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Abstract 

Sepsis is a life-threatening syndrome associated with the deaths of 44,000 people in the 

UK per year. Nociceptin/orphanin FQ (N/OFQ) and its receptor (NOP) have 

demonstrated associations with sepsis and cells of the immune system. This thesis 

describes studies examining the expression of mRNA transcripts for the NOP receptor 

and the N/OFQ precursor ppNOC. It further describes the development of a novel live-

imaging assay for the study of N/OFQ release from single human granulocytes in vitro. 

mRNA experiments demonstrated that ppNOC is predominately expressed in 

eosinophils. Decreased expression of mRNA for NOP in isolated human PMNs was seen 

following 20 hours of exposure to 0, 1, 2.5 and 5 µg ml-1 LPS in vitro. NOP expression in 

PMNs after whole blood exposure to 5 hours of LPS at 0, 0.01, 0.1 and 1 µg ml-1 for 5 

hours was decreased. The decrease in expression between 0 and 1 µg ml-1 for whole 

blood treated samples was ~200-fold; for isolated PMN treated samples it was 3-fold. 

There was an apparent rightward shift in the concentration-response curve. Other 

factors in whole blood are likely involved in modulation of NOP expression in PMNs to 

LPS. Determination of PMN release of N/OFQ was achieved through development of a 

novel bioassay. Chimeric hNOP CHOαi/q were loaded with Fluo-4 to detect N/OFQ-

associated [Ca2+]i increases by fluorescence. Confocal microscopy was used to co-image 

CHO cells and live human PMNs, also loaded with Fluo-4. Fluorescence of PMNs was 

observed in fMLP-activated PMNs. Subsequent fluorescence was observed in individual 

CHO cells indicating release of N/OFQ by stimulated PMNs. Exposure of CHO cells alone 

to fMLP-stimulated PMN supernatant was tested in the presence of a NOP antagonist 

(TRAP-101) and / or purinergic type 2 receptor antagonist (PPADS). Fewer CHO cells 

fluoresced to supernatant in the presence of TRAP-101 compared with PPADS, 

suggesting fMLP-stimulated PMN supernatant contains N/OFQ. These data demonstrate 

for the first time the visualised real-time release of N/OFQ from human immune cells. 

PMNs both produce and respond to N/OFQ. Further work will determine the cell types 

involved and their relevance to sepsis. 
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1. Introduction 

Sepsis kills approximately 44,000 people every year in the UK alone.1 Although there has 

been significant progress in understanding sepsis, there are still no effective specific 

therapeutics. This thesis explores the association of the endogenous opioid N/OFQ 

(nociceptin/ orphanin FQ) with granulocytes, important modulators of sepsis, and its 

possible role within the sepsis syndrome. 

 

1.1. Opioids and their receptors 

Endogenous opioid receptors are widely distributed throughout the human body. They 

are primarily associated with anti-nociception: their activation inhibits 

neurotransmission of nociceptive signals. They are G-protein coupled receptors (GPCRs) 

that when bound to opioid ligands decrease calcium ion conductance, reduce cyclic AMP 

(cAMP) formation and stimulate an efflux of potassium ions hyperpolarising the cell 

membrane. Opioid receptors were originally named after the compounds used to 

discover them or their discovered anatomical location; mu receptors from morphine, 

kappa receptors from ketocyclazocine and delta receptors from vas deferens. Current 

terminology is based on the International Union of Pharmacology (IUPHAR) 

nomenclature: MOP (mu opioid peptide), mu or µ; KOP, kappa or κ; DOP, delta or δ.2 

Opioid drugs have widespread effects on the gastrointestinal (constipation and nausea), 

respiratory (respiratory depression), cardiovascular (hypotension), immune 

(immunosuppression with long-term use) and other systems (see Table 1.1.1). 

 

In 1995 a further opioid receptor ORL-1 was deorphanised following the discovery in 

mammalian brain tissue of its endogenous peptide ligand nociceptin/orphanin FQ 

(N/OFQ).3 4 Despite sharing many of the characteristics of classical opioid receptors 

(amino acid sequence homology, being a GPCR, negative coupling with adenylate 

cyclase), opioid receptor like-1 (ORL-1) or NOP as it is now known, does not bind classical 

opioid ligands. N/OFQ binding is also not reversible by the opioid antagonist naloxone.5  
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Ligands 
Receptor subtype 

MOP (mu, µ) KOP (kappa, κ) DOP (delta, δ) NOP (ORL-1) 

Endogenous     

 β-endorphin +++ +++ +++ 0 

 Endomorphin +++ 0 0 0 

 Leu-enkephalin + 0 +++ 0 

 Met-enkephalin ++ 0 +++ 0 

 Dynorphin A/B ++ +++ + + 

 N/OFQ 0 0 0 +++ 

Agonists     

 Morphine +++ + + 0 

 Meperidine +++ + + 0 

 Diamorphine +++ + + 0 

 Fentanyl / 

remifentanil 
+++ + 0 0 

Antagonist     

 Naloxone +++ ++ ++ 0 

      

Effects     

 CNS Analgesia 

Sedation 

Euphoria 

HPA axis 

Thermo-

regulation 

Sedation 

Dysphoria 

Hallucinations 

Analgesia / 

antanalgesia 

Analgesia 

Opioid 

tolerance 

Possible 

antidepressant 

effects 

Spinal 

analgesia 

Supraspinal 

analgesia 

Opioid 

tolerance 

 Cardiovascular Bradycardia 

Hypotension 

  Vasodilation 

 Respiratory Depression  Depression  

 Gastrointestinal Nausea 

Vomiting 

Constipation 

 Constipation  

 Genitourinary Urinary 

retention 

Diuresis Urinary 

retention 

Antidiuresis 

 Immune system Depression 

(HPA) 

  Possible pro-

inflammatory 

effects 

 Dermal Pruritis Antipruritis   

Table 1.1.1 Summary of opioid receptors and their ligands with associated systemic effects.  Selectivity 
of ligands expressed as +++ = high affinity, ++ = intermediate affinity, + = low affinity, x = no affinity. 
N/OFQ = nociceptin/orphanin FQ; CNS = central nervous system; HPA = hypothalamic-pituitary axis 
(adapted from McDonald and Lambert 2015).6 
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Subsequent research has demonstrated that NOP is distributed amongst many 

physiological systems, particularly pain and inflammatory pathways, in common with 

other endogenous opioids.  

 

1.2. The Nociceptin System 

The nociceptin system comprises N/OFQ (a 17 amino acid peptide), its precursor pre-

pro nociceptin/orphanin FQ (pp-N/OFQ) and its receptor NOP. Following the de-

orphanisation of NOP, an accumulating body of data implicate the role of this non-

classical opioid system in pathways such as nociception, the hypothalamopituitary axis 

(HPA), acute and chronic inflammation, as well as cancer.7 8 

 

N/OFQ is a neuropeptide, existing in plasma at low concentrations (10 pg ml-1). Its effects 

on NOP are similar to those of other opioid-receptor interactions, i.e. inhibition of cAMP 

formation, closure of voltage-gated calcium channels and the opening of potassium 

channels resulting in a decrease in intracellular calcium and decreased membrane 

excitability (illustrated in Figure 1.2.1).  Proteolytic processing of the precursor pp-

N/OFQ forms N/OFQ and two additional proteins (nocistatin and O/FQ2, which may 

Figure 1.2.1 Cellular effects of N/OFQ binding to NOP. NOP is Gi-coupled, therefore the binding of the 
agonist N/OFQ leads to a decrease in calcium conductance, increased potassium permeability, and 
reduced conversion of ATP to cAMP via inhibition of adenylate cyclase. 
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have regulatory functions). N/OFQ is similar in structure to the endogenous opioid KOP 

agonist dynorphin A (see Figure 1.2.2).  

The nociceptin system is distributed widely (see Figure 1.2.3). Its components have been 

determined in central, peripheral and sensory nervous systems, as well as in various 

regions such as the pulmonary system, myocardial cells, and immunocytes.7 9 10 Initial 

work considered its role in nociception. Spinal administration of N/OFQ is associated 

with antinociception (except at very low doses), but in rodents intracerebroventricular 

injections have been shown to be pronociceptive.4 11 12 Spinal administration is 

associated with analgesia in non-human primates - even at very low doses.13 However, 

in contrast to rodents, supraspinal administration of N/OFQ in primates is 

antinociceptive.14 The potential therapeutic role of modulating the nociceptin system in 

acute and chronic pain states continues to receive considerable interest. 

 

 

 

 

 

Figure 1.2.2 Key structural similarities between N/OFQ and dynorphin A. Similar to a range of peptides, 
their structure can be loosely divided into a message sequence (receptor activation) and address 
sequence (receptor occupation). Red letters represent preserved amino acid sequences between N/OFQ 
and dynorphin A - the substitution of tyrosine in dynorphin A (Y) with phenylalanine (F) confers NOP 
specificity (adapted from Lambert, 2008).7 
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1.3. N/OFQ and Inflammation 

Pain and inflammation are intimately connected, having been recognised in the 1st 

century AD by Celsus in De Medicina – ‘calor, dolor, rubor, and tumor’. With early 

reports of classical opioid receptors expressed in human leucocytes (since disputed) as 

well as the widely documented immunosuppressive effects of opioids, it is perhaps not 

surprising that the nociceptin system has an increasingly recognised role in 

immunomodulation.15–19 

 

Inflammation is mediated via immune cells, specifically leucocytes and their 

subpopulations. In summary, immune cells local to the site of the inflammatory stimulus 

(e.g. macrophages, histiocytes) recognise antigenic molecular patterns or tissue 

damage, are activated and release inflammatory mediators (e.g. nitric oxide) resulting 

in vasodilation and increased vascular permeability. Leucocytes (predominately 

neutrophils) migrate to the site of inflammation, and a further cascade of reactions 

Figure 1.2.3 The pleiotropic nature of N/OFQ (from Lambert, 2008).7 Bold type represents potential 
clinical applications. 
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occurs (e.g. complement activation, fibrinolysis), propagating the inflammatory process. 

This innate immune response continues until the inflammatory stimulus is removed or 

eradicated.  The innate immune system also activates the adaptive immune response 

via stimulation of lymphocytes, specifically T-cells. Immune cells from the innate system, 

such as dendritic cells or macrophages, can present foreign antigen on their cell surface 

through coupling with specific cell surface receptors (major histocompatibility complex) 

that are recognised by T-cells. This results in T-cell activation, the release of cytokines, 

and further propagation of the immune response. B-cells are also crucial to this system 

and form the basis of humoral immunity. In a similar manner to dendritic cells, B-cells 

phagocytose foreign protein and present foreign protein to T-cells. These T-cells then 

stimulate the B-cells to form antibody-producing plasma cells. Antibodies then bind to 

specific foreign antigens, enhancing their eradication by phagocytes (opsonisation) and 

further acting as a stimulus to complement.20 This process is illustrated in Figure 1.3.1. 

 

Important mediators of the inflammatory system are cytokines (see below), as well as 

other mediators (e.g. nitric oxide). There is an increasing body of in vitro and in vivo 

evidence that suggests that the nociceptin system has an important modulatory role in 

the inflammatory response.  
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1.4. Immunocytes 

A summary of the evidence for the role of inflammatory cells in the nociceptin system is 

shown in Figure 1.4.1. Much of the cellular evidence is based around the extraction of 

messenger RNA (mRNA) and analysis of copy DNA (cDNA) transcripts for components of 

the nociceptin system, i.e. NOP and pp-N/OFQ (termed ppNOC in this thesis). Key to this 

is the determination of mRNA for nociceptin components in leucocytes, the key cellular 

mediators of inflammation. 

Figure 1.3.1 Overview of cellular interactions in inflammation: Macrophages (or other antigen-
presenting cells, APCs) recognise foreign protein via pattern recognition molecules. Cytokines are 
released that promote local recruitment of phagocytic cells (neutrophils) as well as stimulating 
systemic changes (e.g. vasodilation, endothelial changes). APCs also activate circulating T-cells by 
binding with major histocompatibility complex (MHC) surface receptors, also inducing further cytokine 
release. Circulating B-cells also act as APCs and form antibody secreting plasma cells. 
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Our own laboratory has determined that mRNA for NOP and ppNOC is produced by 

peripheral blood mononuclear cells (PMBCs), i.e. macrophages, monocytes, and 

lymphocytes, through use of quantitative polymerase chain reaction (qPCR) analysis.16 

21 Furthermore, our research group did not identify mRNA transcripts for any of the 

traditional opioid receptors. Fluorescent-naloxone also did not to bind to PBMCs, 

assessed using fluorescence-activated cell sorting (FACS); a negative finding that was 

also seen when using a radio-labelled opioid receptor agonist ([3H]diprenorphine).16 

 

Similar work has provided evidence for NOP and ppNOC on granulocyte and monocyte 

populations. Within our own laboratory, peripheral polymorphonuclear cells (PMNs), 

lymphocytes, and monocytes (precursors of macrophages) were isolated using FACS. 

After mRNA extraction and reverse transcription to cDNA, qPCR was performed using 

TaqMan probes to MOP, NOP and ppNOC. Once again, no mRNA could be determined 

for MOP in any leucocyte whilst mRNA for NOP, and ppNOC (although at low levels), was 

shown to be expressed. These data are shown in Figure 1.4.2.22 

Figure 1.4.2 FACS analysis showing spread of cell populations (P2/green=lymphocytes, P3/blue=monocytes, 
P4/pink=granulocytes) with table showing subsequent MOP, NOP and pp-N/OFQ (ppNOC) qPCR expression 
displayed as delta CT values (McDonald et al, 2010).22 
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These data only demonstrate that cellular DNA is transcribed into mRNA for NOP 

receptors and ppNOC, and not that any protein is produced or is functional; that such 

transcription does occur correlates well with further in vitro work and functional studies 

in animals. Fiset and colleagues not only confirmed the presence of NOP and ppNOC 

mRNA transcripts in stimulated PMNs via Northern Blot analysis, but also demonstrated 

that degranulated PMN supernatants contained N/OFQ as determined by enzyme-

linked immunoabsorbent assay (ELISA).23 In the same paper this group also 

demonstrated that cAMP levels were attenuated in stimulated PMNs when exposed to 

N/OFQ. 

 

Evidence of NOP receptor function is further supported by chemotaxis experiments. 

Serhan and colleagues identified mRNA transcripts for NOP, detected NOP surface 

receptors (using 125I-labelled N/OFQ), and used a microchamber migration assay to 

assess the effect of synthetic N/OFQ on PMN migration.24 Compared with a 

chemoattractant (fMLP), N/OFQ was shown to be at least 100-fold more potent in 

evoking PMN chemotaxis. Such chemoattraction was confirmed in vivo using an 

established animal model of leucocyte infiltration, the murine dorsal air pouch. N/OFQ 

induced significant leucocyte recruitment. Trombella and colleagues performed similar 

in vitro experiments, determining that N/OFQ was a potent chemoattractant of 

monocytes.25 Whilst their data did not support N/OFQ being a chemoattractant of 

neutrophils, they were able to demonstrate that N/OFQ promotes the release of 

lysozyme from neutrophils. 

 

Some further in vitro studies in mouse cells suggest that N/OFQ also has antibody 

suppressing activity.26 A plaque-forming assay combining antigenic sheep red cells with 

spleen tissue from mice was used to assess antibody formation in the presence of 

increasing doses of N/OFQ. The ability for the splenic cells to mount an appropriate 

antibody response was suppressed by a dose range of N/OFQ (10-14 to 10-11 M). Naloxone 

did not reverse this antibody suppression. Whilst these findings have not yet been 

replicated in human tissues, they support a potential role for the nociceptin system in 

modulating the adaptive immune response.  
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More recently, evidence has been published that suggests, in the pulmonary system, 

eosinophils may have an important role in the nociceptin system. Singh and colleagues 

determined that the NOP receptor is expressed in human and mouse immune and 

airway cells.27 Furthermore, they determined that ppNOC transcripts were expressed in 

eosinophils, with the number of cells demonstrating a weak correlation with sputum 

N/OFQ peptide concentrations as determined by radioimmunoassay (RIA) (see Figure 

1.4.3). N/OFQ peptide was isolated in human sputum, and its concentrations were 

increased in patients with asthma.  The authors also administered N/OFQ to mice and 

determined that the peptide reduced airway constriction and immunocyte trafficking to 

the lung. N/OFQ was also associated with a reduction in inflammatory mediators (IL-4, 

IL-5, IL-12 and IL-13) and the production of mucin. 

Figure 1.4.3 Pulmonary eosinophils in the nociceptin system. The left-hand graph demonstrates a 
weak correlation between eosinophil count and sputum N/OFQ. On the right, the graph 
demonstrates plasma eosinophil mRNA ∆Ct values for the N/OFQ precursor. Both suggest that 
pulmonary eosinophils are involved in the nociceptin system (Singh et al, 2016).27 
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1.4.1. Animal Experiments 

Evidence from NOP-knockout mice provides a compelling argument that the nociceptin 

system has a functional role in inflammation.28 Dextran sulphate sodium (DSS) was 

administered to mice to induce inflammatory colitis. Experimental mice comprised NOP-

deficient mice and wild-types, with or without oral DSS treatment. The colon of each 

mouse was surgically removed under anaesthesia after twenty days and examined for 

histological damage. Wild-type mice developed signs of colitis as well as significant 

weight loss, whilst NOP-deficient mice did not (see Figure 1.4.4). Furthermore, colons 

extracted from the untreated wild-type mouse group and NOP-deficient mouse group 

displayed no histological changes, whereas those from the wild-type treated mouse 

group showed significant histological changes consistent with acute colitis. 

 

 

Immunohistochemical analysis of the colon samples using polyclonal antibodies to 

N/OFQ revealed significant upregulation of the peptide in DSS-treated mice as 

compared with untreated and NOP-deficient mice. Immunocyte infiltration was also 

significantly increased in DSS-treated wild-type mice, particularly amongst lymphocytes 

(see Figure 1.4.5). 

 

 

 

Figure 1.4.4 Changes over time in body weight of experimental mice. Black-circles = NOP-deficient 
mice; squares = wild-type. Results expressed as mean +/- SD. * = p<0.005 compared with day 0. (Data 
from Kato et al, 2005).28 
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The implication of this work is that mice lacking NOP are resistant to the colonic 

inflammatory process induced by DSS, thus suggesting a key inflammatory role for NOP. 

 

Further evidence for the nociceptin system having a functional role in inflammation 

comes from work in rat mesenteric vessels.29 After surgical exteriorisation of the 

terminal ileum, a series of experiments assessing vascular and endothelial changes in 

response to N/OFQ, UFP-101 (a N/OFQ antagonist), and histamine antagonists were 

performed. In vitro pressure myography experiments were also performed to determine 

changes in vascular luminal diameter in response to topical stimulation by N/OFQ. 

Brookes and colleagues demonstrated that N/OFQ administered intravenously caused 

hypotension, an increase in endothelial permeability, leucocyte recruitment, and 

vasodilation – features consistent with systemic inflammation. N/OFQ-induced 

endothelial permeability and vasodilation were reversible by UFP-101, as well as 

histamine antagonists, suggesting a role for histamine (a well-recognised mediator of 

inflammation) in mediating the systemic effects of N/OFQ. 

 

Other cardiovascular effects have also been demonstrated in rats.  The intravenous 

administration of N/OFQ to anaesthetised healthy rats resulted in a dose-dependent 

Figure 1.4.5 Muscle infiltration of immunocytes for DSS-treated wild-type mice (hatched 
columns), untreated NOP-deficient mice (white columns) and DSS-treated NOP-deficient mice 
(black columns). (Data from Kato et al, 2005).28 
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reduction in heart rate and blood pressure. The mechanisms for this were postulated as 

involving the autonomic nervous system – guanethidine combined with bilateral 

vagotomies prevented any N/OFQ induced cardiovascular effects.30 

 

It is clear that the nociceptin system has a functional role within the inflammatory 

process. However, how and where it fits within the inflammatory cascade remains 

poorly understood. There are also data that suggest a key role for the nociceptin system 

in mediating the clinically important systemic inflammatory process of sepsis. 

 

1.5. Sepsis 

Sepsis is defined as ‘life-threatening organ dysfunction caused by a dysregulated host 

response to infection’.31 The health impact of sepsis is significant: sepsis affects millions 

of people every year with a mortality of approximately 25%, and it accounted for more 

than $20 billion of total US hospital costs in 2011. The diagnosis of sepsis has 

traditionally been stratified into sepsis, severe sepsis and septic shock using 

physiological criteria in the presence of infection. However, the sepsis criteria were 

widely recognised as being non-specific and in essence only reflected a host’s systemic 

inflammatory response to an insult. There is no diagnostic test for sepsis, yet its early 

diagnosis and management are key to patient survival. 

 

Recent work has attempted to improve diagnosis of sepsis, with a focus on early 

recognition and management, and the importance of organ dysfunction. The currently 

accepted definitions – Sepsis-3 consensus – are based on a comprehensive review of 1.3 

million clinical encounters within the University of Pittsburgh Medical Center health 

system.31 They recognise the importance of organ dysfunction as measured by the 

Sequential Organ Failure Assessment Score (SOFA), detailed in Table 1.5.1. The 

definitions from Sepsis-3 are given in Table 1.5.2. Recognising the importance of early 

diagnosis, qSOFA (see Table 1.5.3) has also been developed from this data set, designed 

to improve the rapid identification of patients with suspected sepsis.  
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Table 1.5.1 Sequential Organ Assessment Failure Score; a score of ≥2 is associated with a 10% increased 
mortality risk when associated with infection (Singer et al, 2016).31 

 

Table 1.5.2 Sepsis-3 definitions (abbreviated from Singer et al, 2016).31 
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These definitions illustrate the problem that sepsis is a complex clinical syndrome rather 

than a definitive diagnosis. The Sepsis-3 consensus also recognises that our 

understanding of sepsis, whilst still limited, has improved from original concepts of 

hyper-inflammation mediated by cytokines. It was originally thought that the lethality 

of sepsis was due to an exaggerated and uncontrolled cytokine storm. In 1974 Lewis 

Thomas wrote “the microorganisms… that seem to have it in for us… turn out… to be 

rather more like bystanders… It is our response to their presence that makes the disease. 

Our arsenals for fighting off bacteria are so powerful… that we are more in danger from 

them than the invaders”.32 However, recent advances in our understanding of sepsis 

suggest that hypo-inflammation also has an important role in survival from infection. 

One model describes sepsis as an initial inflammatory response followed by a relative 

period of immunosuppression preceding recovery. Importantly, the degree of hyper and 

hypo-inflammation is dependent on host factors, such as co-morbidities.33 This concept 

is illustrated in Figure 1.5.1.   

 

 

 

 

 

 

 

 

Table 1.5.3 Quick SOFA criteria (qSOFA) for rapid identification of patients who, in the presence of 
infection, are likely to have a prolonged ICU stay or die (Singer et al, 2016).31 
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1.6. Cytokines 

The response to sepsis is driven and mediated by extrinsic and intrinsic factors. An 

extrinsic bacterial source is the most common cause, though viruses and fungi can 

produce a similar and no less lethal clinical picture. The traditional model of the sepsis 

response is based around the Gram-negative bacterial endotoxin. This is a 

lipopolysaccharide (LPS) that is a potent stimulator of the inflammatory process via the 

innate immune response, though Gram-positive bacteria induce an almost identical 

response. In summary, endotoxin stimulates immunocytes and the complement system 

to release the key cytokines of sepsis: tumour necrosis factor (TNF-α), the interleukins 

(IL) 1, 6 and 8, and macrophage migratory inhibitory factor (MIF), in addition to non-

cytokine mediators such as complement, platelet activating factor (PAF) and nitric oxide 

(NO).34 Furthermore, LPS binds to the cell surface receptor CD14 activating neutrophils, 

Figure 1.5.1 Immunologic response of three hypothetical patients with sepsis (Hotchkiss and Karl, 
2003).33 
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macrophages and monocytes, mobilising, recruiting and stimulating them to increase 

nuclear synthesis of further cytokines via nuclear factor kappa-B (NF-B). The binding of 

CD14 and subsequent intracellular effects requires the transmembrane protein Toll-like 

receptor (TLR), receptors that also recognise and bind endotoxin independently by 

functioning as pathogen-associated molecular pattern receptors (PAMP). These TLRs 

and the role of PAMPs have received considerable interest as therapeutic targets.35 Non-

infective stimuli, such as burns, trauma, or surgery can also stimulate immune cells and 

a similar inflammatory response involving the same mediators. 

 

Cytokines have numerous and varying effects as intrinsic mediators of the inflammatory 

response, having both pro-inflammatory and anti-inflammatory functions, and are 

summarised in Table 1.6.1.36 Cytokines amplify the initial inflammatory response and 

are also key to the compensatory anti-inflammatory response (CARS), the balance 

between pro-inflammation and CARS maintaining homeostasis. Understanding how this 

balance is disrupted is another area of sepsis research. 
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Pro-inflammatory Anti-inflammatory 

Cytokines: 

 TNF alfa 

 IL-1β, IL-2, IL-6, IL-8, IL-15 

 Granulocyte-macrophage colony-

 stimulating factor (GM-CSF) 

 IFN-γ 

 Chemokines 

Cytokines:  

 IL-1Ra 

 IL-4 

 IL-10 

 IL-13 

 

Other mediators: 

 Neutrophil elastase 

 Thromboxane 

 PAF 

 Vasoactive neuropeptides 

 Phospholipase A2 

 Plasminogen activator inhibitor-1 

 Prostaglandins 

 Prostacyclin 

 Soluble adhesion molecules 

 H2S, NO 

Other mediators: 

 Type II IL-1 receptor 

 Transforming growth factor β 

 Epinephrine 

 Soluble TNF- receptors 

 Soluble recombinant CD14 

 LPS binding protein 

 
Table 1.6.1 Pro-inflammatory and anti-inflammatory mediators of sepsis: TNF=tumor necrosis factor, 

IL=interleukin, IFN=interferon, PAF=platelet activating factor, H2S=hydrogen sulphide, NO=nitric oxide, 

LPS=lipopolysaccharide (adapted from Devi Ramnath et al, 2006).36  

 

1.7. Therapeutics 

Despite a considerable volume of research into the functions of cytokines and the 

understanding of their key role in both inflammatory and anti-inflammatory processes, 

therapies that target these processes have been mainly unsuccessful. Furthermore, 

correlations between circulating cytokine concentrations and severity of sepsis are 

inconsistent, particularly between different pathogens and, of specific concern to 

research methodology, between species.37 For example, in animal models of severe 

sepsis the cytokine TNF-α is reliably increased and associated with death.38 However, 
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clinical trials in humans with drugs targeting TNF-α failed to demonstrate survival 

benefit, in part due to TNF levels not being significantly raised in septic patients enrolled 

in the trials.39 Other therapies that target different parts of the sepsis cascade have also 

proved disappointing, with two sepsis-specific drugs – the TLR antagonist eritoran 

tetrosodium and activated-protein C - being abandoned or withdrawn in 2011 despite 

promising earlier trials.35 40 41 

 

1.8. Models of Sepsis 

Studying sepsis remains a challenging area of research. The lack of a specific diagnostic 

test, and it being a physiological syndrome rather than a clearly defined disease have 

made human observational and interventional data difficult to interpret. Models of 

sepsis can assist understanding and the development of therapeutics. They fall into 

three main categories: in vitro methods, animal studies, and human studies. 

 

In vitro models of sepsis 

The sepsis response comprises many interacting inflammatory and neuroendocrine 

pathways and cascades which cannot be effectively modelled outside of a host. 

However, in vitro purified cell types including neutrophils, monocytes, macrophages, 

endothelial and epithelial cells have greatly increased understanding of cell-specific 

mechanisms which may be relevant to sepsis.34 Similarly, studies of cells taken from 

patients suffering from a severe infection have improved understanding of the 

homeostatic dysregulation that occurs.42  

 

Lipopolysaccharide (LPS) is perhaps the most studied stimulus of the septic response. 

LPS, or endotoxin, forms an integral part of the outer cell wall of gram-negative bacteria 

and is the main trigger for gram-negative septic shock. There is an abundance of studies 

using LPS and they have led to much of our understanding of cytokine cascades, as well 

as the roles of PAMPs, neutrophil extracellular traps (NETs), and the crucial function of 

TLRs.43–45 Other stimulants have also been used to simulate gram-positive infection, 
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examples being the cell wall components peptidoglycan and teichoic acid.46 

Alternatively, leukocytes can be ‘activated’ in vitro using known stimulants. These 

include the leukocyte chemoattractant and degranulator fMLP (formyl–methionyl–

leucyl–phenylalanine), PMA (phorbol myristate acetate), components of complement 

(fragment C5a, for example, inhibits neutrophil apoptosis), and cytokines (e.g. TNFα, IL-

8).47 48 

 

Animal models of sepsis 

The most commonly used animal in preclinical studies of sepsis is the mouse. Mice are 

relatively easy to manage for laboratory staff, and can be genetically modified to explore 

the relevance of particular proteins and receptors to the pathogenesis of sepsis. They 

can also be made more human by transplanting human haematopoetic stem cells into 

neonatal mice, leading to the development of human innate and adaptive immune cells 

(e.g. NK cells, T cells, B cells, monocytes).49 Modelling sepsis in mice (and other animals) 

has usually been achieved with direct injection of LPS (either intravenous or 

intraperitoneal), caecal ligation and puncture (CLP), or the intraperitoneal introduction 

of faecal slurry or bacteria.  

 

Studies of LPS in mice are extensive and gave rise to much of the understanding of TNFα, 

TLR-4 and the cytokine cascade. LPS can be administered either as a bolus or as an 

infusion. Bolus doses do not accurately mimic the human response to sepsis: the 

immediate hypodynamic cardiovascular response in mice to LPS is different to the 

hyperdynamic response to sepsis seen in humans.50 Infusions preserve the 

hyperdynamic aspect of the human response, but modulation of T-cell mediated 

cytokine release does not occur.51 Further, mice are considerably more resistant to 

endotoxaemia than humans. The lethal dose of LPS for 50% of mice (LD50) is 

approximately a million times larger than needed to induce symptoms in humans.52 

Further, a comparison of the genomic response of mice with humans to the 

inflammatory insults of burns, trauma and endotoxaemia, demonstrated significant 
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differences between species.53 Such discrepancies suggest that therapeutics developed 

using murine models of mice may not be effective in humans.   

 

Animal CLP studies are relatively simple to produce. The technique involves performing 

a laparotomy then ligating the caecum before puncturing it with a needle, allowing 

faeces to enter the peritoneum.54 CLP models generate physiological responses seen in 

humans, e.g. hyperdynamic cardiovascular system, acute lung injury and increased 

macrophage and monocyte activity. These models are also resistant to therapies such 

as TNFα antibodies, similarly to human studies.55 However, translational research from 

murine CLP studies has remained unsuccessful. Not only is the genomic response in mice 

different to that of humans, but also mortality from sepsis in humans occurs 

predominately at the extremes of age.53 Co-morbidity also predisposes to mortality, and 

experimental mice are usually young adult animals with no co-morbidity. The timing and 

duration of sepsis usually occurs over days in experimental animals, unlike humans 

where the course of the disease may be prolonged by extensive resuscitation and organ 

support.  

 

Another relatively reproducible animal model of sepsis involves the intraperitoneal 

introduction of human faecal material or bacteria. This removes the need for a 

laparotomy as in the CLP technique, and allows introduction of a fixed dose of 

contamination into the peritoneum. Rabbits have a similar immune response and 

sensitivity to LPS as humans. Using this peritonitis model in rabbits, tifacogin (a 

recombinant tissue factor pathway inhibitor) was shown to be an effective 

pharmaceutical treatment.56 However, as with other potential therapies arising from 

animal data, the results of clinical trials in humans were disappointing.57  

 

Fundamentally, the inflammatory response of mice and other animals is different to that 

of humans. Animal studies are therefore useful for understanding the mechanisms of 

the sepsis response, as many of the pathways described in animal models have been 



 

23 
 

found to be applicable in humans. However, translating interventional studies from 

animals to humans require caution: history suggests they are unlikely to be successful.  

 

Human models of sepsis 

Modelling sepsis in humans has mainly been by injections or short duration infusions of 

endotoxin to healthy volunteers in the range of 1 – 4 ng kg-1. Endotoxin experiments do 

not replicate the complex and severe, life-threatening syndrome of sepsis, but they have 

provided useful mechanistic data that have greater relevance for humans than those 

gained from animal models. The features of the human response to endotoxaemia are 

similar to sepsis: fever, malaise, myalgia, leucocytosis and a hyperdynamic 

cardiovascular response or hypotensive shock at higher doses. Studies using this model 

have increased our understanding of cytokines, leukocyte activation and regulation, and 

gene regulation.58–60 Interventions targeting LPS antigen presentation, cytokine 

responses, coagulation and neuroendocrine effects have also been studied in the 

endotoxin human model of sepsis.61–64 

 

Other human models of sepsis have focused on extracting activated human 

inflammatory cells in localised areas of inflammation in the form of blisters.65 There have 

also been recent advances in computer simulations of inflammation that may improve 

the development of effective therapies.66 

 

1.9. The Nociceptin System and Sepsis 

The health and economic burden of sepsis is significant, and despite disappointing 

results from drug trials, considerable advances continue to be made regarding the 

pathophysiology of the syndrome. Increasing amounts of research point to a key 

association between the endogenous N/OFQ system and the inflammatory process of 

sepsis.  
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Perhaps the most convincing piece of evidence comes from the work of Carvalho and 

colleagues who used an animal model of sepsis to demonstrate the profound effects of 

N/OFQ on survival.67 A group of anaesthetised rats underwent laparotomy with caecal 

ligation and perforation (CLP) followed by abdominal wound closure. A control group of 

rats – sham – underwent laparotomy without CLP. The CLP rats were divided into groups 

that received increasing concentrations of N/OFQ (0.001 mg kg-1 to 0.1 mg kg-1). Another 

set of CLP rats were also exposed to varying concentrations of UFP-101 (N/OFQ 

antagonist). Both sets of rats were compared against sham. All rats received fluid and 

antibiotics. Mortality was 100% for CLP rats exposed to 0.1 mg kg-1 N/OFQ, whereas rats 

exposed to the N/OFQ antagonist showed improved survival. This is shown in Figure 

1.9.1.  

 

Figure 1.9.1 N/OFQ in rat survival after CLP: A) Rats exposed to CLP and N/OFQ over 10 days. Mortality 
was 100% for rats exposed to 0.1mg kg-1 N/OFQ compared with sham. B) CLP rats exposed to UFP-
101 showing improved survival in the presence of the N/OFQ antagonist (Carvalho et al, 2008).67 
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Carvalho et al also compared the mortality data with biochemical analyses of CLP rats 

that were exposed to similar doses of N/OFQ and UFP-101 following CLP and then killed 

12 hours following surgery. Plasma concentrations of the pro-inflammatory cytokines 

(TNF-α and IL-1β) increased with 0.01 mg kg-1 and 0.1 mg kg-1 of N/OFQ, and were 

reduced by 0.03 mg kg-1 of UFP-101; this is shown in Figure 1.9.2. UFP-101 was also 

shown to impair leucocyte migration into the peritoneal cavity as well as distant spread. 

The anti-inflammatory cytokine IL-10 was minimally affected by N/OFQ or UFP-101. 

These data are strongly suggestive of N/OFQ having a key role in the pro-inflammatory 

phases of sepsis, and the therapeutic potential for N/OFQ antagonists. However, it is 

important to note that the CLP model is one of acute sepsis manipulated at the time of 

onset. This is rarely the case with patients in clinical practice who frequently present 

hours or days after the onset of sepsis. 

 

However, there is evidence from human studies that adds weight to there being an 

important role for N/OFQ in sepsis. Our group performed an observational pilot study 

examining plasma N/OFQ concentrations in patients admitted to ICU with sepsis.68 Of 

Figure 1.9.2 Effects of N/OFQ and UFP-101 on cytokine levels in CLP rats, showing a stimulatory 
effect with higher levels of N/OFQ of pro-inflammatory mediators, and an inhibitory effect with 
UFP-101 (TNF; IL-1β; IL-10; MCP-1, monocyte chemotactic protein 1). (Carvalho et al, 2008).67 

IL-1β 
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the 21 patients, 4 died within 30 days of admission. These 4 patients had significantly 

higher plasma N/OFQ concentrations (measured by RIA), represented in Figure 1.9.3, 

and interestingly were not significantly more unwell based on clinical assessment scores 

(i.e. APACHE, SOFA). Those ICU patients that had undergone surgery also had higher 

N/OFQ plasma concentrations, again adding to the association between the nociceptin 

system and systemic inflammation. Whilst based on small numbers, these data suggest 

that N/OFQ is particularly relevant in systemic inflammation and point to a potential 

clinical application.  

Subsequent to this, our group also studied N/OFQ peptide levels, and NOP and ppNOC 

mRNA expression in patients admitted to ICU with sepsis and those patients undergoing 

cardiopulmonary bypass (CPB) surgery.69 In this prospective observational cohort study, 

blood samples were taken from 82 ICU patients matched with 63 healthy volunteers, 

and 40 CPB patients. These samples were analysed for plasma N/OFQ concentrations 

(RIA measurement), NOP and ppNOC expression (quantitative PCR), and the cytokines 

TNF-α, IL-8 and IL-10 (ELISA). Patients with sepsis (determined by SIRS criteria as the 

study predated the 2016 Sepsis-3 definitions) on day 1 and 2 of their ICU admission had 

significantly (p<0.0001) increased plasma concentrations of N/OFQ compared with 

Figure 1.9.3 N/OFQ levels in sepsis: N/OFQ levels were significantly increased in patients 
admitted to ICU with sepsis that died within 30 days. U-II = urotensin, data not shown. 
(Williams et al, 2003).68 
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samples taken from these patients after recovery from their critical illness. mRNA 

transcripts for ppNOC and NOP were decreased (p=0.019 and p<0.0001 respectively) 

compared with matched control volunteers. Cytokine levels were increased on day 1 

compared with healthy volunteers and recovery samples (p<0.0001). Figure 1.9.4 

summarises the findings. In CPB patients, mRNA for NOP showed no significant change 

in expression up to 24 hours after surgery, but ppNOC showed a significant decrease 

(p<0.001) at 3 and 24 hours after CPB. There was a 35% increase in plasma N/OFQ levels 

(p=0.0058) at 3 hours that returned to basal levels at 24 hours. Whilst it is not clear why 

NOP expression in septic patients did not match volunteer samples after recovery, or 

why plasma N/OFQ concentrations were similar in volunteer patients compared with 

septic patients, taken as a whole these data do suggest that the nociceptin system is 

modulated in states of sepsis or inflammation. 
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An earlier paper by Stamer and colleagues provides additional evidence for the role of 

the nociceptin system in systemic inflammation.70 In this study, whole blood was taken 

from patients following major elective surgery (n=20), following admission to ICU with 

severe sepsis (n=18), or with advanced cancer (n=113). Patients with sepsis had their 

blood taken on admission, day 3, day 5 and after recovery from multiorgan dysfunction. 

The key difference with this research was the isolation of mRNA transcripts from whole 

blood for NOP, pNOFQ (equivalent to ppNOC), and a reference (housekeeper) gene 

HPRT, rather than from isolated leukocytes as performed by our research group.69 

Compared with healthy control volunteer blood samples, NOP expression was 

Figure 1.9.4 N/OFQ in septic patients: Data from Thompson and colleagues (2013) demonstrated that 
NOP mRNA expression was decreased (higher ∆Ct) in patients with sepsis on day 1, 2 and in the recovery 
period compared with healthy volunteers (A). ppNOC mRNA expression was also reduced, significantly 
at day 1 (B). Plasma N/OFQ concentrations were increased compared with recovery samples (C). Panel 
(D) shows the fold-change in NOP, ppNOC and N/OFQ peptide concentrations compared with recovery 
samples: ppNOC expression decreases with increases in N/OFQ peptide concentrations.69 
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significantly increased in ICU patients at admission, the highest values being found in 

patients who did not survive their admission. This corroborates previous work by 

Williams and colleagues, but is in contrast to our own findings in 2013.68 69 Post-op 

surgical patients and cancer patients also showed increased expression for NOP, as 

shown in Figure 1.9.5. The degree of ppNOC expression was significantly decreased in 

septic and cancer patients. The authors also compared N/OFQ and ppNOC transcripts 

with pro-calcitonin (PCT, a biochemical marker of systemic inflammation) and the pro-

inflammatory cytokine IL-6.  Expression for ppNOC was significantly decreased when 

plasma levels of PCT and IL-6 were raised – no association was seen for NOP (see Figure 

1.9.5).  

 

These data from Stamer and colleagues point to a significant association between 

systemic inflammatory states and the nociceptin system. Whilst patients with advanced 

cancer showed the highest expression for NOP from whole blood (not correlated with 

Figure 1.9.5 Whole blood mRNA differences between patients: mRNA expression for NOP (A) and 
pN/OFQ (equivalent to ppNOC) (B) in whole blood showing significant increases in NOP and 
decreases in pN/OFQ expression in post-operative patients (PO), septic patients (ICU) and 
patients with cancer (CA) when compared with healthy controls (HC) (*=p<0.05, **=p <0.001). 
Graph C illustrates the significant reduction in pN/OFQ expression in all patients associated with 
3 different levels of pro-calcitonin (PCT). No such change was demonstrated for NOP expression 
(Stamer et al, 2011).70 

C 
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pain states), the authors accept the heterogenous nature of the cancer patients and that 

the concomitant presence of infection could not be excluded. Furthermore, these were 

mRNA transcripts recovered from whole blood rather than isolated inflammatory cells; 

cells from organ systems may be contributing to changes in receptor and precursor 

expression, independent of any inflammatory process. Nevertheless, for the three 

modes of inflammation examined, expression of NOP is clearly relevant. This is further 

supported by the association of ppNOC with the acute inflammatory states, i.e. post-

operative, severe sepsis, corroborated by associations with PCT and IL-6. 

 

1.10. Studying the nociceptin system 

The majority of in vitro and in vivo work in this area has been based round mRNA 

transcripts, chemotaxis experiments and techniques to measure plasma levels of the 

opioid N/OFQ (e.g. radioimmunoassay (RIA), mass spectrometry). A key technique 

frequently used to study peptide concentrations is enzyme-link immunosorbent assay 

(ELISA), and would be expected to form part of the evidence supporting N/OFQ release 

from immune cells. However, in our experience, no commercially available ELISA kit is 

reliable enough to measure N/OFQ in plasma. Further, antibodies developed ‘in-house’ 

were also unreliable in this assay.71  Our laboratory has used RIA to quantify plasma 

N/OFQ levels, but it remains time-consuming and limited by the short shelf-life of 

radiolabelled antigens. Furthermore, plasma levels of N/OFQ are in the picogram per ml 

range. This contrasts with work by Fiset (see Section 1.4), where measurements of 

secreted N/OFQ were in the nanogram per ml range.23 However, this is an order of 

magnitude above plasma, CSF and serum measurements of N/OFQ made by other 

authors.72  

 

1.11. Summary and remaining questions 

The literature suggests that the nociceptin system has an immunomodulatory role in 

states of inflammation. Although some of the data on mRNA expression are conflicting, 

the results from animal studies, observational human studies, and in vitro work on whole 

blood and leukocytes provide compelling evidence that N/OFQ and its receptor have a 
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functional role in inflammation and immune modulation. However, it is not clear how 

exactly N/OFQ acts as a mediator. Furthermore, much of the work has been confined to 

animal studies, the interpretation of which should be made with the appropriate degree 

of caution. 

 

It is unclear how cellular measurements of nociceptin components correlate with the 

clinical picture of sepsis, nor indeed which cell or cells are key to any mediation. It is 

known that neutrophils play a crucial role in sepsis and particularly the associated 

pulmonary complication of adult respiratory distress syndrome (ARDS).73 However, data 

are absent connecting neutrophils (as opposed to PMNs) with nociceptin components, 

and whether such components are correlated with sepsis severity. 

 

1.12. Hypothesis and aims 

The primary hypothesis of the work described in this thesis was that polymorphonuclear 

cells are significant mediators of the nociceptin response to sepsis, both producing and 

responding to N/OFQ. Exploring this hypothesis would provide cellular data in support 

of human observational data, and further expand on current data regarding mRNA NOP 

and ppNOC expression in PMNs.  A key aim of this thesis was also the development of a 

real time, live-cell assay to demonstrate the release of N/OFQ from PMNs following 

activation, independent of the ELISA techniques that had so far proved unreliable.  

 

This thesis is therefore divided into two main sections.  

1. The first section addresses the expression of NOP and ppNOC transcripts in 

PMNs, and how exposure to an established in vitro model of sepsis – 

lipopolysaccharide – modulates their expression. Further work sought to identify 

whether these transcripts are universally expressed amongst the granulocytes 

that make up PMNs, namely basophils, eosinophils and neutrophils.  

2. The second, and largest section describes the development of a live cell assay for 

visualisation of N/OFQ release from activated PMNs using confocal microscopy 
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and a biological sensor of N/OFQ. The assay was designed to confirm that N/OFQ 

is released from activated PMNs.  
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STUDIES OF NOCICEPTIN GENE EXPRESSION IN IMMUNOCYTES 

 

2. Methodology 

 

2.1. Reagents and equipment 

Solutions and reagents used in subsequent experiments are given below (in alphabetical 

order): 

 

2.i Blood sample bottles 

All blood samples were collected into 7.5ml Monovette® collection tubes (Sarstedt AG 

& Company, Nümbrecht, Germany) containing EDTA to a final concentration of 1.6 mg 

ml-1. 

2.ii cDNA Reverse Transcription Kit (Life Technologies LTD, Paisley, UK) 

Kit for conversion of isolated mRNA to copy DNA (cDNA) containing MultiScribe™ 

reverse transcriptase, RNAse inhibitor, dNTP mix, RT buffer and random primers. 

2.iii Eppendorf Biophotomoter (Eppendorf UK Limited, Stevenage, UK) 

Spectrophotometer for measurement of mRNA purity and concentration, used in our 

laboratory prior to acquisition of the NanoDrop™ ND2000. 

2.iv Eppendorf Mastercycler gradient thermocycler (Eppendorf UK Limited, Stevenage, 

UK) 

System for heating and cooling (thermocycle) mRNA samples in the presence of reverse 

transcriptase and nucleic acids to produce copy DNA (cDNA) for subsequent PCR 

analysis. 

2.v Ficoll-PaqueTM PLUS (GE Healthcare Life Sciences, Buckinghamshire, UK) 

A mixture of Ficoll® PM400 (a commercial product) comprising a non-ionic polymer of 

sucrose and epichlorohydrin that is hydrophilic, and sodium diatrizoate, with a density 

of 1.077 g ml-1; used for separation of whole blood into plasma, PBMCs, PMNs and 

erythrocytes. 
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2.vi Krebs-HEPES solution 

The constituents of Krebs-HEPES solution were: 

• Sodium chloride (NaCl): 143.5 mM 

• Glucose (C6H12O6): 11.7 mM 

• HEPES buffer: 10.0 mM 

• Potassium chloride (KCl): 4.7 mM 

• Monopotassium phosphate (KH2PO4): 1.2 mM 

• Magnesium sulphate heptahydrate (MgSO4.7H2O): 1.2 mM 

• Calcium chloride dihydrate (CaCl2.2H2O): 2.6 mM 

The resultant solution was then brought to pH 7.4 at room temperature with the 

addition of HCl or NaOH. 

2.vii Lipopolysaccharide (LPS) ((Sigma-Aldrich, Dorset, UK) 

Endotoxin derived from E. coli 0111:B4 bacteria to simulate sepsis in vitro.  

2.viii Miltenyi buffer 

A buffer solution recommended by Miltenyi Biotech for use in MACS®. It comprises: 

• Phosphate buffered saline 

• 0.5% bovine serum albumin 

• 2 mM EDTA 

2.ix mirVana™ miRNA Isolation Kit (Applied Biosystems, Paisley, UK) 

Kit for isolating mRNA from tissues and cells using organic extraction and a glass fibre 

filter method, effective for isolating small RNAs as well as larger RNA molecules. 

Contains mirVana™ lysis buffer, miRNA homogenate additive, acid-phenol:chloroform 

and wash solutions. 

2.x NanoDrop™ ND2000 (ThermoFisher Scientific, Leicestershire, UK) 

Spectrophotometer for measurement of mRNA concentration and purity, that uses 2 µL 

volume of sample and generates a spectrophotograph in addition to 260/280 ratio 

information. 
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2.xi Peripheral blood mononuclear cells (PBMCs) 

Leukocytes within peripheral blood that contain a single nucleus. These cells include 

lymphocytes, dendritic cells, monocytes, macrophages and natural killer (NK) cells. It is 

also from this population that basophil granulocytes can be isolated using a combination 

of density gradient extraction and magnetic activated cell sorting. 

2.xii Phosphate buffered saline (PBS) 

This was reconstituted from a commercially produced tablet that was dissolved in the 

ratio of one tablet to 200 ml deionised water. The resultant solution had 0.01 M 

phosphate buffer, 0.0027 M potassium chloride, and 0.137 M sodium chloride with a pH 

of 7.4 at room temperature. 

2.xiii Polymorphonuclear cells (PMNs) 

Inflammatory granulocytes comprising predominately neutrophils and eosinophils. 

Whilst basophils are also granulocytes and therefore also PMNs, their isolation is more 

complex and separate from standard PMN isolation. In this thesis PMNs refer only to 

neutrophils and eosinophils. 

2.xiv PolymorphprepTM (Axis-Shield, Dundee, UK) 

A high osmolality media comprising sodium diatrizoate and the polysaccharide dextran 

500 with a density of 1.113g ml-1, used in the separation of whole blood into plasma, 

PBMCs, non-adherent PMNs, and erythrocytes.  

2.xv Red-cell Lysis Solution (BD Pharm LyseTM) 

A buffered, ammonium chloride-based lysing agent, that specifically causes erythrocytes 

to lyse whilst leaving leukocytes relatively untouched. 

2.xvi Ribopure™-Blood kit (Invitrogen™, ThermoFisher Scientific, Leicestershire, UK) 

Kit for the isolation of mRNA directly from whole blood. Uses a lysis solution, and then 

a combination of organic and glass fibre filter methods for extraction of purified RNA. 

2.xvii RPMI 1640 media (Sigma-Aldrich, Dorset, UK) 

Standard culture media for growth of cultured cells 
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2.xviii StepOne RT-qPCR system (ThermoFisher Scientific, Leicestershire, UK) 

A 48-well PCR instrument containing an LED-based optical system for recording 

fluorescence from VIC® and FAM® dyes used in TaqMan® assays in duplex. 

2.xix TaqMan® fluorescent probes for human NOP and ppNOC (Life Technologies LTD, 

Paisley, UK) 

Assay ID: Hs00173471_m1 for NOP; Hs00173823_m1 for ppNOC 

2.xx TaqMan® fluorescent probes for human reference genes (Life Technologies LTD, 

Paisley, UK) 

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; B2M: beta-2-microglobulin; PKG-

1: protein kinase G-1; HPRT-1: hypoxanthine phosphoribosyltransferase 1, RPLP0: 

ribosomal protein lateral stalk subunit P0; 18S: 18S ribosomal RNA; and ACTB: actin beta. 

2.xxi TaqMan® PCR master mix (Life Technologies LTD, Paisley, UK) 

Kit containing DNA polymerase, dNTPs, buffers and a passive reference dye. 

2.xxii Turbo DNA-free® kit, (Life Technologies Ltd, Paisley, UK)  

Kit for removal of genomic DNA from mRNA samples containing buffer, DNAse, 

nuclease-free water and an inactivation agent.  
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The following methods describe the collection and separation of blood necessary for 

gene expression experiments as well as for live-cell imaging assay. The methodology for 

gene expression experiments is then described as well as the theory behind their use. 

 

2.2. Whole blood separation techniques 

Blood samples for PCR (and subsequent live cell imaging assay development) were 

collected from volunteers from within or affiliated with the research group. Following 

University of Leicester volunteer ethical approval, informed consent was obtained for 

the 63 samples that were collected. No more than 30 ml samples of blood were obtained 

from volunteers (median 4.5 samples per person, IQR 1 – 7, range 1 – 11; median 63 

days between sampling, IQR 38.5 – 175, range 2 – 400). There was a total of 14 

volunteers, comprising 8 male and 6 females. 

 

2.3. Isolating PMNs and PBMCs 

Density gradient techniques were used to separate whole blood into PMNs (neutrophils 

and eosinophils), and PMBCs (monocytes, lymphocytes, dendritic cells). The principle 

behind these techniques is that cell populations within whole blood have differing 

densities, and through use of a centrifuge, can be separated. The ‘lightest’, or lowest 

specific gravity component is plasma, followed by platelets, then leukocytes, and finally 

packed red blood cells, as illustrated in Figure 2.3.1. The blood needs to be 

anticoagulated (with EDTA, for example) to prevent clot-formation that would 

otherwise cause cell aggregation preventing separation.  
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Such blood fractionation is used in clinical medicine to produce components for blood 

transfusion. However, for these experiments separation of the leukocytes into PMNs 

and PBMCs was required, which cannot be achieved through centrifugation alone. The 

densities of leukocytes are similar: monocytes and lymphocytes have densities between 

1.067 and 1.077 g ml-1, and PMNs are 1.088 g ml-1 or greater. Separation of the 

leukocytes therefore needs to be through media with a density of between 1.077 and 

1.088 g ml-1. One commonly used medium is Ficoll-PaqueTM PLUS. The process requires 

anticoagulated whole blood that is first diluted with an equal volume of a balanced salt 

solution. This is then carefully layered onto the Ficoll-PaqueTM PLUS solution. After 

centrifugation, a bottom layer of erythrocytes is formed, aggregated by the Ficoll 

PM400. Immediately above this sediment are granulocytes, with sufficient density 

(increased by the osmotic pressure of the Ficoll-PaqueTM media) to migrate through the 

media. There is then a layer of Ficoll-PaqueTM, and where this interfaces with the 

uppermost layer of plasma, mononuclear cells are present and can be extracted (as 

shown in Figure 2.3.2).   

  

Plasma 

Buffy coat: leukocytes & platelets 

Packed red cells 

Figure 2.3.1 Whole blood separation by centrifugation results in three layers. 
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Whilst this technique can be used to isolate granulocytes, it is difficult to remove the 

granulocytes that are adherent to the erythrocytes without significant red cell 

contamination. One option is to wash any removed cells with a red-cell lysis solution. In 

these experiments BD Pharm LyseTM was used. It is a buffered, ammonium chloride-

based lysing agent that specifically causes erythrocytes to lyse whilst leaving the 

granulocytes relatively untouched. Another option is to use a different density solution 

for cell separation. Our laboratory routinely uses PolymorphprepTM, high osmolality 

media comprising sodium diatrizoate and the polysaccharide dextran 500 with a density 

of 1.113 g ml-1. The osmolality of the solution (445 mOSM) cause the erythrocytes to 

lose water and shrink, thereby increasing their effective density and, together with 

dextran-mediated aggregation, rapidly sediment. The osmotic gradient declines as the 

erythrocytes sediment through the media; erythrocytes lose water into the media, 

Plasma 

PBMCs 

PMNs 

Erythrocytes 

PMNs 

Ficoll-PaqueTM PLUS 
separation 

PolymorphprepTM 
separation 

Figure 2.3.2 Different blood separation methods using density-gradient techniques. The Ficoll-
PacqueTM PLUS separation effectively isolates PBMCs, but leaves PMNs adherent to the erythrocytes. 
Polymorphprep™ isolates both PBMCs and PMNS, although in reality the separation is not as clearly-
defined as illustrated. 
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thereby diluting it. This dilution alters the density of the media (highest density at the 

bottom of the media), generating a density gradient that allows separation of the 

leukocytes into a PMBC layer and a PMN layer (as shown in Figure 2.3.2).  

 

2.3.1. Blood separation protocol 1: Ficoll-PaqueTM PLUS 

This protocol was primarily used for cell isolation in experiments involving Magnetic 

Activated Cell Sorting (MACS).  

1. Divide 40 ml of Ficoll-PaqueTM PLUS (FP+) media into 9 ml volumes within 25 ml 

Sterilin tubes and allow to reach room temperature. 

2. Dilute whole blood samples from Monovettes® containing EDTA with PBS in a 

1:1 ratio. 

3. Carefully layer 12 ml of blood-PBS solution onto the FP+ within the Sterilin tube 

using Pasteur pipettes, ensuring that there is minimal mixing of the blood-PBS 

solution with the FP+. 

4. Centrifuge the Sterilin tubes at 400 g for 35 min at 18-20oC ensuring there is no 

brake on the centrifuge. 

5. Carefully remove the Sterilin tubes and identify the layers for further extraction 

(Figure 2.3.2). 

6. The lymphocyte-monocyte-platelet (PMBC) layer contains the basophils, and the 

eosinophil and neutrophils are found as a thin-white layer adherent to the red-

cell layer. 

7. Collect the PBMC layer into fresh Sterilin tubes and dilute with PBS in a 1:1 ratio. 

Centrifuge at 300 g for 10 min at room temperature with brake, and the re-

suspend the pellets in 2 ml Miltenyi buffer. 

8. Carefully aspirate the granulocyte layer from the adherent red-cell layer and 

perform red blood cell lysis (Red cell lysis protocol, 2.3.3). 

9. Following red blood cell lysis and centrifugation, re-suspend pellets in 2 ml of 

Miltenyi buffer. 
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2.3.2. Blood separation protocol 2: PolymorphprepTM 

The protocol for the separation of blood into PMNs (neutrophils and eosinophils, not 

basophils) and PBMCs was as follows: 

1. Prepare 15 ml centrifuge tubes with 7.5ml PolymorphprepTM solution. 

2. Carefully layer 7.5ml of whole blood from Monovettes® containing EDTA onto 

the solution using Pasteur pipettes, ensuring minimal mixing of blood with the 

solution. 

3. Centrifuge tubes at 600 g at 20oC for 45 min, with a gentle acceleration and no 

deceleration brake. 

4. Carefully remove and discard the plasma layer. 

5. Carefully extract the monocyte layer with sterile Pasteur pipettes and either 

keep or discard depending on the experiment. 

6. Similarly extract the PMN layer. 

7. Wash cell populations with an equal volume of PBS and centrifuge at 20oC at 500 

g for 10 min. 

8. Re-suspend pellets with PBS or Krebs-HEPES buffer depending on subsequent 

experiments. 

 

2.3.3. Red cell lysis protocol 

1. Re-suspend pellets in 1 – 2 ml appropriate buffer solution (PBS or Krebs-HEPES). 

2. Add ten times the volume of lysis solution (diluted in ten times the volume of 

distilled water) and incubated the mixed solution at room temperature in the 

dark for 10 min, with intermittent inversions and gentle mixing of the solution. 

3. Centrifuge the sample at 300 g for 10 min. Aspirating and discarding the 

supernatant leaves a residual pellet of live cells for further experiments or 

storage. 
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2.3.4. Magnetic Activated Cell Sorting (MACS) 

MACS® is a well-established immunological technique designed to specifically select cell 

populations of interest, developed by Miltenyi Biotech GmbH (Bergisch Gladbach, 

Germany). Superparamagnetic nanoparticles are attached to cells through antibodies to 

specific cell surface receptors on cells of interest.  The nanoparticles are supplied coated 

with antibodies, and after incubating a sample with these nanoparticles, or MicroBeads, 

the sample is passed through a column surrounded by a strong magnetic field. Cells 

attached to the MicroBeads via antibodies are retained within the column and its 

magnetic field, whilst those unlabelled cells are allowed to pass through. The labelled 

cells are then washed off the column by removing it from magnetic field, and then 

passing buffer under pressure through the column. Thereby a negative and positive 

fraction of cells are acquired: the negative fraction untouched by antibodies, and the 

positive fraction attached to the MicroBeads. 

 

PMNs comprise neutrophils and eosinophils, and whilst both share the CD15 cell-surface 

receptor, only neutrophils amongst PMNs express the CD16 receptor. Separation of 

PMNs was therefore performed using CD16 MicroBeads to produce a negative selection 

of eosinophils and a positive selection of neutrophils. 

 

Basophils have a different density to other granulocytes and are not isolated into a PMN 

layer with either PolymorphprepTM or Ficoll-PaqueTM PLUS. They remain within the 

PMBC layer so require a different set of antibodies to isolate them from PMBCs. This 

was performed using the Miltenyi Basophil Isolation Kit that comprises a Fc-receptor 

(FcR) blocking reagent, a biotin-conjugated antibody cocktail, and anti-biotin 

MicroBeads. The principle is that non-basophils within the PBMC layer are labelled first 

with biotin-conjugated monoclonal antibodies to CD3, CD4, CD14, CD15, CD16, CD36, 

CD45RA, HLA-DR and CD235a, and then with an anti-biotin mononclonal antibody that 

is conjugated to MicroBeads. By passing the mixed-cell population through the 

appropriate column within a magnetic field, the non-basophils are depleted (held within 

the column by the magnetic field) and unlabelled basophils pass through the column. 
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The FcR blocking reagent improves the quality of antibody-binding, ensuring that 

MicroBeads only bind to the desired cell-surface receptors, and not any Fc receptor 

protein (common amongst PBMCs and basophils). 

 

The procedure for MACS© was as described in the product literature. Ficoll-PaqueTM 

PLUS procedure was used (Blood separation protocol 1, 2.3.1) to isolate granulocytes 

and PBMCs as recommended in the Miltenyi literature.  

1. Once isolated, keep the PMNs on ice, and use cold solutions for the remaining 

isolation procedures. 

2. Following extraction, perform a cell count on the resultant PMNs. (Between 

2.1x107 and 11x107 PMNs were extracted in experiments). 

3. Centrifuge the samples for 10 min at 300 g, and re-suspend the resultant pellet 

in 50 µL Miltenyi buffer per 5x107 cells. 

4. Add 50 µL per 5x107 cells of CD16 MicroBeads, mixing well and incubating for 30 

min at 4-8oC. 

5. Wash cells with 1 – 2 ml of Miltenyi buffer per 107 cells and centrifuge at 300 g 

for 10 min at room temperature. 

6. Resuspend pellet in 500 µL of Miltenyi buffer. 

7. Use appropriate columns as supplied by Miltenyi (Figure 2.3.3). (LS columns were 

used in experiments because the maximum number of labelled cells were less 

than 108 based on earlier cell counts). 

8. Prepare the separation column by rinsing with 3 ml of Miltenyi buffer and then 

placing it within a magnetic field (as supplied by Miltenyi). 

9. Add the sample cell suspension to the column and collect the resultant effluent: 

this effluent contains unbound cells i.e. eosinophils, and the CD16+ bound cells 

remain bound to the column within the magnetic field. 
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10. Wash the column with 3 ml of Miltenyi buffer three times and collect the 

effluent. 

11. To remove the CD16+ cells (neutrophils) from the column, remove the column 

from from the magnetic field and force 5 ml of Miltenyi buffer through the 

column to extract the bound neutrophils. 

12. Centrifuge both effluents at 300 g for 10 min to give two pellet samples: unbound 

eosinophils (CD16-) and bound neutrophils (CD16+). 

  

Figure 2.3.3 Cell isolation using MACS. The LS column is on the left and was 
used for isolation CD16- and CD16+ cells from a PMN sample. The MS 
column is on the right and used for basophil isolation. 
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These samples were kept on ice and used for further experiments. For basophil 

extraction, the Basophil Isolation Kit was used on the PBMC separation layer. The 

procedure was as follows: 

1. Following a cell count, centrifuge the PBMC suspension for 10 min at 300 g. 

2. Re-suspend the subsequent pellet in 30 µL Miltenyi buffer per 107 cells. To this 

add 10 µL FcR Blocking Reagent per 107 cells, followed by 10 µL Basophil 

Antibody Cocktail per 107 cells. 

3. Mix samples well and incubate at 2-8oC for 10 min. 

4. After this period, add 30 µL of Miltenyi buffer per 107 cells to the samples, 

followed by 20 µL of Anti-Biotin MicroBeads per 107 cells. Incubate the samples 

at 2-8oC for 15 min. 

5. Wash samples with 1-2 ml Miltenyi buffer per 107 cells, and centrifuge for 10 min 

at 300 g.  

6. Re-suspend the pellet in 500 µL buffer per 108 initial cells. 

7. Use a MS column for MACS separation (Figure 2.3.3). 

8. Rinse the MS column with 500 µL Miltenyi buffer and discard the effluent. 

9. Add the labelled cell suspension to the column and retain the effluent containing 

unlabelled basophils. 

10. Wash the column 3 times with 500 µL buffer, collecting the effluent into the 

same sample tube, a process that takes approximately 45 min. 

11. Centrifuge the effluent for 10 min at 300 g, and the used the resultant pellet for 

further experiments. 

 

2.4. Haemocytometer 

Cell counts were performed using a haemocytometer. This consists of a microscope slide 

containing a chamber on which there is a grid of laser-etched perpendicular lines. The 

grid is made up of nine 1 x 1 mm squares, with each 1 x 1 square divided into 16 smaller 
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squares (0.25 x 0.25 mm). There are smaller divisions in the centre of the slide. A cover 

slip is placed on the haemocytometer slide. It is raised 0.1 mm above the chamber, such 

that in a 16 square grid the volume of cells contained is 100 nL. A sample of isolated 

PMNs can then be counted. This is done by taking 100 µL of the sample and allowing 

capillary action to draw some of the sample under the coverslip. Using a 10x microscope 

objective, cells within a grid of 16 squares can then be counted using a hand counter. 

The 100 µL sample may need diluting further if too many cells are clumped together or 

are too numerous for an accurate count. The number of cells contained within 16 

squares multiplied by 104 is equivalent to that number of cells in 1 ml. Any dilution factor 

then needs to be accounted for, and a final multiplication for the volume of the original 

PMN sample. Accuracy can be improved by repeating the count in different areas of the 

slide and dividing by the number of observations.  

 

2.5. Studies of mRNA expression 

Initial experiments were focused on establishing the expression of messenger RNA for 

granulocyte populations in control and stimulated blood samples. Whilst DNA contains 

the code for all proteins within a cell, the steps between DNA being translated into 

functional protein involves messenger RNA (mRNA). Conceptually as the demand for a 

certain protein increases, so does expression of mRNA. Therefore, measuring the mRNA 

for specific proteins of interest should first identify which proteins are required by the 

cell, and to what extent protein production is modulated in response to changes in the 

cellular environment. However, cellular mRNA is produced in very small amounts. 

Therefore, to extract and analyse mRNA requires amplification of the RNA code via a 

process known as Polymerase Chain Reaction (PCR). This first requires conversion of 

mRNA to copy DNA (cDNA) using reverse transcription. Specific probes that bind to 

regions of interest within the cDNA genetic sequence are then used to identify the 

relevant regions, and through a process of heating and cooling in the presence of DNA 

polymerase (cycles), are amplified to a level they can be detected (cycle threshold). For 

these experiments, commercially available TaqMan probes specific to regions of interest 

were used. These probes contain a fluorophore which fluoresces when cleaved from the 

probe, enabling detection. This allows real-time quantitative analysis (RT-qPCR) with 
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specific equipment that detects the fluorescence with the degree of fluorescence 

relating to the amount of relevant genetic material; detection during the PCR process or 

cycles is the cycle threshold, and the earlier the cycle threshold is reached the more 

starting genetic material (see Figure 2.5.4).  

 

However, the amount of originating mRNA is also dependent on the amount extracted 

from samples, a factor that is difficult to control, especially in low concentration cell 

populations such as basophils. To control for this, a housekeeper gene (HKG) is also 

amplified – that is, a genetic sequence of mRNA that is consistently produced by the 

cells of interest and not modified by environmental factors. By amplifying and measuring 

the fluorescence (using different fluorophores) of two mRNA sequences, the difference 

between the two (the ΔCt) can be used as an assessment of the relative expression of 

the gene of interest (GOI) compared with the control. 

 

The steps from cell isolation to mRNA amplification and measurement are summarised 

in Figure 2.5.1: cells are isolated, mRNA extracted, measured, cleaned, converted into 

copy DNA (cDNA) in the presence of reverse transcriptase, and following incubation with 

the specific TaqMan probes, amplified and measured using RT-qPCR. A control sample 

is also used to demonstrate the absence of contaminating DNA. 
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2.5.1. mRNA extraction 

Total RNA was isolated from extracted cells using a commercial isolation kit available 

from mirVana™ Applied Biosystems. This kit uses a combination of two established 

techniques to ensure optimal recovery of RNA, from small (15-30 nucleotide lengths) to 

larger RNA molecules. The first technique is organic extraction. The cell sample is 

homogenised in the presence of a phenol-based chemical that also inactivates RNases. 

The sample is then centrifuged, resulting in three phases: a lower layer of organic 

solution, a middle layer of denatured proteins and genomic DNA, and an upper aqueous 

layer that comprises RNA. The second technique of solid-phase extraction then extracts 

Figure 2.5.1 From sample to PCR: Flow diagram of process from acquiring blood 
from volunteers to production of ∆Ct values for mRNA expression. 
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the RNA from this aqueous layer. Ethanol is added to decrease the affinity of RNA for 

water and increase its affinity for a silica-based filter. The sample is placed in a filter and 

centrifuged, trapping the RNA on the filter. A wash solution is then used to remove any 

residual contaminates, and the RNA is finally recovered using PCR-grade (nuclease-free) 

water. The procedure used is as follows: 

 

1. Wash extracted cells in 1 ml ice-cold PBS and centrifuge at low speed. 

2. Remove the supernatant, and to the resultant pellet add 1.2 mL lysis/binding 

solution for each 7.5 ml blood sample obtained, mixing well to ensure adequate 

cell lysis. 

3. Organic extraction is achieved by adding 120 µL miRNA homogenate additive, 

mixing thoroughly and leaving on ice for 10 min, followed by 1.2 ml of acid-

phenol:chloroform. Thoroughly mix the sample, and centrifuge at 10000 g for 5 

min, allowing recovery of the upper aqueous phase containing the mRNA. 

4. RNA is then isolated by adding 1.25 volumes of neat ethanol to the aqueous 

phase and passing the solution through a filter at 10000 g for 20 sec. Wash the 

filter using supplied solutions to remove debris and contaminants. To the filter 

add 100 µL of pre-heated PCR-grade water, and centrifuge at 10000 g for 30 sec. 

The filtrate is the recovered RNA.  

5. Proceed to measurement of concentration and purity.  

 

2.5.2. RNA quantification and purity 

Initial measurements were performed using an Eppendorf Biophotomoter, but later a 

NanoDrop ND2000 was used to enable spectrophotometric assessment of RNA.  

 

The principle of RNA analysis is that nucleic acids absorb ultraviolet light at a wavelength 

of 260 nm (A260). Passing light at this wavelength through the sample onto a 

photodetector enables an assessment of nucleic acid concentration: the more light that 

passes through to the photodetector, the lower the concentration of nucleic acid. 

However, samples are frequently contaminated with other proteins and extraction 
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chemicals (e.g. phenol). Contaminating proteins absorb light at 280 nm (A280), so by 

measuring absorption at 260 nm and comparing with absorption at 280 nm it is possible 

to make an assessment of RNA purity: the A260/A280 ratio. A ratio of 1.8 is considered 

acceptable for RNA purity: lower values suggest either very low concentrations of RNA 

or significant phenol contamination. 

 

The Eppendorf Biophotometer uses a quartz cuvette through which light is passed. This 

requires sufficient volume of solution (200 µl comprising 2 µl sample and 198 µl PCR-

grade water) and adequate mixing. The NanoDrop ND2000 requires 2 µl of sample with 

no dilution and no mixing, and is placed directly into the device. It also generates sample 

spectra (190 - 840 nm) that enable a visual assessment of purity as shown in Figure 2.5.2. 
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2.5.3. Removal of genomic DNA 

It is necessary to remove any potential contaminating or genomic DNA before 

proceeding to reverse transcription. For this the Turbo DNAse Kit was used, and involved 

adding 5 µL of supplied buffer, 1 µL of DNAse, the RNA sample (5 µg) and sterile PCR-

grade water to make up at total of 50 µL. Samples were then incubated at 37oC for 30 

minutes, remixed, and then any remaining DNAse inactivated with 5 µL Inactivation 

Reagent. Where there was less than 5 µg of RNA extracted, the entire sample was used 

up to a maximum volume of 44 µL. Samples were left at room temperature for 5 min 

before being centrifuged at 10000g for 1.5 min, resulting in a clear supernatant free of 

contaminating DNA. 

 

Figure 2.5.2 Example spectra from NanoDrop 2000. The top graphic is illustrative of an acceptable 
concentration (µg µL-1) of RNA with good purity, acquired from neutrophils. The basophil sample 
(bottom graphic), however, is ten times lower in concentration, although purity is assessed as being 
acceptable. 
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2.5.4. Reverse transcription 

Copy DNA is more stable than mRNA, and is necessary for DNA polymerase 

amplification. Conversion of mRNA to cDNA was achieved using a high capacity cDNA 

reverse transcription kit. For each sample, a non-template control was prepared, to 

which no reverse transcriptase was added (RT-), thereby ensuring any subsequent PCR 

results were purely due to reverse transcribed mRNA rather than any contaminating 

genomic DNA. In the test samples, reverse transcriptase (RT+; MultiScribe™ reverse 

transcriptase enzyme, 1 µl) was added to a solution of reverse transcription buffer (2 

µl), deoxynucleotidetriphosphates (dNTP) (0.2 µl, 100 nM), random primers (2 µl), 

RNAse inhibitor (1 µl), PCR-grade water (3.2 µl), and the test sample (10 µl). In the RT- 

control, the volume of RT (1 µL) was replaced with the equivalent volume of PCR-grade 

water. All samples were incubated in a thermocycler at 25oC for 10 min, 37oC for 2 hr, 

and finally for 85oC for 5 min. 

 

2.5.5. Real-time quantitative PCR (RT-qPCR) 

Analysis of the resultant cDNA was performed using a commercially available TaqMan™ 

gene expression assay within a StepOne system, as described extensively in previously 

published data.9 16 27 69 74 Although the samples had been cleaned of genomic DNA, 

TaqMan™ probes span exon junctions and so do not readily amplify genomic DNA, giving 

further strength to the validity of subsequent results. 

 

The principle of RT-qPCR is that by measuring detection of the gene of interest (GOI) 

during the PCR reaction cycles, it is possible to assess the relative expression of that 

gene. That is, a poorly expressed gene will require more cycles of PCR before it is 

detected. PCR consists of a sequence of heating (95oC) and cooling (60oC) in the 

presence of DNA polymerase. Heating splits cDNA into single-strands of cDNA, and 

through the action of DNA polymerase, free nucleotides bind to the cDNA to form new 

double-stranded cDNA. The cDNA is again heated, and the cycle repeats, and through 

the process of heating, cooling and new cDNA formation the original cDNA is amplified.  
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TaqMan™ gene assays consist of a primer and probe for a specific gene of interest. The 

probe consists of a fluorophore that fluoresces when stimulated with light of a specific 

wavelength. This fluorophore is bound to an oligonucleotide sequence that binds to 

single-stranded cDNA and terminates with a quencher molecule. This quencher 

molecule inhibits fluorescence of the fluorophore when it is stimulated with light. After 

heating to split cDNA into single-strands, then cooling, the Taq primer for the GOI binds 

to the cDNA and enables Taq DNA polymerase to start binding free nucleotides to the 

cDNA. The TaqMan probe binds downstream to the primer, and when Taq DNA 

polymerase reaches the probe, it cleaves the fluorophore releasing it from the actions 

of the quencher molecule. The fluorophore then fluoresces in response to light 

stimulation. With each cycle, more and more fluorophore is released in proportion to 

the amount of cDNA encoding for the GOI, until a detectable threshold is reached and 

reported by the StepOne RT-qPCR device. This process is illustrated in Figure 2.5.3. 
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Three samples of cDNA were used for each experimental sample: two containing cDNA 

from the reverse transcription step, and one absent of cDNA (RT+ and RT-). For each 

cDNA sample (both RT+ and RT-), 10 µL Gene Expression Mastermix, 1 µL NOP or ppNOC 

primer, and 1 µL of the HKG primer were prepared, to which 6 µL water and 2 µL of 

cDNA sample were added to give a total volume of 20 µL. For consistency, two samples 

were prepared for each gene of interest, and one sample with the non-template control. 

Samples were placed in the StepOne™ system using the thermal profile of 50oC for 2 

min, 95oC for 10 min, followed by 40 cycles of 95oC for 15 s and 60oC for 1 min.  

 

The data output for this PCR analysis is presented as cycle thresholds i.e. the number of 

cycles of PCR heating and cooling to generate expression of the gene of interest. A high 

number of cycle thresholds indicates low expression of the measured gene. The 

measurement of gene expression is, however, dependent on the concentration of 

starting cDNA material. There are sources of error which can influence cDNA 

concentrations. For example, incomplete conversion to cDNA, pipetting errors, poor 

quality mRNA can all contribute to differences in cDNA concentrations. Furthermore, 

because PCR is a process of exponential amplification, small changes in cDNA 

concentrations can lead to large differences in measured gene expression. One 

technique to overcome these issues is normalization. This is achieved by using a 

reference gene or housekeeper gene (HKG). In principle, genes that are natively 

expressed in cells (usually genes relating to cell integrity or ribosomal function) can be 

used as reference point by which genes of interest can be measured. This controls for 

any variability introduced by small differences in cDNA concentrations; a low 

concentration of cDNA results in low expression of the gene of interest (a high cycle 

threshold) but also low expression of the housekeeper gene. The difference between 

cycle thresholds of the housekeeper gene and gene of interest therefore represents the 

relative abundance of the gene being investigated. This is termed the delta cycle 

threshold or ∆Ct. Figure 2.5.4 demonstrates this concept for a gene with low expression, 

and can be compared with Figure 2.5.5 where a lower ∆Ct indicates higher expression 

of the gene of interest. 
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Reference gene Gene of interest

Threshold

∆Ct

Reference gene 
cycle threshold

Gene of interest 
cycle threshold

∆Ct = 10
low expression

Figure 2.5.4 Labelled example of StepOne PCR output. Amplification of the cDNA sample occurs with 
each cycle, with fluorescence for the TaqMan® probes increasing with reaction cycles. Fluorescence 
reaching a detection threshold (dotted red line) is the cycle threshold (Ct) for the probed gene. The 
lower the Ct the higher the expression of the gene. The difference in cycle thresholds between the 
reference gene (or HKG) and the gene of interest (GOI) is termed delta CT (∆Ct).  

Reference gene Gene of interest

Threshold

∆Ct

Reference gene 
cycle threshold

Gene of interest 
cycle threshold

∆Ct = 4
high expression

Figure 2.5.5 Labelled example of StepOne PCR output demonstrating a smaller ∆Ct than for Figure 2.5.4. 
This indicates higher expression of the gene of interest. 
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The experiments described in the next chapter used LPS to simulate sepsis in vitro. 

Analysis of the effect of LPS on gene expression was performed by comparing mean ∆Ct 

values between samples exposed to different concentrations of LPS. It is also possible 

to express changes in cDNA (and therefore mRNA) expression as fold-change using the 

2-∆∆Ct method which generates a more intuitive result.75 The series of steps to do this are 

given below: 

 

Using example data of: 

 Control sample: HKG Ct value = 22.05 GOI Ct value = 29.90 

 Treated sample (e.g. LPS stimulated): HKG Ct value = 20.33 GOI Ct value = 24.10 

Enables calculation of ∆Ct values using ∆Ct = Ct (GOI) – Ct (HKG): 

 Control ∆Ct = 29.90 – 22.05 = 7.85 

 Treated ∆Ct = 34.78 – 20.33 = 3.77 

The ∆∆Ct is then calculated using ∆∆Ct = ∆Ct (treated) - ∆Ct (control): 

 Treated ∆∆Ct = 3.77 – 7.85 = -4.08 

 [Control ∆∆Ct = 7.85 – 7.85 = 0] 

The fold change from control is then calculated using 2(-∆∆Ct): 

 Fold change from control to treated = 2(minus-4.08) = 16.91 

 

Therefore, in this example there has been a 16.91-fold increase in gene expression 

compared with control. Decreases in expression are represented by values between 0 

and 1. A ∆∆Ct of +4.08 is a fold change of 0.06, i.e. gene expression in the treated sample 

is 0.06 of that of the control, a decrease in expression by 16.91 fold.  
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2.6. Whole blood mRNA 

As an alternative to mRNA extraction from isolated leukocytes, NOP and ppNOC 

expression from whole blood mRNA was investigated. For these experiments the 

commercial RiboPure™-Blood kit (see 2.xvi) was used to isolate mRNA directly from 

whole blood. The procedure for this isolation of mRNA was as follows: 

1. Aliquot 0.5 ml of whole blood into 2 ml microcentrifuge tubes. 

2. Centrifuge at 1600 g for 1 min and discard supernatant. 

3. Add 800 µL lysis solution and 50 µL sodium acetate solution to each sample. 

4. Mix thoroughly (vortex and inversion). 

5. Add 500 µL of phenol:chloroform to lysate and vortex for 30 s. 

6. Rest at room temperature for 5 min, and then centrifuge at 1600 g. 

7. Transfer supernatant to new 2 ml microcentrifuge tubes. 

8. Add 600 µL of 100% ethanol to samples and briefly vortex. 

9. Warm provided elution solution to 75oC. Each 0.5 ml sample will require 50 µL 

of elution solution. 

10. Apply 700 µL of each sample onto individual filters as supplied with kit. 

11. Centrifuge for 5 – 10 s. 

12. Discard effluent and apply 700 µL wash solution 1 to each sample filter; 

centrifuge for 5 – 10 s. 

13. Discard effluent and apply 700 µL wash solution 2/3 to each sample filter; 

centrifuge for 5 – 10 s. 

14. Discard effluent and again apply 700 µL wash solution 2 / 3 to each sample filter; 

centrifuge for 5 – 10 s. 

15. Centrifuge for 1 min to dry filter. 

16. Transfer filters to clean collection tubes. 

17. To each filter add 50 µL of warmed elution solution and rest for 20 s. 

18. Centrifuge for 20 – 30 s. 

19. Take flow-through and reapply to filter. 

20. Centrifuge for 1 min to collect mRNA in solution. 

21. Proceed to quantification and assessment of purity. 
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2.7. Data analysis and statistics 

All data were analysed using a combination of Microsoft Excel (for tabulating data) and 

Graphpad Prism v6 (GraphPad Software, La Jolla California USA, www.graphpad.com; 

for statistical analysis and graph production). 

 

Analysis of PCR data was based on ∆Ct values. Relative quantification uses the 

transformation 2-∆∆Ct that generates a ratio, e.g. a relative quantification of 2 equates to 

a 2-fold increase in expression, a relative quantification of 0.5 equals a halving of 

expression or a 2-fold decrease. Data expressed as relative quantification do not follow 

a parametric distribution: decreases in expression have a ratio of between 0 and 1, 

increases of expression have a ratio of between 1 and ∞. Therefore, for analysis of fold 

change data were log transformed. For this thesis log2 was used for the transformation, 

which conveniently equates to -∆∆Ct. Graphical representation of fold-change in this 

thesis uses log transformed values.  

 

Parametric distribution was assessed using D’Agostino-Pearson analysis. Where there 

were few data points, normal probability plots with Pearson coefficients (R) were 

generated to assess distribution (the closer the Pearson coefficient to 1, the increased 

likelihood of a normal distribution). Parametric analysis was used to compare changes 

in mRNA expression compared with control. For this ANOVA was used with Dunnet’s 

correction for multiple comparisons, matched samples where appropriate. T-test was 

used where only two groups were compared.  
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3. Results from RNA analysis 

This chapter describes a series of experiments designed to establish 1) whether there 

are differences in expression of mRNA transcripts of the nociceptin system between 

different granulocyte subpopulations, and 2) whether expression is modified by 

exposure to an in vitro model of sepsis using lipopolysaccharide (LPS). 

 

3.1. Granulocyte mRNA expression 

Question: Do granulocyte sub-populations express mRNA for NOP and ppNOC? 

 

Previous studies have suggested that polymorphonuclear cells (PMNs) are associated 

with the nociceptin system (see Introduction 1.4).  PMNs are also granulocytes, 

representing those white blood cells (leukocytes) that contain granules in their 

cytoplasm. They include neutrophils, eosinophils, basophils and mast cells. Of these, the 

neutrophils, eosinophils and basophils are found in peripheral blood, whilst mast cells 

are mainly associated with tissues and mucosal surfaces. The populations of peripheral 

whole blood granulocytes vary: neutrophils are the most abundant (60 – 65% of 

circulating leukocytes), followed by eosinophils (1 – 3%) and the comparatively rare 

basophils (0.5 – 1%). These cells are associated with the inflammatory process (see 

Figure 1.3.1 in Chapter 1) and so were the focus of experiments.  

 

In these experiments blood samples (no more than 30 ml) were acquired from five 

healthy volunteers. Blood samples were separated into peripheral blood mononuclear 

cells (PBMCs) and PMNs using Blood Separation Protocol 1 (see Chapter 2.3.1).  

Extraction of neutrophils, eosinophils (PMN layer) and basophils (PBMC layer) was 

achieved using MACS (see Chapter 2.3.4).  

 

Lipopolysaccharide (LPS) was used in all gene expression experiments as a model of 

sepsis in vitro. In this first experiment, isolated cells were exposed to LPS at either 0 
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(control) or 5 µg ml-1 for 20 hours at 37oC in the presence of RPMI media. mRNA was 

extracted and prepared as described in Chapter 2.5. Samples were stored at -80oC (-20oC 

for cDNA) where necessary during the mRNA extraction and measurement phases. Real-

time quantitative PCR (RT-qPCR) was performed using TaqMan® probes for NOP, ppNOC 

and the housekeeper gene (HKG) GAPDH. Expression of mRNA for NOP and ppNOC 

would suggest that inflammatory cells produce protein for NOP and the N/OFQ 

precursor. Data were generated by RT-qPCR as delta-cycle threshold (∆Ct) values (the 

difference between expression of the gene of interest (GOI) and the HKG GAPDH) for 

samples. Note that a low ∆CT represents higher GOI expression than for a high ∆Ct.  

 

3.1.1. Results of cell separation 

As per the blood separation and MACS methodology, neutrophils and eosinophils were 

extracted from PMN layer, basophils from the PBMC layer. Total cell counts of the PMN 

and monocyte layer were made using a haemocytometer and are shown below in Table 

3.1.1.  

 

Sample 
Volume of blood 

(ml) 

PBMC Layer 

(x107 cells) 

PMN Layer 

(x107 cells) 

A 30 5.7 8.1 

B 30 6.6 14.0 

C 30 11.6 15.0 

D 25 3.4 6.0 

E 30 2.1 7.7 

 
Table 3.1.1 Cell count for cells extracted from separation layers for each volunteer. Differences in cell 
counts in samples are likely related to Ficoll-Paque™ PLUS yields as well as variation inherent with 
haemocytometry. 

 

3.1.2. Measures of RNA concentration and purity 

Spectrophotometry enabled an evaluation of the resulting concentrations of nucleic 

acids and their relative purity to contaminating protein, as shown in Table 3.1.2. 
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  Control LPS 

  mRNA 
concentration  

(µg µL-1) 

260/280 
ratio 

mRNA 
concentration  

(µg µL-1) 

260/280 
ratio 

    

SAMPLE A 

Basophil 0.01 1.6 0.0119 1.79 

Eosinophil 0.0404 1.78 0.015 1.67 

Neutrophil 0.2379 1.95 0.1591 1.95 

SAMPLE B 

Basophil 0.0466 1.44 0.0456 1.6 

Eosinophil 0.0344 1.87 0.0222 1.68 

Neutrophil 0.2185 1.9 0.2589 1.93 

SAMPLE C 

Basophil 0.0253 1.53 0.0247 1.62 

Eosinophil 0.0347 1.72 0.0328 1.87 

Neutrophil 0.1778 1.95 0.1349 1.95 

SAMPLE D 

Basophil 0.014 1.84 0.01 1.88 

Eosinophil 0.0208 1.68 0.0338 1.66 

Neutrophil 0.1817 1.94 0.4097 1.95 

SAMPLE E 

Basophil 0.015 1.87 0.01 1.7 

Eosinophil 0.02 1.95 0.035 1.97 

Neutrophil 0.199 1.94 0.279 1.91 

 

 

A 260/280 ratio approximating 1.8 suggests minimal protein contamination, and a 

concentration of nucleic acid >0.1134 µg µl-1 provided an optimal 5 µg material for 

removal of genomic contamination. These results show that for eosinophils and 

basophils extracted nucleic acid concentrations were consistently below this threshold. 

This makes interpretation of changes in mRNA expression difficult. 

 

3.1.3. Results of qPCR 

The qPCR data suggested that NOP was expressed in all granulocyte populations, despite 

low levels of extracted mRNA. However, ppNOC was preferentially expressed, albeit at 

high ∆CTs (low expression), in the eosinophil population (Figure 3.1.1). The isolated 

granulocytes had been incubated in the absence or presence of LPS (5 µg ml-1 for 20 

hours at 37oC). The universally low concentrations of mRNA in basophils and eosinophils 

made assessment of the effect of LPS difficult. However, these data do suggest that all 

granulocytes do express mRNA for NOP, and that ppNOC is preferentially expressed in 

eosinophils (particularly when compared with the higher concentrations of extracted 

mRNA for neutrophils). 

Table 3.1.2 Summary of nucleic acid concentrations and their ratiometric purity. 
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3.2. Modulated expression of NOP in PMNs 

Question: Is the expression of NOP in PMNs modified by increasing concentrations of 

LPS? 

 

Initial experiments suggested that NOP was expressed in granulocytes, and that ppNOC 

was predominately identifiable in eosinophils, accepting the limitations of initial 

experiments. The issues of low mRNA concentrations, and the difficulties in reliably 

acquiring sufficient numbers of granulocyte subpopulations, meant that the focus of 

subsequent experiments was on PMNs (a mixture of eosinophils and neutrophils in the 

cell preparation), as these would be the cells of interest in the development of a live-cell 

imaging assay. Based on previous laboratory work, a technique for acquiring sufficient 

numbers of PMNs had already been established (i.e. PolymorphPrep™) and processes in 

place for reliably measuring mRNA expression using RT-qPCR.69 Furthermore, MACS 

separation – as used in initial experiments – necessarily binds CD16 antibodies to 

neutrophils (leaving eosinophils unbound), potentially modifying their response to LPS.  

 

These subsequent experiments were performed using 30 ml blood samples taken from 

nine volunteers. PMNs were extracted (Chapter 2.3.2 Blood Separation Protocol 2), and 

samples incubated with increasing concentrations of LPS: 0, 1, 2.5 and 5µg ml-1 for 20 

hours at 37oC in the presence of RPMI media and 10% Fetal Calf Serum. Nucleic acid 

extraction was as for the first experiments, and all samples were analysed for 

concentration and purity using the NanoDropTM 2000 spectrophotometer. Quantities 

and purities for extracted nucleic acids were generally better than for the first set of 

experiments (see Table 3.2.1).  

 

For real-time quantitative PCR, the HKG Beta-2-microglobulin (B2M) was used to 

generate ∆Ct for NOP and ppNOC. Data are also presented as log transformed fold 

change (see Chapter 2.7) as this produces a more intuitive result (Figure 3.2.1). 
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LPS 

concentration 
(µg ml-1) 

mRNA concentration 
(µg µL-1) 

260/280 
ratio 

SAMPLE A 

0 0.067 1.9 

1 0.091 1.81 

2.5 0.098 1.84 

5 0.106 1.79 

SAMPLE B 

0 0.125 1.91 

1 0.036 2.0 

2.5 0.154 1.9 

5 0.215 1.9 

SAMPLE C 

0 0.056 2.01 

1 0.068 1.93 

2.5 0.101 1.94 

5 0.333 1.91 

SAMPLE D 

0 0.331 1.9 

1 0.207 1.9 

2.5 0.377 1.91 

5 0.237 1.91 

SAMPLE E 

0 0.369 1.91 

1 0.120 1.9 

2.5 0.173 1.9 

5 0.113 1.91 

SAMPLE F 

0 0.260 1.92 

1 0.252 1.92 

2.5 0.119 1.92 

5 0.060 1.95 

SAMPLE G 

0 0.133 1.41 

1 0.078 2.0 

2.5 0.071 1.78 

5 0.057 1.94 

SAMPLE H 

0 0.238 1.91 

1 0.110 1.84 

2.5 0.095 1.93 

5 0.113 1.87 

SAMPLE I 

0 0.222 1.93 

1 0.067 1.94 

2.5 0.057 2.04 

5 0.053 2.03 

 

Table 3.2.1 Summary of nucleic acid concentrations and their associated 260/280 ratios. Values 
highlighted in red are those nucleic acid concentrations where there was less than the minimal sample 
concentration (0.1134 µg µl-1) expected for removal of genomic DNA. 
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Mean control Ct values for NOP were 31.1 and for B2M 20.0. ∆Ct values were normally 

distributed (D’Agostino-Pearson), and comparison of the means using matched 1-way 

ANOVA (Dunnett’s multiple comparison) demonstrated a significant difference 

(p=0.0005) in NOP mRNA expression between PMNs exposed to all concentrations of 

LPS and control. As illustrated by the fold change, there is a reduction in NOP mRNA 

expression with increasing concentrations of LPS exposure in isolated PMNs.  

 

Of note, whilst ppNOC expression was tested in these experiments, it was barely 

measurable. Only 3 volunteer PMN isolates expressed ppNOC, and only at cycle 

thresholds greater than 35. This may reflect the quality and quantity of mRNA isolated, 

but given the results in the first experiments, suggests that ppNOC is minimally 

expressed in a mixed PMN population of neutrophils and eosinophils. 

 

3.3. Housekeeper validation 

Housekeeper genes (HKG) represent those genes constitutively expressed in DNA that 

should demonstrate stable expression despite environmental conditions. That is, the 

ideal HKG should be expressed at the same level irrespective of other gene expression, 

and so provides a reference against which relative expression of the gene of interest can 

be measured. In reality, most HKGs are not so stable and thus liable to change. The ideal 

HKG should be one that is expressed more than the gene of interest (i.e. with lower Ct 

values) and not subject to variation. 

 

The HKG GAPDH was used in the first experiments for reasons of familiarity and previous 

published work.9 74 However, the literature suggested that in studies of PMNs Beta-2-

microgobulin (B2M) should be more stable than GAPDH and highly expressed.76 This was 

studied using six of the volunteer samples from experiment 3.2, performing RT-qPCR to 

examine expression of available HKGs GAPDH, B2M, PKG-1, HPRT-1, RPLPO, 18s and 

ACTB (see Chapter 2.xx). Data were first analysed with the commonly used algorithm 
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NormFinder®.77 Comparisons of HKG expression were made for samples exposed to LPS 

0 µg ml-1 (control) and exposed to all concentrations of LPS. 

 

NormFinder® is a Microsoft Excel add-in that examines variation in HKG expression from 

linearized relative quantities (RQ) derived from mean Ct values for each HKG using the 

formula: 

𝑅𝑄 =  1
2(𝐶𝑡 𝑣𝑎𝑙𝑢𝑒−min𝐶𝑡 𝑣𝑎𝑙𝑢𝑒)⁄  

The results of these calculations were then grouped into control samples (group 1) or 

samples exposed to any concentration of LPS (group 2). NormFinder® was then run. 

Figure 3.3.1 shows how the data were presented for NormFinder®.  

 

 

  

Raw Ct values

Sample A B C D E F
A LPS 

1

B LPS 

1

C LPS 

1

D LPS 

1

E LPS 

1

F LPS 

1

A LPS 

2.5

B LPS 

2.5

C LPS 

2.5

D LPS 

2.5

E LPS 

2.5

F LPS 

2.5

A LPS 

5

B LPS 

5

C LPS 

5

D LPS 

5

E LPS 

5

F LPS 

5

GAPDH 25.636 26.835 24.432 27.537 27.995 28.139 28.624 28.803 29.797 28.071 24.992 23.308 23.995 29.523 29.502 28.923 22.585 23.323 28.264 24.408 31.832 26.645 21.967 24.560

HPRT-1 32.055 32.492 30.313 32.457 33.514 33.171 33.997 32.947 35.043 32.591 31.158 30.393 30.605 34.447 32.782 32.896 30.419 29.483 33.503 29.695 35.743 31.441 29.714 31.118

RPLPO 28.678 29.567 27.279 29.092 30.719 31.930 31.427 30.886 33.693 30.898 29.050 27.644 28.072 32.338 32.941 30.722 27.406 27.308 32.584 26.124 36.212 27.924 26.573 29.893

18s 14.813 15.175 11.049 14.561 13.910 14.368 16.865 16.295 19.967 20.358 11.877 8.584 12.351 20.830 14.720 16.736 10.497 9.351 14.968 14.771 18.783 13.237 9.566 16.262

B2M 20.716 22.607 20.192 22.845 20.569 22.304 22.126 22.846 25.345 21.407 19.930 17.868 19.420 23.642 22.840 23.697 17.969 18.248 22.356 18.238 25.202 21.531 17.317 19.278

PKG-1 26.577 29.706 24.903 27.032 26.114 27.327 28.465 27.961 30.539 28.609 25.211 23.086 24.929 29.801 29.232 28.889 23.008 23.860 27.540 24.426 30.403 26.686 22.560 24.539

ACTB 23.410 24.163 23.116 26.459 26.865 26.875 25.131 29.259 24.995 28.587 24.378 21.347 23.147 29.431 31.744 29.939 21.089 21.872 27.158 29.823 35.146 26.195 20.313 23.938

1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

Relative quantities

Sample A B C D E F A LPS B LPS C LPS D LPS E LPS F LPS A LPS B LPS C LPS D LPS E LPS F LPS A LPS B LPS C LPS D LPS E LPS F LPS

GAPDH 0.079 0.034 0.181 0.021 0.015 0.014 0.010 0.009 0.004 0.015 0.123 0.395 0.245 0.005 0.005 0.008 0.651 0.391 0.013 0.184 0.001 0.039 1.000 0.166

HPRT-1 0.168 0.124 0.563 0.127 0.061 0.078 0.044 0.091 0.021 0.116 0.313 0.532 0.459 0.032 0.102 0.094 0.523 1.000 0.062 0.863 0.013 0.257 0.852 0.322

RPLPO 0.170 0.092 0.449 0.128 0.041 0.018 0.025 0.037 0.005 0.037 0.132 0.349 0.259 0.013 0.009 0.041 0.411 0.440 0.011 1.000 0.001 0.287 0.733 0.073

18s 0.013 0.010 0.181 0.016 0.025 0.018 0.003 0.005 0.000 0.000 0.102 1.000 0.073 0.000 0.014 0.004 0.265 0.587 0.012 0.014 0.001 0.040 0.506 0.005

B2M 0.095 0.026 0.136 0.022 0.105 0.032 0.036 0.022 0.004 0.059 0.163 0.682 0.233 0.012 0.022 0.012 0.636 0.524 0.030 0.528 0.004 0.054 1.000 0.257

PKG-1 0.062 0.007 0.197 0.045 0.085 0.037 0.017 0.024 0.004 0.015 0.159 0.695 0.194 0.007 0.010 0.012 0.734 0.406 0.032 0.274 0.004 0.057 1.000 0.254

ACTB 0.117 0.069 0.143 0.014 0.011 0.011 0.035 0.002 0.039 0.003 0.060 0.488 0.140 0.002 0.000 0.001 0.584 0.339 0.009 0.001 0.000 0.017 1.000 0.081

#REF! 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

Figure 3.3.1 Data used in NormFinder® for samples exposed to control and to LPS concentrations. The 
groups are numbered 1 (control) and 2 (LPS – all concentrations). Raw Ct values were entered into an 
Excel spreadsheet and converted to relative quantities (RQs). The Excel add-in then used these RQs to 
generate stability values. 
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The results of these analyses are shown in Table 3.3.1. GAPDH was the most stable HKG 

amongst the tested samples, in contrast to what was expected.76  

   

Gene 
name 

Stability 
value    

   GAPDH 0.206    
   HPRT-1 0.272    
   RPLPO 0.307    
   PKG-1 0.329    
   B2M 0.342    
   18s 0.397    

   ACTB 0.483    
 

Table 3.3.1 Stability values acquired from NormFinder® analysis of HKG expression in response to all 
concentrations of LPS. Genes are in order of stability, with lower values representing reduced variance.  
 

Another technique for assessing HKG stability is the web-based tool 

(www.leonxie.esy.es/RefFinder) based on work by Xie and colleagues in 2012.78 This tool 

uses the algorithms of Genorm, Norfinder, BestKeeper and the comparative delta-Ct 

method to analyse all measured HKG Ct values. The output of this online tool generated 

a comprehensive ranking for HKGs (see Figure 3.3.2).  

Figure 3.3.2 Output of the online tool RefFinder that brings together some of the commonly used 
algorithms in assessing HKG stability. 
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This tool does not test by grouping, however, and so assesses overall stability 

irrespective of the conditions of the experiment. 

 

Whilst NormFinder® and RefFinder seek to identify the most stable HKG from a set of 

genes, it does not answer whether a HKG is sufficiently stable on its own. For this 

histograms were generated for the Ct values for each HKG and compared with Gaussian 

distributions (see Figure 3.3.3) as advocated by Mane and colleagues in 2008.79 In 

essence, gene expression that remains close to the mean (low SD) and follows a 

Gaussian distribution irrespective of experimental conditions is likely to represent a 

preserved HKG. This analysis suggested that B2M met the criteria of having high 

expression (mean Ct 21.19), a relatively low SD (2.32), and minimal skew (-0.03, where 

a skew of 0 represents a Gaussian distribution). 
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Figure 3.3.3 Frequency distributions of raw Ct values for tested housekeeper genes. Gaussian curves 
have been overlaid. Mean, SD and skew are included to demonstrate spread of data around the mean. 
Values with a normal distribution and reduced variance would suggest stability of the HKG. 
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B2M was the HKG used in LPS experiments following those in 3.1. Gaussian curve 

analysis suggested that B2M was comparatively stable. However, because validation 

analysis of these reference genes used the same samples used for measuring NOP 

expression, concentrations of mRNA (and therefore cDNA) were variable (see Table 

3.2.1). It is possible that variations in HKG expression may have represented variations 

in cDNA concentration rather than variations caused by LPS exposure. Another reason 

for using B2M was that its expression was higher (lower Ct values, 21.19 SD 2.32) 

compared with GAPDH (mean Ct 26.65, SD 2.66). Further, RefFinder suggested there 

was little difference in stability between PKG-1, GAPDH and B2M. Minimum Information 

for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines strongly 

recommend the use of two or more HKGs or reference genes as well as normalisation 

studies being performed for each experimental assay.80 These experiments did not 

adhere to these specific recommendations, in part due to difficulties in extracting 

sufficient concentrations of mRNA to ensure cDNA concentrations were consistent.
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3.4. LPS stimulation of whole blood 

Question: How is NOP expression modulated when whole blood is exposed to LPS? 

 

So far, experiments had been based on the analysis of mRNA expression in isolated 

granulocytes subsequently exposed to LPS. Subsequent studies now considered 

whether LPS-stimulated whole blood, followed by extraction of mRNA from PMNs, 

would generate similar results. The literature also suggested that LPS could be used at 

much lower concentrations for shorter periods of time to generate a marked ‘septic’ 

response.81 Previous work by our laboratory also suggested that PBMCs also expressed 

mRNA for NOP and ppNOC.16  

 

These experiments were performed on whole blood acquired from 6 healthy volunteers 

according to Blood Separation Protocol 2 (see Chapter 2.3.2). PMNs and PBMCs were 

isolated from blood samples that had been exposed to LPS for 5 hours at 37oC at 

concentrations of 0, 0.01, 0.1 and 1µg ml-1. mRNA was extracted, prepared and 

measured as previously described. All samples were analysed for concentration and 

purity using the NanoDropTM 2000 spectrophotometer. Nucleic acid yields were again 

low in some PMN samples (i.e. less than 0.1134 µg µl-1 required for optimal removal of 

genomic DNA). Purity was acceptable for both PMNs and PBMCs (see Table 3.4.1). 
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   PMNs PMBCs 

 LPS 
concentration 

(µg ml-1) 

mRNA 
concentration 

(µg µL-1) 

260/280 
ratio 

mRNA 
concentration (µg 

µL-1) 

260/280 
ratio 

  

SAMPLE A 

0 0.387 2.05 0.219 2.23 

0.01 0.185 1.82 0.214 2.29 

0.1 0.262 1.89 0.272 2.24 

1 0.033 2.01 0.306 2.23 

SAMPLE B 

0 0.135 1.95 0.083 2.05 

0.01 0.034 1.83 0.256 2.15 

0.1 0.145 1.82 0.224 2.09 

1 0.094 1.84 0.172 2.08 

SAMPLE C 

0 0.140 1.95 0.332 2.07 

0.01 0.132 1.9 0.280 2.05 

0.1 0.147 1.92 0.416 2.03 

1 0.092 1.88 0.325 2.07 

SAMPLE D 

0 0.132 1.88 0.304 2.02 

0.01 0.098 1.73 0.207 1.96 

0.1 0.107 1.69 0.214 2.01 

1 0.075 1.71 0.210 2.02 

SAMPLE E 

0 0.052 1.83 0.196 2.15 

0.01 0.072 1.68 0.196 2.21 

0.1 0.097 1.74 0.194 2.16 

1 0.086 1.63 0.197 2.15 

SAMPLE F 

0 0.470 1.93 0.408 2.02 

0.01 0.516 1.90 0.435 2.00 

0.1 0.286 1.96 0.536 1.96 

1 0.215 1.96 0.438 2.01 
 
Table 3.4.1 Summary of nucleic acid concentrations and their associated 260/280 ratios for PMNs and 
PBMCs. Values highlighted in red are those nucleic acid concentrations where there was less than the 

minimal sample concentration (0.1134 µg µl-1) expected for removal of genomic DNA. 

 

The HKG in these experiments was B2M. Mean PMN Ct values in control samples for 

NOP were 31.1 and for B2M 22.9; for PBMCs mean Ct values were 29.9 for NOP and 20.0 

for B2M. There was again a reduction in mRNA expression for NOP with increasing 

concentrations of LPS in both PMNs and PBMCs. This is seen in Figure 3.4.1 where log 

transformed fold-change in mRNA expression has been plotted.  As per previous 

experiments, mRNA for ppNOC was poorly expressed, either being unmeasurable or 

with cycle thresholds consistently greater than 35. 
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Statistical analyses were performed on ∆Ct values. There were too few volunteer 

samples to test for or observe a parametric distribution. However, NOP mRNA ∆Ct 

values in section 3.2 from the same pool of volunteers and similar experimental 

conditions of LPS were normally distributed. Further, normal probability plots suggested 

that these data were normally distributed, with Pearson coefficients (R) of a minimum 

of 0.93 (see Figure 3.4.3). Therefore, parametric ANOVA was performed with Dunnet’s 

multiple comparisons correction for matched samples. This analysis demonstrated that 

for PMNs and PBMCs there was a significant difference between all exposures of LPS 

compared with control (p<0.0001 for both analyses).  

 

When put together with experiments in 3.2, there was a marked reduction when 

compared with isolated PMNs despite the reduced concentration of LPS and the shorter 

duration of exposure (Figure 3.4.2). The decrease in PMN NOP expression seen in whole 

blood samples exposed to 0 and 1 µg ml-1 LPS was significantly different from that seen 

in isolated PMNs (t-test, p=0.0001, see Table 3.4.2). This suggests that the other factors 

within whole blood are involved in modulating PMN NOP expression.  

 

WB PMNs mean ∆Ct (SD) (n=6) Isolated PMNs mean ∆Ct (SD) (n=9) 

t-test LPS 
0 µg ml-1 

LPS 
1 µg ml-1 ∆∆Ct 

LPS 
0 µg ml-1 

LPS 
1 µg ml-1 ∆∆Ct 

8.19  
(2.13) 

15.82 
(1.36) 

7.63  
(2.45) 

11.06 
(1.50) 

12.57 
 (1.83) 

1.51  
(1.98) 

p=0.0001 

 
Table 3.4.2 Mean ∆Ct (SD) values for PMN NOP mRNA expression in whole blood LPS stimulation 
compared with isolated PMN stimulation. The change in expression from control is represented by 
∆∆Ct. Analysis using t-test on all ∆∆Ct values suggests a significant difference in the change in NOP 
expression. 
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Figure 3.4.3 Normality probability plots for NOP ∆Ct values from experiment 3.4.These are ∆Ct 
values ranked in order then plotted against a linear representation of an ideal Gaussian 
distribution. The closer to the line the distribution, the increased likelihood of data being 
normally distributed. Pearson co-efficients of >0.930 in these data suggest that the ∆Ct values 
follow a normal distribution.  
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3.5. Whole blood mRNA 

Question: Is NOP mRNA extracted from whole blood modulated similarly to isolated 

leukocytes?  

 

Previous experiments had focussed on predominately granulocytes, but also PBMCs 

(lymphocytes, monocytes and dendritic cells). However, blood contains other 

components involved in systemic inflammation e.g. platelets, plasma proteins, that 

potentially interact and modulate the nociceptin response to a septic stimulus.  

 

In a limited pair of experiments, mRNA was extracted from whole blood (see Methods 

2.6) that had been stimulated for 5 hours with LPS at concentrations of 0, 0.01. 0.1 and 

1µg ml-1. Two volunteers provided blood samples (30 ml volume). Assessments of mRNA 

yield and purity, reverse transcription and qPCR were as previously described. As seen 

in Table 3.5.1, mRNA yields were predictably higher as cell isolation was not required for 

these experiments.  

 

  Whole blood 

 LPS 
concentration 

(µg ml-1) 

mRNA concentration  
(µg µL-1) 

260/280 
ratio 

  

SAMPLE A 

0 0.181 1.95 

0.01 0.256 1.95 

0.1 0.283 1.94 

1 0.244 1.95 

SAMPLE B 

0 0.289 2.03 

0.01 0.252 2.02 

0.1 0.250 2.01 

1 0.261 2.03 
 

Table 3.5.1 Summary of mRNA yields from whole blood mRNA extraction. Overall yields of mRNA were 
improved compared with previous experiments.  

 

Results from these experiments demonstrated a marked reduction in NOP mRNA 

expression (Figure 3.5.1). It was again difficult to determine expression of mRNA for 
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ppNOC, with values being either unobtainable or with cycle thresholds of 35 or more.  

As these data come from a such a small data set it is difficult to draw any specific 

conclusions. However, the similarity in NOP mRNA modulation does point to whole 

blood mRNA isolation being a useful technique for further exploring NOP expression in 

response to a septic stimulus. 
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3.6. Conclusions 

Together, these data suggest that mRNA for NOP is expressed in immune cells and within 

subpopulations of granulocytes. Perhaps surprisingly, mRNA for ppNOC was difficult to 

isolate. This may be because it is localised to only a few immune cells, with preliminary 

data suggesting eosinophils. This finding is supported by other published data that 

suggests ppNOC is predominately expressed in eosinophils.27  Alternatively, the 

relatively low yields of mRNA for these experiments may have affected the ability to 

measure ppNOC expression. Still, NOP mRNA was detectable in all experiments, and 

expression of this receptor in immune cells suggests a function.  

 

These data also indicate that NOP mRNA expression is modifiable. By using a standard 

in vitro septic stimulus (LPS), these experiments demonstrate that NOP mRNA 

expression is reduced as a consequence of LPS exposure. That this was seen in PMNs, 

PBMCs and whole blood indicates that NOP is widely expressed and influenced by 

inflammation. Further, there was a significantly larger decrease in PMN NOP expression 

for LPS-stimulated whole blood (198-fold) compared with LPS-stimulated PMNs (2.8-

fold) for equivalent concentrations of LPS (1 µg ml-1). This suggests that LPS-inducted 

NOP modulation is influenced by immune cell and blood component interactions. Given 

the role of immunocyte signalling in sepsis (see Figure 1.3.1 Chapter 1), this is not 

unexpected.  

 

These data are based on the use of a single normalisation gene / HKG (B2M) and it would 

have been preferable to use at least two normalisation genes in accordance with MIQE 

guidance. However, these data are consistent with other published data in this area. 

Zhang, Stuber and Stamer published in 2013 and demonstrated significant suppression 

of NOP transcripts in leukocytes following whole-blood exposure to LPS at a 

concentration of 0.01 µg ml-1 for 0, 3, 6 and 24 hours.82 This group used a single HKG, 

HPRT. The same group, however, previously published conflicting evidence in 2011. 

Stamer and colleagues demonstrated increased transcripts for NOP in patients admitted 

to ICU, those with cancer and post-operative patients; essentially inflammatory states.70 
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Again, a single HKG (HPRT) was used. Despite the conflicting data, it is reasonable to 

conclude that mRNA for the nociceptin system is modulated in inflammatory states. 

Increased or decreased expression of NOP may reflect influences of circulating 

cytokines, the differences between in vivo and in vitro environments, and the type of 

stimulus (LPS or non-specific sepsis). Although Stamer’s group used standard curves to 

calibrate their RT-qPCR experiments, it would be useful to investigate the most 

appropriate HKGs for studies of PMNs exposed to LPS.  

 

Another issue was the relatively low yields of mRNA. Our laboratory has published data 

using PolymorphPrep™ to isolate PMNs, but other PMN isolation techniques (e.g using 

Ficoll-Paque™ Plus) might have improved mRNA yields. Low mRNA yields lead to variable 

concentrations of cDNA. Whilst normalisation should control for low cDNA 

concentrations, generating data to justify housekeeper gene selection is more difficult 

with variable starting cDNA product. Alternatively, larger blood volumes from 

volunteers could have been acquired, but samples necessarily came from a relatively 

small pool of volunteers, and larger blood volumes would have been difficult to justify 

on ethical grounds. Future experiments considering the effect of LPS on NOP expression 

could be performed on whole blood without cell isolation, as in experiment 3.5. The 

limited data above demonstrate a very similar reduction in NOP expression as for 

isolated PMNs, and likely would be a valid, and arguably more representative assay for 

observing changes in NOP and ppNOC expression to models of in vitro sepsis. The data 

from Thompson and colleagues in 2013 used PolymorphPrep™ to isolate PMNs before 

extracting mRNA and saw similar reductions in NOP expression as demonstrated 

above.69 This contrasts with work by Stamer’s group who analysed whole blood mRNA.70 

Stamer’s finding of increased NOP expression also conflicts with the findings in 

experiment 3.5 analysing whole blood mRNA. However, with such a small sample size it 

is difficult to draw conclusions.   

 

These experiments used endotoxin / LPS to simulate sepsis. LPS is well established as a 

stimulator of an immune response and activator of neutrophils.83 It is major component 
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of the cell wall of gram negative bacteria and mimics gram negative sepsis, yet there are 

other sources for sepsis. For example, staphylococcal enterotoxin B (SEB) and 

streptococcal pyrogenic exotoxin can be used in vitro to mimic gram positive sepsis, and 

agonists such as N-Formylmethionine-leucyl-phenylalanine (fMLP) or (phorbol myristate 

acetate, PMA, an agonist of protein kinase C) can directly stimulate neutrophils.84–86 

Furthermore, human models of sepsis are possible using LPS or dermal procedures (see 

Introduction 1.8). For example, cantharidin (a potent vesicant) blisters, skin windows 

and intra-dermal injections of UV-killed E. coli are techniques that allow acquisition of 

neutrophils that have been activated in vivo.65 In these dermal techniques, blisters are 

either chemically generated (cantharidin) or formed on an area of human skin by suction 

and the inflammatory exudate aspirated for analysis. These generated neutrophils 

appear to respond in a similar manner to LPS-stimulated neutrophils, and it would be 

interesting to see whether NOP and ppNOC expression are similarly modulated.  

 

Whilst these and other data on the mRNA expression of NOP and ppNOC are useful for 

understanding the role of the nociceptin system in inflammation, they do not address 

the function of the N/OFQ peptide or NOP receptor. Furthermore, expression of mRNA 

for NOP and ppNOC does not necessarily correlate with protein synthesis. mRNA is 

subject to modification by small regulatory RNAs (miRNA) that can prevent or enhance 

translation, and there are no data as to how this affects translation to functional 

protein.87 Furthermore, translation is subject to other cellular regulatory processes. For 

example, eukaryotic initiation factor-2 (eIF-2) is necessary for initiating translation at 

ribosomes and is itself regulated by phosphorylation.88 Therefore, the next stage was to 

develop an assay that allowed the study of N/OFQ in live human cells, forming a basis 

for future experiments that could better characterise the role of the nociceptin system 

in leukocytes.  
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STUDIES OF N/OFQ RELEASE FROM PMNs USING LIVE CELL IMAGING 

 

4. Methodology 

 

4.1. Reagents used 

Solutions and reagents used in subsequent experiments are given below (in alphabetical 

order): 

4.i Cell culture media (Sigma-Aldrich, Dorset, UK) 

CHO-biosensors were grown from stock using cell culture media comprising DMEM:F12 

with 10% Foetal bovine serum (100 IU ml-1), streptomycin (100 µg ml-1), fungizone (2.5 

µg ml-1). Selection media comprised G418 (geneticin) (µg ml-1) and Hygromycin B (µg ml-

1). 

4.ii Corning® BD Cell-TakTM (Fisher Scientific, Loughborough, UK) 

An adherent protein solution comprising polyphenolic proteins extracted from marine 

mussels, used to coat coverslips for adherence of unstimulated PMNs. 

4.iii EGTA (Sigma-Aldrich, Dorset, UK) 

Ethylene-bis(oxyethylenenitrilo)tetraacetic acid, a calcium chelating agent used to 

generate Rmin for calibration of fluorimetry (200 µl of 90 mM EGTA). 

4.iv Fluo-4 (Fisher Scientific, Loughborough, UK) 

A single-emission fluorescent Ca2+ indicator associated with high fluorescence when 

bound to Ca2+. Its excitation spectrum is very close to the wavelength of the argon laser 

(488 nm) used in confocal microscopy. 

4.v fMLP (Sigma-Aldrich, Dorset, UK) 

N-Formylmethionine-leucyl-phenylalanine, a standard stimulator of PMN degranulation 

and chemotaxis. Acts on formyl peptide GPCRs to increase intracellular calcium via 

phospholipase C. 

4.vi Fura-2 (Sigma-Aldrich, Dorset, UK) 

A ratiometric fluorescent Ca2+ indicator, presented as an acetoxymethyl (AM) ester.  
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4.vii Harvest buffer 

Solution used for harvesting CHO-biosensor cells from cell culture. Comprises 10 mM 

HEPES buffered saline (0.09%), 0.05% EDTA, adjusted to a pH of 7.4 with sodium 

hydroxide. 

4.viii Krebs-HEPES 

Standard buffer solution previously described in Chapter 2.vi. 

4.ix Modified Chinese Hamster Ovary (CHO) cells 

CHO cells expressing the human NOP receptor and co-expressed with Gαi/q provided by 

T Costa, Istituto Superiore di Sanità, Rome, Italy via G Calo, University of Ferrara, Italy. 

Details of transfection and culture previously published by Camarda and colleagues.89  

4.x PPADS (Sigma-Aldrich, Dorset, UK) 

Pyridoxalphosphate-6-azophenyl-2',4'-disulfonic acid, a non-specific antagonist of P2 

receptors native to CHO cells. 

4.xi Trap-101 (G Calo, University of Ferrara, Italy) 

A selective competitive antagonist of the NOP receptor.  

4.xii Triton-100X (Sigma-Aldrich, Dorset, UK) 

Non-ionic surfactant used as a cell lysis agent used to generate Rmax for calibration of 

fluorimetry (50 µl of 4% Triton-100x). 
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4.2. Introduction 

The mRNA experiments were designed to demonstrate not only the presence of mRNA 

for NOP and ppNOC, but also that expression could be modulated by a standard in vitro 

sepsis stimulant. However, mRNA expression does not necessarily confer functional 

protein, and there are few data about the role of the nociceptin system in inflammation 

at the cellular level. Research in this area has been hampered by the unreliability of ELISA 

in plasma samples, the inability to effectively culture granulocytes, as well as 

complexities with migration assays.71 Whilst there is some evidence to suggest 

polymorphonuclear cells do release N/OFQ,  confirmation of this was sought by 

designing a completely new bioassay utilising live-cell imaging to visually demonstrate 

immune cell release of functional N/OFQ.23 This could be used to study the inflammatory 

role of N/OFQ consistent with other experimental data (see Introduction 1.4). 

 

Key to this novel assay was a sensor for detecting N/OFQ release distinct from ELISA or 

radioisotopes. Measuring calcium using fluorescence is well established in the study of 

GPCRs and in the high throughput screening of GPCR ligands.90–92 Whilst studies of Gq 

coupled receptors using fluorescent calcium indicators are reasonably straightforward, 

Gi coupled receptors decrease intracellular calcium in response to ligand binding. To 

overcome this, Gi proteins can be forced to signal via the phospholipase C (PLC) pathway 

by co-expressing with chimeric Gαi/q proteins, thereby increasing intracellular calcium. 

The NOP receptor, in common with other opioid receptors, is Gi coupled. Studies have 

demonstrated that CHO cells transfected to express NOP with chimeric Gαi/q efficiently 

signal through Gq to increase intracellular calcium.89 93 This thesis, therefore, explored 

whether such modified CHO cells could be used to detect endogenous N/OFQ 

produced by stimulated granulocytes. 

 

CHO cells have a long track-record in cell biology. They divide rapidly and are susceptible 

to genetic manipulation. However, CHO cells also express native purinergic receptors. 

These are a class of receptors that bind adenosine (P1) or nucleotides ATP, UTP or ADP 

(P2), with P2 receptors being subsequently subdivided into P2Y (GPCRs) and P2X (ligand-
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gate ion channels).94 There are further classes of P2Y and P2X receptors determined 

pharmacologically. CHO cells express P2Y and P2X receptors and increase intracellular 

calcium in response to nucleotides (e.g ATP, UTP).95 96 For the modified CHO cells to 

function as a biosensor to endogenous N/OFQ these receptors would need to be blocked 

to prevent purinergic-mediated increases in intracellular calcium. PPADS is a relatively 

non-selective antagonist of P2X receptors and some P2Y subtypes (including P2Y1 

expressed on CHO cells).97 PMNs release nucleotides when stimulated, therefore, 

blocking the native CHO cell P2 receptors with PPADS should enable increases in CHO 

intracellular calcium due to N/OFQ to be distinguished from increases due to nucleotide 

binding.98 

 

This assay, therefore, would use increases in intracellular calcium as determined by 

fluorescence as an indicator of N/OFQ binding to NOP expressed on CHOαi/q cells. PMNs 

also increase intracellular calcium on activation and this rise in calcium is associated with 

PMN secretion.99 100 Therefore, this assay would also use fluorescence to indicate PMN 

activation. Detection of fluorescence would be by confocal microscopy as this would 

enable real-time imaging of changes in fluorescence. This assay, therefore, would allow 

single cell visualisation of PMN activation and any CHO-biosensor fluorescence in 

response to PMN release of N/OFQ. This concept is summarised by Figure 4.2.1, and the 

proposed assay system is illustrated in Figure 4.2.2. 
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Figure 4.2.2 Diagram representing key components of assay. Biosensor cells reside within a heated well, 
where they can be imaged by the microscope. Warmed perfusion fluid is passed via a pump across the 
biosensors, and excess fluid removed into waste. Reagents can be administered either with the 
perfusion fluid or added directly onto the biosensors. Cells of interest can also be placed with the 
biosensors. 

Fluo-4

Ca2+ Ca2+

Fluo-4Fluo-4

Ca2+ Ca2+

Ca2+

N/OFQ

TRAP-101 PPADS

fMLP

NOP NOP PURINERGIC

CHO Gαi/q

PMN

+ ATP

Figure 4.2.1 Principles of using CHO Gαi/q cells in live-imaging assay. N/OFQ released from stimulated 
PMNs binds to NOP receptors to increase intracellular calcium, resulting in fluorescence of the calcium 
indicator Fluo-4 (see 4.5.2). This effect is blocked by TRAP-101. PPADS ensures that rises in CHO 
intracellular calcium are not due to nucleotide stimulation of native purinergic receptors. 
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4.3. Assay development with fluorimetry 

The success of this assay was dependent on functional CHO cells that would act as a 

biosensor to nanomolar concentrations of N/OFQ. Through collaboration with 

researchers in Italy modified CHOαi/q cells were acquired (T Costa, Istituto Superiore di 

Sanità, Rome, Italy via G Calo, University of Ferrara, Italy). 

 

The suitability of these CHO cells as biosensors of N/OFQ peptide was assessed by 

examining them using conventional cuvette-based fluorimetry. CHO cells were 

stimulated with differing concentrations of N/OFQ and fluorescent responses, indicating 

increased intracellular calcium, were measured. The dual-excitation calcium indicator 

Fura-2 was used for these experiments.  

 

Fluorescence describes the property of a material that emits light following absorption 

of light or other electromagnetic radiation. Usually the emission wavelength is longer 

than that of the stimulating wavelength, i.e. less energetic, and relates to the transfer 

of energy that occurs when an excited electron returns to its lowest energy state. This 

energy for fluorophores (molecules that fluoresce) is seen as light. Fluorophores are 

widely seen in nature (e.g. in species of fish, squid, jellyfish, frogs, butterflies etc.), 

contrasting with bioluminescence which describes the emission of light following a 

chemical reaction. Natural fluorescence can be used to identify minerals and gems, 

organic liquids, and also describes the atmospheric phenomena of auroa (e.g. aurora 

borealis). There are many applications in science that depend on fluorescence, including 

spectroscopy, microscopy and fluoroscopy. 

 

Fura-2 is one of the most commonly used fluorescent probes for the measurement of 

intracellular calcium (Ca2+). It readily binds calcium and importantly this binding is largely 

pH insensitive. It is a dual-excitation indicator: stimulation of the fluorophore occurs at 

two wavelengths of light depending on the degree of calcium binding. At levels of low 

calcium Fura-2 shows excitation spectra between 300 and 400 nm (peak at 370 nm). 
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After binding with calcium, the excitation spectra move further into the ultraviolet 

region of light. Therefore, exciting the fluorophore at 340 nm will show increased 

fluorescence on binding with calcium, and a decrease in fluorescence on stimulating at 

380 nm. This change in emission spectra allows the use of ratiometric measurements. 

Cycling excitation of the sample at 340 nm and 380 nm enables a ratio of emission signals 

(measured at 510 nm) to measure changes in calcium. This principle is illustrated in 

Figure 4.3.1.101  

 

 

  

 

Excitation Wavelength nm 

Figure 4.3.1 Excitation spectra for Ca2+ bound and unbound Fura-2. When bound, maximal emission 
intensity occurs with excitation at 340 nm, whereas unbound emission is highest with excitation at 370 
nm. Cycling between excitation wavelengths of 340 nm and 380 nm generates a ratiometric measure of 

Ca2+ (Simpson A from Lambert and Rainbow, Calcium Signalling Protocols 3rd Ed.).101 
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The concentration of intracellular calcium is proportional to the 340/380 ratio as 

described by the Grynkiewicz equation.102 This equation considers the affinity of Fura-2 

for calcium (Kd), with the 340/380 ratio in experimental conditions (R) and at calibration 

(Rmax and Rmin), finally correcting for baseline fluorescence (Sfb – the ratio of baseline 

fluorescence in calcium free and calcium bound conditions). 

[𝐶𝑎2+]𝑖 = 𝐾𝑑 × [(𝑅 − 𝑅𝑚𝑖𝑛)] / [(𝑅𝑚𝑎𝑥 − 𝑅)] × 𝑆𝑓𝑏 

The advantage of ratiometric measurement is that errors related to indicator 

concentration (affected by leakage and bleaching), optical path length, and illumination 

intensity affect both excitation wavelengths. Therefore, a more accurate measurement 

of calcium concentration is possible than would be possible with a single-excitation 

indicator. 

 

Calibration is a crucial step for deriving calcium concentrations from measures of 

fluorescence. This is achieved by measuring fluorescence at maximum and minimum 

calcium concentrations. Fluorescence measurement at maximum calcium concentration 

(Rmax) is achieved by damaging the cells of interest so that all intracellular dye is released 

into extracellular calcium-containing solution. Triton X-100 is a detergent used for this 

process that causes complete cell lysis. Free calcium is then chelated by a high affinity 

chelating agent (EGTA), binding all free calcium enabling measurement of Rmin. 

 

Fluorescent indicators of calcium are unable to pass through cell membranes due to 

ionisation. However, esterification renders them lipophilic, and so are usually supplied 

as acetoxymethyl (AM) esters. Cells can therefore be loaded with indicator by incubating 

them for between 15 min and 2 hr. Living cells contain esterases; these remove ester 

groups and so return the indicators to an ionised state, thereby trapping them within 

the cell.   

 

A Perkin-Elmer LS50B fluorimeter (Beaconsfield, UK) using FLDM software was used for 

these experiments. This equipment comprised a Xenon discharge lamp for sample 
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excitation, appropriate emission filters, a gated photomultiplier for light emission 

detection, a cuvette holder surrounded by a water jacket, and a magnetic stirrer. 

 

The following procedure for measuring fluorescence of Gαi/q CHO cells when stimulated 

by N/OFQ was used: 

1. Discard culture media and rinse Gαi/q CHO cells once with harvest buffer. 

2. Add no more than 20 ml of harvest buffer and incubate at 37oC for 5 min, 

agitating intermittently until cells are non-adherent and in suspension. 

3. Transfer cells to 25 ml sterilin and fill with Krebs-HEPES solution. 

4. Centrifuge at 1500 g for 2 – 3 min at room temperature. 

5. Resuspend cells with Krebs-HEPES solution and repeat centrifugation. 

6. Resuspend with 2 ml Krebs-HEPES solution and 5 µM Fura-2 (10 µl of 1 mM Fura-

2/AM). Load cells for 30 min at 37oC, mixing halfway through loading process.  

7. Fill with Krebs-HEPES solution and keep in dark conditions for 20 min to allow 

intracellular de-esterification of Fura-2. 

8. Centrifuge cells at 500 g, discard supernatant, and wash cells three times with 

Krebs-HEPES, with 500 g centrifugation between washes. Resuspend cells to a 

volume of 2 ml per experiment. 

9. Place quartz cuvette containing a magnetic stirrer into the fluorimeter. The 

sample should be kept at 37oC using the water jacket. 

10. Add 2 ml of sample and measure 340 and 380 nm excitation fluorescence 

(measured at 510 nm) until a stable baseline is achieved (approximately 175 s). 

11. Add desired concentration of exogenous N/OFQ (10-8 to 10-6 M). 

12. After completing fluorescence measurements for all samples, perform 

calibration using a clean cell suspension. To this suspension add 0.1% Triton-

X100 (50 µl of 4% Triton-X100) to induce complete cell lysis. Measure 

fluorescence to give Rmax. Now add 4.5 mM EGTA (200 µl 90 mM EGTA). This 

chelates free calcium to give Rmin. 

13. Export data from fluorimeter and analyse as appropriate. 
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4.4. Confocal Microscopy 

The properties of fluorescence as described above can be used in microscopy. Cells of 

interest can be appropriately labelled or stained with fluorescent molecules, and when 

stimulated with the specific wavelength of light, can be easily visualised. This has seen 

wide application in cellular studies. For example, fluorescent microscopy has been used 

to image myofilaments in cells, nucleic acids, and sub-cellular structures such as 

microtubules. Optical fluorescent microscopes utilise an illumination light (a xenon arc 

lamp or mercury-vapor lamp) to stimulate the sample of interest. This light is passed via 

an excitation filter and then reflected by a dichroic mirror (selectively reflects or passes 

through specific colour spectra) through the objective to the sample. Emitted 

fluorescence (usually of a longer wavelength) passes back through a spectral emission 

filter, selecting only for the emission wavelength, through the dichroic mirror, and finally 

to the viewfinder or photodetector. This setup is illustrated in Figure 4.4.1. 
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The advantage of fluorescence microscopy is that intracellular structures can more 

easily resolved that would otherwise require electron microscopy. Furthermore, unlike 

electron microscopy, it is a non-destructive process. It can also be used to generate real-

time images of live cell systems so that dynamic cellular processes can be visualised.  

 

Confocal microscopy is an extension of conventional fluorescence microscopy. In 

fluorescence microscopy the entire sample is bathed in light, stimulating all areas within 

the optical path. This is problematic for calcium sensitive fluorescent molecules; the 

process of incomplete de-esterification and leaching results in calcium indicators 

interacting with calcium-containing perfusion solutions, causing background 

fluorescence and interfering out-of-focus light. Furthermore, when studying calcium 

changes within cells it is important to be able to focus purely on the point of interest 

Figure 4.4.1 Fluorescent microscopy: light passes through the excitation filter selecting for a 
specific wavelength (above blue) determined by the fluorophore being used. The excitation light 
reflects onto the specimen via the dichroic mirror. Emitted fluorescence (above green) returns 
through the dichroic mirror, through the emission filter to the viewfinder. 
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without contaminating light from excited fluorophores throughout the rest of the 

sample. Confocal microscopy overcomes these issues through use of two pinholes in the 

light path. The first pinhole is in front of the light source, which generates a sharp focus 

of light, free of scatter, onto a single point of the sample. The light then stimulates the 

fluorophores which then emit light from this single focal point. A second pinhole then 

filters emitted light. This prevents the passage of light from outside the focal plane (i.e. 

out-of-focus light), improving resolution of the image. The way in which both pinholes 

ensure light is focussed on the sample, and only emitted light from the point of focus is 

detected, gives rise to the term confocal. This is illustrated in Figure 4.4.2.
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There are two practical problems to confocal microscopy. Firstly, the pinholes block 

light, therefore a high intensity excitation light is required (in practice lasers are used), 

and a photomultiplier system and/or sensitive photodetector is required for detecting 

emitted light. The second issue is that either the light needs to scan across the sample 

to generate an interpretable image, or the sample needs to move across the light path. 

The original confocal microscope passed the stage containing the sample across the 

beam, and some systems in the microchip industry use this approach. Systems devised 

for biological imaging scan a stationary sample through use of a single laser beam being 

directed by computer-controlled mirrors.  A two-beam scanning system is also in 

commercial use that uses specially designed spinning disks. 

 

A limitation of confocal microscopy is the intensity of the laser light. This can cause 

photobleaching. This is the irreversible damage of calcium indicator fluorophores, 

indicated by a fixed fluorescence of the molecule. Furthermore, the laser can damage 

live-cells and tissues themselves.  

 

A feature of confocal microscopy not used as part of this thesis is optical slicing. Due to 

the highly focused nature of the microscope, focal points are often within the three-

dimensional structure that comprises a cell. Therefore, moving the focal plane vertically 

and horizontally enables a series of slices to be imaged. These can then be recreated 

with software as a three-dimensional image. 

 

The confocal microscope used in experiments was a Nikon C1Si confocal laser scanning 

microscope. This system comprises a laser light source, a sensitive photomultiplier tube 

(PMT) detector, and a computer which controls the scanning mirrors as well as the 

configuration of the laser and pin hole apertures. The computer also acquires images in 

real-time allowing for monitoring of any experiment, and acquisition for later analysis. 

The microscope used a 60x oil immersion objective (CFI Plan Apochromat VC 60x 

(NA=1.4)). 
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In addition to the confocal microscope a method for keeping the live cells viable for the 

subsequent experiments was needed. For this a custom-built perfusion system was 

used. This comprised a water-bath to keep perfusate and solutions warm, a rotary pump 

that delivered the perfusate to the objective and removed excess fluid, and a peltier 

heater to maintain cells in the objective at the desired temperature. An illustration for 

this setup is given in Figure 4.4.3. 

 

 

Pictures of the actual system used are given in Figure 4.4.4. This had been custom-made 

for the laboratory in which the experiments were performed. The perfusion system had 

been previously calibrated to maintain perfusion fluid level during experiments and to 

prevent flooding of the stage and microscope. 

Figure 4.4.3 Illustration of perfusion system. Reagents are kept warm in the water bath, and connected 
to the perfusion system as required for the experiment. 



 

100 
 

 

W
at

er
 b

at
h

 a
t 

3
7

o
C

 

R
o

ta
ry

 p
u

m
p

 

M
ic

ro
sc

o
p

e 
o

b
je

ct
iv

e 

Su
ct

io
n

 t
o

 
m

ai
n

ta
in

 s
am

p
le

 
fl

u
id

 le
ve

l 

R
et

u
rn

 f
lo

w
 t

o
 

w
as

te
 

P
e

rf
u

si
o

n
 f

ro
m

 
w

at
er

 b
at

h
 

P
e

lt
ie

r 
h

ea
te

r 

Fi
gu

re
 4

.4
.4

 P
ic

tu
re

s 
o

f 
th

e
 p

e
rf

u
si

o
n

 s
ys

te
m

 u
se

d
 in

 c
o

n
fo

ca
l m

ic
ro

sc
o

p
y 

e
xp

e
ri

m
e

n
ts

 



 

101 
 

Having established a system by which to examine the cells, the next stage was to verify 

the CHO cells could be used within this system and remain viable during imaging. This 

was more challenging than with standard fluorimetry as visualisation of individual cells 

was needed to demonstrate an increased calcium response to N/OFQ binding to the 

modified CHO cell surface NOP receptors. A successful experiment would also validate 

the fluorimetry results. 

 

4.5. Imaging Gαi/q CHO cells 

The key processes for achieving successful dynamic images of the biosensor cells were: 

culture and seeding of cover slips for placement in the microscope, 48 hours of cell 

growth, loading of the cells with an appropriate calcium sensitive fluorophore, transfer 

of viable cells to the objective, and imaging during perfusion. 

 

4.5.1. Culture and seeding 

Stock chimeric CHO cells were cultured following standard cell culture protocols. The 

feed media was DMEM:F12 with 10% Foetal bovine serum (100 IU ml-1), streptomycin 

(100 µg ml-1), fungizone (2.5 µg ml-1). Selection media comprised G418 (geneticin, 400 

µg ml-1) and Hygromycin B (200 µg ml-1).  

 

Confocal experiments required that a stable, adherent population of CHO cells that 

could be perfused without displacing the cells from view. Seeding of the cells took place 

on coverslips, one for each well of a six-well plate.  CHO cells by themselves are relatively 

adherent, and coverslips required no further preparation. Each well was seeded with 

0.1x106 ml-1 cells taken from a stock culture, determined empirically to avoid over-

confluence. The cells were then incubated at 37oC for 48 hr in feed media. Optimal 

confocal imaging was possible when CHO cells were not confluent.  
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4.5.2. Fluo-4 

The calcium indicator Fluo-4 was used for confocal microscopy experiments. This 

indicator is particularly suited to confocal microscopy. First, it is a single-excitation 

indicator. Whilst this makes calibrated measurements of calcium changes more 

challenging and subject to error (see Fura-2), it is better suited to confocal microscopy 

systems that generally only stimulate at one wavelength. Second, it is stimulated in the 

visible light spectrum rather than the ultraviolet spectrum. The advantage of this over 

Fura-2 is that the lower energy of longer wavelength light is less damaging to cells, and 

also reduces photobleaching. Furthermore, cell autofluorescence is minimised 

compared with using ultraviolet excitation light. Third, Fluo-4 has a high affinity for 

calcium with minimal fluorescence at low levels and is more fluorescent at calcium 

saturation (more than a 100-fold increase in fluorescence). The AM ester form of Fluo-

4 is also non-fluorescent – any esterified Fluo-4 that remains outside of the cell will not 

contribute to background fluorescence. Fluo-4 AM is also relatively easy to load, 

requiring half the time and half the concentration of the similar indicator Fluo-3. Finally, 

peak excitation of Fluo-4 (491 nm [Ca2+] unbound – 494 nm [Ca2+] bound) occurs very 

close to the wavelength of the argon laser (488 nm) used in the confocal microscopy. 

This is illustrated in Figure 4.5.1. 

 

In a similar manner to Fura-2, the loading of Fluo-4 into cells is achieved using a cell-

permeable acetoxymethyl (AM) ester derivative that is cleaved by intracellular 

esterases, thereby trapping the free Fluo-4 within the cell. Fluo-4 is reconstituted with 

dimethylsulfoxide (DMSO) due to its low water solubility. For the experiments, a 1 mM 

solution was prepared (50 µg Fluo-4 made up in 50 µl DMSO). 4 µl aliquots (final 

concentration 4 µM) were then used to load CHO cells for 30 min at room temperature 

in dark conditions.  
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The following procedure was used for preparing and loading cells for confocal 

microscopy: 

1. Warm all experiment solutions in water-bath set at 40oC. Solutions warmed in 

this bath would approximate 37oC by the time they reached the stage of the 

microscope. 

2. Take a single cover-slip and gently place into 2 ml Krebs-HEPES solution to wash 

off residual media. This can be done in an appropriately sized petri-dish (e.g. 35 

x 10 mm). 

3. Mix 4 µl pre-prepared Fluo-4 in 1 ml Krebs-HEPES solution (final concentration 4 

µM) and add to a different petri-dish. 

4. Transfer CHO coverslip to petri-dish containing Fluo-4. 

5. Place in darkness at room temperature for 30 min. Optimal loading occurs at 

room temperature; at higher temperatures CHO cells extrude calcium indicators.  

6. Use loading time to prepare confocal microscope and perfusion system, 

particularly testing for leaks.  

7. Transfer loaded CHO cell coverslip to sample well, add 1 ml of Krebs-HEPES 

solution, and check for any leaks. Place onto stage within the warmed peltier 

heater and begin perfusion system using Krebs-HEPES solution. 

8. Use 60x oil immersion lens (CFI Plan Apochromat VC 60x (numerical 

aperture=1.4)). 
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Figure 4.5.1 Fluorescence spectra of Fluo-4 showing excitation spectra (blue) and emission spectra (red) 
(adapted from ThermoFisher product catalogue). 
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9. Focus sample using standard light. Check focus using laser but keep duration to 

a minimum to avoid photobleaching. Finally, confirm focus with scanning laser 

using supplied computer software and optimise to achieve desired focal plane. 

10. Setup microscope with following adjustments: 

a. Argon laser 488 nm 

b. Excitation strength 10 – 11% 

c. Adjust photodetector gain to achieve acceptable view with minimal noise 

d. Set scanning speed as one scan per second or two seconds, depending on 

time course of planned experiment 

e. Set emission pinhole to large 

f. Set detector filter to FITC (fluorescein isothiocyanate). This filter selection 

will allow transmission of Fluo-4 fluorescence (516 nm) to the 

photodetector.  

11. Perform series of experiments (see Chapter 5.2). 

  

4.6. Adherence of PMNs with Cell-Tak™ 

The aim of this assay was to co-image CHO-biosensor cells and live PMNs, and by 

stimulating the PMNs, establish whether N/OFQ was released by measuring CHO-

biosensor fluorescence. This required being able to image live, viable PMNs adherent to 

the coverslip during perfusion. 

 

Coverslips were prepared so that they would adhere the PMNs. An adherent protein 

solution – Corning® BD Cell-TakTM – was used to coat the coverslips prior to seeding with 

the CHO-biosensors. The adherent solution comprised polyphenolic proteins extracted 

from marine mussels that act as a tissue glue to coat such surfaces as glass, plastics and 

metals. The procedure for preparing coverslips for the CHO-PMN experiments was as 

follows (adapted from the protocol supplied with Cell-TakTM): 
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1. Prepare a buffer solution of 0.1M sodium bicarbonate with a pH of 8.0. Filter-

sterilise before use. 

2. Plan a coverage density of 3.5 µg cm-2 with Cell-Tak™. 

3. Calculate mass of Cell-Tak™ required for a six well plate with total expected 

growth area of 9.6 cm2; e.g. assuming stock of Cell-Taq is 2.1 mg ml-1, take 16 µl 

(33.6 µg) and dilute to 3 ml with buffer solution. This allows 0.5 ml of solution 

per well. 

4. Sterilise cover slips with ethanol or methanol. Ensure full evaporation of liquid 

before preparing with Cell-Tak™.  

5. To each cover slip, add 0.5 ml of Cell-Tak™ solution as made above, ensuring full 

surface area coverage but avoiding spillage beyond edge of cover-slip. 

6. Incubate at 37oC for 20 min. 

7. Aspirate off any remaining solution, and wash with sterile water to remove 

residual bicarbonate.  

8. These coverslips can be stored for two weeks at a temperature of 2-8oC 

 

4.7. Imaging PMNs 

PMNs cannot be cultured (do not divide), so fresh human PMNs were necessary for 

these experiments. Polymorphonuclear cells were isolated from whole human blood 

provided by volunteers with ethics approval. Isolation was performed using Blood 

Separation Protocol 2 (see Chapter 2.3.2), and all PMNs used on the day they were 

extracted. PMNs were diluted into 1 ml Krebs-HEPES solution and kept on ice.  

 

Loading of PMNs was with Fluo-4. A Cell-Tak™ prepared coverslip was placed in a petri-

dish and 1 ml of warmed Krebs-HEPES added. To this 4 µl of 1 mM Fluo-4 was added 

(final concentration 4 µM). 100 µl of PMN suspension was then added to this coverslip 

and left at room temperature in darkness for 10 min.  
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Cells were transferred to a sample well, 1 ml of Krebs-HEPES added, and the well 

checked for leaks. The well was then placed onto the confocal microscope stage within 

the peltier heater. Visible light microscopy was performed to focus cells, then the 

perfusion system started. Focus was again checked using the laser light source, and a 

suitable area for study identified. Finally, focus was confirmed with scanning laser using 

C1Si software to view images. Studies of PMN responses to fMLP stimuli were then 

performed as described in Chapter 5.3. 

 

4.8. Co-imaging of PMNs and CHO cells 

Imaging of both PMNs and CHO cells required a non-confluent layer of CHO cells, and a 

layer of PMNs with minimal clumping and relatively even distribution amongst CHO 

cells. CHO cells were prepared as previously described except for these experiments 

they were seeded onto Cell-Tak™ prepared coverslips. 

 

The calcium indicator Fluo-4 was used to load CHO cells as previously described. The 

loading time was 20 min before the CHO cell coverslip was transferred to the confocal 

microscope and 1 ml Krebs-HEPES solution added. At this point the perfusion system 

was not turned on. PMNs were then layered on the CHO cell coverslip. An initial volume 

of 100 µl was added initially, but if too few PMNs were visible this volume was doubled 

for further experiments. Conversely, if the initial sample showed too many cells 

obscuring the CHO cells, the sample was diluted before adding 100 µl of the diluted 

sample to CHO cells. A further 10 min was then allowed for loading of PMNs by residual 

Fluo-4. Whilst this would provide a lower concentration of Fluo-4 for PMN-loading, 

layering and loading the PMNs with the CHO cells prior to transferring to the microscope 

would have risked displacing PMNs during the transfer process. After this period, the 

cells were visualised as previously described and perfusion started. Laser microscopy 

was then used to identify an area of interest, i.e. one where there was a relatively even 

distribution of CHO cells and PMNs. The scanning laser was then used to finally focus 

the cells using the C1Si software for image viewing. 

 



 

107 
 

4.9. Assay development 

The next chapter describes a series of experiments designed to establish whether CHO 

cells would work as effective biosensors. It then proceeds to detail experiments 

establishing CHO cell responsiveness to exogenous N/OFQ within the confocal 

microscope system. The development of the assay then continues with imaging of PMNs 

and stimulation by fMLP, followed by imaging of both CHO cells and PMNs and the 

effects of PMN degranulation. A final set of experiments were performed using the 

supernatants of fMLP-stimulated PMNs to stimulate CHO cells in the presence or 

absence of NOP and purinergic antagonists (TRAP-101 and PPADS).  
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5. Results of live cell imaging 

This chapter contains a series of experiments conducted to develop a novel live-cell 

assay for detecting the release of N/OFQ from human granulocytes.   

 

5.1. Fluorimetry 

Question: Are chimeric Gαi/q CHO cells responsive to exogenous N/OFQ? 

 

Assessment of CHO-biosensor responsiveness was made using fluorimetry, as described 

in Methods (Chapter 4.3). Using the ratiometric intracellular [Ca2+] indicator Fura-2, 

experiments were performed using 5 different passages of cells to test the 

responsiveness of the CHO Gαi/q cells. Fluorescence was measured at 510 nm after 

stimulation at 340 nm ([Ca2+]i-bound) and 380 nm ([Ca2+]i-free). Each experiment 

underwent calibration steps as described in Chapter 4.3. [Ca2+]i levels were calculated 

by FDLM software using the Grynkiewicz equation. Maximum response was analysed 

using GraphPad Prism 6. For each experimental run, any baseline drift was returned to 

zero using linear regression across the period of drift to the inflection point. Figure 5.1.1 

represents the baseline-corrected response of CHO Gαi/q cells at tested concentrations 

of N/OFQ (10-6 M, 10-7 M, and 10-8 M), with graph D representing baseline-correction 

methodology. Values are given as a change in [Ca2+]i from a corrected baseline of 0 nM.  
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These first experiments were designed to establish whether proposed CHO-biosensor 

cells would increase calcium in response to agonist binding to the surface NOP receptor. 

Cuvette fluorimetry provided a straight-forward technique for testing these cells and 

ensuring that they could theoretically function as useable biosensors. These data 

demonstrate that the chimeric CHOαi/q cells are reactive to the application of exogenous 

N/OFQ, and therefore suitable as a biosensor. There was considerable baseline drift in 

some of the experiments, which likely represents the leakage of Fura-2 out of the CHO 

cell via active mechanisms. This is particularly evident when cells are in suspension, 

exacerbated by any extracellular calcium that will saturate leaked indicator. Linear 

regression enabled the return of the baseline to zero, but is a mathematical process that 

necessarily attenuates peak values. The addition of probenecid (an organic anion 

transport inhibitor, 2.5 mM) can minimise leakage, but can also attenuate peak 

responses following agonist binding.  

 

There was poor relationship between changes in [Ca2+]i concentrations and 

concentrations of N/OFQ (see Table 5.1.1). Whilst the range of tested concentrations 

was limited, there are issues with using cuvette-based fluorimetry in assessing CHO cell 

fluorescence in a moving suspension. Problems include incomplete de-esterification, 

insufficient loading, autofluorescence, ultraviolet radiation damage to cells and Fura-2 

leakage into calcium-rich fluid, in addition to it being a hostile environment for CHO cells.  

 

Experiment 

N/OFQ concentration (M) 

10-6 10-7 10-8 

A 373 292 120 

B  437 770 

C  632 658 

D 511 553  

E 245 570 236 

 
Table 5.1.1 Summary of fluorimetry experiments for determining CHOαi/q response to concentrations 
of N/OFQ. Table values represent peak ∆[Ca2+]i (nM) determined by fluorimetry. 
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The next phase of experiments was to explore the use of the CHO-biosensors in confocal 

microscopy. Cuvette fluorimetry is a comparatively crude technique as it is only able to 

measure total fluorescence from the sample. This means that if only some cells react to 

a low concentration of N/OFQ, the total fluorescence may not peak above baseline. Cell 

viability is also difficult to assess with cuvette fluorimetry, whereas microscopy allows 

specific regions to be identified where cells appear adequately loaded with calcium 

indicator and have maintained morphology. It also allows for repeated testing of cells 

which can be used to assess any apparent receptor desensitisation. Cuvette fluorimetry 

would also not satisfy the overall aim of observing cell-to-cell interactions between 

human polymorphonuclear cells and CHO-biosensors. 

 

5.2. CHO cells as biosensors in confocal microscopy 

Question: Can CHOαi/q cells be used as a N/OFQ-responsive biosensor in confocal 

microscopy? 

 

The next series of experiments focused on whether CHOαi/q cells would function as an 

effective biosensor in a confocal microscope setup. For these experiments CHO-

biosensors were prepared as described in Chapter 4.5.1. After 48 hours, the CHO cells 

were prepared for confocal microscopy, loading with Fluo-4 as described in Chapter 

4.5.2. Experiments were performed across four passages of CHOαi/q cells. For each 

experiment, the cells were perfused with Krebs-HEPES buffer solution and 10-6 M N/OFQ 

introduced into the perfusion system. Confocal imaging was performed as previously 

described in Chapter 4.5.2.  

 

A total of 173 cells were imaged across these experiments. Data files from the Nikon 

C1Si software were exported (.ids image files and .ics text metadata files), and analysed 

using the Fiji distribution of ImageJ (an open-source image processing package widely 

used in analysing fluorescent microscopy images).103 Initial analysis considered global 

change in fluorescence: the whole visual field was selected as a region of interest (ROI) 
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and mean fluorescence over time measured. These data are shown in Table 5.2.1. 

Subsequently, individual cells were identified manually and a ROI within the cytoplasm 

of each CHO cell selected. Mean fluorescence was then measured from each ROI over 

time. 

 

Measurements of global fluorescence were exported from Fiji into GraphPad Prism v6. 

As with fluorimetry experiments, baseline drift was corrected using linear regression. 

Graphs of fluorescence over time were generated and included with images 

demonstrating cell fluorescence before and after addition of N/OFQ, shown in Figure 

5.2.1 and Figure 5.2.2.  

 

 

Experiment 

Global change in 
mean fluorescence 
(baseline corrected,  

arbitrary units) 

CHO respond 
CHO not 

responding 
Total cells in 

view 

A 392.5 99 0 99 
B 266.6 23 1 24 
C 1782 23 1 24 
D 14.23 5 21 26 

 

Table 5.2.1 Results of four passages of CHOαi/q cells stimulated with 10-6 M N/OFQ. In experiment D 
fewer biosensors responded compared with non-responders, resulting in a reduced global change in 
fluorescence. This illustrates the value of confocal microscopy in identifying variable responses within 
a cell population. 
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Identification of individual responding cells based on measured changes in fluorescence 

was performed using the Area Under Curve (AUC) function within GraphPad Prism. This 

function identifies peaks based on deviation from a baseline value. GraphPad calculates 

the area under the curve between adjacent points on the x-axis by forming a trapezoid 

and converting it into a rectangle with the same area as the trapezoid (see Figure 5.2.3). 

The area under the curve between the two x-values is therefore the difference in x (∆x) 

multiplied by (y1 + y2)/2. 

These calculations are then replicated for the rest of the curve. Peaks are determined 

by a positive deflection from a set baseline that are greater than a set threshold from 

the minimum y value of the baseline. In these experiments the baseline was determined 

as an average of fluorescence values over the time period prior to stimulation with 

N/OFQ (in non-responders the earliest time point of inflection taken from responding 

cells). The deflection threshold was set at 50% deflection from baseline as the threshold 

for a positive response. All peaks identified by AUC analysis were visually checked 

against a graph of fluorescence for each cell, and further against the images from the 

confocal microscope where there was doubt. The table in Figure 5.2.4 is an example of 

the output from AUC analysis. The values of interest are the time when a peak occurs 

 1  2

      

 1   2

2

Figure 5.2.3 Calculation of area under the curve by GraphPad Prism for identifying peaks in CHO-cell 
fluorescence over time (adapted from GraphPad Statistics Guide) 
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(first x) and the height of that peak (peak y – baseline). Below the table is the graph from 

which the AUC output is determined.  

 

The figure also demonstrates the limitations of AUC analysis. The first point is that peaks 

in fluorescence occurring prior to N/OFQ administration can lead to genuine N/OFQ 

stimulated peaks being missed if relying on AUC analysis alone. The blue line on the 

graph represents CHO cell P from one set of experiments. There is a small peak at x = 28 

preceding the N/OFQ-stimulated peak at x = 35. Because the baseline was taken as an 

average over the first 30 s, peaks in this range increase the baseline value calculated by 

the AUC analysis. In this case, setting the deflection threshold at 60% rather than 50% 

of an increase from baseline would have resulted in omission of this positive result. The 

second point is that a steep decrease in baseline fluorescence can lead to a similar 

omission of genuine N/OFQ-stimulated peaks. In this example, cell D at x = 0 has a 

fluorescence value of 1243 units. It then steeply decreases to 791 units prior to N/OFQ-

stimulation, when peak fluorescence reaches 1690 units. The decreasing baseline is 

probably due to Fluo-4 leak which has the double effect of decreasing cell fluorescence 

whilst increasing background fluorescence as the Fluo-4 interacts with free calcium in 

the Krebs-HEPES perfusate. Again, changing the deflection threshold to 60% would have 

led to omission of this genuine N/OFQ-stimulated peak. Therefore, whilst AUC analysis 

was a useful tool for quickly identifying peaks in fluorescence, its specificity is 

significantly affected by the threshold value and the stability of the baseline. This 

necessitated manually checking each cell against its individual graph and confocal 

images. 
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Figure 5.2.4 AUC analysis: The top table is a typical output for AUC analysis, with peaks identified based 
on their difference (>50% used here) from an averaged baseline up to N/OFQ administration. This is 
graphically represented with mean fluorescence values for each cell over time, before and after N/OFQ 
administration. CHO Cell M represents a response that is readily detected by AUC analysis. CHO Cell P 
demonstrates a positive N/OFQ response that would not have been detected had the AUC analysis 
threshold been changed from 50% to 60% from baseline. This is due to the small peak prior to the 
N/OFQ-associated peak raising the baseline (the average of fluorescence values during the first 30 s). 
Similarly, the CHO cell D response would have been missed due to a rapidly decreasing baseline that is 
not entirely corrected by averaging over 30 s. These examples demonstrate the limitations of using AUC 
analysis when the baseline is variable. 
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These data demonstrate that the CHOαi/q cells can be used in confocal microscopy for 

the detection of N/OFQ. The cells successfully load with Fluo-4, generally remain viable, 

and increases in calcium are readily visualised using laser scanning confocal microscopy. 

The assay, however, is not without issues. First, the response of CHO cells to similar 

concentrations of N/OFQ is variable. Peak global fluorescence (baseline-corrected) in 

experiment C was 1782 units, more than four times greater than the next highest peak 

fluorescence (experiment A). Furthermore, experiment D demonstrated that the CHO 

cells were almost entirely unresponsive to N/OFQ despite apparently normal 

morphology and loading of Fluo-4. Possible reasons for this difference include small 

variations in Fluo-4 loading conditions, increased skill in transferring the cells to the 

confocal system, or small differences in their culture and preparation. However, it is also 

likely that the NOP receptor is not uniformly expressed between cells, and that there 

may be differences between cell batches in the efficacy of transfection to generate 

chimeric signalling.  

 

This variability in response led to the modifications to planned experiments. First, 

calibration of Fluo-4 against calcium concentrations was not performed. There are many 

factors that are hard to control within this experimental assay (e.g. biosensor reactivity, 

transferring cells to the confocal system, loading of Fluo-4, cell viability, perfusion 

uniformity, N/OFQ distribution). Further, there are significant technical challenges in 

using ratiometric indicators in confocal microscopy (Fura-2, Indo-1). For example, 

available ratiometric fluorophores are excited in the non-visible ultraviolet region of 

light. The use of ultraviolet light incurs expense and complexity in confocal microscopy 

design, and such a system with perfusion capability was not available. Second, it was not 

possible to correlate biosensor fluorescence intensity with N/OFQ concentration. 

Originally it had been hoped that confocal microscopy would allow estimates of PMN-

secreted N/OFQ peptide concentration. However, the variable response to 10-6 M 

N/OFQ suggested that it would be difficult to justify associated intensity of CHO-

biosensor response to N/OFQ concentrations. Therefore, assay development proceeded 

using CHOαi/q cells as binary biosensors; that is, they would be used to detect the 

presence of N/OFQ, not the quantity.  
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The next step in assay development was determining whether viable and active human 

PMNs could be isolated and visualised in the confocal microscope system. This would 

then lead to imaging both PMNs and CHO-biosensors simultaneously.  

 

5.3. Confocal imaging of polymorphonuclear cells 

The main challenges in imaging PMNs were first acquiring PMNs that were viable and 

would respond to exogenous stimulation, and second could remain fixed on the 

coverslip during perfusion. Unlike CHO cells, PMNs do not grow; they are terminally 

differentiated cells. They are also very easily activated (undergoing oxidative burst and 

degranulation) and whilst can be stored on ice, should be used as soon as possible after 

isolation. They also do not naturally adhere to glass so require preparation of glass 

coverslips before use.  

 

For the following experiments blood was acquired from healthy volunteers with 

University of Leicester ethics approval.  Cells were isolated using PolymorphprepTM 

according to Blood separation protocol 2 with additional red cell lysis (see Chapter 2.3.2 

and 2.3.3). Coverslips were prepared ahead of time using BD Cell-TakTM (see Chapter 

4.6). Once acquired and isolated, human PMNs were kept on ice in the presence of 

Krebs-HEPES solution and used the same day in all experiments. PMNs were placed on 

coverslips, loaded with Fluo-4 and imaged as described in Chapter 4.7.  

 

PMNs were stimulated with fMLP. This is a potent activator of PMNs acting via formyl 

peptide receptors to increase intracellular calcium via phospholipase C (PLC).104 A total 

of 9 experiments were performed using PMNs from 5 different volunteers. This 

represents 1116 cells. Fluorescence was measured over time for a ROI within each cell. 

These data were then exported into GraphPad Prism to generate an overall average 

fluorescence for all the cells over time for each experiment, as shown in Figure 5.3.1.  
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These experiments demonstrate that PMNs can be isolated, fixed in place and visually 

shown to increase intracellular calcium in response to fMLP. This suggests that PMNs 

are activated and degranulate as expected. Importantly these data demonstrate that 

the majority of isolated PMNs are viable. 
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One concern with these experiments was the observation of unstimulated fluorescence 

of PMNs. This may represent autofluorescence in response to laser stimulation but could 

also represent spontaneous degranulation. Another important issue was that whilst the 

PMNs remained static during perfusion, after stimulation with fMLP they would 

frequently change in morphology or migrate across the field of view. This made 

measuring fluorescence over time challenging; because fluorescence was measured 

from a static ROI, the PMNs would sometimes move outside this ROI, resulting in 

abnormal measured fluorescence values. A final issue was a consequence of the very 

thin focal planes achieved with confocal microscopy. Cells above or below would 

migrate into the focal plane following fMLP stimulation; again, this is difficult to measure 

using static ROIs. These issues made identifying responding and non-responding PMNs 

more difficult, and frequently where an AUC or nonlinear regression analysis had 

identified a potential non-responder, it could be seen that in fact a cell’s change in 

morphology or location had led to an inaccurate measurement of fluorescence. 

 

Accepting these limitations, the next phase of assay development was co-imaging of 

PMNs and CHO-biosensors. The PMNs would then be stimulated with fMLP and 

observations made of PMN degranulation and subsequent CHO-biosensor fluorescence, 

indicating N/OFQ binding to Gαi/q NOP receptors.  Whilst measurements of fluorescence 

would be challenging, it was hoped that images of PMNs interacting with CHO-

biosensors would provide valuable information regarding the release of N/OFQ from 

human immunocytes. 
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5.4. Confocal imaging of PMNs and CHOαi/q cells 

Question: Do fMLP-stimulated PMNs induce an increase in intracellular calcium in 

CHOαi/q cells? 

 

The aim of the following experiments was to co-image PMNs and CHO-biosensors, and 

observe the putative release of N/OFQ from the PMNs. In these experiments CHO-

biosensors were seeded on Cell-TakTM treated coverslips and allowed 48 hours for cell 

growth, as described in Chapter 4.8. Blood was acquired from healthy human volunteers 

as isolated PMNs as per Blood Protocol 2 (Chapter 2.3.2). CHO cells and subsequently 

PMNs were loaded with Fluo-4 following the protocol in Chapter 4.8. The confocal 

perfusion system was as previously described, with Krebs-HEPES buffer as the perfusate. 

PMN stimulation was with fMLP 10-6 M, and N/OFQ 10-6 M was also used to confirm 

CHO-biosensor responsiveness following fMLP administration. 

 

A total of 21 experiments were performed. Confocal images were exported from the 

Nikon C1Si microscope and mean fluorescence over time for ROI within cell cytoplasm 

was measured using Fiji software. Data were analysed in Graphpad Prism v6, grouping 

fluorescence data for CHO cells and PMNs. As previously, AUC analysis was used to 

identify CHO-biosensors that appeared to fluoresce at a similar time-point to the PMN 

response to fMLP. Verification of AUC analysis was performed by looking at a graph of 

the data as well as reviewing the original confocal images. Given the known variability 

of CHO-biosensor responsiveness to N/OFQ, an estimation was made of whether 

administering 10-6 M N/OFQ induced an absent, weak, moderate, or strong fluorescence 

response in the CHO-biosensors. 

 

Table 5.4.1 is a data summary. PMNs reliably responded to fMLP with those fluorescing 

being counted. Experiments occurring on the same day are given the same letter. The 

PMN count is important because as the experiments progressed it was observed that a 
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higher ratio of PMNs to CHO cells appeared to increase the likelihood of a CHO response. 

This is demonstrated in Figure 5.4.1.  

 
Table 5.4.1 Co-imaging results: Summary of data from co-imaging PMNs and CHO-biosensors, and 
stimulating with fMLP. All experiments demonstrated a CHO-biosensor fluorescent response to 
exogenous N/OFQ (where tested) except A2*; these cells were probably unviable. 

Experiment 

PMNs 

responding 

to fMLP 

CHOαi/q 

responders after 

fMLP 

CHOαi/q 

non-responders 

after fMLP 

Exogenous N/OFQ 

response: cells 

responding (% of total) 

      

A1 19 0 (0%) 16 (100%) weak: 3 (19%) 

A2* 48 0 (0%) 20 (100%) absent: 0 (0%) 

B1 22 5 (8%) 61 (92%) strong: 65 (98%) 

B2 13 11 (16%) 56 (84%) moderate: 65 (97%) 

C1 11 2 (2%) 121 (98%) strong: 123 (100%) 

C2 143 10 (19%) 42 (81%) moderate: 52 (100%) 

C3 19 4 (5%) 80 (95%) moderate: 81 (96%) 

C4 6 22 (29%) 54 (71%) moderate: 49 (64%) 

C5 51 21 (55%) 17 (45%) weak: 30 (79%) 

D1 4 7 (8%) 80 (92%) strong: 87 (100%) 

D2 74 6 (21%) 23 (79%) moderate: 26 (90%) 

D3 41 2 (3%) 64 (97%) weak: 63 (95%) 

E1 62 2 (4%) 44 (96%) moderate: 46 (100%) 

E2 22 1 (4%) 23 (96%) moderate: 24 (100%) 

E3 65 1 (6%) 17 (94%) moderate: 19 (100%) 

E4 55 12 (28%) 31 (72%) moderate: 40 (93%) 

F 80 0 (0%) 5 (100%) not tested  

G1 74 3 (27%) 8 (73%) not tested  

G2 71 6 (38%) 10 (63%) weak: 6 (38%) 

H1 163 4 (10%) 36 (90%) not tested  

H2 140 11 (46%) 13 (54%) strong: 24 (100%) 

TOTAL 1183 130 (14%) 821 (86%)  802 (84%) 
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The tabulated data suggest that CHO-biosensor stimulation occurs relatively 

infrequently when PMNs are stimulated by fMLP. However, when considered with 

images and graphs of fluorescence, it is possible to see that PMN-CHO interactions do 

occur at time-points consistent with PMN N/OFQ release. Figure 5.4.2 illustrates a field 

of view of a typical experiment with a region of PMN-CHO interaction highlighted across 

a sequence of images. Figure 5.4.3, Figure 5.4.4 and Figure 5.4.5 are examples of 

observed PMN-CHO biosensor interactions during confocal microscopy with associated 

graphs of fluorescence. These images are taken from regions within the field of view 

acquired during scanning microscopy, similar to Figure 5.4.2. 

 

 

Ratio of  PMNs to CHO cells
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Figure 5.4.1 Graph demonstrating a loose relationship between the ratio of PMNs to CHOs and 
the proportion of CHOs that fluoresce following fMLP (R2 0.18, one outlier removed).  



 

128 
 

fM
LP

t 
= 

1
9

 
p

e
rf

u
si

o
n

t 
= 

0
p

e
rf

u
si

o
n

t 
= 

3
8

p
e

rf
u

si
o

n
t 

= 
9

3

= 
P

M
N

= 
C

H
O

Fi
gu

re
 5

.4
.2

 S
e

q
u

e
n

ce
 o

f 
im

ag
e

s 
fr

o
m

 a
 t

yp
ic

al
 e

xp
e

ri
m

e
n

t 
co

-i
m

ag
in

g 
C

H
O

-b
io

se
n

so
rs

 a
n

d
 P

M
N

s.
 T

h
e

 a
d

m
in

is
tr

at
io

n
 o

f 
fM

LP
 g

e
n

e
ra

te
s 

a 
u

n
iv

e
rs

al
 la

rg
e

 f
lu

o
re

sc
e

n
t 

re
sp

o
n

se
 in

 P
M

N
s 

in
d

ic
at

in
g 

ac
ti

va
ti

o
n

. 
A

 C
H

O
 c

e
ll 

is
 t

h
e

n
 s

e
e

n
 a

s 
sh

o
w

in
g 

m
ax

im
a

l f
lu

o
re

sc
e

n
ce

 a
t 

3
8

 s
 (

o
n

se
t 

o
f 

fl
u

o
re

sc
e

n
ce

 a
t 

3
1

 s
),

 f
o

llo
w

e
d

 b
y 

re
st

o
ra

ti
o

n
 t

o
 

b
as

e
lin

e
 b

y 
e

n
d

 o
f 

th
e

 e
xp

e
ri

m
e

n
t.

 



 

129 
 

 

ti
m

e 
(s

)

mean fluorescence (units)

0
5

0
1

0
0

1
5

0
0

1
0

0
0

2
0

0
0

3
0

0
0

4
0

0
0

N
/O

FQ
fM

LP

t=
0

t=
1

9
t=

5
6

t=
9

3
t=

1
1

1

fM
LP

N
/O

FQ

2
5
 µ

m

Fi
gu

re
 5

.4
.3

 E
xp

e
ri

m
e

n
t 

H
2

. 
Th

e
 C

H
O

-b
io

se
n

so
r 

(y
e

llo
w

 o
u

tl
in

e
) 

re
sp

o
n

d
s 

fo
llo

w
in

g 
st

im
u

la
ti

o
n

 o
f 

P
M

N
s 

(r
e

d
 o

u
tl

in
e

) 
w

it
h

 f
M

LP
, 

w
it

h
 e

xo
ge

n
o

u
s 

N
/O

FQ
 1

0
-6

 M
 

co
n

fi
rm

in
g 

th
e

 id
e

n
ti

ty
 a

n
d

 r
e

ac
ti

vi
ty

 o
f 

th
e

 C
H

O
-b

io
se

n
so

r.
 T

h
e

 g
ra

p
h

 d
is

p
la

ys
 t

h
e

 f
lu

o
re

sc
e

n
ce

 o
ve

r 
ti

m
e

 f
o

r 
th

is
 s

p
e

ci
fi

c 
C

H
O

 c
e

ll 
(b

lu
e

 li
n

e
),

 c
o

m
p

ar
e

d
 w

it
h

 t
h

e 
av

e
ra

ge
d

 f
lu

o
re

sc
e

n
ce

 o
f 

al
l t

h
e

 P
M

N
s 

in
 t

h
e

 e
xp

e
ri

m
e

n
t 

(r
e

d
 li

n
e

).
 T

h
e

re
 is

 a
 c

le
ar

 in
cr

ea
se

 in
 f

lu
o

re
sc

e
n

ce
 o

f 
th

e 
C

H
O

 c
e

ll 
as

so
ci

at
e

d
 in

 t
im

e
 w

it
h

 P
M

N
 s

ti
m

u
la

ti
o

n
 

b
y 

fM
LP

. 



 

130 
 

 

ti
m

e 
(s

)

mean fluorescence (units)

0
5

0
1

0
0

1
5

0
0

1
0

0
0

2
0

0
0

3
0

0
0

4
0

0
0

N
/O

FQ

fM
LP

t=
0

t=
4

5
t=

5
6

t=
7

4
t=

1
2

1

fM
LP

N
/O

FQ

2
5

 µ
m

Fi
gu

re
 5

.4
.4

 E
xp

e
ri

m
e

n
t 

E3
. 

Th
e

 C
H

O
-b

io
se

n
so

r 
(y

e
llo

w
 o

u
tl

in
e

) 
fl

u
o

re
sc

e
s 

fo
llo

w
in

g 
fM

LP
 s

ti
m

u
la

ti
o

n
 o

f 
P

M
N

s 
(r

e
d

 o
u

tl
in

e
, 

p
ro

b
ab

ly
 2

 c
e

lls
).

 E
xo

ge
n

o
u

s 
N

/O
FQ

  
1

0
-6

 M
 g

e
n

e
ra

te
s 

a 
fl

u
o

re
sc

e
n

t 
re

sp
o

n
se

 c
o

n
fi

rm
in

g 
th

e
 c

e
ll 

is
 a

 C
H

O
-b

io
se

n
so

r.
 T

h
e

 g
ra

p
h

 d
e

m
o

n
st

ra
te

s 
th

is
 f

lu
o

re
sc

e
n

t 
re

sp
o

n
se

 o
f 

th
e

 s
in

gl
e

 
re

ac
ti

n
g 

C
H

O
 c

e
ll 

(b
lu

e
 l

in
e

) 
co

m
p

ar
e

d
 w

it
h

 t
h

e
 a

ve
ra

ge
 f

lu
o

re
sc

e
n

t 
re

sp
o

n
se

 o
f 

al
l 

th
e

 P
M

N
s 

in
 t

h
e

 e
xp

e
ri

m
en

t.
 O

f 
n

o
te

, 
o

n
ly

 o
n

e
 o

f 
th

e
 t

w
o

 C
H

O
 c

e
lls

 
fl

u
o

re
sc

e
s 

fo
llo

w
in

g 
P

M
N

 a
ct

iv
at

io
n

. 
B

e
ca

u
se

 c
o

n
fo

ca
l a

ll
o

w
s 

a 
ve

ry
 t

h
in

 f
o

ca
l p

la
n

e
, 

P
M

N
s 

ab
o

ve
 o

r 
b

e
lo

w
 t

h
e

 f
o

ca
l p

la
n

e
 m

a
y 

b
e

 c
o

n
tr

ib
u

ti
n

g 
to

 t
h

e
 C

H
O

 
ce

ll’
s 

re
sp

o
n

se
, n

o
t 

af
fe

ct
in

g 
th

e
 o

th
er

 v
is

ib
le

 C
H

O
 c

e
ll.

 



 

131 
 

ti
m

e 
(s

)

mean fluorescence (units)

0
5

0
1

0
0

1
5

0
2

0
0

0

1
0

0
0

2
0

0
0

3
0

0
0

N
/O

FQ

fM
LP

t=
0

t=
3

9
t=

4
4

t=
7

5
t=

1
2

7

fM
LP

N
/O

FQ

2
5

 µ
m

Fi
gu

re
 5

.4
.5

 E
xp

e
ri

m
e

n
t 

D
2

. 
T

h
e

 C
H

O
-b

io
se

n
so

r 
(y

e
llo

w
 o

u
tl

in
e

) 
fl

u
o

re
sc

e
s 

ra
p

id
ly

 f
o

llo
w

in
g 

fM
LP

 s
ti

m
u

la
ti

o
n

 o
f 

P
M

N
s 

(r
e

d
 o

u
tl

in
e

).
 E

xo
ge

n
o

u
s 

N
/O

FQ
 1

0
-6

 
M

 g
e

n
e

ra
te

s 
a 

fl
u

o
re

sc
e

n
t 

re
sp

o
n

se
 c

o
n

fi
rm

in
g 

th
e

 c
e

ll 
is

 C
H

O
-b

io
se

n
so

r.
 T

h
e

 g
ra

p
h

 c
o

m
p

ar
e

s 
fl

u
o

re
sc

e
n

ce
 o

f 
th

e
 s

in
gl

e
 f

lu
o

re
sc

in
g

 C
H

O
 c

e
ll 

(b
lu

e
 li

n
e

) 
w

it
h

 
th

e
 a

ve
ra

ge
 f

lu
o

re
sc

e
n

ce
 o

f 
al

l 
P

M
N

s 
in

 t
h

e
 e

xp
e

ri
m

e
n

t 
(r

e
d

 li
n

e
).

 W
h

ils
t 

fl
u

o
re

sc
e

n
ce

 o
f 

th
e

 C
H

O
 c

e
ll 

is
 a

ss
o

ci
at

e
d

 in
 t

im
e

 w
it

h
 P

M
N

 a
ct

iv
at

io
n

, 
th

e
re

 a
re

 
al

so
 s

u
b

se
q

u
e

n
t 

si
m

ila
r 

p
e

ak
s 

(o
n

e
 b

e
in

g 
N

/O
FQ

 a
ss

o
ci

at
e

d
).

 F
u

rt
h

e
r,

 t
h

e
 C

H
O

 c
e

ll 
is

 a
lr

e
ad

y 
fl

u
o

re
sc

in
g 

at
 t

im
e

 =
 0

 s
. T

h
is

 m
a

y 
re

p
re

se
n

t 
au

to
fl

u
o

re
sc

e
n

ce
 

o
f 

th
e

 C
H

O
 c

e
ll,

 o
r 

a 
re

sp
o

n
se

 t
o

 s
p

o
n

ta
n

eo
u

s 
ac

ti
va

ti
o

n
 o

f 
n

o
n

-v
is

u
al

is
e

d
 P

M
N

s,
 e

it
h

e
r 

o
u

ts
id

e
 t

h
e

 f
ie

ld
 o

f 
vi

e
w

, o
r 

a
b

o
ve

 o
r 

b
e

lo
w

 t
h

e
 f

o
ca

l p
la

n
e

. 



 

132 
 

Overall these experiments demonstrate that the co-imaging of live, reactive PMNs and 

CHO cells is possible. Furthermore, these data demonstrate that PMNs can be 

stimulated to degranulate and the effects of degranulation visualised by changes in 

calcium concentrations in a different non-human cell. These effects, however, were not 

universal, with a 14% of all CHO cells fluorescing in a time-associated manner following 

fMLP degranulation of PMNs. There are a number of possible explanations for this low 

rate of responsiveness. 

 

PMNs 

PMNs in this assay included neutrophils and eosinophils, with approximately 10% 

expected to be eosinophils.105 fMLP is primarily an activator of neutrophils and although 

eosinophils do respond to fMLP, they do so with a lower maximal response than for 

neutrophils.106 The initial mRNA transcript experiments raised the suggestion that 

eosinophils may be involved in N/OFQ release (see Chapter 3.1), further confirmed by 

Singh and colleagues.27 It is possible, therefore, that the biosensors were only 

responding to eosinophil release of N/OFQ. It was not possible in this assay to determine 

whether cells were neutrophils or eosinophils. However, future experiments should 

explore either techniques for distinguishing between cells (for example, using a 

distinguishing eosinophil or neutrophil fluorescent indicators), or isolated eosinophils 

(separated by MACS or FACS). Furthermore, known degranulators of eosinophils (e.g. 

eotaxin, RANTES / CCL5) could be used instead of fMLP.107 108 

 

A second issue, discussed in 5.3, was that measuring PMN fluorescence is technically 

more challenging than for CHO cells. The reason is that the PMNs demonstrated 

chemotaxis (despite CellTak™ preparation) and morphological changes following fMLP 

stimulation. Fluorescence measurement is conventionally achieved using static regions 

of interest to measure mean fluorescence within the ROI. When the cell moves or 

significantly changes morphology, the static ROI measures fluorescence from a different 

part of the cell. PMN migration could also lead to the static ROI no longer being within 
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the cell at all, or even falling within an adjacent migratory cell. This meant that some 

PMN responses were probably missed or inaccurate. Whilst there are Plugins for Fiji that 

attempt to track moving cells, their implementation is more complex. Future 

experiments would benefit from exploring the feasibility of such software. That said, the 

fluorescent response of PMNs to fMLP was essentially universal and reliable. Averaging 

of the fluorescence of all PMNs meant that any errors due to migration or morphological 

changes in a small number PMNs had a minimal effect on the overall measured fMLP-

stimulated response. 

 

It is highly likely that PMNs were degranulating prior to stimulation with fMLP. PMNs 

are highly reactive cells that respond to small changes in their environment. The process 

of isolation, transfer, loading with Fluo-4, and exposure to CHO cells would all have been 

stimulants for PMN degranulation. It is possible that the presence of PMNs also affected 

the viability of the CHO cells, possibly explaining some of their variability in response. It 

is also likely that some of the CHO-biosensors were fluorescing prior to stimulation due 

to the activity of PMNs. It is difficult to distinguish these issues from the phenomenon 

of autofluorescence that is largely unavoidable in confocal microscopy (see Chapter 4.4). 

Figure 5.4.5 illustrates this point: is the CHO cell fluorescing due to unstimulated activity 

of the PMN (in the graph, the fluorescence of the CHO cell at time 0 is similar to 

subsequent fluorescent peaks), subsequent degranulation effects, or due to 

autofluorescence? Related to autofluorescence is photobleaching, a consequence of 

photo-induced damage to the fluorophore, usually visualised as a fixed or fading 

fluorescence. Therefore, it is possible that some biosensors were reacting to PMN 

degranulation, but the fluorophore was inactive due to laser-induced damage. This is 

one reason that the time spent focusing the cells under laser illumination prior to 

scanning was minimised. 
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CHO-biosensors 

As discussed in Section 5.2, the CHOαi/q cells did not uniformly respond to N/OFQ. This 

is also demonstrated in Table 5.4.1, where 5 of the exogenous N/OFQ-stimulated 

responses were either absent or weak. It is likely that even between cells of the same 

line there was a variation in response. For example, in experiment A1, only 3 out of the 

16 CHO-biosensors responded to 10-6 M N/OFQ, shown in Figure 5.4.6. This meant there 

was a degree of uncertainty for each experiment as to whether the biosensors would 

function as intended. Reasons for such variation may relate to their initial transfection, 

storage and transport, issues with cell culture and growth, and maintenance of viability 

when being transferred to the confocal microscope. Future experiments would benefit 

from trying to improve CHO-biosensor reliability, as well as screening using standard 

fluorimetry prior to confocal experiments.  

 

The CHO-biosensors express the human NOP receptor, but they also natively express 

purinergic receptors that increase [Ca2+]i in response to stimulation by adenosine 

triphosphate (ATP) and other nucleotides. PMNs release an assortment of cytotoxic 

chemicals and cytokines as well as adenosine monophosphate (AMP) and ATP when 

degranulated, some of which could act as an agonist at the CHO purinergic receptor.98 

That all the viable CHO-biosensors did not react to PMN degranulation is interesting in 

itself. However, it means that CHO-biosensor activation does not conclusively indicate 

N/OFQ stimulation. Antagonist experiments would be required. 
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Technical issues 

Development of this assay raised significant technical challenges. Proficiency in use of 

the microscope and perfusion system improved over time, but even so, certain issues 

remained. A key problem was the layering of PMNs and CHOs. Confocal imaging allows 

very thin focal planes. The CHOs were adherent to the coverslips, but the PMNs were 

layered from above on the day of experiment, necessary because of the impossibility of 

culturing PMNs. Achieving focus of both the PMNs and CHOs in the same focal plane 

was challenging, and that during imaging and stimulation, morphological and migratory 

changes meant the PMNs would move in and out of focus. Furthermore, confocal 

imaging focuses on just one region within the whole sample. Not only will there be cells 

above and below the focal plane, but there will also be cells in areas not being imaged. 

This means that stimulation with fMLP necessarily degranulated unseen PMNs, 

influencing local N/OFQ concentrations for an individual CHO cell. This may explain the 

single CHO cell fluorescence in Figure 5.4.4 despite being immediately adjacent to 

another CHO-biosensor. The microscope also only focuses on one area of the entire 

sample, yet events occurring outside the field of view can still influence those being 

visualised. Additionally, fMLP and agonist concentrations were unlikely to be entirely 

uniform throughout the sample.  

 

It was not possible to correlate fluorescence of CHO cells with concentrations of PMN-

released N/OFQ peptide. For reasons already discussed, calibration of the assay presents 

significant technical challenges and the variation in response of the CHO-biosensors 

discussed in Section 5.2 meant that establishing a standard curve could not be reliably 

achieved. Further, the use of ratiometric indicators was not possible using this 

equipment. That said, based on the data in Section 5.2, it is a reasonable estimate that 

N/OFQ peptide concentrations released from PMNs is ≥10-9 M. Further refinement of 

this assay may allow for more accurate measurements of N/OFQ concentrations. 
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In conclusion, these PMN-CHO experiments demonstrate that co-imaging live 

interacting cells is feasible and possible. The next stage was to determine whether those 

CHO cells that responded following PMN degranulation were fluorescing in response to 

N/OFQ-NOP binding or other components released by activated PMNs.   
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5.5. Stimulation of CHO-biosensors in the presence of antagonists 

Question: Are increases in intracellular calcium in CHO-biosensors subsequent to PMN 

degranulation due to stimulation of the NOP receptor by N/OFQ, or by nucleotide 

stimulation of purinergic receptors? 

 

Although a proportion of CHO-biosensors had responded following PMN degranulation 

it was not certain that this response was N/OFQ mediated. Subsequent experiments, 

therefore, used antagonists to the NOP receptor and the natively expressed purinergic 

receptors present in CHO cells. Given the relatively low response rate of CHOs in the 

presence of degranulating PMNs, it would have been difficult to generate meaningful 

data using the co-imaging assay. Therefore, an alternative methodology was developed 

that used the supernatant of isolated, activated PMNs to stimulate a layer of CHO-

biosensors in the confocal microscope. 

 

The following experiments were performed using samples of CHO-biosensors loaded 

with Fluo-4 and placed in the confocal microscope as previously described. CHO-

biosensors were then perfused with either an antagonist to NOP (TRAP-101), a non-

selective antagonist to purinergic receptors (PPADS), or both. Whole blood (15 ml) was 

donated by healthy volunteers and PMNs isolated as per Blood Separation Protocol 2 

(see Chapter 2.3.2) with additional red cell lysis. A concentration of 10-6 M fMLP was 

administered to the isolated PMNs, which were then incubated at 37oC for 3 min, 

centrifuged at 300 g for 5 min and then the supernatant aspirated. This supernatant was 

then kept on ice. Aliquots of 100 µL to 200 µL supernatant were then administered to 

the CHO-biosensors in the presence or absence of antagonists.  

 

TRAP-101 is a non-peptide selective competitive antagonist of the NOP receptor; its 

pharmacological profile is detailed by Trapella et al.109 Its potency is the same as J-

113397 (IC50 2.3 nM), from which TRAP-101 is derived. For these experiments 600 nM 
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(6 x 10-7 M) TRAP-101 in Krebs-HEPES was used. An enabling experiment suggested that 

TRAP-101 (3 x 10-7 M) could prevent N/OFQ stimulation at 10-8 M (see Figure 5.5.1). We 

doubled the concentration of TRAP-101 in subsequent experiments to maximise 

effective blockade of the NOP receptor. PPADS (pyridoxalphosphate-6-azophenyl-2',4'-

disulfonic acid) is a non-selective P2 purinergic antagonist with relatively low potency 

(IC50 1.0 – 2.6 µM at P2X, 0.9 mM at native P2Y receptors). For these experiments 30 µM 

(3 x 10-5 M) in Krebs-HEPES was used. An enabling experiment (see Figure 5.5.1) 

suggested that this concentration of antagonist could attenuate the CHO-biosensor 

response to ATP at 10-8 M but not 10-6 M. 
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Competitive antagonists can be overcome by larger concentrations of agonist. To ensure 

that supernatant concentrations of purinergic ligands or N/OFQ were not high enough 

to overcome receptor blockade, serial dilutions of supernatant were made until there 

was no fluorescence response of the CHO-biosensors in the presence of TRAP-101 and 

PPADS, or TRAP-101 alone. Subsequent experiments involved testing aliquots of the 

supernatant against either first PPADS or TRAP-101, then resting the system for 5 – 10 

min whilst perfusing with the alternative antagonist. This allowed time for receptor 

recovery. Further aliquots of supernatant were then tested. Where there was minimal 

or no response to the supernatant for both the first and second antagonist, cells were 

tested for viability and responsiveness by administering a large concentration of agonist 

(exogenous ATP 10-6 M, exogenous N/OFQ 10-6 M, or neat supernatant). This procedure 

is illustrated in Figure 5.5.2. 

 

A degree of desensitisation was expected during these experiments. The literature 

suggests that P2 receptors are subject to desensitisation and it is known that NOP GPCRs 

also desensitise.110–113 However, that the cells would remain sufficiently responsive to 

agonists was determined in the enabling experiment shown in Figure 5.5.1. The initial 

antagonist was also varied between PPADS and TRAP-101, although overall TRAP-101 

was most commonly used as the initial antagonist. This antagonist was associated with 

a more attenuated response thereby minimising any desensitisation. Furthermore, the 

onset and offset of the non-specific PPADs was known to be slower than that for TRAP-

101, so starting with PPADs may have had a greater influence on subsequent 

responsiveness despite a 5 – 10 min rest. 

Antagonist 1

Supernatant

Antagonist 2

Supernatant Viability check

Krebs-HEPES

Figure 5.5.2 Flow of experiments using supernatant from fMLP-stimulated PMNs to stimulate CHO-
biosensors 
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Data from 15 experiments using PMNs isolated from 6 volunteers are presented in Table 

5.5.2 and were analysed using Χ2 (Fisher’s exact) tests. The results were also analysed 

by groups determined by which antagonist was used first; i.e. PPADS then TRAP-101, or 

TRAP-101 followed by PPADS. For all data there was a significant difference (p<0.0001) 

in the CHO-biosensor responses to supernatant in the presence of TRAP-101 compared 

with PPADS. Where PPADS was the first antagonist the difference was also significant 

(p<0.001) as it was when TRAP-101 was the first antagonist (p<0.001). Contingency 

tables are given in Table 5.5.1.  Graphs and associated images were also generated to 

illustrate these changes in responsiveness (see Figure 5.5.3, Figure 5.5.4 and Figure 

5.5.5). 

 

All data Number of CHO cells 

 Fluorescence response No fluorescence response 

PPADS 252 283 

TRAP-101 88 429 

 

PPADS as first antagonist Fluorescence response No fluorescence response 

PPADS 118 20 

TRAP-101 48 91 

 

TRAP-101 as first antagonist Fluorescence response No fluorescence response 

TRAP-101 40 338 

PPADS 134 263 

 

Table 5.5.1 Summary contingency tables for all data for the administration of supernatant to CHO-
biosensors in the presence of antagonists, and for when PPADS was the first antagonist, and for when 
TRAP-101 was the first antagonist. Numbers represent the numbers of CHO-biosensor cells that 
responded or did not respond to supernatant administration. 
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Experiment Supernatant 

dilution 

Antagonist 1 CHOs responding  

(% of total) 

Antagonist 2 CHOs responding  

(% of total) 

Viability test CHOs responding  

(% of total) 

A1 100 PPADS 25 (96%) TRAP-101 0 (0%) ATP 21 (81%) 

B1a neat PPADS 23 (89%) TRAP-101 20 (77%) - 
  

C3 neat PPADS 23 (92%) TRAP-101 24 (92%) - 
  

E1b 10 PPADS 47 (77%) TRAP-101 4 (7%) N/OFQ 47 (77%) 

A2 100 TRAP-101 1 (3%) PPADS 2 (6%) NOFQ 31 (97%) 

A3 100 TRAP-101 1 (3%) PPADS 31 (100%) - 
  

B1b 10 TRAP-101 6 (23%) PPADS 5 (14%) - 
  

B2 neat TRAP-101 5 (63%) PPADS 8 (89%) N/OFQ 5 (56%) 

C1 100 TRAP-101 3 (7%) PPADS 29 (71%) supernatant 23 (56%) 

C2 100 TRAP-101 2 (6%) PPADS 3 (9%) N/OFQ 29 (85%) 

D1 10 TRAP-101 2 (7%) PPADS 18 (62%) - 
  

D2 100 TRAP-101 8 (15%) PPADS 23 (42%) - 
  

E1a 10 TRAP-101 4 (7%) PPADS 7 (12%) N/OFQ 50 (82%) 

E2 10 TRAP-101 0 (0%) PPADS 0 (0%) ATP 42 (96%) 

F1 100 TRAP-101 8 (28%) PPADS 8 (28%) N/OFQ 26 (96%) 

Table 5.5.2 Results from supernatant experiments arranged by first antagonist. The letters for the experiment label correspond to the sample used to generate the fMLP-
stimulated supernatant; the number of the experiment represents each experimental run (B1b and E1a were performed on the same cells as B1a and E2a). Supernatant 
was used on the day of experiment with none being stored for later use. 
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These data suggest that the supernatant of fMLP-stimulated PMNs does contain N/OFQ. 

Therefore, it is likely that at least some of the individual cell response seen in CHO-

biosensors in Section 5.4 was due to N/OFQ.  

 

It is interesting that PPADS and TRAP-101 combined could effectively block the 

fluorescent response of CHO-biosensors. Degranulated PMNs release numerous active 

substances other than N/OFQ and nucleotides. In these experiments TRAP-101 inhibited 

CHO-fluorescence, and the combination of the PPADS and TRAP-101 was effective at 

completely attenuating the fluorescent response to PMN supernatant. This suggests 

that other substances had little effect on the CHO-biosensors. However, the products of 

PMN degranulation can be very short-lived, such as reactive oxygen species (e.g. [OH]● 

with a half-life of 10-9 s; 1 ms for H2O2).114 Whilst it is likely that the PMN-CHO cell 

interactions demonstrated in Section 5.4 were due to only a combination of N/OFQ and 

nucleotides, it is possible that short-lived PMN products were also responsible. 

 

As predicted by previous experiments, the CHO-biosensor response was variable.  This 

necessitated variation in experiments as they proceeded. For example, as shown in 

Figure 5.5.5, a lack of response to TRAP-101 and PPADs combined could indicate poorly 

performing biosensors so this was checked by administering 1 µM of N/OFQ before 

performing further antagonist investigation. Another example was in an experiment 

illustrated in Figure 5.5.6. In this experiment, dilution of the PMN supernatant was by a 

factor 10,000 before a fluorescence response could be attenuated by PPADS and TRAP-

101. Unfortunately, having done this, the CHO-biosensors became unresponsive, 

possibly desensitised, so further individual antagonist work on this run could not 

proceed. It is possible that this was due to particularly high concentrations of N/OFQ 

and ATP in the supernatant sample. However, it is also possible that these particular 

CHO cells were more effectively loaded with Fluo-4, or were more responsive due to 

factors such as higher receptor expression.  
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PPADS was used in these experiments to block the effect of nucleotides on CHO-

biosensor stimulation. The advantage of PPADS is that it is poorly selective, simplifying 

the number of antagonists required to attenuate CHO cell fluorescence mediated by the 

native P2Y and P2X receptors. However, it is also a low affinity antagonist of purinergic 

P2 receptors.  Whilst PPADS has been used extensively in research of purinergic 

receptors, it has a relatively slow onset and offset, and displays non-competitive 

antagonism.115 Its low potency necessitated relatively high concentrations of PPADS (30 

µM), and it was difficult to be certain that PMN-degranulated nucleotide actions were 

entirely inhibited. One enabling experiment suggested that 10-8 M of ATP was inhibited 

by PPADS, but not 10-6 M. The consequence of this is that the effect of degranulated 

PMN nucleotides on the CHO-biosensors was possibly not entirely removed; that is, the 

difference in response between TRAP-101 and PPADS perfused CHO-biosensors may 

actually be smaller than presented. However, for there to be no significant difference 

between groups in the data, an alternative antagonist would have to have reduced the 

number of fluorescing biosensors to 117, a 54% reduction in responding cells.  

 

In comparison, TRAP-101 is a highly selective and potent competitive antagonist 

(although can display inverse agonism) of the NOP receptor, and, in the majority of 

experiments, effectively attenuated the response of CHO-biosensors to PMN-

degranulated N/OFQ (notable exceptions are experiments C3 and F1). Experiments 

where TRAP-101 made little difference to the numbers of CHO-biosensors responding 

to supernatant suggest some possibilities. Either the PMN-degranulated supernatant 

contained no N/OFQ, the concentrations of any N/OFQ were greater than 0.1 µM, or the 

nucleotide-mediated response was prominent (even though in C3 and F1 there was a 

biosensor response in the presence of PPADS, accepting the limitations of this 

antagonist described above). However, across all experiments there was a significant 

difference in biosensor responses in the presence or absence of TRAP-101. 

 

Ideally each experimental run would have been calibrated against a concentration-

response curve for each antagonist. However, the variable response of the CHOs within 
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a cell line as well as between cell samples meant that such an endeavour would have 

been impractical and likely confusing. Further investigative work using antagonists 

would benefit from further refinement of the CHOαi/q biosensors. It would have also 

been useful to measure the pharmacokinetics of antagonists in this system. It is likely 

that a degree of receptor inhibition persisted in the CHO-biosensors after the five 

minutes of perfusion with Krebs-HEPES. However, there was a need to balance 

maintaining biosensor viability, PMN supernatant integrity, minimising calcium indicator 

leak, with time required for complete removal of antagonist and restoration of receptor 

function.   

 

An alternative strategy to using antagonists would be the use of an enzyme to degrade 

any nucleotides present in the fMLP-stimulated PMN supernatants. Apyrase is an ATP 

diphosphohydrolase that catalyses the degradation of ATP to ADP + Pi and ADP to AMP 

+ Pi. It is available commercially, being derived from the red potato S. tuberosum with 

one unit liberating 1 µmole of Pi from ATP or ADP per minute. If N/OFQ is present in the 

supernatant of degranulated PMNs, an apyrase-treated supernatant would be expected 

to stimulate CHO-biosensors, an effect that could be blocked with TRAP-101. Whilst this 

would be useful additional experiment to what has been presented, without further 

work refining the CHO-biosensors it is likely that data would be difficult to interpret.  

 

5.6. Conclusions 

These data are the first to demonstrate live cell imaging of CHOαi/q cells in the presence 

of live, viable, human PMNs. The development of this assay through a series of 

experiments has resulted in a novel assay for visualising cell-to-cell interactions. Further, 

this assay has generated data supportive of PMNs releasing N/OFQ following activation.  

Whilst the technique requires refinement, the assay is effective and feasible, and will 

allow further exploration of the function of N/OFQ in human immune cells.   
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6. Discussion 

 

6.1. Summary of results 

The studies contained within this thesis have explored the role of nociceptin in sepsis in 

two areas. First, gene expression of NOP and ppNOC was examined. Conclusions were 

that NOP mRNA transcripts (and not ppNOC) were present in all subpopulations of 

granulocytes and NOP expression in PMNs was modulated by lipopolysaccharide in vitro. 

The second section of the thesis described the development of a novel live-imaging 

bioassay. Data from this bioassay suggested that N/OFQ peptide was released by ex vivo 

stimulation of PMNs with fMLP. A summary of these data and the development of this 

novel bioassay are presented in Figure 6.1.1. 
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6.2. Studies of gene expression 

These data add to the published literature on mRNA transcripts in immune cells. Earlier 

work had determined expression of NOP on monocytes and lymphocytes, and 

subsequently neutrophils.23 24 116 117 Work by McDonald and colleagues (2010) further 

demonstrated that cells purified using FACS expressed mRNA transcripts for NOP and 

ppNOC in granulocytes, monocytes and lymphocytes.22 Interestingly, ppNOC expression 

was lower in granulocytes (average ∆Ct 10.37) compared with NOP (average ∆Ct 5.93), 

which is consistent with data presented in this thesis. The data presented here in 

Chapter 3.1 had ∆Ct values for NOP of 2.72 in neutrophils, 3.96 in basophils, 5.91 in 

eosinophils and ppNOC of 12.89 in 3 eosinophil samples (undetected in the other 2 

samples). Both the data from McDonald and colleagues, and data presented here used 

the HKG GAPDH.  

 

These data are the first to demonstrate mRNA transcripts for NOP in subpopulations of 

neutrophils, eosinophils and basophils. That ppNOC was predominately expressed in 

eosinophils is also further supported by recent work performed by Singh and 

colleagues.27 In that study ppNOC expression was found in eosinophils, but not in human 

structural airway cells (smooth muscle, epithelial and mast cells). Whilst it is known that 

lymphocytes and monocytes both express ppNOC transcripts, that it is absent from 

neutrophils suggests that eosinophil – neutrophil interactions may be important to the 

nociceptin response to inflammation. 

 

The modulation of NOP expression to LPS is also consistent with the literature. 

Thompson and colleagues showed reduced NOP expression in PMNs in patients with a 

clinical diagnosis of sepsis, and Zhang and colleagues demonstrated that LPS reduces 

NOP expression in PMNs following LPS stimulation.69 82 These data, however, conflict 

with Stamer’s earlier work demonstrating NOP expression is increased in sepsis, cancer 

and surgery.70 LPS stimulation is not the same as the sepsis (see Chapter 1.8), and it is 

conceivable that endotoxin modulates NOP expression differently from other sources of 

sepsis and inflammation. There were also differences in mRNA isolation. In Stamer’s 
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2011 paper mRNA was extracted from whole blood, whereas Thompson and Zhang 

isolated PMNs before extracting mRNA. Data from Chapter 3 also demonstrated that 

PMNs isolated from whole blood that had been exposed to LPS show a more profound 

reduction in NOP expression compared with direct exposure of PMNs to LPS. This points 

to a more comprehensive nociceptin response to LPS beyond stimulation of PMNs. 

Whilst fetal calf serum (FCS) provided LPS-binding protein in PMN samples, previously 

determined ppNOC transcripts in lymphocytes and monocytes indicates that a more 

comprehensive immune response has a larger impact on PMN NOP expression.118 Given 

current understanding of the integrated and complex physiological response to sepsis, 

it is perhaps not surprising that whole blood LPS stimulation modulates NOP expression 

to a greater extent compared with isolated PMNs. 

 

It is also interesting that whole blood mRNA isolation demonstrated a reduction in NOP 

expression with LPS stimulation, consistent with PMN mRNA. The data presented in this 

thesis are limited to the blood of only two volunteers, but do point to an area of future 

study. Does LPS-stimulation lead to whole blood mRNA changes that differ from 

Stamer’s original observations? A study that repeated the work of Thompson and 

colleagues but considered both whole blood mRNA and PMN mRNA would be 

informative. Further, future studies of septic patients would use the more specific 

criteria set out in Sepsis-3 (see Chapter 1.5) and could lead to more robust conclusions 

about how nociceptin is involved in sepsis. 

 

6.2.1. Limitations in studies of gene expression 

The first experiment of gene expression identified mRNA transcripts for NOP mRNA in 

all subpopulations of granulocyte (i.e. neutrophils, basophils, eosinophils) separated by 

MACS. This experiment was designed for detection of transcripts rather than relative 

abundance, i.e. GAPDH as the HKG gave an indicator of the presence of mRNA in 

samples, important if transcripts for NOP and ppNOC were not detected. However, gene 

expression for GAPDH and the genes of interest NOP and ppNOC was low (indicated by 

high cycle thresholds) in samples as summarised below in Table 6.2.1. Raw Ct values 
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greater than 35 are difficult to distinguish from artefact and so are conventionally 

viewed as being of high risk of being a false positive.  

 

N=5 Control  

mean Ct (SD) 

LPS 

mean Ct (SD) 

Neutrophil Eosinophil Basophil Neutrophil Eosinophil Basophil 

GAPDH 28.5 (3.4) 25.6 (4.6) 30.5 (4.4) 28.9 (3.6) 24.3 (1.5) 29.0 (3.3) 

NOP 31.3 (1.8) 31.5 (2.2) 33.8 (2.6)a 31.8 (3.2) 30.4 (1.3) 34.1 (2.8) 

ppNOC - 36.1 (2.2)b - - 36.2 (1.9) 37.1c 

 
 

 

These high Ct values likely reflect the low mRNA concentrations extracted in eosinophil 

and basophil cells. However, neutrophil samples had acceptable mRNA concentrations 

(>0.1134 µg µL-1) yet still gene expression, even GAPDH, was low. It is not clear why this 

was the case. It is conceivable that the process of magnetic separation affected mRNA 

extraction, but there is little in the literature to support this.119 This experiment exposed 

isolated cells to 20 hours in RPMI with 0 and 5 µg ml-1 LPS. This latter concentration is 

high and possibly affected cell viability. The duration of the experiment may have 

affected cell viability. PMNs are short-lived cells and fragile, with a constitutive tendency 

to apoptosis.120 Further, mRNA degrades rapidly and in the presence of non-viable cells 

over 20 hours at 37oC it is possible that the integrity of mRNA was affected. Despite this, 

NOP expression was detectable. These factors, though, might explain why ppNOC 

expression was undetected. 

 

Subsequent experiments used lower concentrations of LPS and a shorter time-period of 

5 hours. It was still difficult to detect ppNOC, and concentrations of mRNA were still low. 

As previously discussed (see Chapter 3.6), larger blood volumes may have improved 

mRNA yields but were limited by the small pool of volunteers. These later experiments 

also used PolymorphPrep™ to isolate PMNs. MACS is effective at producing purified 

Table 6.2.1 Mean raw Ct values from RT-qPCR for control and LPS-exposed samples. Cycle thresholds, 
even for GAPDH, are high denoting low expression; a = detection in 4 samples, b = detection in 3, c = 
detection in 1 sample, - = no detection in any sample. 
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cells: purities of 98 – 99% eosinophils, 94 – 98% neutrophils, >95% purity basophils.121 

122 However, it is time consuming and involves more steps in processing which can affect 

cell viability. PolymorphPrep™ is associated with at least 94% purity or greater, and is 

quicker and simpler than MACS.69 123 Further, PMNs are very reactive, and any 

stimulation can lead to spontaneous degranulation and oxidative burst potentially 

affecting interpretation of relative gene expression. Minimising processing limits their 

activation.  

 

There are other techniques for cell isolation.124 Fluorescence activated cell sorting 

(FACS) is a technique used by McDonald and colleagues for isolating granulocytes, 

lymphocytes and monocytes.22 This technique uses fluorescent probes to target cell 

surface markers such as CD16 (neutrophils) from a suspension of cells (for example 

whole blood following red cell lysis). The cell suspension is then passed through a flow 

cytometer and each cell is exposed to a laser. Cells of interest labelled with a fluorophore 

fluoresce and are detected by fluorescence detectors. The instrument applies a charge 

to droplets containing fluorescing cells, and an electrostatic deflection system sorts the 

cells into collection tubes. This technology allows the sorting of highly purified different 

cell populations based on cell surface markers. However, like MACS, this technology 

produces labelled cells that theoretically can interfere with downstream experiments. 

Further, it is a slow process requiring access to specialised equipment. It was briefly 

explored as a technique for use in initial gene expression studies in this thesis and 

potentially confocal experiments. However, the lengthy time required for sorting 108 

cells and limited access to the equipment meant that MACS was an easier and more 

accessible technique. Another technology is laser capture microdissection, which uses 

short duration focussed laser pulses to separate out cells identified microscopically. This 

does require correct identification of cells, which is difficult for subpopulations of 

granulocytes, and again requires specialist equipment. It is also better suited to isolating 

cells from tissues. Microfluidics is a relatively new technology that in some respects is 

similar to MACS. A micro-channel chip is modified with antibodies that can bind the cells 

of interest, and the sample passed through the micro-channels. Cells of interest are 

retained on the microchip whilst the remaining cells pass through. Elution then removes 
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the immobilised cells from the chip. This is not a technology explored in this thesis, but 

could be explored in future experiments requiring isolated purified cells. 

 

There are valid criticisms of measurement of gene expression that can be made. First, 

accurate analysis of relative quantities of mRNA require equal PCR reaction efficiencies. 

Reaction efficiencies were not studied as part of this thesis, but data from our laboratory 

using NOP, GAPDH and B2M has demonstrated that the TaqMan Gene Expression Assays 

are 90 – 110% efficient.22  

 

The choice and use of HKGs in these data are also subject to criticism. HKGs are 

conceptually a useful way for controlling for variable concentrations of mRNA, a 

significant issue with experiments described in this thesis. Relative quantification, 

however, is dependent on the chosen HKG being stable in all experimental conditions. 

This can be explained with a simulated model of gene expression. In an ideal experiment, 

identical concentrations of mRNA have been acquired from samples that have been 

exposed to increasing concentrations of LPS. The Ct value of the gene of interest (GOI) 

decreases with LPS exposure – i.e. its expression increases – and the HKG remains 

completely stable. However, if exposure of LPS modifies the HKG by just one cycle, the 

effect on fold change is amplified by a factor of 21. If the HKG is modified by two cycles, 

then the amplification factor is 22 and so on. This is demonstrated in Figure 6.2.1. 
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In reality, there is no perfect HKG, as extensively reviewed by Kozera and Rapacz in 

2013.125 HKGs that were previously believed to be fundamental to a cell’s function have 

been demonstrated as having altered expression, with variations between tissues 

(GAPDH and B2M) and in the presence of disease. Even obesity can influence HKG 

expression. In samples of adipocytes from lean and obese individuals B2M and GAPDH 

(amongst other HKGs) demonstrated significant variability.126 Accepting that HKGs are 

in fact variable, various algorithms exist that try to determine the most stable gene for 

specific experimental conditions. These include geNorm (one of the earliest), 

BestKeeper and NormFinder.77 127 128 However, these algorithms are different from one 

another, and therefore can and do produce different results.  

Figure 6.2.1 Gene expression in a model system: A small change in HKG expression has a large effect on 
fold change in the gene of interest (fold change = 2-∆∆Ct). In the table, the left side describes an ideal 
HKG which has the same Ct value at all concentrations of LPS. The model GOI of interest is affected by 
LPS with increased expression associated with increased LPS concentration. This is represented on a 
graph of fold-change by the orange line. One the right side of the table is what happens when the HKG 
expression increases by one cycle. The fold-change in apparent GOI expression is increased by a factor 
of 21. This is represented by the grey line on the graph. Small changes in HKG expression can lead to 
large changes in apparent gene expression.  
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The alternative technique to using HKGs for normalisation and measuring relative 

quantities is to use absolute calculations. Absolute quantification determines a gene’s 

copy number by comparing it with a standard curve, created by serial dilutions of known 

concentrations of the test sequence. However, there are significant issues with absolute 

quantification. These include issues with RNA extraction, storage and maintenance of 

integrity, pipetting errors (small errors are amplified by PCR), variations in efficiency 

between samples during reverse transcription, as well as uncontrollable issues such as 

native reverse transcription and PCR polymerase inhibitors. Contamination can also 

occur from ribosomal RNA. Relative quantification using HKGs controls for these issues.  

 

The consequence of these concerns with both absolute quantification and relative 

quantification was the publication of MIQE guidelines.80 Normalisation to reference 

genes requires absolute validation of their stability, either through standard curve 

analysis, or through robust analysis of stability. Authors in this area now advocate using 

three reference genes, three stability programs and three repeats for each genotype.129–

131  

 

The choice of HKGs in this thesis do not meet current recommendations. Whilst the data 

do match other published results, further work in this area requires a more robust 

assessment of HKGs in PMNs in an LPS-stimulated experimental model. That said, the 

data presented in this thesis is consistent with other published work, and at the very 

least points to an important association of NOP receptor expression and LPS. 

 

6.3. Development of a novel bioassay 

The experiments investigating gene expression for transcripts of the nociceptin system 

provided supportive data of NOP modulation and suggested that PMNs would be an 

important area for further research. The low levels of predominately eosinophil ppNOC 

expression also warranted further investigation. Additionally, the experiments had 
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enabled an assessment and development of leukocyte isolation techniques that would 

be useful in developing a bioassay to assess the nociceptin system in immunocytes. 

 

The study of N/OFQ release from immune cells remains difficult. As discussed in Chapter 

1.10, ELISA-based techniques have been unsuccessful in our laboratory, despite forming 

the basis of an intercalated BSc project using in-house and commercially available 

N/OFQ antibodies.71 Mass spectrometry and ELISA have been reported as being 

successful by Fiset and colleagues.23 However, these data have not been replicated. 

Further, the establishment of an effective bioassay would enable our group to 

investigate other cells, as well as observe cellular interactions contributing to the release 

of N/OFQ.  

 

The work in this thesis has described the development of a confocal microscopy-based 

bioassay (see Figure 6.1.1). The key stages in this development were first, identification 

and testing of a suitable biosensor, then confirming that viable PMNs could be imaged 

and stimulated, followed by co-imaging of live PMNs and biosensors. Key to this system 

was the confocal microscope and perfusion system, the details of which are described 

in Chapter 4.4.  

 

6.3.1. Biosensors 

The concept of biosensors is not new and they are widely used in the food industry. The 

term biosensor refers to ‘analytical devices that convert a biological response into an 

electrical signal’.132 The assay developed in this thesis does not strictly meet this 

definition, but it can be thought of a device (confocal microscope) that uses a biological 

sensor (CHO cell) that converts a biological response (activation of NOP by N/OFQ) into 

an electrical signal (a release of light that is detected by the confocal photodetectors 

and electrically converted to a digital image). Key to this assay was the use of CHO cells 

transfected to express the human NOP receptor with a chimeric G-protein.  

 



   
 

161 
 

The measurement of calcium signalling using fluorimeters together with calcium-

sensitive fluorophores forms the basis of identifying novel GPCR ligands. Gi coupled 

receptors (e.g. NOP), however, decrease intracellular calcium by inhibition of the 

production of cAMP from ATP. To overcome this chimeric G proteins have been 

developed. High throughput screening studies have demonstrated that NOP (and other 

opioid) receptors co-expressed with chimeric Gαq proteins will signal through Gq and 

that N/OFQ retains full agonist activity.93 The Gq intracellular pathway is phospholipase 

C (PLC) which, when activated by agonist binding, cleaves phosphatidylinositol 4,5-

biphosphate (PIP2) into diacyl glycerol (DAG) and inositol 1,4,5-triphosphate (IP3). IP3 

binds to IP3 receptors on calcium channels in the endoplasmic reticulum of the cell, 

resulting in cytosolic increases in calcium. CHO cells successfully transfected to express 

the human NOP receptor coupled with Gαi/q have been demonstrated to respond to full 

and partial agonists, as well as antagonists, in studies using fluorimetry.89 

 

In this thesis the suitability of CHO-Gαi/q cells for use as a biosensor was studied. Data 

using fluorimetry demonstrated that these cells do fluoresce when appropriately loaded 

with Fura-2 and stimulated with exogenous N/OFQ. Further, confocal experiments 

demonstrated that the modified CHO cells in the main remained viable within the 

perfusion system and reactive to N/OFQ, demonstrated by Fluo-4 mediated changes in 

fluorescence. In both fluorimetry and confocal imaging CHO-Gαi/q cells were seen to 

increase intracellular calcium concentrations in response to N/OFQ. 

 

However, as previously discussed in Chapter 5, the response of the CHO-biosensors to 

N/OFQ was variable, particularly in cuvette-based fluorimetry. One reason relates to 

fluorophore leakage. CHO cells natively have organic-anion transporters in the cell 

membrane that extrude dye back into the perfusing solution. The result is that 

background fluorescence increases (because of calcium within the Krebs-HEPES 

solution) whilst intracellular calcium-mediated fluorescence is diminished, with the net 

effect of reduced detectable fluorescence in response to increased intracellular calcium. 

This extrusion can be blocked with addition of probenecid which is a specific inhibitor of 
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non-specific anion transport. However, probenecid can be toxic to cells and it potentially 

could have affected PMN function. There are some data suggesting PMN lysomal 

enzyme secretion is inhibited by probenecid, although other authors investigating PMN 

function have used probenecid without adverse effects.133–135 Additionally probenecid 

has agonist actions on the TRPV2 receptor which could affect interpretation of PMN 

activation.136 TRPV receptors are associated with receptor and store operated calcium 

entry in PMNs, with rises in intracellular calcium associated with neutrophil 

activation.137–140 Investigating whether probenecid enhances or disrupts the assay 

would be useful.  

 

Another reason for the variable response of the CHO-biosensors could relate to uneven 

expression of NOP receptors. Whilst transfection is an established process for forcing 

CHO cells to express human receptors, receptor expression can be uneven. For example, 

a study by Bjork, Vainio and Scheinin in 2005 demonstrated uneven cellular expression 

of α2A-adrenoceptors in transfected CHO cells.141 Such uneven distribution could have a 

significant effect when studying individual CHO-biosensor cell responses to PMN 

degranulation.  

 

There are technical aspects that may have affected the response of the CHO-biosensors 

to N/OFQ. For example, loading of Fluo-4 may have been uneven, or CHO cells may have 

become less viable during the transfer process from incubation to the microscope. Initial 

experiments were also affected by over-confluence of cells affecting the ability to 

distinguish between single CHO cells. Some of these factors improved with experience 

in using this assay. Issues with variable responses however remained. This necessitated 

modification of planned experiments as described in Chapter 5, and the use of the 

biosensors as a binary system. 

 

Supernatant experiments required the use of the same CHO cells over time. Cells were 

successfully stimulated with the supernatant of fMLP-degranulated PMNs in the 
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presence or absence of antagonists. There was, however, an appreciable fall in the 

responsiveness of the CHO-biosensors over time. It is probable that this represents 

receptor desensitisation. GPCRs are known to desensitise – that is the response to 

agonist binding diminishes with repeated or prolonged administration.142 Molecular 

mechanisms include G-protein coupled receptor kinase (GRK) phosphorylation of the 

activated receptor, arrestins, and receptor downregulation. It has previously been 

established that both native purinergic receptors and NOP receptors demonstrate 

desensitisation.110 111 113 143 This thesis did not specifically study this, but could be studied 

in future experiments. 

 

6.3.2. Imaging of viable PMNs 

This thesis has demonstrated the successful isolation and imaging of live, viable human 

polymorphonuclear cells that demonstrate activation and morphological changes 

following fMLP administration. PMNs are notoriously difficult to work with. They have a 

short life-span, are highly reactive, and unstimulated are non-adherent. That said, 

recent years have seen a few publications of live-imaging data of neutrophils 

fluorescence (including confocal) microscopy. For example, live imaging using confocal 

microscopy and an environmental chamber has been used to study interactions of 

murine neutrophils with Cryptococcus neoformans with real-time images of neutrophil 

migration and phagocytosis.144 Another study has examined the response of human 

immune cells to labelled fungal spores, and NETosis (a form of neutrophil cell death in 

which bactericidal neutrophil extracellular traps are released) has been visualised in 

neutrophils in response to various stimulants (including LPS, PMA, and live bacteria).145 

146 However, using live cell imaging to demonstrate the release of peptide from PMNs 

to act on a fluorescent biological sensor is unique. 

 

Isolation of PMNs was achieved using PolymorphPrep™. The technology for isolating 

purified cells has previously been described, but other density gradient techniques are 

recorded in the literature. These include using Dextran-500 to aggregate erythrocytes 

followed by Ficoll®-Hypaque, as well as Ficoll-Paque™ PLUS with an erythrocyte lysis 
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step.147 However, the advantage of the PolymorphPrep™ technique was that it was 

relatively quick (approximately 90 minutes in total). PMNs should be used the same day 

as isolation, and ideally as soon as possible, if they are to remain viable. Using a relatively 

rapid isolation technique increased the time available for confocal experiments. Further, 

total cell yields are less important in confocal experiments because only a small number 

of cells can be imaged at a time. Previous work using this technique in our laboratory 

had demonstrated >94% purity of PMNs determined by FACS.69 Viability of the cells was 

most easily assessed using the confocal microscope, where visual fluorescent responses 

to fMLP confirmed viability. 

 

Adherence of PMNs was predicted to be a significant challenge. The literature suggests 

various techniques for adhering motile PMNs to coverslips. These include coating 

coverslips with fresh human serum, poly-lysine or fibrinogen.148 149 In this thesis Cell-

Tak™ - a cell adhesive composed of polyphenolic proteins derived from mussels – was 

used. An advantage of Cell-Tak™ is that coverslips can be coated ahead of time and 

stored, improving assay efficiency. Further, the co-imaging assay required 48 hours of 

CHO culture on coated coverslips. The data from Chapter 5 suggest that despite this 

period of incubation, Cell-Tak™ could successfully adhere PMNs. There also did not 

appear to be a significant impact on CHO growth.  

 

In this confocal assay Fluo-4 was used as the calcium indicator in both PMNs and CHO-

cells, with increased intracellular calcium being used as an indicator of cell activation. 

This simplified the assay, minimising confounders when assessing its feasibility. 

However, future experiments could consider immunostaining PMNs with antibodies to 

either cell surface markers or intracellular components. This would allow better 

identification of neutrophils and distinguish them from eosinophils or other cellular 

contaminants. Further, immunostaining could allow identification of neutrophil 

cytosolic components key to their antimicrobial function and release of reactive oxygen 

species. For example, neutrophils can be stained to detect NADPH oxidase subunits 

p22phox and p67phox and changes in their response to stimulation assessed.150 151 
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As discussed in Chapter 5.3 measurement of PMN fluorescence over time could be 

challenging. Some PMNs demonstrated significant motility with stimulation by fMLP and 

most underwent morphological change. AUC analysis was used to identify cells that 

appeared to fluoresce by identification of peak fluorescence over time, but this method 

either incorrectly identify or miss fluorescence peaks in migratory cells. Further, if peaks 

in fluorescence followed a rapidly diminishing baseline, or the cells demonstrated 

fluorescence prior to fMLP stimulation, genuine fMLP associated peaks could be missed 

altogether. This necessitated manual checking of data for each cell against graphs of 

fluorescence and live cell images. One option would be to perform non-linear regression 

on individual cell responses to flatten the baseline. However, in the context of over 1000 

cells this would be very laborious, although could be made easier through use of scripts 

in software like R or MATLAB. 

 

Another solution to this issue is to use different analysis to AUC. The difficulty was 

identifying significant deflections in fluorescence values from a variable, decreasing 

baseline that sometime contained small peaks, in a large number of cells. One approach 

briefly explored is to mathematically fit a curve to the average fluorescence values for 

all the cells, and then measure how well the fluorescence response of individual cells 

matches the same shaped curve applied to all cells. Amongst the various options for 

curve fitting provided by non-linear regression models in GraphPad Prism, is a sigmoid 

curve that that can be set to start immediately prior to stimulation and ends just after a 

peak value is reached. The model can be constrained to ensure the curve starts above a 

defined baseline value. Setting the curve immediately prior to stimulation removes the 

issue of a varying baseline; setting a bottom constraint to be greater than background 

fluorescence identifies those activated PMNs that move into ROI following stimulation. 

Where the model curve does not fit the fluorescence response of a cell (defined by an 

R2 <0.5) identifies that cell as not responding to stimulation. The use of curve fitting is 

summarised in Figure 6.3.1. Further work would help establish this technique or 

whether alternative non-linear regression models (e.g. segmental line) would better fit 

the graphs of fluorescence. 
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Alternatively, there is commercial software available that better identifies peaks, for 

example, MATLAB (MathWorks, Massachusetts, USA). Better identification of 

responding cells would improve the speed of analysis, and the quality and confidence in 

acquired fluorescence peaks. 

 

Figure 6.3.1 Sigmoid curves superimposed on graphs to help identify genuinely responding PMNS to 
fMLP. In A is a graph from which the sigmoid curve is defined: constraints of x between 30 – 50, and a 
bottom constraint of 50. B is a cell response that meets criteria of R2>0.5. Graph C is typical of a cell that 
moved into measurement range after fMLP stimulation. The bottom constraint identifies this cell as 
moving into a ROI. In D, the cell has a noisy background fluorescence and does not respond to fMLP. R2 
is far below 0.5 and identified as a non-responder.   

 

In the study of PMN responses to fMLP the calcium indicator Fluo-4 was used. It is 

conceivable that Fluo-4 either initiated or affected PMN fMLP-associated responses. For 

example, fluorescent probes, such as BODIPY, have previously been determined as 

acting as agonists.152 However, Fluo-4 has been successfully used in other fluorescent 

experiments of neutrophils, and the data from this confocal bioassay suggests that any 

Fluo-4 indicator induced fluorescence was minor compared with fMLP.153  

Mean fluorescence for all cells

time (s)

m
e

a
n

 f
lu

o
re

sc
e

n
ce

 (
u

n
it

s)

0 50 100 150
0

500

1000

1500

2000

fMLP

A Response of cell 1

time (s)

m
e

an
 f

lu
o

re
sc

e
n

ce
 (

u
n

it
s)

0 50 100 150
0

500

1000

1500

2000

R2 = 0.95

B

Response of cell 16

time (s)

m
e

an
 f

lu
o

re
sc

e
n

ce
 (

u
n

it
s)

0 50 100 150
0

500

1000

1500

R2 = 0.95
hit bottom constraint

C Response of cell 5

time (s)

m
e

an
 f

lu
o

re
sc

e
n

ce
 (

u
n

it
s)

0 50 100 150

500

1000

1500
R2 = 0.16

D



   
 

167 
 

This confocal assay used fMLP to stimulate PMNs. It is a well-studied, and potent 

chemotactant and degranulator of PMNs that acts on formyl peptide receptors to 

increase intracellular calcium.154 Alternative stimulants are phorbol myristate (PMA, an 

activator of protein kinase C) and TLR4 receptor agonists like LPS that could be studied 

in future experiments. One reason for not using LPS in this assay is that the actions of 

LPS are not specific to PMNs, and the confocal equipment and perfusion system was 

shared by other research teams. It was important that the perfusion system was not 

contaminated, but future experimental protocols could involve a thorough 

decontamination of equipment. Regarding fMLP, Fiset and colleagues reported than 

fMLP on its own does not fully degranulate PMNs.23 These authors determined that the 

addition of cytochalasin B (a mycotoxin) was necessary for the exocytosis of primary and 

secondary granules from neutrophils. It may be that when co-imaging PMNs and CHO-

biosensors the lack of cytochalasin B affected N/OFQ release. However, experiments 

using supernatants for fMLP-stimulated PMNs did not utilise cytochalasin B, yet data 

suggest that N/OFQ was present in these supernatants. It would be useful to assess 

whether cytochalasin B enhances PMN-CHO Gαi/q responsiveness in future work. 

 

6.3.3. Co-imaging  

The final stage of bioassay development was the co-imaging of CHO-biosensors and 

PMNs. As discussed, the addition of Cell-Tak™ enabled the co-location of PMNs and 

CHO-biosensors, and the use of Fluo-4 allowed visualisation of calcium signalling in both 

CHO-biosensors and PMNs. This is the first description of a bioassay using confocal 

imaging for the study of NOP GPCR stimulation in the presence of human immune cells. 

The data in this thesis are supportive of N/OFQ being released from PMNs, and confirm 

the findings of Fiset and colleagues.23 Not only has data been presented that 

demonstrates PMN-CHO interaction, but also that the fMLP-stimulated PMN secretions 

contain N/OFQ.  

 

A significant issue with co-imaging of PMNs and CHO-biosensors was the very thin focal 

plane used in confocal microscopy, as discussed in Chapter 4.8. This could potentially 
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have been improved by allowing more time for PMNs to settle on the coverslip, although 

this must be weighed against maintenance of PMN viability and loading at 

environmental conditions of 37oC. Minimising confluence of CHO cells is important to 

successful co-imaging, and it is possible 48 hours cell growth was too long and better 

images would be achieved by a growth time of 24 hours.  

 

In these co-imaging experiments the response of CHO-biosensors to fMLP-induced 

degranulation was not universal, with 14% of CHO-cells responding across all 

experiments (84% responded to exogenous N/OFQ). Some of this variable response 

could be due to some of the points described above, i.e. not using probenecid, uneven 

NOP receptor distribution, absence of cytochalasin B. However, it could indicate that 

neutrophils are not the source of N/OFQ peptide. The PMNs isolated in these 

experiments comprised a mixed population of neutrophils and eosinophils, of which 

eosinophils would be expected to comprise approximately 10%.105 Combined with the 

gene expression data, where ppNOC was predominately identified in eosinophils and 

not at all in neutrophils, suggests that it is the eosinophils that release N/OFQ. 

Unpublished work from our laboratory that developed following data from this thesis 

suggests that this may be true. An extracellular signal-related kinase 1/2 (ERK1/2) 

coupling assay was used with a human cell eosinophil precursor cell line EoL-1 (shown 

to express NOP and ppNOC). ERK1/2 (previously MAPK) are protein kinases fundamental 

to cell growth and division, and demonstrate increased activity in response to N/OFQ 

acting on the NOP receptor of CHO-hNOP cells.155 Incubating the EoL-1 cells with a NOP 

antagonist (SB-612,111) resulted in lower basal levels of ERK1/2 and the cells became 

sensitive to exogenous N/OFQ (see Figure 6.3.2). 
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These data come from cultured cells, but data from Singh and colleagues in human 

airway eosinophils (ppNOC expression found on eosinophils and loosely correlates with 

sputum N/OFQ concentrations) adds further supporting information.27  

 

The concept of eosinophils releasing signalling molecules is not new. For example, 

eosinophils have been demonstrated as releasing Major Basic Protein that activates 

neutrophils, and more recently eosinophils have been shown to release protective 

mediators that inhibit neutrophil migration in a murine model of acute colitis.156 157 How 

A B

pERK

pERK
tERK

tERK

Figure 6.3.2 ERK1/2 phosphorylation (pERK = phosphorylated ERK, tERK = total ERK) in EoL-1 cells was 
reduced compared with basal levels in the presence of the NOP antagonist SB-612,111. This suggests 
that EOL-1 cells release N/OFQ that activates NOP receptors to increase basal phosphorylation. 
Exogenous N/OFQ raises phosphorylation in SB-612,111 treated cells. 
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could eosinophils regulate neutrophil function in the nociceptin system? Data from 

Serhan and colleagues demonstrated that N/OFQ is chemotactic, and Trombella and 

colleagues demonstrated that N/OFQ stimulates PMN lysozyme production and 

significant chemotaxis in monocytes (see Chapter 1.4).24 25 However, data from Al-

Hashimi and colleagues, suggest that N/OFQ inhibits neutrophil chemotaxis.158 

Eosinophils may then release N/OFQ to modulate neutrophil recruitment to sites of 

inflammation (see Figure 6.3.3). It is also clinically feasible that eosinophils are a source 

of N/OFQ. For example, eosinopaenia has been associated with poor outcomes in 

patients with sepsis, and laboratory work has confirmed that eosinophils have an 

increasingly recognised role in the host’s response to pathogens.159–162 More work in 

this area is required to fully understand how N/OFQ integrates the function of 

granulocytes. Furthermore, ppNOC transcripts have been determined in lymphocytes 

and monocytes, suggesting they too secrete N/OFQ.21 22 Lymphocyte and macrophage 

signalling of granulocytes is well documented, and their release of N/OFQ could be 

further studied using this bioassay.34 163  
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6.3.4. Supernatant experiments 

Chapter 5.5 demonstrated that the supernatant of fMLP-stimulated PMNs increased 

intracellular calcium in CHO-biosensors. This effect could be attenuated by an antagonist 

to the NOP receptor (TRAP-101), by a combination of TRAP-101 and a non-specific 

antagonist to P2 receptors (PPADS), but not by PPADS alone. This suggests that the 

supernatant contains N/OFQ peptide. Further, there was some preliminary evidence for 

receptor desensitisation, with repeated administrations of supernatant in the presence 

and absence of antagonists reducing CHO-biosensor fluorescence. Whilst these data 

need to be taken in the context of the issues described previously, there was a 

statistically significant difference in fluorescence response between CHO-cells perfused 

with TRAP-101 compared with PPADS.  

 

N

N

N

N

N

N

N

fMLP

cytokinescytokines

N

Infection site

Modulation of 
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N/OFQ N=

autoregulation
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Figure 6.3.3 Eosinophil regulation of neutrophils. A possible regulatory function of eosinophils 
could be the release of N/OFQ to regulate neutrophil migration to the site of injury or infection. 
N/OFQ has been demonstrated to induce and prevent chemotaxis in neutrophils (Serhan 2001, Al-
Hashimi 2015).24 158 Further data are required to fully elucidate the effect of N/OFQ on neutrophil 
migration. 
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These supernatant data were necessary because of the native expression by CHO cells 

of purinergic receptors that increase intracellular calcium in response to nucleotides 

(e.g. ATP, ADP). As discussed in Chapter 5.5, PPADS is not an ideal antagonist. Whilst its 

low selectivity means that it can block both P2Y and P2X receptors, it has low potency 

and slow kinetics. It is possible residual blockade persisted in experiments where PPADS 

was used as the first antagonist. This would mean that in those experiments the 

biosensors were in effect blocked by both PPADS and TRAP-101 during subsequent 

perfusion with TRAP-101. However, the data from those experiments suggest that CHO 

responses were minimally affected by PPADS alone; N/OFQ-mediated calcium signalling 

was predominant. Alternatives to PPADS including using apyrase to degrade nucleotides 

within the supernatant, or a combination of PPADS and a specific P2X antagonist like 

oxidised ATP (oATP).  

 

There was an indication in the confocal experiments that CHO receptors, both purinergic 

and hNOP, underwent desensitisation, as discussed above. The decrease in 

responsiveness, however, may have been due to phototoxicity or reduced viability of 

the cells in the perfusion system. The main implication of this was that the supernatant 

experiments became limited in time, and that TRAP-101 was used most frequently as 

the first antagonist as it appeared most effective at blocking the stimulatory actions of 

supernatant. Whilst further studies could be performed on the NOP receptor in this 

model, there are already published data confirming the presence and mechanisms of 

NOP desensitisation.113 143  

 

6.4. Further work 

The conclusions and discussion from this thesis point to important areas of further 

research to clarify and confirm the presented findings. First in assessing the genomic 

response to LPS and other mimics of sepsis, a thorough and robust validation of 

housekeeping or reference genes should be undertaken. Ideally this should be 

performed in purified subpopulations of granulocytes isolated either by MACS or FACS, 

and from whole blood samples that had been exposed to concentrations of LPS. It would 
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also be useful to compare the results of whole blood mRNA expression and isolated 

granulocyte expression. These data could form the basis of a larger clinical observational 

study of patients admitted to ICU with a diagnosis of sepsis according to Sepsis-3 criteria. 

Comparing the results of whole blood mRNA with isolated granulocyte mRNA would 

help make sense of the conflicting results of Stamer and Thompson.69 70   

 

There are areas of the confocal bioassay that can be refined, particularly with regards 

the variable response of the CHO-biosensors. In the first instance, assessing whether the 

addition of probenecid improves measured fluorescence would be a relatively simple 

first step. Beyond that, analysing surface expression of the hNOP- Gαi/q receptor could 

help identify those CHO cell passages with the most even distribution of receptor. 

Having established a more reliable biosensor response, concentration-response curves 

could be generated at the start of each experiment.  

 

Examination of N/OFQ secretion from granulocytes could then proceed. Granulocytes 

could be purified (MACS would be most feasible), and / or immunofluorescence markers 

used with different lasers in the confocal system to identify different types of 

granulocyte. Different stimulants of neutrophils and eosinophils could be used (e.g. 

PMA, LPS, RANTES), and cytochalasin B added to fMLP-treated samples. The data in this 

thesis demonstrated a significant response to ATP by CHO-biosensors, so either more 

specific antagonists of P2 receptors and / or apyrase could be added to the perfusion 

system when performing co-imaging experiments. 

 

Finally, data analysis of fluorescent responses could be enhanced. Assuming non-

confluent CHO-biosensor samples, automated identification of cells is possible within 

ImageJ and other software. These techniques find the edges of cells by comparing pixel 

colour and marks edges in areas of high contrast (e.g. between black and green). 

Further, this allows measurement of fluorescence from the whole cell, as opposed to a 

region of interest within the cytoplasm as described in this thesis. Peak analysis using 
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software such as MATLAB or analysis of non-linear regression would assist the 

throughput of data generated from these experiments. 

 

6.5. Concluding thoughts 

This thesis has established for the first time a viable and reproducible live cell assay for 

observing and measuring real-time single cell release of N/OFQ from PMNs. Further, 

data from this assay, as well as information gleaned from studying mRNA expression in 

PMNs and individual granulocyte populations, has raised the intriguing question of 

whether eosinophils are the source of PMN-secreted N/OFQ peptide. Traditionally 

eosinophils have been viewed as having a relatively minor role in the host’s acute 

immune response to pathogens. It is, however, becoming increasingly recognised that 

they have an important immunomodulatory function demonstrated by complex 

interactions with other leukocytes. Similarly, there is an increasing appreciation that the 

nociceptin system has an important immunomodulatory function in sepsis and 

inflammation. This bioassay enables visualisation of single cell release and cell signalling, 

and forms the basis of ongoing studies examining N/OFQ and leukocytes. These studies 

will further develop the assay, and perhaps answer the follow-up question: N/OFQ and 

which granulocyte? 
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