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Review

Introduction

Although β-cells form the largest cellular component of islets 
in most species—60% to 80% in rodents and 50% to 70% in 
humans (Cabrera et al. 2006; Clark et al. 1988; Elayat et al. 
1995; Rahier et al. 1983a; Steiner et al. 2010)—the non-β-
cells have important roles to play in intra-islet coordination 
and thus in the control of glucose homeostasis. It has been 
known for many years that the balance between insulin and 
the counter-regulatory hormone glucagon is of major impor-
tance in the fine control of glucose homeostasis and its dis-
ruption in diabetes (Unger et al. 1970; Unger and Orci 1975). 
The observations made with a glucagon receptor knockout 
mouse demonstrating the prevention of diabetes when gluca-
gon signaling is impaired (Lee et al. 2011) highlighted the 
important role of α-cell secretion in vivo. The roles of δ-cells 
and pancreatic polypeptide (PP) cells and their respective 

hormones in islet function have been largely ignored until 
recently. The recent studies demonstrating plasticity in adult 
islets have brought the non-β-cells to the forefront of islet 
research once again (Brereton et al. 2014; Courtney et al. 
2013; Gao et al. 2014; Piran et al. 2014; Talchai et al. 2012; 
Thorel et al. 2010). Therefore, the non-β-cells have an impor-
tant regulatory role in facilitating communication between 
islet cells, controlling glucose homeostasis and metabolism, 
and maintaining the islet architecture.
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Summary
Islet non-β-cells, the α- δ- and pancreatic polypeptide cells (PP-cells), are important components of islet architecture 
and intercellular communication. In α-cells, glucagon is found in electron-dense granules; granule exocytosis is calcium-
dependent via P/Q-type Ca2+-channels, which may be clustered at designated cell membrane sites. Somatostatin-containing 
δ-cells are neuron-like, creating a network for intra-islet communication. Somatostatin 1-28 and 1-14 have a short 
bioactive half-life, suggesting inhibitory action via paracrine signaling. PP-cells are the most infrequent islet cell type. The 
embryologically separate ventral pancreas anlage contains PP-rich islets that are morphologically diffuse and α-cell deficient. 
Tissue samples taken from the head region are unlikely to be representative of the whole pancreas. PP has anorexic effects 
on gastro-intestinal function and alters insulin and glucagon secretion. Islet architecture is disrupted in rodent diabetic 
models, diabetic primates and human Type 1 and Type 2 diabetes, with an increased α-cell population and relocation 
of non-β-cells to central areas of the islet. In diabetes, the transdifferentiation of non-β-cells, with changes in hormone 
content, suggests plasticity of islet cells but cellular function may be compromised. Understanding how diabetes-related 
disordered islet structure influences intra-islet cellular communication could clarify how non-β-cells contribute to the 
control of islet function. (J Histochem Cytochem 63:575–591, 2015)
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Islet Architecture and Cellular 
Communication

The pancreatic islet functions as a single organ with tightly 
coordinated signaling between the different cell types. This 
network allows the islet to respond to changes in blood glucose 
and to intra-islet signals (via gap junctions or paracrine signal-
ing) and extrinsic nerve impulses in a rapid and sensitive man-
ner. The islet cells communicate via gap junctions or via 
paracrine secretion and signaling. The architecture of the islet 
and spatial arrangements of the different cell types are there-
fore important for this cell-to-cell communication (Figs. 1, 2).

The islet architecture differs amongst species and has 
puzzled anatomists for many years (Fig. 3) (Falkmer and 
Ostberg 1977; Steiner et al. 2010). These differences likely 
relate to the different species-specific functional require-
ments for hormonal regulation, the islet vascular supply, 
and the requirement for other intrinsic secreted factors (like 
ATP, GABA or Zn2+) for islet function.

The localization of the non β-cells predominantly deter-
mines the islet architecture (Falkmer and Ostberg 1977; 
Orci and Unger 1975; Steiner et al. 2010). The non-β-cells 
in all mammalian species are located immediately adjacent 
to the islet capillaries. Small islets in rodents have a periph-
eral capillary and so, in tissue sections, the non-β-cells sur-
round the central core of β-cells. In larger islets (and in 
humans), the vascular supply penetrates the islet center and 

non-β-cells appear within the core of the islet (Cabrera et al. 
2006). This difference in vascular organization is not ran-
dom but divides the more central β-cell clusters into units, 
which have ready access to capillaries (Fig. 4). However, it 
is unclear if every β-cell directly contacts a capillary. 
Originally, it was suggested that each cell was adjacent to 
afferent and efferent capillaries (Bonner-Weir and Orci 
1982). Polarised insulin secretion towards capillary rem-
nants in isolated islets has been demonstrated (Low et al. 
2014). However, recent observations with three-dimen-
sional (3D) electron microscopy (EM) have suggested that 
many β-cells in rodent islets are located several cell diam-
eters distant from capillaries; these cells would release 
granules into extracellular spaces, allowing insulin to dif-
fuse to the capillaries (Pfeifer et al. 2014). This “core-man-
tle” structure has led to suggestions that the direction of 
blood flow, and, therefore, the sequential delivery of 
changes in blood glucose to different cell types, is an impor-
tant coordinator of islet function; either non-β-cells receive 
the blood-borne signals first and, in turn, influence insulin 
secretion from β-cells, or vice versa (Bonner-Weir and Orci 
1982; Brunicardi et al. 1996; Liu et al. 1993; Nyman et al. 
2008; Ohtani et al. 1986; Samols et al. 1986).

Figure 1. Mouse islet immunolabelled for insulin (red), 
glucagon (blue), and somatostatin (green). This confocal image 
reconstruction of the cells at the exterior of the islet demonstrates 
the network of δ-cells and their proximity to α- and β-cells. Scale, 
20 µm.

Figure 2. Granule morphologies and islet cell network in an 
islet from (A) a mouse and (B) a human islet. β-, α-, δ-, and PP-
cells viewed by electron microscopy. Insulin secretory granules 
are similar in both species with an electron-dense core and 
clear halo. However, human insulin granules sometimes appear 
crystalline, with angular shaped cores compared to the smooth 
spherical cores of the mouse islet. Glucagon secretory granules 
are electron-dense without a clear halo; in human α-cells, some 
secretory granules have a grey halo surrounding the dense core, 
whereas others are without a halo, as in the mouse. PP-cells 
contain spherical smaller granules, which are very heterogeneous 
in size in both species; some PP granules are similar to those found 
in α-cells and others have a small halo. Somatostatin-containing 
granule morphology is very different in mouse and human: in 
rodents, the granules are small, lozenge-shaped structures; 
in humans, the granules are larger, slightly electron-opaque 
but spherical and of similar size to that of glucagon granules. l, 
lipofuscin body; n, nucleus. Scale, 1.0 µm.
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Although the vascular system is a distribution pathway 
for islet endocrine secretion and the control of extra-pancre-
atic metabolic function, intra-islet regulation is likely to be 

more independent of blood borne factors. Cellular commu-
nication in a single islet can be regulated by “paracrine” 
hormone actions and other factors secreted into the extra-
cellular space. This is an intimate system for the delivery of 
peptides with a short half-life (e.g., somatostatin and possibly 
GLP-1) to elicit inhibitory or excitatory responses on hor-
mone secretion. Low concentrations of either agonists or 
surface receptors will be very effective in the restricted 
extracellular space. Therefore, the adjacencies of the differ-
ent cells (and the architecture of the islet) are crucial to 
ensure correct delivery and receipt of paracrine signals. The 
development of methods for physiological and biophysical 
studies on intact islets in vitro (rather than isolated cells) 
have allowed identification of intercellular regulatory 
mechanisms involving ions and hormones, particularly 
involving communications between α-, δ-, and β-cells 
(Rorsman et al. 2011; Rorsman et al. 2008).

However, the permanency of islet architecture and cel-
lular identity of hormone-producing cells in adult mammals 
is now being challenged. Islet architecture alters in animal 
models of diabetes, and the transformation/re-differentia-
tion of islet cells from a specific hormone type to another 
has been demonstrated in diabetic animals and humans 
(Brereton et al. 2014; Piran et al. 2014; Spijker et al. 2013; 
Talchai et al. 2012; Thorel et al. 2010). This suggests that 
not only is islet cell function compromised in diabetes, but 
also intra-islet cellular regulation may be disrupted.

α-Cells

Glucagon Production and Glucagon Receptors

Glucagon was discovered in 1923 and named as a gluc-ose 
agon-ist (Murlin et al. 1923) due to its glucose elevating 
effect. In the early crude insulin treatment of diabetic animals 
and humans, whole pancreatic extract was administered and 

Figure 3. Pancreatic islets demonstrating the species-specific differences in cellular architecture. Immunofluorescent labelling of 
pancreatic sections for insulin (green), glucagon (pink), and somatostatin (yellow). In mouse islets (A), the non-β-cells are situated at the 
periphery of the islet whereas, in non-human primates (B) and humans (C), the α- and δ-cells are found both at the periphery of the islet 
cross-section and towards the islet center. This reflects the location of these cells at the perivascular border of both circumferential 
capillaries (rodents and humans) and those penetrating the islet interior (non-human primates and humans). Scale, 200 μm.

Figure 4. Part of an islet from a non-diabetic patient viewed 
with electron microscopy demonstrating the presence of insulin-
containing β-cells (β), α-cells (α), and δ-cells (δ) all close to the 
peripheral capillary (cap). A large proportion of β-cells are not 
situated adjacent or near to a capillary in this thin section. l, 
lipofuscin body; n, nucleus. Scale, 5 μm.
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transient hyperglycemia was common; contaminating glu-
cagon in these extracts underlies this paradoxical effect 
(Murlin et al. 1923).

The expression of glucagon in α-cells was only revealed 
in 1948 (Sutherland and de Duve 1948) and glucagon recep-
tors have been localized to both hepatic and non-hepatic tis-
sues, including the islet (Dunphy et al. 1998). The peptide 
glucagon (29 amino acids) is processed from a large precur-
sor preproglucagon (178 amino acids). Although glucagon 
is exclusively produced by islet α-cells, the gene that 
encodes preproglucagon is expressed in many different 
cells and tissues, including L-cells in the gut, and the hypo-
thalamus and thalamus in the brain (Kieffer and Habener 
1999). The bioactive hormone product(s) of this precursor 
protein is determined by the post-translational modification 
of the prohormone by prohormone convertase enzymes. 
Pancreatic α-cells express prohormone convertase 2 (PC2), 
which cleaves the propeptide to produce glucagon and a 
major proglucagon fragment. L-cells in the intestine express 
prohormone convertase 1 (also known as PC3; PC1/3); this 
enzyme cleavage results in production of the incretin, glu-
cagon-like peptide 1 (GLP-1), GLP-2 and glicentin as well 
as oxyntomodulin (Furuta et al. 1997; Furuta et al. 2001; 
Pocai 2012).

Recently, it has been reported that PC1/3 and GLP-1 are 
co-localized in some human α-cells, suggesting that GLP-1 
is produced in human islets (Marchetti et al. 2012). 
Exogenous and circulating GLP-1 has dual effects on pan-
creatic hormone release: stimulating insulin secretion from 
β-cells (Gromada et al. 1998) and inhibiting glucagon 
secretion from α-cells (De Marinis et al. 2010). Whether 
locally produced and released GLP-1 contributes to these 
effects has yet to be proven.

Regulation of Glucagon Secretion

Glucagon secretion from α-cells is regulated by nutrients 
(glucose and amino acids), hormones and neurotransmitters 
(Gromada et al. 2007). Unlike other islet hormones, gluca-
gon secretion is stimulated at low glucose concentrations 
(hypoglycemia) and normally suppressed by hyperglycemia 
when insulin secretion is stimulated. The exact cellular regu-
lation of glucagon secretion remains hotly debated. 
Mechanisms proposed include paracrine regulation (by fac-
tors released from neighboring β- and δ-cells) (Unger and 
Orci 2010) and neuronal regulation (Taborsky et al. 1998). 
Since glucagon secretion is inhibited at glucose concentra-
tions below the threshold required to evoke insulin and 
somatostatin release (3–5 mM glucose) a paracrine signal 
from these cells is unlikely (e.g., insulin, Zn2+, SST) and a 
cell-specific glucose or nutrient-dependent regulation of 
glucagon secretion must operate intrinsically in α-cells. 
Some evidence implicates ATP-sensitive K+ channels (K

ATP
 

channel) of the same type as those found in β-cells in this 

intrinsic regulation (Zhang et al. 2013). Further elevation of 
glucose (10–15 mM) has been shown to stimulate glucagon 
secretion (Salehi et al. 2006), a feature characteristic of islets 
from Type 2 diabetic (T2D) donors (Zhang et al. 2013).

Somatostatin is a strong inhibitor of glucagon secretion 
(Zhang et al. 2007). α-cells express somatostatin receptor 2 
(SSTR2) in both human and rodent islets (Braun 2014). 
When activated, this leads to inhibition of glucagon secretion 
by induction of hyperpolarization and reduced firing of action 
potentials. In addition, somatostatin inhibits depolarization-
evoked exocytosis in rat α-cells (Gromada et al. 2001).

Islets are innervated by sympathetic, adrenergic 
(Lindsay et al. 2006), and parasympathetic cholinergic 
nerves (Havel and Taborsky 1989; Rossi et al. 2005). 
Surprisingly, although circulating adrenaline is a strong 
stimulus for α-cell secretion, adrenaline added in vitro has 
a relatively mild effect on α-cell electrical activity (De 
Marinis et al. 2010). Most of the stimulatory effect instead 
results from adrenaline-induced mobilization of Ca2+ 
release from intracellular Ca2+ stores (Gylfe and Gilon 
2014; Vieira et al. 2004).

Role of Glucagon

The liver is the main site of glucagon action. Upon binding 
to the glucagon receptor, (a 7-transmembrane domain G 
protein-coupled receptor), glucagon activates stimulatory 
G-proteins which, in turn, stimulate adenylyl cyclase. This 
leads to the production of cAMP and activation of protein 
kinase A, which phosphorylates glycogen phosphorylase 
kinase. The activated phosphorylase breaks down glycogen 
and thus increases hepatic glucose output (Jiang and Zhang 
2003). In addition, glucagon is an important regulator of 
lipid metabolism, reducing plasma triglycerides and stimu-
lating hepatic fatty acid oxidation (Longuet et al. 2008; 
Vuguin and Charron 2011).

In pancreatic islets, the glucagon receptor has been iden-
tified in most β-cells and a subset of α- and δ-cells. Thus, 
glucagon is likely to function as a paracrine regulator of 
hormone secretion within the islet (Kieffer et al. 1996). 
Activation of glucagon receptors in β- and δ-cells stimu-
lates insulin and somatostatin secretion via elevation of 
intracellular cAMP. The impact of glucagon receptor sig-
naling back on α-cells is difficult to evaluate; glucagon 
receptor knockout mice are hyperglucagonemic and have 
hyperplasia of α-cells; this could indicate that glucagon is a 
negative regulator of its own secretion (Vuguin and Charron 
2011).

Morphological Characteristics of α-Cells

Glucagon granules are large, dense core vesicles, some of 
which have a pale electron-opaque halo (Figs. 2, 5) 
(Deconinck et al. 1971). Although the core of the granule is 
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similar to that of the insulin secretory granule, the glucagon 
granule has a smaller diameter (200 nm vs 350 nm) (Gopel 
et al. 2004; Pfeifer et al. 2014). In mouse islets, the overall 
cellular density of glucagon granules is 9 granules/µm3, with 
approximately 7000 granules per cell in total (Barg et al. 
2000). High-resolution capacitance measurements have 
revealed that α-cell exocytosis is dependent on a subset of 
voltage-gated Ca2+ channels (the P/Q type Ca2+ channel). 
This suggests a close localization between the release com-
petent granules and the P/Q Ca2+-channels. If these channels 
are localized to specific sites in the membrane, exocytosis 
would be restricted to these areas. High-resolution micros-
copy will be required to identify these sites.

The location of α-cells adjacent to the capillary and in 
close proximity to the β-cells permits intercellular signaling 
to create a local, very glucose-sensitive system and immedi-
ate adjustment of both insulin and glucagon production for 
small changes in ambient glucose concentrations. It is now 
evident that diabetes is a bi-hormonal disorder and α-cells 
will receive more attention than before in understanding 
islet dysfunction in disease.

δ-Cells

Pancreatic δ–cells secrete the hormone somatostatin (SST). 
δ–cells are also present in the hypothalamus, central ner-
vous system (CNS), peripheral neurons and the gastrointes-
tinal tract (Arimura et al. 1975; Hökfelt et al. 1975). 
Somatostatin, also known as growth hormone inhibiting 
hormone (GHIH) or somatotropin release-inhibiting hor-
mone (SRIF), inhibits most cellular secretions and was 

discovered in ovine hypothalamus by Brazeau and col-
leagues in 1973 (Brazeau et al. 1973).

SST Production and SST Receptors

SST is synthesized as part of a precursor molecule, prepro-
somatostatin (PPSST, 116 amino acids), which is rapidly 
cleaved into pro-somatostatin (PSST, 92 amino acids). 
PSST is processed enzymatically at its C-terminal site in the 
secretory granule by a protein convertase, probably PC2 
(Marcinkiewicz et al. 1994), to yield several mature prod-
ucts. This includes two bioactive forms. Both SST-14 (14 
amino acids) and SST-28 (28 amino acids) are very short-
lived; somatostatin peptides have a half-life of <1 min in the 
circulation. In islets, δ-cells release mainly SST-14, whereas 
SST-28 is the product of the intestinal cells (Francis et al. 
1990). Both SST-14 and SST-28 bind to five somatostatin 
receptor subtypes (SSTR1–SSTR5) (Kumar et al. 1999). 
SSTRs are G-protein-coupled receptors, linked to the inhi-
bition of adenylyl cyclase (Patel and Srikant 1997) or acti-
vation of inwardly rectifying K+ channels (Kreienkamp et 
al. 1997). Using SST-14-selective and SST-28-selective 
radioligands, it has been shown that β-cells possess SST-28-
preferred binding sites whereas α-cells display SST-14-
preferred receptors (Kumar et al. 1999). In rodent islets, 
α-cells contain SSTR2, whereas β-cells possess SSTR5. In 
human islets, SSTR2 is the functionally dominant receptor 
present in both α- and β-cells (Kailey et al. 2012). This sug-
gests that in rodents, SST-14 exerts an inhibitory effect 
mainly on α-cells whereas, in humans, the peptide can 
modulate both glucagon and insulin secretion. Further work 
with specific isoforms and assays are required to answer 
this question.

Role of SST

The role of SST in the pancreas is poorly understood. SST 
can inhibit glucagon, insulin and PP release as well as its 
own secretion through an auto feedback mechanism (Ipp et 
al. 1979). The insulin and glucagon secretory response to 
nutrient stimuli was enhanced in vivo in SST knock-out 
mice; in addition, the glucose-induced suppression of gluca-
gon secretion was absent although no defective insulin and 
glucagon secretion were detected under basal conditions 
(Hauge-Evans et al. 2009). This suggests that SST nega-
tively regulates α- and β-cell function only under conditions 
of nutrient stimulus. Exogenous SST inhibits granule exocy-
tosis from isolated rodent and human α- and β-cells 
(Gromada et al. 2001; Kailey et al. 2012; Renström et al. 
1996). Although SST receptor antagonists increased glu-
cose-induced insulin secretion in isolated islets (Zhang et al. 
2014), there was no effect of the same antagonist in the per-
fused pancreas; this difference could reflect the difficulty of 
transferring experimental stimulatory and inhibitory effects 

Figure 5. Electron microscopy image of mouse α-cell to 
demonstrate the dense granulation. α-Cells rarely show 
degranulation, even in diabetic human or mouse models. m, 
mitochondrion; n, nucleus; β, β-cell. Scale, 1 μm.
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efficiently from a single islet in vitro to the intact perfused 
multi-islet organ. Nevertheless, these observations empha-
size the importance of coordinated communication within 
the islet network in controlling hormone secretion.

In rodents, like in humans, SST is secreted in a glucose- 
and Ca2+-dependent manner (Berts et al. 1996; Braun et al. 
2009; Grill and Efendić 1984; Zhang et al. 2007). Given 
that SST is a strong inhibitor of insulin secretion, why is it 
released at glucose concentrations at which insulin is 
required to lower the blood glucose levels? Considering 
that SST begins to be released at glucose levels that dimin-
ish glucagon release (Vieira et al. 2007), it can be hypothe-
sized that SST acts as a “buffering hormone”, preventing 
the over-secretion of insulin or glucagon. An alternative 
hypothesis is that at high glucose concentrations, SST pri-
marily inhibits glucagon secretion rather than insulin 
production.

In mouse islets, δ-cells, like α- and β-, are innervated by 
parasympathetic and sympathetic axons whereas, in 
humans, innervation is less clear (Rodriguez-Diaz et al. 
2011a). In fact, human α-cells secrete acetylcholine, which 
can act as a paracrine signal to regulate insulin and SST 
release (Molina et al. 2014; Rodriguez-Diaz et al. 2011b). 
The effects of acetylcholine (or carbachol) on somatostatin 
secretion are controversial. Whereas stimulation of soma-
tostatin release was observed in some studies (Zhang et al. 
2007), other studies indicate an inhibitory effect (Hauge-
Evans et al. 2009).

Morphological Characteristics of δ-Cells

In most mammals, δ-cells exhibit a neuron-like morphol-
ogy with cytoplasmic processes extending from the islet 
capillaries to the central core of an islet (Baskin et al. 1984) 
(Fig. 6). These dendrite-like extensions would allow para-
crine crosstalk with other δ-cells by forming a functional 
intercellular, syncytial-like arrangement (Grube and Bohn 
1983). In addition, the long, thin δ-cells can communicate 
with many neighboring α- and β-cells to act as efficient 
regulators of activity. The cellular neighbors of part of one 
rat δ-cell as it extended from the surface through the islet to 
a capillary over a depth of 12.5 µm were identified using 3D 
EM; this small extension was in contact with one α-cell and 
at least five β-cells (Fig. 7). These data suggest that, 
although δ-cells are a relatively small in number, they could 
be regulators of a large proportion of islet cells. In humans, 
besides δ-cells having a polygonal shape and exhibiting 
processes of up to 22 µm, a few rounded or pyramidal-
shaped δ-cells, whose diameters range between 10 µm and 
16 µm, have been described from light microscopic obser-
vations (Grube and Bohn 1983). Three-dimensional EM 
studies will be required to determine if these are a different 
subset of δ-cells.

In mammals, including humans, δ-cells are character-
ized by a uniform population of moderately electron-opaque 
secretory granules that tend to be smaller than those found 
in α- and β-cells. In humans, the diameter of each roughly 
spherical granule is, on average, 250 nm. In mice, granules 
are much smaller and are lozenge-shaped (Figs. 2, 8). 
Differences in granule shape and size are likely to have sig-
nificant influences on the measurements of granule exocy-
tosis using capacitance changes (Gopel et al. 2004). Because 
of their complex neuron-like architecture, action potential 
propagation might actually fulfil a signaling function in the 
δ-cells. Since there are many close contacts between δ-cells 
and other cell types, it will be interesting to determine 
whether there are specialized zones for somatostatin release 
(analogous to the nerve terminal) at these contact points and 
whether the ion channel complement in these ‘terminals’ is 
different from that in the rest of the cell. This could have 
implications for correct signaling when islet architecture is 
disrupted in diabetes.

In conclusion, δ-cells are ideally located in islets with an 
appropriate neuron-like morphology to act as powerful reg-
ulators of islet hormone release. Although the islet has only 
a relatively small number of δ-cells, they can effectively 
communicate with each other via elongated projections. 
This establishes a pan-islet inhibitory network to enable 
transmission of signals received from both extrinsic nerves 
and the blood to a larger cellular population in the islet.

Figure 6. δ-Cells in a mouse islet. Immunofluorescent labelling 
for somatostatin in a mouse intact islet and reconstructed from 
confocal images. The cells have long neuronal-like processes that 
connect with each other to create an interconnecting network of 
δ-cells in the islet. Scale, 20 µm.
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PP-Cells

Pancreatic polypeptide (PP) is a 36-amino acid peptide first 
localized in 1974 in the avian pancreas (Kimmel et al. 1975; 
Larsson et al. 1975) and later in mammalian islets (Larsson 
et al. 1975; Lin and Chance 1974) in a specific pancreatic 

cell type that was different from the originally described 
“A, B and D” cells. PP-containing cells (also known as 
F-cells) make up the smallest proportion of all islet cells in 
most regions of the pancreas (<2% of the islet cell popula-
tion humans and <5% in rodents) (Clark et al. 1988; Stefan 
et al. 1982b; Sundler et al. 1977). Despite the relatively low 
abundance in most of the pancreas, PP-containing cells 
delineate the embryological origins of the pancreas from 
two separate pouches of the gut. The highest concentration 
of PP cells is in the head of the pancreas (known as the 
PP-rich lobe) where 90% of all PP-cells are located (Rahier 
et al. 1983b; Stefan et al. 1982a; Wang et al. 2013). In 
embryonic development in mammals, the pancreas is 
derived from two primordial pouches from the duodenum—
the ventral and dorsal anlage; at the end of development the 
ventral pancreas forms part of the region of the pancreas 
known in humans as the uncinate lobe and remains close to 
the duodenum. In rodents, the ventral pancreas is situated in 
the region bounded by the bile duct and the duodenum. This 
small pancreatic region, which forms <10% of the whole 
pancreas in adult humans (Rahier et al. 1983b; Stefan et al. 
1982b), is indistinguishable macroscopically from the lob-
ules of the dorsal lobe but, microscopically, the islets are 
very different in structure and composition. The islets in the 
PP-rich lobe in humans and rodents contain very few α-cells 
(Hellman et al. 1962) and variable amounts of β-cells 
(Fig. 9) (Clark et al. 1988; Stefan et al. 1982b). Islets in this 
region appear more diffuse and not the ovoid or spherical 
structures typical of the major part of the pancreas. In addi-
tion, there are scattered, individual PP-containing cells in 

Figure 7. Sequential electron microscopy images (A–H) to demonstrate the pathway and adjacent cells of a δ-cell in a rat islet. Images 
were taken using serial block-face scanning electron microscopy of a rat islet. Sections were taken 50 µm apart throughout the islet. This 
series of sequential images (distance between images in µm listed on the panels) shows a δ-cell (δ) process penetrating the islet from the 
surface (A) between five adjacent β-cells (β1–5), an α-cell (α1), and an unknown cell type (x1) to a central capillary (c) in (H). Scale, 5 µm.

Figure 8. Electron microscopy image of mouse δ-cells (δ) 
to demonstrate the lozenge-shaped granules and potential 
intercellular communication between cells. Omega-shaped 
thickened membrane invaginations (arrows) at the intercellular 
margin are characteristic of membrane recovery following 
granule exocytosis. m, mitochondrion; er, endoplasmic reticulum; 
cap, capillary. Scale, 1 μm.
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the exocrine tissue. In the majority of pancreatic islets 
(embryologically derived from the dorsal anlage), PP-cells 
are elongated and are located with other non-β-cells towards 
the periphery of rodent islets and lining the capillaries in 
human islets. This difference in islet structure and cellular 
composition is of major importance when taking samples 
from a pancreas from any species; islets in tissue samples 
taken from the pancreatic head may include tissue from the 
ventral pancreas and the cellular content, gene expression 
and secretory pattern will not necessarily be representative 
of islets in the major part of the pancreas.

Morphology and Functions of PP-Cells

PP cells contain electron-dense secretory granules bounded 
by a membrane in both humans and rodents. The size of the 
PP-cell granules is very heterogeneous in comparison with 
the similarly electron-dense but larger and more uniform 
granules of α-cells. PP secretion is an important part of the 
pancreas–gut–brain axis (Holzer et al. 2012). The peptide is 
released post-prandially and regulated via the vagus nerve 
(stimulated by cholinergic agents and blocked by choliner-
gic inhibitors) and more locally via enteric nerve networks 
(Field et al. 2010; Schwartz 1983). Although PP secretion is 
stimulated by arginine, glucose is without effect (Weir et al. 
1979). PP has largely inhibitory actions in the gut, reducing 

gastric emptying and intestinal motor activity (Lin and 
Chance 1974) through actions on the Y4 receptor (also 
known as PPYR1). Infused PP has no effect on insulin 
secretion in vivo (Bastidas et al. 1990) but has been shown 
to inhibit glucagon secretion at low glucose concentrations 
via the PPYR1 receptors on α-cells (Aragon et al. 2015). 
These data suggest that PP could act as an intra-islet regula-
tor of secretion.

Islet Architecture in Diabetes

As we have highlighted, communication within the endo-
crine cell network of the islet must be fine-tuned to maintain 
glucose homeostasis (Kanno et al. 2002). Diabetes results 
not only from dysfunction of one or more of the hormone-
expressing cells but also from changes to the islet architec-
ture and a break-down in the communication between the 
endocrine cells of the pancreatic islet (compare islets in Fig. 
3 with those in Fig. 10). Islet structure is altered in most 
animal models of diabetes and many islets in human diabe-
tes have morphological changes. In Type 1 Diabetes (T1D), 
an autoimmune attack destroys the β-cells (Foulis et al. 
1991; Foulis and Stewart 1984) whereas the non-β-cells 
remain largely intact. It has been recognized for more than a 
century that, not only is the β-cell mass affected, but also  
the α-cell population increases in T2D, and extracellular 

Figure 9. Tissue from the head 
region of a human pancreas 
to demonstrate differences in 
islet structure in the PP-rich 
lobule of the ventral pancreas. 
Immunoperoxidase labelling for 
glucagon (A) and PP (B). Adjacent 
sections through the head region 
show an exocrine lobule (outlined), 
which has large, diffuse islets 
containing a high proportion of PP-
positive cells. An islet in an adjacent 
lobule (arrow) has no PP-cells and 
the usual population of glucagon-
positive cells. The lower panel 
shows immunofluorescent labelling 
for (C) PP (green), (D) glucagon 
(red), (E) insulin (blue), and merged 
images (F). The diffusely structured 
islet contains mostly PP-positive 
cells, a single glucagon-positive cell 
(arrow), and insulin-positive cells 
distributed randomly throughout. 
Scale (A, B) 500 μm; (C, D, E, F)  
50 μm.
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amyloid deposits disrupt the islet architecture (Butler et al. 
2003; Clark et al. 1988; Maclean and Ogilvie 1955; Opie 
1901). Although the β-cell is central to these observations, 
dysfunction in α- or δ-cells can contribute to the disease 
etiology.

Pancreatic α-Cells; the Role of Glucagon in 
Diabetes

The importance of glucagon secretion in the etiology of 
diabetes was first highlighted nearly 40 years ago by 
Unger and Orci (1975). They hypothesized that diabetes 
also results from excessive glucagon secretion, which 
stimulates hepatic glucose production and contributes to 
hyperglycemia. Many studies have since demonstrated 
α-cell dysfunction in diabetes. Patients with uncontrolled 
T1D, and to a lesser extent, those with T2D, have persis-
tently elevated circulating glucagon levels (Baron et al. 1987; 
Muller et al. 1973; Reaven et al. 1987; Unger et al. 1970). It is 
now generally accepted that diabetes is a bi-hormonal  
disease characterized by insufficient glucagon secretion at 

low glucose (when it is needed) and excessive release at 
high glucose (when it is not needed), in addition to 
impaired insulin secretion and sensitivity (Cryer 2002; 
Dunning and Gerich 2007; Unger 1985; Unger et al. 1970; 
Zhang et al. 2013).

Many hypotheses have been generated to explain the under-
lying mechanism of α-cell dysfunction in diabetes. These 
include the loss of an intrinsic ability of the α-cell to sense the 
circulating glucose level (Rorsman et al. 2014; Zhang et al. 
2013), and a loss of the paracrine inhibition of glucagon secre-
tion by insulin, zinc, GABA or other β-cell secretory products 
(Gromada et al. 2007). The importance of targeting and cor-
recting the glucagon secretory defect is exemplified in mice 
where genetic deletion of the glucagon receptor prevents the 
development of diet-induced obesity and streptozotocin-
induced diabetes (Conarello et al. 2007; Lee et al. 2011).

Alterations in α-cell architecture in diabetes have the 
potential to result in aberrant glucagon secretion and con-
tribute to the underlying pathophysiology of the disease. An 
increase in α-cell mass is well recognized in T1D (Fig. 10E) 
(Rahier et al. 1983a), associated with hyperglucagonaemia 

Figure 10. Immunofluorescent 
labelling of islet cells rodent and 
primate diabetes to demonstrate 
changes in islet architecture in 
hyperglycemia. Panels show cells 
immunofluorescently labelled for 
insulin, glucagon, and somatostatin and 
the merged signals. Hyperglycemic 
models: (A) Diabetic Goto-Kakizaki 
rat; (B) mouse model of diabetes 
exhibiting beta-cell specific deletion 
of the Krebs cycle enzyme fumarate 
hydratase (FH-/-); (C) mouse with 
impaired insulin secretion due to 
the expression of an activating K

ATP
 

channel mutation (βV59M); (D) non-
human primate with diabetes; (E) 
patient with recent-onset T1D; and 
(F) patient with T2D. In all of these 
hyperglycemic models, there are 
marked changes in islet morphology 
(for comparison see Figure 2 for 
structure in the absence of diabetes). 
There was reduced insulin-positive 
areas and increased proportion of 
glucagon-positive cells. A typical 
feature of animal models of diabetes 
is an increased infiltration of α-cells 
into the core of the islet. Little 
change in the expression pattern 
of somatostatin is apparent in most 
of the diabetic models. However, 
somatostatin-expressing cells are 
increased in βV59M mice and in 
the patient sample of T1D. Scale,  
200 μm.
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(Gromada et al. 2007; Muller et al. 1970). Islets in patients 
with recent-onset T1D retain their normal population of 
α-cells but may be devoid of β-cells (Fig. 11) (Foulis and 
Stewart 1984; Kloppel et al. 1985; Walker et al. 2011a). 
However, the islets in patients with long-standing T1D are 
large, no longer ovoid in shape and with a distorted archi-
tecture, and contain an expanded population of well-granu-
lated α-cells (Fig. 10E).

In T2D, α-cell mass has been reported to be increased 
(Fig. 10F) (Bosco et al. 2010; Clark et al. 1988; Iki and Pour 
2007; Rahier et al. 1983a; Sakuraba et al. 2002; Yoon et al. 
2003) or unaltered (Henquin and Rahier 2011; Stefan et al. 
1982b). This correlates with a ~3-fold increase in islet glu-
cagon content (Zhang et al. 2013). It has been suggested 
that an expanded α-cell population results in increased 
α-cell contacts at the expense of β-to-β contacts, which 
would affect intra-islet signaling (Kilimnik et al. 2011). 
However, islet architecture can be disrupted not only by 
increased non-β-cell populations but also by islet amyloid 
deposits (Butler et al. 2003; Clark et al. 1988; Jurgens et al. 
2011). These extracellular accumulations initially develop 
in a relatively few islets at perivascular sites and are more 
likely to be a consequence of hyperglycemia rather than a 
cause (Clark and Nilsson 2004; Jurgens et al. 2011). 
Collated electron micrographs covering a large field of 
view of an islet from a patient with T2D shows numerous 

granulated β-cells, no amyloidosis and morphologically 
intact α- and δ-cells (Fig. 12).

α-cell architecture is also disorganized in many animal 
models of diabetes (Fig. 10A–10D) (Brereton et al. 2014; 
Guest et al. 2002; Kulkarni et al. 2004). Normally in rodents, 
the glucagon-expressing cells are located in the periphery 
of islets. However, in diabetic islets, many α-cells are also 
found in the islet center. These changes in islet architecture 
will influence the communication and paracrine signaling 
within the islet, but the extent to which this underlies the 
aberrant glucagon secretion in diabetes is poorly under-
stood. It is notable that these changes are reversible once 
normoglycemia is restored in rodent models (Brereton et al. 
2014), suggesting that hyperglycemia can modify the α-cell 
population and architecture.

Pancreatic δ-Cell; the Role of Somatostatin in 
Diabetes

Very little attention has been paid to δ-cell structure and 
function in diabetes. In patients with severe T1D, the 

Figure 11. Pancreatic islet structure during the acute, ketotic 
phase of childhood-onset Type 1 Diabetes (T1D): Electron 
micrograph shows a few degranulated β-cells (β) but many α- (α) 
and δ- (δ) cells, most of which are located adjacent to a capillary 
(cap). Infiltration of lymphocytes (L) was present throughout the 
islet. Scale, 5 μm.

Figure 12. Part of an islet from a patient with Type 2 Diabetes; 
electron microscopy montage demonstrating the presence of 
many insulin-containing β-cells (β) and a high proportion of α-cells 
(α). PP-containing cells (PP) and δ-cells (δ) are close to capillaries 
(cap). A large proportion of cells are not situated adjacent or 
near to a capillary in this thin section. Although other islets in this 
patient contained islet amyloid deposits, there were none in this 
islet cross section and no cells showing signs of apoptosis. Exo; 
exocrine tissue. Scale, 5 μm.
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proportion of SST-expressing cells increases (Fig. 10E) 
(Rahier et al. 1983a). The ultrastructure of the non-β-cells 
remains unaffected by the autoimmune attack and the 
δ-cells in T1D islets exhibit apparently normal endoplasmic 
reticulum, granule density and nuclear morphology (Fig. 
11). In patients with T2D, there is little change or an increase 
in the δ-cell population (Figs. 10F, 12) (Clark et al. 1988; 
Rahier et al. 1983a). It has been reported that the proportion 
of δ-to-δ and δ-to-α-cell contacts are increased in human 
T2D (Kilimnik et al. 2011) but if δ-cell mass remains 
unchanged, this is more likely due to a reduction in the 
number of β-cells (Rahier et al. 1983a; Saito et al. 1979). In 
T2D, the expression patterns of SSTRs in the endocrine 
cells are altered; SSTR1 and SSTR4 subtypes were shown 
not to be present in α-cells, and SSTR5 was observed to be 
increased compared to non-diabetic islets (Portela-Gomes 
et al. 2010), with only the SSTR4 subtype expressed in 
δ-cells (Portela-Gomes et al. 2010). These changes in recep-
tor expression profiles could contribute to the impaired 
insulin secretion and elevated glucagon production seen in 
diabetes, and highlights the importance of intra-islet SST in 
the regulation of islet function.

Changes in the proportion and location of δ-cells in 
the islet is also a feature of animal models of diabetes. 
An increased number of δ-cells in the center of the  
islet is seen in the hypoinsulinemic and hyperglycemic 

βV59M mice that express a gain-of-function K
ATP

-
channel mutation (Fig. 10C) (Brereton et al. 2014), and it 
is tempting to attribute these changes to the loss of nor-
mal paracrine signaling. Previous studies have shown 
migration of δ-cells from a “capped” region at the islet 
periphery adjacent to the vasculature or ductal structures 
to the center of the islet core in db/db mice, and an appar-
ent increased density of δ-cell projection within the core 
of β-cells in the center of the islet (Leiter et al. 1979). As 
with α-cells, δ-cells are rarely degranulated in diabetes, 
unlike β-cells where this is commonly observed  
(Figs .10A–10D, 10F, 12).

As the δ-cell serves as the ‘master inhibitory communi-
cator’ within the islet, any changes to the islet architecture 
in diabetes will have an impact on intra-islet paracrine 
communication. Deletion of the SST gene or SSTR sub-
types in mice resulted in an inverted glucagon secretory 
profile at high glucose, which is reminiscent of that seen in 
islets from T2D patients and in vivo (Hauge-Evans et al. 
2009; Singh et al. 2007; Walker et al. 2011b). This high-
lights the complexity of the islet network and suggests that 
altered paracrine signaling may partly underlie the secre-
tory defects observed in diabetes. It is important to point 
out, however, that this does not necessarily mean that glu-
cose mediates its inhibitory effect on glucagon secretion 
via somatostatin. Loss of intra-islet SST signaling may 

Figure 13. Diagrammatic representation of intra-islet connections and regulatory signals in health and diabetes. In normoglycemia, 
cells are closely packed, with non-β-cells situated more peripherally and adjacent to capillaries. Secretion of insulin (green) and glucagon 
(purple) exert paracrine effects on α-, δ-(yellow), and β-cells. Somatostatin has inhibitory paracrine effects on all cell types (dotted 
lines). β-Cell products, Zn2+ and GABA, may affect α-cell function, and acetylcholine from α-cells may influence somatostatin secretion. 
In the diabetic islet, architecture is disrupted. There are less β-cells, and α-cells are increased and distributed throughout the islet. The 
influence of insulin on islet function is reduced but the paracrine effects of glucagon and somatostatin are likely to be increased (heavy 
solid and dotted lines, respectively).
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exert long-term effects via altered gene expression, among 
other effects.

Pancreatic Polypeptide-Cells; the Role of PP in 
Diabetes

As one of the most poorly understood cells in the pancreatic 
islet, it is not surprising that the role of PP-cells in diabetes 
has received little attention. In pancreatitis, the PP-cell pop-
ulation of the affected tissue increases, particularly in the 
proliferating ductal epithelium. Attempts to quantify the 
changes in the PP-cell population in patients with T1D and 
T2D have produced conflicting reports of increased (Gepts 
et al. 1977) or unaltered (Clark et al. 1988; Rahier et al. 
1983b; Stefan et al. 1982b) numbers. Given the propensity 
for PP-rich islets in the head of the pancreas, these discrep-
ancies may reflect differences in the tissue sampling 
procedures.

Changes in α- and δ-Cell Identity in 
Diabetes

The recent emergence of the concept of cellular plasticity in 
adult islets has led to renewed interest in the non β-cell 
members of the islet cell family, since cellular transforma-
tions have involved both α- and δ-cells. This phenomenon 
of cellular plasticity challenges the concept that the endo-
crine cells are terminally differentiated and permanently 
determined in the adult following fetal/neonatal pancreatic 
development. Although cells expressing more than one hor-
mone have been identified during pancreatic development 
(De Krijger et al. 1992; Riedel et al. 2012), it appears that 
adult islet cells in both humans and animal models can 
change their hormone-expression profile and seemingly 
convert from one cell type to another; manipulation of their 
genetic fingerprint, hyperglycemia or alterations in the 
intra-islet environment can induce changes in the hormone 
content (Brereton et al. 2014; Collombat et al. 2009; 
Courtney et al. 2013; Fernandes et al. 1997; Gao et al. 2014; 
Piran et al. 2014; Talchai et al. 2012; Thorel et al. 2010; 
Yang et al. 2011). However, in at least two models of 
impaired insulin secretion (the βV59M mouse and mice 
lacking R-type Ca2+ channels), this transformation appears 
to be largely only in terms of cellular hormone content; 
cells that had apparently undergone conversion from β- to 
α-cells contained glucagon granules but had glucose depen-
dence, electrical and transcription factor properties of an 
insulin-containing cell (Brereton et al. 2014; Jing et al. 
2005). This suggests that not all plastic cells may have the 
cellular fingerprint or be fully functional in their new iden-
tity, and raises the question of the role of quantitative immu-
nocytochemistry in the interpretation of changes in islet 
function. Furthermore, as we have highlighted above, the 

different islet cell types can be distinguished according to 
their morphology and ultrastructure. Future studies should 
aim to investigate the functional and morphological proper-
ties of the plastic cells in greater detail as it may provide 
mechanistic insight into the significance of this phenome-
non in diabetes.

Alpha-, Delta- and PP-cells: the 
Architectural Cornerstones of Islet 
Structure and Coordination

The intricacies of communication within the islet network 
depend upon the anatomical localization of the non-β-cells; 
any change that affects islet architecture can have a profound 
effect on pancreatic function (Fig. 13). The intimate connec-
tion between α- and β-cells fine-tunes the regulation of glu-
cose homeostasis, and the inhibitory properties of the 
δ-cellular network with the other cells affirm their role as 
master communicators in the islet. The importance of these 
minority members of the pancreatic islet structure has become 
evident, as alterations in their function, structure or identity 
could contribute to the etiology of diabetes. Therefore, thera-
peutic strategies should aim to target both cellular function 
and islet architecture to help restore inter-islet communica-
tion and ultimately glucose homeostasis in diabetes.
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