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Abstract \
Introduction: Chronic pancreatitis (CP) is a disease characterized by inflammation of the pancreas resulting in replacement of the
normal functioning parenchyma by fibrotic connective tissue. This process leads to progressively impairment of exocrine and
endocrine function and many patients develop a chronic pain syndrome.

Objectives: We aimed to characterize the neurobiological signature of pain associated with CP and to discuss its implications for
treatment strategies.

Methods: Relevant basic and clinical articles were selected for review following an extensive search of the literature.

Results: Pathophysiological changes in the peripheral (pancreatic gland) and central nervous system characterize the pain
syndrome associated with CP; involved mechanisms can be broken down to 8 main branches: (1) peripheral sensitization, (2)
pancreatic neuropathy, and (3) neuroplastic changes in the central pain pathways. Disease flares (recurrent pancreatitis) may
accelerate the pathophysiological process and further sensitize the pain system, which ultimately results in an autonomous and self-
perpetuating pain state that may become independent of the peripheral nociceptive drive. These findings share many similarities
with those observed in neuropathic pain disorders and have important implications for treatment; adjuvant analgesics are effective in
a subset of patients, and neuromodulation and neuropsychological interventions may prove useful in the future.

Conclusion: Chronic pancreatitis is associated with abnormal processing of pain at the peripheral and central level of the pain
system. This neurobiological understanding of pain has important clinical implications for treatment and prevention of pain
chronification.
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1. Introduction with alcoholic etiology often have more complications, are more
frequently hospitalized, and therefore often stigmatize the patient
) X group as a whole.®® The disease is characterized by inflammation
studies. It has recently been estimated to be 12010 140/1 OO'O%? of the pancreas that results in replacement of the parenchyma by
and seems to be increasing but with some regional differences. fibrotic connective tissue. This leads to progressive exocrine and
It is also likely that many patients with, eg, abdominal pain,  endocrine pancreatic insufficiency and a variety of local and
dial’rhea, and malnutrition—without diagnostic classification—in Systemic Compncaﬁons’ where pain is the most important.54
reality suffer from CP. Even though excess alcohol intake is still  Being present in up to 90% of the patients,®® CP pain significantly
amajor risk factor for CP, recent data suggest that only about half  increases the morbidity and reduces the life expectancy of
of the patients have alcoholic pathogenesis.®” However, patients  affected patients,®” and recent research has shown that pain is

The prevalence of chronic pancreatitis (CP) varies between
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the most important factor to explain the reduced life quality and
increased health resource utilization associated with the dis-
ease."%2 Clinically, the early stage of CP is typically dominated
by pain attacks associated with recurrent episodes of pancreatitis
and local or systemic complications, whereas in the advanced
stage, pain is typically more constant.®* Previously, it was
believed that pain decreased over the time course of the
disease,! but more recent studies have demonstrated that this
is not the case in most patients.*® In general, pain treatment is
difficult and often neglected even in specialist centers, and this is
partly explained by a lack of understanding of the pain
pathogenesis. It has been the common belief that increased
pressure in the pancreatic tissue and/or ductal system could
explain the pain in most patients,?® but newer studies have not
shown a relation between the microstructural or macrostructural
findings (as characterized by different imaging modalities) and the
pain characteristics.®""® An alternative explanation research for
more than a decade has indicated that the pain in many cases has
a neuropathic component, with evidence of peripheral neural
sensitization and nerve destruction following inflammation and
fibrosis.'”* Hence, experimental and human studies have
provided evidence for pancreatic neuropathy and neuroplasticity
at both the peripheral (pancreatic gland) and the central level of
the sensory system, which to a high degree resemble that seen in
neuropathic pain disorders. Along this line, pregabalin, a drug that
has shown its effectiveness for neuropathic pain, was shown to
be effective in patients with painful CP in a randomized placebo-
controlled trial.>® However, pain due to, eg, complications of the
disease and adverse effects to treatment is also frequent and
must not be overlooked as an additional source of pain.®*
Although the disease is still difficult to treat, the improved
understanding and recent mechanistic orientated research has
led to useful guidelines on how to approach treatment of CP pain
in the clinical settings with the major aim to improve the patient’s
suffering and quality of life. In the present review, we provide an
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overview of the neurobiological understanding of pain in CP and
highlight its implications for treatment.

2. Mechanisms of pancreatic neuropathy

Pancreatic neuropathy is still a mystery in current visceral pain
research; pinpointing the “weak spot” for efficient intervention
poses quite a challenge for the treating physicians and
researchers, as pancreatic neuropathy is not limited to the organ
itself. Pain originating from the pancreas initiates a chain reaction
of neuronal alterations, working all the way up from peripheral to
spinal and supraspinal levels, eventually culminating in cerebral
reorganization. There are various ways to adequately classify
pancreatic neuropathy, depending on location of emergence and
quality of pain. As different organ systems are involved, one can
distinguish between “peripheral” (pancreatic) and “central” (spinal
and supraspinal) processes. Also, the origin of pain can be traced
back to a direct “nociceptive” stimulation of nerve endings or
a “neuropathic” impairment of nerves during the evolution of CP.
Transitions are, however, fluid and pancreatic neuropathy
involves all components in most patients. For simplicity, breaking
down pathological processes leave us with 3 main “branches” of
pancreatic neuropathy'*:

(1) Peripheral nociception and sensitization.

(2) Peripheral pancreatic neuropathy.

(8) Central neuroplasticity.

2.1. Peripheral nociception and sensitization: the root of
all evil?

Although the individual perception of pain is a product of cerebral
processing,*’ peripheral nociceptors are the origin of a fre-
quency-encoded warning system that alerts the body to possibly
hazardous stimuli.?®> Under physiological circumstances, pain is
conducted by unmyelinated C-fibers and thinly myelinated Ad
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During inflammation of the pancreas, neurons respond to chemical agents, such as H+, K+, bradykinin, ATP, prostaglandins, and other inflammatory
molecules, that are released following cellular damage. Substance P (SP), calcitonin gene—related peptide (CGRP), and neurokinins are transported antegrade to
activate mast cells and platelets. These release serotonin (5-HT), nerve growth factor, and histamine, which again activate the sensory afferents.
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fibers, whose receptors are usually silent and unresponsive in the
absence of adequate stimulation.®” In the course of disease,
however, afferent neuron terminals respond to chemical agents
such as H+, K+, bradykinin, ATP, inflammatory molecules, and
trypsin that are released following cellular damage®* (Fig. 1).
Named mediators not only spark the emergence of action
potentials in local nociceptive receptors but also influence their
level of activity by inducing a cascade-like liberation of other pain-
promoting factors ultimately resulting in sensitization of the
pancreatic sensory neurons—a process known as peripheral
sensitization.

An examination of peripheral sensitization in CP begins with
the question of whether there is evidence of increased
pancreatic nociceptor excitability. In what is now one of the
most validated models of CP (induced by intraductal
application of trinitrobenzene sulfonic acid), Xu et al.®* first
demonstrated that pancreas-specific nociceptors (labeled by
retrograde tracers injected into the pancreas) show multiple
electrophysiological changes indicating a profound increase
in spontaneous activity and excitability. To further examine
the molecular basis of these changes, the investigators
examined voltage-gated K+ (Kv) channels that play a funda-
mental role in dampening neuronal excitability. What they
found was that a particular Kv current, called A-type (IA), is
markedly reduced in pancreatic nociceptors in animals with
CP, indicating at least one mechanism responsible for the
increased excitability. At the central end of the primary
afferent neuron, the electrical signal is “handed off” to
second-order spinal neurons via glutamate under ordinary
conditions. With increasing severity of the noxious signaling,
several peptides including substance P, calcitonin gene-
related peptide (CGRP), and brain-derived neurotrophic
factor are also involved and have been shown to be
upregulated in CP models.*'*®! An increase in spontaneous
firing from dorsal root ganglia would be expected to lead to
increased expression and release of these peptides, ac-
counting in part for the increased afferent drive to central
structures. In accordance with this, blockade of substance P,
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CGRP, and brain-derived neurotrophic factor by intrathecal
antagonists can attenuate pain behavior in rats with CP.41:52

The effects of an increase in baseline excitability of nociceptors
in CP is amplified by sensitization of “trigger” currents—small
currents evoked by changes in the environment—which if
sufficiently strong can depolarize the membrane to the threshold
required to evoke full-blown action potentials. Thus, not only is
the threshold decreased but also the currents that push the
neuronal membrane to threshold are enhanced.®® The key
molecules triggering fluctuations in membrane potentials belong
to the transient receptor potential (TRP) family of ion channels.
The TRP subunits that are especially enriched in nociceptive
neurons, such as TRP vanilloid 1 (TRPV1), TRPV4, and TRP
Ankyrin 1 (TRPA1), have shown to be involved in pancreatic
inflammation, peripheral sensitization, and pain.'®

Probably, the most important channel responsible for trigger
currents is the vanilloid receptor, TRPV1, which responds to
increases in temperature and acid concentrations, amongst
other factors. The role of TRPV1 in the pathogenesis of pain in
CP was conclusively demonstrated in the TNBS model, in which
a4-fold increase in evoked TRPV1 currents was seen along with
significant upregulation of protein and mRNA TRPV1 expression
in pancreatic nociceptors. Further, systemic administration of
the TRPV1 antagonist SB-366791 markedly reduced pain
behavior in rats with CP (but not in control animals, suggesting
a specific role in the sensitized but not the healthy state).®° The
TRPV1 molecule may also be theoretically involved in increased
pain sensation in patients who experience pancreatitis “flares,”
perhaps via a mechanism involving trypsin that may be released
during such episodes (Fig. 2). Trypsin is a serine protease that
not only cleaves proteins but can also activate specific receptors
such as proteinase activated receptor 2 (PAR-2) on nociceptors.
When injected into the pancreas directly in rats, it induces
a behavioral pain response that can be inhibited by de-
sensitization of the PAR-2 receptor, suggesting an effect of
pain independent of its other capabilities to injure pancreatic
tissue.”? Activation of PAR-2 enhances capsaicin-evoked
release of the pro-nociceptive neurotransmitter, CGRP, and
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During pancreatic flares, trypsin may activate proteinase activated receptor 2 (PAR-2) on nociceptors and sensitize the response of transient receptor
potential vanilloid (TRPV1) active fibres. These produce substance P (SP), the key molecule in “neurogenic inflammation” that is antegrade transported to the tissue
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spinal nociception, suggesting that trypsin is capable of
sensitizing TRP1 via this receptor.*°

TRPV4, another subunit of the TRP family of ion channels,
responds to changes in osmotic pressure and increased
temperature. Although TRPV4 has long been thought to play
a subordinate role compared to TRPV1, recent studies suggest
that sensitization of TRPV4 by proinflammatory mediators
causes hyperalgesia to mechanical stimuli.>® The intraductal
application of TRPV4 agonists in mice has led to increased Fos
expression in spinal neurons, reflecting an increased activity of
nociceptive neurons.'® Likewise, the TRPV4 antagonist
HC067047 has shown to effectively reduce hypersensitivity in
CP in mice.®®

The TRP family of channels also includes another prominent
“nocisensitive” molecule, TRPA1, whose role in CP has been
highlighted by 2 recent findings.®€® First, animal models that are
either TRPA1 knock-outs or employ TRPV1 antagonists demon-
strate reduced fibrosis, inflammatory infiltrates, and neural
hypertrophy, the histological hall marks of CP.®® Second,
diminished TRPA1 and/or TRPV1 activity is associated with
a reduction in sensitization to pain.®

Given this convincing evidence of enhanced baseline and
evoked activity in pancreatic nociceptors (peripheral sensitiza-
tion), it is then also important to try and identify the biological
factors that are driving this sensitization. Several plausible
candidates have been identified of which perhaps the most
prominent is nerve growth factor (NGF). This is normally only
expressed in pancreatic islets but with the development of CP
becomes much more widely seen in the parenchyma in both
acini and ducts. In order to gain deeper insight into the
pathomechanisms of NGF, the effect of anti-NGF treatment
has been studied in various animal models of CP. Neutralizing
antibodies to NGF can not only treat pancreatic hyperalgesia in
rats with CP but also prevent the changes in I, potassium
currents and associated hyperexcitability of pancreatic noci-
ceptors.®® Further, anti-NGF treatment in rats can also
counteract the increase in TRPV1 currents and expression, as
well as SP and CGRP in these neurons.®?°* Another cell type
that produces NGF is the mast cell, whose numbers are
increased in painful but not painless CP.*° Further, mast cells
are also a source of tryptase, which along with trypsin can
enhance TRPV1 currents via the PAR-2 receptor. Other
neurogenic mediators such as SP can in turn degranulate mast
cells, leading to perpetuation of the pro-nociceptive state. In
accordance with an important role for these cell types, pain
responses in mast cell deficient mice with CP are significantly
reduced.®

Another major contender for a “master molecule” for peripheral
sensitization is transforming growth factor beta (TGFB), which is
known to be upregulated in the pancreas with chronic in-
flammation in both patients and rodent models.*®°! Treatment of
sensory neurons with TGF in vitro induces changes in excitability
and suppressed a specific voltage-dependent potassium (IA)
current, which is a hallmark of nociceptive excitability in CP as
discussed above.®? Neutralization of TGFB in rats with CP can
reverse pancreatic hyperalgesia. Given its classical role in
promoting fibrosis, TGFB signaling may prove to be a very
important unifying mechanism to explain both pain and fibrosis,
the 2 hallmarks of CP.

Yet as intriguing as the process of peripheral sensitization
might be, the full extent of pancreatic pain still seems insufficiently
evidenced. It is therefore necessary to take a closer look at
reciprocal immuno-neuronal interactions and the characteristic
long-term neuroplastic alterations they entail.
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2.2. Peripheral pancreatic neuropathy: a vicious circle?

The 2 most common exocrine disorders of the pancreas, CP and
pancreatic ductal adenocarcinoma, create a very similar in-
flammatory microenvironment, which is considered to be
a breeding ground for neuronal impairment. Pancreatic neurop-
athy comprises 4 key aspects: (1) pancreatic neuroplasticity, (2)
pancreatic neuritis, (3) neural remodeling, and (4) neural in-
vasion.'*1” We previously demonstrated that all 4 characteristics
strongly correlate with the intensity of neuropathic pain.”

In the course of disease, nerves stretching through the
pancreatic tissue typically create a dense network of hypertrophic
nerves. Corresponding histomorphological changes, ie, the
increase in nerve diameter and neural density, are commonly
called as “pancreatic neuroplasticity.”’” In this context, growth
associated protein 43 (GAP 43) and Neurturin, 2 molecules
supporting neuronal development and growth, are suspected to
be substantially involved. In the past, the role of GAP 43,
a neuronal plasticity marker normally expressed during the
differentiation and regeneration of axons,® has been extensively
scrutinized. Various studies have associated GAP 43 over-
expression in CP tissues with an increased degree of abdominal
pain.®® Some recent findings shed light on the Neurturin/GFRa2
axis and its influence on pancreatic neuroplasticity. Neurturin
belongs to the glial cell line—derived neurotrophic factor family of
ligands and is known to orchestrate the normal development of
parasympathetic innervation.®® To investigate the expression of
neurturin and its receptor GFRa2 in CP tissue compared to
normal pancreas, we applied a variety of in vitro methods and
subsequently correlated our results to clinical pain reports.
Neurturin and GFRa2 were upregulated in intrapancreatic nerves,
particularly those surrounded by clusters of inflammatory cells,
with a further upregulation in CP tissues. Interestingly, Neurturin
presented as a dimer at 55 kDa in CP compared to its monomeric
pro-form near 25 kDa in controls. To reach their biologically active
form, inactive Neurturin monomers have to congregate in a multi-
step process, eventually metamorphosing into tetramers or
higher forms of multimers.”” This supports the idea that
multimeric active forms of Neurturin are highly upregulated in
CP tissue. With a novel neuroplasticity assay, we quantified the
extent of neuroplastic alterations initiated by the Neurturin/GFRa2
axis. Rat dorsal root ganglia were cultured under different
conditions and neurotrophic effects measured by the extent of
neuronal density and phenotypic alterations. Although Neurturin
expression was not correlated to neuropathic pain behavior, it
strongly stimulated branching and neurite density in dorsal root
ganglia neurons, leading to the conclusion that the neurturin/
GFRa2 axis is a key player in pancreatic neuroplasticity. '”2°

Apart from changing their phenotype, nerves often exhibit
extended damage to the perineurium as their natural barrier,
allowing the free entrance of lytic enzymes and inflammatory
cells.®® Based on the close immuno-neuronal communication,
the extent of “perineural invasion and neuritis” positively
correlates with the degree of neuropathic alterations and
pancreatic pain.'” Infiltrated fibers start to produce increased
amounts of SP, a signaling molecule that not only paves the way
for peripheral sensitization but also attracts an armada of
leucocytes to the injured nerve. In turn, arriving immune cells
release the cytokine IL8, which amplifies chemoattractive effects
and has shown to be overexpressed in CP.”® Another hallmark of
immuno-neuronal interaction is the chemokine Fractalkine and its
receptor CX3CR1. Upregulated in chronic inflammatory tissues,
Fractalkine is involved in glial activation, tissue fibrosis, and
inflammatory response.’® Blockage of the receptor CX3CR1
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could thus be a promising therapeutic approach for the treatment
of pancreatic pain.’® If one takes a closer look at the tightly
packed foci of immune cells clustering intrapancreatic nerves,
they exhibit a strikingly characteristic distribution pattern: the
majority is represented by CD8" lymphocytes, followed by
CD68™ macrophages, and mast cells and in particular the latter
show a strong association with the degree of neuropathic pain.'®

Another main feature of pancreatic neuropathy is the
compositional change of nerve fibers, also known as “neural
remodeling.” In CP, patients with extensive abdominal pain often
exhibit a decreased innervation to the pancreas. ' This profound
alteration of the nervous system not only involves neurons and
their projections but also glia cells as their “cellular protectors.”
Once stimulated, glia cells increasingly express the neuro-
epithelial stem cell marker Nestin, which can be regarded as
a sign of activation after nerve injury. However, SOX10, the
transcription factor usually presented by mature glia cells, is
downregulated.'® Although CP and human pancreatic adeno-
carcinoma both create similar inflammatory microenvironments,
characteristic changes in glia cell activity are even more
pronounced in cancerous tissues. In human PDAC, glia cells
are thought to have an almost “magnetic” affinity to their
malignant counterparts. The myelin-associated glycoprotein/
MAG serves as a glial receptor for the cancer cell surface antigen
Mucin1, allowing the adhesion and mutual binding of both cells.”
Glia cells are even believed to pave the way towards malignancy,
as they are often encountered in a neatly arranged fashion around
early precursor lesions.® This “Schwann cell carcinotropism” is
mainly mediated by NGF, produced by cancer cells, which allows
them to attach to the p75NTR receptor on Schwann cells.'” As
neurons and PCa cells subsequently lie near each other,
malignant cells can easily penetrate the perineurium and infiltrate
the nerve. In the context of “perineural invasion,” cancer cells
express increasing amounts of NGF, Artemin, and Neurturin."”
Those neurotrophic factors not only fuel the process of perineural
invasion but also contribute to the sensitization of peripheral nerve
endings.” At this point, the neuropathic aspect of pancreatic
pain is probably most vividly displayed. Chronically impaired
nerves are not only damaged by the disease itself but also by the
complex interplay of neurons, glia, inflammatory and cancer cells,
locked in a vicious circle of mutual reinforcement.

According to the IASP, neuropathic pain is defined as a “pain
that arises as a direct consequence of a lesion or diseases
affecting the somatosensory system” (https://www.iasp-pain.
org/GlobalYear/NeuropathicPain). This novel characterization of
neuropathic pain encompasses histopathologic changes
(“lesions”) and autoimmune and inflammatory processes (“dis-
ease”).”® As outlined in the sections above, the microenvironment
of CP meets both conditions by inducing secondary neuroplastic
alterations in pancreatic neuropathy, as well as an upregulation of
peripheral nociception following chronic inflammation. Therefore,
CP pain is neither solely nociceptive, nor neuropathic, but can be
understood as a “mixed-type” sensation.'®

2.3. Central neuroplasticity: cause or consequence of
pancreatic pain?

An increased afferent neuronal barrage to the spinal cord may
result in an increased responsiveness of central pain transmitting
neurons. This phenomenon is known as central sensitization and
refers to an increased synaptic efficacy established in sensory
neurons in the dorsal horn of the spinal cord following intense
peripheral noxious stimuli, tissue injury, or nerve damage.*®
Ultimately, ongoing peripheral stimulation may result in a long-
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lasting increase in the excitability of spinal cord neurons,
profoundly changing the gain of the sensory system, where the
pain processing is no longer coupled to the presence, intensity, or
duration of noxious peripheral stimuli. Various mechanisms have
been associated with central sensitization that typically comprise
2 temporal phases: (1) an early phosphorylation-dependent and
transcription-independent phase, which results mainly from rapid
changes in glutamate receptor and ion channel properties and (2)
a later, longer lasting, transcription-dependent phase, which
drives synthesis of new proteins responsible for the longer-lasting
form of central sensitization observed in different pain con-
ditions.®% One of the best characterized mechanisms in the early
phase of central sensitization is activation of the N-methyl-b-
aspartic acid (NMDA) receptor, revealing a key involvement of
glutamate in this process.®° Blocking of the NMDA receptor by
ketamine was shown to reverse hyperalgesia associated with CP
in an experimental study.®

Central sensitization manifests as a reduction in pain thresh-
olds with pain in response to a non-noxious stimulus (allodynia),
an increase in responsiveness and prolonged aftereffects to
noxious stimuli (hyperalgesia), and a receptive field expansion
that enabled input from non-injured tissue to produce pain
(secondary hyperalgesia) (Table 1).82 Several studies have
reported findings compatible with central sensitization in CP. In
one study, increased areas of referred pain to electrical
stimulation of the esophagus, stomach, and duodenum was
reported in patients with CP compared to control subjects.?’
Other studies reported decreased pain thresholds to visceral
stimulation of the rectosigmoid as well as somatic stimulation of
muscle and bone,®°® and hyperalgesia seemed to be linked to
disease severity in patients with CP.” In addition, the classical
post-prandial worsening of pain seen in many patients with CP
may represent allodynia triggered by the passage of food through
the upper gut and stimulation of the pancreas.?* Taken together,
these findings characterize a generalized hyperalgesic state of the
pain system and likely mirrors widespread sensitization of the
central sensory pathways as seen in many other chronic pain
disorders.®2

Several experimental and clinical studies have indicated that
peripheral neuropathy and neural deafferentation is associated
with a functional reorganization of the cerebral cortex.?® For
example, people with arm or hand amputations show a shift of the
mouth into the hand representation in the primary somatosensory
cortex, with the quantity of cortical reorganization being
correlated with subjective pain ratings.?” In patients with CP,
the pancreatic neuropathy discussed above may to some degree
mimic the peripheral nerve pathology seen in patients following
amputations. Along this line, experimental pain studies, based on
somatic stimulation of the skin area in the Th10 dermatome
(sharing spinal segmental innervation with the pancreatic gland)
as well as visceral stimulation of the upper and lower gut with
concomitant recording of evoked brain potentials and brain
source localization, have indicated that chronic pain and hyper-
algesia are associated with functional reorganization of the
cortical areas involved in visceral pain processing.2'°%%” Hence,
compared to healthy controls, patients with CP demonstrated
reorganization in the insula, secondary somatosensory cortex,
and cingulate cortex. In addition, the excitability of these neural
networks was abnormal with evidence of impaired habituation to
noxious stimuli, possibly reflecting a cortical neuronal hyperex-
citability (ie, cortical sensitization).?° Finally, the thalamus, as
a critical relay site in the sensory system, has been implicated in
chronic pain; a disturbance of the thalamocortical interplay seen
as global changes in the rhythmicity of the cerebral cortex was
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Description of pain terminology.
Term Description

Allodynia Pain due to a stimulus that does not normally

provoke pain

Central sensitization Increased responsiveness of nociceptive neurons in
the central nervous system to their normal or

subthreshold afferent input

Hyperalgesia Increased pain from a stimulus that normally

provokes pain

Nocicpetive pain Pain that arises from actual or threatened damage
to non-neural tissue and is due to the activation of

nociceptors

Neuropathic pain Pain caused by a lesion or disease of the

somatosensory nervous system

Neuropathy A disturbance of function or pathological change in

anerve

Peripheral sensitization Increased responsiveness and reduced threshold of
nociceptive neurons in the periphery to the

stimulation of their receptive fields

Sensitization Increased responsiveness of nociceptive neurons to
their normal input, and/or recruitment of a response

to normally subthreshold inputs

observed in patients with neuropathic pain of mixed origin.®®
Parallel findings were observed in patients with CP in studies
based on spectral analysis of visceral evoked brain potentials and
resting state electroencephalography.??-°

The structural correlate of functional cortical reorganization
and hyperexcitability is found in studies based on structural
magnetic resonance imaging (MRI). In a CP study, using diffusion
weighted MRI, microstructural changes in the insular and frontal
brain areas were associated with clinical pain intensity and
functional scores.®? Patients with a constant pain pattern
demonstrated the most severe microstructural abnormalities
compared to patients with an attack-wise pain pattern, which
translates well to the clinical situation where patients with
constant pain are reported to have the most reduced quality of
life.>* In another MRI study based on cortical volumetric
assessment, brain areas involved in visceral pain processing
was shown to have a reduced thickness.®° These findings attest
to the neuroplastic changes observed in painful CP.

The sensory system has several inherent mechanisms
whereby inflowing neuronal signals are modulated. Descending
modulatory pathways from the brain stem and higher cortical
structures play a key role in such endogenous sensory
modulation and control the afferent input of neuronal signals at
the spinal level. The process can lead to either an increase in the
spinal transmission (facilitation) or a decrease in transmission
(inhibition) and is mediated through distinct dopaminergic,
serotonergic, adrenergic, and opioidergic pathways. The balance
between these pathways ultimately determines the quality and
strength of the neuronal signals entering spinal transmission and
cortical processing.®® Alterations in the state of descending
modulation from inhibition towards facilitation have been impli-
cated in the transition of acute into chronic and neuropathic pain.
Thus, several studies, both animal and human, have documented
the involvement of brainstem structures in the generation and
maintenance of central sensitization and hyperalgesia.®*®° In the
context of pain and CP, impaired descending inhibitory pain
modulation have been reported in studies based on the
conditioned pain modulation paradigm, where descending
modulation was induced experimentally by applying a prolonged
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tonic pain stimulus (conditioning stimulus—cold-pressor test)
and quantified by applying a test-pain stimulus (quadriceps
pressure stimulation) before and after its induction.”*® Also, in
a rat model of CP, the persistence of pancreatitis pain was
dependent on descending pain faciliatory mechanisms arising in
the rostral ventromedial medulla with subsequent upregulation of
spinal dynorphin.”®

Taken together and as outlined above, several lines of
evidence indicate that central neuroplasticity are truly present in
CP (Fig. 3). However, from the current evidence it is difficult to
determine whether these central changes are maintained by
a sustained nociceptive drive from the pancreatic gland (ie,
a consequence of pancreatic pain) or whether they have become
independent of peripheral stimuli and thus comprise an
autonomous and self-perpetuating state of the sensory system
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ey structures
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Schematic illustration of the different neurobiological mechanisms
involved in pancreatic pain: (1) Peripheral nerve damage in the pancreas with
ectopic activity resulting in stimulus-dependent and spontaneous pain. (2)
Sprouting of non-nociceptive nerve afferents into areas of the spinal cord that
normally transmit nociceptive information resulting in allodynia. (3) Sprouting of
sympathetic neurons (black) into the dorsal horn neurons rendering the system
sensitive to sympathetic activity. (4) Sensitisation and phenotypic changes of
spinal neurons due to the increased afferent barrage. (5) Defects in the normal
inhibition of the incoming nociceptive information from (a) interneurons and (b)
descending tracts arising in the brainstem (black). (6) Abnormal coding of the
afferent input from somatic areas and other viscera resulting in increased
referred pain areas and viscero-visceral hyperalgesia. (7) Reorganisation and
structural changes in the brain that encodes complex sensations such as
affective, evaluative, and cognitive responses to pain.
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that may generate “pain on its own” (ie, a cause of pancreatic
pain).%® In favor of the latter, a small cross-sectional study found
that generalized hyperalgesia was associated with failure of
thoracoscopic splanchnic denervation.® The authors proposed
that in hyperalgesic patients the generation of pain had become
independent of the initial peripheral nociceptive drive and
consequently denervation of peripheral nerves was ineffective.
However, in somatosensory disorders, such as peripheral nerve
injury and painful polyneuropathy, there is support that regardless
of signs of central sensitization, a primary afferent input is critical
for maintaining ongoing and evoked neuropathic pain.®”"® The
efficacy of topically applied drugs in these conditions also
supports that peripheral pain-generating mechanisms are key
to maintain central sensitization and hyperalgesia.®

3. Implications for treatment

A thorough discussion of endoscopic, surgical, and medical pain
treatment in CP is beyond the scope of this article and the reader
is referred to recent published guidelines.?>5® The following
treatment recommendations are based on the neurobiological
understanding of pain in CP as outlined in the previous sections.

Many patients with chronic pain develop depression and if
present antidepressive treatment may also improve pain.%®
Patients with CP also report high rates of depression,? and these
cases can be identified through screening with questionnaires
such as the Hospital Anxiety and Depression Scale.* Although
not documented in CP, patients with chronic pain and depression
particularly benefit from antidepressant drugs from the SNRI
class, such as venlafaxine, that has less adverse effects than
tricyclic antidepressives and lowers pain in clinical studies of
functional visceral pain.”* From a mechanistic point of view, these
drugs act in the serotonergic and noradrenergic systems and
facilitate descending inhibition and, as such, may theoretically
benefit patients with CP.56:88

Adjuvant therapy with gabapentinoids, such as pregabalin,
has been shown effective in patients with pain due to CP in
a randomized placebo-controlled trial.>® Unfortunately, many
patients suffer from adverse effects, including dizziness and
lightheadedness, which may limit its use in the clinical setting. A
mechanism-based guidance can select responders to prega-
balin treatment, as those with evidence of central sensitization,
evident as relative hyperalgesia in the Th10 dermatome (where
neuronal afferents from the pancreas and somatic tissue
converge), have a higher likelihood for effective treatment
outcome.®®

In addition to conventional treatment strategies, neuromodu-
lation and other complementary treatment modalities may be
useful in CP. Hence, spinal cord stimulation, transcranial
magnetic stimulation, and acupuncture have all been proven
effective in proof-of-concept studies, but rigorous evaluation in
properly designed clinical trials have not yet been con-
ducted.??*344 Neurolytic procedure such as endoscopic guided
plexus blocks was previously widely used for pain in CP but is
now considered obsolete due to poor long-term outcomes and
risk of side effects such as postural hypotension and diarrhea.”®
Thoracoscopic splanchnicectomy has been described as an
alternative and minimally invasive therapy for pancreatic pain.
However, pain relieving effects are short lasting and sham
controlled studies have not been done.*? Taken together, the lack
of effectiveness of these neurolytic procedures are likely
explained by the associated nerve damages that may further
worsen the pathological pain processing in peripheral and central
nerves.
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Many other treatments have been used to treat pain in patients
with CP. Among them, psychological interventions such as
cognitive behavioral therapy and hypnotherapy have been shown
effective in various chronic pain conditions.*® Along this line, in
arecent case series we showed that hypnotherapy was effective
for pain in CP (Juel J et al. in preparation 2017). Although large-
scale clinical studies are needed to further document the efficacy
of psychological intervention in CP, it is generally believed that the
psychosocial dimension of pain are comparable between pain
conditions, which rationalizes that psychological intervention
should also be offered to patients with CP.

4. Conclusion

Research over the last decade has improved our understanding
of pain mechanism in CP substantially and several lines of
evidence support a neurobiological origin of pain that in many
cases resembles that observed in neuropathic pain conditions.
This improved understanding of pain has important clinical
implications for treatment; adjuvant analgesics, as well as
neuromodulation and psychological interventions, may prove
useful in the future but need further validation.

Disclosures

The authors have no conflicts of interest to declare.

Article history:

Received 6 March 2017

Received in revised form 30 August 2017
Accepted 8 September 2017

References

[1]  Ammann RW, Muellhaupt B. The natural history of pain in alcoholic
chronic pancreatitis. Gastroenterology 1999;116:1132-40.

[2] Balliet WE, Edwards-Hampton S, Borckardt JJ, Morgan K, Adams D,
Owczarski S, Madan A, Galloway SK, Serber ER, Malcolm R. Depressive
symptoms, pain, and quality of life among patients with nonalcohol-
related chronic pancreatitis. Pain Res Treat 2012;2012:978646.

[38] Benowitz LI, Routtenberg A. GAP-43: an intrinsic determinant of neuronal
development and plasticity. Trends Neurosci 1997;20:84-91.

[4] Bijelland |, Dahl AA, Haug TT, Neckelmann D. The validity of the Hospital
Anxiety and Depression Scale. An updated literature review.
J Psychosom Res 2002;52:69-77.

[6] Bouwense SA, Buscher HC, van Goor H, Wilder-Smith OH. Has central
sensitization become independent of nociceptive input in chronic
pancreatitis patients who fail thoracoscopic splanchnicectomy? Reg
Anesth Pain Med 2011;36:531-6.

[6] Bouwense SA, Buscher HC, van Goor H, Wilder-Smith OH. S-ketamine
modulates hyperalgesia in patients with chronic pancreatitis pain. Reg
Anesth Pain Med 2011;36:303-7.

[71 Bouwense SA, Olesen SS, Drewes AM, Frokjaer JB, van Goor H, Wilder-
Smith OH. Is altered central pain processing related to disease stage in
chronic pancreatitis patients with pain? An exploratory study. PLoS One
2013;8:55460.

[8] Buscher HC, Wilder-Smith OH, van Goor H. Chronic pancreatitis patients
show hyperalgesia of central origin: a pilot study. Eur J Pain 2006;10:
363-70.

[9] Cattaruzza F, Johnson C, Leggit A, Grady E, Schenk AK, Cevikbas F,
Cedron W, Bondada S, Kirkwood R, Malone B, Steinhoff M, Bunnett N,
Kirkwood KS. Transient receptor potential ankyrin 1 mediates chronic
pancreatitis pain in mice. Am J Physiol Gastrointest Liver Physiol 2013;
304:G1002-12.

[10] Ceppa E, Cattaruzza F, Lyo V, Amadesi S, Pelayo JC, Poole DP,
Vaksman N, Liedtke W, Cohen DM, Grady EF, Bunnett NW, Kirkwood
KS. Transient receptor potential ion channels V4 and A1 contribute to
pancreatitis pain in mice. Am J Physiol Gastrointest Liver Physiol 2010;
299:G556-71.

[11] Ceyhan GO, Bergmann F, Kadihasanoglu M, Altintas B, Demir IE, Hinz U,
Mdller MW, Giese T, Blchler MW, Giese NA, Friess H. Pancreatic


www.painreportsonline.com

8 S.S. Olesen et al. # 2 (2017) €625

neuropathy and neuropathic pain—a comprehensive pathomorphological
study of 546 cases. Gastroenterology 2009;136:177-86.e1.

[12] Ceyhan GO, Demir IE, Maak M, Friess H. Fate of nerves in chronic
pancreatitis: neural remodeling and pancreatic neuropathy. Best Pract
Res Clin Gastroenterol 2010;24:311-22.

[13] Ceyhan GO, Deucker S, Demir IE, Erkan M, Schmelz M, Bergmann F,
Mudller MW, Giese T, Blchler MW, Giese NA, Friess H. Neural fractalkine
expression is closely linked to pain and pancreatic neuritis in human
chronic pancreatitis. Lab Invest 2009;89:347-61.

[14] Ceyhan GO, Michalski CW, Demir IE, Muller MW, Friess H. Pancreatic
pain. Best Pract Res Clin Gastroenterol 2008;22:31-44.

[15] D’Haese JG, Demir IE, Friess H, Ceyhan GO. Fractalkine/CX3CR1: why
a single chemokine-receptor duo bears a major and unique therapeutic
potential. Expert Opin Ther Targets 2010;14:207-19.

[16] Demir IE, Boldis A, Pfitzinger PL, Teller S, Brunner E, Klose N, Kehl T,
Maak M, Lesina M, Laschinger M, Janssen K-P, Algul H, Friess H,
Ceyhan GO. Investigation of Schwann cells at neoplastic cell sites
before the onset of cancer invasion. J Natl Cancer Inst 2014;106:
1-12.

[17] Demir IE, Friess H, Ceyhan GO. Neural plasticity in pancreatitis and
pancreatic cancer. Nat Rev Gastroenterol Hepatol 2015;12:649-59.

[18] Demir IE, Schorn S, Schremmer-danninger E, Wang K, Kehl T, Giese NA,
Algu H. Perineural mast cells are specifically enriched in pancreatic
neuritis and neuropathic pain in pancreatic cancer and chronic
pancreatitis. PLoS One 2013;8:e60529.

[19] Demir IE, Tieftrunk E, Maak M, Friess H, Ceyhan GO. Pain mechanisms in
chronic pancreatitis: of a master and his fire. Langenbecks Arch Surg
2011;396:151-60.

[20] Demir IE, Wang K, Tieftrunk E, Giese Na, Xing B, Friess H, Kehl T, Ceyhan
GO. Neuronal plasticity in chronic pancreatitis is mediated via the
neurturin/GFRa2 axis. Am J Physiol Gastrointest Liver Physiol 2012;303:
G1017-28.

[21] Dimcevski G, Sami SAK, Funch-Jensen P, Le Pera D, Valeriani M, Arendt-
Nielsen L, Drewes AM. Pain in chronic pancreatitis: the role of
reorganization in the central nervous system. Gastroenterology 2007;
132:1546-56.

[22] Drewes AM. Is the pain in chronic pancreatitis of neuropathic origin?
Support from EEG studies during experimental pain. World J
Gastroenterol 2008;14:4020.

[23] Drewes AM, Bouwense SAW, Campbell CM, Ceyhan GO, Delhaye M,
Demir IE, Garg PK, van Goor H, Halloran C, Isaji S, Neoptolemos JP,
Olesen SS, Palermo T, Pasricha PJ, Sheel A, Shimosegawa T, Szigethy E,
Whitcomb DC, Yadav D; Working Group for the International
(IAP—APA—JPS—EPC)  Consensus  Guidelines  for  Chronic
Pancreatitis. Guidelines for the understanding and management of pain
in chronic pancreatitis. Pancreatology 2017;17:720-31.

[24] Drewes AM, Krarup AL, Detlefsen S, Malmstrem ML, Dimcevski G,
Funch-Jensen P. Pain in chronic pancreatitis: the role of neuropathic pain
mechanisms. Gut 2008;57:1616-27.

[25] Dubin AE, Patapoutian A. Nociceptors: the sensors of the pain pathway.
J Clin Invest 2010;120:3760-72.

[26] Ebbehoj N, Borly L, Madsen P, Svendsen LB. Pancreatic tissue pressure
and pain in chronic pancreatitis. Pancreas 1986;1:556-8.

[27] Flor H, Elbert T, Knecht S, Wienbruch C, Pantev C, Birbaumer N, Larbig
W, Taub E. Phantom-Limb pain as a perceptual correlate of cortical
reorganization following arm amputation. Nature 1995;375:482-4.

[28] Flor H, Nikolajsen L, Jensen TS. Phantom limb pain: a case of
maladaptive CNS plasticity? Nat Rev Neurosci 2006;7:873-81.

[29] Fregni F, Potvin K, Dasilva D, Wang X, Lenkinski RE, Freedman SD,
Pascual-Leone A. Clinical effects and brain metabolic correlates in non-
invasive cortical neuromodulation for visceral pain. Eur J Pain 2011;15:
53-60.

[30] Frekjeer JB, Bouwense SAW, Olesen SS, Lundager FH, Eskildsen SF, van
Goor H, Wilder-Smith OHG, Drewes AM. Reduced cortical thickness of
brain areas involved in pain processing in patients with chronic
pancreatitis. Clin Gastroenterol Hepatol 2012;10:434-8.e1.

[31] Frekjeer JB, Olesen SS, Drewes AM. Fibrosis, atrophy, and ductal
pathology in chronic pancreatitis are associated with pancreatic function
but independent of symptoms. Pancreas 2013;42:1182-7.

[32] Frekjeer B, Olesen SS, Gram M, Yavarian Y, Bouwense SAW, Wilder-
Smith OHG, Drewes AM. Altered brain microstructure assessed by
diffusion tensor imaging in patients with chronic pancreatitis. Gut 2011;
60:1554-62.

[33] Gebhardt S, Heinzel-Gutenbrunner M, Kénig U. Pain relief in depressive
disorders: a meta-analysis of the effects of antidepressants. J Clin
Psychopharmacol 2016;36:658-68.

[34] Gebhart GF. Descending modulation of pain. Neurosci Biobehav Rev
2004;27:729-37.

PAIN Reports®

[35] Gebhart GF. It's chickens and eggs all over again: is central
reorganization the result or cause of persistent visceral pain?
Gastroenterology 2007;132:1618-20.

[36] Grant AD, Cottrell GS, Amadesi S, Trevisani M, Nicoletti P, Materazzi S,
Altier C, Cenac N, Zamponi GW, Bautista-Cruz F, Lopez CB, Joseph EK,
Levine JD, Liedtke W, Vanner S, Vergnolle N, Geppetti P, Bunnett NW.
Protease-activated receptor 2 sensitizes the transient receptor potential
vanilloid 4 ion channel to cause mechanical hyperalgesia in mice.
J Physiol 2007;578:715-33.

[387] Haroutounian S, Nikolajsen L, Bendtsen TF, Finnerup NB, Kristensen AD,
Hasselstram JB, Jensen TS. Primary afferent input critical for maintaining
spontaneous pain in peripheral neuropathy. PAIN 2014;155:1272-9.

[38] Heinricher MM, Tavares |, Leith JL, Lumb BM. Descending control of
nociception: specificity, recruitment and plasticity. Brain Res Rev 2009;
60:214-25.

[39] Hoogerwerf WA, Gondesen K, Xiao SY, Winston JH, Willis WD, Pasricha
PJ. The role of mast cells in the pathogenesis of pain in chronic
pancreatitis. BMC Gastroenterol 2005;5:8.

[40] Hoogerwerf WA, Zou L, Shenoy M, Sun D, Micci MA, Lee-Hellmich H,
Xiao SY, Winston JH, Pasricha PJ. The proteinase-activated receptor 2 is
involved in nociception. J Neurosci 2001;21:9036-42.

[41] Hughes MS, Shenoy M, Liu L, Colak T, Mehta K, Pasricha PJ. Brain-
derived neurotrophic factor is upregulated in rats with chronic pancreatitis
and mediates pain behavior. Pancreas 2011;40:551-6.

[42] Issa Y, Ahmed Ali U, Bouwense SAW, van Santvoort HC, van Goor H.
Preoperative opioid use and the outcome of thoracoscopic
splanchnicectomy in chronic pancreatitis: a systematic review. Surg
Endosc 2014;28:405-12.

[43] Juel J, Liguori S, Liguori A, Poulsen JL, Valeriani M, Graversen C, Olesen
SS, Drewes AM. Acupuncture for pain in chronic pancreatitis: a single-
blinded randomized crossover trial. Pancreas 2017;46:170-6.

[44] Kapural L, Cywinski JB, Sparks DA. Spinal cord stimulation for visceral
pain from chronic pancreatitis. Neuromodulation 2011;14:423-7.

[45] Knoerl R, Lavoie Smith EM, Weisberg J. Chronic Pain, Cognitive
Behavioral Therapy: an integrative review. West J Nurs Res 2015;38:
596-28.

[46] Korc M, Friess H, Yamanaka Y, Kobrin MS, Buchler M, Beger HG.
Chronic pancreatitis is associated with increased concentrations of
epidermal growth factor receptor, transforming growth factor alpha, and
phospholipase C gamma. Gut 1994;35:1468-73.

[47] Lacroix-Fralish ML, Mogil JS. Progress in genetic studies of pain and
analgesia. Annu Rev Pharmacol Toxicol 2009;49:97-121.

[48] Lankisch PG, Seidensticker F, Lohr-Happe A, Otto J, Creutzfeldt W. The
course of pain is the same in alcohol- and nonalcohol-induced chronic
pancreatitis. Pancreas 1995;10:338-41.

[49] Latremoliere A, Woolf CJ. Central sensitization: a generator of pain
hypersensitivity by central neural plasticity. J Pain 2009;10:895-926.

[50] Lelic D, Olesen SS, Hansen TM, Valeriani M, Drewes AM. Functional
reorganization of brain networks in patients with painful chronic
pancreatitis. Eur J Pain 2014;18:968-77.

[51] Lévy P, Dominguez-Mufioz E, Imrie C, Loéhr M, Maisonneuve P.
Epidemiology of chronic pancreatitis: burden of the disease and
conseguences. United Eur Gastroenterol J 2014;2:345-54.

[562] Liu L, Shenoy M, Pasricha PJ. Substance P and calcitonin gene related
peptide mediate pain in chronic pancreatitis and their expression is driven
by nerve growth factor. J Pancreas 2011;12:389-94.

[63] Loéhr JM, Dominguez-Munoz E, Rosendahl J, Besselink M, Mayerle J,
Lerch MM, Haas S, Akisik F, Kartalis N, Iglesias-Garcia J, Keller J,
Boermeester M, Werner J, Dumonceau JM, Fockens P, Drewes A,
Ceyhan G, Lindkvist B, Drenth J, Ewald N, Hardt P, de Madaria E, Witt H,
Schneider A, Manfredi R, Brendum FJ, Rudolf S, Bollen T, Bruno M.
United European Gastroenterology evidence-based guidelines for the
diagnosis and therapy of chronic pancreatitis (HaPanEU). United
European Gastroenterol J 2017;5:153-99.

[54] Mullady DK, Yadav D, Amann ST, O’Connell MR, Barmada MM, Elta GH,
Scheiman JM, Wamsteker EJ, Chey WD, Korneffel ML, Weinman BM,
Slivka A, Sherman S, Hawes RH, Brand RE, Burton FR, Lewis MD,
Gardner TB, Gelrud A, DiSario J, Baillie J, Banks PA, Whitcomb DC,
Anderson MA; NAPS2 Consortium. Type of pain, pain-associated
complications, quality of life, disability and resource utilisation in chronic
pancreatitis: a prospective cohort study. Gut 2011;60:77-84.

[65] Olesen SS, Bouwense SAW, Wilder-Smith OHG, van Goor H, Drewes
AM. Pregabalin reduces pain in patients with chronic pancreatitis in
a randomized, controlled trial. Gastroenterology 2011;141:536-43.

[56] Olesen SS, Brock C, Krarup AL, Funch-densen P, Arendt-Nielsen L,
Wilder-Smith OH, Drewes AM. Descending inhibitory pain modulation is
impaired in patients with chronic pancreatitis. Clin Gastroenterol Hepatol
2010;8:724-30.



2 (2017) €625

[57] Olesen SS, Frekjeer JB, Lelic D, Valeriani M, Drewes AM. Pain-associated
adaptive cortical reorganisation in chronic pancreatitis. Pancreatology
2010;10:742-51.

[58] Olesen SS, Graversen C, Bouwense SAW, van Goor H, Wilder-Smith
OHG, Drewes AM. Quantitative sensory testing predicts pregabalin
efficacy in painful chronic pancreatitis. PLoS One 2013;8:57963.

[59] Olesen SS, Hansen TM, Graversen C, Steimle K, Wilder-Smith OHG,
Drewes AM. Slowed EEG rhythmicity in patients with chronic pancreatitis:
evidence of abnormal cerebral pain processing? Eur J Gastroenterol
Hepatol 2011;23:418-24.

[60] Olesen SS, Hansen TM, Graversen C, Valeriani M, Drewes AM. Cerebral
excitability is abnormal in patients with painful chronic pancreatitis. Eur J
Pain 2013;17:46-54.

[61] Olesen SS, Juel J, Nielsen AK, Frokjeer JB, Wilder-Smith OHG, Drewes
AM. Pain severity reduces life quality in chronic pancreatitis: implications
for design of future outcome trials. Pancreatology 2014;14:497-502.

[62] Olesen SS, Poulsen JL, Broberg MCH, Madzak A, Drewes AM. Opioid
treatment and hypoalbuminemia are associated with increased
hospitalisation rates in chronic pancreatitis outpatients. Pancreatology
2016;16:807-13.

[63] Pasricha PJ. Unraveling the mystery of pain in chronic pancreatitis. Nat
Rev Hepatol 2012;9:140-51.

[64] Poulsen JL, Olesen SS, Malver LP, Frokjaer JB, Drewes AM. Pain and
chronic pancreatitis: a complex interplay of multiple mechanisms. World J
Gastroenterol 2013;19:7282-91.

[65] Rossi J, Luukko K, Poteryaev D, Laurikainen A, Sun YF, Laakso T,
Eerikéinen S, Tuominen R, Lakso M, Rauvala H, Arumée U, Pasternack
M, Saarma M, Airaksinen MS. Retarded growth and deficits in the enteric
and parasympathetic nervous system in mice lacking GFR alpha2,
a functional neurturin receptor. Neuron 1999;22:243-52.

[66] Sarnthein J, Stern J, Aufenberg C, Rousson V, Jeanmonod D. Increased
EEG power and slowed dominant frequency in patients with neurogenic
pain. Brain 2006;129:55-64.

[67] Scholz J, Woolf CJ. Can we conquer pain? Nat Neurosci 2002;(5 suppl):
1062-7.

[68] Schwartz ES, La JH, Scheff NN, Davis BM, Albers KM, Gebhart GF. TRPV1
and TRPA1 antagonists prevent the transition of acute to chronic
inflammation and pain in chronic pancreatitis. J Neurosci 2013;33:5603-11.

[69] Di Sebastiano P, di Mola FF, Bockman DE, Friess H, Buchler MW.
Chronic pancreatitis: the perspective of pain generation by neuroimmune
interaction. Gut 2003;52:907-11.

[70] Di Sebastiano P, di Mola FF, Di Febbo C, Baccante G, Porreca E,
Innocenti P, Friess H, Blichler MW. Expression of interleukin 8 (IL-8) and
substance P in human chronic pancreatitis. Gut 2000;47:423-8.

[71] Swanson BJ, McDermott KM, Singh PK, Eggers JP, Crocker PR,
Hollingsworth MA. MUC1 is a counter-receptor for myelin-associated
glycoprotein (Siglec-4a) and their interaction contributes to adhesion in
pancreatic cancer perineural invasion. Cancer Res 2007;67:10222-9.

[72] Toma H, Winston J, Micci MA, Shenoy M, Pasricha PJ. Nerve growth
factor expression is up-regulated in the rat model of L-arginine-induced
acute pancreatitis. Gastroenterology 2000;119:1373-81.

[73] Treede RD, Jensen TS, Campbell JN, Cruccu G, Dostrovsky JO, Griffin
JW, Hansson P, Hughes R, Nurmikko T, Serra J. Neuropathic pain:
redefinition and a grading system for clinical and research purposes.
Neurology 2008;70:1630-5.

[74] Tornblom H, Drossman DA. Centrally targeted pharmacotherapy for
chronic abdominal pain. Neurogastroenterol Motil 2015;27:455-67.

[75] Vaso A, Adahan HM, Gijika A, Zahaj S, Zhurda T, Vyshka G, Devor M.
Peripheral nervous system origin of phantom limb pain. PAIN 2014;155:
1384-91.

[76] Vera-Portocarrero LP, Xie JY, Yie JX, Kowal J, Ossipov MH, King T,
Porreca F. Descending facilitation from the rostral ventromedial medulla
maintains visceral pain in rats with experimental pancreatitis.
Gastroenterology 2006;130:2155-64.

www.painreportsonline.com 9

[77] Wang K, Demir IE, D’Haese JG, Tieftrunk E, Kujundzic K, Schorn S, Xing
B, Kehl T, Friess H, Ceyhan GO. The neurotrophic factor neurturin
contributes toward an aggressive cancer cell phenotype, neuropathic
pain and neuronal plasticity in pancreatic cancer. Carcinogenesis 2014;
35:103-13.

[78] Wilcox CM. Tinkering with a tarnished technique: isn’t it time to abandon
celiac plexus blockade for the treatment of abdominal pain in chronic
pancreatitis? Clin Gastroenterol Hepatol 2012;10:106-8.

[79] Wilcox CM, Yadav D, Ye T, Gardner TB, Gelrud A, Sandhu BS, Lewis MD,
Al-Kaade S, Cote GA, Forsmark CE, Guda NM, Conwell DL, Banks PA,
Muniraj T, Romagnuolo J, Brand RE, Slivka A, Sherman S, Wisniewski
SR, Whitcomb DC, Anderson MA. Chronic pancreatitis pain pattern and
severity are independent of abdominal imaging findings. Clin
Gastroenterol Hepatol 2015;13:552-60.

[80] Willert RP, Woolf CJ, Hobson AR, Delaney C, Thompson DG, AzizQ. The
development and maintenance of human visceral pain hypersensitivity is
dependent on the N-methyl-D-aspartate receptor. Gastroenterology
2004;126:683-92.

[81] Winston JH, He ZJ, Shenoy M, Xiao SY, Pasricha PJ. Molecular and
behavioral changes in nociception in a novel rat model of chronic
pancreatitis for the study of pain. PAIN 2005;117:214-22.

[82] Woolf CJ. Central sensitization: implications for the diagnosis and
treatment of pain. PAIN 2011;152:52-15.

[83] Woolf CJ, Salter MW. Neuronal plasticity: increasing the gain in pain.
Science 2000;288:1765-9.

[84] Xu GY, Winston JH, Shenoy M, Yin H, Pasricha PJ. Enhanced excitability
and suppression of A-type K+ current of pancreas-specific afferent
neurons in a rat model of chronic pancreatitis. Am J Physiol Gastrointest
Liver Physiol 2006;291:G424-31.

[85] Xu GY, Winston JH, Shenoy M, Yin H, Pendyala S, Pasricha PJ. Transient
receptor potential vanilloid 1 mediates hyperalgesia and is up-regulated in
rats with chronic pancreatitis. Gastroenterology 2007;133:1282-92.

[86] Yadav D, Muddana V, O’Connell M. Hospitalizations for chronic
pancreatitis in allegheny county, Pennsylvania, USA. Pancreatology
2011;11:546-52.

[87] Yadav D, Timmons L, Benson JT, Dierkhising RA, Chari ST. Incidence,
prevalence, and survival of chronic pancreatitis: a population-based
study. Am J Gastroenterol 2011;106:2192-9.

[88] Yarnitsky D, Granot M, Nahman-Averbuch H, Khamaisi M, Granovsky Y.
Conditioned pain modulation predicts duloxetine efficacy in painful
diabetic neuropathy. PAIN 2012;153:1193-8.

[89] Zambreanu L, Wise RG, Brooks JCW, lannetti GD, Tracey |. A role for the
brainstem in central sensitisation in humans. Evid Funct Magn Reson
Imaging 2005;114:397-407.

[90] Zhang LP, Kline RH, Deevska G, Ma F, Nikolova-Karakashian M,
Westlund KN. Alcohol and high fat induced chronic pancreatitis:
TRPV4 antagonist reduces hypersensitivity. Neuroscience 2015;311:
166-79.

[91] Zhang SK, Tsui NC, Li DH, Yao GW, Wang YN. Expression of
transforming growth factor beta1/Sma- and Mad-related proteins in rat
with chronic pancreatitis induced by dibutyltin dichloride. Pancreas 2010;
39:252-3.

[92] Zhu'Y, Colak T, Shenoy M, Liu L, Mehta K, Pai R, Zou B, Xie X, Pasricha
PJ. Transforming growth factor beta induces sensory neuronal
hyperexcitability, and contributes to pancreatic pain and hyperalgesia in
rats with chronic pancreatitis. Mol Pain 2012;8:65.

[93] ZhuY, Colak T, Shenoy M, Liu L, Pai R, Li C, Mehta K, Pasricha PJ. Nerve
growth factor modulates TRPV1 expression and function and mediates
pain in chronic pancreatitis. Gastroenterology 2011;141:370-7.

[94] Zhu Y, Mehta K, Li C, Xu GY, Liu L, Colak T, Shenoy M, Pasricha PJ.
Systemic administration of anti-NGF increases A-type potassium
currents and decreases pancreatic nociceptor excitability in a rat model
of chronic pancreatitis. Am J Physiol Gastrointest Liver Physiol 2012;302:
G176-81.


www.painreportsonline.com

