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CHAPTER I

General introduction and outline of the thesis
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1.	 Organization of the somatosensory system

The somatosensory system signals changes in the external environment 
through touch and temperature (exteroception), tissue damage (nociception), 
limb position (proprioception) and the physiological condition of the entire 
body (interoception). The information processed by the somatosensory system 
relays along specific anatomical pathways depending on the information car-
ried. The posterior column-medial lemniscal pathway carries discriminative 
touch and proprioceptive information from the body, and the principal sensory 
trigeminal pathway carries this information from the face. The spinothalamic 
pathways carries nociceptive and temperature information from the body, and 
the spinal trigeminal pathway carries this information from the face (Figure 1).

There are two classes of primary afferent fibers that detect nociceptive and 
thermal input: peptidergic and non-peptidergic nerve fibers. These two classes of 
fibers target specific neurons in the spinal dorsal horn (1), are modality-specific 
(2) and supposedly may each convey specific information about pain along 
labeled lines to the spinal cord and brain (3-6). Peptidergic nerve fibers can 
be labeled by CGRP-ir, substance P-ir, but also contain the TrkA receptor for 
Nerve Growth Factor and the TRPV1 receptor for capsaicin. Non- peptidergic 
nerve fibers can be labeled with P2X3-ir, Isolectin B4, Mrgprd-ir and contain 
the RET receptor for glial cell line-derived neurotrophic factor (GDNF) (7). 
While these two classes of neurons are for the greatest part mutually exclusive, 
there is some overlap depending on the markers used to label them (5, 8). Thus, 
peptidergic and non-peptidergic nerve fibers may be considered complementary, 
because they serve different functions and are more or less mutually exclusive.

Pain is a vital function of the nervous system to protect the body from injury. 
Melzack and Wall (9) hypothesized that before this information is transmitted 
to the brain, nociceptive stimuli encounter “nerve gates” that control whether 
these signals are allowed to pass through to the brain. In some instances, 
nociceptive signals are passed along more readily and pain is experienced 
more intensely, i.e. pain is facilitated (10). In other instances, these signals are 
attenuated or even prevented from reaching the brain, i.e. pain is inhibited.

Furthermore, acute pain and chronic pain have distinct underlying mechanisms: 
acute pain serves as a warning signal and as such is a physiological reaction of the 
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normal nervous system, whereas chronic pain may be considered a maladaptive re-
sponse of the nervous system (11). The underlying mechanisms leading to chronic 
pain and mechanisms of pain inhibition will be discussed later in the introduction.

Figure 1: Nociceptive and non-nociceptive stimuli are transmitted through specific classes 

of nerve fibers to the brain where the sensory information is processed by specific struc-

tures, such as the thalamus, the limbic system and the sensory cortex leading to the percep-

tion and interpretation of the context of sensory stimuli. (copyright permission granted)
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 Figure 2: A gating mechanism exists within the 

dorsal horn of the spinal cord. Small diameter 

nerve fibers (C and Adelta fibers) and large 

diameter nerve fibers (Aalpha and Abeta fibers) 

synapse on projection cells (P), which ascend 

along the spinothalamic tract to the brain, and 

on inhibitory interneurons (I) within the dorsal 

horn. The “gate control theory of pain proposed 

by Ronald Melzack and Patrick Wall” explains 

why rubbing of the skin may decrease pain 

sensation  (9) (copyright permission granted).

2.	 The epidemiology, pathology and pathophysiology of neuro		
               pathic and cancer pain

Neuropathic pain is defined as a direct consequence of a lesion or a disease affect-
ing the somatosensory system (12, 13), which may involve the peripheral or the 
central nervous system. Lesions of the peripheral nervous system may be caused by 
trauma such as a surgical transection, malignant invasion and metabolic/toxic fac-
tors causing nerve fiber degeneration, the latter causing (painful) polyneuropathy.

Cancer pain causes activation of many of the same adaptive pathways 
as neuropathic pain, since it is also a kind of chronic pain. Cancer pain 
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may have a nociceptive component mediated by tissue damage and the 
associated inflammation, as well as a neuropathic component caused by 
compression or destruction of nerves. Cancer patients may also experi-
ence purely neuropathic pain that is usually treatment related, like chemo-
therapy-induced peripheral neuropathies and post-radiation plexopathies.

	 a.	 The epidemiology and pathology of neuropathic pain

Lesions of the nervous system causing neuropathic pain always involve 
nociceptive pathways. Once neuropathic pain appears, the syndrome usu-
ally persists for an extended period of time (i.e. months, years) and can even 
progress if the damage to the nervous system remains. Neuropathic pain of 
various origins is very common with an estimated prevalence of 5-8% in the 
general population, based upon telephone interviews or mailed question-
naires within the general population (14). For a majority of patients, acute 
neural damage does not progress to chronic neuropathic pain. However, some 
diseases are associated with a higher than average prevalence of neuropathic 
pain. For instance, a clinical study with five years follow-up showed that 
41% of patients with spinal cord injury had neuropathic pain at the level of 
the injury (15). The incidence of postherpetic neuralgia (PHN) three months 
after rash onset in patients affected by herpes zoster ranges from 27-50% 
(16, 17). A prevalence of painful diabetic peripheral neuropathy (PDN) was 
found to be 40-60% in patients with type 1 or type 2 diabetes (11, 18, 19).

	 b.	  The epidemiology and pathology of cancer pain

Pain (caused by the cancer itself as well as treatment-induced cancer pain) is one 
of the most serious and feared symptoms in cancer patients, ranging from 25% to 
85% depending on the stage of the disease, i.e. early versus advanced cancer. (18) 
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Figure 3: Cancer cells and immune cells release mediators into the cancer microenvi-

ronnement. Mediators such as TNFα, NGF, trypsin and opioids may directly or indirectly 

stimulate specific receptors on primary afferent nociceptors (copyright permission granted). 

	 c.	 Peripheral and central sensitization in neuropathic             	
		  and cancer pain

Peripheral sensitization is described by the International Association for the 
Study of Pain (IASP) as an “increased responsiveness and a reduced thresh-
old of peripheral nociceptive neurons to stimulation within their receptive 
fields.” (20) This occurs after prolonged exposure of nociceptors terminals to 
noxious stimuli, such as physical stimuli, chemicals and inflammatory media-
tors. Peripheral sensitization is always localized to the site of the injury (21).

The IASP describes central sensitization as an “increased responsiveness of 
nociceptive neurons in the central nervous system to their normal or subthresh-
old afferent input” (22) (23). Two specific mechanisms of central sensitization 
need to be mentioned here. Following ongoing inflammation, the so-called 
“wind-up” phenomenon occurs, which is caused by continuous nociceptor 
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excitation that induces a hyperexcitability response from spinal dorsal horn 
neurons which bear the N-methyl-D-aspartate (NMDA) receptor and that can 
last for minutes up to an hour. (24). Another mechanism of central sensitization 
is long-term potentiation (LTP). LTP is an even longer lasting phenomenon 
than wind-up, in which C-fiber input produces hours of hyperexcitability that 
persists even after the input has come to an end. (25). Long-term potentia-
tion of the nociceptive system may occur both in the spinal cord and brain.

Central sensitization mechanisms have been studied at the cellular level in vitro, 
in ex-vivo dorsal root-spinal cord experiments, using in vivo electrophysiology 
and finally using functional imaging, mostly fMRI in humans. What is not known 
is the exact spatio-temporal cascade of events that take place in the superficial 
spinal dorsal horn in neuropathic pain. We have previously used autofluorescent 
flavoprotein imaging (AFI), which has a much higher spatial and temporal 
resolution than any of the aforementioned techniques, to study spinal central 
sensitization mechanisms induced by capsaicin-induced hyperalgesia, a form of 
nociceptive pain (26). What is not known is the exact spatio-temporal cascade 
of events that take place in the superficial spinal dorsal horn in neuropathic pain.

Although central mechanisms such as wind-up and long-term potentiation may ex-
plain decreased thresholds and evoked pain, patients mostly complain about pain 
manifested without an attributable stimulus, i.e. spontaneous pain (27). Spontane-
ous pain appears as a result of ectopic action potential generation in primary sen-
sory neurons, i.e. peripheral sensitization (28). After nerve injury, neuronal intrin-
sic excitability or inflammation may increase resulting in spontaneous pain (29).

	 d.	 Pain inhibition

The first pain modulatory mechanism called the “gate control theory” (Fig-
ure 2) was proposed by Melzack and Wall in 1962 (30). The idea behind the 
gate control theory is that non-painful input closes the gates to painful input, 
which results in a blockade of painful stimuli from entering the CNS, i.e., 
non-noxious input suppresses pain. More specifically, the gate control theory 
implies that non-noxious stimulation will produce presynaptic inhibition of 
dorsal root nociceptor fibers that synapse on nociceptive spinal projection 
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neurons and that this presynaptic inhibition will block incoming noxious 
information from reaching the CNS (21). Non-noxious input thus suppresses 
pain or “closes the gate” to noxious input. The gate control theory was the 
rationale behind the use of spinal cord stimulation (SCS) for pain relief (31). 
However, there are many unresolved questions regarding the exact mode and 
location of action of spinal cord stimulation in neuropathic pain conditions (31).

Apart from the above mentioned propriospinal pain modulatory mech-
anism, nociceptive input may also be modulated by supraspinal inhibi-
tory mechanisms. These involve amongst others the release of enkepha-
lin from periaqueductal grey (PAG) neurons in the midbrain, acting upon 
raphe nuclei in the rostral ventromedial medulla (RVM), from where 
5-hydroxytriptophan/serotonin containing descending pathways project 
to the substantia gelatinosa (i.e. lamina II) of the spinal dorsal horn. (32)

3.	 Neuropathic pain and cancer pain models

Most experimental models of neuropathic pain rely on nerve (usu-
ally sciatic) injuries and metabolic or toxic polyneuropathies. In 
these models, various forms of hyperalgesia to noxious thermal 
and mechanical stimuli are generally used as outcome measures.

	 a.	 Peripheral nerve injury models

The four most commonly used peripheral nerve injury models are the 
chronic constriction injury (CCI) of the sciatic nerve (33), the par-
tial sciatic nerve ligation model (PNL) (34), the spared nerve-in-
jury model (35) and the spinal nerve ligation model (SNL) (36). 

Bennet and Xie (37) demonstrated that a loose ligature of the sciatic nerve 
(CCI) can induce pain-like behaviors similar to those observed in humans with 
neuropathic pain. It was shown that an immune reaction to the ligature induces 
nerve edema, which consequently led to nerve compression and axotomy. The 
PNL model of Seltzer et al. consists of a tight ligation encompassing 30-50% 
of the sciatic nerve (34). This model is postulated to have fewer inflammatory 
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effects than the CCI model. The actual number of ligated axons varies from 
animal to animal, although it was demonstrated that behavioral changes, i.e. 
hyperalgesia and allodynia, were evenly distributed across the entire surface 
of the sole of the foot. Finally, the SNL model consists of an injury of the 
L5 and L6 spinal nerves, which project to the sciatic nerve (36). All of the 
aforementioned neuropathic pain animal models are characterized by the de-
velopment of allodynia and hyperalgesia. Animals also develop spontaneous 
pain-like behavior, but this is much harder to measure than evoked pain (38).

	 b.	 Drug-induced neuropathy models

Neuropathic pain is one of the most common dose-limiting complications 
of chemotherapy-induced peripheral neuropathy (CIPN). Neurotoxic che-
motherapies include platinium compounds (like cis-platinum), vinca-al-
kaloids (like vincristine), taxanes (like paclitaxel and docetaxel), immu-
nomodulatory drugs (like thalidomide) and proteasome inhibitors (like 
bortezomib). These drugs cause neuropathy via a variety of mechanisms, 
like DNA damage in the dorsal root ganglion, microtubule inhibition and 
mitochondrial damage. Bortezomib is a mainstay of therapy for multiple 
myeloma, frequently complicated by painful neuropathy. It is unknown 
which subclass of nociceptors (i.e. peptidergic or non-peptidergic nerve 
fibers) contribute to the various components of neuropathic pain in BiPN, 
i.e. the sensory-discriminative versus the affective/evaluative component.

The first animal models of CIPN consisted of local, subperineureal injec-
tions of the drug (39). They demonstrated demyelination and axonal swell-
ing at the injection site. However, these CIPN models were clearly not very 
representative of human CiPN. Other studies used repeated intraperitoneal 
administrations to rats to better mimic clinical CiPN, which is usually char-
acterized by dose-dependent, cumulative toxicity. These animal models were 
characterized by the development of spontaneous pain-like behavior, allodynia 
and hyperalgesia (40-42). In contrast to the first CIPN animal models that 
used a single injection of a chemotherapeutic compound, the administra-
tion of repetitive intraperitoneal injections led to the development of axonal 
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swellings, containing swollen and vacuolated mitochondria (43, 44) and 
reduced epidermal innervation, the latter as a result of Wallerian degeneration.

Figure 4: (A) Peripheral nerve injury models used in rodents, SNL=spinal nerve ligation. 

CCI=chronic constriction injury. PSNI=partial sciatic nerve injury. SNI=spared nerve injury. 

(B) Inflammatory, toxic and metabolic models of painful peripheral neuropathy, e.g. systemic 

administration of the neurotoxic drugs vincristine or paclitaxel (copyright permission granted).

	 e.	 Limitations of animal pain models

The main outcome measure in animal models of neuropathic pain usu-
ally is any kind of evoked pain, i.e. mechanical or thermal hypersensitivity. 
However, it is generally known from clinical practice, that neuropathic 
pain patients mostly complain about spontaneous pain, not evoked pain. As 
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previously outlined, spontaneous pain is hard to measure in  animal models, 
mainly because animals “don’t talk”. Although attempts have been made to 
gauge spontaneous neuropathic pain in experimental animals using grimace 
scales, even then it is impossible to distinguish distinctive neuropathic pain 
components, like the sensory-discriminative, the affective and the evalua-
tive component of neuropathic pain in experimental animals. It is thought 
that this is one of the reasons why new analgesic drugs that have been de-
veloped in animals are rarely effective in patients with neuropathic pain. 

4.	 Clinical aspects of neuropathic and cancer pain

	 a.	 Peripheral versus central neuropathic pain

Depending upon the anatomical side of the nerve injury, neuropathic 
pain is classified as central (originating from damage to the brain or spi-
nal cord) or peripheral (originating from damage to the peripheral nerve, 
plexus, or dorsal root ganglion) neuropathic pain. In this thesis, research is 
mostly focused on peripheral neuropathic pain (chapter 3) (45, 46). 	

	 b.	 A clinical diagnosis of neuropathic pain

		  i.	 Medical History

 In contrast to “regular” or nociceptive pain (e.g. acute traumatic pain, inflam-
matory pain or cancer pain), in which peripheral nociceptors are excited by 
high-intensity or nociceptive stimuli caused by tissue injury, nerve injury-
induced pain is caused by structural damage to the (peripheral or central) 
nociceptive system (12), which results in a decreased threshold for stimuli and 
sometimes even spontaneous depolarization of nociceptive system neurons, 
which is perceived as pain. Unlike “normal” or nociceptive pain, patients 
with neuropathic pain usually use a lot of adjectives to describe their pain, 
e.g. burning, deep, tingling, drilling, annoying, tyring etc. Some of these 
adjectives may have a sensory-discriminative connotation, while others have 
an affective-evaluative connotation. The McGill pain Questionnaire was the 
first instrument specifically designed to discern these two neuropathic pain 
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components. This instrument should not be confused with instruments like 
the douleur neuropathic 4 scale (DN4) (47), the PainDETECT (48) or the 
Leeds Assessment of Neuropathic Sympoms Scale (LANSS) (49), which 
were designed as screening instruments for neuropathic pain, to aid non-
pain specialist in screening for patients with neuropathic pain (50). The 
relevance of the McGill Pain Questionnaire was recently highlighted by 
the hypothesis that sensory-discriminative and affective neuropathic pain 
components may be conveyed along specific anatomical pathways. Since 
the MPQ is not practical for clinical use, we suggest that apart from an NRS 
for neuropathic pain intensity (through which the sensory discriminative 
component can be quantified), using an NRS to rate the unpleasantness of 
pain may be an alternative for the affective-evaluative part of the MPQ.

 In addition to typical characteristics from the history, neuropathic pain should 
also have a distribution that is anatomically plausible (like a stocking and 
glove-like distribution for painful neuropathy, or hemibody pain following a 
thalamic stroke) and history should suggest a condition that is associated with 
the development of neuropathic pain (like diabetes or multiple sclerosis) (12)

		  ii.	 Clinical examination and ancillary investiga-	
			   tions of patients with neuropathic pain

A thorough neurological examination demonstrating negative (like anesthesia 
or hypesthesia) or positive sensory phenomena (like hyperalgesia or allodynia) 
in the area innervated by damaged nociceptive pathways may confirm a work-
ing hypothesis of neuropathic pain. Two types of positive sensory phenomena 
can be distinguished. Firstly, allodynia is defined as pain in response to a non-
nociceptive stimulus. In cases of mechanical allodynia, even gentle mechanical 
stimuli such as a slight bending of hairs can evoke severe pain. Secondly, 
hyperalgesia is defined as a lowered threshold to a nociceptive stimulus. An-
other characteristic neuropathic pain feature is temporal summation, which is 
the progressive worsening of pain evoked by slow repetitive stimulation (51). 

Quantitative sensory testing (QST) potentially is a valuable addition to the 
neurological examination, especially since sensory modalities may be quantified 
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and more precisely monitored over time (52, 53). QST essentially determines the 
detection and pain thresholds for cold and warm temperatures, and the vibration 
sensation threshold by stimulating the skin and comparing the results to normative 
values. More recently, the QST-methodology has been standardized in a clinical 
study of 1236 patients with neuropathic pain (54). Besides, this study defined 5 
specific patterns of gain and loss of mechanical/thermal functions in patients with 
various neuropathic pain etiologies. This may have therapeutic consequences, 
since oxcarbazepine seemed to be more effective in patients with an “irritable 
nociceptor phenotype” as opposed to one of the other QST sensory profiles 
(55). However, QST still is subjective and besides it is very time consuming.

Nerve conduction studies/electromyography on the other hand is a very objective 
and reliable method, but it primarily measures A-alpha and A-beta fiber (dys)
function and is not very sensitive to pathology of unmyelinated or thinly myelin-
ated nerve fibers, which fibers are most frequently affected in neuropathic pain 
conditions (6). Laser-evoked potentials and microneurography may circumvent 
this issue, but these techniques are limited to a few highly specialized centers.

A final, minimally invasive, ancillary investigation used in neuropathic 
pain patients especially those suspected of small fiber neuropathy, is intra-
epidermal nerve fiber quantification in skin biopsies. Skin biopsies from 
patients with neuropathic pain often show changes in epidermal inner-
vation, although it remains to be elucidated to what extent such chang-
es can be linked to a particular subgroup of nerve fibers and how these 
changes are correlated with pain intensity/behavioral abnormalities.

	 c.	 A clinical diagnosis of cancer pain

Cancer pain may be caused by the cancer itself or by the treatment against 
cancer. In the former, purely nociceptive pain, e.g. pain from a metastasis to 
the hip, should be distinguished from mixed nociceptive pain, e.g. a vertebral 
metastasis with nerve root compression. A diagnosis of purely nociceptive pain 
and mixed nociceptive-neuropathic pain is again based on a thorough history 
and neurological examination with the addition of ancillary imaging, using 
the same grading system as designed for (purely) neuropathic pain (4). It is a 
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widely held believe that mixed nociceptive-neuropathic pain is opioid resistant, 
although this is merely based on single-dose or dose- titrating opioid studies 
in humans (56). Secondly, pain caused by the treatment against cancer mostly 
concerns purely neuropathic pain, e.g. painful chemotherapy-induced peripheral 
neuropathies, post-dissection pain and radiation-induced neuropathic pain.

	 d.	 A clinical diagnosis of itch

Itch is a sensory experience that is conveyed along primary afferent fibers 
that also carry nociceptive information, specifically those who respond to 
chemical stimuli. Itch may be induced by chemical irritants, degranulation 
of mast cells caused by allergy and skin diseases like eczema and psoriasis. 
Chronic itch may also be caused by damage to the nerve fibers that convey 
the itch-signal and is then called neuropathic itch (57). Similar to pain, sen-
sitization mechanisms may occur in itch. Thus, anatomical pathways and 
clinical manifestations of itch resemble pain in many ways. Like pain, itch 
is a subjective finding, for which no objective tests exists (58). It is para-
mount to (try to) establish the underlying condition that causes itch and treat 
that condition, since symptomatic treatment is often unsatisfactory, with a 
unfavorable effect-side effect profile of (chronic) anti-histaminic and anti-
inflammatory drugs. Severe itch is a cardinal symptom of Morvan’s syndrome, 
a clinical entity associated with anti-DPPX antibodies. It is not known how 
exactly (the titers of) those antibodies are associated with clinical symptoms 
and furthermore, whether the itch is centrally or peripherally mediated.

	 e.	 Pain management

		  i.	 Medical therapy for cancer pain

Cancer pain is an especially severe form of nociceptive pain, for which a treat-
ment strategy was developed in the 1970s, according to the so-called WHO-
pain ladder (59). The original WHO-pain ladder consisted of three steps: step 
1) paracetamol alone, or the combination of paracetamol with non-steroidal 
anti-inflammatory drugs (NSAIDs) or cyclo-oxygenase-2 inhibitors (Coxib’s), 
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step 2) opioids for mild to moderate pain, i.e. tramadol, codeine and step 3) 
opioids for moderate to severe pain, like morphine, oxycodone, fentanyl, hydro-
morphone and methadone. These opioids appear in two formulas: long-acting 
opioids and short-acting or rapid-onset opioids. The former are intended to 
provide round-the-clock analgesia, while the latter are intended to treat bouts 
of pain that break through a long-acting analgesic regimen (i.e. breakthrough 
pain). Later on, a fourth step was added to the original WHO-analgesic ladder, 
including intravenous, subcutaneous, intrathecal and epidural pain medication 
and invasive treatments like nerve(root) blocks and  spinal tract transections.

Strong-acting opioids are the mainstay of treatment for cancer pain patients. 
Although all currently clinically available opioids act on the mu-opioid recep-
tor, this receptor has multiple subtypes and receptor affinities of morphine, 
oxycodone, hydromorphone and fentanyl vary greatly and can be expressed as 
equianalgesic ratios. Although the WHO analgesic ladder typically relates to 
purely nociceptive cancer pain, in about 1/3 of cancer patients pain is of mixed 
nociceptive-neuropathic pathology. Although it has been suggested that this 
“mixed-pain” is more or less resistant to the analgesic effect of opioids, this 
hypothesis is mainly based on animal studies and single-dose opioid studies in 
humans but has not been confirmed in clinical practice. In addition to opioids, 
adjuvant analgesics (see below) may be added in mixed cancer pain patients.

		  ii.	 Medical therapy for neuropathic pain

Neuropathic pain is different from nociceptive pain, in that neuropathic 
pain is not induced by supra-threshold stimulation of nerve terminals, but 
by a damaged nervous structure with a pathologically decreased threshold 
for excitation. Neuropathic pain medication is aimed at restoring/stabi-
lizing the membrane potential of nociceptors and enhancing descending 
and propriospinal pain inhibition. Tricyclic antidepressants, anti-epileptic 
drugs and serotoninergic and noradrenergic reuptake inhibitors have been 
used for this purpose and all of these have been found superior to placebo, 
mainly in randomized controlled clinical trials in patients with painful dia-
betic neuropathy, post-herpetic neuralgia and trigeminal neuralgia (60). 
Much less clinical evidence is available in patients suffering from other 
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causes of neuropathic pain, like painful chemotherapy-induced peripheral 
and chronic idiopathic axonal neuropathy, although it is assumed that the 
aforementioned drugs may have similar efficacy in these conditions (61).

	 	 iii.	 Spinal cord stimulation

When chronic (neuropathic) pain is refractory to medical therapy, spinal 
cord stimulation may be an effective second line of treatment. The most 
common indications include complex regional pain syndrome (CRPS) (62, 
63), failed back surgery syndrome (64-66) and painful diabetic neuropathy 
(67-69). Spinal cord stimulation is based upon the “gate-control theory”, but 
it’s exact site of action, i.e. spinal or supraspinal or both is not known (70).

5.	 Scope of the thesis

	 This thesis is about the central and peripheral mechanisms that 
contribute to nerve-injury induced pain and itch, pain in cancer patients and 
the clinical consequences of these mechanisms. Both nerve-injury induced 
and cancer pain are examples of chronic pain conditions, although each of 
them is driven by distinct pathology and has distinctive clinical features.

Aim 1 (Section 1) was to study central pain- and itch processing. We used 
spinal cord AFI in an animal model of nerve injury-induced pain and a cus-
tom made mini-neurostimulator to study spatio-temporal changes in spinal 
metabolic activity in neuropathic pain and how these changes are affected by 
SCS (Chapter 2). Secondly, we collected consecutive serum and cerebrospinal 
fluid samples from a single patient with severe (neuropathic) itch and we col-
lected skin biopsies from the dorsal ankle and trunk, to quantify intraepidermal 
nerve fiber densities to study the association between anti-DPPX antibody 
titers and clinical symptoms and to study changes in cutaneous innervation 
to confirm or rule-out a peripheral etiology of (neuropathic) itch (Chapter 3).

Aim 2 (Section 2) was to study cutaneous innervation, behavioral changes 
and pain quality in experimental animals and humans with neuropathic pain. 
We used a model of nerve injury-induced pain, we validated measures of 
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epidermal innervation and we studied changes in epidermal innervation and 
correlations between epidermal innervation changes of PGP9.5, CGRP and 
P2X3-ir fibers and two measures of hyperalgesia, to investigate to what extent 
behavioral signs of hyperalgesia are correlated with peptidergic and non-
peptidergic epidermal nerve fibers in rats (Chapter 4). Secondly, we collected 
clinical, EMG and skin biopsy data from 22 patients with BiPN to describe the 
demographic, clinical, electrophysiological and pathological characteristics 
of BiPN in detail and to study correlations between pathological changes in 
subsets of unmyelinated nerve fibers in skin biopsies and neuropathic pain 
descriptors (Chapter 5). Finally, as an extension of the BiPN study, we studied 
the pathology and pain perception among 22 BiPN, 16 PDN and 16 CIAP 
patients, again correlating measures of cutaneous with neuropathic pain de-
scriptors, to explore the hypothesis that selective degeneration of nociceptors 
in neuropathic pain syndromes in general can be associated with distinctive 
pain qualities, by comparing the pathology and pain perception (Chapter 6). 

Finally, Aim 3 (Section 3) was to investigate whether clinical cancer pa-
tients with nociceptive cancer pain differ in opioid responsiveness from 
patients with mixed nociceptive-neuropathic cancer pain. Clinical data 
including pain intensities, morphine-equianalgesic dose and type of pain 
were collected from 240 clinical cancer pain patients using opioids. Mul-
tiple linear regression was used for assessing the associations between the 
relative change in morphine equivalent dose and type of pain (nociceptive 
versus mixed pain), using correction for confounding factors (Chapter 7).

Together, these aims should elucidate mechanisms of nerve-injury in-
duced pain and itch,  expose the relation between cutaneous inner-
vation changes and the perception of pain, and finally establish opi-
oid sensitivity in nociceptive versus mixed cancer pain patients.
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CHAPTER II

Spinal Autofluorescent Flavoprotein Imaging in a 
Rat Model of Nerve Injury-Induced Pain and the 

Effect of Spinal Cord Stimulation1

Joost L. M. Jongen, Helwin Smits, Tiziana Pederzani, Malik Bechakra, 
Mehdi Hossaini, Sebastiaan K. Koekkoek, Frank J. P. M. Huygen, Chris I. 

De Zeeuw, Jan C. Holstege, Elbert A. J. Joosten

1This chapter has been published in PLoS One. 2014; 9(10): e109029.
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Abstract 

Nerve injury may cause neuropathic pain, which involves hyperexcitability 
of spinal dorsal horn neurons. The mechanisms of action of spinal cord 
stimulation (SCS), an established treatment for intractable neuropathic pain, 
are only partially understood. We used Autofluorescent Flavoprotein Imag-
ing (AFI) to study changes in spinal dorsal horn metabolic activity. In the 
Seltzer model of nerve-injury induced pain, hypersensitivity was confirmed 
using the von Frey and hotplate test. 14 Days after nerve-injury, rats were 
anesthetized, a bipolar electrode was placed around the affected sciatic nerve 
and the spinal cord was exposed by a laminectomy at T13. AFI recordings 
were obtained in neuropathic rats and a control group of naı ̈ ve rats following 
10 seconds of electrical stimulation of the sciatic nerve at C-fiber strength, 
or following non-noxious palpation. Neuropathic rats were then treated with 
30 minutes of SCS or sham stimulation and AFI recordings were obtained 
for up to 60 minutes after cessation of SCS/sham. Although AFI responses 
to noxious electrical stimulation were similar in neuropathic and naı ̈ ve rats, 
only neuropathic rats demonstrated an AFI-response to palpation. Secondly, 
an immediate, short-lasting, but strong reduction in AFI intensity and area 
of excitation occurred following SCS, but not following sham stimula-
tion. Our data confirm that AFI can be used to directly visualize changes in 
spinal metabolic activity following nerve injury and they imply that SCS 
acts through rapid modulation of nociceptive processing at the spinal level.
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Introduction

Flavoproteins are involved in a wide array of biological processes, among 
which adenosine triphosphate production via the mitochondrial electron 
transport chain. During this process the flavoprotein moieties of respiratory 
chain complexes I and II are oxidized, resulting in green fluorescence when 
illuminated with blue-spectrum light. This oxidation is followed by a reduction 
when the energy demand of a cell has been met, overall resulting in a bi-phasic 
fluorescence response. The light phase of flavoprotein autofluorescence may 
be used as a marker for neuronal (metabolic) activity (Renert, 2007). We and 
others have demonstrated a linear relationship between the intensity of the 
neuronal stimulus and flavoprotein autofluorescence (Renert, 2007 ; Jongen, 
2010). Since autofluorescent flavoprotein imaging (AFI) is an optical method, 
it is suitable to monitor activity in superficial areas of the nervous system 
such as the somatosensory cortex (Shibuki, 2003 ; Murakami, 2004 ; Weber, 
2004 ; Komagata, 2011 ; Yamashita, 2012), auditory cortex (Takashita, 2012 ; 
Kubota, 2008), visual cortex (Thomi, 2009 ; Husson, 2007), cerebellar cortex 
(Barnes, 2011 ; Wang, 2011) and superficial dorsal horn of the spinal cord 
(Jongen, 2010). A major advantage is that it enables imaging of large areas at 
high-resolution in both the spatial (down to10610 mm) and temporal (up to 100 
frames/ second) domain simultaneously. Furthermore, AFI directly represents 
neuronal metabolic activity, in contrast to intrinsic optical imaging (Sasaki, 
2002) or fMRI using the BOLD signal (Jongen, 2012). AFI, however, does 
not allow imaging of deep structures like the deep dorsal horn of the spinal 
cord and has a relatively low signal-to-noise ratio (Jongen, 2010). Peripheral 
nerve injury often induces pain, which is, among others, driven by sensitization 
mechanisms within the spinal cord (Latremoliere, 2009). These sensitization 
mechanisms may be accurately monitored using autofluorescent flavoprotein 
imaging of the superficial spinal dorsal horn, as was shown previously using 
intraplantar capsaicin injection (Jongen, 2010 ; Latremoliere, 2010). The Seltzer 
model consists of partial ligation of the proximal part of the sciatic nerve, which 
generates pain behavior in rats, closely resembling the clinical condition of 
Complex regional Pain Syndrome (CRPS) type 2 in humans (Seltzer, 1990).

CRPS type 2 in turn has many characteristics of painful neuropathy, including 
spontaneous and evoked pain (Shir 1991 ; Oaklander, 2006). Therefore, the 
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Seltzer model may be considered a relevant model of nerve injury induced 
pain (Doth, 2010). Painful neuropathy and CRPS are frequently refractory 
to pharmacological treatment and physical therapy. Spinal cord stimulation 
(SCS) is a generally accepted therapy in patients with CRPS (Kemler, 2000 ;  
Cruccu, 2007) and recently SCS has yielded promising results in patients with 
painful diabetic neuropathy (de Vos, 2009 ; Pluijms, 2012). SCS is based on 
the gate-control theory from the 1960’s (Moayedi, 2013), although the exact 
mechanism of action is still only partially clarified (Geurts, 2013). Probably, 
GABA-ergic interneurons, situated in the substantia gelatinosa, are of major 
importance in SCS treatment of chronic neuropathic pain (Smits, 2012). It 
should be stressed, however, that the latter evidence is based on data obtained 
after dialysis of the spinal dorsal horn (Cui, 1997) or immunohistochemical 
visualization (Janssen, 2012). Hence, these data present only indirect evidence 
on the exact spatial and temporal changes of SCS in the spinal superficial dorsal 
horn. We first set out experiments to study the mechanisms of sensitization 
in the superficial spinal dorsal horn by applying AFI to the Seltzer model. 
Subsequently, changes in nociceptive transmission in the superficial dorsal 
horn of chronic neuropathic rats brought about by SCS were visualized at a 
high spatial and temporal resolution using the same AFI imaging technology.

Materials and Methods

Animal preparation All animal experimentation conformed to the guidelines 
laid out in the Guide for the Care and Use of Laboratory Animals (National 
Academy of Sciences) and was approved by the Institutional Animal Ethics 
Committee of Erasmus MC Rotterdam (EMCnr. 115-08-26). Recordings were 
obtained from a total number of 18 young adult male Sprague Dawley rats 
from Harlan or Charles River, the Netherlands, weighing 250–300 g. Neuro-
pathic pain was induced by partial ligation of the sciatic nerve as described 
by Seltzer et al (Seltzer, 1990). Recordings from 20 Wistar rats with similar 
age/weight from previous experiments (Jongen, 2010) were used as controls.

Behavioral tests Behavioral testing took place before the Seltzer operation and 
at post-operative days 10, 12 and 14. Every time before behavioral testing, 
rats were habituated to the experimenter (T.P. or M.B.), the room in which 
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the behavioral experiments took place and the transparent chamber used for 
von Frey testing, for at least half an hour. Mechanical sensitivity was assessed 
by testing the withdrawal response to increasing in thickness von Frey fila-
ments (Stoelting Co., Wood Dale, IL). The threshold was set at three out of 
five withdrawal responses. After testing for mechanical sensitivity, thermal 
thresholds were assessed by the hotplate test. The surface of the hot plate 
was heated to a constant temperature of 51uC. Rats were placed on the hot 
plate (25.4 cm625.4 cm) (Ugo Basile Srl., Comerio, VA, Italy), which was 
surrounded by a transparent plexiglas chamber with an open top, and the la-
tency to respond with either a hind paw lick or hind paw flick was measured. 
Immediately after a response rats were removed from the hotplate. Rats were 
also removed if they did not respond after 30 seconds, to prevent tissue injury.

Autofluorescent Flavoprotein Imaging in rats with nerve injury After behavioral 
testing at day 14, rats were anesthetized and surgery and image acquisition 
for autofluorescent flavoprotein imaging of the spinal cord was performed as 
previously described (JOngen, 2010), using a high speed 16-bit CCD camera 
with 5126512 pixel resolution (Roper Scientific, Evry, France). A silicon cuff 
containing a bipolar electrode was placed around the left sciatic nerve proximal 
to the knee, i.e. just distal to the suture from the partial nerve ligation. As a 
measure of fluorescence, generally DF/ F is used. DF/F represents the change 
in fluorescence intensity of each pixel during registration relative to the mean 
fluorescence intensity of these pixels in frames preceding electrical stimulation 
(see also Jongen, 2010). AFI responses were expressed as the maximal DF/F 
change in fluorescence following stimulation (AFI intensity), or as the area 
with an AFI intensity above a predefined DF/F level (area of excitation). This 
predefined DF/F level was always kept constant. Recordings using 2.5 mA, 
10 Hz electrical stimulation of the left sciatic nerve lasting 10 seconds were 
obtained in 13 Sprague Dawley rats that had undergone partial sciatic nerve 
ligation and compared with recordings from 20 naı ̈ ve Wistar rats from previ-
ous experiments (Jongen, 2010), using the same electrical stimulus. A similar 
experiment was carried out in rats (n=5+5) using a 10 seconds lasting 1 Hz 
innocuous palpation of the plantar surface of the left hind paw (Jongen, 2010).

Autofluorescent Flavoprotein Imaging in rats with nerve injury undergoing 
SCS or sham stimulation Following ‘‘before treatment’’ AFI recordings in 
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neuropathic Sprague Dawley rats (see above), a monopolar stimulation system 
with a 3.061.060.1 mm platinum-iridium rectangular plate micro cathode was 
placed in the dorsal epidural space at the T12-T13 vertebral level, while the 
anode was placed in a subcutaneous pocket on the back, and rats underwent 50 
Hz, amplitude 2/3 of motor threshold SCS (n=7) or no electrical stimulation 
(sham; n=6) for 30 minutes, as previously described (Smits, 2006). Immediately 
following SCS or sham the micro cathode was removed and AFI responses to 
left sciatic nerve electrical stimulation (same stimulus as baseline) were recorded 
at T=0 after SCS or sham and then every 5 minutes for up to an hour. Both 
the intensity of the AFI response (expressed as DF/F of the light phase) and 
the area with an AFI intensity above a predefined DF/F level was calculated 
and expressed as a percentage of DF/F before treatment. At the end of the 
experiment, rats were euthanized with an overdose of intraperitoneal urethane.

Statistical analysis and presentation of the figures Statistical analyses were 
performed using GraphPad Prism version 6.0e and SPSS statistics version 
21 software. For a comparison of means of behavioral responses, a repeat-
edmeasures ANOVA was used. For an overall comparison of means of AFI 
intensities and areas of excitation between naı ¨ve and neuropathic rats and 
between sides, two-way ANOVAs were used. For a comparison of means of 
AFI intensities following nonnoxious palpation in naı ¨ve and neuropathic 
rats, an unpaired t-test was used. For comparing the effect of SCS versus sham 
on AFI intensities and area of excitation, paired t-tests were used, Pearson’s 
correlation coefficients were calculated and a linear regression analysis was 
performed. The data in the figures are expressed as mean 6 SEM. Figures were 
composed in Photoshop CS6 software version 13.0.6. Adjustments were made 
only to brightness and contrast and applied evenly to all panels of a figure.

Results

Following partial ligation of the left sciatic nerve in the thigh, all 18 Sprague 
Dawley rats used in this study developed mechanical and thermal hypersensitivity 
characteristic of the Seltzer model (Table S1) (Seltzer, 1990). Repeated-measures 
ANOVAs (source of variation timepoint) demonstrated that the decrease in von 
Frey thresholds and hotplate latencies was statistically significant (Fig. 1A; p, 
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0.01). We then set out to capture AFI responses in these neuropathic Sprague 
Dawley rats. A typical AFI recording of a 10 s, 2.5 mA, 10 Hz electrical stimula-
tion of the left sciatic nerve showed a steep increase in spinal fluorescence (light 
phase) immediately after the start of the stimulation, followed by a decrease 
below baseline (dark phase) (Fig. 2; Movie S1). This pattern of activity is 
typical of autofluorescent flavoprotein imaging in the brain and spinal cord.

In the rest of this paper we only use the light phase for analysis, since this 
is the default measure of activity in AFI. Next, we compared mean AFI 
intensities and areas of excitation following 10 s, 2.5 mA, 10 Hz electrical 
stimulation of 13 Sprague Dawley rats with partial nerve ligation, with those 
from 20 naı ¨ve Wistar rats from a previous study (Jongen, 2010), that had 
undergone exactly the same electrical stimulation protocol (Fig. 3; Table S2). 
The main effects of both type of animal (naı ¨ve Wistar versus neuropathic 
Sprague-Dawley rats) and side (ipsilateral versus contralateral) on AFI in-
tensity and area of excitation were not significantly different, nor were the 
interactions between type of animal and side on AFI intensity and area of 
excitation (p.0.23; two-way ANOVAs). Since it is known (Latremoliere, 
2009 ; Seltzer, 1990) that in neuropathic pain states also innocuous stimuli 
may elicit nociceptive activity in the superficial dorsal horn, we investigated 
AFI responses to 10 s, 1 Hz innocuous palpation of the left hind paw. We 
compared AFI intensities in 5 neuropathic Sprague Dawley rats with those 
from 5 naı ¨ve Wistar rats from our previous study (Fig. 4; Movie S2, Table 
S3). While we have demonstrated that after innocuous palpation in naı ¨ve 
rats AFI intensity is not different from recordings without stimulation, there 
was a robust increase in AFI intensity following palpation in neuropathic rats 
on the ipsilateral side, which was statistically significantly different from naı 
¨ve rats (p=0.03; unpaired t-test). Results on the contralateral side of naı ¨ve 
and neuropathic rats were not statistically significantly different (p=0.7; un-
paired t-test). Finally, the effect of spinal cord stimulation on AFI responses 
in neuropathic Sprague Dawley rats was investigated. Prior to stimulation, 
neuropathic pain behavior was not statistically significantly different between 
rats that underwent SCS (n=7) or sham (n=6) stimulation (Fig. 1B and 1C; 
p.0.06; repeatedmeasures ANOVA, source of variation treatment). We then 
studied relative AFI responses, expressed as a percentage of the ‘‘before 
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treatment’’ AFI response, in 7 neuropathic rats after 30 minutes 50 Hz spinal 
cord stimulation, using a platinum cathode at the T12-T13 vertebral level, 
and in 6 neuropathic rats that underwent sham stimulation, i.e. with cath-
ode placement but without the 50 Hz electrical stimulus (Table S4). In rats 
with SCS there was a strong and statistically significant reduction in AFI

intensity as well as area of activation directly after cessation of SCS on the 
ipsilateral side (Fig. 5; p=0.049 and p=0.041 respectively; paired t-test), while 
in rats that underwent sham stimulation there was no statistically significant 
reduction (p.0.8; paired t-test). In the period from T=0 to T=60 minutes follow-
ing cessation of SCS, there was a statistically significant linear increase in AFI 
intensity on the ipsilateral side in the rats with SCS (slope 0.92%DF/F *min-1; 
p=0.021; Pearson’s correlation coefficient and linear regression analysis), indicat-
ing a reducing efficacy of SCS at these later time-points. In the rats with sham 
stimulation the slope was not statistically significant non-zero (slope 0.19%DF/ 
F *min-1; p=0.72; Pearson’s correlation coefficient and linear regression analy-
sis), indicating no treatment effect in the rats that underwent sham stimulation.

Discussion

Nerve injury-induced pain is a complex disorder, which is driven by a mul-
titude of plastic changes, like sensitization of (peripheral) nociceptors (Ben-
nett, 1998 ; Woolf, 2007), increased excitability of spinal cord projection 
neurons (Schoffnegger, 2008), decreased propriospinal (Hassaini, 2010) and 
descending (Hossaini, 2012) spinal inhibition, spinal glia activation (Coull, 
2005) and changes in the transmission of nociceptive signals in the brainstem 
and neocortex (Tracey, 2007). In this study we focused on changes following 
nerve injury in (metabolic) activity in the superficial dorsal horn, a major 
relay station in the transmission of the nociceptive signal to higher brain 
centers. Using the Seltzer model of nerve injuryinduced pain and AFI, we 
first demonstrate that although neuropathic rats did not have an increased 
activation following nociceptive electrical stimulation compared to naı ¨ve 
rats, they express a robust ipsilateral response to non-noxious palpation, which 
is not present in naive rats. Secondly, we used AFI to study the effect of 
spinal cord stimulation on nociceptive activity in the superficial dorsal horn 
in neuropathic animals. AFI shows an immediate and pronounced, but short-
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lasting reduction in intensity and area of spinal nociceptive activity following 
SCS, which was not observed following sham stimulation. We have previ-
ously put forward, that the spinal cord AFI response following primary affer-
ent stimulation is generated by projection neurons and local interneurons in 
the superficial laminae of the spinal dorsal horn (Jongen, 2012). Secondly, 
we have shown that spinal AFI is suitable to study plastic changes in this area 
following an intraplantar capsaicin injection (Jongen, 2010). In this study we 
have used a similar approach to study changes in spinal nociceptive activity 
following nerve-injury. Behavioral studies in experimental animals (Seltzer, 
1990 ; Costigan, 2009)  and psychophysical studies (Ochoa, 1993 ; Rowbothan, 
1996) in humans with nerve injury consistently demonstrate pain (behavior) 
evoked by stimuli that are not painful under normal conditions, e.g. tactile 
allodynia. Similarly, in the Seltzer model of nerve injury-induced pain we 
now demonstrate a strong ipsilateral AFI response to innocuous palpation, 
which was not present in naı ¨ve animals. There were no statistically signifi-
cant differences between naı ̈ ve and neuropathic rats following a nociceptive 
2.5 mA electrical stimulus. Although hyperalgesia to nociceptive stimuli does 
exist both in experimental and clinical neuropathic conditions, a strong enough 
electrical stimulus may saturate metabolic activity of superficial spinal dorsal 
horn neurons, i.e. the AFI signal. The electrical stimulus intensity that we 
used here is almost three times C-fiber threshold and generates a response 
that is close to the maximal AFI intensity that we found previously in naive 
animals (Jongen, 2010). Although this response could be further enhanced in 
the acute situation by intraplantar capsaicin injection (Jongen, 2010), the same 
may not be true in chronic neuropathy. Similarly, c-Fos expression, another 
marker of spinal nociceptive activity, is not increased in animals with chron-
ic neuropathy compared to naı ̈ ve animals, following nociceptive stimulation 
(Catheline,, 1990). To reduce the number of experimental animals, we used 
naı ¨ve rats from a previous study (Jongen, 2010) as controls. These animals 
were Wistar rats, i.e. not the same strain as the Sprague-Dawley rats that were 
used here because of the Seltzer model. One may therefore argue that the 
above-described lack of a difference in AFI activity following nociceptive 
electrical stimulation between naı ̈ ve and neuropathic rats could be the result 
of a genetic difference in sensitivity to nociceptive stimuli. However, at least 
behaviorally Sprague-Dawley rats demonstrate a hyperalgesic phenotype in 
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comparison to other rat strains, including Wistar rats (Mogil, 1990 ; LaCroix-
Fralish, 2005). In addition, it is highly unlikely that non-noxious palpation 
would induce an AFI response in naı ¨ve Sprague-Dawley rats (as opposed 
to Wistar rats), since metabolic activity solely in the deep dorsal horn cannot 
be visualized by AFI. We therefore conclude that the strain differences in our 
study do not affect our conclusions regarding spinal nociceptive processing 
in nerve injury-induced pain. Regarding our second aim, to study mechanisms 
of action of SCS, this is the first report directly demonstrating reduced activ-
ity in the superficial dorsal horn in vivo following SCS. We used the AFI 
response to a 2.5 mA electrical stimulus as outcome measure, since in our 
hands this stimulus generates the most robust and consistent AFI responses. 
Others have also used nociceptive stimulation to study the effect of SCS 
(Shechter, 2013). Previous studies measuring peptides involved in antinoci-
ception (Cui, 1997 ; Schechtmann, 2008) or using pharmacological ap-
proaches (Song, 2011 ; Barchini, 2012) present only indirect evidence of 
reduced spinal nociceptive activity. Furthermore, studies of electrophysio-
logical activity in wide dynamic range neurons in the deep dorsal horn (Guan, 
2010) focus on an area that may not be decisive in generating the neuro-
pathic pain phenotype (Craig, 2003-2004) and that may not be the locus of 
‘‘gate control’’, which instead is postulated to be the substantia gelatinosa in 
the superficial dorsal horn (Moayedi, 2013). Our finding of decreased activ-
ity in the superficial dorsal horn is in line with two reports (Smits, 2009 ; 
Maeda, 2009) demonstrating a significant increase in c-Fos expression in the 
superficial dorsal horn following SCS in rats with nerve injury, which was 
larger than the increase in the deep dorsal horn. These c-Fos expressing neu-
rons presumably represent inhibitory interneurons (Hossaini, 2010), consid-
ering the decrease in neuronal metabolic activity in the superficial dorsal horn. 
Indeed, a double immunohistochemical staining procedure revealed the pres-
ence of c-Fos positive GABA-immunoreactive neurons in the superficial 
dorsal horn of SCS-treated chronic neuropathic rats (Janssen, 2012). The 
latter report and that of Cui et al. (Cui, 1997) stress the role of GABA-ergic 
interneurons in the mechanism underlying SCS in chronic neuropathic pain. 
Nevertheless, so far no direct changes in the spatial and temporal domain 
related to the effect of SCS on nociceptive transmission in the superficial 
dorsal horn of chronic neuropathic rats have been studied. Our findings 
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therefore provide the first direct evidence that SCS acts through modulation 
of nociceptive processing at the spinal segmental level. The effect of SCS on 
nociceptive activity in the superficial dorsal horn that we describe here is 
rather short lasting, as demonstrated by a linear decrease of efficacy from 
SCS directly following cessation of stimulation (i.e. T=0 min) and a lack of 
statistical significance between SCS and sham animals at timepoints T=5 
minutes or later after SCS. A lack of statistical significance at those later 
time-points may be caused by a relatively low signal-to-noise ratio and tech-
nical challenges of spinal cord AFI that were discussed previously (Jongen, 
2010), resulting in large variation between recordings within the same animal 
and between animals. However, behavioral effects of SCS also do not outlast 
the duration of SCS [33]. The relatively short duration of an initially signifi-
cant effect of SCS does not preclude a clinical meaningful effect of SCS in 
patients with nerve injury-induced pain or CRPS, since in patients spinal cord 
stimulators deliver continuous stimulation. Continuous stimulation during 
AFI recording was not feasible due to our experimental setup, as the spinal 
electrode prevented imaging of the spinal cord. In conclusion, we demon-
strated changes in neuronal metabolic activity in the superficial dorsal horn 
following nerve injury, which may reflect mechanisms of hyperalgesia in 
patients with neuropathic pain syndromes. Secondly, our study provides a 
rationale for spinal cord stimulation in neuropathic pain patients.		

Figure 1. Behavioral data of rats that underwent partial ligation of the proximal sciatic nerve 

(Seltzer model). (A) Combined results of the von Frey withdrawal thresholds and hotplate laten-

cies, at baseline and 10, 12 and 14 days after nerve ligation, from al 18 rats in the study, dem-

onstrating tactile and thermal hyperalgesia. Error bars indicate SEM. p,0.01; repeated measures 

ANOVAs, source of variation timepoint; ***p, 0.01; pairwise comparisons of day 0 versus day 

10, 12 and 14, using Bonferroni correction. (B,C) Von Frey withdrawal thresholds (B) and 

hotplate latencies (C) from 7 neuropathic rats that subsequently underwent SCS and 6 neuro-

pathic rats that subsequently underwent sham stimulation, demonstrating a similar degree of 
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tactile and thermal hyperalgesia in both groups. Error bars indicate SEM. p.0.06; repeated 

measures ANOVAs, source of variation treatment.					   

Figure 2. Spinal cord AFI signal following nociceptive electrical stimulation of the sciatic nerve, 

in a rat with partial ligation of the proximal sciatic nerve (Seltzer model). (A) Image of back-

ground fluorescence showing the dorsal surface of the spinal cord at the T13 vertebral level. The 

upper half is left, the lower half is right, the dark structure in the center is a dural vein. (B) 

Subtracted DF/F images at various time points after start of electrical stimulation (2.5 mA, 10 

Hz) of the left sciatic nerve. (C) Graph showing the time course of DF/F in the yellow (left, i.e. 

ipsilateral or stimulated side) and purple (right, i.e. contralateral side) 20620 pixel square selec-

tions in (A). Scale bar, 1 mm. Gray scale bar ranging from 20.75% (black) to +0.75% (white) 

of the 16-bit range; Cau = caudal, Ro = rostral,  L = left,  R = right.

Figure 3. Mean intensity of the AFI signal (A) and area of excitation (B) follow-

ing nociceptive electrical stimulation of the sciaticnerve, in naı¨ve versus neuropathic 

rats (Seltzer model), on the ipsilateral (i) and contralateral (c) side of the nerve injury and 

nerve stimulation. Error bars indicate SEM; n = 20 naı¨ve rats, n = 13 neuropathic rats
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Figure 4. Intensity of the AFI signal, following innocuous palpation in naı¨ve rats and rats 

with partial ligation of the proximal sciatic nerve (Seltzer model). (A) Image of background 

fluorescence of the dorsal surface of the spinal cord at T13. (B) Subtracted DF/F images at 

various time points after start of 10 seconds, 1 Hz innocuous palpation of the plantar surface 

of the left hindpaw. (C) Mean DF/F of the light phase in 20620 pixel square selections on 

the ipsi-(i) and contralateral (c) side at the L4-6 spinal level, in naı¨ve rats from our previous 

experiments [3] and in rats with partial ligation of the proximal sciatic nerve (Seltzer model). 

Scale bar, 1 mm. Gray scale bar ranging from 20.75% (black) to +0.75% (white) of the 16- bit 

range. Error bars indicate SEM; *p,0.05; unpaired t-test; n = 5 naı¨ve rats, n = 5 neuropathic rats. 
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Figure 5. Effect of 30 minutes SCS or sham stimulation on the intensity of the AFI signal and 

area of excitation in response to sciaticnerve electrical stimulation, in rats with partial liga-

tion of the proximal sciatic nerve (Seltzer model). (A,D) Images of backgroundfluorescence 

of the dorsal surface of the spinal cord at T13 of a sham (A) and SCS treated rat (D). (B,E) 

Area of excitation (yellow) on the ipsilateral side,directly after sham stimulation (B); after 

SCS, in this rat, there is no area exceeding the predefined DF/F level (E). (C) Time course of 

the intensity of theAFI signal after SCS or sham stimulation (T = 0 min), as a percentage of 

DF/F before treatment (T = -30 min), in 20620 pixel square selections on theipsilateral side at 

the L4-L6 spinal level. (F) Mean areas of excitation on the ipsilateral side directly after SCS 

or sham stimulation (T = 0 min), as apercentage of the areas before treatment (T = -30 min). 

Scale bar, 1 mm; Grayscale bar ranging from 20.75% (black) to +0.75% (white) of the 16-bit 

range; Error bars indicate SEM; *p,0.05; paired t-tests; n = 7 SCS, n = 6 sham stimulation.
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CHAPTER III

Pruritus in anti-DPPX encephalitis2

JJuerd Wijntjes, Malik Bechakra, Marco W.J. Schreurs, Joost L.M. Jongen,  
Aart Koppenaal, and Maarten J. Titulaer

2This chapter has been published in Neurol Neuroimmunol Neuroinflamm. 
2018 May; 5(3): e455. 
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We present a unique case of a patient with anti–dipeptidyl peptidase-like 
protein 6 (DPPX) encephalitis in which severe pruritus was the cardinal 
symptom. Anti-DPPX encephalitis is caused by cell surface autoanti-
gens to DPPX, a subunit of the Kv4.2 potassium channel.1 Most patients 
had a combination of limbic encephalitis, brainstem dysfunction, diar-
rhea, and weight loss.1–3 We describe a patient with severe pruritus and 
provide long-term follow-up, offering recommendations for treatment.
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Case presentation

A 57-year-old patient presented with a variety of complaints, developing over 
months. These started with gastrointestinal symptoms (diarrhea and abdomi-
nal pain). Blastocystis hominis infection was cultured in stool, but without 
improvement to treatment. Five months later, he developed cognitive decline 
and severe pruritus with allodynia centered on his trunk. There was severe 
self-neglect. Our patient was admitted on and off neuropsychiatric wards for 
3 years. During progression, he also developed myoclonic jerks, autonomic 
failure, rigidity, and ataxia. On neurologic examination, his consciousness 
was clear. The muscle tone was slightly rigid. There was severe rigidity of the 
trunk muscles, slight rigidity of the extremities, and antecollis. He had action 
myoclonus and hyperekplexia. His gait was remarkably “marionette-like,” and 
broad-based, tandem gate was impossible. Deep tendon reflexes of the legs were 
diminished. He had scratching marks from pruritus centered on his trunk and 
could not bear clothing. Neurocognitive testing revealed psychomotor slowing 
on all tasks. Brain MRI showed bilateral temporal lobe atrophy and an aspecific 
white matter lesion. EEG showed slight background slowing. Routine blood 
examination was normal. CSF analysis showed mild lymphocytosis (12 cells/
μL), a slightly elevated protein level (0.52 g/L), and matched oligoclonal bands.

Extensive ancillary examinations (among others, CT-thorax/abdomen, bone 
marrow biopsy, and serologic tests on lues, borrelia, and HIV) were all 
normal. A diagnosis of progressive encephalomyelitis with rigidity and 
myoclonus (PERM) was established. Subsequent testing for DPPX an-
tibodies was positive in both serum and CSF cell-based assays and con-
firmed by neuropil staining on immunohistochemistry. Other autoimmune 
antibodies were negative. A skin biopsy from the symptomatic lumbar 
region showed a normal intraepidermal nerve fiber density for this region.

After the start of immunosuppressive therapy, our patient improved, but sev-
eral relapses followed. Multiple immunosuppressive agents were tried, and 
only after adequate treatment with cyclophosphamide and rituximab, aiming 
for complete B-cell depletion, our patient improved markedly without any 
further relapses to the present (figure). Two and a half years after the diagno-
sis of PERM, our patient developed B-cell non-Hodgkin lymphoma (NHL).
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Discussion 

PERM is asyndrome that is believed to result from brain stem and spinal cord 
dysfunction. Patients with PERM often have glycine receptor antibodies or in a 
minority anti-GAD65 antibodies.4 Only recently, the association with anti-DPPX 
antibodies and PERM has been described.5 These cases were characterized 
mainly by CNS symptoms and autonomic dysfunction, while pruritus was a 
minor symptom.2 By contrast, in our patient pruritus, that was refractory to 
dermatological treatments (reviewed elsewhere) was the cardinal symptom.6

Anatomically, two pruritus-sensitive afferent pathways exist (histamine- 
and cowhage-stimulated pathways). From the level of the dorsal horn, 
the pathway travels in the contralateral spinothalamic tract and synapse 
onto neurons in the thalamus. The role of Kv4.2 in neurogenic pruritus 
is not exactlyknown.GeneticeliminationofKv4.2inmiceincreased excit-
ability of dorsal horn neurons resulting in enhanced sensitivity to tac-
tile and thermal stimuli and might explain its role in neurogenic itch.7

In our patient, the normal intraepidermal nerve fiber density and the ab-
sence of an effect from dermatological treatments suggest pruritus was of 
central origin located at the dorsal horn induced by anti-DPPX antibodies.

In line with other forms of autoimmune encephalitis (AIE), such as anti-
Caspr2 encephalitis, anti-DPPX encephalitis is less subacute, resembling a 
neurodegenerative disease. Fulminant and rapidly progressive (autonomic 
or sensory) symptomshavebeenattributedtoparaneoplastic neuropathy as-
sociated with Hu or amphiphysin antibodies. In contrast to other AIEs, 
such as anti-NMDA receptor encephalitis, patients with anti-DPPX en-
cephalitis tend to need prolonged immunosuppressive therapy. As illus-
trated by our case, every attempt to taper immunosuppressive therapy 
resulted in a very rapid decline. This necessitates the use of chronic im-
munosuppressive therapy, and complete B-cell depletion seems necessary.

B-cell NHL is associated with chronic immunosuppressive therapy. B-
cell neoplasms developed in 3/39 patients with anti-DPPX encepha-
litis, remitting after rituximab.2,3 In our case, the delayed diagnosis of 
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B-cell NHL could have been maskedbytreatment(steroidsandrituximab). 
Therefore,itis important to perform diagnostic tests in advance of im-
munosuppressivetherapyandduringfollow-up,especiallyduring relapses.
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CHAPTER IV

The reduction of intraepidermal P2X3 nerve fiber 
density correlates with behavioral hyperalgesia in 

a rat model of nerve injury-induced pain3

Malik Bechakra, Barthold N Schüttenhelm, Tiziana Pederzani, Pieter A van 
Doorn, Chris I de Zeeuw, Joost L M Jongen

3This chapter has been published in J Comp Neurol. 2017 Dec 
1;525(17):3757-3768. 
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Abstract

Skin biopsies from patients with neuropathic pain often show changes in epi-
dermal innervation, although it remains to be elucidated to what extent such 
changes can be linked to a particular subgroup of nerve fibers and how these 
changes are correlated with pain intensity. Here, we investigated to what extent 
behavioral signs of hyperalgesia are correlated with immunohistochemical 
changes of peptidergic and non-peptidergic epidermal nerve fibers in a rat model 
of nerve injury-induced pain. Rats subjected to unilateral partial ligation of the 
sciatic nerve developed significant mechanical and thermal hyperalgesia as 
tested by the withdrawal responses of the ipsilateral footpad to von Frey hairs 
and hotplate stimulation. At day 14, epidermal nerve fiber density and total 
epidermal nerve fiber length/mm2 were significantly and consistently reduced 
compared to the contralateral side, following testing and re-testing by two 
blinded observers. The expression of calcitonin gene-related peptide, a marker 
for peptidergic nerve fibers, was not significantly changed on the ipsilateral side. 
In contrast, the expression of the P2X3 receptor, a marker for non-peptidergic 
nerve fibers, was not only significantly reduced but could also be correlated 
with behavioral hyperalgesia. When labeling both peptidergic and non-pepti-
dergic nerve fibers with the pan-neuronal marker PGP9.5, the expression was 
significantly reduced, albeit without a significant correlation with behavioral 
hyperalgesia. In conjunction, our data suggest that the pathology of the P2X3 
epidermal nerve fibers can be selectively linked to neuropathy, highlighting the 
possibility that it is the degeneration of these fibers that drives hyperalgesia.
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INTRODUCTION

Neuropathic pain is a syndrome caused by a lesion or disease of the somato-
sensory nervous system, most commonly peripheral neuropathy. In the latter, 
damage to nociceptors, that is, thinly myelinated (Ad or unmyeliniated (C) 
primary afferent nerve fibers, presumably is the initiating event, since at least 
clinically selective degeneration of Ab fibers (e.g., in vitamin B12 deficiency 
[Koike et al., 2015], cis-platinum induced peripheral neuropathy [Jongen, 
Broijl, & Sonneveld, 2015] or Friedreich’s ataxia [Durr et al., 1996]) causes 
significant neuropathic pain in only a minority of patients, while on the other 
hand selective small-fiber neuropathies (e.g., in sarcoidosis, HIV, amyloidosis, 
and Fabry’s disease) (Hoeijmakers, Faber, Lauria, Merkies, & Waxman, 2012) 
are almost invariably painful. Once neuropathic pain has been initiated by 
damage to nociceptors, it is maintained by adaptive changes in other parts of 
the sensory system, like increased spontanous activity of un-injured Ad and C 
fibers (Hulse, Wynick, & Donaldson, 2010), increased spontaneous activity of 
Ab fibers (Govrin-Lippmann & Devor, 1978), sprouting of autonomic nerve 
fibers in the upper dermis (Grelik, Bennett, & Ribeiro-da-Silva, 2005; Taylor, 
Osikowicz, & Ribeiro-da-Silva, 2012), expression changes in the dorsal root 
ganglion (Villar et al., 1991; Michael, Averill, Shortland, Yan, & Priestley, 
1999; Li, Song, Higuera, & Luo, 2004; Chen et al., 2014) and changes in the 
spinal cord and brainstem (West, Bannister, Dickenson, & Bennett, 2015).

Skin biopsies, using immunohistochemistry with the pan neuronal marker 
PGP9.5 (Wang, Hilliges, Jernberg, Wiegleb-Edstrom, & Johansson, 1990), 
provide an accessible way to study changes in innervation following nerve 
injury (Lauria et al., 2010). While Ab fibers terminate in specialized end-organs 
in the dermis (Nolano et al., 2003), Ad and C nociceptors terminate as fine 
unmyelinated nerve fibers, so-called free nerve endings (Cauna, 1980), in 
the epidermis. C-fibers, which make-up the majority of nociceptors, can be 
broadly subdivided into two classes: peptidergic nerve fibers, which contain 
neuropeptides like calcitonin gene-related peptide (CGRP), and non-peptidergic 
nerve fibers, which can be identified by expression of the P2X3 receptor 
(Bradbury, Burnstock, & McMahon, 1998; Burnstock, 2000; Taylor, Peleshok, 
& Ribeiro-da-Silva, 2009), a ligand gated ion-channel which is responsive
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to adenosine triphosphate.

The epidermis is predominantly innervated by non-peptidergic nociceptors 
(Perry & Lawson, 1998), while the internal organs receive mostly peptidergic 
innervation (Plenderleith & Snow, 1993; Perry & Lawson, 1998; Taylor et 
al., 2009; Guedon et al., 2016) or peptidergic and non-peptidergic innerva-
tion to an equal degree (Bradbury et al., 1998). At the same time, sensory 
qualities that are distinct in neuropathic pain, like paresthesias, burning pain 
and tactile allodynia, are typically experienced in skin, suggesting an impor-
tant role for the nonpeptidergic subclass of nociceptors in neuropathic pain. 
No consistent correlation between severity of neuropathic pain (behavior) 
and (intra) epidermal nerve fiber density (IENFD) exists (Lindenlaub & 
Sommer, 2002; Kalliomaki et al., 2011; Schley et al., 2012). We hypoth-
esize that neuropathic pain may be initiated and/or maintained by selective 
degeneration of non-peptidergic subclass of primary afferent nerve fibers.

To test this hypothesis, varying degrees of neuropathy were induced by partial 
ligation of the proximal sciatic nerve in a rat. This model, which was first 
described by Seltzer et al., induces hyperalgesia in the rat footpad with vari-
ous levels of intensity. These levels are un form but graded, depending on 
the proportion of sciatic nerve fibers contained within the ligation (Seltzer, 
Dubner, & Shir, 1990). We set out to study correlations between epidermal 
innervation in skin biopsies from the footpad and mechanical and thermal 
hyperalgesia in that same area, using PGP9.5, CGRP, and P2X3 immuno-
histochemistry. The presence of a correlation between P2X3 nerve fiber 
density and hyperalgesia, that is, neuropathic pain behavior, and the absence 
of a correlation with CGRP fiber density would support our hypothesis.

MATERIALS AND METHODS

In total, 21 young adult male Sprague Dawley rats from Harlan or Charles River, 
the Netherlands, weighing 250–350 g, were used for this study. To reduce the num-
ber of experimental animals, we used rats that had already participated in another 
study on spinal imaging of nerve injury-induced pain (Jongen et al., 2014), which 
experiment was conducted in accordance with the principles of laboratory animal 
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care (NIH publications no. 8023, revised 1978) and approved by the Institutional 
Animal Ethics Committee of Erasmus MC Rotterdam (EMCnr. 115–08-26).

Peripheral nerve lesion, behavioral testing and harvesting of skin 
biopsies

Neuropathic pain was induced by partial ligation of the sciatic nerve as 
described by Seltzer et al. (1990). Behavioral testing took place before the 
Seltzer operation and at post-operative days 10, 12, and 14. Every time be-
fore behavioral testing, rats were habituated to the experimenter (T.P.), the 
room in which the behavioral experiments took place and the transparent 
chamber used for von Frey testing, for at least half an hour. The chamber 
used for von Frey testing had an opaque, flatsurfaced plastic platform with 
holes through which von Frey hairs are inserted and applied to the plantar 
surface of the paw (Pitcher, Ritchie, & Henry, 1999). Mechanical sensitiv-
ity was assessed by testing the withdrawal response to von Frey filaments 
(Stoelting Co, Wood Dale, IL) of increasing thickness. The threshold was 
set at three out of five withdrawal responses. After testing for mechanical 
sensitivity, thermal thresholds were assessed by the hotplate test. The surface 
of the hot plate was heated to a constant temperature of 51 8C. Rats were 
placed on the hot plate (25.4 cm 3 25.4 cm) (Ugo Basile Srl., Comerio, Italy), 
which was surrounded by a transparent chamber with an open top, and the 
response latency to either a hind paw lick or hind paw flick was measured. 
Immediately after a response rats were removed from the hotplate. Rats 
were also removed if they did not respond after 30 s, to prevent tissue injury.

After behavioral testing at day 14, rats were anesthetized and spinal imag-
ing of nerve injury-induced pain was performed as described in a previ-
ous article. During this experiment rats underwent electrical/sham spinal 
cord stimulation and trains of 2,5 mA electrical stimulation of the sci-
atic nerve distal to the site of the Seltzer ligation (Jongen et al., 2014). 
Skin biopsies were harvested after the above experiment was complet-
ed and the rats had been euthanized, that is, were residual material

.
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Skin biopsies, histologic processing, immunohistochemistry and anti-
body characterization

The glabrous skin from the left and right footpad, the area that was also targeted 
during behavioral testing, was biopsied using a 3 mm disposable punch. The 
skin biopsy was immediately transferred to cold fixative, consisting of 2% 
paraformaldehyde-lysine periodate in Sorenson’s buffer (0.133M Na2HPO4 
and KH2PO4), and post fixed overnight at 4 8C. After several washes and 
increasing gradients of sucrose in 0.1 M phosphate buffer (PB), tissues were 
stored at 2808C in a mixture of 20% glycerol and 0.2M PB, until used. Before 
cutting, skin biopsies were embedded in 12% gelatin, 10% sucrose blocks, 
which were left in 4% paraformaldehyde for 2.5 hr at room temperature (RT) to 
harden. The gelatin blocks were then kept overnight at 4 8C in a 30% sucrose 
solution. Consequently, 50 lm sections were cut perpendicular to the surface 
on a freezing microtome and processed as free floating sections. Sections 
from the ipsilateral and contralateral footpad were collected in cryoprotec-
tant solution (37.5% glycerol and 37.5% ethylene glycol in 0.0125M PB) 
in a 24-well plate, each well containing 8–10 sections (i.e., 6 wells per rat/
side) and stored at 220 8C until start of the immunohistochemical procedure.

At the start of the immunohistochemical procedure sections were washed in 
0.05 M phosphate-buffered saline (PBS) (6 times, 10 min each), after which 
sections were incubated for 10 min in a 3% H2O2 solution in PBS at RT to 
quench endogenous peroxidase activity. Sections were then incubated in a 
2.5 mM sodium citrate buffer solution at 80 8C during 40 min, to unmask 
immunoreactivity (Jongen et al., 2007). Sections were washed 6 3 10 min in 
PBS between all incubations. Nonspecific binding of the secondary antibody 
was blocked by pretreating the sections with a 10% Bovine Serum Albumin 
(BSA) solution in 0.05 M PBS also containing 0.4% Triton X-100, for 90 min 
at RT. Sections were then incubated in a 0.05 M PBS solution containing 2% 
BSA and 0.4% Triton X-100 and primary antibodies, for 60 hr at 4 8C. Dilu-
tions of primary antibodies were 1:2,000 for rabbit anti-PGP 9.5 (Catalog# 
ADI-905–520; Enzo Life Sciences, Farmingdale, NY; RRID: AB_10622540), 
1:30.000 for rabbit anti-CGRP (Catalog# PC205L; Millipore, Billerica, 
MA; RRID: AB_2068524) and 1:100.000 for rabbit anti-P2X3 (Catalog# 
RA10109; Neuromics, Minneapolis, MN; RRID: AB_2157931) (Table 1).
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Omission of the primary antibodies and preabsorbtion of the primary antibod-
ies with a more than 253 molar excess of the protein (PGP9.5) or peptides 
(CGRP and P2X3) the primary antibodies were raised against were used as 
negative control experiments. While antiPGP9.5 may be considered as a gen-
eral marker for unmyelinated nerve fibers in the epidermis, anti-CGRP and 
anti-P2X3 each recognize specific epitopes. Therefore, in addition, a specific 
immunohistochemical staining pattern of rabbit anti-CGRP, rabbit anti-P2X3 
and a guinea pig anti-P2X3 antibody (kindly donated and characterized by Dr. 
Vulchanova, University of Minnesota, MN) (Vulchanova et al., 1998) in spinal 
cord sections and a similar staining pattern of guinea pig anti-P2X3 compared 
to rabbit anti-P2X3 in skin sections were used as positive control experiments.

After primary antibody incubation, sections were washed for 6 3 10 
min in PBS and incubated in biotin-conjugated goat anti-rabbit IgG, di-
luted 1:400 in PBS also containing 2% BSA and 0.4% Triton X-100, 
for 90 min at RT. After another 6 3 10 min washes in PBS, sections 
were processed with the ABC method (Vector Elite, Burlingame, CA) 
for 90 min at RT and then washed another time for 6 3 10 min in PBS.

In the sections that were incubated with the P2X3-antibody, further signal 
amplification was achieved by treating these sections with biotin-tyramide 
(diluted 1:1,000 in imidazole containing 3% H2O2) for 12 min at RT (Hop-
man, Ramaekers, & Speel, 1998). After 6 3 10 min washes in PBS, these 
sections were then incubated overnight at 4 8C in ABC complex in PBS 
solution, also containing 2% BSA and 0.5% Triton X-100. Then, following 
2 3 10 min washes in PBS and 4 3 10 min washes in 0.05 M PB, sections 
from all three primary antibodies were reacted with 0.33% diaminobenzidine, 
containing 0.016% hydrogen peroxide. Sections were mounted on slides, 
air-dried ove night, dehydrated using absolute ethanol (< 0.01% methanol), 
transferred to xylene and cover slipped with Permount mounting medium 
(Fisher, Hampton, NH). One slide contained one primary antibody and one 
side (i.e., ipsi- or contralateral). All three primary antibodies and ipsilateral 
and contralateral skins of 4 or 5 animals at a time were processed during 
the same immunorun. Thus, five immunoruns were performed altogether.
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Quantification of epidermal nerve fiber density

For quantification of epidermal nerve fiber density, slides were scanned and 
digitized using a Hamamatsu NanoZoomer 2.0-HT slide scanner (Hamamatsu 
Photonics, Hamamatsu City, JP). For unidentified reasons, the scanner did 
not recognize some slides, resulting in 7.9% missing IENFD, branches/unit 
or epidermal nerve fiber length (ENFL) data (see below). Sections were 
analyzed using Leica Aperio ImageScope software (freely available at http://
www.leicabiosystems.com/pathology-imaging/aperio-epathology/integrate/
imagescope/) at 403 magnification. Four sections per slide and six frames 
per section were sampled. Frames were selected so that they comprised the 
entire epidermal thickness. Three parameters were manually counted/traced 
for each primary antibody, by a single, blinded observer (M.B.) (Figure 1):

1. The number of crossings of the dermal–epidermal junction per mm length 
of dermal–epidermal junction (IENFD). The length of the dermal-epidermal 
junction was automatically determined by the ImageScope software after tracing.

2. The number of branches within the epidermis per individual nerve fi-
ber (i.e., unit) crossing the dermal–epidermal junction (braches/unit).

3. The total length of the epidermal nerve fibers (ENFL) was de-
termined by the ImageScope software after tracing and ex-
pressed as mm fiber length per mm2 of the epidermal frame area.

In 24 frames, the above parameters were re-counted by M.B. and also counted by 
a second blinded observer (B.S.), to calculate intraclass correlation coefficients.

Statistical analysis

For a comparison of means of behavioral responses at day 0, 10, 12, and 14, 
repeated-measures ANOVAs were used. Three separate paired t-tests were used 
to compare CGRP and P2X3-labeled epidermal fibers on the unaffected right 
side. Three individual mixed ANOVAs (for IENFD, branches/unit and ENFL) 
were used to compare epidermal innervation (PGP9.5, CGRP, and P2X3) of the 
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ipsilateral (i.e., left) and contralateral (i.e., right) footpad. Bonferroni-correction 
was always applied for post-hoc analysis. The intraclass correlation coefficient 
(two-way mixed model) was employed to calculate test–retest and inter-observer 
reliability of measures of epidermal innervation and of the different immu-
nohistochemical markers. To study the correlation between mean behavioral 
measures at day 10, 12, and 14 and epidermal innervation, Pearson correlation 
coefficients were calculated and statistical significance was tested by adding 
VF and HP at day 0 as a predictor variable to the ratio of left and right footpad 
nerve fiber measures in a multiple linear regression model. Statistical testing 
was performed using IBM SPSS Statistics v.21.0.0.0 software (IBM Corp., 
Armonk, NY) or GraphPad Prism v6.0f (GraphPad Software, Inc., La Jolla, CA).

RESULTS

Behavioral testing

All 21 rats used in this study, developed mechanical and thermal hyper-
sensitivity characteristic of the Seltzer model of neuropathic pain. The 
decrease in von Frey thresholds and hotplate latencies was statistically 
highly significant (Figure 2; p < .001; repeated-measures ANOVAs).

Immunohistochemistry

In the epidermis of the right hind paw, that is, the non-neuropathic or 
control side, all three immunohistochemical markers labeled individual 
fibers and bundles of fibers just below and running parallel to the base-
ment membrane. PGP9.5 and CGRP demonstrated the strongest der-
mal staining, that was frequently associated with blood vessels. From

these bundles in the subepidermis and upper dermis, thin and varicose fibers 
originated that ran almost perpendicular to their origins, thus penetrating 
the basement membrane (Petersen, Rice, Farhadi, Reda, & Rowbotham, 
2010). Since PGP9.5 labels both peptidergic and nonpe tidergic epidermal 
nerve fibers, IENFD was highest for this marker, although smaller than the 
sum of CGRP and P2X3 labeled fibers. P2X3 fibers were more abundant, 



56

longer, reaching almost up to the stratum corneum, and had more branch-
es per unit than CGRP fibers (Figures 3 and 5a; p < .001; paired t-tests).

To control for non-specific staining of primary antibodies, the same immunohis-
tochemical protocol was used, except that the primary antibodies were omitted 
or preabsorbed with the protein or peptide they were raised against, which 
resulted in a complete abolishment of specific signal for all antibodies used 
(Figure 4a–f). As a positive control, we also used rat spinal cord, in which rabbit 
anti-CGRP and rabbit and guinea-pig anti-P2X3 gave specific staining patterns 
in the superficial dorsal horn as described previously (Figure 4g–h) (Villar et al., 
1991; Vulchanova et al., 1998). Rabbit anti-P2X3 and guinea pig antiP2X3 gave 
similar staining patterns in spinal cord and skin sections, although rabbit anti-
P2X3 showed a better signal to background staining in skin biopsies our hands 
(Figure 3c, d). Therefore, rabbit anti-P2X3 was used for quantitative analyses.

Measures of peptidergic and non-peptidergic epidermal innervation

Next, the sensitivity for the detection of neuropathy of the three different 
measurements of epidermal innervation was tested (Figure 5). There was a 
large and statistically highly significant ipsilateral (i.e., left, the side with the 
neuropathy) versus contralateral (i.e., right, the unaffected side) overall dif-
ference for IENFD and ENFL (p< .01; repeatedmeasures ANOVAs, source of 
variation side and the interaction between side and marker). These differences 
were accounted for by statistically significant differences in PGP9.5 and P2X3 
labeling (p< .01; two-way ANOVAs with post-hoc Bonferroni correction), 
while CGRP labeling was not statistically significantly different between sides. 
The overall ipsilateral versus contralateral difference in number of branches 
per unit also reached statistical significance (p< .01; two-way ANOVA,

source of variation side), although the interaction between side and marker and none 
of the individual markers appeared statistically significantly different with post-hoc 
Bonferroni correction. We therefore conclude that PGP9.5- and P2X3-IENFD and 
-ENFL, but not CGRPIENFD and -ENFL are sensitive measures of neuropathy.

A reliability analysis was performed, by calculating the intraclass correlation 
coefficient (ICC) for test-retest reliability and for testing the consistency 
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between two independent observers (M.B. and B.S.). Data are presented in 
Table 2. Since ICCs were always 0.7 for IENFD and ENFL, we conclude 
that these measures are reproducible measures of epidermal innervation.

Correlations between immunohistochemical markers and behavioral 
hyperalgesia

Finally, we studied correlations between epidermal innervation and behavioral 
hyperalgesia. Only P2X3 labeled fibers correlated statistically significantly with 
von Frey withdrawal thresholds and hotplate latencies (with the sole exception 
of P2X3-branches and hotplate latencies), while PGP9.5 and CGRP labeled 
fibers did not (Figure 6; p< .05, multiple linear regression analysis). Thus, lower 
von Frey thresholds and hotplate latencies correlated with a stronger reduction 
in P2X3 innervation as compared to the right or unaffected paw. Generally, 
correlations between epidermal innervation and mechanical thresholds were 
stronger than correlations between epidermal innervation and hotplate latencies.

DISCUSSION

We have used a rat model of uniform but graded sciatic neuropathy and three 
immunohistochemical markers to study changes in epidermal innervation and 
to investigate a correlation between epidermal innervation and pain behavior. 
Simultaneously, we have validated three measures of epidermal innervation, 
that is, IENFD, number of branches/unit and ENFL. IENFD and ENFL ob-
tained with the pan neuronal marker PGP9.5 and with the non-peptidergic 
fiber marker P2X3 were statistically significantly decreased at 14 days follow-
ing nerve injury, while this was not the case for the peptidergic fiber marker

CGRP. In addition, IENFD and ENFL demonstrated good test–retest and 
inter-observer reliability. We therefore concluded that PGP9.5 and P2X3 are 
sensitive and robust markers of neuropathy. Of these, only P2X3 epidermal in-
nervation correlated with von Frey withdrawal thresholds and hotplate latencies.

In the Seltzer model, in which the non-fasciculated sciatic nerve is injured 
in the thigh, varying degrees of sciatic neuropathy are caused by the propor-
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tion (generally varying between 30 and 50%) of sciatic nerve fibers that is 
actually damaged by ligation (Seltzer et al., 1990). As a result of Wallerian 
degeneration, the damaged nerve fibers will cause nerve fiber terminal loss 
in the epidermis of the footpad, which is the innervation area of the sciatic 
nerve. Although uniform behavioral hyperalgesia of the rat footpad was shown 
previously in this model (Seltzer et al., 1990), the magnitude of the behavioral 
changes may depend on the amount of sciatic nerve fiber damage and thus 
nerve fiber terminal loss in the epidermis. Thus, the Seltzer model of follow-
ing peripheral axotomy, using the same antibodies and immunohistochemical 
procedures by others from our lab (Duraku et al., 2012; Kambiz et al., 2015).

To reduce the number of experimental animals we used rats that had already 
participated in another study on spinal imaging of nerve injury-induced pain 
(Jongen et al., 2014). Although behavioral testing was not affected by this 
experiment, skin biopsies were harvested directly following an operation and 
imaging procedure that included 30 min of 50 Hz low-intensity spinal cord 
stimulation and repeated 10 sbouts of 10 Hz 2.5 mA electrical stimulation 
of the left sciatic nerve proximal to the ligation. In the short-term, electrical 
stimulation of peripheral nerves will result in a depletion of CGRP (Dessem 
et al., 2010), possibly leading to a decreased number of identified CGRP ter-
minals in the skin. Thus, electrical stimulation cannot explain the absence of 
a reduction of CGRP in our skins. Besides, other studies involving peripheral 
nerve damage without electrical stimulation (Ma & Bisby, 2000; Peleshok & 
Ribeiro-da-Silva, 2011; Duraku et al., 2012) found very similar CGRP innervation 
densities at 2–5 weeks postnerve injury compared to baseline, suggesting that 
the absence of a CGRP reduction at 14 days following nerve injury induction 
indicates a rapid regeneration of CGRP fibers after nerve injury. Similar to 
CGRP, also P2X3 immunoreactivity might have been influenced by the electri-
cal stimulation preceding the skin biopsy. However, in the study of Dessem et 
al. already cited above (Dessem et al., 2010), a modest longterm increase of 
P2X3 immunoreactivity following electrical stimulation was found and a short-
term change is not to be expected, since P2X3 is a receptor. Thus, this cannot 
explain the decreased number of P2X3 nerve terminals in our skins. Besides, 
Peleshok (Peleshok & Ribeiro-daSilva, 2011) and Duraku et al. (Duraku et al., 
2012) found very similar P2X3 innervation densities at 2–5 weeks post-nerve 
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injury compared to baseline in animals that did not undergo electrical stimula-
tion. We therefore conclude that there are no convincing arguments that the 
electrical stimulation preceding harvesting of the skin biopsies in this study 
would affect our conclusions regarding the regulation of CGRP and P2X3 
immunohistochemistry in nerve fiber terminals by sciatic nerve neuropathy or 
regarding the correlation between these terminals and behavioral hyperalgesia.

To correct for between-rat differences, we used the ratio of ipsilateral/contra-
lateral epidermal innervation as a predictor variable in the regression model. 
Although contralateral changes in epidermal innervation have been described 
(Koltzenburg, Wall, & McMahon, 1999), these changes were relatively mild 
(amounting to 30% compared to baseline)at 3 weeks after induction of spared 
nerve injury (Oaklander & Brown, 2004) and not statistically significantly 
different from baseline in the loose ligation model (Lindenlaub & Sommer, 
2002). We therefore conclude that it is appropriate to use epidermal in-
nervation of the contralateral side to correct for between-rat differences in 
epidermal innervation. To quantify epidermal nerve fibers, apart from using 
commonly accepted measurements like IENFD (Lauria et al., 2010) and 
ENFL (Peleshok & Ribeiro-da-Silva, 2011), we also quantified the number 
of terminal branches in the epidermis, since it was hypothesized that this 
measure would be a sensitive marker of reinnervation, especially with respect 
to CGRP. However, it turned out that counting the number of branches/unit 
was unreliable, probably because these branches are extremely thin, making 
them relatively hard to visualize and quantify. Measurement of IENFD and 
ENFL however had good test–retest and inter-observer reliability in our hands.

This is the first time that a correlation between PGP9.5 and both sub-
groups of epidermal nerve fibers and pain behavior was systematically 
studied. We found a linear correlation between epidermal P2X3 in-
nervation and behavioral hyperalgesia, but not for CGRP and PGP9.5.

This was true both for mechanical as well as for thermal stimuli, although cor-
relations between epidermal P2X3 innervation and mechanical thresholds (good 
correlations of 0.6–0.8) were stronger than correlations between epidermal P2X3 
innervation and hotplate latencies (moderate correlations of 0.5–0.6) (Campbell, 
1997). Based on mice experiments, it was suggested that non-peptidergic nerve 
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fibers specifically mediate mechanical hyperalgesia (Scherrer et al., 2009). In rats 
and higher order primates, however, the heat receptor TRPV1 is expressed on 
both peptidergic and non-peptidergic nerve fibers (Tominaga et al., 1998), which 
can explain a role of P2X3 nerve fibers in mediating thermal hyperalgesia as well.

Consistent with our findings, it was shown previously that following an initial 
decrease epidermal CGRP innervation returns to baseline levels already 14 
days after partial sciatic nerve ligation (Ma & Bisby, 2000). Also in other 
neuropathic pain models, epidermal, and upper dermal CGRP/SubstanceP in-
nervation reached baseline levels much faster than P2X3 fibers did (Peleshok 
& Ribeiro-da-Silva, 2011; Duraku et al., 2013). Thus, changes in epidermal 
peptidergic innervation cannot be selectively linked to neuropathy, which is a 
chronic condition. Results from other studies (Ma & Bisby, 2000; Taylor et al., 
2012) also support our finding that selective degeneration of non-peptidergic 
nerve fibers is correlated with behavioral hyperalgesia in animals with nerve 
injury. However, the relation between degeneration of nonpeptidergic nerve 
fibers and the development of hyperalgesia is complex, since selective destruc-
tion of non-peptidergic nerve fibers alone, using IB4-saporin, did not result 
in mechanical hyperalgesia, while IB4-saporin followed by nerve injury did 
(Taylor et al., 2012). Furthermore, loss of non-peptidergic nerve fibers may 
induce parasympathetic sprouting in the upper dermis (Taylor et al., 2012), 
raising the possibility that the hyperalgesia that we observed may rather be an 
indirect effect from non-peptidergic nerve fiber loss. Finally, since we did not 
study the correlation between epidermal innervation at different time-points, it 
is impossible to draw a firm conclusion about the causality between epidermal 
P2X3 nerve fiber loss and the development of hyperalgesia and neuropathic pain.

We conclude that the selective degeneration of epidermal P2X3 fibers that we 
observed may be necessary but not sufficient to generate hyperalgesia and pos-
sibly the full-spectrum of neuropathic pain, at 14 days following nerve injury. 
Other factors might include lowered thresholds for the transduction of sensory 
stimuli to the skin of CGRP fibers, sprouted dermal parasympathetic and my-
elinated nerve fibers and central mechanisms at the level of the spinal cord. We 
suggest that further research should be targeted at peripheral nerve regeneration, 
to develop new treatments for the disabling condition of neuropathic pain.
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FIGURE 1 Images demonstrating the procedure of digitally analyzing and quantifying the 

skin biopsies. Firstly, the dermal-epidermal border (red) was drawn for calculating IENFD 

and a rectangular area in which IENFD and ENFL are calculated was selected using the 

image analysis software (a). Secondly, crossings of the dermal-epidermal border (blue ar-

rows) and branches (green arrows) were counted (b). Thirdly, epidermal nerve fibers were 

traced (yellow; c) and finally the epidermal area used to calculate ENFL was delineated 

(pink; d). The length of the dermal-epidermal border and the surface of the epidermal area 

are automatically computed by the image analysis software. The white bars represent 50mm
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FIGURE 2 Behavioral data of rats that un-

derwent partial ligation of the proximal sciatic 

nerve (Seltzer model). Combined results of the 

mean von Frey withdrawal thresholds (grams) 

and hotplate latencies (seconds), at baseline 

and 10, 12, and 14 days after nerve ligation, 

demonstrating tactile and thermal hyperalgesia. 

Error bars indicate standard error of the mean (p 

< .001; repeated measures ANOVAs, source of variation time point; *p < .05, **p < .01, ***p < 

.001; pairwise comparisons of day 0 versus day 10, 12, and 14, using Bonferroni correction; n 5 21)
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FIGURE 3 Immunohistochemical staining patterns of normal skins. PGP9.5 (a, a1), CGRP 

(b, b1), P2X3 (rabbit) (c, c1) and P2X3 (guinea pig) (d, d1) immunohistochemistry in skin 

biopsy sections from the right (normal) hind paw; the red line represents the dermal-epidermal 

border. The white bars in (a–d) represent 50 mm, the white bars in (a1–d1) represent 10 mm
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FIGURE 4 Immunohistochemical staining of PGP9.5 (a), CGRP (c) and P2X3 (rabbit) (e) 

and using pre-absorbtion controls (b, d, f), in normal skins. Immunohistochemical stain-

ing of rat spinal cord, used as a control for the CGRP and P2X3 primary antibodies. (g, h) 

Immunohistochemical staining of lamina I and II-outer of the dorsal horn with rabbit anti-

CGRP (g), of lamina II-inner with rabbit anti-P2X3 (guinea-pig anti-P2X3 gave an identical 

staining pattern) (h). The white bars in (a–f) represent 1 mm, in (g, h) represent 250 mm
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FIGURE 5 Sensitivity of three measures of epidermal innervation for the detection of neuropathy 

and differences in CGRP and P2X3 innervation in normal skins. (a) Differences in IENFD, number 

of branches/unit and ENFL between the left (nerve injured; white bars) and the right (normal; grey 

bars) hind paw (**p < .01, ***p < .001; two-way ANOVAs using Bonferroni correction for multiple 

testing; n 5 21), and between CGRP and P2X3 labeled fibers on the normal side (***p < .001; paired 

t-tests; n 5 21). (b–g) The images below the graphs are representative samples of PGP9.5, CGRP 

and P2X3 immunoreactivity on the left and on the right side. The white bars represent 50 mm

FIGURE 6 Correlations between immunohistochemical markers and behavioral hyperalgesia. 

The figures represent mean (of day 10, 12, 14) von Frey thresholds and hotplate latencies 

versus the ratios between left/right IENFD, number of branches/unit and ENFL immunos-

tained with anti-PGP9.5, -CGRP, and -P2X3. Statistically significant correlations between 

behavior and P2X3-labeled fibers are shown by regression lines (multiple linear regression 

analysis; q 5 Pearson’s correlation coefficients; *p < .05, **p < .01, ***p < .001; n 5 21
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CHAPTER V

Clinical, electrophysiological, and cutaneous in-
nervation cahnges in patients with bortezomib-

induced peripheral neuropathy reveal insight into 
mechanisms of neuropathic pain4

Malik Bechakra, Mariska D Nieuwenhoff, Joost van Rosmalen, Geert Jan 
Groeneveld, Marjan Scheltens-de Boer, Pieter Sonneveld, Pieter A van 

Doorn, Chris I de Zeeuw and Joost LM Jongen

4This chapter has been published in Mol Pain. 2018; 14: 44806918797042. 
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Abstract

Bortezomib is a mainstay of therapy for multiple myeloma, frequently com-
plicated by painful neuropathy. The objective of this study was to describe 
clinical, electrophysiological, and pathological changes of bortezomib-induced 
peripheral neuropathy (BiPN) in detail and to correlate pathological changes 
with pain descriptors. Clinical data, nerve conduction studies, and lower 
leg skin biopsies were collected from 22 BiPN patients. Skin sections were 
immunostained using anti-protein gene product 9.5 (PGP9.5) and calcitonin 
gene-related peptide (CGRP) antibodies. Cumulative bortezomib dose and 
clinical assessment scales indicated light-moderate sensory neuropathy. Pain 
intensity >4 (numerical rating scale) was present in 77% of the patients. 
Median pain intensity and overall McGill Pain Questionnaire (MPQ) sum 
scores indicated moderate tosevere neuropathic pain. Sural nerve sensory 
nerve action potentials were abnormal in 86%, while intraepidermal nerve 
fiber densities of PGP9.5 and CGRP were not significantly different from 
healthy controls. However, subepidermal nerve fiber density (SENFD) of 
PGP9.5 was significantly decreased and the axonal swelling ratio, a predictor 
of neuropathy, and upper dermis nerve fiber density (UDNFD) of PGP9.5, 
presumably representing sprouting of parasympathetic fibers, were signifi-
cantly increased in BiPN patients. Finally, significant correlations between 
UDNFD of PGP9.5 versus the evaluative Pain Rating Index (PRI) and num-
ber of words count (NWC) of the MPQ, and significant inverse correlations 
between SENFD/UDNFD of CGRP versus the sensory-discriminative MPQ 
PRI/NWC were found. BiPN is a sensory neuropathy, in which neuropathic 
pain is the most striking clinical finding. Bortezomib-induced neuropathic 
pain may be driven by sprouting of parasympathetic fibers in the upper 
dermis and impaired regeneration of CGRP fibers in the subepidermal layer.
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Introduction

Chemotherapy-induced peripheral neuropathy (CiPN) is a disabling compli-
cation, occurring in 10%–50% of patients who are treated for hematological 
malignancies.1,2 Multiple myeloma (MM) is the most common hematologi-
cal malignancy, with an incidence of 4/100,000/year.3 Although an incurable 
disease, the life expectancy of MM patients has dramatically increased with the 
advent of immunomodulatory drugs and proteasome inhibitors about 10 years 
ago.4 Intravenous (i.v.) bortezomib was the first proteasome inhibitor used in 
clinical practice, firstly in refractory and relapsed MM5–7 and later as first-line 
therapy.8,9 Since then, different routes of administration and other proteasome 
inhibitors have been used in clinical trials, such as subcutaneous (s.c.) bort-
ezomib,10 i.v. carfilzomib,11,12 and oral ixazomib,13 often with fewer and/
or less severe side effects. However, i.v. bortezomib alone or in combination 
with other treatment modalities still is a mainstay of therapy for MM.14,15

Bortezomib-induced peripheral neuropathy (BiPN) may occur in up to 50% 
of patients treated with i.v. bortezomib.16–18 The pathological mecha-
nism of BiPN has not been fully elucidated but involves both host, that is, 
genetic factors,19–21 and dose-dependent direct toxicity. Functional and 
pathological changes in animal models of BiPN are most pronounced in 
unmyelinated peripheral sensory axons22,23 and to a lesser extent pres-
ent in dorsal roots, dorsal root ganglion cells,24,25 and satellite cells.22 It 
is hypothesized that these changes are mediated through a toxic effect on 
mitochondria.23,26 Clinically, BiPN usually presents as a sensory, often 
painful, length-dependent (i.e., the longest axons are the earliest and the 
most affected) axonal peripheral neuropathy,8,18,27–29 sometimes with 
autonomic nerve fiber involvement.1,29 Rarely, a demyelinating neuropathy 
with motor nerve involvement has been described.28,30 BiPN, such as most 
CiPNs, usually has a good prognosis, although some patients develop life-long 
neuropathic pain or a debilitating sensory neuropathy resulting in ataxia and 
reduced dexterity.1,17,18,29 Because currently there are no evidencebased 
therapies for the prevention or treatment of BiPN,31–33 early recogni-
tion is of utmost importance to prevent irreversible neurological damage.1
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Our first aim was therefore to describe the demographic, clinical, electro-
physiological, and pathological characteristics of BiPN in detail to aid in 
the diagnosis of this disabling complication. Pathological changes in nerve 
fibers were studied in skin biopsies from the lower leg.34,35 Since we have 
previously hypothesized that neuropathic pain may be driven by selective 
degeneration of subsets of unmyelinated nerve fibers in an animal model 
of nerve-injury induced pain,36 the second aim of the current study was to 
use BiPN as a model for nerve-injury induced pain and to study correlations 
between pathological changes in subsets of unmyelinated nerve fibers in skin 
biopsies and neuropathic pain descriptors. This way, we aim to test whether 
the abovementioned hypothesis can be corroborated in humans with neuro-
pathic pain. Thus, BiPN may shed light on mechanisms of neuropathic pain.

Patients and methods

Patients, clinical analyses, nerve conduction studies, and skin biopsies

Between November 2008 and February 2012, 25 patients with a suspected 
diagnosis of BiPN were referred to the outpatient clinic of the Department 
of Neurology of Erasmus MC, Rotterdam, the Netherlands. All patients were 
treated with either bortezomib monotherapy or bortezomib in combination 
with non-neurotoxic chemo/immunotherapy, that is, hydroxydaunorubicin 
(n ¼ 8),9 lenalidomide (n ¼ 2),37 or rituximab (n ¼ 2). After a diagnosis of 
BiPN was confirmed on clinical grounds (i.e., a new diagnosis of peripheral 
neuropathy or a clear deterioration of previously minimally symptomatic 
peripheral neuropathy following bortezomib), fulfilling the recently pub-
lished ACTTION-APS Pain Taxonomy diagnostic criteria for CiPN38 and 
the Neuropathic Pain Special Interest Group guidelines for neuropathic 
pain,39 22 patients and 17 healthy volunteers who served as controls for 
the skin biopsy measurements (see subsection “Quantification of nerve fiber 
densities and swellings”) consented in taking part in the current study. Three 
patients were excluded because there was no clear temporal relation between 
bortezomib and the development of neuropathy. The study consisted of the 
collection of demographic data and clinical data, including pain intensity on 
a numerical rating scale (NRS) and a sensory sum score that was specifically
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designed and validated in our hospital to assess CiPN.40 The sensory sum score 
is a compound measure ranging from 0 to 11 of the presence (1) or absence (0) 
of paresthesias, numbness, loss of dexterity, unsteadiness of gait, normal (0) or 
abnormal (1) position sense, vibration sense, pin-prick sensation, Romberg’s 
sign, Romberg’s sign with heel-to-toe stand, knee reflex, and ankle reflex. 
In addition, National Cancer Institute Common Toxicity Criteria of Adverse 
Events (NCI-CTCAE) v.3.0 for motor neuropathy, sensory neuropathy, and 
neuralgia/pain (https://ctep.cancer.gov/protocoldevelopment/electronic_appli-
cations/docs/ctcaev3.pdf); McGill Pain Questionnaires (MPQ; Dutch (n ¼ 21) 
or English (n ¼ 1) language versions)41,42; nerve conduction studies (NCS); 
and 3 mm skin biopsies at the right ankle were performed/collected. For the 
MPQ, the sum of the sensory-discriminative, affective, and evaluative Pain 
Rating Indices (PRIs), and the overall sum of PRIs were calculated.41,42 In 
addition, the sum of the number of words count (NWC) for these items were 
used.41,42 NCS consisted of sensory nerve conduction of the sural, ulnar, 
and median nerve and motor nerve conduction of the peroneal and median 
nerve. NCS was conducted according to internationally accepted standards,43 
and the 3% lower limit of normal of local  reference values were used for 
statistical testing and to determine the percentage of abnormal measurements.

The study was approved by the medical ethical commitee of Erasmus MC (MEC-
2008–305/NL24284.078.08) and registered at clinicaltrials.gov (NCT00956033).

Histologic processing and immunohistochemistry of skin biopsies

Skin biopsies were taken 10 cm above the right lateral malleolus, under 
aseptic conditions, and using local anesthesia with 1% lidocaine, using a 
3-mm disposable punch. The biopsies were immediately transferred to 2% 
paraformaldehyde-lysine-sodium metaperiodate fixative and fixed, pro-
cessed, and stored at 80C according to published guidelines.34 Before cut-
ting, skin biopsies were embedded in 12% gelatin, 10% sucrose blocks, 
which were left in 4% paraformaldehyde for 2.5 h at room temperature to 
harden. The gelatin blocks were then kept overnight at 4C in a 30% su-
crose solution. Consequently, 50-lm sections were cut perpendicular to the 
surface on a freezing microtome and processed as free-floating sections.



72

The detailed immunohistochemical procedure is described in a recent 
publication.36 In short, a two-step immunohistochemistry with Strepta-
vidin-Biotin Complex was used for protein gene product 9.5 (PGP9.5), 
while additional tyramid signal amplification was applied for calcitonin 
gene-related peptide (CGRP). Concentrations of primary antibodies were 
1:10,000 for rabbit anti-PGP 9.5 (Catalog# ADI-905–520; Enzo Life Sci-
ences, Farmingdale, NY), 1:50,000 for guinea pig anti-CGRP (Catalog 
# 16013; Progen Biotechnik, Heidelberg, DE), and 1:100,000 for rabbit 
anti-CGRP (Catalog# PC205L; Millipore, Billerica, MA). Omission of the 
primary antibodies and preabsorbtion of the primary antibodies with a more 
than 25<?> molar excess of the PGP9.5 protein or CGRP peptide the primary 
antibodies were raised against were used as negative control experiments.

Since it was impossible to process all sections in one ImmunoRun, sections 
from 22 BiPN patients, 8 and 9 healthy controls were processed separately, and 
each primary antibody (anti-PGP9.5 and guinea pig anti-CGRP) was processed 
separately, although an exactly similar immunohistochemical procedure was 
followed each time. Thus, six ImmunoRuns were performed altogether. We 
also attempted to visualize the nonpeptidergic subclass of nociceptors in the 
skin,36 using a histochemical staining method (i.e., acetylcholinesterase)44 and 
various immunohistochemical markers (i.e., P2X3, IB4, RET, GINIP),36,45–47 
at varying concentrations and using specific protocols but were unable to ob-
tain reproducible staining patterns allowing for quantification of these fibers.

Quantification of nerve fiber densities and swellings

For quantification of nerve fiber densities and axonal swellings, slides were 
scanned and digitized using a Hamamatsu NanoZoomer 2.0-HT slide scan-
ner (Hamamatsu Photonics, Hamamatsu City, JP). Sections were analyzed 
using Leica Aperio ImageScope software (freely available at www.leica-
biosystems.com/ pathology-imaging/aperio-epathology/integrate/image 
scope/) at 40<?> magnification. Four sections per slide and six frames per 
section were sampled. Frames were selected so that they comprised the 
entire epidermis, subdermal layer, and at least 50 mm of upper dermis. 
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The following parameters were manually counted/traced for both PGP9.5 
and CGRP, by a single, blinded observer (MB), as previously described36:

1. Intraepidermal nerve fiber density (IENFD) of PGP9.5 and GCRP: 
the number of crossings of the dermal–epidermal junction per millimeter 
length of the epidermal surface.34 The length of the epidermal surface 
was automatically determined by the ImageScope software after tracing.

2. Subepidermal nerve fiber density (SENFD) of PGP9.5 and GCRP: the num-
ber of immunolabeled profiles within the subepidermal layer per millimeter 
length of epidermal surface.48 Branches were not counted as separate profiles.

3. Upper dermis nerve fiber density (UDNFD) of PGP9.5 and GCRP: the num-
ber of immunolabeled profiles within the upper dermis per millimeter length 
of epidermal surface.48,49 Branches were not counted as separate profiles.

4. Swelling ratio: the number of axonal swellings of PGP9.5 labeled fibers, with a 
diameter of at least two to three times the diameter of the axon, divided by the num-
ber of intraepidermal nerve fibers, per millimeter length of epidermal surface.50,51 

Normative values of IENFD, SENFD, and UDNFD of PGP9.5 and CGRP and 
axonal swelling ratio were generated from skin biopsies of 17 healthy controls 
that were processed in our laboratory using exactly the same immunohisto-
chemical and quantification protocol as used for the BiPN skin biopsies.52

As a surrogate for nonpeptidergic innervation, we also calculated IENFD, 
SENFD, and UDNFD of (PGP9.5 minus CGRP) fibers, since the population 
of peptidergic and nonpeptidergic nerve fibers are mostly complementary.36

Statistical analysis

Mean and standard deviation (mean  SD) of normally distributed continuous 
variables and median and range (median [range]) of non-normally distributed 
continuous variables were calculated. The Mann–Whitney test and the chi-square 
test were used to compare age and sex of healthy volunteers and BiPN patients. 
One-sample t tests were used to compare nerve conduction velocity results with 
normative values generated in our laboratory of Clinical Neurophysiology. 
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Mann–Whitney tests for IENFD, SENFD, and UDNFD were used to compare 
epidermal innervation of PGP9.5, CGRP, and (PGP9.5-CGRP) and to compare 
axonal swelling ratios in healthy volunteers and BiPN patients. Bonferroni 
correction was applied for comparing PGP9.5, CGRP, and (PGP9.5-CGRP) 
between healthy volunteers and BiPN patients. Mann–Whitney tests, chisquare 
tests, and independent samples t tests were used to compare demographic data, 
clinical characteristics, values of NCS, and skin innervation measurements 
of BiPN patients who had received previous neurotoxic chemotherapy with 
those of BiPN patients who had not as well as to compare BiPN patients with 
a duration of neuropathy symptoms 3 months with those with a duration of 
symptoms >3 months. Spearman’s rank correlation coefficients between patho-
logical changes in subsets of unmyelinated nerve fibers in skin biopsies and 
neuropathic pain descriptors with p values were determined. The statistical 
analysis was performed using IBM SPSS Statistics v.21.0.0.0 software (IBM

Corp., Armonk, NY). All statistical tests were twosided with a significance level of 0.05.

Results

Clinical, electrophysiological and pathological characteristics of BiPN

Demographic data and clinical and physiological characteristics of the 22 pa-
tients with BiPN are listed in Table 1. Patients were predominantly middle-aged 
men, reflecting the prevalence of MM, which was the most common underlying 
disorder. Three patients were diagnosed with other plasma cell dyscrasias, that 
is, Waldenstrom’s disease or plasma cell leukemia and one patient with mantle 
cell lymphoma. Although 45% of patients had received previous neurotoxic 
chemotherapy (i.e., vincristine, thalidomide, or a combination of these), only 
one of the patients had a minimally symptomatic preexisting neuropathy (due 
to above average alcohol consumption), based on a retrospective review of 
the medical records. This, however, did not seem to influence our conclusions 
(see below). The median duration of symptoms until patients were included 
in the study was two months. Although the duration of symptoms was quite 
variable ranging from 0.5 to 24 months, findings in patients with a duration of 
symptoms 3 months were similar to patients with the duration of symptoms >3 
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months (see below). The age and sex of the 22 patients with BiPN were not 
statistically significantly different from the 17 healthy volunteers (respective 
median [range] ages: 63 [39–79] and 63 [27– 78] years; male:female ratio of 
19:3 and 10:7; p ¼ 0.305, Mann–Whitney test; p ¼ 0.051, chi-square test).

A mean cumulative bortezomib dose of 15 mg/m2, a mean sensory sum 
score of 6.8, and a median NCICTCAE of 2 for sensory neuropathy and/
or pain in our patients indicated light-moderate sensory neuropathy. Pain 
intensity >4 was present in 77% of the patients, indicating small nerve fi-
ber involvement in the majority of cases, although orthostatic hypotension 
was present in only 38% of patients. A median pain intensity of 7 [0–9] 
and a mean overall sum of MPQ PRIs of 19  11 indicated moderate neu-
ropathic pain. In addition, 55% of patients were using adjuvant analgesics 
(i.e., antidepressants or anticonvulsants), while 27% were using opioids.

In Table 2, the results of NCS are summarized. Only the mean sural nerve 
sensory nerve action potential (SNAP) amplitude was below the 3% lower 
limit of normal (LLN; in 19/22 or 86% of patients), based on normative 
values generated in our laboratory of Clinical Neurophysiology (p < 0.001; 
one-sample t test). In Figure 1, representative PGP9.5 and CGRP immuno-
histochemical staining patterns in the epidermis, subepidermal layer, and 
upper dermis are presented, from patients with BiPN (Figure 1(a) and (c)) 
and from healthy volunteers (Figure 1(b) and (d)). PGP9.5 and CGRP both 
labeled bundles of fibers just below and running parallel to the basement 
membrane, which were sometimes associated with blood vessels. From these 
bundles, thin and varicose fibers originated that ran almost perpendicular to 
their origins, thus penetrating the basement membrane. In the epidermis, 
PGP9.5 labeled fibers were more abundant, generally longer, sometimes 
reaching almost up to the stratum corneum, and had more branches per unit 
than CGRP fibers. The density of PGP9.5 and CGRP intraepidermal nerve 
fibers appeared similar in healthy volunteers and BiPN patients, although 
the density of PGP9.5 fibers appeared lower in the subepidermal layer and 
higher in the upper dermis in BiPN patients compared to healthy volunteers. 
Looking in close detail (see insets in Figure 1), PGP9.5-positive intraepi-
dermal nerve fibers also showed axonal swellings, both small (2–3 times
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the nerve diameter) and large (>5 times the nerve diameter). These nerve 
swellings were more abundant in BiPN patients than in healthy volunteers.

To control for nonspecific staining of primary antibodies, the same immunohisto-
chemical protocol was used, except that the primary antibodies were omitted or 
preabsorbed with the protein or peptide they were raised against, which resulted 
in a complete abolishment of specific signal for all antibodies used (Figure 2(a)–
(d)). Guinea pig anti-CGRP (see also Axelsson et al.53) and rabbit anti-CGRP 
(see also Bechakra et al.36) gave similar staining patterns in the skin sections, 
although guinea pig anti-CGRP showed less background staining in our hands 
(Figure 2(e) and (f)). Therefore, guinea-pig anti-CGRP was used for quantitative 
analyses. The specificity of anti-PGP9.5 and anti-CGRP antibodies has also 
been extensively tested on rat skins in previous experiments in our laboratory.36

In Figure 3, the results of IENFD (Figure 3(a)), SENFD (Figure 3(c)), and 
UDNFD (Figure 3(d)) of PGP9.5, CGRP, and (PGP9.5-CGRP) are summa-
rized, in healthy volunteers and BiPN patients. Swelling ratios of intraepi-
dermal PGP9.5 fibers are presented in Figure 3(b). SENFD of PGP9.5 and 
(PGP9.5-CGRP) was significantly decreased, while UDNFD of PGP9.5 
and (PGP9.5-CGRP) and the axonal swelling ratio were significantly in-
creased in BiPN patients compared to healthy volunteers (p < 0.001, p < 
0.001, p < 0.001, p ¼ 0.001 and p ¼ 0.001 respectively; Mann–Whitney 
tests, using Bonferroni correction with an adjusted significance of 0.017).

To control for a potential influence of previous neurotoxic chemotherapy on clinical 
characteristics, values of NCS and skin innervation measurements, BiPN patients 
who had received previous neurotoxic chemotherapy (n ¼ 10) were compared 
with BiPN patients who had not (n ¼ 12). None of the 41 outcome measures in

Tables 1 and 2 and Figure 3 were significantly different (p > 0.05; uncorrected 
Mann–Whitney, chi-square tests and independent-samples t tests), except that 
the median age of former group (58 years) was lower than that of the latter 
(65 years) (uncorrected p ¼ 0.026; Mann–Whitney test). The age-dependent 
outcome measures mean sural nerve amplitude was 1.4 mV (9/10 patients 
below the LLN) in the pretreated group and 1.7 mV (10/12 patients below the 
LLN) in the nonpretreated group, median IENFD of PGP9.5 was 5.5/mm in 
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the pretreated group and 5.1/mm in the nonpretreated group (uncorrected p ¼ 
0.88 and 0.60, respectively; independent-sample t test, Mann–Whitney test).

To control for a potential influence of the duration of symptoms on clinical 
characteristics, values of NCS and skin innervation measurements, patients 
with a duration of symptoms 3 months (i.e., (sub)acute neuropathy; n ¼ 
16) were compared with patients with a duration of symptoms >3 months 
(i.e., chronic neuropathy; n ¼ 6). None of the 41 outcome measures in 
Tables 1 and 2 and Figure 3 were significantly different (p > 0.05; uncor-
rected Mann–Whitney, chi-square tests, and independent-samples t tests).

Correlations between pathological changes in subsets of unmyelinated 
nerve fibers in skin biopsies and descriptors of BiPN-induced neuro-
pathic pain

There were no statistically significant correlations between cumulative 
bortezomib dose, SSS, NCICTCAE, sural nerve SNAP, IENFD of PGP9.5, 
and swelling ratio on the one hand, and NRS, MPQ overall sum of PRIs, 
adjuvant analgesic medication, and morphine equivalent dose on the other 
hand (p > 0.05; Spearman’s correlations), except for correlations between 
NCI-CTCAE sensory neuropathy and neuralgia/pain versus adjuvant analge-
sic medication (uncorrected p ¼ 0.047 and 0.030; Spearman’s correlations).

In Table 3, correlations between the nerve fiber densities for each immuno-
histochemical marker versus the sensory-discriminative, affective, and evalu-
ative MPQ PRIs and NWCs are presented, with their respective uncorrected 
p values. Here, correlations between UDNFD of PGP9.5 versus the evalua-
tive MPQ PRI (q ¼ 0.447) and NWC (q ¼ 0.427) were found, and inverse 
correlations between UDNFD of CGRP versus the sensory-discriminative 
MPQ PRI (q ¼ 0.422) and SENFD of CGRP versus the sensory-discrim-
inative MPQ NWC (q ¼ 0.423) were found (p  0.05; Spearman’s correla-
tions). In addition, p values 0.1 were demonstrated for inverse correlations 
between IENFD and UDNFD of CGRP versus the sensory discriminative 
MPQ PRI and NWC and positive correlations between IENFD of PGP9.5 
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and (PGP9.5-CGRP) versus the affective MPQ PRI (0.422 < q < 0.413; 
p  0.1; Spearman’s correlations, for exact values of q and p, see Table 3).

Discussion

Our study reports the clinical, electrophysiological and pathological changes in 
a cohort of 22 patients with BiPN. The results indicate a light-moderate sensory 
neuropathy, in which neuropathic pain is the most striking clinical finding. NCS 
was within the normal range, apart from a significantly reduced mean sural nerve 
SNAP which was below the lower limit of normal in 86% of patients, consistent 
with a length-dependent axonal sensory neuropathy. IENFD of PGP9.5 was not 
significantly decreased compared to healthy volunteers. SENFD of PGP9.5, 
however, was significantly lower than in healthy volunteers. Furthermore, the 
axonal swelling ratio and UDNFD of PGP9.5 were significantly increased.

Finally, significant positive correlations between UDNFD of PGP9.5 versus 
the evaluative PRI and NWC of the MPQ, and significant inverse correla-
tions between SENFD of CGRP versus the sensorydiscriminative MPQ NWC 
and UDNFD of CGRP versus the sensory-discriminative MPQ PRI were 
found. Clinical, pathological and electrophysiological characteristics of BiPN

All patients were treated with either bortezomib monochemotherapy or 
bortezomib in combination with nonneurotoxic chemo/immunotherapy. 
Although the fact that 45% of the patients had received previous neurotoxic 
therapy is a potential weakness of this study, outcome measures were not 
significantly different between BiPN patients who had received previous 
neurotoxic therapy and patients who had not, except that the median age of 
the pretreated group was seven years younger. There is no reason to suspect 
that this relatively small age difference might (indirectly) have influenced our 
conclusions, since the age-dependent outcome measure sural nerve amplitude 
was also abnormal in 10/12 of nonpretreated patients and IENFD of PGP9.5 
was (not significantly) higher in the pretreated group. Thus, even if baseline 
data were not systematically assessed, our study population was quite homo-
geneous and there were no major confounding factors. In addition, the wide 
range of the duration of symptoms did not seem to affect our conclusions.
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In comparison to earlier reports of BiPN, the cumulative bortezo-
mib dose at the presentation of neuropathy was relatively low and 
the severity of neuropathy in our cohort was rather mild.8,9,18,54

An obvious reason may be the fact that the referring hemato-oncolo-
gists in our academic cancer center are very keen on a suspected evolv-
ing neuropathy and had sent those patients to our Outpatient Clin-
ic of Neurology for consultation at an early stage. This has to be 
taken into consideration when comparing our results with the literature.

Since it was previously suggested that predominantly small diameter nerve fibers 
are affected in BiPN27,55,17,18, skin biopsies were collected and analyzed 
for innervation densities in all patients, as the epidermis exclusively contains 
unmyelinated nerve fibers.56 Although an immunofluorescent technique may 
give clearer labeling, less background staining and provide an opportunity 
for double and triple labeling,57,58 bright field immunohistochemistry was 
used to label nerve fibers in this study, since we have previously validated this 
technique and reference values were generated in our own lab. Apart from a 
few cases8,55,59 and a small cohort,60 systematic skin biopsies in patients 
with BiPN have not been reported. The aforementioned studies represent 
highly selected cases or a small series as part of CiPN in general; therefore, 
it is impossible to draw any conclusions about the validity of IENFD in 
BiPN from them. Our study is the first that systematically assesses nerve 
fiber densities of PGP9.5 and CGRP in skin biopsies from BiPN patients. 
Skin biopsies were obtained from the hairy skin at the ankle and processed 
and quantified according to published international guidelines.34,35 We 
not only assessed IENFD of PGP9.5, but also SENFD and UDNFD,48,49 
since these measures may provide additional information on innervation 
changes in the skin, especially in relation to neuropathic pain indices.48

In addition, IENFD, SENFD and UDNFD were determined for CGRP.48 
CGRP is generally considered a valid marker for the peptidergic sub-
class of C-fibers,36,61 which is localized within sympathetic nerve fi-
bers as well.62 Direct staining of the nonpeptidergic subclass of nerve 
fibers in the skin biopsies was unsuccessful (see Materials and Meth-
ods section). As far as we are aware there are no reports in the literature
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regarding quantifiable (epi)dermal labeling of nonpeptidergic nerve fibers in 
humans either. Since it is hypothesized that peptidergic and nonpeptidergic 
nociceptors are mostly complementary and may each convey specific information 
about pain along labeled lines to the spinal cord and brain,63,64 we decided to 
use IENFD, SENFD and UDNFD of the difference (PGP9.5-CGRP) as surrogate 
markers for the number of nonpeptidergic fibers in order to get a complete picture 
of skin innervation in our cohort of BiPN patients. Finally, since our cohort 
contained patients with relatively mild BiPN, we also calculated the percentage 
of axonal swellings in epidermal PGP9.5 fibers, which may be considered an 
early indicator of nerve degeneration, preceding nerve terminal loss.50,51,65

Contrary to the notion that bortezomib predominantly affects small diameter 
nerve fibers, we found that the sural nerve SNAP, which only represents large 
diameter nerve fibers, was significantly decreased, while IENFD of PGP9.5 
and CGRP were not. One explanation for this lack of a decrease in IENFD 
may be the fact that the main symptoms of BiPN are focused in the glabrous 
skin under the foot while skin biopsies were collected 10 cm above the lat-
eral malleolus (according to international guidelines).34 Furthermore, NCS 
is a physiological measure to evaluate functional pathology while Wallerian 
degeneration, that is, structural damage, may only occur at a later stage. A 
significant increase in the axonal swelling ratio of unmyelinated epidermal 
nerve fibers is in line with this idea. Secondly, SENFD of PGP9.5 was de-
creased in our cohort of BiPN patients, as has also been observed in other 
neuropathies with small nerve fiber involvement.48,49 Our observations there-
fore confirm that bortezomib does affect small diameter nerve fibers indeed.

Correlations between pathological changes in subsets of unmyelinated 
nerve fibers in skin biopsies and descriptors of BiPN-induced neuro-
pathic pain

Neuropathic pain was the most prevalent symptom in our cohort of BiPN 
patients, occurring in 77% of patients. No consistent correlation between 
changes in (epi)dermal innervation and neuropathic pain intensity has been 
described in patients with neuropathy.48,56,66 This may be caused by mixed 
pathology, for example, in painful diabetic neuropathy, or by the fact that 
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selective degeneration of a subset of nociceptors, which may not be de-
tected using the pan axonal marker PGP9.5, may drive hyperalgesia and 
eventually neuropathic pain.36 Our cohort of BiPN-patients was very well 
suited to study the pathophysiological changes that may lead to neuropathic 
pain, since there was no mixed pathology and we used both CGRP immu-
nohistochemistry and a (surrogate) marker for nonpeptidergic nerve fibers.

It has previously been demonstrated that sprouting of parasympathetic fibers 
into the upper dermis occurs due to the loss of nonpeptidergic fibers in the 
subepidermis, while sprouting of sympathetic fibers into the upper dermis 
occurs due to the loss of peptidergic fibers.45,67,68 We found an increased 
UDNFD of PGP9.5 and a decreased SENFD of (PGP9.5-CGRP), while 
UDNFD of CGRP, which is also expressed in sympathetic neurons,62 was 
not increased, and there was no loss of peptidergic fibers in the subepider-
mis. Therefore, even if we did not provide direct evidence, we suggest that 
the increased UDNFD of PGP9.5 represents sprouting of parasympathetic 
fibers. Although less studied than the sympathetic nervous system in mediat-
ing chronic pain, acetylcholine from parasympathetic nerve fibers may also 
sensitize nociceptor terminals in the skin.69,70 Furthermore, the apparent 
sprouting of parasympathetic fibers in the upper dermis appeared to corre-
late with the evaluative PRI and NWC of the MPQ. Thus, our findings may 
indicate that parasympathetic fiber sprouting into the upper dermis plays a 
role in mediating neuropathic pain, specifically the evaluative component.

A second striking finding was that SENFD of CGRP was not significantly 
reduced, although SENFD of PGP9.5 and (PGP9.5-CGRP) were. This may sug-
gest that CGRP-fiber reinnervation of the subepidermis, which has been shown 
previously in rats,36,71 also occurs in humans. Apparently, this reinnervation 
was insufficient to salvage normal pain sensation, since SENFD of CGRP was 
negatively correlated with the sensory-discriminatory NWC of the MPQ, and 
UDNFD of CGRP was negatively correlated with the sensory-discriminatory PRI. 
Borderline significant negative correlations of IENFD of CGRP and UDNFD of 
CGRP versus sensory-discriminative PRI and NWC further support this notion.

In contrast, a borderline significant positive correlation of IENFD of PGP9.5 
and (PGP9.5-CGRP) versus the affective PRI of the MPQ was found, highlight-
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ing the possibility that reinnervation of nonpeptidergic nerve fibers directly 
or indirectly (i.e., via parasympathetic sprouting, see above) contributes to 
the affective component of BiPN-induced neuropathic pain. This component 
may be further modulated at the spinal level via glumate receptors.72,73

Taken together, the observed correlations of CGRP nerve fibers with the 
sensory-discriminative component, of parasympathetic nerve fibers with the 
evaluative component and possibly nonpeptidergic nerve fibers with the affec-
tive component of neuropathic pain fit well with the hypothesis of parallel pain 
pathways that serve different pain qualities.36,63,64 It also fits with the clinical 
observation that neuropathic pain patients often report relatively mild pain 
intensities on a NRS scale (the sensorydiscriminative component) in relation 
to their suffering (the evaluative and affective component), since nonpeptide-
rgic afferents may be more characteristically involved in neuropathic pain.72

In conclusion, BiPN is a sensory neuropathy, in which neuropathic pain is the 
most striking clinical finding. Since IENFD of PGP9.5 may be normal, NCS 
and axonal swelling ratios may be more sensitive ancillary investigations. 
Secondly, nociceptor subset specific changes may (directly or indirectly) 
contribute to the sensory-discriminative, evaluative, and affective components 
of neuropathic pain. Although the MPQ is impractical for use in routine clini-
cal practice, we suggest to rate pain intensity as well as pain unpleasantness, 
using a NRS, to take into account both the sensorydiscriminative and the and 
affective components of neuropathic pain in BiPN patients. Furthermore, 
selective targeting of these subsets may increase our understanding of neu-
ropathic pain and may aid in developing better pharmaceuticals that alleviate 
not only pain intensity but also the affective component of neuropathic pain.
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Figure 1. Immunohistochemical staining patterns of PGP9.5 (a and c) and CGRP (b and d) in BiPN pa-

tients (a and b) and healthy volunteers (c and d). (e) to (h) represent high-power insets, which enable to 

visualize the length of the intraepidermal fibers, branching pattern and intraepidermal axonal swellings. 

Red arrows represent intraepidermal nerve fibers, white arrows represent subepidermal nerve fibers, 

black arrows represent upper dermal nerve fibers, and green arrows represent axonal swellings. The 

white bars measure 50 mm. CGRP: calcitonin gene-related peptide; PGP9.5: protein gene product 9.5.
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Figure 2. Immunohistochemical staining patterns of PGP9.5 (a) and CGRP (guinea-pig) (c) and using 

preabsorbtion controls (b and d), in normal skins. Immunohistochemical staining patterns in normal 

skins, comparing a guinea pig (e) and a rabbit anti-CCRP antibody (f). The white bar measures 50 mm.

Figure 3. Skin innervation measurements in BiPN patients (n ¼ 22) and healthy volunteers (n 

¼ 17). Box plots showing the median, interquartile range, range, and outliers of the number of 

intraepidermal (IENFD; a), subepidermal (SENFD; c), upper dermal (UDNFD; d) nerve fiber 
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density, and the axonal swelling ratios (b), using PGP9.5, CGRP, and (PGP9.5-CGRP) as markers 

to measure the total number of fibers and peptidergic and nonpeptidergic subclasses, ***p  0.001; 

Mann–Whitney tests, using Bonferroni correction with an adjusted significance level of 0.017.



86



87

CHAPTER VI

Pain-related changes in cutaneous innerva-
tion of patients suffering from bortezomib-

induced, diabetic or chronic idiopathic axonal                      
polyneuropathy5

MalikBechakra, Mariska D.Nieuwenhoff, Joost vanRosmalen, Geert Jan 
Groeneveld, Frank J.P.M. Huygenc, Chris I. deZeeuw, Pieter A. van Doorn 

and Joost LM Jongen

5This chapter has been published in Brain Research Volume 1730, 1 March 
2020, 146621. 
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Abstract

Consistent associations between the severity of neuropathic pain and cutaneous 
innervation have not been described. We collected demographic and clinical 
data, McGill Pain Questionnaires (MPQ) and skin biopsies processed for 
PGP9.5 and CGRP immunohistochemistry from patients with bortezomib-
induced peripheral neuropathy (BiPN; n = 22), painful diabetic neuropathy 
(PDN; n = 16), chronic idiopathic axonal polyneuropathy (CIAP; n = 16) 
and 17 age-matched healthy volunteers. Duration of neuropathic symptoms 
was significantly shorter in patients with BiPN in comparison with PDN and 
CIAP patients. BiPN was characterized by a significant increase in epidermal 
axonal swellings and upper dermis nerve fiber densities (UDNFD) and a 
decrease in subepidermal nerve fiber densities (SENFD) of PGP9.5-positive 
fibers and of PGP9.5 containing structures that did not show CGRP labeling, 
presumably non-peptidergic fibers. In PDN and CIAP patients, intraepidermal 
nerve fiber densities (IENFD) and SENFD of PGP9.5-positive and of non-
peptidergic fibers were decreased in comparison with healthy volunteers. 
Significant unadjusted associations between IENFD and SENFD of CGRP-
positive, i.e. peptidergic, fibers and the MPQ sensory-discriminative, as well 
as between UDNFD of PGP9.5-positive fibers and the MPQ evaluative/
affective component of neuropathic pain, were found in BiPN and CIAP 
patients. No significant associations were found in PDN patients. Cutane-
ous innervation changes in BiPN confirm characteristic features of early, 
whereas those in CIAP and PDN are in line with late forms of neuropathic 
pathology. Our results allude to a distinct role for non-peptidergic nocicep-
tors in BiPN and CIAP patients. The lack of significant associations in PDN 
may be caused by mixed ischemic and purely neuropathic pain pathology.
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Introduction

Neuropathic pain is a frequent complication of peripheral neuro-pathies, such 
as bortezomib-induced peripheral neuropathy (BiPN;occurring in 25–80% 
of patients (Jongen et al., 2015; Rampen et al.,2013), painful diabetic neu-
ropathy (PDN; in 16–40% of patients (Javedet al., 2015; Jongen et al., 2018) 
and chronic idiopathic axonal poly-neuropathy (CIAP; in 42% of patient 
(Erdmann et al., 2010,; Hanewinckel et al., 2016; Warendorf et al. 2017).

PDN and CIAP are both examples of chronic peripheral neuropathies, while 
an acute or subacute neuropathy often presents with BiPN, in contrast to 
other chemotherapy-induced peripheral neuropathies (Jongen et al., 2015; 
Rampen et al., 2013; Richardson et al., 2012). Specific alterations have 
been observed in (sub)acute as opposed to chronic neuropathies. Axonal 
swellings, containing accumulations of mitochondria, usually occur early 
in the course of distal symmetric peripheral neuropathies, while (epi)dermal 
nerve fiber loss and degenerative Schwann cell changes occur as late con-
sequences (Bennett et al., 2014; Ebenezer et al., 2007; Lauria et al., 2003).

Apart from a recent study that showed a correlation between GAP43 intraepi-
dermal nerve fiber density and the severity of burning pain in PDN patients 
(Galosi et al., 2018), no consistent associations between cutaneous innervation 
and the severity of neuropathic pain have been described (Kalliomaki et al., 
2011; Lindenlaub and Sommer, 2002; Schley et al., 2012; Vlckova-Moravcova 
et al., 2008). This may be explained by mixed pathology, for example in painful 
diabetic neuropathy, or by the fact that selective degeneration of a subset of 
nociceptors, which may not be detected using the pan axonal marker PGP9.5, 
may drive hyperalgesia and eventually neuropathic pain. We have recently 
published two papers, one in a rat-model of nerve-injury induced pain (Bechakra 
et al., 2017) and one in patients with BiPN (Bechakra et al., 2018), suggest-
ing that selective degeneration of nonpeptidergic nerve fibers may directly 
or indirectly (via parasympathetic sprouting) contribute to the affective and 
evaluative component of neuropathic pain. Non-peptidergic nerve fibers have 
already previously been considered to be more characteristically involved in 
neuropathic pain (Willcockson and Valtschanoff, 2008), since sensory quali-
ties that are distinct in neuropathic pain, like paresthesias, burning pain and
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tactile allodynia, are typically experienced in skin, which is predominantly 
innervated by non-peptidergic nerve fibers (Guedon et al., 2016). Peptidergic 
nerve fiber loss on the other hand may contribute to the sensory-discriminative 
component of neuropathic pain in BiPN patients (Bechakra et al., 2018). The 
McGill Pain questionnaire (Melzack and Torgerson, 1971; Melzack, 2005), a reli-
able and extensively validated test in many languages, was specifically designed 
to discern the sensory-discriminative, affective and evaluative components of 
neuropathic pain. More recently it has been suggested that separate anatomical 
pathways exist for these respective components (Braz et al., 2005; Craig, 2003).

The aim of the current study is to further explore the hypothesis that se-
lective degeneration of nociceptors in neuropathic pain syndromes can 
be associated with distinctive pain qualities, by comparing the pa-
thology and pain perception among BiPN, PDN and CIAP patients.

Results

In Table 1, demographic data and clinical characteristics of 17 heathy volun-
teers, 22 patients with BiPN (previously described in (Bechakra et al., 2018)), 
16 patients with PDN (previously described in (Emanuel et al., 2017)) and 16 
patients with CIAP are listed. Median ages and percentages of males were not 
significantly different among the four groups (p = 0.453 and p = 0.139, using 
Kruskal-Wallis and chi-square test respectively). Median and range of duration 
of neuropathy symptoms until the moment of study entry was significantly 
shorter in BiPN patients (2 [0.5–23] months) than in PDN (36 [8–60] months) 
and in CIAP patients (60 [12–132]), while the difference between PDN and 
CIAP patients was not significantly different (p < 0.001, p < 0.001 and p = 
0.831 respectively; Kruskal-Wallis test with post-hoc comparisons using Dunn’s 
test). Additionally, 16 out of 22 BiPN patients were considered to have (sub)
acute neuropathies (i.e. duration of neuropathy symptoms ≤3 months), whilst 
none of the PDN or CIAP patients had. Median time between a diagnosis of 
diabetes and inclusion in the study of PDN patients was 144 [12–408] months.

In Fig. 1 representative PGP9.5 and CGRP immunohistochemical staining 
patterns in the epidermis, subepidermal layer and upper dermis are presented, 
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from healthy volunteers (Fig. 1A, B, I and J), patients with BiPN (Fig. 1C, D, 
K and L), patients with PDN (Fig. 1E, F, M and N) as well as patients with 
CIAP (Fig. 1G, H, O and P). Characteristic staining patterns of these fibers, 
including orientation, morphology and branching of PGP9.5 and CGRP posi-
tive fibers as well as immunohistochemical control experiments have been 
previously described by our group (Bechakra et al., 2018). The density of 
PGP9.5 positive intraepidermal nerve fibers appeared lower in PDN and in 
CIAP patients, while the density of upper dermal fibers appeared higher in 
BiPN patients. Looking in close detail (see insets in Fig. 1), PGP9.5- positive 
intraepidermal nerve fibers also showed axonal swellings, both small (2–3× 
the nerve diameter) and large (> 5× the nerve diameter). These nerve swell-
ings appeared more abundant in BiPN patients compared to the other groups.

In Fig. 2 the results of IENFD (Fig. 2A), SENFD (Fig. 2C) and UDNFD (Fig. 
2D) of PGP9.5, CGRP and (PGP9.5-CGRP) are summarized. Swelling ratios 
of intraepidermal PGP9.5 fibers are presented in Fig. 2B. In CIAP patients, 
IENFD of PGP9.5 and of (PGP9.5-CGRP), i.e. presumed non-peptidergic 
fibers, were significantly decreased in comparison with healthy volunteers 
(p = 0.007 and p = 0.015 respectively), while in PDN patients IENFD of 
(PGP9.5-CGRP) was significantly decreased (p = 0.030) and the decrease in 
IENFD of PGP9.5 almost reached statistical significance (p = 0.054; Kruskal-
Wallis test with post-hoc comparisons using Dunn’s test). Similarly, significant 
decreases were found for SENFD of PGP9.5 (p = 0.006) and of (PGP9.5-
CGRP) (p = 0.006) in CIAP and in PDN patients (p = 0.006 and p = 0.006 
respectively). BiPN patients were characterized by a significant increase in 
epidermal axonal swellings (p < 0.001) and upper dermis nerve fiber densi-
ties (UDNFD) of PGP9.5 (p = 0.015) and of (PGP9.5-CGRP) (p = 0.015), 
whilst a significant decrease was found in SENFD of PGP9.5 (p < 0.001) 
and of presumed non-peptidergic fibers (p < 0.001; Kruskal-Wallis test with 
post-hoc comparisons using Dunn’s test), as previously described (Bechakra 
et al., 2018). IENFD, SENFD and UDNFD of CGRP fibers in BiPN, PDN 
and CIAP patients were not significantly different from healthy volunteers.

In Table 2 correlations between the nerve fiber densities for each immunohis-
tochemical marker and the sensory-discriminative, affective and evaluative 
PRIs and NWCs with corresponding p-values and Spearman’s rank correlation 
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coefficients are presented. In BiPN patients, the correlations between UDNFD 
of PGP9.5 and the evaluative MPQ PRI and NWC were ρ = 0.447; p = 0.037 
and ρ = 0.427; p = 0.047 respectively (not significant following Bonferroni 
correction with an adjusted significance level of 0.017) and there was a un-
adjusted significant negative correlation between SENFD of CGRP and the 
sensory-discriminative MPQ NWC with ρ = −0.423; p = 0.050, as previously 
described (Bechakra et al., 2018). In CIAP patients, the correlation between 
UDNFD of PGP9.5 and the affective MPQ PRI was ρ = 0.542 (p = 0.030; not 
significant following Bonferroni correction with an adjusted significance of 
0.017), and there were unadjusted significant correlations between IENFD of 
CGRP and the sensory-discriminative MPQ PRI was ρ = 0.574 (p = 0.020) and 
NWC (ρ = 0.517; p = 0.040). The evaluative MPQ NWC was 3 in all CIAP 
patients and therefore no correlation coefficients could be calculated. Finally, 
correlation coefficients in PDN patients were not statistically significant.

Discussion

This study describes changes in (epi)dermal innervation and associations 
with pain qualities in cohorts of BiPN, PDN and CIAP patients with neuro-
pathic pain. Cutaneous innervation changes in BiPN patients, which mostly 
presented as (sub)acute neuropathies, were characterized by a decrease in 
SENFD, as opposed to an increase in UDNFD of PGP9.5 and of presumed 
non-peptidergic nerve fibers as well as by an increase in epidermal axonal 
swellings. PDN and CIAP on the other hand, which invariably presented 
as chronic neuropathies, were characterized by a decrease in IENFD and 
SENFD of PGP9.5 and of presumed non-peptidergic fibers. Significant un-
adjusted associations between IENFD and SENFD of peptidergic fibers and 
the sensorydiscriminative component, and between UDNFD of PGP9.5 and 
the evaluative/affective component of neuropathic pain, were found in BiPN 
and CIAP patients. No significant associations were found in PDN patients.

Concerning the immunohistochemical quantification of cutaneous innerva-
tion, one should be aware that PGP9.5 may be expressed not only in nerve 
terminals, but also in Langerhans cells in denervated skin (Hsieh et al., 1996) 
and under certain conditions in fibroblasts (Olerud et al., 1998). Thus, it 
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could have been of additional value to incorporate additional specific mark-
ers of cutaneous innervation, especially to label the non-peptidergic nerve 
fiber population and possibly also functional markers of excitability such 
as sodium channel subtypes (Kalliomaki et al., 2011; Schley et al., 2012). 
However, as we are aware thus far there have been no reports of reproduc-
ible immunohistochemical staining patterns allowing for quantification of 
non-peptidergic fibers and of sodium channels in humans. Furthermore, we 
do believe that based upon morphology and predefined quantification criteria 
nerve fiber (terminals) can be selectively separated from non-nerve cells.

Since no consistent associations between cutaneous innervation and neuro-
pathic pain intensities have been described so far, mainly in patient cohorts 
containing different types of nerve-injury induced pain (Kalliomaki et al., 
2011; Schley et al., 2012), we analyzed three cohorts representing distinc-
tive types of painful peripheral neuropathy separately, i.e. (sub)acute (BiPN), 
chronic (CIAP) and chronic mixed pathology (PDN) neuropathic pain. The 
specific epidermal innervation changes that we found in BiPN (increased 
axonal swellings) as opposed to the changes in PDN and CIAP (decreased 
IENFD of PGP9.5 and of (PGP9.5-CGRP) fibers) are consistent with previ-
ously described differential neuropathic changes in (sub)acute versus chronic 
neuropathies (Bennett et al., 2014; Ebenezer et al., 2007; Lauria et al., 2003). 
This match with prior results enhances the notion that any further results should 
be valid. The decrease in IENFD of PGP9.5 in PDN patients as compared to 
healthy volunteers just failed to reach statistical significance (p = 0.054), but 
this may be due to the sample size. The increased density of upper dermis 
PGP9.5 fibers that we observed in BiPN patients has been described in an 
animal model of subacute  neuropathy, see also below (Grelik et al., 2005; 
Ramien et al., 2004; Taylor and Ribeiro-da-Silva, 2011; Taylor et al., 2012). 

Mixed pathology is common in PDN, especially in patients with long standing 
diabetes as was the case in our cohort of PDN patients. In long standing diabetes, 
pain in the feet may be explained by other factors than nociceptor degeneration, 
like myelinated nerve fiber degeneration (Vlckova-Moravcova et al., 2008), 
autonomic nerve dysfunction (Vlckova-Moravcova et al., 2008), ischemia and in-
flammation (Schmidt and Holmes, 2018). This may explain why no significant as-
sociations of cutaneous innervation parameters (mainly representing nociceptors)
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and neuropathic pain descriptors were found in our cohort of PDN pa-
tients, which is in line with previous findings (Shun et al., 2004).

In a previous publication (Bechakra et al., 2017) we have demonstrated 
changes in cutaneous innervation following nerve injury in rats, of peptide-
rgic nerve fibers that were labeled by CGRP-ir and of nonpeptidergic nerve 
fibers that were labeled by P2X3-ir. It is generally known that these two 
classes of nociceptors target specific neurons in the spinal dorsal horn (Jon-
gen et al., 2005), are modality-specific (Zhang et al., 2013) and supposedly 
may each convey specific information about pain along labeled lines to the 
spinal cord and brain (Bechakra et al., 2017, 2018; Braz et al., 2005; Craig, 
2003). Peptidergic nerve fibers can be labeled by CGRP-ir, substance P-ir, 
but also contain the TrkA receptor for Nerve Growth Factor and the TRPV1 
receptor for capsaicin. Non-peptidergic nerve fibers can be labeled with 
P2X3-ir, Isolectin B4, Mrgprd-ir and contain the RET receptor for glial cell 
line-derived neurotrophic factor (GDNF) (Jongen et al., 2007). While these 
two classes of neurons are for the greatest part mutually exclusive, there is 
some overlap depending on the markers used to label them (Bechakra et al., 
2017; Price and Flores, 2007). Thus, peptidergic and non-peptidergic nerve 
fibers may be considered complementary, because they serve different func-
tions and are more or less mutually exclusive. Since we and others were 
unable to immunohistochemically label cutaneous non-peptidergic nerve 
fibers for quantification in the human skin, we decided to use IENFD, SENFD 
and UDNFD of the difference between PGP9.5 and CGRP labeled fibers as 
surrogate markers for the number of nonpeptidergic fibers in order to get a 
complete picture of cutaneous innervation in our cohorts of BiPN, PDN and 
CIAP patients. Our findings in BiPN and CIAP patients on associations of 
peptidergic nerve fiber innervation with the sensory-discriminative compo-
nent of neuropathic pain on the one hand and that of upperdermis nerve fiber 
sprouting resulting from non-peptidergic nerve fiber degeneration (see below) 
with the affective/evaluative component on the other hand are both in line with 
the labeled lines hypothesis mentioned above (see also Grelik et al., 2005; 
Ramien et al., 2004; Taylor and Ribeiro-da-Silva, 2011; Taylor et al., 2012). 

As far as the upper dermis is concerned, a rapid decrease followed by a 
slow return (at 10 weeks after ligation) to normal values of UDNFD of 
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NF-200-labeled myelinated nerves has been described in rats with partial 
nerve ligation (Duraku et al., 2013). However, although myelinated nerves 
are affected in BiPN as well as in CIAP patients given EMG abnormalities 
(Bechakra et al., 2018; Hanewinckel et al., 2016), (neuropathic) pain is a 
cardinal symptom alluding to significant small nervefiber involvement. It has 
been shown repeatedly in experimental animals (Grelik et al., 2005; Ramien et 
al., 2004; Taylor et al., 2012) that peptidergic nerve-fiber degeneration causes 
sympathetic nerve fibers to sprout in the upper dermis, while non-peptidergic 
nerve fiber degeneration, which was demonstrated in our BiPN patients in 
the sub-epidermal layer and in CIAP patients in the epidermis as well as in 
the subepidermal layer, induces parasympathetic fibers to sprout. Thus, the 
increased UDNFD of PGP9.5 in BiPN patients likely represents parasympa-
thetic sprouting as a consequence of non-peptidergic nerve fiber degeneration. 
This upregulation is temporary (Grelik et al., 2005) and may therefore explain 
why an absolute increase in UDNFD of PGP9.5 was not observed in chronic 
neuropathies like PDN and CIAP. Although the correlations between UDNFD 
of PGP9.5 and the evaluative/affective pain components in BiPN and CIAP 
patients just failed to reach statistical significance after correction for multiple 
testing (p ≤ 0.05, but p > 0.017), we still conclude that our results allude to 
a distinct role for non-peptidergic nociceptors in BiPN and CIAP patients, in 
light of consistent findings across the BiPN and CIAP groups, our previous 
data in rats, clinical observations and the literature regarding labeled lines.

The inverse association of subepidermal peptidergic nerve fibers with the 
sensory-discriminative component of neuropathic pain in BiPN patients 
may imply that in (sub)acute neuropathies this pain component is driven 
by increased degeneration or impaired regeneration of CGRP fibers in the 
subepidermal layer, while the positive associations in the epidermis of CIAP 
patients may imply that in chronic neuropathies this component is driven 
by decreased degeneration or increased regeneration of CGRP fibers in the 
epidermis. However, the significant associations between IENFD of CGRP 
and the sensory-discriminative pain component in CIAP patients should be 
interpreted with caution due to the scarcity of intraepidermal CGRP fibers.

Finally, although the evaluative component is classified as a separate entity 
within the MPQ, we analyzed it here in conjunction with the affective pain 
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component, because many of its descriptors have an emotional-affective 
connotation (Melzack and Torgerson, 1971; van der Kloot et al., 1995).

Conclusion

Changes in cutaneous innervation in BiPN represent early, whereas those 
in PDN and CIAP represent late neuropathic pathology. Furthermore, our 
results allude to a distinct role for non-peptidergic nociceptors in BiPN and 
CIAP patients. The significant associations between IENFD of CGRP and the 
sensory-discriminative pain component in CIAP patients should be interpreted 
with caution due to the scarcity of intraepidermal CGRP fibers. The lack of 
significant associations in PDN may be caused by mixed ischemic and purely 
neuropathic pain pathology. Although the MPQ may be impractical for use 
in routine clinical practice, we suggest to rate pain intensity as well as pain 
unpleasantness separately in neuropathic pain patients using a numerical rat-
ing scale, to consider both sensory-discriminative and affective components.

Methods and materials

Patients, clinical data and skin biopsies

The study was approved by the medical ethical committees of Leiden 
University Medical Centre, Leiden (NL46921.058.13) and of Eras-
mus MC, Rotterdam (NL24284.078.08) in the Netherlands and was per-
formed in accordance with the Declaration of Helsinki of 2013 (World 
Medical, 2013). All participants had given written informed consent. 
Parts of the study results have been published previously (Bechakra et 
al., 2018; Emanuel et al., 2017), which is indicated in the results section.

A total of 71 subjects were included: 17 healthy volunteers (HV), 22 pa-
tients with BiPN, 16 patients with PDN, and 16 patients with CIAP. The 
diagnosis of BiPN was established on clinical grounds by a neurologist as 
a new-onset peripheral neuropathy or a (sub)acute clear deterioration of 
previously minimally symptomatic peripheral neuropathy following start of 
bortezomib, fulfilling the ACTTION-APS Pain Taxonomy (AAPT) diagnostic 
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criteria for a diagnosis of CiPN (Paice et al., 2017). Patients were treated 
with either intravenous bortezomib monotherapy or intravenous bortezomib 
in combination with nonneurotoxic chemo/immunotherapy, that is, hydroxy-
daunorubicin (n = 8) (Sonneveld et al., 2012), lenalidomide (n = 2) (Broijl et 
al., 2016), or rituximab (n = 2). The diagnosis of PDN was established by a 
neurologist based on the medical history, signs and symptoms upon clinical 
examination in patients with diabetes mellitus type 2 (Emanuel et al., 2017). 
The diagnosis of CIAP was established by a neurologist who interpreted 
the combination of clinical manifestation, nerve conduction parameters 
as well as relevant laboratory tests as an axonal peripheral neuropathy in 
the absence of identifiable underlying etiology (Hanewinckel et al., 2016).

The study consisted of the collection of demographic data and clinical data, 
including pain intensity on a numerical rating scale (NRS) and McGill Pain 
Questionnaires (Dutch (n = 70) or English (n = 1) language versions) (Mel-
zack and Torgerson, 1971; van der Kloot et al., 1995). For the McGill Pain 
Questionnaire, the sum of the sensory-discriminative, affective and evaluative 
Pain Rating Indices (PRI) and the overall sum of PRIs were calculated. In 
addition, the Number of Words Chosen (NWC) for these items were used.

Obtaining, processing and analysis of skin biopsies

Three-mm skin biopsies were taken 10 cm proximal to the lateral ankle under 
local anesthesia and stored, according to international guidelines (Lauria et 
al., 2010). From these biopsies, 50 µm sections were cut on a freezing mi-
crotome and processed for free-floating immunohistochemistry using rabbit 
anti-PGP9.5 (Catalog# ADI-905-520; Enzo Life Sciences, Farmingdale, NY), 
representing all cutaneous nerve fibers, and guinea-pig anti-CGRP (Catalog # 
16013; Progen Biotechnik, Heidelberg, DE), representing peptidergic nerve 
fibers, as previously described (Bechakra et al., 2018). After the sections had 
been mounted to glass slides they were scanned, digitized using a Hamamatsu 
NanoZoomer 2.0-HT slide scanner (Hamamatsu Photonics, Hamamatsu City, 
JP), analyzed and quantified using Leica Aperio ImageScope freeware, as previ-
ously described (Bechakra et al., 2018) (see also Supplemental Methods file).
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Cutaneous innervation was expressed as intra-epidermal nerve fiber density 
(IENFD), subepidermal nerve fiber density (SENFD), upper dermis nerve fiber 
density (UDNFD) of PGP9.5- and CGRP-fibers and as the axonal swelling 
ratio of PGP9.5-fibers. Definitions of IENFD, SENFD, UDNFD and axonal 
swelling ratio were previously published (Lauria et al., 2010; Schley et al., 
2012) and extensively described and validated in our recent publications 
(Bechakra et al., 2017, 2018). As a surrogate for non-peptidergic innervation, 
we also calculated IENFD, SENFD and UDNFD of the difference between 
the number of PGP9.5 fibers (i.e. the total number of nerve fibers) and the 
number of CGRP fibers (i.e. peptidergic nerve fibers) and called this (PGP9.5-
CGRP). As we are aware, thus far there are no reports of reproducible immu-
nohistochemical staining patterns allowing for quantification of these fibers 
in humans (Bechakra et al., 2018). Besides, the population of peptidergic and 
non-peptidergic nerve fibers are mostly complementary (Bechakra et al., 2017).

Statistical analysis

Given that most variables had a non-normal distribution, as assessed with 
Kolmogorov-Smirnov test, data were summarized using medians and ranges. 
The Kruskal-Wallis test with post-hoc comparisons using Dunn’s test and the 
chi-square test were used to compare age, duration of neuropathy symptoms and 
sex of healthy volunteers, BiPN, PDN and CIAP patients. The Kruskal-Wallis 
test with post-hoc comparisons using Dunn’s test were used to compare IENFD, 
SENFD and UDNFD of PGP9.5, CGRP and (PGP9.5-CGRP) and to compare 
axonal swelling ratios of healthy volunteers with those of BiPN, PDN and CIAP 
patients. The Dunn’s tests were performed for each comparison between healthy 
volunteers and a patient group, with Bonferroni-adjusted p-values to correct 
for multiple testing due to these three comparisons. Spearman’s rank correla-
tion coefficients between immunohistochemical markers and neuropathic pain 
descriptors were determined. Correction for multiple testing was not applied 
to the correlation analysis, apart from Bonferroni correction with an adjusted 
significance level of 0.017 for comparisons of UDNFD of PGP9.5 with sensory-
discriminative, affective and evaluative components of the MPQ, since this 
part of the analysis was hypothesis driven. All remaining statistical tests were 
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twosided with a significance level of 0.05. The statistical analysis was performed 
using IBM SPSS Statistics v.24.0.0.0 software (IBM Corp., Armonk, NY).

Fig. 1. Immunohistochemical staining patterns of PGP9.5 (A, C, E, G) and CGRP 

(B, D, F, H), in healthy volunteers (A, B), in BiPN patients (C, D), in PDN patients 

(E, F) and in CIAP patients (E, F). I, K, M, O, J, L, N and P represent high-power in-

sets, which enable to visualize the length of the intra-epidermal fibers, branching
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pattern and intra-epidermal axonal swellings. Red arrowheads represent intra-epidermal 

nerve fibers, green arrowheads axonal swellings, white arrowheads subepidermal nerve fi-

bers and black arrowheads upper-dermal nerve fibers. The white bars measure 50 µm.

Table 1. Demographic data and 

clinical characteristics of healthy 

volunteers (HV), bortezomib-

induced peripheral neuropathy 

(BiPN), painful diabetic neu-

ropathy (PDN) and chronic id-

iopathic axonal polyneuropathy 

(CIAP) patients. PRI = Pain Rat-

ing Index, NWC = Number of 

Words Count. Adjuvant medica-

tion included anti-epileptics and 

anti-depressants. ***p < 0.001, 

Kruskal-Wallis test with post-hoc 

comparisons using Dunn’s test.
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Fig. 2. Skin innervation measurements in healthy volunteers (n = 17), BiPN patients (n = 22), PDN pa-

tients (n = 16) and CIAP patients (n = 16). Box-plots showing the median, interquartile range and total 

range of the number of intra-epidermal (IENFD; A), sub-epidermal (SENFD; C), upper-dermal (UD-

NFD; D) nerve fiber densities and the axonal swelling ratios (B), using PGP9.5, CGRP and (PGP9.5-

CGRP) as markers to measure the total number of fibers and peptidergic and nonpeptidergic subclasses, 

*p ≤ 0.05, **p ≤ 0.01***p ≤ 0.001; Kruskal-Wallis test with post-hoc comparisons using Dunn’s test

Table 2. Correlations between immunohistochemical markers and McGill Pain Question-

naire (MPQ) Pain Rating Index (PRI) and Number of Words Count (NWC), in bortezomib-

induced peripheral neuropathy (BiPN) (n = 22), painful diabetic neuropathy (PDN) (n = 16) 

and chronic idiopathic axonal polyneuropathy (CIAP) patients (n = 16). Numerals in the up-

per left part of the cells refer to p values, numerals in the lower right part of all the cells 

refer to Spearman’s correlation coefficients. Correlation coefficients with an uncorrected p 

≤ 0.05 are printed in bold with an asterisk. IENFD = IntraEpidermal Nerve Fiber Density, 

SENFD = SubEpidermal Nerve Fiber Density, UDNFD = Upper Dermis Nerve Fiber Density.
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CHAPTER VII

Opioid responsiveness of nociceptive versus mixed 
pain in clinical cancer patients6

Malik Bechakra, Floor Moerdijk, Joost van Rosmalen, Birgit C.P. Koch, 
Carin C.D. van der Rijt, Peter A.E. Sillevis Smitt, Joost L.M. Jongen

6This chapter has been published in Eur J Cancer. 2018 Dec;105:79-87. 
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Abstract

Objective: To investigate whether clinical cancer patients with mixed nociceptive 
neuropathic pain are less responsive to opioids than patients with nociceptive pain.

Background: Pain is common in advanced cancer patients. Pain driv-
en by neuropathic mechanisms is considered to be resistant to opioids. 
This hypothesis is mainly based on animal studies and single-dose opi-
oid studies in humans but has not been confirmed in clinical practice.

Methods: Data were prospectively collected from 240 clinical cancer pain 
patients using opioids. Multiple linear regression was used for assessing 
the associations between the logarithm of the morphine equivalent dose 
(MED) at three days after admission (T = 3d) relative to admission (T = 0d) 
(logRMED) and type of pain (nociceptive versus mixed pain), corrected for 
gender, age, primary cancer site and use of non-opioid and adjuvant anal-
gesics. As secondary outcome measures, associations between logMED and 
logPFent (fentanyl plasma level) at T = 3d and type of pain were assessed.

Results: Pain intensity between T = 0d and T = 3d was significantly and 
evenly reduced in patients with nociceptive pain (n = 173) and mixed pain 
(n = 67). Median (interquartile range) MED was 20 (10-52) and 20 (20-80) 
mg (T = 0d), 40 (10-67) and 40 (20-100) mg (T = 3d), median PFent (T = 
3d) was 1.59 (0.58-3.19) and 1.38 (0.54-4.39) ng/ml, none of them signifi-
cantly different, in patients with nociceptive and mixed pain, respectively. 
Neither logRMED, logMED (T = 3d), or logPFent (T = 3d) was signifi-
cantly associated with type of pain, after correction for confounding factors.

Conclusions: We conclude that, at least in clinical cancer pa-
tients, mixed pain is as responsive to opioids as nociceptive pain. 
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Introduction

Pain is the first symptom of cancer in 20-50% of all cancer patients and 
70e90% of advanced or terminal cancer patients must cope with chronic pain 
syndromes related to tumour progression and/or failed treatment vd Beuken-v 
Everdingen, 2007). An estimated 2040% of cancer pain patients have either 
purely neuropathic pain, mostly caused by cancer treatment, or mixed noci-
ceptiveeneuropathic pain, caused by the cancer itself (Garcia, 2011 ; Bennett, 
2012 ; Jongen, 2013). It is believed that one of the reasons for inadequate pain 
control in cancer patients is a failure to identify underlying neuropathic pain 
mechanisms Garcia, 2011 ; Bennett, 2012 ; Oldenmenger, 2009 ; Bennett, 2006). 

Several animal studies (Puke, 1993 ; Luger, 2002) and single-dose or do-
setitrating opioid studies in humans (Arner, 1988 ; Cherny, 1994 ; Portenoy, 
1990 ; Dellemijn, 1900) have suggested that cancer pain driven by neuro-
pathic mechanisms (i.e. purely neuropathic pain or mixed pain) is resistant 
or at least less responsive to opioids than purely nociceptive pain. However, 
this hypothesis has not been confirmed in routine clinical practice. In a 
more recent clinical study in mixed cancer pain patients who were labelled 
as having a definite, possible and unlikely neuropathic pain, patients with 
definite neuropathic pain required “more intensive opioid treatment” (Mer-
cadante, 2009). The objective of the present study was to investigate whether 
clinical cancer patients with nociceptive cancer pain differ in opioid respon-
siveness from patients with mixed nociceptiveeneuropathic cancer pain.

Methods

Patients, demographical and clinical data

The study was approved by the institutional review board of Eras-
mus MC (MEC2008-166) and registered at www.clinicaltrials.gov 
(NCT00956878). All patients have given written informed consent. 

Between October 2008 and December 2012, 243 hospitalized patients with 
advanced cancer, for whom the multidisciplinary palliative care team (PCT) of 
Erasmus MC (Jongen, 2011) was consulted to treat pain, were included in the 
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present study. Clinical data were prospectively collected from a structured data 
collection sheet (demographical data, primary cancer site, metastases, therapy, 
pain intensities and medication) and from the electronic health record (type 
of pain). Pain always presented as an acute or subacute episode at admission 
or during hospitalization. Thus, purely neuropathic pain solely resulting from 
adaptive changes to nerve injury did not occur, because these changes take 
time to develop and almost invariably present in an outpatient setting. The 
type of pain (nociceptive versus mixed nociceptiveeneuropathic pain) was 
established in all patients by a clinical neurologist (JJ), using the definition of 
neuropathic pain of the International Association for the Study of Pain and the 
algorithm described by Treede et al. [15], which is in accordance with previ-
ous literature on the clinical distinction between nociceptive and mixed pain 
(Cherny, 1994). A diagnosis of mixed pain was established by compression 
or (malignant) infiltration of a nervous structure, based upon history, neuro-
logical examination and ancillary investigations, mostly magnetic resonance 
imaging. By closely adhering to the International Association for the Study 
of Pain definition of neuropathic pain as opposed to solely relying on pain 
descriptors (e.g. paraesthesias, allodynia or irradiation), mixed pain could be 
reliably distinguished from referred pain, which is in fact a consequence of 
nociceptive pain that commonly occurs in cancer patients. Because the defini-
tion of mixed nociceptiveeneuropathic pain relies on neurological examination 
and usually interpretation of MR imaging, the verdict of a clinical neurologist 
was considered the gold standard. However, the pain diagnosis was always 
critically evaluated in the multidisciplinary PCT meetings, which were rou-
tinely attended by medical oncologist- and anaesthesiologist-pain specialists.

Present pain intensity (on a Numerical Rating Scale, NRS) and opioid re-
quirement (morphine equivalent dose, MED) were assessed at the time of 
first consultancy (T Z 0 days, T Z 0d) and after the dose was changed or 
after the patient was switched to another analgesic (T Z 3 days, T Z 3d).

MED of oral morphine, oral oxycodone and trandermal/intravenous/sub-
cutaneous fentanyl was expressed as 10 mg parenteral morphine/24 hh. 
Conversion factors from the Dutch consensus guideline “Cancer Pain” 
(Landelijke,  2008) were used. For intravenous/subcutaneous hydromorphone 
(Pereira, 2001), transdermal buprenorphine (Sittl, 2006), oral tramadol and 
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oral codeine conversion factors of 6.67, 100, 0.07 and 0.05, respectively, 
were used. Sustained release and continuous intravenous/ subcutaneous 
medication was used for calculating MED. Although the number of rescues 
for individual patients was not collected, the maximum daily dose of oral and 
intravenous/subcutaneous rescue medication as a rule consisted of 100% of 
the sustained release or continuous intravenous/subcutaneous opioid dose. 
When patients were using more than 50% of the rescue doses, the sustained 
release or continuous intravenous/ subcutaneous opioid dose was increased. 
Thus, the MED that we calculated represents 67e100% of the actual MED.

Fentanyl plasma levels

Because the majority of our patients (176/240) used transdermal or intravenous/
subcutaneous fentanyl as continuous opioid medication and plasma at T Z 3d was 
available in 165 of these patients, liquid chromatographyetandem mass spectrom-
etry was used to determine plasma levels of fentanyl (PFent). The method was 
US Food and Drug Administration validated and described earlier (de Bruijn, 
2018). The collection of plasma was part of a larger project (NCT00956878) 
in which also DNA was isolated from peripheral blood samples (Matic, 2017).

Outcome measures and statistical analysis

The logarithm of the MED at T Z 3d relative to T Z 0d (logRMED) was the pri-
mary outcome measure for this study, because by adjusting the dose at T Z 3d for 
the dose received at baseline, the large variability between patients was reduced. 
The logMED (T Z 3d) and logPFent (T Z 3d) were secondary outcome measures.

Median and interquartile range [IQR] of no normally distributed continuous 
variables were calculated. ManneWhitney tests were used to compare age; 
to compare pain intensities at T Z 0d and T Z 3d; and to compare MED (T 
Z 0d), MED (T Z 3d), RMED and PFent (T Z 3d) between patients with 
nociceptive and mixed pain. Wilcoxon signed-rank tests were used to com-
pare pain intensities between T Z 0d and T Z 3d within the two groups of 
patients. Chisquare tests were used to compare gender, primary cancer site, 
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metastases, type of therapy, type of opioid, type of non-opioid and adjuvant 
analgesic and to compare proportions of patients with mild (NRS, 0e4), 
moderate (NRS, 5e7) and severe (NRS, 8e10) nociceptive pain and mixed 
pain at T Z 0d and T Z 3d between patients with nociceptive and mixed pain. 
Bowker’s test was used to compare proportions of patients with mild (NRS, 
0e4), moderate (NRS, 5e7) and severe (NRS, 8e10) nociceptive pain and 
mixed pain between T Z 0d and T Z 3d within the two groups of patients.

Finally, multiple linear regression analyses were conducted to study asso-
ciations between the dependent variables logRMED, logMED (T Z 3d) and 
logPFent (T Z 3d) and the independent variables type of pain (nociceptive 
versus mixed), pain intensity (T Z 0d) (only for MED [T Z 3d] and PFent [T 
Z 3d]), gender, age, primary cancer site and use of non-opioid and adjuvant 
analgesics. Multicollinearity between the independent factors was excluded 
because none of the independent variables had a variation inflation factor >3. 

The statistical analysis was performed using IBM SPSS Statistics v.24.0.0.0 
software (IBM Corp., Armonk, NY). All statistical tests were two-sided 
with a significance level of 0.05. An adjusted significance level using Bon-
ferroni correction for multiple testing was used for the chi-square tests 
of primary cancer site, type of treatment, type of opioid, type of non-
opioid and adjuvant analgesic, ManneWhitney tests of RMED, MED 
(T Z 3d) and PFent (T Z 3d) and the multiple linear regression analyses.

Results

Two-hundred and forty-three cancer patients were included in this prospec-
tive, observational study. Three patients were not using opioids at baseline 
and after consultation of the PCT. These patients were consequently excluded 
from further analysis. Demographic and clinical characteristics of the 240 
patients are reported in Table 1. The cohort included 173 cancer patients 
with nociceptive pain (median [IQR] age, 61.5 [54e68] years; 100 or 57.8% 
male) and 67 cancer patients with mixed pain (median [IQR] age, 64.0 
[59e70] years; 38 or 56.7% male), mixed pain patients being slightly but 
significantly older (p Z 0.006; ManneWhitney test). Gastrointestinal, urologi-
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cal and lung were the most prevalent primary cancer sites. Nociceptive pain 
was significantly more common in gastrointestinal cancer patients and mixed 
pain was significantly more common in lung cancer patients (p < 0.001 and 
p < 0.001, respectively; chi square tests, using Bonferroni correction with an 
adjusted significance level of 0.006). Almost 80% had metastasized cancer 
and almost 45% of the entire cohort only received supportive care. Patients 
with mixed pain received radiation therapy significantly more often than 
patients with nociceptive pain (48% versus 18%; p < 0.001; chi square test, 
using Bonferroni correction with an adjusted significance level of 0.007).

Fig. 1 depicts the course of the median pain intensity and the percentages of 
patients with mild, moderate and severe pain, in patients with nociceptive and 
mixed pain. The decrease in median (IQR) nociceptive (6 [4e8] at T Z 0d to 
4 [2e5] at T Z 3d) and mixed (6.5 [4e8] at T Z 0d to 3 [2e5] at T Z 3d) pain 
intensities and the change in proportions with mild, moderate and severe nocicep-
tive and mixed pain were both significant (p < 0.001 and p < 0.001; Wilcoxon 
signed-rank tests and p < 0.001 and p < 0.001; Bowker’s tests), although the 
differences between nociceptive and mixed pain patients, both at T Z 0d and T 
Z 3d, were not significant (p Z 0.67 and p Z 0.30, respectively; ManneWhitney 
tests and p Z 0.85 and p Z 0.14, respectively; chisquare tests). In a minority of 
patients (n Z 72 with nociceptive pain and 25 with mixed pain), also NRS at 
discharge from the hospital was available. Median NRS at discharge was 3 (0-7) 
and 3 (0-5), respectively, suggesting durable pain reductions in both groups. 

Table 2 reports type of opioid, non-opioid and adjuvant analgesic use as 
well as RMED, MED (T Z 0d), MED (T Z 3d) and PFent (T Z 3d) for pa-
tients with nociceptive and mixed pain. Fentanyl use was significantly more 
prevalent among patients with nociceptive pain, while hydromorphone was 
more prevalent among patients with mixed pain (p Z 0.003 and p Z 0.007, 
respectively; ManneWhitney tests, using Bonferroni correction with an 
adjusted significance level of 0.01). Median (IQR) RMED, MED (T Z 0d), 
MED (T Z 3d) and PFent (T Z 3d) were not significantly different in patients 
with nociceptive and mixed pain (p Z 0.963, p Z 0.987, p Z 0.587 and p Z 
0.465, respectively; ManneWhitney test, using Bonferroni correction with 
an adjusted significance level of 0.013). Anticonvulsant and ketamine use 
was more prevalent among patients with mixed pain compared to patients 
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with nociceptive pain (p < 0.001 and p Z 0.009, respectively; chi square test, 
using Bonferroni correction with an adjusted significance level of 0.01).

Table 3 summarizes the results of the multiple linear regression analysis. Neither 
logRMED, logMED (T Z 3d) or logPFent (T Z 3d) was significantly associated 
with type of pain, after correction for the independent variables pain intensity (T 
Z 0d) (only used for MED [T Z 3d] and PFent [T Z 3d]), gender, age, primary 
cancer site and use of non-opioid and adjuvant analgesics (p Z 0.724, p Z 0.084 
and p Z 0.547, respectively). Ketamine use was significantly associated with 
logMED (T Z 3d) and logPFent (T Z 3d) (p < 0.001; t-test using Bonferroni 
correction with an adjusted significance level of 0.006), but not with logRMED.

Discussion

This study describes opioid responsiveness in a prospective cohort of 240 
cancer patients with purely nociceptive versus mixed nociceptiveeneu-
ropathic pain. The results indicate similar pain intensities in both groups 
at baseline and after consultation of the PCT. RMED, MED (T Z 3d) and 
PFent (T Z 3d) were not significantly different between nociceptive and 
mixed cancer pain patients, although anticonvulsant and ketamine use were 
more prevalent in the mixed cancer pain group in the univariate analyses. 
In the multiple linear regression analyses however, neither logRMED (the 
primary outcome measure), logMED (T Z 3d) nor logPFent (T Z 3d) was 
significantly associated with type of pain, after correction for confound-
ing factors. LogMed (T Z 3d) and logPFent (T Z 3d) were significantly 
associated with ketamine use in the multiple linear regression analyses.

The fact that mixed pain was significantly more common in lung cancer pa-
tients and nociceptive pain was significantly more common in gastrointestinal 
cancer patients reflects a high prevalence of spinal epidural metastases, the 
most prevalent cause of mixed cancer pain, in lung cancer and a much lower 
prevalence in gastrointestinal cancer patients (Loblaw, 2003 ; Patchell, 2005). 
Similarly, patients with mixed pain received radiation therapy significantly 
more often than patients with nociceptive pain. In theory, given the hypoth-
esis that pain driven by neuropathic mechanisms is considered to be resistant 
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to opioids, the increased rate of radiation therapy in the mixed cancer pain 
group might have caused the similar decrease in pain intensities and the 
similar opioid requirements in mixed pain as compared to nociceptive pain 
patients that we have found. However, this is highly unlikely because radia-
tion therapy was initiated after admission and will not lead to decreased pain 
intensities and/or decreased opioid requirements within a 3-day time span. 
In contrast, initiation of radiation therapy may lead to a temporary pain flare 
in the short term (Gomez-Iturriaga, 2015), giving rise to an opposite effect.

Fentanyl use was more common in the nociceptive cancer pain group. This 
probably reflects a higher prevalence of constipation in this group, in which 
the gastrointestinal tract was by far the most common primary cancer site. 
Transdermal fentanyl is generally preferred over other opioids in patients 
with constipation, due to its more favourable site-effects profile in this regard 
(Hadley, 2013). The significantly more common use of hydromorphone in the 
mixed cancer pain patients only occurred in a small minority of patients (4 and 
7, respectively). A recent clinical trial in head-and-neck cancer patients with a 
mean pain score of 6 and a presumed neuropathic pain component compared 
methadone, an opioid with an additional effect on the Nmethyl-D-aspartate 
receptor, with fentanyl, a pure muopioid receptor agonist. In this study with 
presumed neuropathic pain patients, methadone appeared superior to fentanyl 
(Haumann, 2016). However, another study using methadone in both neuropathic 
and non-neuropathic pain patients could not demonstrate superior efficacy of 
methadone over morphine in any of the groups (Bruera, 2004). Because at T 
Z 3d all of our patients used pure muopioid receptor agonists and because no 
convincing evidence exists for a superior efficacy of some opioids over other 
specifically in neuropathic pain, we conclude that it is highly unlikely that 
differences in type of opioids among the two groups may affect our conclusion.

In addition to equivalent doses of prescribed sustained release and continuous 
intravenous/subcutaneous opioids, plasma fentanyl levels were obtained in 
almost 70% of patients to control for a potential bias that might have been 
introduced by differences in pharmacokinetic factors between nociceptive 
and mixed cancer pain patients. Although plasma samples were collected 
randomly during the day, this occurred in both groups. PFent (T Z 3d) was 
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not significantly different between nociceptive and mixed cancer pain patients, 
arguing against a potential bias caused by differences inpharmacokinetic factors.

It is a widely held belief that cancer pain driven by neuropathic mechanisms 
is opioid resistant or at least less responsive to opioids than purely nociceptive 
pain. This assumption is mainly based on preclinical data and single-dose or 
dose-titrating opioid studies in humans (reviewed by Dellemijn). In 2009, a 
study with 213 cancer pain patients with a clinical diagnosis of definite, pos-
sible or unlikely neuropathic pain showed significant differences in opioid 
response (Mercadante, 2009) and seemed to confirm the assumption. However, 
is was unclear whether the group with “unlikely neuropathic pain” actually 
represented patients with purely nociceptive pain. Secondly, opioid response 
was a subjective and compound outcome measure, not only based on a decrease 
in pain intensities or (equivalent) opioid dose but also based on side-effects. 
In the present study, a distinction between purely nociceptive pain and mixed 
nociceptiveeneuropathic cancer pain was based on clinical grounds, according 
to firmly established criteria (Treede, 2008) by a single, experienced clinical 
neurologist. Secondly, we used quantifiable and robust outcome measures for 
analgesic efficacy. We believe that this study design is best suited to com-
pare opioid responsiveness in nociceptive and mixed cancer pain patients.

Although anticonvulsant use was significantly more common in the mixed 
cancer pain group in the univariate analysis, it was not a significant predictor 
of any of the outcome measures in the multiple linear regression analyses. 
Ketamine use was significantly more common in the mixed pain group in 
the univariate analysis and significantly associated with logPFent (T Z 3d). 
However, ketamine was used in only a small minority of patients and, more 
importantly, was not significantly associated with the primary outcome measure 
logRMED. In addition, there is insufficient evidence for a beneficial effect of 
ketamine as an adjuvant to opioids for the relief of cancer pain (Bell, 2012). 
We therefore conclude that similar pain reductions and similar opioid require-
ments in both nociceptive and mixed cancer pain patients may be explained 
by similar opioid responsiveness in both groups and not by an increased 
prevalence of anticonvulsant or ketamine use in the mixed cancer pain group.
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Conclusion

We suggest that mixed cancer pain may be considered a type of no-
ciceptive pain that should be treated primarily with opioids and that 
adjuvant analgesics or ketamine may only be added in case of in-
sufficient analgesia or unacceptable side-effects from opioids.

Fig. 1. Changes in pain severity in patients with nociceptive and mixed cancer pain. The upper 

panels represent median numerical rating scale (NRS) pain intensities, interquartile ranges and 

total range, at intake and at 3 days. The lower panels represent proportions of mild (NRS, 0e4), 

moderate (NRS, 5e7) and severe pain (NRS, 8e10), at intake and at 3 days. The decrease in pain 

intensities and the change in proportions of mild, moderate and severe pain were statistically 
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significant, in both groups, while differences between nociceptive and mixed pain groups were 

not significant, at intake and at T Z 3d. ***p < 0.001; Wilcoxon signed-rank tests, ManneWhitney 

tests, Bowker’s tests and chi-square tests. Numbers above the boxes indicate numbers of patients.

Table 1 Demographic data and clinical characteristics. IQR Z interquartile range; ENT, 

ear, nose and throat. Significant p-values are printed in italic; Mann-Whitney test and chi-

square tests, the Bonferroni-adjusted significance levels were 0.006 and 0.007, respectively.

Table 2 Proportions of type of opioid, median and interquartile range (IQR) of morphine 

equianalgesic dose at T Z 3d relative to T Z 0d (RMED), MED at T Z 0d, MED at T Z 3d, 

plasma fentanyl levels (PFent) at T Z 3d and proportions of non-opioid and adjuvant analgesic 

medication. NSAIDs Z non-steroidal anti-inflammatory drugs. Significant p-values are printed 

in italic; chi-square tests and Mann-Whitney tests, the Bonferroni-adjusted significance levels 

were 0.01, 0.013 and 0.01, respectively.
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Table 3 Results of the multiple linear regression analysis. B represents unstandardized B coef-

ficients, with their respective 95% confidence intervals. ENT Z ear, nose and throat; NSAIDs 

Z non-steroidal anti-inflammatory drugs. Significant p-values are printed in italic; t-tests, the 

Bonferroniadjusted significance levels were 0.007 (log RMED) and 0.006 (log MED [T Z 3d] 

and log PFent [T Z 3d]), respectively.
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Table 3 (continued )
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CHAPTER VIII

Summary, discussion and future perspectives
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Summary and discussion

This thesis is about the pathophysiology of neuropathic pain and cancer pain. 
It is a clinical observation that, unlike nociceptive pain patients who may ex-
perience high pain intensities but generally describe the quality of their pain as 
“normal”, patients with neuropathic pain do not necessarily experience high 
pain intensities, but usually use a lot of adjectives to describe their pain, e.g. 
burning, deep, tingling, drilling, annoying, tiring etc., i.e. the quality of their 
pain is “abnormal”. Some of these adjectives may have a sensory-discriminative 
connotation (like burning, deep, tingling, drilling), while others have an affec-
tive-evaluative connotation (likeannoying, tiring). Furthermore, it is a widely 
held belief, that cancer pain patients with mixed nociceptive-neuropathic pain 
are less responsive to opioids than patients with purely nociceptive pain. This 
observation and this belief spurred the experiments and research in this thesis.

In Chapter 2, changes in neuronal metabolic activity in the superficial dorsal 
horn following nerve injury and a reduction of activity to epidural spinal cord 
stimulation (SCS) are described. Nerve injury-induced pain is a complex 
disorder, which is driven by a multitude of plastic changes, like sensitization 
of (peripheral) nociceptors, increased excitability of spinal cord projection 
neurons, decreased propriospinal and descending spinal inhibition, spinal glia 
activation and changes in the transmission of nociceptive signals in the brain-
stem and cortex. Autofluorescent flavoprotein imaging (AFI) is a technique 
by which the excitability of superficial dorsal horn neurons, which include 
nociceptive projection neurons to the thalamus and other brainstem relay 
centers, can be quantified through the AFI response, which is a direct measure 
of neuronal metabolic activity. In this study, we demonstrate that, although 
the AFI response to a (supramaximal) nociceptive stimulus is comparable in 
animals with nerve injury and controls, innocuous palpation only induced 
an AFI response in animals with nerve injury (71). Thus, AFI enabled us to 
directly visualize the spinal component of central sensitization. Furthermore, 
our experiment revealed that SCS acts through rapid modulation of nociceptive 
processing at the spinal level. AFI turned out to be an elegant method to directly 
visualize central sensitization in superficial dorsal horn neurons. AFI, however, 
suffers from a low signal to noise ratio, as a result of which it is extremely 
sensitive to motion artifacts. The very high variability in our experiments 
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may be a direct consequence of this and may have influenced (the lack of a 
significant difference in) the AFI response following nociceptive stimulation 
in neuropathic versus control rats. Furthermore, AFI may not be feasible as an 
instrument for diagnostic imaging of spinal cord activity in patients (72, 73).

In Chapter 3, a case study is presented of a patient with anti-dipeptidyl 
peptidase-like protein 6 (DPPX) encephalitis in which severe pruritus was 
the preeminent symptom. The patient had scratching marks on the skin of his 
trunk and could not tolerate the contact of clothing on his skin, which was 
interpreted as tactile allodynia. Nonetheless, the intraepidermal nerve fiber 
density in a skin biopsy from the leg was not significantly decreased from 
healthy volunteers and the intraepidermal nerve fiber density on the trunk did 
not seem to differ from a small series of patients with bortezomib-induced 
(i.e length-dependent) peripheral neuropathy. Thus, the normal intraepidermal 
nerve fiber densities and the absence of an effect from local dermatological 
treatments suggested that the pruritus in this patient was of central origin, 
localized in the dorsal horn and induced by centrally acting anti-DPPX anti-
bodies. Chapter 2 and chapter 3 thus highlight spinal mechanisms of central 
sensitization of neuropathic pain and itch, in both experimental animals and 
humans. It is suggested that spinal sensitization plays an important role in both  
neuropathic pain and neuropathic itch and that at least neuropathic pain may 
be reduced by a propriospinal inhibitory effect of spinal cord stimulation (31).

In Chapter 4, changes in epidermal innervation, and the relation between 
epidermal innervation and pain behavior were studied in a rat model of nerve 
injury-induced pain. Nerveinjury was induced by partial ligation of the proxi-
mal sciatic nerve, which resulted in varying degrees of nerve fiber terminal 
loss in the epidermis of the animal footpad. Firstly, we demonstrated that 
non-peptidergic nerve fibers were more prevalent than peptidergic fibers in 
the epidermis. Furthermore, we demonstrated a selective reduction of non-
peptidergic fibers, but not peptidergic nerve fibers, following nerve-injury. 
Finally, we demonstrated that this reduction of non-peptidergic nerve fibers 
correlated with behavioral hyperalgesia in an animal model of nerve injury-
induced pain, i.e. neuropathic pain. Our findings are in line with a predominant 
role of nonpeptidergic nociceptors in neuropathic pain (74, 75). Of note, the 
central terminals of peptidergic and non-peptidergic nociceptors project to dif-
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ferent areas in the spinal cord: peptidergic nerve fibers to the most superficial 
laminae of the dorsal horn (lamina I and II-outer) and non-peptidergic nerve 
fibers to lamina II-inner. This differential projection highlights the possibility 
that in fact the peptidergic and non-peptidergic subclass of peripheral noci-
ceptors are functionally different, i.e. may serve different pain qualities (4).

 In Chapter 5 changes in cutaneous innervation and associations with pain 
qualities were studied in a cohort of 22 patients with bortezomib-induced 
peripheral neuropathy and 17 healthy volunteers which served as controls. 
Firstly, we demonstrated that BiPN is a sensory neuropathy, in which neuro-
pathic pain is the most striking clinical finding. Secondly, although intraepi-
dermal nerve fiber density was not reduced, we demonstrated a significant 
increase in both epidermal axonal swellings as well as an increased upper 
dermis nerve fiber density. While the former may  be considered a sign of 
early neuropathic changes (the majority of BiPN patients presented with 
(sub)acute neuropathy), the latter reflects sprouting of parasympathetic nerve 
fibers as a consequence of non-peptidergic nerve fiber degeneration, which 
unfortunately could not be directly visualized due to the impossibility to im-
munohistochemically stain non-peptidergic nerve fibers in humans. Finally, 
a correlation between impaired regeneration of peptidergic nerve fibers and 
the sensory-discriminative component of neuropathic pain and a correlation 
between sprouting of parasympathetic fibers/non-peptidergic nerve fiber de-
generation and the affective/evaluative component of neuropathic pain were 
found. These findings in neuropathic pain patients further strengthened our 
hypothesis of labeled lines for distinct neuropathic pain qualities. It is now 
been widely accepted that pain is a multidimensional experience and has 
sensory-discriminative, affective, motivational and evaluative components 
(76). These are likely to be processed within a neural matrix (77). Based on 
post mortem reports and neurosurgical observations, a division of function 
between the lateral and medial components of the human pain process-
ing system of the brain was proposed already several decades ago (78).

In Chapter 6, in addition to patients with (sub)acute neuropa-
thy (i.e. BiPN), changes in cutaneous innervation and their a so-
ciations with pain qualities were studied in two cohorts of
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patients with chronic neuropathy, i.e. chronic idiopathic axonal neuropathy 
(CIAP) and painful diabetic neuropathy (PDN). Although the changes in cutane-
ous innervation in (sub)acute (BiPN) versus chronic (CIAP, PDN) neuropathy 
were distinct, also in patients with CIAP we found significant associations of 
peptidergic innervation changes with the sensory-discriminative component and 
of non-peptidergic innervation changes with the affective/evaluative component.

The lack of any associations in PDN patients may be explained by mixed 
ischemic and purely neuropathic pain pathology in this cohort, although 
relatively low numbers of subjects may also play a role. Based on the results 
in Chapter 4, 5 and 6, which allude to the existence of separate anatomical 
pathways for sensory-discriminative and affective/evaluative pain qualities 
in patients suffering from BiPN and CIAP, we suggest to rate pain intensity 
as well as pain unpleasantness separately in neuropathic pain patients. We 
conclude that, similar to a predominant role for nonpeptidergic nociceptors 
in neuropathic pain behavior in rats, suffering in neuropathic pain patients 
is predominantly determined by changes in the “non-peptidergic pain line”. 
One should realize however, that our conclusions were “merely” based on 
associations and that no direct evidence was provided. Also, the numbers of 
experimental animals and patients were relatively small, which prevented 
correction for multiple testing in the association analyses and we were 
not able to directly label non-peptidergic nerve fibers in humans. On the 
other hand, the fact that similar findings were obtained across species and 
across various neuropathic pain conditions strengthens our observation.

Finally, in Chapter 7, opioid responsiveness in a prospective cohort of can-
cer patients with purely nociceptive versus mixed nociceptive-neuropathic 
pain was described. Opioid requirement in cancer patients is determined by 
the severity of pain, genetic susceptibility factors (79, 80) and possibly also 
by type of pain, since it has been previously postulated that (cancer) pain 
driven by neuropathic mechanisms is resistant to opioids. In our cohort of 
240 clinical cancer pain patients, roughly two thirds had purely nociceptive 
pain, while one third suffered from mixed nociceptiveneuropathic pain. The 
two groups of patients, i.e. purely nociceptive and mixed nociceptiveneuro-
pathic pain, were not stratified for disease severity and genetic background, 
which may have influenced our results. Furthermore, patients with mixed 
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nociceptive-neuropathic pain used ketamine and co-analgesics more often. On 
the other hand, our main outcome measure relative morphine equianalgesic 
dose was not significantly associated with type of pain in the multivariate 
analysis, after correction for confounding factors. Additionally, since our 
cohort represents real world data and a considerable number of patients, we 
conclude that the previous claim of opioid resistance in cancer patients with 
mixed nociceptive-neuropathic pain does not hold true in clinical practice.

Future Perspectives

As mentioned above, autofluorescent flavoprotein imaging is an elegant way 
to directly visualize mechanisms of spinal sensitization in various chronic 
pain syndromes. A major drawback, however, is a quite dramatic liability 
to motion artifacts, which renders this technique unsuitable for clinical ap-
plications. Conventional functional imaging techniques on the other hand 
(like fMRI), lack the spatial and temporal resolution of AFI and for that 
reason do not provide a realistic alternative to quantify spinal nociceptive 
transmission and sensitization. Currently, a new technique named functional 
ultrasound (fUS) is being developed and offers hope that the practical limita-
tions of AFI can be overcome, while at the same time provide high spatial and 
temporal resolution functional imaging of the spinal cord dorsal horn (81).

Concerning the non-peptidergic subpopulation of nociceptors, new methods 
should be developed to directly visualize these fibers in human skin, either by 
means of an improved immunohistochemical/immunofluorescence protocol 
for P2X3-immunohistochemistry or by new antibodies that specifically label 
non-peptidergic nociceptors. The number of patients with neuropathic pain 
involved in these studies however should also be considerably increased, to allow 
for correction for multiple testing in the association studies. For example, to 
detect a difference of 30% in IENFD with a standard deviation of 0.5, an alpha 
of 5% and a power of 80%, the cohort would contain 45 patients per group. 

Functional brain imaging, e.g. using resting state fMRI (82) or even resting state 
fUS (83), if possible should be added to clinical outcome measures like the Mc-
Gill Pain Questionnaire, since correlations of cutaneous innervation changes in 
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non-peptidergic nociceptors with activation of areas of the “medial pain system” 
(84) would greatly strengthen our conclusions regarding the labeled line hypoth-
esis mentioned in paragraph 1 of the introduction. The recognition of a separate 
sensory discriminative and affective-evaluative component of neuropathic 
pain opens research opportunities for studying nonpharmacological strategies 
like supportive psychotherapy and cognitive-behavioral therapy (CBT) (85).

Finally, concerning pain in cancer patients, we have (indirectly) demon-
strated that coanalgesics including ketamine did not significantly contrib-
ute to pain control in cancer patients with mixed nociceptive-neuropathic 
pain. Therefore, this population may also benefit from psychological inter-
ventions mentioned above, either having a direct effect on pain intensity/
painunpleasantness or by helping the patient in managing the stress associ-
ated with cancer pain (86, 87). In addition, to gain a better understanding 
of cancer pain and it’s response to analgesic treatment, we suggest that 
the relative contributions of cancer pain severity, genetic susceptibility to 
pain and opioids, and the type of pain should be analyzed in a systematic 
way, ultimately to improve the quality of life of this devastating condition.

In summary, in this thesis mechanisms of nerve-injury induced pain and 
itch, and a working mechanism of spinal cord stimulation in neuropathic 
pain were exposed. Furthermore, the relation between cutaneous innerva-
tion changes versus hyperalgesia and the perception of pain in animals with 
nerve-injury induced pain and neuropathic pain patients were investigated. 
Finally, opioid sensitivity in nociceptive versus mixed cancer pain patients 
was studied. This thesis may form a foundation for further development of 
SCS in neuropathic pain conditions, for future analgesic  treatments specifi-
cally aimed at the affective/evaluative component of neuropathic pain and 
finally for an optimal treatment strategy for mixed cancer pain patients.
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Summary

This thesis is about the pathophysiology of neuropathic pain and cancer pain. 
It is a clinical observation that, unlike nociceptive pain patients who may ex-
perience high pain intensities but generally describe the quality of their pain as 
“normal”, patients with neuropathic pain do not necessarily experience high 
pain intensities but usually use a lot of adjectives to describe their pain, e.g. 
burning, deep, tingling, drilling, annoying, tiring etc., i.e. the quality of their 
pain is “abnormal”. Some of these adjectives may have a sensory-discriminative 
connotation (like burning, deep, tingling, drilling), while others have an 
affective-evaluative connotation (like annoying, tiring). Furthermore, it is a 
widely held belief, that cancer pain patients with mixed nociceptive-neuropathic 
pain are less responsive to opioids than patients with purely nociceptive 
pain. This observation and this belief spurred the experiments in this thesis.

Firstly, central mechanisms of neuropathic pain and the effect of epidural 
spinal cord stimulation (SCS) were studied. In the second section support 
for the existence of two separate pain systems is presented, one for the 
sensory-discriminating pain component and one for the affective/evalu-
ative pain component, based upon correlations between skin innervation 
and pain (behavior) in experimental animals and patients with neuropathy.

Finally, it was shown that there is no clinical evidence for reduced sen-
sitivity to opioids in mixed cancer pain patients. The experiments in the-
sis may form a foundation for the further development of SCS in neu-
ropathic pain conditions, for future analgesic treatments specifically 
aimed at the affective/evaluative component of neuropathic pain and fi-
nally for an optimal treatment strategy for mixed cancer pain patients.
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Samenvatting

Dit proefschrift gaat over de pathofysiologie van neuropathische pijn en 
kankerpijn. Het is een klinische observatie dat, in tegenstelling tot patiënten 
met nociceptieve pijn die hoge pijnintensiteiten kunnen ervaren maar over 
het algemeen de kwaliteit van hun pijn als “normaal” beschrijven, patiënten 
met neuropathische pijn niet noodzakelijkerwijs hoge pijnintensiteiten erva-
ren maar over het algemeen wel veel bijvoeglijke naamwoorden gebruiken 
om hun pijn te beschrijven, zoals bijvoorbeeld brandend, diep, tintelend, 
borend, irritant, vermoeiend etc. Met andere woorden, de kwaliteit van hun 
pijn is “abnormaal”. Sommige van deze bijvoeglijke naamwoorden kunnen 
een sensorisch-discriminerende connotatie hebben (zoals brandend, diep, 
tintelend, borend), terwijl andere een affectieve/evaluatieve connotatie heb-
ben (zoals irritant, vermoeiend). Daarnaast wordt algemeen aangenomen 
dat kankerpatiënten met gemengde nociceptieve en neuropathische pijn 
minder goed reageren op opioïden dan patiënten met puur nociceptieve pijn.

Allereerst werden centrale mechanismen van neuropathische pijn en het ef-
fect van epidurale ruggenmergstimulatie bestudeerd. In de tweede sectie is de 
hypothese van twee aparte pijnsystemen, te weten eentje voor de sensorisch-
discriminerende pijncomponent en eentje voor de affectieve/evaluatieve 
pijncomponent aannemelijk gemaakt aan de hand van correlaties tussen 
huid-innervatie en pijn(gedrag) in proefdieren en patiënten met neuropathie. 
Tenslotte werd aangetoond dat er in de klinische praktijk geen aanwijzingen 
zijn voor verminderde gevoeligheid voor opioïden bij gemengde kankerpijn.

De bevindingen in dit proefschrift vormen een basis voor de verdere ontwik-
keling van ruggenmergstimulatie bij neuropathische pijn, voor de ontwik-
keling van toekomstige analgetische behandelingen specifiek gericht op de 
affectieve/evaluatieve component van neuropathische pijn en ten slotte voor 
een optimale behandelingsstrategie voor patiënten met gemengde kankerpijn.
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