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I. Summary of thesis 

Neuropathic pain is a major health concern with a significant financial burden on the 

global society. This complex neuroimmune disorder has a significant reliance on 

cytokines, including IL-1β, in the pathogenesis of neuropathic pain, due to neuroimmune 

reactions in spinal cord dorsal horn. Currently, there are methodological challenges for 

repeated Cerebrospinal fluid (CSF) sampling for cytokines in rodents including the 

terminality nature of CSF sampling which makes the in vivo longitudinal monitoring of 

the cytokine challenging. To address these challenges, this PhD thesis focuses on 

neuropathic pain and a novel method applied to quantify the molecular mediators of the 

exaggerated nociception and specifically IL-1β in a preclinical model of mechanical 

allodynia. The introduction of this thesis contains two sections. Firstly, neuropathic pain, 

the associated neuroimmune mediators and the relevance of cytokine signals is discussed. 

Of specific focus here is the role of Interleukin-1β (IL-1β) in exaggerated pain states. The 

challenges of quantifying IL-1β in vivo and the importance this information will have for 

our understanding of the pathogenesis neuropathic pain is presented. In the second section 

of the introduction, the need for new technology to enable these key biological 

measurements, with a focus on novel sensing interface-based techniques is reviewed. Of 

specific note are the functionalization processes applicable in immobilizing bio-receptors 

on a surgically (intrathecal)-compatible surface to capture a target molecule. The review 

will also cover the surgical approaches that will enable researchers to access the 

intrathecal space in rodents with the purpose of measuring intrathecal molecules. 

Together, these complementary tools, make the measurements of a hypothetical molecule, 

in this case IL-1β, possible in the spinal cord. In the third chapter, a method to quantify 

IL-1β in cerebrospinal fluid based on application of a stainless-steel based biosensor in 

live animals with high sensitivity is presented. These biosensors are functionalized using 
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poly (ethylene glycol) methacrylate (PEGMA) as the tether molecules to immobilize 

capture antibody. In the fourth chapter, this method will be employed to have the 

longitudinal in vivo quantification of intrathecal IL-1β during a peripheral neuropathy, 

chronic constriction injury (CCI). In this chapter, the correlation between behavioural 

allodynia during the development and maintenance of nerve injury and the repeated 

sampling of intrathecal IL-1β over 14 days post injury is presented for the first time. In 

brief, CCI caused a significant increase in intrathecal IL-1β concentrations from day 0 to 

day 7 through day 14. In the fifth chapter, the literature on peripheral nerve injury models 

(sciatic based and spinal nerve based) will be systematically reviewed, and the main 

categories of biomarkers studied with this model of nerve injury will be presented. The 

results show that cytokines are the dominant biomarker analysed in the sciatic based 

neuropathies with IL-1β as the most commonly explored. In addition, the pain models 

associated with IL-1β analyse will be outlined which show that IL-1β increases in all of 

the models post injury associated with the exacerbation of pain behaviours. In the last 

chapter, the thesis is concluded by addressing the key findings of three experimental 

chapters.  
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Introduction Preface  

This PhD thesis explores neuropathic pain and a novel method applied to quantify the 

molecular signals of the neuropathy in a preclinical model in spinal cord, the first relay site in 

pain pathway. To address these concepts in a comprehensive manner, the first step in 

formatting this “hierarchy of ideas” is formulating an introduction. Here in the introduction, 

in two sections, first I will briefly define neuropathic pain, the associated neuroimmune 

concepts with the centrality of cytokines and specifically IL-1β, the molecule which will be 

addressed in the following experimental chapters as a quantifiable in vivo entity in neuropathic 

pain pathogenesis as a pain biomarker. 

In the second section of the introduction, I will review the functionalization process applicable 

in immobilizing bio-receptors on a surgically (intrathecal)-compatible surface to capture a 

hypothesized target molecule. The review will also cover the surgical approaches that will 

enable researchers to access intrathecal space in rodents with the purpose of measuring 

intrathecal molecules.  
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Chapter 1: Introduction 

Section A: cytokine involvement in neuropathic pain development, maintenance and 

behavioural expression 

1. Pain  

The physiological process where physical stimuli activate neural substrates which results in 

perception of touch, pressure, and pain is termed somatosensation (Benzon 2011). 

Somatosensory system dysfunction can lead to chronic pain (Costigan, Scholz, and Woolf 

2009). Here, I will first outline several types of pain. 

1.1 Nociceptive pain 

Pain is defined as “an unpleasant sensory and emotional experience associated with actual or 

potential tissue damage, or described in terms of such damage” by the International 

Association for the Study of Pain (IASP) (Treede 2018). This signal arising from actual or 

potential tissue damage, which starts in the periphery and stimulates the pain receptors 

(nociceptors), is also termed as nociceptive pain. Following an injury, a wide range of 

mediators (e.g., adenosine-5-triphosphate (ATP), bradykinin, prostaglandin E2, histamine, 

and serotonin) are released from activated mast cells and neutrophils. This later interacts with 

the corresponding receptors on the peripheral nociceptive neurons depolarizing the cell 

membrane and generate impulses within Aδ-fibers and c-fibers (Feizerfan and Sheh 2014). 

Nociceptive pain serves as a critical biological purpose to protect the body from injury or to 

further project injured tissues. The perception of this nociceptive signal as painful then allows 

the body to maintain tissue integrity by removing it from the harmful stimuli (noxious stimuli) 

(Montes‐Sandoval 1999). 

Given that pain is both an emotional and sensory experience it is a highly individualized event. 

Yet it is employed pathophysiologically as a critical diagnostic tool by clinicians in different 
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acute or chronic conditions since it can act as a warning sign for numerous disease states 

(Montes‐Sandoval 1999). Nociceptive signals are propagated from the periphery by several 

types of primary afferents such as the unmyelinated C-fibers and myelinated Aδ-fibers. The 

cell bodies of these fibres are located in the Dorsal Root Ganglion (DRG) and trigeminal 

ganglia (for facial and head innervation). These fibres are involved in the responses to noxious 

stimuli such as cold, heat, mechanical, and chemical insults (Sherrington 1906). The 

excitation of the primary afferents (cell bodies in Dorsal root ganglion (DRG) causes the 

axons transmit the action potential. This leads to activation of secondary order nerve in the 

dorsal horn (here exception is for the primary afferent originating from face which synapse at 

the nucleus caudalis) which their axons decussate to the opposite site of spinal cord and 

terminates to the thalamus and cerebral cortex. Tertiary neurons project to the postcentral 

gyrus of the parietal lobe, forming a sensory homunculus  (Willis Jr 1985).  

There are several points of importance here, first is the fact that the different classes of primary 

afferent neurons synapse with secondary neurons at different laminae in dorsal horn. For 

example, C-fibres and myelinated Aδ-fibers synapse with secondary neurons at laminae I and 

II. However, A𝛽 fibers carrying touch and pressure synapse at laminae III-VI and Wide 

Dynamic Range neurons synapse at laminae V (D'mello and Dickenson 2008).  

The second issue is that the impulse from primary to the secondary afferents is mediated via 

excitatory substances such as glutamate.  Glutamate is a non-essential amino acid and is the 

main excitatory neurotransmitter in Central Nervous System (CNS) and Peripheral Nervous 

System (PNS) (Ferraguti, Crepaldi, and Nicoletti 2008) acting via two types of receptors 

ionotropic glutamate receptors (iGluRs) such as such as N-methyl-d-aspartate (NMDA), 

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and kainate receptors 

(Dingledine et al. 1999). The other type of glutamate receptors are metabotropic glutamate 

receptors (mGluRs) which are G-protein coupled receptors (GPCRs) (Conn and Pin 1997). 
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Of importance here is the NMDA receptors which are not active under acute noxious 

circumstances and will be discussed later. The other issue is the clearance of glutamate from 

synaptic cleft which is performed by a total of five cloned glutamate transporters. Among 

these, GLT-1 and GLAST are the major glutamate transporters in the CNS and are mainly 

expressed in astrocytes (Berger and Hediger 2000; Gegelashvili and Schousboe 1997). 

The other excitatory substance is substance P which is found in high densities in the dorsal 

horn of the spinal cord and other regions such as the substantia nigra and the amygdala  

(Ribeiro-da-Silva and Hökfelt 2000). There are also other neuroactive substances co-released 

with glutamate which includes; calcitonin gene-related peptide (CGRP), brain-derived 

neurotrophic factor (BDNF) (Millan 1999). 

While there are excitatory mechanisms facilitating the transmission of the nociceptive signal, 

there are also inhibitory mechanisms in somatosensation. These include descending inhibitory 

pathways function (Feizerfan and Sheh 2014). Midbrain and medullary sites such as 

periaqueductal gray (PAG) and rostro ventromedial medulla (RVM) can facilitate or inhibit 

nociceptive pain. In brief, the PAG provides opioid-mediated inhibition of nociceptive inputs 

and influences descending pain modulation primarily through its reciprocal connections with 

the rostroventromedial medulla (RVM). The final relay in descending pathway, also receives 

input from cortical sites and projects to dorsal horn; RVM is bidirectional pain site, both 

inhibiting and facilitating pain via “on cells and off cells”. This occurs in “on cells” by 

increasing their activity in response to noxious stimuli and in “off cells” by ceasing firing 

immediately prior to the tail-flick. Here also opioids excite off-cells and inhibit on-cells 

(Vanegas and Schaible 2004; Heinricher et al. 2009). Thus, a neuronal context for positive 

and negative pain modulation is provided via these cells and the projections to the spinal 

dorsal horns.  
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1.2 Neuropathic pain  

Neuropathic pain, is a complex chronic condition and a relatively new (20 year old) 

terminology (Campbell and Meyer 2006). It is defined by IASP  as a pain caused by a lesion 

or a complication affecting the somatosensory system (Finnerup et al. 2015). This is affecting 

7-8% of general population (Torrance et al. 2006). These demonstrable lesions are 

diagnosable in different ways such as imaging, neurophysiology biopsy or via para clinics 

(Crofford 2015). This is a maladaptive process since this pain state does not have any role in 

protection, healing or repair process (Costigan, Scholz, and Woolf 2009). A typical example 

here is the diabetic neuropathy which has a high prevalence as half of the insulin-receiving 

diabetics (more than one million individuals in the United States), have symptomatic 

neuropathy (Brown and Asbury 1984). As will be discussed later in detail, neuropathic pain 

has the characteristics of either or both of peripheral and central nervous system involvement 

which will lead to unusual processing of sensory input. These pathophysiological changes 

result in pain as in response to environment or spontaneously which is usually chronic 

(Dworkin 2002; Beydoun and Backonja 2003).  

1.3 Chronic pain 

Chronic pain is a pain lasting for more than three months (Crofford 2015). Etiologically, it is 

associated with a wide range of complications including nervous system diseases, metabolic 

diseases, autoimmune diseases, and infection. The entire population is susceptible to chronic 

pain regardless of factors like age, sex, race and ethnicity (Goldberg & McGee 2011). Being 

a global health issue, it is estimated that 1 in 5 of adults are affected (Goldberg and McGee 

2011). Prevalence of chronic pain varies from 11.5% to 55.2% according to a review of studies 

in western countries (Goldberg & McGee 2011). In Australia, one in five suffers from 

persistent pain (17.1% of males and 20.0% of females) (Blyth et al. 2001). According to 
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Access Economics (2007) the total cost of chronic pain in 2007 was estimated at $34.3 billion, 

a substantial costs to society (O'Connor 2009). In the united states, one in three is affected, 

more than the total number of people with cardiovascular diseases, cancer, and diabetes 

(Relieving Pain in America: A Blueprint for Transforming Prevention, Care, Education, and 

Research  2011). New approaches are required for treatment as most of the patients are not 

satisfied with their treatments (Watkins, Milligan, and Maier 2001a; Campbell and Meyer 

2006). This is because patients have a poor response to treatment, with desired analgesia 

achieved in less than 50% of patients (Dworkin et al. 2010; Finnerup, Sindrup, and Jensen 

2010). 

2. Pain pathophysiology 

Current research indicates that neuropathic pain results from cellular changes occurring in 

both the Central Nervous System (CNS), via central sensitization (Costigan, Scholz, and 

Woolf 2009) as well as in periphery, peripheral sensitization (Gold and Gebhart 2010). The 

ability of the nervous system to modify its function in response to different environmental 

stimuli is defined as plasticity. Tissue damage and the accompanied barrage of nociceptive 

input lead to peripheral and central sensitization and have critical role in the pathogenesis of 

pathological pain (Woolf and Chong 1993). These neoplastic changes concepts will be 

discussed in the following sections.  

2.1 Peripheral sensitization (PS) 

In brief, PS happens as the direct result of tissue trauma and inflammation (Lemke 2004) 

which leads to an altered sensation of pain in response to injury at the peripheral level 

mediated by multiple biochemical mechanisms (Bhave and Gereau 2004). Bhave and Gereau 

(2004) characterised this inflammation following an assault by the four cardinal signs of 

redness, warmth, swelling, and pain. Following any tissue injury, a wide range of 
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inflammatory mediators, including cytokines, prostaglandin E2 (PGE2), nerve growth factor 

(NGF), glutamate, and substance P are released by cellular components such as endothelial 

cells, white blood cells, platelets, sympathetic efferent and primary sensory afferent neurons 

(neuro-genic inflammation) (Bhave and Gereau 2004). These mediators have two effects; one 

is creating the classic manifestation of local inflammation as listed before, and the second is 

the increase in membrane excitability and a decrease in the transduction threshold of primary 

sensory neurons (Bhave and Gereau 2004). Thus, these inflammatory mediators generate a  

“sensitizing soup” of chemical mediators which turn high threshold nociceptors to low 

threshold nociceptors (Lemke 2004).  

One of the mechanisms of PS is via binding of released chemicals on the G-protein-coupled 

receptors (GPCRs) expressed on nociceptor terminals (Julius and Basbaum 2001). GPCRs 

could affect ion channels directly or indirectly via secondary messengers such as protein 

kinase C (Diverse-Pierluissi 2005), changing their threshold and kinetics (Julius and Basbaum 

2001). These will lead to an increase in the sensitivity of the peripheral terminals of 

nociceptors (Costigan, Scholz, and Woolf 2009). 

2.2 Central sensitization (CS) 

IASP defines CS as “Increased responsiveness of nociceptive neurons in the central nervous 

system to their normal or subthreshold afferent input” (van den Broeke 2018). This is a critical 

concept in the pain field and will be discussed here in this thesis with regards to the role of 

glia and neuroinflammation in the later sections. 

It has been shown that increasing excitatory synaptic transmission in dorsal horn neurons 

(Woolf and Salter 2000; Ji et al. 2003) or disinhibition (Moore et al. 2002)(decreasing 

inhibitory synaptic transmission in dorsal horn) causes CS. Furthermore, via patch clamping 

recording, it was shown that different proinflammatory cytokines have different effects on 
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synaptic transmission. These mechanisms of cytokine involvement in neuropathic pain will 

be described later. Of note here is the role of Interleukin-1 β (IL-1𝛽) which both enhanced 

the frequency and the amplitude of excitatory postsynaptic potential (EPSC) in isolated spinal 

cord slices (Kawasaki et al. 2008).  

In the last two decades there has been a growing appreciation for the cytokine signalling 

events in the CNS which contribute to the central sensitisation state. There is evidence for this 

critical role of these proinflammatory cytokines in CS which will be discussed in the 

following sections. For example, the proinflammatory cytokines are induced in dorsal horn 

and glial cells in pathologic conditions. Also, intrathecal injection of these molecule increase 

pain while spinal blockade decreases chronic pain (DeLeo and Yezierski 2001; Watkins, 

Milligan, and Maier 2001a). 

3. Pain symptoms  

The mentioned CS and PS account for the clinical symptoms of pain; Allodynia and 

hyperalgesia. Allodynia is defined as hypersensitivity to non-noxious stimuli or light touch 

(Campbell and Meyer 2006). As discussed, allodynia results from a collection of 

neurochemical changes in the spinal cord, brainstem or forebrain, termed central sensitisation 

(CS) which results in a maladaptive, non-protective pain state, unlike nociception in normal 

conditions. Thus, neuropathic pain, or simply defined as pain after a nerve injury, unlike the 

acute pain is produced regardless of presence of stimuli which causes a reduction in 

nociceptive thresholds. Therefore, normally innocuous stimuli produce pain (Scholz and 

Woolf 2007). However, hyperalgesia is defined as a greater pain that would be expected from 

painful stimuli (Jensen and Finnerup 2014). These types of persistent pain hypersensitivity 

are the frequent symptoms of sickness that will be explained later and are considered to act as 

adaptations for protection of affected tissue.  
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4. Glial cells and neuroinflammation 

Classic pain research at the spinal cord level has been focused on neurons. However, in the 

last 15-20 years there has been a growing appreciation of the involvement of glial cells 

(microglia and astrocytes) in the dorsal horn of the spinal cord as key contributors in pain 

pathogenesis. In brief, once glia cells are activated, they release different substances such as 

cytokines, prostaglandin, reactive oxygen species and excitatory amino acids. The cumulative 

interaction will lead to neuronal excitability and up regulation of receptors including AMPA 

receptors. These events will tip the balance toward an exaggerated sensitized condition and 

central sensitization that was discussed before. Of importance, is the prominent role of 

inflammatory cytokines in this process as activated glia release these mediators (Watkins, 

Milligan, and Maier 2001b). Here, I will present the involvement of glial cells in nociceptive 

processing step by step by defining their role in sickness first.  

4.1 Adaptive basis of neuroinflammation  

The association between cytokines and pain was initially observed in the context of the 

“sickness response” which has a general syndrome of symptoms, such as fever, drowsiness, 

and of interest here, an increased sensitivity to painful stimuli (Sandkuhler 2009). This general 

adaptive strategy (Selye 1951) for recovery in body following an injury or infection is known 

classically as the sickness response (Hart 1988). This has both systemic and neuro-

inflammation components (provided by Immune-to-Brain Communication) which cause a 

wide range of responses including physiological, behavioural, and hormonal adaptations 

(Poon et al. 2015; Watkins and Maier 1999). 

A peripheral immune challenge such as pathogen, injury, damage or toxin can cause sickness 

symptoms manifestation and cytokine production (Sandkuhler 2009). This can be induced 

experimentally in animals. For example, it has been shown that inflammatory agents like 
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immunostimulatory bacterial endotoxin, lipopolysaccharide (LPS), will induce sickness 

symptoms (Kent et al. 1992) which is associated with behavioural pain symptoms. This 

includes systemic intraperitoneal (IP) administration of LPS in Sprague Dawley (SD) rats 

which induces nociceptive facilitation, with the same adaptive functions as to illness-induced 

behaviours (Wiertelak et al. 1994). Of note is the fact that the hyperalgesic outcome of 

administration of these inflammatory agents (in this case live bacteria) is in association with 

the pro-inflammatory cytokine release from immune cells. The role of proinflammatory 

cytokines in pain symptoms has been further shown by IP administration of proinflammatory 

cytokines such as interleukin-1 β (IL-1β) or Tumour necrosis factor α (TNFα) and monitoring 

hyperalgesia (Watkins, Deak, et al. 1995; Watkins et al. 1994; Watkins, Goehler, et al. 1995).  

4.2 Cytokine involvement in sickness development  

As stated before, illness-inducing pathogen or substances are shown to be responsible for the 

physiological and behavioural symptoms of sickness response via production of molecules 

called pro-inflammatory cytokines synthesised by a diverse group of immune cell types 

(Mizel 1989). This is further verified where the cytokine receptor antagonist reduces the pro-

inflammatory cytokines induced behaviours (for example allodynia) while exogenous 

application of cytokines causes sickness (Maier and Watkins 1998; Kent et al. 1992). 

Chronic pain is not the only pathology with cytokine engagement in the pathogenesis as a 

wide variety of neurological disorders engage cytokines. These include, in Alzheimer's 

disease where IL-1β is the cause of astrogliosis (pathologically defined as astrocytic 

hypertrophy to pronounced cell proliferation) (Griffin et al. 1989) in human 

immunodeficiency viruses-1 (HIV-1) infected patients where IL-1β and TNFα, Interleukin-6 

(IL-6) and granulocyte-macrophage colony-stimulating factor (GMCSF) cause different 

clinical and histopathological changes in CNS (Merrill and Chen 1991). Also, in multiple 
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sclerosis (MS) where positive staining with antibodies to IL-1𝛽, interleukin-2 (IL-2), and 

prostaglandin E (PG-E) were found in lesions of brain samples (Hofman et al. 1986), and in 

ischaemic brain damage where IL-1β receptor antagonist (IL-1ra) shows neuroprotective 

effects (Loddick and Rothwell 1996). Of importance however is that these sickness responses 

are also evident in chronic-pain-type of inflammation which is indicative of an underlying 

immune activity occurring in dorsal horn of spinal cord (Grace et al. 2014a). This will be 

discussed in the following sections in details. 

4.3 Neuropathic pain, a neuroimmune disorder 

The involvement of the immune system in neuropathic pain is supported by mounting 

evidence. Moalem, Xu, and Yu (2004) first showed that T-cells infiltrates the sciatic nerve 

after a peripheral nerve injury, Chronic Constriction Injury (CCI) in rats. To confirm the role 

of T-cells in the pathogenesis of neuropathic pain, it was also shown that hyperalgesia could 

be minimized by lack of mature T-cells. Thus, it was concluded that immune mechanisms 

may play a role in initiating, maintaining the acute or chronic neuropathic pain (Campbell and 

Meyer 2006). Of note here in this thesis is the role of activated spinal glia (e.g., microglia and 

astrocytes), the immunoeffector cells of CNS, by nerve injury or inflammation in persistent 

pain (Tsuda, Inoue, and Salter 2005; Woolf and Salter 2000). These will be detailed in the 

following sections.  

4.3.1 Glia; general definition  

Glia, CNS immune-like cells, are non-neuronal cells including oligodendrocytes, microglia, 

and astrocytes which make 70% of the cell population in brain and spinal cord (Gao and Ji 

2010). Microglia are macrophage-like cells in the CNS which in the physiological conditions 

actively monitor their environment with ramified processes (Nimmerjahn, Kirchhoff, and 

Helmchen 2005). In vivo two-photon microscopy studies show that microglia continuously 
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perform surveillance of the environment via biochemical sensing of haemostasis with a 

variety of surface receptors (Nimmerjahn, Kirchhoff, and Helmchen 2005). 

Astrocytes, historically considered as neuronal supporting cells, are the most abundant cells 

in the CNS. These cells have close association with neurons and can enwrap the synaptic 

terminals (Ventura and Harris 1999). Thus, astrocytes can act as a pathway for signalling 

between neurons, between astrocytes and between neurons and capillaries. However, recent 

works show that astrocytes can take different roles from long-established support roles for 

example glutamate uptake at synapses to a more active role in different acute and chronic 

neuronal conditions such as modulating and control of synaptic activity via release of 

neurotransmitter such as glutamate and ATP (Kimelberg and Nedergaard 2010). 

4.3.2 Glia morphological changes upon activation  

Glia, upon activation, undergo significant morphological changes for example change from 

ramified to amoeboid shape. Hence, glial activation is not a stereotype process (Eriksson et 

al. 1993). For example, spinal cord microglial activation involves both hypertrophy and 

hyperplasia (Smith 2010) as two days after spared nerve injury a rapid proliferation of spinal 

cord microglia is evident (Suter et al. 2007). There is also an increase in the number of these 

cells; microglia (Aldskogius and Kozlova 1998) and astrocytes (Lee, Siegel, and Oaklander 

2009) in dorsal horn post peripheral nerve injury.   

An important factor in the glial role in neuropathic pain is the anatomical location of these 

neuro immune reactions, which is spinal cord dorsal horn. This is the site where peripheral 

nerves relay sensory information to pain transmission neurons (PTNs) and PTNs send the 

information to brain. Classically, this is the site of pain modulation (Watkins and Maier 2000).  
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4.3.3 Glial activation mechanisms 

Conditions like nerve injury, trauma, ischemia, autoimmune diseases like MS, and 

neurodegenerative disorders, can activate glial cells (Scholz and Woolf 2007). Spinal glia are 

activated via different factors; for example, infection is a typical primary example in which 

the bacteria or virus reside in the spinal cord. A classic example is HIV in which the virus 

resides in the spinal cord (Thuluvath et al. 1991).  

However, of note here in this thesis is the activation of spinal glia by the altered function of 

the neuronal network in the spinal cord dorsal horn. In brief, this glial activation happens via 

release of mediators including chemokine such as fractalkine, neurotransmitters such as 

substance P and neuromodulators such as prostaglandins as the result of prolonged 

nociceptive transmission to the spinal cord (Feizerfan and Sheh 2014). Thus, these cells have 

a transitional role between primary insult and the long term neuronal plasticity which will 

lead to pain amplification (neuron-glia interaction) (Sandkuhler 2009). One of the 

mechanisms in this neuron-glial interaction involves fractalkine, a chemokine expressing on 

the extracellular surface of spinal neurons and sensory afferents and acting on CX3C 

chemokine receptor 1 (CX3CR1) receptors mainly expressed by microglia (Verge et al. 2004). 

Also, fractalkine causes mechanical and thermal hyperalgesia whereas fractalkine antagonist 

postpones the occurrence of the of mechanical and thermal hyperalgesia post a peripheral 

injury, CCI (Milligan et al. 2004). Similar role has been defined for other chemokines such as 

CCL2 and CCL21 secreted by dorsal horn DRG with their receptor on microglia (Grace et al. 

2014b).  

Noxious stimuli in peripheral nerve injury, initiates a complex signal system called Wallerian 

degeneration, involving neurons, glia, and cells of the immune system (Scherer and Salzer 

1997). This activation of glia happens via release of certain different molecules. For example, 
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firstly, nerve injury causes release of adenosine triphosphate (ATP) from damaged neurons 

A-δ or C fibres in the presynaptic terminals which activates a classic mechanism of activation 

of microglial purinergic receptors P2X4 (Hide et al. 2000). In addition, pre-synaptically, 

substance P is released and expressed by glia (Zhu, Qu, et al. 2014). Post-synaptically, 

prostaglandin (PG) (Kunori et al. 2011) activates glial cells. The receptor for these molecules 

are not only expressed by microglia but also by astrocytes (Watkins and Maier 1999; Tsuda, 

Inoue, and Salter 2005). Cytokines are also considered to have a pivotal role in signalling 

pathways between primary sensory neurons,  Schwan cells and immune cells (Scholz and 

Woolf 2007). This includes cytokine colony-stimulating factor 1 (CSF1) which is upregulated 

in DRG neurons and secreted in spinal cord neurons with receptors expressed on microglia 

(Guan et al. 2016).  

Of note here however is the specific role of microglia cells in these processes. These cells are 

activated by Mitogen-activated protein kinases (MAP) kinase Extracellular signal-regulated 

(ERK) pathway (Tsuda, Inoue, and Salter 2005). The mechanism of this activation is related 

to ATP receptors P2RX4, P2RX7, P2RY2, P2RY6 and P2RY12 which are expressed by 

microglia (Burnstock 2007). In addition, ATP, which is an important relay of sensory 

information from the periphery to the CNS (Burnstock 1996) is also a potent stimulator of 

microglia in vitro (Tsuda et al. 2003). As a result of this, it is shown for example that P2 

receptors are responsible for modulating the neuronal and macrophage function in DRG. It 

was shown that there is a suppression of release of inflammatory cytokines, including IL-1β 

in mice with deficiency in P2RX7 receptors. This deficiency will cause less hypersensitivity 

to mechanical and thermal stimuli in neuropathic pain models (McGaraughty et al. 2007).  

Here a mechanism for recruitment of resident spinal microglia is via Toll-Like Receptors 

(TLR), a molecule involved in the innate immune response, in which signalling for example 

by LPS stimulation causes a cascade of events including the expression of pro-inflammatory 



16 
 

cytokines (Trinchieri and Sher 2007; Lu, Yeh, and Ohashi 2008). This is further proven where 

4 hours after peripheral nerve injury (spinal nerve transection) the expression of this 

microglial activation marker is upregulated at mRNA level quantified by quantitative 

polymerase chain reaction (qPCR) (Tanga, Raghavendra, and DeLeo 2004). This is further 

proven pre-clinically by TLR2 or TLR4 blockade which leads to less neuropathic pain-like 

behaviour; mechanical allodynia and thermal hyperalgesia (Jurga et al. 2016). 

4.3.4 Post glial activation events and glial facilitate neuronal sensitization 

Histopathologically, post glial activation, dorsal horn glia release neuroexcitatory substances 

such as NO (Nitric Oxide), Excitatory Amino Acids (EAAs), Reactive Oxygen Species 

(ROS), PGs (Watkins and Maier 2000) as well as proinflammatory cytokines such as IL-1β, 

IL-6, TNFα and NGF (Inoue 2006b). As will be discussed later, these substances excite spinal 

pain-responsive neurons to create enhanced pain states (Watkins, Milligan, and Maier 2001a).  

Specifically cytokines, cause PTN hyperexcitability and release of mediators such as 

substance P and EAAs from presynaptic terminals (Watkins, Milligan, and Maier 2001a). For 

example, it has been shown that IL-1β induces the release of pain transmitter substance P 

from DRG cells via specific IL-1 receptors (Inoue et al. 1999). In addition, substances like 

NO have metabolic pathways that are modified by exogenous factors such as transforming 

growth factor-b1 (TGF-β1), interleukin-10 (IL-10), and lipocortin-1 which could be secreted 

by microglia themselves, suggesting an autocrine-paracrine action (Minghetti and Levi 1998). 

Thus, these released substances such as NO, PG, IL-1𝛽, NGF, EAA will create a positive 

feedback circuit which stimulate close astrocytes to release substances that excite microglia 

more.  

The concentration of these cytokines is an important factor; glial cells, in order to take part in 

the central sensitization (modulation of both excitatory and inhibitory neurotransmission) 
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interact via glial mediators with neural pain circuits. This occurs via modulation of glial 

cytokines, chemokines, and growth factors with much lower concentration (nM) than the 

neurotransmitters like glutamate, γ-aminobutyric acid (GABA), and glycine acting at 𝜇M 

concentrations (Taves et al. 2013). 

As mentioned previously these glia mediators released after glia activation, excite neurons. 

One of the mechanisms of this microglia–neuronal interactions is the release of Brain-Derived 

Neurotrophic Factor (BDNF) from the activated microglia as the result of activation of P2X4 

receptors expressed by microglia, with ATP as the endogenous ligand. BDNF later via 

increase in [Cl-] in spinal laminae I neurons causes the opening of the γ-aminobutyric acid A 

(GABAA) channels less effective and thus causes the disinhibition of pain-transmitting spinal 

lamina I neurons (Coull et al. 2005).  

Watkins, Milligan, and Maier (2001a) compared physiological differences between normal 

pain and neuronally-driven model of pathological pain. In normal pain, in spinal cord dorsal 

horn, glial cells are quiescent and not involved in nociception. The first difference between 

these two states is the inactivation of N-methyl-d-aspartate (NMDA), an essential component 

of central sensitization. Under the acute nociception these receptors are blocked by 

magnesium ions in normal nociception in postsynaptic region of the PTNs. However, in 

pathological pain, prolonged slow depolarization of the neurones in the dorsal horn is caused 

by continuous nociceptive stimulation. This will cause Ca2+ influx and removal of Mg from 

the receptor. These events first cause the expression of nitric oxide synthases (NOSs), 

catalysing NO from L-arginine. The released NO, pre-synoptically, has an effect on release 

of substance P and Excitatory Amino Acid (EAAs) in more amount than in comparisons to 

the amount released in normal pain to activate the NK-1 receptors and AMPA receptors 

respectively. However, post-synoptically, NO makes PTNs hyperexcitable.  
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The other event that is followed by removal of Mg from NMDA receptor is binding the 

glutamate to the receptor which will lead to wind-up. Wind-up happens by repeated activation 

of C-fibers which causes the progressive increase in the magnitude of C-fibre evoked 

responses of dorsal horn neurons (Li, Simone, and Larson 1999). These events lead to 

potentiating of WDR response to each stimulus. At this stage A𝛽 fibers (touch) sensory 

stimulation would also lead to exaggerated WDR neuronal output. This will lead to allodynia 

that is discussed before (Feizerfan and Sheh 2014).  

The role of astrocytic glutamate transporters (mainly GLT-1) is also of importance. As stated 

before, the clearance of glutamate from the synaptic cleft depends on Na+-dependent, 

neuronal glutamate transporters which are present presynaptically, postsynaptically, and on 

glial glutamate transporters (Tao, Gu, and Stephens Jr 2005). It has been shown that models 

of neuropathic pain are associated with a decrease in GLT-1 expression (Ren and Dubner 

2008). This reduction in GLT-1 activity theoretically leads to increase of glutamate 

concentration in the synaptic cleft, leading to neuronal hyperexcitability and hyperalgesia 

(Ren 2010).  

In pathological pain with glial involvement, spinal cord astrocytes and microglia as stated 

before are activated and release mediators such as cytokines which cause PTN 

hyperexcitability  (Watkins, Milligan, and Maier 2001a). Glia cells once activated, via their 

glial cell surface receptors initiate intracellular signalling such as p38 which lead to increased 

synthesis of mediators such as IL-1β which are known to be involved in nociception as will 

be discussed later (Ji et al. 2009)  

Glial activation is both necessary and sufficient to generate enhanced pain: it is necessary 

because it has been shown that in case of disruption of spinal glial function in conditions such 

as peripheral nerve injury models (Watkins and Maier 2000), the enhanced pain state is 
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reduced. In addition, it has been shown that glial disruption does not affect normal responses 

to acute pain stimuli which shows the specific role of glia in chronic pain (Watkins et al. 1997; 

Milligan et al. 2000). Also, glial activation is sufficient to enhance pain because glia activating 

factors are hyperalgesic. This is the case for example in pre-spinal application of a bacterial 

cell wall (Meller et al. 1994) in which hyperalgesia is induced. Spinal administration of 

fractalkine is also shown to induce allodynia and hyperalgesia (Twining et al. 2001). 

Clinical manifestation of the role of cytokines is more evident by using glial inhibitors as 

cytokine-modulating substances. These neuroimmunopharmacological modulations cause a 

reduction in cytokine release and consequently pain behaviour responses in different animal 

models of neuropathic pain. For example, upon application of intrathecal minocycline, an 

inhibitor of microglial cell activation (Yrjanheikki et al. 1999) mechanical allodynia is 

inhibited in rat sciatic inflammatory neuropathy (SIN) (Ledeboer et al. 2005). Furthermore, 

systemic Propentofylline (PPF, an astrocyte inhibitor) treatment to Lumbar 5 vertebrae (L5) 

spinal nerve transacted rats resulted in significant allodynia reversal, lasting 14 days post 

injury (Tawfik et al. 2007). The critical role of activated glia in releasing cytokines is evident 

when inhibition of astrocytic /microglial activation in nerve injury models is accompanied by 

inhibition of expression of cytokines such as IL-1β, IL-6 and TNF in vivo (Raghavendra et 

al. 2003). Thalidomide, a compound with anti-inflammatory actions (Corral and Kaplan 1999) 

also has been shown to reduce the increase of endoneurial TNFα one week after CCI, 

evaluated by Enzyme linked immunosorbent assay (ELISA) and Immunohistochemistry 

(IHC) (George et al. 2000). 

5. Cytokines 

So far, the critical role of cytokines in enhanced pain pathogenesis has been explained.  

The following is the definition of this molecules followed by the role of these molecules in  

the nociception.   
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5.1 General definition  

Cytokines are glycoproteins with low molecular weight believed to be released by 

immunological cells such as T-cells, macrophages and neutrophils (Sauder 1990), as well as 

non-immune cells such as fibroblasts and Schwan cells (Uceyler and Sommer 2008). 

Cytokines fall into five main categories: interleukins, interferons, tumour necrosis factors, 

growth factors and chemokines (Leung & Cahill 2010), with different biological roles 

subserved and different biochemical characteristics (Miller and Krangel 1992). These 

molecules are a diverse group of pro/anti-inflammatory factors that are classified in to 

different families according to their structural homology and their receptors (Ramesh, 

MacLean, and Philipp 2013). 

5.2 Cytokine nociception impact in persistent pain  

Cytokines are responsible for mediating enhanced pain states in a wide range of aetiologies. 

These include HIV, gp120 spinal viral infection (Milligan et al. 2001), peripheral nerve 

inflammation (Watkins, Milligan, and Maier 2003), peripheral nerve trauma, such as 

constriction nerve injury which causes IL-6 mediation of some of the hypersensitive responses 

(Murphy et al. 1999). In addition, spinal administration of cytokines have been shown to cause 

hypersensitivity; for example intrathecal IL-6 which produced touch-evoked allodynia in 

normal rats (DeLeo et al. 1996) or low dose intrathecal injection of IL-1α in mice caused 

scratching, biting, and licking behaviours (Laughlin et al. 2000). Thus, pro-inflammatory 

cytokines are sufficient and necessary for creating enhanced pain states (Watkins, Milligan, 

and Maier 2001a).  

Chronic pain clinical data suggest that the imbalance between pro-inflammatory and anti-

inflammatory cytokines or the impairment of anti-inflammatory cytokines increase the chance 

of pain symptoms (Uceyler and Sommer 2008). This is in accordance with studies involving 
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animal models of chronic pain where it has been found that IL-1β for example has a pivotal 

role in regulating the signalling pathways following nerve injury by increasing NGF release 

by Schwan cells (Lindholm et al. 1987). These communications among these cells not only 

cause adaptation by axonal growth and survival but also simulate the progress of persistent 

pain (maladaptation) (Scholz and Woolf 2007). In addition, the other issue is the pro-

inflammatory cytokines involvement in a proinflammatory loop which causes a wider 

response from the wider range of proinflammatory cytokines (Watkins et al. 1999). This is 

evident for example where IL-1β’s down regulation leads to a decrease in TNF-α (Lin et al. 

2016).  

6. IL-1β  

Now that the complex cytokine cascade in pain pathogenesis involving glial, immune, and 

neuronal cell interactions is defined, the following is a focus on IL-1β in pain pathogenesis.  

6.1 IL-1β; general definition  

IL-1β a small 17 Kd proinflammatory cytokine (Davaro et al., 2014), which was discovered 

by Beeson in 1948 is a pyrogenic compound extracted from polymorphonuclear leukocytes 

(Beeson 1948). There are two forms of IL-1, IL-1α and IL-1β which have been identified 

initially by cloning studies (Aarden 1979). Interleukin-1 α and β are pro-inflammatory 

cytokines that have a role in the acute and chronic inflammatory and autoimmune disorders 

(Ren and Torres 2009). Each IL-1 binds to the same cell surface receptor, termed IL-1 receptor 

type 1 (IL-1RI). ILRs have a common intracellular signalling domain with TLRs which is 

called Toll-IL-1 resistance (TIR) domain (Dinarello, Simon, and van der Meer 2012). 

However, it is now known that there are more than 10 types of proteins in this family 

(Braddock and Quinn 2004).  
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A heterotrimeric complex including the ligand, a primary receptor subunit and a receptor 

accessory protein initiates the signal transduction of the IL-1 family. This ternary approaches 

the intracellular portions of the receptor including Toll/IL-1 receptor (TIR) domains and 

instigates the cytoplasmic signalling pathway (Thomas, Bazan, and Garcia 2012).  

6.2  IL-1β; general systemic physiological and pathophysiological role 

IL-1β is a potent inflammatory cytokine which is present in a wide range of tissues and organs. 

This molecule also has a critical role in response to a wide range of pathologies including 

infection, injuries and immune complications (Dinarello 1984). The effects on hypotension, 

hyperglycemia, hypoglycaemia, neutrophilia are among the cytokine’s functions in live 

organism (Dinarello 1996). The multitude of biological responses to pleiotropic polypeptide 

IL-1 develops a pivotal role for it in managing adaptive changes in host defensive mechanisms 

(Dinarello 1988). Physiological systemic roles of IL-1β are wide and are bolder than IL-1α 

by mainly affecting the major hormonal axes. Patho-physiologically, the cytokine increase in 

correlation with complications such as Rheumatoid arthritis (RA), Inflammatory bowel 

disease (IBD), Chronic Obstructive Pulmonary Disease (COPD) and Ulcerative colitis (UC) 

has been demonstrated (Braddock and Quinn 2004).  

6.3  IL-1β and intracellular cytokines secretion mechanism 

In general, inflammation is a part of the innate immune response starting by either recognizing 

pathogens or molecules from tissue injury. This recognition is via pattern recognition 

receptors (PRRs) of which an example is TLR (Lee and Kim 2007; Feldman, Rotter-

Maskowitz, and Okun 2015). Molecular motifs carried by stimuli such as pathogen associated 

molecular patterns (PAMPs) which act through pattern recognition receptors (PRR’s) affect 

the secreting cells (e.g., monocytes and macrophages to produce the pro-IL-1β (inactive 31 
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KDa). Mostly, there are two signal models mediated by Toll like receptors (TLRs) and Nod-

like receptors (NLRs). These will be discussed here.  

NOD-like receptor (NLR) causes the assembly of a multiprotein complex called the 

inflammasome, a structure composed of adaptor molecule, cytosolic pattern recognition 

receptor, and pro-caspase-1 (Schroder and Tschopp 2010). In other words, the response of the 

inflammasomes to PAMP/DAMP is categorized according to their sensor protein, NLRP1 

(NOD-like receptor family, pyrin domain-containing- NLRP1) (Ghonime et al. 2014). Next, 

inflammasomes activate the inflammatory caspases-1 from its zymogen form. Pro- IL-1β is 

cleaved by the activated pro-inflammatory protease caspase1. These caspases have a role in 

cytokine maturation, for example interleukin-1β-converting enzyme (ICE/caspase-1), a 

prototypical member of the caspases, is critical in defining IL-1β's role in inflammation and 

pain. The cytokine activation is also facilitated by engaging IL-1R receptors which have 

similarities to TLRs (Martinon and Tschopp 2007). These processes are further verified where 

contralateral sciatic nerve cytokine responses post-CCI have been shown that are NMDA-

mediated (Kleinschnitz et al. 2005).  

The other major form of innate immune sensors, Toll-like receptors (TLRs) however, are the 

most studied PRRs (Kawai and Akira 2006). TLRs are located at the neuroimmune interface, 

and inflammatory consequence of TLR activation on glia and sensory neurons can change the 

nociceptive processing leading to exaggerated pain states (Lacagnina, Watkins, and Grace 

2018).  

TLRs/IL-1Rs, after ligand binding undergo dimerization and recruit the downstream 

signalling, molecules including MyD88, IL1R-associated kinase (IRAK) and TNFR-

associated factor 6 and NF-B-inducing kinase (Akira and Takeda 2004). This triggers the 

stimulation of stress-activated protein kinase (SAPK)/JNK and kinases such as mitogen-
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activated protein kinases (MAPKs) (e.g, ERK1/2, p38 MAPK) and activation of the 

transcriptional factors such as NF-B and AP-1. These later causes the induction of genes 

coding cytokines (Tetsuka, Baier, and Morrison 1996; Choi et al. 2003). These are in 

accordance with animal models of neuropathic pain such as spinal cord compression in mice 

which shows an overexpression of MAPK in macrophages in the dorsal horns (Takeura et al. 

2019). 

6.4  IL-1β role in nociception  

There are different action mechanisms for IL-1β role in nociception; IL-1β can act directly on 

the nociceptors, as IL-1R1 is expressed in sensory neurons (Copray, Mantingh et al. 2001). 

Also, this cytokine by binding to neuronal receptors such as TRPV1, sodium channels and 

NMDA receptors modulates neuronal excitability (Schafers and Sorkin 2008). Furthermore, 

IL-1β upregulates other pro-nociceptive mediators such as NGF in the periphery (Safieh-

Garabedian, Poole et al. 1995) or complex signalling cascades which cause the release and/or 

activation of other nociceptive molecules such as prostaglandin (Samad, Moore et al. 2001).  

The behavioural role of IL-1β in nociception is confirmed in several ways in the literature; at 

the molecular level, Ferreira et al. (1988) unveiled the role of systemic IL-1β as a strong 

hyperalgesic agent for the first time but also developed an analogue for the region in IL-1β 

which mediates the hyperalgesic effect and showed that the analgesic is created by the 

application of the analogue. IL-1β administration in animal experiments cause behavioural 

manifestation. For example, IL-1β intra-plantar injection in Wistar rat paw caused an increase 

in hyperalgesia in a dose dependent fashion. Also, IP injection of peptide analogues of IL-1β 

evoked bilateral hyperalgesia (Ferreira et al. 1988). Furthermore, low dose intrathecal 

injection of IL-1α in mice caused behaviours such as scratching, biting, and licking which 

were suppressed by IP morphine administration (Tadano et al. 1999). Inflammatory agents 
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such as carrageenan, LPS, or Complete Freund's Adjuvant (CFA) are also able to produce 

mechanical and thermal hyperalgesia which is associated with an increase in IL-1β in DRG 

and the primary tissues (Ren and Torres 2009). 

6.5 IL-1β response to injuries in animal models of neuropathic pain 

IL-1β profile changes have been studied in different neuropathic pain models with an 

inseparable part of sacrificing animals in each time points to have a molecular analysis of the 

cytokine in the isolated tissue. For example, CCI caused a rapid (12 h) 12-fold increase in IL-

1β mRNA expression in ipsilateral sciatic nerve. Also, both ipsilateral and contralateral DRG 

showed a significant increase in IL-1β mRNA expression (Uceyler, Tscharke, and Sommer 

2007). In another study, CCI caused mechanical allodynia one day post-surgery in rats in 

association with an increase in IL-1β mRNA levels of 1.8-fold at day 1 after injury in rat DRG 

and spinal cord (Lee et al. 2004). Transacted rat sciatic nerve causes an increase in local IL-

1β up to 35 days post-surgery (Ruohonen et al. 2005). CCI on rats also caused an increase in 

both IL-1 β and TNF mRNA in lumbar spinal cord (Lee et al. 2004). The common 

denominator of all these studies is that animals had to be sacrificed at each of the studied time 

to have the tissue isolated for the molecular analysis. This is an obstacle for longitudinal 

studies and a method to circumvent this challenge in spinal cord will be presented in this 

thesis.  

7. Pain Biomarkers  

So far it is established that pro-inflammatory cytokine expression is correlated with the 

neuropathic pain pathogenesis. These molecules could be used as a key chronic pain 

biomarker (Nwagwu et al. 2016). Biological marker (biomarker) is defined as “a characteristic 

that is objectively measured and evaluated as an indicator of normal biological processes, 

pathogenic processes, or pharmacologic responses to a therapeutic intervention”('Biomarkers 
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and surrogate endpoints: preferred definitions and conceptual framework'  2001). However, 

pain biomarkers are informative on onset, intensity, and the risk of persistent pain, which in 

turn could be used as supportive data for optimal pharmacological treatment. In addition, not 

having a single diagnostic test to identify neuropathic pain highlights the need for a pain 

biomarker established (Zilliox 2017).  

Given the pathophysiological mechanisms discussed so far, it could also be concluded that 

the cytokine expression is the downstream of pain pathogenesis following the pathologic 

sensory and emotional changes. Thus, cytokines as biomarkers are not representative of 

specific components (e.g., sensory or emotional components) of this pathogenesis, rather 

those are markers of the inflammatory response created. 

7.1 Cytokine analysis methods  

As discussed before, inflammatory cytokines such as IL-1β, IL-6 and TNFα have a significant 

role in the pathogenesis of persistent and exacerbated pain states. They are generated from 

reactive glial cells following an insult such as nerve injury (Watkins, Milligan, and Maier 

2001a; Inoue 2006a). Thus, quantification of cytokines could be used as a tool to assess hyper 

nociception. Cytokines can be measured with different techniques like ELISA, 

Radioimmunoassay (RIA), chemiluminescence cytokine bioassays (Sachdeva & Asthana 

2007). Generally, immunoassays which use enzyme conjugated antibodies are advantageous 

because they are highly specific, sensitive, rapid, convenient, and cheap (Sachdeva & Asthana 

2007). Furthermore, targeting the cytokine-producing cell types is the main advantage of IHC 

over the other methods of determination of cytokine expression. Both colorimetric and 

indirect immunofluorescence detection can be used for immunohistochemical detection of 

proteins (Amsen, de Visser, and Town 2009). The following is a review on the methods that 
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are applied for cytokine evaluation, followed by a section on challenges for in vivo cytokine 

quantification. 

7.1.1 ELISA  

The ELISA is the most widely used of immunoassays and the best validated method for 

cytokines assessment (Leng et al. 2008). In an ELISA , the target cytokine from sample (cell, 

fluid, serum) extracted to the wells of the based via a solid phase-bound antibodies; Later a 

secondary antibody coupled with an enzyme capable of converting the substrates to a 

colorimetric end product is added to wells (House 2001). However, there are several 

shortcomings identified for ELISAs; one of the most relevant ones in this study is the fact that 

ELISAs require large volume of sample (> 100 μL). This is a challenge when specifically 

considering the small volume of CSF in rodents, a sample source that is circumvented in this 

thesis (as will be discussed later in the second section of the introduction).  

7.1.2 Immunohistochemistry of glial reactivity 

Animal models of neuropathic pain (will be discussed later) are accompanied with persistent 

allodynia and hyperalgesia as well as robust activation of the spinal microglia and astrocyte 

and subsequent release of pro-inflammatory mediators (Ren and Dubner 2008; Coyle 1998; 

Zhuang et al. 2005). This glial activation is assessed by IHC, a method used to detect the 

increase in expression of certain cell-type activation markers (Watkins, Milligan, and Maier 

2001b). The following is a review of changes in expression of markers for astrocytes (GFAP) 

and microglial (IBA1) expression post CCI, a model that is employed in this thesis. 

7.1.2.1 GFAP 

Astrocytes are immune labelled by glial fibrillary acidic protein (GFAP). Thus, increased 

expression and extent of glial fibrillary acidic protein (GFAP) is widely accepted as a marker 

of activated astrocytes in pain models (Kuzumaki et al. 2007; Pekny and Pekna 2014). 
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Garrison et al. (1991) was the first that addressed the characterizing GFAP staining in L4 

segments of rat spinal cord following chronic sciatic nerve constriction (four ligations). Since 

counts of astrocyte demonstrated no significant difference when comparing the lesioned to 

the control side, it was concluded that the elevated GFAP staining density 5 days and 10 days 

post injury is due to the hypertrophy of astrocytes and not the proliferation or migration of the 

cells. Furthermore, the magnitude of GFAP staining correlated with the degree of 

hyperalgesia. However, no change in GFAP staining density of L1 or cervical spinal cords 

was noticed, revealing the importance of anatomical location of sampling. 

In another study, post CCI in SD rats, astrocyte activation was manifested in terms of 

enlargement of GFAP positive cells, increase and enlargement of processes, and increase in 

fluorescence intensity correlated with an increase in the thermal hyperalgesia and mechanical 

allodynia. In the sham injury group however, astrocytes remained in their quiescent state. As 

expected, astrocyte inhibition by Propentofylline (PPF) administration, attenuates mechanical 

allodynia as well as GFAP expression (Wu et al. 2013). 

7.1.2.2 IBA1 

As stated before, microglia are activated after different insults such as nerve injury with 

morphological change and upregulation of microglia markers such as ionized calcium-binding 

adaptor molecule-1 (IBA1) (Hanisch and Kettenmann 2007). For example, it was shown that, 

post CCI, mechanical tactile allodynia occurred on day 3, peaked on day 7 and persisted for 

at least 14 days in the ipsilateral hind paw during the observation period. Western blot analysis 

revealed an increase in IBA1 expression in the ipsilateral dorsal horn of the spinal cord 

compared to sham, in accordance with the mentioned mechanical tactile allodynia 

development trend in the ipsilateral hind paw (Li, Zhang, et al. 2014).  
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In addition to GFAP and IBA1 there are also other glial marker which their upregulation was 

studied in pain studies. These include Cluster of Differentiation molecule 11b (CD11b) and 

CD68 for microglial activation (Ji, Berta, and Nedergaard 2013). In a model of compression 

of the spinal cord to mimic the human compressive myelopathy, it was shown that severity of 

spinal cord compression was correlated with the proportion of activated dorsal horn microglia 

as the number of CD11b-positive cells increased proportionately with a with the severity of 

spinal cord compression (Takeura et al. 2019). Furthermore, CD68 expression was increased 

in CCI model in rat spinal cord (Li et al. 2013).  

7.2 Challenges for in vivo cytokines quantification 

For an in vivo cytokine assessment, the critical issue is sampling. Ideally, the most reliable 

approach for cytokine sampling is to have the measurement performed closest to the 

anatomical location to the mechanistically linked response site. On the other hand, the 

common and easy sample collection source is the circulating cytokines which has some 

known disadvantages. Firstly, the short half-life of many cytokines is an issue  (e.g., 2h for 

IL-10 (Milligan et al. 2012) and 2.5h for IL-1β (Hazuda, Lee, and Young 1988)) which makes 

the sampling timing a critical factor. Secondly, accessing local inflammation sites is a 

challenge which requires extra skills. Thirdly, samples are collected with unwanted 

contaminating items such as cell (which will produce cytokine until removed). This 

necessitates sampling of a large volume of fluids. The other challenge is the high 

concentration sensitivity of the cytokine assays. This could be of concern mostly when 

considering the source of sampling. For example, serum may not be a reliable source of 

sampling as cytokines such as IL-4 are produced in a small amount or rapidly catabolized 

which makes the serum concentration not informative (Finkelman et al. 1993). No availability 

of baseline values for cytokines in any species and consequently not having the possibility of 

establishing biological  
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variance is another challenge (House 2001). In addition, low physiological concentrations of 

cytokines such as IL-1β which act at pM range is another challenge (Striz 2017). 

7.3 CSF, a sampling media 

Since CNS sampling is only possible post-mortem, the biological media surrounding it, CSF, 

could be applied as a choice for sampling for biomarkers reflecting the ongoing pathological 

process which provides an insight to neurologic disorders (Teunissen, Verheul, and Willemse 

2017) such as neuro-inflammation (Kothur et al. 2016) or malignancies (Verheul, Kleijn, and 

Lamfers 2017). CSF has advantageous over blood as a sample source for determining a 

biomarker of neuropathic pain because of its contact with the CNS as well as its small volume 

which makes it an enriched media for molecules released by CNS. In other words, subtle 

changes in molecular markers during chronic pain hinders application of a systemic source 

like blood and qualifies application of a local source of biomarker such as CSF (Sisignano, 

Lotsch, et al. 2019). Also, since spinal cord dorsal horn is the anatomical location of pain 

pathogenesis (Watkins and Maier 2000), the need to assess pro-inflammatory cytokines such 

as IL-1β dynamics in a location close to it is obvious for understanding the molecular 

mechanisms of pathogenesis. On the other hand, CSF collection is a terminal process in 

rodents which requires sacrificing animals in studies where time points are involved and the 

sample volume is low (Johnston et al. 2004; Wang, Olschowka, and Wrathall 1997). Overall, 

the mentioned advantages make the CSF a suitable candidate for sampling molecules of 

interest during neuroimmune disorders. However, this requires employing a new method 

which is first possible to be employed within animals and with minimum invasiveness and 

second has the potential be carried out longitudinally during different disease’s development 

states. These will be discussed in the next section of introduction. 
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8. Animal models of neuropathic pain; CCI 

Application of animal models of nociception traces back to the late 19th century, each 

mimicking a clinical condition to understand the basic biological process involved (LaCroix-

Fralish and Mogil 2009). Neuropathic pain models include a damage either to central or 

peripheral somatosensory system (Gregory et al. 2013) and have been employed to study the 

role of spinal glia in pathological pain (Cao and Zhang 2008). Several models of peripheral 

nerve injury had been proposed based on different aetiology such as trauma, metabolic 

disorders and toxins. Despite having an important role in the exploration of the pathologic 

processes associated with nerve injury, these models were still unable to present the pain 

sensation disorders that are associated with the peripheral neuropathy (Bennett and Xie 1988). 

To address this, traumatic nerve injury, either full or partial via ligation (Bennett and Xie 

1988), transection (Wall et al. 1979), or compression (Seltzer, Dubner, and Shir 1990) of the 

sciatic nerve are the most common experimental approaches for inducing peripheral 

neuropathy in rodents. Complete deafferentation is a model in which a peripheral nerve is 

transacted completely and a neuroma is resulted at the proximal end of nerve (Coderre, 

Grimes, and Melzack 1986). However, this form of nerve damage and its related pain 

sensation characteristics are not comparable to the neuropathies that still maintain some of the 

nerve communication to the periphery. This is especially important in terms of symptoms 

such as hyperalgesia and allodynia (Merskey 2003) that are common in several neuropathy 

but absent in the neuroma models.  

In this thesis, CCI (Chronic constriction injury), the ligation of sciatic nerve is employed as a 

peripheral nerve injury model. CCI is a frequently used (as discussed before) surgical method 

and is defined as a mononeuropathy in which the common sciatic nerve is constricted by 

several loose chromic ligatures. Thus, it is an easy surgical method to perform. The outcome 

is creation of allodynia analogous to human neuropathic pain conditions. Critically, as 
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discussed before, the CCI model leads to an increase in proinflammatory cytokines for 

example an increase in TNF-α, in DRG and the sciatic nerve four days after intervention 

(Schafers et al. 2003). However, there are unwanted consequences such as skin temperature 

abnormalities and claw growth (Bennett and Xie 1988). Autotomy (self-mutilation) can also 

damage the digits and paw and reduces the stability of animals for study. The variation in 

degree of nerve damage between animals is another drawback (Challa 2015). Using 

histopathology, neuritis development as a result of an inflammatory response to the foreign 

suture material in this model have also been shown to be determining in developing pain 

symptoms (Opree and Kress 2000). In other words, an idiosyncratic immune-mediated 

response has been mentioned to play a role in model development with the subsequent nerve 

swell and axotomy (Maves et al. 1993), which eventually contribute to peripheral immune 

response (Campbell and Meyer 2006).  

9. Conclusion 

The role of proinflammatory cytokines in general and the specific role of IL-1β as a critical 

molecule in the neuropathic pain pathogenesis in dorsal horn of spinal cord have been 

described. Furthermore, it was discussed that currently sampling of the spinal cord and CSF 

in rodents is a terminal procedure, while other challenges of cytokine sampling were 

described. These limitations hinder a longitudinal quantification of a target molecule in CSF. 

Overall, considering both the potentials that CSF offers as a source of local biomarkers for 

neuropathic pain as well as the existing challenges of CSF sampling, there is a need for 

introducing a novel method of local cytokine quantification in the spinal cord. This method, 

which will be reviewed in detail in the second part of the introduction is based on application 

of a protein biosensor in the intrathecal space. In the next chapter we will review the literature 

around the optimum functionalization process for targeting IL-1β intrathecally and the 

surgical methods which could be applied to access intrathecal space in rodents. 
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Section B: Stainless-steel surface functionalization; from surface probe immobilization 

to intrathecal implantation, a review.  
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1. Abstract 

Background: Analysis of rare protein signalling events in vivo has necessitated taking the lab 

to the sample origin, rather than the sample to the lab. This has seen an explosion in the 

development of myriad of protein biosensors. Two essential elements for a successful in vivo 

quantification of an analyte via a protein biosensor are an appropriate surgical method for its 

introduction and an optimal fabrication of the biosensor surface. 

Aim: In two sections, the aim of this review is to cover the literature on these two areas for a 

successful analyte quantification in the central nervous system (CNS) and specifically 

Cerebrospinal fluid (CSF) in rodents due to the diagnostic potentials of these structures in 

several neuroimmune disorders as well as the challenging nature of sampling CSF in these 

animals. 

Content: In the first part of this review, we will discuss that metals such as stainless-steel 

(SS) are the preferable virgin surface material for the fabrication of sensing interfaces for the 

purpose of quantification of an analyte in the spinal cord. Next, we will define and compare 

the surgical approaches to implant a surgically compatible implant (for example, stainless- 

steel) in a challenging-to-access anatomical location, intrathecal space of rodents. In the 

second part of this review, we will cover the literature on the multi-step processing of 
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fabricating the sensing interface on the SS surface, highlighting the advantages of application 

of the polymer brushes for protein immobilization. 

Conclusion: Covering the literature on the surgical approaches for intrathecal implantation 

in rodents, we will conclude that among the proposed surgical methods, the acute lumbar 

puncture has critical advantages (e.g., lower invasiveness) over other methods. In the second 

part of this review, the literature on multi-step fabrication of the sensing device is covered. 

Here, the advantages of the polymer brushes such as higher density of probe immobilization 

provided by abundant functional groups and the non-specific binding capabilities of these 

molecules are mentioned. Together these two approaches, brings about the optimum 

possibility of a longitudinal in vivo analysis of an analyte in the intrathecal space of rodents, 

thus reducing the number of experimental animals. 

Keywords: Polymer brush, stainless-steel, CSF, intrathecal space. 
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2. Introduction 

Biosensors are simply defined as analytical devices which are capable of converting a 

biological or chemical response to signal proportional to the concentration of an analyte 

(Mehrotra 2016). The biosensors upon development have bioactive compounds (bio 

receptors) (e.g. antibodies, DNA, cell-binding proteins, etc) which will be recognized by the 

target analyte and create a signal in different forms such as light, heat, pH,  etc, which could 

be changed into a measurable signal by the transducer (Bhalla et al. 2016). Immunosensors, 

on the other hand, are universally used biosensors which have antibodies as bioreactors 

(Luppa, Sokoll, and Chan 2001). Among the very wide application range of biosensors, of 

interest here is the detection of biomolecules that are indicators of disease. For example, in 

epilepsy biosensors can correlate neurochemical secretions, for example glutamate (Li et al. 

2018), with the pathogenesis.  

To establish the presence of disease-causing entities, sampling Cerebrospinal fluid (CSF) is 

necessary in a wide range of neuroimmune disorders. For example, in Alzheimer’s disease 

(Hesse et al. 2016) or spinal cord Injury (SCI) (Wang, Olschowka, and Wrathall 1997), CSF 

is sampled and a proinflammatory cytokine called interleukin 1 beta (IL-1β) is quantified. In 

this regard, CSF is a suitable candidate for evaluation of molecule of interest released from 

CNS because the CSF is in close contact with central nervous system and also it has a small 

volume, thus it is an enriched medium (Sakka, Coll, and Chazal 2011). Also, the close 

proximity of the CSF to the CNS makes the measurements of the target molecules in CSF 

highly sensitive and with high spatial precision. But sampling CSF is a challenge in different 

species. In humans, CSF sampling can be a painful process which requires advanced medical 

skills to place a needle between lumbar vertebrae (L3 and L5) (Corrie et al. 2015) and In 

rodents, it is a terminal procedure (Johnston et al. 2004; He et al. 2013). This means that 
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experimental animals have to be sacrificed at each experimental time point which makes the 

longitudinal study of the target molecule challenging.  

Surgically, one of the routine methods of accessing CSF with minimum invasiveness is the 

intrathecal approach. For a successful intrathecal measurement of a target molecule via a 

protein biosensor, the first step is the selection of the virgin material for functionalization to 

confer the final analytical application to the surface. For this purpose, the surgical method 

should determine the virgin material needed for the functionalization of the biosensor. It has 

been shown that metals have excellent mechanical property to be implanted surgically. For 

example, alloys such as stainless-steel (SS) 316L with successful previous surgical implanting 

applications (Ballarre et al. 2010), are appropriate candidates for functionalisation for the 

purpose of intrathecal implantation of biosensor. However, from a surgical point of view, SS 

can be implanted intrathecally via different surgical approaches. In the first part of this review 

these approaches will be outlined in detail and will be compared. 

Surface functionalization is central to managing surface properties to confer new functionality 

to materials for having final analytical application (Langer and Tirrell 2004). The fabrication 

of sensing interface on the stainless-steel requires a multi-step processing  (Alas et al. 2017). 

In the second part of this review we will cover the literature on these functionalization steps 

for SS using polymer brushes. Polymer brushes are long chain polymer molecules that are, by 

some means, attached to a grafting surface. The chains are fixed to the interface however, can 

stretch away from interfaces provided by high density of attachment point (Milner 1991). The 

suitability of polymer brushes for application in functionalization of SS is due to a few 

reasons. First issue is the non-specific binding, a challenge in biological systems (Senaratne, 

Andruzzi, and Ober 2005) as well as in CSF (Venkatesh, Scott, and Ziegenfuss 2000) which 

could affect the reliability of the potential biosensors. It has been shown that polymer brushes 

could be applied for reducing non-specific protein binding (Charles et al. 2009). The other 
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issue is abundant functional groups offered by polymers which leads to probe immobilization 

(Liu and Li 2012).  

Thus, this review in two sections aims to first cover the literature on surgical approaches for 

intrathecal implantation in rodents. In the second section, the functionalisation processes 

applicable on stainless-steel with the centrality of application of polymer brushes will be 

covered. The combined result provides an insight into longitudinal in vivo intrathecal 

quantification of an analyte in rodents, a contribution to 3Rs (Replacement, Reduction and 

Refinement of animals use in research (Dos Remedios and Peckham 2017)) by reducing the 

number of experimental animals in use.  

3. Intrathecal surgical application of biosensor 

As stated before, employing the appropriate surgical approach is necessary to have intrathecal 

quantification via a biosensing device. The following is a comparison of the applicable 

surgical approaches for intrathecal implantation of an implant, in this case a surgically 

compatible biosensor in the intrathecal space of rodents. We will briefly review each surgical 

approach and for comparison, we will also refer to human references in different parts of this 

review.  

3.1 Target anatomical location; intrathecal space 

Anatomically, the intrathecal space in rats is located between the arachnoid and the pia mater 

of the spinal cord. It contains the cerebrospinal fluid, spinal nerves and blood vessels 

(Offermanns and Rosenthal 2008). As outlined before, in this review the aim is to cover the 

literature on the intrathecal space of rodents as the measurement site of the target molecule. 

This is due to its proximity to the key signalling site, for example dorsal horn of spinal cord 

in neuropathic pain (Johnston et al. 2004; Wang, Olschowka, and Wrathall 1997) as a 

neuroimmune disorder. To our knowledge, there is no previous research using the 
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implantation of SS wires in rats intrathecal space under anaesthesia. However, the purpose of 

this section is to review the closest surgical intrathecal approaches which makes intrathecal 

implantation of an implant possible. 

3.2 Basic anatomical considerations 

Length of spinal cord depends on factors such as body weight, sex and strain of the animal. 

Previously, to access the cranial border of lumbar enlargement from atlanto-occipital joint in 

male Holtzman rats weighing 350-400 g, 8.5 cm length of polyethylene-10 tubing catheter 

(PE10) was used. This was confirmed by post mortem dissections (Yaksh and Rudy 1976). It 

is critical to consider these measurements, if the exact measurements site in the intrathecal 

space is important in the study. Thus, to have a uniform result of intrathecal quantification via 

the biosensor, care should be taken to select rats with the same age and weight for SS 

intrathecal implantation. 

3.3 Pre/postoperative care and surgical preparation  

Prophylactic first-generation cephalosporin antibiotics are prescribed Intravenously (IV) 

before intrathecal placement in human, oral pre-emptive analgesia is also recommended 

(Sparlin and de Leon-Casasola 2011). In rodents, preoperative care however, is not applied in 

different known intrathecal drug delivery methods that will be discussed in this review. 

However, in more invasive spinal interventions such as disc puncture models, pre-operative 

care could be applied and limited to intramuscular buprenorphine (Fujioka et al. 2016). In 

another study, employing laminectomized catheterization on Sprague Dawley (SD) rats, post-

operative tetracycline (500mg/l) was added to water (Hinton et al. 1995). There are some 

surgical preparations recommended in literature for intrathecal access. For example, Yaksh 

and Rudy (1976) recommend sterilizing the catheter with 70% ethanol, and flushing with 

saline. In addition, for a smooth catheter insertion, having the spinal cord in a straight direction 

is recommended. 
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3.4 Intrathecal approach in human 

Intrathecal needle placement and catheter for chronic infusion in human requires planning and 

skills and strong para clinics as is reviewed by Deer and Pope (2011). The procedure could 

be performed under general anaesthesia or local anaesthesia with sedation, however the latter 

is challenging (Sparlin and de Leon-Casasola 2011). The preferred position in human is lateral 

decubitus with flexed hip and cervical spine after patient is prepared and draped. 

Preoperational para clinic assessments include fluoroscopic imagery which is used to find the 

spinal level of the needle placement. Here, para median approach and midline approaches are 

applicable. However, the former is recommended as it avoids the spinous process. An 

electrocardiogram pad could be placed for marking of the insertion vertebrae (Sparlin and de 

Leon-Casasola 2011). Needle insertion angle ranges from 30° to 60° according to anatomical 

variations and unobstructed flow of CSF occurs following the needle insertion. Catheter will 

be advanced after this stage. And the final step is anchoring the catheter and securing it. In 

humans, the most important clinical consequence of catheter placement is injury to the spinal 

cord or nerve roots with injuries ranging from nerve inflammation to serious cord injury (Deer 

and Pope 2011). Introduced first in 1980s by Leonard Corning (neuraxial local anaesthetic in 

1885), one of the traditional applications of the intrathecal access in human is Intrathecal 

infusions of analgesics (Gorelick and Zych 1987). 

3.5 Major Intrathecal approaches in rodents  

3.5.1 Atlanto-occipital membrane approach  

This is one of the first defined methods of intrathecal access in rodents. In 1976 chronic 

caudally introduction of an indwelling polyethylene cannula (PE10) via atlanto-occipital 

membrane was first described by Yaksh and Rudy (1976) with the main aim of having a 

permanent pathway to introduce pharmacologically active solutions in spinal subarachnoid 

fluids repeatedly. This procedure starts under anaesthesia with male Hotzman rat (350-400 
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grams) mounted on the stereotaxic instrument and followed by dissecting and freeing 

superficial and then neck muscles from occipital crest. A 20-gauge needle hub was fixed to 

the skull with four screws (at Bregma, Lambda and occipital bone) and epoxy cement and the 

exteriorized end of the catheter was fixed in the needle. The PE10 catheter then was smoothly 

inserted in the cranial margin of lumbar enlargement at T12 level. One of the applications of 

this method is to monitor the effect of intrathecally injected pharmacological agents on 

nociception (Yeung and Rudy 1980). To address the drawbacks of the Yaksh and Rudy (1976) 

approach, including the fixation of the hub to skull or using cements that do not bind to the 

PE10, LoPachin, Rudy, and Yaksh (1981) modified this procedure.  

3.5.2 Lumbar approaches   

3.5.2.1 Acute needle puncture 

To eliminate the preoperative surgery required by Yaksh and Rudy (1976), employing an 

alternative of lumbar puncture is an option. This access is via intervertebral space and is a 

technique that is mainly used to collect CSF (De la Calle and Paino 2002) or to deliver drugs 

intrathecally, mostly to differentiate the spinal and supraspinal effects (Mestre et al. 1994). 

Catheter implantation is usually performed; however, direct lumbar access is also a possibility 

to deliver drugs in rodents. This procedure is performed under anaesthesia, in mice with 

syringe angel of 10° (Hylden and Wilcox 1980) or in male SD rats (200-250grams) with 

syringe angel of 90°. The successful dura puncture is confirmed by classic reflexes; tail 

movement or “S” format of tail (Mestre et al. 1994). However, keeping the dura intact is 

critical even in more invasive methods such as spinal cord injury (SCI) models in which stab 

injury or crush injury is performed (Faulkner et al. 2004). On the other hand, acute needle 

puncture has its known drawbacks; it is considerably technically challenging, there is a need 

for some method of mechanical restraint including anaesthesia and finally, there is a 

significant chance of damaging spinal or nerve roots (Yaksh and Rudy 1976).  
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There are two other lumbar approach techniques for intrathecal drug delivery in rodents which 

we classify them as more invasive than the acute needle puncture. Surgically, the common 

denominator of these techniques is a midline incision under anaesthesia, securing the catheter 

to auricular muscles and closing the wounds. Furthermore, like acute puncture, the tail flick 

reflex is also visible upon arachnoid puncture by the delivering catheter.  

3.5.2.2 Laminectomized catheterization 

After making the incision, retraction of paravertebral muscles and a total dorsal laminectomy 

is performed on L4 vertebrae. Of note is the removal of yellow coloured ligamentum flavum 

of the surgery site which makes the visualization of the spinal cord tissue possible. PE10 

catheter will be pushed cranially at this point. The procedure ends with securing the catheter 

to auricular muscles (Hinton et al. 1995). We have previously used this method to inject 

exogenous IL-1β in anesthetized rats and measure the intrathecal cytokine with glass based 

biotin-streptavidin biosensors (Zhang et al. 2019).  

3.5.2.3 Non-laminectomized catheterization 

A L3-L6 midline incision starts the procedure and L4-L5 vertebral space is cleared by 

dissecting interspinous ligament. Under a microscope, the catheter is inserted and pushed 

through a hole in the membrane created by inserting a needle (Gonzalez-Darder, Gomez-

Cardenas, and Gil-Salu 1989).  

3.6 Clinical side effects of intrathecal access 

3.6.1 Gross anatomical changes & motor impairment  

Yaksh and Rudy (1976) described the general tolerance of the long-term catheter by animal 

as good. However, four months after catheterization, spinal depression with no local 

inflammation was noticed. Furthermore, the autopsy showed an idiopathic haemorrhage 

which hypothetically are either from dorsal vessels or from local abscess due to the application 
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of a contaminated catheter. The autopsy findings were accompanied by the development of 

motor problems which were displayed sometime after surgery. Furthermore, this increased 

motor activity in addition to contortions which could lead to local damage by the catheter tip. 

In addition, the passage of catheter through cervical to lumbar level may traumatise spinal 

cord to some extent; these alterations could bias the experimental results (Long, Mobley, and 

Holaday 1988). 

In addition, Yaksh and Rudy (1976) considered spinal subarachnoid injection as safe; no 

neurological symptoms by injecting saline for 8-10 days twice a day in comparisons to 

morphine was noticed. Motor dysfunction was observed in studies with intrathecal injection 

of NMDA receptor antagonists: kynurenic acid (KYN with moderate impairment, lasting 2-3 

hours) and 3-(2-carboxypiperazin-4-yl) propyl-I-phosphonic acid (CPP, less impairment) in 

both groups in Male Sprague-Dawley rats (ALAB. Sollrntuna. Sweden) weighing 300-340g. 

However, these symptoms were eliminated after day 14 treatment (Kristensen et al. 1993). 

The same symptoms were observed in similar studies with intrathecal interventions in female 

Sprague-Dawley rats (weighing 200-260 g) where Bupivacaine (50gg) was injected and 

created bilateral paralysis of both lower extremities while saline did not produce such a results 

(Igawa et al. 1993).  

A determining factor here is the lumbar level at which the intrathecal access is carried out. 

For example, in mice for acute needle puncture, L5-L6 level is considered as a neurologically 

safe access since cauda equine is not approached in rodents at this level (Sidman, Angevine, 

and Pierce 1971). Furthermore, there are other studies in which this level of access was chosen 

and no motor impairment or sign of distress or pain was noticed in large groups of mice 

(Hylden and Wilcox 1980) or in rats (Mestre et al. 1994). L5-L6 approach is also a choice in 

more invasive models such as in radicular pain models in which hemilaminectomy and 



63 
 

facetectomy are performed after midline dorsal incision. The procedure is performed under 

microscopic magnification to avoid nerve root invasions in rats (Zhang et al. 2009).  

3.6.1.1 Motor impairment evaluation  

Developed by Dunham and Miya (1957), the rotarod (RT) test is used to assess the 

neurological effects of different drugs by testing if rats can maintain their equilibrium on a 

rotating rod (Hamm et al. 1994). This test has also been used to assess motor function deficit 

by measuring the RT time, the time an animal can maintain the equilibrium on the treadmill. 

Chen, Jiang, and Pei (2012) employed this test in a comparative study on different intrathecal 

access approaches to compare the motor impairment post-surgery. The results show that acute 

needle puncture and laminectomized catheterization caused significant decrease in RT in 

comparison to non-laminectomized catheterization. 

3.6.2 Weight changes  

Weight reduction could be a clinical consequence of the intrathecal intervention in the method 

described by Yaksh and Rudy (1976); male Fischer 344 rats weighted 180 to-240 grams 

intrathecally injected with 9L gliosarcoma, Walker 256 carcinosarcomas and saline showed 

progressive paralysis associated with weight decrease in treatment groups but not in the 

control group (Kooistra et al. 1986). Weight reduction (7.5%) was noticed in the Intrathecally 

catheterized group and not in the control group in male Sprague Dawley rats weighted 350-

450 grams (Serpell et al. 1993). On the other hand, acute needle puncture has been shown to 

produce a similar weight change to control animals with a slight change within the first week 

(Chen, Jiang, and Pei 2012) 

3.7 Catheter placement validation 

Regardless of the method of intrathecal access, preliminary studies with injection of visible 

dyes such as 1% methylene blue (Hylden and Wilcox 1980), Evans blue (Papir-Kricheli et al. 

1987) or radiolabel Diffusion (Yaksh and Rudy 1976) are used to confirm the presence of the 
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drug in the target anatomical location in combination with post mortem gross neuroanatomical 

evaluation. Furthermore, in some studies the brain is also monitored for possible rostral 

diffusion of dye (Mestre et al. 1994). Furthermore, trail radiographs (dorsal and sagittal) could 

also be used to identify the implanted material (Long, Mobley, and Holaday 1988; Yaksh and 

Rudy 1976). The lidocaine paralysis test (10 μl 2% lidocaine) could also be applied to verify 

the catheter location and needle puncture by monitoring hindlimb paralysis (Chen, Jiang, and 

Pei 2012).  

3.8 Imaging aids in procedure  

In humans C-arm fluoroscopic guidance is used to find the spinal level of the needle 

placement (Deer and Pope 2011). The real-time imaging has also been used in rodents in 

annulus fibrosus disc puncture at L5-L6 level to minimize invasiveness and only 2/30 rats 

showed neurological symptoms (Li, Yang, et al. 2014). In rodents, magnification is used in 

non-laminectomized techniques to guide the catheter during implantation (Gonzalez-Darder, 

Gomez-Cardenas, and Gil-Salu 1989). 

In summary, we can conclude that the due to the mentioned advantages such as lower 

invasiveness the acute lumbar puncture is superior over other methods. 

4. Biosensor functionalisation review 

Now that we have reviewed the methodologies to introduce a biosensor into the intrathecal 

space, in the second part of this review, we will cover the literature on the different steps of 

functionalization stainless-steel, the intrathecal-implanting compatible material, with the 

polymer brushes as the tether molecule.  
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4.1 Material; stainless-steel 

As stated before, the first part of a functionalization process is the selection of the virgin 

material. Due to the challenging implant route to the intrathecal space for example the 

interspinous space in the acute lumbar puncture and to other surgical approaches mentioned 

before, the mechanical characteristics of the implant is critical. Toughness, high strength and 

fatigue resistance as well as inertness are among the characteristics that makes metal eligible 

for biomedical applications (Xiao et al. 2017). Major alloys that are applied in biomedical 

engineering are Stainless-steel (SS), titanium (Ti), and cobalt-chromium-molybdenum 

(CoCrMo) (Zhang et al. 2015). These characteristics would make metals an ideal candidate 

for intrathecal application. 

Furthermore, previous studies have shown that metal alloys including 316L SS (300 series 

represent the austenitic family, while L defines the level of carbon which is less than 0.03%), 

cobalt-chromium alloys, titanium alloys, and tantalum are classified as biologically inert 

biomaterials (bio-inert) and are unchanged while implanted in patients. Additionally, these 

materials are well tolerated with regards to foreign body reaction and tissue fibrosis. SS, iron 

based alloy with at least 12% chromium (Davis 2000),  is strong and is globally the most 

commonly used metal implant material. 316L, specifically, is mainly composed of iron, 

chromium, nickel, molybdenum, and carbon and is the most common SS alloy in orthopaedic 

surgeries (Hermenau, Prewett, and Ramachandran 2011). Previously, 1 cm SS ribbons were 

functionalized to immobilize IL-1β polyclonal antibody on PEGMA brushes. 

4.2 Sample preparation  

For the preparation of stainless-steel, a series of chemicals can be applied for a certain period 

of time to clean and degrease the SS surface. These include distilled water (Aguilar et al. 

2019; Goddard and Hotchkiss 2007; Yuan et al. 2009) ethanol (Goddard and Hotchkiss 2007; 

Yuan et al. 2009), and acetone (Yuan et al. 2009). Other chemicals such as hydrofluoric acid 
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and nitric acid (Aguilar et al. 2019) could also be applied.Deng et al. (2019) started the 

functionalization procedure by rinsing SS with deionized water, acetone, ethanol and 

deionized water. 

4.3 Surface activation 

Once the stainless-steel sample has been prepared, it can begin the functionalisation process. 

The first step of most functionalization processes is adding chemical functionalities via groups 

such as hydroxyl (–OH), amine (–NH2), carboxyl (–COOH), thiols, and primary amines. This 

is a sensitive process since both lack of functional groups and excess of functional groups 

could be detrimental because of loss of activity of compounds (when placed in direct contact 

with hydrophobic polymer) and steric repulsion respectively (Goddard and Hotchkiss 2007).  

Of importance here is the application of the Piranha solution (sulfuric acid (98% w/w) and 

hydrogen peroxide (30% w/w)) which has been previously used in SS functionalization 

studies for different purposes. It is used primarily as a cleaning agent to eliminate any 

interfering ions or radicals (Bayram et al. 2010). Similarly, Piranha solution has been used 

parallel to other metal preparation techniques including passivation method to chemically 

clean the metal coupons before a reaction series (Martin et al. 2007). However, another 

functionality of piranha solution seems to be due to the resulted hydroxyl-enriched (SS- OH) 

which will contribute to the immobilization of other molecules such as alkyl halide Atom 

transfer radical polymerization (ATRP) initiators (Yuan et al. 2009). 

This hydroxylated SS surface has been used previously to be coupled with alkyl halide 

containing silane, in order to first have a passivation role and second as an initiation site for 

tethering brushes such as bactericidal poly(2-dimethyamino)ethyl methacrylate) 

P(DMAEMA) (Yuan et al. 2009). Also, a hydroxylated SS surface has been used as an 

initiation site for polydopamine binding (Deng et al. 2019).   
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4.4 Adding linker groups 

The next step in this functionalization process is adding linker groups such as dopamine. This 

is a critical step as the deployment of biomolecules on metal surfaces is a complex task and 

needs chemical intermediates and linker molecules (Wise et al. 2015). Dopamine is a choice 

for this purpose as it forms a poly-dopamine film on different materials such as metals (e.g., 

SS) and noble metals to add a layer of functional groups. These functional groups have been 

applied on SS via techniques such as salinization (Chovelon et al. 1995) and self-assembled 

monolayers (SAMs) (Ulman 1996). The coupling of dopamine to different surface material is 

resultant through two functional groups catechol (3,4-dihydroxy-L-phenylalanine) and amine 

(lysine) groups (amine/catechol groups) (Lee et al. 2007). An important consideration in 

creating amine-rich surface via dopamine application is the PH. It was shown thicker layers 

of dopamine as well as more available amine groups result from increasing PH (Kang et al. 

2012). Previously, the PH of dopamine solution that was used for SS functionalization was 

11 and the SS was immersed in 1 mg/ml dopamine for 24 hours. At the end of this stage, the 

Polydopamine-coated SS (SS-PDA surface) was prepared for attachment of further molecules 

adhesion (Deng et al. 2019). 

In addition to the resulted amine rich surface, applying active molecules such as poly 

dopamine to SS surface via adhesion and covalent binding processes is a way of making SS 

bioactive. This is of critical importance considering the fact that SS does not have the inherent 

bifunctional properties such as blood compatibility, osteoconductivity, and bacterial 

resistance (Zhang et al. 2015). The other linkers that are applied for the same purpose are 

hyaluronic acid, heparin, fucoidan, chondroitin sulphate (Aguilar et al. 2019).  
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4.5 Immobilization of the ATRP initiator 

For further surface-initiated polymerization, a suitable ATRP initiator should be immobilized 

on the surface. It has been shown that alkyl-bromide with an alpha carbonyl group can be 

used for this purpose (Matyjaszewski and Xia 2001). In Deng et al. (2019), α-bromoisobutyryl 

bromide (BIBB) was selected as ATRP initiators reacting with SS-PDA surface. The 

important factor here is the bath environment that immobilisation reactions take place in, 

which preferably is anhydrous. Also, according to the literature other elements are added to 

the bath to facilitate ATRP immobilization reactions. The first one is the solvent facilitating 

the electrochemical process. This could be methanol, dimethylformamide (Kärkäs 2018), or 

dichloromethane (CH2CL2) solution  (Deng et al. 2019). Second, there is a need for an 

organic additive for the improvement of bath compositions in terms of improving the 

smoothness of the surface and to decrease bath contamination. Here, the most common 

additive used for electropolishing the SS are glycerol and butyldiglycol (Lochynski et al. 

2016) however, triethylamine (99%) (TEA) (Deng et al. 2019) is also applicable. Also, the 

reaction is degassed in different ways, for example nitrogen for 24 hours (Kopeć et al. 2018) 

or argon for 2 hours (Deng et al. 2019). 

4.6 Grafting of polymer brushes 

4.6.1 Types and Advantages and different approaches 

There are several types of polymer brushes applied to different interfaces such as gold, glass 

and silicon. These include; poly (oligo (ethylene glycol) acrylamide) (Kizhakkedathu et al. 

2009) poly (sulfobetaine methacrylate) (polySBMA) and poly (carboxybetaine methacrylate) 

(poly-CBMA) (Zhang et al. 2006) and (poly (ethylene glycol monomethyl ether methacylate) 

(Tugulu et al. 2007). PEGMA is a methacrylate-based, water soluble macromonomer (Ali and 

Stöver 2004). Different types of polymers such as Homopolymers, block copolymers, surface-
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grafted polymers, and star polymers were developed based on PEGMA for different 

application in biology and drug delivery (Dupin et al. 2006). 

The application of polymers in comparison to small molecules has some advantages. Firstly, 

abundant functional groups offered by polymers lead to higher density of probe 

immobilization. Secondly, nonspecific protein adsorption is reduced by selecting suitable 

polymers and finally a space between probe and substrate is made by the application of the 

long chain polymers. Using polymers as spacers has the advantages of preserving native 

protein conformation and reduction in steric hindrance as well as accessibility of the probe to 

analyte (Liu and Li 2012). The advantages of these “tether molecules” have been correlated 

to the hydrophilic nature of polymers such as PEG which could be a solution to loosing 

activity of the bio compounds attaching to solid hydrophobic substrates (Goddard and 

Hotchkiss 2007). 

The other advantage of polymer brushes is the antifouling characteristics of these polymers. 

This is critically important since biofouling, unwanted adsorption of proteins, cells, bacteria, 

and microorganisms on a wide range of surfaces is a challenge (Castner and Ratner 2002). 

For example, PEGMA is considered as the most common antifouling material among polymer 

brushes with characteristics such as non-toxicity, non-immunogens as well as advanced 

biocompatibility (Xu, Neoh, and Kang 2009).  

4.6.2 ATRP 

The next step is to apply an immobilization technique to attach polymer brushes on the 

grafting surface. One of the methods is living radical polymerization, where polymerization 

develops in the absence of irreversible chain transfer and chain termination, or simply chain 

growth without chain breaking reactions (transfer and termination) (Szwarc, Levy, and 
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Milkovich 1956). This includes methods such as surface-initiated atom-transfer radical 

polymerization (SI-ATRP) (Sun, Liu, and Lee 2008).  

ATRP, a catalytic process, requires major components of monomers, initiators, catalysts, and 

solvents (Purkait and Singh 2018) with temperature, reaction time and additives as critical 

factors (Matyjaszewski and Xia 2001). Surface-initiated atom transfer has been performed on 

SS surface with PEGMA monomers previously (Guo et al. 2011). The two most common 

catalysts in ATRP are copper-based (cu1 and Cu 11 as oxidized states) and ligands containing 

nitrogen (Jakubowski et al. 2010). For copper-mediated polymerization, CuBr is a common 

catalyst (Yang et al. 2013). The lower oxidation state of the transition metal (catalyst) and the 

ATRP initiator, alkyl halides, react and free radicals are yielded. Copper-mediated 

polymerization of PEGMA on SS has been performed previously  (Deng et al. 2019). In brief, 

in a reversible process, ATRP will reach a dynamic equilibrium between free radicals and 

dormant species, alkyl halides (Matyjaszewski and Xia 2001; Jakubowski et al. 2010). This 

includes toward the side with low radical concentration (Purkait and Singh 2018). Since the 

number of initiators defines the number of chain growths, each chain grows with a monomer 

and thus ATRP will cause formation of polymers with low molecular weight (Ran et al. 2014). 

The other applicable catalyst is bipyridine (bpy) ligand, with symmetrical (2′, 3,3′, and 4,4′) 

and asymmetrical isomers (2,3′, 2,4′, and 3,4′), with application in complexation of metal ions 

(Pelletier and Schneider 1996). It has been used as a metal chelating ligand in 

functionalization processes. Furthermore, it is a neutral ligand which is able to form charged 

complexes with metals cations (Kaes, Katz, and Hosseini 2000). The resultant soluble 2,2′- 

bipyridyl copper complex catalyses the covalent graft of the polymer brush (Alas et al. 2017). 

The other requirement for this temperature-induced grafting is the solvent. Ethanol, ether, 

toluene and water (Purkait et al. 2018) , THF (Tetrahydrofuran)  (Trueken et al. 2002), acetone 
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and methanol (Ding et al. 2015) have also been used previously for this purpose. It has also 

been shown that PEGMA Polymerization in water/methanol (1/1 V/V) mixture increases the 

reaction speed in comparison to aqueous ATRP (Trueken et al. 2002).  

4.7 Hydroxyl group activation 

The hydroxyl group of the surfaces is activated by N,N′-Carbonyldiimidazole (CDI) with the 

formation of the imidazole carbamate (Deng et al. 2019). However, since hydrolysis 

decomposes CDI, the critical condition here is to have a non-aqueous environments such as 

dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), dimethylformamide (DMF) with water 

content of less than 1% as the reaction site (O'shaughnessey et al. 2009). For example, 

previously CDI surface modification was performed on POEGMA brushes in THF for 18 h 

at room temperature (Trmcic-Cvitas et al. 2009) 

In addition to the first application of CDI, it can also act as a cross-linker that cause covalent 

bound of the bio compound to the polymer surface. Nevertheless, it is important to note that 

adding the cross-linkers is an experimental stage which needs to be verified  by comparison 

of biomolecule bound between the unmodified polymer surface and modified polymer with 

cross-linker (Goddard and Hotchkiss 2007).   

4.8 Bio receptor-immobilization 

Bio receptors are defined as a molecule that recognizes the analyte. Bio receptors such as 

protein, antibody, enzyme, or DNA need to be immobilized covalently to have the specific 

recognition of the target molecule later (Senaratne, Andruzzi, and Ober 2005; Xu, Neoh, and 

Kang 2009). A very wide range of proteins have been immobilized on different polymer brush 

films; These include: anti-human thyroid stimulating hormone (anti-TSH) (Huang et al. 

2012), Bovine serum albumin (BSA) (Akkahat et al. 2012), activated leukocyte cells (Yang 
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et al. 2009b), biotinylated  antibody (Parrillo et al. 2017), IL-1β polyclonal antibody (Deng et 

al. 2019), biotinylated rabbit-antigoat (Bt-Rb-R-Gt) (Trmcic-Cvitas et al. 2009).  

Stabilization of biomolecules on surface depends on several factors including the bounding 

technique and whether it is a reversible or irreversible bound. However, one of the challenges 

to achieve the desired functionality of the biomolecule with covalent binding to the support 

(here the hydroxyl groups) is achieving a high level of bound protein activity. This is defined 

by area of the biomolecule that is not compromising by the covalent linkage to the support 

(Liebana and Drago 2016). 

4.9 Surface morphology analysis  

Scanning electron microscopy (SEM) is one of the main techniques used to analyse the surface 

morphology of the prepared samples (Goddard and Hotchkiss 2007). However, due to lower 

sensitivity, sputter-coating is necessary for non-conducting polymers, e.g., under argon 

(Aguilar et al. 2019).  Atomic force microscopy (ATM) with scanning probe microscope was 

also used to analyse the morphology and thickness of Poly (acrylic acid) (PAA) and poly 

(carboxybetaine acrylamide) (polyCBAA) (Akkahat et al. 2012; Yang et al. 2009a).  

5. Conclusion  

Longitudinal in vivo intrathecal quantification of molecules of interest released from the CNS 

is necessary in a wide range of neuroimmune diseases for different reasons including disease 

detection. Here, application of optimum biosensors has the functional potential to be used in 

this domain. In this review, we first outlined the advantages of stainless-steel as the virgin 

surface material for the intrathecal implantation. We also covered the literature on different 

surgical approaches for intrathecal implantation in rodents. Here, we conclude that acute 

lumbar puncture, if applied according to the procedure, is the preferred method of 

implantation of SS based biosensors because of minimal invasiveness as well as lower 
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incidence rate of motor impairment in comparison to other more invasive approaches. In the 

second part of this review, we outlined the advantages of using polymer brushes on the 

stainless-steel surface for the optimum immobilization of the bioreactor and covered the 

literature on each step of surface functionalization of stainless-steel. The critical outcomes of 

employing these optimum conditions on surgery and sensing surface fabrication is first the 

possibility of in vivo quantification of an analyte in the intrathecal space as well as 

longitudinal measurements of the analyte. These possibilities are a significant contribution to 

3Rs (Replacement, Reduction and Refinement) by reducing the number of experimental 

animals in studies in which analyses are measured on time points. 
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Aims and hypotheses 

In this thesis I have focused on IL-1β and its role in persistent pain and I have aimed to: 

1) Establish a method to quantify in vivo IL-1β in an access challenging anatomical 

location, the intrathecal space, in adult rats with minimum invasiveness evident in the 

full recovery of animals.  

2) Employ this method to quantify IL-1β levels longitudinally in an established model of 

peripheral neuropathy, CCI in adult rats, and to correlate the cytokine level with the 

behavioural mechanical allodynia. 

3) Establish different classes of pain biomarkers and the distribution of IL-1β among 

other studied cytokines in a systematic review of papers employing animal models of 

exaggerated pain and with a focus on peripheral neuropathies. 

 And with the following hypotheses: 

1) With regards to the desired physical characteristics of stainless-steel, this material has 

the potential to be employed as the virgin surface material in intrathecal intervention 

for IL-1β quantifications in rodents. 

2) Poly(ethylene glycol) methacrylate (PEGMA) due to its abundant functional groups 

(Liu and Li 2012) as well as antifouling characteristics (Xu, Neoh, and Kang 2009) 

could be employed as a tether molecule for immobilization of a bio receptor, in this 

case IL-1β polyclonal antibody. 

3) It has been shown previously that CCI causes IL-1β elevation in spinal cord ELISA 

(Amin et al. 2014).  This elevation in cytokine levels could be established in vivo 

intrathecally by employing sensing interface intrathecally and a correlation to a 

developing allodynia could be established. 

4) Cytokine levels are linked to the presentation and maintenance of persistent pain 

(Watkins, Milligan, and Maier 2001a; Inoue 2006a), these glycoproteins will shape 

the largest share in a systematic review of papers focusing on peripheral neuropathies.  
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Chapter 3 Linker: 

As outlined in introduction chapter, cytokines are important in the creation and maintenance 

of chronic pain. They are small highly potent proteins secreted by a myriad of cell types, but 

best known as immune cell signalling molecules. I have already provided a comparison of the 

surgical methods that can be used to gain intrathecal access, and I have reviewed the optimal 

functionalization process for implanting biosensors. All the surgical methods applicable for 

intrathecal implantation in rodents discussed in section of 3.1of chapter 2, major intrathecal 

approaches in rodents, could be employed surgically to implant the stainless-steel biosensor. 

However, to establish the method as a process, non-invasiveness and less surgical time is 

important. Thus, the primary choice for surgically implanting the sensor would be the acute 

needle puncture. Another critical point for establishing the method is the anatomical location 

of measurements which is aimed to be the lumbar enlargement. I conducted pilot studies to 

confirm the post-mortem anatomical location of the implant following the acute needle 

puncture. Furthermore, as the spinal cord will be the measurement site for IL-1β, it is also 

important to establish if the implantation process causes any damage to tissue (as it is reflected 

in chapter 2, section 3.6 side effects). This factor was also considered in a post-mortem 

examination after implantation. 

Thus, the third chapter of my PhD thesis outlines the method to quantify intrathecal IL-1β in 

live Sprague-Dawley rats using the optimized surgical method, intrathecal implantation, and 

a functionalization process of biosensor based on polymer brush. A detailed method of 

functionalization of the biosensor is also presented.  
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1. INTRODUCTION 
The spinal cord, surrounded by the cerebrospinal fluid 
(CSF), is the major conduit through which motor and sensory 
information travels between the brain and body.1 A wide 
range of central nervous system (CNS) disorders cause the 
increase in levels of IL-1β in CSF, these include acute spinal 
cord  injury,2 traumatic brain injury (TBI),3 and  Alzheimer’s 
disease.4 The increased levels of cytokines in these and other 
conditions is attributed to the signaling responses of the 
spinal microglia and astrocytes, which drive neurokine 
signaling by releasing pro-inflammatory cytokines such as 
interleukin-1 beta (IL-1β), interleukin-6 (IL-6), and tumor 
necrosis factor alpha (TNF-α).5 

The heterogeneous, spatial, and temporal release of these 
potent signals point to the need to spatially and temporally 
quantify in vivo the release dynamics of factors like IL-1β in 
the intrathecal space proximal to these centers of cellular 
activity. An excellent example of this is found in 
exaggerated pain states where elevations in IL-1β are 
causally implicated in the presentation of heightened pain 
behaviors.6 

complex components of CSF
2,3

 may interfere with the assay and 
reduce assay sensitivity. Thus, highly specific assays should be 
developed. The spinal proinflammatory cytokine concen- 
trations in multiple disease states are typically, increased 
compared to basal levels, ranging from 3.5 to 200 pg mL−

1
 for 

IL-1β.
3,7

 In some cases cytokine expression may be even higher 
(up to 3000 pg mL−

1
).

9
 Hence, a sensitive IL-1β assay with a 

suitably high detection range is desirable. To gain access to the 
intrathecal CSF in living animals, a lumbar puncture is the most 
common procedure. Standard protein quantification approaches, 
such as the enzyme-linked immunosorbent assay (ELISA) 
method, requires at least 50 μL of CSF.

8,10
 Routine repeated 

collection of this volume of CSF from small rodents is not 
possible. Additionally, the lumbar puncture approach only 
collects the CSF from a relatively large area providing only an 
averaged measurement, rather than the capability for spatially 
resolved detection in vivo. Alternatively, CSF sample collection 
via the invasive and nonrecoverable laminectomy can be 
performed.

9,11
 All these factors make the in vivo IL-1β detection 

challenging. 
In  vivo  detection  of  cytokines  in  the  spinal  cord  is    

challenging because the basal intrathecal cytokine levels 
quantified in normal rats is about 20 pg mL−

1
,
7
 thus  a  sensitive 

assay is required for its detection.
8
 In addition, the 
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ABSTRACT: IL-1β is a potent pro-inflammatory cytokine critical to 
multiple pathologies in the central nervous system (CNS). Quantification 
of IL-1β in vivo is challenging due to pM range of IL-1β released in the 
spinal cord and also the terminal nature of cerebrospinal fluid (CSF) 
sampling in rodents. Herein we developed a robust in vivo device on 
stainless steel suitable for detection of IL-1β in the spinal cord of rats. This 
approach offers high sensitivity (3.2 pg mL−1) and specificity to IL-1β. 
Also, a modified lumbar puncture method was employed to implant the 
device in the intrathecal space of male Sprague−Dawley (SD) rats under 
short-acting anesthesia, allowing minimal invasiveness, which provided 
the possibility of repeated measurement of IL-1β in the same animal. Our 
biosensing technology and the surgical method provide a universal 
platform for in vivo detection of diverse analytes in longitudinal, within-
subject studies in the intrathecal space of rats to reduce the required 
number of experimental animals. 
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In our previous work, we developed optical fiber based spatial 
ELISA cytokine test strips for the detection of IL-6 in serum and 
cell culture media.

12,13
 This approach was successfully applied 

for the in vivo detection of extracellular cytokine release within 
discrete brain regions which were accessed through an implanted 
guide cannula.

14
 Furthermore, the same approach was applied for 

cytokine detection in rat spinal cord during total dorsal 
laminectomy under anesthe- sia.

15
 We also developed optical fiber 

based aptasensor for real- time monitoring of cytokines.
16
 These 

previously reported devices have the capability to detect spatially 
localized analytes. However, the glass fiber sensors used in these 
in vivo studies are brittle and may easily break during surgical 
insertion, causing safety issues. This risk is magnified in the case 
of probing of the intrathecal space where significant device 
bending (∼45 deg) is required over a small radius. The stainless 
steel (SS) based device described herein overcomes these 
limitations and it can provide a noninvasive, robust and safe 
approach to repeatable cytokine probing in the spinal cord with 
spatial resolution.

17
 SS and other metal-based sensor platforms 

have suitable mechanical properties for this application such as 
shape retention and malleability.

18
 In addition to physical 

requirements such as strength and high flexibility, implanted 
devices must be chemically inert in body fluids which typically 
have relatively high salt content.

19
 316L SS used in this work, 

already widely applied in medical devices
20
 satisfies these 

conditions. Importantly for this work, antifouling layers, 
biocompatible PEG polymer brushes can be generated on its 
surface to avoid nonspecific adsorption.

21
 In order to enable 

noninvasive and repeatable analyte detection in the intrathecal 
space, the access is provided via a lumbar catheter.

22,23
 A midline 

approach and bilateral dissection of the paravertebral muscles 
common in laminectomy-based techni- ques are avoided during 
such catheter implantation, and therefore the surgical 
implantation procedure has the advantage of being minimally 
invasive. 

In this study, we demonstrate a new method employing a 
sensing surface on SS for repeatable quantification of IL-1β in 
vivo in the rat spinal cord. The type of SS was first selected, and 
laser cutting was employed to avoid sharp edges at the end of 
the device. Antifouling polymer brushes were generated on the 
surface of the SS wire, and then capture antibodies were 
immobilized on it to form the sensing interface. The device was 
tested first in vitro in body fluids (blood plasma and whole 
blood). The surgical procedure for the device insertion was 
based on lumbar intrathecal catherization of Sprague−Dawley 
(SD) rats followed by implantation of the device in the 
intrathecal space. After capturing the IL-1β in rat spinal cord, a 
fluorescent readout was applied using a fluorescent detection 
antibody, following our earlier reports.

15
 Repeatable IL-1β 

detection was realized in the spinal cord of live rats maintained 
under anesthesia. This sensing device provides a universal 
platform for a quantitative, spatially resolved detection of 
cytokines in vivo in a spectrum of health and disease states 
where neurokine signaling is involved. 

 

2. EXPERIMENTAL SECTION 
2.1. Chemicals and Materials. Rat IL-1β monoclonal antibody 

(mouse IgG, MAB5011), rat IL-1β polyclonal antibody (goat IgG, 
AF-501-NA), recombinant rat IL-1β (501-RL), and rat IL-1β ELISA kit 
(RLB00) were purchased from R&D Systems. All chemicals, 
including sulfuric acid, hydrogen peroxide solution (30 wt %), 
sodium hydroxide, N-(3-(dimethylamino)propyl)-N′-
ethylcarbodiimide hy- 

drochloride (EDC), N-hydroxysuccinimide (NHS), 2-bromoisobu- 
tyryl bromide (BIBB), 2,2′-bipyridyl (bpy), triethylamine (TEA, 98%), 
dopamine hydrochloride, CDI, copper(I) bromide (CuBr), copper(II) 
bromide (CuBr2), poly(ethylene glycol) methacrylate (PEGMA) 
macromonomer (Mn 360), 4-(dimethylamino)pyridine (DMAP), 
phosphate buffered saline (PBS) (10 mM, pH 7.4), 2-(N- 
morpholino)ethanesulfonic acid (MES) (25 mM, pH 6),  bovine  
serum albumin (BSA), ethanol, acetone, and methanol  were 
purchased from Sigma-Aldrich. Carboxyl fluorescent Nile red 
particles (polystyrene, CFP-0856-2), 0.7−0.9 μm, were obtained 
from Spherotech. All SS wires tested here (304, 316, 904L, 316L, 
and 317L) were obtained from the Crazy Wire company. 
Polyethylene tubing for the catheter (PE-10 Intramedic Tubing; 
inner diameter 280 μm) was purchased from Becton Dickinson 
Primary Care Diagnostics, Sparks, MD. 

2.2. Subjects. All animal studies were carried out under the 
animal ethics approval of the University of Adelaide (M-2015-257) 
in compliance with the Australian code for the care and use of 
animals for scientific purposes. Adult male Sprague−Dawley (SD) 
rats were supplied from Animal Resources Centre (Murdoch, WA, 
Australia) housed between 18 and 24 °C with a set point of 21 °C, 
with 12:12 h light: dark and with food and water provided ad 
libitum. 

2.3. Protocols for Fabrication of SS Wire-Based in Vivo 
Biosensor. The sensing interface was fabricated according to 
our previous method.17 After creating the sensing interface, 
the fluorescent detection antibody was added stepwise. The 
carboxyl fluorescent polystyrene beads (100 μg mL−1) were 
washed with the MES buffer first, and then activated by 1 mg 
mL−1 NHS and 1 mg mL−1 EDC for 30 min. After that, 1 μg mL−1 
IL-1β monoclonal antibodies were added to couple with the 
beads for 2 h followed by adding 0.2 mg mL−1 of the BSA solution 
to block the surface. Finally, the product was stored at 4 °C for 
further use. All the in vitro and in vivo experiments were carried 
out using 1 μg mL−1 detection antibody conjugated to 
fluorescent beads except for experiments reported in Figure 2 
in which the detection antibody concentration was varied 
between 0.4 μg mL−1 and 3 μg mL−1. 

The fabricated SS sensing devices were applied for detection of IL- 

1β in both in vitro and in vivo conditions. For the in vitro 
experiment, the sensing interface was incubated in the IL-1β 
solution in PBS, rat plasma, or rat whole blood (100 μL) for 1 h, 
respectively. In our in vivo experiments in the rat spinal cord, the 
incubation time was 15 min and then the sensor was withdrawn 
and further processed outside of the body. After incubation and 
capturing the analyte IL-1β, the sensing interface was washed with 
PBS buffer three times, and then incubated with the fluorescent 
detection antibody for 1 h before washing with PBS buffer three 
times before fluorescence measure- ments. All SS samples were 
imaged by an Olympus FV3000 laser scanning confocal microscope 
at magnification 20×, PMT 600 V, pinhole 6.0, and field of view 
630 × 630 μm2. The excitation wavelength was 488 nm and the 
emission range was 580−600 nm. Ten z-stack images were 
collected over the distance of 6.36 μm across the wire cross-
section starting from its top surface. Images were then analyzed 
for fluorescence intensity and particle count using ImageJ 
software. 

2.4. Blood Collection. For comparison of systemic and local 
cytokine concentrations, following an intrathecal implantation of 
SS brush sensor, animal was injected intraperitoneally with lethal 
dose of pentobarbital. Then blood was collected via open-chest 
cardiac puncture via a 21 gauge needle inserted in the left ventricle 
before cardiac arrest. Blood was then transferred to BD Vacutainer 
EDTA tubes. 

2.5. Statistical Analysis. The data was analyzed with GraphPad 
prism 7.02. Linear modeling was used for calculations of the 
standard curves. A two-way analysis of variance (ANOVA) with 
Sidak’s multiple comparisons test was used for multiple 
comparisons between all experimental groups. 
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Figure 1. Modified intrathecal placement of the catheter that allows delivery of the SS biosensor to make measurements of released 
cytokines. (a) Schematic diagram of the surgery approach; (b) Right lumbar puncture, dorsal and lateral view respectively; (c) Anatomical 
structures that needle passes to access intrathecal space in a lateral (left) schematic image. 

 

Figure 2. (a) Linear detection range of IL-1β based on the fluorescence signal (detection antibody 1 μg mL−1); (b) the specificity of SS wire 
biosensor for the detection of IL-1β in the presence of interfering proteins. 

3. RESULTS AND DISCUSSION 
3.1. Surgery for the Intrathecal Implantation  of Sensing 

Devices. The novel method for in vivo quantifica- tion of IL-
1β in the rat intrathecal space is shown in Figure 1. In order 
to implant the functionalized sensing device, a modified 
repeatable unilateral intrathecal approach at the lumbar 
level was applied 24. Male SD rat animal was held under 
deep anesthesia with 2% inhalation isoflurane. With animal 
in ventral recumbency, the lower lumbar area was prepared 
aseptically for the surgical procedure. The animal was then 
catheterized intrathecally on the right side with a 6.5 cm PE-
10 tube guide catheter surgically guided by an 18-gauge 
needle (with the plastic hub removed) between the L5 and 
L6 vertebra. (Figure 1a). The vertical line on animal shows 
the approximate location of the caudal border of the 
thorax/T13, while blue dots represent the SS and the red 
dots show the functionalized area of the sensor. Tail and 
hindlimb reflexes and minimal CSF flow confirmed the 
access. As shown in Figure 1b, L4−L5 interspinous access to 
intrathecal space and positioning of the SS brush sensor in 
lumbar enlargement are 

 

presented. The anatomical structures that needle passes to access 
the intrathecal space in a lateral (left) schematic image was 
shown in Figure 1c. It passes from dorsal to ventral: skin and 
subcutaneous tissue followed by supraspinal, interspinal, 
flavoum ligaments. Epidural space and dura matter are the last 
accessed structures before the intrathecal space. Then a SS wire 
biosensor was inserted into the SS guide catheter so that the end 
of the wire with its active surface extended outside of the 
catheter by approximately 2 cm allowing sensing in the CSF in 
the lumbar enlargement. The sensor was implanted intrathecally 
and incubated for 15 min and then removed for ex-vivo 
processing. The recovery experiment was also conducted to 
evaluate if the animal can be recovered without any 
postoperative clinical consequences after the implantation of the 
wire. For studies where intrathecal measurement of exogenous 
IL-1β was conducted, a PE-10 catheter prefilled with 1 μL of 
2000 pg mL−

1
 (ie 2 pg IL-1β in 1 μL) and inserted via the same 

approach up to a point of 8.1 cm beyond the distal tip of the 18 
gauge needle, and 1 μL of 2 pg IL-1β was delivered using a 
glass Hamilton syringe. 
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3.2. Selection of SS Wire. In order to ensure a successful 
implantation and recovery postsurgery, we have selected 
the most surgically compatible SS wire. To this aim, five 
different types of original SS wires without the fabrication 
of biosensors were implanted intrathecally with the help of 
PE catheter in one naiv̈e SD rat, respectively, and the 
convenience of insertion and physical stability of each SS 
wire were compared (Supporting Information (SI) Table S1). 
The SS 316L wire  was found to be inserted easily and to 
provide a suitable physical stability for implantation and 
was therefore selected for further study. The length of SS 
wire sensor was chosen to be 10 cm, and the length of 
guiding PE tube is 6.5 cm. The fabrication process of the SS 
wire biosensor was demonstrated as shown in SI Figure S1. 

3.3. Optimisation of the SS Wire Biosensor for IL-1β 
Detection. The performance of the SS wire biosensor for the 
detection of IL-1β in the PBS buffer was investigated first. 
As shown in Figure 2a, the fluorescence intensity increased 
linearly with the increase of IL-1β concentration from 12.5 
to 

 

 

Figure 3. Different calibration curves of SS wire biosensor 
obtained by changing the concentration of the detection 
antibody, where the 

concentration of fluorescent beads was fixed on 100 μg mL−1. 

200 pg mL−
1
. And a high correlation coefficient of 0.99 was    

achieved to confirm the approximately linear dependence. Then 
the detection limit was calculated to be 3.5 pg mL−1

 using the 
following equation C = 3Sb/k.

1
 As suggested in Ref 25, the 

levels of IL-1β in the rat spinal cord typically range from 12.4 
to 200 pg mL−

1
, thus the detection range of 3.5−200 pg mL−

1
 

found in our sensor (obtained with 1 μg mL−
1
 of the detection 

antibody) is adequate for the detection of IL-1β in the rat spinal 
cord under a broad range of physiological conditions. 

The specificity of the SS wire biosensor was evaluated as 
shown in Figure 2b. In these studies, we used recombinant rat 
IL-2, IL-6, IL-8, TNF-α, IFN-γ at very high physiological 
concentrations of 1000 pg mL−

1
 in PBS buffer, and the BSA 

concentration at 2 mg mL−
1
 in PBS buffer. The fluorescence 

signal due to possible interferences from these alternative 
cytokines was below 10%, thus negligible interference from 
nonspecific proteins was verified.

12
 In order to establish the 

sensor manufacturing reproducibility and hence reliability of 
between-device measurements, 10 batches of SS wire sensing 
devices (five samples in each batch) were tested for the 
detection of IL-1β in PBS solution (100 pg mL−

1
). The 

coefficients of variation (CV) values of interassay (different 
assays) and intra-assay (the same assay) were 7% and 3%, 
respectively, confirming that the fabricated SS wire sensing 
device has good reproducibility. 

3.4. Tune the Detection Range of the SS Wire Biosensor. 
We demonstrated how to tune the linear detection range 
of this biosensor to achieve a higher detection range which 
is important in some disease conditions where IL-1β 
concentration is elevated above the current upper 
detection limit of 200 pg mL−1.9 This was carried out by 
simply changing the concentration of the detection 
antibody used with the fluorescent reported beads, while 
the sensor itself was unchanged. The detection antibody 
was conjugated on the surface of the fluorescent beads 
where the concentration of fluorescent beads was fixed at 
100 μg mL−1, and the concentration of detection antibody 
was varied between  0.4,  1, and 3 μg mL−1. As shown in 
Figure 3 and SI Table S2, higher concentrations of detection 
antibody produce a higher detection limit (up to 3.2 pg 
mL−1) and a narrower detection range. This is intuitive, as 
higher concentrations of the detection antibody results in 
higher sensitivity. In our previous work,13 2 μg detection 
antibody was conjugated with 500 ug 

fluorescent beads, and the detection range was 15.6−375 pg 
mL−1, which was similar to the results of this study where 0.4 
μg of the detection antibody for 100 μg fluorescent beads yields 
a linear range 25−400 pg mL−

1
. In addition, the saturation 

plateau of detection antibody in our previous research was 7 μg 
corresponding to 100 μg fluorescent beads. Such flexibility of 
the linear range of quantification makes it easy to adapt the 
fabrication methodology to customize the analyte detection 
ranges of our SS wire biosensor. 

3.5. Detection of Cytokines in Rat Plasma and in 
Whole Blood. As shown in Figure 4a, in order to demonstrate 
the performance of the SS wire biosensor, different amounts of 
IL-1β were spiked in the original rat blood plasma to achieve 
different cytokine concentrations (0, 25, 50, 100 pg mL−

1
) in rat 

blood plasma which were then detected by the SS wire biosensor 
and, for comparison, by the commercial ELISA kit. The IL-1β 
concentration in original plasma solution was found to be 53.5 
± 3.5 pg mL−

1
 according to the commercial ELISA kit. With 

the increased amounts of spiked IL-1β, the total IL- 1β 
concentration increased. We found that similar readings were 
obtained by the SS wire biosensor and commercial ELISA kit 
(Figure 4a). In order to further conform the performance of SS 
wire biosensor, Bland-Altman plots (SI Figure S2) was applied, 
and no significant difference between the two methods was 
observed, indicating accurate performance of the SS wire 
biosensor for detection of IL-1β in plasma. 

The SS wire biosensor was then applied to the detection of 
IL-1β in rat whole blood and its corresponding plasma. As 
shown in Figure 4b, the IL-1β concentrations in rat whole blood 
were lower than that in its corresponding plasma, for all three 
rats under investigation. The ratio of IL-1β in rat whole blood 
to IL-1β in rat plasma were 52.3%, 57.6%, and 48.7%, 
respectively, yielding the average ratio of 53.0 ± 4.5%, which 
was close to the ratio of plasma in whole blood (55%). This 
means that our SS wire biosensor has the capability for cytokine 
detection in whole blood which is an advance over our previous 
study.

15
 

3.6. Surgical Optimization and in Vivo Detection of 
Intrathecal IL-1β in Rats. To quantify IL-1β in the rat 
intrathecal space and at the lumbar enlargement, the guide 
catheter which provides access to the intrathecal space was first 
explored. This is critical as smooth implantation of the in vivo 
device is needed to ensure the viability of the measurement 

http://dx.doi.org/10.1021/acsabm.9b00958
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Figure 4. (a) The quantification of IL-1β in rat plasma using commercial ELISA kit and SS wire biosensor; (b) the IL-1β concentration in rat 
whole blood and its corresponding plasma. 

approach. The guide catheter length of 6.5 cm from the tip of 
the guiding needle was selected to allow targeting of the lumbar 
enlargement, and PE-10 tubing was chosen as the guide catheter 
allowing passage of the sensor wire while minimizing the 
invasiveness. The selected SS 316L wires were then evaluated 
to determine if they could be inserted intrathecally without any 
injury to the spinal cord. After SS 316L wire implantation, the 
animals were sacrificed to observe the position of the SS wire 
and catheter in the intrathecal space as well as to determine if 
any injuries had been incurred to the spinal cord. As shown in 
SI Figure S3, the scissor-cut SS wire has obvious sharp edges, 
which has the potential to pierce the rat spinal cord, thus in order 
to reduce the sharpness of the edges, the distal end of the SS 
316L was laser-cut to minimize hazards during intrathecal 
insertion. 

After achieving a robust SS sensing substrate, the in vivo 
incubation time was optimized. From the in vitro study of the 
incubation time in SI Figure S4, 60 min was observed to be Figure 5. SS wire sensing device for the detection of IL-1β in rat 

spinal cord. 

optimal for maximal sensitivity. However, in order to minimize    

the  time  under  anesthesia,  a  15  min  incubation  time  was 
employed for in vivo experiments. This shorter incubation time 
was still sufficient to provide distinct fluorescence changes (SI 
Figure S4). 

Potential confounds of bleeding during the surgery or 
peripheral blood exposure was also studied (SI Figure S5). 
Negligible fluorescence signal was observed from sensors 
exposed to blood over the shorter incubation time used for in 
vivo quantification (15 min). Longer in vivo incubation times 
may affect the cytokine readings from the spinal cord due to the 
capture of specific or nonspecific cytokine signals from the 
blood, which is dependent on the anatomical compartment being 
targeted. 

The measurement reproducibility was investigated as shown 
in SI Figure S6. Two different sensors were implanted 
sequentially in the same rats for the same period of time (15 
min) for cytokine monitoring. No significant fluorescence 
intensity changes between the sensors (2 way ANOVA; F1,3 = 
2.2, p = 0.2) were observed suggesting the measurements were 
reproducible. 

Finally, the SS wire sensing device was employed for the 
detection of IL-1β in rat spinal cord (Figure 5). In our previous 
research,

13
 1 μL of different concentrations of cytokine solution 

were dropped on the various locations of the fiber sensor to 
demonstrate the capability of localized detection, and 

200 μm spatial resolution was demonstrated. In this study, ten 
confocal images were collected for the spatial analysis (Figure 
5), and signal changes across the sensor’s length were 
demonstrated in SI Figure S7, which was due to the 
inhomogeneous distribution of IL-1β in different locations of 
the rat intrathecal space. 

3.7. In Vivo Quantification of IL-1β in Rat Intrathecal 
Space. As shown in Figure 6, the fluorescence intensity of the 
SS sensors from rats which had been intrathecally dosed with 
IL-1β (2 pg mL−

1
) is significantly higher than that in the 

untreated control rats. These data indicate that the SS wire 
biosensor was able to quantify bioavailable extracellular CSF 
IL-1β in the intrathecal space. This noninvasive method 
presents a significant advancement for the field as it now allows 
the quantitative monitoring of the development and resolution 
of neurokine signaling events in the intrathecal space. 

4. CONCLUSIONS 
Here we present a minimally invasive method based on a 
sandwich assay on SS wire which is suitable for in vivo 
detection of the cytokine IL-1β released extracellularly in spinal 
cord of live rats. This SS wire sensing device has demonstrated 
desirable performance in PBS, rat plasma, rat whole blood, and 
the rat intrathecal space. This method 
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Figure 6. (a) Mean fluorescent signal of SS wire biosensor from 
control and injected samples in rat spine cord; (b) the confocal z- 
stack image of control sample; (c) the confocal z-stack image of 
sample after injection of IL-1β. 

 
 

 
represents a significant advancement for the field as it will allow 
the monitoring of the development and resolution of neurokine 
signaling events in vivo. Additionally, the SS wire platform 
demonstrated superior mechanical properties, ana- tomical 
compatibility specificity, sensitivity, specificity, and 
reproducibility. The technology and the surgical method 
developed herein provides a reliable choice for reducing the 
number of animals used in cytokine quantification experiments 
in spinal cord where the quantification of the time course of 
pathogenesis and neurokine signaling is required. 

Sampling with regards to both sample volume and the specific 
locality of sampling, as close as proximal to the signal origin, 
has always been a concern in cytokine assays. The successful 
implementation of this method without sampling in an 
accessible-challenging anatomical location, the intrathecal 
space, and in live animals alleviates these concerns. This study 
provides a platform technology for quantitatively profiling of a 
spectrum of analytes in vivo when the spatially localized 
biochemical information and in vivo sampling are crucial. 

The traditional method for cytokine detection is based on  the 
collection of CSF, a terminal process in rodents requiring the 
sacrificing of a large number of animals in studies where a 
collection of a time course is needed.

9,26
 Also, methods based on 

in vitro restimulation for measuring cytokine protein require a 
large number of experimental animals at each time point and 
even an extra group of animals if cytokine response is compared 
with another biological response.

27
 The volume of the CSF 

samples is usually within the range of 5−10 μL in rodents
9,28

 
which is too small to have more than one aliquot in traditional 
high sensitivity ELISA assays

29
 and low analyte 

levels in this small volume additionally challenge the limit of 
quantification for traditional ELISA assays.

9,11
 The application 

of the current SS biosensor eliminates any need to sample CSF 
and avoids animal sacrifice. Therefore, an important con- 
tribution of the current sensing device is to address the 3Rs; 
Replacement, Reduction, and Refinement of the use of animals 
in research.

30
 The critical role of cytokines in a wide range of 

disease necessitates extensive preclinical and clinical research. 
Applying our fabricated sensing device will reduce the number 
of animals used for studies in which IL-1β is quantified in spinal 
cord over a time course, as the number of animals needed will 
be reduced by allowing the repeated measurements of analytes 
in the intrathecal space rather than the collection of CSF 
samples. 

Given the paucity of CNS targeted neuroimmune and 
neurokine modulating pharmacological or medical device 
interventions, the knowledge of “target hit” in translational 
biomedical studies, via the quantification of IL-1β, will be a key 
advancement in the development of novel treatments. 
Therefore, this method may have substantial utility in 
conducting longitudinal measurements in disease models 
coupled to intervention trials to link pharmacokinetics to 
molecular and behavioral pharmacodynamic outcomes. This 
may be of specific interest for IL-1β targeted therapies such as 
a recombinant form of human IL-1Ra

31,32
 or XOMA 052 

(gevokizumab), a potent anti-IL-1β neutralizing antibody.
33
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■ ABBREVIATIONS 
CNS = central nervous system 
CSF = cerebrospinal fluid 
TBI = traumatic brain injury 
IL-1β = interleukin-1 beta 
IL-6 = interleukin-6 
TNF-α = tumor necrosis factor alpha 
ELISA = enzyme-linked immunosorbent assay 
SS = stainless steel 
SD = Sprague−Dawley 
EDC = N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide 
hydrochloride 
NHS = N-hydroxysuccinimide 
BIBB = 2-bromoisobutyryl bromide 
TEA = triethylamine 
PEGMA = poly(ethylene glycol) methacrylate 
DMAP = 4-(dimethylamino)pyridine 
PBS = phosphate buffered saline 
MES = 2-(N-morpholino)ethanesulfonic acid 
BSA = bovine serum albumin 

■ REFERENCES 
(1) Kirshblum, S. C.; Burns, S. P.; Biering-Sorensen, F.; Donovan, 

W.; Graves, D. E.; Jha, A.; Johansen, M.; Jones, L.; Krassioukov, A.; 
Mulcahey, M. J.; Schmidt-Read, M.; Waring, W. International 
standards for neurological classification of spinal cord injury 
(revised 2011). J. Spinal Cord Med. 2011, 34 (6), 535−46. 

(2) Casha, S.; Rice, T.; Stirling, D. P.; Silva, C.; Gnanapavan, S.; 
Giovannoni, G.; Hurlbert, R. J.; Yong, V. W. Cerebrospinal Fluid 
Biomarkers in Human Spinal Cord Injury from a Phase II 
Minocycline Trial. J. Neurotrauma 2018, 35 (16), 1918−1928. 
(3) Nwachuku, E. L.; Puccio, A. M.; Adeboye, A.; Chang, Y. F.; Kim, 

J.; Okonkwo, D. O. Time course of cerebrospinal fluid inflammatory 
biomarkers and relationship to 6-month neurologic outcome in 
adult severe traumatic brain injury. Clin Neurol Neurosurg 2016, 
149, 1−5. 

(4) Rothwell, N. J. Cytokines-killers in the brain. J. Physiol. 1999, 
514 (1), 3−17. 

(5) Watkins, L. R.; Milligan, E. D.; Maier, S. F. Glial activation: a 
driving force for pathological pain. Trends Neurosci. 2001, 24 (8), 
450−5. 
(6) Ren, K.; Torres, R. Role of interleukin-1beta during pain and 

inflammation. Brain Res. Rev. 2009, 60 (1), 57−64. 
(7) Liu, S.; Xu, G. Y.; Johnson, K. M.; Echetebu, C.; Ye, Z. S.; 

Hulsebosch, C. E.; McAdoo, D. J. Regulation of interleukin-1beta by 
the interleukin-1 receptor antagonist in the glutamate-injured 
spinal cord: endogenous neuroprotection. Brain Res. 2008, 1231, 
63−74. 
(8) Liu, G.; Qi, M.; Hutchinson, M. R.; Yang, G.; Goldys, E. M. 

Recent advances in cytokine detection by immunosensing. 
Biosens. Bioelectron. 2016, 79, 810−21. 
(9) Johnston, I. N.; Milligan, E. D.; Wieseler-Frank, J.; Frank, M. G.; 

Zapata, V.; Campisi, J.; Langer, S.; Martin, D.; Green, P.; Fleshner, 
M.; Leinwand, L.; Maier, S. F.; Watkins, L. R. A role for  
proinflammatory cytokines and fractalkine in analgesia,  tolerance, 
and subsequent pain facilitation induced by chronic intrathecal 
morphine. J. Neurosci. 2004, 24 (33), 7353−65. 
(10) Sato, A.; Ohtaki, H.; Tsumuraya, T.; Song, D.; Ohara, K.; 

Asano, M.; Iwakura, Y.; Atsumi, T.; Shioda, S. Interleukin-1 
participates in the classical and alternative activation of microglia 
macrophages after spinal cord injury. J. Neuroinflammation 2012, 

9, 65. 

(11) He, Z.; Guo, Q.; Xiao, M.; He, C.; Zou, W. Intrathecal 
lentivirus-mediated transfer of interleukin-10 attenuates chronic 
constriction injury-induced neuropathic pain through modulation 
of spinal high-mobility group box 1 in rats. Pain Physician 2013, 16 
(5), E615−25. 
(12) Liu, G.; Zhang, K.; Nadort, A.; Hutchinson, M. R.; Goldys, E. 

M. Sensitive Cytokine Assay Based on Optical Fiber Allowing 
Localized and Spatially Resolved Detection of Interleukin-6. ACS 
Sens 2017, 2 (2), 218−226. 

(13) Zhang,  K.;  Liu,  G.;  Goldys,  E.  M.  Robust immunosensing 
system based on biotin-streptavidin coupling for spatially localized 
femtogram mL(−1) level detection of interleukin-6. Biosens. 
Bioelectron. 2018, 102, 80−86. 

(14) Zhang, K.; Baratta, M. V.; Liu, G.; Frank, M. G.; Leslie, N. R.; 
Watkins, L. R.; Maier, S. F.; Hutchinson, M. R.; Goldys, E. M. A novel 
platform for in vivo detection of cytokine release within discrete 
brain regions. Brain, Behav., Immun. 2018, 71, 18−22. 
(15) Zhang, K.; Arman, A.; Anwer, A. G.; Hutchinson, M. R.; 

Goldys, E. M. An optical fiber based immunosensor for localized 
detection of IL-1β in rat spinal cord. Sens. Actuators, B 2019, 282, 
122−129. 
(16) Zhang, F.; Deng, F.; Liu, G.-J.; Middleton, R.; Inglis, D. W.; 

Anwer, A.; Wang, S.; Liu, G. IFN-γ-induced signal-on fluorescence 
aptasensors: from hybridization chain reaction amplification to 3D 
optical fiber sensing interface towards a deployable device for 
cytokine sensing. Molecular Systems Design & Engineering 2019, 4 
(4), 872− 

881. 

(17) Deng, F.; Li, Y.; Hossain, M. J.; Kendig, M. D.; Arnold, R.; 
Goldys, E. M.; Morris, M. J.; Liu, G. Polymer brush based 
fluorescent immunosensor for direct monitoring of interleukin-
1beta in rat blood. Analyst 2019, 144 (19), 5682−5690. 
(18) Slaney, A. M.; Wright, V. A.; Meloncelli, P. J.; Harris, K. D.; 

West, L. J.; Lowary, T. L.; Buriak, J. M. Biocompatible carbohydrate- 
functionalized stainless steel surfaces: a new method for 
passivating biomedical implants. ACS Appl. Mater. Interfaces 
2011, 3 (5), 1601− 12. 
(19) Diaz, M.; Sevilla, P.; Galan, A. M.; Escolar, G.; Engel, E.; Gil, F. 

J. Evaluation of ion release, cytotoxicity, and platelet adhesion of 
electrochemical anodized 316 L stainless steel cardiovascular 
stents. J. Biomed. Mater. Res., Part B 2008, 87 (2), 555−61. 

(20) Kukreja, N.; Onuma, Y.; Daemen, J.; Serruys, P. W. The future 
of drug-eluting stents. Pharmacol. Res. 2008, 57 (3), 171−80. 
(21) Liu, L.; Li, W.; Liu, Q. Recent development of antifouling 

polymers: structure, evaluation, and biomedical applications in 
nano/ micro-structures. Wiley Interdiscip Rev. Nanomed 
Nanobiotechnol 2014, 6 (6), 599−614. 
(22) Milligan, E. D.; Hinde, J. L.; Mehmert, K. K.; Steven F, M.; 

Watkins, L. R. A method for increasing the viability of the external 
portion of lumbar catheters placed in the spinal subarachnoid 
space of rats. J. Neurosci. Methods 1999, 90, 81−86. 
(23) Hutchinson, M. R.; Coats, B. D.; Lewis, S. S.; Zhang, Y.; 

Sprunger, D. B.; Rezvani, N.; Baker, E. M.; Jekich, B. M.; Wieseler, J. 
L.; Somogyi, A. A.; Martin, D.; Poole, S.; Judd, C. M.; Maier, S. F.; 
Watkins, L. R. Proinflammatory cytokines oppose opioid-induced 
acute and chronic analgesia. Brain, Behav., Immun. 2008, 22 (8), 
1178−89. 
(24) Milligan, E. D.; Hinde, J. L.; Mehmert, K. K.; Steven F, M.; 

Watkins, L. R. A method for increasin the viability of the external 
portion of lumbar catheters placed in the spinal subarachnoid 
space of rats. J. Neurosci. Methods 1999, 90, 81−86. 
(25) Mukhamedshina, Y. O.; Akhmetzyanova, E. R.; Martynova, E. 

V.; Khaiboullina, S. F.; Galieva, L. R.; Rizvanov, A. A. Systemic and 
Local Cytokine Profile following Spinal Cord Injury in Rats: A 
Multiplex Analysis. Front Neurol 2017, 8, 581. 

(26) Wang, C. X.; Olschowka, J. A.; Wrathall, J. R. Increase of 
interleukin-1beta mRNA and protein in the spinal cord following 
experimental traumatic injury in the rat. Brain Res. 1997, 759 (2), 

http://dx.doi.org/10.1021/acsabm.9b00958


ACS Applied Bio Materials Article 

G DOI: 10.1021/acsabm.9b00958 

ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX 

 

 

190−6. 
 

(27) Finkelman, F. D.; Morris, S. C. Development of an assay to 
measure in vivo cytokine production in the mouse. Int. Immunol. 
1999, 11 (11), 1811−8. 

(28) Yip, P. K.; Carrillo-Jimenez, A.; King, P.; Vilalta, A.; Nomura, 
K.; Chau, C. C.; Egerton, A. M.; Liu, Z. H.; Shetty, A. J.; Tremoleda, 

(29)J. L.; Davies, M.; Deierborg, T.; Priestley, J. V.; Brown, G. C.; 
Michael-Titus, A. T.; Venero, J. L.; Burguillos, M. A. Galectin-3 
released in response to traumatic brain injury acts as an alarmin 
orchestrating brain immune response and promoting 
neurodegenera- tion. Sci. Rep. 2017, 7, 41689. 

(30) O’Connor, K. A.; Holguin, A.; Hansen, M. K.; Maier, S. F.; 
Watkins, L. R. A method for measuring multiple cytokines from small 
samples. Brain, Behav., Immun. 2004, 18 (3), 274−80. 

(31) Dos Remedios, C.; Peckham, M. 3Rs and biophysics. 
Biophys. Rev. 2017, 9 (4), 277−278. 

(32) Mertens, M.; Singh, J. A. Anakinra for rheumatoid arthritis. 

Cochrane database of systematic reviews 2009, No. 1, Cd005121. 

(33) Fleischmann, R. M.; Schechtman, J.; Bennett, R.; Handel, 
M. L.; Burmester, G. R.; Tesser, J.; Modafferi, D.; Poulakos, J.; Sun, G. 
Anakinra, a recombinant human interleukin-1 receptor antagonist 
(r- metHuIL-1ra), in patients with rheumatoid arthritis: A large, 
international, multicenter, placebo-controlled trial. Arthritis Rheum. 
2003, 48 (4), 927−34. 

(34) Owyang, A. M.; Issafras, H.; Corbin, J.; Ahluwalia, K.; 
Larsen, P.; Pongo, E.; Handa, M.; Horwitz, A. H.; Roell, M. K.; Haak- 
Frendscho, M.; Masat, L. XOMA 052, a potent, high-affinity 
monoclonal antibody for the treatment of IL-1beta-mediated 
diseases. mAbs 2011, 3 (1), 49−60

http://dx.doi.org/10.1021/acsabm.9b00958


 

97 
 

Chapter 4 Linker: 

 The method of intrathecal IL-1β quantification in live Sprague-Dawley (SD) rat presented in 

the previous chapter 3 was performed in one time point and in naive animals. The next chapter 

(4) uses the optimized method to quantify IL-1β repeatedly in the intrathecal space in a 

peripheral neuropathy model, chronic constriction Injury (CCI) in SD rats. Here for the first 

time, I have assessed the correlation of the intrathecal concentration of IL-1β with the changes 

in mechanical allodynia repeatedly in the same animals during the development of chronic 

pain.  

Surgically, acute needle puncture is already selected for the implantation procedure in the 

method. However, we have an additional experimental need to chapter 3, which is to have the 

desired intrathecal implantations a recovery and not a terminal procedure. This was necessary 

to have normal behaviour of animals assessed in conjunction CCI. This was challenging due 

to surgical limitations and specifically lack of intra-operative guidance for rodents. Aiming to 

continue to employ the acute lumbar puncture as the least invasive procedure, I conducted 

pilot studies in which the aim was not only to implant the biosensor intrathecally but also to 

have the normal behaviour of animals followed by conduction of the postmortem evaluation 

for side effects. I considered several factors for a successful implantation with the desired 

behavioural outcomes in the pilot studies but most importantly, the spinal level of 

intervention, and the age and weight of animals were considered. I found that the most 

sustainable way to have the behavioural outcome with the intrathecal implantation of sensor 

is to use animals with higher weights, minimum 400 grams.  
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1. Abstract 

Background: Neuropathic pain or pain after nerve injury is a disorder with significant 

reliance on signalling of cytokines such as IL-1β. However, quantifying the cytokine release 

repeatedly over time in vivo is technically challenging. 

Aim: To evaluate if changes in IL-1β are correlated with the presentation of mechanical 

allodynia over time by repeatedly quantifying intrathecal IL-1β concentrations following 

chronic constriction injury of the sciatic nerve in rats. Also, to establish any possible 

mailto:guozhen.liu@unsw.edu.au
mailto:mark.hutchinson@adelaide.edu.au
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correlation between biochemical spinal marker expressions and in vivo IL-1β. Finally, to 

assess the expression of the mature IL-1β in lumbar spinal cord samples. 

Method: The Chronic Constriction Injury model (CCI) was used to initiate nerve injury in 

male Sprague Dawley rats and the generation of behavioural mechanical allodynia was 

quantified. Using an indwelling intrathecal catheter, a stainless-steel (SS) wire biosensing 

device was repeatedly introduced to quantify intrathecal IL-1β concentrations at three 

timepoints of 0, 7, and 14 days post CCI. Fixed spinal cord samples (L4-L5) collected on day 

14, imaged for the expression of glial fibrillary acidic protein (GFAP, astrocytes) and ionized 

calcium binding adaptor molecule 1 (IBA1, microglia). Snap frozen spinal cord tissues (L4-

L5) were processed for western blot analysis.  

Results: Using the novel SS based biosensing device we established that CCI caused a 

significant increase in intrathecal IL-1β concentrations from day 0 to day 7 (p=0.001) and to 

day 14 (p <0.0001), while the sham group did not show any significant increase. We also 

further showed that the degree of mechanical allodynia correlated positively with the increase 

in the intrathecal concentration of IL-1β in the active CCI animals (p=0.0007). While there 

was a significant increase in the ipsilateral GPAF expression in injured animals compared to 

sham animals (p =0.03), we did not find any significant correlation between in vivo IL-1β 

concentration on days 7 and 14 and the area of dorsal horn GFAP or IBA1 positive structures 

on day 14. The results of Western blot analysis revealed that there was no significant change 

(p = 0.7579) in IL-1β expression on day 14 in the CCI group compared to the sham group. 

Conclusion: For the first time we have established that the SS based immunosensing platform 

technology, can repeatedly sample the intrathecal space for bioactive peptides, such as IL-1β. 

Through the use of this novel approach we have been able to establish the correlation of the 



 

102 
 

intrathecal concentration with the extent of mechanical allodynia, providing a molecular 

biomarker of the degree of the exaggerated pain state.  

Key words: Neuropathic pain, IL-1β, Allodynia, Stainless-steel wire, polymer brush, 

Intrathecal implantation, Sprague Dawley rat. 

2. Introduction 

Neuropathic pain, a complex chronic condition arising from adaptations of the peripheral and 

central nervous systems, is currently poorly treated with existing therapeutic approaches 

(Campbell et al., 2006; Nightingale, 2012; Watkins et al., 2001). This is a global health issue 

as it is estimated that 1 in 5 adults are affected by pain during their lifetime (Goldberg et al., 

2011), with substantial costs to society (O'Connor, 2009). If available, pain biomarkers would 

be informative at the diagnosis, assessment of pain intensity, and the risk of persistence of 

pain, which in turn could be used as supportive data for optimal pharmacological treatment 

(Sisignano et al., 2019). 

There is a growing appreciation of the importance of neuroimmune mechanisms in the 

aetiology of neuropathic pain. This has arisen from the quantification of pathophysiological 

changes in the dorsal horn of the spinal cord with microglia and astrocytes displaying an array 

of morphological and functional adaptations mechanistically implicated in exaggerated pain 

states (Machelska et al., 2016). In association with their pro-algesic phenotype, over-

expression of glia reactivity markers; IBA1 (Beggs et al., 2007) and GFAP (Garrison et al., 

1991), are widely accepted as indicators of microglial and astrocyte reactivity, respectively. 

A key cytokine mediator, well established to facilitate cellular and molecular changes 

requisite for the presentation of exaggerated pain behaviours such as mechanical allodynia is 

the proinflammatory cytokine IL-1β. Amongst a myriad of events, now established to drive 

exaggerated pain behaviours, IL-1β can cause pro-nociceptive neurotransmitter release such 
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as that of substance P from the DRG (Inoue et al., 1999). IL-1β, together with other substances 

like NO (Nitric oxide) and PG (prostaglandin), can create a pro-nociceptive positive feedback 

loop within the neuroimmune synapse (Grace et al., 2014).  

The quantification of key mediators such as IL-1β in preclinical models of exaggerated pain 

has used RT-PCR of tissue IL-1β mRNA within DRG and spinal cord (Lee et al., 2004; 

Uceyler et al., 2007). Elevations in IL-1β protein have been quantified in cerebrospinal fluid 

(CSF) in a range of studies in rats associated with exaggerated pain states (Johnston et al., 

2004; Wang et al., 1997). However, in each of these cases, no longitudinal measurement of 

the IL-1β was possible due to the terminal nature of the collection procedure. CSF has been 

proposed as a biological sample which may be rich in biomarkers for neuropathic pain 

(Sisignano et al., 2019). But, in general, using circulating cytokines as a biomarker source has 

many practical and mechanistically linked challenges. For example, the short half-life of 

many cytokines makes it difficult to predict the relevance and relationship of the circulating 

concentration versus mechanistically important microcompartment concentrations. 

Additionally, the basal systemic setpoint of each individual means that it is difficult to 

interpret some signals as change from an unquantified prior baseline level (House, 2001). 

Conversely, if the sampling of a mechanistically relevant anatomical compartment is 

conducted, the volume requirements of the assay (50-100 μl) are not compatible with repeated 

sampling of the limited biological volumes, especially in rodents. Hence, the biomarker 

sampling procedure in rodents has historically been terminal (He et al., 2013; Johnston et al., 

2004). This makes the measurement of current cytokine concentrations with the future 

molecular or behavioural outcomes impossible. Given that time course experiments are 

challenging because of the large numbers of animals required and between-animal variability 

in biological responses, new advances in quantification technologies are needed. 
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To address these challenges, the aim of this study was to apply a novel method of intrathecal 

IL-1β cytokine quantification in vivo over the time course of mechanical allodynia 

development,14 days and three time points of 0, 7, and 14 days post injury induced by sciatic 

nerve chronic constriction injury (CCI). This goal was achieved using a novel stainless-steel 

polymer brush based immunosensor to quantify IL-1β concentration before CCI, on day 7, 

and day 14 post CCI under brief anaesthesia. We employed a modified method for the 

implantation of the sensors based on a method described previously by Milligan et al. (1999), 

a repeatable unilateral intrathecal approach at the lumbar level. A midline approach and 

bilateral dissection of the paravertebral muscles common in laminectomy-based techniques 

are avoided in this method and therefore it has the advantage of being minimally invasive 

allowing normal behaviour of the animal to persist. 

3. Methods 

3.1 Subjects 

Sprague-Dawley (SD) rats (400 g adult male) were supplied by the Animal Resources Centre 

(Murdoch, WA, Australia) housed between 18 °C and 24 °C with a set point of 21 °C, with 

12:12 hours light: dark cycle with food and water provided ad libitum. All procedures were 

conducted under the University of Adelaide Animal Ethics approval number M-2015-257 in 

compliance with the Australian code for the care and use of animals for scientific purposes. 

3.2 Biosensor functionalization procedures 

10 cm stainless-steel (SS) based in vivo biosensing device were successfully developed for 

quantifying IL-1β in the rat intrathecal space using a sandwich immunoassay scheme as 

described previously in chapter 3. Briefly, poly(ethylene glycol) methacrylate brushes were 

synthesized on the SS surface to eliminate the scattering from SS while forming the anti-

fouling bio interface (Deng et al., 2019) on which a sandwich immunosensor modified onto 
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the polymer brush based SS biosensing device for the detection of IL-1β with the sensitivity 

of 3.5-200 pg/ml (as discussed in cahpter 3). 

3.3 Chronic Constriction Injury (CCI) 

On day zero of the experiment, the CCI model was employed to generate allodynia based on 

a method established by (Bennett et al., 1988). The aseptic procedure was conducted under 

2% inhalative isoflurane with the left common sciatic nerve exposed by blunt dissection 

through biceps femoris. Proximal to the sciatica’s trifurcation, 7 mm of nerve was separated 

from connective tissue and four loose ligatures of chromic gut placed around the nerve with 

1 mm space between each (n = 8). Connective tissue and muscle were sutured with silk and 

the wound was clipped and animals recovered. The exact same procedure was performed for 

the sham group (n = 8) except for the placement of the sciatic chromic gut ligations. The entire 

experimental design is shown in Figure 1. 

3.4 Behavioural mechanical allodynia test 

After two weeks of acclimatisation, habituation, and handling, animals were tested 

behaviourally to quantify mechanical sensitivity responses. Behavioural mechanical allodynia 

testing was conducted after rats were placed into the testing apparatus and allowed to habituate 

to the environment for 30 minutes before behavioural testing. Paw mechanical withdrawal 

threshold (PMWT) was assessed by testing the mid-plantar surface of the injured hind paws, 

sciatic nerve distribution area, using a Dynamic Plantar Aesthesiometer (DPA), UGO basil™ 

(Italy) three times separated by 10 minutes. The behavioural tests were performed on days 0, 

7 and 14 post CCI and within an hour of sensor implantation. 

 

  



 

106 
 

3.5 Intrathecal sensor implantation 

Under anaesthesia with 2% inhalative isoflurane, the lower lumbar area was prepared 

aseptically for the surgical procedure. Then animals were catheterized intrathecally based on 

the method detailed in (Milligan, Hinde et al. 1999, Hutchinson, Coats et al. 2008) with a 6.5 

cm sterile polyethylene-10 tubing catheter (PE-10 Intramedic Tubing; Becton Dickinson 

Primary Care Diagnostics, Sparks, MD, USA) guided by an 18-gauge needle between the L4 

and L5 on the right side. The 10 cm SS-PEGMA-Abs sensors were introduced to the lumbar 

enlargement of animals based on the method previously described in chapter 3 with 2 cm of 

the sensor exposed beyond the end of the PE10 catheter in the intrathecal space for 15 minutes. 

This procedure allowed the Day 0 cytokine measurement at the rostral border of the lumbar 

enlargement. Under the same anaesthesia CCI was performed according to the procedure 

described before. Animals were allowed to recover following removal of the intrathecal 

sensor. The same sensor introduction procedure was employed on day 7 and day 14. 

3.6 Post incubation processing of sensors and imaging 

The in vivo exposed sensors were then processed to quantify the intrathecal concentrations of 

IL-1β as per the previous method described in chapter 3. Briefly, sensors were rinsed three 

times with 100 μl of PBS before incubated in 100 μl of fluorescent Nile red beads conjugated 

detection antibody (NR-DA) for an hour at room temperature on a medium-speed shaker. 

Sensors were then washed with 100 μl of PBS for three times and imaged by Olympus 

FV3000 laser scanning confocal microscope with 480 nm excitation and 580-600 nm 

emission. 10 z-stacks images were obtained over the total length of 6.36 mm. Images were 

then analysed for particle count using ImageJ software. The concentration of IL-1β was 

calculated according to the linear correlation acquired for in vitro sensor optimization 
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(y=23.96c+19.48) (as descirbed in chapter 3) based on the particle count in two active CCI 

and sham groups during 14 days of nerve injury. 

 

Figure 1: Experimental design: Male Sprague Dawley rats (n = 8 sham and n = 8 CCI) 

underwent surgery to left sciatic nerve on day 0, followed by behavioural tests and in vivo 

IL-1β quantification on day 0 and days 7 and 14 post CCI. L4-L5 sections were collected on 

the termination day of the experiment. 

3.7 Tissue preparation 

On day 14 of the experiment, following the last intrathecal implantation of the SS brush 

sensor, animals were injected intraperitoneally with the lethal dose of pentobarbital. Animals 

were then perfused with normal saline. For immunohistochemistry, L4-L5 sections of the 

spinal cord were isolated and immersed in cold (4 oC) 4% paraformaldehyde fixative (pH 7.2) 

overnight. Sections were then washed (3 x 15 min) with PBS and kept in 30% sucrose 

overnight for cryoprotection. Spinal cord sections were submerged in the Tissue-Tek optimal 

cutting temperature (OCT) compound (#IA018; ProSciTech, Queensland, Australia) in plastic 

moulds which were frozen by liquid-nitrogen-cooled isopentane and stored in -80 °C. Lumbar 

enlargement segments were then sectioned in duplicates at 10 μm using a Leica CM1850 

cryostat (LeicaBiosystems, Nusslock, Germany) at approximately -15 °C and collected onto 

SuperFrost glass microscope slides (Menzel-Gläser, Braunschweig, Germany). A parallel set 
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of tissue sections was isolated, snap-frozen in liquid nitrogen and transferred to -80 °C freezer 

for western blot analysis.  

3.8 Immunohistochemistry (IHC) 

Sections were air-dried for 30 min and washed with PBS (1 x 5 min), then blocked for 1 h at 

room temperature with blocking buffer (10% normal horse serum (NHS) /0.3% Triton X-

100). Sections were then incubated overnight at 4°C in a dark, humid chamber with the 

following antibodies: Alexa Fluor 488-conjugated mouse monoclonal anti-glial fibrillary 

acidic protein (GFAP) antibody 2.5 μg/ml (#53-9892-82, clone GA5; RRID: AB_10598515; 

eBioscience, California) and Anti-AIF1/IBA1 (Isoforms 1 and 3) 2.5 μg/ml (#SAB2500041, 

Sigma, Missouri). Slides were then washed with PBS (3 x 10 min) and sections were 

incubated with Donkey anti-goat IgG (H+L) cross-adsorbed secondary antibody, Alexa Fluor 

594, 2 μg/ml (#A-11058, ThermoFisher, Massachusetts) for 1 h at room temperature in a 

humid chamber. Slides were then rinsed with 0.3% Triton X-100 (3 x 10 min) and mounted 

with Tris-based Fluoro-Gel medium (#IM030; ProSciTech). Control samples were processed 

by omitting the primary antibodies (data not shown). 

3.9 IHC image acquisition and analysis  

Slides were viewed with an Olympus FV3000RS scanning confocal microscope (Olympus, 

Japan) using appropriate excitation wavelengths at x10 magnification. Images were acquired 

using Olympus FV3000 Fluoview Software (Olympus, Japan), with the same gain and offset 

parameters between animals. Final images are the digital composite of 3.89 µm Z-series scans 

(approximately 10 optical sections through a depth of 35 µm). Collected images were 

analysed using Image J 1.52n Software (Wayne Rasband, National institute of health, USA) 

in a blind fashion. The region of interest (ROI), an ellipsoid shape with consistent dimensions 

across the sections, was used for all the lumbar spinal cord samples. The ROI was positioned 

in a way that it included the dorsal horn superficial laminae. Using the measure function, the 
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percentage of the ROI occupied by immunofluorescence was calculated. Duplicate images 

were then averaged to have a single value for ipsilateral and contralateral sides of dorsal horn 

for each animal. 

3.10 Western blot  

Lumbar spinal cord samples were homogenised in 1 x RIPA buffer. The samples were then 

centrifuged (15000 rpm for 10 min at 4°C) and supernatant was separated. Protein 

concentrations in samples were evaluated using Pierce™ BCA Protein Assay Kit (#23225, 

Thermo Fisher, Massachusetts). Spinal cord samples (n = 5 sham and n = 5 CCI) containing 

25 μg of protein were heated for 10 min at 99 °C in 4X Bolt™ LDS Sample Buffer (#B0008, 

Thermo Fisher, Massachusetts) and 10X Bolt™ Sample Reducing Agent (#B0009 Thermo 

Fisher, Massachusetts) and dH20.  

Spinal cord samples as well as 10 ng of Recombinant rat IL-1β protein (17 KDa) (#ab200284 

abcam, Cambridge, United Kingdom) were then resolved on SDS–PAGE on 4-12% 

polyacrylamide gels (Bolt™ 4-12% Bis-Tris Plus Gels, 12-well, #NW04122BOX, 

Thermofisher, Massachusetts). Proteins were then transferred to 0.45 µm nitrocellulose 

membranes (#1620115 Bio-Rad, Australia). Blots were then blocked with 5% skim milk in  

TBST (Tris-buffered saline with 0.1% Tween 20) before being incubated in primary 

antibodies ; 0.1 µg/ml of Rabbit Anti-IL-1 beta antibody (# ab9722, abcam, Cambridge, 

United Kingdom) and 0.5 µg/ml Chicken Anti-GAPDH antibody (abcam, Cambridge, United 

Kingdom) overnight at 4°C. Blots were then washed for (3 x 5 min) with TBST and incubated 

with Donkey anti-Rabbit IgG Secondary Antibody (#926-32213, LI-COR Biosciences, 

Lincoln, NE, U.S.A) and  Donkey anti-Chicken Secondary Antibody (#926-68075 LI-COR 

Bioscience, Lincoln, NE, U.S.A) for 1 hour at room temperature. Blots were then washed for 

(3 x 5 min) with 1 x TBST and signal was read by Odyssey® CLx fluorimager (Model 9140 
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s/n clx-1891, Lincoln, NE, U.S.A). Fujifilm software was later used to quantify the 

immunoreactivity.  

3.11 Statistical analysis 

Animal experimental data were analysed with GraphPad Prism 7.02 and all data is presented 

in mean ± SEM. Animals weights and nociceptive sensitivity to mechanical stimulation at the 

different time-points in different treatment groups was analysed using a repeated measure 

two-way ANOVA. To discover the relationship between IL-1β concentration and PMWT, 

data was analysed using Matlab R2017b to compute the Pearson correlation coefficient as 

well as probability values (p-values). Significance was set at p < 0.05. A sigmoidal trend was 

computed using a Matlab toolbox with minimum value set to zero and maximum set to 1750 

for IL-1β concentration and finding the half-way response and slope of the curve.  

4. Results: 

4.1 Animal growth rate (weight change over the experiment) 

Since the well-being of animals is of critical importance in this study, as an index of animal 

well-being, weight changes in the two groups were quantified (Figure 2). In both the sham 

and CCI group, weight gain was observed. Repeated measures two-way ANOVA shows a 

significant effect of time (repeated measures 2-way ANOVA; F2, 14 = 42.4, p <0.0001) but no 

significant effect of surgery (repeated measures 2-way ANOVA; F1, 7= 0.03, p =0.9) or any 

interaction (repeated measures 2-way ANOVA; F2, 14 = 0.3, p=0.7). As such, the CCI injury 

did not have detrimental impacts on the weight gain of the animals. 
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Figure 2: Weight-gain of animals in two treatment groups; sham and CCI was the same 

across the study (mean ± SEM). Repeated measures two-way ANOVA showed a significant 

effect of time p <0.0001 (n = 8 for both treatment groups). 

4.2 Allodynia development  

CCI caused the presentation of behavioural allodynia over 14 days (Figure 3). There is a 

significant effect of time (repeated measures 2-way ANOVA; F2, 14 = 29.9, p =<0.0001) and 

surgery (repeated measures 2-way ANOVA F1, 7 = 59.1, p =0.0001) on allodynia 

development. The behavioural allodynia of CCI rats was significantly greater than that of the 

sham group behaviour on day 7 (p <0.0001) and 14 (p <0.0001) post CCI. No change in 

mechanical sensitivity of animals in sham groups was observed on three studied time points 

p= 0.99 (day 0 and day 7), p=0.8 (day 0 and day 14), and p= 0.8 (day 7and day 14).  
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Figure 3: Mechanical allodynia measured (g) (mean ± SEM) using a dynamic plantar 

aesthesiometer on days 0, 7 and 14 post CCI. n=8 for each time point and each group, sham 

and CCI. ****= p <0.0001. Significant allodynia was quantified following CCI nerve injury 

on day 7 and day 14 post CCI. 

4.3 Intrathecal IL-1β quantification using the novel wire-based sensor 

Application of the novel SS based biosensing device allowed us for the first time to 

minimally-invasively quantify the intrathecal concentration of IL-1β. Using the SS based 

biosensing device we were able to quantify a significant effect of time (repeated measures 2-

way ANOVA; F2, 14 = 17.2, p =0.0002) and surgery (repeated measures 2-way ANOVA; F1, 7 

= 21.5, p =0.002) but no significant interaction (time x surgery) (repeated measures 2-way 

ANOVA; F2, 14 = 3.4, p =0.06) on the concentration of intrathecal IL-1β.  

We found that, IL-1β significantly increased from day 0 to day 7 (p=0.002) and from day 0 

to day 14 (p =0.0001) in the active CCI group while there was no significant change of IL-1β 

in the sham animals; from day 0 to day 7 (p= 0.5) and from day 0 to day 14 (p = 0.05) (Figure 
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3). Interestingly, there was no significant correlation between the intrathecal IL-1β 

concentration in the sham or CCI group on any of measurement days (0 and 7 and 14) to the 

two other measurement days; In CCI group, between day 0 and day 7 (R2=0.1, p =0.3) and 

between day 0 and day 14 (R2=0.04, p =0.5). In the sham group, between day 0 and day 7 

(R2=0. 0.002, p =0.9) and between day 0 and day 14 (R2=0.2, p =0.2). 

 

 

 

Figure 4:  IL-1β profile changes within nerve injury course. The CSF concentration of IL-1β 

in the active CCI and sham groups during 14 days of injury. (Mean ± SEM). ** indicates p- 

value of 0.0027 and **** indicates p value of 0.0001.  Significant increase in intrathecal IL-

1β concentration was noticed from day 0 to day 7 (p=0.0027) and from day 0 to day 14(p 

=0.0001).There was not a significant difference between the sham and CCI on day 0 p=0 0.97 

and day 7 p=0.06 while there is a significant difference on day 14 p= 0.03. 
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4.4 PMWT behaviour relationship with intrathecal IL-1β concentration 

Using SS wire biosensing device, for the first time across multiple timepoints and within 

animals, behavioural changes can be monitored while intrathecal IL-1β cytokine 

concentration changes. As shown in Figure 5 there is a significant negative relationship 

between the decline in PMWT (hence the presentation of mechanical allodynia) and the 

increased concentration of intrathecal IL-1β in CCI animals (p=0.0007; note the reversed unit 

order on x axis). However, in the sham group, no significant relationship between PMWT and 

the cytokine concentration was observed (p=0.14) and IL-1β remained the same regardless of 

PWT value.  

 

                                                                                      

Figure 5: In vivo IL-1β and allodynia correlation: The correlation between concentration of 

IL-1β and paw withdrawal threshold (PWT) in animals in two groups of A sham (r=0.309, 

p= 0.14) and B CCI (r=0.64, p=0.0007) (n=8, sham and n=8, N4S0). The trendline shown 

represents the estimated relationship between the two variables. 
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4.5 Immunohistochemistry (IHC) 

4.5.1 GFAP 

Representative images of GFAP is shown in Figure 6A and 6B. The effect of surgery (CCI) 

on the average area of GFAP positive structures in dorsal horn is presented in Figure 7A. 

There is a significant effect of interaction, (Laterality x surgery) (repeated measures 2-way 

ANOVA; F1,3 = 17.9, p =0.02) but there is no significant main effect of surgery (repeated 

measures 2-way ANOVA; F1,3 = 1.7, p =0.3), and laterality (repeated measures 2-way 

ANOVA; F1,3 = 0.7, p =0.5) on the average area of GFAP-positive structures in dorsal horn. 

On ipsilateral, CCI animals have almost doubled the area of dorsal horn occupied by GFAP 

(p =0.03 post hoc, Sidak's multiple comparisons test); an average of 13.2 (SD 7.5%; CV 0.6%) 

in injured animals compared to an average of 6.3% (SD 2.1%; CV 0.3%) in sham animals.  

Integrated density analysis values for GFAP expression are also shown in Figure 7B. There 

is a significant interaction effect (Laterality x Surgery), (repeated measures 2-way ANOVA; 

F1,3 = 23.1, p =0.01) but no significant main effect of laterality (repeated measures 2-way 

ANOVA; F1,3 = 0.1, p =0.77), and surgery (repeated measures 2-way ANOVA; F1,3 = 0.24, p 

=0.65) on integrated density of GFAP-positive structures.  

On the ipsilateral side, CCI animals have a robust increase in integrated density (p = 0.04 post 

hoc, Sidak's multiple comparisons test) of dorsal horn occupied by GFAP; an average of 5.8 

x 106 (SD 2.8x106 %; CV 0.5) in comparison to an average of 3.5 x 106 (SD 1.1x106, CV; 0.3) 

in sham animals (Figure 7C). 

4.5.2  IBA1 

Representative images of IBA1 are shown in Figure 6C and 6D. The effect of surgery (CCI) 

on the average area of IBA1 positive structures in dorsal horn is presented in Figure 7B. No 

effect of surgery (repeated measures 2-way ANOVA; F1,,3 = 1.8, p =0.3), laterality (repeated 

measures 2-way ANOVA; F1,3 = 0.5, p =0.5), or interaction (repeated measures 2- way 
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ANOVA; F1,3 = 0.4, p =0.6) were observed. Figure 7D shows the area of dorsal horn of spinal 

cord covered by IBA1 antibody and analysed based on integrated density. Similarly, no effect 

of surgery (repeated measures 2-way ANOVA; F1,,3 = 0.04, p =0.8), laterality (repeated 

measures 2-way ANOVA; F1,3 = 1.2, p =0.3), and interaction (repeated measures 2-way 

ANOVA; F1,3 = 1.0 , p =0.4) on integrated density of IBA1-positive structures were observed. 

   

 

 

 

 

 

  
 

 
 

 

      
 

   

Figure 6: Immunohistochemistry of astrocytic GFAP (A & B) and microglial IBA1 

expression ipsilateral (A & C) to injury. A, B: Distribution of GFAP-immuno-positive 

astrocytes in left and right dorsal horn respectively and C, D: IBA1 immunopositive 

microglia in left and right spinal dorsal horn, in a typical CCI animal. 
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Figure 7: Dorsal horn GFAP and IBA1 expressions 14 days post injury: Calculated area of 

GFAP (astrocytes) and IBA1 (microglia) in the spinal dorsal horn of sham and CCI rats 

isolated on day 14 of experiment (Mean ± SEM). n=8 (2 Segments x 4 animals in each 

group of sham and CCI). A and B; calculated percentage area occupied by cells reacting 

with GFAP and IBA1 respectively. C and D; calculated integrated density occupied by cells 

reacting with GFAP and IBA1, respectively. Significant ipsilateral GFAP expression by 

area (p =0.026) and integrated density (p = 0.042) was observed. 

4.6 GFAP/IBA1 immunoreactivity and in vivo IL-1β correlation  

In order to determine if a relationship existed between the expressions of the glial reactivity 

markers and the IL-1β concentrations in the intrathecal space quantified by SS based 

biosensing device, correlations were performed between the day 14 GFAP and IBA1 and IL-

1β concentrations across the assessed timepoints (day 7 and day 14). There was no significant 

correlation between area of GFAP expression in the ipsilateral dorsal horn and intrathecal IL-
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1β concentrations in either sham or CCI conditions. For GFAP the sham group on day 7 

(R2=0.22, p =0.52) and 14 (R2=0.7, p =0.15) and in CCI group on day 7 (R2=0.42, p =0.35) 

and day 14 (R2=0.11, p =0.65) displayed no significant relationship. Also, there was no 

significant correlation between IBA1 stained cells in ipsilateral dorsal horn and in vivo IL-1β 

on day 7 in the sham group (R2=0.1, p =0.87) and day 14 (R2=0.11, p =0.65) and in the CCI 

group on day 7 (R2=0.07, p =0.72) and day 14 (R2=0.02, p =0.84). 

4.7 Western blot of whole lumbar spinal cord, IL-1β protein quantification  

Figure 8A, shows the result of western blot analysis of homogenized L4-L5 spinal cord 14 

days after peripheral injury. The levels of IL-1β protein levels in in sham (n=5) and CCI 

groups (n=5) were standardized to GAPDH and are presented in Figure 8B. No significant 

difference (p = 0.8) was found in protein expression of IL-1β in sham and CCI group.  

 

 

  

Figure 8: Analysis of IL-1β (17 KDa) expression by Western blot in homogenised L4-L5 

spinal cord samples. A: recombinant IL-1β (17 KDa) and IL-1β bands. B: The comparison 

of IL-1β protein expression (Mean ± SEM) in homogenised spinal cord samples in sham 

(n=5) and CCI groups (n=5) on day 14 of experiment (p = 0.7579) analysed by an unpaired 

t-test. 
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5. Discussion  

Based on our previous success in developing immunosensing devices for quantification of 

cytokines in vivo (Qi et al., 2017; K. Zhang et al., 2018), for the first time, here we quantified 

in vivo intrathecal IL-1β longitudinally in live male Sprague Dawley rats under short-acting 

anaesthesia. IL-1β is a critical cytokine involved in creating heightened nociception 

associated with persistent pain. Using the novel SS based biosensing device we were able to 

quantify IL-1β in the intrathecal space repeatedly and with minimal invasiveness. This was 

achieved as the novel SS based biosensing technology circumvented the methodological 

challenges of repeated CSF sampling in rodents (Johnston et al., 2004; Wang et al., 1997). 

Collectively, these technological and methodological innovations have allowed us to capture 

the temporal profile of IL-1β changes associated with CCI. Using this data, we were able to 

demonstrate the correlation between the intrathecal concentrations of IL-1β and mechanical 

allodynia over the course of the establishment of the exaggerated pain pathology. 

One of the challenges in establishing a biomarker for neuropathic pain is the difficulty in 

accessing the anatomical compartment of the intrathecal space and the mechanistically linked 

neuroimmune signals that reside there. In clinical populations a systemic biomarker is needed, 

but a minimally invasive quantification of these signals in rodent models would provide a 

hastened translation of neuroimmune exaggerated pain fundamental knowledge and future 

therapeutic interventions (Sisignano et al., 2019). Based on this SS-polymer brush based in 

vivo biosensing technology, we were able to access the intrathecal space adjacent to the 

lumbar enlargement, a location with close proximity to the sciatic nerve CCI impacted site of 

dorsal horn of spinal cord (Watkins et al., 2000) on three time-points during the development 

and stabilisation of the persistent pain. Previously, we have accessed the intrathecal space at 

this level with terminal intrathecal catheterisation (Hutchinson et al., 2008) and via 

laminectomy and the use of fragile glass biosensors (Kaixin Zhang et al., 2019). For the first 
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time we also introduced a minimally invasive method to implant SS based biosensing device 

to quantify endogenous IL-1β intrathecally in live rats (chapter 3). These methods allow us to 

capture the neuroimmune signals in the CSF, which is mechanistically in close proximity to 

the pathophysiologically-important somatosensory dorsal horn (Sisignano et al., 2019).  

Considering the critical role of IL-1β in nociception (Wolf et al., 2006) and its ability to 

change behavioural hyper-nociception in a dose-dependent fashion (Laughlin et al., 2000), 

we aimed to observe for the first time the possible correlation between allodynia intensity and 

the increase in cytokine concentration during the course of neuropathy. Our results show that 

IL-1β significantly increased from day 0 to day 7 and 14. This data correlate with behavioural 

data over this time. Considering the pivotal role of IL-1β in neuropathic pain pathogenesis 

and with the correlation made in this study between intrathecal IL-1β concentration changes 

and the development of allodynia, this longitudinal study suggests that intrathecal IL-1β is a 

predictive measure of exaggerated pain behaviours in rats. 

The ideal pain biomarker is a small and chemically stable molecule (Sisignano et al., 2019). 

The mature IL-1β is a small 17 Kd proinflammatory cytokine (Davaro et al., 2014) and in vivo 

quantification of the cytokine rules out any concern with regards to stability. This is of 

importance when considering the limitations that techniques which measure cytokine mRNA 

expression or cytokine protein synthesis face. For example, the mRNA expression may not 

relate with the level of protein cytokine produced and stored, or the bioavailable cytokine 

protein that is secreted (K. Zhang et al., 2018). Other techniques like microdialysis which 

might capture these critical samples have their own limitations. Firstly, sampling is required 

for microdialysis and secondly accessing the subarachnoid space for microdialysis 

introduction requires an invasive surgical process and routine post-operative care (Rocha et 

al., 2013). Also, production of the inactive pro-IL-1β in primed cells is an insufficient step 
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towards the release of mature IL-1β. Additional stimulation is required to induce the secretion 

of physiologically relevant mature IL-1β (Lopez-Castejon et al., 2011). 

In the current study on day 14, the GFAP-positive structures in the ipsilateral dorsal horn in 

CCI animals showed a robust difference compared to sham animals, in accordance with 

previous findings of chronic astrocytes hypertrophy (Garrison et al., 1991). This is also in 

accordance with well-established findings that astrocytes have a role in the maintenance phase 

of chronic pain (Raghavendra et al., 2003). Conversely, microglia cells are involved in the 

early stages of neuropathic pain (Romero-Sandoval et al., 2008). However, we saw no 

correlation between the behaviourally linked IL-1β concentrations and these glial reactivity 

marker expression patterns. Therefore, our data suggest that the major source of IL-1B that 

drives exaggerated pain comes from cellular sources that cannot be easily phenotyped by 

simple reactive microglial and astrocytic markers. Furthermore, our data demonstrated that 

the bioactive pool of IL-1β cannot be estimated from whole tissue analysis of protein from 

homogenized lumbar spinal cord samples. Instead, the intrathecal sampling is needed to 

provide this behaviourally linked biomarker measurement. 

A key significance of this study is the surgical method we employed to collect intrathecal 

cytokine data. Accessing the intrathecal space via acute lumbar puncture without routine real-

time imaging techniques (e.g., C-arm fluoroscopy) in rodents is technically challenging. The 

complexity of the procedure increases by implanting a long piece of SS. However, to have the 

proximity to the theorised origin of the IL-1β signal, dorsal horn of the spinal cord, we chose 

the intrathecal space and the lumbar enlargement as the measurement site. This longitudinal 

application of the SS based biosensing device and in vivo quantification of IL-1β is a 

contribution to 3Rs (Replacement, Reduction and Refinement). Also surgically, to our 

knowledge this work has some novel aspects. Firstly, the current work is the first longitudinal 

intrathecal implantation of stainless-steel wire in rodents which in this study is functionalized 
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to measure IL-1β. Also, to minimize the exposure of animals to anaesthesia and consequently 

more contribution to the 3R, two interventions; intrathecal implantation of SS based 

biosensing device to measure baseline IL-1β and CCI on day 0 were employed 

simultaneously. This required changing the surgical position of animals from ventral to lateral 

recumbency during anaesthesia while the biosensor was implanted intrathecally without any 

neurological consequences. Of a unique clinical importance is the fact that these methods 

were employed without applying any pre/post-operative care and with minimum invasiveness 

(no incision or paravertebral muscle dissection) which was evident in the general well-being 

of animals. Furthermore, in the current study, animals maintained normal food and water 

intake habits which is worth amplifying considering the potential invasive nature of the 

intrathecal implantation. Despite the reports of weight reduction in the similar intrathecal 

access methods (e.g. laminectomized catheterization but not intrathecal implantation) in the 

same species, SD rats, in comparison to control animals (Chen et al., 2012), we did not notice 

any weight reduction in the experimental animals.  

 Considering the pivotal proinflammatory role of IL-1β, it’s longitudinal quantification in 

CSF is not limited to neuropathic pain models but also is of interest in a wide variety of 

neuroimmune disorders including models of spinal cord injury (Wang, Olschowka, and 

Wrathall 1997) or multiple sclerosis (allergic encephalomyelitis) (Borjini et al., 2016). These 

fields of research will necessitate more versatile biosensors to detect broader analyte ranges. 

Furthermore, having the potential to measure multiple analytes with the same sensor will be 

a development for future studies in which multiple cytokines are to be measured in the spinal 

cord in different pathologies. Finally, employing the graded models of neuropathy to observe 

the moderate levels of the cytokine release in addition to the extreme levels achieved in this 

study as well as studying the impact of sex on pain could shape the future aims. 
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6. Conclusion: 

For the first time we quantified a key pro-inflammatory cytokine, IL-1β, longitudinally in 

CSF with minimal invasiveness in live rat by the stainless-steel polymer brush based 

immunosensing device intrathecally. Importantly, we established that the quantified IL-1β 

concentration was related to the behavioural exaggerated pain state that was quantified.  
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Chapter 5 Linker: 

A method of in vivo IL-1β quantification along with the successful application of this method 

in a peripheral neuropathic pain model, CCI, have been presented in Chapter 4. In the next 

chapter (5), IL-1β will be focused on in a systematic review of papers employing different 

peripheral pain neuropathies. In addition, the association between IL-1β and different pain 

models other than the peripheral pain neuropathies will be outlined. This will provide an 

insight into the different pain classes of biomarkers linked to peripheral models of neuropathy 

and the distribution of Interleukin and IL-1β. In addition, different pain models in which IL-

1β is studied is presented.  
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1. Abstract:  

Neuropathic pain is a debilitating and prolonged condition affecting millions worldwide with 

an annual global economic burden of over 1 trillion dollars. The pain response is the sum of 

both emotional and nociceptive inputs, making it a highly individualized experience which 

requires personalized quantification for an optimal diagnosis and treatment. Biomarkers, such 

as circulating cytokines, which have a significant role in the pathogenesis of persistent pain 

states, are being applied to quantify pain. Here we present a focused subset of findings from 

a larger systematic review of the literature where we have sought to identify accessible 

biomarkers which might scale to enable objective diagnosis and quantification of persistent 

pain. Publications employing peripheral neuropathy pain models (sciatic based and spinal 

nerve based) were included with the aim to identify and categorize the available pain 

biomarkers. Of note the accessibility of these biomarkers was assessed by examining the 

different tissues that were sampled to analyse the biomarkers. Owing to the extensive 

literature available, IL-1β became a focus of the review, with a biomarker to pain and pain 

mailto:mark.hutchinson@adelaide.edu.au
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model to biomarker analysis conducted. The results show that cytokines are the most 

prevalent biomarker researched in the sciatic based neuropathies and that IL-1β is the most 

commonly explored. Importantly, there is significant concordance in the literature showing 

that IL-1β increases in all of the models post injury associated with the exacerbation of pain 

behaviours. We conclude that IL-1β is a widely studied cytokine which reliably increases after 

peripheral nerve injury models. Also, analyse of this cytokine is associated with a wide range 

of pain models and shows the same pattern of increase after injury in these models. 

Key Words: Biomarkers, cytokines, peripheral neuropathy, pain. 

2. Introduction  

Neuropathic pain is a maladaptive clinical complication (Costigan, Scholz, and Woolf 2009), 

resulting from lesion or a complication affecting the somatosensory system (International 

Association for the Study of Pain (Treede 2018) affecting 7-8% of the population (Torrance 

et al. 2006). Although being a common complaint in the clinic, there is a low rate of 

satisfaction of treatment among patients (Torrance et al. 2013; Dworkin et al. 2012) which is 

associated with low diagnostic accuracy (Martinez et al. 2014). Neuropathic pain diagnosis 

relies on clinical criteria which are subjective in nature leaving clinicians and patients alike 

with poor differentiation of neurological aetiology (Bouhassira 2019). Inherent in these 

assessments is the subjective nature of the measurement of pain using techniques like the 

numeric rating scale or visual analogue scale making interindividual interpretation fraught 

(DeVon et al. 2014). Therefore, there is a significant drive to develop objective assessments 

of pain.  

To address these shortcomings in pain diagnosis and quantification, techniques such as 

electromyography (Cram & Steger 1983), quantitative sensory testing (Jääskeläinen, 

Teerijoki-Oksa & Forssell 2005), skin biopsy (Bowen et al. 2008) and nerve biopsy (Zhang 

et al. 2015) have been applied to identify elements of the neurological dysfunction leading to 
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neuropathic pain. However, these techniques will unlikely scale to population level solutions 

owing to cost and time factors. Hence, the search for biomarkers continues. 

Biomarkers, in general are defined as characteristics that are measured as an indicator of 

normal biological processes, pathogenic processes or responses to an exposure or intervention 

(FDA-NIH-Biomarker-Working-Group 2016). Biomarkers are used to translate mechanistic 

insights into therapeutic (Dong et al. 2013) and diagnostic (Sueri et al. 2018) decision enabling 

information. A future pain biomarker would be informative at the diagnosis, assessment of 

pain intensity, and rating of the risk of persistence of pain, which in turn could be used as 

supportive data for optimal pharmacological treatment (Sisignano, Lötsch, et al. 2019). 

Importantly, a pain biomarker will aid in the management of pain in individuals who are 

unable to communicate, such as those who are unconscious, dementing or in children who 

have not developed language. 

Over the last two decades considerable evidence of changes in cytokine levels associated and 

causally linked to the presentation and maintenance of persistent pain. Cytokines are small 

glycoproteins which fall into five main categories: interleukins, interferons, tumour necrosis 

factors, growth factors and chemokines (Leung and Cahill 2010) with a multitude of 

pleiotropic effects in different organs (Dinarello 2007). Inflammatory cytokines such as IL-

1β, IL-6 and TNFα have a significant role in the pathogenesis of persistent and exacerbated 

pain states. They are generated from reactive glial cells following an insult such as nerve 

injury (Watkins, Milligan, and Maier 2001a; Inoue 2006a). Among these cytokines, IL-1β is 

a potent hyperalgesic agent in the periphery (Ferreira et al. 1988) and central nervous system 

(CNS) (Oka, Aou, and Hori 1993).  

This systematic review was designed to address these challenges and to cover the biomarkers 

associated with the diagnosis and quantification of pain in animals. For this purpose, initially 
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3048 papers were reviewed to identify the papers with inclusion criteria. Here, a subcategory 

of the results with a focus on IL-1β is presented with two aims. Firstly, to identify the major 

groups of biomarkers, including cytokines and interleukins and specifically IL-1β in 85 papers 

employing peripheral nerve injury models, as this model is employed in chapter 4 in this 

thesis. Secondly, the different pain models associated with IL-1β changes in 29 papers will 

be discussed. In each of these two sections and within each model the sampling tissue, the 

different categories of biomarkers, the distribution of biomarkers, and the direction of change 

of IL-1β are presented. 

3. Methods 

3.1 Search term 

The search term we applied in this systematic review has three parts (Table 1). These include 

a) terms which are Pathophysiologically used to describe pain in literature 2) terms that are 

used to describe either procedures to create pain or measure pain and 3) terms to describe 

biomarkers and sampling of biomarkers. These will be outlined as below: 
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a 

 

 

 

(Allodyni*[TIAB] OR Hyperalgesi*[TIAB] OR Pain*[TIAB] OR Nocicepti*[TIAB] OR 

Nocifensive[TIAB] OR Hyperaesthesia*[TIAB] OR Hyperesthesia*[TIAB] OR 

Dysesthesia*[TIAB] OR Dysaesthesia*[TIAB] OR Paresthesia*[TIAB] OR 

Paraesthesia*[TIAB] OR Ache*[TIAB]) 

 

b (“Hot plate test”[TIAB] OR “Tail Pinch”[TIAB] OR “Von frey ”[TIAB] OR 

Capsaicin[TIAB] OR Formalin[TIAB] OR Formaldehyde[TIAB] OR “Mustard 

Oil”[TIAB] OR Carrageenan[TIAB] OR “Complete Freund’s Adjuvant” [TIAB] OR 

“Acetic Acid” [TIAB] OR “Spared Nerve Injury”[TIAB] OR “Spinal Nerve 

ligation”[TIAB] OR Peripheral nerve Injury[TIAB] OR “Chronic constriction 

injury”[TIAB] OR “Peripheral nerve demyelination”[TIAB] OR “Sciatic nerve 

transaction”[TIAB] OR “Partial sciatic nerve ligation”[TIAB] OR “Sciatic inflammatory 

neuropathy”[TIAB] OR “Drug-induced neuropathy”[TIAB] OR burn*[TIAB] OR 

Ischemia[TIAB] OR Pancreatitis[TIAB] OR Prostatitis [TIAB] OR Osteoarthritis[TIAB] 

OR “Mono iodoacetate”[TIAB] OR Migraine[TIAB] OR Dysmenorrhea[TIAB] OR 

Diabete*[TIAB] OR “Adjuvant arthritis”[TIAB] OR “Escape test”[TIAB] OR 

Dolognawmeter[TIAB] OR Incision[TIAB] OR Fracture*[TIAB] OR Lame*[TIAB] OR 

Infect*[TIAB] OR Infarction[TIAB] OR Sciatica[TIAB] OR Neuropathy[TIAB] OR 

Inflammat*[TIAB] OR Colic[TIAB] OR Myalgia[TIAB] OR Mastodynia[TIAB] OR 

Causalgia[TIAB] OR Arthralgia[TIAB] OR “Tissue damage”[TIAB] OR Hernia [TIAB] 

OR Trauma[TIAB] OR Ulcer[TIAB] OR Edema[TIAB] OR Arthritis[TIAB] OR “nerve 

injury”[TIAB] OR Myopathy[TIAB] OR Mastitis[TIAB] OR Caesarean[TIAB]) 

 

C Biomarker*[TIAB] OR Biological Markers[MH] OR Blood[TIAB] OR Serum[TIAB] 

OR Plasma[TIAB] OR CSF[TIAB] OR “Cerebrospinal Fluids”[TIAB] OR Saliva[TIAB] 

OR Urine[TIAB] OR Cytokine*[TIAB] OR Chemokine*[TIAB] OR Tears[TIAB] OR 

Breath[TIAB] OR Lymph[TIAB] OR Sweat[TIAB] OR Biopsy[TIAB] OR 

http://www-ncbi-nlm-nih-gov.proxy.library.adelaide.edu.au/mesh/68011472
http://www-ncbi-nlm-nih-gov.proxy.library.adelaide.edu.au/mesh/68004412
http://www-ncbi-nlm-nih-gov.proxy.library.adelaide.edu.au/mesh/68063806
http://www-ncbi-nlm-nih-gov.proxy.library.adelaide.edu.au/mesh/68059373
http://www-ncbi-nlm-nih-gov.proxy.library.adelaide.edu.au/mesh/68018771
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Smear*[TIAB] OR Cortisol[TIAB] OR glucocorticoid*[TIAB] OR 

Corticosterone[TIAB] OR Diagnostic*[TIAB] OR Hormone*[TIAB]). 

 

 

 

The combination of these three search terms were applied in PubMed to have the initial list 

of publications. 

3.2 Search strategy 

The PubMed database was searched using the combination of the three designed search terms 

resulting in 6916 articles from January 1916-February 2015. Of these papers the first 3048 

articles covering the last six years were selected individually and primarily a set of inclusion 

and exclusion criteria applied for each article. First, the general relevancy of the article to the 

systematic review aim was assessed. If the paper was irrelevant to the aim of the study, it was 

excluded from the study. The papers were also excluded if those were case reports, human 

studies, and non-blind studies. Second, included papers were evaluated with regards to three 

inclusion criteria a) presence of a pain initiator factor, b) presence of a pain quantifying 

method and c) inclusion of a biomarker in the study. Included studies (451) were then 

advanced to the next stage. 260 papers were randomly chosen, and in each paper, different 

biomarkers were analysed separately in relation to three criteria. These include the sampling 

tissue which the biomarker was obtained from, the molecular marker type (mRNA/protein), 

and the direction of the response of biomarker (increase or decrease). Of these 260 papers, 85 

papers used a model of peripheral neuropathy pain model which will be discussed in the first 

section of the results. Also, of 260 papers, in 29 papers IL-1β is studied in relation to different 

pain models which will be discussed in the second section of the results (Figure 1). 
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Figure 1: Flowchart of research and selection strategy 
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4. Results 

4.1 Basic data classification  

The results here are presented in two sections: 3.2 and 3.3. In the first section, papers 

employing peripheral neuropathies (85 papers out of 260) were classified anatomically in to 

two major categories of sciatic nerve (n=57, 67%) and spinal nerve/spinal cord (n=28, 33%). 

These were then further divided into the relevant subcategories, which are detailed in table 1. 

Here, first the primary injury model is defined, and the distribution of the sampling tissue is 

discussed for each model in details. Next, within each model, the categories of biomarkers 

associated with pain models (examples are mentioned in table 2), number of biomarkers 

associated with each injury is presented in the pie charts and the distribution of interleukins, 

and the direction of changes of IL-1β will be discussed. In the second section of this review, 

with a focus on the target biomarker in this thesis, IL-1β, an examination of the dataset from 

the biomarker up will be provided with a focus on IL-1β in 29 papers employing different 

models of pain in addition to peripheral neuropathies. 

a Sciatic nerve based peripheral 

neuropathies 

Number of studies Percentage of 

studies 

Chronic constriction Injury 34 60% 

Partial sciatic nerve ligation 16 28% 

Spared nerve injury 6 10% 

Sciatic nerve crush 1 2% 

Total 57  

b Spinal-cord based neuropathies   

Spinal nerve ligation 20 72% 

Spinal nerve transection 4 14% 

Spinal cord Injury 4 14% 

Total 28  

Table 1: The distribution of different sciatic nerve (a) and spinal cord neuropathies (b) in 85 

studies employing these measurements.  
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A B 

     Biomarker                     Example Number in models 

CCI PSNL SNI SNL 

Cytokines Interleukins, interferons 

Tumour necrosis factors 

Growth factors  

Chemokines 

36 11 5 6 

Glia and neuronal 

markers 

GFAP, IBA1, OX42, 

ATF3 

8 6 1 10 

Enzymes and 

associated protein 

Myeloperoxidase (MPO) 

Fatty acid amide 

hydrolase (FAAH) 

7 2 3 3 

Receptors  Metabotropic glutamate 

(mGlu) receptors 

5 4 0 3 

Table 2: A: Examples of different categories of biomarkers. 

Abbreviations: Glial fibrillary acidic protein (GFAP). Ionized calcium binding adaptor 

molecule (IBA1). Cyclic AMP-dependent transcription factor (ATF-3) 

B: The distribution of these biomarkers in a sample of different peripheral injury pain 

models: Chronic constriction injury (CCI), Partial Sciatic Nerve Ligation (PSNL), 

Spared Nerve Injury (SNI) and Spinal Nerve Ligations (SNL). 

 

4.2 Sciatic nerve neuropathies 

Surgically, a common denominator of all these pain-inducing interventions is exposure of the 

sciatic nerve. In rodents, after shaving and asepsis of the skin, the sciatic nerve is exposed 

through a skin incision extending according to the injury site of the sciatic nerve. Table 1 

shows the distribution of sciatic nerve interventions frequencies in 85 papers reviewed here. 

The following is the biomarker changes associated with each of these peripheral neuropathies.  

4.2.1 Chronic Constriction Injury  

Chronic constriction injury (CCI), is defined as a mononeuropathy in which the common 

sciatic nerve is constricted by several loose chromic ligatures (Bennett and Xie 1988). Of 85 

studies, 34 studies used CCI as a pain initiator. As evident in table 3 spinal cord is the most 

employed sampling tissue associated with the biomarker analysis where 62% or 42 
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biomarker/molecular targets in these studies use spinal cord as a sampling source. Of note is 

the fact that CSF is only used as cytokine sampling source in one of the studies. 

Sampling tissue Number of biomarkers 

associated to the sample 

source 

Percentage of biomarkers 

Spinal cord 42 62% 

Sciatic nerve 9 13% 

DRG 5 8% 

local and circulating sampling 

source 

(e.g., serum plasma, CSF) 

4 5% 

Other CNS 

Hippocampus, Cuneate nucleus 

(ipsilateral) 

7 11% 

Spleen 1 <1% 

Table 3: The distribution of sampled tissues in CCI model and the number and the 

percentage of biomarkers analysed with each sampling route.  

The general biomarker distribution is shown in figure 2A with cytokines (64%) as the 

dominant analysed biomarker and receptors are the least studied (9%). All the major groups 

of cytokines (TNF, interferons, interleukins and chemokines) are studied with this 

neuropathy. Among the analysed interleukins, IL-1β is the most analysed within the CCI 

model (Fig 2B). 

 

Figure 2: The biomarker distribution in CCI model. A: general categories of biomarker 

analysed in CCI model. B: interleukins distributions. With regards to the direction of change 

of the cytokine, IL-1β has increased in most of the studies (5 out of 7) and did not change in 

two studies (Table 4).  
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Direction of response  PMID/Reference  Tissue Molecular target 

Increased 22321918 

(Franchi et al. 2012) 

Sciatic nerve mRNA 

22871519 

(Amin et al. 2012) 

Spinal cord Protein 

23190263 

(Sacerdote et al. 2013) 

Sciatic nerve Protein 

25769941 

(Mika et al. 2015) 

Spinal cord Protein 

25792192 

(Mert et al. 2015) 

Sciatic nerve Protein 

24204973 

(Kwok et al. 2013) 

Plasma  Protein  

22033365 

(del Rey et al. 2011) 

Hippocampus, 

contralateral 

mRNA 

No change  22033365 

(del Rey et al. 2011) 

Hippocampus, 

Ipsilateral 

mRNA 

24204973 

(Kwok et al. 2013) 

Spinal cord Protein 

Table 4: The direction of changes of IL-1β in studies employing CCI. PMID (PubMed 

identifier) sampling tissue and the molecular target mentioned. 

4.2.2 Partial Sciatic Nerve Ligation  

Seltzer, Dubner, and Shir (1990) described PSNL surgically. In this method, the common 

sciatic nerve or the posterior nerve branches are ligated with silk suture so that ½ to 1/3 of the 

nerve diameter is trapped in the ligature. Of 85 studies, 16 studies employed partial sciatic 

nerve ligations. The sampling tissue here is mostly sciatic nerve with 77% or 17 of 

biomarker/molecular targets (Table 5). 

Sampling tissue Number of biomarkers 

associated to the sample 

source  

Percentage of biomarkers 

Sciatic nerve 17 77% 

Spinal cord 2 9% 

DRG 2 9% 

Skin 1 5% 

Table 5: The sampling tissue in partial sciatic nerve model. 

The most analysed biomarkers are the cytokines with 48% of biological markers and the least 

are enzymes and associated proteins (9%). However, the interleukins and chemokines are the 

only analysed cytokines with this model. Among interleukins, IL-1β is the most analysed 
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cytokines with 48% (Figure 3B). IL-1β increases in all of the studies employing PNSL (Table 

6). 

 

 

Figure 3: The biomarker distribution in PSNL model. A: general categories of biomarker 

analysed in PSNL model. B: interleukins distributions. 

Direction of response  PMID/Reference Tissue Molecular target 

Increase 24184386 

(Manjavachi et al. 

2014) 

Sciatic nerve Protein 

24502843 

(Lim et al. 2014) 

Sciatic nerve mRNA 

21307767 

(Liou et al. 2011) 

Sciatic nerve Protein  

Table 6: The direction of changes of IL-1β in studies employing PSNL 

4.2.3 Spared Nerve Injury  

This surgical method could be simply defined as the ligating of the terminal branches of sciatic 

nerve followed by transection (Shields, Eckert III, and Basbaum 2003). Of 85 studies, 6 

studies used this model. The most tissue analysed here is hippocampus where 7 

biomarker/molecular targets are associated with this model followed by spinal cord and DRG 

where each used two biomarker/molecular targets. Here also the cytokines have the largest 
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share of the biomarkers with 56% (figure 4) and IL-1β is one of the major interleukins studied 

(40%) 

 

Figure 4: The biomarker distribution in spared nerve injury model. A: general categories of 

biomarker analysed in spared nerve injury model. B: interleukins distributions. 

 

Direction of response  PMID Tissue Number of studies 

Increase 22033365 

(del Rey et al. 2011) 

Hippocampus 

contralateral 

mRNA 

No change 22033365 

(del Rey et al. 2011) 

Hippocampus 

Ipsilateral 

mRNA 

Table 7: The direction of changes of IL-1β in studies employing spared nerve injury. 

4.2.4 Sciatic nerve crush  

There is one study (Cidral-Filho et al. 2013) where the common sciatic nerve is crushed with 

forceps for 30 seconds. Spinal cord TNF-α was the only analysed biomarker which increases 

after injury. 

4.3 Spinal nerve interventions  

4.3.1 Spinal Nerve Ligations (SNL) 

Kim and Chung (1992) described the SNL as a peripheral neuropathy model. Briefly, it is 

performed by ligating a lumbar spinal nerve root (e.g., L5) distal to DRG using a silk suture. 

Of 85 studies, 20 studies employed spinal nerve ligations. The most sampled tissue here is the 

spinal cord with 70% or 16 biomarker/target molecules associated with this model. The next 

most frequent tissues analysed are DRG and central tissues such as hippocampus and frontal 
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cortex with only three biomarkers measured with these tissues. In this model, glial markers 

have the largest share of biomarkers with 10 biomarker/target molecules followed by the 

cytokines with 6 types of biomarkers (Figure 5). Pro-inflammatory cytokines studied with this 

nerve injury model are IL-1β sampled from hippocampus, with an increase in response post 

injury (Burke et al. 2013) and TNF-α which increases in all the studies.  

 

Figure 5: The distribution of the biomarkers in studies employing Spinal nerve ligation. 

4.3.2 Spinal Nerve Transection  

There is another model of spinal nerve peripheral neuropathic pain model, similar to spinal 

nerve ligation however instead of ligation of the targeted spinal nerve, transection of nerve is 

performed (Malon et al. 2011). This method is performed in four studies with spinal cord as 

sampling tissue. The analysed biomarkers are peptides and enzymes, glia markers, and 

chemokines which are increased in all the studies post injury.  

4.3.3 Spinal Cord Injury  

We found different approaches for imposing spinal cord injury in the available literature. 

These include contusion injury (Crown et al. 2012), Dorsal column crush (DCC) (Lin et al. 

2012), and partial spinal transection injury model (hemi section) (Roh et al. 2013) to a more 

invasive approach such as complete transverse section (M'Dahoma et al. 2014). The sampling 

tissue with this model is spinal cord in all the studies and the analysed biomarkers with these 

injuries are mostly glia and neuronal markers. 
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4.4 Peripheral neuropathic pain models monitoring IL-1β changes 

So far, the biomarker categories associated with the peripheral pain models are outlined. Here 

in the second section of the results, the different animal models in which IL-1β is studied are 

presented. Out of 260 papers, 29 papers have IL-1β studied as a biomarker and the categories 

of pain models analysing the cytokine are presented in figure 6.  IL-1β was the most studied 

in peripheral neuropathic pain models including CCI, PSNL, SNI and SNL with 12 models 

studied followed by Inflammatory pain models using LPS, Carrageenan and CFA with five 

models (Figure 6). Table 8 details the complete list of models in which IL-1β is studied. 

 

Figure 6: the categories of peripheral neuropathic pain models in which IL-1β is studied  

n=29. 

Pain model 

type 

Interventions PMID/Reference Tissue Molecul

ar target 

Response 

Peripheral 

neuropathic 

pain model 

 

Chronic Constriction 

Injury 

25792192 

(Mert et al. 2015) 

Sciatic nerve 

 

protein increase 

22321918 

(Franchi et al. 2012) 

Sciatic nerve mRNA increase 

23190263 

(Sacerdote et al. 

2013) 

Sciatic nerve Protein increase 

25769941 

(Mika et al. 2015) 

Spinal cord mRNA/

Protein 

increase 

22871519 

(Amin et al. 2012) 

Spinal cord Protein Increase 

24204973 

(Kwok et al. 2013) 

 

Plasma  Protein  Increase 

22033365 

(del Rey et al. 2011) 

contralateral 

Hippocampus 

mRNA Increase 

22033365 

(del Rey et al. 2011) 

Ipsilateral 

Hippocampus 

mRNA No 

Change 

24204973 

(Kwok et al. 2013) 

Spinal cord Protein No 

change 

21307767 Sciatic nerve Protein  Increase 
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Partial sciatic nerve 

injury 

(Liou et al. 2011) 

24184386 

(Manjavachi et al. 

2014) 

Sciatic nerve Protein Increase 

24502843 

(Lim et al. 2014) 

Sciatic nerve mRNA Increase  

Spared nerve injury 22033365 

(del Rey et al. 2011) 

Contralateral 

Hippocampus  

mRNA Increase 

22033365 

(del Rey et al. 2011) 

Ipsilateral 

Hippocampus  

mRNA No 

change 

Spinal nerve ligation 23850096 

(Burke et al. 2013) 

Hippocampus 

(male) 

mRNA Increase  

Osteoarthritis Surgery induced  25111192 

(Balaganur et al. 

2014) 

 

Serum mRNA Increase  

Adjuvant induced 

Mycobacterium 

tuberculosis 

23971042 

(Perveen et al. 2013) 

Serum Protein  Increase 

Adjuvant induced 

Monosodium 

iodoacetate 

22890185 

(Moon et al. 2012) 

Articular 

cartilage 

Protein Increase 

Post-operative 

pain 

Incision  24755847 

(Sahbaie et al. 2014) 

Hind paw skin  Protein  Increase 

22137294 

(Liang et al. 2012) 

Paw Skin  Protein  Increase 

20823759 

(Liang et al. 2010) 

Paw skin Protein  Increase 

Fracture  19853379 

(Li et al. 2009) 

 

Paw skin Protein  Increase 

20934254 

(Li et al. 2010) 

 

Paw tissue  Protein  Increase 

Inflammatory 

pain 

LPS 24521480 

(Zhao, Jiang, et al. 

2014) 

Spinal cord mRNA Increase 

25305342 

(Zhu, Zhao, et al. 

2014) 

Spinal cord mRNA Increase 

Carrageenan 23541720 

(Zarpelon et al. 

2013) 

Plantar tissue Protein  Increase  

23208998 

(de Lima et al. 

2013) 

Paw tissue Protein  Increase  

CFA 

 

 

 

 

 

24521480 

(Zhao, Jiang, et al. 

2014) 

Spinal cord mRNA Increase  

25305342 

(Zhu, Zhao, et al. 

2014) 

 

Spinal cord mRNA Increase 
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24971933 

(Horvath et al. 

2014) 

Paw skin Protein Increase 

 

Other pain 

models 

Cyclophosphamide 

Visceral pain 

23541724 

(Auge et al. 2013) 

Bladder tissue Protein  Increase 

streptozotocin (STZ) 25783659 

(Yoon et al. 2015) 

Dorsal root 

ganglia 

Protein  Increase 

Chemotropic drugs 22374260 

(Burgos et al. 2012) 

Lumbar spinal 

cord 

Protein  Increase  

Chrysophyllum 

cainito tree, 

popularly known as 

star apple 

24342779 

(Meira et al. 2014) 

Paw tissue Protein  Increase 

 

Table 8: Different categories of pain models in which IL-1β is studied, with subcategories for 

each pain models in 260 papers. Sampling tissue, molecular marker type (mRNA/protein) and 

response direction have been presented. 

5. Conclusion 

Here, first we reviewed 85 papers employing peripheral neuropathy models. We have 

limitations such as not having the sex and the species of animals and the time post injury. The 

papers were divided based on the anatomical location of the peripheral nerve injury into two 

major sections of neuropathic based and spinal nerve-based injuries. In each category of 

injury, the sampling tissue for biomarkers, the biomarker distribution associated within each 

injury and the interleukin distribution are presented highlighting IL-1β distribution and the 

response post injury in each model. The results show that in all of the sciatic nerve-based 

neuropathies, the cytokines have the largest share of analysed biomarkers. Also, in all these 

studies except sciatic nerve crush in which another cytokine (TNF-α) was studied, IL-1β has 

the largest share. Furthermore, in the second section of the review, we showed that in addition 

to peripheral nerve injury models IL-1β is associated with different pain initiating models 

including osteoarthritis, post-operative and inflammatory pain. The cytokine increases 

unanimously in all of these studies.  
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A complex system of neuronal and glial interactions defines the cytokine involvement in pain. 

Among these cytokines, IL-1 β signalling plays an important role in neuropathic pain. There 

are different mechanisms suggested for the IL-1β role in nociception. These include peripheral 

upregulation of pro-nociceptive mediators such as nerve growth factor (Safieh-Garabedian et 

al. 1995) or direct effect of IL-1β on nociception (Fukuoka et al. 1994). Furthermore, centrally 

it was shown via patch clamping recording that different proinflammatory cytokines 

have different effects on synaptic transmission. Specifically, IL-1β both enhanced the 

frequency and the amplitude of excitatory postsynaptic potential (EPSP) in isolated 

spinal cord slices (Kawasaki et al. 2008).  

Here reviewing 85 papers employing peripheral neuropathic pain models, it was found that 

IL-1β increases in the sciatic nerve post injury. This could be defined pathophysiologically 

by activation of Schwan’s cells and recruitment of macrophages to the injury site which cause 

the secretion of IL-1β (Scholz and Woolf 2007). This also has been shown previously by 

increase of IL-1β in the sciatic nerve post CCI (Uceyler, Tscharke, and Sommer 2007). It was 

also shown that the peripheral injuries will cause an increase in IL-1β in the spinal cord. This 

is in accordance with physiological role of glial cells in injury-induced central sensitization 

and release of inflammatory cytokine such as IL-1β in the spinal cord (Watkins, Milligan, and 

Maier 2001b). The other tissue that was sampled in association with peripheral nerve injury 

models is hippocampus which could be explained by fact that this is one of the brain regions 

in which IL-1β is highly expressed following peripheral inflammation (Fukuoka et al. 1994). 

These data also show that the cytokine expression post peripheral injury follows a hemispheric 

lateralization pattern. This is evident in one study that spared nerve injury caused an increase 

in the level of IL-1β in the contralateral hippocampus but not ipsilateral hippocampus (del 

Rey et al. 2011). Finally reviewing the peripheral neuropathy papers, we found that CSF is 

only sampled in one study (1/85). This is despite the known potentials of CSF matrix (e.g., 
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close proximity to the inflammation site, dorsal horn of spinal cord) to be employed as a 

sampling source in neuropathic pain conditions.  

In addition to the peripheral neuropathies, IL-1β is also a biomarker of interest in other pain 

models. For example, we showed that in osteoarthritis pain models IL-1β is a cytokine of 

interest in the literature. This is due to the fact that pro-inflammatory cytokines such as IL-1β 

and TNF are produced by activated T cells and macrophages involved in the pathogenesis of 

arthritis (Huber et al. 2006; Panayi, Lanchbury, and Kingsley 1992; Gravallese and Goldring 

2000). Furthermore, IL-1β is not only involved in persistent pain pathogenesis but it is also a 

key player in acute pain states, for example after surgery. This is in accordance with the 

previous findings that the nociceptive response to an incisional wound in mice will be reduced 

after administration of IL-1 receptor antagonist (Hu et al. 2010). Furthermore, this local 

inflammatory production of IL-1β along with other inflammatory mediators, has also been 

shown in fracture models and is considered as a contributor to the Complex Regional Pain 

Syndrome (CRPS) pathogenesis, a traumatic chronic neurological condition in limbs 

characterized by hyperalgesia (Goh, Chidambaram, and Ma 2017). Also, IL-1β has been 

studied in other inflammatory pain models by employing inflammatory agents such as LPS 

and Carrageenan. Here also the exaggerated pain states are resulted from plasticity in both 

nociceptors and central nociceptive pathways mediated by action of inflammatory signals.  

The exceptional significance of this review is the large number of reviewed studies. This 

review started with screening 6916 papers and the biomarkers identified in 260 papers which 

is unique to our knowledge. Furthermore, this work shows the significance of interleukins and 

specifically IL-1β as a potent inflammatory cytokine in association with several key 

peripheral neuropathic pain models. This work also showed the wider applicability of this 

biomarker in different non-peripheral neuropathic pain models. Overall, these findings 

highlight the advantage of monitoring IL-1β as a biomarker in relation to a pathophysiological 
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event such as neuropathic pain as well as other pain models. However, to have a wider 

objective diagnostic and quantifiable marker of persistent pain in animals, the current work 

has the potential of development to highlight the association of other types of biomarkers 

identified here such as glial markers in addition to IL-1β and pro-inflammatory cytokines with 

not only the peripheral pain models but also other pain models. 
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Chapter 6: Conclusion 

Neuropathic pain, a chronic condition, results from damage to central nervous system in 

association with complications such as a stroke, multiple sclerosis and spinal cord injury. It 

could also be resulted from the damage to the periphery which etiologically could be caused 

by conditions such as diabetes mellitus or trauma (Baron 2006).  

Neuropathic pain not only has been considered as a neuro-centric plastic mechanism (as the 

case for acute nociceptive pain) but also has the characteristics of a neuroimmune disorder as 

it requires immune components such as spinal microglia and astrocytes. Patho-

physiologically, Wallerian degeneration of axotomized nerve fibres by macrophages and 

Schwan cells causes the activation of a wide range of cells like resident macrophages, 

lymphocytes and satellite cells in DRG. The created immune response will activate the spinal 

microglia followed by astrocytes leading to secretion of mediators including proinflammatory 

cytokines such as IL-1β. Both adaptation and maladaptation (development of persistent pain) 

result from communication between these cells  (Scholz and Woolf 2007). Thus, spinal glia 

are dynamic modulators of this neuronal network via secretion of glial modulators including 

proinflammatory cytokines (Watkins, Milligan, and Maier 2001a).  

Measuring IL-1β in vivo in the intrathecal space is important for us to achieve because of 

several reasons. Firstly, local cytokine assessment which is challenging due to several reasons 

such as the short half-life of cytokines and challenging surgical access for sampling. In 

addition, in rodents the CSF sampling is a terminal procedure (Johnston et al. 2004). 

Furthermore, reviewing the papers employing peripheral neuropathy in the systematic review 

in this thesis (Chapter 5), we found that CSF is only sampled in one study (1/85). This shows 

the significance of developing a new method to enable researchers to quantify cytokines 

intrathecally. 
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Because of its role in mediating auto-inflammatory disease, IL-1β is the most studied member 

of the IL-1 family (Dinarello 2011). This dominance is evident in literature where IL-1β is 

not only of interest in the neuropathic pain models, as this cytokine has been quantified in a 

range of animal models in rodents for example in Experimental Allergic Encephalomyelitis 

(EAE) (Borjini et al. 2016) or in human in neurodegenerative diseases such as Creutzfeldt-

Jakob disease (CJD) (Van Everbroeck et al. 2002) or Alzheimer (Hesse et al. 2016). This 

dominance is further shown in the systematic review we performed; here the results show that 

in sciatic nerve-based neuropathies, not only cytokines have the largest share of the analysed 

biomarkers but also IL-1β is the most explored cytokine. In addition, IL-1β shows an 

increasing trend with different pain models such as osteoarthritis in addition to peripheral 

neuropathies.  

The method employed in this thesis to quantify IL-1β intrathecally, is based on application of 

a stainless-steel based biosensor. The selection of a stainless-steel material was because of its 

excellent mechanical properties (Slaney et al. 2011). This mechanical property is of 

significant importance as the fragility of other types of virgin materials e.g., optical fibers 

based biosensors which we applied previously to quantify IL-1β limited the procedure 

surgically as invasive procedures such as total dorsal laminectomy had to be performed to 

implant the biosensor intrathecally. This limited the procedure to a terminal one with a 

challenging surgical site (e.g., haemorrhage) due to the invasiveness of the procedure (Zhang 

et al. 2019). Obviously, these challenges could bias the CSF-aimed quantifications of target 

molecules. Here, also the application of the poly (ethylene glycol) methacrylate (PEGMA) as 

the tether molecule in the functionalization process, is of importance due to first the higher 

density of probe immobilization provided by abundant functional groups (Milner 1991) as 

well as the possibility of having extra layers of antifouling to avoid nonspecific adsorption 

(Liu, Li, and Liu 2014).  
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The other issue is the detection range of the sensing interface we employed which is 3.2-200 

pg/ml. IL-1β is quantified in CSF in animals or humans in studies in which the general pattern 

of study is to sample CSF and process it with a cytokine assay (e.g., ELISA). For example, 

the cytokine values in a 7-day study of rat spinal cord injury, peaks to 260±70 pg/ml (mean ± 

SEM) in CSF at 1 hour point however after 8 hours it reduced to 180±10 (mean ± SEM), and 

reached to a minimum of 40±40 (Mean +SEM) at day 7 (Wang, Olschowka, and Wrathall 

1997). These values are within the detection range of the biosensor applied in this study (3.5 

to 200 pg/ml). However, much higher concentration of IL-1β was detected for example, 

following intrathecal chronic morphine injection, (up to ≃3000 pg/ml) (Johnston et al. 2004) 

which is outside the current detection limit of the biosensor.  

Longitudinal intrathecal application of the sensing interface was also employed in this thesis 

to detect IL-1β during the time course of peripheral nerve injury in a location with the closest 

proximity to the inflammation site. As discussed before, the glia mediated central sensitization 

is responsible for pain hypersensitivity (Znaor et al. 2007; Wu et al. 2010) via secretion of 

glial mediators such as cytokines (Watkins and Maier 2000). CCI, the peripheral injury model 

we employed, is a common peripheral neuropathy injury as according to the systematic review 

we performed has 60% share of the included sciatic nerve based peripheral neuropathy models 

and has the highest number of applications in studies among all the peripheral neuropathic 

injuries. This model also causes both strong proinflammatory cytokine responses in the spinal 

cord (Lee et al. 2004) and post-operative allodynia (Bennett and Xie 1988). CCI causes an 

increase in IL-1β levels in spinal cord (Amin et al. 2014; Zhao, Meng, et al. 2014). Here, in 

this thesis I was able to quantify the intrathecal in vivo IL-1β during 14 days of peripheral 

injury and draw the correlation between the cytokine concertation and allodynia.  

There are different sets of aims which could be set in this domain. This is due to the spread of 

neuroimmune diseases engaging cytokines in their pathogenesis. However, to be able to apply 
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the current sensing platform in conjunction with other neuroimmune complications in the 

intrathecal space, more versatile biosensor in terms of detection range than the current one 

(3.5-200 pg/ml) is required. The other aim would be to enable the measurements of additional 

(even multiple) key proinflammatory cytokines in pathogenesis of disease and not only IL-

1β. Finally, employing the graded model of neuropathy to have a comparison of the released 

cytokine level intrathecally in moderate pain levels and extreme pain levels are also desired.  

The potential applications of this sensing device and applied surgical procedure is not limited 

to rodents; in human the current routine intrathecal interventions such as intrathecal opioid 

pump (IOP) for pain management (Tomycz, Ortiz, and Moossy 2010) could be applied as 

platforms for the intrathecal introduction of the device in a wide variety of neurodegenerative 

diseases with cytokine engagement such as Alzheimer  (Griffin et al. 1989).  
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