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Abstract

The influence of glucagon-like peptide-1 (GLP-1) on CNS functions, such as
neurogenesis, neuroprotection, and anti-neuroinflammation, prompted investigation
into its role in spinal neurogenesis. Ependymal cells (ECs) in the vicinity of the
central canal, possess neural stem cell-like characteristics and rapidly proliferate
after injury. While GLP-1R mRNA is distributed across spinal cord neurons and glia,
its specific expression within the ependymal layer is yet to be resolved. Of particular
interest are the cerebrospinal fluid contacting neurons (CSFcNs), which express
GLP-1R mRNA, making them the focus of our study.

Immunohistochemistry revealed that approximately 80% of CSFcNs express GLP-
1Rs, uniformly distributed throughout the spinal cord. Moreover, a significant
number of CSFcNs in the thoracic region receive direct contacts from GLP-1
producing neurons, indicating their integration into the broader spinal GLP-1
network. Calcium imaging in spinal cord slices demonstrated that liraglutide, a GLP-
1R agonist, elicited concentration-dependent increases in calcium spiking event
frequency and decreases in amplitude. Prolonged liraglutide exposure resulted in a
complete reduction of spiking activity in some CSFcNs, which recovered following

extended washing with aCSF.

The effects of GLP-1R agonists on spinal cord cell proliferation were examined in ex
vivo acute slices, organotypic spinal cord slice cultures (OSCSCs), and in vivo
healthy mouse models. GLP-1R agonist application elicited higher levels of
proliferation compared to control within the ependymal cell layer, in both acute
slices and OSCSCs. This effect was enhanced when OSCSCs were cultured on
liraglutide-infused hydrogels. Intriguingly, intraperitoneal injections of liraglutide in
vivo revealed fewer labelled proliferating cells than control, particularly within the

ependymal cell layer and the white matter.

In summary, this study uncovers functional GLP-1Rs in CSFcNs, influencing
calcium dynamics and potentially shaping neurogenesis within the spinal cord's
ependymal cell layer. These findings illuminate an intricate interplay between GLP-1
and the spinal cord network, offering promising avenues for therapeutic

interventions in spinal cord injuries and degenerative conditions.
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Chapter 1 — General Introduction



1.1 CELL PROLIFERATION AND NEUROGENESIS IN THE SPINAL CORD

1.1.1 Neurogenesis in the central nervous system

Neurogenesis is the process by which new central nervous system (CNS) cells are
created and is most active during embryonic development. A neurogenic niche is an
area that contains a collection of cells and factors that influence CNS growth and
development beyond the embryonic stage and into adulthood. A correlating factor
between the neurogenic niches in the CNS is that they are highly vascularised and, in
most cases, in direct contact with the CSF which both provide a wealth and
complexity of signalling molecules (Lehtinen et al., 2011; Lehtinen and Walsh, 2011;
Falcdo et al., 2012; Stolp and Molnar, 2015).

The cells in these environments are often a mix of glial and neuronal cells that work
together to provide a supportive environment for neural progenitor cells (NPCs) and
neural stem cells (NSCs) to either stay quiescent or to proliferate (Bjornsson et al.,
2015). NPCs and NSCs can be difficult to strictly define and while there are some
well-known neurogenic niches in the CNS, such as the subventricular zone (SVZ) of
the lateral ventricles and the dentate gyrus of the hippocampus (Alvarez-Buylla and
Garcia-Verdugo, 2002), it is often challenging to reliably identify the particular cell,

or cells, within the population that are responsible for the stem cell like activity.

NSCs are broadly defined as cells that are capable of self-renewing to sustain their
population and that can generate progeny who develop into mature cells along
multiple lineages including neurons, astrocytes, and oligodendrocytes. NPCs are
more limited in their differentiation, usually only replicating along their neuronal or
glial sub type and have limited self-renewal capacity. There are two patterns of
division for NSCs, either symmetric or asymmetric. Symmetric division results in
the formation of two identical NSCs or two NPCs, whereas asymmetric division
produces one replicate NSC and a progenitor daughter cell which is restricted to the

neuronal lineage (Bjornsson et al., 2015).



1.1.2 The ependymal cell layer as a neurogenic niche

Within lamina X of the spinal cord exists a layer of ependymal cells that line the
CSF filled central canal (CC) and form an interface between the CSF and the spinal
cord parenchyma. The ependymal layer consists of a heterogenous population of
cells (Error! Reference source not found.), the most common of which are the
ependymal cells themselves, and medullo-spinal cerebrospinal fluid contacting cells

(CSFcNs — covered in detail in section 1.2).

Figure 1.1. Schematic depictions of the spinal cord and central canal area.

A: Schematic depicting a coronal cross section of lower thoracic mammalian spinal
cord with the 10 layers of grey matter defined as Rexed laminae. The butterfly
shaped grey matter can be seen to be completely enveloped by white matter. The
central canal (cc) can be seen in the middle of the lamina X. B: Schematic depicting
the cells within the ependymal layer of the central canal of the spinal cord.
Ependymal cells (EC) are interspersed by other cell types, including cerebrospinal

fluid contacting neurons (CSFcNs). Abbreviations: RG-like EC, radial glia like



ependymal cells; BV, blood vessel; GFAP, glial fibrillary protein; NeuN, neuronal

nuclei; OPC, oligodendrocyte progenitor cell. Image adapted from New, 20109.

The ependymal cells (ECs) provide structural support and largely resemble the
choroid plexus epithelial cells in their morphology, being cuboidal and connected to
their neighbours via tight junctions to form a single layer similar to the blood
cerebrospinal fluid barrier (BCSFB) (Bruni, 1998; Moore, 2016). ECs are
multiciliated and the continuous coordinated beating of their cilia is thought to direct
the flow of CSF (Kumar et al., 2021). They contain large round nuclei and exist
mainly in a single layer in the majority of the mammalian spinal cord, although can
be multi-layered in lumbar and sacral regions, and are slightly more elongated in
shape along the dorsal and ventral poles (Bruni and Reddy, 1987). ECs are typically
multiciliated, although some biciliated or monociliated ECs can be observed through
electron microscopy, indicative of a heterogenous population (Alfaro-Cervello et al.,
2012).

Several other cell types have been described within this layer, including GFAP+ cells
typically observed in the dorsal aspect of the CC which extend processes towards the
pial mater, cells with a radial glial like morphology typically found at the dorsal and
ventral poles of the CC frequently referred to as a radial EC, and others with a
tanycyte morphology found in the lateral aspects of the CC that extend basal
processes to wrap around blood vessels (Bruni, 1998; Marichal et al., 2012; Meletis
et al., 2008; Moore, 2016; Moreno-Manzano, 2020).

1.1.2.1 The ependymal layer as a source of quiescent NSCs.

During mammalian embryonic development, ECs are derived from transcription
factor homeobox protein Nkx6.1 positive neural progenitors in the ventral progenitor
domain of the neural tube, and it is widely thought that they retain some of these
stem cell properties in the adult spinal cord (Fu et al., 2003; Spassky et al., 2005).
Immunohistochemical studies in many species have revealed that these cells express
many biomarkers indicative of stem cell activity such as Nestin (Frisén et al., 1995;
Barnabé-Heider and Frisén, 2008), an intermediate filament protein which is

involved in the development, remodelling and structural organisation of cells and is
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expressed by many undifferentiated progenitor cells in the CNS (Bernal and Arranz,
2018). SRY-box transcription factor 2 (Sox2) is another commonly used marker for
the identification of neural stem and progenitor cells in the CNS and is widely
expressed in the ECs in the spinal cord (Hamilton et al., 2009). Sox2 is one of the
key transcriptional regulators involved in the management of pluripotency and
directs early neural differentiation. CD133 is expressed on the surface of ECs
(Meletis et al., 2008; Li, 2013), where it is thought to suppress differentiation aiding
in the maintenance of stem cell properties, and is widely used in flow cytometry to
sort adult NSCs taken from the brain (Coskun et al., 2008; Pfenninger et al., 2011).

Under normal physiological conditions ECs mainly proliferate slowly and
symmetrically, as can be seen through their positive expression of proliferative
marker Ki67, and staining for EdU and BrdU, in order to maintain their cell
population numbers (Johansson et al., 1999; Meletis et al., 2008; Frederico et al.,
2022). These cells do not appear to produce any non-ependymal progeny nor migrate
any distance away from the ependymal layer as evidenced by BrdU labelled ECs
being commonly found in pairs within the ependymal layer (Johansson et al., 1999;
Hamilton et al., 2009). The proliferation rate of these cells is higher in young mice
and rats, compared to older animals, indicating that they are involved in the growth
of the spinal cord, these newly generated cells also stay within the area surrounding
the central canal (Horner et al., 2000; Alfaro-Cervello et al., 2012).

1.1.2.2 Ependymal cell response to SCI

Many studies, both in vivo using transgenic rodent models and in vitro using
organotypic slice or cell culture techniques, have shown that following spinal cord
injury (SCI) the properties of ECs change; proliferation increases, ECs migrate
towards the site of injury, and multilineage differentiation occurs. (Johansson et al.,
1999; Attar et al., 2005; Mothe and Tator, 2005; Meletis et al., 2008; Lacroix et al.,
2014; Stenudd et al., 2022; Frederico et al., 2022). In vitro neurosphere culture
experiments using ependymal cells cultivated from rodents that had undergone SCI
produced 5 to 10 times more neurospheres compared with cells from uninjured
animals, indicating that SCI stimulates the regenerative abilities of ECs (X. Li et al.,
2016; Moreno-Manzano et al., 2009; Moreno-Manzano, 2020).



Johansson et al labelled ECs using Dil, a fluorescent tracer that is retained in the
lipid bilayers of the cell and found that ECs proliferate rapidly after SCI, tending
towards asymmetrical division. Then one cell stays in the ependymal layer and the
other daughter cell migrates towards the site of injury and displays non-differentiated
stem cell characteristics (Johansson et al., 1999). The progeny of ECs observed in
vivo appears to be different from the multilineage differentiation capabilities seen in
neurosphere cultures, and seems to be limited along glial lineages with no neuronal
differentiation observed in studies so far (Mothe and Tator, 2005; Stenudd et al.,
2022).

ECs have been shown to contribute to oligodendrocyte populations and comprise the
majority of newly proliferated astrocytes after SCI, predominantly composing the
glial scar border surrounding the injury site (Barnabé-Heider et al., 2010; Sabelstrém
et al., 2013; Stenudd et al., 2015; Cusimano et al., 2018; Llorens-Bobadilla et al.,
2020). Sabelstrom et al found that selectively blocking EC proliferation, through the
use of FoxJ1-CreER mice and deletion of Ras genes, significantly decreased the
number of EdU labelled ECs and reduced the density of the glial scar causing an
increase in overall cavity size and worsening functional recovery (Sabelstrom et al.,
2013).

Other cell populations, such as astrocytes and oligodendrocytes, within the
parenchyma of the spinal cord have also been identified as having progenitor
characteristics, however differentiation of these cells is restricted to glial lineage
only and are limited to two passages in vitro (Nakayama, 1976; Yamamoto et al.,
2001). The ability to self-renew, as well as generate progeny along many cell
lineages are key criteria in the definition of neural stem cells, and therefore it can be
reasonably assumed that a subpopulation of ECs are responsible for the main stem
cell behaviour within the neurogenic niche of the spinal cord.



1.2 CEREBROSPINAL FLUID CONTACTING NEURONS AND THEIR
FUNCTIONS IN THE SPINAL CORD

1.2.1 The cerebrospinal fluid system in the CNS

The cerebrospinal fluid (CSF) represents the primary extracellular fluid within the
central nervous system (CNS) and occupies the ventricles of the brain, the
subarachnoid space, and the central canal (CC) of the spinal cord. Ependymal cells
line the ventricles and CC, providing a separation between the internal brain
parenchyma and the CSF. Additionally, the pia mater covers the external surface of
the brain, preventing the CSF from leaking out (Brown et al., 2004). The CSF serves
several crucial functions in the CNS, including acting as a shock absorber between
the brain and the skull, providing buoyancy that reduces the weight of the brain by
more than 60% (Segal, 1993), and clearing waste metabolites and toxins.
Furthermore, the flow of CSF delivers essential ions, nutrients, and signaling

molecules to cells throughout the brain and spinal cord (Brown et al., 2004).

1.2.1.1 Creation and circulation

CSF is synthesised within the choroid plexus (CP); a highly vascularised, branched
series of structures consisting of numerous villi projecting into the ventricles of the
brain composed of fenestrated capillaries surrounded by a layer of cuboidal epithelial
cells (Figure 1.2). Tight junctions between the epithelial cells prevent the free
movement of water, ions, and other small molecules into the CSF, forming the blood-
CSF barrier. The synthesis of CSF occurs in two main steps, firstly a filtered form of
plasma diffuses from fenestrated capillaries into the choroid interstitial space,
orchestrated by a pressure gradient between blood in the capillaries and the
interstitial fluid. This fluid is then actively transported through epithelial cells lining
the CP into the ventricular lumen, a mechanism aided by the unidirectional transport
of bicarbonate, sodium, and chloride ions from the basolateral to the apical
membrane resulting in an osmotic gradient (Brown et al., 2004; Sakka et al., 2011).
A series of ion channels, ion exchangers, and co-transporters exist on both the apical
and basolateral sides of the epithelial monolayer mediating the concentration and

flow of ions into and out of the CSF to maintain homeostasis (Brown et al., 2004).
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Figure 1.2: Areas of the brain involved in creation and circulation of CSF.
The CSF (represented by black dots) is produced within the choroid plexus (CP),
from which it flows through the brain ventricles (direction represented by black
arrows) to the central canal of the spinal cord and into the subarachnoid space at
various locations. The CP (both insets) is a branched structure with villi projecting
into the ventricles of the brain, and contains capillaries covered by a layer of
epithelium. Figure adapted from Brown et al., 2004 and Oreskovi¢ and Klarica,
2010.

CSF flows rapidly rostrocaudally from the CP within the lateral ventricles, through
the third ventricle and then fourth ventricle into the central canal of the spinal cord.
CSF enters the subarachnoid space through openings in the foramen magendie and
the filum terminale at the caudal end of the spinal cord, a fibrous ligament
connecting the spinal cord to the coccyx, which possesses openings that allow the
flow of CSF from the central canal into the subarachnoid space (Nakayama, 1976).

Once inside the subarachnoid space there is also a slower flow in the rostral direction



(Brown et al., 2004; Veening and Barendregt, 2010). The movement of CSF is
influenced by primarily by its continual production and absorption, but is also
thought to be augmented by the concerted action of cilia on ventricular ependymal
cells, respiratory and cardiac rhythms, and the differences in hydrostatic pressure
between the CSF and venous system (du Boulay, 1966; Oreskovi¢ and Klarica,
2010). CSF is drained into the venous system through the arachnoid villi, protrusions
of arachnoid mater through the dura mater and then into the lumen of a venous sinus,
within the brain and spinal cord (Telano and Baker, 2022). CSF can also drain into
the lymphatic system through cranial and spinal nerves within the subarachnoid
space (Khasawneh et al., 2018; Laterra et al., 1999).

1.2.1.2 Composition

CSF has a complex composition; mostly composed of water (99%) with the
remaining 1% being abundant in proteins, ions, neurotransmitters, and other small
molecules critical to the function of physiological processes within the brain and
spinal cord (Khasawneh et al., 2018). Numerous neuromodulators, neurotransmitters
and neuropeptides can be found within the CSF at measurable levels (Table 1.1),
albeit in levels much lower than would be measurable at synapse junctions directly
after neurotransmitter release; typically in the mM range for ACh and glutamate
(Scimemi and Beato, 2009). However, some neurotransmitters, such as glutamate
measured at a concentration of ~2.17 uM, may be present in high enough
concentrations capable of activating some high-affinity receptors such as the N-
methyl-D-aspartate (NMDA) receptor with an EC50 of ~2 uM (Clements and
Westbrook, 1991), but not lower affinity «-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors which likely require synaptic input with
an EC50 of ~ 500uM (Jonas and Sakmann, 1992). As such, the CSF has been
proposed to be a vessel of sorts for neuromodulators involved in low level, long
range, volume transmission (VT) throughout the brain and spinal cord (Bjorefeldt et
al., 2018).



Table 1.1: Examples of neurotransmitters and neuropeptides present in human
CSF.

Concentration (uM) Reference
GABA 0.087 (Perry et al., 1982)
Glutamate 217 (Demartini et al., 2020)
Glycine 125 (Palmer et al., 1994)
Acetylcholine 0.07 (Welch et al., 1976)
Dopamine 9x10° (Goldstein et al., 2012)
Somatostatin 3x10° (Patel et al., 1977)
VIP 3.7x10° (Andersen et al., 1984)
Neuropeptide Y 7.6x10° (Soleimani et al., 2014)
GLP-1 6.5x 10° (Christensen et al., 2015)

1.2.1.3 Non-synaptic transmission through the CSF

The concept of volume transmission (VT) was first conceived in the 1980’s as new
immunohistochemical techniques identified various areas of the brain where
neurotransmitter receptor location and density did not match the location of
terminals that released the required neurotransmitter. This transmitter-receptor
mismatch heavily implied that the receptor was receiving input from a location other
than classical synaptic networks (Agnati et al., 1986; Veening et al., 2012). VT is
now a well-established concept in the central nervous system (Fuxe et al., 2010;
Trueta and De-Miguel, 2012), and represents a major contributor to the non-synaptic

transmission of signals via the extracellular fluid and CSF (Taber and Hurley, 2014).

VT can occur over long or short distances; short distance VT can occur though
spillover of neurotransmitters from a presynaptic cleft acting on postsynaptic targets
on the intended cell or neighbouring cells, such as astrocytes, and largely occurs by
diffusion through extracellular fluid (Meening et al., 2012). Long distance VT occurs
when compounds are released into the CSF from either the brain or spinal cord to act
on downstream targets (Fuxe et al., 2010; Veening et al., 2012; Fuxe et al., 2013;
Taber and Hurley, 2014). The discussion of the effects of neurotransmitters in CSF
has largely revolved around the setting and maintenance of mood states and
extending the duration of behavioral effects (Sewards and Sewards, 2003; Fuxe et
al., 2010; Veening et al., 2012).
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Neurotransmitters within the CSF are also thought to be capable of setting a level of
neuronal excitation (Bjorefeldt et al., 2018). Two studies by Bjorefeldt et al
investigated the difference in neuronal excitability in hippocampal CA1 pyramidal
neurons (Bjorefeldt et al., 2015), and two subtypes of cortical GABAergic neurons
(Bjorefeldt et al., 2016), in patch clamp recordings of rat brain using either human
CSF obtained by lumbar puncture or artificial CSF which was closely matched in
composition but lacking the complex mixture of endogenous neurotransmitters. In
both studies, the human CSF caused a strong increase in neuronal excitability,
increasing spontaneous firing rate and increasing responsiveness to excitatory input.
These effects were reduced when molecules less than 8 kDa (GABA, as an example
iIs 0.1 kDa) were removed by dialysis indicating the importance of endogenous
neurotransmitters in setting neuronal excitation thresholds (Bjorefeldt et al., 2015,
2016, 2018).

1.2.1.4 Where do neuromodulators in the CSF come from?

The presence of neuromodulators within the CSF prompts the question of where
these compounds come from. The release of neuromodulators into the CSF has been
linked primarily to cells with dendritic varicosities in contact with the CSF that lack
postsynaptic targets (Vizi et al., 2010), however the exact cells that release
neurotransmitters directly into the CSF remains largely unknown. A cell type that has
been heavily implicated in volume transmission and CSF monitoring is the
cerebrospinal fluid contacting neuron (CSFcN), present in lower vertebrates, birds,
and mammals, including humans (Zhang et al., 2003; Vigh et al., 2004; Veening and
Barendregt, 2010).

In the literature, CSFcN is a non-specific term widely used to refer to any neuron
that contacts the CSF, and these neurons are abundant within many areas of the brain
including the fourth ventricle, hippocampus, dorsal raphe nucleus, and lateral
superior olive nucleus (Zhang et al., 2003; Veening and Barendregt, 2010). A
common feature of these neurons is that they extend dendritic processes into the CSF
that terminate in a ciliated bulb-like ending loaded with vesicles and mitochondria.
Notably, this end-bulb operates independently of any synaptic contact (Zhang et al.,

2003; Vigh et al.,, 2004). These neurons possess vesicles containing numerous
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neuromodulators, such as GABA, somatostatin, acetylcholine, and serotonin, and
exhibit continuous and phasic spontaneous activity indicative of an ability to release
a multitude of compounds into the CSF (Vigh and Vigh-Teichmann, 1998; Vigh et
al., 2004).

1.2.2 Characteristics of medullo-spinal CSFcNs

Medullo-spinal CSFcNs are a specific population of CSFcNs existing within the CC
area of the caudal brainstem and spinal cord and are the main focus of the work
included in this thesis. Similar to CSFcNs within the ventricles of the brain, these
cells extend a dendritic-like process towards the lumen of the CC where it contacts
the CSF forming a ciliated, vesicle dense, end-bulb (Vigh et al., 1983; Alfaro-
Cervello et al., 2012). These cells were first described in 1921 by Kolmer and 1922
by Agduhr, and were found to be highly conserved amongst all vertebrates studied so
far (Kolmer, 1921; Agduhr, 1922; Vigh et al., 2004). Due to the unique morphology
and localisation it was assumed that these cells were mechanosensory or
chemosensory neurons strategically positioned to monitor the CSF (Vigh-Teichmann
and Vigh, 1989; Djenoune et al., 2014). However, despite the length of time since
these cells were first identified, it is only recently that some evidence of their
function and connectivity within the brainstem and spinal cord, primarily of lower

vertebrates, has been elucidated.

Medullo-spinal CSFcNs will be referred to only as CSFcNs from this point onwards,

in line with typical nomenclature.

1.2.2.1 Distribution and localisation

CSFcNs are present within the CC along the entire length of the spinal cord from the
caudal area of the fourth ventricle to the filum terminale (Vigh et al., 2004).
Immunohistochemical studies of the mouse spinal cord have revealed that CSFcNs
are most numerous in the thoracic and lumbar regions, with the density of cells
decreasing from caudal to rostral regions (Orts-Del’Immagine et al., 2014; Daniel,
2015). CSFcN position around the CC also varies along the rostrocaudal axis; within

the spinal cord, CSFcNs exist around both the dorso-ventral and lateral axes but
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appear to exist predominantly in lateral positions within the brainstem (Orts-
Del’Immagine et al., 2014, 2017).

1.2.2.2 Phenotypic expression characteristics

Arguably the most widely used identifiable characteristic of the medullo-spinal
CSFcN is their expression of polycystic kidney disease 2-like 1 (PKD2L1). Within
many vertebrate species including lamprey (Jalalvand et al., 2016), zebrafish
(Djenoune et al., 2017), mouse (Huang et al., 2006), and macaque (Djenoune et al.,
2014), CSFcNs are the only cell type in the CNS that express PKD2L1, making it a
useful biomarker for these cells (Huang et al., 2006; Sternberg et al., 2018). Within
the mouse, high levels of PKD2L1 have been found throughout the soma, dendritic
process, and endbulb of the CSFcNs but the axonal processes bears little to no
expression (Orts-Del’Immagine et al., 2014). PKD2L1 is a calcium regulated non-
selective cation channel belonging to the family of transient receptor potential (TRP)
channels, which have critical sensory roles enabling cells to detect changes in their
environment, such as variances in osmolarity and pH in the CSF in the case of
PKD2L1 (Venkatachalam and Montell, 2007). TRP channels are chemo-, thermo-, or
mechanosensitive dependent on channel subtype (Jalalvand et al., 2018; Sternberg et
al., 2018).

CSFcNs express a variety of GABAergic markers, and are primarily GABAergic
neurons in the rodent spinal cord (Barber et al., 1982; Fidelin et al., 2015).
Immunohistochemical studies have shown immunoreactivity for y-aminobutyric acid
(GABA), vesicular GABA transporter (VGAT), and both subtypes of the glutamate
decarboxylase enzyme (GADG65/67) present in the soma, endbulb, and both the
dendritic and axonal processes (McLaughlin et al., 1975; Barber et al., 1982;
Djenoune et al., 2014; Orts-Del’Immagine et al., 2014; Gotts et al., 2016; Johnson et
al., 2023). Furthermore, CSFcNs express functionally active GABA receptors;
including both GABAA and GABAsg subtypes (Margeta-Mitrovic et al., 1999;
Kullmann et al., 2005; Jurci¢ et al., 2019), indicating a potential for autoreceptor
mediated regulation of GABA release mediated by GABAg receptors predominantly
located on the soma and dendrite (Jurcic et al., 2019).
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1.2.2.3 Morphology
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The soma of the CSFcN, in most vertebrate species, is placed within the ependymal
or subependymal layers surrounding the CC of the spinal cord and brainstem (Figure
1.4). The shape and size of the soma can vary between and within species but is most
commonly spherical or oval in shape, with an average diameter of approximately 10
pm. CSFcNs are rod-like or fusiform and are occasionally elongated oblongs
forming a border along several ependymal cells; these cells can be up to 22 pum in
length and approximately 7 um in width (Barber et al., 1982; Shimosegawa et al.,
1986; Stoeckel et al., 2003). CSFcN somata are randomly distributed around the
central canal and can either be solitary, or existing in groups of two or three closely
apposed cells (Barber et al., 1982; Orts-Del’Immagine et al., 2014).

A smaller population, approximately 30%, of CSFcNs in mammalian species can be
observed distant to the CC where they extend towards the ventral median fissure
(Figure 1.5) (Petracca et al., 2016; Tonelli Gombalova et al., 2020; Jur¢i¢ et al.,
2021). Similar to CC-adjacent CSFcNs, the somata of these distant non-CC CSFcNs
are typically small, ~10 um, spherical, and present a bipolar morphology, although
the infrequent multipolar cell can be observed using PKD2L1 immunohistochemistry
in PKD2L1-eGFP transgenic mice (Jurci¢ et al., 2021). The presence of both bipolar
and multipolar CSFcNs has also been observed in rabbit, cat, and monkey through

the use of electron microscopy (Leonhardt, 1976; Lamotte, 1987). The bipolar
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subtype of non-CC CSFcNs has been observed extending a long dorso-ventral
process towards the CC, sporadically forming contacts with other non-CC CSFcNs
in a chain formation. In comparison, multipolar non-CC CSFcNs typically did not
extend a process towards the CC but instead preferentially contacted other CSFcNs;
the axonal vs dendritic nature of these processes remains unclear (Tonelli
Gombalova et al., 2020; Jurci¢ et al., 2021).
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Figure 1.1.4: CSFcNs exist around the central canal, however some CSFcNs have their
soma distant from the central canal and send long projections which contact the lumen
or form cell chains with other CSFcNs.

Examples of PKD2L1 immunolabelled cervical spinal cord sections showing differences in
CSFcN morphology. CSFcNs forming cell chains can be clearly observed in Ai and Aiii, a
CSFcN with a distant soma and possessing a long process extending into the lumen can be
seen in Aii. White arrows indicate PKD2L1 +ve cell bodies, Black arrows indicate PKD2L1

+ve processes. Scale bars: 50 uM. Image adapted from (Jurci¢ et al., 2021).

Golgi electron microscopy of the CSFcN revealed that the somata contain a dense
cytoplasm with numerous round mitochondria, in contrast to the elongated
mitochondria of the neighbouring ECs, and an endoplasmic reticulum with an

abundance of free ribosomes (Barber et al., 1982). The nucleus of the CSFcN was
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also observed to be primarily spherical, with a similar chromatin pattern to that of
the ECs (Barber et al., 1982; Marichal et al., 2009). Dense granular vesicles,
approximately 80 — 120 nm have been observed within the soma and CSF-projecting
dendrite of the CSFcN in various mammals (Rodriguez et al., 1985).

CSF-projecting Dendrite

CSFcNs extend a thick process from their apical pole which reaches into the CSF
filled lumen within the central canal. This process is assumed to be dendritic in
nature due to the expression of microtubule-associated protein-2 (MAP2) (Harada et
al., 2002), a protein only found within dendrites, and non-expression of
neurofilament 160 (NF-160) which is only expressed in axons (Orts-Del’Immagine
et al., 2014). The length of the dendrite within the mouse spinal cord was dependent
on their location along the rostrocaudal axis of the spinal cord, as well as the position
around the central canal. Dendrites of CSFcNs located dorsolaterally around the
central canal were shorter in rostral-most sections, averaging approximately 20 pm,
increasing in length in more caudal regions. The opposite was found to be true for
dendrites of ventrally located CSFcNs, which are longest in more rostral locations,
being approximately 32 um in the cervical region, and becoming shorter within more

caudal regions (Orts-Del’Immagine et al., 2014).

Endbulb

At the terminus of the dendrite exists the endbulb; a globular shaped protrusion
existing within the CSF filled lumen, with an average diameter of 2.5 to 5 um
(Barber et al., 1982; Vigh-Teichmann and Vigh, 1989). Within the turtle, zebrafish,
mouse, and rat spinal cord, CSFcNs possess long motile kinocilia as well as non-
motile primary cilia thought to have a sensory function. Motile kinocilia contain
microtubules arranged in 9 doublets surrounding a central pair of microtubules
referred to as the 9+2 arrangement, whereas primary cilia only possess the ring of 9
microtubule pairs without the central doublet, enabling the two subtypes of cilia to
be differentiated (Vigh-Teichmann and Vigh, 1989; Stoeckel et al., 2003; Orts-

Del’Immagine et al., 2014; Gerstmann et al., 2022). Immunohistochemical studies
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have revealed that these cilia are immunoreactive for acetylated a-tubulin (Ac-atub)
and adenylate cyclase 3 (AC3), both commonly used markers expressed in

microtubule associated cilia (Orts-Del’Immagine et al., 2014; Stoeckel et al., 2003).

Axons

CSFcNs send a thin unmyelinated processes from their soma, typically on the basal
or lateral surface, extending towards the ventral parenchyma and then running
rostrally with a length of approximately 1800 - 4800 pum, as discovered through
single cell viral labelling (Vigh et al., 1977; Nakamura et al., 2023). Varicosities,
containing GAD and synaptophysin, are commonly observed along the length of
these fibres indicating synaptic contacts within the parenchyma (Stoeckel et al.,
2003; Jurci¢ et al., 2021). Double labelling experiments by Stoeckel et al, in the rat
spinal cord, revealed immunoreactivity for GABA, GAD, P2X2, PSA, GAP-43; a
marker for axonal outgrowth, as well as synaptic markers synaptophysin and
synaptotagmin, but not dendritic marker MAP2 (Stoeckel et al., 2003). This is
confirmed by Orts-Del’Immagine et al, who similarly found no expression of MAP2,
but could not confirm expression of selective axonal marker NF-160 in these
processes due to the high density of axons within this region (Orts-Del’Immagine et
al., 2014). These results indicate that the axonal nature of this process is highly likely
but has not yet been fully confirmed.

Recent immunohistochemical and single cell viral labelling studies of these fibres in
the mouse have confirmed that they run dorsoventrally to the ventral median fissure
and then rostrally in tracts up to the brainstem. A small number of CSFcNs,
particularly at cervical and sacral levels, have projections that run bidirectionally,
often forming tracts running parallel within the ventral funiculus (Jur¢ic¢ et al., 2021;
Nakamura et al., 2023). Tiny, unmyelinated neurite bundles, less than 150 nm in
diameter, coming from the basal pole of the CSFcNs can be seen through electron
microscopy and single cell viral labelling to be inserted between ependymal cells and
closely apposed onto ependymal cells, most frequently along the ventral edge of the
CC at cervical level (Stoeckel et al., 2003; Nakamura et al., 2023). Furthermore,

several fibres from caudal CSFcNs project to the ventral median fissure when they
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head rostrally, and occasionally sent branches back towards the CC terminating onto
ECs and CSFcNs (Nakamura et al., 2023).

1.2.3 Functional roles of CSFcNs in spinal cord homeostasis

There is little agreement within the literature regarding the primary function of
CSFcNs and, given the apparent differences in expression profiles and
morphological characteristics of CSFcNs between species, there is even less
agreement that these roles are conserved in all CSFcN bearing animals. However,
multiple aspects of CSFcN structure and placement seem to indicate that they

possess a sensory role, likely one with many differing input stimuli.

1.2.3.1 Chemosensory: changes in CSF composition

The positioning of CSFcNs around the central canal suggests a role in sensing the
composition of, or responding to changes within, the CSF or interstitial fluid. As
mentioned above, the main identifying characteristic of medullo-spinal CSFcNs is
their expression of the non-selective cation channel PKD2L1. This channel has been
implicated in the detection of sour taste caused by low pH in taste receptor cells, and
has been known to be activated by even small changes in extracellular pH (Huang et
al., 2006). An electrophysiological study by Huang et al found that CSFcNs
significantly increased the rate of action potential firing in response to an increase in
aCSF acidity from pH 7.4 to 6.9, and even more so when pH was reduced to 6.5.
Orts-Del’Immagine investigated the pH sensing capabilities of CSFcNs within the
mouse brainstem and found that these cells also responded robustly to alkalinisation
changes from pH 7.4 to 8.8 (Orts-Del’immagine et al., 2012). It is generally accepted
that in healthy conditions, CSF pH sits between 7.3 and 7.45 (Siesj6, 1972; Liao et
al., 2021), and in cases of severe hypoxia or injury can be reduced to approximately
pH 6.7 (Siesjo et al., 1985). It could be possible that CSFcNs respond to these
changes and signal nearby cells in order to maintain, or return to, homeostatic levels.
There appears to be no information in the literature regarding the pH limit of
alkalinised CSF, and therefore the physiological relevance of CSFcNs sensing this is

yet to be determined.
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It is possible that CSFcNs respond to the presence of other neurotransmitters within
the CSF. As mentioned previously, CSFcNs are responsive to application of GABA,
Acetylcholine, glutamate, and glycine, all of which are present within the CSF in
concentrations that may vary depending on the physiological state of the animal (See
section 1.2.1.3 and Table 1.1 for further details). Many neuronal bodies and axons
run near the central canal, particularly in the ventral aspect, which have been found
to intermingle and form synapses with CSFcNs (Stoeckel et al., 2003; Gerstmann et
al., 2022; Nakamura et al., 2023). It is possible that CSFcNs monitor and transmit
information regarding the composition of the CSF to these neighbouring cells as part

of the wider spinal circuitry.

1.2.3.2 Inputs to CSFcNs — direct appositions

Electron microscopy investigations of CSFcNs using mouse and rat spinal cord have
indicated that CSFcNs receive many axosomatic appositions implicating them as
being integrated into a functional network of sensory cells (Barber et al., 1982; Vigh
et al., 1983; Orts-Del’lmmagine et al., 2014). The origins of many of these
appositions remains largely undiscovered, although some information is known
regarding the nature of these terminals. In this section, only inputs onto rodent

CSFcNs will be discussed unless specified otherwise.

Electron microscopy studies have found that presynaptic terminals onto CSFcNs
contain many small, clear synaptic vesicles within the active site, as well as both
small and large granular vesicles, located more peripherally (Barber et al., 1982).
Classical neurotransmitters, such as GABA, acetylcholine, glycine and glutamate,
are most commonly stored within small, clear vesicles whereas large, dense core
vesicles (LDCVs) are used to store peptides and larger transmitters (Liu et al., 1994).
Monoamines, such as serotonin, dopamine, and norepinephrine are primarily stored
within smaller dense core vesicles, although they have also been found within both
small clear vesicles and LDCVs (Thureson-Klein, 1983; Liu et al., 1994).

Excitatory glutamatergic and inhibitory glycinergic inputs onto CSFcNs have been
observed in the lamprey and mouse spinal cords, and have been shown to be
functionally active through electrophysiological studies although it was not

determined where these neurotransmitters come from (Marichal et al., 2009; Orts-
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Del’immagine et al., 2012; Jurc¢i¢ et al., 2019). Terminals expressing glutamatergic
markers VGLUT1 and VGLUT2 are located adjacent to the CC, and could be a
source of glutamatergic input, they are thought to originate from glutamatergic
interneurons that modulate motor output within the spinal cord (Kaneko et al., 2002).
Neurons immunopositive for glycine, GABA and ACh are known to exist within
various areas of the spinal cord including lamina X where it is possible that they
innervate CSFcNs (Spike et al., 1993; Bradaia and Trouslard, 2002; Gotts et al.,
2016).

GABAergic inputs onto CSFcNs are well documented and are proposed to be from
other GABA and GAD containing cells nearby within the spinal cord (McLaughlin
et al., 1975; Barber et al, 1982; Orts-Del’immagine et al, 2012).
Electrophysiological studies have shown that CSFcNs respond to application of
GABA, an effect blocked by the pre-application of GABAAa receptor blocker
gabazine, indicating that these receptors are functional although the cells providing
the presynaptic inputs were not elucidated (Orts-Del’immagine et al., 2012). It is
possible that a number of these GABAergic inputs come from CSFcNs themselves
existing more caudally with the spinal cord. Fibres from CSFcNs run rostrocaudal
throughout the length of the spinal cord and up to the brainstem - a study by
Nakamura et al used single cell tracing of an AAV-Syn-mCherry-injected cleared
spinal cord, to reveal that the majority of CSFcN processes in all areas of the cord
travelled firstly ventrally, towards the ventral funiculus, and then rostrally.
Additionally, some fibres from these rostrally projecting bundles returned to the
central canal where they terminated in the subependymal region and made functional
GABAergic connections with more rostral CSFcNs (Gerstmann et al.,, 2022;
Nakamura et al., 2023).

1.2.4 Are CSFcNs contributing towards the quiescence of ependymal layer

stem cells?

GABA is known to play a crucial role in setting the inhibitory tone in the neurogenic
niches of the CNS, such as the dentate gyrus and subventricular zones (Ming and
Song, 2011). The inhibitory tone in these niches is essential for regulation of the

balance between the proliferation and differentiation of neural stem or progenitor
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cells (NSC/NPCs), ensuring that pathogenic proliferation does not occur or that the

population of NSCs is not depleted.

GABA exerts its inhibitory effects through binding to GABA receptors, of which
there are two types: fast responding ionotropic GABAAa receptors and slow
responding metabotropic GABAg receptors. Activation of GABAAa receptors
increases the permeability of the cell to CI" ions which can either result in
hyperpolarisation, causing an increase in firing threshold and resulting in neuronal
inhibition, or in cases with high concentrations of intracellular CI" ions, can result in
depolarisation, neuronal excitation, and the influx of Ca?* ions (Olsen and DeLorey,
1999; Olsen and Sieghart, 2008). GABA&g receptor activation is slow and always
inhibitory (Bettler et al., 2004; Olsen and DeLorey, 1999). These G protein coupled
receptors are indirectly coupled to K+ ion channels and upon activation can
significantly decrease Ca?* influx, block neurotransmitter release, and inhibit the
production of CAMP (Olsen and DeLorey, 1999; Bettler et al., 2004; Frangaj and
Fan, 2018).

1.2.4.1 GABA modulates proliferation in neurogenic niches of the brain

The effects of GABA on proliferation within CNS neurogenic niches can be
observed in the subventricular zone (SVZ) of the hippocampus. The lumen of the
SVZ is lined with a population of neuroblasts, identified by expression of neuronal
plasticity marker PSA-NCAM, interspersed with GFAP positive progenitor cells,
which act as stem cells for this area (Doetsch et al., 1999). Doetsch et al infused
mice with an antimitotic drug over 6 days, resulting in the complete elimination of
all PSA-NCAM positive neuroblasts within the SVZ. They found that up to four
days after this injury, there were no neuroblasts present within the SVZ, however 10
days post injury there was once again a fully connected network of PSA-NCAM
positive neuroblasts (Doetsch et al., 1999). Treatment with BrdU revealed that the
GFAP+ cells rapidly proliferated in the absence of SVZ neuroblasts, indicating that
local signalling released from these neuroblasts regulated progenitor cell

proliferation.

Liu et al performed electrophysiological recordings on cells within the SVZ and

found that these GFAP+ progenitor cells hyperpolarised in response to bath
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application of GABA, which was reduced by co-application of GABAAa receptor
antagonist bicuculine. They proposed that non-synaptic transmission of GABA from
neuroblasts limits the proliferation of GFAP+ progenitors, and that removal of the
neuroblasts results in extensive proliferation as seen in the study by Doetsch
(Doetsch et al., 1999; Liu et al., 2005). Furthermore, treatment with the GABAAa
receptor antagonist bicuculine in vivo resulted in a 6-fold increase in the number of
NSCs within the SVZ, indicating that GABA maintains the quiescent state of NSCs
and removal of this encourages entry into the cell cycle (Daynac et al., 2013).

However, the effects of GABA of NSCs are not always straightforward. Tozuka et al
found that, in acute hippocampal slices, GABAergic input to neuronal progenitor
cells in the hippocampus results in depolarisation, an increase in intracellular
calcium and the promotion of neuronal differentiation (Tozuka et al., 2005).
GABAergic signalling has also been implicated in the migratory response of
neuronal precursor cells in the SVZ of juvenile and adult mice; increasing ambient
GABA levels resulted in a slowing of precursor migration speed, whereas the
application of GABAA receptor antagonists increased migration rate (Bolteus and
Bordey, 2004).

1.2.4.2 Effects of GABA on spinal cell proliferation

In vivo experiments in mice where the levels of GABA were increased through
administration of vigabatrin resulted in fewer proliferating cells within the
ependymal cell layer, whereas deactivation of the central benzodiazepine (CBR)
binding site of the GABAA receptor through treatment with flumazenil resulted in an
increase in cell proliferation (New et al., 2023). These results indicate that the
ambient levels of GABA within the spinal cord are directly inversely correlated with
proliferation, suggesting the presence of tonic inhibition of quiescent stem cells
within the ependymal layer.

In acute spinal cord slices prepared from young rats, ECs consistently depolarise in
response to GABA application resulting in an increase in intracellular calcium levels
similar to that observed in the NSCs of the SVZ (Tozuka et al., 2005; Corns et al.,
2013). This is thought to be mediated mainly by GABAA receptors, as the effect was

reduced with co-administration of bicuculine and was not affected by application of
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GABAg receptor agonist baclofen (Corns et al., 2013). This indicates that ECs
possess active and functional GABA receptors and are capable of responding to local
GABA levels.

Electrophysiological studies show that bath application of GABA to acute spinal
cord slices results in either a depolarisation or hyperpolarisation response on
CSFcNs, which is dependent on their subtype, indicating the presence of functionally
active receptors (Corns, 2012; Riondel et al., 2022). CSFcNs are known to be
immunoreactive for both GAD and VGAT indicating that they are capable of both
synthesising and releasing GABA into the CSF and local environment (Stoeckel et
al., 2003). Given the proposed ability to both uptake and release GABA it could be
possible that CSFcNs release GABA into the environment in an autoregulated
manner, allowing for careful balancing of endogenous levels and modulation of
inhibitory tone within the ependymal layer. This suggests that CSFcNs could exhibit
some control in the regulation of EC behaviour similar to how neuroblasts regulate
NSC quiescence in the SVZ (Daynac et al., 2013). However, the role of these cells as
potential moderators of proliferative activity within the adult spinal neurogenic niche

remains largely unexplored in the literature.

1.3  GLUCAGON-LIKE PEPTIDE-1 (GLP-1) AND CNS EFFECTS

1.3.1 Overview of GLP-1

Glucagon-like peptide-1 (GLP-1) is an neuropeptide released both peripherally,
mainly by intestinal endocrine L-cells (Mojsov et al., 1986), and centrally through
preproglucagon (PPG) neurons within the olfactory bulb and the caudal medulla of
the brainstem (Larsen et al., 1997; Drucker, 1998; Merchenthaler et al., 1999). GLP-
1 systems have been found in many vertebrate species including lamprey (Graham et
al., 2020; Irwin et al., 1999) and chicken (Hiramatsu, 2020; Kolodziejski et al.,
2018), and have similar distributions within the brains of mice (Llewellyn-Smith et
al., 2011), rats (Merchenthaler et al., 1999), macaques (Vrang and Grove, 2011), and
humans (Zheng et al., 2015).
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GLP-1 synthesis involves a series of molecular events originating from the
proglucagon gene (Figure 1.7). Firstly, the proglucagon gene is transcribed into
mRNA which then undergoes post-transcriptional modification resulting in the
formation of preproglucagon, a precursor molecule, which is then translated into the
proglucagon protein (Mineo et al., 1995; Vrang and Larsen, 2010). In pancreatic a-
cells, proglucagon undergoes processing by prohormone convertase 2, resulting in
the cleavage of the proteins and the production of glucagon alongside other peptides
(Figure 1.7). In intestinal L-cells and PPG neurons in the CNS, prohormone
convertase 1/3 facilitates the cleavage of proglucagon to generate the inert full length
36 amino acid length GLP-1. This is subsequently processed into the biologically
active truncated GLP-1 (7-36) ubiquitously referred to in the literature simply as
GLP-1 (Drucker, 1998; Holst, 2007; Vrang and Larsen, 2010; McLean et al., 2020).

Proglucagon
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Figure 1.5: Proglucagon undergoes differential posttranslational processing in cells of
the pancreas, gut and brain.

The proglucagon protein is processed within the pancreas to generate the glicentin-related
pancreatic polypeptide (GRPP), Glucagon, intervening peptide-1 (IP-1), and the major
proglucagon fragment. In the gut and brain proglucagon is cleaved to form glicentin,
glucagon-like peptides 1 and 2 (GLP-1/2) and intervening peptide-2 (IP-2). Glicentin can be
further fragmented to produce GRRP and oxyntomodulin. Amino acid positions within the
160-amino acid proglucagon sequence are numbered and typical cleavage sites are indicated

by vertical lines. Image taken from Holst, 2007.
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GLP-1 is thought to play many roles in the body, one of the most well-known and
essential functions of GLP-1 is its peripheral effect as an incretin hormone (Baggio
and Drucker, 2007). Incretin hormones are released by the gut in response to the
intake of food and subsequent increase in blood glucose levels to potentiate a larger
release of insulin than that produced by hyperglycaemia alone (Mcintyre et al.,
1964). GLP-1 is also known to simultaneously inhibit the release of glucagon from
a-cells in the pancreas (Orskov et al., 1988), and improve the uptake and utilisation
of glucose in peripheral tissues such as muscles (Alcantara et al., 1997; Luque et al.,
2002).

These potent effects on insulin secretion and glucose management have resulted in
much interest in the use of GLP-1 as a treatment of diabetes (Knudsen, 2019; Prasad-
Reddy and Isaacs, 2015). However, as GLP-1 itself is an endogenous neuropeptide it
is rapidly degraded by dipeptidyl peptidase-4 (DPP-4, also known as CD26), a
ubiquitous proteolytic enzyme found membrane bound on many cell types and
solubilised circulating in blood plasma and cerebrospinal fluid (Boonacker and Van
Noorden, 2003; Chiazza et al., 2018; Kiraly et al., 2018). GLP-1 therefore is
functionally active for only a few minutes post release, making it unsuitable for
prolonged therapeutic use (Baggio and Drucker, 2007).

Several longer lasting analogues have been developed to increase the active time,
two analogues in particular have undergone extensive investigation, are FDA
approved, and are of interest in this work: exendin-4 and liraglutide (Collins and
Costello, 2022; Knudsen, 2019; Prasad-Reddy and lIsaacs, 2015; Trujillo et al.,
2021). Exendin-4 was the first mimetic used clinically, a 39 amino acid long peptide
derived from the saliva of the Gila monster, with a half-life of approximately 30
minutes to two hours depending on method of administration (Parkes et al., 2001).
Liraglutide has a significantly longer half-life of 11-15 hours when given
subcutaneously, which allows for once-daily administration. This extended half-life
is mainly due to the addition of a long chain palmitoyl group on the lysine(26)
residue increasing the hydrophobicity of the molecule and therefore increasing
albumin binding and slowing absorption into the bloodstream (Bech et al., 2018;
Knudsen, 2019).
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1.3.1.1 Physiological roles of central GLP-1 signalling

GLP-1 also acts centrally, exerting many effects within the CNS, through the GLP-1
released by neurons within the brainstem (Trapp and Cork, 2015; Vrang and Larsen,
2010). While the physiological relevance and mechanisms behind many central
effects of GLP-1 are still being discovered, the main roles of GLP-1 seems to be
associated with feeding and stress responses (Holt and Trapp, 2016; Brierley et al.,
2021; Holt and Rinaman, 2022; Trapp and Brierley, 2022). Administering GLP-1R
agonists centrally or activating PPG neurons through chemo/optogenetic means to
elevate GLP-1 levels in rodents reduces food intake and an increase in satiety. This
effect is blocked by co-administration of the GLP-1R antagonist, exendin (9-39)
(Mdller et al., 2019; Holt et al., 2019; Brierley et al., 2021; Chen et al., 2021). This
effect has also been observed in human studies, leading to GLP-1R agonists being
investigated for treatment of obesity (Crane and McGowan, 2016; Trapp and
Brierley, 2022).

PPG neurons become activated under both psychogenic stress, such as that caused by
restraint (Maniscalco et al., 2015; Terrill et al., 2019; Holt et al., 2019; Holt and
Rinaman, 2022), and interoceptive stress, mimicked experimentally by injection of a
toxic substance (Rinaman, 1999a, 1999b; Holt and Rinaman, 2022). Activation of
PPG neurons results in increased thermogenesis and activation of the sympathetic
nervous system (Beiroa et al., 2014; Gonzalez-Garcia et al., 2019; Yamamoto et al.,
2002), and increased heart rate particularly when longer lasting analogues such as
liraglutide are delivered direct to the CNS (Lorenz et al., 2017; Smits et al., 2017,
Holt et al., 2020).

The GLP-1 system has also been implicated as having roles in memory and
neuroprotection, and has been explored particularly in the cases of
neurodegenerative diseases such as Parkinson’s and Alzheimer’s disease, or in the
case of stroke (Salcedo et al., 2012; Hansen et al., 2015; Batista et al., 2019; Erbil et
al., 2019; Holscher, 2022). This will be discussed in depth later in this chapter.
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1.3.2 GLP-1R localisation within the CNS

GLP-1Rs are widely expressed in many areas of the CNS from the olfactory bulb
down to the sacral spinal cord, and are involved in many sympathetic and autonomic
function pathways (Llewellyn-Smith et al., 2015, 2011; Merchenthaler et al., 1999;
Richards et al., 2014; Cork et al., 2015; McLean et al., 2020; Brierley et al., 2021).

1.3.2.1 In the brain

In the brain the distribution of GLP-1R expressing cells been thoroughly mapped
through the use of in-situ hybridisation (Wei and Mojsov, 1995; Bullock et al., 1996;
Alvarez et al., 1996; Lein et al., 2007; Merchenthaler et al., 1999; Jensen et al.,
2018), radiolabelled GLP-1 binding assays (Goke et al., 1995), GLP-1R antibodies
(Heppner et al., 2015; Jensen et al., 2018; Farkas et al., 2021), and transgenic mouse
lines expressing fluorescent reporters in neurons that express GLP-1Rs (Richards et
al., 2014; Cork et al., 2015).

While no one method is perfect (McLean et al., 2020; Pyke and Knudsen, 2013), it is
largely in agreement that a high number of GLP-1R expressing neurons are present
in areas involved in the control of energy balance, regulation of feeding, and stress
response, such as the paraventricular and arcuate hypothalamic nuclei, the amygdala,
and regions of the brainstem including the dorsal motor nucleus of the vagus and the
nucleus of the solitary tract (Merchenthaler et al., 1999; Heppner et al., 2015; Cork et
al., 2015). Additionally, several neurons within the dentate gyrus of the hippocampus
also express GLP-1Rs (Farkas et al., 2021; Hsu et al., 2015), although the direct
inputs to these cells have not been fully identified and it is thought that they may be
activated through GLP-1 in the CSF (Hsu et al., 2015).

1.3.2.2 In the spinal cord

Less thorough characterisation has been done in the spinal cord, and even fewer
agreements on GLP-1R distribution in this area have been reached. Llewellyn-Smith
et al used transgenic mice expressing glucagon promoter-driven yellow fluorescent

protein (PPG-YFP) to investigate the distribution of PPG neuron axons in the spinal
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cord, axons were found largely in the lateral funiculus, ventral white commissure and
the ventral median fissure (Llewellyn-Smith et al., 2015). A dense network of YFP
fluorescent axons were also found to travel rostrocaudally and mediolaterally
through lamina X of the spinal cord, with a rostrocaudal tract running through the
dorsal section close to the central canal (Llewellyn-Smith et al., 2015). Retrograde
fluorogold labelling from the thoracic (T9) spinal cord indicated that these
projections have their origin in the NTS, therefore confirming the innervation of the
spinal cord by axons of descending PPG neurons (Llewellyn-Smith et al.,
2015). Furthering this work, Holt et al selectively ablated PPG neurons in the NTS
and found that this caused a significant reduction in the levels of GLP-1 present in
the spinal cord, demonstrating that brainstem PPG neurons are the primary source of
spinal GLP-1 (Holt et al., 2019).

The presence of PPG neuron axons in lamina X indicates that there are likely to be
innervation targets nearby (Figure 1.8). Merchenthaler et al used riboprobes to
investigate the distribution of GLP-1R mRNA in the spinal cord and discovered the
highest distribution of GLP-1R mRNA within lamina X of the spinal cord, as well as

lower amounts throughout lamina V-1X (Merchenthaler et al., 1999).

Lamina X

Figure 1.6: Localisation of GLP-1Rs in the mouse spinal cord and evidence of possible
innervation by GLP-1 expressing neurons.

A. Data from a thoracic section of spinal cord using in-situ hybridisation, GLP-1R
localisation can be seen through lamina V-X with dense expression particularly in lamina X.

Image obtained from Merchenthaler et al, 1998.
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B. A longitudinal section of lumbar-sacral spinal cord from a PPG-YFP transgenic mouse,
dense PPG tracts (stars) can be seen running rostrocaudally along the extent of the dorsal
lamina X, adjacent to the central canal. Scale bar: 100 pum. Adapted from Llewellyn-Smith et
al, 2015.

1.3.2.3 Which CNS cells express the GLP-1R?

There is also a large degree of debate over the cell types within the CNS that express
GLP-1Rs, particularly with respect to its expression in neuronal or glial cells. A

summary of the relevant literature can be found in Table 1..

Table 1.2: A summary of the literature regarding GLP-1R expression on specifically
neuronal cells, glial cells, or both cell types within the spinal cord.

Cell type(s) | Species and | Method used Reference

age

Neuron only | Mouse pups Single cell RNA sequencing, all spinal | (Rosenberg et

cord regions al., 2018)
Adult rat Immunofluorescence, region not | (Han et al,
specified 2020)

(GLP-1R, not specified, Santa Cruz)

In-situ hybridisation, all spinal cord | (Merchenthaler

regions. et al., 1999)
Neurons and | Adult mice Immunofluorescence, thoracic region (Qian et al,
glia (GLP-1R, ab218532; Abcam) 2022)
Adult mice, RT-PCR on rat microglial cultures (C.-H. Lee et al.,

Neonatal rat Immunofluorescence, thoracic region 2018)
(GLP-1R, antibody not specified)

Adult rats Immunofluorescence,  thoracolumbar | (Chen et al.,
region 2017)
(GLP-1R, not specified, Santa Cruz)
Microglia Rat pups RT-PCR of dorsal horn cultures (Gong et al,
only Immunofluorescence, lumbar region 2014)

(GLP-1R, Ab119287, Abcam)

29



While it is largely in agreement that some types of neurons express GLP-1Rs, the
presence of this receptor on glial cells in physiological versus injury conditions is
under some debate. Rosenberg et al performed single-cell RNA sequencing of all
cells within the postnatal mouse spinal cord and found that only CSFcNs contained
GLP-1R RNA (Rosenberg et al., 2018). Cork et al, using a transgenic GLP-1R
fluorescent mouse model, found no overlap between cells expressing the GLP-1R
and astrocyte marker GFAP in the brain, indicating that astrocytes are unlikely to

express this receptor in detectable quantities (Cork et al., 2015).

Gong et al also found no colocalisation with GFAP using immunofluorescence
methods, in both the physiological state and after peripheral nerve injury, but did
identify specific upregulation of GLP-1Rs on OX42 positive microglial cells in the
dorsal horn after peripheral injury (Gong et al., 2014). In direct contrast to this, Lee
et al performed immunofluorescence on naive mouse spinal cord and found GLP-1R
expression on both GFAP positive astrocytes and IBA1 positive microglia, which
were then significantly downregulated in both spinal cord models of experimental
autoimmune encephalomyelitis and culture models treated with lipopolysaccharide
(LPS) to induce microglial activation (C.-H. Lee et al., 2018).

It is likely that conflicting reports of GLP-1R expression on various cell types within
the CNS are dependent on the different animal models and methods used to identify
these receptors, and the different conditions they are studied in (Pyke and Knudsen,
2013). However, this conflict of opinion has not prevented the investigations into the
treatment of various neurological and neurodegenerative conditions using GLP-1R

agonists.

1.3.3 Therapeutic actions of GLP-1R agonists within the CNS

Neurodegenerative disease and injury to the CNS are major health challenges
worldwide, and there is a pressing need for effective therapeutic strategies to combat
these conditions. GLP-1R agonists have been shown in many studies to exert
neuroprotective and regenerative effects within the CNS and therefore represent an
attractive target for therapeutic intervention. The neuroprotective and growth factor

like properties of GLP-1 have been studied extensively using cell cultures of
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astrocytes (Bao et al., 2015), microglia (Gong et al., 2014; C.-H. Lee et al., 2018)
and neurons (Li et al., 2009; An et al., 2015; Cai et al., 2017), wild-type and
transgenic animal models of neurodegenerative disease (Li et al., 2012; Ma et al.,
2015; Bassil et al., 2017) and in clinical trials involving human subjects (Jaiswal et
al., 2015; Athauda et al., 2017; Gejl et al., 2017).

Within the literature, the neuroprotective effects of liraglutide are thought to be due
to its anti-oxidative effects, role in reducing apoptosis and encouraging autophagy,
and promotion of neurogenesis and neural differentiation. For comprehensive

reviews on this subject please refer to Erbil et al., 2019, and Zhang et al., 2021.

1.3.3.1 Reducing inflammation and oxidative damage

Glucagon-like peptide 1 (GLP-1) analogues have been shown to have
neuroprotective effects, which include reducing inflammation and oxidative damage
caused by disease or injury within the CNS. Chronic inflammation and increased
amounts of reactive oxygen species (ROS) can be found in neurodegenerative
diseases such as Parkinson’s or Alzheimer’s disease, and are also complicating issues

in the acute to chronic stages of traumatic CNS injury.

Parthsarathy and Holscher induced chronic inflammation within the mouse brain
through irradiation with x-rays and then treated a subgroup with daily intraperitoneal
injections of liraglutide for 30 days. After 30 days, irradiated animals that had been
treated with liraglutide had 50% and 61% fewer activated microglia and astrocytes
respectively within the cortex when compared with irradiated animals without
treatment. Irradiated animals treated with liraglutide also showed significantly
reduced levels of inflammatory cytokines Tumour Necrosis Factor-o (TNF-a),
Interleukin-6 (IL-6), Interleukin-1beta (IL-B), and Interleukin-12p70 when compared
with irradiated saline mice, but not when compared with non-irradiated control mice
indicating a return of inflammation to baseline levels (Parthsarathy and Hélscher,
2013).

Li et al investigated the antioxidative potential of exendin-4 in rats that had
undergone contusion injury of the spinal cord and then were immediately given a

large (10 pg) intraperitoneal injection of exendin-4. Twenty four hours after injury,
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they found a significant lower levels of malondialdehyde (MDA), a lipid
peroxidation by-product used as an indicator of cellular oxidation (Cheng et al.,
2011) when compared with a group that had undergone SCI without treatment with
exendin-4. In other studies, there was a significantly higher level of glutathione
(GSH), a tripeptide that plays an essential role in maintaining homeostasis within the
cellular redox environment and defending cells from harmful reactive oxygen
species (Circu and Yee Aw, 2008) with exendin4 treatment compared to the control
group,. This demonstrates that some of the neuroprotective effects of GLP-1R

agonists are likely due to an anti-oxidative function (Li et al., 2015).

1.3.3.2 Reducing apoptosis and encouraging autophagy

Spinal cord injury and neurodegenerative diseases can lead to the activation of
apoptotic and autophagic pathways, which contributes to the loss of neurons and
glial cells in the spinal cord. Autophagy and apoptosis are two distinctive cellular
processes that contribute to maintaining cellular homeostasis and regulating cell
death (Oyinbo, 2011; Fan and Zong, 2013; Li et al., 2016). Autophagy involves the
degradation of damaged or dysfunctional cellular components such as organelles and
proteins through the lysosomal pathway, whereas apoptosis is a programmed cell
death process triggered by various stimuli, including DNA damage and oxidative
stress (Oyinbo, 2011; Fan and Zong, 2013). The relationship between autophagy and
apoptosis is complex and context dependent (Fan and Zong, 2013). Autophagy may
act as a pro-survival mechanism, preventing apoptosis by eliminating damaged
cellular components and promoting cell survival (Oyinbo, 2011; Fan and Zong,
2013). However, excessive or prolonged activation of autophagy can result in cell

death and facilitate apoptosis activation (Oyinbo, 2011; Fan and Zong, 2013).

In one of many studies (Perry et al., 2002; Salcedo et al., 2012; Chien et al., 2015;
Zhu et al., 2016), Chen et al used a compression model of SCI in rats to investigate
the role of subcutaneously administered liraglutide in suppressing apoptosis and
encouraging autophagy to promote increased cell survival. They found that rats
treated with liraglutide daily for 28 days showed significant improvement in
locomotor recovery, smaller necrotic cavities, and lower extents of motor neuron loss

compared with an untreated SCI group. Investigating this further, they observed
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higher levels of apoptotic markers, caspase-3 and Bax, upregulation of the anti-
apoptotic protein, Bcl-2, and a lower number of apoptotic cells as deduced by
TUNEL staining in the liraglutide treated SCI group. Co-treatment with 3-MA, an
autophagy inhibitor, or knockdown of the GLP-1R ameliorated the beneficial effects
of liraglutide resulting in no significant difference in protein expressions or
behaviour to the untreated SCI rats (Chen et al., 2017). These results indicate a role
for GLP-1R agonists in promoting functional recovery after SCI through promotion
of autophagy and cell survival over apoptosis and cell loss.

1.3.3.3 Promoting neurogenesis and neuroplasticity

The CNS exhibits limited regenerative capacity in response to injury or disease.
This, coupled with the significant loss of neuronal and glial cells that often
accompanies such conditions, often translates to poor outcomes for patients. To
improve patient outcomes, it is important to encourage the survival of these cells and
facilitate the growth and development of new neurons and their associated pathways.
Achieving these goals may lead to enhanced recovery and improved functional

outcomes in many cases of SCI or neurodegenerative disease.

In a study conducted by Yang et al, the impact of daily intraperitoneal administration
GLP-1R agonist semaglutide on a rat model of stroke was investigated. The study
demonstrated that after a 7-day treatment period, the size of the infarction was
smaller, chronic inflammation was mitigated, and there was a significant
improvement in motor activity and neurological impairments compared to stroke
animals without treatment. Furthermore, a significant higher level of neurogenesis
within the hippocampus were observed, as evidenced by the upregulation of
neurogenesis-related biomarkers such as nestin, doublecortin, stromal cell-derived
factor 1- o (SDF-1a), and its receptor CXCR4 (Yang et al., 2019).

When given to naive rats, twice daily intraperitoneal injections of exendin-4 were
found to have twice the number of BrdU positive cells within the SVZ after 7 days
of treatment, compared with rats treated with saline. In addition, the number of
newly proliferated cells that expressed Dcx was higher by 1.7-fold compared to
control animals, indicating that exendin-4 treatment stimulated neurogenesis in the

SVZ (Bertilsson et al., 2008). Similar higher numbers of newly proliferated cells co-

33



expressing early neuronal markers were observed in the dentate gyrus of adult mice
when peripherally treated with GLP-1R agonists (Hamilton et al., 2011; McGovern
etal., 2012; Yang et al., 2019).

The effects of GLP-1 and analogues on neurogenesis in the ependymal layer after
traumatic spinal cord injury have not yet been discussed in the literature, but
evidence exists to support a role in neuroprotection, cell proliferation and neuronal

differentiation within other neurogenic niches of the CNS.

1.3.4 GLP-1R mediated exocytosis

1.3.4.1 Molecular signalling pathways

Exocytosis is a highly regulated process that allows cells to release a wide array of
molecules, including hormones and neurotransmitters, to the extracellular
environment. The exocytotic process is tightly controlled by a series of molecular
events that involve the docking, priming, and fusion of secretory vesicles with the
plasma membrane (Sudhof, 2004). Upon binding to GLP-1, or its analogues, the
GLP-1R activates a complex intracellular signalling cascade that results in the

modulation of several cellular processes, including exocytosis (Figure 1.7).

The modulation of exocytotic activity within the GLP-1R works through the Gaos
subunit which begins with the adenylate cyclase mediated increase in CAMP levels
(Drucker et al., 1987; Baggio and Drucker, 2007). The rise in cCAMP levels activates
protein kinase A (PKA), PKA phosphorylates proteins involved in increasing the
activity of voltage-dependant calcium channels (VDCCs) of neurons, which are
critical for Ca?" influx during exocytosis (Sang et al., 2016). PKA also
phosphorylates several target proteins involved in exocytotic processes such as
synapsin I, a protein involved in vesicle docking and priming, leading to the
mobilisation of vesicles from the reserve pool into a primed position (Yu et al.,
2021), and Munc18, a protein that plays a key role a role in the assembly of SNARE

complexes and regulating membrane fusion (Toonen and Verhage, 2007).

Furthermore, calcium levels are also regulated by the activity of phospholipase C
(PLC) and inositol trisphosphate receptors (IP3Rs) (Dolphin, 1998). GLP-1 receptor

activation stimulates PLC activity, through activation of the exchange protein
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activated by cAMP (Epac) pathway, leading to the production of inositol
trisphosphate (IP3) and diacylglycerol (DAG) (Baggio and Drucker, 2007). IP3 acts
as a second messenger and binds to IP3Rs on the endoplasmic reticulum (ER),
resulting in the release of Ca®* from the ER stores. Increased calcium levels can also
result in calcium induced calcium release (CICR) by stimulation of ryanodine
receptors (RyR) on the ER, resulting in further calcium release and higher
intracellular calcium levels (Morris and Malbon, 1999; Tomas et al., 2020). The
increase in intracellular Ca®* levels can then trigger vesicle fusion with the plasma
membrane, the duration of which can be increased by increasing cAMP levels
leading to sustained release of contents (Sudhof, 2004; Silva et al., 2021). Moreover,
DAG generated by PLC activation can activate protein kinase C (PKC), which has
been implicated in regulating vesicle docking and priming events (Hilfiker and
Augustine, 1999).
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Figure 1.7: Overview of the main signalling pathways of GLP-1R resulting in
exocytosis.

GLP-1 binds to the receptor which activates adenylyl cyclase and increases CAMP(Green et
al., 2004). Protein kinase A (PKA) and exchange protein directly activated by cAMP (Epac)
pathways are subsequently activated. PKA causes inhibition of ATP sensitive potassium
channels (Kare) as well as rectifying potassium channels (Ky), this in combination with
activation of voltage dependent calcium channels (VDCC) results in depolarisation,
propagation of action potential, and influx of calcium. Calcium influx, and products
produced through PKA and Epac pathways act on ryanodine receptors (RYR) and iono-
cyotol-3-phosphate receptors (IP3R) resulting in release of calcium from intracellular
endoplasmic reticulum stores, further increasing intracellular calcium and resulting in fusion
of vesicles and exocytosis. Abbreviations: DAG, diacylglycerol; PLC, phospholipase-C.

Figure created with Biorender.com.

1.3.4.2 GLP-1R mediated exocytotic effects: insights from experimental studies

The exocytotic effects of GLP-1 on pancreatic 3 cells is well studied as a mechanism
behind insulin release (Drucker et al., 1987; Green et al., 2004; Graham et al., 2020),
but several studies have also shown evidence that a similar mechanism occurs in

neurons.

Rebosio et al investigated the exocytotic effects of GLP-1R stimulation using a
model of purified synaptosomes from mouse hippocampal neurons, that possessed
the GLP-1R, in combination with radioactively labelled [*HJGABA and [*H]D-
aspartate. These synaptosomes were plated in a quasi-monolayer and continuously
superfused with a physiologically appropriate solution in order to prevent the
accumulation of neurotransmitters and reduce the possibility of indirect secondary
effects. Application of exendin-4 (Ex-4) resulted in a 30% increase in [*H]GABA
release and a 37% increase in [*H]D-aspartate, when compared with spontaneous
release, in response to depolarisation induced by KCI. These effects were completely
blocked by addition of GLP-1R antagonist exendin-(9-39) or by the adenylate
cyclase inhibitor 2’,5’-dideoxyadenosine, which displayed no effect when given
alone (Rebosio et al., 2018). These results indicate that GLP-1R agonists display a
potentiating effect on the depolarisation induced release of neurotransmitters from

CNS neurons.
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Further supporting this idea, a study by Gonzalez-Santana investigated the
potentiating effects of GLP-1R stimulation in adrenal medulla chromaffin cells. They
found that incubation of these cells with exendin-4 for 24 hours resulted in the
increased biosynthesis of adrenal catecholamines (CA), hormones released by
chromaffin cells in response to stress (Paravati et al., 2023). Next, they used single-
cell amperometry to measure the release of CA when cells were depolarized in the
presence of Ex-4 for 20 minutes. They found that cells treated with Ex-4 increased
the secretion of CA by 75%, but did not increase the frequency of release events,
indicating that Ex-4 treatment increases the size of the vesicles primed for secretion.
This was found to be mediated through the PKA pathway as incubation with H-89, a
blocker of PKA activity, abolished the response to Ex-4 (Gonzalez-Santana et al.,
2021).

While no studies have investigated the exocytotic potentiating effects of GLP-1R
modulation within cells of the spinal cord, it can perhaps be reasoned that a similar
response would occur. It is possible that activation of the GLP-1R on CSFcNs within
the ependymal layer could either induce, or potentiate, the release of
neurotransmitters into the CSF or surrounding extracellular fluid in order to exert
wider effects within the spinal cord circuitry. However, this purely remains
speculative at this point and further work is needed to fully understand whether there

is a link between these two systems.
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1.4 HYPOTHESIS AND AIMS

The GLP-1 system within the literature has been linked to multiple functions within
the CNS, including that of neurogenesis and neuroprotection. Activation of GLP-1Rs
on neurons is associated with stimulating cell proliferation, enhancing neuronal
survival, and mitigating neuroinflammation in a range of animal models associated
with injury and disease. Investigations into the effects of these analogues have
focused on well-known neurogenic niches of the brain, including the subventricular
zone (SVZ) and the dentate gyrus of the hippocampus, but little is known regarding

the influence of GLP-1R agonists on proliferation within the EC layer.

CSFcNs are enigmatic cells that exist within the EC layer surrounding the central
canal of the spinal cord. These cells have been implicated in many aspects of spinal
function, and are thought to play a role in sensing and responding to changes in the
composition of the CSF. Closely neighbouring these cells are the ECs that exhibit
properties akin to neural stem cells. They undergo self-renewal to maintain the cell
population and display rapid proliferation when injured (Meletis et al., 2008;
Moreno-Manzano, 2020). CSFcNs have been hypothesised to influence the
quiescence of cells within this niche through the release of GABA, similar to the
behaviour observed within the neuroblasts of the SVZ, and therefore represent an

intriguing target for modulation by GLP-1R agonists.

While mRNA encoding the GLP-1 receptor (GLP-1R) has been identified in various
neuronal and glial cells distributed across the spinal cord (Merchenthaler et al., 1999;
Russ et al., 2021), little information exists concerning the precise cellular expression

of this receptor within the EC layer vicinity.

Work performed in this thesis will be the first to investigate the presence of GLP-1
receptors within the cells of the spinal cord, with a particular focus on cells within
the ependymal layer, focusing on CSFcNs. The presence of active GLP-1Rs will be
investigated through the use of immunohistochemical techniques, and their
functionality and sensitivity will be evaluated through the use of calcium imaging

experiments.

Finally, the effects of GLP-1R agonists on neurogenesis and viability of the cells

within the spinal cord will be investigated through the use of ex vivo models, such as
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acute slice and organotypic spinal cord slice culture experiments, as well as in vivo
intraperitoneal injections. This investigation aims to broaden the understanding of
the potential therapeutic applications of GLP-1R agonists in the treatment of spinal

cord injury and neurodegenerative conditions.
The aims of this study are:

1. To investigate the expression of GLP-1Rs by CSFcNs, and to determine the
extent of innervation of these cells by GLP-1 neurons.

2. To determine the effects of bath application of GLP-1R agonists on
intracellular calcium levels within CSFcNs.

3. To determine the potential therapeutic applications of GLP-1R agonists in the
treatment of spinal cord injury by assessing their effects on proliferation in
short- and long-term ex vivo injury models.

4. To investigate the effects of systemic application of GLP-1R agonists on

proliferation and differentiation of cells within healthy in vivo mouse models.
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Chapter 2 — General Methods
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2.1 ANIMALS

All experiments were carried out in accordance with the UK Animals (Scientific
Procedures) Act 1988 and the ethical standard as set out by the University of Leeds
Ethical Review Committee. All mice were housed in standard conditions with a 12-
hour light-dark cycle and ad-libitum access to food and water. Throughout all
experiments, every effort was made to follow the 3Rs (replacement, reduction and

refinement) to minimise the number of animals used and ensure welfare.

Seven strains of juvenile to adult mice (2.5 — 9 weeks) were used in these
experiments. C57BL/6 wild type mice, PKD2L1-cre mice, PKD2L1-GCaMP6f
mice, and VGAT-GCaMP6f mice were bred and maintained in house at the
University of Leeds. Tissue from GLP1R-GCaMP3, GLP1R-RFP and PPG-YFP
mice was kindly gifted by Professor Stefan Trapp and Dr Marie Holt from University
College London (Reimann et al., 2008; Llewellyn-Smith et al., 2011; Richards et al.,
2014; Cork et al., 2015).

The number of sections and mice used, as well as their strains and ages at time of
experiments, are listed in tables within the individual methods sections for each

chapter.

2.1.1 PKDZ2L1-Cre

PKD2L1-Cre mice (BL/6.129X1/SVJ(F1)<tm1(cre), MGI:6451758, Ye et al., 2016)
were gifted by Sue C. Kinnamon (University of Colorado, USA) and maintained in
lab. PKD2L1 is expressed by CSFcNs in the spinal cord (Djenoune et al., 2014), and
the introduction of the IRES-Cre transgene immediately after the PKD2L1 stop
codon allows for the selective targeting of this gene when crossed with a floxed
mouse line or virus, enabling the visualisation of CSFcNs in the PKD2L1xGCaMP6f

mouse line as discussed below.
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2.1.2 PKD2L1-GCaMP6f

PKD2L1-GCaMP6f mice were used to visualise and record activity in CSFcNs,
particularly for use in calcium imaging experiments. To generate PKD2L1-
GCaMP6f mice, PKD2L1-Cre (BL/6.129X1SVJ(F1)<tml(cre), MGI.:6451758) were
crossed in-house with GCaMP6f.flox (B6J.CgGt(ROSA) 26Sor<tm95.1
(CAGGCaMP6f), Jax stock 028865) mice.

2.1.3 VGAT-GCaMPG6f

To  generate  VGAT-GCaMP6f  mice, VGAT.Cre (B6J.129S6(FVB)-
Slc32al<tm2(cre), Jax stock 028862) mice were crossed in-house with
GCaMP6f.flox (B6J.CgGt(ROSA)26Sor<tm95.1 (CAGGCaMP6f), Jax stock
028865) mice. Both mouse lines were originally from Jackson Laboratory (Maine,

USA) and maintained in house.

2.1.4 Animals used in each experimental chapter

The number of sections and mice used, as well as their strains and ages at time of

experiments, are listed in tables below.
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Table 2.1: Numbers of animals, sections per animal, and details of region, strain and

age used in experiments for Chapter 3.

Experiment Animals Sections  per | Region Strain Age
reference (N) animal (n) (days)
5 Cervical
331 i
5 Thoracic PKD2L1-
Figure 3.2 3 18- 112
5 Lumbar GCaMP6f
(Transverse)
5 Sacral
331
) ] PKD2L1-
Figure 3.2 3 2 Cervical 30-63
] GCaMP6f
(Horizontal)
331 ) PKD2L1-
) 3 8 Thoracic 45 - 63
Figure 3.3 GCaMP6f
331 ) PKD2L1-
) 3 8 Thoracic 45 - 63
Figure 3.4 GCaMP6f
5 Cervical
5 Thoracic PKD2L1-
3.3.2 6 18 - 132
5 Lumbar GCaMP6f
) 5 Sacral
Figure 3.5
. 5 Cervical
Figure 3.5
) 5 Thoracic GLP1R-
Figure 3.6 2 90 - 160
5 Lumbar GCaMP3
5 Sacral
3.3.2 VGAT-
] 3 5 Thoracic 75-112
Figure 3.7 GCaMP6f
3.3.2 )
) 2 5 Thoracic C57BL/6 60 - 65
Figure 3.8
3.33 .
] 2 2 Brainstem
Figure 3.9
4 Cervical
3.33 PPG-YFP 90 - 125
4 Thoracic
Figure 3.10 2
] 4 Lumbar
Figure 3.11
4 Sacral
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Table 2.2: Numbers of animals, sections per animal, and details of age used in

experiments for Chapter 4.

Several experiments used slices obtained from the same mouse to reduce the maximum

number of animals used for this research, and therefore the total number of mice used across

all experiments is 19.

Experiment reference Animals (N) CSFcNs (total) Age (days)
421

) 19 120 18-72
Figure 4.1
421

; -27
Figure 4.2 3 14 23
421

. 4 1 18 - 52
Figure 4.3 6 8-5
422
Figure 4.4 4 15 18-32
422

; -72
Figure 4.5 6 43 18
422 1nM: 4 32
F!gure 4.6 10nM: 4 26 18 -7
Figure 4.7 100 nM: 4 43
Figure 4.8 1 uM: 6 43
422

. 21 24 -4
Figure 4.9 4 6
423
Figure 4.10 4 25 22-52
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Table 2.3: Numbers of animals, sections per animal, and details of region, strain and

age used in experiments for Chapter 5.

Sections per animal

) Animals (N
Experiment N) (n) : - Age
Region Strain
reference (days)
Control  [Test Control [Test
4 (10 nM) 3 (10 nM)
5.2.1
4 4 (100 nM) |3 4 (100 nM) 23 -30
Figure 5.1
4 (1 uM) 3 (1 uM)
5.2.2 6 (1 uM) 7 (1 uM)
) 6 28 - 56
Figure 5.2 6 (10 uM) 4 (10 uM)
5.2.2 6 (1 uM) 3 (1 uM)
) 6 29 - 63
Figure 5.3 6 (10 uM) 3 (10 uM)
Error!
Reference Thoraco- PKD2L1-
source not |4 4 (1uM) 3 (1 uM) lumbar cre b9 - 52
found. 4 (10 pM) 3 (10 uM)
Figure 5.4
5.2.3
Figure 5.8
5.2.3
4 4 pergel |3 3 31 - 58
Figure 5.6
5.2.3
Figure 5.7
5.2.4
Figure 5.8
5.2.4 5 (ex-4)
) 5 each ) 5 Lumbar
Figure 5.9 5 (lira)
C57BL/6 [63-70
5.2.4
Figure 5.10
5.2.4 5 (ex-4) )
5 each 3 Hippocampus
Figure 5.11 5 (lira)
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2.2 IMMUNOHISTOCHEMISTRY

2.2.1 Introduction

Immunohistochemistry (IHC) enables the visualisation of cells or proteins of interest
by utilising the principle that primary antibodies will bind specifically to an antigen
of interest, which can then be visualised through the addition of a fluorophore that

binds to the primary antibody (Figure 2.1).

To generate a primary antibody, an antigen of interest can be used to immunise a host
animal, such as a rabbit. Subsequently, the animal produces antibodies to the antigen,
which can be extracted, purified, and utilised in biological research. Antibodies
raised in this manner are typically polyclonal, meaning that they recognise and bind
to multiple different epitopes within the protein. Monoclonal antibodies, on the other
hand, which bind to a single epitope, can also be generated against a protein of
interest using cell lines (Lu et al., 2020). A secondary antibody, raised against the
species in which the primary antibody is raised, is then used for the detection of the
primary antibody. This secondary antibody is labelled with a fluorescent tag for

visualisation purposes.

Fluorescent

 tag

Secondary

antibody \

Cell

Figure 2.1: Indirect immunohistochemical labelling schematic.
This method utilises a primary antibody raised against an antigen of interest, and a
secondary antibody with a fluorescent tag which binds to the primary antibody to enable

visualisation.
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2.2.2 Tissue preparation for IHC

Animals were terminally anaesthetised with an intraperitoneal injection of sodium
pentobarbital (60 mg/kg, Euthatal, Merial Animal Health, Dublin). The absence of
pedal and corneal withdrawal reflexes confirmed adequate depth of anaesthesia. The
chest cavity was opened at the xiphoid process using blunt-ended scissors, followed
by perforation of the diaphragm and cuts along the lateral edges of the chest wall up
to the clavicle. Care was taken to avoid damaging the liver and compromising the
perfusion quality. A cannula was inserted into the left ventricle of the heart, and an
opening was made in the right atrium to allow transcardial perfusion. First, 50 ml of
0.1M phosphate buffer (PB) was perfused to clear the blood, followed by perfusion
with 200 ml of 4% paraformaldehyde (PFA) in 0.1M PB to fix the tissue.

Following fixation, an incision was made along the midline of the back, allowing the
removal of soft tissues to expose the vertebrae. The spinal cord and brain were
carefully extracted using coarse forceps and small spring scissors (World Precision
Instruments, catalogue # 654558). The harvested tissue was post-fixed overnight in
4% PFA at 4°C. After postfixation, the meninges were removed using fine forceps
under a dissection microscope. The spinal cords and brains were then stored in 0.1M
phosphate-buffered saline (PBS) supplemented with 0.1% sodium azide at 4°C until

further use.

For the coronal sectioning of the thoracolumbar region, the spinal cord tissue was cut
into sections approximately 0.5 cm long using a scalpel blade and glued to the plate
of a vibrating microtome (Leica VT100S, Microsystems). The bath was filled with
0.1M PB to prevent the tissue drying out, and the tissue was serially sectioned at 40
pm with an amplitude of 0.4 mm/s and a vibrating frequency of 80 Hz. The sections
were gently picked up using a paintbrush and transferred to a 24-well plate
containing phosphate-buffered saline (PBS) for subsequent fluorescent labelling of
cellular markers and/or EdU.
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2.2.3 IHC on fixed tissue

Optimisation experiments were carried out to determine the permeabilisation

solution and concentrations for each antibody used.

Sections were washed 3 x 10 minutes in 0.1 M PBS prior to incubation with primary
antibody solutions to ensure removal of all PFA. Primary antibody incubations were
performed for 24 hours at 4°C in 0.1% Triton X-100 (PBST) as a permeabilisation
agent for the cell membrane, and with 5% donkey serum as a non-specific binding

blocker.

Sections were then washed 3 times with PBS (10 minutes) before addition of the
appropriate Alexa Fluor conjugated secondary antibody (1:1000 in PBS,
Thermofisher) at RT for 2h, slices were protected from light during this step to avoid
photobleaching of the fluorophore. These were then washed twice with PBS (10
minutes) before mounting on microscope slides and allowed to air dry. Sections were
covered using Vectashield with DAPI mounting media (VectorLabs, cat no. H-1800)
and a glass coverslip was added and sealed using nail varnish.

Primary and secondary antibodies used can be seen in Table 2.4 and Table 2.5

respectively.
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Table 2.4: All primary antibodies used on fixed tissue sections

Cell / structure type Antibody Host Dilution Source /
Cat. #
GCaMP6f expressing cells
. . Abcam /
GCaMP3 expressing cells :
p g GFP Chicken | 1:1000 213970
YFP expressing cells
. ) Proteintech /
CSFcNs PKD2L1 Rabbit 1:500 13117-2-AP
. ) Neuromab /
Oligodendrocytes Pan-QKI Mouse 1:100 73-168
. . . ) Thermofisher /
Microglia Ibal Rabbit 1:1000 PAG-27436
. ) Abcam /
Astrocytes S100B Rabbit 1:1000 ab41548
. ) Proteintech /
Neurons HuC/D Rabbit 1:1000 13032-1-AP
Ependymal cells Sox2 Rabbit | 1:2000 | Vilipore/
penay ' AB5603
. ) DSHB /
GLP-1R expressing cells GLP-1R Mouse 1:500 Mab7F38
SV2 Mouse 1:100 53;”3 !
Synaptic vesicles Ab ;
. i ) cam
Synaptophysin | Rabbit 1:1000 ab14692

Table 2.5: All secondary antibodies and fluorophores used for the visualisation of

primary antibodies.

Antibody Host Antigen Dilution Source
Goat Chicken 1:1000 v Invitrogen / A-11039
Alexa Fluor 488
Donkey Rabbit 1:1000 Invitrogen / A-32794
Rabbit 1:1000 Invitrogen / A-31572
Alexa Fluor 555 Donkey
Mouse 1:1000 Invitrogen / A-31570
Rabbit 1:500 Invitrogen / A-16027
Biotinylated azide Donkey
Mouse 1:500 Invitrogen / A-16021
Streptavidin-HRP Biotin 1:1000 Invitrogen / N-100

49




2.2.4 Immunofluorescence with the GLP-1R antibody

Due to the relatively weak expression of the GLP-1 receptor in cells, additional

enhancement of the signal was required.

Sections were washed 3 x 10 minutes in 0.1 M PBS prior to incubation with primary
antibody solutions to ensure removal of all PFA. A peroxidase quenching step, to
reduce autofluorescence and background staining, was performed using 3%
hydrogen peroxide in PBS for 30 minutes at RT, and sections were again washed 3 x
10 minutes in PBS. Primary antibody incubations were performed for 24 hours at
4°C in 0.1% Triton X-100 (PBST) as a permeabilisation agent for the cell membrane,

and with 5% donkey serum as a non-specific binding blocker.

Following this, sections were washed 3 x 10 minutes with PBS and incubated in a
solution containing a biotinylated secondary antibody (donkey-anti-mouse for GLP-
1R, Invitrogen) at RT for 2 hours. Sections were then washed 3 x 10 minutes in PBS
before being incubated with Streptavidin-HRP (Invitrogen) in PBS at RT for 2 hours,
after which sections were again washed 3 x 10 minutes in PBS.

3,3’-Diaminobenzidine (DAB)

DAB staining is a widely used methods for visualisation of IHC due to its increased
sensitivity over traditional fluorescent methods and the permanence of the staining.
The reaction between the DAB substrate and HRP produces an insoluble brown

precipitate at the site of antigen-antibody binding allowing localisation of these sites.

Following the steps detailed above, sections were incubated with DAB working
solution (DAB substrate kit, Vector labs) for 2 — 10 minutes at RT. The reaction
progress was monitored for formation of the brown precipitate through use of a light
microscope, and reaction was stopped by washing sections three times with distilled
water. After this, sections were mounted on gelatinised slides, dehydrated using a
series of alcohol concentrations (0 — 100 % ethanol in dH20), and DPX non-aqueous
mounting media (Sigma-Aldrich) was added before a coverslip was placed on top

and sealed with nail varnish.
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Tyramide signal amplification (TSA)

TSA is similar to DAB staining as it enhances weak IHC signals much more than
standard secondary fluorophores while maintaining a high signal definition and
localisation. However, DAB staining can be complex to use when performing double
labelling IHC experiments, whereas TSA is perfectly suitable for use alongside
standard IHC protocols.

Following the steps detailed above, sections were incubated with TSA working
solution (DAB substrate kit, Vector labs) for 2 — 10 minutes at RT. The reaction was
monitored periodically through by use of a fluorescent microscope, and the reaction
was stopped by washing sections 3 x 10 minutes with PBS. Sections were mounted
onto a glass slide with Vectashield with DAPI (VectorLabs, cat no. H-1800) and

sealed with nail varnish.

In double labelling experiments, the standard IHC protocol was performed prior to
TSA incubation.

2.2.5 Controls for IHC

To determine the specificity of the primary antibodies, multiple sources were
consulted, including previous literature, manufacturer's data sheets and websites, and
previously conducted tests for specificity were reviewed. The Allen Brain Atlas
(http://www.brain-map.org/) was utilized as a reference to confirm the consistency of

staining with their data.

To validate the absence of cross-reactivity and non-specific binding, omission
controls were performed. All IHC experiments contained a control set of fixed slices
(2 to 4 slices) that were incubated in the appropriate secondary antibody, without
first having been incubated in the primary antibody, to identify non-specific staining
of the secondary antibody and determine levels of background staining. In the case
of double labelling experiments, either the primary antibody or the EdU staining was
omitted from the procedure, and the absence of any undesired cross-reactivity was

confirmed (data not shown).
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Where the immunolabelling was dependent on a transgenic reporter mouse model,
the relevant literature for the mouse model was checked for any known expression
Issues before co-staining was performed using the primary antibody for the antigen
and the relevant primary for the fluorophore within the model. For example, co-
staining with the primary PKD2L1 antibody and an anti-GFP antibody was
performed for verification of the PKD2L1-GCaMP6f mouse model.

2.3 B5-ETHYNYL-2-DEOXYURIDINE (EDU) TREATMENT AND DETECTION

2.3.1 Introduction

EdU (5-ethynyl-2’-deoxyuridine) has emerged as a widely adopted method for
assessing cell proliferation in the CNS (Salic and Mitchison, 2008). As a nucleoside
analogue of thymidine, EdU becomes incorporated into DNA during the s phase of
mitosis. Its detection relies on a click chemistry reaction wherein EdU's alkyne
terminal group reacts with a fluorescent-azide (or a biotinylated-azide) in the
presence of copper (Figure 2.2). EdU offers distinct advantages over other DNA
synthesis detection assays, such as BrdU (5-bromo-2’-deoxyuridine), which
necessitates DNA denaturation for BrdU detection. In contrast, the small size of the
azide molecule allows easy penetration into tissues, enabling access to EdU
incorporated into DNA without damaging the sample through denaturation.
Consequently, EAU offers a more convenient and efficient approach for studying
DNA synthesis and cell proliferation (Salic and Mitchison, 2008).
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Figure 2.2: EdU labelling schematic.
EdU is incorporated into the DNA during S-phase of mitosis, this is visualised using a click

chemistry reaction with biotinylated azide and streptavidin-555.
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2.3.2 EdU detection in acute slices, organotypic spinal cord slices cultures,

and fixed sections

All tissue undergoing EdU detection was treated in the same manner, with the
exception that organotypic spinal cord slice cultures (OSCSCs) were not placed on
plate shakers during the incubation steps due to their fragile nature.

The EdU detection reactions and incubation steps were conducted at room
temperature. The sections were permeabilized using 0.2% PBST for 20 minutes,
followed by two washes with 0.1 M Tris buffer for 10 minutes each. A solution was
prepared by combining distilled water (320 pl), 2 M Tris (25 ul, pH 8.5), 5 mM
Cu(ID)SO4 (50 pl), and 1 mM biotinylated azide (5 pl), which was then added to
each well. Subsequently, 0.5 M ascorbic acid (100 pl) was individually added to
initiate the click chemistry reaction. After 15 minutes, this solution was removed and
the sections were washed twice with 0.1 M Tris buffer for 10 minutes each, followed
by an additional wash with PBS for 10 minutes. Next, the sections were incubated
with Streptavidin 488 (1:1000) for 2 hours to facilitate visualization. Subsequently,
they were washed three times with PBS for 10 minutes each. The slides were then
mounted, allowed to dry, covered using Vectashield with DAPI (VectorLabs, cat no.

H-1800), coverslipped, and sealed with nail varnish.

For double staining reactions involving EdU and a primary antibody, the primary
antibody reaction was conducted following the initial EdU reaction step, after the
final PBS wash but before the incubation with Streptavidin-488. The fluorophores
for both the primary antibody and the EdU reaction were added simultaneously in

the subsequent step.
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2.4  ACUTE SLICE PREPARATION

2.4.1 Introduction

Acute spinal cord slices are regularly used in electrophysiological and calcium
imaging techniques as these preparations preserve cellular functionality and allow
the study of these cells within relatively intact local networks and cytoarchitecture.
In order to obtain acute slices, the spinal cord must first be extracted from the spinal

column.

Hydraulic extrusion of the spinal cord offers a significantly faster alternative to the
traditional laminectomy method of spinal cord isolation, which involves extraction
of the spinal cord through individually breaking the spinal vertebrae. A laminectomy
must be performed delicately and swiftly in order to reduce the damage sustained by
the tissue throughout the extraction process and subsequent deoxygenation, and as
such is a technically difficult and time-consuming process. In contrast, hydraulic
extrusion allows for rapid removal of the spinal cord while reducing the length of
time required for the overall procedure and provides samples of similar overall
histological quality when compared with those obtained through laminectomy
(Kennedy et al., 2013; Richner et al., 2017).

2.4.2 Hydraulic extrusion and slice preparation

Mice were terminally anaesthetised with an intraperitoneal injection of sodium
pentobarbital (60 mg/kg, Euthatal, Merial Animal Health, Dublin). The absence of
pedal and corneal withdrawal reflexes confirmed adequate depth of anaesthesia.
Mice were then rapidly decapitated using a large pair of surgical scissors. Opening of
the spinal canal at the cervical region is ideal for this procedure as the spinal canal is
widest at this region allowing for easy exit of the spinal cord later in the procedure.
Following decapitation, a clean coronal cut was made directly through the lower
lumbar portion of the spinal column, approximately at the level of the iliac crest to
expose the caudal spinal cord. Particular care was taken not to damage the vertebral
bone during any incisions. If the spinal cord was not visible, the column was washed
with ice-cold continuously oxygenated (95% oxygen / 5% carbon dioxide, BOC)

high sucrose aCSF (composition in Table 2.6) to remove any excess blood.
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A 20 mL syringe was filled with ice-cold high sucrose aCSF and placed so that the
tip fully surrounded the lumbar spinal canal, this was held in one hand while the
other firmly but delicately gripped the spinal column. The plunger of the syringe was
pushed, releasing a small amount (2-5 mL) of aCSF down the spinal column and
ejecting the spinal cord into a dish containing oxygenating ice-cold high sucrose
aCSF. After ejection, the full spinal cord was embedded in 3% (w/v) low melting
point agar gel (Sigma-Aldrich). This agar gel was made up with aCSF to ensure
correct osmolarity and prevent further osmotic shock damage to cells and was kept at
36°C prior to embedding. After setting, the section of block containing the
thoracolumbar spinal cord was cut using a fresh scalpel blade, extracted from the
excess agar, glued to a chuck adjacent to an agar support block and submerged in
continuously oxygenated ice-cold high sucrose aCSF.

The spinal cord was then sliced into 350 pum thick sections along the coronal plane
using a vibrating microtome (Campden Instruments, Integraslice 7550 PSDS) with a
stainless-steel blade.

2.4.3 Artificial cerebrospinal fluid compositions

Table 2.6: Compositions of high sucrose and standard artificial cerebrospinal fluid
(aCSF).

Compound High sucrose aCSF Standard aCSF
Concentration (mM)

Sucrose 217 -

Sodium chloride (NaCl) - 124

Glucose 10 10

Sodium bicarbonate (NaHCO3) 26 26

Sodium phosphate monohydrate (NaH,PO,) | 2.5 25

Potassium chloride (KCI) 3 3

Magnesium sulphate heptahydrate (MgSQOy) | 2 2

Calcium chloride (CaCly) 1 2

Note: pH of aCSF was 7.4-7.5 after oxygenation, osmolarity was ~300 mOsm L.
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2.5 CAZ'IMAGING EXPERIMENTS

2.5.1 Set up and recording

Ca2* imaging recordings were performed using a fluorescence microscope (BX50WI,
Olympus), equipped with a Zylos SCMOS camera (Andor). Two lenses were used
during these experiments: a 10x lens (Ach 10x/0.25w) for centering the slice, and a
60x lens (LUMPianFI/IP 60x/0.90w) for recordings. GCaMP6f fluorescence was
excited at 470 nm using a pE excitation system (CoolLED, Andover), and images
were acquired at 22.5 frames per second using the open source Imagel plugin,
MicroManager (Edelstein et al., 2010).

350 pum thick spinal cord slices were prepared as detailed in general methods
(section 2.4) and compositions of standard aCSF can be found in section 2.4.3. Slices
were rested and equilibrated in an incubation chamber containing room temperature,
continuously oxygenated standard aCSF (Composition in Table 2.6) for 1 hour

before recordings began.

Spinal cord slices were placed into a recording chamber and a small
electrophysiology harp with tightly stretched threads was placed on top of the slice,
with care to avoid disturbing the central canal area, to prevent the movement of the
slice during recordings. A conical flask containing 400 mL of standard aCSF acted as
the reservoir for recirculating aCSF during experiments and was continuously
oxygenated (95% O2: 5% CO) before perfusing the slice and returning to the
reservoir. Perfusion was driven by a peristaltic pump (Gilson, Minipuls3) at a rate of

5 ml per minute.

2.5.1.1 Drug administration

The experimental set up remained consistent for drug administration experiments
with the exception that smaller reservoirs of 100 mL standard aCSF containing the
required concentration of drug were used when required. All drugs were bath applied
and before switching the inlet tubing between reservoirs the pump was stopped to
reduce the formation of bubbles and potential slice disturbances and restarted when

submerged in aCSF.
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In all experiments, a 3-minute recording of the slice during perfusion of standard
aCSF was taken to characterise the spontaneous activity of each cell prior to drug
administration. In general, 3-minute recordings were taken continuously during
initial drug application and recirculation, reintroduction of standard aCSF, and where
appropriate, after a further 5-minute recirculation with aCSF to evaluate a return to

baseline spontaneous activity.

Timelines for individual experiments are shown within the figures and drugs used
are listed in Table 2.7.

Table 2.7: Drugs used in experiments for this chapter.

Common name Function Concentration Supplier / cat no.

) 1 uM .

GLP-1 (7-37) GLP-1R agonist Novo Nordisk / 5374
) ] Long-lasting GLP-1R I1nM-1uM ]

Liraglutide i Novo Nordisk / 6517

agonist

. . 1 uM )

Exendin-(9-39) GLP-1R antagonist Novo Nordisk / 2081

(Goke et al., 1993)

) Acetylcholine receptor 10 mM )
Acetylcholine i Sigma / A6625
agonist (Corns et al., 2015)

) 100 uM )
GABA GABA receptor agonist Sigma / A2129
(Corns, 2012)

2.5.2 Data processing and analysis

Initial processing: Raw calcium imaging data files were exported from
MicroManager in the form of TIFF files and processed using Suite2p software
(Pachitariu et al., 2017). Image registration of the files in batches of 200 single
images allows for correction of any movement in the x- and y- planes, and any
images with excessive z- plane movement were not used as consistent cells could not
be identified. Region of interest (ROI) detection, based on principal component

analysis of correlating pixels, was performed through the Suite2p graphical user
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interface and quality control of detected ROIs was done manually; any ROIs that did
not visibly appear to be cells were discarded. Activity extractions were also
performed using Suite2p and involved removal of the background signal from each
ROI detected and normalizing data (AF/F) to prevent data contamination by
background noise and improve the comparison of spiking traces obtained from
different slices. Suite2p then generates multiple files including ROI maps and

fluorescent trace data.

Further analysis: Extracted trace files were imported into Graph Pad prism 6 where
amplitudes of each peak were detected using the area under curve analysis function.
Parameters were set that allowed detection of peaks that were greater than 30% of
the maximum peak height, and the number of peaks counted were divided by the

length of the recording (in seconds) to give the frequency of spiking per recording.

All calcium imaging traces are presented as the change in fluorescence relative to

resting fluorescence (AF/F) against time (seconds).

2.5.2.1 Statistical analysis

For all calcium imaging experiments, statistical analysis was performed using Graph
Pad Prism 6; a one-way ANOVA was performed to test for significance between
groups and post-hoc analysis was performed using an appropriate multiple
comparison test to determine differences between groups. Data were considered
significant where p < 0.05 (represented on figures as *). As the majority of these data
are not normally distributed, it is presented as median + IQR where appropriate and

unless otherwise specified.
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2.6 ACUTE SLICE EXPERIMENTS

The preparation of acute slices in this experiment follows the procedure for slice
preparation for calcium imaging experiments, as fully detailed in Chapter 2: General

methods (section 2.4).

2.6.1 Incubation of slices with EAU and GLP-1R modulators

Cut slices were distributed between holding chambers containing 1ml of standard
artificial cerebrospinal fluid (aCSF), EAU (1 mM), and either GLP-1R agonist
liraglutide or antagonist exendin-(9-39) at 10 nM, 100 nM, or 1 pM concentrations.
Holding chambers were placed into a water bath at 36 — 37°C and continuously
oxygenated using 95% oxygen: 5% carbon dioxide gas for 5 hours (Error!
Reference source not found.). Compositions of aCSF and SaCSF can be found in
Chapter 2: General methods (section 2.4.4).

These were oxygenated and
incubated in a preheated

400 pm thick transverse slices water bath at 36_ Cifor 5 hours

were cut from thoracolumbar
spinal cord

3-4 slices were placed into
holding chambers containing
aCSF, EdU, and GLP-1R
modulators

Figure 2.3: Schematic representation of acute slice experimental conditions.

The thoracolumbar spinal cord is isolated from the vertebral column and 400 pm thick
coronal sections are cut. These sections are placed within slice holding chambers containing
EdU (1 mM) and the appropriate concentration of GLP-1R modulator, and then incubated in

a prewarmed 36°C water bath for 5 hours with continuous oxygenation.
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2.6.1.1 Acute slice fixing and re-sectioning

After incubation was complete, slices were submerged in 4% PFA in 0.1M PB
overnight at 4°C for fixation, before being embedded in 10% (w/v) gelatin (Sigma-
Aldrich, porcine skin) in distilled water. Once the gel had partially solidified, blocks
containing sections were cut out and further fixed using a 4% PFA: 0.1%
glutaraldehyde mixture overnight at 4°C. These were then re-sectioned into 40 um
sections using a vibratome (Leica VT 1000S, Microsystems) and collected in a 24-
well plate containing PBS. All sections underwent EdU detection for assessment of

proliferation as detailed in Chapter 2: General methods (section 2.3).

2.7 ORGANOTYPIC SPINAL CORD SLICE CULTURES

2.7.1 Introduction

OSCSCs have emerged as valuable tools in studying cellular proliferation and
networks of cells in a controlled in vitro environment. This approach involves the
maintenance and manipulation of spinal cord tissue slices that retain the cellular
organization and functional characteristics of the original tissue. One of the key
advantages of organotypic spinal cord slice cultures is the ability to investigate
cellular proliferation and the dynamic interactions between different cell types in a
simplified yet physiologically relevant context. This method allows the observation
and manipulation of cellular processes, such as neurogenesis and gliogenesis, within
a controlled experimental setting. In addition to providing a window into cellular
proliferation and network dynamics, organotypic slice cultures offer practical
benefits. They offer a cost-effective alternative to in vivo studies, reducing the need
for live animals and allowing for more precise experimental control. Furthermore,
the culturing conditions can be tailored to mimic specific pathological or
experimental conditions, enabling the investigation of disease mechanisms and the

testing of potential therapeutic interventions.

60



2.7.2 Culture conditions

2.7.2.1 Standard culture conditions

All equipment used in the preparation and plating of OSCSCs was autoclaved prior
to use or treated with 70% ethanol to ensure sterility.

OSCSCs were prepared according to the method described in section 2.4.2 above,
except after cutting, sections were transferred via sterile pipette to a petri dish
containing ice-cold Dulbecco’s modified eagles medium (DMEM, Gibco,
Thermofisher) under a laminar flow hood. Slices were then placed on top of Millicell
organotypic culture inserts (Millipore, 0.4 um, 30 mm diameter) within a 6-well
plate containing 1 ml of pre-warmed neurobasal A culture medium (Invitrogen), 1 %
L-glutamine (Sigma-Aldrich), 1 % penicillin / streptomycin (Sigma-Aldrich) and 10
% foetal bovine serum (FBS, Sigma-Aldrich). Approximately 3 — 5 slices were
plated per insert making sure that each slice had enough space to spread during the
course of the experiments (10 days maximum). These plates were then transferred to
an incubator where they were maintained at 37°C, with 100% humidity and 4%

supplemental carbon dioxide.

After 24 hours, the culture medium was replaced with FBS free neurobasal A
medium supplemented with 2% B27 neuronal supplement (Invitrogen) and 1%
penicillin / streptomycin. As FBS contains a cocktail of growth factors and other
biological substances, it was important to remove this to reduce any possible
influence on cell proliferation after 24 hours in culture. Every 48 hours after this, 500
ul of culture medium was removed and replaced with fresh medium to renew
nutrients and remove any waste, while maintaining availability of any beneficial

compounds released by cells within the OSCSC.

At the end point of each experiment, OSCSCs on their culture inserts were removed
from the culture medium and fully submerged in 4% PFA in 0.1 M PB for 2 hours at
room temperature before slices were lifted carefully using a paintbrush and placed

within a 24 well plate containing PBS for further processing.

Specific timelines for experimental conditions such as drug and EdU addition can be

found within the appropriate results sections within Chapter 5.
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2.7.2.2 Exendin-4

OSCSCs were maintained in standard culture conditions for 5 days. Exendin-4 (1
uM or 10 uM), or the equivalent amount of PBS for the control group, was added
directly to the culture media after 1, 2, and 4 days in culture. EAU (1mM) was also
added after 4 days in culture and OSCSCs were fixed on day 5 by submerging in 4%
PFA for 4 hours at room temperature. Slices were left in PBS before undergoing EdU
detection, full details of this procedure can be found in Chapter 2: General methods
(section 2.3.2).

2.7.2.3 Liraglutide - proliferation

OSCSCs were maintained in standard culture conditions for 10 days. Liraglutide (1
uM or 10 uM), or the equivalent amount of PBS for the control group, was added

directly to the culture media in all wells after 1, 3, 5, 7 and 9 days in culture.

For slices that were representative of each time point EAU (1 mM) was added to the
well 24 hours prior to fixation. For example, for slices to be counted at day 4, EdU
was added only to that well, along with liraglutide, at day 3 and incubated for 24
hours before the slices were fixed in 4% PFA for 4 hours at room temperature. At

least 3 slices were fixed per time point.

Slices were left in PBS before undergoing EdU detection.

2.7.2.4 Liraglutide — Propidium iodide

OSCSCs were maintained in standard culture conditions for 10 days. Liraglutide (1
uM or 10 uM), or the equivalent amount of PBS for the control group, was added
directly to the culture media after 1, 3, 5, 7 and 9 days in culture. On days 2, 4, 6, 8,
and 10 of culture, 5 pM Propidium iodide was added directly to the culture media of
slices to be fixed at each time point, and were incubated for 30 minutes before
washing 3x in prewarmed culture media and fixation in 4% PFA for 4 hours. Slices
were then washed 3x in PBS before mounting for detection of PI.
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2.7.3 Preparation of hydrogels

2.7.3.1 Manchester Biogels

Alpha 4, Gamma 4, and Epsilon 4 peptide-based hydrogels were supplied by
Manchester Biogels. These self-assembling hydrogels are fully synthetic allowing

for high reproducibility between batches and were delivered ready to use.

For use with Millicell culture inserts, the inserts were first prewetted with warmed
neurobasal A medium to prevent air bubbles being trapped in the membrane pores.
The hydrogels were warmed to room temperature and 100 pl of hydrogel was
transferred on top of each culture insert (Millipore, 0.4 pm, 30 mm diameter) within
a 6-well plate containing 1 ml of pre-warmed neurobasal A culture medium
(Invitrogen), 1 % L-glutamine (Sigma-Aldrich), 1 % penicillin / streptomycin
(Sigma-Aldrich) and 10 % foetal bovine serum (FBS, Sigma-Aldrich), with care
taken not to introduce any bubbles. 250 ul of culture medium was placed on top of
the gels to precondition the gels and then the plates were placed in the incubator for
2 hours to ensure the hydrogels were warmed through.

2.7.3.2 Glutamine-amide
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Figure 2.4: Synthetic pathway and structure of the glutamine-amide hydrogel.

A. Glutamine-amide derivative, B. benzaldehyde, C. Self-assembling glutamine-amide

hydrogel.

The glutamine-amide peptide-based hydrogel was kindly gifted by Professor David
Smith at the University of York. This gel is described as a supramolecular “solid-
like” gel made from a low-molecular-weight gelator (LMWG), and has previously
been used as a slow release delivery agent for intranasal administration of _-DOPA
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(J. T.Wang et al., 2021). Full details regarding the synthesis of materials involved in

the making of glutamine-amide hydrogels can be found in Hawkins et al., 2020.

This hydrogel was supplied as a powder and reconstituted under aseptic conditions.
3.5 mg of glutamine amide derivative was mixed with 1.1 pl of benzaldehyde in 1 ml
of sterile water (Figure 2.4). The mixture was warmed to 60 degrees in a water bath
for 2 hours with occasional stirring and sonication. Upon dissolution of all powder,
the gel was allowed to cool to approximately 40 degrees before 100 ul of the gel
solution was transferred on top of a culture insert (Millipore, 0.4 um, 30 mm
diameter) within a 6-well plate and placed within the incubator for 24 hours to

ensure complete setting prior to use in cultures.

2.7.3.3 DBS-CONHNH:

H,NHN

Figure 2.5: Chemical structure of the DBS-CONHNH; hydrogel

The DBS-CONHNH: peptide-based hydrogel (Figure 2.4) was kindly gifted by
Professor David Smith at the University of York. Full details regarding the synthesis
of materials involved in the making of DBS-CONHNH: hydrogels see Okesola and
Smith, 2013.

This hydrogel was supplied as a powder as reconstituted under aseptic conditions. 3
mg of DBS-CONHNH: derivative was mixed with 1 ml sterile water. The mixture
was warmed to 60 degrees in a water bath for 2 hours with occasional stirring and
sonication. Upon dissolution of all powder, the gel was allowed to cool to
approximately 40 degrees before 100 pul of the gel solution was transferred on top of
a culture insert (Millipore, 0.4 um, 30 mm diameter) within a 6-well plate and placed

within the incubator for 24 hours to ensure complete setting prior to use in cultures.
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2.7.4 Hydrogel experiments

Hydrogels, with and without liraglutide, were prepared under sterile conditions as

detailed above.

100ul of each hydrogel was spread in a thin layer on top of culture inserts in a 6-well
plate containing 1 ml of standard culture medium, washed twice with culture
medium (30 minutes each) and equilibrated at 37°C for two hours before
introduction of OSCSCs. OSCSCs were placed on top of the hydrogels, or directly
on top of the culture insert for non-hydrogel controls (Figure 2.6) and maintained in
standard culture conditions for 5 days. 1 uM EdU was added directly to the culture
media below the insert 24 hours before fixation with 4% PFA. Slices were left in

PBS before undergoing EdU detection.

Slices were plated onto
inserts with or without
a layer of hydrogel

Inserts were placed into a 6
well plate containing 1 mL of
culture media and incubated

400 pm thick transverse
slices were cut from

for 5 days at 37°C in 4% CO;

thoracolumbar spinal cord 1 2 3
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Figure 2.6: Schematic representation of conditions during organotypic slice cultures on
hydrogel experiments.

The thoracolumbar spinal cord is isolated from the vertebral column and 400 pm thick
coronal sections are cut. Sections are transferred onto porous cell culture inserts with or

without a thin hydrogel layer and incubated at 37°C with 4% CO2 for 5 days.
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2.8 INVIVO EXPERIMENTS

Full details of anaesthesia, perfusion and dissection, cell counting, and data analysis
can be found in Chapter 2: General methods. All injections were performed at
approximately 5 pm every day at the start of the natural wake cycle of the mouse in

order to maximise effects on proliferation (New et al., 2023).

2.8.1 Exendin-4

10 wild type mice (8 weeks old, female) were divided into control and experimental
groups (N=5 each). Control groups were given intraperitoneal injections of 10 mM
5-ethynl-2-deoxyuridine (EdU, Carbosynth), 100ul in sterile saline, once every 24
hours for 4 days. Experimental groups were given 10mM EdU and Exendin-4 (10
ug/Kg, Novo Nordisk), 100ul total in sterile saline, once every 24 hours for four

days.

2.8.2 Liraglutide

10 wild type mice (8 weeks old, female) were divided into control and experimental
groups (N=5 each). Control groups were given intraperitoneal injections of 10 mM
5-ethynl-2-deoxyuridine (EdU, Carbosynth), 100ul in sterile saline, once every 24
hours for 4 days. Experimental groups were given 10mM EdU and liraglutide (1
ug/Kg, Novo-Nordisk) 100ul total in sterile saline, once every 24 hours for four

days.

2.8.3 Image capture and data analysis

For all experiments, statistical analysis was performed using Graph Pad Prism 6; a
one-way ANOVA was performed to test for significance between groups and post-
hoc analysis was performed using an appropriate multiple comparison test to
determine differences between groups. Data were considered significant where
p<0.05 (represented on figures as *). Data are presented as mean + standard

deviation (SD) where appropriate and unless otherwise specified.
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2.8.3.1 Measuring proliferation and differentiation

Images used for cell counting and analysis were mainly taken as z-stacks using an
EVOS auto 2 fluorescent microscope at x10 magnification for the entire slice, or at
x40 for central canal counts. Due to the large quantity of data in the in vivo
experiments, and due to restrictions caused by the COVID-19 pandemic, z-stack
images of spinal cord and hippocampus were taken using the Zeiss Axioscan Z.1

slide scanner at 20x magnification.

Cell counts and colocalisations were performed either manually under a Nikon
Eclipse E600 fluorescent microscope or from compressed z-stacks using Fiji and

collated in Microsoft Excel.

2.8.3.2 Imaging and analysis of propidium iodide experiments

Propidium iodide is a fluorescent intercalating dye that binds to the DNA of
damaged cells where it becomes highly fluorescent in the spectrum of red light. This
dye is membrane impermeable to intact cell membranes and as such the
quantification of the degree of fluorescence can be used as an indicator of the extent
of cell death within an OSCSC as detailed by protocols in previous literature
(Loetscher et al., 2009; Schoeler et al., 2012).

OSCSCs from experiments described in section Error! Reference source not
found. above were imaged using an EVOS auto 2 fluorescent microscope at x4
magnification, and images were imported into ImageJ for analysis. The red channel
of these images were converted from RGB colour to digital 8-bit to allow
quantification of pixel intensity. Slices with a high degree of cell death exhibited a
higher degree of pixel intensity, whereas those with fewer dead cells exhibited a
lower intensity. A histogram plot was generated showing the distribution of pixel
intensity throughout the image (Figure 5.3). From this, the average intensity of the
pixels above 50 intensity was calculated using the area under the curve for each

group, with a minimum of three slices averaged per time point, per mouse.
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Figure 2.7: Analysis of fluorescence intensity of pixels in OSCSCs treated with
propidium iodide.

A. Representative images of a control group (i) and liraglutide treated (ii) OSCSC fixed on
day 4 of culture.

B. Histogram showing the distribution of pixels for the different fluorescence intensities for
an OSCSC in the control group and in the 1 uM liraglutide group. Only pixels above 50
intensity (as indicated by the dashed line) were used for quantification as below this number
was determined to be the result of background fluorescence.
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2.9 IMAGE CAPTURE AND ANALYSIS

Images at a lower magnification were taken using an EVOS auto 2 fluorescent
microscope at x10 magnification. Images of a higher magnification, where analysis
was required, z-stacks were taken at x20 or x40 magnification using an upright Zeiss
LSM880 Airyscan confocal microscope. Z-stacks were imported into Fiji and viewed
as compressed z-stacks (Stacks > Z project at maximum intensity), or as a 3D

projection in order to better view appositions (Stacks > 3D project).

Cell counts were performed manually under a Nikon Eclipse E600 fluorescent
microscope, or from compressed z-stacks, and collated in Microsoft Excel.

Statistical analysis was performed using Graph Pad Prism 6; a one-way ANOVA was
performed to test for significance between groups and post-hoc analysis was
performed using an appropriate multiple comparison test to determine differences
between groups. Data were considered significant where p<0.05 (represented on

figures as *).

Data are presented as mean + standard deviation (SD) where appropriate and unless

otherwise specified.
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Chapter 3 — Characterisation of cerebrospinal fluid contacting

neurons
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3.1 INTRODUCTION

This chapter will focus on using immunofluorescent labelling techniques and in-
silico research to elucidate evidence regarding the expressions of proteins within
cerebrospinal fluid contacting neurons (CSFcNs) of the murine spinal cord. Research
described here will focus on two main aspects: (i) the verification of a transgenic
mouse model used to identify and study CSFcNs and (ii) whether these cells express
the GLP-1 receptor and receive input from GLP-1 producing neurons. These data
will contribute valuable information to consider the theory that CSFcNs are neurons
that can sense and respond to changes in the composition of the CSF, as well as

providing additional information regarding their neural circuitry.

3.1.1 Atransgenic animal model used to study CSFcNs

As discussed in Chapter 1: general introduction (section 1.2), CSFcNs are a
specialised subset of neurons found within the ependymal layer surrounding the
central canal of the brainstem and spinal cord. They have long been proposed to be
sensory neurons responding to physical and chemical cues from the CSF (Agdubhr,
1922; Kolmer, 1931). CSFcNs have also been implicated in the non-synaptic
reception and transmission of signals to or from the CSF in mice and many lower
vertebrates (Vigh et al., 2004; Orts-Del’Immagine et al., 2014; Bjorefeldt et al.,
2018). These cells are easily identifiable due to their unique morphology and their
expression of the non-selective cation channel polycystic kidney disease 2-like-1
receptor (PKD2L1), as they are the only cell type in the spinal cord to express this
receptor (Huang et al., 2006; Djenoune et al., 2014).

This selective expression of PKD2L1 enables the study of these cells through
transgenic mouse models, one such model is the PKD2L1-Cre mouse. In the
PKD2L1-Cre mouse model, the Cre recombinase enzyme is expressed under the
control of the promoter for the PKD2L1 gene, resulting in Cre expression in CSFcNs
around the central canal of the spinal cord and brainstem (Huang et al., 2006). Cre
recombinase is a site-specific DNA recombinase that recognises and binds to specific
DNA sequences known as lox sites. When Cre recombinase binds to two loxP sites

located on the same chromosome, it catalyses the recombination of the DNA
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between those sites, resulting in the inversion of the intervening sequence (Kim et
al., 2018). Crossing Cre transgenic mice with mouse lines that carry loxP-flanked
target genes, such as fluorescent reporter proteins, allows the study of those genes
specifically in the cells or tissues where the promotor is active.

Many transgenic mouse models are used experimentally throughout this thesis, full
details of which can be found in Chapter 2: general methods (section 2.1), of
particular relevance to this chapter is the PKD2L1-GCaMP6f transgenic mouse
model. In brief, the PKD2L1-GCaMP6f mouse model was created for use in
immunofluorescence and calcium imaging studies by crossing a PKD2L1-cre mouse
strain with a GCaMP6f-flox strain. The GCaMP6f-flox strain is a Cre-dependent
strain in which a floxed-STOP cassette is inserted upstream of the GCaMPG6f
(Madisen et al., 2015). When crossed with the PKD2L1-Cre strain, Cre excises the
stop codon resulting in specific expression of GCaMP6f in all cells containing
PKD2L1.

GCaMP6f is a genetically encoded calcium indicator protein made up of three
components: a circularly permuted green fluorescent protein (cpGFP), a calcium-
binding protein called calmodulin, and a calmodulin-binding peptide called M13.
These three components are linked together by short flexible peptide sequences to
form a single protein that is capable of detecting changes in intracellular calcium
levels (Chen et al., 2013). In chapter 4 of this thesis, calcium imaging experiments
will be conducted using the PKD2L1-GCaMP6f mouse strain. Therefore, it is crucial
to accurately identify the cells present in the central canal that show expression of
GCaMP6f and ensure localisation is restricted to CSFcNs. Since one of the
components of GCaMP6f is GFP, cells that express this protein can be conveniently
visualised by immunofluorescence using an antibody specific to GFP and the
specificity of GCaMP6f expression can be established. In this chapter, double
immunofluorescence labelling methods will be employed using anti-PKD2L1 to
identify CSFcNs and anti-GFP to visualize GCaMP6f expression and colocalisation

analysis conducted.

72



3.1.2 The glucagon-like peptide-1 receptor is expressed by cells within the

spinal cord

As reviewed in Chapter 1: general introduction (1.3.4), GLP-1R agonists have been
shown to exert many neuroprotective and regenerative effects within the central
nervous system (Zhang and Lv, 2018), including promoting neuroplasticity and
axonal growth (During et al., 2003; Han et al., 2020), and stimulating neurogenesis
within the subventricular zone and dentate gyrus of adult mice (Bertilsson et al.,
2008; Hamilton et al., 2011; Weina et al., 2018). In order to determine whether these
effects would be similar on cells within the neurogenic niche of the spinal cord, more
information must be obtained regarding the cell specific expression of the GLP-1
receptor around the CC, and the extent of integration within the GLP-1 system.

The glucagon-like peptide-1 (GLP-1) system within the spinal cord has not been
extensively researched, and further information regarding the cells that exist within
the spinal GLP-1 network is needed before it can be fully characterised. As discussed
in Chapter 1: general introduction (1.3.3), the identity of the cells within the spinal
cord that possess GLP-1 receptors is a somewhat contentious topic. The work
performed in this chapter will build upon previous studies to gain a better
understanding of the GLP-1R expressing cells of the spinal cord, and their

connectivity into the GLP-1 spinal cord circuitry.

In a study by Merchenthaler et al., RNA in-situ hybridisation in the rat spinal cord
revealed GLP-1R mRNA expression in laminae V — X. However, this investigation
did not explore the specific cellular localization of the glucagon-like peptide-1
receptor (Merchenthaler et al., 1999). Building on this work, the Allen Brain Atlas, a
comprehensive gene expression database obtained through RNA in-situ hybridisation
in the spinal cord and brain of juvenile (4 days) and adult (56 days) mice, showed
GLP-1R expression in Laminae IV — VIII, the grey matter, and the central canal area

of both juvenile and adult mice (

Figure 3.1, Ai —ii) (Lein et al., 2007). Notably, within the central canal area, cells
exhibiting typical morphology and arrangement reminiscent of CSFcNs were
observed, suggesting a likelihood that CSFcNs are the specific cell type in this
region expressing GLP-1R RNA (

73



Figure 3.1, Ai - Ali insets).

Recent advances in single cell/nucleus mMRNA sequencing have provided new
insights into the expression of GLP-1R in the spinal cord. Russ et al. (2021) found
that low levels of GLP-1R mRNA are present in several different cell types, with the
relative highest levels being expressed in sub-types of oligodendrocytes, inhibitory
neurons and in CSFcNs (

Figure 3.1, Bi — iii). This suggests a range of functions for the GLP-1R in the spinal
cord, some of which may be linked to CSFcN activity.
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Figure 3.1: GLP-1R mRNA localisation throughout the spinal cord.

A. Localisation of the GLP-1R in postnatal (P4, i) and adult (P56, ii) mouse as determined

by in-situ hybridisation. Localisation can be seen around the central canal (insets on both) in

the approximate location of CSFcNs, as well as in other locations predominantly in the grey
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matter. Data obtained from the Allen spinal cord atlas at mousespinal.brain-map.org (Lein et
al., 2007).

B. Expression plots of GLP-1R mRNA, which can be seen predominantly in
oligodendrocyte and neuronal populations (i), and more specifically in inhibitory neurons,
excitatory neurons, and in CSFcNs (ii). Relative expression levels can be seen in (iii) with
highest levels in oligodendrocytes (O), CSFcNs and inhibitory neurons (I.N). Lower
expression can be seen in ependymal cells (ECs), astrocytes (A), microglia (M), and
excitatory neurons (E.N). Data obtained from repository at segseek.ninds.nih.gov/genes
(Russ et al., 2021).

3.1.3 GLP-1 fibre tracts can be found in the spinal cord

As discussed in the general introduction of Chapter 1 (1.3.3), the innervation of
GLP-1R-expressing cells by GLP-1 neurons, commonly referred to as
preproglucagon (PPG) neurons (Drucker, 1998; Merchenthaler et al., 1999), in the
spinal cord remains poorly understood. Llewellyn-Smith et al. investigated PPG
neuron axon distribution in the spinal cord using a PPG-YFP transgenic mouse
model and observed a dense network of YFP fluorescent axons in lamina X and a
rostrocaudal tract near the central canal (Llewellyn-Smith et al., 2015). The origin of
these projections in the NTS was confirmed through retrograde fluorogold labelling
from the thoracic spinal cord, indicating descending PPG neuron axon innervation of
the spinal cord (Llewellyn-Smith et al., 2015). However, the specific targets of these

appositions were not fully characterised.

In this chapter, the potential innervation of CSFcNs by GLP-1 positive axons will be
explored using double labelling experiments with the PPG-YFP mouse model and
the extent of appositions in each region will be quantified. This research will
contribute valuable information regarding the spinal GLP-1 circuitry, as well as

identifying whether CSFcNs may form part of this network.

3.1.4 Hypothesis and aims

Given that PKD2L1 is known to be selectively expressed in CSFcNs of the murine
spinal cord, it is hypothesised that 100% of the cells that are immunopositive for

GCaMP6f in a PKD2L1-GCaMP6f transgenic mouse strain will also display
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immunoreactivity for PKD2L1. Future work in this thesis will rely on the successful

identification of CSFcNs in this mouse model.

Furthermore, as several studies have shown GLP-1R mRNA expression within the

central canal area, and in cells that resemble CSFcNs, it is hypothesised that a

number of CSFcNs express the GLP-1R and therefore may receive appositions from

GLP-1 producing neurons.

This chapter uses immunofluorescence on perfusion fixed spinal cord sections from

several transgenic mouse models to:

Investigate the extent of colocalisation of GCaMP6f expression and
PKD2L1-immunofluorescence in a PKD2L1-GCaMP6f mouse model to
determine whether this is a suitable model for CSFcN identification and for
use in the calcium imaging experiments in chapter 4 of this thesis.

Identify whether CSFcNs express the GLP-1R and if there are any
differences in expression when using a GLP-1R primary antibody on
wildtype C57BL/6 mice and PKD2L1-GCaMP6f transgenic mice, or when
visualising the GCaMP3 in a GLP1R-GCaMP3 transgenic mouse model
along with PKD2L 1-immunofluorescence.

Determine whether CSFcNs receive appositions to their somata or processes
from GLP-1 containing expressing neurons through use of the PPG-YFP
mouse model, and to evaluate the extent of these appositions throughout

different spinal cord regions.
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3.2 RESULTS

3.2.1 \Verification of PKD2L1xGCaMP6f transgenic mouse model

As PKD2L1 is an ion channel associated with plasma membrane in sour taste
receptors (Huang et al., 2006), it was expected that PKD2L1 immunostaining would
be mostly localised to the plasma membrane of CSFcNs as reported in zebrafish and
mouse previously (Djenoune et al., 2014; Orts-Del’Immagine et al., 2014). In
contrast, GCaMP6f should be present throughout the cytosol (Chen et al., 2013).

In all spinal cord sections, there was an almost 100% colocalisation between the anti-
PKD2L1 and anti-GFP immunolabelling, with no significant differences in the levels
of co-expression between regions (Cervical 99.7 + 0.4%, Thoracic 99.7 = 0.3%,
Lumbar 99.5 £ 0.4%, Sacral 99.6 £ 0.6%). In this mouse model, CSFcNs were
primarily localised around the central canal in all sections with a small number
located between the CC and the ventral fissure area (Figure 3.2, Cii-Ciii), consistent
with labelling seen in wild type mouse models (data not shown) and in the literature
(Djenoune et al., 2014; Jurci¢ et al., 2021).

No significant differences were observed in expression patterns between the age
ranges of mice used in this experiment indicating that PKD2L1 is present in all
CSFcNs throughout the lifespan of the mouse (age range tested: juvenile 18 — 42
days, adult 56 — 112 days, data shown collated in Figure 3.2, D).
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Figure 3.2: All GCaMP6f-positive CSFcNs are immunoreactive for PKD2L1.

A. Low magnification images of coronal spinal cord sections showing immunofluorescent
localisation of GCamP6f and PKD2L1-IR located around the central canal (CC) in lamina X
of the grey matter (GM). Several cells can be seen ventral to the ependymal layer located

between the CC and the ventral fissure (VF) of the white matter (WM). Scale bar: 200 pum
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B. High magnification compressed Z-stack images of merged (i), GCaMP6f (ii), and
PKD2L1-IR (iii) localisation in coronal lumbar spinal cord section. Scale bar: 50 um.

C. Horizontal sections of merged (i), GCaMP6f (ii), and PKD2L1-IR (iii) localisation.
CSFcNs, and connecting processes, can be seen lining the CC or lying between the CC and
the VF. Scale bar: 50 pm.

D. Bar chart showing approximately 100% colocalisation of PKD2L1-IR and GCaMP6f
(enhanced with GFP) in the PKD2L1xGCaMP6f transgenic mouse model. Only coronal
sections were quantified, see Table 2.1 for details regarding sections and cells counted. No
significant differences were observed between regions. Statistical analysis: One-way

ANOVA with Tukey’s multiple comparison test.

3.21.1Low levels of colocalisation between PKD2L1-GCaMP6f and

oligodendrocyte cell markers can be observed outside of the central canal area.

Upon further investigation of the enhanced GCaMP6f labelling in this mouse model,
several cells that could not be labelled using the PKD2L1 antibody were observed
outside of the central canal area that had not been previously characterised at the
time of this investigation (Figure 3.3). These cells did not possess morphological
characteristics typical of CSFcNs and instead appeared to be glial cells, which was
confirmed through double labelling experiments with PanQKI, an oligodendrocyte
marker (4.37 + 1.05% of PanQKI positive cells co-expressed GCaMP6f). There was
no colocalisation of GCaMP6f and PanQKI-IR around the central canal area,
indicating that CSFcNs do not typically express PanQKI. Neither was colocalisation
observed between GCaMP6f and the astrocyte marker S100b, nor the microglial
marker IBAL, either within or outside the central canal area in any sections studied
(data not shown).

Since performing this analysis, some new literature had become known that
confirmed the presence of low levels of PKD2L1 mRNA in a subpopulation of
oligodendrocytes. Single cell/nucleus RNA sequencing performed and collated by
Russ et al confirmed the presence of PKD2L1 mRNA predominantly in CSFcNs, but
also in two subpopulations of oligodendrocytes refered to as oligos-1 and oligos-2
(Figure 3.3, Di — Dii). A similar pattern of PKD2L1 expression in oligodendrocytes

was recently confirmed by Nakamura et al through immunostaining using an

80



alternative oligodendrocyte marker (Olig2) in a PKD2L1-cre x CAG-lox-CAT-lox-
EGFP reporter strain (Nakamura et al., 2023).
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Figure 3.3: A small subset of oligodendrocytes express PKD2L1.

A. Low magnification images showing localisation of GCaMP6f (i) and PanQKI-IR (ii) in
coronal sections of thoracic spinal cord. GCaMP6f localisation can be seen predominantly
around the central canal area, with lower levels of localisation seen in the grey matter.

PanQKI-IR can be observed both in the grey and white matter. Scale bar: 100 um.
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B. Higher magnification compressed z-stack images of merged (i), GCaMP6f (ii), and
PanQKI-IR (iii), arrows indicate colocalised cells. Scale bars: 50 um.

C. Graph showing 95.64 + 1.05% of PanQKI-IR cells are not colocalised with GCaMP6f,
compared with 4.37 £ 1.05% of PanQKI-IR cells co-expressing GCaMP6f.

D. PKD2L1 mRNA expression plots showing the presence of PKD2L1 predominantly in
CSFcNs with low levels present in oligodendrocytes, specifically sub-types oligos-1 and

oligos-2. Data obtained from repository at segseek.ninds.nih.gov/genes (Russ et al., 2021).

3.2.1.2 Colocalisation between PKD2L1-GCaMP6f and Sox2 occurs mainly around

the central canal

To continue characterisation of the cells within the spinal cord that display
immunoreactivity for GCaMP6f, colocalisation with the SRY (sex determining
region Y)-box 2 (Sox2) antibody was determined. Sox2 is commonly used as a
marker for ependymal cells and is particularly important in the development of the
central nervous system. Its expression is required for the maintenance of neural stem

cells and the differentiation of neurons and glial cells (Alfaro-Cervello et al., 2012).

The highest intensity of Sox2 localisation was observed around the central canal
area, consistent with the ependymal layer and likely indicating the ependymal cells.
It was also observed that a number of CSFcNs, identified through morphology and
GCaMP6f localisation, were also immunopositive for Sox2 however staining
appeared less intense than in the ependymal cells (49.9 + 11.3%, Figure 3.4, Bi — Biii
and C).

As previously mentioned, most cells outside of the central canal area that express
GCaMP6f were also PanQKI-IR, indicating an oligodendrocyte lineage. Further
analysis revealed that a small number of GCaMP6f immunopositive cells also
expressed Sox2 outside of the central canal area (1.81 + 0.64%, Figure 3.4, C),
although it was not confirmed whether these cells also expressed PanQKI. Single
cell/nucleus RNA sequencing indicates that Sox2 mRNA may be somewhat
ubiquitous in the spinal cord, with many different cell types expressing Sox2 mRNA
including sub-populations of oligodendrocytes and astrocytes (Figure 3.4, Di - Dii)
(Russ et al., 2021) , which may be responsible for the localisation pattern observed
using the Sox2 antibody and colocalisation with GCaMP6f.
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Figure 3.4: Several CSFcNs around the central canal express SOX2, although no
colocalisation can be seen in those outside the central canal area.

A. Low magnification images showing localisation of GCaMP6f (i) and Sox2 (ii) in a
thoracic section of spinal cord. GCaMP6f can be seen mostly surrounding the central canal
with some cells observed ventral to the CC. The highest levels of Sox2 localisation can be
seen surrounding the central canal, although localisation can be seen throughout the
parenchyma. Scale bar: 150 pm.

B. Higher magnification compressed z-stack images of merged (i), GCaMP6f (ii), and Sox2
(iii) localisation. Arrows indicate colocalised cells, stars indicate cells that only express
GCaMP6f. Scale bar: 50 um.
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C. Graph showing percentage colocalisation of GCaMP6f immunopositive cells that are also
Sox2-IR in CSFcNs located dorsally and ventrally within the ependymal layer, as well as
other cells outside the central canal. Statistical analysis: One-way ANOVA with Tukey’s
multiple comparison test, significance level p < 0.05 (indicated by *).

D. Expression plots of mMRNA showing expression of Sox2 in many types of cells within the
spinal cord including CSFcNs, astrocytes, oligodendrocytes, and ependymal cells (ECs).

Data obtained from repository at segseek.ninds.nih.gov/genes (Russ et al., 2021).
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3.2.2 The majority of CSFcNs express the GLP-1R

Three different mouse strains were used in this investigation to assess any potential
differences that may arise between the apparent localisation of the GLP-1R when
identified using the GLP-1R primary antibody or a transgenic mouse model where
GCaMP3 is expressed under the GLP-1R promoter. Details regarding the mouse

strains used can be found in Chapter 2: general methods (section 2.1).

Firstly, the GLP-1R antibody was investigated independently of any other antibody
using a wild type C57BL/6 mouse strain and visualised using the DAB substrate, or
enhanced using tyramide signal amplification (TSA). GLP-1R immunoreactive cells
were present in the grey matter and surrounding the central canal (Figure 3.5, Ai —
Aii), concurrent with observations from the Allen Brain Atlas and prior literature
(Merchenthaler et al., 1999; Russ et al., 2021). The cells within the central canal area
shared typical morphological characteristics with CSFcNs, having a soma outside the
ependymal layer and a bulbous apical projection into the lumen of the central canal,
and so double labelling experiments with the GLP-1R antibody were performed
using the PKD2L1-GCaMP6f transgenic mouse strain to confirm expression in this
cell type. A large degree of colocalisation between the GLP-1R immunofluorescence
and GCaMP6f was observed around the central canal (81.98 + 1.55% average across
all regions, Figure 3.5, Bi — Biii), indicating that most CSFcNs do indeed possess the
GLP-1R. Also observed were several cells that expressed GCaMP6f but not the
GLP-1R (10.08 + 1.59% average across all regions), and cells which expressed the
GLP-1R but not GCaMP6f (7.95 + 1.59% average across all regions).

As additional confirmation, double labelling experiments were also performed with
the PKD2L1 primary antibody and a GLP1R-GCaMP3 transgenic mouse strain
(Figure 3.5, Ci —iii). Comparable results were seen as with the GLP-1R antibody;
most cells within the central canal area were immunopositive for both PKD2L1 and
GCaMP3 (78.20 = 1.21% average across all regions), some cells were PKD2L1-IR
but not GCaMP3 immunopositive (11.34 + 1.18% average across all regions), and
some cells expressed GCaMP3 but not PKD2L1-IR (10.38 £+ 1.09% average across
all regions). No significant differences in percentage localisation over different
regions of the spinal cord were observed in either model (Figure 3.5, D), nor were
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any changes in localisation observed between juvenile and adult mice (data only
obtained for PKD2L1-GCaMP6f mice, data not shown).

In both models, GLP-1R localisation appeared to be particularly focused on the
endbulbs of CSFcNs (Figure 3.6), located extensively on the outer membrane and

within the cytoplasm.
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Figure 3.5: The majority of CSFcNs display immunoreactivity for the GLP-1R.

A. Representative images of GLP-1R primary antibody staining on wild-type mouse thoracic
spinal cord, (i) enhanced through DAB, (ii) enhanced with TSA. Localisation of GLP-1R-IR
can be seen around the central canal (insets) in cells with the morphology of CSFcNs, faint
immunolabelling can also be seen in cells of the grey matter and ventral median fissure.
Scale bars: main images: 100 pum, insets: 50 um.

B. Images showing immunolabelling of GLP-1R enhanced using TSA. Compressed z-stack
images of merged (i), GCaMP6f (ii), and GLP-1R antibody (iii) localisation in a PKD2L1-
GCaMP6f mouse showing high degrees of colocalisation between GCaMP6f and GLP-1R-
IR in CSFcNs. Scale bar: 50 pm.

C. Compressed z-stack images of merged (i), GCaMP3 (ii), and PKD2L1-IR (iii)
localisation in a GLP1R-GCaMP3 mouse showing prominent levels of colocalisation in
CSFcNs, as well as GLP-1R localisation in cells outside the central canal. Scale bar: 50 pm.
Arrows indicate double-labelled cells, arrowheads indicate cells only expressing GLP-1R,
stars indicate cells only expressing PKD2L1.

D. Graph showing quantification of percentage immunolabelling over the cervical, thoracic,
lumbar, and sacral regions in both PKD2L1-GCaMP6f (clear bars) and GLP1R-GCaMP3
(dotted bars) models. There were no significant differences between either model in the
percentage of cells that expressed PKD2L1, GLP-1R, or both. Neither were differences
observed across regions studied. Statistical analysis: RM two-way ANOVA with Tukey’s

multiple comparison test.

Figure 3.6: The GLP-1R is highly expressed on the endbulbs of CSFcNs.
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A. Compressed z-stack image of GCaMP6f and GLP-1R-IR within the central canal.
Higher magnification images of merged (ii), GCaMP6f (iii), and GLP-1R-IR (vi)
shows a high intensity of labelling around the endbulbs. Scale bars: (i) 50 pum, (ii) 5

um.

3.2.2.1 Many GLP-1R positive cells also express VGAT

The GABAergic nature of CSFcNs has been discussed extensively in the literature
previously (Vigh-Teichmann and Vigh, 1989; Orts-Del’immagine et al., 2012;
Fidelin et al., 2015). Previous work in the Deuchars lab has shown that VGAT is
present in all CSFcNs throughout the lifespan of the mouse (age range tested:
juvenile 18 — 42 days, adult 56 — 112 days) and across all regions of the spinal cord
(Johnson et al.,, 2023). A VGATxGCaMP6f mouse strain was used in this

investigation, for details see Chapter 2: General methods (section 2.1.3).

The relationship between GABAergic cells and expression of the GLP-1R however
is less well defined. Using the VGAT-GCaMP6f mouse model and anti-GLP1R it
was found that, around the central canal area, significantly more cells co-expressed
both GCaMP6f and the GLP-1R (83.47 + 5.74%, p < 0.05) than expressed only
GCaMP6f (12.17 £ 1.70%), whilst the remaining cells only expressed the GLP-1R
(4.37 £ 4.19%) (Figure 3.7). This is largely in agreement with the extent of
localisation of the GLP-1R on CSFcNs seen using the GLP1R-GCaMP3 mouse line
and antibody mentioned in the previous section, as would be expected. Outside of
the central canal area, most cells that expressed either GCaMP6f or the GLP-1R
were found in the grey matter, with the significant majority of the cells expressing
the GLP-1R also being GCaMP6f positive (63.37 + 2.95%, p < 0.05; Figure 3.7 B
and Cii). The remaining GLP-1R positive cells were not investigated using this

model.
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Figure 3.7: GCaMP6f under the VGAT promotor can be seen localised to most cells
that also express GLP-1R immunoreactivity.

A. Low magnification images of GCaMP6f (i) and GLP-1R (ii) in a VGAT-GCaMP6f
mouse model. Localisation of VGAT can be seen throughout the grey matter indicative of
widespread GABAergic neurons, a large amount of GLP-1R localisation can also be seen
throughout the grey matter in a similar pattern. Scale bar: 100 pm.

B. Compressed z-stack images of merged (i), GCaMP6f (ii), and GLP-1R (iii) showing

extensive colocalisation in cells with morphological characteristics of CSFcNs surrounding
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the central canal. Arrows indicate double labelled cells; stars indicate cells only expressing
GLP-1R.

C. Graph showing percentage localisation of markers within the central canal (CC).
Statistical analysis: One-way ANOVA with Tukey’s multiple comparison test, significance
level p < 0.05 (indicated by *).

D. Graph showing percentage localisation of markers outside of the central canal. Statistical

analysis: Unpaired t-test, significance level p < 0.05 (indicated by *).

3.2.2.2 GLP-1R positive CSFcNs also express proteins in the end-bulb that are

consistent with release from vesicles

SV2 is a large, transmembrane glycoprotein specific to vesicles that undergo calcium
mediated exocytosis in neural and endocrine cells (Ciruelas et al., 2019). Several
studies using SV2 knockout mice have indicated that loss of SV2 does not alter the
frequency of spontaneous neurotransmitter release independent of action-potentials,
nor does it reduce the number of vesicles synthesised or retained at presynaptic
membranes (Ciruelas et al., 2019). Instead, SV2 appears to have a role in priming
vesicles for calcium-dependent fusion and exocytosis, along with cofactor
synaptotagmin (Schivell et al., 1996; Custer et al., 2006; Chang and Stidhof, 2009).

Synaptophysin is the most abundant integral membrane protein within the
presynaptic synaptic vesicle, and has roles in formation of the synapse, synaptic
plasticity, and both exocytosis and endocytosis (Rehm et al., 1986; Janz et al., 1999;
Tarsa and Goda, 2002; Xie et al., 2017). Synaptophysin, potentially through complex
formation with synaptobrevin, is also implicated in the vesicle recycling pathway;
knockout of synaptophysin in a mouse model resulted in a significant depletion in
synaptic vesicles, as well as a slower retrieval rate of synaptic vesicles after

sustained neuronal activity (Kwon and Chapman, 2011; White and Stowell, 2021).

Double labelling experiments using anti-GLP1R, to identify CSFcNs, and either
anti-synaptophysin or anti-SV2 were performed to identify the expression of these
proteins within CSFcNs. Both SV2-IR and synaptophysin-IR were detected in
punctate structures apposed to the soma, and to a lesser extent the processes of GLP-

1R positive CSFcNs (Figure 3.8), suggesting that CSFcNs receive synaptic contacts
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onto their cell bodies and are incorporated into functional neuronal circuits. SV2 and
synaptophysin are also extensively expressed within the end bulbs indicating a

potential capability to release compounds into the CSF.

Figure 3.8: CSFcNs express SV2 and synaptophysin, particularly in the end bulbs.
A. Images of merged (i), SV2-IR (ii), and GLP-1R- IR (iii) localisation within the central

canal. Punctate SV2 staining can be observed around the soma and extensively within the
endbulbs of GLP-1R positive cells assumed to be CSFcNs. Scale bars: 50 pm.

B. Images of merged (i), synaptophysin (ii), and GLP-1R (iii) localisation within the central
canal. Punctate synaptophysin staining can be observed around the soma and extensively
within the endbulbs of GLP-1R positive cells assumed to be CSFcNs. Scale bars: 50 um. A
higher magnification image revealing low levels of synaptophysin on the cell dendrite as

well as soma (iv). Scale bars: 10 um.
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3.2.3 CSFcNs have close appositions to their somata and processes

originating from GLP-1 producing cells

As mentioned in the introduction, GLP-1 is produced by PPG neurons in the
brainstem (Merchenthaler et al., 1999; Llewellyn-Smith et al., 2011), and as such a
PPG-YFP transgenic mouse strain, where YFP is expressed under the glucagon
promoter, can be used to assess whether CSFcNs receive direct input from GLP-1
producing neurons. These PPG neurons can be found in the caudal brainstem region
arranged bilaterally in two large clusters within the nucleus of the solitary tract
(NTS) and the intermediate reticular nucleus (IRN). A small number of PPG neurons
can also be seen along the midline ventral to the central canal within the raphe
obscurus (Figure 3.9). This localisation pattern matches that seen in the literature (Jin
et al., 1988; Merchenthaler et al., 1999; Llewellyn-Smith et al., 2011, 2013), and the
presence of YFP not only in the cell bodies but also in the dendrites and axons makes

this a suitable model for use in this investigation.

PPG-YFP

obscurus

Figure 3.9: PPG-YFP transgenic mouse strain labels GLP-1 neurons in the caudal
brainstem.

Numerous perikarya and projections can be observed within the nucleus of the solitary tract
(NTS), intermediate reticular nucleus (IRN) and the raphe obscurus. Projections can also be

observed both bilateral and ventral to the central canal (CC). Scale bar: 500 pm.
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To assess the extent of innervation from GLP-1 neurons within the spinal cord,
double labelling experiments were performed with anti-PKD2L1 and anti-GFP to
visualise PPG-YFP. Examination of sections from all regions in the spinal cord
revealed that every region had some extent of innervation from PPG-YFP fibres, but
the thoracic region contained substantially more fibres than any other region (Figure
3.10, Figure 3.11)

Quantification of the appositions from GLP-1 neurons onto CSFcN cell bodies
indicated that individual cell innervation was also region dependent. Appositions
onto cell bodies were significantly higher in the thoracic region (3.51 + 1.23
appositions per CSFcN), when compared with cervical (p = 0.001, 0.06 = 0.09
appositions per CSFcN), lumbar (p = 0.001, 0.67 + 0.42 appositions per CSFcN), or
sacral (p = 0.001, 0.63 + 0.55 appositions per CSFcN) regions. The majority of
CSFcNs within the cervical, lumbar, and sacral regions did not receive any
appositions, and no CSFcNs at any region received more than 9 close appositions
(Figure 3.10, Figure 3.11).

Comparable results were found when quantifying close appositions onto the first 10
pm of processes coming from CSFcNs, with PKD2L1 positive processes in the
thoracic (4.51 £ 1.25 appositions per CSFcN process) region receiving significantly
more appositions from GLP-1 neurons than those in cervical (p = 0.001, 0.63 £ 0.32
appositions per CSFcN process), lumbar (p = 0.001, 0.53 + 0.26 appositions per
CSFcN process), or sacral (p = 0.001, 0.43 + 0.19 appositions per CSFcN process)
regions. Again, the majority of CSFcNs received no appositions to their processes
from GLP-1 neurons within the cervical, lumbar, and sacral regions, and no
processes at any region received more than 12 close appositions at any region
(Figure 3 10, Figure 3 11). The occasional processes from a GLP-1 neuron could be
observed forming close appositions on processes from more than one CSFcN,

indicating a potential link between these cells (Figure 3 10, Al).

94



Cervical

Q

Thoraci

Lumbar

Sacral

Figure 3.10: The thoracic region of the spinal cord contains substantially more PPG
axons than other regions.

Compressed z-stack representative images of merged (i), PPG-YFP (ii), and PKD2L1 (iii)
immunofluorescence in cervical (A), thoracic (B), lumbar (C), and sacral (D) spinal cord.
PPG-YFP axons reach all regions of the spinal cord with the highest extent of innervation by
PPG-YFP fibres appearing to be in the thoracic region, where they form many close

appositions with PKD2L1 positive CSFcNs. Scale bars: 50 pm.
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Figure 3.11: CSFcNs in the thoracic region receive significantly more appositions to
their processes and cell bodies from GLP-1 neurons.

A. Compressed z-stack representative images of PPG-YFP appositions within the thoracic
central canal region (i), and high magnification images of merged (ii), YFP (iii), and
PKD2L1 (iv) showing extensive appositions onto both CSFcN perikarya and processes.
Scale bars: (i) 50 pm, (ii) 10 um.

B. Graphs of quantification of PPG-YFP appositions on CSFcN perikarya (i) and the first
10pum of PKD2L1 positive processes (ii). A significantly higher number of appositions can
be seen in the thoracic regions of both instances. Statistical analysis: One-way ANOVA with

Tukey’s multiple comparison test, significance level p < 0.05 (indicated by *).
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3.3 DISCUSSION

Within this chapter three main topics are addressed: the use of PKD2L1-dependant
expression of GCaMP6f as a proxy-marker for CSFcNs, the presence of GLP-1Rs on
CSFcNs within the central canal of the spinal cord, and the presence of GLP-1

positive appositions on CSFcN soma and projections.

Firstly, double labelling experiments using anti-PKD2L1 and anti-GFP to identify
GCaMP6f expressing cells were conducted, and colocalisation analysis revealed
almost 100% colocalisation between PKD2L1 and GCaMP6f. CSFcNs were
primarily located around the central canal area, with a small number of PKD2L1
positive cells located between the CC and the ventral fissure area as previously noted
in the literature (Jur¢i¢ et al., 2021). Further investigation of GCaMP6f expression
revealed the presence of glial cells outside the central canal area, which did not
express PKD2L1 but expressed PanQKI, an oligodendrocyte marker.

Furthermore, several GCaMP6f positive CSFcNs around the central canal displayed
faint immunoreactivity for Sox2, and a small number of GCaMP6f positive cells
outside of the central canal also colocalised with Sox2, but these were not confirmed
to be CSFcNs or PanQKI positive cells. Single cell/nucleus RNA sequencing
revealed the presence of PKD2L1 mRNA in two subpopulations of
oligodendrocytes, and Sox2 mRNA in many different cell types, including CSFcNs,
sub-populations of oligodendrocytes, and astrocytes (Lein et al., 2007; Russ et al.,
2021).

Next, the study aimed to investigate the expression of the GLP-1R protein in
different mouse strains using GLP-1R primary antibody on wild type or PKD2L1-
GCaMP6f mouse tissue, and a transgenic mouse model expressing GCaMP3 under
the GLP-1R promoter. Results showed that GLP-1R positive cells were present
predominantly within the grey matter and surrounding the central canal.
Approximately 80% of GLP-1R immunopositive cells around the central canal also
expressed PKD2L1, identifying them as CSFcNs, and interestingly a small
population of CSFcNs could not be identified as being immunoreactive for the GLP-
1R. No significant differences were observed in percentage localisation when using
different mouse models, between juvenile and adult mice, or between different

regions of the spinal cord.
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Additionally, within the VGAT-GCaMP6f transgenic mouse model there was
approximately 63% colocalisation between cells within the spinal cord that were
immunopositive for GCaMP6f and GLP-1R, indicating that a large percentage of
cells possessing the GLP-1R are GABAergic. CSFcNs that were immunopositive for
GLP-1R were also found to be immunoreactive for VGAT, SV2, and synaptophysin,
indicting a potential role in releasing compounds into the CSF and integration into

the circuitry of the spinal cord.

Lastly, this study investigated the extent of innervation of CSFcNs by GLP-1
producing neurons using a PPG-YFP transgenic mouse model. The PPG neurons
were found bilaterally in the nucleus of the solitary tract and the intermediate
reticular nucleus in the caudal brainstem, with a small number in the raphe obscurus,
consistent with previous studies (Hisadome et al., 2010; Llewellyn-Smith et al.,
2011; Trapp and Cork, 2015). The study found that every region of the spinal cord
had some extent of innervation from PPG-YFP fibres, with the thoracic region
containing substantially more fibres than any other region. The innervation of
individual CSFcNs was region-dependent, with the thoracic region having
significantly higher numbers of appositions from GLP-1 neurons onto both their
soma and projections, compared to the cervical, lumbar, and sacral regions. The
majority of CSFcNs in the cervical, lumbar, and sacral regions did not receive any
appositions from GLP-1 neurons, however the occasional processes from a GLP-1
neuron could be observed forming close appositions on processes from more than
one CSFcN.

3.3.1 PKD2L1-GCaMP6f as a suitable model for use in calcium imaging

experiments

Research in this chapter has determined that all CSFcNs that can be identified
through the PKD2L1 primary antibody are also identified through the enhancement
of GCaMP6f in the transgenic mouse model, thus determining that this model is
indeed suitable for use for the immunohistochemical identification of CSFcNs and in
calcium imaging experiments in the following chapter. With regard to the small
number of PanQKI positive oligodendrocytes that also express GCaMP6f in the grey
matter, as these cells predominantly exist outside of the central canal, and do not
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display spontaneous calcium activity, it is unlikely that they will interfere with these

experiments.

3.3.1.1 Localisation of PKD2L1 in a subset of oligodendrocytes

Within the PKD2L1-GCaMP6f mouse model, a small number of GCaMPf labelled
cells could be observed outside of the central canal where they were seen to
colocalise with the oligodendrocyte marker, PanQKI. It could be possible that the
localisation of PKD2L1 in oligodendrocytes is an artifact of the mouse model used;
the model used here was a gift from Sue Kinnamon, University of Colorado, and is
originally described in a paper by Ye, et al. This model has since then been used to
characterise CSFcNs in several studies, none of which noted localisation of PKD2L1
in any other cells within the spinal cord (Gerstmann et al., 2022; Riondel et al.,
2022).

The model used in this experiment has a different origin than that used by Nakamura
et al, who also noticed similar localisation patterns in oligodendrocytes when
PKD2L1-cre was crossed with a CAG-lox-CAT-lox-EGFP reporter line (Nakamura
et al., 2022), validating the results in this chapter. However, further complicating this
discussion is that other studies using the same mouse line as Nakamura et al did not
report any expression outside of CSFcNs (Huang et al., 2006; Orts-Del’immagine et
al., 2012; Orts-Del’Immagine et al., 2014, 2016; Jurc¢i¢ et al., 2021).

It is more likely that this is a case of genuine expression of PKD2L1 in a subset of
oligodendrocytes, perhaps due to a shared neural progenitor as it is known that a
subtype of CSFcNs originate from the same temporal and spatial location as
oligodendrocytes early in development (Djenoune et al., 2014; Petracca et al., 2016).
This may be in line with mRNA expression data from Russ et al, and also in-situ
hybridisation (ISH) studies from Allen brain atlas, which confirms the presence of
PKD2L1 mRNA in some oligodendrocytes (Lein et al., 2007; Russ et al., 2021). This

indicates that it is unlikely to be an artifact of the mouse model.
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3.3.1.2 Localisation of Sox2 in a subset of CSFcNs; are they quiescent stem cells?

The localisation of Sox2, a transcription factor commonly used as a marker for
neural stem cells (Ellis et al., 2004), in approximately half of CSFcNs investigated in
this study raises the question of whether some CSFcNs have quiescent neural stem

cell (NSC) properties.

Petracca et al found Sox2 expression in CSFcNs in postnatal (PO) mice through
colocalisation of the antibody and PKD2L1 (Petracca et al., 2016), and a study by
Wang et al has identified Sox2 in cultures of PKD2L1 positive cells in vitro (S.
Wang et al., 2021). In the latter study, PKD2L1 positive cells were sorted by
fluorescence activated cell sorting (FACS) and cultured in a medium enriched with
fibroblast and epidermal growth factors. The resulting neurospheres were found to
express Sox2, Nestin, GFAP, and proliferative marker Ki67, and displayed the ability
to differentiate into neurons, astrocytes, and oligodendrocytes (S. Wang et al.,
2021).While it is possible that this could be due to CSFcNs possessing latent stem
cell like properties, it is also possible that cell sorting was not entirely accurate and
some contamination from other cells within the ependymal layer occurred. While it
Is possible that CSFcNs may revert to an earlier stage of development, potentially
one with NSC-like properties, when stimulated by the appropriate growth factors in
vitro, it is extremely unlikely that this would occur in vivo in a mammalian model.
CSFcNs are not known to express Nestin or GFAP mRNA in vivo (Rosenberg et al.,
2018; Russ et al., 2021), nor have they been found to proliferate postnatally
(Marichal et al., 2009; Corns et al., 2015).

A recent, comprehensive review by Mercurio et al proposes that not all Sox2
expression is solely related to possession of NSC properties in differentiated neurons
and glial cells (Mercurio et al., 2019b). While CSFcNs are not mentioned within this
review it may still give some insight about the potential non-NSC function of this
factor in CSFcNs; studies using Sox2 knock-out mice have shown that Bergmann
glia cells in the cerebellum and Muller glia cells in the retina do not form in a
typically linear ordered array, but instead are displaced from their typical locations in
a disordered fashion indicating that Sox2 may have an effect on cell migration and
spatial positioning (Bachleda et al., 2016; Cerrato et al., 2018). Sox2 also appears to
be implicated in the correct development and organisation of neuronal projections;
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deletion of Sox2 in post-mitotic neurons from three different thalamic nuclei shows
that neuronal projections from these area to their target areas in the visual or auditory
cortex are reduced, absent, or entirely disorganized occasionally being misrouted to
incorrect areas (Mercurio et al., 2019a). It is entirely possible that Sox2 localisation
within postnatal CSFcNs is related to the establishment of correct spatial positioning
around the central canal, and the integration of their processes into neural networks

instead of being a marker for potential stem cell activity.

3.3.2 CSFcNs and the GLP-1 system in the spinal cord

As discussed in the introduction (section 1.3.3) the specific cell types that express
the GLP-1R in the spinal cord has been debated, with astrocytes, microglia, and
some types of neurons discussed as likely candidates (Gong et al., 2014; Llewellyn-
Smith et al., 2015; C.-H. Lee et al., 2018; Rosenberg et al., 2018). The data in this
study demonstrates that approximately 80% of CSFcNs possess the GLP-1R,
regardless of method used to investigate, which is particularly highly expressed in
the endbulbs contacting the CSF. This finding is in agreement with the literature
observing GLP-1R mRNA in cells surrounding the central canal (Merchenthaler et
al., 1999; Lein et al., 2007; Russ et al., 2021). This investigation also confirms the
innervation of the spinal cord by PPG neurons (Llewellyn-Smith et al., 2015), and
found that is significantly higher in thoracic regions compared with cervical, lumbar,
and sacral regions. Direct apposition of PPG-YFP fibres onto CSFcN soma and
processes is also highest in thoracic regions, with limited appositions being seen in
other regions.

3.3.2.1 CSFcNs may be capable of sensing and responding to GLP-1 in the CSF

Throughout all regions of the spinal cord, the extent of colocalisation of GLP-1R and
PKD2L1 remains consistent. Immunolabeling can be observed most intensely on the
cell bodies and on the endbulbs within the central canal lumen. Rather unexpectedly,
appositions from GLP-1 producing neurons were found to be highly region-
dependent with a significantly higher extent of innervation being observed within the
thoracic region compared with limited innervation in other regions. This potentially
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indicates a functional diversity in the roles of GLP-1R positive CSFcNs within
different regions of the spinal cord. CSFcNs in the thoracic region may be more
extensively integrated into circuitry within the spinal cord, responding to GLP-1
release onto their soma, whereas CSFcNs in cervical, lumbar, and sacral regions may

have a more prominent role in sensing GLP-1 levels within the CSF.

Cells that express the GLP-1R but do not receive close appositions from PPG
neurons are known in the central nervous system; neurons in the ventral hippocampal
formation (HPFv), an area associated with learning and memory and implicated in
control of food intake regulation, being one example (Cork et al., 2015; Hsu et al.,
2015; Jensen et al., 2018). A study by Hsu et al found that GLP-1R positive neurons
in the adult rat HPFv responded to direct ICV infusion of GLP-1R agonist exendin-4
by reducing food intake, whereas blocking HPFv GLP-1Rs increased food intake
indicating that the receptors are functional (Hsu et al., 2015). Immunohistochemical
investigation into endogenous sources of the GLP-1 ligand revealed no GLP-1
positive axons within the HPFv, in agreement with past reports (Jin et al., 1988;
Llewellyn-Smith et al., 2011).

However, Hsu et al did find GLP-1 positive axons contacting ependyma at various
rostrally located ventricular sites such as the third ventricle, lateral ventricle, and the
subfornical organ. Injection of the retrograde tracer Fluorogold into the lateral
ventricle resulted in expression of Fluorogold within approximately a third of NTS
GLP-1 neurons, confirming that they have access to the CSF and therefore could
potentially release GLP-1 into the CSF to act on HPFv neurons (Hsu et al., 2015).
The presence of active GLP-1 was also found in the serum and CSF of fasted rats, in
agreement with a previous study (Heile et al., 2009), further indicating that this may
be a mechanism underlying the presence of GLP-1 in the CSF (Hsu et al., 2015).
This contributes evidence that cells exist which may respond to non-synaptic
transmission of GLP-1 through close proximity to the CSF, as well as evidence that
active GLP-1 circulates in the CSF, a mechanism which may similarly be exploited
by CSFcNSs.

The presence of active GLP-1 in the spinal cord is further confirmed through an
experiment by Holt et al where selective bilateral ablation of NTS PPG neurons
through use of a cre dependent diphtheria toxin subunit A (DTA) dramatically
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reduced the total amount of GLP-1 present in the spinal cord compared with
injection with a control virus (Holt et al., 2019). As whole spinal cords were
homogenised for use during this study it is difficult to say exactly which region of
cord contained the most GLP-1, or indeed if the main source was from direct PPG
innervation or from the CSF, however when measured against blood, GLP-1 levels in
the spinal cord were approximately 30 times higher indicating that blood within the

samples was not the main source of GLP-1 (Holt et al., 2019).

How CSFcNs respond to stimulation by GLP-1 is currently unknown but will be
discussed in detail in the following chapter. However, given that the majority of
GLP-1R positive cells surrounding the central canal also express VGAT it is
reasonable to speculate that activation of CSFcNs may induce release of GABA into
the circulating CSF where it may act upon fellow CSFcNs, or neighbouring
ependymal cells (Orts-Del’immagine et al., 2012; Corns et al., 2013). CSFcNs have
long been proposed to release compounds into the CSF due to the presence of
numerous small synaptic vesicles and large granular vesicles on their end bulbs
(Vigh et al., 1977; Vigh et al., 2004; Djenoune et al., 2017). The research performed
in this chapter confirms the presence of synaptic proteins SV2 and synaptophysin
within the endbulbs, localisation which is consistent with literature (Conte et al.,
2008; Jay and McDearmid, 2015; Wu et al., 2021). The presence of proteins that are
involved in the calcium evoked release of vesicles, as well as the uptake of peptides
or neuromodulators, further implicates CSFcNs as cells that sense and modulate CSF
composition (Agduhr, 1922; Kolmer, 1931; Vigh et al., 2004).

3.3.2.2 An increase in innervation by PPG neurons at thoracic level may be part of a

feedback loop involving CSFcNs and sympathetic preganglionic neurons

It has been shown in this investigation that the thoracic area of the spinal cord
receives a significantly higher degree of innervation from brainstem PPG-YFP axons
than other regions, both throughout the sections and through increased close
appositions with CSFcNs. Injection of a retrograde fluorogold tracer into the T9
section of a PPG-YFP mouse spinal cord revealed that approximately half of the
PPG neurons situated within the NTS and IRT extended axons to the lower thoracic

region, although it is not specified whether these innervate cholinergic neurons,
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CSFcNs, or both (Llewellyn-Smith et al., 2015). There was a high degree of direct
innervation to ChAT positive neurons in the intermediolateral cell column (IML) and
the central autonomic area (CAA) of lamina X, with lesser innervation being
observed in the intercalated nucleus (IC) and a small number of motor neurons in the
ventral horn, a finding replicated by work performed in the Deuchars lab (Llewellyn-
Smith et al., 2015; Katherine Mortimer: Deuchars lab unpublished MRes thesis,
2022). Additionally several YFP positive cell bodies were found within the
lumbosacral region, where these cells project to was not fully characterised but no
spinal YFP containing neurons were observed to project rostrally to the brain nor
leave the spinal cord, indicating possible involvement in spinal GLP-1 signalling
(Llewellyn-Smith et al., 2015).

Several studies have shown that application of GLP-1R agonists both centrally and
systemically increase heart rate (Yamamoto et al., 2002; Griffioen et al., 2011;
Robinson et al., 2013; Jessen et al., 2017), a study by Holt et al shows that
application of exendin-4 directly to the thoracic spinal cord increases heart rate
mediated by spinal GLP-1Rs, thought to be those specifically on sympathetic
preganglionic neurons (SPNs) as this effect was ameliorated through cotreatment
with beta-1 receptor antagonist atenolol (Holt et al., 2020). This pathway could help
to explain the significantly higher levels of apposition by PPG-YFP axons that are
seen in the thoracic sections of spinal cord in this study, particularly those forming
close appositions with SPNs (Llewellyn-Smith et al., 2015; Katherine Mortimer:
Deuchars lab unpublished MRes thesis 2022). However, this does not necessarily
explain the increase in close appositions from PPG neurons onto CSFcNs in the

thoracic region compared with others.

It could be that CSFcNs form an inhibitory feedback system with ChAT positive
neurons to regulate SPN activity. Although SPNs are only known to project out of
the spinal cord towards the sympathetic ganglia, functional cholinergic inputs to
spinal CSFcNs have been well established through immunohistochemistry using
ChAT and PKD2L1 primary antibodies in rat (Corns et al., 2015), and mouse (Orts-
Del’immagine et al., 2012), and CSFcNs are known to depolarise in response to
acetylcholine (Corns et al., 2015). The connectivity between cholinergic neurons and
CSFcNs is further demonstrated by a study using a ChAT-EGFP mouse model and
AAV labelled CSFcNs which found that ChAT positive cells and neurites located
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around the CC and midline received frequent appositions from inhibitory CSFcN
fibres, and intermingled with subependymal CSFcN fibre bundles, indicating that
these cells may be part of a circuit (Nakamura et al., 2023).

With these points considered, it may be theoretically possible that SPNs increase
heart rate by responding to GLP-1 released by PPG neurons (Yamamoto et al., 2002;
Holt et al., 2020), CSFcNs may also receive increased GLP-1 input either from
appositions from PPG neurons, or through sensing an increase in CSF GLP-1 which
results in stimulation of these neurons and a release of inhibitory neurotransmitters
from CSFcNs onto SPNs which may reduce SPN activity (Barber et al., 1982;
Nakamura et al., 2023). This theory would require further work to determine whether
these cells form a feedback loop that is integrated into the GLP-1 network in the

spinal cord.

3.3.2.3 Potential CSFcN involvement in brainstem GLP-1 pathways

The precise details of how CSFcNs fit into the GLP-1 system remain unclear, and
much further work is needed to assess the full extent of the overlap between these
networks of cells. However, some hypotheses can perhaps be drawn due to the

similarities in brainstem locations of these two cell populations.

CSFcNs have previously been identified around the central canal within the dorsal
vagal complex of the caudal brainstem (Orts-Del’immagine et al., 2012), an area
encompassing the dorsal motor nucleus of the vagus nerve (DMX), the nucleus of
the solitary tract (NTS), and the area postrema (AP), which forms the main
integrative centre of the mammalian autonomic nervous system (Bauer et al., 2005;
Ludwig et al., 2021). Although projections from CSFcNs within this area have been
difficult to identify, due to the lack of PKD2L1 in CSFcNs axons (Orts-
Del’Immagine et al., 2014), preliminary evidence from a study within the Deuchars
lab using a PKD2L1-GCaMP6f transgenic mouse model where the GCaMP6f was
enhanced using the tyramide signal amplification (TSA) method to enhance weak
labelling of GCaMP6f positive fibres presumed to be from CSFcNs may give some
indications. It was found that GCaMPG6f positive fibres project laterally towards the
dorsal motor nucleus of the vagus nerve (DMX), NTS, and ventrally towards the

midline and hypoglossal nucleus (XII). DAB enhancement of PKD2L1 labelling
105



similarly revealed the presence of PKD2L1 positive fibres along the ventral midline,
and interestingly both soma and fibres within the DMX (Charlotte Marx-Carr,
unpublished Masters by Research thesis, 2021).

The presence of PPG neurons and projections within the NTS, laterally to the CC
from the NTS, and along the ventral midline to the raphe obscurus very closely
overlaps with these observed projections from CSFcNs. This could indicate a
potential relationship whereby both types of cells sense and respond to information
involved in autonomic nervous system function and are perhaps involved in the
regulation of homeostasis by integrating signals from the CSF with those from other
circuits (Hisadome et al., 2010; Orts-Del’immagine et al., 2012)

3.3.3 Conclusion

In this chapter, the cell types expressing GCaMP6f in the PKD2L1-GCaMP6f
transgenic mouse model have been successfully identified. The almost 100%
colocalisation of GCaMP6f in CSFcNs around the central canal area validates the
suitability of this model for use within the next chapter of this thesis, which focuses

on investigating the effects of GLP-1R agonists on calcium events within CSFcNs.

It has also been shown that the majority of CSFcNs express the GLP-1 receptor, and
a substantial percentage of these cells within the thoracic region receive direct
appositions from GLP-1 neurons. The localisation of GLP-1Rs on the end bulbs of
CSFcNs, as well as on their somata, indicates a potential for CSFcNs to sense GLP-1
within the CSF or extracellular fluid. In addition, the presence of appositions from
GLP-1 neurons implies a likelihood that CSFcNs are integrated into the wider GLP-
1 network in the spinal cord, and potentially within the brainstem.

This research contributes new insights into the GLP-1 system within the spinal cord,
and is the first evidence of the potential contributions of CSFcNs within this
network. In the next chapter, the functionality of these receptors will be investigated

using calcium imaging in acute spinal cord slices.
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Chapter 4 — Modulation of CSFcN Ca?* spiking activity by
GLP-1R agonists
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4.1 INTRODUCTION

The research presented within this chapter investigates the impact of GLP-1R
modulation on the Ca?* spiking activity of CSFcNs. Initially, the study characterised
the spontaneous Ca?* spiking of CSFcNs and their response to application of
common agonists such as acetylcholine and GABA. Subsequently, the responses of
CSFcNs to a series of concentrations of liraglutide, a GLP-1R agonist, was
determined. Finally, co-application experiments using liraglutide with the GLP-1R
antagonist exendin-(9-39) were conducted to demonstrate that the observed effects
are indeed mediated by the GLP-1R.

This research contributes unique information regarding the responsiveness of
CSFcNs to modulation of the GLP-1R, information which has not been previously

established in the literature.

4.1.1 How do GLP-1R agonists affect neuronal activity in the CNS?

In chapter 1: general introduction (section 1.3.5), the effects of, and mechanisms
behind, GLP-1R stimulation of exocytosis were introduced, however, this did not
fully cover the complexity of responses observed in electrophysiological and calcium
imaging studies using GLP-1R agonists. Cells expressing the GLP-1R are found in
many areas of the brain, and stimulation of these receptors leads to a diverse set of
responses depending on the cell, their inherent neurochemical and membrane

properties, and the other neurotransmitters influencing them (Chen et al., 2021).

The effects of GLP-1R stimulation on neuronal activity have largely focused on
areas of the brain that are related to feeding (Mietlicki-Baase et al., 2013; Reiner et
al., 2016; Trapp and Brierley, 2022), and the results of many of these studies are
summarised in Table 4.1. Largely, it can be agreed that application of GLP-1, or
analogues, to the majority of GLP-1R expressing neurons in various regions of the
brain results in depolarisation of the membrane potential and an increase in the
spontaneous firing rate of the neuron. In a smaller number of neurons, GLP-1R
stimulation elicits a hyperpolarisation, reducing the firing frequency of the neuron.

In several cases, this heterogeneity in response is due to indirect network effects,
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such as synaptic input from GABAergic or glutamatergic neurons that also express
the GLP-1R (Oka et al., 1999; Acuna-Goycolea and van den Pol, 2004; Mietlicki-
Baase et al., 2014; Secher et al., 2014; Williams et al., 2018; He et al., 2019). Various
ion channels, such as non-selective cation channels (Acuna-Goycolea and van den
Pol, 2004; Cork et al., 2015), voltage dependent K+ channels (Thiebaud et al., 2016;
Schwartz et al., 2021), and TRPC5 channels (He et al., 2019), are likely involved in
the mediation of depolarising or hyperpolarising responses to GLP-1R stimulation.
The ability of GLP-1R agonists to exert both pre-and post-synaptic effects on a
neuron existing within a network further adds to the complexity of the situation
(Acuna-Goycolea and van den Pol, 2004; Mietlicki-Baase et al., 2014; Farkas et al.,
2021).
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Table 4.1: Stimulation of the GLP-1R modulates electrophysiological properties within several brain areas.

Note: all drugs are bath applied unless otherwise specified.

Brain L I GLP-1R
) Neurons Electrophysiological effects of GLP-1R activation ) Conc. Reference
region agonist
) (Hisadome et al., 2010;
) o ] o Exendin-4, )
MNTS PPG No change in spontaneous activity or synaptic transmission GLP1 100 nM Alhadeff and  Grill,
2014)
Depolarisation and increase in spontaneous firing rate, increase of | )
POMC/CART Liraglutide, 1.5mM (Secher et al., 2014; He
EPSCs frequency
i _ i __ GLP-1 100 nM et al., 2019)
ARC NPy/AgRP Indirect hyperpolarisation via GABAa mediated neurotransmission
Kisspeptin . : L . . .
) Depolarisation and increase in firing rate in 60% of cells Liraglutide 300 nM (Heppner et al., 2017)
expressing
Depolarisation and increase in firing rate via postsynaptic non-
LH Orexinergic specific cation channels. Presynaptic enhancement of glutamatergic | Exendin-4 1 uM
and GABAergic neurotransmission.
Dose-dependent depolarisation and increase in spike frequency — (Acuna-Goycolea and
Hypocretin blocked by antagonist. GLP-1 01 1 and van den Pol, 2004)
1,1, an
BUN Enhanced frequency of mEPSCs and sEPSCs, no effect on amplitude | Exendin-4 10 uM
- - . n
Paraventricular | Heterogenous response, most neurons increased frequency, small | Exendin-(9-39)
hypothalamic number decreased — decrease blocked by synaptic antagonists
neurons Depolarisation and decrease in membrane resistance GLP-1 100 nM (Cork et al., 2015)
) - Heterogenous, not subtype dependent; 42% depolarised, increasing (Cork et al., 2015;
BNST Unidentified GLP-1 100 nM

firing; 68% hyperpolarised, decreasing firing.

Williams et al., 2018)
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Heterogenous, depolarisation in  four of five neurons,
o GLP-1 100 nM (Cork et al., 2015)
) hyperpolarisation in one.
HC Pyramidal ___
Increase in firing rate followed by decrease — blocked by the EAA | GLP-1 (puff) 1 uM (Oka et al., 1999; Gullo
antagonist CNQX and GLP-1R antagonist Exendin-(9-39) | 100nM etal., 2017)
(Mietlicki-Baase et al.,
VTA Dopaminergic | Increase in SEPSC, decrease in amplitude of mEPSCs Exendin-4 1 uM 2013; Wang et al.,
2015)
PVT-to-NACc Hyperpolarisation and suppression of spontaneous firing, blocked by | Exendin-4 10 nM
PVT o ] ) (Ong et al., 2017)
projecting antagonist Exendin-(9-39) | 100 nM
) - Substantial increase in firing rate — antagonist did not affect basal | Exendin-4 1 uM )
PBN Unidentified o ) (Richard et al., 2014)
firing rate but attenuated ex-4 response Exendin-(9-39) | 1 uM
Increase in frequency of mEPSCs through presynaptic AMPA/kainite ) (Mietlicki-Baase et al.,
NAC MSNs ) ] ] ) Exendin-4 1 uM
signalling, no direct action. 2014)
Concentration-dependent increase in firing ~65% cells, shortened ]
) ) o o GLP-1 100 nM | (Thiebaud et al., 2016;
OB MCs interburst interval, decreased excitation threshold through inhibition )
Exendin-4 and 1 uM | Schwartz et al., 2021)

of voltage dependent K+ channels

Abbreviations used: ARC, arcuate nucleus; BNST, bed nucleus of the stria terminalis; CRH, corticotropin-releasing hormone; EPSCs, excitatory postsynaptic

currents; HC, hippocampus; LH, lateral hypothalamus; MCs, mitral cells; mEPSCs, miniature excitatory postsynaptic currents; mNTS, medial subnucleus of

the nucleus tractus solitaries; MSNs, medium spiny neurons; N/A, not applicable; NAc, nucleus accumbens; NPY/AgRP, Neuropeptide Y/Agouti gene related

peptide; OB, olfactory bulb; PBN, parabrachial nucleus; POMC, proopiomelanocortin; PVN, paraventricular nucleus; PVT, paraventricular thalamic

nucleus; VTA, ventral tegmental area; EAA, excitatory amino acid.
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4.1.2 Detecting neuronal activity through Ca?* imaging studies

The relationship between intracellular Ca?* levels and neuronal activity, such as action
potentials and synaptic transmission, has established dynamic changes in intracellular Ca?*
concentration as a proxy for neuronal activity (Inoue, 2021). Neurons typically maintain low
levels of intracellular calcium, however, when stimulated, calcium influx can occur through
various channels, including voltage-gated and ligand-gated calcium channels. This increase in
Ca?* concentration can trigger downstream signalling events, including activation of calcium-
binding proteins like calmodulin, activation of calcium-dependent enzymes like
calcium/calmodulin-dependent protein kinases (CaMKs), and modulation of ion channels and
neurotransmitter release (Clapham, 2007). Measuring changes in intracellular Ca?*
concentration is possible through the use of calcium-sensitive fluorescent indicators, which
selectively bind to calcium ions and alter their fluorescence intensity in response to changes
in Ca?* concentration (Chen et al., 2013).

In this chapter, the PKD2L1-GCaMP6f mouse line will be used to visualise CSFcNs, having
been established as a reliable and specific identifier for these cells in the previous chapter.
GCaMP6f, a genetically encoded calcium indicator, was chosen due to its improved
sensitivity to small fluctuations in calcium activity, increased photostability, and enhanced
signal-to-noise ratio allowing for more precise detection of Ca?* spiking compared with other
GCaMP variants (Chen et al., 2013). The fast response dynamics of GCaMP6f enables
detection of rapid changes in Ca?" activity making it ideal for studying quick neuronal
processes. Further details of this model can be found in Chapter 2: general methods (section
2.1.2) and Chapter 3: Introduction (section 3.1.1).
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4.1.3 Hypothesis and aims

In the previous chapter it was established that a substantial number of CSFcNs express the
GLP-1 receptor, and many CSFcNs within the thoracic region receive appositions from GLP-
1 producing neurons. Therefore, it is hypothesised that CSFcNs respond to GLP-1R agonists

through changes in intracellular Ca* concentration.
The aims of this chapter are to:

- Characterise the spontaneous Ca?* activity profile of CSFcNs and investigate

whether application of specific agonists elicits changes in Ca®* spiking activity.

- Investigate the effects of bath application of GLP-1 and increasing concentrations of

liraglutide on the intracellular Ca?* dynamics of CSFCNSs.

- Examine the effects of liraglutide on CSFcNs after incubation with the GLP-1R
antagonist.
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4.2 RESULTS

4.2.1 CSFcNs exhibit spontaneous Ca?* spiking activity in acute slices, and alter

this activity in response to application of agonists

4.2.1.1 Spontaneous Ca?* spiking in CSFcNs is not influenced by the age of the animal

Firstly, in order to determine whether Ca?* spiking in CSFcNs could be reliably observed and
to understand the baseline activity of these cells, the cells were imaged, and spontaneous Ca?*
spiking activity was characterised. Techniques used in this research are similar to those
employed by Johnson et al, which confirms that these spikes are mediated by changes in
intracellular Ca?* (Johnson et al., 2023).

Spikes were detected using their first derivative, above a specified baseline, which enables
the separation of added spikes (Figure 4.1, C). Spontaneous Ca®* spiking was observed in a
number of CSFcNs, the characteristics of which varied between individual CSFcNs with
most displaying a variety of high and low amplitude spikes (Figure 4.1, Bi - Biv). The
median frequency of Ca?* spiking observed across all CSFcNs was 0.154 + 0.090 Hz (Figure
4.1, Ei), with a median spike amplitude of 0.675 = 0.576 AF/F (1774 events, n = 120 cells, N
=19 animals, Figure 4.1, Eii). These results are similar to those seen in previous work using
the VGATxGCaMP6f mouse line (Johnson et al., 2023), and recorded within zebrafish
CSFcNs (Sternberg et al., 2018).

The research within this chapter, and within the wider thesis, uses animals across a range of
ages and therefore it is important to investigate whether the properties of CSFcNs change
along with the age of the animal. The age of the animal that slices were taken from did not
significantly affect the median amplitude or frequency of Ca?' spiking observed within
CSFcNs. CSFcNs recorded from slices obtained from juvenile mice (less than 6 weeks old at
time of experiment) had a median spike rate of 0.162 + 0.093 Hz, with a median spike
amplitude of 0.681 + 0.549 AF/F (Figure 4.1, Ei and Eii). Spikes recorded from CSFcNs
within slices obtained from adult animals (more than 6 weeks old at time of experiment) had
a similar median spike amplitude of 0.655 + 0.658 AF/F, with a median spike rate of 0.132 +
0.085 Hz (Figure 4.1, Ei and Eii). The frequency of spike rate per CSFcN in older animals
appeared to be lower than that of the juvenile animals, but this was not statistically
significant. Furthermore, when the median amplitudes and frequency of Ca?* spiking within
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individual CSFcNs were plotted against each other it was found that there was a very weak
negative linear correlation between the two variables that did not differ between the ages of
the animals but was significant for juvenile animals (Figure 4.1, F, <6 weeks: r = -0.2898, p =
0.006, 6+ weeks: r =-0.2812, p = 0.132).
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Figure 4.1: CSFcNs exhibit spontaneous Ca?* spiking activity which is not significantly affected

b

y the age of the animal.

A. Representative image of recorded CSFcNs, with (B) corresponding traces from each CSFcN.
C. Spikes were detected on the differentiated trace with an automatically detected threshold (i), red

arrows indicate individual amplitude measurements (ii — iii).
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D. Histogram of individual calcium event amplitudes from 1774 events over 120 CSFcNs (N = 19).
Median amplitude was 0.675 + 0.576 AF/F, Shapiro-Wilk normality test p < 0.001, indicating
amplitudes are not normally distributed.

Ei. Median amplitude across 90 CSFcNs (N = 13) from juvenile mice aged 6 weeks or less was 0.681
+ 0.549 AF/F (median + IQR), median amplitude across 30 CSFcNs (N = 6) from adult mice aged 6+
weeks was 0.655 + 0.658 AF/F (median + IQR). No significant difference between groups, two-tailed
t-test. Shapiro-Wilk normality test p < 0.001, indicating amplitudes are not normally distributed for
either group. Eii. Median frequency across 90 CSFcNs (N = 13) from juvenile mice aged 6 weeks or
less was 0.162 + 0.093 Hz (median =+ IQR), median frequency across 30 CSFcNs (N = 6) from adult
mice aged 6+ weeks was 0.132 + 0.075 Hz (median % IQR). No significant difference between
groups, two-tailed t-test. Shapiro-Wilk normality test p < 0.001, indicating frequencies are not
normally distributed for either group.

F. Correlation plot of median calcium event frequency vs median amplitude of event measured in
individual CSFcNs, organised into juvenile or adult group. For <6 week group Spearman correlation,
r = -0.2898, p = 0.006 and for 6+ weeks, Spearman correlation, r = -0.2812, p = 0.132, indicating a

weak negative correlation between frequency and amplitude of events.

4.2.1.2 CSFcNs respond to Acetylcholine and GABA with changes in their Ca?* spiking
activity

Acetylcholine

After establishing the baseline spontaneous activity of CSFcNs, the possibility of influencing
Ca?" spiking activity through the application of acetylcholine (Ach), a common
neurotransmitter in the CNS, was investigated. Using patch clamp electrophysiology Corns et
al found that pressure ejection of Ach directly depolarised 100% of CSFcNs, although the
extent of response varied between cells (Corns et al., 2015).

Overall, puff application of 10 mM Ach resulted in an immediate and significant increase in
both the median amplitude of Ca?* spikes (Figure 4.2, Bi, p = 0.001, spontaneous: 0.414 +
0.351 AF/F versus ACh: 0.810 + 0.599 AF/F), and the frequency of Ca?" spiking (Figure 4.2,
Bii, p =0.001, spontaneous: 0.152 + 0.091 Hz versus Ach: 0.489 £ 0.277 Hz).
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Figure 4.2: CSFcNs respond to acute application of ACh by increasing the frequency and
amplitude of Ca?* spiking.

A. Average projection representative image of recorded CSFcN, with corresponding traces of their
Ca?* spikes.

Bi. Median frequency of Ca?" spikes in 14 CSFcNs (N=3) before and during 1mM ACh application,
median frequency for spontaneous activity (Spon.) was 0.152 + 0.091 Hz (median * IQR), compared
with 0.489 + 0.277 Hz (median % IQR), P = 0.0001 (two-sample non-parametric t-test, Wilcoxon
matched-pairs). Inset shows matched responses from individual cells. Bii. Median amplitudes of
spikes from 14 CSFcNs (N=3) before and during 1ImM ACh application, median amplitude for
spontaneous activity (Spon.) was 0.414 + 0.351 AF/F (median * IQR), compared with 0.810 + 0.598
AF/F (median * IQR), P =0.0009 (two-sample non-parametric t-test, Wilcoxon matched-pairs). Inset
shows matched responses from individual cells.
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GABA

As mentioned in Chapter 1: general introduction (section 1.2.2), CSFcNs are predominantly
GABAergic neurons that express various GABAergic markers, including GABA, VGAT, and
both subtypes of GAD65/67 enzymes (Orts-Del’ Immagine et al., 2014; Johnson et al., 2023).
They have functional GABAa and GABAs receptors, suggesting the possibility of
autoregulation through these receptors (Margeta-Mitrovic et al., 1999; Jur¢i¢ et al., 2019),
and have previously been shown to respond to GABA application through either
depolarisation or hyperpolarisation (Marichal et al., 2009; Corns, 2012). The effects of both
immediate and prolonged GABA exposure on the Ca®* spikes of CSFcNs were investigated

to gain further insight into the response of these cells to this inhibitory neurotransmitter.

Notably, the response of CSFcNs to bath application of GABA appeared to correlate with the
duration of exposure, with an increase in frequency of Ca®* spikes from baseline particularly
in approximately the first 45 seconds of drug exposure (Figure 4.3, Bi-iv and C). After this
period, there was a decrease in frequency of Ca?* spikes in most cells. This difference is also
reflected in the significant change in frequency of Ca?* spiking between these two periods
(Figure 4.3, Di, Immediate GABA response: 0.201 = 0.078 Hz vs GABA recirculation
response: 0.075 = 0.054 Hz, p = 0.001). For these reasons, although the exposure to GABA is
continuous over the entirety of 3 minutes, the responses of CSFcNs have been characterised
into the ‘immediate’ and ‘recirculation’ response for analytical purposes and to better reflect

the changes seen in this time period (Figure 4.3, A, for timeline schematic).

Immediately upon bath application of GABA the amplitude of Ca?* spikes did not
significantly change (Figure 4.3, Dii, Immediate GABA response: 0.448 + 0.341 AF/F vs
spontaneous activity: 0.414 + 0.335 AF/F, p = 0.594), however overall, the frequency of Ca?*
spiking significantly increased (Figure 4.3, Di, Immediate GABA response: 0.201 + 0.078 Hz
Vs spontaneous activity: 0.147 £ 0.057 Hz, p = 0.026). There was however, a large degree of
heterogeneity in the responses of individual CSFcNs to GABA application (Figure 4.3, Di
inset) since GABA caused a decrease in frequency of Ca?* spikes in approximately a third of
CSFcNs and increased the frequency of Ca?* spikes in the remaining CSFcNs.

During continuous exposure to GABA the frequency of these events significantly decreased
when compared to the spontaneous activity levels (GABA recirculation response: 0.075 +
0.054 Hz vs spontaneous activity: 0.148 + 0.037 Hz, p = 0.001), but the median amplitude of
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these events remained consistent (GABA recirculation response: 0.441 £+ 0.315 AF/F vs
spontaneous activity: 0.414 + 0.335 AF/F, p = 0.891). After recirculation of GABA, standard
aCSF was reintroduced to wash off any remaining GABA and allow a return of spontaneous
activity. Upon removal of GABA, CSFcNs activity was not found to be significantly different
from pre-application spontaneous activity in regard to the amplitude (Post GABA: 0.371 +
0.328 AF/F, p = 0.487 vs spontaneous) or frequency (Post GABA: 0.148 = 0.079 AF/F, p =
0.999 vs spontaneous) of Ca?* spiking.
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Figure 4.3: CSFcNs respond to bath application of GABA through changes in their Ca?* spiking
activity

A. Schematic of experimental timeline.

Bi. Averaged trace from all CSFcNs. Bii - iv. Example traces from 3 CSFcNs.

C. Raster plot displaying all spikes across all 16 CSFcNs.

D. Median frequencies (i) and amplitudes (ii) of spikes from 16 CSFcNs (N=4) before, during, and
after application of 100 uM GABA, shown on graph as median + IQR with inset displaying matched
responses from CSFcNs spontaneous activity to the immediate liraglutide response. Statistical
analysis: One way ANOVA with Tukey’s multiple comparison test against spontaneous activity,

significance noted by * if p < 0.05.
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4.2.2 CSFcNs exhibit a concentration dependent response to GLP-1R agonists

through an increased frequency of low amplitude spikes

4.2.2.1 Response to GLP-1

As GLP-1 is the endogenous ligand for the GLP-1 receptor, the effect that this drug has on
CSFcNs was examined. 1 pM GLP-1 was bath applied and recirculated for a total of three
minutes to determine the immediate and longer-term effects of continuous exposure on
CSFcN Ca?* spiking activity.

Similar to the response seen during the bath application of GABA (Figure 4.3), there was a
relationship between the response of CSFcNs and the duration of drug exposure. Changes in
CSFcN activity were observed within approximately the first 45 seconds of exposure; the
median frequency of Ca?* spikes significantly increased (Figure 4.5, Cii, Spontaneous
activity: 0.142 + 0.045 Hz vs. Immediate GLP-1 response: 0.199 + 0.089 Hz, p = 0.007, n =
15). However, this response was heterogenous, with approximately a quarter of CSFcNs
decreasing their activity and approximately three quarters of CSFcNs increasing activity
(Figure 4.5, Di inset). This response differs significantly from the remainder of the 3-minute
exposure window (Figure 4.4, Immediate GLP-1 response: 0.199 + 0.089 Hz vs GLP-1
recirculated response: 0.119 + 0.043 Hz , p = 0.011).

During recirculation of GLP-1 the frequency of Ca?* spiking was reduced compared to initial
responses, but not significantly different from the baseline spontaneous activity (GLP-1
recirculated response: 0.119 + 0.043 Hz, p = 0.395). However, upon returning to aCSF and
washout of GLP-1, the frequency of Ca?* spiking was significantly reduced compared with
baseline spontaneous activity (Post GLP-1 response: 0.108 + 0.047 Hz, p = 0.036), with the
majority of CSFcNs exhibiting a decrease in Ca?* spike frequency.

There were no significant differences seen in the amplitudes of CSFcN Ca?* spikes
throughout the experiments when compared with the spontaneous activity (Figure 4.5, Dii,
Spontaneous activity: 0.484 + 0.194 AF/F vs. Immediate GLP-1 response: 0.457 + 0.294
AF/F, p =0.978, GLP-1 recirculated response: 0.397 + 0.242 AF/F, p = 0.609, and post GLP-1
response: 0.437 + 0.193 AF/F, p = 0.903).
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Figure 4.4: CSFcNs respond to application of GLP-1 by increasing the frequency of their Ca?*
spiking

A. Schematic of experimental timeline.

Bi-iv. Representative traces from CSFcNs

C. Raster plot of spikes over time for all CSFcNs (n =15, N = 4)

D. Amplitudes (Di) and frequencies (Dii) of Ca?* spiking from all CSFcNs before, during, and after
application of 1 uM GLP-1, shown on graph as median £ IQR. Inset showing matched responses from
CSFcNs showing change in frequency of events from spontaneous activity to response induced by
immediate GLP-1 application. Statistical analysis: One way ANOVA with Tukey’s multiple

comparison test against spontaneous activity, significance noted by * if p < 0.05.

4.2.2.2 CSFcNs respond to liraglutide

Liraglutide was chosen for the following experiments as it is a more potent and longer lasting
analogue of GLP-1 (Knudsen, 2019) In this experiment, 1 uM liraglutide was bath applied
and recirculated for a total of three minutes to determine the immediate and longer-term

effects of continuous exposure on CSFcN Ca?* spiking activity (Figure 4.5, A).

Over the time course of the experiment, CSFcNs exhibited a response to liraglutide similar to
their response to GLP-1. Initially, within the first 45 seconds of exposure, there was a
significant and rapid rise in the frequency of Ca?* spikes compared to the pre-application
control (Figure 4.5, Di, Spontaneous activity: 0.146 + 0.095 Hz, Immediate liraglutide
response: 0.246 + 0.153 Hz, p = 0.002).

This response gradually diminished with prolonged exposure, but still remained significantly
higher than the pre-application control (recirculated liraglutide response: 0.183 + 0.125 Hz, p
=0.001 vs spontaneous, p < 0.001 vs immediate response.

Interestingly, although most CSFcNs responded through higher frequency of Ca?* spikes, the
responses of individual CSFcNs varied considerably with a small number of cells
(approximately 15%) exhibiting fewer Ca?* spikes and some remaining largely unchanged. A
small proportion of CSFcNs (approximately 1 - 3% of all cells for each concentration)
initially did not display any Ca?" spikes but became active upon bath application of
liraglutide (Figure 4.5, Cii).
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Notably, following prolonged exposure and drug removal, the decline in CSFcN Ca?* spikes
was more pronounced than that observed with GLP-1 (Post GLP-1: 0.108 + 0.047 Hz vs. Post
liraglutide: 0.051 + 0.072 Hz), with several CSFcNs losing all detectable Ca?* spikes during
this phase (this aspect is covered in sections 4.3.2.5 and 4.3.2.6).

Unlike GLP-1, liraglutide exposure significantly reduced the overall amplitude of Ca?* spikes
at all time points throughout the experiment when compared to the pre-application
spontaneous activity (Figure 4.5, Dii, Spontaneous activity: 0.501 £ 0.492 AF/F vs immediate
liraglutide response: 0.279 + 0.326 AF/F, p = 0.003, recirculated liraglutide response: 0.251 +
0.229 AF/F, p = 0.002, and post liraglutide: 0.088 + 0.129 AF/F, p = 0.001). Examination of
the distribution of amplitudes from individual CSFcN Ca?* spiking revealed that upon
immediate application of liraglutide there was a shift towards a higher number of lower
amplitude events, unlike the pattern observed in the spontaneous control or upon recirculation
of liraglutide, which may partially explain the overall lowering of amplitudes observed
(Figure 4.5, E).

125



A 3 minutes 45 seconds 135 seconds 3 minutes
Spontaneous Immediate Recirculation Post liraglutide |
Continuous liraglutide exposure

r‘. I h ﬁ
f\ ‘J(w\ ﬂ f il "k‘ "‘\J\“M\ \M/‘M W"“ “W A w“‘ L "V‘L A ﬂ A\Mﬂ ‘\.1 M U“ JJKIL\ \,ﬂu N /jhwﬂ’*w‘\/\m M N

v
Cii L} '”IIIIIIIIIIIIII T I T IIIII I| II”lIII ]II TTTY | Il IIII \ TT \ T \ | I Y \
S I y :I |I I I"I I“ - l" ]I I\IIII"IIII[ IIII IIIIl IJI"I | IIII! I”l I III II ] III [ | 1 I II N
I " I 1} | II [ | | l'“ lI I IIIIII [ III I I IIIII T I
10 '~I1 Illllllll I”II II 1 IIIIIFII " Ill III n IIIIIII ’IIIIIII I‘ . III Jl II [ I |1 | Ill 1'” I I IIII ‘I HI i I J . I kb -
I ‘ , I e " I
IS:I II : 'lfl: I' 1 :‘“ III:IIIIIIIIII;;IlllI: tI‘ I ‘ f IIIII| III III IJ IIIIIIII I :II .IIIIIII I| IlI i ! | il
= 20 | Ill | ! II' | IIIIII II | I I IIIII I |I|I| ; III III I|I 'hlll III I\ I n o1 [ A
% . K ”': II IIIII“IIIII"II| Ill I[ III"JIIIIII‘ lI Il IIIII Ifl’l l'II I n ‘I I hlllll 1 "I ’ I I I|I l I J l I ! |
2 r ) I Ikll U] ‘ ' h J ] II I I f |
nii ! II I ; ‘I : |I III o IliII C I : “I I”I .‘I ; I
I‘ 1 I J I | Jll || I I [N | ! | E I I ‘ J i I
30 *—IIII I'III II I :I ‘IIIIII;IIIIII::Ii:IIII III 1 i fll III Ill: mi i |l| I ’ I I \ ! III L | PIII IIII ] L
32 —I|II"I| I | I II III nllll:l : I' I I ! I I“II ! II IIIII II II| IIIIII |I'I III III IIIII IIIIIIII “II fIII:IIIIII : \ IIIIII wl rn LI I |
i n | P | I IllhI i [ L | I I|I I I I I | Il
3 —’I :Il 1 f hllll IIII| I I’I“I IIL II I| ! hlhl II I lIlI IIIII lll”Il IIIIJI fIII Il lII Ill L Ill1 Ir IJ Illl Ii llI IIlII“ i} i
0 30 60 90 120 150 180 210 240 270 300

Time (seconds)

D1 Frequency Dii Amplitude
g
0.8+ " * 20+ —
*
‘g 5
3 067 5 °
§ oo ) o
[ o = o o0
D 044 o
a, S o
= T <
Z
o
-
s

o
N
]
o§> ¥
ogh ©

= {e]
-] =
0.0 ' r St v
> ~ <O & . &
< O < O
<R AN & &
E 160
’ B control
140 .
. Immediate response
120

- Recirculation
100 &
80 [!
60
I
][

No. of spikes

126



Figure 4.5: CSFcNs respond to application of liraglutide through changes in their Ca?* spiking
activity

A. Schematic of experimental timeline.

B. Average projection representative image of CSFcN Ca?* spiking activity, with corresponding
traces.

Ci. Trace representing averaged Ca?* spiking activity of all CSFcNs (n = 43, N = 6). Cii. Raster plot
displaying frequency of all spikes with corresponding time points marked.

D. Frequencies (i) and amplitudes (ii) of Ca?" spiking from 43 CSFcNs (N=6) before, during, and
after application of 1 uM liraglutide, shown on graphs as median * IQR. Statistical analysis: One way
ANOVA with Tukey’s multiple comparison test, significance noted by * if p < 0.05.

E. Histogram of individual spike amplitudes from all CSFcNs for spontaneous activity, during the
immediate liraglutide response, and during the recirculation phase.

4.2.2.3 CSFcNs respond to liraglutide in a concentration dependent manner

To test whether this effect was concentration dependent, liraglutide was bath applied in a
series of concentrations (1 nM — 1 uM) and each response was normalised to a recording of
equal length of spontaneous CSFcN activity without liraglutide to account for any
photobleaching effects and permit direct comparison of results.

In general, CSFcNs responded to application of liraglutide by increasing the frequency and
decreasing the overall amplitude of Ca®* spiking immediately (within the first 45 seconds of
exposure) after application. During the recirculation phase, which is the remainder of the
three-minute total exposure time, the amplitude of events remained consistent, but the
frequency of events returned close to baseline spontaneous levels. After liraglutide was
washed off by recirculation of standard aCSF both the median amplitude and frequency of
Ca?* spiking were reduced compared with the pre-application spontaneous activity control for

each concentration (Figure 4.6).

The immediate effects of liraglutide on CSFcNs were not significant at 1nM and 10 nM
concentrations when amplitude and frequency are compared with those of the time matched
control, similar results are seen with the response to recirculation of liraglutide. However, for

both concentrations there was a significant reduction in frequency and amplitude of events
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after this prolonged exposure, deemed the post liraglutide phase (Median CSFcN response

values and p-values for significance are detailed in Figure 4.6, Tables Ai and Bi).

At 100 nM and 1 uM concentrations of liraglutide the effects were more pronounced.
Application of both concentrations significantly increased frequency and decreased median
amplitudes of Ca?* spikes compared with time matched controls, this decrease in amplitude
remained significant at both the recirculation phase and after removal of liraglutide (Figure

4.6, Tables Ai and Bi for median CSFcN response values and p-values for significance).

For all concentrations, a number of CSFcNs at each concentration went completely silent
after prolonged exposure to liraglutide, with no Ca?" spiking activity detected within 3

minutes after liraglutide was removed (discussed further in sections 4.3.2.5 and 4.3.2.6).
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Figure 4.6: The response to liraglutide is concentration dependant

A. Schematic of experimental timeline.

Bi. Table showing the median frequency values + IQR, significance, and p-values of Ca?* spiking
during immediate exposure to liraglutide, during recirculation, and post liraglutide exposure for the
time matched control and all concentrations tested. 1 nM: N = 4 mice, 32 CSFcNs, 10 nM: N =4
mice, 27 CSFcNs, 100 nM: N = 4 mice, 46 CSFcNs, 1 pM: N = 4 mice, 43 CSFcNs. Significance
denoted by * with p-value given in brackets. Statistical analysis: individual one-way ANOVAs of
each time point for all concentrations with Dunnett multiple comparison test vs. control. Bii.
Normalised frequencies of CSFcNs at each time point for all concentrations used against time

matched control (dashed line).
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Ci. Table showing the median amplitude values + IQR, significance, and p-values of Ca?" spiking
during immediate exposure to liraglutide, during recirculation, and post liraglutide exposure for the
time matched control and all concentrations tested. 1 nM: N = 4 mice, 32 CSFcNs, 10 nM: N = 4
mice, 27 CSFcNs, 100 nM: N = 4 mice, 46 CSFcNs, 1 uM: N = 4 mice, 43 CSFcNs. Significance
denoted by * with p-value given in brackets. Statistical analysis: individual one-way ANOVAs of
each time point for all concentrations with Dunnett multiple comparison test vs. control. Cii.
Normalised amplitudes of CSFcNs at each time point for all concentrations used against time matched

control (dashed line).

4.2.2.4 Variability in individual CSFcN responses to immediate liraglutide application

changes with the concentration of liraglutide

Similar to results seen previously within this chapter, the responses of individual CSFcNs
varied considerably, with some increasing frequency of Ca?* spiking in response to
liraglutide, some decreasing frequency of Ca?* spiking, and some remaining largely
unchanged (Figure 4.7, Bi and Ci insets for matched individual cell responses). To better
quantify the differences within the individual CSFcN responses, the percentage differences of
each cell against their paired spontaneous activity were calculated. These responses were
classified according to the percentage difference in Ca?* spiking activity with cells exhibiting
a decrease in Ca?* spiking frequency (< -10% difference), no change (cells that exhibit less
than £10% change), and a robust increase (> 10% difference) in all conditions (Figure 4.7,
Bii and Cii).

Increasing the concentration of liraglutide increased the percentage of cells responding with
an increase in Ca?* spiking frequency (1 nM: 53.1%, 10 nM: 58.7%, 100 nM: 72.1%, and 1
uM: 76.9%). Fewer cells did not appear to respond at the higher doses (1 nM: 26.3%, 10 nM:
15.2%, 100 nM: 18.6%, and 1 uM: 11.5%), while on the whole, the higher doses elicited
decreased frequency of Ca?* spikes in fewer cells compared to lower doses of liraglutide (1
nM: 20.6%, 10 nM: 26.1%, 100 nM: 9.3%, and 1 uM: 11.5%).

The opposite was found to be true with regards to the changes in amplitude, increasing the
concentration of liraglutide resulted in more CSFcNs displaying an overall decrease in their
median spike amplitudes (1 nM: 34.4%, 10 nM: 43.5%, 100 nM: 61.5%, and 1 puM: 65.1%).
Again, a number of cells did not appear to respond strongly (1 nM: 50.0%, 10 nM: 43.5%,
100 nM: 26.9%, and 1 uM: 16.3%), and some increased spike amplitude (1 nM: 15.6%, 10
nM: 13.0%, 100 nM: 11.5%, and 1 puM: 18.6%).
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Figure 4.7: CSFcN response to immediate application of liraglutide is heterogenous

Ai. Frequencies of Ca?" spiking per CSFcN upon immediate bath application of liraglutide for all
concentrations, data shown as median + IQR. Insets show matched responses from spontaneous
activity (black circles) to immediate liraglutide response (red circles) for each CSFcN. Aii.
Corresponding chart showing the percentage of CSFcNs displaying a decrease in frequency (< -10%),
no change (-10% to 10%), and an increase in frequency (> 10%).

Bi. Amplitudes of spikes per CSFcN upon immediate bath application of liraglutide for all
concentrations, data shown as median + IQR. Insets show matched responses from spontaneous
activity (black circles) to immediate liraglutide response (red circles) for each CSFcN. Bii.
Corresponding chart showing the percentage of CSFcNs displaying a decrease in amplitude (< -10%),

no change (-10% to 10%), and an increase in amplitude (> 10%).
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4.2.2.5 CSFcN Ca?" spiking activity is reduced after 3 minutes of continual exposure to

liraglutide with some CSFcNs losing any detectable activity.

The responses of CSFcNs to prolonged application of liraglutide were found to be varied,
with most, but not all, CSFcNs exhibiting both reduced amplitude and frequency of Ca®*
spiking (Figure 4.8). To gain further insight into the individual responses of CSFcNs, the
percentage difference change in activity between the post-liraglutide response and the

spontaneous activity for each cell was quantified as in section 4.3.2.4.

As the concentration of liraglutide increased, most CSFcNs exhibited lower frequencies of
Ca?* spiking in response to prolonged application (1 nM: 39.1%, 10 nM: 68.8%, 100 nM:
74.1%, and 1 uM: 88.3%), while fewer CSFcNs did not respond (1 nM: 38.9%, 10 nM:
13.3%, 100 nM: 6.7%, and 1 pM: 6.9%). The percentage responding with increased Ca?*
spike frequency varied considerably with the different concentrations (1 nM: 21.9%, 10 nM:
17.9%, 100 nM: 19.2%, and 1 pM: 4.7%) (Figure 4.8, Ci).

Similarly, at higher concentrations of liraglutide, a higher percentage of CSFcNs displayed
smaller overall Ca?* spike amplitudes (1 nM: 65.6%, 10 nM: 58.7%, 100 nM: 86.1%, and 1
uM: 88.9%), while fewer CSFcNs did not respond (1 nM: 21.9%, 10 nM: 8.7%, 100 nM:
2.4%, and 1 uM: 0.5%). Once again, the percentage responding with increased Ca?* spike
amplitude varied considerably with the different concentrations (1 nM: 12.5%, 10 nM:
32.6%, 100 nM: 11.5%, and 1 uM: 10.6%) (Figure 4.8, Cii).

After 3 minutes of liraglutide recirculation, many CSFcNs were observed to completely lose
detectable Ca?* spiking activity (1 nM: 31.3%, 10 nM: 36.9%, 100 nM: 42.3%, and 1 uM:
58.1%). This loss of activity was strongly correlated with an increasing concentration of
liraglutide (Figure 4.8 D, R% 0.9209, p = 0.05).

To determine whether this silencing response was due to a change in the movement of the
microscope objective along the z-axis during recordings, an average intensity projection from
the first 3 minutes of the recording (Figure 4.8, Ei) was taken and compared with an average
intensity projection from the last 3 minutes of the recording (Figure 4.8, Eii). In these images,
the CSFcNs that display the most activity have stronger fluorescence compared with those
with lesser activity. In Figure 4.8, Eii, one CSFcN is absent from the projection,
corresponding to the CSFcN that has been completely silenced before the last 3 minutes of
recording whereas two CSFcNs with reduced activity leading to silencing can be faintly

observed. A CSFcN without any significant change in activity can be observed in both Ei and
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Eii in the same location, indicating that the silencing effect is indeed due to the effects of
liraglutide exposure and not movement of the lens along the z-axis. The same test was

performed for all recordings taken (data not shown).
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Figure 4.8: Prolonged exposure to liraglutide results in silencing of Ca?* spiking activity in a
subset of CSFcNs.
A. Representative traces showing changes in calcium activity after prolonged recirculation of 1 uM

liraglutide.

134



B. Frequencies of Ca?" spiking per CSFcN after 3 minutes of prolonged exposure to liraglutide,
compared with time matched control (red circles). Insets show individual matched activity
comparisons from spontaneous pre-application activity from each set of experiments (red circles) to
post liraglutide response (black circles).

C. Corresponding chart showing the percentage of CSFcNs displaying a decrease (< -10%), no
change (-10% to 10%), or an increase (> 10%) in frequency (Ci) or amplitude (Cii) of Ca?* spiking.

D. Plot of the percentage of CSFcNs that lose all detectable Ca?* spiking activity after prolonged
liraglutide exposure. Statistical analysis: Pearson’s correlation test, R?: 0.9209, p = 0.05.

E. Average intensity projections from recordings for first 3 minutes of liraglutide exposure (i), and last

three minutes of post-liraglutide recording (ii).

4.2.2.6 CSFcN Ca?* spiking activity is returned to baseline spontaneous levels after 8 minutes
of washing with aCSF

Since a significant number of CSFcNs became inactive after prolonged exposure to
liraglutide (Figure 4.8), it was intriguing to examine whether this change was reversible. The
primary focus was to determine if the spontaneous activity of CSFcNs would revert to its
baseline level after a period of rest. The experimental timeline remained consistent with
previous experiments, with the exception that after the 3-minute post liraglutide phase there
was an additional 5 minutes of recirculating standard aCSF (Figure 4.9, A). This rest period
was not recorded to reduce the potential risk of cells photobleaching to the point that Ca®*
spiking could not be detected. 1 uM liraglutide was used for this set of experiments as it

exerts the greatest effect on CSFcNs.

After this rest period, the vast majority of CSFcNs (91.52%) had regained calcium signalling
activity to the point of non-significant difference to their baseline spontaneous activity in
terms of both the amplitude and frequency of Ca?* spiking (Figure 4.9, Ci and Cii, Amplitude
- spontaneous activity: 0.519 £ 0.607 AF/F vs recovery activity: 0.407 = 0.303 AF/F, p =
0.626. Frequency - spontaneous activity: 0.153 + 0.082 Hz vs recovery activity: 0.130 *
0.064 Hz, p = 0.542). A small number of CSFcNs (9.52%) remained undetectable. It is
possible that this recovery delay may be due to ongoing effects of signalling pathways
downstream of the metabotropic GLP-1R, though ongoing washout cannot be excluded
entirely. Further research is needed to fully evaluate whether this silencing is permanent or

requires further rest time before baseline activity is restored.
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Figure 4.9: Ca?" spiking activity returns in most CSFcNs after prolonged washing with aCSF

A. Schematic of experimental timeline

B. Representative traces of CSFcNs (i and ii) showing changes in Ca?* spiking activity after
prolonged recirculation of 1 pM liraglutide up until after recovery period.

Ci. Amplitudes from 21 CSFcNs (N=4) before during and after 1 pM liraglutide application, and
during recovery phase, shown on graph as median + IQR. Statistical analysis: One way ANOVA with
Tukey’s multiple comparison test, significance noted by * if p < 0.05. Inset Matched responses from
individual cells showing change in amplitude of events from spontaneous activity to recovery phase
after liraglutide application and a 5-minute rest.

Cii. Frequencies from 21 CSFcNs (N=4) before during and after 1 uM liraglutide application, and
during recovery phase shown on graph as median + IQR. Statistical analysis: One way ANOVA with

Tukey’s multiple comparison test, significance noted by * if p < 0.05. Inset. Matched responses from
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individual cells showing change in frequency of events from spontaneous activity to recovery phase

after liraglutide application and a 5-minute rest.

4.2.3 Changes in Ca?" spiking evoked by liraglutide can be antagonised by

preincubation with the antagonist exendin-(9-39)

4.2.3.1 Pre-incubation with antagonist, exendin-(9-39)

Exendin-(9-39) is a selective, competitive antagonist for the GLP-1 receptor (Schirra et al.,
1998), pre-incubation with the antagonist should therefore should reduce the effect of
liraglutide application on CSFcNs. Pre-incubation with exendin-(9-39) will also confirm
whether the effects of liraglutide on CSFcNs are indeed due to stimulation of the GLP-1R.

No significant differences were observed in either the amplitude or frequency of Ca?* spikes
during application of the antagonist when compared with the baseline spontaneous activity,
indicating that antagonising the GLP-1R has no effect alone (Figure 4.10, Bi and Ci
Amplitude - spontaneous activity: 0.659 = 0.677 AF/F vs antagonist response: 0.690 + 0.651
AF/F, p = 0.390. Frequency - spontaneous activity: 0.146 + 0.101 Hz vs antagonist response:
0.125 +£0.076 Hz, p = 0.212).

No changes in the frequency of Ca®" spiking were observed upon application of 1uM
liraglutide (Figure 4.10, C, spontaneous activity: 0.146 + 0.101 Hz vs immediate liraglutide
response: 0.168 + 0.186 Hz, p = 0.872), or upon recirculation (0.118 + 0.079 Hz, p = 0.258),
and no significant difference in amplitudes in either the immediate or recirculation response
(Figure 4.10, B, spontaneous activity: 0.659 + 0.677 AF/F, vs immediate response: 0.295 +
0.786 AF/F, p = 0.262, and recirculation response: 0.437 + 0.512 AF/F, p = 0.095). The lack
of significance displays overall efficacy of the antagonist to block the GLP-1R.

There were also no significant differences upon removal of liraglutide (Figure 4.10 Bii and
Cii, Amplitude — post liraglutide response: 0.412 + 0.483 AF/F, p = 0.055, Frequency — post
liraglutide response: 0.118 + 0.110 Hz, p = 0.743), indicating that neither drug has a lasting
effect on CSFcN activity.
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Figure 4.10: Pre-incubation of slices with a GLP-1R antagonist abolishes effects of liraglutide

A. Schematic of experimental timeline.

Bi. Amplitudes from 25 CSFcNs (N=4) before, during, and after pre-incubation with antagonist
exendin-(9-39) and 1 puM liraglutide application, shown on graph as median * IQR. Statistical
analysis: One way ANOVA with Dunnett’s multiple comparison test against spontaneous activity, no
significance observed. Bii. Matched responses from individual cells showing change in amplitude of
events from spontaneous activity to immediate liraglutide response. Biii. Matched responses showing

change in amplitude of events from spontaneous activity to post liraglutide phase.
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Ci. Frequencies from 25 CSFcNs (N=4) before, during, and after pre-incubation with antagonist
exendin-(9-39) and 1 uM liraglutide application, shown on graph as median + IQR. Statistical
analysis: One way ANOVA with Dunnett’s multiple comparison test against spontaneous activity, no
significance observed. Cii. Matched responses from individual cells showing change in frequency of
events from spontaneous activity to immediate liraglutide response. Ciii. Matched responses showing

change in frequency of events from spontaneous activity to post liraglutide phase.
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4.3 DISCUSSION

The research within this chapter investigates the spontaneous Ca®* spiking activity within
CSFcNs and explores alterations in this activity triggered by exposure to common
neurotransmitters. Notably, this investigation offers the first evidence of the functional action
of GLP-1 receptors within CSFcNs. This functional status is evidenced by the observable
changes in Ca?* spiking activity following the application of GLP-1 and liraglutide, a GLP-
1R agonist.

Spontaneous Ca?* spiking activity was observed in CSFcNs, which was not significantly
affected by the age of the animal from which the slices were obtained, with the characteristics
of these events varying among individual cells and most CSFcNs displaying a combination of
high and low amplitude spikes. Furthermore, this research agrees with previous literature,
confirming that both ACh and GABA can modulate the activity of CSFcNs (Corns et al.,
2013; Johnson et al., 2023), with individual cells exhibiting diverse responses to these

neurotransmitters further confirming the heterogeneity of CSFcNs as a population.

Next, the responses of CSFcNs to GLP-1 and liraglutide, at various concentrations, were
examined to determine receptor functionality and sensitivity. Overall, stimulation of GLP-1R
prompted an immediate increase in event frequency coupled with a decrease in overall
amplitude. After extended exposure and subsequent washout, both frequency and amplitude
of Ca?" spiking diminished. Increasing liraglutide concentrations resulted in a greater
percentage of CSFcNs displaying decreased event amplitudes and increased event
frequencies and amplified the significance levels of these effects. Prolonged exposure to
liraglutide also resulted in some CSFcNs losing all observable Ca®* spiking activity.
However, the majority of CSFcNs regained Ca?* signalling activity after a rest period

indicating that this inhibitory effect is reversible.

Pre-incubation experiments using the antagonist exendin-(9-39) revealed that the antagonist
itself did not result in any changes in Ca?* spiking activity, indicating that blocking the GLP-
1 receptor does not affect the basal activity of CSFcNSs. It is important to consider that this
work was performed in an acute slice where descending input to CSFcNs has been severed
and no endogenous CSF is present, and therefore may not fully represent an in vivo
physiological situation. Furthermore, there were no significant changes in CSFcN Ca?*

spiking activity during or after the application of liraglutide. These findings imply that the
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antagonist effectively blocked the effects of liraglutide, confirming that the observed effects

of liraglutide on CSFcNs were indeed a result of stimulation of the GLP-1 receptor.

4.3.1 CSFcNs exhibit a variable and concentration dependent response to GLP-1R

agonists

4.3.1.1 CSFcNs are a heterogenous population

In this study, regardless of which neurotransmitter was used, it is clear that CSFcNs, as a
population, have a varied response to activation of different receptors. Many CSFcNs when
stimulated by GLP-1 or liraglutide responded with a significant increase in the frequency of
their Ca?* spiking activity, while others responded with a decrease or indeed a complete
reduction of activity altogether and therefore when considering the Ca?* responses of CSFcNs

it is important to note that CSFcNs are a heterogenous population.

Several studies have classified CSFcNs into at least two subtypes depending on their
electrophysiological properties, location, and originating progenitor domains (Marichal.,
2009; Corns et al., 2015; Petracca et al., 2016; Djenoune et al., 2017; Di Bella et al., 2019),
and therefore it is likely that these subpopulations exhibit different Ca?* responses to
activation of GABAergic, cholinergic, or indeed GLP-1 receptors. It is also important to note
that these subtypes are more likely to exist along a continuum of properties, instead of having
definitive boundaries on what exactly a subype-1 vs subtype-2 CSFcN represents;
occasionally CSFcNs were even observed to change a characteristic subtype response during

the process of recording, further complicating matters (MacLean, 2016).

The variation in CSFcN responses observed within this chapter mirrors those previously
observed in the literature. Cork et al found that hippocampal pyramidal cells exhibited
heterogeneity in their response to GLP-1, with most cells exhibiting depolarisation and fewer
exhibiting hyperpolarisation (Cork et al., 2015). Similarly, Williams et al investigated the
effects of GLP-1 on neurons in the BNST, a population of neurons known to encompass three
subtypes with distinct electrophysiological properties (Williams et al., 2018). They found that
the cellular effects of GLP-1R modulation were both excitatory and inhibitory, but that this
effect was not strongly correlated with cellular subtype, nor dorsal-ventral location of the
individual cells (Williams et al., 2018). It is possible that the results seen in these studies, and

those observed in CSFcNs are due to a combination of factors including the influence of
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presynaptic transmission (discussed below in section 4.4.1.2), or in differences in expression

of voltage gated K+ channels and Na+ channels in individual CSFcNs.

In the paper by Johnson et al, the influence of different Ca?* channels on the amplitudes of
spikes was investigated, which may be of some relevance here. They found that the
generation of larger amplitude spikes was predominantly mediated by high voltage-activated
Ca?" channels and could be blocked by the application of Cd?*. However, this did not
completely eliminate Ca?* spiking in these cells as smaller amplitude spikes remained and
upon further investigation, these smaller amplitude spikes were found to be generated by T-
type calcium channels. Interestingly, these different amplitude spikes were found to indicate
input by different neurotransmitters, with CSFcNs responding to cholinergic input through
high amplitude spikes and purinergic inputs generating smaller T-type channel dependant
spikes. It is possible that the amplitude changes in CSFcNs in response to liraglutide are
driven by similar recruitment of T-type calcium channels over high voltage-activated Ca?*
channels, favouring the generation of smaller amplitude spikes over larger amplitude spikes.
This would require further investigation, suggestions for which are covered in chapter 6:

general discussion (section 6.6.1).

It is also important to note the mouse model used in these experiments; the PKD2L1-
GCaMP6f mouse. By using a model in which the fluorescent calcium indicator GCaMP6f is
expressed in all CSFcNs, both the population of CSFcNs expressing the GLP-1R
(approximately 80% as discussed in Chapter 3 of this thesis) and not expressing the GLP-1R
are included in recordings. This is represented in the results by a number of CSFcNs that do
not appear to show any remarkable differences in their activity when exposed to liraglutide,

but still display spontaneous activity.

4.3.1.2 CSFcNs exist within a complex neuronal network

CSFcNs exist within a complex network of cells, receiving GABAergic (Barber et al., 1982;
Orts-Del’immagine et al., 2012; Nakamura et al., 2023), glutamatergic (Marichal et al., 2009;
Jurci¢ et al., 2019), and cholinergic innervation (Orts-Del’immagine et al., 2012; Corns et al.,
2015), amongst others. Given that CSFcNs are not the only cells within the CNS that express
the GLP-1R (Merchenthaler et al., 1999; Lein et al., 2007; Llewellyn-Smith et al., 2011,
2015; Cork et al., 2015; Russ et al., 2021), it is entirely possible that some of the responses
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seen are at least partially mediated by presynaptic network effects with other cells responding

to GLP-1R stimulation by releasing transmitters that modulate CSFcN activity.

The enhancement of presynaptic transmission by GLP-1R agonists has previously been
observed in the literature (Acuna-Goycolea and van den Pol, 2004; Mietlicki-Baase et al.,
2014; He et al., 2019). Acuna-Goycolea et al studied the effects of GLP-1 on LH hypocretin
neurons and found that these neurons depolarised even when GLP-1 was delivered in the
presence of TTX, indicating that this is a direct effect on hypocretin neuron GLP-1Rs.
However, they also found that GLP-1 significantly increased the frequency of both EPSCs
and IPSCs, effects that were abolished by the co-application of AMPA and NMDA or
bicuculline receptor antagonists confirming the presynaptic influence (Acuna-Goycolea and
van den Pol, 2004).

Similar results were observed in PVN neurons, except that responses to GLP-1 were more
heterogenous with the majority of cells depolarising, and a smaller number hyperpolarising
(Acuna-Goycolea and van den Pol, 2004; Cork et al., 2015). Interestingly, when synaptic
activity was blocked through application of TTX only the excitatory effects of GLP-1 were
observed (Acuna-Goycolea and van den Pol, 2004). This indicates that the heterogeneous
effects of GLP-1 are partially mediated by presynaptic glutamate or GABA release onto the
postsynaptic neurons from local excitatory and inhibitory neurons (Li et al., 2002; Acuna-
Goycolea and van den Pol, 2004). Similar presynaptic effects were also observed in the
hippocampus (Oka et al., 1999), ARC (Secher et al., 2014; He et al., 2019), BNST (Ong et
al., 2017; Williams et al., 2018), and NAc (Mietlicki-Baase et al., 2014).

Given that CSFcNs are known to have both functional glutamatergic and GABAergic
receptors (Marichal et al., 2009; Orts-Del’immagine et al., 2012; Corns et al., 2013; Gotts et
al., 2016; Jurci¢ et al., 2019), and receive appositions from these neurons (Kaneko et al.,
2002; Gotts et al., 2016; Nakamura et al., 2023), it is not inconceivable to think that similar
mechanisms could be responsible for some of the heterogeneity observed in CSFcN response,
especially when considering the presence of GLP-1Rs in other neurons within the spinal cord
(See chapter 3, section 3.3.2.1, Merchenthaler et al., 1999; Russ et al., 2021).

Additionally, due to the experimental set up, the acute slices used in this investigation were
chosen from the thoracolumbar regions of the spinal cord. As established in Chapter 3 (results
section 3.3.3) and in previous work within the Deuchars lab (Mortimer, unpublished MRes

thesis, 2022), CSFcNs receive significantly higher numbers of appositions to their somata
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from PPG neurons in the thoracic region compared with the lumbar region. It is possible that
the expression of the GLP-1 receptor on the somata of CSFcNs shows a similar variation,
although this was not observed in immunohistochemical studies in this thesis (chapter 3,
section 3.3.2). As an increased number of receptors on one cell would generate an increase in
the intensity of the response upon stimulation (Marzvanyan and Alhawaj, 2023), it may be
that some of the heterogeneity in response is due to the differing expression levels of the
receptor on individual cells. As sections from both the thoracic and lumbar regions were used,
it is difficult to decipher the region dependant effect of GLP-1R stimulation. Further work
would be required in order to test this hypothesis and measure the cell specific expression of

the receptor and how this correlates with activity in each spinal cord region.

4.3.2 Inactivation of CSFcNs by prolonged liraglutide exposure

Perhaps the most interesting result gained from this set of experiments is the observed
silencing of a number of CSFcNs after prolonged exposure to liraglutide and stimulation of
the GLP-1R. At first, it was assumed that this response was perhaps due to the movement of
the camera lens along the z-axis during recording, but as determined by average intensity
projections of time points throughout the experiments no movement could be perceived.
Additionally, within an individual slice there could often be observed a combination of cells
some of which were silenced, while some were not, indicating that this is likely to be more of

a subtype or exposure limit response.

In this chapter, the effects of GABA on CSFcNs were also explored and it was found that
many CSFcNs responded to bath application of GABA through a decrease in Ca2* event
frequency with prolonged exposure. As mentioned above (section 4.4.1.2), GLP-1 is thought
to increase presynaptic transmission of GABA from local inhibitory neurons that act upon the
postsynaptic neuron (Acuna-Goycolea and van den Pol, 2004; Ong et al., 2017), and
therefore it is possible that some of the silencing effects of CSFcNs after prolonged exposure
to liraglutide may be due to presynaptic GLP-1R stimulation that triggers GABA release from
other inhibitory GABAergic neurons.

It may also be possible that this response is a form of regulation by other CSFcNs; Nakamura
et al show that CSFcNs extend processes from one cell that target more rostral CSFcNs and

CSFcNs are known to possess machinery related to GABA synthesis and release, such as
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GADG65/67 and VGAT (Gotts et al., 2016; Djenoune et al., 2014; Fidelin et al., 2015; Johnson
et al., 2023; Nakamura et al., 2023). It is possible that stimulation of the GLP-1R on CSFcNs
results in the release of GABA from these cells onto neighbouring CSFcNs inhibiting any
further response to continued stimulus. Further experiments involving the co-application of
liraglutide with a GABA antagonist would vyield further information regarding this

hypothesis.

The GLP-1R is a GPCR, and as such it is possible that this silencing effect may be due to
stimulation of the receptor and generating of downstream second messenger molecules which
regulates further cellular activity. While GLP-1R is classically thought to couple to the Gos
stimulatory G-protein subunit, there is evidence that they may also pleiotropically couple
with Goi and oo inhibitory subunits (Montrose-Rafizadeh et al., 1999; Héllbrink et al., 2001;
Weston et al., 2014; Deganutti et al., 2022). As Goi and oo subunits both inhibit adenylyl
cyclase, which reduces the production of cAMP and subsequently suppresses Ca?* channel
activity, reducing Ca?* influx and activity within the neuron (Gao and van den Pol, 2001;
Currie, 2010). Similarly, activity by the G-protein By subunits may also contribute to the
suppression of Ca?" spiking activity by directly inhibiting voltage-gated Ca?*channels
(Herlitze et al., 1996; lkeda, 1996; Currie, 2010).

The strength of this effect on CSFcNs was also closely correlated with the increase in
liraglutide concentration and may very well represent a form of adaption or desensitisation to
a stimulus as seen in many other neuronal systems (Webster, 2012; Whitmire and Stanley,
2016). If CSFcNs are indeed monitors of CSF composition or have a number of different
functions depending on input (Fidelin et al., 2015; Sternberg et al., 2018; Johnson et al.,
2023; Nakamura et al., 2023. Also see Chapter 1: General introduction section 1.2.3 for
discussion of CSFcNs functional roles), it seems likely that they would need to adapt to
prolonged exposure to one particular compound in order to maintain the ability to react to
other changes.

4.3.3 Antagonism by exendin-(9-39) confirms that the effects are mediated through
activation of GLP-1Rs

Within this chapter, the actions of liraglutide on CSFcNs were verified though pre-incubation

of the slices with the antagonist, exendin-(9-39). Exendin-(9-39) is known to be a high
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affinity, orthosteric, competitive antagonist (Schirra et al., 1998; Donnelly, 2012a; Gasbjerg et
al., 2021), with similar affinity to the GLP-1R as exendin-4 and liraglutide; approximately 1
— 3 nM (Thorens et al., 1993; Montrose-Rafizadeh et al., 1997; Donnelly, 2012b; Lau et al.,
2015; Knudsen, 2019). Pre-incubation of slices with exendin-(9-39) suppressed the excitatory
effects of liraglutide in a number of CSFcNs. This effect was as expected, as exendin-(9-39)
has been shown to selectively antagonise the effects of GLP-1R agonists in several studies
(Acuna-Goycolea and van den Pol, 2004; Richard et al., 2014; Gullo et al., 2017). However,
further work is required to evaluate whether this effect is due to direct antagonism of GLP-
1Rs on CSFcNs or a mechanism mediated through indirect antagonism of other GLP-1R

expressing cells.

However, as the drugs were not co-applied, the antagonist was assumed to have washed off
during application of liraglutide. Therefore, it is unusual that the effect of liraglutide was
entirely absent and not just delayed. One possible explanation for this may be that the
antagonist remained present within the aCSF for longer than expected, therefore exerting
competitive inhibition for the GLP-1R and preventing full binding, and subsequently full
effect, of liraglutide. Further research would be needed in order to fully investigate the length
of time that the antagonist exerts influence on the GLP-1R and the effects of co-application

with liraglutide.

4.3.4 Conclusion

In this chapter, the changes in intracellular Ca?* concentrations of CSFcNs have been
characterised, along with the responses of CSFcNs to differing concentrations of GLP-1R
agonists. It has been found that CSFcNs are capable of responding to stimulation of the GLP-
1R through changes in their intracellular Ca®* concentrations activity, effects that are blocked
by pre-incubation with the antagonist. This is the first study to show that CSFcNs are capable
of responding to exogenous bath application of GLP-1R agonists, however further work is
needed to fully determine whether these effects are due to direct stimulation of the GLP-1R.
This chapter has contributed novel evidence towards the short-term actions of liraglutide on

cells within the spinal cord, which will be further explored in the subsequent chapter.
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Chapter 5 - Effects of GLP-1R agonists on spinal cell proliferation ex

vivo and in vivo
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5.1 INTRODUCTION

5.1.1 The ependymal layer as a source of quiescent stem cells

Neurogenesis within the mammalian CNS occurs at several sites, including the dentate gyrus
of the hippocampus (Abbott and Nigussie, 2020), the subventricular zone (SVZ) which
borders the lateral ventricles (Alvarez-Buylla and Garcia-Verdugo, 2002), and the ependymal
layer within the central canal area of the spinal cord (Mothe and Tator, 2005). These areas
commonly share direct access to the CSF which provides a wealth and complexity of
signalling molecules, several of which are known to regulate the quiescence or activity of the

neural stem cells that they contain (Lehtinen and Walsh, 2011; Massirer et al., 2011).

There is limited proliferation of ECs in the intact spinal cord, most of which is restricted to
self-renewal and thought to be involved in the maintenance of the barrier between the CSF
and the parenchyma (Jiménez et al., 2014). This has been evidenced through long-term
studies where BrdU, a thymidine analogue which is incorporated into the DNA of
proliferating cells, was administrated in the drinking water of mice and rats. In these studies,
ependymal cells showed limited proliferation, with the majority of proliferated cells found in
pairs indicative of symmetrical division and duplication (Johansson et al., 1999; Meletis et
al., 2008). Although these cells remain quiescent during homeostatic conditions, they can
proliferate rapidly in response to injury of the spinal cord (See Chapter 1: General
introduction, section 1.1.3, Moore, 2016; Stenudd et al., 2022).

Several studies have shown that it is possible to influence ependymal cell proliferation in vivo
in the intact spinal cord (Corns et al., 2015). New et al found that heterozygous GAD67-GFP
transgenic mice had a haplodeficiency in the GADG67 gene which resulted in approximately
65-70% less GABA in the brain and spinal cord compared with wild-type mice when
measured with HPLC (New et al., 2023). Compared to wild-type controls, EdU injections in
GADG67-GFP mice revealed a 3.8-fold higher number in the total of proliferated cells and an
11-fold higher number of newly proliferated cells around the central canal. (New et al.,
2023). To further test the effects of GABA modulation on proliferation within the CNS,
animals treated with vigabatrin, a GABA transaminase inhibitor to increase GABA
concentrations in the brain, had 62% fewer EdU positive cells within the ependymal layer
compared to saline treated control, indicating that GABAergic signalling can modulate

ependymal cell proliferation (New et al., 2023).
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It is possible that latent proliferative potential exists within the spinal cord, which, under the
appropriate set of conditions or pharmacological influence, could modulate regeneration.
Since proliferation is not always beneficial, as seen in cases of pathological ependymal cell
overgrowth leading to the formation of cancerous ependymomas, it is essential to further
understand contributing factors that maintain the quiescence of proliferative cells within the
CNS. Limited understanding exists regarding pharmacological factors that can influence
endogenous proliferation in the spinal cord. Further knowledge in this area could lead to
better therapeutic interventions for spinal cord injuries, CNS cancers, and other

neurodegenerative conditions that have previously lacked adequate treatments.

5.1.2 Proliferative effects of GLP-1R agonists

The neuroprotective and proliferative effects of GLP-1R agonists have been studied
thoroughly in pancreatic cells, and to a more limited degree, within the brain and spinal cord.

Much of this research is covered in depth in Chapter 1: Introduction (Section 1.3.4).

Taken together, these studies indicate a potential role for GLP-1R agonists in the treatment of
spinal cord injury and other neurodegenerative conditions. While the proliferative effects of
GLP-1 modulators have been investigated in the hippocampus, the effects on proliferation
within the spinal cord are currently unknown. This chapter will focus predominantly on the
immediate and longer-term effects of GLP-1R agonists exendin-4 and liraglutide, as well as
antagonist exendin-(9-39) on the proliferation of cells within the central canal area of the
spinal cord using ex vivo techniques such as acute slices and organotypic spinal cord slice
cultures (OSCSCs), as well as in vivo mouse models.

5.1.3 Hydrogels as drug delivery systems

Many strategies in the treatment of CNS injuries and spinal cord repair, particularly in the
fields of biomaterials and tissue engineering, have focused on the use of hydrogels as
deliverers of therapeutic agents (for comprehensive reviews see Macaya and Spector, 2012
and Vigata et al., 2020). Hydrogels, characterized by their three-dimensional structure and
composed of hydrophilic polymers of natural, synthetic, or semi-synthetic origin, exhibit a

wide range of polymer compositions. This diversity allows precise control over the
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biocompatibility, biodegradability, and physical attributes of these hydrogel matrices;
rendering them tunable to a specific environment, such as the soft tissue of the CNS (Bartlett
et al., 2016). Additionally, the porous nature of these hydrogels enables the encapsulation of
drugs, proteins, and other small molecules, endowing them with drug delivery functionality.
This capacity allows hydrogels to transport pharmacological agents or growth factors directly
to targeted regions, thereby aiming to enhance cell survival, proliferation, and migration,

ultimately fostering efficient treatment for spinal cord injuries.

Within this chapter, a range of hydrogels of varying compositions and mechanical properties
will be examined to assess their impact on cell proliferation within OSCSCs. Furthermore,
the combination of these hydrogels with liraglutide will be explored to evaluate the effects of
a hydrogel delivery system that enables sustained release of liraglutide on cell proliferation.
The findings from this study will contribute valuable insights to the field of GLP-1-based
regenerative strategies, enhancing understanding of how hydrogel properties and liraglutide

delivery systems can influence cell proliferation in OSCSCs.
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5.1.4 Hypothesis and aims

Given that GLP-1R agonists are known to increase the proliferation of cells within the
hippocampus and have been shown to increase functional recovery in cases of spinal cord
injury, it is hypothesised that administration of GLP-1R agonists will increase proliferation of

cells within the central canal of the spinal cord.
The aims of this chapter are to:

- Elucidate whether there are any immediate effects of GLP-1R modulation on cell
proliferation using an acute spinal cord slice model.

- Determine whether GLP-1R agonists affect the level of cell survival and proliferation
within the central canal area when studied over 5 or 10 days in OSCSCs.

- Investigate the potential enhancement of cell proliferation in organotypic spinal cord
slice cultures by combining liraglutide with a hydrogel delivery system.

- Investigate the changes in proliferation and differentiation of spinal cord cells in two
in vivo mouse experiments treated with either exendin-4 or liraglutide, and compare
with the effects of these drugs on proliferation within the dentate gyrus of the

hippocampus.
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5.2 RESULTS

5.2.1 Modulation of the GLP-1R affects proliferation within the central canal in

short term acute spinal cord slices

In this experiment, spinal cord slices were incubated with 1 pM EdU and either GLP-1R
agonist liraglutide, or GLP-1R antagonist exendin-(9-39) immediately after cutting to
determine the effects of acute modulation of the GLP-1R on cell proliferation. These drugs
were given at three different concentrations and slices were incubated for 5 hours in warmed
aCSF (Figure 5.1).

At lower concentrations of liraglutide no significant differences could be observed in the
number of EdU positive cells within the central canal (10nM liraglutide: 3.7 £ 0.5, p = 0.723
and 100nM liraglutide: 4.1 + 0.9, p = 0.372 vs control: 3.1 £ 0.7), or the rest of the slice,
when compared with controls (10nM liraglutide: 14.1 + 0.9, p = 0.333 and 100nM
liraglutide: 14.8 £ 2.1, p = 0.675 vs control: 16.3 £ 2.9).

Application of 1 uM liraglutide resulted in a significantly higher number of EdU labelled
cells within the central canal (p = 0.046, 4.7 + 0.7) when compared with the control (3.1 +
0.7). However, no significant differences could be observed in the number of EdU labelled
cells outside of the central canal area (1uM liraglutide: 15.9 = 1.9, p = 0.996 vs control: 16.3
+2.9).

Application of the antagonist exendin-(9-39) did not result in any significant differences in
the number of EdU labelled cells observed in either the central canal area (10nM antagonist:
3.1+1.2,p=0.999, 100nM antagonist: 2.5 £ 0.8, p=0.821 and 1uM antagonist: 1.9 £ 0.4, p
= 0.213 vs control: 3.1 + 0.7), although this tended towards a lower number at the highest
concentration. Neither were any significant differences observed in the rest of the slice when
the antagonist was administered at any concentration tested (10nM antagonist: 13.3 + 1.2, p =
0.107, 100nM antagonist: 13.5 = 1.1, p = 0.144, and 1uM antagonist: 12.9 £ 1.1, p = 0.066 vs
control: 16.3 + 2.9).
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Figure 5.1: Limited differences in the number of newly proliferated cells can be observed after
GLP-1R modulation in acute spinal cord slice experiments.

A. Representative images showing EdU positive cells around the central canal of control (i), 1 uM
liraglutide (ii) and 1 uM exendin-(9-39) GLP-1R antagonist (iii) treated slices (N=4). Scale bars: 50
um. B. Bar charts showing the mean number of EdU positive cells + SD in the central canal (i) and
rest of section (ii) for three different concentrations of GLP-1R agonist liraglutide and GLP-1R
antagonist exendin-(9-39), compared with median aSCF only control. Sections taken from
thoracolumbar region. Statistical analysis: One-way ANOVA with Dunnett’s multiple comparison test

against control condition, significance level p < 0.05 (indicated by *).
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5.2.2 GLP-1R agonists influence proliferation and cell survival in long term

organotypic spinal cord slice cultures

5.2.2.1 Exendin-4 application results in higher number of newly proliferated cells in the

central canal in OSCSCs when administered over 5 days

To determine whether GLP-1R agonist exendin-4 would have any effect on the number of
newly proliferated cells when administered over a longer period of time OSCSCs were
cultured for 5 days during which they received exendin-4 three times. Exendin-4 was tested
at two different concentrations, and 1 uM EdU was added to the culture media along with the
final dose of exendin-4 24 hours before the slices were fixed and processed for visualisation
(Figure 5.2).

After 5 days in culture the number of EdU positive cells within the central canal area was
significantly higher when OSCSCs were treated with 1 pM exendin-4 (13.2 £ 4.1, p = 0.047)
compared with OSCSCs in control conditions (7.9 = 3.1). Somewhat surprisingly, there were
no significant differences in the numbers of EdU labelled cells around the central canal of the
group treated with 10 uM exendin-4 (10.7 + 3.4, p = 0.442) when compared with control
OSCSCs.

No significant differences in the total numbers of EdU labelled cells were observed in either
group (1 uM exendin-4: 121.8 + 24.4, p = 0.616 and 10 uM exendin-4: 106.2 + 17.4, p =
0.898 vs control: 111.7 £ 11.3).
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Figure 5.2: Treatment with Exendin-4 results in higher proliferation of central canal cells in 5-
day organotypic spinal cord slice culture model.

A. Schematic of the experimental timeline. B. Representative image of entire control OSCSC (i),
central canal of a control slice (ii), and central canal treated with 1 uM exendin-4 (iii). Scale bars: (i)
300 pm, (ii) 50 um. C. Bar chart showing the mean number of EdU positive cells = SD in the central
canal (i) and total EdU positive cells per section (ii) for two different concentrations of GLP-1R
agonist exendin-4, compared with media only control. Sections taken from thoracolumbar region.
Statistical analysis: One-way ANOVA with Dunnett’s multiple comparison test against control

condition, significance level p < 0.05 (indicated by *).
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5.2.2.2 Liraglutide application resulted in higher numbers of newly proliferated cells in the

central canal in OSCSCs when administered over 10 days

Liraglutide, being a longer lasting analogue of GLP-1 than exendin-4, was expected to have
more of an effect on the number of newly proliferated cells within the central canal of
OSCSCs. The duration of this experiment was also increased from 5 days to 10 days to
determine if the effects increased or decreased in line with chronic modulation of the GLP-
1R.

Addition of liraglutide at both 1 uM and 10 uM resulted in significantly higher numbers of
newly proliferated cells at 2 days (1 uM: 11.6 = 3.1, p = 0.004 and 10 uM: 10.0 = 4.6, p =
0.022 versus control: 4.5 £ 1.7), 6 days (1 uM: 12.5 £3.8, p=10.005 and 10 uM: 12.6 £ 3.8, p
=0.004 versus control: 6.1 £ 1.5), 8 days (1 uM: 13.4 £ 1.9, p=0.001 and 10 uM: 13.5 £ 3.1,
p = 0.001 versus control: 4.8 £ 2.2), and 10 days in culture (1 uM: 12.7 = 2.8, p = 0.001 and
10 uM: 11.7 = 3.5, p = 0.003 versus control: 3.7 £ 1.9) (Figure 5.3).

Liraglutide at 1 uM, but not 10 uM, resulted in significantly higher numbers of newly

proliferated cells at 4 days in culture when compared with controls (1 uM: 14.67 £ 3.39,p =
0.001 and 10 uM: 12.33 £3.73, p = 0.064 versus control: 7.22 + 4.12).

No significant differences were observed between groups treated with liraglutide at either
concentration across any time point studied, nor were there any significant differences in the

numbers of EdU positive cells observed between the control groups across any time points.
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Figure 5.3: Liraglutide application resulted in higher numbers of newly proliferated cells
around the central canal in organotypic spinal cord slice cultures.

A. Schematic of the experimental timeline. B. Representative image of entire control OSCSC (i), and
central canal (ii) of control (B), 1 uM liraglutide (C), and 10 uM liraglutide (D). Scale bars: (i) 500
um, (ii) 50 um. C. Bar chart showing the mean number of EdU positive cells + SD in the central canal
for two different concentrations of GLP-1R agonist liraglutide, compared with media only control, at
five time points throughout the experiment. Sections taken from thoracolumbar region. Statistical
analysis: One-way ANOVA with Dunnett’s multiple comparison test against control condition for

each time point, significance level p < 0.05 (indicated by *).

157



5.2.2.3 Liraglutide attenuates cell death on day 2, and prevents a peak in cell death on day 4

of culture

As in the previous experiment, OSCSCs were treated with liraglutide on days 1, 3, 5, 7, and
9. Propidium iodide, a fluorescent DNA intercalating dye which is membrane impermeable in
healthy cells, was added 1 hour before OSCSC fixation to determine the extent of cell death
within the slices and to indicate whether liraglutide displays a neuroprotective effect in this

model.

When OSCSCs were fixed and the fluorescence intensity of the OSCSCs analysed on days 6,
8, and 10 of culture, there were no significant differences in the average fluorescence
intensity between any of the groups studied when compared with the respective media only
control (Figure 5.4). On day 2 of culture, 48 hours after plating, there was significantly lower
fluorescence intensity in the OSCSCs treated with 10 pM liraglutide compared with the
control group (12.8 + 3.2 x 10% p = 0.037 versus control: 7.5 + 1.6 x 10%), indicating that there

was less cell death within this group.

On day 4 of culture there was significant higher average fluorescence intensity in the control
group (18.1 + 2.4 x 10%) when compared with the groups treated with 1 uM (9.4 + 1.8 x 10%, p
=0.004), or 10 uM (8.6 + 2.7 x 10%, p = 0.001) liraglutide.

When control group data was compared amongst itself (One-way ANOVA, Tukey’s multiple
comparison test between control groups, not shown on Figure 5.4) the fluorescence intensity
was highest on day 4 (18.1 + 2.4 x 10°) and was significantly higher than on days 6 (11.8 +
2.9 x 10% p =0.031), 8 (10.2 + 3.1 x 103, p = 0.006), and 10 (8.9 + 1.4 x 103, p = 0.002), but
not significantly higher than on day 2 (12.9 + 3.2 x 10% p = 0.087). This indicates that the
peak levels of cell death occur over the first 96 hours in culture, and then is reduced as the

slice culture equilibrates.

No significant differences were observed when results from the 1 uM, or 10 uM liraglutide
groups were compared between respective timepoints, although a trend towards an increase

in fluorescence intensity on day 4 was observed for both groups.
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Figure 5.4: Treatment with liraglutide attenuates cell death on days 2 and 4 of culture in

OSCSCs.

A. Representative images of propidium iodide staining in control OSCSC (i), OSCSC treated with
1uM liraglutide (ii), and OSCSC treated with 10uM liraglutide (iii) after 4 days of incubation.
B. Bar chart showing the mean fluorescence intensity of pixels £ SD, measured from OSCSCs treated

with propidium iodide 1 hour before fixation (N=4). Two different concentrations of GLP-1R agonist

liraglutide were studied and compared with media only control, at five time points throughout the

experiment. Sections taken from thoracolumbar region. Statistical analysis: One-way ANOVA with

Dunnett’s multiple comparison test against control condition for each time point, significance level p

< 0.05 (indicated by *).
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5.2.3 Hydrogels infused with liraglutide enhance proliferation in OSCSCs

5.2.3.1 The mechanical properties of the hydrogels affect spinal cell proliferation in the

central canal and grey matter, independent of liraglutide

It is generally agreed that the stiffness of the spinal cord sits somewhere between 100 — 2,000
Pa (Franze et al., 2013), and therefore a selection of hydrogels both commercially available

and gifted by collaborators in York were used that span this range of stiffnesses (Table 5.1).

Table 5.1: The mechanical properties of the hydrogels used in the investigation for chapter 5.

E: Young’s modulus (also known as the elastic deformation modulus). Measured in Pascals (Pa).

GEL E/Pa SOURCE

Prof. David Smith, York
DIESHRIONAINA 2 FAN (K. Patterson and K. Smith, 2020)
Alpha 4 1000 Manchester Biogels
Gamma 4 500 Manchester Biogels
Epsilon 4 100 Manchester Biogels

Prof. David Smith, York

Glutamine-amide 85 (3. T. Wang et al., 2021)

Hydrogels were used as a base for culturing of spinal cord slices for five days and EdU was
added 24 hours before fixation to determine whether the different mechanical stiffnesses of
the hydrogels affected cell proliferation. In this experiment, the control group was OSCSCs

cultured without a hydrogel base.

After 5 days in culture there were no significant differences in the number of newly
proliferated EdU labelled cells within the white matter for any of the hydrogels tested when
compared with the control group cultured without any hydrogels, or when groups were
compared to each other (Figure 5.8, Control: 3.1 + 1.2 cells per 0.1 mm?, DBS-CONHNH?2:
2.0+ 0.5, Alpha 4: 2.2 £ 1.5, Gamma 4: 3.0 £ 0.8, Epsilon 4: 2.6 £ 1.6, Glutamine amide: 1.3
+ 0.6).
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There were also no significant differences observed in the number of newly proliferated cells
between any of the hydrogel groups and the control group within the grey matter (Control:
3.1+ 1.1 cells per 0.1 mm?2, DBS-CONHNH2: 1.3 + 0.3, Alpha 4: 1.4 + 1.4, Gamma 4: 4.8 +
1.8, Epsilon 4: 2.5 + 1.1, Glutamine amide: 1.0 £ 0.5).

However, there was significantly higher proliferation within OSCSCs grown on the Gamma 4
hydrogel (4.8 £ 1.8) when compared with DBS-CONHNH> (1.3 £ 0.3, p = 0.005), Alpha 4
(1.4 £ 1.4, p=0.007), and Glutamine-amide hydrogels (1.0 + 0.5, p = 0.003).

Within the central canal area, the only group displaying a significantly higher degree of
proliferation when compared with the control was the Epsilon 4 group (2.5 + 1.1, p = 0.002
versus control: 5.1 + 2.3). There was also significantly higher proliferation within the Epsilon
4 group when compared with the DBS-CONHNH2 (0.8 £ 0.7, p = 0.001), Alpha 4 (0.4 £ 0.5,
p = 0.001), and Glutamine-amide hydrogel groups (1.2 = 0.8, p = 0.002). The number of
EdU-positive cells within the Gamma 4 group (3.6 + 0.6) was also significantly higher than
that within the Alpha 4 (p = 0.013) and DBS-CONHNH2 groups (p = 0.029).
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Figure 5.5: The proliferation of cells within the central canal and grey matter is affected by the
mechanical stiffness of the substrate.

A. Schematic of the experimental timeline. B. Bar graphs of the average number of EdU positive cells
in the central canal (i), and the average number of EdU positive cells per 0.1 mm? in the grey matter
(ii), and white matter (iii) of the spinal cord (N = 4). Abbreviations used: DBS-CONHNH2 (DBS),
Glutamine-amide (Glut-Amide). Sections taken from thoracolumbar region. Statistical analysis:
One-way ANOVA with Dunnett’s multiple comparison test against control condition, significance

level p < 0.05 (indicated by *).
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5.2.3.2 Liraglutide infused hydrogels attenuate proliferation in the central canal, but enhance

proliferation in the white matter

The hydrogels were then mixed with liraglutide in order to generate a system of slow release
for the liraglutide over a longer period of time than when it is applied acutely. The isoelectric
point of liraglutide is 4.9 (Knudsen, 2019), this means that in pH 7.5 neutral culture media
this molecule will have an overall slight negative charge and therefore should elute slowly
from these positively charged hydrogels. In this experiment the control group consisted of
OSCSCs cultured in the presence of liraglutide in the culture media, but without a hydrogel

base.

After 5 days in culture, a significant enhancement in the number of newly proliferated cells
within the white matter could be seen when OSCSCs were cultured on the DBS-CONHNH2
(11.2 £ 0.5, p =0.001), Gamma-4 (6.9 + 0.8, p = 0.001), Epsilon-4 (8.3 £ 1.6, p = 0.005), and
glutamine-amide (7.9 = 1.3, p = 0.001) hydrogels when compared with the control group
cultured without any hydrogel (3.4 £ 1.9). No significant differences were observed between

the control groups and the Alpha 4 hydrogel group (5.4 + 1.8, p = 0.207).

Within the grey matter of the spinal cord there was significant higher proliferation only in the
DBS-CONHNH2 group (8.7 = 0.8, p = 0.001) when compared with the control (4.1 + 1.3).
There were no significant differences observed in any of the other hydrogel groups
investigated (Alpha 4: 3.2 + 1.4, p = 0.956; Gamma 4: 5.1 + 1.4, p = 0.904; Epsilon 4: 6.3 =
2.4, p =0.259; Glutamine amide: 4.1 £ 0.3, p > 0.999).

There were also no significant differences in the number of newly proliferated cells in the
central canal of DBS-CONHNH2 (7.6 £ 1.4, p = 0.415), Gamma 4 (5.7 £ 2.6, p = 0.091) and
Epsilon 4 (10.8 £ 5.1, p = 0.998) hydrogel groups compared with the liraglutide only control
(11.5 £ 2.1). However, the Alpha 4 (4.75 = 2.40, p = 0.015) and glutamine amide (4.8 + 2.2, p
= 0.036) groups displayed significant reductions in the number of EdU positive cells around

the central canal when compared with the control group.
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Figure 5.6: Liraglutide infused hydrogels attenuate proliferation in the central canal, but

enhance proliferation in the white matter of slice cultures after 5 days.
A. Schematic of the experimental timeline. B. Bar graphs of the average number of EdU positive cells

in the central canal (i), and the average number of EdU positive cells per 0.1 mm? in the grey matter
(ii), and white matter (iii) of the spinal cord. Abbreviations used: DBS-CONHNH2 (DBS),

Glutamine-amide (Glut-Amide). Sections taken from thoracolumbar region. Statistical analysis: One-

way ANOVA with Dunnett’s multiple comparison test against control condition, significance level p <

0.05 (indicated by *).
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5.2.3.3 Hydrogels infused with liraglutide are more effective in enhancing the number of EQU

positive cells in the spinal cord than their equivalent non-infused gels.

Lastly, the hydrogel groups infused with liraglutide were directly compared against their
respective hydrogel group that did not contain liraglutide in order to determine whether the
addition of liraglutide to the hydrogel affected the level of proliferation of cells with the
OSCSCs.

There were significantly more EdU positive cells in the entire OSCSCs cultured with a
combination of liraglutide and DBS-CONHNH2 (10.1 £+ 0.2 versus 1.8 + 0.2, p = 0.001),
Alpha-4 (4.4 + 2.8 versus 1.5 = 1.4, p = 0.026,), Epsilon-4 (6.1 + 0.8 versus 2.8 = 1.8, p =
0.008), and Glutamine-amide (6.2 £ 0.9 versus 0.9 £ 0.2, p = 0.001) hydrogels when

compared with their non-infused hydrogel equivalents.

When only the grey matter was counted, significantly more EdU positive cells were seen in
the liraglutide infused hydrogels compared with respective non-infused hydrogels were
observed in the DBS-CONHNH2 (8.71 £ 0.79 versus 1.29 + 0.32, p = 0.001), Epsilon-4 (6.31
+ 2.41 versus 2.53 £ 1.10, p = 0.001), and Glutamine-amide groups (4.11 + 0.32 versus 0.66
+ 0.13, p = 0.003). No significant differences in proliferation were observed in the Alpha-4
(3.2 + 1.3 versus 1.4 £ 1.4, p = 0.269), Gamma-4 (5.1 + 1.4 versus 4.8 = 1.9, p = 0.998), or
non-hydrogel groups (4.1 + 1.3 versus 3.5 + 0.9, p = 0.989).

In the white matter there were no significant differences observed only in the non-hydrogel
groups, but significantly more newly proliferated cells were observed for all hydrogel groups:
DBS-CONHNH2 (11.23 + 0.45 versus 2.03 = 0.10, p = 0.001), Alpha-4 (5.40 £ 1.79 versus
1.89 £ 2.03, p = 0.002), Gamma-4 (6.93 + 0.76 versus 3.01 £ 0.81, p = 0.006), Epsilon-4
(8.28 £ 1.62 versus 2.61 £ 1.17, p = 0.001), and Glutamine-amide (7.91 £ 1.25 versus 1.06 +

0.23, p = 0.001), when compared with their respective non-infused hydrogels.

Similar results were found when investigating the number of EdU positive cells around the
central canal of liraglutide infused vs non-infused hydrogels. With the exception of the
Gamma-4 hydrogel group (5.8 = 2.6 versus 3.6 + 0.6, p = 0.571), all other conditions
displayed a higher number of EdU positive cells when liraglutide was added: DBS-
CONHNH2 (7.6 + 1.4 versus 0.8 £ 0.7, p = 0.001), Alpha-4 (4.5 + 2.0 versus 0.4 £ 0.5, p =
0.033), Epsilon-4 (12.8 £ 3.9 versus 5.1 + 2.3, p = 0.001), and Glutamine-amide (5.1 £ 1.7
versus 1.2 £ 0.8, p = 0.049).
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As previously observed (Figure 5.3) there were also significantly more EdU positive cells in
the non-hydrogel group with liraglutide compared with the non-hydrogel group without
liraglutide (11.5 + 2.1 versus 2.7 + 1.6, p = 0.001).
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Figure 5.7: Liraglutide infused hydrogels enhances the total number of newly proliferated cells
in slice cultures after 5 days compared with hydrogels independently.

Bar graphs showing the average numbers of EdU positive cells per 0.1 mm? in the total OSCSC, grey
matter, and white matter, and the average number of EdU positive cells in the central canal.
Abbreviations used: DBS-CONHNH2 (DBS), Glutamine-amide (Glut-Amide). Sections taken from
thoracolumbar region. Statistical analysis: One-way ANOVA with Sidak’s multiple comparison test

against non-liraglutide condition for each group, significance level p < 0.05 (indicated by *).
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5.2.4 Invivo effects of GLP-1R agonists
5.2.4.1 GLP-1R agonists attenuate proliferation in the central canal and white matter

Having investigated the effects of exendin-4 and liraglutide in various ex vivo models which
resulted in general enhancement of cell proliferation predominantly around the central canal,
a series of experiments were set up to see if the effects were comparable when these drugs

were delivered in vivo.
Exendin-4

Mice were given daily injections of either exendin-4 (10 pg/Kg) and EdU (10 mM) in sterile
saline, or EdU in sterile saline alone to act as the control group for this experiment, over 4

days and the numbers of EdU positive cells were counted (Figure 5.8).

In mice treated with exendin-4, the total number of EdU positive cells was significantly lower
(exendin-4 group: 34.1 £ 3.9 versus control: 42.6 £ 6.8, p = 0.023). Interestingly, this effect
appeared to be mainly due to fewer newly proliferated cells in the white matter (exendin-4
group: 16.3 £ 3.9 versus control: 23.9 £ 4.8, p = 0.047).

No significant differences in cell proliferation were observed in the grey matter (exendin-4
group: 16.0 = 2.7 versus control: 16.5 £ 4.7, p = 0.997), or in the central canal of the exendin-
4 treated group when compared with the control group (exendin-4 group: 1.9 + 0.2 versus
control: 2.3 £ 0.5, p = 0.258).

EdU positive cells within the central canal of both groups were examined for expression of
Sox2, a marker of proliferative ability commonly used as an ependymal cell marker (Stenudd
et al., 2022), and it was found that 100% of EdU+ cells in vehicle and exendin treated mice
were also immunopositive for Sox2 (Figure 5.8). As there were no significant changes in the
number of newly proliferated ECs between the two groups the observed proliferation is likely
representative of the self-renewal of the ECs common in the physiologically healthy murine
spinal cord (X. Li et al., 2016).
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Figure 5.8: In vivo injections of Exendin-4 results in fewer EdU positive cells within the white
matter of the lumbar spinal cord.

A. Schematic of the experimental timeline, injections of Exendin-4 and EdU in PBS, or EdU and
vehicle (sterile saline) alone were given in the evening every 24 hours for 4 days. B. Representative
schematic of EdU positive cell distribution within a lumbar spinal cord slice of a control group mouse
(i), representative image of EdU positive cell distribution with the central canal of a control group
mouse co-stained with ependymal cell marker Sox2 (ii). Scale bar: 50 pum. C. Representative
schematic of EdU positive cell distribution within a lumbar spinal cord slice of an exendin-4 treated
mouse (i), representative image of EdU positive cell distribution with the central canal of an exendin-
4 treated mouse co-stained with ependymal cell marker Sox2 (ii). D. Bar graphs comparing the
average numbers of EdU positive cells in the total section, white matter, grey matter (i) and central
canal (ii) areas of a 50 pum thick lumbar spinal cord slice for control and exendin-4 treated mice.
Statistical analysis: One-way ANOVA with Sidak’s multiple comparison pair-wise test against control

condition for each area, significance level p < 0.05 (indicated by *).

Liraglutide

Mice were given daily injections of either liraglutide (1 pg/Kg) and EdU (10 mM) in sterile
saline, or EdU in sterile saline alone to act as the control group for this experiment, over 4

days and the numbers of EdU positive cells were counted (Figure 5.9).

Similar to the results observed in mice treated with exendin-4, the mice treated with
liraglutide had significantly fewer total EJU positive cells when compared with the control
group (liraglutide group: 28.9 £ 5.5 versus control: 44.9 + 9.2, p = 0.003). Again, this effect
appeared to be mainly due to significantly fewer newly proliferated cells in the white matter
(liraglutide group: 16.0 £ 2.8 versus control: 26.5 + 3.8, p = 0.016). No significant differences
in cell proliferation were observed in the grey matter of mice treated with liraglutide
(liraglutide group: 11.1 + 2.5 versus control: 15.7 £ 5.8, p = 0.458).

In contrast to the results obtained in the exendin-4 in vivo experiments (Figure 5.8), the group
treated with liraglutide did possess significantly fewer EdU positive cells within the central
canal area when compared with the control group (liraglutide group: 1.3 £ 0.5 versus control:
2.6 +0.3, p=0.001).
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Figure 5.9: In vivo injections of Liraglutide attentuates proliferation in the white matter and
central canal of the lumbar spinal cord.

A. Schematic of the experimental timeline, injections of liraglutide and EdU in PBS, or EdU and
vehicle (sterile saline) alone were given in the evening every 24 hours for 4 days. B. Representative
schematic of EdU positive cell distribution within a lumbar spinal cord slice of a control group mouse
(i), representative image of EdU positive cell distribution with the central canal of a control group

mouse co-stained with ependymal cell marker Sox2 (ii). Scale bar: 50 pm. C. Representative
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schematic of EdU positive cell distribution within a lumbar spinal cord slice of a liraglutide treated
mouse (i), representative image of EdU positive cell distribution with the central canal of a liraglutide
treated mouse co-stained with ependymal cell marker Sox2 (ii). D. Bar graphs comparing the average
numbers of EdU positive cells in the total section, white matter, grey matter (i) and central canal (ii)
areas of a 50 pm thick lumbar spinal cord slice for control and liraglutide treated mice. Statistical
analysis: One-way ANOVA with Sidak’s multiple comparison pair-wise test against control condition

for each area, significance level p < 0.05 (indicated by *).

5.2.4.2 Treatment with GLP-1R agonists results in fewer EdU positive cells expressing Sox2
and PanQKI

To determine the identity of the newly proliferated EdU positive cells in the spinal cord,
sections were double labelled and investigated for colocalisation using immunolabelling for
neurons (HuC/D), microglia (Ibal), oligodendrocytes (Pan-QKI), and astrocytes (S100pB)
(Figure5-13).

The number of newly proliferated cells that were also immunopositive for the exclusively
neuronal marker HUC/D was not significantly different in either the exendin-4 or liraglutide
treated groups when compared with respective control groups (exendin-4: 3.9 + 2.0 % vs
control: 2.9 £ 1.6 %, p = 0.993, and liraglutide: 4.4 £ 1.6 % versus control: 2.6 + 1.6 %, p =
0.949). This is consistent with the lack of change in the number of EdU positive cells present

in the grey matter of the spinal cord observed previously (Figure 5.8, Figure 5.9).

Neither was the percentage of cells that differentiated into microglia significantly altered
(exendin-4: 16.6 + 4.8 % vs control: 12.0 £ 5.0 %, p = 0.197, and liraglutide: 18.1 + 5.6 %
versus control: 12.3 + 5.2 %, p = 0.087). The same was true for the percentage of cells that
differentiated down an astrocytic lineage, as identified by colocalisation of EAU with S100 f3
(exendin-4: 16.32 + 5.22 % vs control: 11.29 + 2.30%, p = 0.124, and liraglutide: 16.22 +
4.84 % versus control: 11.58 £ 2.59 %, p = 0.247).
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Also observed was a significant reduction in the proportion of EdU positive cells that also
expressed Pan-QKI in both the exendin-4 and liraglutide groups (exendin-4: 23.83 + 5.04 %
vs control: 16.97 + 2.14 %, p = 0.015, and liraglutide: 24.59 + 5.17 % versus control: 15.98 +
4.03%, p = 0.003), indicating that differentiation along the oligodendrocyte lineage is lower
after treatment with GLP-1R agonists. This corresponds with the previously observed
reduction in the number of EdU cells within the white matter of the test groups when

compared with the control (Figure 5.8, Figure 5.9).
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Figure 5.10: Treatment with exendin-4 or liraglutide results in fewer cells that are
immunopositive for oligodendrocyte marker PanQKI.

Bar graphs showing the percentage of EdU positive cells that colocalise with immunohistochemical
markers for oligodendrocytes (PanQKI), microglia (IBA1), astrocytes (S100B), and neurons (HuC/D)
in exendin-4 and liraglutide with their respective controls. Statistical analysis: One-way ANOVA with
Sidak’s multiple comparison pair-wise test against control condition for each area, significance level p
< 0.05 (indicated by *).
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5.2.4.3 GLP-1R agonists do not alter the number of newly proliferated cells in the

hippocampus when given in vivo

The dentate gyrus of the hippocampus is an area widely known for its role in adult
neurogenesis, and as such was used in this experiment as a positive control when testing the

effects of GLP-1R modulation on neurogenesis in a healthy mouse model.

Neither exendin-4 or liraglutide administration resulted in a significant change in the number
of EdU positive cells within the dentate gyrus when compared with their respective controls
(exendin-4: 55.6 £ 14.1% vs control: 54.0 £ 13.6%, p = 0.859, and liraglutide: 54.4 + 14.2%
versus control: 58.8 + 11.0%, p = 0.597).
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Figure 5.11: In vivo injections of exendin-4 or liraglutide does not alter proliferation in the

dentate gyrus of the hippocampus.
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A. Representative images of the dentate gyrus in a control animal (i), and exendin-4 treated animal
(ii). Scale bar: 500 um. B. Representative images of the dentate gyrus in a control animal (i), and
liraglutide treated animal (ii). Scale bar: 500 um. C. Bar graphs of the average number of EdU
positive cells present in a 50 um thick section of dentate gyrus for exendin-4 (i), and liraglutide (ii)
treated groups with their respective controls. No significant differences can be seen between groups.
Statistical analysis: unpaired t-test with Welch’s correction.
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5.3 DISCUSSION

In this chapter, the effects of GLP-1R agonists on the proliferation of cells within the spinal
cord have been investigated using ex vivo acute slices, longer term organotypic spinal cord

slice cultures, and in vivo healthy mouse experiments.

Overall, this research shows that GLP-1R agonists significantly enhance proliferation within
the central canal area when applied to all ex vivo models over both a short time frame, 5
hours in acute slices, and up to 10 days in culture. This is assumed to be an effect limited to
ependymal cells due to their location around the central canal and known proliferative ability
following injury (Mothe and Tator, 2005; Meletis et al., 2008). However, as ependymal cells
themselves have not been shown to express high levels of GLP-1R mRNA (Russ et al., 2021),
nor have been shown to be immunoreactive for the GLP-1R when investigated using
transgenic GLP1R-GCaMP3 animals or the GLP-1R antibody (see Chapter 3: section 3.3.2),
there is not a straightforward explanation for why ependymal cells are affected in such a way.
The implications of this and potential pathways will be discussed in more detail in Chapter 6:

General discussion (section 6.2).

Interestingly, the effects of GLP-1R agonists in areas of the spinal cord outside of the central
canal appear to vary depending on the mode of delivery. When these drugs were applied
directly to the culture media, in the case of both 5- and 10-day OSCSCs, or given in aCSF
immediately after slicing, in the case of acute slice experiments, little effect was seen on the
number of newly proliferated cells in the grey matter or white matter. When OSCSCs were
cultured on a liraglutide loaded hydrogel base, higher numbers of EdU positive cells were
observed in most hydrogels examined. This effect was strongest in the white matter area, with
an increase in proliferation seen in all hydrogel groups, although enhanced proliferation
within the grey matter could also be observed for three out of five hydrogels studied. As this
proliferative effect was not observed in OSCSCs cultured on hydrogels without liraglutide it
is assumed to be due to a combinatorial effect of liraglutide and hydrogel, perhaps due to the

longer exposure of slices to liraglutide over time as it elutes from the hydrogels.

In contrast, when exendin-4 and liraglutide were administered to healthy mice in vivo there
was a reduction in the total number of newly proliferated cells for both drugs tested. Similar
to the hydrogel experiments, this effect appeared to occur predominantly within the white
matter for both drugs and a lower proportion of EdU positive cells within these sections were

seen to differentiate along an oligodendrocyte lineage. Fewer proliferated cells were also
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observed around the central canal, solely in the case of liraglutide. No effects were observed

in the dentate gyrus of the hippocampus for either drug.

5.3.1 Acute and slice culture models as simulations of injury response

Organotypic spinal cord slice culture (OSCSC) and acute models allow the study of cellular
behaviour in an easily manipulated setting that is more representative of the in vivo
environment than in vitro dissociated cell culture; the overall cytoarchitecture of the spinal
cord is conserved, and all endogenous cell types are present. This grants the opportunity to
study the cellular response to injury and mechanical insult while minimising the impact on

animal use and welfare as multiple conditions can be tested using the same animal.

During preparation, the spinal cord undergoes complete transection both rostral and caudal to
the slice resulting in a large mechanical insult and therefore providing access to a
representation of the acute phase of spinal cord injury. The slices can then be cultured and
maintained ex vivo for several weeks, representing the progression from acute injury response
to a chronic injury response. While several studies in the literature have maintained OSCSCs
ex vivo for 7 — 21 days before applying a penetration or contusion injury to the slice to gather
information on injury response (Pandamooz et al., 2019; Patar et al., 2019; Lin et al., 2020),

this is not strictly necessary in order to study a response to immediate injury.

A study by Pandamooz et al investigated the responses of OSCSC to injury induced solely by
the process of acute slice preparation by incubation with propidium iodide on days 1, 3, 5, 7,
and 10 after plating. They found that the highest number of dead cells were present on days 1
and 3, with this reducing with time until day 7 where cell death appeared to stabilise
(Pandamooz et al., 2019). This is comparable to results obtained in this chapter when control
group OSCSCs were treated with propidium iodide to assess the extent of cell death in the
slice as the time course progressed; the highest extent of cell death occurred on days 2 and 4,
with a peak on day 4 and was then lower for subsequent time points. This loss of cells is very
similar temporarily to the progression of cell loss in an in vivo model of spinal cord injury, in
which most cells are lost in the first 24 — 72 hours post injury (Grossman et al., 2001;
Oyinbo, 2011), and therefore may be used as a model of both acute and early stage chronic

spinal cord injury.
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5.3.2 Treatment with GLP-1R agonists lowers cell death and enhances proliferation

within the central canal in ex vivo models

In the primary stages of injury, high levels of neuronal and glial apoptosis occur as cells and
axonal pathways are directly injured or severed, resulting in a large amount of inflammation,
oxidative stress, and necrosis around the site of injury. This is a major obstacle to the
recovery from injury and reduces the ability for regeneration within the spinal cord due to the
increased presence of inflammatory and inhibitory factors (Oyinbo, 2011).

The research performed within this chapter indicates that the extent of cell death is
significantly lower after treatment with liraglutide within the first few days of OSCSC when
compared with non-treated controls. Therefore, liraglutide is likely to play a protective role in
the acute stages of injury. This is consistent with the neuroprotective role of GLP-1R agonists
in the literature, thought to be due to a reduction in cellular apoptosis and correlating increase
in autophagy which reduces the extent of secondary damage resulting in a more hospitable
microenvironment for cell proliferation and axonal growth (Ho6lscher, 2014; Chen et al.,
2017; Verges et al., 2022).

Several studies show that GLP-1R agonists are particularly useful for lowering the number of
activated astrocytes and microglia that are present after injury, therefore reducing the levels
of pro-inflammatory cytokines, such as IL-1o/f and TNF, that are secreted during the
secondary injury response (lwai et al., 2006; Yang et al., 2019; Deng et al., 2022). These
cytokines are known to be neurotoxic and therefore reduction in these levels may prevent
further neuronal or glia loss, increasing the chances of a more substantial recovery after
spinal cord damage (Holscher, 2014; Poulen et al., 2021; Deng et al., 2022).

GLP-1R agonists have been shown to increase proliferation both in vitro (Y. Li et al., 2010),
and in vivo in several models of neurodegenerative disease and injury (\erges et al., 2022).
Yang et al studied the neuroproliferative effects of the GLP-1R agonist semaglutide in a rat
model of ischemic stroke and found higher levels of neurogenesis in the dentate gyrus of
animals treated with semaglutide when compared with the injured control group. This higher
level of proliferation continued to rise from day 1 post-injury and peak on the 7" day, after
which it gradually diminished up until day 28 (Yang et al., 2019). The proliferative response
to a GLP-1R agonist in the study by Yang et al is similar to that seen during the investigation
of this chapter, although the higher level of proliferation observed over 10 days in experiment
5.2.2.2 appears to be less dependent on time post injury with no significant differences
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observed within groups between time points. This could be due to the differences in the
extent of injury between the two models, or due to the differences in injury response between

an ex vivo and in vivo model.

In the study by Yang et al they also observed significantly higher levels of nestin, CXCR4,
SDF-1 and doublecortin biomarkers in the semaglutide treated group compared with controls
which followed this temporal pattern. SDF-1 and its receptor, CXCR4, have multiple
functions in the CNS, and have been implicated in neurogenesis as well as having a role in
directing progenitor cell migration and axonal guidance (Tysseling et al., 2011; Ling et al.,
2022). Interestingly, ependymal cells within the spinal cord express CXCR4 (Tysseling et al.,
2011; Russ et al., 2021). Upon injury to the spinal cord, these CXCR4+ ependymal cells
migrate towards areas that contain high levels of SDF-1, which is upregulated in injured
tissue (Ling et al., 2022). An abundance of CXCR4+ cells were observed to remain in the
central canal, indicating that cells within this area may divide in response to injury and one of
the progeny migrates towards the injury site in order to not deplete the stem cell niche (Mothe
and Tator, 2005; Tysseling et al., 2011). It is possible that this mechanism contributes to the
results observed in this chapter, particularly regarding the higher extent of proliferation
observed around the central canal area but not in the total slice. However further work to
deduce whether these newly proliferated cells are migrated ependymal cells or to discover
which lineage they originate from would need to occur before this could be confirmed.

5.3.3 How do OSCSCs interact with hydrogels?

Numerous hydrogels derived from natural and synthetic polymers have been studied in the
literature for use as scaffolds providing structural and mechanical support, and also as drug
delivery mechanisms transporting pharmacological agents or growth factors directly to the
desired area to promote cell survival, proliferation, or migration (Klapka and Miller, 2006;
Macaya and Spector, 2012; Assuncao-Silva et al., 2015). This research performed in this
chapter adds to this body of knowledge, contributing to the understanding of how OSCSCs
respond when cultured on different stiffnesses and compositions of hydrogels, as well as the

effects of more sustained delivery of liraglutide using a hydrogel delivery system.
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5.3.3.1 Mechanical properties of the CNS in health and injury

The spinal cord is thought to have a compressive elastic modulus (also known as the Young’s
modulus, the most commonly reported measure of compressive material stiffness) of
approximately 100 — 2,000 Pa, although there is some debate regarding the validity of this
suggested range (Bartlett et al., 2016; Budday et al., 2019).

CNS tissue is highly viscoelastic, meaning that under deformation, it displays a combination
of both fluid (viscous) and solid (elastic) behaviours (Ramo et al., 2018b). Because of this,
the mechanical properties of the spinal cord cannot be deduced using a standard linear
deformation relationship, but instead complex models must be used, frequently utilising finite
element analysis or other computational models, to simplify the complexity (Ramo et al.,
2018a). One of the main drawbacks of analysing viscoelastic tissue is the inherent stress-
strain relationship that exists within this tissue; any modulus value calculated for the tissue is
dependent on the particular strain that the tissue is subjected to, and the rate at which this
strain is applied. Therefore, instead of one fixed stiffness value being relevant for the entire
spinal cord under all conditions, there is a range of values that are dependent heavily on the
experimental conditions used during testing (Budday et al., 2019). This can make interpreting
results from different sources tricky as not all experimental set ups are the same, nor are they

always reported precisely enough to allow direct comparison.

It is important to note that many studies of the mechanical properties of the spinal cord do not
include information about the properties of the surrounding pia and dura mater which may
contribute largely to the overall spinal cord stiffness and recovery following compression
(Ramo et al., 2018b). Many published protocols do not explicitly talk about the removal of
the pia or arachnoid mater, usually only focusing on the removal of the dura mater, therefore
determining the effects of the meninges on the obtained values is tricky. This, along with the
species and age of the animal investigated, and the differing lengths of time taken from
extraction of the cord to testing, can partially explain why the proposed mechanical properties

of the spinal cord can vary significantly.

Interestingly, the stiffness of the spinal cord also changes after injury. A study by Baumann et
al, used atomic force microscopy and determined the stiffness of the uninjured spinal cord to
be approximately 450 Pa for the grey matter and approximately 200 Pa for the white matter.
Fifteen weeks after a lateral hemisection, the area around the injury site was tested and the

Youngs modulus of the grey matter was found to be significantly lower at approximately 180
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Pa, representing a 2.6-fold decrease in mechanical stiffness after injury. They hypothesised
that the difference in properties was due to a dysregulation of hydrated glycosaminoglycans,
including chondroitin sulfate proteoglycans and heparin sulfate proteoglycans, increasing the
viscous properties of the spinal cord and therefore decreasing stiffness (Baumann et al.,
2020).

The differing mechanical properties of the spinal cord resulted in the choice of a wide range
of hydrogel stiffness utilised in this research, with two ‘super soft’ gels chosen at
approximately 100 Pa, two higher stiffness gels at > 1000 Pa, and one middle stiffness gel at
500 Pa. The mechanical stiffness of the PET culture inserts used in this experiment were
substantially stiffer at approximately 2 - 3 GPa, far above the proposed highest spinal cord
stiffness of 2 kPa.

5.3.3.2 The number of newly proliferating cells in different areas of the OSCSCs varied with
the mechanical properties of the hydrogels.

As these hydrogels are proposed for use as a scaffold for OSCSC, the first experiment was to
test whether the hydrogels alone had any effect on the number of newly proliferated cells. In
the central canal of the spinal cord the highest extent of proliferation was observed in one of
the softest gels (Epsilon 4; 100 Pa), but not in the other softest gel (glutamine amide; 85 Pa).
This was unexpected as it was assumed that hydrogels with similar mechanical stiffnesses
would have a similar effect on proliferation. Therefore, it is assumed that the difference is
likely a result of the chemical composition of the hydrogels as they were composed of two
different peptides, or due to variances in microstructural architecture (such as porosity and

fibre diameter) upon gel formation.

Operating under the assumption that ependymal cells are the cells that proliferate within the
central canal area after injury and have neural stem cell (NSC) like properties (Mothe and
Tator, 2005), it could be assumed that they would favour similar conditions to those favoured
by NSCs harvested from the other known neurogenic niches when grown in culture. A study
by Banerjee et al isolated NSCs from the hippocampus of 6-week-old rats and grew these on
an array of alginate hydrogels spanning 180 — 19,700 Pa. After 7 days in culture, they found a
14-fold higher number of cells within the softest hydrogel and a two-fold higher number for
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the stiffest hydrogel, when compared with the number of originally plated cells (Banerjee et
al., 2009). This indicates that NSC proliferation was significantly higher with lower hydrogel
stiffness, similar to that observed in the experiment within this chapter.

Within the grey matter of the spinal cord, the highest level of proliferation was observed in
the mid-range hydrogel (Gamma 4; 500 Pa). This was significantly higher than that in the two
stiffer hydrogels (> 1000 Pa) and the lowest (100 Pa), but was not significantly different than
the control OSCSCs cultured directly onto the PET insert. Neuronal differentiation occurs
most favourably on hydrogels of lower stiffnesses: Banerjee et al (as mentioned above) found
a 20-fold higher level of B-tubulin 111 expression in NSCs grown on soft substrates compared
with stiffer substrates. This is corroborated by studies by Saha et al who found that NSCs
cultured on hydrogels with a stiffness of 500 Pa had a 6-fold higher level of B-tubulin IlI
expression compared with 1000 Pa hydrogels (Saha et al., 2008), similar to the changes in
extent of proliferation observed in the experiment within this chapter. It could be possible that
the enhanced proliferation observed is due to a higher number of neural progenitor cells
existing either within the grey matter or migrating to the grey matter.

It is also likely that the proliferation within the grey matter is not due to neural progenitors,
but a different cell type such as astrocytes or microglia. Microglia isolated from neonatal rat
cortices were found to proliferate much more rapidly on a 600 Pa silicone rubber-based
substrate than on a 1 kPa substrate (Blaschke et al., 2020), lending credence to this
hypothesis. However, as the phenotypes of the EdU-positive cells in our investigation were
not tested this remains as speculation.

No differences in the levels of proliferation were observed in the white matter of any of the
hydrogel groups tested, which was a little surprising. Jagielska et al cultured oligodendrocyte
progenitor cells (OPC) on a range of polyacrylamide hydrogels between 0.1 — 70 kPa and
found a significantly higher level of OPC survival and proliferation within hydrogels of 0.7
kPa and above, and a lower level of proliferation for those below 400 Pa (Jagielska et al.,

2012). This difference in proliferation was not observed in the data within this chapter.

5.3.3.3 Liraglutide infused hydrogels enhance proliferation within OSCSCs

It is likely that the higher levels of proliferation observed in OSCSCs cultured on liraglutide-
infused hydrogels follows the same principles as discussed above in section 5.3.2.
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Unfortunately, propidium iodide experiments to determine the extent of cell death could not
be easily reproduced due to the fluctuations in autofluorescence seen with the hydrogel bases.
Future experiments could investigate the use of alternative markers of cell death or apoptosis,
such as caspase-3, to determine whether the use of liraglutide-infused hydrogels could aid in

the reduction of cell death after injury over liraglutide or hydrogels on their own.

In all OSCSCs cultured on liraglutide-infused hydrogels, there were higher levels of
proliferation observed within the white matter, which was not seen in OSCSCs cultured on
hydrogels alone (Figure 5.8). Neither was this effect seen when OSCSCs were cultured on the
standard PET culture insert (as can be seen in Figure 5.1, Figure 5.2, and Figure 5.7) without
any hydrogels, but with the addition of liraglutide to the culture media. This indicates that the
effect of liraglutide on cells within the white matter is likely due to sustained modulation of

the GLP-1R over a more prolonged period of time.

Injury to the spinal cord results in a widespread loss of oligodendrocytes and myelin within
the white matter, the degradation of which releases inflammatory compounds and results in
further damage to oligodendrocytes and nearby cells (Crowe et al., 1997; Huntemer-Silveira
et al., 2021). Several studies have shown that in mouse models of experimental autoimmune
encephalitis (EAE), a model that mimics the demyelinating lesions common in multiple
sclerosis, treatment with GLP-1R agonists delayed disease onset and progression, reduced
inflammation, reduced astrocytic and microglial activation, and ameliorated demyelination
(C.-H. Lee et al., 2018; Qian et al., 2022; Song et al., 2022). It could be possible that
prolonged treatment with liraglutide encapsulated within hydrogels also ameliorates the loss
of myelin, inflammation, and subsequent apoptotic cell death within the white matter of
OSCSCs, resulting in greater cell survival and therefore a higher ability to proliferate. It is
unclear why this effect is not seen in cultures without liraglutide-infused hydrogels, so further

work is needed to elucidate the precise mechanisms behind these results.

5.3.4 GLP-1R agonists in vivo result in lower spinal cord cell proliferation

This series of experiments was set up to determine the effects of exendin-4 and liraglutide on
cell proliferation and differentiation in vivo. Exendin-4 is a short acting GLP-1R agonist with
a half-life of approximately 2-5 hours when administered intraperitoneally, whereas

liraglutide has a longer half-life of approximately 9 — 12 hours under the same conditions
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(Knudsen et al., 2000). Both drugs were given once per day over 4 days, at a dose of 10

ng/kg and 1 pg/kg respectively.

Interestingly and somewhat unexpectedly, both drugs resulted in similar outcomes with an
overall lower total number of EdU positive cells present within the spinal cord slices, an
effect predominantly caused by a lower number of newly proliferated cells within the white
matter. The main point of difference between the two drugs was that cell proliferation around
the central canal was lower in the group treated with liraglutide, but not exendin-4. As
liraglutide has a longer half-life than exendin-4, it was hypothesised that this drug would

display more of an effect, this was only found to be true in this area.

When the colocalisation of the cells positive for EQU was considered, both drugs showed
significantly lower proportions of cells that also expressed an oligodendrocyte marker. This
was expected, given the lower number of EdU positive cells present within the white matter.
As described above (section 5.3.3.3), GLP-1R agonists play a protective role in the white
matter in models of EAE, it is possible that the lower number of newly proliferated cells
observed in this experiment is due to a preference towards cell survival rather than increased

renewal or proliferation.

5.3.4.1 Aresult of GABAergic signalling?

It is possible that the lower levels of proliferation observed throughout the spinal cord, and
around the central canal of the spinal cord in particular due to the presence of CSFcNs, is due
to the exocytosis stimulating effects of GLP-1R agonists on GABAergic cells within the

spinal cord.

A large proportion of GLP-1R positive cells within the CNS are GABAergic neurons
(Chapter 3: section 3.2.2.2, Rebosio et al., 2018; Zheng et al., 2019), and application of GLP-
1R agonists has been found to exert a multiplicity of excitatory and inhibitory effects on these
neurons, depending on the concentration, duration, and location of the drug given and
neurons studied (S. J. Lee et al., 2018; Rebosio et al., 2018; Povysheva et al., 2021).
Importantly, Rebosio et al show that in purified synaptosomal preparations of hippocampal
boutons, exendin-4 promotes the release of GABA which is abolished by application of the

antagonist (Rebosio et al., 2018).
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No studies within the literature have focused on the effects of GLP-1R stimulation on
GABAergic neurons within the spinal cord, but it could be proposed that if GLP-1R agonists
increased the levels of GABA then the result would be fewer newly proliferated cells. New et
al show that healthy mice treated with GABA transaminase inhibitor Vigabatrin, which
increases endogenous GABA levels, resulted in significantly lower proliferation within all
areas of the spinal cord. This result is similar to that observed through the experiments
detailed here, although further work would need to be undertaken to identify whether this

mechanism is responsible and why particularly oligodendrocytes appear to be affected.

5.3.4.2 Arresult of peripheral effects?

A study by Andersen et al used a GLP-1R tdTomato transgenic mouse line to identify the
presence of the GLP-1R within cells of the stomach, heart, smooth muscle of arteries, liver,
lungs, and thyroid, which indicates a possibility for several unexpected effects when
administered peripherally (Andersen et al., 2021). Indeed, GLP-1R agonists are widely
known for their pleiotropic effects, which can include stimulating insulin release, increasing
heart rate and blood pressure, and reducing blood glucose levels (Yamagishi and Matsui,
2011; Rowlands et al., 2018). Many of these effects may induce as of yet unknown effects on
proliferation within the CNS, and therefore the influence of peripheral effects cannot be ruled

out.

5.3.4.3 GLP-1R agonists showed no change in proliferation within the hippocampus

Perhaps the most surprising result from this study was the lack of difference in proliferation
observed within the dentate gyrus of the hippocampus. Previous studies have shown that
GLP-1R agonists enhance proliferation within this area, when administered both directly to
the CNS or peripherally. Bertilsson et al gave intraperitoneal injections of 1 pg/kg of exendin-
4 twice daily for 7 days and saw significantly higher numbers of BrdU positive cells and Dcx
positive cells within the dentate gyrus. A similar result was seen when 1 pg/kg was
administered twice daily for 21 days (H. Li et al., 2010). However, Isacson et al found that
intraperitoneal administration of the same dose of exendin-4, but over 3 days, did not result in
significantly higher levels of hippocampal proliferation (Isacson et al., 2011). It is possible

that the lack of observed significance in the results of our experiments are due to differences
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in dosage schedule, due to the twice daily administration in the literature studies and once
daily in these experiments, or the duration of the experiment not being long enough. It would
be interesting to study whether twice daily dosing over a longer time period would lead to
different results in spinal cord cell proliferation than those observed here.

Alternatively, the method of proliferation detection may play a role in the lack of significance
of our results. Parthsarathy and HOlscher gave mice once daily liraglutide (10 pg/kg)
intraperitoneally for 7 days and did not observe any significant differences in the number of
BrdU positive cells within the hippocampus. However, upon staining for Ki67, a marker of
active cell proliferation which is absent from quiescent cells, they observed significantly
higher numbers of positive cells within the dentate gyrus indicating a move from quiescence
to proliferation. However, in mice treated with the same dose of liraglutide daily for 37 days,
an enhancement in both BrdU and Ki67 staining could be observed (Parthsarathy and
Holscher, 2013). It could be possible that these cells were primed for active proliferation, but
had not reached the stage in the cell cycle in which BrdU is incorporated into the DNA. As
Ki67 staining was not utilised in our experiments it is impossible to say whether the same

results would be observed in this case.

5.3.5 Conclusion

Research within this chapter found that GLP-1R agonists significantly enhanced proliferation
within the central canal area in all ex vivo models, whereas the effects of GLP-1R agonists on
other spinal cord areas varied depending on the mode of delivery, with hydrogel-based
delivery showing enhanced proliferation in white and grey matter in some cases. Somewhat
surprisingly, in vivo administration of exendin-4 and liraglutide in healthy mice led to a
reduction in the total number of newly proliferated cells, predominantly in the white matter,

with fewer cells differentiating into oligodendrocytes.

This research contributes novel information regarding the impact of GLP-1R agonists on
proliferation within the spinal cord, yet raises further questions regarding the mechanisms
behind this effects which will require further investigation. Ideas for future research are
outlined in chapter 6: general discussion (section 6.6).
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6.1 SUMMARY

The GLP-1 system has been implicated in various aspects of CNS function, with activation of
GLP-1Rs being shown to promote neurogenesis, enhance neuronal survival and attenuate
neuroinflammation in various animal models of neuronal injury and disease (Erbil et al.,
2019; Nizari et al., 2021; Monti et al., 2022). Within the spinal cord, most adult neurogenesis
takes place inside the ependymal layer that surrounds the central canal so this research sought

to determine if the GLP-1 system was also implicated in spinal neurogenesis.

Ependymal cells (ECs) within this layer possess NSC like properties, self-renewing for
population maintenance and proliferating rapidly in response to injury (Meletis et al., 2008;
Moreno-Manzano, 2020). While mRNA for the GLP-1R has been found within many
neuronal and glial cells throughout the spinal cord (Merchenthaler et al., 1999; Russ et al.,
2021), little is known about the cell specific expression of this receptor within the ependymal
cell layer area. Of particular interest are the CSFcNs, enigmatic cells, which neighbour ECs
and express GLP-1R mRNA (Russ et al, 2021). The research presented within this thesis is
the first to explore the relationship between the GLP-1R and CSFcNs, with a focus on the

role of these two components in influencing spinal cord neurogenesis.

In the first chapter, immunohistochemistry revealed that approximately 80% of CSFcNs
express the GLP-1R, the distribution of which is the same throughout the spinal cord. A
substantial number of CSFcNs in the thoracic region received direct appositions from axons
of GLP-1 producing neurons, indicating a possibility that these cells are integrated into the
wider GLP-1 network.

To test for potential functional effects of GLP-1R activation on CSFcN activity, the second
chapter describes the effects of GLP-1R agonists on CSFcN intracellular Ca?* levels through
calcium imaging studies. These cells displayed a concentration-dependent response to
liraglutide, largely responding by increasing the frequency and decreasing the amplitude of
Ca?" spiking events in response to immediate liraglutide application. Prolonged exposure to
liraglutide resulted in complete silencing of Ca®" spiking activity in a number of CSFcNs,

which was reversible after extended washing with aCSF.

The final results chapter investigated the effects of GLP-1R agonists on the proliferation of
cells within the spinal cord using ex vivo acute slices, longer term OSCSCs, and in vivo
healthy mouse experiments. In acute and cultured spinal cord slices, application of GLP-1R

agonists resulted in more proliferating cells in the ependymal cell layer compared to control
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experiments, but effects on cell proliferation outside of this area were only observed when
OSCSCs were cultured on hydrogels infused with liraglutide. In vivo studies found that both
exendin-4 and liraglutide applications resulted in fewer labelled proliferating cells,
specifically within the ependymal cell layer and the white matter.

In summary, research presented within this thesis demonstrates that CSFcNs express the
GLP-1R, respond to bath application of GLP-1 agonists through changes in their intracellular
Ca?" concentrations, and that GLP-1 agonists influence neurogenesis within the central canal

area of the spinal cord.
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6.2 THE EFFECTS OF GLP-1R AGONISTS ON CELL PROLIFERATION

Throughout this thesis, the relationship between GLP-1 signalling and spinal neurogenesis
has been explored, with CSFcNs being implicated in this process. Here, a potential

mechanism underlying this process will be proposed.

In chapter 3, immunohistochemistry was used to identify cells within the ependymal layer
that showed immunoreactivity for GLP-1R. While ECs may contain limited mRNA for GLP-
1R (as shown in Chapter 3, Figure 3.1), they do not express this receptor at a detectable level,
and such expression is unlikely to hold functional significance. In contrast, CSFcNs not only
display substantial mMRNA expression of GLP-1R but also exhibit detectable levels of this

receptor protein on both their cell bodies and CSF-contacting end bulbs.

Activation of these receptors was shown to modulate the calcium activity of CSFcNs,
resulting in an increased frequency of Ca?* spiking in the short term, and silencing of CSFcN
calcium activity in approximately half of CSFcNs, when applied over a prolonged period of
time. This is particularly intriguing as previous studies have linked GLP-1R activation to
exocytotic pathways (Drucker et al., 1987; Rebosio et al., 2018; Graham et al., 2020;
Gonzalez-Santana et al., 2021). This change in Ca?* spiking may signify an initial increase in
exocytosis of compounds from CSFcNs, which is followed by a substantial reduction upon

continuous exXposure.

While the notion of CSFcNs releasing compounds into the cerebrospinal fluid has been a
long-standing hypothesis, it has remained relatively unproven as of yet. However, the
presence of synaptic proteins known to be involved in calcium-triggered vesicle release, such
as SV2 and synaptophysin (Chapter 3, Figure 3.8; Conte et al., 2008; Wu et al., 2021), on the
end bulbs of CSFcNs, coupled with their possession of the necessary machinery for the
synthesis and release of GABA, including VGAT and GAD65/67 (Orts-Del’immagine et al.,
2012; Corns et al., 2013; Johnson et al., 2023), strongly implies that this is one of the possible

functions.

Should GLP-1R activation lead to an enhanced release of GABA from CSFcNs, it's plausible
that GABA receptors on neighbouring ECs might become engaged. An investigation by
Corns et al., employing whole cell patch clamp electrophysiology in rat spinal cord,
illustrates that ECs respond to GABA application by undergoing depolarisation. This effect is
partly mediated through the GABAA receptor (Corns et al., 2013). While the specific
consequences of this depolarisation were not explored in that study, it's established that
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elevating ambient GABA levels within the central nervous system (CNS) inhibits
proliferation and restricts progression through the cell cycle in various types of progenitor
cells, including the ECs (Liu et al., 2005; Tozuka et al., 2005; New et al., 2023).

Hypothetically, if prolonged GLP-1R activation results in the silencing of CSFcNs, it could
entail a reduction in GABA exocytosis and subsequently lead to decreased ambient GABA
levels in the CSF and the immediate vicinity of ependymal cells. This reduction in GABA
concentration could potentially trigger an increase in ependymal cell proliferation, similar to

that observed in the ex vivo experiments conducted within this thesis.
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Figure 6.1: Proposed mechanism behind CSFcN mediated proliferation of ependymal cells.

GLP-1R agonists bind to the GLP-1R on CSFcNs (a), resulting in an immediate increase in calcium
activity, which leads to exocytosis of GABA which interacts with the GABA receptors on
neighbouring ECs (b). After prolonged activation of the GLP-1R, the calcium mediated exocytosis is
reduced, and GABA transmission is halted. If the ambient GABA levels are increased, then EC
proliferation is inhibited, and the cell remains quiescent. If GABA levels are decreased, then ECs are

no longer inhibited, and some proliferation may occur (c).
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6.3 How Do CSFCNS FIT INTO THE WIDER GLP-1 NETWORK?

The research presented within this thesis delves into the involvement of CSFcNs in the GLP-
1 pathway, network, and signalling within the murine spinal cord. It provides valuable
insights into the localisation of GLP-1R in CSFcNs and their connections with PPG neurons,

shedding light on their potential role in the broader GLP-1 system.

Moreover, this study underscores regional variations in PPG neuron appositions onto
CSFcNs, which may suggest distinct functions for GLP-1R-positive CSFcNs in different
spinal cord regions. In particular, CSFcNs in the thoracic region may play a more prominent
role in spinal circuitry, potentially responding to GLP-1 release in their vicinity. This could be
linked to the increased heart rate mediated by spinal GLP-1 innervation of sympathetic
preganglionic neurons (SPNs) (Llewellyn-Smith et al., 2015; Trapp and Cork, 2015; Holt et
al., 2020), and may suggest a complex feedback loop that encompasses CSFcNs, SPNs, and
PPG neurons, all contributing to the spinal GLP-1 network (Discussed further in Chapter 3:
section 3.4.2).

Furthermore, the presence of GLP-1R positive cells not receiving direct PPG neuron
appositions implies their potential response to non-synaptic GLP-1 transmission, likely
through their proximity to the CSF. This raises intriguing questions about how, and why,
CSFcNs might sense and modulate CSF composition in the context of the GLP-1 signalling
pathway.

In summary, this research provides valuable insights into the involvement of CSFcNs in the
GLP-1 pathway, network, and signalling, with potential implications for autonomic functions
and the regulation of homeostasis. However, substantial further exploration is needed to fully
understand the intricate roles these cells play in the broader GLP-1 system.
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6.4  APPLICABILITY TO HUMAN STUDIES

There is great debate over the cellular composition, cytoarchitecture, and proliferative
capacity of the human adult spinal cord. Studies have revealed inconsistencies in the patency
of the central canal in the adult human spinal cord compared to commonly studied rat and
mouse spinal cords (Milhorat et al., 1994; Saker et al., 2016; Torrillas de la Cal et al., 2021).
Autopsy investigations and MRI scans have shown that the central canal tends to close
partially or completely with age, with most individuals experiencing at least partial closure by
adolescence (Milhorat et al., 1994; Torrillas de la Cal et al., 2021). This closure is associated
with a dense accumulation of cells in the ependymal region, including glial cells expressing
GFAP, vimentin-positive ECs, and CD15-expressing cells (Saker et al., 2016). Notably, ECs
were observed around pseudo-canals and perivascular pseudo-rosettes, a feature also found in

ependymomas (Saker et al., 2016; Torrillas de la Cal et al., 2021).

However, recent RNA profiling of ECs has revealed the conservation of numerous
transcription factors and genes between adult humans and rodents indicating the potential for
similarly conserved functionality between mammalian species (Rosenberg et al., 2018;
Ghazale et al., 2019). In vitro studies have further demonstrated the multipotent potential of
human stem cells. One such study conducted by Dromard et al, discovered heterogenous
expression of sox2, CD15, Nkx6.1, and PSA-NCAM in cells within the ependymal layer of
the central canal of the human spinal cord, indicating proliferative potential. Upon
dissociation and culturing of these cells in a medium containing supplemental epidermal
growth factor (EGF) and basic fibroblast growth factor (bFGF), they found consistent
formation of neurospheres which contained proliferative precursors which could generate
glial and neuronal cells (Dromard et al., 2008). A similar study by Mothe et al also found
multipotent and self-renewing NSCs within the adult human spinal cord (Mothe et al., 2011).
The question of whether these cells respond in a manner analogous to animal models remains

unknown and requires further investigation.

While it is possible that the research provided within this thesis may not be therapeutically
applicable to human EC proliferation, it is important to note the potential usefulness of this
research in other degenerative conditions. Several GLP-1R agonists have gained FDA
approval and are currently being explored for human therapeutic use for a variety of
neurodegenerative conditions (detailed in chapter 1: general introduction, section 1.3.4,
Zhang et al., 2021; Kopp et al., 2022). As of yet, there have been no human studies regarding
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the therapeutic benefits of GLP-1 modulation within SCI, but the promising results from
animal studies and human neurodegenerative studies indicate that this may be an avenue

worth further exploration.
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6.5 TECHNICAL CONSIDERATIONS AND LIMITATIONS

Although all care was taken to ensure experiments conducted in this research were designed

and carried out with the utmost care there are some limitations and technical considerations.

6.5.1 The use of spinal cord slices in both acute and culture conditions

Spinal cord slices are commonly used in electrophysiological and calcium imaging studies, as
well as in OSCSCs, to study properties and functions of cells and their networks. Slice
models offer distinct advantages over isolated cell cultures because they maintain the
structural integrity and local neural circuits within the tissue slice (Lin et al., 2020). The cells
of interest are easily accessible, allowing direct access for electrophysiological studies, or
allowing for the imaging of many neurons simultaneously in calcium imaging experiments.
Experimental conditions are also easier to control, with less unknown variables than in in

vivo conditions.

However, there are associated disadvantages. Preparation of slices may sever some
descending/ascending axons, leading to the deterioration and death of affected cells, as well
as a loss of synaptic inputs onto the cells of interest. In an attempt to counteract this, ice-cold
sucrose-based aCSF solution was used during spinal cord extraction, and the spinal cord was
consistently kept chilled throughout the preparation process to minimize cell death from
excitotoxicity. Balancing efficiency of spinal cord extraction with the preservation of spinal
cord integrity was a top priority in the preparation process, hence the method of spinal cord
extrusion was chosen over more traditional dissection methods (discussed in chapter 2:

general methods, section 2.4).

While CSFcNs have fewer processes compared to many neurons or astrocytes, making them
perhaps more resilient to the slicing procedure, they may still experience interruptions in their
synaptic inputs, such as descending input from GLP-1 neurons. Even if the cells of interest
remain unharmed, local environmental changes could induce alterations within these cells.
The absence of synaptic inputs, and indeed of any native CSF, could result in varying levels
of neurotransmitters released from tonically active neurons or glial cells around ECs and
CSFcNs, altering base levels of excitability/inhibition during recordings and changing

CSFcN responses to stimulation.
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6.5.1.1 OSCSCs

Control over the extracellular environment in the culture model was maintained by
manipulating the culture medium for the slices. In this study, the medium was transitioned to
a serum-free formulation after 24 hours in culture. This change not only slowed the growth of
astrocytes but also allowed for precise determination of the culture medium's composition, as
serum may contain undefined components that affect cell activity (Stoppini et al., 1991;
Daniel et al., 2016).

One significant practical and ethical advantage of the organotypic culture model over in vivo
studies is the possibility to conduct numerous experiments using spinal cord tissue obtained
from a single animal, thereby reducing the number of animals required. Each set of
experiments included both control and drug-treated slices from the same animal, accounting
for any potential inter-animal variability. Additionally, this model allows for the assessment
of adverse effects on cell viability caused by drugs without subjecting animals to potential
suffering. These factors contribute to the growing popularity of organotypic spinal cord and
brain cultures as ex vivo tissue models for studying neurological diseases (Croft et al., 2019),
injuries (Krassioukov et al., 2002; Pandamooz et al., 2019; Lin et al., 2020), and the
neurogenic potential of transplanted stem cells (Kim et al., 2010; Xiao et al., 2019). However,
OSCSCs cannot fully replicate all in vivo properties, such as a drug's ability to penetrate the
blood-brain barrier or its toxic effects on other tissues. Therefore, follow-up in vivo studies

are necessary.

6.5.2 The use of EAU as a marker of proliferation

Central to these investigations was the need for a reliable marker to identify and quantify cell
proliferation in both ex vivo and in vivo investigations. To address this, the thymidine
analogue known as EdU was employed to detect newly synthesized DNA during the S-phase
of mitosis enabling visualisation of cells using a fluorescent azide (see chapter 2: general

methods, section 2.3.2, for a detailed protocol).

EdU was chosen as an alternative to the more conventional BrdU for several reasons. Firstly,
the EdU labelling process was quicker and gentler on the delicate organotypic slices (Zeng et

al., 2010). Secondly, BrdU processing involves denaturing DNA through heat or acid
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treatment, which can potentially harm other antigens, leading to disruption of tissue structure
and reduced antigen detection (Rakic, 2002; Chehrehasa et al., 2009).

While EdU offers the advantage of highly sensitive detection of proliferating cells, it's
important to note that prolonged exposure to EdU in vitro may affect cell viability
(Diermeier-Daucher et al., 2009; Colquhoun, 2019). However, since the studies in this
research involved only short-term EdU exposure of up to 5 days in vivo and 24 hours in
culture, it is unlikely to have been a significant concern. Nonetheless, it's advisable to assess
cellular viability when considering longer-term studies, a point to bear in mind for any future

research involving extended time frames.

6.5.3 The use of animals in research

Although the use of animals in this research was unavoidable, every effort was taken to
uphold the three R’s of refinement, replacement, and reduction. Where possible, experiments
were performed using OSCSCs and acute slices so many conditions could be tested using the
same animals, reducing the overall number required. Tissue was also shared between

researchers within the group as much as possible.
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6.6 FUTURE EXPERIMENTS

Research within this thesis has focused on the link between CSFcNs and the GLP-1 system in
the spinal cord, indicating that CSFcNs possess functional GLP-1Rs that can modulate the
calcium activity of these cells. The neuroprotective and proliferative effects of GLP-1R
agonists were also confirmed using ex vivo models. While this is interesting, potentially
leading the way for new therapeutic approaches to spinal cord injury and neurodegenerative
conditions, further research is needed to fully understand the mechanisms and factors behind
the results obtained in this research. Some ideas for future investigations are outlined in this

section.

6.6.1 What are the mechanisms and network effects behind the response of CSFcNs

to liraglutide?

6.6.1.1 Presynaptic effects

In chapter 4, the direct effects of GLP-1R stimulation on the frequency and amplitude of
calcium events in CSFcNs were investigated. It was found that bath application of liraglutide
resulted in a concentration-dependent modulation of CSFcN activity, and prolonged
application over 3 minutes caused the loss of spontaneous activity in many of these neurons.
It would be interesting to further investigate whether this effect was solely due to the
activation of the GLP-1R on CSFcNs, or whether this is due to regulatory feedback from
other cells that synapse onto CSFcNs. It could also be possible that this is a form of
autoregulation by CSFcNs, as they are known to form synapses with other CSFcNs in the
network (Nakamura et al., 2023). Perhaps CSFcNs release GABA when stimulated, an
abundance of which has inhibitory actions onto other CSFcNs or indeed results in
autoregulation of the originating CSFcN? Co-application of a synaptic blockade cocktail and
liraglutide could be performed in order to further determine any indirect or autoregulatory
effects. Furthermore, the specific receptors and neurotransmitters could be narrowed down
using individual selective receptor antagonists, such as gabazine to block GABAergic

receptor activation, allowing for the precise elucidation of the mechanisms involved.
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6.6.1.2 Influence of calcium channels

In the paper by Johnson et al, different types of calcium channel influenced the Ca?* spiking
of CSFcNs in response to stimulation by different neurotransmitters. They found that larger
amplitude spikes were generated under control of high voltage-activated (HVA) Cd?*
sensitive Ca?* calcium channels, whereas smaller amplitude spikes were generated by T-type
calcium channels (Johnson et al., 2023). Given the apparent decrease in amplitude of Ca?*
spikes seen during application of liraglutide in chapter 4 (section 4.3.2), it would be
interesting to investigate the roles of the various calcium channels in this response. This
could be done through the co-application of liraglutide and various calcium channel blockers
such as Cd?*, to block HVA channels, and ML218 to block T-type Ca?* channels. This
investigation would yield further investigation regarding the cellular mechanisms behind the
CSFcN response to liraglutide, as well as potentially furthering the knowledge regarding the

expression of different calcium channels on CSFcNs and their activity in general.

6.6.1.3 Electrophysiological investigations

Another important further experiment, that was not performed in this thesis due to time
constraints, would be the electrophysiological investigation of liraglutide on CSFcNs.
Through the use of patch-clamp electrophysiology, the hyperpolarizing vs depolarising
effects of GLP-1R stimulation could be deduced, further contributing critical information
about the integration of CSFcNs into the GLP-1 network and further information regarding

CSFcNs and their subtypes in general.

6.6.2 Do CSFcNs release compounds in response to stimulation of GLP-1Rs?

The central question of whether CSFcNs are capable of releasing compounds into the CSF,
and if so, what the nature of these compounds is, remains unanswered as of yet. This could be

answered experimentally using a few different methods.

Firstly, samples of CSF could be taken before and after stimulation of CSFcNs, and measured
using microdialysis and HPLC techniques. To ensure only CSFcNs are influenced,
chemogenetic activation of designer receptor exclusively activated by designer drugs
(DREADD) expressed exclusively in CSFcNs could be used. This could be performed
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through the crossing of PKD2L1-Cre mice with a flexed-DREADD mouse line to selectively
activate (hM3Dg-DREADD) or inhibit (hM4Di-DREADD) CSFcNs, and use of the
DREADD specific ligand clozapine N-oxide (Zhu and Roth, 2015; Zhang et al., 2022). This
method is well established in the literature, the high sensitivity and selectivity of this method
would allow for the quantification of changes in concentrations of several different
neurotransmitters simultaneously (Zapata et al., 2009; Cifuentes Castro et al., 2014; Pencheva
et al., 2022). However, this method can be time consuming, due to the collection of CSF and
sample preparation required, and has poor temporal resolution.

A second method, that would allow for more specific detection of neurotransmitter release
from CSFcNs is the use of Cre-inducible viral vectors. One example would be the use of a
PKD2L1-cre mouse line and the iIGABASNFR virus, which is composed of a genetically
encoded GABA sensor bound to a circularly permuted fluorescent protein which fluoresces in
response to the synaptic release of GABA (Marvin et al., 2019). Changes in fluorescence
intensity could then be visualised using acute slices under a high-powered fluorescence
microscope. Preliminary research in the Deuchars lab has tested this approach and found that
limited transfection of CSFcNs is possible (Figure 6.2, A). When these cells were stimulated
by ACh there was a distinct increase in fluorescence within the endbulb (Figure 6.2, B), but
not the soma or dendrite-like process, indicating that GABA is released from the endbulb.
Unfortunately, due to time constraints and technical difficulties, this could not be fully

explored, but would be interesting to investigate further.
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Figure 6.2: Expression of iGABASNFR virus in CSFcNs.

A. Image of merged, iIGABASNFR (enhanced with GFP), and PKD2L1-IR in a PKD2L1-cre lumbar
spinal cord section. IGABASNFR can be seen expressed only in a small number of ventral CSFcNs.

B. Image of a single CSFcN (N=1) expressing the iGABASNFR under a two-photon microscope (i),
with corresponding traces from the somata, process, and endbulb showing GABA release in response
to ACh (ii).

6.6.3 Does activation/inhibition of CSFcNs alter proliferation in the spinal cord?

An effective approach for investigating the impact of activation of CSFcNs on spinal cell
proliferation could involve employing chemo- or opto-genetic techniques to either activate or
inhibit these neurons. For instance, channelrhodopsins (ChRs) represent a widely used tool
for probing neuronal function as they can respond to specific light wavelengths, inducing
neuronal activation through the transport of cations across the plasma membrane (Mdglich
and Hegemann, 2011). By generating a mouse strain with ChRs exclusively expressed in
CSFcNs, these cells can be activated in acute slices using light. By adding EdU to the aCSF, a

methodology similar to the one described in Chapter 5 (section link) can be implemented to
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assess proliferation within acute spinal cord slices. This approach offers the advantage of
evaluating the influence of CSFcNs directly while bypassing potential off-target effects

associated with GLP-1R agonists on other cell types.

Alternatively, the PKD2L1-DREADD mouse model could also be used in this instance, as
described above. This setup enables the direct stimulation or inhibition of CSFcNs through
treatment with the DREADD agonist clozapine n-oxide (Zhu and Roth, 2015; Zhang et al.,
2022). Subsequently, the effects on proliferation can be assessed using EdU. This
experimentation can be conducted either ex vivo using cultured slices or in vivo, facilitating

the assessment over an extended time frame.

6.6.4 Does treatment with liraglutide affect proliferation of cells within an in vivo
SCI model?

In Chapter 5, the study observed that GLP-1R agonists had a positive impact on proliferation
in ex vivo models. Notably, this effect was even more pronounced when OSCSCs were
cultured on hydrogels infused with liraglutide. Given the growing interest in the utilization of
biomaterials as scaffolds for spinal cord repair (Haggerty et al., 2018; Koffler, 2019), a
prospective experiment could entail investigating whether hydrogels infused with GLP-1R
agonists lead to increased proliferation within an in vivo spinal cord injury (SCI) model, as
opposed to using injections of either GLP-1R agonists or hydrogels alone. Moreover,
exploring the specific cell types that proliferate in response to this treatment, through co-
labelling or lineage tracing experiments, could provide valuable insights into the therapeutic

potential of GLP-1R agonists for central nervous system injuries.
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6.7 CONCLUSION

The research presented in this thesis provides the first evidence of GLP-1R expression within
CSFcNs. These enigmatic cells within the ependymal cell layer of the spinal cord respond to
bath application of GLP-1R agonists through changes in their intracellular Ca?*
concentrations, although further research is required to determine whether these effects are
fully due to direct stimulation of the GLP-1R. Furthermore, CSFcNs receive direct
appositions from PPG neurons onto their somata and processes, predominantly within the
thoracic region, indicates potential integration into the wider GLP-1 network. Application of
GLP-1R agonists in ex vivo spinal cord models resulted in a significant enhancement of
proliferation around the central canal area, a response attributed to ECs present within this
area that exhibit characteristics resembling neural stem cells. However, as ECs themselves
lack GLP-1R expression, this is proposed to be a result of signalling through neighbouring

CSFcNs, although further work is needed to explore this link.

Overall, this thesis proposes a link between CSFcNs and the GLP-1 system within the spinal
cord, contributing to a wider understanding of the potential therapeutic applications of GLP-1

analogues in traumatic injury and neurodegenerative conditions.
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