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Abstract

The central and peripheral nervous systems play critical roles in regulating pancreatic islet
function and glucose metabolism. Over the last century, in vitro and in vivo studies along

with examination of human pancreas samples have revealed the structure of islet innervation,
investigated the contribution of sympathetic, parasympathetic and sensory neural pathways to
glucose control, and begun to determine how the structure and function of pancreatic nerves are
disrupted in metabolic disease. Now, state-of-the art techniques such as 3D imaging of pancreatic
innervation and targeted in vivo neuromodulation provide further insights into the anatomy and
physiological roles of islet innervation. Here, we provide a summary of the published work on the
anatomy of pancreatic islet innervation, its roles, and evidence for disordered islet innervation in
metabolic disease. Finally, we discuss the possibilities offered by new technologies to increase our
knowledge of islet innervation and its contributions to metabolic regulation.
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Introduction

Metabolic regulation requires integration across multiple organs to maintain normal
blood glucose levels. The pancreas, a highly heterogeneous organ with both exocrine
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and endocrine components, is critical to this metabolic control. The endocrine pancreas
comprises the islets of Langerhans, cell clusters composed of the following diverse cell
types: insulin-producing beta cells; glucagon-producing alpha cells; somatostatin-producing
delta cells; and pancreatic polypeptide (PP)-producing cells. Insulin and glucagon, the major
regulators of blood glucose, limit high (hyperglycaemia) and low (hypoglycaemia) blood
glucose levels, respectively. To maintain normoglycaemia, pancreatic hormones are rapidly
released in response to ingested nutrients or hypoglycaemia, or in anticipation of increased
glucose requirements such as during stress or exercise. While pancreatic beta and alpha cells
respond directly to blood glucose changes, significant evidence suggests that neural signals
are critical for physiological pancreatic hormone release and metabolic regulation.

The pancreas is innervated by the autonomic nervous system, which regulates organ

function in response to internal signals and external cues. The autonomic nervous system is
composed of sympathetic and parasympathetic pathways. The sympathetic nervous system
provides motor (efferent) inputs to the pancreas while the parasympathetic circuit has both

a sensory (afferent) pathway relaying sensory information from the pancreas and an efferent
pathway to regulate pancreatic function. Spinal afferent nerves also detect pancreatic sensory
signals. Additionally, fibres project from the gastrointestinal tract to the pancreas to form
enteropancreatic innervation (Fig. 1).

Here, we provide an overview of the existing literature on the anatomy of pancreatic islet
innervation and its function and discuss the effects of metabolic disease on islet innervation.
Finally, we explore the exciting opportunities provided by new technologies to extend our
understanding of islet innervation in metabolic regulation.

Anatomy of pancreatic innervation

Sympathetic efferent innervation

The pancreas is innervated by sympathetic efferent nerves. The cell bodies of

sympathetic preganglionic neurons, which express acetylcholine (ACh), are located in the
intermediolateral columns of the spinal cord at levels T6-L2 [1-3]. Their axons travel in
splanchnic nerves to the superior mesenteric and coeliac ganglia. Postganglionic neurons
from these ganglia then project to the pancreas [4, 5] (Fig. 1a). Retrograde tracing from the
pancreas demonstrates that numerous neurons in the coeliac ganglia innervate the pancreas

[5].

Pancreatic postganglionic sympathetic fibres express tyrosine hydroxylase (TH) [6-8]

and vesicular monoamine transporter 2 [9]. Immunohistochemistry for these markers
demonstrates that sympathetic fibres innervate both islet endocrine cells and vasculature

[7, 10] (Fig. 2). Species differences have been reported. Rodriguez-Diaz and Caicedo [11]
described sympathetic fibre contacts on endocrine cells (alpha > delta > beta) in mouse islets
but few contacts on endocrine cells in human islets (delta > alpha > beta). In contrast, recent
3D imaging studies suggested significant sympathetic innervation of human islets [6, 8, 12],
with contacts on alpha and delta cells [6] that would allow direct sympathetic regulation of
pancreatic endocrine function.
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The main sympathetic neurotransmitter is noradrenaline (norepinephrine), although
pancreatic sympathetic nerves also express and release neuropeptides, including
neuropeptide Y and galanin [13-15]. Their known effects on islet function are summarised
in Table 1. All three neuropeptides have been reported to inhibit insulin and stimulate
glucagon secretion (see below [Physiological roles of pancreatic innervation: sympathetic
efferent innervation] for more details on the effects of noradrenaline). Adrenergic receptors
are expressed in pancreatic islets: a.2-adrenergic receptors on beta cells; p2-adrenergic
receptors on alpha cells; and other receptor subtypes [15, 16]. All three isoforms of galanin
receptors are expressed in islets [17] and neuropeptide Y receptors are present in beta cells
[18].

The anatomy of pancreatic innervation has been examined across several species, and
there are conflicting findings for human vs mouse innervation. While there are likely to
be biological differences, the technical difficulties associated with examining innervation
in human samples are considerable. Human samples present inherent variability as a
consequence of several factors: premorbid conditions and medications; age; sex; site of
biopsy; fixation methods; shipping conditions; and differences in antibodies and staining
methods. Hence, any conclusion derived from examining small cohorts of human tissues
should be taken with caution.

Gene expression in sympathetic neurons specifically innervating the pancreas remains
unknown. This information might indicate whether a specific neural population defined

by expression of a particular neuropeptide or combination of neuropeptides contributes to
pancreatic innervation and so allow targeted modulation. The use of new viral tracing and
genetic tools (e.g. single-cell RNA sequencing) that have been applied to peripheral ganglia
such as the nodose [19] could provide significant new information about the nature and
function of sympathetic neurons innervating the pancreas.

Parasympathetic efferent innervation

The pancreas is also innervated by efferent parasympathetic nerves (Fig. 1b). Pancreatic
preganglionic parasympathetic efferent neurons originate in the dorsal motor nucleus of
the vagus, particularly on the left [20]. These neurons are largely cholinergic and their
axons contribute to the vagus nerve [20]. The vagus nerve divides into five branches in

the abdomen: hepatic; anterior and posterior gastric; and anterior and posterior coeliac
[21]. Pancreas-projecting parasympathetic neurons travel in the hepatic and anterior gastric
branches of the vagus and synapse on intrapancreatic ganglia [22, 23].

Intrapancreatic ganglia are dispersed throughout the pancreas, often close to islets [8,

22, 24, 25]. These ganglia contain cholinergic postganglionic cell bodies [26, 27] and

their axons project to other intrapancreatic ganglia and to islets, forming a neuro-insular
network [24, 27]. As well as receiving inputs from preganglionic parasympathetic neurons,
intrapancreatic ganglia also integrate inputs from several types of fibre: postganglionic
sympathetic fibres expressing noradrenaline, neuropeptide Y and galanin; sensory fibres
expressing substance P, calcitonin gene-related peptide (CGRP) and pituitary adenylate
cyclase activating polypeptide (PACAP); and enteric fibres expressing ACh, serotonin,
PACAP and nitric oxide [27].
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Parasympathetic islet innervation has been verified in many species, including cats,

rabbits, rodents and humans, by light and electron microscopy after immunolabelling for
choline acetyltransferase or vesicular ACh transporter [26-29]. In mice, postganglionic
parasympathetic fibres contact alpha, beta, delta and PP cells [24] (Fig. 2). However, results
are conflicting about the contribution of parasympathetic innervation to human islets. Some
2D immunohistochemical studies report sparse vesicular ACh transporter-positive fibres [11]
while recent 3D imaging studies suggest that parasympathetic fibres are present in human
islets [25].

Pancreatic postganglionic parasympathetic neurons primarily release ACh (Table 1), and
subpopulations of these neurons express vasoactive intestinal polypeptide (VIP), gastrin-
releasing peptide (GRP), PACAP and nitric oxide [20, 30-32]. GRP acts directly on islets
via GRP receptors [33]. PACAP and VIP are often colocalised in ganglionic neurons

in the rat [34]. PACAP and VIP have common receptors (VIP1 and VIP2), while the
PACAP receptor PACL1 is specific for PACAP. PACAP is also co-expressed with galanin,
substance P and corticotropin-releasing factor in the intrapancreatic ganglia of the sheep
pancreas [35]. Galanin and neuropeptide Y have also been reported in parasympathetic nerve
terminals and intrapancreatic ganglia of pigs and rodents [13, 14, 36]. The actions of these
neurotransmitters and neuropeptides are described in detail below (Physiological roles of
pancreatic innervation: parasympathetic efferent innervation, and Table 1).

Our understanding of the anatomy and neurochemical composition of intrapancreatic
ganglia and postganglionic parasympathetic efferent innervation has been limited by their
small size and scattered distribution. It is difficult to accurately map these structures

using traditional 2D immunolabelling, but 3D imaging techniques should enable continued
characterisation of intrapancreatic ganglia and their projections.

Vagal afferent innervation

Pancreatic sensory innervation can be divided into spinal afferent and vagal afferent
innervation (Fig. 1c,d). Retrograde tracing studies suggest that these pathways contribute
equally to pancreatic sensory innervation [37]. Vagal sensory neurons have cell bodies in
nodose ganglia and their fibres travel in the vagus nerve from the pancreas to the brainstem
nucleus of the solitary tract and area postrema [38]. Pancreatic vagal sensory neurons
express neuropeptides such as CGRP (mouse) [37], substance P (rat) [39] and cocaine-and-
amphetamine-regulated transcript [40], as well as transient receptor potential cation channel
subfamily V member 1 (TRPV1, mouse) [37], voltage-gated sodium channel, a subunit,
type X (NaV1.8, mouse) [41], serotonin type 3 receptor (5HT3R, mouse) [42] and insulin
receptors (mouse, rat) [43, 44] (Table 1). These are not separate neural populations. For
example, insulin receptor expression overlaps with the expression of TRPV1, CGRP and
substance P in vagal afferent neurons. In rats, intranodose injection of an anterograde tracer
demonstrated vagal sensory innervation of the islet core, exocrine pancreas, vasculature
and major ducts. However, labelled fibres were present in only 16—-25% of islets [45]. In
mice, pancreatic vagal afferent fibres are primarily activated by chemical signals such as
serotonin [42], insulin [43], capsaicin [46], and cholecystokinin and its analogues [42].
Recent in vivo imaging studies provided direct evidence that vagal sensory fibres detect islet
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activity. Makhmutova et al [42] demonstrated that chemogenetic activation of pancreatic
beta cells activates calcium signalling in nodose ganglia neurons. Their studies suggest that
serotonin co-released with insulin from beta cells acts via 5SHT3R to stimulate pancreatic
vagal afferents. Mechanically activated vagal sensory neurons may also be involved, as
lamellar corpuscles have been identified in the human [47] and cat pancreas [48].

Spinal afferent innervation

Pancreas-projecting spinal sensory neurons have their cell bodies in dorsal root ganglia from
thoracic and upper lumbar segments (T3-L5 [cat] [49], T8-T11 [rat] [50], T6-T12 [mouse]
[37]). Their fibres travel in splanchnic nerves to innervate the pancreas. Myelinated and
unmyelinated fibres [51] transmit sensory signals to lamina | and IV in the dorsal horn of
the spinal cord. Postsynaptic neurons then ascend in the dorsal column of the spinal cord

to terminate in the gracile and cuneate nuclei [51]. Spinal sensory fibres express substance
P, CGRP, TRPV1, insulin receptor [44], and NaV1.8 [41] (Table 1). While many markers
are common to both vagal and spinal sensory fibres, CGRP immunoreactivity predominantly
marks spinal sensory fibres. Almost 90% of pancreatic spinal sensory neurons express
CGRP compared with 8-15% of vagal afferents (mice and rats) [37, 50]. In rats, CGRP-
positive neurons co-express TRPV1 [46], tachykinin [52] and PACAP [34]. CGRP-positive
fibres innervate islets, exocrine pancreas and intrapancreatic ganglia, with greater sensory
innervation reported in male mice [46, 53, 54]. Substance P-positive fibres appear to be

a separate, smaller neural population in rats [55]. These fibres innervate intrapancreatic
ganglia and the peri-islet area in human pancreatic tissue and both the islet periphery and
core in mice [56]. The presence of substance P-positive neurons in intrapancreatic ganglia
raises the possibility of a local reflex pathway within the pancreas, similar to that in the
enteric nervous system [57]. Pancreatic spinal afferents primarily respond to mechanical
stimulation of the parenchyma and vasculature but subsets of spinal sensory neurons also
respond to chemical stimuli such as histamine and bradykinin [58]. While there has been
significant progress in understanding pancreatic afferent innervation, many details about the
3D structure, activity, and neurochemical identity of pancreatic vagal and spinal afferent
innervation remain unknown.

Gut—pancreas innervation

In addition to autonomic and spinal innervation of the pancreas, there are also direct

neural inputs from enteric neurons to the pancreas [59] (Fig. 1e). However, there is limited
information about the anatomy or function of this pathway. Developmental studies have
suggested that common neuronal precursors contribute to gut and pancreas innervation
[60-62]. Furthermore, structural and neurochemical similarities between the enteric and
intrapancreatic innervation support a common embryological origin [59]. Enteric fibres
projecting to the pancreas are likely serotonergic and cholinergic. In rats, serotonergic
(5-hydroxytryptamine) fibres from the enteric neurons in the duodenum and stomach project
to intrapancreatic ganglia and islets [59]. 5-HT1A receptors are expressed in intrapancreatic
ganglia neurons and alpha cells in rats [63]. Several studies have shown that serotonin
modulates intrapancreatic ganglia activity in pancreatic explants [63-65]. PACAP may

also be expressed in nerve bundles from the duodenum to the pancreas, projecting to
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intrapancreatic ganglia and islets [62], with PACAP (PAC1) expressed in intrapancreatic
ganglia, enteric neurons and beta cells [62].

The structure and gene expression of enteropancreatic innervation are understudied
compared with other pancreatic innervation circuits but application of newer tissue clearing
methods and methods to interrogate gene expression in defined neural populations will
likely provide important information about this pathway.

Physiological roles of pancreatic innervation

Sympathetic efferent innervation

Pancreatic sympathetic activation occurs when increased blood glucose is required (e.g.
during hypoglycaemia, or the fight or flight response). Ex vivo and in vivo studies

in many species suggest that sympathetic activation increases blood glucose through
increased glucagon and reduced insulin secretion (Table 1). Direct application of adrenergic
agonists inhibited insulin secretion from rat pancreas ex vivo [66]. In vivo, electrical
stimulation of splanchnic nerves in anaesthetised cats reduced plasma insulin, increased
glucagon secretion and blood glucose, without an effect on plasma somatostatin. Similar
results have been reported in other species [67—71]. Clinical studies are consistent with
these findings. Noradrenaline infusion decreased glucose-induced insulin secretion via a-
adrenergic receptors in humans [66]. However, conflicting findings have been reported.
Kaneto et al [72] described a slow increase in insulin levels after splanchnic stimulation in
anaesthetised dogs. Additionally, splanchnic stimulation in pigs increased insulin secretion
when basal glucose levels were above 5 mmol/l [73]. Pharmacological studies aimed

at dissecting the contribution of sympathetic innervation to glucose control have also

been contradictory. In one study, the selective p-receptor antagonist propranolol decreased
glucagon release basally but not release during sympathetic stimulation [72], and in another,
it decreased glucagon secretion from isolated canine pancreases during catecholamine/
adrenergic stimulation [74]. Splanchnic nerve transection in anaesthetised dogs reduced
blood glucose but did not alter plasma insulin [75]. More recently, ablation of sympathetic
innervation using systemic 6-hydroxydopamine, a neurotransmitter analogue that reduces
noradrenaline, decreased glucagon secretion [9]. Sympathetic fibres are in close contact
with islet vasculature [76—-78]. Almaca et al [77] found that pericytes, endothelial cells
adjacent to capillaries, are contacted by sympathetic fibres and express adrenergic $2 and
a2 receptors [79]. Sympathetic stimulation reduces capillary diameter and islet blood flow
in murine and human pancreatic slices [78] (Table 2). These studies suggest that sympathetic
activity regulates islet vasculature and glucagon and insulin release to control blood glucose.
Additional studies to precisely identify and manipulate sympathetic innervation to the
pancreas and, ideally, to the islets, are needed to better understand its contribution to
pancreatic function.

Parasympathetic efferent innervation

Pancreatic parasympathetic efferent innervation is activated during the pre-absorptive
cephalic phase of insulin secretion and postprandially. Extensive ex vivo and in vivo
studies suggest that parasympathetic efferent neurotransmitters and neuropeptides act on

Diabetologia. Author manuscript; available in PMC 2022 July 01.
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islets, increasing insulin release and lowering blood glucose via muscarinic receptors (Table
2). Muscarinic agonist treatment and ACh stimulate beta cell insulin secretion in vitro

and in vivo [80]. Electrical stimulation of the vagus nerve results in increased PP and
somatostatin release, which is mediated by muscarinic mechanisms [81]. In vivo, activation
of postganglionic cholinergic nerves by electrical stimulation and optogenetic tools results
in insulin secretion [81, 82]. Furthermore, parasympathetic activation of transplanted mouse
islets in the anterior chamber of the mouse eye improves glucose tolerance. This effect

is blunted by atropine, a muscarinic antagonist [83]. Atropine also blunts postprandial
insulin release in monkeys [84] and after nutrient infusion in rats [85]. In dogs, vagal
blockade during intraduodenal nutrient infusion halves insulin release [86]. Similarly,

vagal transection inhibits insulin secretion, increases plasma glucagon and impairs glucose
tolerance [87-89]. The effects of parasympathetic efferent activity on insulin release are
likely mediated by M3 receptors. M3 receptor antagonist treatment inhibits insulin secretion
from isolated rat islets and in vivo in mice [90] while M1 and M2 receptor antagonists have
no effect on insulin release from isolated mouse islets [91]. Mice lacking M3 muscarinic
receptors have impaired glucose tolerance and reduced insulin secretion in response to
glucose and carbachol.

The neuropeptides VIP and PACAP stimulate insulin release in a glucose-dependent manner
from mouse islets in vitro as well as in vivo in many species including mice and humans

[62, 92]. VIP and PACAP also increase glucagon secretion in perfused rat pancreas [92].

PP acts on neuropeptide Y4 receptors on somatostatin-producing delta cells to reduce
somatostatin secretion and so increase insulin secretion and lower blood glucose in humans
[93]. GRP regulates insulin secretion from beta cells in vivo in rats and mice [33]. GRP
receptor antagonists reduced vagal-stimulated insulin release, suggesting GRP’s involvement
in parasympathetic control of insulin secretion [33].

Parasympathetic efferent innervation also contributes to cephalic-phase insulin release. In
this response, gustatory, olfactory and visual sensory information along with metabolic
signals [94] are integrated in the hypothalamus, leading to activation of parasympathetic
efferent innervation. This results in insulin and PP secretion before any elevation in blood
glucose. Infusion of trimetophane, an autonomic ganglionic blocker, in healthy individuals
reduced cephalic-phase insulin release by 75%, impairing glucose clearance [80]. Although
cephalic-phase insulin secretion constitutes a fraction of postprandial insulin secretion, loss
of this response (via vagotomy or atropine blockade [95-97]) significantly impairs glucose
tolerance [13, 98-100].

Pancreatic parasympathetic efferent innervation may contribute to pulsatile insulin release.
In islets, synchronised beta cell electrical impulses increase cytosolic Ca2* concentrations,
with peaks every 57 min, resulting in insulin secretion [101]. These peaks match plasma
insulin oscillations in vivo [102-106]. Inputs from postganglionic neurons in intrapancreatic
ganglia may synchronise insulin secretion across islets [106, 107]. Electrophysiological
studies reveal that insulin oscillations during electrical stimulation of intrapancreatic ganglia
are prevented by nicotinic blockers or tetrodotoxin, a chemical agent used to prevent

action potentials [108]. Fendler et al showed insulin synchronisation in model islets with
ACh-induced inositol trisphosphate pulses [109]. Additionally, plasma insulin oscillations
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are only restored 200 days after intrahepatic islet transplantation, possibly representing the
time taken for reinnervation of transplanted islets [106].

Parasympathetic efferent activity may also contribute to the glucagon response to
hypoglycaemia. Plasma PP, which is controlled by and serves as an indirect measurement
of parasympathetic activity, is increased by mild hypoglycaemia [110]. Stimulation

of the vagus nerve augments glucagon release, with hypoglycaemia in non-diabetic
rodents and humans [110]. In rats, muscarinic antagonists, adrenergic antagonists, or a
combination of the two, blunt the glucagon response to hypoglycaemia, suggesting that
both parasympathetic and sympathoadrenal pathways regulate glucagon secretion with
hypoglycaemia [111].

Vagal afferent innervation

Pancreatic vagal afferent nerves may contribute to glycaemic control, although their precise
physiological roles remain unclear. Ex vivo studies demonstrate that pancreatic vagal
afferents are activated by postprandial hormones such as cholecystokinin, serotonin and
insulin. Selective electrical activation of vagal afferent fibres increased blood glucose

and glucagon in rats [111, 112] and inhibited glucose-stimulated insulin release in mice,
resulting in increased blood glucose and impaired glucose tolerance [113, 114] (Table 2).
While these studies suggest vagal afferent signalling may regulate glucose metabolism,

the approaches used do not specifically target pancreatic vagal afferent innervation. Newer
approaches allowing more targeted modulation should define the specific contribution of
pancreatic vagal afferent circuits to glucose regulation.

Spinal afferent innervation

Pancreatic spinal afferent nerves are activated by pathological conditions such as pancreatitis
and pancreatic cancer. However, their activity under normal physiological circumstances is
not well understood. Ex vivo, pancreatic spinal afferent nerves are activated by mechanical
distension of pancreatic vasculature and chemical signals such as histamine and bradykinin
[58]. Most investigations into the contribution made by pancreatic spinal innervation

have used chemical ablation, which targets vagal and spinal sensory fibres across several
organs, so dissecting the contribution of spinal sensory innervation is challenging. However,
receptors for neurotransmitters/neuropeptides released from spinal sensory terminals are
found in islets (Tables 1 and 2). CGRP receptor complexes (calcitonin receptor-like receptor/
receptor activity-modifying protein 1) are expressed in murine beta cells [115] while
neurokinin 1 receptors activated by substance P are expressed in murine alpha cells [116].
Ex vivo studies demonstrate that CGRP inhibits insulin production from rat islets [115].

In vivo, ablation of TRPV1*/CGRP™ fibres increases glucose-stimulated insulin release in
male but not female mice [54, 117] and in obese Zucker rats [46], suggesting that sensory
innervation may restrain insulin release. In keeping with this, TRPV1 null mice show
enhanced glucose-stimulated insulin release and increased beta cell mass [46]. However,
there are significant species differences: CGRP has no effect on insulin release in calves
[118] and increases insulin in pigs [119]. TRPV1*/CGRP™ fibre ablation also blunts the
glucagon response to glucopenia [120]. The effects of capsaicin ablation of TRPV1*/CGRP*
fibres on glycaemic control are likely via spinal rather than vagal afferent neurons since
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co-culture of dorsal root ganglia and islets reduces glucose-induced insulin secretion [121].
In addition, the effects of capsaicin are reproduced by removing dorsal root ganglia that
innervate the pancreas [117].

Substance P-positive sensory innervation may also regulate islet hormone release. In vitro,
substance P dose-dependently increases insulin and glucagon release from the canine
pancreas [122] but can both stimulate [123] and inhibit insulin [120] from rat pancreas

and inhibits glucagon release [124]. In vivo, substance P administration also regulates
pancreatic hormone release, inhibiting insulin and stimulating glucagon release resulting

in hyperglycaemia in rats [124, 125], and increasing both insulin and glucagon release in
pigs [119]. Targeted neuromodulation of vagal and spinal pancreatic afferent innervation
may provide more information about their physiological roles and the contribution made by
specific neuropeptides to glucose regulation.

Gut—pancreas innervation

The functional role of enteropancreatic innervation has not been fully elucidated. Most
published studies have used gut—pancreas explants to examine whether the enteric
nervous system modulates activity of pancreatic nerves. Kirchgessner and Gershon

[59] demonstrated that local duodenal application of veratridine, an activator of voltage-
dependent Na* channels that stimulates enteric neurons, activated pancreatic neurons and
islets. This effect was diminished when the myenteric plexus was partially removed.

Bariatric surgery may disrupt gut—pancreas innervation, so studying its effects on pancreatic
hormone release could provide insights into the possible roles of the enteropancreatic
innervation. Bariatric surgery in obese individuals with type 2 diabetes rapidly improves
insulin sensitivity and islet function [126, 127] even before significant weight loss. The
mechanisms responsible for the beneficial metabolic effects are unclear, although improved
secretion of gut and pancreatic hormones (e.g. ghrelin, glucagon-like-peptide-1, insulin,
glucagon) could be partially responsible. Interestingly, changes in peripheral innervation
after the procedure may be also involved. Fibres from the gut project to intrapancreatic
ganglia and there is some evidence that bariatric surgery may modulate pancreatic
parasympathetic function. For example, parasympathetic-mediated early insulin release is
still present in individuals with type 2 diabetes after bariatric surgery but is blunted in
individuals with type 2 diabetes without bariatric surgery. Plasma PP levels (an indirect
measure of parasympathetic activity) are also modified by bariatric surgery but the results
are conflicting, with reported increase [128] or decrease [129] in meal-induced PP levels
after bariatric surgery. Indirect measures of parasympathetic activity (heart rate variability)
suggest that bariatric surgery may increase parasympathetic tone [130].

Additional evidence may be gained about the role of gut—pancreas innervation from studying
type 3c diabetes, which develops secondary to pancreatic diseases involving exocrine and
digestive pancreatic functions. Diabetes has a high prevalence (40%) in pancreatic cancer
and may develop before cancer symptoms appear [131]. Clinical studies suggest that type

3c diabetes is associated with a blunted or absent PP response to a mixed meal challenge,
suggesting impaired parasympathetic activation [132, 133]. Interestingly, Kang et al and
others [134, 135] report that pancreatoduodenectomy, a procedure used to treat pancreatic
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cancer, improves glycaemic control. Specifically, these studies show a decrease in insulin
resistance and enhanced glucose-stimulated insulin secretion, independent of BMI. As
pancreatoduodenectomy alters enteropancreatic innervation by disrupting both the pancreas
and duodenum, it is plausible that loss or reorganisation in the enteropancreatic innervation
may contribute to improved blood glucose control. However, PP responses are not improved
by pancreatoduodenectomy [136].

The beneficial effects of both bariatric surgery and pancreatoduodenectomy on glycaemic
control in pancreatic cancer patients suggest that enteropancreatic communication may have
an important role. Detailed preclinical studies are needed to address the large gaps in our
understanding of gut—pancreas innervation and its contribution to regulating islet function in
the healthy state as well as after surgical interventions.

Pancreatic innervation in transplantation and metabolic disease

Islet transplantation

Islet transplantation is typically indicated for individuals with unstable type 1 diabetes
complicated by severe hypoglycaemic episodes refractory to other treatments [137].
Revascularisation and reinnervation contribute to the success of islet transplants but the

time course and extent of reinnervation varies with transplantation site. In a study in mice,
reinnervation of islets transplanted into the anterior chamber of the eye began within days
[83]. Sympathetic TH* innervation contacted blood vessels at day 15 post-transplantation
and increased in density up to day 30. Sympathetic fibres were present in the islet
parenchyma after day 30 and plateaued by day 90. In the same mice, parasympathetic
vesicular ACh transporter-positive reinnervation was slower but followed a similar pattern
[83]. In another mouse study, islet cells transplanted into the liver were reinnervated by beta
tubulin 111-positive nerves after 3 weeks [138]. Sympathetic fibres and varicosities contacted
alpha cells but no parasympathetic fibres were detected in the liver or engrafted islets. Using
3D graft histology of islets transplanted under the kidney capsule in mice, Juang et al [139]
found that sympathetic TH* nerves extend from renal parenchyma into the graft boundary at
3 weeks post-transplantation. TH* nerves are associated with glucagon-positive alpha cells
and vasculature [139]. Houwing et al [140] examined islets transplanted into the liver, spleen
or kidney capsule of rats and demonstrated immunoreactivity to pan-neuronal (neuron-
specific enolase), parasympathetic (choline acetyl-transferase) and sympathetic markers
(TH and dopamine B-hydroxylase), with innervation patterns similar to pancreatic islets.
However, other studies suggest increased sympathetic reinnervation with relatively sparse
sensory reinnervation, as determined by CGRP and substance P immunoreactivity [141].
Reinnervation may play a role in islet graft survival. Islets cultured with neurotrophic factors
had improved survival in vitro and in vivo after transplantation in streptozotocin-induced
diabetic mice [142]. In support of this, addition of growth factors in streptozotocin-induced
diabetic mice enhanced islet sympathetic innervation and enhanced endocrine and exocrine
pancreatic function [143].

Revascularisation is particularly important to islet transplantation secretory function in
response to blood glucose [144]. Many studies indicate that islet survival, insulin content
and cell mass decline rapidly 1-3 days after transplantation, while the transplanted islets
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are avascular [145]. Islet transplantation in highly vascularised organs such as the liver

can promote survival of the transplanted islets. Islets transplanted into the liver begin
revascularisation within 3 days, connecting to the hepatic arterial tree, and revascularisation
is complete by day 14 [146, 147]. Revascularisation of mouse islets transplanted into the
anterior chamber of the eye begins within a few days and reaches a similar density as
pancreatic islets at 4 weeks post-surgery [148, 149]. However, transplanted islets in rats
and mice may be less vascularised than native islets, with lower oxygen tension even when
revascularisation is completed, irrespective of transplantation site [144].

Several studies suggest that reinnervation is important in transplanted islet function.
Atropine, a muscarinic antagonist, significantly impaired glucose tolerance in mice with
intraocular islet transplants, suggesting cholinergic input to the transplanted islets improved
glycaemic control [83]. In addition, exercise reduced insulin secretion from islets implanted
into the rat liver, suggesting intact sympathetic inputs to these islets [150]. Islets implanted
into the liver parenchyma demonstrated pulsatile insulin secretion, suggesting re-established
synchronisation of transplanted islets, possibly via neural mechanisms [151]. Furthermore,
direct electrical stimulation of hepatic nerves of rats with hepatic neonatal islets transplants
inhibited insulin release [152]. Finally, islet blood flow did not differ between transplanted
and native pancreatic tissue 4 weeks after pancreatic transplantation in rats, suggesting

that sympathetic regulation of vascular tone was maintained in transplanted tissue [153].
However, several studies show impaired neural function in transplanted islets. Omer et al
[154] demonstrated that exercise did not adequately suppress insulin or increase glucagon
release from islets 4—6 weeks after transplantation into the liver, kidney or peritoneal cavity
of diabetic rats, resulting in hypoglycaemia. These results suggest inadequate sympathetic
function in transplanted islets [154]. In addition, Jansson et al [155] found that direct
stimulation of nerves innervating islets transplanted under the kidney capsule in rats had
minor effects on insulin release, suggesting that islet reinnervation had minimal effects on
function. However, electrical stimulation does not distinguish between efferent vs afferent
nerves or sympathetic vs parasympathetic fibres. Furthermore, diabetic mice with intraportal
islet transplantation lack early insulin release during an OGTT, suggesting dysfunction of
parasympathetic circuits in the transplanted islets [156].

Together these studies suggest that the site of transplantation may lead to differences in islet
reinnervation, such as a lack of parasympathetic innervation in islets implanted into the liver.
On balance, existing functional studies suggest that innervation may regulate transplanted
islet function; however, longitudinal studies to examine islet function before, during and
after full reinnervation would provide important insights, as would additional studies with
targeted modulation of sympathetic or parasympathetic innervation to transplanted islets.

Metabolic disorders

A growing number of studies have examined whether defects in pancreatic innervation
contribute to metabolic disease. Hypothalamic pathologies may lead to obesity but can
also result in hyperinsulinaemia and impaired glucose tolerance relative to weight-matched
individuals. Obesity may also result in hypothalamic inflammation and contribute to excess
sympathetic excitation and reduced parasympathetic tone [157]. Similarly, individuals with

Diabetologia. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hampton et al.

Page 12

a family history of type 2 diabetes may have reduced parasympathetic tone and increased
sympathetic activity (as measured by cardiovascular variables) but the effects on pancreatic
autonomic activity are not known [158]. Spinal cord injuries may also contribute to
metabolic disease through increased sympathetic activity leading to hyperinsulinaemia and
insulin resistance [159, 160].

Studies examining pancreatic sympathetic innervation have conflicting results in humans
and animal models of type 1 diabetes. Early experiments described the loss of sympathetic
innervation in the islets of Biobreeder rats but not in streptozotocin-induced diabetic rats
[161]. Similarly, islet sympathetic innervation was decreased in pancreases from individuals
with either recently diagnosed or long-established type 1 diabetes but not in samples

from individuals with type 2 diabetes [162]. However, recent studies using tissue clearing
techniques have not confirmed these findings. Tang and co-workers [12] reported an
increase in intra-islet TH* axons in streptozotocin-injected mice. In diabetic NOD mice,
islet sympathetic innervation was unaltered but sympathetic fibre density was increased in
regions of immune infiltration. Campbell-Thompson et al [6] identified reduced sympathetic
islet innervation in cleared pancreatic tissue from non-diabetic, islet autoantibody-positive
individuals but normal innervation in tissue from type 1 diabetes individuals. Several
studies have suggested that there may be impaired pancreatic sympathetic transmission

due to longstanding hyperglycaemia in type 1 diabetes and type 2 diabetes [9, 163]. While
sympathetic overactivity may lead to basal hyperglucagonaemia (a hallmark of type 1
diabetes), blunted ability to increase sympathetic function further may impair the counter-
regulatory response to hypoglycaemia in diabetes. Women with gestational diabetes show
increased sympathetic activity, impaired glucose tolerance, insulin resistance, and chronic
hyperglycaemia [164, 165] Sympathetic innervation may also modulate immune activity in
diabetes. Activation of sympathetic innervation to pancreatic lymph nodes delayed diabetes
onset in non-obese diabetic mice [166]. However, sympathetic denervation and adrenoceptor
blockade limited inflammation and improved blood glucose levels in a mouse model of type
1 diabetes [167].

Compromised parasympathetic pancreatic innervation has been implicated in obesity and
diabetes in some studies: parasympathetic innervation density was reduced in the exocrine
pancreas of individuals with type 1 diabetes [168]; intrapancreatic ganglia were significantly
enlarged in pancreatic tissue from donors with type 2 diabetes [25]; and impaired glucose
tolerance and type 2 diabetes were characterised by disturbed insulin pulsatility [169].
Whether this is a consequence of neural or islet dysfunction remains unknown.

The effects of diabetes and obesity on the structure and function of pancreatic sensory
innervation remain understudied. CGRP and substance P innervation were unchanged in
streptozotocin-treated diabetic rats [123] but there is some evidence that pancreatic sensory
innervation contributes to type 1 and type 2 diabetes. In type 1 diabetes, TRPV1* and
substance P innervation may exacerbate islet inflammation since TRPV1* ablation reduced
islet inflammation and delayed diabetes onset [170] while substance P acting via NK1
receptors blunted T cell proliferation [123] in non-obese diabetic mice. TRPV1™" innervation
may also contribute to type 2 diabetes and insulin resistance. TRPV1* fibre ablation
prevented insulin resistance in ageing rats [170], improved glucose tolerance in diabetic

Diabetologia. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hampton et al.

Page 13

streptozotocin-treated rats [171] and improved insulin release and glucose tolerance in obese
Zucker rats [172]. However, these studies used systemic administration of TRPV1 agonists
to ablate sensory innervation across many organs so the contribution of pancreatic sensory
innervation to type 1 diabetes and type 2 diabetes remains unclear.

Unanswered questions and opportunities

Summary

A significant body of work supports islet innervation from sympathetic, parasympathetic
and spinal sensory pathways as well as the existence of enteropancreatic communication.
Despite the enormous progress that has been made, many questions remain unanswered
about the anatomy, neurotransmitters and functional roles of pancreatic innervation. There
are conflicting findings on the anatomy, density and targets of islet innervation between
species. Recent advances in electron microscopy and light-sheet imaging may help clarify
possible species differences, likely regional variation, contacts between innervation and
endocrine cells, and the architecture of pancreas-projecting neurons in peripheral ganglia in
health and metabolic disease.

The molecular profile of pancreas-projecting neurons in peripheral and intrapancreatic
ganglia also remains incomplete. Approaches such as single-cell/single-nucleus RNAseq
with viral targeting to tag pancreas-projecting neurons may help identify specific
neuropeptides, neurotransmitters and receptors. Further studies examining the activity

of pancreas-projecting neurons as well as specific targeting of pancreatic innervation

are crucial for determining the latter’s physiological function. In particular, we know

little about the specific roles of intrapancreatic ganglia or how signals from autonomic,
enteric and sensory innervation are integrated by these ganglia. New viral approaches
specifically targeting pancreatic innervation in intrapancreatic ganglia, coeliac ganglia
and nodose ganglia are needed to elucidate the precise contribution of pancreatic
innervation to metabolic regulation and its roles in metabolic disease. Genetically targeted
neuromodulatory technologies such as chemogenetics [173], optogenetics [174] and
magnetogenetics [175] could be suitable for this purpose. Combining neuromodulatory
approaches with novel imaging techniques and methods such as long-term culture of
pancreatic slices may allow a more detailed understanding of the contribution of pancreatic
innervation to islet function and metabolic control.

Our understanding of islet innervation and its importance in metabolic regulation has grown
enormously in the decades since Claude Bernard’s seminal work [176]. Multiple studies
have revealed extensive islet innervation by autonomic, sensory and enteric pathways that
contribute to modulating islet function via actions on endocrine cells and vasculature. This
knowledge provides insights into key roles for pancreatic innervation and raises intriguing
questions about the contribution of pancreatic innervation to metabolic disease. Novel tools
and innovative approaches should allow us to uncover the precise contributions made by islet
innervation to glucose control and diabetes with even greater precision in the coming years
and possibly allow us to harness this understanding to provide novel avenues for treating
metabolic disease.
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Summary of the effects of pancreatic innervation on islet function

. Pancreatic sympathetic efferent activation during hypoglycaemia or the fight/
flight response increases glucagon secretion and blood glucose

. Pancreatic parasympathetic efferent nerve activation during the cephalic pre-
absorptive phase of insulin secretion lowers blood glucose

. Pancreatic sensory innervation can be divided into spinal afferent and vagal
afferent innervation and may increase blood glucose

. Enteropancreatic innervation is understudied but may modulate pancreatic
hormone release
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Fig. 1.
Summary of pancreatic innervation. (a) Pancreatic sympathetic preganglionic neurons arise

from the intermediolateral column of the spinal cord and project to the coeliac ganglion.
Postganglionic sympathetic neurons project from the coeliac ganglion to the pancreas.

(b) Pancreatic parasympathetic efferent preganglionic neurons originate from the dorsal
motor nucleus of the vagus and travel in the vagus nerve to intrapancreatic ganglia.
Postganglionic parasympathetic neurons project from intrapancreatic ganglia to the islets
and to other intrapancreatic ganglia to form a network within the pancreas. (c) Pancreatic
parasympathetic afferent neurons with terminals in the pancreas and cell bodies in the
nodose ganglia travel in the vagus nerve to provide sensory information from the pancreas
to the nucleus of the solitary tract. (d) Pancreatic spinal sensory neurons with cell bodies
in the dorsal root ganglia convey sensory information from the pancreas to the dorsal horn
of the spinal cord and then to the CNS. (e) Enteropancreatic neurons with cell bodies in
the myenteric ganglia of the stomach and duodenum project to the pancreas. This figure is
available as part of a downloadable slideset
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Fig. 2.

Sugmmary of mouse islet innervation. Pancreatic islets are innervated by the autonomic
nervous system. Preganglionic parasympathetic efferent fibres (dark blue) innervate
intrapancreatic ganglia. Postganglionic parasympathetic efferent fibres project from
intrapancreatic ganglia to the islets (green). Sympathetic efferent fibres (red) innervate
intrapancreatic ganglia, islets and blood vessels. Islets also receive input from enteric
neurons (yellow). Sensory information is transmitted through parasympathetic afferents
(light blue) and spinal afferents (purple). Arrows show the direction of transmission. This
figure is available as part of a downloadable slideset
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