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[bookmark: _Toc2]Abstract
Painful diabetic peripheral neuropathy (DPN) is a disabling condition and its pathogenesis is not well understood.  This study aimed to improve our understanding of pain mechanisms and also analyse upcoming potential peripheral and central biomarkers of painful DPN.
The role of vitamin D has been studied in painful DPN, although many of the previous studies did not assess major confounding factors including seasonal sunlight exposure and daily activity and lacked detailed assessment of peripheral neuropathy.  Work undertaken in this thesis addressed these limitations and found a significant reduction of 25(OH) vitamin D levels in a well-characterised group of subjects with painful DPN.
A panel of skin nerve and vascular markers were assessed to try and differentiate painful from painless DPN, in patients with type 2 diabetes (T2DM). No differences were found in neural biomarkers including protein gene product 9.5 (PGP9.5), growth associated protein-43 (GAP43) or calcitonin gene-related peptide (CGRP) between painful and painless DPN in our cohort with advanced neuropathy. However, there was increased microvascular staining with Von Willebrand Factor (vWF) in all diabetes groups compared to non-diabetic controls, particularly in painful DPN, which was increased compared with painless DPN (p=0.0001).  The ratio of CGRP sub-epidermal nerve fibres to vasculature (CGRP:vWF) showed a significant decrease in painful DPN vs. painless DPN (p=0.014). This increased sub-epidermal microvasculature and its ratio to nociceptors may differentiate painful- from painless DPN.
The status of the intracranial inhibitory neurotransmitter Gamma Amino Butyric Acid (GABA) and excitatory neurotransmitter Glutamate (Glx) in the thalamus has been assessed using in-vivo Proton Magnetic Resonance (H-MR) spectroscopy. Lower relative levels of GABA were observed within the thalamus of patients with DPN. A further understanding of the cerebral neuronal excitatory/inhibitory balance inferred from this H-MRS technique may help determine the mechanistic basis of central nervous system involvement in pain perception in DPN.
The studies in this thesis were carefully designed and conducted with detailed clinical, neurophysiological and skin biopsy assessment of all participants, in order to carefully phenotype the subjects. The findings provide a better understanding of peripheral and central mechanisms associated with painful DPN and also indicate a few reliable upcoming biomarkers. The studies provide further insight into pain mechanism in painful DPN and pave the way for future studies that might ultimately lead to better treatment strategies. 
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1 Introduction	
According to World Health Organisation globally 422 million people currently suffer from diabetes and this number is growing at an alarming rate. The number of patients with diabetes has risen from 108 million in 1980 to 422 million in 2014. The global prevalence of diabetes among adults over 18 years of age has risen from 4.7% in 1980 to 8.5% in 2014 (Mathers and Loncar, 2006). Worryingly this number is predicted to double by the year 2030, rising population growth, aging, urbanisation and increased prevalence of obesity and physical inactivity being the major contributing factors. This will have immense effect on health and social care provision. Patients with diabetes require at least two to three times the health-care resources required for people without diabetes; and diabetes care may account for up to 15% of national health care budgets (Zhang et al., 2010). With increasing prevalence of diabetes, there is increasing incidence of both micro and macro vascular complications.  This chapter focuses on an introduction to diabetic peripheral neuropathy (DPN) and particularly painful DPN, which are very common microvascular complications in patients with diabetes.
[bookmark: _Toc8][bookmark: _Toc6092994]1.1 Diabetic Peripheral Neuropathy (DPN)
The most common disease affecting the human nervous system is diabetes.  Neuropathies are also the most common long-term microvascular complication of diabetes (Tesfaye et al., 2013). There is increasing evidence that measures of neuropathy, such as electrophysiology and quantitative sensory tests, are predictors of not only clinical end-points, including foot ulceration, but also of mortality (Boulton et al., 2004, Carrington et al., 2002).
[bookmark: _Toc9][bookmark: _Toc6092995]1.1.1 Epidemiology of Diabetic Peripheral Neuropathy
The epidemiological data on prevalence of DPN are confounded by the diagnostic criteria used to define the condition. But in general, prevalence of up to 50% in older type 2 diabetes is well recognised (Boulton et al., 2004, Young et al., 1993, Dyck et al., 1993). The EURODIAB complications study, conducted in 16 European countries found a prevalence of 28% (Tesfaye et al., 1996b). DPN also acts as surrogate marker of other microvascular complications and even mortality. Motor nerve conduction velocity (MNCV), a marker of neuropathy can predict foot ulceration and death in diabetes (Carrington et al., 2002). In fact, the presence of DPN increases the risk of amputation 1.7 fold, 12 fold if there is foot deformity and 36 fold if there is a history of previous foot ulceration (Armstrong et al., 1998).  Similar mortality data are produced from various other studies, suggesting somatic neuropathy is an independent predictor of diabetes related mortality in type 2 diabetic patients (Hsu et al., 2012, Moulik et al., 2003). 
[bookmark: _Toc10][bookmark: _Toc6092996]1.1.2 Pathogenesis of Diabetic Peripheral Neuropathy
As early as 1890, Charcot identified that vascular factors could be of significance in the development of neurological complications in diabetes. Currently, a cascade of complex vascular and metabolic processes has been postulated to be involved in the pathogenesis of DPN.  These include: hyperglycaemia (Dyck et al., 1999, Navarro et al., 1997), polyol pathway hyperactivity (Oates, 2002, Hotta et al., 2001), myoinositol depletion (Sundkvist et al., 2000), Advanced Glycation End products formation (AGE) (Stitt et al., 1997) (Horie et al., 1997) (Bierhaus et al., 2012) (Chilelli et al., 2013) (Vouillarmet et al., 2013), oxidative stress (Nishikawa et al., 2000, McIlduff and Rutkove, 2011, Mijnhout et al., 2012, Ibrahimpasic, 2013) and activation of protein kinase C (PKC) (Koya and King, 1998, Bansal et al., 2013) (Figure 1.1).
[image: Picture 1]
Figure 1.1 Potential Mechanism of Hyperglycaemia-induced Mitochondrial Superoxide Overproduction (adapted from (Brownlee, 2001))
EURODIAB Prospective Complications study proved that, apart from blood sugar control, the incidence of neuropathy is associated with potentially modifiable cardiovascular risk factors, including a raised triglyceride level, body-mass index, smoking, and hypertension as shown in table 1 (Tesfaye et al., 2005).
	[bookmark: _Toc5212544][bookmark: _Toc6092997]Table 1.1 Odds Ratios for Associations between Key Risk Factors and the Incidence of Diabetic Neuropathy (adapted from (Tesfaye et al., 2005))

	[bookmark: _Toc5212545][bookmark: _Toc6092998]Variable                                                                                     Odds Ratio                p Value
[bookmark: _Toc5212546][bookmark: _Toc6092999]                                                                      (95% CI)

	Duration of diabetes (yr)                                          
	1.25 (1.03–1.51)
	0.02

	Glycosylated haemoglobin (% of haemoglobin)             
	1.64 (1.33–2.03)
	<0.001

	Change in glycosylated haemoglobin
(% of haemoglobin)

	1.44 (1.17–1.77)
	0.001

	Triglycerides (mmol/litre) 
	1.17 (0.97–1.41)
	0.10

	Total cholesterol (mmol/litre) 
	1.11 (0.93–1.34)
	0.25

	Body-mass index 
	1.20 (1.01–1.43)
	0.04

	History of smoking 
	1.68 (1.20–2.36)
	0.003

	Hypertension 
	1.54 (0.96–2.47)
	0.07

	Cardiovascular disease 
	2.12 (1.16–3.86)
	0.01

	Any retinopathy 
	1.45 (0.98–2.13)
	0.06

	Albumin excretion rate (μg/min) 
	1.02 (0.89–1.18)
	0.76
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1.1.3 Classification of Diabetic Neuropathy
Peripheral neuropathy due to diabetes involves somatic and autonomic nervous system. As the exact aetiology of neuropathy is still not clearly understood, we rely on clinical classification. Recent position statement from American Diabetes Association provide detailed clinical classification of Diabetic Neuropathies as shown in table 1.2 (Pop-Busui et al., 2017).
	Table 1.2 Classification of Diabetic Neuropathies according to the ADA Position Statement (adapted from (Pop-Busui et al., 2017) )

	A. Diffuse neuropathy 
1) DSPN  
· Primarily small ﬁbre neuropathy 
· Primarily large ﬁbre neuropathy 
· Mixed small- and large ﬁbre neuropathy (most common) 
2) Autonomic Neuropathy
· Cardiovascular - Reduced HRV, Resting tachycardia, Orthostatic hypotension, Sudden death (malignant arrhythmia)
· Gastrointestinal - (Diabetic gastroparesis (gastropathy), Diabetic enteropathy (diarrhoea), Colonic hypomotility (constipation) 
· Urogenital - Diabetic cystopathy (neurogenic bladder), Erectile dysfunction, Female sexual dysfunction 
· Sudomotor dysfunction - Distal hypohydrosis/anhidrosis, Gustatory sweating Hypoglycaemia unawareness 
· Abnormal pupillary function

	B. Mononeuropathy (mononeuritis multiplex) (atypical forms)
· Isolated cranial or peripheral nerve (e.g., CN III, ulnar, median, femoral, peroneal) 
· Mononeuritis multiplex (if conﬂuent may resemble polyneuropathy)

	C. Radiculopathy or polyradiculopathy (atypical forms) 
· Radiculoplexus neuropathy (a.k.a. lumbosacral polyradiculopathy, proximal motor amyotrophy) 
· Thoracic radiculopathy

	E. Nondiabetic neuropathies common in diabetes 
· Pressure palsies Chronic inﬂammatory demyelinating polyneuropathy Radiculoplexus neuropathy 
· Acute painful small ﬁbre neuropathies (treatment-induced)




[bookmark: _Toc12][bookmark: _Toc6093001]1.1.4 Distal Symmetrical Sensorimotor Polyneuropathy
Distal symmetrical sensorimotor polyneuropathy, commonly referred to as diabetic peripheral neuropathy (DPN), is the commonest form of diabetic somatic neuropathy. It is length dependent and classically presents in a “glove and stocking pattern”. Usually sensory symptoms predominate at early stage. As it is a length dependent process, it starts in the feet, and hands are involved only after lower limbs affected up to knee height. The Neurodiabetes Consensus (Toronto) Group define DPN as chronic, symmetric, length-dependent sensorimotor polyneuropathy developing from metabolic derangements and micro vessel alterations related to chronic hyperglycaemia and cardiovascular risk factors (Dyck et al., 2011).  They proposed minimal criteria for defining DPN as shown in Table 1.3. 
	
Table 1.3 Neurodiabetes Consensus minimal criteria for defining DPN (adapted from (Dyck et al., 2011) )

	1. Possible Clinical DPN
Symptoms or signs of DPN. Symptoms may include decreased sensation, positive neuropathic sensory symptoms (e.g. ‘asleep numbness’, ‘pricking’ or ‘stabbing’, ‘burning’ or ‘aching’ pain) predominantly in the toes, feet, or legs. Signs may include: symmetric decrease of distal sensation or unequivocally decreased or absent ankle reflexes

	2. Probable Clinical DSPN
A combination of symptoms and signs of distal sensorimotor polyneuropathy with any two or more of the following: neuropathic symptoms, decreased distal sensation, or unequivocally decreased or absent ankle reflexes.

	3. Confirmed Clinical DSPN
An abnormal nerve conduction study and a symptom or symptoms or a sign or signs of sensorimotor polyneuropathy. Severity of DSPN can be assessed by staged or continuous approaches and by dysfunction and disability scores.

	4. Subclinical DSPN 
No signs or symptoms of polyneuropathy. Abnormal nerve conduction is present.



The severity of DPN was assessed by a staged approach as below (Dyck et al., 2011). 
Stage 0 = criteria for subclinical DSPN have not been met – an abnormality of nerve conduction not being present.
Stage 1a = criteria for subclinical DSPN have been met, but the patient does not have signs or symptoms of DSPN. 
Stage 1b = criteria for subclinical neuropathy have been met and neuropathic signs without neuropathic symptoms are present.
Stage 2a = criteria for subclinical neuropathy have been met and the patient has neuropathic symptoms with or without neuropathic signs.
Stage 2b = criteria for subclinical neuropathy have been met and patient has unequivocal weakness of ankle dorsiflexion.
[bookmark: _Toc13][bookmark: _Toc6093002]1.2 Painful Diabetic Peripheral Neuropathy (Painful DPN)
A significant proportion (50%) of patients suffering from DPN develop painful diabetic peripheral neuropathy (painful DPN) (Abbott et al., 2011, Davies et al., 2006). The Special Interest Group on Neuropathic Pain (NeuPSIG) defined Neuropathic pain as “a pain arising as a direct consequence of a lesion or disease affecting the somatosensory system" (Haanpää et al., 2011). A task force of NeuPSIG generated a grading system for neuropathic pain (Treede et al., 2008). They suggested four criteria to be evaluated for each patient (table 1.4) and postulate definite, probable or possible neuropathic pain as below.
	Table 1.4 Criteria for Diagnosing Neuropathic Pain (Adapted from (Treede et al., 2008))

	1. Pain with a distinct neuroanatomically plausible distribution

	2. A history suggestive of a relevant lesion or disease affecting the peripheral or central somatosensory system

	3. Demonstration of the distinct neuroanatomically plausible distribution by at least one confirmatory test

	4. Demonstration of the relevant lesion or disease by at least one confirmatory test

	Definite neuropathic pain: all the four above criteria met (1 to 4) 
Probable neuropathic pain: 1 and 2, plus either 3 or 4
Possible neuropathic pain: 1 and 2, without confirmatory evidence from 3 or 4


[bookmark: _Toc14][bookmark: _Toc6093003]1.2.1 Epidemiology of Painful DPN
There are only a few epidemiological studies conducted to assess the prevalence of painful DPN. Painful DPN was found in 21% among 15692 diabetic patients attending community based health care in Northwest England (Abbott et al., 2011). Similarly, in a population based study in an urban community a prevalence of 16% was noted (Daousi et al., 2004). In their systematic literature review between 1966 and 2007, Veves et al. suggested the prevalence of painful DPN to be 10% - 20% in patients with diabetes and from 40% - 50% in those with DPN (Veves et al., 2008).
[bookmark: _Toc15][bookmark: _Toc6093004]1.2.2 Pathogenesis of Painful DPN
The precise mechanisms leading to the development of pain in DPN still remain unknown. Several mechanisms starting from altered ion channel function in the peripheral nerve, to spinal enhancement and central sensitisation have been postulated. The table 1.5 below summarises the main peripheral and central factors which might lead to painful DPN. We have discussed few of these factors in detail below.
	
Table 1.5 Mechanism of Neuropathic Pain (adapted from (Tesfaye and Kempler, 2005)

	1) Peripheral Mechanisms

	a) Changes in sodium channel expression and distribution

	b) Changes in Calcium channel expression and distribution

	c) Altered neuropeptide expression

	d) Sympathetic sprouting

	e) Loss of spinal Inhibition

	f) Altered peripheral blood flow

	g) Axonal atrophy, degeneration or regeneration

	h) Small fibre damage

	i) Increased glycaemic flux

	2) Central Mechanisms

	a) Central sensitization

	b) Change in the balance of facilitation/inhibition within descending pathways

	c) Increased thalamic vascularity
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1.2.2.1 Peripheral Factors in Generation of Painful DPN

In normal individuals the primary afferent neurons usually remain quiescent without much spontaneous activity. But in a neuropathic pain state, nociceptors innervating a painful region undergo spontaneous firing, as demonstrated by microneurographic recordings. The abnormal impulse generated through this spontaneous activity is often called ectopic impulse generation, as it does not originate from the normal transduction tracts of the nociceptor system. Djouhri et al. suggested spontaneous pain in the neuropathic pain state is related to these ectopic firings from the intact C fibre nociceptors (Djouhri et al., 2006). The changes in ion channel function are thought to be one of the main reasons for this spontaneous activity. Below a few potential peripheral factors contributing to painful DPN are discussed. 
[bookmark: _Toc17]1.2.2.1a Nerve Growth Factor (NGF)

NGF is up regulated in a wide variety of inflammatory conditions, and NGF antagonising molecules have been tried as therapeutic agents in many models of persistent pain. Previous studies have shown that human sensory and autonomic neuropathy type 4 producing congenital insensitivity to pain may be due to mutation in the NGF receptor, tropomyosine receptor kinase A (trkA) (Indo, 2001). During the immediate postnatal period NGF is required for the survival of peripheral nociceptive system (Patel et al., 2000). Later in their natural history, primary nociceptors lose their absolute reliance on NGF for survival, but continue to express NGF receptors even during adult life. NGF strongly controls gene expressions in trkA expressing neurones in adult life (Pezet and McMahon, 2006). NGF is up regulated in many chronic painful conditions and acts as peripheral pain mediator. Similarly, NGF modulates central pain processing through another neurotrophin called Brain-derived neurotrophic factor (BDNF). Treatment with NGF induces BDNF expression in virtually all trkA-expressing DRG neurones (Michael et al., 1997). The Vanilloid receptor 1 (TRPV1), calcitonin gene-related peptide (CGRP), purinergic receptor of ATP, ASIC3 and G protein–coupled receptors (P2X3) including bradykinin B2 receptors and the mu opiate receptor are similarly regulated by NGF. This regulation is generally restricted to neurones bearing trkA (Pezet and McMahon, 2006). Another important category of gene regulation by NGF relates to voltage-gated ion channels. Functionally, both tetradodotoxin (TTX)-sensitive and TTX-resistant sodium currents are increased in DRG neurones by NGF (Fjell et al., 1999). NGF is also involved in the modulation of pain processing through post translational effects. The main mechanism is through TRPV1 sensitisation. Though the molecular mechanism of this process is not very clear, studies have implicated potential roles for protein kinase A, protein kinase C (PKC), extracellular signal regulated kinase (ERK), p38, phosphatidyl inositide-3 kinase (PI3K), and a novel inhibitory mechanism mediated by phosphatidyl inositol bi-phosphate (Khasar et al., 1999, Bonnington and McNaughton, 2003, Zhuang et al., 2004).
Increasingly skin biopsy is used to measure IENF using Protein Gene Product (PGP) 9.5 immunohistochemistry to diagnose DPN and small fibre neuropathy (Lauria et al., 2010a). But the value of IENF in determining or predicting painful DPN, is still a case for debate (Sorensen et al., 2006b). However,  animal studies, using a type 2 diabetes mouse model during the period of mechanical allodynia, have shown increased expression of peptidergic IENF (Cheng et al., 2009). Peptidergic IENF are TrkA receptor positive and express neurotransmitters, substance P (SP) and calcitonin gene related peptide (CGRP). During the phase of mechanical allodynia there was 1.5 to 2-fold increased expression of SP and CGRP over controls. Also anti-NGF treatment significantly inhibited the up-regulation of peptidergic IENF during the period of mechanical allodynia, suggesting that increased neurotrophism by NGF may mediate this phenomenon (Cheng et al., 2012). In addition, p38 inhibitors also blocked the increase in peptidergic IENF in db/db mice. Hence peptidergic IENF could be a potential diagnostic marker for painful DPN and the inhibition of NGF-p38 signalling could be a potential therapeutic strategy for treating painful DPN (Cheng et al., 2012).
[bookmark: _Toc18]1.2.2.1b Vascular Factors Influencing Painful DPN

Vascular factors in the aetiology of painful DPN has been debated for long. A previous study of sural nerves in patients with insulin neuritis elegantly demonstrated an abundance of epineural blood vessels (Tesfaye et al., 1996a). These blood vessels were also clearly more torturous and showed arterio-venous shunting. Fluorescein angiography confirmed these new vessels to be fragile and leaky similar to the “new vessels” in diabetic proliferative retinopathy. Sural nerve epineural blood flow measurement, using spectrophotometry and fluorescein angiography demonstrated that patients with painful DPN had faster blood flow as with low fluorescein rise time and increased intravascular oxygen saturation (Eaton et al., 2003). An impairment of foot skin endothelium-related vasodilation and C-fiber-mediated vasoconstriction has also been found in painful DPN (Quattrini et al., 2007). These evidences support inappropriate local blood flow regulation in painful DPN which may have a role in the pathogenesis of pain in diabetic neuropathy.
[bookmark: _Toc19]1.2.2.1c Vitamin D

A recent meta-analysis of 6 observational studies found an association between serum vitamin D levels and DPN in subjects with type 2 diabetes (T2DM) (Qu et al., 2017).  A number of clinical and animal studies have also examined the role of vitamin D in the pathogenesis of DPN and painful DPN. Although the findings have been inconsistent and occasionally contradictory, they have linked serum vitamin D levels with DPN (Soderstrom et al., 2012, Putz et al., 2014). The mechanisms that underpin the associations between vitamin D levels and DPN are not fully understood (Soderstrom et al., 2012, Putz et al., 2014). Vitamin D deficiency has also been linked to hypertension (Kunutsor et al., 2013, Forouhi et al., 2012) and dyslipidaemia (Jorde and Grimnes, 2011), and those cardiovascular factors have been implicated as independent risk factors for DPN (Tesfaye and Kempler, 2005). Nerve growth factor (NGF) as described above, is a target-derived protein which regulates the phenotype and sensitivity of nociceptor fibres, and its deficiency may lead to the development of clinical diabetic small-fibre neuropathy (Anand et al., 1996). A vitamin D3 derivative, induced NGF and prevented neurotrophic deficits in streptozotocin-diabetic rats (Riaz and Tomlinson, 1999). A recent study has shown positive correlation between vitamin D and serum NGF in subjects with type 1 diabetes and neuropathy (Ozuguz et al., 2016). A study in rodents reported deactivation of vitamin D by the CYP24A1 enzyme in the presence of glucotoxicity (Zhou et al., 2015). This may result in decreased vitamin D mediated NGF secretion, which in turn could lead to a predominantly small nerve-fibre neuropathy. Pain sensitivity associated with low vitamin D levels may also be directly mediated by its action on dorsal root ganglia and specifically small nerve-fibres (Filipovic et al., 2013).  Many of the studies reporting an association between low vitamin D levels and DPN did not differentiate subjects with painful and painless DPN or assess small-fibre function and morphology on skin biopsy. Moreover, studies did not evaluate major confounding factors including seasonal sunlight exposure and daily activity. Although the study findings so far have been inconsistent and occasionally contradictory, the above evidences support a possible link between vitamin D deficiency and painful DPN. Future prospective interventional trials may be needed to prove causality.
[bookmark: _Toc20]1.2.2.1d Sodium Channels

The raised electrical excitability in the peripheral nerves is thought to be the contributing factor for generating ectopic impulses (Bierhaus et al., 2012). The changes in neuronal voltage-gated sodium channels (VGSCs), which trigger, shape and propagate action potentials, might explain the increased excitability. They are integral membrane proteins and constitutes one large α-subunit and smaller auxiliary β-subunits. The α-subunit forms the voltage-sensitive and ion-selective pore that mediates voltage-dependent gating and conductance, and β-subunits modulate the kinetics and voltage dependence of channel gating and facilitate membrane localization of the complex. One particular VGSC, tetrodotoxin-resistant (TTXr) Nav1.8, is exclusively expressed in pain signalling neurons or nociceptors (Silos-santiago and Silos-Santiago, 2008). Nociceptors detect noxious stimuli and generate pain sensation by conveying signals to the CNS by means of action potentials. The fast upstroke of action potentials is mediated by voltage-gated sodium channels, of which nine pore-forming α-subunits (Nav1.1– 1.9) have been identified. The Nav1.7 and Nav1.8 subunits have emerged as key molecules involved in peripheral pain processing and in the development of increased pain sensitivity associated with inflammation and tissue injury (Lampert et al., 2010). 
Nav1.7 is encoded by the SCN9A gene that maps to chromosome 2q24. It is expressed in various neurons including dorsal root ganglion (DRG) neurons, sympathetic ganglion neurons, Schwann cells, neuroendocrine cells and IENF as per mouse model animal studies (Black et al., 2012) . Nav1.8 is encoded by the SCN10A gene that maps to chromosome 3p24.2-p22 and Nav1.9 is encoded by the SCN11A gene that maps to chromosome 3p24-p21. These Sodium channels could be targeted for a focused therapeutic approach especially considering different pain phenotypes seen in painful DPN. The PROPANE study that is currently being undertaken, is targeting sequencing of genes encoding these sodium channels to help us better understand the genetic basis for neuropathic pain and develop new focussed treatments. A recent observational study has also shown that rare NaV1.7 variants might  contribute to the development of painful DPN (Blesneac et al., 2018).
[bookmark: _Toc21]1.2.2.1e Potassium Channels 
Sodium channels generate action potentials in neurons and potassium channels control excitability and modulate neuronal hyper excitability. The recent drug retigabine is a potassium channel opener, acting on the channel KV7 M-current. Retigabine has shown to blunt pain behaviour in neuropathic rats (Blackburn-Munro and Jensen, 2003). Nodera et al. studied its effect on cisplatin treated mouse with peripheral neuropathy. Cisplatin is known to cause membrane depolarization and peripheral axon loss, which was partially prevented by retigabine pre-treatment (Nodera et al., 2011).
[bookmark: _Toc22]1.2.2.1f Voltage Gated Calcium Channels

The third channel apart from Na+ and K+, important in the peripheral pain processing is voltage gated Calcium channel. During neuropathy α2δ subunit of these channels in the central terminals of the peripheral nerve is up regulated. This, in turn, will favour the release of substance P and glutamate into the spinal cord. Gabapentin and pregabalin, widely used in the treatment of painful neuropathy, prevent trafficking of these subunits into nerve fibres (Bauer et al., 2009).
[bookmark: _Toc23]1.2.2.1g Sympathetic Sprouting
Chung et al. analysed sympathetic sprouting in dorsal root ganglion (DRG) and peripheral nerves in neuropathic rats. The numerical density of sympathetic fibres in the DRG of an injured spinal nerve root segment was significantly higher at 1, 4, and 20 weeks after neuropathic surgery as compared to the normal, suggesting that there is sprouting of sympathetic fibres in the DRG after peripheral nerve injury. After sympathectomy these sprouting fibres were completely abolished. There was also demonstrable change in the pain behaviour of neuropathic rats in the form of almost abolished mechanical allodynia and reduced cold allodynia to almost half. The data suggest that sympathetic innervation of the DRG may play an important role in the development and maintenance of sympathetically maintained neuropathic pain (Chung et al., 1996). Yen et al. studied sympathetic fibres and peptidergic nerve fibres in the hind paw of rats after chronic ligation injury to the sciatic nerve. They observed migration and branching of sympathetic fibres into the upper dermis of the hind paw skin, where they were normally absent. A dramatic increase in the density of peptidergic fibres in the upper dermis was also noted. They concluded that this novel fibre arrangement after nerve lesion might play an important role in the development and persistence of sympathetically maintained neuropathic pain after partial nerve lesions (Yen et al., 2006).
[bookmark: _Toc24]1.2.2.1h Transient Receptor Potential Cation Channel Vanilloid Type 1 (TRPV1)

The vanilloid receptor TRPV1 is a homotetrameric, non-selective cation channel abundantly expressed in nociceptors (c-fibres) (Wong and Gavva, 2009). The vanilloid TRPV1 receptor, present on primary afferent nerve fibres, is activated by noxious heat, low pH and endogenous vanilloids. Alteration in the function or distribution of TRPV1 receptors may play a vital role in pain induced by inflammation or neuropathy (Jhaveri et al., 2005). Administration of potent TRPV1 receptor antagonist iodoresiniferatoxin (IRTX) peripherally resulted in improvement in noxious heat (45 degrees C)-evoked responses of spinal wide dynamic range (WDR) neurons in naive, carrageenan-inflamed, sham-operated and L5/6 spinal nerve-ligated (SNL) anaesthetized rats in vivo (Jhaveri et al., 2005), supporting the role of peripheral TRPV1 receptors in noxious thermal transmission. Similarly, in streptozotocin treated diabetic rats, activation of the TRPV1 receptor results in preferential neuronal stress in large DRG neurons relatively early in DPN (Hong et al., 2008). TRPV1 mediated signalling in DRG neurons was shown upregulated in streptozotocin treated diabetes mice with hyperalgesia but down-regulated during hypoalgesia or in the normal state (Khomula et al., 2013). Enhanced expression and inflammation-induced sensitization of TRPV1 at the spinal cord level might be also playing a role in central sensitization (Bishnoi et al., 2011). Resiniferatoxin (RTX) binding, a measure of TRPV1 expression, is increased and decreased in DRG and paw skin of hyperalgesic and hypoalgesic mice, respectively. But these changes were not reproduced in TRPV1 deficient mice (Pabbidi et al., 2008). Human studies also found significant reduction in IENF and SENF for both PGP9.5 and TRPV1 in skin biopsies, even as early as six months apart (Narayanaswamy et al., 2012).  All these findings demonstrate the role of altered TRPV1 expression and function in diabetes-induced changes in thermal perception.
[bookmark: _Toc25]1.2.2.1i Methylglyoxal

Methylglyoxal is a highly reactive dicarbonyl metabolite of glucose (Thornalley, 2005).  Usually methylglyoxal is metabolised to D lactate by the enzyme glyoxalase 1 (GLO1) and GLO2. The suppression of alpha-oxoaldehyde-mediated glycation by glyoxalase1 is particularly important in diabetes and uraemia, where alpha-oxoaldehyde concentrations are increased. Decreased glyoxalase I activity in situ due to the aging process, and oxidative stress due to hyperglycaemia (Figure 1.1), can result in increased glycation and tissue damage (Thornalley, 2003). Peripheral nerves have low GLO1 activity and hence are highly vulnerable to methylglyoxal related toxicity (Jack et al., 2011). A recent study analysing the expression of GLO1 in various inbred mouse strains showed a negative correlation between GLO1 expression and mechanical hyperalgesia. This might imply that the balance between methylglyoxal and GLO1 might directly modulate pain perception (Jack et al., 2011)
TTXr Nav1.8 are voltage gated sodium channels, whose transcription and expression are decreased in diabetic rats but shows increased TTXr sodium currents (Hirade et al., 1999). These seemingly contradictory findings led to a hypothesis that post translational modifications in Nav1.8 by methylglyoxal could increase either voltage sensitivity or functional channel availability, causing the hyperexcitability that is responsible for diabetic hyperalgesia and spontaneous pain (Bierhaus et al., 2012). Bierhaus et al. suggested plasma concentration of methylglyoxal, in levels above 600nM might denote painful DPN (Bierhaus et al., 2012).
DRGs of mice treated with methylglyoxal from the plasma of diabetes patients showed reduced nerve conduction velocity, increased neurosecretion of calcitonin gene-related peptide, increased cyclooxygenase-2 (COX-2) expression and evoke thermal and mechanical hyperalgesia. This hyperalgesia was reflected by increased blood flow in brain regions that are involved in pain processing. They also found similar changes in streptozotocin-induced and genetic mouse models of diabetes but not in Nav1.8 knockout (Scn10−/−) mice (Bierhaus et al., 2012). These all point towards the role of methylglyoxal in peripheral pain processing through functional facilitation of Nav 1.8 channels. 
[bookmark: _Toc26]1.2.2.1j Poly (ADP-Ribose) Polymerase (PARP) Activity and Nitrotyrosine Abundance

There is also growing evidence to support the view that oxidative / nitrosative stress may be one of the key pathogenic mechanisms for the development of diabetic complications including DPN.  Activation of PARP1 enzyme cleaves Nicotinamide Adenine Dinucleotide (NAD+) to Nicotinamide and Poly ADP – ribose polymer. This results in NAD+ depletion and energy failure, alterations in gene transcription, translation and transduction, and ultimately cell apoptosis. Various animal studies have shown increased poly (ADP ribosyl)ation in peripheral nerves, the spinal cord and dorsal root ganglia (Ilnytska et al., 2006, Obrosova et al., 2008, Dieckmann et al., 2012). These studies also have shown positive responses with the use of PARP inhibitors such as 3-aminobenzamide (ABA), in mouse models with painful DPN (Obrosova et al., 2005). 
There is a close link between PARP activation and nitrosative stress, which is manifested by the accumulation of nitrotyrosine.  The superoxide anion radical reacts with nitric oxide to give a most potent oxidant, peroxynitrite. Even a small amount of peroxynitrite can cause multiple cytotoxic effects. There is emerging evidence linking DPN and nitrosative stress (Obrosova et al., 2007, Nangle et al., 2004) and nitrotyrosine levels appear to correlate directly with peroxynitrite related cell injury. Nitrotyrosine accumulation in endothelial and Schwann cells of the peripheral nerve, neurons, astrocytes, and oligodendrocytes of the spinal cord, and neurons and glial cells of the dorsal root ganglia in rat model of DPN has also been demonstrated (Drel et al., 2010).
[bookmark: _Toc27]1.2.2.2 Central Factors for Painful DPN
Central factors in painful DPN include central sensitisation, disarranged spinal inhibition, imbalance between supra-spinal facilitation & inhibition and increased thalamic vascularity. 
[bookmark: _Toc28]1.2.2.2a Central Sensitisation

Aδ and C fibres terminate primarily in the superficial laminae of the dorsal horn. Here the large majority of neurons are nociceptive specific (NS) in function. Some of these neurons gain low threshold inputs after neuropathy and these cells project predominantly to limbic brain areas such as the periaqueductal grey, lateral parabrachial nucleus, thalamus, nucleus tractus solitarius, and the medullary reticular formation (Tesfaye et al., 2013). Within deeper lamina V, neurons are wide-dynamic range (WDR), responding to both innocuous and noxious stimuli as shown in figure 1.2 below. 
[image: ]Figure 1.2 Representation of the central spinal and peripheral changes that accompany neuropathy (taken from (Tesfaye et al., 2013) ) 
Prolonged or massive stimulation of dorsal horn nociceptive neurons by C fibres can result in adaptive changes including increased spontaneous activity, expansion of receptive field and decreased threshold to further afferent inputs (Taylor, 2001). Peripheral nerve injury can therefore lead to a hyper-excitable state of dorsal horn neurons or “central sensitisation”. The duration and severity of this central sensitization depends on various factors. These include a) continuing primary afferent ectopic impulse generation, b) balance between local excitatory and inhibitory neurotransmission in spinal cord and c) descending supra spinal control.  Usually, this central sensitisation mechanism is a protective measure to prevent further damage. But when there is continued stimulation from the afferent nerve for e.g. neuropathy, can result in keeping the central sensitisation for a longer duration than is normally required. This is now believed to be the central mechanism of the chronicity of painful neuropathy (Djouhri et al., 2006).
[bookmark: _Toc29]1.2.2.2b Loss of Spinal Neuroinhibitory Transmission

The spinal endogenous inhibitory system plays key compensatory role in keeping central sensitisation under control. The spinal neuro-inhibitory mechanism works through numerous G protein–coupled receptors (μ- and δ-opioid, α2- adrenergic, purinergic A1, neuropeptide Y1 and Y2, cannabinoid CB1 and CB2, muscarinic M2, γ-amino- butyric acid type B, metabotropic glutamate type II-III and somatostatin) and perhaps nuclear receptors peroxisome proliferator–activated receptor gamma (Taylor, 2009) are also involved. When this compensatory mechanism is down regulated or defective, it can result in the perpetuation of neuropathic pain as shown in figure 1.3 below.
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Figure 1.3 Spinal Neuro-inhibition adapted from (Taylor, 2009) - Proposed sequence of events leading to: early spinal nociceptive transmission and pain and either normal resolution of pain following compensatory up regulation of inhibitory system (lower left box) or pathological development of neuropathic pain when compensatory mechanisms fail (lower right box). DH; Dorsal Horn
The spinal mechanisms also involve the actions of glutamate and substance P. They both activate N-methyl-D-aspartate (NMDA) receptor leading to wind up of dorsal horn neurons (Tesfaye et al., 2013). Ketamine works as an analgesic agent by blocking these NMDA receptors.
[bookmark: _Toc30]1.2.2.2c Role of Supra Spinal Facilitation and Inhibition

There are pain-facilitating neurons in the rostral ventral medulla (RVM). Carlson et al. studied the RVM after spinal nerve ligation, a model of neuropathic pain and found neuronal hypersensitivity in the RVM, which correlated with hypersensitive behavioural changes (Carlson et al., 2007). These findings support the role of supra spinal neurons in the peripheral pain facilitation. Once initiated, maintenance of nerve injury-induced central sensitization in the spinal dorsal horn requires descending pain facilitation mechanisms arising from the rostral ventromedial medulla (Vera-portocarrero et al., 2006). Neuropathic pain state also alters descending pain modulation from higher brain centres through the brainstem to the spinal cord. There is good evidence to support imbalance between prominent α(2)-adrenoceptor mediated inhibitory system and 5-HT(3) (and likely also 5-HT(2)) serotonin receptor-mediated excitatory controls originating from brainstem and midbrain areas (Bannister et al., 2009, Bee and Dickenson, 2009) in neuropathic pain states.
Tapentadol is a new pain medication, which stimulates mu-opioid receptors (MOR) and acts as a noradrenaline re-uptake inhibitor (NRI) in the CNS. Tapentadol dose-dependently reduced evoked responses of spinal dorsal horn neurons to a range of peripheral stimuli in spinal nerve ligated rats (Bee et al., 2011). They could almost reverse tapentadol’s effect by either using spinal application of the selective α(2)-adrenoceptor antagonist atipamezole, or alternatively the mu-opioid receptor antagonist naloxone. This supports the exclusive role of MOR–NRI in the spinal cord in pain mediation. Rahman et al. used 5HT2A antagonist (ritanserin and ketanserin) and agonist (2,5-Dimethoxy-4-iodoamphetamine hydrochloride - DOI) and showed 5HT2A agonists had similar antinociceptive effects, whereas the agonist, DOI, produced excitatory effects, on spinal neuronal activity. Their data also thus support the pronociceptive role of 5HT2 receptors (Rahman et al., 2011).
[bookmark: _Toc31]
1.2.2.2d Increased Thalamic Vascularity

Selvarajah et al. conducted magnetic resonance perfusion imaging of the thalamus and caudate nucleus in type 1-diabetes patients. They looked into microvascular perfusion characteristics including relative cerebral blood volume [rCBV], flow [rCBF], and transit time [ttFM]). They found significantly greater thalamic rCBV and the longest ttFM (s) in patients with painful DPN (Selvarajah et al., 2011).
[bookmark: _Toc32][bookmark: _Toc6093005] 1.3 Summary

There is increasing prevalence of diabetes across the world due in part to changing dietary habits and a sedentary life style. This has resulted in increasing incidence of micro-and macro-vascular complications, which has huge impact on physical, social, mental and financial wellbeing of diabetes patients. Studies have shown established neuropathy correlates well with the incidence of foot ulceration, amputation rates and even mortality. Hence there is need for early diagnosis of neuropathy, at a time when it is potentially treatable and reversible. New point-of-care neuropathy diagnostic devices could be extremely valuable in this clinical context.
Painful DPN is an incapacitating condition affecting both physical and mental health.  We also recognise there is a strong relationship between the severity of painful DPN and psychological wellbeing, which has a negative impact on the overall quality of life and sleep. Treatment options for painful symptoms are limited and only partially effective. Unfortunately, despite considerable research, the pathogenesis of painful DPN remains far from being completely understood. We do not know why some patients with DPN will develop painful symptoms and others with the same degree of neuropathy do not. Various previous studies, both in animal models and humans have produced inconsistent and sometimes non-reproducible results. The reasons for these inconsistent results could be many, but lack of careful standardised characterisation of the pain phenotype might be one. It is increasingly being recognised that there are various pain sub phenotypes and it might be important to delineate them before therapeutic trials.  The Pain in Neuropathy Study (PiNS), which was a cross-sectional observational study determining the somatosensory phenotype of painful and painless diabetic neuropathy identified this (Themistocleous et al., 2016). There is emerging evidence to support early involvement of central pain processing centres in painful DPN (Eaton et al., 2001, Selvarajah et al., 2008). Future advances in the neuroimaging modalities hopefully will help us to ascertain early changes more accurately and to develop strategies to prevent them.
Painful symptoms are mainly assessed by clinical history and with the occasional use of questionnaires. Although, this is sufficient to diagnose painful DPN in the majority of patients, these assessments are not robust enough for use in clinical trials of new therapeutic agents. Hence there is need for validated objective biomarkers which might also give us a better insight into the unique pain pathogenic mechanisms in DPN. This might provide us with more effective treatment options for painful DPN in the future.
In this project I have investigated a few potential aetiological factors behind painful DPN and also studied the potential involvement of some upcoming peripheral and central biomarkers.


[bookmark: _Toc33][bookmark: _Toc6093006]2 Aims and Hypotheses
1) To examine the role of vitamin D in Painful DPN. 
Rationale: Recent studies have linked vitamin D to DPN and painful DPN. However, almost all the studies did not assess potential confounding factors including sunlight exposure and daily activity. Moreover, study subjects were not well characterised and phenotyped. We have therefore designed a study that addresses these limitations.
Hypothesis 1
“Vitamin D will be reduced in painful DPN, even after adjusting for confounding factors including sunlight exposure and daily activity”. 
2) To investigate whether a panel of skin nerve and vascular markers could differentiate painful from painless DPN and could be used as potential biomarkers. 
Rationale: Painful-DPN can be severe in its impact, and yet the underlying pain mechanisms remain uncertain. The pathophysiology of painful-DPN is poorly understood, and there are no generally accepted disease modifying treatments. The mainstay of treatment is symptom control with pharmacotherapy, which has limited efficacy and often dose-limiting side effects. There is a clear need for advancing understanding of the underlying mechanisms and developing novel biomarkers. Our literature review has identified a few potential neural biomarkers including IENFD, Subepidermal Nerve Fibre Density (SENFD), peptidergic nerve fibres stained using calcitonin gene-related peptide (CGRP), nerve regeneration marker GAP 43 and vascular biomarker von Willebrand factor (vWF). We have examined these biomarkers in greater detail in well characterised and phenotyped diabetes subjects.

Hypothesis 2
“Carefully phenotyped subjects with painful DPN will have unique peripheral neural and vascular biomarkers, which could be used to differentiate painful from painless DPN”
3) To analyse alteration of central inhibitory neurotransmitter GABA and excitatory neurotransmitter glutamate (Glx) in painful DPN.
Rationale: There is now increasing evidence for early central nervous system involvement in painful DPN, afforded by advances in functional magnetic resonance imaging (fMRI) and other modalities such as MR spectroscopy. They allow us to noninvasively measure endogenous metabolites in specific regions in the brain involved in pain processing (e.g. the thalamus, anterior cingulate cortex and insula). There is evidence to support an imbalance of inhibitory and excitatory neurotransmitters in chronic painful conditions such as fibromyalgia, migraine and endometriosis. So far only one study has been performed in DPN which reported significantly increased Glx and reduced GABA in posterior insula in patients with painful DPN. However, this study had a small sample size and did not incorporate detailed neuropathy phenotyping. 
Hypothesis 3
“Painful and painless DPN will be characterised by differing levels of excitatory and inhibitory neurotransmitters in the thalamus”


[bookmark: _Toc34][bookmark: _Toc6093007]3 General Methods
[bookmark: _Toc35][bookmark: _Toc6093008]3.1 Study design and participants

Subjects with diabetes were recruited from the Sheffield Teaching Hospitals NHS Foundation Trust Diabetes Database and outpatient clinics.  All had type 2 diabetes (T2DM) diagnosed according to WHO criteria. Exclusion criteria included: non-diabetic neuropathies, history of alcohol consumption of more than 24 units a week, diabetic neuropathies other than DPN, neurological or other systemic disorders.  All participants gave written, informed consent before their participation in the study, which had prior Ethics Approval by the Sheffield Research Ethics Committee (Study Number STH15701). 
[bookmark: _Toc36][bookmark: _Toc6093009]3.2 Neuropathy assessment
All participants underwent: 1) evaluation of the Douleur Neuropathique-4 (DN4) questionnaire (Spallone et al., 2012) [and the Painful DPN group only also had Neuropathic Pain Symptom Inventory (NPSI) assessed], 2) Neuropathy Impairment Score Lower Limb [NIS(LL)] to assess clinical peripheral neurological status (Dyck et al., 2003), 3) Cardiac Autonomic Function Tests (CAFTs) using the O’Brien protocol (England et al., 2009), which included a total of five measurements [Heart rate variability (HRV) during supine rest, standing, deep breathing, valsalva manoeuvre and postural drop in blood pressure], 4) nerve conduction studies (NCS) of the sural, common peroneal and tibial nerves at a stable skin temperature of 310C and a room temperature of 240C, using a Medelec electrophysiological system (Synergy Oxford Instruments, Oxford, UK), and 5) detailed Quantitative Sensory Testing (QST) to assess large and small fibre function according to the German Research Network on Neuropathic Pain (DFNS) protocol (Pfau et al., 2012) utilising the Medoc TSA 2 Neurosensory analyser (Medoc Ltd., Ramat Yishai, Israel). The DFNS protocol includes seven tests measuring 13 parameters. This extended QST protocol assesses the function of various somatosensory modalities corresponding to specific receptors, peripheral nerve fibres and their central pathways (Rolke et al., 2006). Peripheral sudomotor function was assessed with measurement of foot Electrochemical Skin Conductance (ESC) using the SUDOSCAN (Casellini et al., 2013).
An overall Neuropathy Composite Score of NIS(LL)+7 was obtained by combining the NIS(LL) plus seven tests of nerve function (Dyck et al., 1997).  This is a validated, composite measure of neuropathy severity which has been used in epidemiological and population-based studies.  Based on these assessments and the DN4 questionnaire score, participants with T2DM were divided into three groups: 
1) No DPN; T2DM consisting of asymptomatic participants with normal clinical and neurophysiological assessments; 
2) Painless DPN; comprising of pain-free participants with distal symmetrical polyneuropathy (Dyck et al., 1997); 
3) Painful DPN; participants with painful neuropathic symptoms involving the feet and or legs in a distal symmetrical fashion together with evidence of peripheral neuropathy (Dyck et al., 1997).
[bookmark: _Toc37][bookmark: _Toc6093010]3.3 Skin Biopsy Procedure
Skin biopsy specimens were obtained from the distal calf (10cm above the lateral malleolus), in accord with the guidelines published by the European Federation of Neurological Societies (EFNS) on the use of skin biopsy in the diagnosis of peripheral neuropathy (Lauria et al., 2010a). The biopsy was fixed in fresh periodate-lysine-paraformaldehyde (2%) for 12 to 24 hours.  Tissue was then washed in 0.1 M phosphate buffer and stored for 2 to 3 days in 15% sucrose in 0.1 M phosphate buffer.  After embedding in O.C.T. (Fisher Scientific UK Ltd), the tissue was snap-frozen and stored at -80 ̊C.  15μm sections were cut with a freezing microtome for assessment of intra-epidermal (IENF) and sub-epidermal (SENF) nerve fibre density.  Sections were incubated overnight with primary antibodies to the structural nerve marker PGP9.5 (1: 40,000; Ultraclone, Isle of Wight, UK), detected using avidin–biotin peroxidase methods (ABC; Vector Laboratories, Peterborough, UK) giving black, positive immunostaining as previously described (Facer et al., 2000).  Tissue sections were counterstained for nuclei in 0.1% w/v aqueous neutral red.  Omission of primary antibodies and sequential dilution of antibodies gave appropriate results for specificity.  
IENF were counted along the length of four non-consecutive sections as described and validated in previous publications (Narayanaswamy et al., 2012). The length of epithelium in each counted section was measured using computerised microscopy software (Olympus ANALYSIS 5.0 Soft, Olympus UK, Southend, Essex, UK) and results expressed as fibres/mm length of section.  SENF were measured by image analysis where digital photomicrographs were captured via video link to an Olympus BX50 microscope with a depth of 200 μm below the basal epidermis (Narayanaswamy et al., 2012). The grey-shade detection threshold was set at a constant level to allow detection of positive immunostaining and the area of highlighted immunoreactivity was obtained as a percentage (% area) of the field scanned.  Images were captured (×40 objective magnification) along the entire length and the mean values were used for statistical analysis.  Quantification was performed by two independent blinded observers and there was no significant difference between observers.
[bookmark: _Toc38][bookmark: _Toc6093011]3.4 Statistical Analysis
All analyses were performed using the statistical package SPSS Version 24.0 (SPSS, IBM Corp, NY, USA).  Baseline characteristics were described as mean and standard deviations and percentages for categorical variables.  One-way analysis of variance (ANOVA) was used to compare mean of baseline characteristics and post hoc analysis to make comparisons between the group means.  We also examined the relationship between variables using Pearson’s correlation for parametric variables, and Spearman Rank correlation for non-parametric variables. 


[bookmark: _Toc39][bookmark: _Toc6093012]4 Reduced Vitamin D Level in Painful Diabetic Peripheral Neuropathy
[bookmark: _Toc6093013][bookmark: _Toc40]4.1 Introduction 
A recent meta-analysis of 6 observational studies found an association between serum vitamin D levels and DPN in subjects with type 2 diabetes (T2DM) (Lv et al., 2015).  A number of clinical and animal studies have also examined the role of vitamin D in the pathogenesis of DPN. Although the findings have been inconsistent and occasionally contradictory, they have linked serum vitamin D levels with DPN (Soderstrom et al., 2012, Putz et al., 2014). The mechanisms that underpin the associations between vitamin D levels and DPN are not fully understood (Soderstrom et al., 2012, Putz et al., 2014). Pain sensitivity associated with low vitamin D levels may be directly mediated by its action on the dorsal root ganglia and specifically small nerve fibres (Filipovic et al., 2013).  Vitamin D deficiency has also been linked to hypertension (Kunutsor et al., 2013), dysglycaemia (Forouhi et al., 2012) and dyslipidaemia (Jorde and Grimnes, 2011), that have been implicated as independent risk factors for DPN (Tesfaye et al., 2005).  
Many of the studies reporting an association between low vitamin D levels and DPN did not differentiate subjects with painful DPN and painless DPN or assess small fibre function and morphology on skin biopsy. Moreover, studies did not evaluate major confounding factors including seasonal sunlight exposure and daily activity. Vitamin D may have differing aetiological roles in painful and painless DPN subtypes and there is thus a clear rational for measuring vitamin D levels in carefully phenotyped subjects with DPN, whilst accounting for potential confounding factors. 
[bookmark: _Toc41][bookmark: _Toc6093014]4.2 Methods
[bookmark: _Toc42][bookmark: _Toc6093015]4.2.1 Study Design and Participants
Fifty-Nine white European participants, [Healthy Volunteers (subjects without diabetes, HV n=14), T2DM with no neuropathy (No DPN n=14), painless DPN (n=14) and painful DPN (n=17)] participated in this study.  Subjects with diabetes were recruited from the Sheffield Teaching Hospitals NHS Foundation Trust Diabetes Database and outpatient clinics between August/2013 and September/2014.  All had T2DM diagnosed according to WHO criteria. Exclusion criteria included: non-diabetic neuropathies, history of alcohol consumption of more than 24 units a week, diabetic neuropathies other than DPN, neurological or other systemic disorders.  Subjects on either maintenance or high dose vitamin D supplementation were excluded as were those using sunbeds. 
[bookmark: _Toc6093016]4.2.2 Neuropathy Assessment
Neuropathy assessment was done as described in detail in general method sub section 3.2. Based on these assessments and the DN4 questionnaire score, participants with T2DM were divided into three groups: 
1) No DPN; T2DM consisting of asymptomatic participants with normal clinical and neurophysiological assessments.
2) Painless DPN; comprising of pain-free participants with distal symmetrical polyneuropathy.
3) Painful DPN; participants with painful neuropathic symptoms involving the feet and or legs in a distal symmetrical fashion together with evidence of peripheral neuropathy.
[bookmark: _Toc6093017]4.2.3 Sunlight Exposure and Activity Measurement
All participants completed a validated sunlight exposure and activity questionnaire (Macdonald et al., 2008). This had been measured for each month over the preceding 12 months (Macdonald et al., 2008). The final sunlight exposure score was calculated based on: 1) which parts of the body were exposed as a percentage of total body surface area using the “rule of nine” (face 9%, plus hands 4%, plus arms 18%, plus legs 36%, plus some or all trunk 36%, and 2) duration of outdoor exposure (‘seldom’ 10 min, ‘occasionally’ 20 min and ‘often’ 80 min). 
[bookmark: _Toc43][bookmark: _Toc6093018]4.2.4 Vitamin D Assay
Vitamin D is a fat soluble steroid precursor that is mainly produced in skin by direct sunlight exposure. The two most important forms of vitamin D are cholecalciferol (D3) and ergocalciferol (D2). Human body cannot produce D2 but is ingested in fortified foods or supplements. Vitamin D is not biologically active and undergoes successive hydroxylation in liver and kidney to form active 1,25-dihydroxy vitamin D. The major storage form is 25-hydroxyvitamin D with levels approximately 1000-fold greater than the active 1,25 dihydroxy vitamin D. Hence 25-hydroxy vitamin D measurement is considered to be adequate to work out the overall vitamin D status.
We used an electrochemiluminescence binding assay for the quantitative determination of total serum 25(OH)D (Roche Diagnostics, USA).  Blood samples were collected only during summer months (July, August and September) to avoid seasonal variation in sunlight exposure. This assay technique has got 100% cross reactivity for 25-hydroxy vitamin D3 and 92% cross reactivity for 25-hydroxy vitamin D2. The inter-assay variability was 7.1% and intra-assay variability 5.2% at 50 nmol/L and 3.4% at 120 nmol/L.
[bookmark: _Toc44][bookmark: _Toc6093019]4.2.5 Skin Biopsy Procedure
Skin biopsy was done as described in detail in general method sub section section 3.3. 
[bookmark: _Toc45][bookmark: _Toc6093020]4.2.6 Statistical Analysis
Analysis of covariance (ANCOVA) was performed to examine differences in mean serum vitamin D levels between the study groups using sunlight exposure score, activity score, age and BMI as covariates. Direct logistic regression was performed, and odds ratio calculated to assess the impact of various independent factors on painful DPN.  We also examined the relationship between serum vitamin D levels and demographic variables, markers of DPN severity, pain severity, IENFD and autonomic function scores using Pearson’s correlation for parametric variables, and Spearman Rank correlation for non-parametric variables. 
[bookmark: _Toc6093021][bookmark: _Toc46]4.3 Results 
Table 4.1 summarises demographic details and study assessments performed for each group. DPN groups had higher body mass index (BMI, ANOVA p=0·02) and were older (p=0·009) compared to HV and No DPN groups. 
There were no significant differences in estimates of sunlight exposure (p=0·65) or outdoor activity between study groups (p=0·46; Table 4.1). The DPN groups had longer duration of diabetes but there was no significant difference in HbA1c between them (p=0·63). 



	  
Table 4.1 Demographic characteristics, sunlight exposure and activity scores of subjects (mean/SD)

	
	HV
	No DPN
	Painless
DPN
	Painful
DPN
	Post Hoc p Value Comparing Painful and Painless DPN


	n
	14
	14
	14
	17
	

	Age (years)
	52·1 (11·8)
	55·4 (8·2)
	63·2 (8·4)
	61·8 (9·7)
	0·70

	BMI (kg/m2)
	26·1 (4·6)
	30·1 (6·7)
	31·1 (5·5)
	32·8 (5·6)
	0·41

	Diabetes duration (years)

	-
	9·7 (10·6)
	14·4 (7·6)
	15·7 (9·7)
	0·70

	HbA1c (mmol/mol)
              (%)
	-
	62·5 (21·1)
7.9 (4.1)
	62·8 (6·7)
7.9 (2.8)
	67·5 (17·9)
8.3 (3.8)
	0·43

	Total Cholesterol (mmol/L)

	-
	4·4 (0·9)
	3·4 (0·4)
	4·2 (1·0)
	0·01

	Urine ACR (mg/mmol)

	-
	0·8 (0·6)
	7·1 (11·4)
	38·0 (87·7)
	0·14

	eGFR (mls/min/1.73m2)

	-
	79·5 (15·0)
	72·4 (21·0)
	66·1 (22·2)
	0·38

	MAP (mm of Hg)
	91·1 (12·8)
	101·49 (7·4)
	95 (11·0)
	102 (10·7)
	0·09

	Sunlight exposure score

	347·3 (176)
	305·1 (125·1)
	384·9 (149·6)
	389·2 (296·2)
	0·95

	Activity score
	10·3 (1·7)
	10·04 (2·1)
	10·0 (1·7)
	9·2 (2·4)
	0·31



Table 4.2 shows clinical, neurophysiological and skin biopsy data of the different groups. Neuropathy groups had significantly high NISLL+7 scores and very low IENFD (p<0·01) indicating well established DPN. QST parameters were abnormal in the neuropathy groups; however, cold detection threshold (CDT) was significantly lower in the painful compared to painless DPN group. Post-hoc analysis revealed no significant differences in mean neurophysiological measures between HV and No DPN, (p>0.05), except for SENFD, (p= <0.01). Significant differences in post-hoc analysis was between HV and No DPN with neuropathy groups (painless and painful DPN; p<0.01)
	
Table 4.2 Neuropathy parameters of study subjects [mean(SD)]

	
	HV
	No DPN
	Painless
DPN
	Painful
DPN
	Post Hoc p Value Comparing Painful and Painless DPN



	NISLL+7 score
	0·9 (1·3)
	1·5 (1·1)
	19 (18·6)
	25·5 (13·0)
	0·03

	DN4 score
	0 (0)
	0·21 (0·5)
	1·9 (0·8)
	5·8 (1·7)
	<0·01

	CDT (°C)
	28·3 (1·7)
	25·7 (2·8)
	20·6 (11·3)
	11·2 (10·3)
	<0·01

	WDT (°C)
	38·2 (3·4)
	39·3 (3·6)
	46·2 (3·3)
	47·0 (2·8)
	0.50

	TSL (°C)
	10·6 (5·7)
	15·7 (8·5)
	30·8 (12·1)
	38·5 (11·4)
	0.03

	IENFD (fibres/mm)
	5·7 (1.4)
	6·2 (3·1)
	0.85 (1.6)
	0·77 (1.7)
	0.91

	SENFD (% area)
	1·1 (0·5)
	1·9 (1·0)
	0·43 (0·6)
	0·16 (0·2)
	0.28

	O’Brien Autonomic Function Score


	0 (0)
	0.15 (0.55)
	1.3 (1.3)
	1.6 (2.2)
	0.50

	HRV With Deep Breath
	1.4 (0.09)
	1.4 (0.17)
	1.19 (0.07)
	1.19 (0.09)
	0.97



After adjusting for age, BMI, activity score and sunlight exposure, 25(OH)D levels (nmol/l) (SE) were significantly lower in painful DPN participants [34·9(5.8), HV 62.05(6·7), No DPN 49.6(6·1), painless DPN 53·1(6·2); ANCOVA p=0·03; Figure 4.1]. 
[image: image5.tif]Figure 4.1 Mean 25(OH)D (nmol/l) levels of groups with 95% confidence interval, showing significant reduction in 25(OH)D in the painful DPN group. ANOVA, p<0.001.
Pairwise comparisons revealed main group difference between painful DPN vs painless DPN (p=0·02) and painful DPN vs. HV (p = 0·002).  Direct logistic regression was performed to assess the impact of seven independent variables (age, BMI, sunlight exposure score, activity score, diabetes duration, mean arterial blood pressure and vitamin D level) on painful DPN. The full model containing all predictors was statistically significant [x2 (7, N = 40) = 17.3, p=0.01]. As shown in table 4.3, vitamin D was the only independent variable which made statistically significant contribution to the model with an inverted odds ratio of 1.11. This suggests that for each unit reduction in vitamin D the odds of painful DPN increased by a factor of 1.11.


	
Table 4.3 Logistic regression predicting likelihood of painful DPN


	
	B
	S.E
	Wald
	p
	Odds
Ratio

	Age
	.10
	.06
	2.8
	.09
	1.11

	BMI
	.02
	.06
	.13
	.70
	1.02

	Sunlight Exposure
	.002
	.002
	.66
	.41
	1.00

	Activity Score
	-.34
	.20
	2.7
	.10
	1.40

	Vitamin D
	-.05
	.02
	4.9
	.02
	1.11

	Diabetes Duration
	.08
	.05
	2.5
	.11
	1.08

	MAP
	.07
	.04
	2.9
	.08
	1.07

	Constant
	-11.18
	6.9
	2.6
	.10
	0.00

	BMI, body mass index; MAP, mean arterial blood pressure



There was also a significant negative correlation between serum 25(OH)D levels and pain scores (DN4; r=-0·30, p=0·02; Figure 4.2).  However, there was no significant correlation between 25(OH)D and nerve conduction studies (NCS), markers of large fibre neuropathy.  There were significant correlations between 25(OH)D and both cold detection threshold (r=0·39, p=0·02) and thermal sensory limen (r=-0·34, p=0·04).  There was a significant negative correlation between HbA1c and serum 25(OH)D levels (r=-0·36, p = 0·01). 
[image: image6.tif]
Figure 4.2 Nonparametric Correlation between pain score DN4 and vitamin D [25(OH)D] levels (nmol/l) showing significant negative correlation
Autonomic function test showed significant reduction in the total O’Brien score and HRV during deep breathing in the neuropathy groups but was reduced equally in both groups (Table 4.2). Hence pair wise comparison showed, there was no difference between painful DPN and painless DPN (Total O’Brien autonomic score; post hoc p=0.5 and HRV; p=0.97). There was positive correlation between HRV during deep breathing and vitamin D (r=0.29, p=0.03) but this was not prominent with total O’Brien score that includes five autonomic measurements (r=-0.26, p=0.052).
Both IENF and SENF were significantly lower in painful DPN and painless DPN groups compared to No DPN and HV groups (ANCOVA p<0·01; Table 4.2; Figure 4.3).  Due to well established DPN and hence severely reduced IENF counts, we were unable to perform correlation analyses for IENF, but correlations with SENF showed a significant positive correlation between SENF density and 25(OH)D levels (r=0·42, p=0·01). 
[image: image7.tif]Figure 4.3 Skin biopsy showing IENFD AND SENFD among four groups (A; HV, B; painful DPN, C; painless DPN, D; no DPN)
Skin biopsy showed comparable nerve fibres in healthy volunteer controls (HV, A) and type 2 diabetes without neuropathy (No DPN, D). Painful DPN (B) and painless DPN (C) groups had significant and comparable reduction in intra-epidermal (IENFD) and sub-epidermal nerve fibre density (SENFD).  Box chart E in figure 4.3 shows mean IENFD and box chart F shows mean SENFD based on immunoreactivity for PGP9·5 antibody, with 95% confidence interval. Figure E (IENFD) showed ANOVA, p<0.001; but post-hoc pairwise comparisons showed no group differences between painful DPN vs painless DPN (p=0·91) but both neuropathy groups (painful and painless DPN) had significant reduction in IENFD compared to HV (p = <0.001)). Figure F (SENFD) ANOVA, p<0.001 and post-hoc pairwise comparisons between Painful DPN vs Painless DPN (p=0·28) 
[bookmark: _Toc47][bookmark: _Toc6093022]4.3 Discussion
A number of recent studies have reported reduced vitamin D levels in DPN (Lv et al., 2015) although many of these did not assess major confounding factors including seasonal sunlight exposure and daily activity. In addition, most studies did not differentiate between painful DPN and painless DPN (Straube et al., 2010). There is some evidence, although not consistent, that vitamin D supplementation improves painful neuropathic symptoms (Basit et al., 2016), suggesting vitamin D may have a role in the pathogenesis of painful DPN.  0ur study was designed to address these limitations by: 1) careful characterisation and detailed phenotyping of DPN, using internationally recognised standards; 2) restricting the collection of vitamin D blood samples during the summer months (July to September); 3) quantifying sunlight exposure and activity levels, using validated questionnaires to estimate exposure to UV radiation, and 4) Examining the relationship of vitamin D with measures of small and large nerve fibre function using quantitative sensory testing (QST), skin biopsy and nerve conduction studies.
After adjusting for age, BMI, activity score and sunlight exposure, we demonstrated significantly lower serum 25(OH)D levels in participants with painful DPN compared to painless DPN, No DPN and HVs. In our study cohort with established DPN, comprehensive cardiac autonomic function testing showed equally reduced scores in both painful and painless DPN, without any statistically significant difference between those groups. Though there was no significant correlation between vitamin D and total O’Brien autonomic score, there was a trend towards this. The serum 25(OH)D levels were lowest in participants with the highest reported pain scores.  As pain and thermal perception are mediated by small sensory fibres, our findings suggest that vitamin D deficiency may have a role in the pathogenesis of small-fibre neuropathy particularly affecting nociceptors, contributing to the development of painful DPN.  This view is supported by the marked reduction of cold detection threshold, considered to be mediated by Aδ fibres, in the painful DPN group, and the significant correlation between vitamin D levels and cold detection threshold.  Further, there was a significant relationship between SENF density and vitamin D levels, but not nerve conduction studies (NCS).  The NCS, included in the NIS(LL)+7 test, are predominantly a measure of large nerve fibre function, whereas skin biopsy is considered to be the gold standard for diagnosing and assessing small fibre neuropathy.  
Vitamin D has an important role in promoting nerve growth factor (NGF) secretion. Nerve growth factor (NGF) is a target-derived protein which regulates the phenotype and sensitivity of nociceptor fibres, and its deficiency may lead to the development of clinical diabetic small fibre neuropathy (Anand et al., 1996). A vitamin D3 derivative, induced NGF and prevented neurotrophic deficits in streptozotocin-diabetic rats (Riaz and Tomlinson, 1999). A recent study has shown positive correlation between vitamin D and serum NGF in subjects with T1DM and neuropathy (Ozuguz et al., 2016). A study in rodents reported deactivation of vitamin D by the CYP24A1 enzyme in the presence of glucotoxicity (Zhou et al., 2015). This may result in decreased vitamin D mediated NGF secretion, which in turn could lead to a predominantly small nerve fibre neuropathy.  We evaluated the relationship between vitamin D and HbA1c and found a significant negative correlation, suggesting higher glucose load was associated with lower vitamin D levels.  This suggests a possible mechanistic link between diabetes, vitamin D and neuropathy.  The relationship between degeneration of nociceptor fibres and neuropathic pain is complex and future studies will need to examine this further; however, the disproportion between surviving nociceptor fibres and exposure to “relative excess” of NGF might contribute to neuropathic pain in DPN (Anand and Bley, 2011, Anand et al., 1996).
Limitations of the study include the relatively small cohort size and the cross-sectional design. To minimise the impact of sample size, we have carefully characterised and matched study participants in the different cohorts.  The only statistically significant difference between subgroups was higher body mass index (BMI) and age of participants in the Painful DPN cohort.  This was expected, as age, duration of diabetes and features of the metabolic syndrome are risk factors for DPN in T2DM (Ziegler et al., 1993).  To address this, we included BMI and age as covariates in the ANCOVA, and still found mean serum 25(OH)D levels were significantly lower in participants with painful DPN.  Another limitation is that our neuropathy cohort had advanced neuropathy with high NISLL+7 scores, and a few participants had absent IENFD and SENFD on distal calf skin biopsy; however, these participants were similar in number in the painful DPN and painless DPN groups. 
In conclusion, we have conducted a carefully designed study which included detailed clinical, neurophysiological and skin biopsy assessment of all participants, in order to accurately stratify the presence of peripheral neuropathy and neuropathic pain. We also quantified sunlight exposure and levels of outdoor physical activity, potentially important confounding factors which have not been examined in previous studies. Our study included groups of appropriately matched disease controls (T2DM with no DPN), and HVs. The findings suggest a role for vitamin D in painful DPN compared to painless DPN.  Further long term prospective cohort or interventional studies are required to examine causality i.e. if low serum vitamin D levels cause painful DPN, or if they are a risk factor/surrogate marker for the development of painful DPN. 





[bookmark: _Toc48][bookmark: _Toc6093023]5 Neural and Vascular Skin Biomarkers to Differentiate Painful from Painless Diabetic Neuropathy
[bookmark: _Toc49][bookmark: _Toc6093024]5.1 Introduction
Skin biopsy and quantification of intra-epidermal nerve fibre density (IENFD) using anti-protein gene product 9.5 (PGP9.5) antibodies is the gold-standard method to diagnose small fibre neuropathy (SFN) (Lauria et al., 2010b). Both animal and human studies have demonstrated a decrease in IENFD in DPN (Kennedy et al., 1996, Shun et al., 2004). However, there does not appear to be a difference in IENFD between painful- and painless-DPN (Sorensen et al., 2006a). Similarly, psychophysical tests such as Quantitative Sensory Testing (QST) of small nerve fibre function do not correlate with the presence of neuropathic pain (Sorensen et al., 2006b).  However, as expected, more severe small fibre sensory (nociceptor) dysfunction was found in patients with painful-DPN in recent cross-sectional studies (Themistocleous et al., 2016, Raputova et al., 2017). 
Several mechanisms may contribute to the development and persistence of chronic pain in DPN, and at different stages of the condition (Tesfaye et al., 2013, Anand et al., 1996).  The key neurotrophic factor, nerve growth factor (NGF) regulates the maintenance, regeneration and sensitivity of small sensory nerve fibres, and has been implicated in the pathogenesis of chronic pain in DPN (Anand et al., 1996). In accord, recent studies have reported the effect of NGF on pain and its signaling pathways in animal models of T2DM, involving the NGF receptor tropomyosin-receptor-kinase A (TrkA), and the NGF-dependent calcitonin gene-related peptide (CGRP) (Cheng et al., 2012, Cheng et al., 2009). Increased regenerating and dysmorphic cutaneous nerve fibres have been shown to be associated with painful DPN (Cheng et al., 2013, Bönhof et al., 2017). Peripheral nerve and skin haemodynamic factors, both structural and functional, have also been implicated in the pathogenesis of painful-DPN (Eaton et al., 2003, Tesfaye et al., 1996a, Quattrini et al., 2007). 
[bookmark: _Hlk4182009]In this study, we have analysed skin biopsies in carefully characterised cohorts. Our aim was to investigate whether a panel of skin nerve and vascular markers could differentiate painful from painless DPN.
[bookmark: _Toc50][bookmark: _Toc6093025]5.2 Methods
[bookmark: _Toc51][bookmark: _Toc6093026]5.2.1 Study Design and Participants
A total of eighty subjects [Healthy Volunteers (HV n=19); T2DM subjects without neuropathy (No-DPN, n=19); T2DM subjects with painless neuropathy (painless DPN, n=19), and T2DM subjects with painful neuropathy (painful DPN, n=23)] participated in this study. Adult patients were recruited from Sheffield Teaching Hospitals NHS Foundation Trust.  Exclusion criteria included: non-diabetic neuropathies, history of alcohol consumption of more than 24 units a week, diabetic neuropathies other than distal symmetrical polyneuropathy, peripheral vascular disease identified by an absence of foot pulses and confounding neurological or systemic disorders. The sample size required to complete this study has been based on a previous investigation with a similar design (Cheng et al., 2013). 
[bookmark: _Toc52][bookmark: _Toc6093027]5.2.2 Neuropathy Assessment
Neuropathy assessment was done as described in the general method sub section 3.2.
Based on these assessments and the DN4 questionnaire score, patients with T2DM were divided into three groups: 
1) No DPN; consisting of asymptomatic patients with normal clinical and neurophysiological assessments and an NRS pain score of 0; 
2) Painless DPN; comprising of pain-free patients (NRS score of 0) with distal symmetrical polyneuropathy; 
3) Painful DPN; patients with daily painful neuropathic symptoms for over 1 year (NRS>4) involving the feet and or legs in a distal symmetrical fashion together with evidence of neuropathy.
[bookmark: _Toc6093028]5.2.3 Skin Biopsy 
As described in general method sub section 3.3
[bookmark: _Toc6093029][bookmark: _Toc53]5.2.4 Immunohistochemistry 
The skin biopsy specimen was fixed for 12-18 hours in paraformaldehyde-lysine-periodate and cryoprotected overnight (15% sucrose in 0.1M Phosphate buffer) at 4°C, snap frozen in liquid nitrogen and cut into 15μm sections with a freezing microtome for assessment of intraepidermal (IENF) and subepidermal (SENF) nerve fibre density (30μm thickness for GAP-43 to increase the sensitivity of this marker in the epidermis). Sections were incubated overnight with primary antibodies to the structural nerve marker PGP9.5 (1:40,000; Ultraclone, Isle of Wight, UK), the marker of regenerating nerve fibres GAP-43 (1:80,000; Sigma-Aldrich, Dorset, UK), the sensory neuropeptide CGRP (1:2000; Novocastra Ltd, Newcastle Upon Tyne, UK) and to the vascular marker Von Willebrand Factor, vWF (1:10,000; Novocastra Laboratories, Milton Keynes, UK). They were then detected using avidin–biotin peroxidase methods (ABC; Vector Laboratories, Peterborough, UK) giving black, positive immunostaining as previously described (Facer et al., 2000, Narayanaswamy et al., 2012, Anand et al., 2017). Tissue sections were counterstained for nuclei in 0.1% w/v aqueous neutral red. Omission of primary antibodies and sequential dilution of antibodies gave appropriate results for specificity.
IENF were counted along the length of four non-consecutive sections. The length of epithelium in each counted section was measured using computerised microscopy software (Olympus ANALYSIS 5.0 Soft, Olympus UK, Southend, Essex, UK) and results expressed as fibres/mm length of section.  SENF were measured by image analysis where digital photomicrographs were captured via video link to an Olympus BX50 microscope with a depth of 200 μm below the basal epidermis. The grey-shade detection threshold was set at a constant level to allow detection of positive immunostaining and the area of highlighted immunoreactivity was obtained as a percentage (% area) of the field scanned. Images were captured (×40 objective magnification) along the entire length and the mean values were used for statistical analysis. Quantification was performed by two independent blinded observers and there was no significant difference between observers.
[bookmark: _Toc54][bookmark: _Toc6093030]5.2.5 Statistical Analysis
Statistical package SPSS Version 24.0 (SPSS, IBM Corp, NY, USA) was used for baseline data and GraphPad Prism version 5.0 for Windows (GraphPad Prism Software, San Diego, CA, USA) for skin biopsy data.  Baseline characteristics were described as mean and standard deviations for normally distributed variables, as median and interquartile range for variables with a skewed distribution, and percentages for categorical variables.  One-way analysis of variance (ANOVA) was used to compare mean of baseline characteristics. Skin biopsy data was analysed using Mann–Whitney U test and p < 0.05 (two-tailed) indicated significance. 
[bookmark: _Toc55][bookmark: _Toc6093031]5.3 Results
Table 5.1 summarises demographic details and study assessments performed for each group. The groups were matched for age and gender. The diabetes patient groups had higher body mass index (BMI, ANOVA p= <0·01) compared to HV. There was no statistically significant difference in duration of diabetes and HbA1c among the diabetes groups.  
	
Table 5.1 Demographic characteristics (mean/SD for normally distributed variables and median/interquartile range for nonparametric variables) of study subjects

	
	HV
	No DPN
	Painless DPN
	Painful DPN
	p Value
ANOVA

	n
	19
	19
	19
	23
	

	Age (years)
	55.1 (10.6)
	58.3 (8.6)
	60.8 (10.0)
	60.2 (10.2)
	0.27

	Gender (male %)
	47.3
	52.6
	68.0
	56.5
	0.61

	BMI (kg/m2)
	26.8 (4.2)
	31.5 (6.1)
	30.3 (5.2)
	33.7 (5.4)
	0.001

	Diabetes duration(years)*
	-
	8.0 (6.5)
	14.5 (16.2)
	13.0 (19.5)
	0.24

	HbA1c (mmol/mol)
	-
	63.3 (20.0)
	61.5 (8.0)
	66.9 (13.8)
	0.51

	Urine ACR (mg/mmol)*
	-
	0.8 (0.9)
	1.7 (7.2)
	4.6 (22.3)
	0.13

	eGFR(mls/min/1.73m2)
	-
	73 (13.9)
	68.1 (20.1)
	61.6 (19.6)
	0.30

	* non parametric values






Table 5.2 shows clinical, neurophysiological, quantitative sensory testing and skin biopsy data of the different groups. As expected, the DPN groups has significantly higher NISLL+7 scores compared to the No DPN (T2DM without neuropathy) and HV. The painful DPN group had higher NISLL+7 score compared to painless DPN group. This is in line with recent published data from Pain in Neuropathy Study (PiNS), which was a pain phenotyping study with a larger cohort of patients  and also found painful DPN group had higher neuropathy scores compared to painless DPN (Themistocleous et al., 2016).   The DN4 score and 24-hour numeric rating scale (NRS) pain score was significantly higher in the painful DPN group compared to all the other groups (p<0.01). Cooling detection threshold (CDT) was significantly lower in painful- compared to painless DPN (p<0.01). There were significant abnormalities in thermal sensory limen (TSL), foot ESC and warm detection threshold (WDT) in subjects with DPN (p<0.01) compared to no-DPN and HV, with no differences found between painful and painless DPN groups.

	
Table 5.2 Neuropathy parameters of study subjects [mean(SD)]

	
	HV
	No DPN
	Painless DPN
	Painful DPN
	p Value ANOVA

	NISLL+7 
	0.5 (0.8)
	1.4 (1.2)
	19.6 (7.6)
	28.9 (16.4)
	<0·01

	DN4 
	0
	0.1 (0.5)
	2.1 (0.8)
	5.9 (1.8)
	<0·01

	NRS Pain score
	7.06 (1.7)
	0
	0
	0
	<0.01

	CDT (°C)
	27.1 (3.2)
	25.0 (3.2)
	19.5 (10.6)
	11.2 (10.6)
	<0·01

	WDT (°C)
	39.3 (3.6)
	39.6 (3.5)
	46.4 (3.9)
	47.2 (3.0)
	<0·01

	TSL (°C)
	13.6 (7.2)
	17.09 (8.7)
	30.9 (12.0)
	37.9 (12.3)
	<0·01

	Feet ESC (S)
	80.7(7.6)
	70.5 (17.8)
	45.3 (24.5)
	50.3 (27.7)
	<0.01

	IENFD (fibres/mm)
	5.6 (1.3)
	5.3 (3.1)
	0.63 (1.4)
	0.82 (1.7)
	<0·01

	SENFD (% area)
	1.0 (0.4)
	1.6 (0.9)
	0.35 (0.6)
	0.14 (0.2)
	<0·01





[bookmark: _Toc56][bookmark: _Toc6093032]5.3.1 Intra-epidermal and Sub-epidermal Nerve Fibre Density
Figure 5.1 shows immunostaining for the pan-neuronal marker PGP9.5 in calf skin biopsies. Distal leg skin IENFD and SENFD were severely diminished in the DPN groups compared to HV, with no differences between painful- and painless DPN groups. IENFD and SENFD were not lower in the no-DPN group compared to the HV group.
[image: PGP figure 1 update diabetologia copy.jpg]
Fig. 5.1 (a) PGP9.5 immunoreactivity in calf skin from healthy volunteers, HV (b), painful diabetic peripheral neuropathy, painful DPN (c) painless diabetic peripheral neuropathy, painless DPN, and (d) diabetic patients without neuropathy, No DPN (e) Mean ± SEM of the PGP9.5 intra epithelial fibres (fibres/mm), (f) Image analysis of PGP9.5 sub epithelial counts (% immunoreactivity) in the same groups (HV: n=19, painful DPN: n=23, painless DPN: n=19, No DPN: n=18).
[bookmark: _Toc57][bookmark: _Toc6093033][bookmark: _Hlk4235109]5.3.2 Regenerating Nerve Fibres
[bookmark: _Hlk4169702]Figure 5.2 shows GAP43 IENFD was significantly reduced in both painful-DPN (0.06 ± 0.04, n=23, p=0.0026) and painless-DPN (0.01 ± 0.005, n= 19, p<0.001) groups, compared to the HV group (0.31 ± 0.09, n=19); this was not lower in the no-DPN group (0.69 ± 0.23, n=19, p=0.42). GAP43 SENFD was reduced in painful DPN (0.07 ± 0.03, n=23, p=0.002) and painless DPN (0.06 ± 0.03, n=19, p= 0.001) groups, compared to HV group (0.25 ± 0.06, n=19); this was not lower in the no DPN group (0.21 ± 0.03, n=19, p=0.88).  No statistical difference was demonstrated between painful- and painless DPN groups for GAP43 SENFD analysis. 
[image: gap figure 2 copy.jpg]

Fig 5.2 (a) GAP-43 immunoreactivity in calf skin from healthy volunteers, HV (b), painful diabetic peripheral neuropathy, painful DPN (c) painless diabetic neuropathy, painless DPN, and (d) diabetic patients without peripheral diabetic neuropathy, No DPN (e) Mean ± SEM of the GAP-43 intra epithelial fibres (fibres/mm), (f) Image analysis of GAP-43 sub epithelial counts (% immunoreactivity) in the same groups (HV: n=19, painful DPN: n=23, painless DPN: n=19, No DPN: n=18). 

[bookmark: _Toc58][bookmark: _Toc6093034]5.3.3 Peptidergic Nerve Fibres
Immunostaining for CGRP showed severely diminished or absent IENFD in most biopsies, and therefore only sub-epithelial fibres were analysed (Figure 5.3). SENFD of CGRP nerve fibres was reduced in both DPN groups, compared to the groups without DPN and HV. No statistical difference was demonstrated between painful and painless DPN groups for CGRP SENFD analyses.
[image: Cgrp figure 3 copy.jpg]
Fig 5.3 (a) CGRP immunoreactivity in calf skin from healthy volunteers, HV (b), painful diabetic peripheral neuropathy, painful DPN (c) painless diabetic neuropathy, painless DPN, and (d) diabetic patients without peripheral diabetic neuropathy, No DPN. (f) Image analysis of CGRP sub epithelial counts (% immunoreactivity) in the same groups (HV: n=19, painful DPN: n=23, painless DPN: n=19, No DPN: n=18).  Intra-epithelial fibres were absent or sparse in all groups. 
[bookmark: _Toc59][bookmark: _Toc6093035]5.3.4 Sub-epidermal Microvasculature
Immunostaining for the vascular marker vWF showed increased sub-epidermal vascular staining in all diabetes groups compared to the HV group (Figure 5.4).  This increase was significant in DM compared to HV, and particularly painful DPN (p<0.0001). 
[image: vwf sheffield diab paper fig 4 copy.jpg]
Fig 5.4 (a) vWF immunoreactivity in calf skin from healthy volunteers, HV (b), painful diabetic peripheral neuropathy, painful DPN (c) painless diabetic neuropathy, painless DPN, and (d) diabetic patients without peripheral diabetic neuropathy, No DPN. (e), image analysis of vWF sub epithelial endothelial staining (% immunoreactivity) in the same groups. (HV: n=12, painful DPN: n=15, painless DPN: n=18, No DPN: n=13).
Expressing the SENFD results as a ratio of PGP9.5 showed a significant reduction in painful DPN (p<0.001) and painless DPN (p=0.003) groups, but not in the no DPN group (p=0.72), compared to the HV group (Figure 5.5). There was no difference in the ratio between painful and painless DPN groups for PGP9.5 (p=0.3).  Similar statistical results were found with GAP-43.  However, as shown in figure 5.5 and figure 5.6, there was a significant reduction in the CGRP:vWF ratio in painful DPN when compared to painless DPN group (p=0.014); in addition, there was reduced CGRP:vWF SENF ratio in the painful DPN (p<0.001), painless DPN (p=0.005), and also no DPN group (p=0.023), compared to the HV group.
[image: E:\Sheffield\Diabetologia paper\diabetologia fig 5 update.tif]
Fig 5.5 (a), bar charts showing image analysis (mean ± SEM) of PGP9.5 SEF: vWF (b), GAP43 IEF: vWF and (c) CGRP SEF: vWF ratios (Control: n=12, P: n=15, NP: n=18, NDN: n=13) 
[image: E:\Sheffield\Diabetologia paper\diabetologia fig 6 v2 copy.jpg]
Fig 5.6 (a), bar charts showing image analysis (mean ± SEM) of the painful diabetic peripheral neuropathy (painful DPN) and painless diabetic neuropathy (painless DPN) for the various nerve markers PGP9.5 SEF: vWF, GAP43 IEF: vWF and CGRP SEF: vWF ratios (Control: n=12, P: n=15, NP: n=18, NDN: n=13).
[bookmark: _Toc60][bookmark: _Toc6093036]5.4 Discussion
[bookmark: _Hlk3918130]The pathogenesis of chronic pain in diabetic polyneuropathy is poorly understood, and current treatments provide sub-optimal pain relief. There is a need to further our understanding of pain mechanisms in painful DPN and enable the development of better treatments.  
In this study, the cohorts were characterized in depth and matched, using a battery of validated questionnaires and neurophysiological tests. The painful DPN group had a higher NIS (LL) +7 score compared to the painless DPN group, in accord with recent studies with larger numbers of such participants (Themistocleous et al., 2016).  We performed skin biopsies to investigate whether a range of neuronal and vascular mechanistic biomarkers may differentiate painful from painless DPN. We found that PGP9.5, CGRP and GAP-43 positive nerve fibres were significantly reduced in both the painful and painless DPN groups compared to HV, but not in the no DPN group. This was apparent for both IENFD and SENFD. There were no differences in IENFD between painful and painless DPN, as in several previous studies (Bönhof et al., 2017, Üçeyler et al., 2018, Themistocleous et al., 2016, Raputova et al., 2017). 
However, the novel finding of our study was an increase in the sub-epidermal vessels in all the diabetes groups, but particularly the painful DPN group; they were much higher in the painful DPN compared to the painless DPN group (p=0.0001).  Further, the ratio of CGRP:vWF in the sub-epidermis was significantly reduced in the painful compared to painless DPN group, indicating a relative excess of sub-epidermal microvessels to their associated sensory CGRP peptidergic nerve fibres (nociceptors) in painful DPN.
The mechanisms underlying neuropathic pain in diabetic polyneuropathy are complex and may vary with the duration and severity of the neuropathy (Tesfaye et al., 2013, Anand et al., 1996).   The NGF signaling pathway has been shown to be involved in chronic pain states and validated as a clinical target with novel pharmacotherapeutic agents (Mantyh et al., 2011). Endogenous skin-derived levels of NGF have been proposed to influence the presentation of length-dependent axonal DPN, including neuropathic sensory symptoms, although metabolic, vascular and other trophic mechanisms may contribute to its development (Anand et al., 1996, Anand, 2004). NGF is secreted by epidermal keratinocytes and smooth muscle of blood vessels in skin, and it was proposed that in painful DPN the fewer residual nerve fibres, exposed to relative excess of NGF, leads to their hypersensitivity and pain (Anand, 1995, Anand et al., 1996).  This may underlie the abnormal sensitization of unmyelinated cutaneous nociceptors, termed “irritable nociceptors”, described in patients with post-herpetic neuralgia (PHN) (Fields et al., 1998). In accord, our study demonstrated significantly increased microvessels, which secrete algogens including NGF, relative to their associated CGRP nociceptor density in painful-DPN.
GAP-43, the marker we used for regenerating nerve fibres in our study, plays an integral role in the growth of axon terminals, and GAP-43 positive nerve fibres have been shown to be reduced in DPN (Bönhof et al., 2017, Narayanaswamy et al., 2012). Recent cross-sectional studies have explored the role of IENFD GAP-43 in painful DPN (Cheng et al., 2013, Galosi et al., 2018). One study found the GAP-43:PGP9.5 ratio was reduced in DPN, but was greater in painful compared to painless DPN (Cheng et al., 2013). Another study reported IENFD and IENF length (IENFL) GAP-43:PGP9.5 ratio did not differ between neuropathy groups, but only the GAP-43:PGP9.5 IENFL was higher in painful compared to painless DPN (Bönhof et al., 2017). In another study, the ratio of GAP-43:PGP9.5 was higher in patients with ongoing burning pain (Galosi et al., 2018). Each of these three studies had group differences between painful and painless DPN, which could affect the regenerative capacity of the epidermal nerves. Our study found no difference in GAP-43 immunoreactivity between painful and painless DPN, in accord with another recent study (Scheytt et al., 2015). The IENFD was severely diminished in our study participants who had advanced DPN, which may be relevant for interpretation of our GAP-43 results in comparison with others, as IENF nerve regenerative responses are impaired in diabetes and particularly DPN (Polydefkis et al., 2004). 
Our study findings are in keeping with previous studies which have implicated alterations in peripheral nerve microcirculation as playing an important role in painful-DPN (Eaton et al., 2003, Tesfaye et al., 1996a, Quattrini et al., 2007). Patients with treatment induced neuropathy of diabetes, who often suffer severe neuropathic pain, have markedly abnormal epineurial vasculature, with an abundance of new blood vessels resembling proliferative retinopathy changes of the retina (Tesfaye et al., 1996a). Furthermore, increased sural nerve epineurial blood flow were found in subjects with painful-DPN (Eaton et al., 2003). Impairment of foot skin endothelium-related vasodilation and C-fiber-mediated vasoconstriction was found in subjects with painful DPN, suggesting that inappropriate local blood flow regulation may have a role in the pathogenesis of painful DPN (Quattrini et al., 2007). Additionally, two small studies have demonstrated efficacy of topical vasodilator therapy in painful DPN, suggesting that haemodynamic abnormalities may be a viable treatment target (Yuen et al., 2002, Rayman et al., 2003). A further study found progressive endothelial dysfunction, reduction in VEGF expression, and loss of intra-epidermal nerve fibers occurs in the foot skin of diabetic patients with increasing neuropathic severity (Quattrini et al., 2008). 
The underlying pathophysiological mechanisms resulting in elevated sub-epidermal micro-vessels in painful DPN are uncertain. Angiogenesis in the skin may occur in response to metabolic and vascular stressors, inducing increased dermal tissue hypoxia and new blood vessels, as we have reported in non-freezing cold injury (Trench Foot) (Anand et al., 2017). Future work is required to determine the underlying mechanisms resulting in the proliferation of new blood vessels in painful DPN, using angiogenic markers of new vessels including vascular endothelial growth factor (VEGF). The potential algogens secreted by blood vessels need to be quantified, in relation to the nociceptor IENFD and SENFD.  Additionally, studies of these mechanisms are indicated
for different durations and severity of DPN, and the effect of current treatments (Anand and Bley, 2011).  
Our study is the first to demonstrate increased dermal microvasculature in patients with painful DPN. These findings suggest that increased skin sub-epidermal vasculature, and its ratio to nociceptors, may differentiate painful from painless DPN. Increased small blood vessels following tissue hypoxemia, associated with disproportionate and abnormal sensory nerve fibres, may play an integral role in the development of neuropathic pain in advanced DPN. Further studies are required to explore the proposed mechanisms, which may lead to the development of new pain treatments. 









[bookmark: _Toc61][bookmark: _Toc6093037]6 Reduced Thalamic GABA in Patients with Painless Diabetic Peripheral Neuropathy: Relationship to Clinical, Neurophysiological and Skin Biopsy Measures
[bookmark: _Toc6093038][bookmark: _Toc62]6.1 Introduction 
There is now increasing evidence to support early CNS involvement in patients with DPN (Selvarajah et al., 2006, Selvarajah et al., 2014). Emerging MRI techniques such as proton MR spectroscopy (H-MRS) allow us to noninvasively measure endogenous metabolites in specific regions in the brain involved in pain processing (the thalamus, anterior cingulate cortex and insula) (Adam Andy, 2014). Using H-MRS we have previously demonstrated a reduction in N-acetyl aspartate:creatine ratio in the thalamus in patients with painless DPN but not in painful DPN (Selvarajah et al., 2008). The thalami play a key role in pain processing, modulating ascending nociceptive signals from the periphery before presenting them to the cerebral cortex (Basbaum et al., 2009). Our findings suggest that preservation of thalamic neuronal function maybe a prerequisite for the perception of pain in painful DPN. More recent studies have examined the role of central sensitisation in maintaining the chronicity of painful neuropathy (Djouhri et al., 2006) using H-MRS [e.g. migraine(Aguila et al., 2016), endometriosis(As-Sanie et al., 2016), spinal cord injury (SCI)(Widerström-Noga et al., 2013) and fibromyalgia(Harris et al., 2009)]. The main factor involved in maintaining central sensitization is thought to be the balance between excitatory neurotransmission facilitated by glutamate (Glx) and inhibitory neurotransmission facilitated by gamma amino butyric acid (GABA) (Latremoliere and Woolf, 2009). In Healthy Volunteers (HV) subjected to acute heat pain stimulation, Cleve et al. demonstrated increased Glx and decreased GABA in the anterior cingulate cortex (ACC), which is involved in the emotional/affective component of pain processing. More recently, H-MRS was used in clinical interventional trials in fibromyalgia and demonstrated that a reduction in pain intensity was reflected by a reduction in the excitatory neurotransmitter Glx levels within the posterior insula (Harris et al., 2013) and the ACC (Foerster et al., 2015).
Thus far only one study has been performed in DPN which reported significantly higher Glx and lower GABA in posterior insula in patients with painful DPN (Petrou et al., 2012). However, this study had a small sample size (n=7 painful DPN and n=7 HV) and did not involve detailed neuropathy phenotyping. 
Hence, the aim of this study was to examine the balance between thalamic Glx and GABA in subjects with painful DPN. We focused our attention on the thalamus, based on our previous H-MRS study which demonstrated abnormal thalamic neuronal dysfunction in patients with painless but not painful DPN. We hypothesize alteration in the excitatory and inhibitory neurotransmitters in the thalamus in subjects with DPN.
[bookmark: _Toc63][bookmark: _Toc6093039]6.2 Methods
[bookmark: _Toc64][bookmark: _Toc6093040]6.2.1 Subjects
Fifty-nine subjects, [HV (n=15), No DPN (n=15), Painless DPN (n=15) and Painful DPN (n=14)] participated in this study. Please see general methods sub section 3.1 for details on inclusion and exclusion criteria and the source of patient recruitments.
[bookmark: _Toc65][bookmark: _Toc6093041]6.2.2 Neuropathy Assessment
Neuropathy assessment was done as described in the general method sub section 3.2. Based on these assessments and the DN4 questionnaire score, subjects with T2DM were divided into three groups (No DPN, Painless DPN and Painful DPN) as described in the general methods section.
[bookmark: _Toc66][bookmark: _Toc6093042]6.2.3 Skin Biopsy Procedure
Skin biopsy procedure as explained in sub section 3.3. 
[bookmark: _Toc67][bookmark: _Toc6093043]6.2.4 MRS Protocol
1H-MRS at 3 Tesla static magnetic field strength was used (Ingenia 3.0T, Philips Healthcare, Best, NL) and prior to spectroscopy, a T1-weighted, 3-dimensional image dataset was obtained for spectroscopic voxel localisation (Figure 6.1) as well as radiological review. GABA is the main inhibitory neurotransmitter but is present in the brain in low concentrations (millimolar levels). However, it is possible to detect these metabolites with MRS by tailoring MRS techniques to isolate GABA alone from the whole spectra using spectral editing methods (Puts and Edden, 2011). A GABA signal at 3.0 ppm is usually ‘hidden’ or dominated by the creatine resonance (also at 3.0ppm). This GABA resonance is coupled to another GABA resonance at 1.9 ppm, unlike creatine. Using spectral editing techniques, it is possible to subtract the creatine signal and reveal the 3.0ppm GABA resonance. A MEscher–GArwood‐Point RESolved Spectroscopy (MEGA-PRESS) (Puts and Edden, 2011, Mescher et al., 1998) experiment optimized for ‘GABA+’ detection was performed with the following parameters: echo time = 68 ms (TE1 = 15 ms, TE2 = 53 ms); repetition time = 1.8 seconds; 256 transients of 2000 data points; spectral width = 2 kHz; frequency selective editing pulses (15 ms) applied at 1.9 ppm and 7.46 ppm (on/off, respectively) (Mikkelsen et al., 2017). The water signal was minimised using a chemical shift selective (CHESS) radiofrequency pulse.
[image: image14.tif]Figure 6.1 Region of Interest for MRS spectroscopy
As the thalamus is known to act as a sensory gateway within the brain, this region was chosen for spectroscopic investigation in the current study. Spectral data were obtained from a 1cm3 single voxel placed over the left thalamus. Care was taken to avoid/minimise inclusion of ventricular cerebrospinal fluid (CSF) within the spectroscopic voxel. 
Postprocessing of MRS Data
Spectroscopic post-acquisition data processing was performed using dedicated spectral edited processing software (Edden et al., 2014). Relative resonance areas from GABA and GLX resonances, relative to unsuppressed water were calculated and used for further statistical comparative analysis.
[bookmark: _Toc6093044][bookmark: _Toc68]6.2.5 Statistical Analysis 
All analyses were performed using the statistical package SPSS Version 21.0 (SPSS, IBM Corp, NY, USA). Baseline characteristics were described as means and standard deviations for normally distributed variables, as medians and 5th and 95th percentiles for variables with a skewed distribution and percentages for categorical variables. One-way analysis of variance (ANOVA) was used to compare means of baseline characteristics and least significant post hoc analysis to make comparisons between the group means. Analysis of covariance (ANCOVA) was performed to examine differences in mean GABA relative to H20 between the study groups using age and BMI as covariates. Potential relationships between GABA ratio levels and markers of DPN severity, pain severity and IENFD using Pearson’s correlation for parametric variables and Spearman Rank correlation for non-parametric variables were also examined. 
Initially GABA:H2O was compared between those with DPN (a summative group consisting of combined painless and painful group participants) and those without neuropathy (a summative group consisting of subjects with T2DM without neuropathy and healthy volunteers). 
Subjects with painful DPN were also divided into low pain (<8) and high pain (> 8) based on the 0-10 numeric rating scale and an analysis of H-MRS outcomes was performed.  
[bookmark: _Toc69][bookmark: _Toc6093045]6.3 Results
Patients with DPN (painful and painless) had higher body mass index (BMI, ANOVA p=0•03) but were age matched (Age, ANOVA p=0.39) compared to HV and subjects with No DPN (Table 6.1). There was no significant difference in HbA1c between the groups (p=0.20).
	
Table 6.1 Demographic and baseline study characteristics of the subjects (mean/SD)

	
	Painful DPN
	Painless
DPN
	No DPN
	HV
	ANOVA p Value

	n
	14
	15
	15
	15
	

	Age (years)
	59.5 (6.6)
	59.2 (10.1)
	56.9 (6.5)
	54.7 (9.9)
	0.39

	BMI (kg/m2)
	33.4 (5.9)
	29.9 (4.6)
	31.5 (6.5)
	27.5 (4.6)
	0.03

	Diabetes duration (years)

	16.7 (10.1)
	13.1(8.7)
	7.6 (3.3)
	-
	0.01

	HbA1c (mmol/mol)
	72.4 (14.7)
	61.8 (8.6)
	63.9 (21.3)
	-
	0.2

	Total Cholesterol (mmol/L)
	4.2 (1.0)
	3.4 (0.4)
	4.4 (0.9)
	-
	0.009

	Urine ACR (mg/mmol)
	44.3 (96.8)
	5.8 (11.7)
	0.81 ()
	-
	0.13

	eGFR (mls/min/1.73m2)
	51.0 (36.9)
	44.4 (34.7)
	35.0(39.2)
	-
	0.52




Table 6.2 shows clinical, neurophysiological and skin biopsy data of the different groups. Neuropathy groups had significantly high NISLL+7 scores and very low IENFD (ANOVA p=<0.01) indicating well established DPN. This was also reflected in nerve conduction parameters.  QST parameters were abnormal in the neuropathy groups; however, cold detection threshold (CDT) was significantly lower in the Painful compared to Painless DPN group (ANOVA p=<0.01). As expected, the Painful DPN group had highest Pain Catastrophizing Scale and significantly higher depression and anxiety scores.

	
Table 6.2 Neuropathy parameters of study subjects together with GABA and Glx results [mean (SD)]

	
	Painful DPN
	Painless
DPN
	No DPN
	HV
	ANOVA p Value

	NISLL+7
	29.4 (11.1)
	19.9 (6.3)
	1.6 (1.2)
	0.5 (0.8)
	<0.01

	Sural Nerve Amplitude (V)
	1.5 (2.5)
	1.6 (2.8)
	13.0 (5.6)
	16.1 (7.4)
	<0.01

	CPN Velocity (m/sec)
	13.7 (19.7)
	34.3 (10.3)
	42.8 (4.2)
	46.6 (4.3)
	<0.01

	CPN Latency (ms)
	7.8 (3.8)
	6.1 (1.8)
	5.2 (1.2)
	4.6 (0.4)
	<0.01

	IENFD (fibres/mm)
	0.36 (1.2)
	0.61 (1.4)
	5.4 (2.9)
	5.4 (1.3)
	<0.01

	SENFD (% area)
	0.12(0.2)
	0.38 (0.6)
	1.6(0.9)
	1.0 (0.4)
	<0.01

	CDT (°C)
	10.4 (10.2)
	20.8 (10.2)
	25.7 (2.6)
	26.7 (3.3)
	<0.01

	WDT (°C)
	46.4 (2.9)
	46.2 (4.1)
	38.9 (3.3)
	39.6 (3.9)
	<0.01

	VDT (°C)
	3.1 (2.4)
	4.1 (1.9)
	7.1 (0.9)
	7.1 (0.6)
	<0.01

	HPT (°C)
	49.5 (0.7)
	48.3 (2.6)
	45.3 (2.4)
	45.8 (2.2)
	<0.01

	CPT(°C)
	2.3 (5.2)
	5.8 (8.5)
	11.4 (7.2)
	8.1 (6.9)
	0.06

	PPT (°C)
	648 (317)
	503 (183)
	478 (83)
	499 (80)
	0.07

	HADS
	19.0 (7.5)
	4.7 (2.3)
	11.6 (7.8)
	6.3 (4.4)
	<0.01

	Anxiety Subset
	9.4 (3.9)
	2.6 (1.7)
	7.0 (4.5)
	4.3 (3.2)
	<0.01

	Depression Subset
	9.6 (4.0)
	1.7 (1.4)
	4.6 (3.6)
	2.4 (2.6)
	<0.01

	PCS
	21.2 (16.3)
	5.3 (9.3)
	11.2 (10.5)
	3.5 95.3)
	<0.01

	SF36 QOL Score
	97.0 (5.6)
	100.8 (6.6)
	98.5 (20.8)
	101.9 (5.8)
	0.74

	GABA/H2O
	1.60 (0.3)
	1.47 (0.2)
	1.83 (0.3)
	1.75 (0.2)
	<0.01

	Glx/H20
	1.26 (0.2)
	1.36 (0.1)
	1.34 (0.2)
	1.44 (0.3)
	0.28

	Glx/GABA
	0.81 (0.2)
	0.94(0.1)
	0.74 (0.1)
	0.84 (0.2)
	0.08

	GABA/H2O; GABA relative to water, Glx/H20; glutamate relative to water, Glx/GABA; Glutamate to GABA ratio



Post-hoc analysis for neurophysiological measures revealed Painful DPN had significantly higher NISLL+7 (p=<0.01) compared to Painless DPN but had equally reduced IENFD (p=0.72) and SENFD (p=0.29) with no significant differences between them. 
The combined DPN group (painful and painless DPN) had a significantly lower GABA: H2O ratio compared to that of the no DPN group (HV and No DPN) (1.53(0.2) vs 1.79(0.3); ANCOVA p=<0.01 (Figure 6.2).
[image: image15.tif]Figure 6.2 Mean Thalamic GABA/H20 between DPN (painful and painless DPN) and No DPN (HV and T2DM No DPN) Groups
Next, we examined the four constituent groups (HV, No DPN, Painless DPN and Painful DPN) and found that patients with painless DPN had significantly lower GABA:H20 compared to the means of the other groups (Table 6.2, Figure 6.3). Subsequent post-hoc analysis showed GABA:H2O in painless DPN was significantly lower compared to HV (p= 0.01) and No DPN (p= <0.01). There was no significant difference between painful and painless DPN (p=0.22)
[image: image16.tif]Figure 6.3 Mean Thalamic GABA/H20 between All Four Groups

There was a significant negative correlation between NISLL+7 and GABA/H2O ratio (r=-0.321; p=0.03), suggesting patients with higher NISLL score or more severe neuropathy had lower GABA score (Figure 6.4)


[image: image17.tif]Figure 6.4 Spearman’s Correlation between GABA/H2O and Neuropathy Composite Score NISLL+7 r= -0.321; p=0.03

Significant correlations were also found between thalamic GABA:H20 and IENFD (r=0.36; p=0.004), Vibration Detection Threshold (r=0.332; p=0.01), Warm Detection Threshold (r=-0.338; p=0.005) but not with Cold Detection Threshold and the other peripheral neuronal markers (Table 6.2). 
Mean Glx:H2O and Glx/GABA ratios were not statistically significant between study groups especially between painful DPN and Painless DPN. Further exploratory analysis focused on the painful DN group divided into high pain and low pain also did not reveal any significant difference in any of the above H-MRS parameters. 
Painful DPN group had evidence of greater emotional distress (HADs) and as expected abnormal pain behaviours (PCS) (Table 6.2; ANOVA; p=<0.01). There was, however, no significant impairment in quality of life compared to the other study cohorts (p=0.74). Painful DPN had highest depression (p=<0.01) and anxiety subset (p=<0.01) scores especially when compared to painless DPN on post hoc analysis (Table 6.2). There was significant negative correlation for Glx:H2O to HADs (r=-0.29; p=0.03 ); especially to depression subset (r=-0.28; p=0.04)  but not to anxiety subset (p=0.09).There was no correlation of GABA to total HADs, depression subset or Anxiety subset scores.
[bookmark: _Toc70][bookmark: _Toc6093046]6.4 Discussion
Using H-MRS we have examined alterations in the excitatory and inhibitory neurotransmitters within the thalamus in well characterised patients with DPN. We demonstrated a reduction in thalamic GABA:H2O in patients with established DPN (painful and painless DPN). Subjects with painless DPN had the lowest mean GABA:H2O compared to the other study cohorts. Furthermore, there were significant correlations between GABA:H2O and measures of both large and small fibre function.
In this study, our diabetes subgroups were matched for age, BMI and Hba1c; however, patients with established DPN (painful and painless DPN) had significantly longer duration of diabetes. Subjects with painful DPN had greater neuropathy composite score compared to those with painless DPN. This suggests that our cohort of painful DPN subjects had greater impairment of both small and large peripheral nerve fibres. This was confirmed by reduction in IENFD and SENFD. Furthermore, patients with painful DPN had evidence of greater emotional distress (HADs) and abnormal pain behaviors (PCS). There was also significant negative correlation between HADS depression score and Glx:H20 but not between GABA level. There was, however, no significant impairment in quality of life compared to the other study cohorts. 
GABA and Glx are the main inhibitory and excitatory neurotransmitters in the central nervous system. Numerous previous animal and human studies have suggested that the balance between these two neurotransmitters plays an important role in the chronic pain condition (Cleve et al., 2015, Cleve et al., 2017, Pereira and Goudet, 2018, Watson, 2016). By far the largest population of patients (n=482) that have been studied are those with fibromyalgia (Pyke et al., 2017, Fayed et al., 2010, Valdés et al., 2010)and these studies have focused their attention on the insula cortex and found raised Glx. In this study, we chose to focus on the thalamus as we have previously demonstrated abnormal thalamic neuronal dysfunction in subjects with painless neuropathy. Furthermore, the thalamus is also an important sensory gateway to the cerebral cortex. 
 Our study has demonstrated lower relative levels of the ‘H-MRS-visible’ inhibitory neurotransmitter GABA in the thalamus of patients with painless DPN. Reduction in neurotransmitter GABA ratio in painless DPN could reflect a decrease in the number of neurons and/or reduction in neuronal function. This was demonstrated by our previous publication which showed there was a reduction in thalamic NAA in painless but not in painful DPN subjects (Selvarajah et al., 2008). We hypothesise that in painful DPN there is constant activation of higher pain centres by neurons passing through second order neurons in thalamus and hence higher number of active neurons in thalamus. This is reflected in H-MRS detectable higher NAA and GABA in painful DPN. Conversely, in painless DPN, due to a lack of afferent input, there is a loss of neuronal function resulting in reduction in NAA and GABA. This is in keeping with the known phenomenon of central sensitisation that plays a key role in maintaining chronicity of neuropathic pain. Repeated peripheral nerve injury results in central sensitisation within the spinal cord. Higher cortical centres attempt to attenuate this response by increasing descending inhibitory neurotransmission and if this is successful results in a reduction in pain perception (Figure 6.5). However, if this descending inhibitory system is defective, central sensitisation is unchecked resulting in chronic pain. Therefore, we hypothesize that in painless DPN, where there are no ascending nociceptive inputs, thalamic GABA levels are reduced. Furthermore, higher GABA in painful DPN could be explained as a failed compensatory response of descending inhibitory neurotransmission.
[image: ]
Figure 6.5 Spinal Neuroinhibition adapted from (Taylor, 2009) - Proposed sequence of events leading to: early spinal nociceptive transmission and either normal resolution of pain following compensatory up regulation of inhibitory system (lower left box) or pathological development of neuropathic pain when compensatory mechanisms fail (lower right box).

In contrary to previous published data (Petrou et al., 2012), we failed to report any significant difference in Glx:H2O or Glx/GABA ratios between the groups. The main difference between the two studies was that our patient cohort had more severe neuropathy as evidenced by high NISLL+7 score and very low IENFD. Hence, in early painful DPN phase there might be higher excitatory neurotransmission which diminishes as neuropathy advances. A larger prospective trial in future might provide better insight in this respect. Another possible explanation is high prevalence of emotional burden in our painful DPN subgroup as evidenced by higher HADs and depression subset score. Previous studies in major depression and bipolar disorder has shown lower Glx in dorsolateral prefrontal cortex (Yildiz-Yesiloglu and Ankerst, 2006) and other prefrontal cortical (PFC) areas such as the dorso-medial and dorso-anterolateral PFC (Hasler et al., 2007) and anterior cingulate cortex (ACC) (Auer et al., 2000). Our data also showed reduced Glx and Glx/GABA ratio in painful DPN and Glx had significant negative correlation to total HADs and depression subset score. It is well known that effective treatment of depression can improve chronic pain outcome also (Teh et al., 2010). Depression and chronic pain often have similar neurobiological changes in common higher centres in brain. Chronic pain can result in anatomical and functional changes in insular cortex which is involved in pain processing and affective disorders (Lu et al., 2016). In future using this objective H+ MRS method, we might be able to identify these patients early and provide effective early treatment for depression and subsequently leading to better pain control also. It might be also possible to subjectively monitor effectiveness of treatment by monitoring ‘H-MRS-visible’ inhibitory neurotransmitter GABA and excitatory neurotransmitter Glx. 
Finally, this study, containing a well-characterised cohort of DPN patients demonstrates lower levels of the ‘H-MRS-visible’ inhibitory neurotransmitter GABA ratio in the thalamus of patients with painless DPN. A further understanding of the cerebral neuronal excitatory/inhibitory balance inferred from H-MRS may help determine the mechanistic basis of pain perception in DPN. Future studies with this non-invasive technique might support its role in predicting patients who might show improved response to treatments.
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Despite considerable research the pathogenesis of painful DPN remains far from being completely understood. Various previous studies both in the animal models and humans produced inconsistent and non-reproducible results. The reasons for these inconsistent results could be many, but lack of careful characterisation of the pain phenotype and lack of objective biomarkers could be possible explanation.  We have made every attempt in our above studies to carefully phenotype our subject groups and analyse both peripheral and central potential biomarkers in painful DPN.
In Chapter 4, we have studied the role of vitamin D in painful DPN. Previous both animal and human studies have supported, role of vitamin D in the pathogenesis of DPN. But results were not always consistent and also failed to account for main confounding factors including sunlight exposure and general physical activity. Even after adjusting for these confounding factors, we have demonstrated significantly lower serum 25(OH)D levels in patients with painful DPN compared to patients with painless DPN, no DPN and HVs. Previous mouse and human studies in diabetes have hypothesised role of vitamin D in NGF secretion. There was marked reduction of cold detection threshold and SENFD in the painful DPN group in our study and these markers had significant correlation with vitamin D levels.  Hence our study data also support, NGF mediated small fibre neuropathy in vitamin D deficiency. Diabetic mouse models have also shown, vitamin D can be deactivated by CYP24A1 enzyme in the presence of glucotoxicity. In our study cohort also, there was significant negative correlation between vitamin D and HbA1c, suggesting higher glucose load was associated with lower vitamin D levels, which in turn might lead to small fibre neuropathy and painful DPN. 
In chapter 5, we have studied a panel of peripheral neural and vascular biomarkers to differentiate painless from painful DPN. We measured IENFD AND SENFD using PGP 9.5 antibody, regenerating nerve fibres using GAP 43, peptidergic nerve fibres with neuropeptide CGRP, and the dermal blood vessels with vascular biomarker vWF. Recent works have implicated peripheral neural biomarkers such as the peptidergic nerve-fibre expressing Trk A receptor, CGRP and substance P and the nerve regeneration marker, GAP-43 in painful DPN. Vascular, haemodynamic factors have also been implicated in the pathogenesis of painful DPN and hence we decided to look into dermal vasculature using vWF as a vascular marker. As expected, our cohort with advanced neuropathy had equally reduced IENFD and SENFD in both painful and painless DPN. In contrary to previous published data, we found no difference in CGRP and GAP-43 between painful and painless DPN. However, the most important result of this study was our finding of dermal microvascular proliferation in painful DPN. In contrast to cutaneous neuronal markers, there was an increase in endothelial expression of vWF in all diabetes groups and was strikingly marked in the Painful DPN group when compared to all the other groups. Our further analysis comparing relative expression of these neural markers to vascular marker vWF in painful and painless DPN showed CGRP to vWF relative expression was lower in painful DPN. This suggests a relatively higher blood vessel to peptidergic nerve fibre ratio in painful DPN compared to painless DPN and may be used as potential biomarker for painful DPN as well as being a potential target for future treatments. Hence, we hypothesize that increased blood vessel proliferation following tissue ischaemia and in association with disproportionate levels of abnormal nerve fibres with irritable nociceptors may lead to so called “painful vaso-neuropathy".
In chapter 6, we have looked into the central neurotransmitters, GABA and Glx, using H-MR spectroscopy. There is now ample evidence to suggest an early central nervous system involvement in painful DPN. Our own unit had shown spinal cord atrophy even early in subclinical DPN; perfusion studies have shown increased thalamic vascularity in painful DPN; H-MR spectroscopy showed reduced thalamic NAA in DPN which is marker of neuronal loss; and volumetric studies showed reduction in peripheral grey matter volume in both painful and painless DPN. Central sensitisation plays a key role in maintaining the chronicity of pain, which is mediated through an imbalance between the inhibitory neurotransmitter, GABA and the excitatory neurotransmitter, Glx. The only published diabetes study on GABA and Glx had shown increased Glx and reduced GABA in the insula of subjects with painful DPN. But this study compared painful DPN and HV with only 7 subjects in each group. Hence, we decided to perform a larger study with carefully phenotyped study groups. We measured GABA and Glx in thalamus, the sensory gateway to higher pain centres. Our results showed the combined painful and painless DPN neuropathy groups had a relative GABA:H2O level significantly lower when compared to no-neuropathy groups consisting of HV and No-DPN subgroups. When these were split into four groups (HV, No-DPN, painful DPN, painless DPN) the painless DPN had a significantly lower GABA:H20 compared to the other groups and the GABA score correlated negatively with the NISLL+7 composite neuropathy score.  However, there was no statistically significant difference of GABA:H2O between painful and painless DPN groups. Mean Glx:H2O and Glx/GABA ratios were not statistically significant between study groups especially between painful DPN and painless DPN in contrary to previous published data. This might be due to the advanced neuropathy status of our DPN study cohorts, and possibly due to the high emotional burden our painful DPN group as evidenced by the high mean HADS score. This is in keeping with previous MRS studies which have shown reduced Glx in patients with severe depression and bipolar disorders (Hasler et al., 2007, Auer et al., 2000).
[bookmark: _Toc72][bookmark: _Toc6093048]7.1 Limitations of the Study and Future studies
The main limitation of the above studies was the relatively small cohort sizes of the study groups and the cross-sectional design which limits the determination of causality in our findings.  Nevertheless, all our patient groups were carefully characterised and well matched. 
In the Vitamin D study, the only statistically significant difference between subgroups was higher body mass index (BMI) and the age of patients in the Painful DPN cohort.  Hence, we included BMI and age as covariates in the ANCOVA, and still found mean serum 25(OH)D levels were significantly lower in patients with Painful DPN. Another limitation is the advanced neuropathy our DPN cohorts as evidenced by the high NISLL+7 scores. This resulted in absent or significantly reduced IENF on distal calf skin biopsy, and we had to rely on SENFD for the assessment of small fibre function and correlations. 
The main limitation of skin biopsy study with neural and vascular biomarkers was again the cross sectional design and hence the difficult to prove causality. Prospective studies would be required to determine causality. The main positive result from this study was with the use of the vascular biomarker, vWF. However, VWF is a general endothelial marker and hence is difficult to confirm whether the increased vascular expression in the dermis of subjects with painful DPN represents new vessel formation unequivocally, as in proliferative diabetic retinopathy. Staining with VEGF would be necessary to confirm our findings.
With H-MRS study, in contrary to previous published data our results showed no difference in the excitatory neurotransmitter, Glx and Glx/GABA ratio, particularly between painful and painless DPN. This might be because of the advanced neuropathy our DPN groups, and also possibly due to the increased emotional burden of the painful DPN group as evidenced by the high mean HADS score. Previous H-MRS studies in chronic pain conditions mainly focused on the insula as region of interest.  We did not examine this region in order to minimise the total time spent by subjects in the MR scanner.
[bookmark: _Toc6093049][bookmark: _Toc73]7.2 Future Prospects 
To prove a causal role of vitamin D in painful DPN, we will require a prospective interventional trial. Our unit has already taken steps towards this and currently vitamin D interventional trial is in the planning stage. The study will also have a mechanistic component to see vitamin D supplementation leads to nerve repair and an increase in NGF. If the study finds that vitamin D causes an improvement in pain outcomes, its routine use could be recommended in vitamin D deficient individuals; and there would be a good rationale for the routine measurement of vitamin D in diabetes patients with painful DPN. This might prove a cost-effective treatment option for painful DPN as vitamin D is cheap and without significant side effects.
Our skin biopsy data support a potential role for vascular, haemodynamic factors in the pathogenesis of painful DPN, but again we will require larger and prospective data to prove causality. It is not easy to design large prospective studies with subjects undergoing multiple skin biopsies over a long period. We know, classic DPN is a length dependent process and nerve damage begins at the terminals of the longest nerve fibres and slowly progress proximally. So, we intend to do biopsy from proximal thigh from same patients, which might give insight to the vascular process in early neuropathy state also. Vascular biomarker vWF was a general endothelial marker and we might also look into other specific vascular markers like nitric oxide bioavailability, endothelial nitric oxide synthase (eNOS) and vascular endothelial growth factor (VEGF). Again, if vascular etiology proven, those markers could be used as potential objective biomarkers in future painful DPN studies and also targeted for future therapeutic trials. 
Our study has also supported central involvement in DPN as evidenced by reduced GABA in painless DPN. We had negative results for Glx and in future similar H-MR spectroscopy studies we need to take into account for confounding factor like emotional burden.  We also need to assess other central pain processing areas including ACC and insula. Depression and chronic pain often have similar neurobiological changes in common higher centres in brain. Chronic pain can result in anatomical and functional changes in insular cortex which is involved in pain processing and affective disorders (Lu et al., 2016). In future using this objective H- MRS method, we might be able to identify these patients early and provide effective early treatment for depression and might get better chronic pain reduction. It might be also possible to subjectively monitor effectiveness of painful DPN treatment by monitoring ‘H-MRS-visible’ inhibitory neurotransmitter GABA and excitatory neurotransmitter Glx. 
In conclusion, we have conducted a carefully designed study which included detailed clinical, neurophysiological and skin biopsy assessment of all participants, in order to carefully phenotype our subjects. Our study results have provided better understanding of peripheral and central mechanism behind painful DPN and come up with few reliable biomarkers. Our future trials might provide further insight into pain mechanism in painful DPN and come up with better treatment strategies. 
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