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secretory failure is a prime contributor to diabetes progression. The insulin secreting beta
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coordinated responses to glucose. Although the electrical coupling of beta cells is well
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reaching electrical threshold potential, (2) confirm evidence of metabolic heterogeneity,
and (3) examine the importance of this heterogeneity. To accomplish this goal, we used a
variety of novel techniques and models. We restricted application of glucose to portions
of the islet to show beta cells are metabolically coordinated by gap junctional diffusion of
metabolites. Then, using mice expressing a plasma membrane ChR2, we demonstrated
that beta cell metabolism is differentially regulated by calcium. Finally, we generated a

novel mouse model expressing an anisotropic reporter of glucokinase activity to illustrate
that differences in glucokinase activity are averaged by metabolic coupling. These results
highlight the importance of metabolic coordination in evening out differences between
cells. Our findings may explain how insulin secretion is enhanced in the presence of
glucose but contained in its absence.
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Chapter 1- Introduction
Glucose Homeostasis
Glucose is the body’s primary substrate for energy production. Complex
carbohydrates and simple sugars are converted to glucose, which then travels through the
circulatory system to provide tissues with an energy source. As such, fasting plasma
glucose levels are tightly regulated and fall within the narrow range of 60-100 mg/dL1
(3.3 to 5.5 mM). Values outside this range can precipitate both short- and long-term
complications of hypo-2 and hyperglycemia3. A network of glucose sensing cells in a
variety of tissues including the pancreas, liver, brain, gut, etc. function to maintain
glucose homeostasis4. Glucokinase is thought to act as the glucose sensor in all these
cells5, coupling changes in blood glucose concentration to changes in enzyme activity
(discussed later). Two hormones, insulin and glucagon, secreted by the pancreas play a
principle role in glucose homeostasis. Simply, insulin acts on insulin sensitive tissues to
lower blood glucose levels while glucagon works to raise blood glucose levels. The two
hormones function as a control system; insulin secretion increases when blood glucose
levels rise, glucagon secretion increases when blood glucose levels fall. Importantly,
insulin and glucagon are secreted by two different cell types, which sense glucose
independently, although paracrine effects are present. This allows for multiple layers of
control and increased reliability due to redundancy. In addition to insulin and glucagon,
several other hormones alter blood glucose levels. Glucocorticoids6, catecholamines7,
GLP-18, GIP8, growth hormone9, and amylin10 are other prominent hormones that effect
either glucose sensitivity or production/release. For example, incretin hormones, GLP-1
and GIP, augment insulin secretion and inhibit glucagon secretion in the presence of high
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blood glucose concentrations11. Adding to the intricacy of glucose homeostasis is the
complex integration that occurs in the brain. The brain integrates many sensory stimuli to
adjust hormone levels including insulin to meet the body’s energetic demands12. Failure
to maintain appropriate hormone secretion or response, especially in the case of insulin or
glucagon, results in the impairment of glucose homeostasis.

Insults to Glucose Homeostasis: Diabetes
Diabetes is a clinically defined condition based on a hemoglobin A1c, a threemonth average measure of blood glucose level based on hemoglobin glycosylation, over
6.5% or a fasting plasma glucose level over 125 mg/dL13 (6.94 mM). It can be
characterized by autoimmune destruction of beta cells resulting in insufficient secretion
of insulin (type 1 diabetes) or the combination of insulin resistance, decreased
responsiveness of insulin sensitive tissues to insulin, and inadequate compensatory
insulin secretion (type 2 diabetes). In type 1 diabetes, autoimmune destruction of beta
cells is thought to be precipitated by an infection in genetically susceptible individuals14.
On the other hand, type 2 diabetes results from dysfunction of multiple organs. Glucose
uptake in the insulin responsive tissues such as the liver15, muscle16, and adipose tissue17
is reduced, and glucose handling is impaired in the liver18. In addition, beta cells are
unable to secrete more insulin to offset the reduced uptake by insulin sensitive tissues19.
This leads to hyperlipidemia20, increased visceral fat21, and hyperglycemia.
The incidence of both type 1 and type 2 diabetes is increasing over time22 thus
creating a growing population of individuals requiring treatment. Even with treatment,
life expectancy compared to unaffected individuals is decreased by ~5 years in
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individuals with type 1 diabetes23 and between 5-15 years in individuals with type 2
diabetes24, depending on the age of onset. More importantly, diabetes associated
comorbidities reduce quality of life and place severe strain on the healthcare system. The
persistent hyperglycemia of type 1 and type 2 diabetes can cause microvascular
complications such as retinopathy, nephropathy, and neuropathy, macrovascular
complications such as coronary artery disease, peripheral vascular disease, and stroke,
and immune dysfunction25. Treatment for type 1 diabetes consists of insulin replacement,
although forthcoming therapies combining insulin and glucagon, which achieve tighter
blood glucose control, will soon be the new standard26. Type 2 diabetes therapies are
more diverse and hinge on disease state. Early in the disease course, diet and exercise
have shown the most favorable outcomes in improving glycemic control27. They act by
increasing muscle uptake of glucose, increasing fat metabolism, improving beta cell
function, and decreasing visceral fat28. Individuals who fail this first line therapy and
retain some beta cell function are given drug therapies that increase insulin sensitivity or
secretion. These are also often combined with newer therapies that dispose of excess
glucose in the urine thereby resting beta cells and recouping their function. Later in the
disease course, individuals who have little to no beta cell function receive insulin
replacement. Additional therapies that reverse disease progression or improve glycemic
control are needed to reduce the number of diabetes associated comorbidities in the
growing population of diabetes patients. A site often targeted by therapies are the
pancreatic islets due to their central role in diabetes and glycemic control.
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Pancreatic Islets: Structure and Function
The pancreas can be divided into two functional components: the exocrine and
endocrine pancreas. The exocrine pancreas is composed of acinar and ductal tissue and
assists in digestion through the secretion of enzymes and bicarbonate into the duodenum.
Conversely, the endocrine pancreas predominantly serves to control blood glucose levels
through the secretion of hormones. The endocrine pancreas is embedded in the exocrine
pancreas but is anatomically distinct. It is separated into discrete clusters of cells, called
islets, that are surrounded by a connective tissue capsule. In humans, there are between
~3 and 15 million islets29,30, with a higher islet density in the tail compared to the head,
neck, or body of the pancreas31. The cellular composition and structure of islets, however,
is similar throughout the pancreas31. Mice have a similar islet distribution and average
islet diameter compared to humans32, but have much fewer islets; approx. 1,000-5,00033.
Human and mice also have similar patterns of vascularization and innervation.
Some have proposed that islet vascular34 and nervous density35 is lower in humans. Yet,
in these studies, there was incongruency in the sample prep and tissue available for
investigation. The islet vasculature and innervation for humans and mice will be
discussed as one below.
Islets are heavily vascularized as would be expected given their function. They
must continuously sense blood glucose levels and secrete hormones, that act throughout
the body, to maintain blood glucose homeostasis. The structure of islets is specifically
arranged for glucose sensing and hormone secretion. Islet capillaries are highly
fenestrated and permeable36, which allows glucose to rapidly diffuse into the interstitial
space37 for transport into cells. Cells have two capillaries faces38; a central “venous”
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capillary perpendicular to an “arterial” capillary (no morphological differences are seen
between venous and arterial capillaries and it is unclear what differentiates the two). Islet
cells are polarized such that endocrine hormone secretion predominantly occurs at the
venous face38. Between venous and arterial capillaries are small canals that connect the
interstitial space (Figure 1.1). These canals are full of cellular projections, or microvilli,
enriched with GLUT2 receptors39. It is believed that glucose uptake, necessary for
glucose sensing, predominantly occurs in these microvilli as interstitial fluid flows in the
arterial to venous direction39.
Less is known about islet innervation. Islets are richly innervated, but the
structure and role of the nervous system is not fully understood. Nerve fibers make direct
contact with the islet vasculature40 and have release sites, without specialized synapses,
close to islet cells41. As such, nerves can regulate islet blood flow, and neurotransmitters
and neuropeptides release, both of which alter hormone secretion42,43. It has been
hypothesized that nerve fibers act as pacemakers for oscillations in hormone secretion44.
Indeed, coordination of hormone secretion from thousands or millions of islets is
necessary for the observed hormone oscillations in the portal vein45. Still, where or how
this islet coordination remains hazy and evidence for nervous control has been minimal.
Islet cells have many different inputs, in addition to nervous stimulation, that must be
integrated, some emanating from the islet cells themselves.
Islets are composed of five different cell types: alpha, beta, delta, gamma, and
epsilon. Alpha, beta, and delta cells account for nearly all the cells within an islet.
Gamma and epsilon cells are sparse making up <5% of total islets cells and their action is
not well understood46. The proportion of alpha, beta, and delta cells varies between
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Beta cells

Venous

Arterial

Figure 1.1. Microvilli enriched with GLUT2 receptors are key for glucose uptake.
Islet beta cells have arterial and venous capillary faces. The interstitial space between
capillaries is linked by canals formed between beta cells. These canals are occupied by
microvilli whose surface is enriched with GLUT2 receptors. Most of the glucose
transport into beta cells occurs at these microvilli. Adapted from “Islet of Langerhans: the
puzzle of intraislet interactions and their relevance to diabetes” by G.C. Weir & S.
Bonner-Weir, 1990, Journal of Clinical Investigation, 85(4), p .984.
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species47. Humans have a lower proportion of beta cells and a higher proportion of alpha
and delta cells compared to mice. In humans, 50-75% are beta cells, 25-35% are alpha
cells, and ~10% are delta cells while, in mice, 60-80% are beta cells, 15-20% are alpha,
and <10% are delta cells48,49. The organization of these cell types slightly differs in
humans and mice. In mice, beta cells are clustered in the core of the islet surrounded by a
discontinuous mantle of alpha and delta cells50. Humans have a similar, but more
complex arrangement composed of several mantle-core units or lobulated mantle-core
structures51. This organization is likely important for paracrine interactions between cells
and electrical dynamics as dissociated islets reaggregate into these structures nonrandomly52.
As mentioned earlier, insulin and glucagon are the two main hormones that
control blood glucose levels. Beta cells secrete insulin and alpha cells secrete glucagon.
Insulin acts on insulin sensitive tissues to promote glucose uptake from the blood. Insulin
also has a paracrine effect on alpha cells thereby inhibiting glucagon secretion, although
its importance has been questioned53. Glucagon is antagonist to insulin. Glucagon
predominantly acts on liver to stimulate glycogen breakdown and glucose release into the
blood. Both insulin and glucagon secretion are inhibited by somatostatin, which is
secreted from long delta cell projections that touch alpha and beta cells54. Therefore,
alpha, beta, and delta cells act together to maintain blood glucose homeostasis. Alpha
cells secrete glucagon when levels are too low, beta cells secrete insulin when levels are
too high, and delta cells secrete somatostatin to keep a check on the other two. All three
cell types sense glucose independently and contain the glucose sensing enzyme
glucokinase, though downstream pathways differ.
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Canonical Insulin Secretory Pathway
The endocrine cells of the islet are electrically excitable cells with neuroendocrine
origin. The insulin secreting beta cell couples changes in blood glucose concentration
with electrical excitation and insulin secretion (Figure 1.2). Glucose enters beta cells
through GLUT1/2 receptors in excess of glycolysis such that intra- and extracellular
glucose concentrations equalize in a matter of seconds55. Glucokinase, a high capacity
hexokinase variant, then phosphorylates glucose, trapping it in the cell and priming it for
glycolytic breakdown. Glucose is subsequently metabolized to ATP via glycolysis, the
citric acid cycle, and oxidative phosphorylation. The conversion to ATP changes the
cellular energy state, [ATP]/[ADP][Pi]. ATP-sensitive potassium (KATP) channels, which
are gated by ATP and ADP, close due to the change in energy state depolarizing the
cell56. This membrane depolarization triggers the opening of voltage gated calcium
channels. The influx of calcium through voltage gated calcium channels increases
intracellular calcium concentration and promotes insulin exocytosis. Insulin secretion can
be potentiated by other stimuli, such as incretins (GLP-1 and GIP). These stimuli act
through pathways, which increase intracellular cAMP concentration57. Rises in cAMP
increase insulin vesicle fusion58 further elevating glucose stimulated insulin secretion.

ΔNAD(P)H as a Marker of Glucose Metabolism and Δ[Ca2+]i as an Indicator of
Insulin Secretion
Insulin secretion is dependent upon glucose metabolism. Consequently, direct or
indirect measurement of glucose metabolism and insulin secretion are useful for probing
beta cell physiology. NADH is a metabolite generated in both glycolysis and the citric
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+

K channels

Ca

2+

+

+

Glucokinase

ATP/ADP

 NAD(P)H
Insulin Granules

Figure 1.2. Triggering pathway for insulin secretion. Glucose enters the cell through
high capacity glucose transporters and is metabolized to ATP. Glucose metabolism also
produces NADH, a marker of cellular metabolic activity. Rises in the ATP/ADP ratio
result in closure of ATP-sensitive potassium (KATP) channels. Closure of KATP channels
triggers membrane depolarization, which activates voltage gated calcium channels and
results in calcium influx into the cell. Rises in cytoplasmic calcium concentration
stimulates the cell’s secretory machinery causing insulin granule exocytosis. The rate
limiting enzyme in this pathway is glucokinase, a high Km hexokinase variant.
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acid cycle. Two molecules of NADH are generated per molecule of glucose by
glyceraldehyde 3-phosphate dehydrogenase in glycolysis. Then, six more molecules of
NADH are generated by isocitrate dehydrogenase, alpha-ketoglutarate dehydrogenase,
and malate dehydrogenase in the citric acid cycle. NADH is a suitable indirect measure
of glucose metabolism because its production is proportional to glucose metabolism and
it is autofluorescent59. This autofluorescence is ideal as NADH can be measured optically
and non-invasively; without the addition of anything foreign to cells. However, NADH
autofluorescence cannot be differentiated from NADPH due to identical fluorescent
properties of the nicotinamide rings so changes in NAD(P)H are measured instead60. The
one and two-photon excitation maxima for NAD(P)H are 340 nm and 700 nm,
respectively, and the emission maxima is 460 nm61,62. Both one and two-photon
microscopy show rises in NAD(P)H following glucose stimulation of beta cells63. The
relative change in NAD(P)H shows a sigmoidal glucose concentration dependence
consistent with glucokinase kinetics and an inflection point indistinguishable to the Km
of glucokinase64 (Figure 1.3). This aligns with glucokinase’s role as the rate limiting
enzyme in glucose metabolism65. Thus, changes in NAD(P)H can not only be used as a
surrogate for glucose metabolism, but also glucokinase activity.
Likewise, changes in intracellular calcium concentration can be used as an
indirect measure of insulin secretion. As described above in the insulin secretory
pathway, intracellular calcium rises in response to glucose metabolism triggering insulin
secretion. Following glucose stimulation, intracellular calcium levels are not persistently
elevated, but rather oscillate as membrane potential, energy state, and calcium
influx/efflux change. The mechanism driving these calcium oscillations is unknown66.

10

Figure 1.3. Beta cell glucose dose response curve. NAD(P)H autofluorescence shows a
sigmoidal glucose dependence that is characteristic of glucokinase activity (n=9 cells).
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Regardless, insulin secretion also oscillates in this manner, in phase with calcium
oscillations67,68. Intracellular calcium dynamics are correlated with insulin secretion. As
glucose concentrations are varied, oscillations in insulin secretion change in accordance
with calcium oscillations69. It is believed that intracellular calcium oscillations are the
cause of oscillations in insulin secretion70 providing added support for the use of
intracellular calcium as an indicator of insulin secretion.

How Glucokinase Acts as a Glucose Sensor
Glucokinase acts as a glucose sensor in many cell types and tissues throughout the
body5. It has the same action in all cell types, but downstream responses are cell
specific71–73. This section will primarily focus on glucokinase’s role in beta cells as it is
well characterized. Glucokinase is a metabolism-based sensor meaning the production of
products, its enzymatic activity, changes in response to the sensed stimuli, in this case,
glucose. Glucokinase directly senses glucose and catalyzes the first step in glycolysis,
phosphorylating glucose to glucose 6-phosphate. For glucokinase to act as a glucose
sensor, its activity must change in response to changes in physiologic blood glucose
concentrations. Unlike other hexokinases, glucokinase is a high capacity variant that is
not inhibited by its product, glucose 6-phosphate74. This permits glucokinase to increase
its activity in response to higher glucose concentrations. Glucokinase has a Km of ~8
mM75–77, which is in the physiological range of blood glucose concentrations, allowing
modest changes in blood glucose to be reflected by large changes in enzyme activity. In
beta cells, glucokinase’s glucose sensing function is connected to insulin secretion.
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Glucokinase sets the threshold for glucose stimulated insulin secretion78. It is the
rate limiting enzyme in the insulin secretory pathway79 and acts as control point for
insulin secretion. In fact, the glucose dependence of insulin secretion and glucokinase
activity align perfectly, consistent with glucokinase’s control of insulin secretion.
Mutations in glucokinase provide further evidence for involvement of glucokinase in
glucose stimulated insulin secretion. Inactivating mutations in glucokinase cause a
condition known as maturity onset diabetes of the young (MODY). Individuals with
MODY have lower glucokinase activity and resting hyperglycemia due to a higher set
point for glucose induced insulin secretion80. Reciprocally, activating mutations in
glucokinase cause hyperinsulinemic hypoglycemia due to increased glucokinase activity
and inappropriate insulin secretion at lower blood glucose concentrations81. In both
conditions, the insulin secretory pathway is intact, however, the threshold for insulin
secretion is altered due to glucokinase mutations. Therefore, glucokinase not only senses
glucose, but also sets the threshold for glucose stimulated insulin secretion.

Kinetics and Allosteric Regulation of Glucokinase
Glucokinase has unique enzyme kinetics compared to other hexokinases. Unlike
the hyperbolic glucose dependence of other hexokinases, glucokinase displays a
sigmoidal glucose dependence indicative of cooperativity76. This is puzzling given
glucokinase is a monomeric enzyme with only one substrate binding site82. To explain
this apparent dissonance, structural studies proposed two catalytic cycles, fast and slow,
with three different enzyme conformations83: closed, open, and super open. In the slow
cycle, glucokinase binds glucose in the super open state and transitions through an
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intermediate open state to the closed state. After catalyzing the reaction, the enzyme
moves back through the open state to reset the super open state. At high glucose
concentrations, glucokinase binds glucose in the open state instead of transitioning back
to the super open state. As a result, the enzyme cycles between open and closed states
defining a fast cycle. The ratio of the two cycles is believed to explain the sigmoidal
glucose dependence of glucokinase83. However, the physiological relevance of this
cycling is unknown as is the effect of post-translational modifications on enzyme
conformation.
Curiously, glucokinase also has an allosteric active site. Small molecule activators
that bind this site alter enzyme conformation and kinetics84. These activators increase
glucose sensitivity and shift the glucose dependence curve to the left84,85. The curve also
changes to exhibit hyperbolic kinetics86. This is thought to occur due to a conformational
change in glucokinase that prevents it from existing in the super open confirmation even
at low glucose concentrations83. Similar changes in enzyme kinetics are caused by
activating mutations in glucokinase, which decrease the threshold for insulin secretion81.
Activating mutations notably cluster at the allosteric activator site indicating a shared
conformational change87. Work from our group and others has shown this to be true;
activating mutations and small molecule activators trap glucokinase in the same
conformation88,89. The significance of the allosteric active site in normal physiology is
unclear as no endogenous molecules are known to bind this site. Clarifying the role of the
allosteric active site is important in understanding glucokinase regulation, especially as it
relates to insulin secretion.
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Post-translational Modification and Cellular Localization of Glucokinase
Regulation of glucokinase activity and expression in pancreatic beta cells is key to
maintaining appropriate insulin secretion. The glucokinase gene transcript is
constitutively expressed90, but post-translational modifications that affect enzyme
stability can alter protein levels. Ubiquitination of glucokinase promotes enzyme
degradation and increases protein turnover91. This is an important quality control measure
as inhibiting the proteasome complex increases buildup of misfolded proteins and
decreases glucose stimulated insulin secretion92. Oppositely, the attachment of small
ubiquitin like modifier proteins (sumoylation) at N-terminal residues, distinct from sites
of ubiquitination, improves enzyme stability. Sumoylation also increases glucokinase
activity, possibly by moving glucokinase towards a more closed conformation93. In
addition to enzyme stability, post-translational modifications control the cellular
localization of glucokinase. Glucokinase exists free in the cytoplasm or bound to nitric
oxide synthase on the surface of insulin secretory granules94,95. The sequestration of
glucokinase on insulin secretory granules may be a means of adjusting the cytoplasmic
pool of glucokinase in response to stimuli96 as well as protecting glucokinase from
proteasome mediated degradation. Release of glucokinase into the cytoplasmic pool does
not appear to be facilitated by glucose97, but rather S-nitrosylation96. S-nitrosylation at
cysteine residue 371 of glucokinase disrupts its interaction with nitric oxide synthase
facilitating its release95. Both insulin and GLP-1 increase cellular glucokinase activity95,98
via S-nitrosylation suggesting that mobilization of glucokinase occurs when rapid insulin
secretion is needed. Interestingly, nitrosylation of glucokinase promotes a highly active
closed conformation88, yet it is unclear whether this is effect is dependent on localization.
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Thus far, we have discussed glucokinase in a cellular context. In the following sections
we will describe beta cell coupling within an islet and how glucokinase may affect islet
coordination.

Electrical Coupling of Beta Cells
As described above in the insulin secretory pathway, glucose metabolism
is translated to electrical activity leading to insulin secretion. KATP and voltage gated
calcium channels are integral to controlling membrane potential following glucose
metabolism. Threshold potential is reached by closure of KATP channels99. Subsequent
influx of calcium through voltage gated calcium channels triggers the so called “active
phase,” exemplified by action potential like bursts100–102. The active phase is followed by
a silent phase, where the membrane potential hyperpolarizes, giving rise to an oscillatory
pattern103,104. Modeling suggests that the action potential like bursts are the result of
calcium feedback on ion channels and metabolism, while the slower oscillatory pattern
reflects oscillations in ATP/ADP, driven by glucose metabolism and ATP
consumption105,106.
The oscillatory pattern in membrane potential is synchronized across beta cells
within an islet. Beta cells are electrically coupled via gap junctions, permitting the
diffusion of molecules and ions between cells107. Although gap junctions are often
thought of as non-selective pores, different gap junctions have different size and charge
dependence108,109. The connexin 36 gap junctions, which are predominantly expressed in
beta cells, appear to favor cation diffusion110–112. It is hypothesized that electrical
coupling, by cations, organizes the electrical activity of an islet113. However,
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simultaneous measurements of beta cell electrical activity within intact islets has been
limited. Further complicating our understanding of the electrical coupling of beta cells is
the fact that electrical coupling is variable and limited by gap junction distribution.
Electrical coupling is dependent on glucose concentration, but not membrane potential114.
Higher concentrations of glucose drastically improve gap junctional conductance and
electrical coupling112,115,116. Additionally, the spread of electrical activity is constrained.
Gap junctions appear to only cluster on 35-40% of beta cell to beta cell interfaces116,
which predicts direct coupling with four to five neighbors117. Moreover, current injection
into beta cells spreads a distance less than 35 μm114. This suggests that other molecules,
such as metabolites, that diffuse across gap junctions may impact coordination.

Metabolic Coupling of Beta Cells
The beta cells within an islet are thought to be metabolically coupled, but, like
electrical coupling, the metabolic species that actually diffuse across gap junctions are
unknown. Experiments testing the size and charge constraints of gap junctions provide an
indication as to what is possible. Using three anionic dyes, with increasing size and
molecular weight, the diffusion across different connexin gap junctions was measured.
Although connexin 36 was not included in the study, connexins with similar pore sizes
and properties were included. The least permeable connexin could pass a dye with a
molecular weight of 570 Da and longest dimension of 11.3 Å118, suggesting molecules at
least this size can diffuse through connexin 36 gap junctions. This agrees with numerous
dye studies in islets. Two dyes of similar size, lucifer yellow and ethidium bromide
(lucifer yellow: 457 Da, ~11.7 Å; ethidium bromide: 394 Da, ~11.6 Å), diffuse across
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connexin 36 gap junctions in islets111,119–121. Further, estimates for the pore size of
connexin 36 lie between 15 and 45 Å118,122. In addition to size, it is important to consider
the charge selectivity of connexin 36. Upon injection into a single islet cell, lucifer
yellow (charge = -2) and ethidium bromide (charge = +1) spread to approximately 2-3
and >7 cells, respectively, demonstrating the cation selectivity of connexin 36120. Based
on these studies, it is reasonable to assume that metabolites such as cAMP (~12.3 Å),
NADH (~12.8 Å), nucleotides (~10.8 Å), and glucose 6-phosphate (~9.4 Å) can diffuse
across gap junctions. Indeed, some of these metabolites have been observed to diffuse
between islet cells or connexin 36 gap junctions. Radiolabeled uridine nucleotides as well
as a cocktail of glycolytic intermediates (containing glucose 6-phosphate, fructose 6phosphate, fructose 2,6-diphosphate, and ADP) were transferred between cells in rat
pancreatic islet monolayer cultures123,124. Additionally, cAMP diffused between pairs of
HeLa cells connected by connexin 36 gap junctions125. Despite this evidence, the extent
and importance of metabolic coupling is unknown.
Metabolic coupling of beta cells may play a role in coordinating or amplifying
insulin secretion. Glucose metabolism is upstream of membrane depolarization. Rises in
NAD(P)H, an indicator of glucose metabolism, precede electrical activity by ~60-90
seconds in islets126,127. This provides enough time for metabolites to diffuse across gap
junctions and leaves open the possibility that metabolic coupling occurs before electrical
coupling. Metabolic coupling would ensure that all beta cells within an islet reach
threshold at the same time guaranteeing that they are coordinated. As noted in the earlier
section, the slow oscillations in membrane potential are assumed to be caused by
oscillations in ATP/ADP, driven by glucose metabolism and ATP consumption. Since
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coordinated action of glucose metabolism is necessary for maintaining the same
oscillatory period in islets, it is feasible that metabolite diffusion coordinates ATP/ADP
generation and consumption. This could occur directly through ATP/ADP diffusion or
indirectly by diffusion of glycolytic intermediates that feed into metabolic pathways. An
alternative possibility is that electrical coupling spreads the effects of ATP/ADP on KATP
channels128. In this scenario, the threshold of all beta cells within an islet would be
summed through ionic diffusion. Clearly, order of metabolic and electrical coupling is
vital to understanding the coordination of insulin secretion.
Metabolic coupling could also act to amplify insulin secretion. Diffusion of
cAMP between beta cells could prime insulin granules and have a synergistic effect with
calcium. Interestingly, glucose can amplify insulin secretion without further raising
calcium concentration or membrane potential in islets129. Moreover, glucose metabolism
regulates insulin release even when effects on KATP channel activity and membrane
potential are blocked129. This suggests that glucose acts through alternate pathways and
effectors to regulate insulin secretion. The diffusion of metabolites that amplify insulin
secretion, such as cAMP, across gap junctions would be important to fully amplify
secretory responses. It may also explain the increased glucose stimulated insulin secretion
in coupled versus uncoupled beta cells130–132.
Electrical and metabolic coupling may allow islets to act as a syncytium whereby
stimuli and responses are summed among connected beta cells. This would allow all beta
cells to act in unison regardless of any differences between them. In the next section we
will touch on these differences in beta cell metabolic and electrical properties as well as
reemphasize the significance of gap junctional coupling.
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Beta Cell Heterogeneity
The beta cells within an islet are not identical. They have different metabolic,
electrical, and secretory properties that are thought to have functional value133,134. Much
of the work classifying beta cells began in the 1980s. Observations of single cells from
dissociated islets suggested that functional subpopulations of beta cells contribute to the
hormonal control of glucose homeostasis to varying degrees135. Individual beta cells were
shown to have different glucose stimulation thresholds for metabolic activity and insulin
secretion136. As the glucose concentration was increased, the percent of activated beta
cells increased, indicating a dose dependent recruitment of cells136,137. In addition to
glucose sensitivity, differences in the contribution of individual beta cells to insulin
secretion has been observed. In intact islets, beta cells near the core of the islet released
more insulin compared to peripherally located cells138. Similarly, in dissociated islets a
small fraction of the beta cells secreted most of the insulin upon glucose stimulation139.
This secretion was influenced by coupling with other endocrine cells. Heterologous
coupling with alpha cells enhanced insulin secretion while delta cell coupling reduced
secretion139. Thus, characterizing beta cell subpopulations depends not only endogenous
properties, but also the cells with which they interact.
Like earlier studies, more recent work has identified groups of beta cells with
differences in proliferative capacity, glucose sensitivity, insulin secretion, etc. However,
these studies took the extra step of defining subpopulations based on gene and protein
expression as well as how they change in type 2 diabetes. Advances in flow cytometry
and single cell sequencing have led to improved cell classification. ST8SIA1-, Fltp+, and
PSA-NCAM+ all define high insulin secreting subpopulations that decrease with
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metabolic stress or type 2 diabetes140–142. These subpopulations seem to overlap based on
gene and protein expression pointing to a common population of cells lost in diabetes143.
Still, these distinctions may be arbitrary. The molecular mechanisms explaining the
differential capabilities of these subpopulations has not been determined. ST8SIA1, Fltp,
and PSA-NCAM markers do not drive the functional state of beta cells so other
identifying genes and proteins are essential140–142. Additionally, the processes governing
the emergence of beta cell heterogeneity are unknown.
The physiological relevance of beta cell heterogeneity is unclear. Beta cells do not
act independently as they are coupled by gap junctions, which permit the passage of
molecules between cells. For example, the oscillatory activity of beta cells within an islet
is temporally coordinated144,145 despite differences in glucose sensitivity in isolated
cells146. This coordination would not be possible unless the activity of one cell influenced
the activity of another. Likewise, differences in the glucose stimulation threshold of beta
cells would result in a faster and greater quantity of metabolite production in some cells.
Yet, rises in NAD(P)H are even across the islet following glucose stimulation64. This
implies beta cells within an islet act as a syncytium, such that the properties of individual
cells are averaged. It is then reasonable to assume that the importance of beta cell
heterogeneity is overstated. Experiments that alter the expression or activity of key
proteins in the insulin secretory pathway provide useful insight. Transgenic mice with
mosaic beta cell expression of mutant nonfunctional KATP channels show minimal
derangements in islet activity. Although 70% of KATP channels were rendered nonfunctional, islets maintained a strong glucose dependence. Glucose dependent responses
were slightly leftward shifted in mutant islets but were otherwise normal. Mutant beta
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cells isolated from dissociated islets, on the other hand, were insensitive to glucose99.
These findings demonstrate that coupling reduces the effects of beta cell heterogeneity as
islet activity is intact when less than half of the beta cells are glucose responsive. A
similar conclusion was reached when glucokinase activity or expression was altered
using three different approaches, treatment with glucokinase inhibitors, transgenic
tamoxifen inducible glucokinase deletion mice, and mathematical modeling. In all three
cases, only 30-50% of the beta cells required normal glucokinase activity for an islet to
achieve normal glucose stimulated calcium responses147. From these studies it is clear
that large changes in the beta cell population are necessary to disrupt islet activity.
A more nuanced view of beta cell heterogeneity is that larger subpopulations with
attributes further from the average have a greater influence on those islet attributes, akin
to a weighted average. In support of this concept, the sum of activities from dissociated
beta cells replicated the glucose dose response curve for calcium responses of intact
islets148. In addition, regions of the islet with greater metabolic responses were shown to
have greater influence on islet activity149. This has led to the reemergence of the islet
pacemaker hypothesis.

Leader/Hub Cell Hypothesis
The idea of pacemaker beta cells arose from observations of islet electrical
activity. When two microelectrodes were placed in islet beta cells further than 20 μm
apart, a lag in the phase of electrical bursts was observed despite identical burst
frequency. As the separation between the two cells increased, the phase delay between
cells increased, which suggested that electrical activity spread across the islet115. Similar
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findings of an excitation wave propagating across the islet led to the suggestion of a
functional pacemaker; a cell or group of cells that entrain the electrical activity of
neighboring cells150. Still, definite evidence of pacemaker beta cells was absent, and it
was unclear how pacemaker activity spread across the islet. Two theories pacemaker
communication emerged: electrical currents from pacemakers spread to other cells across
gap junctions or a secreted factor released from pacemakers prompt surrounding cells151.
Recently, work from researchers in the UK has renewed the debate on the existence of a
functional pacemaker.
The presence of ‘hub’ or ‘leader’ beta cells was proposed based on calcium
measurement of individual beta cells within mouse and zebrafish islets. Upon glucose
stimulation, beta cells whose calcium oscillations preceded the oscillations of other cells
were observed. These cells were termed hub and follower cells, respectively. Electrical
silencing of hub cells, via optical stimulation of cell membrane localized halorhodopsin,
disrupted synchronized oscillations in islets. This, along with evidence demonstrating that
hub cell KATP channel activation synchronized calcium oscillations at unstimulatory
glucose concentrations, provided support for a population of cells that entrained islet
calcium activity152. In a follow up in vivo study, these hub cells were rebranded as leader
cells. Leader beta cells displayed earlier calcium responses, and when ablated decreased
islet calcium responses to glucose confirming earlier findings153.
Now that pacemaker activity was established, the authors sought to explain how
hub/leader activity was communicated to the rest of the islet. The authors suggested that
communication occurred electrically across gap junctions as gap junction inhibitors
greatly decreased the number of cells entrained by hub/leader beta cells. Hub/leader cells
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also had greater connectivity based on correlation of calcium activity, which suggested
greater electrical coupling across gap junctions. However, this theory was called into
question154. The observation that electrical silencing of hub/leader cells could lead to
extensive inhibition of electrical activity and disrupt coordination could not be
sufficiently explained by electrical coupling. An alternate mechanism involving intraislet
diffusible factors was offered.
In addition to controversy over the mechanism of hub/leader communication, the
characteristics that define hub/leader beta cells are unsettled. Hub/leader cells do not
appear to have a precise spatial distribution152, although the proximity to nerves or blood
vessels has not been explored. One feature of hub/leader cells is that they have faster
responses to glucose stimuli. Accordingly, hub/leader cells are thought to have greater
glucokinase expression and mitochondrial activity as these would provide greater
excitability. The effect of these alterations on beta cell responses has not yet been
explored. Transcriptionally or cytochemically identified populations of more
metabolically active beta cells may also correspond to hub/leader cells141,142,153. Thus, it is
uncertain what defines a hub/leader cell in terms of anatomical position, excitability, and
frequency of oscillations as well as whether enzymes, such as glucokinase, are important
in delineating function.
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Chapter 2- Diffusion of metabolites across gap junctions mediates
metabolic coordination of β-islet cells1
Abstract
Loss of oscillatory insulin secretion is an early marker of type II diabetes. In an
individual beta-cell, insulin secretion is triggered by glucose metabolism, which leads to
membrane depolarization and calcium influx. Islet β-cells display coordinated secretion;
however, it is unclear how the heterogeneous population of insulin-secreting beta cells
coordinate their response to glucose. The mechanisms underlying both electrical and
calcium synchronicity are well explored. Nonetheless, the mechanism governing
metabolic coordination is unclear given key glycolytic enzymes' heterogeneous
expression. To understand how islet cells coordinate their metabolic activity, a
microfluidic applicator delivered glucose to spatially defined areas of isolated mouse
islets. We measured metabolic responses using NAD(P)H autofluorescence and calcium
changes using Fluo-4 fluorescence. Glucose stimulated a rise in NAD(P)H, even in areas
unexposed to the treatment, suggesting metabolic coordination. A gap junction inhibitor
blocked the coordinated NAD(P)H rise in low-glucose areas. Additionally, metabolic
communication was absent in immortalized β-cell clusters lacking gap junctions,
demonstrating their importance for metabolic coupling. Further, metabolic
communication preceded glucose-stimulated rises in intracellular calcium and
pharmacological blockade of calcium influx did not disrupt NAD(P)H rises. These data
suggest that metabolic coordination between islet beta-cells relies on gap-junctional
activity and precedes synchronous electrical and calcium activity.
1

This section was submitted as a research article to the Journal of General Physiology and is currently being
revised.
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Introduction
The inability of glucose-stimulated insulin secretion to compensate for peripheral
insulin resistance contributes to type 2 diabetes progression19,155,156. Since cellular
communication within an islet potentiates secretory output tenfold130–132, intra-islet
signaling mechanisms provide vital information about secretory failure and treatment
strategies in diabetes. Therapeutic approaches to restore or enhance insulin secretion are
viable both experimentally157–159 and clinically160,161. As such, it is beneficial to
understand how intra-islet signaling pathways promote insulin secretion.
Within individual beta cells, the glucose-stimulated insulin secretion pathway is
well defined. Fluctuations in blood glucose proportionally alter cellular metabolism via
changes in glucokinase activity5,78. Sufficient change in the ATP/ADP ratio, in turn,
triggers an action potential, calcium influx, and fusion of insulin granules with the plasma
membrane162. However, islet insulin secretion, specifically the secretory boost that arises
from the organization of beta cells in islets, is incompletely understood. Beta cells, even
within an individual islet, are heterogeneous in important ways. They have different
glucose stimulation thresholds for metabolic activity and insulin secretion136 as well as
distinct gene and protein expression142,163–166. For example, glucokinase expression is
increased in high insulin secreting beta cells141 while beta cells with increased expression
of genes encoding ATP-sensitive potassium channel (KATP) subunits display lower
insulin secretion140. Despite this heterogeneity, islet beta cells respond in unison.
NAD(P)H levels rise similarly after glucose treatment63,64, suggesting that cell-cell
communication occurs before membrane depolarization. Action potential dynamics are
also shared across all islet beta cells leading to synchronous calcium oscillations167.
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Yet, the mechanisms underlying synchronous islet beta cell responses are
unresolved168. Gap junctions connecting cells are crucial for coordinating intra-islet beta
cell activity169,170. Chemical inhibition of gap junctional coupling or knock out of proteins
forming gap junctions results in loss of islet calcium oscillations and pulsatile insulin
secretion169–171. Although a wide range of studies111,112,172–175 have established the
prominence of gap junctions, it is unclear which molecules coordinate the cell-cell
communication in the islet. Metabolites124,176, nucleotides123, and ions113 have each been
proposed. Electrical coupling is the most straight forward to test and best described99,152.
Even so, models based on electrical coupling best account for cell-cell coordination
during an action potential. Beyond establishing an islet-wide threshold potential, ionic
flow through gap junctions would have little impact on pre-threshold cell-cell
communication.
Metabolites are logical mediators of pre-action potential communication through
gap junctions, although direct evidence has proved elusive. In theory, islet gap junctions
are large enough pores to pass several interesting cell-signaling candidates. Lucifer
yellow, for example, freely passes through islet gap junctions119,121. At 442 Da, it is larger
than notable cell signaling intermediates including inositol trisphosphate (420 Da, charge
= -2 to -4) and cAMP (329 Da, charge = -1). Glucose 6-phosphate, fructose 1,6bisphosphate, and ADP can also diffuse across monolayer beta cells from neonatal islet
monolayer cultures124. Given the notable differences between monolayer culture and
naturally formed adult islets120,177,178, whether metabolic diffusion occurs between beta
cells in intact islets has not been sufficiently explored. In this study, we clarify the
presence of metabolic coupling using selective stimulation of islets. Delivery of glucose
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to spatially defined areas of adult rodent islets reveals metabolites diffuse across gap
junctions independent of rises in cytoplasmic calcium. These results implicate metabolic
coupling in coordination of islet secretory responses and maintenance of appropriate
insulin secretion.

Methods
Islet isolation and culture. FVB mice (MGI:2163709) were purchased from Jackson
Labs, ME. Islets were isolated from 6-12 week old male and female FVB mice using
collagenase XI (Sigma) digestion according to a previously published protocol179. Islets
were cultured in DMEM growth media containing L-glutamine (Corning), 5.5 mM
glucose, 10% fetal bovine serum (ThermoFisher), and 1% penicillin streptomycin
solution (HyClone). Islets were seeded onto 50-mm dishes containing No. 1.5 glass
coverslips (MatTek) coated with 0.01% poly-L-lysine (Sigma) for fluorescence imaging.
Islets were imaged 5-7 days after seeding. All experiments were conducted in compliance
with institutional guidelines and approved by the University of Maryland School of
Medicine Institutional Animal Care and Use Committee. Authors have adhered to
ARRIVE guidelines in planning experiments and presenting findings.

INS-1E cell culture. INS-1E cells (RRID:CVCL_0351) were a gift from Dr. Peter
Arvan180. Cells were cultured in RPMI-1640 growth media (Corning) containing Lglutamine, 11.1 mM glucose, 10% fetal bovine serum (ThermoFisher), 1% penicillin
streptomycin solution (HyClone), 10 mM HEPES (Gibco), 1 mM sodium pyruvate
(Gibco), and 50 µM β-mercaptoethanol (Sigma). Cells were passaged every 5 days using
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0.25% trypsin-EDTA (Corning). To create clusters for fluorescence imaging, 50,000 cells
were seeded onto 50-mm dishes containing No. 1.5 glass coverslips (MatTek) and
maintained for 3-4 days prior to imaging.

Microfluidic application of glucose. The Fluicell BioPen platform was used to selectively
stimulate portions of clusters/islets with glucose. The BioPen tip was positioned ~50-75
μm away from the cluster/islet and 500 nM rhodamine 101 (Sigma) was used for
visualization. Clusters/islets in all experiments were stimulated with glucose for 20
seconds using the following settings on the Fluicell BioPen platform: Pon = 280 mbar, Poff
= 21, Vswitch = -115 mbar, Vrecirc = -115 mbar. All glucose solutions were made in
imaging buffer (BMHH buffer containing 0.1% BSA).

Fluorescence microscopy. Clusters/islets were incubated for 1 hr in imaging buffer
(BMHH buffer containing 0.1% BSA and 2 or 5.5 mM glucose) at 37 °C prior to
imaging. For calcium imaging, islets were similarly incubated for 1 hr in imaging buffer
at 37 °C with the addition of 2.5 μM Fluo-4 (Invitrogen). Islets incubated with Fluo-4
were washed three times with imaging buffer prior to imaging. For experiments with
pharmacologic treatments, cells/islets were treated with 100 µM carbenoxolone (Sigma),
20 µM verapamil (Sigma), or 250 µM diazoxide (Sigma) prior to stimulation. Images
were collected using a Zeiss AxioObserver microscope equipped with a 20x, 0.8 NA
Plan-Apochromatic objective and 1.25 Optovar tube lens. NAD(P)H autofluorescence
was excited with a 365 nm LED and 49 DAPI filter cube. Fluo-4 fluorescence was
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excited with a 505 nm LED and 46 HE YFP filter cube. Images were collected at 37 ˚C
using a Zeiss incubation system with a Zeiss Axiocam 506.
Calculation of metabolic and calcium responses. Images were background subtracted and
smoothed prior to calculation of responses. Responses were normalized to baseline and
calculated in a pixel by pixel manner using a custom Python script. Max responses were
determined from time points after stimulation was completed. Stimulated and
unstimulated regions were determined based on thresholding of islets exposed to
rhodamine. Islet and stimulation edges, responses based on distance, glucose
concentration, islet diameter, and time to max response were also determined using this
script. For responses based on distance, the minimum distance between a given pixel and
the islet/stimulation edge was used. Glucose concentration was estimated based on
rhodamine fluorescence. Rhodamine fluorescence values corresponding to 2 and 20 mM
glucose were determined to create a linear curve. The time to max response was
calculated from only pixels exhibiting a response to glucose. Model Python code is
available on GitHub (DOI: 10.5281/zenodo.4509575).

Statistical analyses. All statistical analyses were performed using GraphPad Prism 7.
Student’s t-tests were used to compare the mean responses. Matched pairs t-tests were
used to compare responses from the same islet as was the case for responses in stimulated
and unstimulated regions. Since imaging was not continuous, a Mann-Whitney or
Wilcoxon matched-pairs signed rank test was used to compare time to max response.
Finally, linear regression was used to evaluate the relationship between distance from
islet/stimulation edge and NAD(P)H response, NAD(P)H response and area/percent
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stimulated, and max NAD(P)H response and max Fluo-4 response. Error bars in all
figures denote standard deviation. 15 islet clusters (from three dishes) or 16 islets (from
three mice, at least five islets per mouse) were imaged and analyzed for each
experimental condition.

Supplemental material. Two supplemental videos are included. Supplemental video 1
shows the application of 500 nM rhodamine 101 dye to an islet for 20 seconds using the
Fluicell Biopen. Supplemental video 2 depicts normalized NAD(P)H responses following
20 mM glucose application with the Fluicell Biopen. Responses are displayed using a
pseudocolor map. Arrows with labels indicate the islet and microfluidic applicator in both
videos. Timestamps for each frame are shown at the top left of each video.

Results
Regions stimulated by microfluidic applicator are identified computationally
Previous studies have shown that metabolic responses to glucose are similar
across the islet following glucose stimulation63,147,181. Typically, the entire islets' bathing
solution receives additional glucose using a perfusion system or manual pipetting148,182–
184

. To determine if metabolic responses spread across beta cells, we used a microfluidic

approach to stimulate a portion of the adult mouse islet. We then measured metabolic
responses in stimulated and unstimulated regions. The FluiCell BioPen Prime system
administered glucose using positive and negative pressures to restrict chemical exposure
to a localized volume185–190. Specifically, solution dispensed from a central channel was
aspirated by two adjacent channels creating a confined recirculating flow (Figure 2.1A).
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NADH/NADPH (or NAD(P)H) autofluorescence, a marker of metabolic activity60,191,192,
was used to quantify metabolic responses. Before glucose simulation, we sought to
identify islet portions to which the solution was delivered (stimulated regions) and
restricted from by device aspiration (unstimulated regions). Areas in the treated zone
were marked using rhodamine 101 (Supplemental video 1). Notably, rhodamine diffusion
was constrained, indicating that solution delivery with BioPen does not diffuse to the bath
solution (Figure 2.1B). Using an image thresholding algorithm, stimulated and
unstimulated regions were determined and match what is visually observed (Figure
2.1C). Further, the islet and stimulation edges were computationally identified (Figure
2.1D). These metrics allowed us to quantify islet responses based on distance from the
islet edge or the stimulation edge in a pixel-by-pixel manner.

Metabolic responses are confined in beta cell clusters lacking gap junctions
After delineating stimulated and unstimulated regions, we tested whether the
solution delivered by the microfluidic applicator was indeed confined to a localized
volume. The INS-1E glucose responsive rat insulinoma cell line lacks gap junctions193,194.
Thus, metabolic responses should be appropriately confined to regions stimulated by
glucose. Stimulated and unstimulated regions were determined, as in Figure 2.1, with
rhodamine dye. Treatment with 20 mM glucose from a resting 2 mM glucose revealed
that responses are restricted to stimulated regions in INS-1E clusters (Figure 2.2).
Average NAD(P)H responses over time show rises in stimulated regions that were not
detected outside of the rhodamine-marked area (Figure 2.2A). Control treatment with 2
mM glucose, to assess the effect of fluid force, shows only a slight increase in NAD(P)H
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that is distinct from glucose-dependent rises (Figure 2.2B). A visual representation of
NAD(P)H responses is depicted for an INS-1E cluster exposed 20 mM glucose (Figure
2.2C). The pseudocolor map of responses illustrates responses are confined to the
exposed region, outlined in yellow. Another indication that the delivery of solution is
constrained is based on the max NAD(P)H response across distance. The INS-1E cell line
is a relatively homogeneous, clonally derived beta cell line195. Therefore, NAD(P)H
responses should be equal throughout portions exposed to glucose. In stimulated regions,
NAD(P)H responses are even with a non-significant slope (p=0.6261) across distance
(Figure 2.2D). The same holds true for unstimulated regions (p=0.1296) (Figure 2.2E).
Importantly, max NAD(P)H responses are significantly greater (p<0.0001) in stimulated
regions of INS-1E clusters (Figure 2.2F). Thus, only the area marked by rhodamine is
stimulated by the microfluidic applicator.

Metabolic coordination is observed in adult mouse islets
Next, we explored if islets are metabolically coordinated, i.e., whether metabolic
responses spread between cells. We started by treating portions of islets with 11 mM
glucose from a resting 5.5 mM glucose, which are physiologic postprandial and fasting
blood glucose concentrations. However, given the short duration of treatment, it was hard
to detect metabolic responses. NAD(P)H responses marginally rise above baseline in
stimulated regions and cannot be observed in unstimulated regions (Figure 2.3A). To
accentuate metabolic responses, we moved from a two-fold increase (5.5 to 11 mM) to a
ten-fold increase (2 to 20 mM). With the ten-fold treatment, above baseline NAD(P)H
responses are observed in both stimulated and unstimulated regions (Figure 2.3B and
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Figure 2.1. Identification of stimulated and unstimulated islet regions. (A) A central
outflow channel that dispenses solution is bounded on both sides by inflow channels,
which aspirate solution. Outflow is constrained by aspiration, indicated by blue arrows.
In this way, solution exposure is restricted. (B) Regions of the islet were exposed to 500
nM rhodamine 101 dye using a microfluidic applicator. (C) A thresholding algorithm
identifies exposed (stimulated) and unexposed (unstimulated) islet regions, outlined in
yellow. A magnified view of the islet (white rectangle) is shown in (D). The border of the
islet facing the microfluidic applicator (islet edge, blue) as well as the boundary to which
solution is dispensed (stimulation edge, yellow), as indicated by the white arrows, are
determined computationally.
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Figure 2.2. Metabolic responses are confined to stimulated regions in INS-1E
clusters. (A) INS-1E clusters were exposed to 20 mM glucose for 20 seconds, purple bar,
using a microfluidic applicator. Mean NAD(P)H responses (symbols) ± S.D. (error bars)
in stimulated and unstimulated regions are displayed (n=15 clusters). Stimulated regions
show a response to glucose while unstimulated regions do not. (B) 2 mM glucose was
applied, purple bar, to clusters as a control to observe the effect of pressure. A small rise
in NAD(P)H is seen in stimulated regions. Mean NAD(P)H responses ± S.D. are depicted
(n=15 clusters). (C) A pseudocolor map of NAD(P)H responses following administration
of 20 mM glucose is shown for an INS-1E cluster. The stimulated region is outlined in
yellow. Metabolic responses are restricted to the stimulated region. (D-E) NAD(P)H
responses were averaged at integer distances (n=15 clusters). The maximum, across time,
of these average responses is plotted versus distance (error bars indicate S.D.). Metabolic
responses are consistent and do not correlate with distance in stimulated regions
(p=0.6261, r2=0.02232) or unstimulated regions (p=0.1296, r2=0.06266). (F) Max
NAD(P)H responses are greater in stimulated regions compared to unstimulated regions
(n=15 clusters, p<0.0001). Symbols denote individual islets. Linear regression was used
to evaluate response versus distance relationships and a matched pairs t-test was used to
compare max NAD(P)H responses.
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Supplemental video 2). To ensure responses in unstimulated regions were not due to
leakage from the microfluidic applicator, external glucose concentration was determined
across the islet (Figure 2.3C). Glucose concentration drops steeply reaching, on average,
3.74 ± 1.11 mM at the stimulation edge indicating glucose treatment was controlled.
Metabolic responses appear to occur later and decrease in magnitude in areas further
from the stimulation edge (Figure 2.3D-E). Similar to INS-1E clusters, treatment with 2
mM glucose shows slight rises in NAD(P)H (Figure 2.3F).

Coordination may be due to unhindered diffusion of a metabolite
To examine how max NAD(P)H responses change with distance, we used a pixelby-pixel analysis to quantify the response. In stimulated regions of the islet, maximum
responses slightly increase with distance from the islet edge (Figure 2.4A). Interestingly,
maximum responses in unstimulated areas correlate well with distance, decreasing
linearly as distance from the stimulation edge increases (r2=0.8639, p<0.0001) (Figure
2.4B). We then compared the time to the maximum response at the pixel level. The peak
response in unstimulated areas occurred significantly later (p=0.0027) than in regions
directly exposed to glucose. This result suggests that metabolic responses spread
throughout the entire islet and are not constrained to cells directly exposed to glucose
(Figure 2.4C). Given that responses decay linearly with distance in unstimulated regions,
these data point to a coordinating molecule's unhindered diffusion.
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Figure 2.3. Metabolic coordination exists in islets. (A) Islets were exposed to 11 mM
glucose for 20 seconds, purple bar, from a baseline 5.5 mM glucose using a microfluidic
applicator. Small rises in NAD(P)H are observed in stimulated regions, but no such rises
are seen in unstimulated regions of the islet. Mean NAD(P)H responses (symbols) ± S.D.
(error bars) are presented (n=16 islets). (B) Application of 20 mM glucose for 20
seconds, purple bar, from a baseline 2 mM glucose shows NAD(P)H responses in
stimulated and unstimulated regions (n=16 islets). (C) A pseudocolor map shows external
glucose concentrations across the islet following 20 mM glucose stimulation. At the
stimulation edge (yellow), average glucose concentration is 3.74 ± 1.11 mM (mean ±
S.D., n = 16 islets). (D) An example islet is labelled with three regions of interest (yellow
boxes and colored circles) and the stimulation edge (yellow, indicated by white arrow).
(E) NAD(P)H responses, from each region of interest (ROI), across time is displayed.
Responses decrease in magnitude and occur later in ROIs beyond the stimulation edge.
(F) Stimulation with 2 mM glucose, purple bar, from a baseline 2 mM glucose shows a
slight rise in NAD(P)H that is distinct from glucose dependent responses (n=16 islets).
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Figure 2.4. Metabolic responses are consistent with diffusion of a coordinating
molecule. Portions of islets were exposed to 20 mM glucose from a baseline 2 mM
glucose using a microfluidic applicator. (A-B) NAD(P)H responses were averaged at
integer distances (n=16 islets). The maximum, across time, of these average responses is
plotted versus distance (error bars indicate S.D.). Responses in stimulated regions (A)
slightly rise with distance from islet edge (p<0.0001, r2=0.431, slope=0.0001986 ±
4.238e-005) while responses in unstimulated regions (B) decrease and correlate well with
distance from islet edge (p<0.0001, r2=0.8639, slope= -0.000569 ± 4.124e-005). (C) The
time to max NAD(P)H response following glucose treatment is shown for stimulated and
unstimulated regions from corresponding islets (n=16 islets). Responses in stimulated
regions peak significantly earlier than responses in unstimulated regions (p=0.0027).
Response versus distance relationships were assessed by linear regression. The difference
in the time to max NAD(P)H responses was evaluated by Wilcoxon matched-pairs signed
rank test.
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Metabolic communication is dependent on gap junctions
Although the spread of metabolic responses indicates diffusion, we wanted to test
whether gap junctions mediated this. We treated islets with an inhibitor of gap junctional
communication, carbenoxolone196–199, before glucose application (Figure 2.5). In the
presence of carbenoxolone, responses are abolished only in unstimulated regions (Figure
2.5A). We also looked at the difference in response between the stimulated and
unstimulated regions. Compared to untreated islets, islets treated with carbenoxolone do
not show a greater difference in response (p=0.1985) (Figure 2.5B-C). However,
responses appear to be contained to stimulated regions with carbenoxolone treatment
(Figure 2.5D). To measure off-target effects, we treated INS-1E clusters, which lack gap
junctions, with carbenoxolone before administering glucose. NAD(P)H responses in both
regions are unchanged (stimulated regions: p=0.8215, unstimulated regions: p=0.2706)
with carbenoxolone treatment (Figure 2.5E-F). Like the untreated clusters in Figure 2.2,
responses are significantly greater and only observed in stimulated regions compared to
unexposed areas (p=0.0353). We can conclude that gap junctional diffusion of some
molecule(s) coordinates the metabolic responses from these data.

Metabolic coupling is independent of rises in cytoplasmic calcium
Rises in intracellular calcium concentration may enhance metabolic
responses200,201. Thus, it is possible that calcium regulates upstream metabolic processes
(Figure 2.6A). To clarify the influence of cytoplasmic calcium concentration on
metabolic responses, we activated ATP-sensitive potassium (KATP) channels, which
trigger membrane depolarization, and blocked voltage gated calcium channels (VGCCs).
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Figure 2.5. Coordination of metabolic response is consistent with diffusion of a
molecule across gap junctions. (A) Islets were treated with 100 µM carbenoxolone, a
gap junction inhibitor, before 20 mM glucose administration using a microfluidic
applicator (n=16 islets). Max NAD(P)H responses are significantly greater in stimulated
regions compared to unstimulated regions (p<0.0001). Error bars indicate S.D. (B)
Treated islets were then compared to untreated islets. Glucose administration is indicated
by the purple bar. The mean difference between responses in stimulated and unstimulated
regions (symbols) ± S.D. (error bars) is depicted over time for untreated and
carbenoxolone treatment (n=16 islets). (C) The mean area under the curve (AUC) ± S.D.
for the curves in (B) is similar for both treatment conditions (n=16 islets, p=0.1985). (D)
Pseudocolor maps of NAD(P)H responses are shown for untreated and carbenoxolone
treated islets following administration of 20 mM glucose. Metabolic responses spread
outside the stimulated region (outlined in red) in untreated islets but are restricted to the
stimulated region with carbenoxolone treatment. (E-F) To test for off target effects,
INS1E clusters, which lack gap junctions, were treated with carbenoxolone before
glucose exposure (n=15 clusters). (E) Carbenoxolone treatment does not alter max
NAD(P)H responses in stimulated (p=0.8215) or (F) unstimulated regions (p=0.2706) of
INS-1E clusters. Means were compared by either student’s t-tests or matched pairs t-tests
for max NAD(P)H response, AUC, and time to max NAD(P)H response.
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Blockade of glucose-stimulated closure of KATP channels by diazoxide, or calcium
influx by verapamil, significantly decreases islet calcium responses following glucose
application (Figure 2.6B-C) (diazoxide: p=0.0104, p=0.0034; verapamil: p<0.0001,
p<0.0001). NAD(P)H responses were not altered in stimulated or unstimulated regions
(stimulated regions: p=0.1336, unstimulated regions: p=0.0522) by verapamil treatment
(Figure 2.6D-E). However, diazoxide decreases NAD(P)H responses (p=0.0445) in islet
cells outside the stimulation zone (Figure 2.6E). Therefore, NAD(P)H responses are
independent of rises in cytoplasmic calcium but may be influenced by membrane
depolarization.
Settings on the microfluidic applicator were held constant for all pharmacologic
treatments, but the area and percent of the islet stimulated differed slightly between
conditions (Figure 2.7A-C). This did not affect our interpretation of the data as neither
the area nor the percent of the islet stimulated strongly correlated with NAD(P)H
responses (Figure 2.7D-E).
Finally, we wanted to clarify the relationship between islet calcium and metabolic
responses. As illustrated in Figure 2.3C-D, metabolic responses decay in magnitude and
occur later in regions further from stimulation. Using the same regions of interest (ROIs),
calcium responses were also measured. Rises in calcium occur approximately a minute
after rises in NAD(P)H and are of comparable magnitude across the islet (Figure 2.8A).
The similarity in the magnitude of calcium responses is also illustrated by comparing
stimulated and unstimulated islet regions. Calcium responses are nearly identical in both
regions (Figure 2.8B) in contrast to metabolic responses. Additionally, max calcium
responses do not correlate with max NAD(P)H responses (Figure 2.8C-D). This is the
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Figure 2.6. Metabolic responses of islets treated with an ATP-sensitive potassium
channel (KATP) opener and a voltage gated calcium channel (VGCC) blocker
following glucose stimulation. Islets were incubated with 250 µM diazoxide, a KATP
opener, or 20 µM verapamil, a VGCC blocker before 20 mM glucose administration to
portions of the islet. (A) The schematic diagram shows two connected beta cells. Glucose
metabolism leads to closure of KATP channels and influx of calcium through voltage gated
calcium channels in the left cell. Rises in metabolic activity in the right cell, which is not
exposed to glucose, can occur through two potential calcium dependent mechanisms: (1)
Calcium diffusion across gap junctions stimulates enzymes in glycolysis and the citric
acid cycle. (2) Depolarization of the left cell triggers depolarization of the right cell.
Then, calcium influx through VGCCs stimulates enzymes in glycolysis and the citric acid
cycle. Preventing closure of KATP channels with diazoxide (red) or blocking VGCC with
verapamil (purple) would inhibit calcium dependent rises in metabolic activity in cells
not exposed to glucose. Max Fluo-4 responses in both (B) stimulated and (C)
unstimulated regions are decreased by diazoxide (n=16 islets, p=0.0104; p=0.0034,
respectively) and verapamil (n=16 islets, p<0.0001; p<0.0001, respectively) treatment.
(D) Max NAD(P)H responses in stimulated regions are unchanged by treatment with
diazoxide (n=16 islets, p=0.4645) or verapamil (n=16 islets, p=0.1336). (E) Max
NAD(P)H responses in unstimulated regions are decreased by diazoxide (n=16 islets,
p=0.0445), but are not affected by verapamil (n=16 islets, p=0.0522). Symbols denote
individual islets. Mean ± S.D. is displayed. Significance was assessed by student’s t-tests.
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Figure 2.7. Stimulation conditions for pharmacological treatments and correlation
with NAD(P)H responses. Stimulation characteristics for islets from Figures 2.3, 2.5,
and 2.6 were compared. (A) Islet diameter does not differ in any treatment condition
when compared to the untreated condition (carbenoxolone: n=16 islets, p=0.0836;
diazoxide: n=16 islets, p=0.5454; verapamil: n=16 islets, p=0.4881). (B) The area
stimulated is increased with verapamil treatment (n=16 islets, p=0.0009), but unchanged
for other treatments (carbenoxolone: n=16 islets, p=0.1921; diazoxide: n=16 islets,
p=0.7574). (C) The percent of the islet stimulated is decreased with carbenoxolone
treatment (n=16 islets, p=0.0014), but unchanged for other treatments (diazoxide: n=16
islets, p=0.2495; verapamil: n=16 islets, p=0.2742). Max NAD(P)H responses do not
correlate well with the area or percent of the islet stimulated by microfluidic application
of 20 mM glucose in (D) stimulated or (E) unstimulated regions of the islet (n=32 islets).
Mean ± S.D. is displayed. Means were compared by student’s t-tests and correlation was
analyzed by linear regression.
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Figure 2.8. Metabolic responses are independent of rises in cytoplasmic calcium
concentration. Calcium responses were measured using Fluo-4, a calcium indicator,
following 20 mM glucose application, purple bars. (A) Calcium responses (dashed lines)
of the regions of interest in Figure 2.3C are overlaid on top of metabolic responses (solid
lines). (B) Mean calcium responses (symbols) ± S.D. (error bars) are shown for
stimulated and unstimulated regions of islets (n=16 islets). Responses are almost identical
between the two regions. Max NAD(P)H responses do not correlate with max Fluo-4
responses in stimulated (C) or unstimulated regions (D) of the islet (n=16 islets).
Correlation was analyzed by linear regression.
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case for integrated (area under the curve) calcium and NAD(P)H responses as well
(stimulated: p=0.9120; unstimulated: p=0.3629). Taken together, our data suggest islet
metabolic responses are coordinated via diffusion of metabolic intermediates across gap
junctions, and this coordination is independent of rises in cytoplasmic calcium
concentration.

Discussion
Here we show that islet metabolic responses can spread from metabolically active
cells to their neighboring beta cells. Following selective exposure of islet portions, cells
located outside high glucose-stimulated areas displayed an increase in NAD(P)H. Gap
junctional blockade inhibited this effect in islets, indicating that increased metabolism in
unstimulated neighbors followed a transcellular pathway. Furthermore, metabolic activity
did not spread among cells in INS-1E clusters. INS-1E cells lack gap junctions, and the
metabolic responses in cells exposed to high glucose remained constrained by the spatial
restriction of the BioPen. Given that these results reflected our observations in islets
treated with carbenoxolone, we can reasonably conclude that gap junctions communicate
metabolic responses across the islet.
Islet cell metabolic coupling also precedes calcium influx. Glucose-stimulated
calcium responses follow metabolic responses by ~ 1 min. Unlike metabolic responses,
calcium rises were synchronous throughout all islet cells, regardless of direct cellular
stimulation with glucose. Additionally, glucose metabolism was unaffected by calcium
channel inhibitors. Together, the data suggest that coordination of β-cell metabolism is
calcium-independent. Based on the triggering pathway for insulin secretion and our
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evidence demonstrating that the signal occurs before VGCC activation, the mechanism
likely involves a diffusing glycolytic product.
Diffusion of glycolytic intermediates most likely mediates metabolic
communication between adjacent β-islet cells. Metabolic responses in untreated areas
decayed linearly with distance and were delayed compared to the regions exposed to
glucose (Figure 2.3). Further, NAD(P)H changes in areas outside the stimulation zone
displayed decreased response amplitude and increasingly delayed peak response. In
aggregate, the data show that the metabolic responses in unstimulated cells correlate with
their distance from the stimulation edge. Maximum responses in unstimulated cells
lagged over 10 s behind cells directly exposed to high glucose. Using the average length
responses travel across the islet (30-50 μm), we roughly estimate a diffusion coefficient
for the signaling molecules at around 60 – 180 μm2/s. These calculations place the
molecular size of the communicating molecule at less than one kDa, assuming
cytoplasmic diffusion202–204.
Glycolytic metabolites freely diffuse across the cytoplasm, unlike mitochondrial
metabolism. Metabolite transport out of the mitochondria is comparatively slow and is
thus an unlikely contributor to intra-islet communication. Size and charge constraints also
need to be considered. The estimated pore size of connexin-36 gap junctions is between
15 and 45 angstroms118,122. As such, large molecules cannot diffuse across these gap
junctions. Although connexin-36 gap junctions show a slight preference for cations110,175,
anion permeation does occur110,117,119,175,205,206. Even so, the mechanism underlying
connexin-36 gap junction selectivity and gating are not fully understood and may be
regulated. Intracellular pH and magnesium ions can regulate conductance207,208 while
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glucose209–211, glibenclamide117,174,209 and IBMX210 can enhance gap junctional
connectivity. Negatively charged metabolic intermediates should pass through islet gap
junctions. Carboxyfluorescein (376 Da, charge = -2), an anionic dye similar in size and
charge to glucose 6-phosphate (258 Da, charge = -2 freely diffuses across islet gap
junctions212. Models of beta-cell signaling also demonstrate that glucose 6-phosphate
diffuses through gap junctions176. From this, we propose that glucose 6-phosphate likely
contributes to metabolic coordination in pancreatic islets.
A finer point illustrated by this study is that the molecule coordinating metabolic
responses diffuses at least 30 μm. Previous studies of metabolite diffusion in neonatal rat
islet monolayers show diffusion over similar lengths123,124. Our data show NAD(P)H
increases in regions not exposed to glucose for up to 30 μm from the stimulation edge.
Since the metabolite rise in the unstimulated areas is due to diffusion of a coordinating
molecule, it follows that the molecule diffuses at least 30 μm. Metabolite diffusion may
occur beyond this distance. However, data for all islets is unavailable.
Our findings support a role for pre-threshold metabolic coupling that is distinct
from calcium-mediated glycolytic potentiation102,201,213,214. Previous models have
proposed only post-action potential metabolic coupling where coordination of metabolic
responses is a consequence of synchronous rises in cytoplasmic calcium and occurs after
insulin release. Our data suggest much earlier metabolic coupling. Calcium rises were
identical in timing and magnitude in regions of the islet stimulated and unstimulated with
glucose. Also, blocking VGCCs did not alter metabolic responses, as mentioned above.
These results indicate that pre-threshold metabolic coupling is independent of glucosestimulated calcium changes.
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Interestingly, calcium responses do not peak within our experimental timeframe
(within three minutes of stimulation). These data, along with the fact that calcium
responses follow metabolic responses, open the possibility that metabolic coordination
influences calcium coordination. The diffusion of glycolytic intermediates or other
metabolites across the islet could increase the metabolic activity in a sufficient number of
cells to trigger an electrical response producing increased calcium across the islet.
Metabolic and calcium responses may not correlate in this scenario because membrane
depolarization and activation of voltage-gated calcium channels may be an all or none
rather than a graded response. Nevertheless, our data do not support or contradict this
possibility.
KATP channel activity also affected the spread of metabolic activity across the
islet. Diazoxide decreased metabolic responses in unstimulated cells, which suggests
electrical excitability may play a role in metabolic coordination. However, it is uncertain
how this would occur. Membrane depolarization is synchronized across all β-islet cells,
unlike metabolic activity, which we find linearly decays with distance. Additionally,
membrane depolarization does not influence metabolic activity through the action of
VGCCs. Thus, diazoxide may decrease the diffusion of negatively charged metabolites,
given that hyperpolarization closes gap junctions215–218, including Cx-36219. Still,
diazoxide treatment may modify glucose metabolism, glucose-dependent pathways, or
the interaction between islet cells.
Metabolic coupling may help explain the organization and potentiation of islet
insulin secretion. While metabolic coupling agrees with earlier studies illustrating islet
beta cells act as a syncytium130,220, it also allows for the possibility that beta cells with
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enhanced metabolic activity regulate islet metabolic and electrical activity. Notably, islet
regions displaying high electrical control also have high metabolic activity149. Islet cell
metabolic coupling, therefore, may be intrinsic to the mechanisms that control electrical
coupling. In addition, the diffusion of molecules across coupled beta cells may enhance
insulin secretion. Curiously, glucose can amplify insulin secretion independent of
downstream effects on membrane potential or calcium concentration, which suggests
glucose acts through alternate pathways to regulate insulin secretion129. Metabolite
diffusion should add to the overall coupling mechanism since it occurs independently
from action potentials and calcium oscillations. Thus, pre-threshold metabolic coupling
likely contributes to the synergistic effect coupled beta cells have on glucose-stimulated
insulin secretion130–132.
Johnston et al. recently proposed a new152, albeit controversial154 model for intraislet β-cell communication. In their model, 'hub' or leader β-cells, enriched in
glucokinase, drive calcium oscillations in follower beta cells. Our study supports
metabolic communication between β-cells that flows from glycolytically more active to
the less active cells. Given glucokinase's role as a glucose sensor5,65, our studies imply
that a cell with enhanced glucose phosphorylation would influence its neighbors. Even
so, we find that gap junctions mediate pre-threshold metabolic communication. As a
result, the need for direct cell-cell contact precludes the formation of networked activity
as proposed152,153.
Alterations in the availability or activity of glucokinase has implications for
metabolic coordination. Mutations, post-translational modifications, and protein-protein
interactions, which adjust glucokinase activity likely influence metabolic communication.
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Increases in cellular glucokinase activity, as is observed with S-nitrosylation, are
expected to enhance metabolic coordination due to greater metabolite production.
Likewise, sequestration of glucokinase in non-cytoplasmic compartments, such as insulin
secretory granules, decreases glucokinase availability and is proposed to diminish
metabolic diffusion. Further, the presence of metabolic communication in islets
necessitates that changes in glucokinase activity impact islets more than individual beta
cells.
Type 2 diabetes mellitus progressively damages the ability of islets to secrete
insulin over time. Given that loss or disruption of gap junction communication results in
dysfunctional insulin secretion170, many have proposed a connection between gapjunctional connectivity and the decline of insulin secretion during diabetes221. For islet
glucose metabolism, coupling defects may diminish islet metabolic activity and insulin
secretion. Notably, decreased glucose-induced rises in NADH and ATP, as is observed
with gap junction inhibition, impairs insulin secretion191,222. Further, damage to the most
metabolically active cells, which are vulnerable to insults223,224 and may have
disproportionate influence on islet activity, is a concern during type 2 diabetes. In turn,
our findings suggest that human islets will be especially susceptible to the deterioration
of metabolically active cells as beta cells are fewer in number compared to rodent islets32.
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Chapter 3- Heterogeneity in islet responses following membrane
depolarization
Abstract
Impaired calcium handling is implicated in the diminished insulin secretion
present in type 1 and 2 diabetes. Yet, it remains unclear how different internal and
external calcium sources act to regulate insulin exocytosis. To better understand how
endoplasmic reticulum (ER) calcium regulates enzymes involved in glucose metabolism,
we generated a mouse model with beta cell specific expression of channelrhodopsin
(ChR) containing an ER retention sequence. The model was supposed to allow optical
modulation of ER calcium. Instead, our results indicate that ChR is mainly expressed on
the plasma membrane providing control of beta cell electrical activity. Even so, we were
able to alter cytoplasmic calcium concentration through voltage gate calcium channel
activation. Optical excitation of ChR in intact islets and individual beta cells result in
comparable average calcium responses. The magnitude of these calcium responses
correlate with ChR expression suggesting that membrane depolarization produces graded
calcium responses. We also examined metabolic responses following ChR stimulation. In
contrast to calcium responses, metabolic responses between individual beta cells and
islets are distinct. Beta cells dissociated from islets display potent rises in metabolic
activity that are not dependent on ChR expression. The more muted responses of intact
islets may specify a regulatory response to repress insulin section.
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Introduction
Adequate insulin secretion is essential to maintain glucose homeostasis and
prevents the development of diabetes mellitus225,226. Insulin is secreted from beta cells, an
electrically excitable population of cells in the islets of Langerhans. Since glucose is the
signal driving insulin secretion, beta cells acutely sense and respond to changes in
glucose concentration. Specifically, glucose metabolism leads to membrane
depolarization, and subsequent rises in intracellular calcium concentration result in
insulin secretion162. The calcium sources contributing to the increase are of importance as
calcium induces the exocytosis of secretory granules227. It is well established that most of
the calcium enters through voltage gated calcium channels (VGCC) and is extracellular in
origin228. However, the role of internal calcium stores in regulating insulin secretion and
enzymes involved in glucose metabolism is not well defined.
The endoplasmic reticulum (ER) is one notable calcium reservoir whose
dysfunction is implicated in both type 1 and 2 diabetes229. The ER has several key
functions in beta cells. It helps clear calcium from the cytosol following influxes230,
ensures proper protein folding231, and enhances insulin release232–234. As such, regulation
of ER calcium is vital for beta cell health and appropriate insulin secretion. In this study,
we generated a novel mouse model that has beta cell specific expression of a
channelrhodopsin attached to an ER-localized mVermilion fluorescent protein (ChRmVermilion-ER). Our group had previously used this construct in immortalized beta cells
to manipulate ER calcium200. We hoped to replicate this precise control in primary islet
beta cells. Unfortunately, islets isolated from ChR-mVermilion-ER mice preferentially
expressed the construct on the plasma membrane as opposed to the ER. As a result,
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optical excitation of ChR allows for command of membrane depolarization rather than
release of ER calcium. Despite this setback, we explored differences in the calcium and
metabolic responses of individual beta cells and intact islets.
The beta cells within an intact islet are an electrically coupled group that respond
to glucose stimuli with coordinated oscillations in membrane potential, intracellular
calcium concentration, and insulin secretion106. When dissociated from an islet, however,
beta cells are heterogeneous in their electrical excitability235, glucose sensitivity236,237,
and insulin secretion164,238. Recent work has suggested that beta cell heterogeneity
confers cells with specialized roles within the islet140–142,149,152,153. Still, it appears that
beta cells act as parts of a whole, i.e. total islet responses equal the sum of individual beta
cells148. Here, we perturb membrane potential with ChR to examine the effect of
electrical excitability on calcium responses in intact islets and individual beta cells. We
also use downstream effects of ChR stimulation to investigate how calcium influences
metabolic activity.

Methods
Mice generation. ChR-mVermilion-ER knock in mice were generated by Applied
StemCell (Milpitas, CA) by homologous recombination and kept on an FVB genetic
background. More specifically, the ChR-mVermilion-ER construct was inserted into the
Rosa26 locus by homologous recombination. The ChR-mVermilion-ER construct was
created by fusing the KDEL ER retention sequence to the C terminus of hChR2 (H134RmCherry) and replacing mCherry with mVermilion. A stop codon flanked by loxP sites
preceded the ChR-mVermilion-ER construct preventing expression. To produce beta cell
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specific expression, homozygous ChR-mVermilion-ER mice were crossed with
homozygous INS1cre mice (Jackson Labs, Stock No. 026801), which express Cre
recombinase in insulin producing beta cells239. The resulting double heterozygous mice
have the preceding stop codon removed in beta cells allowing for construct expression.
All experiments were conducted in compliance with institutional guidelines and approved
by the University of Maryland School of Medicine Institutional Animal Care and Use
Committee. Authors have adhered to ARRIVE guidelines in planning experiments and
presenting findings.

Genotyping. Mouse genotyping was done by qPCR using primers for Rosa26 and
mVermilion listed in the table below. Genotyping was performed by Transnetyx
(Memphis, TN).

Table 3.1 ChR primers for qPCR
Sequence
ChR Forward

GTCGAGACTCTCGTCGAAGAC

ChR Reverse

CAGCTCTTCGCCCTTAGACA

Rosa26 Forward

TTCCCTCGTGATCTGCAACTC

Rosa26 Reverse

CTTTAAGCCTGCCCAGAAGACT

Islet isolation, dissociation, and culture. Islets were isolated from 12-52 week old male
and female INS1cre/ChR-mVermilion-ER mice using collagenase XI (Sigma) digestion
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according to a previously published protocol179. Islets were cultured in DMEM growth
media containing L-glutamine (Corning), 5.5 mM glucose, 10% fetal bovine serum
(ThermoFisher), and 1% penicillin streptomycin solution (HyClone). For widefield
imaging, islets were seeded onto 35-mm dishes containing No. 1.5 glass coverslips
(MatTek) coated with 0.01% poly-L-lysine (Sigma) and imaged 3-5 days after seeding.
For immunostaining, islets were seeded onto 24 x 50 mm coverslips (VWR) coated with
0.01% poly-L-lysine (Sigma) and fixed 5-7 days after seeding. Islets set aside for
dissociation were cultured for one day before incubation with 0.25% trypsin-EDTA
(Corning) for 5 minutes at 37 ºC. Dissociated islets were then washed three times with
culture media and filtered through a 70 µM strainer (BD Falcon) before seeding onto 35mm dishes containing No. 1.5 glass coverslips (MatTek) coated with 0.01% poly-Llysine (Sigma). Approximately 25 dissociated islets were seeded per dish. Dissociated
islets were cultured in the same media as intact islets.

Immunostaining. Isolated islets seeded onto 24 x 40 mm coverslips were fixed with room
temperature 4% EM-grade paraformaldehyde (Electron Microscopy Sciences) in PBS.
Islets were permeabilized with PBS containing 0.3% Triton X-100 (Sigma) and unreacted
aldehydes were quenched with 1 mg/mL sodium borohydride (Sigma) in PBS. Islets then
were incubated for 30 minutes at room temperature with blocking buffer (PBS containing
0.3% Triton X-100 and 1% BSA) before overnight incubation at 4 ºC with rabbit
polyclonal antibody to insulin (ab63820, diluted 1:500, Abcam). After washing, islets
were incubated for 30 minutes at room temperature with Alexa 488 goat anti-rabbit

62

antibody (ab150077, diluted 1:500, Abcam). Fixed and stained islets were imaged by
inverted single plane illumination microscopy (iSPIM).

Fluorescence microscopy. Calcium and NAD(PH) imaging was performed using
widefield microscopy. For calcium imaging, intact and dissociated islets were incubated
for 1 hr at 37 ºC in imaging buffer (BMHH buffer containing 0.1% BSA and 5.5 mM
glucose) with 2.5 μM Fura2 (Invitrogen). Intact and dissociated islets were then washed
three times with imaging buffer prior to imaging. For NAD(P)H imaging, islets were
incubated for 10 min in imaging buffer at 37 °C prior to imaging. Intact islets were
treated with 250 nM thapsigargin (Sigma), 200 nM extracellular calcium, or 20 µM
verapamil (Sigma) in some of the experiments. Thapsigargin was added to the imaging
buffer for incubation, washes, and imaging. 200 nM extracellular calcium treatment
consisted of imaging buffer containing 200 nM calcium instead of the usual 2.5 mM
present in BMHH buffer. Islets were washed and imaged, but not incubated, with 200 nM
extracellular calcium imaging buffer. Verapamil was added to the imaging buffer only
prior to imaging. Images were collected using a Zeiss AxioObserver microscope
equipped with a 20x, 0.75 NA Plan-Apochromatic objective. NAD(P)H autofluorescence
was excited with a 365 nm LED and 49 DAPI filter cube. Fura2 fluorescence was excited
with 360 nm and 380 nm LEDs for ratio imaging using the isosbestic point. Fura2
emission was reflected with a FT 455 nm HE beam splitter and filtered with a 480/40 nm
bandpass filter. One or two trains of 5x1 second 470 nm pulses were used to activate
ChR. Images were collected with a water-cooled Hamamatsu C10600 Orca R2 camera at
37 °C using a Zeiss incubation system.
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Immunostained islets were imaged on an inverted single plane illumination
microscope (iSPIM) with stage scanning capability240. Islets were excited with 505 nm
and 568 nm lasers to visualize insulin staining and mVermilion fluorescence,
respectively. Islets were translated through the light sheet and imaged every 1 µM for
volumetric image collection. Images were collected with a Hamamatsu Flashv4 Orca
camera at 37 ºC. Temperature was controlled using an incubator enclosure surrounding
the microscope. Following image collection, image stacks were processed with the Imaris
Bitplane software for three-dimensional reconstruction of islets.

Image analysis. Image analysis was performed using FIJI. Images were background
subtracted before measurement of fluorescence intensity. Fura2 fluorescence and
NAD(P)H autofluorescence were measured using regions of interest encompassing the
entire islet or beta cell. The fura2 ratio was calculated by dividing 360 nm and 380 nm
fluorescence intensities. Both Fura2 and NAD(P)H responses were normalized to
baseline. To determine ChR and insulin co-expression, cells displaying mVermilion and
insulin (Alexa Fluor 488) fluorescence were individually identified, and the fluorescence
overlap was quantified.

Statistical analyses. All statistical analyses were performed using GraphPad Prism 7.
Means were compared by multiple comparisons two-way analysis of variance or unpaired
t-tests. Samples with unequal variances were analyzed by unpaired t-tests with Welch’s
correction. Means for time to peak analysis were compared by Mann-Whitney test as
imaging was not continuous. The difference in population variances were examined by
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Levene’s test. The relationship between ChR expression and responses were evaluated by
linear regression. Error bars in all figures denote standard deviation.

Results
To generate mice with beta cell specific expression of channelrhodopsin linked to
an ER-localized mVermilion (ChR-mVermilion-ER), the ChR-mVermilion-ER gene
construct was inserted into the Rosa26 locus. A stop codon flanked by loxP sites
preceded the gene to allow for control by the Cre-loxP system (Figure 3.1A). These mice
were then crossed with mice expressing Cre recombinase in insulin producing beta cells,
Ins1cre mice (Figure 3.1B), resulting in beta cell specific expression.
Following the generation of Ins1cre/ChR-mVermilion-ER mice, we tested whether
the ChR-mVermilion-ER construct was expressed and restricted to beta cells. Notably,
the construct contains an mVermilion fluorescent protein tag to allow for visualization.
Islets from Ins1cre/ChR-mVermilion-ER mice were isolated, stained for insulin, and
imaged with inverted single plane illumination microscopy (iSPIM). A three-dimensional
reconstruction of an islet displays mVermilion fluorescence indicating the ChRmVermilion-ER construct is expressed (Figure 3.2A). Insulin staining shows that
construct expression is specific to beta cells within islets (Figure 3.2B-D). The coexpression of channelrhodopsin (ChR) and insulin was quantified by counting cells with
either protein present (Figure 3.2D). Of the cells expressing either marker, 90.5%
expressed both insulin and the ChR-mVermilion-ER construct demonstrating a high
concordance (Figure 3.2E).
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Figure 3.1. Strategy for generating of INS1cre/ChR-mVermilion-ER mice. (A) The
ChR-mVermilion-ER construct along with a preceding stop codon and CAG promoter
was inserted into the Rosa26 locus. The ChR-mVermilion-ER construct is composed of
H134R ChR with mVermilion, and the KDEL ER retention sequence attached to the C
terminus. The construct was LoxP sites on either side of the stop codon permit removal of
the stop codon with Cre recombinase expression. (B) ChR-mVermilion-ER mice were
crossed with mice expressing Cre recombinase under the insulin 1 promoter. The
resulting offspring express ChR-mVermilion-ER in insulin producing beta cells.
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Figure 3.2. Expression of ChR-mVermilion-ER is restricted to beta cells. (A) A
three-dimensional reconstruction of an islet isolated from a ChR-mVermilion-ER mouse
is depicted. mVermilion fluorescence (red) indicates construct expression. (B) ChRmVermilion-ER mice expression from an islet cross section is shown. (C) Islets were
stained for insulin (yellow) and the overlap of mVermilion fluorescence and insulin
staining is displayed in (D). Crosshairs denote counted cells. (E) Fluorescence overlap in
each cell was quantified (n=5 islets).
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Next, we examined if optical stimulation of ChR resulted in rises in intracellular
calcium concentration in intact islets. Since the construct contains an ER retention
sequence, optical excitation should open the channel and allow calcium to flow, down its
concentration gradient, out of the ER (Figure 3.3A). Excitation with two 5x1 second
pulses of 470 nm light significantly increases intracellular calcium as compared to no
stimulation (p<0.0001) (Figure 3.3B-C). Still, given the seemingly considerable amount
of ChR localized to the plasma membrane, as opposed to the ER (Figure 3.2B), we
investigated the sources of calcium contributing to this rise. Islets were treated with 250
nM thapsigargin, a sacro/endoplasmic reticulum calcium ATPase (SERCA) inhibitor, to
deplete ER calcium and 200 nM extracellular calcium to decrease extracellular entry.
Thapsigargin treatment changes the shape of calcium responses (Figure 3.3B) but does
not significantly alter overall responses (p=0.8350) (Figure 3.3D). Low extracellular
calcium, on the other hand, almost completely abolishes responses (p<0.0001) (Figure
3.3B-D) suggesting that the calcium entering the cytoplasm is predominantly
extracellular in origin. To further characterize the mechanism of calcium entry, islets
were treated with 20 µM verapamil to block voltage gated calcium channels (VGCC).
Like low extracellular calcium, verapamil significantly reduces calcium responses
relative to no treatment (p<0.0001) (Figure 3.3B-D). While the initial influx of calcium is
eliminated, islets treated with verapamil still display later calcium rises (Figure 3.3B).
These findings suggest that most of the calcium entry following ChR activation is
through VGCC, but that ER stores and other calcium permeable channels may minimally
contribute.
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Figure 3.3. Activation of ChR results in calcium entry through voltage gated
calcium channels (VGCC). (A) Blue light opens ChR located on the ER membrane
allowing for ER calcium to flow into the cytoplasm. An mVermilion fluorescent protein
tag allows expression to be visualized. (B) Islets were excited with two 5x1 second pulse
trains of 470 nm light under different pharmacologic treatments. Islets were treated with
250 nM thapsigargin, to deplete ER calcium, 200 nM extracellular calcium, or 20 µM
verapamil, a voltage gated calcium channel blocker. (n=10 islets each, 3 mice). (C) No
calcium responses were observed in islets that were not excited with 470 nm light (n=10
islets each, 3 mice). (D) Area under the curve for each treatment condition was
calculated. Thapsigargin treatment did not alter responses (p=0.8350) whereas 200 nM
extracellular calcium and verapamil both abolished responses (p<0.0001 and p<0.0001,
respectively). Means were compared by multiple comparisons two way ANOVA.
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Although the mouse model we developed does not allow for precise control of ER
calcium, it allows us to control membrane depolarization. We took advantage of this to
compare the calcium responses of intact islets and dissociated beta cells. In intact islets,
optical excitation of ChR results in consistent calcium responses that do not vary between
mice (p=0.5311) (Figure 3.4A). These rises occur immediately following stimulation and
are significant when compared to unstimulated islets (p<0.0001) (Figure 3.4B). Despite a
greater degree of variation, individual beta cells from dissociated islets exhibit analogous
calcium increases (Figure 3.4C). The average responses of dissociated beta cells are
similar in timing and magnitude (Figure 3.4D) relative to intact islets (p=0.9765).
Furthermore, differences in calcium rises between individual cells can be explained by
ChR expression. Outside of one cell that displays an exceptionally high response, total
calcium responses correlate with ChR expression (p=0.0065, r2=0.4734) (Figure 3.4E).
This suggests that greater membrane depolarization results in greater calcium influx
irrespective of other differences between beta cells.
Given the potential for intracellular calcium levels to influence the activity of
enzymes involved in glucose metabolism241, we subsequently considered the effect of
ChR activation on beta cell metabolic activity, as measured by NAD(P)H
autofluorescence. Unlike the equivalent calcium responses of intact islets and individual
beta cells, metabolic responses are divergent. Excitation of ChR slightly, but significantly
(p<0.0001), increases NAD(P)H levels in intact islets (Figure 3.5A). In contrast, beta
cells from dissociated islets show significant robust elevations in metabolic activity
(p<0.0001) (Figure 3.5B). Overall NAD(P)H responses are almost seven times greater in
individual beta cells than in islets (p=0.0021) (Figure 3.5C). The responses of individual
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Figure 3.4. Average calcium responses between intact islets and individual beta cells
are analogous. (A) Five 1-second 470 nm pulses result in consistent calcium responses
between mice (n=6 islets each, 3 mice). (B) Optical excitation of ChR causes significant
rises in cytoplasmic calcium levels in intact islets (p<0.0001). (n=18 islets each, 3 mice).
(C) Individual beta cells from dissociated islets also show significant calcium responses
following ChR stimulation (p<0.0001). mVermilion expression was imaged to verify
cells were beta cells (n=15 cells, excitation; 17 cells, no excitation; from 2 mice each).
(D). The magnitude of calcium responses, quantified by the area under the curve (AUC),
is similar between intact and dissociated islets (p=0.9765). (E) ChR expression,
determined by mVermilion fluorescence, correlates with the magnitude of calcium
responses (p=0.0065, r2 = 0.4734) (n=15 cells, one cell excluded in red, 2 mice). Means
were compared by unpaired t-tests. The relationship between ChR expression and
calcium responses was analyzed by linear regression.
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beta cells are also more variable than intact islets. Differences in the magnitude of
metabolic responses cannot be explained by ChR expression as metabolic responses do
not correlate with ChR expression (p=0.2298, r2=0.05498) (Figure 3.5D). Similarly, the
timing of metabolic increases is inconsistent. The irregularity in timing does not seem to
be an effect of islet dissociation as the time to peak calcium response is remarkably
consistent (Figure 3.5E). The time to peak metabolic activity has a significantly greater
variance (p<0.0001) and occurs later (p=0.0038). This implies that calcium regulates
enzymes involved in glucose metabolism differentially and that there may be intrinsic
differences in beta cell metabolism.
Overall, our data indicate that calcium responses are graded depending on the
degree of membrane depolarization, membrane excitability is shared across all islet beta
cells, and glucose metabolism is regulated differently, both within islets and between
individual beta cells.

Discussion
INS1cre/ChR-mVermilion-ER mice
In this study, we sought to generate a mouse model with beta cell specific
expression of a novel ChR-mVermilion-ER construct. The construct contained genes for
ChR and an ER localized mVermilion fluorescent protein tag. The goal was to optically
modulate ER calcium with ChR and visualize/quantify expression with mVermilion.
Based on immunofluorescence and pharmacologic treatments, we instead created a
mouse model with beta cell specific expression of plasma membrane ChR. Since ChR is
a non-specific cation channel242, its activation results in membrane depolarization and
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Figure 3.5. Average NAD(P)H responses in intact islets and individual beta cells are
distinct. (A) Five 1-second 470 nm pulses result in significant metabolic elevations in
intact islets (p<0.0001). (n=18 islets each, 3 mice). (B) Individual beta cells from
dissociated islets show much more robust metabolic responses following ChR stimulation
(p<0.0001). mVermilion expression was used to verify cells were beta cells (n=28 cells,
excitation; 24 cells, no excitation; from 2 mice each). (C). The magnitude of NAD(P)H
rises, quantified by the area under the curve (AUC), is greater in dissociated islets
(p=0.0021). (D) ChR expression, determined by mVermilion fluorescence, does not
correlate with the magnitude of metabolic responses (p=0.2298, r2 = 0.05498) (n=28
cells, 2 mice). (E) The time to peak response is greater for metabolic responses as would
be expected by calcium regulation of glucose metabolism (p=0.0038). The timing of
metabolic responses is also more variable (p<0.0001). Means were compared by unpaired
t-tests with Welch’s correction if variances were unequal. The relationship between ChR
expression and NAD(P)H AUC was analyzed by linear regression. Differences in the
time to peak response were measured by Mann-Whitney test and population variances
were compared by Levene’s test.
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subsequent calcium entry through VGCC. Therefore, in our model, ChR allows for
control of membrane potential and downstream calcium responses similar to closure of
ATP-sensitive potassium (KATP) channels.
To design this mouse model, we utilized a Cre/lox system, which provides
flexibility in targeting the construct to specific cell types. Although ChR expression was
not limited to the ER in islet beta cells, it is possible that the construct will localize to the
ER in other cell types. We have previously shown that this construct is restricted to the
ER in immortalized beta cells200. This suggests different protein trafficking between
immortalized and primary beta cells that may or may not be present in other cell types.
The localization of ChR to the ER needs to be further explored in other tissues using mice
with assorted Cre expression.
While genetically distinct, our mouse model is not novel. Mice with beta cell
specific expression of plasma membrane ChR have previously been used to explore islet
function149,243, though with different Cre and fluorescent protein tag expression. Like
these other models, optical excitation of islets produces rises in cytoplasmic calcium
concentration that are consistent between islets and mice.

Calcium responses following membrane depolarization
We investigated the relationship between ChR expression and calcium responses.
Outside of one cell with an inordinately high calcium response that was excluded,
calcium responses correlate with ChR expression. This cell may represent a specialized
population, or a cell damaged by the dissociation process. Since ChR expression is an
indicator of the number of channels opened by optical excitation, this suggests that
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calcium responses correlate with the degree of depolarization. Therefore, following
membrane depolarization, beta cells exhibit graded as opposed to all or none responses.
Graded calcium responses align with the graded insulin secretion observed with
changes in glucose concentration156. As glucose concentration is increased the time the
membrane spends depolarized is increased244. Increased depolarization then increases the
total calcium response as we have shown here, explaining how metabolic responses are
translated to calcium responses. Graded calcium responses may also explain how insulin
secretion is controlled between meals. Calcium oscillations are generally observed at
persistently high glucose concentrations66,70,245. More restrained elevations in glucose
concentration tend to produce rises in calcium concentration without rapid
oscillations148,246. In fact, endogenous slow rhythms are hypothesized to protect against
hypoglycemia247,248. Calcium oscillations may be a generalized response to a glucose
bolus, but not to basal or minor variations in glucose concentration. Slower graded
responses would provide a means by which beta cells respond to small changes in
glucose concentration. This is relevant given the daily glucose variability, unrelated to
meals, that is present in humans249,250 Moreover, treatment of type 1 and 2 diabetic
patients relies in part on basal insulin251,252.
Additionally, calcium oscillations may be explained by the interplay between
homeostatic mechanisms and a sustained glucose stimulus253. We observed that
homeostatic mechanisms return calcium responses to baseline after a train of depolarizing
pulses. A sustained glucose stimulus that is strong enough to override these mechanisms
may explain the observed oscillatory response. Oscillations in calcium concentration, and
insulin secretion may not be observed in the absence of this stimulus.
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Beta cell specialization
Our data corroborate the well-established idea that membrane excitability is
shared across beta cells within an islet100,193,254. In our model, variable electrical
excitability was artificially conferred based on ChR expression. By comparing the
responses of individual beta cells and intact islets, we examined if electrical excitability
confers unique cellular function. Although individual beta cells showed variable calcium
responses, their average responses matched those of intact islets. This suggests that
graded responses across the islet are averaged to produce a whole islet response and that
the responses of particular cells, i.e. those with increased electrical activity, are not
weighted.
We also propose that hub/leader cell theory depends on disparities in glucose
metabolism. Hub/leader cells are beta cells believed to dictate responses to glucose due to
earlier electrical responses152,153. In our experiments, cells with different electrical
excitabilities were optically activated with the same stimulus. This is comparable to
homogeneous glucose metabolism triggering cells with different KATP expression. From
these experiments we found that the magnitude of calcium response corresponded with
the degree of depolarization in individual beta cells, and the average of individual cells
equal that of the whole islet. If responses are graded and shared, differential KATP activity
would not alter the timing of responses between cells. Neither would responses
downstream of membrane depolarization that hinge on the degree of depolarization.
Thus, upstream metabolic heterogeneity likely explains the ability of hub/leader cells,
though elevated KATP channel activity may modify effects147.
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Enhancement of insulin secretion and regulatory mechanisms of other islet cell types
Calcium affects several enzymes involved in glucose metabolism241. Our lab has
previously shown that glucokinase activity is regulated by intracellular calcium levels
through a NO dependent process200. We have also proposed that incretins boost
glucokinase activity through release of ER calcium98. Although our mouse model did not
work as intended, it still allowed us to measure the effect of calcium rises on metabolic
activity.
Our findings indicate distinct regulation of metabolic activity by calcium in intact
islets and individual beta cells. Both intact islets and individual beta cells display
significant rises in metabolic activity following ChR stimulation. However, the average
response of individual beta cells is much greater than that of intact islets indicating a
control mechanism that is present in islets but absent in individual beta cells. It is likely
that other islet cell types act to contain beta cell activity following membrane
depolarization. In the absence of glucose elevations, beta cell glucose metabolism needs
to be held in check to prevent inappropriate insulin secretion255. The repressed metabolic
activity of intact islets after ChR activation may represent a mechanism by which other
islet cell types limit the effects of perturbations in calcium concentration.
Finally, the variability in metabolic responses may represent intrinsic differences
in glucose metabolism or differential regulation by calcium. Like calcium responses from
individual beta cells, metabolic responses were variable in their magnitude. However,
metabolic responses did not correlate with ChR expression and showed great irregularity
in their timing compared to calcium responses. From this we conclude that the effect of
calcium on glucose metabolism is not consistent across beta cells. As discussed above,
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differences in the expression or regulation of enzymes involved in glucose metabolism
may confer specialized function. Given the influence of calcium levels on metabolic
activity, differences in intra- and intercellular regulation merit further exploration.
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Chapter 4- A glucokinase fluorescence anisotropy reporter (GCKFLARE) reveals beta cell variation is averaged by metabolic coupling
Abstract
The set point for glucose homeostasis in body is determined by glucokinase, the
body’s glucose sensor. Glucokinase is produced in glucose sensing tissues where it
controls release of regulatory and counterregulatory hormones. In the pancreatic beta
cells of the islet, glucokinase is the rate limiting enzyme for insulin secretion. Because of
its critical role, glucokinase activity is finely tuned by post-translational modifications
and protein-protein interactions. To better understand how glucokinase activity is
regulated in pancreatic beta cells, we generated a mouse model expressing a glucokinase
fluorescence anisotropy reporter (GCK-FLARE). GCK-FLARE is a reporter of
glucokinase activity that was previously verified in immortalized beta cells. Using
polarization inverted single plane illumination microscopy (piSPIM), we measured GCKFLARE responses in beta cells of three-dimensionally reconstructed islets. We show
GCK-FLARE sensitively responds to changes in glucose concentration and that
glucokinase activity is heterogeneous across the islet. We then used a microfluidic pipette
to stimulate discrete regions within islets with glucose. These studies reveal that
metabolic responses across the islet depend on the average glucokinase activity of
stimulated regions. Together, our findings suggest a mechanism by which differences in
glucose sensitivity are evened.
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Introduction
The human body responds to changes in blood glucose concentration by secreting
precise amounts of insulin and glucagon4. The enzyme responsible for sensing deviations
in glucose levels is glucokinase65. Glucokinase is a metabolism-based sensor that is
expressed in glucose sensing tissues5. In pancreatic beta cells, glucokinase is the rate
limiting enzyme in the insulin secretory pathway256. Inactivating and activating mutations
in glucokinase, respectively, raise and lower the set point for glucose homeostasis and
insulin secretion81,87,257. Tight regulation of glucokinase activity is important to prevent
the over secretion of insulin leading to hypoglycemia and under secretion causing to
diabetes mellitus.
Yet, it is unclear how glucokinase activity is regulated in pancreatic beta cells.
Glucokinase contains an allosteric activating site suggesting that glucokinase activity is
not solely governed by glucose concentration86. Although drugs have been developed to
target this allosteric site, no endogenous activators are known83. Factors, other of glucose,
that enhance or dampen insulin secretion may act by shifting glucokinase activity98,200.
Our group and others have demonstrated that glucokinase activity and availability
is altered by post-translational modifications in immortalized beta cell lines258.
Specifically, we have shown that glucokinase activity is enhanced by incretins98 and
endoplasmic reticulum calcium release200. We have also demonstrated that Snitrosylation releases glucokinase from secretory granules thereby increasing cellular
content96,259. However, the significance of these findings has not been explored in the
multicellular context of the islet. Further, functional heterogeneity in islet beta cells has
suggested a preeminent role for glucokinase143,147. Specialized beta cells with greater
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glucokinase activity/expression are hypothesized to control the electrical and secretory
activity of islets152,153.
To better understand how variability in glucokinase activity affects islet
responses, we generated a mouse model expressing a glucokinase fluorescence
anisotropy reporter (GCK-FLARE). GCK-FLARE is a fluorescence resonance energy
transfer (FRET) based sensor that provides a readout of glucokinase activity88. In chapter
2, we showed that pre-threshold metabolic coupling may be important for amplifying
insulin secretion. Here, we verify GCK-FLARE provides a readout of glucokinase
activity and show that pre-threshold metabolic activity is averaged between beta cells
with different glucokinase activities.

Methods
GCK-FLARE mice generation. GCK-FLARE mice were generated by Applied StemCell
(Milpitas, CA) via pronuclear microinjection and kept on an FVB genetic background.
The GCK-FLARE construct contains the rat insulin 2 promoter (RIP) sequence followed
by the mVenus-GCK-mVenus FRET sensor sequence88. The GCK FRET sensor was
created by fusing sequences for the mVenus fluorescent protein to the N- and C-terminus
of the rat GCK gene sequence88. Animal transfer, colony maintenance, and experiments
were conducted in compliance with institutional guidelines and approved by the
University of Maryland School of Medicine Institutional Animal Care and Use
Committee.
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Genotyping. Mouse genotyping performed by qPCR using primers for RIP and mVenus
listed in the table below. Genotyping was performed by Transnetyx (Memphis, TN).

Table 4.1 GCK primers for qPCR

RIP Forward
RIP Reverse
mVenus Forward
mVenus Reverse

Sequence
CCCTGGACTTTGCTGTTTGTC
GTGTTTGGAAACTGCAGCTTCA
GGATCACTCTCGGCATGGA
AGCCACCAGCCCAGATC

Islet isolation and culture. Islets were isolated from 6-12 week old male and female
GCK-FLARE mice using collagenase XI (Sigma) digestion according to a previously
published protocol179. Islets were cultured in DMEM growth media containing Lglutamine (Corning), 5.5 mM glucose, 10% fetal bovine serum (ThermoFisher), and 1%
penicillin streptomycin solution (HyClone). For widefield imaging, islets were seeded
onto 35-mm dishes containing No. 1.5 glass coverslips (MatTek) coated with 0.01%
poly-L-lysine (Sigma) and imaged 5 days after isolation. For polarized inverted single
plane illumination microscopy (piSPIM), islets were imaged on 24 x 50 mm coverslips
(VWR) 12-16 hours after isolation.

Microfluidic application of glucose. The Fluicell BioPen platform was used to selectively
stimulate portions of islets with glucose. The BioPen tip was positioned ~50 μm away
from the cluster/islet and 500 nM rhodamine 101 (Sigma) was used for visualization.
Islets were stimulated with 20 mM glucose for 20 seconds using the following settings on
the Fluicell BioPen platform: Pon = 270 mbar, Poff = 21, Vswitch = -115 mbar, Vrecirc = -115
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mbar. Glucose solutions were made in imaging buffer (BMHH buffer containing 0.1%
BSA).

Fluorescence microscopy. Concurrent GCK-FLARE and NAD(PH) imaging was
performed using widefield microscopy. Islets were incubated for 10 min at 37 ºC in
imaging buffer (BMHH buffer containing 0.1% BSA and 5.5 mM glucose) prior to
imaging. Images were collected using a Zeiss AxioObserver microscope equipped with a
20x, 0.8 NA Plan-Apochromatic objective, 1.25 Optovar tube lens, and three position
filter slider containing polarization filters. Excitation light was polarized using the filter
slider. NAD(P)H autofluorescence was excited with a 365 nm LED and a 49 DAPI filter
cube while mVenus fluorescence was excited with a 505 nm LED and 46 YFP filter cube.
Emitted light was separated into photons oriented in parallel and perpendicular
polarizations by a W-view Gemini (Hamatsu) containing the polarization filter set.
Images were collected every 6 seconds at 37 ˚C using a Zeiss incubation system with a
Zeiss Axiocam 506.

The GCK-FLARE activity of individual beta cells within intact islets was measured using
a polarized inverted single plane illumination microscope (piSPIM) with stage scanning
capability. The piSPIM was assembled as previous described240 but was modified for
fluorescence polarization microscopy. Collection arms were fitted with filter wheels
containing emission filters and an image splitting device, OptoSplit II (Cairn), to separate
parallel (P) and perpendicular (S) polarizations. For all treatment conditions, islets were
incubated in 3 mM glucose for 10 minutes before imaging. Islets were treated with
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0.0104% DMSO (vehicle control), 1 uM PF-04937319 (glucokinase activator) (Sigma),
or glucose, and were equilibrated to each treatment for 10 min prior to imaging. Glucose
was added in 4 mM increments by pipette. Islets were translated through the light sheet
and imaged every 1 µM for volumetric image collection. Images were collected with a
Hamamatsu Flashv4 Orca camera at 37 ºC. Temperature was controlled using an
incubator enclosure surrounding the microscope. Following image collection, image
stacks were processed with the Imaris Bitplane software for three-dimensional
reconstruction of islets.

Calculation of NAD(P)H responses. Images were first background subtracted and
smoothed. Responses were then normalized to baseline and computed in a pixel by pixel
manner using a custom Python script. Stimulated and unstimulated regions were defined
based on intensity thresholding rhodamine exposed islets. Model Python code is available
on GitHub (DOI: 10.5281/zenodo.4509575).

Calculation of Anisotropy (r). Each widefield and piSPIM image was a composite of
separated parallel (P) and perpendicular (S) fluorescence. Images were split in half and
aligned on Python using the imreg_dft plugin. Fluorescence anisotropy (r) was calculated
(𝑃−𝑔∗𝑆)

according to 𝑟 = (𝑃+2∗𝑔∗𝑆), where g is the polarization bias of the microscope. The
polarization bias (g) was calculated for each microscope using fluorescein dye. For
microfluidic experiments, anisotropy was calculated for each pixel in stimulated regions.
In piSPIM experiments, cell segmentation of three dimensionally reconstructed P and S
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image stacks was first performed on Imaris Bitplane. Then, anisotropy was calculated for
each beta cell within the islet.

Statistical analyses. Statistical analyses were performed using GraphPad Prism 7. Means
were compared either by unpaired t-tests with Welch’s correction if standard deviations
were unequal or one-way multiple comparisons analysis of variance (ANOVA). Linear
regression was used to analyze the relationship between glucokinase activity and
NAD(P)H response. Error bars in all figures denote standard deviation.

Results
To examine the glucokinase activity of glucose sensing tissues, we generated a
mouse model with hypothalamic and beta cell specific expression of a glucokinase
fluorescence anisotropy reporter (GCK-FLARE). The GCK-FLARE sequence under the
rat insulin 2 promoter was randomly inserted into FVB mice by pronuclear
microinjection. The GCK-FLARE provides a measure of glucokinase activity based on
the principle of homotransfer fluorescence resonance energy transfer (homoFRET)260,
which we will briefly describe (see Appendix A for a derivation of FRET efficiency for
anisotropic measurements). When light is passed through a polarization filter, it becomes
polarized or anisotropic, meaning its electric fields vibrate in one orientation. Excitation
of fluorescent proteins with polarized light results in excitation of only those fluorescent
proteins with matching orientations, a phenomenon known as photoselection261 (Figure
4.1A). Since the rotational diffusion time of fluorescent proteins are 10-fold greater than
fluorescence lifetimes262–264, fluorophores excited by polarized light also emit polarized
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light. In homoFRET, donor and acceptor fluorescent proteins are the same molecule. The
non-radiative energy transfer that occurs in FRET is less constrained by the orientation of
acceptor molecules. As a result, when energy transfer occurs, the polarization of the
emission changes (Figure 4.1B). In the context of many molecules, the polarization or
anisotropy decreases as the emitted light is in a variety of orientations. The GCK-FLARE
takes advantage of this phenomenon. In the open inactive state, fluorophores are far apart
resulting in little to no energy transfer and a higher anisotropy. However, in the closed
active state, fluorophores are closer together resulting in more energy transfer and a lower
anisotropy (Figure 4.1C). Thus, the GCK-FLARE provides a readout of glucokinase
activity.
Although we have previously demonstrated that the GCK-FLARE has a high
signal to noise ratio and is sensitive to changes in glucose concentration in vitro88, we
wanted to verify these findings in islets isolated from GCK-FLARE mice. To measure the
glucokinase activity of individual beta cells within intact islets, we used polarized
inverted selective plane illumination microscopy (piSPIM). piSPIM allows for high speed
optical sectioning and improved resolution in the z-plane compared to confocal
microscopy. The glucokinase activity of each beta cell was measured in three
dimensionally reconstructed islets before and after glucose stimulation. An islet cross
section shows the GCK-FLARE construct expression (Figure 4.2A) and the
corresponding cell segmentation (Figure 4.2B). At 3 mM glucose, beta cells have an
anisotropy of 0.2759 ± 0.02926 that significantly decreases to 0.2568 ± 0.03796 at 7 mM
glucose (p<0.0001), indicating an increase in glucokinase activity with glucose (Figure
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Figure 4.1. Principle behind glucokinase fluorescence anisotropy reporter (GCKFLARE). (A) Polarized light only stimulates fluorescent proteins with matching
orientations (yellow). (B) In homotransfer fluorescence resonance energy transfer
(homoFRET), acceptor and donor fluorescent proteins (cylinders) are identical. Energy
transfer is detected by a change in anisotropy/polarization. (C) The GCK-FLARE is
composed of the glucokinase flanked by mVenus fluorescent proteins at the N- and Ctermini. Once GCK-FLARE is excited by polarized light, fluorescence emission is also
polarized in the absence of energy transfer. In the open inactive state, little to no energy
transfer is present. When glucokinase is active, it adopts a closed confirmation bringing
the two fluorescent proteins closer together. This allows for energy transfer to occur.
Consequently, a decrease in anisotropy indicates an increase in glucokinase activity.

Figure 4.1A appears in Snell, N. E., Rao, V. P., Seckinger, K. M., Liang, J., Lesesr, J.,
Mancini, A. E., and Rizzo, M. A. (2018). Biosensors.
Figure 4.1C appears in Seckinger, K.M., Rao, V.P., Snell, N.E., Mancini, A.E.,
Markwardt, M.L., Rizzo, M.A. (2018). Biochemistry.
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4.2C). Additionally, beta cell glucokinase activity is heterogeneous at 3 mM glucose, and
this heterogeneity appears to increase at 7 mM.
To see if these changes held true across islets, we examined the average islet
anisotropy and standard deviation at different glucose concentrations. Decreases in the
GCK-FLARE anisotropy, denoting increases in glucokinase activity, are observed as the
glucose concentration is raised (Figure 4.3A). At 11 mM, the reduction in anisotropy is
significant (p=0.0031). In contrast, the distribution of beta cell glucokinase activity does
not change with glucose concentration (p=0.2956) (Figure 4.3B). As expected, the GCKFLARE is responsive to changes in glucose concentration. Next, we tested the effect of
PF-04937319, a glucokinase activator (GKA). Treatment with 1 µM GKA results in a
large rise in activity compared to a vehicle control (p=0.0360) (Figure 4.3C). But, like
glucose, administration of a GKA does not change the variance in beta cell GCK-FLARE
activities (p=0.2342) (Figure 4.3D). From these data, it is evident that the GCK-FLARE
mouse model is sensitive to both glucose and GKAs.
After validating our mouse model, we looked at the influence of glucokinase
activity on pre-threshold metabolic coupling. The negative change in GCK-FLARE
anisotropy provides a surrogate measure of glucokinase activity88. This is also true for
1/GCK-FLARE anisotropy (Figure 4.4A). We applied glucose to portions of islets with
the Fluicell Biopen system185,186 (Figure 4.4B) and quantified metabolic responses by
NAD(P)H autofluorescence in treated and untreated regions. Metabolic responses were
observed in both treated and untreated regions confirming earlier results (in chapter 2) of
metabolic coupling. The metabolic responses of regions stimulated with glucose correlate
with the total glucokinase activity of those regions (p<0.0001, r2=0.7947) (Figure 4.4C).
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B

C

Figure 4.2. Glucose stimulation of islets isolated from GCK-FLARE mice. Islets were
imaged with polarized inverted single plane illumination microscopy (piSPIM). (A) An
islet cross-section displays GCK-FLARE fluorescence. (B) The corresponding cell
segmentation is shown. (C) Anisotropy values from single cells within a GCK-FLARE
mouse islet are plotted. A decrease in anisotropy is observed in 7 mM glucose (n = 144
cells, p<0.0001). Means were compared by an unpaired t-test with Welch’s correction.
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Figure 4.3. Glucose and a glucokinase activator (GKA) decrease GCK-FLARE
anisotropy. Islets were isolated from GCK-FLARE mice and imaged with polarized
inverted single plane illumination microscopy (piSPIM). (A) Single beta cell anisotropies
were averaged to determine whole islet anisotropy. Islet anisotropy progressively
declines with glucose concentration indicating increasing glucokinase activity. This
reduction is significant 11 mM (p=0.0031), but not 7 mM (p=0.0832) (n=6 islets). (B)
The distribution of islet beta cell anisotropies, as demonstrated by standard deviation, is
unchanged by glucose (3 mM vs. 7 mM: p=0.3567; 3 mM vs 11 mM: p=0.2956) (n=6
islets). (C) Administration of 1 µM GKA (PF-04937319) significantly reduces GCKFLARE anisotropy relative to a vehicle (DMSO) control (p=), but (D) does not alter the
standard deviation (p=) (n=6 islets). The change in anisotropy was calculated from a 3
mM baseline. Error bars indicate standard deviation. Means were compared by one-way
multiple comparisons ANOVA or unpaired t-test.
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In regions unexposed to glucose, metabolic rises also correlate with the total glucokinase
activity of exposed cells (p=0.0088, r2=0.5133) (Figure 4.4D). Together these data
suggest that metabolic responses are shared across the islet, metabolic responses are
dependent on glucokinase activity, and cells/regions with greater glucokinase activity
have greater metabolic responses.

Discussion
This study aimed to quantify the glucokinase activity of islet beta cells. To
achieve this goal, we generated a mouse model expressing a fluorescence anisotropy
reporter of glucokinase activity, GCK-FLARE. Our results confirm that the GCKFLARE, which was previously validated in vitro88, provides a precise measure of
glucokinase activity in our mouse model. The GCK-FLARE responds to stimuli known
to increase glucokinase activity in intact mouse islets. Both glucose and GKAs increase
glucokinase activity by shifting glucokinase to its closed active conformation83,265. This
demonstrated by the GCK-FLARE. Step wise elevations in glucose progressively
decreases anisotropy and anisotropy declines following GKA treatment, both signifying
increased glucokinase activity.
These results also represent a technological advance in islet imaging. Glucokinase
activity is chiefly measured by enzymatic assays that disrupt cell or tissue function266–268.
Here, we measure the glucokinase activity of all beta cells in living islets, which has not
been possible before. Interestingly, beta cell glucokinase activity varies across the islet.
The reason for this heterogeneous activity, however, is unclear. Glucokinase contains an
allosteric activator site to which no endogenous molecules are known to bind. Although
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Figure 4.4. Islet metabolic responses correlate with the total glucokinase activity of
stimulated regions. (A) -Δ GCK-FLARE anisotropy displays a sigmoidal relationship
with glucose, consistent with endogenous glucokinase activity. This relationship also
holds true for 1/anisotropy. Data adapted from (Seckinger et al., 2018)19. (B) 10 mM
glucose was applied to a portion of the islet using the Fluicell Biopen System. 500 nM
rhodamine 101 dye was used to visualize application. (C-D) Portions of GCK-FLARE
islets were exposed to 10 mM glucose for 20 seconds. NAD(P)H responses were
measured by the area under the curve (AUC). Responses in both exposed (p<0.0001,
r2=0.7947) and unexposed (p=0.0088, r2=0.5133) islet regions correlate with the total
glucokinase activity of treated cells (1/anisotropy * treated pixels). Error bars indicate
standard deviation. The relationship between glucokinase activity and NAD(P)H
response was evaluated by linear regression.
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interaction at this site is a possible explanation, application of a GKA to outcompete and
stabilize allosteric binding does not alter the variance of beta cell glucokinase activity.
Moreover, differences in glucokinase activity are present at both resting and stimulatory
glucose concentrations indicating heterogeneity is not a transient phenomenon. The
contribution of post-translation modifications, interactions with other protein, and factors
produced by other islets cells needs to be further explored.
Even though the differential regulation of glucokinase activity is not explained, it
is believed to have functional importance. Beta cells with greater glucokinase activity
would have faster, more robust responses to glucose stimuli236. Recent experiments have
demonstrated beta cells with earlier calcium responses lead/control islet oscillatory
activity152,153. These cells have been termed leader/hub cells and their specialized ability
is hypothesized to arise from enhanced glucokinase activity/expression152,153. Others have
shown that glucose stimulation thresholds are averaged across islet beta cells, which
argues against this idea148. Regardless, the heterogeneous beta cell glucose sensitivity
present134,237 is likely a result of differences in glucokinase activity. Whether these
differences confer specialized hub/leader function is yet to be determined.
This study also evaluated the role of glucokinase activity in pre-threshold
metabolic coupling. Pre-threshold metabolic coupling was described in chapter 2 and was
suggested to contribute to the potentiation of insulin secretion. Our data indicate that the
metabolic responses are shared and averaged across the islet. When portions of the islet
are exposed to glucose, metabolic responses in both exposed and unexposed regions
correlate with the glucokinase activity of exposed regions. While regions with greater
total glucokinase activity produce greater metabolic rises, individual cells do not
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disproportionately affect responses. Therefore, metabolic responses seem to depend on
the average glucokinase activity and the number of cells stimulated. If the entire islet is
exposed to glucose, as is expected physiologically, the islet would behave like a
syncytium with a shared metabolic response corresponding to the average glucokinase
activity. Based on these data, we conclude that pre-threshold metabolic coupling smooths
heterogeneity in glucokinase activity. This may be a mechanism by which the islet
protects against inappropriate insulin secretion from beta cells with low glucose
stimulation thresholds while enhancing insulin secretion from less responsive cells.
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this study. She helped in drafting and editing of the manuscript as well as troubleshooting
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Chapter 5- Conclusions and future directions
The work presented in this dissertation uses novel mouse models and techniques to better
understand the interaction between beta cells within the islet. These data highlight several
fundamental features of islet biology including metabolic coupling, the bidirectional
relationship between metabolic and calcium responses, and beta cell heterogeneity. Our
findings provide insight into how insulin secretion is organized and offer several new
directions of study.

Significance of metabolic coupling
In chapter 2, we provided evidence for pre-threshold metabolic communication
that was presumably mediated by the diffusion of metabolites. Although the triggering
pathway for insulin secretion is well described162, pathways concerning the amplification
of insulin secretion are poorly understood269,270. In fact, glucose both triggers and
amplifies insulin release271,272. Metabolic coupling may help explain the organization and
glucose induced amplification of insulin secretion.
Glucose is the so called “triggering’ molecule that prompts release of insulin.
Elevations in extracellular glucose concentration are transmitted intracellularly by high
capacity glucose transporters. In response, glucose metabolism increases leading to rises
in the ATP/ADP ratio, which promotes closure of ATP sensitive potassium (KATP)
channels. The closure of KATP channels depolarizes the membrane and activates voltage
gated calcium channels (VGCC) resulting in calcium influx. Calcium then stimulates the
cell’s secretory machinery causing insulin granule exocytosis.
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In addition to the triggering pathway, insulin secretion is amplified by
hormones273, nutrients274, and glucose itself129. The potentiation of insulin secretion by
beta cell coupling has remained a mystery for some time. When islets are dissociated, the
calcium responses and insulin secretion of uncoupled beta cells are much reduced
compared to their coupled counterparts130,131. However, in chapter 3, we demonstrated
that the average calcium response of individual uncoupled beta cells is identical to that of
coupled islet beta cells upon membrane depolarization. These results appear
contradictory but can be explained by differences in method cells were stimulated. In
earlier experiments, responses were incited by glucose while in our experiments the
glucose concentration was non-stimulatory. Instead, responses were provoked by opening
optically gated ion channels on the plasma membrane. This suggests that the coupling
factor responsible for amplification relies on glucose. Our findings of metabolic
coordination present an explanation: the diffusion of metabolites across coupled beta
cells boosts insulin secretion. Further, the metabolite may be generated in glycolysis. In
chapter 4, we established that the magnitude and spread of metabolic responses correlates
with glucokinase activity. Accordingly, production of the coupling factor may be
governed by glycolysis, depending on whether glucokinase is rate limiting.
Metabolic coupling may also underlie organization of islet electrical and calcium
responses. Upon stimulation, the membrane potential of islet beta cells oscillates in a
coordinated, uniform manner106. The cytoplasmic calcium concentration, which is tightly
tied to membrane potential275, oscillates likewise68. The earlier pre-threshold metabolic
coupling is a possible way that the heterogeneous population of beta cells is arranged into
a singular responding islet. We showed that regions with greater glucokinase activities
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have greater metabolic responses in chapter 4. Yet, the responses of an individual cell or
population of cells were not weighted in any way. Metabolic activity, alternatively, may
be averaged across the islet by metabolic communication. Still, the role of metabolic
coordination in organizing islet activity is likely of secondary importance to electrical
coupling. Islet beta cells are electrically coupled to each other such that membrane
potential is shared across the islet99,100. The summation of signals through changes in
membrane potential represents is the last control point for synchronization.

Remarks on the hub/leader hypothesis
Because membrane potential is shared between all beta cells in the islet, membrane
depolarization and downstream responses are expected to occur at the same time276.
Nevertheless, many groups have suggested that electrical activity originates at discrete
points in the islet150,277. The most convincing evidence supporting this idea shows that a
population of beta cells have calcium oscillations that lead those of the islet152,153. This is
possible if there is a time lag between local changes in membrane potential and global
distribution or if VGCCs activate at lower thresholds in certain cells. Current theory is
based on the former. Leader cells are believed reach threshold potential faster than other
beta cells. These leaders then trigger electrical and calcium responses in surrounding
cells, who are depolarized to varying degrees (Figure 5.1A). In this way, islet electrical
activity coordinated by distinct cells. To explain how leaders cells reach threshold
potential faster than others, proponents of this theory propose leader cells have greater
glucokinase activity/expression (Figure 5.1B). Since glucokinase is the rate limiting
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Figure 5.1. Leader cell theory. (A) Leader cells that have reached the threshold
potential for voltage gate calcium channel activation (solid yellow fill), spread their
activity to surrounding cells (blue arrows) due to electrical coupling. Surrounding beta
cells with varying membrane potentials (incomplete yellow fill) are then moved to
threshold by leader cells. As a result, leader cells coordinate islet responses. (B) Beta
cells with high glucokinase activity have faster metabolic, electrical, and calcium
responses. Glucokinase controls the rate at which cells become depolarized following
glucose stimulation (stop watches). Leader cells, which reach threshold potential faster
than other cells, are proposed to have greater glucokinase activity. Cells with lower
glucose activity, accordingly, have slower responses.
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enzyme for glucose metabolism and the insulin secretory pathway, increased activity
would result in faster metabolic, electric, and calcium responses. Essentially, enhanced
glucokinase activity speeds up the timer for depolarization (Figure 5.1B).
Although our findings suggest metabolic heterogeneity is evened by metabolic
coupling, they do not directly refute the leader cell hypothesis. In our experiments, we
utilized conditions to best observe metabolic coupling. These settings, though, were not
optimal for identifying leader cell phenomena. First, responses in islets or islet regions
were measured every five or six seconds in all the experiments presented. Leader cell
calcium responses precede the responses of other beta cells by a little of a second152. As a
result, our imaging conditions were not sensitive enough to detect this difference in
calcium responses. The imaging of metabolic responses may not need to be as frequent,
however. Rises in metabolic activity occur ~30-60 seconds before calcium responses126.
Imaging every five or six seconds is sufficient to see if metabolic coupling smooths prethreshold responses and prevents differences in metabolic activity from manifesting.
While this would rule out glucose metabolism, it does not exclude differences in KATP
or VGCC sensitivity. Second, our widefield experiments did not allow for detailed
visualization of individual beta cells within the islet. It is possible, though unlikely, that
persistent local rises in metabolic activity were missed with our methodology. Lastly,
only a portion of the islet was stimulated with glucose for a short period of time in our
microfluidic studies. This does not replicate the continuous glucose stimulus that the
entire islet receives physiologically. Later differences in metabolic activity that may
occur would be missed.
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Data from chapter 3 and 4 indicate a great deal of heterogeneity is present in
glucose metabolism. In chapter 3, we showed that calcium dependent augmentation of
metabolism was variable between beta cells. Likewise, in chapter 4, we presented data
indicating beta cells have an assortment of glucokinase activities at rest and under
stimulatory conditions. The importance of this heterogeneity needs to be further
investigated.
Additionally, we have observed leader-like activity in some of our studies (Figure
5.2). High frequency calcium imaging using inverted single plane illumination
microscopy (iSPIM) reveals the calcium oscillations of certain beta cells are consistently
ahead of others (Figure 5.2A). This feature is conserved in different sections of the same
islet (Figure 5.2B). However, we have not been able to observe the calcium responses of
all islet beta cells. Calcium indicators have trouble penetrating the islet making it hard to
measure responses of interior cells. Experiments using transgenic mice with ratiometric
calcium sensors will provide a more insight. Furthermore, the disorganization of islet
calcium responses following the ablation of leader-like cells is required to prove these
cells control islet activity. Future experiments will explore this effect. Lastly, we would
like to note that in our experiments and original investigations of leader cells, beta cell
calcium oscillations fall on a continuum. It is not as if the timing of responses is
separated into two distinct distributions, i.e. those of leaders and other beta cells. We
believe that beta cells display a variety of responses. Some may have earlier oscillations
that appear to lead others. These cells in our opinion are not true leaders. If they are
damaged or become dysfunctional, the next most excitable population of cells takes over.
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B

Figure 5.2. The calcium oscillations of leader-like cells. Islets were imaged with
inverted single plane illumination microscopy (iSPIM) at 11 mM glucose to observe the
calcium responses of individual cells. (A) Calcium elevations occur earlier in leader-like
cells (blue) compared to other beta cells (black) (n=13 cells). (B) Leader-like calcium
oscillations consistently precede those of other cells. Responses were measured at three
different layers of the islet (n=44 cells).
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Future directions
Our future research will explore three main topics: the importance of metabolic
coupling in protecting against inappropriate insulin secretion, the effect of calcium on
metabolic responses, and the influence of glucokinase activity on the timing of calcium
responses. These directions will provide a better understanding of how islet metabolic
activity is controlled to maintain appropriate insulin secretion.
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Appendix A: Fluorescence resonance energy transfer (FRET) efficiency
for polarization microscopy1
The ‘efficiency’ of FRET between two fluorophores is the fraction of photons
transferred to the acceptor molecule. There are several available methods for calculating
two-color FRET efficiency, including fluorescence lifetime measurements of the donor
[35; 36], photobleaching methods that destroy acceptor fluorescence [15; 37], and
spectral imaging [38]. All of these approaches rely on separate collection of donor and
acceptor fluorescence, which can be challenging depending on the FRET pairing and the
available optics.
Homotransfer FRET, however, requires polarization measurements to quantify
FRET, and the FRET efficiency is proportional to the depolarization of fluorescence
emission. Polarizations are conventionally described by their anisotropy (𝑟) which is
defined by the difference between the two measured orientations, parallel (P) and
perpendicular (S) intensity, over the total fluorescence:
(𝑷−𝒈𝑺)

𝑟 = (𝑷+𝟐𝒈𝑺)

(1)

where (g) corrects for polarization bias in the instrumentation. Förster [21] related
changes in the degree of polarization with quantum yield according to:
𝒑
𝒑𝒎𝒂𝒙

=

𝒏
𝟔 𝟏⁄𝒏
𝒏
(𝟓 + 𝟏⁄𝒏)

(2)

1. Portions of this chapter appear in Snell, N. E., Rao, V. P., Seckinger, K. M., Liang, J.,
Lesesr, J., Mancini, A. E., and Rizzo, M. A. (2018). Biosensors.
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where 𝒏 is the total quantum yield of fluorescence, 𝒏𝟏 is the quantum yield of
fluorescence of the donor molecules, 𝒑 is the degree of polarization of the sample, and
𝒑𝒎𝒂𝒙 is the maximum degree of polarization in the absence of the energy transfer. The
degree of polarization is defined by P and S intensities:
𝑷−𝑺

𝒑 = 𝑷+𝑺

(3)

Fluorescence depolarization is related to the rate of energy transfer, 𝒌𝑬𝑻 , by way of
quantum yield. The donor fluorophore’s quantum yield is dependent on the total quantum
yield of both the donor and acceptor and the rate of energy transfer:
𝟏 + 𝝉𝒌

𝒏𝟏 = 𝒏 𝟏 + 𝟐𝝉𝒌𝑬𝑻

(4)

𝑬𝑻

FRET efficiency, 𝑬, is defined as:
𝑬=

𝝉𝒌𝑬𝑻

(5)

𝟏 + 𝝉𝒌𝑬𝑻

where 𝝉 is the average lifetime of the excited state in the absence of an acceptor. Through
substitution, equations (2, 4, 5) can be combined to give:
𝑬=

𝟔(𝒑𝒎𝒂𝒙 − 𝒑)

(6)

𝟓𝒑

Polarization can then be written in terms of anisotropy to arrive at the final equation:
𝑬=

𝟏𝟐(𝒓𝒎𝒂𝒙 − 𝒓)

(7)

𝟓𝒓(𝟐 +𝒓𝒎𝒂𝒙 )

The relationship between depolarization and FRET efficiency is similar for
heterotransfer. The FRET efficiency expressed in terms of anisotropy is thus:
𝑬=

𝟔(𝒓𝒎𝒂𝒙 − 𝒓)

(8)

1
2

𝟓(𝒓 + )
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Experimental FRET efficiency measurements for heterotransfer match this derivation
reasonably well (Figure A.1).

Figure A.1. FRET efficiency vs. anisotropy
FRET efficiency for heterotransfer is plotted for various anisotropy values (r = 0 to r =
0.3) according to the heterotransfer equation (8). A maximum anisotropy of 0.3 is
assumed. FRET values (mean ± S.D., n = 7 cells) from previously published standards
(Rizzo et al., Microscopy and Microanalysis, 2006; Patowary et al., Biophysical Journal,
2015) were quantified using fluorescence polarization microscopy.
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Predicted FRET efficiencies can also be calculated for homotransfer constructs (Table
A.1).

Table A.1. Predicted FRET efficiencies
Anisotropy

Predicted FRET
Efficiency

Long
mEGFP:mEGFP

0.28 ± 0.004

0.11 ± 0.015

Short
mEGFP:mEGFP

0.26 ± 0.001

0.19 ± 0.005

Long mEGFP:mEGFP: 42 amino acids between two EGFPs
Short mEGFP:mEGFP: 8 amino acids between two EGFPs
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