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General Concepts on Entero-Pancreatic
Innervation

The innervation of the digestive tract, which
is known to control a wide array of functions
including smooth muscle contractility,
splanchnic microcirculation, epithelial cell
absorption/secretion and endocrine secretion,
is composed of an intrinsic component
consisting of neuronal cell bodies and nerve
processes of the enteric neurons (i.e., the
enteric nervous system) and an extrinsic
component (i.e., nerve fibers and cellular
bodies localized outside the digestive tract)
[1, 2]. The extrinsic nerve fibers can be
anatomically and functionally classified in
afferents, conveying sensory information
from the digestive system to the central
nervous system, and efferent nerves, through
which the central nervous system-mediated
response (excitatory or inhibitory) occurs.
The extrinsic fibers belong to the sympathetic
and parasympathetic systems [1, 2, 3, 4].
The mammalian pancreas, like the
gastrointestinal tract, embryologically
develops from an outgrowth of the primitive
foregut and is richly innervated being
composed of a variety of myelinated or
unmyelinated nerve fibers, thick nerve
bundles and aggregates of neural cell bodies
known as intrapancreatic ganglia. These
ganglionic structures are randomly scattered
throughout the pancreatic parenchyma and

represent the intrinsic neural component of
the pancreatic nerve supply [5, 6]. The two
main extrinsic components are anatomically
identified in the vagus nerves (anterior and
posterior branches) and the splanchnic nerve
trunks. The vagus nerves reach the pancreas
directly or, alternatively, they pass across the
preaortic chain of the sympathetic ganglia.
Post-ganglionic sympathetic fibers, whose
neural cell bodies are located in the superior
mesenteric and celiac ganglia, run with the
splanchnic nerves. The afferent system,
primarily involved in sensory/pain
transmission to the central nervous system, is
composed of thin unmyelinated fibers running
with either the parasympathetic pathways
(vagi) or the sympathetic inputs (splanchnic
nerves). The cell bodies of these nerve
processes can be located either in the dorsal
root ganglia (the so-called spinal afferents) or
in the nodose ganglia (vagal afferents) [4, 5,
6].

Neurochemical Features of the Pancreatic
Innervation

One of the major features of both enteric and
pancreatic neurons is the ability to synthesize,
store and release a large number of
biologically active substances, including
peptides, amines (5-hydroxytriptamine,
noradrenaline) and other molecules such as
nitric oxide (NO). A list of transmitters
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identified in the mammalian pancreas is
reported in Table 1.
The neurochemical content, that is, the
complex combination of one or more of these
substances (peptides, amines, etc.) contained
in the neurons is referred to as chemical
coding. Over the past 20 years, the combined
use of biochemical, pharmacological,
electrophysiological and receptor binding
methods has allowed us to recognize, identify
and understand the mechanism of action of
various transmitters. The surprising
development of immunological techniques,
mainly based on the use of specific antibodies

applied to immunohistochemical techniques,
has allowed the detection of distinct
subpopulations of pancreatic ganglion cells
and fibers depending upon their chemical
content. This variety of neuronal
subpopulations, identified by their
neurochemistry, is known as phenotypic
diversity [1, 2, 3, 4].
To better understand the neurochemistry and
the regulatory mechanisms exerted by enteric
and pancreatic neurons, it was necessary to
analyze their development in relation to their
neurotransmitters/neuromodulators
expression.

Table 1. Putative neurotransmitters and related effects in the mammalian pancreas.
Chemical messenger Localization Putative bioactive function

Acetylcholine Visualized via choline acetyltransferase
(ChAT) by immunohistochemistry (IHC) in

intrapancreatic ganglion cells and nerve
fibers targeting exocrine and endocrine cells

and vasculature.

Regulatory role on exocrine and
endocrine secretion and

intraparenchymal microcirculation.

Gastrin releasing peptide Intrapancreatic ganglion cells and nerve
fibers.

Prosecretory effect on exocrine
(mainly enzymes) and endocrine

secretion.

Norepinephrine Visualized via dopamine-beta-hydroxylase
(DβH) by IHC in intrapancreatic ganglia.

Regulatory role on microcirculation
(i.e., vasoconstriction); likely

involved in interneuronal
transmission.

Nitric oxide Intrapancreatic ganglion cells and nerve
fibers; enteric neurons projecting to the

pancreas.

Exocrine and endocrine secretion;
pancreatic microcirculation.

5-Hydroxytryptamine
(Serotonine)

Identified in nerve fibers originating from
myenteric neurons targeting the pancreas.

Role on entero-pancreatic reflex
activity regulating enzyme

secretion.

Tachykinins
(SP, NKA, NPK, NPγγγγ)

Spinal sensory neurons supplying the
pancreas; enteric neurons projecting to the

pancreas.

Regulatory effect on exocrine and
endocrine secretion; pancreatic

vasodilation.

VIP
(PHI, PHM, PACAP)

Intrapancreatic ganglion cells; nerve fibers. Secretory effect on enzyme and
bicarbonate; possible pancreatic

vasodilation.

CGRP Spinal sensory neurons supplying the
pancreas.

Regulatory effect on exocrine and
endocrine secretion; blood flow

vasodilation.

NPY Intrapancreatic ganglion cells; sympathetic
nerves projecting to the pancreas and

targeting the vasculature.

Undefined effect on the exocrine
tissue; possible inhibitory role on

insulin secretion; powerful
vasoconstrictor enhancing

norepinephrine effect.

Enkephalins Intrapancreatic ganglion cells; nerve fibers. Likely regulatory role, but still
largely unclear.
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Ontogenesis of the Peptide-Containing
Neurons in the Gut and Pancreas

The following data are derived from studies
aimed at characterizing enteric and pancreatic
neurons through the identification of the
expression of some neurochemical
messengers, particularly neuropeptides,
during development. The evidence of
bioactive molecules in the enteric nervous
system and pancreatic innervation of
experimental animals during development
contributes to a better understanding of the
role played by regulatory neuropeptides in
tissue differentiation and maintenance [7, 8].
The analysis of neuropeptide expression in
the embryonic rat digestive system showed
that among the peptides that have been
studied, neuropeptide Y (NPY) is the first to
appear in nerve fibers and neural cells of the
gastroenteropancreatic tract. Specifically,
NPY could be immunohistochemically
identified in some neurons of the outermost
region of the gastric mesenchyma at
embryonic day (ED) 13. At ED 14, NPY
immunoreactivity was detected in gastric and
gut segments being localized in neural cells of
the presumptive myenteric plexus (Figure 1).

At ED 18, NPY was visualized in nerve
processes running in the muscular layer, and
in nerve fibers and cells of the submucosal
plexus along the whole gastrointestinal tract.
In the mucosa, NPY containing varicose
fibers was observed starting from ED 20.
Calcitonin gene-related peptide (CGRP)
immunolabeling was detected at ED 16 in
fibers and neurons of the presumptive
myenteric plexus of the gut and in nerves of
the gastric myenteric plexus. At ED 18,
CGRP immunoreactivity was identified in
fibers running through the mucosa, the
submucosa, the muscular layer and around the
submucosal plexus. Finally, galanin was
demonstrated to appear at ED 18. This
peptide was observed in nerve fibers and in
neuronal cell bodies of the myenteric plexus
of the gut. From ED 19 to ED 21, there is a
progressive rise of the number of galanin-
containing neurons both in the myenteric
plexus and muscular layer along the entire
digestive tract. At ED 20, galanin-containing
neurons appeared in the submucosa and nerve
fibers can be observed in the gut mucosa,
predominantly supplying the villi. Generally,
galanin innervation to the stomach and small
bowel was denser than that of the colon [8].
In the pancreas, NPY and CGRP (Figure 2)
appeared at ED 16 in nerves closely located to

Figure 1. NPY immunostaining identified in neural
cells (arrows) distributed in the mesenchyma of the rat
stomach at ED 14. The NPY-containing neurons are
localized in the presumptive myenteric plexus region.
In this experiment, a rabbit polyclonal NPY antibody
(8711; kindly supplied by Prof. JH Walsh and Mrs. HE
Wong. UCLA School of Medicine. Los Angeles, CA,
USA) was applied to cryostat sections and processed
with an avidin biotin peroxidase immunohistochemical
technique. Magnification 100x.

Figure 2. CGRP immunoreactive varicose nerve
processes (arrows) supplying a blood vessel (b.v.) of
the rat pancreas at ED 16. In this experiment, a rabbit
polyclonal CGRP antibody (2p; generated by Prof. C
Sternini. UCLA School of Medicine. Los Angeles, CA,
USA) was applied to cryostat sections and processed
with an avidin biotin peroxidase immunohistochemical
technique. Magnification 100x.
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blood vessels. On that day, some nerve fibers
which contained NPY were present in ducts
and acini. At ED 17, CGRP fibers were found
throughout the pancreas, particularly around
acini and blood vessels. NPY and CGRP
nerves were identified in the endocrine
component of the pancreas (i.e., islets of
Langerhans). At ED 18, NPY containing
neural cell bodies were visualized in
intrapancreatic ganglia. In contrast, CGRP
immunoreactivity was present only in fibers,
but not in cell bodies, of intrapancreatic
ganglia. The appearance of galanin
immunostaining appeared later than the other
two peptides and was more evident in the
postnatal period (i.e., post natal day (PD) 1)
specifically being identified in nerve fibers
supplying blood vessels. Subsequently, at PD
3 and PD 4, nerve fibers could be visualized
in association with other pancreatic targets,
such as acinar cells, ducts and intrapancreatic
ganglia. In islets, galanin innervation was
scanty [8].
Adult patterns began to be more evident in
different periods of postnatal life. Hence, in
the alimentary tract, NPY and galanin
immunoreactivities reached adult patterns at
birth (PD 0) whereas CGRP innervation
reached the adult pattern at PD 2. In contrast,
in the pancreas, CGRP, NPY and galanin
reached the adult pattern at ED 20, PD 0, and
PD 12, respectively.
The results of these studies showed a different
phenotypic expression of NPY, CGRP and
galanin in enteric neurons of the alimentary
tract and that some neuronal subpopulations
of the digestive tract and pancreas exhibited
different periods of appearance and
maturation. These data confirm previous
analysis on the evolution and growth of the
enteric and pancreatic nervous system.
The interaction between some neuropeptides
could influence their own expression. For
example, NPY, which appeared from ED 13,
could exert a regulatory effect on the
expression of peptides, such as CGRP and
galanin, expressed later during development.
Furthermore, some neuropeptides can interact
with neurotrophic factors, such as
neurotrophins (nerve growth factor, brain-

derived neurotrophic factors and
neurotrophin-3, 4/5) in order to regulate the
maturation and development of various
enteric and pancreatic neurons [7, 8].

Features of Pancreatic Peptidergic
Innervation: Tissue Targets and Morpho-
Functional Characteristics

Using immunohistochemical methods, it was
possible to thoroughly analyze the distribution
of nerve fibers and neurons containing
peptides in relation to a variety of innervation
targets, including both exocrine (acini, ducts,
blood vessels) and endocrine (islets of
Langerhans) targets. Several studies from our
group and other groups have clearly
demonstrated that peptide-containing nerves
are detectable in both the exocrine and
endocrine pancreas [9, 10, 11]. A detailed
analysis of specific sites of innervation in
mammalian species which was carried out by
our group showed that nerve fibers containing
CGRP, vasoactive intestinal polypeptide
(VIP) (Figure 3) and NPY, running in tiny
bundles or in thick nerve trunks, were
observed throughout the stroma and around
acini. Overall, the analysis of the density of
nerve fibers showed a more abundant number
of VIP, CGRP and NPY immunolabelled
processes than those positive for the gastrin

Figure 3. Representative picture showing a cross
section of the pig pancreas with a dense network of
VIP-containing varicose nerves distributed throughout
the acini. Immunofluorescence technique using a VIP
rabbit polyclonal antibody (7913; kindly supplied by
Prof. JH Walsh and Mrs. HE Wong. UCLA School of
Medicine. Los Angeles, CA, USA). Magnification 80x.
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releasing peptide (GRP) and substance
P/tachykinins (SP/TK). The vasculature was
supplied by a prominent NPY-CGRP
innervation and, to a lesser extent, by galanin,
SP/TK and VIP containing fibers. GRP
immunoreactivity was never detected in fibers
around blood vessels. Around ducts, CGRP
and NPY positive neurites were more
abundant than those positive for SP/TK and
VIP immunoreactivity whereas GRP
containing nerves were never detected. In the
islets, the density of peptidergic nerves
showed that VIP and GRP nerves were more
numerous than those positive for CGRP, NPY
or SP/TK. Within the intrapancreatic ganglia,
VIP (Figure 4), galanin and, to a lesser extent,
NPY immunostaining was found in numerous
neuronal cell bodies and nerve processes,
while GRP was present in many nerves and in
a few cell bodies. Finally, CGRP and SP/TK
immunoreactivities were identified only in
nerve fibers surrounding unstained ganglion
cells. As expected, CGRP and SP/TK were
extensively colocalized in pancreatic nerves,
particularly those supplying the vasculature
(Figure 5) [10, 11].
Among the several components of the
pancreatic neural supply, peptide-containing
(or peptidergic) innervation is one of the most

relevant; it can include an intrinsic
component, originating from the
intrapancreatic ganglia, and an extrinsic input
of fibers which can derive from both afferent
and efferent neurons. The tissue distribution
and identification of specific structures (e. g.,
acinar cells, ducts, blood vessels, islets as
well as intrapancreatic ganglia) innervated by
peptide-containing nerves are crucial for
understanding the sites of action of different
neuropeptides.
The rich innervation of CGRP, SP/TK and,
particularly, NPY fibers surrounding the
vasculature provides a strong morphological
basis to explain the fact that these peptides
play a crucial role in the control of the
intrapancreatic blood stream through a direct
mechanism [4, 9, 10, 11]. Moreover, CGRP,

Figure 4. Intrapancreatic ganglia of the cat pancreas
showing several VIP immunopositive neuronal cell
bodies (arrows) and a thick nerve bundle coming from
the ganglion and projecting towards the exocrine and
endocrine component of the gland.
Immunofluorescence technique using a VIP rabbit
polyclonal antibody (7913; kindly supplied by Prof. JH
Walsh and Mrs. HE Wong. UCLA School of Medicine.
Los Angeles, CA, USA). Magnification 80x.

Figure 5. Simultaneous visualization of CGRP (green
fluorochrome) and SP/TK (red fluorochrome) in nerve
processes (arrows) targeting a blood vessel in the rat
pancreas. The double labeling experiment was
performed using rabbit polyclonal CGRP 2p and
guinea pig SP 2f (generated by Prof. C Sternini. UCLA
School of Medicine. Los Angeles, CA, USA).
Magnification 80x.
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NPY and VIP, which are widely distributed
along the exocrine parenchyma (acini and
ducts), are able to increase or reduce the
exocrine secretion of fluid, bicarbonates
(especially VIP) and of enzymes (CGRP and
NPY) [4, 5, 9, 10, 11]. This secretory effect is
also mediated by GRP release from nervous
processes surrounding the acini [4]. The
presence of GRP, VIP and CGRP fibers in the
pancreatic islets support the hypothesis that
these peptides could control the release of
numerous pancreatic hormones [9, 10, 11].
The effect of galanin is not well-defined,
although pharmacological tests showed an
inhibitory effect of this peptide on insulin
secretion [6, 12].
Other possible sites of neuropeptide function
are represented by intrapancreatic ganglia.
Anatomical and electrophysiological studies
showed that pancreatic ganglia represent a
complex neuronal network connected to each
other by nerve bundles [13] and that single
neuronal elements can develop true action
potentials comparable, although not strictly
identical, to those of enteric neurons [14].
Physiological tests indicate that
intrapancreatic ganglia could work as
intraparenchymal "pacemakers" which control
hormonal and exocrine secretion [9, 10, 11,
13, 15].
In addition to the classic extrinsic
(sympathetic and parasympathetic)
components, it is now clear that part of the
pancreatic innervation has an enteric origin
[16]. Recent tracing studies, using commonly
employed dyes which are taken up and
transported, either retrogradely or
anterogradely, through the axonal flow
(Fluoro Gold, True Blue, beta-Cholera Toxin,
and even herpes viruses which selectively
target the neural tissue) showed that
myenteric neurons from the antrum and/or the
upper duodenum project to the pancreas and
terminate with their neuritis in close
association with different tissue targets,
including acini, ducts, ganglia, vasculature
and islets. The neurotransmitters released
from enteric neurons extending to the
pancreas include 5-hydroxytryptamine, NO
and SP/TK [16]. Of remarkable interest is the

observation that enzymatic secretion
(amylase) may be elicited by selective
stimulation of enteric-pancreatic neurons [17,
18]. These data open new perspectives in
terms of understanding the pathophysiology
of pancreatic diseases (e. g., acute or chronic
pancreatitis) and targeted therapeutic options.

Neuropathology of Pancreatic Innervation

Experimental studies in animals and tissue
analysis in patients with pancreatitis have
shown significant changes in peptide-
containing nerves supplying the pancreatic
gland [19, 20]. In one experimental model of
chronic pancreatitis (induced by the partial
legation of the Wirsung duct in the cat
pancreas), we observed a significant increase
in the number of VIP and NPY
immunoreactive nerve fibers in the tissue
involved by pancreatitis [21]. CGRP- and
SP/TK- containing nerves showed a slightly
denser distribution than controls while GRP
nerves were not affected in this model. The
neuropeptides investigated showed no
apparent changes within the intrapancreatic
ganglia. These results indicated a different
response of peptide-containing nerves to the
pancreatic damage evoked by the chronic
Wirsung duct ligation. The marked expression
of some neuropeptide-containing nerves,
mainly VIP and NPY, suggested a
neuroplasticity phenomenon occurred in the
pancreatic neural network as a response to a
chronic noxious stimulus. These changes
based on re-arrangement of peptide-
containing innervation supplying the pancreas
could be interpreted as a compensatory event
secondary to chronic inflammation in order to
support pancreatic secretive function and/or
stimulate tissue repair mechanisms.
A further significant finding observed in this
experimental model of pancreatitis is the
increase in CGRP- and SP/TK-containing
innervation targeting the pancreatic gland.
These neural changes are in line with previous
data by Büchler et al. [22] in patients with
chronic calcified pancreatitis. In this study,
the Authors reported a marked density of
CGRP and SP/TK nerve fibers organized in
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thick bundles mainly found in the connective
tissue surrounding fibrotic acini. Both
Büchler’s results and ours showed that
significant abnormalities of the CGRP and
SP/TK nerve processes are of interest because
they open new insights in the
pathophysiology of chronic pancreatitis.
Indeed, the abnormalities of the two
neuropeptides CGRP and SP/TK, which are
known to play a role in conveying sensory
(particularly nociceptive) inputs from
abdominal viscera to the central nervous
system, provide a morphological basis for an
impaired sensory function in the context of a
chronically inflamed gland. In support of this
exciting possibility, a recent study from
Shrikhande et al. [23] showed an increased
gene expression of the preferred receptor for
SP, named neurokinin-1 (NK-1), in the tissue
of patients with chronic pancreatitis.
Particularly, a significant correlation between
NK-1 receptor mRNA levels and the intensity
of pain experienced by the patients
investigated was found [23]. These findings,
along with the identification of NK-1 in
inflammatory cells, provided a strong basis
for neuroimmune interactions likely
activating sensory nerve endings in chronic
pancreatitis.
Furthermore, in a model of acute pancreatitis,
a possible mechanism for explaining the
sensory nerve abnormalities observed was
suggested to depend on the production of the
nerve growth factor (NGF), a neurotrophin
known to exert a major role in the
neuroplastic changes and peripheral
sensitization [24]. Whether this
morphological finding is actually correlated
with an enhanced sensory transmission
deserves further study.

Conclusions

In conclusion, the mammalian pancreas is
provided with a complex neural supply which
innervates many tissue targets. There are
distinct innervation sites depending on the
peptide-containing nerve system considered.

 Pancreatic circuits may have both an intrinsic
(intrapancreatic ganglia) or an extrinsic
origin, deriving from central vagal nuclei,
spinal sympathetic pre-ganglionic fibers,
spinal afferent fibers and also from enteric
neurons. This structural complexity, along
with the multiplicity of
neurotransmitters/neuromodulators identified,
represents a peculiarity of the pancreatic
innervation whose function is essential in
controlling exocrine and endocrine pancreatic
secretion. The analysis of the changes
occurring in pancreatic innervation may
provide new insights into the pathophysiology
of a wide array of diseases, e. g., acute or
chronic pancreatitis, and contribute to
targeted therapeutic options.
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