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Abstract
Glucose-stimulated insulin secretion from pancreatic β-cells depends on mitochondrial
oxidative metabolism. Mitochondrial dysfunction is believed to be a significant factor in the
development of type 2 diabetes (T2D). Mitochondria exist as dynamic networks and the control of
mitochondrial biomass and fusion/fission dynamics is essential for cellular health and function.
The anti-apoptotic protein Bcl-xL has recently been demonstrated to dampen β-cell mitochondrial
metabolism and studies in other cell types suggest Bcl-xL regulates mitochondrial biomass and
dynamics. We hypothesize that Bcl-xL is important for β-cell adaptation to metabolic stress by
regulating mitochondrial dynamics and mass. To quantitatively study mitochondrial structural
changes, we developed an image analysis pipeline for 2D/3D confocal imaging of mitochondria
in FIJI. We applied the pipeline to primary islet cells and found that glucose stimulation is
correlated with a more fragmented mitochondrial morphology. In vitro Bcl-xL overexpression
causes β-cell mitochondria to lose their tubular network structure and aggregate. These changes to
network morphology and kinetics are associated with decreased total mitochondrial volume and a
marked impairment of β-cell O2 consumption. β-cell specific Bcl-xL knockout islet cells
demonstrated increased basal activity and decreased average mitochondrion size, suggesting that
they behave more similarly to β-cells undergoing glucose stimulation. Challenging β-cells with
prolonged high glucose culture increased the size and overall connectivity of their mitochondrial
network. In Bcl-xL knockout β-cells this increase in total mitochondrial mass and networking was
significantly amplified, but was associated with reduced morphological and functional glucoseresponsiveness of the individual mitochondrion. In conclusion, our in vitro data demonstrate that
Bcl-xL affects mitochondrial networking, function, and adaptation to stress in pancreatic β-cells.
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Lay Summary
Diabetes is a major health concern affecting over 415 million people around the world. In
diabetes, high levels of blood sugar (glucose) causes severe complication. Glucose levels are
normally lowered by the hormone insulin, and diabetes arises, in large part, because insulinproducing β-cells fail and die. This is known to involve damage to mitochondria, the cellular
“power plants” where essential metabolism takes place. Mitochondria are fascinating tubular
structures that move and change shape by dividing and fusing within a network. Recent research
suggests these dynamics are essential for normal mitochondrial function and quality-control. BclxL, an important protein for cell survival, has been recently shown to affect β-cell metabolism and
insulin secretion. Using advanced cell microscopy and gene manipulation techniques, we found
that Bcl-xL can affect mitochondrial structure and function. Clarifying these complex mechanisms
of mitochondrial function and failure in β-cells may help identify new means for diabetes
prevention and treatment.
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Chapter 1: Introduction
1.1
1.1.1

Diabetes
Overview of diabetes
Diabetes Mellitus is a major health risk affecting 415 million people around the world and

over 1/11 adults have the disease (1). These numbers have been projected to continue increasing.
By 2040, 642 million people are predicted to have diabetes and its accompanying complications
will make it one of most costly diseases (2). Physiologically, diabetes can be described as the loss
of the body’s ability to lower blood glucose concentration (3-7). Patients with diabetes have
elevated glucose in their blood and chronic hyperglycemia is linked to damage and failure of
various other biological systems; most notably the urinary system, cardiovascular system and
nervous system (3, 7). Symptoms of diabetes include excessive thirst and urination, severe weight
loss and blurred vision (3, 6). However, these symptoms worsen over time and can result in renal
failure, vision loss, autonomic and peripheral neuropathy, and eventually death if left untreated (3,
8).
While there are rare monogenic forms of diabetes such as neonatal diabetes mellitus
(NDM) and mature onset diabetes of the young (MODY), the two most prevalent forms are type
1 diabetes (T1D) and type 2 diabetes (T2D). Type 1 diabetes is an autoimmune disease where
insulin-producing pancreatic β-cells are recognized as a threat by the immune system and become
the target of destruction by the body’s own CD8 killer T cells (5, 9). As a result, the number of
functioning β-cells drastically decreases, leading to insufficient insulin production and secretion.
Currently, the precise mechanisms underlying T1D have not been characterized but it is widely
understood to be multi-factorial, involving both genetic and environmental factors (10). Genetic
factors such as polymorphisms in HLA class II locus (important for immune recognition) incur
1

susceptibility to T1D (5, 11) while environmental factors such as diet, unfavorable gut flora, and
viral infection are also linked to pathogenesis of T1D (5, 10).
Type 2 diabetes, on the other hand, is a metabolic disease where pancreatic β-cells fail due
to the prolonged stress associated with increased demand for insulin production (4, 12). High levels
of carbohydrates and fat in the diet stresses the β-cells to secrete excessive insulin. The elevated
insulin levels in the blood (hyperinsulinemia) is a significant contributor to insulin resistance and
obesity (13, 14). In turn, the build-up of insulin resistance and obesity increases the demand for
insulin output. This vicious cycle makes the body increasingly glucose intolerant until full-scale
diabetes results, where the insulin-producing β-cells become dysfunctional from the amplified
stress and cannot secret sufficient insulin to meet the demand (4, 12). Consequently,
hyperglycemia results. Similar to T1D, T2D is also recognized as a multi-factorial disease
involving both genetic and environmental components. In addition to unhealthy diets and lack of
physical activities, other environmental factors such as in-utero conditions and microbiota have
been suggested to play a role (12). Moreover, Genome-Wide Association Studies (GWAS) have
identified over 100 loci associated with increased risk for T2D (15), the majority of which have
been associated with β-cell function (12, 16).
Overall, diabetes mellitus is a costly, painful, chronic disease with various etiologies that
arise from distinct mechanisms. The various forms of the disease are highly complex, consisting
of numerous factors that can influence their pathophysiology. We hope to understand more about
the different types of diabetes so that novel fruitful interventions can be developed.

2

1.1.2

Physiology and regulation of glucose homeostasis
The control of glucose levels in the blood is crucial for physiological and metabolic

functions in the body. While fatty acids can be used as a source of energy in most tissues and
organs, the brain almost exclusively relies on glucose. The brain is also incapable of storing
glucose as glycogen, resulting in the need of a constant glucose supply for the brain (17). Thus,
blood glucose concentration is mostly controlled around 5mM, with some variations throughout
the day (17-19). When glucose homeostasis is perturbed and blood glucose concentration falls
under 3mM, cerebral function is disrupted (18) and prolonged hypoglycemia can cause permanent
brain damage and death (17). On the other hand, elevated blood glucose concentration (i.e.
diabetes) is associated with increased risks for nephropathy, neuropathy and cardiovascular
morbidity (3, 17).
To maintain glucose homeostasis, the body must be able to alter the glucose flux by either
increasing glucose uptake or release. The two primary hormones that control these biological
functions, glucagon and insulin, are secreted by the islets of Langerhans in the pancreas (17).
Glucagon is a peptide hormone secreted by the α-cells of the islets and functions mainly to increase
blood glucose (17, 20). The primary target of glucagon is the liver where it can bind glucagon
receptors and promote of glycogenolysis and gluconeogenesis. The breakdown of glycogen, in
combination with synthesis of glucose, allows glucose to be released back into the bloodstream
during times of fasting (17).
The opposing hormone, insulin, is a peptide hormone secreted by the β-cells of the islets.
In contrast to glucagon, insulin decreases blood glucose levels (17, 19). Insulin signals the skeletal
muscles and adipose tissues to begin uptake of glucose. In the liver, insulin inhibits glycogenolysis
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and gluconeogenesis and promotes glycogen synthesis (13, 17, 19). In this manner, insulin is
critical for glucose homeostasis by removing glucose from the blood after a meal.
The other cells in pancreatic islets also contain hormones that can fine-tune the secretion
of insulin and glucagon. These include somatostatin secreted by the delta cells (21), pancreatic
polypeptide secreted by PP cells (22), and ghrelin secreted by the epsilon cells (23). Other organs
and systems, such as the intestines and brain, also play a role in regulating glucose homeostasis.
The brain can increase its glucose uptake and indirectly regulate hepatic glucose production (24)
and incretin hormones, such as glucagon-like peptide 1 (GLP-1) and glucose-dependent
insulinotropic polypeptide (GIP) secreted from the gut, can also regulate hepatic glucose
production and insulin secretion (25).
Overall, the regulation of glucose homeostasis is a highly organized whole-body effort.
The control, however, is heavily weighted on the endocrine pancreas via its hormones. As such,
dysfunctions in the endocrine pancreas can have devastating effects on blood glucose
concentration, resulting in diabetes.

1.1.3

Current diagnosis and treatments of diabetes
In North America, the current clinical criteria serving as guidelines (3, 7) for the diagnosis

of diabetes are as follows: 1) Glycated hemoglobin (A1C) levels are greater than 6.5%, 2) glucose
concentration after 8 hours of fasting is greater than 7.0mM, 3) glucose concentration is higher
than 11.1mM during a 75g oral glucose tolerance test (OGTT), and 4) random testing of glucose
concentration is higher than 11.1mM. The diagnosis of diabetes is confirmed when a patient meets
at least two of the criteria listed above.
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While there are treatments to diabetes, there is currently no cure. In 1922, when Frederick
Banting discovered the first treatment for diabetes, insulin, the disease transformed from being a
death sentence to a manageable disease. Since then, the injection of exogenous insulin has been
the primary treatment of T1D. However, insulin injections are not perfect as the dosage control is
challenging to manage (26). Over the years, there have been numerous technological
advancements to the traditional insulin therapy, including protein modification of insulin to
improve efficacy and development of insulin pumps that have better control of the dosage (26).
Moreover, alternative approaches are being actively explored including using immune-modulation
(10, 27), islet transplantation (28), and artificial pancreas devices (29).
For the treatment of T2D, there are various strategies targeting different regulators of
glucose homeostasis (12). Metformin is currently the primary treatment due to its tolerability and
effectiveness in improving insulin sensitivity (30, 31). Mechanistically, metformin acts mostly on
the liver and peripheral tissues, inhibiting complex I of the mitochondrial electron transport chain
(ETC), resulting in decreased hepatic glucose production and increased uptake of glucose (32). On
the other hand, therapies targeting the β-cells to improve insulin secretion have also been
developed (e.g. sulfonylureas and GLP-1 receptor agonists) (12). More recently, a number of
sodium-coupled glucose transporter type 2 (SGLT2) inhibitors were FDA approved for treatment
of T2D. SGLT2 inhibitors target the nephrons and lower blood glucose by reducing renal
reabsorption (33). Pramlintide (34) and Bromocriptine (35) are examples of drugs used to target
the intestines and brain, respectively. Lifestyle changes, including controlled diet and exercise, are
effective prevention strategies and can reverse pre-diabetes (36, 37). However, when T2D
develops to the point where β-cells are failing and dying, exogenous insulin therapy is required
(38).
5

1.2
1.2.1

Pancreatic β-cells
Characteristics and mechanism of insulin secretion
Pancreatic β-cells are located in islets of Langerhans of the pancreas and they are best

known for their ability to secrete insulin to control glucose homeostasis. Mature β-cells are
characterized by high expression of genes involved with glucose transport and insulin secretion
(i.e. Ins1/2, Glut2 and Gck) in addition to transcription factors that promote insulin expression (i.e.
Pdx1, MafA) (39, 40).
The secretion of insulin in response to elevated glucose is the key function of β-cells.
Preproinsulin is first synthesized into the endoplasmic reticulum (ER) and is processed via
cleavage and folding into proinsulin, which is then subsequently packaged into insulin granules by
the Golgi apparatus. Lastly, in the insulin granules, the proinsulin peptides are further cleaved,
maturing them to insulin in preparation for secretion (41). When glucose enters the β-cell,
glycolysis and oxidative phosphorylation in the mitochondria increases the ATP/ADP ratio. This
change in ATP concentration closes the ATP-sensitive potassium channel, lowering the electrical
potential difference across the plasma membrane (depolarization). Depolarization opens L-type
voltage-gated calcium channels and the calcium influx then signals the insulin granule vesicles to
fuse with the plasma membrane releasing their content into the bloodstream (4, 41-43). While
changes in the ATP/ADP ratio is the “switch” that turns insulin secretion on or off, there are
numerous metabolic by-products of glucose and mitochondrial metabolism, such as NADPH,
GTP, cyclic AMP (cAMP), Glutamate and, reactive oxygen species (ROS), that are capable of
amplifying and carefully “dialing” the amount of insulin secreted. These metabolites act as
metabolic coupling factors (MCFs), helping to amplify the signal for insulin secretion (42, 44).
Notably, glucose is not the only nutrient capable of inducing insulin secretion. Both metabolism
6

of fatty acids and amino acid produce ATP and other MCFs that can stimulate insulin secretion
(44). As expected, genetic defects in various parts of the secretion pathway can result in diabetes
(e.g. MODYs) and the mechanisms of insulin secretion have been drug targets for therapy (12).

1.2.2

Failure and death of β-cells in T2D
Failure and death of β-cells are important parts of the pathophysiology and progression of

T2D. The most established insults to the well-being of pancreatic β-cells are being chronically
exposed to high levels of circulating glucose (glucotoxicity) and fatty acids (lipotoxicity).
Glucotoxicity and lipotoxicity push β-cells toward a state of “metabolic overload”, inducing
dysfunction and eventually death (4). Using rodent models, islets cultured for extended time in
high glucose (30mM) resulted in lowered insulin secretion in response to glucose stimulation (45);
while islets cultured in high levels of fatty acid also experience defects in glucose-stimulated
insulin secretion (46).
Although the precise mechanisms of β-cell dysfunction and failure in T2D remain to be
elucidated, numerous studies suggests it involves several intertwined factors including ER stress
and oxidative stress (47-49). ER stress occurs when cell cannot adequately process proteins under
conditions of functional demand. To cope with ER stress, cells initiate the unfolded protein
response (UPR), which aims to decrease protein production to ease the ER stress and promote
survival; but if the damage is unrecoverable, cells will undergo apoptosis (47). Under
hyperglycemic conditions, the increased demand for insulin raises the processing of insulin in the
β-cell ER, resulting in ER stress. However, in T2D under glucotoxicity and lipotoxicity, β-cells
are unable to cope with the chronic ER stress and eventually, the cells undergo apoptosis.
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Oxidative stress occurs when uncontrolled ROS production starts to damage cellular
structures including DNA, protein and lipids (50, 51), which may eventually lead into apoptosis if
the damage is severe. Cells adapt to oxidative stress by upregulating and activating anti-oxidant
genes, thereby neutralizing the excessive ROS. However, β-cells have relatively low expression
levels of anti-oxidant genes, making them especially susceptible to oxidative damage (52). When
exposed to glucotoxicity and lipotoxicity, the β-cells experience higher levels of oxidative stress
that are partially due to increased rate of ETC activity and oxidative metabolism that result in
increased levels of ROS production in the mitochondria (53).
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1.3
1.3.1

Mitochondrial physiology
Mitochondrial functions in the β-cell
Mitochondria have numerous functions within the cell. By far, the most well-known

function of the mitochondria is to be the “powerhouse” of the cell and manage cellular energetics.
To generate ATP from glucose, mammalian cells can use two metabolic pathways: 1) anaerobic
fermentation or 2) aerobic respiration. The products of glycolysis, pyruvate and NADH, can either
be used to make lactic acid without the use of oxygen, or transported into the mitochondria and
more efficiently used by the tricarboxylic acid (TCA) cycle and electron transport chain (ETC)
with the consumption of oxygen to generate additional ATP. The electron transport chain is a series
of enzymes that actively use the energy from redox reactions to pump protons from the lumen of
the mitochondria into the intermembrane space, creating a proton gradient. ATP synthase, the final
complex of the ETC, uses the polarized proton gradient to synthesize ATP from ADP and inorganic
phosphate (54-57). Comparing the two pathways, anaerobic fermentation produces 2 ATP
molecules per molecule of glucose, while aerobic respiration generates 30-32 ATP molecules per
glucose molecule, further demonstrating the importance of mitochondria in bioenergetics in the
cell.
The same pathways for ATP production happens in β-cells. However, β-cells are more
dependent on the mitochondria than most other cell types. β-Cells are unable to effectively use
anaerobic fermentation as a crucial enzyme in this pathway, lactate dehydrogenase (LDH), is
highly downregulated (58, 59). As mentioned previously, the ATP/ADP ratio is central for
regulating insulin secretion. The lack of anaerobic fermentation directs pyruvate almost
exclusively towards the mitochondria (60), allowing for more efficient and consistent ATP
production to glucose consumption ratio. This has been proposed to be important for β-cell’s
9

ability to link glucose sensing to insulin secretion. Indeed, overexpression of LDH reduces
mitochondrial metabolism and insulin secretion in response to glucose stimulation (61).
In addition to being the “powerhouse” of the cell, mitochondria are also important players
in cellular metabolism. The ETC of the mitochondria serves as the redox hub of the cell, where
numerous metabolites are synthesized and processed (57). Not counting the various key members
of the TCA cycle, mitochondria are, for instance, the site of amino acid synthesis (e.g. aspartate
and glutamate) and the site of fatty acid breakdown as well as production (62). These metabolic
processes produce metabolic coupling factors (MCFs) that act as amplifying signals to further
regulate insulin secretion in pancreatic β-cells (43, 44). Taken together, β-cells are highly
dependent on mitochondria not only for its importance in energy balance, but also for its primary
function.
Importantly, the mitochondria are major contributors of reactive oxygen species (ROS) in
the cell. Complexes of the ETC produce ROS as a by-product of their usual function and this
physiological level of ROS production is important for cellular signaling and mitochondrial
functions (63, 64). These physiological functions ROS extend to being MCFs in β-cells (44) and
have been demonstrated to be important for insulin secretion (65, 66). However, when ROS
generation becomes dysfunctional, elevated pathological levels of ROS become damaging for the
cell, resulting in oxidative stress (64).
The mitochondria are also important for calcium homeostasis in the cell and intracellular
Ca2+ storage. Together with the endoplasmic reticulum (ER), mitochondria actively regulate the
cytoplasmic levels of calcium. Simultaneously, mitochondrial calcium levels also affect
mitochondrial function, including efficacy of ATP synthesis and ROS production (64, 67). In βcells, mitochondrial calcium homeostasis is especially important in the pathway of insulin
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secretion. Following glucose stimulation, the increase in cytosolic calcium concentration promotes
the uptake of calcium into the β-cell mitochondria. In turn, this has been suggested to improve the
efficiency of ATP synthesis and create a feed-forward mechanism for insulin secretion (68).
Damaging alterations to mitochondrial calcium levels have been associated with pathophysiology
of aging, cardiovascular diseases, and, if in β-cells, diabetes (69).
Mitochondria are also critical for apoptosis, a form of programmed cell death.
Permeabilization of the mitochondrial outer membrane and subsequent release of cytochrome C,
a component of the ETC, into the cytosol is the regulatory key and the rate-limiting step in the
apoptosis pathway (70, 71). The specific process of apoptosis and the role mitochondria play in βcells will be further described in Section 1.4.1.

1.3.2

Mitochondrial dynamics and networking
Mitochondria are not static, anchored organelles in the cell. Rather they exist as a dynamic

network and are constantly moving. The cell provides molecular motors and the cytoskeleton
frameworks to help move the mitochondria (72-74). In the mitochondrial outer membrane a protein
complex containing the GTPase Miro and the adaptor protein Milton recruits and binds kinesin
and dynein motor systems on microtubules, allowing the mitochondria to move along the
microtubules. Kinesin drives the mitochondria towards the plus (+) end of microtubules while
dynein pushes the mitochondria towards the minus (-) end (72, 74). There is also evidence in nonmammalian cells that suggests filamentous actin contributes to mitochondrial movement between
microtubule filaments (72-74). The basic protein movement machinery allows the mitochondria
to participate in more complex dynamics in the cell.
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The dynamics of mitochondria do not only involve movements around the cell, they are
also constantly undergoing fusion and fission events. These networking processes are imperative
for the mitochondria quality control, normal mitochondrial functions, as well as stress and survival
of the cell (75-77). Mitochondrial fusion is mediated by Mitofusin 1 and 2 (MFN1/2) for the fusion
of outer membrane followed by Optic atrophy protein 1 (OPA1) for fusion of the inner
mitochondrial membrane. While the precise metabolic conditions for which mitochondrial fusion
occurs are not yet completely understood, there is evidence suggesting that mitochondrial fusion
is important for oxidative phosphorylation (OXPHOS) activity and oxidative stress (76, 77). An
elongated mitochondria morphology has been associated with increased OXPHOS activity (78)
and increased levels of oxidized glutathione (79). Notably, mitochondrial fusion is also linked to
a pro-survival state in the cell by allowing stress and damage to be shared and distributed across
the organelle network (80), possibly as an adaptive response. Inducing cells towards an increased
mitochondrial fusion results in delayed apoptosis (81), but also decreased autophagosomal
degradation of mitochondria (82), which suggests that excessive fusion can also be maladaptive
for cellular and mitochondrial quality control purposes.
On the other hand, mitochondrial fission is mediated by Dynamin-related protein 1
(DRP1). The activation of DRP1 relocates it to the mitochondrial fission receptors (e.g. FIS1 and
MFF) on the mitochondrial outer membrane. DRP1 oligomerizes to form a ring like structure,
constricting around the mitochondrion (75-77). A recent study discovered another protein in the
fission machinery, DYN2, that further constricts the mitochondria and delivers the final pinch off,
splitting a mitochondrion in two (83). Mitochondrial fission serves two main functions in the cell:
1) replicative fission for mitosis and 2) asymmetrical fission in response to stress (70). Replicative
fission serves mainly to divide and produce additional mitochondria for growth and cellular
12

division (80). Replicative fission is also sometimes called symmetric fission as it mostly produces
mitochondria of similar sizes. Alternatively, mitochondrial asymmetrical fission produces
mitochondria of unequal sizes and functions mainly for quality control of the network by removing
damaged parts (70, 76, 77). In this way, mitochondrial fission also plays an important role as an
adaptive response to stress and the loss of functional fission machinery results in the accumulation
of damaged mitochondria (84, 85) that would normally have been removed by a process known as
mitophagy (refer to Section 1.3.3). However, excessive mitochondrial fission can be maladaptive
and has been associated with stress and eventual death of the cell (81, 86). Similar to mitochondrial
fusion, there is also evidence suggesting a metabolic role for fission (76). Mitochondrial fission
has been associated with decreased efficiency of OXPHOS (87) and bioenergetic stress (88). In
all, mitochondrial dynamics of both fission and fusion are important for cellular control of survival
and death, function and failure, stress and adaptation.
Despite the known importance of mitochondria for β-cell function, the current literature on
mitochondrial fission and fusion, and its effect on mitochondrial metabolism and function in βcells remains limited. Studies in islets from Type 2 diabetic patients and diabetic rats reported that
mitochondria in the β-cells were small, round, and had lost their cristae structure (89, 90). These
studies have led to the hypothesis that inhibition of mitochondrial fission may prevent progression
towards β-cell failure and death. Indeed, inhibition of fission has been demonstrated to be able to
delay the onset of β-cell apoptosis (81). Recent studies have demonstrated that the roles of
mitochondrial dynamics in β-cells may be more nuanced. Contrary to studies in other cell types
that suggest mitochondrial fission is linked to decreased efficiency of OXPHOS (87),
mitochondrial fission, more specifically DRP1 function, in β-cells has been demonstrated to be
important for increased ATP levels and insulin secretion following glucose stimulation (91, 92).
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Downregulation of fission receptor, FIS1, impaired respiratory function and glucose-stimulated
insulin secretion (93). Adding to the complexity, overexpression of FIS1 in β-cells did not improve
glucose stimulated insulin secretion, rather, it promoted LDH expression and lactic acid
production. Moreover, a fragmented morphology attained from dominant-negative MFN1
overexpression did not promote apoptosis or affect insulin secretion (94). Ultimately, more studies
of mitochondrial dynamics in β-cells are needed for a better understanding of the nuanced roles
these dynamics have in metabolism and insulin secretion.

1.3.3

The mitochondrial life cycle
The mitochondrial life cycle involves both the creation of new mitochondria (i.e.

biogenesis) and clearance of old and damaged mitochondria. The intricate balance of biogenesis
and degradation controls mitochondrial mass and quality. Mitochondrial biogenesis can be a
misleading term because it suggests cells are capable of de novo synthesis of mitochondria.
However, new mitochondria cannot be synthesized and must come from existing mitochondria
through division and growth. Biogenesis occurs when newly synthesized mitochondrial lipids and
proteins are incorporated into existing mitochondria. This process is tightly controlled by the
transcription co-factor PGC-1α, commonly referred to as the master regulator of mitochondrial
biogenesis (95-97). The activation of PGC-1α increases transcription of nuclear respiratory factors
(NRF1/2) which promotes the transcription of proteins in the ETC complexes. PGC-1α also
increases levels of TFAM (Transcription Factor A, Mitochondrial) which activates mitochondrial
DNA replication and mitochondrial gene transcription machineries (95, 96, 98, 99).
Over time, the functioning mitochondria accumulate damage, such as from ROS, and
become dysfunctional. The clearance and removal of damaged mitochondria is especially
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important as dysfunctional mitochondria are a source of cellular failure and death. The main
mechanism for mitochondrial clearance is through orchestrated mitochondrial fission (refer to
Section 1.3.2) and mitophagy. Mitophagy describes the process for which mitochondria are
specifically targeted for lysosomal degradation by autophagy (70, 76, 77, 95, 97, 100-102). The
most well studied mitophagy mechanism is the PINK1-Parkin pathway where PINK1 and Parkin
are recruited to areas of the mitochondria that has lost its membrane potential, an indicator of
dysfunction. Alternatively, in hypoxia-induced mitophagy, is regulated by the BNIP3 and/or
FUNDC1 pathways, where they become activated in low oxygen conditions (100, 102, 103). After
recruitment and activation of these key mitophagy proteins, autophagy initiators are recruited to
the mitochondria, leading ultimately to the formation of the autophagosome, which engulfs the
mitochondria and fuse with lysosomes, delivering the damaged organelles for degradation.
In the context of diabetes, mitochondria in β-cells are critical for β-cell function and, by
extension, maintenance of sufficient mitochondrial quantity and quality is essential. However,
mitochondrial biogenesis and mitophagy in β-cells has been relatively unexplored. Studies on
PGC-1α, the master regulator of mitochondrial biogenesis, have suggested that acute glucose
stimulation promotes PGC-1α expression (104) and PGC-1α help control insulin secretion (105)
and lipid metabolism (104). Surprisingly, however, deletion of PGC-1α did not appear to affect
mitochondrial mass in β-cells (104). TFAM has been demonstrated to be a downstream target of
PDX1, a key transcription factor that maintains β-cell identity; overexpression of TFAM was able
to rescue the functional defects associated with PDX1 deficiency (106). Moreover, loss of TFAM
was associated with decreased mitochondrial metabolism and insulin secretion in response to
glucose stimulation (107, 108). It has also been demonstrated that islets from diabetic rats have
decreased mitochondrial DNA and decreased expression of Pgc-1α and Tfam, suggesting a defect
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in mitochondrial biogenesis (109). Mitophagy has been demonstrated to be important for β-cell
mitochondrial quality control (93) and adaptation to nutrient stress (81, 110). Taken together, the
studies to date strongly suggest that mitochondrial biogenesis and mitophagy play important roles
in pancreatic β-cells, and that these processes should be studied further to determine their
regulation and involvement in β-cell mitochondrial quality control.

1.3.4

Mitochondrial failure in β-cells and T2D
Given the importance of mitochondria for β-cell function, it is perhaps not surprising that

there is evidence to suggest that mitochondrial failure is an important contributor to the
pathophysiology of type 2 diabetes. First of all, there is a rare genetic form of diabetes involving
a mutation within the mitochondrial genome, giving the carriers dysfunctional mitochondrial
tRNA. These patients show decreased insulin secretion upon a glucose challenge (111-113),
presenting a genetic example of how mitochondrial failure can lead to diabetes.
Second, there is evidence for dysregulated mitochondrial structure in β-cells of T2D
patients. In T2D, mitochondria cristae structure is lost, and normally tubular mitochondria become
round and bloated. This is associated with a defect in insulin secretion and mitochondrial
metabolism, where ATP levels and mitochondrial hyperpolarization was lowered (90). In
accordance with this, studies in rodent insulin-producing cells also showed altered mitochondrial
morphology and loss of movement following exposure to nutrient stress; whereas dynamic
networking protects these cells from apoptosis (81).
Lastly, defects in mitochondrial biogenesis may also play a role in the pathophysiology of
T2D. In mice, β-cell-specific knockout of TFAM resulted in development of diabetes that was
accompanied by severe loss of mitochondrial DNA, as well as altered mitochondrial morphology
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and OXPHOS function (108). Moreover, deficient levels of PDX1 and NKX6.1 are associated
with decreased expression levels Tfam and Pgc-1α (106, 109).
Overall, there are numerous pieces of evidence suggesting that defects in mitochondrial
structure and function may have significant roles in the pathogenesis of T2D, which is perhaps no
surprise, considering the many roles these dynamic organelles have in controlling β-cell function
and health.
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1.4
1.4.1

Bcl-xL and apoptosis
Canonical roles of Bcl-xL and other Bcl-2 family proteins in apoptosis
Apoptosis, the most well-known form of programmed cell death, is a mechanism by which

cells “commit suicide” for the well-being of whole organism. Apoptosis is important for normal
development where it is necessary for proper limb formation and prevention of autoimmunity. It
is also important for the elimination of damaged and harmful cells. Inability to undergo apoptosis
leads to diseases such as developmental defects and cancer (114). However, excessive and
inappropriate activation of apoptosis can also lead to harmful diseases, such as apoptosis of β-cells
leading to diabetes.
Apoptosis can be separated into two different pathways, the extrinsic and the intrinsic (or
mitochondrial), depending on the source of the initiation signal. The intrinsic pathway is controlled
by the Bcl-2 family of pro-apoptotic and anti-apoptotic proteins, of which Bcl-xL is an important
anti-apoptotic member (see also 1.4.2, below). Bcl-2 family proteins share so-called Bcl-2
homology (BH) domains, of which four have been identified (115). Based on structure and
function, the Bcl-2 proteins have been categorized into 3 groups: Pro-apoptotic initiators, proapoptotic effectors, and pro-survival (anti-apoptotic) members. Pro-apoptotic effectors include
BAX and BAK. They have 4 BH domains and function as the “executioners” of apoptosis (114,
115). Once activated, they translocate to the mitochondrial outer membrane where they
homooligomerize and permeabilize the membrane. This mitochondrial outer membrane
permeabilization (MOMP) causes release of cytochrome C and SMAC and is generally considered
the point of no return in the process of apoptosis. In the cytosol, cytochrome C binds APAF1 and
activates caspase 9 while SMAC obstructs the function of the caspase inhibitor, XIAP. This leads
to the activation of the effector caspases, including caspase 3, 6, 7 that cleave DNA and other
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important cellular structural components. The pro-apoptotic initiators include BAD, BIM, BID,
PUMA, and NOXA. Structurally, they only have the BH-3 domain and thus referred to as “BH-3
only” proteins. Some BH3-only proteins (activators) promote apoptosis by binding and directly
activating BAX and BAK, other BH3-only proteins (sensitizers) do so indirectly by binding and
antagonizing pro-survival members of the family (114, 115). The pro-survival proteins include
Bcl-2, MCL-1, as well as Bcl-xL which is the protein studied in this thesis. Similar to BAX and
BAK, the anti-apoptotic proteins have 4 BH domains and counteract MOMP mainly by binding
and restraining the pro-apoptotic effectors (BAX and BAK), as well as the subset of BH3-only
proteins that activate them (114-116). Consequently, the relative abundance and mutual
interactions of the pro- and anti-apoptotic Bcl-2 protein family members are critical for controlling
cell fate towards survival or apoptosis under stress.
The extrinsic apoptotic pathway, also called death receptor-mediated pathway, involves
the binding of the death receptor ligand (e.g. Fas ligand) to the death receptor (e.g. Fas receptor),
leading to the activation of Caspase 8, which can further activate the effector caspases and
apoptosis. In β-cells, activation of death receptors can also result in activation of Bcl-2 familyregulated mitochondrial apoptosis because caspase 8 can cleave the pro-apoptotic BH3-only
protein BID to form tBID, which then activates BAX and BAK, resulting in MOMP (117).

1.4.2

Structure and functions of anti-apoptotic Bcl-xL
Bcl-xL was the first protein of the Bcl-2 family to be characterized by x-ray crystallography

and NMR spectroscopy. Structural analyses of Bcl-xL identified 9 alpha-helices, 4 BH domains
and a transmembrane (TM) domain that Bcl-xL shares with other members of the Bcl-2 family.
Importantly, the TM domain allows the docking of Bcl-xL to the mitochondrial outer membrane,
19

where it can effectively perform its functions (115, 118). As a pro-survival Bcl-2 family member,
Bcl-xL is classically known for its ability to inhibit apoptosis by binding to BAX and BAK,
preventing them from oligomerizing and forming pores in the mitochondrial outer membrane.
Thus, Bcl-xL can indirectly prevent the release of cytochrome c and the subsequent activation of
the caspases (114).
Bcl-xL has been shown to not be necessary for normal β-cell development as β-cell-specific
deletion of Bcl-xL did not alter islet morphology (119). However, the Bcl-xL deficient β-cells were
more susceptible to apoptotic stimuli and insults (e.g. ER stress and Fas ligand), suggesting its
importance in protecting β-cells from stress (119). In addition to its anti-apoptotic functions, BclxL has more recently been shown to have metabolic functions. When Bcl-xL is moderately
overexpressed (2 to 3 times more than control) in transgenic mouse β-cells, these β-cells were
protected from ER stress without metabolic defects. However, in mice where β-cell Bcl-xL was
overexpressed to levels that were 10 times higher than the control, the transgenic mice became
glucose intolerant and their islets secreted significantly less insulin in response to glucose
stimulation. This decrease in function was associated with a decrease in mitochondrial OXPHOS
and metabolism (120). On the other hand, when Bcl-xL was specifically knocked out in the β-cells,
mice exhibited better glucose tolerance, increased calcium response to stimulation by glucose, and
increased mitochondrial metabolism (121). Overall, this suggest that Bcl-xL helps balance β-cell
survival and death with metabolic function and failure, but the mechanisms by which Bcl-xL
performs its metabolic roles are largely unknown.
In other cell types, Bcl-xL has been demonstrated to interact with the mitochondrial
dynamic machinery and directly regulate mitochondrial fission and fusion. Immuno-precipitation
studies of Bcl-xL demonstrated that Bcl-xL interacts with DRP1 (122) as well as MFN1/2 (123) to
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regulate their activity. This is further supported by CED-9, the Bcl-xL homologue in C. elegans,
which has been shown to interact with FZO-1 (MFN1/2 homolog) and EAT-3 (OPA1 homolog)
(124). Bcl-xL is also known to inhibit the autophagy and mitophagy machinery via binding to
Beclin-1 (125) and PGAM5 (102, 126). However, these interesting and novel roles for Bcl-xL have
not been explored in β-cells, and it remains unknown if, and how, they may relate to its
involvement in β-cell metabolism and insulin secretion.
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1.5

Thesis proposal

Rationale:
Mitochondria are very important for β-cell function and insulin secretion, but also for the
regulation of β-cell death by apoptosis. As a result, mitochondrial dysfunction leads β-cell failure
and can contribute to the development of T2D. An important aspect of mitochondrial physiology
is their dynamic fusion and fission, which help maintain their function, quality control, adaptation
to stress and cellular health. The anti-apoptotic protein Bcl-xL was recently found to have noncanonical functions in mitochondrial metabolism. Studies in other non-β-cell types suggest that
these metabolic roles may extend to the control of mitochondrial dynamics. Thus, understanding
the involvement of Bcl-xL in β-cell mitochondrial physiology may help clarify the mechanisms
that promote healthy mitochondria in pancreatic β-cells under T2D-related stress, which may
eventually lead to the development of innovative therapies for diabetes intervention.

Hypothesis: Bcl-xL is important for β-cell adaptation to metabolic stress by regulating
mitochondrial dynamics.

Specific aims:
AIM 1: Establish a method to quantify mitochondrial morphology and volume in β-cells.
AIM 2: Determine if Bcl-xL regulates mitochondrial mass and morphogenesis in β-cells.
AIM 3: Determine the importance of Bcl-xL for β-cell mitochondrial adaptation to a prolonged
high-glucose challenge.

22

Chapter 2: Material and Methods
2.1

Reagents
Collagenase

type

XI

(#C7657),

corn

oil

(#C8267),

tamoxifen

(#T5648),

tetramethylrhodamine (TMRE, #87917), D-glucose (#G7528), rotenone (#R8875), FCCP
(#C2920), antimycin-A (#A8674), and oligomycin (#75351) were purchased from Sigma-Aldrich
(St. Louis, Missouri). MitoTracker Deep Red FM (#M224726), MitoTracker Green FM (#M7514),
Hoechst 33342 (#H3570) were purchased from Thermo Fisher Scientific/Life Technologies
(Carlsbad, California). Dimethyl sulfoxide (DMSO, #BP231) was purchased from Fisher
Scientific (Waltham, Massachusetts). Compound 6 was purchased from Calbiochem (San Diego,
California). The plasmids for expression of mitochondria-targeted YFP (Mito-YFP) and
mitochondria-targeted photoactivatable GFP (mito-PAGFP) were kind gifts from Dr. Mark
Cookson (127) and Dr. Richard Youle (Addgene plasmid #23348) (128), respectively.

2.2

Cell culture
MIN6 cells, a mouse pancreatic β-cell line, were cultured in DMEM (Dulbecco’s Modified

Eagle’s Medium, Life Technologies #11995) supplemented with 10% Fetal Bovine Serum (FBS,
Life Technologies #10438) and 2% Pen Strep (Penicillin-Streptomycin at 10,000U/mL, Life
Technologies #15140) under 37ºC and 5% CO2. Culture media was changed every 2 days and the
cells were passaged when they reach 70-80% confluency. Briefly, the cells were washed with
Dulbecco's Phosphate-Buffered Saline (DPBS, Life Technologies #14190) before Trypsin-EDTA
(0.25%, Life Technologies #25200) was added for 3 minutes to detach the cells. The cell
suspension was then diluted with complete DMEM, spun down at 500×g and the supernatant

23

replaced with fresh media to re-plate the cells. HEK293T cells were similarly cultured in complete
DMEM under 37ºC and 5% CO2 and passaged when they reached 70-80% confluency.

2.3

MIN6 transfection
Lipofectamine® 2000 (Life Technologies #11668) was used to introduce the plasmids

(mito-eYFP and mtPA-GFP) into MIN6 cells. Briefly, 1×105 MIN6 cells were seeded on 25 mm
glass coverslips (VWR #102097) in complete DMEM and cultured overnight. The next day,
DMEM was replaced with Opti-MEM (Life Technologies #31985). Meanwhile, 1µg plasmid
DNA in Opti-MEM was mixed with 2µL Lipofectamine Reagent in Opti-MEM and were
incubated at room temperature for 30 min. Subsequently, the plasmid-Lipofectamine mixture was
added to the cells and they were incubated for 5 hours before transfection media was replaced with
complete DMEM. The plasmid was allowed to be expressed for at least 24 hours before
transfection was confirmed by confocal microscopy.

2.4

Animals and genotyping
To study Bcl-xL knockout in adult islets, we used a β-cell specific inducible Bcl-x KO

mouse model previously generated by Luciani et al. (121). Genotyping was done by digesting ear
notch samples in 40µL lysis buffer (25mM NaOH, 0.5mM EDTA) for 15 min at 80ºC. The samples
were then quickly neutralized with 40µL 40mM Tris-HCl buffer (pH=8.0) and the supernatant
containing the DNA was collected for PCR amplification. Briefly, the 10µL PCR reaction (95ºC120s; 30 cycles: 95 ºC-30s, 55ºC-30s, 68ºC-60s; Hold: 4ºC) was prepared by mixing 5µL of
DreamTaq Green PCR Master Mix (2X) (ThermoFisher #K1082) with 1µL DNA and 0.75µM of
each

primer

pair

(CreER

F:

AACCTGGAAGTGAAACAGGGGC

and

R:
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TTCCATGGAGCGAACGACGAGACC;

Tcrd

F:

CAAATGTTGCTTGTCTGGTG

and

R:

GTCAGTCGAGTGCACAGTTT). PCR products were visualized after agarose gel electrophoresis
(2% agarose gel stained with 1× RedSafe, 130V for 30min) under UV (BioSpectrum 310 Imaging
System, UVP). The presence of CreER transgene in BclxβKO mice was recognized by the 410bp
amplicon product and the 200bp Tcrd amplicon product served as the internal positive control for
the PCR reaction.

2.5

Tamoxifen injections
Tamoxifen (Sigma-Aldrich #T5648) was dissolved in corn oil (Sigma-Aldrich #C8267) at

10mg/mL and was subsequently vacuum filtered through a 0.22µm membrane (Millipore
#SCGP00525).

Intraperitoneal

injections

were

performed

daily

on

both

Bclxflox/flox:Pdx1CreERTamoxifen (BclxβKO) mice and their littermate Bclxflox/flox (BclxWT) controls
at 75µg per gram body weight (7.5µL oil per gram body weight) for 4 consecutive days.

2.6

Islet isolation
Islets from C57BL/6, BclxβKO and BclxWT mice were isolated via enzymatic digestion

and mechanical agitation. Collagenase (Sigma-Aldrich #C7657) was dissolved in 1× HBSS (Life
Technology #14185) at 1000U/mL and kept on ice until ready to use. The mice were anesthetized
by isoflurane prior to euthanasia and surgical dissection, revealing common bile duct and the
sphincter of Oddi. To prevent the flow of collagenase into the intestines, the sphincter of Oddi was
clamped with haemostat prior to injecting 3mL collagenase into common bile duct, inflating the
pancreas. The inflated pancreas was then removed and incubated at 37ºC in an additional 2mL of
collagenase solution for 15min. Afterwards, the pancreas was shaken by hand until most of the
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visible tissues had disintegrated (usually between 3 to 6 minutes). The homogenized tissues were
washed two times with 1×HBSS supplemented with 1mM CaCl2 and filtered through a 70µm cell
strainer (Fisher Scientific #352350). Subsequently, the islets were washed off the strainer with
complete RPMI (RPMI 1640 supplemented with 10% FBS and 2% Pen Strep) and were handpicked under a dissection microscope.

2.7

Islet culture and dispersion
Islets and dispersed islet cells were cultured in complete RPMI (RPMI 1640 supplemented

with 10% FBS and 2% Pen Strep) at 37ºC and 5% CO2. 3mM, 17mM, and 25mM glucose RPMI
was prepared by diluting the appropriate amount of 2M stock glucose solution in no glucose RPMI
1640 media (Life Technologies #11879).
To make the single cell dispersions, intact islets were first washed 3 times with Minimum
Essential Media (MEM, Corning cellgro #15-015-CV) by centrifugation and re-suspending the
islet pellets. The islets were then pipetted up and down vigorously in 0.01% Trypsin-EDTA
(0.05%, Life Technologies #25300) for 1 min. The dispersed cells were then washed in MEM and
further dispersed by pipetting for approximately 10 seconds. Lastly, the dispersed cells were resuspended with complete RPMI. For confocal imaging, cells were seeded as a 50µL droplet on
25mm glass coverslips (0.13-0.16mm thickness, VWR #16004-310) and allowed to adhere in
culture at 37 ºC for 3-5 hours before topping up with 2mL of complete RPMI.

2.8

Adenovirus amplification, purification and transduction
HEK293T cells were cultured in complete DMEM until 70-80% confluency. Adenovirus

carrying eYFP-tagged Bcl-xL (Ad.Bcl-xL-YFP) or EGFP (Ad.GFP) was added to the cells at an
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approximate MOI of 10 pfu/cell. After 3 to 4 days, when over 95% of the cells have detached, both
cells and media were collected in a 50mL tube and then lysed by 3 freeze-thaw cycles. The cells
debris was then pelleted by centrifugation at 239×g for 5 min and supernatant containing the virus
collected.
To purify the virus, the lysates were treated with 10 U/mL of Benzonase (Sigma #E1014SKU). Subsequently, the same volume of dilution buffer (20 mM Bicine, 0.6 M NaCl, pH=8.4) as
the lysate was added to stop the digestion reaction. Diluted lysate purified through a Sartobind
Q15 anionic exchange filter (Sartorius Stedim #93IEXQ42GB-12--A), washed with wash buffer
(10 mM Bicine, 0.4 M NaCl, pH=8.4) and eluted with elution buffer (10 mM Bicine; 0.61 M NaCl;
pH=8.2) supplemented with glycerol. Purified virus were stored at -80 ºC.
To determine the concentration of virus, HEK-293T cells were seeded in a 96-well plate at
10,000 cells per well. Serial dilutions of purified adenovirus from 10-3 to 10-10 were transduced
along with negative controls. Cells in the same row were transduced at the same concentration and
were subsequently cultured at 37 ºC in 5% CO2. Two to four days after transduction, the number
of wells displaying fluorescent signal per row was counted under a florescent wide-field
microscope. Viral titer was calculated using the following equation:
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑝𝑝𝑝𝑝𝑝𝑝/𝑚𝑚𝑚𝑚) = 10(x + 2.8)

, where x is the sum of the fraction of fluorescent wells in each row.

For adenovirus transduction, the Multiplicity of Infection (MOI) was determined using the
following equation:
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑚𝑚𝑚𝑚) =

𝑀𝑀𝑀𝑀𝑀𝑀 × 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒)
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑜𝑜𝑜𝑜 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 (𝑝𝑝𝑝𝑝𝑝𝑝/𝑚𝑚𝑚𝑚)
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The estimated number of MIN6 cells was the initial number of cells that were seeded. To estimate
the number of primary islet cells, every dispersed islet was assumed to yield 1000 cells. The
adenovirus was left in the media overnight and replaced with complete media the next day.

2.9

Identification and measurement of mitochondrial morphology in 2D

Image acquisition
Cells were imaged using Leica SP8 Confocal Microscope (Concord, Ontario) with a 63X
HC Plan Apochromatic water immersion objective (NA=1.2). I digitally zoomed in on the cells to
increase the structural detail and allow me to better focus; acquisition resolution (x and y
dimensions) were adjusted using suggested “Optimize” function in the Leica LASX Software;
laser power, detector filtering/gating and gain were adjusted appropriately to maximize signal
without saturating the detector and to minimalize background and cross-fluorescence.

Activation of photo-activatable-green-fluorescent-protein (PAGFP)
MIN6 cells were co-transfected with mito-PAGFP (Addgene plasmid #23348) (128) and
mito-dsRed plasmids for 24 hours prior to imaging. The “Bleach Point” function (time = 150ms)
was used with 405nm laser for activation of mito-PAGFP and images were acquired as described
above. Regions with lower mitochondria density were preferred as points of activation.

Processing, thresholding, and measurement of images
In ImageJ/FIJI (129), the images were processed using the “Subtract Background” (Radius
= 25 pixels) command and the “Sigma Filer Plus” plugin (130) (Radius = 2.0 pixels; Sigma = 2.0;
Minimum Pixel Fraction = 0.2). Different thresholding strategies for mitochondria identification
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were performed as follows: 1) Global threshold using “Auto Threshold” (Method = Default)
command. 2) Local threshold using “Auto Local Threshold” (Method = Mean, Radius = 5). 3)
Combination Threshold using both “Auto Threshold” (Method = Li) and “Auto Local Threshold”
(Method = Mean, Radius = 5) on the same image; the resultant 2 binary images were then
combined with the “AND” operation under the “Image Calculator…” command. The final
combined image was then cleaned up with the “Despeckle” command.
To measure the morphology of each mitochondrion, the “Analyze Particles…” (Size = 10Infinity pixel2, Circularity = 0.00-1.00) command was used on the threshold image and
measurements were set to include “Area”, “Perimeter”, and “Shape Descriptors”. Form factor was
calculated afterwards using the following equation:
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (𝐹𝐹𝐹𝐹) =

1
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

Lastly, mitochondria network characteristics were quantified by first skeletonizing the network
structure using the “Skeletonize 2D/3D” command on the threshold image. The skeleton map was
analyzed using the “Analyze Skeleton” command to calculate the number of branches, branch
length, and branch points of the network.

Simultaneous detection of mitochondrial morphology and function on a per-mitochondrion basis
Dispersed islet cells were transferred to either 3mM glucose or 17mM glucose completed
RPMI for 60 min. Cells were then stained 0.1µg/mL Hoescht 33342 (ThermoFisher # H3570),
50nM

MitoTracker

Green

FM

(MTG)

(ThermoFisher

#

M7514),

and

25nM

Tetramethylrhodamine, ethyl ester (TMRE) (Sigma-Aldrich #87917) for 30 min prior to imaging.
Images were acquired and processed as described above. Using the MTG signal, mitochondria in
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the images were identified using the combination threshold approach. Morphology was then
measured using the “Analyze Particles…” (Size = 10-Infinity pixel2, Circularity = 0.00-1.00)
command with the “Add to Manager” option checked to create regions of interest (ROIs). These
ROIs were then superimposed onto raw images of MTG and TMRE signals and the MTG and
TMRE intensities of each mitochondrion was measured as the “Mean gray value” using the
“Analyze Particles…” command. Network characteristics were calculated as described above.

2.10 Mitochondrial 3D volume analysis
Image acquisition
Image stacks of cells were acquired using the Resonance confocal imaging mode (scan
speed 8000hz) of Leica SP8 Confocal Microscope (Concord, Ontario) under 63X oil objective
(NA = 1.4). Image stacks were taken from the bottom of the cell (where there is no fluorescent
signal yet) to the top of the cell (where fluorescent signal disappears); pinhole size was reduced
0.5 AU; acquisition resolution (x, y, and z dimensions) settings were adjusted based on optimal
Nyquist standard (131) (often each pixel dimensions less than 56nm×56nm and a z-step less than
170nm); laser power, detector filtering/gating and gain were adjusted to maximize signal without
saturating the detector and minimize background signal and cross-fluorescence.

Image deconvolution
Deconvolution was performed using Huygens Essential (Scientific Volume Imaging B.V.,
Hilversum, Netherlands). Raw image stacks were loaded in to Huygens Essential and image
properties/parameters were verified. Subsequently, “Deconvolution Wizard” was used and a
theoretical Point Spread Function (PSF) was used to compute out-of-focus signals. Estimation of
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background was automatically determined (Mode = Lowest, Area radius = 0.7µm). Deconvolution
was done with the following settings: maximum iterations = 100, quality threshold = 0.001,
iteration mode = optimized, brick layout = Auto. The signal-to-noise ratio was calculated as
follows:
𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑡𝑡𝑜𝑜 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

Processing, thresholding, and quantification of image stacks

In ImageJ/FIJI, the images were processed as described for 2D, above. The plugin
“Adaptive Threshold” (132) available as a plugin for FIJI/ImageJ (129) was used to identify
positive mitochondrial signal from each 2D slice. The final images were then cleaned up using the
following commands: “Despeckle”, “Remove Outliers”, and “Fill 3D Holes” (available with the
3D ROI Manager Plugin) (133). The quantification of mitochondrial structure is separated in two
steps. First, volume, surface area, mitochondrial count were measured using the “3D Object
Counter” command, producing a labelled object map. Second, the “Skeletonize 2D/3D” command
was used to calculate a 3D skeleton for the image stack. The skeleton map was analyzed using the
“Analyze Skeleton” command to quantify the number of branches, branch length, and branch
points of the network.

2.11 Unsupervised categorization of mitochondrial morphology
Spanning-tree Progression Analysis of Density-normalized Events (SPADE) (134) was
used to automatically classify the mitochondrial images into 3 different categories based on their
calculated morphological parameters (Average area, average perimeter, form factor, aspect ratio,
branches per mito, branch length per mito, and branch junctions per mito). Briefly, mitochondrial
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morphology data was stored as comma-separated values (CSV) file and transformed into Flow
Cytometry Standard (FCS) file using FlowJo V10. Then, SPADE V3.0 (135) was used to create
a SPADE tree; Settings: Ignore compensation, No arcsinh transformation, neighbourhood size =
5, local density approximation factor = 1.5, 0th percentile outlier, fixed number of cells remain =
number of images used, clustering parameter = K-means, number of desired clusters = number of
images used. The “Auto Suggest Annotation” function was then used to partition the SPADE
tree into 2 subgroups and the larger of these was subsequently auto-partitioned again, resulting in
3 subgroups in total. The 3 subgroups were then individually exported back as 3 FCS files and
CSV files afterwards for analysis.

2.12 Seahorse Mitostress assay
Oxidative respiration levels of dispersed islet cells were determined using the Seahorse
XFe96 Extracellular Flux Analyzer (Agilent / Seahorse Bioscience, Santa Clara, California), as
previously described (136). Briefly, 40 dispersed islets seeded per well in Seahorse XF96 Cell
Culture Microplates and cultured at 37ºC at 5% CO2 for 2 days before the experiment. Adenovirus
were transduced one day before the experiment. Before loading plates into the Analyzer, cells were
washed with XF Basic Medium supplemented with 3mM glucose, 2mM glutamine, and 2mM
sodium pyruvate and incubated at 37°C in a 0% CO2 chamber for 60 minutes. After measuring
the basal oxygen consumption rate (OCR), each well was injected sequentially with 25mM
glucose, 1µM Oligomycin, 0.5µM FCCP, and finally a mixture of 1µM rotenone and 1µM
Antimycin A (137).
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2.13 RNA isolation, cDNA synthesis, and real-time quantitative PCR (RT-qPCR)
Total RNA was isolated from MIN6 cells and islets using the RNEasy Mini Kit (Qiagen
#74106). For islets, 30 to 40 islets were preserved in 40µL RNAlater (Qiagen #76104) at -80ºC
before RNA isolation. Yield and concentration of RNA isolated were measured by NanoDropTM
2000 (ThermoFischer, Carlsbad, California). Afterwards, 100ng RNA was reverse transcribed
using qScript cDNA synthesis kit (Quanta Bioscience #95047-500) and stored at -20ºC until use.
SYBR RT-qPCR was run in 8µL reaction: 4µL PerfeCTa SYBR green Fastmix (Quanta
Biosciences #95072), 0.5µL 5µM forward and reverse primer mix (sequences summarized in
Table 1), 1µL cDNA, and 1.5µL ddH2O. Relative expression levels were assayed in triplicates
on 384-well microplates (Life technologies #4309849) in a ViiA7 Real-Time PCR machine
(Applied Biosystems, Foster City, California). Actin was used as the housekeeping gene. Primers
are summarized in Table 1. The following formulas were used to calculate relative expression
levels (experimental group over control):
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =

2−∆𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸
2−∆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝛥𝛥𝛥𝛥𝛥𝛥 = 𝐶𝐶𝐶𝐶𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑜𝑜 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 − 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
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Table 1. Summary of primers used for gene expression analysis
Gene (reference if applicable) Primers (from 5’ to 3’)
F: GATCTGGCACCACACCTTCT
Actb
R: GGGGTGTTGAAGGTCTCAAA
F: GACAAGGAGATGCAGGTATTGG
Bcl-xL
R: TCCCGTAGAGATCCACAAAAGT
Drp1 (138)
F: GCGCTGATCCCGCGTCAT
R: CCGCACCCACTGTGTTGA
Fis1 (138)
F: GCCCCTGCTACTGGACCAT
R: CCCTGAAAGCCTCACACTAAGG
Mfn1 (138)
F: TCTCCAAGCCCAACATCTTCA
R: ACTCCGGCTCCGAAGCA
Mfn2 (139)
F: ACGTCAAAGGGTACCTGTCCA
R: CAATCCCAGATGGCAGAACTT
Opa1 (140)
F: AAGTGGATTGTGCCTGACTTT
R: CAACCCGTGGTAGGTGATCT
F: CAAACCCTGCCATTGTTAAG
Pgc-1α
R: TGACAAATGCTCTTCGCTTT
Tfam (141)
F: GATGGCGCTGTTCCGG
R: TGGATAGCTACCCATGCTGGA
F: AGTGGATCCGCCAGCTACT
Nfe2l2
R: TCTCTGCCAAAAGCTGCAT
Ucp2 (142)
F: CAGCCAGCGCCCAGTACC
R: CAATGCGGACGGAGGCAAAGC
F: CACACCATTTTCTGGACAAACCT
MnSod
R: TTCTCAAAAGACCCAAAGTCACG
F: CAGAAGGGTCAGGTGTCCA
Hmox
R: CTTCCAGGGCCGTGTAGAT

2.14 Western blot
Western blot detection of proteins was performed as previously described (121). Briefly,
MIN6 cells and islets were lysed using radioimmunoprecipitation assay buffer supplemented with
protease inhibitors (Fermentas #R1321) and protein concentration was quantified using the Pierce
BCA Protein Assay Kit (ThermoFisher #23225). Equal amounts of protein was loaded and
resolved on 12% SDS-PAGE gels. Subsequently, proteins were transferred onto polyvinylidene
difluoride membranes (Bio-Rad #1620177) and probed with the following primary antibodies
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overnight at 4ºC: Bcl-xL (Cell Signaling Technology #2762), TOM20 (Santa Cruz #sc-11415), and
β-actin (Novus Biologicals #NB600-501). Subsequently, secondary antibodies linked to
horseradish-peroxidase and Pierce ECL Western Blotting Substrate (ThermoFisher #32106) were
used to visualize the protein bands. Band densitometry was quantified using FIJI/ImageJ.

2.15 Statistical analysis
All data were represented as mean ± standard error of the mean (SEM). Data were analyzed
in GraphPad Prism software (La Jolla, California) using Student’s t-test, Paired Ratio t-test, Oneway ANOVA followed by Sidak multiple comparison test, or Two-way ANOVA, as appropriate.
Statistical significance was set at a threshold of p < 0.05.
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Chapter 3: Results
3.1

Establishing a pipeline for accurate quantification of mitochondrial properties by 2D

and 3D confocal microscopy
3.1.1

Accurate identification of fluorescently labeled mitochondria
To accurately measure the potential roles of Bcl-xL in both physiological and

pathophysiological mitochondrial dynamics, it is essential to have a robust and sensitive method
for measuring small changes in the network morphology and complexity. We aimed to do so using
the widely available laser scanning confocal microscopy technique and the image analysis
shareware, FIJI/ImageJ (129).
Prior to identification of mitochondria, raw confocal images were uniformly processed to
reduce background noise and smooth edges, thereby reducing artifacts and improving edge
detection. Accurate mitochondrial identification for analysis requires that 2 fundamental goals are
achieved: (1) the ability to distinguish the fluorescently labelled mitochondria from the
background in the processed confocal images, and (2) the ability to precisely separate individual
mitochondrial units within the networks from each other. The most often used method for
distinguishing fluorescently labelled structures from background is the global threshold in ImageJ,
which identifies only pixels above a certain intensity. When using the “Default” global
thresholding algorithm (for details see Chapter 2.9) on our dispersed pancreatic islet cells stained
with MitoTracker Green FM (MTG), we found that we were able to accomplish goal (1) and
distinguish mitochondria from the background, but generally failed to accomplish goal (2) to
accurately separate one mitochondrial network unit from another. As illustrated in Figure 1A,
which shows a representative cluster of 3 cells, this was an issue particularly in areas of the cells
with high mitochondrial density (lower left corner). In this cluster of cells, global thresholding
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identified 64 mitochondria, a likely underestimation of mitochondria count given the apparent lack
of detail in the identified network. As a result, we realized the global threshold method might be
able to detect major changes in mitochondrial morphology, but was unlikely to allow accurate
quantification of subtle changes in mitochondrial morphology and number.
Local threshold algorithms, on the other hand, base the thresholding on the relative pixel
intensities in a local neighborhood. When a local threshold algorithm (for details see Chapter 2.9)
was applied to the same image (Figure 1A), we observed the opposite effect of the global
thresholding. Local thresholding accomplished goal (2) and successfully separated one
mitochondrial network unit from another, but also included background noise in the mask. This
resulted in the detection of 808 mitochondrial units, a clear overestimate due to the background
signal. To overcome the weakness of each thresholding method, we established an approach in
which the global and local masks were combined by a Boolean ‘AND’ function (Figure 1B). This
combination approach uses a less stringent global thresholding algorithm (for details see Chapter
2.9) as a “mold” that allows the local mask to “carve” out the detailed structure of the
mitochondria, thus maintaining both the accurate background elimination from the global mask
and the structural details of the local mask. In the representative 3 cell cluster this resulted in the
identification of 121 mitochondria (Figure 1A). By visual inspection this appeared to be a much
more accurate separation and identification of mitochondria, and we next verified this using a more
stringent approach.
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Figure 1. Establishing a pipeline for accurate identification and analysis of mitochondrial morphology using
FIJI. Mitochondria of primary islet cells were fluorescently labeled with MitoTracker Green and confocal images
acquired for further processing and analysis. (A) Representative images of the mitochondrial identification achieved
using the “Default” FIJI global threshold algorithm, the FIJI local threshold algorithm, and our combination threshold
approach. (B) Schematic of the steps involved in the combination threshold approach for mitochondrial identification.
The global threshold here uses the less stringent “Li” algorithm to ensure full coverage of the network.
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3.1.2

Verification of correct mitochondrial identification using mito-PAGFP
To verify whether we were correctly identifying the mitochondria of β-cells within a

confocal image, we transfected MIN6 cells with mitochondria-targeted photoactivatable GFP
(mito-PAGFP), which allows selective photo-labeling of a single mitochondrion (143). After mitoPAGFP is activated by a 405 nm laser pulse (see details in Chapter 2.9), the fluorescence quickly
spreads throughout the entire single mitochondrial network unit, thus distinguishing it from the
neighbouring networks (Figure 2A). This unambiguous identification of a mitochondrial unit
allowed us to more rigorously compare the accuracy of our threshold algorithms. As illustrated in
Figure 2B, global thresholding would often merged un-connected parts of the network (labeled
white) and miss other connected pieces (labeled in blue). On the other hand, our combination
thresholding approach more closely matched the PAGFP signals (Figure 2C). In summary, these
results support that our combined thresholding method is superior for identification and separation
of mitochondria within a confocal image, and we used this approach for all analysis of their
morphological properties such as size and shape, as well as the connectivity/complexity of the
whole network.
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Figure 2. Use of mito-PAGFP to verify the accuracy of mitochondria identification. MIN6 cells were cotransfected with mitoPA-GFP plasmid and mito-dsRED plasmid 24 hours prior to imaging. Mito-PAGFP was
activated using a 405nm laser (refer to Chapter 2.9 for details). (A) A region within the cell where a single
mitochondrial unit (green) of the total mitochondrial network (red) was photo-labeled by mito-PAGFP activation. The
white arrow denotes the activation point. (B) Identification of mitochondria by the global threshold method applied to
the mito-dsRed image. The white area illustrates how the global threshold algorithm mistakenly merges adjacent
mitochondrial units. The blue area represents a region that was erroneously missed. (C) Identification of mitochondria
by our combination threshold approach applied to the mito-dsRed image. The white area illustrates how the photopainted mitochondrial unit was correctly distinguished from the neighbouring mitochondria. (Representative of n=16
replicates).

3.1.3

Establishing an approach for quantification of mitochondrial morphology in 2D
After establishing a method to accurately identify mitochondria within a confocal image,

we aimed to mathematically describe and quantify their morphology. Further skeletonization of
the identified mitochondria permits analysis of their network characteristics (Figure 3A). Based
on previous studies (144, 145), we identified suitable parameters for quantifying mitochondrial
morphology in pancreatic β-cells (summarized in Figure 3B). For 2D analysis, we used area and
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perimeter to mathematically describe mitochondrion size, their shape was described by form factor
(FF) and aspect ratio (AR), and network connectivity and/or complexity was determined by the
number of branches, the number of branch junction, as well as total branch lengths of each
mitochondrion. Figure 3C illustrates how these factors change with different morphologies.
To evaluate our ability to quantify and distinguish different mitochondrial morphologies
using these parameters, we obtained a set of 84 2D image slices of MIN6 cells expressing a
mitochondria-targeted yellow fluorescent protein (Mito-YFP; Figure 4A). Based on visual
assessment of the mitochondrial morphology we manually categorized the images into 3 groups:
(1) “fragmented”, characterized by small, round mitochondria with little branching; (2)
“filamentous”, characterized by highly connected networks of long and tubular mitochondria; and
(3) an “intermediate” group, which are morphologically between the 2 other groups (Figure 4A).
Analysis of these three image sets showed that we were capable of distinguishing the morphologies
based on the parameters related to size, shape and network complexity. Moving from filamentous
to intermediate to fragmented, we detected significant decreases in average mitochondrion area
and perimeter between each group (Figure 4B). Moreover, we also detected significant changes in
mitochondria shape across the 3 morphological groups, as represented by significant changes in
FF and AR (Figure 4C). This was further supported by our connectivity/complexity analysis of the
mitochondria skeleton, which showed significant changes in number of branches, branch lengths,
and number of branch junctions (Figure 4D). These results demonstrate that our analysis pipeline
can quantitatively distinguish mitochondrial morphological sub-types that are evident by eye. We
next wanted to further validate these analysis results and our morphological classifications using
an unbiased machine-based approach.
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Figure 3. Parameters used to quantify mitochondrial morphology and networking. (A) Schematic flow chart of
the analysis pipeline. From the raw confocal image, mitochondria were identified using our combination threshold
approach for morphological analysis. The mask was then further skeletonized for a quantitative description of network
connectivity. (B) Table summarizing the 2D and 3D parameters we used to describe mitochondrial morphology and
networking in terms of size, shape and connectivity/complexity. (C) Schematic diagrams illustrating how changes in
mitochondrial size, shape and connectivity are reflected in the quantified parameters.
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Figure 4. Demonstration of ability to distinguish various mitochondrial morphology types. An image set (84
images) of MIN6 cells that were transfected with Mito-YFP plasmid were manually categorized by visual inspection
into 3 morphology types: filamentous, intermediate, and fragmented. (A) Representative images from each
morphological category. (B-D) Mitochondria were identified using the combination threshold approach and their
morphological parameters quantified and compared between the three morphological groups. (B) Comparison of
mitochondrion size parameters (area and perimeter). (C) Comparison of shape parameters (form factor and aspect
ratio). (D) Comparison of connectivity/complexity parameters (number of branches, branch length, and branch
junctions). (All data are represented by mean ± SEM; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 as determined
by One-way ANOVA with Sidak post-hoc test; n=84 images total)
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3.1.4

Validation of morphometric classifications by unsupervised clustering
To further validate our pipeline for 2D analysis of mitochondrial morphology and structure,

we used Spanning-tree Progression Analysis of Density-normalized Events (SPADE) (134) to
automatically classify morphology independent of potential human bias (See Chapter 2.11 for
additional details). SPADE is an analysis tool often used in flow cytometry to visualize, cluster,
and differentiate cell types based on cell markers (134). Rather than using cell type-specific
markers, we aimed to cluster and differentiate cells based on their quantified mitochondrial
features. A SPADE tree was constructed based on the morphological parameters we derived from
the full test set of MIN6 cell images used previously (Figure 5A). Each node in the tree represents
a single image in the set (84 images resulting in 84 nodes), and branching in the tree represents the
relative resemblance of images based on their morphological parameters. We asked the program
to divide these images into 3 groups based on the morphological parameters. Mitochondria in the
3 groups that SPADE distinguished appeared noticeably dissimilar upon visual inspection (Figure
5B). Comparative analysis revealed that the 3 SPADE-identified groups were significantly
different from each other in all the morphological parameters (Figure 5C-E). These results suggest
that SPADE Subgroups 1, 2 and 3 corresponded to cells with filamentous, intermediate and
fragmented mitochondrial morphology, respectively, and this was also evident from the output
images (Figure 5B). When comparing the automated SPADE categorization to our manual
categorization of the 84 images there was 86% match, and this close agreement is also evident
when comparing the results in Figures 4B-D with those in Figures 5C-E. The ability of SPADE to
distinguish different morphologies based on our analysis results further supports the validity of
our pipeline for 2D analysis of mitochondrial network structure and complexity in pancreatic βcells.
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Figure 5. Unsupervised categorization of mitochondrial morphology using SPADE. Spanning-tree Progression
Analysis of Density-normalized Events (SPADE) was used to automatically classify mitochondrial images based on
their calculated morphological parameters. (A) A SPADE tree was generated using the same image set as in Figure 4
and automatically categorized into 3 groups. Each node in the tree represents a single image (84 images and 84 nodes).
Nodes are colour-coded based on the average mitochondrion area. (B) Representative images from each group. (C-E)
Comparison of morphological parameters between the 3 SPADE-identified groups: (C) Comparison of mitochondrion
size parameters (area and perimeter), (D) Comparison of shape parameters (form factor and aspect ratio). (E)
Comparison of connectivity/complexity parameters (branches, branch length, and branch junctions). (All data are
represented by mean ± SEM; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 as determined by One-way ANOVA
with Sidak post-hoc test; n=84 images total)
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3.1.5

Physiological glucose stimulation is associated with mitochondrial

hyperpolarization and mitochondrial fission in primary islet cells
After validating our ability to detect morphological differences in MIN6 cell mitochondria,
we tested if we could detect more subtle changes in the morphology and function (measured
simultaneously) in primary islet cells. Dispersed islet cells from male BclxWT control mice (3-6
months old) were cultured in either basal 3mM glucose (3G) or physiologically stimulatory 17mM
glucose (17G) for 1 hour. To simultaneously detect changes in mitochondrial morphology and
function on a per mitochondrion basis we subsequently stained mitochondria with the fluorescent
indicators MTG (membrane potential-insensitive) and TMRE (membrane potential-sensitive) for
30 min before imaging (see Section 2.9 for details). Using our mitochondrial analysis pipeline, we
used the MTG signal to measure morphology, and as a mask for measuring TMRE intensity
(Figure 6A). As expected, cells cultured in 17G had mitochondria with higher TMRE to MTG
intensity ratio than 3G (Figure 6B), demonstrating that they are more active and hyperpolarized.
Visual inspection of the images (represented by Figure 6A) did not reveal any obvious
morphological differences between the cells in low and high glucose. However, our analysis
pipeline was able to detect a number of changes. Despite no change in total mitochondrial area,
the number of mitochondria increased following glucose stimulation (Figure 6C), suggesting an
increase in mitochondrial fission. Accordingly, mitochondria in cells cultured in 17G were
significantly smaller (decreased average area and perimeter; Figure 6D), more round (decreased
form factor; Figure 6E), and had reduced network complexity (decreased per mitochondria branch
number, branch points and branch lengths; Figure 6F). Consequently, our analysis pipeline was
able to detect subtle physiological changes to mitochondrial morphology and function in primary
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islet cells that were not evident by visual inspection. This establishes that it is sufficiently sensitive
to be used for quantitative comparison of β-cell mitochondria in physiology and pathophysiology.
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Figure 6. Glucose stimulation is associated with mitochondrial fission in pancreatic islet cells. Primary islet cells
isolated from male BclxWT mice were dispersed on coverslips and cultured for 4 days in 11mM glucose. The cells
were then treated in either 3mM glucose (3G) or 17mM glucose (17G) for 60 mins. Cells were stained with 0.1µg/mL
Hoescht 33342, 50nM MitoTracker Green FM (MTG), and 25nM TMRE for 30 min before imaging. Mitochondrial
morphology and polarization were quantified as described in Chapter 2.9. (A) Representative images of MTG and
TMRE stained islet cell in 3G and 17G. (B-F) Quantification of confocal images was done in FIJI/ImageJ for the
following parameters: (B) Normalized TMRE/MTG ratio (normalized to 3G), (C) Total mitochondrial area and
mitochondria count per cell, (D) average mitochondrion size, (E) mitochondrion shape, (F) mitochondrial
connectivity/complexity. (All data are represented by mean ± SEM; **p<0.01, ***p<0.001, ****p<0.0001 as
determined by Student’s t-test; n=49 cells total in each glucose treatment. Cells were obtained from 4 mice and imaged
in 4 separate experiments)
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3.1.6

Establishing an approach for mitochondrial network analysis in 3D
While our 2D analysis reliably measures mitochondrial morphology in a cross-section, it

does not provide a complete picture of the complexity and interconnectedness of the whole
network, or allow for direct quantitation of total mitochondrial mass. Total mitochondrial area has
been used to estimate mitochondrial mass in neurons and fibroblasts (145, 146), but β-cells are
comparatively less flat and therefore more likely to have a distributed 3 dimensional mitochondrial
network that spans several mitochondrial layers. To allow precise quantification of total
mitochondrial volume and network structure we therefore established another analysis pipeline for
3D. For this, 2D serial sections were acquired at different focal planes through entire cells, with
spacing between planes set according to the Nyquist standard (131). To maximize z-resolution,
pinhole size was reduced to 0.5AU (for details, see Chapter 2.9). However, even with optimized
confocal image acquisition settings each optical slice contains out of focus light from adjacent
sections, which compromises accurate 3D rendering of the mitochondrial network. This inherent
limitation of raw confocal images can be mitigated by deconvolution; a mathematical process
which helps remove background signal and noise (e.g. out-of-focus light). Figure 6A shows a
representative comparison of the mitochondrial network in a mito-YFP-expressing MIN6 cell
following 3D reconstruction of the raw (left) and deconvolved (right) confocal image stacks.
Analysis of the raw 3D reconstruction identified only 6 separate mitochondrial units within the
network, while 25 units were identified following deconvolution (Figure 6A). This suggests that
elimination of noise and out of focus signal by deconvolution is critical for the software to be able
to distinguish individual mitochondrial units.
We next assessed our ability to distinguish and quantify different mitochondrial network
morphologies in 3D. We obtained image stacks of Mito-YFP expressing MIN6 cells, and similar
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to our 2D analysis, we manually categorized the cells into 3 groups based on their mitochondrial
morphology: “fragmented”, “filamentous”, and “intermediate” (Figure 7B). Mitochondria were
identified in each slice of the image stack and the “3D Object Counter” function was then used to
mathematically map each mitochondrion in 3D space. Quantification by “3D Object Counter”
revealed that even if the number of mitochondria per cell differed significantly, the total
mitochondrial volume of each cell was constant between the 3 groups (Figure 7C). This indicates
that significant morphological heterogeneity can occur independent of changes to mitochondrial
mass. As in our 2D analysis, the number of mitochondria per cell progressively increased from
filamentous to intermediate to fragmented morphologies (Figure 7C), while the average
mitochondrial volume decreased (Figure 7D). Skeletonization of the 3D network revealed that the
number of branches and branch junctions also decreased, illustrating that mitochondrial
fragmentation, not surprisingly, is associated with a reduction in overall network complexity
(Figure 7E). Together, this demonstrates that we are able to measure mitochondrial volume and
classify differences in 3D mitochondrial network morphology based on the acquisition and
deconvolution of an optimized image stack, followed by reconstruction and analysis of the entire
mitochondrial network.
In summary, we have established robust pipelines for confocal imaging and analysis of
mitochondrial structure in pancreatic β-cells in both 2D and 3D. These analysis pipelines were
next used to study if Bcl-xL has potential roles in regulating mitochondrial morphogenesis and
mass in β-cells.
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Figure 7. Importance of deconvolution and verification of 3D analysis. MIN6 cells transfected with Mito-YFP
plasmid were imaged under optimal Nyquist criterion over several z-planes to form image stacks of the full
mitochondrial network. (A) Side-by-side comparison of 3D reconstruction based on the raw image stack prior to
deconvolution versus the same image stack after deconvolution. Deconvolution was performed using Huygens
Essential software. (B) Representative 3D reconstructions of mitochondrial networks with 3 manually-identified
morphological types: filamentous, intermediate, and fragmented. Each mitochondrial network is represented by a
different colour. (C-E) The mitochondria in these image stacks were quantified with FIJI/ImageJ (see Chapter 2.10
for details) and compared between morphological groups for the following 3D parameters: (C) total mitochondrial
volume and mitochondria count, (D) average mitochondrion volume, and (E) mitochondrial connectivity/complexity
(branches, branch length, and branch junctions). (All data are represented by mean ± SEM; **p<0.01, ***p<0.001,
****p<0.0001 as determined by One-way ANOVA with Sidak post-hoc test; n=9-10 cells in each group; imaged from
2 independent experiments)

51

3.2
3.2.1

Role of Bcl-xL in mitochondrial morphology and function in islet cells
Overexpression of Bcl-xL alters the morphology, reduces the volume and impairs

the function of β-cell mitochondria
To study the roles of Bcl-xL in β-cell mitochondrial physiology and morphology, we first
tested the effects of Bcl-xL gain-of-function (GOF). We overexpressed eYFP-tagged Bcl-xL (BclxL-YFP) under the CMV promoter using an adenovirus vector (Ad.Bcl-xL-YFP) at MOI of 10 in
MIN6 cells, which resulted in Bcl-xL mRNA levels that were ~190 fold higher than the control
cells transduced with Ad.GFP (Figure 8A). We compared the mitochondrial morphology in
transfected cells expressing Bcl-xL-YFP to cells expressing a mitochondria-targeted eYFP (MitoYFP) control, and observed that 24 hours following Bcl-xL overexpression the mitochondrial
network had lost its normal tubular structure and converged into a single clump (Figure 8B). This
effect was also seen in primary islet cells following transduction with Ad.Bcl-xL-YFP (MOI=10)
and mitochondrial co-staining revealed that Bcl-xL-YFP strongly co-localizes with the
mitochondrial aggregates (Figure 8C). We further explored this phenomenon by tracking Bcl-xL
overexpressing MIN6 cells for 24 hours following transfection using a high-content imaging
system. As exemplified in Figure 8D, the Bcl-xL overexpressing cells maintained normal dispersed
mitochondrial structures 5 hours after transfection. However, as time went on, the mitochondria
progressively aggregated until the entire mitochondrial network consisted of one or two immobile
clusters after approximately 10-12 hours (Figure 8D). To determine if this striking change in
morphology is associated with changes to mitochondrial mass, we performed stack confocal
imaging, reconstructed the mitochondrial network in 3D, and measured its volume. Interestingly,
Bcl-xL overexpression significantly decreased the total mitochondrial volume compared to MitoYFP (Figure 8E). To further investigate this, we used western blot to probe for protein translocase
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of outer membrane 20 (TOM20), an often used surrogate marker of mitochondrial mass (Figure
8F). Semi-quantitative analysis of band densities showed that Bcl-xL-YFP overexpression was
associated with a very strong trend toward decreased TOM20 protein levels (Figure 8G, p=0.061).
Finally, mitochondrial function was assessed using the Seahorse MitoStress Assay. Bcl-xL
overexpression resulted in decreased oxygen consumption rate in response to glucose stimulation
(25mM), as well as a decrease in the maximum respiratory capacity achieved following
mitochondrial uncoupling with FCCP (Figure 8H). Together, these results demonstrate that high
levels of Bcl-xL induce metabolic β-cell dysfunction that is associated with drastic perturbations
of mitochondrial morphology and a reduction in total mitochondrial volume. Our findings agree
with previous reports that transgenic overexpression of Bcl-xL impairs β-cell function and glucose
metabolism in mice (120), and provide new insights into the underlying sub-cellular defects.
To further characterize the effects of Bcl-xL overexpression on mitochondrial physiology
and dynamics, we analyzed the expression of genes involved with mitochondrial fission, fusion,
biogenesis, and stress. Specifically, we examined the levels of Drp1 and Fis1 that control
mitochondrial fission (Figure 9A), Mfn1/2 and Opa1 that control mitochondrial fusion (Figure
9B), Pgc-1α and Tfam that regulate mitochondrial biogenesis (Figure 9C), and lastly Nfe2l2, Ucp2,
Hmox1 and MnSod that are all part of the cellular anti-oxidant response (Figure 9D). Following
Bcl-xL overexpression in MIN6 cells (Ad.Bcl-xL-YFP; MOI=10), Fis1 was significantly increased
compared to control (p=0.003 Figure 9A), Opa1 trended towards increased levels (p=0.08 Figure
9B) and Hmox1 expression was significantly decreased (p=0.02 Figure 8D). Overall, these gene
expression results suggest that either Bcl-xL and/or the mitochondrial consequences of Bcl-xL
overexpression may alter the transcription of genes involved with mitochondrial fusion, fission,
and antioxidant response.
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Figure 8. Effects of Bcl-xL overexpression on mitochondrial morphology, volume, and function in β-cells. (A)
Bcl-xL mRNA levels in MIN6 cells transduced with either Ad.Bcl-xL-YFP (MOI=10) or control Ad.GFP (MOI=10)
for 24 hours. (***p<0.001 as determined with Ratio Paired t-test; n=7 experiments). Beta-actin was used as the
housekeeping gene. (B) Representative 3D image of aggregated mitochondria structure in a MIN6 cell following BclxL overexpression (red) and a neighbouring control cell with the normal tubular mitochondrial structure (yellow).
Images were taken 24 hours after transfection. (C) Representative image of a cluster of 3 primary cells; one transduced
with Ad.Bcl-xL-YFP (MOI=10) and two neighbouring un-transduced cells. Mitochondria were visualized by
MitoTracker Deep Red staining. (D) Representative time-lapse images of mitochondrial structure in MIN6 cells
following Bcl-xL overexpression (4 hours to 12 hours post transfection). Image brightness and contrast were enhanced
to highlight the mitochondrial structure at earlier time points. (E) Quantification and comparison of total mitochondrial
volume in Bcl-xL-YFP and mito-YFP expressing MIN6 cells 24 hours after transfection (* p<0.05 as determined with
Student’s t-test; n=12-16 cells). (F) Representative western blot for Bcl-xL and TOM20 levels in MIN6 transduced
with Ad.GFP and Ad.Bcl-xL-YFP (MOI=1 and 10). Beta-actin was used as the loading control. Note that due to large
differences in expression, exposure times for Bcl-xL-YFP and endogenous Bcl-xL were adjusted separately and band
densities cannot be directly compared. (G) Quantification of western blot TOM20 density relative to actin. Band
densitometry was analysed with FIJI/ImageJ (p-values were calculated using Ratio-Paired t-test; n=4). (H) Preliminary
Seahorse MitoStress Assay analysis of mitochondrial respiration in primary dispersed islet cells 24 hours following
transduction with Ad.Bcl-xL-YFP. Oxygen consumption rate (OCR) following 25mM glucose stimulation (blue box)
and the maximal respiratory capacity (green box) induced by FCCP treatment were decreased in Bcl-xL overexpressing
cells compared to the control. (All data are represented by mean ± SEM)
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Figure 9. Effect of Bcl-xL overexpression on the expression of genes involved with mitochondrial fission, fusion,
biogenesis, and oxidative stress in MIN6 cells. MIN6 cells were transduced with Ad.Bcl-xL-YFP (MOI=10) or
control Ad.GFP (MOI=10) and relative mRNA levels compared by qPCR. Beta-actin was used as the housekeeping
gene. (A-D) Relative expression levels of selected genes involved with (A) mitochondrial fission (Drp1 and Fis1),
(B) mitochondrial fusion (Mfn1, Mfn2, and Opa1), (C) mitochondrial biogenesis (Pgc-1α and Tfam), and (D) oxidative
stress and antioxidant response (Nfe2l2, Ucp2, MnSod, and Hmox1). (All data are represented by mean ± SEM;
**p<0.01 as calculated using Ratio Paired t-test; n=7 experimental replicates)
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3.2.2

Pharmacological Bcl-2/Bcl-xL inhibition fragments β-cell mitochondria
Because the outcome of Bcl-xL overexpression does not necessarily reflect the normal roles

of the endogenous protein, we next studied the effects of Bcl-xL loss-of-function (LOF) on
mitochondrial morphology. As a first step, we pharmacologically inhibited endogenous Bcl-xL in
Mito-YFP expressing MIN6 cells using Compound 6 (C6); a small molecule that antagonizes both
Bcl-2 and Bcl-xL (147). We have previously shown that Bcl inhibition with C6 acutely (within
minutes) increases mitochondrial activity and activate KATP-dependent Ca2+ influx in β-cells (121).
In contrast to these rapid physiological effects, more sustained Bcl inhibition (> 1 hour) initiates
ROS-dependent β-cell apoptosis (121, 136). Using our mitochondrial analysis pipeline, we now
found that mitochondria of C6-treated β-cells became increasingly fragmented over time (Figure
10A). After 4 hours C6 treatment they had decreased sharply in size as represented by a decrease
in average area and perimeter (Figure 10C); were rounder with a decrease in form factor (FF) and
aspect ratio (AR) (Figure 10D); and were less morphologically complex with significantly fewer
branches, reduced branch length and fewer branch junctions (Figure 10E). These overall effects
suggest that combined inhibition of Bcl-xL and Bcl-2 function relatively quickly promotes a
mitochondrial fragmentation morphology (refer to Section 3.1.3).
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Figure 10. Bcl-xL inhibition by Compound 6 (C6) alters mitochondrial morphology in MIN6 cells. (A)
Representative images showing progressive mitochondrial fragmentation in a mito-YFP-expressing MIN6 cell treated
with 40µM C6 for 0, 2, or 4 hours. (B) Total mitochondrial area and count, (C) mitochondrial size, (D) mitochondrial
shape, and (E) mitochondrial connectivity/complexity were quantified and compared between 0 and 4 hours C6
treatment. (All data are represented by mean ± SEM; *p<0.05, **p<0.01 as calculated by Student’s t-test; n=3 cells)
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3.2.3

Loss of Bcl-xL alters mitochondrial morphology and function in islet cells from

aged female mice
To more specifically study the effect of Bcl-xL LOF, we examined our previouslyestablished mice with tamoxifen-inducible conditional deletion of Bcl-xL in their β-cells
(BclxβKO) (121). In all experiments the expected deletion of Bcl-xL was confirmed by qPCR
analysis of aliquots from the islet preparations (data not shown).
The effect of Bcl-xL knockout on mitochondrial morphology and function was first studied
in islets cells from aged female BclxβKO and BclxWT mice (12-14 months old). Using our
combined MTG-TMRE assay (refer to Section 3.1.5), we again found that islet cells responded to
stimulatory glucose with mitochondrial hyperpolarization, combined with a fragmentation that
was morphologically characterized by smaller size, increased rounding and reduced network
complexity (Figure 11). In these aged mice, Bcl-xL knockout did not affect total mitochondrial
count and network area (Figure 11B&C). Notably, however, BclxβKO cells had mitochondria that
on average were significantly smaller and more active in basal (3mM) glucose, but in stimulatory
glucose (17mM) the polarization and size of BclxβkO and BclxWT mitochondria were no different
(Figures 11D&E). Loss of Bcl-xL thus promotes more basally active mitochondria, with a
morphological profile that possibly resembles the response to a modest glucose stimulation. This
effect was even more evident when we quantified the difference in mitochondrial responses
between 3mM and 17mM glucose (∆3G17G). As shown in Figures 11D,E&G deletion of BclxL resulted in significantly lower values of this ‘stimulation index’ for mitochondrial activity
(ΔTMRE/MTG), size (ΔMean mito area), and network complexity (ΔBranches per mito).
Glucose-induced changes in mitochondrial shape (ΔFF), however, did not differ significantly
between the two genotypes (Figure 11F, right).
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Quantitative PCR analysis of islets from these mice revealed no genotype-dependent
differences in the expression of genes involved with mitochondrial fission, fusion, and oxidative
stress (Figure 12A,B&D). However, Pgc-1a mRNA levels were significantly increased in
BclxβKO islets, suggesting that loss of Bcl-xL may affect pathways that regulate mitochondrial
biogenesis (Figure 12C). To further investigate this possibility, we performed additional 3D
analysis of mitochondrial structure and volume in islet cells from these mice. 3D network
reconstruction and quantification did not reveal significant differences in their mitochondria
(Figure 13), but there was very notable trend toward a decrease in total mitochondrial volume in
BclxβKO islet cells (Figure 13B, p=0.052), which hints at possible effects on mitochondrial
biomass.
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Figure 11 Comparison of mitochondrial morphology and function in BclxWT and BclxβKO β-cells from aged
mice. Primary islet cells from 12-14 months old female BclxWT and BclxβKO mice were seeded on coverslips and
cultured for 4 days in 11mM glucose. Cells were stained with 0.1µg/mL Hoescht 33342, 50nM MitoTracker Green
FM (MTG), and 25nM TMRE for 30 min before imaging. (A) Representative images of mitochondrial morphology
and TMRE staining in BclxWT and BclxβKO islet cells treated with either 3mM glucose (3G) or 17mM glucose
(17G) for 1 hour. Quantification and Δ3G17G analysis of confocal images were performed in FIJI/ImageJ for the
following parameters: (B) Total mitochondrial area per cell, (C) mitochondria count per cell, (D) normalized
TMRE/MTG ratio (normalized to 3G), (E) average mitochondrion area, (F) form factor, and (G) branch number. (All
data are represented by mean ± SEM; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 as determined by One-way
ANOVA with Sidak post-hoc test; n=66-72 images total in each glucose treatment. Cell were obtained from 5 mice
of each genotype and imaged in 5 separate experiments)

61

Figure 12. Effect of Bcl-xL knockout on the expression of genes involved with mitochondrial fission, fusion,
biogenesis, and oxidative stress in primary islet cells from aged mice. Islets from 12-14 months old female BclxWT
and BclxβKO mice were compared by qPCR for the relative expression of selected genes involved with (A)
mitochondrial fission (Drp1 and Fis1), (B) mitochondrial fusion (Mfn1, Mfn2, and Opa1), (C) mitochondrial
biogenesis (Pgc-1α and Tfam), and (D) oxidative stress and antioxidant response (Nfe2l2, Ucp2, MnSod, and Hmox1).
RNA was extracted 24 hours after isolation. (All data are represented by mean ± SEM; *p<0.05 as determined by
Ratio Paired t-test; n=7 experimental replicates)
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Figure 13. Effect of Bcl-xL knockout total mitochondrial volume and 3D structure in islet cells from aged mice.
Pancreatic islet cells from 12-14 months old female BclxWT and BclxβKO mice were dispersed onto coverslips and
cultured for 4 days. The cells were then stained with 0.1µg/mL Hoescht 33342 and 50nM MitoTracker Deep Red FM
for 30 min prior to imaging. Mitochondrial volume and structure were quantified as described previously.
Deconvolution was performed in Huygens Essential software. (A) Representative 3D reconstruction images of the
mitochondrial network in BclxWT and BclxβKO islet cells. Each mitochondria in the network is represented by a
different colour. (B-E) Quantification of 3D reconstructed image stacks using FIJI/ImageJ for the following
parameters: (B) Total mitochondrial volume, (C) mitochondria count per cell, (D) average mitochondrion volume,
and (E) average mitochondrial branch number. (All data are represented by mean ± SEM; p-values were calculated
using One-way ANOVA with Sidak post-hoc test; n=30 image stacks from 3 mice of each genotype)
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3.3
3.3.1

Role of Bcl-xL in islet cell adaptation to prolonged high glucose challenge
Loss of Bcl-xL and prolonged exposure to high glucose alter the activity,

morphology, and morphological plasticity of islet cell mitochondria
Prolonged in vitro exposure to high glucose has been shown to increase basal cytosolic
calcium levels and insulin secretion from rodent islets (45, 148, 149), and similar functional
changes are seen in β-cells from pre-diabetic ob/ob mice (150). Both in vitro and ex vivo, this was
associated with enhanced β-cell metabolism and sensitivity to glucose (45, 149, 150). In our lab,
it was also previously observed that islets cultured for 6 days in 25mM glucose did not yet
demonstrate signs of overt glucotoxicity (148), in which insulin secretion and expression of key
transcription factors are lost (151); rather, the islets showed elevated Ca2+ levels basally and were
unable to return to baseline levels after a glucose stimulation, which would be compatible with
enhanced metabolic activity. To further clarify the effects of prolonged high glucose exposure on
β-cell mitochondrial function and dynamics, and to determine the importance of Bcl-xL under these
conditions, we now pre-cultured islets cells from male BclxβKO and BclxWT mice (4-6 month
old) in normal glucose (NG, 11mM glucose) or high glucose (HG, 25mM glucose) for 6 days.
After NG/HG pre-culture, we exposed islets cells short-term to 3mM (3G) and 17mM (17G)
glucose and performed simultaneous 2D per mitochondria analysis of morphology and function.
In BclxWT islet cells, HG pre-culture increased basal mitochondrial activity in low glucose, but
had no effect on mitochondrial polarization in stimulatory glucose (Figure 14A). Interestingly, the
basal mitochondrial polarization of BclxβKO islet cells pre-cultured in NG was as high as in
BclxWT cells challenged with HG pre-culture (Figure 14A), and this basal hyperactivity of
BclxβKO mitochondria was not further increased by HG pre-culture. Rather, BclxβKO cells
responded to HG pre-culture with impaired mitochondrial polarization in 17G (Figure 14A). This
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suggests that loss of Bcl-xL in itself may induce basal islet cell mitochondrial hyper-activity,
similar to what is normally seen following a prolonged glucose challenge. Metabolically pushing
these already hyper-metabolic Bcl-xL-deficient islet cells may possibly induce a faster progression
from mitochondrial adaptation toward mitochondrial dysfunction.
Along with the above effects on mitochondrial activity, 6 days HG pre-culture induced
significant increases in total mitochondria area, average mitochondrial size, form factor, and
complexity in both BclxWT and BclxβKO islet cells, suggesting that the challenge of a HG preculture promotes a larger and more connected mitochondrial network (Fig 14B-E). In partial
agreement with our results in Figure 11, the NG pre-cultured cells showed notable trends toward
a fragmented morphology (decreased average area, form factor and complexity) in 17G compared
to 3G, and there was a trend toward a basal fragmentation morphology in BclxβKO cells compared
to BclxWT (Figure 14C-E). Here, however, none of these differences reached statistical
significance, which we believe may be due to the increased cell culture time. Of note, these
morphological differences between 3G and 17G were reduced even further in BclxWT cells after
HG pre-culture, and were almost completely absent in the HG pre-cultured BclxβKO cells. This
is most evident from the calculated Δ values (Figure 14C-E, right panels). Together, these results
agree with previous reports that prolonged exposure of β-cells to elevated glucose increases their
basal metabolic activity and dampens metabolic responsiveness to subsequent short-term glucose
stimulation (45, 149). Our data further reveal that this is associated with significant changes to the
mitochondrial network; including larger and more branched mitochondrial units, as well as a
reduction in acute glucose-induced morphological plasticity that is further impaired in the absence
of Bcl-xL.
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Probing at the mechanisms underlying these effects, we analyzed gene expression in NG
and HG cultured islets from the same mice (Figure 15). Bcl-xL expression levels were significantly
decreased in BclxβKO islets, but were not significantly changed following HG pre-culture (Figure
15A). The expression of genes involved with mitochondrial fission, fusion, biogenesis, and
oxidative stress were not significantly changed in response to HG pre-culture or Bcl-xL knockout
(Figure 15B-E). Overall, this suggests that HG pre-culture and/or Bcl-xL knockout do not induce
significant oxidative stress, and that the observed effects on mitochondrial morphology and
function were not instigated by transcriptional means.
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Figure 14. Comparison of mitochondrial morphology and function in BclxWT and BclxβKO β-cells after
prolonged (6 day) high glucose culture. Dispersed islet cells from 4-6 months old male BclxWT and BclxβKO mice
were seeded on coverslips and cultured for 6 days in either 11mM glucose (NG) or 25mM glucose (HG). The cells
were then treated acutely with either 3mM glucose (3G) or 17mM glucose (17G) for 60 mins. Cells were stained with
0.1µg/mL Hoescht 33342, 50nM MitoTracker Green FM (MTG), and 25nM TMRE for 30 min before imaging. (AE) Quantification and Δ3G17G analysis of confocal images were performed in FIJI/ImageJ for the following
parameters: (A) normalized TMRE/MTG ratio (normalized to WT-NG-3G) (#p<0.001 for difference between 3G and
17G of genotype and pre-culture; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 as determined by One-way
ANOVA with Sidak post-hoc test), (B) total mitochondria area, (C) average mitochondrion area, (D) form factor, and
(E) branch number (α p<0.001 for the effect of HG pre-culture, as determined by Two-way ANOVA). (All data are
represented by mean ± SEM; n=87-91 images total in each pre-culture condition and acute glucose treatment. Cells
were obtained from 7 mice of each genotype and imaged in 7 separate experiments)
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Figure 15. Effect of prolonged high glucose culture on the expression of genes involved with mitochondrial
fission, fusion, biogenesis, and oxidative stress in BclxWT and BclxβKO islets. Islets from 4-6 months old male
BclxWT and BclxβKO mice were cultured for 6 days in either 11mM glucose (NG) or 25mM glucose (HG) and
compared by qPCR for the relative expression levels of selected genes involved with; (A) Bcl-xL (B) mitochondrial
fission (Drp1 and Fis1), (D) mitochondrial fusion (Mfn1, Mfn2, and Opa1), (E) mitochondrial biogenesis (Pgc-1α and
Tfam), and (E) oxidative stress and antioxidant response (Nfe2l2, Ucp2, MnSod, and Hmox1). (All data are represented
by mean ± SEM, Stats analysis was performed using multiple Paired Ratio t-test; n=8 experimental replicates)
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3.3.2

Loss of Bcl-xL amplifies mitochondrial volume and network complexity under high

glucose culture
To further characterize the alterations in mitochondrial structure following prolonged high
glucose culture and Bcl-xL knockout, we performed 3D analysis on the mitochondrial network. In
BclxWT cells, HG pre-culture did not significantly change mitochondria count, average
mitochondria volume, or branch numbers (Figure 16B-D), but trended notably towards increasing
total volume (p=0.0568, Figure 16A). In contrast, BclxβKO cells responded to prolonged HG preculture with marked increases in total mitochondrial volume, average mitochondrial volume, and
mitochondrial branching, but not in mitochondria count. These data suggest that prolonged
exposure of islet cells to high glucose stimulates growth of mitochondrial biomass along with a
more fused network structure, and that these mitochondrial adaptations are normally dampened by
the presence of Bcl-xL.

70

Figure 16. Effect of prolonged high glucose culture on total mitochondrial volume and 3D structure in BclxWT
and BclxβKO islet cells. Dispersed islet cells from 4-6 months old male BclxWT and BclxβKO mice were seeded on
coverslips and cultured for 6 days in either 11mM glucose (NG) or 25mM glucose (HG). The cells were then stained
with 0.1µg/mL Hoescht 33342 and 50nM MitoTracker Deep Red FM for 30 min prior to imaging. Mitochondrial
volume and structure were quantified as described previously. Deconvolution was performed in Huygens Essential
software. 3D image stacks were quantified for the following parameters: (A) Total mitochondrial volume, (B)
mitochondria count per cell, (C) average mitochondrion volume, and (D) average mitochondrial network branch
number. (All data are represented by mean ± SEM; *p<0.05, **p<0.01, ***p<0.001 as calculated using One-way
ANOVA with Sidak post-hoc test; n=30 image stacks total in each pre-culture condition. Cells were obtained from 3
mice of each genotype and imaged in 3 separate experiments)
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Chapter 4: Discussion and Summary
4.1

Quantitative analysis of mitochondrial structure in pancreatic β-cells
The overall objective of this thesis was to clarify the mechanisms that regulate

mitochondrial physiology and health in β-cells, with focus on potential roles for anti-apoptotic
Bcl-xL in β-cell mitochondrial morphology. Mitochondrial dynamics and network morphology can
be assessed through a variety of imaging approaches such as widefield microscopy, confocal
microscopy and electron microscopy (152-154). For the work in this thesis, we chose to use laserscanning confocal microscopy as it is widely available, and compared to traditional widefield
microscopy it has improved resolution and optical sectioning, which facilitates more accurate 3D
reconstruction (145). Moreover, it also readily permits live cell imaging, in contrast to for instance,
electron microscopy. Mitochondrial analysis in other cell types, such as fibroblast, have
successfully used global threshold methods to identify fluorescently labelled mitochondria within
images (144, 145). When applying similar approaches to pancreatic β-cells, we were unable to
distinguish mitochondria with the accuracy and detail we believe is needed to accurately quantify
subtle, physiologically relevant, changes. This is likely because most of the mitochondria in
fibroblasts lie in a single plane without much overlap, whereas pancreatic β-cells are more 3
dimensional and more densely populated with mitochondria, which causes significant challenges
in separating one mitochondria from another within the network. As a result, the first major aim
of this project became to establish an image acquisition and analysis pipeline that was optimized
for accurate confocal analysis of mitochondrial structure and morphology in β-cells.
In addition to implementing several steps for initial image processing, we overcame the
critical weaknesses of global thresholding, and improved the identification of mitochondria, by
using a sequential combination of global and local threshold algorithms. The superiority of this
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approach was demonstrated by our mito-PAGFP experiments, which allowed photo-painting of
individual mitochondria (Section 3.1.2). There is, however, one important limitation with the
combined threshold approach; because a local threshold depends on relative pixel intensity in a
local region, scaling of image sizes changes the number of pixels mitochondria occupy, resulting
in changes to the identification. To help mitigate this, we optimized the analysis for images of
sizes 200 – 500 pixel2 and acquired images within this optimal size-range. In the future, we will
further improve our method for identifying mitochondria and evaluate other approaches for localbased thresholding.
While 2D analysis can conveniently be used to study and quantify changes to mitochondrial
morphology in pancreatic β-cells, it is not clear that optical cross-sections will accurately capture
the true complexity and interconnectedness of the mitochondrial network in a given cell. Likely,
this is best done by a full 3D reconstruction of the mitochondrial network. Moreover, quantitative
assessment of total mitochondrial mass requires 3D approaches. A recent study utilized superresolution 4π-microscopy to quantify β-cell mitochondrial structure in 3D (153), but to our
knowledge no study has yet provided a detailed 3D analysis method using the more widely used
and accessible confocal microscopy. Establishing the pipeline for 3D analysis of mitochondria in
β-cells required us to optimize the image acquisition conditions, and we further found that image
deconvolution was essential for accurate 3D reconstruction and quantification; both of these
important steps are often overlooked (155, 156). These optimized conditions allowed for robust
identification of mitochondria in 3D and accurate measurement of 3D characteristics.
Modern advances in the analysis of large-scale data sets in biological sciences have offered
numerous novel approaches to studying complex data associated with single-cell RNA sequencing
and mass cytometry (157, 158). Only recently have these tools been applied to the analysis of
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imaging data (159). Here, we used SPADE (Spanning-tree Progression Analysis of Densitynormalized Events) to categorize and differentiate mitochondrial morphologies in an unbiased
manner, and to our knowledge we are first to do so. While our image set was comparatively small,
we believe that Big Data analysis tools such as SPADE may in the future be applied with success
on large-scale image sets, for instance obtained using High-Content Imaging systems.
In summary, we have established robust and sensitive pipelines for accurate confocal
imaging and analysis of mitochondrial morphology in both 2D and 3D. These pipelines were then
used to study effects of Bcl-xL on mitochondria in pancreatic β-cells, and we expect that they will
be used to answer other interesting questions regarding β-cell mitochondrial physiology and
pathophysiology in the future.

4.2

Role of mitochondrial dynamics in β-cell glucose metabolism
We used our 2D pipeline to simultaneously measure mitochondrial morphology and

function by co-staining mitochondria with a polarization-insensitive dye, MTG, and a polarization
sensitive dye, TMRE. The MTG signal was then used as baseline signal for measuring
mitochondrial morphology, and provided a mask for measuring TMRE intensity on a per
mitochondrion basis. When applying this assay, we observed that physiological short-term glucose
stimulation is associated with a more fragmented mitochondrial morphology, suggestive of
mitochondrial fission. Our results agrees with recently published findings where mitochondrial
fission, more specifically the activity of DRP1, was linked with cell glucose stimulation in INS1
cells and suggested to be necessary for optimal glucose-induced insulin secretion (91, 92). As far
as we know, we are first to demonstrate this connection between glucose stimulation and
mitochondrial morphometry in primary islet cells, and quantify this on a per mitochondrion basis.
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The reciprocal interrelations of mitochondrial morphology and metabolism is complex, and
remain to be fully understood (76). Studies on nutrient starvation and cells in S phase have
demonstrated that fused mitochondria are more efficient at ATP production (160, 161). Moreover,
work by Wikstrom et al. on brown adipose tissue has suggested that increased DRP1 activity and
mitochondrial fission is associated with mitochondrial uncoupling and depolarization, thus
decreasing the efficiency of OXPHOS and ATP production (87). These findings seem to contradict
our results in islet cells, which indicate that mitochondrial fission is associated with increased
mitochondrial hyperpolarization, a strong indicator of increased ATP production. Possibly these
differences can be explained by differences in cell type and substrate used; Wikstrom et al. treated
brown adipocytes with norepinephrine and palmitate (87) whereas we used glucose on pancreatic
islet cells. The general question of whether fused complex mitochondria or smaller fragmented
mitochondria are more efficient at ATP production therefore remains to be answered, but most
likely depends on the specific cell type and treatment conditions studied.
The mechanism by which mitochondria fission in β-cells is coupled with glucosestimulated insulin secretion is also not yet fully understood. Kabra et al. found that they were able
to bypass the requirement of DRP1, and by extension mitochondrial fission, by directly feeding βcells with mitochondrial substrates, suggesting that the coupling of mitochondrial fission and
glucose stimulation occurs upstream of oxidative phosphorylation, likely in the glycolysis pathway
(92). Another possibility is that glucose stimulation can be coupled with mitochondrial fission via
an increase in hydrogen peroxide. Glucose stimulation induces an increase in β-cell H2O2 levels,
and physiological levels of ROS have been suggested as important signals for glucose-stimulated
insulin secretion (65, 66, 136). When liver cells were treated acutely with high (25mM) glucose,
Yu et al. saw a reversible increase in H2O2 levels that was associated with a mitochondrial
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fragmentation morphology (162). Other studies in muscle cells determined that H2O2 is able to
induce mitochondrial fragmentation (163, 164). This suggests hydrogen peroxide may potentially
link glucose stimulation to mitochondrial fission in β-cells. However, the studies in H2O2-treated
muscle cells observed a decrease in mitochondrial polarization, which suggests the fission may be
due to excessive oxidative stress rather than a physiological response (163, 164). It has also been
suggested that increasing levels of H2O2 arise from fragmented mitochondria and requires
mitochondrial fission (162) rather than inducing it, adding additional complexity to the question.
Overall, our results link glucose stimulation and mitochondrial hyperpolarization to
physiological mitochondrial fission in pancreatic islet cells. While the mechanism by which the
fragmentation morphology occurs remains to be determined, the putative importance of
mitochondrial fission is further highlighted by our findings. Future studies involving the
measurement of ROS levels and glycolysis inhibitors may help elucidate the underlying
mechanisms.

4.3

Effects of Bcl-xL on β-cell mitochondrial morphology and function
Previous publications have demonstrated that both transgenic overexpression (120) and

knockout (121) of Bcl-xL have consequences for β-cell glucose metabolism that suggest changes
to their mitochondrial physiology. Here, we investigated this possibility further, and found that
both gain- and loss-of-function of Bcl-xL had significant effects on mitochondrial structure and
function in β-cells. In vitro overexpression of Bcl-xL in MIN6 and primary islet cells induced a
striking aggregation of Bcl-xL. We observed that overexpressed Bcl-xL strongly co-localized with
mitochondria, which agrees with previous reports of its sub-cellular distribution in β-cells (121,
165), and the fact that Bcl-xL contains a trans-membrane domain that targets it to the mitochondrial
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outer membrane (166). Accordingly, we found that the aggregation of Bcl-xL reflected an
aggregation of all the cell’s mitochondria, and that this severe morphological change corresponded
with a decrease in total mitochondrial mass and impaired respiratory capacity. Together this
suggests that the metabolic defect in β-cell-specific Bcl-xL overexpressing transgenic mice (120),
may in fact result from defects in mitochondrial structure and loss of mitochondrial mass.
Using two Bcl-xL loss-of-function models we obtained further evidence to suggest Bcl-xL
has effects on both mitochondrial structure and function. When we pharmacologically inhibited
Bcl-xL with C6, we observed fragmentation of the mitochondrial network. Notably, the
mitochondrial fission associated with C6 treatment was more severe than the subtle mitochondrial
fragmentation effect associated with short-term glucose stimulation. Quantification of the
morphology reveal that treatment by C6 lowered the average mitochondrial form factor by 56%,
while stimulation with glucose only lowered the form factor by 12%. Knowing that prolonged C6
treatment induces β-cell apoptosis, this does suggest that C6-induced fission is, at least partly, due
to increased oxidative stress, whereas acute glucose-induced mitochondrial fission is a
physiological response. As such, these data may provide an interesting morphological comparison
of mitochondrial fission associated with β-cell physiology and pathophysiology.
Our β-cell specific Bcl-xL knockout mouse model provided additional loss-of-function
evidence to support that Bcl-xL has effects on β-cell mitochondrial function that are linked to
changes in mitochondrial morphology. Deletion of Bcl-xL resulted in smaller and more
hyperpolarized mitochondria in un-stimulated islet cells, which seems to agree with our previous
demonstration of increased islet NAD(P)H levels following Bcl-xL knockout (121), and studies in
neurons where Bcl-xL knockout produced shorter mitochondria (146). The basal changes in
mitochondrial morphology in Bcl-xL knockout islet cells were less severe than the response to C6,
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which may partly be due to the fact that C6 antagonizes both Bcl-2 and Bcl-xL and thereby exposes
the cell to additional stress. Somewhat surprisingly, we did not observe any differences in
mitochondrial morphology and membrane potential between BclxWT and BclxβKO islet cells
stimulated with 17mM glucose. Conceivably, this can be explained if the effects of Bcl-xL deletion
on mitochondrial morphology and function are relatively minor and overshadowed by the effects
of a glucose stimulus. Alternatively, it may reflect an inherent limit to the physiological glucoseinduced changes in mitochondrial polarization and morphology (i.e. a saturation effect), or a
limitation in our ability to detect these. Due to the increase in basal mitochondrial activity, Bcl-xL
knockout β-cells seem to have less dynamic range than BclxWT cells in regards to both their
functional and morphological responsiveness to stimulatory glucose. Although this could be
interpreted as a functional defect, we believe it more likely reflects an overall metabolic
sensitization of the Bcl-xL knockout β-cells. Future work to characterize the morphological and
functional responses to a range of glucose concentrations could help clarify this.

4.3.1

Potential mechanisms linking Bcl-xL to mitochondrial morphogenesis
Both our Bcl-xL GOF and LOF studies suggest a role for Bcl-xL in shaping mitochondrial

morphology and dynamics, but the mechanism remains unclear. When considering the
mitochondrial aggregation associated with Bcl-xL overexpression, we believe it represents one of
two things; 1) a cluster of fragmented mitochondria, or 2) a cluster of hyper-fused mitochondria.
Each of these would be formed on a different basis. A recent paper (167) showed that
overexpressing the mitochondrial outer membrane protein MitoNEET in β-cells increased
mitochondrial fission but inhibited mitophagy, resulting in an aggregation of mitochondrial
fragments inside autophagosomes. As Bcl-xL has been reported to inhibit mitophagy (126), it is
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possible that its overexpression may have a similar outcome. Bcl-xL would then affect
morphogenesis primarily via changes to mitophagy. Alternatively, Bcl-xL may actually alter the
relative rates of normal mitochondrial fission and fusion. Indeed, the mitochondrial structure after
Bcl-xL overexpression appears very similar to mitochondria in INS1 cells following MFN1
overexpression (168). The possibility that Bcl-xL overexpression promotes fusion also seems to be
supported by our time-lapse imaging (Figure 8D). Rather than fragmentation, we saw the
mitochondria “swirl inwards”, forming several clumps before finally forming the larger
aggregates. This is also consistent with findings in neurons where Bcl-xL overexpression pushes
the mitochondria to be morphologically elongated (146). Moreover, we found that Bcl-xL
inhibition and knockout both promoted fragmentation, suggesting that Bcl-xL LOF conversely
shifts mitochondrial dynamics towards fission.
Regulation of mitochondrial fission and fusion by Bcl-xL could be through direct effects
on the fission and fusion machinery. Studies in C. elegans suggest that CED-9, a homolog of BclxL and Bcl-2, promotes mitochondrial fusion by directly interacting with, and increasing the
activity of, both FZO-1 and EAT-3, which are homologs of MFN1/2 and OPA1, respectively
(124). Bcl-xL has also been demonstrated to bind and increase the activity of DRP1 in neurons
(122). Our gene expression analysis showed only minor effects of Bcl-xL on the transcription of
genes involved with fission and fusion. Expression of the fission receptor, Fis1, was significantly
increased following Bcl-xL overexpression, which we speculate may be a compensatory
mechanism to increase mitochondrial dynamics and counter the mitochondrial aggregation and
loss of mobility. The lack of significant changes to the expression of other important facilitators
of fission and fusion suggests the effects may be occurring mainly post-translation, but western
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blot analysis will be required to determine the effects of Bcl-xL on the phosphorylation of DRP1
and MFN1/2 at their various activity-regulating sites.
Alternatively, Bcl-xL may control mitochondrial morphology by regulating mitochondrial
ROS. Previous work in our lab suggested that Bcl-xL conferred protection against high ribose
treatment by lowering superoxide levels (148). Consistent with this, we now show that
overexpression of Bcl-xL in MIN6 cells lowered expression levels of Hmox1, which mediates the
production of two antioxidants, biliverdin and bilirubin, and is activated as part of the anti-oxidant
response (169). This decrease in Hmox1 expression suggests that Bcl-xL may help reduce oxidative
stress. Moreover, our lab previously reported that H2O2 levels increased in β-cells when Bcl-2 was
pharmacologically inhibited or knocked out, and the same was seen in response to combined Bcl2/Bcl-xL inhibition with C6 (136). Taken together, these results suggest that loss of Bcl-xL might
also produce increased levels of β-cell ROS, which may in turn promote a mitochondrial
fragmentation morphology, as has been demonstrated in other systems (162-164). Since Bcl-xL
knockout islets do not show significant changes in the expression of genes involved with oxidative
stress and antioxidant responses (Figure 12), any additional ROS the knockout β-cells may produce
would likely be within the physiological range needed for normal β-cell function (63-66). In all, it
is an intriguing possibility for future study that Bcl-xL may regulate mitochondrial morphology
and function indirectly via ROS-dependent mechanisms.
Finally, it is possible Bcl-xL may indirectly regulate mitochondrial morphology through its
interaction with other members of the Bcl-2 protein family. Inhibition or loss of Bcl-xL may free
BAX and BAK, thereby activating them and initiating apoptosis. The connection between
apoptosis and mitochondrial fission has been established in numerous studies (81, 82, 170) and
BAX and BAK has been shown to have pro-fission activities (171-173). Combined Bcl-2/Bcl-xL
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inhibition eventually triggers β-cell apoptosis, and after 4 hours treatment it is therefore possible
that C6 promotes fission via activation of BAX/BAK and/or apoptosis (121). However, dispersed
Bcl-xL KO islet cells do not undergo increased cell death under normal culture conditions (148).
It is therefore unlikely that the increased mitochondrial activity and fission we observe in Bcl-xL
KO islet cells is the result of apoptosis activation, but it remains possible that BAX and BAK
promote mitochondrial fission independent of their apoptotic roles, as demonstrated previously
(174). We also speculate that Bcl-xL knockout could free the BH3-only protein BAD and thereby
allow increased BAD phosphorylated at serine 155 (BADp155), which causes it to bind and
allosterically activate glucokinase (175, 176). Glucokinase functions to connect glycolysis and
mitochondrial metabolism in β-cells (177), which in turn may promote mitochondrial fission.
Indeed, BclxβKO islets have 58% increased levels of BADp155 (121). It therefore seems possible
that Bcl-xL, via BAD, can indirectly act as a metabolic check to glycolytic pathways, and the
mitochondrial morphological changes are consequence of the changes in glucose metabolism.
In summary, we have demonstrated that Bcl-xL is able to regulate mitochondrial
morphology and function in islet cells. The previously reported effects of Bcl-xL on β-cell
metabolism may be partly due to its effect on mitochondrial fission-fusion dynamics. How Bcl-xL
affects β-cell mitochondrial morphology remains unclear, but it is possible that it involves a
complex combination of the mechanisms discussed above. Future studies of β-cell mitophagy,
time-lapse ROS detection, and the involvement of other members of the Bcl-2 protein family may
help further elucidate this.
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4.4

Role of Bcl-xL in β-cell mitochondrial biomass
In addition to affecting mitochondrial morphology, our gain- and loss-of-function

experiments revealed that Bcl-xL has an impact on mitochondrial mass, and suggest this is
particularly prominent when the β-cells are chronically under a high metabolic workload. Both
Bcl-xL overexpression in MIN6 cells and knockout in primary islet cells appeared to decrease
mitochondrial volume. This seems contradictory, but it remains to be determined if the volume of
the mitochondrial aggregates in Bcl-xL overexpressing primary cells is also reduced. Conceivably,
MIN6 cells and primary islet cells may in some ways respond differently to changes in Bcl-xL. As
an example, transformed cells (i.e. MIN6 cells) may have decreased levels of tumor-suppressor,
p53, activity (178), which is known to interact with Bcl-xL (179) and has been demonstrated to
inhibit mitophagy in β-cells (110). It is, therefore, possible that MIN6 cell respond differently than
primary cells via changes to mitophagy. This would be consistent with work in primary neurons
where overexpression of Bcl-xL increased mitochondrial biomass (146).
To better understand how Bcl-xL overexpression and knockout may reduce mitochondrial
mass, we investigated the expression of genes responsible for mitochondrial biogenesis. Pgc-1α
was significantly increased following Bcl-xL knockout, but not following Bcl-xL overexpression,
which does not correlate with the results of our mitochondrial volume analysis. Possibly, the
increase in Pgc-1α could be a compensatory mechanism due to decreased mitochondrial biomass.
However, this hypothesis is challenged by the fact that there is no compensatory increase in Pgc1α in response to the decreased mitochondrial volume in Bcl-xL overexpressing cells.
Alternatively, PGC-1α alone may not dictate β-cell mitochondrial biogenesis and biomass to the
extent previously believed. A recent study did not detect altered mitochondrial mass in PGC-1
knockout β-cells, instead fatty acid metabolism was disrupted (104). Lastly, Bcl-xL may
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predominantly affect mitochondrial biogenesis at the protein level. Luciferase assays and western
blot analysis of the phosphorylation states can be used to better study the effect of Bcl-xL
overexpression on PGC1α and TFAM activity in the future. Opposite to mitochondrial biogenesis
is mitophagy, which also controls mitochondrial mass by eliminating mitochondria from the cell.
Bcl-xL has been reported to interact directly with key mitophagy-regulating proteins (180), and
this could also be investigated in the future to clarify Bcl-xL’s effects on mitochondrial structure
and mass.

4.5

Effects of Bcl-xL on β-cell mitochondria during a prolonged glucose challenge
The in vitro model of prolonged HG pre-culture aims to model the condition underlying

prediabetes, where β-cells are chronically exposed to elevated glucose levels due to insulin
resistance (181). While β-cells in the pre-diabetic stage do not experience severe glucotoxicity, as
defined by the loss of insulin secretion and key transcription factors (151), they have increased
insulin, and expand in mass to maintain glucose homeostasis (181). Mouse models have further
demonstrated that β-cells in prediabetes respond with elevated mitochondrial metabolism to meet
the heightened insulin demand (150). In our islet cells, basal mitochondrial activity was elevated
following 6 days HG pre-culture (Figure 14A), which is consistent with such metabolic
amplification, and with previous reports that HG pre-culture increases basal intracellular calcium
level and basal insulin secretion (45, 148). We have now demonstrated, that these HG-induced
adaptations are associated with an increase in the average size and morphological complexity of
β-cell mitochondria, implying a more fused and connected network. Along with this, there was a
decreased morphological responsiveness of the mitochondria to acute glucose stimulation. The
fact that fused mitochondria following HG culture have increased basal activity, whereas acute
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glucose stimulation induces a physiological fragmentation (Figure 10), suggests that neither a
fragmented nor a fused mitochondrial morphology, per se, implies higher metabolic activity of the
individual mitochondria.
In our BclxβKO islet cells the metabolic challenge of prolonged HG culture did not further
increase the already elevated basal mitochondrial activity. Rather, the response to short-term
17mM glucose was reduced, suggesting the onset of mitochondrial dysfunction (Figure 14).
Interestingly, these BclxβKO mitochondria also had the most severe loss of the morphological
(fragmentation) response to the short term glucose stimulus. This suggests that acute
morphological responsiveness, specifically the capacity for rapid fission, may be a feature of
healthy mitochondria. Overall, these indications of impaired mitochondrial responsiveness in HG
pre-cultured BclxβKO islet cells seem at odds with our lab’s previous observation that HG precultured BclxβKO islets had normal size calcium responses to 15mM glucose (148). However,
based on our new 3D mitochondrial characterization (Figure 16), we now believe that an adaptive
increase in total mitochondrial mass may be compensating for the reduced functionality of the
individual mitochondrial units in response to stimulatory glucose.
Mitochondria were on average larger and more connected after the HG challenge,
particularly in BclxβKO islet cells. This may reflect either an increase in mitochondrial fusion or
a reduction in mitochondrial fission. The latter might be suggested by the reduced physiological
glucose-induced fragmentation response we discussed above. Possibly, the increase in overall
mitochondrial network connectivity is an adaptive response to increased mitochondrial stress (81).
Mechanistically, such mitochondrial adaptations may involve changes in ROS, as oxidized
glutathione has been shown to be a strong inducer of mitochondrial fusion (79). Moreover,
low/transient increases in ROS are believed to be important for long-term mitochondrial health
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through the process of mitochondrial hormesis (mitohormesis), which involves upregulation of
antioxidant defenses and mitochondrial biogenesis (182). This would be consistent with the HGinduced increase in total mitochondrial area, and even more strikingly by the increase in total
mitochondrial volume in BclxβKO cells. The fact that our gene expression analysis did not indicate
the presence of oxidative stress or significant antioxidant responses might indicate that the
morphologically fused mitochondria successfully prevent the formation of excessive ROS, and by
extension also mitochondrial damage. Also here, future experiments comparing mitochondrial and
total cellular ROS between our genotypes and treatment groups may help shed light on the
mechanisms.
Overall, these results demonstrate that prolonged exposure of islet cells to high glucose
induces significant changes to mitochondrial function and structure. They support the idea that
endogenous Bcl-xL normally dampens basal mitochondrial activity, and further reveal that Bcl-xL
helps limit the functional and structural alterations to islet cell mitochondria under chronic elevated
glucose. This function of Bcl-xL may potentially help delay the onset of glucotoxicity-associated
“metabolic overload” (12, 151). Further extension of this work may provide new knowledge
regarding the processes of metabolic adaptation and maladaptation in the progression from
prediabetes to T2D.

4.6

Overall Summary
Using a combination of line scanning confocal microscopy and the open source image

analysis software ImageJ/FIJI, we have established a robust pipeline that can accurately identify
mitochondria and quantify their morphology, volume and network complexity in pancreatic βcells. The ability to distinguish different mitochondrial morphologies was confirmed by comparing
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manual image categorization to an unbiased grouping based on high-dimensional SPADE analysis
of the calculated mitochondrial parameters. Using this pipeline, we imaged and analyzed mouse
islet cells and found that glucose-induced mitochondrial hyperpolarization was associated with
physiological mitochondrial fission. We further applied this approach to determine the
mitochondrial effects of overexpressing, pharmacologically inhibiting, and genetically deleting
Bcl-xL in β-cells. Overexpression of Bcl-xL induced mitochondrial dysfunction that was
characterized by severe mitochondrial aggregation (seemingly hyper-fusion) and a reduction in
total mitochondrial mass. On the other hand, knocking out Bcl-xL induced subtle mitochondrial
fission and increased basal mitochondrial hyperpolarization, suggesting elevated metabolic
activity at the level of the individual mitochondria. Finally, we found that islet cells respond to a
prolonged period of high glucose exposure with an increase in the size and overall connectivity of
their mitochondrial network. In Bcl-xL-deficient β-cells this increase in mitochondrial mass and
networking was significantly amplified, and this possibly compensated for an associated loss of
morphological and functional responsiveness of their individual mitochondria to acute glucose
simulation. Taken together, these results provide additional evidence for our previous observation
that endogenous Bcl-xL dampens β-cell mitochondrial metabolism, and support the hypothesis that
Bcl-xL is important for β-cell adaptation to metabolic stress by affecting mitochondrial dynamics.
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