of the housekeeping gene was subtracted from the Ct of the target gene (ACT
= CTtarget gene — CThouekeeping gene)- The mean ACt for the control group was then subtracted
from each gene ACt value (AACt). Fold changes in gene expression relative to control were
calculated per animal and gene as 2-24Ct, Qutliers were identified in the 2-2ACt yalues using
ROUT analysis (GraphPad Prism), and these mice excluded from the raw data for that
particular gene. The ACt method was then reapplied on the cleaned dataset to recalculate

fold changes.
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2.2.6 High performance liquid chromatography (HPLC) with electrochemical

detection (ED)

HPLC-ED was used to measure concentrations of 5-HT, 5-HIAA, DA and
3,4-dihydroxyphenylacetic acid (DOPAC). The HPLC-ED system consisted of an
amperometric detector (Bioanalytical SystemsLC-4/C and CC-4 analyser), 4.6x150 mm
column (Waters Spherisorb, O0DS2, 3 um), and a dual 3mm glassy carbon electrode (Basi)
set at +0.7 V. The mobile phase comprised of 12.5% (v/v) methanol, 0.85 mM EDTA
disodium salt (VWR Int. 1td), 0.13 M sodium phosphate monobasic (Sigma-Aldrich), 0.025
mM 1-octane sulfonic acid sodium salt (Fisher Scientific) dissolved in distilled water. The
mobile phase was filtered using Merck Millipore 0.22 pym MCE membranes and a vacuum
pump, and adjusted to pH 3.3 using phosphoric acid (Acros Organics). Samples were run
at 1.0 mL/min flow rate. Peak times and heights were plotted on an integrator (Chrom]Jet

CH1, Thermo Separation Products).

An external standard method was used for quantification. Standard concentrations of
each neurotransmitter were made up in 0.09 M perchloric acid (PCA, Fisher Scientific). A
representative chromatogram of a standard solution comprising of 5 pmol of 5-HT
creatinine sulphate monohydrate, 5-HIAA, DA hydrochloride and DOPAC is presented in
Fig. 2.4B. Prior to analysis, a standard curve for each neurotransmitter was made to
verify the system could quantify the analytes linearly at the required concentration range
(0.5-10 pmol/50ul sample). Appropriate attenuation, inhibit integrate and autozero
functions were used as exemplified in Fig. 2.4A to allow for accurate quantification of

each neurotransmitter.
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Figure 2.4 | Representative chromatograms and time functions used. (A) Representative
time functions (TT) used, (B) representative chromatograms for a standard solution, (C)
representative chromatograms of a dorsal raphe sample. Peak height in AU, concentration in nM.

Numbers next to peaks indicate retention time (min).

A K= ot TF(1)="AZ" V()= 1. TT: time within a run
TT(2)=  ©.15  TF(2)="11" TN(2)= 1. .
(= 0.2 TF(3)="AT" TU(3)=  64. TF: time functions
TT(4)= 2.1 TF(4)="11" TU(4)= 0. AZ: autozero
TT(5)= 2.2 TF(5)="AT" TU(S)=  64. II: inhibit integrate
TT(6)= 4. TF(6)="11" V(6= 1. AT: attenuation
TH)= 4.2 TF(7)="11" TW2)= 0. ER: end run
TT(8)= 5. TF(8)="AT" TV(B)=  64.
TT(9)=  14. TF(9)="ER" V()= 1. L
TT(1@)= 16, TF(1@)="ER" TV(1@)= 1. TV: 1= on, 0=off,

64=attenuation setting

DA
6.60 5-HT
7.65 DOPAC
=t
_He .02
(,/—-”'::’ 14.58 5-HIAA
ER @
Name Concentration Retention Peak
time height
1 0. 2.33 395 02
2 0. 2 .46 509 03
DA S 295 28359 02
4 0. 3.41 281 03
5 0. 5.87 299 01
SHT 8 6.6 34683 01
DOPACC 5. 7 .65 17784 01
8 0. 10.02 378 01
SHIAA S s 14 .58 18739 0t
TOTALS 20 . 101427
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2.2.6.1 Sample preparation

Frozen tissue samples (dissected as described in Section 2.2.4) were placed into
Eppendorf tubes containing 500ul of 0.09 M PCA and weighed. Next, samples were
sonicated and centrifuged at 13,000 rpm for 15 min at 4°C. The supernatants were
analysed with HPLC-ED to calculate the concentration of 5-HT, 5-HIAA, DA and DOPAC,
expressed as nmol/mg of wet tissue. 5-HT turnover was calculated as the ratio of 5-HIAA
to 5-HT concentration (5-HIAA/5-HT ratio), while DA turnover was calculated as the
ratio of DOPAC to DA concentration (DOPAC/DA ratio). An example chromatogram is

presented in Fig. 2.4C.
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2.2.7 Statistical Analysis

The Shapiro-Wilk test for normality was applied to all data sets. If data were normally
distributed, then either a t test alone, or a one/two-way ANOVA was carried out as
appropriate. For two-way analysis with repeated measures, a two-way ANOVA was used
on dataset with no missing values, while a mixed effect model was employed in presence
of missing values or unbalanced dataset (e.g. due to technical issues or outlier removal).
If data were non-parametric then a Mann-Whitney test was employed where appropriate.
Tukey’s post hoc was used for balanced data (e.g. behavioural data), while Sidak’s post
hoc was selected for unbalanced data and repeated measures analyses (e.g.
neurochemistry analysis). ROUT analysis was used to remove significantly outlying
datapoints from qPCR and HPLC experiments. Parametric data are presented as mean *
standard error of the mean (SEM), whilst non-parametric data are presented as median
* interquartile range values; p<0.05 was considered statistically significant. GraphPad

Prism (v10) was used for analysis and plotting of graphs.

2.3 Results

2.3.1 Validation of the novel VGLUT3 cKO3>-HT mouse model

Firstly, deletion of VGLUT3 was confirmed in the DRN of VGLUT3 cKO5-HT mice. Initial
qPCR analysis demonstrated a 33.9 + 5.7 % reduction of VGLUT3 mRNA in the DRN of
VGLUT3 cKO5-HT mice compared to controls (t(14)=3.734, p=0.002; Fig 2.5B). Conversely,
no changes in VMAT2 (t(14=0.366, p=0.720, Fig 2.5B), VGLUT1 or VGLUT2 expression

(Table 2.3) were found in the DRN of VGLUT3 cKO>-HT mice.
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Figure 2.5 | Molecular characterisation of VGLUT3 cKO5-HT mice. (A) Representative image of
TPH2/VGLUT3 double-labelled neurons (white arrows) in the ventral DRN of control mice (top)
and VGLUT3 cKOS5-HT (bottom). (B) VGLUT3 and VMAT2 mRNA in the midbrain raphe region of
VGLUT3 cKOS5-HT mice (n=8) and littermate controls (n=8). (C) Percentage of TPH2 neurons
co-labelled with VGLUT3, and number of TPH2 neurons in the ventral DRN of VGLUT3 cKOS5-HT
mice (n=7) and littermate controls (n=8). Columns are mean + SEM values. Individual values are

indicated by closed circles. Analysed by unpaired t test. **** p<0.0001 ** p<0.01
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However, qPCR analysis measures VGLUT3 expression both in dual 5-HT-glutamate
neurons and in purely glutamatergic neurons. Therefore, VGLUT3 expression was then
assessed specifically in 5-HT neurons, as identified by the 5-HT-specific marker TPH2
using immunohistochemistry (Fig. 2.5A). The number of TPH2/VGLUT3 co-labelled
neurons in the ventral DRN of VGLUT3 cKO>HT mice was reduced by 62.6 + 4.8 %
compared to controls (tu3)=7.879, p<0.0001, Fig. 2.5C). The number of
TPHZ2-immunoreactive neurons in the ventral DRN was not different between VGLUT3
cKO>-HT mice and controls (t13)=1.365, p=0.195, Fig. 2.5C). Altogether, this confirms a

reduction in VGLUT3 expression specific to ventral 5-HT neurons.

2.3.2 Assessment of 5-HT and DA function in VGLUT3 cKO3>-HT mice

Gene expression analysis of a wide panel of 5-HT-related genes was carried out to further
investigate 5-HT function in VGLUT3 cKO5-HT mice. Specifically, gene expression of Tph2
and 5-HTT, 5HT1a, 5HT18, 5HT2c, 5-HT4 receptors was assessed in the DRN, expression of
5-HT1a, 5-HT1g, 5-HT24, 5-HT2¢, and 5-HT4 receptors was measured in the hippocampus
and prefrontal cortex. Additionally, expression of DA receptors D1, D2 and expression of
5HT1a, 5SHT1g, 5HT2a, 5-HT2¢ receptors was measured in the NAc, due to links between
5-HT-glutamate co-release and DA reward function. Interestingly, 5HT14 expression was
increased in the prefrontal cortex of VGLUT3 cKO>-HT mice, compared to control (Table
2.3). Additionally, D1 and 5-HT1g receptors expression were also increased in the NAc of
VGLUT3 cKO>HT mice compared control (Table 2.3). No other statistically significant
changes in gene expression were observed in the DRN, hippocampus, prefrontal cortex,

and NAc of VGLUT3 cKO>-HT mice compared to controls (Table 2.3).
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Table 2.3 | Gene expression in the DRN, hippocampus, prefrontal cortex, and NAc of
VGLUT3 cKO5-HT mice, compared to controls. Genes of interest were VGLUT1, VGLUT2, a panel
of 5-HT-related genes, DA D1and D> receptors. Groups were VGLUT3 cKO5-HTmice (n=8) and (n=8
for DRN, hippocampus, NAc; n=11 for prefrontal cortex). Variability in group size was due to
outlier removals by ROUT analysis, or missing values due to technical issues. Analysed by

unpaired t test. * p<0.05.

Relative mRNA (mean * SEM)
Gene of interest Control VGLUT3 cKOS5-HT ttest

Dorsal raphe region

VGLUT1 (Slc17a7) 1.0+ 0.0 1.0+0.0 ta4=0.156, p=0.878

VGLUT?2 (Slc17a6) 1.0+ 0.3 1.3+0.3 t(12)=0.639, p=0.535

Tph2 1.0+ 0.1 1.1+0.1 t14=0.532, p=0.603

5-HTT 1.0+ 0.1 1.2+0.1 ta4=1.396, p=0.184

5-HT1a 1.0+£0.1 1.1+£0.1 t14=0.649, p=0.527

5-HT1s 1.0£0.1 1.0+ 0.1 t14=0.554, p=0.588

5-HTazc 1.0+0.1 1.0+ 0.0 t14=0.169, p=0.868

5-HT4 1.0+0.1 1.2+£0.1 t14=1.388, p=0.187
Hippocampus

5-HT1a 1.0+£0.1 1.1+£0.1 t14=0.987, p=0.341

5-HT1s 09+0.1 09+0.1 t(13)=0.386, p=0.706

5-HTa2a 09+0.1 1.1+£0.1 ta3=1.344, p=0.202

5-HTac 1.2+0.1 1.3+£0.1 t14=0.318, p=0.755

5-HT4 1.0+0.1 1.1+£0.1 t14=0.903, p=0.382
Prefrontal cortex

5-HT1a 1.1+£0.2 20+0.2 t(15)=2.486, p=0.025 *
5-HT1s 1.0£0.1 1.0+£0.2 ta17=0.150, p=0.883

5-HTa2a 1.0£0.1 1.1+£0.2 t17=0.358, p=0.725

5-HTac 1.1+£0.2 1.6+£0.3 ta7n=1.325, p=0.203

5-HT4 1.3+04 0.8+0.1 ta7n=1.441, p=0.168

Nucleus accumbens

DA D1 1.1+0.2 1.9+£0.2 tas=2.537, p=0.024 *
DA D: 1.1+0.2 1.0+ 0.1 t14=0.822, p=0.425

5-HT1a 1.1+£0.1 09+0.1 t14=1.180, p=0.258

5-HT1s 1.1+£0.2 1.7+£0.2 tas=2.512, p=0.025 *
5-HTa2a 1.0£0.1 09+0.1 t14=0.848, p=0.411

5-HTac 1.1+£0.1 1.2+£0.1 t14=0.670, p=0.514
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Ex vivo neurochemistry revealed no statistically significant difference in 5-HT levels in
the prefrontal cortex, hippocampus, DRN, dorsal striatum or NAc of VGLUT3 cKO>-HT mice
compared to controls (Fig. 2.6A). A repeated measure mixed effect model found an effect
of region (F(4,92)=34.66, p<0.0001) but no effect of genotype (F(1,22)=0.1876, p=0.666), or
genotype x region interaction (F4,84=0.353, p=0.842). Interestingly, analysis of 5-HIAA
levels showed both an effect of region (F(s,84)=51.36, p<0.0001) and a strong trend effect
of genotype x region interaction (F4, 80)=2.405, p=0.056), but no effect of genotype alone
(Fu, 23=0.467, p=0.501). Sidak's multiple comparisons test revealed a reduction
(p=0.035; Fig. 2.6B) in 5-HIAA in the DRN of VGLUT3 cKO5-HT mice compared to controls,
and no statistically significant effects in any other region. Similarly, analysis of the
5-HIAA/5-HT ratio found an effect of region (F4, 72)=73.96, p<0.0001) but no effect of
genotype (F(1,22)=1.412, p=0.135), but a trend effect of region x genotype interaction was
identified (F4, 72)=2.317, p=0.065). Whilst strictly not appropriate due to the lack of a
statistically significant interaction, Sidak's post hoc analysis revealed a significant
reduction (p=0.009; Fig. 2.6C) in the 5-HIAA/5-HT ratio in the DRN of VGLUT3 cKO>-HT
mice compared to controls, while the 5-HIAA/5-HT ratio was not different in the
remaining regions. Altogether this suggests a reduction in 5-HT turnover in the DRN of

VGLUT3 cKO5-HT mice.
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Figure 2.6 | Ex vivo 5-HT neurochemistry in VGLUT3 cKOS5-HT mice and controls. Bars

represent the mean * SEM values for concentration of 5-HT (A), 5-HIAA (B), and the

5-HIAA/5-HT ratio (C). Groups sizes were is n=7-12 per group. Variability in group size was due

to outlier removals by ROUT analysis, and missing values due to technical issues. Individual

values are indicated by closed circles. Analysed by repeated measures mix effect model, with post

hoc Sidak's multiple comparisons test. *p<0.05.

49



Chapter 2

DA DOPAC
. 150 50 °
<)) [<))
g 125 g 40 -
o b o °°® °
€ 004 ® E
£ . . £ 304
s 75 . S .
e [ CELN ) it 20 - 0)
£ so- g b o+ % £ T
(] J_ _‘_
c Py (3K . c T .
@ MY ) . D 40 . 1
2 2541 0 Te 2 < . o
] % p o S %] 1= [ 89 |ese
(8] (&) o -
0 1 1 0 1 1
Dorsal striatum NAc Dorsal striatum NAc
DA turnover

0.6 — °

0.5
i) °
=)
S 0.4+ [ control
é 0.3 ¢ = VGLUT3 cKO
B ’ ° ° °
E 0.2 T T
g 1] o s [oe
Qo1 p3s [-¥-| %

o0 [ d
0.0 T —
Dorsal striatum NAc

Figure 2.7 | Ex vivo DA neurochemistry in the dorsal striatum and NAc of VGLUT3 cKO5-HT
mice and controls. Bars represent the mean * SEM values for concentration of DA, DOPAC, and
the DOPAC/DA ratio in VGLUT3 cKO5HT mice (n=10-12) and controls (n=11-12). Variability in
group size was due to outlier removals by ROUT analysis, and missing values due to technical
issues. Individual values are indicated by closed circles. Analysed by repeated measures mix

effect model, with post hoc Sidak's multiple comparisons test.

Ex vivo neurochemistry revealed no statistically significant difference in DA levels, in the
dorsal striatum and NAc of VGLUT3 cKO5HT mice compared to controls (effect of
genotype: F(1, 22=0.012, p=0.915; region: F(1, 22)=0.887, p=0.357; region x genotype
interaction: F1,22)=0.821, p=0.375; Fig. 2.7). Analysis of DOPAC levels showed an effect
of region (F(1, 22)=0.735, p=0.401) but no effect of genotype (F1,22)=3.315, p=0.082), or
region x genotype interaction (F(1, 22=0.006, p=0.937; Fig. 2.7). Analysis of the

DOPAC/DA ratio also indicated no difference between groups (effect of genotype:
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F(1,22=0.039, p=0.845; region: F(1, 22)=0.103, p=0.750; region x genotype interaction:

F(1,22=1.503, p=0.227; Fig. 2.7).

2.3.3 Home cage food/water consumption, body weight, and nest building

Body weight, home cage food /water consumption and nest building were assessed to test
whether appetite and general wellbeing of VGLUT3 cKO>HT mice were altered, and
therefore likely to disrupt other behavioural measurements. VGLUT3 cKO5-HT mice did
not show any difference in body weight (F(1, 68)=1.720, p=0.194) compared to controls,
and there was no interaction between genotype and sex (F(1, 68=1.396, p=0.242). Home
cage consumption of food (t(70)=0.966, p=0.337, Fig. 2.8) or water (t70)=0.551, p=0.584,
Fig. 2.8) was similarly unaffected. VGLUT3 cKO5>-HT mice also showed unimpaired nesting

abilities compared to control littermates (Mann-Whitney U=549, p=0.260, Fig. 2.8).
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Figure 2.8 | Body weight, home cage food/water consumption, and nest building in VGLUT3
cKO5-HTmice and control littermates. Bars represent the mean + SEM values, with the exception

of the nest score where they indicate median * interquartile range. Individual values are indicated
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by closed circles. Groups were VGLUT3 cKO5-HT mice (n=36) and control littermates (n=36). Data
were analysed with two-way ANOVA (body weight), unpaired t test (food and water

consumption), and Mann-Whitney U (nest score).

2.3.4 Tests of anxiety-like behaviour and locomotion

To assess locomotor activity and exploration in a novel environment, VGLUT3 cKO>-HT
mice and control littermates were exposed to a non-anxiogenic open field. Total distance
travelled (Fq1, 21)=0.053, p=0.821; Fig. 2.9A) and time spent in the centre zone
(F1,210=0.018, p=0.894, Fig. 2.9A) were not different between groups. Time spent in the
centre zone was 13.8 + 1.8 % of total time in the open field for VGLUT3 cKO>-HT mice and
14.5 £ 1.5 % for control littermates. Average speed was 5.9 * 0.3 cm/s and 6 * 0.3 cm/s
for VGLUT3 cKO>HT mice and controls, respectively. There was also no effect of sex or
genotype x sex interaction on either distance travelled (sex: F(, 21)=1.874, p=0.186;
genotype x sex interaction: F(1,21)=1.494, p=0.235) or time spent in the centre zone (sex:

F1,21)=0.116, p=0.736; genotype x sex interaction: F(1,21)=3.782, p=0.065).

The EPM also did not reveal differences between VGLUT3 cKO®>HT mice and control
littermates. On the EPM there was no effect of genotype on the number of open arm
entries (F(1,21)=0.004, p=0.952, Fig. 2.9C), time spent in the open arms (F, 21)= Fig. 2.90),
latency to first enter the open arms (F1,21)=0.015, p=0.904; Fig. 2.9C), or total distance
travelled (F(1,21)=0.001, p=0.973 Fig. 2.9C). Time spent in open arms was 18.9 * 2 % of
total time on the apparatus for VGLUT3 cKO>HT mice and the 16.9 + 2.2 % for control
littermates. There was also no effect of sex or genotype x sex interaction on the number
of open arm entries (sex: F(1,21)=1.193, p=0.287; genotype x sex interaction: F(1,21)=0.847,

p=0.368), time spent in the open arms (sex: Fi, 21)=1.335, p=0.261; genotype x sex
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interaction: F(1, 21)=1.801, p=0.194), or total distance travelled (sex: F(, 21)=1.077,

p=0.311; genotype x sex interaction: F(1,21)=0.464, p=0.503)

In the light/dark box there was no difference in the time spent in the light zone
(F1,210=0.621, p=0.440, Fig. 2.9B) or total entries (F(1,21)=0.241, p=0.629, Fig. 2.9B) into
the light compartment. Time spent in the light zone was 34 + 4.5 % of total time in the
apparatus for VGLUT3 cKO5-HT mice and the 30.7 + 3.9 % for control littermates. There
was also no effect of sex or genotype x sex interaction on the time spent in the light zone
(sex: F(1,21)=3.286, p=0.084; genotype x sex interaction: F,21)=0.1478, p=0.705), or the
number of light zone entries (sex: F(1, 21)=0.069, p=0.795; genotype x sex interaction:

F(l, 21)=0.157, p=0.696).

In a separate cohort of mice, the marble burying test also revealed no statistically
significant difference in the number of marbles buried over time by VGLUT3 cKO5-HT mice
and control littermates (F(1, 24)=2.42, p=0.133, Fig. 2.9D). All mice progressively buried
the marbles during the test (effect of time: F(9,216)=127, p<0.0001, Fig. 2.9D), and there
was no interaction between the effect of time and that of genotype (F9, 216=0.596,
p=0.800, Fig. 2.9D). The latency to start burying was also not different between groups
(t22)=1.080, p=0.292, Fig. 2.9D). Sex effects were not investigated here, as this cohort was

predominantly male, with only a few female mice.
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Figure 2.9 | Performance of VGLUT3 cKO5-HT mice in tests of anxiety-like behaviour and
locomotion, compared to controls. In (A), (B) and (C) bars represent the mean * SEM values,
with the exception of latencies which are median * interquartile range. In (D) closed circles and
bars represent mean * SEM values. Individual values are indicated by smaller closed circles.
Groups were VGLUT3 cKO5-HT mice (n=13) and controls (n=12 in anxiety test, and n=13 in the

marble burying test). Analysed with two-way repeated measure ANOVA and unpaired t test.
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SERT-Cre mice were also tested on the EPM and their behaviour did not differ from that
of littermate controls. Specifically, on the EPM the number of open arm entries
(ta7n=0.335,p=0.742, Table 2.4), time spent in the open arms (t17)=0.819, p=0.424, Table
2.4) and total distance travelled (t(17)=0.575, p=0.573, Table 2.4) were unaffected by

genotype.

Altogether the data presented in this section indicates no evidence of anxiety-like
behaviour in either VGLUT3 cKOS5HT mice nor SERT-Cre mice, compared to control

littermates.

Table 2.4 | Behaviour of SERT-Cre mice compared to control littermates. Analysed by t test.

Values are mean + SEM or median [25th, 75t].

Test and parameter Control SERT-Cre
EPM n=10 n=9
Entries to open arms 9.7+2.2 89+0.8
Time in open arms (s) 78.2+13.0 65.6+7.3
Total distance travelled (m) 129+1.3 13.6 +0.4
Novelty-induced hyponeophagia n=10 n=13
Latency to contact (s) 3.5,[2, 6.8] 5,[3,7]
Latency to eat (s) 54.3 +21.7 49.6 £9.8
Sucrose preference test n=9 n=6
Sucrose preference 1.7+0.2 1.3+£0.3

2.3.5 Novelty-induced hyponeophagia

The novelty-induced hyponeophagia test revealed that VGLUT3 cKO>HT mice had
increased latency to first contact with the novel food compared to control littermates
(Mann-Whitney U=216, p=0.033, Fig. 2.104). However, latency to first drink was not
different between groups (Mann-Whitney U=275, p=0.351, Fig. 2.10A). A two-way
ANOVA on the same dataset, revealed no effect of sex or interaction between sex and
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genotype on latency to first contact (effect of sex: F(1,47)=0.044, p=0.856; interaction: F(3,
47)=0.318, p=0.576) or latency to eat (effect of sex: F(1,47)=0.795, p=0.377; interaction: F;,

47)=0.790, p=0.379).

SERT-Cre mice were also tested in the novelty-induced hyponeophagia and their
performance was not different from controls in either latency to first contact (Mann-

Whitney U=50, p=0.364) or latency to eat (t(21)=0.214, p=0.833, Table 2.4).

2.3.6 Sucrose preference test

In the sucrose preference test, both VGLUT3 cKO>HT mice and controls consumed
significantly more 1% sucrose than water (F(1,72)=239.5, p<0.0001), amounting to 83.5 +
2.3 % of the total fluid consumption in controls, and 77.2 + 2.3 % in VGLUT3 cKO>-HT mice.
A two-way ANOVA revealed an interaction between the effect of genotype and the kind
of solution (F(1,72)=5.357, p=0.024), with Tukey’s post hoc indicating that VGLUT3 cKOQ5-HT
mice drank less sucrose then controls (p=0.019, Fig. 2.10B), while water consumption
was unchanged (p=0.804). Accordingly, VGLUT3 cKO5HT mice showed decreased
preference for sucrose over water compared to their control littermates. A two-way
ANOVA on the same dataset showed that this effect was unaffected by sex (effect of sex:

F(1,34=0.918, p=0.345; effect sex x genotype interaction: F(1,34)=0.129, p=0.722).

However, when VGLUT3 cKO>HT mice were exposed to a single bottle of 2.5% sucrose
solution during the pre-test to avoid hyponeophagia, there was no difference in
consumption between groups (tz6=0.599, p=0.530; mean * SEM of control: 1.852 + 0.204

g; mean = SEM of VGLUT3 cKO>-HT: 1.695 + 0.213 g).
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A. Novelty-induced hyponeophagia
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Figure 2.10 | Performance of VGLUT3 cKO5HT in the novelty-induced hyponeophagia,
sucrose preference test, and appetitively-motivated spatial reference Y maze, compared
to controls. (A) Mice were exposed to a novel food in a novel environment. Groups were VGLUT3
cKO5-HT mice (n=26) and controls (n=25). Bars represent the mean median * interquartile range
of latencies. Analysed by Mann-Whitney U. (B) Sucrose preference expressed as sucrose solution
minus water consumption (left) and raw values for water and sucrose consumption (right) in

VGLUT3 cKO5HT mice (n=18) and controls (n=20). Bars represent mean + SEM values. Analysed
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by two-way ANOVA followed by Tukey’s post hoc (C) The appetitively-motivated spatial
reference memory test (Y maze) was carried out as described in Section 2.2.2.8. Percentage of
correct trials (chance = 33%) in VGLUT3 cKO5-HT mice (n=17) and controls (n=16). Full circles
represent mean = SEM values. Some error bars are too small to be depicted. Analysed by two-way

repeated measure ANOVA.

SERT-Cre mice showed no difference in sucrose preference compared to controls

(ta3)=1.062, p=0.308, Table 2.4).

2.3.7 Appetitively-motivated spatial reference memory test

In the appetitively motivated Y maze task, all mice were able to learn effectively over time
(effect of training day: F(9, 279)=87.020, p<0.0001) but VGLUT3 cKO5-HT mice showed a
small reduction in overall performance compared to control littermates (effect of
genotype: F(1,31)=4.246, p=0.048; Fig. 2.10C). In the last training session (day 10), post-
choice baiting confirmed that mice were not relying on olfactory cues. The interaction
between genotype and days of training was not statistically significant (F(9, 279)=1.233,

p=0.275).

2.4 Discussion

This chapter investigated a novel transgenic mouse with conditional VGLUT3 KO in 5-HT
neurons using a combination of gene expression, immunohistochemistry, ex vivo
neurochemistry, and behaviour. Conditional VGLUT3 KO in 5-HT neurons caused a
reduction in 5-HT turnover in the DRN, increased expression of 5HT1a receptor in the
prefrontal cortex, and increased expression of 5-HT1g and DA D; receptors in the NAc.

Further, VGLUT3 cKO>HT mice were healthy and did not present any gross alterations in
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naturalistic behaviour, nor any evidence of increased anxiety-like behaviour. However,
VGLUT3 cKO5HT mice displayed reduced sucrose preference and mild deficits in an

appetitively-motivated spatial reference task.

2.4.1 VGLUT3 cKO5-HT mice present reduced VGLUT3

Firstly, the VGLUT3 cKO>HT mouse model was validated by showing a significant
reduction in VGLUT3 mRNA in the dorsal raphe region. Furthermore,
immunohistochemical experiments demonstrated a selective loss of VGLUT3 in DRN
5-HT neurons, as indicated by a 60% reduction in neurons double-labelled with VGLUT3
and the 5-HT-specific marker TPH2. The incomplete depletion of VGLUT3 in 5-HT
neurons may reflect cross-reactivity of our antibody with non-functional VGLUT3 protein
fragments that may be transcribed following the conditional KO. Also, even though the
distribution of immunolabelling with this antibody closely matched that of VGLUT3
mRNA reported in previous in situ hybridisation studies (Hioki et al., 2010), the

possibility of a low level of non-specific labelling cannot be excluded.

Importantly, the KO of VGLUT3 in 5-HT neurons did not impact on the total number of
5-HT neurons, as the number of TPH2-labelled cells and quantity of VMAT2 mRNA were
unaffected in VGLUT3 cKO>HT mice. Similarly, VGLUT3 cKO>HT mice did not display
compensatory changes in DRN expression of VGLUT1 and VGLUT?2, two other vesicular
glutamate transporters expressed respectively in non-5-HT DRN neurons projecting to

cortical and subcortical regions (Soiza-Reilly & Commons, 2011).

2.4.2 VGLUT3 cKO>-HT mice display decreased 5-HT turnover in the DRN
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Analysis of ex vivo tissue levels of 5-HT and 5-HIAA revealed decreased 5-HIAA and 5-HT
turnover in the DRN of VGLUT3 cKO>HT mice compared to controls. This result could be
consistent with previous reports of VGLUT3 contributing to the regulation of 5-HT
function (Amilhon et al., 2010). Specifically, it has been hypothesised that VGLUT3
synergises with VMAT?2 in facilitating vesicular accumulation of 5-HT (Amilhon et al,,
2010; El Mestikawy et al., 2011). According to the latter hypothesis, lack of VGLUT3 in
5-HT neurons would decrease vesicular loading of 5-HT, thus reducing 5-HT release and
5-HT turnover. However, 5-HT, 5-HIAA and 5-HT turnover were not different in 5-HT
terminal areas including the hippocampus, prefrontal cortex and NAc of VGLUT3 cKO>-HT
mice compared to controls. This might suggest that the increase in 5-HT turnover
observed in the hippocampus of mice with global VGLUT3 KO (Amilhon et al,, 2010) is
not caused by the lack of VGLUT3 in 5-HT neurons, but rather the lack of VGLUT3 in other
neuronal populations. Nonetheless, it is also possible that either our sample size or the
sensitivity of our ex vivo measurements of 5-HT and 5-HIAA might not accurately reflect
changes in 5-HT release. Further experiments could quantify 5-HT release in VGLUT3
cKO>-HT mice using in vivo microdialysis (e.g. in the hippocampus or other terminal areas)

to rule out this possibility.

Interestingly, VGLUT3 cKO>HT mice displayed increased 5-HT1a gene expression in the
prefrontal cortex and increased 5-HT1g gene expression in the NAc, compared to controls.
This adaptation to loss of glutamate release, might indicate that glutamate restrains the
expression of cortical 5-HT1a receptors and NAc 5-HTig receptors in wildtype mice.
However, upregulation of these 5-HT receptors might also result from the decrease in
5-HT release, due to the potential lack of synergism between VGLUT3 and VMAT?2.

Additionally, previous studies reported altered 5-HT1a autoreceptor sensitivity in the
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DRN of mice with global VGLUT3 KO (Amilhon et al., 2010), but the impact of VGLUT3 on
cortical 5-HT1a receptors had not been previously investigated. Future studies could
investigate 5-HT1a autoreceptor sensitivity in VGLUT3 cKO>HT mice using 8-OH-DPAT-
induced hypothermia, a commonly used measure of 5-HT1a autoreceptor function in mice

(Hedlund et al., 2004).

No other differences were detected in the expression of other 5-HT-related genes in the
DRN, hippocampus, prefrontal cortex, and NAc of VGLUT3 cKO>HT mice compared to

control littermates.

2.4.3 VGLUT3 cKO3HT mice displayed increased expression of DA D1 receptor in

the NAc

Ex vivo tissue levels of DA, DOPAC and DA turnover in the NAc and dorsal striatum of
VGLUT3 cKO>HT mice were not different from control littermates. However, gene
expression analysis revealed increased expression of DA Di receptor in the NAc of
VGLUT3 cKO5-HT mice, compared to controls. Interestingly, mice with global VGLUT3 KO
also showed increased DA Di receptor density in the NAc (Sakae et al., 2015), and this
was associated with increased potassium-evoked DA release in the NAc during
voltammetry experiments. 5-HT-glutamate co-releasing neurons have been reported to
establish excitatory synapses on VTA DA neurons projecting to the NAc (Wang et al,,
2019), thus it is possible that in VGLUT3 cKO5-HT mice the predicted lack of glutamate co-

release could affect NAc DA release.
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2.4.4 VGLUT3 cKO5-HT mice do not display an anxious phenotype

After validating the VGLUT3 cKO>HT mice, their naturalistic behaviour was assessed.
Specifically, food and water consumption, body weight and nest building, did not differ
from controls. Distance travelled in a non-anxiogenic open field was also unchanged,
suggesting unimpaired locomotion and exploration. Altogether these mice appeared
normal and displayed no gross alteration in naturalistic behaviour, which is important as
changes in these parameters would likely affect performance in subsequent tests of

anxiety and reward.

Behaviour of VGLUT3 cKO5-HT mice was then examined in the EPM and light/dark box,
two well established tests of anxiety (Himanshu et al., 2020), which revealed no effect of
genotype compared to controls. Additionally, VGLUT3 cKO>HT mice did not differ from
controls in the time spent in the centre zone of the non-anxiogenic open field. In these
tests mice spent a typical amount of time in the more anxiogenic area of the apparatus,
thus the lack of differences between groups is not likely caused by floor or ceilings effects.
VGLUT3 cKO5-HT mice also performed similarly to controls in the marble burying test,
which assesses naturalistic digging behaviour, as well as anxiety-like and repetitive
behaviour (De Brouwer et al., 2019; Deacon, 2009). Taken together these data suggest

that VGLUT3 cKO>-HT mice do not have an anxious phenotype.

Nonetheless, in the novelty-induced hyponeophagia test VGLUT3 cKO5-HT mice were
slower to approach a novel food in a novel environment, which is often considered a
readout of anxiety-like behaviour (Dulawa & Hen, 2005). However, this difference was

rather small (e.g. average latency of ~3.5 s compared to ~2 s) and there was no difference
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in the latency to consume the novel food, which is the main readout of the novelty-

induced hyponeophagia test.

Thus, VGLUT3 cKO3>HT mice differed from mice with conditional VGLUT3 KO in Petl
neurons, which showed hypolocomotion in the open field and on the EPM, as well as
increased time spent in, and latency to exit the dark compartment of the light/dark box
(Cunha et al., 2020). Similarly, VGLUT3 cKO>-HT mice also differed from mice with global
VGLUT3 KO, which displayed decreased time spent in open arms on the EPM, as well as
increased ultrasonic vocalisation in pups. Thus, the current data suggest that the anxious
phenotype observed in mice with global VGLUT3 KO is not directly caused by lack of
VGLUT3 from 5-HT neurons (Amilhon et al., 2010). Conversely, it could therefore be

caused by VGLUT3 KO in other neuronal populations.

2.4.5 VGLUT3 cKOS5HT mice show reduced sucrose preference and reduced

performance in a spatial reward task

Interestingly, VGLUT3 cKO5-HT mice showed reduced sucrose preference in a test which
probes anhedonia, a common feature of a depressive-like phenotype. However, VGLUT3
cKO>-HT mice did not differ from controls in nest building, an indication of wellbeing and
a marker of goal-directed behaviour which often deteriorates in mouse models of apathy

and depression (Jirkof, 2014; Nollet et al., 2019; Planchez et al,, 2019).

Importantly, SERT-Cre mice did not differ from controls in the sucrose preference test, in

the novelty-induced hyponeophagia test, or in other tests of anxiety, indicating that Cre
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expression under the SERT promoter does not contribute to the behavioural phenotype

of VGLUT3 cKO5-HT mice in these studies.

In the light of previous evidence linking 5-HT-glutamate co-release to reward processing
(Liuetal., 2020; Wang et al., 2019; see Chapter 1, Section 1.3.4.4) it was hypothesised that
the reduced preference for sucrose might reflect an underlying reward deficit in the
VGLUT3 cKO>HT mice. To test this hypothesis VGLUT3 cKO>HT mice were exposed to an
appetitively-motivated Y maze, where mice had to use extra-maze spatial cues to learn
the position of a reward. This task revealed a small but statistically significant
impairment in the performance of VGLUT3 cKO>HT mice. The idea that VGLUT3 cKO>-HT
mice might have a reward deficit is potentially consistent with the finding that 5-HT-
glutamate co-releasing neurons project to the VTA and evoke DA release in the nucleus
accumbens (Cunha et al, 2020; Liu et al, 2014; Wang et al, 2019). However, the
appetitively-motivated Y maze task, had several limitations, such as requiring
unimpaired spatial learning and allowing only a limited number of trials per day, due to
the labour-intensive nature of the paradigm. Therefore, experiments reported in the next
chapters (Chapter 4 and 5) carried out a more in-depth investigation of reward function
in these animals. Specifically, experiments assessed the behaviour of VGLUT3 cKO>-HT
mice in operant reward paradigms involving numerous daily trials, allowing to address
more specific research questions. Other tests probing spatial learning and short-term
memory will also be carried to out to control for potential learning deficits in these
domains. Additionally, Chapter 3 investigated whether the observed evidence of
anhedonia discussed in this chapter could be linked to altered stress sensitivity of

VGLUT3 cKO>-HT mice.
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Chapter 3
Investigation into the role of
5-HT-glutamate co-releasing neurons
in acute stress mechanisms

3.1 Introduction

The previous chapter, discussed a role for glutamate co-released from 5-HT neurons in
anhedonia and reward-based learning. Anhedonic behaviour and motivation to work for
rewards can be affected by stress exposure, and it has been suggested that susceptibility
to stress can lead to anhedonia (for a review see Pizzagalli, 2014; Stanton et al,, 2019).
Thus, here we investigated whether glutamate co-released from 5-HT neurons is involved

in coping with acute stress.

3.1.1 5-HT and acute stress

5-HT is a key neurotransmitter for emotional modulation, stress sensitivity and stress
coping behaviour (Chaouloff et al., 1999; Cools et al., 2008). As discussed in Chapter 1
(Section 1.3.4.2) 5-HT neurons are highly responsive to stress, threats, and noxious
stimuli and are likely to mediate stress coping (Deakin & Graeff, 1991; Grahn et al., 1999).
In particular, 5-HT neurons in the DRN are robustly activated by acute uncontrollable
stressors, such as swim stress, restraint, and foot shock, as demonstrated by increased
expression of the activity-dependent immediate early gene c-fos (Bonapersona et al,,
2022; Hale et al,, 2008; Kelly et al., 2011; Roche et al,, 2003; Senba et al., 1993). Thus, the
degree to which the animal can exert behavioural control over the stressor has been

suggested to impact of this stress-induced activation of 5-HT neurons (Amat et al., 1998,
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2005), with c-Fos studies showing greater activation of DRN 5-HT neurons in presence of
uncontrollable stressors, compared to controllable stressors of the same magnitude

(Grahn etal., 1999).

3.1.2 C-Fos as a measure of stress-induced activation

C-Fos is a transiently inducible transcription factor, which is triggered by neuronal
activation. It is encoded by the c-fos gene, which like other immediate early genes,
translates extracellular signals into activity-dependent changes in gene expression
(Herdegen & Leah, 1998; Morgan et al, 1987; Morgan & Curran, 1986; Sheng &
Greenberg, 1990). However, c-Fos is unique as its mRNA can be detected as early as 20
min after stimulation, with protein expression peaking after 90 min, thus being a useful
experimental tool to measure neural activity (Dragunow & Faull, 1989; Hu et al., 1994;
Kovacs, 1998). Under unstimulated conditions c-Fos expression is low, but can it be easily
triggered by a variety of aversive experimental manipulations. Thus, c-Fos has been
extensively used to measure stress-induced neuronal activation, with a large body of
literature focusing specifically on the swim stress circuitry (Hale et al.,, 2012; Kelly et al,,

2011).

3.1.3 Behavioural paradigms to assess stress coping

Several paradigms have been developed to study the mechanisms of acute stress in
rodents, nonetheless swim stress stands out as a method to assess coping behaviour in
response to inescapable stress in a controllable manner (Commons et al., 2017; De Kloet
& Molendijk, 2016; Molendijk & de Kloet, 2019). For example, when initially exposed to

swim stress rodents display escape-driven behaviours such as swimming or climbing, but
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over time these are replaced by passive coping strategies such as floating (Commons et
al,, 2017). Furthermore, acute administration of antidepressants, such as SSRIs, increases
active coping during swim stress (David et al., 2003; Lucki, 1997; Petit-Demouliere et al.,
2005), which has caused floating during swim stress to often be interpreted as
depressive-like behaviour. This has raised a debate on whether floating represents a
coping failure or an adaptive strategy to conserve energy (De Kloet & Molendijk, 2016).
In this chapter we employed swim stress merely as a tool to probe neuronal activation
and to assess coping strategies following genetic or pharmacological manipulations, but

not as a measure of depressive-like behaviour or antidepressant action.

Another paradigm that can be used to probe stress coping is acute social defeat, a more
controllable stressor with higher ecological validity, which involves a physical encounter
between two conspecifics (Hollis & Kabbaj, 2014). In this test the intruder animal adopts
a variety of active coping strategies to minimise interactions with the opponent, such as
escaping, cornering, freezing, and upright submissive postures (Diaz & Lin, 2020). Whilst
there is ample evidence that swim stress activates DRN 5-HT neurons in rodents, it is less
well-established whether acute social defeat has similar effects (Lkhagvasuren et al,,

2014; Matsuda et al., 1996; Numa et al., 2019).

3.14 5-HT-glutamate co-releasing neurons and stress coping

As previously discussed in Chapter 1, it has recently become clear that 5-HT neurons are
capable of releasing not only 5-HT but also glutamate, as electrophysiological studies
demonstrate that activation of 5-HT neurons elicits 5-HT and glutamate-mediated

synaptic responses both in vitro and in vivo, in different forebrain regions (Liu et al., 2014;
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Senguptaetal.,, 2017; Varga et al.,, 2009). Thus, approximately two-thirds of 5-HT neurons
express VGLUT3 which stores glutamate in pre-synaptic vesicles prior to release (Gras et
al., 2002; Schaifer et al., 2002). VGLUT3 expression is prevalent in 5-HT neurons located
in the ventral part of the DRN and in the MRN, with only sparse VGLUT3 expression in the
dorsal DRN and in the lateral wings (Hioki et al., 2010). Accordingly, in a recent study a
subpopulation of ventral DRN 5-HT neurons projecting to the prefrontal cortex, was
found to predominantly express VGLUT3 (Ren et al., 2018). Interestingly, chemogenetic
activation of these 5-HT neurons projecting to the prefrontal cortex was shown to
increase active coping, measured as decreased immobility, during swim stress (Ren et al,,
2018). This evidence suggests a role for 5-HT-glutamate co-releasing neurons in stress

coping.

3.1.5 Hypothesis and aims

On the basis of the above findings, we hypothesised that glutamate co-releasing 5-HT
neurons in the DRN, especially in the ventral region, would be activated by uncontrollable
stress and may be involved in stress coping behaviour. This prediction was tested by
performing c-Fos immunohistochemistry in midbrain subregions of wildtype mice
exposed to swim stress. To investigate whether these effects would generalise to a
different stressor, effects were compared with acute social defeat. Lastly, behavioural
experiments used VGLUT3 cKO>HT mice to examine the causal link between changes in

activity of 5-HT-glutamate co-releasing neurons and stress coping behaviour.
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3.2 Methods

3.2.1 Animals

Mice were group-housed (2-6 per cage) with littermates in individually ventilated cages,
in a temperature-controlled room (21°C) with a 12 h light/dark cycle. Mice had ad libitum
access to food and water, and cages were lined with sawdust bedding and contained cage
enrichment, consisting of sizzle nest and cardboard tube. All experiments were
conducted during the light phase (10:00-17:00). Both females and males were used, with
the exception of the social defeat experiment, which necessarily involved only males. All
mice were habituated to handling on three occasions before any experiment, and were
handled using a cardboard tunnel to minimise background stress (Gouveia & Hurst, 2019;

Hurst & West, 2010).

Depending on the experiment mice were either C57BL/6] (Charles River, age 8-10 weeks)
or VGLUT3 cKO>-HT mice, with control littermates (see Chapter 2, Section 2.2.1 for more
details). Retired breeder CD1 mice (Charles River, age 22-30 weeks) were also employed
in the acute social defeat experiment, and were single-housed to increase their territorial
nature. C57BL/6] and CD1 mice were purchased from Charles River and habituated to
the holding facility for one week before the start of experiments, while VGLUT3 cKO>-HT

and control littermates were bred in-house.

Experiments followed the principles of the Animal Research: Reporting of In Vivo
Experiments (ARRIVE) guidelines and were conducted according to the United Kingdom
Animals (Scientific Procedures) Act of 1986, with appropriate personal and project

licence coverage.
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3.2.2 Acute swim stress paradigm

3221 Experimental Design

Mice were randomly allocated to 1 of 3 experimental groups by stratified randomisation:
i) saline + “new cage” (control); ii) saline + swim stress; iii) fluoxetine (10 mg/kg) + swim
stress. All mice were removed from their home cages and single-housed in a clean cage
for the entire duration of the experiment. Saline or fluoxetine were injected i.p. 30 min
prior to a 6 min swim stress. Control mice remained in their “new cage” instead of being
exposed to the stressor, as this controlled for the stress of handling, injections and being
single-housed. Mice were deeply anesthetised with sodium pentobarbital (90 mg/kg,
Euthatal), 90 min after swim stress (Fig. 3.1). This was followed by perfusion and
collection of brain tissue for c-Fos immunohistochemistry. This timescale was chosen to

allow for optimum c-Fos expression before tissue collection -(Kovacs, 1998).

3222 Drugs

Fluoxetine (Stratech) was dissolved in saline (Aqupharm) in a volume of 2 mg/ml, and
was administered i.p. at a dose of 10 mg/kg. Control animals received saline in a volume
of 2 ml/kg. All solutions were prepared fresh daily. The dose and administration protocol
were based on previous evidence showing that 10 mg/kg is the lowest effective dose at
reducing immobility in C57BL6 mice exposed to an acute swim stressor (Jin et al,, 2017;

Tang et al., 2014).
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3.2.2.3  Behaviour
During the last 5 min prior to swim stress, mice were placed in a clean but familiar cage,

and their locomotor activity was recorded via an overhead camera for offline tracking of

distance travelled using ANY-maze (Stoelting Europe) tracking software.

Next, mice were placed individually for 6 min in a Pyrex glass cylinder (25 cm height, 12
cm diameter) containing water (20 cm height) maintained at 20 °C (Bogdanova et al,,
2013; Porsolt et al.,, 1977). Mice were video-recorded from a horizontal viewing plane, to
allow for offline manual scoring of the videos. The last 4 min were manually scored for
immobility, swimming and climbing, as described previously (Commons et al., 2017;

Costa et al, 2013), by an experimenter blind to treatment. Climbing was defined as
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placement of the front paws on the glass surface, while kicking with the hind legs in an
attempt to escape. Immobility (or floating) consists of the absence of escape-oriented
behaviours, but can involve small movements aimed solely at keeping afloat. Swimming
was characterised by active movement across the cylinder, and was calculated as total
time - (immobility + immobility). After the test, the animals were towel-dried and placed

in a heated cage until fully dry to avoid hypothermia.

3.2.3 Acute social defeat paradigm

3.2.3.1 Experimental Design

Male C57BL/6] mice were allocated to 1 of 2 experimental groups by stratified
randomisation: i) “new cage” control group, ii) social defeat group. All mice were
removed from their home cages and single-housed in a clean cage for the duration of the
experiment. The “new cage” control mice remained in a clean cage throughout. The “social
defeat” group experienced a single episode of social defeat by the CD1 resident mouse,
via the protocol defined below, after which they were placed behind the partition for the
remainder of the 90 min. After the 90 min had passed, all mice were perfused and brains

collected for immunohistochemistry.

3.2.3.2  Aggressor mouse training and selection

One CD1 mouse was selected out of 3, based on its persistent level of aggression. Selection
was carried out as previously described (Golden et al, 2011). Briefly, on three
consecutive days one screener C57BL/6] mouse was placed in a CD1 mouse cage for a
maximum of 3 min or until it was socially defeated. Social defeat was defined as a clear
pin down, or supine posture by the C57BL/6]. Each CD1 mice interacted with a different

C57BL/6] mice each day. All interactions were filmed, and video analysis of the latency to
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attack and number of attacks allowed selection of a single CD1 mouse with appropriate

and consistent levels of aggression, repeatedly attacking within the first 20 s.

3.2.3.3  Social defeat protocol

C57BL/6] mice were individually placed in the CD1 mouse cage until socially defeated, at
which point they were immediately removed. Then, the socially defeated mouse was
placed back in the CD1 home cage, but was separated from the aggressor by a transparent
acrylic partition (12 cm height, 17.5 cm length) for 90 min prior to perfusion and
collection of brain tissue for immunohistochemistry. The partition was perforated with
10 holes to allow for auditory, visual, and olfactory interaction with the attacker (Golden
et al., 2011). The social defeat interaction was recorded from an aerial perspective, and
offline behavioural analysis using the ANY-maze software (Stoelting Europe) allowed for

measurements of the latency to attack, number of attacks and time spent moving.

3.24 Immunohistochemistry and microscopy

Perfusion fixation and brain sectioning were carried out as previously described in
Chapter 2, Section 2.2.3.1 and 2.2.3.2. Midbrain sections were selected based on their
distance from Bregma (AP= -4.7 to 4.8 mm) to contain DRN, MRN and PAG regions

(Franklin & Paxinos, 1997).

3.24.1 Immunohistochemistry

Immunohistochemistry was performed as previously described in Chapter 2, Section
2.2.3.3. Briefly, sections were washed 3 x 10 min in 500 pl PBS, 10 min in 500 pl
ammonium chloride and 3 x 10 min in 500 pl PBS with 0.3% Tween (Sigma Aldrich; PBS-

T). Next, sections were blocked in PBS-T with 10% donkey serum (Sigma Aldrich) for 1 h
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at room temperature. Sections were then incubated in primary antibodies (Table 3.1)
made up in PBS-T with 2% donkey serum for 1 h at room temperature then overnight at

40C,

Table 3.1 | Antibodies used for immunohistochemistry.

Target Host Conjugate Concentration = Company Ref. number

Primary antibodies

c-Fos Rabbit N/A 1:1000 Abcam Ab214672

TPH2 Goat N/A 1:1000 Abcam Ab121013

VGLUT3 Guinea Pig | N/A 1:500 Synaptic Systems = 135-204

Secondary antibodies

Rabbit IgG (H+L) | Donkey Alexa Fluor 488 @ 1:1000 Invitrogen A21206

Goat IgG (H+L) Donkey Alexa Fluor 647 @ 1:1000 Invitrogen A21206

Guinea Pig Cy3 Donkey Cy3 1:1000 Jackson Immuno 706-165-148
Research

The next day, sections were washed 2 x 10 min in 500 ul PBS-T before incubating with
secondary antibodies (Table 3.1) made up in 500 pl PBS-T with 2% donkey serum for 2
h at room temperature. Then, sections were washed 2 x 10 min in 500 pl PBS-T, and cell
nuclei were stained using DAPI (1:1000, 5 min), prior to a 10 min wash in PBS. Sections
were mounted onto glass slides with Vectashield Antifade Mounting Medium (Vector

Laboratories) and covered with a glass coverslip, prior to being stored in the dark at 4°C.

3.24.2  Imaging and analysis

Images were acquired using an Olympus Epifluorescence Microscope BX40 with Image]
Micromanager v1.4 with 500 ms exposure. Ventral DRN, dorsal DRN and MRN were
imaged at 20x magnification, while 10x magnification was used for the entire DRN, lateral
wings, ventrolateral and dorsal PAG (Paxinos & Franklin, 2001). Cell counting and
quantification of colocalisation was performed employing the Image] Software package,
by an experimenter blind to treatment. Cell counts were expressed as cells/mm? hence a

graticule (Graticules Optics Ltd) was used to ascertain the area of the region of interest
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in each case. Areas of the regions of interest were as follows: entire DRN 0.54 mm?,
ventral DRN 0.14 mm?, lateral wings 0.17 mm?, dorsal DRN 0.14 mm?, MRN 0.15 mm?,

dorsal PAG 0.51 mm?, and ventrolateral PAG 0.38 mm?2.

For each mouse, the mean cell count of three sections was used for statistical analysis.
C-Fos-immunoreactive neurons were defined as neurons where c-Fos immunoreactivity
colocalised with DAPI immunoreactivity. Colocalisation between DAPI and TPH2
immunoreactivity identified 5-HT neurons, as TPH2 is a rate-limiting enzyme required
for 5-HT synthesis. Colocalisation between TPH2 and VGLUT3 was as used to identify 5-

HT-glutamate neurons with the capacity to co-release glutamate.

3.25 Statistical Analysis

The Shapiro-Wilk test for normality was applied to all data sets. If data were normally
distributed, then a t-test, one/two-way ANOVA was used followed by Tukey’s post hoc
tests as appropriate. Specifically, c-Fos data were analysed across multiple regions, with
repeated-measures two-way ANOVA being employed for balanced data whereas a
repeated-measure mixed-effect model was used for datasets with missing values. If the
data were non-parametric then a single or multiple Mann-Whitney test was employed,
with a Holm-Sidak correction for multiple comparison. GraphPad Prism (v10) was used
for all analysis and plotting of graphs. Parametric data are presented as mean * SEM
values, whilst non parametric data are presented as median * interquartile range; p<0.05

was considered statistically significant.
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3.3 Results

3.3.1 Effect of swim stress on c-Fos expression in midbrains subregions

Immunohistochemistry demonstrated an abundance of c-Fos-immunoreactive neurons
in the midbrain of mice exposed to acute, inescapable swim stress (Fig. 3.2). Specifically,
swim stress increased the number of c-Fos-immunoreactive neurons in the DRN and
MRN (effect of treatment: F(; 17)=5.503, p=0.014; effect of region: F(4,15)=17.160, p<0.001;
region x treatment interaction: F 15)=0.272, p=0.766; Fig. 3.2B, Fig. 3.2C). Tukey’s post
hoc revealed that this effect was statistically significant in the DRN of stressed mice

compared to non-stressed controls (p=0.017; Fig. 3.2C).

The number of c-Fos-immunoreactive cells in the MRN of stressed mice was not
significantly different to controls (p=0.142; Fig. 3.2C), albeit this could be due to a type Il
statistical error (i.e. false negative). In both the DRN and MRN, c-Fos immunoreactivity in
fluoxetine-treated stressed mice did not differ from mice treated with treated or exposed

to swim stress (DRN: p=0.423, p=0.213; MRN: p=0.935, p=0.231; Fig. 3.2C).
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Figure 3.2 | Effect of acute swim stress, with or without fluoxetine, on c-Fos expression in
midbrain subregions. (A) C-Fos immunoreactivity in a midbrain section at the level of the DRN
and MRN (top left) according to the stereotaxic atlas (Paxinos & Franklin, 2001; top right). Higher
magnification images of DRN subregions (bottom right). (B) High magnification images of c-Fos
immunoreactivity in the ventral DRN of control mice, and mice administered a single injection of
either saline or fluoxetine (FLX) and exposed to swim stress. (C) C-Fos-immunoreactive neurons
in the DRN and MRN. (D) C-Fos-immunoreactive neurons in DRN subregions. Columns are mean
+ SEM values with individual values indicated by closed circles. **p<0.01 *p<0.05. Groups were
control (n=6), saline + swim stress (n=7) and 10 mg/kg fluoxetine + swim stress (n=7).

Abbreviations: aqueduct (Aq), medial longitudinal fasciculus (mlf).

Examination of DRN subregions (Fig. 3.2D) revealed a statistically significant effect of
both region (F(,, 34)=5.884, p=0.006) and treatment (F(, 17=5.721, p=0.013), while region
X treatment interaction was not statistically significant (F4 34=1.512, p=0.221).
Nonetheless, post hoc testing was deemed justified on the basis of our a priori hypothesis
of a preferential involvement of ventral DRN neurons in stress coping. Tukey’s post hoc
analysis revealed a statistically significant increase in c-Fos-immunoreactive neurons in
the ventral DRN of swim-stressed mice compared to non-stressed controls (p=0.002; Fig.
3.2B, Fig. 3.2D), but non-significant effects in the dorsal DRN (p=0.181) and lateral wings

(p=0.520).

Pre-treatment with fluoxetine prevented stress-induced c-Fos expression in the ventral
DRN (post hoc p=0.028; Fig. 3.2D), and reduced c-Fos expression in the dorsal DRN (FLX
vs swim stress: p=0.047; Fig. 3.2D), but had no effect in the lateral wings (FLX vs swim
stress: p=0.790). See Section 3.3.6 for the behavioural effects of fluoxetine administration

in these animals.
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3.3.2 Colocalisation of TPH2 and VGLUT3 in midbrain subregions

Next, experiments aimed to verify the spatial distribution of VGLUT3-expressing 5-HT
neurons. In the midbrain, VGLUT3 is expressed in both glutamatergic neurons and 5-HT
neurons, the latter of which co-release both 5-HT and glutamate (Fremeau et al., 2002;
Hioki et al., 2010). Thus, colocalisation of VGLUT3 and the 5-HT-specific marker TPH2
was employed to identify 5-HT neuron with the capacity to co-release glutamate. VGLUT3
expression was particularly evident in TPH2-immunoreactive neurons located in the
ventral DRN, with 67.9 * 3.0 % of TPH2-immunoreactive neurons co-expressing VGLUT3

(Fig. 3B).

Conversely, only 31.3 * 1.9 % of TPH2-immunoreactive neurons co-expressed VGLUT3
in the dorsal DRN (Fig. 3.3B), and there was only sparse colocalisation in the lateral wings
(data not shown). Neurons with colocalised VGLUT3 and TPH2 were also evident in the
MRN although these were less abundant than in the DRN, amounting to 34.9 + 2.9 % of

TPH2-immunoreactive neurons (Fig. 3.3B).
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Figure 3.3 | Colocalisation of TPH2 and VGLUT3 in neurons of mouse raphe subregions. (A)
Representative image of TPH2/VGLUT3 double-labelled neurons (AP= -4.6mm). (B) Percentage
of TPH2 neurons that colocalised with VGLUT3, or were VGLUT3-immunonegative (n=17-20).

Bars represent mean + SEM values, with individual values are indicated by closed circles.
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3.3.3 Effect of swim stress on c-Fos expression in ventral DRN neurons

colocalising TPH2 and VGLUT3

Next, we investigated whether swim stress increased c-Fos immunoreactivity in
5-HT-glutamate co-releasing neurons using the same sections examined for c-Fos alone.
Within the ventral DRN, swim stress significantly increased the number of
c-Fos/TPH2/VGLUT3 triple-labelled neurons compared to non-stressed controls
(Fi2,17)=4.896, p=0.021; Tukey’s post hoc p=0.036; Fig. 3.4B). This effect of swim stress
amounted to an increase in c-Fos in 32.3 * 7.0 % of TPH2/VGLUT3-immunoreactive
neurons in the ventral DRN. The stress-induced increase in c-Fos immunoreactivity in
TPH2/VGLUT3 co-expressing neurons was prevented by pre-treatment with fluoxetine,

compared to saline controls (Tukey’s post hoc: p=0.042; Fig. 3.4B).

Similarly, swim stress also increased the number of c-Fos/TPH2 double-labelled neurons
in the ventral DRN (F(; 17)=5.535, p=0.014; post hoc p=0.034) compared to non-stressed
controls, with c-Fos/TPH2 double-labelled neurons amounting to 26.1 * 2.8 % of
TPH2-immunoreactive neurons. This effect was also attenuated by fluoxetine

administration (F 17y=5.535, p=0.014; post hoc p=0.023; Fig. 3.4B).

Conversely, TPH2-immunoreactive neurons which did not colocalise with VGLUT3 did
not show a significant increase in c-Fos expression in response to swim stress
(F2,19=2.115, p=0.151; Fig. 3.4B), compared to control. Further, the number of

TPH2-immunoreactive neurons did not differ between groups (Fig. 3.4B).
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Figure 3.4 | Effect of swim stress, with or without fluoxetine, on c-Fos expression in
neurons co-expressing TPH2 and VGLUT3 in the ventral DRN. (A) Representative image of
c-Fos/TPH2/VGLUTS3 triple-labelled neurons in the ventral DRN (AP= -4.6mm). (B) Effect of
swim stress on number of c-Fos/TPH2 double-labelled neurons (top left), c-Fos/TPH2/VGLUT3
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triple-labelled neurons (top right), c-Fos/TPH2 double-labelled neurons but
VGLUT3-immunonegative (bottom left) and TPH2 immunolabelled neurons (bottom right).
Columns represent the mean * SEM values, with individual values indicated by closed circles.
*p<0.05. Groups were control (n=6), saline + swim stress (n=7) and 10 mg/kg fluoxetine + swim
stress (n=7).

3.3.4 Effect of swim stress on c-Fos expression in dorsal DRN and MRN neurons

colocalising TPH2 and VGLUT3

In comparison to the ventral DRN, in the dorsal DRN swim stress did not significantly
affect the number of c-Fos/TPH2/VGLUT3 triple-labelled neurons (F(z, 15=3.559,
p=0.054, trend effect driven by saline vs fluoxetine; Fig. 3.54). However, compared to
controls, swim stress increased the number of c-Fos/TPH2 double-labelled neurons
(F2,15=21.76,p<0.0001, post hoc p=0.0001; Fig. 3.54), and the number of or c-Fos/TPH2
neurons that were immunonegative for VGLUT3 (F(2, 15=34.62, p<0.0001, post hoc

p<0.0001; Fig. 3.5A) in the dorsal DRN.

Lastly, we examined the effect of swim stress on c-Fos expression in the MRN, and found
no differences in the number of c-Fos/TPH2/VGLUT3 triple-labelled neurons
(F2,15)=2.845, p=0.09; Fig. 3.5B), c-Fos/TPH2 neurons (F2,15=1.291, p=0.304; Fig. 3.5B)
or c-Fos/TPH2 neurons that were immunonegative for VGLUT3 (F(z, 15)=0.686, p=0.519;

Fig. 3.5B), compared to non-stressed controls.
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Figure 3.5 | Effect of swim stress on c-Fos expression in DRN neurons co-expressing TPH2
and VGLUT3 in the dorsal DRN and MRN. Effect of swim stress on number of c-Fos/TPH2
double-labelled neurons (left), c-Fos/TPH2/VGLUT3 triple-labelled neurons (middle), and c-
Fos/TPH2 double-labelled neurons but VGLUT3-immunonegative (right). Columns represent the
mean * SEM values, with individual values indicated by closed circles. *p<0.005 **p<0.0001.
Groups were control (n=6), saline + swim stress (n=7), and 10 mg/kg fluoxetine + swim stress

(n=7).

3.3.5 Effect of single exposure to social defeat on c-Fos expression in DRN

subregions

Next, we utilised the social defeat model to investigate the sensitivity of
VGLUT3-expressing 5-HT neurons to a more controllable stressor. Naive intruder mice
were exposed to a single episode of social defeat in the home cage of a larger territorially-
dominant resident. Socially defeated mice were separated from the resident after a single
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defeat episode, which typically occurred after a 1 min encounter, to prevent the stressor
from becoming inescapable. The encounter involved a combination of biting, kicking, and
wrestling, prior to a clear pin down (i.e. social defeat). The average latency for the
resident to attack was 5.1 + 1.7 s and the average number of attacks per encounter was
14.9 + 2.8, (i.e. an attack every 3 s). During the encounter intruder mice spent most of the
time moving (90 * 3.1 %) and actively avoiding the resident (distance travelled 3.4 + 0.8

m).

Region-specific analysis showed that acute social defeat had no effect on the number of
c-Fos-immunoreactive neurons in the ventral DRN compared to non-stressed controls,
and other DRN subregions were similarly unaffected (effect of region: F(z 27)=0.822,
p=0.441, effect of treatment: F(1,14=0.064, p=0.804, treatment x region interaction
F2,27=1.123, p=0.340; Fig. 3.6A). Moreover, the number of c-Fos/TPH2 double-labelled
neurons in the ventral DRN was not different across groups (t(13)=1.158, p=0.403; Fig.
3.6B). In contrast to swim stress, acute social defeat did not alter the number of
c-Fos/TPH2/VGLUT3 triple-labelled neurons in the ventral DRN compared to non-
stressed controls (t(13)=0.732, p=0.167; Fig. 3.6B). Social defeat also had no effect on
c-Fos expression in TPH2 neurons which were VGLUT3-immunonegative (t(13=1.167,
p=0.264; Fig. 3.6B), and the number of TPH2-immunoreactive neurons in the ventral

DRN was also unchanged (Fig. 3.6B).
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Figure 3.6 | Effect of acute social defeat on c-Fos expression in the DRN, including neurons

co-labelled with TPH2 and VGLUT3. (A) C-Fos-immunoreactive neurons in DRN subregions.

(B) C-Fos/TPH2 double-labelled neurons, c-Fos/TPH2/VGLUT3 triple-labelled neurons,

c-Fos/TPH2 double-labelled neurons immunonegative for VGLUT3, and TPH2 neurons, in the

ventral DRN. Columns represent mean + SEM values, with individual values indicated by closed

circles. Groups were non-stressed controls (n=8) and social defeat (n=7).
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Figure 3.7 | Effect of acute social defeat and swim stress on c-Fos-immunoreactive neurons
in the PAG. (A) C-Fos-immunoreactive cells in the PAG following social defeat (n=7) versus non-
stressed controls (n=8). (B) C-Fos-immunoreactive cells in the PAG following swim stress (n=7),
swim stress with fluoxetine (n=7) versus non-stressed controls (n=6). Columns represent mean
+ SEM values, with individual values indicated by closed circles. **** p<0.0001 *** p<0.001 **

p<0.01 * p<0.05.

To confirm the efficacy of our social defeat paradigm, we examined c-Fos expression in
other regions known to be activated by stress and involved in coping responses,
specifically the dorsal PAG, which regulates fight or flight responses, and the
ventrolateral PAG which mediates immobility, freezing and hypoactivity (Deakin &
Graeff, 1991; Lino-de-Oliveira et al., 2006; Paul et al., 2014). Social defeat increased c-Fos
expression in the dorsal PAG compared to non-stressed controls (effect of region:

F1,14=181.4, p<0.0001, effect of treatment: F(1,14)=10.20, p=0.007, region x treatment
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interaction: F1,14)=8.358, p=0.012, post hoc p=0.001; Fig 3.7A), while we observed a non-

significant trend in the ventrolateral PAG (p=0.081).

In comparison, swim stress also increased c-Fos expression both in the dorsal and in
ventrolateral PAG (effect of region: F(,10=60.77, p<0.0001, effect of treatment:
F(1,10=58.78, p<0.0001, region x treatment interaction: F,10)=5.597, p=0.04, post hoc

p=0.001 and p<0.0001; Fig 3.7B).

3.3.6 Behavioural response to swim stress in wildtype mice administered with

fluoxetine

Lastly, we aimed to investigate the role of glutamate co-released from 5-HT neurons in
coping behaviours in response to an acute stress. First, we analysed the performance of
WT mice exposed to swim stress, to verify the efficacy of the paradigm. In WT mice
treatment with fluoxetine prior to swim stress resulted in increased time spent climbing
(Mann-Whitney U=6, p=0.016; Fig 3.8), which is considered a measure of active coping
behaviour (Commons et al., 2017). In comparison, fluoxetine did not alter time spent
immobile (t12)=1.703, p=0.114; Fig 3.8), or time spent swimming (t(12)=0.294, p=0.884;
calculated as, total time - (time immobile + time climbing); Fig 3.8). Latency to start

floating was also similarly unaffected (t(11)=1.149, p=0.275).
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Figure 3.8 | Behaviour of wildtype mice exposed to swim stress with and without
fluoxetine. Time spent climbing, immobile, swimming and latency to float during swim stress
exposure. Columns represent mean * SEM value, except for climbing where they indicate median
* interquartile range values. Individual values indicated by closed circles. * p<0.05. Groups were

saline (n=7), and fluoxetine (FLX, n=7).

3.3.7 Behavioural response to swim stress in mice with VGLUT3-deficient 5-HT

neurons

To further assess the role of glutamate co-release in stress coping behaviour, we also
exposed genetically modified mice with conditional VGLUT3 deletion targeted to 5-HT
neurons to the same swim stress paradigm. During swim stress, VGLUT3 cKO>HT mice
spent more time climbing versus littermate controls (Mann-Whitney U, p=0.043; Fig
3.94). Fluoxetine did not add further to this effect. Breakdown of the climbing data into
smaller time bins (2 min) suggested that the VGLUT3 cKO>-HT mice showed persistent
climbing over the duration of the experiment, while in controls climbing was reduced in
the last 2 min (Fig. 3.94). As seen with WT mice, fluoxetine did not affect time spent
immobile in either genotypes (effect of fluoxetine: F(1,65=3.93, p=0.052; effect of
genotype: F(1,65=0.019, p=0.892; fluoxetine x genotype interaction: F(,65=0.082,

P=0.776; Fig 9B), nor time spent swimming (effect of fluoxetine: F(1, 65)=2.325, p=0.132;
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effect of genotype: F(1,65=0.031, p=0.861; fluoxetine x genotype interaction:

F1,65=1.507, p=0.224).

Additionally, in a separate test, VGLUT3 cKO5-HT mice did not display any differences in
locomotor activity after saline or fluoxetine administration, compared to littermate
controls (effect of fluoxetine: F(1,34=0.011, p=0.917; effect of genotype: F(1,34=0.344,
p=0.561; fluoxetine x genotype interaction: F(1,34=0.9, p=0.378; Fig 9B). Hence, the

increase in climbing behaviour did not reflect an overall change in locomotion.
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Figure 3.9 | Performance of VGLUT3 cKO5-HT mice and controls during acute swim stress
with and without fluoxetine. (A) total time spent climbing during swim stress (left), and time
spent climbing in 2 min time bins. (B) Time spent immobile during swim stress (left), time spent

swimming during swim stress (middle) and total distance travelled in a clean cage 5 min prior to
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swim stress. In (A) bars represent the median * interquartile range value as data is non
parametric, while in (B) bars depict mean * SEM values. Individual values are indicated by closed

circles. * p<0.05. VGLUT3 cKO5-HT mice (n=19-20), littermate controls (n=15).

3.4 Discussion

Here, immunohistochemistry was employed to investigate the colocalisation of TPH2 and
VGLUTS3 in the DRN, and to assess c-Fos expression in 5-HT neurons colocalising with
VGLUT3 following acute stress. Thus, we report the first evidence that ventral DRN
5-HT-glutamate co-releasing neurons are activated by exposure to acute, uncontrollable
swim stress. Additionally, VGLUT3 cKO>-HT mice showed increased climbing behaviour
during swim stress, a measure of active coping. This behavioural response was similar to
that of wildtype mice treated with fluoxetine, revealing an interesting parallel between
the behavioural effects of genetic loss of VGLUT3 in 5-HT neurons and 5-HT reuptake

inhibition.

3.4.1 TPH2 and VGLUT3 predominantly colocalised in the ventral DRN

Immunohistochemistry experiments using wildtype mice showed that TPH2 and VGLUT3
predominantly colocalise in the ventral DRN, thus this region was chosen to be the focus
of further analyses. This finding replicated previous evidence from in situ hybridisation
studies reporting VGLUT3 expression in TPH2 neurons (Hioki et al., 2010). More modest
colocalisation of VGLUT3 and TPH2 was also observed in the dorsal DRN and MRN, as
previously reported (Hioki etal., 2010). Conversely, in preliminary experiments we found
only sparse colocalisation in the DRN lateral wings, thus this region was excluded from
further analysis. Altogether, our results closely matched previous literature (Hioki et al.,
2010), validating our methodology.
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Here we focused on colocalisation between VGLUT3 and TPH2, but it has been reported
that TPH2 also colocalises with GAD in the DRN (as discussed in Chapter 1, Section
1.2.2.1). Nonetheless, recent evidence from transcriptomics studies indicates that Petl
neurons co-expressing GAD are located predominantly in the lateral wings and dorsal

DRN, and that GAD does not colocalise with VGLUT3 (Okaty et al., 2020).

3.4.2 Swim stress evoked c-Fos expression in a region and cell-type specific

manner

Following swim stress exposure we observed an increase in c-Fos expression in the DRN
and MRN of wildtype mice, which is consistent with previous findings in rats (Hale et al,,
2012; Kelly etal., 2011). However, region-specific analysis revealed that c-Fos expression
was more prominent in the ventral DRN highlighting functional differences between DRN
subregions. This result is consistent with the recent literature indicating a role of the

ventral DRN in coping during swim stress (Ren et al., 2018).

Subsequent, cell-type specific analysis of the ventral DRN showed that this increase in
c-Fos expression was greater in neurons colocalising TPH2 and VGLUT3, whist it did not
reach statistical significance in TPH2 neurons that did not express VGLUT3. The
stress-evoked c-Fos expression in ventral neurons colocalising TPH2 and VGLUT3 was
inhibited by fluoxetine, which is in line with electrophysiological evidence that acute SSRI
administration inhibits the firing of DRN 5-HT neurons through a 5-HT1a autoreceptor
mediated hyperpolarisation (El Mansari et al., 2005; Gartside et al., 1995; Rasmussen et

al., 2004). To our knowledge this is the first report of evidence that in the ventral DRN
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5-HT neurons with the capacity to co-release glutamate are activated by exposure to a

stressor, specifically acute swim stress.

Conversely in the dorsal DRN, swim stress evoked c-Fos expression in neurons
expressing TPH2, but not VGLUT3. Previous studies report that swim stress increases
c-Fos in 5-HT neurons in the dorsal DRN (Kelly et al., 2011), but our data now suggest
that these neurons lack the capacity to co-release glutamate. Further, in the dorsal DRN
swim stress did not significantly affect the number of c-Fos/TPH2/VGLUT3 triple-
labelled neurons, adding further evidence that the response of 5-HT-glutamate

co-releasing neurons to stress in the ventral DRN were sub-region specific.

One caveat of using c-Fos as a marker of neuronal activation, is that it does not provide a
direct measure of 5-HT-glutamate co-release in response to swim stress. Previous
optogenetic studies on the basal amygdala indicate that glutamate is released by 5-HT
neurons at low stimulation frequency (<1 Hz), whereas 5-HT release occurs at higher
frequencies (10-20 Hz; Sengupta et al.,, 2017). Electrophysiological studies also show that
in response to stress or punishment 5-HT neurons typically present patterns of activation
between 1-10 Hz (Cohen et al, 2015; Schweimer & Ungless, 2010). Thus, it seems

plausible that during swim stress, both glutamate and 5-HT release would occur.
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3.4.3 Single exposure to social defeat did not evoke c-Fos expression in DRN

neurons colocalising TPH2 and VGLUT3

Next, it was investigated whether exposure to acute social defeat also elicited c-Fos
expression in ventral DRN 5-HT neurons colocalising with VGLUT3, similar to swim
stress. However, exposure to a single episode of social defeat did not increase c-Fos
expression in DRN subregions, in DRN TPH2 neurons, nor in TPH2 neurons expressing
VGLUTS3. Previous evidence indicates that exposure to acute social defeat activates many
brain areas involved in the general stress response (Martinez et al., 2002). Yet, reported
effects on DRN 5-HT neurons are inconsistent, with different protocols yielding different
results (Martinez et al, 2002; Matsuda et al, 1996). Indeed, an increase in c-Fos
expression has been reported in the DRN of mice exposed to an aggressive conspecific for
10 min (Gardner et al,, 2005; Numa et al,, 2019), whilst others have reported no effect in
this region following a stress exposure for 3 min (Matsuda et al., 1996), in line with the

current results.

It is possible that longer social defeat protocols might act as an inescapable
uncontrollable stressor, while in our paradigm a single brief defeat episode amount to
the stressor being controllable. Here, while not being able to completely escape the
aggressive resident animal, socially-defeated mice adopted a variety of active coping
strategies and displayed little evidence of freezing or passive coping behaviour. As it has
previously been shown that the 5-HT system is sensitive to the controllability of the
stressor (Amat et al., 1998; Grahn et al., 1999), this could explain the differential c-Fos

response to swim stress or acute social defeat.
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Nonetheless, lack of differences between groups could also be due to a ceiling effect (as
c-Fos expression in the control group was higher than expected), or it could be argued
that the magnitude or length of the defeat encounter was insufficient to elicit a stress
response. To confirm the efficacy of our paradigm, we examined c-Fos expression in
regions known to process stress-induced fear and coping responses. Specifically, we
quantified c-Fos expression both in the dorsal PAG, which mediates fight or flight
responses, and the ventrolateral PAG, which is involved in freezing and immobility that
characterises passive coping strategies (Deakin & Graeff, 1991; Paul et al, 2014).
Interestingly, c-Fos expression increased in the dorsal PAG of socially defeated mice,
hence corroborating the efficacy of our paradigm. Conversely, in mice exposed to swim
stressed c-Fos expression increased in both the dorsal and ventrolateral PAG, with a
greater response in the latter. This finding is line with previous studies (Lino-de-Oliveira
etal, 2006), and might reflect the combination of active (i.e. climbing and swimming) and

passive (i.e. immobility) coping strategies employed.

Thus, the current data suggest that 5-HT neurons with the capacity to co-release
glutamate are preferentially activated by an uncontrollable versus controllable stressor.
These data are consistent with previous c-Fos studies reporting that 5-HT neurons are
more sensitive to uncontrollable versus controllable foot-shock (Amat et al., 1998; Grahn
et al., 1999) but extend the findings to 5-HT-glutamate co-releasing neurons. Based on
previous experiments involving localised injections of the GABA antagonist muscimol, it
was concluded that controllable stressors have reduced impact on DRN 5-HT neurons
due to the inhibitory influence of the medial prefrontal cortex (Amat et al., 2005). Thus,
the greater effect of swim stress versus social defeat on VGLUT3-expressing 5-HT

neurons could be explained by the same mechanism.
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3.4.4 Wildtype mice administered with fluoxetine display increased climbing

during swim stress

Acute swim stress has been widely used in the literature to assess responses to an
inescapable stressor. It is well-known that acute treatment with an SSRI prior to swim
stress increases active coping during swim stress, typically measured as time spent
swimming as opposed to floating (Lucki, 1997; Petit-Demouliere et al., 2005). Here, we
confirmed that in wildtype mice treatment with fluoxetine increased time spent climbing
during swim stress, as previously reported (Carratala-Ros et al,, 2021; A. P. R. Costa et al,,
2013). Whilst most swim stress studies in mice do not distinguish between swimming
and climbing, it has been suggested that climbing is a more sensitive measure of active
coping (Costa et al.,, 2013; Perona et al., 2008). Notably, in mice the climbing response to
swim stress is 5-HT-sensitive, unlike in rats where the climbing response is also

noradrenaline-dependent (Carratala-Ros et al,, 2021; Costa et al., 2013).

Perhaps surprisingly, fluoxetine had no effect on time spent immobile, but this has also
been observed previously (Lucki et al.,, 2001; Perona et al., 2008). Here, C57BL/6 mice
were employed due to comparability with the background strain of the VGLUT3 cKO>-HT
mice, however this strain is known to be the least sensitive to SSRI-induced reduction in
immobility during swim stress (Tang et al., 2014). Further, a water cylinder similar in
dimensions to that used in the original Porsolt's experiment (Porsolt et al., 1977) was
used, which is smaller than other water cylinder employed in the literature. As water
cylinders of smaller size are also reported to increase immobility during swim stress
(Rosas-Sanchez et al,, 2022; Sunal et al., 1994), it was determined that climbing could be

a more useful measure in this context.
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3.4.5 VGLUT3 cKOS5-HT mice displayed increased climbing during swim stress

Importantly, when exposed to swim stress VGLUT3 cKO5HT mice spent more time
climbing compared to control littermates, drawing an interesting parallel with the effect
of fluoxetine in wildtype mice. Fluoxetine did not add further to the increase in climbing
in the VGLUT3 cKO>-HT mice, potentially because of a ceiling effect. Further, the increase
in climbing behaviour in the VGLUT3 cKO>HT mice was not associated with increased

locomotor activity in a separate test of locomotion.

As in wildtype mice no changes in time spent immobile were found across groups, likely
due to the strain and water cylinder size, as discussed above. A previous study employing
transgenic mice with complete VGLUT3 deletion also reported no differences in
immobility during swim stress (using a similar strain and water cylinder size) compared
to control mice, although interestingly these mice showed decreased swim
stress-induced corticosterone levels (Balazsfi et al., 2018). Nonetheless, the latter study

did not quantify climbing behaviour, thus limiting the comparability between the studies.

The increase in climbing behaviour exhibited by VGLUT3 cKO>HT mice in the current
study, is evidence of enhanced escape-driven active coping behaviour (Commons et al,,
2017). Given our above immunohistochemical evidence that swim stress activates
5-HT-glutamate co-releasing neurons, it seems as if a deficiency in co-released glutamate
in VGLUT3 cKO>HT mice promotes active coping behaviour. This is surprising, as VGLUT3
cKO>HT mice presented evidence of anhedonia and impairments in reward-based
learning (Chapter 2), thus we might have expected VGLUT3 cKO5HT mice to exhibit a

reduction in coping behaviour as evidence of increased stress vulnerability.
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It is possible that that the predicted lack of co-released glutamate in the VGLUT3 cKO5-HT
mice would theoretically shift the 5-HT-glutamate balance at their receptors in favour of
5-HT. Interestingly fluoxetine, by selectively inhibiting 5-HT reuptake and causing an
increase in extracellular 5-HT (Malagié et al., 1995; Stahl, 1998), would also shift the
5-HT-glutamate balance towards 5-HT (Fischer et al,, 2015). Therefore, this shift in
favour of 5-HT may promote active stress coping behaviour both in wildtype mice
administered fluoxetine and in VGLUT3 cKO>HT mice. This is also consistent with
fluoxetine not affecting the behaviour of VGLUT3 cKO>-HT mice. The idea that a shift in the
5-HT/glutamate balance might be involved in SSRI action has been previously proposed,

but it remains to be tested (Fischer et al,, 2015).

The latter hypothesis that a shift towards 5-HT at its receptors might be linked to
increased active coping could be consistent with the recent evidence indicating that
chemogenetic activation of ventral DRN 5-HT neurons projecting to the prefrontal cortex
increased active coping in mice exposed to swim stress (Ren et al, 2018). Since
electrophysiological evidence (Sengupta et al., 2017) suggests that 5-HT-glutamate
co-release is frequency-dependent, with 5-HT alone being preferentially released at
higher frequencies (10-20 Hz), it is possible that chemogenetic activation may have
preferentially released 5-HT, resulting in increased active coping. Conversely, conditional
TPH2 KO from the same cortex-projecting ventral DRN 5-HT neurons was found to
increase immobility (Ren et al.,, 2018), supporting the requirement for 5-HT in stress
coping. Taken together, the above evidence suggests that altered balance of
5-HT-glutamate in favour of 5-HT, hence towards 5-HT signalling pathways, may increase

active coping and play a role in the behavioural response to stress.
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A caveat of this hypothesis is the current lack of consensus regarding the mechanisms of
5-HT-glutamate co-release (Trudeau & El Mestikawy, 2018). The evidence of the
frequency-dependent nature of 5-HT-glutatamate co-release (Sengupta et al., 2017)
suggests that 5-HT and glutamate are released from different vesicular pools. Conversely,
co-release from the same vesicle has also been proposed (El Mestikawy et al., 2011) based
on evidence that glutamate can promote vesicular accumulation of 5-HT in in presence of
a VMAT?2 inhibitor, an effect that was abolished in VGLUT3 KO mice (Amilhon etal., 2010;
see Chapter 1, Section 1.3.3.3 for more details). In presence of such vesicular synergy, a
reduction of VGLUT3 expression may decrease the vesicular content of both glutamate
and 5-HT, thus the loss of VGLUT3 in VGLUT3 cKO>-HT mice might disrupt the balance of
glutamate-5-HT co-release less than expected. Nonetheless it is difficult to reconcile an
increase in stress coping with an overall decrease in 5-HT release in these animals (e.g.
Ren et al,, 2018). A further caveat is that the VGLUT3 cKO>HT mice may present changes
in 5-HT neuronal function other than altered glutamate, that might contribute to altered

stress coping.

Altogether, this suggests that the balance between 5-HT and glutamate released from
5-HT neurons might play a role in the behavioural response to stress, with the
preferential release of 5-HT favouring active coping behaviour. This might be of relevance
in situations where this balance is altered by environmental, genetic or pharmacological
factors affecting expression of VGLUT3 (but also VMAT2 or SERT). Interestingly, there is
evidence that VGLUT3 expression in 5-HT neurons is plastic, such that neurons can
“switch phenotype” in response to an environmental trigger. For instance, a reduction in
VGLUT3 expression in the ventral DRN has been observed in rats exposed to chronic

stress (Prakash et al,, 2020). Moreover, neurotransmitter switch from glutamate to GABA
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has been reported in 5-HT neurons in lateral wings of the DRN during acquisition of
generalised fear following acute stress (see Chapter 6, Section 6.3 for further discussion;
Li et al, 2024). Additionally, VGLUT3 expression transiently vary during
neurodevelopment and early post-natal life (Boulland et al., 2004; Gras et al., 2005) and
point mutations of the gene encoding VGLUT3 (Slc17a8) can lead to life-long alteration
in levels of VGLUT3 (Ramet et al,, 2017). Altogether, the above changes in VGLUT3
expression might affect the balance of 5-HT-glutamate at their receptors, and the present

data suggest that they could impact on coping strategies and susceptibility to stress.
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Chapter 4
Investigation of reward function in mice
with conditional VGLUT3 knockout in 5-HT
neurons

4.1 Introduction

In Chapter 2, it was reported that VGLUT3 cKO5-HT mice displayed decreased preference
for sucrose, which could be indicative of anhedonia. Chapter 3 investigated whether this
putative anhedonia could be linked to increased sensitivity to stress, but instead VGLUT3
cKO>-HT mice showed evidence of increased active coping during swim stress. Therefore,
it was hypothesised that in VGLUT3 cKO>HT mice reduced sucrose preference could
instead be linked to reduced sensitivity to reward. This hypothesis was based on evidence
of reduced performance of VGLUT3 cKO>HT mice in an appetitively-motivated spatial
learning task (Chapter 2), as well as on previous evidence suggesting a role of
5-HT-glutamate co-release in reward processing (Liu et al., 2014; Wang et al., 2019).
Therefore, this chapter will further investigate reward-based learning in VGLUT3 cKO>-HT

mice, employing behavioural paradigms using operant chambers.

4.1.1 5-HT-glutamate co-release and reward

Much evidence from pharmacological, optogenetic and electrophysiological studies links
the DRN to reward processing (see Luo et al, 2015 for a review). Importantly,
experiments using slice electrophysiology showed that DRN VGLUT3-expressing 5-HT
neurons excite VTA DA neurons which project to the NAc, a key reward area in the brain

(Wang et al,, 2019). However, retrograde labelling studies of DRN projections to the VTA
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found that many of these neurons were non-5-HT glutamatergic neurons, and only 14%

co-released 5-HT and glutamate (Qi et al., 2014).

Convergent evidence from behavioural studies using optogenetics and transgenic mice
indicates that activation of DRN neurons is strongly rewarding in a glutamate-dependent
manner (see Chapter 1, Section 1.3.4.4; McDevitt et al., 2014; Qi et al,, 2014; Liu et al,,
2014). Conversely, there is no consensus as to whether stimulation of DRN 5-HT neurons
in reward-based behavioural tasks is reinforcing (Liu et al., 2014; Wang et al., 2019) or
merely promotes patience in waiting for rewards (Fonseca et al., 2015; Miyazaki et al,,
2012; Miyazaki et al, 2014). Nonetheless, a recent study found that optogenetic
activation of either VGLUT3-positive or SERT-positive DRN projections to the VTA
reinforced behaviour during conditioned place preference (Wang et al, 2019).
Additionally, behavioural effects of optogenetic stimulation of 5-HT neurons during
reward tasks were reduced, but not blocked completely by knocking out VGLUT3 from
Pet1 neurons (consisting predominantly of 5-HT neurons but also 10% of glutamatergic
neurons), whilst depletion of 5-HT blocked the residual effects (Liu et al, 2014).
Altogether the evidence to date suggests that DRN neurons may play some role in reward
processing via both 5-HT and glutamate, but the behavioural role of glutamate

co-released from 5-HT neurons remains to be clarified.

4.1.2 5-HT-glutamate co-release and learning

Previous studies showed that mice with global VGLUT3 deletion displayed mild learning
deficits as evidenced by reduced spontaneous alteration in a Y maze, slower

avoidance-based learning in the Morris water maze and shuttle-box, and slower reversal
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learning in a reward-based operant task (Fazekas et al., 2019). However, these
experiments do not specifically inform on the role of glutamate co-released from 5-HT
neurons. Moreover, since reward-based tasks often involve a learning component and the
latter studies do not exclude the possibility that apparent deficits in reward behaviour

actually involved changes in non-appetitive learning and memory.

4.1.3 Reward-based behavioural paradigms

Reward-based learning is a subset of conditioning involving an instrumental or Pavlovian
response which is maintained by a reinforcer (Schindler & Goldberg, 2013). Reinforcers
include appetitive rewards, or other biologically significant stimuli, such as water or
warmth (Carlisle, 1970; Schindler & Goldberg, 2013). Available behavioural setups
include a variety of mazes (e.g. straight-alley runway, T maze, Y maze, radial maze,
conditioned place preference) and operant boxes (Ettenberg, 2009; Skinner, 1988;
Staddon & Cerutti, 2003). In reward paradigms using mazes rodents typically learn to
find rewards in a specific and reliable spatial location within the maze, while operant
paradigms usually involve training the mouse to perform an instrumental response (e.g.
lever press or nose-poke) to receive a reward. Reward-predictive cues, such as a sound
or light cue can also be introduced, and the process through which rodents learn to
associate a neutral stimulus to the reward is known as Pavlovian conditioning (Domjan,
2018; Mackintosh, 1974; Rescorla, 1988). Operant boxes typically allow for longer and
more complex experiments, compared to mazes. Furthermore, different paradigms can
be used to probe specific aspects of reward-based learning (e.g. attention, motivation,
effort, reversal learning) (Lang et al.,, 2023). Lastly, behavioural tasks run in operant

chambers can more easily be combined with techniques such as fibre photometry or
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optogenetics, allowing time-locking biological signals of interest to specific events in the
behavioural task (e.g. delivery of stimuli and rewards, responses made by the animal).

(Akam et al,, 2022; Kapanaiah et al,, 2021).

4.1.4 Hypothesis and aim

This chapter aimed to investigate the role of glutamate co-released from 5-HT neurons in
reward processing. To this end VGLUT3 cKO5-HT mice were tested in two operant-based
reward paradigms as well as a battery of tests probing non-appetitive learning and
memory. Specifically, it was hypothesised that compared to control littermates, VGLUT3
cKO>-HT mice would display reduced performance in reward-based tasks together with

unimpaired learning and memory in non-appetitive tasks.

4.2 Methods

421 Animals

Experiments used male and female VGLUT3 cKO>HT mice (SERT-Cre::VGLUT3LoxP/LoxP,

C57BL/6] background, aged 8-30 weeks) and their control littermates

(SERT*/*::VGLUT3LoxP/LoxP) ' VGLUT3 cKO5-HT mice were generated and bred as described
in Chapter 2. VGLUT3 cKO>HT mice express Cre under the control of the SERT promoter

(unlike their control littermates), thus reward-based learning was also assessed in

SERT-Cre mice compared to wildtype (SERT*/*) controls to ensure that Cre expression

itself was not responsible for behavioural changes.
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Mice were group-housed (2-6 per cage) with littermates in individually ventilated cages,
in a temperature-controlled room (21°C) on a 12 h light/dark cycle (light on 07:00, lights
off 19:00). Unless specified otherwise, mice had access to food and water ad libitum, and
cages were lined with sawdust bedding and contained cage enrichment consisting of
sizzle nests and a cardboard tube. Mice were habituated to handling on three occasions
before any experiment, and handling was always carried out using a cardboard tunnel

(Gouveia & Hurst, 2019; Hurst & West, 2010)

Experiments followed the principles of the ARRIVE guidelines and were conducted
according to the UK Animals Act of 1986, with appropriate personal and project licence

coverage. All experiments were conducted and scored blind to genotype.

4.2.2 Behavioural tests

VGLUT3 cKO5-HT mice and control littermates underwent one of the following tests or
batteries of tests, with at least two days interval between each test:

a. Tests of reward function and learning: food-restricted appetitively-motivated
operant paradigm (with milkshake rewards), measurements of milkshake
consumption (one-bottle test) and milkshake preference, spatial novelty
preference test, and novel object recognition test (Fig. 4.1). Mice in this cohort
were previously exposed to the marble burying test (Chapter 2).

b. Social preference test.

c. Operant paradigm with water rewards.

105



Chapter 4

m
' N

\

Appetitively-motivated Milkshake Spatial novelty Novel object
operant paradigm preference preference recognition

VGLUT3 cKO
and control littermates 8 days T T T 3days T

Figure 4.1| Experimental timeline of behavioural experiments investigating reward

function and learning. Representation of experiments undergone by cohort a, with a minimum

interval of 2 days between each test. Figure made with Biorender ©.

The behaviour of naive SERT-Cre mice and littermate controls was assessed in the
appetitively-motivated operant paradigm with milkshake rewards, as differences

between VGLUT3 cKO>-HT mice and controls were particularly evident in this test.

All experiments were conducted during the light phase, unless otherwise specified. Mice
were allowed to habituate to the testing room for at least 30 min prior to
experimentation. In all experiments involving an apparatus without bedding, the

apparatus was wiped with 0.5% Anistel (Tristel) to remove odours between animals.

4.2.3 Appetitively-motivated operant paradigm

Mice underwent food restriction from 5 days prior to the start of testing and then
throughout the experiment, and were maintained at about 90% of initial body weight.
Mice were weighed daily after the task and chow was administered to group-housed
mice. The specific amount of chow was dependent on weight loss. If a given mouse

showed significantly less weight loss compared to cage-mates, it was single-housed. Mice
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were habituated to the reward which was strawberry milkshake (Yazoo kids) in their
home cages to reduce subsequent hyponeophagia in the operant chambers. The operant
apparatus was controlled using a Med-PC software package (Med Associates, SOF-735).
Each operant box (20 x 20 cm, Med Associates, Fig. 4.24), contained a fan and was placed
in a sound-attenuated dark chamber. Operant boxes were equipped with a panel of five
nose-poke ports with recessed LED lights. On the wall opposite to these ports the
milkshake “magazine” was installed (Fig. 4.24), comprising of a drinking spout where
milkshake (~12 pl) was dispensed by a syringe pump. The magazine was not equipped
with a light to indicate reward availability, but it is possible that the smell of the
milkshake and the noise of the syringe pump (which was, however, located outside of the

sound-attenuated chamber) might have provided some cue of reward delivery.

Table 4.1 | Summary of the parameters employed in the operant paradigm with milkshake

rewards

Day and Task Description Stimulus | ITI Session

session duration duration

Day 1 Habituation No ports are illuminated. Delivery of 5 NA 5min 30 min

tothe setup = milkshake rewards (12 pl each) from

the magazine.

Day 2-8 | Main task All 5 ports are illuminated, nose-poke = Until 2s 30 min or
of any illuminated port results in the nose-poke 40 correct
port lights being switched off and responses

triggers reward delivery (12 pl) from

the magazine.
On the first day of training mice were habituated to the operant box for 30 min, during
which 5 milkshake administrations were delivered (once every 5 min) from the magazine
(Table 4.1). At this stage no ports were illuminated and no action was required to trigger
milkshake delivery. The number of magazine head entries and nose-pokes into the ports

were recorded.
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In the following 7 days, mice were trained to perform an appetitively-motivated operant
task in which a nose-poke into any of 5 illuminated ports triggered a milkshake reward
from the magazine (Table 4.1, Fig 4.2C). This task has been previously used as a
habituation stage to the 5-choice serial reaction time task (5-CSRTT; Bari et al., 2008) and
involves all 5 ports always being illuminated simultaneously. Each training session
started with a milkshake delivery (not contingent on any action) and its consumption
triggered an inter trial interval (ITI) of 2 s, after which all 5 ports were illuminated until
the mouse nose-poked any of the ports. This was recorded as a correct response and
triggered the administration of a milkshake reward from the magazine (Fig 4.2C). Each
day mice were tested for 30 min, or till 40 correct trials were reached. The number of
magazine head entries, as well as latency to respond to the light stimulus with a
nose-poke (timed from when the lights were turned on until nose-poke), and latency to
consume the reward (timed from milkshake delivery until consumption) were also
recorded. Any nose-poke occurring after a correct response but before reward
consumption was considered a perseverative response (Fig 4.2C). In this task mice
typically didn’t perform any premature responses (i.e. responses during the ITI) due to

the short ITI length (2 s) and the relatively large size of the box.
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Figure 4.2 | Photographs of the operant chamber setups together with illustration of the

main tasks used. (A) 5-poke operant chamber (Med Associates) used in the appetitively-

motivated paradigm with milkshake rewards, and (B) custom-built operant chamber (Akam et

al, 2022) used in the operant task with water rewards. (C) Tasks used in the appetitively-

motivated paradigm with milkshake reward, and (D) in the operant paradigm with water reward.
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4.2.4 Operant paradigm with water rewards

Animals were water-restricted throughout the experiment, commencing 48 h before the
start of training. Mice were maintained at 90% of initial body weight and received most
of their water intake from the task, but were individually topped up daily if necessary.
The task was run using custom-built operant boxes (12 x12cm) controlled using
PyControl software (Akam et al., 2022). Each box comprised 6 nose-poke ports located
on the back wall (Fig. 4.2). Each port was equipped with a recessed LED light, and the
lowest port placed in the centre of the wall also contained a solenoid to deliver water
rewards, thus serving as a water magazine. The remaining 5 ports were 1.6 cm apart,
located above the magazine port in an inverted W configuration (Fig. 4.2B). Mice were
video-recorded using a FLIR Chameleon 3 camera positioned above each setup, and

videos were analysed using a Bonsai based workflow (Akam et al., 2022)

Mice underwent two 30 min sessions per day, for 8 days. The parameters employed in
each stage of training are summarised in Table 4.2. Initially, the task was designed to
mimic the training used for the food-restricted appetitively-motivated paradigm
(described in Section 4.2.3). Therefore, it included a session of habituation to the setup
(Table 4.2., day 1, session 1) as well as a stage in which mice had to poke any of 5
illuminated ports to receive a reward (Fig 4.2C, Table 4.2., day 2). During the habituation
to the setup (day 1, session 1) mice received 5 water administrations (at 5 min intervals)
from the illuminated magazine port (Table 4.2), and magazine entries were recorded. On
day 2, mice were allowed to perform a maximum of 40 correct responses (defined as a
nose-poke of any of the 5 illuminated ports), and number of correct responses, time to

reach 40 responses, response latency, number of magazine entries and reward latency
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were measured. Nose-pokes during the ITI were recorded as premature responses, while
nose-pokes after a correct response but prior to magazine entry/reward consumption

were recorded as perseverative responses.

Table 4.2 | Summary of the parameters employed in operant paradigm with water

rewards.
Day and Task Description Stimulus | ITI Session
session duration duration
Day 1, Habituation | The 5 ports are never illuminated. At NA 5min 30 min
session  to the setup | the start of the task the magazine light
1 is on. Magazine entry causes the
magazine light to switch off and
delivers a water reward (10 pl). This is
repeated 5 times.
Day 1, Magazine The 5 ports are never illuminated. At NA 30s 30 min
session | training the start of the task the magazine light or 40 trials
2 is on. Magazine entry causes the
magazine light to switch off and
delivers a water reward (10 pl).
Day 2, Shaping for | All 5 ports are illuminated, nose-poke | till nose- | 2s Maximum 40
session | the main | of any illuminated port turns off the 5 poke correct
1-2 task ports and turns on the magazine light. responses
Entries into the illuminated magazine
trigger reward delivery (10 pl).
Day 3-8  Main task At the start of the task, the magazine | 20s 2s 30 min
(2 light is on. Magazine entry triggers a
sessions reward (10 pl) and initiates the task.
per day) During each trial one port illuminates

randomly for 20 s. Nose-poke into the
illuminated port (or in the following 2
seconds) switches off the port light,
and turns on the magazine light. Mice
can then collect the reward from the
magazine. Premature, perseverative,
and incorrect responses trigger a time-
out of 5 s with house light off, prior to
the ITL
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The setup for the water-based operant paradigm differed from that employed in the
milkshake-based paradigm (Fig. 4.2), requiring the task to be adjusted accordingly. For
example, in this setup mice had to nose-poke the illuminated magazine port in order to
trigger water delivery, therefore an additional magazine training session was introduced
(Day 1, session 2; see Table 4.2 for details). During this session the number of magazine
entries, number of rewards earned and latency to collect the reward (timed from when

the port was illuminated to reward consumption) were recorded.

Furthermore, these custom-made operant boxes were much smaller than those used in
the appetitively-motivated operant task, and involved the magazine being located on the
same wall and in close proximity to the 5 ports (Fig. 4.2), which can facilitate the
associative learning process. Thus, the difficulty of the task was increased from day 3
onwards, such that during each trial only one port was randomly illuminated for 20 s and
the mouse was required to respond at this individual port in order to initiate the

magazine light (as opposed to all 5 remaining lit until nose-poke, Table 4.2, Fig 4.2D).

This task is similar to the first stage of the 5-CSRTT but with the caveat of the magazine
being located on the same wall as the choice ports. Nose-poke of the illuminated port was
recorded as a correct response while nose-poke of a non-illuminated port (when another
port was illuminated) was recorded as an incorrect response (Fig 4.2D). Failure to
nose-poke during presentation of the light stimulus was recorded as an omission.
Nose-pokes during the ITI were counted as premature responses while repeated pokes
into the previously illuminated port (before reward consumption) were considered
perseverative responses (Fig 4.2D). Latency to nose-poke was measured from when the

stimulus light was turned on until nose-poke, while latency to reward consumption was
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measured from the correct response until magazine entry. Percentage accuracy was
calculated as correct responses/(correct responses + incorrect responses). Percentage
correct, incorrect and omissions were calculated by dividing respective counts by the
total number of trials. Results from the two daily sessions were averaged together to give

one score per day.

4.2.5 Home cage milkshake consumption and preference

Milkshake consumption and preference were assessed to investigate whether altered
preference for milkshake might impact performance in the operant task with milkshake
rewards. Milkshake consumption and preference were measured over two non-
consecutive evenings (18:00-24:00) during which mice were single-housed and exposed
to strawberry milkshake ad libitum in a clean but familiar cage. Measurement of
milkshake consumption was achieved in a one-bottle test in which mice were presented
with a bottle containing milkshake (plus freely available food but no water bottle) for 4
h. The milkshake bottle was weighed prior to the test as well as after 1 h and at the end
of the 4 h test period. On a separate evening mice underwent a milkshake preference test
(7 h), involving simultaneous presentation of a milkshake bottle and a water bottle (as
well as food). The positions of the bottles were swapped after 3.5 h to avoid place
preference, and milkshake preference was measured as total milkshake consumption

minus total water consumption.

4.2.6 Spatial novelty preference test

A spatial novelty preference test was carried out as previously described (Barkus et al,,

2012; Sanderson et al,, 2007), to investigate short-term spatial memory. The testing
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apparatus consisted of a transparent Perspex Y maze (30 x 8 x 20 cm) lined with sawdust
bedding which was placed in a dimly lit room containing a variety of extra-maze cues (e.g.
colourful posters, large objects on nearby tables). Prior to testing each mouse was
assigned one “familiar arm” and one “novel arm", counterbalanced between groups. The
novel arm was closed off with a partition, and the mouse was placed in the “start arm”
and allowed to explore the start arm and the familiar arm for 5 min, before being placed
back in its cage. After 60 s, during which the partition was removed and the sawdust
bedding was flattened, the mouse was placed back into the Y maze start arm and left free
to explore all three arms for 2 min. The mice’s movements were recorded by an overhead

camera, to allow for manual timing of time spent in each arm.

4.2.7 Novel object recognition test

The novel object recognition test was conducted over three consecutive days, as
previously described (Leger et al., 2013) to investigate memory and response to novelty.
On the first day the mice were habituated to the square arena (50 x 50 cm) for 10 min, in
a dimly lit room. On the second day the mice were exposed for 10 min to two copies of
the same object (the “familiar object”, counter-balanced between groups), secured on
opposite sides of the arena. On the third day each mouse was presented for 10 min with
a third copy of the familiar object, and a “novel object.” Both object identities and their
positions within the arena were counter-balanced between groups. All sessions were
recorded with an overhead camera and the amount of time spent exploring each object
was timed manually. Exploration was defined as approaching, sniffing or touching the
object. The objects used (a plastic unicorn toy and a wooden gnome) were of similar

height (~7 cm) but varied in texture, shape, and colour.
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4.2.8 Social preference test

The social preference test was carried out over two consecutive days (adapted from Rein
etal,, 2020), to assess preference for an unfamiliar conspecific compared to an inanimate
object. The test setup consisted of a rectangular box (made of red see-through Plexiglas)
comprising three connected consecutive chambers (19 x 45 cm; Fig. 4.3). The two side
chambers contained two barred cages (7 x 7 cm). On the first day of the test the barred
cages were empty and mice were individually habituated to the three-chamber box for
10 min. On the testing day an unfamiliar mouse (of the same-sex and age-matched to the
experimental mouse) was placed in a barred cage in one of the side chambers, whilst the
cage located in the opposite side chamber contained a novel object (a roll of black tape).
Positions of the unfamiliar mouse and the novel object were counterbalanced between
groups. Mice were allowed to explore all 3 compartments for 10 min. Exploration of the

compartment with the unfamiliar mouse was used as a measure for social preference.

Figure 4.3| Illustration the social preference test. Figure made with Biorender ©.

—

Novel object Start chamber Novel mouse

4.2.9 Statistical Analysis

The Shapiro-Wilk test for normality was applied to all data sets. All data were normally

distributed, thus either a t-test or a one/two-way ANOVA was carried out as appropriate,
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with the latter followed by Tukey’s post hoc test. A two-way ANOVA with repeated
measures was used on datasets with balanced groups, while a mixed effect model was
employed in presence of unbalanced groups, or missing values due to technical issues.
Data are presented as mean * SEM values with p<0.05 being considered statistically

significant. GraphPad Prism (v10) was used for analysis and plotting of graphs.

4.3 Results

4.3.1 Appetitively-motivated operant paradigm with milkshake rewards

During the first day of exposure to the operant boxes, in which mice received 5 milkshake
deliveries (without needing to nose-poke), VGLUT3 cKO5>-HT mice had a reduced number
of magazine entries compared to littermate controls (F(, 20)=4.254, p=0.048; Fig. 4.4).
Analysis of magazine entries in 5 min time bins found no significant effect of time
(Fs5,145=0.932, p=0.462; Fig. 4.4) or interaction between time and genotype
(F(s,145=0.962, p=0.443; Fig. 4.4), suggesting that the reduction in magazine entries was
uniform across the whole session. The total number of nose-pokes in the 5 ports (which
were never illuminated at this stage) was unchanged between groups (ti29)=0.875,

p=0.389, Fig. 4.4), suggesting similar levels of exploration of the operant chamber.

In the subsequent appetitively-motivated operant paradigm all mice had an increased
number of correct responses over the 7 days of training (effect of training day:
F(6,180)=50.65, p<0.0001, Fig. 4.54). However, VGLUT3 cKO>-HT mice displayed a reduced
number of correct responses compared to control littermates (effect of genotype:
F(1,30)=4.723, p=0.038; genotype x training day interaction: F, 180)=4.752, p=0.0002, Fig.
4.5A). Tukey’s post hoc revealed that this effect was significant on training days 6, 7, and
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8 (p=0.008, 0.0001, 0.014). No sex-specific difference was detected in either genotype.
VGLUT3 cKO5-HT mice also had a decreased number of entries in the magazine compared
to controls (effect of genotype: F(1, 30)=5.790, p=0.023; genotype x training day
interaction: F(1, 180)=2.98, p=0.009, Fig. 4.5B), with a significant difference on days 6, 7,
and 8 (p=0.024, 0.0002, 0.0009). Analysis of the number of perseverative responses
revealed no effect of genotype or genotype x training day interaction (F1, 30)=1.390,

p=0.248, F(s,180)=1.800, p=0.102, Fig. 4.5E).
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Figure 4.4 | Performance during habituation session (day 1) for the appetitively-motivated
operant paradigm with milkshake rewards in VGLUT3 cKOS5-HT mice and littermate
controls. Columns represent mean number of nose-pokes in the 5 ports, which were not
illuminated at this time (top left) and the mean number magazine entries, either during the whole
session (top right) or in 5 min time bins (bottom). Data from VGLUT3 cKO5-HT mice (n=15) and

control (n=17) were analysed by t-test or two-way repeated measures ANOVA. *p<0.05
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Figure 4.5 | Performance of VGLUT3 cKOS5-HT mice and controls in the appetitively-
motivated operant box paradigm. (A) Number of correct responses, (B) magazine entries, (C)
response latency, (D) reward latency, (E) perseverative responses. Closed circle represent mean
+ SEM values (some error bars are too small to be depicted) for VGLUT3 cKO5-HT mice (n=15) and
controls (n=17). Data were analysed by repeated measures mixed-effect model, followed by

Tukey’s test. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05.
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Additionally, VGLUT3 cKO5-HT mice were slower to nose-poke the light stimuli compared
to control littermates (effect of genotype: F(1, 30)=9.61, p=0.004; genotype x day
interaction: Fg, 158)=3.28, p=0.005 Fig. 4.5C), with a significant difference on days 4, 5, 6
and 7 (p=0.049, 0.025, <0.0001, 0.047). Conversely, there was no difference between
groups in the latency to consume the milkshake reward (effect of genotype: F(1,30)=0.201,

p=0.657; genotype x day interaction: F, 160)=0.690, p=0.658, Fig. 4.5D).

VGLUT3 cKO>HT mice express Cre under the SERT promoter to allow for the cKO of

VGLUTS3. Conversely, control littermates had floxed VGLUT3 but were wildtype for SERT

(SERT+/*). Therefore, to verify that Cre expression per se had no behavioural effects on
reward based-learning we ran SERT-Cre mice through the same appetitively-motivated

operant paradigm, compared to wildtype controls.

In the appetitively motivated operant task, SERT-Cre mice showed a trend increase in
correct responses, compared to controls (F(1, 14=3.799, p=0.072, Fig. 4.6B). VGLUT3
cKO>-HT mice also expressed Cre under the SERT promoter, but displayed a reduction in
correct responses, thus it was concluded Cre expression was not responsible for this
reduction in performance. Additionally, SERT-Cre mice did no differ from wildtype in
their learning rate (effect of training day: F 84)=17.39, p<0.0001), with no interaction

between time and genotype (F,84=1.200, p=0.315).
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Figure 4.6 | Performance of SERT-Cre mice and controls in the appetitively-motivated
operant box paradigm. (A) Data from day 1 (top row) and (B-E) days 2-7 for SERT-Cre mice
(n=8) and littermate controls (n=8). (B) Number of correct responses, (C) magazine entries, (D)
response latency, (E) reward latency. For the top row, columns represent mean + SEM values
with individual values indicated by closed circles. In the time plots, closed circles represent mean
+ SEM values (some error bars are too small to be depicted). Data were analysed by t-test or

repeated measures mixed-effect model.
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The number of magazine head entries was also not different between SERT-Cre mice and
controls (effect of genotype: F(1,14=1.118, p=0.308; genotype x time interaction:
F(6,82)=0.650, p=0.690, Fig. 4.6B). Similarly, the latency to nose poke into the illuminated
ports (effect of genotype: F(1,14=1.855, p=0.195; genotype x time interaction:
F(6,82=0.372, p=0.895, Fig. 4.6D), as well as latency to collect the milkshake reward
(effect of genotype: F(1, 96)=0.023, p=0.880; genotype x time interaction: F, 96)=0.050,
p=1.000, Fig. 4.6F) were not different between groups. On the first day of exposure to the
operant box, when the mice were habituating to the setup, the number of explorative
nose-pokes (t(14)=0.849, p=0.401, Fig. 4.6A) and magazine entries (t14=1.074, p=0.301,
Fig. 4.6A) were also unaffected by genotype. Altogether this indicates that Cre expression
in VGLUT3 cKO5-HT mice is not responsible for the observed impairments in reward-based

learning.

4.3.2 Home cage milkshake consumption and preference

In a clean but familiar cage, VGLUT3 cKO>HT mice showed no difference in milkshake
consumption over 1 h (tz0)=1.132, p=0.267) or 4 h (t30)=0.619, p=0.541, Fig. 4.7A) in a
one-bottle test. When presented with the choice of both milkshake and water, both
genotypes consumed significantly more milkshake (main effect of solution:
F(1,30)=321.200, p<0.0001), amounting to 90.5 + 1.5 % of the total fluid consumption in
controls and 91.5 + 1.3 % in VGLUT3 cKO>HT mice. There was no effect of genotype
(F(1,30=0.544, p=0.467) or interaction between genotype and the kind of solution
(F1,30=0.652, p=0.423), thus milkshake preference (milkshake consumption minus

water consumption; Fig. 4.7B) was unchanged between groups.
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Figure 4.7 | Milkshake consumption and preference of VGLUT3 cKOS5-HT mice versus
littermate controls. (A) Total milkshake consumption in 1 h (left) or 4 h (right) by VGLUT3
cKO5HT mice (n=15) and control littermates (n=17) (B) Milkshake preference (calculated as
milkshake minus water) and raw values for water and milkshake consumption. Closed circles
represent mean * SEM values, individual values indicated by closed circles. Data were analysed

by t-test or two-way ANOVA.

4.3.3 Spatial novelty preference test

The spatial novelty preference test was used to assess spatial short-term memory in
VGLUT3 cKO5-HT mice and control littermates. Both groups showed preference for the
novel arm, demonstrated by increased % time spent in the novel arm (performance of
controls versus chance: t16=3.923, p=0.001; performance of VGLUT3 cKO>HT mice
versus chance: t(16)=2.789, p=0.014, Fig. 4.84) and there was no statistically significant
difference in percentage time spent in the novel arm (t31)=1.430, p=0.163, Fig. 4.84)
between VGLUT3 cKO>HT mice and controls.
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Figure 4.8 | Performance of VGLUT3 cKO5-HT mice and littermate controls in the spatial
novelty preference and novel object recognition tests. (A) % time spent in the novel arm (left)
and actual time spent in the novel familiar and start arms (right) by VGLUT3 cKO5-HT mice (n=16)
and controls (n=17). (B) Preference ratio (time spent exploring novel object divided by total time
spent exploring both objects; left), and actual time spent exploring the familiar and novel objects
(right) in VGLUT3 cKOS5-HT mice (n=14) and controls (n=15). Columns represent mean * SEM

values, with individual values indicated by closed circles. Data were analysed by t-test.

4.3.4 Novel object recognition test

The novel object recognition test was used for probing exploration as well as non-spatial
short-term memory. Both VGLUT3 cKO>HT mice and littermate controls showed a small
but statistically significant preference for the novel object, with preference ratio
measured as time spent exploring novel object divided by total time spent exploring both

objects (performance of controls vs chance: t(14)=2.455, p=0.028; performance of VGLUT3
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cKO>-HT mice versus chance: t(13)=2.531, p=0.025, Fig. 4.8B) and there was no difference

in terms of the novelty preference ratio between groups (t27)=0.011, p=0.992, Fig. 4.8B).

4.3.5 Social preference test

The social preference test is reported to be useful as a non-appetitive measure of
anhedonia (Scheggi et al., 2018), however it can also be used to probe anxiety-like
behaviour (Bannerman et al., 2002). Both VGLUT3 cKO>-HT mice and control littermates
spent more time in the chamber with the unfamiliar mouse, and this was statistically
significant both compared to chance (control performance vs chance: t1)=7.715,
p<0.0001; VGLUT3 cKO>HT mice performance vs chance t(1)=7.715, p<0.0001; chance was
33.33), or compared to time spent with the novel object (control: t(22)=2.609; p=0.016;
VGLUT3 cKO5-HT mice: t(24)=2.995, p=0.006). Percentage time spent in the chamber with
the unfamiliar mouse did not differ between groups (F(1,21)=0.164, p=0.690 Fig. 4.9), but
a two-way ANOVA found both an effect of sex (F(1,21)=10.69, p=0.004, Fig. 4.9) and an
interaction between sex and genotype (F(1,21)=11.25, p=0.003, Fig. 4.9). Tukey’s post hoc
analysis showed that male VGLUT3 cKO>HT mice spent more time in the chamber with
the unfamiliar mouse (p=0.041) compared to male controls. Conversely, female VGLUT3
cKO>-HT mice spent less time in proximity of the unfamiliar mouse (p=0.0004) compared
to male VGLUT3 cKO5-HT mice, but their performance was not different from female
littermate controls (p=0.240). There was no effect of sex (F(, 21)=2.425, p=0.134),
genotype (F(1,21)=1.879, p=0.185) or interaction between sex and genotype (F(1,21)=1.001,

p=0.328) on distance travelled in the entire apparatus (Fig. 4.9).
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Figure 4.9 | Performance of VGLUT3 cKOS5-HT mice and littermate controls in the social
preference test. Percentage time spent in the chamber with the unfamiliar mouse (top left), and
raw time spent in each of the 3 chambers (top right) for VGLUT3 cKO5-HT mice (n=12) and controls
(n=13). Sex-specific analysis of % time spent in the chamber with the unfamiliar mouse (bottom
left) and total distance travelled in the 3-chambers box (bottom right). Chance is represented by
the dashed line (33%). Columns represent mean * SEM values, with individual values indicated
by closed circles. Data were analysed by t-test or two-way ANOVA followed by Tukey’s test.
***p<0.001, *p<0.05

4.3.6 Operant box paradigm with water rewards

A different cohort of VGLUT3 cKO>HT mice and control littermates were exposed to a
reward-based operant task using water rewards to investigate whether the impairments
displayed in the milkshake-based operant paradigm would generalise to water rewards
as well. On the first day of training, when mice were habituated to the setup and received
5 water administrations, VGLUT3 cKO5-HT mice did not differ from controls in terms of

number of magazine entries (see Table 4.3 for statistical analysis) or nose-pokes in the 5
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ports (which were not illuminated at this time). In the subsequent magazine training
session there was also no difference in magazine entries (Table 4.3), with all mice
successfully learning to receive water rewards upon nose-poke. On the second day, when
mice learned to poke any of 5 illuminated ports to receive a water reward, VGLUT3
cKO>-HT mice did not differ from controls in the number of correct responses, time
required to reach 40 responses, reward latency, or latency to nose-poke the illuminated
port (Table 4.3). Importantly, in this paradigm both genotypes performed 40 responses
on the first day of training on this task. This highlights a difference between this setup
and that used for the operant paradigm with milkshake rewards, where the majority of

VGLUT3 cKO5-HT mice failed to reach 40 correct responses over 8 days of training.

Table 4.3 | Data for the first 3 days of training in the operant paradigm with water rewards.
Groups were VGLUT3 cKOS5-HT mice (n=8) and littermate controls (n=8). Data were analysed by

t-test. Mean + SEM values are shown.

Task and parameters Littermate VGLUT3 cKQ5-HT t test

controls
Day 1.1
Habituation to setup
Magazine entries 107.5+9.1 102.4 £ 139 t14=0.306, p=0.764
Day 1.2
Magazine training
Magazine entries 349.3 + 28.1 346.1 + 35.5 t14=0.069, p=0.946
Number of rewards 36.0+1.2 369+1.3 t(14)=0.484, p=0.636
Reward latency (s) 153+14 15.2+2.6 ta4=0.060, p=0.953
Day 2
Shaping for the main task
Time to 40 rewards (s) 779.7 +112.8 704.8 +98.6 ta4=0.500, p=0.625
Magazine entries 341.6 £ 28.4 3106 £17.4 t14=0.930, p=0.368
Perseverative responses 52.3+10.6 495+6.2 ta4=0.224, p=0.826
Premature responses 16.2+19 16.4+ 2.5 t14=0.080, p=0.937
Reward latency (s) 153+14 15.2+2.6 ta4=0.060, p=0.953
Choice latency (s) 109+ 2.6 83+21 ta#=0.775, p=0.451
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During the main phase of the water-based paradigm, when only one of 5 ports was
illuminated, VGLUT3 cKO5-HT mice were able to learn the paradigm over time, but showed
areduced number of correct responses and an increase in incorrect responses compared
to littermate controls, amounting to a decrease in accuracy. Specifically, analysis of %
correct responses revealed an effect of training day (F(s, 70)=46.230, p<0.0001), no effect
of genotype (F@, 14=2.933, p=0.109) and an interaction between training day and
genotype (F(s,70)=3.390, p=0.008), with post hoc analysis showing differences between
genotypes on days 6 and 7 (p=0.010, 0.023, Fig. 4.10B). Similarly, analysis of % incorrect
responses found an effect of day (Fs, 70)=20.700, p<0.0001), a trend effect of genotype
(F1,14=3.89, p=0.069) and an interaction between day and genotype (F, 70)=4.210,
p=0.002). Differences between genotypes were observed on days 6, 7 and 8 (p=0.010,
0.012, 0.010, Fig. 4.10C). Analysis of % accuracy also indicated an effect of day
(F5,700=39.95, p<0.0001), a trend effect of genotype (F(1, 149=4.035, p=0.064), and an
interaction between day and genotype (F(s, 70=4.385, p=0.002). Post hoc analysis
revealed a statistically significant difference between VGLUT3 cKO>HT mice and

littermate controls on days 6, 7, and 8 (p=0.006, 0.010, 0.016, Fig. 4.10A4).

Conversely, VGLUT3 cKO5-HT mice did not differ from controls in % omissions (effect of
genotype: F(1,14=0.320, p=0.581; genotype x day interaction: Fs,70)=0.638, p=0.671, Fig.
4.10D), number of premature responses (effect of genotype: F(1, 14=0.123, p=0.731;
genotype x day interaction Fs,70)=0.404, p=0.844, Fig. 4.10E) or number of perseverative
responses (effect of genotype: F(1, 14=0.040, p=0.844; genotype x day interaction

F(s,70)=0.720, p=0.610, Fig. 4.10F).
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Figure 4.10 | Performance of VGLUT3 cKO5-HT mice and littermate controls in the water-
based operant paradigm. (A-D) Percentage accuracy, correct and incorrect responses, and

omission. (E-G) Number of premature and perseverative responses, and magazine entries. (H-I)
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Latency to reward and choice. Closed circles represent mean * SEM values. (J) Number of nose-
poke entries per port. (K) Number of nose-poke entries in the lower or bottom ports, on day 8 of
training. Groups were VGLUT3 cKO5-HT mice (n=8) and controls (n=8). Data were analysed by two-

way ANOVA, followed by Tukey’s test. ** p<0.01* p<0.05

Throughout the task VGLUT3 cKO>-HT mice performed a greater number of nose-pokes in
the magazine port compared to littermate controls, with there being an effect of genotype
(F1,19=7.973, p=0.014) and training day (Fs,70)=57.49, p<0.0001) but no genotype x day
interaction (Fs, 70)=0.871, p=0.506; Fig. 4.10G). Conversely, there was no difference
between genotypes in the latency to collect the water reward (effect of genotype: F,
14)=0.716, p=0.412; genotype x day interaction: F(s, 70)=0.798, p=0.555) or latency to
respond to a light stimulus (effect of genotype: F(1, 14=0.206, p=0.657; genotype x day

interaction: Fs, 70)=0.499, p=0.776, Fig. 4.10H, Fig. 4.10I).

In the first days of training all mice performed more nose-pokes in the bottom ports
compared to the top ports (Fig. 4.10]). This effect disappeared over time in control mice
but not VGLUT3 cKO>HT mice. For example, analysis of nose-poke locations on the last
day of training (day 8) indicated a significant effect of port location (F(1, 28)=49.23,
p<0.0001), an effect of genotype (F(1,28)=4.802, p=0.037) and an interaction between port
location and genotype (F(1,28)=7.311, p=0.012, Fig. 4.10K). Post hoc analysis revealed that
VGLUT3 cKO>HT mice performed more nose-pokes in the bottom ports compared to the
top ports (p=0.010), and had an increased number of nose-pokes in the bottom ports,

compared to littermate controls (p=0.040, Fig. 4.10K).
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4.4 Discussion

In this chapter VGLUT3 cKO>HT mice were used to investigate the role of glutamate
co-released from 5-HT neurons in reward-based learning. Compared to littermate
controls VGLUT3 cKO5HT mice showed evidence of impairments in both a
milkshake-motivated operant paradigm and a similar operant paradigm with water
rewards. Furthermore, performance of VGLUT3 cKO>HT mice was not different from
controls in other tests probing learning and memory in other domains, suggesting that

the role of glutamate co-released from 5-HT neurons is specific to reward-based learning.

4.4.1 VGLUT3 cKO5-HT mice show reduced performance in an appetitively-

motivated operant task

Firstly, VGLUT3 cKO>HT mice were tested in an appetitively-motivated operant task
where nose-poke of any 5 illuminated port triggered delivery of a milkshake reward from
a separate magazine. During training (days 2-8) VGLUT3 cKO>HT mice demonstrated a
reduced number of responses to the illuminated ports, fewer magazine entries, and were
slower to respond to a light cue, compared to control littermates. On all these parameters,
VGLUT3 cKO>-HT mice were able to improve over time but at a slower rate compared to
controls. These findings could indicate impairments in reward processing, such as
reduced interest in the reward or reduced motivation to work for rewards. Nonetheless,
this task also involved learning and attention, thus deficits in these areas cannot be ruled

out.

Importantly, in this task SERT-Cre mice did not differ from their control littermates,

confirming that Cre expression under the SERT promoter is not the cause of the observed
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behavioural phenotype and therefore the deficits reflect the predicted lack of glutamate

co-release from 5-HT neurons.

Already on the first day of operant training (when mice received 5 rewards without
having to nose-poke) VGLUT3 cKO>HT mice approached the magazine less frequently,
suggesting reduced interest in the milkshake reward. Nonetheless, when VGLUT3 cKO>-HT
mice were presented with milkshake in their home cage neither their milkshake
consumption nor milkshake preference over water were different from controls. This
suggests that the behavioural differences in the operant paradigm were not caused by

reduced preference for the reward.

In Chapter 2, it was reported that VGLUT3 cKO5HT mice displayed reduced sucrose
preference compared to littermate controls. This might seem in contrast with the current
observation that milkshake preference was not different between groups. However,
milkshake contains a greater amount of sucrose (specifically, 8.7%) compared to the 1%
sucrose solution used in the sucrose preference test in Chapter 2. Moreover, previous
evidence indicates that preference tests are most sensitive when using solution with low
concentration of sugar, to avoid ceiling effects or high concentrations being aversive
(Sclafani et al.,, 2010; Spector & Smith, 1984; Tordoff et al.,, 2008). As milkshake has a high
sugar content the milkshake preference test might lack the sensitivity to identify subtle

differences between groups.
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4.4.2 VGLUT3 cKO>-HT mice display unimpaired social preference

As discussed in Chapter 2, the reduced preference for sucrose displayed by VGLUT3
cKO>-HT mice could be interpreted as anhedonia, which would likely affect other reward-
related behaviours. In the present chapter VGLUT3 cKO>-HT mice were exposed to a social
preference test aiming to assess anhedonia in a paradigm without an appetitive
component. As mice naturally seek social interactions, reduced social preference may
indicate anhedonia, depressive-like behaviour, or increased stress sensitivity, with mice
models of depression often displaying reduced social preference (Scheggi et al., 2018; Yu
etal, 2011). However, it is important to note that social preference has also been used as
a measure of anxiety, with reduced social interactions being interpreted as evidence of
anxiety-like behaviour (Bannerman et al., 2002). Both VGLUT3 cKO>HT mice and control
littermates spent more time interacting with an unfamiliar conspecific, compared to a
novel object. Moreover, VGLUT3 cKO>-HT mice behaved similarly to controls and showed

no evidence of reduced sociability or anhedonia.

Surprisingly, male VGLUT3 cKO5-HT mice showed increased social preference compared
to male littermate controls, whereas female VGLUT3 cKO5-HT mice demonstrated reduced
social preference compared to male VGLUT3 cKO>HT mice. This is the first sex-specific
difference of VGLUT3 cKO>-HT mice observed in this thesis, and no differences between
sexes were observed in the sucrose preference test (Chapter 2) or the milkshake-

motivated operant task.

132



Chapter 4

4.4.3 VGLUT3 cKO>-HT mice show unimpaired short-term memory

VGLUT3 cKO5HT mice were also exposed to a battery of tests probing learning and
memory to clarify whether the observed reduction in performance in reward-based
learning could be caused by a more generalised learning deficit. VGLUT3 cKO>HT mice
were not impaired in a spatial novelty preference test with recall after 1 min, or in the
novel object recognition test with recall after 24 h. Thus, this evidence suggests that

VGLUT3 cKO5-HT mice had unimpaired short-term memory in these tests.

Importantly, the tests discussed above were designed to probe non-associative learning,
but they did not investigate non-appetitive associative learning. However, unpublished
data from our collaborators from the Sorbonne University show that VGLUT3 cKO5-HT
mice do not differ from control mice in terms of freezing behaviour during fear
conditioning, in either contextual or cued tests. As fear conditioning relies on associative
learning without an appetitive component, the latter result suggests that associative
learning in the aversive domain is unimpaired in VGLUT3 cKO>HT mice. Altogether, the
evidence from the use of VGLUT3 cKO>HT mice in various behavioural paradigms
indicates that a lack of VGLUT3 in 5-HT neuron, and thus a predicted lack of co-released
glutamate, causes deficits specific to reward-based learning and/or performance, with no

concurrent learning impairments in other domains.

4.4.4 VGLUT3 cKO5HT mice show reduced performance in a water-based

operant task

Finally, to further investigate reward-based learning VGLUT3 cKO>-HT mice were assessed

in an operant task using water rewards. This tested whether the deficits observed in the
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milkshake-based operant task would generalise to another rewarding stimulus (i.e.
water). Indeed, VGLUT3 cKOS5-HT mice displayed a reduction in correct responses to
receive water rewards. This finding suggests that the apparent deficit in reward-based
learning generalises to both food and water rewards. However, the water-based task used
here (in effect a low difficulty version of the 5-CSRTT) also included a greater attentional
component, compared to the milkshake-based task, as mice were required to scan the 5
ports and select the illuminated one. Interestingly, VGLUT3 cKOS5-HT mice displayed
reduced accuracy and increased incorrect responses, which might suggest impairments
in impulse control. However, the VGLUT3 cKO>HT mice did not differ from controls in the
number of premature and perseverative responses, which are often considered measures

of impulsivity and compulsive behaviour respectively (Asinof & Paine, 2014).

The water-based operant paradigm differed from the milkshake-motivated operant task
in that it involved operant boxes of a smaller size with the water magazine being located
on the same wall and in close proximity to the 5 nose-poke ports, which facilitates
associative learning. Additionally, unlike the milkshake-based task, in the paradigm with
water reward the magazine was equipped with a LED light, and light cues were provided
to indicate water availability, which might have facilitated associative learning. As a result
of these differences in the operant setup, in the first stage of training of the water-based
paradigm mice were able to learn the association between the light stimulus and reward
delivery in only one day (compared to the 5-7 days required in the appetitively-motivated
paradigm). At this point there was no difference in performance between groups. In the
water-based paradigm there was also no difference between VGLUT3 cKO>HT mice and
their control littermates in the number of magazine entries in the habituation stage, nor

in the magazine training, while differences in these training stages were already apparent
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in the appetitively-motivated operant task. This result suggests that reward deficits of
VGLUT3 cKO>-HT mice might be more apparent in more challenging or high-effort tasks,
for example involving a choice between multiple ports, a larger chamber or an un-cued

magazine located further away from the illuminated ports.

Furthermore, in the water-based operant task VGLUT3 cKOS5HT mice performed an
increased number of magazine entries, which is surprising in the light of the reduction in
magazine entries observed in the appetitively-motivated operant task. However, both
these results could be explained by deficits in reward-based associative learning. As
mentioned above, in the task with milkshake rewards the chamber was large and the light
stimulus was located at a distance from the magazine, on the other side of the chamber.
Thus, the VGLUT3 cKO5-HT mice were slower to learn to receive milkshake rewards from
the magazine, resulting in reduced magazine entries. On the other hand, for the operant
task with water rewards the source of the light stimulus was located on the same wall of
the chamber as the water delivery. Thus, in this paradigm all mice were quick to learn the
association between magazine entries and rewards, which encouraged nose-poking in
the magazine. Nonetheless, learning the association between poking the correct light
stimulus and receiving a reward from the magazine proved more challenging for VGLUT3
cKO>-HT mice, which kept entering the magazine instead of performing the task, leading
to increased magazine entries. This might also be evidence of impairments in reversal
learning, as having learnt to receive rewards from the magazine during the magazine
training, VGLUT3 cKO>-HT mice might then struggle to switch to a different task, resulting
in increased magazine entries. Further experiments could investigate the impact of
reversal learning in VGLUT3 cKO>-HT mice, to clarify whether impairments in behavioural

flexibility could contribute to the observed phenotype.
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Altogether, the increase in both magazine entries and incorrect responses in the operant
task with water rewards, might indicate that the VGLUT3 cKO5-HT mice were motivated
to receive the reward but struggled to learn the task structure. In this task, on the whole
the effort associated with nose-poking was relatively small due to the small chamber size.
Analysis of nose-pokes locations revealed that at the end of training VGLUT3 cKO>-HT mice
performed more nose-pokes in the bottom ports than top ports. This behaviour is also
consistent with a lack of understanding of the task due to deficits in reward-based
learning. However, as poking the top ports requires more effort, a contribution of reduced

motivation or reduced ability to exert effort cannot be ruled out.

4.4.5 The role of co-released glutamate in reward

Altogether results reported here and in Chapter 2 suggest that the VGLUT3 cKO>-HT mice
have an impairment in reward-based learning, with no concurrent changes in appetite,
short-term memory, exploration, anxiety, or aversive associative learning. Therefore, the
data suggest that glutamate co-released from 5-HT neurons plays a role in processing of
both food and water rewards. This is in line with previous evidence that glutamate
co-released from 5-HT neurons leads to reinforcing effects during reward-based tasks
(Liu et al,, 2014; Wang et al,, 2019). Future studies could investigate whether these
impairments generalise to other types of non-appetitive rewards, such as finding a
hidden platform in the water Y maze. This task relies on the innate drive of rodents to
escape an aversive stimulus (i.e. water), nonetheless finding the platform also acts as a
reward for the correct arm choice (Klapdop & Van Der Staay, 1996; Pistell & Ingram,

2010). Furthermore, sensitivity of VGLUT3 cKO>HT mice to pharmacological rewards
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could also be investigated in paradigms such as conditioned place preference or self-

administration.

This chapter focussed on the behavioural effects of glutamate co-released from 5-HT
neurons, while the molecular and anatomical pathways involved were not addressed.
Previous optogenetic studies have shown that DRN 5-HT-glutamate co-releasing neurons
establish synapses onto VTA DA neurons causing DA release into the NAc (Wang et al,,
2019). Thus, it was hypothesised that the behavioural deficits displayed by VGLUT3
cKO>-HT mice might be caused by a reduction in function of this mesolimbic DA pathway.
To probe in vivo DA function of VGLUT3 cKO5-HT mice, experiments in the next chapter
used fibre photometry with a DA biosensor to record DA release in the NAc during reward

task with water rewards.

137



Chapter 5

Chapter 5
Investigation of dopamine signalling in
mice with conditional VGLUT3 knockout
in 5-HT neurons

5.1 Introduction

In Chapter 4, VGLUT3 cKO>HT mice were tested in two reward-based operant
paradigms in which they demonstrated impairments in reward-based learning
compared to control littermates. As previous studies showed that 5-HT-glutamate
co-releasing neurons excite VTA DA neurons projecting to the NAc (Wang et al,,
2019), it was hypothesised that the observed deficits might be linked to a reduction
in DA release in the NAc of VGLUT3 cKO>HT mice. Therefore, in this chapter fibre
photometry with a DA biosensor was used to assess in vivo DA release in the NAc

during a reward-based operant task.

5.1.1 DA in reward processing

Much evidence indicates that the DA system plays an important role in reward
processing (Arias-Carrion et al., 2010; Berridge & Robinson, 1998; Schultz, 2002,
2016a; Wise & Rompre, 1989). DA cell bodies are primarily located in the midbrain,
in the VTA and substantia nigra, from where they give rise to several key pathways,
including the mesolimbic pathway, mesocortical pathway, and nigrostriatal
projections (Bjorklund & Dunnett, 2007; Hillarp et al., 1966; Ikemoto, 2010). The

mesolimbic pathway arising from the VTA and projecting to the NAc, amygdala,
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hippocampus, and prefrontal regions, is strongly activated by rewarding stimuli
(Salamone et al, 2016). Thus in in vivo voltammetry studies, unsignalled or
unexpected rewards are associated with a brief increase in the firing rate of DA
neurons, leading to DA release in the NAc (Phillips et al., 2003; Roitman et al., 2004).
This DA release is theorised to encode a reward prediction error signal, defined as
the difference between expected and actual rewards, with unexpectedly greater
rewards being associated with greater DA release (Matsumoto & Hikosaka, 2009;

Schultz, 2016; Schultz et al., 1997).

In Pavlovian conditioning the reward prediction error facilitates learning of
associative relationships between stimuli and rewards. In fact, when a conditioned
stimulus (CS) is followed by an unexpected reward (unconditioned stimulus, US) it
causes an increase in NAc DA release, which with repeated pairings leads to a
stronger CS-US association (Day & Carelli, 2007). Specifically, early in learning DA
neurons are robustly activated by reward occurrence but weakly to reward-
predictive cues. However, after repeated presentations of the CS with the US, NAc
DA release in response to the reward-predicting CS increases, while NAc DA release
following the US diminishes. In other words, there is a gradual transfer of DA
response from the US to the CS (Cohen et al., 2012; Pan et al.,, 2005; Pan & Hyland,
2005; Schultz et al., 1993). Additionally, when an expected reward does not occur a
negative prediction error is generated, characterised by a pause in the firing of DA
neurons and a drop in DA release below baseline levels (Diederen & Fletcher, 2020;
Schultz, 2016, 2016; Schultz et al., 1990). This illustrates the role of DA as a “teaching

signal” in associative learning, modulating expectations and adjusting future
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behaviour based on past experiences (Bromberg-Martin et al, 2010). More
generally, DA also plays a role in motivation, behavioural activation, movement,
attention, and promoting effort to work for rewards (Nicola, 2010; Salamone et al.,

2009; Salamone & Correa, 2012; Walton & Bouret, 2019).

5.1.2 Interactions between DA and 5-HT in reward processing

Viral tracing studies showed that the DA system interacts with the 5-HT system
through reciprocal connections between DRN 5-HT neurons and DA neurons in the
VTA, NAc, dorsal striatum, and substantia nigra (Beier et al.,, 2015; Ogawa et al,,

2014; Ogawa & Watabe-Uchida, 2018). Moreover, in situ hybridisation evidence
revealed that one-third of VTA DA neurons express the 5-HT3areceptor (Wang et al,,
2019). DA neurons can also be affected by several other 5-HT receptor subtypes,
including 5-HT1a, 5-HT1g, 5-HT24, 5-HT2c and 5-HT4 receptors (Di Giovanni et al,,
2008). Additionally, 5-HT and DA neurons co-reside in the DRN (Matthews et al,,
2016; Taylor et al., 2019) which could allow for direct cross-talk between these two

neuronal subpopulations.

Historically, 5-HT was thought to oppose the DA system by encoding punishment,
responding to aversive stimuli, and mediating behavioural inhibition (Amo et al,,
2014; Boureau & Dayan, 2011; Cools et al.,, 2011; Daw et al., 2002; Deakin & Graeff,
1991; Takase et al., 2004). Based on more recent optogenetic evidence it has also
been suggested that 5-HT neurons might also promote waiting for rewards by

increasing tonic activity in the reward anticipatory phase (Miyazaki et al.,, 2011,
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2012). Additionally, recent photometry and electrophysiological studies have
shown that, similar to DA neurons, 5-HT neurons are activated by rewards and
reward-predictive cues (Cohen et al,, 2015; Liu et al., 2020; Miyazaki et al., 2011),
and can differentially encode reward expectation and reward value (Li et al., 2016;
Zhong et al., 2017). However, unlike DA, it is thought that 5-HT does not encode the
direction of the prediction error, but rather it signals surprise (i.e. an unsigned
prediction error) whenever contingencies are changed, such as in reversal learning
tasks (Matias et al., 2017). Furthermore, DA and 5-HT responses appear to exhibit
different kinetics whereby DA responses rise and decline rapidly, while 5-HT
responses increase more slowly but take longer to decrease, suggesting that 5-HT is

slower to adapt to changes in expectations compared to DA (Cools et al., 2011).

5.1.3 5-HT-glutamate co-releasing neurons and reward

As previously discussed (see Chapter 1 and Chapter 4), it has recently been shown
that 5-HT-glutamate co-releasing neurons in the DRN are both activated by reward
and project to VTA DA neurons which innervate the NAc (Wang et al., 2019).
Furthermore, optogenetic activation of DRN 5-HT-glutamate neurons promoted
conditioned place preference, shifted sucrose preference, and drove optical self-
stimulation (Liu et al., 2014). These rewarding effects were reversed by depletion of
either glutamate or 5-HT (Liu et al.,, 2014) and shown to be mediated by both AMPA
and 5-HT3 receptors in the VTA (Wang et al,, 2019). Interestingly, experiments using
slice electrophysiology showed that DRN VGLUT3-expressing 5-HT neurons

establish asymmetric synapses on VTA DA neurons, whereas 5-HT neurons which
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do not express VGLUT3 establish symmetric synapses on VTA neurons (Wang et al.,
2019). Asymmetric synapses, characterised by a thicker post-synaptic membrane
compared to the pre-synaptic membrane, are typically excitatory, whereas
symmetric synapses are thought to be inhibitory (Doherty & Pickel, 2000; Morales
& Pickel, 2012). Therefore, it has been suggested that pure 5-HT neurons and dual
5-HT-glutamate neurons, might have differential effects by respectively inhibiting

or exciting VTA DA projections (Wang et al., 2019).

5.14 Using fibre photometry for measuring DA in vivo

Several studies discussed in Section 5.1.1 employed fibre photometry to measure DA
signalling which allows real-time monitoring of DA dynamics. During fibre
photometry recordings, an implanted optic fibre is used to deliver excitation light to
trigger and collect fluctuations in fluorescence emitted by a genetically-encoded
fluorescent indicator (Simpson et al, 2024). Initially, fibre photometry was
primarily used to monitor calcium dynamics as a proxy for neural activity
(Akerboom et al., 2012; Chen et al,, 2013; Gunaydin et al., 2014) but, with the recent
development of several fluorescent biosensors, it is now possible to monitor the
dynamics of specific neurotransmitters. For example, DLightl is a biosensor
engineered to bind specifically to DA. Upon binding DA, DLightl undergoes a
conformational change which alters the fluorescence intensity of its green
fluorescent protein, thereby causing light emission when exposed to a specific
wavelength (Labouesse et al.,, 2020; Patriarchi et al.,, 2018; Salinas et al., 2023).

Therefore, with fibre photometry and biosensors it is possible to probe DA release
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with high specificity and high spatiotemporal precision in vivo in behaving animals,
with repeated real-time recordings over extensive periods of time. Altogether, this
allows for unprecedented insights into how DA dynamics relate to complex

behaviour (Simpson et al., 2024).

5.1.5 Hypothesis and aims

This chapter investigates whether the behavioural deficits displayed by VGLUT3
cKO>-HT mice (Chapter 4) correlate with changes in mesolimbic DA function. In
VGLUT3 cKO>-HT mice, glutamate release in the VTA is expected to be reduced as a
consequence of the VGLUT3 KO in VTA-projecting 5-HT-glutamate neurons. As
these projections have been shown to be excitatory (Wang et al,, 2019), it was
hypothesised that this reduced glutamate release would in turn lead to decreased
excitation of DA VTA neurons, causing a reduction in NAc DA release. To test this
hypothesis, measurements of in vivo DA release in the NAc were carried out in

VGLUT3 cKO5-HT mice and control littermates during a reward-based task.

5.2 Methods

5.2.1 Animals

Experiments used male and female VGLUT3 cKOSHT mice (SERT-
Cre::VGLUT3LexP/LoxP  C57BL/6] background, aged 8-30 weeks) and their control

littermates (SERT*/+::VGLUT3LoxP/LoxP) VGLUT3 cKO>HT mice were generated and

bred as described in Chapter 2.
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Mice were group-housed (2-6 per cage) with littermates in individually ventilated
cages. Temperature was kept at 21 +2°C under 55% = 10% humidity on a 12 hr
light/dark cycle. Animals were tested during the light phase. Unless specified
otherwise, mice had access to food and water ad libitum, and cages were lined with
sawdust bedding and contained sizzle nest and nestlets. Mice were habituated to

handling on three occasions before any experiment.

Experiments followed the principles of the ARRIVE guidelines. All procedures were
performed in accordance with the Animals (Scientific Procedures) Act 1986 and
University of Oxford guidelines. All experiments were covered by appropriate
personal and project licences. Experiments were conducted and scored blind to

genotype.

5.2.2 Behavioural testing

Animals were water-restricted throughout the experiment, commencing 48 h before
the start of training. Mice were maintained at 90% of initial body weight and
received most of their water intake from the task, but were topped up daily if
necessary. The task was run using the same custom-built operant boxes described
in Chapter 4 (12 x 12 cm, Fig. 5.1) controlled using PyControl software (Akam et al.,
2022). Depending on the task, the back wall of the operant box had either a single
portlocated closer to the floor (“port 1”), or two ports placed one on top of the other

3 cm apart (“port 1” and “port 2”). Each port was equipped with recessed LED lights
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and a solenoid to deliver water rewards. Each box included a house light and
speaker which were located above the ports. Mice were video-recorded using a FLIR
Chameleon 3 camera positioned above each setup using a Bonsai based workflow
(Akam et al,, 2022). Mice were provided with standard chow during the task. The
apparatus was wiped with 0.5% Anistel (Tristel) between each animal to remove

odours.

12 x12 cm

Figure 5.1 | Photographs of the operant chamber setups. Custom-built operant chamber
(Akam et al., 2022) employed during operant training, including with two ports equipped
with solenoids and LED lights.

Mice were tested once a day, and details of all testing parameters are listed in Table
5.1. Briefly, during days 1-6 of training the operant chamber contained only port 1.
Day 1 served as a magazine training session with port 1 being illuminated to indicate
availability of a water reward (10 pl). Nose-poke of the illuminated port was
associated with a sound cue (a sine wave, lasting 500 ms) which was followed by
immediate water delivery in the first 15 trials, allowing the mice to learn to drink
from the solenoid. After that, and for the remaining 15 days of training, water

delivery was always delayed by 500 ms from the start of the sound cue (i.e.
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coinciding with cue offset). This allowed the separation of DA responses to the
sound cue and to reward consumption. On days 2 and 3, the task was identical to
that on day 1 but rewards were varied randomly in size between 3 different volumes
(5 ul, 10 pl, 15 pl) allow to investigation of the effect of reward size on DA release.
On day 4 the reward size was set at 10 pl, but the ITI varied between long (duration
randomly selected between 20 and 45 s) and short (duration randomly selected
between 10 and 15 s) in alternating blocks of 10-20 trials. This allowed the probing
of both behaviour and DA release in the presence of frequent or infrequent rewards.
Next, days 5 and 6 aimed to investigate decreases in DA release in the context of a
negative prediction error signal. Thus, mice received a reward in only 70% of entries
in the illuminated port. These unrewarded trials were associated with a different

sound cue (white noise).

Training days 7-15 were designed to investigate behaviour and DA dynamics during
reversal learning, with various stages of incremental difficulty. Thus, on day 7 port
2 was introduced and served as the water magazine instead of port 1 (see Table 5.1
for more details). Entries in the illuminated port 2 triggered the familiar 0.5 s
reward-predictive cue prior to reward delivery. Port 1 was still available to poke but
it did not trigger any reward nor any sound. On day 8 the task was similar to day 7
but when port 2 was illuminated port 1 entries triggered the white noise indicating
lack of reward, and caused a timeout of 3 s prior to the ITIL. Lastly, days 9-15
consisted of a 2-choice task where either port 1 or port 2 was illuminated in blocks

of 10-12 trials. When one of the two ports was illuminated entries in the illuminated
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port triggered the reward sound cue and reward delivery, while entries in the non-

illuminated port triggered the white noise and a 3 s time out.

Table 5.1 | Summary of parameters employed in the water reward paradigm whilst

measuring DA release. ITI were always variable, with length randomly selected between

the values listed in the relevant column.

Day and
session
Day 1

Days 2-3

Day 4

Days 5-6

Day 7

Task

Magazine
training
with fixed
reward size

Magazine
training
with 3
reward sizes

Magazine
training
with varying
ITI in blocks

Negative
prediction
error

Reversal
without
penalty

Description

Magazine port 1 (placed closer to the
floor) is illuminated. Magazine entry
triggers a sound cue (sine wave),
switches off magazine light, and delivers
a water reward (10 pl). Reward delivery
occurs immediately after nose-poke for
the first 15 rewards, while from the 16th
reward onwards, rewards are delivered
500 ms after nose-poke.

Magazine port 1 is illuminated. Magazine
entry triggers a sound cue (sine wave,
500 ms), switches off magazine light, and
after 500 ms delivers a water reward of
variable size.

Magazine port 1 is illuminated. Magazine
entry triggers a sound cue (sine, 500 ms),
switches off magazine light, and after
500 ms delivers a set water reward. ITIs
vary in length in blocks of 10-20 trials.

Port 1 is illuminated. Magazine entry
switches off magazine light, and triggers
reward delivery (with 500 ms delay)
with 70% probability. Reward is
preceded by the familiar sound cue (sine
wave, 500 ms), while non- rewarded
trials are preceded by a white noise (500
ms).

Port 2 (located on top of port 1) is

introduced and illuminated. Magazine 2
entry switches off magazine light,
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Reward @ ITI
size
10 pl 15-
25s
5 10 or | 15-
15 ul 25s
10 ul Short
: 10-
15s
Long:
20-
45s
12 ul 10-
20
12 ul 10-
20

Length

30 min

40 min

60 min

40 min

40 min
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triggers the reward sound cue (500 ms),
and delivers a set water reward after 500
ms. Port 1 is available to nose-poke but
does not trigger any rewards, nor any
noise or penalty.

Day 8 Reversal Port 2 is illuminated. Port 2 entry 12 pl 10- 40 min

with penalty  triggers the reward sound cue (500 ms), 20
switches off magazine light, and after
500 ms delivers a set water reward.
Magazine port 1 entries, occurring when
port 2 is illuminated, switch off port 2,
triggers the white noise (500 ms), no
reward is delivered and causes 3 s delay
(time out) prior to ITL

Days Reversal Either port 1 or 2 are illuminated, in 12 upl 10- 55 min
9-15 2-choice blocks of 10-20 trials. Nose-poke of (Except @ 20

task, illuminated port triggers the reward | last 2

in blocks sound cue (500 ms) and reward days, 10

delivered after 500ms. Nose-poke of @ pl)
non-illuminated port triggers white
noise (500ms) and a 3 s delay (time out)
prior to ITL

Across training days numbers of entries in port 1 and 2 (whenever present) were
counted, as well as the total number of rewards collected. Response latency was
timed from when the port was illuminated until a nose-poke was made. On days 8-
15 the number of correct entries were defined as entries in the illuminated port,
while incorrect entries consisted of entries in the non-illuminated port whenever
the opposite port was illuminated. Omissions were observed in less than 0.7% of

trials, and therefore are not reported.
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5.2.3 Surgery

Intracerebral viral injection and cannula implantation for dLight photometry were
carried out under isoflurane anaesthesia (3% induction, 0.7-1% maintenance, in 2
L/min oxygen), as previously described (Blanco-Pozo et al., 2024). Anaesthetic
depth was maintained through frequent monitoring of the animal’s respiratory rate.
Immediately before surgery, buprenorphine (Vetergesic, 0.08 mg/kg, s.c),
meloxicam (Metacam, 5mg/kg, s.c.) and 4% glucose-saline (~0.5ml, s.c) were
administered for pain relief and hydration. The animal’s head was shaved and
bupivacaine (Marcain, 2 mg/kg, s.c.) was applied under the scalp for local
anaesthesia. The scalp was then cleaned with anti-microbial disinfectant (Hibiscrub,
1:4 in water v/v), and the mouse was secured in a standard stereotaxic frame (David
Kopf Instruments). Body temperature was maintained at ~37 °C using a heating
blanket (Harvard Apparatus). Liquid gel (Viscotears) was applied as needed to keep
the animal’s eyes hydrated. All drugs used in this section were provided by Oxford

University Veterinary Services.

Subsequent surgical steps were performed under sterile conditions. An incision was
made to expose the skull, and bregma and lambda were located to ensure the skull
was level in the dorsoventral plane. The skull was gently scratched to improve
adhesion of dental cement, and a craniotomy (~1 mm diameter; AP: +1.4, ML: £0.76
from bregma) was made using a manual drill equipped with a drill bit of 0.8 mm
diameter. The skull was then cleaned with sterile saline (Aqupharm) and dried. Mice

were intracranially injected in the NAc (AP: +1.4, ML: £0.76, DV: -4.1 from bregma)
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with 500nl of saline containing a 1:5 dilution of pAAV5-CAG-dLight1.1 (titer of
1.4 x 1012 vg/ml; Addgene) and a 1:5 dilution of pssAAV-2/5-hSyn1-chl-tdTomato-
WPRE-SV40p(A) (titer of 4.9 x 1011 vg/ml; ETH Zurich) (Blanco-Pozo et al., 2024;
Patriarchi et al.,, 2018). The injection was achieved using a Nanoject (Drummond
Nanoject III Auto-Nanolitre Injector) set at 2nl/s equipped with a pulled glass
capillary (Drummond, outer diameter of 1.14 mm prior to pulling). A total of 9 min
elapsed between the start of injection and removal of the micropipette to allow for
sufficient viral spread and diffusion away from the injection site. Next, a ceramic
optical fibre (200 um-diameter; RWD Life Scientific) was implanted chronically in
the injection site (AP: +1.4, ML: +0.76, DV: -4.2 from bregma). A dental bonding
agent (Optibond) was applied to the skull to increase adhesion, and multiple layers
of dental cement (3M, RelyX Unicem 2 Automix) were used to secure the cannula in
place and cover the exposed skull. Each layer was appropriately cured with an LED

dental curing light.

After the surgery mice were administered with 4% glucose-saline (~0.5ml, s.c) to
aid rehydration and allowed to recover in heated recovery cages. Mice were given
additional doses of meloxicam each day for 3 days after surgery, and were
monitored carefully for 7 days after surgery. Monitoring involved daily scoring of
body weight, behaviour, general appearance, and wound recovery. Animals were
then given 3 to 4 weeks prior to behavioural testing to allow both wound healing

and appropriate viral expression.
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5.2.4 Perfusion fixation and histology

Following behavioural testing, mice from the dLight photometry experiment were
culled by perfusion fixation to allow for histological assessment of the NAc. Mice
were deeply anesthetised by injection of pentobarbitone (5 mg/kg, ip.) and
intracardially perfused with PBS (Sigma Aldrich) followed by a fixative solution of
4% PFA (Sigma Aldrich) in PBS. Brains were dissected, post-fixed by immersion in
the same fixative for 48 hrs at 4°C, then stored in cryoprotective 30% sucrose (Sigma

Aldrich) in PBS at 4°C.

Prior to sectioning, brains were coated in Cryo-M-Bed embedding compound
(Bright) and stored at -80°C for 45 min. Coronal sections (30 um) were cut using a
Bright LOFT cryostat, and free-floating slices were washed in PBS prior to mounting.
Sections with the NAc were selected based on their distance from bregma (AP: +1.4
mm; Franklin & Paxinos, 1997). Sections were mounted onto glass slides with
Vectashield antifade mounting medium (Vector Laboratories) and covered with a
glass coverslip, prior to being stored in the dark at 4°C. An Olympus Epifluorescence
Microscope BX40 with Image] Micromanager v1.4 (10x magnification, 500 ms) was
used to confirm viral expression and cannula location (see Fig. 5.2A for an example

image).

5.2.5 Photometry recordings and pre-processing

DA release, based on the dLight fluorescence signal, was captured at a frequency of

130 Hz using pyPhotometry as previously described (Akam et al,, 2022; Akam &
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Walton, 2019; Blanco-Pozo et al,, 2024). The optical setup included a 465-nm and a
560-nm LED, a five-port minicube, and two Newport 2151 photoreceivers. Optic
fibres were bleached daily for 30-60 mins before the start of recordings. Time
division illumination with background subtraction was used to minimise
interference between fluorophores caused by overlapping emission spectra.
Synchronisation pulses from pyControl to a digital input of the pyPhotometry board

ensured alignment of the photometry signal with behaviour (Akam et al., 2022).

Pre-processing was run using a custom Python script and followed a recently
described pipeline (Blanco-Pozo et al., 2024; Simpson et al., 2024). Firstly, a median
filter (width of five samples), was applied to remove any electrical noise that might
have been picked up by the photoreceptors. Next de-noising was achieved using a
zero-phase filter with a 10 Hz cut-off frequency. Low pass filtering (between 2-10
Hz) is typically used for dLight1 to attenuate signals above the cut-off while the zero-
phase filters avoid distorting the signal. As optic fibres and fluorophores tend to
bleach over time, photobleaching correction was performed by subtracting a double
exponential fit (see example in Fig 5.2). This allows capturing of the two temporal
dynamics of bleaching involving an initial rapid decay and then a second slower
decrease (Simpson et al,, 2024). To obtain motion correction of the signals, denoised
signals were band-passed between 0.001 Hz and 5 Hz, and a linear regression was
used to predict the dLight signal using the signal from the control fluorophore
(tdTomato). The predicted signal caused by motion was then subtracted from the
denoised signal. Finally, the pre-processed DA signal was z-scored (by subtracting

the mean and dividing by the standard deviation; see example data in Fig 5.2) for
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each session to allow comparison of signal intensities across sessions and animals.
Z-scores were chosen over the AF/F method (where the change in fluorescence
signal is divided by the baseline signal level) as in dLight photometry baseline signal

could include large contributions from autofluorescence.

All pre-processed sessions were visually inspected. Sessions in which there were
large artifacts, such as large step change in recorded signals (e.g. due to a
malfunctioning or disconnection of the patch cord from the fibre), or where there
was a complete loss of signal on one of the channels due to discharged battery during
recording, were excluded. Thus, around ~6% of the total session were removed

from the analyses, albeit these occurred predominantly in days 1-6.

Data was recorded from a total of 20 mice. Out of these, 12 displayed appropriate
dLight modulation, and placement of the fibre was confirmed to be in the NAc core
(i.e.60% success rate). The remaining 8 mice displayed poor dLight modulation, and
subsequent histological analysis confirmed that the fibres were misplaced
(predominantly into the ventricle). Thus only 12 mice were used for photometry

analysis, while behavioural analyses were carried out in all 20 mice.
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Figure 5.2 | Example of NAc histology and data from a whole recording session at
different pre-processing steps. (A) Image of an example section showing viral spread
(dLight in green, tdTomato in red) and fibre placement (in white box) in the NAc core
according to the stereotaxic atlas (Paxinos & Franklin, 2001). The anterior commissure (AC)
was used as a histological marker. (B) Example of denoised data from a whole session, prior
to photobleaching correction. Signal represents dLight signal and controls represent
tdTomato signal. Black line indicates the double exponential fit that will be used for the
bleaching correction. (C) Example of z-scored data from a whole recording session (z-

scoring was achieved subtracting the mean and dividing by the standard deviation).
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5.2.6 Analysis of photometry data

Often in photometry experiments using operant setups, time-warping is employed
to align each trial based on multiple events of interest (e.g. an initial nose-poke to
initiate the task and a second nose-poke to collect the reward). However, in the
current experiments mice always nose-poked in the same port from where they
would receive a reward 0.5 s later, therefore time-warping was deemed
unnecessary. Using a custom-made Python code (Blanco-Pozo et al., 2024; Simpson
et al,, 2024) pre-processed dLight signals (z-scores) were visually inspected, firstly
by aligning with the start of the trial (i.e. when the port would become illuminated;
Fig 5.3), and secondly by aligning with the entry into the illuminated port (Fig 5.3).
The latter trial alignment allowed identification of the two DA peaks of interest,
specifically the responses to the sound cue and water reward (or lack of it), and thus
was selected to present the data in each condition. Specifically, data were z-scored
in a 3.5 s window, starting 1 s prior to entry in the illuminated port and ending 2.5 s
after entry. Thus, times from -1 s to 0 represented the last second prior to nose-poke,
time from O to 0.5 s indicated responses to the auditory cues, and times from 0.5 s

to 2.5 s contained response to trial outcome (reward or no reward).

Area under the curve (AUC) analysis was used to compare the DA response to the
cue and reward in both VGLUT3 cKO>HT mice and controls. To achieve this, aligned
trials belonging to each mouse in the time periods of interest (0-0.5 s and 0.5-2.5 s)
were averaged, and AUC was calculated for each subject using the trapezoidal rule

(trapz function NumPy package). Specifically, net AUC analysis was employed,
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meaning that when dLight signals were below baseline (i.e. for negative prediction
signals) AUC values were negative. This method was chosen based on other recent
studies using dLight (Robinson et al., 2019). For statistical analysis, AUCs were
compared between genotypes and experimental conditions using t tests or two-way
repeated measures ANOVA followed by Sidak's multiple comparisons test, as
appropriate. Data are presented as mean * inter-subject SEM, p<0.05 being
considered statistically significant. Python (version 3.12.1) was used for plotting of
graphs and for analysis described in Sections 5.2.5 and 5.2.6 except two-way
repeated measures ANOVA which were carried out in GraphPad Prism (version

10.2.2) for consistency with the rest of this thesis.

Days 1-4: aligned by start of trial Days 1-4: aligned by nose-poke
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Figure 5.3 | Signal aligned by either the trial start or by nose-poke. Pre-processed trial-
aligned signal (z-scored) aligned by the start of the trial (i.e. when the light cue would come

on) or by nose-poke into the illuminated port.
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5.2.7 Analysis of behavioural data

Behavioural data were analysed by t test, or a one/two-way ANOVA as appropriate,
followed by Sidak's multiple comparisons test. For two-way analysis with repeated
measures, a two-way ANOVA was used on datasets with no missing values, while a
mixed effect model was employed in presence of missing values (e.g. if any session
was excluded due to technical issues). Data are presented as mean + SEM values,
p<0.05 being considered statistically significant. GraphPad Prism (version 10.2.2)

was used for analysis and plotting of graphs.

5.3 Results

5.3.1 In vivo DA release in NAc in VGLUT3 cKO5-HT mice during a reward-

based task

The operant task used during the dLight photometry experiment was primarily
designed to probe DA release in different stages of a behavioural task (see Table 5.1
for details) in which mice learnt to nose-poke and collect rewards from an
illuminated port which was also signalled by auditory cues. Briefly, at the beginning
of each trial, the magazine port would become illuminated indicating reward
availability, and entry into the illuminated port would trigger an auditory cue
followed by water delivery from the same port. The following trial would start after
avariable ITL For all analyses, trials were aligned to the nose poke of the illuminated
port (see Section 5.2.6 for more details), and AUC analysis of dLight signals was

carried out in the 0.5 s following the onset of the auditory cue, and in the 2 s
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following reward delivery (with the only exception of the first 15 trials of day 1).
Behavioural analysis is reported in Section 5.3.2, but it is important to note that in
this experiment latency to nose-poke the illuminated port was not affected by
genotype at any training stage. Similarly, there was no difference between VGLUT3
cKO>-HT mice and control littermates on the average number of trials per session,
which varied from 37.2 + 2.64 trials on the first day of training up to 124.916 * 3.40

trials on training day 15.

On day 1, rewards had a fixed size and increased DLight signal was observed
following reward delivery in both VGLUT3 cKO>-HT mice and control littermates. For
the first 15 trials, rewards were delivered immediately after the nose-poke
concurrent with a sound cue. AUC analysis of the 2.5 s following reward delivery
showed no difference between genotypes (t7)=-0.678; p=0.519; Cohen's d=-0.45;
Fig 5.4). From the 16 trial onwards, rewards were delivered at the offset of the 0.5
s sound cue. DLight signals from VGLUT3 cKO>HT mice again did not differ from
control littermates in either the 0.5 s after auditory cue onset (t7)=0.605; p=0.565;
Cohen's d=0.406) or in the 2 s after reward delivery (t(7=0.249; p=0.811; Cohen's
d=0.167; Fig 5.4). Therefore, both VGLUT3 cKO>HT mice and control littermates

displayed increased DA release following reward delivery.

On training days 2 and 3, mice received rewards of variable sizes after the 0.5 s
sound cue. Interestingly, AUC analysis showed increased dLight signals in response
to the auditory cue in VGLUT3 cKO5HT mice compared to controls (F(1, 11)=7.04,

p=0.023; Fig 5.5). In response to the cue there was no effect of reward size
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(F2,22)=1.40, p=0.268) nor interaction between reward size and genotype
(F2,22=0.347, p=0.710). Conversely, the dLight signal in the 2 s following reward
delivery was not different between genotypes (F(1, 11)=0.742, p=0.408), with a two-
way ANOVA again showing an effect of reward size (F2, 22)=65.2, p<0.0001) but no
genotype x reward size interaction (F(z,22)=0.043, p=0.958; Fig 5.5). Thus, in days 2
and 3 of training VGLUT3 cKO>HT mice had greater DA response to the reward-
predictive auditory cue compared to control littermates, but both genotypes
displayed similar DA responses to the reward with DA release increasing with

bigger reward sizes.
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Figure 5.4 | dLight signals in response to cue presentation and immediate or delayed
reward delivery on day 1 of training in VGLUT3 cKO5-HT mice and control littermates.
On the first 15 trials of training day 1, sound cue and reward delivery occurred
simultaneously (left), while from the 16t trial onward reward delivery occurred 0.5 s after
a cue onset and was thus contingent with cue offset (right). Continuous lines represent
dLight signals expressed as z-scores, calculated relative to the baseline fluorescence, and

aligned to nose-poke of the illuminated port. Shaded areas indicate inter-subject SEM.
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Vertical dashed lines represents auditory cue onset and water delivery. Groups were
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Figure 5.5 | dLight signals in response to auditory cue presentation and 3 different
reward sizes on days 2-3 of training, in VGLUT3 cKO5-HT mice and control littermates.
On days 2-3 of training the reward-predictive auditory cue was followed by a water reward
of either 5, 10 or 15 ul. All graphs represent the pooled data from day 2 and 3, but separated
by genotype (top row) or reward size (middle and bottom row) to aid visualisation.
Continuous lines represent dLight signal expressed as z-scores, calculated relative to the
baseline fluorescence, and aligned to nose-poke of the illuminated port. Shaded areas
indicate inter-subject SEM. Vertical dashed lines represent auditory cue onset and water

delivery. Groups were VGLUT3 cKO5-HT mice (n=6) and controls (n=7).

On day 4 of training, mice were required to wait for ITIs of variable length, prior to
being able to collect a fixed reward (10 ul) from the illuminated port, after the 0.5 s
auditory cue. ITIs were either long (20-45 s) or short (10-15 s) in alternating blocks,
to inspect DA release in presence of infrequent or frequent rewards. Analysis of
dLight signals after auditory cue onset revealed no statistically significant difference
between genotypes (F(1,8=0.020, p=0.892; Fig 5.6). There was also no effect of ITI
length (F(1,8=0.441, p=0.526) nor any interaction between ITI length and genotype
(F1,8=0.417, p=0.537). Conversely, following reward delivery, dLight signals were
reduced in VGLUT3 cKO>HT mice when compared to controls (F(1,8)=7.240, p=0.028)
in a two-way ANOVA. There was also a strong trend effect of ITI length (F(1,8)=4.990,
p=0.056) and a trend interaction between genotype and ITI length (F(, 8y=4.150,
p=0.076; Fig 5.6). These trends suggest that in blocks with longer ITIs (i.e. less
frequent rewards) the DA response decreases in controls, compared to blocks with
shorter ITIs. Conversely, in VGLUT3 cKO>HT mice DA release was not affected by ITI
length, and the overall DA response to rewards was smaller in VGLUT3 cKO5-HT mice

compared to control littermates.
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Figure 5.6 | dLight signals in response to auditory cue presentation and reward
delivery following varying ITIs, on day 4 of training in VGLUT3 cKO5-HT mice and
controls. On day 4 of training the 0.5 s auditory reward-predictive cue, was always followed
by a 10 pl water reward but the ITIs were either long (20-45 s) or short (10-15 s) in
alternating blocks. All graphs represent data from the same session but filtered by genotype
(top row), or ITI length (bottom row) to aid visualisation. Continuous lines represent dLight
signals expressed as z-scores, calculated relative to the baseline fluorescence, and aligned
to nose-poke of the illuminated port. Shaded areas indicate inter-subject SEM. Vertical
dashed lines represent auditory cue onset and water delivery. Groups were VGLUT3 cKO5-HT

mice (n=6) and controls (n=6).
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On training days 5 and 6, the task aimed to investigate DA dynamics during negative
prediction errors (i.e. when reward was expected but not received). Hence, mice
received a reward only in 70% of nose-pokes into the illuminated port. Rewards
were preceded by the usual reward-predicting auditory cue, while a novel white
noise cue indicated unrewarded trials. The presence of two different auditory cues
allowed the mice to predict trial outcome (i.e. reward or no reward). Therefore, in
the 0.5 s following the reward predictive cue mice showed increased DA response
compared to the cues predicting lack of reward (effect of trial outcome: F(1,10)=11.3,
p=0.007; Fig 5.7). However, this was not affected by genotype (F(1, 10)=0.144,
p=0.713), and there was no interaction between genotype and trial outcome
(F1,10=0.848, p=0.379). Conversely, dLight signals trial-aligned times between 0.5
s and 2.5 s showed not only an effect of reward or no reward (F(1,10)=183, p<0.0001;
Fig 5.7), but also an effect of genotype (F(1, 10)=5.88, p=0.036), and genotype x
outcome interaction (F(1,10)=9.17, p=0.013). Specifically, following reward delivery
VGLUT3 cKO>-HT mice displayed a reduction in DA release compared to controls
(p=0.003). Conversely in unrewarded trails there was no difference in the negative

reward prediction error signal between genotypes (p=0.852).
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Figure 5.7 | dLight signals in response to a reward-predictive cue followed by reward
delivery or a white noise cue followed by no reward, on days 5-8 of training in
VGLUT3 cKO5-HT mice and controls. On days 5-6 of training (top graphs), 70% of entries
in the illuminated port (port 1) triggered a 0.5 s reward-predictive cue, which was followed
by a water reward. On the remaining trials, entries in the illuminated port triggered a white
noise cue followed by no rewards. Days 7 and 8 of training (bottom row) consisted of a
reversal learning task as the rewarded port was swapped from port 1 to port 2. On day 7,
port 1 was available to nose-poke but did not trigger any sound nor penalty while on day 8
port 1 entries triggered the white noise cue and a 3 s penalty. dLight signals expressed as z-

scores (calculated relative to the baseline fluorescence and aligned to nose-poke of the
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illuminated port) are represented by continuous lines in rewarded trials, and dashed lines
in unrewarded trials. Shaded areas indicate inter-subject SEM. Vertical dashed lines
represent auditory cue onset and reward delivery (or lack of it). Groups were VGLUT3

cKO5-HT mice (n=6) and controls (n=6).

Day 7 was the first day of reversal learning, thus rewards were now delivered from
port 2 instead of port 1. Port 2 entries were associated with the usual reward-
predicting auditory cue, while port 1 entry was not associated with any sound or
penalty. VGLUT3 cKO>HT mice did not differ from control littermates in dLight
signals after cue onset following a nose-poke at port 2 (ti0=-1.473; p=0.171;
Cohen's d=-0.85), but had reduced dLight signals in the 2 s following reward
delivery at port 2 (t(10)=-2.452; p=0.034; Cohen's d=-1.416; Fig 5.7). Interestingly,
VGLUT3 cKO5-HT mice also displayed reduced dLight signals in the last second prior
to the auditory cue (t(10)=-2.882; p=0.016; Cohen's d=-1.664; Fig 5.7), which consists

of the response to port becoming illuminated prior to nose-poke.

Day 8 was the second day of reversal learning and, similar to day 7, port 2 was
always rewarded following the reward-predictive auditory cue. However, port 1
entries now triggered the white noise cue predicting lack of reward, and a 3 s
penalty. AUC analysis of dLight signals following the auditory cues revealed no effect
of genotype (F(1,8)=1.29, p=0.288) or cue type (F(1,8=3.02, p=0.120), nor a genotype
x cue type interaction (F(1,8=0.427, p=0.532). Conversely, analysis of dLight signals
of trial-aligned times between 0.5 s and 2.5 s found an effect of trial outcome (i.e.
reward or no reward; F(, 8)=64.3, p<0.0001), and a trend interaction between

genotype and outcome (F(1,8)=4.70, p=0.062), but no effect of genotype (F(1,8=0.832,
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p=0.388). Therefore, there was a positive prediction error signal for rewarded trials
(i.e. correct responses in port 2) and a negative prediction error signal for
unrewarded trails (i.e. incorrect responses in port 1), with a potential reduction of

DA release in VGLUT3 cKO>HT mice in rewarded trials.

On days 9-15, mice were trained on a 2-choice task, where either port 1 or port 2
were illuminated, with the same port being repeatedly illuminated in trials
belonging to the same block. Entries in the illuminated port (i.e. correct responses)
triggered the reward-predictive auditory cue followed by reward delivery, while
entries in the non-illuminated port (i.e. incorrect responses) triggered the white
noise cue leading to no reward and a 3 s penalty. Trials within the same block were
considered non-reversal trails, as the illuminated port was the same as in the
previous trial. Conversely, the first trial of each block was considered a reversal trial
as the opposite port was illuminated compared to the previous trials. In non-
reversal trials, AUC analysis of dLight signals following the auditory cues found an
effect of the identity of the auditory cue (i.e. predicting reward or no reward;
F(1,10=39.1, p<0.0001) and a trend effect of genotype (F(1,10)=3.98, p=0.074), but no
interaction between genotype and cue type (F(1, 10)=0.289, p=0.603). Conversely,
analysis of dLight signal of trial-aligned times between 0.5 s and 2.5 s found an effect
of trial outcome (i.e. reward or no reward; F(, 10)=110, p<0.0001), but no effect of
genotype (Fu, 10=0.366, p=0.559), nor genotype x outcome interaction
(F1,10=0.033, p=0.861). Specifically, there was a positive prediction error signal for
rewarded trials (i.e. correct responses) and a negative prediction error signal for

unrewarded trails (i.e. incorrect responses), but it was not affected by genotype.
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Analysis of dLight signal in the last second prior to the auditory reward cue also

showed no difference between genotypes (F1,10)=3.23, p=0.102).
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Figure 5.7 | dLight signals in in response to presentation of auditory cues and reward
delivery in a 2-choice task, on days 9-15 of training in VGLUT3 cKO5-HT mice and
controls. On days 9-15 mice were trained on a 2-choice task, where either port 1 or port 2
was illuminated, with the same port being illuminated consecutively in blocks or trials.
Nose-pokes into an illuminated port (i.e. correct responses) triggered the reward-predictive
auditory cue followed by reward delivery, while nose-pokes into the non-illuminated port
(i.e. incorrect responses),triggered a white noise cue followed by no reward. Trials were

divided into non-reversal trials (top row) and reversal trials (bottom row). dLight signals
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expressed as z-scores (calculated relative to the baseline fluorescence and aligned to nose-
poke of the illuminated port) are represented by continuous lines in rewarded trials, and
dashed lines in unrewarded trials. Shaded areas indicate inter-subject SEM. Vertical dashed
lines represent auditory cue onset and reward delivery or lack of it. Groups were VGLUT3

cKO5-HT mice (n=6) and controls (n=6).

In reversal trials analysis of dLight signal following the auditory cues also found an
effect of the identity of the auditory cue (F(1,10)=11.4, p=0.007) and a trend effect of
genotype (Fi, 10=3.78, p=0.081) but no outcome x genotype interaction
(F1,10=0.849, p=0.379). Similarly to non-reversal trials, dLight signals of trial-
aligned times between 0.5 s and 2.5 s of reversal trials found an effect of trial
outcome (F(1,10)=39.6, p<0.0001) but no effect of genotype (F(1,10)=0.715, p=0.417),
nor an outcome x genotype interaction (F(1,10)=0.366, p=0.559). Interestingly, dLight
signal in the last second following the auditory cue prior to nose-poke, consisting of
the response to port becoming illuminated, was decreased in VGLUT3 cKO5-HT mice

(F1,10=9.28, p=0.012), compared to control littermates.

5.3.2 Behavioural analysis of the water-motivated task used during

photometry recordings

5321 Magazine training in VGLUT3 cKO>HT mice and controls

The first 4 days of the water-motivated operant task used during the photometry
recordings included different stages of training (see Table 5.1 for details) in which
mice learnt to effectively collect rewards from the magazine port. Briefly, on day 1
rewards had a fixed size, on days 2 and 3 rewards randomly alternated between 3

sizes, and on day 4 rewards had a fixed size but the ITI length varied between long
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(20-45 s) and short (10-15 s) in blocks of trials. Firstly, data were analysed

separately in each of these 3 conditions (fixed reward, varied reward, and varied

ITI) and no statistically significant differences between VGLUT3 cKO5-HT mice and

control littermates were found in the number of magazine entries, rewards collected

or reward latencies (Table 5.2).

Table 5.2 | Behavioural data of the first 6 days of training in the water-based operant

paradigm. Days 1-4 involved magazine training and days 5-6 investigated negative

prediction errors. Groups were VGLUT3 cKO5-HET mice (n=11) and controls (n=9). See Table

5.1 for methods. # p<0.01 indicates trend effects.

Task and parameters

Day 1: Magazine training
Magazine entries

Rewards

Rewards latency (s)

Day 2-3: Magazine
training with 3 reward
sizes

Magazine entries (day 2)
Magazine entries (day 3)

Rewards (day 2)
Rewards (day 3)

Reward latency (day 2)
Reward latency (day 3)

Day 4: Magazine training
with varying ITI
Magazine entries

(Fig. 5.94)

Control (mean

+ SEM)

182.0 +32.3
33.6+4.7
20.5+3.4

813.2£159.3
668.3 + 106.6

64.1+9.2
65.0 £8.3

1052.0 + 141.9

VGLUT3 cKO5-HT

(mean + SEM)

226.5£39.7
40.2+2.8
22.1+39

703.8+117.3
709.9 + 141.0

60.9 +4.6
71.2+5.0

17.2+6.4
11.5+3.6

733.4+90.4
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t test or repeated

measures two-way ANOVA

t18)=0.843, p=0.410
tus)=1.268, p=0.221
t14=0.310, p=0.761

Genotype: F(1,18=0.040,
p=0.843;

day: F1,18)=0.692, p=0.416;
interaction: F(1,18)=0.819,
p=0.377

Genotype: F(1,18=0.027,
p=0.872;

day: F1,18)=4.130, p=0.057;
interaction: F(1,18)=2.920,
p=0.105

Genotype: F1,18)=1.19,
p=0.291;

day: F1,18)=0.905, p=0.356;
interaction: F(1,18=3.58,
p=0.077 #

t(18)=1.960, p=0.066 #
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Number of rewards 91.3+2.7 92.0+3.9 t(18)=0.135, p=0.894

Reward latency (s) 94+1.0 9.7+ 2.3 t18)=0.138, p=0.891

Day 5-6: Negative

prediction error

Magazine entries (day 5) 894.9 + 147.7 805.3 £ 156.0 Genotype: F(1,18=0.306,
p=0.587;

Magazine entries (day 6) 515.4 +45.0 446.2 +80.9 day: F(1,18=16.900, p=0.001;

(Fig. 5.9B) interaction: F(1,18=0.012,
p=0.911

Rewards (day 5) 65.1+2.1 69.5+2.4 Genotype: F(1,18=0.016,

Rewards (day 6) 69.0+1.6 65.5+4.2 p=0.902;
day: F1,18)= 0.002, p=0.962;
interaction: F(1,18=3.65,
p=0.072 #

Reward latency (day 5) 5.6 +1.0 5.6 +0.7 Genotype: F(1,18)= 0.516,
p=0.482;

Reward latency (day 6) 54+0.7 8.1+28 day: F(1,18=0.603, p=0.448;

interaction: F(1, 18)= 0.854,

p=0.369
Interestingly, analysis of magazine entries on day 4 (when the task involved blocks
of varying ITI lengths) revealed a trend reduction in total magazine entries in
VGLUT3 cKO>HT mice compared to controls (see Table 5.2). A two-way ANOVA
investigating entries in the two ITI conditions showed that both genotypes
performed more entries in the longer ITI (F(1, 18)=54.8, p<0.0001), but there was no
significant interaction between genotype and ITI length (F(1, 18)=2.83, p=0.110; Fig.
5.94). Although strictly not appropriate due to the lack of a significant interaction,
Sidak's post hoc test was carried out to further explore the trend reduction in
magazine entries. This revealed that, while both genotypes performed more entries
in the long ITI compared to the short ITI, this increase was smaller in VGLUT3
cKO>HT mice compared to controls (p=0.035; Fig. 5.94). Conversely, the two
genotypes were not different in number of magazine entries in the short ITI

(p=0.035).
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On days 5 and 6 mice received a reward only for 70% of entries into the illuminated
magazine port, which was otherwise always rewarded. This task was primarily
aimed at examining DA dynamics during unrewarded trials which were expected to
generate a negative prediction error signal, nonetheless the number of magazine
entries and number of rewards were also examined. This analysis revealed no effect
of genotype on any of the above parameters, as detailed in Table 5.2. On days 5 and
6 all mice performed a greater number of entries in the ITIs following rewarded
trials compared to unrewarded trials (day 5: F(, 18)=26.000, p<0.0001; day 6:
F1,18=31.000, p<0.0001, Fig. 5.9B), but there was no effect of genotype (day 5:
F1,18=0.229, p=0.638; day 6: F(1, 18=0.527, p=0.477, Fig. 5.9B) nor interaction
between trial type and genotype (day 5: F(1,18)= 0.424, p=0.523; day 6: F(1,18)=0.797,

p=0.384, Fig. 5.9B).

Altogether, during training days 1-6 in a two-way repeated measure ANOVA
VGLUT3 cKO>HT mice did not differ from controls in the number of rewards
collected (effect of genotype: F(1, 18=0.145, p=0.708; genotype x day interaction:
F(5,90=0.845, p=0.522) or magazine entries (effect of genotype: F(1, 18=0.619,
p=0.442; genotype x day interaction: F(s, 90)=0.976, p=0.437). Unsurprisingly, both
measures were affected by training day given the different protocols adopted on
different days (main effect of day on reward: F(s 90)=49.5, p<0.0001; main effect of

day on magazine entries: F(5, 90)=15.0, p<0.0001).
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A. Day 4 of training B. Day 6 of training
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Figure 5.9 | Performance of VGLUT3 cKOS5-HT mice and control littermates in a water-
based operant training task. Data from day 4 and 6 of magazine training, involving varying
ITI in blocks (A) or in the ITI following rewarded and unrewarded trials (B). See table Table
5.1 for details. Columns represent mean * SEM values of VGLUT3 cKO5-HT mice (n=11) and
controls (n=9). Individual values are indicated by closed circles Data were analysed by two-
way ANOVA, followed by Sidak's multiple comparisons test. *p<0.05. (C) Data from days 1-
6 of operant training, as described in Table 5.1. Closed circles represent mean + SEM values
of VGLUT3 cKO5-HT mice (n=11) and controls (n=9). Data were analysed by two-way
repeated measures ANOVA.
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53.2.2  Reversal learning operant task

During days 7 to 15 the chamber was equipped with 2 ports, and training involved
a reversal learning task. On day 7, port 2 was introduced for the first time. In this
first reversal session mice had to learn to obtain a reward from port 2, instead of
port 1. Port 1 was available to poke but it did not deliver any reward, nor trigger any
sound or penalty. In this paradigm both groups performed a greater number of
entries in port 2 compared to port 1 (F(1,18=39.1, p<0.0001; Fig. 5.10A), but there
was no difference between VGLUT3 cKO>HT mice and controls in the number of
entries in each port (F(1,18=0.107, p=0.747; Fig. 5.10A) nor any interaction between
genotype and port entries (F(1,18)=0.003, p=0.958). Similarly, the number of rewards
collected was also not significantly different between groups (ts)=1.463, p=0.161;

Fig. 5.104).

On day 8, the task was similar to day 7, with rewards being delivered at port 2.
However, port 1 was now associated with a white noise cue and a time out. Similarly
to day 7, on day 8 both groups performed a greater number of overall entries in port
2 compared to port 1 (F(1, 18)=37.2, p<0.0001; Fig. 5.10B). There was also no
statistically significant difference between VGLUT3 cKO>HT mice and controls in the
number of entries in each port (F(1, 18=3.10, p=0.095), although VGLUT3 cKO>-HT
mice showed a weak trend for a reduction in entries. Furthermore, there was no
interaction between genotype and port entries (F, 18)=2.33, p=0.1446). Similarly,

the number of rewards collected (t(18)=1.463, p=0.161; Fig. 5.10B) and incorrect
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responses (tis)=1.463, p=0.161) were also not significantly different between

groups.
A. Day 7 of training
700 - 120 =
. control
600 - . ° 8 100 - . 2o
500 - 2 o = [ VGLUT3cKO
80
8 400- 2 o [
2 »
> o 60 .
c 300 :
w O 40—
200 g
. O 20+
100 o
0 0 T T
controlcKO
B. Day 8 of training
2000 120 » 30
° L4 [<}] °
3 100 ° : ° 2
1500 ° 2 :'} o ® o
o 80- 3 2 204 ° .
2 2 e o
—— [ ]
51000+ o 607 |, 5 :
lﬁ - ° Q
O 40+ = 10-
500 — = 8
8 20 E
0- 0 ; " 0-
controlcKO controlcKO

Figure 5.10 | Performance of VGLUT3 cKOS5-HT mice and control littermates in a
reversal learning task. Up to day 7 of the operant task mice could collect rewards from
port 1, while on days 7 and 8, rewards were delivered from port 2. On day 7 (A) no penalty
was associated with port 1 entries, while on day 8 (B) port 1 entries (when port 2 is
illuminated) were recorded as an incorrect response and triggered a time out. See table
Table 5.1 for further details. Columns represent mean + SEM values of VGLUT3 cKO5-HT mice
(n=11) and controls (n=9). Individual values are indicated by closed circles. Data were

analysed by two-way ANOVA or t test.

Lastly, a 2-choice task was run on training days 9 to 15. This involved either port 1
or port 2 being illuminated in successive blocks of trials. Correct entries in the

illuminated port triggered a water reward, while incorrect entries in the non-
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illuminated port (when the opposite port was illuminated) triggered a time out and
no reward (see Table 5.1 for further details). Since the main focus was on collecting
the photometry data, all 20 mice were run till day 9 inclusive (n=11 and n=9) but
from day 10 onwards the sample size was reduced to those 12 mice displaying
dLight signal (n=6 per genotype). Furthermore, originally the task was planned to
run for 12 days, however it was later extended to 15 days to collect further
photometry data with two days of break between training day 12 and 13. This
caused a decrease in behavioural performance between days 12 and 13. Therefore,
it was deemed justified to analyse the behavioural data for days 9-12, instead of till
day 15. Interestingly, within this time-frame VGLUT3 cKO>HT mice displayed a
reduction in the percentage of correct responses (effect of genotype: F(1, 18)=4.64,
p=0.045; day: F(3,20=1.68, p=0.192; interaction: F3, 29)=0.201, p=0.895; Fig. 5.11),
and an increase in the percentage of incorrect responses (effect of genotype:
F(1,48)=5.14, p=0.028; time: F(3,48)=2.04, p=0.120; interaction: F(3,48)=0.181, p=0.909;
Fig. 5.11). Conversely, the number of magazine entries was affected by training day
(F3,30)=4.86, p=0.007) but there was no effect of genotype (F1,18)=0.423. p=0.5234;
Fig. 5.11) nor training day x genotype interaction (F3, 30)=0.221, p=0.881). The
number of trials was also not affected by genotype (F(, 18=1.03, p=0.323), nor

training day (F(3,30)=1.98, p=0.138; interaction; F3 30)=0.278, p=0.841: Fig. 5.11).
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Figure 5.11 | Performance of VGLUT3 cKOS5-HT mice and control littermates in a 2-
choice operant task. See table Table 5.1 for task details. Dotted lines represent 2 days of
break in the experimental timeline. Columns represent mean * SEM values of VGLUT3 cKO5-
HT mice and controls. Group sizes were n=11 for VGLUT3 cKO5-HT mice and n=9 for controls
on day 9, and n=6 for days 10-15, as only mice with dLight signal continued the training.

Individual values are indicated by closed circles Data were analyzed by two-way ANOVA.

Conversely, if data were analysed together for days 9-15 then there was no
statistically significant difference in the percentage of correct responses (effect of
genotype: F(1, 18=1.88, day: F, 59)=2.11, p=0.065; p=0.1877; interaction: F, 59)=
0.345, p=0.910) nor in the percentage of incorrect responses (effect of genotype: Fi,
18)=2.19, p=0.157; day: F(, 60)=2.140, p=0.061; interaction: F, 60)=0.343, p=0.912).

Similarly, number of magazine entries (effect of genotype: F(1,18)=2.34, p=0.144; day:
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F(6,60)=3.77, p=0.003; interaction: F,60)=0.741, p=0.619) and number of total trials
(effect of genotype: F(1,20)=0.800, p=0.382; day: F(, 58)=3.87, p=0.003; interaction:

F(6,58=0.198, p=0.976) were not different between groups.

5.4 Discussion

5.4.1 Summary of key results

In this Chapter, fibre photometry with a DA biosensor was used to investigate DA
release in the NAc of VGLUT3 cKO>-HT mice during an operant task, which involved
collecting water rewards by nose-poking an illuminated port. Reward delivery was
also signalled by an auditory cue which was triggered by the nose-poke and lasted
0.5 s, with its offset corresponding to reward delivery. On day 1 of training, there
was no statistically significant difference in DA response between genotypes.
However, on day 2 and 3 VGLUT3 cKO5-HT mice showed increased DA release in
response to the reward-predictive auditory cue, compared to littermate controls.
Conversely, on day 4 when ITI length was variable, VGLUT3 cKO>HT mice displayed
areduction in DA release in response to the reward. Similarly, on day 5-6, when only
on 70% of entries in the illuminated port were rewarded, VGLUT3 cKO>-HT mice
showed a reduction in DA release in response to reward, compared to controls, but
there was no difference between genotypes in the negative reward prediction error
signals. Altogether, VGLUT3 cKO>HT mice displayed an increase in DA response to
the reward-predictive cue on days 2 and 3, followed by a decrease in DA response
to the reward on days 4-6. Further, on days 1-6 no statistically significant

behavioural differences was observed between groups.
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On the first day of a reversal learning task (day 7), VGLUT3 cKO>-HT mice displayed
reduced DA release in response to reward delivery. However, the number of entries
in the illuminated port did not differ between genotypes. Lastly, during a 2-choice
task (days 9-15), VGLUT3 cKO5-HT mice showed a trend reduction in DA response to
the sound cues, but their DA response to reward or no reward was not statistically
different from controls. Nonetheless, behavioural analysis of the same task showed
that VGLUT3 cKO5HT mice performed less correct responses and more incorrect
responses on days 9-12 compared to controls. Altogether, during reversal learning
VGLUT3 cKO5-HT mice showed a trend reduction in DA release in response the both
the reward and reward-predictive cue, which was accompanied by reduced

behavioural performance.

5.4.2 VGLUT3 cKO5-HT mice show altered dynamics of DA release in the

NAc during reward-based learning

The operant paradigm involved several stages of training in which mice learned to
nose-poke into an illuminated port to receive a water reward. The reward was
preceded by 0.5 s sound cue, except during the first 15 trials of the first training day
where reward and cue occurred simultaneously. On this day, there was no genotype
difference in DA response to the auditory cue, albeit in both groups this response
was relatively small. Furthermore, no statistically significant difference between
genotypes was detected on either trials with immediate or delayed reward.

However, on this day the sample size was rather small due to technical issues, and
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AUC analysis might not be the best-suited method to detect small changes in
patterns of DA release. Further AUC analysis could investigate the data using smaller
time frames, or response levels across time, additionally analysis of peak signal

could also be carried out.

Interestingly, on days 2 and 3, VGLUT3 cKO>HT mice showed increased DA release
in response to the reward-predictive auditory cue compared to controls (a
difference which was not present on day 1). However, VGLUT3 cKO>HT mice did not
differ from controls in the DA response to the reward. In particular, when mice
received rewards of 3 different sizes, NAc DA released progressively increased with
larger reward size in both genotypes. Previous evidence from extracellular
recordings in awake animals indicates that that NAc DA release is sensitive to the
magnitude of the reward, including the specific volume of liquid received (Tobler et
al,, 2005). This in also in line with the literature theorising that DA encodes a reward
prediction error, with greater DA release associated with unexpectedly greater
rewards (Glimcher, 2011; Schultz, 2016, 2016; Schultz et al., 1990, 1997). Similarly
to day 1, peak analysis of days 2 and 3 (as well as the following training days) could
reveal more subtle differences between genotypes. Additionally, further analysis
could investigate the data prior to z-scoring (i.e. subtracting the mean and dividing
by the standard deviation) to ensure that baseline fluorescence levels were

comparable between genotypes.

In the first 3 days of training no behavioural differences between genotypes were

detected, which contrasts with the findings of differences in DA release. However,
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the behavioural tasks used in this chapter were designed primarily to examine DA
dynamics during reward-based learning, thus the training parameters were very
low difficulty. Furthermore, in Chapter 4 no differences between groups were found

in a one-session long magazine training in the same operant boxes.

Additionally, on days 2 and 3 the heightened response to the CS cue, might indicate
an increased focus on the cue, and a shift towards Pavlovian conditioning, over
instrumental learning. However, the current magazine training task was not
designed to tease apart the instrumental and Pavlovian learning components, which

both involve nose-poke of the illuminated port.

On days 4, 5 and 6, VGLUT3 cKO5-HT mice did not differ from control littermates in
their DA response to the auditory cue, but they did show decreased DA release
following reward delivery. As previously discussed (Section 5.1.1), during
associative learning DA release associated with reward progressively decreases in
favour of greater DA release in response to the reward-predictive cue (Ljungberg et
al., 1992). The current data suggests that this shift might occur faster in VGLUT3
cKO>-HT mice compared to control littermates, as this would explain both the initial
increase in DA release in response to the auditory cue (days 2-3) and the subsequent
decrease in DA release following the reward (days 4, 5 and 6). Furthermore, during
reinforcement learning the DA response to the reward is expected to decrease, as
over time the predictability of the reward following CS presentation (here the light
and auditory cue) increases, leading to a reduction in the reward prediction error

signal (Clark et al., 2013). Therefore, the faster decrease in reward prediction error
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signal observed in VGLUT3 cKO>HT mice, compared to controls, might indicate a

faster learning process.

An increased response to the CS, and a more efficient transfer of neuronal activation
from the US to the CS, leading to a faster decrease in DA release associated with the
US over time, has been previously described in “sign-tracking” rats (Flagel et al,,
2011; Gillis & Morrison, 2019). Sign-tracking individuals display a biased focus on
the cue, as opposed to the goal of the task (“goal-tracking”), for example by
attempting to engage with the cue location directly. A propensity for sign-tracking
can cause deficits in operant behaviour such as reduced behavioural flexibility in the
attentional set shifting task and reduced behavioural control in a conditional
responding task (Enkel et al,, 2019; Flagel et al.,, 2011). Sign-tracking behaviour has
been predominantly characterised in rats, thus species-specific differences might
occur. However, there are a few examples of sign-tracking and goal-tracking being
investigated in mice as well (Darvas et al., 2014; Macpherson & Hikida, 2018; Parker

etal., 2010).

Interestingly, behavioural analysis of data from day 4 (with varying ITI lengths) also
revealed a trend difference between genotypes, with VGLUT3 cKO>HT mice
performing a reduced number of port entries which was more evident with longer
ITIs. The more efficient transfer of DA release from US to CS might cause VGLUT3
cKO>-HT mice to be predominantly driven by the Pavlovian CS cue (i.e. the light and

auditory cue), leading to a reduction in responses in absence of such cues.
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On days 5 and 6, mice received a reward in only 70% of entries in the illuminated
port, to investigate negative prediction error signals. As noted above, VGLUT3
cKO>-HT mice displayed reduced DA response in rewarded trials, compared to
controls, but no difference between genotypes was detected on unrewarded trials.
Thus, both genotypes displayed a similar negative prediction error with DA levels

dropping below baseline.

The magazine training sessions were followed by several task stages probing
reversal learning. These were also low difficulty and designed to slowly increase the
complexity of the task in steps. On the first day of reversal learning (day 7, reversal
task without penalty) compared to controls, DA release in VGLUT3 cKO5-HT mice was
reduced following reward delivery, similarly to what observed in days 4, 5 and 6.
Additionally, DA release in VGLUT3 cKO>HT mice was also reduced, compared to
controls, in the last second prior to the auditory cue. The latter measure comprises
the DA response to the light cue, prior to nose-poke in the illuminated port. Further
analysis could examine DA release throughout the entire ITI and after the onset of
the light cue, to investigate whether this difference in DA release between genotypes
arises after cue onset, or persists throughout the trial. As VGLUT3 cKO5-HT mice
display a faster transfer of DA response to the auditory cue, it is likely that they

would present a faster transfer of response to the light cue as well.

Again, the observed differences in DA signalling did not affect behaviour on this task,

likely due to its low difficulty. Additionally, as previously mentioned, the current

task does not allow to easily tease apart the instrumental and Pavlovian components
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(both involving nose-poke of the illuminated port), which could mask behavioural

differences.

On day 8 (reversal with penalty), no statistically significant difference between
genotypes was detected in the analysis of NAc DA release. Data for unrewarded
trials appeared noisier than the other trials, suggesting increased inter-subject
variability in this condition. There were also no behavioural differences with both
genotypes performing the majority of entries in the correct port. In Chapter 4, it was
hypothesised that VGLUT3 cKO5HT mice might have difficulties in reversal learning,
as after initial magazine training involving collecting rewards upon entry of the
illuminated magazine, they continued to perform increased magazine entries in the
subsequent days of training, compared to controls. Nonetheless, similarly to day 7,

on day 8 VGLUT3 cKO5-HT mice did not display any impairments in reversal learning.

The last stage of training involved a choice between 2 ports (days 9-15, 2-choice
task) which were illuminated one at a time in successive trials in alternating blocks.
This task was chosen due to its similarity to the 5-choice task performed in Chapter
4, as both tasks involved selecting one illuminated port out of either 2 or 5 available
ports. However, in the current experiment mice would collect the reward directly
from the illuminated port, instead of from a separate magazine port located on the
same wall, which further highlights the potential low difficulty of the task. In this
phase of the task, VGLUT3 cKO>-HT mice displayed a trend reduction in DA release in
response to the sound cue, but this effect did not reach statistical significance.

Furthermore, the current AUC analysis did not reveal a statistically significant
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difference in the DA response to the reward or lack of it. However, it is possible that
the analysis of the data with higher time resolution might reveal differences.
Additional analysis, such as regression analysis, could also be implemented for

further investigation without an a priori time window.

In the current task VGLUT3 cKO>HT mice displayed an increase in incorrect
responses and a decrease in correct responses on days 9-12. These behavioural
alterations closely match those observed in the water-motivated (5-choice) operant
task performed in Chapter 4. Furthermore, in accordance with what was observed
in Chapter 2 and 4, VGLUT3 cKO>HT mice were able to learn the task and improve
over time, with differences between groups disappearing after day 12. Reduced
performance in the current 2-choice task, might be considered evidence of reduced
reversal learning, and interestingly sign-tracker rats also display reduced reversal
learning and cognitive flexibly in an attentional set shifting task (Enkel et al., 2019).
However, sign-tracking individuals also show an apparent faster learning rate in the
5-CSRTT, due to their increased focus on the cue (Maillet et al., 2022), which differs
from the increased incorrect responses displayed by VGLUT3 cKO>HT mice.
Therefore, VGLUT3 cKO5-HT mice appear to share some behaviour with sign-tracker

rats, but there are also some discrepancies.

Altogether, the current DA photometry data suggests a faster acquisition of the CS-
US association in VGLUT3 cKO>HT mice, compared to control littermates. Moreover,
the observed patterns of DA release in VGLUT3 cKO>HT mice appears to loosely

match those reported in sign-tracking rats (Flagel et al., 2011). VGLUT3 cKO>HT mice
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also exhibited some behavioural evidence of sign-tracking over goal-tracking in the
previous chapters. For example, in the water-motivated operant task described in
Chapter 4, after a magazine training session involving nose-poking the illuminated
magazine to receive a reward, VGLUT3 cKO>HT mice continued to displayed
increased magazine entries in the following 7 days of training (Fig. 4.10), compared
to control littermates. In the same task, where nose-poke of one illuminated port out
of 5 ports led to reward delivery from a separate magazine, VGLUT3 cKO5-HT mice
also demonstrated increased entries in the 5 ports, compared to controls.
Altogether, this increased engagement with cue locations resembles behaviour of
sign-tracker rats, which displayed increased contacts with the CS lever to receive a
reward and reduced extinction, compared to control (Flagel et al,, 2011; Gillis &
Morrison, 2019). Conversely, in a separate appetitively-motivated operant
paradigm (Chapter 4, Fig. 4.5) where milkshake delivery from a magazine was not
predicted by any cues, VGLUT3 cKO>HT mice showed reduced magazine entries over
the 8 days of training. Importantly, on day 1 of this appetitively-motivated paradigm
VGLUT3 cKO>HT mice already displayed reduced magazine entries following 5
unsignalled administrations of milkshake, without any required action (Chapter 4,
Fig. 4.4). Conversely, in a separate operant chamber where the magazine was
signalled by a light cue, VGLUT3 cKO5-HT mice did not show any impairments during
in magazine training (Chapter 4, Table 4.3), and differences in behaviour only
occurred in more complex training stages (albeit the smaller size of the chamber
might also had an effect on behaviour). Altogether, the data to date suggests that

VGLUT3 cKO>HT mice have a propensity for sign-tracking behaviour and might be
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more efficient at Pavlovian learning, as opposed to goal-tracking and instrumental

learning.

Nonetheless, there are some behavioural features of VGLUT3 cKO35-HT mice which
differ from sign-tracker animals. For example, sign-tracking rats show shorter
response latencies, reduced impulse control, with increased premature and
perseverative responses, but also increased in correct responses in 5-CSRTT
(Colaizzi et al., 2020; Enkel et al., 2019; Flagel et al., 2011; Maillet et al., 2022).
Conversely, VGLUT3 cKO>HT mice displayed an increase in incorrect responses,
without any difference in premature or perseverative responses (Chapter 5 and
Chapter 4). Therefore, sign-tracking can only partially explain the observed
behavioural phenotype. Altogether, the current data indicates an apparent
dissociation with VGLUT3 cKO5HT mice demonstrating more dynamic NAc DA
signalling compared to controls, suggesting more effective acquisition of associative
learning. Albeit, this was accompanied by reduced behavioural performance,

characterised by decreased correct responses and increased incorrect responses.

5.4.3 Possible mechanisms underlying altered DA dynamics

Previous in vitro electrophysiological evidence indicated that 5-HT-glutamate
co-releasing neurons excite VTA DA neurons projecting the NAc, in an AMPA- and
5-HT3 receptor-dependent manner (Wang et al., 2019). Furthermore, optogenetic
activation of 5-HT-glutamate co-releasing neurons promoted conditioned place

preference and self-stimulation (Liu et al., 2020). Conversely, 5-HT inputs to VTA
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have been suggested to be primarily inhibitory, and 5-HT has been shown to inhibit
the reinforcing effects of self-stimulation (Abler et al., 2012; Amit et al,, 1991; Di
Matteo et al., 2001, 2008). Additionally, evidence indicates that both 5-HT and dual
5-HT-glutamate neurons are activated during reward-based learning (Liu et al,,
2014; Wang et al., 2019). As VGLUT3 cKO>-HT mice are predicted to lack glutamate
co-release from 5-HT neurons, it was hypothesised that this would lead to reduced
excitation of VTA DA neurons. As VTA DA neurons project to the NAc, this reduced
excitation would cause a decrease in NAc DA release during reward-based learning.
Whilst this hypothesis could be consistent with the decrease in NAc DA release
found in the later stages of learning, it contrasts with findings of increased DA
release in response to the reward-predictive auditory cue. Furthermore, as
previously discussed (Section 5.4.2), the current photometry data suggests that
VGLUT3 cKO5-HT mice might have a faster transfer of DA signalling from the reward
to the reward-predictive cues, compared to control littermates. Therefore, it is
possible that in control mice glutamate co-released from 5-HT neurons might
contribute to modulating the magnitude of the reward prediction error (e.g. by
reducing the response to the reward-predictive cue), thus lack of this regulation
might lead to increased DA response to the cue. Conversely, the reduction in DA
release to the reward later in the training, might indicate that VGLUT3 cKO>-HT mice

are learning faster to predict reward occurrence.

The mechanism leading to this increase in the DA response to the auditory CS cue is
unclear and might suggest an initial increased excitation of DA neurons, which is

hard to reconcile with reduced excitatory influences from glutamatergic neurons
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projecting to the VTA. It is possible that glutamate might exert inhibitory effects on
VTA neurons, via metabotropic glutamate receptors (mGLURs). Indeed, DA release
has previously been suggested to be inhibited via VGLUT3-dependent glutamate,
through mGLURs located on DA terminals (Karasawa et al,, 2006; Sakae et al., 2015).
Interestingly, mGLUR antagonism had no effect in mice with global VGLUT3
deletion, while blocking mGLUR in wildtype mice ahad a similar effect on DA release
to deleting VGLUT3 (Sakae et al., 2015). Future experiments could investigate the

effects of mGLUR antagonists on NAc DA release in VGLUT3 cKO>-HT mice.

Additionally, the presumed lack of co-released glutamate might affect NAc DA
function via other pathways. For example, 5-HT projections to the prefrontal cortex
have been shown to be activated by reward, and have been suggested to mediate
waiting for rewards and appraisal of reward value (Miyazaki et al., 2024; Seymour
et al., 2012). Additionally, DRN 5-HT neurons also project directly to the NAc, and
may influence reward mechanisms (Brown & Molliver, 2000; Chang et al., 2011;

Doélen et al., 2013; Li et al., 1989; Yoshimoto et al.,, 1992).

Furthermore, the lack of VGLUT3 in 5-HT neurons might lead to long-term
compensatory changes that could affect DA function. For example, it was shown in
Chapter 2 that VGLUT3 cKO>HT mice display increased gene expression of DA D;
receptors and 5-HTg receptors. D1 receptors have been associated with signalling
phasic DA release (Dreyer et al,, 2010), with administration of D; antagonists
attenuating the acquisition of sign-tracking behaviour (Clark et al., 2013).

Specifically, recent evidence showed that acquisition of sign-tracking in mice
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was inhibited by blocking neurotransmission of NAc D; receptors in medium
spiny neurons, confirming a specific role for D; receptors in sign-tracking
(Macpherson & Hikida, 2018). Therefore, the apparent increase in sign-tracking
behaviour observed in VGLUT3 cKO>HT mice could be at least be partly mediated

to the increased expression in NAc DA D receptors.

Lastly it is possible that modulation of 5-HT function caused by the lack of
glutamate might also play a role. For example, if VGLUT3 synergised with VMAT?2,
thus promoting vesicular accumulation of 5-HT (Amilhon et al,, 2010; El Mestikawy
et al, 2011), lack of VGLUT3 might lead to reduced 5-HT release onto VTA DA
neurons in the presence of rewarding stimuli. This could cause a reduction in
5-HT-dependent inhibition, which could be consistent with an initial increase in DA
release in the NAc. Future experiments could investigate these hypotheses further,

for example by examining 5-HT function in in vivo in VGLUT3 cKO>-HT mice.

189



Chapter 6

Chapter 6
General discussion

6.1 Summary of main findings

5-HT is a key neurotransmitter for emotional processing which is involved in a wide
range of functions, including stress coping, anxiety, and depressive behaviour, but
also cognition and reward processing. Recently it has been shown that the majority
of 5-HT neurons in the DRN release not only 5-HT but also glutamate (Johnson,
1994; Schifer et al,, 2002; Sengupta et al., 2017). Glutamate co-release from 5-HT
neurons is mediated by VGLUT3 (Fremeau et al., 2002; Gras et al, 2002), and
5-HT-glutamate co-release has been observed in several projections including to the
hippocampus, amygdala, and striatum (Kapoor etal., 2016; Liu et al., 2014; Sengupta
et al,, 2017; Varga et al,, 2009). Transgenic mice with global VGLUT3 deletion have
been used to investigate the role of co-released glutamate across multiple different
systems (Amilhon et al., 2010; Balazsfi et al., 2018; De Almeida et al., 2023; Sakae et
al,, 2015), but the function of glutamate co-released specifically from 5-HT neurons

had not previously been investigated.

The experiments described in this thesis aimed to fill this gap by probing the
behavioural role of glutamate co-released from 5-HT neurons using a transgenic
mouse model with conditional VGLUT3 KO in 5-HT neurons. Upon validation of this
model, VGLUT3 cKO>HT mice were used to investigate the role of glutamate

co-released from 5-HT neurons in anxiety, stress coping and reward processing,
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based on previous evidence that co-released glutamate might be involved in these

behaviours (Amilhon et al., 2010; Liu et al., 2020; Ren et al., 2018).

6.1.1 Validation of VGLUT3 cKOSHT mice, gene expression and

neurochemistry

Firstly, in Chapter 2 a combination of qPCR and immunohistochemistry confirmed a
reduction of VGLUT3 expression in DRN 5-HT neurons of VGLUT3 cKO>HT mice.
QPCR analyses also found evidence that adaptation to this loss of glutamate led to
an increase of 5-HT1a receptor expression in the prefrontal cortex, and an increase
of 5-HT1p and DA D1 receptor expression in the NAc. Additionally, analyses of 5-HT

neurochemistry revealed evidence of a reduction in 5-HT turnover in the DRN.

6.1.2 5-HT-glutamate co-release in anxiety and anhedonia

Behavioural analysis of VGLUT3 cKO5HT mice compared to control littermates
carried out in Chapter 2 found no gross behavioural alteration, and no difference in
natural behaviours or food/water consumption. Furthermore, no behavioural
differences between genotypes were found in the open field, EPM and light/dark
box, suggesting that glutamate co-released from 5-HT neurons is not involved in
anxiety-like behaviour. However, VGLUT3 cKO>HT mice displayed a reduction in
sucrose preference, suggesting a putative anhedonic state (Chapter 2). As anhedonia
can be linked to both stress sensitivity and decreased sensitivity to reward for a
(review see Pizzagalli, 2014; Stanton et al., 2019), both of these behaviours were

investigated in subsequent studies.
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6.1.3 5-HT-glutamate co-release in stress coping

In Chapter 3, triple-label immunohistochemistry demonstrated that acute,
uncontrollable swim stress increased c-Fos in VGLUT3 expressing 5-HT neurons in
the ventral DRN of wildtype mice. Interestingly, when VGLUT3 cKO>-HT mice were
exposed to swim stress they showed an increase in climbing behaviour, a measure
of active coping. Additionally, wildtype mice also showed increased climbing
following acute fluoxetine administration, revealing an interesting parallel between
the behavioural effects of genetic loss of VGLUT3 in 5-HT neurons and 5-HT
reuptake inhibition. Therefore, it was hypothesised that both fluoxetine and the
predicted lack of co-released glutamate might increase active coping by shifting the

5-HT-glutamate balance at their receptors in favour of 5-HT.

6.1.4 5-HT-glutamate co-release in reward processing

In Chapter 4, VGLUT3 cKO>HT mice demonstrated reduced performance in 3
reward-based learning tasks, involving different set-ups (a spatial Y maze and 2
kinds of operant chambers), different kinds of rewards (sweet solutions and water),
and different behavioural paradigms. In all these tasks VGLUT3 cKO>HT mice were
able to learn over time, but they demonstrated reduced choice accuracy. These
deficits were particularly evident in more challenging associative learning tasks (e.g.
involving choices between multiple nose-poke ports, and reward collection from a
separate magazine), while deficits were not present in simpler magazine training

tasks involving a single illuminated port. Conversely, performance of VGLUT3
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cKO>-HT mice did not differ from controls in short-term memory tests including a
spatial novelty preference test and the novel object recognition test. Additionally,
our collaborators showed that VGLUT3 cKO>HT mice do not differ from controls
during fear conditioning, suggesting unimpaired associative learning in the aversive
domain. Therefore, it was concluded that VGLUT3 cKO5HT mice showed
impairments specific to reward-based learning, but the exact nature of this deficit

needs to be clarified in future work.

6.1.5 NAc DA dynamics in VGLUT3 cKO5-HT mice

In Chapter 5, experiments involving in vivo fibre photometry with a DA biosensor
investigated DA release in the NAc of behaving VGLUT3 cKO>HT mice, to probe
whether the observed impairments in reward-based learning were associated with
altered mesolimbic DA function. Interestingly, on training days 2 and 3 VGLUT3
cKO>HT mice demonstrated increased DA release in response to the
reward-predictive CS cues, but as learning progressed, they displayed reduced DA
response to the reward, compared to controls. This was interpreted as evidence of
a faster transfer of DA neuronal activation from the reward (CS) to the reward-
predictive cue (US)(Clark et al, 2013). These patterns of neuronal activation
potentially resemble those of sign-tracking rats, which display increased focus on
the reward-predictive cue (Flagel et al.,, 2011). Sign-tracking behaviour could also
be consistent with some of the behavioural deficits of VGLUT3 cKO>HT mice and

therefore warrants further investigation.
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6.2 Interactions between 5-HT-glutamate co-release and

DA

6.2.1 5-HT-glutamate co-release and DA in reward and addiction

The faster US-to-CS transfer of DA activity in VGLUT3 cKO>HT mice (Chapter 5) was,
at first glance, surprising in the light of the reduced behavioural performance of
these mice in several reward-based tasks. However, an increase in potassium-
evoked DA release in the NAc was previously reported in voltammetry experiments
in mice with global VGLUT3 KO (Sakae et al., 2015). Interestingly, global VGLUT3 KO
mice showed increased DA D1 receptor density in the NAc (Sakae et al,, 2015), and
in Chapter 2 it was shown that VGLUT3 cKO>HT mice also demonstrated increased

NAc D1 receptor gene expression.

Mice with global VGLUT3 KO also demonstrated altered reward processing through
increased sensitivity to cocaine as measured by cocaine-induced locomotor activity,
conditioned place preference and operant self-administration (Sakae et al., 2015).
This effect was attributed to the lack of VGLUT3 in tonically active cholinergic
interneurons in the NAc, but the current data suggest that glutamate co-released
from 5-HT neurons might also be involved. Interestingly, this link between VGLUT3
and reward processing observed in mice might also translate to humans. In fact, an
increased frequency of rare functional variants of the VGLUT3 gene (Slc17a8), was
observed in individuals with cocaine and/or opiate addiction (Sakae et al., 2015).

The current data suggest that VGLUT3-dependent glutamate release from 5-HT
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neurons might contribute to modulating the magnitude of the reward prediction

error (e.g. by reducing responses to the reward-predictive cue).

The current hypothesis that VGLUT3 cKO>HT mice might have a propensity for
sign-tracking over goal-tracking might also indicate a role for 5-HT-glutamate co-
release in addiction (Colaizzi et al., 2020; Tomie et al., 2008). It has previously been
suggested that the sign-tracking conditioned response is poorly controlled, with
long-term retention and spontaneous recovery that resemble addiction relapse
(Kuhn et al., 2018; Uslaner et al., 2006; Valyear et al., 2017). Additionally, the
activation of DA pathways observed in sign-tracking behaviour provides similarities
with the DA enhancing neurobiological effects of abused drugs (see Tomie et al,,
2008 for a review). Previous studies also showed that sign-tracking behaviour
predicts vulnerability to alcohol self-administration (Krank, 2003; Uslaner et al,,
2006; Valyear et al, 2017). Therefore, further experiments could investigate
addictive behaviours in VGLUT3 cKO>HT mice, for example by examining long-term
retention and relapse-like behaviour and probing the vulnerability of these mice to

drug self-administration.

6.2.2 5-HT-glutamate co-release and DA in stress coping

The interaction between the 5-HT and DA systems was discussed in Chapter 5 with
a focus on reward processing. However, both 5-HT and DA are also involved in
stress, in particular coping with acute and chronic stressors. For example, within the

VTA, diverse populations of DA neurons are responsive not only to reward and

195



Chapter 6

reward-predictive cues, but also to aversive stimuli and a variety of alerting signals
such as sensory events, novelty, and salience (Brischoux et al.,, 2009; Bromberg-
Martin et al.,, 2010; Horvitz, 2000; Matsumoto & Hikosaka, 2009). This impact of
stress on DA neurons is thought to mediate adaptive behaviours and coping
strategies in response to changes in the environment (Baik, 2020). Specifically, it
has been suggested that mild to moderate stressors that are novel, short-lasting, or
controllable increase the activity of NAc DA neurons, while intense, chronic and
unpredictable stressors have inhibitory effects on DA neurons (Cabib & Puglisi-
Allegra, 2012; Holly & Miczek, 2016; Horvitz, 2000; Marinelli, 2007). Therefore, NAc
DA release has been shown to increase during the initial response to acute swim
stress and thought to mediate active coping strategies (e.g. swimming and climbing).
Conversely, over time the swim stress is progressively perceived as inescapable,
thus DA release is inhibited and falls below pre-stress levels, concurrent with a
switch towards passive coping strategies, such as immobility (Cabib & Puglisi-
Allegra, 2012). This increased DA release concurrent with active coping, and
decreased DA release in association to passive coping is perhaps unsurprising due

to the role of DA in movement initiation (Syed et al.,, 2015; Walton et al., 2011).

Whilst both 5-HT and DA play a role in stress coping, their interaction is not
straightforward. It has been hypothesised that during stress coping 5-HT might
regulate NAc DA via DRN projections to the cortex and the amygdala, thus
modulating active or passive coping outcomes (Puglisi-Allegra & Andolina, 2015).
This hypothesis could be consistent with optogenetic evidence that ventral DRN

5-HT-glutamate neurons projecting to the prefrontal cortex modulate coping
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behaviours (Ren et al, 2018). Nonetheless, more recently VTA-projecting
5-HT-glutamate co-releasing neurons have been shown to regulate stress
susceptibility following chronic social defeat. Specifically, activation of
5-HT-glutamate neurons promoted resilience in susceptible mice (Zou et al., 2020),

likely via their projections to VTA DA neurons (Chaudhury et al., 2013).

In Chapter 3, it was hypothesised that increased active coping in VGLUT3 cKO>-HT
mice, could be caused by a shift in the 5-HT-glutamate balance at their receptors in
favour of 5-HT. Thus, is possible that this shift towards 5-HT might mediate stress
coping by impacting the activity of VTA DA neurons, either directly via DRN
projections to the VTA or indirectly through 5-HT projections to the cortex and
amygdala (Fig. 6.1). As these DA VTA neurons project to the NAc, future
experiments could investigate this further by measuring in vivo NAc DA release
during acute stress in VGLUT3 cKO>HT mice, such as in an operant paradigm

involving unpredictable foot shock.

6.2.3 Potential impact of 5-HT-glutamate co-release on other projections

In this thesis, it was hypothesised that 5-HT-glutamate DRN projections to the VTA,
would impact NAc DA release. This was based on in vitro electrophysiological
evidence that 5-HT-glutamate co-releasing neurons excite DA VTA neurons, leading
to DA release in the NAc (Wang et al,, 2019). Indeed, the VTA is a key site for future
experiments to test the impact of changes to glutamate transmission on DA neuronal

excitability, both by AMPA or mGLUR (as discussed in Chapter 5, Section 5.4.3).
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However, changes in DA release might be caused by the putative lack of glutamate

co-release in other projections, which in turn interact with the VTA and/or NAc.

Prefrontal
cortex
DRN
NAc &_/VTA
Amygdala

Figure 6.1 | Schematic of DRN projections.

For example, as mentioned above 5-HT-glutamate projections to the prefrontal
cortex and the amygdala have been implicated in coping with acute stress (Puglisi-
Allegra & Andolina, 2015; Ren et al,, 2018). Furthermore, 5-HT projections to the
prefrontal cortex have been shown to be activated by reward (Ren et al., 2018), and
have been suggested to mediate both appraisal of reward value (Seymour et al,,
2012) and waiting for future rewards (Miyazaki et al.,, 2020). Lastly, DRN 5-HT
neurons also project directly to the NAc, and may influence reward mechanisms. For
example, evidence suggests that NAc 5-HT release has been implicated in the
rewarding properties of both addictive substances and social reward (Brown &
Molliver, 2000; Chang et al.,, 2011; Dolen et al., 2013; Li et al., 1989; Yoshimoto et al,,

1992). Altogether, altered 5-HT-glutamate co-release in the cortex, amygdala and
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NAc might contribute to the observed behavioural phenotype of VGLUT3 cKO>-HT

mice.

6.3 5-HT-glutamate co-release and phenotype switch

Understanding the consequences of an altered balance between 5-HT and glutamate
is important as levels of VGLUT3 have been reported to be plastic and vary
throughout the lifetime of the individual. For examples, levels of VGLUT3 expression
have been shown to change during neurodevelopment and early post-natal life
(Boulland et al., 2004; Gras et al., 2005), and point mutations in the gene encoding
VGLUTS3 (Slc17a8) may result in life-long alterations in VGLUT3 expression (Ramet
et al,, 2017; Sakae et al,, 2015). Furthermore, it has recently been shown that 5-HT
neurons are capable of changing their neurotransmitter identity or co-release
profile in response to physiological and environmental stimuli, in a process known
as “phenotype switching” (Dulcis et al.,, 2013; Li et al.,, 2020; Spitzer, 2015). For
example, a decrease in VGLUT3 expression in the ventral DRN was observed in rats
exposed to repeated social defeat (Prakash et al., 2020). Interestingly, in susceptible
rats (i.e. rats demonstrating chronic stress-induced anhedonia) this decrease in
VGLUT3 was concurrent with an increase in TPH2 in the ventral DRN. This suggests
that in susceptible animals chronic social defeat triggers a phenotype switch from
dual 5-HT-glutamate neurons towards purely 5-HT neurons (Prakash et al., 2020).
Another study (Li et al., 2020), reported a co-transmitter switch from glutamate to

GABA in 5-HT neurons in the lateral wings of the DRN following exposure to acute
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stress. This co-transmitter switch was shown to underlie the acquisition of

generalised fear and overriding it prevented fear generalisation (Li et al., 2020).

The above studies are examples of stress-induced changes in the neuronal
phenotype of 5-HT neurons. Neurotransmitter or co-transmitter switches may
occur in different brain regions, and in response to a wider variety of triggers,
including in response to injury, disease (see Vaaga et al., 2014 for a review), and
drugs administration (Lai et al, 2023; Marta et al, 2022). For example, as
5-HT-glutamate co-releasing neurons have previously been implicated in the action
of SSRIs, further research could investigate whether a phenotype switch may occur

in these neurons following chronic SSRI treatment (Fischer et al., 2015).

The possibility of phenotype switching highlights the relevance of the VGLUT3
cKO>-HT model, as this could be regarded as a model of phenotype switch where all
5-HT-glutamate co-releasing neurons have switched their phenotype towards 5-HT
only neurons. Altogether, the current findings suggest that if changes in VGLUT3
expression were to occur in 5-HT neurons, they could impact coping strategies and

reward processing, potentially involving changes in modulation of NAc DA.

6.4 Additional future directions

6.4.1 Vesicular synergy between VGLUT3 and VMAT2

Mechanisms of 5-HT-glutamate co-release, and particularly whether release occurs

form the same or separate vesicles, are still uncertain. Nonetheless, it is important
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to understand how changes in VGLUT3 expression might impact on both glutamate
and 5-HT release (Amilhon et al.,, 2010; El Mestikawy et al., 2011; Trudeau & El
Mestikawy, 2018). As previously discussed (e.g. Chapter 1, Section 1.3.3.3), there is
evidence of vesicular synergy between VGLUT3 and VMAT2 (Trudeau & El
Mestikawy, 2018) as amino acid uptake assays indicate that hippocampal and
cortical vesicles accumulate more 5-HT in the presence of glutamate (Amilhon et al,,
2010). If vesicular synergy was to occur, loss of VGLUT3 might lead to a decrease in
both 5-HT and glutamate release. In Chapter 2, reduced 5-HT turnover was found in
the DRN of VGLUT3 cKO>-HT mice which is potentially consistent with synergism of

VGLUT3 with VMAT?2.

Conversely, optogenetic evidence has demonstrated that low frequency (<1 Hz)
stimulation of 5-HT terminals in the amygdala preferentially release glutamate,
whilst 5-HT release was observed in response to higher stimulation frequencies
(10-20 Hz; Sengupta et al., 2017). Similarly, optogenetic activation of 5-HT neurons
by a single-pulse light stimulation elicited glutamate-mediated excitation in the VTA,
while prolonged stimulation of the same neurons (20 Hz for 30 s), produced 5-HT
mediated currents (Zou et al, 2020). This frequency-dependent release might
support the concept that 5-HT and glutamate are released from separate vesicles
(Trudeau & El Mestikawy, 2018). In this case loss of VGLUT3 would cause a

preferential loss of glutamate versus 5-HT release at the synapse.

Future experiments in VGLUT3 cKO5-HT mice could use in vivo fibre photometry with

a 5-HT biosensor (e.g. GRABs.ut; Wan et al,, 2021) in the VTA, to directly investigate
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if 5-HT release is reduced in these mice, compared to controls. Furthermore, use of
both glutamate and 5-HT biosensors would help to clarify whether the phenotype
of these VGLUT3 cKO>HT mice is linked a concurrent reduction of both glutamate

and 5-HT release from dual 5-HT-glutamate co-releasing neurons.

6.4.2 Potential adaptations to the loss of glutamate

The current VGLUT3 cKO5-HT mouse model allowed a novel approach to investigate
the function of 5-HT-glutamate co-release. However, the genetic lack of VGLUT3
from birth could lead to a variety of compensatory responses. Understanding these
compensatory changes might provide valuable insights into adaptation to reduction
of VGLUT3 in humans, which could occur following genetic mutations or phenotype
switch, as discussed in Section 6.3. However, these compensations may also mask
VGLUTS3 function by causing secondary phenotypes. Future studies could confirm
the current findings using a conditional KO construct whereby VGLUT3 is depleted
in a temporarily controlled manner. This could be achieved either using a Cre-
dependent viral vector delivering a small interfering RNA targeting VGLUT3 in

SERT-Cre mice, or a transgene driven by a drug-sensitive promotor.

6.4 Conclusion

In this thesis, a novel VGLUT3 cKO>HT mouse model with putative lack of glutamate
co-release from 5-HT neurons displayed anhedonia in the sucrose preference test
and impairments in several reward-based learning tasks. Furthermore, the VGLUT3

cKO>-HT mice also showed evidence of increased active coping behaviour when
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exposed to acute uncontrollable stress. These behavioural changes were concurrent
with increased NAc DA release in response to reward-predictive cues, and evidence
of a faster US-CS transfer of DA neuronal activity. Therefore, it is possible that the
observed behavioural changes might be linked to altered mesolimbic DA function.
Nonetheless, the predicted lack of co-released glutamate from other DRN 5-HT

projections, or other compensatory changes might also play a role.

Altogether, the current thesis provides new insights into a role of 5-HT-glutamate
co-release in stress coping and reward processing. Future research is needed to
clarify how the interactions between the 5-HT and DA systems lead to these

observed behavioural effects.
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