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Abstract
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Chronic pain affects 20 % of the global population, causes suffering, is difficult to treat,
and constitutes a large economic burden for society. So far, the characterization of molecular
mechanisms of chronic pain-like behaviors in animal models has not translated into effective
treatments.
In this thesis, consisting of five studies, pain patient biofluids were analyzed with modern
proteomic methods to identify biomarker candidates that can be used to improve our
understanding of the pathophysiology chronic pain and lead to more effective treatments.
Paper I is a proof of concept study, where a multiplex solid phase-proximity ligation assay
(SP-PLA) was applied to cerebrospinal fluid (CSF) for the first time. CSF reference protein
levels and four biomarker candidates for ALS were presented. The investigated proteins were
not altered by spinal cord stimulation (SCS) treatment for neuropathic pain. In Paper II, patient
CSF was explored by dimethyl and label-free mass spectrometric (MS) proteomic methods.
Twelve proteins, known for their roles in neuroprotection, nociceptive signaling, immune
regulation, and synaptic plasticity, were identified to be associated with SCS treatment of
neuropathic pain. In Paper III, proximity extension assay (PEA) was used to analyze levels of
92 proteins in serum from patients one year after painful disc herniation. Patients with residual
pain had significantly higher serum levels of 41 inflammatory proteins. In Paper IV, levels
of 55 proteins were analyzed by a 100-plex antibody suspension bead array (ASBA) in CSF
samples from two neuropathic pain patient cohorts, one cohort of fibromyalgia patients and two
control cohorts. CSF protein profiles consisting of levels of apolipoprotein C1, ectonucleotide
pyrophosphatase/phosphodiesterase family member 2, angiotensinogen, prostaglandin-H2 Disomerase, neurexin-1, superoxide dismutases 1 and 3 were found to be associated with
neuropathic pain and fibromyalgia. In Paper V, higher CSF levels of five chemokines and
LAPTGF-beta-1were detected in two patient cohorts with neuropathic pain compared with
healthy controls.
In conclusion, we demonstrate that combining MS proteomic and multiplex antibodybased methods for analysis of patient biofluid samples is a viable approach for discovery of
biomarker candidates for the pathophysiology and treatment of chronic pain. Several biomarker
candidates possibly reflecting systemic inflammation, lipid metabolism, and neuroinflammation
in different pain conditions were identified for further investigation.
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What we perceive at a given moment is thus confined to
an extremely small part of the flood of information about
our world that flows in through the sensory organs.
Manfred Zimmermann
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Introduction

Acute pain
The International Association for the Study of Pain (IASP) defines pain as
"An unpleasant sensory and emotional experience associated with actual or
potential tissue damage, or described in terms of such damage” 1. Acute pain
serves the organism by eliciting protective behaviors in response to actual or
threatening tissue damage. Rare congenital disorders with insensitivity or
indifference to pain often lead to inadvertent self-mutilation, such as biting
or chewing on the tongue or hands, and repeated fractures 2-4, exemplifying
the adaptive value of pain. Although unpleasant, acute pain is not a big problem from a scientific point of view, because it typically responds well to
pharmacological agents including paracetamol, nonsteroidal antiinflammatory drugs (NSAID), opioids, and/or local anesthetics.

Chronic pain
Sometimes acute pain does not resolve. Instead, the pain persists and transitions, into a chronic condition by mechanisms that we do not clearly understand. Pain outlasting expected healing time by 3 to 6 months is usually considered chronic 5. Generally, chronic pain cannot be relieved by the treatments that relieve acute pain; rather, it is a disease in its own right 5, 6.
Chronic pain is associated with stigmatization, disability, disturbed sleep,
immobility, poor appetite, dependence on medication, high dependence on
family and health care, sexual dysfunction, isolation, turning inward, anxiety, bitterness, frustration, depression, and suicide 6, 7. The biopsychosocial
model of illness 8 has been adopted to pain medicine 9 to describe the complexity of chronic pain. A few quotes illustrate the diverse personal challenges faced by people with chronic pain (Figure 1).
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Figure 1.Sample responses from chronic pain patients when asked about their quality of life (translated form qualitative patient interviews, Doctoral thesis of Ann
Kvarnström, Uppsala University).

Epidemiology and societal costs
Approximately 20 % of the world’s population suffers from chronic pain 5, 10. Pain and chronic pain are the two of the primary reasons why patients
seek health consultation 19-21. Globally, chronic low back pain (LBP) alone
causes more years lived with disability (YLD) than any other health condition, increasing by 61 % in the last two decades 22-25. After surgery, 10-50 %
of the patients develop persistent pain, and 2-10 % of those patients develop
severe pain 26. As might be expected, the prevalence of chronic pain increases with age 27-30 and is associated with markers of social disadvantage 18, 31, 32.
In Sweden, 7 % of population has a large need for healthcare due to chronic
pain 5, 7 and the societal costs of chronic pain reach 87.5 billion SEK annually 5. In the UK, back pain alone costs 26–49 billion USD yearly 33. In the
USA, 100 million adults suffer from chronic pain, with annual economic
losses due to chronic pain estimated to 600 billion USD 34. Based on individual and societal costs alone, chronic pain needs to be regarded as a public
health priority 35. As the population ages, the suffering and societal economic burden of chronic pain can be expected to increase 36.
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Current treatments
Chronic pain is notoriously difficult to treat 37-39. Pharmacological treatments
are successful in approximately 30 % of chronic pain cases 40. Current pharmacological treatments of chronic pain include paracetamol, non-steroidal
anti-inflammatory drugs (NSAIDs), opioids, tricyclic anti-depressants, anti16

epileptics, glucocorticoids, local anesthetics, benzodiazepines, alpha2receptor agonists, neuroleptics, and topical administration of capsaicin 41-43.
Alternative treatments are transcutaneous electric nerve stimulation (TENS),
neurostimulation (including spinal cord stimulation (SCS)), and psychological treatment such as cognitive behavior therapy and acceptance commitment therapy. Multi-professional health care teams demonstrate
comparatively good results in treating chronic pain 5, 44.

Classification of pain conditions
Classification of pain conditions is not straight forward. Scientists and clinicians refer to chronic pain conditions by mechanistic classifications as inflammatory 4, or neuropathic (meaning caused by a lesion or disease of the
somatosensory nervous system) 45, and others as dysfunctional 4. However,
because the pathophysiological basis of most human chronic pain conditions
remains occluded, classification of chronic pain conditions has led to considerable debate. For example, the 2011 redefinition of neuropathic pain left
several pain conditions, e.g., fibromyalgia, complex regional pain syndrome,
some musculoskeletal pain conditions, and visceral pain disorders, without a
pain classification 46. Therefore, the adoption of a new, third pain descriptor
encompassing the conditions referred to as nociplastic, algopathic, or nocipathic was recently advocated 46.

Theories of pain pathophysiology
In this section central concepts reflecting our current understanding of pain
pathophysiology are introduced.

The gate control theory
The gate control theory, first described in 1965 47, stipulates that the spinal
cord has a gate through which the pain signal must pass . Activity in large
touch sensation fast conducting Aȕ-fibers can inhibit the nociceptive signal
in small slower conducting Aį-and C-fibers via a common interneuron (Figure 2). This concept provided the first explanation for why similar injuries
can generate varying pain sensations, basically depending on whether the
gate is open or closed.
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Figure 2. The gate control theory. The input from large fast conducting Aȕ-fibers
(L) can inhibit the input from the smaller (S) slow conducting Aį-and C-fibers via a
common interneuron that inhibits the projection neuron (P).

The theory led to the development of TENS treatment, in which nerves are
stimulated through the skin. In 1967 areas in the brain stem were shown to
exert tonic inhibition over nociresponsive neurons in the spinal cord 48. Disinhibition and thus loss of this gate control was suggested to contribute to
pathological pain states. Today, the spinal inhibitory gate is described as
inhibitory neurotransmitters, primarily gamma-aminobutyric acid (GABA)
and glycine, released spinally by local circuitry interneurons and descending
fibers from the brain 49 acting pre-50 and post-synaptically to inhibit nociceptive signaling. Recently, a mouse model was used to characterize the molecular identity of the inhibitory neurons that exert the spinal gate control of
pain-like behaviors in response to mechanical stimuli 51.

Central sensitization
Central sensitization 52, was first described for nociceptive circuits in the
spinal cord of animal models in 198353, as the process by which peripheral
input makes higher order (central) neurons more sensitive to subsequent
input 53-55. Today, central sensitization is defined by the IASP as “increased
responsiveness of nociceptive neurons in the central nervous system to their
normal or subthreshold afferent input”, which includes other mechanisms of
sensitization than the ones described in the early publications and refers to
any form of pain sensitization arising within the CNS 56. For example, central sensitization can be caused by alterations in: peripheral input, descending inhibition from the brainstem, neuronal activity, glial activity, connectiv18

ity, or loss or inhibitory neurons 56. In many clinical pain conditions there is
a spreading of pain 57-63. Although it has been debated 56, 64, 65, central sensitization mechanisms are considered contributors to the spread of pain and the
pathophysiology for many pain states, including neuropathic pain, fibromyalgia, post-surgical pain, temporomandibular joint disorders, osteoarthritis,
musculoskeletal disorders with generalized pain hypersensitivity, headache,
dental pain and visceral pain hypersensitivity disorders 65. The psychological
and emotional aspects of chronic pain, altered activity in the brain regions
processing mood and anxiety, may also contribute to central sensitization or
result from it 56. Methods for assessing central sensitization in humans are
emerging 56, 60, 62, and some are being evaluated in clinical pain practice 63.

Glial cells and neuroinflammation
Glial cells respond to nerve impulses 66, injury and regeneration 67-84, but
traditional neuroscience 85 and pain research 86 has primarily focused on
neurons. In the last decade, technical advances 85, and animal model research
has shifted this view. Today glial cells are considered as key contributors to
development and maintenance of chronic pain-like behaviors in animal models 86-91. For example, peripheral nerve injury induces microglial activation in
the spinal cord 92 and in brain regions involved with pain processing 93. As
catalysts for acute pain turning chronic, glial cells are believed to contribute
to increased inflammation in the central nervous system (CNS) 90, 94.
Inflammation in the nervous system, neuroinflammation, is characterized
by infiltration of immune cells, activation of glial cells and production of
immune mediators including cytokines and chemokines 95, 96. After nerve or
CNS lesions, the recruitment of immune cells to injured nervous tissue is
adaptive for repair and tissue regeneration 96, but as cytokines, chemokines,
and immune cells gather in the otherwise relatively immune sheltered nervous tissue, the neuroinflammation can lead to central sensitization of pain
signaling neurons 89-92, 94, 96-108. The blood-brain-barrier, which consists of
endothelial cells that are in connection with astrocytes 109, has been shown to
be disrupted in models of chronic pain 110-112 contributing to the exposure of
CNS cells to blood-borne immune mediators.
Although there is little doubt of the importance of glial cells and neuroinflammation in animal models of chronic pain, glial reactions in response to
peripheral nerve injury vary between species 70, and evidence for gliopathy
in human pain conditions is scarce. A post-mortem tissue study showed evidence for astrocytic (but not microglial) activation in the dorsal horn of painpositive human immunodeficiency virus (HIV)-affected spinal cord compared with pain-negative human HIV-affected spinal cord, together with
elevated levels of pro-inflammatory cytokines (tumor necrosis factor Į
(TNFĮ) and interleukin-1ȕ (IL1ȕ)) 113. In addition, a recently published
19

study reported signs of glial activation in the thalamus of chronic LBP patients 114.

Spinal cord stimulation for the treatment of neuropathic pain
From the gate control theory followed the idea electrical stimulation of the
large non-nociceptive (A-ȕ) fibers could close the pain gate and hinder ascending pain signals from reaching the brain. Trials with low-intensity stimulation via implanted electrodes 115 and with SCS 116, were conducted and
SCS subsequently became an important treatment option for neuropathic
pain (Figure 3). The response rate for neuropathic pain patients to present
day SCS is 50-70 % 117-121. This response rate is high considering that the
average SCS eligible patient has had pain for 5-10 years and has failed to
sufficiently respond to pharmacological treatments 122-124. SCS is a relatively
safe 125, cost-effective treatment. Although this has been negated 126, SCS is
considered by many investigators to show good long-term efficacy, where
47-60 % of patients have >50 % pain relief at long-term follow-ups 124, 127-130.

Figure 3. Spinal cord stimulation (SCS). Left: the components of a spinal cord stimulator. Right: patient with peripheral neuropathic pain controlling SCS via a remote
control. The placement of the electrodes in the epidural space is optimized to provide relief in the painful area.

Neuropathic pain patients with SCS treatment report prolonged pain relief
that commonly outlasts the actual electrical stimulation 131 by several hours
132
and in some cases the pain has improved with continued treatment 133, 134.
SCS treatment practice has recently been enriched with new modes includ-
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ing high frequency and burst stimulation, these modes may have different
mechanisms of action compared to conventional stimulation 135.
SCS requires surgery, a team of specialized physicians and nurses, and
frequent patient contact. Thus, in spite of its benefits, SCS is not a first line
treatment and SCS is not available globally, to all neuropathic pain patients.
A clearer understanding of the SCS mechanism would improve current SCS
treatment and patient selection but also assist drug discovery efforts for more
readily available treatments.
Because SCS is performed by stimulating over the entire spinal cord
through the dura mater, any of the spinal fibers in the dorsal column, i.e.
ascending or descending dorsal horn fibers, local spinal level circuitry, or
even fibers from the anterior horn of the spinal cord may be important for
the effect 136.
Research on animal models of SCS and neuropathic pain has demonstrated SCS-mediated increases of mechanical withdrawal thresholds and reduced spinal astrocyte and microglia activation 137, increases of spinal cord
levels of serotonin, substance P 138, acetylcholine 139, glycine 140 GABA 141
142, 143
, and decreased levels of spinal cord excitatory amino acids 142. Results
from animal model research suggest a central role for the GABA system in
the SCS mechanism of action 142-145.Whereas spinal excitatory neurotransmitter levels have been found to remain decreased for at least 90 minutes 142,
SCS-reduced allodynia has been shown to last up to 3 days post-stimulation
137, 142
. This prolonged effect suggests the possibility that has potential effects
on gene regulation and protein translation. If there were such effects, it is
plausible that the protein content of the cerebrospinal fluid (CSF) would
reflect them 146. This expectation was recently confirmed in a human study in
which analysis of CSF levels of monocyte chemoattractant protein 1 (MCP1), brain derived neurotrophic factor (BDNF), and vascular endothelial
growth factor (VEGF) revealed increased VEGF when the SCS was in use
147
. Another investigation of pain patients, measured the temporal summation
in the affected and unaffected leg during SCS and found reductions only in
the affected leg accompanied by a >50 % pain relief. This report indicates
that SCS works by reducing temporal summation and central sensitization
148
.
In Paper II, we contribute proteomic information that may help elucidate
the mechanisms of SCS. We hypothesized that SCS alters many other proteins in the spinal cord of the neuropathic pain patient and that some of these
can be reflected in the CSF and quantified by mass spectrometry (MS). This
regulation may shed light on the analgesic mechanism of SCS.
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Lumbar radicular pain after disc herniation
Approximately 2-6 % of people worldwide suffer from a subcategory of
LBP called lumbar radicular pain, or sciatica pain 31, 149, 150, a radiating pain
that usually follows the dermatome of the affected nerve-root (Figure 4).
About 90 % of these cases are caused by herniation of the intervertebral disc
and subsequent nerve-root compression 151 (Figure 4). Most patients recover
spontaneously after disc hernia, but 1 year after onset only 30 % are totally
pain-free 152. The pathophysiology is commonly considered to be a combination of nerve-root compression and inflammation initiated by content leaked
from the nucleus pulpousus into the spinal canal 153-163. Sciatic pain after disc
herniation may include neuropathic features 164, a symptom screening study
of 8000 LBP patients suggested that 37 % had predominantly neuropathic
pain164. However, there are no widely accepted biomarkers for the pathophysiology and treating lumbar radicular pain remains challenging.

Figure 4. The lumbar spine and sciatic nerve are two of the most common anatomical sites of pain chronification. Left: Schematic overview of the anatomy of the
lumbar spine and sciatic nerve. Upper right: Illustration of intervertebral disc herniation, spinal column transection view. Lower right: Common sciatic pain distribution.

Fibromyalgia and chronic widespread pain
Approximately 2 % of the general population have fibromyalgia, and the
prevalence is higher in women (4.0 %), than in men (0.01 %) 165. Fibromyalgia is characterized by chronic widespread pain (CWP), palpation tenderness
and is typically accompanied by sleep disturbances, fatigue, headache and
cognitive/mood disturbances166-170 and reduced quality of life 171. It has been
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possible to quantify sensory dysfunction in patients with fibromyalgia for at
least two decades 61. Still, many patients with fibromyalgia and generalized
pain suffer from stigmatization 172, likely in part, because of the poor understanding of the pathophysiology among clinicians and in society. Recent
imaging studies of fibromyalgia patients have demonstrated altered structure
173, 174
, connectivity and activity in brain areas important for pain processing
175-181
. There is evidence that a endogenous pain inhibition is altered in patients with fibromyalgia 182, 183. Previous work has shown that fibromyalgia
patients have elevated CSF levels of IL8 indicative of central inflammation
184
and possibly an enhanced innate immune response 185. Research supports
sex differences in responses to inflammatory challenge 186, 187, for example
the descending pain modulation appears to be less activated in women than
in men 186, 187.These result sheds light on a plausible reason for the female
predominance in chronic pain conditions, a predominance that is perhaps
most obvious in fibromyalgia. Other aspects of fibromyalgia pathophysiology have been demonstrated including a genetic polymorphism predisposing
for central sensitization 188, small-fiber neuropathy 189, 190, and post-traumatic
stress response to adverse events in childhood 191, and altered emotional
modulation of pain 192.

Neuropathic pain
Neuropathic pain is caused by a lesion or disease of the somatosensory nervous system, and affects 7–10 % of the population 193, 194, most commonly in the
lower back, lower limbs, upper limbs and neck 193. Patients often describe
neuropathic pain as burning, tingling or prickling 195. Common symptoms are
evoked pain, spontaneous pain attacks, and numbness 164. The available treatments of neuropathic pain are unsatisfactory 196, 197. It is currently believed that
excitatory and inhibitory signaling imbalance, ion channel modifications, and
central sensitization is part of neuropathic pain pathophysiology 65, 198, 199. In
the current scientific view of clinical neuropathic pain there is not much emphasis on glial signaling or neuroinflammation198. However, although neuropathic pain is obviously not an inflammatory condition to such as rheumatoid
arthritis, a compelling list of scientific publications from animal models 91, 94,
96-98, 100, 101, 105, 200-207
, and a few recent studies in humans (including Paper IV
and Paper V of this thesis) indicate that the role of neuroinflammation and
gliopathy in neuropathic pain may have been underestimated.

Chronic pain drug development
In the 1970s to 2000s, the pharmaceutical industry pain research programs
focused on animal models, assuming that rodent models would predict, reasonably well, the drug effect and safety in human pain conditions 208, 209.
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There was hope of a silver bullet treatment to manage all or at least broad
sub-categories of chronic pain conditions 210 just as morphine manages nociceptive pains of different etiologies. This opportunity proved to be difficult
to realize. Many clinical trials failed due to limited CNS target access and
severe side effects caused by unsatisfactory target selectivity 211. Although
some treatment principles with strong preclinical evidence were successful
in humans 209, e.g. spinal opiate administration 212-214, cyclooxygenase
(COX)-2 inhibitors 215, 216, and pregabalin 217, 218, these drugs were modifications of pre-existing drugs or were adopted from other medical disciplines,
which may explain why none of them became a real breakthrough treatment
219
. The list of clinical trials that failed in spite of strong preclinical evidence
is long, and includes several neurokinin-1 (NK1, substance P receptor) antagonists 220-230, morphine combined with dextromethorphan 209 endocannabinoid modulators 231, 232, sodium channel blockers 233-235, and a COX-2 inhibitor 236, 237. Of the 59 analgesics introduced from 1960 to 2009 remaining
in use, 7 had a novel target, and 1, a triptan for migraine, can be considered
moderately successful 219.
To conclude, none of the treatment principles for chronic pain come from
pain research; rather, they come from traditional medicine 5, 43, 238, or from
other medical disciplines (e.g. the antidepressants duloxetine and
milnacipran, as well as the anticonvulsant pregabalin).
There are novel analgesic treatment principles under evaluation including
anti-nerve growth factor (NGF) treatment, conotoxin derivatives 239, angiotensin II type 2 (AT2) receptor antagonists 240, modulators of toll-like receptor 4 (TLR4) 241 and glial modulators 242. Anti-NGF treatment 137, 242 of osteoarthritic pain first appeared successful 243, 244, but trials were halted in 2010
due to occurrences of osteonecrosis and re-negotiated in 2012 245. New antiNGF trials are now ongoing 246, 247 , but the historical track record of most
new promising analgesic compounds has prompted some caution in the expectations.

The problem remains
Although, in the academic community, chronic pain has attained the status of
disease in its own right with numerous mechanisms described and a significant number of potential treatment targets emerged 248, in the real world,
pain patients still struggle to get their pain problems acknowledged, diagnosed, and treated. What is the reason for this discrepancy?
There are regulatory limitations contributing to the hindrance of analgesic
development 219, but there are also purely research-related explanations. First,
the poor translation from animal models to human pain has been a bottleneck
223, 249
. The lack of translation has been attributed to publication bias, lack of
transparency and poor quality of preclinical data 209, 250-252. There are also in24

herent limitations in the predictive ability of rodent models to mimic human
chronic pain and its treatments, as the pain system has many species differences 209. Second, our lack of understanding of chronic pain pathophysiology
in humans has led to a pain conditions classifications which are insufficiently
mechanism-based 219. This has generated large clinical, pharmacological and
pathophysiological heterogeneity, even within a diagnostic group, in clinical
trials 209. The heterogeneity may have concealed positive treatment effects on
the group level, and caused some clinical trials to report false negative outcomes 209. Third, the hope of a simple solution has placed too much focus too
early on a single marker or candidate 253. This thesis aimed to address these
three issues by investigating human pain pathophysiology, in well-defined
patient groups, measuring biofluid protein profiles instead of single markers.

Biomarkers for pain pathophysiology
A biological marker, biomarker, is “A characteristic that is objectively
measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention.”
254
. By definition, a biomarker need not be a biofluid protein profile (as in
this thesis), it may also be measured in tissues 255, or with genetic tests 256, 257,
images 258-260, physiological measurements 261, and neurophysiological recordings 262-271.
Although the analysis of biomarkers is a corner stone in diagnosis and
monitoring in most medical disciplines, pain medicine lacks these molecular
tools, and typically relies purely on medical history and clinical examination.
There are at least three ways in which biomarkers would benefit chronic
pain patients. First, clinically biomarkers could be used to identify those at
risk for developing chronic pain, improve diagnostic accuracy, prognostication, as well as selection and monitoring of treatments. Second, scientifically
biomarkers could be used to provide mechanistic understanding and discover
new treatment targets. Third, biomarkers would aid pharmaceutical companies by providing a tool for better sub-classification of patients and provide
surrogate endpoints for effective clinical trials 254, 272.

Biofluids for biomarker discovery
The biofluid most commonly used for biomarker discovery is blood (often
serum or plasma). The human plasma proteome has been suggested to hold
the potential to revolutionize patient diagnostics and treatment monitoring
273
. Because interesting disease biomarkers become diluted in biofluids, sensitive analytical techniques are of interest in for biomarker discovery studies.
Another way of improving the chances of finding biomarkers is by analyzing
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biofluids specifically enriched with molecules from the tissue of interest, the
CSF is one such enriched biofluid.
Cerebrospinal fluid
Because of the close contact, and continuous exchange between the CSF and
the nervous tissue of the brain and spinal cord, the CSF can reflect ongoing
physiological and pathological processes of the CNS 146, 274. In fact, the CSF
has been used for diagnostic purposes for more than 100 years 275. The CSF
proteome appears to be stable in non-pathological conditions 276. The CSF is
contained in the subarachnoid space making it less accessible than blood.
The CSF is most commonly sampled by lumbar puncture at the vertebral
interspaces L3-L4, L4-L5, or L5-S1, or from the ventricles.
Most of the CSF is produced by the choroid plexus 277. An average adult
has 100-150 mL of CSF circulating the brain, spinal cord, and the four ventricles, and this volume is replaced three to four times daily 278. The CSF is
an ultrafiltrate of plasma that is combined with CNS-specific proteins and
molecules. About 20 to 56 % of the proteins in CSF are directly derived
from the CNS 276, 278. Compared with blood, the healthy CSF contains very
few cells (0-4 cells/μL) and about 100-200 times less protein (0.35(0.05-0.8)
mg/mL). The top eight most abundant CSF proteins (albumin, prostaglandin
D-synthase, immunoglobulin G, transthyretin, transferrin, alpha-1antitrypsin, apolipoprotein A, and Cystatin C) make up over 85 % of the
total protein content 277, 278.

Research history and thesis scientific context
The first studies aimed at distinguishing pain patient biofluid samples from
those of controls were published in the 1990s. One, or a few, molecules of
interest were investigated in each study 279, 280. High concentrations of CSF
interleukin-8 (IL8) were reported in patients with herniated discs 281. CSF
and blood levels of arginine and vasopressin were found to be higher in
chronic pain patients compared with healthy controls 282.
In the early 2000s, three publications in PAIN, the official journal of the
IASP, spurred discussion about the role of biomarkers n pain medicine.
The first study suggested, based on animal experiments and a human labor
pain study, that cystatin C was a potential biomarker for human pain. The
article concluded that a profile of biochemical markers of nociception
could be used to assess pain in situations when pain measurements using
conventional methods are difficult 283. The following year, the validity of
the finding was disputed. The authors of a second larger study of healthy
volunteers, women in labor, and patients with chronic neuropathic pain
reported that the highest concentrations of cystatin C were found in the
CSF of chronic pain patients with an indwelling intrathecal catheter This
result suggested that increased cystatin C levels marked inflammation or
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some other phenomenon related to the catheter 284 rather than pain. The
second study was accompanied by an editorial stating that calling cystatin
C a biomarker for human pain was oversimplified and that the purpose of a
pain biomarker must not be to overrule a patient’s statement with a biological test. Instead the purpose should be to inform about the pathophysiology underlying the actual pain experience, to help treat it more effectively.
This is type of usage of biomarkers is the long term vision of the biomarker
discovery studies in the present thesis.
During the 2000s, fibromyalgia/CWP patients were reported to have reduced CSF levels of neurotrophic factors 285, and signs of systemic inflammation 286 . Inflammatory blood profiles of patients with painful neuropathies were shown to differ significantly from those of patients with painless
neuropathies and healthy controls 287, 288.
Omics
Parallel with the advances in our understanding of pain-like behavior in animal models and early human biofluid investigations, there has been a veritable revolution in the biological technologies. Perhaps the most obvious starting point was the sequencing of the human genome 289, 290. Equally important
was subsequent development of the other omics sciences including, proteomics, transcriptomics and metabolomics, and the resulting integrated omics
projects such as the human protein atlas 291. These methods provide holistic
tools for understanding profiles, and “omes” rather than single biomarker
molecules. The last decade has also seen the innovation of new highthroughput affinity-based technologies for sensitive multiplex analyses 292296
, which can also be considered “proteomic” although this term traditionally referred to MS-based methods. These modern omic methods have been
successfully used to identify biomarker candidates for many disease types
including cancers and neurodegenerative diseases.
Applying modern protein detection methods in pain research
The present thesis is part of a recent and rapid evolution of the human pain
pathophysiology research. Ten years ago, proteomic methods had not been
introduced to clinical pain research, although one publication predicted this
development 297. In 2010, when the present work was initiated, there were
less than 20 original research publications addressing the topic of pain research on human biofluids, and none using highly multiplexed or proteomic
methods. Only 6 years later proteomics was described as an integral part of
research in human pain pathology 249. In retrospective, it may seem only
natural to combine proteomic methods and pain research. However, early
critique pointed out that compared with diseases like cancer and degenerative diseases, chronic pain is 1) caused by more subtle nervous tissue changes, markers of which are likely to be too diluted for detection in CSF or
blood, 2) subjective, and 3) highly complex (biopsychosocial). In light of
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these challenges, the quest for clinically useful biomarkers for pain medicine
is appropriately summarized by Emmanuel Bäckryd, “The task is immense.
So is the need.” 298.
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Aims

The aim of this doctoral thesis was to identify chronic pain biomarker candidates in human biofluid samples. The specific aims of the present investigations were:
I

To determine whether applying purpose-designed affinity-based
protein panels such as multiplex SP-PLA to patient CSF is a viable
approach to CNS biomarker discovery.

II

To use dimethyl labeled and label-free MS to investigate SCS mechanism of action by comparing the CSF proteomic profiles when SCS
had been turned off for 48 h with when it had been in use for 3
weeks, in 14 SCS-responsive neuropathic pain patients.

III

To compare, using a new 92-plex PEA pane, the serum inflammatory
protein profile of 23 patients with high lumbar radicular pain levels
and 22 patients with none or low pain levels one year after disc herniation.

IV

To investigate the CSF protein profiles of patients with neuropathic
pain and fibromyalgia using a 100-plex ASBA targeting 55 proteins.

V

To determine, using a 92-plex PEA panel, the CSF inflammatory
protein profile for two cohorts of neuropathic pain patients
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Methods

This section describes the four main methods used for detection and relative
quantification of proteins in human biofluids in the present thesis.

Proximity Ligation Assay (PLA)
In Paper I, the multiplex proximity ligation assay (PLA) was applied, for
the first time, to CSF samples (Figure 5). PLA is a DNA assisted antibodybased method for sensitive protein detection developed at the unit of Molecular Tools at the Department of Immunology Genetics and Pathology at
Uppsala University 292, 293, 299, 300. In PLA, the antibodies are coupled to DNA
oligonucleotides (approximately 20 bases, single-stranded DNA molecules)
to create PLA probes that can bind the protein for which the antibody has
affinity. When two antibodies bind the same target, their DNA oligonucleotides are close (proximal) enough for them to hybridize to another DNA
oligonucleotide to form a template for enzymatic ligation, allowing the two
arms form a template for amplification using real-time PCR 293.There are
several variants of PLA, in the solid-phase PLA (SP-PLA), the target protein
is first captured via an immobilized antibody on a solid support before the
probes are added and PLA is performed, which provides increased specificity due to requirement of three recognition events 301. In Paper I, a multiplex
SP-PLA 302 was used. Here, the sample is first incubated with a mixture of
magnetic beads covered separately with 47 different polyclonal antibodies
against the target proteins, the capture step. After the target proteins have
been captured, the excess samples are washed away, the probes are added,
and incubated to allow binding to their target protein. The final signal coming from the PCR amplification is thereby ensured to result only if three
binding events to the same protein have taken place, giving this method superior selectivity compared with other antibody-based techniques in which
one or two target binding events suffice to generate a detection signal.
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Figure 5. The principle of solid-phase proximity ligation assay (SP-PLA).

Mass spectrometry-based proteomics
The second main method used in this thesis is MS-based proteomics. MS is a
powerful analytical tool that can determine the identity and quantity of ionized proteins and peptides (and many other compounds) in a complex sample
based on their mass to charge ratio (m/z). The field of proteomics is concerned with the proteome, meaning the entire expressed protein set available
in a certain tissue or body fluid. In contrast to disease designated antibody
based panels, such as the PLA panel that we created for Paper I, the approach used in Paper II is unbiased, without a pre-existing hypothesis regarding which proteins will be altered by SCS. Rather than confirm or refute
a hypothesis, the aim in that study was to generate hypotheses for the SCS
mechanism. There is a large number of mass spectrometric proteomic approaches. In the following sections the principles and choices behind the
specific MS approaches used in Paper II are described (Figure 6).
Sample preparation
Complex sample solutions, such as human biofluids, are usually not directly
infused into the mass spectrometer for optimal analysis. To reduce the high
abundance proteins that otherwise saturate the capacity of the mass analyzer
an immunoaffinity fractionation strategy (sometimes called depletion) was
used. The immunoaffinity columns used for the label-free (LF) and dimethyl
label (DML) experiments were different but serving the same purpose. The
sample was optimized for MS by removing salts and primary amines. In
bottom-up proteomics, the proteins are first enzymatically cleaved (digested)
into peptides before they are separated, ionized, and introduced into the mass
analyzer. In Paper II, trypsin was used to digest the proteins. Trypsin
cleaves the protein after basic residues arginine and lysine, (if not next to
proline) into tryptic peptides.
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Figure 6. Workflow of MS proteomics used in Paper II. Labeling was done for one
of the two sample sets. Ping Sui acknowledged for contributions to the illustration.

Separation
To increase the sensitivity of MS detection, the sample complexity is typically further reduced by introduction of a separation step prior to MS. In
Paper II, reversed phase nano liquid chromatography (nLC) was used. This
miniaturized LC consumes less sample volume and has a higher efficiency
than conventional columns. Reverse phase LC uses an aqueous moderately
polar mobile phase to transport the sample though the LC column containing
a non-polar stationary phase. Complex peptide mixtures are separated by the
LC system based on their polarity before entering the ionization step.
Ionization
A basic requirement for all applications of MS-based proteomics is the generation of gas phase ions. Coupling electrospray ionization (ESI) to the MS
(Figure 7), as was done in Paper II, is one way of meeting this requirement.
ESI is a comparatively soft ionization method that allows proteins and peptides to be ionized without breaking them apart. ESI ionizes analytes in three
steps. First, by forming charged droplets at the tip of the separation capillary.
Second, by gradual droplet shrinkage until actual separate gas phase ions are
formed.
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Figure 7. Mass spectrometry coupled with electrospray ionization (ESI). Ping Sui is
acknowledged for ESI illustration.

Third, by transporting the newly formed gaseous ions from the ion source
(which is at atmospheric pressure) into the mass spectrometer (which operates at high vacuum). Tryptic peptides will get protonated on their Nterminal amine and any lysine, arginine, and histidine residues as these are
bases, and form singly or doubly charged ions. The aim of the ionization step
is to ionize as many of the peptides as possible. The big voltage difference
between the capillary and the MS, allows ions to fly through the electrical
field. Once the peptides are ionized, they can be detected by the mass analyzer.
Mass spectrometric analysis
In Paper II, a linear ion trap Fourier transform ion cyclotron resonance mass
spectrometer (LTQ FTICR-MS) from Thermo Scientific was used. With a
strong magnetic field (7 Tesla), the FTICR traps the ions and holds them
circulating inside the ICR cell. The frequency at which the ionized peptides
circulate (the cyclotron frequency) is unique to their m/z, which then becomes the basis of their identification. The output from the MS is a mass
spectrum generated by Fourier transformation.
Identification
In Paper II, we performed protein identification using peptide spectra recorded in MS/MS mode. MS/MS mode means that after the first MS, the peptide ions are fragmented by collision induced dissociation and MS is again
performed on the resulting smaller ions. The purpose of this fragmentation is
to reveal the amino acid sequence of the proteins in order to identify them. In
Paper II, the protein identities were obtained by using one of the commonly
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used search engines, Mascot, to match the experimentally acquired MS/MS
spectra to theoretically generated spectra for each peptide in a database
called SwissProt.
Relative quantification
In MS-based proteomics proteins can be quantified in an absolute manner,
provided that a stable isotopically labeled standard is spiked into the sample.
Absolute quantification is therefore suitable for single or few proteins at a
time, as it would be too expensive and complicated to spike in standards for
hundreds of proteins. Relative quantification can be done on the entire proteome and the relative quantity of hundreds of proteins can be determined in
one experiment. Relative quantification can be performed using LF or labeled approaches. The quantifications in Paper II were performed in MS
mode. The LF MS relative quantification can be achieved by counting the
number of spectra acquired for a certain peptide ion as an indicator of how
much of that peptide is present. Alternatively, the peak intensity of the peptide in the spectrum from the case sample can be compared with the peak
intensity of the corresponding peptide in the spectrum of the control
sample303. LF relative quantification always involves an inter-run comparison, which is less reliable than an intra-run comparison, which is possible for
labeled samples. After the mass spectrometric analysis the raw data files of
the LF sample are typically imported into a software (in Paper II we used
the software DeCyder MS2.0) for peak detection and alignment to enable
comparison of the amounts of protein between the case and control sample.
Labeling
There are many labeling approaches to choose from: isobaric tag for relative
and absolute quantification (iTRAQ), tandem mass tags (TMT), and dimethyl labeling (DML). DML 304, 305 was chosen in Paper II because the combination of DML and FTICR outperformed other methods available in our
lab in a previous comparison 306. The DML method is relatively fast, simple
to execute and inexpensive compared with other labeling methods. We used
two labels, the light (-CH3) and the medium (-CHD2) labels (Figure 6). After
the MS experiment is performed, the raw data files are usually imported into
an automated peak quantification software (in Paper II MSQuant was used).
The peak intensities can then be log-transformed for later statistical analysis.
Data analysis
To control the quality of MS proteomic data different types of data analysis
can be used. In Paper II, hierarchical clustering analysis was used, an RSquared (R2) value was calculated for each pair (ON and OFF), and all low
quality (R2  0.85) sample pairs were removed before further analysis. The
peak in the ON state was then subtracted by the corresponding peak in the
OFF state and normalized. Thereafter, moderated paired t-statistics were
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used, linear models were fitted to the data, and p-values and fold changes
were calculated for each peak. To quantify the difference between the ON
and OFF state, peptides were selected that were present in more than 50 % of
the patients, had a fold change of at least 0.3, a p-value ޒ0.05 and a Mascot
score ޓ25. These peptides were then combined into proteins and median pvalues, fold changes, and Mascot scores; thereafter, Fisher’s p-values were
calculated for each protein. The proteins were subsequently ranked in a top
protein list. Because the data from MS-based proteomics are complex, it is
common to perform a clustering or enrichment analysis to visualize the result. In Paper II, an enrichment analysis was performed.

Proximity Extension Assay (PEA)
The third method used in this thesis was the proximity extension assay
(PEA) (Figure 8). A PEA panel of 92 inflammatory proteins was used to
analyze serum samples from pain patients following disc herniation in Paper
III. In Paper V the same PEA inflammation panel was applied to CSF samples from neuropathic pain patients and controls. Similar to PLA, PEA employs antibody-based probes with an attached oligonucleotide, and with the
difference that in PEA the DNA oligonucleotides are hybridized to each
other and the ligation step is replaced with a polymerization step to create a
double-stranded DNA template for PCR-based amplification.

Figure 8. The principle of proximity extension assay (PEA).

In multiplex PEA the levels of 92 proteins are measured in one microliter
samples using a microfluidic PCR readout, allowing simultaneous analysis
of 92 target proteins and 4 controls.

Antibody Suspension Bead Arrays (ASBA)
In ASBA295, 296 (Figure 9), the detection antibody is coupled to a magnetic
color-coded bead containing three internal fluorescent dyes. The relative
abundance of the dyes in each bead conveys the bead identity. When the
antibodies have been immobilized on (coupled to) the bead, as many as 384
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bead identities can be mixed in the same suspension and used to analyze the
same number of protein targets in a biofluid using only a few µL of the sample. The sample is prepared by dilution, biotin labeling of protein content,
another dilution, and a heating step to improve epitope exposure. The sample
is then incubated with the arrays. After incubation, the unbound proteins are
washed away and relative protein abundances can be measured with the help
of a streptavidin-conjugated fluorophore.
The relative protein abundances are displayed as median fluorescent intensities (MFIs) that can be used for further statistical analysis. In Paper IV,
a unique 100-plex ASBA panel was designed, targeting 55 proteins, based
on the results generated in Paper II to verify and extend the findings using a
different technique with high throughput and small sample consumption.
Other purpose-designed ASBA panels have revealed disease specific protein
profiles in patient plasma 294 and CSF 307-310.

Figure 9. The principle of antibody suspension bead array (ASBA).
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Main results

Paper I: A Multiplex Protein Panel Applied to Cerebrospinal
Fluid Reveals Three New Biomarker Candidates in ALS but
None in Neuropathic Pain Patients.
•
•
•
•

Nineteen of the 47 proteins were detectable in more than 95 % of the 72
controls.
None of the 21 proteins detectable in CSF from neuropathic pain patients was significantly altered by SCS.
The levels of the four proteins, follistatin, interleukin-1 alpha, interleukin-1ȕ, and kallikrein-5, were significantly lower in the ALS group
compared with the age-matched controls.
The results demonstrated that a multiplex PLA panel can be successfully
used for CNS biomarker research by detecting several proteins in the
human CSF.

Paper II: Spinal Cord Stimulation Alters Protein Levels in the
Cerebrospinal Fluid of Neuropathic Pain Patients: A Proteomic
Mass Spectrometric Analysis.
•
•
•

•

The levels of 86 proteins were statistically significantly different between the SCS on and SCS off states in the CSF of neuropathic pain patients with satisfactory SCS treatment.
Functional enrichment analysis of the 86 altered proteins revealed that
they are previously known for involvement in platelet degranulation,
wound healing, complement/coagulation, and neuropeptide signaling.
The top 12 altered proteins are involved in neuroprotection (clusterin,
gelsolin, mimecan, angiotensinogen, secretogranin-1, amyloid ȕ A4 protein), synaptic plasticity/learning/memory (gelsolin, apolipoprotein C1,
apolipoprotein E, contactin-1, neural cell adhesion molecule L1-like protein), nociceptive signaling (neurosecretory protein VGF), and immune
regulation (dickkopf-related protein 3).
These findings in the CSF of neuropathic pain patients expand the scope
of SCS effects on the neurochemical environment of the human spinal
cord.
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Paper III: Inflammatory Serum Protein Profiling of Patients with
Lumbar Radicular Pain One Year after Disc Herniation.
•
•
•

A clear overall difference in the serum cytokine profile between the
chronic and recovered patients was demonstrated.
Given a false discovery rate (FDR) of 0.10 and 0.05, we identified 41
and 13 proteins, respectively, which were significantly upregulated in
the patients with severe pain 1 year after disc herniation.
The three proteins with the highest increase were C-X-C motif chemokine 5 (CXCM5, 217 % increase), epidermal growth factor (EGF, 142 %
increase), and monocyte chemotactic protein 4 (MCP-4, 70 % increase).

Paper IV: Affinity Proteomics Applied to Patient CSF Identifies
Protein Profiles Associated with Neuropathic Pain and
Fibromyalgia.
•
•
•
•
•

Apolipoprotein C1 (APOC1) levels were found to be higher in CSF of
neuropathic pain patients when compared with controls.
There was a non-significant trend for increased levels in the CSF of fibromyalgia patients.
Ectonucleotide pyrophosphatase (ENPP2/Autotaxin) levels were higher
in the CSF of fibromyalgia patients when compared with controls and
with neuropathic pain patients.
Multivariate analysis confirmed the APOC1 and ENPP2 findings.
Multivariate analysis also revealed partially overlapping and partially
distinct CSF profiles in neuropathic pain patients compared with fibromyalgia and controls for several other proteins including angiotensinogen (AGT), prostaglandin-H2 D-isomerase (PTGDS), neurexin-1
(NRXN1), superoxide dismutase 1 (SOD1) and superoxide dismutase 3
(SOD3).

Paper V: High Levels of Cerebrospinal Fluid Chemokines Point
to the Presence of Neuroinflammation in Peripheral Neuropathic
Pain: A Cross-Sectional Study of Two Cohorts of Patients
Compared to Healthy Controls
•

•
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CSF levels of chemokines CXCL6, CXCL10, CCL8, CCL11, and
CCL23, as well as protein latency associated peptide transforming
growth factor (LAP TGF)-beta-1 were significantly higher in both the
neuropathic pain cohorts than in the healthy controls.
Increased CSF levels of chemokines and other markers indicate an ongoing neuroinflammation in neuropathic pain patients.

Discussion

Method comparisons and complementarity
We used four main methods for protein analysis in this work (PLA, MS,
PEA, and ASBA). Here the differences between the methods will be highlighted.
The protein identification in MS based on the amino acid sequence and
the unique m/z of each peptide. The PLA, PEA, and ASBA, on the other
hand are antibody-based techniques, i.e. the detection of targeted proteins is
performed using antibodies coupled to an entity that can be detected. Because antibodies, even affinity-purified antibodies, have affinity for other
molecules than their target, referred to as off-target or unspecific binding, the
protein detection is less selective than with MS. In PLA and PEA this is
partially compensated for by requiring several recognition events for detection signal 300 compared with standard assays such as enzyme-linked immunosorbent assay (ELISA) 293, 301, 311-315. In the ASBA panel used in Paper
IV this selectivity is partially compensated for by incorporating several different antibodies in the panel with affinity for the same target. One advantage of the single binder and direct labeling employed in ASBA the multiplexed analysis of analytes as well as samples. In Paper IV, the uncertainty
of antibody-based detection was exemplified as two of the three ENPP2
antibodies did not appear to bind ENPP2; the third antibody with high affinity for ENPP2 may also have had affinity for other proteins, which could be
identified with immunoprecipitation followed by MS, although this is more
likely to be background signal 316. Although unspecific binding of antibodies
in a complex matrix can be a problem, it is not necessarily detrimental in the
discovery stage of biomarker studies, as follow-up experiments with MS can
determine the identity of the protein, and more selective antibodies can then
be tested for further studies. Also, even if the theoretical protein identification with MS is highly specific, technical variation such as unstable spray,
overlapping peaks, and complex data interpretation (for LF methods) can
add uncertainty to the final MS results as well.
The antibody-based techniques (PLA, PEA, and ASBA) typically have
higher throughput, allowing for faster processing of large numbers of samples. Antibody-based techniques consume relatively little sample , 5-100 μL,
of CSF or blood compared with the MS protocol we used which requires 500
μL. Low sample consumption allows several replicates and serial investiga39

tions of the same sample set. On the other hand MS methods usually detect
several hundreds of proteins, which is more than the average antibody-based
panels we used which were all below 100 targets. The sample consumption
and runtime can to be put in relation to the purpose of the study.
In biomarker discovery a disadvantage with antibody-based multiplex
panels compared with MS-based proteomics is the requirement of preexisting hypotheses about candidate markers for a relevant panel composition.
MS methods allow for of open-ended research questions, not based on previous biomarker candidates, allowing for truly novel disease targets to be
discovered. This thesis clearly illustrates this point. In Paper I, our selection
of protein targets based on the literature appeared irrelevant to the investigated SCS mechanism, but with an untargeted MS method like the one used
in Paper II we could find several protein alterations in the same sample set.
PLA has been recommended for biomarker validation 292. The original plan
was to start with MS and follow-up with PLA. For practical reasons, this was
not possible, but it would have been a more logical order. Instead, we later
used the list of interesting proteins composed from the MS results in Paper
II to select antibodies for the ASBA panel in Paper IV. That approach produced at least two new biomarker candidates for chronic pain conditions,
confirming that it is a productive way to combine MS and antibody-based
methods. Particularly noteworthy was the lack of overlap between the proteins detected in the SCS CSF samples with PLA in Paper I and with MS in
Paper II, suggesting that perhaps PLA detected lower abundant proteins 293,
300, 317
than MS. Thus, our results appear to support the notion that antibodybased techniques are able to detect lower abundant proteins than MS although this is not applicable for targeted MS methods 318, 319.
Antibody-based methods use relatively light sample preparation compared with the immune fractionation and digestion common in MS methods.
Antibodies can usually find their targets (although with some unspecific
binding as discussed above) in complex matrices, which is highly beneficial
in that it reduces the contribution of sample preparation to technical variation
in the final result. Instead of sample preparation sample dilution, buffer
composition, background variation and heating steps can contribute technical
variability. These parameters can also affect MS results. Also the MS instrumentation is more complex than the ones used for PLA, PEA and ASBA,
requires more attendance (such as continuous filling of nitrogen to cool the
magnet), and more frequently needs technical support and repair.
The commercial PEA method is reported to have a coefficient of variation
(CV) below 10 % for most proteins within the dynamic range of the assay.
PEA is a solution phase assay, i.e. the captured antibody is not coupled to a
solid support. In assays such as SP-PLA and ASBA the capture antibody is
coupled to a solid phase magnetic bead, which usually increases the unspecific binding and entails a washing step that contributes to the variation. The
92-plex PEA used in Paper III and Paper V has benefited from thorough
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commercial optimization of several assay parameters (e.g., the choice of
DNA polymerase and reduced manual handling steps with no requirement
for washing steps compared to solid-phase PLA we applied in our first study
(Paper I). PEA reports lower CVs for many of the protein targets compared
with the SP-PLA used in Paper I but the two methods were not directly
compared with the same targets and that can also contribute to differences in
CVs.
In Paper II we used two different MS methods, label free and labeled
samples. There were also other differences between the two protocols. The
immunoaffinity column used in the LF experiment has affinity for the top 14
most abundant proteins, and therefore reduces the amount of these proteins
remaining in the samples, whereas the one used for DML has affinity for the
top 7 most abundant proteins. This difference can explain some of the differences in the results seen by LF and DML studies in Paper II.
The benefit of labeling the samples with stable isotope labels (commonly
15
N, 18O, 2H, or 13C) is the possibility of mixing the case and the control
sample, a strategy that dramatically halves the analysis time and eliminates
the problem of run-to-run variations in the efficiency of the ESI (the spray is
not always stable) and LC retention time. LF approaches lack the benefit of
being able to combine the case and the control sample into one. Therefore, it
is more sensitive to variations over time such as spray instability and shifts
in retention time due to LC memory (carryover) effects and gradual increased packing or saturation of the column. One option for minimizing the
effect of these variations on the final result is to run the case sample directly
after the control sample, and vice versa as we did in Paper II. The requirement on expert data processing for normalization and other handling of this
variability is higher in LF quantification approaches compared with labeled
ones.
In summary, the studies presented in this thesis support the view that the
combination of antibody-based and MS methods can answer important research questions in pain biomarker discovery, perhaps best starting with MSbased proteomics and following up with a dedicated PLA, PEA, or ASBA
panel based on the MS findings.

Biofluid samples
One challenge in CSF research is the scarcity of samples from healthy volunteers. Blood samples can be obtained from consenting volunteers, but to
sample CSF lumbar puncture is required. Lumbar puncture is rarely performed on healthy individuals because of the discomfort, requirement of
trained expertise, and small but existing risk of side effects. We attempted to
handle this in different ways in the four papers comprising this thesis.
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In Paper I, II, and IV, we addressed this issue using a longitudinal intraindividual study design comparing pain patients using SCS to themselves
when not using SCS. In Paper IV, we analyzed samples from 200 individuals of which 25 were patients with neuropathic pain, 40 with fibromyalgia,
and 135 were controls. The neuropathic pain verification set (NP2, n = 11)
and their controls (C2, n = 11) were collected at the same clinic to enhance
reliability in the comparison between controls and neuropathic pain patients.
The other samples were collected at different clinics in Cluj (Romania) (C1,
C3), Uppsala (NP1), and Oslo (fibromyalgia). Lifestyle and clinical practices
in Norway and Sweden are comparable. Differences in the Nordic-Romanian
comparison may be larger, however. The CSF sample collection and handling protocols were the same and the person performing the sample collections in the Cluj site was trained in Uppsala. Still, we saw that the C1 and C3
sample sets, which were collected at the Romanian site, differed significantly in several protein levels from the C2 sample set collected in Sweden. This
discrepancy could be caused by different factors, including differences in
lifestyle, health status (minor urology surgery patients vs. healthy volunteers), and sample handling. We addressed this problem in Paper IV by
disregarding all biomarker candidates that were significant in the controlcontrol comparison. The sample set from the patients with minor urology
surgery naturally contained more males than females and all the fibromyalgia CSF samples were from female patients only. Yet, they were compared
with samples from mixed sex groups. However, sex has not proven to influence any CSF proteins in our previous investigations, except for the expected difference in PSA 320. Moreover, we found no sex bias in the ENPP2
result and the fibromyalgia patients had significantly higher ENPP2 levels
compared to all other groups even when all males were removed from the
analysis (p-values; FM vs. C2 <0.001, FM vs. NP2 <0.001, FM vs. C3
0.005).
Another consideration is that most patients in the study are taking medications for their pain 321. In Paper III the patient group was also taking more
anti-inflammatory medication than the controls for natural reasons. It therefore seems plausible that the effect of medication reduces rather than increases the difference in inflammatory serum proteins. Although there are
indications that drugs do not interfere with the pain protein profile in the
CSF 285, interference cannot be ruled out. These factors contribute to the
uncertainty of the results. Validation of the biomarker candidates in additional cohorts is required.
The apparently low levels of follistatin, IL-1 alpha, and Kallikrein-5
(KLK5) in CSF found in ALS patients in Paper I may be caused by high
levels of many proteins in the CSF control samples which were demonstrated with ASBA in Paper IV when we had access to CSF samples from
healthy volunteers for comparison. The 19 protein control concentration
values, four of which (sortilin, CCL16, cystatin B, KLK5) had not previous42

ly been reported for adult individuals without neurological disease should be
interpreted with caution. Still, this limitation pertains to the selection of control samples and does not affect the basic conclusion of the paper, which is
the utility of multiplex SP-PLA panels as a tool for research on neurological
biomarkers.
Because plasma concentrations of several proteins are associated with age
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, we matched the groups for age in Paper I-V. The effect of sex bias is
also an important parameter as this can affect protein levels in both the blood
and CSF. In Paper I, measurements of all 47 proteins were compared between males (n = 20) and females (n = 20) in the ALS patients and controls
using the Mann-Whitney U test. The analysis demonstrated no sex effect on
any of the markers, except prostate specific antigen (PSA), which is to be
expected. In Paper II, patients (males and females) were only compared
with themselves and sex bias is not applicable. In Paper III, the samples
were also sex-matched. The fibromyalgia group in Paper IV consisted of
only females, reflecting the real-life demography of this disease. In our study
the female fibromyalgia patients were mostly compared with a group of patients, in which male sex was overrepresented, but again we saw no sex bias
in any of the groups for ENPP2 and ENPP2 signals were significantly higher
than those for all other females. In Paper V, male-female ratio was similar
in the different groups.
A recent report has also highlighted the importance of sample storage
time 323. Some of the samples we compared in Paper I, IV, and V were stored
for durations differing by several years. In Paper IV the largest difference in
sample storage times was 15 years. This factor may influence the results.
Enroth et al. analyzed plasma samples with the same PEA panel that was
used for the CSF analysis in Paper III and V. They reported that for 10 % of
the proteins, sample storage time explained 5-35 % of the observed variance
in protein level. For LAP TGF-beta-1, which we found to be upregulated by
approximately 20 % in neuropathic pain patients in Paper V the percentage
of the variance explained by storage time was 10 %, suggesting that part of
this result may be explained by differences in sample storage time. However,
the sample storage time of the sample groups in Paper V differed by less
than one year as compared with 26 years in the Enroth study, suggesting that
this discrepancy is minor. The storage time effects may also be different in
plasma samples than in CSF, since plasma samples contain 100-200 times
more protein. In Paper III, a prospective study design was used, with serum
samples collected continuously at the same site. Such a design also reduces
potential confounders.
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Data evaluation and statistics
For any type of research analysis, data evaluation will have an influence on
the result. Data analysis is even more central in the large data sets in omics
research. The normalization and statistics applied to the raw data will determine which markers end up on the reported list of biomarker candidates. For
example, in Paper II we applied median normalization, but in hindsight, the
lack of verification with ASBA in Paper IV suggests that spike in normalization may have been preferable.
In Paper I-V, we analyzed multiple markers in the same experiment.
When analyzing many variables, the multiple testing problem is a concern
324
. In theory, when using the common significance level of 0.05, and if k is
the number of comparisons, the risk of a least one false positive is 1-0.95k
325
. In Paper I, we measured levels of a maximum of 47 proteins and conducted multiple comparisons, which were corrected using the Bonferroni
method by dividing Į=0.05 by the total number of tests (n=47), i.e. 0.05/47
§0.001). Thus, all p-values reported were adjusted using this approach.
Since then it has come to our attention that Bonferroni correction may be too
conservative. This is because p-value-based corrections assume independency between the measured variables (in this case proteins or peptides). Such
an assumption is incorrect because peptides (and proteins such as cytokines
and chemokines investigated in Paper III and V) are correlated. In Paper
II, we applied commonly used evaluation methods of mass spectrometric
data. Instead of a p-value cut-off, several factors were considered and the
findings were weighted. Essentially, we choose the risk of false positives
over the risk of losing potential biomarkers. Such a strategy, however, requires a more targeted method to validate the discovery, as was attempted in
Paper IV. The lack of verification with ASBA, make the results of Paper II
unconfirmed, but not falsified (see “Biomarker verification and validation”
section below).
In Paper III and Paper V, for our main comparison between cohorts 1a
and 1b, we reasoned that in a discovery phase rather than a biomarker validation study some false positive results are acceptable and we controlled the
FDR using the procedure of Benjamini and Hochberg. In Paper III we used
FDRs of 0.10 and 0.05, meaning that up to 1/10 and 1/20, respectively, of
the findings may be false positives. Because 13-41 of the inflammatory proteins were upregulated, the results still provide a strong case for overall increased inflammation in these patients, even if a few findings are false positives. This reasoning was also supported by linear discriminant analysis,
which completely separated the two groups when an FDR of 0.1 was used.
In Paper V, we examined 92 proteins. Given an FDR of 0.1, up to 1/10 of
the findings are likely to be false positives. Hence, although a few false positive markers may be present, it seems unreasonable to conclude our results
are a massive type I error. The possibility of medication, comorbidities, or
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both being confounding factors should be acknowledged for those results
obtained in Paper III and V. In Paper V, as a complement to FDR and confirmation, we used orthogonal partial least squares discriminant analysis
(OPLS-DA). This multivariate method includes all variables simultaneously,
taking the correlation structure of the data set into consideration 325. OPLSDA, is a less common method, but it has been used for a series of peerreviewed publications 326-331 and is in accordance with the principles maintained by Wheelock and Wheelock 332. Extraordinarily, the 11 proteins we
found by OPLS-DA when comparing the first neuropathic pain cohort with
healthy controls were the same as those found using multiple univariate testing with control of FDR. We argue that the measures taken to control for the
multiple testing dilemma in Paper III and V are appropriate for discoveryoriented studies. Because all the investigations in this thesis are discovery
studies investigating moderate-sized sample sets, all results require further
validation.
In Paper IV, we used principal component analysis to obtain an overview
of the data and detect and remove strong outliers before further analysis. We
then tested for differences using the Wilcoxon rank sum test (univariate
analysis). P-values ޒ0.05 after FDR were considered significant. We also
applied OPLS-DA (multivariate analysis) as described above. Uni- and multivariate analyses largely converged on the same biomarker candidates.
Compared with confirmative studies or studies focusing on one marker
with a long research tradition, discovery studies have fewer previous publications to help understand and interpret the findings. It follows that in publications from the omics field, long lists of proteins without much attempt to
interpret potential disease relevance are common. Biofluid samples also do
not carry detailed information of the source of the analyzed biomarker candidate, which is because the fluids circulate entire organs, including many
sites and cell types resulting in broader mechanistic interpretations.

Verification and validation
The certainty of a biomarker candidate finding can be increased by verification, which usually refers to the re-analysis of the same sample set with a
different method. A more crucial divider on the road from a biomarker candidate to a fully useful clinical biomarker is the validation study. This is
where the biomarker candidate is measured in a new material (e.g., another
patient sample cohort) to validate the finding from the discovery study.
Large follow-up studies fall outside the scope of this thesis. Thus, what we
present here are biomarker candidates. Nonetheless, the measures already
taken to verify and validate the findings are described below.
Validation of the ALS biomarker candidates reported in Paper I was not
attempted. In Paper II we attempted to verify and improve the quantifica45

tion of protein levels in CSF by using two complimentary MS approaches,
LF and DML. We could not verify the MS SCSON-SCSOFF findings from
Paper II when using the ASBA technique (Paper IV) for the selected 55
proteins. This lack of verification brings some uncertainty to the findings,
although it does not falsify them for the following five reasons. First, although the two studies centered on the same cohort of 15 individuals, there is
not an exact overlap of patients between the studies. Second, the sample
preparation steps are different in the two methods. Third, MS detection is
performed on peptides derived from an intact protein by tryptic digestion,
whereas the ASBA detects intact heated proteins. Fourth, the magnitudes of
the fold changes between the SCSON and OFF state detected in the MS
study may have been too small to be detected by the ASBA technique. At
least two studies have had partial success in verifying mass spectrometric
findings with ASBA (4 of 12 attempted proteins 308 and 11 of 52 attempted
proteins 307). Both studies used inter-individual comparisons and overall had
higher fold changes in the MS result than we reported. Fifth, in our MS
study we used the leverage of two complementary MS techniques, with one
of these labeled to improve quantification, but we did not use spike-in normalization, which has previously been found to result in better reproducibility between the MS and ASBA results 307.
The study design of Paper III was prospective but we only analyzed
samples from the 12-month time point. Therefore, we do not know whether
the inflammation we detected in pain patients is a state or a trait. However, a
previous study showed that all the patients had high levels of IL6 and IL8 at
the acute time point 333, 334, which is suggestive of inflammation in both
groups at the outset. In Paper IV, we used two separate cohorts of patients
with neuropathic pain and two separate sets of controls. We could see a confirmative trend of the APOC1 finding though the result did not reach statistical significance.
In Paper V we included two neuropathic pain cohorts and found partially
(55 %) overlapping protein profiles with signs of neuroinflammation in both
groups when compared with the same healthy control group (n = 11). This
finding is a validation within the study, although the sample sets are limited
(n = 11 and n = 16). One potential contribution to the lack of complete overlap is that the long-term use of SCS might have altered the CSF inflammatory profile of the second cohort.
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The biomarker candidates and their potential role in the
pathophysiology of chronic pain
Apolipoproteins
One recurrent protein in two of our studies is APOC1. The results from Paper II suggest that APOC1 concentration levels in CSF levels are reduced
by satisfactory neuropathic pain treatment. In Paper IV, we found that
APOC1 was upregulated in the CSF of neuropathic pain patients. If neuropathic pain patients have higher levels of APOC1, it is noteworthy that a
satisfactory treatment can reduce these levels. To our knowledge, there are
no other published results directly linking APOC1 to persistent pain or its
treatments. APOC1 can enhance the TLR4-mediated inflammatory response
335
, affect hippocampal volume and function336, 337 (which is altered in animal
models of chronic pain and chronic pain patients 173, 177, 338-345), and is involved in lipid metabolism that is important for CNS homeostasis. There are
reports of other apolioproteins associated with the pathophysiology of chronic pain 327, 346, 347. The results in Paper II suggest that satisfactory SCS treatment of neuropathic pain altered levels of APOE, APOA1, APOA4 and
APOH. Based on our results the apolipoprotein system appears worthy of
further exploration for chronic pain mechanisms.

ENPP2 and lipid signaling
The increased levels of ENPP2 seen in fibromyalgia patient samples in Paper IV may indicate a role for ENPP2 in fibromyalgia pathophysiology.
Although we did not see any increases of ENPP2 in neuropathic pain patients, ENPP2, synonymous with extracellular lysophospholipase D
(LysoPLD), was the third most important protein for distinguishing neuropathic pain patients CSF samples from control samples in a recent mass
spectrometric study 327, supporting a role for ENPP2 in neuropathic pain as
well. One of the products of ENPP2, lysophosphatidic acid (LPA) has been
implicated as a key mediator of neuropathic pain 348, 349. Because ENPP2
catalyzes the formation of two inflammatory lipid mediators (sphingosine 1phosphate (S1P) and LPA with reported effects on pain modulation, the
ENPP2 result is consistent with a neuroinflammatory component in fibromyalgia. This is consistent with previous studies suggesting a role for altered
inflammation in fibromyalgia and CWP 184, 350, 351 . Our results suggest that a
more extensive investigation of lipid mediated signaling in fibromyalgia may
be worthwhile.
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LAP TGF-beta-1.
Five of the six markers significantly associated with neuropathic pain in
Paper V were chemokines, classical inflammatory mediators. The sixth
protein associated with neuropathic pain in both cohorts, LAP TGF-beta1cohorts, was perhaps more unexpected. To our knowledge, there are no
previous reports of increased levels of LAP TGF-beta-1 in neuropathic pain
patient CSF. LAP TGF-beta-1 is the latency-associated peptide complex of
TGF-beta-1. It is noteworthy that LAP TGF-beta-1 was one of the proteins
associated with lumbar radicular pain in Paper III, as well as in a recent a
fibromyalgia publication using the same PEA panel 352. Recent results from
animal models of chronic pain provide a basis for interpretation of this finding in the pain context. Intrathecal infusion of TGF-beta-1 was recently reported to suppress the nerve injury-induced inflammatory response (cytokine
expression) and glial activation in the spinal cord 353 and has been shown to
inhibit neuropathic pain-like behavior in a murine chronic constriction model
of neuropathic pain 354. TGF-beta latency-associated peptide has been shown
to block TGF-beta-1 biological effects 355, 356 and modulate the half-life of
TGF-beta-1. In the experimental cell culture setting exposure to proinflammatory conditions increased the LAP TGF-beta-1 and TGF-beta-1
activity in hippocampal neurons 357. Based on these and our results a hypothesis is that the high CSF levels of LAP TGF-beta-1 we detected in neuropathic pain patients mirror a response to high pro-inflammation and, in fact,
are part of an elevated but insufficient anti-nociceptive mechanism in chronic pain patients. Because many studies of pain conditions indicate a role for
this protein, it should be further investigated.

Broad inflammatory profiles and support for glial
activation in human pain conditions
Some of the protein changes we detect in Paper II are consistent with an
effect of SCS on inflammatory processes. In Paper III, we found evidence
to support a role for inflammatory processes in chronic sciatic pain after disc
herniation. In Paper IV, and V we report protein changes consistent with an
ongoing neuroinflammation in the CSF of neuropathic pain, and fibromyalgia patients.

Systemic inflammation in chronic sciatic pain after disc
herniation
Previous work has demonstrated changes of a handful of proteins in blood
samples of chronic pain patients suggestive of inflammation (chronic widespread pain 286, fibromyalgia/chronic pain 288, 358, and painful neuropathies
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, LBP due to disc herniation 359, endometriosis 360 361, and temporomandibular disorder patients 362). Recent evidence from lipopolysaccharide (LPS)
stimulation of healthy volunteers supports the theoretical link between systemic inflammation and weakened pain regulation 186.
In Paper III, we report an inflammatory profile consisting of 41 of 92
analyzed proteins (including IL6 and IL8) in the serum of patients with sciatic pain 1 year after disc herniation.. The novelty in Paper III is the broad
inflammatory profile combined with a prospective study design. IL6 and IL8
had been measured by ELISA in the same samples before 333, 334 and were
found to be upregulated in all the disc hernia patients in the acute phase. It
appears these interleukin levels normalize in those who recover without pain,
whereas they remain elevated in those who develop chronic pain. These results are in line with previous findings 363, 364. Overall, our results support the
hypothesis that unresolved systemic inflammation contributes to chronic
pain development after disc herniation.

Future concept comparing protein profiles of fibromyalgia and
lumbar radicular pain
Recent studies using the same multiplex PEA panel as in Paper III and Paper V have also shown remarkable overlap in results in patients with chronic
wide spread pain 351. If we allow a 0.05 FDR in the inflammatory plasma
profile of the disc herniation pain patients and compare it to the profile of
serum from fibromyalgia patients analyzed with the same panel we see that
some markers are shared (STAMPB, Casp-8, TGF-beta-1,CXCL5, MCP-4,
MCP-2), some are solely elevated in the serum of patients with lumbar
radicular pain (EGF, IL-15-R-alpha, CCL4, CXCL10/IP10, VEGF-A, MCSF/CSF-1, MCP-3/CCL7) and others are uniquely elevated in the plasma
of fibromyalgia patients (SIRT2, CD40, AXIN1, IL-7, CXCL6, CXCL1, 4EBP1, CD244, CXCL11, STIA1, TNFSF14, ADA, MMP-1, IL-8, ENRAGE). Changing the FDR affects these lists. These data are not optimal for
comparison because plasma and serum are different and the results are not
yet confirmed in additional studies. Nonetheless, comparing biomarker profiles in this manner may become a real future clinical tool, guiding diagnosis, treatment selection, and response monitoring.

Signs of neuroinflammation in neuropathic pain and
fibromyalgia patients
Neuroinflammation and glial activation are already considered important
concepts in modern pain medicine 98, 365 and one of the possible mechanisms
underlying human neuropathic pain 366. Extensive analysis of animal models
of chronic pain in the 1990’s and 2000’s suggested that chemokines and
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inflammatory proteins play a role in the pathophysiology of neuropathic pain
206, 207
. However, the clinical evidence for this has been moderate 281, 367, 368.
Paper V is, to our knowledge, the first report of an extensive CSF inflammatory profile of patients with severe peripheral neuropathic pain. Five of the
six proteins upregulated in both neuropathic pain cohorts, in Paper V
(CXCL6, CXCL10, CCL11, CCL23, and LAP TGF-beta-1), were the also
recently demonstrated to be higher in the CSF of fibromyalgia patients using
the same PEA panel 352, whereas CCL8 was not. The CSF control group in
Paper V and the fibromyalgia study is the same, but the overlapping results
are nonetheless striking. In Paper IV, we reported altered CSF levels of
APOC1 in neuropathic pain patients and ENPP2 in fibromyalgia patients.
APOC1 has been shown to modulate glial activation369 and neuroinflammation that is triggered by glial activation is a hallmark of chronic pain development according to animal model research 91, 92, 95, 96, 114, 370.
Most of the evidence of central neuroinflammation in chronic pain has
come from animal experiments 94, 206, 371. For instance, microglial release of
chemokine CCL2 (MCP-1) and involvement of chemokine CX3CL1 (fractalkine) were reported in neuropathic pain development 372, 373 and neuropathic animals have high CSF levels of CX3CL1374. In Paper V, we showed
that CX3CL1 was significantly upregulated in cohort 2 and upregulated with
a rather high VIP value in cohort 1a (VIP = 1.06), demonstrating for the first
time this result in patients with severe neuropathic pain. However, the main
finding in Paper V is the broad picture indicating an extensive and ongoing
process of chronic neuroinflammation in neuropathic pain patients and perhaps that some classical factors (IL6 and BDNF) were not significantly different between patients and controls. The central neuroinflammation that is
visualized in Paper V is a possible contributing mechanism to chronic pain
development and maintenance. We cannot exclude that the proteins we
measured in CSF are derived from plasma, but it is reasonable to assume that
the present findings might mirror inflammatory activity in the CNS. Future
studies relating the inflammatory fingerprints of CSF and blood will probably cast light on this matter.
Our study does not answer the question of whether the inflammatory CSF
fingerprint is a pre-existing risk factor or is a consequence of the pressures
associated with having chronic pain over a long duration (e.g., aspects of the
sickness syndrome 186, depression, poor sleep 375, 376, stress 377-379, physical
inactivity 380, and obesity).
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Conclusions

•
•
•
•
•

•

The biofluid protein profiles of chronic pain patient differ significantly
from those of subjects without chronic pain.
Combining proteomic mass spectrometric methods and multiplex antibody-based protein panels allows for discovery of candidate biomarkers
of chronic pain pathophysiology and therapeutic mechanisms.
SCS treatment of neuropathic pain appears to have previously unknown
effects on levels of proteins involved neuroprotection, nociceptive signaling, immune regulation, and synaptic plasticity.
Our results support the presence of ongoing inflammation and neuroinflammation in chronic pain patients, which have not been characterized
in this detail before.
We present several candidate biomarker profiles of human pain conditions for further investigation:
• Elevation of up to 41 inflammatory serum proteins, including
CXCM5, EGF, and MCP-4, one year after disc hernia specifically in
those patients who had developed lumbar radicular pain.
• Partially overlapping and partially distinct CSF profiles in neuropathic pain patients compared with fibromyalgia and controls for
proteins including AGT, PTGDS, NRXN1, SOD1, and SOD3.
• Increased levels of ENPP2 in fibromyalgia patient CSF.
• Increased CSF levels of APOC1, CXCL6, CXCL10, CCL8, CCL11,
and CCL23, LAP TGF-beta-1 neuropathic pain patients.
Biomarker profiling of human biofluids is a promising addition to current tools in pain medicine and pain research.
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Future perspective

Further efforts are needed to validate and extend these and other biomarker
candidates for pain pathophysiology.
In future research on biofluid biomarkers of chronic pain pathophysiology
it will be imperative to continue to specify unique and common markers for
different pain conditions. One task will be to disentangle contributions from
pain and its comorbidities (depression, anxiety, stress, and poor sleep) to the
inflammation that appears to be ongoing in chronic pain patients 381.
Concrete approaches to mechanism-based diagnosis and treatment selection have recently been suggested 248. Hopefully future pain medicine includes a fortified diagnostic tool box with biofluid biomarker panels similar
to those presented in this thesis.
New therapeutic opportunities for chronic pain that target excessive systemic and neuroinflammation (not necessarily restricted to drug treatments)
are already being investigated 96 and may be part of a future pain treatment
portfolio. A better understanding of chronic pain pathophysiology should
also be paired with more research on protective factors. Hopefully this could
also result in better awareness on how to prevent chronic pain from developing in the first place.
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Svensk sammanfattning

Kronisk smärta drabbar ca 20 % av befolkningen, är svårbehandlad, och
orsakar mycket lidande. I Sverige uppgår de direkta och indirekta kostnaderna för kronisk smärta årligen till 87,5 miljarder SEK. Kronisk smärta lindras
sällan tillfredsställande av de läkemedel som lindrar akut smärta, den kroniska smärtan tycks upprätthållas av egna mekanismer. Trots decennier av
forskning vet vi för lite om dessa mekanismer.
Inom smärtmedicinen är patientintervju och klinisk undersökning central
för diagnostiken, men därutöver finns ett stort behov av biomarkörer, metoder för att mäta de biologiska processer som orsakar den kroniska smärtan.
Den rådande bristen på biomarkörer inom smärtmedicin försvårar preoperativ riskbedömning, behandlingsval samt utveckling av nya effektivare
behandlingar och preventiva strategier. Många smärttillstånd vars orsaker vi
idag inte förstår, kan påvisa med röntgenbilder eller andra traditionella metoder, har ansetts vara av psykologisk natur och icke biologiskt mätbara.
Även med mycket känsliga metoder har det bedömts osannolikt att biomarkörer ska gå att detektera i prover från smärtpatienter. Många patienter med
oförklarliga smärttillstånd upplever utöver sin smärta, en stigmatisering, och
att deras smärta inte tas på allvar.
Målet med den här avhandlingen var att identifiera biomarkörkandidater
som kan bidra till att förklara den kroniska smärtans biologiska mekanismer.
Det långsiktiga målet är att biomarkörer ska leda till effektivare behandlingar.
I den här avhandlingen användes för första gången masspektrometri och
nyutvecklade känsliga multiplexa antikroppbaserade metoder systematiskt
för att utforska proteinmönster i blodprover och prover av ryggmärgsvätskan, den vätska som omger hjärnan och ryggmärgen för många olika typer
av smärtpatienter. Proverna har donerats av personer utan kronisk smärta
(kontroller), samt av patienter med 1) kronisk smärta efter diskbråck, 2) perifer neuropatisk smärta (smärta som beror på en skada eller sjukdom i det
perifera nervsystemet), och 3) fibromyalgi (smärta och ömhet över stora
delar av kroppen).
I den första studien rapporterades för första gången att en ny känslig analysmetod, multiplex solid-phase proximity ligation assay (SP-PLA), kan en
användas för att mäta tiotals olika proteiner i ryggmärgsvätska parallellt.
Prover av ryggmärgsvätska från en grupp patienter med amyotrofisk lateral
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skleros (ALS), jämfördes med neurologiskt normala personers prover. ALS
patienterna hade lägre nivåer av fyra proteiner: follistatin, interleukin-1 alpha, interleukin-1ȕ, and kallikrein-5. Denna proteinprofil kan potentiellt vara
associerad med patofysiologin bakom ALS, men det är osäkert tills det bekräftats i ytterligare studier. Prover av ryggmärgsvätska från patienter med
neuropatisk smärta som använde en elektrisk ryggmärgsstimulering analyserades också. Elektrisk ryggmärgsstimulering har använts för att behandla
neuropatisk smärta sedan 1960-talet och ger goda resultat, men verkningsmekanismen är inte klarlagd. Patienterna lämnade ett prov när de använde
stimulatorn, och ett till när den varit avstängd i två dagar. Inga nivåförändringar bland de mätta proteinerna i ryggmärgsstimuleringsproverna kunde
detekteras.
I den andra studien analyserades samma ryggmärgsstimuleringsprover
som i första studien med masspektrometri. Masspektrometrin analyserar
proteiner förutsättningslöst och med denna metod detekterades förändringar i
nivåerna av 86 proteiner varav 12 var speciellt intressanta. Dessa proteiner
har inte tidigare kopplats till ryggmärgsstimulering, men är tidigare kända
för att kunna skydda nervceller, bidra i smärtsignalering, immunförsvar och
reglera synaptisk plasticitet. Att halten av dessa proteiner förändras av
ryggmärgsstimulering var inte känt sedan tidigare och det pekar på helt nya
typer av mekanismer för denna behandlingsform.
I den tredje studien mättes nivåerna av 92 inflammationsproteiner med
proximity extension assay (PEA) parallellt i blodprover från patienter som
ett år tidigare hade haft ett smärtsamt diskbråck. Mätningarna visade för
första gången att de personer som hade utvecklat kronisk smärta hade förändrade halter av fler än 30 olika proteiner i sitt blod jämfört med de som
läkt normalt och blivit smärtfria. Detta visar för första gången en omfattande
inflammationsprocess mätbar i blodet hos dem som utvecklar kronisk smärta
efter diskbråck.
I den fjärde studien användes en annan, ny mätmetod, antibody suspension bead array (ASBA) för att analysera ryggmärgsvätska från flera olika
patientgrupper, två grupper av patienter med neuropatisk smärta, en grupp
med fibromyalgi och två kontrolgrupper utan smärta. Patienter med neuropatisk smärta hade förhöjda halter av ett sedan tidigare okänt protein i smärtsammanhang, apolipoprotein C1, APOC1. Patienter med fibromyalgi hade
förhöjda halter av ett proteinet Ectonucleotide pyrophosphatase 2, ENPP2,
jämfört med både kontroller och patienter med neuropatisk smärta. Ytterligare proteinernivåer skiljde mellan de olika grupperna (angiotensinogen
(AGT), prostaglandin-H2 D-isomerase (PTGDS), neurexin-1 (NRXN1),
superoxide dismutase 1 (SOD1) and superoxide dismutase 3 (SOD3)). Dessa
resultat visar för första gången på distinkta och delvis gemensamma proteinprofiler i ryggmärgsvätska från patienter med fibromyalgi och neuropatisk
smärta jämfört med kontroller.
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I den femte studien mättes nivåerna av samma 92 inflammationsproteiner
som i den tredje studien, men denna gång i ryggmärgsvätska från två grupper
av patienter med nervsmärta jämfört med en kontrollgrupp. Patienterna hade
förhöjda nivåer av sex inflammationsproteiner vilket tyder på att de har en
inflammation i sitt centrala nervsystem. Neuroinflammation har tidigare
påvisats i djurförsök, men denna studie visar för första gången en neuroinflammatorisk profil i ryggmärgsvätskan från patienter med neuropatisk
smärta.
Slutsatserna av denna avhandling är att kombinationen av masspektrometri och känsliga antikroppsbaserade mätmetoder är användbar för att finna
biomarkörkandidater för kronisk smärta. Våra resultat pekar ut nya möjliga
mekanismer bakom effekten av ryggmärgsstimulering. Våra fynd tyder på
att patienter som utvecklar kronisk smärta efter diskbråck har en pågående
omfattande inflammation som går att mäta i blodet ett år efter diskbråcket.
Våra fynd tyder också på att inflammatoriska lipidmediatorer relaterade till
APOC1 och ENPP2 kan spela en roll i nervsmärta och fibromyalgi respektive. Våra resultat tyder också på att patienter med neuropatisk har en pågående inflammation i sitt centrala nervsystem vilken möjligen kan vara en
del av förklaringen till, eller följden av deras smärta. Vidare forskning krävs
för att bekräfta och utveckla dessa fynd. Om fynden bekräftas av fler studier
kan de tillsammans med andra resultat från smärtforskning innebära nya
verktyg inom smärtforskning, smärtvård och för utvecklingen av nya behandlingsstrategier. Förhoppningsvis kan resultaten i denna avhandling bidra
till en ökad förståelse av hur smärta blir kronisk, och hur den kan behandlas
och förebyggas.

55

Acknowledgements

Be prepared that this is a long acknowledgements section. I have worked in
three different research groups, and this is my chance to get personal and
express my gratitude to all those that have helped me in different ways over
the years. Still I have probably forgotten someone, so I apologize for that in
advance. Here we go.
First I would like to thank my supervisor Torsten Gordh. It was thanks to
your visionary and courageous spirit that this important line of research was
initiated. In spite of warnings from others that this would be an impossible
project, from the very start it was like a dream come true for me. I got to
work right in the middle of the clinical and preclinical worlds with the questions that we both keenly wanted to answer. It has been challenging sometimes, and your guidance and support has been invaluable. You inspire me
with your inclusive leadership. Thank you for your generosity letting me
travel wide and far to present our scientific findings and learn from others.
Thank you for believing in me, listening to my ideas, accepting me with my
shortcomings and always encouraging the best performance. We did not
always agree, and we have had tough moments, but you are truly the greatest
supervisor I could ever have wished for.
I thank my co-supervisor Masood Kamali-Moghaddam, for your contributions to the very idea of combining clinical pain research questions with the
sensitive multiplex PLA, which became the starting point of this work.
Thank you also for your open direct attitude, constructive comments, technical knowledge, your good laughter and collaborative attitude.
Jonas Bergquist, my other co-supervisor, thank you for your ever cheerful
attitude, always making time for last minute discussion when needed, sharing your updated technical expertise and managing a vibrant research group
during my time in your lab.
Magnus Wetterhall, co-supervisor during the first half of my PhD work,
thank you for teaching me the ins and outs of mass spectrometry and sample
preparation, and offering continuous support in lab and preparation of
presentations and posters. You were a very dedicated and present cosupervisor during our lab work and writing, that was much appreciated.
Thank you Uppsala Berzelii Technology Centre for Neurodiagnostics and
Uppsala University for making these studies possible, without your support
none of this would have happened.
56

Thank you to the people at the Berzelii centre, especially Fredrik Nikolajeff for combining enthusiasm, realism and approachability into an inspiring
leadership. Thank you also for your initiating the PhD course in medical
technology innovation, where I was introduced to biodesign and hands-on
hospital problems. Titti Ekegren, I have a feeling that our Berzelii centre
would not have survived without your stamina, organizing genius, kindness
and great sense of humor. Andreas Dahlin for teaching us how to visualize
science. My fellow Berzelii project leader and PhD student Anna Jonsson for
all your support, nice chats and great energy.
Thank you to all the people at the excellent Uppsala university Hospital
Pain clinic (Åsa Florén, Leena Mörtsjö, Lotta Meuller Danielsson, Krystyna
Charyta, Rolf Karlsten, Lena Smith, Stephen Butler, Anders Wåhlstedt, Eva
Leljewahl, Birgitta Nilsson, Romana Stehlik, Ingela Nilsson, Nenne
Schönqvist, Marie Holmgren, Annika Rhodin and Eva-Britt Hysing) for
always making me feel welcome and letting me follow your important work.
Special thanks to Lenka Katila and Bitte Hägnefors for great team work during SCS sample collection, my dear co-author Adriana Miclescu for your
cheerful support, my former office mate Kristoffer Bothelius, for your extreme psychological flexibility, sharp mind and great sense of humor. Thank
you Marie Essermark for your kindness, patience and laughs, and Anders
Larsson for your support and can-do attitude during our work with the pain
biobank.
Colleagues at the Ulf Landegren/Mats Nilsson labs at the Department of
Immunology, Genetics and Pathology. Di Wu, a.k.a Neo, my PhD PLA lab
partner in crime and great friend, thank you for your impeccable sense of
humor, your thoughtfulness, patience and general genius. I am so glad we
will be working together in a new project. Thank you to all the amazing
friends, Junhong Yan, I miss you since you moved to Holland, Tonge Ebai,
for Ada Ada, being awesome and the best dissertation party dancing partner
throughout history, Lei Chen for teaching me how to cook rice, tomatoes and
egg, and for your genuine, cheerful and helpful presence in the lab, Rachel
Nong and Spyros Darmanis for never-ending PLA support in practice and
theory and for being our lab role models, Gucci Jijuan Gu for always bringing a smile, Rongqin Ke for your liveliness and discussions, Carl-Magnus
Clausson for forgiving some ju-jutsu moves, Camilla Russell for nice conversations on walks to and from Berzelii meetings, Maria Hammond for
your kindness, clever mind and helping hand.
All the PhD student colleagues and friend at the Department of Analytical
Chemistry. Ping Sui, my dear friend, I can never thank you enough for your
constant support and invaluable friendship. I keep being inspired by you and
always enjoy your company since the first nice chats when we first met in
BMC, through tired commuting mornings, exciting travels, and cozy cooking nights and sleep overs. I also want to use a sentence here to acknowledge
you fine contributions to thesis figure 6 and 7 and thank you for designing
57

the beautiful thesis cover making me the honored first “customer” of Ping’s
Scientific Illustrations =). My lab partners, Marcus Sjödin, thank you for
always sharing a good laugh even when lab hours were long. My dear office
mates Sravani Musunuri, our ambitious bubbly Katniss, so many nice times
together, our explorations in Japan is a dear memory, Marcus Korvela no
one can match your wit, your comments insert fun into tired mornings,
stressful deadline weeks, noisy lab hours and lengthy data analysis sessions,
Julia Paraskova, you have been transferred to the family section ;). Neil De
Kock, thank you for always bringing interesting conversation, you are a future
world leader I know it, Hilde Bergman, thank you for your warm considerate
company and personal conversations, Mårten Sundberg for advice on how
many papers to include and for being a generally awesome colleague, Mikael
Fridén for so many laughs, readiness to lend a helping hand and inspiring us
all to attempt to run at least half your tempo around the forest trail, Malin
Källsten for teaching us how to eat sushi, for real, Amelie Botling-Taube for
your kindness and support during stressful times, Torgny Undin for your easygoing generosity, laughter and calm, Lena Edström for being a great office
mate when I first came to the department, David Malmström, fortunately our
failed attempts at running unprocessed CSF on the CE were accompanied with
a good amount of humor. My friend Konstantin Artemenko, thank you for
clearly explaining MS theory to me and being the solid rock of knowledge and
brilliant teaching that we all leaned on. Kumari Ubhayasekera for your positive and caring friendship, making every day at work a better day. Thank you
to Per Sjöberg for your to-the-point questions, integrity and fun-loving attitude. Jean Pettersson for making sure the social activities kept running and for
nice conversations at fika, Marit Andersson for your dedication to analytical
chemistry, straightforward communication and kind helping hand, Ganna
Shevshenko for lighting up the room with your charming presence, Sara Lind
for being a great role model and inspiring leader, Warunika Aluthgedara for
your friendly comments and making everyone feel noticed, Katarina Hörneus
for running like the wind and always bringing a smile to work, Erik Forsman
for your helping hand with instrumentation and friendly greetings in the corridor, Alexander Falk for your contagious energy, Roland Pettersson for your
inspirational passion for analytical chemistry, Margareta Ramström for showing that motherhood and being a good colleague can be combined, Jia Mi and
Rolf Danielsson for helpful statistical support, Simone Hagfeldt for your soulful presence in the lab, Anne Konzer, Michelle Co, Annika Grönlund, Bo Ek,
Ingela Lanekoff, Maria Lönnberg, for making the Department of Analytical
Chemistry such a nice and fun place to work.
Thank you Karin Johansson at Department of Surgical Sciences for important and wholehearted corridor conversations throughout the years, and
for being there for me when it really mattered, I would not have made it
without you. Thank you Siv Andersson for keeping track of the money and
for your sunny helpful attitude. Thank you Bernth-Erik Eriksson and Bo
58

Fredriksson for computer support when needed, without you our whole activity would stop. Thank you Jeff Hawkes for helping me with English language corrections during the writing of my half-time review. Thank you Eva
Ohlsson and Fredrika Viktorsson for your kind help when I needed to understand any university administration procedures, you both really held everything together.
Thank you to my brilliant external collaborators, Johannes Gjerstad for
your ambitious and high quality work and for initiating a study with such
great design allowing us to answer important questions about lumbar radicular pain, Aurora Moen for your happy energy, scientific rigor and calm confidence, you are an inspiration to be around. Constantin Bodolea for your
contributions on the CSF biobank. James Eisenach for your pioneering research and great welcome during my visit in your lab, Leiv-Arne Rosseland
for biobank collaboration, Lars Tanum for your great input and key contributions to the fibromyalgia work. Odd-Geir Berge for your contributions to the
PLA pain panel, your deep and wide knowledge in pain pathophysiology
theory and drug development and insightful discussions during my early
PhD days.
SciLifeLab KTH: Anna Månberg, thank you for your clear mind, leadership and kindness, and for always swiftly finding a slot for feedback sessions
on the manuscript even during your parental leave, Peter Nilsson for welcoming us in collaboration and providing useful comments on the work,
David Just for your hard work and humor during the lab, result analysis and
writing stages of our project, Claudia Fredolini for contributing expertise and
helpful input on the manuscript and Maria Mikus your scientific brilliance
and positive attitude.
Thank you to my early mentors in the pain research field Åsa Fex Svenningssen for introducing me to glial cells, Malin Lagerström for believing in
me as a master student and for getting us all through “The Textbook of
Pain”, and Klas Kullander for welcoming me in your lab. Katarzyna Rogoz
for your hugs, your friendship, scientific excellence and discussions about
love, life and career. Camilla Svensson for scientific and academic advice.
Thank you Professor Ru-Rong Ji for taking me on as a student, giving me
the first introduction me to pain research during my time in your lab and
Yong-Jing Gao for your supervision, technical knowledge, kindness and
friendship, I miss you and Mei.
A thank you to the IASP, the NeuPSIG and SASP for amazing international meetings. Thank you to the thousands of unnamed research colleagues
from all over the globe working hard to solve the problems of pain patients,
meeting you in conferences, and reading your impressive publications educates me and refuels my motivation.
My paper co-authors, thank you Eva Freyhult for making statistics make
sense, your patience and positivity throughout manuscript writing and for
advice on baby sling carrying. Payam Emami Khoonsari for you passion for
59

and expertise in bioinformatics and statistics and for always lightening up
the mood, Kim Kultima for guidance in mass spectrometry study design and
your great paper writing and revision skills, and Mats Gustafsson for valuable contributions and feedback during paper writing. Ulf Landegren thank
you for your swift, ample and relevant feedback which greatly improved the
manuscript, for your scientific and commercial successes inspiring us all and
for always keeping the door open for discussions, I still do not quite understand how you are able to do it all. Måns Thulin for your clear explanations
and fast replies, Cecile Røe for your manuscript feedback and the excellent
Oslo SASP meeting.
Emmanuel Bäckryd for a truly meaningful collaboration which lead to
some of the most interesting results of this thesis, for your drive, taking time
to explain OLPS-DA, your clear writing and generally fun productive discussions. Thank you to Bijar Ghafouri for wise feedback on my half-time
review and for productive collaboration after that. Björn Gerdle, thank you
for the important research that your group is doing, which is adding to the
bank of data demonstrating a role for pain pathophysiology biomarkers in
several pain conditions.
A sincere thank you for believing in our research to the several hundreds
of patients who have contributed their time, effort and samples to make these
studies possible.
Thank you also to my dear friends: Ioana Bujila, duuuuudiiiiie, for sharing PhD life and life in general, there is nothing like your bitter comments to
make everything feel all right in a situation of crisis, lots of love, Kattis
Wallménius, so many shared moments from exam cramming, fika in the sun
after allotment digging sessions, to job lunches, always nice conversation
and I appreciate your friendship so much. My wonder women overseas for
your connected friendship inspiring me with your example, Ohnmar Khin for
real and soulful support in times of doubt, and for just laughing with me
about it all and Natasha May Platt, sharing my life and always getting me no
matter the distance, Barbro Lowisin for helping me through administrative
endeavors during UGSBR and for nice lunch conversations and becoming a
true friend. Johanna Nordlund and Karin Forsberg for your inspiring friendship, sharing laughs, parenthood challenges and at least one dinner =). Tomas Eriksson for always enlightening me on new topics and being my friend.
Sara Moussavi, for being my kindred spirit, inspiring example and beloved
Frände throughout these years. Elise Karlsson for continuous friendship
since we first exchanged mix tapes in high school.
Till sist, tack min underbara familj för ert stöd före, under och förhoppningsvis även efter detta avhandlingsarbete. Mamma, ord aldrig kommer att
räcka för att beskriva vad du betyder för mig, du är bäst. Niklas, tack för att
du kom och gjorde vår familj komplett med din lugna närvaro och glimten i
ögat, tack för att du gör mamma lycklig. Pappa, tack för allt bus-kul vi har
haft i alla år, på påsk-resor med mera, ditt stöd i långa samtal om allt mellan
60

himmel och jord och för ditt modiga energiska sätt att ta dig an livet. Julia,
för din vänskap, träningssällskap och massage under doktorandtiden, då som
nu sprider du hälsa och can-do attityd omkring dig, kram. Farmor, är det ditt
arv jag har att tacka för detta karriärval? Det har varit så kul att kunna diskutera vetenskap med dig. Tack för att du varit en förebild i positivitet, ödmjukhet och hårt arbete och för alla skratt vi haft ihop inte minst om frakturer och ben-lådor. Min utökade familj, ni fina människor, som haft en direkt
avgörande effekt på detta arbete genom att hålla mig vid liv med regelbundna måltider och vänliga frågor då jag kom ner från övervåningen som
en zombie under avhandlingsskrivandet. Lennart för ditt glädjefyllda sätt,
din livslust, din nyfikenhet och respekt för mitt arbete och dina intresserade
frågor. Ida för ditt generösa och varma välkomnande in i familjen, din integritet, din klokhet och ditt otroligt smittande skratt. Ulla för många fina
samtal och din omtänksamhet. Markus, min länge saknade broder, vem
skulle jag reta och vem skulle reta mig om det inte vore för dig?;) Tack för
att du finns.
Andreas, jag älskar dig och är för evigt lycklig att vi träffades. Tack för
att du delar livet med mig, tack för att du står ut med mig när jag är jobbig,
älskar mig lite extra när jag är härlig och lär mig nya saker som skönheten i
operativsystem, storheten med 90-tals rock (finns det någon annan rock?)
och värdet av en riktigt gammal tjock-tv. Tack för allt ditt tålamod under
dessa månader, det skulle definitivt inte ha varit möjligt utan dig. Jag ser så
fram emot våra nya äventyr! Alice, min allra underbarste lilla älskling, du
ger livet dess mening, jag älskar dig mer än jag någonsin kommer kunna
säga. Jag hoppas att du någon gång när du blir vuxen tar fram din mammas
gamla avhandling, bläddrar igenom den och tänker att det var ett godkänt
sätt att spendera de timmar vi var tvungna att vara isär. Mina älsklingar, ni
får solen att lysa i mitt liv även när det regnar. Det är ju bara när det regnar
ordentligt, som vi får riktigt plaskiga pölar att plaska i <3.

61

References

1.

2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

13.
14.

62

IASP TWG. Classification of Chronic Pain. In: Descriptions of
chronic pain syndromes and definitions of pain terms [WebPage].
May 22, 2012; 3rd ed.:http://www.iasppain.org/Education/Content.aspx?ItemNumber=1698&navItemNum
ber=576#Neuropathicpain. Accessed 11 March, 2015.
G D. A case of congenital pure analgesia. J Nerv Ment Dis. 1932;75.
Nagasako EM, Oaklander AL, Dworkin RH. Congenital
insensitivity to pain: an update. Pain. Feb 2003;101(3):213-219.
Costigan M, Scholz J, Woolf CJ. Neuropathic pain: a maladaptive
response of the nervous system to damage. Annu Rev Neurosci.
2009;32:1-32.
SBU. Metoder för behandling av långvarig smärta2006.
Niv D, Devor M. Chronic pain as a disease in its own right. Pain
Pract. Sep 2004;4(3):179-181.
Eliasson AC, Moberg K, Andréll P, Arver S, Dahlöf LG,
Mannheimer C. [Sexual dysfunction common in long-term pain].
Lakartidningen. 2009 Jan 21-27 2009;106(4):207-211.
Engel GL. The need for a new medical model: a challenge for
biomedicine. Science. Apr 1977;196(4286):129-136.
Woodsworth H. The History of ‘Biopsychosocial’ Pain, A Tale of
Gladiators, War, Papal Doctrine and a Wrestler. The Association of
Anaesthetists of Great Britain and Ireland [Accessed Aug 17, 2015.
Schopflocher D, Taenzer P, Jovey R. The prevalence of chronic pain
in Canada. Pain Res Manag. 2011 Nov-Dec 2011;16(6):445-450.
Dzau VJ, Pizzo PA. Relieving pain in America: insights from an
Institute of Medicine committee. JAMA. Oct 2014;312(15):15071508.
de Moraes Vieira EB, Garcia JB, da Silva AA, Mualem Araújo RL,
Jansen RC. Prevalence, characteristics, and factors associated with
chronic pain with and without neuropathic characteristics in São
Luís, Brazil. J Pain Symptom Manage. Aug 2012;44(2):239-251.
Jackson T, Chen H, Iezzi T, Yee M, Chen F. Prevalence and
correlates of chronic pain in a random population study of adults in
Chongqing, China. Clin J Pain. Apr 2014;30(4):346-352.
Dureja GP, Jain PN, Shetty N, et al. Prevalence of chronic pain,
impact on daily life, and treatment practices in India. Pain Pract.
Feb 2014;14(2):E51-62.

15.

16.
17.
18.
19.
20.
21.
22.
23.

24.

25.
26.
27.
28.
29.
30.

Adoukonou T, Gnonlonfoun D, Kpozehouen A, et al. [Prevalence
and characteristics of chronic pain with neuropathic component at
Parakou in northern Benin in 2012]. Rev Neurol (Paris). Nov
2014;170(11):703-711.
Tashani OA. Prevalence of chronic pain in Libya before and after
the uprising of 17 February 2011. Libyan J Med. 2013;8.
Breivik H, Collett B, Ventafridda V, Cohen R, Gallacher D. Survey
of chronic pain in Europe: prevalence, impact on daily life, and
treatment. Eur J Pain. May 2006;10(4):287-333.
Blyth FM, March LM, Brnabic AJ, Jorm LR, Williamson M,
Cousins MJ. Chronic pain in Australia: a prevalence study. Pain. Jan
2001;89(2-3):127-134.
Gureje O, Von Korff M, Simon GE, Gater R. Persistent pain and
well-being: a World Health Organization Study in Primary Care.
JAMA. Jul 1998;280(2):147-151.
Elliott AM, Smith BH, Penny KI, Smith WC, Chambers WA. The
epidemiology of chronic pain in the community. Lancet. Oct
1999;354(9186):1248-1252.
Frølund F, Frølund C. Pain in general practice. Pain as a cause of
patient-doctor contact. Scand J Prim Health Care. May
1986;4(2):97-100.
Rice AS, Smith BH, Blyth FM. Pain and the global burden of
disease. Pain. Apr 2016;157(4):791-796.
Collaborators GBoDS. Global, regional, and national incidence,
prevalence, and years lived with disability for 301 acute and chronic
diseases and injuries in 188 countries, 1990-2013: a systematic
analysis for the Global Burden of Disease Study 2013. Lancet. Aug
2015;386(9995):743-800.
Vos T, Flaxman AD, Naghavi M, et al. Years lived with disability
(YLDs) for 1160 sequelae of 289 diseases and injuries 1990-2010: a
systematic analysis for the Global Burden of Disease Study 2010.
Lancet. Dec 2012;380(9859):2163-2196.
Institute for Health Metrics and Evaluation.
http://www.healthdata.org/, 2017.
Kehlet H, Jensen TS, Woolf CJ. Persistent postsurgical pain: risk
factors and prevention. Lancet. May 2006;367(9522):1618-1625.
Eriksen J, Jensen MK, Sjøgren P, Ekholm O, Rasmussen NK.
Epidemiology of chronic non-malignant pain in Denmark. Pain. Dec
2003;106(3):221-228.
Millar WJ. Chronic pain. Health Rep. 1996;7(4):47-53, 51-48.
Crook J, Rideout E, Browne G. The prevalence of pain complaints
in a general population. Pain. Mar 1984;18(3):299-314.
Cabral DM, Bracher ES, Depintor JD, Eluf-Neto J. Chronic pain
prevalence and associated factors in a segment of the population of
São Paulo City. J Pain. Nov 2014;15(11):1081-1091.
63

31.
32.
33.
34.

35.
36.
37.
38.
39.
40.
41.
42.

43.

44.
45.

64

Deyo RA, Tsui-Wu YJ. Functional disability due to back pain. A
population-based study indicating the importance of socioeconomic
factors. Arthritis Rheum. Nov 1987;30(11):1247-1253.
Persson G, Barlow L, Karlsson A, et al. Chapter 3. Major health
problems. Health in Sweden: The National Public Health Report
2001. Scand J Public Health Suppl. 2001;58:37-102.
Maniadakis N, Gray A. The economic burden of back pain in the
UK. Pain. Jan 2000;84(1):95-103.
Steglitz J, Buscemi J, Ferguson MJ. The future of pain research,
education, and treatment: a summary of the IOM report "Relieving
pain in America: a blueprint for transforming prevention, care,
education, and research". Transl Behav Med. Mar 2012;2(1):6-8.
Goldberg DS, McGee SJ. Pain as a global public health priority.
BMC Public Health. Oct 2011;11:770.
Borsook D, Hargreaves R, Bountra C, Porreca F. Lost but making
progress--Where will new analgesic drugs come from? Sci Transl
Med. Aug 2014;6(249):249sr243.
Mathieson S, Maher CG, McLachlan AJ, et al. Trial of Pregabalin
for Acute and Chronic Sciatica. N Engl J Med. 03
2017;376(12):1111-1120.
Gustavsson A, Bjorkman J, Ljungcrantz C, et al. Pharmacological
treatment patterns in neuropathic pain--lessons from Swedish
administrative registries. Pain Med. Jul 2013;14(7):1072-1080.
Daousi C, Benbow SJ, Woodward A, MacFarlane IA. The natural
history of chronic painful peripheral neuropathy in a community
diabetes population. Diabet Med. Sep 2006;23(9):1021-1024.
Borsook D, Becerra L, Hargreaves R. Biomarkers for chronic pain
and analgesia. Part 1: the need, reality, challenges, and solutions.
Discov Med. Mar 2011;11(58):197-207.
McMahon SB, Lewin G, Bloom SR. The consequences of long-term
topical capsaicin application in the rat. Pain. Mar 1991;44(3):301310.
Nolano M, Simone DA, Wendelschafer-Crabb G, Johnson T, Hazen
E, Kennedy WR. Topical capsaicin in humans: parallel loss of
epidermal nerve fibers and pain sensation. Pain. May 1999;81(12):135-145.
Malmberg AB, Mizisin AP, Calcutt NA, von Stein T, Robbins WR,
Bley KR. Reduced heat sensitivity and epidermal nerve fiber
immunostaining following single applications of a highconcentration capsaicin patch. Pain. Oct 2004;111(3):360-367.
Mannheimer C. [Pain. Multidisciplinary attitude decisive].
Lakartidningen. 2009 Jan 21-27 2009;106(4):193.
Jensen TS, Baron R, Haanpää M, et al. A new definition of
neuropathic pain. Pain. Oct 2011;152(10):2204-2205.

46.
47.
48.
49.
50.
51.
52.

53.
54.
55.
56.
57.
58.

59.

60.

Kosek E, Cohen M, Baron R, et al. Do we need a third mechanistic
descriptor for chronic pain states? Pain. 07 2016;157(7):1382-1386.
Melzack R, Wall PD. Pain Mechanisms. A New Theory. Science.
1965;150(3699):9.
Wall PD. The laminar organization of dorsal horn and effects of
descending impulses. J Physiol. Feb 1967;188(3):403-423.
Zeilhofer HU, Wildner H, Yévenes GE. Fast synaptic inhibition in
spinal sensory processing and pain control. Physiol Rev. Jan
2012;92(1):193-235.
Chen JT, Guo D, Campanelli D, et al. Presynaptic GABAergic
inhibition regulated by BDNF contributes to neuropathic pain
induction. Nat Commun. 2014;5:5331.
Duan B, Cheng L, Bourane S, et al. Identification of spinal circuits
transmitting and gating mechanical pain. Cell. Dec
2014;159(6):1417-1432.
Woolf CJ, Thompson SW, King AE. Prolonged primary afferent
induced alterations in dorsal horn neurones, an intracellular analysis
in vivo and in vitro. J Physiol (Paris). 1988-1989 1988;83(3):255266.
Woolf CJ. Evidence for a central component of post-injury pain
hypersensitivity. Nature. 1983 Dec 15-21 1983;306(5944):686-688.
Woolf CJ, Wall PD. Relative effectiveness of C primary afferent
fibers of different origins in evoking a prolonged facilitation of the
flexor reflex in the rat. J Neurosci. May 1986;6(5):1433-1442.
Cook AJ, Woolf CJ, Wall PD, McMahon SB. Dynamic receptive
field plasticity in rat spinal cord dorsal horn following C-primary
afferent input. Nature. 1987 Jan 8-14 1987;325(7000):151-153.
Woolf CJ. What to call the amplification of nociceptive signals in
the central nervous system that contribute to widespread pain? Pain.
Oct 2014;155(10):1911-1912.
Staud R, Weyl EE, Riley JL, Fillingim RB. Slow temporal
summation of pain for assessment of central pain sensitivity and
clinical pain of fibromyalgia patients. PLoS One. 2014;9(2):e89086.
Stabell N, Stubhaug A, Flægstad T, Mayer E, Naliboff BD, Nielsen
CS. Widespread hyperalgesia in adolescents with symptoms of
irritable bowel syndrome: results from a large population-based
study. J Pain. Sep 2014;15(9):898-906.
Terkelsen AJ, Gierthmühlen J, Finnerup NB, Højlund AP, Jensen
TS. Bilateral hypersensitivity to capsaicin, thermal, and mechanical
stimuli in unilateral complex regional pain syndrome.
Anesthesiology. May 2014;120(5):1225-1236.
Skou ST, Graven-Nielsen T, Rasmussen S, Simonsen OH, Laursen
MB, Arendt-Nielsen L. Widespread sensitization in patients with
chronic pain after revision total knee arthroplasty. Pain. Sep
2013;154(9):1588-1594.
65

61.
62.

63.

64.
65.
66.
67.
68.
69.
70.
71.
72.
73.

74.
75.

66

Kosek E, Ekholm J, Hansson P. Sensory dysfunction in fibromyalgia
patients with implications for pathogenic mechanisms. Pain. Dec
1996;68(2-3):375-383.
Iannetti GD, Baumgärtner U, Tracey I, Treede RD, Magerl W.
Pinprick-evoked brain potentials: a novel tool to assess central
sensitization of nociceptive pathways in humans. J Neurophysiol.
Sep 2013;110(5):1107-1116.
van Wilgen CP, Vuijk PJ, Kregel J, et al. Psychological distress and
widespread pain contribute to the variance of the central
sensitization inventory: A cross-sectional study in patients with
chronic pain. Pain Pract. Apr 2017.
Hansson P. Translational aspects of central sensitization induced by
primary afferent activity: what it is and what it is not. Pain. Oct
2014;155(10):1932-1934.
Woolf CJ. Central sensitization: implications for the diagnosis and
treatment of pain. Pain. Mar 2011;152(3 Suppl):S2-15.
Orkand RK, Nicholls JG, Kuffler SW. Effect of nerve impulses on
the membrane potential of glial cells in the central nervous system of
amphibia. J Neurophysiol. Jul 1966;29(4):788-806.
Svensson M, Eriksson P, Persson JK, Molander C, Arvidsson J,
Aldskogius H. The response of central glia to peripheral nerve
injury. Brain Res Bull. 1993;30(3-4):499-506.
Cammermeyer J. Astroglial changes during retrograde atrophy of
nucleus facialis in mice. J Comp Neurol. Feb 1955;102(1):133-150.
Torvik A, Skjörten F. Electron microscopic observations on nerve
cell regeneration and degeneration after axon lesions. II. Changes in
the glial cells. Acta Neuropathol. 1971;17(3):265-282.
Torvik A, Soreide AJ. The perineuronal glial reaction after axotomy.
Brain Res. Sep 1975;95(2-3):519-529.
Sjöstrand J. Morphological changes in glial cells during nerve
regeneration. Acta Physiol Scand Suppl. 1966;270:19-43.
Reisert I, Wildemann G, Grab D, Pilgrim C. The glial reaction in the
course of axon regeneration: a stereological study of the rat
hypoglossal nucleus. J Comp Neurol. Oct 1984;229(1):121-128.
Hajós F, Csillik B, Knyihár-Csillik E. Alterations in glial fibrillary
acidic protein immunoreactivity in the upper dorsal horn of the rat
spinal cord in the course of transganglionic degenerative atrophy and
regenerative proliferation. Neurosci Lett. Sep 1990;117(1-2):8-13.
Graeber MB, Streit WJ, Kreutzberg GW. Axotomy of the rat facial
nerve leads to increased CR3 complement receptor expression by
activated microglial cells. J Neurosci Res. Sep 1988;21(1):18-24.
Graeber MB, Kreutzberg GW. Delayed astrocyte reaction following
facial nerve axotomy. J Neurocytol. Apr 1988;17(2):209-220.

76.
77.
78.
79.
80.
81.

82.
83.
84.
85.
86.
87.
88.
89.
90.

91.

Graeber MB, Kreutzberg GW. Astrocytes increase in glial fibrillary
acidic protein during retrograde changes of facial motor neurons. J
Neurocytol. Jun 1986;15(3):363-373.
Gilmore SA, Skinner RD. Intraspinal non-neuronal cellular
responses to peripheral nerve injury. Anat Rec. Jul 1979;194(3):369387.
Gilmore SA, Sims TJ, Leiting JE. Astrocytic reactions in spinal gray
matter following sciatic axotomy. Glia. 1990;3(5):342-349.
Aldskogius H. Glial cell responses in the adult rabbit dorsal motor
vagal nucleus during axon reaction. Neuropathol Appl Neurobiol.
1982 Sep-Oct 1982;8(5):341-349.
Gehrmann J, Monaco S, Kreutzberg GW. Spinal cord microglial
cells and DRG satellite cells rapidly respond to transection of the rat
sciatic nerve. Restor Neurol Neurosci. Jan 1991;2(4):181-198.
Cova JL, Aldskogius H, Arvidsson J, Molander C. Changes in
microglial cell numbers in the spinal cord dorsal horn following
brachial plexus transection in the adult rat. Exp Brain Res.
1988;73(1):61-68.
Cova JL, Aldskogius H. Effect of nerve section on perineuronal glial
cells in the CNS of rat and cat. Anat Embryol (Berl).
1984;169(3):303-307.
Blinzinger K, Kreutzberg G. Displacement of synaptic terminals
from regenerating motoneurons by microglial cells. Z Zellforsch
Mikrosk Anat. 1968;85(2):145-157.
Aldskogius H, Kozlova EN. Central neuron-glial and glial-glial
interactions following axon injury. Prog Neurobiol. May
1998;55(1):1-26.
Haydon PG. GLIA: listening and talking to the synapse. Nat Rev
Neurosci. Mar 2001;2(3):185-193.
Watkins LR, Milligan ED, Maier SF. Spinal cord glia: new players
in pain. Pain. Sep 2001;93(3):201-205.
Wieseler-Frank J, Maier SF, Watkins LR. Glial activation and
pathological pain. Neurochem Int. 2004 Jul-Aug 2004;45(2-3):389395.
Banks WA, Watkins LR. Mediation of chronic pain: not by neurons
alone. Pain. Sep 2006;124(1-2):1-2.
Luchting B, Rachinger-Adam B, Heyn J, Hinske LC, Kreth S, Azad
SC. Anti-inflammatory T-cell shift in neuropathic pain. J
Neuroinflammation. Jan 2015;12:12.
Hansson E. Actin filament reorganization in astrocyte networks is a
key functional step in neuroinflammation resulting in persistent
pain: novel findings on network restoration. Neurochem Res. Feb
2015;40(2):372-379.
Ji RR, Chamessian A, Zhang YQ. Pain regulation by non-neuronal
cells and inflammation. Science. 11 2016;354(6312):572-577.
67

92.
93.
94.
95.
96.
97.

98.
99.

100.

101.

102.

103.
104.
105.
106.

68

Taves S, Berta T, Chen G, Ji RR. Microglia and spinal cord synaptic
plasticity in persistent pain. Neural Plast. 2013;2013:753656.
Taylor AM, Mehrabani S, Liu S, Taylor AJ, Cahill CM. Topography
of microglial activation in sensory- and affect-related brain regions
in chronic pain. J Neurosci Res. Jun 2017;95(6):1330-1335.
Vallejo R, Tilley DM, Vogel L, Benyamin R. The role of glia and
the immune system in the development and maintenance of
neuropathic pain. Pain Pract. 2010 May-Jun 2010;10(3):167-184.
Ji RR, Berta T, Nedergaard M. Glia and pain: is chronic pain a
gliopathy? Pain. Dec 2013;154 Suppl 1:S10-28.
Ji RR, Xu ZZ, Gao YJ. Emerging targets in neuroinflammationdriven chronic pain. Nat Rev Drug Discov. Jul 2014;13(7):533-548.
Zhu X, Cao S, Zhu MD, Liu JQ, Chen JJ, Gao YJ. Contribution of
Chemokine CCL2/CCR2 Signaling in the Dorsal Root Ganglion and
Spinal Cord to the Maintenance of Neuropathic Pain in a Rat Model
of Lumbar Disc Herniation. J Pain. Jan 2014.
Ellis A, Bennett DL. Neuroinflammation and the generation of
neuropathic pain. Br J Anaesth. Jul 2013;111(1):26-37.
Liu X, Tian Y, Lu N, Gin T, Cheng CH, Chan MT. Stat3 inhibition
attenuates mechanical allodynia through transcriptional regulation of
chemokine expression in spinal astrocytes. PLoS One.
2013;8(10):e75804.
Gwak YS, Kang J, Unabia GC, Hulsebosch CE. Spatial and
temporal activation of spinal glial cells: role of gliopathy in central
neuropathic pain following spinal cord injury in rats. Exp Neurol.
Apr 2012;234(2):362-372.
Saika F, Kiguchi N, Kobayashi Y, Fukazawa Y, Kishioka S. CCchemokine ligand 4/macrophage inflammatory protein-1ȕ
participates in the induction of neuropathic pain after peripheral
nerve injury. Eur J Pain. Oct 2012;16(9):1271-1280.
Berger JV, Deumens R, Goursaud S, et al. Enhanced
neuroinflammation and pain hypersensitivity after peripheral nerve
injury in rats expressing mutated superoxide dismutase 1. J
Neuroinflammation. Apr 2011;8:33.
Ji RR, Xu ZZ, Wang X, Lo EH. Matrix metalloprotease regulation
of neuropathic pain. Trends Pharmacol Sci. Jul 2009;30(7):336-340.
Suter MR, Wen YR, Decosterd I, Ji RR. Do glial cells control pain?
Neuron Glia Biol. Aug 2007;3(3):255-268.
Makker PG, Duffy SS, Lees JG, et al. Characterisation of Immune
and Neuroinflammatory Changes Associated with ChemotherapyInduced Peripheral Neuropathy. PLoS One. 2017;12(1):e0170814.
Bjurstrom MF, Giron SE, Griffis CA. Cerebrospinal Fluid Cytokines
and Neurotrophic Factors in Human Chronic Pain Populations: A
Comprehensive Review. Pain Pract. Oct 2014.

107.
108.

109.
110.

111.

112.
113.

114.
115.
116.
117.

118.

119.

Vasudeva K, Vodovotz Y, Azhar N, Barclay D, Janjic JM, Pollock
JA. In vivo and systems biology studies implicate IL-18 as a central
mediator in chronic pain. J Neuroimmunol. Jun 2015;283:43-49.
Xie RG, Gao YJ, Park CK, et al. Spinal CCL2 Promotes Central
Sensitization, Long-Term Potentiation, and Inflammatory Pain via
CCR2: Further Insights into Molecular, Synaptic, and Cellular
Mechanisms. Neurosci Bull. Mar 2017.
Abbott NJ, Rönnbäck L, Hansson E. Astrocyte-endothelial
interactions at the blood-brain barrier. Nat Rev Neurosci. Jan
2006;7(1):41-53.
Brooks TA, Hawkins BT, Huber JD, Egleton RD, Davis TP. Chronic
inflammatory pain leads to increased blood-brain barrier
permeability and tight junction protein alterations. Am J Physiol
Heart Circ Physiol. Aug 2005;289(2):H738-743.
Gordh T, Sharma HS. Chronic spinal nerve ligation induces
microvascular permeability disturbances, astrocytic reaction, and
structural changes in the rat spinal cord. Acta Neurochir Suppl.
2006;96:335-340.
Gordh T, Chu H, Sharma HS. Spinal nerve lesion alters blood-spinal
cord barrier function and activates astrocytes in the rat. Pain. Sep
2006;124(1-2):211-221.
Shi Y, Gelman BB, Lisinicchia JG, Tang SJ. Chronic-painassociated astrocytic reaction in the spinal cord dorsal horn of
human immunodeficiency virus-infected patients. J Neurosci. Aug
2012;32(32):10833-10840.
Loggia ML, Chonde DB, Akeju O, et al. Evidence for brain glial
activation in chronic pain patients. Brain. Mar 2015;138(Pt 3):604615.
Wall PD, Sweet WH. Temporary abolition of pain in man. Science.
Jan 1967;155(3758):108-109.
Shealy CN, Mortimer JT, Reswick JB. Electrical inhibition of pain
by stimulation of the dorsal columns: preliminary clinical report.
Anesth Analg. 1967 Jul-Aug 1967;46(4):489-491.
Truin M, Janssen SP, van Kleef M, Joosten EA. Successful pain
relief in non-responders to spinal cord stimulation: the combined use
of ketamine and spinal cord stimulation. Eur J Pain. Nov
2011;15(10):1049.e1041-1049.
Pluijms WA, Slangen R, Bakkers M, et al. Pain relief and quality-oflife improvement after spinal cord stimulation in painful diabetic
polyneuropathy: a pilot study. Br J Anaesth. Oct 2012;109(4):623629.
Ohnmeiss DD, Rashbaum RF, Bogdanffy GM. Prospective outcome
evaluation of spinal cord stimulation in patients with intractable leg
pain. Spine (Phila Pa 1976). Jun 1996;21(11):1344-1350; discussion
1351.
69

120.
121.

122.

123.
124.

125.
126.
127.
128.

129.

130.

131.

70

Spiegelmann R, Friedman WA. Spinal cord stimulation: a
contemporary series. Neurosurgery. Jan 1991;28(1):65-70;
discussion 70-61.
Son BC, Kim DR, Lee SW, Chough CK. Factors associated with the
success of trial spinal cord stimulation in patients with chronic pain
from failed back surgery syndrome. J Korean Neurosurg Soc. Dec
2013;54(6):501-506.
De Ridder D, Vancamp T, Lenders MW, De Vos CC, Vanneste S. Is
preoperative pain duration important in spinal cord stimulation? A
comparison between tonic and burst stimulation. Neuromodulation.
Jan 2015;18(1):13-17.
Eisenberg E, Burstein Y, Suzan E, Treister R, Aviram J. Spinal cord
stimulation attenuates temporal summation in patients with
neuropathic pain. Pain. Mar 2015;156(3):381-385.
Taylor RS, Desai MJ, Rigoard P, Taylor RJ. Predictors of pain relief
following spinal cord stimulation in chronic back and leg pain and
failed back surgery syndrome: a systematic review and metaregression analysis. Pain Pract. Jul 2014;14(6):489-505.
Bendersky D, Yampolsky C. Is spinal cord stimulation safe? A
review of its complications. World Neurosurg. Dec
2014;82(6):1359-1368.
Mann SA, Sparkes E, Duarte RV, Raphael JH. Attrition with spinal
cord stimulation. Br J Neurosurg. 2015;29(6):823-828.
Compton AK, Shah B, Hayek SM. Spinal Cord Stimulation: A
Review. Current Pain and Headache Reports. Feb 2012;16(1):3542.
North RB, Kumar K, Wallace MS, et al. Spinal cord stimulation
versus re-operation in patients with failed back surgery syndrome:
an international multicenter randomized controlled trial
(EVIDENCE study). Neuromodulation. 2011 Jul-Aug
2011;14(4):330-335; discussion 335-336.
Kumar K, Taylor RS, Jacques L, et al. Spinal cord stimulation
versus conventional medical management for neuropathic pain: a
multicentre randomised controlled trial in patients with failed back
surgery syndrome. Pain. Nov 2007;132(1-2):179-188.
Kumar K, Hunter G, Demeria D. Spinal cord stimulation in
treatment of chronic benign pain: challenges in treatment planning
and present status, a 22-year experience. Neurosurgery. Mar
2006;58(3):481-496; discussion 481-496.
Kumar K, Taylor RS, Jacques L, et al. The effects of spinal cord
stimulation in neuropathic pain are sustained: a 24-month follow-up
of the prospective randomized controlled multicenter trial of the
effectiveness of spinal cord stimulation. Neurosurgery. Oct
2008;63(4):762-770; discussion 770.

132.
133.
134.
135.
136.
137.

138.

139.

140.
141.
142.

143.

144.

Linderoth B, Foreman RD. Physiology of spinal cord stimulation:
review and update. Neuromodulation. Jul 1999;2(3):150-164.
Bates JA, Nathan PW. Transcutaneous electrical nerve stimulation
for chronic pain. Anaesthesia. Aug 1980;35(8):817-822.
Nathan PW, Wall PD. Treatment of post-herpetic neuralgia by
prolonged electric stimulation. Br Med J. Sep 1974;3(5932):645647.
Linderoth B, Foreman RD. Conventional and Novel Spinal
Stimulation Algorithms: Hypothetical Mechanisms of Action and
Comments on Outcomes. Neuromodulation. May 2017.
Guan Y. Spinal cord stimulation: neurophysiological and
neurochemical mechanisms of action. Curr Pain Headache Rep. Jun
2012;16(3):217-225.
Sato KL, Johanek LM, Sanada LS, Sluka KA. Spinal cord
stimulation reduces mechanical hyperalgesia and glial cell activation
in animals with neuropathic pain. Anesth Analg. Feb
2014;118(2):464-472.
Linderoth B, Gazelius B, Franck J, Brodin E. Dorsal column
stimulation induces release of serotonin and substance P in the cat
dorsal horn. Neurosurgery. Aug 1992;31(2):289-296; discussion
296-287.
Schechtmann G, Song Z, Ultenius C, Meyerson BA, Linderoth B.
Cholinergic mechanisms involved in the pain relieving effect of
spinal cord stimulation in a model of neuropathy. Pain. Sep
2008;139(1):136-145.
Simpson RK, Robertson CS, Goodman JC. Segmental recovery of
amino acid neurotransmitters during posterior epidural stimulation
after spinal cord injury. J Am Paraplegia Soc. Jan 1993;16(1):34-41.
Duggan AW, Foong FW. Bicuculline and spinal inhibition produced
by dorsal column stimulation in the cat. Pain. Jul 1985;22(3):249259.
Cui JG, O'Connor WT, Ungerstedt U, Linderoth B, Meyerson BA.
Spinal cord stimulation attenuates augmented dorsal horn release of
excitatory amino acids in mononeuropathy via a GABAergic
mechanism. Pain. Oct 1997;73(1):87-95.
Stiller CO, Cui JG, O'Connor WT, Brodin E, Meyerson BA,
Linderoth B. Release of gamma-aminobutyric acid in the dorsal horn
and suppression of tactile allodynia by spinal cord stimulation in
mononeuropathic rats. Neurosurgery. Aug 1996;39(2):367-374;
discussion 374-365.
Cui JG, Meyerson BA, Sollevi A, Linderoth B. Effect of spinal cord
stimulation on tactile hypersensitivity in mononeuropathic rats is
potentiated by simultaneous GABA(B) and adenosine receptor
activation. Neurosci Lett. May 1998;247(2-3):183-186.

71

145.

146.
147.

148.
149.
150.
151.
152.
153.

154.
155.
156.
157.

158.

72

Janssen SP, Gerard S, Raijmakers ME, Truin M, Van Kleef M,
Joosten EA. Decreased intracellular GABA levels contribute to
spinal cord stimulation-induced analgesia in rats suffering from
painful peripheral neuropathy: the role of KCC2 and GABA(A)
receptor-mediated inhibition. Neurochem Int. Jan 2012;60(1):21-30.
Yuan X, Desiderio DM. Proteomics analysis of human cerebrospinal
fluid. J Chromatogr B Analyt Technol Biomed Life Sci. Feb
2005;815(1-2):179-189.
McCarthy KF, Connor TJ, McCrory C. Cerebrospinal fluid levels of
vascular endothelial growth factor correlate with reported pain and
are reduced by spinal cord stimulation in patients with failed back
surgery syndrome. Neuromodulation. 2013 Nov-Dec
2013;16(6):519-522; discussion 522.
Marchand S. Spinal cord stimulation analgesia: substantiating the
mechanisms for neuropathic pain treatment. Pain. Mar
2015;156(3):364-365.
Frymoyer JW. Lumbar disk disease: epidemiology. Instr Course
Lect. 1992;41:217-223.
Younes M, Béjia I, Aguir Z, et al. Prevalence and risk factors of
disk-related sciatica in an urban population in Tunisia. Joint Bone
Spine. Oct 2006;73(5):538-542.
Valat JP, Genevay S, Marty M, Rozenberg S, Koes B. Sciatica. Best
Pract Res Clin Rheumatol. Apr 2010;24(2):241-252.
Balagué F, Nordin M, Sheikhzadeh A, et al. Recovery of severe
sciatica. Spine (Phila Pa 1976). Dec 1999;24(23):2516-2524.
McCarron RF, Wimpee MW, Hudkins PG, Laros GS. The
inflammatory effect of nucleus pulposus. A possible element in the
pathogenesis of low-back pain. Spine (Phila Pa 1976). Oct
1987;12(8):760-764.
Olmarker K, Blomquist J, Strömberg J, Nannmark U, Thomsen P,
Rydevik B. Inflammatogenic properties of nucleus pulposus. Spine
(Phila Pa 1976). Mar 1995;20(6):665-669.
Anzai H, Hamba M, Onda A, Konno S, Kikuchi S. Epidural
application of nucleus pulposus enhances nociresponses of rat dorsal
horn neurons. Spine (Phila Pa 1976). Feb 2002;27(3):E50-55.
Brisby H, Hammar I. Thalamic activation in a disc herniation model.
Spine (Phila Pa 1976). Dec 2007;32(25):2846-2852.
Cuellar JM, Montesano PX, Antognini JF, Carstens E. Application
of nucleus pulposus to L5 dorsal root ganglion in rats enhances
nociceptive dorsal horn neuronal windup. J Neurophysiol. Jul
2005;94(1):35-48.
Egeland NG, Moen A, Pedersen LM, Brisby H, Gjerstad J. Spinal
nociceptive hyperexcitability induced by experimental disc
herniation is associated with enhanced local expression of Csf1 and
FasL. Pain. Sep 2013;154(9):1743-1748.

159.
160.

161.

162.
163.

164.

165.
166.

167.
168.

169.
170.
171.

Takebayashi T, Cavanaugh JM, Cüneyt Ozaktay A, Kallakuri S,
Chen C. Effect of nucleus pulposus on the neural activity of dorsal
root ganglion. Spine (Phila Pa 1976). Apr 2001;26(8):940-945.
Andrade P, Hoogland G, Garcia MA, Steinbusch HW, Daemen MA,
Visser-Vandewalle V. Elevated IL-1ȕ and IL-6 levels in lumbar
herniated discs in patients with sciatic pain. Eur Spine J. Apr
2013;22(4):714-720.
Kang JD, Stefanovic-Racic M, McIntyre LA, Georgescu HI, Evans
CH. Toward a biochemical understanding of human intervertebral
disc degeneration and herniation. Contributions of nitric oxide,
interleukins, prostaglandin E2, and matrix metalloproteinases. Spine
(Phila Pa 1976). May 1997;22(10):1065-1073.
Takahashi H, Suguro T, Okazima Y, Motegi M, Okada Y, Kakiuchi
T. Inflammatory cytokines in the herniated disc of the lumbar spine.
Spine (Phila Pa 1976). Jan 1996;21(2):218-224.
Toyone T, Takahashi K, Kitahara H, Yamagata M, Murakami M,
Moriya H. Visualisation of symptomatic nerve roots. Prospective
study of contrast-enhanced MRI in patients with lumbar disc
herniation. J Bone Joint Surg Br. Jul 1993;75(4):529-533.
Freynhagen R, Baron R, Gockel U, Tölle TR. painDETECT: a new
screening questionnaire to identify neuropathic components in
patients with back pain. Curr Med Res Opin. Oct 2006;22(10):19111920.
Heidari F, Afshari M, Moosazadeh M. Prevalence of fibromyalgia in
general population and patients, a systematic review and metaanalysis. Rheumatol Int. Apr 2017.
Wolfe F, Smythe HA, Yunus MB, et al. The American College of
Rheumatology 1990 Criteria for the Classification of Fibromyalgia.
Report of the Multicenter Criteria Committee. Arthritis Rheum. Feb
1990;33(2):160-172.
Wolfe F, Clauw DJ, Fitzcharles MA, et al. 2016 Revisions to the
2010/2011 fibromyalgia diagnostic criteria. Semin Arthritis Rheum.
Dec 2016;46(3):319-329.
Wolfe F, Clauw DJ, Fitzcharles MA, et al. Fibromyalgia criteria and
severity scales for clinical and epidemiological studies: a
modification of the ACR Preliminary Diagnostic Criteria for
Fibromyalgia. J Rheumatol. Jun 2011;38(6):1113-1122.
Landis C, Lentz M, Rothermel J, Buchwald D, Shaver J. Decreased
sleep spindles and spindle activity in midlife women with
fibromyalgia and pain. Sleep. Jun 2004;27(4):741-750.
Wolfe F, Häuser W. Fibromyalgia diagnosis and diagnostic criteria.
Ann Med. Nov 2011;43(7):495-502.
Andréll P, Schultz T, Mannerkorpi K, Nordeman L, Börjesson M,
Mannheimer C. Health-related quality of life in fibromyalgia and

73

172.
173.

174.

175.

176.
177.
178.
179.
180.

181.

182.
183.
184.

74

refractory angina pectoris: a comparison between two chronic nonmalignant pain disorders. J Rehabil Med. Apr 2014;46(4):341-347.
Asbring P, Närvänen AL. Women's experiences of stigma in relation
to chronic fatigue syndrome and fibromyalgia. Qual Health Res. Feb
2002;12(2):148-160.
Lutz J, Jäger L, de Quervain D, et al. White and gray matter
abnormalities in the brain of patients with fibromyalgia: a diffusiontensor and volumetric imaging study. Arthritis Rheum. Dec
2008;58(12):3960-3969.
Kuchinad A, Schweinhardt P, Seminowicz DA, Wood PB, Chizh
BA, Bushnell MC. Accelerated brain gray matter loss in
fibromyalgia patients: premature aging of the brain? J Neurosci. Apr
2007;27(15):4004-4007.
Flodin P, Martinsen S, Löfgren M, Bileviciute-Ljungar I, Kosek E,
Fransson P. Fibromyalgia is associated with decreased connectivity
between pain- and sensorimotor brain areas. Brain Connect. Oct
2014;4(8):587-594.
Jensen KB, Kosek E, Petzke F, et al. Evidence of dysfunctional pain
inhibition in Fibromyalgia reflected in rACC during provoked pain.
Pain. Jul 2009;144(1-2):95-100.
Jensen KB, Loitoile R, Kosek E, et al. Patients with fibromyalgia
display less functional connectivity in the brain's pain inhibitory
network. Mol Pain. Apr 2012;8:32.
Jensen KB, Srinivasan P, Spaeth R, et al. Overlapping structural and
functional brain changes in patients with long-term exposure to
fibromyalgia pain. Arthritis Rheum. Dec 2013;65(12):3293-3303.
Napadow V, LaCount L, Park K, As-Sanie S, Clauw DJ, Harris RE.
Intrinsic brain connectivity in fibromyalgia is associated with
chronic pain intensity. Arthritis Rheum. Aug 2010;62(8):2545-2555.
Schmidt-Wilcke T, Kairys A, Ichesco E, et al. Changes in clinical
pain in fibromyalgia patients correlate with changes in brain
activation in the cingulate cortex in a response inhibition task. Pain
Med. Aug 2014;15(8):1346-1358.
Diers M, Koeppe C, Yilmaz P, et al. Pain ratings and somatosensory
evoked responses to repetitive intramuscular and intracutaneous
stimulation in fibromyalgia syndrome. J Clin Neurophysiol. Jun
2008;25(3):153-160.
Lannersten L, Kosek E. Dysfunction of endogenous pain inhibition
during exercise with painful muscles in patients with shoulder
myalgia and fibromyalgia. Pain. Oct 2010;151(1):77-86.
Kosek E, Rosen A, Carville S, et al. Lower placebo responses after
long-term exposure to fibromyalgia pain. J Pain. Mar 2017.
Kadetoff D, Lampa J, Westman M, Andersson M, Kosek E.
Evidence of central inflammation in fibromyalgia-increased

185.
186.
187.
188.
189.
190.

191.

192.
193.
194.
195.
196.
197.
198.
199.

cerebrospinal fluid interleukin-8 levels. J Neuroimmunol. Jan
2012;242(1-2):33-38.
Generaal E, Vogelzangs N, Macfarlane GJ, et al. Basal inflammation
and innate immune response in chronic multisite musculoskeletal
pain. Pain. Aug 2014;155(8):1605-1612.
Karshikoff B, Jensen KB, Kosek E, et al. Why sickness hurts: A
central mechanism for pain induced by peripheral inflammation.
Brain Behav Immun. Oct 2016;57:38-46.
Wegner A, Elsenbruch S, Rebernik L, et al. Inflammation-induced
pain sensitization in men and women: does sex matter in
experimental endotoxemia? Pain. Oct 2015;156(10):1954-1964.
Desmeules J, Chabert J, Rebsamen M, et al. Central pain
sensitization, COMT Val158Met polymorphism, and emotional
factors in fibromyalgia. J Pain. Feb 2014;15(2):129-135.
Serra J, Collado A, Solà R, et al. Hyperexcitable C nociceptors in
fibromyalgia. Ann Neurol. Feb 2014;75(2):196-208.
Oaklander AL, Herzog ZD, Downs HM, Klein MM. Objective
evidence that small-fiber polyneuropathy underlies some illnesses
currently labeled as fibromyalgia. Pain. Nov 2013;154(11):23102316.
Coppens E, Van Wambeke P, Morlion B, et al. Prevalence and
impact of childhood adversities and post-traumatic stress disorder in
women with fibromyalgia and chronic widespread pain. Eur J Pain.
May 2017.
Rhudy JL, DelVentura JL, Terry EL, et al. Emotional modulation of
pain and spinal nociception in fibromyalgia. Pain. Jul
2013;154(7):1045-1056.
Bouhassira D, Lantéri-Minet M, Attal N, Laurent B, Touboul C.
Prevalence of chronic pain with neuropathic characteristics in the
general population. Pain. Jun 2008;136(3):380-387.
van Hecke O, Austin SK, Khan RA, Smith BH, Torrance N.
Neuropathic pain in the general population: A systematic review of
epidemiological studies. Pain. Nov 2013.
Baron R. Peripheral neuropathic pain: from mechanisms to
symptoms. Clin J Pain. Jun 2000;16(2 Suppl):S12-20.
Baron R. Mechanisms of disease: neuropathic pain--a clinical
perspective. Nat Clin Pract Neurol. Feb 2006;2(2):95-106.
Dworkin RH, O'Connor AB, Backonja M, et al. Pharmacologic
management of neuropathic pain: evidence-based recommendations.
Pain. Dec 2007;132(3):237-251.
Colloca L, Ludman T, Bouhassira D, et al. Neuropathic pain. Nat
Rev Dis Primers. Feb 2017;3:17002.
Baron R, Hans G, Dickenson AH. Peripheral input and its
importance for central sensitization. Ann Neurol. Nov
2013;74(5):630-636.
75

200.

201.

202.

203.

204.
205.
206.
207.
208.
209.
210.
211.
212.
213.
214.

76

Day YJ, Liou JT, Lee CM, et al. Lack of interleukin-17 leads to a
modulated micro-environment and amelioration of mechanical
hypersensitivity after peripheral nerve injury in mice. Pain. Jul
2014;155(7):1293-1302.
Kiguchi N, Kobayashi Y, Kadowaki Y, Fukazawa Y, Saika F,
Kishioka S. Vascular endothelial growth factor signaling in injured
nerves underlies peripheral sensitization in neuropathic pain. J
Neurochem. Apr 2014;129(1):169-178.
Kiguchi N, Kobayashi Y, Saika F, Kishioka S. Epigenetic
upregulation of CCL2 and CCL3 via histone modifications in
infiltrating macrophages after peripheral nerve injury. Cytokine. Dec
2013;64(3):666-672.
Berger JV, Knaepen L, Janssen SP, et al. Cellular and molecular
insights into neuropathy-induced pain hypersensitivity for
mechanism-based treatment approaches. Brain Res Rev. Jun
2011;67(1-2):282-310.
Kim CF, Moalem-Taylor G. Interleukin-17 contributes to
neuroinflammation and neuropathic pain following peripheral nerve
injury in mice. J Pain. Mar 2011;12(3):370-383.
Berta T, Park CK, Xu ZZ, et al. Extracellular caspase-6 drives
murine inflammatory pain via microglial TNF-Į secretion. J Clin
Invest. Mar 2014;124(3):1173-1186.
White F, Jung H, Miller R. Chemokines and the pathophysiology of
neuropathic pain. Proc Natl Acad Sci U S A. Dec
2007;104(51):20151-20158.
Abbadie C, Bhangoo S, De Koninck Y, Malcangio M, MelikParsadaniantz S, White FA. Chemokines and pain mechanisms.
Brain Res Rev. Apr 2009;60(1):125-134.
Taber RI. Predictive value of analgesic assays in mice and rats. Adv
Biochem Psychopharmacol. 1973;8(0):191-211.
Berge OG. Predictive validity of behavioural animal models for
chronic pain. Br J Pharmacol. Oct 2011;164(4):1195-1206.
Woolf CJ. Overcoming obstacles to developing new analgesics. Nat
Med. Nov 2010;16(11):1241-1247.
Netirojjanakul C, Miranda LP. Progress and challenges in the
optimization of toxin peptides for development as pain therapeutics.
Curr Opin Chem Biol. Jun 2017;38:70-79.
Yaksh TL, Rudy TA. Analgesia mediated by a direct spinal action of
narcotics. Science. Jun 1976;192(4246):1357-1358.
Onofrio BM, Yaksh TL, Arnold PG. Continuous low-dose
intrathecal morphine administration in the treatment of chronic pain
of malignant origin. Mayo Clin Proc. Aug 1981;56(8):516-520.
Bennett G, Serafini M, Burchiel K, et al. Evidence-based review of
the literature on intrathecal delivery of pain medication. J Pain
Symptom Manage. Aug 2000;20(2):S12-36.

215.
216.

217.

218.
219.
220.
221.
222.
223.
224.
225.
226.
227.
228.
229.

Rao P, Knaus EE. Evolution of nonsteroidal anti-inflammatory
drugs (NSAIDs): cyclooxygenase (COX) inhibition and beyond. J
Pharm Pharm Sci. Sep 2008;11(2):81s-110s.
Wentz AL, Jimenez TB, Dixon RM, Aurora SK, Gold M,
Investigators CS. A double-blind, randomized, placebo-controlled,
single-dose study of the cyclooxygenase-2 inhibitor, GW406381, as
a treatment for acute migraine. Eur J Neurol. Apr 2008;15(4):420427.
Horga de la Parte JF, Horga A. [Pregabalin: new therapeutic
contributions of calcium channel alpha2delta protein ligands on
epilepsy and neuropathic pain]. Rev Neurol. 2006 Feb 16-28
2006;42(4):223-237.
Kavoussi R. Pregabalin: From molecule to medicine. Eur
Neuropsychopharmacol. Jul 2006;16 Suppl 2:S128-133.
Kissin I. The development of new analgesics over the past 50 years:
a lack of real breakthrough drugs. Anesth Analg. Mar
2010;110(3):780-789.
Rupniak NM, Kramer MS. Discovery of the antidepressant and antiemetic efficacy of substance P receptor (NK1) antagonists. Trends
Pharmacol Sci. Dec 1999;20(12):485-490.
V Euler US, Gaddum JH. An unidentified depressor substance in
certain tissue extracts. J Physiol. Jun 1931;72(1):74-87.
Cao YQ, Mantyh PW, Carlson EJ, Gillespie AM, Epstein CJ,
Basbaum AI. Primary afferent tachykinins are required to experience
moderate to intense pain. Nature. Mar 1998;392(6674):390-394.
DeVane CL. Substance P: a new era, a new role. Pharmacotherapy.
Sep 2001;21(9):1061-1069.
Iversen L. Substance P equals pain substance? Nature. Mar
1998;392(6674):334-335.
Vaught JL. Substance P antagonists and analgesia: a review of the
hypothesis. Life Sci. 1988;43(18):1419-1431.
Hill R. NK1 (substance P) receptor antagonists--why are they not
analgesic in humans? Trends Pharmacol Sci. Jul 2000;21(7):244246.
Henry JL. Substance P and inflammatory pain: potential of
substance P antagonists as analgesics. Agents Actions Suppl.
1993;41:75-87.
Herbert MK, Holzer P. [Why are substance P(NK1)-receptor
antagonists ineffective in pain treatment?]. Anaesthesist. Apr
2002;51(4):308-319.
Borsook D, Upadhyay J, Klimas M, et al. Decision-making using
fMRI in clinical drug development: revisiting NK-1 receptor
antagonists for pain. Drug Discov Today. Sep 2012;17(17-18):964973.

77

230.
231.
232.
233.

234.

235.

236.

237.
238.
239.
240.
241.
242.
243.

78

Dionne RA, Max MB, Gordon SM, et al. The substance P receptor
antagonist CP-99,994 reduces acute postoperative pain. Clin
Pharmacol Ther. Nov 1998;64(5):562-568.
Bisogno T, Maccarrone M. Latest advances in the discovery of fatty
acid amide hydrolase inhibitors. Expert Opin Drug Discov. May
2013;8(5):509-522.
Pacher P, Kunos G. Modulating the endocannabinoid system in
human health and disease--successes and failures. FEBS J. May
2013;280(9):1918-1943.
Trezise DJ, John VH, Xie XM. Voltage- and use-dependent
inhibition of Na+ channels in rat sensory neurones by 4030W92, a
new antihyperalgesic agent. Br J Pharmacol. Jul 1998;124(5):953963.
Wallace MS, Quessy S, Schulteis G. Lack of effect of two oral
sodium channel antagonists, lamotrigine and 4030W92, on
intradermal capsaicin-induced hyperalgesia model. Pharmacol
Biochem Behav. Jun 2004;78(2):349-355.
Liu G, Yarov-Yarovoy V, Nobbs M, Clare JJ, Scheuer T, Catterall
WA. Differential interactions of lamotrigine and related drugs with
transmembrane segment IVS6 of voltage-gated sodium channels.
Neuropharmacology. Mar 2003;44(3):413-422.
Shackelford S, Rauck R, Quessy S, Blum D, Hodge R, Philipson R.
A randomized, double-blind, placebo-controlled trial of a selective
COX-2 inhibitor, GW406381, in patients with postherpetic
neuralgia. J Pain. Jun 2009;10(6):654-660.
Boswell DJ, Ostergaard K, Philipson RS, et al. Evaluation of
GW406381 for treatment of osteoarthritis of the knee: two
randomized, controlled studies. Medscape J Med. 2008;10(11):259.
Brook K, Bennett J, Desai SP. The Chemical History of Morphine:
An 8000-year Journey, from Resin to de-novo Synthesis. J Anesth
Hist. Apr 2017;3(2):50-55.
Brookes ME, Eldabe S, Batterham A. Ziconotide Monotherapy: A
Systematic Review of Randomised Controlled Trials. Curr
Neuropharmacol. 2017;15(2):217-231.
Smith MT, Anand P, Rice AS. Selective small molecule angiotensin
II type 2 receptor antagonists for neuropathic pain: preclinical and
clinical studies. Pain. Feb 2016;157 Suppl 1:S33-41.
Li J, Csakai A, Jin J, Zhang F, Yin H. Therapeutic Developments
Targeting Toll-like Receptor-4-Mediated Neuroinflammation.
ChemMedChem. Jan 2016;11(2):154-165.
Melnikova I. Pain market. Nat Rev Drug Discov. Aug
2010;9(8):589-590.
Cattaneo A. Tanezumab, a recombinant humanized mAb against
nerve growth factor for the treatment of acute and chronic pain. Curr
Opin Mol Ther. Feb 2010;12(1):94-106.

244.
245.
246.
247.
248.
249.
250.

251.
252.
253.
254.
255.
256.
257.
258.

259.

Watson JJ, Allen SJ, Dawbarn D. Targeting nerve growth factor in
pain: what is the therapeutic potential? BioDrugs. 2008;22(6):349359.
Seidel MF, Lane NE. Control of arthritis pain with anti-nervegrowth factor: risk and benefit. Curr Rheumatol Rep. Dec
2012;14(6):583-588.
Chang DS, Hsu E, Hottinger DG, Cohen SP. Anti-nerve growth
factor in pain management: current evidence. J Pain Res.
2016;9:373-383.
Kelleher JH, Tewari D, McMahon SB. Neurotrophic factors and
their inhibitors in chronic pain treatment. Neurobiol Dis. Jan
2017;97(Pt B):127-138.
Vardeh D, Mannion RJ, Woolf CJ. Toward a Mechanism-Based
Approach to Pain Diagnosis. J Pain. Sep 2016;17(9 Suppl):T50-69.
Sommer C. Exploring pain pathophysiology in patients. Science.
Nov 2016;354(6312):588-592.
Andrews NA, Latrémolière A, Basbaum AI, et al. Ensuring
transparency and minimization of methodologic bias in preclinical
pain research: PPRECISE considerations. Pain. Apr
2016;157(4):901-909.
Blackburn-Munro G. Pain-like behaviours in animals - how human
are they? Trends Pharmacol Sci. Jun 2004;25(6):299-305.
Whiteside GT, Pomonis JD, Kennedy JD. An industry perspective
on the role and utility of animal models of pain in drug discovery.
Neurosci Lett. Dec 2013;557 Pt A:65-72.
Kalso E. Biomarkers for pain. Pain. Feb 2004;107(3):199-201.
Group. BDW. Biomarkers and surrogate endpoints: preferred
definitions and conceptual framework. Clin Pharmacol Ther. Mar
2001;69(3):89-95.
Koskinen M, Hietaharju A, Kyläniemi M, et al. A quantitative
method for the assessment of intraepidermal nerve fibers in smallfiber neuropathy. J Neurol. Jul 2005;252(7):789-794.
Smith SB, Maixner DW, Fillingim RB, et al. Large candidate gene
association study reveals genetic risk factors and therapeutic targets
for fibromyalgia. Arthritis Rheum. Feb 2012;64(2):584-593.
Diatchenko L, Fillingim RB, Smith SB, Maixner W. The phenotypic
and genetic signatures of common musculoskeletal pain conditions.
Nat Rev Rheumatol. Jun 2013;9(6):340-350.
Peterson M, Svärdsudd K, Appel L, et al. PET-scan shows
peripherally increased neurokinin 1 receptor availability in chronic
tennis elbow: visualizing neurogenic inflammation? PLoS One.
2013;8(10):e75859.
Stephenson DT, Arneric SP. Neuroimaging of pain: advances and
future prospects. J Pain. Jul 2008;9(7):567-579.

79

260.

261.

262.
263.
264.

265.

266.
267.
268.

269.
270.
271.
272.

80

Linnman C, Appel L, Fredrikson M, et al. Elevated [11C]-Ddeprenyl uptake in chronic Whiplash Associated Disorder suggests
persistent musculoskeletal inflammation. PLoS One. Apr
2011;6(4):e19182.
Elvin A, Siösteen AK, Nilsson A, Kosek E. Decreased muscle blood
flow in fibromyalgia patients during standardised muscle exercise: a
contrast media enhanced colour Doppler study. Eur J Pain. Feb
2006;10(2):137-144.
Ochoa J, Torebjörk HE, Culp WJ, Schady W. Abnormal
spontaneous activity in single sensory nerve fibers in humans.
Muscle Nerve. 1982;5(9S):S74-77.
Torebjörk HE, Schady W, Ochoa J. Sensory correlates of somatic
afferent fibre activation. Hum Neurobiol. 1984;3(1):15-20.
Namer B, Ørstavik K, Schmidt R, et al. Specific changes in
conduction velocity recovery cycles of single nociceptors in a
patient with erythromelalgia with the I848T gain-of-function
mutation of Nav1.7. Pain. Sep 2015;156(9):1637-1646.
Schmelz M, Schmidt R, Weidner C, Hilliges M, Torebjork HE,
Handwerker HO. Chemical response pattern of different classes of
C-nociceptors to pruritogens and algogens. J Neurophysiol. May
2003;89(5):2441-2448.
Schmelz M, Schmid R, Handwerker HO, Torebjörk HE. Encoding
of burning pain from capsaicin-treated human skin in two categories
of unmyelinated nerve fibres. Brain. Mar 2000;123 Pt 3:560-571.
Schmidt R, Schmelz M, Torebjörk HE, Handwerker HO. Mechanoinsensitive nociceptors encode pain evoked by tonic pressure to
human skin. Neuroscience. 2000;98(4):793-800.
Weidner C, Schmelz M, Schmidt R, Hansson B, Handwerker HO,
Torebjörk HE. Functional attributes discriminating mechanoinsensitive and mechano-responsive C nociceptors in human skin. J
Neurosci. Nov 1999;19(22):10184-10190.
Schady W, Braune S, Watson S, Torebjörk HE, Schmidt R.
Responsiveness of the somatosensory system after nerve injury and
amputation in the human hand. Ann Neurol. Jul 1994;36(1):68-75.
Jørum E, Lundberg LE, Torebjörk HE. Peripheral projections of
nociceptive unmyelinated axons in the human peroneal nerve. J
Physiol. Sep 1989;416:291-301.
Jung K, Rottmann S, Ellrich J. Long-term depression of spinal
nociception and pain in man: influence of varying stimulation
parameters. Eur J Pain. Feb 2009;13(2):161-170.
Chizh BA, Greenspan JD, Casey KL, Nemenov MI, Treede RD.
Identifying biological markers of activity in human nociceptive
pathways to facilitate analgesic drug development. Pain. Nov
2008;140(2):249-253.

273.
274.

275.
276.
277.
278.
279.
280.

281.

282.

283.
284.
285.

Anderson NL, Anderson NG. The human plasma proteome: history,
character, and diagnostic prospects. Mol Cell Proteomics. Nov
2002;1(11):845-867.
Romeo MJ, Espina V, Lowenthal M, Espina BH, Petricoin EF,
Liotta LA. CSF proteome: a protein repository for potential
biomarker identification. Expert Rev Proteomics. Jan 2005;2(1):5770.
Green AJ. Cerebrospinal fluid brain-derived proteins in the
diagnosis of Alzheimer's disease and Creutzfeldt-Jakob disease.
Neuropathol Appl Neurobiol. Dec 2002;28(6):427-440.
Schutzer SE, Liu T, Natelson BH, et al. Establishing the proteome of
normal human cerebrospinal fluid. PLoS One. 2010;5(6):e10980.
Roche S, Gabelle A, Lehmann S. Clinical proteomics of the
cerebrospinal fluid: Towards the discovery of new biomarkers.
Proteomics Clin Appl. Mar 2008;2(3):428-436.
Ramström M, Bergquist J. Proteomics of Human Cerebrospinal
Fluid. In: Thongboonkerd V, ed. Proteomics of Human Body Fluids.
1st ed. Totowa, New Jersey: Humana Press Inc.; 2007:269-284.
Parris WC, Sastry BV, Kambam JR, Naukam RJ, Johnson BW.
Immunoreactive substance P in human saliva. A possible marker of
chronic pain. Ann N Y Acad Sci. Sep 1993;694:308-310.
Lindh C, Thornwall M, Hansen AC, et al. Neuropeptide-converting
enzymes in cerebrospinal fluid: activities increased in pain from
herniated lumbar dis, but not from coxarthrosis. Acta Orthop Scand.
Apr 1996;67(2):189-192.
Brisby H, Olmarker K, Larsson K, Nutu M, Rydevik B.
Proinflammatory cytokines in cerebrospinal fluid and serum in
patients with disc herniation and sciatica. Eur Spine J. Feb
2002;11(1):62-66.
Wahlbeck K, Sundblom M, Kalso E, Tigerstedt I, Rimón R.
Elevated plasma vasopressin and normal cerebrospinal fluid
angiotensin-converting enzyme in chronic pain disorder. Biol
Psychiatry. Nov 1996;40(10):994-999.
Mannes AJ, Martin BM, Yang HY, et al. Cystatin C as a
cerebrospinal fluid biomarker for pain in humans. Pain. Apr
2003;102(3):251-256.
Eisenach JC, Thomas JA, Rauck RL, Curry R, Li X. Cystatin C in
cerebrospinal fluid is not a diagnostic test for pain in humans. Pain.
Feb 2004;107(3):207-212.
Sarchielli P, Alberti A, Candeliere A, Floridi A, Capocchi G,
Calabresi P. Glial cell line-derived neurotrophic factor and
somatostatin levels in cerebrospinal fluid of patients affected by
chronic migraine and fibromyalgia. Cephalalgia. Apr
2006;26(4):409-415.

81

286.

287.
288.
289.
290.
291.
292.
293.
294.
295.
296.

297.
298.
299.

82

Uçeyler N, Valenza R, Stock M, Schedel R, Sprotte G, Sommer C.
Reduced levels of antiinflammatory cytokines in patients with
chronic widespread pain. Arthritis Rheum. Aug 2006;54(8):26562664.
Uçeyler N, Rogausch JP, Toyka KV, Sommer C. Differential
expression of cytokines in painful and painless neuropathies.
Neurology. Jul 2007;69(1):42-49.
Lund Håheim L, Nafstad P, Olsen I, Schwarze P, Rønningen KS. Creactive protein variations for different chronic somatic disorders.
Scand J Public Health. Aug 2009;37(6):640-646.
Lander ES, Linton LM, Birren B, et al. Initial sequencing and
analysis of the human genome. Nature. Feb 2001;409(6822):860921.
Venter JC, Adams MD, Myers EW, et al. The sequence of the
human genome. Science. Feb 2001;291(5507):1304-1351.
Uhlén M, Fagerberg L, Hallström BM, et al. Proteomics. Tissuebased map of the human proteome. Science. Jan
2015;347(6220):1260419.
Fredriksson S, Dixon W, Ji H, Koong A, Mindrinos M, Davis R.
Multiplexed protein detection by proximity ligation for cancer
biomarker validation. Nat Methods. Apr 2007;4(4):327-329.
Fredriksson S, Gullberg M, Jarvius J, et al. Protein detection using
proximity-dependent DNA ligation assays. Nat Biotechnol. May
2002;20(5):473-477.
Schwenk JM, Igel U, Kato BS, et al. Comparative protein profiling
of serum and plasma using an antibody suspension bead array
approach. Proteomics. Feb 2010;10(3):532-540.
Schwenk JM, Igel U, Neiman M, et al. Toward next generation
plasma profiling via heat-induced epitope retrieval and array-based
assays. Mol Cell Proteomics. Nov 2010;9(11):2497-2507.
Schwenk JM, Lindberg J, Sundberg M, Uhlén M, Nilsson P.
Determination of binding specificities in highly multiplexed beadbased assays for antibody proteomics. Mol Cell Proteomics. Jan
2007;6(1):125-132.
Atkins JH, Johansson JS. Technologies to shape the future:
proteomics applications in anesthesiology and critical care medicine.
Anesth Analg. Apr 2006;102(4):1207-1216.
Bäckryd E. Pain in the Blood? Envisioning Mechanism-Based
Diagnoses and Biomarkers in Clinical Pain Medicine. Diagnostics
(Basel). Mar 2015;5(1):84-95.
Fredriksson S, Horecka J, Brustugun O, et al. Multiplexed proximity
ligation assays to profile putative plasma biomarkers relevant to
pancreatic and ovarian cancer. Clin Chem. Mar 2008;54(3):582-589.

300.
301.
302.
303.
304.

305.
306.

307.
308.

309.

310.
311.
312.

Gullberg M, Gústafsdóttir SM, Schallmeiner E, et al. Cytokine
detection by antibody-based proximity ligation. Proc Natl Acad Sci
U S A. Jun 2004;101(22):8420-8424.
Darmanis S, Nong RY, Hammond M, et al. Sensitive plasma protein
analysis by microparticle-based proximity ligation assays. Mol Cell
Proteomics. Feb 2010;9(2):327-335.
Darmanis S, Nong RY, Vänelid J, et al. ProteinSeq: highperformance proteomic analyses by proximity ligation and next
generation sequencing. PLoS One. 2011;6(9):e25583.
Patel VJ, Thalassinos K, Slade SE, et al. A comparison of labeling
and label-free mass spectrometry-based proteomics approaches. J
Proteome Res. Jul 2009;8(7):3752-3759.
Boersema PJ, Aye TT, van Veen TA, Heck AJ, Mohammed S.
Triplex protein quantification based on stable isotope labeling by
peptide dimethylation applied to cell and tissue lysates. Proteomics.
Nov 2008;8(22):4624-4632.
Boersema PJ, Raijmakers R, Lemeer S, Mohammed S, Heck AJ.
Multiplex peptide stable isotope dimethyl labeling for quantitative
proteomics. Nat Protoc. 2009;4(4):484-494.
Sjödin MO, Wetterhall M, Kultima K, Artemenko K. Comparative
study of label and label-free techniques using shotgun proteomics
for relative protein quantification. J Chromatogr B Analyt Technol
Biomed Life Sci. Jun 2013;928:83-92.
Khoonsari PE, Häggmark A, Lönnberg M, et al. Analysis of the
Cerebrospinal Fluid Proteome in Alzheimer's Disease. PLoS One.
2016;11(3):e0150672.
Musunuri S, Khoonsari PE, Mikus M, et al. Increased Levels of
Extracellular Microvesicle Markers and Decreased Levels of
Endocytic/Exocytic Proteins in the Alzheimer's Disease Brain. J
Alzheimers Dis. Oct 2016;54(4):1671-1686.
Remnestål J, Just D, Mitsios N, et al. CSF profiling of the human
brain enriched proteome reveals associations of neuromodulin and
neurogranin to Alzheimer's disease. Proteomics Clin Appl. Dec
2016;10(12):1242-1253.
Häggmark A, Byström S, Ayoglu B, et al. Antibody-based profiling
of cerebrospinal fluid within multiple sclerosis. Proteomics. Aug
2013;13(15):2256-2267.
Kamali-Moghaddam M, Pettersson FE, Wu D, et al. Sensitive
detection of Aȕ protofibrils by proximity ligation--relevance for
Alzheimer's disease. BMC Neurosci. Oct 2010;11:124.
Thorsen SB, Christensen SL, Würtz SO, et al. Plasma levels of the
MMP-9:TIMP-1 complex as prognostic biomarker in breast cancer:
a retrospective study. BMC Cancer. Dec 2013;13:598.

83

313.
314.
315.

316.
317.
318.

319.

320.

321.
322.
323.

324.
325.

84

Edfeldt K, Daskalakis K, Bäcklin C, et al. DcR3, TFF3 and Midkine
are Novel Serum Biomarkers in Small Intestinal Neuroendocrine
Tumors. Neuroendocrinology. Nov 2016.
Pauk M, Grgurevic L, Brkljacic J, et al. Exogenous BMP7 corrects
plasma iron overload and bone loss in Bmp6-/- mice. Int Orthop. Jan
2015;39(1):161-172.
Helseth R, Weiss TW, Opstad TB, et al. Associations between
circulating proteins and corresponding genes expressed in coronary
thrombi in patients with acute myocardial infarction. Thromb Res.
Dec 2015;136(6):1240-1244.
Mellacheruvu D, Wright Z, Couzens AL, et al. The CRAPome: a
contaminant repository for affinity purification-mass spectrometry
data. Nat Methods. Aug 2013;10(8):730-736.
Darmanis S, Yuan Nong R, Hammond M, et al. Sensitive plasma
protein analysis by microparticle-based proximity ligation assays.
Mol Cell Proteomics. Dec 2009.
Jeudy J, Salvador A, Simon R, et al. Overcoming biofluid protein
complexity during targeted mass spectrometry detection and
quantification of protein biomarkers by MRM cubed (MRM3). Anal
Bioanal Chem. Feb 2014;406(4):1193-1200.
Percy AJ, Yang J, Chambers AG, Simon R, Hardie DB, Borchers
CH. Multiplexed MRM with Internal Standards for Cerebrospinal
Fluid Candidate Protein Biomarker Quantitation. J Proteome Res.
Jun 2014.
Lind AL, Wu D, Freyhult E, et al. A Multiplex Protein Panel
Applied to Cerebrospinal Fluid Reveals Three New Biomarker
Candidates in ALS but None in Neuropathic Pain Patients. PLoS
One. 2016;11(2):e0149821.
Hans G, Masquelier E, De Cock P. The diagnosis and management
of neuropathic pain in daily practice in Belgium: an observational
study. BMC Public Health. 2007;7:170.
Larsson A, Carlsson L, Gordh T, Lind AL, Thulin M, KamaliMoghaddam M. The effects of age and gender on plasma levels of
63 cytokines. J Immunol Methods. Oct 2015;425:58-61.
Enroth S, Hallmans G, Grankvist K, Gyllensten U. Effects of LongTerm Storage Time and Original Sampling Month on Biobank
Plasma Protein Concentrations. EBioMedicine. Oct 2016;12:309314.
Streiner DL, Norman GR. Correction for multiple testing: is there a
resolution? Chest. Jul 2011;140(1):16-18.
Eriksson L, Byrne T, Johansson E, C. TJaV. Multi- and Megavariate
Data Analysis: Basic Principles and Applications . Malmö, Sweden:
MKS Umetrics AB.; 2013.

326.

327.

328.

329.

330.

331.

332.

333.
334.

335.

336.

Bäckryd E, Ghafouri B, Larsson B, Gerdle B. Do low levels of betaendorphin in the cerebrospinal fluid indicate defective top-down
inhibition in patients with chronic neuropathic pain? A crosssectional, comparative study. Pain Med. Jan 2014;15(1):111-119.
Bäckryd E, Ghafouri B, Carlsson AK, Olausson P, Gerdle B.
Multivariate proteomic analysis of the cerebrospinal fluid of patients
with peripheral neuropathic pain and healthy controls - a hypothesisgenerating pilot study. J Pain Res. 2015;8:321-333.
Bäckryd E, Ghafouri B, Larsson B, Gerdle B. Plasma proinflammatory markers in chronic neuropathic pain: A multivariate,
comparative, cross-sectional pilot study. Scand J Pain. Jan
2016;10:1-5.
Gerdle B, Kristiansen J, Larsson B, Saltin B, Søgaard K, Sjøgaard
G. Algogenic substances and metabolic status in work-related
Trapezius Myalgia: a multivariate explorative study. BMC
Musculoskelet Disord. Oct 2014;15:357.
Hadrevi J, Ghafouri B, Larsson B, Gerdle B, Hellström F.
Multivariate modeling of proteins related to trapezius myalgia, a
comparative study of female cleaners with or without pain. PLoS
One. 2013;8(9):e73285.
Olausson P, Ghafouri B, Ghafouri N, Gerdle B. Specific proteins of
the trapezius muscle correlate with pain intensity and sensitivity - an
explorative multivariate proteomic study of the trapezius muscle in
women with chronic widespread pain. J Pain Res. 2016;9:345-356.
Wheelock Å, Wheelock CE. Trials and tribulations of 'omics data
analysis: assessing quality of SIMCA-based multivariate models
using examples from pulmonary medicine. Mol Biosyst. Nov
2013;9(11):2589-2596.
Schistad EI, Espeland A, Pedersen LM, Sandvik L, Gjerstad J, Røe
C. Association between baseline IL-6 and 1-year recovery in lumbar
radicular pain. Eur J Pain. Nov 2014;18(10):1394-1401.
Pedersen LM, Schistad E, Jacobsen LM, Røe C, Gjerstad J. Serum
levels of the pro-inflammatory interleukins 6 (IL-6) and -8 (IL-8) in
patients with lumbar radicular pain due to disc herniation: A 12month prospective study. Brain Behav Immun. May 2015;46:132136.
Berbée JF, Coomans CP, Westerterp M, Romijn JA, Havekes LM,
Rensen PC. Apolipoprotein CI enhances the biological response to
LPS via the CD14/TLR4 pathway by LPS-binding elements in both
its N- and C-terminal helix. J Lipid Res. Jul 2010;51(7):1943-1952.
Serra-Grabulosa JM, Salgado-Pineda P, Junqué C, et al.
Apolipoproteins E and C1 and brain morphology in memory
impaired elders. Neurogenetics. Apr 2003;4(3):141-146.

85

337.
338.
339.
340.

341.
342.

343.
344.
345.

346.
347.
348.
349.
350.

86

Abildayeva K, Berbée JF, Blokland A, et al. Human apolipoprotein
C-I expression in mice impairs learning and memory functions. J
Lipid Res. Apr 2008;49(4):856-869.
Mao CP, Bai ZL, Zhang XN, Zhang QJ, Zhang L. Abnormal
Subcortical Brain Morphology in Patients with Knee Osteoarthritis:
A Cross-sectional Study. Front Aging Neurosci. 2016;8:3.
McCrae CS, O'Shea AM, Boissoneault J, et al. Fibromyalgia patients
have reduced hippocampal volume compared with healthy controls.
J Pain Res. 2015;8:47-52.
Martinsen S, Flodin P, Berrebi J, et al. Fibromyalgia patients had
normal distraction related pain inhibition but cognitive impairment
reflected in caudate nucleus and hippocampus during the Stroop
Color Word Test. PLoS One. 2014;9(9):e108637.
Tajerian M, Leu D, Zou Y, et al. Brain neuroplastic changes
accompany anxiety and memory deficits in a model of complex
regional pain syndrome. Anesthesiology. Oct 2014;121(4):852-865.
Cardoso-Cruz H, Lima D, Galhardo V. Impaired spatial memory
performance in a rat model of neuropathic pain is associated with
reduced hippocampus-prefrontal cortex connectivity. J Neurosci.
Feb 2013;33(6):2465-2480.
Martuscello RT, Spengler RN, Bonoiu AC, et al. Increasing TNF
levels solely in the rat hippocampus produces persistent pain-like
symptoms. Pain. Sep 2012;153(9):1871-1882.
Mutso AA, Radzicki D, Baliki MN, et al. Abnormalities in
hippocampal functioning with persistent pain. J Neurosci. Apr
2012;32(17):5747-5756.
del Rey A, Yau HJ, Randolf A, et al. Chronic neuropathic pain-like
behavior correlates with IL-1ȕ expression and disrupts cytokine
interactions in the hippocampus. Pain. Dec 2011;152(12):28272835.
Jiménez CR, Stam FJ, Li KW, et al. Proteomics of the injured rat
sciatic nerve reveals protein expression dynamics during
regeneration. Mol Cell Proteomics. Feb 2005;4(2):120-132.
Bellei E, Vilella A, Monari E, et al. Serum protein changes in a rat
model of chronic pain show a correlation between animal and
humans. Sci Rep. Feb 2017;7:41723.
Velasco M, O'Sullivan C, Sheridan GK. Lysophosphatidic acid
receptors (LPARs): Potential targets for the treatment of neuropathic
pain. Neuropharmacology. Apr 2016.
Ueda H. Lysophosphatidic acid signaling is the definitive
mechanism underlying neuropathic pain. Pain. Jan 2017.
Mendieta D, De la Cruz-Aguilera DL, Barrera-Villalpando MI, et al.
IL-8 and IL-6 primarily mediate the inflammatory response in
fibromyalgia patients. J Neuroimmunol. Jan 2016;290:22-25.

351.

352.

353.
354.
355.

356.
357.

358.
359.

360.
361.
362.

363.

Gerdle B, Ghafouri B, Ghafouri N, Bäckryd E, Gordh T. Signs of
ongoing inflammation in female patients with chronic widespread
pain: A multivariate, explorative, cross-sectional study of blood
samples. Medicine (Baltimore). Mar 2017;96(9):e6130.
Bäckryd E, Tanum L, Lind AL, Larsson A, Gordh T. Evidence of
both systemic inflammation and neuroinflammation in fibromyalgia
patients, as assessed by a multiplex protein panel applied to the
cerebrospinal fluid and to plasma. J Pain Res. 2017;10:515-525.
Echeverry S, Shi XQ, Haw A, Liu H, Zhang ZW, Zhang J.
Transforming growth factor-beta1 impairs neuropathic pain through
pleiotropic effects. Mol Pain. Mar 2009;5:16.
Chen G, Park CK, Xie RG, Ji RR. Intrathecal bone marrow stromal
cells inhibit neuropathic pain via TGF-ȕ secretion. J Clin Invest.
Aug 2015;125(8):3226-3240.
Behzadian MA, Wang XL, Windsor LJ, Ghaly N, Caldwell RB.
TGF-beta increases retinal endothelial cell permeability by
increasing MMP-9: possible role of glial cells in endothelial barrier
function. Invest Ophthalmol Vis Sci. Mar 2001;42(3):853-859.
Khalil N. TGF-beta: from latent to active. Microbes Infect. Dec
1999;1(15):1255-1263.
Herrera-Molina R, von Bernhardi R. Transforming growth factorbeta 1 produced by hippocampal cells modulates microglial
reactivity in culture. Neurobiol Dis. 2005 Jun-Jul 2005;19(1-2):229236.
García JJ, Cidoncha A, Bote ME, Hinchado MD, Ortega E. Altered
profile of chemokines in fibromyalgia patients. Ann Clin Biochem.
Sep 2014;51(Pt 5):576-581.
Kraychete DC, Sakata RK, Issy AM, Bacellar O, Santos-Jesus R,
Carvalho EM. Serum cytokine levels in patients with chronic low
back pain due to herniated disc: analytical cross-sectional study. Sao
Paulo Med J. 2010;128(5):259-262.
Drosdzol-Cop A, Skrzypulec-Plinta V, Stojko R. Serum and
peritoneal fluid immunological markers in adolescent girls with
chronic pelvic pain. Obstet Gynecol Surv. Jun 2012;67(6):374-381.
Fassbender A, Burney RO, O DF, D'Hooghe T, Giudice L. Update
on Biomarkers for the Detection of Endometriosis. Biomed Res Int.
2015;2015:130854.
Slade GD, Conrad MS, Diatchenko L, et al. Cytokine biomarkers
and chronic pain: association of genes, transcription, and circulating
proteins with temporomandibular disorders and widespread
palpation tenderness. Pain. Dec 2011;152(12):2802-2812.
Zhang YG, Jiang RQ, Guo TM, Wu SX, Ma WJ. MALDI-TOF-MS
serum protein profiling for developing diagnostic models and
identifying serum markers for discogenic low back pain. BMC
Musculoskelet Disord. Jun 2014;15:193.
87

364.

365.
366.
367.

368.
369.
370.

371.
372.
373.
374.
375.
376.

377.

88

Andrade P, Visser-Vandewalle V, Philippens M, et al. Tumor
necrosis factor-Į levels correlate with postoperative pain severity in
lumbar disc hernia patients: opposite clinical effects between tumor
necrosis factor receptor 1 and 2. Pain. Nov 2011;152(11):26452652.
Calvo M, Dawes JM, Bennett DL. The role of the immune system in
the generation of neuropathic pain. Lancet Neurol. Jul
2012;11(7):629-642.
Scholz J, Woolf CJ. The neuropathic pain triad: neurons, immune
cells and glia. Nat Neurosci. Nov 2007;10(11):1361-1368.
Lundborg C, Hahn-Zoric M, Biber B, Hansson E. Glial cell linederived neurotrophic factor is increased in cerebrospinal fluid but
decreased in blood during long-term pain. J Neuroimmunol. Mar
2010;220(1-2):108-113.
Üçeyler N, Valet M, Kafke W, Tölle TR, Sommer C. Local and
systemic cytokine expression in patients with postherpetic neuralgia.
PLoS One. 2014;9(8):e105269.
Cudaback E, Li X, Yang Y, et al. Apolipoprotein C-I is an APOE
genotype-dependent suppressor of glial activation. J
Neuroinflammation. 2012;9:192.
Zhang ZJ, Cao DL, Zhang X, Ji RR, Gao YJ. Chemokine
contribution to neuropathic pain: respective induction of CXCL1
and CXCR2 in spinal cord astrocytes and neurons. Pain. Oct
2013;154(10):2185-2197.
Grace PM, Hutchinson MR, Maier SF, Watkins LR. Pathological
pain and the neuroimmune interface. Nat Rev Immunol. Apr
2014;14(4):217-231.
Old EA, Clark AK, Malcangio M. The role of glia in the spinal cord
in neuropathic and inflammatory pain. Handb Exp Pharmacol.
2015;227:145-170.
Clark AK, Malcangio M. Fractalkine/CX3CR1 signaling during
neuropathic pain. Front Cell Neurosci. 2014;8:121.
Clark AK, Yip PK, Malcangio M. The liberation of fractalkine in the
dorsal horn requires microglial cathepsin S. J Neurosci. May
2009;29(21):6945-6954.
Naylor E, Aillon DV, Barrett BS, et al. Lactate as a biomarker for
sleep. Sleep. Sep 2012;35(9):1209-1222.
Schuh-Hofer S, Wodarski R, Pfau DB, et al. One night of total sleep
deprivation promotes a state of generalized hyperalgesia: a surrogate
pain model to study the relationship of insomnia and pain. Pain. Sep
2013;154(9):1613-1621.
Stalder T, Kirschbaum C, Kudielka BM, et al. Assessment of the
cortisol awakening response: Expert consensus guidelines.
Psychoneuroendocrinology. Jan 2016;63:414-432.

378.

379.

380.

381.

Rapcencu AE, Gorter R, Kennis M, van Rooij SJH, Geuze E. Pretreatment cortisol awakening response predicts symptom reduction
in posttraumatic stress disorder after treatment.
Psychoneuroendocrinology. Aug 2017;82:1-8.
Dutheil F, Trousselard M, Perrier C, et al. Urinary interleukin-8 is a
biomarker of stress in emergency physicians, especially with
advancing age--the JOBSTRESS* randomized trial. PLoS One.
2013;8(8):e71658.
Muldoon MF, Mackey RH, Williams KV, Korytkowski MT, Flory
JD, Manuck SB. Low central nervous system serotonergic
responsivity is associated with the metabolic syndrome and physical
inactivity. J Clin Endocrinol Metab. Jan 2004;89(1):266-271.
Walker AK, Kavelaars A, Heijnen CJ, Dantzer R.
Neuroinflammation and comorbidity of pain and depression.
Pharmacol Rev. 2014;66(1):80-101.

89

Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1342
Editor: The Dean of the Faculty of Medicine
A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-326180

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2017

