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Abstract

Pituitary adenylate cyclase activating polypeptide (PACAP) is a neuropeptide existing in two vari-
ant forms (of either 27 or 38 residues), widely present in numerous organs and evoking multiple effects
both in the central and peripheral nervous systems. The present study was undertaken to evaluate the
distribution pattern of PACAP-27 expression in the ovine pancreas. Using double immunohistochemi-
cal stainings co-localizations of PACAP-27 with galanin, SP or CRF were studied in intrapancreatic
neurons. In intrapancreatic ganglia, immunoreactivty to PACAP-27 was found in 87.6 ± 5.4% of PGP
9.5-positive intrapancreatic neurons but not in intraganglionic nerve fibres. Numerous PACAP-27-im-
munoreactive nerve terminals were also observed between pancreatic acini and around small arterioles.
No immunoreactivity to PACAP-27 was found in the endocrine pancreas. In 42.9 ± 6.2% of
PACAP-27-immunoreactive intrapancreatic neurons the expression of galanin was also found. Statisti-
cally lower subpopulation (12.4 ± 4.0%) of intrapancreatic neurons exhibited simultaneously the im-
munoreactivity to PACAP-27 and SP. The expression of CRF was detected in the relatively smallest
group (3.2 ± 1.4%) of PACAP-27-positive intrapancreatic neurons. The present results suggest that in
the ovine pancreas PACAP-27 may play an important role as mediator of pancreatic functions. In
PACAP-related pancreatic activities, a modulatory role of galanin, SP and to a lower extend of CRF is
also likely.
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Introduction

Pituitary adenylate cyclase-activating peptide
(PACAP) is a member of a secretin/glucagon/vasoac-
tive intestinal peptide (VIP) superfamily which consists
of nine biologically active substances (Vaudry et al.
2009). The discovery of PACAP from extracts of the
sheep hypothalamus was made by the ability to in-
crease adenylate cyclase in the rat anterior pituitary
cell cultures (Miyata et al. 1989). Alternative process-
ing of PACAP precursor results in formation of two
biologically active PACAP amidated isoforms consist-
ing of either 38 or 27 amino acids residues, respectively
(Miyata et al. 1990). Molecular studies revealed strong
similarities between PACAP and VIP precursors what
explains why VIP and both PACAP isoforms elicit its
action via common class B G-protein coupled recep-
tors. So far, PACAP-specific PAC1 receptors and two
common for VIP and PACAP: VPAC1 and VPAC2
receptors have been characterized and cloned
(Svoboda et al. 1993, He et al. 2014). Since the dis-
covery in 1989, PACAP has been an object of intense
anatomical, physiological and pharmacological studies.
Using immunohistochemical and radioimmunoassay
techniques, the expression of PACAP and its receptors
has been found in numerous mammalian tissues in-
cluding neurons of the central and peripheral nervous
system (Masuo et al. 1991, Ghatei et al. 1993, Csati et
al. 2012, Rytel et al. 2014) as well as enteric (Kirchges-
sner and Liu 2001, Miampamba et al. 2002) and intra-
mural ganglia of the pancreas (Hannibal and Fahren-
krug 2000) and heart (Girard et al. 2007). At the cen-
tral level, PACAP may exert a variety of functions like
modulation of hypothalamic-pituitary hormones re-
lease (Kanasaki et al. 2015), food consumption and
water drinking (Puig de Parada et al. 1995, Mounien et
al. 2009), neuronal differentiation, neuroprotection
(Manecka et al. 2013) and many more, whereas its role
at the periphery is relatively less understood. Addition-
ally, functional studies have revealed that the biological
effect of PACAP-27 and PACAP-38 is different which
may be correlated to the fact that in numerous tissues
PACAP-38 activates intracellular signaling mechan-
isms that differ from those employed by PACAP-27
(Mart�·nez-Fuentes et al. 1998). For example, in the rat
small intestine PACAP-27 evoked potent secretory re-
sponse not observed with PACAP-38 (Cox 1992).

In mammals, the pancreas receives unique neur-
onal input from at least four (or even five) different
sources. Pancreas projecting efferent sympathetic neur-
ons originate from the celiac ganglion (Sharkey et al.
1984), whereas autonomic parasympathetic supply is
provided by dorsal motor and ambiguous nuclei of the
vagus (Luiten et al. 1984). Sensory impulses from the
pancreas are conveyed via afferent fibres that have

their cell bodies in vagal nodose ganglia as well as in
Th6-L2 dorsal root ganglia (Sharkey et al. 1984). Addi-
tionally, local pancreatic reflexes are controlled by en-
teric ganglia located in the stomach and duodenum
(Kirchgessner and Gershon 1990). The last but not the
least source of the pancreatic innervation is pancreatic
ganglia scattered throughout the pancreas parenchyma
(Anglade 1987). Thus, the activity of the pancreas is
neuronally controlled at multiple levels and it is be-
lieved that direct synchronization and modulation of
autonomic impulses are managed by intrapancreatic
ganglia. In the past two decades, a number of re-
searchers have sought to determine PACAP-38-ergic
expression pattern in the pancreas/intrapancreatic gan-
glia of mammals with the special emphasis to rodents
(Filipsson et al. 1988, Fridolf et al. 1992, Hannibal and
Fahrenkrug 2000) and some species of domestic ani-
mals (Tornze et al. 1996, Love and Szebeni 1999). In-
terestingly, in these studies the sheep has been only
occasionally included as an experimental model (Koves
et al. 1993) which is obviously a basic knowledge gap in
the veterinary neuroscience field. Additionally, the in-
nervation of the pancreas of the sheep seems to be
especially interesting also from the comparative point
of view. This is due to the fact that it has been shown
that some aspects of the innervation of the ovine exoc-
rine and endocrine pancreas as well as the chemical
coding of intrapancreatic neurons exhibit species-speci-
fic peculiarities (Arciszewski 2007, Arciszewski and
Zacharko-Siembida 2007a,b). Therefore, in continu-
ation of the prior studies on the ovine pancreas inner-
vation, the present immunofluorescence study aimed
1) to examine the distribution pattern of PACAP-27 in
neuronal elements of the ovine pancreas, and 2) to
determine the co-localization of PACAP-27 with galan-
in, substance P (SP) and corticotropin releasing factor
(CRF) in intrapancreatic neurons.

Material and Methods

Animals and tissue sampling

All experimental procedures were conducted in ac-
cordance with the Polish law on animal experiments
and approved by the local committee of ethics at the
University of Life Sciences, Lublin, Poland. Five sex-
ually mature sheep of both sexes (weighing ca. 35-45
kg) were used in the study. Following the sedation with
xylazine (Rometar, Spofa Prague, Czech Republic; 0.4
mg/kg b.w., i.m.) the animals were killed with an over-
dose of sodium pentobarbital (Pentobarbitalnatrium,
Apoteket, Sweden; 35 mg/kg b.w., i.v.). The abdomen
was opened with a midline incision and samples (ap-
prox. 1 cm3) of the body and left and right lobe of the
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pancreas were collected. The tissues were washed with
cold (4oC) 0.01M phosphate buffer-saline (PBS) and
immediately immersed with a mixture of paraformal-
dehyde and picric acid (Stefanini�s fixative) for 3 days.
Next the material was rinsed with PBS, put in 16%
sucrose solution (4oC) and kept until they sunk into the
bottom of the container. Finally, the pancreas samples
were embedded in optimum cutting temperature
(O.C.T.) compound and frozen in dry ice. Ten ∝m
thick serial cryostat sections were cut. Every fifth sec-
tion was mounted on adhesion glass slides (SuperFrost
Plus, Menzel GmbH & CoKG, Germany) and stored
at -70oC until further used.

Double immunofluorescence

In order to visualize the presence of PACAP-27 in
intrapancreatic neurons double immunohistochemical
stainings utilizing guinea-pig anti-PACAP-27 sera
(1:400, Bachem, Switzerland; T-5039) and mouse anti-
bodies raised against pan-neuronal marker PGP 9.5
(1:100, Abcam, UK; ab 8189) were applied. In order to
evaluate whether in the pancreas of the sheep
PACAP-27 is co-expressed with other biologically ac-
tive substances double immunohistochemical stainings
were also made according to the procedure described
elsewhere (Arciszewski et al. 2011). Briefly, following
drying for 15 minutes (at room temperature; RT) the
sections were 3 times washed (10 minutes each) with
a blocking/permeabilizing solution composed of PBS,
10% normal goat serum, 0.25% Triton X-100 and 1%
bovine serum albumin (Sigma-Aldrich). For an over-
night incubation (RT) with a mixture of primary anti-
bodies the sections were placed in a humidified box.
Guinea-pig anti-PACAP-27 sera were mixed with one
of the following rabbit sera: anti-galanin (1:1200, AbD
Serotec, UK; 4600-5004), anti-SP (1:300, Enzo Life
Sciences, UK; SA1270) or anti-CRF (1:100, Sigma-Al-
drich, Germany; C5348). Next day, after pouring off
the excess of primary antisera, the slides were again
washed with three changes of PBS (10 min) and incu-
bated (1h, RT) with a mixture of species-specific
fluorochrome-conjugated secondary antisera. For vis-
ualization of antigen-antibody complexes FITC-con-
jugated goat anti-guinea-pig IgG (1:400; MP Biomedi-
cals, USA) were combined with Texas Red-conjugated
goat anti-rabbit IgG (1:400; MP Biomedicals, USA) or
Texas Red-conjugated goat anti-mouse IgG (1:400; MP
Biomedicals, USA). Following the final washing with
PBS, the stained slides were coverslipped with phos-
phate-buffered glycerol (pH=8.2) and examined under
an epifluorescent microscope equipped with a digital
camera. For examination of FITC- and/or Texas
Red-fluorescent neuronal elements, appropriate filters

with 470-490 nm (excitation/emission wavelength) and
545-580 nm (excitation/emission wavelength) were
used. For immunohistochemical negative control pur-
poses, the sections were incubated with non-immune
sera instead of primary antibodies or with primary anti-
bodies that had been preincubated overnight with an
excess of the synthetic peptide. In control sections no
positive immunostaining was observed.

Semi-quantification, cell counting
and statistical analysis

The expression of PACAP-27 in the particular
parts of the ovine pancreas was assessed visually ac-
cording to the following semi-quantitative scale: nu-
merous, moderate, single, absent. The same scale was
also applied for co-localization studies of
PACAP-27-positve nerve fibres. In each animal, a ran-
dom sample of at least 300 PACAP-27-positive in-
trapancreatic neurons was studied in each anatomical
portion of the pancreas. The proportion of
PACAP-27-expressing intrapancreatic neurons was
presented as a percentage relative to the total number
of neurons analyzed. The subpopulations of
PACAP-27-positive intrapancreatic neurons co-ex-
pressing galanin, SP or CRF were calculated in relation
to the total number of PACAP-27-IR perikarya. All
numerical data are expressed as mean ± S.D. In order
to test differences between different subpopulations of
PACAP-27-expressing intrapancreatic neurons
one-way ANOVA test following Tukey�s post-hoc test
were used. The data were considered statistically sig-
nificant when p<0.05.

Results

Immunoreactivity to PACAP-27 was detected in
the body as well as the right and left lobes of the ovine
pancreas. No differences in PACAP-27 innervation be-
tween anatomical parts of the pancreas were found.
Also the sex of animals had no influence on the dis-
tribution patterns of PACAP-27 in either pancreatic
neurons or nerve fibres. As many as 87.6 ± 5.4% (n=5)
of PGP 9.5-immunoreactive (IR) intrapancreatic neur-
ons showed the presence of PACAP-27, whereas none
of ganglionic nerve fibres exhibited PACAP-27 ex-
pression (Fig. 1A). The pancreatic acini were richly
supplied with PACAP-27-IR nerve fibres (Fig. 1B),
whereas interlobular ducts showed no presence of
PACAP-27-positive nerve elements. Moderate numb-
ers of PACAP-27-expressing nerve fibres were also de-
tected around small arterioles (Fig. 1C) located in con-
nective tissue septa. No PACAP-27 immunoreactivity
was detected in the endocrine pancreatic tissue.
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Fig. 1. Immunoreactivity to PACAP-27 in the pancreas of the
sheep. In intrapancreatic ganglia (Fig. 1A) the expression of
PACAP-27 was observed in very numerous PGP 9.5-IR in-
trapancreatic neurons (arrows) but not in ganglionic nerve
fibres; the arrowhead marks PGP 9.5-IR neuron lacking
PACAP-27. Arrows in Fig. 1B indicate PACAP-27-positive
nerve fibres supplying the exocrine pancreas. In Fig. 1C
PACAP-27-IR nerve fibres supplying pancreatic small ar-
terioles are marked with the arrow.

PACAP-27/galanin. Amongst PACAP-27-express-
ing intrapancreatic neurons as many as 42.9 ± 6.2%
(n=5) showed the simultaneous presence of galanin
(Fig. 2A). In general, in virtually all galanin-IR in-
trapancreatic neurons the expression of PACAP-27
was shown (no galanin-positive/PACAP-27 negative
perikarya were detected). Mainly varicose
galanin-IR/PACAP-27 negative intraganglionic nerve
fibres frequently encircled both PACAP-27-IR/galan-
in-IR as well as PACAP-27-positive/galanin-negative

intrapancreatic neurons. Co-localization of PACAP-27
and galanin was also detected in moderate numbers of
nerve terminals supplying small arterioles as well as
pancreatic acini (however single galanin-IR nerve
fibres lacking PACAP-27 were also found).

PACAP-27/SP. In the vast majority of
PACAP-27-expressing intrapancreatic neurons no im-
munoreactivity to SP was detected. The co-existence of
PACAP-27 and SP was found only in a small sub-
population (12.4 ± 4.0%; n=5) of intrapancreatic neur-
ons (Fig. 2B). The subpopulation of
PACAP-27-IR/SP-IR neurons was statistically lower
(P<0.05) when compared to PACAP-27-IR/galanin-IR
perikarya. In intrapancreatic ganglia varicose SP-posi-
tive/ /PACAP-27-negative nerve fibres running be-
tween PACAP-27-IR neurons were frequently found.
In general, SP-IR nerve fibres did not form �bask-
et-like� formations around intrapancreatic neurons.
The co-localization of PACAP-27 and SP was also
found in single acini-supplying nerve fibres (but not
around small arterioles).

PACAP-27/CRF. The expression of CRF was
found in extremely small population (3.2 ± 1.4%; n=5)
of PACAP-27-IR intrapancreatic neurons (Fig. 2C).
The subpopulation of PACAP-27-IR/CRF-IR neurons
was statistically different (P<0.05) in relation to
PACAP-27-IR/galanin-IR as well as PACAP-27-IR/
/SP-IR neuronal groups. In intrapancreatic ganglia
CRF-IR nerve fibres displaying no immunoreactivity to
PACAP-27 were frequently found. In general varicose
CRF-positive nerve fibres very closely encircled
PACAP-27-expressing intrapancreatic neurons (Fig.
2C). No co-expression of PACAP-27 and CRF was de-
tected in pancreatic small arterioles as well as between
acini.

Discussion

In general, described in the present study distribu-
tion pattern of PACAP-27 immunoreactivity in the
pancreas of the sheep partially resembles PACAP-38
innervation pattern (Koves et al. 1993), with a substan-
tial exception that no presence of PACAP-27-positive
nerve fibres was found in the endocrine pancreas.
Moreover, the presented herein expression pattern of
PACAP-27 in the ovine pancreatic tissue is in line with
previous immunohistochemical studies of the porcine
pancreas (Tornre et al. 1996) but substantially differs
from that in the rat (Hannibal and Fahrenkrug 2000),
mouse (Fridolf et al. 1992) or rabbit (Love and Szebeni
1999). In previous functional studies utilizing intra-
venous infusion of either PACAP-27 or PACAP-38 it
has been found that both PACAP-27 and PACAP-38
increased the exocrine activity of the ovine pancreas in
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Fig. 2. Paired micrographs showing different subpopulations of PACAP-27-IR intrapancreatic neurons found in the ovine pancreas.
In Fig. 2A numerous neurons co-expressing PACAP-27 and galanin are marked with arrowheads, whereas galanin-positive nerve
fibres encircling PACAP-IR perikarya are indicated with arrows; hollow arrowheads mark PACAP-27-IR neurons lacking galanin.
Fig. 2B presents PACAP-27-IR/SP-IR neuron (arrowhead) found in the pancreas of the sheep. Fig. 2C. Amongst numerous
PACAP-27-positve intrapancreatic neurons only one (arrowhead) is additionally positive for CRF; note the presence of
CRF-positive nerve fibres (arrows) running in a close vicinity to PACAP-27-IR neuronal somata.

dose-dependent manner, and the effect of PACAP-27
was more potent when compared to PACAP-38
(Onaga et al. 1996). In the latter study it has been also
shown that intravenous infusion of PACAP-38 (no data
concerning PACAP-27 are available) did not influence
the plasma concentration of insulin, glucagon and glu-
cose (Onaga et al. 1996) what indicates no effect of
PACAP-38 on the ovine endocrine pancreas activity.
The role of both PACAP-27 and PACAP-38 in the
regulation of the pancreatic blood flow has been also
experimentally determined in several animal species
(Naruse et al. 1998, Yamaguchi et al. 2003). Interest-
ingly in the present experiment we have found for the
first time, that PACAP-27 is very widely expressed in

the ovine intrapancreatic neurons (but not in gan-
glionic nerve fibres) and PACAP-27-IR neurons co-ex-
pressed galanin, SP and CRF (however to a various
degree). The most numerous subpopulation of
PACAP-27-IR intrapancreatic neurons was that co-ex-
pressing galanin. In recent studies it has been well
documented that galanin widely present in the rumi-
nants� pancreas (Baltazar et al. 2001) possesses a po-
tent inhibitory action on pancreatic insulin as well as
pancreatic juice secretion (Runzi et al. 1992). As out-
lined above, PACAP-27 in the mammalian pancreas
should be regarded as stimulatory neurotransmitter
and the co-localization of two peptides showing oppo-
site actions in one intrapancreatic neuron is intriguing
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from the functional point of view. Since in the present
study we found numbers of PACAP-27-IR/galanin-IR
nerve endings located between pancreatic acini and
small arterioles, it is justified to speculate that galanin
may functionally counteract the secretory or vasocon-
strictory effect of PACAP-27. On the other hand,
PACAP is also known for its neuroprotective and neur-
itogenic actions (Zhang et al. 1995, Tsuchida et al.
2014), and in a series of experiments a similar role of
galanin has been also shown in relation to neurons of
the central, peripheral and enteric nervous system
(Hobson et al. 2010). Taking into account the above, it
is also likely that both neuropeptides may, at least to
some degree, participate and complement each other
in innate pancreatic defense system coordinating neur-
onal response to noxious stimuli. So far, the co-express-
ion of PACAP and galanin was observed in the rat
sympathetic cranial cervical ganglion neurons (Moller
et al. 1997) and both peptides were found to promote
neuronal sprouting in axotomized rat cranial motor
neurons (Suarez et al. 2006). Finally, since in the pres-
ent study numerous varicose galanin-positive/
/PACAP-27-negative nerve terminals encircling
PACAP-27-IR neurons were found it is possible that in
the ovine pancreas galanin also acts as neuromodulator
controlling the neuronal release of PACAP-27 from
intrapancreatic neurons. Synaptic interactions between
both neuropeptides have been previously described at
the central level (Kozicz and Arimura 2000). In approx.
10% population of PACAP-27-IR intrapancreatic
neurons co-expression with SP was observed. Since
PACAP-27-IR/SP-IR nerve terminals were found
around acini only we speculate that they may originate
from local intrapancreatic ganglia. In the pancreas of
the mammals, SP acting via NK1 receptor has been
recognized as a potent stimulator of both endocrine
and exocrine function (Schmidt et al. 2000). Till now
not much is known whether and how PACAP and SP
functionally interact in the pancreas so analogies to
other ganglia would be of interest. At the periphery,
the co-localization of SP and PACAP is frequently
noted in 40-50% of sensory neurons (Rytel et al. 2014).
In the rat model of neurogenic inflammation,
PACAP-38 released from afferent nerve terminals has
been found to inhibit outflow of SP, somatostatin and
calcitonin-gene related peptide (Nemeth et al. 2006).
In the guinea-pig, PACAP increased airway plasma ex-
travasation evoked by SP as well as inhibited the re-
lease of SP from non-adrenergic non-cholinergic nerve
terminals (Shigyo et al. 1998). However the exact func-
tions of both peptides in the ovine pancreatic physiol-
ogy and pathophysiology need to be further explored
with the use of experimental protocols.

In the present study, we have also shown the co-ex-
pression of PACAP-27 and CRF in a very small subset

of intrapancreatic neurons. Interestingly, throughout
the ovine pancreas we were unable to localize
PACAP-27-IR/CRF-IR nerve fibres and at the mo-
ment no reasonable explanation of this finding can be
proposed. The presence of numerous mainly varicose
CRF-positive nerve terminals has been however found
around PACAP-27-positive neurons what may further
suggest the existence of functional synaptic co-oper-
ation between those two neuropeptides. Similar rela-
tionship was found in the bed nucleus of the stria ter-
minalis, where PACAP-containing nerve terminals for-
med functional synapses with CRF-positive neurons
(Kozicz et al. 1997). Little is known about the role of
CRF in the pancreas physiology and the findings are
sometimes conflicting. So far, it has been documented
that in the rat pancreas CRF acting directly on beta
cells stimulates insulin secretion (Torres-Aleman et al.
1984), whereas in other studies such effect was not ob-
served (Moltz and Fawcett 1985). In human pancreas
CRF was found to stimulate the exocrine (but not en-
docrine) activity (Lytras et al. 1984). In the mouse
model, CRF released in response to stress was able to
inhibit pancreatic exocrine secretion (Lenz et al. 1992).
Examples and underlying mechanisms of relationships
between CRF and PACAP in peripheral organs are
barely known and understood. Among others, in hy-
pophysectomized calves, after the intraaortic infusion
of PACAP an increase of CRF in adrenal medulla was
noted (Edwards and Jones 1994). At the central level,
CRF was found to mediate inhibitory effect on female
rat ovulation evoked by intracerebroventricular admin-
istration of PACAP (Ka·ntor et al. 2000). Additionally,
CRF is believed to act centrally as mediator of
PACAP-stimulated anxiogenic and pro-depressant ef-
fects (Dore et al. 2013). Whether CRF has any influ-
ence on PACAP-27-mediated ovine pancreatic activ-
ities needs to be further elucidated.

In conclusion, the present study revealed that gal-
anin, SP and CRF are co-expressed with PACAP-27 in
intrapancreatic neurons of the sheep. We believe that
the results obtained should provide a valuable basis for
future functional experiments.
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