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1. Introduction

Severe, disabling abdominal pain is the hallmark
of chronic pancreatitis. Currently available
treatments for pancreatitis pain are inadequate
and expensive, both in health care dollars and in
lost productivity. Pain is the most common reason
for hospitalization among chronic pancreatitis
patients, and as many as 40% require 3 or more
admissions during their lifetime for pain
management (72). Improved treatments depend
on a better understanding of the mechanisms of
chronic visceral pain, a subject that has gained
attention recently with the development of suitable
animal models and reproducible experimental
measures of sustained pancreatic pain.

2. Manifestations and Treatment of
Pancreatic Pain

Pain Theories

Traditional theories of the origin of pancreatic pain
in chronic pancreatitis focused on structural
abnormalities causing ductal hypertension (11).
Such abnormalities ranged from stones and
strictures, to fibrosis due to toxic effects and
ischemia (27). While this ductal obstruction
theory is logical, studies in patients with chronic
pancreatitis have failed to show a correlation
between ductal pressure and pain levels;
moreover, ductal pressures do not accurately
predict the success of ductal decompression
procedures (34-37). In fact, Bornman et al

demonstrated that there was no significant
difference in either the anatomy or the
morphological changes between groups of

patients with either painful or painless pancreatitis
(10). Rather than a single mechanism of pain,
recent research has favored a more complex
relationship between these structural and
morphological components, and their interaction
with neurobiological mechanisms (33).
Nociceptive pathways, inflammatory mediators
and sensitization of both central and peripheral
pathways have been shown to play important
roles in pancreatic pain (76).

Chronic Pain Syndrome: A downward
spiral

Among the many clinical sequelae of chronic
pancreatitis, pain has been shown to be the most
important factor affecting quality of life (78). The
pain often becomes the focal point around which
work, leisure activities and relationships must
revolve. Two types of pain patterns have been
identified among these patients, type A,
characterized by intermittent flares of pain, and
type B, consisting of prolonged periods of
persistent pain of varying severity (3). In the
largest study of pain in chronic pancreatitis,
Mullady et al showed that those who exhibit more
type B pain of a more constant nature, have lower
guality of life measures (72). In a study of 265
patients, Wehler et al showed that as abdominal
pain index scores increased across subgroups,
there was a significant and profound decrease in
all quality of life indices. Since eating can trigger
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pain exacerbations, patients typically respond by
decreasing food intake. Many patients also suffer
nutrient malabsorption due to pancreatic exocrine

insufficiency, and this combination leads to
progressive  weight loss and malnutrition.
Decreased BMI has been correlated with

impairment in quality of life measurements (102).

Medical Treatment

The mainstay therapy for chronic pancreatitis is
the symptomatic treatment of pain. Since we
have a limited understanding of the pathogenesis
of chronic pancreatic pain, treatment is limited to
a supportive care regimen targeting symptoms
rather than etiologies of the pain (40).
Therapeutic regimens rely heavily on opioid
analgesics, which lead to both physiological and
psychological dependence, as well as tolerance
requiring escalating doses. The undesirable side
effects of these drugs reduce patient well-being
through physical symptoms such as somnolence,
impaired cognitive function, and constipation. The
side effects of existing therapeutics combine with
inadequately treated pain to produce the
detrimental socioeconomic effects of inability to
work or, in some cases, even to leave the house
(83). Some studies have even supported the
possible role of long term opioid treatment in the
development of hyperalgesia and allodynia which
further exacerbate pain syndromes (66). Newer
approaches typically use multimodality
combinations of agents that target inflammation,
nerve injury, and descending pathways, with the
goal of reducing narcotic dosages and achieving
synergistic effects. Examples of this include the
addition of the gabapentoid pregabalin, as well as
the antioxidant methionine, both of which have
been shown to improve pain in chronic
pancreatitis (75, 90). Despite these advances, the
ideal medical treatment remains elusive due to
the lack of reliable trials comparing various
treatment regimens, as well as the heterogeneity
in pain patterns (5, 40).

Interventional Treatment

For pain that is refractory to medical
management, an array of procedures have been
used with risk and side effect profiles that roughly
parallel their efficacy and durability in improving
pain.

Peripheral nerve ablation

One of the original approaches was endoscopic
injection of anti-inflammatory, analgesic or
ablative agents into the celiac ganglia through
which most of the pancreatic afferents pass (25).
In a prospective study by Gress and colleagues,
of 90 patients with chronic pancreatitis, only 55%
of patients had significant improvement in pain
scores following EUS-guided celiac plexus block,
and only 10% had lasting benefit from the
procedure at 24 weeks (47). Rare but serious
side effects have included motor nerve
impairment and exacerbation of pain. Therefore, it
is no longer recommended as a routine therapy
for patients with intractable benign pancreatic
pain, but is still used to improve quality of
remaining life for some patients with severe pain
from pancreatic cancer (71). Newer therapies
have been developed utilizing percutaneous
radiofrequency ablation to achieve site directed
ablation of splanchnic nerves. Demonstrated first
in a small cohorts of patients with chronic non-
malignant abdominal pain by Garcea et al in 2005
(41), this approach was used by Verhaegh et al in
2013 on a cohort of 11 chronic pancreatitis
patients. They found a 50-75% reduction in pain
scores in greater than half of patients, and a
median pain free period of 45 weeks (98). While
these early results have been promising, the
durability of the effect remains a limitation, and
evidence for success of repeat interventions is
lacking. Surgical resection of segments of these
peripheral splanchnic nerves via a minimally
invasive approach, so called thoracoscopic
splanchnicectomy, has also been shown to be
effective for short-term pain relief, but durable
improvement remains elusive for 50% of patients
after 15 months (4). For these reasons, peripheral

nerve interventions play a limited role in the
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clinical management of patients with severe
chronic pancreatitis pain. They may, for example,
be useful as a bridge therapy to reduce narcotic
dependence, and, in suitable cases, may allow a
patient to gain weight in preparation for a more
durable, and higher risk, surgical procedure.

Pancreatic Drainage

For a select minority of patients with diffuse
dilation of the main pancreatic duct, typically due
to anatomic, fibrotic, or calculus obstruction at or
near the insertion of the pancreatic duct into the
common channel, endoscopic or surgical
drainage into the small intestine may provide
benefit. Endoscopically, this is typically achieved
via a transampullary approach during endoscopic
retrograde cholangiopancreatography (ERCP)
with sphincterotomy, dilation and possibly stenting
(95). For patients with large duct disease,
decompression can improve pain, however,
repeat endoscopic therapy is often needed as
more than half of patients will have recurrence of
pain (24). Extracorporeal shockwave lithotripsy
(ESWL) can also be used as an adjunct with
ERCP in patients with large duct stones (91).
Surgical drainage procedures have evolved over
time and the modern lateral
pancreaticojejunostomy now typically includes
resection of a portion of the pancreatic head (Frey
procedure) to provide wide open drainage of
pancreatic juice into the limb of jejunum. One
study of 29 chronic pancreatitis patients showed
long term pain relief in 90% at one year when
treated with the Frey procedure (95). Only two
large randomized control trials have been done to
date comparing surgical drainage with endoscopic
drainage modalities. Both studies demonstrated
significantly better long-term pain relief in
surgically treated patients. Dite et al
demonstrated that 37% of patients in the surgical
group remained pain-free at their 5 year follow up
(12). There were no significant differences in the
number of adverse events between the two
cohorts (12, 32).

Pancreatic Resection

For the majority of patients with debilitating
chronic pancreatitis pain, the main pancreatic duct
is not diffusely dilated, and drainage is not
feasible. These patients with so called “small
duct” disease that fail non-surgical management
due to uncontrolled pain and its sequelae, and/or
intolerance of the side effects of high dose
narcotics, are relegated to the last ditch surgical
alternative, that of resection. In general, the
likelihood of pain relief and of surgical diabetes
both scale with the percentage of pancreas
removed, with more recent long-term follow up
data diminishing enthusiasm for resection. In a
study of 224 patients, Riediger et al evaluated
surgical partial resections for chronic pancreatitis
including pylorus preserving
pancreaticoduodenectomy (PPPD), duodenum
preserving pancreatic head resection (DPPHR),
classic Whipple, distal pancreatectomy and
central pancreatic resection. With a median
follow up of 56.3 months, 60% of patients
remained pain free at last follow-up. Although
subgroup analysis by resection type did not
demonstrate a significant correlation with pain

outcomes, patient selection likely plays an
important role (82). An advantage of more
aggressive resections such as total

pancreatectomy may be the added resection of
pancreatic nerve ganglia (25). With more
generalizable results showing improved glycemic
control among patients that undergo total
pancreatectomy with islet cell harvest and auto
transplantation (44, 100), this procedure has
recently gained some favor, however, the
refractory nature of pain in a substantial fraction of
these patients, even following the resource-
intensive removal of the entire gland, remains
both confusing and frustrating (89). This group of
patients provides us with an interesting glimpse
into the complexity of the extra-pancreatic
pathways that contribute to sustained pancreatic
pain.



3. Models

Whereas pancreatic atrophy and fibrosis can be
induced experimentally in a variety of ways,
measures of visceral pain have proven more
difficult. Studies in rats evaluated spontaneous
activity qualitatively by video tracking and
sensitivity of the abdomen to mechanical and
electrical stimulation (105). The most widely used
of these rat models was developed in 1996 by
Puig et al who injected trinitrobenzene sulfonic
acid (TNBS) directly into the pancreatic duct of
rats to induce early severe acute pancreatitis that
evolved over weeks into painful chronic
pancreatitis  (80). This model was further
characterized and madified to provide better face
validity and generalization to human disease by
Winston et al in 2005 (105). This model has
proved invaluable in providing insight into the
complex nature of pain from chronic pancreatitis.
Further progress in identifying specific pathways
that might be therapeutic targets, however, was
hampered by the lack of a murine model in which
putative mediators could be genetically deleted.

Adaptation of the TNBS model to mice was
fraught with early experimental failure related to
the high mortality of severe acute pancreatitis in
the physiologically fragile mice. Our laboratory
adapted the model to mice by dramatically
reducing the dose of TNBS and by providing
perioperative fluid resuscitation during the first 24
hours (15). The resultant chronic pancreatitis is
apparent after 1-2 weeks with severe fibrosis,
monocyte infiltration, atrophy, and fatty
replacement of the gland. We used Von Frey
filament probing of the abdomen to demonstrate
referred mechanical hyperalgesia, in which
heightened withdrawal responses were measured
to a mildly painful stimulus, as well as allodynia, in
which probes that do not cause pain in control
mice evoke withdrawal responses. TNBS-injected
mice also showed reduced spontaneous activity
(distance and time) on a running wheel, and
longer periods of immobility during open field
testing. This model can be used to examine both

peripheral and central mechanisms of sustained
pain and for comparison with models of somatic
pain, such as peripheral or spinal nerve ligation,
so that both shared and unique pathways can be
identified.

4. Components of Pancreatic Pain

Nociceptive Neurons

In addition to parasympathetic cholinergic
innervation from the vagus nerve, and
sympathetic innervation mainly derived from the
celiac ganglia, the pancreas is also innervated by
nociceptive sensory neurons. These afferent
neurons have their cell bodies in the dorsal root
ganglia (DRG) and they give off projections that
map to the dorsal horn of the spinal cord (76)
(Figure 1). They are responsible for transmission
of noxious visceral stimuli from the pancreas, and
the relay of this information to the central nervous
system.

Uncontrolled Proteolysis

The pancreas is rich in cysteine and serine
proteases that can be released following a variety
of insults and are known to activate, either directly
or indirectly, nociceptive neurons. Using a near
infrared-labeled  activity-based  probe that
covalently modifies active cathepsins, our
laboratory found significant accumulation of
cathepsins B, L and S in both the inflamed rodent
pancreas and in human juice from patients with
painful chronic pancreatitis (63). Cathepsins, in
turn, cleave and activate trypsinogens, yielding
active trypsins, some of which are resistant to
endogenous degradation by ubiquitous inhibitors,
and are thereby free to bind and activate
receptors on peptidergic neurons (14). Following
activation, peptidergic neurons release
neuropeptides and inflammatory mediators
including calcitonin gene related peptide (CGRP),
substance P (SP), vasoactive intestinal
polypeptide (VIP) and bradykinin, that act both
peripherally where they promote vasodilation,
plasma extravasation, and neutrophil infiltration



(so called neurogenic inflammation) and centrally
where they activate central pain pathways (57).

Sensory Neuron Receptors

Vanilloid Receptors

One of the best characterized pain receptors is
Transient Receptor Potential Vanilloid 1 (TRPV1).
A member of the family of vanilloid nociceptive
receptors found on sensory neurons, it functions
as a non-selective cation channel, permitting flow
of sodium and calcium into cells, leading to
depolarization of the cell membrane and release
of neurotransmitters such as SP and CGRP (76).
Originally known as the capsaicin receptor, it is
activated by heat and local acidification, as well
as multiple endogenous chemical mediators
including leukotrienes and arachadonic acid
metabolites (53). Caterina et al used TRPV1
knockout mice to clearly demonstrate the role of
TRPV1 in nociception and tissue-injury induced
hyperalgesia (13). We showed that TRPV1 plays
an important role in nociceptive mediation in acute
pancreatitis through the induction of SP and
CGRP release by pancreatic sensory nerves,
increasing c-fos expression in the spinal cords of
rats.  Administration of a TRPV1 antagonist
attenuated this effect (104). TRPV1 is
upregulated in chronic pancreatitis and has been
demonstrated as a mediator of hyperalgesia and
inflammation in this condition (60). Additionally, it
has been implicated to have interactions with
other TRP receptors as well as protease activated
receptor 2 (PAR2), a G-protein coupled receptor
with unique roles in inflammation and pain
sensitization (76), described below.

TRPV1 can work alone or in concert with other
TRP receptors, such as TRP Ankyrin 1 (TRPAL),
to amplify nociceptive signaling. Required for
sensory neuron excitation, TRPAL functions as a
“gatekeeper” of chronic inflammation by serving
two major roles: controlling peripheral release of
inflammatory neuropeptides, and facilitating
neuronal activation by inflammatory mediators
released through local tissue injury (8). Though it
had been previously shown to mediate

inflammation and visceral pain in acute
pancreatitis (17), the first evidence of TRPALl's
direct role in pain from chronic pancreatitis came
in 2013 with the establishment of a TNBS murine
model of chronic pancreatitis. In this model of
painful chronic pancreatitis following severe acute
pancreatitis, we found that TRPAL knockout mice
had less inflammation and fibrosis and markedly
reduced pain indices, including referred
mechanical hyperalgesia, spontaneous running
activity, and mobility in open field testing, as
compared with wild type controls (15).

Over the past decade, it has been demonstrated
using knockout mice (9, 13, 56), TRPA1l
knockdowns (74) and the use of antagonists (77),
that TRPA1l works in concert with TRPV1 to
mediate inflammation-induced stimulus
transmission in sensory neurons. Evidence for a
direct interaction between the two channels was
shown by Staruschenko et al using FRET
constructs of the respective channels (87).
Recently, TRPA1 and TRPV1 were implicated in
the transition from acute to chronic inflammation
in the pancreas. Schwartz et al, using a cerulein
model of acute pancreatitis, demonstrated that
morphologic acute to chronic changes were
mitigated by administration of TRP antagonists
(84).

Increasing evidence also supports a role for
TRPV4 in pancreatic pain. TRPV4 is directly
activated by shear stress, osmotic stimuli and lipid
mediators, as well as indirectly via G-protein
coupled receptors that regulate TRP channels
(73, 79). TRPV4 knockout mice (61) and TRPV4
knockdowns (2) have demonstrated abnormal
osmotic regulation and decreased responses to
changes in pressure and tonicity. Alessandri et al
proposed the attractive notion that the “soup” of
inflammatory mediators that surround local tissue
injury, including bradykinin, SP, prostaglandin E2
(PGEy,), serotonin and histamine, among others,
may induce mechanical hyperalgesia through
activation of TRPV4, sensitizing it for a triggering
event. They demonstrated that activation of
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TRPV4 by hypotonic saline was enhanced in the
presence of PGE2, and increased nociceptive
behavior in rats. These effects were absent in
their TRPV4 knockout rats (2). They also
demonstrated the involvement of protein kinase A
and C intracellular second messenger pathways
in the activation of TRPV4 (1). This activation in
turn  mediates pain transmission  through
subsequent activation of nociceptive spinal
neurons in the superficial laminae of the spinal
cord. In the pancreas, we showed that injection of
a TRPV4 agonist into the pancreatic duct
increased c-Fos like immunoreactivity expression
in the spinal cord in the input regions of
pancreatic sensory neurons located by retrograde
tracing, suggesting that TRPV4 could play a role
in pain signaling in the inflamed pancreas (17).
Further experiments are needed to clarify the
importance of TRPV4 in acute and chronic
pancreatic inflammatory pain.

Protease Activated Receptor 2 (PAR2)

Protease Activated Receptor 2 (PAR2) is one of
four GPCRs that is activated by serine proteases
such as trypsin and thrombin. These proteases
cleave an N-terminal fragment, revealing a
tethered receptor agonist (ligand), which can then
bind and activate signaling pathways (99).
Steinhoff et al provided initial evidence of a
neurogenic inflammatory role for PAR2 by
demonstrating its co-expression with
neuropeptides CGRP and substance P in DRG
neurons. Activation of PAR2 leads to release of
neuropeptides in peripheral tissues as well as the
spinal cord, increasing local inflammation and
edema (88).

In addition to causing the direct release of
inflammatory  neuropeptides  from  sensory
neurons, activated PAR2 leads to increased
intracellular calcium, which lower the threshold for
activation of TRP channels by other inflammatory
mediators and products of tissue injury, so called
“sensitization”. Thus, the addition of trypsin or
PAR2 activating peptide (AcPep) in dorsal root
ganglion cell culture led to significantly increased

capsaicin - evoked CGRP release, an indication
of PAR2 sensitization of TRPV1. In vivo, pre-
injection of AcPep into the pancreatic duct
increased capsaicin-induced FOS expression in
pancreatic spinal cord segments compared with
the control peptide, suggesting that PAR2
sensitizes TRPV1 in the pancreas (50). Under
normal physiologic conditions, concentrations of
active trypsin in the pancreas are low due to its
release in a zymogen form as trypsinogen.
However, following pancreatic inflammation, early
activation of trypsins by cysteine proteases, as
well as the recruitment of mast cells that release
tryptase, can, in turn, activate PAR2 (28). Indirect
evidence of the importance of mast cell products
in chronic pancreatitis pain derives from the
observation that mast cells were present in
significantly higher numbers in patients with
painful chronic pancreatitis than in patients with
non-painful pancreatitis (33.8 vs. 9.4 average
mast cell/10 high power field; p<0.01) or with
healthy controls (33.8 vs. 6.1 average mast
cell/20 high power field; p<0.01) (51). Intraductal
injection of trypsin into the pancreatic duct of mice
in sub-inflammatory concentrations, causes
increased FOS expression in pancreatic specific
spinal cord DRG. This effect was mitigated by
pre-treatment with AcPep, indicating that PAR2
and trypsin may share this pain pathway (49).
PAR2 activation in these neurons leads to
sustained hyperalgesia (97). Thus, serine
proteases contribute to pancreatic pain via
multiple pathways mediated by PAR2 activation
(14).

PAR2 has also been shown to sensitize both
TRPV4 and TRPA1, and thereby lower the
threshold for activation of pancreatic sensory
neurons (26, 46). PAR2 — mediated sensitization
of these TRP channels has been associated with
neuropathic pain induced by the chemotherapy
agent paclitaxel, which indicates that these
pathways have clinical importance (19).
Peripheral sensitization represents an important
pathway by which the painful effects of



inflammatory mediators that result from tissue
injury are amplified and sustained.

Nerve Growth Factor (NGF) and receptor tyrosine
kinase A (TrkA)

Nerve growth factor (NGF), a protein that
contributes to the development and survival of
neurons, also plays an important role in the
peripheral sensitization of sensory neurons (106).
It acts mainly through its high affinity tyrosine
kinase receptor, TrkA, which is found in highest
concentration within the pancreas in the
perineurium. Co-expression of TrkA with NGF is
increased in the pancreas from patients with
chronic pancreatitis (39). NGF exerts its effects
through multiple mechanisms including a direct
effect on ion channels, post-translational
modifications by second messengers, as well as
by translocation of the NGF/trkA complex to the
nucleus where it regulates transcriptional
modifications to certain genes (107). Early
evidence for its role in mediating visceral pain
came from expression studies by McMahon et al
in 1994, which demonstrated that almost all
afferent neurons innervating visceral targets
expressed trkA, while its expression in those
innervating skeletal muscle was very low (68).
Immunodepletion studies using a trkA-IgG on
cultured neurons, showed a  sustained
hypoalgesia and a downregulation of CGRP (69).
This was further supported by studies using
animals lacking the trkA gene, which also
experienced a significant hypoalgesic state (6).
This same hypoalgesic effect was noted after
administration of a blocking antibody for NGF to
rats with chronic pancreatitis, which significantly
increased A-type potassium currents, thereby
decreasing the likelihood of depolarization (108).
Conversely, both neonatal and adult rats that
were injected with excess exogenous NGF
showed a profound behavioral hyperalgesia (59).
Recent reports suggest that NGF/trkA can
sensitize neurons via interaction with the vanilloid
receptor TRPV1, and NGF can regulate TRPV1
expression through both transcriptional and post-
translational mechanisms (FIG 1) (107).

Neurokinin Receptor 1 (NK-1R)

Substance P, neurokinins A (NKA) and B (NKB)
are the main tachykinins involved in sensory
neural transmission and nociception. Substance
P and NKA share a receptor, neurokinin receptor
1 (NK-1R), and NKB binds preferentially to
neurokinin receptor 2 (NK-2R) (64). Through a
study of human pancreatic tissue, Di Sabastiano
et al found that although there was an increase in
substance P surrounding pancreatic nerve fibers,
there was not a concomitant increase in the gene
encoding substance P. This observation led to
the early understanding that substance P was
being synthesized in extra-pancreatic ganglia and
transported to the pancreas (29). Thus, activation
of peripheral sensory nerve endings leads to the
release of substance P and CGRP peripherally
within the pancreas, where they promote
neurogenic inflammation in a positive feedback
loop that leads to amplification of inflammatory
pain, and centrally, where substance P binds to
NK-1R in the dorsal horn of the spinal cord and
activates central pain pathways (45, 52).
Shrikhande et al was the first to examine NK-1R
expression in pancreata from patients with painful
chronic pancreatitis. They established a definitive
relationship between mRNA levels and intensity,
frequency and duration of pain in these patients
(85).

5. Central Sensitization

Nervous System Support Cells

Microglia

Microglia are immune cells in the central nervous
system that respond to tissue injury by switching
from a quiescent to an active state, in which they
secrete inflammatory mediators to recruit other
immune cells and promote cellular hypertrophy
and proliferation (93, 103) Their function in the
CNS is similar to that of macrophages in
peripheral tissues.

How are microglia activated? The initial activation
of microglia likely occurs through multiple
pathways.  Excitation of nociceptive neurons
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leads to release of the chemokine CCL2 that
binds to its receptor CCR2 on microglia, a critical
signaling event in microglial activation (92) that
promotes pain signal amplification (Figure 1).
Another potential pathway is through the
receptors P2X4 and P2X7, which are upregulated
in microglia after nerve injury and activated in
response to injury by ATP released by primary
sensory and dorsal horn neurons as well as
dorsal horn astrocytes (94). P38, a mitogen-
activated protein kinase (MAPK) has been
implicated as a major participant in the activation
of spinal microglia (FIG 1). Originally
demonstrated in a neuropathic pain model using
sciatic nerve ligation, Jin et al showed early p38
activation in spinal microglia (12-24 hrs after
injury), with subsequent activation in DRG
neurons (55). Inhibition of this activation with a
p38-inhibitor also inhibited the development of
pain hypersensitivity (93). P38 activation has also
been reported in the rat model of chronic
pancreatitis pain by Liu et al, suggesting that this
pathway is important in sustained visceral pain
(62). Once activated, these loops can function
without further external stimulus. Thus, excitation
of nociceptive spinal neurons leads to activation
of spinal microglia via multiple parallel pathways
that provide an efficient means to amplify
inflammatory nociceptive signals.

How does microglial activation cause sustained
pain? It has been well established that support
cells of the nervous system participate in
maintaining neuropathic pain pathways in somatic
pain models (86, 93, 101). Activation of spinal
microglia leads to the release of the soluble
chemokine fractalkine (FKN) which is expressed
in CNS sensory neurons as a transmembrane
protein that can be cleaved to a soluble form (FIG
1). This cleavage was originally shown to occur
after excitotoxic stimuli, suggesting that fractalkine
cleavage represented an early event in the
neurogenic inflammatory process (18). It is now
known that membrane-bound FKN is cleaved by
the cysteine protease cathepsin S (Cat S), which
is secreted peripherally by macrophages (7) and

centrally by activated microglia. Cat S cleaves
FKN on dorsal horn neurons, releasing its soluble
form, which then binds its own receptor CX3CR1
(21). This receptor is only expressed in microglia
that are in the activated state (22) and binding
further activates the p38 pathway in a positive
feedback loop. Using the rat model of peripheral
nerve ligation, Clark et al showed that using a Cat
S inhibitor reduced pain behavior 7 and 14-days
after sciatic nerve ligation in rats, whereas it did
not prevent the initial development of pain. This
suggests that Cat S is important in the
maintenance of neuropathic pain, rather than the
development of hyperalgesia (21). The release of
Cat S, and subsequent binding and activation of
the p38 pathway is dependent on microglial
activation.

Recent evidence supports the importance of
activated microglia in the development and
maintenance of sustained visceral pain. In a rat
model of TNBS-induced chronic pancreatitis, Liu
et al found that the microglial activation inhibitor
minocycline significantly decreased nociceptive
behavior, and that withdrawal of minocycline
caused a return to baseline. Also, pre-treatment
with minocycline, prior to injection of TNBS,
prevented chronic visceral hyperalgesia for as
long as 3 weeks (62). We found similar results in
the TNBS-induced chronic pancreatitis mouse
treated with minocycline, with normalization of the
expected heightened responses to Von Frey
filament probing (unpublished results.) These data
suggest that microglial activation may play an
important role in sustained pancreatic pain.

Astrocytes

Astrocytes demonstrate activated morphology in
neuropathic pain models, (42) and drugs used to
treat pain in these experimental conditions
attenuate activation (43, 101). Activation of
astrocytes by mediators such as ATP, SP,
prostaglandins, and glutamate, released by
sensory nerves in response to injury, stimulates
release of pro-inflammatory mediators. These
mediators include cytokines such as IL-1B, IL-6
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and TNF-a, as well as the molecules that activate
them, including ATP and prostaglandins (101).
Multiple intracellular signaling pathways have
been implicated in the regulation of astrocyte
activation, including p38, c-Jun-N-terminal kinase

(JNK) and, perhaps most importantly, the
extracellular  signal-regulated kinase (ERK)
pathway (54). Zhuang et al demonstrated

increased expression of phosphorylated ERK in
both microglia and dorsal horn astrocytes 10 days

significantly reduced mechanical allodynia (109).
In the rat TNBS chronic pancreatitis pain model,
Feng et al reported an increase in glial fibrillary
acidic protein (GFAP), an astrocyte marker that is
upregulated in somatic models of neuropathic
pain. This study also importantly demonstrated
that attenuation of neuropathic pain in this model
was possible using L-a-aminoadipate (LAA), a
specific inhibitor of astrocyte activation, (38)
suggesting a potential therapeutic target.
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Reorganization

Observational studies in humans with chronic
visceral pain have led to the notion that changes
in inhibitory and amplification processes in the
CNS contribute to reorganization of referred pain
signal mapping. Mertz et al meticulously mapped
pain patterns in patients with inflammatory bowel
syndrome (IBS). In response to rectal distension,
IBS patients had increased hypersensitivity in
areas remote from the stimulus, as well as larger
overall pain areas, as compared with healthy
controls. These changes were associated with
increased thalamic activation in the brain. They
suggested that increased afferent signaling from
the gut may lead to perceptual reorganization of
pain signals (70). Interestingly, in contrast to
these results, Dimcevski and colleagues reported
that chronic pancreatitis patients had hypoalgesia
in response to balloon distension of viscera
surrounding the pancreas compared with healthy
controls (31). It is worth noting that duodenal
distension is less well established as a marker of

referred visceral hyperalgesia than rectal
distension, which could contribute to these
results. In other studies by this group, electrical

visceral pain stimulation in chronic pancreatitis
patients was associated with reduced evoked
potential latency in the brain, thereby suggesting
that central modulation of pain pathways
contributes to visceral hypersensitivity. Similar to
prior findings in IBS patients, chronic pancreatitis
patients also demonstrated an increase in the
mean areas of referred pain following electrical
visceral stimulation, suggesting reorganization of
pain perception (30).

Opioid-Induced Hyperalgesia

Opioids are the mainstay of treatment for patients
with severe chronic pancreatitis pain. As early as
the 19" century, it was recognized that chronic
opioid use leads not only to tolerance and
physical and psychological dependence, but,
ironically, also to increased sensitivity to painful
stimuli, or opioid-induced hyperalgesia (OIH).
Unlike opioid tolerance, OIH cannot be mitigated

by increased dosage regimens (58). Multiple
studies in animal models have shown a reduction
in mechanical and thermal thresholds to
nociceptive stimuli with opioid treatment (16, 65,
96). Similarly, there have been multiple clinical
studies in humans describing varying levels of
hyperalgesic states among both patients and
healthy controls treated with chronic opioids (20,
23, 48, 81). Much remains to be defined about
the mechanisms of this hyperalgesia, but they are
thought to be closely intertwined with the
pathways of opioid tolerance. Pathways involving
the N-methyl-D-aspartate receptor (NMDAR),
spinal glutamate activity, protein kinase C activity
and spinal dynorphin have all been implicated as
vital to both tolerance and hyperalgesia (67). Itis
likely that this phenomenon contributes, in part, to
the exasperation experienced by both patients
and physicians at the progressive worsening of
chronic pancreatitis pain experienced by some
patients on escalating opioid dosages.

6. Conclusion

Research into the mechanisms of chronic
pancreatitis pain has been accelerated by the
recent availability of validated rat and mouse
models, which provide interested investigators
with a wider array of reproducible measures of
experimental visceral pain. Emerging models
illustrate the complexity, redundancy,
interconnectedness, and plasticity, of chronic
visceral pain pathways. Current treatments do
not address underlying mechanisms of
sensitization and amplification of both peripheral
and central pain signals, which may, in part,
explain the high level of medical and surgical
treatment failure. In the periphery, integrative
channels offer potentially high-leverage targets,
as do positive feedback loops in the spinal cord,
where selective inhibition could have profound
beneficial results. The development of clinically-
useful inhibitors of these potential targets is
expected to improve both treatment effectiveness
and quality of life for patients with debilitating
chronic pancreatitis pain.
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