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Abstract

AIM: To characterize an alcohol and high fat diet
induced chronic pancreatitis rat model that mimics poor
human dietary choices.

METHODS: Experimental rats were fed a modified
Lieber-DeCarli alcohol (6%) and high-fat (65%) diet
(AHF) for 10 wk while control animals received a regular
rodent chow diet. Weekly behavioral tests determined
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mechanical and heat sensitivity. In week 10 a fasting
glucose tolerance test was performed, measuring blood
glucose levels before and after a 2 g/kg bodyweight
intraperitoneal (i.p.) injection of glucose. Post mortem
histological analysis was performed by staining pancreas
and liver tissue sections with hematoxylin and eosin.
Pancreas sections were also stained with Sirius red
and fast green to quantify collagen content. Insulin-
expressing cells were identified immunohistochemically
in separate sections. Tissue staining density was
quantified using Image J software. After mechanical
and heat sensitivity became stable (weeks 6-10) in
the AHF-fed animals, three different drugs were tested
for their efficacy in attenuating pancreatitis associated
hypersensitivity: a Group I metabotropic glutamate
receptor specific agonist (2R,4R)-4-Aminopyrrolidine-
2,4-dicarboxylate (APDC, 3 mg/kg, ip; Tocris, Bristol,
United Kingdom), nociceptin (20, 60, 200 nmol/kg,
ip; Tocris), and morphine sulfate (3 mg/kg, p-opioid
receptor agonist; Baxter Healthcare, Deerfield, IL,
United States).

RESULTS: Histological analysis of pancreas and liver
determined that unlike control rats, AHF fed animals
had pancreatic fibrosis, acinar and beta cell atrophy,
with steatosis in both organs. Fat vacuolization was
significantly increased in AHF fed rats (6.4% + 1.1%
in controls vs 23.8% + 4.2%, P < 0.05). Rats fed
the AHF diet had reduced fasting glucose tolerance
in week 10 when peak blood glucose levels reached
significantly higher concentrations than controls (127.4
+ 9.2 mg/dL in controls vs 161.0 £ 8.6 mg/dL, P <
0.05). This concurred with a 3.5 fold higher incidence
of single and small 2-10 cell insulin-positive cell clusters
(P < 0.05). Insulin expressing islet of Langerhans
cells appeared hypertrophied while islet number and
area measurements were not different from controls.
Weekly behavioral tests determined that mechanical
and heat sensitivities were significantly increased by 4
wk on AHF diet compared to controls. Hypersensitivity
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was attenuated with efficacy similar to morphine
with single dose treatment of either metabotropic
glutamate receptor 2/3 agonist APDC, or nociceptin, the
endogenous ligand for opioid-receptor-like 1 receptor.

CONCLUSION: The AHF diet induces a chronic alcoholic
pancreatitis in rats with measurable features resembling
clinical patients with chronic pancreatitis and type 3c
diabetes mellitus.

Key words: Lieber-DeCarli diet; Orphanin FQ receptor;
Metabotropic glutamate receptor; Liver steatosis; Pain;
Behavior; Glucose tolerance; Type 3c diabetes mellitus
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Core tip: Chronic pancreatitis is a progressive and
potentially fatal disease caused by persistent
unresolved inflammation and pancreatic fibrosis. It can
be accompanied by intractable abdominal pain and
progress to type 3c diabetes mellitus (T3cDM) and
pancreatic cancer. Animal models of acute pancreatitis
are typically chemically induced, invasive, of short
duration, and have a high mortality rate. This study
characterizes a diet-induced chronic rat model closely
mimicking poor human dietary choices to investigate
therapies for alcoholic chronic pancreatitis with
developing T3cDM. The efficacy of acute opioid and
non-opioid pharmacological interventions are compared
to morphine in pain-related behavior tests.
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INTRODUCTION

Chronic pancreatitis is a progressive and potentially fatal
disease caused by persistent untesolved inflammation and
pancreatic fibrosis typically accompanied by intractable
abdominal pain, particularly during the early phase!™?,
Other symptoms include weight loss due to insufficiency
of the exocrine pancreas, type 3c diabetes mellitus
(T3cDM), and an increased risk of developing pancreatic
cancer” . Factors that increase susceptibility to the
diverse etiology of chronic pancreatitis include lifestyle

choices such as regular alcohol consumption, particularly
binge drinking, hyperlipidemia/hypertriglyceridemia
caused by a diet high in saturated fat, and smoking, as
well as heritable factors'™'>'**!. Although 50%-70% of
patients with chronic pancreatitis regularly consume
alcohol, only around 10% of patients with alcohol use
disorders develop this disease, indicating other contributing
factors'"*?*. Worldwide the incidence of chronic
pancreatitis is higher in the male population, partially
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explained by the recently identified X chromosome linked
genetic polymorphism in the claudin-2 genem]. Chief
clinical complaint of afflicted patients is intractable pain
and currently recommended pain management therapies
range from non-narcotic analgesics increasing to strong
opiates depending on the patient’s complaintsps’m.
Concurrent analysis of amino acids in plasma and
serum of patients with chronic pancreatitis identified
a doubling of the glutamate concentration, the main
excitatory neurotransmitter of the nervous system and
a known facilitator of pain, while other amino acid
levels are unaffected or decreased™ . Knowledge of
the underlying pathophysiology of chronic pancreatitis
resulting in this severe abdominal pain is still limited and
1s needed for the development of better pharmacological
treatments. Presently employed animal models pootly
reproduce the clinical etiology of chronic pancreatitis
as they are highly invasive, requiring laparotomy surgery
and/or utilize repetitive dosing with caustic chemicals.
The abdominal hypersensitivity induced with these
experimental procedures is better suited for modeling
acute pancreatitismm.

Chronic pancreatitis is a multifactorial disease. Clinical
observations indicate that diets high in fat facilitate the
progtession of alcoholic chronic pancreatitis'>'**"*,
Animal studies modeling chronic pancreatitis have
reported limited or no success when ethanol is used
alone™. The combination of fatty acids and ethanol
is required to induce noticeable cell damage to cultured
pancreatic cells while the application of individual
compounds alone is unable to injure these cells” ™.
Recently, we established a rat model of chronic
pancreatitis using a modified Lieber-DeCarli diet with
increased dietary saturated fat content (28%)"**", In
the present study, the alcoholic chronic pancreatitis
rat model was modified by further increasing the
dietary saturated fat content to 65%. Unique to the
current model is developing T3cDM, recognized by
the American Diabetes Association and the National
Institutes of Health, is an underdiagnosed secondary
disease associated with exocrine pancreatic damage[ﬁ’g’u’ls‘.
Clinically, between 5%-10% of patients with diabetes are
diagnosed with T3cDM®", This is the first animal model
of chronic pancreatitis that develops T3cDM. The model
is utilized here to quantify chronic pancreatitis induced
pain related behaviors that persist at least 10 wk for
analgesic testing,

Using the alcohol and high fat diet (AHF) induced
rat chronic pancreatitis model, the efficacy of acute
pharmacological activation of three inhibitory
metabotropic Gi protein-coupled receptors (GPCR) was
tested. The agonists activate either Group Il metabotropic
glutamate receptor 2 and receptor 3 (mGluR2/3), p-opioid
receptor (MOR), or the opioid receptor like-1 receptor
(ORL-1). Signaling through mGIluR2/3 receptors was
initiated by glutamate binding""**!, while the opioid
receptors ORL-1 and p-opioid receptor MOR are
activated by the endogenous neuropeptides nociceptin
(also called orphanin FQ""*! enkephalins and beta-
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endorphins, respectively*[46’47]. Their activation results in
downstream signaling events that activate voltage-gated
potassium channels to inhibit voltage-gated calcium
channels. Thus, activating these metabotropic receptors
on peripheral nociceptors activated by noxious stimuli
inhibits the release of neuropeptide modulators and
glutamate, the main excitatory neurotransmitter in the
nervous system%"m.

Agonists for mGluR2/3 have been shown to be
analgesic in animal models of somatic inflammatory and
neuropathic painﬁl’sﬂ. Information about ORIL-1 activation
indicates that intrathecal and peripheral applications of
nociceptin attenuate hypersensitivity in inflammatory

209 while
[60]

and neuropathic rodent pain models!
intracerebroventricular injections produce hyperalgesia
The efficacy of their activation in reducing hypersensitivity
in the chronic alcoholic pancreatitis model in the present
study is compared to morphine, the customary opiate
utilized for experimental comparisons. Using the AHF
rat chronic pancreatitis model with developing T3cDM,
we provide the first evidence that peripheral activation
of inhibitory GPCR-mediated signaling cascades
through mGluR2/3 or ORL-1 are similarly efficacious
to morphine in reversing hypersensitivity induced in this
chronic visceral pain model.

MATERIALS AND METHODS

Ethics statement
All animal procedures were conducted according to

the guidelines for the ethical treatment of experimental
animals published by the Internal Association for
the Study of Pain and approved by the University of
Kentucky Institutional Animal Care and Use Committee
(TACUC#2007-0113).

Induction of alcohol pancreatitis

Experiments were performed using a total of 16 male
Fischer rats weighing 230-250 ¢ (Harlan Laboratories,
Indianapolis, IN). Animals were housed individually on
a 12/12 h reverse light cycle so that behavioral assays
were conducted during their active night phase. Food and
water were given ad /ibitum and animals were divided into
two groups: (1) controls (# = 7) received regular low soy
rodent chow (Teklab #8626, Hatlan, Indianapolis, IN)
and (2) alcohol and high fat (AHF) diet fed animals (# =
9) received a modified Lieber-DeCarli diet. Along with
the 6% ethanol liquid diet, a daily portion of 8 g lard
was provided. The liquid diet (1000 g) contained 14%
LD101A (TestDiet, Richmond, IN), 9% maltodextrin,
10% apple juice, 6% ethanol, and 3.3% corn oil. The
AHF liquid diet was initially introduced without ethanol
and corn oil. On a weekly basis the ethanol content of
the food was increased from 4%-6% and finally corn
oil was also added, resulting in a liquid maintenance
diet containing 6% ethanol and 30% corn oil in AHF
fed animals. Throughout this time AHF fed animals
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also received the 8 g lard supplement daily. Consumed
liquid diet and lard were measured daily and averaged
throughout the experimental time period to calculate
the percentage of consumed dietary fat. Average daily
liquid diet consumption was 20 g, of which 27.6% was
nutritional value and 72.6% was water. Of this 5.48
g with nutritional value, 28% was fat (1.5 g). Animals
consumed an average of 6 g of lard daily, resulting in 7.5
g total fat consumption per day out of the total 11.5 g of
nutritional diet. Thus, total daily dietary fat consumption
was about 65%.

Behavioral testing
Weekly behavioral assays to determine mechanical
and heat sensitivity were performed on all animals.
The abdomen was shaved at least 24 h prior to testing.
Alcohol was removed 4 h prior to behavioral testing
and drug application to minimize potential interference
of alcohol on motor control and interactions with the
compound of interest. Previous studies had shown that
alcohol withdrawal in this experimental setting did not
interfere with outcomes of these behavioral assays'*".
Animals were placed in individual Plexiglas boxes on
an elevated metal screen mesh (3 mm” holes). Mechanical
sensitivity of the abdomen and hindpaws was tested by
probing the animal through the mesh from below using
two different experimental methods. Abdominal referred
sensitivity was characterized as previously reported
by Vera-Portocartrero ef a/*"' (2003). Briefly, the upper
right abdominal quadrant overlaying the pancreas was
probed 10 times each in ascending order with 2 different
von Frey filaments eliciting 1.0 or 6.0 g bending force
equivalent to 9.8 or 58.8 mN. This assessed behavior in
response to both sub- and supra-threshold mechanical
stimuli, Ze., touch and poke, to identify the time course
for development of chronic mechanical hypersensitivity.
Stimuli were applied at 10 s intervals and the number
of abdominal withdrawals counted. A single trial to
determine the number of responses to application of 10
stimuli with a single von Frey filament was performed
per animal per time point. Mechanical hypersensitivity
thresholds of the hindpaw footpads were subsequently
determined while the animals were still on the elevated
mesh screen table. For this measute, the up-down method
was used incorporating a series of 8 von Frey filaments
exerting calibrated bending forces (0.4, 0.6, 1.0, 2.0, 4.0, 6.0,
8.0,15.0 gor 3.9, 5.9, 9.8, 19.6, 39.2, 58.8, 98.0 mN'*).
Heat sensitivity was determined using a hot plate
analgesiometer apparatus set at 50 'C (Columbus
Instruments, Columbus, OH). Animals were placed
individually on the hotplate (254 mm X 254 mm heated
surface) surrounded by a 30 cm high Plexiglas barrier and
the latency until a nocifensive response occurred, such
as shaking or licking the paw, jumping, or running was
recorded. Animals were immediately removed after the
initial response and a cut-off time of 25 s prevented burn
injury. The heat test was performed 3 times at 20 min
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intervals and the latencies averaged.

Drug treatments

After mechanical and heat sensitivity developed in the
AHF-fed animals, the efficacy of three different drugs in
attenuation of pancreatitis associated hypersensitivity was
determined to identify contributing signaling pathways:
a Group II metabotropic glutamate receptor specific
agonist, (2R,4R)-4-Aminopyrrolidine-2,4-dicarboxylate
(APDC, 3 mg/kg, ip; Toctis, Bristol, United Kingdom),
nociceptin (20, 60, 200 nmol/kg, ip; Toctis), and
morphine sulfate (3 mg/kg, subcutaneous (s.c.); Baxter
Healthcare, Deerfield, 1L, United States). All drugs were
diluted in sterile saline and tested after hypersensitivity
became stable (weeks 6-10). Mechanical and heat
sensitivity were determined 24 h before treatment and
1, 4, and 24 h after intraperitoneal (ip) injection of a
single dose of drug or vehicle (saline) was administered.
Efficacy of drug treatments was tested once a week in
the same animals since no long-lasting changes for acute
use of these drugs is reported nor noted in the present
study.

Glucose tolerance test

Prior to euthanasia, a glucose tolerance test was performed
with all animals'®”. Rats were fasted for 6 h and then
given glucose (2 g/kg body weight, ip) in distilled sterile
water (25% w/v solution). Glucose levels in tail vein
blood samples were measured prior to and at several
timepoints after giving glucose (15, 30, 60, 120, 180 min)
using a blood glucose meter and appropriate test strips
(FreeStyle, Abbott Diabetes Care, Alameda, CA).

Histology

Liver and pancreas samples were collected prior to
perfusion of the animal and immerse fixed overnight
in 4% paraformaldehyde in phosphate buffered saline,
transferred into 70% ethanol, and paraffin embedded.
Sections were cut (5 um), rehydrated, stained for collagen
fibers with Sirius red (Electron Microscopy Sciences,
#26357-02), and counterstained with fast green. Other
sections wete stained with Sirius red and hematoxylin
and eosin (HE) using routine histological protocols.
Liver and pancreas samples were analyzed after acquiring
five random images per slide using ACT software and
a Nikon microscope for analysis using Image J. A red
color threshold macro was used to measure the image
areas with fibrous collagen stained red by Sirius red in 5
random fast green stained sections per group. The area
quantified is presented as a ratio of the total tissue area.
Islets of Langerhans were identified optically in HE
and Sirius red stained sections. Images were taken of all
Islets, theit sizes measured, and their ratio normalized to
total tissue area. Quantification of white space among
the lobules of condensed pancreas tissue was performed
taking 5 random images in HE and Sirius red stained
tissue sections, quantifying the ratio of unstained to
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stained tissue area. A threshold macro determining white
areas was used to assess the fat content leached out in
paraffin processing in HE and Sirius red stained tissue,
and the ratio of unstained white area to total tissue area
per image was determined.

Immunofiuorescent tissue staining

Deparaffinized and rehydrated pancreas tissue on slides
was incubated overnight in a primary rabbit antibody
against insulin (H-86, sc-9168; Santa Cruz Biotechnology,
Santa Cruz, CA) 1:400 at room temperature. Tissue was
washed, incubated in a goat anti-rabbit secondary antibody
conjugated to Alexa Fluor 488 (Life Technologies, Grand
Island, NY) 1:1000 for 2 h at room temperature, washed
and coverslipped in VectaShield hard set mounting
medium with DAPI (Vectorlabs, Burlingame, CA).
Fluorescent staining of all proliferating insulin-positive
cells in images of whole pancreas sectioned head to tail
was analyzed using a Nikon microscope with Metamorph
software. Post-processing and quantitative analyses were
conducted using Photoshop and Image J. Colocalization
of DAPI and insulin was used to count the number of
cells in small clusters of under 10 cells and the counts
normalized to total tissue area in each pancreatic section.
Graph Pad Prism and Excel Microsoft software were used
for statistical analysis and graphing of the data.

Statistical analysis

Data are expressed as mean + SE. Statistical significance
of behavioral and immunohistochemical data was
determined using analysis of variance tests and Student
# test with the significance level set at P < 0.05. Post hoc
comparison included Student 7 tests to test statistical
differences between control and experimental groups
before and after drug treatments.

RESULTS

Chronic consumption of AHF diet induces
histopathological changes in pancreas and liver
indicative of alcoholic pancreatitis

Adult male Fischer rats were fed the alcohol and high
fat diet (AHF) ad /libitum tor 10 wk. The liquid diet
contains 6% (wt/vol) ethanol and 3.3% (wt/vol) corn
oil supplemented with a daily dose of 6 g saturated fat
resulting in the daily consumed diet to contain 65% fat,
modified from Lieber-DeCarli and others”™"***. Control
animals received standard rat chow pellets (Hatlan Teklad
86206). Post mortem histopathological analysis of the
pancreas using Sirius red, hematoxylin, and eosin staining
revealed acinar atrophy, fibrosis, and necrosis in all of
the tissue samples from AHF diet fed rats (Figure 1A
and B). Pancreata of AHF fed rats developed enlarged
interlobular spaces, and cellular atrophy. Pancreatic
interlobular spaces, measured as the percent white area
to stained tissue, were significantly increased in AHF fed
rats (Figure 1C; control = 8.9% * 1.0%, » = 4; AHF =
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Figure 1 Histopathological analysis of the effects of alcohol and high fat diet fat diet on pancreas and liver. A: Micrograph of pancreas from a control regular
chow fed rat stained with hematoxylin and eosin (HE); B: Micrograph of pancreas from an alcohol and high fat diet (AHF) fed rat stained with HE; C: Quantification
of intralobular spaces (area percentage) determined there was a significant increase in pancreata from AHF fed rats; D: Micrograph of pancreas from a control rat
fed regular chow with Sirius red stained collagen fibrosis and fast green counterstain; E: Micrograph of pancreas from an AHF fed rat with Sirius red stained collagen
fibrosis and fast green counterstain; F: Quantification of extracellular collagen deposits (stained red) as a percent of total tissue area. A significant increase in collagen
staining was detected in pancreata of AHF fed rats; G: Micrograph of liver from a control rat fed regular chow stained with HE; H: Micrograph of liver from an AHF
fed rat stained with HE; I: Quantification of intracellular fat vacuolization (area percentage). Unstained areas are fat vacuoles that were significantly increased in liver
samples from AHF fed rats. °P < 0.05, AHF vs control. L: Islet of Langerhans; Solid arrow head: Pancreatic duct; Small arrow: Blood vessel. A, B: Scalebar 50 um; D, E:
Scalebar 100 um; G, H: Scalebar 100 pum.

15.7% % 2.0%, n = 6; P < 0.05) indicating cell shrinkage samples from the AHF experimental group, while only

and/ot necrosis. Parenchymal fibrosis was determined diffuse staining localized within and among the acinar
histologically as the ratio of the area of pancreatic tissue cells was observed in control animals. In the liver, chronic
collagen proteins stained with Sirius red to staining of AHF diet consumption produced clearly visible steatosis
non-collagenous proteins with fast green'®*. Small ~ when tissue was stained with Sirius red, hematoxylin, and
amounts of interstitial collagen were detected in control cosin. Alcoholic fatty liver was quantified by measuring
tissue samples while the ratio of collagenous and non- the unstained intracellular area in liver tissue samples
collagenous protein staining was significantly increased in remaining of the severe fat vacuolization after graded

AHF fed animals (Figure 1D, F; control = 3.6% % 0.6%; alcohol removal of the paraffin. Fat vacuolization was
AHF = 8.8% £ 1.7%; P < 0.05). Collagen bundles were significantly increased in AHF fed animals compared to
increased in particular and clearly visible surrounding controls (Figure 1G-I; control = 6.4% * 1.1%; AHF =
pancreatic ducts, lobes, and blood vessels in tissue 23.8% * 4.2%; P < 0.05).
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Figure 2 Chronic alcohol and high fat diet induced insulin cell proliferation and decreased glucose tolerance. A: Micrograph of insulin immunoreactivity in
pancreas from a control rat fed regular chow; B: Micrograph of insulin immunoreactivity in pancreas from a rat fed alcohol and high fat (AHF). In tissue samples from
AHF fed rats insulin producing cells in the islets are atrophied and an increase of spurious proliferating insulin expressing cells (arrows) is detected in the pancreas;
C: Quantification of the number of single cells or small insulin cell clusters per mm? pancreas tissue detected a significant increase in AHF fed rats; D: Intraperitoneal
glucose tolerance test at 10 wk determined that glucose tolerance was reduced in fasted AHF fed animals. Blood glucose levels of AHF fed animals peaked to
significantly higher levels 15 and 30 min post injection. *P < 0.05, AHF vs control. A-B: Scalebar 100 um.

Immunohistochemical analysis of insulin expression
in pancreas tissue stained from animals fed (A) regular
chow or (B) AHF diet determined there was prominent
proliferation of insulin immunoreactive cells evident in
AHF fed animals (Figure 2A-C). After chronic AHF diet
for 10 wk the pancreas had atrophy of insulin producing
cells in the islets and an increase of spurious proliferating
insulin expressing cells. The number of single to small
cell clusters of 10 or less was 3.5 fold higher in AHF fed
animals (1.29 £ 0.19 per mm?’) compared to controls (0.33
+0.09 per mm?’, P < 0.05) (Figure 2C).

Chronic AHF diet consumption decreases glucose
tolerance

Weekly monitoring of blood glucose levels in naive
control and AHF fed rats did not detect significant
differences throughout the experiment. Unfasted blood
glucose concentrations remained constant at 85.1 = 3.1
mg/dL in controls and 83.4 + 4.6 mg/dL in AHF fed
rats. Glucose tolerance testing following ip injection of
2 g glucose per kg bodyweight was performed in week
10 after fasting animals for 6 h to measure metabolic
efficiency of glucose clearance from the blood stream
(Figure 2D). Animals fed AHF had significantly higher
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peak blood glucose levels 15 and 30 min after glucose
injection (control 15 min: 127.4 £ 9.2 mg/dL, 30 min:
112.0 + 3.9 mg/dL; AHF 15 min: 161.0 + 8.6 mg/dL, 30
min: 138.4 + 4.4 mg/dL, P < 0.05), indicating reduced
glucose tolerance.

Chronic AHF diet consumption causes mechanical and
heat hypersensitivity

A chief complaint of clinical patients with chronic
pancreatitis is intractable pain. The pain is commonly
focused in the upper abdomen but can radiate to the
back with some patients reporting overall sensitivity. In
the animal model, mechanical and heat sensitivity were
monitored weekly (Figure 3). Abdominal sensitivity
was assayed by testing the reflexive responses to low
intensity (1 g = 9.8 mN force; Figure 3A) and higher
intensity (6 g = 58.8 mN force; Figure 3B) mechanical
stimuli applied with von Frey filaments*". The Y-axis
indicates the average number of abdominal withdrawals
in response to the bending force stimulations (10 X).
Low intensity (1 g) mechanical stimulation applied on
the abdomen elicited an average of 3 of 10 responses
from control rats fed a standard chow diet (Figure 3A,
open squares). Baseline responses to low intensity and
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Figure 3 Time course of nociceptive behaviors in rats with chronic pancreatitis evoked by mechanical and heat stimuli. A, B: Abdominal sensitivity is
determined by the number of abdominal withdrawals in response to von Frey filament bending force stimulations (x 10). Responses to (A) low intensity (1 g) and (B)
high intensity (6 g) mechanical stimulation elicited significantly more responses in alcohol and high fat (AHF) fed rats starting in week 5; C: Mechanical thresholds
of the hindpaws were determined with von Frey filaments using the up-down method. In week 4 mechanical sensitivity thresholds of AHF fed rats were significantly
reduced and did not recover while on the AHF diet; D: Heat sensitivity was determined by measuring the response latency (s) in the hotplate test (50 'C). In week 4,
AHF fed rats demonstrated reduced response latencies in the hotplate test which did not recover during the 10 wk experimental time course. Open squares: control

animals. Solid circles: AHF fed animals. *P < 0.05, AHF vs control.

higher intensity stimulation on the abdomen skin were
not different between groups [1 g: control = 2.3 £ 0.5;
AHF = (1.8 £ 0.5 responses)/10; N.S.; 6 g: control = 5.8
+ 0.5; AHF = (5.5 0.5 responses)/10; N.S]. Responses
increased significantly during the experiment’s duration
in the AHF group (1 g: P < 0.01; 6 g: P < 0.0001). In
week 5, AHF fed rats responded with almost twice as
many abdominal withdrawals to low intensity mechanical
stimulation than controls [control = 3.6 £ 0.2; AHF = (6.2
+ 0.7 responses)/10; P < 0.05; Figure 3A]. Similarly, the
responses to 6 g mechanical stimulation of the abdomen
was significantly increased in AHF animals in week 5
[control = 6.6 £ 0.4; AHF = (9.2 * 0.3 responses)/10;
P < 0.05]. Higher intensity (6 g) mechanical stimulation
of the abdomen consistently elicited an average of 6 of
10 responses from control rats while AHF fed animals
responded every time after week 5. Mechanical and heat
sensitivity of control animals did not change during the
study.

Similarly, mechanical thresholds for eliciting hindpaw
withdrawal in AHF fed rats decreased significantly in week
4 from 18.72 g force to 9.3 + 1.0 g force (P < 0.05; Figure
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3C). This referred hypersensitivity of the hindpaw plantar
surface was characterized by determining the mechanical
withdrawal threshold using the up-down method*,
The mechanical thresholds of the hindpaws of control
animals did not change throughout the experiment (17.8
* 0.6 g force). Hindpaw mechanical thresholds for AHF
fed rats remained decreased at 7.6 £ 0.9 g force (P < 0.01)
through the experiment end at week 10.

Heat sensitivity was determined indirectly by measuring
the latency (s) to an escape response in the hotplate test
(50 'C) (Figure 3D). Response latencies on the hotplate,
i.e., the time until animals displayed signs of nociception
such as shaking the paw, licking, agitation, were not
different between groups at baseline (control = 21.2
+ 0.1 s; AHF = 22.9 £ 0.5 s; N.S). In week 4 hotplate
sensitivity was significantly decreased in the AHF fed
group (control = 22.6 £ 0.2's; AHF =133 + 145, P <
0.05; Figure 3D). The reduced latencies did not recover
during the 10 wk experimental time course. At the end of
the experiment (10 wk), control animals spend 18.3 = 0.4
s on the hotplate before showing signs of distress while
AHF animals reacted within 10.0 + 0.3 s (P < 0.05).
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Figure 4 Time course of nociceptive responses to mechanical and heat stimuli after a single systemic treatment with (2R,4R)-4-Aminopyrrolidine-2,4-
dicarboxylate. A, B: Animals were treated with a single ip dose of (2R,4R)-4-Aminopyrrolidine-2,4-dicarboxylate (APDC) (3 mg/kg). APDC reversed the increase in
nociception responses 1 h post treatment evoked by (A) low intensity (1 g) abdominal stimulation and (B) high intensity (6 g) abdominal stimulation; C: Alcohol and
high fat (AHF) fed rats had increased hindpaw mechanical withdrawal thresholds; D: Response latencies of AHF fed rats increased 1 h after APDC treatment in the
hotplate test, but sensitivity of the controls was not altered. °P < 0.05, AHF vs control.

Analgesic effects of APDC on AHF diet induced
hypersensitivity

Glutamate is a widely expressed neuropeptide within the
nervous system. When binding to group I metabotropic
glutamate receptors, mGluR2 and mGluR3, Gi-protein
coupled receptors, their activation inhibits adenylyl
cyclase. This initiates inhibitory signaling cascades
that result in reduced neuronal activity and decrease
the release of further glutamate[49’5[)l. The mGIluR2/3
agonist APDC has been shown to reduce inflammation
induced mechanical and heat hypersensitivity in mouse
models of somatic pain”"*. Here we used a single dose
of 3 mg/kg APDC (ip) to decrease mechanical and
heat hypersensitivity induced by chronic pancreatitis,
a concentration previously shown to optimally reduce
hypersensitivity in acute somatic inflammatory animal
models. Within 1 h of APDC treatment, reversal was
noted of the increased nociceptive response evoked by
low intensity abdominal stimulation in AHF fed rats
(Figure 4A). Responses to low intensity mechanical
stimulation of the abdomen were 3.8 * 1.0, instead of
6.8 = 0.9 responses to 10 stimuli observed at baseline.
Responses of the controls 1 h after APDC treatment (1
h: 3.5 + 0.3 responses) remained the same (-24 h: 3.0 *
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0.4 responses; Figure 4A). Responses of AHF fed rats to
higher intensity mechanical stimulation of the abdomen
were similarly reduced at the 1 h timepoint [-24 h: (10 +
0 responses)/10; 1 h: (7.0 £ 0.7 responses)/10; P < 0.05;
Figure 4B|.

Mechanical thresholds of the hindpaws (-24 h: 8.4 +
1.0 g force; 1h: 17.0 + 1.3 g force; AHF # = 6, P < 0.05;
Figure 4C) and latencies on the hotplate (-24 h: 10.2 *
0.5s;1h:17.3 £ 1.0 s; AHF » = 6, P < 0.05) improved
significantly to values indistinguishable from control
animals (Figure 4D). The effect of APDC was abolished
24 h after treatment.

Nociceptin treatment reverses AHF diet induced
hypersensitivity

Nociceptin, an endogenous opioid-related neuropeptide,
binds to the opioid receptor like-1 receptor (ORL-1)
whose petipheral activation and activation in the spinal
cord has been shown to be anti-nociceptive” . Both
control and AHF fed animals received single ip injections
of vehicle only, 20, 60, or 200 nmol/kg nociceptin.
Nociceptive responses to mechanical and heat stimulation
1 h after treatment with a single ip dose of nociceptin in
animals with AHF induced pancreatitis were compared

January 21, 2015 | Volume 21 | Issue3 |



Mcllwrath SL et a/. Pharmacological attenuation of pancreatitis induced hypersensitivity

to controls.

Dose-dependent improvement was observed after the
single dose of nociceptin for responses to low intensity
mechanical stimulation of the abdomen (Figure 5A),
responses to higher intensity mechanical stimulation of
the abdomen (Figure 5B), and mechanical thresholds
on the hindpaws (Figure 5C). In AHF fed animals 20
nmol/kg nociceptin decreased abdominal hypersensitivity
to low intensity (1 g) mechanical stimulation [vehicle:
control = 2.8 £ 0.5; AHF = (6.3 £ 0.7 responses)/10; P
< 0.05; 20 nmol nociceptin: control = 3.5 £ 0.3; AHF
= (4.7 £ 0.4 responses)/10; n.s.; Figure 5A]. Abdominal
withdrawal of AHF animals to higher intensity (6 g)
mechanical stimulation decreased from 9.8 £ 0.3 to
6.5 £ 0.4 responses after treatment with the highest
dose of nociceptin. This was not different from vehicle
treated control animals [(6.5 £ 0.5 responses)/10; Figure
5B]. Treatment of AHF fed animals with 20 nmol/kg
nociceptin increased mechanical thresholds on the
hindpaws so that they were no longer different from
controls while not altering the sensitivity in control
animals (vehicle: control = 18.2 = 0.5; AHF = 6.3 = 0.7
g force; P < 0.05; 20 nmol: control = 18.7 £ 0.0; AHF =
15.7 £ 1.6 g force; P < 0.05; Figure 5C).

Thus, a dose of 200 nmol nociceptin per kg body
weight was determined to be the most effective in
reducing sensitized nociceptive responses in all four
behavioral assays in AHF fed rats (Figure 5E-H). With
this dose, abdominal withdrawals of AHF fed rats
in response to low intensity mechanical stimulation
decreased to control levels at the 1 and 4 h timepoints.
Responses of AHF fed animals to mechanical stimulation
of the abdomen at 1 h were significantly decreased [1
g -24h=0602%051h= (321 1.1 responses)/10;
P <0.056g -24h=98%02;1h=(065=%04
responses)/10; P < 0.05; Figure 5E, F] and returned
to pre-treatment levels 24 h after the injection [1 g: 24
h = (6.2 £ 0.9 responses)/10; 6 g: 24 h = (9.5 + 0.3
responses)/10]. Nociceptive responses of AHF fed rats
to higher intensity abdominal mechanical stimulation
were decreased to control values only at the 1 h time
point after nociceptin treatment (Figure 5F). Mechanical
withdrawal thresholds of the hindpaws of AHF fed
animals also increased significantly from 8.4 = 1.0 g
force prior to treatment to 17.0 £ 1.3 g force 1 h after
treatment (Figure 5G). Four hours after nociceptin
treatment, the mechanical thresholds of AHF fed animals
with chronic pancreatitis decreased again, returning to
their previous hypersensitive level within 24 h (4 h = 13.3
+ 2.2;24 h = 7.5 = 1.0 g force; Figure 5G). Nociceptin
treatments had no effect on mechanical sensitivity in
control animals. In control animals the 200 nmol/kg dose
increased hypersensitivity but was not significant [(7.5
+ 0.3 responses)/10]. Vehicle treatments did not alter
nociceptive responses of naive or AHF fed animals.

Hotplate response latencies of AHF animals were
increased dose dependently from 10.4 £ 0.2 s (vehicle)
to 15.1 £ 0.4 s (200 nmol/kg nociceptin), but the
improvement was significant only at the highest dose
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of nociceptin (Figure 5D). After systemic injection of
200 nmol/kg nociceptin, for AFH animals, the hotplate
response latency increased from 10.1 £ 0.7 s prior to
treatment to 15.1 £ 0.4 s 1 h afterwards (P < 0.05; Figure
5H). This improvement remained significantly lower
than in untreated control (20.0 £ 0.9 s; P < 0.05). Heat
responses of control animals slightly decreased 1 h after
injection of 200 nmol/kg nociceptin (vehicle: 19.2 £
0.3 s; 200 nmol: 16.7 * 1.0 s; Figure 5H). The ability
of nociceptin to reverse hypersensitivity of AHF fed
animals was optimal at 1 h after which it decreased and
was completely absent 24 h after injection.

Comparison to effects of morphine on AHF diet induced
hypersensitivity

Many studies have demonstrated the efficacy of
morphine in reversal of acute and chronic pancreatitis
associated hypersensitivity in animal models as well as its
use for pain management of chronic pancreatitis patients
with pain. Single dose s.c. treatment with 3 mg/kg
morphine sulfate solution resulted in significant reduction
of mechanical and heat hypersensitivity in AHF fed rats
(Figure 6). Responses of AHF fed rats to low intensity
mechanical stimulation of the abdomen [-24 h: (5.5 *
0.3 responses)/10; 1 h: 1.8 £ 0.5 responses /10; 4 h:
(2.0 £ 0.8 responses)/10; AHF » = 4; P < 0.05; Figure
6A] was significantly reduced for up to 4 h compared to
responses before treatment. Similarly, responses of AHF
fed rats to higher intensity mechanical stimulation of the
abdomen [-24 h: (9.0 + 0.6 responses)/10; 1 h: (2.3 £ 0.8
responses)/10; 4 h: (6.0 = 0.4 responses)/10; AHF 7 = 4;
P < 0.05; Figure 6B] was significantly reduced for up to 4
h compared to responses before treatment. Naive animals
responded to higher intensity mechanical stimulation of
the abdomen with 6.5 + 0.6 responses/10 which was
significantly reduced 1 h after morphine treatment to 3.3
1 0.5 responses/10 (P < 0.05; Figure 6B). Mechanical
thresholds of the hindpaws in the AHF diet group
improved after morphine treatment for up to 4 h (-24 h:
7.6 £ 1.0 g force; 1h: 18.7 £ 0 g force; 4h: 182 £ 0.4 g
force; AHF # = 4, P < 0.05; Figure 6C). No changes in
nafve animals were measured after morphine treatment
for either on the hindpaw nociceptive withdrawal
thresholds for low intensity mechanical stimulation or the
responses to low threshold (1 g) abdominal stimulation.
Morphine treatment reversed heat sensitivity of AHF
fed animals back to response levels recorded in naive
animals for up to 4 h (-24 h: 10.7 £ 0.1 s; 1h: 20.4 £ 0.7
s; 4h: 18.2 £ 0.7 s; AHF » = 4, P < 0.05; Figure 6D).
Responses of naive rats on the hotplate were not affected
by the 3 mg/kg morphine. Animals were tested during
their active period and did not appear somnolent for any
of the testing. After 24 h no effects of morphine were
detected in any of the tests.

DISCUSSION

Here we present a non-invasive dietary animal model
of alcoholic chronic pancreatitis induced in 3 wk but
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Figure 5 Dose-response curves and time course of nociceptive responses to mechanical and heat stimuli after a single systemic treatment with nociceptin.
A, B: Comparisons of the number of responses to mechanical stimulation on the abdomen skin 1 h after treatment with nociceptin (ip) for control and alcohol and high
fat (AHF) fed rats. Dose-dependent responses were reduced to (A) low intensity (1 g) and (B) high intensity (6 g) mechanical stimulation of the abdomen; C: Nociceptin
increased hindpaw mechanical withdrawal threshold in AHF fed rats; D: Hotplate response latencies of AHF fed animals improved with the highest dose of nociception.
In control animals nociceptin did not alter mechanical and heat sensitivity. Vehicle treatments had no effect on mechanical or heat sensitivity of animals from either
group; E-H: Mechanical and heat responses in animals treated with either a single systemic injection of nociceptin (200 nmol/kg in saline) or with the saline vehicle; E:
Abdominal withdrawals in response to low intensity (1 g) mechanical stimulation decreased to control levels at the 1 and 4 h post injection timepoints of AHF fed rats.
Mechanical hypersensivity of vehicle treated AHF diet fed rats did not improve; F: Responses of AHF fed rats to high intensity (6 g) abdominal mechanical stimulation
were decreased to control values only 1 h after injection of nociception; G: Hindpaws mechanical withdrawal thresholds of AHF fed rats recovered to control values for
up to 4 h post injection; H: Hotplate response latencies of AHF fed rats improved only at the 1 h time point after nociceptin treatment. °P < 0.05, AHF vs control.
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Figure 6 Time course of nociceptive responses to mechanical and heat stimuli after a single systemic treatment with morphine. Animals were injected with
morphine (3 mg/kg, subcutaneous) and responses to mechanical and heat stimuli measured. Morphine treatment of alcohol and high fat (AHF) fed rats decreased
the number of responses to (A) low (1 g) and (B) high intensity (6 g) mechanical stimulation of the abdominal skin for up to 4 h. Abdominal withdrawal responses of
controls evoked by high intensity (6 g) mechanical stimulation were reduced 1 h after treatment compared to before morphine. Hindpaw (C) mechanical withdrawal
thresholds and (D) response latencies on the hot plate test of AHF fed rats were improved at 1 and 4 h after morphine treatment. Controls were unaffected by the low

dose morphine. °P < 0.05, AHF vs control.

persisting for at least 10 wk. The model replicates poor
dietary choices of clinical patients diagnosed with
alcoholic chronic pancreatitis. Recent estimates reported
that 51%-67% of Americans consume 3-5 alcoholic
beverages per day which concurs with a decrease in
diet quality and an increase of dietary fat intake™",
Concurrently, the Food and Agriculture Organization
(FAO) of the United Nations reported a steady increase
of the average daily dietary fat consumption per capita
in the United States from 140 g in 1990/92 to 161 g
in 2005/7 while it averaged 131 g fat in the developed
world™. Comparison of nutritional profiles identified
that patients with chronic alcoholic pancreatitis
consumed significantly more saturated fat and animal
protein compared to patients suffering from alcohol
consumption induced cirrhosis of the liver™™™. Other
studies have shown that drinkers consume significantly
more dietary fat and calories on drinking days""">",
Exactly this combination is described as inducing chronic
alcoholic pancreatitis, with alcohol being the leading
and diet the secondary cause””’. Animal models of
alcoholic chronic pancreatitis and fatty liver disease
have shown that increased dietary fat consumption
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results in higher hepatic triglycerides and associated
fat vacuolization™*”. Hence, the AHF rat model of
chronic pancreatitis described here closely mimics high-
risk human dietary choices that are part of the etiology
of chronic alcoholic pancreatitis with liver steatosis.
Presently favored rodent models of pancreatitis are
highly invasive and pootly reproduce disease progression
seen in clinical patients. They often require laparotomy
surgery to obstruct the pancreatic duct, or direct instill
chemical irritants such as the aromatic nitro compound
trinitrobenzene sulfonic acid or ethanol into the pancreatic
duct. Other models utilize the repeated supraphysiological
ip injections of caerulein, an analog of the gastrointestinal
peptide hormone cholecystokinin, in combination with
an ip lipopolysaccharide injection or a single dose of the
highly toxic organotin dibutyltin chloride into the tail
vein™"™ All of these models induce a rapid immune
response that is focused primarily on the pancreas. By
chemically modifying cell surface proteins an inflammatory
cell reaction is induced which ultimately results in
acinar cell death with or without prior dysregulated
digestive enzyme release. Thus, other current models
of pancreatitis are better suited for study of acute
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31,81,82 . .
[ 1. Animals can recover in these acute

pancreatitis
models within 48-72 h as in most cases of acute
pancreatitis. However, in the AHF model the pathological
and functional symptomatology of chronic alcoholic
pancreatitis persists. Regeneration of the damaged tissue
1s impaired by the continued alcohol consumption,
facilitating the establishment of chronic pancreatitis[&ﬂ.
Chronic pancreatitis is a multifactorial disease caused
by a combination of regular alcohol consumption, a
low quality diet high with high fat content producing
hyperlipidemia, smoking, and hereditary factors' > **"*™>%,
The AHF model of chronic pancreatitis focuses on the
combined effects of alcohol and a diet high in fat on
the pancreatitis and associated comorbidities. Chronic
consumption of alcohol results in its metabolism not only
in the liver, but also in the pancreas. Alcohol is typically
metabolized »ia acetaldehyde into acetyl which is used
for energy production. In the results presented here,

[40,85]
was

liver steatosis induced by alcohol consumption
visible not only in the centrilobular region of the liver
where lipids are predominantly stored in fatty vacuoles®™,
but was detected throughout the large area of sampled
tissue in the AHF fed animals indicating severity of
disease progression. Metabolism of dietary alcohol and
fat converges on the same enzymes, so that when high
amounts of alcohol and fatty acids are consumed, cellular
signaling molecules anandamide and arachidonic acid,
and cytotoxic acetaldehydes accumulate within liver and
pancreas that are able to directly activate ion channels such
as Transient Receptor Potential Cation Channel, Subfamily
A, Member 1 (TRPA1); Transient Receptor Potential
Cation Channel, Subfamily V, Member 1 (TRPV1); and
Transient Receptor Potential Cation Channel, Subfamily
V, Member 4 (TRPV4) localized in the cell membranes of
nociceptive sensory neurons innervating the pancreas as
well as on local cells to induce cellular damage[%’m’%]. In
the pancreas acetaldehydes and fatty acid ethyl esters can
further induce fragility of pancreatic zymogen granules
and cause cellular damage to pancreatic cells!"*+*1.
Resulting cellular atrophy and necrosis induce separation
of pancreatic lobules as well as peri- and intralobular
fibrosis, indicators of severe damage to parenchymal
tissue, were visible throughout the examined pancreatic
tissue of AHF fed animals. Cell damage and necrosis
directly and indirectly activate the pancreatic local immune
stellate cells, and activate nociceptors innervating the
pancreas, amplifying pain sensation and pancreatic tissue
damage through neurogenic inflammation”*",
Alcoholic chronic pancreatitis not only results in
damage to the exocrine pancreas but can also impair and
dysregulate insulin metabolism in the endocrine pancreas
which in patients results in the development of diabetes
mellitus type 3¢ In the present study, 10 wk of
AHF diet resulted in decreased glucose tolerance in rats.
While no changes in islet of Langerhans number and
size distribution were detected (data not shown), fasting
glucose tolerance was impaired, cellular atrophy of insulin
cells was evident histologically, and a 3.5 fold increase of
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small clusters of insulin producing cells were detected in
AHF fed rats. This suggested a compensatory reaction to
beta cell atrophy and decreased effectiveness. In a Korean
study increased alcohol consumption coincided with
increased dietary fat which concurred with decreased
pancreatic beta cell function”. Low-density lipoproteins,
metabolic products of saturated fats, have been shown to
reduce beta-cell function, decreasing glucose-stimulated
insulin secretion and causing beta-cell proliferation in
primary cell culture experimentsm‘.

Exposure of cultured beta cells to combined fatty
acids and ethanol has been shown to decrease their
mitochondrial activity and adenosine triphosphate
(ATP) production and increase released reactive oxygen
species, indicators of their decreased function™. Platelet-
derived growth factor as well as interleukin-1§3, two pro-
inflammatory cytokines and signaling molecules that are
increased in pancreatitis, have been reported to induce
beta-cell proliferation[%]. The proliferation of small
beta-cell groups observed in AHF fed pancreas tissue
suggest a regenerative mechanism is active in the rats
to compensate for ethanol and fatty acid induced cell
damage.

As in our previous study using a similar protocol
to induce chronic pancreatitis, animals fed AHF diet
developed mechanical hypersensitivity of the abdomen
and hindpaws as well as increased heat sensitivity. Alcohol
metabolism in chronic alcoholism is not confined to
visceral organs but occurs in every tissue. As a result
of cellular damage produced by chronic alcoholism,
resulting oxidative stress can also be measured in skeletal
muscle’. Cellular damage releases molecules such as
ATP and incompletely metabolized alcohol products
activate and sensitize nociceptors throughout the body,
resulting in hypersensitivity that is not confined to the
abdominal region. Activity induced central sensitization
further exacerbates hypersensitivity to noxious and
normally innocuous stimuli. Clinically, 85% of chronic
pancreatitis patients require treatment for pain at
some point during disease progression and are treated
depending on severity of the pain with non-narcotic
analgesics and as pain increases, ever increasing doses of
opiates as well as pancreatic enzyme therapy. In extreme
cases, nerve blocks and eventually surgical intervention
2021 \While opioids are efficacious
in patients as well as in animal models of chronic

may be required'

pancreatitis, even acute doses have severe side effects and
may lead to overdose. Long term use of morphine can
cause addiction and constipation, its efficacy to reduce
pain decreases with duration of use, while ongoing
pancreatic inflammation is not improved. Yet, despite the
side effects, prescription rates for opioids have increased
almost exponentially in the last decade and non-addictive
alternatives are very much needed””. We therefore
investigated the hypothesis that activation of other Gi-
coupled GPCRs would decrease nociceptive signaling.
Initial focus was on the inhibitory mGluR2/3
signaling pathway. Glutamate is the main excitatory
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neurotransmitter that depolarizes neurons by binding
to its ionotropic and metabotropic receptors. However,
glutamate initiates inhibitory signaling cascades when
bound to the group II metabotropic glutamate receptors,
mGluR2 and mGIuR3 to dampen cellular excitability”™'"”.
Activation of these Gi-coupled GPCRs negatively
modulate adenylate cyclase, alter synaptic connectivity,
and decrease release of glutamate”". Group I mGluRs
are expressed throughout the nervous system, in primary
sensory neurons, predominantly presumed nociceptors,
in the dorsal horn of the spinal cord, as well as in visceral
organs such as beta-cells of the pancreasmz’msl. After
acute single dose treatment with the mGluR2/3 agonist
APDC in the present study, the hypersensitized responses
to mechanical and heat stimuli of AHF animals were no
longer significantly different from those of controls. This
attenuation was of short duration (1 h) suggesting that
systemic administration of APDC may have activated
mGluR2/3 receptors on peripheral nociceptive sensory
neurons, thus reducing nociception. Previous studies
have reported efficacious use of group I agonists as
analgesics without any apparent side effects in animal
models of neuropathic and acute inflammatory pain
without altering nociceptive responses of control
animalgP'~>*106108] Systemic use of mGluR2/3 agonists
is able to activate receptors on peripheral sensory
neurons to decrease their activity and central release of
glutamate, thus interrupting neurogenic inflammation and
facilitating tissue regeneration. Due to their expression
within the limbic system, mGIluR2/3 receptors have been
studied in connection with schizophrenia, alcohol and
drug addiction, and anxiety!"”""", The potential ability of
a single drug to be used not only for pain management
in alcoholic chronic pancreatitis, but also to support
patients’ alcohol cessation and dietary management would
be of immense benefit, simplifying dosing and regular use
of pharmacological therapy. Prolonged use of a different
mGluR2/3 agonist, LY379268, for pain management in
somatic pain models showed that repeated daily systemic
dosing quickly resulted in desensitization and lost ability
to reverse hypersensitivity”>, Long-term experiments
utilizing lower doses or novel mGluR2/3 agonists for
repeated treatments are needed to investigate its efficacy
in reversing alcoholic chronic pancreatitis associated
hypersensitivity.

Nociceptin, also called orphanin FQ), is an endogenous
opioid-like peptide that does not bind to the classical
opioid receptors but to ORL-1. Like mGluR2/3,
activation of this Gi-coupled GPCR also inhibits adenylate
cyclase and voltage-gated Ca’"-channels while activating
voltage-gated K"-channels which results in decreased
neuronal activity and decreased glutamate release™*>''”. In
the AHF diet induced chronic pancreatitis animal group,
acute systemic treatments with nociceptin successfully
reversed the induced mechanical and heat hypersensitivity
in AHF fed animals. Unlike morphine, these treatments
did not alter nociceptive responses of control animals.
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Morphine decreases mechanical and heat sensitivity
concentration-dependently in control animals. In the
present experiments morphine decreased mechanical
sensitivity in control rats while response latencies in the
hotplate test were not affected. The Fischer 344 rat
strain is known for having higher anxiety compared

113 . .
U3 Animals were acclimated to the

to other rat strains
experimental set-up for mechanical sensitivity assays
whereas the hotplate test posed a novel environment
which may have altered the effects of morphine in
control Fischer F344 rats.

Nociceptin and downstream signaling pathways initiated
by binding to the ORL-1 receptor have been enigmatic.
Initial reports described that intracerebroventricular
injections induced hyperalgesia and high doses inhibited
(.45, Subsequent studies using intrathecal
injections demonstrated analgesic properties of ORL-1
activation by reducing acute inflammatory and nerve
injury induced neuropathic hypersensitivity™>"*4,
Intrathecal nociceptin reduced peripheral release of
vasodilatory neuropeptides co-expressed with ORL-1,
thus decreasing edema after acute inflammatory insult
by decreasing dorsal root potentials and glutamatergic
transmission" """\ Due to the absence of reliable
antibodies for ORIL-1, its localization still relies on
sitn hybridization studies. Its mRNA has been localized
throughout nociceptive signaling pathways, including
small diameter, presumably nociceptive sensory neurons,
within the superficial dorsal horn as well as around the
central canal, and in multiple regions throughout the
brain'*""¥, Reduction of hypersensitivity in AHF animals
after systemic treatment with nociceptin was most likely
achieved by ORL-1 activation within the peripheral
nervous system and resulting decrease in neuronal activity
and glutamate release. While activation of ORL-1 within
the spinal cord is predicted to also be able to attenuate
chronic pancreatitis induced hypersensitivity, repeated use
of systemic nociceptin may result in increased crossing
of the blood brain barrier which can be compromised in
cases of severe peripheral inflammation thus promoting
pro-nociceptive effects similar to intracerebroventricular
injectionsmg’m]. Combined treatment using morphine
and nociceptin provided synergistic analgesia thus
diminishing the amount of morphine needed to attenuate
pain sensation and reducing the risk of sensitization to
morphine in a previous studylzj. This opens the possible
therapeutic option of employing the nociceptin-NOP
system for more efficient pain management of chronic
pancreatitis-associated pain while reducing side effects.

In summary, the Gi-coupled GPCR signaling pathways
downstream from mGIluR2/3 and ORL-1 receptors
investigated here, presented good alternatives to presently
employed opioid pain therapies for the treatment of
chronic pancreatitis induced pain. Likewise, these studies
suggest these agents have potential as adjuvant therapy
to reduce the dosage of morphine derivatives and related
side effects.

locomotion
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COMMENTS

Background

Chronic pancreatitis is a progressive and potentially fatal disease caused by
persistent unresolved inflammation and pancreatic fibrosis. Pancreatitis can be
accompanied by severe intractable abdominal pain. Currently recommended
pain management therapies range from non-narcotic analgesics to strong
opiates with their accompanying side-effects, but are not effective as long term
treatments. Presently employed animal models poorly reproduce the clinical
etiology of chronic pancreatitis as they are highly invasive, requiring laparotomy
surgery and/or utilize repetitive dosing with caustic chemicals. The abdominal
hypersensitivity induced with these experimental procedures is better suited for
modeling acute pancreatitis.

Research frontiers

To date no satisfactory pain therapy is available for treatment of chronic
pancreatitis nor is there a suitable experimental model for the study of
chronic pancreatitis resembling the clinical syndrome with which to test
potential therapeutics. Knowledge of the underlying pathophysiology of
chronic pancreatitis resulting in this severe abdominal pain is needed for the
development of better pharmacological interventions.

Innovations and breakthroughs

The animal model of chronic pancreatitis is induced with a 6% alcohol and high
fat diet similar to poor human dietary choices. It produces hypersensitivity to
touch with fine filaments on the abdomen and has characteristics of type 3c
diabetes mellitus (T3cDM), i.e., abnormal insulin histology and intolerance to
glucose. Reduction of hypersensitivity induced by the model was demonstrated
with the pharmacological activation of three inhibitory metabotropic Gi protein-
coupled receptors. Analgesia was demonstrated with single doses of drugs
activating inhibitory glutamate and opiate-like receptors, mGluR2/3 and ORL-1,
respectively, in comparisons to morphine.

Applications

These therapies for the treatment of chronic pancreatitis associated pain are
suggested as good alternatives to presently employed opioid pain therapies.
Used as adjuvant therapy with morphine derivatives for more effective relief
of chronic pancreatitis pain, these agents would have potential to reduce the
opiate dosage and related side effects.

Terminology

Intractable pancreatic pain cannot be alleviated with current therapies. Using
the 6% alcohol and high fat diet (AHF) induced rat chronic pancreatitis model,
two therapies were tested, including nociceptin, an endogenous ligand for
the opioid-receptor-like 1 receptor, and (2R,4R)-4-Aminopyrrolidine-2,4-
dicarboxylate, an activator of inhibitory mGIuR2/3 glutamate receptors. These
therapies reduced the hypersensitivity that develops on the abdominal skin of
the rats with chronic pancreatitis as effectively as morphine.

Peer review

This study demonstrated that the AHF diet replicating high risk human dietary
choices induced a chronic alcoholic pancreatitis in rats with histological features
and developing glucose intolerance resembling clinical patients with chronic
pancreatitis and T3cDM. So, this paper has novelty and innovation.
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