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Abstract

This thesis examined novel neuropathic pain endpoints for their reproducibility, reversibility and
translatability to identify if they could improve how we measure neuropathic pain preclinically.
Burrowing, an ethological behaviour that can be objectively measured in rodents was impaired in
the streptozotocin (STZ) type-1 diabetic rat model of neuropathic pain. Burrowing deficits developed
slower (from day 18) than measures of neuropathic pain using the classical evoked technique of von
Frey paw withdrawal thresholds (from day 9). Only home caging an STZ diabetic rat with a control rat
improved the STZ diabetic rat’s individual burrowing level. Whilst the first line neuropathic pain
treatment pregabalin did not rescue burrowing deficits in STZ diabetic rats at 3, 10 or 30mg/kg
doses. This was despite all three doses of pregabalin reversing paw withdrawal thresholds
measurements of neuropathic pain. The burrowing deficits in the STZ diabetic rats up to day 18 were
also not caused by changes in locomotor activity or gait. Ultimately this indicated that burrowing is a
likely measure of the animal’s overall wellbeing that may prove useful as a secondary endpoint in
neuropathic pain studies.

The welfare of the STZ diabetic rats used in these and future studies was refined through the
characterisation of a lower single 55mg/kg dose of anomer-equilibrated STZ. This lower single dose
of STZ successfully produced mechanical allodynia that was reversed by pregabalin (10-30mg/kg)
and a diabetic phenotype of hyperglycaemia (>16mmol/L), polydipsia and polyphagia. At the same
time the STZ dose reduced the bodyweight loss and toxicity side effects of STZ administration,
improving the welfare of these animals across three separate studies. It was identified that
increased blood glucose levels correlated with increased weight loss as well as kidney and liver
hypertrophy in these STZ diabetic rats. This is an important step to encourage researchers in this
field to use insulin as a rescue measure to minimise excessive bodyweight loss and hyperglycaemic
complications. Furthermore, whilst classical evoked measures of paw withdrawal threshold have
limited translatability potential, a refinement to the current technique by omitting social isolation
during preclinical testing was identified.

Locomotor activity is another ethological behaviour that can be measured objectively in animals. In
rats that developed neuropathic pain after chronic constrictive injury (CCl) surgery to the sciatic
nerve of the hind paw, locomotor activity levels were decreased. Decreased locomotor activity was
identified as early as 3 days after CCl surgery but was not identified in STZ diabetic rats within the
first 3 weeks. The reduced amount of locomotor activity in CCl rats is reminiscent of the decrease in
neuropathic pain patient’s activity levels. Locomotor activity levels and mechanical allodynia in CCI
rats were rescued by 10mg/kg ketamine, a novel analgesic that is potentially more efficacious than
currently available treatments such as pregabalin (10mg/kg) which reversed mechanical allodynia
but not locomotor activity levels. Therefore, measuring home cage locomotor activity levels in CCl
rats (but not STZ diabetic rats) could provide an objective and translatable neuropathic pain
endpoint.

Sleep disruption is a common comorbidity experienced by neuropathic pain patients that can lead to
worse pain outcomes. Sleep fragmentation was identified in CCl rats through electroencephalogram
(EEG) recordings by measuring the average length and number of sleep/wake bouts and particularly
short periods of wakefulness. The development of sleep fragmentation in CCl rats was fully reversed
by 10mg/kg ketamine and partially reversed by 10mg/kg pregabalin. These results were obtained

whilst using an automated sleep/wake scoring algorithm that can greatly increase the efficiency and
reduce the cost of preclinical EEG screening studies. However, in the oxaliplatin single dose model of



transient chemotherapy induced peripheral neuropathy (CIPN), sleep fragmentation was not
identified. This demonstrates that sleep disruption endpoints in CCl rats (but not CIPN rats) are
sensitive to analgesic treatments, can be measured objectively and are translatable to human
patients.

Sleep/wake amounts and EEG power spectral measurements of pain were also assessed as potential
neuropathic pain endpoints. CCl rats spent more time asleep and similar results were identified in
the CIPN rats. The increased time CCl rats spent asleep was corrected by ketamine treatment but not
by pregabalin. However, increased sleep is not seen in most preclinical neuropathic pain models or
in human patients limiting the translatability of these findings. Similarly, EEG power changes were
not consistent with other preclinical or clinical reports and were not reversible with analgesic
treatments, limiting their potential use as preclinical neuropathic pain screening endpoints.

The results of these studies can be used to further the research into the use of burrowing, locomotor
activity and sleep/wake behaviours as preclinical neuropathic pain endpoints.
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Chapter 1: Introduction

1.1 Neuropathic pain

Neuropathic pain is defined as “pain caused by a lesion or disease of the somatosensory system”
whilst pain itself has recently had its definition revised to “an unpleasant sensory and emotional
experience associated with, or resembling that associated with, actual or potential tissue damage”
by the International Association for the Study of Pain (IASP) (Jensen et al., 2011; Loeser, 2011). These
definitions provide an indication of the challenges faced when investigating neuropathic pain, as
most preclinical research in this area requires an intact somatosensory system. Therefore, this leads
to most of the preclinical research being conducted in vivo, on small animals such as rats and mice
(Deuis et al., 2017). However, preclinical research has focussed on the nociception part of pain with
limited interpretation of the emotional and brain processing aspect of pain in animals (Sandkiihler et
al., 2009).

Neuropathic pain affects 8.2-8.9% of people in England, whilst chronic pain affects 35-50% of the UK
population (Fayaz et al., 2016). It is therefore concerning that the current treatments for
neuropathic pain are effective for <50% of patients (Colloca et al., 2017). The current recommended
first line drug treatments for neuropathic pain include gabapentin, pregabalin, tricyclic
antidepressants and serotonin-noradrenaline reuptake inhibitors (SNRIs) (Finnerup et al., 2015).
These drugs, although beneficial to patients, have large numbers needed to treat (NNT) for 50% pain
relief of between 4 and 10 patients. Additionally, other than pregabalin, all of these first line
treatments were originally licensed for other conditions but have since been back translated and
licenced for use in treating neuropathic pain. This has led to a large unmet need for novel analgesics
to treat neuropathic pain. Little success has been found in forward translating preclinical analgesics
into successful clinical trials with only ziconotide, pregabalin and capsaicin 8% patches reaching the
clinic. Out of ziconotide, pregabalin and capsaicin only pregabalin is considered a first line therapy
for neuropathic pain and the extent to which it is an example of forward translation is debatable
(Percie Du Sert & Rice, 2014). Ziconotide derived from a w-conotoxin peptide has shown excellent
results but is limited by then need for intrathecal administration (Malmberg & Yaksh, 1995). Whilst
capsaicin 8% patches are one of the most recently approved analgesic for neuropathic pain in 2009,
compliance is often hindered by the burning sensation that occurs via topical application (Vinik et al.,
2016).

Diabetes is the most commonly reported cause of neuropathic pain (van Hecke et al., 2014). The
prevalence of diabetic neuropathy is approximately 50% in patients (Feldman et al., 2019), with
painful diabetic neuropathy occurring in 20-50% of these patients (Rosenberger et al., 2020). As
such, investigations into treatments for diabetic neuropathic pain is a crucial area of research. The
general underlying causes of neuropathic pain are still being investigated (Rosenberger et al., 2020).
However, some of the commonly referenced mechanisms of neuropathic pain include sensitisation
of nociceptors, ectopic action potential generation and spinal sensitisation (Campbell & Meyer,
2006; Hains & Waxman, 2007; Haroutounian et al., 2014). The development of neuropathic pain
often leads to impaired quality of life, including disrupted sleep, increased stress and anxiety
(Colloca et al., 2017). It is important to consider these factors of underlying mechanisms and
impaired quality of life when selecting and designing animal model studies of neuropathic pain to
ensure they accurately reflect the patient experience.



A key focus of improving research into neuropathic pain is the biomarkers and endpoints used to
assess it (Deuis et al., 2017). Current neuropathic pain endpoints have been largely unsuccessful in
forward translating drugs that show promising preclinical results, into clinical successes. Therefore, a
focus has been placed on developing measurements of pain that have improved translatability over
classical measures. Historically measurements of neuropathic pain have focused on quantifying
mechanical and thermal allodynia or hyperalgesia in animal models, to assess the analgesic effects of
novel compounds (Tappe-Theodor et al., 2019). These measurements such as von Frey and hot/cold
plates are evoked, non-ethological behavioural measures that rely on human interpretation of an
animal’s pain, meaning they are subjective. Evoked endpoints also ignore the emotional aspect of
pain and rather rely on interpreting animal’s nociception of pain (Deuis et al., 2017; Tappe-Theodor
et al., 2019). Most pain endpoints used clinically consider the whole impact of pain including the
emotional processing and affective features of pain through using self-reporting (Jensen et al.,
2015). Whilst these measures in humans are also subjective, they consider the emotional aspect of
pain and provide a more accurate measure of an individual’s pain, compared with subjective
measures in animals. A first step in improving the translatability between species will be to produce
objective measures of animal nociception, to remove the subjectivity introduced by human
interpretation of evoked behaviours. The ideal translatable endpoint would be a directly translatable
method that can be objectively measured in both animals and humans.

1.1.1 Abbreviations.

IASP — International Association for the Study of Pain, STZ — streptozotocin, CCl — chronic constrictive
injury, NNT — numbers needed to treat, CNS — central nervous system, AMPA — a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid, NMDA — N-methyl-D-aspartate, PAG — periaqueductal gray, ACC
— anterior cingulate cortex, PFC — prefrontal cortex, S1 — primary somatosensory cortex, S2 —
secondary somatosensory cortex, IC — insula cortex, SNRIs — serotonin noradrenaline reuptake
inhibitors, GABA — gamma-aminobutyric acid, CFA — complete Freund's adjuvant, ZDF — Zucker
diabetic fatty, ZL — Zucker lean, NFB — neurofeedback modulation, SNI — spared nerve injury, EEG —
electroencephalogram, REM —rapid eye movement, NREM — non-rapid eye movement, HCN —
hyperpolarization-activated cyclic nucleotide-gated, SubP — substance P, TRPV1 — transient receptor
potential cation channel subfamily V. member 1, CIPN — chemotherapy induced peripheral
neuropathy.

1.2 The patient experience

It is important to distinguish neuropathic pain and the underlying cause of the neuropathy. Whilst
neuropathic pain is currently defined by IASP as “pain caused by a lesion or disease of the
somatosensory system” neuropathy is defined as a “disturbance of function or pathological change
in a nerve” (Loeser, 2011). Therefore, whilst all neuropathic pain patients have a neuropathy that
affects their somatosensory system, not all neuropathy patients will develop neuropathic pain. If a
neuropathy affects the sensory neurons it often causes a disruption in sensory signals and presents
as a loss of sensation and numbness (Calcutt, 2020). For a subset of these patients the neuropathy
will also cause an increase in pain which is termed neuropathic pain (Loeser, 2011). This can lead to
patients having a paradoxical combination whereby they experience both pain and sensory loss
caused by this lesion or disease (Finnerup et al., 2016). The pain experienced by neuropathic pain



patients is often ongoing or intermittent, typically described as burning, prickling, pins and needles,
shooting, squeezing or freezing pain (Finnerup et al., 2021).

Neuropathic pain is experienced as either evoked or spontaneous pain. Evoked pain is typically
caused by thermal (hot or cold) or mechanical stimuli and often categorised as either allodynia (pain
from a normally non painful stimuli) or hyperalgesia (increased pain from a normally painful stimuli)
(Colloca et al., 2017). Spontaneous pain occurs without any provocation or stimulus and may be
described by the patient in many ways including tingling, burning, prickling, pins and needles, or
electric shooting pain (Marchettini et al., 2006). Additionally, spontaneous pain is often experienced
without evoked pain however, evoked pain rarely occurs without spontaneous pain indicating there
are distinct or overlapping mechanisms triggering these painful events (Finnerup et al., 2021).

Some of the common comorbidities of neuropathic pain include anxiety, depression, sleep
disturbances as well as decreased physical activity and impacts on patient’s social life or
relationships (Attal et al., 2011). Patients often report that these types of chronic pain can limit and
interfere with their daily activities such as exercise, work, daily chores and their social life or
relationships (Widerstrom-Noga et al., 2001). This can lead to the development of anxiety and
depression from the limitations and worries of experiencing pain during these activities and the
inability to conduct them (Nicholson & Verma, 2004). Development of anxiety and depression as
well as the pain itself can all be worsened by disrupted sleep, which has been associated with
decreased pain thresholds and is closely linked with depression and anxiety (Kundermann et al.,
2004; Nutt et al., 2008). These types of comorbidities can compound with the primary cause of the
neuropathy and neuropathic pain leading to a negatively reinforcing pathology with all of these
factors contributing to the overall effects on the patient’s quality of life (Nicholson & Verma, 2004).
It has even been considered that this may be part of the effectiveness of antidepressant drugs in
treating neuropathic pain, in that they may initially provide direct pain relief alongside a secondary
mood stabilisation aspect leading to better patient outcomes (Torta et al., 2017). This highlights that
the impact of neuropathic pain on the patient’s quality of life is not just the pain itself but also the
effect it has on mental health and wellbeing.

These comorbidities and the neuropathic pain also occur alongside any symptoms of the root cause
of the neuropathy including diabetes, chemotherapy treatment, neuronal damage (surgical or
physical), stroke or an infectious disease (Didier Bouhassira et al., 2021). Neuropathic pain is often
stratified by the underlying disease or mechanism of its development which are usually split into
either peripheral or central causes based on the location. Trigeminal neuralgia is a type of orofacial
pain usually triggered by chewing, brushing teeth or washing the face that trigger the trigeminal
nerve and is a type of peripheral neuropathic pain (Cruccu et al., 2016). Nerve injury as a cause of
neuropathic pain can occur through different mechanisms in both the periphery such as during a
surgical procedure or in the central nervous system following an event such as a stroke or spinal
cord injury (Finnerup et al., 2021). Viral infections that can cause neuropathic pain include human
immunodeficiency virus (HIV), and postherpetic neuralgia that may occur following herpes zoster
infection (Dworkin et al., 2008; Schiitz & Robinson-Papp, 2013). Further mechanisms of neuropathic
pain onset include metabolic conditions such as diabetes, particularly when the patient has poor
glycaemic control (Tesfaye et al., 2013). A partially reversable neuropathic pain can occur following
treatment with chemotherapeutic agents such as oxaliplatin which can be neurotoxic and even dose
limiting side effects of cancer treatment (Staff et al., 2017). A key challenge in understanding and
treating neuropathic pain is that there are clear differences in the underlying disease or cause of the
neuropathy. Combined with the development of neuropathic pain being heterogeneous within the



same underlying pathology, further complicating the research into neuropathic pain (Finnerup et al.,
2021).

1.3 Mechanisms and pathophysiology of neuropathic pain

The underlying neuropathies associated with the development of neuropathic pain are most often
cause by metabolic conditions (e.g. diabetes), chemotherapeutic agent treatment (e.g. oxaliplatin),
viral infectious disease (e.g. HIV, post herpetic neuralgia, leprosy), traumatic or surgical injury (e.g
spinal cord injury or amputation), immune disorders and inherited neuropathies and
channelopathies (e.g. erythromelalgia) (Cavalli et al., 2019; Colloca et al., 2017). Depending on the
location of the lesion or disease that causes neuropathic pain, it can lead to central neuropathic pain
affecting the spinal cord and/or brain, or it can lead to peripheral neuropathic pain which
predominately occurs when the affected sensory nerves are afferents including AB, Ad or C fibres
(Figure 1.1) (Colloca et al., 2017). The pathophysiological changes that occur following neuronal
damage are highly variable between patients. Even those with similar symptoms are often caused by
various underlying mechanisms (von Hehn et al., 2012). This highlights the heterogeneity of the
pathophysiology in both different underlying conditions and within them, as there is no set pathway
from neuropathy onset to neuropathic pain development. The pathophysiological changes that lead
to neuropathic pain development include; ectopic activity, central and peripheral sensitisation that
results in an imbalance between excitatory and inhibitory somatosensory signalling (Figure 1.1)
(Colloca et al., 2017).
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Figure 1.1) Schematic representation of the central and peripheral changes caused by peripheral
neuropathy. These changes include effects on both the ascending pain pathway and descending
inhibitory control pathways. RVM - rostral ventromedial medulla, PAG — periaqueductal gray.
Adapted from (Yam et al., 2018).



1.3.1 Ectopic activity.

Current findings indicate that ectopic action potentials are a primary factor in the generation of
spontaneous pain (Gilron et al., 2015). This ectopic activity is commonly identified in primary
afferent neurons (Figure 1.1) where alterations in ion channel expression, distribution or changes in
their function leads to rhythmic burst firing without a stimulus present (von Hehn et al., 2012). The
two main types of ion channels involved in the generation of ectopic action potentials are voltage
gated sodium (Nay) channels and hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels. Na, channels are important in transduction, action potential generation and
neurotransmitter release in the somatosensory system. Na,1.3 is a voltage gated sodium channel
that is not normally expressed at detectable levels in adults, however its expression is greatly
upregulated in dorsal root ganglion neurons after sensory nerve injury (Bennett et al., 2019).
Activating the channels produces rapid fast firing currents that can lead to hyperexcitability of
peripheral sensory neurons. Additionally, Na,1.6 channels are involved in mediating repetitive high
frequency firing of sensory neurons and their expression is increased in models of type-2 diabetes.
Their knockdown in animal neuropathic pain models have been shown to reduce spontaneous action
potentials and pain behaviours (Xie et al., 2015). HCN channels are important in facilitating and
controlling neuron excitability. In particular HCN1 and HCN2 are highly expressed on dorsal root
ganglion neurons. Increases in their expression or gain-of-function genetic mutations have both
been demonstrated in neuropathic pain (Dini et al., 2018). These channels in neuropathic pain have
been linked to spontaneous neuronal activity that leads to ectopic action potentials and
spontaneous neuropathic pain (Chaplan et al., 2003). Altogether this leads to the conclusion that
alterations in ion channels activity and the subsequent ectopic action potentials without a stimulus is
one of the primary causes of spontaneous neuropathic pain.

1.3.2 Peripheral sensitisation.

Peripheral sensitisation similar to ectopic action potentials is often caused by changes to expression,
distribution or function of ion channels. Although it relies on reducing the threshold or increasing
the response to a stimulus rather than spontaneous activation (Jensen & Finnerup, 2014). This is
termed allodynia: when a non-noxious stimulus such as light touch is perceived as painful, or
hyperalgesia: when a painful stimulus is perceived as more painful than normal. One of the best
characterised ion channels involved in peripheral sensitisation is transient receptor potential cation
channel subfamily V. member 1 (TRPV1) which is a ligand gated ion channel found predominately on
peripheral nociceptive neurons. Its primary ligands include noxious heat (>43°C), capsaicin and
membrane derived lipids (Labuz et al., 2015). TRPV1 is upregulated in neuropathic pain conditions
including paclitaxel and diabetes induced neuropathic pain (Kamata et al., 2020; Pabbidi &
Premkumar, 2017). Phosphorylation of TRPV1 through the protein kinase C (PKC) pathway mediated
by proinflammatory molecules such as ATP, nerve growth factor (NGF), bradykinin and chemokines
increases the sensitivity of these receptors (Gouin et al., 2017). This increase in expression or
phosphorylation, can lead to a reduction in threshold or increase in excitability of sensory afferent
neurons and thus peripheral sensitisation (von Hehn et al., 2012).

1.3.3 Central sensitisation.

Central sensitisation is defined by IASP as an “increased responsiveness of nociceptive neurons in
the central nervous system to their normal or subthreshold afferent input” (Loeser, 2011). This



differs from peripheral sensitisation due to the location of the changes taking place in the central
nervous system (CNS) rather than primary afferent neurons. Central sensitisation leads to enhanced
neuronal activity in the CNS via increasing excitability and/or decreasing inhibition (Figure 1.1) and
therefore contributing to neuropathic pain development (Latremoliere & Woolf, 2009). Some of the
key initiators of this are increased intracellular Ca?* levels through voltage gated Ca?* channels and a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) or N-methyl-D-aspartate (NMDA)
receptors changes. This causes increased neurotransmission through receptor trafficking to the
plasma membrane, phosphorylation of glutamate receptors and increased receptor transcription
(Liu et al., 2018). Voltage gated calcium channels are involved in the release of neurotransmitters
including glutamate at synaptic terminals such as the dorsal horn, where sensory afferent neurons
enter the spinal cord (Park & Luo, 2010). Therefore, increased intracellular Ca?* can lead to a lower
activation threshold for neurotransmitter release and central sensitisation by lowering the amount
of afferent input needed to activate second order somatosensory neurons (Perret & Luo, 2009).
Some of the key evidence for this is the finding that there is an upregulation of the a,6: subunit of
voltage gated Ca®* channels in the dorsal horn of the spinal cord following oxaliplatin induced
neuropathic pain (Yamamoto, Shimoshige, et al., 2016). Additional evidence has found that the
primary method of pregabalin and gabapentin as analgesics is through inhibiting voltage gated
calcium channels by binding to the a,8; subunit of voltage gated Ca?* channels (Field et al., 2006).

The release of glutamate and other neurotransmitters such as substance P (SubP) into the dorsal
horn leads to activation of glutamate receptors including NMDA and AMPA receptors. These
receptors are found across the CNS including on postsynaptic membranes of second order
somatosensory neurons in the dorsal horn and are important in normal pain signal transduction
(Bardoni, 2013). Additionally, both receptors play a role in central sensitisation with NMDA receptors
identified as playing a key role in this process. This has been demonstrated by blocking these
receptors with the non-competitive inhibitor MK801 which reversed and prevented hyperexcitability
(Woolf & Thompson, 1991). Furthermore, it has been shown that activation of NMDA receptors in
the dorsal horn neurons increased intracellular calcium in second order somatosensory neurons (Li,
Ge, et al., 2019). This increased intracellular calcium led to phosphorylation of various targets on
NMDA and AMPA receptors increasing their response to glutamate, trafficking to the synapse and
removing Mg?* blocking (Latremoliere & Woolf, 2009). This ultimately leads to postsynaptic
hyperexcitability and long-term potentiation of somatosensory neurons. However, unlike long-term
potentiation in learning and memory, during neuropathic pain development the activation of NMDA
receptors leads to long lasting heterosynaptic facilitation of low threshold inputs from AB (touch)
and C (slow pain) fibres (von Hehn et al., 2012). Ending with long-lasting potentiation of surrounding
neurons, strengthened synaptic activity and decreased activation thresholds leading to central
sensitisation.

1.3.4 Inhibitory mechanisms.

One of the main ways that the body can modulate pain is through inhibitory mechanisms. In
neuropathic pain these inhibitory controls are often lost or diminished. In the dorsal horn
interneurons can release inhibitory neurotransmitters such as gamma-aminobutyric acid (GABA) and
glycine that produce pre and post synaptic inhibition (Malcangio & Bowery, 1996). After peripheral
nerve injury these inhibitory interneurons may be degraded by apoptosis leading to a disinhibition
and thus neuropathic pain (Scholz et al., 2005). Additionally, descending pathways (Figure 1.1) from
the midbrain and brainstem utilising monoaminergic neurotransmitters including noradrenaline and
serotonin (5-HT), can profoundly modulate ascending pain pathways (Bannister & Dickenson, 2016).
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The periaqueductal gray (PAG) is the primary control centre of descending pain modulation and
receives inputs from areas such as the amygdala and hypothalamus. These inputs are coordinated
through the rostral ventromedial medulla (RVM) which has direct neuronal projections to the dorsal
horn (De Felice et al., 2011). The descending serotonergic pathway has dual function in that
depending on the receptor activated it can either decrease ascending pain transmission (descending
inhibition) or increase ascending pain transmission (descending facilitation). This occurs through
activation of 5-HT; receptors in descending inhibition or 5-HT,/3 receptors in descending facilitation
(Ossipov et al., 2014). Noradrenergic pathways have only been shown to be involved in descending
inhibition and act through a, receptors on postsynaptic secondary somatosensory neurons in the
dorsal horn leading to decreased neurotransmitter release (Kwon et al., 2014). During neuropathic
pain and central sensitisation a loss of control or function of these descending modulatory pathways,
such as a loss of noradrenergic descending inhibition, can lead to an increase in primary pathway
hyperexcitability.

1.4 Pain matrix

Whilst the nociceptive part of pain is important the brain processing, emotional impact and past
experiences are equally if not more important in our induvial experience of pain. A key aspect of this
includes the areas of the brain involved in processing and influencing pain which are still being
elucidated. Using techniques such as functional magnetic resonance imaging (fMRI), positron
emission tomography (PET) and electroencephalogram (EEG) source localisation, brain regions that
are activated under painful conditions have been identified and termed the “pain matrix” (Prichep et
al., 2011). These areas most often include the somatosensory cortex (primary (S1) and secondary
(52)), insula cortex (IC), anterior cingulate cortex (ACC), amygdala and thalamus (Apkarian et al.,
2005; Melzack & Wall, 1965). However, many other brain regions have also been implicated in
shaping our experience of pain including the prefrontal cortex (PFC) and PAG (Figure 1.2) (Reddan &
Wager, 2018).

The thalamus acts as a relay system of the brain and in pain directs nerve transmission from the
ascending pathway to either the somatosensory cortices S1&2 (lateral pathway) for processing the
location and intensity of pain or to the ACC and IC (medial pathway) for the motivational component
of pain (Kulkarni et al., 2005). Following the medial pathway the ACC is involved in the adaptation of
pain to the emotional state of the patient including becoming activated by the anticipation or
expectation of pain. This includes the placebo response whereby endogenous opioids are released in
the ACC reducing the perception of pain and learned pain experiences which can increase pain
perception (lwata et al., 2005; Zubieta et al., 2005). The ACC has strong connections with other brain
regions including the PFC and amygdala (Gao et al., 2004). Modulation of pain at the PFC is believed
to work in tandem with the ACC anticipating pain responses and initiating the placebo response. This
has been demonstrated by repetitive transcranial magnetic stimulation and Alzheimer’s
degeneration that without the PFC the placebo response is not possible (Benedetti, 2010; Watson et
al., 2012). The amygdala is involved in emotional processing in particular with fear conditioning and
regulation and has connections to the PAG. Its role in pain processing is believed to involve attaching
emotional significance to sensory inputs and modulates descending pain control accordingly (Simons
et al., 2014). The connection between the amygdala and the PAG links with the previous discussion
of its role as the primary control centre of descending pain control pathway. The influences of the



emotional processing of pain through areas such as the ACC, PFC and amygdala can influence
whether the PAG produces descending inhibition or facilitation (Ossipov et al., 2014).

Following the lateral pathway from the thalamus leads to the primary somatosensory cortex (S1)
which is involved in the localisation and conscious perception of somatosensory inputs including
touch. It is the first level of conscious pain perception. However, it is not the “pain centre” of the
brain as it works with other areas of the pain matrix to coordinate the overall pain perception
(Backonja, 1996). The S1 region has direct connections to the secondary somatosensory cortex (S2)
brain region which is thought to be involved in determining pain intensity (Timmermann et al.,
2001). Together these areas work to establish the location and intensity of pain based on the inputs
received from afferent neurons and the processing of this pain that occurs along the way in areas
such as the dorsal horn. Finally, both pathways connect through the IC which plays an important role
in integrating pain processing from the medial and lateral pain pathways (Brooks & Tracey, 2007).
With the strong connections of the IC to the S2 region, ACC and amygdala it is believed that the
primary role of the IC in the pain matrix is the integration of the localisation, intensity and emotional
processing of pain (Starr et al., 2009). However, whilst important for pain processing the IC much like
S1 region the IC is not the “pain centre” of the brain as pain perception requires a combined input of
all of these different brain regions and others (Lu et al., 2016).
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Figure 1.2) The pain matrix including the targets of the ascending (light blue) and descending
(yellow) modulatory pathways for pain. ACC — anterior cingulate cortex, aINS — anterior posterior
insula, dpINS — dorsal posterior insula, S1 — primary somatosensory cortex, S2 — secondary
somatosensory cortex, PAG — periaqueductal gray, PFC — prefrontal cortices, BG — basal ganglia, AMY
— amygdala. Taken from (Reddan & Wager, 2018).



1.5 Current recommended pharmacological treatments of neuropathic pain

The first line treatments of neuropathic pain are well established to include tricyclic antidepressants
(amitriptyline), serotonin noradrenaline reuptake inhibitors (SNRIs; duloxetine, venlafaxine) and
antiepileptics (gabapentin, pregabalin) (Cavalli et al., 2019; Colloca et al., 2017; Finnerup et al.,
2015). Second line treatments include topical lidocaine and capsaicin 8% patches as well as
botulinum toxin A. With opioids and ziconotide sometimes considered as third line treatments.

1.5.1 First line: Tricyclic antidepressants (Amitriptyline).

Tricyclic antidepressants such as amitriptyline can inhibit serotonin and noradrenaline reuptake in
the dorsal horn leading to an increase in descending pain inhibition (Figure 1.1) through activation of
5-HT; and a; receptors respectively (Sindrup et al., 2005). Amitriptyline has one of the best NNT of
all neuropathic pain treatments at 3.6 (Cl 3.0-4.4) which is a measure of the number of patients
needed to be treated with the pharmacological intervention for one patient to receive a >50%
reduction in pain intensity (Finnerup et al., 2015). Amitriptyline was originally approved as an
antidepressant. However empirical evidence in diabetic neuropathic pain patients taking
amitriptyline displayed pain relief and the drug was subsequently approved for use to treat
neuropathic pain (Davis et al., 1977). Tricyclic antidepressants cause side effects including
anticholinergic effects, arrythmia, urinary retention and suicide risk whilst also being contraindicated
in patients with cardiac disease, seizures and glaucoma (Cavalli et al., 2019; Colloca et al., 2017).

1.5.2 First line: SNRIs (Duloxetine, Venlafaxine).

Similar to tricyclic antidepressants, SNRIs such as duloxetine and venlafaxine act through inhibiting
the reuptake of noradrenalin and serotonin in the dorsal horn to strengthen descending inhibition
(Figure 1.1) (Sindrup et al., 2005). Venlafaxine and duloxetine are not as effective as amitriptyline at
treating neuropathic pain with a NNT of 6.4 (Cl 5.2 — 8.4). Though this is still adequate for them to be
considered as first line treatments for neuropathic pain (Finnerup et al., 2015). Duloxetine, much like
amitriptyline, was first approved for depression and urinary incontinence however evidence linking
it to improvement of neuropathic pain led to its approval for this in 2005 (Raskin et al., 2005). SNRIs
have several limiting side effects including lethargy, nausea, hypertension and are contraindicated in
patients with hypertension, hepatic or cardiac diseases and those using tramadol (Cavalli et al.,
2019; Colloca et al., 2017). The exact mechanism of action for both SNRIs and tricyclic
antidepressants in treating neuropathic pain remains unclear. Though recent evidence points
towards an importance of noradrenaline mediated inhibition of ascending pain pathway
neurotransmitter release as a potential mechanism (Obata, 2017).

1.5.3 First line: Cax6 (Gabapentin / pregabalin).

Gabapentin was originally developed as a GABA analogue for the treatment of epilepsy and despite
it not acting as a GABA analogue it still had antiepileptic activity and so was approved in 1993 (Taylor
et al., 1993). Research subsequently demonstrated that gabapentin and 3-isobutyl GABA
(pregabalin) both showed anticonvulsant activity through binding to the same site. Following
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findings from clinical cases that gabapentin was a useful adjuvant medication for neuropathic pain,
trials began to investigate both drugs analgesic properties (Field, McCleary, et al., 1999; Rosner et
al., 1996). The current understanding of how pregabalin and gabapentin exhibit their analgesic
properties is as non-selective ligands of the a,8; and a,8, subunit of voltage gated Ca?* channels
(Field et al., 2006). Though it appears their analgesic properties primarily occur through the a,6:
subunit (Field et al., 2006). Thus, reducing excitatory ascending pain pathway transmission through a
reduction in neurotransmitter release (Figure 1.1) and potentially decreasing central sensitisation
(Kremer et al., 2016). Pregabalin and gabapentin have similar NNTs of 7.7 (C1 6.5 -9.4) and 7.2 (Cl
5.9 —9.1) putting them in line with SNRIs (Finnerup et al., 2015). The main side effects of these
ligands are dizziness, sedation, weight gain and peripheral oedema (Dworkin et al., 2007) which are
understood to occur through their activity on the Ca?* channels a28; subunit (Kim et al., 2021).
However, pregabalin achieves better responses at lower doses than those needed for the same
outcome in gabapentin so has become the preferred gabapentinoid (Kremer et al., 2016). Both
pregabalin and gabapentin have recently been reclassified to a class C drug in the UK due to
concerns of abuse and potentially fatal interactions with alcohol and other CNS depressants (BNF |
NICE, n.d.).

1.5.4 Second line: Lidocaine topical.

Topical application of 5% Lidocaine patches was first approved for use in neuropathic pain in 1999
(Gammaitoni et al., 2003). It is proposed that Lidocaine acts as a non-selective sodium channel
blocker leading to a reduction in ectopic action potentials (Figure 1.1) with potential anti-
inflammatory effects (Sawynok, 2014). Unfortunately, whilst it is an effective local anaesthetic, its
non-selective inhibition of sodium channels also prevents its systemic use. The NNT for lidocaine as
an adjuvant has been shown to be 4.4 (Cl 2.5 — 17.5) although the large confidence interval does
indicate greater variability (de Ledn-Casasola & Mayoral, 2016). The side effects of topical lidocaine
are relatively mild usually occurring as local rash, itching and erythema however its modest efficacy
compared to placebo and limitation to topical use have left it as a second line or adjuvant treatment
(Colloca et al., 2017).

1.5.5 Second line: Capsaicin 8% topical.

Similar to Lidocaine, capsaicin derived from chilli peppers at 8% can be applied through topical
patches to treat neuropathic pain since its approval in 2009. The pharmacological effect of capsaicin
in treating neuropathic pain is understood to be through activation followed by desensitisation of
TRPV1 receptors (Anand & Bley, 2011). As TRPV1 receptors are mainly responsible for detection of
noxious heat (>43°C) and capsaicin, they are the main reason for the burning sensation when
consuming or coming into contact with capsaicin (Tominaga & Tominaga, 2005). Currently the NNT
for topical capsaicin patches is around 10.6 (Cl 7.4 — 18.8) which is relatively high (Finnerup et al.,
2015). This comes along with the side effects of local pain, itching and erythema and the need for
repeated application every 6 weeks and topical application has led to capsaicin 8% patches only
being considered as a second line or adjuvant treatment (Colloca et al., 2017). The local pain caused
by the activation of TRPV1 receptors can be someone ameliorated by pre-treatment with a low dose
analgesic as well as cooling the area of the capsaicin patch (Baranidharan et al., 2013).
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1.5.6 Second line: Botulinum toxin A.

One of the most toxic known substances is botulinum toxin which is a neurotoxin produced by
Clostridium botulinum that blocks acetylcholine release in nerve fibres (Nigam & Nigam, 2010).
These toxins, in particular botulinum toxin A, have multiple medical uses in humans including
treating strabismus, facial spasms, cervical dystonia, chronic migraine and more recently
neuropathic pain (Chen, 2012). Botulinum toxin A was first approved for use against strabismus by
the FDA in 1989 and has since been found to be effective in many conditions including cosmetic use
which was approved in 2002. The current understanding of the analgesic effects of botulinum toxin
A'in the treatment of neuropathic pain is through the inhibition of neurotransmitter release such as
SubP and glutamate along with inhibiting TRPV1 receptors (Egeo et al., 2020). Although botulinum
toxin A has the lowest NNT of all recommended treatments at 1.9 (Cl 1.5 — 2.4), there is much less
data currently available supporting its use along with it being limited to peripheral neuropathies has
left it as a second line recommended treatment (Finnerup et al., 2015).

1.5.7 Third line: Opioids (Morphine, Oxycodone).

Opioids such as morphine are one of the strongest analgesics available to the clinician for treating
moderate to severe acute pain. However, they have extensive and harmful side effects that range
from constipation and nausea to addiction and respiratory depression (Boom et al., 2012; Furlan et
al., 2006). It is understood that opioids analgesic efficacy is through activating p-opioid receptors
which can block the release of excitatory neurotransmitters such as SubP (Wan et al., 2017). This is
particularly important in the dorsal horn where p-opioid receptors are expressed on presynaptic
afferent neurons and postsynaptic second order somatosensory neurons (Figure 1.1) (Kline IV &
Wiley, 2008). Endogenous opioids are also particularly important in both the innate pain relieving
systems and in the placebo response (Holden et al., 2005; Zubieta et al., 2005). Strong opioids
demonstrate relatively good efficacy in neuropathic pain with an NNT of 4.3 (Cl 3.4 — 5.8) which is in
line with many first line treatments. However, they are currently only recommended as third line
treatments for neuropathic pain due to their extensive side effects and risk of abuse (Finnerup et al.,
2015).

1.5.8 Refractory pain: Ziconotide.

Ziconotide is one of the few recent examples of a novel non-opioid analgesic that has been approved
for use in neuropathic pain. Originally discovered as a venom of the marine snail Conus magnus,
ziconotide is a synthetic version of the w-conotoxin MVIIA and was approved for use in 2005
(McGivern, 2007). The drug acts as a selective N-type voltage gated calcium channel blocker in the
dorsal horn (Figure 1.1) stopping the release of excitatory neurotransmitters such as SubP and
glutamate (Pope et al., 2017). It shows good efficacy with a NNT of 2.77 (Cl 1.37 — 5.59) however it is
severally hampered by the need for intrathecal administration (Brookes et al., 2017). The need for
intrathecal administration of ziconotide is due to its low blood brain barrier pentation which limits
its use due to the need for specialist administration of the drug (McGivern, 2007). Additionally,
ziconotide does show concerning side effects linked with an increased risk of suicidal ideation and
psychosis although patients do not appear to develop a tolerance to ziconotide unlike other
analgesics such as strong opioids and gabapentin (Brookes et al., 2017). Overall, this has led to
ziconotide being considered a treatment option primarily for cases of refractory neuropathic pain at
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best or as a final treatment option for patients when alternatives have failed (Viswanath et al.,
2019).

1.6 Failure to develop new treatments

Whilst research into analgesic treatments for neuropathic pain has been ongoing for many decades
few effective treatments have been found and even those have limited efficacy and extensive side
effects. As discussed, the majority of first line treatments were originally developed for other
conditions such as depression and epilepsy and not originally designed as analgesics. In 2014 Gilron
and Dickenson conducted an extensive review and identified 25 different compounds in phase Il and
1l trials for neuropathic pain (Gilron & Dickenson, 2014). In the 10 years since this only mirogabalin
has been approved in Japan and none have become first or second line treatments in the US or UK.
Even mirogabalin is only an improved version of already available pregabalin and gabapentin which
were originally developed to treat epilepsy (Kim et al., 2021). Mirogabalin preferentially binds to the
a8 subunit of voltage gated Ca% channels, with reduced affinity for the a5, subunit that is
involved in the unwanted side effects of pregabalin and gabapentin (Kim et al., 2021). One of the
promising findings of this review by Gilron and Dickenson was that a wide range of different
mechanisms and pathways were under investigation including; calcium, sodium and potassium
channels, vanilloid, opioid or cannabinoid receptors and more novel targets including the
angiotensin and orexin systems (Gilron & Dickenson, 2014). This highlights that there are a wide
range of different targets being examined for the treatment of neuropathic pain many of which are
progressing to human clinical trials. However, the evidence that novel analgesics are reaching phase
Il and lll trials but not to the clinic suggests that there is a breakdown in the translation of promising
preclinical evidence into successful human clinical trials (Becker et al., 2023). Becker et al. (2023)
recently reviewed three different drug targets (nerve growth factors / NaV1.7 channel blockers /
tachykinin receptor 1 antagonists) that made it to phase II/Ill clinical trials but failed due to off target
side effects and poor efficacy in treating neuropathic pain (Becker et al., 2023).

1.6.1 Poor forward translation.

Despite the extensive search for neuropathic pain treatments, there is a failure is to translate
promising preclinical data into clinical trial success (Attal & Bouhassira, 2019). Whilst many different
studies have presented clear evidence of analgesic properties in animal models, these effects are not
reproduced in humans demonstrating that there is drastic need for an improvement in this process.
Several different ways to bridge this gap have been suggested, including using a multidimensional
approach to patient selection, the improvement of the preclinical animal models and changing the
way we quantify pain (D. Bouhassira & Attal, 2016; Percie Du Sert & Rice, 2014; Taneja et al., 2017).
One of the most important areas is in how we measure and quantify pain as there is a mismatch
between preclinical and clinical studies (Fisher et al., 2021; Tappe-Theodor et al., 2019). In preclinical
studies the classical way to measure pain has been through measuring reflex-based assessments of
stimulated pain that are interpreted by a trained human observer (Negus, 2019). In clinical trials the
most common way to assess neuropathic pain is through the self reporting of the pain level by the
patient using questionnaires and visual rating scales (Sachau et al., 2023). Clearly, it is not possible to
ask an animal to self report their pain so steps must be taken to align how we measure pain
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preclinically and clinically with the aim of improving the translation of preclinical results into clinical
trials success.

In summary, Neuropathic pain has a large impact on society and the patients that suffer with it.
Current treatments are largely ineffective and have dose limiting side effects. New treatments have
been slow to develop, ineffective or have failed to reach market. There is still a large unmet clinical
need leaving millions of patients without adequate treatment options and in pain. One of the main
potential areas this failure occurs in the lack of translation from preclinical to clinical results.
Therefore more translational ways of measuring preclinically are required to try and bridge this gap.
To better understand why this failure is occurring it is important to understand how pain is currently
measured both preclinically and clinically. Along with the new endpoints that are being developed to
measure neuropathic pain including both the strengths and limitations of these new endpoints.

1.7 3R’s and welfare

A core component of designing and conducting experiments involving animals is to ensure the
welfare of all animals during the experiment. An agreed way of ensuring this are the 3R’s principles
of Replacement, Reduction and Refinement which were originally developed by William Russell and
Rex Burch in 1959 to help researchers ensure their experimentation involving animals were
conducted as humanely as possible (Russell & Burch, 1959). These three principles cover:
Replacement - avoiding or replacing the use of animals in areas where they otherwise would have
been used. Reduction - minimising the number of animals used consistent with scientific aims.
Refinement - minimising the pain, suffering, distress or lasting harm that research animals might
experience (NC3Rs, n.d.).

The 3R’s core goal has not changed since its inception and it is globally employed today providing a
clear set of goals for improving animal welfare in research (Hubrecht & Carter, 2019). The most
important of the 3R’s is replacement to ensure animals are not used where the same results can be
achieved by other means (NC3Rs, n.d.). Neuropathic pain is a particularly difficult area to employ
replacement as an intact somatosensory system is usually required for the assessment of analgesic
compounds. However, the development and use of human and animal tissues assays is beginning to
increase (Sadler et al., 2022). A key step in any experimental design is selecting the numbers used
per group and is often the most important step for ensuring a reduction in the number of animals
used is achieved without using too few animals such that false negative results are caused by a lack
of statistical power. This can most often be ensured through conducting a thorough power analysis
prior to conducting any animal research (Charan & Kantharia, 2013). By optimising study design
researchers can minimise any distress, suffering, pain or lasting harm experienced by animals
involved in research. Refinement can be achieved by understanding and improving the techniques,
methodologies and environmental conditions used in preclinical experiments. This should be
undertaken as a constant process employed over time as new techniques and understanding of
animal welfare are discovered and should be shared (Lione et al., 2023; Musk, 2020).
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1.8 Currently used clinical neuropathic pain endpoints

Selecting biomarkers or endpoints of neuropathic pain can be particularly challenging as there is no
single marker that can identify neuropathic pain in all patients (Shaikh & Somani, 2010). Thus making
the identification and detection of neuropathic pain in humans particularly challenging. Currently
the primary endpoint used in clinical trials to measure the efficacy of analgesics is self-reported pain
(Jensen et al., 2015). This primarily takes the form of questionnaires or rating scales such as visual
analogue or a numeric rating scale (Figure 1.3) (Soliman et al., 2023). Techniques such as
guantitative sensory testing, skin biopsy and laser-evoked potentials are all used to inform clinicians
of neuropathic pain development but are not commonly used as endpoints in clinical trials (Colloca
et al., 2017) (Figure 1.3).

Self-reported pain is often the primary endpoint in human clinical trials as it encompasses the entire
pain experience of the patient which is an important factor in assessing analgesia. Although these
endpoints are subjective, they encompass the emotional aspects of pain, as well as the nociception
of it, and are more beneficial than evoked endpoints that are currently used preclinically. Pain rating
scales for neuropathic pain such as “painDETECT” and “Neuropathic Pain Score” involve a range of
guestions with an accompanying scale with which the patient will rate their pain (Bendinger &
Plunkett, 2016). These scales are either numeric, often on a 0-10 number line, or by marking a word
that most closely equates to the pain such as none, slight, moderate, severe. The Leeds Assessment
of Neuropathic Symptoms and Signs scale uses a combination of both interview questions and brief
clinical assessments such as pain to light touch to gain a more accurate interpretation of neuropathic
pain (Cruccu & Truini, 2009). Whilst the use of these endpoints is commonplace in clinical trials,
selection of the correct reporting methods and the number of different types of reporting methods
used are important because it has been identified that a minimum of two different methods are
needed to create a valid assessment of the patient’s pain (Jensen et al., 2015).

Although the use of self-reported pain has been employed successfully to monitor and assess the
analgesic properties of new compounds, their use as a clinical trial endpoint limits the translatability
of preclinical findings. Additionally, they fail to provide the history of pain and are not suitable for
use in patients who suffer from trigeminal neuralgia (Attal et al., 2018). The selection of the correct
guestionnaire is also important as they may not include the relevant descriptors for the type of
neuropathic pain that the patient experiences. The way the self-reporting of pain is conducted is also
important as diary recordings are prone to back filling, creating inaccuracies in the reports (Younger
et al., 2009). The development of an objective marker that can be translated from preclinical to
clinical trials would improve the success rate in developing novel analgesics.
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e.g. von Frey filaments) e.g. von Frey filaments)
X *Reported pain intensity and Daily living (QoL)

(e.g. VAS numerical rating pain)

Affective / Cognitive state
X depression, anxiety, motivation, sleep
anticipation of pain (preference/avoidance)

X Objective markers
EEG
* e.g. VFH, Static *Reported pain intensity reduction

p— = 0-10 Numeric Pain Intensity Scale®
| | | | |
| | | |
0 1 2 3 4 5 6 7 8 9 10

mismatch No Moderate Worst
pain pain possible
pain
"""".' .II l'llll Visual Analogue Scale (VAS)*
HIHUHIR LB
RRRRRRARRAT 2SR ananun No Worst
\ pain possible

pain

Bioseb, Vitrolles, France, www.bioseb.com
Figure 1.3) Representation of the mismatch in primary neuropathic pain assessment endpoints used
between preclinical and clinical trials. *Indicates primary endpoint, EEG — electroencephalography,
VFH — von Frey hair, RCT — randomised clinical trial, QoL — quality of life. Taken from (Fisher et al.,
2021).

1.9 Classical preclinical neuropathic pain endpoints

The classically used endpoints for measuring nociception in rodent neuropathic pain models are
stimulus evoked behaviours (Figure 1.3). These include those evoked by mechanical, heat and cold
stimuli for which there are an array of different methods such as: von Frey filament application,
Randall-Selitto and hot or cold plates (Tappe-Theodor et al., 2019). The key limitation of these
endpoints is that they are evoked by the stimulus and thus usually measure allodynia or hyperalgesia
which contrast human clinical trials where all types of spontaneous and stimulus evoked pains
experienced by the patient are measured though self-reporting (Figure 1.3) (Jensen et al., 2015;
Tappe-Theodor et al., 2019). Additionally, most preclinical stimulus evoked endpoints are measured
by human interpretation of a reflex such as paw withdrawal (Deuis et al., 2017). This introduces
subjectivity to these measurements as they are recorded by a human’s interpretation of the
behaviour. This is because a response to a stimulus does not definitely correspond to pain and
ignores the emotional aspect of it (Sandkihler et al., 2009). A recent systematic review conducted by
Bacalhau et al. (2023) identified that 97.1% of preclinical studies investigating paclitaxel induced
neuropathic pain assessed mechanical allodynia using von Frey monofilaments, whilst only 1.4%
assessed any kind of spontaneous pain testing (Bacalhau et al., 2023).

A key research finding involved in the preclinical research of neuropathic pain is that of Field et al.
(1999), who identified that both pregabalin and gabapentin could successfully reverse static and
dynamic mechanical allodynia in the streptozotocin (STZ) type-1 model of neuropathic pain (Field,
McCleary, et al., 1999). This research was an early study where dynamic allodynia was assessed
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using this model of neuropathic pain. Findings from this study showed that dynamic allodynia took
twice as long as static allodynia to develop. The effects of pregabalin, gabapentin, morphine and
amitriptyline were assessed on these endpoints and all four successfully reversed static allodynia.
However, only pregabalin and gabapentin reversed dynamic allodynia and were therefore deemed
by the authors to be superior to morphine and amitriptyline (Field, McCleary, et al., 1999). At
present, morphine is not considered a first line treatment for neuropathic pain, primarily due to it
side effect profile as its NNT is similar to antidepressants (Fornasari, 2017). Amitriptyline and
pregabalin are believed to have equivalent efficacy in treating painful diabetic neuropathy with
pregabalin only being deemed as the better choice based on an improved side effect profile (Bansal
et al., 2009; Daniel et al., 2018). Whilst the evidence from the study by Field et al. (1999) was crucial
in providing the preclinical data for two of the first line treatments for neuropathic pain, their use of
dynamic mechanical allodynia data to deem them superior to amitriptyline and morphine has not
replicated in a clinical setting (Field, McCleary, et al., 1999).

In summary, this evidence shows that although some success has been found in using these stimulus
evoked markers of neuropathic pain, the translation of findings using these endpoints into clinical
trials have been largely unsuccessful. Therefore, the development of novel markers of neuropathic
pain is now largely focused on ethological behaviours and objective markers that are believed to
improve the translatability of analgesics to treat neuropathic pain.

1.10 Current preclinical models of neuropathic pain

A wide array of neuropathic pain models exist that range from metabolic conditions such as
diabetes, chemotherapeutic agents, genetic and surgically induced models (Jaggi et al., 2011; Lione
et al., 2023). When selecting a model, the primary goal is choosing one that has: good face
(replicates the disease model); construct (similar mechanism of neuropathic pain onset/causality);
and predictive (likelihood to predict a similar outcome in humans) validity for the condition the
research is investigating (Berge, 2011). As an example, differentiation between models that induce
type-1 or type-2 diabetes must be made. Whilst type-1 diabetes may be easier to induce with
chemicals or genetic models it represents only 10% of all human diabetic patients (Shaikh & Somani,
2010). It is important to assess the specific cause of neuropathic pain as well as the location and
tissue type as this can affect the resulting pain and treatment profile (Gregory, 2013). Replicating
both the mechanism and site of injury is important to better understand and produce treatments for
human conditions (Gregory, 2013).

1.10.1 Diabetic models of neuropathic pain.

One of the most commonly used metabolic neuropathic pain models is the STZ type-1 model of
diabetes. STZ is taken up by pancreatic B cells through the glucose transporter 2 (GLUT2) and causes
alkylation and free radical damage of DNA, leading to cell death and thus decreased insulin secretion
(King & Bowe, 2016; Shaikh & Somani, 2010). This lack of insulin secretion leads to a loss of
glycaemic control and causes hyperglycaemia, polydipsia, polyurea and peripheral neuropathic pain
(Wang-Fischer & Garyantes, 2018). Typically, STZ is used to induce type-1 diabetes with a single dose
and has been widely used in preclinical neuropathic pain research since the discovery of the
diabetogenic properties of this compound in 1963 (Rakieten et al., 1963). A key use of the single
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dose STZ type-1 diabetic model was in the preclinical testing of pregabalin and gabapentin which
resulted in the forward translation of pregabalin for clinical use in treating neuropathic pain. As
discussed, gabapentin was shown to have efficacy in treating neuropathic pain and research showed
that gabapentin and pregabalin both had anticonvulsant activity through binding to the same site
(Taylor et al., 1993). Gabapentin and pregabalin were examined for their analgesic properties in
models of inflammatory and post-operative pain in 1997 (Field, Holloman, et al., 1997; Field, Oles, et
al., 1997) and subsequently in the STZ type-1 model of neuropathic pain in 1999 (Field, McCleary, et
al., 1999). This resulted in their approval for use against neuropathic pain.

It can be considered that the STZ type-1 model of diabetes shows good face validity in the
development of hyperglycaemia, polyurea, polydipsia and neuropathic pain. The model shows some
construct validity in terms of damage to the pancreatic B cells being the reason for the development
of hyperglycaemia. However, the exact cause of the B cell damage differs from autoimmune derived
damage in humans (Gillespie, 2006). There is also evidence for the predictive validity of the model as
it is one of the few that have been involved in the forward translation of a first line drug treatment
(pregabalin), although the similarities to gabapentin which was back translated and pregabalin do
limit this somewhat.

The STZ model is not perfect due to the limited range of STZ dosage able to achieve a
hyperglycaemic state is usually >50mg/kg, whilst doses as low as 70mg/kg have been identified as
causing high mortality rates (Gajdosik et al., 1999). This may also be related to the preparation and
administration of STZ which is highly variable between publications and could lead to differences in
results (Ghasemi & Jeddi, 2023). Additionally, mortality rate is very dependent on the age of the
animals, with older animals being more susceptible to higher doses of STZ and the potential toxic
effects on multiple organs (Wang-Fischer & Garyantes, 2018). There is cause for concern that in the
Field et al. (1999) study, animals showed a relatively low BGL (of approximately 16mmol/L on
average) which is lower than seen in other papers where typically the mean BGL is 25mmol/l or
greater (Al Deeb et al., 2000; Field, McCleary, et al., 1999). Overall, it is important that the correct
model of neuropathic pain is selected and that the face, construct and predictive validity of the
model is assessed before its use.

Though the single dose STZ type-1 diabetes model is the most commonly used model and has
demonstrated some forward translatability potential, it is not the only diabetic model. Others
include multiple low doses of STZ being administered to induce a type-1 phenotype (Vieira et al.,
2020), a low dose of STZ combined with a high fat diet to induce a type-2 model (Guo et al., 2018)
and genetic models such as Zucker diabetic fatty (ZDF) type-2 diabetes rat model (Rutten et al.,
2018). However, genetic models are limited by their much greater cost and slower development of
neuropathic pain (Rutten et al., 2018). Similarly, the type-2 diabetes high fat diet models develop
neuropathic pain only after 16 weeks (Castafieda-Corral et al., 2021). Compare to the single dose STZ
type-1 diabetes model which can develop neuropathic pain withing the first two weeks (Field,
McCleary, et al., 1999). Therefore, the single dose STZ type-1 diabetes model is still the most
commonly used type-1 diabetes model used for preclinical screening of analgesic treatments.

1.10.2 Chemotherapy induced models of neuropathic pain.

There are several models of chemotherapy induced peripheral neuropathy (CIPN) using vinka
alkaloid, taxanes or platinum based compounds (Authier et al., 2009). One such chemotherapeutic
agent is oxaliplatin, a third-generation platinum analogue that is used in humans for a wide range of
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anti-cancer treatments because of its reduced nephrotoxicity compared with second generation
platinum based compounds (Yi et al., 2021). However, the key limiting factor in the use of oxaliplatin
is the side effect of CIPN that is experienced by 85-90% of patients undergoing treatment, that
initially lasts for up to a few days but with successive treatments can last for years after treatment
(Branca et al., 2021; Takeshita et al., 2021). To improve research into this area, Ling et al. (2007)
developed a rat model of oxaliplatin induced CIPN that develops cold and heat hypersensitivity
consistent with the clinical presentation of oxaliplatin induced neuropathic pain in humans (Ling,
Authier, et al., 2007). This model involves the administration of oxaliplatin either as a single bolus
dose to cause a transient neuropathic pain phenotype (Ling, Coudoré-Civiale, et al., 2007) or
repeated smaller doses that produce a chronic CIPN model (Ling, Authier, et al., 2007). These models
induce cold allodynia through an oxalate metabolite and chronic development of mechanical
allodynia through axonal degeneration (Egashira, 2021). Since its inception the oxaliplatin model of
neuropathic pain has been refined and tested extensively with animals presenting with mechanical
allodynia along with hypersensitivity to temperatures, however few drugs in clinical trials have
shown much promise for improving the oxaliplatin induced peripheral neuropathy (Lv et al., 2023).

The oxaliplatin model of neuropathic pain shows good face and construct validity with animals
developing a similar neuropathic pain phenotype to humans which is caused by the same treatment
(oxaliplatin) that patients receive. The predictive validity is yet to be determined, as currently it has
not translated any drugs into successful clinical application. Though it is a relatively newer model of
neuropathic pain which may contribute to this (Velasco et al., 2021). One limiting factor of this
model is the transient development of neuropathic pain after a single administration of oxaliplatin
that could limit the time researchers have to investigate analgesics (Ling, Coudoré-Civiale, et al.,
2007). Repeated administration of oxaliplatin does induce a longer, more sustained neuropathic pain
phenotype, both of which appear to reflect the developments seen in humans (Ling, Authier, et al.,
2007). Whilst other models of CIPN have been explored oxaliplatin induced CIPN is particularly
important as the CIPN occurs in almost all patients (Branca et al., 2021; Takeshita et al., 2021).
Alongside this very few drugs have been efficacious in clinical trials at treating oxaliplatin induced
CIPN (Lv et al., 2023). Which is particularly concerning as CIPN is often the most dose limiting side
effect of oxaliplatin as a chemotherapy treatment that can alter or reduce treatment plans
(Mezzanotte et al., 2022; Miltenburg & Boogerd, 2014). Therefore, it is vital that the correct
preclinical neuropathic pain endpoints are used in oxaliplatin CIPN models.

1.10.3 Surgically induced models of neuropathic pain.

Surgically induced neuropathic pain in rodents, models the effects of traumatic surgical or physical
injuries in human patients (Bennett et al., 2003; Challa, 2015). These surgically induced models often
focus on damaging the sciatic nerve and various models have been generated that involve ligating,
transecting, or constricting this nerve at different locations (Challa, 2015). The chronic constrictive
injury (CCl) model of peripheral neuropathic pain is the most commonly reported model used in
preclinical neuropathic pain research (De Vry et al., 2004). It was originally developed by Bennett
and Xie in 1988 to model nerve compression injuries such as nerve compression or entrapment
(Bennett & Xie, 1988). This model involves applying loose ligatures (usually of suture material)
around the sciatic nerve to occlude, but without stopping epineural blood flow to the area (Austin et
al., 2012). Several other models following similar protocols of nerve injury usually to the sciatic have
also been developed to target alternative causes of peripheral nerve injury such as nerve ligation or
transection (Berge, 2011; Fonseca-Rodrigues et al., 2021). Animals undergoing CCl surgery develop
both mechanical allodynia and thermal hyperalgesia that has been reversed with a wide range of
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analgesic compounds including gabapentin and amitriptyline which are among the first line
treatments in humans (De Vry et al., 2004).

The CCl model shows good construct validity in that it involves direct compression of the nerve
however the underlying pathophysiology in humans is not yet fully understood meaning a proper
understanding of the construct validity cannot be established (Berge, 2011). Neuropathic pain in
humans caused by peripheral nerve injury presents as stimulus evoked (mechanical allodynia and
thermal hyperalgesia) and spontaneous pain, both of which are present in the CCl model and
supporting the face validity of its use (De Vry et al., 2004). The predictive validity of the CCl model
does have some precedent with its involvement in the preclinical testing of pregabalin where it was
identified to be better than morphine at relieving static and dynamic allodynia in the CCl model
(Field, Bramwell, et al., 1999). Although it is considered an established model there are limitations to
be considered which include animal self-mutilation and autotomy. This often occurs due to loss of
sensation or pain as well as inter animal variability due to the tightness of ligature that is applied to
the nerve. However, due to the relatively simplicity and reproducibility of this model that results in a
sustained and stable level of pain it is a popular model of peripheral neuropathic pain and one of the
only with evidence of predictive validity (Austin et al., 2012).

1.11 Novel preclinical neuropathic pain endpoints

A range of different endpoints and techniques have been developed with the aim of improving the
translatability and accuracy of neuropathic pain measurements in rodents. Many of these focus on
recording ethological behaviours that animals express such as burrowing, nesting or wheel running.
These kinds of ethological markers focus on moving away from evoked endpoints such as von Frey to
improve the accuracy of measuring neuropathic pain (Deuis et al., 2017). Additionally, objective
measures that can be directly translated between humans and animals have also been developed
such as EEG and gait analysis (Koyama, LeBlanc, et al., 2018; Vieira et al., 2020). Although historically
hyperalgesia and allodynia are often used to determine the development of neuropathic pain in
rodents, these conditions are only present in 15-50% of human neuropathic pain patients, meaning
assessing neuropathic pain without measuring these directly could improve translatability (Jensen &
Finnerup, 2014; LeBlanc, Bowary, et al., 2016).

1.11.1 Burrowing.

Burrowing is an ethological behaviour expressed in rodents that is currently being investigated as a
novel neuropathic pain endpoint to improve upon the traditional reflex-based tests that are a
mainstay of current analgesic research (Jirkof, 2014). As discussed, the current neuropathic pain
endpoints have had little success in translating novel compounds for the treatment of neuropathic
pain. Therefore, it is believed that ethological behavioural markers such as burrowing, rearing and
grimacing may provide a more accurate representation of the global impact of pain rather than only
assessing local sensitivity (Andrews et al., 2011). Burrowing is particularly relevant as it can be
measured objectively without requiring a highly skilled or trained operator (Andrews et al., 2011,
2012; Deuis et al., 2017). An additional benefit of burrowing is that it can indicate sedative
(100mg/kg) doses of gabapentin, demonstrated by reduced burrowing in naive animals (Andrews et
al., 2012). Burrowing is also considered an ethologically fundamental activity in rodents and
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considered to be equivalent to activities undertaken by humans in their daily lives so would more
likely reflect the overall impact of neuropathic pain (Zhang et al., 2022). This indicates that
burrowing may become a sensitive marker of neuropathic pain with improved translatability and
objectivity over currently used evoked measures of neuropathic pain.

1.11.1.1 Burrowing in neuropathic pain models.

Some of the key findings during the development of burrowing in pain research has been that of
Andrews et al. (2012) and Lau et al. (2013) (Andrews et al., 2012; Lau et al., 2013). Andrews et al.
(2012) demonstrated burrowing deficits in 3 models of peripheral nerve injury and the complete
Freund's adjuvant (CFA) model in rats (Andrews et al., 2012). Tibial nerve transection induced
burrowing deficits were reversed by 30mg/kg but not 100mg/kg gabapentin (Andrews et al., 2012).
Lau et al. (2013) showed that rats following spared nerve injury (SNI) surgery presented a deficit in
mechanical and cold allodynia as well as a deficit in burrowing all of which was reversed by 10mg/kg
and 30mg/kg pregabalin (Lau et al., 2013). This study also demonstrated that carbamazepine had
very modest efficacy in reversing mechanical allodynia and no effect on burrowing. This is consistent
with findings in humans that pregabalin is superior to carbamazepine in treating neuropathic pain
and demonstrates back translation of the effects of pregabalin on burrowing (Razazian et al., 2014).

The discussed studies in burrowing have been conducted on conditions that involve inducing
inflammation or conducting surgery to a hind leg to generate this pain (Andrews et al., 2012; Lau et
al., 2013). It is therefore unclear in these models if the reduction in burrowing in these models is a
measure of the “global impact of pain” as suggested by the authors or is simply due to a lack of
mobility or contact allodynia due to the surgical or inflammatory state. One study that investigated
this limitation was conducted by Deseure and Hans (2018) and provided evidence that burrowing
deficits are caused by changes induced by pain through monitoring burrowing in a model orbital
nerve injury (Deseure & Hans, 2018). This study looked at a model of neuropathic pain that did not
affect the hind limbs and found that orbital nerve pain caused a significant deficit in burrow
compared with sham animals providing key validation to the theory that burrowing is a marker of
“the global impact of pain” and animal wellbeing. However, the authors did not attempt to reverse
this deficit with any analgesics limiting the validity of this claim (Deseure & Hans, 2018).

Some of the only published data regarding the effects of diabetes on burrowing has been presented
by Rutten et al. (2018). This study analysed the effects of the Zucker diabetic fatty (ZDF) model, the
STZ type-1 rat model of diabetes and the CCI model of surgically induced neuropathic pain on
burrowing (Rutten et al., 2018). The ZDF model showed only moderate differences in burrowing
compared with the Zucker lean (ZL) rats at 7 weeks, that increased further at 15 weeks. Though the
difference in ZDF and ZL burrowing appears to be primarily driven by an increase in the total
burrowing of the ZL animals as the ZDF group burrowing remains consistent at approximately 750g.
Additionally pregabalin, gabapentin, morphine and tramadol were all unsuccessful in reversing this
burrowing deficit in the ZDF model. STZ induced significant deficits in burrowing to negligible levels
compared with control animals which remained at >1500g. Pregabalin at both 10 and 30mg/kg was
unsuccessful at reversing this deficit. Promising results were identified in the CCl model however,
where burrowing was reduced to approximately 600g compared with 1400g in sham animals. This
was successfully reversed by a low dose of morphine and all doses of pregabalin and gabapentin
tested (Rutten et al., 2018).
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Whilst these results in the CCl model were excellent for the further development of burrowing as a
marker of neuropathic pain, this study does have limitations. The authors claim that wellbeing
alterations in the diabetic models may have led to the lack of efficacy of any of the standard
analgesics in reversing deficits in either of the models tested (Rutten et al., 2018). This contributes to
the findings that burrowing is a marker of overall wellbeing (Andrews et al., 2011; Deacon, 2006;
Deseure & Hans, 2018; Jirkof, 2014). A comparatively large dose of STZ at 75mg/kg was used
potentially increasing the effects of wellbeing on burrowing and reducing the likelihood these
analgesics could reverse burrowing (Rutten et al., 2018). Additionally, this study summarised the
results from experiments conducted across different facilities and it appears the protocol followed
was not consistent. For example, some experiments used quartz sand as the substrate whereas
others used pea shingle. Also, both the time allowed for burrowing to be conducted and the time
after dosing the burrowing took place were inconsistent. This causes concern as a recent review
found that rats tend to burrow sand and gravel differently with rats burrowing greater amounts of
gravel (Zhang et al., 2022). More consistent research is needed to properly characterise burrowing in
these models.

1.11.1.2 Limitations of burrowing as an endpoint.

The concept of differences in burrowing protocols are not limited to this study. Differences can be
seen in most burrowing studies making it difficult to compare results. Various substrates have been
used including quartz sand (Rutten et al., 2018), food pellets (Deseure & Hans, 2018; Rossato et al.,
2018) and most commonly pea shingle (Andrews et al., 2012; Lau et al., 2013; Muralidharan et al.,
2016; Rutten et al., 2018). Additionally, the point of the light dark cycle that burrowing has been
conducted may be just before the dark period (Muralidharan et al., 2016), during the dark period
(Deseure & Hans, 2018) or during the light period but the specific time is unreported (Andrews et al.,
2012; Lau et al., 2013; Rossato et al., 2018; Rutten et al., 2018). Possibly most important is the
length of time that burrowing is allowed to take place for such as 1 hour (Andrews et al., 2012; Lau
et al., 2013; Muralidharan et al., 2016; Rossato et al., 2018; Rutten et al., 2018), 2 hours (Andrews et
al., 2012; Rutten et al., 2018) or 4 hours (Deseure & Hans, 2018). This demonstrates the need for an
in-depth analysis on the effects of these and other criteria such as the presence of a human observer
in the room or the types of habituations used in burrowing. This would allow for a more accurate
and robust protocol to be developed for measuring burrowing as an endpoint for pain studies.

It is also important to consider the variability of data that is generated by endpoints as
understanding this allows for an assessment of the number of animals needed per group to ensure
statistically significant differences are detected (Thomas & Juanes, 1996). If the numbers of animals
needed per group are significantly higher than current endpoints, they may not be useable from an
ethical standpoint as they do not conform to the 3R’s (Fenwick et al., 2009). It is important to
consider that burrowing has a much greater inter-animal variability compared with von Frey tests of
mechanical allodynia and Randall-Selitto testing of mechanical hyperalgesia (Muralidharan et al.,
2016). This study demonstrated that although burrowing in the CCl and CFA rat models was
decreased, as it was for the evoked markers, the inter-animal variability was higher. This suggests
the need for larger groups when using burrowing as an endpoint to ensure the reliability of the data.
However, the authors technique for von Frey testing does not use the Dixon up-down method, as
most studies in rats use today, and instead took the average of the filament the animal first
responded to on 3 repeated tests. This method whilst appearing to generate valid data severely
limits the variability achievable in the dataset. Thus the comparison of a normally distributed
measures such as burrowing, with a von Frey testing protocol which generates very little variability,
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is not particularly valid. Randall-Selitto data typically displays a normal distribution, so this
comparison is likely more accurate (Muralidharan et al., 2016). However, the authors did not provide
details of the equipment and technique used to measure this endpoint. The authors’ findings that
burrowing generates more variable data could well be correct but additional research is needed to
compare this endpoint to others that generate truly normally distributed data (Muralidharan et al.,
2016).

Overall, burrowing is a promising marker of neuropathic pain that provides an objective measure of
an ethological behaviour that reflects animals’ general wellbeing and not just pain. However, further
development of the effects of various parts of the burrowing protocol are needed and an
assessment of STZ deficits at a lower dose should be conducted.

1.11.2 Gait analysis.

Gait analysis is a technique that assesses different features of human and animal movement, speed,
limb positioning and foot/paw pressure among other characteristics of movement (Lakes & Allen,
2016). Different types of gait analysis have been used for several years to analyse alterations in
movement associated with different conditions, including pain (Lalli et al., 2013; Tappe-Theodor et
al., 2019). Preclinically this has typically focussed on inflammatory pain occurring from arthritis
(Clarke et al., 1997). Gait analysis has also been conducted in various models of neuropathic pain
using a variety of techniques. Al Deeb et al. (2000) used a range of ink printing and inclined plane
tests assessed in the STZ type-1 diabetes model and found no effect of STZ on these measures (Al
Deeb et al., 2000). However, this study was limited by the human interpretation of the markers
used. A key benefit of analysing changes in gait is that these measures can be easily and non-
invasively assessed in both human and animal allowing for a direct translation of any results
generated (Heinzel et al., 2020).

1.11.2.1 Gait analysis in neuropathic pain models.

A key improvement that has been made to gait analysis is the introduction of automated gait
analysis such as the “CatWalk” system (Noldus, Netherlands system). This system was used by
Vrinten and Hamers (2003) to show a reduction in stance phase and paw pressure which correlated
to a reduction in von Frey paw withdrawal threshold in rats post CCl surgery (Vrinten & Hamers,
2003). Pitzer et al. (2016) demonstrated in two different automated gait analysis systems (CatWalk
and Dynamic weight bearing (DWB) system (Bioseb)) that mice post SNI surgery showed significant
deficits in different gait measures recorded by these systems such as paw contact intensity and
stride length (Pitzer et al., 2016). However, manual methods using homemade apparatus are still
employed successfully. For example, Karatan et al. (2019) found a decrease in measurements of paw
imprint size in STZ diabetic rats using a homemade carboard tunnel and stamping ink (Karatan et al.,
2019).

Recently Vieira et al. (2020) presented some of the first evidence of changes in gait caused by STZ
induced type-1 diabetes recorded using an automated gait analysis system (CatWalk) (Vieira et al.,
2020). This system allows for the automated and objective analysis of a naturalistic behaviour
requiring no human interpretation of an evoked response. Over the course of 28 days post STZ both
von Frey paw withdrawal and automated gait analysis were conducted, and a significant level of
correlation was found between the two endpoints. This finding of altered gait in diabetic rodents
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correlates with the human neuropathic pain condition which also shows changes in gait (Alam et al.,
2017). This is particularly important as it can lead to falls in elderly diabetic patients.

1.11.2.2 Limitations of gait analysis.

Unfortunately, the gait data identified by Vieira et al. (2020) is limited as there was no attempt to
reverse these markers with any standard or novel analgesics so it is not yet possible to understand if
these changes in gait can be reversed (Vieira et al., 2020). Additionally, the authors only show the
change from baseline of von Frey withdrawal threshold and not the absolute value, meaning the von
Frey data cannot be compared with other studies. This study provides a good indication that gait
analysis using an automated system can be successful in identifying gait changes in the STZ model
and it may provide an excellent opportunity to develop a sensitive and objective marker that has
translational links to human neuropathic pain (Vieira et al., 2020). However, extensive
characterisation of this endpoint and its reversal with standard and novel analgesics is needed to
develop a robust protocol for this in the STZ model. In other models automated gait analysis has
been used extensively in models of both central and peripheral nerve injury with areas such as
increased swing time, increased base of support and decreased toe spread being identified
consistently across sciatic nerve injury models (Timotius et al., 2023).

1.11.3 Automated behavioural scoring.

Automated behavioural analysis is a useful tool for recording large amounts of behavioural data
from free roaming animals in a home cage like environment (Deuis et al., 2017). These systems,
whilst expensive, allow for the analysis of various ethological behaviours simultaneously without the
need for human observations. They provide an excellent way to gather behavioural data in a range
of animal models. Thus far in the pain field some success has been found in models such as arthritis
and carrageenan induced inflammatory pain (Brodkin et al., 2014; Inglis et al., 2007, 2008; Miller et
al., 2012). Inglis et al. (2008, 2007) identified that surgically induced osteoarthritis and collagen
induced arthritis both resulted in decreased ethological behaviours such as locomotion and climbing
in mice when recorded by the LABORAS system (Inglis et al., 2007, 2008). Similarly, Miller et al.
(2012) found that the onset of mechanical allodynia measured by von Frey is followed by decreased
movement, climbing and rearing in a mouse model of surgically induced arthritis (Miller et al., 2012).
Comparisons have also been made between human video scoring and automated behavioural
scoring in the carrageenan induced mouse model of inflammatory pain (Brodkin et al., 2014). This
study showed a strong correlation between automated behavioural scoring and trained human
operator scoring.

1.11.3.1 Automated behavioural scoring in neuropathic pain models.

The previously described positive result that changes in behaviour are caused by inflammatory pain,
contrast the results found in a mouse model of post-surgical pain. Mouse grimace scale scoring was
shown to correlate with manually scored behaviour, however automated behavioural scoring did not
(Leach et al., 2012). Similarly Urban et al. (2011) found that although the CCl mouse neuropathic
pain model showed some differences in automatically scored behaviours, post-surgery these
returned to baseline by day 14 (Urban et al., 2011). They also found that mice undergoing SNI
surgery failed to show any significant difference to baseline. Pitzer et al. (2016) showed similar
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results with mice having a reduction in climbing but no other behavioural markers post SNI surgery,
with only a trend towards a reduction in locomotion and distance moved (Pitzer et al., 2016).

1.11.3.2 Limitations of automated scoring studies.

The studies examining the effects of neuropathic pain on automated behavioural scoring thus far
appear to have been conducted thoroughly and generated similar findings. The key limitation of
these studies is that there is very little data reported on the effects of different types of neuropathic
pain models and in different species. All the studies described were conducted in mouse models,
likely due to the reduced cost of murine studies and the increased availability of transgenic models
(Ellenbroek & Youn, 2016). It does not appear that any studies using automatic home cage
behavioural analysis have been conducted in a diabetic or other metabolic models. Further
categorisation of the changes in a range of neuropathic pain models and additional species are
needed before this endpoint is completely ruled out of use as a neuropathic pain endpoint.

In summary, automated behavioural analysis research has demonstrated mixed success in pain
models when measuring ethological behaviours. So far very little evidence supports the use of
automated behavioural analysis in analysing neuropathic pain. However, there is a need for the
assessment of automated behavioural scoring in future studies to see if the lack of change found so
far is consistent across other neuropathic pain models. Particularly in a model that affects general
wellbeing and induces a polyneuropathy such as the STZ type-1 rat model of diabetes rather than
simple mononeuropathies that have been examined so far. This may help to bring out differences in
home cage behaviour due to the greater changes in overall wellbeing compared with surgically
induced mononeuropathies.

1.11.4 Electroencephalography.

Electroencephalography first conducted on human patients by Hans Berger in 1924, is a technique
used to study electrical currents produced in the brain (Berger, 1929). It is recorded using
electrodes: in humans commonly placed on the scalp (Sazgar & Young, 2019); in rodents usually
placed in direct contact with the dura mater (Lundt et al., 2016), to produce an EEG recording. EEG
recordings represent synchronised electrical activity from populations of neurons (Binnie & Prior,
1994). The two most prominent ways that recording EEG is applied is either to quantify the electrical
activity of neuronal populations and/or as a method to quantify changes in sleep/wake behaviour
(Campbell, 2009; Light et al., 2010). EEG electrical activity and sleep/wake behaviour may be useful
as objective and translatable central markers of neuropathic pain. This is because EEG can be
recorded objectively in both animals and humans without using evoked responses, that current
neuropathic pain endpoints use (Bove, 2006; Leiser et al., 2011; Sullivan et al., 2015; Wilson et al.,
2014).

1.11.4.1 Effects of neuropathic pain on spectral power changes in EEG recordings
from human patients.

Early evidence of EEG electrical activity in neuropathic pain patients focused on changes in EEG
power, a measure of the amount of activity in specific frequencies. EEG frequencies are typically
divided into delta, theta, alpha, beta and gamma bands and the amount of activity in each band is
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quantified as EEG power (Figure 1.4) (Xiao et al., 2018). In neuropathic pain patients this particularly
focused on low frequencies such as an increase in theta (4-8Hz) power, decrease in alpha (8-12Hz)
power and increased rhythmicity of theta oscillations that was termed thalamocortical dysrhythmia
(Llinas et al., 1999). Evidence from animal models indicated that the ventral posterolateral nucleus
of the thalamus (Figure 1.1) was the cause of thalamocortical dysrhythmia (Gerke et al., 2003). This
population of neurons transmits spinal cord signals to the somatosensory cortex (Caylor et al., 2019).
Thalamocortical dysrhythmia has continued to be a commonly referenced model for the changes in
theta oscillations seen in neuropathic pain (LeBlanc, Lii, et al., 2016; Vanneste et al., 2018; Vuckovic,
Gallardo, et al., 2018). In humans Stern et al. (2006) identified that whilst there were many
similarities in EEG signal (such as increase theta power) differences in the extent of this increase in
theta power were related to the neuropathic pain cause (Stern et al., 2006). Thus, developing our
understanding of EEG signal patterns as markers of neuropathic pain, may produce individual
patterns of EEG changes for different neuropathic pain causes.

The differences between neuropathic pain patients EEG frequency activity and that of healthy
control patients has been routinely studied in different patient populations, with varying results
(Mussigmann et al., 2022). An increase in theta power is one of the more consistently reported
changes in studies investigating the EEG power spectral from neuropathic pain (Jensen et al., 2013;
Krupina et al., 2020; Michels et al., 2011; Sarnthein et al., 2005; Sarnthein & Jeanmonod, 2008; Stern
et al., 2006). Though changes in theta power are not reported in all studies (Zhou et al., 2018).
Alterations in alpha power are often reported in these human neuropathic pain studies however the
direction of these changes is less consistent with both increased (Michels et al., 2011; Stern et al.,
2006) and decreased (Jensen et al., 2013; Simis et al., 2022) EEG alpha power reported. Changes in
beta power are less commonly reported than both theta and alpha power changes, however
similarly to theta power most research indicates that when beta power is identified, it is increased in
neuropathic pain patients (Krupina et al., 2020; Stern et al., 2006). A recent review of resting state
EEG in neuropathic pain patients found that increased theta (4-7Hz) power along with a shift of the
dominant peak theta frequency towards a lower frequency were the most consistently reported
finding. Overall, this provides supportive evidence that the increased theta power seen in many
neuropathic pain studies may be a reproducible efficacy endpoint that can be used to screen drugs
against. Though changes in other power bands should be investigated as they could indicate that
different neuropathic pain causes have individual EEG power spectral profiles.
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Figure 1.4) Representation of delta, theta, alpha, beta and gamma frequencies that together make
up the raw EEG signal. Taken from (Bajaj & Bajaj, 2020).

1.11.4.2 Preclinical studies support theta power changes as a neuropathic pain
endpoint.

Much of the published preclinical research investigating the impact of neuropathic pain of EEG
power has been conducted by Carl Saab’s researcher group. This group have extensively
characterised that a CCl rat model of neuropathic pain demonstrates an increase in EEG theta power
similar to that of human neuropathic pain patients (Koyama, LeBlanc, et al., 2018; Koyama, Xia, et
al., 2018; Leblanc et al., 2014; LeBlanc, Bowary, et al., 2016; LeBlanc, Lii, et al., 2016). This group first
demonstrated a decrease in thalamocortical coherence (2-30Hz) and increase in EEG theta power
when recording above the S1 brain region (Leblanc et al., 2014). These changes in theta power and
thalamocortical coherence provide further evidence of the link between thalamocortical
dysrhythmia and theta power changes in the CCl rat model. This work further identified that EEG
power was increased from 3-30Hz at the PFC, the ipsilateral and contralateral S1 regions and these
changes were reversed by 10mg/kg pregabalin treatment (LeBlanc, Bowary, et al., 2016). In addition,
they demonstrated evidence for the role of thalamocortical coherence in CCl induced neuropathic
pain as inhibiting thalamic burst firing normalised theta power and evoked pain behaviours (LeBlanc,
Lii, et al., 2016). This work culminated in the publication of a bioassay protocol using the increased
theta power as a neuropathic pain endpoint for the CCl rat model (Koyama, LeBlanc, et al., 2018).

The characterisation of preclinical EEG recordings to generate a translatable preclinical neuropathic
pain endpoint by Koyama et al. (2018) is one of the first to provide a detailed methodology that
showed reversibility with clinically relevant analgesics (Koyama, LeBlanc, et al., 2018). Koyama et al.
(2018) recorded short 3-5 minute sessions of EEG in CCl rats after 15 minutes of acclimatisation and
only assessed periods of resting wakefulness. By doing so they detected an increase in resting state
theta power at Day 7 and Day 14 after CCl surgery along with a corresponding decrease in paw
withdrawal latency to heat. Using this methodology, the authors were able to differentiate between
3, 10 and 30mg/kg doses of pregabalin with 3mg/kg showing a lack of efficacy, 10mg/kg showing a
significant reversal of the increased theta power and 30mg/kg showing a trend towards further
increased theta power (Koyama, LeBlanc, et al., 2018). This dose dependent effect correlated with
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their plasma concentration analysis that indicated 10mg/kg pregabalin falls within the equivalent
therapeutic window in humans whilst 3mg/kg and 30mg/kg are sub and supra therapeutic doses,
respectively. In contrast, the paw withdrawal latency to a heat source demonstrated efficacy at all
three dose levels of pregabalin. A limitation of assessing neuropathic pain and analgesia through
using increased theta power in this study was that only short periods of resting wakefulness were
assessed which would not allow for the characterisation of any progressive effects of a treatment
across an extended time period. Additionally, these changes have only been demonstrated up to 14
days after CCl surgery which could limit the ability for examining multiple doses of treatments in a
cross over study or the assessment of treatments that require multiple doses to reach peak plasma
concentrations. The back translation of the effect of pregabalin in this protocol is an important step
in validating increased EEG theta power as a translatable neuropathic pain endpoint.

Whilst the development of preclinical screening protocol using increased theta power in the CCl
model is invaluable, the results from other research groups are not completely consistent with these
findings. Early research from Kontinen et al. (2003) identified no change in any power spectral
frequency bands during either wakefulness or slow wave sleep across a 5-month long study in the
CCl rat model (Kontinen et al., 2003). However, in a mouse sciatic nerve crush model Ho et al. (2024)
identified an increase in theta and alpha power that correlated with mechanical withdrawal
threshold measures of pain (Ho et al., 2024). They also tested the common peroneal nerve ligation
model but did not find a correlation between theta and alpha power with mechanical withdrawal
threshold measures of pain (Ho et al., 2024). In the mouse partial sciatic nerve ligation model it has
been demonstrated that EEG delta power was increased and correlated with von Frey
measurements of paw withdrawal threshold (Li, Ge, et al., 2019). Furthermore, treatments that
promoted wakefulness and decreased delta power also attenuated paw withdrawal threshold
measurements (Li, Ge, et al., 2019). Although these studies do not attempt to replicate the findings
of Carl Saab’s research group, they do highlight a lack of continuity in the results of measuring EEG
power in preclinical neuropathic pain models similar to that of humans. These differences may be
occurring due to; different pain models being used, different recording and analysis strategies being
applied, different electrode placement or other factors. Together it highlights a need for further
investigations of the impact of neuropathic pain on EEG power and reversibility with analgesics to
determine if this is a reliable, reproducible and high throughput screening technique.

1.11.4.3 Sleep/wake changes induced by neuropathic pain.

Sleep is an important physiological process that can help aid in improving metabolism, immunity,
recovering physical strength and is needed to allow humans to conduct their normal daily activities.
Therefore, disruption to sleep can impact these processes including leading to reduced pain
thresholds, interference with drug management of pain as well as psychological management of
pain (Zhu & Huang, 2023). This is concerning as pain can lead to disrupted sleep itself and therefore
form a cycle of disrupted sleep and increased pain levels (Almoznino et al., 2017). Sleep is generally
separated into two distinct periods of non-rapid eye movement (NREM) and rapid eye movement
(REM) sleep. NREM sleep is characterised by slow wave delta (0.5-4Hz) oscillations and REM sleep
characterised by EEG theta (6-9Hz) oscillation along with skeletal muscle atonia and rapid eye
movements (Vyazovskiy & Delogu, 2014). EEG often combined with other measures such as
electromyography (EMG), eye movement and other physiological parameters can be employed in
the measurement and quantification of sleep in both humans and animals enabling its potential as a
translatable marker of neuropathic pain induced changes in sleep (Kourbanova et al., 2022).
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1.11.4.4 Sleep/wake behavioural changes in the CCl model of neuropathic pain.

Differing results have been observed in the CCl model of neuropathic pain regarding what sleep
changes occur following CCl surgery. Andersen et al. (2003) identified that rats post CCl surgery
spent less total time asleep across the first 8-10 days. This was accompanied by an increase in short
<15 seconds bouts of arousal particularly during the light period along with an increase in the
latency to NREM sleep on days 2-7 and a decrease in latency to REM sleep on days 2-4 (Andersen &
Tufik, 2003). However, these results have not been consistently identified across all CCl studies.
Kontinen et al. (2003) studied the amount of time rats spent awake and in NREM and REM sleep
across 146 days after CCl surgery and identified no differences in the amount of time spent in any
sleep/wake state nor any changes in the number or average duration of sleep/wake episodes
(Kontinen et al., 2003). The comparison between these studies is limited as the first timepoint that
the Kontinen group measured changes in sleep/wake behaviour was at day 13 post surgery a
timepoint where the changes identified by the Andersen et al. (2003) had already returned to
baseline levels (Andersen & Tufik, 2003; Kontinen et al., 2003). This could mean that the changes in
sleep/wake behaviour of CCI rats post-surgery are short lasting. This is further supported by the
findings of Leys et al. (2013) in which although the total amount of slow wave sleep was not
affected, the amplitude of slow wave oscillation (1-4Hz) was decreased across the first two weeks
following CCl surgery (Leys et al., 2013). Tokunaga et al. (2007) highlighted that certain
environmental conditions can play a role in sleep disturbances when they compared CCI rats using
normal sawdust bedding versus sandpaper (Tokunaga et al., 2007). These results demonstrated that
CCl rats on sawdust bedding had similar levels of sleep latency and sleep/wake amounts to sham
animals. Though, when placed on a sandpaper flooring overnight to simulate an aversive condition
the latency to sleep increased greatly along with the amount of time spent asleep decreasing
(Tokunaga et al., 2007).

1.11.4.5 Current limitations of preclinical sleep/wake behavioural changes as
neuropathic pain endpoints.

A recent study by Ho et al. (2024) further highlights the current limitations of sleep/wake changes in
preclinical neuropathic pain models. To avoid the conflicting results in the CCl model they
investigated the sciatic nerve crush injury and common peroneal nerve ligation mouse models (Ho et
al., 2024). Both models demonstrated a significant decrease in paw withdrawal threshold across 15
days post-surgery. A decrease in the amount of time spent in NREM sleep was identified on day 1
and day 5 post surgery but returned to baseline levels from day 5 onwards. This was accompanied by
sleep fragmentation at both of these time points with increased number and decreased length of
NREM sleep bouts that again returned to baseline levels by day 10. The changes in REM sleep were
more inconsistent with the sciatic nerve crush causing a decrease in REM sleep amounts across all
timepoints measured whereas the common peroneal nerve ligation only caused a reduction in REM
sleep amount from day 5 onwards. A development in this study was the correlation between paw
withdrawal thresholds and the amount of time spent in NREM sleep in the sciatic nerve crush injury
animals on day 1 along with positive correlations on between changes in alpha and theta EEG power
and paw withdrawal thresholds on day 10 (Ho et al., 2024). These findings may indicate a paradigm
of early sleep/wake changes followed by later development of EEG power spectral changes. Overall,
this highlights the potentially transient nature of the changes to sleep/wake behaviour in these
models and more investigation may be necessary to fully identify a reliable and robust marker of
neuropathic pain using EEG measurements of sleep.
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1.11.4.6 Potential in using NREM sleep fragmentation as a neuropathic pain
endpoint.

A recent extensive study conducted by Alexandre et al. (2024) compared the SNI, CCl and spared
nerve crush mice models for their effects on sleep/wake behaviour and particularity on NREM sleep
fragmentation (Alexandre et al., 2024). In the SNI model the number of brief arousals and short
bouts of wakefulness (<16 seconds) increased. This was accompanied by an increase in the number
and decrease in the length of NREM sleep bouts. Though this did not affect the overall amount of
NREM sleep as seen in other models (Andersen & Tufik, 2003; Ho et al., 2024). The development of
NREM sleep fragmentation was maintained in the SNI model for at least 7 weeks and successfully
reversed by the analgesic gabapentin (Alexandre et al., 2024). Similar results were achieved in the
CCl model with increased short wakefulness bouts primarily during the light period of the recording
that peaked at 5 weeks after surgery. CCl mice also spent more time in NREM sleep and less awake
during the dark period up until 5 weeks unlike the SNI mice (Alexandre et al., 2024). Additionally this
research group induced these brief arousals during NREM sleep with optogenetic activation of hind
paw afferent fibres confirming that the brief arousals and sleep fragmentation measured were likely
caused by spontaneous pain.

To further demonstrate the correlation between sleep fragmentation and neuropathic pain the
sciatic nerve crush model was tested which develops a transient neuropathic pain phenotype
(Alexandre et al., 2024). This model demonstrated NREM sleep fragmentation up to 4 weeks which
returned to normal from week 5 onwards correlating with classical stimulus evoked measures of
neuropathic pain. Interestingly models of surgical and inflammatory pain were examined and
demonstrated no change in NREM sleep duration indicating that the development of NREM sleep
fragmentation is restricted to neuropathic pain models.

This extensive characterisation of reproducible NREM sleep fragmentation in a variety of
neuropathic pain models and its reversal with a standard analgesic indicate positive result for its
potential use as an objective and translatable neuropathic pain endpoint. A key limitation is that
identification of brief arousals required extensive manual scoring of the EEG recordings to produce
these results. There are two main ways that preclinical rodent EEG recordings are processed to
determine what periods of the recording the animals spent awake or asleep. These include manual
scoring by a trained expert who visually assesses whether the EEG recording indicates that the
animal was asleep or an automated sleep scoring algorithm that automatically determines the
animals sleep state based on set criterion (Benington et al., 1994; Grieger et al., 2021). For sleep
fragmentation to be applicable for use in a routine analgesic screening study it is likely that an
automatic scoring system with minimal human intervention would need to be used to make this
time and cost effective (Muto & Berthomier, 2023). Therefore, further investigations into the
reproducibility and level of manual scoring intervention needed to consistently demonstrate these
changes is required.

1.11.4.7 Other uses of EEG in neuropathic pain.

Other than the data generated through EEG recordings the technique also has uses in neuropathic
pain treatment that avoids the use of animals by being applied directly to humans. One such method
is neurofeedback modulation (NFB) which uses a real time EEG display, to allow patients to monitor
and regulate their brain oscillations (Jensen et al., 2008). Following training, patients are given
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targets such as to increase alpha (9-12Hz), whilst decreasing theta (4-8Hz) and high beta (20-30Hz)
oscillations. This method of NFB has been found to significantly reduce pain for some patients
(Hassan et al., 2015). Recently, patients have been able to practice NFB at home when it is most
needed, improving the versatility of this treatment. In this study 12/15 patients achieved a
statistically significant reduction in pain with upregulation of alpha (9-12Hz) oscillations (Vuckovi¢ et
al., 2019). Although placebo-controlled testing is difficult in NFB, pre-recorded EEG data has been
examined during training session and patients reported no changes in pain scoring (Hassan et al.,
2015). This data is from small sample sizes and needs further investigation to confirm these results in
a much larger population as well as a variety of neuropathic pain conditions. However, it does
provide additional evidence that modulating EEG oscillations can provide therapeutic benefit.

In spinal cord injury patients EEG signals have been used to classify (Wydenkeller et al., 2009) and
predict patients that will develop neuropathic pain (Vuckovié, Gallardo, et al., 2018; Vuckovic,
Jajrees, et al., 2018). Wydenkeller et al. (2009) found that a reduced peak EEG frequency between 6-
12Hz could classify patients that were either neuropathic pain or non-neuropathic pain with 84%
accuracy (Wydenkeller et al., 2009). Recently, EEG reactivity to eyes opening (Vuckovié, Jajrees, et
al., 2018) and feature classification (Vuckovi¢, Gallardo, et al., 2018), have been used to predict
neuropathic pain development in spinal cord injury patients. In 85% of cases these methods
predicted non-neuropathic pain patients that would develop neuropathic pain. Interestingly this
study found that the oscillations involved in the most accurate predictions included alpha (8-12Hz)
and beta (13-30Hz) (Vuckovi¢, Gallardo, et al., 2018). If this area continues to develop and the
accuracy of this potential neuropathic pain biomarker is further improved, it will open an
opportunity for clinicians to characterise patients that are likely to develop neuropathic pain before
they do so. This could allow for future studies to accurately test drugs to prevent the development
of neuropathic pain.

1.11.4.8 Limitations of EEG as a neuropathic pain endpoint.

The analysis of EEG data as a neuropathic pain endpoint has solid potential; however, it does come
with limitations. An example of this is the different methods of EEG electrode placement in humans
and rodents (Lundt et al., 2016; Sazgar & Young, 2019). Differences in conductivity of the skull and
skin can cause changes in the EEG recordings and affect translatability between species (Drinkenburg
et al.,, 2016; Vorwerk et al., 2019). One way to improve this is using epicranial screws in rodents that
are placed into but not through the skull and are therefore closer to the placement of electrodes in
humans (Koyama, LeBlanc, et al., 2018; Koyama, Xia, et al., 2018; LeBlanc, Bowary, et al., 2016).
Additionally, differences between rodent and human EEG signals may occur due to physiological
differences in brain size and pathways, or procedural differences in EEG recordings (Leiser et al.,
2011; Wilson et al., 2014). For example, coherence in the theta (4-9Hz) band was increased in
human neuropathic pain patients but decreased in rats (Leblanc et al., 2014; Llinas et al., 1999;
Sarnthein & Jeanmonod, 2008). EEG is a technique that provides a promising way of producing data
that can be used as a neuropathic pain endpoint that is both translatable and unbiased. Further
development is needed to fully characterise the changes produced by individual neuropathic pain
causes and identify specific EEG patterns that translate between animals and humans.
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1.11.4.9 Summary of EEG as a neuropathic pain endpoint.

The application of EEG recordings primarily falls into either assessing changes in EEG electrical
activity such as EEG power or through its use to determine sleep/wake states and measure changes
in sleep/wake behaviour. Both approaches have valid uses in preclinical and clinical settings for
developing our understanding of neuropathic pain. In humans there is repeated evidence that an
increase in theta power may be associated with neuropathic pain and this has been reproduced in
rodent models. However, increased beta power and variable changes in alpha power have also been
reported in human neuropathic pain patients. Likewise, the use of increased theta power as a
preclinical neuropathic pain endpoint has mainly been investigated by a single research group, whilst
others have reported more variable changes. Impaired sleep is often reported by neuropathic pain
patients but has not been extensively investigated in humans. Preclinically, the amount of time
neuropathic pain animals spend asleep appears variable. However, sleep fragmentation may provide
a more consistent measure of neuropathic pain induced changes in preclinical animal models. EEG
represents a translatable non-evoked and novel neuropathic pain endpoint that requires further
characterisation to ensure it is reproducible and robust enough to be used for preclinical screening.

1.12 Summary and conclusions

Current endpoints used to evaluate neuropathic pain in both humans and animals need
improvements to allow for successful forward translation of analgesics from preclinical into clinical
studies. The ideal way for this to occur is through an objective endpoint such as EEG that can be
measured in both humans and animals. An improvement would be to find endpoints in animals that
better reflect the generalised effects of pain including on wellbeing and are therefore equivalent to
those used in human clinical trials. Ideally all these preclinical endpoints would be objective to avoid
any potential bias that may be introduced by human observers.

Some of these potential preclinical endpoints that have shown promise include: burrowing, gait
analysis, automated behavioural scoring and EEG. Burrowing shows promise through its objective
measurement of an ethological behaviour. To progress this, a robust reproducible protocol needs to
be developed and further investigation into the effects of models that change general wellbeing
need to be conducted. Investigations into the effects of neuropathic pain on gait analysis have been
assessed but reversal of these changes with analgesics needs to be established. Automated
behavioural scoring is yet to show any reliable changes that can be used to screen analgesics in
neuropathic pain models. Though this may change when models of polyneuropathy such as the
type-1 STZ diabetic model are examined. EEG is currently the endpoint with the best translational
potential due to the ability to record it in both animals and humans. A protocol has been developed
by Koyama et al. (2018) that needs further validation to characterise if the changes seen are
reproducible and sensitive enough for preclinical screening.

Overall, progression is being made towards improving the translatability of neuropathic pain
endpoints. However, several gaps in the research remain to be investigated before this can be
successful. Once these gaps have been addressed, novel neuropathic pain endpoints will lead to the
development of new analgesics to treat the large unmet need of patient who suffer with
neuropathic pain.
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1.13 Aims for this thesis

The aim for this thesis is to investigate novel, objective endpoints for neuropathic pain that will
improve the translatability of preclinical neuropathic pain research. Additionally, this thesis looks to
identify any animal welfare refinements that can be implemented to improve the reliability and
ethical impacts of preclinical neuropathic pain research. To achieve this Chapter 2 will validate the
STZ model of diabetic neuropathic pain and how social housing of diabetic animals can affect their
responses. Chapter 3 will investigate the suitability of burrowing as an objective measure of
neuropathic pain in the STZ diabetic model over an extended time course and identify if a clinical
analgesic can reverse burrowing changes. Gait and locomotor activity will be measured in the STZ
diabetic rats in Chapter 4 to understand if these can be used as neuropathic pain endpoints at early
timepoints. Chapters 5 and 6 will look to examine how oxaliplatin and CCl neuropathic pain models
affect measures of EEG and sleep/wake behaviour as potential neuropathic pain endpoints.
Including examining if clinical and potential analgesics can normalise these objective EEG endpoints
in Chapter 6.
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Chapter 2: Validation of the 55mg/kg STZ type-1 diabetes rat model
and burrowing changes

2.1 Introduction

There is a prevalent need for analgesics that can treat patients suffering from neuropathic pain as
current treatments lack efficacy and have extensive side effects (Brooks & Kessler, 2017). Diabetes is
a leading cause of neuropathic pain and with incidences of diabetes expected to rise, so too will the
need for treatments (Dieleman et al., 2008). To determine the efficacy of novel analgesic
compounds against diabetic peripheral neuropathy, the streptozotocin (STZ) type-1 diabetes model
of neuropathic pain is routinely used for preclinical studies (Al Deeb et al., 2000; Burnett et al., 2014;
Field, McCleary, et al., 1999; Furman, 2021; Rutten et al., 2018; Shamsaldeen et al., 2020; Wang-
Fischer & Garyantes, 2018; Zafar & Naeem-ul-Hassan Naqvi, 2010). This model is induced by
administering STZ to rodents and causes damage to pancreatic B cells and ultimately B cell death
(Lenzen, 2008). Pancreatic B cell death represents good construct validity for this model, though it
does not occur through autoimmune activity, the leading cause of type-1 diabetes in humans
(Atkinson et al., 2014). The STZ model of type-1 diabetes demonstrates good face validity as animals
develop hyperglycaemia, polyurea, polydipsia and neuropathic pain (Wang-Fischer & Garyantes,
2018). The STZ diabetic rat model was a decision-making screening step in the preclinical
development and approval of pregabalin, a first line treatment for neuropathic pain (Finnerup et al.,
2015). This is one of the only examples of forward translation in neuropathic pain research and
provides evidence of predictive validity for the STZ diabetic rat model (Field, McCleary, et al., 1999).
Therefore, it is a suitable model for assessing the effects of diabetic neuropathic pain in this study.

The current endpoints used preclinically to quantify neuropathic pain lack objectivity, primarily
assess evoked behaviours and do not account for the cortical and emotional processing aspects of
pain (Urban et al., 2011). In contrast clinical trial endpoints focus on patient reported pain, whilst
subjective, do account for the emotional and cortical processing aspects of neuropathic pain (Figure
1.3) (Attal et al., 2018). A primary preclinical neuropathic pain endpoint is von Frey paw withdrawal
threshold (Deuis et al., 2017; Fisher et al., 2021; Tappe-Theodor et al., 2019). This technique typically
involves the use of a range of calibrated monofilaments applied to a rodent’s hind paws to elicit a
response that is interpreted by a trained human observer (Figure 2.2) (Deuis et al., 2017; Fisher et
al., 2021; Tappe-Theodor et al., 2019). Von Frey paw withdrawal threshold has been used
extensively in several preclinical neuropathic pain models including the chronic constrictive injury
(CCl) (Austin et al., 2012; Rutten et al., 2018; Vrinten & Hamers, 2003), oxaliplatin (Kim et al., 2017),
spinal cord injury (Gerke et al., 2003) and the STZ rat model of type-1 diabetes (Ali et al., 2015; Field,
McCleary, et al., 1999; Vieira et al., 2020; Wang-Fischer & Garyantes, 2018; Yamamoto et al., 2009).

STZ diabetic rats typically develop a reduction in paw withdrawal threshold during the first 2 weeks
after STZ administration and this can be maintained for up to 50 weeks (Field, McCleary, et al., 1999;
Wang-Fischer & Garyantes, 2018). A decrease in von Frey paw withdrawal threshold is considered to
represent a development of mechanical allodynia, a feature of neuropathic pain (Deuis et al., 2017).
This has led to von Frey paw withdrawal threshold being used extensively in the STZ diabetic model
to quantify neuropathic pain (Ali et al., 2015; Field, McCleary, et al., 1999; Vieira et al., 2020; Wang-
Fischer & Garyantes, 2018; Yamamoto et al., 2009). The reversal of mechanical allodynia in STZ
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diabetic rats is often achieved with the first line clinical treatment pregabalin at doses of 10mg/kg
and 30mg/kg (Field, McCleary, et al., 1999; Finnerup et al., 2015; Yamamoto et al., 2009). However,
as with many other preclinical neuropathic pain endpoints, von Frey paw withdrawal threshold is
hindered by it being a subjective measure that may only capture spinal cord reflex activation and
provide false positive results to sedative and motor altering compounds (Fisher et al., 2021; Tappe-
Theodor et al., 2019). These limitations are considered to be contributory reasons for the lack of
forward translation of novel analgesic treatments for neuropathic pain (Deuis et al., 2017; Fisher et
al., 2021; Tappe-Theodor et al., 2019).

The mismatch between preclinical and clinical endpoints has led to the investigation of novel
endpoints, such as burrowing, which is an ethological behaviour that can be measured objectively in
rodents (Andrews et al., 2012; Fisher et al., 2021). Burrowing was originally conceived as a method
to monitor prion diseases preclinically (Deacon, 2006). Since then the use has expanded to measure
behavioural changes in a wide range of preclinical models including inflammation (Jirkof et al., 2013),
brain lesions (Jirkof, 2014) and neuropathic pain (Rutten et al., 2018). It is simple to measure as it is
qguantified as the amount of a substrate (usually, gravel, sand or food pellets) displaced from a tube
in a set period of time making it an objective measure that does not require any technical prowess to
perform (Zhang et al., 2022). Burrowing is also considered an ethologically fundamental activity in
rodents that reflects the activities undertaken by humans in their daily lives so may reflect the
overall impact of neuropathic pain better than the current evoked endpoints (Zhang et al., 2022).
Burrowing deficits have been identified in inflammatory models of pain and reversed with non-
steroidal anti-inflammatory drug treatments but not anxiolytic or motor impairing drugs (Andrews et
al., 2011, 2012; Gould et al., 2016). In the CClI model burrowing deficits have been shown to develop
from as early as 3 days after CCl surgery (Muralidharan et al., 2016) which can be reversed by 3, 10
and 30mg/kg pregabalin administration (Rutten et al., 2018). Similarly in the rat spared nerve injury
model 10mg/kg pregabalin reversed both the burrowing deficits of these rats (Lau et al., 2013).

However, in models of diabetes the results are less conclusive. In a model of a single high dose of
75mg/kg STZ Rutten et al. (2018) demonstrated that these STZ rats at Day 21 burrowed <250g on
average and that neither 10mg/kg or 30mg/kg pregabalin could reverse these changes (Rutten et al.,
2018). Additionally, this study also assessed burrowing in the Zucker diabetic fatty (ZDF) type-2
diabetes rat model which exhibited a less severe burrowing deficit (Rutten et al., 2018). ZDF rats
burrowing was also not restored by pregabalin, gabapentin, morphine or tramadol administration
(Rutten et al., 2018). The authors claim that the lack of burrowing deficit reversal in diabetic models
may be related to general diabetes-associated alteration of animal well-being (Rutten et al., 2018).
This could include sickness related motivational change that may be severe enough to mask the
neuropathic pain changes (Rutten et al., 2018). This finding does contribute to the understanding
that burrowing may be a measure of overall animal “wellbeing” and that normal expression of this
ethological behaviour can indicate overall wellbeing in the animals being tested (Andrews et al.,
2011; Deacon, 2006; Deseure & Hans, 2018; Jirkof, 2014). This can be viewed as an improvement
over classical methods of measuring evoked pain such as von Frey measurements as it captures the
global impact of pain on the animal and not just a reflexive reaction (Gould et al., 2016).

Previous research at University of Hertfordshire has identified that in a single dose 65mg/kg STZ
model, home caging an STZ diabetic rat and control rat together (mixed) and allowing them to
burrow together (paired burrowing) led to an increased amount of burrowing compared with two
STZ rats burrowing together (STZ/STZ) (Burnett et al., 2014). A possible explanation for the increase
in STZ diabetic rat burrowing either when paired burrowing with a control rat (Burnett et al., 2014)
could be through social facilitation. Social facilitation in humans is often considered in the form of
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social support of a loved one or family member and has been identified to improve wellbeing and
pain scores (Mogil, 2015). In rodents this phenomenon is referred to as “social buffering” and can
reduce the effects of aversive experiences and improve welfare in laboratory rodent (Denommé &
Mason, 2022). However, this study did not assess if this effect was maintained when rats burrowed
on their own (individual burrowing).

Recently the protocol used to induce a diabetic phenotype in rats at University of Hertfordshire has
been refined to use a single, lower 55mg/kg dose of STZ and two hours of anomer equilibration to
improve animal welfare. STZ occurs as an a and B anomer, of which a is the more toxic. Over the
first two hours after being dissolved the usual >85% o anomer content decreases to an equivalent
level of the B anomer (De La Garza-Rodea et al., 2010). Despite this, protocols for STZ administration
still routinely describe administering STZ immediately after being dissolved and suggest using higher
>65mg/kg doses in rats (Furman, 2021). Burrowing is yet to be examined in a type-1 diabetes model
using a less than 65mg/kg dose of STZ model which reduces the limitation of any wellbeing or
diabetes-associated alteration in burrowing and improves the accuracy of these results (Rutten et
al., 2018).

2.1.1 Aims and hypotheses.

The primary aim of this study was to establish that a single low 55mg/kg dose of STZ in rats could
induce a preclinical disease model of diabetic hyperglycaemia, polydipsia, polyphagia and
mechanical allodynia equivalent to that seen at single, high >65mg/kg doses.

This study also looked to assess if rats administered 55mg/kg STZ could develop a similar decrease in
burrowing to previous findings in higher >65mg/kg dose models.

The clinical analgesic pregabalin (30mg/kg) was also used in this study to establish if mechanical
allodynia and decreased burrowing in the 55mg/kg STZ model could be reversed.

As previous studies at the University of Hertfordshire have indicated the potential of social
facilitation through mixed home caging STZ diabetic and control rats can improve paired burrowing
levels this effect was examined on individual burrowing levels when using a single lower dose
55mg/kg STZ model.

2.1.2 Abbreviations.

STZ — streptozotocin, CCl — chronic constrictive injury, SNI — spared nerve injury, SEM — standard
error of the mean, BGL — blood glucose level, i.p. —intraperitoneal, p.o. — oral, ZDF — Zucker diabetic
fatty.
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2.2 Methods

Von Frey STZ
v v v
-7 -6 -5 -3 -2 -1 0
Burrowing Paired Individual
habituation Burrowing Burrowing
Von Frey
v v v
1 2 3 4 5 6 8 9
Paired Individual Paired
Burrowing Burrowing Burrowing
Von Frey + 30mg/kg
Von Frey pregabalin / vehicle
‘ A 4 A 4
10 11 12 13 14 15 17 18
f A A
Individual Individual Burrowing +
Burrowing 30mg/kg pregabalin / vehicle

Figure 2.1) Timeline of the study depicting the days before and after 55mg/kg STZ intraperitoneal
(i.p.) administration on Day 0. The days on which von Frey paw withdrawal threshold and individual
or paired burrowing measurements were taken are displayed. The timepoints that vehicle and
30mg/kg pregabalin were administered are also denoted.

2.2.1 Ethics statement.

All research procedures/experiments were performed in accordance with Animals Scientific
Procedures Act 1986 & European Directive 2010/63/EU. All studies performed were approved by the
University of Hertfordshire Animal Welfare and Ethics Review Body and comply with the home office
guidelines and codes of conduct. All work was authorised under University of Hertfordshire home
office establishment licence and project licence titled: Diabetes mechanisms and treatments.
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2.2.2 Animals used and induction of STZ.

34 Male Wistar Han IGS rats (300-450g at time of STZ administration) supplied by Charles River, UK
were housed in pairs from arrival. At Day O (Figure 2.1) rats were administered either 55mg/kg
streptozotocin (n=17 STZ) or 20mM citrate buffer (n=17 Control) intraperitoneal (i.p.) administration
at a dose volume of 10ml/kg. STZ (Sigma-Aldrich, S0130) was protected from light and allowed to
stand for at least 120 minutes on wet ice after weighing for anomer equalisation before dissolution.
Citrate buffer 20mM was adjusted to pH 4-4.5 and stored on ice. After 120 minutes STZ was
dissolved in fresh citrate buffer at 5.5mg/ml and stored in the at 4-8°C for 30 minutes to allow for
further anomer equilibration before administration. Either STZ at 55mg/kg or citrate buffer (control)
were administered once to rats via single i.p. injection using a new 23G needle. Rats were placed
back in their home cage and monitored closely for 1 hour for signs of distress or discomfort.
Additionally, banana porridge (Cow&Gate) and 2% sucrose solution were also provided for 48 hours
post STZ administration to encourage feeding and maintain blood glucose levels.

2.2.3 Environmental conditions.

Rats were pair housed in Tecniplast 2000P cages and a 12:12 hr light-dark cycle (lights on at 07:00)
was maintained throughout the study. Housing temperature was maintained at 21+2°C and 55£15%
relative humidity. Food (5LF2 10% protein LabDiet, changed to 5LF5 22% protein LabDiet on day of
STZ administration) and drinking water were provided ad libitum except during von Frey behavioural
testing. Water was provided in two 1L bottles per cage. For 48 hours after STZ administration (Day
0,1), 2% sucrose solution was provided in one of the 1L bottles to avoid hypoglycaemia caused by
STZ administration (Ghasemi & Jeddi, 2023). Water intake measurements were recorded from 1
week before STZ administration and as required until the end of the study. Food and water intake
was calculated per cage as the change in weight (g) of the food hopper and both water bottle
recorded at approximately 9am each day.

2.2.4 Animal welfare.

Blood glucose level (BGL) was recorded immediately prior to (Day 0) and at 7 days after STZ/control
administration (Day 7) to confirm onset of hyperglycaemia. Following this BGLs were also measured
at the end of the study (Day 18) to ensure maintenance of hyperglycaemia. Microsamples of blood
were taken through tail tip vein puncture using a lancet (Valuemed, UK) and BGL was measured
using Aviva Aucu-Chek. An inclusion criterion of >16mmol/dL BGL at all post administration
timepoints for STZ diabetic rats was used to exclude rats that did not develop hyperglycaemia.

Daily bodyweight measurements were taken at regular intervals from Day -7 to Day 0 to monitor
animal weight gain and progression. After STZ/control administration on Day 0, daily bodyweight
measurements were taken to monitor animal welfare. Rats reaching 15% bodyweight loss compared
with the Day 0 baseline weight were monitored closely. This included weighing twice daily, provision
of additional nourishment in the form of seed, grains and banana porridge where appropriate and
assessment by animal care staff and or veterinarians if needed. Any rats not stabilising or gaining
weight within 48 hours were humanly euthanised. All rats were also checked daily by trained animal
care staff to monitor welfare.

38



2.2.5 Burrowing.

Burrowing was assessed as the amount 2.5kg of pea shingle (0.5-2cm diameter, Wickes, UK)
removed from a hollow plastic tube (320mm long x 100mm diameter) in 2 hours following a protocol
adapted from Andrews et al. (2012) and Rutten et al. (2018) (Figure 2.2A,B). Burrowing testing was
conducted in a separate cage to the home cage with minimal bedding (shredded paper wool) and
free access to food and water. Rats were first habituated in pairs to empty burrowing tubes (Day -6)
before paired burrowing was measured (Day -5). One baseline measurement of individual burrowing
was also taken prior to STZ administration (Day -3). After STZ administration, paired burrowing
recordings on Day 2 and Day 8 and whilst individual burrowing measurements were taken on Day 3
and Day 10 (Figure 2.1).

A)

Figure 2.2) A) Burrowing cage setup prior to burrowing being conducted (with cage lid, food and
water removed). B) Burrowing cage after burrowing has been conducted (with cage lid, food and
water removed). C) Von Frey cage setup view from below through which von Frey monofilaments
are applied. C) Von Frey monofilaments used for mechanical allodynia assessment (Bioseb, USA).
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2.2.6 Mechanical allodynia.

Von Frey monofilaments (0.4, 0.6, 1, 1.4, 2, 4, 6, 8, 10, 15, 26; g) (Bioseb, USA) were applied to the
plantar surface of the hind paw (Figure 2.2C,D). The up-down method was used to establish the paw
withdrawal threshold by applying filaments of increasing or decreasing force depending on the
previous response (Chaplan et al., 1994; Dixon, 1965). Beginning with the 4g filament a withdrawal
response led to the next lowest filament in the series being applied (2g) whilst a lack of response led
to the next highest filament being applied (6g). The monofilaments were held at the position for up
to 8s with enough force to cause a slight bend of the filament. Only immediate sharp withdrawal
responses from the stimulus (or flinching) or paw licking were considered to represent a positive
response. Rats were elevated on a 0.5cm? grid mesh to allow access to the plantar surface of the
hind paw and an inverted plexiglass container was placed on top of each rat. Testing was performed
after an initial 15-20 minute acclimatisation period. Three baseline von Frey measurements were
taken prior to STZ administration on Days -7, -6 and -4, the average of the last two were averaged as
the baseline response. Mechanical allodynia development was assessed after STZ administration on
Days 2,4,7,9and 11.

2.2.7 Pregabalin.

Pregabalin 30mg/kg p.o. (oral) (Ochem, USA) or 2ml/kg p.o. drinking water (vehicle) were
administered in a crossover design on Day 14 and Day 17 for von Frey paw withdrawal threshold
testing and on Day 15 and Day 18 for burrowing testing. The crossover design was such that if a rat
was administered vehicle on Day 14 for von Frey testing, they would also be administered vehicle on
Day 15 for burrowing testing. The same rat would then be administered 30mg/kg pregabalin on Day
17 for von Frey testing and 30mg/kg pregabalin again on Day 18 for burrowing. Von Frey testing was
conducted at 1 and 2 hours after pregabalin/vehicle administration with individual burrowing
assessments at 1-3 hours after pregabalin/vehicle administration. Crossover grouping was assigned
by Latin square randomisation of animal identification numbers to randomise if pregabalin or vehicle
were administered first.

2.2.8 Grouping, randomisation, blinding and exclusion or inclusion criteria.

The STZ and control grouping was randomised using the Latin square technique based on von Frey
baseline data as the primary source of sorting to ensure an equal spread of baseline paw withdrawal
thresholds. Following this consideration of baseline burrowing, bodyweight and caging were
considered to ensure they were not significantly different. Five rats weighing <350g at day of STZ
administration (Day 0) were deemed to have not reached a sufficient bodyweight and were swapped
with a rat with an equivalent von Frey baseline. Rats were housed as either two control rats
control/control (n=5 cages), two STZ diabetic rats STZ/STZ (n=5 cages) or as a mixed pair with one
control rat and one STZ diabetic rat (mixed) (n=7 cages). All rats remained with their original cage
partner from beginning of the study to avoid distress or aggressive behaviour from rehousing.

Exclusion criteria included >50% change from baseline for von Frey paw withdrawal threshold
measurements of mechanical allodynia and at least 500g baseline burrowing amount were set.
Additionally, a BGL of at least 16mmol/L was set as the threshold for development of
hyperglycaemia and to be considered as representative of a diabetic phenotype. One rat developed
an initial BGL >16mmol/L but was identified as dropping below this level at Day 18 and was excluded
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from all other analysis (leaving n=16 STZ, n=6 mixed cages). One control rat and two STZ diabetic rats
burrowed <500g at baseline and were excluded from all individual burrowing analysis (leaving n=9
control rats from control/control cages, n=6 STZ from mixed cage, n=8 STZ from STZ/STZ cage). Two
STZ diabetic rats did not develop a >50% reduction in baseline paw withdrawal threshold and were
excluded from von Frey paw withdrawal threshold analysis along with one control rat being excluded
due to a baseline von Frey paw withdrawal threshold that was <10g (leaving n=9 control rats from
control/control cages, n=5 STZ from mixed cage, n=9 STZ from STZ/STZ cage). All behavioural testing
was conducted blinded to the test compound received or animal status. A maximum limit of 20%
bodyweight loss was in place to exclude any rats that developed excessive weight loss.

2.2.9 Statistics.

To compare the results at each timepoints (Days) between control and STZ diabetic rats two-way
mixed model analysis of variance (ANOVA) was used with Sidak's post hoc test to compare between
control and STZ diabetic rats (BGL, von Frey, burrowing, bodyweight, daily food and water intake).
For measures with additional comparisons within each group comparing between Days Dunnett’s
post hoc test was used (BGL, von Frey, burrowing) (Prism 10.2; GraphPad, San Diego, CA USA). Ap
value of <0.05 was considered statistically significant for all data. Data is reported as mean +
standard error of the mean (SEM).

2.3 Results

2.3.1 STZ (55mg/kg) administration caused hyperglycaemia and a diabetic phenotype.

Administration of a single dose of 55mg/kg STZ i.p. successfully raised BGLs above the 16mmol/L
threshold in all but one rat [Time: F(2,63) = 212.1, p<0.001], [Treatment: F(1,32) = 401.4, p<0.001],
[Interaction: F(2,63) = 214.2, p<0.001]. All STZ rats had BGLs above the hyperglycaemic threshold at
Day 7 with one rats BGL decreasing from 18.2mmol/L at Day 7 to 9.4mmol/L at Day 18 (Figure 2.3).
This rat was excluded from all other analysis due to not developing sustained hyperglycaemia. Both
STZ and control rat’s had equivalent BGLs at the pre STZ/control baseline with an average BGL of
6.2mmol/L and 6.3mmol/L respectively. Control rats BGLs remained stable at an average of 6-
6.3mmol/L across the study. STZ rats BGL increased to an average of 29.6mmol/L at Day 7 and
remained stable at 28.9mmol/L at Day 18 with both timepoints being over four times higher than
the baseline timepoint and control rats at the same timepoint. This increase in STZ rats BGL above
the hyperglycaemic threshold means that they can be deemed as developing a diabetic phenotype
and referred to as STZ diabetic rats.
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Figure 2.3) STZ administration caused an increase in blood glucose levels at both Day 7 and Day 18.
Blood glucose level at baseline, Day 7 and Day 18 after STZ/control administration. Dashed line
indicates 16mmol/L cutoff level for conformation of hyperglycaemia. ***p<0.001 vs baseline,
S$$$p<0.001 vs control. All data is reported as mean + SEM, n=17 control, n=17 STZ.

2.3.2 STZ diabetic rats gained less bodyweight than control rats.

To monitor the health and welfare of rats after STZ/control administration bodyweight
measurements were taken daily and demonstrated that STZ diabetic rats initially lost bodyweight
before stabilising. The average bodyweight of the STZ diabetic rat group was slightly (but not
significantly) higher at 417g compared to 383g in the control rat group on Day O (Figure 2.4A). STZ
diabetic rats initially lost approximately 10g (4%) bodyweight across the first two days after STZ
administration (Figure 2.4A,B). This loss of ~10g stabilised and STZ diabetic rats remained at an
average bodyweight of 406g by Day 18 which was significantly lower than control rats at 427g [Time:
F(20,255) = 153.2, p<0.001], [Treatment: F(2,13) = 284.6, p<0.001], [Interaction: F(40,255) = 60.45,
p<0.001] (Figure 2.4A). When compared as the percentage change from Day 0 bodyweight, STZ
diabetic rats bodyweight decreased at Day 1 before stabilising at ~4% by Day 2, significantly lower
than control rats and remained at this level for the rest of the study (Day 18) [Time: F(23,711)
=115.2, p<0.001], [Treatment: F(1,31) = 205.4, p<0.001], [Interaction: F(23,711) = 86.00, p<0.001]
(Figure 2.4B). Control rats continued to gain weight across the study and gained an average of 67g
(16.85%) across the 18 days after administration. Any rats developing a bodyweight loss that
exceeded 15% led to an increase in animal welfare monitoring and ultimately euthanasia if
bodyweight loss approached 20%. This was required for one rat in this study on Day 17 but was not
excluded from analysis. This demonstrates that STZ diabetic rats initially lost 4% bodyweight which
remained stable for the rest of the 18 day study.
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Figure 2.4) Control rats bodyweight continued to increase across the study whilst STZ diabetic rats
bodyweight plateaued. The average bodyweight of STZ diabetic and control rats across the study
expressed as the raw bodyweight (g) (A) and the percentage change in bodyweight from the pre
STZ/control administration weight on Day 0 (B). *p<0.05, **p<0.01, ***p<0.001 vs control. All data is
reported as mean * SEM, n=17 control, n=16 STZ.

2.3.3 STZ diabetic rats developed polyphagia and polydipsia.

Another phenotype of diabetes and the STZ diabetic model is the development of polydipsia and
polyphagia which was demonstrated in this study by increased daily food and water intake from
cages with STZ diabetic rats. The amount of food consumed by STZ/STZ cages and mixed cages
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progressively increased after Day 0, reaching a peak at Day 6 and then remained relatively stable
until Day 18 (Figure 2.5A). By Day 6 mixed cages were consuming more food than control/control
cages whilst STZ/STZ cages were consuming more than both other cage types [Time: F(20,256)
=56.51, p<0.001], [Treatment: F(2,13) =60.61, p<0.001], [Interaction: F(40,256) = 18.35, p<0.001]
(Figure 2.5A). For STZ/STZ cages the increased food consumption was over three times as high by
Day 6 than the food consumption on Day 0. Similarly, mixed cage food consumption doubled by Day
6 whilst control/control cage food intake remained relatively stable across the study (Figure 2.5A).
Water drinking levels followed the same trend as food intake and progressively increased until Day 6
in STZ/STZ and mixed cages before plateauing (Figure 2.5B). As early as Day 2 mixed cages were
consuming more water than control/control cages whilst STZ/STZ cages were consuming more water
than both other cage types [Time: F(20,256) = 153.2, p<0.001], [Treatment: F(2,13) = 284.6,
p<0.001], [Interaction: F(40,255) = 60.45, p<0.001] (Figure 2.5B). At Day 6 mixed cages water intake
had increased by 2.5 times whilst STZ/STZ cages water intake increased by over 5 times (Figure
2.5B). An excessive increase in food intake, such as that demonstrated by STZ diabetic rats in this
study, is termed polyphagia whilst an excessive increase in water intake is termed polydipsia. Both
polydipsia and polyphagia are symptoms of diabetes and have been demonstrated in this 55mg/kg
STZ model.

44



A)
150+

— Control/Control
* %k ok )
| — Mixed
Yoo — STZ/STZ

C
&, 100-
IS
o
~
(]
'
<
8
£
ho} -
S 50
o
LL

0 1 L | L T L L L L 1 L 1 L T L T 1 T 1 1 1 I 1 1

POHMXD HNONILDY KD A QRION CICISINN
Days pre/post STZ/control administration
B)
8007 — Control/Control
%k %k %k .
] — Mixed
%%% — STZ/STZ

= 600+
()]
(@]
IS
(&]
~
D)
E 400
£
i3
<
= 200+

0 1 | 1 1 1 1 1 L 1 1 1 1 1 ] 1 1 1

<>

‘é‘«l)bl"b ,'\,Q'\/’l/‘bb“o‘b’\%g,@,\/'\/ ,»bl‘,é;),\‘:;

Days pre/post STZ/control administration
Figure 2.5) STZ diabetic rats developed polyphagia and polydipsia that stabilised after 6 days. The
food (A) and water (B) intake per day from each home cage of paired rats. Home cage pairs were
either two control rats (control/control), a control and STZ diabetic rat (mixed) or two STZ diabetic
rats (STZ/STZ). **p<0.01, ***p<0.001 vs control/control, %%p<0.01, %%%p<0.001 vs mixed. All data
is reported as mean * SEM, n=5 control/control cages, n=6 mixed cages, n=5 STZ/STZ cages.

2.3.4 STZ diabetic rats developed mechanical allodynia on Day 9 and Day 11 regardless of
home caging.

To establish if STZ or control administration caused mechanical allodynia development, paw
withdrawal thresholds were measured from Day 2 to Day 11 (Figure 2.6A). Mechanical allodynia was
induced in STZ diabetic rats irrespective of home caging at Day 9 and Day 11 after STZ administration
as demonstrated by a reduction in von Frey paw withdrawal threshold [Time: F(5,145) = 22.17,
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p<0.001], [Treatment: F(3,29) = 4.65, p=0.009], [Interaction: F(15,145) = 3.124, p<0.001] (Figure
2.6A). Paw withdrawal thresholds were also reduced in control rats in mixed cages compared to
baseline at Day 11. At Day 9 STZ diabetic rats housed in a mixed cage paw withdrawal threshold
reduced from 22.4g (baseline) to 9.9g, a >50% reduction which further decreased at Day 11 to 6.4g,
a >70% reduction (Figure 2.6A). STZ diabetic rats caged with another STZ diabetic rat (STZ/STZ)
showed a similar decrease from 24.4g (baseline) to 6.6g at Day 9, a >70% reduction which remained
stable at Day 11 at 6.8g. Both STZ groups had much lower paw withdrawal thresholds at Day 9 than
at baseline and control/control rats at the same Day 9 timepoint. Additionally, STZ/STZ diabetic rats
paw withdrawal threshold was also significantly lower than control rats from a mixed cage. Some
control rats also had decreased paw withdrawal thresholds particularly for control rats in a mixed
cage at Day 11 which was lower than the baseline timepoint (Figure 2.6A). It was also identified that
one control rats paw withdrawal threshold was <10g at baseline and was excluded from further von
Frey analysis. This demonstrates that STZ diabetic rats developed mechanical allodynia at Day 9 and
Day 11 in this study.

As with the baseline timepoint which was generated from the average response on Days -6&-4,
timepoints after STZ/control administration were averaged to generate a more precise value for the
selection of an appropriate timepoint to compare test compounds to assess their analgesic
properties. At Days 4&7 STZ/STZ rats had already started to develop mechanical allodynia as paw
withdrawal threshold decreased compared to baseline levels to 17.9g from 24.0g [Time: F(2,52)
=40.67, p<0.001], [Treatment: F(3,26) = 7.16, p=0.001], [Interaction: F(6,52) = 5.072, p<0.001]
(Figure 2.6B). This further decreased to an average paw withdrawal threshold of 5.2g at Days 9&11
for STZ/STZ rats. At the Day 9&11 timepoint STZ diabetic rats in a mixed cage paw withdrawal
threshold also decreased from 21.3g to 6.5g (Figure 2.6B). Additionally, the decreased STZ diabetic
rats paw withdrawal threshold was significantly decreased compared to control/control rats for both
STZ groups. However, only STZ/STZ rats paw withdrawal thresholds were decreased compared to
control rats in a mixed cage. A slight decrease was also identified in control rats in a mixed cage at
the Day 9&11 timepoint when compared to baseline though there was no change in control/control
rats response. Two STZ diabetic rats did not develop a >50% change in paw withdrawal threshold at
the Day 9&11 timepoint compared to baseline and were excluded from this von Frey analysis. Using
these results the Day 9&11 timepoint was selected as the timepoint for the comparisons of analgesic
test compounds to determine if they could reverse mechanical allodynia.

46



Z

40+
2 "
= S
o 30- o o o o - . o k%
e * = **%k%
N P e
E { LN ] [}
T 20- ofo
(% { *%x%
— *%k%
© * .
_E . **%k%*
; 10- L] ° ...
c% [J
’ i
0- -
<
9@}‘0
@{b'
B) [ Control/Control
40- @ Control in Mixed
] STZ in Mixed
C @ STZ/STZ
s *
o 304 .
e . . oo .
(7]
E .o ®eoe
<
© 20-
g
o
=
2 104
5
o
0- T
< A N
N Ab?* q%\’
& Vi sz?\

Figure 2.6) STZ diabetic rats developed a significant level of mechanical allodynia on Day 9 and Day
11 (Day 9&11). Von Frey paw withdrawal threshold was measured to monitor the development of
mechanical allodynia at Days 2, 4, 7, 9 and 11 compared to a baseline (Day -6&-4) (A). Paw
withdrawal thresholds were also averaged at Day 4 and Day 7 (Day 4&7) as well as Day 9 and Day 11
(Day 9&11) (B). Data is reported according to the animal’s home caging of either two control rats
(control/control), a control rat with an STZ diabetic rat (control in mixed), an STZ diabetic rat with a
control rat (STZ in mixed) or two STZ diabetic rats (STZ/STZ). *p<0.05, **p<0.01, ***p<0.001 vs
baseline, $$p<0.01, $$$p<0.001 vs control/control, #p<0.05, ###p<0.001 vs control in mixed. All data
is reported as mean * SEM, (A) n=10 control/control, n=7 control in mixed, n=6 STZ in mixed, n=10
STZ/STZ, (B) n=9 control/control, n=7 control in mixed, n=5 STZ in mixed, n=9 STZ/STZ.
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2.3.5 Pregabalin (30mg/kg) reversed mechanical allodynia in STZ diabetic rats regardless of
home caging.

Pregabalin, the first line clinical treatment for neuropathic pain reversed mechanical allodynia in STZ
diabetic rats. Administration of 30mg/kg pregabalin increased the von Frey paw withdrawal
threshold of STZ diabetic rats at both 1 and 2 hours after administration above the Day 9&11
timepoint level [Time: F(5,130) = 37.07, p<0.001], [Treatment: F(1,28) = 37.42, p<0.001], [Interaction:
F(5,130) = 6.91, p<0.001]. (Figure 2.7A). At 1 hour after pregabalin administration STZ diabetic rats
paw withdrawal threshold had increased from 5.7g at Day 9&11 to 17.7g a threefold increase though
still lower than control rats at this timepoint (Figure 2.7A). STZ diabetic rats paw withdrawal
threshold further increased to 22.2g by hour two an equivalent response to control rats. Vehicle
administration had no effect on the STZ diabetic rats paw withdrawal threshold at either hour
remaining significantly lower than the control rat response (Figure 2.7A). Control rats paw
withdrawal threshold also increased after 30mg/kg pregabalin administration from 18.0g at Day
9&11 to ~25.6g (Figure 2.7A). This demonstrated that 30mg/kg administration of pregabalin can
successfully reverse mechanical allodynia in STZ diabetic rats.

The effects of pregabalin administration to reverse paw withdrawal threshold in STZ diabetic rats
was further evaluated to understand if home caging had any impact on the response to pregabalin.
There was no difference in the response of STZ diabetic rats due to their home caging however, the
effects of pregabalin on control rat paw withdrawal threshold occurred primarily in control rats from
a mixed cage. Pregabalin (30mg/kg) administration successfully reversed the STZ induced mechanical
allodynia in both STZ diabetic rat groups at 1 and 2 hours after pregabalin administration when
compared to Day 9&11, no longer significantly different from control rats [Time: F(5,120) = 36.01,
p<0.001], [Treatment: F(3,26) = 11.97, p<0.001], [Interaction: F(15,120) = 3.048, p<0.001] (Figure
2.7B). After 30mg/kg pregabalin administration STZ diabetic rats paw withdrawal threshold
increased threefold from 6.5g (STZ in mixed) and 5.2g (STZ/STZ) to 18.2g and 17.3g respectively at 1
hour. This increase in paw withdrawal threshold continued at hour two with STZ diabetic rats in a
mixed cage average response reaching 25.6g and 19.8g for STZ/STZ rats. Vehicle administration had
no effect on STZ diabetic rats paw withdrawal threshold from either a mixed cage or STZ/STZ cage
with average responses remaining <6g at both timepoints. This confirmed that the increase in STZ
diabetic rat paw withdrawal threshold was caused by pregabalin (Figure 2.7B). Whilst the STZ groups
were similar at all timepoints measured, control rats from a mixed cage paw withdrawal threshold
were lower at Day 9&11 than baseline. This decrease in paw withdrawal threshold was not seen in
control/control rat. Additionally, 30mg/kg pregabalin significantly increased the paw withdrawal
threshold of control rats from mixed cages above the Day 9&11 level but had no effect on
control/control rats (Figure 2.7B). This confirmed that mechanical allodynia in STZ diabetic rats is
reversed by pregabalin irrespective of home caging. However, control rats home caged with and STZ
diabetic rats have reduced paw withdrawal threshold that is increased by pregabalin administration.

48



Z

401
G
xe] sokk *hk *kk
6 30- - ‘ ° *%k%*
ﬁ *%k%
e T L] N ot —
< 0 STZ
g 209 @ Control
(]
)
= $5$
= 104 . $5$ 5%
o

401
C
o *%k%
6 30 * k% o o .o %% o k%%
o R T *kk  kk kkk
$ Teew eyttt el - R == [ Control/Control
§ } $ @ Control in Mixed
T 20- : . e _ ,
% 1 STZ in Mixed
= @ STZ/STZ
- $$
§ 104 $$% #it i
= $ # $$
©
S .

Figure 2.7) Pregabalin (30mg/kg) successfully reversed mechanical allodynia in STZ diabetic rats at 1
and 2 hours after administration. The effect of 30mg/kg pregabalin and vehicle administration (Days
14, 17) on von Frey paw withdrawal threshold was assess in STZ diabetic and control rats at 1 and 2
hours after administration. Paw withdrawal threshold was compared as both the overall effects on
all STZ diabetic and control rats (A) or as the effect of home caging (control/control, mixed, STZ/STZ)
(B). (A) ***p<0.001 vs Day 9&11, $$p<0.01, $$5p<0.001 vs control, (B) *p<0.05, **p<0.01,
***p<0.001 vs Day 9&11, $p<0.05, $$p<0.01, SSSp<0.001 vs control/control, #p<0.05, ##p<0.01,
###p<0.01 vs control in mixed. All data is reported as mean + SEM, (A) n=16 control, n=14 STZ (B)
n=9 control/control, n=7 control in mixed, n=5 STZ in mixed, n=9 STZ/STZ.
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2.3.6 Home caging an STZ diabetic rat with a control rat improved their individual burrowing
deficit but 30mg/kg pregabalin did not.

Paired burrowing was assessed to identify any social facilitation of allowing home cage partners to
burrow together. Mixed cage paired burrowing initially decreased at Day 2 but returned to baseline
levels at Day 8 whilst STZ/STZ burrowing progressively decreased (Figure 2.8). At baseline all cage
types demonstrated similar levels of burrowing at ~1800g. By Day 2 this had decreased to 1080g for
mixed cage pairs whilst control/control and STZ/STZ burrowing remained similar to baseline paired
burrowing levels [Time: F(2,26) = 3.170, p=0.06], [Treatment: F(2,13) = 3.868, p<0.05], [Interaction:
F(4,26) = 4.793, p=0.005] (Figure 2.8). However, this burrowing deficit for mixed cage pairs was not
present at Day 8 as paired burrowing levels returned to baseline levels. STZ/STZ cage paired
burrowing levels steadily decreased from 1716g at baseline to 1380g at Day 2 (though not a
significant decrease) and finally 750g at Day 8 which was a significant reduction compared with
baseline, control/control and mixed cages. This represented that pairing a control and STZ diabetic
rat together in a mixed cage can avoid burrowing deficits compared to housing two STZ diabetic rats
together.
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Figure 2.8) Paired burrowing was an initially decreased in mixed pairs at Day 2 but reversed by Day 8
whilst STZ/STZ paired burrowing progressive declined. Paired burrowing was measured with both
rats from the home cage pair allowed to burrow at the same time and recorded at baseline, 2 and 8
days after STZ/control administration. *p<0.05 vs baseline, $$p<0.01 vs control/control, %%p<0.01
vs mixed. All data is reported as mean * SEM, n=>5 control/control cages, n=6 mixed cages, n=5
STZ/STZ cages.

Whilst the identification of improved burrowing levels by pairing an STZ diabetic rat with a control
rat and allowing them to burrow together (paired burrowing) is interesting, it is not possible to
separate out which rats were participating in the burrowing. Therefore, the effects of home cage
pairing were assessed on individual burrowing amounts and demonstrated a similar effect that
home cage pairing an STZ diabetic and control rat positively impacted individual burrowing levels. At
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Day 3 STZ diabetic rats were only burrowing an average of 405g compared with 1713g at baseline a
nearly fourfold decrease [Time: F(4,110) = 4.848, p<0.001], [Treatment: F(1,28) = 4.848, p=0.04],
[Interaction: F(4,110) = 3.615, p=0.008] (Figure 2.9A). This was also much lower than control rat at
Day 3 as control rats individual burrowing remained relatively stable at ~1300-1800g at all
timepoints measured. However, the initial reduction in STZ diabetic rat burrowing levels at Day 3
reverted to levels equivalent to both control rats and baseline by Day 10 of 1313g (Figure 2.9A).
Despite 30mg/kg pregabalin reversing mechanical allodynia (Figure 2.7), it had no effect on
individual burrowing levels in STZ diabetic rats (Figure 2.9A). STZ diabetic rats burrowing levels
remained at ~1200g after both pregabalin and vehicle administration. Additionally, burrowing levels
in STZ diabetic rats remained significantly lower than at baseline after pregabalin and vehicle
administration (Figure 2.9A). This demonstrated that 30mg/kg pregabalin did not reverse individual
burrowing deficits in STZ diabetic rats.

The effects of home caging on individual burrowing also highlighted that home caging an STZ
diabetic rat with a control rat improved burrowing whilst pregabalin administration did not. At Day 3
both STZ diabetic rats in a mixed cage and in an STZ/STZ cage individual burrowing levels greatly
decreased to <500g (Figure 2.9B). This decrease in both STZ groups was significantly lower than
baseline but not either control group at this timepoint [Time: F(4,102) = 10.44, p<0.001], [Treatment:
F(3,26) = 2.537, p=0.08], [Interaction: F(12,102) = 2.328, p=0.01] (Figure 2.9B). By Day 10, STZ
diabetic rats from a mixed home cage individual burrowing had returned to levels equivalent to
baseline at 1850g. In comparison STZ diabetic rats from an STZ/STZ cage only burrowed half as much
at 905g which was still significantly lower than at baseline (Figure 2.9B). This effect was maintained
after vehicle administration with STZ diabetic rats from a mixed home cage individually burrowed
1825g whilst STZ rats from an STZ/STZ home cage only burrowed 800g. Neither the amount of time
after control administration nor the effects of pregabalin or vehicle had any impact on either control
groups burrowing level (Figure 2.9B). Pregabalin (30mg/kg) treatment had an opposing effect on
each STZ group, with STZ diabetic rats in a mixed cage burrowed less than after vehicle
administration at ~1250g (though not significantly different) (Figure 2.9B). STZ diabetic rats from an
STZ/STZ home cage burrowed slightly more after pregabalin administration at 1090g which was not
significantly different from baseline (1614g). However, this increased STZ diabetic rats from an
STZ/STZ home cage burrowing was only marginally increased by <300g from vehicle administration
levels when compared with the 1000g difference between STZ diabetic rat groups after vehicle
administration (Figure 2.9B). This suggests that the slight increase in burrowing for STZ diabetic rats
from an STZ/STZ cage after pregabalin administration is not a meaningful reversal of the burrowing
deficit. Overall, it appears that home caging and STZ diabetic rat with a control rat reversed
individual burrowing deficits whilst pregabalin had little to no efficacy in altering individual
burrowing levels.
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Figure 2.9) Home caging an STZ diabetic rat with a control rat increased individual burrowing levels
but 30mg/kg pregabalin did not. Individual burrowing was measured at baseline, Day 3 and Day 10
to identify any change in STZ diabetic or control rats individual burrowing levels and if pregabalin
(30mg/kg) or vehicle administration (Days 15, 18) had any effects. Both the development of
individual burrowing changes and attempted reversal with 30mg/kg pregabalin were compared as
the overall effects on all STZ diabetic and control rats (A) or as the effect of home caging
(control/control, mixed, STZ/STZ) (B). (A) *p<0.05, ***p<0.001 vs baseline, $$p<0.01 vs control, (B)
*p<0.05, ***p<0.001 vs baseline, p>0.05 between groups. All data is reported as mean = SEM, (A)
n=16 control, n=14 STZ (B) n=9 control/control, n=7 control in mixed, n=6 STZ in mixed, n=8 STZ/STZ.
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2.4 Discussion

2.4.1 STZ (55mg/kg) administration caused sufficient hyperglycaemia to develop a diabetic
phenotype.

The primary aim of this study was to assess the ability of a lower (55mg/kg) STZ dose to induce
hyperglycaemia and a diabetic phenotype in rats which was confirmed by the increased BGL, food
and water intake in the STZ rats. Various STZ doses from 45-75mg/kg have been used under different
protocols to induce a type-1 diabetes phenotype in rats (Ali et al., 2015; Rutten et al., 2018; Wang-
Fischer & Garyantes, 2018). Previous research at University of Hertfordshire has used an STZ model
of diabetes induced at a higher 65mg/kg dose in Wistar Han rats (Burnett et al., 2014; Fisher et al.,
2015). As part of a continued development of the STZ diabetic model and a refinement of animal
welfare under the 3R’s initiative a lower 55mg/kg STZ dose was trialled in this study. STZ
administration at this lower dose was successful in inducing hyperglycaemia as measured by a
change in BGLs above 16mmol/L in 94% of rats (Figure 2.3). The findings of this study were
compared to previous results achieved at University of Hertfordshire using a similar experimental
design at the higher (65mg/kg) dose of STZ (Lanigan et al., 2020). This comparison identified no
difference in the development of hyperglycaemia when using the lower dose of STZ and thus
confirming that 55mg/kg STZ can successfully induce hyperglycaemia in this model (Lanigan et al.,
2020). In the present study one STZ administered rat initially developed hyperglycaemia above the
threshold value of 16mmol/L at Day 7 but by Day 18 had decreased below the threshold. This may
have occurred due to the animal not receiving a complete dose during administration, misposition of
the needle during i.p. dosing or through regeneration of pancreatic B cells that has been reported in
some STZ diabetic rats (Wang-Fischer & Garyantes, 2018). Measuring STZ rats BGLs confirmed the
onset of hyperglycaemia and a diabetic phenotype in 16/17 rats.

2.4.2 STZ diabetic rats gained less bodyweight than control rats. developed polyphagia and
polydipsia.

As expected, daily bodyweight, food and water intake measurements revealed the development and
maintenance of polyphagia, polydipsia (Figure 2.5) and an initial bodyweight loss (Figure 2.4) in the
STZ diabetic rats. Reduced bodyweight and the development of polydipsia and polyphagia have been
consistently reported across research groups in the STZ type-1 diabetes model (Ali et al., 2015;
Rutten et al., 2018; Vieira et al., 2020; Wang-Fischer & Garyantes, 2018; Yamamoto et al., 2009).
Additionally, human type-1 diabetic patients also experience hyperglycaemia, polyphagia and
polydipsia that can usually be managed through administration of insulin to reduce BGLs to a normal
level through proper glycaemic management (Pasi & Ravi, 2022; Roche et al., 2005). This provided
clear evidence that 55mg/kg STZ is sufficient to induce a diabetic phenotype and can be used as a
preclinical model of type-1 diabetes induced changes. A key benefit of a reduced (55mg/kg) STZ
dose, as used in this study, is the finding that lowering the STZ dose to 55mg/kg reduced the amount
of bodyweight lost by ~50% when compared with previous results seen in the same model at
65mg/kg (Burnett et al., 2014; Fisher et al., 2015; Lanigan et al., 2020). During this study none of the
17 rats dosed with STZ suffered any acute toxicity from this lower 55mg/kg dose of STZ. This
presented an improvement over the previously used 65mg/kg dose where in a similarly sized study
one rat did suffer acute toxicity and was terminated shortly after dosing (Fisher et al., 2015; Lanigan
et al., 2020). The establishment of a diabetic phenotype with improved animal welfare using
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55mg/kg STZ provides important context in the finding of improvement animal welfare related
burrowing levels in rats administered a lower 55mg/kg dose compared with 65 and 75mg/kg.

2.4.3 STZ diabetic rats developed mechanical allodynia on Day 9 and Day 11 regardless of
home caging.

Measuring von Frey paw withdrawal thresholds demonstrated a clear development of mechanical
allodynia in STZ diabetic rats at Day 9 and Day 11. This finding was important as a common use of
the STZ type-1 diabetic model is to measure the development of mechanical allodynia. Mechanical
allodynia is a feature of neuropathic pain and therefore treatments that reverse it are proposed as
having analgesic properties (Ali et al., 2015; Field, McCleary, et al., 1999; Rutten et al., 2018; Wang-
Fischer & Garyantes, 2018; Yamamoto et al., 2009). In this study a single administration of 55mg/kg
STZ successfully induced mechanical allodynia at Day 9 as measured by von Frey paw withdrawal
threshold with a >70% decrease in paw withdrawal threshold compared to baseline levels allowing
for a substantial window for potential treatments to be examined (Figure 2.6). This level of
mechanical allodynia has been demonstrated in other research including Ali et al. (2015) who
showed a paw withdrawal threshold of ~5g in Sprague Dawley rats within 15 days after 50mg/kg STZ
administration (Ali et al., 2015). Another important consideration with all preclinical neuropathic
pain models is the time course of neuropathic pain development which in this study occurred at Day
9 and 11 after STZ administration. Others have identified mechanical allodynia beginning to develop
as early as Day 3 with most rats having developed mechanical allodynia by Day 10 in a 50mg/kg STZ
diabetic rat model (Field, McCleary, et al., 1999). However, the development timeline is not
consistent with all studies as when using lower (45mg/kg STZ) (Yamamoto et al., 2009) or repeated
administrations (25mg/kg STZ for 5 days) (Vieira et al., 2020) of STZ it can take up to 3 weeks to
develop. The level of mechanical allodynia developed in this study was compared to previous results
at University of Hertfordshire using the higher 65mg/kg STZ dose model with no differences
identified (Lanigan et al., 2020). The development of mechanical allodynia in this study
demonstrated that a 55mg/kg dose of STZ can be used to successfully produce a diabetic model of
neuropathic pain.

2.4.4 Pregabalin (30mg/kg) reversed mechanical allodynia in STZ diabetic rats regardless of
home caging.

Reversal of the mechanical allodynia that developed in STZ diabetic rats was achieved using 30mg/kg
pregabalin administration. Pregabalin is a first line treatment in diabetic neuropathic pain (Finnerup
et al., 2015) that is currently understood to exhibit analgesic properties as a ligand of the a,6;
subunit of voltage gated Ca?* channels leading to attenuation of calcium influx (Kumar et al., 2010).
This causes a reduction of excitatory ascending pain pathway transmission through reduced
neurotransmitter release and potentially decreasing central sensitisation (Kremer et al., 2016).
Clinical studies have demonstrated the effectiveness of pregabalin in human diabetic peripheral
neuropathy patients (Freeman et al., 2008; Razazian et al., 2014; Rosenstock et al., 2004). Pregabalin
was selected as a test compound in this study due to its extensive characterisation in preclinical
neuropathic pain models where it has demonstrated consistent and reproducible reversal of
mechanical allodynia and thermal hyperalgesia in a range of different neuropathic pain models
including spinal nerve ligation (Gustafsson & Sandin, 2009; Nozawa et al., 2022), STZ (Field,
McCleary, et al., 1999), spared nerve injury (Gustafsson & Sandin, 2009; Lau et al., 2013), CCI (Field
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et al., 2006) and oxaliplatin (Ling et al., 2008). Additionally, the STZ model was also involved in the
development and approval of pregabalin following the evidence of its superior efficacy in reversing
static and dynamic mechanical allodynia compared with morphine and amitriptyline (Field,
McCleary, et al., 1999).

In this study 30mg/kg pregabalin achieved a complete reversal of mechanical allodynia
demonstrated by increased von Frey paw withdrawal thresholds back to levels equivalent to the
baseline timepoint (Figure 2.7). This highly significant reversal of mechanical allodynia using
30mg/kg pregabalin has also been demonstrated by others (Yamamoto et al., 2009). Interestingly,
pregabalin also increased control rats paw withdrawal threshold which was primarily driven by an
increase in control rats from mixed cages. This increased control rats paw withdrawal threshold may
have been caused by a few different factors including somnolence induced by pregabalin and/or
social transfer of pain. Somnolence is usually described as a state of drowsiness and a strong desire
for sleep that is a common side effect of pregabalin, alongside dizziness and can lead to treatment
being discontinued in humans (Kato et al., 2015). This side effect has also been identified in rodents
including by Wang-Fischer et al. (2018) who found that 30mg/kg pregabalin caused an increase in
“sleepiness” and reduced coordination resulting in them decreasing the dose of pregabalin used in a
long-term STZ diabetes rat study (Wang-Fischer & Garyantes, 2018). Wang-Fischer et al. (2018)
demonstrated a similar development of mechanical allodynia to this study with von Frey paw
withdrawal threshold reaching a stable level at <4g that was almost completely rescued by 30mg/kg
pregabalin (Wang-Fischer & Garyantes, 2018). However, their finding that pregabalin caused
behavioural changes in the rats at this 30mg/kg dose matches the observations from the present
study that rats were more immobile and drowsier compared with vehicle administered rats. The side
effect of somnolence may be a reason for the increase in control rats paw withdrawal threshold
following 30mg/kg pregabalin.

In addition to the increased paw withdrawal threshold after pregabalin administration, control rats
paw withdrawal thresholds were decreased at Day 11 especially in control rats from a mixed home
cage. Control rats from a mixed cage paw withdrawal threshold at this timepoint were similar to STZ
diabetic rats whilst control/control housed rats and the overall control rats paw withdrawal
threshold remained consistent with baseline levels. A potential explanation for this is the social
transfer of pain that has been identified in rodents as a process by which animals not subjected to a
painful condition can exhibit hyperalgesia (Langford et al., 2006; Smith et al., 2016). This transfer of
pain is believed to be through audio communication, empathy recognition and even through
olfactory cues (Smith et al., 2016). Previous research has demonstrated that naive rats home caged
with an animal experiencing spared nerve injury (SNI) induced neuropathic pain develop a significant
decrease in paw withdrawal threshold as seen here that was termed “empathic mechanical pain
hypersensitivity” (Li et al., 2018). This social transfer of pain may explain the decreased paw
withdrawal threshold in control rats in a mixed cage as they spent increased time with their STZ
diabetic cage mate who was experiencing increased levels of pain. Social transfer of pain may have
also contributed to the effect of pregabalin by creating a window for this reversal to occur. Future
low-dose STZ studies will look at decreasing the dose of pregabalin (Chapter 3) as it has been shown
that 10mg/kg is still sufficient to reverse mechanical allodynia in this model (Yamamoto et al., 2009).

Overall, this was another key step in validating the lower (55mg/kg) STZ dose and demonstrated that
both BGL and mechanical allodynia are present to similar degrees and the mechanical allodynia is
reversible with analgesics. Additionally, this lower STZ dose model may be beneficial to animal
welfare by decreasing weight loss compared to higher (65mg/kg) dose models. However, whilst von
Frey testing of mechanical allodynia has been used extensively for characterising mechanical
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allodynia in a range of preclinical neuropathic pain models it does have limitations (Field, McCleary,
et al., 1999; Kim et al., 2017; Tilley et al., 2015; Vrinten & Hamers, 2003). Primarily these limitations
stem from the subjective nature of a human interpreting an animal’s reflexive reaction to an applied
stimulus (Deuis et al., 2017). Whilst some criticism has focused on inter-operator variability and
attempts have been made to improve and standardise testing protocols, the translatability of
reflexive measures is still poor (Bonin et al., 2014). Therefore, development of behavioural
measurements of pain that encompass the global impact or pain including cortical processing and
require no subjective human interpretation would offer a potential replacement or adjunctive
measure for classical evoked measurements with increased translational likelihood (Fisher et al.,
2021).

2.4.5 Home caging an STZ diabetic rat with a control rat improved individual burrowing
levels but 30mg/kg pregabalin did not.

The limitations of von Frey testing help to explain why many research groups are looking for
alternative endpoints to measure neuropathic pain that may provide increased translatability
between preclinical and clinical research. One such endpoint is burrowing an ethological behaviour
of both wild and laboratory rodents that can be measured objectively using simple apparatus and is
believed to measure overall animal wellbeing (Jirkof, 2014). Whilst there has been some success in
using burrowing as an objective neuropathic pain endpoint this has primarily been in
mononeuropathy rodent models (Andrews et al., 2012; Lau et al., 2013; Muralidharan et al., 2016;
Rutten et al., 2018) and limited research has been published on the effects of STZ induced diabetes
on burrowing (Rutten et al., 2018). The main study to date is by Rutten et al. (2018) who used a high
dose 75mg/kg STZ diabetic rat model (Rutten et al., 2018). In the present study mixed results were
found when assessing burrowing with the low-dose STZ (55mg/kg) rats presenting with deficits at
Day 3 but not at Day 10 which was highly dependent on the home caging of the STZ diabetic rats, a
stark contrast to von Frey measurements.

Although many burrowing protocols involve social facilitation of burrowing via placing pairs of
animals to burrow together in the initial baseline phase, it is not routinely monitored after the
baseline period or reported (Gould et al., 2016; Leung et al., 2019; Muralidharan et al., 2016; Rutten
et al.,, 2018). The present study identified a small but significant reduction in mixed cage paired
burrowing at Day 2 after STZ/control administration that returned to baseline levels by Day 10
(Figure 2.8). Additionally, STZ/STZ cages paired burrowing decreased progressively with a large
reduction in burrowing levels seen at Day 10. This may indicate that housing an STZ diabetic rats
with a control rats can lead to social facilitation of burrowing indicated by higher amounts of
burrowing conducted by mixed cage pairs and was similar to previous research findings in the
65mg/kg STZ dose model (Burnett et al., 2014). Making this claim using paired burrowing data alone
is challenging as there is no distinction between which rat conducted the burrowing meaning the
level of burrowing in mixed cages could occur solely from control rats. Therefore, it was necessary to
assess the level of burrowing conducted by STZ diabetic and control rats individually, as it is routinely
measured.

Individual animal burrowing when assessed irrespective of home caging and demonstrated a clear
reduction in STZ diabetic rats burrowing at Day 3 after STZ administration. However, by Day 10 this
deficit had returned to baseline levels. This differs from previous data by Rutten et al. (2018) who
demonstrated an almost complete suppression of burrowing activity in STZ rats at the single 3 week
timepoint measured (Rutten et al., 2018). A key difference between the present study and that of
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Rutten et al. (2018) that may contribute to this is the dose of STZ used to induce type-1 diabetes.
Rutten et al. (2018) using a much higher 75mg/kg STZ dose and determined that burrowing deficits
in these rats may have occurred due to sickness-associated changes in motivation and have been
masked by diabetes-associated alteration in wellbeing (Rutten et al., 2018). The present study used a
lower (55mg/kg) dose STZ model which has been demonstrated to have improved welfare based on
weight loss compared to a higher (65mg/kg) dose STZ model (Lanigan et al., 2020). Therefore, the
results in this study of using a lower (55mg/kg) dose STZ model provided a better indication of the
changes associated with neuropathic pain development rather than diabetes related wellbeing.
However, the effect of pregabalin in both the present study and that of Rutten et al. (2018) are
consistent with pregabalin having had little to no impact on STZ diabetic rats burrowing levels in
either study (Figure 2.9) (Rutten et al., 2018).

The lack of efficacy of pregabalin in rescuing burrowing deficits in the STZ model across different
research groups is particularly interesting as pregabalin has been efficacious against burrowing
deficits in a number of other neuropathic pain models including the CCI (Rutten et al., 2018) and SNI
(Lau et al., 2013) models. Whilst the similar analgesic drug gabapentin reversed burrowing deficits in
the tibial nerve transection model (Andrews et al., 2012). Importantly, the CCl, SNI and tibial nerve
transection neuropathic pain models are mononeuropathy models induced by surgical techniques
with pain being the predominant phenotype of the animals. In comparison metabolic neuropathic
pain models such as the single dose STZ type-1 diabetes model displays other phenotypes of
diabetes such as hyperglycaemia, polydipsia, polyphagia and polyneuropathy (Bennett & Xie, 1988;
Rakieten et al., 1963). Furthermore, Rutten et al. (2018) identified that the Zucker diabetic fatty
model of type-2 diabetes also developed a deficit in burrowing amounts that were not rescued by
analgesic treatments including 30mg/kg pregabalin, gabapentin and morphine (Rutten et al., 2018).
This further supports the evidence that burrowing is a good measure of overall animal wellbeing and
potentially the global impact of pain because although standard analgesics can reverse burrowing in
models with pain as the only phenotype, they do not affect more complex multimodal models
(Rutten et al., 2018).

Whilst the first line analgesic treatment pregabalin did not improve diabetes induced burrowing
deficits in this study, home caging an STZ diabetic rat with a control rat improved their individual
burrowing. This finding contributes to the evidence that burrowing is a measure of overall animal
wellbeing. A potential mechanism that may be behind this is the social support of a healthy animal
that is paired with an animal in pain. In humans mixed reports have been shown for the effect of
social interaction on pain intensity with patients who perceive a higher level of social support
reporting less severe pain. However, attention from a spouse or close partner can lead to
heightened pain severity linked with over pain behavioural displays (Lépez-Martinez et al., 2008).
This has been considered as a dual sided phenomenon whereby social support can improve
wellbeing, and pain scores however if it reaches a point of solicitousness this can lead to the
opposite effect with increased pain (Mogil, 2015). In rodents this is termed “social buffering” and
has most often been explored in stress related scenarios with the presence of or home caging with a
companion animal leading to a reduction in reaction and perception of aversive experiences and is
being considered to improve welfare in laboratory rodent experiments (Denommé & Mason, 2022).
Some evidence has also been identified in pain models with D’Amato (1997) reporting a decrease in
pain thresholds when female mice encountered a familiar partner during pain testing (D’Amato,
1997). This evidence may indicate that home caging an STZ diabetic rat with a control rat can lead to
social facilitation and buffering of the pain, improving the rat’s wellbeing, leading to more
burrowing. This data supports the theory that burrowing may be a marker of wellbeing (Andrews et
al., 2011; Deacon, 2006; Deseure & Hans, 2018; Jirkof, 2014) and not a simple measure of
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nociception that evoked measures of von Frey paw withdrawal threshold are. This also contributes
to the understanding that burrowing is an ethologically fundamental activity in rodents and
considered to be equivalent to activities undertaken by humans in their daily lives (Zhang et al.,
2022). This demonstrates that it is possible to reverse burrowing deficit in diabetic rodents meaning
it may be possible to reverse these deficits with treatments that improve overall animal wellbeing
including the global impact of pain.

2.4.6 Limitations of this study and improvements for future studies.

Whilst this study established that mechanical allodynia was present at Day 9 and Day 11, the time
course and development of this has not yet been established at this lower 55mg/kg STZ dose. By
measuring the development of mechanical allodynia over a longer period the timepoint at which the
animals reach peak sensitivity could be identified. Also, the length of time this sensitivity is
maintained and the variability that occurs in control rats, could be monitored to assess how long
after STZ administration reversal of mechanical allodynia can be tested with analgesics (Chapter 3).
In some models such as the oxaliplatin model it is possible to induce a transient neuropathic pain
phenotype meaning it will be important to ensure that STZ at this 55mg/kg dose can maintain a
consistent neuropathic baseline (Ling et al., 2008). The health and welfare of the animals over this
time will also provide a better understanding of how long STZ diabetic rats can be kept safely
without incurring adverse effects of prolonged hyperglycaemia.

Although this study identified some of the first evidence of improved burrowing in STZ diabetic rats
the protocol for burrowing training was not consistent with published literature. This included
reduced amount of baseline burrowing habituation and exposure compared with published
literature that should be matched in future testing to allow for a more accurate comparison to
published data (Andrews et al., 2012; Rutten et al., 2018). Additionally, a key limitation of burrowing
data that may reduce its effectiveness as a neuropathic pain endpoint is increased inter-animal
variability in comparison to von Frey measurements in this study. This phenomenon has also been
reported by others researching burrowing in alternate neuropathic pain models highlighting that this
is conserved across research groups and animal models (Andrews et al., 2012; Muralidharan et al.,
2016). This could limit future research into burrowing due to the 3R’s implications of increasing the
number of animals used in research, however if it provides more translatable data compared with
reflexive tests this may be justifiable (NC3Rs, n.d.). Also, the dose of pregabalin used should be
closely considered as development of somnolence may have limited the ability of 30mg/kg
pregabalin to reverse burrowing deficits (Wang-Fischer & Garyantes, 2018). Future studies will look
to assess a dose response to pregabalin or alternative first line neuropathic pain treatments for their
ability to reverse burrowing deficits in STZ diabetic rats (Chapter 3).

Another limitation of the paired data gained in this study is that the number of animals in each
group were relatively low once organised by home cage pairing. This may have led to increased
variability in the data gathered as well as caused potential type Il errors due to low statistical power
in this study. Future studies should look to conduct a power analysis using the paired data generated
in this preliminary study to ensure that this work is sufficiently powered. Although the effects of
mixed caging of STZ diabetic and control rats provided interesting results and important data in the
reversibility of STZ burrowing deficits, the use in future studies must be considered closely. If studies
aim to further elucidate the impact of mixed caging on these and other behavioural endpoints then
they must use a larger number of animals if needed to ensure an appropriate level of statistical
power is still achieved. Alternatively, studies looking to explore reversal of burrowing deficits with
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analgesic treatments may choose to not use mixed cages to allow for increased numbers per group
without increasing the total number of animals included in the study. This is also because STZ
diabetic rats in a mixed cage showed a reversal of burrowing to levels equivalent to control which
would not provide a window of deficit for analgesic reversal.

2.5 Conclusions

In conclusion, a lower single dose of STZ (55mg/kg) successfully induced mechanical allodynia
combined with a diabetic phenotype, including hyperglycaemia, polydipsia and polyphagia. This
model was superior to the 65mg/kg STZ model due to improved animal welfare through reduced
bodyweight loss and increased survivability without affecting the rate of hyperglycaemic or
mechanical allodynia development. Burrowing, an objective measure of wellbeing was reduced in
STZ diabetic rats reflecting the effects of diabetes and neuropathic pain on patient’s daily activities.
The first line treatment pregabalin (30mg/kg) was unable to rescue burrowing deficits in these STZ
diabetic rats. However, this study has provided some of the first evidence that burrowing in STZ rats
can be reversed through home caging STZ rats with a control partner which aided in individual
burrowing levels potentially through social facilitation. More work is needed to establish the
extended time course for the development of mechanical allodynia and burrowing changes that
occur following low-dose STZ administration in rats. Additionally, further research into alternative
methods or analgesics to reverse these changes in burrowing at the lower dose of STZ will help in
identifying methods that improve the overall well-being of STZ diabetic rats. Overall, burrowing
shows promise as a marker of overall animal wellbeing however, increased inter-animal variability
may limit future use because of increased animal numbers needed that could cause ethical
implications.
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Chapter 3: Time course of the 55mg/kg STZ type-1 diabetes rat
model development of a diabetic phenotype, mechanical allodynia
and burrowing changes

3.1 Introduction

Neuropathic pain affects 8.2-8.9% of the population and can lead to anxiety, depression and sleep
disturbances that all together leads to a severe impact on the patient’s quality of life (Colloca et al.,
2017). The effects of neuropathic pain on quality of life are exacerbated by the limited efficacy and
extensive side effects of current neuropathic pain treatments (Finnerup et al., 2015). A likely reason
that new treatments have failed to be developed is the mismatch between evoked subjective
preclinical neuropathic pain endpoints compared with the questionnaire and rating scale based
endpoints used in clinical trials (Figure 1.3) (Deuis et al., 2017; Fisher et al., 2021; Tappe-Theodor et
al., 2019). Therefore, the development of novel objective, non-evoked endpoints are likely to
improve the translatability for preclinical neuropathic pain research (Fisher et al., 2021). As
discussed in Chapter 2 one such endpoint is burrowing that has shown reproducibility and
reversibility in surgically induced models of neuropathic pain (Lau et al., 2013; Muralidharan et al.,
2016; Rutten et al., 2018). However, the results in diabetic models of neuropathic pain have only
shown the development of a burrowing deficit and have not been reversed by analgesic treatments
(Rutten et al., 2018).

It was identified in Chapter 2 that the burrowing deficit in streptozotocin (STZ) diabetic rats could be
improved through social facilitation, but not through analgesic drug treatment with 30mg/kg
pregabalin. This demonstrated some of the first evidence that decreased burrowing in STZ diabetic
rats can be reversed. There is currently no evidence that this can be achieved with analgesic test
compounds. The finding of Chapter 2 that the clinical analgesic pregabalin at 30mg/kg could not
reverse the burrowing deficits in STZ rats is consistent with previous findings in a higher 75mg/kg
STZ rat model (Rutten et al., 2018). However, 30mg/kg pregabalin caused a level of somnolence in
the diabetic rats that may have limited its ability to reverse burrowing levels as demonstrated by
increased control rat paw withdrawal thresholds (Chapter 2) and identified by others testing
30mg/kg pregabalin (Wang-Fischer & Garyantes, 2018). Burrowing as a behavioural endpoint has
typically displayed negative results for test compounds that impair motor function, unlike the
classical evoked pain endpoints such as von Frey paw withdrawal threshold which may display false
positive results (Andrews et al., 2012; Fisher et al., 2021; Gould et al., 2016; Tappe-Theodor et al.,
2019). Further clarification of the effects of lower doses of pregabalin against burrowing in this lower
dose 55mg/kg STZ model is required.

Another area of burrowing research that has not been fully explored in diabetic models is a timeline
of burrowing deficit development. In the chronic constrictive injury (CCl) model different studies
have demonstrated burrowing deficits from Day 4 to Day 25 (Rutten et al., 2018) and from Day 3 to
Day 14 (Muralidharan et al., 2016). However, in the spared nerve injury (SNI) model burrowing
deficits only developed from Day 10 to Day 20 but not at Day 5 (Lau et al., 2013). This information
would be vital for preclinical screening studies to understand the time course of when burrowing
changes develop and for how long a stable baseline response can be achieved. By understanding the
development and maintenance of burrowing changes in the STZ model, preclinical screening studies
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can be designed to incorporate burrowing as an endpoint at the timepoints when a stable response
is achieved.

Although identifying that social facilitation reverses burrowing deficits in Chapter 2 is a valuable
step, applying this to all studies would limit the window for test compound induced reversal of
burrowing deficits. Furthermore, to improve the reliability of burrowing data from Chapter 2, an
increased number of burrowing habituation and baseline sessions needs to be conducted to more
closely follow published protocols (Andrews et al., 2012; Muralidharan et al., 2016; Rutten et al.,
2018). Alongside this, a key limitation of the results from Chapter 2 was the low number of animals
used in each group which could be increased to improve the reliability of the data based on an
updated power analysis (Table 3.3).

3.1.1 Aims and hypotheses.

The primary aim of this study was to establish a time course for the development and maintenance
of burrowing deficits and reduced von Frey paw withdrawal thresholds across 49 days in a 55mg/kg
STZ diabetic rat model.

This study explored how a range of 3, 10 and 30mg/kg pregabalin doses could reverse the
established burrowing deficits and mechanical allodynia measured by von Frey paw withdrawal
thresholds.

As with the previous Chapter 2 study, the development of phenotypical diabetes changes of
hyperglycaemia, polydipsia, bodyweight along with any longer-term effects of diabetes on the health
of STZ rats was monitored throughout the study to further validate the lower 55mg/kg STZ model.

3.1.2 Abbreviations.

STZ — streptozotocin, CCl — chronic constrictive injury, SNI — spared nerve injury, SEM — standard
error of the mean, BGL — blood glucose level, i.p. — intraperitoneal, p.o. — oral, LC — Langerhans cells,
IENF — intra-epidermal nerve fibres, IHC — immunohistochemical, ZDF — Zucker diabetic fatty, SD —
standard deviation.
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3.2 Methods
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Figure 3.1) Timeline of the study depicting the days before and after 55mg/kg STZ intraperitoneal
(i.p.) administration on Day 0. The days on which von Frey paw withdrawal threshold and burrowing
measurements were taken are displayed. The timepoints that vehicle, 3, 10 and 30mg/kg pregabalin
were administered are also denoted.
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3.2.1 Power analysis and group sizes.

Before commencing with the study, a power analysis was conducted on previous STZ diabetic rats
von Frey data collected from Chapter 2 and other studies conducted at University of Hertfordshire to
calculate the optimal group sizes for the current study design. This was carried out to conform with
the 3R’s ensure that the study was not underpowered and that excess animals were not used. The
von Frey data formed the basis of this power analysis as the primary neuropathic pain endpoint of
the study. Both within and between group comparisons were calculated to ensure both were
adequately powered using the Gpower 3.1 software (Faul et al., 2007).

The maximum effect size for within and between groups were calculated and displayed in table 3.1
comparing the control rats and STZ diabetic rats data (Between group) or baseline vs Day 9&11
(average of Day 9 and Day 11 responses after STZ/control administration) (Within group). This
demonstrated that the maximum achievable effect size for these comparisons is 3.05 for within
groups and 2.42 for between groups. Following this the minimum effect size that will be statistically
significant using the previous study design data of an alpha of 0.05, a power of 0.8 and an n=10 was
calculated in table 3.2. This was identified as 1.00 for within group and 1.32 for between groups
which correlates to a percentage reversal of 32.8% for within group and 54.6% for between groups.
In clinical studies an improvement of >50% is often used as a threshold value to demonstrate
reversal of neuropathic pain (Azmi et al., 2019; Rice et al., 2021). Therefore, the between groups
comparison were slightly underpowered to be able to detect changes of at least this amount
because the minimum percentage for neuropathic pain reversal to become statistically significant
was 54.6%. Thus, increasing the n number is justifiable. Due to caging requirements of the animals,
the n number must be increased in groups of 2 to satisfy 2 animals per cage. Using Gpower software
the power analysis was recalculated with an n=12 per group and displayed in table 3.3. This
demonstrated that the increase of 2 animals per group brings the percentage of neuropathic pain
reversal under the 50% threshold for the between group comparison.

Table 3.1) Calculation of the maximum possible effect size that can be achieved from previous data
when comparing control and vehicle STZ data or Baseline vs Neuropathic baseline.

Comparison Mean difference Standard | Maximum effect size achieved | N
type between groups deviation | ((Mean 1-—Mean 2)/SD)

(SD)
Within group 22.5g-4.2g=18.3g 6 3.05 10

Baseline vs Day 9&11

Between 19.0g—4.5g =14.5g 6 2.42 10 per
roups roup (20
group Control vs STZ at Day group (
total)
9&11
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Table 3.2) Calculation of the minimum statistical effect size that will be statistically significant with
and alpha of 0.05, a power of 0.8 and n=10.

Comparison | Effect size Equivalent increase | Percentage of pain Minimum paw
type calculated in mean value reversal for statistical withdrawal threshold
in Gpower | (mean increase = significance (Equivalent | for statistical
effect size x SD) increase in mean value / | significance (Day9&11 +

Mean difference equivalent increase in
between groups *100) mean value)

Within group | 1.00 6.00g 32.8% 10.2¢g

Between 1.32 7.92g 54.6% 12.42g

groups

Table 3.3) Calculation of the minimum statistical effect size that will be statistically significant with
and alpha of 0.05, a power of 0.8 and an increased n=12.

Comparison | Effect size Equivalent increase | Percentage of pain Minimum paw
type calculated in mean value reversal for statistical withdrawal threshold
in Gpower | (mean increase = significance (Equivalent | for statistical
effect size x SD) increase in mean value / | significance (Day9&11 +

Mean difference equivalent increase in
between groups *100) mean value)

Within group | 0.89 5.34g 32.8% 10.2g

Between 1.20 7.20g 49.7% 11.70g

groups

An additional consideration for the STZ diabetic rat model is exclusion of animals per STZ group due
to non-development of diabetes (<16mmol/L blood glucose level), deviation from normal health
(e.g. piloerection, inactivity, paw inflammation), bodyweight loss (>15% approaching 20% with no
stabilisation within 48 hours) or lack of neuropathic pain development (<50% change from baseline
at Day 9&11). From historical data collection approximately 10-15% of STZ diabetic rats will be
excluded due to non-development of diabetes, deviation from normal health or >15% bodyweight
loss etc. Additionally, approximately 15%-20% of STZ diabetic rats do not develop mechanical

allodynia (Fisher et al., 2015). Therefore, an additional n=3 rats (30%) will be included in each study
per STZ group to ensure that the n=12 rats remain at the end of the study. However, this study more
than doubled the time course from 18 days (Chapter 2) to 45 days after STZ administration. Thus, an
additional n=3 rats per group will be included to accommodate for animals excluded across this
extended time course of diabetes development.
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3.2.2 Ethics statement.

All research procedures/experiments were performed in accordance with Animals Scientific
Procedures Act 1986 & European Directive 2010/63/EU. All studies performed were approved by the
University of Hertfordshire Animal Welfare and Ethics Review Body and comply with the home office
guidelines and codes of conduct. All work was authorised under University of Hertfordshire home
office establishment licence and project licence titled: Diabetes mechanisms and treatments.

3.2.3 Animals and induction of STZ.

30 Male Wistar Han IGS rats (250-275g at arrival, 375-475g at time of STZ administration) supplied
by Charles River, UK were housed in pairs from arrival. At Day O (Figure 3.1) rats were administered
either 55mg/kg streptozotocin (n=18) or 20mM citrate buffer (n=12) intraperitoneal (i.p.)
administration at a dose volume of 10ml/kg. STZ (Sigma- Aldrich, S0130) was prepared as described
in Chapter 2. Either STZ at 55mg/kg or citrate buffer (control) were administered once to rats via
single i.p. injection using a new 23G needle. Animals were placed back in their home cage and
monitored closely for 1 hour for signs of distress or discomfort. Additionally, banana porridge
(Cow&Gate) and 2% sucrose solution were provided for 48 hours after STZ administration to
encourage feeding and maintain blood glucose levels.

3.2.4 Environmental conditions.

Rats were pair housed in Tecniplast 2000P cages and a 12:12 hr light-dark cycle (lights on at 07:00)
was maintained throughout the study. Housing temperature was maintained at 21+2°C and 55+15%
relative humidity. Food (5LF2 10% protein LabDiet, changed to 5LF5 22% protein LabDiet on day of
STZ administration) and drinking water were provided ad libitum except during von Frey behavioural
testing. Water was provided in two 1L bottles per cage. For 48 hours after STZ administration (Day
0,1), 2% sucrose solution was provided in one of the 1L bottles to avoid hypoglycaemia caused by
STZ administration (Ghasemi & Jeddi, 2023). Water intake measurements were recorded from 1
week before STZ administration and as required until the end of the study. Water intake was
calculated per cage as the change in weight (g) of the food hopper and both water bottle recorded at
approximately 9am each day.

3.2.5 Animal welfare.

Blood glucose level (BGL) was recorded 1 day prior to (Day -1) and 7 days after (Day 7) STZ/control
administration to confirm onset of hyperglycaemia. Following this BGLs were also measured on Day
21, Day 35 and at the end of the study (Day 49) to monitor progression and maintenance of
hyperglycaemia. Microsamples of blood were taken through tail tip vein puncture using a lancet
(Valuemed, UK) and BGL was measured using either Aviva Aucu-Chek (Day -1 to 7) or GlucoRx Nexus
blood glucose meter (Day 7 to 45) calibrated before use. Both glucose meters were found to take
equivalent measurements at Day 7. An inclusion criterion of >16mmol/dL BGL at all post
administration timepoints for STZ diabetic rats was used to exclude animals that did not develop
hyperglycaemia.

Daily bodyweight measurements were taken at regular intervals from Day -21 to Day 0 to monitor
rats weight gain and progression. After STZ/control administration on Day 0, daily bodyweight
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measurements were taken to monitor animal welfare. Rats reaching 15% bodyweight loss compared
with the Day 0 baseline weight were monitored closely. This included weighing twice daily, provision
of additional nourishment in the form of seed, grains and banana porridge where appropriate and
assessment by animal care staff and or veterinarians if needed. Any rats not stabilising or gaining
weight within 48 hours were humanly euthanised. All rats were also checked daily by trained animal
care staff to monitor welfare.

3.2.6 Mechanical allodynia.

Von Frey paw withdrawal threshold was measured using the same protocol detailed in Chapter 2
with the exception that the range of monofilaments used for von Frey testing included 0.16, 0.4, 0.6,
1,1.4,2,4,6, 8,10, 15, 26, 60; g (This is an increased range from the 0.4-26g used in Chapter 2). Paw
withdrawal threshold was evaluated twice per week, for 3 weeks before STZ administration (Day -
21,-18,-14,-12,-7,-4). From 3 days after STZ administration onwards von Frey paw withdrawal
threshold was assessed up to 2 times per week up until the end of the study to monitor
development of mechanical allodynia (Days 3,7,9,11,14,17,21,31,35,45). The effect of pregabalin or
vehicle administration on mechanical allodynia were assessed from week 4 onwards (Days
24,28,38,42). At these analgesic assessment timepoints von Frey testing was conducted at 2 and 4
hours after pregabalin/vehicle administration.

3.2.7 Burrowing.

Burrowing measurements were taken using the same protocol as Chapter 2 with the only differences
being the timepoints measured and amount of testing sessions. Burrowing habituation prior to STZ
administration was conducted as: one paired habituation session with an empty tube session (Day -
20), one paired habituation session with a filled tube (Day -17), one paired crossover burrowing
session (Day -13), three individual filled tube burrowing session (Day -10&-6&-3) (Figure 3.1). After
STZ administration burrowing was measured up to twice per week until the end of the study to
assess changes in burrowing behaviour (Days 4,8,10,15,18,22,32,36,46). The effect of 3, 10 and
30mg/kg pregabalin or vehicle (drinking water) oral (p.0.) administration on burrowing deficits was
assessed from week 4 onwards (Days 25,29,39,43). During the assessment of analgesics rats were
placed into burrowing cages from 1 hour after pregabalin or vehicle administration.

3.2.8 Pregabalin.

Pregabalin (Carbosynth, 148553-50-8) at 3, 10 and 30mg/kg was dissolved in drinking water (vehicle)
administered p.o. at 2ml/kg. The original design for the assessment of pregabalin/vehicle effect on
von Frey and burrowing was through a full four arm crossover study where all rats would randomly
receive either pregabalin at 3, 10, 30mg/kg or vehicle at four different timepoints. Due to cautionary
concerns over the numbers of STZ rats remaining at the end of the study the design was adjusted to
be run sequentially as two arm crossovers so that at Day 24 and Day 29 all rats received 30mg/kg
pregabalin and vehicle and a second crossover at Day 38 and Day 43 where all rats received both
3mg/kg and 10mg/kg pregabalin to avoid exclusion of STZ rats impacting the powering of the
treatment groups.
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Pregabalin at 30mg/kg or vehicle were administered to half of each group (STZ/Control) on Day 24
(von Frey) and Day 25 (Burrowing) followed by a 72 hour washout period and crossover
administration with the alternate test compound on Day 28 (von Frey) and Day 29 (Burrowing).
Likewise, half of each group received either pregabalin at 3mg/kg or 10mg/kg on Day 38 (von Frey)
and Day 39 (Burrowing) and the crossover occurred again after 72 hours on Day 42 (von Frey) and
Day 43 (Burrowing). Von Frey testing was conducted 2 and 4 hours after administration whilst
burrowing was commenced at 1 hour after administration so that hours 1-3 after test compound
administration were captured during the burrowing.

3.2.9 Grouping, randomisation, blinding and exclusion or inclusion criteria.

The STZ and Control grouping were randomised using the Latin square technique based on von Frey
baseline data as the primary source of sorting to ensure an equal spread of baseline paw withdrawal
thresholds. Following this consideration of baseline burrowing, bodyweight and caging were
considered to ensure they were not significantly different. All rats were assigned in pairs with their
cage partner to the same group to ensure all cages were either STZ/STZ or control/control cages. All
rats remained with their original cage partner from beginning of the study to avoid distress or
aggressive behaviour from rehousing.

Exclusion criteria included >50% change from baseline at Day 9&11 for von Frey paw withdrawal
threshold measurements of mechanical allodynia and at least 500g baseline burrowing (-10&-6&-3)
amounts were set. Additionally, a BGL of at least 16mmol/L was set as the threshold for
development of hyperglycaemia and to be considered as representative of a diabetic phenotype. A
maximum limit of 20% bodyweight loss was in place to exclude any rats that developed excessive
weight loss. Three STZ diabetic rats developed health complications throughout the study including
bodyweight loss and paw inflammation at Days 6, 14 and 21 and were excluded from analysis other
than bodyweight and BGL measurement. One control rat experienced health complications during
Day 0 vehicle administration and was humanely euthanised and excluded from analysis other than
bodyweight and BGL (leaving n=15 STZ and n=11 control). One rat’s BGL after STZ administration did
not reach the >16mmol/L BGL criteria and was excluded from further analysis, but remained with
their home cage partner (leaving n=14 STZ). One STZ diabetic rat burrowed <500g at baseline (-10&-
6&-3) and was excluded from analysis of drug reversal on burrowing (leaving n=13 STZ). One STZ
diabetic rat did not develop a >50% reduction in von Frey paw withdrawal threshold at Day 9&11
compared to baseline and was excluded from further analysis of drug reversal of von Frey paw
withdrawal thresholds (leaving n=13 STZ).

Administration of pregabalin or vehicle during the analgesic reversal testing was conducted blind to
the treatment condition. The administration of pregabalin and vehicle was conducted blind using a
coding system. The assignment of which rats received each test compound during the pregabalin
crossovers was done using an unadjusted Latin square method.

3.2.10 Statistics.

To compare the results at each timepoints (Days) between control and STZ diabetic rats two-way
mixed model analysis of variance (ANOVA) was used with Sidak's post hoc test to compare between
control and STZ diabetic rats (BGL, von Frey, burrowing, bodyweight, daily water intake). For
measures with additional comparisons within each group comparing between Days Dunnett’s post
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hoc test was used (BGL, average von Frey, average burrowing, pregabalin effects on von Frey and
burrowing). Organ weight comparisons were conducted using an unpaired two tailed t test.
Correlation analysis was conducted using Spearman’s correlation coefficient (rs) (Prism 10.2;
GraphPad, San Diego, CA USA). A p value of <0.05 was considered statistically significant for all data.
All data is reported as mean * standard error of the mean (SEM) except for correlation data.

3.3 Results

3.3.1 STZ (55mg/kg) caused hyperglycaemia to develop from Day 7 until Day 49.

Administration of 55mg/kg STZ i.p. successfully increased BGLs above the 16mmol/L threshold in
17/18 (94%) rats across the full 49 day study length. At baseline (Day -1) there was no difference in
BGL between STZ and control groups average BGL with both groups at 6.3mmol/L (Figure 3.2).
Control rats BGL remained stable until Day 49 measured at <émmol/L. By Day 7 after STZ
administration all but one STZ rat had a BGL greater than the 16mmol/L threshold value with BGL
increase over fourfold to 25.4mmol/L [Time: F(4,102) = 60.38, p<0.001], [Treatment: F(1,28) = 129.6,
p<0.001], [Interaction: F(4,102) = 77.52, p<0.001] (Figure 3.2). This increased BGL in STZ rats was
maintained across the study including the Day 49 timepoint. One STZ administered rats BGL
remained at <émmol/L in line with control rats across all timepoints leading to their exclusion from
further analysis. The increased BGL in the remaining 17 rats administered STZ was sufficient to be
deemed as hyperglycaemic and therefore a phenotypical model of type-1 diabetes.
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Figure 3.2) Blood glucose level increased and maintained a steady level of hyperglycaemia between
Day 7 and Day 49 in rats after STZ administration but not control. Blood glucose levels were
measured in control and STZ administered rats at baseline (Day -1), Day 7, 21, 35 and 49. Dashed line
indicates 16mmol/L cutoff level for confirmation of hyperglycaemia. ***p<0.001 vs baseline,
$$Sp<0.001 vs control. All data is reported as mean + SEM, n=11-12 control, n=15-18 STZ.
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3.3.2 Mechanical allodynia developed in STZ diabetic rats by Day 7 and remained stable from
Day 9 to Day 45.

To understand the development and maintenance of mechanical allodynia, von Frey paw withdrawal
thresholds in STZ diabetic rats were measured over 45 days after STZ administration. From Day 7
onwards STZ diabetic rats paw withdrawal threshold was significantly lower than control rats and
remained lower until Day 45 when assessed using the standard von Frey monofilament range (0.4-
26g) [Time: F(15,345) = 24.68, p<0.001], [Treatment: F(1,23) = 15.49, p<0.001], [Interaction:
F(15,345) = 8.083, p<0.001] (Figure 3.3A). A stable level of mechanical allodynia was achieved from
Day 9 onwards with STZ diabetic rats paw withdrawal threshold reaching 6.4g compared to 18g in
control rats at this timepoint. This level of reduced paw withdrawal threshold continued throughout
the remainder of the study with STZ diabetic rats paw withdrawal threshold remaining between 3.8-
6.9g and control rat thresholds >15g (Figure 3.3A). Prior to STZ/control administration both groups
maintained a similar level of paw withdrawal threshold of ~20-25g.

To identify if the correct neuropathic timepoint to use as a comparator for drug treatment reversal
was still the Day 9&11 timepoint as used in Chapter 2 and previous studies at University of
Hertfordshire, two timepoint were averaged across the study were compared (Figure 3.3B). This
identified that although there was already a decrease in paw withdrawal threshold in STZ diabetic
rats as early as the Day 3&7 timepoint the first stable timepoint of paw withdrawal threshold was
Day 9&11 as had been previously used [Time: F(7,161) = 43.06, p<0.001], [Treatment: F(1,23)
=15.49, p<0.001], [Interaction: F(7,161) = 14.40, p<0.001] (Figure 3.3B). The maintenance of a
reduced paw withdrawal threshold until Day 45 also confirmed that mechanical allodynia remained
throughout the study in STZ diabetic rats. Additionally, there was an at least threefold window for
potential analgesic reversal between both pre STZ administration timepoints (baseline) and control
rats at each timepoint. Mechanical allodynia developed in 17/18 rats (94%) administered STZ as
defined by a >50% change in paw withdrawal threshold when comparing Day -7&-4 to Day 9&11.
One STZ diabetic rat did not develop mechanical allodynia as their paw withdrawal threshold
decreased by <50% so was excluded from further analysis of analgesic reversal with pregabalin.
Control rats assessed across these timepoints also began to develop a reduced level of paw
withdrawal threshold from the Day 14&17 timepoint (Figure 3.3). Control rat responses decreased
from 22.7g at Day -7&-4 to 17.3g at Day 14&17 and 16.2g by Day 35&45 a 28% decrease by the end
of the study. Measuring von Frey paw withdrawal thresholds over 45 days after STZ administration
revealed a sustained levels of mechanical allodynia from Day 9&11 onwards in STZ diabetic rats.
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Figure 3.3) Mechanical allodynia developed from Day 7 onwards in STZ diabetic rats stabilising at Day
9&11. Von Frey paw withdrawal threshold was measured with von Frey monofilament using a 0.4-
26g monofilament range across the study before and after STZ/control administration. Responses
were assessed as either the paw withdrawal threshold at each timepoint measured (A) or the
response at pairs of averaged timepoints (B) to identify a suitable comparator timepoint for test
compound reversal. (A) $Sp<0.05, $$p<0.01, $55p<0.001 vs control (B) *p<0.05 **p<0.01 ***p<0.001
vs baseline day -7&-4, $p<0.05, $55p<0.001 vs control. All data is reported as mean + SEM, n=11
control, n=14 STZ.

70



3.3.3 Mechanical allodynia in STZ diabetic rats was progressively reversed by 3, 10 and
30mg/kg pregabalin.

Previous results discussed in Chapter 2 and published literature indicated that 30mg/kg pregabalin
may lead to side effects including somnolence and drowsiness that could affect paw withdrawal
behaviour. To elucidate this further, a dose response to 3, 10 and 30mg/kg pregabalin was
conducted on von Frey paw withdrawal threshold and revealed that 10mg/kg pregabalin can
successfully reverse mechanical allodynia in STZ diabetic rats (Figure 3.4). This was identified when
being assessed with the standard von Frey monofilament range (0.4-26g). Even 3mg/kg pregabalin at
4 hours after administration increased STZ diabetic rats paw withdrawal threshold to double the Day
9&11 timepoint (9.6 vs 4.3g) [Time: F(9,198) = 18.47, p<0.001], [Treatment: F(1,22) = 10.57,
p=0.004], [Interaction: F(9,198) = 6.52, p<0.001] (Figure 3.4). However, STZ diabetic rats paw
withdrawal threshold were still significantly lower than control rats after 3mg/kg pregabalin
administration. Pregabalin continued to show a positive dose response as 10mg/kg pregabalin at
both 2 and 4 hours reversed mechanical allodynia in STZ diabetic rats to >17g which was equivalent
to control rats. This trend continued with 30mg/kg pregabalin increasing the paw withdrawal
threshold above 23g again in line with control rats. Control rats paw withdrawal thresholds were not
altered after 3, 10 or 30mg/kg pregabalin administration when assessed using the standard 0.4-26g
monofilament range. This demonstrates that 10 and 30mg/kg pregabalin fully reversed mechanical
allodynia in STZ diabetic rats whilst 3mg/kg pregabalin partially reversed it.
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Figure 3.4) Pregabalin at 10 and 30mg/kg successfully reversed mechanical allodynia in STZ diabetic
rats using the 0.4-26g monofilament range. Von Frey paw withdrawal thresholds were measured
using a 0.4-26g monofilament range at 2 and 4 hours after 3, 10, 30mg/kg pregabalin or vehicle
administration to both control and STZ diabetic rats. Pregabalin or vehicle were administered
between Day 24 to Day 43 and compared with baseline (Day -7&-4) and Day 9&11 timepoints.
**p<0.01 ***p<0.001 vs Day 9&11, $p<0.05, $$5p<0.001 vs control. All data is reported as mean *
SEM, n=11 control, n=13 STZ.

3.3.4 Measuring mechanical allodynia using an increased range of von Frey monofilaments
increased variability and demonstrated potential side effects of 30mg/kg pregabalin.

In addition to the standard (0.4-26g) monofilament range for von Frey measurements, additional
measurements were also taken with a wider range (0.16-60g) of monofilaments. Using this wider
range had little impact on measuring decreased paw withdrawal thresholds in STZ diabetic rats after
Day O (Figure 3.5A). However, the wider range produced greater variability in baseline (pre Day 0)
and control rats measurements leading to reduced statistical significance when comparing control
and STZ diabetic rats. Using the wider range of monofilaments, pre Day 0 paw withdrawal thresholds
were increased at ~36g compared to ~22g using the standard range (Figure 3.3, 3.5). After
STZ/control administration on Day 0 control rats paw withdrawal threshold stabilised at ~22g for the
remainder of the study (Figure 3.5A). STZ diabetic rats paw withdrawal thresholds were similar to
control in the pre Day 0 period at ~39g and decreased similarly to when using the standard range
following STZ administration (Figure 3.3). Although both monofilament ranges followed the same
general trend, STZ diabetic rats paw withdrawal thresholds were only significantly lower than control
rats at two timepoints (Day 11, Day 21) when using the wider range [Time: F(15,345) = 19.86,
p<0.001], [Treatment: F(1,23) = 4.313, p<0.05], [Interaction: F(15,345) = 2.975, p<0.001] (Figure
3.5A). In comparison all nine timepoints between Day 7-45 were significantly lower in STZ diabetic
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rats compared to control rats when using the standard monofilament range (Figure 3.3). A key
difference between the two monofilament ranges was the increased variability in data when using
the wider range of monofilaments. Across all pre Day 0 timepoints the average SEM for both groups
was 5.81 using the wider range versus 1.7 using the standard range highlighting the increased
variability when using the wider von Frey monofilament range.

Pregabalin particularly at 30mg/kg increased paw withdrawal thresholds above baseline
demonstrating the potential somnolence side effects of pregabalin. Using the wider monofilament
range STZ still induced a clear level of mechanical allodynia at the Day 9&11 timepoint compared to
baseline (Day -7&-4) [Time: F(9,198) = 21.68, p<0.001], [Treatment: F(1,22) =7.61, p=0.01],
[Interaction: F(9,198) = 1.229, p=0.28] (Figure 3.5B). Mechanical allodynia in STZ diabetic rats was
successfully reversed by both 10 and 30mg/kg pregabalin above the Day 9&11 level. However, using
the wider monofilament range also identified increased control rat paw withdrawal threshold at 4
hours after 10mg/kg pregabalin (42.1g vs 22.1g Day 9&11) and significant increase following
30mg/kg pregabalin to ~50g, over double the Day 9&11 level (Figure 3.5B). Additionally, this
increased paw withdrawal threshold in control rats after 30mg/kg pregabalin was ~15g above the
35g baseline (Day -7&-4) timepoint (Figure 3.5B). Using a wider range (0.16-60g) of von Frey
monofilaments increased the variability of paw withdrawal threshold data but also identified that
30mg/kg pregabalin increased control rats paw withdrawal threshold above baseline and Day 9&11
levels.
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Figure 3.5) Paw withdrawal thresholds were variable when using an expanded range of von Frey
monofilaments and highlighted that 30mg/kg pregabalin increases paw withdrawal thresholds above
baseline levels. Von Frey Paw withdrawal thresholds were measured with von Frey monofilament
using a 0.16-60g monofilament range through the study before and after STZ/control administration
(A). Paw withdrawal thresholds were also measured using a 0.16-60g monofilament range at 2 and 4
hours after 3, 10, 30mg/kg pregabalin or vehicle administration to both control and STZ diabetic rats
(B). Pregabalin or vehicle were administered between Day 24 to Day 43 and compared with baseline
(Day -7&-4) and Day 9&11 timepoints. (A) $p<0.05 vs control, (B) **p<0.01, ***p<0.001 vs Day
9&11, $p<0.05 vs control. All data is reported as mean + SEM, (A) n=11 control, n=14 STZ (B) n=11
control, n=13 STZ.
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3.3.5 Burrowing deficits developed slower than mechanical allodynia in STZ diabetic rats.

Monitoring the development of STZ diabetic rats burrowing over the full study period highlighted a
slower onset of burrowing deficits compared with von Frey measurements of mechanical allodynia.
Pre Day 0 individual burrowing measurements in STZ diabetic and control rats were equivalent in
both groups at ~1600g (Figure 3.6A). After STZ/control administration (Day 0) burrowing decreased
in STZ diabetic rats at Day 18 and Day 22 compared with control rats to ~575g, a nearly threefold
decrease [Time: F(11,253) = 11.15, p<0.001], [Treatment: F(1,23) = 8.958, p=0.006], [Interaction:
F(11,253) = 1.946, p=0.03] (Figure 3.6A). This also reflected an apparent slower development in
burrowing changes compared with von Frey measurements which were present as early as Day 7 in
STZ diabetic rats and reached stable levels by Day 9 (Figure 3.3). In the remainder of the study STZ
diabetic rats burrowing levels decreased slightly further reaching an average of 185g on Day 46
(Figure 3.6A). The lack of a significant difference between STZ diabetic and control rats from Day 32
onwards may have occurred due to a gradual decline in control rats burrowing levels that also
decreased to <1200g (Figure 3.6A). At these timepoints, although STZ diabetic rat burrowing levels
remained low, control rats burrowing levels had also decreased. Measuring burrowing levels over 46
Days indicated that STZ diabetic rats burrowing decreases slower than the development of
mechanical allodynia.

To identify the correct timepoint to use as a comparator for drug treatment reversal two timepoint
averages across the study were compared. This further confirmed that Day 18&22 as the first
timepoint where burrowing levels in STZ diabetic rats are significantly lower than both baseline
(575g vs 1530g) and control rats (575g vs 1610g) [Time: F(4,92) = 11.28, p<0.001], [Treatment:
F(1,23) =9.081, p=0.006], [Interaction: F(4,92) = 2.782, p=0.03] (Figure 3.6B). STZ diabetic rats
burrowing remained low at 369g for the Day 32&36 timepoint. However control rats burrowing also
decreased to 1161g a 30% decrease from baseline (Day -10&-6&-3) although not significantly
different from baseline (p=0.06) but still significantly higher than STZ diabetic rats at this timepoint.
Using the averaged timepoints one STZ diabetic rat was identified as having burrowed on average
<500g at the baseline timepoint so was excluded from further analysis of analgesic reversal with
pregabalin. Assessing averaged burrowing timepoints demonstrated that Day 18&22 was the first
suitable timepoint for comparing the efficacy of analgesic compounds.
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Figure 3.6) Burrowing deficits developed at Day 18 and Day 22 in STZ diabetic rats. Individual

burrowing was measured across the duration of the study before and after STZ/control

administration. Burrowing was assessed as either at each timepoint measured (A) or the burrowing

amount at pairs of averaged timepoints (B) to understand a suitable comparator timepoint for test
compound reversal. (A) $p<0.05, $Sp<0.01 vs control. (B) ***p<0.001 vs baseline Day -10&-6&-3,
$p<0.05, $55p<0.001 vs control. All data is reported as mean + SEM, n=11 control, n=14 STZ.
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3.3.6 Burrowing deficits in STZ diabetic rats were not reversed by 3, 10 or 30mg/kg
pregabalin.

Previous burrowing research identified that analgesics such as pregabalin can reverse burrowing
deficits in surgical neuropathic pain models but not in STZ diabetic neuropathic pain models (Rutten
et al., 2018). Assessing 3, 10 and 30mg/kg pregabalin showed no efficacy in reversing burrowing
deficits in STZ diabetic rats in this study in clear contrast to the ability pregabalin in reversing
mechanical allodynia (Figure 3.4, 3.7). STZ diabetic rats at Day 18&22 burrowed significantly less
than control rats at the same timepoint and compared to the baseline timepoint (Day -10&-6&-3)
[Time: F(5,110) = 12.49, p<0.001], [Treatment: F(1,22) = 11.86, p=0.002], [Interaction: F(5,110)

= 2.444, p=0.04] (Figure 3.7). Administration of pregabalin at 3, 10 and 30mg/kg along with vehicle
(drinking water) all had no effect in STZ diabetic rats burrowing with the amounts remaining <550g
at an equivalent level with the Day 18&22 timepoint. Control rats burrowing were also largely
unaffected by pregabalin or vehicle administration with the only change being decreased burrowing
after 3mg/kg pregabalin administration compared with the Day 18&22 timepoint (Figure 3.7).
Overall assessing the amount of burrowing revealed a slower development of burrowing deficits in
STZ diabetic rats compared with von Frey paw withdrawal threshold changes that were not rescued
by pregabalin.
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Figure 3.7) Burrowing deficits induced by Day 18&22 in STZ diabetic rats were not reversed by 3, 10
or 30mg/kg pregabalin administration. Individual burrowing was measured at baseline (Day -10&-
6&-3), Day 18&22 along with attempted reversal in burrowing deficits through administration of 3,
10 and 30mg/kg pregabalin p.o. and its vehicle (drinking water) to control and STZ diabetic rats (Day
24 to Day 43).¥*p<0.01, ***p<0.001 vs Day 18&22, $p<0.05, S$p<0.01 vs control. All data is reported
as mean + SEM, n=11 control, n=13 STZ.
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3.3.7 Von Frey paw withdrawal thresholds and burrowing deficits did not correlate in STZ
diabetic rats.

To better understand if burrowing and von Frey paw withdrawal threshold endpoints measure
similar changes in STZ diabetic rats behaviour, correlational analysis was conducted between the
two endpoints at timepoints after STZ administration. Across the study at Days 7, 21, 35 and 45
there was no correlation between von Frey paw withdrawal threshold and burrowing measurements
in STZ diabetic rats (Figure 3.8).
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Figure 3.8) Correlation of STZ diabetic rats burrowing levels and von Frey paw withdrawal threshold
revealed no correlation between the two measures at any timepoint. STZ diabetic rats von Frey
measurements and burrowing amounts at the Day 7(A), Day 21(B), Day 35(C) and Day 45(D)
timepoints assessed by Spearman’s correlation (rs). (A) n=15, (B,C) n=13, (D) n=12.

2.3.8 STZ diabetic rats developed polydipsia and gained less bodyweight than control rats,
which correlated with blood glucose levels.

The health of STZ diabetic and control rats was monitored throughout the study in part by
bodyweight measurements. STZ diabetic rats initially lost bodyweight compared with their weight on
the day of STZ administration (Day 0) before plateauing throughout the remainder of the study,
whilst control rats continued to gain weight across the full study. STZ diabetic rats initially lost an
average of 31g across the first 5 days after STZ administration before stabilising at between ~5-15g
from Day 15 onwards (Figure 3.9.A). Control rats consistently gained weight throughout the study
reaching a level significantly higher than STZ diabetic rats by Day 5 and remained higher across the
full 49 day time course of the study [Time: F(60,1487) = 273.0, p<0.001], [Treatment: F(1,27) = 33.45,
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p<0.001], [Interaction: F(61,1487) = 61.70, p<0.001] (Figure 3.9.A). When expressed as a percentage
change from the Day 0 bodyweight these changes become even more evident with STZ diabetic rats
losing an average of -4.5% bodyweight on Day 1 which peaked at -7.35% bodyweight at Day 5. From
Day 3 onwards this difference in STZ diabetic rats percentage bodyweight loss was significantly
different from control rats [Time: F(49,1163) = 85.65, p<0.001], [Treatment: F(1,26) = 136.0,
p<0.001], [Interaction: F(49,1163) = 49.32, p<0.001] (Figure 3.9B). STZ diabetic rats bodyweight
progressed back towards their weight on Day 0 and stabilised at ~0-2% loss from Day 20 onwards.
Control rats initially gained 4.5% bodyweight per week across the first 2 weeks which progressively
slowed to ~1% bodyweight gain per week for the final 2 weeks of the study (Figure 3.9B). Three rats
were excluded from the study on Days 6, 14 and 21 due to excess bodyweight loss (>15%
approaching 20% threshold) that could not be stabilised by providing additional nourishment in the
form of seed, grains and banana porridge. Assessing the bodyweight change of STZ diabetic and
control rats was used as one of the health monitors and demonstrated an initial loss of bodyweight
for STZ diabetic rats that stabilised after the first week.
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Figure 3.9) STZ diabetic rats gained less bodyweight after STZ administration than control rats. The
bodyweight of STZ diabetic and control rats was measured repeatedly before STZ/control
administration on Day 0 and daily after administration. Bodyweights were assessed as both raw
bodyweight in grams (g) (A) and the percentage from Day 0 (B). *p<0.05, **p<0.01 ***p<0.001 vs
control. All data is reported as mean + SEM, n=11-12 control, n=14-17 STZ.
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Correlational comparison of STZ diabetic rats BGL and bodyweight loss demonstrated a correlation
between increased BGL and higher bodyweight loss. By Day 7 there was already a non-significant
trend (p=0.08) towards a correlation between higher blood glucose levels and increased bodyweight
loss in STZ diabetic rats (Figure 3.10A). From Day 21 onwards there was a significant correlation
between BGL and bodyweight loss in STZ diabetic rats indicating that rats with higher BGLs also had
higher bodyweight loss (Figure 3.108B,C,D).
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Figure 3.10) Higher STZ diabetic rats blood glucose levels correlated with increased bodyweight loss
from Day 21 onwards. Correlational analysis of STZ diabetic rats BGL measurements and percentage
bodyweight loss from Day 0 was compared at the Day 7(A), Day 21(B), Day 35(C) and Day 45(D)
timepoints assessed by Spearman’s correlation (rs). (A) n=16, (B,C) n=14, (D) n=13.

STZ diabetic rats water intake is a representative measure of polydipsia development and reflected
the diabetic phenotype of increased water intake throughout the study. STZ diabetic rats water
intake increased rapidly after STZ administration on Day O reaching a stable level ~500g/cage/day by
Day 11 (Figure 3.11). As early as Day 5 this increased STZ diabetic rats water intake significantly
increased compared with control rats who maintained a steady intake of ~85g/cage/day across the
full study period apart from days when sucrose was present (Day 0&1) [Time: F(35,402) = 25.65,
p<0.001], [Treatment: F(1,12) = 39.24, p<0.001], [Interaction: F(35,402) = 26.38, p<0.001] (Figure
3.11). This increase in water intake represented the development of polydipsia a characteristic
phenotype of STZ diabetic rats.
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Figure 3.11) STZ diabetic rats caged together water intake sharply increased whilst control rat only
cages water intake remained consistent across the study. Total water intake (g) per cage per day was
measured across the study. ***p<0.001 vs control. All data is reported as mean + SEM, n=5-6 control
cages, n=7-8 STZ cages.

2.3.9 STZ diabetic rats had increased kidney and liver weight which correlated with increased
blood glucose levels.

At the end of the study several tissue samples were taken for bio banking for other masters, PhD and
undergraduate research projects to ensure the maximum amount of data could be gathered from
each animal, in line with 3R’s. Liver and kidneys were collected from 13 STZ and 6 control rats and
tissues weighed. STZ diabetic rat’s livers weighed on average 17% more than control rats at this Day
49 despite the average weight of control rats being 30% higher than STZ diabetic rats [t(17) = 3.261,
p< 0.0046] (Figure 3.12A). Similarly, when kidney wet tissue weights were measured STZ diabetic
rat’s kidneys weighed on average 44% more than control rats [t(17) = 6.378, p< 0.0001] (Figure
3.12B). To also account for the difference in animal bodyweight the wet tissue weights were also
calculated as the relative weight of the entire animals bodyweight on Day 49. This highlighted STZ
diabetic rats relative liver weights were 50% greater than control rats [t(17) = 5.204, p< 0.0001]
(Figure 3.12C). Whilst relative kidney weights in STZ diabetic rats were almost double control rats at
84% higher [t(17) = 8.070, p< 0.0001] (Figure 3.12D).
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Figure 3.12) STZ diabetic rat’s liver and kidneys weighed more than control rats. STZ diabetic and
control rats liver (A) and kidney (B) weights at Day 49 expressed as wet tissue weights (g)
immediately after dissection. Liver (C) and kidney (D)weights at Day 49 were also expressed as a
proportion of the organs weight per overall animal bodyweight (g/kg) at Day 49. $$p<0.01,
S$S$Sp<0.001 vs control. All data is reported as mean + SEM, n=6 control, n=13 STZ.

As it was identified that higher BGLs were correlated with greater bodyweight loss, the change in

organ weights were also correlated to BGL to identify any correlation between these changes seen in

STZ rats. No correlation was found between BGL and the wet tissue weights for either liver (Figure

3.13A) or kidneys (Figure 3.13B) in STZ diabetic rats. However, when BGLs were correlated with the

relative weight of the liver and kidneys of STZ diabetic rats there was a strong positive correlation
such that an increase in BGLs was correlated with an increase in relative liver (Figure 3.13C) and
relative kidney weights (Figure 3.13D).
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Figure 3.13) Correlation analysis of STZ diabetic rats blood glucose levels and tissue weights
highlighted that higher blood glucose levels are correlated with increased relative liver and kidney
weights. STZ diabetic rats BGL measurements at Day 49 were compared by correlational analysis
with the wet tissue liver (A) and kidney (B) weight along with the relative liver (C) and relative kidney
(D) weights as a proportion of overall bodyweight at Day 49 assessed by Spearman’s correlation (rs).

(A-D) n=13 STZ.

3.4 Discussion

3.4.1 STZ (55mg/kg) caused hyperglycaemia to develop from Day 7 until Day 49.

The development of hyperglycaemia is the main feature of the single dose STZ diabetic model that is
widely used to validate it as representative of a type-1 diabetic phenotype (King & Bowe, 2016).
Chapter 2 demonstrated that at the lower single 55mg/kg dose of anomer-equilibrated STz,
successfully induced and maintained hyperglycaemia over 18 days (Figure 2.3). The present study
evaluated the same STZ diabetic phenotype over an extended period of 49 days. Monitoring BGLs
throughout the study confirmed that administration of 55mg/kg STZ successfully induced
hyperglycaemia above the 16mmol/L threshold in 94% of rats at all timepoints measured (Day 7 to
Day 49) (Figure 3.2). Likewise to Chapter 2, one STZ administered rat did not develop a stable
hyperglycaemic level, with BGL remaining at <7mmol/L at all timepoints assessed in this study. This
may have been caused by the rat not receiving a complete dose during administration or misposition
of the needle during i.p. dosing affecting the bioavailability of STZ. The development and
maintenance of hyperglycaemia in STZ diabetic rats is in line with findings by others that a
hyperglycaemic level can be maintained for at least between 8-40 weeks (Furman, 2021; Kambiz et
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al., 2015; Wang-Fischer & Garyantes, 2018; Zafar & Naeem-ul-Hassan Naqvi, 2010). Interestingly
Wang-Fischer et al. (2018) characterised the STZ diabetic rat model over an extensive period of over
1 year and identified that after 40 weeks after STZ administration BGLs began to trend towards
normal glycaemic levels and reached this point by 60 weeks (Wang-Fischer & Garyantes, 2018). It
was discussed that a potential cause of this may be due to natural regeneration of pancreatic 8 cells
at this timepoint. The confirmation that STZ administered rats maintained a BGL >16mmol/L until
Day 49 in this study confirms that this 55mg/kg STZ model can be considered representative of type-
1 diabetes until at least this timepoint.

An animal welfare improvement identified for baseline BGL measurements by taking the
microsamples at least one day prior (Day -1) to STZ/control administration on Day 0). Standard
operating procedure at University of Hertfordshire has previously microsampled baseline BGL
measurements immediately prior to STZ/control administration on Day 0. However, whilst the
testing of BGL requires only a small microsample of blood, the additional handling and unfamiliar
procedure for animals can lead to increased levels of handling stress during the STZ/control
administration on the same day. Hence, taking BGL measurements at least 24 hours prior to
STZ/control administration minimised the animals stress by allowing for adequate recovery time in
between each procedural event.

3.4.2 Mechanical allodynia developed in STZ diabetic rats by Day 7 and remained stable from
Day 9 to Day 45.

A primary aim of this study was to monitor the changes in von Frey paw withdrawal thresholds in
STZ diabetic and control rats across an extended time course. This demonstrated that a stable level
of mechanical allodynia was induced from Day 9 onwards in STZ diabetic rats. This confirmed that
the Day 9&11 timepoint identified in Chapter 2 was still suitable as a reference timepoint for the
reversal of mechanical allodynia with analgesic treatments (Figure 3.3). Mechanical allodynia
developed at a similar rate in this study compared to in Chapter 2 with mechanical allodynia already
present by Day 7 and a stable baseline achieved from Day 9 onwards. The maintenance of a stable
level of mechanical allodynia between Day 9 and Day 45 confirmed the time period during which
attempts to reverse mechanical allodynia with analgesic treatments can be conducted in this low
dose 55mg/kg STZ model. The finding of a stable neuropathic baseline for an extended period of
time in the STZ model is in line with current research findings that mechanical allodynia in STZ rats
can be maintained for at least 8 weeks (Wang-Fischer & Garyantes, 2018; Yamamoto et al., 2009).
Measuring von Frey paw withdrawal thresholds confirmed that mechanical allodynia developed by
Day 9&11, as seen previously in Chapter 2, and was maintained throughout the study.

3.4.2.1 Confirmation of diabetic neuropathy development.

The development of diabetic neuropathy in these STZ diabetic rats at day 49 was confirmed on skin
tissue samples from the plantar skin of the left hind paw and correlated with the von Frey paw
withdrawal thresholds taken at Day 46. Immunohistochemical (IHC) analysis of PGP9.5 and
Langerhans cells (LC) density were undertaken as part of an MSc research project to confirm the
development of diabetic neuropathy in these STZ diabetic rats (Blackstone Whines, 2022). PGP9.5 is
a ubiquitin hydrolase that is highly expressed by intra-epidermal nerve fibres (IENF) and LC are a
type of dendritic antigen presenting cells closely associated with IENF (Hamzeh et al., 2000).
Following PGP9.5 IHC staining of plantar paw skin paraffin embedded sections from STZ diabetic
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rats, decreased IENF density and an increased LC density was observed compared with control rat
skin sections (Blackstone Whines, 2022). IHC assessment of IENF and LC density in human diabetic
patients has previously identified a decrease in IENF density and increase in LC present in skin
samples taken (Casanova-Molla et al., 2012). Both of these changes in IENF and LC density have also
been demonstrated in the STZ diabetic rat model by multiple groups along with correlations to other
measurements of neurophysiology (Kambiz et al., 2015; Lauria et al., 2005). These results confirm
that the STZ diabetic rats in this study exhibit diabetic neuropathy in plantar skin at Day 49 which
corresponds with the findings both in human diabetic patients and in the other STZ diabetic rat
models.

3.4.3 Measuring mechanical allodynia using an increased range of von Frey monofilaments
increased variability.

An observation made in Chapter 2 was that many rats when measured using the standard 0.4-26g
von Frey monofilament range reached the upper threshold and therefore an increased range of
0.16-60g was explored in this study. This demonstrated much greater variability in paw withdrawal
thresholds for both STZ diabetic and control rats particularly at the pre Day 0 timepoints when using
higher 0.16-60g range (Figure 3.5). The assessment of von Frey paw withdrawal threshold using von
Frey monofilaments can be conducted in a number of ways including manually using a range of
monofilaments, as used in this study, or using an electronic system that applies increasing pressure
until the animal reacts (Austin et al., 2012). Manual von Frey can also be assessed in different ways
including the up-down method (used in these studies), percentage response (repeated application of
all monofilaments even after response) or ascending stimulus (increasing monofilaments until
response) (Deuis et al., 2017). The range of monofilaments used also differs between studies and
can include 0.4-15g (Lindner et al., 2006), 1.08-21.09g (Vrinten & Hamers, 2003), 0.6-26g (Hu et al.,
2020), 0.7-29¢ (Field, McCleary, et al., 1999) in rats.

To understand the impact of increasing the range of monofilaments used in this study an additional
low and high monofilament was introduced in the von Frey testing for this study (0.16, 0.4, 0.6, 1,
1.4,2,4,6,8, 10, 15, 26, 60; g). Introducing this monofilament range caused an increase in the
variability of the data generated by von Frey measurements, likely due to the logarithmic nature of
the difference in von Frey filaments that do not increase in pressure applied in a linear fashion. This
is also one of the key limitations of the manual von Frey method of measuring mechanical allodynia
and affects both the sensitivity of detecting changes at higher paw withdrawal thresholds and the
algorithms used to generate the average paw withdrawal threshold (Christensen et al., 2020).
Recording von Frey measurements using the higher 0.16-60g range did not change the overall
development of mechanical allodynia in STZ diabetic rats. However, it did reduce the level of
statistical significance and statistical power particularly in comparisons between STZ diabetic and
control rats. Continuing to introduce this in future experiments would require a greater number of
animals to be used in each group to achieve the same level of significance as using the original 0.4-
26g range. Despite this manual von Frey is still the favoured way to measure paw withdrawal
thresholds and is routinely employed (Deuis et al., 2017). Measuring von Frey paw withdrawal
thresholds using an increased (0.16-60g) monofilament range highlights the need for novel objective
neuropathic pain endpoints due to large variability and low sensitivity.
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3.4.4 Mechanical allodynia in STZ diabetic rats was progressively reversed by 3, 10 and
30mg/kg pregabalin.

Upon establishing the time course of mechanical allodynia development using von Frey paw
withdrawal threshold at the standard (0.4-26g) monofilament range, attempts to reverse mechanical
allodynia with the first line treatment pregabalin were made. To overcome the previous limitation
that 30mg/kg pregabalin caused potentially confounding side effects of somnolence, this study
examined a dose response to pregabalin using 3, 10 and 30mg/kg (Figure 3.4). Testing lower doses of
pregabalin demonstrated that even at 3mg/kg pregabalin partially reversed the von Frey paw
withdrawal threshold measurements of mechanical allodynia in STZ diabetic rats compared with Day
9&11, although did not reverse paw withdrawal thresholds in line with control rats. Pregabalin at
10mg/kg did however successfully reverse mechanical allodynia in STZ diabetic rats to levels
equivalent to control rats as did 30mg/kg pregabalin. Pregabalin has previously been demonstrated
to be efficacious using a 10mg/kg dose in the STZ model against von Frey measurements (Yamamoto
et al., 2009). It has also been identified that 10mg/kg pregabalin more closely represents a standard
human pregabalin dose of between 300 and 600mg/day (Koyama, LeBlanc, et al., 2018). Therefore,
using a lower 10mg/kg dose of pregabalin that has similar efficacy to the higher 30mg/kg dose and is
closer to the human equivalent dose of pregabalin is likely to provide more accurate results.
Additionally, using 10mg/kg pregabalin with reduced side effects of somnolence that may impact the
animal’s ability to react to von Frey monofilaments, would improve the use of pregabalin as a
reference analgesic in this model (Wang-Fischer & Garyantes, 2018). Overall in this study, a lower
10mg/kg pregabalin successfully reversed mechanical allodynia to baseline levels in STZ diabetic rats.

Further evidence for the side effects of 30mg/kg pregabalin were demonstrated when using the
increased (0.16-60g) monofilament range that 30mg/kg pregabalin significantly increased control
rats paw withdrawal threshold. 30mg/kg pregabalin and to some extent 10mg/kg pregabalin
increased the paw withdrawal thresholds in control rats above the Day 9&11 level (Figure 3.5).
Particularly at 30mg/kg this increase was ~15g above the baseline timepoint paw withdrawal
threshold and therefore is likely representative of some level of somnolence in these rats as has
previously been identified (Wang-Fischer & Garyantes, 2018). Together, these findings provided a
clear indication that pregabalin affects not only STZ animals paw withdrawal threshold but also
control rats, something not previously identified when using the standard 0.4-26g monofilament
range (Figure 3.4). A potential cause for this is the somnolence side effect of pregabalin that has
been noted at 30mg/kg by others and in both this and the Chapter 2 study (Wang-Fischer &
Garyantes, 2018). An alternative or additional mechanism for this could be reduced sensitivity of the
control rats as pregabalin is proposed to reduce the release of neurotransmitters on ascending pain
pathways by inhibiting calcium channels (Alles et al., 2020). As discussed in Chapter 2 the possible
social transfer of pain may be contributing to this increase in control rats paw withdrawal threshold,
particularly compared with the Day 9&11 timepoint where control rats are tested in the presence of
STZ diabetic rats experiencing mechanical allodynia (Langford et al., 2006; Smith et al., 2016). The
identification of increased control rat paw withdrawal thresholds above baseline levels further
supports the use of a lower 10mg/kg dose of pregabalin for future studies to reverse neuropathic
pain preclinically, particularly in the STZ diabetic rat model.

3.4.5 Burrowing deficits developed slower than mechanical allodynia in STZ diabetic rats.

Burrowing deficits in STZ diabetic rats developed only by Day 18 and 22 in this study, much slower
than the von Frey paw withdrawal thresholds that had already stabilised by Day 9. As discussed in
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Chapter 2, whilst the development, maintenance and reversal of burrowing deficits in several
different neuropathic pain models have been characterised, the changes in the STZ type-1 diabetes
rat model are less understood (Andrews et al., 2012; Lau et al., 2013; Rutten et al., 2018). Therefore,
this study set out to characterise the time course of changes in burrowing in the STZ rat model and
attempt to reverse those changes with 3, 10 and 30mg/kg pregabalin. These results provided the
first evidence that a stable level of burrowing deficit can be induced and maintained across 18-46
days in a low (55mg/kg) dose STZ model (Figure 3.6). Previous research into STZ burrowing by Rutten
et al. (2018) focused on assessing a single timepoint of burrowing at Day 21 after a high (75mg/kg)
dose of STZ in which burrowing was almost completely abolished (<100g) (Rutten et al., 2018).

The present study found that burrowing was significantly suppressed by STZ administration at an
equivalent timepoint (Figure 3.6) and extended this finding by demonstrating that burrowing deficits
could be identified as early as Day 18 and maintained to the end of the study at Day 46. Although
the development and maintenance of burrowing deficits has not previously been explored in the STZ
diabetic rat model it has been assessed in other neuropathic pain models. This includes by Rutten et
al. (2018) who demonstrated that the CCl rat model exhibits burrowing deficits as soon as 4 days
after surgery that are maintained for 25 days (Rutten et al., 2018). A similar finding in another
groups CCl rat model demonstrated that burrowing deficits were present at 3 days after CCl surgery
and maintained for at least two weeks (Muralidharan et al., 2016). Interestingly Lau et al. (2013)
demonstrated a slower onset of burrowing deficits in the SNI rat model with burrowing deficits
evident at Day 10 after surgery and maintained until at least Day 30 (Lau et al., 2013). Lau et al.
(2013) also identified that the onset of burrowing deficits was delayed compared to von Frey
measurements of mechanical allodynia a finding consistent with this study in the STZ model (Figure
3.3) (Lau et al., 2013). Whilst von Frey measurements of mechanical allodynia emerged as early as
Day 7 (Figure 3.3), burrowing deficits in the STZ diabetic rat model did not appear until Day 18
(Figure 3.6). This delay in burrowing deficit observed here (and by others) indicates that von Frey
and burrowing measure distinct changes in the neuropathic pain condition and may contribute
further to the evidence that burrowing is a measure of the overall animal’s wellbeing (Andrews et
al., 2011; Deacon, 2006; Deseure & Hans, 2018; Jirkof, 2014).

3.4.6 Burrowing deficits in STZ diabetic rats were not reversed by 3, 10 or 30mg/kg
pregabalin.

Even using a low 55mg/kg dose of STZ diabetic rats burrowing was not reversed by 3, 10 or 30mg/kg
pregabalin (Figure 3.7). Whilst in most neuropathic pain models pregabalin or other similar
analgesics are effective at reversing neuropathic pain induced burrowing deficits (Andrews et al.,
2012; Lau et al., 2013; Rutten et al., 2018), the same is not true for diabetic models (Rutten et al.,
2018). Previous research by Rutten et al. (2018) used a high 75mg/kg dose of STZ to induce type-1
diabetes and identified large deficits in burrowing (Rutten et al., 2018). Rutten et al. (2018) also
found similar deficits in the Zucker diabetic fatty (ZDF) model of type-2 diabetes neither of which
were reversable with pregabalin at 10 or 30mg/kg. One of the main theories behind the burrowing
deficits in both the ZDF type-2 and STZ type-1 rat models of diabetes not being reversable with
pregabalin administration is due to them being “masked” by changes in the animal’s overall
wellbeing related to diabetes (Rutten et al., 2018). Therefore, this study assessed if these burrowing
deficits were also present in a lower dose (55mg/kg) model of STZ induced type-1 diabetes with
improved animal wellbeing (Chapter 2). Even at this lower dose of STZ pregabalin at 3, 10 and
30mg/kg had no effect on the amount of burrowing conducted by STZ type-1 diabetic rats (Figure
3.7). In contrast, pregabalin at these same three doses rescued burrowing deficits in the CCl model
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and at 10mg/kg in the SNI model (Lau et al., 2013; Rutten et al., 2018). Additionally, pregabalin at 3,
10 and 30mg/kg improved von Frey measurements of paw withdrawal threshold in this study in
contrast to the lack of changes with any dose of pregabalin on burrowing deficits (Figure 3.4). This
provided further evidence that burrowing in the STZ model is measuring changes other than
reflexive mechanical allodynia and instead provided some measure of overall animal wellbeing that
pregabalin treatment alone cannot rescue. As the findings in Chapter 2 demonstrated that housing
STZ diabetic rats with a control rat home cage partner rescues burrowing levels it would appear that
this can be achieved just not by pregabalin (Figure 2.9). Therefore, further research is needed to
examine additional ways to rescue burrowing levels in diabetic models of neuropathic pain such as
treatment with insulin to determine if normalising hyperglycaemia can rescue changes in burrowing.
Alternatively other first line treatments such as amitriptyline or duloxetine should also be assessed
(Finnerup et al., 2015). This is particularly important for future neuropathic pain research as
although pregabalin is effective in almost all studies using von Frey measurements, its NNT in
humans is estimated to be ~7.2, much lower than its efficacy preclinically (Finnerup et al., 2015).
Further evaluating burrowing as a robust measure of wellbeing may offer a secondary screening
endpoint for novel analgesics that can reverse both von Frey paw withdrawal thresholds and
wellbeing leading to the identification of treatments with lower NNT.

Whilst there is increasing evidence supporting burrowing as a wellbeing endpoint it is not without
limitations (Deseure & Hans, 2018; Rutten et al., 2018). One limitation of burrowing is the variability
of the data gathered (as discussed in Chapter 2) and the variability in responses between studies as
indicated by the difference in early burrowing levels in Chapter 2 compared to this study. Chapter 2
demonstrated a burrowing deficit occurring as early as Day 3 in STZ diabetic rats (Figure 2.9).
However, during the current study STZ diabetic rats burrowing deficits did not develop until Day 18
(Figure 3.6). This difference in the timeframe of burrowing deficit development may have been
caused by the early measurement of burrowing in Chapter 2 that was too close to STZ administration
and therefore STZ diabetic rats were still recovering from the initial effects of STZ induced pancreatic
B cell damage (Luippold et al., 2016). The first 48-72 hours after STZ administration are often
considered the most critical due to the initial hypoglycaemia caused by insulin release from
damaged pancreatic B cells and then followed by rapid hyperglycaemia (Ghasemi & Jeddi, 2023). An
alternative reason for the difference between this study and Chapter 2 is the more extensive
baseline period of social burrowing facilitation, and greater number of individual burrowing sessions
used in this study which is more in line with other published protocols (Andrews et al., 2012; Lau et
al., 2013; Rutten et al., 2018). This could have improved the reliability of the data achieved in this
current study compared with Chapter 2.

Another limitation of burrowing measurements was the apparent development of a non-significant
decrease in control rats burrowing from Day 32 onwards (Figure 3.6). Although not significantly
decreased, control rats did appear to begin burrowing less substrate at around Day 32. The cause of
this is unknown but could reflect an overstimulation of rats to the burrowing activity across the
course of the study leading to a reduction in burrowing levels. Alternatively, this could be a delayed
onset of the possible social transfer of pain discussed in Chapter 2 with control rats exhibiting a
decrease in overall wellbeing due to being housed and tested in close proximity to STZ diabetic rats
experiencing neuropathic pain (Langford et al., 2006; Smith et al., 2016). To attempt to overcome
this, once the timeline for burrowing development has been established in a specific neuropathic
pain model, the number of timepoints that burrowing is measured could be reduced to ensure the
activity remains a novel enrichment and still reflects the ethological behaviour. The increased
variability in burrowing measurements compared with the von Frey measurements (when using the
standard 0.4-26g monofilament range) may also be a limitation of this endpoint as has been
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reported by others (Andrews et al., 2012; Muralidharan et al., 2016) and in Chapter 2. Preclinical
screening assays that aim to use burrowing as a neuropathic pain endpoint would have to increase
the number of rats used in each group to achieve the same statistical power. This would require
ethical justification and could be considered as going against the 3R’s of reduction (NC3Rs, n.d.).
However, burrowing may still provide a useful secondary endpoint measurement of wellbeing as
evidenced by its improvement in Chapter 2 by pairing STZ diabetic and control rat together (Figure
2.9).

3.4.7 Von Frey paw withdrawal thresholds and burrowing deficits did not correlate in STZ
diabetic rats.

Based on the finding that STZ induced burrowing deficits developed slower than mechanical
allodynia these changes were correlated across different timepoints throughout the study to identify
if changes in burrowing were in any way associated with changes in von Frey measurements. Even
when assessed at timepoints when both burrowing deficits and mechanical allodynia occurred,
changes in burrowing did not correlate with mechanical allodynia (Figure 3.8). This finding of a lack
of correlation between burrowing deficits and evoked neuropathic pain endpoints (Figure 3.8) have
been replicated across a range of different neuropathic pain models including the SNI, tibial nerve
transection, spinal nerve transection, CCl, STZ and partial sciatic nerve ligation models (Andrews et
al., 2012; Lau et al., 2013; Muralidharan et al., 2016; Rutten et al., 2018). In the SNI rat model
burrowing deficits were not correlated with von Frey paw withdrawal measurements (Lau et al.,
2013). In the CCl rat model two independent studies have demonstrated a lack of correlation
between burrowing deficits and cold allodynia (Rutten et al., 2018) or von Frey paw withdrawal
(Muralidharan et al., 2016). This trend continues with findings in the tibial nerve transection, spinal
nerve transection and partial sciatic nerve ligation models rat models that reduced von Frey paw
withdrawal thresholds did not correlate to deficits in burrowing (Andrews et al., 2012). Specifically in
the STZ diabetic rat model, burrowing deficits were not correlated to the Randall-Selitto test of
mechanical sensitivity (Rutten et al., 2018).

This finding that evoked mechanical allodynia did not correlate with burrowing changes in STZ
diabetic rats (Rutten et al., 2018) was replicated in the present study where STZ burrowing deficits
did not correlate with von Frey measurements of mechanical allodynia (Figure 3.8). However, whilst
the aforementioned studies were all conducted in rats a study in an SNI mouse model demonstrated
a strong correlation between burrowing deficits and von Frey measurements potentially reflecting a
species difference in this endpoint (Shepherd et al., 2018). This is also reflected in findings that rats
and mice burrow substrates differently, in particular mice tend to prefer to burrow food pellets
whilst rats burrow very little food pellets and instead prefer to burrow gravel or sand (Deacon,
2009). Though burrowing changes appear to generally not correlate with evoked neuropathic pain
endpoints, particularly in rats, these evoked endpoints have been demonstrated to correlate with
other non-evoked endpoints in the STZ model previously. Vieira et al. (2020) demonstrated that von
Frey paw withdrawal thresholds in the STZ model were correlated with changes in stride length, paw
print area and maximum contact area measured using an automated gait analysis system (Vieira et
al., 2020). The overall finding that burrowing and traditional evoked endpoints changes do not
correlate, further supports burrowing as an alternative endpoint in neuropathic pain models that
reflects the overall wellbeing of the animal and is not a simple measure of reflexive pain.
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3.4.8 STZ diabetic rats developed polydipsia and gained less bodyweight than control rats
which correlated with blood glucose level.

Polydipsia, assessed through the increased consumption of water by STZ diabetic rats in this study is
a common phenotype of both STZ diabetic rats (Ali et al., 2015; Rutten et al., 2018; Vieira et al.,
2020; Wang-Fischer & Garyantes, 2018; Yamamoto et al., 2009) and human diabetic patients (Pasi &
Ravi, 2022; Roche et al., 2005). The development of polydipsia was similar in this study to that of
Chapter 2 in which STZ diabetic rats water intake increased across the first few days before
plateauing around Day 10 and remained at ~500g/cage/day across the remainder of both studies
(Figure 3.11). This increased water intake is a further confirmation that a single 55mg/kg STZ dose
can induce and maintain a diabetic phenotype for 49 days.

An important measure that is used to monitor STZ diabetic rats is their bodyweight which is often
used as a measure of their health and welfare to ensure animals do not experience excessive
suffering in line with good animal practices (Gajdosik et al., 1999). In this study the STZ model was
extended to 49 days compared with previous studies conducted at University of Hertfordshire that
lasted ~21 days after STZ administration (Burnett et al., 2014; Fisher et al., 2015; Lanigan et al.,
2020). Changes in the rats bodyweight were monitored closely across the study. The changes in STZ
diabetic rats bodyweight followed a similar trend to that seen in Chapter 2 with an initial loss of
bodyweight that stabilised after the first week and even began to normalise back to baseline
towards the end of the study (Figure 3.9). Though the bodyweight loss was slightly higher in the
present study at 5.2% on Day 7 versus 3.2% in the Chapter 2 study (Figure 2.4). In the majority of STZ
diabetic rats, bodyweight and animal health remained stable throughout the study. However, three
STZ diabetic rats were euthanised within the first 3 weeks after STZ administration due to health
complications. The first of these animals developed a paw inflammation/swelling along with
bodyweight loss by Day 6 whilst the other two rats primarily developed continuous gradual
bodyweight loss that could not be stabilised by Day 14 and Day 21. This development of health
complication in ~15% of STZ diabetic rats was an unexpected increase compared with Chapter 2 in
which only one STZ diabetic rat (6%) presented with excessive weight loss at Day 17. A possible
cause of these health complication is the weight of animals at the time of STZ administration which
occurred due to an increase in the amount of baseline testing conducted to improve the burrowing
measurements. The previous belief at University of Hertfordshire was that administering rats with
STZ at a higher bodyweight was preferential for the rats wellbeing and weight stabilisation.
However, findings from other research groups indicates that younger, lighter weight rats have
improved survivability particularly those at <400g (Wang-Fischer & Garyantes, 2018). Therefore,
administering STZ to rats at an average weight of ~430g in the present study may have contributed
to this increased bodyweight loss and future studies should aim to use younger and therefore lighter
animals to improve animal welfare.

An additional finding in this study was the STZ diabetic rats BGLs were correlated with their
bodyweight loss, such that higher BGLs were associated with increased weight loss (Figure 3.10).
Whilst bodyweight changes are used to monitor the health and welfare of STZ diabetic rats, BGL is
used to confirm hyperglycaemia and the diabetic phenotype. Both developments are regularly
reported together in STZ diabetic rat studies and are often considered to be associated (Furman,
2021; Lee et al., 2008; Mitani et al., 2008; Wang-Fischer & Garyantes, 2018). However, correlational
analysis of BGLs and bodyweight loss is not usually conducted. This study therefore provided the first
evidence of a correlation between BGL changes and bodyweight loss in STZ type-1 diabetic rats
(Figure 3.10). This negative correlation indicated that an increase in BGL is correlated with greater
bodyweight loss. Although correlation does not signify causation, this finding could be used as an
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indication that slightly reducing the BGL of STZ diabetic rats that have excessive weight loss could
provide a possible solution to limiting their bodyweight loss and improving their welfare. This
technique is currently applied by some research groups using the STZ diabetic rat model by
administering a slow-release insulin tablet to STZ diabetic rats (Ghasemi & Jeddi, 2023). Rescue
insulin for STZ mice that exhibit >10% bodyweight loss has been successfully used and the same
principle can be applied to STZ rats used in future studies to improve their welfare and reduce
animal loss (Ngrgaard et al., 2018). Using BGLs and bodyweight measurements to apply a treatment
of rescue insulin when needed would stop excess animal exclusions from these studies and improve
the welfare of these animals.

3.4.9 STZ diabetic rats had increased kidneys and liver mass which correlated with increased
blood glucose levels.

An often-reported comorbidity in both humans with diabetes and animal models of diabetes is
nephropathy (Luippold et al., 2016). In humans an early structural change that occurs during diabetic
nephropathy is renal hypertrophy particularly in the glomerular and tubular cells (Habib, 2018).
More recently another comorbidity of type-1 diabetes that is gradually being explored is alteration
in liver function including haptic steatosis, a build-up of fat in liver cells that may contribute to the
development of non-alcoholic fatty liver disease (Regnell & Lernmark, 2011). The presence of this
non-alcoholic fatty liver disease is believed to be larger in type-1 diabetes than previously thought
and is also associated with chronic kidney disease in these patients (de Vries et al., 2022; Targher et
al., 2014). Based on this research, the weight of kidney and livers tissue were taken at the end of the
study to understand if these changes were present in this STZ type-1 diabetes rat model. The wet
tissue weights of both kidneys and livers were increased in STZ diabetic rats compared with control
rats despite STZ diabetic rats weighing significantly less than control rats (Figure 3.12). Additionally,
the difference became even greater when these weights were expressed as the relative weight of
the whole animal. This finding has been demonstrated previously that STZ rat kidney and liver
weights are increased including that proportionally this increase is higher in kidneys compared to the
liver (Lee et al., 2008; Zafar & Naeem-ul-Hassan Naqvi, 2010). The present study also provides some
of the first evidence that these changes, when expressed as a relative organ weight, are correlated
with BLGs (Figure 3.13) supporting the evidence that there is a link between hyperglycaemia and
organ hypertrophy in the STZ type-1 model (Zafar & Naeem-ul-Hassan Nagvi, 2010).

3.4.10 Limitations of this study and improvements for future studies.

One of the main findings from this study is that burrowing deficits were induced and maintained
across an extended period (Day 18-46) in STZ diabetic rats. Although during this period, the amount
of control rats burrowing also trended towards being decreased. A potential cause for this could be
that the repeated assessment of burrowing which although an ethological behaviour could lose its
novelty and therefore future burrowing studies could look to reduce the frequency of burrowing
testing to mitigate this problem. Additionally, this study found that burrowing deficits in the STZ
diabetic rat models were not rescued by analgesic treatment with pregabalin. However, alternative
first line neuropathic pain treatment such as tricyclic antidepressant have not been examined and
could potentially demonstrate different results to pregabalin which should be explored (Finnerup et
al., 2015). Alongside these alternative ways to improve STZ diabetic rat’s wellbeing should be
explored for its impact on burrowing deficits. In particular insulin administration to regulate
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hyperglycaemia would determine if hyperglycaemia a predominant factor in STZ induced burrowing
deficits. Together with this, burrowing should be assessed in other non-surgical models of
neuropathic pain that include other comorbidities such as the oxaliplatin induced model of
chemotherapy induced peripheral neuropathy (Ling et al., 2008). This would help determine if the
lack of pregabalin efficacy on burrowing in diabetic disease models is caused by alterations in
wellbeing outside of neuropathic pain or if there is another reason that the results are inconsistent
with surgically induced mononeuropathy pain models burrowing deficits. Future studies should also
look at assessing the locomotor activity of STZ diabetic rats to ensure the changes in burrowing are
not caused by limitations to their movement (Chapter 4) (Andrews et al., 2011, 2012; Gould et al.,
2016).

Measuring von Frey paw withdrawal thresholds is not an ideal method for determining neuropathic
pain preclinically as evidenced by its general failure to translate any recent successful analgesics
(Fisher et al., 2021). However, until a completely objective and translation endpoint for neuropathic
pain is developed, its utility could be improved particularly by moving away from manual von Frey
measurements which is limited by both subjectivity of the observer and the logarithmic nature of
the start von Frey monofilaments used. This limitation was particularly evident in this study when
using an expanded range of monofilaments.

A further improvement of the STZ diabetic rat model used in this study that should be implemented
in future STZ research is the identification of a correlation between bodyweight loss and BGL
measurements. As STZ diabetic rat’s bodyweight are checked on a regular basis for health and
welfare monitoring, animals approaching 10% bodyweight loss could be administered a low dose of
insulin to attempt to mitigate the bodyweight loss whilst still maintaining a type-1 diabetic
phenotype. Doing so would both improve the welfare of the individual animal by limiting cases of
extreme and chronic hyperglycaemia and reduce the loss of animals to health changes, improving
the statistical power of the results. Additionally, STZ diabetic rats should be dosed at an early age
and therefore lighter bodyweight in the hope that this will reduce bodyweight loss and increase
animal survivability. This would be a further improvement in the welfare of the model when
combined with the reduced STZ dose introduced in Chapter 2.

3.5 Conclusions

In conclusion, this study identified that STZ diabetic rats develop an extended burrowing deficit
beginning from Day 18 onwards. These burrowing deficits occurred much later than the
development of mechanical allodynia measured through the classical evoked measurements of von
Frey paw withdrawal threshold which occurred as early as Day 7. Decreased burrowing levels and
paw withdrawal thresholds in STZ diabetic rats were not correlated at any timepoint during the
study. Additionally, whilst the first line analgesic pregabalin at 10 and 30mg/kg fully reversed the
changes in von Frey paw withdrawal threshold, burrowing deficits were not reversed by any dose of
pregabalin. This provides clear evidence that burrowing deficits and decreased paw withdrawal
thresholds measure different changes in STZ diabetic rat’s behaviour, with burrowing a likely
measure of overall animal wellbeing. Nevertheless, burrowing may be a useful objective secondary
endpoint in preclinical neuropathic pain studies as a measure of the animal’s wellbeing that reflects
the impacts on patient’s daily activities. This study also demonstrated that a high dose of 30mg/kg
pregabalin increased von Frey paw withdrawal thresholds in control rats above baseline levels. This
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is likely through its somnolent effects and therefore 10mg/kg pregabalin should be used in future
studies as an analgesic reference positive control. Welfare of STZ diabetic rats should be improved
by administering STZ to rats with a lower bodyweight while rats that lose excessive bodyweight
(approaching 15%) could be rescued using insulin administration to reduce hyperglycaemia. In
conclusion, using burrowing as a secondary endpoint in neuropathic pain studies to measure overall
wellbeing would help to identify analgesics with improved efficacy over current analgesic
treatments.
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Chapter 4: Locomotor activity and gait assessment in the 55mg/kg
STZ type-1 diabetes rat model

4.1 Introduction

For patients suffering with neuropathic pain, treatment options are often limited, with extensive
side effects, limited efficacy and high numbers needed to treat (NNT) (Colloca et al., 2017; Finnerup
et al., 2015). Despite extensive research into novel analgesic treatments very few have been
approved within the last 20 years (Gammaitoni et al., 2003; McGivern, 2007; Raskin et al., 2005;
Vinik et al., 2016). First line treatments remain primarily as drugs that were originally approved as
antiepileptics (pregabalin, gabapentin) and antidepressants (amitriptyline, duloxetine) (Finnerup et
al., 2015). One area that is believed to be contributing to a lack of new drug development is a
mismatch between clinical and preclinical neuropathic pain endpoints (Deuis et al., 2017; Fisher et
al., 2021; Tappe-Theodor et al., 2019). Neuropathic pain endpoints used in preclinical screening
studies have focused on evoked subjective endpoints, whilst clinical trials mainly use questionnaire
and verbal rating scale based endpoints (Figure 1.3) (Deuis et al., 2017; Fisher et al., 2021; Tappe-
Theodor et al., 2019). Therefore, a focus has been placed on developing novel preclinical screening
endpoints that are less subjective, non-evoked and consider the emotional and cortical processing
components of neuropathic pain (Fisher et al., 2021). Changes in gait and locomotor activity are two
such endpoints that are being examined in preclinical screening studies to identify if measuring
these may better reflect the impact of neuropathic pain development (Fisher et al., 2021; Fonseca-
Rodrigues et al., 2021; Vieira et al., 2020).

Locomotor activity and gait are similar preclinical endpoints as they both assess an animal’s ability to
ambulate or walk (Fisher et al., 2021; Fonseca-Rodrigues et al., 2021; Vieira et al., 2020). Locomotor
activity typically focusses on the amount of time spent moving, the speed of that movement and
how long animal spends moving (Fonseca-Rodrigues et al., 2021; Medeiros et al., 2021; Mogil et al.,
2010; Urban et al., 2011). Assessing an animal’s gait usually involves looking at changes in the
animal’s stride such as swing speed, limb positioning and foot/paw pressure among other
characteristics of their movement (Lakes & Allen, 2016). The assessment of locomotor activity has
demonstrated mixed results, often depending on the type of neuropathic pain model and the way
that locomotor activity is quantified. In the chronic constructive injury (CCI) model locomotor
changes are often assessed using open field testing (OFT) rather than through monitoring home cage
locomotion (Fonseca-Rodrigues et al., 2021). These studies often report limited changes in
locomotor activity in CCl models, suggesting that locomotor activity is not a useful measure of
neuropathic pain (Medeiros et al., 2021; Mogil et al., 2010). Although, studies of CCI mice in a home
cage type environment, have suggested that these animals spend less time moving and more time
stationary (Urban et al., 2011). Locomotor activity has also been used as an objective measure of
pain in osteoarthritic models of pain (Alsalem et al., 2020).

In streptozotocin (STZ) diabetic rat studies, locomotor activity assessments have also primarily been
through using OFT systems or similar apparatus. These studies have demonstrated a reduction in
measures of locomotor activity in STZ diabetic rats, though typically these changes are
demonstrated at >4 weeks after STZ administration (Badescu et al., 2016; Doria et al., 2016; Kou et
al., 2014). One study has assessed locomotor activity before this point and identified a reduction in
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paw withdrawal thresholds at Day 14 after STZ administration, whilst a reduction in locomotor
activity only developed at Day 28 (Kou et al., 2014). This may suggest once again that changes in
non-evoked neuropathic pain endpoints develop later than evoked measures of neuropathic pain as
was identified in Chapter 3. Additionally, if changes in locomotor activity only develop after 4 weeks
in STZ diabetic rats it would support that the deficits in burrowing at Day 18 and Day 22 in Chapter 3
(Figure 3.6) were not caused by impaired locomotor activity. Therefore, this study will assess how
changes in locomotor activity develop across the first 3 weeks after STZ administration as there is
currently limited evidence to characterise these changes (Kou et al., 2014).

Changes in gait are a common occurrence in as many as half of diabetic neuropathic pain patients
(Alam et al., 2017; Alle et al., 2008). Changes in these patient’s gait can lead to an increased risk of
falls and subsequent injuries (Alam et al., 2017; Alle et al., 2008). Therefore, assessing changes in
gait as a neuropathic pain endpoint in preclinical diabetic models would identify treatments that
improve not only neuropathic pain but also reduce the risk of further injury to human patients. In
rodent models of neuropathic pain, gait is considered as a potential objective translational non-
evoked endpoint (Fisher et al., 2021). STZ diabetic rats gait has been assessed previously using both
manual ink or paint based methods as well as using automated gait analysis systems (Al Deeb et al.,
2000; Karatan et al., 2019; Vieira et al., 2020). Some of the first investigations in STZ diabetic rats
gait identified no changes in gait parameters when using manual ink staining at 3 weeks after STZ
administration compared to control rats (Al Deeb et al., 2000). However, others have identified
changes in STZ diabetic rats gait including Karatan et al. (2019) who demonstrated increased
footprint length and sciatic nerve function tests using a manual paw printing technique (Karatan et
al., 2019). More recently Vieira et al. (2020) used the automated ‘CatWalk’ gait analysis system and
demonstrated changes in stride length of STZ diabetic rats at Day 28 (Vieira et al., 2020). In a human
study of gait in diabetic neuropathy patients with pain, a wearable gait measuring device identified a
greater variance in step length and velocity that was associated with an increase in falls (Lalli et al.,
2013). This highlights that there is potential for changes in preclinical measures of gait to translate
into human studies assessing similar endpoints.

Though identifying novel endpoints to measure neuropathic pain preclinically is an important step,
in the short term any improvements that can be made to how classical evoked endpoints are
assessment will offer an immediate 3Rs benefits for animal welfare. This may include steps such as
using electronic von Frey devices (as suggested in Chapter 3) or through improving the welfare and
environment whilst conducting these von Frey tests (NC3Rs, n.d.). The current practice used in
preclinical pain studies to assess evoked paw withdrawal thresholds is conducted with animals
separated from their home cage partners for the duration of the test. Research has shown that even
short-term social isolation can lead to an increase in depressive-like behaviours in rodents, that
could be avoided by keeping animals in their home cage pairs during von Frey testing (Takatsu-
Coleman et al., 2013). Consequently, von Frey testing rodents in their home cage pairs would avoid
the short-term isolation and improve the accuracy of the primary evoked endpoint assessment
measurements.

4.1.1 Aims and hypotheses.

The primary aim of this study was to establish if locomotor activity and/or walking gait are altered in
a 55mg/kg STZ diabetic rat model over 18 days and whether one or both of these measures might
present an early objective neuropathic pain endpoint.
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A secondary aim of this student was to determine whether pair housing (‘pair’) versus single housing
(‘solo’ current practice) of rodents during von Frey testing could achieve the same primary evoked
endpoint assessment whilst improving animal welfare by avoiding short term isolation.

The development of phenotypical diabetes changes in hyperglycaemia, polydipsia, polyphagia,
bodyweight of the STZ rats was monitored throughout the study to further validate the lower
55mg/kg STZ model.

4.1.2 Abbreviations.

STZ — streptozotocin, CCl — chronic constrictive injury, SEM — standard error of the mean, BGL —
blood glucose level, i.p. — intraperitoneal, OFT — open field testing.
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4.2 Methods

Von Frey STZ
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Figure 4.1) Timeline of the study depicting the days before and after 55mg/kg STZ intraperitoneal
(i.p.) administration on Day 0. The days on which von Frey paw withdrawal threshold, gait and
locomotor activity (OFT) measurements were taken are also denoted.

4.2.1 Ethics statement.

All research procedures/experiments were performed in accordance with Animals Scientific
Procedures Act 1986 & European Directive 2010/63/EU. All studies performed were approved by the
University of Hertfordshire Animal Welfare and Ethics Review Body and comply with the home office
guidelines and codes of conduct. All work was authorised under University of Hertfordshire home
office establishment licence and project licence titled: Diabetes mechanisms and treatments.
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4.2.2 Animals and induction of STZ.

14 Male Wistar Han rats (300-325g at arrival, 325-390g at time of STZ administration) supplied by
Envigo, UK were housed in pairs from arrival. At Day O (Figure 4.1) rats were administered either
55mg/kg streptozotocin (n=10) or 20mM citrate buffer (n=4) intraperitoneal (i.p.) administration at a
dose volume of 10ml/kg. STZ (Sigma- Aldrich, S0130) was prepared as described in Chapter 2. Either
STZ at 55mg/kg or citrate buffer (control) were administered once to rats via single i.p. injection
using a new 23G needle. Rats were placed back in their home cage and monitored closely for 1 hour
for signs of distress or discomfort. Additionally, banana porridge (Cow&Gate) and 2% sucrose
solution were provided for 48 hours post STZ/control administration to encourage feeding and
maintain blood glucose levels.

4.2.3 Environmental conditions.

Rats were pair-housed in Tecniplast 2000P cages and a 12:12 hr light-dark cycle (lights on at 07:00)
was maintained throughout the study. Housing temperature was maintained at 21+2°C and 55+15%
relative humidity. Food (5LF2 10% protein LabDiet) and drinking water were provided ad libitum
except during von Frey, locomotor activity and gait behavioural testing. Water was provided in two
1L bottles per cage. For 48 hours after STZ/control administration (Day 0,1), 2% sucrose solution was
provided in one of the 1L bottles to avoid hypoglycaemia caused by STZ administration (Ghasemi &
Jeddi, 2023). Water intake measurements were recorded from 1 week before STZ/control
administration and as required until the end of the study. Food and water intake was calculated per
cage as the change in weight (g) of the food hopper and both water bottles recorded at
approximately 9am each day.

4.2.4 Animal welfare.

Blood glucose level (BGL) was recorded 1 day prior to (Day -1) at 7 days after (Day 7) STZ/control
administration to confirm onset of hyperglycaemia and at euthanasia (Day 21-32 due to provision of
tissue for other projects) to monitor progression and maintenance of hyperglycaemia. Microsamples
of blood were taken through tail tip vein puncture using a lancet (Valuemed, UK) and BGL was
measured using a GlucoRx Nexus blood glucose meter calibrated before use. An inclusion criterion of
>16mmol/dL BGL at all timepoints after STZ administration was used to exclude rats that did not
develop hyperglycaemia.

Daily bodyweight measurements were taken at regular intervals from Day -13 to Day 0 to monitor
rats weight gain and progression. After STZ/control administration on Day 0, daily bodyweight
measurements were taken to monitor animal welfare. Rats reaching 15% bodyweight loss compared
with the Day 0 baseline weight were monitored closely. This included weighing twice daily, provision
of additional nourishment in the form of seed, grains and banana porridge where appropriate and
assessment by animal care staff and or veterinarians if needed. Any rats not stabilising or gaining
weight within 48 hours were humanly euthanised. All rats were checked daily by trained animal care
staff to monitor welfare.
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4.2.5 Mechanical allodynia (paired and solo von Frey assessment).

Von Frey paw withdrawal threshold was measured using the same protocol detailed in Chapter 2
which included using the same 0.4, 0.6, 1, 1.4, 2, 4, 6, 8, 10, 15, 26; g monofilament range (not the
increased 0.16-60g range using in Chapter 3). Paw withdrawal threshold was evaluated twice per
week for 2 weeks before STZ/control administration (Day -13,-10,-7,-4). Day 3, after STZ/control
administration, paw withdrawal thresholds were assessed up to twice per week until the end of the
study to monitor development of mechanical allodynia (Days 3,7,11,14,17). At all timepoints von
Frey paw withdrawal threshold measurements were taken with rats housed either on their own with
an opaque divider separating all rats (solo) or together with their home cage partner (paired) (Figure
4.2). Both solo and paired von Frey measurements were taken on the same day with rats being
returned to their home cage for at least 30 minutes before being tested again. The order that solo
and paired von Frey measurements were taken at each timepoint alternated to ensure that there
was no bias from repeated testing affecting the results.

Figure 4.2) A) Single rat von Frey assessment method conducted in the standard fashion with rats
separated by an opaque divider (solo). B) Paired von Frey assessment of home caged pairs of rats
allowed to remain together through assessment of von Frey paw withdrawal thresholds on both rats
with the divider removed and free socialisation allowed (paired).
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4.2.6 Gait.

Changes in STZ diabetic and control rats stride length and stride width were assessed by application
of a non-toxic paint to the hind paws of rats and allowing them to freely walk along an enclosed
walkway (420mm x 100mm) (Figure 4.3). Rats were lightly restrained and paint applied to the hind
paws using a soft paintbrush. Rats were then placed at the start of the walkway and allowed to walk
freely into a dark enclosed area. Each session included two repeats of the rats walking along the
apparatus and the results from each successful run were averaged to give a final value.
Measurements were taken of the left and right side stride length as well as the width between the
strides to measure changes in the rats gait (Figure 4.3B). Rats were first trained to walk along the
apparatus without paint being applied on Day -12 and encouraged with seeds placed in the box at
the end of the walkway. Two baseline measurements of gait were taken on Day -6 and Day -5 with
paint applied on both occasions. Following STZ/control administration gait measurements were
taken up to twice a week on Days 4, 9, 10, 16 and 18 to monitor development of any changes in gait
measurements.
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Figure 4.3) A) Gait assessment apparatus demonstrating the covered walkway as it was used during
testing. Rats were placed into the tunnel opening (bottom left) and allowed to freely walk into a dark
chamber along a walkway lined with white paper. B) Representative paw print pattern left behind by
a rat freely walking along the walkway and the width, left and right stride length measurements
taken. C) Representative smudged or incomplete paw print pattern. D) Gait assessment apparatus
with the tunnel and chamber lids removed to demonstrate the path along which rats freely walked.
The end of the tunnel was covered once a rat had entered the final chamber to stop rats from
returning along the walkway.
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4.2.7 Locomotor activity.

Locomotor activity was measured using an open field testing (OFT) apparatus to assess STZ diabetic
and control rat movement during the study. Rats were placed in a 400mm x 400mm opaque underlit
box with a high-quality camera placed overhead and recorded for 30 minutes at each timepoint
(Figure 4.4). Total distance (cm), average velocity (cm/s) and percentage time spent moving were all
measured automatically using EthoVision XT software (v15.0 Noldus, NL). EthoVision software
tracked the rat’s movement across the 30 minutes session using a centre point tracking on the rat’s
body. Two baseline recording sessions were taken on Day -12 and Day -5. After STZ/control
administration locomotor activity measurements were taken up to twice a week on Days 4, 9, 10, 16
and 18 to monitor the development of any changes in locomotor activity measurements.

— e
Figure 4.4) Locomotor activity measurements taken in a 400mm x 400mm chamber with EthoVision

XT automatic measurements of locomotor activity.
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4.2.8 Grouping, randomisation, blinding and exclusion or inclusion criteria.

The STZ and Control grouping was randomised using the Latin square technique based on von Frey
baseline data and bodyweight, to ensure an equal spread of baseline paw withdrawal thresholds and
bodyweights. All rats were assigned in pairs with their cage partner to the same group to ensure all
cages were either STZ/STZ or control/control cages. All rats remained with their original cage partner
from beginning of the study to avoid distress or aggressive behaviour from rehousing.

Exclusion criteria were a >50% change from baseline for von Frey measurements of mechanical
allodynia. Also a BGL of at least 16mmol/L was set as the threshold for development of
hyperglycaemia and diabetic phenotype. All rats BGLs increased after STZ administration reaching
the >16mmol/L BGL criteria (100%). No STZ diabetic rats encountered health issues during the study.
All STZ diabetic rats developed a >50% reduction in paw withdrawal threshold. One STZ diabetic rat
was removed prematurely from the first baseline timepoint (Day -12) of locomotor activity testing
due to jumping out of the recording apparatus. Their second baseline timepoint (Day -5) was
included in the data analysis as a plexiglass lid was fashioned that safely contained the rats without
impacting camera performance. All behavioural testing was conducted blind to the animal status. A
maximum limit of 20% bodyweight loss was in place to exclude any rats that developed excessive
weight loss.

4.2.9 Statistics.

To compare the results at each timepoints (Days) between control and STZ rats two-way mixed
model analysis of variance (ANOVA) was used with Sidak's post hoc test to compare between control
and STZ diabetic rats (BGL, von Frey, bodyweight, daily food intake, daily water intake, gait,
locomotor activity). For measures with additional comparisons within each group comparing
between Days Dunnett’s post hoc test was used (BGL, average von Frey, gait, locomotor activity,
total liquid consumption) (Prism 10.2; GraphPad, San Diego, CA USA). A p value of <0.05 was
considered statistically significant for all data. All data is reported as mean + standard error of the
mean (SEM) except for correlation data.

4.3 Results

4.3.1 STZ (55mg/kg) administration caused hyperglycaemia and a diabetic phenotype.

Administration of 55mg/kg STZ increased the blood glucose level (BGL) of the rats above the
16mmol/L threshold in all rats at all timepoints measured during the study. At baseline there was no
difference in BGLs between STZ and control rats with both groups average BGL at 5.1mmol/L [Time:
F(2,36) = 88.34, p<0.001], [Treatment: F(1,36) = 341.1, p<0.001], [Interaction: F(2,36) = 85.69,
p<0.001] (Figure 4.5). For control rats BGLs remained stable across the entire study remaining at
<6mmol/L. By Day 7 after administration all STZ rats had a BGL greater than the 16mmol/L threshold
value with BGL increase over fivefold to 29.8mmol/L (Figure 4.5). This increased BGL in STZ rats was
maintained across the study including the Day 21-32 timepoint (30.4mmol/L). All rats administered
STZ developed increased BGL above the 16mmol/L hyperglycaemia cutoff threshold. Therefore this
demonstrates that all STZ rats had developed a diabetic phenotype.
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Figure 4.5) Blood glucose levels increased and maintained a steady level of hyperglycaemia between
Day 7 and Day 21-32 in rats after STZ administration but not control. Blood glucose levels were
measured at baseline (Day -1), Day 7 (7 days after STZ/control administration) and Day 21-32 (taken
at euthanasia). Dashed line indicates 16mmol/L cutoff level for confirmation of hyperglycaemia.
***$H<0.001 vs baseline, $55p<0.001 vs control. All data is reported as mean + SEM, n=4 control,
n=10 STZ.

4.3.2 STZ diabetic rats gained less bodyweight than control rats.

The health and welfare of STZ diabetic and control rats were monitored throughout the study in
several ways, including bodyweight measurements. Due to the small number of control rats,
randomisation of control and STZ diabetic rat assignment caused a slight but not significant
difference in the control and STZ diabetic rat bodyweights prior to STZ/control administration (Figure
4.6A). At Day -13 control rats weighed an average of 315.8g compared with 324.3g for STZ diabetic
rats with this slight difference remaining at Day 0 when control rats weighed 346.1g whilst STZ
diabetic rats weighed 363.1g [Time: F(29,348) = 33.93, p<0.001], [Treatment: F(1,12) = 2.140,
p=0.17], [Interaction: F(29,348) = 22.49, p<0.001] (Figure 4.6A). STZ diabetic rats initially lost ~20g
across the first 3 days after STZ administration reaching 341.3g. STZ diabetic rats bodyweight
plateaued at this level for the remainder of the study staying between 340-350g. Control rats
continually gained bodyweight across the study gaining 10g in the first 3 days whilst STZ diabetic rats
lost 20g. Control rats proceeded to gain ~15g per week across the remainder of the study. Likely due
to the differences in starting weight, control rats bodyweight only became significantly higher than
STZ diabetic rats from Day 17 onwards (Figure 4.6A). The differences between STZ diabetic and
control rats bodyweights became more obvious when expressed as the percentage change from Day
0 bodyweight. When assessed as percentage change, STZ diabetic rats bodyweight was significantly
lower than control rats from as early as Day 2 onwards [Time: F(21,252) = 9.383, p<0.001],
[Treatment: F(1,12) = 57.58, p<0.001], [Interaction: F(21,252) = 25.04, p<0.001] (Figure 4.6B). STZ
diabetic rats lost on average -6% bodyweight by Day 3, which remained at between -5.7% and -3.7%
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until Day 17. At Day 17 STZ diabetic rats bodyweight declined slightly further reaching -6.4% by Day
21. Control rats by comparison gained 4.4% bodyweight across the first week and a total of 11.5%
increase to bodyweight by Day 21. This demonstrates that STZ diabetic rats initially lost 6%
bodyweight which remained relatively stable for the rest of the 21 days after STZ administration.
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Figure 4.6) STZ diabetic rats bodyweight initial decreased followed by a plateau whilst control
treated rats continued to gain bodyweight throughout the study. The average bodyweight of STZ
diabetic and control rats across the study expressed as the raw bodyweight (g) (A) and the
percentage change in bodyweight from the pre STZ/control administration weight on Day O (B).
*p<0.05, **p<0.01, ***p<0.001 vs control. All data is reported as mean + SEM, n=4 control, n=10
STZ.
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4.3.3 STZ diabetic rats developed polyphagia and polydipsia.

As well as hyperglycaemia, other diabetic phenotypes include polyphagia and polydipsia both of
which developed in the STZ diabetic rats. In this STZ type-1 model of diabetes, STZ diabetic rats food
intake gradually increased across the study from ~40g/cage/day to over double this at 86g/cage/day
by Day 21 [Time: F(33,165) = 19.41, p<0.001], [Treatment: F(1,5) =112.2, p<0.001], [Interaction:
F(33,165) = 8.137, p<0.001] (Figure 4.7A). This increased STZ food consumption became significantly
greater than control rats from Day 3 onwards (apart from Day 4 and Day 7). Control rats food intake
remained consistent across the study at an average of ~36g/cage/day with small fluctuations. These
fluctuations were likely caused by differences in the time of food intake measurements for logistical
reasons or due to behavioural testing being conducted. STZ diabetic rats also developed polydipsia
demonstrated by a large increase in water intake from Day 1 onwards. Both control and STZ cage
water intake remained at ~55g/cage/day across the baseline time period before STZ/control
administration [Time: F(33,165) = 58.15, p<0.001], [Treatment: F(1,5) = 210.3, p<0.001], [Interaction:
F(33,165) = 59.39, p<0.001] (Figure 4.7B). On Day 0 after STZ/control administration when sucrose
was present to avoid hypoglycaemia control animal drinking levels increased rapidly above STZ
animals (Figure 4.7B). However, by Day 1 this had reversed and STZ animals consumed more liquid
than control animals, which remained this way for the rest of the study. Whilst control animal water
consumption returned and remained at ~55g/cage/day after sucrose was removed, STZ animals
drinking continued to increase and plateaued at ~400g/cage/day on Day 7. Both polydipsia and
polyphagia are symptoms of diabetes and have been demonstrated in this 55mg/kg STZ model. This
is further evidence that the STZ rats in this study had developed diabetes.

106



A)
150

— STz
— Control
%k %k %k
3 100- I
g %k %k %
s M
=
© *
o
£ 50-
0lllIlIlIlIlIlIIIlIlIlIlIIIlIlIlIlI
A T
B) Days pre/post STZ/control administration
500+
%k %k %k
I |
400+
C
2 300+
s
= — sTZ
ot - — Control
= 200
=
100+
OIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
I R
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Figure 4.7) STZ diabetic rats developed polyphagia and polydipsia that stabilised after 6 days. The
food (A) and water (B) intake per day from each home cage of paired rats. Home cage pairs were
either two control rats (control) or two STZ diabetic rats (STZ). *p<0.05, **p<0.01, ***p<0.001 vs
control. All data is reported as mean + SEM, n=2 control cages, n=5 STZ cages.
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4.3.4 Mechanical allodynia developed in STZ diabetic rats by Day 3 and was not affected by
having a home cage partner present.

To compare the onset of mechanical allodynia in this study and previous ones, rats von Frey paw
withdrawal threshold measurements were taken with rats on their own before and after STZ/control
administration. STZ diabetic rats paw withdrawal thresholds rapidly decreased dropping below
control rats paw withdrawal thresholds by Day 3 reaching 6.5g compared with 18.4g in control rats
[Time: F(8,96) = 13.83, p<0.001], [Treatment: F(1,12) = 24.13, p<0.001], [Interaction: F(8,96) = 11.28,
p<0.001] (Figure 4.8A). This development of a reduced paw withdrawal threshold in STZ diabetic rats
was maintained throughout the study and even decreased further reaching its lowest point at Day
14 of 2g. Control rats generally maintained a stable level of paw withdrawal thresholds at 18-23g.
Though at Day 7 this dropped slightly to 12.6g (Figure 4.8A). As has been conducted previously, STZ
diabetic and control rats paw withdrawal thresholds were averaged across two timepoints. This
demonstrated that compared with baseline (Day -7&-4) and control rats both the Day 3&7 and Day
11&14 timepoints were significantly decreased in STZ diabetic rats [Time: F(3,36) = 26.7, p<0.001],
[Treatment: F(1,12) = 13.89, p=0.003], [Interaction: F(3,36) = 19.46, p<0.001] (Figure 4.8B). Assessing
the average timepoints also demonstrated no change in control rats paw withdrawal thresholds
compared with baseline (Day -7&-4) (Figure 4.8B). Von Frey paw withdrawal thresholds were
reduced in STZ diabetic rats by Day 3, a clear sign that mechanical allodynia had developed.
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Figure 4.8) Mechanical allodynia developed from Day 3 onwards in STZ diabetic rats on their own.
Von Frey paw withdrawal threshold was measured before and after STZ/control administration with
rats without their home cage partner present (Figure 4.2A). Responses were assessed as either the
von Frey paw withdrawal threshold at each timepoint measured (A) or the response at pairs of
averaged timepoints (B). (A) $$p<0.01, $5$p<0.001 vs control (B) ***p<0.001 vs baseline Day -7&-4,
S$$p<0.01, $$5p<0.001 vs control. All data is reported as mean + SEM, n=4 control, n=10 STZ.

109



As part of an effort to improve animal welfare and evoked endpoint accuracy, control and STZ
diabetic rats von Frey paw withdrawal thresholds were measured with the rats together (paired)
with their home cage partner (Figure 4.2). Conducting von Frey testing with paired rats produced no
change in either control or STZ diabetic rats when compared between their solo versus paired
measurements (Figure 4.9). At Day 3, 11, 14 and 17 both STZ solo and STZ paired measurements
were significantly reduced compared with solo control rats [Time: F(8,192) = 31.60, p<0.001],
[Treatment: F(3,24) = 16.68, p<0.001], [Interaction: F(24,192) = 7.992, p<0.001] (Figure 4.9).
However, at Day 7 there was a slight reduction in solo control rats paw withdrawal thresholds to
12.6g which was no longer significantly higher than either solo or STZ diabetic rats measurements
(solo 4.6g, paired 5.5g at this timepoint). However, testing paw withdrawal thresholds in these same
control rats when paired with their home cage partnered remained significantly higher than STZ
diabetic rats at all timepoints. This indicated a potential improvement over the classical solo von
Frey testing method by pairing rats together with their home cage partner. Mechanical allodynia
developed in STZ diabetic rats by Day 3 and was not affected by having a home cage partner present,
however control rats paw withdrawal thresholds were slightly improved by paired testing.
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Figure 4.9) Home cage pairs of rats tested together for paw withdrawal thresholds had no effect on
STZ diabetic rats but slightly improved control rat responses. Von Frey paw withdrawal thresholds in
control and STZ diabetic rats with von Frey testing conducted either with the rat alone (solo) (Figure
4.2A) or with their home cage partner (paired) (Figure 4.2B) during testing. $5p<0.01, $55p<0.001
control solo vs STZ solo, ##p<0.01, ###p<0.001 control solo vs STZ paired, %%%p<0.001 control
paired vs STZ solo, &&p<0.01, &&&p<0.001 control paired vs STZ paired. p>0.05 STZ solo vs STZ
paired. p>0.05 control solo vs control paired. All data is reported as mean + SEM, n=4 control, n=10
STZ.
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4.3.5 Locomotor activity in STZ diabetic rats remained comparable to control rats.

STZ diabetic and control rat’s locomotor activity levels remained equivalent during the first 18 days
after STZ/control administration. To monitor the development of any locomotor activity changes in
STZ diabetic or control rats, regular measurements were taken using an automatic recording and
analysis setup designed for OFT. This identified very few changes in the STZ diabetic rats’ locomotion
across the full 18 day study. During the 18 days after STZ/control administration there were no
significant changes in STZ diabetic or control rats total distance moved. At baseline control rats
moved a total distance 2350cm whilst STZ diabetic rats moved 2550cm during the 30-minute
measurement period (Figure 4.10A). This increased slightly but not significantly at Day 4 when
control rats moved 3080cm and STZ diabetic rats moved 2850cm. From Day 4 onward both STZ
diabetic and control rats total distance moved decreased marginally to 2400cm at Day 18 for control
rats and 2045cm for STZ diabetic rats (Figure 4.10A). However, at all timepoints measured there
were no significant differences between STZ diabetic and control rats or between either group and
baseline (Day -12&-5) [Time: F(4,48) = 3.382, p=0.02], [Treatment: F(1,12) = 0.925, p=0.36],
[Interaction: F(4,48) = 1.158, p=0.34] (Figure 4.10A).

As well as the total distance moved the average speed or velocity of the rats were recorded to assess
if, although the total movement stayed the same, the speed that the rats moved had changed. STZ
diabetic rats did move slower than baseline (Day -12&-5) at Day 18 (1.42cm/s versus 1.07cm/s)
(Figure 4.10B). However, this was in line with control rats movement speed at 1.25cm/s [Time:
F(4,48) = 5.029, p=0.002], [Treatment: F(1,12) = 0.910, p=0.36], [Interaction: F(4,48) =1.192, p=0.33]
(Figure 4.10B). During the full course of the study average velocity followed a similar trend to the
total distance moved with Day 4 movement speed being marginally higher (though not significantly)
and trended back down by Day 18 (Figure 4.10B).

To confirm if the amount of time spent moving was altered in the STZ diabetic or control rats this
was also assessed. Again a similar trend in the time spent moving for both distance moved and
velocity showed a marginal non-significant increase at Day 4 but not significant alterations in either
STZ diabetic or control rats. At baseline control rats spent 26.7% of the time moving whereas STZ
diabetic rats spent 31.1% of the time moving (Figure 4.10C). This was not a significant increase,
reaching ~35% by Day 4 and started to trend back down to ~25% by Day 18 [Time: F(4,48) = 4.374,
p=0.004], [Treatment: F(1,12) =0.013, p=0.91], [Interaction: F(4,48) =0.915, p=0.46] (Figure 4.10C).
There was a decrease in STZ diabetic rat’s average velocity at Day 18 compared to baseline, although
there was no difference between the STZ diabetic and control rats locomotor activity.
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Figure 4.10) Locomotor activity in STZ diabetic and control rats was mostly unchanged during the
first 18 days after STZ/control administration. Measurements of the total distance moved (A),
average velocity (B) and amount of time spent moving (C) of STZ diabetic and control rats in 30
minutes at baseline (Day -12&-5) and across the study after STZ/control administration. *p<0.05 vs
baseline Day -12&-5. p>0.05 STZ vs control. All data is reported as mean + SEM, n=4 control, n=10
STZ.
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4.3.6 Gait measurements in STZ diabetic rats remained comparable to control rats.

Similar to locomotor activity, measurements of STZ diabetic rats gait were not different from control
rats at any point during this study. In both STZ diabetic and control rats the left side stride length
increased compared to baseline after STZ/control administration however, there were no
differences between the groups. At baseline (Day -6&-5) both STZ diabetic and control rats had
almost identical left side stride length at 130.6mm [Time: F(5,60) = 5.714, p<0.001], [Treatment:
F(1,12) = 0.188, p=0.67], [Interaction: F(5,60) = 2.244, p=0.06] (Figure 4.11A). This left stride length
increased significantly compared to baseline in control rats at Day 9 (155.9mm) and at Day 10
(147.8mm) after control administration (Figure 4.11A). Similarly in STZ diabetic rats at Day 10 their
average stride length increased to 142.0mm and further increased to 145.7mm at Day 16 compared
to baseline (Figure 4.11A).

Likewise, the right side stride length increased over time in both STZ diabetic and control rats. At
baseline (Day -6&-5) control rats right side stride length was 128.0mm which was not different from
STZ diabetic rats at 133.0mm [Time: F(5,60) = 8.420, p<0.001], [Treatment: F(1,12) = 0.044, p=0.84],
[Interaction: F(5,60) = 0.871, p=0.51] (Figure 4.11B). In control rats their right side stride length
continued to increase to 150.8mm by Day 9, significantly higher than baseline, and maintained at
~150mm for the remainder of the study (Figure 4.11B). In STZ diabetic rats this change was evident
slightly earlier and increased above baseline (Day -6&-5) at Day 4 to 144.2mm and plateaued by Day
9 at ~147mm. At no timepoint were STZ diabetic or control rats right side stride length significantly
different from each other (Figure 4.11B).

Alongside the changes in stride length, the width between the strides was also measured. Unlike the
increase in stride length in both STZ diabetic and control rats after STZ/control administration there
were no changes in stride width in either group. At baseline (Day -6&-5) control and STZ diabetic rats
both had an equivalent stride width at 34.6mm [Time: F(5,60) = 2.118, p=0.08], [Treatment: F(1,12)
=0.011, p=0.92], [Interaction: F(5,60) = 0.592, p=0.71] (Figure 4.11C). This remained consistent
throughout the study with only minor fluctuations but remining within 30-35mm for both groups
(Figure 4.11C). There were no differences in STZ diabetic and control rat’s measurements of walking
gait at any timepoint during the study despite increased stride length developing after STZ/control
administration in both groups.
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4.4 Discussion

4.4.1 STZ (55mg/kg) administration caused sufficient hyperglycaemia to develop a diabetic
phenotype in all rats.

STZ (55mg/kg) administered to Wistar Han rats produced a stable level of hyperglycaemia to develop
in this study (Figure 4.5). Although a timeline of hyperglycaemia and mechanical allodynia
development was demonstrated in Chapter 2 and Chapter 3, this study used an alternative animal
supplier (Envigo Wistar Han versus Charles River Wistar Han IGS used previously). Therefore
hyperglycaemia and von Frey development were re-assessed for their consistency with previous
results. Both suppliers provided the same strain of male Wistar Han rats however, as they have been
maintained at different facilities there may have been previous environmental differences before
starting this study. Hyperglycaemia development was consistent with previous findings that by Day 7
STZ administered rats BGLs increased above the 16mmol/L threshold, and this was maintained
across the study (Figure 4.5). All Envigo Wistar Han STZ rats did developed hyperglycaemia, slightly
more than the 94% in the Charles River cohorts in both Chapters 2 and 3 (Figure 2.3, 3.2). However,
it is not possible to rule out whether this occurred due to random variability or even improved
administration technique so a much larger sample size would be needed to confirm this. Overall,
55mg/kg STZ induced a stable level of hyperglycaemia in all rats administered STZ and therefore all
STZ rats in this study can be considered as developing a diabetic phenotype.

4.4.2 STZ diabetic rats gained less bodyweight than control rats.

In this study STZ diabetic rats initially lost a small amount of bodyweight that stabilised by Day 3, as
seen previously in Chapter 2 and Chapter 3. The Envigo Wistar Han rats used in this study were
administered 55mg/kg STZ at a slightly lower average bodyweight of 363g compared with ~420g
previously. This was decided based on a learning in Chapter 3, that lower bodyweight rats may
experience reduced bodyweight loss and have improved survivability following STZ administration
(Wang-Fischer & Garyantes, 2018). In this study Envigo STZ rats had improved survivability as no rats
were excluded due to bodyweight loss or health complications. In comparison both Chapter 2 and
Chapter 3 studies did have STZ diabetic rats excluded based on excessive weight loss and/or health
complications that developed. Administering STZ to lighter weight and younger rats was expected to
cause reduced bodyweight loss compared to previous studies (Wang-Fischer & Garyantes, 2018). STZ
diabetic rats in the present study lost 5.68% across the first five days (Figure 4.6) which was in
between the bodyweight loss of Chapter 2 study at 4.38% (Figure 2.4) and Chapter 3 study at 7.32%
(Figure 3.9), both of which STZ rats were ~420g at the time of administration. This seeming lack of
improvement in STZ diabetic rat’s bodyweight when using lighter rats at Day 0 STZ administration
may reflect a difference in the Envigo and Charles River Wistar Han strains growth and metabolism
curves. During their first week of baseline testing Envigo Wistar Han rats gained an average of 19g
bodyweight per week (Figure 4.6) whilst Charles River Wistar Han IGS rats in Chapter 3 gained 40g
(Figure 3.9) despite starting bodyweights being similar at 322g for Envigo and 311g for Charles River
animals (Figure 3.9, 4.6). Although there was a difference in bodyweight gain even in rats before
STZ/control dosing, once STZ was administered Envigo rats in this study initially lost a small amount
of bodyweight before maintaining a stable bodyweight across the study consistent with previous
findings in Chapter 2, Chapter 3 and published research (Furman, 2021; Mitani et al., 2008; Wang-
Fischer & Garyantes, 2018).
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4.4.3 STZ diabetic rats developed polyphagia and polydipsia.

The development of polyphagia and polydipsia are also phenotypical developments of a type-1
diabetes model and were evident in STZ diabetic rats in this study (Ali et al., 2015; Vieira et al., 2020;
Wang-Fischer & Garyantes, 2018). STZ diabetic rats developed polyphagia at Day 3 after STZ
administration and polydipsia occurred at Day 1. Both polydipsia and polyphagia reached a peak at
around Day 7-10 and were maintained at this level for the remainder of the study (Figure 4.7). The
development of polydipsia and polyphagia were similar to that of STZ diabetic rats in Chapter 2 and
3, although the peak food and water intake was slightly lower in the present study. By Day 10 the
average daily water intake of STZ cages in Chapter 2 reached ~550g (Figure 2.5), slightly higher than
the ~500g in Chapter 3 (Figure 3.11) and higher than the ~400g in this study (Figure 4.7). Likewise
food intake in STZ diabetic rats in this study reached a peak of ~75g (Figure 4.7) whilst STZ diabetic
rats in Chapter 2 consumed ~110g (Figure 2.5). This could be considered as indicative of a slightly
reduced type-1 diabetic phenotype although this is unlikely as the BGLs were similar across all
studies. Despite the slight differences in food and water intake between Envigo and Charles River
animals, STZ diabetic rats developed polyphagia and polydipsia, both of which are phenotypical of a
type-1 diabetes model.

4.4.4 Mechanical allodynia developed in STZ diabetic rats by Day 3 and was not affected by
having a home cage partner present.

Mechanical allodynia developed in all STZ diabetic rats by Day 3. Measuring von Frey paw
withdrawal thresholds highlighted that Envigo STZ rats developed mechanical allodynia earlier than
the STZ diabetic rats in Chapter 2 and Chapter 3. In this study, paw withdrawal thresholds reached
6.5g by Day 3 after STZ administration whilst Charles River rats remained at 15.5g in Chapter 3
(Figure 3.3). Envigo STZ diabetic rats also developed a slightly lower stable level of mechanical
allodynia at ~2g paw withdrawal threshold by Day 14 (Figure 4.8) whilst Charles River rats in Chapter
3 maintained a neuropathic baseline level of ~5g (Figure 3.3). Both Envigo and Charles River Wistar
Han rats developed mechanical allodynia and a diabetic phenotype after STZ administration.

Using a novel pairing approach to measuring von Frey paw withdrawal thresholds in this study did
not alter the development of mechanical allodynia in STZ diabetic rats. As part of the continual
support of the 3R’s initiative it is important to evaluate and refine in vivo protocols to minimise pain,
suffering or distress in each study (NC3Rs, n.d.). Though a primary aim of this research is to identify
alternative endpoints for neuropathic pain, improving the classical evoked measures, at least in the
short term, is beneficial. One aspect of von Frey testing that is not often considered is that animals
are separated from their home cage partners for the duration of testing, albeit as short as
reasonably practical. Research has shown that even short-term social isolation can lead to an
increase in depressive like behaviours in rodent that could be overcome by allowing animals to
remain with their home cage partner during von Frey testing (Takatsu-Coleman et al., 2013). To
assess the impact of this short-term isolation, von Frey paw withdrawal thresholds were repeated
with home cage STZ/STZ or control/control pairs together (paired).

Conducting von Frey measurements on paired rats had no impact on STZ diabetic rats compared
with when tested on their own. Paired control rats had a more stable paw withdrawal threshold
compared to when the same control rats were tested on their own (Figure 4.9). At Day 7 solo control
rats paw withdrawal thresholds decreased slightly in a similar fashion to that seen in Chapter 2
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which was attributed to social transfer of pain in mixed STZ/control pairs (Langford et al., 2006;
Smith et al., 2016). Pairing control rats during von Frey testing appeared to eliminate this effect at
Day 7, maintaining von Frey paw withdrawal thresholds significantly higher than STZ diabetic rats at
all timepoint measured. One potential limitation of conducting von Frey testing in paired groups of
animals exhibiting pain, is the social transfer of pain discussed in Chapter 2 and Chapter 3 that could
lead to increased sensitivity in the partner animal (Langford et al., 2006; Smith et al., 2016).
Assessing mixed STZ diabetic and control rats together to demonstrate if social transfer of pain may
lead to reduced control rats paw withdrawal thresholds should be explored in the future. This study
demonstrates that allowing rats to remain with their home cage partner during von Frey testing
improves animal welfare by avoiding short term isolation whilst still achieving the same scientific
result as with solo rats.

4.4.5 Locomotor activity in STZ diabetic rats remained comparable to control rats.

The development of a diabetic phenotype and mechanical allodynia in STZ diabetic rats had no effect
on locomotor activity. In the present study although there were non-significant trends towards
increased and then decreased locomotor activity, these occurred in both STZ diabetic and control
rats equally (Figure 4.10). These changes are therefore more likely indicative of environmental
changes such as the rats increasing or decreasing their exploratory behaviour as they become used
to their environment (Brown & Nemes, 2008). Only on Day 18 was there a significant decrease in STZ
diabetic rat’s average velocity, although this was not different from control rats average velocity
(Figure 4.10). Therefore, it is unlikely that any of the changes in locomotor activity in this study
occurred due the type-1 diabetic phenotype or mechanical allodynia. As such locomotor activity in
the STZ type-1 diabetic model is not a useful endpoint for neuropathic pain or diabetes related
changes at least until Day 18.

Locomotor activity has previously been studied in STZ diabetic rats and typically does demonstrate a
reduction in measures of locomotor activity, which on face value presents conflicting results to the
present study (Badescu et al., 2016; Doria et al., 2016; Haider et al., 2013; Kou et al., 2014; Sevak et
al., 2008). However, these studies report changes in locomotor activity at timepoints >4 weeks after
STZ administration (Badescu et al., 2016; Doria et al., 2016; Kou et al., 2014) or do not report the
timepoint at which locomotor activity was measured (Haider et al., 2013; Sevak et al., 2008).
Interestingly, Kou et al. (2014) identified a reduction in paw withdrawal threshold at Day 14 after STZ
administration but no changes in locomotor activity at this timepoint (Kou et al., 2014). Kou et al.
(2014) did identify decreased total distance and average velocity in STZ diabetic rats compared with
control rats developed at Day 28 (Kou et al., 2014). These results are not unlike the present study in
that up to Day 18 there were no differences in locomotor activity between STZ diabetic rats and
control rats (Figure 4.10). This supports that if changes in locomotor activity do develop in STZ
diabetic rat models, this is likely to develop much later than both mechanical allodynia and
burrowing deficits (Chapter 3).

Whilst Chapter 3 demonstrated a clear and maintained burrowing deficit (Figure 3.6) a potential
confounding factor of these results was that changes in burrowing levels could have been caused by
reduced locomotor activity in STZ type-1 diabetic rats (Shepherd et al., 2018). As discussed, there
were no differences between STZ diabetic rats and control rats across the study indicating that at
least up to Day 18 locomotor activity is not altered in STZ diabetic rats (Figure 4.10). This suggested
that the deficits in STZ diabetic rat burrowing that developed in Chapter 3 at Day 18 was unlikely to
have been caused by changes in locomotor activity (Figure 3.6). It is more likely that the

117



development of burrowing changes in STZ diabetic rats is caused by alterations to animal wellbeing,
that does not affect their locomotion (Rutten et al., 2018; Shepherd et al., 2018). Overall, the lack of
changes in locomotor activity observed in this study supports the burrowing deficits identified in
Chapter 3 were not caused by reduced locomotor activity deficits and that locomotor activity is not a
useful neuropathic pain endpoint (at least until Day 18) in STZ diabetic rats.

4.4.6 Gait measurements in STZ diabetic rats remained comparable to control rats.

Although changes in STZ diabetic rat’s gait have previously been considered as a neuropathic pain
endpoint, there were no alterations in the STZ diabetic rat’s gait in this study compared to control
rats (Figure 4.11). In human diabetic neuropathy patients, gait may be affected in as many as 50% of
patients and can lead to an increased risk of falls causing further injury (Alam et al., 2017; Alle et al.,
2008). Hence, changes in gait have been considered a possible translational objective endpoint as
they can be measured in both human and rodents without using a stimulus to evoke any changes
(Fisher et al., 2021). However, this study identified no such in gait at least during the 18 days
assessed as there was no difference between STZ diabetic and control rat’s gait (Figure 4.11).
Though there was an increase in gait length for both groups equally suggesting that it is likely that
this occurred due to environmental factors, such as the animals learning to walk along the gait
measuring equipment (Figure 4.3).

Changes in STZ diabetic rats gait have been assessed previously using both manual methods, as used
in this study, as well as using automated gait analysis systems (Al Deeb et al., 2000; Karatan et al.,
2019; Vieira et al., 2020). Some of the first investigations into alteration in STZ rat gait parameters
identified no change in print length, landing foot splay inclined plane or hind limb functional tests
using manual ink staining at 3 weeks in STZ diabetic rats compared to control rats (Al Deeb et al.,
2000). This lack of change in STZ diabetic rats compared with control rats is consistent with the
findings of the present study that no changes in paw stride length or width occurred across 18 days
after STZ administration (Figure 4.11). However, others have identified changes in gait after STZ
administration, such as Karatan et al. (2019), who demonstrated an increase in footprint length and
sciatic nerve function testing using a manual paw printing technique (Karatan et al., 2019). One
limiting factor in the comparison of these studies is that the changes identified in footprint length
and sciatic nerve function by Karatan et al. (2019) occurred at 8 and 12 weeks after STZ, a much later
timepoint than measured either in this study (Figure 4.11) or the up to 3 weeks by Al Deeb et al.
(2000) (Al Deeb et al., 2000; Karatan et al., 2019). Thus indicating that changes in STZ diabetic rats
gait may occur between 3 and 8 weeks after STZ administration. This is further confirmed by the
findings of Vieira et al. (2020) using the ‘CatWalk’ gait analysis system. Vieira et al. (2020)
demonstrated a development of von Frey paw withdrawal threshold and gait changes in paw
placement as early as Day 14 however, changes in stride length of STZ diabetic rats only occurred at
Day 28 (Vieira et al., 2020). This supports the present study that changes in stride length were not
altered in STZ rats within the first 3 weeks after STZ administration but did indicate that this may
develop at a later timepoint (Figure 4.11).

Interestingly the development of paw placement changes at Day 14 in the study by Vieira et al.
(2020) only occurred at this specific timepoint not at Day 7, 21 or 28 indicating a variable nature of
the changes in STZ diabetic rats, that may limit the use of these types of measures. Some of the only
evidence of reversal of gait changes in STZ diabetic rats can be seen in Vieira et al. (2022) where they
demonstrated that photomodulation of the mitogen-activated protein kinases pathway could relieve
some of these gait changes (Vieira et al., 2022). The development of paw withdrawal threshold
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changes before gait changes by Vieira et al. (2020) match the finding in this study that mechanical
allodynia developed at Day 3 whilst there were no changes in gait even at Day 18 (Figure 4.11)
(Vieira et al., 2020). This also highlighted that similarly to burrowing, changes in gait are likely not
assessing the same behavioural changes in the STZ diabetic rats as von Frey paw withdrawal
thresholds are. Therefore, the development of changes in STZ diabetic rats gait should be further
characterised across a longer time period and across multiple research groups and assessed for the
efficacy of analgesics to reverse any changes.

4.4.7 Limitations, improvements and future work

A limitation of this study was the shorter three-week timeline experimental design. The animals
procured in this study were designated for multiple research projects. Firstly for the objectives set
out and later to provide multiple control and STZ diabetic tissues or cells for in vitro biochemical, cell
and molecular biological undergraduate and postgraduate student projects at University of
Hertfordshire, in line with 3Rs of reduction (NC3Rs, n.d.). Future studies investigating gait and
locomotor activity changes in STZ diabetic rats should assess a longer timeline of their development
and reversibly with analgesics to fully identify if they could be a translatable neuropathic pain
endpoint. This does pose a challenge for their easy replacement of current preclinical neuropathic
pain endpoints as the mechanical allodynia measured by von Frey paw withdrawal threshold occurs
much earlier than this. This would lead to increased costs associated with running STZ diabetic
studies for longer periods of time. Although this would still add value to the research field if gait and
locomotor activity provide translatable measurements of neuropathic pain.

An improvement to this study would have been the use of an automated gait scoring system. The
manual method of applying paint/ink to measure changes in gait was achieved successfully in this
study and by others (Al Deeb et al., 2000; Karatan et al., 2019). However, the thickness of paint
application and the restraining of the animals required to apply them led to smudged or incomplete
paw print patterns (Figure 4.3C). The use of an automated gait analysis system would reduce the
need for additional animal restraining. These automated systems can also measure additional gait
parameters such as swing speed or animal movement speed which are not possible with manual
print/ink methods but require substantial investment in the equipment required.

4.5 Conclusions

This study identified that there was no development of locomotor or gait changes in STZ type-1
diabetic rats for 3 weeks following STZ administration. Despite hyperglycaemia and mechanical
allodynia developing during this time along with other phenotypical developments of polydipsia,
polyphagia and bodyweight loss in these diabetic rats. This indicated that changes in burrowing
levels at these early timepoints were not caused by changes in locomotor activity but instead by
some affective component of diabetes reducing the drive or motivation for burrowing, such as
wellbeing. Further studies should monitor the development of gait and locomotor activity changes in
STZ diabetic rats across a longer period to identify if any changes occur at a delayed timepoint and
whether they correlate to deficits in burrowing or mechanical allodynia.
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Chapter 5: Sleep/wake behaviour and EEG changes in the single
dose oxaliplatin model of chemotherapy induced peripheral
neuropathy

5.1 Introduction

Neuropathic pain is often experienced by cancer patients whilst undergoing chemotherapy
treatment. Particularly when the treatment involves platinum or taxanes based compounds such as
oxaliplatin, cisplatin or paclitaxel (Quintdo et al., 2019). This phenomenon is referred to as
chemotherapy induced peripheral neuropathy (CIPN) and occurs in as many as 70-100% of patients
undergoing platinum-based chemotherapy (Banach et al., 2017). The neuropathy caused by
platinum-based compounds is believed to occur through similar mechanisms to the chemotherapy
antineoplastic changes. These antineoplastic changes include binding to DNA, damaging
mitochondria and activating immune system responses (Zajgczkowska et al., 2019). For many of
these chemotherapeutic drugs, CIPN is becoming the most dose limiting side effect (Mezzanotte et
al., 2022; Miltenburg & Boogerd, 2014). There are currently no preventative strategies to stop CIPN
development, and duloxetine is one of the only drugs licenced for the treatment of CIPN
(Mezzanotte et al., 2022). Thus, the neurotoxic effects of chemotherapy treatment and the lack of
analgesia can limit cancer treatment leading to altered or reduced treatment plans (Miltenburg &
Boogerd, 2014). Therefore, development of better and more effective treatments for CIPN is
essential.

The single dose oxaliplatin induced model of CIPN has been developed and used to represent the
human treatment regime of metastatic colorectal cancer patients where painful CIPN is experienced
by >90% of patients (Cersosimo, 2005). This model has excellent construct validity as the same
chemotherapeutic agent is used as in the human condition. Additionally, rats administered with a
single dose of oxaliplatin develop a transient CIPN phenotype for up to 8 days based on previous
reports (Ling, Coudoré-Civiale, et al., 2007). The single administration model captures the transient
neuropathic pain that is experienced by a greater proportion of patients (>90%) (Cersosimo, 2005)
than chronic CIPN experience by ~30% of patients (Colvin, 2019). Alternative models of oxaliplatin
induced CIPN involve the repeated administration of oxaliplatin, known as the multiple dose model,
to produce a chronic CIPN model with allodynic phenotypes lasting over 6 weeks after oxaliplatin
administration (Ling, Authier, et al., 2007; Xiao et al., 2012). An additional difference between the
single and multiple dose oxaliplatin models is that the single dose oxaliplatin model typically causes
no effect on the rat’s bodyweight after administration (Ling, Coudoré-Civiale, et al., 2007; Ling et al.,
2008). Whereas the multiple dose oxaliplatin model causes progressive bodyweight loss (Ling,
Authier, et al., 2007; Xiao et al., 2012). Oxaliplatin is not routinely administered to rats of the age
used in the study (~8 months) compared with the age of the rats typically used in preclinical studies
(~2 months) (Jackson et al., 2017; Kim et al., 2017; Wang-Fischer & Garyantes, 2018). Therefore to
limit the possibility of health complications and excessive weight loss from repeated administration
of oxaliplatin the single dose model was selected for this study.

Currently, the primary endpoints used to quantify neuropathic pain in chemotherapy induced
preclinical models involve measuring thermal or mechanical allodynia (Flatters et al., 2017; Warren
et al., 2024). To determine thermal allodynia, a temperature of 15°C is used as naive rats only react
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to temperatures of <5°C, thus a reaction to 15°C would indicate cold allodynia (Allchorne et al.,
2005). Whilst these types of hypersensitivities do reflect how patients experience CIPN, they have
poor predictive validity as indicated by the largely unsuccessful drug development efforts so far
(Zajgczkowska et al., 2019). A possible reason for this lack of translatability is that thermal and
mechanical allodynia are assessed using evoked endpoints that do not capture the brain and
emotional processing of pain (Fisher et al., 2021; Tappe-Theodor et al., 2019).

Changes in sleep/wake behaviour and EEG have been demonstrated in rodent models of surgically
induced neuropathic pain such as the chronic constrictive injury (CCl) model. These changes include
increased EEG theta power (Koyama, LeBlanc, et al., 2018), decreased time spent asleep (Andersen
& Tufik, 2003; Ho et al., 2024) and frequent sleep disturbances (Alexandre et al., 2024). These results
have established sleep and EEG measures as potential preclinical endpoints for neuropathic pain.
Sleep and EEG measures of pain also possess a strong translational potential since they are
objective, non-evoked and directly measurable endpoints in both humans and animals (Fisher et al.,
2021). However, the available preclinical and clinical data on the effects of oxaliplatin treatment on
EEG is very limited. Some of the available clinical data involving EEG and CIPN comes from Prinsloo
et al. (2017,2018) who have used EEG neurofeedback (NFB), a technique that provides a rewarding
stimulus to the patient when they achieve designated changes in their EEG power spectra. These
NFB studies have described positive, short-term impacts of NFB on patient reported pain scores
(Prinsloo et al., 2017). As well as long term improvement in pain severity, numbness, general health
and fatigue (Prinsloo et al., 2018). Prinsloo et al. (2017) demonstrated that the use of NFB led to
increased alpha activity and decreased beta activity, and this change in beta activity correlated with
an improvement in reported pain scores (Prinsloo et al., 2017). This indicated that reduced alpha
activity and increased beta activity during wakefulness could be associated with CIPN. Therefore, the
present study assessed whether more objectively measured changes in sleep/wake behaviour and
electroencephalogram (EEG) in a rat model of oxaliplatin induced CIPN can be used as alternative
neuropathic pain endpoints with better translational potential. To assess potential CIPN-induced
changes in sleep/wake behaviour and brain EEG activity, rats previously implanted for EEG and
electromyogram (EMG) recordings were used. These rats were used in sleep/wake behaviour and/or
evoked potential studies at Transpharmation LTD previously in line with the 3Rs of reduction (NC3Rs,
n.d.).

5.1.1 Aims and hypotheses.

The primary aim of this study was to identify sleep/wake and EEG changes in oxaliplatin treated rats
that develop CIPN.

This study assessed the effect of oxaliplatin treatment on the development of cold allodynia and
animal welfare indicated by bodyweight measurements.

Also, this study assessed if CIPN development decreased the time oxaliplatin treated rats spent
asleep, as has been demonstrated in other neuropathic pain models.

This study also assessed the development of any sleep fragmentation in rats that experienced CIPN.

EEG power was also assessed in the rats that developed CIPN to understand if any of the changes
associated with neuropathic pain, such as increased theta power, reduced alpha power or increased
beta power during wakefulness, occurred in these animals.
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5.1.2 Abbreviations.

CCl — chronic constrictive injury, EEG — electroencephalogram, EMG — electromyogram, ZT —
Zeitgeber time, REM — rapid eye movement, NREM — non-rapid eye movement, CIPN —
chemotherapy induced peripheral neuropathy, SNI — spared nerve injury, FFT — fast Fourier
transformation, i.p. — intraperitoneal, s.c. — subcutaneously, CFA — complete Freund's adjuvant, NFB
— neurofeedback modulation, SEM — standard error of the mean.

5.2 Methods
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Figure 5.1) Timeline of the study depicting the days before and after 10mg/kg oxaliplatin
intraperitoneal (i.p.) administration on Day 0. The days on which cold plate withdrawal latency
measurements were taken and EEG recordings were started.

5.2.1 Ethics statement.

All research procedures/experiments were performed in accordance with Animals Scientific
Procedures Act 1986 & European Directive 2010/63/EU. All studies performed were approved by the
Discovery Park Animal Welfare and Ethics Review Body and comply with the home office guidelines
and codes of conduct. All work was authorised under Discovery Park home office establishment
licence and project licence titled: Translational pharmacology for drug discovery.

5.2.2 Animals and oxaliplatin administration.

9 male Sprague Dawley rats (Charles River, UK) had been previously surgically implanted under
general anaesthesia with telemetry devices (HD-S02; Data Sciences International, USA) to measure
frontoparietal EEG and EMG from neck extensor muscles. All Sprague Dawley rats (625-875g on day
of oxaliplatin administration) were administered 10mg/kg oxaliplatin intraperitoneal (i.p.) (Tocris, UK
61825-94-3) dissolved in 5% dextrose solution on Day O (Figure 5.1) (Ling, Coudoré-Civiale, et al.,
2007; Yamamoto, Ono, et al., 2016). All rats were monitored closely across the first 5 days after
oxaliplatin administration for signs of distress or discomfort, and daily bodyweight measurements
were taken. Periodic bodyweight measurements were taken throughout the rest of the study for a
continual monitor of animal health and welfare. One rat was terminated before the end of the study
on Day 8 due to health complications unrelated to the oxaliplatin treatment.
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5.2.3 Environmental conditions.

Rats were housed in groups of 2 or 3 with environmental enrichment provided and regularly
replaced. Home caging area lighting was maintained on a 12:12 h light-dark cycle [lights on: 08:00 /
Zeitgeber time 0 (ZT0), lights off at 20:00 (ZT12)] throughout the study. A constant temperature (21
1 1°C) and relative humidity (55+15%) was maintained in the housing environment with food and
water available ad libitum.

5.2.4 Cold allodynia.

Cold allodynia was measured using a 15°C cold plate prior to and after oxaliplatin administration, to
confirm the development of CIPN using a traditional evoked neuropathic pain endpoint. The
development of cold allodynia was assessed by measuring paw withdrawal latency (s) to a 15°C cold
plate. Rats were placed with all four paws on the cold plate and monitored for lifting, flinching or
licking of either hind paw. Rats were removed and returned to their home cages after observing a
behavioural reaction to the normally non-noxious 15°C cold plate or after reaching the maximum
time limit in the test that was set to 150s. Any rats that did not react by this maximum time cutoff
point were removed and 150s was recorded as their latency. Baseline measurements of cold plate
paw withdrawal latency were taken seven days (Day -7) before oxaliplatin administration (Day 0).
After oxaliplatin administration, the cold plate measurements were retaken on Day 4 to determine
the level of CIPN development. Additionally, cold plate measurements were taken on Day 9 and Day
11 to confirm the transient reversal of CIPN development (Figure 5.1). Thank you to the technical
staff at Transpharmation LTD for conducting the oxaliplatin administration and cold plate
measurements.

5.2.5 EEG surgery.

Since surgical implantation of wireless EEG and EMG transmitters is considered a major intervention,
the rats used for this study had been previously used in sleep/wake behaviour and/or evoked
potential studies at Transpharmation LTD. This reduced the welfare impact of this study and
promoted the 3Rs initiative of reduction by ensuring that no additional rats underwent an extensive
surgery unnecessarily (NC3Rs, n.d.). Nine Sprague Dawley rats were implanted with telemetry
transmitters (HD-S02; Data Sciences International, USA), with the transmitter body placed into the
peritoneal cavity. Rats were anaesthetised with 5% isoflurane and maintained at ~2% isoflurane
during surgery. To maintain fluid levels during surgery, saline (5ml) was administered
subcutaneously (s.c.) in the hind flank. Rimadyl (Carprofen, Zoetis) 1ml/kg was diluted in saline 0.9%
NaCl (Baxter) and administered s.c. pre- and post-surgically for pain management. Clippers were
used to remove excess hair from the scalp, neck and all areas were cleaned with HibiScrub. Rats
were placed on a 37°C warming blanket to maintain body temperature during surgery and the head
was fixed in a stereotaxic frame. An incision was made in the abdomen and blunt dissection was
used to reach the abdominal cavity. The HDS02 transmitter body was inserted into the abdomen and
sutured to the abdominal wall using a non-dissolvable suture material (Figure 5.2). The EEG and EMG
leads were passed from the abdominal wall at a site separate from the incision using a 19-gauge
needle so that the body of the transmitter was secured inside of the abdomen with the wires
travelling through the abdominal wall under the skin. The muscle layer of the abdomen was sutured
closed with a non-dissolvable suture material.
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A second incision was made along the top of the skull and down the neck to expose the skull and
neck extensor muscles. The cables were passed from the site of the abdominal incision under the
skin to the neck incision using a trocar. The top of the skull was cleared of any membranes and the
area was cleaned with saline. Then using a rotary dental drill, two holes were drilled over the frontal
(2 mm anterior / 1 mm lateral to Bregma) and parietal cortices (0 mm anterior / 1.5 mm lateral to
Lambda) above the left hemisphere for frontoparietal EEG recordings. EEG recording wires were
placed gently into each hole in the skull to be in contact with the dura but without applying
pressure. Each EEG wire was secured in place with quick setting dental glue. In case of EMG wires, a
1cm section of the wire was exposed and passed through the neck muscle perpendicular to the
spine and travelling in opposite directions. Non dissolvable suture material was used to secure the
wires in place in the neck muscles. Once all wires were in place the incision along the abdomen, skull
and neck were sutured closed using intradermal absorbable sutures. Rats were placed in a recovery
warming box and monitored for breathing rate and any indications of pain until they were recovered
their righting reflex in the warming box at which point they were placed back into a clean home
cage. Post surgery, rats were kept singly housed for 24 hours to avoid cage mate disturbance of the
surgical sites before returning to groups of 2-3 rats for the remainder of the seven day post-surgical
recovery. Post operative monitoring included carprofen 5mg/kg administration for at least 3 days
with wet mash and regular diet provided along with chew sticks, enrichment and nesting materials.
Rats were checked twice daily for surgical wound health, pain levels, bodyweight and a single
attempt at reclosing any incision or reattaching an EEG lead was allowed if there was damage to
these. Thank you to the technical staff at Transpharmation LTD for conducting the EEG surgery and
recordings.

)

v/
%
N

Wireless receiver

Figure 5.2) Example of the wireless EEG recording setup used with transmitter placed in the
abdominal cavity and sending signals wirelessly to a recording baseplate underneath the rat’s home
cage.
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5.2.6 EEG recordings.

Rats were placed in individual recording chambers in a sound-attenuated room with a 12:12h light-
dark cycle [lights on at 08:00 (ZT0), lights off at 20:00 (ZT12)], constant temperature (21 + 1°C) and
relative humidity (55+15%), with food and water available ad libitum. EEG, EMG and locomotor
activity were recorded for up to 48 hours starting at 5 days before oxaliplatin administration (Day -5,
Day -4) and up to 24 hours starting at 3 and 6 days after oxaliplatin administration (Day 3, Day 6)
(Figure 5.1). Recordings began at approximately ZTO (8:00). EEG, EMG and locomotor activity signals
were detected by an antenna (RPC-1, Data Sciences International, USA) placed below the recording
cages.

5.2.7 EEG processing and manual scoring.

EEG/EMG signals were amplified, analogue filtered (0.5-100Hz), digitised at 500Hz, and recorded
alongside locomotor activity for offline analysis (Spike2; CED, UK). EEG and EMG signals were
resampled at 256Hz, digitally filtered (EEG: 0.5-100Hz; EMG: 5—-100Hz), and automatically scored as
wake, rapid eye movement (REM) sleep or non-REM (NREM) sleep, in 10s epochs (Figure 5.3) using
SleepSign (Kissei Comtec, Japan). After automatic scoring of vigilance states, two 3 hour-long
segments [3 to 6 hours after light onset (ZT3-ZT6) and 3 to 6 h after dark onset (ZT15-ZT18)] were
visually checked and corrections were made where it was necessary. These 3 hour periods were
selected for visual correction and analysis to identify any changes during an equivalent portion of
the light and dark periods that did not include initial animal exploration or human disturbances.
Epochs with missing data and/or movement-related artifacts were marked and excluded from power
spectral analysis. A 48 hour-long baseline EEG recordings was made on Day -5 and Day -4, and the
data recorded on these days was averaged and used as the baseline.
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Figure 5.3) Examples of separate 10s EEG and EMG epochs that were manually scored as either
wakefulness (W), NREM sleep (NR) or REM sleep (R) using EEG signal (white), EMG signal (red) and
fast Fourier transformation (FFT) (bottom graph).
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5.2.8 EEG analysis.

To quantify if oxaliplatin treatment and subsequent neuropathic pain development altered
sleep/wake behaviour, the percentage of time that the rats spent in each behavioural state of
wakefulness, NREM and REM sleep were assessed. Changes in sleep/wake behaviour were further
assessed by measuring the average duration and total number of wakefulness, NREM and REM sleep
bouts. In addition, the distribution of sleep/wake bout lengths were further assessed by calculating
the total number of short (<10 s) and medium (10-50 s) bout lengths that occurred.

To understand if there were any changes in the frequency content of the recorded signal, power
spectral analysis of the EEG was conducted. EEG power spectra was computed for artifact-free 2-s
epochs in the 0.5-100Hz frequency range by fast Fourier transformation (FFT) with a frequency
resolution of 0.5Hz. Before FFT, a window weighting function (Hanning) was applied. The values of
consecutive 2-s EEG epochs per vigilance states were averaged over the visually scored sections
during ZT3-ZT6 in the light period and ZT15-ZT18 in the dark period. To determine any changes in
specific frequency bands, the area under the curve (AUC) of the EEG power spectrum in the delta
(0.5-4Hz), theta (4-8Hz), sigma (8—13Hz), beta (13—30Hz) and gamma (30—100Hz) were calculated
during wakefulness, NREM and REM sleep. All EEG and sleep/wake measurements were analysed
during the visually scored ZT3-ZT6 in the light period and ZT15-ZT18 in the dark period.

5.2.9 Blinding and exclusion or inclusion criteria.

All EEG scoring was conducted blind to the animal’s treatment condition. The response to cold plate
induced thermal allodynia was assessed blind. A cutoff threshold of at least 50% reduced paw
withdrawal latency at Day 4 compared to Day -7 was used to exclude rats that did not develop CIPN.
A maximum limit of 20% bodyweight loss was in place to exclude any rats that developed excessive
weight loss.

5.2.10 Statistics.

To compare the results at each timepoint, one-way mixed model analysis of variance (ANOVA) was
used followed by Dunnet’s post hoc test. Post hoc analysis was conducted to compare pre-
oxaliplatin baseline timepoints to timepoints after oxaliplatin treatments (sleep/wake behaviour and
EEG) (Prism 10.2; GraphPad, San Diego, CA USA). A p value of <0.05 was considered statistically
significant for all data. All data is reported as mean + SEM.

5.3 Results

5.3.1 Oxaliplatin administration caused CIPN development and bodyweight loss.

The onset of CIPN in oxaliplatin treated rats was confirmed at Day 4 using paw withdrawal latency to
a non-noxious 15°C cold plate. When assessed including all of the oxaliplatin treated rats there was a
36.5% reduction in paw withdrawal latency from 126s at baseline to 80s at Day 4 after oxaliplatin
administration [F(2,15) = 5.02, p<0.05] (Figure 5.4A). By Day 9&11 paw withdrawal latency returned
to baseline levels of 121s confirming the transient development of CIPN. To identify if the reduced
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paw withdrawal latency developed in all rats, the percentage change in cold plate paw withdrawal
threshold was assessed by reviewing the percentage change from baseline. At Day 4, only 4 out of 9
rats had a >50% decrease in paw withdrawal threshold at Day 4 compared to baseline. This
reduction in paw withdrawal latency can be considered as cold allodynia a phenotype of
chemotherapy induced peripheral neuropathy (CIPN). These 4 rats were therefore termed as having
developed CIPN, whilst the remaining 5 rats did not develop cold allodynia were termed as non-CIPN
(nonCIPN) (Figure 5.4B). The CIPN and nonCIPN rats paw withdrawal latencies were also separated.
In CIPN rats paw withdrawal latency was significantly decreased by 68% from baseline (146s) to 46s
at Day 4 further confirming CIPN onset in these rats [F(2,9) = 32.70, p<0.001] (Figure 5.4C). CIPN rats
paw withdrawal latency returned to baseline equivalent levels by Day 9&11 demonstrating the
transient development of CIPN [F(2,9) = 32.70, p<0.001] (Figure 5.4C). In nonCIPN rats there was no
change in paw withdrawal latency at any timepoint with paw withdrawal latency changing by <5s
from baseline (110s) at Day 4 (108s) or Day 9&11 (105s) [F(2,7) = 0.185, p=0.835] (Figure 5.4D). This
demonstrated that CIPN developed transiently in 4 out of 9 rats by Day 4, but it was no longer
present on Day 9&11.
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Figure 5.4) Oxaliplatin administration decreased the paw withdrawal latency to non-noxious 15°C
cold plate in 4 out of 9 rats. Paw withdrawal latency to 15°C cold plate were measured at baseline
(Day -7), Day 4 after oxaliplatin treatment to confirm CIPN onset and at Day 9 and Day 11 (Day 9&11)
to confirm reversal of transient CIPN (A). The percentage change in paw withdrawal latency from
baseline (Day -7) to Day 4 and Day9&11 were used to confirm CIPN onset by a >50% decrease in paw
withdrawal latency (B). Paw withdrawal latency presented separately in rats that developed cold
allodynia (CIPN) (C), and in rats that did not develop cold allodynia (nonCIPN) (D). (A,C,D) *p<0.05,
***p<0.001 vs baseline. (B) No statistical comparisons conducted. All data is reported as mean +
SEM, n=8-9 (A,B) n=4 (C), n=4-5 (D).
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Oxaliplatin administration caused bodyweight loss from Day 1 onwards [F(10,76) = 22.34, p<0.001]
(Figure 5.5). The average bodyweight of rats on Day 0 was 729g which decreased to 716g by Day 1
and remained relatively stable across the first 5 days after oxaliplatin administration (Figure 5.5A).
The rats lost more bodyweight after Day 5 reaching 674g by Day 14 with a downwards trend for the
remainder of the study. The loss of bodyweight was also reflected when assessed as a percentage
change from Day 0 which demonstrated that rats initially lost ~2% bodyweight across the first 5 days
after oxaliplatin administration. The rats continued to lose bodyweight reaching -5.3% by Day 14.
[F(10,76) = 23.69, p<0.001] (Figure 5.5B).
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Figure 5.5) Rats treated with oxaliplatin lost bodyweight during the first two weeks after drug
administration. A) The changes in bodyweight in oxaliplatin treated rats from their baseline
bodyweight on Day 0 until Day 14 after oxaliplatin treatment. B) The percentage change in
bodyweight from Day 0 baseline bodyweights in oxaliplatin treated rats. **p<0.01 vs Day O,
**%p<0.001 vs Day 0. All data is reported as mean + SEM, n=8-9.
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5.3.2 Limited effects of CIPN development on sleep/wake amounts.

To understand the impact of oxaliplatin treatment and subsequent CIPN development on
sleep/wake behaviour, the changes in wake (Figure 5.6A,B), NREM (Figure 5.6C,D) and REM sleep
(Figure 5.6E,F) amounts were measured. This assessment of sleep/wake amounts found trends
towards increased sleep and decreased wakefulness in the CIPN rats but none of these reached the
(p<0.05) significance level. Specifically, rats spent ~28% of the time awake throughout ZT3-ZT6 in the
light period during the baseline recordings which progressively decreased to 22% by Day 3 and to
17% by Day 6 after oxaliplatin administration. This decrease in wakefulness however, was not
significant [F(2,6) = 3.83, p=0.085] (Figure 5.6A). The decrease in wakefulness was accompanied by a
corresponding (but not significant) increase in NREM sleep during ZT3-ZT6 (Figure 5.6C). CIPN rats
spent 5% more time in NREM sleep by Day 3 and 8% more by Day 6 compared with 57% time in
NREM sleep during baseline recordings. However, this increase in NREM sleep was also not
significant, though at Day 6 the post hoc comparison was (p=0.04) [F(2,6) = 4.73, p=0.059] (Figure
5.6C). Although the trends towards increased NREM sleep and decreased wakefulness were not
significant, possibly due to the low number of CIPN rats, these changes may still represent disrupted
sleep/wake behaviour in CIPN rats. Time spent in REM sleep was not affected in CIPN rats during
ZT3-2T6 [F(2,6) = 1.51, p=0.30] (Figure 5.6E). These trends towards increased wakefulness and
decreased NREM sleep were not maintained during ZT15-ZT18 in the dark period. There was no
difference in the amount of time CIPN rats spent awake [F(2,6) = 1.75, p=0.25] (Figure 5.6B), in
NREM sleep [F(2,6) =1.77, p=0.25] (Figure 5.6D) or REM sleep [F(2,6) = 1.21, p=0.36] (Figure 5.6F)
during ZT15-ZT18. Though not significantly affected CIPN rats tended to spend more time in NREM
sleep and less time awake during ZT3-ZT6 in the light period.
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Figure 5.6) There were no changes in the sleep/wake amounts of CIPN rats. The percentage of time
the CIPN rats spent awake (A,B), in NREM sleep (C,D) and in REM sleep (E,F) on Day 3 and Day 6 after
oxaliplatin treatment were compared to the baseline recording (Day -5&-4). The amount of time rats
spent awake or asleep were assessed during ZT3-ZT6 in the light period (A,C,E) and ZT15-ZT18 in the
dark period (B,D,F). p>0.05 Day 3 vs baseline, p>0.05 Day 6 vs baseline (A-F). All data is reported as
mean + SEM, n=4 (A-F).
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5.3.3 Limited effects of CIPN development on sleep and wakefulness bouts.

After the finding of a trend towards increased sleep and decreased wakefulness, the impact of CIPN
development on sleep fragmentation was assessed through the average length and total number of
wakefulness and sleep bouts. The main effects of CIPN development on sleep/wake bouts was a
trend towards the length of wakefulness bouts decreasing but otherwise there was no effect of CIPN
on sleep/wake bouts. During ZT3-ZT6 in the light period the average length of wakefulness bouts
was reduced by 42% at Day 3 and by over 50% at Day 6. Despite the average length of wakefulness
bouts decreasing by half this did not reach statistical significance in neither in the overall ANOVA
(p=0.09) or in post hoc analysis (p=0.07) [F(2,6) = 3.63, p=0.09] (Figure 5.7A). The reduction in wake
bout length is still a robust change and therefore could indicate that wakefulness was less
consolidated in CIPN rats. The decreased average wake bout length was not accompanied by an
increased number of wake bouts during the same period (ZT3-ZT6) [F(2,6) = 2.28, p=0.18] (Figure
5.7B). Additionally, during ZT15-ZT18 in the dark period there was no change in the average wake
bout length in CIPN rats at Day 3 or Day 6 [F(2,6) = 1.31, p=0.34] (Figure 5.7C). The total number of
wakefulness bouts during ZT15-ZT18 was also unaltered after CIPN development [F(2,6) =0.22,
p=0.81] (Figure 5.7D). Both NREM and REM sleep average bout lengths were not altered in CIPN rats
at either Day 3 or Day 6 (Figure 5.7E,G,|,K). Similarly, the average length of both NREM and REM
sleep bouts were not affected by CIPN development (Figure 5.7F,H,J,L). The average length of
wakefulness bouts was reduced by half in CIPN rats at Day 6 after oxaliplatin administration. Though
this did not reach significance it may still indicate that periods of wakefulness were less consolidated
in CIPN rats at Day 3 and Day 6 after oxaliplatin treatment.

132



2001 801 , 2007 801
—~ mg ' —~ w-g
=0 = .= [ = 0 ==
3o 38 ' 35 38
23 150 S 260 ' 8781504 S 260
= = = X
S5 S5, 1 S0 S5
T 5= ' T O
= £ 100 2 v 401 ' 3¢ 100 2 o 40
[T E§ o @ ES
= 3z : 9T 5¢
EE Em ] 54‘:- Ec’
> 2@ 501 © < 20 ] > 2@ 504 8 c 201
<5 25 ' <5 St
ks ! k3]
el ' he]
0 o ! o4 o
¢ » © e > O e » © 5 o
P P & P i S P & @ P
2 Q Q Q Q 3 Q Q QO Q
& & ' ® 3
E) ¢ F) I G) H) <
e} 1 =}
= 2007 g 801 : e 1501 g 80
8= %‘S. ' 3B g%
o = Q. —E
$'8 1501 35 601 -t 2 5 60
“ © S ' 5 g 100 5o
22100 58 22 538
< Qo — L} — Qo —
£5 E(,,40 ! T3 Ew40
- S = ' S =
gg Cldl:J ' g’g 50 c&
= e V2T e
= ' =
- > o 30 ! o o 3 o
<& 3 © ' & ©
& P NN ' & @@ P
& L ' & F I
) o 3) & LK) L)
)
_ 1007 8 407 [T 3 30
3~ 0o ' 3~ 0 o
22 o Efa y 82 £l
. 5B
© & 60 e R =S
Zz 23 20 o EE4 53
2 40 Eo 'S Eo
o = 4 EE : o< é‘EIO-
g‘ﬁ» T X 104 ' 8 D 20 T X
g5 eg P25 eg
< 5 VT 5
0- 3 o o 3 o
¢ »> © e > © ¢ » © ¢ ®> ©
S A SEE ) SIS SIS
S & F & P F & PP & F P
T s & &

Figure 5.7) The length and number of sleep and wakefulness bouts were not affected in CIPN rats.
The average length of each bout of wakefulness (A,C), NREM sleep (E,G) and REM sleep (I,K) at Day 3
and 6 after oxaliplatin treatment were compared to the baseline timepoint (Day -5&-4). The total
number of bouts of wakefulness (B,D), NREM sleep (F,H) and REM sleep (J,L) at Day 3 and 6 after
oxaliplatin treatment were also compared to the baseline recording (Day -5&-4). Both the average
length of sleep/wake bouts and the total number of bouts were assessed during ZT3-ZT6 in the light
period (A,B,E,F,I,J) and ZT15-ZT18 in the dark period (C,D,G,H,K,L) in CIPN rats. p>0.05 Day 3 vs
baseline, p>0.05 Day 6 vs baseline (A-L). All data is reported as mean + SEM, n=4 (A-L).

Although sleep fragmentation was not clearly identified through analysing the sleep/wake bout
lengths another common report from patients and preclinical models is increased brief awakenings.
Based on this the effects of CIPN development on the number of short (<10s) and medium (10-50s)
length sleep/wake bouts was assessed. Interestingly, the main finding from this was an increase in
short (£10s) length NREM sleep bouts during ZT15-ZT18 in the dark period (Figure 5.8). Neither short
(<10s) [F(2,6) = 1.84, p=0.24] (Figure 5.8A) or medium [F(2,6) = 1.66, p=0.27] (10-50s) length
wakefulness bouts (Figure 5.8B) were increased significantly when CIPN rats were assessed during
ZT3-ZT6. This was despite the average length of wakefulness bouts decreasing by half (Figure 5.7A).
Likewise when assessed during ZT15-ZT18 there was no change in the number of short [F(2,6) = 0.54,
p=0.61] (Figure 5.8C) or medium length wakefulness bouts [F(2,6) = 0.48, p=0.64] (Figure 5.8D) in the
CIPN rats. There were also no changes in the number of short [F(2,6) =0.67, p=0.55] (Figure 5.8E) or
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medium[F(2,6) = 0.74, p=0.52] (Figure 5.8F) length NREM sleep bouts during ZT3-ZT6 for the CIPN
rats. Though during ZT15-ZT18 in the dark period the number of short (<10s) NREM sleep bouts was
significantly increased at Day 6 after oxaliplatin treatment in CIPN rats [F(2,6) = 5.15, p<0.05] (Figure
5.8G). This could indicate increased sleep disruption through sleep fragmentation in the CIPN rats
during this ZT15-2T18 period of the recording on Day 6. REM sleep short and medium length bouts
were not affected by CIPN development at either of the ZT3-ZT6 or ZT15-ZT18 periods assessed
(Figure 5.81,J,K,L). The number of short and medium length bouts were assessed to identify if the
decreased average wake bout length was associated with an increase in short awakenings, but this
was not the case for the CIPN rats in this study. However, the number of short (<10s) length NREM
sleep bouts were increased at Day 6 during ZT15-ZT18 in the dark period when assessed in CIPN rats,
a possible indicator of sleep in these rats being disturbed.
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Figure 5.8) CIPN rats short (<10s) bouts of NREM were increased at Day 6 during ZT15-ZT18 in the
dark period. The total amount of short (<10s) bouts of wakefulness (A,C), NREM sleep (E,G) and REM
sleep (1,K) at Day 3 and Day 6 after oxaliplatin treatment were compared to the baseline
timepoint(Day -5&-4). The total amount of 10-50s bouts of wakefulness (B,D), NREM sleep (F,H) and
REM sleep (J,L) at Day 3 and 6 after oxaliplatin treatment were also compared to the baseline
timepoint (Day -5&-4). For all bout lengths the total amounts were assessed during ZT3-ZT6 in the
light period (A,B,E,F,1,J) and ZT15-ZT18 in the dark period (C,D,G,H,K,L). *p<0.05 vs baseline. All data
is reported as mean £ SEM, n=4 (A-L).
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5.3.4 CIPN development decreased EEG power particularly theta power (NREM
sleep/wakefulness), sigma power (NREM/REM sleep) and gamma power (NREM sleep).

After establishing that CIPN development caused limited sleep/wake behavioural changes in the
rats, the changes in EEG power spectra were assessed with the goal to better understand any
functional differences in brain activity before and after CIPN development in the rats. The EEG
power spectral data suggested general trends such as decreased low frequency EEG power
particularly during wakefulness and NREM sleep (Figure 5.9). The data also suggested that NREM
sleep EEG gamma power decreased during ZT15-ZT18 in the dark period (Figure 5.10).
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Figure 5.9) Changes in the EEG power spectra of CIPN rats during ZT3-ZT6 in the light period. EEG
power spectrum during wakefulness (A), NREM sleep (C) and REM sleep (E) on baseline recording
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days (Day -5&-4), Day 3 and 6 after oxaliplatin treatment in CIPN rats. The percentage changes from
baseline (Day -5&-4) in EEG power spectra at Day 3 and 6 after oxaliplatin treatment during
wakefulness (B), in NREM sleep (D) and REM sleep (F). All data is reported as mean + SEM, n=4 (A-F).
No statistical comparisons conducted.
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Figure 5.10) Changes in the EEG power spectra of CIPN rats during ZT15-ZT18 in the dark period. EEG
power spectrum during wakefulness (A), NREM sleep (C) and REM sleep (E) on baseline recording
days (Day -5&-4), Day 3 and 6 after oxaliplatin treatment in CIPN rats. The percentage changes from
baseline (Day -5&-4) in EEG power spectra at Day 3 and 6 after oxaliplatin treatment during
wakefulness (B), in NREM sleep (D) and REM sleep (F). All data is reported as mean + SEM, n=4 (A-F).
No statistical comparisons conducted.
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Based on previous reports from preclinical neuropathic pain studies and human CIPN NFB
interventions, EEG theta and beta power were expected to increase whilst alpha power was
expected to decrease in the CIPN rats during wakefulness. However, when the impact of CIPN
development on EEG power bands was assessed during ZT3-ZT6 in the light period it found that
power theta (4-8Hz) decreased during wakefulness and alpha and beta power were not altered.
Specifically during ZT3-ZT6 in the light period whilst CIPN rats were awake EEG theta power at Day 6
decreased by 17.5% compared with baseline in the CIPN rats [F(2,6) = 15.79, p=0.004] (Figure 5.11D).
All other EEG power bands during wakefulness including delta (Figure 5.11A), alpha (Figure 5.11G),
beta (Figure 5.11J) and gamma (Figure 5.11M) were not altered after CIPN development in rats at
either Day 3 or Day 6. As such none of the anticipated increase in theta and beta power or the
decrease in alpha power occurred in CIPN rats during wakefulness.

The EEG power spectra of CIPN rats was also assessed during NREM and REM sleep to identify any
changes that may relate to sleep quality. During NREM sleep EEG theta power was reduced as well
as sigma (8-12Hz) power decreased during NREM and REM sleep in CIPN rats. In particular whilst
CIPN rats were in NREM sleep during ZT3-ZT6 delta power trended non-significantly (p=0.10)
towards a decrease at Day 6 which was 10% lower than during the baseline recordings [F(2,6) = 2.67,
p=0.15] (Figure 5.11B). NREM sleep theta power significantly decreased at both Day 3 and Day 6
after oxaliplatin treatment by ~10% in CIPN rats during ZT3-ZT6 [F(2,6) = 9.88, p=0.01] (Figure 5.11E).
Furthermore EEG sigma power decreased at Day 6 compared to baseline by >10% during NREM
sleep [F(2,6) = 5.45, p=0.04] (Figure 5.11H). Together these changes along with a lack of any change
in NREM sleep beta (Figure 5.11K) or gamma (Figure 5.11N) EEG power, indicated a general
reduction in NREM sleep low frequency EEG power after CIPN development during ZT3-ZT6 in the
light period. REM sleep EEG power in CIPN rats was largely unaffected during the ZT3-ZT6 in the light
period with only sigma power at Day 6 reduced by 9% [F(2,6) = 7.56, p=0.02] (Figure 5.11l). All other
REM sleep EEG power including delta (Figure 5.11C), theta (Figure 5.11F), beta (Figure 5.11L) and
gamma (Figure 5.110) bands were not altered at Day 3 or Day 6 in the CIPN rats during ZT3-ZT6.
Overall, during NREM sleep low frequency EEG power was reduced, whilst during REM sleep this was
limited to sigma power reducing in the CIPN rats.
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Figure 5.11) Wake and NREM sleep theta power as well as NREM and REM sleep sigma power were
decreased in CIPN rats during the ZT3-ZT6 in the light period. The total area under the curve (AUC) of
the EEG power spectra in the delta (1-4Hz) (A,B,C), theta (4-8Hz) (D,E,F), alpha/sigma (8-12Hz)
(G,H,1), beta (13-30Hz) (J,K,L) and gamma (30-100Hz) frequency bands were assessed in CIPN rats.
The change in each frequency band were calculated during either wakefulness (A,D,G,J,M), NREM
sleep (B,E,H,K,N) or REM sleep (C,F,I,L,0) throughout ZT3-ZT6 in the light period. *p<0.05, **p<0.01
vs baseline. All data is reported as mean + SEM, n=4 (A-L).
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The effects of CIPN development on EEG power were assessed during ZT15-ZT18 in the dark period.
None of the changes identified during ZT3-ZT6 in the light period or the anticipated changes in wake
EEG power occurred during ZT15-ZT18 during the dark period, only NREM sleep gamma power
decreased after CIPN development. Specifically, during wakefulness there was no effect of CIPN
development on any of the EEG frequency bands analysed (Figure 5.12A,D,G,J,M). Whilst CIPN rats
were in NREM sleep only gamma power significantly decreased compared to baseline with both Day
3 and 6 decreased by 7% [F(2,6) = 7.28, p=0.02] (Figure 5.12N). None of the other EEG power bands
were affected by CIPN development in the rats during ZT15-ZT18 in the dark period (Figure
5.12B,E,H,K). This was very different from during ZT3-ZT6 in the light period where delta, theta and
sigma power reduced during NREM sleep in the CIPN rats (Figure 5.11). Much like during
wakefulness there was no effect of CIPN development on any of the EEG frequency bands analysed
whilst CIPN rats were in REM sleep throughout ZT15-ZT18 in the dark period (Figure 5.12C,F,l,L,0).
Overall, this demonstrated that the none of the changes seen in EEG power during ZT3-ZT6 were
conserved during ZT15-ZT18 in the dark period with only NREM sleep gamma power decreased
during this period in CIPN rats.
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Figure 5.12) NREM sleep gamma power decreased in the CIPN rats during ZT15-ZT18 in the dark

period. The total area under the curve (AUC) of EEG power spectra in the delta (1-4Hz) (A,B,C), theta
(4-8Hz) (D,E,F), alpha/sigma (8-12Hz) (G,H,1), beta (13-30Hz) (J,K,L) and gamma (30-100Hz) frequency

bands was assessed in CIPN rats. The change in each frequency band was calculated during either
wakefulness (A,D,G,J,M), NREM sleep (B,E,H,K,N) or REM sleep (C,F,l,L,0) throughout ZT15-ZT18 in

4 (A-L).

the dark period. *p<0.05 vs baseline. All data is reported as mean + SEM, n
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5.4 Discussion

Many patients undergoing platinum or taxanes-based chemotherapy treatment experience CIPN, a
painful condition and dose limiting side effect that can alter anti-cancer treatment plans. Current
analgesic strategies to reduce this CIPN, and maintain the prescribed chemotherapy treatment are
limited, often with extensive side effect profiles (Cersosimo, 2005). Therefore, new treatments for
CIPN are needed. One possible cause for the lack of new analgesic development has been the limited
translatability from rodent models of CIPN that are used for screening novel analgesics into human
clinical trials (Fisher et al., 2021; Tappe-Theodor et al., 2019). These studies use thermal or
mechanically based evoked endpoints that measure reflexes and are subjectively assessed by a
human observer. Thus, identifying an objective non-evoked endpoints such as changes in
sleep/wake behaviour and EEG recordings would improve the translatability of current preclinical
endpoints for CIPN.

5.4.1 Oxaliplatin administration caused transient chemotherapy induced neuropathy (CINP)
and bodyweight loss development.

A primary use of the single dose oxaliplatin model is to understand the development of transient
CIPN and attempt to reverse this CIPN with novel treatments. Of the 9 rats administered a single
10mg/kg oxaliplatin dose in this study, only 4 rats developed cold allodynia at Day 4 (Figure 5.4B).
This was much lower than the 100% successful development of mechanical and thermal allodynia
that has been previously reported when using the single dose oxaliplatin model (Ling, Coudoré-
Civiale, et al., 2007; Ling et al., 2008). A key reason for the limited success with inducing cold
allodynia in this study is likely the advanced age of the rats used in this study (~8 months) compared
with the age of the rats typically used in preclinical studies (~2 months) (Jackson et al., 2017; Kim et
al., 2017; Wang-Fischer & Garyantes, 2018). Despite the lower than anticipated development of cold
allodynia, the rats that did develop cold allodynia had a paw withdrawal latency 67% lower than at
baseline. This was very similar to the 69% maximal development of cold allodynia identified by Ling
et al. (2007) when using a single dose oxaliplatin rat model (Ling, Coudoré-Civiale, et al., 2007). The
development of cold allodynia was also consistent with reports from the spared nerve injury (SNI)
and spinal nerve ligation rat models that also developed a ~60-70% reduction in paw withdrawal
latency when using the 15°C cold plate test (Allchorne et al., 2005). Therefore, the 4 rats that
reached a >50% reduction in paw withdrawal latency at Day 4 were termed as having developed cold
allodynia and could be used as a model of CIPN development in this study.

A key feature of the single dose oxaliplatin model is the CIPN that develops is transient in nature
(Ling, Coudoré-Civiale, et al., 2007; Ling et al., 2008), when compared with the multiple dose
oxaliplatin model where animals develop a chronic form of neuropathic pain (Ling, Authier, et al.,
2007; Xiao et al., 2012). In this study the paw withdrawal latencies for the 4 rats that developed CIPN
at Day 4 returned to baseline levels by Day 9&11 (Figure 5.4C). This is similar to previous reports in
the single dose oxaliplatin rat model that CIPN is maintained for 8 days after oxaliplatin treatment
(Ling, Coudoré-Civiale, et al., 2007). The transient nature of the CIPN in this study is also similar to
that experienced by patients undergoing oxaliplatin treatment (Cersosimo, 2005). This confirmed
the successful development of a transient CIPN model in 4 of the 9 rats administered 10mg/kg
oxaliplatin. These rats were referred to as CIPN rats and further assessed for the development of
EEG and sleep/wake behavioural changes.
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In this study, oxaliplatin treated rats progressively lost ¥5% bodyweight throughout the 14 days after
oxaliplatin (10mg/kg, s.c.) administration (Figure 5.5). One of the primary reasons for selecting the
transient single dose oxaliplatin model over the chronic multiple dose oxaliplatin model was due to
reduced chance of bodyweight loss (Ling, Authier, et al., 2007; Ling, Coudoré-Civiale, et al., 2007;
Ling et al., 2008; Xiao et al., 2012). Previous reports suggested that rats administered a single dose of
3-12mg/kg oxaliplatin should not lose bodyweight compared to control rats (Ling, Coudoré-Civiale,
et al.,, 2007; Ling et al., 2008) whilst the multiple dose oxaliplatin model would be expected to (Ling,
Authier, et al., 2007; Xiao et al., 2012). Therefore, to limit the possibility of health complications and
excessive weight loss from repeated administration of oxaliplatin the single dose model was
selected. In this study it was found that across two weeks oxaliplatin treated rats lost 5% bodyweight
compared to Day 0 and were on a downwards trajectory. Thus confirming the correct selection of
the transient model as this bodyweight loss likely would have been amplified by using the multiple
dose model. The starting bodyweight of the rats in this study (625-875g) was much higher than
those used by others (150-175g) (Ling, Coudoré-Civiale, et al., 2007; Ling et al., 2008) and was likely
the cause of the difference in the tolerability of the single oxaliplatin dose. Older rats were used in
this study as they had previously been implanted for other sleep/wake behaviour and/or evoked
potential studies. This reduced the number of rats undergoing extensive EEG/EMG wireless
transmitter implantation and conformed with the 3R’s of reduction (NC3Rs, n.d.). Therefore, future
studies using oxaliplatin induced models of CIPN could avoid using older animals to ensure CIPN
development and limit bodyweight loss.

5.4.2 Limited effects of CIPN development on sleep/wake amounts.

Sleep disruption is frequently reported by neuropathic pain patients including those experiencing
CIPN during chemotherapy treatment (Guntel et al., 2021; Tofthagen et al., 2013). For CIPN patients
this includes increased sleep latency (time to fall asleep), decreased sleep duration (total amount of
time spent asleep), increased sleep disturbances (frequent awakenings) and reduced sleep efficiency
(proportion of time in bed spent sleeping) (Mahfouz et al., 2024). For patients with CIPN induced
sleep disruption they often report greater levels of impact on their social lives, reduced physical
function and greater impacts on their mental health such as depression when compared to patients
experiencing CIPN without sleep disruptions (Mahfouz et al., 2024). Therefore, quantifying the
development of sleep/wake changes in a rodent CIPN model could be useful for identifying
treatments to improve sleep disturbances in CIPN patients.

Oxaliplatin treated rats that developed CIPN in this study did not show any significant changes in
sleep or wakefulness amounts across either of the ZT3-ZT6 or ZT15-ZT18 periods assessed. However,
there were trends towards decreased amounts of wakefulness and increased amounts of NREM
sleep during ZT3-Z6 in the light period (Figure 5.6). Rodents are active during both the day and night
with greater amounts of time spent awake during the night. Their sleep is also polyphasic meaning
they spend more than two periods of time per 24 hours sleeping, as such they spend time during
both the light and dark periods asleep and awake (Rayan et al., 2022). Thus the trend towards
decreased wakefulness and increased NREM sleep during ZT3-ZT6 in the light period occurred when
the CIPN rats would typically spend more time asleep. This trend towards increased NREM sleep at
the expense of wakefulness does not conform to the human phenotype of CIPN patients spending
less time asleep (Mahfouz et al., 2024). Therefore, the trends towards increased NREM sleep and
decreased wakefulness were unexpected in this study and have highlighted a reduced translatability
for sleep/wake changes in CIPN rat studies.
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Although these are the first results from a preclinical CIPN model on sleep/wake behaviour there is
extensive research in surgically induced models of neuropathic pain. The results from surgical pain
models typically report either no change in sleep/wake amounts (Alexandre et al., 2024; Kontinen et
al., 2003; Leys et al., 2013) or increased wakefulness at the expense of sleep (Andersen & Tufik,
2003; Ho et al., 2024). One study has identified that during the dark period CCI mice spent more
time in NREM sleep at expense of wakefulness (Alexandre et al., 2024). One cause of these
differences could be discrepancies in environmental conditions, such as the type of bedding can
impact sleep/wake amounts in preclinical neuropathic pain models (Tokunaga et al., 2007).
Therefore, it is possible that the increased time spent in NREM sleep is a feature of the CIPN rat
model. Though, more extensive and repeated characterisation is needed to understand if this is
repeatable or if it is heavily influenced by the environmental factors that differ between research
facilities.

5.4.3 Limited effects of CIPN development on sleep and wakefulness bouts.

Sleep disruption including more frequent awakenings is a common complaint from neuropathic pain
and CIPN patients (Guntel et al., 2021; Mahfouz et al., 2024; Tofthagen et al., 2013). Additionally,
sleep disruption in the form of changes to sleep and wakefulness bouts is consistently reported in
preclinical neuropathic pain models. The length of each sleep/wake bout, the total number of bouts
that occur and the number of short bouts of each sleep state are all often used as a measure of sleep
fragmentation and hence sleep disruption in rodents (Alexandre et al., 2024; Andersen & Tufik,
2003; Ho et al., 2024; Kantor et al., 2023). Therefore, it was unexpected that in this study there were
limited indications of sleep fragmentation. Assessing the average length and number of sleep/wake
bouts only identified a trend towards wakefulness bouts being less consolidated in the CIPN rats. As
the decreased average wake bout length was not accompanied by any changes in NREM or REM
sleep bouts it does not appear that the CIPN rats sleep was fragmented (Summa et al., 2024). There
was a 50% decrease in the average length of wakefulness bouts during ZT3-ZT6 in the light period
that was close to being significant (p=0.07) (Figure 5.7). This indicated that wakefulness bouts were
on average shorter in length and therefore less consolidated (Frank et al., 2017). Nevertheless, this
decrease in the average length of wakefulness bouts did not come with an increase in short bouts of
wakefulness, that could have indicated an increase in brief arousals (Figure 5.8). Increased brief
arousals of <15s have previously been reported in rats after CCl surgery for at least 3 weeks
(Andersen & Tufik, 2003). Additionally, increased brief arousals and NREM sleep fragmentation have
been reported in the SNI and CCl mouse models (Alexandre et al., 2024). Therefore, it is unlikely that
the less consolidated wakefulness bouts in the CIPN rats would provide a useful endpoint for CIPN
induced sleep disruption as this did not occur primarily through brief arousals in this study.

Despite there being no changes in the overall NREM or REM sleep bouts in CIPN rats that would
indicate sleep fragmentation the number of short NREM sleep bouts increased during ZT15-ZT18 in
the dark period in this study (Figure 5.8). This increased short NREM sleep bouts could indicate the
development of sleep fragmentation occurring at Day 6 after oxaliplatin treatment in the CIPN rats.
However, as there was no change in the overall average length or number of NREM sleep bouts the
generalisability of this increased number of short (<10s) bouts only at Day 6 during ZT15-ZT18 is
limited. There has been previous reported data of an increased number of overall NREM sleep bouts
in the sciatic nerve crush injury and common peroneal nerve ligation mouse models (Ho et al., 2024).
Additionally, in these sciatic nerve crush injury and common peroneal nerve ligation mouse models
the length of NREM sleep bouts had a corresponding decrease (Ho et al., 2024). Further evidence
from Alexandre et al. (2024) indicated that the development of sleep fragmentation through
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increased number and decreased length of NREM sleep bouts occurred in three surgical models of
neuropathic pain, but not in the CFA model of inflammatory pain or the capsaicin model of acute
pain (Alexandre et al., 2024). Therefore, the lack of definitive sleep fragmentation in this CIPN rat
model indicated that the development of sleep fragmentation and sleep disruption might be limited
to surgically induced models of neuropathic pain. Though further research into a multiple dose
oxaliplatin model of chronic CIPN would help to identify if the lack of sleep fragmentation is limited
to the transient single dose model of CIPN.

5.4.4 CIPN development decreased EEG power particularly theta power (NREM
sleep/wakefulness), sigma power (NREM/REM sleep) and gamma power (NREM sleep).

Various changes in EEG power during wakefulness have been reported to be associated with
neuropathic pain. Specifically, CIPN has been linked with a decrease in alpha and increase in beta
EEG power. This was demonstrated when CIPN patients increasing alpha and decreasing beta power
using NFB were able to reduce their pain (Prinsloo et al., 2017, 2018). In this study alpha and beta
power were not altered by CIPN development in rats during wakefulness at either ZT3-ZT6 or ZT15-
ZT18 (Figure 5.11, 5.12). Additionally theta power has been reported to increase in neuropathic pain
patients and in surgically induced preclinical neuropathic pain models (Koyama, LeBlanc, et al., 2018;
Mussigmann et al., 2022; Stern et al., 2006; Vuckovié, Gallardo, et al., 2018). Increased theta power
was not found in CIPN rats in this study and theta power was paradoxically decreased at Day 6
during ZT3-ZT6 (Figure 5.11). This was an unexpected result as increased theta power is one of the
more consistently reported changes in EEG power for neuropathic pain. Therefore, it appears that
alterations in EEG power during wakefulness in the CIPN rat model do not reflect the development
of neuropathic pain.

Whilst EEG power does not appear to be a useful neuropathic pain endpoint in CIPN rats, it is also
regularly used to assess sleep, particularly low frequencies during NREM sleep. In this study low
frequency EEG power was decreased in CIPN rats during NREM sleep. Specifically, delta power
decreased (though not significantly p=0.10) and theta power significantly decreased (Figure 5.11).
Though both changes were of a similar magnitude (10% decrease). Increased delta power during
NREM sleep has been associated with increased sleep quality (Long et al., 2021). Therefore, the
decreased low frequency EEG power during NREM sleep in the CIPN rats may indicate decreased
sleep quality. This reduced low frequency power in combination with the indication that CIPN rats
spent more time asleep and less time awake (Figure 5.6) suggests that the CIPN rats slept more but
that this sleep was of lower quality.

A possible cause of some of the EEG power changes in this study included the decreased theta
power during wakefulness, gamma power during NREM sleep and sigma power during NREM and
REM sleep was alterations in cognition. Chemotherapy treatment itself can be associated with
cognitive impairment termed chemo-brain (Liu et al., 2022). Part of this cognitive impairment
includes a disruption of learning, attention and working memory which often leads to subtle but
impactful changes on quality of life (Ahles & Saykin, 2007). Chemotherapy treatment has been
associated with decreased theta power in the hippocampus that is thought to be associated with
impaired learning and may have led to these changes in theta power during wakefulness in this
study (Nokia et al., 2012). Gamma oscillations during sleep are considered to relate to memory
consolidation, potentially through coupling with sleep spindles (usually sigma band) (Dalal et al.,
2010; Weber et al., 2021). This could mean that the decreased NREM sleep gamma power, along
with decreased NREM and REM sleep sigma power, may be related to chemotherapy induced
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alteration in memory and cognitive impairment (Dalal et al., 2010; Weber et al., 2021). These types
of cognitive impairments have previously been demonstrated in single dose oxaliplatin induced
models of CIPN where rats administered 6mg/kg oxaliplatin displayed cognitive impairment in novel
object recognition and conditioned fear response tasks (Johnston et al., 2017). This demonstrates
that some of the EEG power changes particularly decreased wake (theta), NREM sleep (sigma,
gamma) and REM sleep (sigma, gamma) power may have occurred due to oxaliplatin induced
cognitive impairment rather than through CIPN related changes.

Overall, EEG power changes did not appear to be a useful neuropathic pain endpoint in the transient
single dose CIPN model. Though decreased low frequency NREM sleep power may have indicated
reduced sleep quality in CIPN rats. Additionally, chemotherapy related changes in cognition could
have caused confounding alterations in EEG power particularly during NREM and REM sleep.

5.4.5 Limitations, improvements and future work.

Whilst this study provides some of the first results for the effects of CIPN on sleep/wake and EEG
recording changes in a preclinical model, it does have limitations that impact the generalisability of
results. A primary limitation of this study is the low number of animals (only 4 out of 9 rats) that
developed CIPN which may have increased the chance of both false positive and false negative
results (Faber & Fonseca, 2014). This likely would have left the study underpowered to detect
changes in sleep/wake and EEG power that otherwise could have been detected with a larger
sample size, especially those that showed trends towards significance. Using a cohort of rats at a
lighter bodyweight that aligns more closely with previously published CIPN studies may achieve the
expected >90% development rate of CIPN following oxaliplatin administration. Additionally, a multi-
dose regimen of oxaliplatin administration could be explored to compare the effects in a chronic
CIPN phenotype. However, as the rats in this study showed significant weight loss after a single dose,
this experimental design would again require the use of lighter weight/younger rats to better
tolerate the oxaliplatin administration and associated weight loss.

In this study only two 3 hour-long segments [3 to 6 hours after light onset (ZT3-ZT6) and 3to 6 h
after dark onset (ZT15-ZT18)] were visually scored and assessed. A preliminary analysis of the
automatic scoring using a SleepSign scoring algorithm was used to select ZT3-ZT6 and ZT15-ZT18 as
the time periods with the potential for the greatest differences between the pre and post oxaliplatin
recordings. However, as these areas identified only minor differences in sleep/wake behaviour and
EEG changes further manual scoring and analysis was determined to be unlikely to provide greater
insight into the sleep/wake changes of the CIPN rats. To better understand the potential effect of
homeostatic and circadian processes on CIPN induced changes in EEG and sleep/wake behaviour,
future studies should assess the entire 24 hour periods in the rat (Borbély et al., 2016). Particularly
as rodents are typically more active during the first period of the dark period (Steel et al., 2024)
there may be differences in their experience of evoked pain as they explore their environment
(Tokunaga et al., 2007). However, towards the end of the dark period when the homeostatic drive
for sleep increases and locomotion decreases, changes in sleep/wake and EEG may be more likely to
be driven by spontaneous pain (Borbély et al., 2016). As such future work should consider assessing
both the early and late stages of the light and dark period to identify the potential differences in EEG
measures of sleep/wake homeostasis, EEG power spectra or sleep/wake amounts between these
time periods. This that could help to identify sleep/wake and EEG endpoints of neuropathic pain in
preclinical CIPN models.
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The age/weight of the rats used in this study could be considered a limitation, particularly as this
may have caused the lack of CIPN development in 5 of the 9 rats at Day 4. However, cancer patients
are frequently diagnosed and treated later in life, which does not reflect the younger respective age
of rodents used in preclinical studies (Siegel et al., 2017). Therefore, the increased age of the rats
used in this study would better reflect the true situation of patients undergoing chemotherapy
treatment.

One other limitation of CIPN EEG studies is the difficulty of separating any changes caused by
oxaliplatin treatment from CIPN specifically. Oxaliplatin treatment has been associated with
cognitive dysfunction termed chemo-brain that may have caused some of the EEG spectral power
changes seen in this study (Liu et al., 2022). Future studies into the effect of neuropathic pain on
sleep/wake and EEG changes could look to use a model with less potential impact on EEG power
spectral analysis. However, this would continue to perpetuate the lack of understanding of the
impacts of CIPN on sleep/wake and EEG power changes for which further research is needed. Thus, a
better understanding of the impacts of oxaliplatin treatment, possibly at a lower non-CIPN dose
would be useful to distinguish between oxaliplatin induced and CIPN induced changes. Additionally,
a model that maintains a longer period of neuropathic pain development would allow for repeated
testing to confirm the development and maintenance of the changes and trends seen in this study.
This would also allow for the assessment of analgesic reversal of neuropathic pain induced changes
in sleep/wake and EEG recordings.

5.5 Conclusions

In conclusion, oxaliplatin treatment and subsequent CIPN development caused limited changes to
sleep/wake behaviour and EEG measures that are unlikely to prove useful as preclinical neuropathic
pain endpoints. A single 10mg/kg i.p. dose of oxaliplatin caused transient chemotherapy induced
peripheral neuropathy (CIPN) in less than half of the >600g rats used in this study, lower than the
expected >90% CIPN development that occurs in lighter (<300g) weight rats. The rats veered
towards spending more time asleep than awake after CIPN development. This sleep also appeared
to be of lower quality due to CIPN rats NREM sleep delta power decreasing. Wakefulness bouts were
less consolidated in the CIPN rats, though this was not accompanied by any changes in sleep bouts
or brief awakenings that would have confirmed sleep fragmentation. EEG power during wakefulness
did not demonstrate any of the anticipated changes of increased theta and beta power or decreased
alpha power which have previously been demonstrated in human CIPN patients or other preclinical
models. Though these changes in EEG power may have been overshadowed by EEG power changes
that could have occurred due to oxaliplatin induced cognitive impairment, rather than through CIPN
related changes. Overall, this study highlighted that changes in sleep/wake behaviour and EEG may
not be suitable for use as chemotherapy induced neuropathic pain endpoints. Further investigations
in a chronic model are required to confirm the preliminary findings of this study.
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Chapter 6: Sleep/wake behaviour and EEG changes in the CCl rat
model of neuropathic pain

6.1 Introduction

Alongside neuropathic pain models of specific metabolic disorders such as diabetes or the effects of
chemotherapy, surgically induced models of neuropathic pain are some of the most routinely used
(Rice et al., 2018). Surgically induced models of neuropathic pain provide some benefit over other
models due to the specific physical/inflammatory damage to the nerve fibres (van der Wal et al.,
2015). This can avoid the confounding factors of chemotherapy treatment and diabetes
development, aiding in the isolation of the impacts of neuropathic pain development specifically.
The specificity of surgical models comes about through the main pathophysiological change
occurring via injury and damage to the nerve fibre, without the metabolic changes of chemotherapy
or diabetes models of neuropathic pain (Berge, 2011). Surgically induced neuropathic pain in rodents
often models the effects of traumatic surgical or physical injuries in human patients (Bennett et al.,
2003; Challa, 2015). These surgically induced models typically focus on damaging the sciatic nerve
and various models have been generated that involve ligating, transecting, or constricting this nerve
at different locations (Challa, 2015).

6.1.1 Current research into sleep/wake behaviour and EEG changes in surgically induced
preclinical models.

One of the oldest and most published models of surgically induced neuropathic pain is the chronic
constrictive injury (CCl) model that was originally developed by Bennett and Xie (Bennett & Xie,
1988). Under anaesthesia loose ligatures of suture material are tied proximal to the trifurcation of
the sciatic nerve with no transection or additional crushing injury applied to the nerve fibre (Austin
et al., 2012). These ligatures cause an inflammatory immune response and oxidative stress induced
injury to the sciatic nerve leading to neuropathic pain development (Tan et al., 2009). A useful utility
of the CCl model is that animals present with both mechanical and thermal allodynia allowing it to
be used for the screening of potential analgesic compounds (Austin et al., 2012). The development
of neuropathic pain in the form of mechanical and thermal allodynia occurs as early as one day after
CCl surgery and can last over four months (Chen et al., 2019; Kontinen et al., 2003). This mechanical
and thermal allodynia typically only develops in the hind paw that surgery is conducted on
(ipsilateral) allowing the contralateral hind paw to be used as control or reference measurement
throughout the study. Animals also exhibit other behavioural characteristics after CCl surgery
including guarding of the hind paw, altered posture of the affected paw and sometimes decreased
locomotor activity (Austin et al., 2012; Bagriyanik et al., 2014). The CCl model has shown previous
evidence of forward translation as, similarly to the STZ model, it was involved in the approval of
pregabalin as a treatment for neuropathic pain (Field, Bramwell, et al., 1999).

The CCl model of peripheral neuropathic pain is easily reproducible, well characterised and
frequently used for behavioural pharmacology studies (Challa, 2015). In addition to its typical use for
modelling reflexive based thermal and mechanical allodynia, interests have increased around the
effects of CCl surgery induced neuropathic pain on sleep/wake behaviour and electroencephalogram
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(EEG) recordings. Differing results have been reported about the effects of CCl surgery on
sleep/wake behaviour and EEG. For instance, some studies have found that the amount of time
spent awake, in non-rapid eye movement (NREM) and rapid eye movement (REM) sleep can be
affected in the CCl model, particularly with increased wakefulness during the first few weeks
(Andersen & Tufik, 2003; Ho et al., 2024). However, others have reported no change in the amount
of time spent asleep in the CCl model, including a long-term study by Kontinen et al. (2003) which
identified no changes measuring up to 5 months after surgery (Alexandre et al., 2024; Kontinen et
al., 2003; Leys et al., 2013). These changes may be influenced by environmental conditions, as
Tokunaga et al. (2007) found no changes in CCl rats sleep/wake amounts until they were placed on
sandpaper flooring which decreased the total time spent asleep (Tokunaga et al., 2007).

Sleep fragmentation has been explored as a measure of neuropathic pain demonstrating more
consistent results. In particular, the number of arousals and disrupted NREM sleep bouts have been
demonstrated in: CCl rats (Andersen & Tufik, 2003), in the sciatic nerve crush injury mouse model
(Ho et al., 2024), in common peroneal nerve ligation models (Ho et al., 2024), in the spared nerve
injury mouse model (Alexandre et al., 2024), CCl mouse model (Alexandre et al., 2024) and in the
sciatic nerve crush mouse model (Alexandre et al., 2024). These results are consistent and the
efficacy of analgesic treatment has been demonstrated on increased brief arousals in some of these
models (Alexandre et al., 2024). However, it is yet to be seen if an automated scoring system is
sensitive enough to detect these changes which would allow for the application in high throughput
preclinical screening.

Besides changes in sleep/wake behaviour, neuropathic pain induced differences in EEG power
spectra have also been characterised in the CCl rat model. Extensive work by Carl Saab’s research
group has described increased theta power in the CCl rat model that was reversible with 10mg/kg
pregabalin analgesic treatment (Koyama, LeBlanc, et al., 2018). However, this protocol only utilises
very short (<15 minute) periods of EEG recordings meaning that it should be established if increased
theta power is present across extended time periods. The increased theta power identified in the CCI
rat model is consistent with the findings in human neuropathic pain patients that may help to
support the translatability of this measure as a neuropathic pain endpoint (Jensen et al., 2013;
Krupina et al., 2020; Michels et al., 2011; Sarnthein et al., 2005; Sarnthein & Jeanmonod, 2008; Stern
et al., 2006). However, increased theta power has not been identified in all preclinical neuropathic
pain studies. In a similar CCl rat model, Kontinen et al. (2003) did not find any changes in the EEG
power spectra frequency bands during either wakefulness or NREM sleep during a 5-month long
study (Kontinen et al., 2003). Whilst increased theta power is the most commonly reported change
in neuropathic pain patients, bidirectional changes in alpha power and increased beta power have
also been reported (Mussigmann et al., 2022). In the partial sciatic nerve ligation mouse model,
others have demonstrated increased EEG delta power that correlated with von Frey measurements
of paw withdrawal threshold (Li, Ge, et al., 2019). Whilst more data has come to light about the
effects of CCl surgery on sleep/wake behaviour and EEG, many of these results are conflicting, not
assessed together and not reversed with analgesics. Therefore, further characterisation is needed
into whether sleep fragmentation along with increased theta power (demonstrated in CCl rats and
patients), increased delta power (demonstrated in partial sciatic nerve ligation mouse model), or
increased beta power (demonstrated in patients) could be used as neuropathic pain endpoints in a
high throughput preclinical screening application.
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6.1.2 Novel analgesic test compounds with potential anti-depressive properties.

Correcting the comorbidities that come alongside neuropathic pain such as depression, anxiety and
sleep disruption are just as important as treating the pain itself (Nicholson & Verma, 2004). Drugs
that provide both analgesic efficacy and reduce comorbidities such as depression and sleep
disruption, that worsen pain outcomes, will likely provide greater benefit to patients when
compared to current treatments. Ketamine and psilocybin are two drugs that have previously shown
evidence for the treatment of depression were examined further in these experiments for their
impact on sleep/wake behaviour and EEG in the CCI model of neuropathic pain.

Ketamine is an N-methyl-D-aspartate (NMDA) receptor antagonist, that is approved for use as an
anaesthetic agent, has shown evidence for other applications when used at a subanaesthetic dose
including as an anti-depressant and analgesic (Kurdi et al., 2014). Recently, ketamine has
demonstrated both clinical (Bratsos et al., 2019) and preclinical (Kantor et al., 2023) evidence for its
use as a novel anti-depressant including use against preclinical models of treatment resistant
depression (Kantor et al., 2023). Ketamine has also been extensively studied in a range of preclinical
neuropathic pain models including the CCl model. A recent review by Velzen et al. (2021) captured
the extent of this preclinical testing and highlighted the efficacy of a single administration of
between 1-50mg/kg ketamine to effectively reverse neuropathic pain in the first 3 hours (Velzen et
al., 2021). However, the analgesic effects of a single dose of ketamine do not last until the next day,
although repeated administration can produce longer lasting analgesia in rodents (Velzen et al.,
2021). In human randomised control trials ketamine has demonstrated efficacy in reducing
neuropathic pain in patients, though this does come with adverse effects of discomfort and
psychedelic effects (Guimaraes Pereira et al., 2022). Ketamine is not yet officially licensed for use in
neuropathic pain management. Although, it is still used both off label as well as at “ketamine clinics”
in the USA and UK, where patients can pay for ketamine infusions (Voute et al., 2022). A key
limitation for the use of ketamine is the abuse potential caused by its dissociative, hallucinogenic
and reinforcing properties that have led to it become a controlled substance in most countries (Liu
et al., 2016). Whilst the analgesic and antidepressant properties of ketamine appear clear, its impact
on preclinical EEG based measurements of neuropathic pain have yet to be established and could
provide additional supportive evidence for its clinical use.

Psilocybin has also proved to be effective as an anti-depressant treatment in recent human
randomised controlled trials (Bornemann et al., 2021; Davis et al., 2021). Psilocybin (O-phosphoryl-
4hydroxy-N, N-dimethyltryptamine) is a secondary metabolite isolated from over 200 different fungi
with Psilocybe Cubensis being the most widespread (Lowe et al., 2021). It is rapidly metabolised into
its active metabolite psilocin (4-hydroxy-N, N-dimethyltryptamine) which is an agonist for
serotonergic 5-HTa receptors in the pre-frontal cortex (Vollenweider & Preller, 2020). A key benefit
of psilocybin over other psychedelics is its safety profile which is considered to be one of the most
favourable of the classic psychedelics particularly with reduced abuse potential (Hendricks et al.,
2015; Ziff et al., 2022). Although both psilocybin and ketamine have anti-depressant properties,
psilocybin may be superior to ketamine because of its smaller side effect profile. However, there is
limited preclinical and clinical data available to support the efficacy of psilocybin in treating
neuropathic pain. Some clinical results indicate that psilocybin self-medication may improve chronic
pain (Bornemann et al., 2021) and that micro-dosing improved pain without the psychedelic
experiences, according to a case study (Lyes et al., 2023). Preclinical data is sparse with some
evidence that psilocybin improved mechanical allodynia in the formalin chronic inflammatory pain
model (Kolbman et al., 2023). Whilst the only available evidence of psilocybin’s efficacy in a
preclinical neuropathic pain model indicated that psilocybin reversed mechanical and thermal
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sensitivity in a paclitaxel mouse model (Koseli et al., 2023). Though this report has currently only
been presented in conference proceedings so should be considered as a preliminary finding. Whilst
the evidence of psilocybin antidepressant properties is clear, there is limited evidence for its
analgesic efficacy.

In summary, psilocybin and ketamine both show anti-depressant properties, psilocybin has a better
side effect profile but there is more evidence that supports ketamine’s analgesic property. Neither
ketamine or psilocybin have been examined in a preclinical model of neuropathic pain using
sleep/wake behaviour and EEG as endpoints. Therefore, this study aimed to identify if sleep/wake
behaviour and EEG endpoints of neuropathic pain can be detected in CCl rats using an automated
scoring and EEG analysis system that is suitable for high throughput preclinical screening.
Additionally, this study aimed to identify if these endpoints are reversible by the first line human
neuropathic pain treatment pregabalin along with the novel analgesic ketamine and potential
analgesic psilocybin.

6.1.3 Aims and hypotheses.

The primary aim of this study was to identify sleep/wake and EEG changes that could be used as
neuropathic pain endpoints and reversed with standard (pregabalin), novel (ketamine) and possible
(psilocybin) analgesic compounds.

The classical evoked endpoint of von Frey paw withdrawal threshold was used to confirm
mechanical allodynia, a standard measure of neuropathic pain onset and maintenance. This was
anticipated to be reduced by CCl surgery and reversed by test compounds. The contralateral hind
paw that did not have CCl surgery conducted was used an internal paired control measure.

Locomotor activity was measured to identify any reduction in CCl rat ambulation that could indicate
neuropathic pain onset and could be reversed by test compounds.

Due to the conflicting results in the CCl model as to whether the amount of sleep is affected by
neuropathic development, sleep/wake changes were monitored across the study. This study also
assessed if this could be reversed by test compounds.

The development of sleep fragmentation was monitored as published results suggest it provides a
more consistent measure of neuropathic pain induced changes in sleep/wake behaviour. The aim
was to identify sleep fragmentation using an automated sleep scoring algorithm and reverse the
possible changes in sleep fragmentation with the test compounds.

Since changes in EEG power spectra, particularly increased theta power have been used as a
neuropathic pain endpoint in the CCl model previously, changes in EEG power spectra were
monitored throughout the study and it was tested whether these changes could be reversed with
the test compounds.

6.1.4 Abbreviations.

CCl - chronic constrictive injury, EEG — electroencephalogram, EMG — electromyogram, FFT — fast
Fourier transformation, ZT — Zeitgeber time, REM — rapid eye movement, NREM — non-rapid eye
movement, NMDA — N-methyl-D-aspartate SEM — standard error of the mean, i.p. — intraperitoneal,
p.o.—oral, s.c. — subcutaneously, OFT — open field testing.
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6.2 Methods
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Figure 6.1) Timeline of the study depicting the days before and after CCl surgery on Day 0. The days
on which von Frey paw withdrawal threshold measurements were taken, and EEG recordings were
started. The timepoints that vehicle, 10mg/kg pregabalin, 10mg/kg ketamine and 3mg/kg psilocybin
were administered are also denoted.

6.2.1 Ethics statement.

All research procedures/experiments were performed in accordance with Animals Scientific
Procedures Act 1986 & European Directive 2010/63/EU. All studies performed were approved by the
Discovery Park Animal Welfare and Ethics Review Body and comply with the home office guidelines
and codes of conduct. All work was authorised under Discovery Park home office establishment
licence and project licence titled: Translational pharmacology for drug discovery.
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6.2.2 Animals and EEG surgery.

17 Adult male Sprague Dawley rats (180-200g) on arrival, Charles River, UK were previously surgically
implanted under general anaesthesia with telemetry devices (HD-S02; Data Sciences International,
USA) to measure frontoparietal EEG and electromyogram (EMG) from neck extensor muscles. EEG
implantation surgery was conducted as described in Chapter 5 to implant EEG and EMG electrodes
for recording biopotentials from Sprague Dawley rats. These rats were previously used in sleep/wake
behaviour and/or evoked potential studies at Transpharmation LTD and 17 were approved for re-use
in the present study by a veterinarian. Thank you to the technical staff at Transpharmation LTD for
conducting the EEG surgery.

6.2.3 Environmental conditions.

Rats were housed in groups of 2 or 3 with environmental enrichment provided and regularly
replaced and maintained on a 12:12 h light-dark cycle [lights on: 08:00 / Zeitgeber time 0 (ZT0)]
throughout the study. A constant temperature (21 + 1°C) and relative humidity (55£15%) was
maintained in the housing environment with food and water available ad libitum. During EEG
recordings, rats were placed in individual recording chambers in a sound-attenuated room with a
12:12 h light-dark cycle [lights on at 08:00 (ZTO0), lights off at 20:00 (ZT12)], constant temperature (21
+ 1°C) and relative humidity (55+15%), with food and water available ad libitum.

6.2.4 CCl surgery.

All rats (600-860g at time of CCl surgery) were administered 5mg/kg carprofen (Zoetis, UK)
subcutaneously (s.c.) 30-minutes prior to surgery conducted on Day 0 (Figure 6.1). Rats were
inducted with ventilated isoflurane anaesthesia mixed with oxygen (3:1, 1L/min) and placed on a
warming pad to maintain body temperature. The site of the incision in the upper thigh of the left
hind leg was shaved clean of fur and sterilised with HibiScrub (Chlorhexidine gluconate 4.0%). A 1cm
incision was made in the upper thigh and the biceps femoris muscle layer was dissected with a blunt
pair of scissors to reveal the common sciatic nerve. Four loops of 4.0 Catgut Chrome (SMI, Belgium)
suture material were tied loosely around the nerve fibre spaced evenly apart and excess from the
knots were trimmed. The nerve fibre was replaced in the muscle ensuring there were no twists in
the nerve fibres and the skin was sutured using a box stitch and absorbable Vicryl (Ethicon, USA)
suture material. Rats were placed into a 27°C warming box to ensure body temperature was
maintained and closely monitored during their recovery for breathing rate and signs of discomfort.
An additional 5mg/kg dose of carprofen was administered if required to any rats demonstrating
signs of distress. Once the rats were awake and regained their righting reflex in the warming box,
they were replaced in a single level post-surgery cage with their original cage mates including soft
bedding, additional enrichment wet mash food to aid with recovery. Rats were closely monitored for
recovery in the 5 days following surgery for changes in vocalisation, bodyweight, grimacing,
autophagy including the administration of 5mg/kg carprofen for 3 days following surgery. Thank you
to the technical staff at Transpharmation LTD for conducting the CCl surgery.

154



6.2.5 Mechanical allodynia.

Von Frey paw withdrawal threshold was measured using the same protocol detailed in Chapter 2
included using the same monofilament range 0.4,0.6, 1, 1.4, 2, 4, 6, 8, 10, 15, 26; g (not the
increased 0.16-60g range used in Chapter 3). All von Frey testing was conducted on solo rats as
undertaken in Chapter 2 and 3. The paired testing of von Frey as in Chapter 4 was not used due to
the size of the rats (600-860g). In the present study all von Frey measurements were taken in both
the ipsilateral (left) and contralateral (right) hind paw to allow for a measurement of the impact of
CCl surgery and use of the contralateral paw as an additional time matched within animal control.

Paw withdrawal threshold was evaluated three times before CCl surgery (Days -6,-5,-4 before CCl
surgery). The average of the last two pre CCl surgery von Frey timepoints was used as the baseline
measurement (Day -5&-4). After CCl surgery the development and maintenance of mechanical
allodynia was monitored repeatedly in CCl rats throughout the 6-week study (Days 7, 9, 18, 25, 37
after CCl surgery) (Figure 6.1). The effects of 10mg/kg pregabalin, 10mg/kg ketamine and vehicle
administration on mechanical allodynia was assessed using a crossover study design at three
timepoints (Day 16, 23, 30). The effects of 3m/kg psilocybin on von Frey paw withdrawal threshold
were measured on Day 37 with all CCl rats receiving the same dose. Psilocybin was administered
separately from pregabalin, ketamine and vehicle based on previous reports of long washout periods
being required that could have impacted other test compounds in a crossover design (Shore et al.,
2024). Paw withdrawal threshold measurements were repeatedly taken at 1, 2 and 4 hours after test
compound administration.

6.2.6 EEG recordings.

Rats were placed in individual recording chamber and EEG, EMG and locomotor activity were
recorded for up to 24 hours prior to CCl surgery on Day -4 (Baseline) and after CCl surgery on Day 3,
7,9, 19 and 25 to monitor the development of changes in sleep/wake and EEG recordings. The
effects of 10mg/kg pregabalin, 10mg/kg ketamine and vehicle administration on EEG, EMG and
locomotor activity recordings were assessed using a crossover study design at three timepoints (Day
15, 21, 28). The effects of 3mg/kg psilocybin on EEG, EMG and locomotor activity recordings were
tested on Day 35. EEG, EMG and locomotor activity signals were detected by an antenna (RPC-1,
Data Sciences International, USA) placed below the recording cages. On days without test compound
administration (Day 3, 7, 9, 19, 25) recordings began from the time the rats were placed in the
recording chamber as close to ZT5 (5 hours after light onset) as possible. On drug treatment days
(Day 15, 21, 28, 35), the recordings started at the time of compound administration that was as close
to ZT5 as possible. Recordings stopped approximately 24 hours later at around ZT5, however, only
23 hours were analysed and presented as the 24th hour of the recordings were often incomplete.

6.2.7 EEG processing and automatic scoring.

All data was aligned to the time the rats were placed in the recording chamber (approximately ZT5)
(Day -4, 3, 7,9, 19 and 25) or the time when they were dosed with test compounds (pregabalin,
ketamine, psilocybin and vehicle). Sleep/wake epochs were defined as “non-overlapping 10-second
(s) time segments”. EEG was analysed using short-time fast Fourier transformation (FFT:
amplitude/second, 1-second non-overlapping, unpadded Hann windows), producing 1-100Hz
spectra with 1Hz frequency resolution. For each epoch, the resulting spectra were reduced to the
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median value for each frequency, and the area under the curve was used to calculate quantitative
EEG values for the following frequency bands: delta (1-4Hz), theta (4-7Hz), sigma/alpha (8-12Hz),
beta (13-30Hz), gamma (30-100Hz). EMG data was digitally bandpass filtered (50-150 Hz), rectified,
summed in 1-second bins and median values were calculated for each epoch. Locomotor activity was
rectified and summed to generate the epoch values.

10s epochs were automatically scored as wakefulness (Wake), non-rapid-eye-movement (NREM)
sleep or rapid eye movement (REM) sleep, using proprietary Transpharmation LTD software. Briefly,
wakefulness was defined as active movement, or high EMG tone with high EEG gamma power.
NREM sleep was defined as inactivity combined with lower muscle tone and low EEG gamma power.
REM sleep was defined as inactivity combined with very-low muscle tone and high EEG gamma
power. All scoring was quality-checked by confirming identification of data-clouds corresponding to
each vigilance state. Signal loss (missing data) during acquisition was defined as two or more
consecutive samples of value “0” (for both EEG and EMG). Fast, high-amplitude electrical spiking
artefacts were detected and also treated as missing data. EEG spectral estimates for a 1-second
window were invalidated if more than 10% of the samples in that window were missing.

6.2.8 Automatic scoring accuracy assessment.

To validate the automatic sleep scoring system, the results of previously manually scored and
published EEG recordings were compared with the results generated by the automatic scoring
system (Kantor et al., 2023). Each 10s epoch was compared for the accuracy of the automatic scoring
system to correctly score each 10s as either wakefulness, NREM sleep or REM sleep. The automatic
scoring system achieved a 93.9% match for wakefulness epochs, 92.6% match for NREM sleep epoch
and an 82.7% match for REM sleep epochs. The overall accuracy when comparing all 10s epochs
scored manually versus automatically was 91.8% and therefore deemed accurate enough to be used
for this dataset.

6.2.9 EEG analysis.

To quantify if CCl surgery and/or drug treatment (pregabalin, ketamine, vehicle, psilocybin) altered
sleep/wake behaviour, the percentage of time that the rats spent in each behavioural state of
wakefulness, NREM and REM sleep was assessed. To measure the propensity for NREM and REM
sleep the length of time (latency) between hour 0 and the first uninterrupted bout of 180s of NREM
sleep was recorded as the latency to NREM sleep. Similarly, the length of time between hour 0 and
the first uninterrupted 60s bout of REM sleep was recorded as the latency to REM sleep. Any
changes to the rat’s ambulation were assessed as the amount of locomotor activity the rats
conducted measured by the HD-S02 devices implanted into the rats.

Changes in sleep/wake behaviour were further assessed for sleep fragmentation by measuring the
duration and total number of wakefulness, NREM and REM sleep bouts to identify sleep
fragmentation. In addition, the distribution of sleep/wake bout lengths was also assessed by
calculating the total number of short (<10s), medium (10-50s wake & REM sleep, 10-150s NREM
sleep) and long (>50s wake & REM sleep, >150s NREM sleep) bout lengths.

To understand the changes in the frequency content of the recorded signal, power spectral analysis
of the EEG recording was performed. To determine any changes in specific frequency bands, the
area under the curve (AUC) of the EEG power spectrum in the delta (1-4Hz), theta (4-7Hz),
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sigma/alpha (8-12Hz), beta (13-30Hz), gamma (30-100Hz) were calculated during wakefulness,
NREM and REM sleep.

The locomotor activity along with the percentage of time rats spent asleep or awake were assessed
at each hour of the 23 hour recordings that were analysed. These measurements along with all other
sleep/wake and EEG measurements were analysed as the combined effects across two 6 hour
sections of ZT5-ZT11 in the light period (hours 0-6 of the recording) and a corresponding 6 hour
portion from ZT17-ZT23 in the dark period (hours 12-18 of the recording). These sections were
selected for analysis as ZT5-ZT11 was the longest uninterrupted section of the light period after the
drug treatments (pregabalin, ketamine, vehicle, psilocybin) that could be captured. Whilst ZT17-2T23
was selected as the corresponding period during the dark period of equal length to identify any
differences in sleep/wake and EEG measures that may have been differentially affected during these
periods.

6.2.10 Test compounds.

Pregabalin 10mg/kg (Ochem, USA) p.o. dissolved in drinking water, Ketamine 10mg/kg (Tocris, USA)
s.c. dissolved in saline 0.9% NaCl (Baxter), psilocybin 3mg/kg i.p. dissolved in saline 0.9% NaCl
(Baxter) along with the vehicle of saline 0.9% NaCl (Baxter) s.c. were the selected test compounds in
this study. Pregabalin at 10mg/kg was selected as a first line treatment reference compound based
on the findings in Chapter 3 that this dose reversed mechanical allodynia without excessive
somnolence. Ketamine at 10mg/kg was selected based on this dose being effective as an
antidepressant (Kantor et al., 2023) and within the effective dose range reported to have analgesic
efficacy in rat models of neuropathic pain (Velzen et al., 2021). Psilocybin at 3mg/kg was selected
based on previous studies at Transpharmation LTD identifying that this dose appeared to be
effective as an antidepressant (unpublished observations).

6.2.11 Blinding and exclusion or inclusion criteria.

All 17 Sprague Dawley rats underwent CCl surgery (Day 0) on the left hind paw which was successful
in all rats. Four rats were excluded from further assessment within the first three weeks after CCl
surgery, one due to autotomy injury to the left hind paw and three due to health complications
unrelated to the CCl surgery. The EEG and von Frey data of these four rats were excluded from data
analysis. One rat was terminated 32 days after the CCl surgery (Day 32), prior to the psilocybin
treatment, due to health complications unrelated to the CCl surgery. Data from this rat was still
included in the CCl and EEG analysis due to providing data at most timepoints. One rat’s data was
not collected on Day 9 due to technical complications but had data at all other timepoints and it was
included in the study. One rat’s EEG signal quality was not suitable for automated EEG analysis and
was excluded from EEG data analysis. The von Frey data collection was conducted blind to the rats
treatment condition. An exclusion criterion of a >50% change from baseline at the Day 7&9
timepoint was set for inclusion in the study to confirm the onset of mechanical allodynia
development. All rats developed mechanical allodynia and were include in von Frey and EEG
analysis. This resulted in an n=12-13 for von Frey testing and an n=11-12 for all other measures.
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6.2.12 Statistics.

To compare the results from the development of neuropathic pain and test compound reversal one-
way or two-way mixed model analysis of variance (ANOVA) was used followed by Dunnet’s post hoc
test. Two-way ANOVA was used to compare locomotor activity and sleep/wake amounts measured
across the 23 hour recording period. One way ANOVA was used to compare all the other
measurements (Prism 10.2; GraphPad, San Diego, CA USA). A p value of <0.05 was considered
statistically significant for all data. All data is reported as mean + SEM.

6.3 Results

6.3.1 CCl surgery caused mechanical allodynia that was reversed by pregabalin and
ketamine.

Mechanical allodynia developed in all rats from Day 7 to Day 37 after CCl surgery in the ipsilateral
paw with no change in the contralateral paw. Paw withdrawal threshold was measured through von
Frey monofilament application using the up-down method in both the ipsilateral (Figure 6.2A) and
contralateral hind paw (Figure 6.2B). In all 13 rats paw withdrawal threshold decreased by >50% in
the ipsilateral paw at Day 7 compared with the baseline (Day -5&-4) timepoint demonstrating
development of mechanical allodynia. Additionally, as all rats paw withdrawal threshold decreased
by >50% they all reached the inclusion criteria and could all be included in all analysis. The decreased
paw withdrawal threshold was maintained throughout the study in the ipsilateral paw at <4g after
CCl surgery compared to the 20.8g at the baseline timepoint [F(5,59) = 109.9, p<0.001] (Figure 6.2A).
In the contralateral hind paw that did not have CCl surgery conducted to it, there was no change in
paw withdrawal threshold at any timepoint with all remaining >19g [F(5,59) = 0.525, p=0.756]
(Figure 6.2B). This demonstrates that CCl surgery successfully induced mechanical allodynia in all rats
which can be considered as the development of neuropathic pain.

Pregabalin and ketamine administration successfully reversed mechanical allodynia, but not
psilocybin. Compared to the development of mechanical allodynia at Day 7&9, 10mg/kg pregabalin
reversed the mechanical allodynia induced by CCl surgery at one, two and four hours after
administration in the ipsilateral hind paw [F(12,141) = 11.06, p<0.001] (Figure 6.2C). Pregabalin
increased paw withdrawal latency from 3.2g at Day 7&9 to over four times as much at 15g by hour
one, which further increased to 18.9g by hour four. Ketamine (10mg/kg) administration also
reversed mechanical allodynia at the first and fourth hour (Figure 6.2C). At the first hour after
ketamine administration, the CCl rats paw withdrawal thresholds increased to 15g, similar to
pregabalin at this hour. The increased paw withdrawal threshold was not maintained at hour two
after ketamine administration with the average response at 8.5g (Figure 6.2C). Ketamine
administration at hour four increased paw withdrawal thresholds compared to the Day 7&9
timepoint to 9.7g. Psilocybin (3mg/kg) administration did not significantly increase paw withdrawal
threshold at either one, two or four hours after administration (Figure 6.2C). To ensure these effects
were related the test compounds and not to the vehicle or any environmental conditions the effect
of vehicle administration alone were examined. There was no effect of vehicle administration on
paw withdrawal thresholds which did not increase above 5.3g compared to the 3.3g at the Day 7&9
timepoint. The effect of all three test compounds and vehicle administration was assessed on the
contralateral paw. Pregabalin, ketamine and vehicle caused no effect on contralateral paw
withdrawal threshold [F(12,141) = 5.70, p<0.001] (Figure 6.2D). Unusually, psilocybin administration
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at hour two and four decreased the contralateral paw withdrawal threshold from 21.2g at Day 7&9
to 13.9g and 14.8g at hour two and four respectively (Figure 6.2D). Measuring paw withdrawal
thresholds confirmed neuropathic pain onset after CCl surgery and that 10mg/kg pregabalin and
10mg/kg ketamine administration successfully reversed this neuropathic pain.
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Figure 6.2) CCl surgery induced a sustained level of neuropathic pain that was reversed by 10mg/kg
pregabalin and 10mg/kg ketamine treatment. The change in von Frey paw withdrawal threshold was
measured at baseline (Day -5&-4) and at Days, 7, 9, 18, 25 and 37 after CCl surgery in the ipsilateral
(A) and contralateral (B) hind paw. The reversal of any changes to paw withdrawal threshold was
assessed with vehicle, 10mg/kg pregabalin, 10mg/kg ketamine (Days 16, 23, 30) and 3mg/kg
psilocybin (Day 37) at 1, 2 and 4 hours after test compound administration in the ipsilateral (C) and
contralateral (D) hind paw. (A,B) ***p<0.001 vs Day -5&4. (C,D) *p<0.05, **p<0.01, ***p<0.001 vs
Day 78&9. All data is reported as mean + SEM, n=12-13 (A-D).

6.3.2 Locomotor activity was reduced in CCl rats and normalised by ketamine.

To identify if there were any changes in the rat’s ambulation and activity after CCl surgery, the
amount of locomotor activity was assessed. In CCl rat’s locomotor activity progressively decreased
after CCl surgery from as early as Day 3 and was later reversed by ketamine. Across the full 23 hour
time course of the recording, locomotor activity decreased at Days 7, 9, 19 and 25 during the first
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two hour of the recording [Time: F(22,1430) = 42.90, p<0.001], [Treatment: F(5,65) =9.23, p<0.001],
[Interaction: F(110,1430) = 2.08, p<0.001] (Figure 6.3A). Additionally during the dark period (ZT12-
ZT0) locomotor activity decreased at various points on all recording days, particularly during the final
hour of the dark period (Figure 6.3A). When assessing the ability of test compounds to improve
locomotor activity 10mg/kg ketamine increased locomotor activity during the first hour after
administration back to similar levels of the baseline activity [Time: F(22,1188) = 26.34, p<0.001],
[Treatment: F(4,54) = 10.44, p<0.001], [Interaction: F(88,1188) = 2.83, p<0.001] (Figure 6.3B).
Additionally, 10mg/kg pregabalin increased locomotor activity during the final hour of the dark
period (ZT23-ZT0). Whilst 3mg/kg psilocybin further decreased locomotor activity during the final
hour of the recording (ZT3- ZT4).

These effects of decreased locomotion in CCl rats that and reversal by ketamine administration were
further highlighted when assessing the first six hours of the recording after test compound
administration (ZT5-ZT11 during the light period) and an equivalent portion of the dark period (ZT17-
ZT23). During ZT5-ZT11, locomotor activity progressively declined at Day 7 reaching a level
significantly (32%) lower than baseline (Day -4) [F(5,54) = 8.818, p<0.001] (Figure 6.3C). The amount
of locomotor activity further declined by Day 9 with CClI rats spending half as much time active
compared with baseline. This reduction in locomotor activity maintained at this level on Day 19 and
Day 25 as well (Figure 6.3C). A similar effect of reduced locomotor activity was also identified during
ZT17-ZT123 in the dark period, though the reduction began even earlier at Day 3 [F(5,54) =12.93,
p<0.001] (Figure 6.3D). This again reached a stable reduction in locomotor activity with Day 9, Day
19 and Day 25 being ~40% lower than baseline (Day -4) (Figure 6.3E). Ketamine (10mg/kg) returned
locomotor activity back to baseline levels and increased locomotor activity by 66% above the vehicle
treatment level during the first six hours after administration (ZT5-2T11) [F(4,43) = 9.652, p<0.001]
(Figure 6.3D). However, neither 10mg/kg pregabalin nor 3mg/kg psilocybin had any effect on
locomotor activity during ZT5-ZT11 (Figure 6.3D). Though locomotor activity was reduced during
ZT17-2T723, the effects of ketamine did not remain as the reduction in locomotor activity in CCl rats
was not reversed by any of the test compounds at this time period [F(4,43) = 18.91, p<0.001] (Figure
6.3F). Overall, locomotor activity decreased in CCl rats indicating impaired ambulation that was only
reversed by ketamine not pregabalin or psilocybin during the first six hours after administration.
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Figure 6.3) CCl rats Locomotor activity decreased from Day 3 after CCl surgery and which was
reversed by ketamine. The average locomotor activity of the rats at baseline (Day -4) were compared
to Days 3, 7,9, 19 and 25 after CCl surgery at each hour (A), during ZT5-ZT11 (C) and ZT17-ZT23 (E).
The effect of vehicle, 10mg/kg pregabalin, 10mg/kg ketamine (Days 15, 21, 28) and 3mg/kg
psilocybin (Day 35) on locomotor activity were also assessed at each hour (B), during ZT5-ZT11 (D)
and ZT17-ZT23 (F). (A) *p<0.05, **p<0.01, ***p<0.001 Day 3 vs baseline, $p<0.05, $$p<0.01, $$$p<0.001 Day 7 vs
baseline, ##p<0.01, ###p<0.001 Day 9 vs baseline, %p<0.05, %%p<0.01, %%%p<0.001 Day 19 vs baseline, &p<0.05,
&&p<0.01, &&&p<0.001 Day 25 vs baseline. (B) *p<0.05, **p<0.01, ***p<0.001 baseline vs vehicle, $p<0.05 pregabalin vs
vehicle, #p<0.05 psilocybin vs vehicle, %%%p<0.001 ketamine vs vehicle. (C-F) *p<0.05, ***p<0.001 vs baseline. (D,F)

$p<0.05, $55p<0.001 vs vehicle. Grey shaded area denotes dark period. Dashed boxes indicate ZT5-ZT11 (left) and ZT17-
ZT23 (right). Black arrow denotes time of test compound administration. All data is reported as mean + SEM, n=11-12 (A-F).
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6.3.3 CCl rats spent more time in NREM sleep at the expense of wakefulness which was
corrected by ketamine.

Firstly, the CCl rat’s sleep was analysed as how much time the rats spent awake, in NREM sleep or in
REM sleep throughout the full 23 hour recording. The general trend was that the amount of NREM
and REM sleep increased at the expense of wakefulness in the rats after CCl surgery, with ketamine
demonstrating the most robust reversal of these effects. After CCl surgery the amount of time the
rats spent awake decreased during the first two hours (ZT5-ZT7) of the recording and throughout
much of the dark (ZT12-ZT0) period [Time: F(22,1430) = 79.95, p<0.001], [Treatment: F(5,65) = 13.83,
p<0.001], [Interaction: F(110,1430) = 2.29, p<0.001] (Figure 6.4A). Whilst the main effect of the test
compounds occurred during the first two hours as ketamine increased wakefulness at both hours
and psilocybin increased wakefulness at the second hour [Time: F(22,1188) = 49.55, p<0.001],
[Treatment: F(4,54) = 12.08, p<0.001], [Interaction: F(88,1188) = 3.78, p<0.001] (Figure 6.4B).

During NREM sleep the opposite effect occurred with CCl rats having an increased propensity for
sleep, spending more time asleep during the first two hours (ZT5-ZT7) and throughout much of the
dark (ZT12-ZT0) period [Time: F(22,1430) = 84.45, p<0.001], [Treatment: F(5,65) = 11.38, p<0.001],
[Interaction: F(110,1430) = 2.33, p<0.001] (Figure 6.4C). Ketamine again effectively reversed the
increased propensity for sleep in the first two hours (ZT5-ZT7) however, psilocybin produced mixed
results [Time: F(22,1188) = 59.29, p<0.001], [Treatment: F(4,54) = 9.34, p<0.001], [Interaction:
F(88,1188) = 3.91, p<0.001] (Figure 6.4D). Psilocybin initially decreased the excess NREM sleep at the
second hour (ZT6-ZT7) but further increased the amount of time CCl rats spend in NREM sleep from
ZT8-ZT10 (Figure 6.4D).

The amount of time spent in REM sleep marginally increased in the CCl rats primarily at the second
hour (ZT6-2ZT7) of the recording and the first hour of the dark period (ZT12-ZT3) [Time: F(22,1430)
=39.11, p<0.001], [Treatment: F(5,65) = 5.07, p<0.001], [Interaction: F(110,1430) = 1.56, p<0.001]
(Figure 6.4E). All three test compounds decreased the amount of time CCl rats spent in REM sleep
during the first few hours after administration [Time: F(22,1188) = 17.58, p<0.001], [Treatment:
F(4,54) = 1.52, p<0.001], [Interaction: F(88,1188) = 3.91, p<0.001] (Figure 6.4F). However, psilocybin
and ketamine decreased REM sleep below baseline levels with almost no REM sleep occurring during
the first two hours of the recording. For ketamine the decreased REM sleep was maintained across
the first 3 hours (ZT5-ZT8) and psilocybin supressed REM sleep for 5 hours after administration (ZT5-
ZT10) (Figure 6.4F). These results highlighted that CCl rats spend more time asleep at the expense of
wakefulness that was corrected by ketamine treatment.
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Figure 6.4) CCl rats spent more time awake and less time in NREM sleep which was reversed by
ketamine. The effect of CCl surgery on the percentage of time spent awake (A), in NREM sleep (C)
and REM sleep (E) at Days 3, 7, 9, 19 and 25. The effect of vehicle, 10mg/kg pregabalin, 10mg/kg
ketamine (Days 15, 21, 28) and 3mg/kg psilocybin (Day 35) on the percentage of time spent awake
(B), in NREM sleep (D) and REM sleep (F). (A,C,E) *p<0.05, **p<0.01, ***p<0.001 Day 3 vs baseline, $p<0.05,
$$p<0.01 Day 7 vs baseline, #p<0.05, ##p<0.01, ###p<0.001 Day 9 vs baseline, %p<0.05, %%p<0.01, %%%p<0.001 Day 19 vs
baseline, &p<0.05, &&p<0.01, &&&p<0.001 Day 25 vs baseline. (B,D,F) *p<0.05, **p<0.01, ***p<0.001 baseline vs vehicle,
$p<0.05, $5p<0.01 pregabalin vs vehicle, #p<0.05, ##p<0.01, ###p<0.001 psilocybin vs vehicle, %p<0.05, %%p<0.01,

%%%p<0.001 Ketamine vs vehicle. Grey shaded area denotes dark period and black arrow denotes time of test compound
administration. All data is reported as mean £ SEM, n=11-12 (A-F).
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To more specifically assess the effects of CCl surgery and the drug treatments on the amount of time
the rats spend awake and sleep, the first six hours after drug administration (ZT5-ZT11 in the light
period) along with a corresponding period of the dark period (ZT17-ZT23) were individually analysed.
The overall effects of CCl surgery on the amount of time the CCl rats spend awake, in NREM sleep
and REM sleep during ZT5-ZT11 in the light period indicated that CCl rats spent more time asleep
and less time awake which reversed by Day 25. The amount of time rats spent awake during the first
six hours of the recordings (ZT5-ZT11) progressively declined after CCl surgery by 15% reaching 20%
at Day 9 compared with 35% at baseline (Day -4) [F(5,54) = 7.56, p<0.001] (Figure 6.5A). However, by
Day 25 wakefulness had increased back to 29% (Figure 6.5A). NREM sleep in CCl rats increased by
10% at Day 9 and 8% at Day 19 before returned back to baseline (Day -4) levels at Day 25 [F(5,54)
=6.93, p<0.001] (Figure 6.5C). Whilst REM sleep was only increased on Day 9 from 10.5% to 13.5%
compared to baseline during ZT5-ZT11 [F(5,54) = 3.52, p=0.008] (Figure 6.5E). This demonstrated
that during ZT5-ZT11 in the light period CCl rats spent more time awake at the expense of sleep.
Though this increased propensity for sleep did not remain throughout the 25 days studied when
assessed during ZT5-ZT11 in the light period. The increased NREM and REM sleep amount at the
expense of wakefulness was more robust during ZT17-ZT23 in the dark period (Supp figure 6.13).
During this ZT17-ZT23 period, the amount of time CCl rats spent awake progressively declined
[F(5,54) =16.81, p<0.001] (Supp figure 6.13A), whilst the propensity for NREM [F(5,54) = 15.54,
p<0.001] (Supp figure 6.13C) and REM sleep [F(5,54) = 11.92, p<0.001] (Supp figure 6.13E) increased
throughout the study. This peaked at Day 25 with CCl rats spending ~20% less time awake and both
NREM and REM sleep correspondingly increased during ZT17-ZT23. This demonstrated that CCl rats
spent more time asleep at the expense of wakefulness particularly during ZT17-ZT23 in the dark
period.

Ketamine was the only drug to fully reverse the altered sleep/wake amounts in the CCl rats.
Ketamine (10mg/kg) increased the amount of time CCl rats spent awake to baseline levels during the
first six hours after administration [F(4,43) = 13.76, p<0.001] (Figure 6.5B). Ketamine also decreased
the amount of NREM sleep back to baseline levels [F(4,43) = 15.47, p<0.001] (Figure 6.5D). Neither
10mg/kg pregabalin or 3mg/kg psilocybin had any positive effects on the amount of wakefulness or
NREM sleep during this ZT5-ZT11 period. Psilocybin further increased the amount of time CCl rats
spent in NREM sleep above the amount of the vehicle level (Figure 6.5D). This increased the
propensity for NREM sleep after psilocybin treatment came at the expensive of REM sleep which
was much lower than during both the baseline and vehicle recordings [F(4,43) = 21.93, p<0.001]
(Figure 6.5F). Ketamine also decreased REM sleep though this was only lower than after vehicle
recordings and remained at an equivalent level to the baseline. The positive effects of ketamine did
not remain through to ZT17-ZT23 in the dark period and slightly decreased wakefulness below the
amount of the vehicle timepoint during this period of the recording [F(4,43) = 22.17, p<0.001] (Supp
figure 6.13B). Psilocybin similarly further decreased wakefulness and increased NREM sleep [F(4,43)
=15.77, p<0.001] (Supp figure 6.13D) and REM sleep [F(4,43) = 11.31, p<0.001] (Supp figure 6.13F)
during ZT17-ZT23 exacerbating the effects of CCl surgery. Interestingly, despite pregabalin not
improving sleep/wake amounts immediately after dosing (ZT5-ZT11), it partially reversed the
increased NREM sleep and decreased wakefulness during ZT17-ZT23 in the dark period. Assessing
the effects of the test compounds on sleep/wake amounts revealed that ketamine reversed the
abnormally increased propensity for sleep in CCl rats immediately after dosing, whilst pregabalin had
a delayed effect leading to a partial reversal of these effects.
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Figure 6.5) CCl rats spent less time awake and more time in NREM sleep which was corrected by
ketamine during ZT5-ZT11. The effect of CCl surgery (Days 3, 7, 9, 19 and 25) along with vehicle,
10mg/kg pregabalin, 10mg/kg ketamine (Days 15, 21, 28) and 3mg/kg psilocybin (Day 35) test
compounds on the percentage of time spent awake (A,B), in NREM sleep (C,D) and REM sleep (E,F)
during ZT5-ZT11 in the light period. (A-F) *p<0.05, **p<0.01, ***p<0.001 vs baseline (Day-4). (B,D,F)
$p<0.05, $S$p<0.01, $S$Sp<0.001 vs vehicle. All data is reported as mean + SEM, n=11-12 (A-F).
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6.3.4 CCl surgery decreased the latency to NREM sleep which was corrected by ketamine
and decreased the latency to REM sleep which was reversed by psilocybin and ketamine.

As it was identified that CCl rats spent more time asleep at the expense of wakefulness, next it was
assessed if there was also an effect on how long it took these rats to fall asleep by measuring the
latency to NREM and REM sleep. CCl rats had a reduced latency to entering NREM sleep which was
corrected by ketamine and a reduced latency to REM sleep which was reversed by psilocybin and
ketamine. At baseline (Day -4) the CCl rats took an average of 83 minutes until the first bout of
NREM sleep which decreased by Day 7 and Day 9 to <50 minutes [F(5,54) = 8.02, p<0.001] (Figure
6.6A). This increased propensity to enter into NREM sleep was reversed by 10mg/kg ketamine
administration back to 102 minutes, which was equivalent to the baseline [F(4,43) = 13.21, p<0.001]
(Figure 6.6B). Neither 10mg/kg pregabalin and 3mg/kg psilocybin had any effect on NREM sleep
latency (Figure 6.6B). Similarly, the latency to REM sleep was decreased from 112 minutes at
baseline (Day -4) to <77 minutes at Days 7, 9, 19 and 25 [F(5,54) = 13.23, p<0.001] (Figure 6.6C). The
maximum effect on REM sleep latency also occurred on Day 9 as with NREM sleep latency, with CCI
rats entering REM sleep within 50 minutes on average (Figure 6.6C). Ketamine reversed the REM
sleep latency in CCl rats, though this was overcorrected to longer than the baseline at 154 minutes
[F(4,43) =98.57, p<0.001] (Figure 6.6D). Whilst psilocybin did not alter the latency to NREM sleep it
excessively increased the latency to REM sleep reaching over three times as long as at baseline
(Figure 6.6D). This demonstrated that after CCl surgery the rats had a greater propensity to enter
both NREM and REM sleep which was corrected by ketamine and overcorrected by psilocybin.
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Figure 6.6) CCl rats latency to NREM sleep was reduced which was corrected by ketamine and a
reduced latency to REM sleep that was increased by psilocybin and ketamine. The effect of CCI
surgery (Days 3, 7, 9, 19 and 25) along with vehicle, 10mg/kg pregabalin, 10mg/kg ketamine (Days
15, 21, 28) and 3mg/kg psilocybin (Day 35) test compounds on the latency to NREM sleep (A,B) and
REM sleep (C,D). (A-D) *p<0.05, **p<0.01, ***p<0.001 vs baseline (Day-4). (B,D). $$p<0.01,
SSSp<0.001 vs vehicle. All data is reported as mean + SEM, n=11-12 (A-F).

6.3.5 CCl rats sleep was fragmented which was corrected by ketamine and partially
corrected by pregabalin.

Sleep fragmentation, a commonly reported comorbidity of neuropathic pain, was assessed in the CCl
rats by measuring the number of continuous periods (bouts) of wakefulness, NREM sleep or REM
sleep and subsequently how long each bout lasted. CCl rats sleep was fragmented as demonstrated
by the increased number of wakefulness and NREM sleep bouts accompanied by their decreased
length. During ZT5-ZT11 in the light period the total number of wakefulness bouts progressively
increased after CCl surgery stabilising at 50% higher than baseline by Day 7 (Day -4) [F(5,54) = 4.95,
p<0.001] (Figure 6.7A). This increased number of wakefulness bouts occurred despite the amount of
time CCl rats spent awake decreasing during this period (Figure 6.5A). NREM sleep bouts followed
the same trend as wakefulness bouts and increased after CCl surgery by Day 7 and remained
increased until Day 25 [F(5,54) = 6.68, p<0.001] (Figure 6.7C). The number of REM sleep bouts was
unaffected in CCl rats when assessed throughout the study at Days 3, 7,9, 19 and 25 [F(5,54) = 2.36,
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p=0.05] (Figure 6.7E). However, when comparing CCl rats after vehicle administration REM sleep
bouts occurred more often than at baseline [F(4,43) = 18.41, p<0.001] (Figure 6.7F). An increased
number of wake bouts [F(5,54) = 5.29, p<0.001] (Supp figure 6.14A), NREM sleep bouts [F(5,54)
=5.84, p<0.001] (Supp figure 6.14C) and REM sleep bouts [F(5,54) = 9.18, p<0.001] (Supp figure
6.14E) were also identified during ZT17-2T23 in the CCl rats. This demonstrated that after CCI
surgery the rats sleep became more fragmented as there were more sleep/wake bouts.

The increased number of wakefulness bouts was reversed by 10mg/kg ketamine and 10mg/kg
pregabalin back to baseline (Day -4) levels during the first six hours after administration (ZT5-2T11)
[F(4,43) = 17.03, p<0.001] (Figure 6.7B). Conversely, 3mg/kg psilocybin caused the opposite effect
and further increased the number of wakefulness bouts compared with after vehicle administration
(Figure 6.7B). Only ketamine successfully reversed the increased number of NREM sleep bouts,
whilst pregabalin and psilocybin had no effect on the number of NREM sleep bouts during ZT5-2T11
[F(4,43) =13.02, p<0.001] (Figure 6.7D). Both ketamine and psilocybin reduced the number of REM
sleep bouts in the CCl rats during ZT5-ZT11 (Figure 6.7F). Though ketamine reduced the number of
REM sleep bouts in line with the baseline amount, psilocybin decreased the number of REM sleep
bouts below the baseline level (Figure 6.7F). The effects of these test compounds did not remain
throughout ZT17-2T23 in the dark period (Supp figure 6.14B,D,F). Though psilocybin did have the
opposite effect of increasing the number of REM sleep bouts during this ZT17-ZT23 period [F(4,43)
= 8.38, p<0.001] (Supp figure 6.14F). Overall, ketamine fully reversed the fragmented sleep of the
CCl rats based on the number of sleep/wake bouts whilst pregabalin and psilocybin had partial
efficacy in reversing these.
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Figure 6.7) CCl rats sleep was fragmented by an increased number of wake and NREM sleep bouts

which was corrected by pregabalin and ketamine administration during ZT5-ZT11The effect of CCl
surgery (Days 3, 7,9, 19 and 25) along with vehicle, 10mg/kg pregabalin, 10mg/kg ketamine (Days
15, 21, 28) and 3mg/kg psilocybin (Day 35) test compounds on the total number of wakefulness
(A,B), NREM sleep (C,D) and REM sleep (E,F) bouts during ZT5-ZT11 in the light. (A-F) *p<0.05,
**p<0.01, ***p<0.001 vs baseline (Day-4). (B,D,F) $p<0.05, $55p<0.001 vs vehicle. All data is

reported as mean + SEM, n=11-12 (A-F).
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Alongside the sleep fragmentation demonstrated through the increased number of wake and NREM
sleep bouts, the average length of each bout also decreased in CCl rats. During ZT5-ZT11 in the light
period the average length of wake bouts decreased by 50% in CCl rats at Day 7, which was
maintained until at least Day 25 [F(5,54) = 8.05, p<0.001] (Figure 6.8A). NREM sleep average bout
length followed a similar trend, though decreased even earlier after CCl surgery. The average length
of NREM sleep bouts decreased by ~20% at Day 3 compared with baseline (Day -4) and remained
relatively stable at this level until at least Day 25 [F(5,54) = 5.22, p<0.001] (Figure 6.8C). There was
no effect of CCl surgery on the average length of REM sleep bouts during ZT5-ZT11 the light period
[F(5,54) = 2.25, p=0.06] (Figure 6.8E). Only the decreased average length of wakefulness bouts was
found during ZT17-2T23 the dark period [F(5,54) =9.51, p<0.001] (Supp figure 6.15A). Whilst NREM
sleep [F(5,54) = 2.07, p=0.08] (Supp figure 6.15C) and REM sleep [F(5,54) = 0.57, p=0.72] (Supp figure
6.15E) average bout length remained unchanged in the rats after CCl surgery during this period.
Thus, NREM sleep was highly fragmented during ZT5-ZT11 in the light period but was more
consolidated during ZT17-ZT23 in the dark period.

Ketamine was again the most effective test compound at reversing sleep fragmentation. Ketamine
(10mg/kg) successfully increased the average wake bout length back to 153s an equivalent level to
the baseline (Day -4) recording of 169s [F(4,43) = 10.49, p<0.001] (Figure 6.8B). Neither 10mg/kg
pregabalin or 3mg/kg psilocybin had any effect on the average length of wake bouts during the first
six hours after administration (ZT5-ZT11) (Figure 6.8B). Both ketamine and pregabalin partially
reversed the fragmented NREM sleep bout lengths, as they increased the average length of NREM
sleep bouts in line with baseline, though did not reverse them completely [F(4,43) = 2.96, p=0.03]
(Figure 6.8D). Despite there being no effect of the CCl surgery on the average length of REM sleep
bouts, both pregabalin and psilocybin decreased the average length of REM sleep bouts during ZT5-
ZT11 in the light period [F(4,43) = 18.90, p<0.001] (Figure 6.8F). The beneficial effects of ketamine
and pregabalin on the average length of wakefulness bouts did not continue during ZT17-ZT23 in the
dark period [F(4,43) = 17.81, p<0.001] (Supp figure 6.15B). Additionally, whilst there was no change
in the CCl rats NREM sleep bout length, 10mg/kg pregabalin decreased the average length whilst
3mg/kg psilocybin increased the average length of NREM sleep bouts during the ZT17-ZT23 period
[F(4,43) = 7.84, p<0.001] (Supp figure 6.15D). Assessing sleep fragmentation through the average
length of sleep/wake bouts further highlighted ketamine as the most efficacious treatment in
reversing sleep disruption in the CCl rats, whilst pregabalin was partially effective.
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Figure 6.8) CCl rats sleep was fragmented by the decreased average length of wake and NREM sleep
bouts which was corrected by ketamine administration during ZT5-ZT11. The effect of CCl surgery
(Days 3, 7,9, 19 and 25) along with vehicle, 10mg/kg pregabalin, 10mg/kg ketamine (Days 15, 21, 28)
and 3mg/kg psilocybin (Day 35) test on the average length of wakefulness (A,B), NREM sleep (C,D)
and REM sleep (E,F) bouts during ZT5-ZT11 in the light. (A-F) *p<0.05, **p<0.01, ***p<0.001 vs
baseline (Day-4). (B,D,F) $p<0.05, $5p<0.01, $55p<0.001 vs vehicle. All data is reported as mean *
SEM, n=11-12 (A-F).
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6.3.6 Sleep fragmentation in CCl rats was primarily caused by increased short (€10s) bouts of
wakefulness and was corrected by pregabalin and ketamine.

Since sleep fragmentation was identified in these CCl rats, it was further assessed to understand if
this fragmentation occurred through the animals waking more frequently for short periods of time,
as reported by patients and in other neuropathic pain models. To quantify frequent awakenings, the
number of short, medium and long bouts of each sleep state were totalled to understand the
distribution of the sleep/wake bout lengths. There was a large and consistent increase in the amount
of short (£10s) bouts of wakefulness during both ZT5-ZT11 in the light period and ZT17-ZT23 in the
dark period after CCl surgery in the rats. This confirmed that the CCl rats were waking more
frequently for short periods of time. Specifically, during ZT5-ZT11 the amount of short (<10s) bouts
of wakefulness progressively increased reaching a 70% increase at Day 9 and remained increased
until Day 25 [F(5,54) = 6.06, p<0.001] (Figure 6.9A). Medium (10-50s) length bouts of wakefulness
also increased though only from Day 7 until Day 19 [F(5,54) = 3.15, p=0.015] (Supp figure 6.16B). The
increased short bouts of wakefulness were accompanied by medium (10-150s) length bouts of
NREM sleep which were also robustly increased to 70% by Day 7 and remained increased until Day
25 [F(5,54) = 7.89, p<0.001] (Figure 6.9C). As the average length of REM sleep bouts remained
relatively consistent throughout ZT5-ZT11 this was also reflected by a lack of any consistent changes
to the number of short (<10s), medium (10-50s) or long (>50s) bouts of REM sleep in the CCl rats
(Supp figure 6.16). The development of increased short bouts of wakefulness was also identified
during ZT17-ZT23 in the dark period [F(5,54) = 6.19, p<0.001] (Figure 6.9E). However, the increased
NREM sleep medium bouts were less consistent during this ZT17-2T23 period [F(5,54) = 3.31,
p=0.011] (Supp figure 6.17E). During ZT17-ZT23 the main effects on NREM and REM sleep bouts
were an increased number of long bouts particularly at Day 19 and Day 25 (Supp figure 6.17). The
identification of a consistent development of increased short bouts of wakefulness demonstrated
that CCl rats were waking more frequently for short periods of time. Particularly during ZT5-ZT11 in
the light period when increased short bouts of wakefulness were accompanied by increased medium
length NREM sleep bouts further demonstrating the fragmentated nature of the CCl rats sleep.

Both pregabalin and ketamine reversed the increased short wakefulness bouts in the CCl rats. During
the first six hours after administration (ZT5-ZT11) 10mg/kg pregabalin and 10mg/kg ketamine both
reversed the amount of short (<10s) bouts of wakefulness back to baseline levels [F(4,54) = 12.60,
p<0.001] (Figure 6.9B). Additionally, both pregabalin and ketamine partially reversed the amount of
medium bouts of wakefulness that were increased in the CCl rats [F(4,54) = 8.78, p=0.006] (Supp
figure 6.18B). Though, only ketamine decreased the number of medium NREM sleep bouts back in
line with baseline but pregabalin and psilocybin had no effect [F(4,54) = 6.80, p<0.001] (Figure 6.9D).
The effects of pregabalin and ketamine to reverse the increased short bouts of wakefulness in CCl
rats were not maintained during ZT17-ZT23 in the dark period [F(4,43) = 4.70, p=0.003] (Figure 6.9F).
Psilocybin had no effect on the number of short bouts of wakefulness or medium bouts of NREM
sleep. The main effect of psilocybin administration was that it greatly decreased long (>50s) bouts of
REM sleep during the first six hours after administration (ZT5-2T11) [F(4,43) = 27.58, p<0.001] (Supp
figure 6.18I). Along with this psilocybin subsequently increased long bouts of NREM sleep [F(4,43)
=17.84, p<0.001] (Supp figure 6.19F) and REM sleep [F(4,43) = 11.94, p<0.001] (Supp figure 6.19I)
during ZT17-ZT23 in the dark period. Pregabalin also caused a shift towards shorter bouts of REM
sleep at the expense of longer REM sleep bouts during the first six hours after administration (ZT5-
ZT11) (Supp figure 6.18). The overall effects of test compounds on short, medium and long
sleep/wake bouts highlighted that both pregabalin and ketamine were efficacious in reducing the
number of short bouts of wakefulness. Though ketamine also demonstrated efficacy in correcting
the increased number of medium NREM sleep bouts during the first six hours after administration.
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Figure 6.9) CCl rats sleep was fragmented by increased short (<10s) wake bouts which were
normalised by pregabalin and ketamine during ZT5-ZT11. The effect of CCl surgery (Days 3, 7, 9, 19
and 25) along with vehicle, 10mg/kg pregabalin, 10mg/kg ketamine (Days 15, 21, 28) and 3mg/kg
psilocybin (Day 35) test compounds on short (<10s) bouts of wakefulness during ZT5-ZT11 (A,B) and
ZT17-ZT23 (E,F) along with medium (10-150s) NREM sleep bouts during ZT5-ZT11 (C,D). (A-F)
*p<0.05, **p<0.01, ***p<0.001 vs baseline (Day-4). (B,D,F) $p<0.05, $5p<0.01,vs vehicle. All data is
reported as mean * SEM, n=11-12 (A-F).
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6.3.7 Summary of the sleep/wake behavioural changes in CCl rats.

Table 6.1) Summary of sleep/wake behavioural data in CCI rats during ZT5-ZT11 in the light period
and ZT17-ZT23 in the dark period.

ZT5-ZT11 (light period) ZT17-2723 (dark period)
Wake NREM REM Wake NREM REM
sleep sleep sleep sleep
% time spent NE ™ ™ N% T T
Latency - N N - - -
Total number N 0 ™ ™ T T
bouts
Average bout N N = N§ = =
length
Short (£10s) ™ = = ™ = =
bouts
Medium (10-50) / ™ ™ = = ™ =
(10-150s) bouts
Long (>50) / = T T T T T
(>150s) bouts

Summary is based on the comparison between the vehicle (Days 15, 21, 28) and baseline (Day -4)
recordings in the CCl rats. / indicates measure was increased after CCl surgery at the vehicle
timepoint. | indicates measure was decreased after CCl surgery at the vehicle timepoint. = indicates
there was no change after CCl surgery at the vehicle timepoint. — indicates a measurement not
recorded.

The overall effects on sleep/wake behaviours in CCl rats indicated relatively consistent changes that
occurred during both ZT5-ZT11 in the light period and ZT17-ZT23 in the dark period (Table 6.1). The
amount of time the CCl rats spent awake decreased, whilst the number of wake bouts increased,
and the average length of each wakefulness bout decreased. This highlights the development of
increased fragmentation of the time the CCl rats spent awake. This disruption in wakefulness
occurred primarily through increased short and medium length bouts during ZT5-2T11. Whilst during
the ZT17-ZT23 period this occurred through increased short and long bouts of wakefulness. Together
these changes indicated that wakefulness became less consolidated with increased short (<10s)
bouts of wakefulness being consistently observed.

The changes in CCl rats NREM sleep were also consistent between the ZT5-ZT11 and ZT17-2T23
periods, with the main difference being a lack of decreased average bout length during ZT17-2T23
(Table 6.1). The amount of time the CCl rats spent in NREM sleep was consistently increased and
corresponded with an increased number of bouts that occurred. During the ZT5-ZT11 period the
increased time spent in NREM sleep and number of NREM sleep bouts were accompanied by the
average length of these NREM sleep bouts decreasing which would indicate sleep fragmentation.
However, during the ZT17-ZT23 period the average length of NREM sleep bouts was not altered in
the CClI rats which could indicate more consolidated NREM sleep during this period. Though there
was still a clear disruption to the number and length of wakefulness bouts during the ZT17-ZT23

174



period. The increased NREM sleep amount and bout number occurred primarily through increased
medium and long bouts across the ZT5-ZT11 and ZT17-ZT23 periods. Assessing the development of
changes from Day 3 to Day 25 suggested that this effect was predominantly through medium length
bouts during the ZT5-ZT11 period and long bouts during the ZT17-ZT23 period.

The effects of CCl surgery on REM sleep were minimal demonstrating primarily increased time spent
in REM sleep and an increased number of REM sleep bouts during both the ZT5-ZT11 and ZT17-2T23
periods. These changes occurred mainly through an increased number of long bouts of REM sleep
without many of the other indicators of a disruption to REM sleep homeostasis. The latency to both
NREM sleep and REM sleep also decreased in CCl rats which further highlighted the increased
propensity for sleep in the rats after CCl surgery. Overall, there was consistent fragmentation of the
CCl rats sleep during both ZT5-ZT11 in the light period and ZT17-ZT23 in the dark period that is likely
related to the development of neuropathic pain.
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6.3.8 Summary of the sleep/wake behavioural changes of pregabalin, ketamine and
psilocybin in CCl rats.

Table 6.2) Summary of the test compound effects on sleep/wake behavioural data in CCl rats during
ZT5-ZT11 in the light period and ZT17-ZT23 in the dark period.

Sleep/wake Test compound ZT5-ZT11 (light period) ZT17-ZT23 (dark period)
behavioural
measures

Wake | NREM REM Wake | NREM REM
sleep sleep sleep sleep

% time spent = = = = = =

3mg/kg Psilocybin = =
Latency = =

3mg/kg Psilocybin =
Total number = = =
bouts =
3mg/kg Psilocybin = =
Average bout = =
length =
3mg/kg Psilocybin = =
Short (<10s) =
bouts = = = = =
3mg/kg Psilocybin = = = = =
Medium = = = = =
(10-50) / = = = =
(10-150s) bouts | 3mg/kg Psilocybin = = = = =
Long (>50) / = = = =
(>150s) bouts = = = =
3mg/kg Psilocybin
Summary is based on the comparison between the 10mg/kg pregabalin, 10mg/kg ketamine (Days
15, 21, 28) and 3mg/kg psilocybin (Day 35) versus vehicle (Days 15, 21, 28) recordings in CCl rats. T
indicates measure was increased after test compound administration. {, indicates measure was
decreased after test compound administration. = indicates there was no change in the measure after
test compound administration. — indicates a measurement not recorded. Green boxes indicate a
positive change in the direction of the baseline (Day -4) measurement. Red boxes indicate a negative
change away from the baseline (Day -4) measurement. Yellow boxes indicate a change after test
compound administration whilst there was no difference between baseline (Day -4) and vehicle
timepoints.

&
I

&
I

&
I

>
I

Of the test compounds tested in this study ketamine was the most effective at correcting
sleep/wake behaviours in the CCl rats (Table 6.2). Ketamine fully corrected the changes in CCl rats
sleep/wake amounts including normalising the latency to NREM and REM sleep. This demonstrated
that ketamine corrected the increased propensity for the CCl rats to enter and remain in NREM sleep
during the first six hours after administration. Importantly ketamine also corrected the average
length and total number of wakefulness bouts, particularly via reducing the number of short wake
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bouts in the CCl rats. This decreased number of short wake bouts was also accompanied by
decreased medium and long NREM and REM sleep bouts that had been increased in the CCl rats.
Ketamine treatment reduced the fragmentation of sleep, consolidated wakefulness and decreased
the abnormal amount of time that CCl rats spent asleep. One limitation of ketamine is that during
ZT17-Z723 in the dark period it caused the CCl rats to spend even more time in NREM sleep at the
expense of wakefulness.

Pregabalin was the second most effective test compound at correcting sleep/wake behaviours in the
CCl rats (Table 6.2). Although it did not alter the amount of time the CCl rats spent awake or asleep
nor the latency to NREM and REM sleep, it decreased the amount of wake bouts. Critically this
decreased number of wake bouts occurred primarily through decreasing short bouts of wakefulness.
Thus indicating pregabalin may be able to consolidate wakefulness and improve the fragmentation
of sleep in CCl rats. Pregabalin administration also had some effects on REM sleep leading to
increased medium REM sleep bouts and decreased long REM sleep bouts. Though the positive
effects of pregabalin were mainly limited to reducing short bouts of wakefulness it also had
negligible negative effects on sleep/wake behaviour.

Psilocybin demonstrated limited positive effects on correcting sleep/wake behaviour, primarily
altering measures of REM sleep which was the least affected sleep state in the CCl rats (Table 6.2).
The lack of psilocybin efficacy on sleep and EEG measures may correlate with its lack of efficacy
against the classical evoked measure of von Frey paw withdrawal thresholds. Psilocybin decreased
the amount of time CCl rats spent in REM sleep through delaying the onset of REM sleep and
decreasing the number of REM sleep bouts. The changes to REM sleep caused by psilocybin came at
the expense of NREM sleep which was further increased in the CCl rats. Psilocybin also further
increased the number of wakefulness bouts and increased the number of short bouts of NREM
sleep. Though psilocybin did correct the number of medium length REM sleep bouts and the number
of long NREM and REM sleep bouts. Psilocybin did not appear to correct the fragmentation of CCl
rats sleep or consolidate wakefulness and did not demonstrate any efficacy in classical reflexive pain
measures.

6.3.9 EEG power during wakefulness was inconsistent and not reversed by analgesic
treatments.

Changes in EEG power have been considered as neuropathic pain endpoints, in particular increased
theta power. To understand what changes in EEG power occurred after CCl surgery the full EEG
power spectrum at Days 3, 7, 9, 19 and 25 (Figure 6.10) along with the effects of test compounds
(Figure 6.11) on EEG power were assessed. The largest trends in EEG power occurred during NREM
sleep and indicated a shift in EEG power from low to high frequencies (Figure 6.10C,D). Additionally,
after test compound administration 10mg/kg ketamine appeared to have increased EEG power of
high frequency oscillations during wakefulness (Figure 6.11A,B). Psilocybin (3mg/kg) decreased EEG
power at low frequencies during NREM sleep (Figure 6.11C,D) and 10mg/kg pregabalin appeared to
have increased EEG power at lower frequencies during REM sleep (Figure 6.11E,F).
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Figure 6.10) The full EEG power spectrum during ZT5-ZT11 in the light period indicated a shift
towards higher frequencies during NREM sleep in CCl rats. The effects of CCl surgery (Days 3, 7, 9, 19
and 25) on the full EEG power spectrum during wakefulness (A), NREM sleep (C) and REM sleep (E)
across ZT5-ZT11 in the light period. The effects of CCl surgery on the percentage change from
baseline (Day -4) EEG power spectrum during wakefulness (B), NREM sleep (D) and REM sleep (F)
across ZT5-ZT11 in the light period. No statistical comparisons conducted. All data is reported as
mean + SEM, n=11-12 (A-F).
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Figure 6.11) The full EEG power spectrum during ZT5-ZT11 in the light period demonstrates that
ketamine increased gamma power during wakefulness and psilocybin further decreased low
frequency NREM sleep power. The effects of vehicle, 10mg/kg pregabalin, 10mg/kg ketamine (Days
15, 21, 28) and 3mg/kg psilocybin (Day 35) test compounds on the full EEG power spectrum during
wakefulness (A), NREM sleep (C) and REM sleep (E) across ZT5-ZT11 in the light period. The effects of
test compound administration on the percentage change from vehicle EEG power spectrum during
wakefulness (B), NREM sleep (D) and REM sleep (F) across ZT5-ZT11 in the light period. No statistical
comparisons conducted. All data is reported as mean + SEM, n=11-12 (A-F).
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Since various changes in EEG power including increased theta power, increased delta power, altered
alpha power (bidirectionally changed in patients) or increased beta power have been reported to be
associated with neuropathic pain, these were assessed in awake CCl rats. During ZT5-ZT11 in the
light period delta EEG power in awake CCl rats increased from Day 7 to Day 19 but not at Day 25
[F(5,54) = 4.56, p=0.002] (Figure 6.12A). Though increased theta power has previously been reported
in CCl rats this was not identified in this study at any point. Theta power was even decreased in the
CCl rats in this study at Day 25 [F(5,54) = 4.82, p<0.001] (Figure 6.12C). Similarly there were no
robust changes in alpha power in awake CCl rats during ZT5-2T11 [F(5,54) = 5.18, p<0.001] (Supp
figure 6.20G). However, beta power in awake CCl rats was increased from as early as Day 3 after CCI
surgery and remained increased until Day 25 [F(5,54) = 6.95, p<0.001] (Figure 6.12E). Though, when
assessed during ZT17-ZT23 in the dark period neither increased delta nor beta power were identified
and there were no consistent changes to the EEG power spectra of awake CCl rats during ZT17-ZT23
(Supp figure 6.21). This overall demonstrated that of the anticipated changes in delta, theta, alpha
and beta EEG power in awake CCl rats, only increased delta and beta power were identified and not
consistently during the ZT5-ZT11 and ZT17-ZT23 periods assessed.

To identify if the changes in EEG power of awake CCl rats were reversible with drug treatment the
effects of 10mg/kg pregabalin, 10mg/kg ketamine and 3mg/kg psilocybin were tested but were not
efficacious. Neither 10mg/kg pregabalin or 10mg/kg ketamine had any effect on delta power during
the first six hours after administration (ZT5-ZT11), despite both demonstrating efficacy against
classical evoked and sleep/wake measures of neuropathic pain [F(4,43) = 7.09, p<0.001] (Figure
6.12B). Psilocybin (3mg/kg) which had no effect on classical evoked neuropathic pain measures and
minimal effect on sleep/wake behaviours did partially reverse the increased delta power in CCl rats.
However, as delta power was not increased in the CCl rats at Day 25 (Figure 6.12A) and psilocybin
was assessed at Day 35 this may represent a lack of increased delta power in the CCl rats rather than
any efficacy of psilocybin. Additionally, neither pregabalin, ketamine or psilocybin had any effect on
theta power or alpha power [F(4,43) = 1.67, p=0.26] (Supp figure 6.22G) in the awake CCl rats during
the first six hours after administration (ZT5-ZT11) [F(4,43) = 3.11, p=0.025] (Figure 6.12D). Despite
beta power being increased in the CCl rats from Day 3 to Day 25 (Figure 6.12E) this was not robust
enough to reach significance in the overall ANOVA when comparing the effects of vehicle to the
baseline, and none of the compounds tested had any effect on beta power [F(4,43) =2.52, p=0.055]
(Figure 6.12F). Whilst none of the test compounds had efficacy in altering delta, theta, alpha or beta
power pregabalin, ketamine and psilocybin did alter gamma power in the awake CCl rats even
though CClI surgery had no effect [F(4,43) = 137.7, p<0.001] (Supp figure 6.22M). Both pregabalin and
psilocybin decreased gamma power in the awake CCI rats whilst ketamine increased gamma power
(Supp figure 6.22M). Therefore, whilst increased delta and beta power were identified in the EEG
power spectra of awake CCl rats, neither of these changes were corrected by pregabalin, ketamine
or psilocybin treatment.

Despite the lack of positive results from EEG power spectra in awake CCl rats the EEG power spectra
of CCl rats were also assessed during NREM and REM sleep to identify any changes that may relate
to sleep quality. The most important change identified was decreased NREM sleep delta power in
CCl rats, which was decreased from Day 3 to Day 25 during ZT5-ZT11 in the light period [F(5,54)
=32.32, p<0.001] (Figure 6.12G). This represented decreased NREM sleep quality that was partially
reversed by both pregabalin and ketamine [F(4,43) = 40.35, p<0.001] (Figure 6.12H). Whilst
psilocybin further decreased NREM sleep delta power in the CCl rats during this ZT5-ZT11 period
(Figure 6.12H). Alongside the decreased NREM sleep delta power theta and sigma power decreased
during both ZT5-ZT11 in the light period (Supp figure 6.20) and ZT17-ZT23 in the dark period (Supp
figure 6.21). NREM sleep gamma power also correspondingly increased during both ZT5-ZT11 and
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ZT17-2T23 periods demonstrating a shift in EEG power towards higher frequencies in the CCl rats.
REM sleep EEG power was largely unaltered in the CCl rats during either the ZT5-ZT11 (Supp figure
6.20) or ZT17-ZT23 (Supp figure 6.21) with only gamma power being increased after CCl surgery
during ZT5-ZT11. Ketamine and psilocybin had little effect on REM sleep EEG power however
pregabalin caused a shift towards increased lower frequency (delta, theta, sigma) power and
decreased gamma power during both the ZT5-ZT11 (Supp figure 6.20) and ZT17-ZT23 (Supp figure
6.21) periods. CCl rats had decreased NREM sleep delta power, a measure of lower sleep intensity,
which was partially corrected by pregabalin and ketamine.
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Figure 6.12) Increased delta and beta power during wakefulness in the CCl rats were not corrected
by drug treatment. The effect of CCl surgery (Days 3, 7, 9, 19 and 25) along with vehicle, 10mg/kg
pregabalin, 10mg/kg ketamine (Days 15, 21, 28) and 3mg/kg psilocybin (Day 35) test compounds on
the EEG power in the delta (1-4Hz) (A,B,C), theta (4-8Hz) (D,E,F), and beta (13-30Hz) (J,K,L) frequency
bands during wakefulness. Along with the effects on delta (1-4Hz) power during NREM sleep across
ZT5-ZT11 in the light period. (A-H) **p<0.01, ***p<0.001 vs baseline (Day-4). (B,D,F,H) $p<0.05,
S$$p<0.01, $$5p<0.001 vs vehicle. All data is reported as mean + SEM, n=11-12 (A-H).
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6.4 Discussion

Current treatments for neuropathic pain are limited and have extensive side effects leaving many
patients without adequate treatment options. Despite many years of research forward translation of
new treatments for neuropathic pain have often failed upon reaching clinical trials (Fisher et al.,
2021). This lack of forward translation has led to questions over the validity of the animal models
and neuropathic pain endpoints that are currently used preclinically. The classical ways that
neuropathic pain has been measured preclinically involve the subjective analysis of evoked
responses from animals using thermal or mechanical stimuli (Cobos & Portillo-Salido, 2013; Tappe-
Theodor et al., 2019). Whilst these classical evoked neuropathic pain endpoints deliver reproducible
results across studies and research groups, they have thus far have lacked forward translatability
(Cobos & Portillo-Salido, 2013; Fisher et al., 2021; Tappe-Theodor et al., 2019). Therefore, novel
objective and non-evoked endpoints of neuropathic pain are being investigated to try and improve
the translatability of preclinical neuropathic pain research. However, these novel endpoints must be
reliable, reproducible, cost efficient, time effective and most importantly predictive to encourage an
improvement in the use of evoked preclinical screening techniques (Bouali-Benazzouz et al., 2021).

One tool that is being used to develop an objected non-evoked neuropathic pain endpoint is EEG
(Koyama, LeBlanc, et al., 2018). Two main approaches are being applied to EEG recordings in
neuropathic pain models, measuring sleep/wake behavioural changes and brain electrical activity in
the form of EEG power (Alexandre et al., 2024; Koyama, LeBlanc, et al., 2018). Both sleep/wake
behavioural changes and EEG power have shown mixed results in preclinical neuropathic pain
models (Andersen & Tufik, 2003; Ho et al., 2024; Koyama, LeBlanc, et al., 2018; Li, Ge, et al., 2019; f).
However, increased sleep fragmentation and increased theta power stand out as the most
consistently reported changes in EEG recordings for measuring neuropathic pain (Alexandre et al.,
2024; Ho et al., 2024; Koyama, LeBlang, et al., 2018; LeBlanc, Bowary, et al., 2016). This study
therefore aimed to identify sleep/wake behavioural and EEG changes that could be quantified using
an automatic sleep/wake scoring algorithm as neuropathic pain endpoints in a rodent model of CClI.
The suitability of these endpoints for preclinical screening studies was also assessed through their
reversibility with standard (pregabalin), novel (ketamine) and potential (psilocybin) analgesic test
compounds.

6.4.1 CCl surgery caused mechanical allodynia that was reversed by pregabalin and
ketamine.

The effects of CCl surgery on the classical evoked neuropathic pain endpoint of von Frey paw
withdrawal threshold was measured throughout the study. This demonstrated that all CCl rats paw
withdrawal thresholds decreased in the ipsilateral hind paw at all timepoints measured from Day 7
to Day 37 (Figure 6.2A). Reduced paw withdrawal latency in CCl rats is a classical way to measure the
development of mechanical allodynia, defined as an increased sensitivity to a normally non painful
pressure being applied (Austin et al., 2012; Kumar et al., 2010; Medeiros et al., 2021; van der Wal et
al., 2015). The onset of mechanical allodynia confirms that all rats developed neuropathic pain. This
is consistent with previous findings that a robust level of neuropathic pain develops in rats shortly
after CCl surgery (Austin et al., 2012; Kumar et al., 2010; Medeiros et al., 2021; van der Wal et al.,
2015). The contralateral hind paw is often used a time matched control measure of paw withdrawal
threshold in CCl rats (Austin et al., 2012; Medeiros et al., 2021). Unlike bilateral neuropathic pain
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models such as the oxaliplatin and streptozotocin induced models, if CCl surgery is conducted on
only a single hind paw the development of neuropathic pain should be unilateral (Gao et al., 2019;
Ling et al., 2008). In this study there was no change in the contralateral paw withdrawal threshold in
CCl rats which confirmed that the changes in the ipsilateral paw were due to the CCl surgery and not
environmental factors.

The reversal of the von Frey paw withdrawal threshold is a standard method for assessing the
efficacy of analgesic treatments against neuropathic pain (Bacalhau et al., 2023). Both pregabalin
and ketamine successfully reversed the mechanical allodynia of CCl rats confirming their analgesic
potential against the classical neuropathic pain endpoint of von Frey paw withdrawal threshold
(Figure 6.2C). The reversal of neuropathic pain with pregabalin is consistent with previous research
including the assessment of pregabalin’s efficacy in the CCI model prior to its approval for
neuropathic pain, one of the only examples of forward translation in a neuropathic pain model
(Field, Bramwell, et al., 1999). Whilst pregabalin has consistently demonstrated its efficacy in
preclinical models and is an approved treatment for neuropathic pain patients, ketamine is not yet
approved for use against neuropathic pain. Ketamine does however consistently demonstrate
efficacy in preclinical neuropathic pain models, including the CCI model (Velzen et al., 2021).
Additionally, there is clinical evidence that ketamine effectively reversed pain in patients with
various causes of neuropathic pain, though its use is limited by psychedelic side effects (Guimaraes
Pereira et al., 2022). Ketamine is also used off label at “ketamine clinics” to treat neuropathic pain
patients (Voute et al., 2022). This suggests that the effects of ketamine and pregabalin see here are
consistent with both human and animal data in reversing neuropathic pain.

The evidence of psilocybin’s analgesic potential is more tenuous as it did not reverse the mechanical
allodynia in the CCl rats in this study. In preclinical models there is limited evidence of psilocybin
producing robust reversal of classical neuropathic pain models (Kolbman et al., 2023; Koseli et al.,
2023). There is also limited clinical evidence of psilocybin’s efficacy as an analgesic in neuropathic
pain patients, despite some clinical reports of off label patient use (Bornemann et al., 2021; Lyes et
al., 2023). The lack of both preclinical and clinical evidence of psilocybin analgesia supported the lack
of analgesia experienced by the CCl rats in this study after psilocybin administration (Figure 6.2C).
Notably, psilocybin decreased the paw withdrawal threshold in the contralateral control paw after
psilocybin administration (Figure 6.2D). This may have occurred as the descending facilitatory pain
pathway often involves 5-HT, receptor activation and as such psilocybin as a 5-HT,, agonist may have
caused hypersensitivity through this mechanism (Ossipov et al., 2014). Overall, assessing the
classical evoked neuropathic pain endpoint of von Frey paw withdrawal threshold indicated that
pregabalin and ketamine demonstrated analgesia in CCl rats, but psilocybin did not.

6.4.2 Locomotor activity was reduced in CCl rats and normalised by ketamine.

Locomotor activity was assessed in this study to understand if there were any effects of the CCI
surgery on the rat’s ambulation or movement levels as measurements of their ethological
behaviours. Locomotor activity progressively decreased in the CCl rats during both ZT5-ZT11 in the
light period and ZT17-ZT23 in the dark period (Figure 6.3). The development of locomotor activity
also matched the development of mechanical allodynia as both were detected at Day 7 and
maintained throughout the study. Changes in locomotor activity have previously been assessed in
neuropathic pain models yielding mixed results. In CCl models locomotor changes have primarily
been assessed through open field testing (OFT) or gait changes not typically through monitoring
home cage behaviours over extended periods (Fonseca-Rodrigues et al., 2021). These types of
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studies often report a lack of changes in locomotor activity in CCl models suggesting that locomotor
activity is not a useful measure of neuropathic pain (Medeiros et al., 2021; Mogil et al., 2010; Foudah
et al., 2022). Though some studies have reported decreased walking distance in CCl rats using OFT
systems (Bagriyanik et al., 2014). Additionally, some evidence from monitoring CCl mice over long
periods of time in a home cage type environment have suggested that these animals spend less time
in locomotion and more time stationary (Urban et al., 2011). Locomotor activity is also used as an
objective measure of pain in osteoarthritic models of pain suggesting changes in locomotor activity
may be related to pain (Alsalem et al., 2020). Most importantly, decreased physical activity is often
reported in patients with neuropathic pain (Attal et al., 2011). Therefore, as locomotor activity is an
ethological behaviour expressed by rodents that is reduced after neuropathic pain onset and can be
measured objectively, these changes may prove to be translatable to the effects of neuropathic pain
on patients’ daily activities (Attal et al., 2011). Overall, the development of locomotor activity
changes in CCl rats in this study provide evidence towards the use of home cage locomotor activity
recordings as an objective translatable preclinical neuropathic pain endpoint.

Ketamine was the only test compound that increased the locomotor activity of CCl rats back to
baseline levels in the first six hours after administration. This increased locomotor activity could be
considered to represent a stimulant-like effect such as that caused by amphetamine (Minassian et
al., 2016). However previously published results indicated that 10mg/kg ketamine does not increase
locomotor activity in naive Sprague Dawley rats (Kantor et al., 2023). Therefore, the increased
locomotor activity caused by ketamine in these CCl rats likely reflected a reversal of neuropathic
pain induced deficits in locomotor activity and further supported its use as a measure of neuropathic
pain. Though the effects of ketamine to improve locomotor activity did not remain throughout the
ZT17-ZT23 periods this aligns with previous preclinical reports that the analgesic efficacy of ketamine
is limited to the first few hours after administration (Velzen et al., 2021). The short-lasting efficacy of
a single dose of ketamine may be expected due to its short half-life of only 25 minutes in rodents
(Ganguly et al., 2018). Future work should assess if repeated ketamine doses, that have
demonstrated mechanical allodynia reversal for over 72 hours (Velzen et al., 2021), are also effective
at reversing locomotor activity across a similar time frame.

As both pregabalin and ketamine reversed the von Frey paw withdrawal threshold classical measure
of neuropathic pain, it was expected that pregabalin would reverse the deficit in locomotor activity
in CCl rats. However, the lack of pregabalin efficacy in reversing locomotor activity could be due to
ketamine demonstrating superior efficacy as a neuropathic pain treatment above both pregabalin
and psilocybin in this study. Alternatively, the lack of pregabalin efficacy could be due to the
somnolence effects of pregabalin that have been demonstrated in Chapter 3 (Brooks & Kessler,
2017). Though this is unlikely as the 10mg/kg pregabalin dose was selected as it did not demonstrate
somnolence in either Chapter 3 when assessing control rats or in this study when assessing the
effects of pregabalin on the contralateral paw (Figure 6.2D). This is some of the first evidence that
home cage locomotor activity measurements in CCl rats are progressively decreased and can be
reversed by ketamine but not pregabalin or psilocybin. This may therefore indicate that measuring
locomotor activity can preferentially select compounds that improve the affective aspects of
neuropathic pain on ethological behaviours above simple reflex-based measurements of von Frey
paw withdrawal thresholds.
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6.4.3 CCl rats spent more time in NREM sleep at the expense of wakefulness which was
corrected by ketamine.

Sleep disruption is frequently reported by neuropathic pain patients and is associated with worse
pain outcomes meaning sleep/wake behavioural endpoints could provide important and translatable
results (Guntel et al., 2021; Tofthagen et al., 2013). Sleep/wake behavioural assessments of
neuropathic pain models have focused on two main areas: changes in the amount of sleep and/or
fragmentation of sleep. In patients a decrease in the amount of time spent asleep is often reported
(Guntel et al., 2021; Mahfouz et al., 2024; Widerstrom-Noga et al., 2001). However, the reports of
neuropathic pain induced changes in sleep/wake amounts in preclinical models are more
inconsistent, with some reporting a decrease in time spent asleep (Andersen & Tufik, 2003; Ho et al.,
2024) whilst others have reported no change in sleep/wake amount (Alexandre et al., 2024;
Kontinen et al., 2003; Leys et al., 2013). An increase in the amount of time neuropathic pain models
spend asleep is rarely reported. However, one study has identified that CCl mice spend more time in
NREM sleep at expense of wakefulness during the dark period (Alexandre et al., 2024). Sleep
disruption through sleep fragmentation is also commonly reported in patients (Guntel et al., 2021;
Mahfouz et al., 2024; Widerstrom-Noga et al., 2001) and is more consistently reported as an
alteration in neuropathic pain animals sleep/wake behaviour. In particular the number of arousals or
increased short bouts of wakefulness have been reported in a range of neuropathic pain models and
may provide a useful objective neuropathic pain endpoint (Alexandre et al., 2024; Andersen & Tufik,
2003; Ho et al., 2024).

In this study, after CCl surgery the rats spent more time in NREM sleep at the expense of
wakefulness, particularly during ZT17-ZT23 in the dark period. CCl rats progressively spent more
time in NREM and REM sleep across the first 25 days of the study during ZT17-ZT23 (Supp figure
6.13). A similar effect was observed during ZT5-ZT11 in the light period however, this returned to
baseline levels by Day 25 (Figure 6.5). During both the ZT5-ZT11 and ZT17-ZT23 periods this
increased propensity for sleep was at the expense of less time spent awake. Further supporting this
the CCl rats in this study had an increased propensity to enter into both NREM and REM sleep as
demonstrated by the decreased latency to enter these sleep states (Figure 6.6). These changes of
increased propensity for NREM sleep at the expense wakefulness were similar to the findings that
CCl mice spent more time in NREM sleep at expense of wakefulness during the dark period
(Alexandre et al., 2024). However, they also contrast previous findings in CCl rats that NREM sleep
was decreased (Andersen & Tufik, 2003). Additionally, others have reported no change in CCl rats
sleep/wake amount as far as 5 months after surgery (Kontinen et al., 2003). The differences in
sleep/wake amount demonstrated across different studies in CCl rat models could be due to
differences in environmental and housing conditions. For example Tokunaga et al. (2007) detected
no change in CCl rats sleep/wake amount until they were placed on sandpaper flooring (Tokunaga et
al., 2007). Importantly, the development of increased sleep at the expense of wakefulness in the
present study is inconsistent with clinical findings that patients spend less time asleep (Guntel et al.,
2021; Mahfouz et al., 2024; Widerstrom-Noga et al., 2001). The inconsistent findings in sleep/wake
amounts across research groups and contradictory findings to the human condition may limit its
usefulness as a preclinical neuropathic pain endpoint by hampering the translatability potential.

As with locomotor activity, ketamine was the most effective test compound at reversing the changes
in sleep/wake amount and sleep latency. Ketamine was the only test compound that fully corrected
the amount of time CCl rats spent awake and in NREM sleep back to baseline levels (Figure 6.5).
Additionally, ketamine was the only test compound that reversed the latency to NREM and REM
sleep, correcting the propensity for CCl rats to enter into sleep (Figure 6.6). The positive effects of
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ketamine were again limited to the first six hours after administration. Interestingly, despite
pregabalin having no effect on sleep/wake amounts or sleep latency in the first six hours after
administration, it partially corrected NREM sleep and wakefulness amounts in the CCl rats during
ZT17-ZT123 in the dark period (Supp figure 6.13). Psilocybin had no beneficial effects on wakefulness
or NREM sleep in the CCl rats only causing a large decrease in REM sleep amount at the expense of
further increased NREM sleep. This effect of psilocybin was also accompanied by a long delay in CCl
rats entering REM sleep. The evidence that ketamine corrected the propensity for sleep along with
the partial effects of pregabalin on sleep/wake amounts is the first report of drug treatments
improving sleep/wake amounts in CCl rats.

Increased time spent in REM sleep and decreased REM sleep latency are both hallmarks of
depression (Palagini et al., 2013; Wilson & Argyropoulos, 2005). In this study CCl rats had a
decreased latency to REM sleep (Figure 6.6) and REM sleep marginally increased, though not when
comparing the vehicle and baseline recordings (Figure 6.5). Additionally the changes in REM sleep in
depressed patients are usually accompanied by decreased NREM sleep which was not identified in
the CCl rats in this study (Figure 6.5) (Palagini et al., 2013; Wilson & Argyropoulos, 2005). The
decreased REM sleep latency and increased REM sleep in this study are also not reported in all CCl
rat studies (Andersen & Tufik, 2003; Kontinen et al., 2003). Though depressive characteristics have
previously been identified in CCl rats when using the sucrose preference test and forced swimming
tests (Xi et al., 2023). As such there is not enough evidence in this study to determine if the CCl rats
were depressed, therefore future studies could include a more specific depression endpoint to
assess this. Despite the inconclusive evidence of depression in the CCl rats in this study, the effects
of psilocybin and ketamine on REM sleep are likely evidence of their anti-depressant properties.
Ketamine (10mg/kg) has previously been demonstrated to increase REM sleep latency and decrease
REM sleep amount in naive Sprague Dawley rats and in a treatment resistant depression rat model
(Wistar-Kyoto rats) (Kantor et al., 2023). The delayed REM sleep onset and reduction in REM sleep
amount caused by psilocin, the active metabolite of psilocybin, has also previously been
demonstrated in naive C57BL/6 J mice (Thomas et al., 2022). Additionally, both the effects on REM
sleep amount and latency by 3mg/kg psilocybin have been identified by Transpharmation LTD in
naive Sprague Dawley and Wistar-Kyoto rats (unpublished observation). Therefore, the effects of
ketamine and psilocybin on the amount of REM sleep and REM sleep latency in the CCl rats in this
study are likely evidence of their anti-depressant properties, despite the CCl rats not developing a
clear depressive phenotype. Notably as ketamine also demonstrated a reversal of mechanical
allodynia and abnormal sleep/wake amounts, this study suggests that ketamine may have analgesic,
anti-depressive and sleep corrective properties in CCl rats.

6.4.4 CCl rats sleep was fragmented primarily through short (<10s) bouts of wakefulness.

CCl rats sleep was fragmented in this study particularly during ZT5-ZT11 in the light period as
demonstrated by the increased number (Figure 6.7) and decreased average length (Figure 6.8) of
sleep/wake bouts over 25 days. This phenomenon of fragmented sleep in preclinical neuropathic
pain models has been demonstrated previously in the sciatic nerve crush injury mouse model (Ho et
al., 2024), common peroneal nerve ligation models (Ho et al., 2024), spared nerve injury mouse
model (Alexandre et al., 2024), CCl mouse model (Alexandre et al., 2024) and CCl rat model
(Andersen & Tufik, 2003). Additionally, sleep fragmentation is also commonly reported in patients
(Guntel et al., 2021; Mahfouz et al., 2024; Widerstrom-Noga et al., 2001). In this study CCl rats were
awake more frequently but for shorter periods during both the ZT5-ZT11 and ZT17-ZT23 periods.
However, whilst NREM sleep was similarly affected during ZT5-ZT11 there was no change in the
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length of NREM sleep bouts during ZT17-ZT23 in the CCI rats. Whilst this could reflect that the CCI
rats sleep was more consolidated during the ZT17-ZT23 period, there were still significant changes to
the number of sleep bouts and the periods of wakefulness in between were far less consolidated.
Thus, it appears that measuring the disrupted sleep in CCl rats was most consistently measured
through the changes to the length and number of wakefulness bouts.

As the fragmentation of sleep in the CCl rats in this study was consistent with other preclinical
neuropathic pain models, it was assessed if this also occurred primarily through increased brief
awakenings. In this study CCl rats demonstrated consistently increased short (<10s) bouts of
wakefulness during both ZT5-ZT11 in the light period and ZT17-ZT23 in the dark period (Figure 6.9).
Many of the studies that identified sleep fragmentation in preclinical neuropathic pain models also
assessed fragmentation of NREM sleep via the number of transitions from NREM sleep to
wakefulness (Ho et al., 2024), the amount of >15s arousals followed by NREM sleep (Andersen &
Tufik, 2003) or the quantity of brief <16s arousals that interrupt NREM sleep (Alexandre et al., 2024).
These studies all demonstrated an increased number of arousals, particularly short bouts of
wakefulness, that were considered to reflect neuropathic pain induced disruption of sleep and
possibly even spontaneous neuropathic pain (Alexandre et al., 2024; Andersen & Tufik, 2003; Ho et
al., 2024). Alexandre et al. (2024) demonstrated that brief <16s arousals were decreased by
analgesic treatments and genetic silencing of peripheral sensory neurons in mice (Alexandre et al.,
2024). Additionally, Alexandre et al. (2024) also found that models of inflammatory and
postoperative pain did not develop sleep fragmentation or increased brief arousals suggesting these
changes are restricted to neuropathic pain models (Alexandre et al., 2024). Therefore, the findings of
the present study that short <10s bouts of wakefulness were highly elevated in CCl rats (Figure 6.9)
is likely related to neuropathic pain induced changes in sleep fragmentation and is consistent with
published findings. A key feature of these previous studies is that they used human visual scoring of
the EEG data to determine which epochs were wakefulness, NREM sleep or REM sleep. Whilst this is
typically the most accurate way to score EEG recordings it is time, labour and cost intensive making
its application in high throughput preclinical screening studies limited (Muto & Berthomier, 2023).
Therefore, the identification in this study that sleep fragmentation and increased short bouts of
wakefulness can be detected through an automated sleep/wake scoring algorithm demonstrates
great evidence for their use as preclinical neuropathic pain endpoints. Whilst the evidence that
patient’s sleep is also fragmentated further supports that the objective recording of sleep
fragmentation has good translatability potential (Guntel et al., 2021; Mahfouz et al., 2024,
Widerstrom-Noga et al., 2001).

Assessing short, medium and long bout of wakefulness and sleep also indicated that NREM sleep
fragmentation during ZT5-ZT11 in the light period occurred primarily through increased medium (10-
150s) length NREM sleep bouts (Figure 6.9). Whilst during ZT17-ZT23 in the dark period, when NREM
sleep was more consolidated, long (>150s) bouts were the primary source of this change, likely due
to the increased time CCl rats spent asleep. This effect is similar during REM sleep in the CCl rats for
which increased long (>50s) bouts were the primary cause of the increased number of REM sleep
bouts whilst the average length remained consistent. The increased long REM sleep bouts also
supported the evidence that neuropathic pain has limited impact on REM sleep in CCl rats with the
main effects occurring on NREM sleep and wakefulness. The limited effects on REM sleep in CCl rats
is consistent with findings in the spared nerve injury and CCl mice models (Alexandre et al., 2024).
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6.4.5 Sleep fragmentation and increased short (<10s) bouts of wakefulness were corrected
by pregabalin and ketamine.

Whilst the identification of sleep fragmentation and increased short bouts of wakefulness in CCl rats
is interesting, these changes must be reversible by analgesic treatments to be a useful as
neuropathic pain endpoints (Alexandre et al., 2024). In this study both pregabalin and ketamine
demonstrated varying levels of efficacy to correct measures of sleep fragmentation whilst psilocybin
affected almost exclusively REM sleep. Ketamine demonstrated the best efficacy to reverse
measures of sleep fragmentation including normalising the number of wake, NREM and REM sleep
bouts back to baseline levels (Figure 6.7). Additionally, ketamine improved the average length of
wakefulness bouts reversing this measure to baseline levels (Figure 6.8). Ketamine also corrected the
short bouts of wakefulness that have routinely been considered as a measure of neuropathic pain in
these CCl rats (Figure 6.8). Furthermore, ketamine decreased the amount of medium and long bouts
of both sleep states to levels equivalent of the baseline timepoint. Thus, it appears ketamine’s
correction of sleep/wake amounts focused on reversing the effects of CCl surgery on sleep and
wakefulness bouts without causing additional fragmentation of sleep. These findings of corrected
sleep/wake amount, latency to sleep and sleep fragmentation after ketamine treatment provided
the first evidence of the efficacy of ketamine to reverse sleep/wake behavioural endpoints of
neuropathic pain in a preclinical model.

In contrast to ketamine, psilocybin had no positive effects on the sleep fragmentation or short bouts
of wakefulness detected in the CCl rats. Psilocybin decreased the number of long bouts of NREM
sleep however this was at the expense of increasing the number of short bouts of NREM sleep (Supp
figure 6.18). The main effects of psilocybin on sleep/wake fragmentation revolved around altering
REM sleep and demonstrated little potential as an analgesic treatment by correcting sleep
fragmentation or short bouts of wakefulness. Psilocybin instead almost eradicated long bouts of
REM sleep and decreased medium bouts of REM sleep. This led to a reduction in both the number
and average length of REM sleep bouts often far below baseline levels, changes that are likely
associated with its anti-depressant properties (Palagini et al., 2013; Wilson & Argyropoulos, 2005).

Further research into the effects of analgesics on these sleep/wake behavioural endpoint is needed
and has not yet been conducted (Andersen & Tufik, 2003; Ho et al., 2024). Some of the only
evidence of reversing sleep fragmentation and increased short bouts of wakefulness have been
demonstrated by Alexandre et al. (2024). They demonstrated that gabapentin and carbamazepine,
two clinically used neuropathic pain treatments, reversed these sleep fragmentation and brief
arousal endpoints of neuropathic pain (Alexandre et al., 2024). Therefore, it is promising that in the
present study pregabalin, a compound with the same mechanism of action to gabapentin, corrected
some of the sleep/wake behavioural endpoints. The main effect of pregabalin in reversing
sleep/wake behavioural endpoints in this study was that it decreased the total number of wake
bouts (Figure 6.7). This decrease in wake bouts occurred primarily through pregabalin reducing the
number of short wake bouts to baseline levels. Therefore, both ketamine and pregabalin have
demonstrated efficacy in reversing the increased number of short bouts of wakefulness caused by
CCl surgery. Pregabalin, unlike ketamine, did induce a change in REM sleep medium bouts that
appear to be unrelated to its analgesic effects. Namely pregabalin caused a shift in REM sleep bout
lengths towards increased medium bouts at the expense of long REM sleep bouts despite not
affecting the overall amount of time CCI rats spend in REM sleep. The comparative effects of
ketamine and pregabalin on sleep/wake behavioural changes in this study suggests superior efficacy
of ketamine at reversing CCl surgery induced changes. This is in contrast to the efficacy of these
drugs against the traditional non-evoked endpoint of von Frey paw withdrawal threshold. Both
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pregabalin and ketamine reversed mechanical allodynia in the CCl rats however, the effects were
more robust with pregabalin (Figure 6.2). As such sleep/wake behavioural tests such as sleep
fragmentation and increase short bouts of wakefulness may prove to be a useful preclinical
neuropathic pain endpoint and offer insight into the analgesic efficacy of test compounds in
preclinical neuropathic pain models.

Overall, as both pregabalin and ketamine reduced the number of overall wakefulness bouts,
ketamine increased the average wake bout length and particularly both pregabalin and ketamine
reduced the number of short bouts of wakefulness, it supports the use of sleep fragmentation and
increased short wake bouts use as objective assessment endpoints of neuropathic pain. Moreover,
ketamine may offer superior analgesic efficacy compared to pregabalin despite pregabalin
demonstrating a more consistent and larger reversal of the classical von Frey evoked endpoint. This
is supported by the clinical finding that in spinal cord injury patients with neuropathic pain, ketamine
was ranked the second most effective analgesic treatment, behind botulinum toxin A whilst
pregabalin was ranked fifth out of eleven analgesics tested (Ling et al., 2022). A direct comparative
clinical study between ketamine and pregabalin is needed to validate these findings further and the
translatability of them. Positively the effects of pregabalin and ketamine on reversing sleep
fragmentation were able to be assessed using an automatic sleep/wake scoring algorithm that
would be suitable for high throughput preclinical screening studies. This study demonstrated that
measuring sleep fragmentation and particularly short bouts of wakefulness were sensitive to
analgesic treatments and provided objective translatable endpoints of neuropathic pain with the
potential for increased sensitivity over classical evoked subjective endpoints.

6.4.6 EEG power during wakefulness was inconsistent and not reversed by analgesic
treatment.

As there has been various changes in EEG power including increased theta power (demonstrated in
CCl rats and patients), increased delta power (demonstrated in partial sciatic nerve ligation mouse
model), altered alpha power (bidirectionally changed in patients) or increased beta power
(demonstrated in patients) reported to be associated with neuropathic pain these were assessed in
awake CCl rats. Unexpectantly, only delta and beta power were increased in the CCl rats and neither
were corrected by drug treatments (Figure 6.12). Due to the repeated identification of increased
theta power in neuropathic pain patients (Jensen et al., 2013; Krupina et al., 2020; Michels et al.,
2011; Sarnthein et al., 2005; Sarnthein & Jeanmonod, 2008; Stern et al., 2006) and in CCl rats during
wakefulness (Koyama, LeBlanc, et al., 2018), it was anticipated that theta power would also be
increased in this study. Though increased theta power is the most consistently reported change in
EEG power associated with neuropathic pain (Mussigmann et al., 2022) it has not been detected in
all preclinical neuropathic pain studies (Kontinen et al., 2003; Li, Ge, et al., 2019). Increased delta
power has been associated with elevated neuropathic pain in the partial sciatic nerve ligation mouse
model (Li, Ge, et al., 2019). Whilst in humans bidirectional changes in alpha power and increased
beta power have also been reported (Mussigmann et al., 2022). This includes the use of changes in
alpha and beta power to predict the development of neuropathic pain in spinal cord injury patients
(Vuckovi¢, Gallardo, et al., 2018).

Increased theta power was not detected in CCl rats during wakefulness at any timepoint during this
study either during ZT5-ZT11 in the light period (Figure 6.12) or ZT17-ZT23 in the dark period (Supp
figure 6.21). This is in contrast to the effects of neuropathic pain in patients (Jensen et al., 2013;
Krupina et al., 2020; Michels et al., 2011; Sarnthein et al., 2005; Sarnthein & Jeanmonod, 2008; Stern
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et al., 2006) and in some of the previous studies assessing CCl rats (Koyama, LeBlanc, et al., 2018).
However, other studies assessing the CCl rat model have detected no change in EEG power during
wakefulness across an extended time course study (Kontinen et al., 2003). One main difference in
the recording of EEG power changes between this study and that of Koyama et al. (2018) who
identified increased theta power in CCl rats, is that they used very short 3—5-minute recordings of
EEG after 15 minutes of acclimatisation (Koyama, LeBlanc, et al., 2018). The present study was more
detailed as it continuously recorded EEG changes over 23 hours and focused on the first six hours
after drug administration during the light period (ZT5-ZT11) and a corresponding six-hour segment of
the dark (ZT17-2T23) period. This decision was made to capture the full effects of the test
compounds across a longer period and to correlate any changes in EEG power with changes in
sleep/wake behaviour. Interestingly there were also differences in the detection of the effects of
10mg/kg pregabalin between this study and that of Koyama et al. (2018). In this study there was no
effect of the 10mg/kg pregabalin, 10mg/kg ketamine or 3mg/kg psilocybin on EEG theta power in
awake CCl rats (Figure 6.12). However, Koyama et al. (2018) demonstrated that 10mg/kg pregabalin
decreased EEG theta power in awake CCl rats that was increased at Day 14 after CCl surgery
(Koyama, LeBlanc, et al., 2018). The lack of an increase in theta power and even a decrease at Day 25
suggested that theta power may not be a reproducible endpoint in preclinical neuropathic pain
models.

Assessing other EEG frequency band changes during wakefulness in the CCl rats in this study
indicated that beta and delta power were increased during ZT5-ZT11 in the light period (Figure 6.12).
Increased delta power has previously been associated with neuropathic pain (Li, Ge, et al., 2019).
However, neither pregabalin or ketamine had any efficacy in reversing this increased delta power in
the CCl rats (Figure 6.12). Delta power was partially reversed after psilocybin treatment, however as
delta power began to decrease back to baseline levels by Day 25 the effects of psilocybin on Day 35
may have been due to a lack of increased delta power in the CCl rats at this timepoint. Additionally,
the increased delta power during wakefulness was not detected during ZT17-ZT23 in the dark period
which suggested that increased delta power is not a reproducible or reversible endpoint of
neuropathic pain. Increased beta power was also identified in the CCl rats however, was not
different from baseline after vehicle administration, meaning that there was no window for any of
the test compounds to demonstrate efficacy (Figure 6.12). The increased beta power was also not
maintained during the ZT17-ZT23 period. Whilst gamma power during wakefulness was not altered
after CCl surgery assessing test compound induced changes in gamma power does provide an
indication of their pharmacological activity. Both psilocybin and pregabalin decreased gamma power
compared to control and baseline which has previously been seen been identified at
Transpharmation LTD (unpublished observations) and in published reports for psilocybin (Thomas et
al., 2022). Whereas ketamine increased gamma power during wakefulness which has also been
identified in published reports (Gilbert & Zarate, 2020; Kantor et al., 2023). As such it appears that
measuring EEG power during wakefulness in CCl rats over extended periods of time does not provide
a consistent or reversible endpoint of neuropathic pain for screening analgesic test compounds.

Other than effects of CCl surgery and test compound administration on EEG power during
wakefulness, the impact of these on NREM and REM sleep EEG power were also assessed. NREM
sleep EEG power strongly shifted towards higher frequency oscillations whilst REM sleep EEG power
was largely unaffected by CCl surgery. Specifically, delta, theta and sigma band power were
decreased in CCl rats during NREM sleep in both the light and dark periods whilst gamma power
increased. As delta waves predominate NREM sleep, they are often used to characterise its intensity
(Leemburg et al., 2010; Vyazovskiy et al., 2007). Following sleep deprivation NREM sleep delta power
is often increased, whilst throughout the night this delta power gradually decreases (Leemburg et
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al., 2010; Long et al., 2021; Vyazovskiy et al., 2007). Therefore it has been considered that increased
delta power is associated with increased sleep quality and intensity (Leemburg et al., 2010; Long et
al., 2021; Vyazovskiy et al., 2007). As such the decrease in delta and low frequency EEG power in CCl
rats likely reflected that these rats spent more time in NREM sleep but of a lower intensity and
quality, possibly to compensate for the increase in frequent short awakenings (Figure 6.9) (Long et
al., 2021). In support of this both pregabalin and ketamine partially reversed NREM sleep delta
power whilst decreasing short bouts of wakefulness. Psilocybin on the other hand which
demonstrated no efficacy against classical evoked neuropathic pain endpoints or against sleep
fragmentation further decreased NREM sleep delta power (Figure 6.9). Overall EEG power during
wakefulness appears not to provide a reliable objective endpoint of neuropathic pain, whilst NREM
sleep EEG power indicates decreased sleep intensity in CCl rats that was partially corrected by
pregabalin and ketamine.

6.4.7 Improvements, limitations and future work.

Whilst this study demonstrated the use of sleep fragmentation and short bouts of wakefulness as
novel objective neuropathic pain endpoints that can be reversed by standard (pregabalin) and novel
(ketamine) analgesics, there are limitations to this study. A key consideration of this study was the
use of an automatic sleep/wake scoring algorithm to reflect the established practice in preclinical
sleep EEG screening studies (Grieger et al., 2021). Whilst these algorithms have been routinely used
for many years with reasonable levels of accuracy, they trade the finer level of detailed scoring of a
human technician for vastly superior speed and efficiency (Benington et al., 1994; Muto &
Berthomier, 2023). This is beneficial for preclinical screening studies as it reduces costs and increases
throughput (Muto & Berthomier, 2023). However, it requires that the endpoints being used to
determine test compound efficacy are robust enough to still be measurable. In the present study
sleep fragmentation and increased short bout of wakefulness both appear to pass this criterion.
However, the development of increased theta power that has been demonstrated by others in the
CCl rat model was not identified in this study, possibly due to the use of automated scoring (Koyama,
LeBlanc, et al., 2018).

The age of the rats used in this study is another consideration that must be made when continuing
this research. The Sprague Dawley rats used in this study were previously implanted for sleep/wake
behaviour and/or evoked potential studies at Transpharmation LTD leading to them being older
(approximately 7-9 months) than the younger age rats that are typically tested preclinically (2-3
months) (Andersen & Tufik, 2003; Kontinen et al., 2003; Koyama, LeBlanc, et al., 2018). Whilst the
age of the rats used in this study likely better represents that of the adult patient population, it may
limit the translatability to other preclinical studies that have focused on younger animals (Almeida et
al., 2018). Therefore, repeating this study in a younger cohort of rats that better reflects the general
age used in other studies could improve the translatability whilst also providing an understanding of
any age-related effects on these sleep/wake endpoints.

A consideration should be made in this study for the effects of the test compounds including
pregabalin, ketamine and psilocybin as these were not assessed in any sham group. Sham animals
can help to elucidate whether there is an effect of the surgical procedure irrespective of the nerve
injury whilst also identifying the effects of the test compounds on naive animals that may be
masking rather than reversing any phenotypical changes (Johnson & Besselsen, 2002). Sham animals
were not included in this study due to the limited development of oxaliplatin induced CIPN in
Chapter 5 and the previously unknown effectiveness of the CCl surgery on aged animals, to ensure
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the maximum number of animals with a successful neuropathic pain phenotype could be included.
Additionally, the ethics of including a sham group were considered as this would have increased the
number of animals included in the study and was instead replaced with comparisons to a vehicle
control group to avoid the use of age matched sham animals (Knopp et al., 2015). Previous data
from studies at Transpharmation LTD using 10mg/kg ketamine in naive Sprague Dawley rats
indicates similar effects of more consolidated wakefulness whilst reducing NREM and REM sleep
amounts (Kantor et al., 2023). However, ketamine had no effect on locomotor activity or NREM
sleep latency in naive Sprague Dawley rats which may support these as a more selective endpoint for
the effects of ketamine against neuropathic pain. The effects of ketamine have previously not been
investigated on short bouts of wakefulness which should be explored in the future. Additionally, the
effects of 3mg/kg psilocybin on sleep/wake behaviour were also similar in internal Transpharmation
LTD studies of naive Sprague Dawley rats with almost exclusively delaying the onset of REM sleep
without altering wakefulness (unpublished observations). As such future work investigating EEG and
sleep/wake changes in this model should consider including sham animals to ensure the effects of
the nerve constriction and not the surgical procedure are identified alongside understanding the
effects of treatments in non-painful animals.

In human EEG recordings the conventional approach uses the 10-20 system to determine the
placement of electrodes on the scalp for EEG recordings (Sanei, S., & Chambers, 2007). However, in
rodent EEG recordings the placement of electrodes varies and can depend on the type of apparatus
being used and what is being measured (Ho et al., 2024; Kantor et al., 2023; Koyama, LeBlanc, et al.,
2018). In the present study frontal (2 mm anterior / 1 mm lateral to Bregma) and parietal (0 mm
anterior / 1.5 mm lateral to Lambda) electrodes were implanted above the left hemisphere for
frontoparietal EEG recordings on the ipsilateral side of the CCl surgery. However, research from Carl
Saab’s research group has identified increased theta power in CCl rats placed an electrode
corresponding to the contralateral primary somatosensory cortex or S1 region of the nerve injury
(2mm posterior / 2 mm lateral to Bregma) (Koyama, LeBlanc, et al., 2018). As brain processing of
information is conducted on the contralateral hemisphere (Jin et al., 2018) it may be a limitation of
the present study that EEG recordings were conducted on the ipsilateral side. However, previous
studies from Carl Saab’s research group also identified increased theta power across both ipsilateral
and contralateral EEG recording electrodes (LeBlanc, Bowary, et al., 2016). The demonstration of
EEG power changes across both brain hemispheres indicates that if increased theta power was
present in this study, it should have been detectible across either hemisphere. However, future
studies should look to optimise the placement of EEG electrodes to allow for the maximum chance
to detect EEG power changes, which was not possible in this study as the rats were pre-implanted
with EEG electrodes.

The time periods selected for analysis during most of this study included two 6 hour sections of ZT5-
ZT11 in the light period (hours 0-6 of the recording) and a corresponding 6 hour portion from ZT17-
ZT23 in the dark period (hours 12-18 of the recording). Whilst ZT5-ZT11 was the longest
uninterrupted section of the light period after the drug treatments, ZT17-ZT23 was selected as the
corresponding period during the dark period of equal length. However, as rodents are typically more
active during the first period of the dark period (Steel et al., 2024) there may be differences in their
experience of evoked pain as they moved around more and experience allodynia or hyperalgesia
from interacting with their environment (Tokunaga et al., 2007). However, the homeostatic drive for
sleep increases towards the dark period (Borbély et al., 2016). Therefore, differences in the
homeostatic drive for sleep in rodents experiencing sleep disturbance are most likely to occur at the
end of the dark period, as assessed in this study. Future work should consider assessing both the
early and later stages of the dark period to identify if there are any differences in EEG measures of
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sleep/wake homeostasis, brief arousals or sleep/wake amounts between these time periods. This
could help to better understand how sleep regulation is affected in preclinical neuropathic pain
models.

Future studies should look to examine the effects of a dose response and possibly chronic dosing of
pregabalin and ketamine. Due to the design of this study aiming to understand both the
development of CCl surgery induced changes throughout the study and the reversal of these
changes, each test compound was limited to a single dose (Figure 6.1). Using multiple doses of each
test compound to demonstrate a dose response effect would have further support the findings of
improved sleep fragmentation and reduced short bouts of wakefulness. Therefore, future research
should aim to repeat the assessment of these test compound at a range of doses, ideally in a
younger cohort of animals. Additionally, the assessment of sleep/wake behaviour in alternative
neuropathic pain models, including other surgically induced models such as the spared nerve injury
and metabolic models such as the streptozotocin model would provide improved validation of these
neuropathic pain endpoints. Once established, validation of other test compounds such as
amitriptyline and duloxetine that are currently approved for the treatment of neuropathic pain
could aid in the validation of sleep fragmentation and increased short bouts of wakefulness as
neuropathic pain endpoints (Finnerup et al., 2015).

6.5 Conclusions

In conclusion, this study demonstrated that sleep fragmentation and increased short bouts of
wakefulness appear to be reliable neuropathic pain endpoints that are reversible by analgesic
treatments. Examining these sleep/wake behavioural changes in CCl rats determined ketamine has
superior analgesic efficacy over pregabalin despite a classical evoked neuropathic pain endpoint
indicating the opposite. This study provided the first data supporting the use of an automatic
sleep/wake scoring algorithm to detect sleep fragmentation and increased short bouts of
wakefulness as objective measures of neuropathic pain and their reversal by ketamine and
pregabalin. This will allow future high throughput preclinical screening studies to apply these
neuropathic pain endpoints without the use of laborious human scoring of EEG recordings.
Additionally, assessing sleep/wake behaviours in CCl rats provided a more detailed comparison of
test compound efficacy and the affective aspects of pain compared with reflexive measurements.
Sleep fragmentation is also reported by neuropathic pain patients and can be objectively measured
in rodents supporting its translatability potential. Furthermore, measuring changes in home cage
locomotor activity provided additional data that supported the determination of analgesic efficacy
and is similar to the reports of decreased activity levels in patients. More work is needed to ensure
that these sleep fragmentation endpoints are robust and reproducible across various neuropathic
pain models and analgesic compounds.
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6.6 Supplementary figures
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Supp figure 6.13) During ZT17-ZT23 in the dark period CCl rats spent less time awake and more time
in NREM sleep and REM sleep. The effect of CCl surgery (Days 3, 7, 9, 19 and 25) along with vehicle,
10mg/kg pregabalin, 10mg/kg ketamine (Days 15, 21, 28) and 3mg/kg psilocybin (Day 35) test
compounds on the percentage of time spent awake (A,B), in NREM sleep (C,D) and REM sleep (E,F)
during ZT17-ZT23 in the dark period. (A-F) **p<0.01, ***p<0.001 vs baseline (Day-4). (B,D,F)
$p<0.05, $$p<0.01, $5$p<0.001 vs vehicle. All data is reported as mean + SEM, n=11-12 (A-F).
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Supp figure 6.14) The total number of wake, NREM sleep and REM sleep bouts was increased in the
CCl rats during ZT17-ZT23 in the dark period. The effect of CCl surgery (Days 3, 7,9, 19 and 25) along
with vehicle, 10mg/kg pregabalin, 10mg/kg ketamine (Days 15, 21, 28) and 3mg/kg psilocybin (Day
35) test compounds on the total number of wakefulness (A,B), NREM sleep (C,D) and REM sleep (E,F)
bouts during ZT17-ZT23 in the dark period. (A-F) *p<0.05, **p<0.01, ***p<0.001 vs baseline (Day-4).
(B,D,F) $p<0.05, $5p<0.01 vs vehicle. All data is reported as mean + SEM, n=11-12 (A-F).
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Supp figure 6.15) The average length of wake bouts was increased in CCl rats but was not corrected
by test compound administration during ZT17-ZT23 in the dark period. The effect of CCl surgery
(Days 3, 7,9, 19 and 25) along with vehicle, 10mg/kg pregabalin, 10mg/kg ketamine (Days 15, 21, 28)
and 3mg/kg psilocybin (Day 35) test compounds on the average length of wakefulness (A,B), NREM
sleep (C,D) and REM sleep (E,F) bouts during ZT17-ZT23 in the dark period. (A-F) *p<0.05,
***p<0.001 vs baseline (Day-4). (B,D,F) $p<0.05 vs vehicle. All data is reported as mean + SEM, n=11-

12 (A-F).
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Supp figure 6.16) CCl rats had increased short (<10s) wake bouts during ZT5-ZT11 in the light period.
The effects of CCl surgery (Days 3, 7,9, 19 and 25) on short (€10s), medium (10-50s wake/REM
sleep, 10-150s NREM sleep) and long (>50s wake/REM sleep, >150s NREM sleep) bouts of
wakefulness (A,B,C), NREM sleep (D,E,F) and REM sleep (G,H,I) during ZT5-ZT11 in the light period.
*p<0.05, **p<0.01, ***p<0.001 vs baseline (Day-4). All data is reported as mean + SEM, n=11-12 (A-
).
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Supp figure 6.17) CCl rats also had increased short (<10s) wake bouts during ZT17-ZT23 in the dark
period. The effects of CCl surgery (Days 3, 7,9, 19 and 25) on short (<10s), medium (10-50s
wake/REM sleep, 10-150s NREM sleep) and long (>50s wake/REM sleep, >150s NREM sleep) bouts of
wakefulness (A,B,C), NREM sleep (D,E,F) and REM sleep (G,H,l) during ZT17-ZT23 in the dark period.
*p<0.05, **p<0.01, ***p<0.001 vs baseline (Day-4). All data is reported as mean + SEM, n=11-12 (A-
I).
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Supp figure 6.18) Pregabalin and ketamine normalised the number of short (<10s) wake bouts during
ZT5-ZT11 in the light period. The effects of vehicle, 10mg/kg pregabalin, 10mg/kg ketamine (Days 15,
21, 28) and 3mg/kg psilocybin (Day 35) test compounds on short (€10s), medium (10-50s wake/REM
sleep, 10-150s NREM sleep) and long (>50s wake/REM sleep, >150s NREM sleep) bouts of
wakefulness (A,B,C), NREM sleep (D,E,F) and REM sleep (G,H,l) during ZT5-ZT11 in the light period.
*p<0.05, **p<0.01, ***p<0.001 vs baseline (Day-4), $p<0.05, $5p<0.01, $55p<0.001 vs vehicle. All
data is reported as mean + SEM, n=11-12 (A-).
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Supp figure 6.19) Psilocybin decreased long (>50s) bouts of wakefulness whilst long bouts of NREM
and REM sleep were increased during ZT17-ZT23 in the dark period. The effects of vehicle, 10mg/kg
pregabalin, 10mg/kg ketamine (Days 15, 21, 28) and 3mg/kg psilocybin (Day 35) test compounds on
short (£10s), medium (10-50s wake/REM sleep, 10-150s NREM sleep) and long (>50s wake/REM
sleep, >150s NREM sleep) bouts of wakefulness (A,B,C), NREM sleep (D,E,F) and REM sleep (G,H,l)
during ZT17-ZT23 in the dark period. *p<0.05, **p<0.01, ***p<0.001 vs baseline (Day-4), $p<0.05,
S$$p<0.01 vs vehicle. All data is reported as mean + SEM, n=11-12 (A-1).
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Supp figure 6.20) NREM sleep EEG power was increased at higher frequencies and decreased at
lower frequencies in CCl rats. Whilst theta power during wakefulness was not increased during ZT5-
ZT11 in the light period. The effects of CCl surgery (Days 3, 7, 9, 19 and 25) on the EEG power in the
delta (1-4Hz) (A,B,C), theta (4-8Hz) (D,E,F), alpha/sigma (8-12Hz) (G,H,I), beta (13-30Hz) (J,K,L) and
gamma (30-100Hz) (M,N,O) frequency bands during wakefulness, NREM sleep and REM sleep during
ZT5-ZT11 in the light period. *p<0.05, **p<0.01, ***p<0.001 vs baseline (Day-4). All data is reported
as mean + SEM, n=11-12 (A-O).
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Supp figure 6.21) NREM sleep EEG power at lower frequencies was decreased, whilst gamma power
was increased in CCl rats. Additionally, theta power during wakefulness was not increased during
ZT17-2T123 in the dark period. The effects of CCl surgery (Days 3, 7,9, 19 and 25) on the EEG power in
the delta (1-4Hz) (A,B,C), theta (4-8Hz) (D,E,F), alpha/sigma (8-12Hz) (G,H,1), beta (13-30Hz) (J,K,L)
and gamma (30-100Hz) (M,N,O) frequency bands during wakefulness, NREM sleep and REM sleep
during ZT17-ZT23 in the dark period. *p<0.05, **p<0.01, ***p<0.001 vs baseline (Day-4). All data is
reported as mean = SEM, n=11-12 (A-O).
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Supp figure 6.22) Pregabalin and ketamine increased delta power during NREM sleep during ZT5-
ZT11 in the light period. The effects of vehicle, 10mg/kg pregabalin, 10mg/kg ketamine (Days 15, 21,
28) and 3mg/kg psilocybin (Day 35) test compounds on the EEG power in the delta (1-4Hz) (A,B,C),
theta (4-8Hz) (D,E,F), alpha/sigma (8-12Hz) (G,H,l), beta (13-30Hz) (J,K,L) and gamma (30-100Hz)
(M,N,0) frequency bands during wakefulness, NREM sleep and REM sleep during ZT5-ZT11 in the
light period. *p<0.05, **p<0.01, ***p<0.001 vs baseline (Day-4). $p<0.05, $5p<0.01, $55p<0.001 vs

vehicle. All data is reported as mean + SEM, n=11-12 (A-O).
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Supp figure 6.23) Test compounds had limited effects on EEG power during ZT17-ZT23 in the dark
period. The effects of vehicle, 10mg/kg pregabalin, 10mg/kg ketamine (Days 15, 21, 28) and 3mg/kg
psilocybin (Day 35) test compounds on the EEG power in the delta (1-4Hz) (A,B,C), theta (4-8Hz)
(D,E,F), alpha/sigma (8-12Hz) (G,H,1), beta (13-30Hz) (J,K,L) and gamma (30-100Hz) (M,N,0)
frequency bands during wakefulness, NREM sleep and REM sleep during ZT17-ZT23 in the dark
period. *p<0.05, **p<0.01, ***p<0.001 vs baseline (Day-4). $p<0.05, $$p<0.01, $$$p<0.001 vs
vehicle. All data is reported as mean + SEM, n=11-12 (A-O).
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Chapter 7: Overall discussion

Neuropathic pain affects 8.2-8.9% of people in England (Fayaz et al., 2016) which is concerning as
current treatments of neuropathic pain are effective for less than half of them (Colloca et al., 2017).
Little success has been found in forward translating preclinical analgesics into successful clinical
trials. With pregabalin the only first line treatment for neuropathic pain that has successfully
forward translated (Percie Du Sert & Rice, 2014). A key focus to improve neuropathic pain research
is to review the endpoints that are used to assess it (Deuis et al., 2017; Fisher et al., 2021; Tappe-
Theodor et al., 2019). There is currently a mismatch between the primary neuropathic pain
endpoints used in clinical trials and preclinical studies. Clinical trials most often measure the efficacy
of analgesics through verbal self-reported pain (Jensen et al., 2015). This captures the overall impact
of pain including the affective components, emotional and brain processing, albeit subjectively
(Jensen et al., 2015; Simons et al., 2014; Torta et al., 2017). In contrast the classical way to measure
neuropathic pain preclinically has been through subjective measures of evoked reflexes interpreted
by a human observer (Negus, 2019). These classical evoked endpoints measure simple reflexes that
do not consider the central processing of neuropathic pain (Deuis et al., 2017; Fisher et al., 2021,
Tappe-Theodor et al., 2019). Thus, it is important to identify and validate novel objective
neuropathic pain endpoints that assess the overall impact of neuropathic pain and may improve
forward translatability potential over current classical reflex-based endpoints (Fisher et al., 2021).

Therefore, this thesis set out to investigate novel objective endpoints of neuropathic pain that would
improve the translatability of preclinical neuropathic pain research. Additionally, this thesis
identified improvements and refinements to animal welfare that should be implemented to increase
the reliability and reduce the ethical impacts of preclinical neuropathic pain research. Whilst most
preclinical research focuses on understanding pathways, mechanisms and drug efficacy, this thesis
instead aimed to look at how preclinical neuropathic pain medications are screened. This is
particularly important as it is the final efficacy assessment step in the development of novel
analgesic treatments before they enter human clinical trials. As such it is vital that the ways we
measure pain preclinically are effective and translatable. Little has changed in the preclinical
screening landscape for neuropathic pain over the past 30 years, and with it, few treatments have
proceeded to clinical use due to both lack of efficacy and adverse effects. This has left neuropathic
pain patients without adequate treatment and so a focus must be placed on how we determine
analgesic efficacy.

7.1 Validation of the single dose 55mg/kg streptozotocin (STZ) type-1
diabetes rat model

The first few studies of this thesis validated that a single 55mg/kg STZ intraperitoneal (i.p.)
administration successfully induced and maintained a type-1 diabetic phenotype in rats, even after
allowing for anomer equilibration. STZ occurs as an a and B anomer, of which a is the more toxic.
Over the first two hours after being dissolved the usually >85% o anomer content decreases to an
equivalent level of the less toxic B anomer (De La Garza-Rodea et al., 2010). Despite this, protocols
for STZ administration still routinely describe administering STZ immediately after being dissolved
and suggest using higher 265mg/kg doses in rats (Furman, 2021). The characterisation that an
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anomer-equilibrated 55mg/kg STZ dose can successfully induce and maintain a type-1 diabetic
phenotype, supports the use of this refinement that can limit the adverse effects of STZ
administration (Lanigan et al., 2020).

The development of a diabetic phenotype in rats after STZ administration was confirmed through
measuring the rats blood glucose level (BGL) as a primary endpoint. In all three studies using the STZ
type-1 diabetic model, increased BGL above the 16mmol/L hyperglycaemic threshold was achieved
in 95% of the rats. The maintenance of hyperglycaemia was confirmed to last for at least 49 days,
allowing for an adequate time window to conduct preclinical screening using this model.
Importantly, the development and maintenance of this level of hyperglycaemia was consistent with
higher dose 65mg/kg STZ models that do not allow for anomer equilibration (Lanigan et al., 2020;
Wang-Fischer & Garyantes, 2018). The diabetic phenotype of the STZ rats was also confirmed here
through assessing the development and maintenance of polydipsia, polyphagia and bodyweight loss
in the 55mg/kg STZ diabetic. Bodyweight loss and the development of polydipsia and polyphagia are
consistently reported across research groups in the STZ type-1 diabetes model (Ali et al., 2015;
Rutten et al., 2018; Vieira et al., 2020; Wang-Fischer & Garyantes, 2018; Yamamoto et al., 2009) and
in human type-1 diabetic patients with poor glycaemic management (Pasi & Ravi, 2022; Roche et al.,
2005).

A common use of the STZ type-1 diabetic model is to measure the development of mechanical
allodynia through the classical evoked endpoint of von Frey paw withdrawal thresholds. Mechanical
allodynia is a feature of neuropathic pain and therefore treatments that reverse it are proposed as
having analgesic properties (Ali et al., 2015; Field, McCleary, et al., 1999; Rutten et al., 2018; Wang-
Fischer & Garyantes, 2018; Yamamoto et al., 2009). Mechanical allodynia development was
demonstrated in all three STZ studies presented here by Day 9, with 93% of the STZ diabetic rats
developing mechanical allodynia. The development of mechanical allodynia was maintained for at
least 45 days after STZ administration which is consistent with published literature (Wang-Fischer &
Garyantes, 2018; Yamamoto et al., 2009). Initially it was identified that pregabalin, a first line
treatment for neuropathic pain (Finnerup et al., 2015), fully reversed mechanical allodynia in the STZ
diabetic rats at a 30mg/kg dose. However, it was also found that 30mg/kg pregabalin caused
somnolence as evidenced by increased control rats paw withdrawal thresholds above baseline
levels. A dose response to pregabalin at 3, 10 and 30mg/kg was conducted and identified that
10mg/kg pregabalin successfully reversed mechanical allodynia in the STZ diabetic rats without any
evidence of somnolence. The maintenance of mechanical allodynia and its successful reversal with a
clinical analgesic allowed for an adequate time and reversal window to conduct preclinical screening
using this lower dose 55mg/kg STZ diabetic model.

7.1.1 Abbreviations.

STZ — streptozotocin, CCl — chronic constrictive injury, EEG — electroencephalogram, NREM — non-
rapid eye movement, i.p. —intraperitoneal, BGL — blood glucose level, OFT — open field testing, CIPN
— chemotherapy induced peripheral neuropathy.
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7.2 Welfare refinements in the STZ type-1 diabetes rat model

An important secondary aim of these studies, which should always be considered when conducting
preclinical research, is the welfare of the animals and any improvements that can be made. A
cornerstone of improving the welfare of animal research for many decades has been the 3R’s
principles of Replacement, Reduction and Refinement (Russell & Burch, 1959). As discussed, the first
way that the welfare of the STZ diabetic rats used in these studies was improved was through a
reduction in the STZ dose to 55mg/kg. This reduced the bodyweight loss by 50% and no acute
toxicity side effects of STZ administration were identified compared with the previous 65mg/kg STZ
model, thus improving the welfare of these rats (Burnett et al., 2014; Fisher et al., 2015; Lanigan et
al., 2020). Additionally, a small refinement was made to the protocol for measuring BGLs prior to STZ
administration by taking the baseline BGL measurement the day before STZ administration. This
reduced the stress of the animals on the day of STZ administration by limiting the amount of
handling and restraining these animals experienced on the same day. Another key finding in the STZ
diabetic model that was demonstrated here and has not previously been reported was that
increased BGLs correlated with increased weight loss. This is significant as bodyweight loss is an
important welfare and humane endpoint with STZ diabetic rats being euthanised and removed from
the study if their weight loss approached 20% without stabilising. Additionally, it was identified that
increased BGLs correlated with increased organ hypertrophy. Therefore, the provision of a low dose
of slow-release insulin should be used as a rescue measure to minimise this excessive bodyweight
loss, as is currently employed by some research groups (Ghasemi & Jeddi, 2023). This correlation
between BGL and weight loss will encourage researchers in future STZ studies to regularly correlate
BGL and weight loss along with the provision of insulin (as needed) to maximise animal welfare and
limit animal exclusion based on bodyweight loss.

Whilst the primary aim of these studies was to identify novel ways to measure neuropathic pain with
improved translatability, refining the existing protocols maximises animal welfare and good practice.
One improvement to the classical von Frey paw withdrawal threshold endpoint that was identified in
these studies was testing rats paired with a home cage partner, which has not previously been
reported. Conducting von Frey testing with paired rats had no impact on STZ diabetic rats von Frey
measurements. Meaning that allowing STZ diabetic rats to remain in their home cage pair did not
cause any detrimental changes in STZ diabetic rats paw withdrawal threshold. Additionally, assessing
paired control rats paw withdrawal thresholds slightly improved von Frey measurements compared
with when tested on their own, by maintaining a more stable paw withdrawal threshold level.
Though one possible limitation of conducting von Frey testing in pairs is that social transfer of pain
could lead to increased sensitivity in the partner animal (Langford et al., 2006; Smith et al., 2016).
Further assessment of paired rat testing needs to be explored in the future particularly by assessing
STZ diabetic and control rats together to demonstrate whether the social transfer of pain may occur,
leading to a reduction in the control rats paw withdrawal threshold. This observation does
demonstrate that allowing rats to remain with their home cage partner during von Frey testing does
not alter paw withdrawal thresholds and avoids short term isolation. These simple yet impactful
refinements can be implemented by researchers using the STZ diabetic rat model along with other
preclinical models to reduce the welfare impacts of preclinical research maintaining the accuracy,
rigour and robustness of the scientific data.

A final welfare consideration in the EEG chemotherapy induced peripheral neuropathy (CIPN) and
chronic constrictive injury (CCl) studies was the re-use of animals that had already been part of other
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research studies. This ensured that 26 rats did not undergo extensive EEG/EMG implantation surgery
in support of reduction as part of the 3rs (NC3Rs, n.d.). Although this differs from most other
published studies, it prioritised welfare. Additionally, using older animals potentially improved the
translatability of the results to patients as neuropathic pain is often developed later in life.

7.3 Use of male versus female animals

The use of male rodents has historically predominated preclinical research most often with the
reasoning pertaining to hormonal related increases in variability (Kaluve et al., 2022). This has led to
81% of preclinical investigations of non-evoked neuropathic pain endpoint studies assessing only
males rodents (Huerta et al., 2024) despite strong evidence for there being no difference in
variability between the male and female mice (Prendergast et al., 2014). It is therefore unfortunate
that this thesis contributed to this lack of inclusion of female rodents in preclinical research. A
primary reason for this is that female rodents are more resistant to the diabetogenic effects of STZ
than male rodents leading to a less pronounced diabetic phenotype (Ghasemi & Jeddi, 2023; Kim et
al., 2020). This phenomenon has been associated with the protective effects of oestrogens (Merlin
et al., 2024) though, more recently this has been overcome by increasing the dose of STZ
administered to female rodents achieving a successful diabetic model (Saadane et al., 2020). More
detailed investigations of this are needed however, as increased STZ doses are associated with a
greater risk of mortality (Mostafavinia et al., 2016).

The use of female rats was also not possible during the EEG investigations in these studies due to the
animals being supplied from previous investigations at Transpharmation LTD in which only male rats
were used, in line with the 3Rs of reduction. As such future work investigating EEG and sleep/wake
changes associated with neuropathic pain should include female rodents to understand any sex
related differences that may be present. This is particularly important as in clinical studies it has
been identified that females are more susceptible to chronic neuropathic pain (Fayaz et al., 2016).
Additionally, both clinical and preclinical evidence appears to indicate that females are more
susceptible to acute and chronic pain than males (Mogil, 2020). Whilst sleep assessments indicate
that women spend less time asleep, take longer to fall asleep but are more predisposed to REM
sleep than men (Guidozzi, 2015). How sex related differences on both pain perception and
sleep/wake changes interact will require detailed investigations to ensure that the preclinical results
generated are as translatable as possible whilst reducing the historic and still ongoing bias towards
male dominated preclinical pain research.

7.4 Burrowing in STZ diabetic rats is a measure of overall animal wellbeing

Burrowing is an ethological behaviour expressed by rodents that can be objectively measured
(Andrews et al., 2012; Fisher et al., 2021). Changes in burrowing are also considered to be equivalent
to the effects on activities undertaken by humans in their daily lives (Zhang et al., 2022). It has
previously been demonstrated that burrowing deficits develop in models of surgically induced
neuropathic pain from as early as 3 days after CCl surgery (Muralidharan et al., 2016). The deficits in
CCl rat models can be reversed by 3, 10 and 30mg/kg pregabalin administration (Rutten et al., 2018).
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Conversely whilst burrowing deficits develop in diabetic models of neuropathic pain, published
results suggest that these deficits are not reversed by either 10mg/kg or 30mg/kg pregabalin (Rutten
et al., 2018). The lack of reversibility was believed to occur due being “masked” by changes in overall
wellbeing related to diabetes in a relatively high dose 75mg/kg STZ diabetic model (Rutten et al.,
2018). This thesis outlined for the first time the development timeline of STZ diabetic rats burrowing
deficits which first occurred at Day 18 and were maintained until Day 46. The development of
burrowing deficits took twice as long compared to the development of mechanical allodynia, which
had reached a stable baseline by Day 9. This alone indicates that burrowing deficits may measure
different features of the STZ type-1 diabetes model than the classical evoked mechanical allodynia
measures of neuropathic pain.

Further differences between classical evoked measures of mechanical allodynia and burrowing
deficits were identified when assessing the effects of 3, 10 and 30mg/kg pregabalin. Similarly to the
findings of Rutten et al. (2018), pregabalin had no effect on STZ diabetic rats burrowing at any dose,
despite all three doses demonstrating efficacy in reversing mechanical allodynia (Rutten et al., 2018).
Additionally, pregabalin was still ineffective regardless of the present studies using a much lower
55mg/kg STZ dose model with potentially improved animal welfare compared to the 75mg/kg STZ
diabetic model (Lanigan et al., 2020; Rutten et al., 2018). This confirmed that the first line treatment
for neuropathic pain pregabalin was ineffective at reversing burrowing deficits in STZ diabetic
models of neuropathic pain. It was also verified that the locomotion and gait of STZ diabetic rats
were not altered during the time when burrowing deficits occurred. Confirming that the burrowing
deficits were caused by an affective component of the diabetic and neuropathic pain phenotype in
the STZ diabetic rats. This contributed to the research that indicates burrowing is a measure of
overall animal wellbeing as it was not improved by treating mechanical allodynia (Andrews et al.,
2011; Deacon, 2006; Deseure & Hans, 2018; Jirkof, 2014).

This thesis provided an interesting addition to previous research, being the first to provide evidence
of burrowing deficits being reversed in STZ diabetic rats, though not through analgesic treatment.
Home caging an STZ diabetic rat with a control rat improved the STZ diabetic rats individual
burrowing. This was the first example of STZ diabetic rats burrowing improving, demonstrating that
it is possible to reverse the burrowing deficits in these animals. A potential mechanism that may
explain this phenomenon is the social support of a healthy animal that is paired with an animal in
pain. In rodents this is termed “social buffering” and has most often been explored in stress related
scenarios with the presence of or home caging with a companion animal leading to a reduction in
reaction and perception of aversive experiences (Denommé & Mason, 2022). Therefore, this thesis
has provided evidence that it may be possible to reverse the burrowing deficits in STZ diabetic rats
with treatments that improve overall animal wellbeing.

Though burrowing appears to be a useful measure of overall animal wellbeing, a key limitation that
may reduce its effectiveness as a neuropathic pain endpoint is increased inter-animal variability in
comparison to classical evoked endpoints. This phenomenon has been reported by others
researching burrowing in alternate neuropathic pain models and highlights that this is a consistently
reported challenge with burrowing (Andrews et al., 2012; Muralidharan et al., 2016). Preclinical
screening assays that aim to use burrowing as a neuropathic pain endpoint would likely have to
increase the number of animals used to achieve the same statistical power. This could limit future
research into burrowing due to the 3R’s implications of increasing the number of animals used in
research. Additionally, as burrowing deficits developed later (Day 18) than mechanical allodynia (Day
9) this would require preclinical screening studies to be extended in length, increasing costs and
decreasing throughout. However, if it provides more translatable data compared with evoked tests
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this may be justifiable (NC3Rs, n.d.). Burrowing may still provide a useful objective secondary
endpoint measuring the wellbeing of STZ diabetic rats that could identify novel analgesics with
superior efficacy to current treatments like pregabalin which are ineffective at reversing burrowing
deficits.

7.5 Locomotor activity is a translatable neuropathic pain endpoint in CCl rats
but not in STZ diabetic rats

Locomotor activity and gait were first assessed in STZ diabetic rats, through measuring the amount
of time spent moving and the distance travelled during half an hour spent in an open field testing
(OFT) apparatus. The gait of STZ diabetic rats was assessed via the application of paint to the rat’s
hind paws and allowing them to freely walk along a covered walkway to manually measure any
change in their stride and walking gait. Neither locomotor activity nor walking gait were altered in
STZ diabetic rats up to Day 18 after STZ administration, whilst mechanical allodynia was already
detectable by Day 3. Reduced locomotor activity has previously been identified in STZ diabetic rats
though this typically only develops four weeks after STZ administration (Badescu et al., 2016; Doria
et al., 2016; Kou et al., 2014). Likewise changes in STZ diabetic rat’s gait, particularly when measured
as the stride length, appears to only occur after at least four weeks (Al Deeb et al., 2000; Karatan et
al., 2019; Vieira et al., 2020). Therefore, this research provides evidence that changes in gait and
locomotor activity in the STZ diabetic rat model are not useful preclinical neuropathic pain endpoints
during the first three weeks after STZ administration. More research is needed to characterise if the
development of these changes at later timepoints are consistent and reversible with analgesic
treatments.

Conversely to the results seen in STZ diabetic rats, locomotor activity did provide a useful objective
measure of neuropathic pain in CCl rats when assessed in a home cage environment. The CCl rat
model was surgically induced by tying four loose ligatures of suture material around the sciatic nerve
to develop a unilateral model of neuropathic pain (Bennett & Xie, 1988). Locomotor activity was
recorded in CCl rats as part of a sleep/wake study and progressively decreased after CCl surgery
from Day 7 to Day 25. This matched the development of mechanical allodynia which was also
identified at Day 7 in these CCl rats, and maintained for 37 days. This demonstrated the reversal of
decreased locomotor activity in CCl rats by ketamine treatment, a finding that has not previously
been reported. Ketamine is a novel analgesic and antidepressant treatment (Bratsos et al., 2019;
Kantor et al., 2023) that has shown promise in preclinical (Velzen et al., 2021) and clinical
(Guimaraes Pereira et al., 2022) studies of neuropathic pain. Critically, locomotor activity was not
improved by pregabalin, a first line treatment for neuropathic pain (Finnerup et al., 2015) despite it
demonstrating superior efficacy to ketamine in classical evoked measures of mechanical allodynia.
This is supported by the finding that in spinal cord injury patients with neuropathic pain, ketamine
was ranked the second most effective analgesic treatment behind botulinum toxin A, whilst
pregabalin was ranked fifth out of eleven treatments (Ling et al., 2022). Locomotor activity was also
not improved by psilocybin, another novel antidepressant (Bornemann et al., 2021; Davis et al.,
2021), with limited analgesic evidence (Koseli et al., 2023; Lyes et al., 2023). Decreased physical
activity is often reported in patients with neuropathic pain (Attal et al., 2011). Therefore, this thesis
provides evidence that home cage locomotor activity measurements in CCl rats provides a
translatable neuropathic pain endpoint with improved sensitivity for effective analgesic treatments.
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7.6 Sleep/wake amount needs more development work to be considered a
neuropathic pain endpoint

Sleep disruption is frequently reported by neuropathic pain patients and is associated with worse
pain outcomes (Guntel et al., 2021; Tofthagen et al., 2013). One such change in patients sleep is a
decrease in the amount of time spent asleep (Guntel et al., 2021; Mahfouz et al., 2024; Widerstrom-
Noga et al., 2001). However, in preclinical models the reports of neuropathic pain induced changes
in sleep/wake amount are inconsistent. Some report decreased time spent asleep (Andersen & Tufik,
2003; Ho et al., 2024) whilst others have reported no change in sleep/wake amount (Alexandre et
al., 2024; Kontinen et al., 2003; Leys et al., 2013) and more rarely an increased amount of time spent
asleep (Alexandre et al., 2024). Presented in this thesis was the first evidence that oxaliplatin treated
rats that developed neuropathic pain, in the form of CIPN, did not show any significant changes in
sleep/wake amount. However, there was a trend towards decreased wakefulness and increased
non-rapid eye movement (NREM) sleep in the CIPN rats assessed. Interestingly, this trend in CIPN
rats matched findings in CCl rats that spent more time asleep at the expense of wakefulness. Though
the translatability of the CIPN rat findings may be limited by the low number of animals (4/9) that
developed CIPN. Similarly to locomotor activity, ketamine reversed the development of sleep/wake
amount changes in CCl rats back to baseline levels. Whereas pregabalin only had a delayed partial
effect in reversing this endpoint. This is the first report to provide evidence of a drug treatment
correcting sleep/wake amounts in CCl rats. Although the increased NREM sleep amount was
consistent in two models of neuropathic pain and reversed with analgesic treatments, most
published preclinical results and the pathophysiology of patients is for the time spent asleep to be
decreased. This is likely to limit the translatability potential of increased NREM sleep as a
neuropathic pain endpoint. Therefore, more work is needed to characterise the changes in
sleep/wake amounts in various neuropathic pain models across different research groups before this
can be conclusively considered as a neuropathic pain endpoint.

7.7 Sleep fragmentation and brief awakenings are translatable neuropathic
pain endpoints

Sleep disruption through sleep fragmentation is also commonly reported in patients (Guntel et al.,
2021; Mahfouz et al., 2024; Widerstrom-Noga et al., 2001) and is more consistently reported in
preclinical neuropathic pain models (Alexandre et al., 2024; Andersen & Tufik, 2003; Ho et al., 2024).
This thesis found that in CIPN rats there was no clear development of sleep fragmentation, however
there was a trend towards decreased average length of wakefulness bouts and increased short bouts
of NREM sleep. The development of sleep fragmentation in CCl rats was more definitive with
wakefulness and NREM sleep bouts occurring more often and for shorter periods of time. These
findings of sleep fragmentation are consistent with previously published results in CCl models
(Alexandre et al., 2024; Andersen & Tufik, 2003). However this is the first report of sleep
fragmentation being characterised through an automated sleep/wake scoring algorithm. The use of
these algorithms vastly increases the efficiency of scoring sleep states in electroencephalogram
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(EEG) recordings and reduces the costs associated with EEG data scoring and analysis when used as a
preclinical screening technique (Muto & Berthomier, 2023).

Sleep fragmentation through increased brief awakenings or short periods of wakefulness are
reported in neuropathic pain models (Alexandre et al., 2024; Andersen & Tufik, 2003; Ho et al.,
2024). This was identified using an automated sleep/wake scoring algorithm, through an increase in
the number of short bouts of wakefulness in CCl rats. Although, it was not identified in the CIPN rats.
Additionally, ketamine reversed almost all measures of sleep fragmentation in the CCl rats.
Pregabalin had some efficacy particularly in reversing the total number of wake bouts and short
bouts of wakefulness, whilst psilocybin had very little effect on sleep fragmentation in the CCl rats.
This demonstrated that sleep fragmentation may be able to provide a way to differentiate between
analgesic compounds that classical evoked endpoints cannot. The lack of definitive sleep
fragmentation in the CIPN rat model of neuropathic pain may indicated a difference between
preclinical models of surgically induced (CCl) and chemotherapy induced (CIPN) neuropathic pain. As
CCl rats developed sleep fragmentation but the CIPN rats did not, sleep fragmentation may be
limited to surgically induced models of neuropathic pain which would impact the translatability to
clinical trials. Though further research into a model of chronic CIPN could help to identify if the lack
of sleep fragmentation is limited to the transient single dose model of CIPN used here. Overall, sleep
fragmentation appears to be a reproducible, reversible and translatable neuropathic pain endpoint
that is applicable to high throughput screening studies that use automated sleep/wake scoring.

7.8 EEG power spectra changes in neuropathic pain models do not appear to
provide consistent or reversible results

An alternative way that EEG recordings have been employed as neuropathic pain endpoints is
through assessing EEG power spectra changes. The most consistently reported change is increased
theta power which has been identified in both human patients (Jensen et al., 2013; Krupina et al.,
2020; Michels et al., 2011; Sarnthein et al., 2005; Sarnthein & Jeanmonod, 2008; Stern et al., 2006)
and in CCl rats during wakefulness (Koyama, LeBlanc, et al., 2018). This thesis however, did not
identify increased theta power in either CCl rats or CIPN rats. This aligns to other research that has
not identified increased theta power in preclinical neuropathic pain models (Kontinen et al., 2003; Li,
Ge, et al., 2019). Increased delta power has been reported in the partial sciatic nerve ligation mouse
model (Li, Ge, et al., 2019) and was identified during these studies in CCl rats. However, increased
delta power was only observed during the first part of the EEG recording, did not remain consistently
increased and was not reversed by pregabalin or ketamine treatment. Increased beta power was
also identified in the CCl rats which has previously been reported in some clinical studies
(Mussigmann et al., 2022). This increase in beta power was only identified during the first part of the
recording. Additionally, pregabalin and ketamine had no effect on beta power, though there was not
a sufficient window to compare their efficacy as the baseline and vehicle timepoints. Therefore,
measuring EEG power in CIPN and CCI neuropathic pain models did not appear to provide consistent
or reversible results and is likely not a useful preclinical neuropathic pain endpoint.
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7.9 Summary Statement

There is a dire need for new treatments for neuropathic pain and the current preclinical neuropathic
pain endpoints are not providing the translatability required to identify novel efficacious analgesic
treatments. Novel neuropathic endpoints were examined to identify those that are objective,
measure ethological behaviours and can also be measured in humans. Burrowing is an ethological
behaviour that can be objectively measured in rodents and reflects the changes in behaviour of a
human’s daily activities. In the STZ diabetic rat model burrowing appears to measure the overall
wellbeing of the animals and provides a useful secondary endpoint in neuropathic pain studies.
Locomotor activity is another ethological behaviour that can be measured objectively in the animal’s
normal home cage environment and is sensitive to analgesic efficacy. This provides a useful tool to
translate the effects of neuropathic pain on patients’ daily activities. EEG recordings of power
spectra changes did not appear to provide a useful neuropathic pain endpoint. However, the
development of sleep/wake changes and particularly sleep fragmentation is similar in CCl rats to
those reported in humans. Additionally, sleep fragmentation was reversible with analgesic treatment
and separated the effects of different analgesics. EEG recordings of sleep/wake behaviour can also
be recorded, scored and assessed objectively in both humans and animals. The results of the studies
outlined in this thesis can be used to further the research into the use of burrowing, locomotor
activity and sleep/wake behaviours to improve the translatability of preclinical neuropathic pain
endpoints.
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