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Introduction

Neuropathic pain

Pain serves as a warning for the body of potential damage from a noxious stimulus 

and allows for appropriate measures to avoid irreversible damage. Physiological 

pain is directly correlated to the noxious stimulus, i.e. if the stimulus persists, the 

pain persists and if the stimulus dissipates, the pain dissipates. Neuropathic pain, 

however, is a maladaptive response to lesions arising from the nervous system fol-

lowing trauma (e.g. accident, surgical), toxicity (e.g. cisplatin) or systemic disease 

(e.g. diabetes mellitus, sarcoidosis). This type of pain is often chronic in nature and 

is no longer correlated to the initial stimulus, i.e. the pain persists after the initial 

stimulus has dissipated or the pain is experienced in an exaggerated form.1 These ex-

aggerated pain perceptions include thermal and mechanical allodynia (a non-painful 

stimulus is perceived as painful, e.g. cold intolerance or the rubbing of clothes) and 

hyperalgesia (a painful stimulus is perceived as more painful).2 Regardless of the 

underlying cause of chronic neuropathic pain, this disease causes great disability in 

everyday life and often results in the inability to maintain a job or in reduced social 

participation.3 In addition, it is a disease that is difficult to treat with conventional 

pain medication and is often empirically treated with antidepressants and antiepi-

leptics4 with variable efficacy and often intolerable side effects. The mechanism of 

the development of neuropathic pain, regardless of the underlying cause, is diverse 

and includes intertwined and converging pathways such as inflammation, loss of 

peripheral nerve fibers, N-methyl-d-aspartate (NMDA) receptor upregulation and 

glia involvement.5 Targeting either of these targets has provided ample evidence of 

neuropathic pain relief or disease modification suggesting involvement of one or 

more of these targets.

Inflammation

The body responds to pathogens or tissue damage with an inflammatory reaction, 

aimed at preventing infection with a pathogen, or the removal of debris after 

damage. Tissue damage to a peripheral nerve induces an inflammatory reaction 

characterized by the release of inflammatory mediators, such as cytokines (e.g. inter-

leukins, tumor necrosis factor α: TNF-α)6‑8 that recruit more immune cells or destroy 

damaged cells. These cytokines are released by residing and recruited immune cells 

(e.g. macrophages, T-cells) or support cells (e.g. Schwann cells). Alternatively, many 

systemic diseases such as diabetes mellitus or sarcoidosis induce local or systemic 

inflammatory processes. Local inflammatory reactions after nerve damage have 

their effect in the peripheral nerve by providing an environment of constant noxious 
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stimuli resulting decreased thresholds for signal transduction (i.e. decreased depo-

larization thresholds) resulting in enhanced pain signaling. This barrage of signals 

induces central sensitization in the spinal cord9, lowering the threshold at which 

neurons depolarize, causing an altered perception of pain10. Alternatively peripheral 

nervous system inflammation can result in retrograde transport of TNF-α to the 

central nervous system expanding the inflammatory reaction to the central nervous 

system, resulting in cytokine release in the dorsal horn11. Alternatively the central 

nervous system can become inflamed either by retrograde transport of cytokines, 

like TNF-α, or local inflammatory reaction12 by resident nervous system immune cells 

(i.e. microglia) or support cells (i.e. astrocytes)13, which will be discussed in the fol-

lowing paragraphs.

Microglia

Microglia are the resident macrophages of the central nervous system and over 

the years, this cell type has been correlated to neuropathic pain states arising from 

various types of lesions14 and has become an interesting target for pharmacological 

treatment15 of neuropathic pain. It has been shown that these cells become activated 

by various inflammatory cytokines (TNF-α, interleukins)16 and chemokines (e.g. che-

mokine (C-C motif) ligand 2: CCL2, also known as macrophage chemoattractant pro-

tein 1: MCP-1)17;18, cytokines and chemokines that are released after nerve damage. 

Their phenotype changes from resting (i.e. ramified with a small soma) to activated 

(i.e. amoeboid, retracted rami and a thickened soma)19. Additionally, intracellular 

signaling pathways such as the P38 mitogen activated protein kinase (P38-MAPK)20, 

janus kinase-signal transducer and activator of transcription (JAK-STAT)21 involved in 

the regulation of transcription factors for, for instance the production of cytokines, 

become phosphorilyzed increasing cytokine production and release, creating a self-

sustained inflammatory process contributing to neuropathic pain.

Astrocytes

Astrocytes are the support cells of the central nervous system and make up for the 

blood to central nervous system barrier. After peripheral nerve injury, astrocytes are 

activated in the spinal cord, in response to inflammatory mediators (e.g., TNF-α)22. 

Astrocyte activation may manifest as the phosphorylation of several intracellular 

signaling pathways and proliferation of these cells (i.e. astrogliosis)23. Activation 

of the intracellular signaling pathways results in the production of inflammatory 
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cytokines and chemokines (e.g., interleukin-1β: IL-1β and MCP-1)22. These mediators 

can lead to enhanced pain states by acting at both presynaptic sites on primary af-

ferents and post-synaptic sites on dorsal horn neurons causing increased excitation 

and decreased inhibition of spinal cord nociceptive neurons24.

Loss of peripheral small nerve fibers

Systemic diseases (diabetes mellitus and sarcoidosis), critical illness neuropathy (due 

to sepsis or multi organ failure resulting in prolonged intensive care unit stay) as 

well as pain syndromes such as fibromyalgia are associated with the loss of the 

small sensory fibers in the epidermis of the skin: small fiber neuropathy (SFN) and 

subsequent neuropathic pain25‑28. SFN may result from a continuous inflammatory 

state of the peripheral nerves innervating the skin with infiltration of immune cells, 

cytokine production and degeneration of the nerves and thereby contributing to 

sensory deficits, such as dysesthesia or pain.

The N-methyl-d-aspartate receptor

Glutamate is the central nervous system’s major neurotransmitter that acts on the 

NMDA receptor. This receptor consists of two obligatory NR1 subunits that can be 

coupled to either two NR2A through D or two NR3A through B subunits to yield 

a functioning receptor (e.g. NR12/NR2A2 configuration). Activation of the NMDA 

receptor by glutamate results in the removal of the physical magnesium ion block 

that seals the receptor, resulting in an influx of calcium ions, allowing depolariza-

tion of the nerve and signal transduction (reviewed in29). In neuropathic pain states, 

the NMDA receptor becomes upregulated in the dorsal horn, increasing synaptic 

transmission and contributing to exaggerated pain states such as allodynia and 

hyperalgesia30. The NR2A containing NMDA receptors are ubiquitously distributed 

throughout the brain and spinal cord, while the NR2B containing NMDA receptors 

are restricted to areas specific for pain signaling, i.e. laminae I and II of the spinal 

cord dorsal horn and thalamus31. The NR2B receptor subunit has been positively cor-

related to various pain states, including inflammatory32 and neuropathic pain31.
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The innate repair receptor

Erythropoietin (EPO) is involved in the genesis of red blood cells. Hypoxia induces 

stabilization of hypoxia inducible factor 1α (HIF-1α) resulting in the transcription 

of EPO. EPO, in turn, activates the erythropoietin receptor dimer (EPOR2) present 

on hematopoietic cells, resulting in increased survival of erythroblasts. Alternatively, 

erythropoietin possesses anti-inflammatory properties by acting as a natural antago-

nist of TNF-α through a different receptor configuration: EPOR-β-common-receptor 

(EPOR-βcR), termed the innate repair receptor (IRR) (reviewed in33). This βcR consist 

of the β chains of the granulocyte-macrophage colony-stimulating factor (GM-CSF)/

interleukin 3/interleukin 5 receptors, commonly utilized by type 1 cytokines involved 

in the innate and acquired immunity (reviewed in34). Activation of the IRR by endog-

enous or recombinant EPO results in attenuation of the immune response, increased 

survival of tissue, and enhanced regeneration, thus tissue protection and tissue 

repair35‑38.

Treatment

Currently, chronic neuropathic pain is treated according to the following algorithm 

with variable results. Current guidelines recommend pharmacological treatment 

with antidepressants (amitryptiline) followed by antiepileptics (carbamazepine and 

gabapentin), opioids (tramadol) or topical capsaicine4. Treatment with these drugs 

is often inadequate resulting in insufficient pain relief and is accompanied by side 

effects that may be severe and intolerable.

Treatment with NMDAR antagonists

Over the past few years, ketamine has gained interest as a pharmacological treat-

ment for chronic neuropathic pain39. A relatively short treatment paradigm induces 

long-term relief of neuropathic pain symptoms in complex regional pain syndrome 

type 1 patients40. The treatment with ketamine, however coincides with undesir-

able and intolerable side effects, such as nausea, dizziness, anxiety and psychosis. 

Ketamine is a non-selective NMDAR antagonist, targeting all the NMDAR subtypes, 

some of which may be involved in the observed side effects. It is unclear, however, 

if ketamine or its active metabolite norketamine is responsible for the pain relief 

and/or induced side effects. NMDA receptor antagonists that are specific for the 

more pain specific NR2B subunit are being developed, one of which is Traxoprodil 

(CP-101,606) which is devoid of psychomimetic side effects41 and may be effective in 

pain relief.
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Rationale for treatment with ARA 290

Inflammation is an important part of the mechanism in the onset and maintenance 

of neuropathic pain. Counteracting the inflammatory response with EPO has proven 

to be effective in several types of injury, including injuries to the nervous system. 

However, EPO induces hematopoiesis as an undesired effect to the tissue protective 

and regenerative properties. Therefore, derivatives of EPO that are tissue protective 

but not hematopoietic have been developed42, one of which is the small helix B 

peptide ARA 290. This linear 11-amino acid peptide is a representation of the amino 

acids of EPO interacting with the EPOR and has tissue protective effects equal to EPO, 

but without hematopoietic effects43. Treatment with ARA 290 may be effective in 

treating or preventing neuropathic pain after nerve injury induced neuropathic pain.

Aims

The experiments described in this thesis were designed to investigate:

•	 The treatment of neuropathic pain with ARA 290

•	 The treatment of neuropathic pain with NMDAR antagonists ketamine, norket-

amine and Traxoprodil

•	 The overlapping pathways of ketamine and ARA 290 in the treatment of neuro-

pathic pain

•	 The feasibility of CCM as an objective measure of small fiber neuropathy in 

sarcoidosis patients with neuropathic pain

•	 The effect of treatment with ARA 290 on pain and nerve fiber density in patients 

with sarcoidosis and painful small fiber neuropathy
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Figure 1: Schematic representation of the current understanding of the development of neuro
pathic pain.



Chapter 1

14

References

	 1.	 Costigan M, Scholz J, Woolf CJ: Neuropathic Pain: A Maladaptive Response of the Ner-
vous System to Damage. Annual Review of Neuroscience 2009; 32: 1‑32

	 2.	 Baron R, Binder A, Wasner G: Neuropathic pain: diagnosis, pathophysiological mecha-
nisms, and treatment. The Lancet Neurology 2010; 9: 807‑19

	 3.	 Breivik H, Collett B, Ventafridda V, Cohen R, Gallacher D: Survey of chronic pain in Eu-
rope: Prevalence, impact on daily life, and treatment. European Journal of Pain 2006; 10: 
287‑333

	 4.	 Attal NA: EFNS guidelines on the pharmacological treatment of neuropathic pain: 2010 
revision. European journal of Neurology 2010; 17: 1113-e88

	 5.	 Kuner R: Central mechanisms of pathological pain. Nat Med 2010; 16: 1258‑66

	 6.	 Kim CF, Moalem-Taylor G: Detailed characterization of neuro-immune responses follow-
ing neuropathic injury in mice. Brain Research 2011; 1405: 95‑108

	 7.	 Liou JT, Liu FC, Mao CC, Lai YS, Day YJ: Inflammation confers dual effects on nociceptive 
processing in chronic neuropathic pain model. Anesthesiology 2011; 114: 660‑72

	 8.	 Üçeyler N, Sommer C: Cytokine regulation in animal models of neuropathic pain and in 
human diseases. Neuroscience Letters 2008; 437: 194‑8

	 9.	 Ikeda H, Kiritoshi T, Murase K: Contribution of microglia and astrocytes to the central 
sensitization, inflammatory and neuropathic pain in the juvenile rat. Molecular Pain 
2012; 8: 43

	 10.	 Lennertz RC, Kossyreva EA, Smith AK, Stucky CL: TRPA1 Mediates Mechanical Sensitiza-
tion in Nociceptors during Inflammation. PLoS ONE 2012; 7: e43597

	 11.	 Shubayev VI, Myers RR: Axonal transport of TNF-a in painful neuropathy: distribution of 
ligand tracer and TNF receptors. Journal of Neuroimmunology 2001; 114: 48‑56

	 12.	 LaCroix-Fralish ML, Tawfik VL, Tanga FY, Spratt KF, DeLeo JA: Differential spinal cord 
gene expression in rodent models of radicular and neuropathic pain. Anesthesiology 
2006; 104: 1283‑92

	 13.	 Tenorio G, Kulkarni A, Kerr BJ: Resident glial cell activation in response to perispinal 
inflammation leads to acute changes in nociceptive sensitivity: Implications for the 
generation of neuropathic pain. Pain 2013; 154: 71‑81

	 14.	 Colburn RW, Rickman AJ, DeLeo JA: The Effect of Site and Type of Nerve Injury on Spinal 
Glial Activation and Neuropathic Pain Behavior. Experimental Neurology 1999; 157: 
289‑304

	 15.	 Aldskogius H: Regulation of microglia - potential new drug targets in the CNS. Expert 
Opinion on Therapeutic Targets 2001; 5: 655‑68

	 16.	 Raghavendra V: Complete Freunds adjuvant-induced peripheral inflammation evokes 
glial activation and proinflammatory cytokine expression in the CNS. European journal 
of neuroscience 2004; 20: 467‑73

	 17.	 Hinojosa A, Garcia-Bueno B, Leza J, Madrigal J: CCL2/MCP-1 modulation of microglial 
activation and proliferation. Journal of neuroinflammation 2011; 8: 77

	 18.	 Van Steenwinckel J, Reaux-Le Goazigo A, Pommier B, Mauborgne A, Dansereau MA, 
Kitabgi P, Sarret P, Pohl M, Mélik Parsadaniantz S: CCL2 Released from Neuronal Synaptic 



15

Introduction

Vesicles in the Spinal Cord Is a Major Mediator of Local Inflammation and Pain after 
Peripheral Nerve Injury. The Journal of Neuroscience 2011; 31: 5865‑75

	 19.	 Streit WJ, Walter SA, Pennell NA: Reactive microgliosis. Progress in Neurobiology 1999; 
57: 563‑81

	 20.	 Svensson CI, Marsala M, Westerlund A, Calcutt NA, Campana WM, Freshwater JD, 
Catalano R, Ying F, Protter AA, Scott B, Yaksh TL: Activation of p38 mitogen-activated 
protein kinase in spinal microglia is a critical link in inflammation-induced spinal pain 
processing. Journal of Neurochemistry 2003; 86: 1534

	 21.	 Dominguez E, Rivat C, Pommier B, Mauborgne A, Pohl M: JAK/STAT3 pathway is activated 
in spinal cord microglia after peripheral nerve injury and contributes to neuropathic 
pain development in rat. Journal of Neurochemistry 2008; 107: 50‑60

	 22.	 Gao YJ, Zhang L, Samad OA, Suter MR, Yasuhiko K, Xu ZZ, Park JY, Lind AL, Ma Q, Ji RR: 
JNK-induced MCP-1 production in spinal cord astrocytes contributes to central sensitiza-
tion and neuropathic pain. The Journal of Neuroscience 2009; 29: 4096‑108

	 23.	 Tsuda M, Kohro Y, Yano T, Tsujikawa T, Kitano J, Tozaki-Saitoh H, Koyanagi S, Ohdo S, Ji 
RR, Salter MW, Inoue K: JAK-STAT3 pathway regulates spinal astrocyte proliferation and 
neuropathic pain maintenance in rats. Brain 2011; 134: 1127‑39

	 24.	 Wang W, Wang W, Mei X, Huang J, Wei Y, Wang Y, Wu S, Li Y: Crosstalk between spinal 
astrocytes and neurons in nerve injury-induced neuropathic pain. PLoS ONE 2009; 4: 
e6973

	 25.	 Hoitsma E, Marziniak M, Faber CG, Reulen JPH, Sommer C, De Baets M, Drent M: Small 
fibre neuropathy in sarcoidosis. The Lancet 2002; 359: 2085‑6

	 26.	 Khan S, Zhou L: Characterization of non-length-dependent small-fiber sensory neuropa-
thy. Muscle & Nerve 2012; 45: 86‑91

	 27.	 Üceyler N, Zeller D, Kahn AK, Kewenig S, Kittel-Schneider S, Schmid A, Casanova-Molla 
J, Reiners K, Sommer C: Small fibre pathology in patients with fibromyalgia syndrome. 
Brain 2013; 136: 1857‑67

	 28.	 Latronico N, Filosto M, Fagoni N, Gheza L, Guarneri B, Todeschini A, Lombardi R, Pado-
vani A, Lauria G: Small Nerve Fiber Pathology in Critical Illness. PLoS ONE 2013; 8: e75696

	 29.	 Kalia LV, Kalia SK, Salter MW: NMDA receptors in clinical neurology: excitatory times 
ahead. The Lancet Neurology 2008; 7: 742‑55

	 30.	 Labombarda F, Coronel MF, Villar MJ, Nicola AFD, González SL: Neuropathic pain and 
temporal expression of preprodynorphin, protein kinase C and N-methyl-D-aspartate 
receptor subunits after spinal cord injury. Neuroscience Letters 2008; 447: 115‑9

	 31.	 Wu LJ, Zhuo M: Targeting the NMDA receptor subunit NR2B for the treatment of neuro-
pathic pain. Neurotherapeutics 2009; 6: 693‑702

	 32.	 Tan PH, Yang LC, Shih HC, Lan KC, Cheng JT: Gene knockdown with intrathecal siRNA 
of NMDA receptor NR2B subunit reduces formalin-induced nociception in the rat. Gene 
Ther 2004; 12: 59‑66

	 33.	 Brines M, Cerami A: Emerging biological roles for erythropoietin in the nervous system. 
Nat Rev Neurosci 2005; 6: 484‑94

	 34.	 Broughton SE, Dhagat U, Hercus TR, Nero TL, Grimbaldeston MA, Bonder CS, Lopez AF, 
Parker MW: The GM-CSF/IL-3/IL-5 cytokine receptor family: from ligand recognition to 
initiation of signaling. Immunological Reviews 2012; 250: 277‑302



Chapter 1

16

	 35.	 Bianchi R, Buyukakilli B, Brines M, Savino C, Cavaletti G, Oggioni N, Lauria G, Borgna M, 
Lombardi R, Cimen B, Comelekoglu U, Kanik A, Tataroglu C, Cerami A, Ghezzi P: Erythro-
poietin both protects from and reverses experimental diabetic neuropathy. Proceedings 
of the National Academy of Sciences of the United States of America 2004; 101: 823‑8

	 36.	 Brines M, Ghezzi P, Keenan S, Agnello D, De Lanorelle N, Cerami A: Erythropoietin 
crosses the blood-brain barrier to protect against experimental brain injury. Proceedings 
of the National Academy of Sciences USA 2000; 97: 10531‑6

	 37.	 Campana WM, Li X, Shubayev VI, Angert M, Cai K, Myers RR: Erythropoietin reduces 
Schwann cell TNF-α, Wallerian degeneration and pain-related behaviors after peripheral 
nerve injury. European journal of Neuroscience 2006; 23: 617‑26

	 38.	 Jia H, Feng X, Li W, Hu Y, Zeng Q, Liu J, Xu J: Recombinant Human Erythropoietin Attenu-
ates Spinal Neuroimmune Activation of Neuropathic Pain in Rats. Annals of Clinical and 
Laboratory Science 2009; 39: 84‑91

	 39.	 Noppers I, Niesters M, Aarts L, Smith T, Sarton E, Dahan A: Ketamine for the treatment 
of chronic non-cancer pain. Expert Opinion on Pharmacotherapy 2010; 11: 2417‑29

	 40.	 Sigtermans M, van Hilten JJ, Bauer M, Arbous M, Marinus J, Sarton E, Dahan A: Ketamine 
produces effective and long-term pain relief in patients with Complex Regional Pain 
Syndrome Type 1. Pain 2009; 145: 304‑11

	 41.	 Taniguchi K, Shinjo K, Mizutani M, Shimada K, Ishikawa T, Menniti FS, Nagahisa A: Anti-
nociceptive activity of CP-101,606, an NMDA receptor NR2B subunit antagonist. British 
Journal of Pharmacology 1997; 122: 809‑12

	 42.	 Leist M, Ghezzi P, Grasso G, Bianchi R, Villa P, Fratelli M, Savino C, Bianchi M, Nielsen J, 
Gerwien J, Kallunki P, Larsen AK, Helboe L, Christensen S, Pedersen LO, Nielsen M, Torup 
L, Sager T, Sfacteria A, Erbayraktar S, Erbayraktar Z, Gokmen N, Yilmaz O, Cerami-Hand 
C, Xie Qw, Coleman T, Cerami A, Brines M: Derivatives of erythropoietin that are tissue 
protective but not erythropoietic. Science 2004; 305: 239‑42

	 43.	 Non-erythropoietic tissue-protective peptides derived from erythropoietin: 
WO2009094172. Expert Opinion on Therapeutic Patents 2010; 20: 715‑23


