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Neurotransmitters act as paracrine signals to regulate
insulin secretion from the human pancreatic islet
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Abstract In this symposium review we discuss the role of neurotransmitters as paracrine signals
that regulate pancreatic islet function. A large number of neurotransmitters and their receptors
has been identified in the islet, but relatively little is known about their involvement in islet biology.
Interestingly, neurotransmitters initially thought to be present in autonomic axons innervating
the islet are also present in endocrine cells of the human islet. These neurotransmitters can thus
be released as paracrine signals to help control hormone release. Here we propose that the role
of neurotransmitters may extend beyond controlling endocrine cell function to work as signals
modulating vascular flow and immune responses within the islet.
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Introduction

The pancreatic islet of Langerhans is an endocrine
micro-organ that secretes the hormones insulin and
glucagon to prevent life-threatening fluctuations in blood
glucose. The human pancreas contains �1,000,000 islets
that work in a concerted manner to produce bursts of
hormone secretion at 5 min intervals (Tengholm & Gylfe,
2009). To generate this secretory pattern, the activity
of the insulin-secreting β cells must be synchronized
within the islet and across islets. At the same time, the
secretory activity of other islet endocrine cells such as the
glucagon-secreting α cell, which has opposing effects on
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glucose homeostasis, needs to be coordinated with that of
the β cell. As endocrine cells communicate with each other
within the islet they may simultaneously send signals that
adjust blood flow to efficiently deliver islet hormones into
the circulation and eventually to the liver, where they help
regulate glucose output to maintain glucose homeostasis
(Conn et al. 1998). Anatomical and functional defects
disrupting these coordinated, rhythmic activities probably
diminish the efficiency of the islet to a point where they
probably contribute to the pathogenesis of diabetes. A loss
of pulsatile insulin secretion is indeed characteristic of
patients with type 2 diabetes (Tengholm & Gylfe, 2009).

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society DOI: 10.1113/jphysiol.2013.269910



3414 R. Rodriguez-Diaz and others J Physiol 592.16

Most of the regulation of hormone secretion is
accomplished at the level of the individual islet. While
influenced by circulating nutrients and hormones and
by nervous input, each islet is a functional unit that has
all the necessary elements to produce adequate responses
to changes in glucose concentration. Any given islet is a
good representative of all the other ones and includes all
pancreatic endocrine cell types, a unique vasculature, and
a set of resident macrophages (Fig. 1). Islets are self-reliant
units whose hormonal responses are small versions of the
whole pancreatic output. It is within the structural and
functional frame of the islet that the individual endocrine
cells coordinate their activities to generate appropriate
hormonal responses. It may at first seem counterintuitive
that β and α cells, which can be defined as antagonists,
are located in the same micro-organ. When isolated,
however, β and α cells do not respond appropriately,
suggesting that the close association with other endocrine
cells within the islet is required to optimize hormone
secretion (Wojtusciszyn et al. 2008). Paracrine signalling

Figure 1. The cell composition of the human pancreatic islet
A, schematic representation of possible cell–cell interactions within a
human islet. Different endocrine cells can communicate via cell
contacts, via the interstitium, or via the bloodstream (top, right).
Vascular cells can also be targets for paracrine modulation (centre,
right). Immune cells (macrophages) are located along blood vessels
and may sense both humoral and local signals (bottom, right). Not
depicted are endocrine cells expressing pancreatic polypeptide or
ghrelin. B, confocal images of pancreatic sections showing a human
(left) and a mouse islet (right) immunostained for insulin (red),
glucagon (green) and somatostatin (blue). In the human islet, most β

cells face cells of other cell types, thus increasing the possibilities for
paracrine signalling. Scale bar represents 20 μm in both panels.

within the islet seems so entrenched that there is a cell
population, the δ cells, dedicated to modulate the activity
of the neighbouring β and α cells (Taborsky et al. 1979;
Samols & Stagner, 1990).

Paracrine interactions within the islet may actually be
more important than previously thought. It is likely that
the roles α and δ cells play in shaping β cell function
may have been underestimated because our model of
islet biology is mostly derived from studies performed
on rodent islets. The rodent islet cytoarchitecture differs
from that of the human islet in that most β cells only
contact other β cells within the core of the islet, far away
from α and δ cells located in the periphery of the islet
(Fig. 1B). In rodent islets blood reportedly flows first
through β cell-rich regions, implying that β cells are not
exposed to signals derived from other endocrine cells
(Stagner & Samols, 1992). These cellular arrangements
restrict paracrine interactions in the rodent islet mainly
to those in which β cells play a dominant role. In the
human islet, by contrast, most β cells are surrounded by α
and δ cells and there is no particular cellular arrangement
along blood vessels (Brissova et al. 2005; Cabrera et al.
2006). Thus, in the human islet the different endocrine
cells are close enough to influence each other through
direct contacts, via the interstitium, or using the vascular
route.

The theme of this presentation is that paracrine
signalling within the islet serves to orchestrate hormonal

Figure 2. Resident macrophages of the pancreatic islet
Confocal image of a pancreatic section showing a mouse islet
immunostained for the endothelial marker CD31 (red) and the
macrophage marker Iba1 (green). The islet contains numerous
resident macrophages that are closely associated with blood vessels.
Scale bar, 40 μm.
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secretion and promote islet health and survival. Because
endocrine cells also release potent vasoactive and immune
modulatory substances, we will further discuss the
possibility that paracrine signalling may extend beyond
regulating hormone secretion to control vascular and
immune functions within the islet.

The neuroscience of the pancreatic islet

The list of neurotransmitters and neuropeptides that have
been suggested to play a role as paracrine signals within
the islet is extensive. Most of the small neurotransmitter
molecules expressed in the brain have been reported to be
present in the islet. To add to the complexity, the hormones
released by α and β cells also act locally on neighbouring
cells. The abundance of signalling molecules and their
receptors is overwhelming: a recent study lists more than
100 ligands for G-protein-coupled receptors present in
human islets (Amisten et al. 2013). Investigators in the
field of islet biology are struggling to put an order to
the intricacy of possible paracrine interactions. For some
of these molecules, the different signalling components,
including release mechanisms and receptors on putative
target cells, have been demonstrated in the islet. This may
establish these molecules as bona fide paracrine signals
within the islet, but a major remaining challenge is to
determine the physiological context in which the signalling
pathway is operating.

What are these physiological contexts? The regulation
of hormone secretion is one setting in which paracrine
signalling is thought to be essential. Many candidate
paracrine molecules have been shown to modulate
hormone secretion. Prominent examples are GABA
and somatostatin, which are produced and released by
β and δ cells, respectively. Receptors for somatostatin
have been mapped to the different endocrine cells and
their activation inhibits all endocrine cells within the
islet (Taborsky et al. 1979). Although somatostatin
is considered a negative regulator of insulin and
glucagon secretion, we still know little about how the
somatostatin-secreting δ cell is regulated. Without
knowing what controls the δ cell, however, it is difficult
to understand the biological meaning of this paracrine
pathway, and thus we can only speculate about the
functional role of somatostatin in the islet. GABA has
been proposed as a paracrine signal released from β
cells to inhibit α cells, which may help explain how
an increase in glucose concentration leads to increases
in insulin secretion while simultaneously inhibiting
glucagon secretion (Rorsman et al. 1989). However,
as long as we do not know under what circumstances
and how GABA is released from β cells, the functional
significance of the GABA paracrine pathway will remain
elusive.

Whereas most studies are aimed at understanding
paracrine regulation of hormone secretory responses,
other physiological roles for paracrine signals seem to have
been neglected. Anti-apoptotic and proliferative effects on
islet cells have been described for insulin and serotonin,
but there is a whole spectrum of physiological effects that
has not been explored. For instance, ATP is released from
β cells to modulate hormone secretion (Jacques-Silva et
al. 2010), but ATP is also known for its effects on vascular
and immune cells (Burnstock, 2006; 2009; Eltzschig et al.
2012). The islet does not only contain endocrine cells,
but also vascular cells and immune cells such as resident
macrophages that could be targets for ATP and other
paracrine molecules (Figs 1 and 2).

The roles endogenous ATP and other signalling
molecules play in vascular and immune responses have
barely been investigated, mainly because of technical
limitations. Local vascular and immune responses are
dynamic processes that have to be monitored in situ
and in real time, and thus far there are few approaches
allowing imaging of pancreatic islets in vivo. A major
problem is that islets are a minor fraction of the pancreas
(1–2%) and are deeply embedded within this already
inaccessible organ, making it very difficult to image islets
in vivo. To overcome these difficulties we are transplanting

Figure 3. Acetylcholine and glucagon are present in different
compartments in the human alpha cell
High-resolution confocal images using stimulated emission depletion
(STED) microscopy showing human α cells immunostained for
glucagon (red) and vesicular acetylcholine transporter (green).
Glucagon and vesicular acetylcholine transporter immunoreactivities
label distinct compartments. Scale bars: 5 μm (top) and 200 nm
(bottom).
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islets into the anterior chamber of the mouse eye (Speier
et al. 2008; Caicedo et al. 2009). Once they engraft on
the iris, islets are vascularized and reinnervated, and their
structure and function can be monitored non-invasively
and longitudinally. We expect this technical approach
to help us elucidate the role of paracrine signalling
in adjusting blood flow and in suppressing immune
responses. An interesting hypothesis we would like to test
is whether β and α cells secrete vasoactive substances
together with their main hormones to promote their
release into the bloodstream.

According to a recent study, the human islet
expresses 293 out of 384 known functional, non-odorant
G-protein-coupled receptors (Amisten et al. 2013). This
list is extensive, and it does not include ligand-gated
channels also expressed in the islet. Many of the ligands
are conventional neurotransmitters thought to be released
from autonomic axons innervating the islet. Indeed,
rodent islets are strongly innervated by parasympathetic
and sympathetic axons that probably co-release a variety
of neurotransmitters and neuropeptides together with
acetylcholine and noradrenaline. In the human islet,
however, autonomic innervation is sparse and almost half
of the ligands for the locally expressed G-protein-coupled
receptors are present in islet cells (Gilon & Henquin,
2001; Rodriguez-Diaz et al. 2011a). In other words,
the rodent islet may rely more on nervous input
whereas the human islet makes more extensive use of
paracrine interactions to control hormone secretion. This
trend is exemplified by acetylcholine: a dense plexus of
cholinergic axons innervates the mouse islet, but few if any
axons contain acetylcholine in the human islet. Instead,
acetylcholine is released from α cells as a paracrine signal
in the human islet (Rodriguez-Diaz et al. 2011a, b).

Beating to the rhythm of neurotransmitter release

Acetylcholine has been known for decades to amplify
insulin secretion (Gilon & Henquin, 2001). The consensus

Figure 4. Paracrine GABA is released from islets in regular
pulses
A, schematic diagram of the biosensor cell approach to detect GABA
secretion from pancreatic islets. Responses in the GABA biosensor
cells were recorded by loading cells with Fura-2 and imaging
cytoplasmic [Ca2+]. B, pulsatile GABA release from a human islet
maintained in 3 mM glucose. Fura-2 ratio traces (340/380) from 4
biosensor cells located under an islet, as shown in A (representative
of >40 human islet preparations).

is that it is released from parasympathetic axons
innervating the islet. As with other inner organs, the
nervous input would couple the function of the islet to the
behavioural status of the organism. When we examined
the autonomic innervation of the human islet, however,
we found that the cholinergic markers were not labelling
axons but endocrine cells (Rodriguez-Diaz et al. 2011a,b).
Immunostaining for vesicular acetylcholine transporter
and choline acetyltransferase was mostly confined to
α cells. RT-PCR studies on isolated, denervated islets
confirmed that these markers were not contributed by
autonomic axons but expressed in islet cells. Interestingly,
within α cells, vesicular acetylcholine transporter did not
seem to localize to glucagon granules, suggesting that
acetylcholine is packed in vesicles that can be secreted
independently of glucagon (Fig. 3).

The next challenge was to demonstrate that acetyl-
choline was released from human islet cells. We detected
acetylcholine by monitoring Ca2+ responses in biosensor
cells expressing the muscarinic receptor M3. Biosensor
cells placed in apposition to human islets recorded
acetylcholine release in response to treatments known
to specifically stimulate α cells. By contrast, we could
not detect acetylcholine release from mouse islets. These
experiments demonstrated that human α cells secrete
acetylcholine.

We next examined the effects α cell-derived acetyl-
choline could have on islet function (Rodriguez-Diaz
et al. 2011b). Studies had shown that exposure to acetyl-
choline sensitizes the β cell to subsequent stimuli. To test
the hypothesis that α cells release acetylcholine to prime
neighbouring β cells, we subjected isolated human islets
to an experimental protocol in which we stimulated α
and β cells intermittently while modulating cholinergic
signalling (Rodriguez-Diaz et al. 2011b). We found that
endogenous acetylcholine sensitized the β cell to sub-
sequent increases in glucose concentration. Based on these
results we proposed that in the human islet acetylcholine
serves as a paracrine signal to keep the β cell responsive to
future challenges, thus limiting glucose fluctuations.

The actions of acetylcholine, however, may be more
complex than we assume. We do not yet know the exact
circumstances under which acetylcholine is released in
vivo, and acetylcholine may activate other endocrine cells
such as the δ cell. If so, this would affect the hormonal
output of the whole islet. Furthermore, acetylcholine is
known to have trophic effects and thus could promote
cell survival in the islet. We must not neglect the effects
acetylcholine has on vascular and immune cells. It is
plausible that acetylcholine is released simultaneously with
glucagon to change vascular permeability and promote the
delivery of glucagon into the circulation.

So far we have discussed paracrine signalling as a
regulated process in which a cell secretes a modulatory
molecule in response to a specific stimulus. However,
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our recent work on pancreatic islets suggests that there
are additional possibilities. While investigating GABA
secretion from the human islet we found that most of the
GABA in the islet is released constitutively in robust pulses
from β cells (Fig. 4). This secretory pattern could not be
altered with treatments known to activate or inhibit end-
ocrine cells in the islet, but instead depended directly on
intracellular GABA metabolism. Importantly, the GABA
pulses imposed a rhythm on insulin secretion, suggesting
that the background GABA secretion may help shape
insulin pulses. We are still determining the influence this
paracrine signalling pathway has on islet function, but it
is already clear that it is highly unconventional in that it
is periodic and does not depend on stimulus-dependent
exocytosis.

This brief introduction to the physiology of the
pancreatic islet shows that the more we learn about
intra-islet communication the less we seem to know.
Every finding opens new possibilities. The functional
characterization of the different putative paracrine inter-
actions seems to lag behind the massive identification of
ligands and their receptors in omics studies, but so far
there is no substitute for the careful dissection of the
different elements constituting a paracrine loop. Without
it, molecules are lost in space and time.
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