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ABSTRACT 

Diabetes is a metabolic disorder stemming from the improper 
regulation of blood glucose levels by hormones secreted by 
pancreatic islets of Langerhans. Paper I describes the mechanism 
by which glucose can regulate glucagon secretion, independent of 
membrane potential, from pancreatic α-cells, via modulation of 
endoplasmic reticulum Ca2+ handling. Paper II shows that the 
GLP-1 metabolite GLP-1(9-36) acts directly on α-cells to inhibit 
glucagon secretion, via activation of Gi-coupled glucagon 
receptors. Paper III,  shows that the islet autoantigen tetraspanin-
7 regulates β-cell transmembrane Ca2+ influx and the Ca2+ 
sensitivity of exocytosis. Paper IV demonstrates that α-cells and 
their neighbouring δ-cells exhibit a novel paracrine signalling loop. 
δ-cells react to the activity of adjacent α-cells, secreting 
somatostatin, to prevent glucagon hypersecretion. This 
mechanism becomes sensitised following exposure to 
hypoglycaemia, leading to excessive intra-islet somatostatin 
secretion, impairing glucose counter-regulation. Together, these 
papers reveal novel mechanisms governing the regulation of islet 
hormone secretion, which may lead to improvements in therapies 
for diabetes.   
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endoplasmic reticulum. 
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SAMMANFATTNING PÅ SVENSKA 

Blodsockerreglering upprätthålls genom verkan av hormoner 

som utsöndras av celler i de Langerhanska öarna. Öarna 

består mestadels av insulinfrisättande β-celler, 

glukagonfrisättande a-celler och somatostatinfrisättande δ-

celler; insulin sänker blodsockret, glukagon höjer 

blodsockret och somatostatin hämmar utsöndringen av 

insulin och glukagon i förebyggande syfte. Sockersjuka 

(Diabetes) är en metabolisk störning som kännetecknas av 

kroniskt högt blodsocker (hyperglykemi), där den normala 

blodsockerregleringen är satt ur spel. Den kategoriseras 

generellt som typ 1- eller typ 2. Typ 1-diabetes uppstår när 

ens egna immunceller förstorar de insulinproducerande β-

cellerna, och de som lever med sjukdomen måste behandlas 

med insulin för att sänka sina blodsockernivåer. Vid typ 2-

diabetes bidrar felaktig druvsockerreglering av insulin samt 

insulinresistens till fel regleringen av blodsocker. Det blir 

alltmer uppenbart att dysreglering av både glukagon och 

somatostatin också bidrar till utvecklingen av sjukdomen. 

Det finns fortfarande många okända mekanismer som avgör 

vilka öceller som regleras och blir dysregulerade under 

diabetes. En djupare förståelse för cellöarnas funktion och 
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dysfunktion kommer förhoppningsvis att leda till 

förbättringar av diabetesbehandlingen. 

Mekanismen för vilken glukagonutsöndring regleras av 

blodsockernivåer är fortfarande oklar, men det är 

väletablerat att en ökning av α-cellens cytoplasmatiska Ca2+-

koncentration utlöser glukagonexocytos. I den första studien 

visade vi att det endoplasmatiska retikulumet kan modulera 

glukagonutsöndring som svar på förändringar i den 

extracellulära glukoskoncentrationen, via modulering av 

cytoplasmatisk Ca2+, på ett membranpotentialoberoende sätt. 

Hormonet GLP-1 sänker blodsockernivån genom att höja av 

insulinfrisättning och hämning av glukagonfrisättning efter en 

måltid. Det mesta av GLP-1 når dock ön i form av metaboliten 

GLP-1(9-36) på grund av nedbrytning av dipeptidyl peptidase 4. 

I den andra studien visade vi att GLP-1(9-36) kan minska 

glukagonutsöndringen genom att direkt interagera med Gi-

kopplade α-cell glukagonreceptorer, utan att påverka 

insulin- eller somatostatinsekretionen. 

Tetraspanin-7 är en viktig β-cellsautoantigen vid typ 1-

diabetes, men funktionen av tetraspanin-7 i β-celler är inte 

helt klarlagd. I den tredje studien visade vi att detta 

membranbundna protein spelar en roll för att reglera Ca2+-
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känsligheten för exocytos och transmembran Ca2+-inflöde av 

β-celler. 

Återkommande hypoglykemi är en farlig sekundär 

komplikation av typ 1-diabetes och beror på otillräcklig 

glukagonutsöndring för att återställa den normala 

blodsockernivån. I den fjärde studien visade vi att α-celler 

och deras angränsande δ-celler uppvisar en parakrin 

signalslinga. δ-celler svarar på aktiviteten hos intilliggande a-

celler och utsöndrar somatostatin för att förhindra 

glukagonhyperutsöndring. Denna mekanism blir 

sensibiliserad efter hypoglykemisk exponering, vilket leder 

till överdriven intra-ö somatostatinfrisättning in i ön , vilket 

förvärrar motregleringen av druvsocker i blodet under 

efterföljande  insulinkänning (hypoglikemi). 
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1 INTRODUCTION 

1.1 Islets of Langerhans 

Whole body blood glucose is regulated by the islets of 

Langerhans [1]. Located in the pancreas, these micro-organs 

make up around 1% of the pancreas and are primarily 

composed of β-, α-, and δ-cells, which secrete insulin, 

glucagon, and somatostatin, respectively [2]–[4]. Insulin is 

the only endogenously produced glucose lowering hormone 

[5]; released when blood sugar levels are high, it stimulates 

glucose clearance from the plasma by increasing uptake in 

adipose, hepatic, and skeletal muscular tissue [1]. In 

opposition to this, glucagon raises blood sugar when levels 

are low, such as during fasting, by mechanisms that include 

stimulation of gluconeogenesis and glycogenolysis in the 

liver [1]. Somatostatin acts to inhibit release of both glucagon 

and insulin, preventing over-secretion of these two 

hormones [6], [7]. Properly regulated, these hormones 

maintain systemic euglycaemia, within a narrow 

physiological range; however, disturbances to the secretory 

function of islet cells leads to the development of diabetes, a 

metabolic disorder characterised by chronically elevated 

blood glucose levels [8]–[10]. 
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1.2 Islet architecture depends on species 

β-cells are the most abundant of the islet cell types, making 

up approximately 70% of total pancreatic endocrine cells in 

rodents and 60% in humans. α- and δ-cells, by comparison, 

make up 20% and 5%, respectively, in rodents or 30% and 

10%, respectively, in humans [2]–[4]. Islet architecture is 

dependent on species; in rodents, β-cells form the core of the 

islet and are surrounded by clusters of α- and δ-cells on the 

periphery [11] whereas, in human, non-β-cells tend to be 

more scattered throughout the islet, though α- and δ-cells still 

cluster together [2]–[4]. The structure of islets is important 

for proper functional responses to stimuli; the interactions 

between neighbouring cells, both heterogenous and 

homogenous, facilitate paracrine signalling and hormone 

secretion  as well as the synchronisation of β-cells, in mouse 

islets [12]. 
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Figure 1: Representation of α-, β-, and δ-cell arrangement in 
rodent (left) and human (right) islets. Α-cells are shown in red, β-
cells are shown in yellow, and δ-cells are shown in purple. 
Created with BioRender.com 

 

1.3 Islet cells exhibit electrical activity in 

response to changes in plasma 

glucose 

Islet cells share many features with neurons, in particular, 

membrane electrical excitability [13]. The electrical activity 

of each islet cell type is modulated in respond to glucose and 

other metabolic changes, with each exhibiting a unique 
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electrophysiological signature according to their specific 

roles [14], [15]. The activity of these cells can also be altered 

by a number of different signals both external and internal to 

the islet [16]–[21]. 

 

1.4 The β-cell 

As the most abundant of the pancreatic endocrine cells, the 

mechanisms governing the β-cell response to glucose, and 

consequent modulation of insulin secretion, are well 

characterised. 

1.4.1 Intrinsic regulation of β-cell insulin 

secretion 

1.4.1.1 From plasma glucose to ATP 

Glucose sensing in β-cells begins with uptake of glucose into 

the cytoplasm by glucose transporter (GLUT) proteins; these 

catalyse the passive transport, or facilitated diffusion, of 

glucose across plasma membranes. In rodent β-cells, the 

primary subtype expressed is GLUT2, which has a relatively 

low affinity for glucose, (Km ~ 17 mmol/l) and a high transport 

capacity [22], [23]. The presence of this transporter is 

important for the β-cell response to glucose, with 
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homozygous knockout (KO) of the gene in mice (Slc2a2−/−) 

results in a flat response to glucose over 6 mM and 

diminished glucose clearance [24], [25]. Humans, by 

comparison, predominantly express the high affinity GLUTs 

1 and 3, allowing for higher glucose uptake at low glucose 

levels and a consequent lower threshold for insulin secretion 

[26]–[28]. Interestingly, despite the low expression levels in 

human β-cells, mutations in the Slc2a2 gene (GLUT2) can 

lead to neonatal diabetes in humans [29]. 

Once inside the β-cell, glucose undergoes glycolysis, the first 

step of which is conversion to glucose-6-phosphate (G6P), 

and subsequently pyruvate, which can then enter the Krebs 

cycle, undergoing oxidative metabolism, to generate ATP. In 

β-cells, conversion is catalysed by the enzyme hexokinase 4, 

also known as glucokinase (GK), which has a low affinity for 

glucose, does not saturate at physiological glucose 

concentrations (Vmax > 20 mM), and is not inhibited by 6GP 

[30], [31]. The conversion of glucose to G6P is the rate 

limiting step for entry into the Krebs cycle and the catalysis 

of the conversion by GK allows changes in ATP production 

to continue above euglycaemic glucose levels. Consequently, 

as glucose increases, the cellular ATP:ADP ratio increases; it 

is half-maximal at 3 mM glucose and saturating at ~20 mM 

[32], producing a gradual change in insulin secretion. Mice 
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with a heterozygous KO of the glucokinase gene, specifically 

in β-cells, develop diabetes within 10 weeks, while 

homozygous KOs exhibit severe hyperglycaemia that quickly 

becomes fatal, within 7 days of birth [33]. Rapid sensing of the 

extracellular glucose concentration, and consequent 

modulation of metabolism, is key to allowing the β-cell to 

respond to glycaemic changes. 

1.4.1.2 Intracellular ATP controls membrane excitability via 

modulation of KATP channel conductance 

As the rate of glucose metabolism increases, β-cell 

cytoplasmic ATP:ADP also increases, closing ATP-sensitive 

K+-channels (KATP channels), plasma membrane-bound 

channels that selectively facilitate the efflux of K+ ions down 

the concentration gradient [34]. The β-cell KATP channel is 

composed of 8 subunits, 4 Kir6.2, which bind ATP and form 

the pore of the channel, and 4 SUR1, which are sensitive to 

modulators such as sulphonylureas and diazoxide [35]–[39]. 

The activity of these channels governs the β-cell membrane 

potential, determining electrical activity and insulin 

secretion.  

In mouse β-cells, at low glucose concentrations (<3mM), 

when the ATP:ADP ratio is low, KATP channels are open and 

membrane conductance is dominated by these channels [40]. 

The membrane potential is, therefore, close to the K+ reversal 
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potential (-70 mV)  and no electrical activity is generated [41]. 

As the extracellular glucose concentration increases, KATP 

channels close, depolarising the membrane to the point at 

which action potentials can be generated [42], [43]. 

1.4.1.3 Membrane depolarisation activates Cav and Nav 

channels 

Action potential generation requires more than just closure 

of KATP channels, these only account for ~15 mV 

depolarisation [40]. The action potential upstroke, in mouse 

β-cells, is predominantly driven by ion flow through voltage-

activated Ca2+ (Cav) channels [41], [44], [45]. Several Cav 

channel subtypes are present in mouse β-cells: high voltage 

activated (HVA) L-, R-, and P/Q-type [46], [47], with 

pharmacological blockade or KO of L-type Cav channels 

resulting in potent inhibition of insulin secretion [47], [48].  
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Figure 2: Glucose-regulation of insulin secretion in mouse β-
cells. At high extracellular glucose concentrations (<6 mM; upper 
panel), KATP channel closure depolarises the membrane opening 
R-, P/Q-, and L-type Cav channels. The resultant Ca2+ influx 
triggers exocytosis of insulin-containing vesicles. Whereas, at 
low glucose (>6 mM; lower panel), KATP channels are open, the 
membrane is polarised and Cav channels remain closed, 
inhibiting the secretion of insulin. Created with BioRender.com 

 

The contribution of voltage-gate ion channels to the action 

potential is slightly different in human β-cells. In addition to 
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L- and P/Q-type, human β-cells express low voltage 

activated (LVA) T-type Cav channels [49]. Unlike rodent β-

cells, tetrodotoxin (TTX)-sensitive voltage-gated Na+ (Nav) 

currents are involved in the generation of action potentials in 

human β-cells [50], [51]. Opening transiently (~2 ms) and 

inactivating quickly, reactivating when the membrane 

returns to the resting potential [52], Nav channels play an 

important role at glucose concentrations just above the 

threshold for triggering electrical activity [49], [53]. 

Consequently, in human β-cells, KATP channel closure triggers 

Ca2+ flux through T-type Cav channels. Depolarisation is 

further carried by Nav and L-type Cav channels until, at the 

peak of the action potential (>−20 mV), P/Q-type 

Cav channels open and the resultant Ca2+ influx triggers 

exocytosis of insulin granules [49].  
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Figure 3: Glucose-regulation of insulin secretion in human β-
cells. At high extracellular glucose concentrations (<6 mM; upper 
panel), KATP channel closure depolarises the membrane opening 
T-type Cav channels, which subsequently activate Nav, and L-
type Cav channels. Finally, at positive membrane potentials, P/Q-
type Cav channels open, triggering exocytosis of insulin-
containing vesicles. Whereas, at low glucose (>6 mM; lower 
panel), KATP channels are open, the membrane is polarised and 
voltage-gated channels remain closed, inhibiting the secretion of 
insulin. Created with BioRender.com 
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1.4.1.4 Exocytosis 

Exocytosis in β-cells is Ca2+-dependant, similar to that of 

neurons, and occurs at distinct sites co-localised with Cav 

channels [54]–[56]. The rapid accumulation of Ca2+ to trigger 

exocytosis is facilitated by the association of L-type Cav 

channels and the SNARE complex (soluble N-

ethylmaleimide-sensitive factor attachment protein 

receptor) – exocytotic machinery of insulin granules. This 

connection can be disrupted with the application of soluble 

peptides containing the interaction site and results in the 

abolishment of depolarization-evoked insulin secretion [55], 

[57]. A ‘readily releasable pool’ of insulin-containing vesicles 

is ‘docked’ at these sites, ready for exocytosis [58]. Docking 

occurs with conformational change of the membrane-

associated SNARE syntaxin-1 (Syn1), from a closed to an 

open conformation, allowing the association between this 

and the other SNARE proteins: the membrane-bound 

SNAP25 (Synaptosomal-Associated Protein, 25kDa) and, the 

vesicle-bound, VAMP2 (vesicle associated membrane 

protein-2) [59]. It is interesting to note that both loss and 

overexpression of Syn1 has a detrimental effect on 

exocytosis, implying that the stoichiometry of SNARE 

protein expression plays a role in the modulation of 

exocytosis [60], [61]. Other data suggest that  Syn1 can 

modulate L-type Cav channel activity, altering Ca2+ influx 
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[62]. The final step in exocytosis of insulin granules, the 

fusion of the vesicular and plasma membranes, is triggered by 

Ca2+ binding to synaptotagmin-7 (SYT7) [63]; KO of this 

protein in mice results in impaired insulin secretion and 

glucose intolerance [64], [65]. 

1.4.2 Other mechanisms regulating β-cell 

insulin secretion 

In addition to the effects of glucose, numerous other signals 

play a role in the regulation of β-cell activity, acting in 

consort with intrinsic glucose sensing to modulate insulin 

secretion. 

1.4.2.1 Electrical coupling 

In mouse islets, gap junctions connect β-cells, formed by 

connexin-36, and these allow the propagation of action 

potentials across islets, facilitating the synchronisation of 

Ca2+ oscillations [66]–[68]. Loss of connexin-36 also 

deregulates in vivo insulin secretory dynamics, inhibiting 

both the first and second phases of glucose stimulated-insulin 

secretion [69]. In human islets, β-cells are also connected by 

gap junctions formed by connexin-36 [70], yet 

synchronisation across the whole islet does not occur, except 

in response to certain signals such as GLP-1 [71]. 

Synchronicity across human islets is limited to smaller β-cell 



Samuel Acreman 

13 

clusters and is likely due to the differences in the distribution 

of β- and non β-cells between species [3], [72]. 

1.4.2.2 Paracrine factors and incretins 

Somatostatin is a potent inhibitor of insulin and allows δ-cell 

control of β-cell activity, exerting inhibition to prevent over-

secretion of insulin [7], [73]. Somatostatin activates Gαi-

coupled somatostatin receptors (SSTR), suppressing insulin 

secretion by: decreasing adenylyl cyclase activity and 

cytoplasmic cAMP levels [74]; suppressing electrical activity 

by hyperpolarising the membrane, through opening of G 

protein-coupled inwardly rectifying K+ (GIRK) channels [75] 

and activation of Na+/K+ ATPases [76]; inhibition of Ca2+ 

influx through Cav channels [77]; and de-priming of docked 

vesicles [78]. Pharmacological studies have identified SSTR5 

and RNAseq data have implicated SSTR3 as the specific 

subtypes present on mouse β-cells [79]–[81]. By comparison, 

in human β-cells SSTR5, 2, and 3 mediate the actions of 

somatostatin [75]. 

α-cell glucagon and the incretins glucagon-like peptide-1 

(GLP-1) and glucose-dependent insulinotropic polypeptide 

(GIP) are potent stimulators of insulin secretion [82]–[84]. 

The incretins play an important role in the augmentation of 

the post-prandial insulin secretory response [85], increasing 

insulin section by three or four times that of glucose alone 
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[82]. GLP-1 is produced by L-cells of the gut in response to 

food intake, although there is some data to suggest that it may 

also be produced by α-cells [86]–[88]. Glucagon is able to 

activate β-cells by binding to glucagon receptors (GcgRs) or 

GLP-1 receptors (GLP-1Rs) [89], [90] present on β-cells [81], 

[91]. Loss of GcgR signalling impairs the glucose-stimulated 

insulin response [92], but can be partially compensated for by 

the presence of GLP-1Rs [89]. 

Activation of both GcgRs and GLP-1Rs by glucagon and/or 

GLP-1 leads to an increase in cAMP production, via the G-

protein-mediated stimulation of adenylyl cyclases [93]–[95]. 

This subsequently activates protein kinase A (PKA) and 

exchange protein directly activated by cAMP 2 (EPAC2) [96]. 

In turn, priming of vesicles for exocytosis is enhanced via: 

binding of EPAC2 to Rim2 [97]–[101]; modulation of 

electrical excitability, through the closure of KATP channels 

[102] and opening of Cav channels [103]; and  enhanced 

ryanodine receptor (RyR)-mediated Ca2+-induced 

Ca2+ release (CICR) [104]–[106]. 
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1.5 The α-cell 

A great many similarities are shared between α- and β-cells. 

Most striking are the molecular identities of α-cell KATP and 

Cav channels, which are identical to that of the β-cell, though 

there are differences in abundance [80], [81]. Unlike β-cells, 

α-cells are active at hypoglycaemic glucose concentrations 

(<3 mM glucose), at the point where glucagon-induced 

gluconeogenesis is required to restore euglycaemia, and this 

pattern of activity has been used to distinguish α-cells within 

the islet [107]. 

1.5.1 Hypotheses describing the glucose 

regulation of glucagon secretion 

Similarities with β-cells and the presence of α-cell electrical 

activity have centred hypotheses on the mechanisms of 

glucose modulation of glucagon secretion around the 

regulation of electrical activity. Unlike the well-established 

β-cell stimulation-secretion coupling model, there is no 

current consensus on precise mechanisms that regulate 

glucagon secretion. Hypotheses differ as to whether high 

glucose depolarises α-cells, through KATP channels [108], [109] 

and Na+/glucose cotransporter (SGLT) 2-dependent 

mechanisms [110], [111]; or repolarises α-cells, via the 

modulation of store-operated channels (SOCs) [112] and 2-
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pore domain K+ channel-related acid-sensitive K+ channel-1 

(TASK-1) [113]. I will therefore describe the knowns and 

unknowns of the mechanisms regulating the α-cell response 

to glucose. 

Different from β-cells, rodent α-cells have been shown to 

express SGLTs 1 and 2, which play an important role 

facilitating glucose transport into the cell [110], [114]–[116], in 

addition to GLUTs. SGLTs transport glucose and Na+ ions 

into the cell, utilising the Na+ electrochemical gradient [110]. 

The depolarising effect of this Na+ entry has therefore been 

hypothesised to elicit generation of action potentials and 

consequently modulate glucagon secretion, a concept 

supported by mathematic modelling [110], [111]. Dapagliflozin, 

a SGLT2 inhibitor, has been demonstrated to stimulate 

glucagon secretion from isolated mouse and human islets at 

high glucose [110]. However, the non-metabolisable glucose 

analogues, 3-O-methyl-D-glucose and 2-deoxyglucose, 

which retains Na+ entry without affecting ATP 

concentrations, does not inhibit low-glucose-stimulated 

glucagon secretion [117], [118]. Other data has suggested that 

the glucagon-suppressing effect of dapagliflozin is mediated 

via somatostatin, as suppression of δ-cell SGLTs can 

stimulate glucagon [119]. Application of the SSTR2 



Samuel Acreman 

17 

antagonist, CYN154806, eliminates the effect of the glucagon 

response to SGLT inhibition [120].  

Inside the α-cell, glucose conversion to G6P, as with β-cells, 

remains the rate limiting step for the metabolism of glucose 

and is required for glucose suppression of glucagon secretion 

[114], [118], [121]. While these two cell types express 

glucokinase, α-cells also express the high affinity hexokinase 

1 and are therefore able to produce ATP at low 

concentrations of glucose as well as sense metabolic changes 

by increasing ATP production [80], [81], [121], [122]. 

1.5.2 KATP and Cav channels: The same, but 

different 

Changes in the ATP:ADP ratio alter KATP channel activity in 

α-cells [123]. These channels are of the same molecular 

identity as those of β-cells, however, they have much lower 

basal activity, ~0.1 nS at 1 mM glucose, likely due to the 

higher cellular ATP:ADP ratio at this concentration [109]. 

Islet α-cells are also equipped with L-, P/Q-, and N-type HVA 

Cav channels, as well as T-type LVA Cav channels [48], [107]–

[109], [124] and Nav channels [51]. At low glucose, T- and, 

subsequently, L-type Cav channels open, driving the 

upstroke of the action potential. Interestingly, unlike in 

human islets [124], blockade of L-type channels in mouse 
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islets has minimal effect on the glucagon secretory response 

to hypoglycaemia, despite carrying the majority of the Ca2+ 

current [48], [108], [125]. Nav channels also contribute to the 

upstroke of the action potential, blockade with tetrodotoxin 

reduces both glucagon secretion and α-cell action potential 

amplitude, different to mouse β-cells [51]. Upon reaching 

positive membrane potentials, in both rodents and human, 

P/Q‐type Cav channels (the exocytosis‐relevant Ca2+ 

channels) open, triggering glucagon secretion [109], [124], 

[125].  

The KATP hypothesis of glucose-inhibition of glucagon 

secretion states that as the extracellular glucose 

concentration increases, the α-cell KATP conductance drops 

to ~0.075 nS, in both human and mouse islets, due to channel 

closure [109], [121], [123], [126]. As a result, the membrane is 

depolarised by approximately 10 mV [127]. This inactivates 

Nav channels, significantly reducing action potential 

amplitude and consequently, P/Q-type Cav channels are 

unable to open [108], [124], [126]. By this mechanism, glucose 

is able to attenuate glucagon secretion. 
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Figure 4: The KATP hypothesis of glucose inhibition of glucagon 
secretion. At high glucose (upper panel), KATP channels are closed 
and the resting membrane potential is slightly above the reversal 
potential for K+. T- and L-type Cav channels open, driving the 
upstroke of the action potential. However, Nav channels are 
inactivated, attenuating action potential height, preventing P/Q-
type Cav channels opening. Consequently, glucagon secretion is 
low. At low glucose (lower panel), not all KATP channels are 
closed, maintaining a more depolarised membrane potential. 
This allows the reactivation of Nav channels. Consequently, 
action potential height is sufficient to open P/Q-type Cav 
channels, stimulating exocytosis and glucagon secretion. Created 
with BioRender.com 
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1.5.2.1 Hyperpolarisation hypothesis 

Several laboratories have published data indicating that 

glucose inhibits the secretion of glucagon by hyperpolarising 

α-cells, resulting in the suppression of Cav channel opening 

[113], [128]–[130]. This is in contrast to other data 

demonstrating a depolarising effect of glucose on α-cells, as 

previously discussed [51], [109], [121], [123], [127]. It is possible 

that hyperpolarisation may be due to the action of 

somatostatin, which can hyperpolarise α-cells by activating 

GIRK channels [75], [109], [131].  

α-cells express K+ channels, other than KATP channels, some 

of which are involved in repolarisation after an action 

potential and others that are active at all physiological 

voltages [132]. TASK-1 is an outwardly rectifying K+ channel 

that can modulate the α-cell membrane potential, with 

blockade stimulating action potential firing and glucagon 

secretion, and have therefore been considered to limit 

excitability at high glucose [113], [130].  

An alternative explanation for the mechanism by which 

glucose hyperpolarises α-cells is centred on the endoplasmic 

reticulum (ER) Ca2+
 store. The sarco/endoplasmic Ca2+ 

ATPase (SERCA) pumps Ca2+ into the ER, in an ATP-

dependant manner. This inactivates stromal interaction 

molecules (STIMs), closing Orai1 Ca2+ channels on the plasma 
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membrane, and repolarising the membrane [112], [133], [134]. 

When intracellular ATP ([ATP]i) is low, the ER Ca2+ 

concentration ([Ca2+]ER) drops, due to leakage from the 

organelle, and the consequent Ca2+ flux through Orai1 

channels induces membrane depolarisation and α-cell 

electrical activity [112]. Currently, no direct measurements of 

these channels have been taken in α-cells, due to the 

challenging technical nature of the technique and the low 

expression of Orai1 channels. 

1.5.3 Other mechanisms regulating α-cell 

activity 

In addition to the intrinsic mechanisms regulating α-cell 

glucose sensing, external factors, such as β- or δ-cell 

paracrine signalling, incretins, and neurotransmitters, are also 

integral to the proper glucagon secretory response [131], 

[135]–[140]. 

1.5.3.1 Autocrine factors 

Positive autocrine signalling is an important mechanism for 

the hypoglycaemic response, amplifying further glucagon 

secretion. α-cells express GcgRs and glucagon can elevate 

the intracellular cAMP concentration, a key messenger in the 

control of glucagon secretion [141], [142], promoting 

exocytosis [143]. Similarly, α-cells also produce and release 
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glutamate, an excitatory neurotransmitter, and this is able to 

activate ionotropic glutamate receptors (iGluRs) on the α-

cell, depolarising the membrane, opening Cav channels, and 

stimulating secretion [144]–[146]. 

1.5.3.2 Paracrine factors and incretins 

Both β- and δ-cells have been suggested to inhibit α-cell 

secretory function. Somatostatin, in particular, is a powerful 

inhibitor of glucagon release [73], [147]. Acting via SSTR2 [75], 

[79], it suppresses cAMP generation by inhibition of adenylyl 

cyclase [74], as well as suppressing electrical activity by 

activation of GIRK channels, hyperpolarising the membrane 

[75], [131]. While insulin has been seen to be an inhibitor of 

glucagon, [135], [148], recently, and in light of conflicting 

effects on electrical activity [139], [149], effects have been 

proposed to be mediated via somatostatin. Knockout of the 

δ-cell insulin receptor eliminates the effects of exogenous 

insulin on glucagon secretion [119]. There is also debate as to 

whether GLP-1 acts directly on α-cells, or via paracrine 

mechanisms, given their low GLP-1R expression [19], [136], 

[149]–[151]. Furthermore, blockade of SSTR2 can negate the 

inhibitory effect of GLP-1 on glucagon secretion [152], [153], 

though there is some evidence that a direct effect may be 

mediated via PKA [19], [150], [151]. What is clear is that GLP-

1 is a strong inhibitor of glucagon secretion. It is likely that 
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the glucagonostatic effects are exerted by a combination of 

paracrine and direct mechanisms. Intestinal L-cells secrete 

GLP-1 in two forms: GLP-1(7-37) and GLP-1(7-36), with the latter 

making up 80% released [154]. GLP-1(7-36), however, is quickly 

degraded, only having a half-life of approximately 2 mins in 

circulation to GLP-1(9-36) by dipeptidyl peptidase IV (DPP4) 

[155], [156]. There are conflicting data as to whether GLP-1(9-

36) has active properties and is able to influence islet function 

[157]–[159], therefore a deeper understanding of this peptide 

is required to allow a deeper view of islet function. By 

comparison, GIP stimulates glucagon secretion by enhancing 

α-cell cAMP, similar to its effect on β-cells [20], [138].  

1.5.3.3 Adrenaline 

The secretion of glucagon can also be controlled by 

neurotransmitters [139]. Adrenaline is released in response to 

stressors such as hypoglycaemia, as well as infection and the 

fight-or-flight reaction [160]. In human and rodent islets, 

adrenaline directly stimulates glucagon secretion via 

activation of Gs-coupled β-adrenergic receptors and 

increased cAMP [19], [161] switching the exocytosis-relevant 

Cav channel from the P/Q- to the L-type, and the Gq-linked 

α1-adrenoceptors stimulate lysosomal and ER Ca2+ release via 

inositol triphosphate (IP3) receptors [139], [161], [162]. The 

inhibitors isradipine and xestospongin C, of the L-type Cav 
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channel and IP3 receptor respectively, are able to attenuate 

glucagon secretion in response to adrenaline [139], [162]. 

Together, the activation of Gs- and Gq-coupled receptors 

produce a powerful stimulatory effect on glucagon secretion.  

 

1.6 The δ-cell 

δ-cells are understudied, compared to β- or α-cells, due to 

both their relatively low abundance in islets, only making up 

2-10% of the islet [2], [3], and the difficulties in studying them 

[163]. However, they are very important for proper islet 

function, setting the glycaemic level and preventing over 

secretion of both glucagon and insulin [73], [164]. Unlike 

other islet cells, δ-cells exhibit a unique, neuron-like 

morphology with filopodia-like extensions that can be more 

than 20 μm long [165]. This allows contact between a single 

δ-cell and multiple other islet cells, both proximal and distal, 

furnishing them with a wide signalling network. Despite the 

difficulties in studying these cells, the intrinsic glucose-

response mechanisms have been established [14], [166]–

[169]. δ-cells are electrically excitable [167] and glucose-

stimulated somatostatin secretion is associated with the firing 

of action potentials [166]. Like β-cells, δ-cell secretion 

increases with glycaemia [73], however, the glucose level at 
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which mouse δ-cells are activated is much lower than that of 

β-cells, 3 mM versus 7 mM respectively [170]. 

1.6.1 Glucose regulation of somatostatin 

secretion 

Similar to α-cells, δ-cell utilise GLUT transporters 1 and 3 in 

addition to SGLTs [119]. As with other endocrine cells, 

glucokinase activity is the rate limiting step for glucose 

conversation to G6P and therefore dictates the somatostatin 

secretory response [166]. Although, interestingly, δ-cell 

SGLTs are able to cause a rapid increase in the intracellular 

Na+ concentration and trigger CICR, through activation of 

intracellular Na+-Ca2+ exchange, without evoking electrical 

activity [168]. Glucose metabolism is able to stimulate δ-cell 

somatostatin secretion via either membrane potential-

dependent [14], similar to that of β-cells, and independent 

pathways [167].  

1.6.1.1 Membrane dependant regulation 

δ-cells expresses KATP-channels  of the same molecular 

identity as found in β- and α-cells [81], [91], [166], [171]. They 

are open in the absence of glucose [14] and, as with β-cells, 

closure of these channels triggers δ-cell electrical activity, 

Ca2+ influx, and secretion [166], [169], [171]. However, δ-cell 

KATP channel conductance at 10 mM glucose is 1/3 of that in 
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β-cells and, consequently, somatostatin secretion can be 

initiated at lower glucose concentrations than insulin 

secretion [14].  

Mouse δ-cells are equipped with L-type and R-type voltage-

gated Ca2+-channels [14], [166]. While blockade of L-type Ca2+ 

channels with isradipine has no effect on glucose-stimulated 

somatostatin secretion, although Ca2+ oscillation frequency is 

reduced, elimination of Ca2+ entry via R-type channels, by 

KO or pharmacological inhibition, reduces secretion by >70% 

[166]. Human δ-cells, by comparison, express L-type, P/Q-

type, and T-type Cav channels, all of which are essential for 

somatostatin secretion [169]. In δ-cells, a TTX-sensitive Na+ 

current also contributes to the upstroke of the action 

potential, but inhibition does not significantly affect 

somatostatin secretion [14], [15][169]. Closure of KATP 

channels depolarises the membrane to the activation 

potential of T-type channels, which then further drives the 

action potential upstroke, activating L-type Cav channels, 

with the assistance of Nav channels and, finally, P/Q-type, in 

human, or R-type, in mice, Cav channels open. In human δ-

cells, this triggers exocytosis [169]. Surprisingly, the influx of 

transmembrane through R-type Cav channels alone is unable 

to directly induce somatostatin secretion in mouse δ-cells, 

despite the importance of Cav channels [166]. Instead 
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secretion requires Ca2+ release from the ER, via ryanodine 

receptors, in response to influx through R-type Cav channels 

to elicit exocytosis of somatostatin-containing vesicles [166].  

1.6.1.2 Membrane independent regulation 

Loss of KATP channels, by KO of SUR1, does not significantly 

affect somatostatin secretion and the blocking of KATP 

channels with tolbutamide is not as effective as glucose at 

stimulating secretion of somatostatin, despite eliciting 

electrical activity to the same extent [167]. This implies that a 

parallel membrane-independent mechanism is present in δ-

cells. It is driven by a glucose dependant rise in intracellular 

cAMP, enhancing both CICR, via activation of EPAC2, and 

exocytosis directly, via PKA-dependant mechanisms, and 

can be blocked by the GK-inhibitor mannoheptulose [166]–

[168]. The combination of these membrane-dependant and -

independent mechanisms form the intrinsic pathways 

through which δ-cell somatostatin secretion is regulated by 

glucose.  
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Figure 5: Intrinsic regulation of glucose-stimulated somatostatin 
secretion. At high glucose (upper panel), GLUTs and SGLTs 
transport glucose into the cell where it is converted to G6P by GK, 
before entering the Krebs cycle, and generating ATP. High ATP 
concentration is converted to cAMP by adenylyl cyclase. The 
increase in cAMP activates PKA which stimulates secretion, and 
primes ryanodine receptors for CICR. In parallel, ATP closes KATP 
channels and this, along with Na+ entry, through SGLTs, 
depolarises the membrane, activating Nav and Cav channels. The 
resultant transmembrane Ca2+ influx triggers CICR from the ER, 
stimulating exocytosis. ATP activation of SERCA also allows the 
refilling of ER Ca2+. At low glucose (lower panel), low ATP results 
in low cAMP production; PKA and RyRs are not stimulated. 
Furthermore, KATP channels are open, polarising the membrane 
and inhibiting electrical activity. Created with BioRender.com 
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1.6.2 Other mechanisms regulating δ-cell 

activity 

As with other islet cells, δ-cell activity, and somatostatin 

secretion, may be regulated by external factors in parallel to 

intrinsic glucose sensing. 

1.6.2.1 Electrical coupling 

δ-cells are connected to β-cells by gap junctions formed of 

connexin-36 [172]. Stimulation of islets expressing β-cell 

specific channelrhodopsin-2, a light sensitive cation channel, 

triggered β-cell electrical activity that propagated to δ-cells, 

and, in turn, suppressed α-cells activity [172]. It has therefore 

been proposed that synchronous pulses of insulin and 

somatostatin, secreted under the stimulation of glucose, is 

underpinned by electrical coupling between β-and δ-cells 

[173]. This coupling also contributes to β-cell inhibition of α-

cells [172]. 

1.6.2.2 Paracrine signalling 

In addition to gap junction-mediated activation, paracrine 

signals from β-cells are able to affect δ-cell activity. Much 

rodent islet data seem to indicate that urocortin3 (ucn3), a 

peptide hormone co-released with insulin by β-cells, rather 

than insulin, mediates this paracrine interaction [73], [174], 

[175]; KO of ucn3 reduces somatostatin secretion by half [175]. 
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Similarly, α-cell factors are enhancers of δ-cell activity, with 

both GcgRs and GLP-1Rs expressed in δ-cells [80], [81]. 

Application of exogeneous glucagon stimulates somatostatin, 

with blockade of glucagon signalling, using glucagon-specific 

antibodies or antagonism of GcgRs or GLP-1Rs, reducing 

somatostatin release both in isolated islets and perfused 

mouse pancreas [174], [176]. In addition to glucagon, α-cell 

glutamate may be able to activate δ-cell iGluRs, depolarising 

the membrane, and this has been proposed to stimulate 

somatostatin secretion at low glucose concentrations [177]. 

As with the other islet cells, the incretins GLP-1 and GIP can 

modulate somatostatin secretion, although the effect of GIP 

on δ-cells is significantly lower than the effect on β-cells or 

of GLP-1 [178]. The glucose independent activation of the Gs-

coupled GLP-1Rs on the δ-cell is likely, as in β-cells, to raise 

cAMP concentrations, thereby enhancing CICR and 

exocytosis [179]. The strong stimulatory effect on 

somatostatin has led to the suggestion that the actions of 

GLP-1 on α-cells are mediated via δ-cells, with SSTR2 

blockade or KO eliminating the glucagonostatic effect of the 

incretin [120], [152] 
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1.7 Diabetes and therapy 

Diabetes is a metabolic disorder underpinned by a lack of 

proper glycaemic regulation and characterised by sustained 

high glucose levels. Diabetes stems from a lack of insulin 

secretion and/or signalling and, while heterogenous, most 

cases can be broadly categorised into, insulin dependant, 

type 1 diabetes (T1D) or, insulin resistant, type 2 diabetes 

(T2D). The International Diabetes Federation estimated over 

537 million people worldwide in 2021 were living with the 

disorder and, of those, T2D accounts for 90% [180].  

The number of people affected by diabetes has been 

increasing over the last decade and is projected to increase 

further in the future [181]. A lack of sufficient insulin 

secretion, a resistance to insulin, or a combination of the two 

underlies T2D [182]. While development of T2D diabetes has 

a strong genetic component, lifestyle factors are generally 

seen the primary factor generally attributed to [183] and 

lifestyle management interventions have been shown to be 

an effective for many [184]. 

T1D results from autoimmune destruction of β-cells and, as a 

consequence, the body does not produce sufficient insulin, 

becoming unable to reduce glucose secretion. Patients with 

the disorder are therefore dependant on application of 
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exogenous insulin, first used as a treatment in 1922 [185], and 

must be carefully managed to maintain glycaemia within the 

normal range. In recent year, further improvements have 

been made in treatments, with continuous glucose 

monitoring and automatic insulin delivery devices aiming to 

maintain tighter control on euglycaemia.  

1.7.1 Autoimmunity in T1D 

Genetics plays an important role in T1D susceptibility. While 

fewer than 15% of affected patients have a first degree 

relative with T1D [186], [187], development of the disorder is 

twice as likely in monozygotic twins than in dizygotic twins 

[188]. T1D is an autoimmune disease, over 90% of patients 

express auto-antibodies that are detectable prior to the 

presentation of clinical symptoms [189], [190]. Specific 

human leukocyte antigens (HLAs) haplotypes and/or 

excessive HLA expression are associated with a risk of 

developing T1D [191]–[193]. HLAs are important for the 

immune system, involved in distinguishing between self and 

non-self, presenting antigens for recognition. In T1D, this 

process becomes dysregulated and β-cell auto-antigens, such 

as insulin [194] and glutamic acid decarboxylase [195], are 

presented to the immune system, stimulating islet 

inflammation, leukocytes infiltration, and, ultimately, β-cell 

destruction [196]. Different environmental triggers, such as 
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viral infection, have been posited to stimulate T1D 

autoimmunity, yet there remains much uncertainty. 

The presence of autoantibodies directed towards β-cell 

targets can be used to diagnose T1D before clinical onset [197] 

and these have the potential for use as therapeutic targets. 

The major autoantigens have been identified as insulin [194], 

[198], glutamate decarboxylase [195], tyrosine phosphatase-

related islet antigen 2 [199], and zinc transporter-8 [200], 

[201]. A further major autoantigen, a 38-kDa glycosylated 

membrane protein, was found in between 19 and 38% of 

patients with T1D or between 14 and 35% of prediabetic 

subjects [202]–[204]. This was later identified as tetraspanin-

7 (Tspan7), using autoantibodies isolated from patients with 

T1D [205]. Tspan7 is a member of the 4-transmembrane 

domain protein family and is primarily expressed in the 

central nervous system, lung, and pancreatic islets [80], [81], 

[205]–[207]. Tspan proteins are involved in the organisation 

and distribution of proteins, both internal and external, 

aiding the formation of microdomains as well as regulating, 

processes such as cellular adhesion, migration, contractility, 

and morphology by influencing protein interactions [208], 

[209]. KD of Tspan7 in dispersed mouse and human β-cells 

has revealed that the protein is involved in Ca2+ handling and 
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modulation of L-type Cav channel activity [210]. However, 

the full role of Tspan7 in islet cells remains enigmatic. 

1.7.2 Secondary complications of diabetes 

1.7.2.1 The contribution of α- and δ-cells to diabetes 

pathophysiology 

The focus of diabetes treatment and research has previously 

centred on the β-cell. This is due to the loss of insulin 

signalling through resistance, impaired secretion, or a 

combination of the two that is central to development of the 

disorder. It is becoming more evident that dysregulation of 

glucagon and somatostatin play a key role in disease 

progression, driving secondary complications [9], [109], 

[211]–[215]. Glucagon becomes dysregulated in diabetes 

[216], secretion is inhibited during hypoglycaemia and 

potentiated during hyperglycaemia. Blocking glucagon 

action, with glucagon receptor antagonists, has been shown 

to be capable of restoring normoglycaemia in β-cell ablated 

animal models [217]–[221]. 

1.7.2.2 Hyperglycaemia 

Hyperglycaemia is clinically classed as glucose 

concentrations above 11mM, or over 7mM when fasted, and 

is one of the primary diagnostic criteria for diabetes [222], 

[223]. As, under normal circumstances, insulin signalling 
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triggers glucose uptake, lowering glycaemia, the 

consequence of loss of this signalling is that patients with 

diabetes, if left untreated, experience chronic 

hyperglycaemia. In the short term, symptoms include thirst, 

frequent urination, weakness, tiredness, and blurred vision, 

while longer term complications can include cardiovascular 

disease, peripheral neuropathy, diabetic retinopathy, and 

nephropathy [224]. These secondary complications can 

severely reduce quality of life and contribute to diabetes-

related mortality [225]. One of the cellular consequences of 

impaired hyperglycaemia is the dysregulation of α-cell 

function, with glucagon secretion occurring at high blood 

glucose concentrations, where it should be inhibited, further 

exacerbating hyperglycaemia [226]. The mechanisms are 

under investigation and have been suggested to occur by 

SGLT-dependent processes such as mitochondrial 

acidification [227]; increased KATP-channel activity in α-cells, 

possibly as a consequence of impaired glucose metabolism, 

which can be attenuated with low-dose sulfonylureas [109], 

[228]; or α-cell resistance to somatostatin [229]. 

1.7.2.3 Hypoglycaemia 

A further consequence of glucagon dysregulation is 

hypoglycaemia, which can be extremely dangerous, and is 

currently a major limiting factor in the treatment of the 
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disorder [230], [231]. During episodes of low blood glucose 

concentrations (<3.3mM), patients present with symptoms 

such as dizziness, sweating, heart palpitations, confusion, and 

hunger. Severe hypoglycaemia can cause seizures, coma, 

and, in extreme cases, death [232]. This can become more 

prevalent later in disease progression, with hypoglycaemia 

begetting hypoglycaemia [233], [234]. It has been estimated 

that 4-10% of patients with T1D eventually die of 

hypoglycaemia [235].  

Hypoglycaemia may be attributed to defective glucagon 

secretion at low glucose, impaired counter regulation, which 

is inadequate to restore normoglycaemia [230], [236]–[238]. 

At 1 mM glucose, T2D α-cells secrete glucagon at less than 

half the rate of non-diabetic α-cells, despite having at least 

double the glucagon content [109], [168]. The specific 

mechanisms by which glucagon becomes dysregulated is 

under investigation. It has been hypothesised that defective 

glucagon secretion is attributable to a loss of α-cell identity, 

through adoption of β-cell-typical features, when β-cell mass 

becomes depleted  [239], [240], or to inhibition of α-cell 

activity by artificially elevated circulating insulin levels 

during hypoglycaemia, as a result of insulin therapy [241]. 

These factors are thought to contribute to the modulation of 

glucagon secretion to a more insulin-like pattern. However, 
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given that the precise intrinsic mechanisms that regulate α-

cell control of glucagon secretion in response to glucose are 

yet to be fully established, it is difficult to decipher changes 

underlying dysregulation in diabetes. 

It is not only intrinsic α-cell changes that can become altered 

during diabetes. Patients with T2D, as well as T1D, 

demonstrate an increase in direct δ-cell to α-cell contacts, 

partially due to loss of β-cells [242]–[244]. Inevitably, this 

alters the communication between α- and δ-cells and data, 

such as that demonstrating that δ-cells are glucose-blind 

islets from donors with T2D [168], is beginning to illuminate 

role that altered somatostatin secretion plays in glucagon 

failure during hypoglycaemia. This has led to promising 

studies investigating therapeutic interventions targeting 

somatostatin control of glucagon secretion, which has shown 

that antagonism of SSTR2 is able to restore counter 

regulation in diabetic animals [215], [245]–[247]. Further 

understanding of islet cell physiology, their interactions, and 

the pathophysiology of diabetes can form the foundation to 

the development of new therapies, which will improve 

treatment for those living with diabetes, enhancing their 

quality of life. 
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2 THESIS PAPERS 

2.1 Aims: 

The overall aim of this thesis was to further establish the 

mechanisms governing the regulation of hormone secretion 

from islets of Langerhans. 

 

2.1.1 Specific aims: 

I. Determine the role of transmembrane and ER Ca2+ on 

the intrinsic mechanisms of glucose regulation of 

glucagon secretion. 

II. Determine the effect and pathways of GLP-1(9-36) on α-

cell glucagon secretion. 

III. Investigate the impact of Tspan7 KO on β-cell function 

and secretion to further illuminate the role of the 

Tspan7 protein. 

IV. Investigate the mechanisms of α-δ-cell crosstalk and 

how defects in this crosstalk contribute to recurrent 

hypoglycaemia. 

 



Samuel Acreman 

39 

2.1.2 Papers: 

I. The endoplasmic reticulum plays a key role in α-cell 

intracellular Ca2+ dynamics and glucose-regulated 

glucagon secretion. 

II. GLP-1 metabolite GLP-1(9-36) is a systemic inhibitor of 

mouse and human pancreatic islet glucagon secretion. 

III. Loss of tetraspanin-7 expression reduces pancreatic β-

cell exocytosis Ca2+ sensitivity, but has limited effect 

on systemic metabolism. 

IV. A mechanism for rapid cross-talk between pancreatic 

α- and δ-cells and its role in hypoglycaemia-induced 

glucagon secretory failure. 
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2.2 Methods: 

Papers I-IV contain detailed descriptions of the methods 

used for the separate studies. A short summary of key 

methodologies is provided below. 

2.2.1 Mouse models 

A number of mouse models were used to derive the data 

within each of the papers. Use of these models allows genetic 

manipulation and control of environmental and genetic 

factors that are not possible in human, as well as providing 

increased tissue availability. While similarities in genetics and 

physiology to humans make them useful models, differences 

remain that require validation of mouse data in human tissue 

to ensure translatability of conclusions.  

All research performed as part of this thesis was approved by, 

and conformed to the rules set by, the relevant authorities 

presiding over the studies. The three Rs of replacement, 

reduction, and refinement were implemented to ensure the 

most ethical animal use and to minimise suffering. 

2.2.1.1 Wild type 

C57B/6J black mice were used for wild-type (WT) 

experiments, such as hormone secretion, immunofluorescent 



Samuel Acreman 

41 

staining, insulin tolerance tests, and electrophysiological 

studies.  

2.2.1.2 Gcg- and SST-GCaMP6f 

Ca2+ is an important signal in cells of the pancreatic islet, 

triggering the exocytosis of hormone-containing vesicles 

from α-, β-, and δ-cells. Two mouse lines were generated 

expressing  GCaMP6-fast variant (GCaMP6f), a quick-

responding green fluorescent Ca2+ sensor, with which to 

measure the changes in the intracellular cytoplasmic Ca2+ 

concentration ([Ca2+]i) [248]. To achieve cell-specific 

expression we used the Cre-LoxP approach. The LoxP-

flanked (floxed) GCaMP6f mouse line, Rosa26GCaMP6f (Ai95D) 

[249] was combined with mouse lines possessing the 

genetically encoded Cre-recombinase, the presence of 

which results in excision of the STOP cassette, inducing 

production of GCaMP6f. For α-cell specific expression, the 

Ai95D line was crossed with a mouse line expressing 

tamoxifen-inducible Cre recombinase in glucagon-

expressing cells (GluCre/ERT2) [250], creating the Gcg-GCaMP6f 

line. The application of tamoxifen induces translocation of 

the Cre-recombinase to the nucleus of the cell, where it can 

induce transcription of the target gene. For δ-cell specific 

expression, Ai95D mice were crossed with SSTCre mice, those 

with transcription of the Cre-recombinase gene driven by 
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the somatostatin promoter [91], creating the SST-GCaMP6f 

line. As a result, islets from the SST-GCaMP6f and Gcg-

GCaMP6f mouse lines express GCaMP6f exclusively in δ- or 

α-cells, respectively. Both lines demonstrated a high 

recombination rate and clear function. The advantage of this 

model is primarily the specificity of reporter localisation. It 

also eliminates the need for loading of islets with Ca2+ dyes, 

improving efficiency and reproducibility. As a result, fewer 

mice are required. 
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Figure 6: Image of an immunostained Gcg-GCaMP6f islet for 
GCaMP6f (Green), glucagon (Red), and insulin (blue) to show cell 
specificity of GCaMP6f. Top left: Green channel, GCaMP6f. Top 
right: Red channel, Glucagon. Bottom left: Blue channel, insulin. 
Bottom right: Merge of green, red, and blue channels. 

 

2.2.1.3 Sst-tdRFP 

Given the scarcity of δ-cells within the islet, the Sst-tdRFP 

mouse model was utilised [167], [251], which expresses the 

tdTomato red fluorescent protein specifically in 
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somatostatin-producing cells for identification. This model 

was generated using the Cre-LoxP approach, by breeding of 

SSTCre mice with those expressing a floxed tdTomato at the 

Rosa26 locus. This allows the identification of δ-cells within 

the islet by red fluorescence when observed under a 

fluorescence microscope and therefore allows targeted 

manipulation with techniques such as electrophysiology. 

This improves experimental efficiency, by eliminating cell 

targeting errors, and reduces the number of mice required. 

2.2.1.4 Gcg-ChR2 and Gcg-hM3Dq
+

 

To allow specific, temporally precise, activation of α-cells, 

without the potential off-target effects that can arise from 

pharmacological stimulation of endogenous targets, two 

mouse models were employed: Gcg-ChR2 and Gcg-hM3Dq+. 

Islets from the Gcg-ChR2 mouse line express 

Channelrhodopsin-2 (H134R), a light activated cation 

channel, and an enhanced yellow fluorescent protein 

specifically in α-cells. This allows the triggering of Ca2+ influx 

into α-cells, and consequent glucagon secretion, when 

exposed to 470 nM light. Islets from the Gcg-hM3Dq+ mouse 

line express the designer Gq-coupled receptor exclusively 

activated by designer drugs (DREADD), hM3Dq, specifically 

in α-cells. Using the otherwise biologically inert agonist 

JHU37160 (J60), activation of the hM3Dq receptor stimulates 
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glucagon secretion by IP3-midiated Ca2+ mobilisation. Both 

lines utilised the Cre-LoxP expression system. The Gcg-

ChR2 line was generated by the crossing of a Gcg-iCre mouse 

line [252] with a ChR2-expressing mouse line. Gcg-hM3Dq 

were generated by crossing the GluCre/ERT2 mouse line with a 

DREADD-expressing mouse line [253]. 

2.2.1.5 Tspan7 KO and GLP-1 receptor KO 

As well as the above mouse models, KO models we also used 

to investigate the roles of Tspan7 and the target receptor for 

GLP-1(9-36). In paper II, experiments were performed on islets 

isolated from mice with a whole-body KO of the GLP-1R 

[254], generated by homologous recombination in mouse 

embryonic stem cells, and their wildtype littermates were 

used as controls. In paper III, islets or islet cells were isolated 

from mice with a whole-body KO of the Tspan7 gene 

(Tspan7y/-) [255] were utilised for experiments and their 

wildtype littermates were used as controls. These mice were 

kindly donated by Dr Luca Murru (CNR Institute of 

Neuroscience, Milano, Italy) and generated by homologous 

recombination in mouse embryonic stem cells.  

2.2.2 Mouse islet isolation 

After euthanasia, a mixture of Liberase, a collagenase, and 

thermolysin, a neutral protease was infused through the bile 



Physiology and Pathophysiology of Hormone Secretion from Islets of 
Langerhans 

46 

duct of the mouse to inflate the pancreas. The pancreas was 

subsequently excised and digested at 37°C, in a water bath for 

12-15 minutes. At this point, ice-cold Hanks’ balanced salt 

solution, supplemented with 0.2% bovine serum albumin, 

was added to inactivate the enzymes and the pancreas was 

shaken manually, to dissociate the tissue. Islets were 

handpicked out from the exocrine debris, under a stereo 

microscope, using a pipette and cultured in RPMI 1640 

containing 10% foetal bovine serum (FBS), 1% 

penicillin/streptomycin, and supplemented with 5 mM 

glucose in a tissue culture incubator at 37°C, 5% CO2 before 

experimentation. 

2.2.3 Human islets 

Human pancreatic islets were obtained from human 

cadaveric donors isolated by the Oxford Human Islet 

Transplantation facility, the Nordic Network for Clinical Islet 

Transplantation, or the ADI Isletcore at the University of 

Alberta, with appropriate consent for use in research. 

Isolated islets were cultured in RPMI 1640 containing 10% 

FBS, 1% penicillin/streptomycin, and supplemented with 

glucose in a tissue culture incubator at 37°C, 5% CO2 before 

experimentation. 
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2.2.4 Hormone secretion 

For hormone secretion experiments, islets were size-

matched into groups and placed in microfuge tubes in RPMI, 

as cultured. These were then cultured at 37°C, 5% CO2 before 

replacement of the cell culture medium with the pre-

incubation buffer. This consisted of Krebs Ringer buffer 

(KRB; 140 mM NaCl, 3.6 mM KCl, 0.5 mM MgSO4, 2.6 mM 

CaCl2, 0.5 mM NaH2PO4, 2 mM NaHCO3, and 5 mM HEPES 

with pH adjusted to 7.4, using NaOH), supplemented with 3 

mM glucose, and islets were incubated for 1 hour at 37°C in a 

humidified chamber. The pre-incubation buffer was then 

replaced with the experimental buffer, KRB, supplemented 

with glucose and pharmacological agents, as indicated, and 

the islets were incubated again for 1 hour at 37°C in the 

humidified chamber. After incubation, tubes were 

centrifuged at 900x gravity, the supernatant was removed 

and supplemented with aprotinin before storage at -80°C, 

and acidic ethanol was added to the islet pellet, which was 

then sonicated and stored at -20°C. Insulin and glucagon 

were measured by enzyme-linked immunosorbent assay and 

somatostatin was determined by radioimmunoassay. 

For in vitro hypoglycaemic precondition experiments, islets 

were cultured on the first day for the durations as indicated 

in the manuscript IV at either 2 mM (hypoglycaemia) or 6 mM 



Physiology and Pathophysiology of Hormone Secretion from Islets of 
Langerhans 

48 

(euglycaemia), in the presence or absence of the GcgR 

blocker glucagon amide, (preconditioning phase) and 

subsequently cultured at 6 mM glucose overnight to recover. 

On the second day a static incubation test was performed to 

assess the hormone secretory function of the islets. For Gcg-

hM3Dq+ islets, J60 was added to induce glucagon secretion in 

the absence of hypoglycaemia during the preconditioning 

phase. In Gcg-ChR2 islets, light at 470 nm was flashed onto 

the islets (as indicated), during the preconditioning phase, at 

0.1 Hz to stimulate Ca2+ entry and induce glucagon secretion 

in the absence of hypoglycaemia. 

2.2.5 Electrophysiology and patch imaging 

Cell capacitance, Ca2+ current, and membrane potential were 

assessed using the perforated patch or standard whole-cell 

patch clamp techniques on individual cells within intact 

islets. Cellular identity was determined by 

electrophysiological fingerprinting [15] in WT islets or the 

presence of red fluorescence in SST-tdRFP islets. 

Patch imaging experiments investigating α-cells used WT 

islets and the Ca2+ indicator fluo-4 was supplemented into the 

patch solution, with fluorescence of this dye used to 

determine [Ca2+]I, in addition to the experimental 

concentration of ATP. Experiments investigating α-δ-cell 
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signalling used SST-GCaMP6f islets. For this, propidium 

iodide (PI) or sulforhodamine B (SRB) was supplemented into 

the pipette solution, to visualise the α-cells, and determine 

proximity to neighbouring δ-cells. GCaMP6f fluorescence 

was used to monitor δ-cell [Ca2+]i in response to activation of 

adjacent α-cells and their exocytosis, induced by application 

of a depolarising pulse. Identity of patched α-cells was 

confirmed by electrophysiological fingerprinting [15] before 

the experimental protocol was applied. 

2.2.6 Imaging 

2.2.6.1 Calcium 

Imaging of [Ca2+]i was either performed on GCaMP6f-

expressing islets or islets loaded with a Ca2+-sensitive dye and 

used a confocal scanning microscope or a widefield 

fluorescence microscope, according to the more appropriate 

method for the experimental design.  

Simultaneous imaging of [Ca2+]ER and [Ca2+]i was either 

performed on GCaMP6f-expressing islets or islets loaded 

with the Ca2+-sensitive dye Calbryte 520 and infected with an 

adenovirus containing the ER-Ca2+ reporter RCEPIA1er. 

Islets were placed in a custom imaging chamber on a wide 

field microscope and imaged simultaneously for both 

reporters. 
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Chambers were perfused with KRB supplemented with 

glucose and pharmacological agents, as indicated during the 

experiment, and functional identification of cells was 

performed at the end of the experiment by infusion of either 

adrenaline or by raising the K+ concentration 70 mM to 

stimulate the cells, as appropriate. 

For puff imaging experiments, an SST-GCaMP6f islet was 

held by a suction pipette in a chamber, perfused with KRB, 

and imaged by wide-field fluorescence microscopy. Using a 

microprocessor-controlled injector, 69 nl of testing solution 

was applied to the islets at a rate of 46 nl/s and the δ-cell 

[Ca2+]i response was measure by the change in GCaMP6f 

fluorescence.  

2.2.6.2 ATP:ADP 

Simultaneous imaging of ATP:ADP and [Ca2+]i was performed 

on islets infected with an adenovirus containing the reporter 

of ATP:ADP, PERCEVAL, and loaded with a Ca2+-sensitive 

dye, CalBryte-630. Islets were placed in a custom imaging 

chamber on a wide field microscope and imaged 

simultaneously for PERCEVAL in the green channel and 

Calbryte-630 in the red channel. The chamber was perfused 

with KRB supplemented with glucose and pharmacological 

agents, as indicated during the experiment, and functional 

identification of cells was performed at the end of the 
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experiment by infusion of adrenaline, to identify α-cells, and 

carbonyl cyanide p-trifluoro methoxyphenylhydrazone, to 

confirm PERCEVAL function. 

2.2.7 In vivo tests 

Insulin tolerance tests provide a good simulacrum for 

iaterogenic hypoglycaemia, which has been considered as 

the current limiting factor in diabetes therapy [231]. Insulin 

tolerance tests (ITTs) were performed by intraperitoneal (IP) 

injection of insulin, or the pharmacological agent of interest, 

to subject animals. Blood was subsequently collected from 

the tail vein and measured for insulin or glucose. 

2.2.7.1 Hypoglycaemic pre-conditioning 

Hypoglycaemic preconditioning experiments, in vivo, were 

conducted by first inducing hypoglycaemia by IP injection of 

insulin or saline, as a control (with or without compounds of 

interest), before being allowed to recover for 24 hours. Mice 

subsequently, on the second day, underwent an ITT, with 

blood sampled for plasma hormone and glucose content. For 

Gcg-hM3Dq+ mice, glucagon secretion in the absence of 

hypoglycaemia was induced by the IP injection of J60, on the 

first day, before recovering for 24 hours prior to ITT. 



Physiology and Pathophysiology of Hormone Secretion from Islets of 
Langerhans 

52 

3 RESULTS AND DISCUSSION 

3.1 Paper I: The endoplasmic reticulum 

plays a key role in α-cell intracellular 

Ca
2+ 

dynamics and glucose-regulated 

glucagon secretion 

3.1.1 Transmembrane calcium is not required 

for the α-cell response to glucose 

It has been long established that α-cell electrical activity is 

Ca2+-dependant [107] and these cells express L-, N-, and P/Q-

type Cavs [48], [108], [109], [124]. Dissecting the Ca2+ current 

by progressive pharmacological blockade of Cav channel 

subtypes revealed that L-type Cav channels carry the largest 

proportion of the transmembrane Ca2+ current and 

membrane potential recordings showed they are responsible 

for pace-making in mouse α-cell electrical activity, as they 

are in human [124]. It is therefore surprising that isradipine 

(an L-type Cav channel blocker) had no effect on glucagon 

secretion and did not inhibit α-cell Ca2+ activity; although this 

is consistent with previous studies [19], [48], [108], [162], [256], 

[257]. However, opening of KATP channels with diazoxide 

eliminated the glucose sensitivity and suppressed the Ca2+ 
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activity of α-cells, an effect that has been attributed to its 

potent repolarising effect. Although the two reagents both 

inhibit α-cell electrical activity, application of diazoxide was 

also associated with an increase in α-cell ATP:ADP, likely 

mediated by the inhibition of cellular ATPases [258], [259]. 

This indicates the presence of an ATP-dependent regulatory 

mechanism operating in the absence of α-cell electrical 

activity. To test this, α-cells were voltage-clamped at resting 

membrane potential, -70 mV and [Ca2+]i
 was monitored. 

[Ca2+]i
  oscillations were present in voltage clamped α-cells at 

1 mM ATP but absent in the presence of 3 mM ATP, with no 

apparent transmembrane Ca2+ current under either 

condition. From these collective data, it was deduced that α-

cell Ca2+ activity can originate from, and be modulated by, an 

intracellular source. 

3.1.2 Ca
2+

 handling by the endoplasmic 

reticulum is key to the α-cell response to 

glucose 

The ER performs a wide range of biological functions, is 

sensitive to the metabolic state of the cell and, as the largest 

intracellular store of Ca2+, plays an important role in 

maintaining Ca2+ homeostasis [260]. Not only can the ER 

release Ca2+ into the cytoplasm, such as in the δ-cell response 
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to glucose [167], but also act to rapidly sequester cytosolic 

Ca2+. It was therefore hypothesised that the ER was 

responsible for the Ca2+ activity present in the absence of 

transmembrane Ca2+
. 

Emptying of the ER and elimination of Ca2+ uptake, by 

cyclopiazonic acid-mediated inhibition of SERCA, rendered 

islet glucagon secretion insensitive to changes in extracellular 

glucose. Ca2+ oscillations were also significantly suppressed. 

It was also clear from [Ca2+]ER imaging experiments, using the 

low affinity ER-bound Ca2+ indicator RCEPIA1er, that 

reduction of the extracellular glucose concentration 

stimulated the release of ER luminal Ca2+ into the cytosol, 

both in the presence and absence of membrane electrical 

activity. Blockade of ER Ca2+ releasing RyRs, but not IP3 

receptors, prevented ER Ca2+ release and low glucose-

stimulated glucagon secretion. Suppressing of Ca2+ 

oscillations was also observed, in a manner identical to 

SERCA blockade. This places them as a key determinant of 

the α-cell glucose response, as is the case in the adrenaline 

response [162]. 

P/Q-type Cav channels have been previously demonstrated 

to be key to α-cells exocytosis [108] and [Ca2+]ER imaging 

showed that ω-agatoxin IVA, an antagonist of these channels, 
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prevented ER Ca2+ release. This indicates a close link 

between the P/Q-type Cav channel and ER Ca2+ release. It 

was therefore hypothesised that RyRs may respond to Ca2+ 

influx through P/Q-type Cav channels, stimulating glucagon 

secretion through CICR. It was observed that, indeed, 

ryanodine exerted a inhibitory effect similar to ω-agatoxin 

IVA and when applied together the effect on secretion was 

not additive.  

These data expand our understanding of the pathways 

through which glucose is able to modulate α-cell activity in 

mouse islets. However, given the species differences already 

known (as discussed above) it will be important to validate 

these findings in human islets. Cyclic AMP has also been 

indicated as a secondary messenger linking glucose to 

glucagon secretion [142], in addition to its role in paracrine 

and adrenal signalling [19], [20], [74], [138], [161]. It would 

therefore be interesting to investigate the relationship 

between cAMP and ER Ca2+, especially given the potentiating 

effect of cAMP on CICR via RyRs [106], [167], [261]. 

3.1.3 A model for ER-mediated glucose 

regulation of α-cell glucagon secretion 

From our data we propose a model for the glucose regulation 

of glucagon secretion mediated by the ER. At high glucose, 
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ATP:ADP is high and, consequently, SERCA activity is high, 

sequestering Ca2+ from the cytoplasm, into the ER lumen, 

reducing availability for exocytosis. High ATP:ADP also 

closes KATP channels, depolarising the membrane and 

inactivating Nav channels, lowering action potential height. 

This limits P/Q-type Cav channel activity and subsequent 

CICR, restricting exocytosis. At low glucose, ATP:ADP is low 

and, consequently, SERCA activity is low, reducing Ca2+ 

sequestration into the ER and allowing buildup of [Ca2+]i. Due 

to partial closure of KATP channels, action potentials 

generation occurs to height allowing opening of P/Q-type 

Cav, facilitating Ca2+ influx into the cytosol. This influx 

triggers release of ER Ca2+ through RyRs, sensitised by an 

increase in cytoplasmic cAMP, stimulates glucagon secretion. 
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Figure 7: A model for ER-mediated glucose regulation of 
glucagon secretion. At high glucose concentrations (upper panel), 
a high concentration of ATP closes KATP channels, depolarising 
the membrane and leading to a reduction in action potential 
height due to inactivation of voltage-gated ion channels. 
Cytosolic Ca2+ influx is sequestered into the ER by ATP-driven 
SERCA activity. As a consequence, glucagon secretion is low. At 
low glucose (lower panel), KATP channels are partially open, 
polarising the membrane. Action potentials are generated, 
reaching a voltage where P/Q-type Cav channels are able to open 
and the resultant Ca2+ influx triggers CICR via RyRs, which 
triggers exocytosis. As a consequence, glucagon secretion is high. 
Created with BioRender.com 
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3.2 Paper II: GLP-1 metabolite GLP-1
(9-36)

 is 

a systemic 1 inhibitor of mouse and 

human pancreatic islet glucagon 

secretion 

3.2.1 GLP-1
(9-36)

 inhibits glucagon but not insulin 

or somatostatin 

GLP-1 is a strong potentiator of insulin secretion and 

inhibitor of glucagon secretion, as mentioned above [137]. 

However, GLP-1(7-36) is quickly degraded to GLP-1(9-36) by 

DDP4, with only between 10 and 15% of the GLP-1(7-36) 

secreted by intestinal L-cells reaching islets [137]. Given the 

low amounts of GLP-1(7-36) that reach the α-cells, it was 

hypothesised that GLP-1(9-36) exerts a glucagonostatic effect, 

as data suggests it may be able to inhibit hepatic glucose 

production, independent of insulin modulation [157], 

although there is variability in responses reported [158], [159]. 

Secretion of glucagon from both mouse and human isolated 

islets at low glucose was inhibited by the application of both 

GLP-1(9-36) and GLP-1(7-36), in a dose dependant manner. While 

GLP-1(7-36) stimulated the secretion of somatostatin, and 

insulin, as has been previously demonstrated [152], [262], 

GLP-1(9-36) directly inhibited glucagon secretion without 
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significantly alterations in insulin or somatostatin secretion. 

Previous data gathered on the action of GLP-1(9-36) on 

glycaemic hormone regulation has been performed in vivo in 

humans, and are therefore subject to a host of confounding 

factors, which may explain the variation observed [158], [159], 

[178]. The published data indicates that this is the first 

assessment of GLP-1(9-36) directly on isolated islets, in the 

absence of endogenous GLP-1(9-36) that may obscure results in 

vivo. 

3.2.2 GLP-1
(9-36)

 acts via the glucagon receptor 

The GLP-1R is expressed by α-, β-, and δ-cells, although 

expression is much lower in α-cells [80], [81] and there has 

been some dispute as to whether GLP-1(7-36) is able to act 

directly on α-cells [19], [136], [149]–[151]. It was therefore 

considered that it was possible that the two GLP-1 isoforms 

acted upon different receptors. In GLP-1R KO islets, and in 

WT islets treated with the GLP-1R antagonist exendin(9-39), 

the glucagonostatic effects of both GLP-1(9-36) and GLP-1(7-36) 

isoforms were retained. However, GLP-1(7-36) signalling could 

be abolished in GLP-1R KO islets with inhibition of DDP4, 

using sitagliptin [263]. This implies that the GLP-1R-

independant effects of GLP-1(7-36) occur only after 

degradation to GLP-1(9-36).  
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The GLP-1 and glucagon receptors share substantial 

homology, with glucagon able to activate β-cells by binding 

to either GcgRs or GLP-1Rs [89]. REMD2.59, a competitive 

GcgR antagonist that is unable to bind to GLP-1Rs [264], 

prevented GLP-1(9-36)-induced suppression of glucagon 

secretion. Tests were undertaken to determine whether the 

GcgRs may be the target for GLP-1(9-36) in islets and observed 

that GLP-1(9-36) was able to induce dose-dependant increases 

in cAMP activity in GcgR-expressing HEK cells. GcgRs can 

interact with either Gi- or Gs-proteins [265], [266]. The 

sensitivity of the GLP-1(9-36) response, in intact islets, to 

pertussis toxin, demonstrates that it is Gi-coupled GcgR 

activation that mediates the α-cell response to this peptide. 

However, the mechanisms governing the preferential 

binding to Gi- over Gs-proteins and how this interaction 

differs in the presence of high intra-islet glucagon remain 

illusive. 

3.2.3 Activation of the GcgR by GLP-1
(9-36)

 leads 

to undocking of granules and inhibition 

P/Q-type Cav channels 

In α-cells, docking of glucagon granules can be stimulated by 

cAMP, priming them for exocytosis, [19], [139], [162] with Ca2+ 

entry through the P/Q-type Cav channel triggering secretion 

[108], [109]. It was established that GLP-1(9-36) activation of Gi-
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coupled GcgR inhibits adenylyl cyclase; prompting further 

characterisation of the downstream mechanisms of cAMP 

suppression. The consistency of the glucagonostatic effect of 

GLP-1(9-36) in response to a wide range of stimuli, including 

membrane depolarisation by 70 mM K+; amino acids; and the 

β-adrenoceptor agonist isoprenaline, implies that it is 

mediated at the point of exocytosis. Docking of glucagon-

containing vesicles was inhibited and undocking was 

stimulated, resulting in a net reduction in granule availability 

for exocytosis, in both mouse and human islets. Reversal 

could be achieved by application of pertussis toxin or the 

antagonism of the GcgR, but not the GLP-1R. In T2D islets, 

this ability to reduce granule docking was abolished, an effect 

that merits further research. 

In addition to reducing the number of docked granules, GLP-

1(9-36) is also able to modulate Ca2+ handing. It suppresses K+-

induced increases in [Ca2+]i. This suppression likely occurs 

via inhibition of the P/Q-type Cav channel, through which 

Ca2+ ion flow triggers exocytosis, as ω-agatoxin IVA was as 

inhibitory in combination with GLP-1(9-36) as GLP-1(9-36) alone. 

GLP-1(9-36) is therefore able to suppress glucagon secretion by 

a combining a reduction in docked granules and restriction 

of P/Q Ca2+ influx, but this is lost in T2D, contributing to the 

phenotype of the disorder.  
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3.2.4 In vivo, GLP-1
(9-36)

 suppresses glucagon 

secretion in response to insulin-induced 

hypoglycaemia 

Previous investigations have presented conflicting data on 

the in vivo effects of GLP-1(9-36). However, these have 

focussed on euglycaemic blood glucose [157]–[159]. 

Investigations were undertaken to examine how the peptide 

affected glucagon secretion after insulin induced 

hypoglycaemia in vivo. Here, correlating with in vitro data, 

addition of exogenous GLP-1(9-36) was able to modestly 

reduce glucagon secretion and, again, was not effective in the 

presence of REMD2.59. It was interesting to note that plasma 

glucose did not appear to be affected.   
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3.3 Paper III: Loss of tetraspanin-7 

expression reduces pancreatic β-cell 

exocytosis Ca
2+

 sensitivity but has 

limited effect on systemic 

metabolism 

3.3.1 KO of Tspan7 reduces the Ca
2+

 sensitivity 

of exocytosis in mouse β-cells 

Recently identified as an autoantigen for T1D, Tspan7 is 

expressed in islet β-cells [81], [91], [205], [210] and, while it 

has been demonstrated to be involved in regulation of a wide 

range of cellular functions, including exocytosis, in other cell 

types [255], [267], [268], its role in insulin secretion is not fully 

understood. As an autoantigen, Tspan7 may be useful as a 

predictor of T1D and as a potential therapeutic target in at-

risk patients. It is therefore important to understand its role 

in the β-cell to both aid in the optimisation of those therapies 

and predict any potential side effects that may arise.  

First, the cellular localisation of the Tspan7 protein was 

investigated. The Tspan7 protein was found to be located in 

both the cytoplasm and in dense-core vesicles of in β- and α-

cells, co-localising with both insulin and glucagon, 

respectively.  
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KD of the Tspan7 gene has previously been shown induce an 

increase in intracellular Ca2+ via modulation of β-cell L-type 

Cav channels, with which Tspan7 associates [210]. Despite 

this effect on [Ca2+]i, no differences were found in glucose 

tolerance or glucose stimulated insulin secretion between 

Tspan7 KO mice and their littermate controls. When a closer 

inspection of the electrical activity of the β-cells was 

performed, there was no difference between KO and control 

or KO cells at 1mM glucose, with both electrically silent and 

the membrane polarised at -80 mV. At hyperglycaemic 

glucose concentrations, the KO cells were more depolarised, 

potentially due to an increase in L-type Cav channel 

conductance [210], yet the firing frequency and peak height 

of action potentials was unchanged. The KO cells responded 

slightly faster to increasing the glucose concentration to 20 

mM. However, this did not translate to any enhanced 

secretion, with KO and control islets secreting insulin 

identically. While there was an increase in Ca2+ influx, similar 

to that of the L-type Cav channel agonist, bayK 8644 [269], 

the Ca2+ required for exocytosis in KO β-cells was 33% more 

than in the controls, implying that Ca2+ sensitivity was 

reduced. 
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3.3.2 Human β-cells are affected by TSPAN7 KD 

in a manner similar to mouse islets and 

have changes in gene expression 

Psuedo-islets are made by dispersing and reaggregating islets, 

retaining the function of intact islets [270], allowing for 

efficient treatment of individual cells, such as with shRNA to 

create a genetic KD. Secretory response to glucose from 

TSPAN7 KD was identical to control pseudo-islets but 

reduced in response to application of a high concentration of 

K+. When exocytosis was examined in KD and control cells, 

influx of Ca2+ was increased in KD cells, while exocytosis in 

response to depolarisation was identical. 

Subsequent investigations into gene expression changes in 

human β-cells revealed a reduction in the transcription of the 

Ca2+-sensitive exocytosis-regulating protein SYT7 and an 

increase in CACNA1A, which encodes the P/Q-type Cav 

channel, the exocytosis-relevant channel. With the 

importance of SYT7, as a Ca2+ sensor, to β-cell exocytosis, 

[60], [61], [63], diminished expression of the protein most 

likely plays a key role in the loss of Ca2+ sensitivity observed 

in KO β-cells. This may be a result of Ca2+-dependant 

transcriptional regulation but also potentially implies a role 

for Tspan7 in the assembly of exocytotic machinery. Genes 
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involved in apoptosis were also upregulated, potentially due 

to the proapoptotic effects of elevated cytosolic Ca2+ 

consequent to enhanced Cav channel activity. However, this 

did not appear to significantly affect β-cells, with islets 

exhibiting normal insulin content.   

The two alterations in β-cell Ca2+ handling observed in this 

study – loss of exocytosis Ca2+ sensitivity and increase in 

transmembrane Ca2+ influx – appear to balance out, resulting 

in a similar secretory phenotype across KD and control cells. 

Clearly, further questions remain regarding the role of 

Tspan7 in the β-cell, as well as other islet cells, particularly 

given its involvement in Ca2+ regulation. 
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3.4 Paper IV: A Mechanism for Rapid 

Cross-talk between Pancreatic α- and 

δ-cells and its Role in Hypoglycaemia-

induced Glucagon Secretory Failure 

Recurrent hypoglycaemia is a major complication facing 

patients with diabetes and stems from dysregulation of 

proper glucose counter-regulation. Proper islet function 

requires somatostatin [164], [271]. However, excessive 

somatostatin secretion has been implicated as a major 

causative factor of recurrent hypoglycaemia, resulting in 

inhibition of proper glucagon secretion and somatostatin 

receptor antagonists have been shown to restore some 

glucagon response [215], [245]–[247]. While the 

communication between δ- and β-cells has been quite 

extensively studied [16], [172], [175], [272], much less is known 

about how α- and δ-cells interact. In this paper, we dissected 

the mechanisms underlying the α-δ-cell interaction within 

islets and studied how it becomes altered in response to 

hypoglycaemia. 

3.4.1 α-cells are under tonic inhibition by δ-cells 

The close relationship between α- and δ-cells can be seen 

when islets undergo immunofluorescence staining for 
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somatostatin and glucagon; almost all δ-cells are adjacent to 

at least one α-cell, with more than half of α-cells adjacent to 

a δ-cell. δ-cell intrinsic activity is glucose dependent, and 

exhibit low measurable activity during hypoglycaemia, 

unlike α-cells [166]–[168]. Much previous dissection of the δ-

α interaction has therefore been focussed on suppression of 

glucagon secretion at euglycaemic concentrations and higher 

[73], [74], [273]. Antagonism of the somatostatin receptor with 

CYN at hypoglycaemic glucose concentrations, however, not 

only enhanced glucagon secretion and α-cell calcium activity 

in isolated islets, but also prevented spontaneous 

repolarisation of the plasma membrane. This builds upon 

data demonstrating that α-cells are under tonic inhibition by 

δ-cells at all glucose concentrations [176], [274].  

Somatostatin secretion is lowest during hypoglycaemia. 

However, SSTR blockers have a strong stimulatory effect on 

glucagon secretion at low glucose. It is possible that 

somatostatin secretion is specifically targeted towards α-

cells. It was therefore important to not only understand how 

α-cells are able to stimulate δ-cells, but how the δ-cells were 

able to specifically respond to active α-cells and whether any 

coupling was electrical or paracrine in nature. β-cells are 

coupled to δ-cells both electrically, via gap junctions, and in 

a paracrine manner [16], [172], [175], [272]. Depolarisation of 
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α-cells, using electrophysiology in the patch-imaging setup, 

lead to activation of δ-cells in proportion with exocytosis and 

not with the extend of depolarisation. Furthermore, the gap 

junction permeable dye propidium iodide, supplemented 

into the pipette-filling solution, was not able to permeate into 

neighbouring δ-cells. Together these indicate that α-cells are 

are able to activate δ-cells at low glucose concentrations 

directly and are connected to δ-cells via paracrine signalling, 

not via gap junctions. 

3.4.2 Glucagon and glutamate mediate the α- to 

δ-cell connection 

It has long been clear that, glucagon is able enhance 

somatostatin secretion [275], [276] and our data support this. 

Interestingly, glutamate, also secreted by α-cells [145], 

enhanced both δ-cell Ca2+ activity and somatostatin 

secretion. We observed that inhibitors of both the GcgR and 

the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid receptor (AMPAR), a glutaminergic ion channel 

expressed by δ-cells [81], [91], [177], were able to suppress δ-

cell Ca2+ activity and somatostatin secretion at 1 mM glucose. 

Other α-cell secretory factors postulated to stimulate δ-cell 

activity, such as GLP-1 and GRPP, did not appear to be 

involved in modulation of δ-cell activity during 

hypoglycaemia [80], [81]. 
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Rapid local activation of glutamate, or an AMPAR agonist, 

onto islets elicited an immediate δ-cell Ca2+ response. By 

comparison, puffing glucagon did not elicit a direct islet 

response. Furthermore, δ-cell activation during patch 

imaging could be eliminated with the non-competitive 

AMPAR inhibitor CP465022. It can therefore be surmised 

that glutamate is responsible for the fast activation of δ-cells. 

As ion channels, ionotropic glutamate receptors are able to 

respond much faster than, G-protein related, GcgRs, which 

activate downstream PKA-, EPAC2-, and Gq-dependent 

signalling pathways that trigger somatostatin secretion by 

RyR- and/or IP3R-mediated ER Ca2+ mobilisation [165], [273]. 

3.4.3 The α-δ-cell connection is enhanced by 

hypoglycaemia 

On average patients with diabetes experience one or two 

episodes of symptomatic hypoglycaemia per week and a 

severe episode once per year [277]. A severe hypoglycaemic 

episode was the strongest predictor for future hypoglycaemic 

events [233], [278] with a reduced response to further 

hypoglycaemia evident after only 24 hours [279]. This was 

simulated, both in vitro and in vivo by exposing mice, or 

islets, to a hypoglycaemic episode before performing 

functional assessments in response to a second episode. In 

vivo, glucagon secretion, in response to insulin-induced 
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hypoglycaemia, was suppressed and, as a result, plasma 

glucose remained below the control levels in mice that has 

previously experienced hypoglycaemia. Blockade of 

somatostatin signalling, was able to alleviate this phenotype, 

as has been shown previously [215], [245]. In patch imaging 

experiments, this enhanced δ-cell response to α-cell 

activation and also reduced the secretion of glucagon, 

correlating with a left shift in the sensitivity of δ-cells to 

glucagon and an increased response to glutamate. Through 

specific activation of α-cells, using the αhM3Dq+ and αChR2+ 

models, and antagonism of glucagon receptors, with glucagon 

amide and REMD, during the conditioning period it was 

eveident that increased δ-cell sensitivity was specifically due 

to the secretion of glucagon, not to the reduction in the 

extracellular glucose concentration per se or other external 

factors. Furthermore, hypoglycaemic treatment also lead to 

an increase in the length of δ-cell filopodia, highly dynamic 

neuron-like extensions [165], [237]. This likely increases 

contact between δ- and α- cells, already increased in patients 

with diabetes due to loss β-cells [243], [244], increasing the 

strength of the paracrine interaction.  

What remains unclear is the precise mechanism through 

which activation of glucagon receptors is able to induce an 

increase in the δ-cell response to α-cell secretory factors. In 
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hepatocytes, glucagon secretion stimulates phosphorylation 

of cAMP response element binding (CREB) protein, causing 

translocation of the protein to the nucleus, where it acts as a 

transcription factor [280]. Targets of phosphorylated CREB 

include BDNF, mTOR, somatostatin, and the glucagon 

receptor [281]–[283]. BDNF has been implicated in the 

dendritic growth [284] and causes AMPAR translocation to 

the membrane in neurons [285]. It is therefore possible that 

CREB phosphorylation may play a role in the sensitisation of 

δ-cells to α-cell activity. 

Understanding these mechanisms may aid the design of novel 

therapies to prevent the development of recurrent 

hypoglycaemia that could greatly improving the quality of life 

for patients suffering with the disorder.  

3.4.4 A model for the α-δ-cell crosstalk and the 

suppression of glucagon secretion during 

recurrent hypoglycaemia 

During hypoglycaemia, α-cells become activated; glucagon 

and glutamate are secreted, activating δ-cell GcgRs and 

AMPARs, respectively. Upon activation, AMPARs open, 

allowing the influx of Ca2+ into the cytosol, and GcgRs 

stimulate either adenylyl cyclases (Gαs), increasing cAMP 

production, and/or PLC (Gαq). Elevated intracellular cAMP 
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levels stimulate PKA-mediated exocytosis and Epac2-

mediated ER-Ca2+ release via RyRs, while PLC activation 

triggers IP3R-mediated ER-Ca2+ release. PKA-mediated 

exocytosis together with the combination of Ca2+ influx via 

AMPAR, which may act to depolarise the membrane, and 

GcgR-mediated ER Ca2+ release enhances somatostatin 

secretion. This somatostatin activates α-cell SSTRs, 

inhibiting cAMP production and Ca2+ influx, suppressing 

secretion of glucagon. 

After an episode of hypoglycaemia, δ-cells become sensitised 

to the α-cell secretory factors glucagon and glutamate, 

lowering the threshold for activation. δ-cell filopodia also 

extend, enhancing the surface area of δ-α-cell contact and, 

consequently, δ-cell control of neighbouring α-cells is 

enhanced. During subsequent hypoglycaemic episodes, 

enhanced somatostatin secretion across a greater surface 

area of contact effectively shuts down the glucagon secretory 

response, exacerbating hypoglycaemia. 
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Figure 8: A model for the mechanisms of α-δ-cell crosstalk and 
the metabolic memory. During hypoglycaemia (upper panel), α-
cells secrete glucagon and glutamate. Glucagon activates GcgRs 
that increase δ-cell cAMP concentrations, activating PKA and 
leading to increased exocytosis. cAMP also activates EPAC2, 
which sensitises RyRs to Ca2+. Glutamate activates AMPARs, 
leading to an increase in Ca2+ influx that triggers CICR via RyRs. 
As a result, somatostatin is secreted, inhibiting α-cell secretion. 
During subsequent hypoglycaemic events (lower panel), δ-cell 
filopodia have extended and the δ-cell is sensitised to α-cell 
factors. This inhibits glucagon secretion, exacerbating 
hypoglycaemia. Created with BioRender.com 



Physiology and Pathophysiology of Hormone Secretion from Islets of 
Langerhans 

76 

4 CONCLUSIONS 

In this thesis, I have illuminated novel mechanisms by which 

the hormones secreted by the cells that make up the islets of 

Langerhans are regulated. In particular, it has been 

demonstrated that:  

 

I. The ER is key to the α-cell response to glucose. It can 

regulate intracellular Ca2+, and consequent exocytosis, 

in response to changes in glucose and, while it’s actions 

are independent of membrane electrical activity, CICR 

can be triggered by influx of Ca2+ through P/Q-type Cav 

channels. 

 

II. GLP-1(9-36) acts to inhibit glucagon secretion, at low 

glucose, by acting directly on α-cell GcgRs, leading to 

a reduction in docked granules and closure of P/Q-

type Cav channels. 

 

III. KO of Tspan7 increased the expression of CACNA1A, 

encoding the membrane-bound P/Q-type Cav channel, 
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and SYT7, encoding the exocytosis-related Ca2+ sensor 

synaptotagmin 7, resulting in changes to β-cell Ca2+ 

handling and a reduction in the sensitivity of 

exocytosis to Ca2+. 

 

IV. At low glucose, α-cell secretion of glucagon and 

glutamate stimulates activation of δ-cells and the 

secretion of somatostatin, which subsequently inhibits 

glucagon secretion, in a paracrine feedback loop. 

Hypoglycaemia sensitises δ-cells to the α-cell factors, 

enhancing somatostatin secretion, which, during 

subsequent hypoglycaemic episodes, results in the 

suppression of glucagon secretion and exacerbation of 

hypoglycaemia. 
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