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Abstract
This study assessed the efficacy of pancreatic surface delivered enkephalin (ENK)-encoding herpes
simplex virus type 1 (HSV-1) on spontaneous behaviors and spinal cord and pancreatic enkephalin
expression in an experimental pancreatitis model. Replication-defective HSV-1 with proenkephalin
complementary DNA (cDNA) (HSV-ENK) or control β-galactosidase cDNA (HSV-β-gal), or media
vehicle (Veh) was applied to the pancreatic surface of rats with dibutyltin dichloride (DBTC)-induced
pancreatitis. Spontaneous exploratory behavioral activity was monitored on days 0 and 6 post DBTC
and vector treatments. The pancreas, thoracic dorsal root ganglia (DRG, T9-10), and spinal cord
(T9-10) were immunostained for metenkephalin (met-ENK), β-gal, and HSV-1 proteins. Spinal cord
was also immunostained for c-Fos, and pancreas was stained for the inflammatory marker regulated
on activation, normal T-cells expressed and secreted (RANTES), mu-opioid receptor, and
hemotoxylin/eosin. On day 6, compared to pancreatitis and vector controls, the DBTC/HSV-ENK
treated rats had significantly improved spontaneous exploratory activities, increased met-ENK
staining in the pancreas and spinal cord, and normalized c-Fos staining in the dorsal horn.
Histopathology of pancreas in DBTC/HSV-ENK treated rats showed preservation of acinar cells and
cytoarchitecture with minimal inflammatory cell infiltrates, compared to severe inflammation and
acinar cell loss seen in DBTC/HSV-β-gal and DBTC/Veh treated rats. Targeted transgene delivery
and met-ENK expression successfully produced decreased inflammation in experimental
pancreatitis.

INTRODUCTION
Visceral pain is of great clinical concern and a major morbidity treated by the medical
community. Pancreatic pain, present in most patients with pancreatitis or pancreatic cancer,
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can be severe and intractable and often responsive only to strong opioids such as morphine.
However, over time, patients may develop tolerance to orally or parenterally administered
opioids.

An experimental model for pancreatitis has been developed in which dibutyltin dichloride
(DBTC), an industrial chemical, is injected into the tail vein. DBTC induces pancreatic
inflammation that is easily visualized and graded histologically, as well as nociceptive
behaviors both of which are parallel measures of chronic pancreatitis in humans.1-3 Gene
therapy models that encode transgene products utilizing a herpes simplex virus type 1 (HSV-1)-
based vector have demonstrated successful synthesis of transgene products with negligible
HSV-1 protein detection in non-dorsal root ganglia (DRG) tissues.4-6 Replication-deficient
HSV-1 vectors encoding human preproenkephalin were efficacious in reducing nociceptive
behaviors in other experimental models and this reduction of nociceptive behaviors was
abrogated by pretreatment using intrathecal opiate antagonist naloxone.4,6-9

In this study, pancreatitis was induced with DBTC and punctuate applications of replication-
defective HSV-1-based vectors with proenkephalin complementary DNA (cDNA) (HSV-
ENK), control β-galactosidase cDNA (HSV-β-gal, DZ), or media vehicle alone (Veh) were
given the same day to the pancreatic surface of lapaotomized male Lewis inbred rats. This
method targeted pancreatic neuronal endings for adsorption of the viral vector and subsequent
neuronal delivery of the transgene products. Spontaneous exploratory behavior reflecting
ongoing pain was monitored on day 0 (baseline) and day 6. On day 7, immunohistochemical
staining for tissue met-ENK, β-gal, HSV-1 protein, c-Fos and regulated on activation, normal
T-cells expressed and secreted (RANTES) expression was also assessed.

RESULTS
Behavioral studies

Changes in spontaneous exploratory behavior used in experimental pain models are related to
level of discomfort and general health/malaise.10-12 Rats were assessed at day 0 before
induction of pancreatitis with DBTC and surface application of vector (Figure 1). Animals
were re-tested on day 6 at the peak of hypersensitivity and inflammatory response determined
by us for this model previously.3 Compared to sham surgical animals, animals with pancreatitis
receiving either vehicle (DBTC/Veh) or HSV-β-gal treatment (DBTC/HSV-β-gal) had
significantly fewer rearing events and light grid beam breaks; decreased rearing duration,
distance traveled, and active time; and significantly increased resting time. We previously
reported this complex of behavioral changes in animals with another chemically induced
pancreatitis with accompanying histology indicative of pancreatic inflammation.11In that
study, restoration of exploratory behaviors accompanied treatment with agents known to
reverse pain-related behaviors.

Most behavioral measures for animals with DBTC-induced pancreatitis receiving HSV-ENK
(DBTC/HSV-ENK) were not significantly different from surgical control animals, including
values for rearing events, grid beam breaks, active time, and resting time—only duration and
distance of travel were reduced. Thus, despite the pancreatitis in these animals, treatment with
HSV-ENK provided significant protection.

In control studies, there were no significant differences from baseline for day 6 spontaneous
exploratory behaviors after vehicle only tail vein injections. Likewise, pancreatic applications
of HSV-ENK, HSV-β-gal, or vehicle alone did not affect behavioral activities (P > 0.05 for
all groups, data not shown). Therefore, spontaneous exploratory behaviors were impacted only
by the presence of the pancreatitis, which was absent in animals treated with DBTC/HSV-
ENK.
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Histopathology study
Morphologic evaluations with blinded histologic grading were performed on the pancreatic
tissue from all animals.13-14 Figure 2 illustrates the pancreas of rats from DBTC/Veh treated
(Figure 2b) and DBTC/HSV-β-gal treated (Figure 2c) groups revealing extensive pathologic
changes, notably tissue edema, exuberant inflammatory cell infiltration, acinar cell atrophy
and loss, with corresponding widened inter- and intra-lobular ducts, and extensive periductal
fibrosis with disruption of tissue integrity or cytoarchitecture. In striking contrast, pancreas
from the DBTC/HSV-ENK treated rats displayed minimal inflammatory cell infiltration, had
nearly normal retention of the acinar cells with normal tissue integrity, and negligible fibrosis
(Figure 2d). A small amount of tissue edema and widening of the ducts could be appreciated
in DBTC/HSV-ENK treated rats when compared to pancreatic tissues derived from naive rats
or sham treated control animals (Figure 2a). The histopathology seen with HSV-based
treatment alone did not display cytopathic effects that have been reported with one case report
of HSV-1 associated pancreatitis;15 thus the DBTC-induction was required for the
inflammatory state (see below).

Immunohistochemical studies
HSV-1 expression in the thoracic DRG, but not in the pancreas and spinal cord
—Pancreatic tissues, thoracic and cervical DRG (T9-10, C4-5), and spinal cord (T9-10, C4-5)
of rats with different treatments were examined for the presence of HSV-1 proteins using
immunocytochemistry (Figure 3). No HSV-1 protein staining was noted in pancreas or liver
of the sham control (Figure 3a), DBTC/Veh treated (Figure 3b), DBTC/HSV-β-gal treated
(Figure 3c), or DBTC/HSV-ENK treated (Figure 3d) animals. Prominent immunoreactivity
for HSV-1 proteins was detected in thoracic DRG (T9-10) from DBTC/HSV-β-gal (Figure 3g)
and DBTC/HSV-ENK (Figure 3h) treated animals but not cervical DRG or spinal cords (Figure
3i and j, respectively). There was no staining in DRG of sham control animals (Figure 3e) or
animals with DBTC-induced pancreatitis only (Figure 3f).

Met-ENK expression in pancreas and spinal cord
Pancreas: Met-ENK staining was globally expressed in vesicles of acinar cells in pancreas of
DBTC/HSV-ENK treated rats (Figure 4d and e) and was significantly greater than in sham
surgery animals (Figure 4a, P < 0.05) or DBTC/HSV-β-gal (Figure 4c, P < 0.01) treated rats.
In pancreatic tissue from DBTC/Veh (Figure 4b) and DBTC/HSV-β-gal (Figure 4c) treated
animals, met-ENK staining was located perivascularly and in the inflammatory cell infiltrates.
No staining was evident in liver. Paraffin embedding did not allow significant appreciation of
neuronal axons. The fluorescent intensity for the immunocytochemical staining of met-ENK
was quantified and compared (Figure 4e).

DRG: In all animals, met-ENK staining was negligible in T9-10 DRG sensory neuronal cell
bodies. This is related to the rapid export of peptides from the soma to axons and terminal
endings.16 Animals receiving HSV-ENK only had control levels of staining for met-ENK.

Spinal cord: Met-ENK staining in laminae I, II of the dorsal horn of the T9-10 spinal cord
receiving the densest most dense innervation of pancreatic afferents was significantly increased
bilaterally in DBTC/HSV-ENK (Figure 4j and f) and DBTC/HSV-β-gal treated animals (Figure
4f and i, P < 0.05) compared to sham (Figure 4g and f, P < 0.05). Met-ENK staining in the
cervical spinal cord of DBTC/HSV-ENK treated rats was at control levels (not shown). No
increase in met-ENK staining was noted in sham controls treated with HSV-ENK or HSV-β-
gal alone.
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Expression of the β-gal control vector—Immunostaining for β-gal was also performed
on these tissues to assess the extent of overexpression in the animals treated with the control
virus. Protein expression of β-gal reflected successful infection and control transgene protein
synthesis detected as granules in DBTC/HSV-β-gal treated animals in T9-10 DRG. This
constitutive protein was only rarely seen in the other treatment groups.

RANTES expression in the pancreas—The staining for the chemokine RANTES in the
pancreas as a marker for inflammatory activity was increased in DBTC/HSV-β-gal (Figure 5c)
and DBTC/Veh (Figure 5b) treated groups compared to sham treated animals (Figure 5a).
RANTES staining was evident in acinar cells and infiltrating inflammatory cells. Much less
RANTES staining was detected in pancreas of DBTC/HSV-ENK treated animals (Figure 5d),
since there were strikingly fewer infiltrating inflammatory cells.

c-Fos expression in the spinal cord—c-Fos is an early intermediate gene product
induced by neuronal activity used as a marker of response to noxious stimuli. Figure 6a-d
depicts c-Fos staining of the thoracic spinal cord (T9-10). Significantly increased c-Fos
expression was observed bilaterally in laminae I-IV of the spinal cord in the DBTC/Veh (Figure
6b, f and i) and DBTC/HSV-β-gal treated pancreatic rats (Figure 6c, g and i), compared to
those sections derived from sham treated rats (Figure 6a, e and i). In contrast, the c-Fos staining
in the spinal cord from DBTC/HSVENK treated rats (Figure 6d, h and i) was modest and less
intense. Unlike localization of c-Fos in many other previous studies of nociception, c-Fos-
labeled cells were predominantly localized in deeper layers of the spinal cord (laminae III-V)
and around the central canal in lamina X.

Mu opioid receptor expression in the pancreas
Pancreas: Expression level of mu-opioid receptor was increased in the pancreas for all DBTC
treatment groups as has been shown in the complete Freund's adjuvant (CFA) inflammation
model.17,18 Figure 7 depicts mu opioid receptor expression in rat pancreas from sham surgery
(Figure 7a), DBTC/Veh (Figure 7b), DBTC/β-gal (Figure 7c), and DBTC/HSV-ENK (Figure
7d) treatment groups. The mu-opioid receptor staining in pancreas of DBTC treated rats was
increased in acinar cell regions over that in sham surgical animals. The occasional staining of
small cells in the other treatment groups are likely infiltrating cells. The mu opioid receptor
staining in the DBTC/HSV-ENK (Figure 7d) treatment group was less dense but more
predominantly localized in the nuclei of acinar cells.

DISCUSSION
Previous studies have clearly demonstrated that HSV-based vectors can effectively transfer
transgene products and have therapeutic potential.19-21 Our studies illustrate five important
properties of HSV-based vector preproenkephalin transgene product delivery: (i) HSV vector
application to visceral tissues focuses delivery of transgenes to DRG of sensory afferents
innervating this tissue. (ii) Improved spontaneous exploratory behaviors are noted in DBTC/
HSV-ENK treated animals. (iii) Tissue inflammation promotes increased vector-associated
transgene product generation and delivery to tissue. (iv) In the presence of the transgene product
a significant blunting of the DBTC-induced pancreatic inflammatory response is noted with
resultant target tissue preservation. (v) Applications of replication-defective HSV-based vector
result in a non-productive infection in vivo, as previously reported.5,7,8

(i) Superficial pancreatic application of replication-defective HSV-1 vectors delivers the
human preproenkephalin transgene to thoracic DRG and ultimately targets delivery of met-
ENK back to pancreatic tissue. Seven days after HSV-ENK application, significantly increased
met-ENK peptide expression was noted in laminae I and II of the dorsal horn of the T9-10
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spinal cord and in the pancreas of animals with DBTC-induced pancreatitis. Met-ENK staining
was negligible in the cervical spinal cord and liver, suggesting selectivity for the sensory nerves
innervating the pancreas that had adsorbed the HSV-1 nucleocapsid. Opiate peptides are
synthesized and released endogenously by vascular cells of inflamed peripheral tissue22,23 to
infiltrating inflammatory cells to inhibit inflammation.24,25 Our studies concur and provide
evidence that local supply of met-ENK can also significantly impact inflammation, histological
integrity, and nociceptive behaviors. It is unclear, however, why the DBTC/HSV-β-gal group
had somewhat more met-ENK expression in spinal cord or why there was more apparent
histological disruption in the pancreas than in the vehicle control with pancreatitis.

(ii) Studies have shown that endogenous opiates or other manipulated gene products can affect
nociceptive responsivity.26-30 In some models, the effectiveness of overexpressed met-ENK
has been shown to persist despite the known gradual decrease in effectiveness for diminishing
neuropathic pain in rats after chronic administration with opiates such as morphine after 7 days.
29 Our data indicate that overexpressed opiate neuropeptide prominently influences
nociceptive signaling when delivered directly to the target organ, improving spontaneous
exploratory behaviors in rats given DBTC/HSV-ENK for at least 7 days.

Nociceptive behavior was assessed with an automated, computer-based behavior box, free from
experimenter bias as in a previous pancreatitis pain study.11 Improved spontaneous
exploratory activity among the DBTC/HSV-ENK treated animals was coincident with less c-
Fos expression in the T9-10 spinal cord in laminae III-V and X, compared to the inverse for
the DBTC/Veh and DBTC/HSV-β-gal control groups. This further supports our hypothesis
that the observed antinociceptive effects are due to the release of opiates and mediation through
opioid receptors. Interestingly, c-Fos staining in the animals with DBTC-induced pancreatitis
was localized in deeper laminae of the spinal cord dorsal horn rather than in superficial laminae
as in other pain models, i.e., cutaneous and neuropathic pain. Abbadie and Besson speculated
in early CFA studies that a deep laminar distribution for c-Fos may denote chronic versus acute
noxious activation.31 We further speculate that deep tissue (or whole body) insults, such as
their CFA injections at the base of the tail and pancreatitis in the current study, activate cells
deep in the dorsal horn and around lamina X, as opposed to superficial cutaneous insults which
activate cells and c-Fos in the superficial dorsal horn. This finding is consistent with
demonstrated involvement of the lateral spinothalamic tract cells in laminae IV-V and the post-
synaptic dorsal column system with cells of origin in laminae III-V and X, in the transmission
of visceral pain.32

Previous studies with HSV-ENK viral vectors have demonstrated reversal of the analgesic
effects with the opiate antagonist, naloxone.8,9 It is known that met-ENK is 100 times more
potent than morphine as an opiate receptor-mediated inhibitor of adenylate cyclase, but its
rapid degradation renders it totally ineffective with systemic administration.16 One previous
study reports met-ENK's potent analgesic action does not lead to tolerance.27 The physiologic
importance of opioid peptides in nociceptive responses is supported by studies involving
preproenkephalin knockout mice,28,29 HSV proenkephalin overexpression in other
experimental pain models,9,30 and morphine block of hyperalgesic behaviors in this
pancreatitis model.3,33

(iii) Peripheral inflammation may drive synthesis and subsequent delivery of the transgene
product, since animals treated with HSV vector application alone, without DBTC-induced
pancreatitis, have spontaneous exploratory activities equivalent to the sham group and normal
pancreatic histology. The DBTC/HSV-β-gal control group had increased met-ENK, reflecting
increased endogenous met-ENK release into the spinal cord and pancreatic tissues in response
to the pancreatitis model itself.28 The DBTC/HSV-ENK treated animals, however, have
increased intensity of staining for the transgene product significantly over these levels.
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(iv) Met-ENK overexpression results in anti-inflammatory effects and tissue preservation.
Perhaps the most intriguing finding is the striking diminution of pancreatic inflammation and
lack of histologic deterioration in the DBTC/HSV-ENK treated animals. Opioids are typically
delivered to inflamed tissues by inflammatory cells; however, in the absence of inflammation,
no opioid-containing leukocytes are detected in peripheral tissue.34 Increases in opiate receptor
are dependent on the degree of inflammation.35 Regional met-ENK delivery and tissue
overexpression in the HSV-ENK treated animals is likely derived from the enhanced
endogenous release of opiates from both central and peripheral endings of sensory nerves since
no HSV protein was evident in the pancreas. The overexpressed met-ENK appears to have a
significantly greater protective effect than infiltrating immune cells in the modulation of pain
and inflammatory parameters.35,36

In CFA arthritis models, animals receiving the HSV-ENK gene encoding viral vectors also
sustain significantly less joint destruction and periarticular osteopenia by radiographs,
compared to arthritis control animals.4,8 Anti-inflammatory effects of met-ENK have been
previously reported, and it is believed to be the major anti-inflammatory peptide among the
preproenkephalin gene products.36 HSV-1 preproenkephalin transgene therapy studies have
shown a 60% reduction of hyperalgesia in a CFA polyarthritis model.8 An adenoviral-mediated
transfer of the interleukin-4 gene also modifies pancreatitic invasion of inflammatory cells in
this model, including reduction of CD4+ helper cells.37

Blunting of the inflammatory response is also reflected in the decreased RANTES content of
the pancreatic tissue of DBTC/HSVENK treated rats. The role for neuronal opiates in reduction
of inflammation36 has noted reduction of RANTES in particular.38,39 The mechanisms of
opioid immunosuppression in peripheral target cells are not fully elucidated and may include
opioid receptor dependent and independent mechanisms. Mu (morphine), kappa (U50488H),
and delta-2 (deltorphin II), but not delta-1 (DPDPE) opioid agonists, have been shown to
produce dose-dependent immunosuppressive effects that are blocked by the same selective
opioid antagonists, respectively.40 Data presented here indicate that mu-opioid receptors are
overexpressed in pancreatic tissue in this experimental pancreatitis model, as has been shown
for DRG after hindpaw inflammation with CFA.17 Involvement of these receptors in anti-
inflammatory effects is supported by evidence of a 30% reduction of plasma extravasation for
mu-opioid agonists in inflammatory models.41-44

(v) This model demonstrates a negligible primary infection of the pancreatic tissue or secondary
infection of the spinal cord. As expected, HSV-1 proteins were located in DRG. Increased met-
ENK staining reflecting transport of met-ENK (endogenous and overexpressed transgene) is
noted for both spinal cord and pancreatic tissues. Interestingly, application of HSV-ENK in
the absence of pancreatitis produced no met-ENK in the pancreas. Increased ambulatory
behaviors in this visceral pain model provide another demonstration of effective HSV-mediated
transfer for specific transgene expression after delivery to the DRG. In this example, targeting
the pancreas provides site-specific delivery for an amplified therapeutic effect with no spread
evident in liver or cervical spinal tissues.

These studies indicate that time is required for incorporation of viral vectors into nerve
terminals, for retrograde transport of the viral vector to the DRG, for subsequent peptide
production and transport to neuronal endings. Future studies will apply this methodology to
chronic pancreatitis models under development to assess efficacy for sustained release of the
opiate and potential to evade tolerance.29 Since large and multiple transgenes can be
accommodated by the HSV vector and it can remain dormant for extended periods of time,
these properties can be exploited for therapeutic advantage for long-term transgene expression
in sensory nerves.45
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MATERIALS AND METHODS
Animals

Experiments were approved by the Institutional Animal Care and Use Committee. Seventy-
six male Lewis inbred rats (150-200 g) were used for the study maintained under standard
conditions with three rats per cage and given Taklab diet 8626 (Harlan, Indianapolis, ID).

General procedures
Baseline spontaneous behavioral activity assessments were performed on day 0 in an
automated, computer-assisted open-field testing apparatus (San Diego Instruments, San Diego,
CA). Afterward, animals anesthetized by isoflurane inhalation received a tail vein injection of
vehicle or dibutyltin dichloride (DBTC, Sigma-Aldrich, St. Louis, MO) to induce persistent
pancreatitis.3 The pancreatic surface was then exposed by laparotomy and replication-
defective HSV-1 with a human proenkephalin cDNA transgene (HSV-ENK), control β-gal
cDNA (DZ, HSV-β-gal), or media vehicle,4 were delivered. The researchers delivering the
syringe contents, performing the behavioral experiments and histopathological evaluation were
blinded to the specific viral or control contents of the syringes. Spontaneous behavioral
activities were measured again on day 6, at the peak of DBTC-induced pancreatitis and
hypersensitivity, and tissues were harvested on day 7.

Six experimental groups of rats were compared in these studies: (i) sham surgical controls,
with tail vein injection of ethanol/glycerol vehicle and laparotomy only (sham surgery, without
application to the pancreatic surface; n = 10), (ii) DBTC-induced pancreatitis with punctate
application of media vehicle (Veh) to the pancreatic surface (DBTC/Veh, n = 9); (iii) DBTC-
induced pancreatitis treated with micro-punctate application to the pancreatic surface with
HSV-β-gal (DBTC/HSV-β-gal n = 15), and (iv) DBTC-induced pancreatitis treated with
punctuate application to the pancreatic surface with HSV/ENK (DBTC/HSV-ENK, n = 15).
Additional controls were examined to assess the safety of the HSV vectors: Tail vein injection
with vehicle (95% ethanol, glycerol, 2:3, no DBTC) and punctuate application to the pancreatic
surface with (v) HSV-β-gal (veh/HSV-β-gal n = 9) or (vi) HSV-ENK (veh/HSV-ENK, n = 8).

Induction of persistent pancreatitis
During isoflurane inhalation anesthesia, pancreatitis was induced by a single tail vein injection
of DBTC (8 mg/kg body weight in 250 μl).3 The DBTC was first dissolved in 95% ethanol (2
parts or 100μl), then mixed with glycerol (3 parts or 150μl). Using a multiple syringe pump
(Harvard Apparatus 22, Holliston, MA), the DBTC was delivered at a rate of 25μl/min for 10
minutes.

HSV-1-based vectors
The HSV-1 viral vectors containing a human proenkephalin transgene or β-gal gene (control)
have been previously described.6 The HSV-1 virus vector HSV-ENK was constructed by the
insertion of an expression cassette containing the strong constitutive human cytomegalovirus
promoter, an SV-40 intron, the human proenkephalin cDNA, and an SV-40 polyadenylation
site into a shuttle plasmid containing flanking HSV DNA from the thymidine kinase region
(SnaBI insertion site). The linearized shuttle plasmid and PacI-digested DNA from virus DPZ
was co-transfected into the complementing 7B cell line and recombinants selected by limiting
dilution as described.46 This virus is similar to another proenkephalin-encoding virus reported
previously to attenuate formalin-induced nociception and potentiate benzodiazepine anxiolysis
when injected into the central nucleus of the amygdala.47,48 Generation of the control virus
encoding β-gal under control of the human cytomegalovirus promoter (named DZ or SHZ.1)
has been described.49 These recombinant viral vectors designed for gene therapy are
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replication-defective, created using the KOS strain of HSV with both copies of the ICP4-coding
region (IE3 gene) deleted 20. The inserted genes are under the control of a strong constitutive
human cytomegalovirus promoter, allowing expression of inserted gene product at an
intracellular locale, in the absence of productive HSV-1 infection in vivo and without
integration into the host genome.4 These recombinant viral vectors designed for gene therapy
have been rendered replication defective by deletion of the gene encoding ICP4. These vectors
do not produce productive viral infection but can persist for months despite negligible viral
protein synthesis.

Punctate application of viral vectors to pancreatic surface
Immediately after DBTC injection, rats underwent midline surgical laparotomy to expose the
pancreatic surface. Five microliters of HSV-1 media vehicle suspension containing 2 × 106

plaque-forming units of the viral vector was diluted (1:10) and applied onto the surface of the
pancreas between the pancreatic tissue and the adhered peritoneum, using 1/2 cc U-100 insulin
syringe (28G1/2) in two to three areas void of pancreatic duct and blood vessels. Control rats
received only a laparotomy. Rats were allowed to recover overnight with free access to fluids.
All animals were given 10% ethanol (EtOH) and 5% apple juice in their water for the
subsequent 6 days of the experiment to enhance pancreatic irritation as previously described.
1-3

Spontaneous exploratory behavioral activity
Spontaneous behavioral (exploratory) activities were monitored using an open-field 16 × 16
photo-beam activity system with FLEXFIELD software (San Diego Instruments, San Diego,
CA). The photobeam activity system allowed acquisition of movements in x, y, and z axis-
orientations within an activity chamber (40 × 40 × 40 cm3), recording the number of times the
photobeam grid system is obstructed. Data were collected in 5-minute intervals for 30 minutes
in a blind manner. The ethanol water source was withdrawn and replaced with regular drinking
water 20 hours before the photobeam activity system measurement. Control testing indicates
no adverse effect in behavioral tests at this time point after removal of ethanolic water.

Six measures of spontaneous behavioral activity at day 0 (baseline) and day 6, the peak of
hypersensitivity and inflammation3 included the number of rearing events, rearing time
(seconds), active time (seconds), rest time (seconds), distance traveled (inch), and total counts
(number of photobeams broken). Resting time is defined as a period of time when an animal
remains in place for 1 second or longer. Comparisons were made among groups for each
separate parameter.

Histologic preparation and immunohistochemistry
Rats were anesthetized, the pancreas removed for fixation by immersion (4%
paraformaldehyde for 24 hours followed by immersion in 70% ethanol in distilled water), and
paraffin sections (4 μm) processed for histopathological study. Anesthetized rats were perfused
with 4% buffered paraformaldehyde for collection of the thoracic cord and DRG. The animals
were then cardiac perfused with 4% buffered paraformaldehyde, and the thoracic and cervical
spinal cord, and DRG from T7-12 containing the major source of sensory nerve fibers in the
pancreas50 were collected for immunohistochemical study. After immersion in 30% sucrose/
0.1 mol/l phosphate buffer overnight, tissues were frozen embedded and sectioned (30 μm
thickness).

Frozen sections of thoracic, cervical cord, and DRG and paraffin sections of pancreas were
immunostained using rabbit anti-met-ENK serum (met-ENK; Peninsula Lab, San Carlos, CA),
rabbit anti-β-gal (Cappel, Aurora, OH), and rabbit anti-HSV-1 (HSV-1; DakoCytomation,
Carpinteria, CA). Thoracic spinal cord was also stained using polyclonal rabbit anti-c-Fos
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(Calbiochem, San Diego, CA). Monoclonal mouse anti-RANTES/CCL5 antibody (R&D
Systems, Minneapolis, MN) and rabbit anti-mu opioid receptor antibody (Chemicon,
Temecula, CA) were used for de-paraffinized pancreas.

Standard immunohistochemical procedures were used for staining nervous tissue frozen
sections and paraffin sections for pancreas. The tissues were incubated with rabbit anti-met-
ENK (1:1,000), rabbit anti-β-gal (1:1,000), rabbit anti-HSV-1 proteins (1:500), rabbit anti-c-
Fos (1:3,000), mouse anti-RANTES (1:100), or rabbit anti-mu opioid receptor (1:4,000).

Semi-quantitative stain intensity values for met-ENK in cord and pancreatic sections were
collected using the MetaMorph offline program (Molecular Imaging Systems, Downingtown,
PA). The average intensity (±SEM) of met-ENK in lamina I-II of both dorsal horns for each
section was taken as a total value. c-Fos labeled cells in both dorsal horns (lamina I-IV) and
lamina X were counted manually. Comparisons were made to sham surgery animals for the
average of five sections (±SEM). To quantify the met-ENK intensity in the pancreas, staining
intensity in rectangular grid region of five random fields was averaged (±SEM) for each animal.

Blinded histopathological examination of the pancreatic tissues was performed with the
assistance of Dr. Judith Aronson (Department of Pathology, University of Texas Medical
Branch).

Statistical analysis
Statistical analysis and graph generation were done using GraphPad Prism 4 software (Prism,
Irvine, CA). Normal distributions were not obtained with the data collected; therefore the non-
parametric Kruskal-Wallis test was used for overall comparisons. The treatment groups were
compared to the surgical sham control group using the posthoc Mann-Whitney U-tests for
behavioral measures, met-ENK intensity and c-Fos cell counts. Means were expressed as
average ±SEM. A P value of <0.05 was considered significant in most cases. For the multiple
behavioral outcome measures, we designated a priori, active time and resting time as primary
variables, based on the results of our previous study.11 For these two primary measures, a
Bonferroni correction was performed, such that P < 0.025 was considered significant.
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Figure 1. Spontaneous open-field exploratory behavioral activity measurements in animals with
sham surgery or dibutyltin dichloride (DBTC)-induced pancreatitis: rearing events, rearing
duration (seconds), total number of light beam brakes, distance traveled (inch), active time
(seconds), and rest time (seconds)
The mean was expressed as average ± SEM. The overall comparison using Kruskall-Wallis
analysis of variance was significant as indicated (K). *(P < 0.05) and **(P < 0.01) indicate
significant difference from animals with sham surgery using Mann-Whitney test post hoc
comparisons. ENK, enkephalin; HSV, herpes simplex virus.
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Figure 2. Photomicrographs depicting the histopathology of rat pancreas
(a) Pancreas from a rat after sham surgery. (b-d) Pancreas from animals with dibutyltin
dichloride (DBTC)-induced pancreatitis treated with the following: (b) vehicle as vector
control, (c) HSV-β-gal, or (d) HSV-ENK. Note the inflammatory cell infiltration, acinar cell
atrophy, widened inter- and intra-lobular ducts, tissue edema and extensive periductal fibrosis
seen in DTBC-induced pancreatitis with vehicle or HSV-β-gal applications, compared to
reduced inflammatory cell infiltration and to preservation of pancreatic tissue architecture in
the DTBC and HSV-ENK treated rats. ENK, enkephalin; H&E, hemotoxylin and eosin stain;
HSV, herpes simplex virus.
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Figure 3. Photomicrographs of immunohistochemical staining of HSV-1 proteins in pancreas
HSV-1 is shown in (a-d), dorsol root ganglia (DRG, e-h) and spinal cord (i, j) on day 7 of
DBTC-induced pancreatitis or in controls. Pancreas after (a) sham surgery and after DBTC-
induced pancreatitis with (b) vehicle. (c) HSV-β-gal. (d) HSV-ENK. (e) DRG from a rat after
sham surgery. DRG from rats with DBTC-induced pancreatitis after application of (f) vehicle.
(g) HSV-β-gal. (h) HSV-ENK. (i) Spinal cord from a rat after sham surgery. (j) Spinal cord
from a rat with DBTC pancreatitis after application of HSV-ENK. ENK, enkephalin.
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Figure 4. Photomicrographs of immunohistochemical staining of met-ENK in the pancreas
(a) Pancreas from a rat after sham surgery. (b-e) dibutyltin dichloride (DBTC)-induced
pancreatitis and application of (b) vehicle, (c) HSV-β-gal as the herpes simplex virus (HSV)
vector control, or (d) HSV-ENK. (e) Quantification of fluorescent staining intensity for met-
ENK in the pancreas. (f) Quantification of fluorescent staining intensity for met-ENK in the
spinal cord. The overall comparisons using Kruskall-Wallis analysis of variance were
significant (P < 0.05). Significant differences from animals with sham surgery are shown using
the Mann-Whitney test for post hoc comparisons. (g-j) Photomicrographs of
immunohistochemical staining of spinal cord (T11) met-ENK content. (g) Spinal cord from a
rat after sham surgery. (h-j) Spinal cord from animals with DBTC-induced pancreatitis and
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application of (h) vehicle control. (i) HSV-β-gal control vector, or (j) HSV-ENK. ENK,
enkephalin.
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Figure 5. Photomicrographs of immunohistochemical staining of regulated on activation, normal
T cells expressed and secreted (RANTES) in pancreas
RANTES in pancreas from animals with (a) sham surgery, and (b-d) dibutyltin dichloride
(DBTC)-induced pancreatitis with pancreatic application of (b) vehicle, (c) HSV-β-gal as the
control vector, or (d) HSV-ENK. ENK, enkephalin; HSV, herpes simplex virus.
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Figure 6. Photomicrographs of immunohistochemical staining of c-Fos in the dorsal horn of rat
thoracic spinal cord (T10)
The areas corresponding to laminae I-V are shown. (a) Spinal cord from a rat after sham
surgery. (b-d) Spinal cord from a rat with dibutyltin dichloride (DBTC)-induced pancreatitis
and the following treatments: (b) vehicle, (c) HSV-β-gal as the vector control, and (d) HSV-
ENK. Photomicrographs of immunohistochemical staining of c-Fos in lamina X of rat thoracic
spinal cord (T10) of a rat after (e) sham surgery, or pancreatic application of (f) vehicle, (g)
HSV-β-gal vector control, or (h) HSV-ENK. (i) Quantification of fluorescent c-Fos-labeled
cells in spinal cord. The overall comparisons using Kruskall-Wallis analysis of variance were
significant (P < 0.05). Significant differences in numbers of c-Fos-labeled cells compared to
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animals with sham surgery are shown using Mann-Whitney post hoc comparisons. ENK,
enkephalin; HSV, herpes simplex virus.
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Figure 7. Immunostaining for α Mu opioid receptor in rat pancreas
αMu opioid receptor is shown after (a) sham surgery or (b-d) dibutyltin dichloride (DBTC)-
induced pancreatitis and (b) vehicle, (c) HSV-β-gal vector control, or (d) HSV-ENK. The
nuclei of cells are counterstained blue by the neutral fluorescent dye 4′,6-diamidino-2-
phenylindole.
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