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Abstract

Available analgesics do not always provide adequate pain relief and are often
associated with a significant side-effect profile. Following reports of a loss of
inhibitory signalling in the spinal dorsal horn (DH) network in persistent pain
conditions, y-amino butyric acid type A (GABA,) and glycine receptors have been
identified as promising targets. The present study assesses two in vitro models for
their suitability for screening novel analgesics targeting GABA, and glycine
receptors. Firstly, the embryonic cultured spinal DH cell model and secondly an

acute rat spinal cord slice model.

Immunofluorescence characterisation of the spinal DH culture illustrated that this
model displays many similarities with the in vivo spinal DH. Immunofluorescence
and RT-PCR demonstrated the presence of GABA, and glycine receptor subunits in
the spinal DH culture. Calcium imaging and extracellular multi-electrode array
(MEA) recording techniques were utilised to study the effect of GABA,, GABAg and
glycine receptor drugs on the spinal DH culture network activity. All drugs tested
significantly modulated the culture’s spontaneous firing. A further study assessed
whether lentivirus and Accell siRNA mediated glycine receptor a subunit gene
silencing modulates calcium responses in the DH culture model. The lentiviruses
had low transfection efficiencies and caused cell death, however Accell siRNA
transfection was successful and significantly decreased baseline spontaneous

activity compared to untreated cultures.

Single electrode and MEA extracellular recordings were performed with the acute
spinal cord slice model. GABA,, GABAg and glycine receptor drugs modulated 4-
aminopyridine-induced hyperexcitability in the substantia gelatinosa lamina of the
slices. The MEA recordings illustrated that 4-aminopyridine-induced activity

manifested more prominently in the DH than the ventral horn (VH) and that the DH



network activity was highly synchronous. Taken together, these findings
demonstrate that these in vitro models provide suitable platforms to test novel

analgesics targeting GABA, and glycine receptors in the spinal DH network.
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1 Introduction



1.1 Pain and Nociception

The primary afferents which innervate the skin and deeper tissues of the body
detect and respond to specific types of noxious and innocuous stimuli. There are
defined classes of sensory primary afferents, which include the AB, Ad and C fibres
(Baron, 2006). The ApB afferents respond to innocuous stimuli such as touch or hair
movement, while Ad and C fibres are nociceptors, responding to noxious
mechanical, chemical and thermal stimuli. These primary afferents terminate in
specific laminae of the spinal dorsal horn (DH), determined by their functional class
(Figure 1.1) (Light and Perl, 1979). The spinal cord grey matter has been divided
into ten lamina; the Ad and C fibres innervate lamina | and Il (Rexed, 1952). Lamina
Il is also known as the substantia gelatinosa. The neurons of the superficial spinal
DH modulate the sensory information from the periphery before it is propagated to
several brain regions (Ruscheweyh and Sandkuhler, 2005, Zheng et al., 2010,
Smith et al., 2015). In periaqueductal grey matter (PAG) of the brainstem the
second order neuron synapses, and via other brainstem regions, including the
rostral ventromedial medulla, there is a descending pathway back to the spinal DH
(Antal et al., 1996, Lau and Vaughan, 2014). This descending pathway is known to
further modulate the spinal DH network activity (Koutsikou et al., 2007). The second
order neurons terminate in the thalamus, from where neurons project to the
somatosensory cortex which is involved with the discrimination of the sensory
stimuli (Todd, 2010). Projections to other brains regions result in the emotional,

cardiovascular and autonomic responses to pain stimuli (Treede et al., 1999).
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Figure 1.1 The anatomy of the pain pathway. The classes of primary afferents are indicated
with the locations of their termination within the spinal dorsal horn laminae. The second
order neurons first cross the midline and then ascend to the thalamus where they terminate.
Third order neurons subsequently project from the thalamus to the somatosensory cortex,
and other brain regions to process the stimuli. There is also a feedback loop from the
brainstem where a branch of the second order neurons synapse with neurons of the
descending pathway which project back to the spinal dorsal horn to regulate output. Adapted

from www.studyblue.com.



1.2 Loss of Inhibition in the Superficial Spinal Dorsal Horn in Chronic

Pain Conditions

Since the Gate Control Theory was proposed by Melzack and Wall (1965) there
have been countless examples of the significance of inhibitory transmission in the
development of pathological pain and the loss of inhibitory signalling in the spinal
DH in pain conditions. For example, in vivo studies utilising antagonists of the y-
aminobutyric acid (GABA) and glycine receptors induce hyperalgesia and allodynia
(Yaksh, 1989, Sherman and Loomis, 1994, Sivilotti and Woolf, 1994). Conversely,
GABA, agonists and positive allosteric modulators (PAMs) have an analgesic effect
(Clavier et al., 1992, Eaton et al., 1999, Knabl et al., 2008). A nhumber of potential
causes of the changes in inhibitory neurotransmission in the spinal DH in chronic
pain have been investigated, and discussed in detail below, including: (i) inhibitory
interneuron cell death, (ii) a decrease in the synthesis of GABA and glycine, (iii)
modulation of GABA and glycine release from presynaptic terminals, (iv) modulation
of GABA and glycine receptor activity and (v) altered chloride ion homeostasis in the

spinal DH.

1.2.1 Spinal Dorsal Horn Inhibitory Interneuron Cell Death in Pain

Conditions

Several studies have investigated GABAergic cell death in models of neuropathic
pain. There have been reports of a reduction in the number of GABAergic cells in
the spinal DH following sciatic nerve transection (Castro-Lopes et al., 1993). Castro-
Lopes et al. (1993) suggested this resulted from a loss of sensory input to the DH
GABAergic neurons. In addition, there is a selective loss of GABA, receptor-
mediated inhibitory postsynaptic currents (IPSCs) in lamina Il of the spinal DH in

peripheral nerve lesion rodent models of chronic pain (Ibuki et al., 1996, Moore et



al., 2002). Caspase-3, a protease playing a key role in apoptosis, has also been
identified in the ipsilateral spinal DH neurons of rats with peripheral nerve lesions
being expressed in glutamatergic and GABAergic interneurons (Scholz et al., 2005).
In this study, the onset of apoptosis coincided with the observed decrease in IPSCs
in DH lamina Il. The loss of IPSCs and interneurons in the spinal DH was prevented
with the local application of a caspase-3 inhibitor, which also reduced peripheral
nerve injury-induced hypersensitivity (Scholz et al., 2005). However, other studies
have not identified a loss of GABA or GABAergic neurons in the spinal DH in
chronic constriction injury (CCI) or spared nerve injury models (Polgar et al., 2003,
Polgar et al., 2005). These conflicting results may be due to the staining of GABA
being associated with the cell bodies as shown by Scholz and co-workers (2005)
and Moore and collaborators (2002) which may have a lower retention of GABA, as
opposed to the axon terminals which were analysed by Polgar and co-wokers

(Polgar et al., 2003, Polgar et al., 2005).

1.2.2 Decrease in GABA and Glycine Synthesis and Release in Pain

Conditions

A decrease in the synthesis of GABA has been identified as another potential
aspect of the loss of inhibition observed in pain conditions. A lower level of GABA
was detected in the spinal DH in the CCI model (Somers and Clemente, 2002). A
decrease in the GABA synthesising enzyme glutamic acid decarboxylase (GAD) 65
has also been shown in the ipsilateral spinal DH following peripheral nerve injury
(Eaton et al., 1998, Moore et al., 2002). The release of inhibitory neurotransmitters
GABA and glycine can be regulated by pre-synaptic GABAg receptor signalling on
Ad or C fibre terminals (Chéry and De Koninck, 2000, Choi et al., 2008). Activation

of the GABAg receptor causes inhibition of the presynaptic terminal through



coupling with potassium and calcium ion channels (Hinckley et al., 2005). Increasing
cell membrane permeability to potassium ions causes hyperpolarisation, and
decreasing permeability to calcium ions prevents further release of
neurotransmitters (Chen and Johnston, 2005). Therefore, presynaptic GABAg
receptors are involved in the negative feedback for the release of GABA and glycine
from the presynaptic terminals (Yang et al., 2015). Consequently this modulation of
GABA release by GABAg receptors could contribute to the inhibitory regulation of

glutamatergic signalling within the spinal DH, which is relevant to nociception.

1.2.3 Modulation of GABA and Glycine Receptor Activity

Naturally occurring neurosteroids can modulate GABA, receptor kinetics, prolonging
synaptic inhibition (Cooper et al., 1999, Keller et al., 2004). The production of
neurosteroids is upregulated in the spinal DH in peripheral inflammation, therefore
slowing the GABA, receptor kinetics resulting in an anti-nociceptive action
(Poisbeau et al., 2005). Therefore, these neurosteroids can work as endogenous
analgesics (Belelli and Lambert, 2005, Kibaly et al., 2008). The production of
prostaglandin E2 is also upregulated in inflammatory pain (Samad et al., 2001).
Prostaglandin E2 phosphorylates a3-containing glycine receptors in the spinal DH
through prostaglandin E2 receptor 2 (EP2) -mediated activation of protein kinase A
(PKA) (Ahmadi et al.,, 2002, Harvey et al., 2004). Phosphorylation of the a3-
containing glycine receptors results in a conformational change in the glycine
binding site on the receptor which prevents activity of the glycine receptor and thus
glycinergic inhibition (Han et al., 2013). Consequently, this loss of glycinergic
inhibition would result in increased excitability in the spinal DH and thus increase

nociceptive signals.



1.2.4 Altered Chloride Homeostasis in the Spinal Dorsal Horn

GABA, and glycine receptor ion channels are both permeable to chloride ions (CI")
and bicarbonate ions (HCO3") (Lynch, 2004, Hubner and Holthoff, 2013). CI' ions are
fourfold more permeable then HCO;3; and are more readily available, therefore the
reversal potential for GABA (Egass) and glycine (Egycine) are dependent on the
intracellular concentration of CI" ions. In the adult central nervous system (CNS),
neurons have a low intracellular CI" ion concentration, therefore Egaga and Egycine are
more negative than the resting membrane potential. Consequently the opening of
the GABA, or glycine receptor ion channels results in an influx of CI" ions which
hyperpolarises the cell membrane preventing the generation of action potentials.
The CI' ion electrochemical gradient is therefore fundamental in maintaining
inhibition in the spinal DH. A shift in the reversal potential for anions (ClI" and HCO3)
to a more positive potential is known as shunting inhibition (Mitchell and Silver,
2003). Shunting inhibition arises as a result of a small cell membrane
depolarisation, which can activate some voltage-dependent ion channels. This can
cause the resting membrane potential to become more positive, which can
decrease or completely prevent hyperpolarisation induced by GABA, and glycine
receptor channel opening resulting in disinhibition (Prescott et al.,, 2006).
Consequently, shunting inhibition is believed to contribute to the development of
central sensitisation as a consequence of the lack of inhibitory signalling in the

spinal DH (Prescott et al., 2006).

The potassium-chloride co-transporter 2 (KCC2) is required to maintain a low
intracellular CI' ion concentration, while the sodium-potassium-chloride
cotransporter 1 (NKCC1) accumulates CI' ions inside the cells (Watanabe and
Fukuda, 2015). During early development there is a high expression of NKCC1 and
a low expression of KCC2 causing GABA to be depolarising in immature neurons

(Lee et al., 2005). However, during development NKCC1 expression decreases and
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the KCC2 expression increases, which changes the electrochemical gradient of CI
ions. Thus GABA switches from being depolarising to hyperpolarising in mature
neurons (Rivera et al., 1999). In animal models of peripheral nerve injury, Egaga iS
more positive in spinal lamina | neurons, which leads to a reduction in GABA-
induced hyperpolarisation. The shift in Egaga Was demonstrated to be the result of a
downregulation of KCC2 (Coull et al., 2003, Rivera et al., 2004). Furthermore, rat
models of peripheral inflammatory pain have a reduced KCC2 expression in the
spinal DH and develop hypersensitivity (Zhang et al., 2008c). There is evidence that
pharmacologically increasing KCC2 extrusion of CI ions in models of neuropathic
pain restores spinal inhibition (Kahle et al., 2014). Therefore, the KCC2 transporter

is a key target for the development of novel analgesics (Kahle et al., 2014).

1.3 Classification of Spinal Dorsal Horn Cell Types

The spinal DH is comprised of 90% interneurons, which synapse locally and are
believed to be involved in the processing of sensory inputs, including pain
(Basbaum et al., 2009, Sandkuhler, 2009, Zeilhofer et al., 2012). The spinal DH
physiology has been intensively investigated in order to understand how the circuitry
controls the propagation of nociceptive inputs to higher brain centres.
Understanding this circuitry could lead to the development of novel analgesics and
improve treatment for a multitude of pain conditions. While progress has been made
in this field, the circuitry of the DH remains elusive due to difficulty in defining
functional interneuron populations (Graham et al., 2007, Todd, 2010). Inhibitory
interneurons make up 25-40% of the neurons in laminae I-Ill of the rat spinal DH
(Polgar et al.,, 2003). The remaining 60-75% is believed to be comprised of
glutamatergic interneurons (Todd and Spike, 1993, Todd et al., 2003).

Immunocytochemical studies have indicated that all the inhibitory interneurons in



the spinal DH are GABAergic, with 96 to 99% of these also being glycinergic in
laminae I-Il and lll, respectively (Polgar et al., 2003, Todd, 2010, Polgar et al.,
2013). Many research investigations have suggested that the loss of function of
inhibitory interneurons in the spinal DH leads to the development of central
sensitisation and neuropathic pain conditions (Moore et al., 2002, Coull et al., 2003,
Coull et al., 2005, Scholz et al., 2005). Blockade of GABA, and glycine receptors in
the spinal DH in vivo induces symptoms of neuropathic and inflammatory pain
illustrated by behavioural tests (Yaksh, 1989, Sherman and Loomis, 1994, Sivilotti
and Woolf, 1994). These findings illustrate that DH inhibitory interneurons are

involved in the processing of nociceptive signals.

1.3.1 Spinal Dorsal Horn Cell Classification

Classification of interneurons in the spinal DH has been based on cell morphology,
electrophysiological properties and neurochemistry. Grudt and Perl (2002) provided
one of the most comprehensive studies, where they identified at least nine
categories of neurons in the spinal DH based on a combination of location, cellular
geometry, distribution of neurites, connectivity and excitability. In lamina | two types
of neurons were identified; projection neurons with axons that project ventromedially
to the contralateral ventrolateral column and those which are non-projecting and
have numerous neurites branching within the superficial DH (Grudt and Perl, 2002).
Evidence suggests that the larger projection neurons all express the substance P
receptor neurokinin 1 receptor (NK1r) while the smaller non-projecting neurons are

interneurons (Al Ghamdi et al., 2009).

In lamina 1l of the hamster spinal DH five distinct classes of interneurons were
identified by Grudt and Perl (2002): islet, radial (stellate), vertical, central and

medial-lateral cells (Figure 1.2). These have since been confirmed in rat and mouse



studies (Heinke et al., 2004, Maxwell et al., 2007, Yasaka et al., 2010). Islet cells
have been identified as GABAergic and/or glycinergic (Todd and McKenzie, 1989,
Todd and Sullivan, 1990). Electrophysiological recordings from islet cells have
revealed that these cells display a tonic firing pattern throughout the duration of
depolarisation (Grudt and Perl, 2002). Excitatory and inhibitory synaptic inputs to
lamina Il islet cells have been detected from cells also located within lamina Il (Kato
et al., 2007). Furthermore, C fibres were found to synapse with virtually all islet cells
(Grudt and Perl, 2002), which demonstrates these inhibitory interneurons receive

direct nociceptive input from the periphery.

Vesicular glutamate transporters (vGIuT) 1, 2 and 3 are glutamatergic neuronal
makers. The majority of spinal glutamatergic neurons express vGIuT2 (Oliveira et
al., 2003, Todd et al., 2003, Malet et al., 2013, Punnakkal et al., 2014). vGIuT2-
positive cells have a morphology similar to that described for vertical cells
(Punnakkal et al., 2014). Vertical cells are non-GABAergic (Todd and McKenzie,
1989) and account for a third of all the excitatory neurons found in the DH lamina Il
(Yasaka et al., 2010). There is evidence that vertical cells synapse with projection
neurons in lamina | of the DH and therefore potentially provide a major output

pathway from lamina Il (Lu and Perl, 2005, Maxwell et al., 2007).

Vertical cells are almost exclusively glutamatergic, while islet cells are exclusively
GABAergic and/or glycinergic interneurons. The other cell types identified in the
spinal DH have been more difficult to classify in terms of being excitatory or
inhibitory. Central neurons were named based on their location in the ‘mid-zone’ of
lamina Il by Ramon y Cajal (1909) and they represent approximately a quarter of
the cells in the DH. Grudt and Perl (2002) reported that central cells can be split into
two groups: those displaying a tonic firing response to a step depolarisation and
those only producing action potentials during the initial phase of the depolarisation

(Hantman et al., 2004). Many of the tonically firing central cells are GABAergic and
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receive monosynaptic input from C-fibres (Grudt and Perl, 2002). The group of the
transiently firing central cells were identified as glutamatergic and receive input from
Ad-fibres. Radial cells identified by Grudt and Perl (2002) were located at the border
between inner lamina Il and outer lamina Il, and had dendrites which extended in all
directions, with some extending as far as lamina | in a dorsal-lateral direction but
many projecting in the rostro-caudal axis. These are considered the same as
“stellate” cells previously identified in the human spinal DH (Schoenen, 1982). Most
radial cells have been labelled as glutamatergic, however, some GABAergic radial
cells have also been identified (Maxwell et al., 2007, Yasaka et al., 2010). Medial-
lateral cells were identified as the only interneurons of lamina Il which has dendrites
which do not extend in a rostral-caudal direction, and therefore have been
suggested to play a role in connecting the other interneurons of lamina Il (Grudt and

Perl, 2002).

Interneurons
Non-projection Extensive branching
within lamina |

N Dendrites extend in a
Projection . . .
ventro-medial direction
Lamina |

Inhibitory
—Islet Tonic firing
Input from C fibres

Excitatory
Synapse with lamina |
projection neurons

— Vertical

Lamina Il —
Excitatory (some inhibitory)
Dendrites extend in all
directions

— Radial

Excitatory/Inhibitory
Input from Ab and C fibres
Located in mid-zone

— Central

o

Excitatory/Inhibitory
— Medial-Lateral Dendrites extend in
medial-lateral direction

Figure 1.2 A figure of a transverse spinal cord section with the laminae defined, and a list of
some of the classified neurons and interneurons present in laminae | and Il. The significant

properties of each of the classes of neurons and interneurons in these laminae are included.
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A high density of parvalbumin (PV) positive interneurons in lamina Il of the spinal
DH have been identified from immunohistochemical studies, with some also found
in lamina lll but almost none in lamina | (Hughes et al., 2012). PV is a calcium-
binding protein, which can transiently bind calcium and transport it to intracellular
calcium stores (Celio and Heizmann, 1982, Celio, 1990). Therefore, there is
evidence that PV is involved in regulating neurotransmitter release in the
presynaptic terminal, which is dependent on a calcium trigger for synaptic vesicle
exocytosis (Augustine, 2001, Neher and Sakaba, 2008). Consequently PV affects
the firing properties (Albéri et al., 2013) and short-term synaptic plasticity at
inhibitory synapses in the brain (Caillard et al., 2000). GABAergic interneurons in
the brain and spinal cord have been identified as PV-immunoreactive (Celio, 1990,
Baimbridge et al., 1992), however a population of glutamatergic interneurons in the

spinal DH are also PV-positive (Grudt and Perl, 2002).

Neurochemically defining populations of cells within the spinal DH has indicated a
significant expression of neuronal nitric oxide synthase (nNOS) (Sardella et al.,
2011, Polgéar et al., 2013). DH lamina Il was found to have a higher expression of
NNOS-positive cells compared to laminae | and Il (Sardella et al., 2011). Excitatory
and inhibitory interneurons of the spinal DH express nNOS, although the majority
(90%) of NNOS-positive cells are GABAergic (Valtschanoff et al., 1992, Sardella et
al., 2011). Nitric oxide (NO) is produced by nNOS which subsequently produces
cyclic guanosine monophosphate (cGMP) (Garthwaite, 2008, Schmidtko et al.,
2009). An NO-cGMP signalling pathway in the spinal DH has been linked with
development of spinal hyperalgesia in the formalin inflammatory pain model (Tao et
al., 1999). Inhibition of NO synthesis in the spinal cord and nNOS knockout mice
have been used to illustrate that NOS is involved in the development and
maintenance of inflammatory and neuropathic pain (Chu et al., 2005, Guan et al.,

2007). Furthermore, nNOS-positive cells respond to formalin injection and noxious

12



heat stimulation by an up-regulation of Fos (Polgar et al., 2013). Fos is currently
used as a marker for demonstrating the occurrence of central sensitisation in pain

conditions (Ahmad and Ismail, 2002, Gao and Ji, 2009, Hsieh et al., 2015).

1.3.2 GABAAa Receptor Expression in the Spinal Dorsal Horn

The GABA, receptors are members of the Cys-loop pentameric ligand gated ion
channel (LGIC) receptor family (Schofield et al., 1987). There is at least 30%
homology between all members of the Cyc-loop LGIC family (Collingridge et al.,
2009), and they all form from five subunits with each subunit consisting of four
transmembrane-spanning domains (Nayeem et al., 1994) (Figure 1.3). Together
these subunits form a central pore, which for GABA, receptors is permeable to
anions; particularly CI" and HCOj3". The binding of an agonist to the GABA, receptor
causes a conformational change that leads to the opening of the ion channel pore.
Depending on the electrochemical gradient of CI" ions, when the channel pore is
open there is either a net influx or efflux of CI" ions across which can cause

hyperpolarisation or depolarisation, respectively.

There have been nineteen different human GABA, receptor subunits identified: six
a, three B, three y, one &, one ¢, one 1, one B, and three p, with splice variants
identified for a number of these subunits (Simon et al., 2004, Olsen and Sieghart,
2008). Not all combinations of subunits are thought to occur partly due to
restrictions of subunit assembly, the most common combination in the brain contain
two a, two 3 and one y subunit (Chang et al., 1996, Tretter et al., 1997, Farrar et al.,
1999). However, multiple GABA, receptor subtypes have been found in a single
neuron (Mangan et al., 2005). Synaptic GABA, receptors are predominantly
composed of a1, a2 and/or a3 with $2/3 and y2 subunits (Olsen and Sieghatrt,

2008). These GABA, receptors have fast synaptic GABA transient current (Olsen
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and Sieghart, 2009). Extrasynaptic GABA, receptors often contain the 6 subunit
(Mortensen and Smart, 2006). For example, the subtypes o430, a6B0 and a5py2
have all been detected extrasynaptically (Mortensen and Smart, 2006). These
subtypes are more sensitive to low concentrations of GABA with some also having a
higher affinity for GABA, and furthermore they are less likely to desensitise (Rossi
and Hamann, 1998, Brickley et al., 1999, Mangan et al., 2005). Extrasynaptic
GABA, receptors produce a tonic CI' current, which is believed to be involved in
shunting inhibition (Mitchell and Silver, 2003). The synaptic GABA, receptors
produce a phasic current which allows for these receptors to function at high
frequency for efficient information transfer (Brickley et al.,, 1996, Wisden et al.,

2002).

In the brain the GABA. receptor a1l subunit is the most abundant subunit,
particularly in the cerebral and cerebellar cortex (Fritschy and Mohler, 1995, Korpi et
al., 1999). The a2 subunit is most prominently expressed in the amygdala,
hippocampus and striatum (Fritschy and Mohler, 1995). The GABA, receptor a3
subunit is found primarily in the thalamus, basal forebrain and brainstem neurons
(Fritschy and Mohler, 1995). The most prominent expression of the a4 subunit is in
the thalamus and dentate gyrus of the hippocampus, with moderate expression in
the cortex (Jia et al., 2007). The a5 subunit is most highly expressed in the
hippocampus, and finally the a6 subunit is exclusively expressed in cerebellar
granule cells (Fritschy and Mohler, 1995, Korpi et al., 1999). The expression of the
v1, v3, €, 6 and 1 subunits is scarce throughout the CNS, which has limited their
characterisation (Olsen and Sieghart, 2008). However, there is evidence for their
expression in non-neuronal cells, including the pancreas, lung, breast and uterus
(Jin et al., 2005, Zafrakas et al., 2006, Takehara et al., 2007). There are GABA
receptors which are formed entirely from p subunits, which are termed GABAAmo

receptors (also known as GABAc receptors) (Barnard et al., 1998, Bormann, 2000,
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Olsen and Sieghart, 2009). Additionally, p subunits have been found to assemble
with the GABA, receptor y2 subunit to form functional GABA, receptors (Pan et al.,
2000). The GABAA.mo receptors are primarily expressed in the retina (Cutting et al.,
1991), although have also been detected in the brainstem, hippocampus and other
brain regions at lower levels of expression (Sieghart and Sperk, 2002, Milligan et al.,
2004). It has been shown that there is a laminar distribution of specific GABAa
receptor a subunits in the spinal DH (Paul et al., 2012). In the superficial spinal DH
the GABA, receptor a1, a2, a3, a5, $2/3 and y2 subunits have all been detected in
the superficial spinal DH (Bohlhalter et al., 1996, Zeilhofer et al., 2009). The a2 and
a3 GABA, receptor subunits have been shown in rats to have a higher expression
in lamina Il of the spinal DH, while a1 and a5 subunits are more prominent in lamina

[Il (Bohlhalter et al., 1996).

15



Extracellular

Cell Membrane

Intracellular

GABA
C binding site

Benzodiazepine
binding site

Barbiturate
binding site

GABA
binding site

Figure 1.3 The structure of the GABA, receptor. (A) The GABA, receptor is formed from five
subunits, with the most typical stoichiometry of two a, two 8 and a y subunit. (B) Each
subunit is composed of four transmembrane spanning domains (M1-M4), with a long
extracellular N-terminal domain and a shorter extracellular C-terminal domain. (C) The M2
domains of each subunit line the GABA, receptor channel pore. The GABA binding site is
located at the interface between the a and B subunits. The benzodiazepine and barbiturate

binding sites are located at the interface between the a and y subunits.
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1.3.3 Glycine Receptor Expression in the Spinal Dorsal Horn

Glycine receptors, like the GABA, receptors, are pentameric LGICs. There are five
glycine receptor subunits which have been identified, a1-4 and B and typically
glycine receptors have a 2a:3[ stoichiometry (Grudzinska et al., 2005) (Figure 1.4).
Homomeric receptors consisting of only one a subtype can form functional glycine
receptors in vitro (Griffon et al., 1999), but the B subunit alone does not form
receptors (Bormann et al.,, 1993). Splice variants of each of the a subunits have
been identified, the a1™ splice variant has an eight amino acid insert in the large
intracellular loop (Malosio et al., 1991a). The a2 subunit has three splice variants:
a2A and a2B, which have two amino acid substitutions, while the a2* splice variant
has a single amino acid substitution which makes glycine receptors with this splice
variant insensitive to strychnine (Kuhse et al., 1990). The glycine receptor a3
subunit has two splice variants: a3L and a3K (Nikolic et al., 1998). The a3K variant
is lacking 15 amino acids in the cytoplasmic loop between transmembrane spanning
regions 3 and 4 compared to the other a subunits. The a3K-containing glycine
receptors display faster desensitisation kinetics compared to those receptors
containing the a3L subunit. The glycine receptor a4 subunit was first identified in the

mouse, but is not found in humans (Matzenbach et al., 1994).

The glycine receptor a1 subunit is expressed most prominently in the spinal cord
and retina, but is also detected in the brainstem, thalamus and hypothalamus
(Malosio et al., 1991b, Sato et al.,, 1991, Harvey et al., 2004). The a2 subunit is
highly expressed during early development but decreases postnatally to very low
levels in the mature CNS while the opposite is true for a1 and a3 subunits (Akagi et
al.,, 1991, Watanabe and Akagi, 1995). The a3 subunit is strongly expressed in
lamina Il of the spinal DH, while the a1 subunit in the spinal DH is predominantly
expressed in lamina 1l and deeper DH laminae (Harvey et al., 2004). A low

expression of the a3 subunit has also been detected in the hippocampus and
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hypothalamus (Malosio et al., 1991b). While the a4 subunit is a pseudo gene in
humans, it is found as a protein in the sympathetic ganglia, spinal cord, dorsal root
ganglia (DRG) and genital ridge of mice, chick, zebrafish and rat (Harvey et al.,
2000). The B subunit is expressed throughout the CNS, from early development
through to the mature adult CNS (Grenningloh et al., 1990, Fujita et al., 1991,
Malosio et al., 1991b). The B subunit in heteromeric glycine receptors anchors the
receptor to the post-synaptic cytoskeleton through binding gephyrin (Meyer et al.,
1995b, Kneussel and Betz, 2000). Gephyrin has also been shown to cluster GABA,
receptors at the post-synaptic membrane (Maric et al., 2011). Additionally, there is
evidence that the glycine receptor B subunit is involved in ligand binding

(Grudzinska et al., 2005).
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Figure 1.4 The glycine receptor structure. (A) The glycine receptor is comprised of five
subunits, which can composed of only a subunits, or of a and B subunits. (B) Each subunit
has four transmembrane spanning domains (M1-M4), with extracellular N- and C-terminal
domains. (C) The M2 transmembrane spanning domains of each subunit line the receptor
channel pore. The agonist binding site is located at the interface between either two a

subunits or an a and a 3 subunit.
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1.4 GABAaReceptor Pharmacology

The a subunits of the GABA, receptors are involved in ligand binding and the gating
kinetics of the receptor (Gingrich et al., 1995, Labrakakis et al., 2014). The different
subtypes of the GABA, receptor have different receptor gating kinetics and
pharmacological profile. For example GABA, receptors containing the a2 subunit
have slower deactivation kinetics, and a higher affinity for GABA compared to a1-
containing GABA, receptors (Dixon et al., 2014). The agonist GABA binding site is
believed to be at the interface between the a and 3 subunits of the GABA, receptor
(Galzi and Changeux, 1994, Smith and Olsen, 1995, Boileau et al., 1999). Only a
small number of compounds bind to the ligand binding site of the GABA, receptor
besides GABA itself. These include muscimol, 4,5,6,7-tetrahydroisoxazolo[5,4-
c]pyridine-3-ol (THIP or gaboxadol), taurine, isonipecotic acid and isoguvacine
(Krogsgaard-Larsen et al., 2004). THIP has been suggested to bind and have a high
potency at extrasynaptic GABA, receptors, including the o436 subtype, while
acting as a partial agonist at other GABA, receptor subtypes (Ebert et al., 2002,
Stérustovu and Ebert, 2003, Voss et al., 2003, Drasbek and Jensen, 2006). THIP
and morphine have almost equal potency as analgesics (Grognet et al., 1983). THIP
also has anxiolytic effects and unlike morphine does not cause respiratory
depression, but there are reports of THIP causing sedation and nausea similar to

other GABA-mimetics (Hoehn-Saric, 1983, Drasbek and Jensen, 2006).

Benzodiazepines are PAMs enhancing the actions of GABA at GABA, receptors,
and are believed to bind at the interface between the a and y subunits within a
receptor (Duncalfe et al., 1996, Amin et al., 1997). Benzodiazepines have anxiolytic,
anticonvulsant, sedative-hypnotic, analgesic and muscle relaxant properties. The
sedative effect of benzodiazepines has been demonstrated to be the result of their
binding to GABA, receptors containing the a; subunit (McKernan et al., 2000). The

analgesic properties of benzodiazepines may be mediated by a2- and a3-containing
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GABA, receptors (Knabl et al., 2008). L-838,417 is a compound which binds to the
benzodiazepine-site on a1-, a2- a3- and a5-containing GABA, receptors, but
selectively exerts its actions through a2- a3- and a5-containing GABA, receptors
(McKernan et al., 2000). It was shown to exhibit analgesic effects in CCI and spinal
nerve ligation (SNL) models primarily through its action at a2- and a3-containing
GABA, receptors (Nickolls et al., 2011). GABA, receptors can also be potentiated
by barbiturates, which similarly have sedative-hypnotic effects. Barbiturates bind at
another allosteric site separate from the benzodiazepine site (Chiara et al., 2013).
Furthermore, a number of anaesthetics also exert their effects through GABAa
receptors including isoflurane, halothane, chloroform and propofol (Jenkins et al.,

2001, Richardson et al., 2007).

GABA, receptor antagonist bicuculline has long been utilised for the
characterisation of the GABA, receptor (Curtis et al., 1970). The poor stability and
solubility of bicuculline lead to the development of other GABA, receptor
antagonists. For example, gabazine (SR99531) is a GABA, receptor antagonist
derived from GABA (Heaulme et al., 1986). Gabazine and bicuculline are both
selective for GABA, receptors over GABAa. o receptors (Zhang et al.,, 2008a). In
vivo and in vitro studies have shown that administration of bicuculline or gabazine
increases excitability in the spinal DH (Green and Dickenson, 1997, Baba et al.,
2003, Bremner et al.,, 2006, Czarnecki et al., 2008, Chapman et al., 2009).
Picrotoxin is a non-competitive inhibitor of the GABA, receptors (Barker et al.,
1983), and at higher concentrations also inhibits glycine (Schmieden et al., 1989)
and 5-hydroxytryptamine receptor 3 (5-HT3) receptors (Das et al., 2003). Picrotoxin
exerts its inhibitory action on the GABA, receptor by blocking its channel pore
(Gurley et al., 1995). Similarly to the GABA, receptor antagonists, picrotoxin also

increases excitability in the spinal DH (Vikman et al., 2003).
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1.5 Glycine Receptor Pharmacology

Glycine receptors can be activated by endogenous amino acids glycine, $-alanine
and taurine; glycine is the most potent and -alanine and taurine are partial agonists
(Bormann et al., 1993, Schmieden and Betz, 1995). The ligand binding site on the
glycine receptor is at the interface between two subunits, either two a subunits or an
a and a 3 subunit (Brejc et al., 2002). When three glycine molecules are bound to
the receptor it is maximally activated (Lewis et al., 2003). The homomeric and
heteromeric glycine receptor subtypes have generally similar glycine sensitivities
(Yang et al., 2007). Strychnine is a highly selective, potent competitive antagonist of
the glycine receptor, frequently used to discriminate GABA, receptor inhibition from
glycine receptor inhibition (Young and Snyder, 1973). There are a limited number of
compounds which display some selectivity for the different glycine receptor
subtypes. Picrotoxin is an equimolar mixture of picrotin and picrotoxinin, and inhibits
both GABA, and glycine receptors. Picrotoxinin is selective for homomeric a2 and
a3 glycine receptors over a1 subtype, and highly selective for homomeric glycine
receptors compared to heteromeric glycine receptors containing the  subunit
(Pribilla et al., 1992, Yang et al., 2007). Gelsemine is a plant alkaloid that acts
primarily at a3-containing glycine receptors (Zhang et al., 2013, Zhang and Wang,
2015). Gelsemine has displayed analgesic properties in models of neuropathic pain
by binding to glycine receptors in the spinal cord (Zhang et al.,, 2013, Wu et al.,

2015b).

1.6 Rhythmic Oscillations in Central Nervous System Networks

Oscillatory activity exists throughout the CNS with a wide range of frequencies, from
the slowest delta oscillations of 0.5-3 Hz, to theta oscillations of 3-8 Hz, gamma

oscillations at 30-90 Hz and ultrafast 90-200 Hz frequencies (Buzsaki and Draguhn,
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2004). These rhythmic oscillations have been linked with a number of functions,
including learning and memory, locomotion, behaviour and nociception (Sandkuhler
and Eblen-Zajjur, 1994, Bragin et al., 1995, Sejnowski and Destexhe, 2000, Buzsaki
et al., 2003, Taccola and Nistri, 2006). Furthermore, during sleep, thalamocortical
oscillations can also be observed, where both slow wave sleep (SWS) with a
frequency of 1-4 Hz and rapid eye movement (REM) sleep with a frequency
between 4 and 9 Hz can be recorded (Sejnowski and Destexhe, 2000). A human
study with patients with severe neurogenic pain demonstrated significant differences
in their EEG power spectra compared to a healthy control group (Sarnthein et al.,
2006). This illustrates that chronic pain is linked to brain oscillations. Furthermore, in
a human study brief painful stimuli were applied to the right hand of the subjects
while the oscillatory activity and excitability in the sensorimotor cortex were
measured (Ploner et al., 2006). A negative linear correlation was found between
pain-induced modulations of brain oscillatory activity and pain-induced modulations
of cortical excitability in the somatosensory system. This provides evidence for an
association between pain and network oscillatory activity and demonstrates that

oscillations are related to the functional state of cortical excitability.

The rhythmic oscillations in the brain can be modulated through pharmacologically
targeting GABA, receptors (Sohal et al., 2003, Wafford and Ebert, 2006). There is
significant evidence that PV-containing GABAergic interneurons are involved in
gamma rhythms in the brain (Lodge et al., 2009, Volman et al., 2011, Kim et al.,
2015, Kuki et al., 2015). Furthermore, during an epileptic seizure high frequency
oscillations occur in the brain, which can be treated with anticonvulsants that target
GABA, receptors including benzodiazepines and barbiturates (Fisher et al., 1992,
Spencer and Lee, 2000, Grenier et al., 2003). Additionally, glycine receptor activity
has been implicated in regulating brain oscillations, illustrated through application of

glycine receptor agonists and antagonists to an intact corticohippocampal
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preparation using field potential recordings (Chen et al., 2014). Many interneurons
have been identified as being both GABAergic and glycinergic (Todd and Sullivan,
1990), therefore it is unsurprising they are both involved in the generation of

rhythmic oscillations.

GABA, and glycine receptor neurotransmitters are involved in neuronal network
oscillations of the spinal cord ventral horn (VH) (Hinckley et al., 2005, Taccola and
Nistri, 2005, 2006) and the spinal DH (Sandkuhler and Eblen-Zajjur, 1994, Eblen-
Zajjur and Sandkuhler, 1997, Ruscheweyh and Sandkuhler, 2003, Chapman et al.,
2009). The spinal VH network generates locomotion independently of central and
peripheral input (Guertin, 2012). It is generally accepted that the left-right alternating
motor outputs are synchronised by reciprocal inhibition between the left and right
VH networks, which can generate their own rhythmic activity (Butt et al., 2002).
There is evidence that GABAergic and glycinergic signalling have distinct roles in
the VH network. The GABAergic inhibition modulates the onset and duration of the
VH rhythmic activity, while glycinergic inhibition regulates the pattern of the left-right

rhythmic alternation (Hinckley et al., 2005).

In vivo and in vitro spinal DH recordings have illustrated that the network can
generate and sustain rhythmic oscillatory activity (Sandkuhler and Eblen-Zajjur,
1994, Eblen-Zajjur and Sandkuhler, 1997, Ruscheweyh and Sandkuhler, 2003,
Watanabe and Fukuda, 2015), (Loeser and Ward, 1967, Lombard et al., 1979). In
vitro recordings from spinal cord slices have been used to illustrate that the rhythmic
activity in the DH is generated and sustained in isolation by separating one DH
quadrant from the remainder of the slice (Asghar et al.,, 2005, Chapman et al.,
2009). In addition, oscillations in the DH interfere with the locomotor activity of the
VH (Taccola and Nistri, 2005). The rhythmic oscillations in the spinal DH could be a
mechanism by which the afferent input is regulated by permitting signal propagation

only at specific time intervals. The spinal DH rhythmic oscillations have been
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suggested to be involved in synaptic plasticity, causing long-term potentiation (LTP)
at synapses which could result in amplification of nociceptive signals before they are

propagated to the brain (Ruscheweyh et al., 2011).

The generation of network oscillations requires rhythmic, synchronised activity
(Soltesz and Deschenes, 1993). There have been two mechanisms proposed for
the generation of brain oscillations that are both dependent on inhibitory
interneurons within the network. Firstly, the interneuron gamma (ING) oscillation
mechanism could increase synchrony in a network if there is a large number of
randomly firing excitatory neurons that synapse with inhibitory interneurons
(Tiesinga and Sejnowski, 2009). The convergent inhibitory interneurons generate a
summated IPSP from mutually inhibiting each other, and preventing postsynaptic
excitatory interneuron activity until the IPSP diminishes. This consequently
synchronises action potential firing of all the postsynaptic interneurons across the
network (Whittington et al., 2000). Secondly the mechanism of pyramidal
interneuron network gamma (PING) oscillations involves excitatory and inhibitory
interneurons reciprocally innervating each other (Tiesinga and Sejnowski, 2009). In
this case the input to an excitatory interneuron is restrained to the rhythm based on
the recovery of the excitatory interneuron from the IPSP (Whittington et al., 2000,
Tiesinga and Sejnowski, 2009). A continuous stimulation of an excitatory
interneuron stimulates its reciprocal inhibitory interneuron and subsequently is
inhibited and unable to stimulate the next postsynaptic excitatory neuron until the
IPSP diminishes. Therefore the unsynchronised input to this circuit would become
synchronised via the reciprocally inhibiting interneuron. Figure 1.5 illustrates these
two proposed mechanisms for the generation of network oscillations. These theories
can be extended to spinal DH rhythms where inhibitory to inhibitory interneuron
synapses have been identified (Zheng et al., 2010). Furthermore, in the spinal DH

PV-containing GABAergic interneurons have also been identified, and have been
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linked to modulating DH excitability in a neuropathic pain model (Heinke et al.,

2004, Hughes et al., 2012, Polgar et al., 2013).

An additional mechanism for the generation of rhythmic oscillations in neuronal
networks involves pacemaker neurons, which are defined by their ability to generate
rhythmic bursting activity in the absence of any input (Legendre et al., 1985). Such
neurons have been found in the cortex and spinal DH and VH (Silva et al., 1991,
Cunningham et al., 2004, Tohidi and Nadim, 2009, Li et al., 2013, Li et al., 2014). In
the spinal VH the frequency of pacemaker neuron membrane resonance has been
strongly linked with the central pattern generator oscillation frequency (Tohidi and
Nadim, 2009). Pacemaker neurons in the superficial spinal DH have been shown to
be dependent on inward-rectifying potassium channels (K;) (Li et al., 2013). Li et al.
(2014) demonstrated that there are pacemaker neurons in the spinal DH using
patch-clamp  recordings from an intact spinal cord preparation.
Immunohistochemistry experiments revealed that these pacemaker neurons
connect with projection neurons (Li et al., 2014a). This suggests these rhythmically
active neurons could be involved in processing and modifying pain signals.
However, previous in vitro studies using spinal cord slices have shown that the DH
rhythm is not dependent on the DH cell holding potential, suggesting that it was not
generated from intrinsically active neurons (Ruscheweyh and Sandkuhler, 2003).
Ruscheweyh and Sandkuhler (2003) also demonstrated that the rhythmic activity
was absent in the presence of the GABA, receptor antagonist bicuculline.
Therefore, given the evidence for the significant role of GABA, and glycine
receptors in rhythmic activity in the brain and spinal cord, these receptors are crucial

targets in the development of novel analgesics.
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Figure 1.5 Two proposed mechanisms for the generation of neuronal network oscillations.
(A) The ING mechanism involves interconnected inhibitory interneurons which mutually
inhibit each other and generate a summated IPSP. This synchronises the activity of the
postsynaptic excitatory interneurons and subsequently the network. (B) The PING oscillation
mechanism requires an excitatory interneuron with a reciprocally inhibiting inhibitory
interneuron. This generates rhythmic oscillations from an asynchronous input by restraining
the output of the excitatory interneuron to the time in which the excitatory interneuron is

recovered from the IPSP generated from the stimulation of the inhibitory interneuron.
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1.7 Investigating the Spinal Dorsal Horn Neuronal Network: In Vitro
Models

1.7.1 In Vivo Spinal Cord Recordings

In vivo electrophysiological recordings from the spinal DH allow direct measurement
of the activity of individual neurons to the whole network and are useful to
investigate the neuronal response to stimulation of the peripheral receptive field.
Many early investigations into the spinal cord and pain employed extracellular in
vivo recordings (Christensen and Perl, 1970, Kumazawa and Perl, 1978).
Extracellular recordings from the spinal DH have also been used to measure the
oscillatory activity of the network population (Sandkuhler and Eblen-Zajjur, 1994).
Extracellular recordings detect the changes in the extracellular field potential caused
by the surrounding nearby cell ionic processes; they cannot provide information on
individual neurons or ion channel activity (Buzsaki et al., 2012). However,
extracellular recordings are ideal for recording the activity of a localised population
of cells (Buzsaki et al., 2012). The in vivo intracellular recording technique was
developed to allow for single cell and ion channel studies where there is control of
the cell membrane potential. It is technically difficult to perform intracellular
recording from superficial spinal DH neurons in vivo. This is due to the poor stability
of the recordings and the impalement of the cells with sharp electrodes frequently
causing destruction of the cells (Urch and Dickenson, 2003). Furthermore, the
neurons of the superficial DH are small and therefore it is more difficult to obtain
intracellular recordings. Some additionally issues with in vivo recordings include
maintaining anaesthesia throughout the surgery and recordings, and also the
movement of the animal that can affect the recording (Fee, 2000, Cuellar et al.,
2004). The surgery and the inaccessibility of the spinal DH have led to the
development of in vitro models of the spinal DH to further study the network and

properties of DH neurons.
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1.7.2 In Vitro Spinal Cord Slices

Brain and spinal cord slice preparations have been utilized over many decades to
study the CNS neurophysiology (Li and Mc, 1957, Yamamoto and Mcllwain, 1966).
The techniques of both acute and organotypic spinal cord slices have been
developed to establish in vitro models of the spinal cord network systems.
Extracellular and intracellular recording techniques can be more easily performed
with in vitro slices than in vivo preparations. There are a number of advantages of
recording from in vitro slices compared to in vivo preparations (Collingridge, 1995).
The preparation of acute spinal cord slices retains the synaptic circuits and
cytoarchitecture of the intact spinal cord (Lossi et al., 2009). Preparations with and
without dorsal roots attached have been developed (Murase et al., 1982, Marvizon
et al., 1997). The absence of any afferent input can be advantageous in allowing the
activity of the spinal DH to be studied in isolation. The slices are readily accessible
for electrophysiological recordings where the external environment can be
controlled and compounds of desired concentrations can be perfused without the
influence of anaesthetics and in the absence of a blood-brain barrier or blood-nerve
barrier. To study the network of tissue sections the multi-electrode array (MEA)
technique has been developed to enable extracellular recordings to be made
simultaneously from multiple sites across a tissue slice (Obien et al.,, 2015).
Furthermore, the MEA technique provides information on the synchrony of neurons

across a network (Obien et al., 2015).

Organotypic slice cultures are usually obtained from neonatal animals, and cultured
in vitro for weeks or months (Galimberti et al., 2006, Marksteiner and Humpel, 2007,
Humpel, 2015). Therefore they provide a model of the spinal cord that has features
of both acute in vitro slices and spinal cord cell culture (Pandamooz et al., 2015).
Organotypic  cultures are frequently used in  molecular biology,

immunohistochemistry and electrophysiology experiments to investigate molecular
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and cellular processes of the spinal cord, its development and cell death (Czarnecki
et al.,, 2008, Ravikumar et al., 2012). Acute spinal cord slices are also typically
obtained from neonatal animals and used for electrophysiological experiments
where the electrical activity of individual neurons or the network as a whole can be
investigated with intracellular or extracellular recordings. The advantages of acute
slice experiments are that the slice preparation is relatively quick and therefore the
synaptic connections within the slice network is largely unchanged compared to in
vivo conditions (Lossi et al., 2009). The endogenously released chemicals from the
dissecting and slicing procedures are washed out before experimentation begins so
as not to affect the activity of the spinal DH networks. Organotypic slices have to be
cultured for 10-14 days before it can be ensured the chemicals released from slicing
are no longer present (De Simoni and Yu, 2006). In the period of culturing
organotypic slices the disruption to the neuronal network that occurred during the
slicing procedure is believed to cause re-organization of the synapses between the
neurons within the slice, which does not occur in acute slices (Coltman et al., 1995).
Furthermore, a major factor to consider with slice cultures is how well the culture
conditions enable the survival of the neuronal cells within the slice. Non-neuronal
cells typically survive better in culture compared to neuronal cells, which are
affected more severely by the preparation speed, culture medium, age of the tissue
and sterility (Lossi et al., 2009). Therefore, the proportions of the different cell types
within the slice are likely to be altered in the in vitro spinal cord slice culture model
which could affect the network structure and functionality. This is not an issue with
in vitro acute slices, which are used for experimentation on the day of dissection

(Buskila et al., 2014).

A drawback of utilising acute and organotypic slice models is that the viability of the
slices diminishes with increasing age of the animal employed in the study.

Consequently, neonatal animals are frequently used (Miletic and Randic, 1981,
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Magnuson et al., 1987). However, there can be significant differences in the
neurophysiology of neonatal compared to adult animals. An example of age-
dependent changes in rodent neurophysiology is the switch of GABA signalling from
excitatory in early development to inhibitory in adult animals (Lee et al., 2005).
GABA, receptors switch to become inhibitory as the expression of the KCC2
increases during development (Lee et al., 2005). In this thesis the acute spinal cord
slice preparation has been utilised to investigate the activity of the spinal DH
network due to its advantages over the slice culture model and its comparability to

in vivo conditions.

1.7.3 Primary Cell Culture of the Spinal Dorsal Horn

Primary cell culture provides a model system which lends itself to very reproducible
and consistent high-throughput screening of compounds. These properties of
primary cell culture models have resulted in their extensive use by pharmaceutical
companies to screen novel compounds. However, primary cell culture models also
provide a highly accessible tool for investigating cell physiology and biochemistry.
Neuronal cultures simplify the complex intact CNS, and make it accessible for use in
a multitude of assays including electrophysiology, calcium imaging and molecular
biology techniques. Recent development of MEA technology has enabled primary
cell cultures to be grown on MEAs (Ito et al., 2014). Therefore, the activity across a
cultured network can be recorded simultaneously, providing an indication of the

synchrony of network’s cells.

In neuronal primary cell culture models both individual cells or the whole network of
neurons can both be investigated to study the physiology of the system in more
detail than is possible with in vitro slice or in vivo spinal cord recordings. However,

the simplification of such a complex system means that caution should be taken
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when interpreting results from cell culture models. Typically the tissue dissected for
cell culture is completely disrupted dissociating all the cells, therefore in culture the
cells re-organise and form synapses, which is largely dependent on the conditions
of the culture (Streit et al., 2001, Malin et al.,, 2007). As previously mentioned in
regard to slice cultures, different cell types survive the culture process better than

others, which could impact on the reformation of the network of the remaining cells.

Primary cell culture of spinal cord neurons has been widely developed and utilised
(Ransom et al., 1977), however, there are far fewer reports using spinal DH culture.
Selecting the dorsal region of the spinal cord for primary cell culture isolates those
cells specifically involved in processing nociceptive signals. The spinal cord cell
culture model exhibits a number of similarities with in vitro slice and spinal DH in
vivo recording data, including rhythmic activity (Keefer et al., 2001, Streit et al.,
2001) and the development of central sensitisation (Vikman et al., 2003). However,
there is minimal information on the characterisation of spinal cord or spinal DH
cultures in terms of the classes of neuronal and non-neuronal cells they contain. In
this study a spinal DH primary cell culture model has been established,
characterised and utilised to explore the activity of the DH, its responses to

pharmacological manipulation and its potential in drug discovery assays.

1.8 Objectives

The overall aim of this project is to investigate the role of GABA, and glycine
receptors in the spinal DH using in vitro models as translational platforms for drug

discovery. Specific aims of my thesis are as follows:

1) Development and characterisation of the rat embryonic spinal DH primary

cell culture

32



2)

3)

4)

5)

Investigate how targeting GABA, and glycine receptors modulates calcium
release in the rat embryonic spinal DH primary cell culture model.

Investigate the effect of glycine receptor a subunit short interference RNA
(siRNA) gene silencing on calcium response using the rat embryonic spinal
DH primary cell culture.

Investigate how targeting GABA, and glycine receptors modulates network
activity in the rat substantia gelatinosa (SG) of the spinal DH using
extracellular recordings in the in vitro acute spinal cord slice model.
Investigate how targeting GABA, and glycine receptors modulates network
activity in the rat SG of the spinal DH using MEA methodology in acute

spinal cord slices and rat embryonic spinal DH primary cell culture.
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2 Characterisation of the Embryonic Spinal Dorsal Horn Cell
Culture Model
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2.1 Introduction

Primary cell cultures present several advantages for neuronal cell network studies
due to their greater similarity with neuronal cells in vivo compared to secondary cell
lines. However, primary cell cultures are more challenging as the tissue dissection
and processing of the cells has to be completed prior to commencing the culturing
process (Gordon et al., 2013). Furthermore, primary cultures are not immortal like
cell lines, which limits the volume of experimentation with each primary culture
(Gordon et al., 2013). Cell culture models provide very versatile platforms, as they
can be used with a multitude of technigues including molecular cell biology,
immunofluorescence (IF), electrophysiology and calcium imaging. For these
reasons pharmaceutical companies have been making use of primary cell cultures
to screen novel compounds in various diseases (Eglen and Reisine, 2010, Nickolls

et al., 2011, Lovitt et al., 2014).

Typically, for neuronal primary cell cultures the cells of the dissected tissue are
completely dissociated before they are cultured (Streit et al.,, 2001, Malin et al.,
2007, Gordon et al., 2013). The primary cell culture models of the spinal cord lack in
vivo afferent input, which could affect the re-formation of the network in culture and
the subsequent activity of the network. However, the more simplistic primary cell
culture network makes it easier to decipher the circuitry. Therefore, it is essential to
determine and classify the cell types present in the culture and compare to in vivo
network populations to be able to draw stronger conclusions from the primary cell
culture data and determine how transferrable the cell culture data is to the in vivo

network.

Primary cell culture of spinal cord cells has been developed and utilised to study
network activity (Ransom et al., 1977, Keefer et al., 2001, Streit et al., 2001).
However, this model system includes both motor neurons of the VH and sensory

neurons of the DH mixed together. Therefore, following dissociation these spinal
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cord cells are likely to form a very different network in culture compared to what
exists in vivo. There are fewer reports of spinal DH cultures, which provide a model
system to study the spinal DH network without the influence of VH cells (Vikman et

al., 2001, Hendrich et al., 2012b).

2.1.1 Aims

In this chapter the techniques of primary cell culture, calcium imaging, IF and
gquantitative real-time polymerase chain reaction (RT-PCR) have been utilised to
develop and characterise the embryonic spinal DH cell culture model. This in vitro
model has been investigated with the final aim of utilizing it for the screening of
novel analgesics and studying the spinal DH network. The aims of this investigation

are:

1. To develop the embryonic spinal DH cell culture model

2. To determine the proportion of neuronal and non-neuronal cells in the DH
culture.

3. To determine the proportion of inhibitory and excitatory cells in the culture.

4. To define the neurochemical and co-localization profile of cells within the
culture

5. To determine which of the GABA, receptor a subunits are expressed in the
DH culture

6. To determine which of the glycine receptor a subunits are expressed in the

DH culture.
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2.2 Methods

2.2.1 Embryonic Dorsal Horn Primary Cell Culture

The Schedule 1 procedure performed on pregnant female Wistar rats at embryonic
day 14 (E14) was either by isoflurane followed by cervical dislocation at the
University of Leeds or concussion followed by cervical dislocation when performed
at Pfizer Neusentis, Cambridge. This was carried out in accordance with current
EU/UK Home Office legislation and University of Leeds or Pfizer Neusentis local
legislation. The embryos were removed from the dam and collected in ice-cold
Hibernate E medium (Life Technologies, UK). Each embryo was subsequently
removed from its embryonic sack and decapitated, then kept in ice-cold Hibernate E
medium on ice. The embryonic fluid was collected from each embryonic sac when
the sac was opened and added to the Hibernate E medium in which the decapitated
embryos were collected in to improve viability of the tissue. The spinal cord was
dissected from each embryo and the two thirds of DH of the spinal cords was
separated and collected in fresh ice-cold Hibernate E medium immediately post-
decapitation. There were typically 11-14 embryos per dam, therefore in each spinal
DH cell culture preparation there was tissue from 11-14 embryos which was
combined before processing for culturing. Once all the DH tissue had been collected
and pooled together the tissue was spun at 1000 rpm for 3 minutes. The
supernatant was removed and the tissue was re-suspended in 2 ml of Hibernate E
containing trypsin (12.5%) in at 37°C. The tissue was incubated at 37°C for 18-20
minutes, with the tissue being manually mixed by shaking to improve trypsin
digestion by separating the tissue sections. Deoxyribonuclease | (DNase ) (0.1%)
(Sigma-Aldrich, UK) in 2 ml of culture medium 1 (Table 2.1) was then added to the
sample and spun for 3 minutes at 1000 rpm. DNase | treatment is required for the
breakdown of extracellular DNA that can arise in the processing of the tissue and
cause damage to the cells. The supernatant was removed and 1 ml of culture
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medium 1 containing 1% cytosine B-D-arabinofuranoside (Ara-C) (Sigma-Aldrich,
UK) at 37°C was added to the tissue. The tissue was manually triturated then pulse
centrifuged to 1000 rpm and the supernatant containing the cells was collected. This
trituration step was repeated once more, and then a cell count was performed,
either using a Countess cell counter (Invitrogen, UK) or manually on a
haemocytometer. The cells were plated at 1.7 x 10° cells/100 pl and then the plates
were pulse centrifuged to 1000 rpm to evenly spread the cells across each well.
Typically, from a preparation from a single dam with 11-14 embryos, there were
180-220 wells of the spinal DH cells plated normally plated as 36 wells per plate. A
flow diagram of the DH tissue processing protocol can be found in Figure 2.1. The
BD Falcon cell culture plates (BD Biosciences, UK) were pre-coated with poly-D-
lysine (molecular weight: 70,000-150,000; Sigma-Aldrich, UK) and natural mouse
laminin protein (Life Technologies, UK) to aid cell attachment to the base of the
plate. The poly-D-lysine was dissolved in distilled water and 50 pl/well was added
the day before the cell culture preparation, kept at 4°C overnight. On the day of the
cell culture preparation the poly-D-lysine was removed from the plates and 50
pl/well of laminin diluted in PBS was added. The plates were then kept at 37°C in
the incubator until required for plating the cells. After the cells were incubated for 24
hours at 37°C the media was changed to culture medium 2 (Table 2.2), subsequent
media changes were done every 2-3 days with culture medium 2. After 12-14 days
in culture, the cells were used for experimentation. Spontaneous, synchronous firing
of the network was observed in calcium imaging and electrophysiological

experimentation after 12-14 days in culture.
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Table 2.1 Culture medium 1 components

DMEM/F12 500ml Invitrogen
Fetal Bovine Serum Gold 50ml PAA

Glutamax 5ml Invitrogen
Penicillin/Streptomycin (10,000 U/ml) S5ml Invitrogen

Table 2.2 Culture medium 2 components

Neurobasal Medium 500ml Invitrogen
B-27 Supplement 10ml Invitrogen
Glutamax 5ml Invitrogen
Penicillin/Streptomycin (10,000 U/ml) 5ml Invitrogen




Dissect the DH from the spinal cord of each embryo and collected in ice cold Hibernate E
media

|

Centrifuge the DH tissue at 1000 rpm for 3 minutes and discard the supernatant

|

Re-suspended tissue in 2 ml Hibernate E with 12.5% trypsin and incubate for 18-20 minutes
at 37°C

]

Add 2 ml culture media 1 and Dnase (0.1%) to the suspension.
Centrifuge at 1000 rpm for 3 minutes

|

Discard supernatant and replace with 1 ml culture media 1.
Manually triturate the tissue and pulse centrifuge to 1000 rpm

|

Collect the supernatant and re-suspend the pelletin 1 ml culture media 1.
Manually triturate and pulse centrifuge to 1000 rpm

|

Collect supernatant and add pool with the other collected supernatant. Count cells and plate
at 1.7x10° cells/100 pl diluting the cells with culture media 1 containing Ara-C (1%)

|

Pulse centrifuge the plates to 1000 rpm and incubate at 37°C. Change media after 24 hours
to culture media 2. Culture for a further 11-13 days, changing the media every 48-72 hours

Figure 2.1 A flow diagram of the protocol procedures for the processing and the culturing of

the embryonic spinal DH tissue following the removal of the embryos from the dam.
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2.2.2 Fluorescent Calcium Imaging with Cultured Dorsal Horn Cells

The culture media was removed from the wells of the plate and replaced with 80 ul
of FLIPR Calcium 5 Dye (Molecular Devices, USA) diluted in Hanks’ Balanced Salt
Solution (HBSS) (-/-) with calcium chloride (1.8 mM) and 1% HEPES (Sigma-
Aldrich, UK), and adjusted to pH 7.4 with sodium hydroxide (Sigma-Aldrich, UK). No
magnesium was added to the buffer solution to remove the N-methyl-D-aspartate
(NMDA) receptor magnesium block as signalling through this receptor is known to
be required for spontaneous activity (Smith et al., 1989, Kilic et al., 1991, Streit et
al., 2001). The plate was incubated at 37°C for 30-40 minutes to allow for the cells
to take up the dye before calcium imaging was performed. The advantage of the
Calcium 5 Dye over other calcium dyes such as Fura 2, is that the cells do not need
pre-washing and the Calcium 5 Dye does not need to be washed off prior to running
calcium imaging assays. Therefore, there is reduced disruption to the cells before
they are used for the assay and there are fewer cells are lost. The fluorescent
calcium imaging was done using the live-cell he bioimaging system BD Pathway
855 (BD Biosciences, USA), in combination with the BD Attovision software (BD
Biosciences, USA; version 1.6). This system allows for the measurement and
recording of fluorescence intensity of live cells in culture. A video is captured of
each well as the fluorescence intensity of individual regions of interest (ROI) was
recorded. The ROIs were determined using the software with manual adjustment so
that only the fluorescence of the cells was captured and any background noise was
eliminated. The video recording of the culture enabled visualisation of the culture
network within a well, which was vital in the optimisation process of the culture.
Identifying which preparation of the cells worked best according to the appearance
of the network formation and network firing behaviour enabled the development of
the optimal DH cell culture protocol. The baseline activity was recorded for 4

minutes, which was followed by manual addition of a compound diluted to the
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required concentration using the HBSS (-/-) buffer. The activity in the presence of
the compound was subsequently recorded for another 4 minutes. This data was not
quantified or analysed, but used to optimise the spinal DH cell culture protocol
through visualising the culture’s spontaneous activity and response to compound

addition.

2.2.3 Culture Dorsal Horn Cell Immunofluorescence

The cultured DH cells were fixed at 12-14 days in vitro (DIV) by removing the media,
washing the wells of the plates twice with PBS (0.1 M) and adding 100 ul
paraformaldehyde (4%) per well. After 15-20 minutes the paraformaldehyde was
removed and the wells washed three times with PBS (0.1 M). For each wash of the
wells 200 pl of PBS was added to each well and left for 5 minutes before being
removed, and the process repeated. After the washes 200 ul of PBS was added to
each well and the cells stored at 4°C until ready to be used for staining. The
required volume of blocking buffer was made, which contained PBS (0.1 M) with 3%
normal donkey serum and 0.3% triton-X100. When ready to perform the staining the
PBS was removed from the wells and 100 ul of blocking buffer was added per well
and incubated at room temperature for 2 hours. The blocking buffer was then
removed and replaced with 100 ul of the required primary antibodies diluted in the
same blocking buffer (Table 2.3). A minimum of six wells were tested for each
antibody combination. The plates of cells were incubated with the primary
antibodies overnight on a rocking platform at 4°C. The primary antibodies were
removed and the wells washed with PBS (0.1 M) three times. The secondary
antibodies were diluted in the same blocking buffer and 100 pl of secondary
antibody solution was added per well as required (Table 2.4). The plates were

wrapped in aluminium foil to protect the antibodies from light damage, and the
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samples incubated for 2 hours at room temperature on a rocking platform. The wells
were washed 3 times with PBS (0.1 M) and then 200 ul of PBS was added to each
well. The plates were kept wrapped in aluminium foil at 4°C until they were imaged.
In parallel negative control experiments were performed for each primary antibody
tested omitting the addition of the secondary antibodies. The negative controls
demonstrated a lack of positive staining. Examples of some of these negative

controls are illustrated in Figure 2.2.

2.2.4 Imaging and Analysis

The cultured cells were imaged using an inverted LSM 700 confocal microscope
(Carl Zeiss Microscopy, USA) in conjunction with Zen 2.1 (Black) software (Carl
Zeiss Microscopy, USA). The Alexa 488 and Alexa 555 laser filters were selected to
image cells. For the cultured DH cells, a minimum of six wells were stained for each
antibody combination, and between four and six of the wells were imaged and the
cells counted. These six wells utilised for each staining consisted of three wells on
one plate and three wells from another plate. The two different plates were from
different cell culture preparations, therefore arising from separate sets of embryos.
The number of independent culture preparations for each experiment is indicated as
N, while the number of individual wells tested is given as n. The number of
positively-stained cells in the four to six wells for each antibody staining was
counted and the mean calculated. The number of co-localised cells in each staining
was also counted and the mean calculated. The percentage of co-localised cells out
of the total number of neuronal nuclei (NeuN)-positive cells or the total number of
positive cells of that antibody was calculated where required. These values are

given with the standard error of the mean (S.E.M).
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GABA, a1

GADG65+67

Glycine a1

Figure 2.2 IF control experiments in the absence of secondary antibodies, for the primary
antibodies for (A) the GABA, receptor a1 subunit, (B) GAD65+67, (C) the glycine receptor
a1 subunit and (D) GlyT2. The left panel for each is taken with Alexa Fluor 488 filter, the

middle panel with Alexa Fluor 555 filter and the right panel is the merge.
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Primary

Antibody

Function

Species

Dilution

Reference

NeuN Neuronal cell Mouse 1:500 Millipore (MAB377) Seelke et al.
nuclei (2013)
NeuN Neuronal cell Rabbit 1:500 Cell Signalling Cell Signalling
nuclei (D3S31)
GFAP Astrocytes Glial  Mouse 1:500 Millipore (MAB360) Kern et al. (2011)
Cells
Ibal Microglia Rabbit 1:500 Wako Pure Chemical Le Blon et al.
Industries (019- (2014)
19741)
GAD 65/67 GABAergic cells  Rabbit 1:500 Abcam (AB1511) Krosnowski et al.
(2012)
GlyT2 Glycinergic cells  Rabbit 1:500 Abcam (AB156022) Abcam
VGlut2 Glutamatergic Guinea- 1:500 Abcam (AB2251) Zelano et al.
cells Pig (2009)
Glycine al Receptor Goat 1:250 Santa Cruz Ge et al. (2007)
subunit (SC-17278)
Glycine a2 Receptor Goat 1:200 Santa Cruz Majumdar et al.
subunit (SC-17279) (2008)
Glycine a3 Receptor Goat 1:500 Santa Cruz Majumdar et al.
subunit (SC-17282) (2008)
GABA a1l Receptor Rabbit 1:150 Abcam (AB33299) Lindstrom et al.
subunit (2010)
GABA a2 Receptor Rabbit 1:200 Alomone Labs Quadrato et al.
subunit (AGA-002) (2014)
GABA a3 Receptor Rabbit 1:500 Alomone Labs Zhou et al.
subunit (AGA-003) (2013)
GABA a4 Receptor Rabbit 1:200 Abcam (AB73874) Quadrato et al.
subunit (2014)
GABA a5 Receptor Rabbit 1:200 Abcam (AB10098) Wu et al. (2014)
subunit
GABA a6 Receptor Rabbit 1:250 Sigma (G5544) Sigma-Aldrich
subunit
Parvalbumin  Calcium-binding  Mouse 1:1000 Sigma (P3088) Contini and
protein Raviola (2003)
KCC2 Transporter Rabbit 1:100 Millipore (07-432) Wang and Sun
(2012)
nNOS Neuronal NOS Rabbit 1:2000 Abcam (AB5380) Russo et al.
(2013)
Gephyrin Inhibitory cells Goat 1:250 Santa Cruz (SC- Waldvogel et al.
6411) (2003)

Table 2.3 List of the primary antibodies used for IF
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Secondary Species Flurophore Dilution

Antigen
Mouse Donkey Alexa 488 1:500 Invitrogen
Mouse Donkey Alexa 555 1:500 Invitrogen
Rabbit Donkey Alexa 488 1:500 Invitrogen
Rabbit Donkey Alexa 555 1:500 Invitrogen
Rabbit Goat Alexa 555 1:500 Invitrogen
Guinea-Pig Donkey Alexa 488 1:500 Invitrogen

Table 2.4 List of the secondary antibodies used for IF

2.2.5 Quantitative Real-Time PCR

The total RNA was isolated from the cultured DH cells at 12-14 DIV using RNeasy
Mini Kit (Qiagen). Cells cultured from one independent preparation were utilised,
with RNA extracted from 30 individual wells. Before commencing all RNA work,
surfaces and pipettes were disinfected with RNase Away Reagent (Ambion, Life
Technologies) to minimise RNA contamination. The cells were harvested by
disrupting the cells with RLT buffer containing B-mercaptoethanol (1%) and
triturating with a pipette. The pellet was vortexed and then added to a QlAshredder
spin column and centrifuged for 2 minutes at maximum speed. The same volume as
lysate of 70% ethanol was added to the homogenised lysate and mixed by pipetting.
This sample was then transferred to an RNeasy spin column and centrifuged for 15
seconds at 13,000 rpm. The flow-through was discarded and 700 ul of RW1 buffer
was added to the spin column and spun again for 15 seconds at 13,000 rpm. Again
the flow-through was discarded and the step repeated but with RPE buffer. This was
repeated with RPE buffer, but spinning for 2 minutes. This ensures no ethanol
remains in the spin column as this can effect subsequent reactions in the process.
Finally the RNA was eluted by adding 30 pl of RNase-free water to the spin column
and centrifuging for 1 minute at 13,000 rpm. The concentration of RNA was

calculated with a NanoDrop 2000c (Thermo Scientific Inc, USA). The human spinal
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cord mRNA used in this study was obtained from BioChain (AMS Biotechnology Ltd,
UK). The spinal cord mRNA was extracted from the tissue of a healthy male, 59
years old. The RNA was then converted to cDNA with an Omniscript Reverse
Transcription Kit (Qiagen, USA). All the reagents for this protocol were thawed and
stored on ice throughout the preparation. Two mastermixes were prepared as
outlined in Table 2.5, one is the normal mastermix the other was a negative control
with no reverse transcriptase added. Once all the reagents were mixed together to
make mastermix reactions for each of the RNAs, the samples were incubated for 60
minutes at 37°C. The concentration of cDNA was then determined using the
NanoDrop 2000c. The cDNA was stored at -20°C until used for TagMan PCR

experiments.

For the TagMan relative quantitative RT-PCR the housekeeping gene [-actin
(ACTB) was used as a positive control (Thermo Fisher Scientific Inc., USA), either
human or rat as required. Including a reference gene in the same well as each of
the samples allows for normalisation of each of the target genes. RT-PCR was
performed for each of the GABA, receptor a subunits 1-6, with assay probes
GABRAL1-6 for human and rat (Applied Biosystems, Thermoscientific), for both the
human spinal cord and the rat spinal DH cDNA samples. Similarly, human and rat
assay probes for the glycine receptor a subunits 1-4 (Glral-4) and the 3 subunit
(Glrab) (Applied Biosystems, Thermoscientific) were utilised for RT-PCR with both
human spinal cord and rat spinal DH cDNA samples. RT-PCR with the rat spinal DH
sample was also performed with the assay probes for the rat glycine transporters 1
and 2 (GlyT1 and GIlyT2) (Applied Biosystems, Thermoscientific). All these primers
were proprietary of Applied Biosystems, who have not disclosed the sequences but
state that all these primers have been verified by the company for their high level of
specificity and efficiency. A list of all the assay probes utilised can be found in Table

2.6 and Table 2.7. The Tagman mastermix used for each 20 ul reaction per well of
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the PCR plates is outlined in Table 2.8. A stock mastermix for each assay was
made without adding cDNA to minimise pipetting error. The cDNA was added to the
plate for the PCR reaction and the mastermix added to it to make 20 ul total reaction
volume per well. Each reaction was done in triplicate, and each of the RT negative
cDNA samples for negative controls were done in triplicate. The RNase-free water
was also used as a negative control to confirm there was no contamination of the
water used in the reactions. The TagMan RT-PCR amplification reaction and
detection was done using a LightCycler 480 Il (Roche Diagnostics, Switzerland).
This was linked to a computer with the LightCycler 480 Il Software (version 1.5.1),
where the programme for relative quantification was used with the detection format
of dual colour hydrolysis probe. This programme begins with a pre-incubation of 10
minutes at 4.4°C followed by 45 amplification cycles of 10 s at 95°C, 30 s at 60°C

then 1 s at 72°C, with an end cooling phase of 30 s at 40°C.

RT Positive RT Negative

Mastermix Reagents Mastermix (ul) Mastermix (ul)

RT Buffer (x10) 2 2
dNTP mix (5 mM) 2 2
Oligo dT (0.5 pg/ul) 0.2 0.2
Random Nonamers 4 4
RNase Inhibitor (10 1 1

U/ml)
Omniscript RT 1 0
RNA 9.8 9.8
Water 0 1
Total Volume 20 20

Table 2.5 The contents for 20 pl of mastermix for cDNA production used for all the samples
required for the RT-PCR experiments. A negative control mastermix was also prepared for

each RNA sample which did not contain reverse transcriptase (Omniscript RT).
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Gene Assay ID

GABRA1 Rn00788315_m1
GABRA2 Rn01413643_m1
GABRA3 Rn00567055_m1
GABRA4 Rn00589846_m1
GABRAS5 Rn00568803_m1
GABRAG Rn00573029_m1

Glral Rn00565582_m1
Glra2 Rn00561280_m1
Glra3 Rn00586890_m1
Glra4 Rn01410530 m1
Glrb Rn00583966_m1
GlyT1 RN01416529 m1
GlyT2 Rn01475607_m1

Table 2.6 A list of the RT-PCR rat assay probes used, with their assay ID number from
Applied Biosystems (Thermoscientific, UK).

Gene Assay ID

GABRA1 Hs00971228_m1
GABRA2 Hs00168069_m1
GABRA3 Hs00968132_m1
GABRA4 Hs00608034_m1
GABRA5 Hs00181291_m1
GABRAG Hs00181301_m1

Glral Hs00609267_m1
Glra2 Hs01033736_m1
Glra3 Hs00197920_m1
Glrad Hs01595852_m1
Glrb Hs00923871_m1

Table 2.7 A list of the RT-PCR human assay probes used, with their assay ID number from

Applied Biosystems (Thermoscientific, UK).

49



Tagman Mastermix Volume (ul)

Reagents
cDNA
Tagman Mastermix 10
Assay (x20) 1
ACTB (x20) 1
Water 6
Total Volume 20

Table 2.8 The TagMan mastermix reagents for each well of the RT-PCR experiment. The
same mastermix was utilised for the negative control sample (RT negative). The Tagman

Mastermix, assay probes and ACTB were all sourced from Applied Biosystems.

2.2.6 Analysis of Relative Quantification RT-PCR

After the C; values were obtained from the RT-PCR experiments an arbitrary copy
number was calculated from the CT values obtained for each repeat performed for
all the assay probes. The average of the three housekeeping gene C; values
obtained in the triplicate of repeats for each assay probe was calculated and the
arbitrary copy numbers for these average values were then determined. The
arbitrary copy number calculation used was 10(12=(0-3X¢1)) (Cox et al., 2008). The
scaling factor was determined for each assay probe using the housekeeping gene
arbitrary copy number values. The GABA, receptor subunit arbitrary copy number
values were scaled relative to GABRAL1 and the glycine receptor subunits and
glycine transporters were scaled relative to Glral. For example, the averaged ACTB
arbitrary copy number values for each of the GABA, receptor subunits was divided
by the ACTB arbitrary copy number of GABRAL. The three arbitrary copy number
repeats for the GABRA1 were each multiplied by the scaling factor for that receptor
subunit. This was repeated for the other GABA, receptor subunits, each multiplied
by their corresponding scaling factor value. Similarly this was done with the glycine
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receptor subunit values. The average scaled arbitrary copy nhumber was calculated
from the repeats for each receptor subunit and plotted with the S.E.M. The RT-PCR
data for the human spinal cord and rat spinal DH samples were analysed

separately.

2.2.7 Absolute Quantification of Glycine Receptor Subunits

Plasmid DNA constructs containing the human or rat glycine receptor a subunits
were obtained from OriGene Technologies Ltd (USA). Each of the plasmid
constructs were transformed into One Shot TOP10 competent E.coli cells
(Invitrogen, UK). The One Shot TOP10 cells were thawed on ice, and 5 ul of the
plasmid DNA was added to the vial of cells (50 ul cells/vial) and the solution mixed
by swirling or tapping the tube. The cells are then incubated on ice for 30 minutes,
then they were heat-shocked for 30 seconds at 42°C. The cells were then returned
to ice for 2 minutes then 250 ul of S.0.C medium was added to each vial. The vials
were then incubated on a horizontal shaker at 37°C for one hour. 20 ul of each of
the cell transformations were spread onto pre-warmed LB agar plates, and a repeat
of each plate with 100 pl of each transformation. Two different volumes of cells were
plated to ensure maximise the chances of one of them growing colonies. The plates
were incubated at 37°C overnight. The colonies were selected from each plate and
the DNA purified using a Qiagen Plasmid Plus Maxi Kit (Qiagen, USA), with the
concentration of final purified DNA determined using a NanoDrop 2000c. For the
absolute quantification RT-PCR experiments 10-fold serial dilutions of the DNA
were made in PCR-grade water. These were used in conjunction with the same
mastermix described previously with the appropriate TagMan probe. On the same
PCR plate three repeats of the required cDNA of the rat spinal DH culture or human

spinal cord were also run. As previously negative control reverse transcription
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negative samples and water only samples were also run on the same plate.
Similarly the B-actin housekeeping gene was also used in the wells with the rat DH
culture cDNA or human spinal cord cDNA. The RT-PCR reaction was done using
the LightCycler 480 Il as described for the relative quantification RT-PCR

experiments.

2.2.8 Analysis of the Absolute Quantification RT-PCR Data

Using the calculated concentrations of each of the serial dilutions of each plasmid
DNA and the Cy values, standard curves were plotted for each of the plasmid DNA
samples, which were all run as triplicates in the RT-PCR experiment. The mean C+
value of the sample of the human spinal cord or spinal DH culture was calculated
from the triplicate repeats of each of these samples. The standard curve was then
used to determine the concentration of the cDNA of the sample. From this
concentration the number of molecules was calculated for each of the glycine
receptor subunits in the two samples using the provided molecular weights of the

molecules from Qiagen.
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2.3 Results

2.3.1 Optimisation of the Embryonic Rat Spinal Dorsal Horn Culture

There was extensive optimisation of the embryonic rat spinal DH cell culture with
alterations made to numerous steps of the protocol from the collection of the
embryos to the loading of the calcium dye. Initially the viability of the cells harvested
from the embryonic spinal cords was low, at around 60%. This was thought to be
due to the embryos being kept in Hibernate E media for an extended length of time
before their spinal cords were removed and the DH isolated. It was considered that
the Hibernate E did not contain sufficient ingredients to prevent degradation of the
embryonic tissues. To counteract this amniotic fluid from each embryo’s amniotic
sac was collected and added to the Hibernate E media in which the decapitated
embryos were kept. Furthermore, the length of time for each DH dissection was
reduced and consequently the viability of the cells when counted increased to 91.7

+ 0.38% (S.E.M) (n=17, N=8).

The cells were found to form large clusters with very few projections between cells
when cultured at a density of 1 x 10° cells/100 pl (Figure 2.3 A). When imaged on
the BD Pathway system most of these cells did not display any spontaneous
activity. The cell density was increased to 1.5 x 10° cells/100 pl, which improved the
culture with fewer clusters forming. However, it was noted that the majority of the
cells congregated to the edges of the wells leaving the centre with a much lower
density. To resolve this issue the plates of cells were spun in a centrifuge
immediately after the cells were plated. This dramatically improved the culture with
the cells evenly distributed across the plate, and much less clustering of cells.
These cells did spontaneously fire, with a much improved reliability. A further
increase in cell density to 1.75 x 10° cells/100 pl was attempted which further

reduced the formation of clusters of cells and thus was the final chosen plating
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density (Figure 2.3 B). The progression of the culture through the 12-14 days spent
in culture with all optimisation steps in place is depicted in Figure 2.4. The cells
were run each day on the BD Pathway from 7 DIV to determine which days
displayed the best spontaneous activity. From day 9 the occasional single cell could
be seen to fire on their own and by day 10-11 the whole network was observed to
display highly synchronously calcium spikes but not rhythmically. Between 12-14
DIV the spinal DH culture had highly synchronous, repetitive calcium spikes with a
rhythmic firing pattern. The frequency of this rhythmic calcium activity was 0.082 +
0.02 Hz (Figure 2.5 and supplementary CD). Beyond 14 DIV the calcium spikes
began to diminish, and consequently for subsequent experimentation the spinal DH

cultures were used when they reached 12-14 DIV.

Figure 2.3 Embryonic rat DH cell culture at 14 DIV. In A and B the cells have been dye

loaded with Calcium 5 dye. All images were taken using a digital inverted microscope
(EVOS, AMG, Life Technologies, UK). (A) An example of the culture when the cell density
was 1.5x10° cells/100 pl and without centrifuging the plate. The cells can be seen clustered
together, and there were fewer projections between cells. (B) The DH cell culture after
application of all optimisation processes at 1.75x10° cells/100 pl. The cells are evenly

distributed across the surface with many projections forming the network.
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Figure 2.4 Progression of a rat embryonic spinal DH cell culture from day 0, immediately
after plating the cells, to 1 DIV, 8 DIV and 14 DIV. At day O the cells are completely
dissociated and densely packed. After 24 hours in culture, neurite outgrowth from many of
the cells can already be seen, and by 8 DIV extensive network connections can be
observed. At 14 DIV there is no significant visible change in the network, however, by this

stage, the cells are synchronously firing.

55



Relative Fluorescence
Intensity

80 160 240
Time (s)

Figure 2.5 An example of the spontaneous, synchronous activity of the embryonic spinal DH
cell culture after 13 DIV imaged using the BD Pathway system. (A) A still image of the video
recorded using the BD Attovision software of the embryonic DH cell culture. See the
supplementary CD for the real-time video. (B) The relative fluorescence intensity plot over
time of the spontaneous activity of the culture shown in (A). Each coloured line represents
the intensity of a single ROI within the frame of the image. The black line is the average of
all the ROI intensities over time. The culture displays highly synchronous, rhythmic activity at
all ROIs
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2.3.2 Characterisation of the Spinal Dorsal Horn Cell Culture Model:

Neuronal and Non-Neuronal Cells

To address the second aim of this study the primary embryonic DH cell cultures
were stained with NeuN, glial fibrillary acidic protein (GFAP) and ionized calcium-
binding adapter molecule 1 (Ibal) to determine the presence of neuronal, glial and
microglial cells, respectively. Positive staining was detected for all three cell types in
the DH culture (Figure 2.6). In the NeuN and GFAP double-labelled cultured there
were 71.8 + 5.0 NeuN-positive cells and 19.0 + 4.2 cells positive for GFAP.
Therefore, from the total number of NeuN-positive and GFAP-positive cells in the
cultures, there was an average of 79.1 + 4.3% of NeuN-positive cells and 20.9 +
4.6% GFAP-positive cells (N=2, n=6). In the cultures labelled with NeuN and Ibal,
74 + 2.7 cells were NeuN-positive and 25.8 + 3.5 were Ibal-positive. This is an
average of 74.2 + 1.7% NeuN-positive cells and 25.8 + 1.7% lbal-positive cells

(N=2, n=4).

2.3.3 Excitatory and Inhibitory Interneurons in the Spinal Dorsal Horn Cell

Culture Model

The second aim of the study was to determine the proportion of excitatory and
inhibitory interneurons in the spinal DH cell culture. To investigate this, the
excitatory marker vGIluT2 was co-stained with NeuN (Figure 2.7). This staining
illustrated the presence of glutamatergic interneurons in the DH culture. There were
76 = 3.7 NeuN-positive cells and 53 + 4.6 vGIuT2-positive cells. An average of 69.8
* 5.6% of the NeuN-positive cells were co-localised with the vGluT2-positive cells
(N=2, n=4). The inhibitory markers GAD 65 and 67 (Figure 2.8) and glycine

transporter 2 (GlyT2) (Figure 2.9), for GABAergic and glycinergic cells, respectively,
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were also co-stained with NeuN. In the cultures co-labelled with NeuN and GAD 65
and 67, 97 = 3.3 cells were NeuN-positive and 53 + 4.2 cells were GAD 65 and 67-
positive. An average of 53.8 + 4.9% of the NeuN-positive cells co-stained with
GADG65-67-positive cells (N=2, n=4). From the NeuN and GlyT2 co-stained DH
cultures 84 + 5.1 NeuN-positive cells were counted and 24 + 2.6 GlyT2-positive
cells. All the GlyT2-positive cells co-localised with NeuN positive cells. There was
an average of 29.0 + 8.0% of the NeuN-positive cells which co-localised with GlyT2

(N=2, n=4).

Figure 2.6 NeuN, GFAP and Ibal staining in the rat embryonic DH cell culture. (A) NeuN

(green) and GFAP (red) with the merge image in the right panel. (B) NeuN (green) and Ibal
(red), with the merge on the right. There is no co-localisation of these cell types, and there is
a significantly higher proportion of NeuN-positive cells compared to either GFAP- or Ibal-

positive cells.
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Figure 2.7 Embryonic DH culture stained with NeuN (green) and vGIuT2 (red), and the
merge image of the two images in the right panel. Examples of those cells co-localised with

vGIuT2 and NeuN are indicated by arrows.

GADG65+67

Figure 2.8 The embryonic DH culture stained for NeuN (green) and GAD 65 and 67 (red).

The merge image in the right panel shows the co-localisation of GAD 65 and 67 with

neuronal cells confirming that there are GABAergic interneurons in the DH culture.
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Figure 2.9 Double immunolabelling of the spinal DH culture with NeuN (green) and GlyT2

(red). The white boxes in (A) are the section of the image which is illustrated in (B) in an
enlarged view. The enlarged image allows visualisation of the GlyT2 staining surrounding
the cell bodies of the neurons. The arrows indicate some of the co-stained cells in the
culture for NeuN and GlyT2.
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2.3.4 Neurochemically Defining Neuronal Cell Populations in the Dorsal

Horn Culture

Neurochemically defined classes of interneurons known to exist in vivo in the spinal
DH were investigated in the spinal DH culture. PV and nNOS-positive cells were
found to exist in the DH culture. PV was co-stained with GlyT2 and GAD65-67 to
determine if PV-expressing interneurons are also inhibitory interneurons (Figure
2.10). In the spinal DH cultures co-labelled with PV and GAD 65 and 67, 101 + 2.2
PV-positive cells and 71 + 2.7 GAD 65 and 67-positive cells were counted (N=2,
n=>5). All the GAD 65 and 67 positive cells co-localised with PV-positive cells. Out of
the total count of PV-positive cells, 70.7 + 3.4% co-localised with GAD65-67-positive
cells. In the DH cultures co-labelled for PV and GIlyT2 there were 103 + 2.0 PV-
positive cells and 21 + 3.8 GlyT2 cells. The co-staining of PV with GlyT2 revealed
that only 20.9 + 4.7% of the PV-positive cells co-localised with the GlyT2-positive
cells (N=2, n=5). The nNOS antibody could not be co-stained with the GAD65-67
and GlyT2 antibodies due to the same host species. Therefore nNOS was co-
stained with gephyrin which is also a marker for inhibitory interneurons (Figure
2.11). In these cultures 59 = 5.6 nNOS-positive cells were counted with 23 + 7.7
gephyrin-positive cells (N=2, n=4). The co-staining of the antibody for the potassium
chloride cotransporter 2 (KCC2) with gephyrin was also investigated to indicate if
KCC2 is likely to be regulating the chloride ion electrochemical gradient in the DH
culture. 75.0 £ 10.1 KCC2-positive cells and 62.8 + 14.9 gephyrin-positive cells
were counted in the DH cultures co-labelled with these antibodies (N=2, n=4). An
average of 78.0 + 12.0% of the KCC2-positive cells co-localised with gephyrin
(Figure 2.12). Out of the total number of gephyrin-positive cells, 95.7 £ 2.2% co-

localised with the KCC2-positive cells.

61



GAD65+67
P

Figure 2.10 The cultured rat embryonic spinal DH cells co-stained with (A) GAD65-67
(green) and PV (red), and (B) GIlyT2 (green) and PV (red). The merge of the images are
shown on the right. The arrows indicate some of the cells which are positively labelled for
both antibodies.

Gephyrin

-~

Figure 2.11 The embryonic rat spinal DH culture stained with nNOS (green) and gephyrin
(red) with the merge of the images on the right. The arrows indicate some of the cells which

co-localized with nNOS and gephyrin.
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Gephyrin

Figure 2.12 The rat embryonic spinal DH culture stained for KCC2 (green) and gephyrin
(red) and the merge of the images on the right. The arrows indicate some of the co-stained

cells.

2.3.5 GABAja Receptor a Subunit Expression in the Embryonic Dorsal Horn

Culture

The GABAA receptor a subunits 1-6 were each co-stained with NeuN to determine
which of the subunits are expressed in the DH culture and whether they co-localise
with neurons. The GABA, receptor a1 subunit was expressed in 53 + 6.9 of the 85 +
4.5 NeuN-positive cells counted, and an average of 97.6 + 1.6% of the a1 subunit-
positive cells co-stained with NeuN (N=2, n=6) (Figure 2.13). The GABA, receptor
a2 subunit was expressed in 55 *+ 3.8 of 75 + 5.2 NeuN-positive cells (N=2, n=6).
Out of the a2 subunit-positive cells, 99.4 + 0.6% of them co-stained with NeuN-
positive cells (Figure 2.14). The GABA, receptor a3 subunit was also detected in
the rat embryonic DH cells (Figure 2.15). There were 52 + 5.7 GABA4 receptor a3
subunit-positive cells counted, and of the 75 = 7.9 NeuN-positive cells, 94.2 + 1.1%
of these co-localised with NeuN (N=2, n=4). In the DH cultures stained with NeuN
and the GABA, receptor a4 subunit 74 £ 3.6 GABA, a4 subunit-positive cells were
counted, of these 64 £ 6.1 co-localised with the 108 + 8.4 NeuN-positive cells (N=2,
n=4) (Figure 2.16). The GABA. receptor a5 subunit was detected in 102 + 2.3 of the
110 £ 6.1 NeuN-positive cells, which was the highest proportion of all the GABAA

receptor a subunits (N=2, n=4) (Figure 2.17). There was a mean of 93.0 + 6.0% of
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the total GABA, receptor a5 subunit-positive cells which co-localised with NeuN-
positive cells. Finally the GABA, receptor a6 subunit was also present in the DH
culture, where 97 £ 7.1 cells were positive for this antibody and 88 + 4.2 of those co-

localised with the 114 + 3.6 NeuN-positive cells (N=2, n=5) (Figure 2.18).

GABA, al

Figure 2.13 The embryonic DH cell culture with double immune-labelling of NeuN (green)
and GABA, receptor al subunit (red), with the merge of the images on the right. The arrows
indicate some of the cells which were positively stained for both NeuN and the GABA,

receptor al subunit.

GABA, a2

Figure 2.14 The rat embryonic spinal DH cell culture stained with GABA, receptor a2
subunit antibody (green) and NeuN (red), with the merge image on the right. The arrows
indicate some of the cells which were positively stained for both NeuN and the GABA,

receptor a2 subunit.
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Figure 2.15 Staining of the embryonic DH culture for GABA, receptor a3 subunit (green)
and NeuN (red) with the merge of the images in the right panel. The arrows indicate some of

the cells which were positively stained for both NeuN and the GABA, receptor a3 subunit.

—— GABA, a4
50 uym

Figure 2.16 The embryonic rat DH culture stained with the antibody for GABA, receptor a4
subunit (green) and NeuN (red), and the merge of the two images in the right panel. The
arrows indicate some of the cells which were positively stained for both NeuN and the

GABA, receptor a4 subunit.

Figure 2.17 Staining of the spinal DH culture for the GABA, receptor a5 subunit (green) and

NeuN (red), and the merge image in the right panel. The arrows indicate some of the cells

which were positively stained for both NeuN and the GABA, receptor a5 subunit.
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GABA, a6

50 pm

Figure 2.18 The rat embryonic DH culture stained with the GABA, receptor a6 subunit
antibody (green) and NeuN (red), with the merge image in the right panel. The arrows
indicate some of the cells which were positively stained for both NeuN and the GABA,

receptor a6 subunit.

2.3.6 Glycine Receptor a Subunit Expression in the Dorsal Horn Culture

The expression of the glycine receptor a subunits 1-3 in the spinal DH culture were
each stained separately with NeuN to determine which of the subunits is expressed
in the spinal DH culture. In the spinal DH cultures co-stained with the glycine
receptor a1 subunit and NeuN there were 126 + 1.3 NeuN-positive cells and 117 *
2.4 glycine receptor a1 subunit-positive cells. There was an average of 50.1 + 4.5%
of the glycine receptor a1 subunit-positive cells that co-stained with NeuN (N=2,
n=6) (Figure 2.19). There were only 2 + 4.6 glycine receptor a2 subunit-positive
cells counted in the DH cultures stained with the glycine receptor a2 subunit
antibody, of which 71.4 + 11.3% co-stained with NeuN. This accounts for only 1.6 £
3.4% of the 102 £ 8.5 NeuN-positive cells (N=2, n=3) (Figure 2.20). Finally, the
glycine receptor a3 subunit antibody was detected in 29 + 12.1 cells, in DH cultures
co-stained with NeuN which had a total NeuN-positive cell count of 81 + 6.7 cells in
these cultures (N=2, n=4). This is an average of 36.0 £ 15.4% of the NeuN-positive
cells. However, the number of glycine receptor a3 subunit-positive cells varied

considerably between the wells (Figure 2.21).
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Figure 2.19 The embryonic DH culture stained with NeuN (green) and the glycine receptor
al subunit (Glral) (red) with the merge image in the right panel. The arrows indicate some
of the cells in the culture which are co-stained with NeuN and the glycine receptor al

subunit.

Figure 2.20 The DH culture stained with NeuN (green) and the glycine receptor a2 subunit
(red), with the merge image. In this image one of the glycine receptor a2 subunit-positive
cells can be seen (indicated by the arrow), which co-localised with NeuN. The neurites of the
glycine receptor a2 subunit-positive cells can clearly be observed, furthermore the cell body

of these cells is larger than the other.
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Figure 2.21 The spinal DH culture stained with NeuN (green) and glycine receptor a3

subunit (red), with the merge image on the right. The arrows indicate some of the NeuN- and

glycine receptor a3 subunit-positive cells which have co-localised.

2.3.7 Quantitative Real-Time PCR with Human Spinal Cord and Culture

Dorsal Horn Cells

The expression of the GABA, and glycine receptor subunits in the spinal DH culture
were also investigated using RT-PCR. The expression in the adult human spinal
cord tissue of these receptor subunits was also determined to verify if there are any
differences in the expression of the subunits compared to the rat DH culture. The
RT-PCR results show that both the rat spinal DH culture and the adult human spinal
cord express all six GABA, receptor a subunits (Figure 2.22). The glycine receptor
subunits were all present except the a4 subunit in both the rat spinal DH culture and
in the adult human spinal cord (Figure 2.23). The glycine receptor a4 subunit was
not expressed in the human spinal cord, and only detected at a very low level in the

rat embryonic spinal DH culture.

Absolute quantification of the human glycine receptor al and 3 subunits was
performed to determine which of the subunits is more highly expressed in the
human spinal cord. The glycine receptor a2 subunit was not investigated as it is
known to not be highly expressed in the spinal cord postnatally (Akagi et al., 1991,

Watanabe and Akagi, 1995). Plasmid DNA containing the human glycine al gene
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was used to generate a standard curve (Figure 2.24). Then using the C; value from
the RT-PCR reaction with the glycine al subunit assay in the human spinal cord the
concentration of RNA could be determined. Subsequently the number of molecules
of this subunit in the human spinal cord was calculated. This was repeated for the
glycine receptor a3 subunit variants K and L. There were 2.51 x 10™ molecules of
the glycine receptor al subunit in the human spinal cord. There were 1.02 x 10"
molecules of the a3 subunit K variant, and 1.53 x 10" molecules of the L variant.
These results are listed in Table 2.9. Similarly the number of molecules for each of
the glycine receptor a subunits was investigated in the rat spinal DH culture. Here
the two variants of the a3 subunit could not be determined due to no TagMan probe
being available for the two variants separately. The standard curves generated for
each subunit in the rat DH culture are also shown in Figure 2.24. The number of
molecules of the a1 subunit in the DH culture was 1.88 x 10" molecules. There
were 8.39 x 10" molecules of the glycine receptor a2 subunit, and 1.09 x 10

molecules of the glycine receptor a3 subunit. These results are listed in Table 2.10.
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Figure 2.22 The relative expression of each of the GABA, receptor a subunits (GABRA1-6)
in the rat spinal DH culture (A) and in the adult human spinal cord (B) determined by relative
guantification RT-PCR. The data was scaled relative to the expression of GABRAL for each

species.
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Figure 2.23 The relative expression of each of the glycine receptor a subunits (Glral-4) and
B subunit (GlIrb) in the rat spinal DH culture (A) and in the human spinal cord (B) determined
by relative quantification RT-PCR. In the rat spinal DH culture the expression of the two
glycine transporters (GlyT1 and GlyT2) was also investigated. The arbitrary copy numbers

were scaled relative to Glral for each species.
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Figure 2.24 The standard curves from each of the absolute quantification RT-PCR

experiments to determine the number of molecules of the glycine receptor a subunits in the
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human spinal cord and in the rat embryonic spinal DH culture.
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Glycine Receptor | Number of Molecules in Human
Subunit Spinal Cord

al 2.51x10"
a3 K 1.02x10"7
a3 L 1.53x1014

Table 2.9 A summary of the number of molecules of the glycine receptor a1 subunit and a3
subunit variants K and L in the adult human spinal cord as found from absolute quantification
RT-PCR.

Glycine Receptor Number of Molecules in DH
Subunit Culture

al 1.88x10"7
a2 8.39x1016
a3 1.09x107®

Table 2.10 A list of the results from the absolute quantification RT-PCR experiment to show

the number of molecules of each of the glycine receptor a subunits in the spinal DH culture.
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2.4 Discussion

2.4.1 The Spinal Dorsal Horn Culture has a High Proportion of Neuronal

Cells

The aim of this study was to develop and characterise the rat embryonic spinal DH
cell culture model and to assess its potential to be an assay for screening novel
analgesics. Once the DH culture was optimised, the culture was characterised with
IF and RT-PCR. Firstly, the presence of neurons, glia and microglia was
determined. Secondly, the proportion of neuronal cells to glial cells within the culture
was calculated. The dissection and processing of the spinal DH tissue and the cell
culture conditions can result in cell death of neuronal cells, leaving primarily non-
neuronal populations (Gordon et al., 2013). This study is focused on the neuronal
network of the spinal DH, and therefore it is important to determine a high proportion
of neuronal cells in the culture. There were almost four times as many neurons as
glia found in the culture, and three times as many neuronal cells as microglia. The
higher proportion of neuronal cells supports this model for study of the spinal DH

neuronal network.

2.4.2 Excitatory and Inhibitory Interneurons in the Spinal Dorsal Horn

Culture

The classic excitatory cell marker for the spinal cord, vGluT2, was co-stained with
NeuN to determine the proportion of excitatory interneurons in the spinal DH culture
to address the second aim of this study. Approximately 70% of the labelled neuronal
cells in the culture were excitatory. This is consistent with rat spinal cord slice IF
studies which identify between 60 and 70% of interneurons in the superficial DH

being excitatory (Todd et al., 2003, Maxwell et al., 2007, Yasaka et al., 2010, Polgar
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et al., 2013). Labelling the GABAergic interneurons with GAD65-67 and glycinergic
interneurons with GlyT2 revealed a larger population of inhibitory interneurons than
anticipated based on the theory that the proportion of non-excitatory interneurons
are inhibitory and vice versa. Just over 50% of the neuronal cell population detected
were co-labelled with GAD65-67. This is a slightly larger proportion of inhibitory
interneurons than has been reported in superficial spinal DH of spinal cord slices. In
rats, 28% of neurons in lamina | up to 46% in lamina IIl of the superficial spinal DH
have been reported to be GABAergic (Todd and Spike, 1993, Polgar et al., 2003,
Polgar et al., 2013). The glycinergic labelled cells co-localised with just less than
30% of the neuronal cell population. Similarly this is fairly consistent with previous
reports of glycinergic interneurons ranging from 9% of lamina | neurons to 30% in
lamina Il (Todd and Spike, 1993). The proportions of excitatory and inhibitory cells
in the DH culture therefore do correlate well with published spinal cord slice IF
studies focusing on the superficial laminae. This could imply that this ratio of
inhibitory to excitatory interneuron populations is a requirement of the rhythmic
activity which has been recorded in the spinal DH in vivo and in in vitro studies, and
was reported in this spinal DH culture with calcium imaging recordings. The
generation of rhythmic activity in neuronal networks has been suggested to involve
a cycling interaction between inhibitory and excitatory interneurons (Tiesinga and

Sejnowski, 2009).

2.4.3 The Spinal Dorsal Horn Culture Contains Parvalbumin and nNOS

Neuronal Cells

Neuropeptides PV and nNOS were both detected in the spinal DH culture, and were
identified to co-localise with inhibitory interneurons. nNOS is expressed primarily in

lamina Il of the spinal DH, with very few nNOS-positive cells also found in lamina |
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and Il (Sardella et al., 2011). In the rat spinal cord it has also been shown that a
small population of 2-6% of nNOS-expressing interneurons in the superficial DH is
GABAergic (Sardella et al., 2011, Polgar et al., 2013, Polgar et al., 2013). In this
study around 2% of the nNOS-positive cells co-stained with gephyrin, which
therefore concurs with the reports in the superficial DH of spinal cord slices. It has
been implied that the remaining nNOS-expressing cells in the spinal DH which don't
co-express gephyrin must therefore be glutamatergic interneurons. The NO
produced by nNOS in the spinal cord has been demonstrated to have a role in
developing and maintaining hyperalgesia in inflammatory and neuropathic pain
(Guan et al., 2007, Schmidtko et al., 2009). Furthermore, there is evidence of NO
causing prolonged changes in synaptic strength and the development of LTP in the
superficial DH (Zhang et al., 2005, Ikeda et al., 2006). It has been demonstrated
that the activation of NMDA receptors in the spinal DH is linked to increased
production of nNOS, which consequently increases synthesis of NO (Lange et al.,
2012). Intracellular signalling of NO can lead to modulation of neurotransmitter
release at the pre-synaptic terminal, which has been associated with the
development of LTP (Infante et al., 2007, Lange et al., 2012). Moreover, antagonists
of the NMDA receptor have an analgesic effect (Tong and MacDermott, 2014). This
could result from a decrease in nNOS expression, NO synthesis and LTD which
therefore would decrease spinal DH network excitability and prevent development of

central sensitisation and the manifestation of pain.

PV-expressing interneurons are present in the superficial spinal DH (Polgar et al.,
2013), and a number of GABAergic interneurons express PV in the spinal DH
(Labrakakis et al., 2009, Hughes et al., 2012). The results of this study show that
the spinal DH culture does express a large proportion of GABAergic interneurons
which are PV-positive, and furthermore a number of glycinergic interneurons are

also PV-positive. Since not all of the PV-expressing interneurons in the culture or in
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spinal cord slices are GABAergic interneurons, it has been suggested that a
population of these PV-positive neurons are glutamatergic (Grudt and Perl, 2002).
PV is a calcium binding protein and transports intracellular calcium to the calcium
stores in the cell. Through controlling the calcium ion concentration in the
presynaptic terminal, PV impacts on the release of neurotransmitter from the cell
and consequently the activity of the network of interneurons. Stimulation of PV-
expressing neurons in the brain has been illustrated to affect the cortical gamma
rhythm (Kim et al., 2015). It is therefore possible that PV-positive interneurons in the
spinal DH are required for the generation and maintenance of the rhythmic activity

of the spinal DH network.

2.4.4 Inhibitory Interneurons in the Spinal Dorsal Horn Culture Express

KCC2

The results of this IF study have identified that almost all of the inhibitory
interneurons in the spinal DH culture express KCC2. However, not all the KCC2-
positive cells co-localised with gephyrin, suggesting that some glutamatergic
interneurons also express KCC2. This resembles the spinal cord slices, where
KCC2 is expressed throughout the grey matter, with much stronger expression in
the superficial laminae (Javdani et al., 2015). KCC2 exports chloride ions from the
cell to maintain a low intracellular chloride ion concentration (Rivera et al., 1999).
Confirming the expression of KCC2-positive interneurons in the DH culture
demonstrates that the action of GABA and glycine at their respective receptors will
likely produce an inhibitory effect due to an influx of chloride ions. Furthermore,
KCC2 expression increases quickly in early postnatal days (Ben-Ari et al., 2007).
Therefore, as this culture was from embryonic rat spinal DH this finding suggests

that the culture has reached a more mature state following 12-14 DIV.

77



2.4.5 All GABAA Receptor a Subunits are Expressed in the Spinal Dorsal

Horn Culture

The IF performed in this study shows that each of the GABA, receptor a subunits is
expressed in the spinal DH culture. This was confirmed with the relative
gquantification RT-PCR results showing mRNA expression. This largely concurs with
IF studies for these subunits in spinal cord slices. In adult rat spinal cord, GABAA
receptor a1 and a5 subunits are expressed throughout the grey matter of the spinal
cord, with particularly high expression in lamina Ill (Bohlhalter et al., 1996). The a2
and a3 subunits also have a much stronger expression in laminae | and Il, with a3
strongly detected in lamina Ill (Bohlhalter et al., 1996). However, the GABA,
receptor a6 subunit has not been detected in the adult rat spinal cord, but low levels
have been detected in embryonic spinal cord (Poulter et al., 1992). Additionally,
Poulter et al. (1992) did not detect the GABA, receptor a1 or 2 subunits in the
embryonic spinal cord. The RT-PCR results show that the adult human spinal cord
expresses all the GABA, receptor a subunits as found in the culture. These results
demonstrate strong similarities between the cultured spinal DH cells, rat spinal cord
and the adult human spinal cord in terms of the expression of the GABA, receptor a
subunits. This is beneficial for drug screening, as it could provide an early indication
of the clinical potential of a drug. Therefore, this data supports the use of this spinal
DH culture as a model to investigate the roles of the GABA, receptor subtypes in

this network, and furthermore to screen for compounds acting at GABA, receptors.
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2.4.6 Differences in Glycine Receptor a Subunit Expression in the Spinal

Dorsal Horn Culture Compared to Human Spinal Cord

The IF staining for the glycine receptor al-3 subunits demonstrated the expression
of each of these subunits in the spinal DH culture. The glycine receptor a2 subunit
expression was very low, and although the a1 and a3 subunit staining was not of
good quality there was a higher expression of each of these subunits compared to
the a2 subunit. The relative quantification RT-PCR results also demonstrated
expression of each of the a subunits 1-3 in both the spinal DH culture and in adult
human spinal cord. Expression of the a4 subunit was very low or absent in the DH
culture and human spinal cord, which agrees with this subunit being found in mice
but not human or rat (Matzenbach et al., 1994). The expression of the glycine
receptor  subunit was confirmed with the RT-PCR results in both the DH culture
and human spinal cord, which is known to be expressed throughout the CNS
(Jonsson et al., 2012). The expression of the a1 and a3 glycine receptor subunits
has previously been shown to increase postnatally, while the expression of the a2
subunit is higher during development and decreases postnatally (Watanabe and
Akagi, 1995, Jonsson et al., 2012). As the relative quantification RT-PCR data does
not provide an indication of the levels of expression of the subunits, the actual
number of molecules of the each of the glycine receptor a subunits was determined
from absolute quantification RT-PCR. These results revealed that there is more
glycine receptor a3 subunit than a1 in the human spinal cord, and more of the a3 K
variant than the L variant. However, in the spinal DH culture the expression of these
subunits was not comparable. In the DH culture the expression of the glycine
receptor a1 subunit was far greater than the a3 subunit expression, which is
consistent with the IF cell count data for the a1 and a3 subunits in the spinal DH
culture. The absolute RT-PCR quantification also demonstrated there was a higher

expression of the a2 subunit than the a3 subunit in the spinal DH culture, which was
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not found in the IF experiments where the expression of the glycine receptor a2
subunit was much lower than a1 and a3 subunit expression. This could result from
differences in the PCR assay probe for the glycine receptor a2 subunit compared to
the antibody for this protein. As the expression of these glycine receptor subunits
does not correlate between the culture and the human spinal cord, it is likely that the
glycine receptor pharmacology will be different. It is known that the different glycine
receptor subunits display slightly different pharmacology and receptor kinetics,

which could affect the network activity (Kuhse et al., 1993, Maksay et al., 2001).

2.4.7 Conclusions

The first aim of this chapter was to develop an in vitro rat embryonic spinal DH cell
culture model, which was successfully achieved following extensive optimisation
including the use of calcium imaging. The characterisation of this spinal DH culture
suggests there is a strong uniformity between the types of cell classes that have
been described in the ex vivo spinal cord to those found in the spinal DH culture.
This includes the proportions of inhibitory to excitatory interneurons and the
expression of PV, nNOS and KCC2 positive cells. A summary of these comparisons
can be found in Table 2.11. The expression of the GABA, receptor a subunits
detected by IF and RT-PCR, at the protein and mRNA, respectively, correlate well
with the human adult spinal cord and also the rat spinal DH slices. However, there
were some discrepancies discovered between the expression of the glycine
receptor a subunits in the spinal DH culture compared with the human spinal cord.
However, this is only concerning the different proportions of expression of the
subunits. Overall the characterisation of the spinal DH culture illustrates that this
model could be a useful platform for development of drug discovery assays.

Caution should be taken when interpreting the results of drug testing using this
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model, due to the absence of afferent input and the potential differences in the
network due to the complete tissue dissociation and culturing processes. However,
the versatility of cell culture models makes them ideal for the initial screening

process of novel compounds prior to in vivo studies in animal models.

Antibodies Spinal DH Culture (%) Ex vivo Spinal Cord (%)
vGlut2/NeuN 70 60-70
(Polgér et al., 2013)
GADG65-67/NeuN 50 <46
(Polgar et al., 2013)
GlyT2/NeuN 30 9-30
(Todd and Spike, 1993)
NNOS/Gephyrin 2 2-6
(Sardella et al., 2011)
GADG65-67/PV 70 25
(Labrakakis et al., 2009)
GADG65-67/KCC2 78 n.d

Table 2.11 A summary of the comparisons in expression of the antibodies utilised for
characterisation of the spinal DH culture, between the spinal DH culture and the ex vivo
spinal cord from published sources. The percentage values indicate the expression of the
first antibody staining out of the total number of positive cells counted for the second
antibody. Quantification of the expression of KCC2 and GAD65-67 has not been defined in
the ex vivo spinal cord.
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3 Calcium Response as a Measure of the Embryonic Spinal

Dorsal Horn Network
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3.1 Introduction

3.1.1 Neuronal Primary Cell Culture

In this chapter a calcium imaging assay has been used with the embryonic spinal
DH cell culture developed and characterised in Chapter 2 to investigate the activity
of the DH network. Primary cell culture provides the format by which the cells can
be studied under controlled conditions and are versatile due to their adaptability and
easy access for use with different assays and techniques. For example, primary cell
cultures can be used for electrophysiological techniques (Massobrio et al., 2015),
calcium imaging (Tibau et al., 2013) and molecular biology techniques
(Emamghoreishi et al., 2015). Cultured cells can be used to investigate normal
physiology of cells of a particular tissue and their biochemistry. Furthermore, drug
efficacy and toxicity can also be assessed (Pratten et al., 2012). A major advantage
of using cultured cells is the reproducibility of the results given the ability to maintain
consistent conditions. In primary cell culture models, the advantages of high-
throughput assays mean that the number of animals required for an assay is
reduced. There are a number of limitations of primary cultures; firstly it is likely that
the different populations of cells in the spinal DH require different culture conditions
therefore some populations of cells might not survive in the culture (Gordon et al.,
2013). This could affect the growth and activity of the remaining populations
(Mergenthaler et al., 2014). Furthermore, neuronal cultures are typically from
embryonic or early post-natal animals. Therefore, the developmental stage of
maturation of the cells in the culture is unknown. Finally the presence of non-
neuronal cells within the culture should be considered in terms of their contribution

to the responses observed in assays (Gordon et al., 2013).

The primary cultures of embryonic DH cells were demonstrated in Chapter 2 to be

spontaneously active after 12-14 days in culture using calcium imaging.
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Spontaneous activity has been recorded in vitro in dissociated spinal cord cultures
previously (Streit, 1993, Li and Baccei, 2011, Hendrich et al., 2012a). Li and Baccei
(2011) demonstrated the existence of ‘pacemaker’ neurons within the superficial
spinal DH which drive the spontaneous firing. These pacemaker neurons were later
shown to be glutamatergic cells, which connect with ascending projection neurons
transmitting their signals to supraspinal areas involved in nociception including the
parabrachial nucleus (Li et al.,, 2014). Therefore, the inhibitory and excitatory
interneurons within the DH network could be involved in generating and/or
modifying this rhythmic activity and provide a mechanism for regulating nociceptive
signals. Consequently, pharmacologically targeting the receptors whose signalling

influences the spinal DH network rhythmic activity could have an analgesic effect.

3.1.2 Calcium Imaging Techniques to Measure Neuronal Network Activity

Calcium ions have a variety of intracellular functions in virtually all types of
mammalian cells, including muscle contraction, cell proliferation and cell death
(Berridge et al., 2000). In neurons, intracellular calcium release initiates exocytosis
of synaptic vesicles in the pre-synaptic terminals which contain neurotransmitter
molecules (Neher and Sakaba, 2008). Postsynaptically, the influx of calcium ions
through NMDA receptors produces activity-dependent synaptic plasticity (Lu et al.,
2001). Calcium dyes, can be used to detect changes in the intracellular calcium ion
concentration, which occur in neuronal cells during neurotransmitter release
(Grienberger and Konnerth, 2012). Typically neurons at rest have an intracellular
calcium ion concentration of 50-100 nM, which can increase by over ten-fold during
action potential stimulation (Berridge et al., 2000). Therefore, the detection of a
large transient increase in intracellular calcium ion concentration is an indicator of

neuronal excitability.

84



Calcium ions enter neuronal cells via a number of mechanisms including voltage-
gated calcium channels, NMDA receptors and nicotinic acetylcholine receptors
(Kovalchuk et al., 2000, Fucile, 2004). Release of calcium ions from intracellular
stores also contributes to the signalling for the release of neurotransmitters from
presynaptic terminals (Neher and Sakaba, 2008). Voltage-gate calcium channels
are expressed in the spinal DH, where they influence DH neuron excitability (Diaz
and Dickenson, 1997, Matthews and Dickenson, 2001a, Matthews and Dickenson,
2001b, Zhang et al., 2008b, Youn et al., 2013, Xia et al., 2014). Calcium imaging
techniques have been used with developing neuronal cell cultures to investigate
network activity (Albantakis and Lohmann, 2009, Grienberger and Konnerth, 2012).
Therefore, this technique has been employed in this study to investigate the

embryonic spinal DH culture network activity.

3.1.3 Aims

In this chapter a calcium imaging assay is used to investigate the embryonic spinal
DH culture network activity. The aims of this investigation are to use calcium

imaging techniques:

1. To determine whether GABA, receptor pharmacological tools can modulate the
spontaneous activity of the spinal DH cell culture model

2. To determine whether glycine receptor pharmacological tools can modulate the
spontaneous activity of the spinal DH culture model

3. To determine the effects of blocking the KCC2 co-transporter on the spinal DH
culture activity

4. To determine if activating or inhibiting the NMDA receptors in the spinal DH

culture effects the network activity
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3.2 Methods

3.2.1 Embryonic Dorsal Horn Primary Cell Culture

The spinal DH cell culture was performed as described in Chapter 2 (section 2.2.1).

The cultures were used for the calcium imaging experiments between 12-14 DIV.

3.2.2 Flexstation Calcium Imaging with Cultured Dorsal Horn Cells

As described in Chapter 2 (section 2.2.2), the media was removed from the cultured
DH cells and replaced with 80 pl of FLIPR Calcium 5 Dye (Molecular Devices, USA)
diluted 1 ml of Calcium 5 Dye in 9 ml HBSS (-/-), with calcium chloride (1.8 mM) and
1% HEPES (Sigma-Aldrich, UK), and adjusted to pH 7.4 with sodium hydroxide
(Sigma-Aldrich, UK). After 30 minutes incubation at 37°C the DH cell cultures were
transferred to the Flexstation Il 384 (Molecular Devices, USA). The Flexstation is a
scanning fluorometer with an integrated fluid transfer system to allow for addition of
compounds to a multi-well plate. SoftMax Pro software (version 5.4) (Molecular
devices, USA) was used in conjunction with the Flexstation for data acquisition and
analysis. The Flexstation is able to simultaneously measure the fluorescence
intensity from a column of wells of a 96-well plate, and is therefore higher-
throughput than the previously utilised BD Pathway system which can only measure
one well at a time. However, unlike the BD Pathway the Flexstation does not
capture a video of each well so there is no record of which cells display
spontaneous activity and/or respond to compound addition. An image of each well
was captured separately after dye loading using an AMG digital inverted microscope
(EVOS Thermofisher Scientific, UK). Those wells where the cells were seen not to
form networks or did not display spontaneous firing were not included in the

analysed data.
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The Flexstation assay involved measuring the baseline activity of each well for 4
minutes, at which point the compound was applied. The response of the cultured
cells to the compound was recorded for the following 4 minutes. Depending on the
experiment, a second compound could be added and the response to the second
addition was recorded for a further 4 minutes. A recording duration of 4 minutes for
each section of the assay was determined to be sufficiently long enough to capture
the change in fluorescence of the culture in response to a compound without
sacrificing the health of the dye loaded cells. The cells stop firing and start to die
when they are exposed to the dye for over 90 minutes. The compounds could not
be washed off; therefore it cannot be shown if the firing frequency would return to
normal baseline firing after removal the compounds. Consequently, each well of the
plate could only be used for one concentration of one compound. A list of the
compounds and their concentrations investigated in this assay with the spinal DH
culture model can be found in Table 3.1. The response to the vehicle DMSO was
tested on the spinal DH culture to determine the maximum final percentage of
DMSO that can be utilised if required as a solvent for a compound. The SoftMax Pro
software was used to control the excitation and emission wavelengths of the
Flexstation, the excitation wavelength was set to 485 nm and the emission
wavelength was 525 nm. The sensitivity reading was set to 12 with a high
photomultiplier tube (PMT) sensitivity, and the fluorescence intensity was set to be
measured every 2 seconds. Compound addition of 20 pl was set to be added at a
rate of 75 pl/second. The Flexstation Il has a temperature control system, which

maintained the plate at 37°C throughout the experiments.
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3.2.3 Flexstation Data Analysis

From the graph of relative fluorescence against time for each well, the area under
the curve was determined for each section of the recording. The area under the
curve was calculated from the baseline value for each well using the SoftMax Pro
software. Due to the occurrence of artefacts with the addition of many compounds,
the area under the curve for the section with compound present was calculated with
the area under curve of the artefact duration subtracted. The same time period was
compared for each section, therefore if 10 seconds of the area under the curve of
the section where compound was present was removed for the artefact then 10
seconds was also removed from the baseline section when calculating the area
under the curve. The percentage change in the fluorescence was calculated as the
difference between the area under the curve of the section of the trace with
compound present minus that of the baseline section divided by the area under the
curve of the baseline section. Concentration-response curves were generated with
normalised percentage change values. GraphPad Prism 6 (GraphPad Software, La
Jolla California USA; version 6.00) was used to obtain a concentration-response
curve for the data using a non-linear fit model. Data points are plotted with error
bars of S.E.M. The n values stated are the number of wells tested with each
concentration of the compound. Each compound concentration was tested on a
minimum of 6 different wells denoted as n, which were from at least two different

cell culture preparations, denoted as N.
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Compound Concentration Range (pM) Supplier Solvent

GABA 1-10 Sigma dH,O
Muscimol 0.3-100 Sigma dH,O
Diazepam 0.1-30 Sigma DMSO
Bicuculline methiodide 1-300 Sigma dH,O
Gabazine (SR-95531) 1-300 Sigma dH,O
Baclofen hydrochloride 0.1-1000 Sigma dH,O
2-Hydroxysaclofen 0.3-100 Alfa Aesar DMSO
Glycine 1-1000 Sigma dH,O
Taurine 30-10000 Sigma dH,O
CP-802079 hydrochloride 1-1000 Sigma DMSO
Strychnine 0.1-30 Sigma DMSO
Gelsemine hydrochloride 0.1-300 Extrasynthese DMSO
VU0240551 0.1-300 Sigma DMSO

Table 3.1 A list of the compounds and their range of concentrations applied to the spinal DH
culture in the Flexstation calcium imaging assay. Supplier information and solvent utilised for

each compound is also provided.
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3.3 Results

3.3.1 Optimisation of the Flexstation Calcium Imaging with the Cultured

Embryonic Spinal Dorsal Horn Cells

The BD Pathway system was utilized to optimise the culture and its spontaneous
activity in Chapter 2. During the initial optimisation of the calcium imaging assay it
was found that the spinal DH culture is highly sensitive to dimethyl sulfoxide
(DMSO). When DMSO is applied at a concentration as low as 0.006%, the baseline
fluorescence increases to a level where the spontaneous rhythmic peaks of the cell
network can only just be deciphered from the background level of fluorescence
(Figure 3.1). Consequently any compounds which were required to be dissolved in
DMSO were diluted so that the final concentration of DMSO was 0.001% or less to
prevent a significant effect on the baseline calcium fluorescence. Due to the higher
throughput of the Flexstation fluorometer, all pharmacological studies with the DH
culture were performed using the Flexstation. The spontaneous firing of the DH
culture was the same when observed with both systems (Figure 3.2). Therefore
once the culture protocol had been optimised, the same DH cell culture protocol
could be performed for the Flexstation assays. The Flexstation does not provide a
video of each well on the DH culture plate and thus the synchrony of the individual
cells could not be visualised. However, the high similarity between the two calcium
imaging system traces with the DH culture suggested that the cultures could be
considered to be synchronously firing when run on the Flexstation from the

fluorescence intensity graph.
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Figure 3.1 The effect of DMSO on the embryonic spinal DH culture baseline spontaneous
activity. (A) DMSO at a concentration of 0.06% was applied to the DH culture at 180 s and
caused a long-lasting increase in the baseline fluorescence. (B) 0.006% DMSO was applied
to the spinal DH culture at 260 s into the recording. At this concentration, DMSO also
increased the baseline fluorescence of the DH culture. (C) 0.001% DMSO was applied to the
DH culture at 180 s, which did not have any effect on the baseline spontaneous activity of

the culture.
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Figure 3.2 Spontaneous firing of the DH culture observed by calcium imaging using two
different fluorometer systems. (A) A recording from the BD Pathway system with the cultured
DH cells. The first section shows the baseline spontaneous activity followed by addition of
taurine to the well as shown, which completely removed all firing. (B) A recording from the

Flexstation, demonstrating similar spontaneous activity followed by addition of taurine which
also prevented any subsequent firing of the DH culture.
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3.3.2 The Role of GABAA Receptor Signalling in Dorsal Horn Activity

Agonists of the GABA, receptor, GABA and muscimol, both dose-dependently
decreased the spontaneous activity of the DH culture (Figure 3.3). Furthermore, the
GABA, receptor PAM, diazepam, also dose-dependently reduced the spontaneous
activity (Figure 3.4). Incidentally, the GABA, receptor antagonists bicuculline and
gabazine increased the spontaneous activity in a dose-dependent manner,
increasing the rate of peaks in fluorescence and fluorescence intensity (Figure 3.5).
Additionally baclofen, a GABAg receptor agonist, dose-dependently decreased the
DH culture activity (Figure 3.6). The GABAg receptor antagonist 2-hydroxysaclofen

dose-dependently increased the spinal DH culture activity (Figure 3.6).

3.3.3 The Role of the Glycine Receptor in the Dorsal Horn Activity

Application of each of the glycine receptor agonists, glycine and taurine, both
produced a decrease in the spontaneous activity of the DH culture in a dose-
dependent manner (Figure 3.7). The potent and selective glycine transporter type 1
(GlyT1) antagonist CP-802079 also dose-dependently decreased the spontaneous
activity (Figure 3.8). The two glycine receptor antagonists, strychnine and
gelsemine, each dose-dependently increased the activity of the DH culture (Figure
3.9). Conversely, the antagonist of the KCC2 co-transporter, VU 0240551, dose-

dependently increased the spinal DH culture spontaneous activity (Figure 3.10).
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Figure 3.3 Inhibition of the DH culture spontaneous activity by GABA, receptor agonists. (A)

A Flexstation relative fluorescence trace against time with the DH cultured cells. GABA (100

MM) was added to the well at 240 seconds into the recording which completely inhibited the

spontaneous activity. (B) A Flexstation trace of a recording with muscimol (10 uM) applied at

240 seconds into the recording, which similarly prevented the spontaneous firing. (C) The

concentration response curve generated from the Flexstation data with GABA, where the

ECs is 43.5 £ 0.1 pM (n=3-5). (D) The concentration response curve for muscimol, where
the ECsp is 6.7 £ 0.2 uM (n=4-6).
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Figure 3.4 GABA, receptor PAM, diazepam decreases the spontaneous activity of the spinal
DH culture. (A) An example Flexstation trace with the cultured DH cells illustrating the effect
of application of diazepam (10 uM) on the spontaneous activity. (B) The concentration-
response curve generated from the DH culture Flexstation recordings with diazepam
application. The ECg, for diazepam is 1.0 £ 0.3 yM (n=14-22).
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Figure 3.5 The effects of GABA, receptor antagonists’ bicuculline and gabazine on the DH
culture activity. (A) A Flexstation trace to show the effect of bicuculline (10 uM) on the DH
spontaneous activity. (B) A Flexstation trace to demonstrate the effect of gabazine (30 uM)
on the DH culture spontaneous activity. Bicuculline was added at 240 s into the experiment.
(C) The concentration-response curve generated from the bicuculline data obtained from the
Flexstation, where the ICsq is 39.3 £ 0.04 uM (n=4). (D) The concentration-response curve
for gabazine, where the ICxgis 18.2 £ 0.8 yM (n=6-9).
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Figure 3.6 The actions of GABAg receptor agonist and antagonist on the DH cell culture

spontaneous activity. (A) An example of a Flexstation trace using the DH culture where

GABAg receptor agonist baclofen (100 uM) was applied at 240 s. (B) An example trace from

a Flexstation recording with the DH culture where GABAg antagonist 2-hydroxysaclofen was

applied at 240 s. (C) The concentration-response curve for baclofen generated from the

FLexstation data, where the ECygp is 118.2 £ 0.9 uM (n=3-6). (D) The concentration-response

curve for 2-hydroxysaclofen, with an ICs, of 17.3 £ 0.11 yM (D) (n=3-6).
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Figure 3.7 Glycine receptor agonist effects on the DH cultured cells. (A) A graph of the
relative fluorescence over time from a single well of DH cells cultured to day 12. The
baseline spontaneous activity was measured for 240s, at which point 1 mM glycine was
added to the well. This resulted in a loss of firing. (B) An example of the effects of 2 mM
taurine on the DH cultured cells. Taurine was added at 240s, which similarly removed all
spontaneous firing. (C) and (D) show the concentration-response curves for glycine (n=3-8)
and taurine (n=4-6), respectively. The ECs, for glycine is 74.34 £ 0.64 yM and the ECs, for
taurine is 1.4 £ 0.55 mM.
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Figure 3.8 The effect of the GlyT1 antagonist CP-802079 addition on the DH culture
spontaneous activity. (A) A trace from a Flexstation recording with CP-802079 (100 uM)
added at 240 seconds. (B) The concentration-response curve generated for CP-802079
from the Flexstation data with the DH cultured cells, with an ICsy value of 18.0 £ 0.6 yM
(n=4-12).
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Figure 3.9 The effect of strychnine and gelsemine on the spontaneous activity of the spinal

DH culture. (A) An example trace from the Flexstation with strychnine (3 uM) added to the

DH cells at 240 seconds. (B) An example trace with gelsemine (30 uM) added to the culture

at 240 seconds. Concentration-response curves were generated for both strychnine (C)

(n=4-5) and gelsemine (D) (n=3-7) from the Flexstation data with these glycine receptor

antagonists. The ICg, value for strychnine was 2.9 + 0.07 yM, and for gelsemine 18.4 + 0.8

M.
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Figure 3.10 The effect of blocking the KCC2 co-transporter in the spinal DH culture. (A) An
example recording from the DH cultured cells on the Flexstation, with KCC2 antagonist VU
0240551 applied at 240 s. (B) The concentration-response curve of the VU 0240551 data
from the DH culture Flexstation recordings, with an ICs, of 23.3 £ 0.6 uM (n=4-6).
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3.4 Discussion

The embryonic spinal DH culture developed in Chapter 2 was used to investigate
calcium responses, an indicator of the DH culture network activity. A series of well-
characterised pharmacological tools of the GABA, and glycine receptors were
applied to the DH culture to investigate the role of these receptors in the
spontaneous, rhythmic network activity. Consequently, the validity and potential
utility of this in vitro model with the Flexstation calcium imaging assay to screen
novel compounds can be evaluated. In Chapter 2 the rhythmic activity of the
cultured spinal DH was shown to have a frequency of 0.082 + 0.02 Hz. The results
obtained with the calcium imaging assay illustrate that the rhythmic activity of the
DH culture can be modulated by GABA,, GABAg and glycine receptor signalling.
Furthermore, KCC2 was also shown to be critical for the generation of the rhythmic

activity.

Spontaneous activity has been previously reported in cortical and spinal cord
cultures, as well as organotypic spinal cord slices (Legendre et al., 1985, Streit et
al., 2001, Czarnecki et al., 2008, Hendrich et al., 2012a). Spinal spontaneous
activity in vitro is believed to originate at least in part in the spinal cord itself.
Pacemaker neurons within the superficial DH exist and synapse with both other
interneurons within the DH and with projection neurons, as observed in ex vivo
preparations of neonatal spinal cords (Li et al., 2014). Evidence that these
pacemaker neurons project to the nociceptive processing supraspinal regions,
including the periaqueductal grey and parabrachial nucleus, suggests a role for this
spontaneous activity in modulating nociceptive signals (Li et al., 2014). The
proposed ING and PING circuitry mechanisms for the generation of rhythmic

oscillations in brain networks could apply to the spinal DH network.
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3.4.1 GABA, and Glycine Receptor Agonists and Antagonists Modulate the

Spinal Dorsal Horn Culture Activity

GABA,, GABAg and glycine receptor agonists both dose-dependently decreased
the spontaneous activity. Antagonists of the GABAA, GABAg and glycine receptors
both dose-dependently increased the spontaneous activity of the DH culture. These
results indicate that GABA,, GABAg and glycine receptor signalling is inhibitory in
this DH culture. During embryonic development GABA has an excitatory action
which is essential for the development and maturation of the CNS (Owens et al.,
1996, Cancedda et al., 2007). The excitatory action of GABA has also been linked
to the generation of oscillations in the cortex (Ben-Ari et al., 2007). It is possible that
during the 12-14 DIV, the DH culture has matured to a state in which GABA, and
glycine receptor signalling is inhibitory. This is supported by the expression of KCC2
detected in the IF study in Chapter 2, since the expression of KCC2 is believed to
be low in early postnatal life (from P10), dramatically increases at P17, and then
increases gradually peaking at the onset of adulthood (Zhang et al., 2006). This is
thought to correspond with the switch in GABA from being excitatory to inhibitory
around P17. This suggests that if both GABA and glycine are inhibitory in the DH
cell culture model, then the expression of KCC2 in this culture has increased to the
stage at which the Ec,is similar to that of adult spinal DH cells. This could be linked
to the onset of the spontaneous activity that occurs within the culture, indicating that
the inhibitory signalling in the DH network is required for the spontaneous rhythmic
activity. This is further supported by the data with the KCC2 blocker, VU0240551,

dose-dependently increasing calcium response in the DH culture.

The results presented in this chapter clearly identify the vital role of GABA, and
glycine receptors in the modulation of the rhythmic activity in DH culture. GABAergic
PV-expressing interneurons in the brain regulate cortical oscillations (Lodge et al.,

2009, Kim et al., 2015, Kuki et al., 2015). In Chapter 2, GABAergic PV-positive cells

103



were detected in the DH culture, therefore these cells are potentially involved in the
regulation of the rhythmic activity of the DH culture network. Glycine receptor
signalling in the brain is also important in regulating brain oscillations, where glycine
receptor agonists suppress epileptiform activity (Chen et al., 2014). In the spinal DH
there are neurons releasing both GABA and glycine (Todd and Sullivan, 1990).
Therefore, it is highly probable that glycine receptor signalling is also involved in the

generation and regulation of the spinal DH network rhythmicity.

The KCC2 antagonist, VU 0240551, dose-dependently increased the DH culture
activity. The KCC2 co-transporter exports chloride and potassium ions, therefore
blocking the export of chloride ions increases the intracellular chloride ion
concentration (DeFazio et al., 2000). This can cause the equilibrium potential for
chloride ions to become more positive than the cell resting membrane potential,
which leads to GABA, and glycine receptor signalling to be excitatory (Rivera et al.,
2002, Watanabe and Fukuda, 2015). In the brain a down-regulation of the KCC2
transporter increases seizure susceptibility (MacKenzie and Maguire, 2015).
Therefore, the increase in the activity of the DH culture in the presence of the KCC2
antagonist is likely to be the result of a shift in the chloride equilibrium potential
causing GABA, and glycine receptors to have a depolarising effect. Furthermore, in
the embryonic spinal cord a chronic block of glycine receptors with strychnine down-
regulates KCC2 expression, while glycine up-regulates it through non-synaptic
mechanisms (Allain et al., 2015). Therefore, in the spinal DH culture the application
of strychnine could increase the DH activity through two mechanisms. Firstly,
strychnine blocks the glycine receptors and prevents glycinergic inhibition resulting
in unregulated excitation. Secondly, the blocking of glycine receptors with strychnine
could also cause downregulation of KCC2 expression and a shift in the chloride
equilibrium potential. This could result in the signalling of GABA, and any glycine

receptors, which are not blocked by strychnine, to produce depolarisation of the
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network’s interneurons. A downregulation of KCC2 has been identified in in vivo
models of inflammatory and neuropathic pain (Zhang et al., 2008c, Lu et al., 2009,
Hasbargen et al., 2010, Kahle et al., 2014). Furthermore, the change in intracellular
chloride concentration has been linked to a change in expression of GABA,
receptor subtype, which is believed to influence the tonic and phasic firing patterns
of GABAergic signalling (Succol et al., 2012). Therefore, to restore the KCC2
expression and consequently the chloride electrochemical gradient in the spinal DH,
could restore GABAergic signalling and provide a mechanism for analgesia. KCC2
has been investigated as a potential target in the development of novel analgesics
(Kahle et al., 2014). Upregulation of KCC2 in the spinal DH by increasing glycinergic
signalling suggests the glycine receptor as an ideal target for the development of

novel analgesics.

Gelsemine has been shown to have analgesic properties, and be selective for
glycine receptors containing the a3 subunit (Zhang et al., 2013, Zhang and Wang,
2015). Interestingly, in this study gelsemine addition increased DH activity similarly
to the other glycine receptor antagonist strychnine. Strychnine and also bicuculline
exacerbate pain, therefore it is unexpected that gelsemine has anti-nociceptive
effects in vivo, despite also being a glycine receptor antagonist and increasing the
DH culture activity like strychnine (Yamamoto and Yaksh, 1993). This could be due
to differences in the spinal DH network of the culture compared to in vivo conditions,
which could result in differing effects of gelsemine. However, gelsemine is an
antagonist of the glycine receptor, like strychnine, therefore the response of the DH
culture to gelsemine is consistent in the effects of a glycine receptor antagonist.
Therefore, gelsemine could have alternative actions to strychnine other than simply
inhibition of glycine receptors which produce an anti-nociceptive response.
Gelsemine has been linked with upregulating allopregnanolone synthesis in the

spinal cord (Venard et al., 2011). In the spinal cord, allogregnanolone has an
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analgesic effect (Candeletti et al., 2006), therefore its upregulation by gelsemine

could provide the mechanism underlying the analgesic effect of gelsemine.

3.4.2 Conclusions

In conclusion, the Flexstation calcium imaging assay with the in vitro spinal DH cell
culture model provides a platform in which the culture can be utilized for drug
screening. Through the application of well characterised GABA,, GABAgz and
glycine receptor compounds it has been demonstrated that this assay can
effectively detect calcium responses to compound addition. Therefore, this platform
can be used to provide an indication of the effect of a compound on the DH network
activity. The higher-throughput of this platform is also advantageous for fast

screening of multiple compounds.
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4 siRNA Knockdown of Glycine Receptor a Subunits in the

Dorsal Horn Cell Culture Model

107



4.1 Introduction

4.1.1 RNA Interference Mechanism

RNA interference (RNAI) is the mechanism by which siRNA or short hairpin RNA
(shRNA) target and cleave their complementary mRNA in eukaryotic cells. shRNA
and siRNA have emerged as powerful tools in the study of gene function in
mammalian cells since the discovery of their ability to achieve knockdown of a
specific target gene in mammalian cell lines and in vivo (Elbashir et al., 2001a,
McCaffrey et al., 2002). These molecules are typically 19-23 nucleotides long,
double-stranded RNAs with one strand being the anti-sense active strand that is
complementary to a specific target mMRNA sequence (Elbashir et al., 2001b). One of
the principal problems with RNAi technology is to achieve high transfection
efficiency (Whitehead et al., 2009). Incomplete transfection is unlikely to completely
silence the target gene, therefore not causing a significant change in the
downstream effects. The delivery of siRNA into the cytoplasm has proved
problematic in many cell types, where additional delivery systems are required to
facilitate the transfection (Kim and Eberwine, 2010). This is because RNA
molecules are relatively large and they have a negative charge which prevents them
from easily crossing the cell membrane. Furthermore, RNA molecules are quickly
degraded by endogenous enzymes, therefore ineffective delivery of siRNA has
prevented its utilisation in scientific experimentation and its therapeutic potential

(Whitehead et al., 2009).

This study has utilised two delivery systems, lentivirus delivery of shRNA and Accell
siRNA (GE Healthcare Dharmacon Inc., USA). The lentivirus delivery of ShRNA has
been well documented and utilised both experimentally and clinically. Viruses are
able to inject their RNA directly into a cell where it is converted to DNA and

transported to the nucleus where it is integrated into the cell’'s own DNA (Matrai et
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al., 2010). The viral DNA is then transcribed into the shRNA along with the cell’s
own DNA and is then exported to the cytosol (Figure 4.1). Accell siRNA (GE
Healthcare Dharmacon Inc., USA) is delivered directly to the cytosol of a cell as it is
able to cross the cell membrane unaided, however, the exact mechanism has not
yet been disclosed. Accell siRNA needs to be lipophilic to cross the cell membrane,
this is possible if the Accell siRNA is cholesterol-conjugated siRNA (Wolfrum et al.,

2007).

Once the shRNA or siRNA are in the cytosol of the cell it uses the cell’'s enzymatic
pathway to degrade the complementary endogenous mRNA (Elbashir et al., 2001b,
Maniataki and Mourelatos, 2005). The double stranded molecule is loaded into the
endogenous RNA-induced silencing complex (RISC), where the two strands are
separated and the sense-strand, or passenger strand, is cleaved by the argonaute 2
protein contained within the RISC complex (Rand et al., 2004, Matranga et al.,
2005). The anti-sense strand of the siRNA remains attached to the activated RISC,
which then locates and degrades the complementary target mRNA (Ameres et al.,
2007). The cleaved mRNA is further degraded by other nucleases within the
cytoplasm, and the activated RISC complex can then go on to find other target
MRNA molecules and repeat the process thereby silencing the gene’s expression

(Hutvagner and Zamore, 2002).
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Figure 4.1 Gene silencing by transfection of ShRNA using a lentiviral vector. The viral RNA
is injected into the cell’s cytosol using a lentiviral vector which is then reverse transcribed
into DNA that is then transported into the nucleus and integrated into the cell's own DNA.
The DNA is then transcribed, generating the shRNA. The shRNA is transported into the
cytosol and loaded into the RISC complex which separates the strands of the shRNA and
degrades the sense strand (red) and uses the anti-sense strand (blue) to locate the
complementary target gene’s mRNA (green). The argonaute 2 protein within the RISC

complex then cleaves the target gene’s mRNA silencing the gene.

4.1.2 Glycine Receptor Subunit Gene Silencing

There are a limited number of drugs known to selectively bind the glycine receptor.
This has prevented the clinical utility of this receptor and the progress in further
investigating its physiology (Lynch and Callister, 2006). As an alternative to
pharmacological assays, the present study has utilised RNAi technology to
investigate the effects of silencing the glycine receptor a subunits on the activity of

the cultured DH cells. Only the a subunits were silenced in this study as functional
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homomeric glycine receptors form only from a subunits (Griffon et al., 1999), while 8
subunits cannot form functional glycine receptors alone (Bormann et al., 1993,
Kuhse et al., 1993). Furthermore, the a subunits form at least part of the ligand
binding domain of the glycine receptors, therefore they influence the pharmacology
of the glycine receptor (Schmieden et al., 1993, Meier et al., 2005). The  subunit
requires a subunits to form functional heteromeric glycine receptors, with 2a:33
subunit stoichiometry being the most prevalent in vivo (Grudzinska et al., 2005).
Homopentamers have been found extrasynaptically and in early development
(Malosio et al., 1991b, Harvey et al., 2004). The primary role of the 3 subunit is to
anchor the glycine receptor at synapses as it interacts with gephyrin, a
cytoskeleton-associated protein, which is known for synaptic clustering of receptors

(Meyer et al., 1995a, Kneussel and Betz, 2000).

In humans deficiencies in glycinergic inhibition causes hyperekplexia, which is
characterised by an exaggerated startle reflex and muscular rigidity (hypertonia)
(Bakker et al., 2006). It is predominantly point mutations in the glycine receptor a1
gene (Glral) which result in hyperekplexia in humans (Bakker et al., 2006). A small
population of people with hyperekplexia can alternatively have mutations in the
glycine receptor B subunit (Rees et al.,, 2002). Interestingly, mouse models with
mutations in the glycine receptor a1 gene have much more severe phenotype than
humans, with many of the mutations being lethal in mice (Buckwalter et al., 1994,
Kling et al.,, 1997). This suggests that there could be different compensatory
mechanisms in mice compared to humans (Becker et al., 1986). This has been
shown pharmacologically where administration of the benzodiazepine clonazepam,
which increases GABAergic neurotransmission and decreases startle attacks in
humans but is ineffective in mouse models (Buckwalter et al., 1994, Bakker et al.,
2006). Glycine receptor a2 knockout mice do not display any significant

morphological or molecular alterations in the nervous system; furthermore, brain
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development as not affected (Young-Pearse et al., 2006). This could be the result of
other glycine receptor subunits compensating for the loss of the a2 subunit. The
glycine receptor a3 knockout mice do not display a typical overt behavioural
phenotype but do have a reduced pain sensitisation following application of
prostaglandin E, (PGE,) or peripheral inflammation (Harvey et al., 2004, Harvey et
al., 2009). This is in line with the findings that the glycine receptor a3 subunit is

predominantly expressed in the superficial spinal DH (Harvey et al., 2004).

4.1.3 Aims

The aims of this study using siRNA gene silencing technique in the DH cell culture

model were:

1. To investigate the effect of glycine receptor a subunit siRNA gene silencing
on the DH culture calcium response.

2. To determine if glycine receptor a subunit gene silencing affects the
response of the DH culture activity to glycine receptor antagonist strychnine

and agonist glycine.
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4.2 Methods

4.2.1 Lentiviral sShRNA Preparation

SMARTvector 2.0 Lentiviral shRNAs (GE Healthcare Dharmacon Inc., USA) were
used in this study to silence the expression of three rat glycine receptor a subunits:
Glral, Glra2 and Glra3. Each of the glycine receptor a subunits were silenced in the
spinal DH culture separately to decipher if any of these subunits has a significant
role in the spinal DH network activity. Three different SMARTvector shRNAs were
obtained for each of these three genes to test their efficacy in knocking down at
least one of the sequences below. The sequences of the shRNAs of the Glral
lentivirus were 5-GTCCGTGGTGATCTCGTGG-3’, 5’-
GATGTCAATAGCTTTCACG-3’' and 5-TATAACCAAAGCTTTCCAG-3'. The three
Glra2 lentivirus shRNA sequences were 5-ACGAGTAACATCTTCTTCC -3, 5-
AAAATGTTCACTCGGTAGT-3' and 5-CGAGATATGGTGTCGATTC-3'. The three
Glra3 lentivirus shRNA sequences were 5-TTCTTAGCCCTGTCGATGA-3’, 5-
GAAACGGTAAAACTTCTCC-3* and 5-GATACCCAACGCTACCCGA-3'. These
shRNAs all had a TurboGFP fluorescent reporter within the sequence to enable
visualisation of cells which had been transfected with the lentivirus allowing
determination of the percentage of cells within the culture that had been transfected
with the lentivirus. A control lentivirus with scrambled shRNA, also containing a
green fluorescent protein (GFP) reporter tag was used to illustrate that the effects
on the culture was the result of the shRNA knockdown of the subunits and not solely
due to the presence of the lentivirus. All lentivirus work was done in a Class 2
safety cabinet to minimise the risk of direct contact with lentiviruses which can have
harmful properties. The lentiviruses exist as viral particles, stored at -80°C, which
were freeze-thawed on ice when ready to use. Following a quick-spin in a table-top
centrifuge each of the lentiviruses were suspended in serum-free culture media 2,
pre-heated to 37°C. The culture media 2 was the same as used in the cell culture
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described in the methods section of Chapter 2. The media is required to be serum-
free as the transduction of the lentivirus into the cells is affected by serum. The
culture media 2 has a B-27 supplement replacement for serum and therefore could
still be used to culture the DH cells transfected with lentivirus. By using the same
media in which the cells are cultured prevents an additional variable on changing
the health and activity of the cultured network. Three different multiplicity of infection
concentrations (MOIs) of 10, 5 and 2.5 were tested for each of the lentiviruses. The
MOI is the number of viral particles per cell and testing three different MOls allows
determination of the optimal MOI. The volume of viral particle required for the
highest MOI was determined from the following calculation:

Volume of Virus X Viral Titer
Number of Cells

MOI =

The viral titer for each of the lentiviruses was provided by Dharmacon (USA). The
cells were plated with a density of 1.7 x 10° cells/well and the volume of the
lentivirus particles required could be calculated for a MOI of 10. The suspended
lentiviruses were then further diluted in the culture media to obtain solutions with an

MOI of 5 and 2.5.

4.2.2 Lentiviral Transfection

The embryonic rat DH cells were extracted and cultured as described previously in
Chapter 2. After 7-8 DIV the media was removed from the cells and replaced with
50 pl of the culture media 2 containing lentivirus. A minimum of six wells were
transfected for each of the different lentiviruses and for each MOI. These six repeats
were done in wells from minimum of 2 different culture preparations. All tips used for
pipetting the lentiviruses were changed for each transfer and deactivated in Virkon

solution (DuPont, USA) before disposal. The plates of cells were then incubated at
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37°C overnight. After this incubation period an additional 100 pl of pre-heated
culture media 2 was added to each well of cells with the lentivirus. The cells were
incubated at 37°C for a further 24 hours with the lentivirus. The lentivirus-containing
media was then removed and replaced with the culture media 2, and placed back in
the incubator. This was repeated the following day, and from this point the cells
were considered safe to be removed from the class 2 safety laboratory and could be
used for experimentation. At this point the cells have been in culture for 11-12 days,
which is the same time point at which the DH culture was previous identified to

display spontaneous activity.

Images of the cultured cells previously incubated with the lentivirus were taken
using the EVOS digital inverted microscope (AMG, Fisher Scientific, UK) using the
GFP filter. The overlay feature of this microscope was used to determine the
proportion of GFP-positive cells that had been infected by the lentivirus in the whole
population (Figure 4.2). This feature overlays the GFP fluorescent image with the
transmitted light image. The number of GFP-positive cells and the total number of
cells could then be counted and the percentage transfected cells determined from at

least 3 wells per glycine receptor a subunit lentivirus knockdown.
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Figure 4.2 Image of the DH culture infected with the glycine receptor a3 lentivirus shRNA
with TurboGFP tag. The image is an overlay of the images taken with transmitted light and
with GFP fluorescence using an EVOS digital inverted microscope (AMG, Fisher Scientific,
UK). The number of GFP positive cells and the number of cells which are not GFP-labelled
were counted manually allowing the proportion of transfected cells to be determined. Scale

bar is 200 pm.

4.2.3 Accell siRNA Preparation and Transfection

The embryonic primary cell culture was performed as previously described in
section 2.2 of Chapter 2, with the cells plated at a density of 1.7 x 10° cells/well. At 9
or 10 days in culture the media was removed from the wells and replaced with the
culture media 2 containing Accell siRNA (GE Healthcare Dharmacon Inc., USA).
Three target-specific SMARTpool siRNA’s for the three glycine receptor a subunits
were used to silence their expression in the DH culture. Each of the SMARTpool
siRNAs contains a mixture of siRNAs with four different sequences to improve gene

silencing potency. The Accell rat Glral (glycine receptor a 1 gene) target sequences
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were 5-GUCUCGCCUACAAUGAAUA-3’, 5-CUGGAAAGCUUUGGUUAUA-3’, 5'-
GGAUCAGACCCAACUUUAA-3’ and 5-CCAGGGUGUUACAAUAUCC-3'. The four
Accell rat Glra2 target sequences were 5-GAAUCAGGCCAAAUUUUAA-3, 5'-
CUACUAGUCCUAAUGUUGA-3, 5-GUGUAUUGCGUAAUUGAUU-3' and 5-
GCUACAUGUUUUAAGUAAG-3'. The target sequences for the Accell rat Glra3
were 5-CCAAUGGAUCUCAAGAAUU-3’, 5-GCUUAAGCAAUCAUGUUUA-3’, 5'-
CGAUGAAGUAACAAGAUCA-3 and 5-CUACAAUACAGGAAAGUUU-3. A
negative control, non-targeting siRNA, was utilised to discriminate any off-target
effects of the Accell siRNA from that of the sequence-specific gene silencing.
Cyclophilin B siRNA and Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH)
siRNA were utilised as a positive control for the gene silencing. Additionally a red
fluorescent protein (RFP) non-targeting siRNA was used to assess the uptake of the
siRNA by the cells when used in conjunction with fluorescent microscopy. As an
additional control, 3 wells per plate of cells used in the siRNA experiments were
cultured without siRNA in the normal culture media 2. All the siRNAs were initially
re-suspended in 1x siRNA buffer, made by mixing one volume of 5x siRNA buffer
(GE Healthcare Dharmacon Inc., USA) in 4 volumes of RNase-free water. The
buffer has been developed by Dharmacon for the re-suspension and long-term
storage of short double- or single-stranded synthetic RNA molecules (GE
Healthcare Dharmacon Inc., USA). A 100 uM solution of each of the siRNAs was
made using the 1X siRNA buffer, which was mixed the solution by pipetting the
solution 3-5 times avoiding the introduction of bubbles and then placing in an orbital
mixer for 30 minutes at room temperature. Each of the siRNAs was added to the
culture media 2 to obtain a final SiRNA concentration of 1 pM. 100 uM of siRNA-
containing media was added per well of the cultured DH cells. As described for the
lentivirus transfection, 6 wells from at least two different culture preparations were
transfected per siRNA. The cells were incubated at 37°C for 72 hours, with 100 pl of
culture media 2 added after 36 hours to maintain the health of the culture. The
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Dharmacon protocol for using their siRNAs suggests using their Accell Delivery
Media (GE Healthcare Dharmacon Inc., USA) as it is enriched for culturing in
serum-free conditions. This Accell Delivery Media with added B-27 supplement (2%)
and Glutamax (1%), as are included in the culture media 2, was tested on 12 wells
of the DH culture used in the normal DH cell culture. After 24 hours in this media alll
the cells in the culture had died, therefore the siRNAs were all suspended in the
normal culture media 2, as it is also serum-free. After the 72 hours incubation of the
culture with the siRNAs the cells could then be assayed. An AMG EVOS digital
microscope was used to assess the uptake of the siRNA by the culture by viewing

the RFP control siRNA wells, as done with the lentivirus experiments.

4.2.4 Calcium Imaging Assay of the Dorsal Horn Culture Transduced with

Lentivirus or Accell siRNA

Once the cultures transduced with the lentivirus or Accell siRNA were ready for
assaying, the media was removed and replaced with 80 ul FLIPR Calcium 5 dye
(Molecular Devices, USA). As outlined in Chapter 3, after 30 minutes of incubation
at 37°C with the calcium dye the DH cell culture plates were transferred to the
Flexstation calcium imaging system (Molecular Devices, USA). The baseline relative
fluorescence units (RFU) were recorded for 4 minutes, followed by addition of
strychnine (10 puM). The activity in the presence of strychnine was measured for a
following 4 minutes, then glycine (2 mM) was added and the activity recorded for a

final 4 minutes.
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4.1.1.1 Flexstation Data Analysis

A graph of the RFU against time was generated during the experiments for each
well of the plate with the cultured DH cells using the Softmax Pro software. The area
under the curve was determined for each of the three sections of the recordings
using the Softmax Pro software. There did not appear to be any difference between
the three different shRNAs sequences for each of the glycine receptor a subunit
lentiviruses. Therefore, for the analysis for the three shRNAs for Glarl were
combined, similarly for Glra2 and Glra3 shRNA data. The first section was the
baseline activity, followed by activity in the presence of strychnine and thirdly with
the addition of glycine. A one-way ANOVA test was used to compare the mean area
under the curve of the baseline data for each of the cultures transduced with the
different lentiviruses, and also from the control group of cultures with no lentivirus.
Similarly the baseline data of the cultures transduced with each of the Accell
SiRNAs were also compared with a one-way ANOVA. To determine if the cultures
transduced with the various lentiviruses or Accell siRNAs responded differently to
strychnine and glycine, repeated measures one-way ANOVA was performed
comparing baseline area data to strychnine and strychnine area data with the
glycine data. The same process was repeated for the spike frequency data for all
the lentivirus and Accell siRNA data. GraphPad Prism 6 (GraphPad Software, La
Jolla California USA; version 6.00) was used to perform the statistical tests and
draw the graphs. In the results where P<0.05 this is indicated by *, a P<0.01 value is
indicated by **, P<0.001 by *** and P<0.0001 indicated by ****, with S.E.M error

bars.
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425 Real-Time PCR with Accell siRNA Transfected Dorsal Horn Cells

Immediately following the experiments on the Flexstation with the DH cell culture
the dye was removed and the cells washed twice with PBS (0.1 M). RNA extraction
and purification from the cultures transfected with each of the glycine receptor a
subunit siRNAs and the untreated DH cultures was completed as described in
Chapter 2 (section 2.2.5). Relative quantitative TagMan RT-PCR was also similarly
performed as previously described in Chapter 2, section 2.2.5. Three mastermixes
were made, one for each of the glycine receptor a subunit assays. The
housekeeping gene ACTB was used as a positive control (Thermo Fisher
Scientific). The RT-PCR reactions for each glycine receptor a subunit were done in
triplicate, as were each of the RT negative cDNA samples as negative controls.
RNase-free water was also used as a negative control to confirm there was no
contamination of the water used in the reactions. The TagMan RT-PCR
amplification reaction and detection was done using the LightCycler 480 Il (Roche
Diagnostics, Switzerland) with the LightCycler 480 Il Software (version 1.5.1) as

previously described in section 2.2.5.

4.2.6 Real-Time PCR Analysis

The RT-PCR data with the Accell siRNA transfected cultures was analysed using
the same method described in Chapter 2, section 2.2.6, where the copy numbers
were scaled relative to the untreated culture expression. GraphPad Prism 6
(GraphPad Software, La Jolla California USA; version 6.00) was used to perform
one-way ANOVA with Tukey’s multiple comparisons statistical tests and to generate

the graphs, which are plotted with S.E.M error bars.

120



4.3 Results

4.3.1 Lentivirus Transfection

Initially transfection with the lentiviruses resulted in extensive cell death (Figure 4.3).
Optimisation of a number of steps in the transfection process improved the health of
the culture. The incubation time of the cells with the lentivirus was reduced from 72
hours to 48 hours, which greatly improved the health of the cells without changing
the transfection efficiency. Adding the lentiviruses earlier in the culturing process, at
7-8 DIV compared to 9-10 DIV, and allowing an extra 24 hours before
experimentation also enhanced the health of the culture and enhanced transfection.
However, even with the optimised conditions the transfection of the control
scrambled shRNA lentivirus was very low, on average transfecting 22.1 + 6.4% of
the cells in the cultures (Figure 4.4). The Glral shRNA lentiviruses had a higher
transfection rate and were counted in an average of 53.2 =+ 5.2% of the DH culture
cells (Figure 4.5), while the Glra2 lentiviruses were taken up by 50.2 + 5.8% of the
total number of cells (Figure 4.6). Finally the Glra3 lentiviruses were counted in an

average of 68.6 + 4.1% of the DH cells (Figure 4.7).
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Figure 4.3 Images taken of a DH culture at 13 DIV. (A) An image of an untreated DH culture
at 13 DIV which has not been transfected with lentivirus, illustrating the network of neuronal
DH cells. (B) A DH culture from the same cohort of cells as shown in (A) also at 13 DIV
which was transfected with the control lentivirus of scrambled shRNA. The lentivirus was
added to the culture at 10 DIV and incubated for 72 hours, which has resulted in cell death

and the loss of the network. Scale bars are 200 pm.
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Figure 4.4 Images of a DH culture transfected with the control lentivirus with scrambled
shRNA. (A) Image of GFP- positive cells showing successful transfection with scrambled
lentivirus. (B) An overlay image of the same culture showing both transmitted light image
and the GFP fluorescence image combined. This overlay image shows that the transfection
efficiency of this control lentivirus is low, on average this control lentivirus only transfected

22.1% of the cells in the culture. Scale bars are 400 pm.
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Figure 4.5 Images of a DH culture transfected with the lentivirus with Glral shRNA. (A) The
DH culture imaged under GFP fluorescence, where those cells containing the virus are
visible. (B) An overlay image of the same culture showing both transmitted light image and
the GFP fluorescence image combined. On average 53.2% of the cells in the culture were

transfected with the Glral lentiviruses. Scale bars are 400 pum.
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Figure 4.6 Images of a DH culture transfected with the lentivirus with Glra2 shRNA. (A) The
DH culture imaged under GFP fluorescence to determine if this lentivirus can transfected
any of the cells in the culture. (B) An overlay of the GFP fluorescence image and a
transmitted light image of the same region of the culture to determine the proportion of cells

transfected by this virus. The Glra2 lentiviruses transfected 50.2% cells on average. Scale

bars are 400 pm.
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Figure 4.7 Images of a DH culture transfected with the Glra3 lentivirus shRNA. (A) The DH
culture imaged under GFP fluorescence to determine if this lentivirus can transfected any of
the cells in the culture. (B) An overlay of the GFP fluorescence image and a transmitted light
image of the same region of the culture to determine the proportion of cells transfected by
this virus. The Glra3 lentiviruses had the highest transfection efficiency of all the lentiviruses,

transfecting 68.6% of cells. Scale bars are 400 um.
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4.3.2 Activity of the Dorsal Horn Cultures Transfected with Lentivirus

Despite the relatively low transfection efficiency of these lentiviruses in the DH
culture, the effect on the spontaneous activity was dramatic when compared to
untreated DH cultures which were from the same DH preparation. Comparing the
baseline spontaneous activity of the DH cultures, all those cultures treated with
lentivirus significantly reduced the area under the curve and the frequency of
spontaneous spikes (P<0.0001) (Figure 4.8). However, the effect of the scrambled
control lentivirus was the same, implying that the changes in the baseline activity in
the cultures transfected with the lentiviruses was not exclusively or at all the result

of gene silencing of the glycine receptor a subunits.

The baseline activity of the untreated DH culture had a mean area under the curve
of 2.281x10° + 121761 RFU.s, and a mean spike frequency of 0.074 + 0.007 Hz. On
average, strychnine (10 pM) doubled the area under the curve to 4.543x10° *
181524 RFU.s compared to baseline (P<0.0001). The subsequent addition of
glycine almost halved the area under the curve compared to that with strychnine, to
an average of 2.925x10° + 539550 RFU.s, similar to the baseline level (P<0.05)
(Figure 4.9B). Likewise the spike frequency was increased with the addition of
strychnine to 0.107 £ 0.004 Hz (P<0.05) compared to baseline, and the following
addition of glycine reduced the spike frequency to 0.072 = 0.010 Hz (P<0.05)
compared to in the presence of strychnine. The spike frequency in the presence of
glycine is comparable to the baseline frequency (Figure 4.9C). The scramble control
lentivirus had a mean baseline area under the curve of 682418 + 78049 RFU.s.
Strychnine addition increased this to 1.522x10° + 212066 RFU.s (P<0.001), which
was decreased to 803461 + 331830 RFU.s by glycine (P<0.05). The spike
frequency of the DH cultures transfected with the scrambled control lentivirus was
not affected by the application of strychnine. The baseline spike frequency was
0.003 = 0.0008 Hz, in the presence of strychnine the frequency was 0.004 + 0.001
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Hz (P>0.05). However, glycine significantly decreased the spike frequency to

0.0009 + 0.0003 Hz (P<0.0001) (Figure 4.10).

The DH cells transfected with the Glral lentiviruses had a baseline area under the
curve mean value of 664150 + 76315 RFU.s. Neither the addition of strychnine or
glycine had any effect on the area under the curve (P>0.05). However, the spike
frequency of the Glral lentivirus transfected cultures was increased with strychnine
and decreased with the addition of glycine. The baseline spike frequency was
0.0043 £ 0.0014 Hz, in the presence of strychnine the frequency was increased to
0.0071 + 0.0017 Hz (P<0.001) compared to baseline. Glycine then decreased the
frequency to 0.0051 %= 0.0018 Hz (P<0.05) compared to in the presence of

strychnine (Figure 4.11).

The Glra2 lentivirus transfected DH cultures were also not influenced by strychnine
or glycine application, with no effect to either the area under the curve or the spike
frequency (P>0.05) (Figure 4.12). The baseline area under the curve was 749541 +
116496 RFU.s, with strychnine added the area was 944714 + 138984 RFU.s and in
the presence of glycine the mean area under the curve was 778313 + 173143
RFU.s. The spike frequencies were 0.11 + 0.002, 0.014 + 0.003 and 0.011 + 0.002
Hz for baseline, with strychnine and with glycine respectively. The activity of the
Glra3 lentivirus transfected DH cells was increased with the addition of strychnine,
however the addition of glycine had no effect. The baseline area under the curve
was 816633 + 68419 RFU.s, which increased to 1.78x10° + 165957 RFU.s following
strychnine addition. In the presence of glycine the mean area under the curve was
1.68x10° + 233882. The same pattern was observed in the spike frequency data,
the baseline spike frequency was 0.0081 + 0.0013 Hz, which increased to 0.017 +
0.0021 Hz with strychnine (P<0.0001). However, again glycine had no significant

effect, as the spike frequency remained similar with a mean of 0.014 + 0.002 Hz
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(Figure 4.13). A summary of the lentivirus area data is shown in Table 4.1 and the

spike frequency data in Table 4.2.
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Figure 4.8 Comparison of the baseline activity of the cultures transfected with each of the
lentiviruses to the untreated DH culture. The activity was measured using calcium
fluorometry with the Flexstation microplate reader. (A) The area under the curve of relative
fluorescence against time for the baseline section of the recordings from the DH cultures
transfected with each of the lentiviruses. (B) The spike frequency during the baseline section
of the recordings for each of the same cultures. The number of wells with the spinal DH
culture utilised to generate these graphs for each group are as follows: untreated culture
n=7, control lentivirus n=40, Glral n=68, Glra2 n=25 and Glra3 n=91.
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Figure 4.9 The activity of the DH culture not transfected with lentivirus, analysing both the
area under the curve and the spike frequency of the baseline activity, the activity in presence
of strychnine and glycine. (A) An example recording from an untreated DH culture,
illustrating the normal baseline activity and responses to strychnine and glycine. The vertical
red dashed lines separate the different sections of the recording. (B) The average area
under the curve for the baseline 4 minutes of the recordings, the 4 minutes with strychnine
(10 uM) present and the 4 minutes with glycine (2 mM) present. (C) The spike frequencies
for each of these same sections of the recordings with the standard non-transfected DH
cultured cells (N=3, n=7).
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Figure 4.10 The activity of the DH cultures transfected with the control scrambled lentivirus
at baseline and in the presence of strychnine (10 uM) and glycine (2 mM). Two parameters
of the activity analysed were the area under the curve of the RFU against time recordings for
each section of the recordings shown in (A), and the spike frequency for each of those
sections (B) (N=6, n=40).
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Figure 4.11 The activity of the DH cultures transfected with the Glral lentivirus, and their
responses to strychnine (10 uM) and glycine (2 mM). (A) The area under the curve for each
section of the recordings, the baseline, with strychnine and with glycine. (B) The spike

frequencies for each of the same sections of the recordings as in (A) (N=9, n=53).

133



x>

1200000 -
)
o
c
o
g 800000-
n
o
L
& 400000-
©
e
- o
0-
Baseline Strychnine Glycine
B
—~ 0.020-
N
z
o 0.015-
c
)
& 0.010-
s
w
g 0.005-
o
@ 0.000-

Baseline Strychnine Glycine

Figure 4.12 The activity of Glra2 lentivirus transfected DH cultures and their responses to
strychnine (10 pM) and glycine (2 mM). (A) The area under the curve for the three sections
of the recordings: baseline, with strychnine and with glycine. (B) The spike frequencies for
each of the same three sections of these recordings. No significant difference was detected
with the addition of strychnine or glycine in these Glra2 lentivirus transfected cells (N=8,
n=38)
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Figure 4.13 The activity of Glra3 lentivirus transfected DH cultures and their responses to
addition of strychnine (10 uM) and glycine (2 mM). (A) An example trace of the relative
fluorescence units against time, illustrating the baseline activity and effects of the addition of
strychnine and glycine. The vertical red lines separate the sections of the recordings based
on the addition of the compounds. (B) The mean area under the curve for each four minute
section as indicated in (A). (C) The spike frequency of the cultures for each of the three
sections. (N=12, n=74)
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Lentivirus Strychnine

Untreated 1 1
Control Lentivirus 0 !
Glrat n.s. n.s.
Glra2 n.s. n.s.
Glra3 1 n.s.

Table 4.1 A summary of the effects on the area under the curve following application of
strychnine (10 uM) and glycine (2 mM) on each of the DH cultures transfected with lentivirus
and the untreated DH culture. n.s. indicates no significant effect, 1 indicates a significant

increase and | indicates a significant decrease.

Lentivirus Strychnine Glycine
Untreated 1 !
Control Lentivirus n.s. !
Glra1 1 !
Glra2 n.s. n.s.
Glra3 0 n.s.

Table 4.2 A summary of the effects on the spike frequency with the addition of strychnine
(10 uM) and glycine (2 mM) on each of the DH cultures transfected with lentivirus and the
untreated DH culture. n.s. indicates no significant effect, 1 indicates a significant increase and |

indicates a significant decrease.
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4.3.3 Accell siRNA Transfection

As the control lentivirus also produced an effect on the DH cell culture an alternative
gene silencing technique was investigated. Accell siRNA does not require a virus for
delivery of the siRNA molecules into cells. Therefore glycine receptor a subunit
Accell siRNAs were employed in this study to determine if silencing of these genes
can affect the DH culture activity. Two negative control siRNAs and two positive
control siRNAs were utilized to validate if any changes in the activity profile of the
DH cultures transfected with the siRNAs are the result of the knockdown of the
glycine receptor a subunits. The imaging of RFP Accell siRNA transfected DH
cultures show that the transfection efficiency was much higher than the lentiviruses,

with on average 97 + 4.8% of the cells infected with the siRNA (Figure 4.14).

Figure 4.14 The primary DH culture transfected with the control Accell siRNA with encoded
RFP at 12 DIV. This is an overlay of two images, one taken with RFP fluorescence and
another with transmitted light using an AMG EVOS digital microscope. This image shows the
Accell siRNA was taken up by almost 100% of the cells in the DH culture. Scale bar is 100

um.
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4.3.3.1 Real Time-PCR of Dorsal Horn Cultures Transfected with Accell sSiRNA

TagMan quantitative RT-PCR was used to determine the extent of the silencing of
the glycine receptor a subunits by their Accell siRNAs in the DH cultures. The
MRNA expression of each of the glycine receptor a subunits was determined in
each of the cDNA samples from the cultures transfected with each of the Accell
siRNAs encoding the three subunits, and also for the untreated culture with no
siRNA transfection. Firstly, analysing the Glral TagMan assay in each of the
samples revealed that the DH cultures transfected with the Glral Accell siRNA had
a reduced expression of Glral compared to the untreated DH culture and compared
to the cultures transfected with the Accell siRNAs encoding the other glycine
receptor a subunits (P<0.05) (Figure 4.15). Similarly investigating the expression of
Glra2 gene in each of the samples it was found that the DH cultures transfected with
the Glra2 Accell siRNA also had reduced expression of this MRNA compared to the
other DH cultures (P<0.05) (Figure 4.16). The levels of expression of the Glra3
MRNA were significantly reduced in each of the transfected cultures compared to

the untreated culture (P<0.001) (Figure 4.17).
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Relative Expression

Figure 4.15 The expression of Glral mRNA in each of the four DH cultures relative to the
untreated DH culture (n=3). The expression of the Glral mRNA was significantly less in the
Glral siRNA transfected DH culture compared to the untreated DH culture. The other two
cultures transfected with Glra2 and Glra3 siRNA displayed equivalent expression of the
Glral mRNA to the untreated DH culture.
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Figure 4.16 The relative expression of Glra2 mRNA in each of the four different DH cultures
relative to the untreated DH culture (n=3). The Glra2 mRNA expression was significantly
reduced in the DH culture transfected with the Glra2 Accell siRNA compared to the
untreated DH culture. The Glral and Glra3 siRNA transfected cultures had equivalent

expression of Glra2 mRNA as the untreated DH culture.

140



Xk *

80000 A % % %
% o o

c
°
» 600004 'T
(7]
o
5 1
X
L] 40000
()
>
S 200004
()]
nd

0 r * e e

o v v v
<
2 & & &
& N2 q/‘o 2
<
N) «'Z’ «Q’ S
o o o

Figure 4.17 The relative expression of the Glra3 mRNA in each of the DH cultures relative
to the untreated DH culture (n=3). The Glra3 mRNA expression was significantly reduced in
all three of the DH cultures transfected with the Accell siRNAs encoding each of the glycine

receptor a subunits compared to the untreated culture.
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4.3.4 Activity of the Dorsal Horn Cultures Transfected with Accell sSiRNA

The baseline activity of the DH cultures transfected with the Accell siRNAs was
analysed in terms of the area under the curve of the RFU against time graph of the
calcium imaging recordings and the spike frequency. Comparing the area under the
curve of the baseline data for the siRNA transfected cultures with that of the cultures
without SiRNA transfection the activity was significantly reduced by all the Accell
siRNAs (Figure 4.18A). The baseline spike frequency of the cultures with the Accell
siRNAs were also significantly reduced, except the two negative controls (Figure

4.18B).

As done previously with the lentivirus transfected cultures, the activity of the cultures
transfected with the Accell siRNAs were also recorded following the addition of
strychnine and glycine. The cultures not transfected with Accell siRNAs, displayed
the characteristic spontaneous firing at the 12-14 DIV, the area under the curve
increased from the baseline level of 1.46x10°+ 245151 RFU.s to 4.18x10° + 417376
RFU.s in the presence of strychnine (10 uM) (P<0.0001). The subsequent addition
of glycine (2 mM) significantly reduced the activity to 2.92x10° + 247494 RFU.s
(P<0.001) compared to that in the presence of strychnine (Figure 4.19). The same
effect was observed with the spike frequency of these cultures. The baseline spike
frequency was 0.018 + 0.0029 Hz, which significantly increased to 0.050 + 0.0054
Hz with addition of strychnine. The spike frequency then significantly decreased with
application of glycine to 0.040 + 0.0057 Hz (P<0.001) compared to the frequency in

the presence of strychnine (Figure 4.19).
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Figure 4.18 The baseline activity of the DH cultures transfected with the Accell siRNAs,
each compared to the baseline activity of the untreated cultures (N=6, n=18). The negative
controls are the non-targeting siRNA and RFP siRNA. The positive controls are cyclophilin B
and GAPD siRNAs. (A) The baseline activity determined by measuring the area under the
curve of the baseline section of the calcium imaging recordings. (B) The mean baseline
spike frequency for each of the DH cultures determined from the same calcium imaging

recordings as for (A). Asterisks show statistical significance when compared to untreated.
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Figure 4.19 The activity of the DH cultures without siRNA to illustrate the normal activity of
the cultures and their responses to the addition of strychnine (10 pM) and glycine (2 mM).
These cultures were on the same plates as those transfected with the Accell siRNAs, from
the same DH cell dissections (N=5, n=21). (A) The activity of the cultures as measured from
the area under the curve for each of the three sections of the recordings: baseline,
strychnine (10 uM) and glycine (2 mM). The compounds could not be washed out therefore
glycine was applied following strychnine addition and therefore is also in the presence of
strychnine. (B) The baseline spike frequency of these cultures, and the spike frequency in

the presence of strychnine then glycine for the same cultures as in (A).
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4.3.4.1 Negative Control Accell siRNAs

The non-targeting negative control Accell siRNA transfected DH cultures had the
same responses to strychnine and glycine as the non-transfected cultures (Figure
4.20). The baseline mean area under the curve increased with application of
strychnine, from 852624 + 158693 RFU.s to 2.22x10° + 306007 RFU.s (P<0.0001).
Glycine subsequently decreased this to 1.58x10° + 195324 RFU.s (P<0.05). The
mean spike frequency of the baseline activity was 0.014 + 0.003 Hz which was
increased to 0.024 + 0.004 Hz by strychnine (P<0.05) and then decreased by
application of glycine to 0.017 + 0.004 Hz (P<0.05). The responses of the DH
cultures transfected with the other negative control Accell siRNA with the added
RFP tag were the same as the first negative control siRNA (Figure 4.21). The area
under the curve increased from the baseline of 423987 + 40751 RFU.s to 1.22x10°%+
113747 RFU.s with strychnine added to the culture (P<0.0001). Glycine decreased
this activity to 980754 + 155046 RFU.s (P<0.05). The spike frequency of the
baseline data from these DH cultures was 0.012 + 0.0029 Hz, strychnine increased
this to 0.027 = 0.0073 Hz (P<0.05) and glycine decreased it to 0.013 + 0.0045 Hz

(P<0.05).

4.3.4.2 Positive Control Accell sSiRNAs

The cultures transfected with the two positive control Accell sSiRNAs both responded
to the addition of strychnine which increased the area under the curve from 483189
+ 30070 RFU.s to 1.21x10° + 137240 RFU.s in the cyclophilin siRNA transfected
cells (P<0.001). Glycine did not significantly decrease the area under the curve
(P>0.05) (Figure 4.22). The GAPD positive control siRNA had a baseline area under
the curve of 394732 + 42636 RFU.s which increased to 1.08x10° + 150909 RFU.s

following the addition of strychnine (P<0.0001). The application of glycine had no
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significant effect on the area under the curve which was 1.06x10° + 195143 RFU.s

in presence of glycine (P>0.05) (Figure 4.23).
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Figure 4.20 The activity of the DH cultures transfected with the non-targeting negative
control siRNA, and their responses to the application of strychnine (10 uM) and glycine (2
mM) (N=7, n=21). (A) The area under the curve of the recording during the baseline section,
with strychnine and with glycine. (B) The spike frequency of the cultured DH cells for the

same recordings as analysed for (A) during each of the sections of the recordings.
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Figure 4.21 The activity of the DH cultures transfected with the non-targeting negative
control Accell siRNA with an RFP tag, and their responses to the application of strychnine
(10 uM) and glycine (2 mM) (N=7, n=21). (A) The area under the curve of the calcium
imaging recordings for the baseline section, with strychnine and with glycine. (B) The spike

frequency for each of the same sections of the recordings.
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Figure 4.22 The activity of the cultured DH cells transfected with the positive control Accell
siRNA encoding cyclophilin B, and their responses to the application of strychnine (10 pM)
and glycine (2 mM) (N=7, n=21). (A) The area under the curve of the baseline sections of
the recordings from these cultures and the area under the curves following addition of
strychnine and glycine. (B) The spike frequency during each of the same sections of the

recordings with these DH cultures.
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Figure 4.23 The activity of the cultured DH cells transfected with the positive control Accell
siRNA encoding GAPD, and their responses to the application of strychnine (10 uM) and
glycine (2 mM) (N=8, n=24). (A) The area under the curve of the baseline sections of the
recordings from these cultures and the area under the curves following addition of strychnine
and glycine. (B) The spike frequency during each of the same sections of the recording as

shown in (A).
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4.3.4.3 Accell siRNA Knockdown of the Glycine Receptor A Subunits

The DH cultures transfected with the Glral Accell siRNA responded normally to the
addition of strychnine and glycine (Figure 4.24). The baseline area under the curve
of these cultures was 381082 + 35980 RFU.s, which increased to 1.51x10° +
245161 RFU.s following the addition of strychnine (P<0.01). Glycine significantly
decreased this to 1.16x10° + 144549 RFU.s (P<0.05). The spike frequency of these
same cultures had a baseline frequency of 0.008 £ 0.002 Hz, which in the presence
of strychnine increased to 0.017 = 0.004 Hz (P<0.01). Following glycine addition the

spike frequency decreased to 0.001 + 0.003 Hz (P<0.05).

The transfection of the DH cultures with the Glra2 Accell siRNA did affect the
response of these cultures to glycine (Figure 4.25). The mean baseline area of
these DH cultures was 485864 + 53852 RFU.s, which did significantly increase with
the addition of strychnine to 1.04x10° + 139600 RFU.s (P<0.001). Glycine did not
decrease this activity, the area under the curve following the addition of glycine was
1.22x10° + 205798 RFU.s (P>0.05). The baseline spike frequency of the DH
cultures transfected with the Glra2 Accell siRNA was 0.008 + 0.003 Hz, which
increased to 0.015 = 0.006 Hz following the addition of strychnine. Glycine did

significantly decrease the spike frequency to 0.012 + 0.005 Hz (P<0.05).

In the Glra3 Accell siRNA transfected cultures the addition of glycine had no effect
on the area or the spike frequency of the cultures (Figure 4.26). The baseline area
was 202582 + 29431 RFU.s, which was increased by addition of strychnine to
996683 = 81664 RFU.s (P<0.0001). The addition of glycine did not significantly
change the area which was 1.10x10° + 155150 RFU.s (P>0.05). The baseline spike
frequency was 0.002 + 0.001 Hz. In the presence of strychnine the frequency was
increased to 0.008 = 0.002 Hz (P<0.05). In the presence of glycine the spike
frequency was 0.007 + 0.002 Hz, which is not significantly different to the frequency

with strychnine present (P>0.05).
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Figure 4.24 The activity of the DH cultures transfected with the Accell SiRNA encoding the
Glral gene for the knockdown of the glycine receptor a 1 subunit (N=7, n=21). The effects of
the addition of strychnine (10 uM) and glycine (2 mM) to these DH cultures is also illustrated.
(A) The area under the curve of the recordings with these cultures for the baseline section,
the section with the addition of strychnine and the section with glycine added. (B) The spike

frequency of these DH cultures for each of the same sections described for (A).
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Figure 4.25 The activity of the DH cultures transfected with the Accell SiRNA encoding the
Glra2 gene for the knockdown of the glycine receptor a2 subunit (N=7, n=21). The effects of
the addition of strychnine (10 uM) and glycine (2 mM) to these DH cultures is also illustrated.
(A) The area under the curve of the recordings with these cultures for the baseline section,
the section with the addition of strychnine and the section with glycine added. (B) The spike

frequency of these DH cultures for each of the same sections described for (A).
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Figure 4.26 The activity of the DH cultures transfected with the Accell SiRNA encoding the
Glra3 gene for the knockdown of the glycine receptor a3 subunit (N=7, n=21). The effects of
the addition of strychnine (10 uM) and glycine (2 mM) to these DH cultures is also illustrated.
(A) The area under the curve of the recordings with these cultures for the baseline section,
the section with the addition of strychnine and the section with glycine added. (B) The spike

frequency of these DH cultures for each of the same sections described for (A).
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. Strychnine Glycine
DH Culture Baseline Y v

(10 pMm) (2 mM)
Untreated ™ N
Non-targeting siRNA n.s. T Ng
Cyclophilin B siRNA J ™ n.s.
GAPD siRNA N ™ n.s
RFP siRNA n.s. ™ J
Glral siRNA N2 ™ N2
Glra2 siRNA J T™ n.s.
Glra3 siRNA NE ™ n.s.

Table 4.3 A summary of the area under the curve data illustrating the effects of each of the
Accell siRNAs on the DH culture baseline activity compared to the untreated DH culture and
the responses of the cultures to strychnine and glycine. The n.s. indicates no significant
difference, 1 indicates an increase in activity and | indicates a decrease in activity. The
symbols in black are where the comparison was made to the untreated culture. The blue
symbols are comparing the effect of strychnine on the baseline activity of the culture. The

symbols in red are comparing the effect of glycine on the strychnine activity.

Strychnine Glycine

DH Culture Baseline (10 uM) (2 mM)
Untreated T N
Non-targeting siRNA n.s. ™ N
Cyclophilin B siRNA J n.s. n.s
GAPD siRNA NV ™ N
RFP siRNA n.s. T 4
Glral siRNA N ™ N
Glra2 siRNA N ™ NG
Glra3 siRNA N ™ n.s.

Table 4.4 A summary of the spike frequency data illustrating the effects of each of the Accell
siRNAs on the DH culture activity and its responses to strychnine and glycine compared to
the untreated DH culture. The n.s. indicates no significant difference, 1 indicates an increase
in activity and | indicates a decrease in activity. The symbols in black are where the
comparison was made to the untreated culture. The blue symbols are comparing the effect of
strychnine on the baseline activity of the culture. The symbols in red are comparing the effect

of glycine to the strychnine activity of that culture.
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4.4 Discussion

The experiments of this study set out to determine how glycine receptor a subunit
gene silencing affects primary spinal DH cell culture calcium activity. Consequently,
the role of the glycine receptor in controlling the spinal DH network activity can be
assessed, and it can be determined whether any of the glycine receptor subtypes
are more or less influential. Thus, the results of this chapter can help to focus the
development of novel analgesics to a selective glycine receptor subtype, which
would likely aid in reducing adverse side-effects of the drug. It is not possible to
assess the extent of individual glycine receptor subtypes pharmacologically as
compounds which selectively target each subtype are lacking. This is not necessary
for GABA, receptors, as there are numerous compounds which selectively target

GABA, receptor subtypes.

Lentivirus transfection of the DH culture produced a significant loss of the DH
culture characteristic spontaneous firing at 12-14 DIV. However, the control
lentivirus produced similar effects in the DH culture calcium activity, suggesting an
effect of the virus itself. Lentiviruses are toxic at high titres for some neuronal cell
types (Yee et al., 1994, Chen et al.,, 1996). All the DH cultures transfected with
lentivirus did display noticeable cell death in this study, even following optimisation.
Therefore, it is likely that the lentiviruses utilized in this study were toxic to the
cultured DH cells. Furthermore, the lentivirus transfection efficiency varied from 22
to 68%, which implies insufficient gene silencing and consequently definitive
conclusions cannot be made from the calcium imaging data with these cultures. For
these reasons an alternative technology for glycine receptor a subunit gene

silencing was subsequently assayed.

Accell siRNA had improved transfection efficiency within the primary DH cell culture

that reached almost 100%. The siRNA transduction did not have the complications
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of toxicity that occurred with lentivirus transduction of the DH cultures, therefore
there was a low incidence of cell death following the Accell siRNA transduction.
Performing the RT-PCR with the transfected cultures demonstrated significant
decreases in gene expression of each of the glycine receptor a subunits compared
to the untreated DH cultures for each of the siRNAs. However, the Glral and Glra2
siRNAs also caused a significant knockdown in the expression of Glra3. Therefore,
the effects observed in the cultures transfected by Glral can be considered to
include silencing of both Glral and Glra3. Similarly the effects recorded in the Glra2
siRNA transfected cultures can be considered to be the effect of Glra2 and Glra3
silencing. Furthermore, from the RT-PCR results there was no compensatory
increase in the expression of the other a subunits when any one of the Accell
siRNAs was transfected. This implies that in the Accell SIRNA transfected cultures

there were fewer glycine receptors compared to the untreated culture.

4.4.1 Glycine Receptor a Subunit Gene Silencing Reduces Dorsal Horn

Network Activity

All three of the Accell siRNAs encoding for the three glycine receptor a subunits
significantly decreased the baseline spontaneous activity compared to the untreated
DH cultures. However, since the RT-PCR results show that only the Glra3 Accell
SiRNA selectively silences the expression of this subunit, with the other two siRNAs
silencing the Glra3 gene as well as their own target gene, the reduction in the
baseline activity in all the cultures could primarily be the result of a loss of the
glycine receptor a3 subunit. This is consistent with a previous in vivo study that
used siRNA to silence Glral and Glra3 showing that silencing only Glra3 prevented
the analgesic action of gelsemine (Zhang et al., 2013). Furthermore, findings from

the present study are also in agreement with previous reports of glycine a3
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knockout mice displaying reduced behavioural manifestations of pain in response to
PGE, injection, peripheral inflammation and acetic acid-induced visceral pain
(Harvey et al., 2004, Racz et al., 2005). Thus, these published findings indicate that
the a3-containing glycine receptors have a more significant role in the processing of
nociceptive signals in the superficial DH compared to the a1- or a2- containing
glycine receptors. Interestingly, the RT-PCR data from chapter 2 illustrated a higher
expression of the a1 subunit in the DH culture, and relatively similar expressions of
the a2 and a3 subunits. This ratio of expression of the glycine receptor a subunits is
not the same as that found in the in vivo spinal DH, where there is a higher a3
expression relative to the a1 subunit expression illustrated in chapter 2 with RT-
PCR with a human adult spinal cord sample and by Harvey et al. (2004) in mice.
Therefore, despite the less dominant expression of the a3 subunit in the DH culture
compared to in vivo conditions, the silencing of its expression alone was sufficient to
prevent the generation of the spontaneous activity in the culture. This is possibly
because the generation of the rhythmic, synchronous activity of the DH cultured
cells requires inhibitory interneurons, as discussed previously in describing the

mechanisms of ING and PING (Tiesinga and Sejnowski, 2009).

Inhibiting glycine receptors with the antagonist strychnine, as reported in chapter 3,
caused an increase in firing of the DH cultures, while the agonist glycine decreased
activity. Strychnine similarly increased activity in the spinal DH cultures transfected
with the glycine receptor a subunit siRNA. This is presumably through the action of
strychnine at the glycine receptors in the DH culture which have formed from the
subunits that do not include the silenced a subunit. However, the response of the
DH cultures transfected with the Glra3 siRNA displayed a lack of response to
glycine addition. The Glra2 siRNA transfected DH cultures also did not display a
decrease in activity in terms of area under the curve with the addition of glycine,

however the spike frequency of these cultures was significantly reduced. Since the
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Glra2 siRNA also silenced the glycine receptor a3 subunit in the culture this loss of
effect with glycine could be primarily through the loss of the a3 subunit, and the a1

subunit not being able to compensate for the silencing of the other two a subunits.

4.4.2 Conclusions

The Accell siRNA results presented in this chapter confirm previous findings that the
a3-containing glycine receptors are potentially more selective targets for the design
and development of novel analgesics. Gelsemine has analgesic properties in vivo
and bind selectively to a3-containing glycine receptors (Zhang et al., 2013, Wu et
al., 2015b, Zhang and Wang, 2015). Interestingly, in this spinal DH culture the
application of gelsemine increased firing frequency, similarly to the antagonist
strychnine. Many previous studies have implicated that inhibition in the spinal DH
needs to be re-instated in neuropathic and inflammatory pain models following the
loss of GABAergic and glycinergic inhibition (Ibuki et al., 1996, Meisner et al., 2010,
Berrocal et al., 2014). However, gelsemine action implies that its mechanism of
action through a3-containing glycine receptors is contrary to this hypothesis. The
analgesic action of gelsemine could be to prevent the rhythmic oscillations in the
spinal DH by inhibiting the inhibition through a3-containing glycine receptors.
Consequently, development of other compounds which can modulate the spinal DH

rhythmic activity could prove potentially beneficial analgesics.
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5 Extracellular Single Electrode Spinal Cord Slice

Recordings
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5.1 Introduction

5.1.1 4-Aminopyridine-Induced Rhythmic Activity in the Central Nervous

System

4-aminopyridine (4-AP) is a non-selective potassium channel blocker (Smith et al.,
2009), which causes depolarisation in cells as a result of preventing the re-
polarisation by efflux of potassium ions following an action potential. 4-AP has been
shown to increase neurotransmitter release from both inhibitory and excitatory
interneurons (Perreault and Avoli, 1991). Application of 4-AP to brain slices is
commonly used as a model of epilepsy. Extracellular recordings of 4-AP-induced
epileptic-like activity in hippocampal slices have shown that the 4-AP-induced
rhythmic activity can be modulated by GABA, and GABAg receptor compounds
(Watts and Jefferys, 1993). 4-AP has also been used as a model of pain in spinal
cord slices, where 4-AP-induced activity in the spinal DH is akin to that observed in
pain states, including neuropathic pain (Ruscheweyh and Sandkuhler, 2003, Asghar
et al., 2005, Chapman et al., 2009). Sandkuhler and Eblen-Zajjur (1994) detected
rhythmic activity with a frequency of 0.5-13 Hz in their in vivo spinal DH recordings.
In in vitro recordings from the spinal DH the frequency of the 4-AP-induced rhythmic
activity detected was similar to the in vivo rhythm, between 4 and 12 Hz (Chapman
et al., 2009, Visockis and King, 2013). Ruscheweyh and Sandkuhler (2003) also
investigated the effects of anticonvulsants on the 4-AP activity in the spinal DH and
revealed that the anticonvulsants also caused an attenuation of the 4-AP-induced
hyperactivity. This concurs with the anti-nociceptive actions of these anticonvulsants
in vivo (Swerdlow, 1984) and the role of inhibitory signalling in processing
nociceptive inputs from the periphery. It has therefore been proposed that the spinal
DH rhythmic activity is involved in regulating the propagation of nociceptive signals
from the periphery before they are transmitted to the brain (Ruscheweyh and

Sandkuhler, 2005, Zeilhofer et al., 2012). Developing novel analgesics which target
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the GABA, and glycine receptors in the spinal DH could produce their actions by
modulating the rhythmic activity of this network, which may in turn be linked with the
excitability of the network. The correlation between rhythmic oscillations and
excitability of a network has previously been identified in the brain (Ploner et al.,
2006) and therefore could be extrapolated to spinal DH network oscillations. In this
chapter 4-AP has been utilised to induced rhythmic oscillations in the spinal DH of
acute rat spinal cord slices. The potential utility of this in vitro model system with 4-
AP-induced oscillations will be assessed by recording the effects of classic GABAA

and glycine receptor compounds.

5.1.2 Aims

In this chapter 4-AP-induced rhythmic activity has been measured in the spinal DH
of acute rat spinal cord slices using extracellular recordings. The aim of this chapter
is to demonstrate whether or not enhancing or blocking GABA, and glycine
receptors affects the 4-AP-induced rhythmic activity and population spikes in the SG
region of the spinal DH in the acute rat spinal cord slices. Pharmacologically
targeting these receptors with well characterised compounds will help elucidate the
effects these receptors have on the rhythmic activity and population spikes.
Consequently, the potential of this in vitro model system for screen novel GABA,
and glycine receptor analgesics can be assessed. In addition GABAg receptors
were also investigated into their effects on the 4-AP-induced rhythmic activity in the

SG of acute spinal cord slices. In this chapter the following aims are investigated:

1. Obtain extracellular recordings of 4-AP-induced hyperexcitability in the SG of
acute spinal cord slices
2. Determine the effects of GABA,, GABAg and glycine receptor compounds on

the 4-AP-induced rhythmic oscillatory activity with power spectral analysis.

161



3. Determine the effects of GABA,, GABAg and glycine receptor compounds on

the 4-AP-induced population spikes in the SG of the acute spinal cord slices
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5.2 Methods

The focus of this study is on the superficial spinal DH where the primary nociceptive
neurons innervate the spinal cord, are processed and then transmitted to higher
brain centres. To investigate the activity of this network, extracellular recordings
were made from the SG laminae of acute transverse spinal cord slices. The SG
lamina Il region of the spinal DH can be easily identified by its more translucent
appearance compared to the other laminae in a transverse section of a spinal cord
making it easy to position a recording electrode into this region. The translucent
appearance of this lamina region exists because of the lower concentration of
myelinated fibres. Extracellular field recordings have been used in this study to
investigate the rhythmic oscillations of the superficial spinal DH as well as the
population spikes generated by this network within the spinal cord slices. This
method of recording allows for the activity of a small group of synchronously firing
neurons to be measured simultaneously within a network. The more stable nature of
extracellular recording compared to intracellular recording, means the activity of a
network within a slice can be recorded for hours, allowing for the effects of a series

of perfused compounds to establish and stabilise.

5.2.1 Spinal Cord Slices

Wistar rats aged 12-16 days (27-35 g) were anaesthetised with an intraperitoneal
injection of pentobarbital 40-50 mg/kg (Henry Schein Medical). A trans-cardiac
perfusion was performed with sucrose-containing artificial cerebrospinal fluid
(aCSF), which was made using distilled water and contained 126 mM sucrose, 2.5
mM KCI, 1.4 mM NaH,PO,, 1.2 mM MgCl,, 2.4 mM CacCl,, 25 mM NaHCO; and 11
mM glucose. The sucrose aCSF was made in advance and kept at 4°C, using

chilled solutions throughout the preparation slows the deterioration of the tissue and
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improves the quality of the slices (Lein et al., 2011). Trans-cardiac perfusion with
sucrose aCSF slows neuronal and metabolic activity to provide more time for the
dissection and slicing, and consequently improves tissue viability. To perform the
trans-cardiac perfusion the rat was pinned to a dissection board placed inside a
plastic container, positioned on its back. The chest cavity was opened to expose the
heart, and held open using clamping scissors. An incision was made into the right
atria of the heart using small spring scissors, and then the 23-gauge needle
containing the sucrose-aCSF was inserted into the base of the left ventricle. 20 ml
of the sucrose-aCSF was then perfused throughout the body from the left ventricle
around the body and out of the through the incision that was made in the right atria
thereby removing the blood from body. Following the trans-cardiac perfusion a
dorsal laminectomy was performed. The rat was turned over and the neck was cut
to confirm death. The skin from the back of the animal was removed, and then small
spring scissors were used to open the spinal column. The vertebrae were cut either
side of the spinal cord from the incision made at the cervical region down to the
sacral vertebrae. The dorsal side of the cut vertebrae was held and peeled away
with forceps as the vertebrae were cut. The spinal cord could then be removed,
picking it up with forceps and cutting the connecting spinal nerves to separate the
cord. The spinal cord was placed in oxygenated (95% oxygen, 5% carbon dioxide),
ice-cold standard aCSF, without sucrose. The standard aCSF contained 126 mM
NaCl, 2.5 mM KCI, 1.4 mM NaH,PO,4 1.2 mM MgCl,, 2.4 mM CaCl,, 25 mM
NaHCO; and 11 mM glucose,. While in the ice cold aCSF, the meninges
surrounding the spinal cord were removed under a dissection microscope (Nikon,
Japan). Using two pairs of fine forceps the meninges could be separated from the
spinal cord which also removed any remaining dorsal and ventral roots that were
attached to the cord. The meninges were removed prior to slicing as the vibratome
is unable to cut through them. The spinal cord was cut to separate the lumbar
region. 3% agar solution (Alfa Aesar, UK) made in distilled water was microwaved
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for 40-50 seconds, and poured into a small weigh boat surrounded by ice. Once
cooled slightly the lumbar section of the spinal cord was embedded into the agar.
When the agar had set around the spinal cord, the spinal cord section encased
within a rectangular agar block was cut out with a scalpel and super glued onto the
base plate of the vibratome (Leica VT1000S, Leica Microsystems, Germany). This
was then placed into the vibratome bath which contained oxygenated, ice-cold,
standard aCSF. Transverse slices were cut to a thickness of 350 pum with a
stainless steel blade (Campden Instruments Limited, UK) and transferred to a
holding chamber (Figure 5.1), where they were submerged in oxygenated aCSF,
maintained at 32°C using a waterbath. Typically 10-12 slices were obtained from
one spinal cord preparation. The slices were transferred using a dropper pasture
pipette with the tip cut off to minimise physical contact with the slice and therefore
reduce damage to the tissue. All the slices were then incubated for one hour before
commencing the electrophysiological recordings. This incubation time allows for the
slice to recover from the cutting of the tissue which causes the release of enzymes
and ions that can alter the metabolic state of the tissue and will remove some of the
dead cells from the surface of the slices caused by the slicing (Lein et al., 2011). An
hour incubation time is widely considered sufficient for the slices to equilibrate to the
solution and conditions and consequently regain their electrophysiological and

biochemical activity (Teyler, 1980).

5.2.2 Single-Electrode Extracellular Slice Recordings

To record from a slice, one spinal cord slice was transferred onto a custom built
Perspex interface recording chamber, where a humidified atmosphere (95%
oxygen-5% carbon dioxide) could be maintained (Figure 5.2). The slices were

bathed in oxygenated aCSF (36°C), which flowed at 2 ml/min using a gravity
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perfusion system. The slices were positioned on filter paper, which improves the

flow of solution around the slice.

Extracellular field recordings were made using borosilicate glass microelectrodes
(Harvard Apparatus, Kent, UK) (10-15 MQ) filled with standard aCSF. The
electrodes were pulled from 1.2 mm OD x 0.94 mm ID glass capillaries using a
vertical PP830 electrode puller (Narishiges, Japan). The electrode is placed into an
electrode holder which goes onto a HS-2A headstage (Axon Instruments) that is
attached to a micromanipulator. Using the manipulator, the electrode was guided
into place into the SG region of a slice, identifiable due to its translucent appearance
under the microscope, and inserted to a depth of 150 um. The headstage connects
to an Axoclamp 2A system (Molecular Devices, CA, USA) which was used to record
and amplify (x10) the voltage waveforms. A Neurolog NL106 module (Digitimer,
Welwyn Garden City, UK) was used for further amplification (x1000). The low pass
band filter of the Neurolog NL106 set at 120 Hz was used for initial filtering of the
voltage signals. An additional low pass band filter setting of 40 Hz (Neurolog NL106,
Digitimer) was also used for all recordings. To minimise electrical disturbance, a
Humbug noise eliminator was included in the circuit. The signals recorded were
translated into digital values using the CED 1401 acquisition interface which in turn
fed into the computer with Spike 2 software (Cambridge Electronic Design, UK) for

recording and analysis. Figure 5.3 shows a diagram of this complete circuit.

Spike 2 software was used to capture the voltage waveforms at a sampling rate of
10,000 Hz. The sampling rate is required to be at least twice that of the highest
possible frequency of the analogue signal (5000 Hz determined by the CED 1401)
to avoid losing any of the recording’s signal information, according to the Nyquist-
Shannon sampling theorem. A 60 second baseline recording was made during
perfusion of standard aCSF for each spinal cord slice from the SG. The slice was

then perfused with 25 pM 4-AP (Sigma, UK) in standard aCSF for 45 minutes, to
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allow for the response to stabilise (Figure 5.4). Previous studies using 4-AP to
induce epileptiform activity in spinal cord slices have used either 50 or 100 uM 4-AP
(Ruscheweyh and Sandkuhler, 2003, Chapman et al., 2009). However, while this
induced highly reliable activity it would be difficult to determine if addition of other
compounds could enhance this activity further as it appears to be almost maximal
firing of the SG network. Therefore a lower concentration was used which was able
to reliably produce activity, but allowed scope for further increases in activity with
the addition of other compounds (Visockis and King, 2013). The Spike 2
configuration used for recordings was set to record one minute every 3 minutes as
usually approximately 30 minutes was required for an effect of the compound
perfused to materialise and reach a stable level, so not all the data was required for
analysis. Population spikes and rhythmic oscillations were induced by application of
4-AP. The effects of GABA and glycine receptor compounds were then tested
against this 4-AP induced activity. Each GABA and glycine receptor compound was
co-applied with the 4-AP diluted in standard aCSF for 45 minutes similarly with one
minute recorded every three minutes. This was then followed by perfusions with 4-
AP-containing aCSF (4-AP wash) to show if the activity could be recovered. An
aCSF alone wash was then done to show if the 4-AP-induced activity could

reversed to normal baseline levels.
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air supply

plastic beaker

nylon net base

glass beaker

Figure 5.1 Photograph of the spinal cord slice holder. The glass beaker is filled with
standard aCSF and the slice holder placed inside it. The slice holder is made from a plastic
beaker with the base removed and replaced with a nylon netting. The nylon net allows the

oxygenated aCSF to pass through it and is soft so that it does not damage the slices.
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Figure 5.2 Photograph of the interface chamber used for the single electrode slice
recordings. The flow of heated distilled water into the chamber warms the slice interface.
The warm air from the chamber passes into the slice interface through holes either side of
the interface. The slice interface is kept humid by placing glass slides on top of the interface
to retain the heat and humidity, leaving a gap for the microelectrode to enter the slice. The
tubing containing the perfusion solution is passed through the chamber so that it is also

heated before it enters the slice interface.
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Figure 5.3 A schematic diagram of the circuit used for the single electrode recordings from

the spinal cord slices.
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Figure 5.4 An example of a recording from the SG of a spinal cord slice using the single electrode extracellular recording technique. Illustrated here
are one minute sections of a recording from left to right with only the first of every three minutes recorded. The first minute section is the baseline
with standard aCSF perfusion. Following this aCSF containing 4-AP (25 uM) was then perfused from the time point indicated by the arrow. After 15
minutes (the 5" section) population spikes can be observed, which further increase in amplitude and frequency until after approximately 30 minutes

of perfusion of 4-AP where the activity stabilises.
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5.2.3 Spike 2 Data Analysis

The first minute of baseline and the final minute recorded in the presence of each
compound were used for analysis. The recordings were analysed in two ways, firstly
the underlying inter-spike interval oscillatory rhythmic activity of the superficial
dorsal horn network was studied. Fast Fourier Transform (FFT) Power Spectral
analysis was performed to quantify any changes in the inter-spike interval oscillatory
activity. The FFT analysis determines all the different amplitudes, frequencies and
phases which are the components of the oscillating activity of the slice recordings
and converts them to cosine waves. The power value is generated from the
amplitudes of each cosine waves for each frequency, with units of uVv? (10°v?). The
output of this analysis is a Power Spectra displaying the power at each frequency.
Therefore, the strongest frequency and how strong this frequency is can be
determined for a chosen time period of the recording and compared with different

sections of the recording where a compound was present.

The data were initially processed using the DC remove process in Spike 2, with a
time constant of 0.1 s. A low pass digital FIR (Finite Impulse Response) filter was
then applied to the recording, which reduces the noise of the recording and
enhances the remaining frequencies. A script was specially designed by C.E.D.
which removed the population spikes with amplitudes above a chosen threshold of
15 pV. The script detects the rising phase of a spike as it crosses the 15 pVv
threshold and removes the data 0.5 s before and after the spike leaving the inter-
spike interval regions of the recording (Figure 5.5). A minimum amplitude of 15 pVv
was chosen because the baseline voltage was typically between £10 pV, therefore
to distinguish between the baseline and a spike 15 uV was selected. Power spectra
could then be created from the inter-spike interval data for the 60 second epochs.
The Power Spectra had an FFT size of 8192 with a Hanning window function. From
the FFT analysis the peak power amplitude, area and frequency were determined

172



within the 4-12 Hz frequency range (Figure 5.6B). This frequency range was
selected because the power spectra show that this frequency was the most
dominant frequency range observed to occur with no other strong frequency range
detected, which has also been demonstrated previously (Chapman et al., 2009,
Visockis and King, 2013) (Figure 5.6A). In vivo recordings from the spinal SG region
have also detected similar frequency range, 6-13 Hz (Sandkuhler and Eblen-Zajjur,
1994). The second aspect of the analysis of the recorded data involved
characterising the changes in the population spikes. Spike amplitude and frequency
were characterised for large amplitude population spikes over 15 pV using Spike 2

for the same 60 second sections of the recordings.

5.2.4 Statistics

The percent change in each of the parameters from the power spectrum analysis
and the population spike analysis of the single electrode recordings was calculated
for each slice as paired data. The mean percent change in power area was then
determined from all the recordings with 4-AP and GABA, and displayed as a
histogram with the S.E.M. A minimum of 6 slices were recorded from for each
compound, with slices from at least 2 different rats. The data was analysed using
GraphPad Prism software. Two-tailed, paired T-tests or a repeated measure one-
way ANOVA, where values for each parameter were compared with the value of 4-
AP with a Dunnett’'s multiple comparisons test. A P<0.05 significance level was
used for t-test or one-way ANOVA analysis. On the graphs a P<0.05 is indicted by *,

P<0.01 by ** and P<0.001 by *** when comparing the values with 4-AP.
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Figure 5.5 Processing of extracellular recordings from the SG region of a rat spinal cord

slice for analysis of the rhythmic oscillations. (a) A 60 s section of a single electrode

extracellular recording from the SG region of a transverse lumbar spinal cord slice during

perfusion of 4-AP (25 uM). This display shows the large population spikes induced by 4-AP

of variable amplitudes, and the inter-spike interval regions of variable durations. (b) The

same section of the recording as shown in (a) following the removal of all population spikes

over 15 pV. This is the result of running the script written in Spike 2 software used to analyse

the data. The script was coded to remove the section of recording where the voltage crosses

the 15 pV threshold and removes 0.5 s either side of the spike. (c) An inter-spike interval

region of the recording in (b) magnified to illustrate the underlying oscillating activity of the

network within the superficial DH.
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Figure 5.6 A Power Spectra generated from FFT Power Spectrum analysis of the rhythmic
oscillations recorded from the SG region of the spinal cord slices. (A) An example Power
Spectra showing the frequency range from 0 to 60 Hz. The only dominant frequency range is
between 4-12 Hz. (B) An example Power Spectra showing the 4-12Hz frequency range and

illustrating how the three parameters, power amplitude, power area and peak frequency, are
measured.
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5.2.5 Materials

A full list of the compounds used in this study is shown in Error! Not a valid

bookmark self-reference., along with their details of concentrations and suppliers.

Table 5.1 List of compounds used in the single electrode extracellular acute spinal cord slice

recordings

Working
Concentration

Compound Action

Supplier References

Chapman et al.
K* channel (2009), Ruscheweyh
4-Aminopyridine blocker 25 uM Sigma and Sandkuhler
(2003), Visockis and
King (2013)
GABA, and .
GABA GABAg agonist 200 uM Sigma  Andersen et al. (1980)
Muscimol GABA, agonist 10 uM Sigma  Neal and Shah (1989)
. . Drasbek and Jensen
THIP GABA, agonist 10 uM Sigma (2006)
(Mirza and Nielsen,
L-838,417 GABA, PAM 10 uM Sigma  2006), (Nickolls et al.,
2011)
Bicuculline GABA, . Chapman et al.
Methiodide antagonist 50 uM Sigma (2009)
. GABA, . Drasbek and Jensen
Gabazine antagonist 10 uM Sigma (2006)
Ault and Nadler
Baclofen GABAg agonist 10 uM Sigma (1983), (Neal and
Shah, 1989)
GABAg Alfa Chub and O'Donovan
2-Hydroxysaclofen antagonist 10uM Aesar (1998)
. . . . (Kullmann et al.,
Glycine Glycine agonist 2mM Sigma 2002)
Chub and O'Donovan
. Glycine . (1998), Ruscheweyh
Strychnine antagonist 10uM Sigma and Sandkuhler
(2003)
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5.3 Results

5.3.1 GABAA Receptor Agonist and Antagonist Effects on Spinal Dorsal

Horn Activity

5.3.1.1 Rhythmic Oscillatory Activity

GABA, receptor agonist GABA (200 puM) did not significantly affect any of the three
parameters measured from the power spectral analysis (Figure 5.7). However,
muscimol (10 uM) decreased power amplitude from 9.24 to 4.2 uVv? (P<0.05) and
power area from 36.01 to 28.92 pV2.Hz (P<0.05) (Figure 5.8). Although, the power
spectra peak frequency was unchanged by muscimol (P>0.05). THIP (10 uM)
significantly decreased power amplitude from 10.76 pV? with 4-AP to 2.93 pV? with
4-AP and THIP perfusion (P<0.05). THIP also significantly reduced power area from
41.91 to 15.17 pV2Hz (P<0.05), but had no effect on the peak frequency (P>0.05)
(Figure 5.9). Furthermore, L-838,417 (10 uM), the positive allosteric modulator
(PAM) of GABA, receptors, significantly reduced power amplitude by 38.5% from
8.32 to 5.28 pV? (P<0.01). Power area was reduced by 34.1% on average from
39.09 to 27.5 uVv%Hz (P<0.05). Peak frequency was unaffected by this GABA

receptor PAM (P>0.05) (Figure 5.10).

GABA, receptor antagonist bicuculline (50 pM) significantly decreased power
amplitude and power area and significantly increased the peak frequency of the
Power Spectra analysis. The mean power amplitude was decreased from 6.74 to
2.22 uVv? (P<0.001), power amplitude was reduced from 29.1 to 11.95 pVZHz
(P<0.001) and peak frequency was increased from 6.19 to 7.06 Hz (P<0.01) (Figure
5.11). Gabazine (50 V), the second GABA, receptor antagonist investigated,
similarly decreased power amplitude and power area, and increased peak
frequency of the rhythmic activity in the SG of the spinal cord slices (Figure 5.12).

The power amplitude mean was decreased from 6.76 uV? with 4-AP to 4.59 pV? with
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4-AP and gabazine (P<0.05). The mean power area was decreased from 29.70 to
17.09 pV2.Hz by gabazine (P<0.01), while the peak frequency was significantly
increased from 7.06 to 7.71 Hz (P<0.05). The GABA, receptor antagonists were the
only compounds to significantly affect the peak frequency of the rhythmic activity in
the spinal DH recordings. A summary of all the effects of the GABA. receptor

compounds is listed in Table 5.2.

Table 5.2 A summary of the effects of the GABA4 receptor compounds on the 4-AP-induced
rhythmic activity parameters investigated. The symbols 1 and | indicated a significant
increase or decrease respectively in the parameter, n.s. indicates no significant change in

the parameter.

Effect on 4-AP-Induced Rhythmic Activity

Compound Power Power Peak
Amplitude Area Frequency
n.s n.s n.s

GABA

Muscimol l n.s n.s
THIP 1 ! n.s
L-838417 1 ! n.s
Bicuculline l !

Gabazine l !
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Figure 5.7 The effects of GABA (200 uM) on the 4AP-induced rhythmic activity in the SG
region of rat spinal DH. (A) Sections from the recording of a slice during perfusion of
standard aCSF, followed by aCSF containing 25 pM 4-AP and then aCSF with 4-AP and
GABA. (B) The power spectra generated from the recording in (A) for each condition. (C)

The mean power amplitude values during perfusion of standard aCSF, aCSF with 4-AP and
aCSF with 4-AP and GABA. (D) The mean power area values for each condition. (E) The

mean peak frequency values for each condition. (F) The overall percent change in each of

the rhythmic activity parameters comparing activity during perfusion of 4-AP to that with 4-

AP and GABA. (N=3, n=6)
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Figure 5.8 GABA, receptor agonist muscimol effects on the 4-AP-induced activity in the SG
of rat spinal cord slices. (A) One second sections of a recording during the perfusion of (i)
aCSF, (ii) aCSF with 4-AP and (iii) aCSF with 4-AP and muscimol. (B) The power spectra of
the data from the recording in (A) for each of the three conditions. The mean power
amplitude values (C), power area (D) and peak frequency (E) of the recordings during
perfusion of aCSF alone and with 4-AP and muscimol as indicated. (F) The percent change

in power amplitude power area and peak frequency from 4-AP to 4-AP with muscimol. (N=4,
n=8)
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Figure 5.9 The effects of GABA, agonist THIP on the 4-AP-induced rhythmic activity in the
spinal DH SG. (A) One second sections from a slice recording during perfusion of aCSF
alone (i), aCSF with 4-AP (ii) and aCSF with 4-AP and THIP. (B) The power spectra for the
recording shown in part (A). The power amplitudes (C), power area values (D) and peak

frequency values (E) for each section of the recording. (F) The percent change values for

power amplitude, area and peak frequency, comparing 4-AP induced activity with 4-AP with
THIP activity. (N=4, n=9)
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the 4-AP-induced rhythmic activity. (A) Three one second sections of a recording to show
the rhythmic activity during perfusion of aCSF alone, with 4-AP and with 4-AP and L-
838,417. (B) The power spectra for the recording in (A). The mean power amplitudes (C),
power areas (D) and peak frequencies (E) for the recordings with L-838,417 for each of the
sections in the recordings as indicated. (F) The percent change in the three parameters to
describe the rhythmic activity comparing the 4-AP activity to that with 4-AP and L-838,417
(N=2, n=6).
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Figure 5.11 GABA, receptor antagonist bicuculline effects on 4AP-induced rhythmic activity
in the SG laminae of a lumbar spinal cord slice recorded using single electrode extracellular
recording technique. (A) Inter-spike interval sections of a slice recording during perfusion of
(i) aCSF, (ii) aCSF with 4-AP and (iii) aCSF with 4-AP and bicuculline (50 uM). (B) The
power spectra for each section of the recording in part (A). (C) The mean power amplitudes
of each section of the slice recordings. (D) The power area values for each section of the
recordings. (E) The peak frequency values for each section of the recordings. (F) The
percentage change in each of the rhythmic activity parameters comparing 4-AP activity to
the activity with 4-AP and bicuculline. (N=4, n=11)
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Figure 5.12 The effects of gabazine on the 4-AP-induced rhythmic activity in the SG of
spinal cord slices recorded from using single electrode extracellular recording technique. (A)
Sections of a recording during perfusion of (i) aCSF alone, (i) aCSF with 4-AP and (iii) aCSF
with 4-AP and gabazine (50 pM). (B) The power spectra generated for each of the sections
of the recording described in part (A). (C) The mean power amplitude values for each
section of these slice recordings as indicated. (D) The power area values for each section of
the recordings. (E) The peak frequency values for each section of these slice recordings. (F)
The percent change in each of the rhythmic activity parameters, comparing the 4-AP activity
to that with 4-AP and gabazine (N=5, n=16).
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5.3.1.2 Population Spikes

GABA had a more profound effect on the population spikes, significantly increasing
spike frequency from 0.67 to 0.97 Hz (P<0.01) and spike amplitude from 22.29 to
40.06 pV (P<0.05) (Figure 5.13). Muscimol significantly decreased population spike
frequency from 0.70 Hz to 0.01 Hz (P<0.01). The mean population spike amplitude
decreased from 123.1 pV with 4-AP to 5.42 pV with the perfusion of 4-AP and
muscimol (P<0.001) (Figure 5.14). In all but one of the recordings with muscimol the
population spikes were completely inhibited. THIP similarly decreased spike
frequency from a mean of 0.76 to 0.36 Hz (P<0.05). However, spike amplitude was
unaffected, with a mean of 136.4 Hz during 4-AP perfusion to 133.6 Hz during
perfusion with 4-AP and THIP (P>0.05) (Figure 5.15). The GABA, receptor PAM, L-
838,417, did not affect population spike amplitude or frequency. The 4-AP mean
population spike frequency was 0.91 Hz, and with the addition of L-838,417 the
frequency was 1.06 Hz (P>0.05). The mean spike amplitude with 4-AP was 126.0

uV, and with 4-AP and L-838,417 it was 125.5 uV (P>0.05) (Figure 5.16).

Both GABA, receptor antagonists significantly decreased 4-AP—induced population
spike amplitude and frequency. In many of the slices the spikes were completely
abolished or had very few spikes remaining following perfusion of gabazine or
bicuculline. Bicuculline (50 uM) decreased spike frequency on average by 97 *
0.73%, from a mean of 0.59 to 0.02 Hz (P<0.0001). Spike amplitude was
significantly decreased by bicuculline on average by 73 + 5.93% from 115.80 to
35.58 pV (P<0.0001) (Figure 5.17). Gabazine (10 pM) decreased population spike
frequency on average by 93 £ 2.51% from a mean of 0.75 to 0.03 Hz (P<0.0001).
Spike amplitude was reduced by 73 £ 9.26% on average by gabazine, from a mean
of 113.7 to 23.9 pV (P<0.001) (Figure 5.18). A summary of the effects of the GABA,
receptor compounds on the 4-AP-induced population spikes in the SG of the spinal

cord slices are listed in Table 5.3.
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Figure 5.13 The changes in population spike frequency and amplitude by GABA (200 uM)
recorded in the SG of the spinal cord slices using single electrode extracellular recordings.
(A) The mean spike frequencies measured during perfusion of standard aCSF, aCSF with 4-
AP and aCSF with 4-AP and GABA, followed by a wash with 4-AP then a wash with aCSF to
show recovery of activity. (B) The mean spike amplitudes measured during each of the
same sections of the recording as indicated. (C) The percent change in spike frequency and
amplitude from those recorded during 4-AP perfusion and 4-AP with GABA perfusion. (N=3,
n=10)
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Figure 5.14 The changes in population spike frequency and amplitude in the SG of spinal
cord slices by GABA4 receptor agonist muscimol (10 pM). (A) The mean spike frequencies
measured during perfusion of standard aCSF, aCSF with 4-AP and aCSF with 4-AP and
muscimol, followed by a wash with 4-AP then a wash with aCSF to show recovery of activity.
(B) The mean spike amplitudes measured during each of the same sections of the recording
as indicated. (C) The percent change in spike frequency and amplitude from those recorded
during 4-AP perfusion and 4-AP with muscimol perfusion. (N=4, n=8)
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Figure 5.15 The changes in population spike frequency and amplitude in the SG of spinal
cord slices by GABA, receptor agonist THIP (10 uM). (A) The mean spike frequencies
measured during perfusion of standard aCSF, aCSF with 4-AP and aCSF with 4-AP and
THIP, followed by a wash with 4-AP then a wash with aCSF to show recovery of activity. (B)
The mean spike amplitudes measured during each of the same sections of the recording as
indicated. (C) The percent change in spike frequency and amplitude from those recorded
during 4-AP perfusion and 4-AP with THIP perfusion. (N=4, n=9)
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Figure 5.16 The changes in population spike frequency and amplitude in the SG of spinal
cord slices by GABA, receptor PAM L-838,417 (10 uM). (A) The mean spike frequencies
measured during perfusion of standard aCSF, aCSF with 4-AP and aCSF with 4-AP and L-
838,417, followed by a wash with 4-AP then a wash with aCSF to show recovery of activity.
(B) The mean spike amplitudes measured during each of the same sections of the recording
as indicated. (C) The percent change in spike frequency and amplitude from those recorded
during 4-AP perfusion and 4-AP with L-838,417 perfusion. (N=2, n=6)
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Figure 5.17 The changes in 4-AP-induced population spike frequency and amplitude in the
SG of spinal cord slices by GABA, receptor antagonist bicuculline (50 uM). (A) The mean
population spike frequencies measured during perfusion of standard aCSF, aCSF with 4-AP
and aCSF with 4-AP and bicuculline, followed by a wash with 4-AP then a wash with aCSF
to show recovery of activity. (B) The mean spike amplitudes measured during each of the
same sections of the recording as indicated. (C) The percent change in spike frequency and
amplitude from those recorded during 4-AP perfusion and 4-AP with bicuculline. (N=4, n=14)
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Figure 5.18 The changes in 4-AP-induced population spike frequency and amplitude in the
SG of spinal cord slices by GABA, receptor antagonist gabazine (10 uM). (A) The mean
population spike frequencies measured during perfusion of standard aCSF, aCSF with 4-AP
and aCSF with 4-AP and gabazine, followed by a wash with 4-AP then a wash with aCSF to
show recovery of activity. (B) The mean spike amplitudes measured during each of the
same sections of the recording as indicated. (C) The percent change in spike frequency and
amplitude from those recorded during 4-AP perfusion and 4-AP with gabazine. (N=5, n=16)
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Table 5.3 A summary of the effects of the GABA, receptor compounds on the 4-AP-induced
population spikes in the SG of the spinal cord slices recorded using single electrode
extracellular recordings. The symbols 1 and | indicated a significant increase or decrease

respectively in the parameter, and n.s. indicates no significant change.

Effect on 4-AP-Induced Population Spikes
Compound - - -
Spike Frequency Spike Amplitude
T T

GABA

Muscimol l !
THIP l n.s
L-838417 n.s n.s
Bicuculline

Gabazine l l

5.3.2 GABAg Receptor Compound Effects on Spinal Dorsal Horn Activity

5.3.2.1 Effects on the 4-AP-Induced Rhythmic Activity

The GABAg receptor agonist baclofen (10 uM) significantly decreased power
amplitude and area by an average of 82 + 3.7% and 81 + 3.4% respectively, but had
no effect on the peak frequency of the rhythmic activity (Figure 5.19). Baclofen
decreased power amplitude from a mean of 3.80 to 0.73 pV? (P<0.05), and power
area from a mean of 17.92 to 3.71 puV2.Hz (P<0.01). GABAg receptor antagonist 2-
hydroxysaclofen (10 uM) increased power amplitude and power area of the rhythmic
activity, while peak frequency was again unaffected (Figure 5.20). 2-
Hydroxysaclofen increased power amplitude on average by 121 + 57.7% from a
mean of 5.87 puV? to a mean of 10.27 uV? (P<0.05). Power area was increased on
average by 127 + 66%, from a mean of 29.69 to 52.39 uV?.Hz (P<0.05). A summary
of the effects of GABAg receptor agonist and antagonists on the 4-AP-induced

rhythmic activity in the spinal SG region is shown in Table 5.4.
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Figure 5.19 The effects of GABAg receptor agonist baclofen on the 4-AP-induced rhythmic

activity in the SG of spinal cord slices recorded from using single electrode extracellular
recording technique. (A) Sections of a recording during perfusion of (i) aCSF alone, (ii) aCSF
with 4-AP and (iii) aCSF with 4-AP and baclofen (10 pM). (B) The power spectra generated

for each of the sections of the recording described in part (A). (C) The mean power

amplitude values for each section of the slice recordings as indicated. (D) The power area

values for each section of the slice recordings. (E) The peak frequency values for each

section of these slice recordings. (F) The percent change in each of the rhythmic activity

parameters, comparing the 4-AP activity to that with 4-AP and baclofen. (N=2, n=6)
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Figure 5.20 The effects of GABAg receptor antagonist 2-hydroxysaclofen on 4-AP-induced

activity in the SG of spinal cord slices recorded from using single electrode extracellular

recording technique. (A) Sections of a recording during perfusion of (i) aCSF alone, (ii) aCSF
with 4-AP and (iii) aCSF with 4-AP and 2-hydroxysaclofen (2-OH-S) (10 uM). (B) The power

spectra generated for each of the sections of the recording described in part (A). (C) The

mean power amplitude values for each section of the slice recordings as indicated. (D) The

power area values for each section of the slice recordings. (E) The peak frequency values

for each section of these slice recordings. (F) The percent change in each of the rhythmic

activity parameters, comparing the 4-AP activity to that with 4-AP and 2-hydroxysaclofen.

(N=2, n=6)
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Table 5.4 A summary of the effects of the GABAg receptor agonist baclofen, and antagonist
2-hydroxysaclofen (2-OH-S) on the 4-AP-induced rhythmic activity. The symbols 1 and |
indicated a significant increase or decrease respectively, n.s. indicates no significant change

in the parameter.

Effect on 4-AP-Induced Rhythmlc Activity
Amplltude Area Frequency
Baclofen
2-HO-S T T n.s

5.3.2.2 GABAg; Receptor Signalling Effects on 4-AP-Induced Population Spikes

Baclofen significantly decreased population spike amplitude and frequency, with
almost all spikes being completely eradicated (Figure 5.21). The population spike
frequency was reduced by 99 + 0.21% on average from 0.52 to 0.003 Hz (P<0.05).
Spike amplitude was reduced from a mean of 120.8 to 9.5 uV, an average of 94 +
5.6% (P<0.05). Antagonist 2-hydroxysaclofen significantly increased spike
frequency but although increases in spike amplitude could be seen the effect was
not significant due to large variation (Figure 5.22). On average the population spike
frequency increased by 81 *+ 38% from 0.67 to 1.11 Hz (P<0.05). Spike amplitude
on average increased by 33 + 27% from a mean of 76.84 uV to 106.80 uV (P>0.05).

A summary of these effects are displayed in Table 5.5.

195



* & * * * *

>
%

o
®

Spike Frequency (Hz)
(=] o [=]
5 b =

B 200+

o
i

o
i

Spike Amplitude (pV)
=
o

& e &

C Spike Frequency Spike Amplitude
0-

»
i

&
b

4
i

Percent Change (%)

N
o
b

-125-

Figure 5.21 The changes in 4-AP-induced population spike frequency and amplitude in the
SG of spinal cord slices by GABAg receptor agonist baclofen (10 uM). (A) The mean
population spike frequencies measured during perfusion of standard aCSF, aCSF with 4-AP
and aCSF with 4-AP and baclofen, followed by a wash with 4-AP then a wash with aCSF to
show recovery of activity. (B) The mean spike amplitudes measured during each of the
same sections of the recording as indicated. (C) The percent change in spike frequency and

amplitude from those recorded during 4-AP perfusion and 4-AP with baclofen. (N=2, n=6)
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Figure 5.22 The changes in 4-AP-induced population spike frequency and amplitude in the
SG of spinal cord slices by GABAg receptor antagonist 2-hydroxysaclofen (10 uM) (n=6). (A)
The mean population spike frequencies measured during perfusion of standard aCSF, aCSF
with 4-AP and aCSF with 4-AP and 2-hydroxysaclofen, followed by a wash with 4-AP then a
wash with aCSF to show recovery of activity. (B) The mean spike amplitudes measured
during each of the same sections of the recording as indicated. (C) The percent change in
spike frequency and amplitude from those recorded during 4-AP perfusion and 4-AP with 2-
hydroxysaclofen.
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Table 5.5 A summary of the effects of the GABAg receptor agonist baclofen, and antagonist
2-hydroxysaclofen (2-OH-S) on the 4-AP-induced population spikes. The symbols 1 and |

indicated a significant increase or decrease respectively.

Effect on 4-AP-Induced Population Spikes
Compound - - -
Spike Frequency Spike Amplitude
Baclofen 1 !

2-HO-S 1 1

5.3.3 Glycine Receptor Agonist and Antagonist Effects on Spinal Dorsal

Horn Activity

5.3.3.1 Rhythmic Activity

The glycine (2 mM) was perfused on to the spinal cord slices and significantly
increased the 4-AP-induced power amplitude by 96.2 + 35.1% (P<0.05) from 0.062
nV? with 4-AP perfusion to 0.14 pV? with 4-AP and glycine perfusion. Power area
was increased on average by 74.3 + 28.2% from a mean of 0.23 to 0.320 uV2.Hz
(P<0.01) (Figure 5.23). The peak frequency of the oscillations was not affected by
glycine (P>0.05). Strychnine (10 uM), the potent and selective glycine receptor
antagonist, decreased the power amplitude and power area of the DH rhythm by
43.2 and 54.6% respectively, but did not affect the peak frequency (P>0.05) (Figure
5.24). Power amplitudes were decreased from a mean of 8.21 to 2.34 uV?
(P<0.001), and power area was decreased from 15.67 to 5.41 pV?.Hz (P<0.05).
Table 5.6 summarises the effects of glycine and strychnine on the 4-AP-induced

rhythmic activity in the spinal DH.
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5.3.3.2 Population Spikes

Glycine did not affect population spike frequency, the mean spike frequency with 4-
AP perfusing the slices was 6.98 Hz, and with glycine the frequency was 6.64 Hz
(P>0.05). However, the population spike amplitude was significantly increased by
197.2 £ 52.9% on average, from 70.3 to 139.7 pV (P<0.05) (Figure 5.25).
Strychnine reduced the population spike frequency by 83 + 7.4% from a mean of
0.70 to 0.12 Hz with strychnine (P<0.01). Strychnine’s effects on spike amplitude
were extremely variable, with an overall decrease of 40 + 36.2%, consequently no

significant effect was determined (P>0.05) (Figure 5.26).

Table 5.7 summarises the effects of glycine and strychnine on the 4-AP-induced

population spike amplitude and frequency in the DH of the spinal cord slices.
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Figure 5.23 The effects of glycine on 4-AP-induced activity in the SG of spinal cord slices
recorded from using single electrode extracellular recording technique. (A) Sections of a
recording during perfusion of (i) aCSF alone, (ii) aCSF with 4-AP and (iii) aCSF with 4-AP
and glycine (2 mM). (B) The power spectra generated for each of the sections of the
recording described in part (A). (C) The mean power amplitude values for each section of
the slice recordings as indicated. (D) The power area values for each section of the slice
recordings. (E) The peak frequency values for each section of these slice recordings. (F)
The percent change in each of the rhythmic activity parameters, comparing the 4-AP activity
to that with 4-AP and glycine. (N=3, n=7)
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Figure 5.24 The effects of glycine receptor antagonist strychnine on 4-AP-induced activity in

the SG of spinal cord slices recorded from using single electrode extracellular recording

technique. (A) Sections of a recording during perfusion of (i) aCSF alone, (ii) aCSF with 4-
AP and (iii) aCSF with 4-AP and strychnine (10 uM). (B) The power spectra generated for
each of the sections of the recording described in part (A). (C) The mean power amplitude
values for each section of the slice recordings as indicated. (D) The power area values for

each section of the slice recordings. (E) The peak frequency values for each section of these
slice recordings. (F) The percent change in each of the rhythmic activity parameters,

comparing the 4-AP activity to that with 4-AP and strychnine. (N=3, n=8)

201



-
o
I

o
(4]
1

Spike Frequency (Hz)

0.0-

B 200 - *k * Kk Jekd

Il H

—

@

o
L

Spike Amplitude (pV)
o =]
S °

C 300,

2001

100 -

Percent Change (%)

Spike Spike
1004 Frequency Amplitude

Figure 5.25 The changes in 4-AP-induced population spike frequency and amplitude in the
SG of spinal cord slices by glycine (2 mM). (A) The mean population spike frequencies
measured during perfusion of standard aCSF, aCSF with 4-AP and aCSF with 4-AP and
glycine, followed by a wash with 4-AP then a wash with aCSF to show recovery of activity.
(B) The mean spike amplitudes measured during each of the same sections of the recording
as indicated. (C) The percent change in spike frequency and amplitude from those recorded
during 4-AP perfusion and 4-AP with glycine. (N=3, n=11)
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Figure 5.26 The changes in 4-AP-induced population spike frequency and amplitude in the
SG of spinal cord slices by glycine receptor antagonist strychnine (10 uM). (A) The mean
population spike frequencies measured during perfusion of standard aCSF, aCSF with 4-AP
and aCSF with 4-AP and strychnine, followed by a wash with 4-AP then a wash with aCSF
to show recovery of activity. (B) The mean spike amplitudes measured during each of the
same sections of the recording as indicated. (C) The percent change in spike frequency and

amplitude from those recorded during 4-AP perfusion and 4-AP with strychnine. (N=3, n=8)
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Table 5.6 A summary of the effects of the glycine and strychnine on the 4-AP-induced
rhythmic activity in the SG. The symbols 1 and | indicated a significant increase or decrease

respectively, n.s. indicates no significant change.

Effect on 4-AP-Induced Rhythmic Activity

Compound Power Power Peak
Amplitude Area Frequency
1 1 n.s

Glycine

Strychnine l ! n.s

Table 5.7 A summary of the effects of the glycine and strychnine on the 4-AP-induced
population spike activity in the SG. The symbols 1 and | indicated a significant increase or

decrease respectively, n.s. indicates no significant change.

Effect on 4-AP-Induced Population Spikes
Compound - - -
Spike Frequency Spike Amplitude
n.s 0

Strychnine l n.s

Glycine

204



Tables 5.8 and 5.9 display a comprehensive list of the effects of all the compounds

tested on the spinal cord slices against the 4-AP-induced rhythmic activity (Table

5.8) and population spike activity (Table 5.9) in the SG of the spinal DH.

Table 5.8 Summary of the actions of each compound applied on the 4-AP-induced rhythmic

activity in the SG of the spinal cord slices. 1 signifies a significant increase in that parameter

compared to 4-APalone. | signifies a significant decrease in the parameter compared to

4AP, and n.s. signifies no significant change in the parameter.

Receptor Selectivity

Effect on 4-AP-Induced Rhythmic Activity

and Action Compound Power Peak
Amplitude Fower Area Frequency
GABA, Agonist GABA n.s. n.s. n.s.
GABA, Agonist Muscimol l n.s. n.s.
GABA, Agonist THIP l l n.s.
GABA, PAM L-838,417 l ! n.s.
GABA, Antagonist Bicuculline ! l i
GABA, Antagonist Gabazine | l )
GABAg Agonist Baclofen l l n.s.
GABAg Antagonist 2-Hydroxysaclofen ) 1 n.s.
Glycine Agonist Glycine ) 1 n.s.
Glycine Antagonist Strychnine l l n.s.
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Table 5.9 Summary of the actions of each compound applied on the 4-AP-induced

population spike amplitude and frequency in the SG of the spinal cord slices. 1 signifies a

significant increase in that parameter compared to 4-APalone. | signifies a significant

decrease in the parameter compared to 4AP, and n.s. signifies no significant change in the

parameter.

Receptor Selectivity

Effect on 4-AP-Induced Population Spikes

: Compound
N} (AETIEN Spike Frequency Spike Amplitude
GABA, Agonist GABA 0 0
GABA, Agonist Muscimol | l
GABA, Agonist THIP l n.s.
GABA, PAM L-838,417 n.s. n.s.
GABA, Antagonist Bicuculline | l
GABA, Antagonist Gabazine | l
GABAg Agonist Baclofen | l
GABAg Antagonist 2-Hydroxysaclofen 1 1
Glycine Agonist Glycine n.s. 1
Glycine Antagonist Strychnine | n.s.
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5.4 Discussion

The first aim of this chapter was to record hyperexcitability induced by 4-AP in the
SG of transverse spinal cord slices using extracellular single electrode recordings
and then perfuse GABA,, GABAg and glycine receptor compounds. There were no
spikes recorded prior to perfusing the slices with 4-AP, and there was no dominant
rhythmic activity frequency. 4-AP (25 uM) produced reliable hyperexcitability in the
SG recordings, but not at maximal activity, therefore allowing for further increases in
activity with the perfusion of other compounds to be detected, as well as decreases
in activity. The second aim of this study was to analyse the rhythmic activity of the
recordings induced by 4-AP, which changed following perfusion of many of the
compounds investigated. The third aim was to analyse the population spikes that
occurred in the presence of 4-AP and determine if these were affected by any of the
compounds investigated. All but one of the compounds applied to the spinal cord

slices affected the population spikes recorded in the SG.

5.4.1 4-AP Activity and LTP

Increases in rhythmic activity and population spike parameters could be the result of
plasticity of the synapses in the network. LTP of synapses has long been known to
result from an increased frequency or prolonged stimulation at a synapse (Bliss and
Lomo, 1973). This can arise from an increase in expression of AMPA receptors at
the synapse as a result of excessive NMDA receptor activation, and/or an increase
in AMPA receptor conductance and open probability (Manabe et al., 1992, Shi et al.,
1999, Lu et al., 2001, Collingridge et al., 2004). Synaptic strength can occur through
an increase in the probability of neurotransmitter release or an increase in the
amount of neurotransmitter released at the synapse (Benke et al., 1998, Banke et

al., 2000, Tomita et al., 2005). As explained in Chapter 1, rhythmic activity in the
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spinal DH is thought to be generated though an intrinsically active neuron or by a
specific network of interneurons. Enhancing depolarisation of the intrinsically active
neuron or of a network of interneurons in the DH by blocking the potassium
channels with 4-AP could lead to LTP by alleviating the voltage-dependent block of
NMDA receptors. This increased NMDA receptor activation would lead to LTP as
described above. The addition of compounds to the slices could either result in
further LTP or reverse the process by long-term depression (LTD), which results
from a reduction in stimulation of a synapse and internalisation of AMPA receptors.
The two components of the 4-AP-induced activity, population spikes and rhythmic
activity could occur due to the different components of LTP. For example, an
increase in rhythmic activity could be the effect of an increase in AMPA receptor
expression while an increase in population spikes could be due to the increased
neurotransmitter release. L-838,417, glycine and strychnine only affected the
rhythmic activity or one of the population spike parameters, which could result from
their influence in specific components of LTD or LTP. For example, the inhibitory
effect of stimulating the GABA, or glycine receptors with agonists is likely to reduce
NMDA receptor activity by repolarisation of the cell membrane. Consequently, this is
could result in the internalisation of AMPA receptors and therefore LTD of the
synapses within the network of the spinal DH. The effect may predominantly affect

the rhythmic activity more than the population spike activity of the network.

5.4.2 GABAa Receptor Agonists Decrease Rhythmic Activity and Population

Spikes with the Exception of GABA

Perfusion of GABA, receptor agonists muscimol, THIP and PAM L-838,417 reduced
either power amplitude or power area parameters, or both of the 4-AP-induced

rhythmic activity parameters. Only GABA did not significantly change these
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parameters. The effects of these compounds on the population spikes mostly
concur with their effects on the rhythmic activity, which suggests that the two
components of the 4-AP-induced activity are associated. This includes GABA, which
did not instigate a significant increase the rhythmic activity parameters, but did
increase population spike amplitude and frequency. However, L-838,417 did not
have any significant effect on the population spike parameters but did significantly

decrease both power amplitude and area of the rhythmic activity.

GABA and agonists of the GABA receptors are typically known for producing an
inhibitory, hyper-polarising effect in the CNS. However, it is widely accepted that in
neurons where there is a higher expression of the sodium-potassium-chloride
cotransporter 1 (NKCC1) and lower KCC2 the effects of GABA are depolarising,
producing excitation rather than inhibition (Zhang et al., 2006). NKCC1 accumulates
chloride ions inside the cell, along with sodium and potassium ions to balance the
electrical charge. KCC2 transporters export a chloride ion along with a potassium
ion to balance the charge. During early development there is a higher expression of
NKCC1 and lower expression of KCC2. It has been shown in rats that from
postnatal day 14 (P14) the expression of NKCC1 increases until P28, where it starts
to decline and remains low in adult rats. Whereas in mature neurons there is a
higher expression of KCC2 and a lower expression of NKCC1, as KCC2 expression
increases more slowly after birth and remains high in adult rats (Coull et al., 2003,
Zhang et al., 2006, Asiedu et al., 2012). Changing the expression levels of KCC2 is
sufficient to switch GABA polarity between inhibitory and excitatory (Lee et al.,
2005, Ben-Ari et al.,, 2007). In an immature state, when the GABA. receptor
channels are opened there is an efflux of chloride ions, which depolarises the cell,
enhancing excitability. In mature, adult rats this is reversed and opening of GABAA
receptor channels causes inhibition, due to an influx of chloride ions (Figure 5.27).

The age at which the switch in GABA occurs from being excitatory to inhibitory has
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not been consistently verified. Furthermore, it has been published that the GABA
switch is complete at different ages in different regions of the CNS. For example, in
the rat brainstem the switch in GABA has been reported to occur by P8
(Balakrishnan et al., 2003). In the rat spinal cord, GABA becomes hyperpolarising
by P6-7 (Baccei and Fitzgerald, 2004). In the retina there is evidence that the GABA
switch does not happen until P14-18 (Fischer et al., 1998). In this study the rats
used were P14, therefore according to previously published data in the spinal cord
the GABA switch should have occurred and therefore GABA should produce an
inhibitory effect. This is consistent with the GABA, receptor agonists investigated in
this study, and the PAM L-838,417, reducing the rhythmic activity and population

spikes.
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Figure 5.27 A schematic diagram of the switch in direction of chloride ion flux between immature and mature neurons as a result of a change in the
expression of the transporters KCC2 and NKCCs. Immature neurons have a higher expression of NKCCs and a lower expression of KCC2s, which
causes an accumulation of chloride ions inside the neuron. Therefore an opening of GABA, and or glycine receptor channels produces a net efflux
of chloride ions. The opposite occurs in the mature system where there is a low intracellular chloride ions concentration as a result of an increased

KCC2 expression and a decreased NKCC expression.
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The different effect on activity observed with GABA compared to the other GABA,
receptor agonists could be because it is the endogenous agonist of both the GABA,
and GABAg receptors. While GABA, receptors tend be located post-synaptically,
GABAg receptors are located both pre- and post-synaptically (Essrich et al., 1998,
Yang et al., 2002). Therefore GABAg receptors can either exert their effects by
inhibiting release of neurotransmitter pre-synaptically or by hyperpolarising the post-
synaptic cell, preventing propagation of action potentials. Therefore, depending on
the expression of GABA, and GABAg receptors in excitatory and inhibitory neurons
within the spinal DH network their activation could either produce an overall
inhibition or excitation of the network. This could explain the different outcome
observed with perfusion of GABA with the other GABA, receptor agonists which are
more specific to GABAA than GABAg. The selective GABA, agonists only exert their
influence on the GABA, receptors while GABA influences the activity of both GABA,
and GABAg receptors when perfused across the slices. Since GABA perfusion
increased the population spike frequency and amplitude this could suggest that the
activation of those GABA, and GABAg receptors located on inhibitory interneurons
dominated over the actions of GABA at these receptors located on excitatory

interneurons.

Alternatively, the perfusion of GABA on the spinal cord slices could result in
desensitisation of the GABA, and GABAg receptors from excessive stimulation due
to the high GABA concentration. There is evidence that desensitisation of GABAg
receptors results in their internalisation (Guetg et al., 2010). A desensitisation of
GABAg; receptors would reduce GABA inhibition as there would be fewer receptors
for GABA to bind, which could lead to disinhibition in the spinal DH network and
increase excitability. There is also evidence that excessive GABA, receptor
activation leads to membrane depolarisation as a result of a collapse in the chloride

concentration gradient, changing the flux of chloride ions through the GABAa
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receptors (Staley et al., 1995). This was suggested to result in a depolarisation of
the membrane and therefore remove the voltage-dependent block of NMDA
receptors by magnesium. The opening of NMDA receptors would then cause the
increase in excitability, which was observed with the perfusion of GABA in this
study. The depolarisation of the membrane by excessive GABA, receptor activation
has also been shown to be dependent on an efflux of bicarbonate ions, due to the
increase in intracellular chloride ions from the excessive activation of GABAa
receptors (Kaila et al., 1997). GABA, receptors are also permeable to bicarbonate
ions (Kaila and Voipio, 1987). The efflux of bicarbonate ions through the GABA,

receptors would lead to the depolarisation of the membrane.

GABA, muscimol, THIP and L-838,417 also exerts an analgesic effect in in vivo and
in vitro studies. GABA exerts prolonged analgesia following nerve injury in vivo
(Eaton et al., 1999). Muscimol also has analgesic effects for both thermal and
mechanical pain (Miletic et al., 2003). Intrathecal administration of muscimol
reduces inflammatory pain and allodynia that result from spinal nerve ligation
(Hwang and Yaksh, 1997, Kaneko and Hammond, 1997). Furthermore, THIP and
muscimol administration decreases mechanical allodynia following nerve injury
(Malan et al., 2002, Rode et al., 2005). THIP is selective for extrasynaptic GABAA
receptors, which typically contain a &-subunit, particularly receptors composed of
04330 subunits (Nusser et al., 1998, Brown et al., 2002, Krogsgaard-Larsen et al.,
2004, Shen et al., 2005). In the neocortex and cerebellum THIP increases d-subunit
containing GABA, receptor current, producing tonic inhibition (Brickley et al., 1996,
Drasbek and Jensen, 2006). Since THIP was the only GABA, agonist which did not
induce any effect on the population spike amplitude in this study, perhaps this is
related to this compound primarily binding extrasynaptic receptors. Extrasynaptic
GABA, receptor subtypes have longer decay kinetics, slower desensitisation and a

higher affinity for GABA which results in a prolonged, tonic inhibition of the neuron
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(Brickley et al., 1996, Saxena and Macdonald, 1996, Devor et al., 2001, Nusser and
Mody, 2002). These properties make these extrasynaptic receptors ideal targets for
novel analgesics, as there is the potential that a lower dose and/or frequency of

dose could be required reducing treatment-associated side-effects.

L-838,417 binds to the benzodiazepine site on GABA, receptors. The development
of this compound was considered a breakthrough in GABA receptor pharmacology
due to its high subtype-selective efficacy. L-838,417 does not modulate a1l-
containing GABA, receptors but enhances GABA response in a2-, a3- and a5-
containing receptors (McKernan et al., 2000). This is highly beneficial for the
analgesic properties of this compound, as without the efficacy at a1-containing
GABA, receptors this compound does not display sedative effects like many other
compounds but retains its properties as an analgesic and anxiolytic. In vivo
application of L-838,417 has been shown to exert anti-hyperalgesic effects in
inflammatory and neuropathic pain models (Knabl et al.,, 2008). Despite the
numerous advantages of this compound, L-838,417 could not undergo clinical trials
due to its pharmacokinetic limitations. Since the development of this compound
others have been designed based on its structure, including CTP-354, which retains
the advantageous properties of L-838,417 and has improved pharmacokinetics
(Knabl et al., 2008). CTP-354 is currently undergoing clinical trials for the treatment
of pain and spasticity resulting from spinal cord injury or multiple sclerosis
(CoNCERT Pharmaceuticals Inc, 2015). The results presented in this study show
that L-838,417 application to the spinal cord causes a decrease in the power
amplitude and area of the rhythmic activity, without affecting the population spikes in
the spinal DH. Therefore, the analgesic properties of L-838,417 are likely to be the
result of the change in rhythmic activity of the network. Consequently it could be
beneficial to design novel analgesics which exert the same effects on these

rhythmic activity parameters.
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5.4.3 GABA, Receptor Antagonists Decrease 4-AP-Induced Rhythmic

Activity and Population Spikes in the SG of the Spinal Cord

GABA, receptor antagonists bicuculline and gabazine both decreased the power
amplitude and area, and increased peak frequency of the rhythmic activity. These
were the only compounds to affect the peak frequency of the rhythmic activity. The
explanation of the GABA, agonists utilized in this study cannot be extended to the
antagonist bicuculline and gabazine. These antagonists produced an inhibitory
effect on the 4-AP-induced hyperexcitability, which is consistent with previously
published data that have also used this 4-AP model in the spinal DH (Ruscheweyh
and Sandkuhler, 2003, Chapman et al., 2009). Additionally, bicuculline reduced 4-
AP-induced activity in the neocortex, where similarly almost all spikes were inhibited
(Aram et al., 1991). The circuitry of the superficial DH network could explain the
phenomenon of the GABA, agonists and antagonists both producing an inhibitory
effect on the 4-AP-induced hyperexcitability. There is evidence of synapses
between two inhibitory interneurons within the spinal DH, as well as synapses
between excitatory and inhibitory interneurons (Zheng et al., 2010).Figure 5.28
illustrates two hypothetical series of interneurons in the superficial spinal DH which
both exist, according to previous reports, on the synapses between interneurons in
the DH. This explanation relies on GABA, antagonists acting only to inhibit those
receptors on the second inhibitory interneuron in Figure 5.28B. There is
considerable evidence for inhibitory interneurons in the spinal cord co-releasing
GABA and glycine (Bohlhalter et al., 1994). Furthermore, a group of interneurons
predominantly bicuculline-sensitive (GABA-dominant) and another group primarily
glycine-dominant have been identified in the superficial spinal DH (Takazawa and
MacDermott, 2010). If the first inhibitory interneuron in the hypothetical model is
GABA-dominant and the second is glycine-dominant, this would concur with the

effects observed with bicuculline and gabazine. The inhibition of the GABA,
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receptors at the first inhibitory synapse would prevent the second inhibitory
interneuron being inhibited. However, at the second synapse, inhibition of the
GABA, receptors would not prevent the inhibition of the postsynaptic excitatory
interneuron as glycine would be released at this synapse inhibiting the post-synaptic
interneuron leading to inhibition of the network activity. Inhibitory interneurons in
laminae I-llo may be GABA-dominant while those at the lamina II-Ill boarder are
mainly glycine-dominant (Inquimbert et al., 2007). The recordings made in this study
were from lamina Il, which is a likely region where there is a crossover, such that

there are some GABA- and some glycine-dominant interneurons.

Alternatively the effects of the antagonists could be explained by a depolarising
block. The blocking of inhibition by the GABA, receptor antagonists could result in
excessive excitation by the glutamatergic interneurons to the point where the
glutamatergic receptors reach a depolarising block (Bianchi et al., 2012). However,
no initial increase in oscillations or population spikes was observed in the recordings

with these antagonists from the time-point when they were applied to the slices.

There is evidence that application of 4-AP causes a downregulation of KCC2
(Rivera et al., 2004). A downregulation of KCC2 in the spinal DH would result in an
accumulation of chloride ions inside the interneurons, reverting the neurons back to
a state similar to that of an immature neuron as illustrated in Figure 5.27.
Consequently this would result in GABA, receptor activation having a depolarising
effect and therefore blocking this with an antagonist would have an inhibitory effect.
This would be consistent with the antagonists bicuculline and gabazine exerting an
inhibitory effect and with the perfusion of GABA having an excitatory effect.
However, the inhibition of activity seen with the other GABA, receptor agonists does
not fit with this notion. It is possible that as mentioned previously the actions of
these compounds could depend on the location of the GABA, receptors at which

these compounds are effective and the synapses between the interneurons, as
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proposed in Figure 5.28. If 4-AP does cause a change in the KCC2 expression and
therefore the intracellular chloride ion concentration switching GABA signalling from
inhibitory to excitatory, the hypothetical model circuitry proposed in Figure 5.28
would have to be switched so that the agonists and antagonists actions are

exchanged compared to those described.

Bicuculline increases allodynia and produces hypersensitivity, lowering pain
thresholds (Yaksh, 1989, Sivilotti and Woolf, 1994, Green and Dickenson, 1997,
Reeve et al., 1998, Sorkin et al., 1998, Malan et al., 2002). In spinal cord slice in
vitro studies bicuculline has been shown to produce hypersensitivity in DH neurons.
If bicuculline does produce a decrease in excitability in vivo as has been shown in
the results presented here then the mechanism by which this effect results in
enhanced nociception remains to be understood. In understanding this mechanism

the development of novel analgesics could be revolutionised.

217



® . ;
Excitatory interneuron Excitatory interneuron excites
excites inhibitory inhibitory interneuron
interneuron
Glutamate —— Glutamate | |nhijbitory interneuron releases
o Inhibitory interneuron 1% GABA to inhibit the second
releases GABA inhibitory interneuron
AN o eru—— A _l
GABA ~ost-synaptic excitatory GABA/Glycine GABA,/glycine receptors
° interneuron is inhibited ) inhibited by antagonist. Second
inhibitory interneuron not
v inhibited. GABA is released
Inhibition of network
FAN activity N l
GABA/Glycine . .
® Postsynaptic excitatory
interneuron is inhibited
N Inhibition of network activity
Excitatory Inhibitory
Interneuron Interneuron

Figure 5.28 Hypothetical models to account for the effects observed with the GABA,
receptor agonists and antagonists. (A) The circuit of two excitatory interneurons intercepted
by an inhibitory interneuron. In the presence of a GABA, receptor agonist this series of
interneurons would cause inhibition of the network activity. (B) A circuit where there are two
inhibitory interneurons in series. Activation of the first inhibitory interneuron would inhibit the
second preventing the second inhibitory interneuron from inhibiting the post-synaptic
excitatory interneuron thereby causing an increase in the activity. However, in the presence
of an antagonist of GABA, receptors, the inhibition of the second interneuron would be
prevented by the blocking of the GABA, receptors at the synapse. Thereby the second
inhibitory interneuron can inhibit the postsynaptic excitatory interneuron and thus inhibit
network excitability. This assumes that the antagonist of the GABA, receptors only works at
those receptors located on the inhibitory interneuron and not the final postsynaptic excitatory

interneuron.
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5.4.4 GABAg Receptor Agonist Inhibits and Antagonist Enhances 4-AP-

Induced Rhythmic Activity and Population Spikes

The GABAg receptor agonist baclofen produced an inhibitory effect on both the
rhythmic activity and population spikes. Additionally, the antagonist of the GABAg
receptor increased the activity. These results correlate with activation of GABAg
receptor producing hyperpolarisation, by inhibiting calcium channel conductance
and increasing potassium channel conductance (Chronwall et al., 2001). GABAg
receptors are located both pre- and post-synaptically, and are predominantly
expressed in lamina | and Il of the spinal DH. Pre-synaptically they inhibit calcium
channels and therefore prevent the release of neurotransmitters into the synaptic
cleft while post-synaptically they hyperpolarise the membrane by opening potassium
channels (Yang et al., 2001). The data of this study imply GABAg receptors are
involved in modulating the rhythmic activity within the spinal DH as well as the
population spikes. Baclofen has anti-nociceptive effects in rat models of neuropathic
pain and has been used clinically as an analgesic and anti-spastic drug (Sokal and
Chapman, 2003). Baclofen and PAM of GABAg CGP7930 act as analgesics to
mechanically induced visceral pain (Brusberg et al., 2009). In addition, it is effective
in the treatment of headache, migraines and trigeminal neuralgia (Hering-Hanit,
1999, Hering-Hanit and Gadoth, 2000, 2001). Interestingly, the CNS actions of
baclofen have a more significant role for its analgesic effects than in the periphery
(Gangadharan et al., 2009). Therefore, the effects of GABAg receptor signalling on
the spinal DH rhythm and spikes could explain the higher effectiveness of baclofen

in the CNS as opposed to the periphery.

The GABAg antagonist 2-hydroxysaclofen can reverse the inhibition and anti-
nociceptive actions of baclofen in vivo (Yajima et al., 2000). There is evidence of
GABAg receptors controlling the release of transmitter from primary afferents in the

spinal DH (Marvizon et al., 1999, Ataka et al., 2000). Since GABAg receptors are G-
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protein coupled receptors (GPCRs), they modulate the DH rhythmic activity and
population spikes by a different mechanism to the ionotropic GABA, receptors. This
could explain the differences observed between the antagonists of the GABAa
receptors and the GABAg antagonist 2-hydroxysaclofen. The GABAg receptors
control the release of GABA from inhibitory interneurons in the spinal DH by
regulating P/Q-type calcium channels (Yang et al., 2015). Therefore, baclofen
inhibiting the activity in the DH could act through preventing the inhibition of a

postsynaptic excitatory interneuron, as illustrated in Figure 5.28A.

5.4.5 Glycine receptor compound effects on spinal dorsal horn activity

As well as GABA, glycine is known as one of the main inhibitory neurotransmitters
in the CNS. Similarly to GABA, glycine produced an increase in the 4-AP-induced
rhythmic activity with the effects being significant for power amplitude and area.
Glycine also increased population spike amplitude but did not significantly increase
the frequency. Moreover, the potent glycine receptor antagonist strychnine reduced
power amplitude and area of the 4AP-induced rhythmic activity. The population
spike frequency and amplitude were also decreased. This is consistent with the
GABA, receptor antagonist effects. Therefore, it appears likely that the
electrochemical gradient of chloride ions is not the same as would be expected in
an adult. However, glycine is also a co-agonist of the NMDA receptor along with
glutamate (Papouin et al., 2012). Therefore, application of glycine is likely to
increase the activity of NMDA receptors which will in turn increase excitation. The
blocking of the glycine transporters has an analgesic effect in vivo (Haranishi et al.,
2010). By inhibiting glycine transporters the extracellular concentration of glycine
would increase, creating a similar state to that of applying glycine directly as done in

this study. This could suggest the mechanism of analgesia in the spinal DH is more
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complicated than that proposed in the hypothetical models in Figure 5.28.
Alternatively the notion that the chloride electrochemical gradient in the slice is
altered by 4-AP could similarly explain this phenomenon of glycine increasing
rhythmic activity and population spikes, which concurs with the inhibitory effects of
strychnine. The study of the role of glycine receptors is difficult due to the lack of
specific compounds acting at this receptor. Strychnine has long been used to
separate the effects of GABA from glycine due to its ability to selectively bind the
glycine receptor. Strychnine causes pain-like behaviour in animals when applied to
the spinal cord (Yaksh, 1989). Co-release of GABA and glycine from a single
neuron is known to occur in the superficial spinal DH (Keller et al., 2001). The
combined release of these neurotransmitters in the DH could be required for their

optimal effects.

5.4.6 Extracellular Recordings from Spinal Cord Slice Dorsal Horn as a

Model for Investigating the Network

This study has illustrated that this model of 4-AP activity in spinal cord slices,
recorded with extracellular recordings, can be utilised to record rhythmic activity in
the spinal DH as well as population spikes. The effects of the GABA,, GABAg and
glycine receptor drugs could also be determined. This recording technique is not
amenable to fast high-throughput screening, which does hamper its use in the initial
screening of multiple novel drugs. However, this model does provide a more intact
DH network platform which is more suited to investigating the physiology of the
spinal DH, and studying the rhythmic activity. Although the circuitry cannot be
identified through using extracellular recordings it does provide a mechanism in

which to study the network as a whole, which is more transferrable to in vivo
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studies. The spinal DH circuitry is unknown and its complexity limits the predictive

power of this assay.
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6 Multi-Electrode Array with Spinal Cord Slices and

Cultured Dorsal Horn Cells
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6.1 Introduction

A MEA typically consists of an arrangement of 60 titanium nitride electrodes
embedded in a glass base-plate recording area. MEAs come with various
arrangements of electrodes which can be of different sizes, distances apart and
arrangements (Multi Channel Systems, Germany). The electrodes on the base
recording area are surrounded so that there is a chamber in which cells can be
cultured or slices can be perfused. Each electrode on a MEA detects the
extracellular field potentials of the surrounding population of cells. Fast voltage
transients can be detected, which correspond to the combined action potentials of a
number of neurons in contact with the electrode. This recording technique can be
done over longer periods of time compared to intracellular recording methods (Spira
and Hai, 2013). The development of MEA technology is centred on improving our
understanding of neuronal network connectivity and their physiological function. The
research of neuronal networks has been limited by the -electrophysiological
techniques available. While extracellular recordings are stable for long duration
recordings from large populations of cells, intracellular recordings can measure
subthreshold membrane oscillations and individual cell EPSPs or IPSPs but are less
stable recordings (Spira and Hai, 2013, Kruskal et al., 2015). Intracellular recording
from hundreds of individual neurons simultaneously, where individual neurons could
be stimulated by current injection, would be the ideal technique to facilitate our
understanding of the involvement of individual neurons in network activity. Currently
there are a number of approaches which are tackling the development of such a
technique (Ojovan et al., 2015). Until the development of this technique is finalised,
MEA technology with slices or cultured cells provides a method by which the activity
of a neuronal network can be measured simultaneously at multiple sites across the
slice or cultured cell network (Streit et al., 2001, Xiang et al., 2007, Hill et al., 2010,

Baltz and Voigt, 2015). The electrodes of an MEA can cover an area of between
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700 um? to 5 mm? depending on electrode arrangement and electrode size (Multi
Channel Systems, Germany). Therefore, the firing behaviour across different brain
regions or multiple spinal laminae of a rodent tissue slice section can be detected
simultaneously. Furthermore, the synchronicity of activity across a slice or a
cultured network of cells can also be determined from MEA recordings. The primary
advantage of this type of extracellular recording over the single electrode recordings
is that the activity at 60 distinct locations on a tissue slice or culture is recorded

simultaneously, which enables comparisons to be made between multiple regions.

As used previously with the single electrode recordings from spinal cord slices, in
this chapter 4-AP was used to induce activity in the spinal cord slices with the MEA
recording technique. The 4-AP model of epilepsy has been investigated with MEA
technology with brain slices (Hill et al., 2010). MEA recordings from hippocampal
slices have shown that synchronous firing occurs with application of 4-AP (Grosser
et al., 2014). Grosser et al (2014) also confirmed that GABAergic interneurons
synchronously fire in these slices. These synchronously firing GABAergic
interneurons were proposed to be what gave rise to the recorded inhibitory local
field potentials (LFPs). In this study GABA,, GABAg and glycine receptor agonists
and antagonists were applied to the acute spinal cord slices and cultured DH cells
during MEA recordings to explore the roles of these receptors in the spinal DH
network and provide an indication of the utility of the MEA assay with the two in vitro

models for screening novel compounds.

In this chapter MEA spinal cord slice recordings have been compared with the
single electrode recordings from the DH of spinal cord slices. Consequently, this
allows for validation of both data sets as well as allowing for a comparison of the
recordings from the superficial DH with that from the deeper DH laminae and the
VH. MEA recordings using the cultured DH cells provide a non-invasive

electrophysiological technique to directly record the electrical activity of the culture
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network. The MEA recordings from the spinal DH cell culture can be compared with
that of the spinal cord slices, which will help to determine the potential of this cell
culture model for investigating the activity of the network of the superficial DH and
its potential as a screening platform for novel analgesics. Furthermore, the MEA
recordings performed using the cultured DH cells can also be compared with the
data obtained from the calcium imaging assays with the culture. The calcium
imaging experiments provided an indirect method to measure the whole network
activity and its responses to pharmacological compounds, while the DH culture MEA

recordings directly measure the electrical activity at multiple sites across the culture.

6.1.1 Aims

The aims of this investigation using MEA methodology, as applied to both acute

spinal cord slices and cultured DH cells, were:

1. To determine whether 4-AP-induced hyperexcitability recorded within SG using
the single microelectrode method in acute spinal cord slices can be replicated
under MEA recording conditions.

2. To use MEA technology to determine more fully the extent and spread of 4-AP-
induced hyperexcitability manifest across superficial and deep DH and VH.

3. To compare and contrast the effects of glycinergic and GABA-ergic
pharmacological tools on 4-AP-induced hyperexcitability recorded using either
the single microelectrode technique or MEA technology

4. To determine whether inhibition of the potassium chloride cotransporter KCC2
can modify 4-AP-induced hyperexcitability under MEA conditions

5. To determine whether spontaneous activity of the cultured DH cells detected
using the calcium imaging assay additionally manifests as electrical events that

can be recorded as population field activity using MEA technology.
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6. To evaluate the effects of glycinergic and GABAergic pharmacological tools on
spontaneous electrical activity recorded from cultured DH cells using MEA

technology.
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6.2 Methods

6.2.1 Multi-Electrode Extracellular Spinal Cord Slice Recordings

Traverse lumbar spinal cord slices from Wistar rats (12-16 days old) were cut to a
thickness of 350 um and incubated at 32°C in standard, oxygenated aCSF for one
hour as described previously in Chapter 5. After the incubation period a slice was
placed into the well of a perforated multi-electrode array (MEA) (Multi Channel
Systems, Germany). The MEA has 60 3-D microelectrodes arranged on an 8 x 8

grid, with an internal reference electrode (

A

it
=

Figure 6.1). The microelectrodes were of low density (electrodes spaced 200 um

apart, diameter 40 um, height 45 pum) and titanium nitrate-coated. Placing the MEA
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onto the preamplifier headstage platform in the rig the slice could then be seen
using an inverted CK40 Olympus microscope (Figure 6.2). The slice could be
moved around the base of the MEA using a pasture pipette with standard aCSF
solution to push the slice without damaging it and keeping it moist. The slice was

positioned so that as many electrodes as possible were located on the SG region (

Figure 6.3). To prevent the slice moving during the perfusion of the aCSF a harp
slice grid (ALA Scientific Instruments, USA) was placed on top of the slice using fine
forceps (Figure 6.3). This improves the contact of the slice with the electrodes
thereby reducing the noise of the recordings at the electrodes. The MEA was
clamped to the headstage between a heating element and the MEA1060-Inv-BC-PA
amplifier. The MEA1060-Inv-BC-PA amplifier was connected to a FA60SBC filter
amplifier, which in turn was linked to the computer with MC Rack software (Multi
Channel Systems, Germany) so that the signal can be digitised and the data
captured for analysis. The temperature of the heating element under the MEA chip
and that of an inline PHO1 perfusion cannula was controlled by a TC02 temperature
control unit. The temperature of the perfusing solution and the bath solution could
therefore be maintained at 37°C. A Minipuls 3 peristaltic pump (Gilson, Middleton,
USA) was used to perfuse the slice at a rate of 1.5-2 ml/min. The perfusion outlet
was operated by a constant vacuum pump (CVP), with the cannula outlet
submerged in the bath solution to remove aCSF. Therefore there was a continuous
flow of fresh, oxygenated aCSF either with or without a compound depending on the
stage of the experiment in progress. For each slice recording the baseline activity
was measured for one minute, followed by recording for 25 minutes with aCSF
containing 4-AP (25 uM). Each compound tested on the slices was perfused for a
subsequent 25 minutes, made in the aCSF with 4-AP solution. A list of the
compounds applied and their concentrations can be found in Table 6.1. Each

compound was typically tested on 6 slices (n) from at least two different rats (N).
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Compound Concentration (pM) Supplier Solvent

GABA 50 Sigma dH,0
THIP (Gaboxadol Hydrochloride) 50 Sigma dH,O
Muscimol 10 Sigma dH,0
Bicuculline methiodide 50 Sigma dH,0
Gabazine (SR-95531) 10 Sigma dH,0
Baclofen hydrochloride 10 Sigma dH,0
2-Hydroxysaclofen 10 Alfa Aesar DMSO
Glycine 1000 Sigma dH,0
Strychnine 10 Sigma DMSO
Gelsemine hydrochloride 30 Extrasynthese DMSO
VU0240551 30 Sigma DMSO

Table 6.1 List of compounds applied to the spinal cord slices during the MEA recordings,

with their concentrations, supplier and the solvent utilised to dissolve the substance.

6.2.2 MC Rack MEA Data Analysis

The MC Rack software was used for the analysis of the MEA recordings. Electrodes
were selected for analysis based on their location on the slice. Those electrodes
positioned in the SG region of the superficial spinal DH were used in the analysis
and compared with the data from electrodes in the deep DH laminae and ventral
horn (VH) according to the images taken for each recording. The recorded data was
initially run through a low pass filter with a cut-off frequency of 50 Hz. A spike sorter
was used to detect spikes, set at pre-trigger of 100 ms, post-trigger of 200 ms and a
dead time of 200 ms. The spike threshold level was set at -15 pV, spike analysers

could then be set up to determine the peak to peak amplitude and rate of firing.
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Values for these parameters were determined for the data during perfusion of 4-AP
and during perfusion of 4-AP with the drug of interest added to demonstrate the
change in activity as a result of the drug applied. Statistical analysis of the data sets
was performed using Graph Pad Prism 6 (GraphPad Software Inc., California,
USA). Two-tailed, paired t-tests were used to calculate significance probability
between the activity with 4-AP application to that with 4-AP and drug. A one-way
ANOVA with a Tukey post-hoc comparison was utilised to compare data sets of
each region of the spinal cord, the SG, deep DH and VH. The number of rats
utilised per compound tested is denoted N, with the number of individual slices

recorded from for each compound is denoted n.
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Figure 6.1 (A) A photograph of a perforated MEA probe demonstrating the green plastic
base plate with a circular glass centre, enclosed within a well. The electrodes are embedded
within the glass and connected to the gold plates that surround the central well. The pins on
the headstage of the MEA connect with the gold plates of the array. The photograph was
taken with an Xperia Z3 camera (Sony, UK). (B) A photograph of the electrodes on the
central glass base of the MEA, taken with Moticam 100 camera (Motic, Barcelona, Spain).

(C) An image of the MEA electrodes upon which the slice sits (image is modified from Multi
Channel Systems, Japan).
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Figure 6.2 Photographs of the MEA rig setup taken with an Xperia Z3 (Sony, UK). (A) The
inverted microscope with the preamplifier headstage and Moticam attached. This camera is
placed in one of the eye pieces of the inverted CK40 Olympus microscope (Olympus, UK) in
the rig on which the MEA preamplifier is situated. This camera was connected to the
computer, where Motic Images software was used for image capture. (B) A photograph of
the preamplifier headstage, consisting of the lower supporting plate and upper amplifier with
the connecting gold pins which are pressed down on to the MEA probe. The probe is placed
in the between the supporting plate and the upper preamplifier. The metal plate upon which

the MEA probe sits is temperature controlled, and set to 37°C.
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Figure 6.3 (A) A photograph of a lumbar spinal cord slice on an 8x8 MEA probe, taken with
the Moticam 100 camera (Motic, Barcelona, Spain). The SG laminae can be seen as more
transparent compared to the other laminae and is innervated by three electrodes in each
hemisphere of the slice which is indicated by arrows. (B) An image of the harp grid used as
a weight to hold the slice in place over the electrodes on the MEA. The harp weighs
approximately 0.4 g, consisting of glass-coated steel ring with polyimide-coated silica fibers

at Imm spacing. This photograph was taken using an Xperia Z3 camera (Sony, UK).
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6.2.3 Culturing Embryonic Dorsal Horn Cells on the MED64 Arrays

The MEA probes used for cell culture were MED64 probes (Alpha MED Scientific
Incorporated, Japan) (Figure 6.4). These were cleaned, sterilised and coated before
being used for cell culture. The probes were first treated with 0.1% polyethylenimine
(Fulka Analytical) diluted in 28 mM Borate Buffer (Fulka Analytical) at pH 8.4
overnight at room temperature. They were then rinsed with sterile distilled water 3
times before incubation with PBS (Sigma) containing 10% FBS Gold (PAA) and
10% horse serum for 1 hour at 37°C. The probes were rinsed with ethanol and left
to dry in a sterile hood, and then further sterilised by exposure to UV light for one
hour. Once sterilised the probes were kept in sterile 6 cm petri dishes (Thermo
Fisher Scientific, UK). As done previously for the plates, the MED64 probes were
coated with poly-D-lysine (>300,000 MW) for a minimum of 24 hours before use,
and coated with mouse laminin (0.01 mM) for at least 3 hours before the cells were
added and kept at 37°C. The tissue dissection from the embryos at E14 and the
processing for the DH tissue was performed as described previously in Chapter 2.
Once the cells were added to the MED64 probes with a cell density of 1.5 x 10°
cells/probe, the probes were then pulse spun to 1000 rpm using an eppendorf
centrifuge (Eppendorf AG, USA). The MED64 probes were kept in the sterile 6 cm
petri dishes and incubated at 37°C. The same procedure of media changes were

performed as described for culturing the cells on 96-well plates for up to 14 days.

6.2.4 MEDG64 Recordings with Cultured Dorsal Horn Cells

The cultured DH cells on the MED64 probes were recorded at day 12-14 in culture.
The media was removed and replaced with 1 ml HBSS (-/-) with added calcium
chloride (1.8 mM) and 1% HEPES, adjusted to pH 7.4 with sodium hydroxide and
warmed to 37°C. The MEDG64 array is placed on the MED connector headstage,
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which has gold contact pins to pick up the signals from the electrodes and transfer
them to the amplifier (Panasonic SU-MED640). The amplifier is connected to a
computer with Mobius software (version Win 7 0.3.9) (Alpha MED Scientific Inc.,
Japan) with the Spike Sorter package for data acquisition and analysis. Baseline
data was recorded for up to 5 minutes at which point a compound was directly
pipetted into the well of the MEA probe. The signals were then recorded for a further
5 minutes in the presence of the compound. This time frame was found to be
sufficiently long enough for all the compounds to exert their effects on the activity of
the culture and stabilise to allow time of the effects of the compounds on the activity
of the culture to be recorded. Further compound additions were done in the same
way, without washing out of the first compound. The compounds utilised in this
assay were GABA, muscimol, bicuculline, glycine, taurine, strychnine and
gelsemine. These are the same as those used in the slice MEA recordings as listed
in Table 6.1, with the addition of taurine which was supplied by Sigma, dissolved in
dH,O and applied to the cultures at 1 mM. All compounds were diluted in HBSS (-/-)
to the required concentration so that the final concentration in the well of the MED64
probe was as stated in the results. The MEA probe DH culture data for each
compound were obtained from a minimum of two different culture preparations from
different sets of embryos, except in the case of muscimol where only one of the DH

cultures on the MEA tested with muscimol displayed spontaneous activity.
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Figure 6.4 (A) A MEDG64 probe used to culture the DH cells. It consists of a glass base plate
with 64 embedded electrodes, which are enclosed in a well. Photograph taken with a Xperia
Z3 camera (Sony, UK). (B) A photograph of the array of electrodes on the base of the
MEDG64 probe, this was taken with an EVOS digital inverted microscope (AMG, Fisher
Scientific).
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6.2.5 Analysis of MED64 Recordings with Cultured Dorsal Horn Cells

All analysis was completed offline with a pre-defined workflow template in the Spike
Sorter software. Only those electrode channels in which spikes were observed
either before or after compounds were applied were analysed. Furthermore where
multiple electrodes were recording from the same cluster of cells, only two of the
neighbouring electrodes were analysed as they were considered to be identical
recordings from the same cells. These data were filtered with a 50 Hz filter. Using
the analysis template, spikes were detected according to a chosen threshold and
grouped according to their waveform similarity. For a distinct waveform type to be
classified as a cluster there had to be a minimum of 5 spikes that meet the same
waveform criteria determined by the software programme script. The threshold for
spike detection was between 10 uV. The spike frequency was determined for the
baseline data and in the presence of each compound. The effects of the compounds
on the cells was found to occur within 30 seconds following addition, therefore the
full 5 minutes of recording in the presence of the compound was used to determine
the spike frequency. On the MED64 system the compounds could not be washed
off, therefore the activity of the culture during consecutive compound additions is
overcoming the effects of the previous compound. The spike frequencies between
the baseline section and those sections of the recording with compounds were
compared with a paired one-way ANOVA followed by Tukey’s multiple comparisons
test using GraphPad Prism 6 (GraphPad Software, Inc.). The graphs are displayed
with significance stars, where * indicates p<0.05, ** signifies p<0.01 and ***
indicates p<0.001. All graphs are plotted with the mean £ S.E.M. The number of
individual preparations is denoted N, with the number of MEA recordings from the
cultured DH cells is denoted n. The total number of electrodes from all the MEA

recordings for each experiment included in the analysis is denoted e.
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6.3 Results

6.3.1 MEA Recordings Show 4-AP Induces Population Spikes throughout

the Dorsal Horn and Ventral Horn of Spinal Cord Slices

The MEA recordings from acute spinal cord slices illustrate that 4-AP induces
population spikes, similar to those observed in the single electrode extracellular
recordings. The 4-AP activity across the spinal cord slices was compared by
combining data from 28 MEA slice recordings. The mean spike amplitudes and
spike frequencies were determined for the SG, deep DH and VH for the 4-AP-
induced activity (Figure 6.5). The spike amplitude and frequency in the SG region
were not significantly different to those found in the deep DH. However, the mean
population spike frequency and amplitude in the VH were significantly lower than
that recorded in the SG and deep DH. The MEA slice recordings demonstrated that
the population spikes have a highly synchronised firing pattern across each of the
hemispheres of the slice. Typically it could be seen that the right and left DH
hemispheres of the slice had their own synchronous activity but are not

synchronous with each other (Figure 6.6).
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Figure 6.5 4-AP-induced activity in the SG, deep DH and VH of spinal cord slices on the
MEA (N=15, n=28). The mean population spike amplitude (A), and the mean population
spike frequency (B), calculated for the SG, deep DH and VH.
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Figure 6.6 The incidence of spikes at each electrode at a single 1 second time point in a
MEA recording from a spinal cord slice perfused with 4-AP. (A) Each box represents one
electrode of the MEA array, which is numbered according to the column and row in which it
is situated. For example electrode 34 is located in column 3, row 4 of the array. The location
of each electrode on the spinal cord slice from which the recording was made can be seen in
(B). When a spike is detected at an electrode according to a set threshold, the
corresponding box becomes coloured according to the pseudo-colour map shown. The
larger the spike amplitude, the further to the right of the pseudo-colour map the box
becomes (A). At the 1 second time point of this example, the electrodes recording from the
SG (12, 22, 32, 52, 62, 72 and 82) and deeper DH laminae (electrodes 13-84) have each
detected a population spike. Therefore, this illustrates the synchronous firing across the DH

networks, which are not synchronous with the VH.
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6.1.1.1 GABA. Receptor Agonists and Antagonists Modulate the 4-AP-Induced

Activity

Pharmacological tools were used to probe whether GABA, receptor signalling
contributes to the 4-AP-induced activity within the SG, seep DH and VH. This was
investigated using the agonists GABA, muscimol and THIP and the antagonists
bicuculline and gabazine. Perfusion of GABA (50 uM) significantly increased the
amplitude and spike frequency induced by 4-AP in the SG, deep DH and VH (Figure
6.7). Similarly application of THIP (gaboxadol) (50 uM) significantly increased the 4-
AP-induced spike amplitude and frequency in each of the three regions analysed,
except the spike frequency in the VH (Figure 6.8). The GABA, receptor agonist
muscimol (10 uM) significantly decreased 4-AP-induced spike amplitude and
frequency across the spinal cord slices in the DH and VH (Figure 6.9). The GABAA
receptor antagonist bicuculline (50 uM) significantly decreased the 4-AP-induced
population spike amplitude and frequency in the SG and deep DH, but had no
significant effect in the VH (Figure 6.10). Gabazine exerted similar effects to
bicuculline, significantly decreasing the 4-AP-induced spike frequency and
amplitude in the SG and deep DH. Additionally, gabazine decreased the spike

frequency and amplitude in the VH (Figure 6.11).
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Figure 6.7 The average spike amplitudes and frequencies in the SG, deep DH and VH
regions of the spinal cord slices determined from MEA recordings during the perfusion of 4-
AP and 4-AP with GABA (50 pM) (N=3, n=6). (A), (C) and (E) illustrate the population spike
amplitudes in the SG, deep DH and VH respectively during the perfusion of 4-AP and 4-AP
with GABA. (B), (D) and (F) show the spike frequency data in the SG, deep DH and VH
respectively during the perfusion of 4-AP and 4-AP with GABA.
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Figure 6.8 The mean population spike amplitude and frequency in the SG, deep DH and VH
of the spinal cord slices determined from MEA recordings during the perfusion of 4-AP and
4-AP with THIP (50 pM) (N=3, n=7). (A), (C) and (E) demonstrate the spike amplitude data
in the SG, deep DH and VH respectively during the perfusion of 4-AP and subsequent
perfusion of 4-AP with THIP. (B), (D) and (F) show the population spike frequency data in
the SG, deep DH and VH respectively during the perfusion of 4-AP and then with 4-AP with
THIP.
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Figure 6.9 The average population spike amplitude and frequency during the perfusion of 4-
AP and 4-AP with muscimol (10 uM) in the SG, deep DH and VH of the spinal cord slices
measured from MEA recordings (N=3, n=6). (A) The mean spike amplitude and (B) the
mean spike frequency in the SG of the spinal DH during 4-AP perfusion and during the
subsequent perfusion of 4-AP with muscimol. In the deep DH region of the spinal cord slice
(C) the mean spike amplitude and (D) spike frequency in the presence of 4-AP and 4-AP
with muscimol. The 4-AP and 4-AP with muscimol mean population spike amplitude (E) and

spike frequency (F).
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Figure 6.10 The average population spike amplitude and frequency in the SG, deep DH
and VH of spinal cord slices recorded using the MEA during the perfusion of 4-AP and then
with 4-AP with bicuculline (50 uM) (N=4, n=8). (A), (C) and (E) show the population spike
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246



Spike Amplitude SG ~N Spike Frequency SG
> I
~ 1.517
2 40 *k Kk k -
o [ g
°
3 [ s
=
= 0] 1 =
30 4
o o 1.0
£ o
<
)
g 204 x * %k K
= a
o n 0.51 I
n e
S 104 o
o J— =
i ]
= | 2 0.0 T T
o 0 T o 4-AP 4-AP+Gabazine
DO_ 4-AP 4-AP+Gabazine o
Spike Amplitude Deep DH < Spike Frequency Deep DH
< T
i ~ 1.51
= 401 * kK % >
o | g
°
S —- g
= E o
CL30 S 1.0 * kK K
E o
)
2 201 x
= a
o " 0.5
]
<
< 101 o
° =
= ©
< c
> | 200 T ——
a 0 T T ) o 4-AP 4-AP+Gabazine
E 4-AP 4-AP+Gabazine o
Spike Amplitude VH < Spike Frequency VH
< I
>1 = 151
~— 401 > * % Kk
o 2 [
° o
=2 ]
= . o
3 30 * % o 1.01
€ | L
< T )
© 204 x
X~ J_ =
a » 0.51
n e
c 104 o
o =
g 3
S 2 0.0 T I .| I
o 0 T T o 4-AP 4-AP+Gabazine
ch 4-AP 4-AP+Gabazine o

Figure 6.11 The average population spike amplitude and frequency recorded from the SG,
deep DH and VH of spinal cord slices on the MEA during perfusion of 4-AP and 4-AP with
gabazine (10 uM) (N=2, n=4). (A), (C) and (E) illustrate the spike amplitude data in the SG,
deep DH and VH respectively. (B), (D) and (F) demonstrate the spike frequency data in the
SG, deep DH and VH regions respectively.
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6.1.1.2 GABAz Receptor Agonist and Antagonist Modulate the 4-AP-Induced

Activity

GABAg agonist baclofen and antagonist 2-hydroxysaclofen were applied to the
slices on the MEA probes to determine if GABAg receptor signalling is involved in
controlling the hyperexcitability in the spinal DH. Baclofen significantly reduced the
amplitude and frequency of the population spikes induced by 4-AP in the SG and
deep DH (Figure 6.12). In the VH, baclofen significantly reduced amplitude but had
no effect on spike frequency. The antagonist 2-hydroxysaclofen significantly
increased the spike amplitudes in the SG, deep DH and VH. However, 2-

hydroxysaclofen did not change the frequency in any of these regions (Figure 6.13).

6.1.1.3 Glycine Receptor Agonists and Antagonists Modulate the 4-AP-Induced

Activity

Glycine (1 mM) significantly increased the spike amplitude and rate in the superficial
SG region, deep DH and in the VH (Figure 6.14). The glycine receptor antagonist
strychnine, highly selective for glycine receptors over GABA receptors, also
significantly increased population spike amplitude and rate in all these three regions
of the spinal cord slices (Figure 6.15). Gelsemine produced a significant decrease in
4-AP-induced population spike amplitude and frequency in the SG region of the
spinal DH. In the deep DH the frequency was also significantly reduced, however
the spike amplitude was significantly increased. Furthermore, gelsemine did not
have any effects on the 4-AP activity in the VH of the spinal cord slices (Figure

6.16).
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6.1.1.4 KCC2 Inhibitor VU0240551 Increases 4-AP-Induced Activity

The application of the KCC2 inhibitor VU0240551 to the spinal cord slices increased
spike amplitude in the SG, deep DH and VH regions. However this inhibitor had no
influence on the rate of spike firing in the DH. VU0240551 increased the frequency
of firing in the VH although the firing frequencies here were very low. There were no
spikes in the VH with 4-AP perfusion alone in these slices, and the addition of
VU0240551 only increased firing frequency to between 0.02 and 0.08 Hz in 6 of the

VH electrodes (Figure 6.17).

A summary of the effects of all the GABA, and GABAg receptor compounds on the
4-AP-induced activity recorded from the spinal cord slices on the MEA can be found
in Table 6.2. A summary of the effects of the glycine receptor agonist and
antagonist, and the KCC2 inhibitor VU 024551 on the 4-AP-induced activity in the

spinal cord slices on the MEA can be found in Table 6.3.

249



Spike Amplitude SG B Spike Frequency SG

*

409

301

N
1

204

|
T
1

104

]

0 T T 0.0 T T

Population Spike Amplitude (pV)
Population Spike Frequency (Hz)
o
B

4-AP 4-AP+Baclofen 4-AP 4-AP+Baclofen

C Spike Amplitude Deep DH D Spike Frequency Deep DH

* %

60 *

dOT
T

404

-

Population Spike Amplitude (pV)
Population Spike Frequency (Hz)

L 0.4
20
0.2
0 0.0 T ==
T T
4-AP 4-AP+Baclofen 4-AP 4-AP+Baclofen
E Spike Amplitude VH F Spike Frequency VH
—_
— N
> * I 0.87
EXLh ~
o o
c —_
° == o
5 5 0.6
= o
o
2 504 =
£ w
< O .44
] — 'E
x o
a wv
7
10 c
c 2 027 |
o -
— ©
- " |
© s
s S oo T
g' [9) T a 4-AP 4-AP+Baclofen
a 4-AP 4-AP+Baclofen

Figure 6.12 The mean population spike amplitude and frequency in the SG, deep DH and
VH during perfusion of 4-AP and 4-AP with baclofen (10 pM) recorded with the MEA (N=3,
n=7). (A) and (B) show the data for the SG during perfusion of 4-AP and then 4-AP with
baclofen. (C) and (D) illustrate the data for the deep DH and (E) and (F) show the data for
the VH.
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Figure 6.13 The mean population spike amplitude and frequency during perfusion of 4-AP
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values in the SG, deep DH and VH during the perfusion of 4-AP and 4-AP with 2-
hydroxysaclofen. (B), (D) and (F) demonstrate the spike frequency data in the SG, deep DH
and VH during perfusion of 4-AP and 4-AP with 2-hydroxysaclofen. 2-hydroxysaclofen only
influenced the spike amplitude and not the frequency of the 4-AP-induced activity.

251



Spike Amplitude SG

1501
*k kK

100

Population Spike Amplitude (pV)
Population Spike Frequency (Hz)

50
—
o
0 T
4-AP 4-AP+Glycine
C Spike Amplitude Deep DH D
S ~
2 10017 bl T
= =
o >
s c
2 807 o
= El
a o
€ o
< 607 -
o Ll
x x
a 404 a
v wv
o <
o
2] 2
© —_ ©
=1 3
o Q
o o " o
a 4-AP 4-AP+Glycine a
E Spike Amplitude VH F
; * % ~
= 407 T
= =
o >
k-] o
2 o
= 30+ 3
a o
£ T g
< w
L - L
2 20 1L =
a a
v (%]
o <
o 107 o
= =
© o
3 3
o o
o © T o
a 4-AP 4-AP+Glycine o

Figure 6.14 The mean population spike amplitude and frequency in the spinal cord slices
recorded with the MEA during the perfusion of 4-AP and 4-AP with glycine (1 mM) (N=2,
n=6). (A), (C) and (E) illustrate the spike amplitude data in the SG, deep DH and VH
respectively, during perfusion of 4-AP and then 4-AP with glycine. (B), (D) and (F) show the
mean spike frequency values in the SG, deep DH and VH during the perfusion of 4-AP and

4-AP with glycine.
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Figure 6.15 The mean population spike amplitudes and frequencies in the SG, deep DH
and VH regions of the spinal cord slices during perfusion of 4-AP and 4-AP with strychnine
(10 puM) recorded using the MEA (N=4, n=10). (A), (C) and (E) illustrate the spike amplitude
data for the SG, deep DH and VH during the perfusion of 4-AP and then 4-AP with
strychnine. (B), (D) and (F) shown the spike frequency values in the SG, deep DH and VH
during perfusion of 4-AP and then with 4-AP and strychnine. Strychnine increased both

spike frequency and amplitude across the spinal cord slices.
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Figure 6.16 The mean population spike amplitudes and frequencies recorded from spinal
cord slices using the MEA during perfusion of 4-AP and 4-AP with gelsemine (30 uM) (N=2,
n=4). (A) and (B) show the spike amplitude and frequency respectively in the SG region of
the spinal cord slices. (C) and (D) show the mean spike amplitude and frequency,
respectively, in the deep DH. (E) and (F) illustrate the mean spike amplitude and frequency,

respectively, in the VH of the spinal cord slices.
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Figure 6.17 The mean population spike amplitudes and frequencies from the SG, deep DH
and VH regions of spinal cord slices recorded from using the MEA during perfusion of 4-AP
and 4-AP with VU 0240551 (30 uM) (N=2, n=5). (A), (C) and (E) show the population spike
amplitude data in the SG, deep DH and VH during the perfusion of 4-AP and 4-AP with VU
0240551. (B), (D) and (F) illustrate the population spike frequency data in the SG, deep DH
and VH during perfusion of 4-AP and then 4-AP with VU 0240551.
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SG Deep DH VH

Amplitude Frequency Amplitude Frequency Amplitude Frequency

GABA 1 1 1 1 1 1
THIP 1 1 1 1 ) n.s
Muscimol ! ! l ! l !
Bicuculline | ! ! ) n.s n.s
Gabazine ! ! ! ! ! !
Baclofen | | l ! ! n.s
2-Hydroxysaclofen 1 n.s 1 n.s 1 n.s

Table 6.2 A summary of the effects on the 4-AP induced activity by the GABA, and GABAg
receptor agonists and antagonists applied to the spinal cord slices on the MEA. 1 indicates a
significant increase, | is a significant decrease and n.s stands for no significant change in
the 4-AP activity.

SG Deep DH VH

Amplitude Frequency Amplitude Frequency Amplitude Frequency

Glycine T T T T T T
Strychnine 1 1 1 1 1 1
Gelsemine ! ! 1 ! n.s n.s
VU0240551 1 n.s 1 n.s 1 T

Table 6.3 A summary of the effect of the glycine receptor agonist and antagonists and the
KCC2 inhibitor on the 4-AP-induced population spikes in the SG, deep DH and VH of the
spinal cord slices recorded from using the MEA. 71 indicates a significant increase, | is a

significant decrease and n.s stands for no significant change in the 4-AP activity.
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6.3.2 MEA Recordings with Cultured Dorsal Horn Cells Detect Spontaneous

Activity

It was exceptionally challenging to achieve healthy, spontaneously firing cells when
culturing the DH cells on the MEDG64 probes. One of the main problems was that a
large proportion of the cells did not adhere to the surface of the probes. A number of
factors were optimised to solve this issue. Firstly, centrifugation of the probes after
plating the cells improved adhesion of the cells to the base of the arrays. Secondly,
a higher molecular weight poly-D-lysine coating was utilised, which also aided cell
adhesion. As observed with the spinal DH culture on the 96-well plates, the density
of cells in the wells has a huge impact on the health of the culture and the
spontaneous firing. Therefore it was difficult to obtain spontaneous firing of the
cultures on the MED64 probes, as after 12-14 days in culture there were often
significantly fewer cells remaining due to poor cell adhesion. Despite these
complications, there were a number of healthy cultures on the MED64 probes which
did display spontaneous firing (Figure 6.18). An example of the spontaneous activity

of the DH cultures recorded with the MED64 MEA is illustrated in Figure 6.19.

6.3.2.1 The Spontaneous Activity of the Spinal Dorsal Horn Culture was Modulated
by GABA, and Glycine Receptor Agonists and Antagonists
The spike frequency detected from the baseline spontaneous firing of the culture on
the MED64 was variable between different cultures. The mean frequency of
spontaneous firing determined from combining all recordings from the MED64 was
0.45 + 0.08 Hz (N=9, n=13). Due to the limited number of MED64 probes with
successful cultures only a select number of compounds were investigated. GABA
receptor agonist GABA (50 uM) significantly reduced the spontaneous firing

frequency by 60.3% from 0.96 + 0.05 to 0.38 + 0.05 Hz. Subsequent addition of
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bicuculline (50 uM) to the culture increased spike frequency by 71 = 9.82%
compared to the frequency observed during GABA alone (Figure 6.20). The GABA,
receptor-specific agonist muscimol (10 uM) was also applied to the culture. This
abolished almost all spontaneous spikes from 921 spikes in 300 seconds of
baseline recording, to 5 spikes in the following 300 seconds in the presence of
muscimol. Bicuculline (100 uM) was applied after the addition of muscimol and
which restored some of the spike firing (538 spikes) (Figure 6.21). Table 6.4
summarises the results from the spinal DH cultures on the MED64 and the effects of

the GABA, receptor compounds.

To investigate the role of glycine receptor signalling on the DH culture electrical
activity, agonists glycine and taurine, and antagonists strychnine and gelsemine
were applied. Glycine (1 mM) significantly reduced spontaneous firing frequency by
64.6 £ 0.03% (Figure 6.22). Subsequent addition of gelsemine increased spike
frequency by 56.5 + 0.06% to a frequency that was not significantly different to the
baseline firing rate (Figure 6.22). Taurine (1 mM) did not significantly change the
spike frequency, but did decrease the baseline frequency by 14 + 0.04%. Strychnine
(10 uM) significantly increased spike frequency by 52.4 + 0.11% compared to the
frequency in the presence of taurine (Figure 6.23). Table 6.5 summarises the results
of the glycine receptor agonists and antagonists on the spinal DH cultures on the

MEDG64 probes.
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Figure 6.18 An image of the embryonic spinal DH culture on a MED64 probe after 13 DIV.
Despite the clustering of the cells, spontaneous electrical activity was detected from those
electrodes in direct contact or located next to the cell clusters. The image was taken with an
EVOS inverted microscope (AMG, Fisher Scientific).
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Figure 6.19 (A) A section of a recording from a MED64 probe with the DH culture at day 12, showing the baseline spontaneous activity. The two
horizontal white lines indicate the threshold level for spike detection (10 uV). The vertical coloured lines are those highlighted spikes that have
reached the threshold level. The different colours represent each of the different classes of spikes, categorised according to their waveform
similarity. (B) The spike frequency profile throughout a full recording from the DH cells on the MED64. Each dot represents the number of spikes at
that time point. The colours correspond to the different classes of spikes as shown in (A). Each section of the recording is indicated by the vertical

yellow lines at which point the compounds were added, in this case GABA (50 uM) at 300 seconds and bicuculline (50 uM) at 600 seconds.
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Figure 6.20 Embryonic spinal DH culture recording on the MED64, with GABA
receptor agonist and antagonist application. (A) A trace of spike frequency
against time from one electrode of a MED64 probe with cultured DH cells at 12
DIV. The first 300 seconds show the spontaneous firing activity. Each dot
represents the number of spikes occurring at that time point. The colours
represent the different classes of spikes, grouped according to their waveform
similarity. The following 300 seconds demonstrates the reduction of spikes in
the presence of GABA (50 uM) which was added at the 300 second time point.
The final 300 seconds shows the activity with addition of bicuculline (50 yM)
which was applied at the 600 second time point, without washing off the
previously applied GABA. (B) The mean spike frequency (+SEM) during each
of the sections illustrated in (A) (N=2, n=3, e=8).
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Figure 6.21 A MEDG64 recording with the spinal DH culture

. 41 where muscimol and bicuculline are applied to the culture. (A)
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Figure 6.22 The effect of glycine and gelsemine on the spinal DH culture
electrical activity using the MED64. (A) An example from one electrode of the
MEDG65 probe of the profile of the spike frequency against time. The first section
of the recording illustrates the DH culture baseline activity. The second section is
the DH culture activity in the presence of glycine (1 mM) and the final section is
the activity in the presence of gelsemine (50 uM). (B) The mean spike frequencies
recorded for each of the sections of the recordings described in (A) from the DH
cultures on the MED64. (N=4, n=6, e=35).
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Figure 6.23 The effect of taurine and strychnine on the DH cultures on
the MED64. (A) An example profile from one electrode of a recording with
taurine and strychnine. The spontaneous baseline activity is shown in the
initial section, followed by the spike frequency of the culture in the
presence of taurine (1 mM). The final section of the trace is the spinal DH
culture activity in the presence of strychnine (10 uM). (B) The mean spike
frequencies of the DH culture recorded at each electrode for the three

sections of the recordings described in (A) (N=2, n=3, e=8).
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Spike Frequency

GABA !
Muscimol !
Bicuculline )

Table 6.4 A summary table of the effects of the GABA, receptor agonist and antagonists
applied to the spinal DH cultures on the MED64 probes. 1 signifies a significant increase in

spike frequency and | indicates a significant decrease in spike frequency.

Spike Frequency

Glycine !

Taurine n.s
Strychnine 1
Gelsemine 1

Table 6.5 A summary table of the effects of the glycine receptor agonists and antagonists on
the spinal DH culture activity recorded using the MEDG64. 1 signifies a significant increase in
the DH culture spike frequency, | indicates a significant decrease in spike frequency and n.s

signifies no significant change in spike frequency.
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6.4 Discussion

6.4.1 MEA Spinal Cord Slice Recordings Detected 4-AP-Induced Activity
Throughout all Laminae of the Dorsal and Ventral Horns

Hyperexcitability

Utilising MEA technology with the acute spinal cord slices enabled the
measurement of activity to be made at multiple sites from within a single laminae of
the slice and across many different lamina simultaneously. Therefore the activity
from the SG, deep DH and VH of the spinal cord slices could be measured
simultaneously. Furthermore, obtaining data from multiple recording sites within the
SG results in greater statistical power of the data compared to the single electrode
recordings as described in Chapter 5. As shown previously in Chapter 5, there was
no spontaneous firing in the spinal cord slices recorded during the baseline period
prior to 4-AP perfusion. This is consistent with previous reports from spinal cord
slice recordings where there was a very low incidence of spontaneous activity or
none at all (Ruscheweyh and Sandkuhler, 2003, Taccola and Nistri, 2005). The
results presented in this chapter illustrate that 4-AP can be used to induce a
hyperexcitable state comparable to that which occurs in in vivo pain models
(Takaishi et al., 1996, Chapman et al., 1998b, Ruscheweyh and Sandkuhler, 2003,
Urch and Dickenson, 2003, Quinn et al., 2010). This hyperexcitability was similarly
observed in the single electrode recordings from the spinal cord slices as presented
in Chapter 5. Importantly, the MEA slice recordings completed for this chapter
demonstrate that the activity induced by 4-AP in the spinal cord slices manifests
more prominently in the DH than the VH (Figure 6.5). In the VH, 4-AP has been
previously demonstrated to induce repetitive firing which has been identified to not
be influenced by the DH 4-AP-induced activity but can be modulated by the
locomotor central pattern generator network activity (Taccola and Nistri, 2005).
Furthermore, synchronicity of the 4-AP-induced activity was detected within one DH
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region but little coherence between the two DH regions. Additionally, there was little
synchronicity between the DH and VH. These findings are consistent with previous

reports from hemisected spinal cord slices (Taccola and Nistri, 2005).

The subsequent increase in release of GABA from inhibitory interneurons activates
postsynaptic GABA, receptors, and an influx of chloride ions. The increase in
intracellular chloride ion concentration activates KCC2 co-transporters, which
causes an efflux of potassium and chloride ions (Viitanen et al., 2010). This
potassium ion efflux increases the extracellular potassium ion concentration, which
has been detected following 4-AP application to hippocampal slices (Morris et al.,
1996). Transient increases in extracellular potassium ion concentration have been
suggested to initiate the depolarisation of neighbouring neurons as well as shifting
the reversal potential of GABA, receptors to a more positive potential resulting in
weaker GABAergic inhibition (Avoli and de Curtis, 2011). Therefore, these
mechanisms increase neuronal excitability, and suggest how 4-AP initiates
epileptiform activity in CNS networks. By linking this mechanism with the previously
described ING and PING networks for generating rhythmic oscillations, the increase
in neuronal excitability by 4-AP could be the drive for these networks which then

synchronise neuronal firing and generate the oscillations.

The higher spike frequency and amplitude recorded from the DH compared to the
VH of the lumbar spinal cord slices could be the result of a lower expression of
KCC2 in the VH (Javdani et al., 2015). A lower expression of KCC2 in the VH would
result in less efflux of chloride and potassium ions following application of 4-AP and
consequently less neighbouring neurons in the network would be depolarised,
lessening the excitatory drive for the generation of rhythmic activity. Alternatively,
there is a lower expression of a number of GABA, receptor subunits in the VH
compared to the DH (Paul et al., 2012). This could similarly be the cause of the

reduced 4-AP-induced activity in the VH as there would be less influx of chloride
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ions through the reduced number of GABA, receptors resulting in a diminished
activation of KCC2 co-transporters. Therefore, there would be a smaller increase in
extracellular potassium ion concentration and a smaller excitatory drive for the

generation of rhythmic oscillations in the VH.

6.4.2 4-AP-Induced Activity in Spinal Cord Slices is Modulated by GABAA

Receptor Agonists and Antagonists

The GABA, receptor agonist GABA and the partial agonist THIP both enhanced the
4-AP-induced population spike frequency and amplitude in the SG, deep DH and
VH. The increase in excitability observed with the application of these GABA
receptor agonists could be the result of an increase in activity of the KCC2 co-
transporter as a result of a large increase in intracellular chloride ions following
GABA, receptor stimulation by the applied GABA, receptor agonists. As described
previously this may result in an increase in extracellular potassium ion concentration
which subsequently depolarises neighbouring neurons (Avoli and Jefferys, 2015).
Furthermore, blocking GABA, receptors with antagonists would have the opposite
effect, as was observed in the bicuculline and gabazine recordings. However, there
is evidence that 4-AP downregulates KCC2 expression (Rivera et al., 2004). A
downregulation of KCC2 would result in an accumulation of chloride ions inside the
neurons, consequently causing the activation of GABA, receptors to produce an
efflux of chloride ions and therefore depolarisation and an increased excitability.
This downregulation of KCC2 by 4-AP could similarly explain the decrease in 4-AP-
induced activity observed with GABA, receptor antagonists bicuculline and
gabazine. In the case of a downregulation of KCC2 and consequently an increase in
intracellular chloride ions, the blocking of GABA, receptors would prevent the efflux

of chloride ions and therefore decrease neuronal excitability. Under normal in vivo
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conditions bicuculline has been shown to cause hypersensitivity and allodynia in
rats (Yaksh, 1989). Assuming that the effects of the currently investigated GABA,
compounds are reversed in the in vitro spinal cord slice model due to changes in the
chloride electrochemical gradient by 4-AP, the results could be considered

equivalent to the published in vivo data.

Interestingly the GABAa receptor agonist muscimol significantly decreased
population spike frequency and amplitude in the SG, deep DH and VH. This is
opposite to the effects of GABA application, which could be explained through
GABA also binding to the GABAg receptor. Alternatively, as GABA is the
endogenous agonist, dramatically increasing the concentration of GABA
extracellularly could initiate changes intracellularly to prevent further production or
increase uptake and degradation of GABA which may over compensate and prevent
any GABA inhibition. Muscimol and bicuculline have previously been shown to both
decrease spinal network activity in vitro (Yoon et al., 2010). Furthermore, muscimol
decreases activity in the spinal cord of rats with a spinal cord injury, which can be
reversed by bicuculline (Wakai et al., 2005, Miyazato et al., 2008). Therefore, there
is potentially an alternative mechanism for the activation of GABA, receptors to
cause a loss of 4-AP-induced activity in the spinal cord networks. For example, a
decrease in intracellular chloride ion concentration has been linked with the intrinsic
pathway of apoptosis (Heimlich and Cidlowski, 2006). Therefore, an excessive block
of GABA, receptors with bicuculline could decrease the intracellular chloride ion
concentration, which could lead to cell death or possibly a loss of activity of the

neurons in the spinal cord slice consequently reducing activity.

269



6.4.3 4-AP Activity in Spinal Cord Slices is Modulated by GABAg Receptor

Agonist Baclofen and Antagonist 2-Hydroxysaclofen

GABAg receptor agonist baclofen significantly decreased 4-AP induced spike
amplitude and frequency in the SG and deep DH. In the VH, baclofen significantly
decreased spike amplitude but not spike frequency. Baclofen is used clinically as an
anti-spastic agent and muscle relaxant (Capek and Esplin, 1982, Miyazato et al.,
2008, Kuroiwa et al.,, 2009). There is also evidence that GABAg receptors are
involved in the pain pathway in both the periphery and in the spinal DH (Allerton et
al., 1989, Liu et al., 2014, Huang et al., 2015). Baclofen exerts an analgesic effect in
rodent pain models, including orofacial formalin model and chronic constriction of
the sciatic nerve (Franek et al., 2004, Nowak et al., 2013). Therefore, the results
presented here are consistent with previously reported in vivo and in vitro data with
baclofen reducing neuronal excitability. The GABAg antagonist 2-hydroxysaclofen
significantly increased spike amplitude in the SG, deep DH and VH, however there
was no effect recorded on the spike frequency in any of these regions. This
increase in excitability was reported previously where 2-hydroxysaclofen reversed
the effects of baclofen (Curtis et al., 1988). Since 2-hydroxysaclofen did not affect
the spike frequency and only amplitude, it is possible that there are different
mechanisms that modulate these different components of the population spikes. For
example, as discussed previously the frequency of the spikes could be determined
by the network and the gating of activity by GABAergic and glycinergic interneurons.
The amplitude of the population spikes could be dependent on synaptic strength,
which has been previously illustrated for GABA, receptor signalling (Chapman et

al., 1998a).
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6.4.4 4-AP Activity in Spinal Cord Slices is Modulated by Glycine Receptor

Agonist and Antagonists

Application of glycine to the spinal cord slices on the MEA significantly increased
the 4-AP-induced population spike amplitude and frequency in the SG, deep DH
and VH. This was also shown with the single electrode recordings from the DH of
spinal cord slices presented in chapter 5. Furthermore, the same effect was
observed with the GABA, receptor agonists GABA and THIP. Therefore, the
increase in activity in the presence of glycine could similarly be explained by a
change in the electrochemical gradient of chloride ions as a result of a
downregulation of KCC2 in the presence of 4-AP. Or the increased activation of
glycine receptors could add to the increased intracellular chloride ion concentration,
as similarly described for GABA. This could then increase KCC2 activity to produce
an increase in extracellular potassium ion concentration, which depolarises nearby
neurons thus increasing network activity. Alternatively, glycine is also a co-agonist
at the NMDA receptor, in addition to glutamate (Papouin et al., 2012). When
activated under normal physiological conditions, NMDA receptors produce
depolarisation of the cell and thus result in an increase in cell excitability (Chen et
al., 1997). Therefore, the increased extracellular glycine concentration in the spinal
cord slices could also produce an increase in the probability of NMDA receptor
channel opening, which would consequently increase excitability which was
detected with the perfusion of glycine. However, glycine is only a co-agonist of
extrasynaptic NMDA receptors (Papouin et al., 2012), which could be less involved
in the generation of synchronous network activity in the spinal DH. Furthermore,
previous reports using this model have shown that inhibiting NDMA receptors with
antagonist AP5 had no significant effect on 4-AP activity (Chapman et al., 2009).
This suggests that the NMDA receptor does not have a major role in the 4-AP-

induced activity within the spinal DH. Therefore, the effects of glycine perfusion
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observed here may well be through its actions at glycine receptors and not through

NMDA receptors.

Glycine receptor antagonist strychnine also produced a significant increase in 4-AP-
induced spike amplitude and frequency in all regions of the spinal cord slices
investigated. In the single electrode recordings for spinal cord slices strychnine
application decreased the 4-AP-induced activity. Previous studies have shown that
in vivo pharmacological activation of glycine receptors exerts an analgesic effect in
the spinal cord, while blocking glycine receptors increases symptoms of pain,
including allodynia (Beyer et al., 1985, Yaksh, 1989, Sivilotti and Woolf, 1994, Lynch
and Callister, 2006, Lu et al., 2013). Furthermore, in vivo patch-clamp recordings
from the SG have shown that strychnine blocks IPSPs (Narikawa et al., 2000). The
enhanced activity with application of both glycine receptor agonist and antagonist
could be explained by the circuitry of the inhibitory and excitatory interneurons. If
strychnine acts on those glycine receptors located on postsynaptic glutamatergic
interneurons, strychnine would prevent the inhibition of these excitatory
interneurons and therefore increase excitability. Additionally, as previously
explained in Chapter 5, synapses between two inhibitory interneurons have been
identified in the spinal DH (Zheng et al., 2010). If the application of glycine to the
spinal cord slices results in glycine predominantly activating the glycine receptors on
inhibitory interneurons this would enhance the inhibition of these inhibitory
interneurons. Consequently, these inhibitory interneurons would be prevented from
inhibiting postsynaptic glutamatergic interneurons and thus result in further

excitation.

Gelsemine binds the glycine receptor and exerts an analgesic effect as well as
muscle relaxation, sedation and anxiolytic effects (Zhang and Wang, 2015).
Furthermore, it is believed that gelsemine is selective for a3-containing glycine

receptors (Venard et al., 2008, Zhang and Wang, 2015). The data presented here
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illustrate that the application of gelsemine on the spinal cord slices produces a
significant decrease in 4-AP-induced population spike amplitude and frequency in
the superficial DH. In the deep DH gelsemine increased spike amplitude but
decreased spike frequency. While in the VH there was no significant change was
observed. The different effects in the different lamina could be due to the expression
of the glycine a3-containing receptors being primarily in the superficial DH (Harvey
et al., 2004). This would explain the lack of effect in the VH due to the absence of
the a3-containing glycine receptors, while gelsemine did modify the 4-AP activity in
the DH where the concentration of these receptors is the highest. The decrease in
activity in the presence of gelsemine is consistent with the analgesic effect of this
compound in vivo (Wu et al., 2015a, Zhang and Wang, 2015). Gelsemine has not
been used clinically due to its highly toxic and short-lived effects which limit its
dosage and therefore its applications as an analgesic (Wu et al., 2015a, Zhang and

Wang, 2015).

6.4.5 KCC2 Inhibitor VU0240551 Increases 4-AP Spike Amplitude in the

Spinal Cord

The KCC2 inhibitor VU0240551 caused an increase in spike amplitude in the SG,
deep DH and VH. However, it only increased spike frequency in the VH. Blocking
the KCC2 transporters likely produced an increase in spike amplitude as a result of
an increase in intracellular chloride ion concentration, as this co-transporter would
not be able to export chloride ions from the DH neurons. Therefore, the
electrochemical gradient chloride would be shifted and the opening of GABA, and
glycine receptor ion channels would lead to an efflux of chloride ions. Consequently
these neurons depolarise, thus increasing excitability. A shift in the chloride

electrochemical gradient from KCC2 downregulation similarly produces an increase
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in the excitability in the hippocampus where it increases seizure susceptibility
(MacKenzie and Maguire, 2015). Therefore, the results presented here are
consistent with previous findings. Pharmacologically targeting the KCC2 co-
transporter has been investigated in the spinal DH for the development of novel
analgesics (Coull et al., 2003, Zhang et al., 2008c, Hasbargen et al., 2010, Ford et

al., 2015).

6.4.6 Cultured Dorsal Horn Cells on the MEA Detects Synchronous and

Non-Synchronous Electrical Activity

Once optimised, the cultured DH cells on the MEA displayed some diverse activity
compared to that detected with the calcium imaging assay discussed in Chapter 3.
The calcium imaging experiments demonstrated a highly synchronous, rhythmic
activity of the culture. On the MEA the DH culture did have comparable
synchronous spontaneous field potentials across the culture. In addition, there were
non-synchronous spikes detected sporadically between the synchronous firing.
These non-synchronous spikes were likely undetected in the calcium imaging assay
due to these spikes exerting a smaller change in the fluorescence and the lower
sensitivity of the calcium imaging assay compared to the electrophysiological
recordings. However, the pharmacology was consistent with the calcium imaging
data. The results presented in this chapter show that the GABA, and glycine
receptor agonists GABA, glycine and taurine all decreased spike frequency. The
antagonists bicuculline, strychnine and gelsemine all increased spike frequency.
These results are consistent with these receptors exerting an inhibitory effect in this
network. Furthermore, these data are consistent with previous in vivo and in vitro
reports of agonists decreasing excitability and producing anti-nociceptive effects

and the antagonists increasing activity and causing pronociceptive effects (Beyer et
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al., 1985, Narikawa et al., 2000, Harvey et al., 2004, Racz et al., 2005, Harvey et al.,

2009, Haranishi et al., 2010, Wu et al., 2015a, Zhang and Wang, 2015).

6.4.7 Comparing the Potential of the Spinal Cord Slice and Spinal Dorsal

Horn Culture Models

Extracellular recordings from spinal cord slices provide a useful platform in which to
obtain information regarding the mechanisms of generating and regulating network
excitability. The development of the spinal cord slice technique has improved the
health of the slices and therefore the networks and recordings from them (Avoli and
Jefferys, 2015). The MEA technique provides a more powerful method of
investigating the slice activity compared to the single electrode recordings through
being able to obtain more data from a single slice and study the network
synchronicity. However, compared to the calcium imaging assay the MEA spinal
cord slice technique is a lower throughput technique. Furthermore, the problem
remains that the complexity of the spinal cord slice limits our understanding of the
data obtained from the extracellular recordings. The simplified DH cell culture
network provides an accessible model in which to gain further insight into network
synchronicity and rhythmicity. However, the differences in pharmacological
responses in the culture compared to the slices, which have a more intact network,
suggests that both models are required for a more complete understanding of
network activity. The culturing process of the DH cells could have resulted in the
loss of some vital component in the DH network which has manifested as a
difference in pharmacology. The DH culture network is likely to be less similar to the
in vivo DH network compared to the in vitro slice model. However, the data obtained
with the spinal DH culture in both the calcium imaging assay and the MEA was

highly consistent, while the spinal cord slice pharmacology with the single electrode
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recordings was not entirely consistent with the MEA recordings. Therefore, the
spinal DH culture model is more robust, and consequently potentially more

attractive for testing novel analgesics.

The MEA recording with the DH cells is extremely low throughput to test compounds
and achieving the required culture conditions is challenging. Recent advancement in
MEA technology has resulted in the development of multi-well plates with MEA
arrays in each well (ImwMEAS) (Axion Biosystems, USA). Cells can be cultured on
these MEA multi-well plates and recordings from all wells made simultaneously with
easy access for compound addition (McConnell et al., 2012). However, even with
this innovative technology the challenge of obtaining the optimal culturing conditions
for DH cells on the MEA remains. The MEA slice recordings provide a more cost-
effective and reliable recording method to study the network activity. Furthermore,
being able to compare the activity across the different lamina of spinal cord slices is
extremely valuable. Utilising both spinal cord slice and DH culture models on the
MEA also provides the opportunity to investigate the differences in the networks and
their pharmacology. Consequently the value of the culture as an in vitro model of
the DH network can be further assessed and used for the development of

analgesics.
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7 General Discussion
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7.1 Outline

This research aimed to address the development of in vitro models for the screening
of novel analgesics and investigate the role of GABA, and glycine receptors on the
spinal DH network activity. Currently available analgesics, including morphine and
its analogues, do not provide sufficient pain relief in all patients and are well-known
for their adverse side effects and abuse-liability (Stein, 2013). Therefore there is a
high demand for novel analgesics with improved efficacy and fewer side effects.
Over the past 20 years the greatest progress in the development of new analgesics
has been limited to the reformulation of opioids, production of anticonvulsants,
cyclooxygenase (COX) inhibitors and amine reuptake inhibitors (Woolf, 2010). The
limited advancement in novel analgesic development is partly due to a lack of
robust, reproducible, translational platforms to predict drug efficacy and investigate
the feasibility of proposed hypotheses (Borsook et al., 2014). Therefore this study
has utilised two in vitro model systems of the spinal DH, firstly the well-established
spinal cord slice model and secondly a developed and optimised primary cell culture
model. In addition to evaluating these two model systems as potential platforms for
screening novel centrally acting analgesics, the roles and mechanisms of inhibitory
GABA, and glycine receptors in the generation and modulation of spinal DH activity
were investigated. A summary of the overall effects of the compounds tested on

each model with the different techniques is provided in Table 7.1.

7.2 Primary Cell Culture of the Spinal Dorsal Horn

7.2.1 Characterisation of the Spinal Dorsal Horn Culture

In this study the development and optimisation of the embryonic spinal DH cell

culture has been described with the intentions of this model being utilised for
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screening novel analgesics and to investigate the physiology of the spinal DH
network. The spinal DH culture was characterised to determine the expression of
cell types existing in the ex-vivo spinal cord slice, with a focus on the expression of
GABA, and glycine receptor subunit expression. Immunohistochemistry was used
to illustrate proportions in the expression of neuronal cells, glia and microglia in the
DH culture and as well as that of excitatory and inhibitory interneurons. The
proportion of inhibitory and excitatory interneurons in the DH culture was found to
be typical of the spinal DH in ex-vivo spinal cord slices, with 30-40% inhibitory and
60-70% excitatory (Polgar et al., 2003). Each of the GABA, and glycine receptor o
subunits were expressed in the DH culture, with the expression of the glycine
receptor B subunit and glycine transporters 1 and 2 detected by RT-PCR. Absolute
quantification RT-PCR revealed the expression of the glycine receptor a1 subunit
was only two-fold higher than the a2 subunit, and approximately seventeen-fold
higher than a3 subunit expression in the DH culture. The reverse was true in the
adult human spinal cord mRNA, where the expression of the glycine receptor a3
subunit was approximately twenty-fold higher than the a1 expression when the
numbers of molecules for each a3 splice variant are combined. The novel finding in
the adult human spinal cord mRNA was that the K variant of the glycine receptor a3
subunit is more highly expressed compared to the L variant. The expression of the
two splice variants of the a3 subunit has been investigated in the hippocampus
where there is a higher expression of the a3L variant in rodents and humans.
Furthermore, in humans with temporal lobe epilepsy (TLE) the expression of the
a3K variant is increased at the expense of the a3L variant expression (Eichler et al.,
2009). This implies that glycine receptors are fundamentally required for the
regulation of network rhythmic oscillations and a3-containing glycine receptors play
a key role. The K variant of the a3 subunit is missing 15 amino acids in the
intracellular loop compared to the L variant, and has faster desensitizing receptor
kinetics (Nikolic et al., 1998). The frequency of rhythmic oscillations in the brain are
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also influenced by GABA, receptor kinetics (Wang and Buzséaki, 1996). Therefore, it
is highly probable that differences in glycine receptor subtype kinetics could also
influence the frequency of oscillations in the spinal DH network. If this is the case,
the lower expression of the glycine receptor a3 subunit relative to the a1 subunit in
the DH culture compared to the human spinal cord suggests a lower relative
expression of the glycine receptor a3 K variant. Consequently, a smaller proportion
of glycine receptors will have faster desensitisation kinetics which could decrease
the generation and frequency of the rhythmic oscillations in the DH culture
compared to the human spinal cord. These differences in the networks should be

taken into account when using the DH culture model to screen novel compounds.

Further classification of the inhibitory interneurons in the spinal DH cell culture was
performed to show co-localisation of the inhibitory interneurons with nNOS and PV.
PV-expressing inhibitory interneurons in the brain are required for the generation of
gamma oscillatory activity (Sohal et al., 2009, Volman et al., 2011). Therefore the
occurrence of rhythmic activity in the DH culture could be linked to the PV-
expressing inhibitory interneurons. Importantly there was also strong positive
staining for KCC2 in many of the DH culture’s inhibitory interneurons, implicating
that these interneurons could have a similar chloride electrochemical gradient as the
mature spinal DH network (Rivera et al., 1999, Coull et al., 2003). The prevalent
expression of KCC2 in the DH culture implies that the embryonic neurons have
matured during the 12 to 14 day period of culturing. Therefore, GABA and glycine

neurotransmission in the DH culture is likely to be inhibitory.
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7.2.2 GABAergic and Glycinergic Neurotransmission Regulate Spinal

Dorsal Horn Culture Rhythmic Oscillations

Calcium imaging and MEA techniques were used to measure the activity of the
cultured DH cells. Spontaneous, rhythmic firing of the DH culture network was
detected with both these techniques. Calcium imaging is an indirect measure of
neuronal activity, measuring the flux of intracellular calcium (Grienberger and
Konnerth, 2012), while MEA recordings measure the extracellular electrical activity
of the network (Spira and Hai, 2013). The calcium imaging with the BD Pathway
system enabled visualisation of the spontaneous, highly synchronised, rhythmic
network activity. This technique was invaluable during the optimisation of the
culture, however, the throughput is extremely low and therefore the remaining
calcium imaging data was obtained using the Flexstation microplate reader. The
Flexstation assay provides a higher throughput technique to investigate the effects
of compounds on the culture, although smaller oscillations in activity go undetected.
The MEA recordings provide a more detailed account of the culture’s activity,
detecting some additional smaller spikes and measuring the duration and amplitude
of population spikes. The electrical activity of the DH culture measured from 64
electrodes simultaneously across the culture using the MEA also demonstrated
synchronous firing of the cells. However, culturing the cells on the MEAs was
particularly problematic and it is a very low throughput assay but the cultured cells
on the MEA are extremely accessible. The spontaneous activity measured using
calcium imaging and MEA techniques was lessened with application of GABA, and
glycine receptor agonists including GABA, muscimol, glycine and taurine.
Antagonists of these receptors, including bicuculline, gabazine, strychnine and
gelsemine, all enhanced the spontaneous activity of the spinal DH cultures. This
suggests the chloride electrochemical gradient is similar to mature neurons, as the

stimulation of glycine and GABA, receptors had an inhibitory effect. This is
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supported by the KCC2 expression in the culture illustrated from the IF staining.
Furthermore, these results illustrate that the rhythmic oscillatory activity of the spinal
DH culture requires inhibitory neurotransmission. This finding is supported by
previous reports of the fundamental requirement of inhibitory neurotransmission for
oscillatory rhythmic activity in the brain and spinal cord in in vitro slice models and
spinal cord cell cultures (Sandkuhler and Eblen-Zajjur, 1994, Streit et al., 2001,

Chapman et al., 2009, Kim et al., 2015, Kuki et al., 2015).

7.2.3 Glycine Receptor siRNA Gene Silencing in the Spinal Dorsal Horn

Culture

Due to the lack of glycine receptor subtype-selective compounds, | employed an
siRNA gene silencing technique in the DH culture to further investigate the role of
the glycine receptor subtypes in the DH network oscillatory activity. Unfortunately,
the siRNAs used in this study for the glycine receptor a subunits 1-3 were not all
selective, as indicated by RT-PCR results in the DH cultures transfected with each
of the siRNAs. Only the glycine receptor a3 siRNA selectively silenced the
expression of the glycine receptor a3 subunit, the other two siRNAs knocked-down
the expression of their target subunit and the a3 subunit. Each of the glycine
receptor siRNAs caused a significant loss of the spontaneous rhythmic oscillations
in the culture. This emphasises the key role for the glycine receptor in the
generation of the spontaneous rhythmic activity, and could suggest that the glycine
receptor a3 subunit is primarily responsible as its expression was knocked down by
all three siRNAs. The loss of rhythmic activity in the DH culture could be the result
of the culture not reaching the same mature state as observed with untreated DH
cultures, since the siRNA was transfected 3-4 days before the culture is considered

to have fully matured. Glycine receptors have been linked with formation of
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synapses and the maturation of networks (Ben-Ari, 2001). However, the majority of
the cultures were still responsive to strychnine and glycine which produced the
same effects as observed in the untreated cultures. This implicates the existence of
glycine receptors within the culture and that the culture has matured to a state
where glycine receptor transmission is inhibitory which occurs in vivo during
postnatal development (Ben-Ari et al., 2007). Although the cultures transfected with
each of the glycine receptor siRNAs all responded to strychnine which increased
activity, the a3 siRNA transfected cultures were the only cultures not to respond to
glycine addition in terms of the spike frequency or area under the curve. Therefore,
this further indicates a prominent role for the a3-containing glycine receptors in the
DH over the other two receptor subtypes. This result is consistent with other reports
of the a3 glycine receptors in the spinal DH being selectively involved in pain
conditions, particularly inflammatory pain (Harvey et al.,, 2004, Racz et al., 2005,
Harvey et al., 2009). Consequently, designing compounds that are selective for the
glycine receptor a3 subtype could lead to the production of novel analgesics with
reduced adverse side effects. Obtaining subunit-selective siRNAs are required to
more definitively determine if the a3-glycine receptors are truly the primary subtypes

involved in the spinal DH network activity.

7.3 Spinal Cord Slice Recordings

7.3.1 GABA, and Glycine Receptors Modulate the 4-AP-Induced Rhythmic

Activity

In the spinal cord slice single electrode and MEA recordings the application of 4-AP
produced hyperexcitability, which could be seen across the slice in the MEA
recordings. Furthermore, the MEA recordings illustrated that the 4-AP-induced

activity was highly synchronous across the DH. The 4-AP-induced activity has been
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previously used as a model of epilepsy in brain slices (Gonzalez-Sulser et al., 2012)
and in spinal cord slices as a model of neuropathic pain (Ruscheweyh and
Sandkuhler, 2003, Asghar et al., 2005, Chapman et al., 2009). The data obtained
from the dorsal and ventral horns of the spinal cord slices using the MEA recordings
illustrated that the 4-AP-induced activity in the DH had a higher spike frequency and
amplitude compared to that observed in the VH. An additional benefit of the MEA
recordings over the single electrode slice recordings was that there are more
electrodes recording from each of the laminae which produce more statistically
powerful data. Therefore while the changes in 4-AP-induced activity following
application of compounds to the slices using each of these techniques were the

same, the MEA recordings produced the most statistically powerful data.

Antagonists of the GABA, receptor, bicuculline and gabazine, decreased the 4-AP-
induced spike frequency and amplitude in the single electrode and MEA recordings,
which is consistent with previously published data in the spinal DH system
(Ruscheweyh and Sandkuhler, 2003, Chapman et al., 2009). While initially this
might seem counterintuitive, it is possible that the block of inhibitory
neurotransmission is required for the generation of the rhythmic oscillations by
synchronising the excitatory activity. The proposed models of rhythmic oscillatory
activity, ING and PING described in section 1.5 of chapter 1, require inhibitory
interneurons to generate the rhythmic activity. There is evidence for these models in
the hippocampus, where stimulating inhibitory interneurons increased the gamma
oscillations while hyperpolarising them decreased the oscillations (Cardin et al.,
2009, Sohal et al., 2009). In comparison, the stimulation of excitatory interneurons is
less effective in increasing the oscillations (Cardin et al., 2009). In the spinal DH
culture bicuculline increased the activity, this infers potential differences in the

network circuitry or the mechanisms of generation of the 4-AP activity compared to
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the spontaneous firing of the culture. If this is the case, caution is required when

utilizing these models to screen for novel analgesic compounds.

Interestingly the glycine receptor antagonist strychnine increased the 4-AP-induced
population spike frequency and amplitude in the MEA slice recordings. The increase
in activity following the application of strychnine to the spinal cord slice is consistent
with the blocking of glycine inhibition resulting in increased excitation. This has been
indicated in the brain, where a reduction in glycine inhibition can produce
epileptiform activity (Shen et al., 2015). In agreement with the current data, a more
pertinent example is that bicuculline and strychnine produce opposite effects in the
spinal DH following application of 4-AP in the spinal DH (Ruscheweyh and
Sandkuhler, 2003). Furthermore, glycine application to the slices also produced an
increase in the 4-AP-induced spike amplitude and frequency in the recordings
obtained using both techniques. The action of glycine could be explained from
glycine also acting as a co-agonist at NMDA receptors (Papouin et al.,, 2012).
NMDA receptors are typically excitatory, therefore an increase in glycine
concentration is likely to increase NMDA receptor activation and consequently
produce the increase activity in the DH network. The different response to
application of glycine in the spinal cord slices further suggests that the networks are
not the same, or that the 4-AP-induced activity involves different mechanisms of

generation compared to the spontaneous firing of the DH culture.

The GABA, receptor partial agonist L-838,417, which selectively mediates its
actions through a2, a3 and a5-containing GABA, receptors reduced 4-AP-induced
rhythmic activity in the spinal DH as observed using the single electrode recordings.
This result demonstrates that activation of these subtypes of GABA, receptors is

sufficient to modulate the excitatory activity in the spinal DH. Therefore developing
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novel compounds which selectively target these GABA, receptor subtypes could be
advantageous in minimising adverse side effects (Knabl et al., 2008). THIP and
muscimol similarly decreased the rhythmic oscillatory activity in the spinal DH, as
observed using single electrode recordings. THIP is an agonist of GABA, receptors
but an antagonist of GABA., receptors. Therefore, despite the antagonism of
GABA,, receptors, the 4-AP-induced activity was still reduced by THIP, which could
have occurred because GABA,, receptors are not significantly involved in

modulation of the spinal DH network activity.

In MEA recordings the blocking of KCC2 with VU0240551 increased the 4-AP-
induced spike amplitude in the DH and VH. In theory the blocking of KCC2 would be
predicted to prevent the transportation of chloride ions out of the cells to maintain a
low intracellular chloride ion concentration. Therefore, the opening of the GABA,
and glycine receptor ion channels would have an efflux of chloride ions, rather than
the normal influx of chloride ions which causes hyperpolarisation of the cell. The
same effect was found with VU0240551 in the DH culture, which further confirms
that the culture has matured to a state where GABA. and glycine receptor
neurotransmission is inhibitory. The modulation of the rhythmic activity in both the in
vitro models investigated in this study clearly depends on the chloride ion

electrochemical gradient and the signalling through GABA, and glycine receptors.

GABAg receptors also modulated the 4-AP-induced rhythmic activity, with the
agonist baclofen decreasing the rhythmic activity and population spikes in the single
electrode and MEA recordings. In contrast GABAg receptor antagonist 2-
hydroxysaclofen enhanced the 4-AP-induced activity, in the spinal cord slice
recordings by single electrode and MEA techniques. Baclofen and 2-
hydroxysaclofen similarly decreased and increased the DH culture activity
respectively. Evidence suggests that there is no downregulation of GABAg receptors

in the spinal DH in models of neuropathic pain (Engle et al., 2006). The reduction in
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the GABA, receptor signalling in the spinal DH in pain conditions could prevent the
effectiveness of analgesics targeting the GABA, receptor. Therefore, the sustained
GABAg receptor expression in the spinal DH in pain conditions is advantageous for
targeting these receptors in the design of novel analgesics. However, the limited
subtypes of the GABAg receptor family could imply a potentially large array of side
effects following administration of GABAg receptor-targeting compounds (Bowery,

2006).

7.4 Conclusions

The two in vitro model systems investigated in this study have been utilised to
illustrate that GABA,, GABAg and glycine receptor signalling is able to modulate the
rhythmic oscillatory activity of the spinal DH network. Furthermore, the a3-
containing glycine receptors play a key role in this mechanism of modulating the
network activity, which has also been indicated in human spinal cord. Additionally,
the spinal DH network activity is also dependent on KCC2 activity, which maintains
the chloride electrochemical gradient and consequently the effects of GABA and
glycine neurotransmission within the network. Consequently, designing novel

analgesics that target these receptors could be efficacious.

The newly developed and characterised spinal DH culture model platform had many
similarities with the spinal cord slice physiology in terms of the cell types present
and the proportions of excitatory and inhibitory interneurons. The culture was easily
transferable to be utilised in multiple techniques. However, discrepancies between
the responses to a number of compounds in the spinal DH culture network and the
spinal cord slice recordings indicate there are differences in the two models. This
could relate to the 4-AP inducing activity that is different to the inherent,

spontaneous activity of the DH culture. Alternatively the culturing of dissociated
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embryonic DH cells could result in the formation of a network which is fundamentally
different to the in vivo spinal DH, and thus also differ from the in vitro spinal cord
slice model. The reliance of cell culture models to investigate novel analgesics could
be the reason why many pharmaceutical companies have not been able to progress
many of their compounds through clinical trials. However, the complexity of the
spinal cord slice model prevents a complete interpretation of the data obtained from
this model. Further characterisation of both these models is necessary to advance
our understanding of how the spinal DH rhythmic activity is generated and
modulated. These models provide initial screening platforms for analgesics, which
could be utilised to indicate which compounds have the potential to be advanced to
pre-clinical studies with in vivo animal models. Therefore, these in vitro models
reduce the number of in vivo animal experiments by enabling an initial selection of

the most promising compounds.
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Spinal Dorsal Horn Cell Culture Acute Spinal Cord Slice

Compound
GABA l l ND
THIP NA NA
Muscimol l
Diazepam l NA NA NA
L-838417 NA NA l NA
Bicuculline methiodide T T l l
Gabazine (SR-95531) T NA l l
Baclofen hydrochloride l NA l l
2-Hydroxysaclofen 1 NA 1 1
Glycine l 1 1
Taurine l NA NA
CP-802079 hydrochloride l NA NA NA
Strychnine 1 1 ! )
Gelsemine hydrochloride T T NA ND
VU0240551 T NA NA T

Table 7.1 A summary of the overall effect of each of the compounds tested on the spinal DH
cell culture model and the acute spinal cord slice model for each technique. S.E. stands for
the single electrode recording technique, 1 indicates a significant increase in activity, |
indicates a significant decrease in activity, NA = not applicable or not tested and ND = not
defined.
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