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Abstract

Survivability of paediatric cancers has tripled since the 1970s, however treatment comes with severe
side effects. Cisplatin is the main treatment for solid state tumours, the most common form of
paediatric cancers. Cisplatin’s main dose-limiting factor is Chemotherapy Induced Peripheral
Neuropathy (CIPN), a chronic pain disorder that can persist for decades beyond the end of
treatment, severely affecting quality of life. This can be especially damaging in children, where early
life insults can fundamentally alter the development of spinal nociceptive pathways. This study
aimed to determine the extent of glial and neuronal changes in developing spinal nociceptive

pathways following chemotherapeutic early life insult.

Sprague Dawley rat pups were given 1mg/kg cisplatin (cis) (0.5mg/ml) or vehicle (veh) via
intraperitoneal (IP) injections for 5 days from postnatal day 7 to 11. At a juvenile (P13) and adult
(P45) time-point, animals were given IP injection of pentobarbital and fixed via perfusion of 4%
paraformaldehyde. Blood, DRGs and spinal cords were removed and stored in 30% sucrose in PBS
plus 0.05% sodium azide. Immunohistochemistry performed on 40pm sections of the spinal cord
lumbar enlargement. Antibodies for neuronal and glial targets involved in nociceptive pathways used
were: neurones (NeuN), Microglia (IBA1), astrocytes (GFAP), AB fibres (NF200), non-peptidergic
neurones (I1B4), peptidergic neurones (CGRP), nerve growth factor receptors (TrkA) and
interneurones (vGLUT2). The dorsal horn (DH) was imaged on confocal microscope and regions of

interest (ROI) in laminae I-V analysed using ImageJ and Graphpad Prism.

A statistically significant (p=0.0039) increase in IL6 was shown in the blood plasma of the cisplatin
animals (131.9+31.91 pg/ml) compared to the vehicle animals (38.00+6.748 pg/ml). There were no
significant differences between cisplatin and vehicle animals in dorsal horn neurones or astrocytes at
either time point. Microglia cell counts in the dorsal horn were significantly decreased at the juvenile
time point in the Cisplatin treatment group. Cisplatin induced significant increases in dorsal horn
expression of AB-fibre and non-peptidergic C-fibre terminations at both time-points, in the Cisplatin

treatment group. TrkA expression in dorsal horn peptidetgic C-fibre terminations was increased at
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both time-points, however, CGRP expression was only initially increased at the juvenile time-point
but showed no difference to the veh at the adult time-point. Interneuron expression was increased

at both time-points.

This study has shown that paediatric Cisplatin treatment causes significant chronic changes in PNS
and CNS nociceptive histology, potentially underlying the chronic pain behaviours that Cisplatin has
previously been shown to produce. Further research is required to fully establish the link between
changes in cellular histology and animal behaviour and to understand the full extent of Cisplatin’s

effect on the CNS.
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Introduction

Cancer statistics

The latest statistics from Cancer Research UK estimate that 2.5 million people in the UK alone are
living with cancer, 400,000 more than 5 years previously. It is estimated that by 2030 this will
continue to rise, reaching 4 million people. The greatest increase in cancer rates has been in the 0-
24-year-old age group where the incidence of cancer has increased by 43% since the 1970s.
However, improvements in detection and treatment mean that the prognosis for those diagnosed is
far better than it once was. In the early 1970s the mean survival time following diagnosis was 1 year;

as of 2011 the mean is now 10 years (Cancer Research UK 2016).

Regarding paediatric cancers specifically, the survival statistics are especially promising. Paediatric
patient 10 year or more survival rates have more than doubled since the 1970s from 36% to 76%,
and survival for at least 1 year has reached 91% of patients (Cancer Research UK 2016). The most
commonly diagnosed type of cancer in patients 0-14 years old are solid mass tumours which make
up 52% of cases. This type of cancer forms a discreet solid mass, as opposed to leukaemia (which
makes up 31% of diagnosed cancers in 0-14 year olds) or lymphomas (a further 10% of paediatric
diagnoses) which diffusely infiltrate tissue without forming a single mass. There are many varieties
of solid state tumour, in 0-14 year olds the most common include: Central Nervous System (CNS)

tumours (26% of all paediatric cancer diagnoses), neuroblastomas (6%) and soft tissue tumours (7%)

Cl.. NH
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Cisplatin (Cis—diamminedichloroidoplatinum(ll) (CDDP)) has CI/ \N H
3

(Cancer Research UK 2014).

Cisplatin ‘r

been used as chemotherapeutic treatment for solid state Figure 1: Cisplatin structure (Morgan 2010)
tumours since 1972. It is a member of the group of alkylating agent chemotherapeutics. It is

especially used in paediatric cases where radiotherapy can cause severe side effects on developing

systems. It was the first platinum based chemotherapeutic agent developed, the others being
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Oxaliplatinum and Carboplatinum. It consists of a central platinum atom surrounded by 2 chlorine

atoms and 2 ammonia molecules (Figure 1) (Siddik 2003).

Cisplatin action

Cisplatin is an orange-yellow powder dissolved in saline solution and delivered via intravenous
infusion. The dose of cisplatin depends on the type of cancer being treated and thus varies a lot
between patients, however examples of recommended doses in paediatric and adult patients are;
60-100 mg/m? every 3-4 weeks for neuroblastoma, 60 mg/m? once a day for 2 consecutive days
every 3-4 weeks for brain tumours and 75-100 mg/m?once every 4 weeks for ovarian cancer

(Medscape 2016) (Drugs.com 2016).

In large part cisplatin is actively transported into the cell via

several membrane transporters including efflux ATPases and ,\P
- i % G I,
solute carrier importers (Arnesano, Losacco and Natile 2013). € (‘J’l O\ ...’6’
% SO e
High affinity copper uptake protein 1 (CTR1) found in yeast i it 4

and mammals has been particularly associated with Cisplatin
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resistance to Cisplatin (Lin, et al. 2002) and cells that Tnirasirusd 134Gy )
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[

overexpress CTR1 show increased sensitivity to Cisplatin.
Figure 2: Cisplatin DNA adducts
However, exposure to Cisplatin causes a rapid decrease in CTR1, suggestive of protein degradation

(Cancer Drug Resistance 2007), resulting in diminished uptake to the cell which contributes to

Cisplatin resistance (Larson, et al. 2009).

In the form in which it is administered cisplatin in unable to act as a cytotoxin. Cisplatin is activated
once inside the cell; water molecules replace the chloride atoms to create electrophilic sites. DNA
adducts are formed between consecutive purine bases (guanine and adenine), as the electrophilic
sites on the cisplatin molecule interact with the nucleophilic purine nitrogen on the imidazole ring of

cisplatin. This forms an intrastrand cross-link that creates a kink in the DNA chain (Figure 2).
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Guanine-guanine intrastrand cross-links account for 90% of the DNA adducts, with the remaining
10% being adenine-guanine cross-links (Dasari and Tchounwou 2014). Cisplatin causes damage to

both the neuronal and the mitochondrial DNA (Han and Smith 2013).

This intrastrand cross-link disrupts transcription of the DNA by blocking both RNA-polymerase to
decrease protein synthesis and DNA-polymerase to stop DNA replication during cell mitosis. In
addition, damage recognition proteins, in particular high-mobility group (HMG) 1 proteins and
mismatch repair (MMR) complex, bind to the DNA distortion (Siddik 2003). These damage
recognition proteins directly promote cytotoxicity by blocking DNA repair. Overexpression of the
HMG1 protein has been shown to cause sensitisation to Cisplatin in breast cancer cells (He, Liang
and Lippard 2000). In addition to blocking DNA repair, damage, recognition proteins also initiate a
series of cellular cascades that promote cellular apoptosis. The activation of tumour suppressor p52
protein and mitogen-activated protein kinase (MAPK), both of which are activated directly by
damage recognition proteins and indirectly via ataxia-telagiectasia-mutated related (ATR) protein.
p53 activates the apoptotic regulator Bax in the mitochondrial cytosol, which promotes pro-
apoptotic factors such as cytochrome C. Interestingly, p53 also promotes Gadd45, a protein that
promotes DNA repair; however, the repair mechanisms appear to become overwhelmed as DNA
damage increases. MAPK regulates cell proliferation, differentiation and apoptosis, so can directly

promote apoptosis, but also further activates the p53 apoptotic cascade (Siddik 2003).

Unfortunately, apoptotic resistance can be formed to counter the DNA damage creating a major
limitation to Cisplatin treatment. There are several molecular mechanisms that contribute to
Cisplatin resistance including: reduced drug uptake (as described above), increased Cisplatin
inactivation by thiol containing molecules and increased DNA adduct repair via overexpression of
HER-2/neu and antiapoptotic bcl-2, activation of P13-K/Akt pathway and inactivation of P53 pathway
(Siddik 2003). As a consequence of the formation of resistance the survivability of tumour cells

increases limiting Cisplatin’s effectiveness. The initial ovarian cancer response rate to Cisplatin up to
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70%. Unfortunately, this isn’t sustained, the development of resistance causes the response rate

drops to just 15-20%, 5 years later (Siddik 2003).

Current research suggests that Cisplatin has difficulty crossing the blood-brain barrier (BBB) and
entering the central nervous system (CNS). A study by Jacobs et al. (2010) used micro-dialysis to
measure the Cisplatin concentrations in various tissues of rhesus monkeys. In the CNS they found
low concentrations of Cisplatin, 1.1-2.8 uM per hour in the brain and 4.0-4.8 uM per hour in the CNS
following a systemic dose of 10 mg/kg of Cisplatin. This compares to peripheral concentrations of 89-
92 uM per hour in the plasma, 89-112 uM per hour in peripheral veins and 72-103 uM per hour in
the temporalis muscle. These finding were observed to be dose independent (Jacobs, et al. 2010).
This suggests that the BBB severely limits the entry of Cisplatin to the CNS. Nakagawa et al (1996)
also looked at Cisplatin levels in the cerebrospinal fluid (CSF) in patients with malignant gliomas
using Ommaya reservoirs in the anterior horn of the lateral ventricle of the brain or the
postoperative cavity following the removal of the tumour. They found levels that were not as high as
those considered to be cytotoxic to either cells in the CSF or neuronal cells. However, far higher
Cisplatin levels were found in post-operative patients where the BBB had been disrupted

(Nakagawa, et al. 1996).

Dietrich et al. showed that the extent of Cisplatin’s toxicity was tissue dependant by exposing a
range of in vitro rat and human cell cultures (including cancer cells, neuronal precursor cells and
neuronal cell lines) to 1uM of Cisplatin for 20 hours, a dose was well within the range of
concentrations found in the CSF during treatment. They showed that oligodendrocytes and their
precursors, oligodendrocyte-type-2 astrocytes (0-2A) as well as neurone restricted precursor (NRP)
cells and glial restricted precursor (GRP) cells, had a 60-90% reduction in viability, as opposed to less
than 40% drop in viability seen in most of the cancer cell lines tested. Even when the Cisplatin dose
was dropped to 0.1uM there was a 40% reduction in viability of O-2As, Oligodendrocytes and NRP

cells. When the dose of Cisplatin was increased to cause a 40-80% reduction in cancer cells lines

8|Page Joseph Lloyd



The Effects of Cisplatin on Developing Nociceptive Pathways.

there was a 70-100% reduction in viability for O-2A, GRP, NRP and neuroepithelial stem cells (NSCs)

(Dietrich, Han, et al., 2006).

These findings were then confirmed using an in vivo mouse study. Following 5mg/kg IP Cisplatin
treatment for 3 days’ significant increases in apoptotic cells (shown using a terminal
deoxynecleotidyltransferase-mediated dUTP nick-end labelling (TUNEL) assay) were shown in the
dentate gyrus (DG) and corpus callosum (CC) up to 42 days following treatment and in the sub-
ventricular zone (SVZ) up to 10 days after treatment. Immunohistochemistry was used to confirm
that the same precursor cells Cisplatin had previously been confirmed to have the greatest toxic

action on were lost in the affected areas. (Dietrich, Han, et al., 2006)

Cisplatin side effects

Cisplatin shares the side effects common to many chemotherapeutic agents including nausea and
vomiting. In children, particularly below 5 years of age, there is a high risk of ototoxicity, affecting
the cochlea and auditory nerves, causing hearing loss which is bilateral and permanent (Rybak, et al.
2010). Patients complained of tinnitus 2-36% after being treated with cisplatin (Reddel, et al. 1982).
Cisplatin is excreted following accumulation in the kidneys, Cisplatin may cause significant renal
toxicity (Dasari and Tchounwou 2014). In the proximal tubular epithelial cells, the concentration of
Cisplatin can be as high as 5 times the concentration found in the blood serum (Kuhlmann,

Burkhardt and Kohler 1997).

Cognitive Impairment

Although more usually associated with breast cancer treatments such as 5-fluorouracil and
cyclophosphamide, emerging evidence suggests that platinum based chemotherapeutics also cause
cognitive impairments or ‘chemobrain’. This condition is characterised by decreased memory,
attention and processing speed and like chemotherapy induced peripheral neuropathy (CIPN) can

persist long after the end of treatment (Zhou, Kevelaars and Heijnen 2016).
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Chemobrain has been investigated in neuroimaging studies which have shown structural decreases
in grey and white matter tracts and decreases in the activation of the frontal regions (Simo, et al.
2013). In-vitro studies have shown related losses of NSCs and differentiated hippocampal neurones

(Andres, Gong, et al., 2014).

Andres et al. (2014) investigated the effect of sub-neurotoxic levels of Cisplatin (0.1uM) on cultured
hippocampal neurones. They found that even in doses that didn’t effect NSC viability or promote
apoptosis, after 30 minutes of exposure there was a loss of dendritic spines and synapses. This also
proved to be true in further in vivo experiments. Neuronal connectivity and function is linked to
dendritic density; therefore, dendritic damage could account for some of the Cisplatin induced

cognitive impairment (Andres, Gong, et al., 2014).

Chemotherapy induced peripheral neuropathy

One of the principle side effects of Cisplatin, as well as other chemotherapeutic treatments, is CIPN.
The neurotoxic and gliotoxic properties of chemotherapeutics cause cell death in peripheral nerve
fibres and neuronal bodies, in particular the dorsal root ganglion (DRG) (Argyriou, Bruna, et al.,
2012). This leads to CIPN, a chronic pain condition that can persist for years or decades following the
conclusion of the treatment. In some cases, CIPN never resolves and patients are left in permanent
pain. Initially (in the first month) 68.1% of patients receiving chemotherapy suffer from CIPN, this
drops over time to 60% after 3 months and 30% after 6 months (Seretny, et al. 2014). However,
beyond 6 months, 30% of patients continue to suffer from CIPN, one study looking at the long-term
toxicity of patients treated with Cisplatin found that 28% of patients had symptomatic neuropathy
and 38% had asymptomatic neuropathy 15 years following the end of treatment. In 6% of patients
the neuropathy was disabling (Strumberg, et al. 2002). Patients experiencing CIPN reported
simultaneous pain and loss of sensation in the upper and lower extremities, also numbness, muscle
weakness and loss of balance. Emotionally patients reported feeling frustrated and depressed

(Tofthagen 2010).
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The reported rate of paediatric CIPN is between 3-13% for all cancers (Moore and Groninger 2014),
in patients being treated for acute lymphoblastic leukemia the rate is far higher around 29.7%
(Ramchandren, et al. 2009). However, while standardised measures are available for the
characterisation of CIPN in adults, their use is limited in children. This, along with communication
problems associated with young children that have been shown to be a problem between patients,
parents and medical professionals, means that CIPN is underdiagnosed for paediatric cancer patients

so incidence is likely higher than the figures reported (Gilchrist 2012).

The early symptoms of CIPN in adults include; numbness, tingling, and pins and needles in the
fingers and toes. These symptoms progress symmetrically up the arms and legs as CIPN worsens in a
glove and stocking pattern. Deep tendon reflexes, such as found in the knee twitch reflex, are lost
with prolonged treatment and in severe cases an ataxic gait may develop due to the loss of

proprioception (Argyriou, Bruna, et al., 2012).

CIPN Mechanisms

CIPN develops due to the toxic nature of cancer chemotherapeutics and is primarily due to the
degeneration and loss of axonal processes from the peripheries. The exact cellular and molecular
mechanisms that produce CIPN remain unclear. Due to their differing mechanisms of action, subtle
differences exist between the effects of different chemotherapeutic agents, which is further
complicated, as they are often given in combination. However, the different chemotherapies do
appear to share underlying mechanisms, that contribute towards neuronopathy, axonopathy and

myelinopathy (Han and Smith 2013).

The longest nerves are the first to be affected by chemotherapy, possibly due to their higher
metabolic requirements. This is why the most peripheral sensory neurones (innervating the fingers
and toes) are the first to be affected, progressing up the hands and feet, then the arms and legs, in a
glove stocking pattern. Cisplatin causes structural and functional mitochondrial abnormalities,

inducing apoptosis via oxidative stress, as described above. The more mitochondrial activity, the
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greater the oxidative stress (Han and Smith 2013). The administration of antioxidant a-lipoic acid, to

in vitro cultured DRG neurones reversed Cisplatin induced mitochondrial damage (Melli, et al. 2008).

Myelinated primary afferent fibres appear to be most affected in CIPN, showing reduced nerve
conduction velocities (Han and Smith 2013). In cultured cells, Cisplatin shows increased toxicity to
oligodendrocytes, the myelinating cells of the central nervous system (Dietrich, Han, et al., 2006).
This doesn’t appear to be the case in the peripheries, the myelin sheaths arising from Schwann cell
show no structural changes after Cisplatin (or Paclitaxel and Bortezomib) induced CIPN. The
alterations in conduction velocity may instead be due to axonal degeneration (Windebank and

Grisold 2008).

The extent of peripheral axonal damage is highly dependent on the dose of chemotherapeutic.
Higher doses of Paclitaxel and Bortezomib chemotherapeutics, either given at once or as cumulative

dose, resulted in a degeneration of both axonal processes and DRG neurones (Han and Smith 2013).

CIPN treatment

Currently, dose-reduction and increased dose intervals are the best way of reducing the incidence of
CIPN (Kaley and DeAngelis 2009) (Gutiérrez-Gutiérrez, et al. 2010), but many clinical studies have
been conducted which are investigating possible agents for the prevention and treatment of CIPN. A
2014 review by Hershman et al. of 48 randomised control trials recommended none of the agents
examined for CIPN prevention due to a lack of high-quality consistent evidence. For CIPN treatment,
the trials of drugs, such as tricyclic antidepressants and gabapentin, used for the treatment of other
neuropathic conditions, were inconclusive in the case of CIPN and required further research. It does
however moderately recommend the serotonin-noradrenaline reuptake inhibitor (SNRI) Duloxetine

as a first line agent for CIPN treatment (Hershman, et al. 2014).

Long term quality of life
Chemotherapy induced side effects can be severely detrimental to the long term wellbeing and

quality of life of patients that beat cancer. The Childhood Cancer Survivor Survey (CCSS) is cited
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when investigating the long term health effects of adult survivors of childhood cancers. It is a
retrospective cohort study that tracked the health states of 35,923 survivors of childhood cancers
(and over 5,000 of their siblings) that were diagnosed with paediatric cancer between 1970 and1999

(St. Jude Children's Reseach Hospital 2016)

Pain is one of the long term side effects studied by the CCSS. In patients that survived for at least 5
years after diagnosis, 12.3% of patients in the CCSS reported pain, 15.5% reported migraines and
20.5% reported other headaches, for comparison, 6.3%, 15.2% and 15.3% respectively were
reported by siblings. 21% thought their cancer or its treatment was the cause of their pain, with
3.4% describing their cancer-related pain as excruciating (Lu, et al. 2011). Some gender differences
were also reported with females exhibiting higher risk for developing pain. Females were more likely
to report migraines and other headaches, and 1.8x more likely to use analgesics than their male

counterparts (Lu, et al. 2011).

Other chronic conditions are also affected by childhood cancer and its treatment. Childhood cancer
Survivors were 3.3 times more likely to have a chronic health conditions than their siblings. They
were also more likely to have a severe or life-threatening condition (27.5% vs. 5.2%). The conditions
with the greatest relative risk compared with siblings include; major joint replacement (16.1% vs.
0.03%), congestive heart failure (1.24% vs. 0.1%) and second malignant neoplasm (2.38% vs. 0.33%).
The risk of multiple health conditions was also increased for >2 conditions (37.6% vs. 13.1%) and >3
conditions (23.8 vs. 5.4%). Female survivors were also 1.5 times more likely to have a severe or life

threatening condition than their male counterparts (Oeffinger, et al. 2006).

Many studies find that most survivors report few or no symptoms of psychological distress (Zebrack,
et al. 2004). However, a subgroup with risk factors like ‘perception of worsening health over time’
and ‘increased cancer-related pain’ showed an increased likelihood of depression (8.9%), anxiety
(4.8%) and somatisation (7.2%) (Brinkman, et al. 2013). Conversely, another study found that

survivors of childhood cancer were 1.5 times more likely to have symptoms of depression and
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anxiety and 1.7 times more likely to show antisocial behaviours (Schultz, et al. 2007). A study by
Recklitis et al. evaluated the risk of suicide ideation (Sl) in adult survivors of childhood cancer.
Survivors had a rate of 7.8% for SI compared to 4.6% of siblings. It suggested that risk factors

included a diagnosis of CNS cancer, depression, chronic pain and poor health (Recklitis, et al. 2009).

The fact that chronic pain plays such a major role in so many of the chronic physical and
psychological conditions suffered by adult survivors of childhood cancer suggests that further

research is required to fully understand the peripheral and central nociceptive mechanisms in play.

Cisplatin induced allodynia

Previous research from the University of Nottingham Developmental Nociception laboratory,
investigated Cisplatin induced allodynia. Neonatal Sprague Dawley rats were given intraperitoneal
(IP) injections of Cisplatin. Significantly decreased thresholds for mechanical and thermal stimuli
where shown in the cisplatin animals compared to vehicles from Postnatal day 22 to the end of
testing at postnatal day 42. Suggesting a permanent change in the processing of sensory information
induced by early life cisplatin exposure. It also suggests a lag from the end of treatment at postnatal
day 11 to the onset of pain at postnatal day 22, this has also been shown in other experiments and
may be due to intercellular anterograde transportation from the sensory cell body to the peripheral
axons (Han and Smith 2013). Neuroimmune suppression of the inflammatory response may be
another explanation for the delay in Cisplatin’s effect. (McKelvey, et al. 2015) showed nerve injury to
infant rats triggered an increase in the anti-inflammatory cytokines IL4 and IL10, the blocking of
which produced pain hypersensitivity. The immune response switches at adolescence (P25-P30)
accompanied by the onset of pain behaviour. This switch at adolescence correlates with the delayed

onset of pain behaviours in the Cisplatin seen at P22.

Nociception
In order to fully understand how Cisplatin causes these profound changes in nociceptive processing,

an in depth explanation of nociceptive systems is required. The cellular and molecular systems that
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contribute towards external noxious stimuli being detected and transmitted into the CNS where it
can be experienced as pain. Also the mechanisms underlying sensitization of nociceptive pathways,
which can produce an exaggerated painful response to an already painful stimulus (hyperalgesia) or

can provoke a painful response to a normally innocuous stimulus (allodynia) (Schaible 2006).

It is important to differentiate between nociception and pain. Even though they are often used as
synonyms, they are subtly different things. Nociception refers to the physical detection of a noxious

stimuli in the environment. Whereas pain is the perceived experience of that stimuli in the CNS.

Nociception can be objectively measured and studied, but pain is altered by emotional and historical

factors which change person by person, meaning that any analysis becomes subjective.

Briefly, noxious stimuli are detected by specialised receptors in free nerve endings of the periphery.
Signals are transmitted up the nociceptive primary afferent, A-delta (A8) and C-fibres to the dorsal
horn of the spinal cord. In the spinal cord primary afferent fibres synapse with second order
neurones which continue the nociceptive signal up a variety spinal tracts, but primarily the
spinothalamic tract. Spinal tracts propagate the signal to a number of brain centres, including the
thalamus, limbic system, somatosensory cortex and frontal cortex, that localise, categorize and

attribute emotion content to the nociceptive signal (Julius and Basbaum 2001).

Peripheral nociception

Nociception has distinct neuronal receptors, pathways and connections to innocuous touch. Noxious
stimuli are detected by specialised thermal, mechanical and chemical receptors on free nerve
endings of nociceptive fibres in the skin, muscle, viscera and other tissues of the periphery (Almeida,
Roizenblatt and Tufik 2004). Receptors can be themselves be an ion channel, altering axonal firing
directly or by activating G-protein coupled receptors (GPCR) to influence other ion channels (Julius

and Basbaum 2001).
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The cell bodies for nociceptive neurones are in the DRG on the dorsal side of the spinal cord. The
peripheral axonal processes of the nociceptive neurones extend to the skin and viscera where the
nerve endings contain chemical, thermal and mechanical receptors. In the other direction,
nociceptors extend axons into the superficial layers of the dorsal horn. When stimulated by
mechanical, thermal and/or chemical stimuli, action potentials are generated which are propagated

to the dorsal horn of the spinal cord via the DRG (Schaible 2006).

Primary afferent fibres transduce and propagate tactile information from the periphery to the CNS.
A-alpha (Aa) and A-beta (AB) fibres are large diameter myelinated fibres that detect non-noxious
mechanical sensation and are not involved with nociception. Ab fibres are medium diameter, lightly
myelinated fibres, they detect mechanical, thermal and chemical noxious stimuli and are the
quicker, sharp acute pain. Ab fibres are split into 2 types, both types are sensitive to mechanical
nociceptive stimulation, but have different thresholds for temperature. Type 1 have a threshold of
~539%, containing the heat (and capsaicin) gated Transient Receptor Potential Vanilloid-like 1
(TRPV1) receptors, type 2 have a threshold of ~43° and contain TRPV2 receptors. The final category
are C-fibres, these are small diameter unmyelinated fibres, they also detect mechanical, thermal and
chemical noxious stimuli but is the slower, dull throbbing pain. C-fibres are also split into 2 groups,
however are differentiated by their neurochemistry rather than their nociceptive functionality. The
first group are peptidergic neurones which contain the neuromodulators Substance P and calcitonin
gene related peptide (CGRP) and express the Tyrosine Kinase A (TrkA) neural growth factor (NGF)
receptor. These fibres innervate deeper layers of the skin and other tissues. The second group, non-
peptidergic neurones express Isolectin B4 (IB4) and P2X; adenosine triphosphate (ATP) receptors.

These fibres innervate the epidermis of the skin (Schaible 2006).

Spinal nociception
The dorsal horn of the spinal cord is the first stage of somatosensory processing. Peripheral inputs
are processed and modulated by a complex, specialised and dynamic network of spinal neurones

and glia, before the incoming information is relayed by projection neurones onto higher brain
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centres (A. Todd, 2010). The larger ventral horns of the grey matter contain the cell bodies for motor
neurones that then exit the spinal cord to innervate muscle. The dorsal horns receive input for all
sensory processes including nociception. Rexed (1952) layered the spinal cord into 6 distinct laminae
by cellular neuronal histology. The dorsal horn consists of laminae I-VI, the intermediatry zone is
laminae VIl and X, and the ventral horn is laminae VIIl and IX (Rexed 1952). The most superficial
laminae, | and Il (also known as marginal zone and substantia gelatinosa) are structurally distinct as
they are densely packed with small neurones. The laminae are also functionally distinct as different
laminae receive information from different neuronal populations concerning different sensory
stimuli. Innocuous mechanoreceptive fibres like AB fibres synapse in laminae II-V, whereas
nociceptive Ad and C-fibres innervate laminae | and Il. AS axons also form a synapse in lamina V with

efferent motor neurones when part of a flexor withdrawal reflex (A. Todd, 2010).

All primary afferent fibres use the excitatory fast-acting neurotransmitter glutamate
neurotransmitter at their synapse with either interneurons or second order fibres. At high frequency
firing, in addition to glutamate, peptidergic C-fibres can also release the excitatory slow acting

Substance P neuropeptide, ATP and inflammatory cytokines (Gangadharan and Kuner, 2015).

4 types of second order neurones synapse with the primary afferent fibres entering the dorsal horn
of the spinal cord; non-nociceptive specific neurones, nociceptive specific neurones, wide-dynamic
range neurones and interneurons. Non-nociceptive specific neurones synapse only with Aa and AB
fibres, responding to innocuous stimuli signals. Nociceptive-specific neurones synapse with Ab and
C-fibres, responding to noxious stimuli signals. Wide dynamic range (WDR) neurones receive inputs
from AR, Ad and C-fibres responding to both innocuous and noxious stimuli signals. There are also
interneurons, which form an intermediately connection between the primary afferent fibres and

ascending spinal second order neurones (Almeida, Roizenblatt and Tufik 2004).

Also present at the synapse between the primary afferent neurones and the second order neurones

are inhibitory interneurons, which make up 30-45% of laminae I-lll interneurones (Todd and Sullivan,

18| Page Joseph Lloyd



The Effects of Cisplatin on Developing Nociceptive Pathways.

1990). These cells tonically fire under normal circumstances releasing inhibitory gamma-
Aminobutyric acid (GABA) neurotransmitter to inhibit the activity of nociceptive pathways to
produce baseline hypoalgesia. They can be modulated by supraspinal sites to control nociceptive

processing at the spinal level (Yoshimura and Furue 2006).

Ascending tracts
The main ascending spinal nociceptive pathways are the Spinothalamic tract (STT) and the
spinoparabrachial tract (SBT), however a number of other spinal tracts are also involved in

supraspinal transmission of nociception.

STT neurones originate in laminae | and V of the dorsal horn. It is made up of nociceptive-specific,
non-nonciceptive and WDR neurones, receiving input nociceptive signals from Ad and C-fibres in
lamina | and innocuous signals from AP fibres in lamina V. The tract ascends the spinal cord (on the
contralateral side to the stimulus) to the thalamic ventral posteriorlateral (VPL) nucleus. The
thalamus is a midline structure of the brain between then cerebral cortex and the midbrain. It plays
a major role in the processing of ascending somatosensory signals and relaying to the
somatosensory (S1) cortex where the pain is localised and categorised (Almeida, Roizenblatt and

Tufik 2004).

Spinoparabrachial tract neurones receive direct input laminae | and Il and consists of nociceptive-
specific neurones, thus is a purely nociceptive tract, SBT projects to the parabrachial nucleus. The
parabrachial nucleus has two pathways to the brain; the spinoparabrachial amygdaloid pathway to
the amygdala and stria terminalis, and the spinoparabrachial hypothalamic pathway to the
ventromedial nucleus of the hypothalamus. The SBT appears to play a role in motivational and

affective regulation as neuroendocrine responses to pain (Almeida, Roizenblatt and Tufik 2004).

Spinoreticular tract (SRT) neurones originate in laminae V, VII, VIl and X of the spinal cord and
consist of nociceptive-specific, non-nociceptive specific and WDR neurones. SRT projects to areas of

the brainstem including the medial rhombencephalic reticular formation and the nucleus reticularis
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giagantocellularis, then to thalamus and hypothalamus in the limbic system, then frontal cortex.
Involved in the emotional and higher functions of pain, it also activates brainstem structures that

responsible for descending spinal inhibition (Almeida, Roizenblatt and Tufik 2004).

The spinohypothalamic tract (SHT) originates in laminae |, V and X and is composed of nociceptive-
specific, non-nociceptive specific and WDR neurones. Non-nociceptive specific tracts propagate
through the trigeminal-hypothalamic tract, while nociceptive-specific tracts propagate along the
parallel trigeminal-hypothalamic pathway and the reticular-thalamic pathway. SHT appears to be

involved with integration with the autonomic nervous system (Almeida, Roizenblatt and Tufik 2004).

Spinomesencephalic tract (SMT) neurones originate in laminae |, IV, V, VIl and VIIl and consist of
nociceptive-specific, non-nociceptive specific and WDR neurones. SMT projects to the locus
coeruleus in the pons and the periaqueductal grey (PAG) in the midbrain and is involved with

descending spinal control of pain (Almeida, Roizenblatt and Tufik 2004).

Descending control

Supraspinal sites in the midbrain of mature animals balance inhibition and excitation in the spinal
cord through descending monoaminergic control. The primary nucleus for descending control is the
PAG in the midbrain, which coordinates noradrenergic and serotonergic descending projections to
the dorsal horn, to inhibit or facilitate nociceptive signalling at the synapse of the primary afferent
fibre and second order neurone (Ossipov, Dussor and Porreca 2010). The PAG receives input from
the periphery along the SMT, as well descending input from the limbic system (in particular the

amygdala, thalamus and hypothalamus) and cortical regions in the brain (Schaible 2006).

The PAG projects to the rostral ventromedial medulla (RVM), which contains the, serotonin rich,
raphe magnus, the reticularis gigantocellularis pars alpha and the nucleus paragigantocellularis
lateralis (Vanegas and Schaible 2004). Neurones from the RVM descend along the spinal dorsolateral
funiculus (DLF) to the dorsal horn, RVM descending projections can be off-cells (providing

nociceptive inhibition), on-cells (nociceptive activation) or neutral cells (Yoshimura and Furue 2006).
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The RVM is rich in endogenous opioid receptors, which activate off-cells and inhibit on-cells
(Heinricher, Morgan and Fields 1992), therefore the RVM is an important target area in the clinical

management of pain.

The PAG and RVM both communicate with another midbrain nucleus the Locus coeruleus. The Locus
coeruleus exerts further inhibition upon the dorsal horn via noradrenergic projections. Release of
noradrenaline causes the activation of ay-adrenergic receptors, inhibiting the release of excitatory
neurotransmitters pre-synaptically and membrane hyperpolarisation post-synaptically, inhibiting
nociceptive firing (Ossipov, Dussor and Porreca 2010). In addition, activation of a;-adrenergic
receptors causes depolarisation of inhibitory GABAergic interneurons to further inhibit nociceptive

pathways (Gassner, Ruscheweyh and Sandkuhler 2009).

Nociceptive development

At birth the nociceptive systems are not fully developed, they finish maturing over the following
months and years. In the past this has led to the conclusion that while neonates may show
generalised nociceptive reflexes, they do not ‘experience’ pain (Marchant 2014). For many years this
meant that clinicians performed painful procedures, such as heel lances, without any form of
anaesthesia. We now know this is demonstrably not true (Simons and Tibboel 2006), nociceptive
insults early in life having profound effects of nociceptive and somatosensory development
(Hathway, Vega-Avelaira and Fitzgerald 2012), which will be explored in greater detail later.
Typically, neonatal pain response is characterised by generalised, uncoordinated and inappropriate
responses to a stimulus. For example, in response to the aforementioned heel lance, a neonate
would move their entire body, rather than just the affected area, suggestive of disorganisation of
sensory/mechano reflexes. Nociceptive thresholds for young animals are also much lower showing a

tonic hyperexcitability (Hathway, Vega-Avelaira and Fitzgerald 2012).

Sensory neurones differentiate from the ectoderm in 2 waves early in development. TrkB and TrkC

positive non-nociceptive large diameter neurones, followed by small diameter TrkA positive
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neurones. Up until birth there is a steady increase in DRG sensory neurones, beyond what is
necessary for functional innervation (Kitao, et al. 1996). This over-abundance of free nerve endings
in the epidermis means any nociceptive signals are unspecific, explaining the generalised neonatal
behaviours. Finite supplies of neurotrophic factors (such as NGF) causes functional pruning of 16% of
neurones in the first 5 postnatal days, ‘tuning’ the nociceptive fields (Coggeshall, Pover and

Fitzgerald 1994). This functional tuning happens both in the peripheries and the CNS.

As well as extending dendritic processes to the epidermis, DRG neurones also extend axonal
projections to the dorsal horn of the spinal cord. Similar to differentiation of DRG neurones,
innervation of the spinal cord occurs in 2 waves, the A-fibres at embryonic day (E)15-17 and C-fibres
at E18-20 (Mirnics and Koerher 1995). C-fibres innervate in their adult patterns in laminae | and Il
from the offset, A-fibres however, initially project in greater range than in the adult, from laminae |
to V, and are pruned back by P21 to just laminae lll-IV (Fitzgerald, Butcher and Shortland 1994).
Initially only the peptidergic (CGRP positive) neurones can be detected in the spinal cord, non-
peptidergic (1B4 positive) neurones are present in the DRG from E18 but are not detected in the

spinal cord until P5 (Pignatelli, Ribeirp-da-Silva and Coimbra 1989).

The lowered nociceptive threshold seen in neonates are due, at least in part, to immaturity of
descending nociceptive control from the midbrain to the spinal cord. In the adult, descending
serotonergic fibres from the PAG and RVM, can produce either excitation or inhibition of spinal cord
second-order neurones. In neonates, stimulation of the PAG does not produce analgesia (as in the
adult) regardless of intensity of stimulation until P21. Serotonergic fibres are present in the grey
matter of the spinal cord at birth, however, the adult density and patterns aren’t seen until P21,
coinciding with the changes in electrophysiology (Van-Praag and Frenk 1991). However, before P21
the PAG-RVM axis does show exclusive powerful facilitation of cord spinal, greater than those seen
in the adult (Hathway, Koch and Fitzgerald 2009). This facilitation may be due to noradrenergic
processes as opposed to serotonergic, as they appear to mature earlier in the second post-natal
week, however this remains to be fully elucidated (Hughes and Barr 1988). Thus P21 appears to be a
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critical threshold in descending control of spinal nociceptive processing, where a switch between

tonic excitation to inhibition occurs.

Sensitisation

The systems described above can become sensitised to increase neuronal responses to noxious
stimuli. This can occur either in the peripheries or in the CNS, sensitisation of both of these areas is
fundamental to the development of chronic pain conditions, including that induced by cisplatin and

other chemotherapeutic treatment.

Peripheral sensitisation

In the area immediately surrounding any damaged tissue there is a ‘red flare’ area associated with
primary hyperalgesia. This area has increased responses to mechanical and thermal stimuli.
Damaged tissue releases a number of inflammatory mediators including; bradykinin, serotonin,
prostaglandins, cytokines, and H*. These mediators can either directly activate the nociceptors to
produce action potentials, for example bradykinin can activate receptors to produce signals in A
and C-fibres, or can sensitise the receptors so they are more readily activated by other stimuli

(Mizumura, et al. 2009).

Alternatively, inflammatory mediators can upregulate the transcription of new membrane ion
channels and receptors. When activated GPCRs can activate membrane bound ion channels to
depolarise the cell and produce an action potential, they also initiate a number of intracellular
cascades (Rang, Bevan and Dray 1991). MAPK is produced which is involved in the regulation of
transcription and translation of DNA, thus altering the synthesis of protein receptors. Adenylate
cyclase, is also activated to convert adenosine monophosphate (AMP) to the second messenger
cyclic AMP (cAMP) which activates the enzyme protein kinase A (PKA) which in turn activates the
transcription factor cAMP response element-binding protein (CREB) which like MAPK control
transcription and therefore protein synthesis (Stanley 1991). TRPV1 receptors and tetrodotoxin-

resistant (TTX-R) Na* channels are examples of receptors that are upregulated by the activation of
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GPCRs, increasing the levels of these channels causes sensitisation of the dendrite to noxious stimuli
(Cheng and Ji 2008). Aracadonic acid is also produced via activation of the enzyme phospholipase A2
(PLA2), this acts as a secondary messenger to activate inflammatory prostaglandin production (Julius

and Basbaum 2001).

The peripheral sensitisation discussed so far has been in response to the presence of a sensitising
stimulus, for example tissue injury or inflammation. In the case of nerve injury, as with
chemotherapy treatment, damage to the nerves gives rise to neuropathic pain arising from the
nerves themselves, separate to external stimulus, which can continue long after the original cause
has concluded. Because of this neuropathic pain can be considered a separate condition in its own
right, to the cause of the injury (Von Hehn, Baron and Woolf 2012). Spontaneous and ectopic firing
of the PAFs is a major driver of sensitisation following nerve injury, producing paresthesia, dysthesia
and pain. While the injured neurones directly affected by do under go changes it is thought to be the
neighbouring uninjured neurones that exhibit altered firing patterns and drive painful sensations

(Von Hehn, Baron and Woolf 2012).

Alterations in the expression of ion channels in neighbouring PAFs drive the increased sensitisation
and ectopic firing patterns, particularly alterations in the TRPy;, sodium and potassium channels. As
with other peripheral sensitisation, neurotrophins, particularly NGF and cytokines are released at
the site of injury, these activate kinase pathways to alter gene expression. TRPy; is upregulated in
nociceptive fibres with expression correlating with development of thermal hyper and hypoalgesia
(Hong and Wiley 2005), in addition, TRPy; also starts to be expressed in large diameter, non-
nociceptive AB fibres, changing the phenotypic behaviour of those fibres (Pabbidi, et al. 2008). TRPy,
knock out mice, do not demonstrate heat hyperalgesia following treatment with Cisplatin (Ta, et al.
2010). Potassium channels, responsible for maintaining the -70mV resting membrane potential, are
decreased following activation of protein kinase C Zeta type (PKMUZ) by neurotrophins. TWIK-related
spinal cord potassium channel (TRESK) is highly expressed in the DRG. However, following nerve
injury there is a 30-40% down-regulation, causing a steady depolarisation of the normal resting
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membrane potential in the sensory neurones (Tulleuda, et al. 2011). Influx of sodium ions to the
neurones depolarised the cell generating the action potentials. Voltage gated sodium ion channels
are expressed differentially by fibre type, during nerve injury expression is altered. Nay 1.6 is
expressed in non-nociceptive PAF, Nay 1.7 is expressed across all somatosensory fibres, Nay 1.8 is
expressed in nociceptive A and C fibres and Nay 1.9 in C fibres. There is a downregulation of all of
these sodium channels in the soma following nerve injury. However, the normally embryonic form
Nay 1.3, expression remerges in the injured adult PAF. In addition, in the neighbouring undamaged
fibres, Nay 1.3 and Nay 1.8 are upregulated, supporting that these are the main drivers of
neuropathic pain. Together these ion channel alterations serve to produce hyperexcitability in the

primary sensory neurones, leading to ectopic firing patterns (Von Hehn, Baron and Woolf 2012).

Central sensitisation
As in the periphery, prolonged nociceptive activation alters the afferent somatosensory network
activity and structure, lowering the magnitude of stimulus required to pass the activation threshold,

making the (patient) more sensitive to noxious stimuli.

There are two stages of central sensitisation, in the acute phase the sensitisation is activity
dependant and will return to normal firing patterns once increased activity from the primary
afferent fibres desists. In the chronic stage, there is a change in the transcription of the cell altering
the plasticity of the cell making the changes permanent. If the chronic stage persists permanent

cellular loss can be seen (Latremoliere and Woolf 2009).

One of the two experimentally determined mechanisms present in acute central sensitisation is wind
up of second order neurones by C-fibres. Under normal conditions, firing of the primary afferent
fibres causes Ca?* influx through voltage gated ion channels which triggers exocytosis of fast acting
glutamate neurotransmitter from the presynaptic membrane. However, when the rate of firing is
increased more Ca?* is present in the axon terminal which causes the release of substance P in

addition to glutamate (Budai 2000). Because substance P is slow acting, if the stimuli is persistent or
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intense, it doesn’t get cleared from neurokininl (NK1) receptors before the next stimulation arrives,
producing short term excitability in the second order neurone. Wind up disappears quickly once the

higher rate of stimuli stops (Schaible 2006).

The other acute mechanism is the recruitment of glutamatergic ion channel N-methyl-D-aspartate
(NMDA) receptors on the post-synaptic membrane. Under normal conditions, NMDA receptor’s
channel is blocked by a magnesium plug preventing influx of ions. During high intensity firing
depolarisation of the membrane dislodges the magnesium plug allowing influx of Na*, K* and Ca%
increasing the sensitivity of the membrane (Budai 2000). As with wind up, once high intensity firing

ends the magnesium block reasserts itself and sensitivity returns to normal (Schaible 2006).

During the chronic phase of central sensitisation permanent changes start to be seen in the cell. The
second order neurones start to produce pro-inflammatory mediators such as Prostaglandin E2
(PGE,), aracadonic acid, nitrogen oxide and cytokines that diffuse back across the synapse to further
enhance the action of the primary order neurone (Schaible 2006). These mediators also increase the
transcription of membrane receptors and ion channels to further increase the sensitivity of the

second order neurones (Julius and Basbaum 2001).

Chronic high intensity firing also causes inhibition of the inhibitory interneurons resulting in
disinhibition of the synapse. If this persists for a long time, the influx of Ca?* into the cell activates
apoptotic pathways and the cell dies off. As well as the loss of the tonic inhibition to the nociceptive
synapse, hard-wiring the hyperalgesia, there is also a loss of modulatory control from the

supraspinal centres (Latremoliere and Woolf 2009).

Neurones are not the sole components of the spinal cord, the modulatory signals released from the
neurones during central sensitization (as discussed above) also act on glial cells in the surrounding
environment. Interactions with glial cells are an important factor in the functioning and modulation
of nociceptive pathways, astrocytes and microglia can actively modulate nociceptive pathways by

facilitating or attenuating neuropathic pain signals.

26| Page Joseph Lloyd



The Effects of Cisplatin on Developing Nociceptive Pathways.

Microglia, the neuro-immune glia cells derived from bone marrow, are one of the major glial cell
types that contribute to central sensitisation. The increased release of excitatory neurotransmitters
as well as pro-inflammatory peptides, cytokines and chemokines, from the sensitised neurone,
activate microglial cells in the dorsal horn. Excitatory neurotransmitters including: glutamate, ATP
and NO, activate microglia and cause migration to the site of activation (Lively and Schlichter 2013)
as well as the release of further ATP from the microglia themselves (Milligan and Watkins 2009).
Substance P acts on P2X receptors, cytokines such as IL-1 B and TNF a, act through the toll like
receptors (TLRs) to activate intracellular cascades through the extracellular signal-regulated kinase
(ERK), c-Jun N-terminal Kinase (JNK), and p38 MAPK pathway (Kaminska 2005) to cause the
upregulation and release of further cytokines, which feedback to the neurone to activate similar
intracellular transcription controlling pathways and increase ion channel production, thereby

increasing the sensitivity of the cell (Latremoliere and Woolf 2009).

Astrocytes encompass the synapse and can directly facilitate or attenuate synaptic transmission.
Similar to microglia, astrocytes are activated by pro-inflammatory cytokines and chemokines. The
MAPK1 and JNK signalling pathways are activated to upregulate the synthesis of pro-inflammatory
factors, IL1pB, IL6, tumour necrosis factor a (TNFa), PGE3, and nitric oxide (NO) from the astrocyte. If
activation of the astrocyte is prolonged, glutamate transporters (such as GLT1 and GLAST) by the
astrocyte to clean the synapse are downregulated leading to an increase in excitatory glutamate

present in the synapse (Milligan and Watkins 2009).

The different types of glia are suggested to be activated and acting during separate stages of central
sensitisation, with microglia activated during the initial inflammatory pain, which in turn releases
factors causing prolonged activation of astrocytes during neuropathic pain (Milligan and Watkins
2009). However, in juvenile animals (lkeda, Kiritoshi and Murase 2012) suggested the opposite with

microglia involved in neuropathic pain and astrocytes during inflammatory pain.
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So far what has been described has been one-on-one interactions between a presynaptic primary
afferent neurone and a post synaptic second order neurone. However, in reality many primary
afferent neurones can synapse with a single secondary order neurone, and in the case of WDR
neurones can synapse with a mix of innocuous AP fibres and nociceptive Ab and C-fibres
(Gangadharan and Kuner, 2013). Thus when a WDR neurone become sensitised by high intensity
firing from nociceptive stimuli, they are also sensitised to input from innocuous stimuli. This could be

one of the cellular mechanisms responsible for producing allodynia.

Early life insults
During early development, particularly before the critical threshold at p21, nociceptive insults can
have a profound impact on the development of somatosensory and nociceptive systems, altering

adult processing of pain.

The extent and effect of the alterations is dependent on the type of neonatal insult. Mechanical
insults from repeated pin-pricks produces thermal hyperalgesia. Irritating the colon mechanically or
chemically produces visceral hypersensitivity in the adult (Fitzgerald 2005). Inflammatory insults, can
produce a counterintuitive global increase in baseline pain thresholds (hypoalgesia) (Walker,
Fitzgerald and Hathway 2015). For example, injection of the inflammatory agent carrageenan to the
hind paw in neonates produces an initial thermal and mechanical hyperalgesia in just the first week,
then a sustained generalised thermal hypoalgesia into adulthood. However, any further injury to the

paw then produces an increased hyperalgesia response (Ren, et al. 2004).

It is rare for neonates with nerve injury to develop neuropathic pain (as happens in adults).
Suppression of the inflammatory response suppresses the development of neuropathic pain until
adolescence. Following nerve injury in neonates before Postnatal day 25 (P25), an anti-inflammatory
response is triggered with the release of interleukin 4 and 10 (IL4, IL10), as opposed to the pro-
inflammatory response seen in adults with the release of TNF and brain-derived neurotrophic factor

(BDNF). Administration of intrathecal anti- IL10 to nerve injured infant mice produced neuropathic
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pain behaviour, suggesting IL10 was suppressing pain hypersensitivity. IL10 does appear to only
suppress the pain rather than ablate it completely as a delayed emergence can occur later in

adolescence (McKelvey, et al. 2015).

Several potential mechanisms for the developmental alterations to nociceptive thresholds have
been proposed, both in the periphery and centrally. In the immediate vicinity of the insult, the
inflammatory response to tissue damage causes the release of neurotrophic factors (Constantinou,
et al. 1994). This could cause disruption of the normal neuronal pruning that takes place in the first
few weeks of life, resulting in activity-independent over-abundance of nociceptive nerve endings in
the affected area (De Lima, et al. 1999). Depending on which primary afferent fibres were affected, a
strengthening or weakening of nociceptive pathways converging on the spinal cord may occur.
Central control may also play a role in the development of hypoalgesia. Following nociceptive insult
to the paw there was a resulting increase in descending inhibition from the RVM and a decrease in
baseline sensitivity in the adults at 6 weeks post injury. Application of analgesia during the insult
prevented this effect (Walker, Fitzgerald and Hathway 2015).

Summary

Cisplatin is a successful treatment for solid-state tumours due to its cytotoxic nature. However, it is
this very nature that causes (among other side effects) neuropathic pain, severely detrimental to the
quality of life of those affected. Prolonged pain causes fundamental changes to the nociceptive
pathways involved. The functionality of the entire system, from the peripheral cells immediately
affected, to the descending control in the CNS is affected. The immature nervous systems of children
are particularly at risk, as the system is not yet hardwired and pain thresholds can be permanently

altered.

In this project the effect of Cisplatin on juvenile nociceptive pathways will be investigated. This
includes the peripheral afferent fibres carrying sensory information from the periphery that are
directly affected by the Cisplatin, as well as the interneurons and glial cells in the CNS that can
modulate incoming signals in the dorsal horn of the spinal cord. Any changes in these systems will be
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investigated immediately following Cisplatin treatment for the acute affect and a month later for

more long lasting chronic effects.

Hypothesis

The introduction of chemotherapeutic drugs to a juvenile rat will cause
long term chronic pain by altering nociceptive neurochemistry in the dorsal

horn of the spinal cord.
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Methods

Animal model

Experiments were carried out in Sprague Dawley rats. Times mated pregnant dams were bought
from Charles River UK, they were received at E17 and allowed to habituate. Experiments were
conducted under UK Home Office regulations and in concordance with the Animal (Scientific
Procedures) Act (1986) and conformed to the ARRIVE guidelines. Experiments were carried out
under Home Office Project Licence 40/3468 and personal licences 1627684BE and I56AAD26C.
Approval was granted by the University of Nottingham Animal Welfare and Ethical Review Board.
Animals were housed in light/dark cycled rooms with access to food and water ab libitum.

Experimenters were blind to all treatment groups.

Cisplatin induced neuropathy

Pups of mixed gender were treated via IP injection of either 0.01M phosphate buffered saline (PBS)
(Sigma, P4417-100TAB) vehicle or cisplatin (1ml/kg, 0.5 mg/ml) (Sigma, P4394-25MG) once a day, for
5 consecutive days, from postnatal (P) day 7 to P day 11. Animal weights and behaviours were
monitored regularly for signs of distress. To minimise the chances of rejection by the mother and to
reduce maternal and litter distress, the time that pups were absent from the home cage was
minimised as much as possible. Additionally, prior to returning to the cage pups were rubbed in

bedding material to remove foreign olfactory cues.

Animals were sacrificed at P13 (cisplatin n=8, vehicle n=11), or at P45 (cisplatin n=11, vehicle n=11),
via IP injection of sodium pentobarbital (200mg/ml) (Euthatal). Tissues were preserved via
transcardiac perfusion with 50ml 0.01M PBS followed by 50ml of 4% paraformaldehyde (Sigma,
441244-1kg) using a 50ml syringe (Fisher Scientific, DC-M0163) as a perfusion pump at a rate of 10-

20ml per min. Spinal cords, DRG’s and blood were collected for analysis.
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Tissue preparations

Spinal cord samples were stored in frozen Optimal cutting temperature compound (OCT) embedding
matrix (Fisher Scientific, 23-730-571) at -80°c. Following removal from OCT, spinal cords were
thawed over wet-ice, to prevent freeze-thaw tissue damage, and immersed in 0.04% sucrose azide
(0.4g sodium azide (Sigma, S8032-25G), 300g sucrose (Sigma, S0389-5KG), and 1L ddH,0). Spinal
cord samples were given 48 hours to fully absorb the sucrose azide solution. Subsequently 40 pum
thick sections of the lumbar enlargement were prepared using a Leica SM2010R frozen microtome

and placed into a test tube containing fresh Sucrose Azide and stored until needed at 4°C.

DRG samples were stored in frozen OCT at -80°c. While still frozen in OCT, DRG samples were sliced
into 10um thick sections using a Leica CM1900 cryostat and mounted upon Superfrost plus
microslides (VWR international, 48311-703). Up to 4 DRG’s per animal were bundled and sliced

together, with multiple sections of each DRG being taken. Slides were stored until needed at 4°C.

Blood was collected during intercardiac perfusion in P13 rats. Blood was stored with 50 pl of heparin
(Wockhardt, PA 1339/9/4) into 0.5ml microtubes (Sarstedt, 72.699). Samples were spun down at
13,000 rpm on a Thermo Scientific Heraeus Pico17 centrifuge for 5 minutes to separate plasma from

erythrocytes, leukocytes and platelets. Blood plasma was pipetted out and stored at -80°C.

Immunohistochemistry

Spinal cords

Spinal cord samples were immunostained using free-floating immunohistochemistry protocols.
Samples were washed in 0.1% PBS 3x for 5 minutes to remove sucrose azide. Sections were then
incubated with 3% blocking solution (0.1M PBS, 3% goat or donkey serum, 0.3% triton X-100 (sigma,
X100-100ML)) for one hour at room temperature. Primary antibodies were prepared in the dilutions
below in trizma hydrochloride solution (TTBS) (300ul Triton X-100 (Sigma, T9284-500mL), 0.87g NaCl
(Fisher Scientific, S/3160/63) and 100ml ddH,0 (pH approximately 7.4)). Primary antibodies, sources,

concentrations and incubation times are: Mouse anti-NeuN (Millipore) (1:100), overnight. Mouse
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anti-GFAP (Fisher Scientific) (1:100) overnight, co-stained with rabbit anti-IBA1 (WAKO) (1:1000) for
72 hours. IB4-FITC conjugate (Sigma) (1:500) overnight, co-stained with rabbit anti-CGRP (Millipore)
(1:100) overnight and goat anti-TrkA (R&D Systems) (1:100), overnight. (followed by Donkey anti-
goat biotin (1:500) 2 hours). Mouse anti-NF200 (Sigma) (1:750) 24 hours, co-stained with rabbit anti-

VGLUT2 (Synaptic Systems) (1:750) 24 hours.

Table 1: Primary antibodies used in Spinal immunohistochemistry

PRIMARY ANTIBODY COMPANY DILUTION INCUBATION TIME
MOUSE ANTI-NEUN Millipore 1:100 Overnight

MOUSE ANTI-GFAP Fisher Scientific ~ 1:100 Overnight

RABBIT ANTI-IBA1 WAKO 1:1000 72 Hours

IB4-FITC CONJUGATE Sigma 1:500 Overnight

RABBIT ANTI-CGRP Millipore 1:100 Overnight

GOAT ANTI-TRKA R&D systems 1:100 Overnight
DONKEY ANTI-GOAT BIOTIN | Jackson 1:500 2 Hours

MOUSE ANTI-NF200 Sigma 1:750 24 Hours

RABBIT ANTI-VGLUT2 Synaptic systems 1:750 24 Hours

The samples were then washed in PBS 5x for 10 minutes. Life technologies secondary antibodies
used were; Goat anti-mouse 488 (1:500), goat anti-mouse 555 (1:500), goat anti-rabbit 488 (1:500),
goat anti rabbit 555 (1:500), goat anti-rabbit 568 (1:500), streptavidin 405 (1:1000) and donkey anti-
rabbit 568 (1:500). Secondary antibodies were prepared in the dilution above in TTBS. Samples were
incubated with secondary antibodies for 2 hours at room temperature in the dark, before washing in
PBS 5x for 10 minutes. Sections were mounted on gelatinised slides from University of Nottingham
AMU, and allowed to dry overnight in the dark. Slides were cover slipped (22x50mm) using

flouromount (sigma, F4680-25ML), sealed and stored in the dark at 4°c until needed.
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Table 2: Secondary antibodies used for spinal immunhistochemistry

SECONDARY ANTIBODY COMPANY DILUTION INCUBATION TIME
GOAT ANTI-MOUSE 488 Life technologies 1:500 2 Hours
GOAT ANTI-MOUSE 555 Life technologies 1:500 2 Hours
GOAT ANTI-RABBIT 488 Life technologies 1:500 2 hours
GOAT ANTI-RABBIT 555 Life technologies 1:500 2 Hours
GOAT ANTI-RABBIT 568 Life technologies 1:500 2 Hours
STREPTAVIDIN 405 Life technologies 1:1000 2 Hours
DONKEY ANTI-RABBIT 568 | Life technologies 1:500 2 Hours

DRG’s

DRG samples were stained using slide-mounted immunohistochemistry. Slides were washed in 0.1%

PBS 3x for 5 minutes to remove sucrose azide and were then incubated with 3% blocking solution

(0.1M PBS, 5% bovine serum albumin (BSA), 10% fetal bovine serum (FBS), 0.2% triton X-100 (sigma,

X100-100ML)) for one hour at 4°C. Primary antibodies, sources, concentrations and incubation times

are: Mouse anti-NeuN (Millipore) (1:100), co-stained with rabbit anti-CGRP (sigma) (1:1000) and

anti-IB4 (1:500) overnight in the dark at 4°c (followed by donkey anti-goat biotin (1:500) for 2 hours

in the dark at 4°c). Rabbit anti-PGP (millipore) (1:500) co-stained with mouse anti-NF200 (Sigma)

(1:750) and goat anti-TrkA (R&D Systems) (1:100), all overnight at 4°C. (followed by donkey anti-goat

biotin (1:500) for 2 hours in the dark at 4°c).

Table 3: Primary antibodies used for DRG immunohistochemistry

PRIMARY ANTIBODY COMPANY DILUTION INCUBATION TIME
MOUSE ANTI-NEUN Millipore 1:100 Overnight

RABBIT ANTI-CGRP Sigma 1:1000 Overnight

GOAT ANTI-IB4 1:500 Overnight
DONKEY ANTI-GOAT BIOTIN | Jackson 1:500 2 Hours

RABBIT ANTI-PGP Millipore 1:500 Overnight

MOUSE ANTI-NF200 Sigma 1:750 Overnight

GOAT ANTI-TRKA R&D systems 1:100 Overnight
DONKEY ANTI-GOAT BIOTIN | Jackson 1:500 2 Hours
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The samples were then washed in PBS 5x for 10 minutes. Life technologies secondary antibodies
used were; goat anti-mouse 488 (1:500), goat anti-mouse 555 (1:500), goat anti-rabbit 488 (1:500),
goat-anti rabbit 568 (1:500), and streptavidin 405 (1:1000). Secondary antibodies were prepared in
the dilution above in PBS. Slides were incubated with secondary antibodies for 2 hours in the dark at
49¢, before washing in PBS 5x for 10 minutes. Slides were allowed to dry overnight in the dark. Slides
were cover-slipped (22x50mm) using flourosave (Millipore, 345789), sealed and stored in the dark at

4°C until needed.

Table 4: Secondary antibodies used for DRG immunohistochemistry

SECONDARY ANTIBODY COMPANY DILUTION INCUBATION TIME

GOAT ANTI-MOUSE 488 | Life technologies 1:500 2 Hours

GOAT ANTI-MOUSE 555 | Life technologies 1:500 2 Hours

GOAT ANTI-RABBIT 488 | Life technologies 1:500 2 hours

GOAT ANTI-RABBIT 568 | Life technologies 1:500 2 Hours

STREPTAVIDIN 405 Life technologies 1:1000 2 Hours
Microscopy

Slides were imaged using DMRB fluorescent (for P45) or Leica SPE confocal microscope (for P13 and
DRG’s) due to availability. An image was taken at 10x magnification of the right dorsal horn of each
spinal cord section, or the entire section of DRG. Some spinal cord samples were too fragile to be
successfully sectioned and stained, due to their age and the cisplatin treatment, therefore n=4 were
imaged for both cisplatin and vehicle groups. For DRG’s n=8 were imaged for both cisplatin and
vehicle groups. Cisplatin and vehicle groups were imaged in the same session using the same

settings.

IL6 ELISA kit

Blood plasma samples were tested using Rat interleukin 6 (IL6) ELISA kit from Eagle Biosciences
(IL621-K01). N=6 for both cisplatin and vehicle groups. The general ELISA protocol outlined by Eagle
Biosciences was followed include details. A standard serial dilution of a known concentration of IL6

was also tested to create a standard curve. The samples were analysed using a Sigma labtech
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FLOUstar Omega Atmospheric control unit to find the optical density (OD) of the samples was given.

The standard sample OD results were entered into http://www.elisaanalysis.com/ to create a 4

parameter logistic (4-PL) ELISA curve for concentration. The OD’s from the animal samples were
compared against the 4PL curve to give the sample concentration. Cisplatin and vehicle
concentrations were compared and analysed for statistical significance using GraphPad Prism
(version 6.07) using an unpaired T-test with Welch’s correction. Graphs of serum IL6 concentration,
were presented as the mean of concentrations across all animals, with standard error of the mean

(SEM) bar.

Statistical Analysis

In the spinal cord stains: NeuN, GFAP and IBA1, cells counts were taken from five 100um x 100pum
regions of interest (ROI) for lamina |, Il and V of the dorsal horn, using the ROl manager plugin on
Imagel (version 1.43m). Results for each group, were averaged to give a single cell count for each
lamina, and then for the entire dorsal horn section. Results were statistically analysed using
GraphPad Prism (version 6.07), results were tested for parametric normality with D’Agostino and
Pearson omnibus normality test. Cisplatin and vehicle cell counts were compared and analysed for
statistical significance using an unpaired T-test or a Mann-Whitney test. Graphs of cell counts, are

presented as the mean of cell counts across all animals, with standard error of the mean (SEM).

In the spinal cord stains: CGRP, IB4, TrkA, NF200 and vGLUT2, 4x lines of interest were taken to
measure grey value (AU) intensity using the plot profile tool on Imagel. Lines extended 600um, from
the outer surface, down to lamina V of the dorsal horn, following the outer curve of the dorsal horn.
This is a similar method as previously used by (Lorenzo, et al. 2008). Results for each group were
averaged to give a single intensity profile for cisplatin and vehicle groups. The area under the curve
(AUC) was taken for the averaged intensity profile to create a figure for the entire dorsal horn. The
averaged results were statistically analysed using GraphPad Prism (version 6.07), results were tested

for parametric normality with D’Agostino and Pearson omnibus normality test. Cisplatin and vehicle
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cell counts were compared and analysed for statistical significance using an unpaired T-test with
Kolmogotov-Smirnov post-hoc test. Graphs for intensity lines, were presented as the mean of area

under the curve (AUC), across all animals with SEM bar.

In the DRG stains: IB4, CGRP, NF200 and TrkA, cell counts were taken for the entire section and
standardised as a percentage of the neuronal cell (NeuN or PGP) count. Results for each group, were
averaged to give a single cell count for DRGs in each group. Results were statistically analysed using
GraphPad Prism (version 6.07), results were tested for parametric normality with D’Agostino and
Pearson omnibus normality test. Cisplatin and vehicle cell counts were compares and analysed for
statistical significance using an unpaired T-test with Welch’s correction. Graphs of cell counts, were

presented as the mean of cell counts, across all animals with SEM bar
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Results

Juvenile Blood Plasma IL6 Concentration

A statistically significant (p=0.0039) increase in IL6 was shown in the blood plasma of the cisplatin
treated animals at P13 (131.9+31.91 pg/ml) compared to the vehicle animals (38.00+6.748 pg/ml)
(Figure 4b), suggestive of systemic inflammation and possible neprotoxic side effects from the

cisplatin treatment.

Juvenile DRG Immunohistochemisty
On postnatal day 16 (immediately following the end of cisplatin treatment at p11) in the rat dorsal
root ganglion, cisplatin treatment only showed alterations in peptidergic neuronal number, after

normalisation against the neuronal cell count.

There were no significant differences (p=0.0527) in IB4 positive non-peptidergic neurones with
similar cell counts found between the cisplatin (56.86+2.625) and PBS vehicle (49.53+2.528)
treatment groups (Figure 5c). Cisplatin (55.91+1.394) and PBS vehicle (51.58+1.850) treatment
groups also showed no significant difference (p=0.0703) for neurofilament (NF200) positive markers
in the DRG Figure 6b). Likewise, DRG TrkA positive NGF receptor markers did not show a significant
difference (p=0.3031) between the cisplatin (74.53+1.732) an PBS vehicle (71.03+2.867) treatments

(Figure 6c¢).

However, the cisplatin treated animal group (59.72+2.092) did show a significant (p=0.0152)
increase in CGRP positive peptidergic neurones in the compared with the vehicle group

(53.10+1.468) (Figure 5b).
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Juvenile Spinal Cord Immunohistochemistry
On postnatal day 13, immediately following the end of cisplatin treatment at p11, Cisplatin

treatment caused significant acute histological changes to occur in the spinal cord of treated animals

compared to their PBS treated counterparts.

At the acute time point immediately following the end of cisplatin treatment there was a significant
change in some cellular markers in the dorsal horn of the spinal cord. The central terminals of CGRP-
positive DRG cells were significantly increased (P<0.0001) in cisplatin treated animals (52.06+0.7)
compared with the PBS vehicle injected animals (39.65+0.5) (Figure 8c). IB4-positive non-peptigergic
DRG cell terminals were also showed a significant increase (p<0.0001) in cisplatin animals
(17.22+0.3) vs. PBS vehicle animals (13.08+0.1) Figure 8e). These results indicate that at a cellular

level there are changes in both primary afferent termination within the dorsal horn.

However, there was no significant differences (p=0.5678) in NeuN positive non-specific neuronal
cells, cisplatin average cell counts were 18.58+0.7002 compared with 19.18+0.7913 in PBS vehicle
treated animals (Figure 7b). Similarly, Cisplatin treated animals (6.749+0.1491) compared PBS
vehicle treated animals (7.079+0.1241) showed no significant change (p=0.0913) in GFAP positive
astrocyte glial cells (Figure 7d). This indicates that during the acute phase immediately following
cisplatin treatment, there were no changes in the number of neurones or states of reactive gliosis in
the dorsal horn. Interestingly however, significant decreases can be seen in these cellular markers in
particular laminae. NeuN positive neurones only in lamina 1 did show a significant decrease (0.0016)
in cell counts in cisplatin treatment (24.85+0.3273) compared with PBS vehicle treatment
(26.24+0.2507) (Figure 7c). GFAP positive astrocyte cell counts showed a significant decrease
(p=0.0026) only in lamina 2 in the cisplatin group (5.727+0.1542) vs the PBS vehicles (6.5+0.1824)

(Figure 7e). This is suggestive that any acute changes to afferent input are specific to each lamina.
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There are also changes in intercellular receptor markers immediately following cisplatin treatment.
NGF receptor TrkA markers showed a significant increase (p<0.0001) in intensity across the dorsal
horn in cisplatin treated animals (121.0+1.0) compared with PBS vehicle treated animals (112.1+1.4)
(Figure 8g). Intensity for excitatory vascular glutamate receptor (vGLUT2) markers also was
significantly increased (p<0.0001) in cisplatin treated group (61.32+0.4) vs the PBS vehicle treated
group (42.26+0.3) (Figure 9c). Finally, intensity for NF200 markers found a significant increase
(p<0.0001) in the cisplatin treated group (43.03+0.8) compared to the PBS vehicle treated group
(35.67+0.6) (Figure 9e). This data is indicative of acute upregulation of receptors and markers for

neuronal sprouting in the DRG terminals of the dorsal horn of the spinal cord.

Adult Spinal Cord Immunohistochemistry
On postnatal day 45, 34 days after the end of cisplatin treatment at p11, Cisplatin treatment caused
significant chronic histological changes to occur in the spinal cord of treated animals compared to

their PBS treated counterparts.

At the chronic time point long after the end of cisplatin treatment there was a significant change in
some cellular markers in the dorsal horn of the spinal cord. IB4 positive non-peptidergic neuronal
markers showed a significant increase (p=0.0001) in intensity across the dorsal horn in cisplatin
treated animals (27.9+1.2) compared with PBS vehicle treated animals (23.6+0.9) (Figure 11e). A
significant decrease (9=0.0001) was seen in cisplatin treated animals (6.6+0.1) compared with PBS
treated vehicle animals (9.240.1) for IBA1 positive microglial cell counts (Figure 10c). This suggests

long-term cell type specific changes in dorsal horn innervation and depletion of CNS immune cells.

There were no significant differences (p=0.3) between cisplatin (17.8+0.6) and vehicle (16.8+0.7)
treatment groups in NeuN positive non-specific neuronal cell at the chronic time point (figure 10b).
CGRP positive peptidergic neurones also showed no significant differences (p=0.3) between cisplatin

(43.743.1) and vehicle (42.942.6) treatment groups (Figure 11c). Over the entire dorsal horn GFAP
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positive astrocyte glia did not show any significant changes (p=0.1) between cisplatin (3.2+0.1) and
vehicle (2.9+0.1) treatment groups (Figure 10f). However, in laminae V specifically, there was an
increase in GFAP in cisplatin treated rats (2.7+0.2) compared with their PBS vehicle (2.2+0.1) treated

counterparts (Figure 10g).

Changes in intercellular receptor markers long after the end of cisplatin treatment were also shown.
There were significant increases (p=0.0001) in the NGF receptor TrkA intensity, in animals treated
with cisplatin (93.54+41.8) vs those treated with PBS vehicle (59.2+2.8) (Figure 11g). Cisplatin
treatment (43.840.2) also showed significant increases (p=0.0001) of intensity for the excitatory
glutamate receptor vGLUT2 markers compared to PBS vehicle treatment (26.7+0.1) (Figure 12c).
Intensity of NF200 markers in cisplatin treated animals (36.3+0.7) were significantly increased
(p=0.0001) when compared against PBS vehicle treated animals (18.1+0.3) (Figure 12e). This data is
indicative of chronic, long-term upregulation of receptors and markers for neuronal sprouting in

neurones of the dorsal horn of the spinal cord.
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Discussion

6% of paediatric cancer patients are now surviving for at least 10 years or more (Cancer Research UK
2016). Therefore, we now have to look beyond the immediate survival of the children affected by
cancer and at the long term impacts of the chemotherapeutic drugs given to sensitive developing
systems. In this study we have shown that treatment with the cancer chemotherapeutic Cisplatin
during the second postnatal week had significant effects on several components of the nociceptive
system in both the peripheral and central nervous systems. These changes occurred both
immediately following treatment at P13 (juvenile time point) and at P45, 34 days after the end of
treatment.

Cisplatin induced peripheral sensory alterations

Chronic pain usually arises following the sensitisation of peripheral afferent nociceptive and non-
nociceptive fibres to noxious stimuli. The cell bodies for these fibres lie in the DRG with peripheral
processes to the skin and viscera and central processes in the dorsal horn of the spinal cord (Julius
and Basbaum 2001). Inflammatory mediators (such as bradykinins, interleukins, growth factors, as
well as others), released by damaged tissue and white blood cells, sensitise these fibres either by
direct activation or the upregulation of expression of membrane bound receptors (Mizumura, et al.
2009). This leads to greater responses to noxious stimuli (hyperalgesia) or a pain reaction to a
normally innocuous stimuli (allodynia) (Schaible 2006). We have previously shown that
administration of Cisplatin to a neonatal rat pup produces both thermal and mechanical allodynia
that is sustained long after Cisplatin treatment has ended (Figure 3). The histological changes in A-
and C-fibres primary afferents in the DRG and spinal cord were investigated to elucidate any

potential mechanisms that underlie this behavioural change.

In the DRG an increase in peptidergic C-fibres was seen at the juvenile time point. Peptidergic C-
fibres are central to the development of central sensitisation via the release of substance P (Budai
2000) and the recruitment and sustained activation of NMDA receptors (Budai 2000). As well as the
recruitment of NMDA receptors, peripheral sensitisation also causes the activation of GPCRs during
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central sensitisation. GPCR activation induces an upregulation in protein synthesis, including
membrane receptors and neuropeptides (including the vasodilator CGRP (Brain, et al. 1985)). Protein
upregulation hard-wires activity-dependant changes in neuron function so they become permanent
and activity independent (Schaible 2006). Thus, increased CGRP positive cell counts in the DRG
indicates an upregulation of peptidergic gene expression. This concurs with previous research by
Barajon et al., who found neuropeptides CGRP and galanin were increased by Cisplatin treatment
and concluded that DRG cells were the primary target of Cisplatin neurotoxicity (Barajon, et al.
1996). However the N number for this experiment was very low, durther DRG stains would be
required to confirm this finding. DRG levels of NF200 and IB4 at the juvenile time point showed no
difference between the treatment groups. This suggests that A and non-peptidergic C fibres are not
effected by cisplatin treatment. It might be therefore that Cisplatin’s effects are limited to
peptidergic C-fibres immediately following treatment. A small increase in the NF200 and I1B4 cell
counts was seen, this was statistically insignificant. However, this could be due to the low N number
and may be altered with further samples. If significant this would concur with the increase in

intensity seen in the dorsal horn terminals of the spinal cord.

Previous unpublished research by the University of Nottingham Developmental Neurobiology lab,
also investigated further aspects of Cisplatin’s paediatric effect. At P45 an increase in TrkA positive
neuronal processes was seen in the DRG, as well as increases in PGP9.5-positive neuronal cells and
CGRP-positive peptidergic neurones in the plantar skin. It was suggested that Cisplatin causes an
increase in NGF/TrkA signalling causing an increase in peptidergic C-fibres in the DRG and signalling
peripheral nerve growth. While this experiment saw an increase in TrkA signalling at both the
juvenile and adult time points, the peptidergic C-fibre CGRP positive cells only showed a Cisplatin
induced increase at the juvenile time point, however, this was seen both in the DRG as well as the

dorsal horn.

As well as an increase in the DRG, Cisplatin treatment also caused an increase in juvenile peptidergic

C-fibre terminations in the dorsal horn, however by the later adult time point, there was no
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significant difference between the vehicle and Cisplatin treatment groups. This may suggest that
Cisplatin only has a short term, acute effect on peptidergic C-fibres. We know that peptidergic C-
fibres are important for the initial development of central nociceptive sensitisation in chronic pain
states. The production of substance P, activates NK1 and NMDA receptors leading to sensitisation
during high intensity firing. If spinal sensitisation is sustained, further alterations in the structure and
functioning of spinal nociceptive pathways occur to hard-wire in the sensitisation (Schaible 2006).
Munglani et al. found changes in C-fibre peptide expression persist 100-120 days’ post injury in a
chronic constriction injury (CCl) model. However, the changes they saw were peptide and location
specific. Persistent decreases in the neuropeptides substance P and Galanin in laminae | and Il and
an increase in substance P in laminae lll and IV. They also found no change in either CGRP or
Neuropeptide Y levels in laminae | or Il, which concurs with the findings of this study (Munglani, et
al. 1996). These peptide specific alterations in gene expression in the spinal dorsal horn mean that
an increase in CGRP alone doesn’t confirm alterations in peptidergic C-fibre gene expression as a
whole. We've already shown that the expression CGRP and NGF differs in long term pain, therefore
further investigation into other C-fibre peptide expression is required to build a more complete

picture of how chemotherapeutics effect peptidergic C-fibres long term.

The high affinity NGF receptor TrkA was also significantly increased at both time points. TrkA is
preferentially expressed by peptidergic nociceptive neurones, as well as by projection neurons in the
spinothalamic and spinoreticular tracts (Pezet, et al. 1999). It is involved with (among other
functions) the regulation of gene expression for membrane receptors and the enzymes synthesising
neurotransmitters, including substance P, CGRP and TRPV1. Thus upregulation of TrkA results in an
increase of neurotransmitters available for release (Berse, Lopez-Coviella and Blusztajn 1999).
Upregulated expression of TrkA is triggered as a result of the increased presence of its main ligand
NGF. NGF plays an important role in neuronal plasticity, promoting growth, survival and proliferation
of neurones, in the spinal cord NGF is released by astrocytes and microglia (Watkins, et al. 1997).

NGF may also directly provoke nociceptive responses through further spinal mechanisms, including
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directly activating the noxious-heat and ligand gated TRP,; receptor (Eskander, et al. 2015). High
levels of NGF could upregulate expression of TrkA causing the increase seen. However other factors
including retinoic acid (Holst, et al. 1995), interferon-y (Lucarelli, Kaplan and Thiele 1996) and
nicotine (Li, et al. 2005) have been shown to increase TrkA expression sensitising the cell to NGF.
Interferon-y is known to be released in the dorsal horn during central sensitisation, being involved
with disinhibition of synaptic activity of primary afferent fibres (Vikman, et al. 2003), thus is a strong
candidate for the increased expression of TrkA. Whatever causes the increase in TrkA, the result is
that the neurone becomes sensitive to further NGF release, which increases production of
neurotransmitters available to release, sensitising spinal nociceptive pathways. TrkA expression and
by extension the sensitivity of spinal nociceptive pathways, by Cisplatin, appears to be cumulative
over time. However, during normal development TrkA expression is downregulated in 37% of dorsal
horn neurones by P21 (Molliver and Snider 1997). Thus, it could be the case that expression of TrkA
decreases over time in the vehicle group but is elevated initially by the Cisplatin treatment then
maintained, at least until P45, long after Cisplatin has been excreted from the subject. This would
concur with the behavioural data previously shown, with allodynia being evident at P22 and

plateauing until the end of the experiment.

In non-peptidergic C-fibre terminations a similar initial Cisplatin-induced increase in signal intensity
was seen. However, unlike the peptidergic C-fibres, the increase was sustained to the later adult

time point. This could suggest increased nociceptive signalling to the spinal cord by these fibres.

NF200 is a cyctoskeletal marker, used as a marker of A-fibre neurones (Ruscheweyh, et al. 2007). At
both time points NF200 was absent in the superficial layers of the dorsal horn (50-95um at p13 and
35-91um at p45), reaching a peak and plateau in deeper layers (280um at p13 and 230um at p45).
There is no definitive guide to the depth of laminae, however, NF200 appears to be absent from
laminae | and Il and present in laminae Ill or IV (Wu, et al. 2010). An increase in NF200 indicates
Cisplatin causes an increase in AB fibre termination to the dorsal horn, and could suggest sprouting

of innocuous PAF axons. This structural reorganisation could recruit AB fibres to nociceptive
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networks (Woolf and Doubell 1994), underlying the behavioural allodynia produced by Cisplatin. The
sprouting caused by the Cisplatin treatment also appears to be cumulative over time. The difference
in average intensities between Cisplatin and vehicle treatment groups is greater at the adult time
point than the juvenile (Figures 9 and 12). The excess of A-fibre innervation early in life, causes
generalised and non-specific nociceptive fields. During maturation in the first few post-natal weeks,
nociceptive pathways become more efficient by pruning unnecessary terminations in an activity
dependant manner (Beggs, et al. 2002). In the neonate AP fibres can be found in the superficial
dorsal horn laminae, but retract to just the deeper laminae as the dorsal horn matures. Application
of an NMDA antagonist prevents this structural reorganisation (Beggs, et al. 2002), the increased
activity from the Cisplatin could be having similar structural effects. In the superficial laminae (first
150um) (Figures 9 and 12) the average difference in signal intensity between vehicle and Cisplatin
treatments appeared to be greater at the adult time point than the juvenile, suggesting Cisplatin
interferes with the normal developmental structural reorganisation of AB-fibres. Unfortunately it is
not possible to make definitive comparisons between the juvenile and adult age groups as they were
imaged separately using different microscopes (juveniles on the Leica SPE confocal microscope and
the adults on the DMRB fluorescent, due to availability). Therefore while the immunohistochemistry
intensity values for the age groups have internal validity, comparing between age groups is not
possible.

Cisplatin induced central sensory alterations

The sensitisation of peripheral afferent fibres affects more than just the fibres themselves, the
increased firing effects the dorsal horn synapse with ascending interneurons and second order
neurones (Wu, et al. 2010). Hard-wiring of central sensitisation in the dorsal horn synapses, causes a
transition from peripheral activity dependant to independent sensitivity. We investigated
histological alterations to neuronal and glial cells in the dorsal horn of the spinal cord to elucidate

the possible mechanisms underlying altered pain thresholds in the experimental groups.
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NeuN is a nucleic marker, thus the neurones stained in the dorsal horn are second order and
interneurons arising from the SVZ, rather than peripheral afferent fibres, who’s nuclei are in the
DRG. Given the known neurotoxicity of Cisplatin, the consistency of overall neuronal cell counts at
both juvenile and adult time points suggests that the concentration of Cisplatin crossing the BBB into
the CNS isn’t high enough to induce direct apoptotic cellular death (Jacobs, et al. 2010). This isn’t to
say that Cisplatin has no CNS effects on neurones in the spinal cord, Andres et al. (2014) showed that
sub-lethal doses of Cisplatin can injure dendritic processes and destroy synapses in hippocampal
neurones without causing apoptosis (Andres, Gong, et al., 2014). It’s possible a similar effect is
occurring in this case, further research into the neuronal processes and network connectivity may be
necessary to fully understand Cisplatin’s neuronal and glial effects beyond just cellular death. As
we’ve previously stated Cisplatin shows selective toxicity between cell types (Dietrich, Han, et al.,
2006), NeuN is a general non-specific neuronal stain, thus it’s possible that neuronal subpopulations,
such as interneurons or second order neurones, are selectively affected by Cisplatin, in a way that is

masked by the general population.

At both the juvenile and adult time points an increase was seen in vGLUT2 glutamate transporter.
vGLUT transporters removes glutamate (the main excitatory neurotransmitter released from
nociceptive fibres) from the synaptic cleft and packages into vesicles ready for release (Seal 2016).
vGLUT2 transporters are expressed on excitatory interneurons in laminae | and Il of the dorsal horn
(deeper laminae express vGLUT1), and the terminals of myelinated A& afferents in laminae | of the
dorsal horn (Todd, et al. 2003). An increase in vGLUT2 transporters suggests that increased removal
of glutamate from the synapse is required (Seal 2016). Increased levels of glutamate in the synapse

indicates increased excitability in laminae | and Il of the dorsal horn.

Signalling between neurones doesn’t happen in isolation, astrocytes form part of the tripartite
synapse and provide synaptic modulation. Including the release of gliotransmitters (Santello and
Volterra 2009), which can excite or inhibit both the pre and post synaptic neurones. Thus astrocytes

very much have an active role in neuronal signalling and disruptions can have profound effects on
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synaptic efficiency (Araque, et al. 1999). Similarly, to neuronal cells, astrocytes also showed no
change in cell number when treated with Cisplatin at either the juvenile or adult time point. The
stem cells that produce astrocytes (glial precursor cells) are protected in the sub-ventricular zone
behind the BBB, which effectively limits the crossing of Cisplatin (Jacobs, et al. 2010). As with
neurones, it’s possible that the Cisplatin is having a sub-lethal effect, altering astrocytic processes
(and affecting synaptic efficiency (Panatier, et al. 2011)) without causing cellular death (Andres, et al.

2014) in a way that can’t be seen by simple cell counts.

At the adult time point a significant decrease was shown in the cell counts of microglia in the dorsal
horn of the spinal cord. Microglia are the immune cells of the CNS. Along with blood and muscle
cells, microglia are mesodermal in origin, this is distinct from other CNS neurones and glial cells that
arise from the ectodermal layer of the germ line (Graeber and Streit 2010). In the adult, microglia
originate from bone marrow progenitor cells (Ginhoux, et al. 2013) which as with other rapidly
proliferating tissues, Cisplatin has been shown to have a toxic effect (Norrgren, et al. 2006)
potentially explaining the decrease seen. Microglia are distributed throughout the CNS in two
structurally distinct forms: ramified resting state and circular activated state. In the resting state
microglia perform an immune surveillance role in the CNS, using motile processes that activate in
response to subtle changes in the environment (Nimmerjahn, Kirchhoff and Helmchen 2005). Once
activated microglia undergo a number of changes in their function, structure, and gene expression?.
The ramified processes are withdrawn and thickened and there is an upregulation of gene
expression for membrane-bound receptors and pro-inflammatory cytokines, sensitising the microglia
and surrounding neurones (Tsuda, Inoue and Salter 2005). When in a non-pathological state, the
population of microglia is very stable (Gehrmann and Banati 1995), however, at day 3 of activation,
in a nerve injury pain model, there was a peak in the proliferation of activated microglia, which

returned to homeostatic baseline by day 60 (Gehrmann and Banati 1995). As Cisplatin toxicity is

1t should be noted this explanation of microglia activation is an oversimplification, further details can be
found in this review (Hanisch and Kettenmann 2007)
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specific to mitotic cells (Dasari and Tchounwou 2014), the decrease in microglia seen at the adult
time point could be due to this proliferation of activated microglia, opening the (normally stable
population) microglia up to Cisplatin insult.

Cisplatin induced systemic inflammation

Along with other inflammatory mediators, cytokines play a key role in peripheral sensitisation of
nociceptive fibres, directly activating Ad and C-fibres and upregulating membrane channels and
receptors via GPCRs, and the recruitment of microglia, resulting in sensitisation of the peripheral
nociceptive fibres (Rang, Bevan and Dray 1991). As well as their role in the inflammatory response,
cytokines also play an important role in the development of the CNS. Cytokines are involved in the
regulation and differentiation of neurogenesis and gliogenesis from neuroepithelial cells and (by
acting as neurotrophic factors) in the survival, migration and innervation of neurones and glia
(Deverman and Patterson 2009). Increased prenatal cytokines due to maternal infection has been
shown to increase the risk of chronic health conditions including, schizophrenia, autism and cerebral

palsy (Ellman and Susser 2009).

Increased IL6 concentrations were shown in the blood plasma of Cisplatin treated rats immediately
following Cisplatin treatment, indicative of a systemic inflammatory response. It also an indication of
possible nephrotoxicity, a common side effect to Cisplatin (Dasari and Tchounwou 2014). Kossmann
et al. (1996) showed that release of cerebrospinal IL6 following brain injury, triggers NGF production
from astrocytes (Kossmann, et al. 1996). Cytokines, including IL6 can cross the BBB into the CNS
(Banks, Kastin and Broadwell 1995), therefore it is possible increased levels of IL6 could elevate
spinal NGF levels inducing nociceptive sensitisation. Future experiments could investigate the
cerebrospinal fluid concentrations of IL6 to see if they are elevated.

Human Comparison

In biomedical research, the use of animal models is necessary for investigating many disease aspects,
including (among others): development, functional histochemical networks, toxicology, immunology.

Animal models allow for precise control and analysis of extraneous variables, while still for allowing
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for any unexpected outcomes arising from being a complete system to occur. However, care must be
made before extrapolating any results to humans. Non-human animal species, including the Sprague
Dawley rats used in this experiment show individual development, physiology and behaviours,

meaning direct comparisons cannot be made as they are not simply small humans.

Because this experiment focuses on the effect of chemotherapy during development, it is important
that the age of the animal model equates as closely as possible to the affected human paediatric
patients. However, directly comparing ages between species proves incredibly difficult. Measures
are often generic and unspecific, not taking into account developmental differences or the
emergence of behaviours at different ages. There is also little consensus within the scientific
community, with age comparisons being specific to the model and condition being studied.
Simplified measures compare stages of life (pre-weaning, sexual maturity, adulthood and sexual
senescence) between humans and rats. Using this measure the key time points from this study are
as follows: Cisplatin dosing from P7 to P11 becomes 60 days (2 months) to 95 days (3 months) in
humans. The juvenile time point at P13 becomes 112 days (3-4 months) for humans. The adult time
point at P45 is around 12.5 years old in humans (Sengupta 2013). However, this measure doesn’t
address how aspects of development present at different ages in humans and rats. At birth human
motor functions are far less developed that in other species (rats are fully mobile before the end of
weaning) but nervous systems are far more developed (comparable to P12-P13 rat) (Clancy, et al.
2007). Therefore, in this study, in terms of CNS development the dosing regimen could be
comparable to a pre-natal human. By the nociceptive threshold at P21, the volumes of the brains
and spinal cord in the rat models are similar to those seen in the adult, therefore, are considered to
be adolescent (Koch and Fitzgerald 2014). Currently there is no precise comparison between the
ages of different species, but we can estimate that the Cisplatin dosing and juvenile time point takes
place early in life during weaning thus is comparable the first 6 months in humans, and by adult time

point rat models are at least adolescent if not full adults.
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The dose and regimen of Cisplatin treatments in humans varies considerably depending on the type
and severity of cancer being treated. However, 250-350 mg/m? of Cisplatin reliably produces onset
of peripheral neuropathy, almost all patients show peripheral neuropathy after a cumulative dose of
500-600 mg/m? Cisplatin (Argyriou, et al. 2012), however this dose of this magnitude would not be
ethical or feasible. The Sprague Dawley rat strain used in this study were from post-natal day 7-11,
with a weight range from 17-25.5g using a rat conversion factor of 5.9 to convert weight to surface
area (Freireich, et al. 1966) it becomes 0.00286-0.004322m?2. As the dose was 1mg/kg this converts
to individual doses of 5.9mg/m?and a cumulative dose of 29.44mg/m?. This dose is the same or
similar to previous Cisplatin studies that have reliably produced pain behaviours (Han and Smith

2013)

A factor that limits human comparison is that this study gave Cisplatin to otherwise healthy animals,
whereas this obviously is not the case for humans receiving the same treatment. One way the
presence of cancer in patients could alter the effect of Cisplatin treatment is through the role of
neurotrophins. NGF, one of the major neurotrophins is particularly important for the survival and
differentiation of paediatric cancers (Baker, et al. 1991) and is released by some cancers (reference).
This study showed that expression of the NGF receptor TrkA was upregulated in the spinal cord both
at both the juvenile and adult time points, sensitising the peptidergic C-fibres that express TrkA to
any further NGF. If levels of NGF are already elevated by the cancer and then TrkA expression is
upregulated by the Cisplatin, the sensitisation of peptidergic C-fibres would be greater than Cisplatin
treatment than in healthy animals given Cisplatin.

Limitations and Improvements

Several problems were encountered during the experiment, the biggest issue concerned the weight
of the juvenile phase Cisplatin treated animals. Cisplatin treated rats failed to gain weight at the
same speed as their littermate controls (although they did continue to gain weight). This was an

anticipated side-effect of the treatment but raises concerns from an animal welfare point of view for
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future study. Several explanations for this were raised including injection of cisplatin into the viscera

and competition for food by vehicle treated siblings.

Cisplatin is known to have detrimental effects on the gastrointestinal (Gl) tract (Boussios, et al. 2012)
causing nausea, vomiting and diarrhoea, limiting the appetite of the treated animals. In addition,
direct injection of Cisplatin could damage the gut wall (Peterson and Cariello 2004) and have an
antibiotic effect diminishing the gut bacteria (Joyce, et al. 2010) disrupting the absorption of
nutrients from the viscera, limiting available supplies necessary during a critical period of growth
(Fish and Winick 1969). Due to the size of the neonatal animals, it’s possible that the IP injections
were made too deep into the viscera injecting Cisplatin into the stomach or intestine, having

detrimental effects on food intake at an energy intensive period of development.

In order for the results to be sibling matched, the litters were mixed with both vehicle and cisplatin
animals housed together. Another possible explanation for the animals failing to gain weight at the
same rate is that the cisplatin treated animals were out competed for the maternal food source by
their healthier siblings. Human patients often experience fatigue and lack of motivation, in addition
to the lack of appetite. The smaller, weaker and less energetic animals might be less able to fight to

gain access to the mother (Hudson and Trillmich 2008).

To address this problem several improvements to the methods were suggested for any future
experiments. The route of administration could be changed from IP injection in the flank to
subcutaneous (SC) injection in the nape of the neck. The pharmacokinetics of cisplatin administered
by IP or SC injection have been shown to be very similar (Tamura, et al. 2002) and this would
eliminate the possibility of accidentally injecting the Gl tract. In addition to remove the issue of
competition for maternal food source, separate litters are to be kept for Cisplatin treated animals
and vehicle treated animals. These improvements were approved by the University of Nottingham,

biomedical support unit’s named animal welfare officer and the home office inspector.
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In addition to affecting the health of the animals, the slower growth rate would mean a smaller
spinal cord in the Cisplatin treated animals. This could potentially confound results as the fixed size
region of interest being analysed would cover a greater percentage of the dorsal horn, similarly the
line of interest would reach deeper laminae. For the lines of interest, the peaks and troughs in
intensity line up between the cisplatin and vehicle groups suggesting the laminae are similar depths
into the dorsal horns. In the future it might be better to perform a cell count on the entire dorsal
horn, rather than smaller 100x100um regions of interest. This would be too time consuming to be
performed manually as in this experiment, but could be automated using the ImagelJ Analyse
Particles tool (Foley 2013). Automating the process would remove any investigator bias and could
speed up analysis. However, in the higher laminae where the cells are densely packed could
underestimate the number of cells, this could be addressed using the ImagelJ watershed tool to

separate out cells.

A casual observation seen during tissue collection was that the hearts of the Cisplatin treated
animals were noticeably smaller than their PBS vehicle treated sibling counterparts. This was not an
expected effect so the equipment required to collect and preserve the tissue wasn’t on hand and
this tissue was unable to be collected. Cisplatin is known to have a cardio-toxic effect, linked to
cardiac events including; arrhythmias, myocarditis, cardiomyopathy and congestive heart failure
(Patane 2014). Cardiac tissue’s high metabolic rate makes it particularly susceptible to mitochondrial
damage leading to the generation of ROS and oxidative stress (EI-Awady, et al. 2010). From an
animal welfare point of view, if the experiment is repeated in the future, it would be beneficial to

collect the cardiac tissue to monitor the systemic health effects of Cisplatin.

For the juvenile time point a cell death marker, cleaved caspase 3 (CC3) was used to investigate if
there was any localisation with either neurones or astrocytes in the spinal cord. Unfortunately, CC3
used a rabbit primary antibody, the IBA1 microglial antibody likewise uses a rabbit primary antibody,
thus GFAP, CC3 and IBA1 could not be co-stained together. Given the limited supply of spinal cord

tissue, the decision was made to exclude the microglial stain for the juvenile time point. For any
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future experiments it would be useful to investigate the immune role in establishing juvenile spinal

cord, it might also shed some light on the microglial depletion seen at the adult time point.

Future Directions
This research suggests several possible directions that could be further investigated in the future.

This study only investigated microglia numbers at a single time point, therefore it isn’t possible to
extrapolate any findings to see a general trend in Cisplatin’s effect on microglia. Future research
could investigate the juvenile time point to see if there are any indicators for the cause of the
decrease seen later on. An initial increase followed by a chronic decrease would suggest
proliferation creates an opportunity for Cisplatin toxicity, whereas a general decrease would suggest

Cisplatin toxicity in the bone marrow.

It has been previously demonstrated that Cisplatin treated animals show pain behaviour and we
have found multiple changes in their spinal nociceptive histology. To investigate if there is a direct
correlation between these two findings, cisplatin treated animals could be ranked by the degree of

severity of pain behaviours shown, then compare this to the extent of spinal histological alterations.

We've suggested that increases in peptidergic nociceptors play an important role the acute
development of Cisplatin induced spinal nociceptive sensitisation. Future research could investigate
the extent of this claim. Since the NGF/TrkA pathway appears to be a possible mechanism for
activation, an anti-NGF or anti-TrkA therapy could be utilised to attempt to curtail acute sensitisation
before the changes become hard wired. However due to neuronal plasticity, especially during
development, both NGF and TrkA play important roles (including cell survival) outside of
nociception, therefore blocking their action may cause profound side effects limiting any potential

benefits.

As previously mentioned, Cisplatin shows tissue dependant toxicity, the most affected being
precursor stem cells for neurones and glia and oligodendrocytes, with less of an effect on fully

differentiated and developed neurones and glia (Dietrich, Han, et al., 2006). The NeuN and GFAP
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stains (for neurones and astrocytes respectively) used in this study, are only expressed by fully
developed cells. Further investigations could be made into Cisplatin’s effect on precursor cells such
as; DCX for neuronal precursor cells, A2B5 for oligodendrocyte precursor cells (Dietrich, Han, et al.,
2006) and A3B10 for astrocyte precursor cells (Yamamote, et al. 2009). If there is a correlation
between the extent of pain behaviour and any changes to precursor cell number, or given the
toxicity to oligodendrocytes the myelination of ascending neuronal tracts.

Impact statement

Improved treatments for paediatric cancers mean that more patients are surviving than ever before.
Unfortunately, the systemic and aggressive treatments, such as Cisplatin, come with a myriad of
harmful side effects. Prevalent among them is the development of chronic pain that can persist for
decades beyond the end of treatment severely impacting quality of life. It is important to
understand the underlying histological changes to nociceptive pathways and networks that result in
long-term alterations in pain perception, in order to improve existing therapies or develop
preventative treatments.

Conclusion

In conclusion, this study has shown that paediatric Cisplatin treatment causes significant chronic
changes in PNS and CNS nociceptive histology, potentially underlying the chronic pain behaviours
that Cisplatin has previously been shown to produce. Further research is required to fully establish
the link between changes in cellular histology and animal behaviour and to understand the full

extent of Cisplatin’s effect on the CNS.
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Appendix 1

Abbreviations

A-a A-alpha fibres

A-B A-beta fibres

A-6 A-delta fibres

ATP Adenosine triphosphate

ATR Ataxia-telagiectasia-mutated
related protein

AMP Adenosine monophosphate

AU Arbitrary units

AUC Area under the curve

BBB Blood brain barrier

BDNF Brain-derived neurotrophic
factor

cAMP Cyclic Adenosine
monophosphate

cC Corpus collosum

cc3 Cleaved caspase 3

CCSS Childhood cancer survivor
study

CDDP Cis-diamminedichloroido
platinum(ll)

CGRP Calcitonin gene related peptide

CIPN Chemotherapy Induced
Peripheral Neuropathy

CNS Central nervous system

CREB cAMP response element-
binding protein

CSF Cerebrospinal Fluid

CTR1 High affinity copper uptake
protein 1

ddH,0 Double distilled H,0

DG Dentate gyrus

DLF Dorsolateral funiculus

DRG Dorsal root ganglion

E# Embryonic day #

ERK Extracellular signal-regulated
kinase

FBS Fetal bovine serum

GABA Gamma-Aminobutyric acid

Gl Gastrointestinal

GPCR G-protein coupled receptor

GRP Glial restricted precursor cell

HMG High-mobility group

IB4 Isolectin B4

IP Intraperitoneal

L4 Interleukin 4

IL6 Interleukin 6

IL10 Interleukin 10

JNK c-Jun N-terminal Kinase

MAPK Mitogen-activated protein
kinase

MMR Mismatch repair
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NGF
NF200
NK1
NMDA
NO
NSC
NRP

0-2A

oCT

oD
P#
PAG
PBS
PGE;
PKA
PLA2
PNS
RCT
ROS
RVM
SEM
SC

Sl
SBT
SHT
SMT
SNRI

SRT
STT
svz
TLR5
TNF
TrkA
TrkB
TrkC
TRPyv1

TRPy>

TTBS
TTX-R
TUNNEL

VGLUT2
WDR
4-PL

Neural growth factor
Neurofilament 200
Neurokinin 1
N-methyl-D-aspartate
Nitric oxide

Neuroepithelial stem cells
Neurone restricted precursor
cell

Oligodendrocyte-type-2
astrocytes

Optimal cutting temperature
compound

Optical Density

Postnatal day #
periaqueductal grey
Phosphate Buffer Solution
Prostaglandin E2

Protein kinase A
Phospholipase A2
Peripheral Nervous System
Randomised control trials
Reactive Oxygen Species
rostral ventromedial medulla
Standard error of the mean
Subcutaneous

Suicide ideation
Spinoparabrachial tract
Spinohypothalamic tract
Spinomesencephalic tract
Serotonin-noradrenaline
reuptake inhibitor
Spinoreticular tract
Spinothalamic tract

Sub ventricular zone

Toll like receptor 5

Tumor necrosis factor
Tyrosine kinase A

Tyrosine kinase B

Tyrosine kinase C

Transient receptor potential
vanilloid-like 1

Transient receptor potential
vanilloid-like 2

Trizma hydrochloride solution
Tentrodotoxin-resistant
Terminal deoxynecleotidyl
transferase-mediated dUTP
nick-end labelling

Vascular glutamate 2 receptor
Wide dynamic range

4 parameter logistics
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