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Abstract 

Type 2 diabetes is characterized by hyperglycemia associated with reduced 

insulin secretion from pancreatic beta cells and impaired insulin sensitivity at peripheral 

target tissues. There is a growing body of evidence that supports the importance of 

bHLH-PAS domain transcription factors in promoting beta cell function. With the recent 

identification of neuronal PAS domain protein 4 (NPAS4) within the central nervous 

system, studies were undertaken to determine whether NPAS4 is expressed in beta 

cells, how its expression is regulated in response to changing environmental signals 

and uncover the functional significance of NPAS4 in the maintenance of glucose 

homeostasis.    

Together, experiments within this thesis demonstrate that NPAS4 is expressed 

within the pancreatic beta cell and is rapidly upregulated in response to membrane 

depolarization and calcium influx. Further, this induction was impaired in a mouse model 

of beta cell dysfunction and within islets from individuals with T2D. Overexpression 

studies performed in vitro identified NPAS4 as a novel negative regulator of insulin 

expression and GLP-1 potentiated insulin secretion. Furthermore, NPAS4 protected 

beta cells from maladaptive cellular pathways that promote cell dysfunction and death; 

including endoplasmic reticulum stress and activation of HIF1α. Finally, the 

characterization of three different Npas4 mouse knockout models suggests that 

continued NPAS4 expression in the beta cell is required to maintain differentiation 

status and cellular function. An independent role for NPAS4 in the maintenance of 

glucose homeostasis was also discovered in other Pdx1-Cre expressing cells, likely 

within the hypothalamus. Together, the data suggest beta cells induce NPAS4 
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expression during periods of cellular activity and acts as a protective factor to protect 

cells in order to promote the maintenance of euglycemia.  
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Chapter 1: Introduction 

1.1 Beta cells and glucose homeostasis  

The majority of the pancreas is comprised of either exocrine or endocrine cell 

types; with the endocrine cells found in clusters, termed the “islets of Langerhans”. 

These islets contain multiple cells types including but not limited to alpha, beta and delta 

cells which express glucagon, insulin and somatostatin, respectively. Within the human 

pancreas, there are approximately 1 million islets, with beta cells comprising about 54% 

of the endocrine cell population (1).  

Alpha and beta cells have particular importance for maintaining blood glucose 

levels within a narrow range of 4-5.5 mM. Alpha cells secrete the peptide hormone 

glucagon as a homeostatic response to hypoglycemia (2) while beta cells secrete 

insulin as a critical response to hyperglycemia. Under low glucose conditions, beta cells 

remain in a resting state, with a membrane potential of ~-67mV and secrete little to no 

insulin (3). However, following a rise in circulating glucose levels, beta cell activity – the 

process of glucose metabolism, membrane depolarization, calcium influx and insulin 

secretion – is induced (3). At the cellular level, the insulin secretory process is divided 

into “triggering” and “amplifying” pathways (4). The triggering pathway involves glucose 

uptake and subsequent metabolism leading to a shift in the ratio of ATP to ADP. This 

closes ATP-sensitive potassium channels and leads to an accumulation of intracellular 

potassium ions. This build-up of potassium results in a loss of membrane polarization 

and opens voltage-gated L-type calcium channels. The resulting calcium influx triggers 

fusion of insulin vesicles with the cell membrane (5). The amplifying pathway results in 

insulin secretion through the production of metabolic intermediates from glucose and 
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fatty acid metabolism and their modulation of effector proteins (4).  One example is 

evidence through the production of NADPH from glucose metabolism. NADPH then acts 

as a reducing agent for beta cell glutathione pools which reduces and activates 

SUMO1/Sentrin Specific Peptidase 1 (SENP1). Then, through an unknown mechanism, 

SENP1 enhances glucose-stimulated insulin secretion (6). While glucose has a major 

role in regulating insulin secretion, there are a number of other external signals, 

including fuel sources (7,8) and hormones (9,10) which add to the complexity of this 

regulation.  

Following the secretion of insulin from the beta cell, insulin then binds to its 

receptor expressed on a variety of cell types including, but not limited to, adipocytes, 

hepatocytes and myocytes (11) and reduces blood glucose levels via increased glucose 

uptake, storage and metabolism and reducing glucose production through 

glycogenolytic and gluconeogenic pathways (12).  

1.2 Diabetes Mellitus  

Given the critical importance of insulin to the systemic response to 

hyperglycemia, it is perhaps unsurprising that impairments in insulin secretion or 

signaling impair glucose homeostasis. Diabetes Mellitus is a term applied to a number 

of metabolic diseases characterized by elevations in blood glucose levels and either an 

absolute or relative insufficiency in circulating insulin levels. Diabetes is clinically 

diagnosed by a fasting glucose level of >7mM, a glycolsylated hemoglobin a1c (HbA1c) 

level of >6.5% or glycemic values above 11mM following an OGTT (13). There are 

multiple subtypes of diabetes mellitus, which can be broadly distinguished by those 

caused by an absolute or relative insufficiency in circulating insulin levels. One common 
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feature of all types of diabetes is the long term sequelae which include damage to 

retinal capillary endothelial cells, renal mesangial cells and peripheral neurons, resulting 

in blindness, end stage renal disease, heart attacks and strokes (14).  

The subtypes of diabetes caused by an absolute deficiency in insulin include type 

1 diabetes, which accounts for 5-10% (15) of all diabetes cases and results from 

autoimmune destruction of pancreatic beta cells (16) and neonatal diabetes (17). One 

common feature shared between these forms of diabetes is that they are caused by 

either severe dysfunction or the destruction of beta cells and clearly demonstrate the 

importance of the beta cell for glucose homeostasis. However, these forms are much 

less prevalent than type 2 diabetes (T2D), which acts as the major contributor behind 

the global “diabetes epidemic” (18). In order to better understand, prevent, and treat 

T2D, continued study of the disease pathogenesis is required.  

1.2.1 Type 2 diabetes: definition  

While neonatal and type 1 diabetes are characterized by an absolute deficiency 

in circulating insulin levels; T2D is initially defined by the presence of peripheral insulin 

resistance and a relative deficiency of insulin. Furthermore, T2D generally, takes 

considerably longer to develop than other types of diabetes (13). Prior to the 

development of clinical T2D, individuals can remain in a state of “pre-diabetes”, 

characterized by mild glucose intolerance and slight elevations in fasting glucose, 

although there are some individuals with pre-diabetes that never develop T2D (19). 

For the past twenty years, T2D has been the cause of growing concern for many 

reasons, primarily due to a dramatic rise in worldwide disease incidence. Current 

estimates have placed the global diabetes incidence at a staggering 387 million people; 
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with T2D accounting for 90% of this population (20). Alarmingly, this number is 

expected to increase by an additional 255 million over the next 20 years (21). Even 

more concerning is that previous prospective estimates on diabetes prevalence have 

underestimated future trends (21,22); leaving further questions as to how T2D will 

impact future generations. A second reason for further alarm, rooted in increased 

diabetes incidence, is the staggering costs to health care systems. The current 

estimated annual cost of diabetes in Canada is $12.2 billion, of which $2.1 billion are 

considered direct costs (23). The burden of diabetes to Canadian healthcare system is 

dwarfed by that in the United States where the annual costs of both diabetes and 

prediabetes has been estimated to be $322 billion (24). A third concern is the economic 

disparity in diabetes incidence and morbidity with individuals of lower socio-economic 

status have higher diabetes prevalence rates than those of middle or upper strata (25-

27). Further, individuals with T2D in lower economic or education brackets have higher 

mortality rates than those of income matched controls (27,28). Together, these three 

concerns highlight the need to improve the understanding of T2D development and 

develop new options for the prevention and treatment of the disease.   

1.2.2 The complex etiology of T2D  

A major question that may be limiting therapeutic strategies, is how T2D 

progresses in humans. The use of various animal models have made it clear that the 

etiology of T2D is complex and involves the dysfunction of multiple glucoregulatory 

organs (29,30). For instance, the pancreatic alpha cells contribute to disease pathology 

as individuals with T2D have increased proportions of alpha cells (31,32) and elevated 

glucagon secretion (33,34). Additionally, dysfunction within adipose tissue has been 
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observed through altered production and secretion of the adipokines, resistin and 

adiponectin which are believed to contribute to insulin resistance in T2D (35,36). 

Furthermore, immune dysfunction also contributes to T2D pathology as individuals with 

T2D have increased circulating levels of proinflammatory cytokines (37) and elevated 

numbers of infiltrating immune cells in adipose and islets (38-40). Clinically, the 

antagonism of one proinflammatory cytokine, IL-1β, improved fasting glycemia in 

individuals with T2D (41); suggesting this cytokine is particularly relevant to T2D. 

Besides the contribution from these cell types, the central nervous system also plays 

critical roles in the maintenance of euglycemia.  

1.2.3 Central control of glucose homeostasis  

The importance of the central nervous system (CNS) in the regulation of glucose 

levels was initially observed in 1849 by Claude Bernard. Despite a long standing dearth 

of studies examining the role of the CNS in regulating glucose homeostasis, within the 

past ten years there has been a greater appreciation of the CNS as a glucoregulatory 

organ.  

The ability of the CNS to regulate glucose levels is perhaps best highlighted 

through the study of insulin signaling within the hypothalamus. In seminal work by Obici 

et al. inhibiting hypothalamic insulin signaling, through blocking antibodies or insulin 

receptor antisense oligonucleotides, impaired the ability of peripherally delivered insulin 

to reduce hepatic glucose production (42). Conversely, stimulating hypothalamic insulin 

signaling through the infusion of insulin or an insulin receptor agonist, reduced 

endogenous glucose production in rats (42). Further studies have suggested that 

increased production of PIP3, downstream of insulin receptor activation (42) maintains 
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neuronal KATP channels in an open state, which resulted in membrane hyperpolarization 

and reduced parasympathetic tone through the efferent vagus nerve (43-45).  

Besides insulin, neurons within the hypothalamus also respond to leptin (46,47), 

fatty acids (48), glucose (49), glucagon (50) and GLP-1 (51) and in response reduce 

hepatic glucose production. This regulation of hepatic glucose output by the 

hypothalamus has been speculated to be mediated through a direct, brain-liver axis (52) 

as well as indirect pathways (46). Together, these studies highlight how the CNS, 

responding to numerous metabolic signals, regulates hepatic function to maintain 

euglycemia (45).  

In a similar fashion to the neurons of the hypothalamus, the pancreatic beta cell 

also acts as a signaling nexus; incorporating multiple metabolic signals and in response, 

altering cellular function to promote glucose homeostasis.  

  

1.3 Beta cells in T2D: dysfunction, dedifferentiation & death 

While the pathogenesis of T2D is clearly complex, it is ultimately beta cell failure 

which permits the progression to clinical diabetes (53,54). One limiting factor hampering 

the beta cell compensatory response is increased levels of beta cell stress due to 

genetic and acquired susceptibilities (55).  

Extensive research has identified environmental sources of beta cell stress 

relevant to T2D including, hyperglycemia, hyperlipidemia and elevated proinflammatory 

cytokines. Within the beta cell, these external stresses result in elevated levels of 

endoplasmic reticulum (ER) stress, oxidative stress and aggregation of islet amyloid 

polypeptide (IAPP). Exposure to prolonged elevated cellular stress levels within beta 
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cells leads to a number of beta cell defects including elevated apoptosis, cellular 

dysfunction and loss of maturation status (See Figure 1.1 for summary).  

 

Figure 1.1: Model of beta cell stress in T2D.  
A number of circulating factors in the diabetic milieu act as beta cell stressors (far left). 
The three best studied candidates are chronic hyperglycemia, hyperlipidemia (or a 
combination thereof) and increased levels of proinflammatory cytokines. These 
circulating factors increase beta cell stress levels (centre) through such pathways as 
increased IAPP production and aggregation, increased levels of ER or oxidative stress. 
Chronic beta cell stress results in cellular dysfunction, which can lead to a feed-forward 
loop and further exacerbate beta cell stress levels. Finally, prolonged cell stress 
reduces functional beta cell mass (far right) through increased rates of apoptosis or 
dedifferentiation as well as functional defects.  

 

1.3.1 External source of beta cell stress in T2D  

All cells are exposed to conditions which can induce cellular stress, defined as 

changes in the cells’ environment which have the potential to damage cellular 

macromolecules, including: proteins, nucleic acids and lipids. In such circumstances, 

cell stress responses are activated to mitigate harm and restore homeostasis (56). 
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There are multiple theories that have attempted to describe environmental factors that 

initiate beta cell stress during the development of T2D.  

  One such hypothesis suggests that hyperglycemia may drive beta cell 

dysfunction or apoptosis. This is supported by the observation that culturing the INS1 

immortalized beta cell line in 20 mM glucose for 48 hours reduced insulin expression 

and nuclear PDX1 protein levels compared with INS1 cells cultured in 5 mM glucose 

(57). Furthermore, incubating isolated human islets in 33 mM glucose for ten days 

reduced glucose stimulated insulin secretion compared with human islets cultured in 5 

mM glucose (58). Besides reducing beta cell function, hyperglycemia is sufficient to 

induce beta cell apoptosis as islets from Psammomys Obesus cultured in either 11.1 

mM or 33.3 mM glucose for ten days, had significantly increased beta cell apoptosis 

rates (59). This is also true within human islets, as a five day culture in 11 mM or 33.3 

mM glucose significantly increased beta cell apoptosis, compared with human islets 

cultured in 5.5 mM glucose (58,60).  

A second theory argues that an elevation in circulating lipid levels are 

responsible for the beta cell dysfunction in T2D. There has been a number of in vivo 

observations that support this position, including reduced insulin secretion (61) and 

insulin content (62) from beta cells of rats infused with lipids for 48 hours. Similarly, a 48 

hour infusion of intralipid and heparin in humans also decreased circulating c peptide 

levels (63). There is also in vitro and in vivo evidence that the combination of elevated 

glucose and fatty acids act synergistically to induce beta cell dysfunction and cell death 

(64,65).  
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Finally, proinflammatory cytokines are also believed to contribute to the beta cell 

dysfunction and death in T2D as exposure to these cytokines in vitro can reduce 

glucose stimulated insulin secretion (66) and induce beta cell death (67,68). Also, 

antagonism of IL-1β in people with T2D improves beta cell function and glycemic control 

(41). 

 In all likelihood it is a combination of elevated glucose, lipids, cytokines as well 

as other factors contribute to beta cell dysfunction and death observed in T2D (69). 

These external sources of stress result in the activation of intracellular pathways within 

the beta cell resulting in their dysfunction.   

1.3.2 Relevant intracellular cell stress pathways in beta cells in T2D 

There are multiple pathways through which chronic exposure to environmental 

stress has been suggested to lead to a beta cell deficit in T2D, including, oxidative 

stress, ER stress and aggregation of amyloid oligomers. It is worth mentioning that 

these stress pathways are not mutually exclusive or distinct from one another; indeed, 

there seems to be a large degree of interplay between them. For instance, feeding 

antioxidants to the Akita mouse, a model of ER stress driven diabetes, resulted in 

improved glucose tolerance, suggesting beta cell ER stress increased oxidative stress 

within this model (70). In addition, human IAPP promotes the recruitment and activation 

of macrophages (71,72), and can induce beta cell ER stress (73), leading to further beta 

cell dysfunction. 

Cells experience oxidative stress following the overproduction of reactive oxygen 

and reactive nitrogen species, which can damage membrane lipids, proteins and nucleic 

acids (74). These reactive species are produced by beta cells during normal glucose 
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metabolism and have important roles as signalling molecules required for glucose-

stimulated insulin secretion (75). While most cells highly express antioxidant enzymes 

which can inactivate free radicals, beta cells express relatively low levels of many anti-

oxidant proteins including catalase, glutathione peroxidase and superoxide dismutase 

(76). This may render them particularly vulnerable to oxidative stress (77). A role for 

oxidative stress in beta cell failure in T2D (78) is supported by elevations in the levels of 

the oxidative stress marker, 8-hydroxydeoxyguanosine within islets, urine and 

circulating mononuclear cells of people with T2D (79-81). Furthermore, overexpression 

of anti-oxidant genes; glutathione peroxidase and Cu/Zn superoxide dismutase in beta 

cells protected against the development of diabetes in mice (82,83).  

Another pathway through which cell stress may lead to a beta cell deficit in T2D 

is the pathological aggregation of islet amyloid polypeptide (IAPP). Amyloid deposits are 

enriched in the islets of people with T2D (84-86). There are numerous deleterious 

effects of human IAPP overexpression (important as the rodent IAPP does not form 

aggregates (87)) including induction of ER stress and plasma membrane disruption 

(88,89). IAPP mediated impairments in beta cell function have also been observed in 

multiple in vivo studies in which human islets are transplanted in mice (89,90) or human 

IAPP is ectopically expressed in mouse or rat beta cells (91,92).  

Additionally, it has been suggested that as secretory cells, beta cells are 

rendered more susceptible to ER stress, particularly under conditions requiring elevated 

insulin synthesis such as an insulin resistant state (93).  

The ER facilitates protein synthesis, post-translational modification and proper 

folding, all while maintaining strict quality control (94). The folding capacity of the ER is 
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monitored by three transmembrane proteins, activating transcription factor -6 (ATF6), 

protein kinase RNA-like ER kinase (PERK), and inositol-requiring enzyme 1 (IRE1), 

which are normally bound to the ER chaperone, BiP within the ER lumen. However, in 

the presence of increased numbers of unfolded proteins, BiP dissociates from ATF6, 

PERK, and IRE1; resulting in activation of these three proteins and initiation of the 

unfolded protein response (UPR). In the case of ATF6, activation leads to its 

translocation from the ER membrane to the Golgi where the amino terminus is cleaved. 

Following this processing step, ATF6 translocates to the nucleus and regulates gene 

expression as a transcription factor. Following dissociation with BiP; the kinase domain 

of PERK is activated through homodimerization. One major target of activated PERK is 

eIF2a which when phosphorylated, decreases translational throughput to lighten ER 

burden. Finally, the endoribonuclease activity of IRE1 is induced following release form 

BiP and subsequent homodimerization (95). Activated IRE1 will degrade a large number 

of mRNAs and splices X-box binding protein 1 to render a mRNA for a functional 

transcription factor (96) (See Figure 1.3.2)  
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Figure 1.2: Schematic of UPR signaling.  
BiP dissociates from ATF6, PERK and IRE1 in order to bind misfolded proteins; 
resulting in the activation of these three transmembrane proteins. Combined these three 
branches aim to restore ER homeostasis by increasing expression of ER chaperones 
and components of the ER-associated degradation (ERAD) pathway.   
 

The desired outcome of the activated UPR is to restore ER homeostasis through 

increasing the expression of ER chaperones and enzymes that degrade improperly 

folded proteins while at the same time reducing ER burden by lowering transcription and 

translation rates (97). However, in the face of prolonged UPR activation that an 

apoptotic program is activated through the JNK pathway, increased expression of the 

pro-apoptotic transcription factor: DDIT3 (DNA Damage Inducible Transcript 3), and 

activation of caspase12 (94).  

In support of a role of ER stress in beta cell dysfunction, expression of BiP and 

DDIT3 are elevated in islets from HFD-fed mice (98) and individuals with T2D (73,99) 
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and the ER is enlarged within beta cells of individuals with T2D (100). Numerous mouse 

models have demonstrated that a compromised UPR can result in diabetes as 

evidenced in the Akita mouse, which harbours a mutation within the insulin gene 

rendering it incapable of proper folding. This leads to a massive strain on the ER 

resulting in diabetes at an early age (101). Furthermore, reducing ER stress through the 

administration of a chemical ER chaperone (102) or through transgenic overexpression 

of BiP (103) in beta cells improved glycemic control in mouse models of T2D. The 

induction of the pro-apoptotic transcription factor, DDIT3, may be a critically important 

output of UPR signalling in T2D, as deletion of Ddit3 dramatically improved glucose 

tolerance of db/db and HFD-fed mice (104).  

Within the diabetic beta cell, increased levels of IAPP aggregation, ER and 

oxidative stress likely all contribute to the elevated cellular stress levels. This likely 

impairs the ability of beta cells to compensate for increased metabolic demands 

resulting in the development of diabetes. 

1.3.3 Outcomes of beta cell stress in T2D 

The prolonged activation of beta cell stress pathways in T2D results in reduced 

functional beta cell mass, however, whether decreased numbers of beta cells or 

impaired cellular function drive this deficit is still a topic of debate (105,106). In support 

of the position that T2D results from and leads to decreased beta cell numbers, 

separate studies have observed significantly reduced numbers of beta cells in 

pancreata from people with T2D (86,107). This reduction may be driven by apoptosis as 

individuals with T2D have increased numbers of beta cells which are positive for the 
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apoptotic TUNEL stain (86) and have higher protein levels of cleaved Caspase-3 (108), 

an executioner caspase in the programmed cell death pathway (109).  

As not every analysis of T2D pancreata have observed decreased beta cell 

numbers (32); it raises the possibility that cellular dysfunction acts as the primary 

contributor to the beta cell deficit in T2D. Confounding matters is that insulin 

immunostaining has been used to mark beta cells in every quantification study and as 

beta cells from individuals with T2D have reduced numbers of insulin granules 

(110,111), it has been suggested that there is an overestimation of beta cell loss in T2D 

(111). Further evidence of beta cell dysfunction in individuals with T2D are the observed 

reductions in insulin secretion (6) and impaired proinsulin processing (112) compared to 

healthy controls. Also, short periods of beta cell rest, achieved by administering the KATP 

channel opener, diazoxide (113,114) or somatostatin (115) to individuals with T2D, 

improved in vivo beta cell function. Given the short term nature of these interventions 

(up to five days of treatment) it is likely that these improvements are due to increased 

functional output as opposed to an increase in beta cell mass.  

An alternative outcome of prolonged beta cell stress, which may explain the 

observed impaired cellular function and numbers in T2D, is a loss of beta cell 

differentiation status and reversion to a progenitor state, through a process termed 

“dedifferentiation” (116). 

1.3.3.1 Altered beta cell differentiation status 

Cellular differentiation had, for many years, been seen as a series of irreversible 

decisions that resulted in a terminally differentiated cell type (117). However, more 

recently, there has been a greater appreciation for the idea that differentiation requires 
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“positive control,” ie, the continued expression of factors which reinforce the functional 

capacity and differentiation status of the cell (117,118).  

There have been a number of genetic studies in the past five years that have 

demonstrated the requirement of continued expression of certain “core” transcription 

factors for the maintenance of beta cell differentiation. For instance, it was understood 

that the transcription factor PDX1 is required for pancreas development (119,120). 

However, the ablation of Pdx1 in mature beta cells through the use of RIP-CreER 

transgenics dramatically reduced markers of mature beta cells, including Insulin1, 

Insulin 2, Glut2, MafA and Nkx6.1 which was associated with increased expression of 

alpha cell markers such as glucagon, MafB and Arx (121). There was also a 

concomitant increase in rates of beta cell transdifferentiation to an alpha cell type (121). 

Similarly deletion of other transcription factors required for proper beta cell development 

including NKX6.1(122) and MAFA (123) result in beta cell transdifferentiation into other 

endocrine cell types (124,125).   

These studies position PDX1, MAFA and NKX6.1 as central factors in the 

maintenance of beta cell differentiation, though likely more exist. Furthermore, under 

conditions of beta cell stress other transcription factors may also become critical for 

maintaining beta cell differentiation status; as evidenced in the FoxO1 beta cell 

knockout mouse. Under non stressed conditions, ablation of the transcription factor 

FoxO1 in beta cells did not alter beta cell identity or glucose homeostasis (126). 

However, in certain models of beta cell stress such as aging or multiparous 

pregnancies, FoxO1 null beta cells lost expression of multiple mature beta cell markers 

including Pdx1, MafA, Glut2, and insulin. Concordantly, the FoxO1 knockout beta cells 
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displayed increased levels of the endocrine progenitor marker, Neurogenin 3 (NGN3) 

and pancreatic progenitor marker, SOX9 (126).  

A third pathway through which beta cell differentiation can be induced is through 

increased expression of transcription factors normally found within beta cell progenitors. 

One such model is the Vhl knockout mouse, which results in constitutively active 

hypoxia inducible factor 1α (HIF1α) and the upregulation of the HIF1α target, SOX9 

(127). Normally expressed within pancreatic progenitor cells, the upregulation of SOX9 

in the Vhl null beta cell results in decreased expression of mature beta cell markers and 

increased expression of other progenitor markers such as HNF6 (127).  

Chronic hyperglycemia has also been demonstrated to impact beta cell 

differentiation status. Mutation of the KIR6.2 subunit of the KATP channel, which 

rendered it insensitive to ATP binding and blocked glucose stimulated insulin secretion 

resulted in the rapid development of diabetes. Beta cells from these mutant mice had 

increased expression of the endocrine progenitor transcription factor, Neurogenin 3, and 

lineage tracing analysis suggested a small number of beta cells had transdifferentiated 

into alpha cells (128). Similarly, genetic ablation of insulin from beta cells resulted in 

severe diabetes, decreased expression of mature beta cell markers and resulted in beta 

cell transdifferentiation into glucagon expressing cells (129).  

Together this research supports several mechanisms of beta cell 

dedifferentiation in mice; one is through decreased expression of core beta cell 

transcription factors. The second pathway of beta cell dedifferentiation is mediated 

through the loss of transcription factors required in conditions of chronic beta cell stress. 

The third mechanism is through increased expression of a transcription factor normally 
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found in progenitor cells and a final pathway seems to be driven through prolonged 

exposure to hyperglycemia.  

While data from animal models of diabetes have suggested beta cell 

dedifferentiation is a major contributor to disease pathology, the role of dedifferentiation 

in T2D progression within humans is still controversial. Reduced expression of the 

transcription factors Pdx1, Nkx6.1 and MafA has been observed in islets from 

individuals with T2D (130) and immunofluorescent examination of islets from individuals 

with T2D revealed reduced numbers of endocrine cells, marked by synaptophysin, 

which produced insulin (131). This was accompanied with increased numbers of alpha, 

delta and PP cells, possibly due to beta cell transdifferentiation to other endocrine cell 

types (131). However, a separate study could only detect rare dedifferentiated beta cells 

within the pancreas of individuals with T2D (132) and it was the authors’ conclusion that 

they were unlikely a major contributor in diabetes pathology (132).  

While the relevance of beta cell dedifferentiation in humans is still being 

explored, data collected from mouse models demonstrate this is a pathological 

contribution to diabetes phenotypes. These studies also strongly support the importance 

of transcription factors in promoting beta cell differentiation.  

1.4 bHLH-PAS domain proteins in beta cells 

The bHLH-PAS domain transcription factors are of particular importance to the 

beta cell as they have a conserved function as sensory proteins that are activated in 

response to various external stimuli (133) and can alter transcriptional programs to 

facilitate cellular responses to changing environmental conditions. As the sensory 
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capabilities of beta cells are of primary importance to their function, the bHLH-PAS 

domain proteins have a unique role in maintaining insulin secretion.       

The PAS motifs were named after the three proteins within which they were 

originally found (Period, Arnt and Simple minded) and consist of smaller 70 amino acid 

PAS(A) and PAS(B) domains (133). The amino acid conservation between PAS 

domains is relatively low, but there is a shared secondary structure consisting of a five-

stranded antiparallel beta sheet with flanking alpha helices (133).  

The importance of bHLH-PAS transcription factors in beta cells is supported by 

multiple studies which demonstrate that altered function or expression levels of these 

proteins results in beta cell dysfunction (134). For instance, reduced function of the 

bHLH-PAS circadian rhythm defining proteins, CLOCK and BMAL1 resulted in impaired 

cellular function and glucose intolerance in mice (135-138). Besides the circadian 

rhythm, there are two other bHLH PAS domain transcription factors which have 

important roles within the beta cell: HIF1α and ARNT.  

Given the importance of oxygen to energy metabolism, the ability to sense and 

respond to low oxygen availability is critical for cellular function and survival. The main 

factors involved in the cellular hypoxic response are the hypoxia inducible factors (HIF) 

1α, 2a, 3a. These proteins contain proline residues in oxygen dependent degradation 

domains (ODDs), which, under normoxic conditions, are hydroxylated by oxygen 

dependent prolyl hydroxylase domain (PHD) containing enzymes (139). HIF1α 

hydroxylation promotes association with Von Hippel-Lindau (VHL), part of an E3 

ubiquitin ligase protein complex (140) resulting in HIF1α ubiquitination and rapid 

degradation through the proteosomal pathway (141). In contrast, under hypoxic 
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conditions, the PHD containing enzymes are inactive; leading to HIF1α stabilization, 

nuclear translocation, and heterodimerization with its obligate heterodimerization 

partner, ARNT. The HIF1α-ARNT heterodimer then binds and promotes expression 

from hypoxic response elements (HREs) (142). Besides low oxygen, exposure to 

elevated glucose concentrations (143,144) have also been shown to lead to HIF1α  

stabilization in beta cells, possibly due to elevated free radical production (145-147). 

Overall, HIF proteins drive a transcriptional program which promotes angiogenesis, 

proliferation and shifts glucose metabolism away from oxygen dependent oxidative 

phosphorylation towards anaerobic glycolysis (148).  

Animal studies have demonstrated the importance of HIF1α and ARNT in beta 

cells as the genetic ablation of either of these genes from mouse beta cells resulted in 

glucose intolerance and decreased in vivo insulin secretion (149,150). Similarly, 

knockdown of either Hif1α or Arnt in cultured beta cells resulted in reduced glucose 

stimulated insulin secretion (149-152). To assess the effects of increased HIF1α in beta 

cells in vivo, several studies have examined the effect of deleting von Hippel-Lindau 

from beta cells; which results in constitutively stabilized HIF1α. Knocking out Vhl with 

either RIP-Cre or Pdx1-Cre transgenic mice led to glucose intolerance at 12 weeks of 

age, associated with decreased insulin secretion in vivo (153,154). To circumvent any 

role of VHL in β-cell development, Pdx1CreER mice were used to knockout Vhl 

specifically in mature beta cells. Using this Cre mouse strain, Vhl knockout mice failed 

to mount an insulin response to a glucose challenge and became glucose intolerant 6-8 

weeks following tamoxifen administration (155). While glucose intolerance is observed 

early in life, if allowed to age, beta cell Vhl null mice develop a more severe diabetic 
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phenotype mediated by increased SOX9 expression. This was associated with 

decreased expression of mature beta cell markers and increased rates of  beta cell 

dedifferentiation and transdifferentiation (127).  

These studies have demonstrated a critical role of many of the bHLH-PAS 

domain proteins in the maintenance of beta cell function and even differentiation status. 

Continued study of the uncharacterized bHLH-PAS domain proteins may provide 

deeper insight into the dysregulated pathways which occur during T2D progression. 

 

1.5 Expression and function of Npas4 in the CNS 

Originally identified in 2004 by two separate groups (156,157), Neuronal PAS 

domain protein 4 (NPAS4) is a basic helix-loop-helix PAS domain transcription factor 

and one of four members of the Npas4 family. In humans, the Npas4 gene consists of 

eight exons spanning approximately 5kb of chromosome 19 in the 11q13 locus and 

codes for an 802 amino acid protein.  

Similar to other bHLH-PAS domain proteins, NPAS4 requires a 

heterodimerization partner for its transcriptional activity and use of a mammalian two-

hybrid assay performed in 293 cells suggested that NPAS4 interacts ARNT1, ARNT2 

and to a lesser degree BMAL1 (156). As a transcription factor, NPAS4 has been shown 

to be act as a repressor as well as an activator and preferentially binds to enhancer 

regions over promoters (158). Interestingly, it has been suggested that NPAS4 directly 

promotes its own expression (156,159). Two independent tissue surveys for Npas4 

mRNA expression have revealed that Npas4 is present exclusively within the brain with 

the highest expression within the cortex, hippocampus, and olfactory bulb (156,157); 
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however, it should be noted that these studies did not examine Npas4 expression within 

the pancreatic islet or the hypothalamus.   

Studies within the brain have demonstrated that Npas4 expression is dynamic 

and altered in response to a number of stresses. For instance, Npas4 mRNA within the 

hippocampus was decreased by 50% in mice following 4 weeks of social isolation (160), 

and in a model of stress wherein mice were maintained in a restraining device, 

hippocampal Npas4 was reduced by ~40% within two hours (161). Npas4 expression 

was also increased 12-fold in the frontal cortex in a model of central ischemia and 

subsequent reperfusion (162). In the neuroblastoma cell line, PC12, Npas4 was 

significantly elevated by exposure to the SERCA inhibitor, thapsigargin, and exposure to 

oxidative and osmotic stress (163). Besides these stimuli, NPAS4 was also induced by 

membrane depolarization in hippocampal neurons (164). Induction of Npas4 was 

subsequently demonstrated to be dependent on calcium influx and independent of de 

novo translation (165); classifying Npas4 as an activity regulated immediate early gene. 

There is also some evidence to suggest that Npas4 was regulated in a circadian fashion 

as mRNA levels were increased over two-fold in the pars tuberalis of mice at 6PM 

compared to 6AM (166).  

The first in vivo studies examining Npas4 function were performed using a 

germline knockout mouse which, while viable at birth, at 3 months of age had reduced 

survival. This was accredited to neuronal cell death as evidenced by increased TUNEL 

positive cells in the hippocampus. Further, while injection of kainate did not result in 

mortality in control mice, in age matched Npas4 null mice this led to a 38% mortality 

rate (163). In addition to its role promoting neuronal survival, NPAS4 has critical roles in 
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regulating the formation of inhibitory synapses. Knockdown of Npas4 in dissociated rat 

hippocampal neurons significantly reduced the abundance of GABA receptors and the 

GABA producing enzyme, GAD65. Conversely, increased NPAS4 levels in hippocampal 

neurons resulted in elevated expression of the GABA receptors and GAD65 (164). 

NPAS4 also has important roles in memory formation, as global knockout mice had 

short and long term memory defects and deletion of Npas4 from the CA3 region of the 

hippocampus, similarly impaired long term memory formation (165).  

These animal studies have emphasized an important role for NPAS4 in mouse 

neurobiology; however, to date there are scarce data on the role of NPAS4 in humans. 

The examination of 1000 human genotypes revealed 14 unique single nucleotide 

variants within the Npas4 gene. While 13 of these variants maintained transcriptional 

activity, one (F147S) had no transcriptional activity due to an inability to heterodimerize 

with ARNT (167). The loss of NPAS4 expression has also been implicated in the 

pathology of an intellectually disabled individual containing a 1mbp microdeletion on 

chromosome 19, which encompasses the Npas4 gene (168). These two studies raise 

the possibility of NPAS4 impacting human health; however, further studies are required.  

1.6 Thesis objectives  

In the progression of T2D, prolonged stress leads to reductions in beta cell 

functional mass, likely due to a combination of reduced cell numbers, functional 

capacity, loss of maturation status. To gain a better understanding of beta cell biology in 

pathophysiologic settings and to uncover novel dysregulated pathways within stressed 

beta cells, there is a need for continued identification of novel factors that regulate cell 

function, survival and differentiation.   
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The examination of bHLH-PAS domain transcription factors has supported a 

critical role of many of these proteins in the maintenance of beta cell function and even 

differentiation status. As a recently identified bHLH-PAS domain protein, the expression 

and function Neuronal PAS domain protein 4 (NPAS4) within beta cells is unknown. 

Previous research conducted on NPAS4 within the central nervous system has 

demonstrated the importance of NPAS4 in promoting cell viability and regulating critical 

cellular processes in neurons. Based on the shared similarities between neurons and 

beta cells and the importance of other bHLH-PAS domain transcription factors it is 

hypothesized that NPAS4 is expressed within the beta cells and has critical roles in 

promoting beta cell function in the face of diabetogenic stresses.  

The overall objective of these studies is to determine how Npas4 expression is 

regulated within the beta cell under a variety of external stimuli and in turn, how NPAS4 

acts to influence beta cell function, differentiation and survival. These objectives are 

addressed in two aims (illustrated in Figure 1.3). 
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Figure 1.3: Illustration of thesis hypothesis.  
The aims of this thesis are to determine how Npas4 is regulated within the beta cell and 
in turn how NPAS4 regulates various cellular processes relevant to the beta cell in type 
2 diabetes pathogenesis.  

 

The first aim, explored within chapter 3, characterizes the dynamics and 

regulation of beta cell Npas4 expression. This includes the role of various beta cell 

secretagogues in promoting Npas4 expression in both mouse and human beta cells and 

how conditions which may mimic the islet environment in T2D impacts Npas4 

expression.  

The second aim was to determine the functional significance of NPAS4 within 

beta cells and the role of NPAS4 in the promotion of glucose homeostasis. Within 
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chapter 4, NPAS4 mediated regulation of insulin production and secretion was 

examined through the use of in vitro overexpression and knockdown experiments. 

Similarly, in vitro studies in chapter 5 were performed to determine whether NPAS4 may 

impact beta cell responses to various diabetogenic stresses such as gluco(lipo)toxicity 

and HIF1α activation. With an understanding of which cellular processes NPAS4 may 

be impacting in beta cells, in vitro, the role of NPAS4 in the regulation of glucose 

homeostasis was examined in chapter 6 by ablating Npas4 from beta cells through the 

use of the Pdx1CreER transgenic mouse line. As Cre activity was detected within the 

hypothalamus of Pdx1CreER transgenic mice, two separate beta cell specific Npas4 

knockout models were generated and characterized within chapter 7.  

Collectively, this investigation highlights how beta cell activity and downstream 

activation of NPAS4 promote beta cell viability and function and further, how these 

pathways may be impaired in the development of T2D.  
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Chapter 2: Methods 

2.1 In vitro studies 

2.1.1 MIN6 cell culture  

MIN6 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) 

(Thermo Scientific) 25 mM glucose supplemented with 10% FBS, 1% penicillin (100 

U/mL), streptomycin (100 μg/mL) and 2 mM L-glutamine (All reagents from Hyclone). 

Cells were split at a ratio of 1:3, twice a week and medium changed every two days.  

For western blot experiments, MIN6 cells were plated in 6-well tissue culture 

plates (BD Falcon) at a density of 1.5x106 cells/well. For insulin secretion experiments, 

MIN6 cells were plated in 12-well tissue culture plates (BD Falcon) at a density of 

1.0x106 cells/well. For RNA experiments, MIN6 cells were plated at a density of 3x105 

cells/well in a 24-well tissue culture plates (BD Falcon).     

2.1.2 804G cell culture 

804G cells were cultured in 5.5 mM glucose DMEM supplemented with 10% 

FBS, 1% penicillin, streptomycin and 2 mM L-glutamine. To harvest secreted matrix, 

804G cells were cultured serum-free 5.5 mM glucose DMEM for 48 hours, media was 

then collected and centrifuged for 5 minutes at 300g. Supernatant was collected and 

filtered through a 0.2 μm bottle top filter and stored at -20°C.  

2.1.3 Mouse islet isolation  

Mice were sacrificed by cervical dislocation following isoflurane anesthesia. An 

incision was made into the abdominal cavity, the bile duct was then ligated using 

hemostatic forceps and 2-5 mL of Type XI collagenase (1000 U/mL dissolved in HBSS; 

Sigma) was injected into the pancreatic duct. The pancreas was then removed and 
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collected into a 50 mL conical tube and maintained on ice until digested. To digest the 

pancreas, whole pancreas was incubated in collagenase for 14 minutes in a 37°C water 

bath. The conical tube was then shaken for 5 minutes to disrupt the pancreas. Following 

disruption, the pancreas was centrifuged at 1200g and the supernatant discarded. The 

pellet was then re-suspended in RPMI and passed through a 70 μm nylon mesh filter to 

exclude exocrine tissue. The filtrand was then re-suspended in RPMI and passed once 

more through the 70 μM filter. The captured islets were then placed in a 10 cm cell 

culture dish in RPMI, supplemented with 10% FBS, glutamine and pen/strep. Islets were 

then handpicked under a dissecting microscope into a 10 cm tissue culture dish with 10 

mL of islet culture media (11 mM glucose RPMI (Thermo Scientific) supplemented with 

10% FBS, 1% penicillin (100 U/mL), streptomycin (100 μg/mL) and 2 mM L-glutamine) 

and allowed to recover overnight in a 37°C incubator.  

2.1.4 Mouse islet culture  

Following isolation, mouse islets were cultured in a 10 cm tissue culture plate 

(BD Falcon) in 11 mM glucose RPMI (Thermo Scientific) supplemented with 10% FBS, 

1% penicillin (100 U/mL), streptomycin (100 μg/mL) and 2 mM L-glutamine. Every day, 

half of the medium was replaced with fresh RPMI. 

2.1.5 Human Islet Culture 

Human islets were obtained from the clinical islet core at the University of Alberta 

or from Dr. Patrick MacDonald at the University of Alberta. Upon receipt, islets were 

handpicked under a dissecting microscope into a 10 cm tissue culture dish with 10 mL 

of CMRL medium supplemented with 10% FBS, 1% penicillin (100 U/mL), streptomycin 

(100 μg/mL) and 2 mM L-glutamine and allowed to recover overnight.  
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2.1.6 Islet dispersion 

For dispersion experiments, approximately 300 islets were centrifuged for 3 

minutes at 300g in a 1.5 mL tube. Culture medium was removed, islets were washed 

once in PBS and 750 μL of 0.25% trypsin added. Islets were incubated in trypsin for 6 

minutes and mixed via pipetting every two minutes. Trypsin digestion was stopped by 

transferring trypsin and dispersed islets into 10 mL of culture medium. The single cell 

suspension was pelleted by centrifugation for 3 minutes at 300g, medium removed and 

cells re-suspended in 3 mL culture medium. 500 μL of cell suspension, amounting to 

approximately 50000 cells, were then seeded onto 12-well plates.   

2.1.7 Adenoviral transduction  

Adenoviruses were constructed using the Adeasy protocol (169) which drives 

gene expression from a cytomegalovirus (CMV) promoter. One day after plating 0.3x106 

MIN6 cells/well in a 24-well tissue culture plate, medium was aspirated from cells and 

DMEM growth medium containing Npas4 adenovirus or a fluorescent control virus 

(either Cerulean or eGFP) at an MOI of either 20 or 100, as indicated in the study, was 

added to cells for 2-4 hours before being removed and replaced with fresh culture 

medium.  

To transduce dispersed islets, following overnight recovery in 12-well plates, islet 

culture media was aspirated and replaced with 400 μL of islet culture medium 

containing Npas4 adenovirus or a fluorescent control virus (either Cerulean or eGFP) at 

an MOI of 20. Islet culture media containing adenovirus was incubated with 

approximately 50000 islet cells for 24 hours prior to replacement with 500 μL of fresh 

islet culture medium.  
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For adenoviral infection of whole mouse islets, approximately 25 islets were 

placed in 50 μL of RPMI culture medium in a 1.5 mL microcentrifuge tube. Virus was 

added and gently mixed by pipetting. Islets were infected in this minimal volume for 30 

minutes before being moved to a well of standard 24-well tissue culture plate containing 

300 μL of RPMI growth medium. Islets were allowed to incubate in this medium 

overnight before half the medium was replaced with fresh islet culture medium.  

2.1.8 Plasmid transfection and luciferase Assay 

MIN6 cells were plated in 12-well plates at 8x105 cells per well and the following  

day pFOX-RIP1-luciferase (170) or pFOX-luciferase promoterless (170) plasmid (1 μg 

each), Npas4-pcDNA3.1+ or pcDNA3.1+ (100 ng) and a renilla luciferase construct (50 

ng) were complexed with Lipofectamine 2000 (2 μL lipofectamine/1 μg of DNA) (Life 

Technologies) for 20-30 minutes at room temperature in serum and antibiotic free high 

glucose DMEM. The Lipofectamine-DNA complex was added to MIN6 cells in serum 

and antibiotic free high glucose DMEM for six hours before being replaced with 500 μL 

of DMEM high glucose supplemented with 10% FBS. Forty-eight hours after 

transfection, cells were lysed with passive lysis buffer (Promega) and luciferase activity 

quantified with the dual luciferase reporter assay (Promega) and measured on a 

SpectraMax L luminometer (Molecular Devices). All firefly luciferase activity was 

normalized to renilla luciferase activity.  

2.1.9 In vitro insulin secretion assay 

For MIN6 cells, cells were transduced with adenovirus as described above. 

Following 48 hours of transduction, MIN6 cells were preincubated in 500 μL of krebs-

ringer bicarbonate hepes (KRBH; 114 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 20 mM 
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HEPES, 2.5 mM CaCl2, 0.2% BSA and pH of 7.4) supplemented with 2.8 mM glucose 

for one hour. Following the pre-incubation, the buffer was replaced with either 500 μL of 

fresh KRBH supplemented with either 2.8 mM glucose, 25 mM glucose or 25 mM 

glucose with exendin-4 (between 5 and 50 nM) or forskolin (10 μM) (Sigma) and IBMX 

(100 μM) (Sigma) for a two hour stimulation. Buffer was then collected and centrifuged 

for 10 minutes at 5000g and the top 400 μL of supernatant was transferred to a 1.5 mL 

microcentrifuge tube and stored at -20°C. At the end of the insulin secretion assay, 

intracellular insulin was extracted by washing the cells once with 500 μL PBS, followed 

by the addition of 500 μL acid ethanol (1 M HCl in 75% ethanol in H2O) and overnight 

incubation at 4°C. The following morning, the acid ethanol was carefully transferred 

from each well to a 1.5 mL microcentrifuge tube and centrifuged at 5000g for 10 

minutes before the top 400 μL was transferred to a clean 1.5 mL microcentrifuge tube 

and stored at -20°C until assayed. Concentration of insulin in the media was assayed 

using a rodent insulin ELISA (Alpco) performed as per standard manufacturer’s 

procedures. As a general rule, low glucose samples were diluted 2-5x, stimulated 

samples were diluted 15-20x and insulin totals were diluted 1000x for the insulin ELISA.   

To determine insulin secretion in whole mouse islets, 12-well tissue culture plates 

were coated coated (400 μL) with the matrix secreted from the rat bladder carcinoma 

cell line, 804G that day before isolation (171). This matrix was then removed and 

washed with dH2O three times and between 30 and 50 whole islets allowed to attach by 

placing them on top of the matrix and cultured in 500 μL islet culture medium overnight. 

The following day islets were infected with adenovirus by replacing the culture medium 

with 500 μL of culture medium containing either Npas4 or control adenovirus at an MOI 
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of 100:1. The islets were incubated with virus for 24 hours prior to virus containing 

media being replaced with 500 μL of fresh islet culture media. After a total of 48 hours 

infection, attached islets were washed once with 500 μL PBS and preincubated for one 

hour in 500 μL of 2.8 mM glucose in KRBH. Following the one-hour pre-incubation, 500 

μL of fresh KRBH supplemented with 2.8mM glucose was added to the islets which 

were then incubated for one hour at 37°C. Subsequently, islets were then incubated in 

one hour increments at 37°C in KRBH supplemented with 2.8 mM glucose, 16 mM 

glucose and depending on the experiment either 40 mM KCl or 50 nM exendin-4 with 16 

mM glucose. At the end of each hour, the buffer was collected, centrifuged at 500g for 

10 minutes, the top 400 μL collected and stored at -20°C. At the end of the insulin 

secretion assay, intracellular insulin was extracted by washing islets once with 500 μL of 

PBS and incubating islets overnight at 4°C in 500 μL of acid ethanol. The following 

morning, acid ethanol from each well was collected in to a clean 1.5 mL microcentrifuge 

tube and centrifuged at 5000g for 10 minutes. The top 400 μL was then collected and 

stored at -20°C until assayed. Insulin determinations were performed using a rodent 

insulin ELISA (Alpco). As a general rule, basal glucose samples were diluted 2-fold, 

stimulated samples diluted 10-fold and insulin totals diluted 250-fold.  

2.1.10 Depolarization of MIN6 and islet samples for expression analysis 

For depolarization experiments, MIN6 cells were seeded into tissue culture plates 

at a density of 1.5x106 for 6-well plates (in 2 mL of MIN6 growth medium) or 3 x105 for 

24-well plates (in 0.5 mL MIN6 growth medium). One day after seeding, cells were 

transferred to 5 mM glucose DMEM (supplemented with FBS, penicillin, streptomycin 

and L-glutamine) for 16 hours. The next morning, cells were transferred to either fresh 5 
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mM glucose DMEM (supplemented with FBS, penicillin, streptomycin and L-glutamine) 

or 25 mM glucose DMEM (supplemented with FBS, penicillin, streptomycin and L-

glutamine) with 40 mM KCl. MIN6 cells were maintained in either basal (fully 

supplemented 5 mM glucose DMEM) or stimulatory (fully supplemented 25mM glucose 

DMEM with 40 mM KCl) for up to 6 hours and harvested for either mRNA with 500 μL of 

TRIzol or protein with 60 μL NSRB.   

To depolarize mouse islets, one day following isolation, between 20 and 50 islets 

were transferred to a 12-well tissue culture plate and preincubated in 500 μL of 2.8 mM 

glucose in KRBH for one hour before buffer replaced with either 500 μL of fresh KRBH 

supplemented with 2.8 mM glucose or 25 mM glucose. The length of the experiment is 

specified within each experiment but generally varied between two and six hours. At the 

conclusion of each experiment, islets were either harvested with 500 μL of TRIzol for 

mRNA quantification or 30 μL of NSRB for protein quantification.    

To depolarize human islets for mRNA or protein expression, between 20 and 50 

islets were put in a 12-well tissue culture plate and preincubated with 500 μL of 2.8mM 

glucose in KRBH for one hour before buffer was replaced with either 500 μL of fresh 2.8 

mM glucose in KRBH or 25 mM glucose KRBH for two hours. At the conclusion of each 

experiment, islets were either harvested with 500 μL of TRIzol for mRNA quantification 

or 30 μL of NSRB for protein quantification.    

2.1.11 Palmitate preparation 

Palmitate was prepared by dissolving palmitic acid (Sigma) in 30 mM NaOH at 

70°C, then complexed with 20% fatty acid free bovine serum albumin (BSA) (Sigma) at 

a molar ratio of 6:1. The complexed BSA-palmitate was then added to MIN6 or mouse 
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islet culture medium at indicated concentrations (ranging from 250 to 1000 μM). As a 

control, an equal volume of NaOH and BSA without palmitate was added to the culture 

medium. 

2.1.12 Beta cell ER stress experiments  

For MIN6 studies, cells were plated in either 6-well plates at a density of 1.5x106 

for protein quantifications or a 24-well plate at a density of 0.3x106 for mRNA 

quantification. One day following passage, cells were then infected as described above. 

Forty-eight hours post adenoviral infection cells were treated (2 mL for 6-well plate or 

0.5 mL for a 24-well plate) with either thapsigargin (concentrations varied from 0.05 μM 

to 1 μM), palmitate (concentrations varied from 250 μM to 1000 μM) or appropriate 

vehicle control (DMSO for thapsigargin and NaOH-BSA for palmitate) for 24 hours. At 

the conclusion of the experiment, cells were harvested with either 100 μL NRSB for 

protein quantification or 500 μL of TRIzol for mRNA quantification.  

For ER stress studies in mouse islets, approximately 75 islets were infected as 

described above in a 12-well plate. Forty-eight hours post-infection, islets were treated 

with thapsigargin or palmitate for either 24 or 48 hours, respectively. At the conclusion 

of the experiment, islets were harvested with 500 μL of TRIzol for mRNA quantification.   

2.1.13 Quantification of TUNEL positive MIN6 cells  

To quantify terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end 

labeling (TUNEL) positive cells, MIN6 were plated at a density of 0.3x106 cells/well onto 

10 mm glass cover slips placed in a 24-well plate. Cells were infected with adenovirus 

as described above and 48 hours post-transduction, MIN6 culture media was replaced 

with 500 μL culture media containing either 0,1 or 10 μM thapsigargin for 24 hours. 
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Cells were then washed once with 500 μL of PBS and fixed with 500 μL of 4% 

Paraformaldehyde (PFA) for ten minutes and assayed for single stranded DNA breaks 

with TUNEL staining (Roche) according to manufacturer’s protocols. Following TUNEL 

staining, MIN6 cells were stained with DAPI (Life Technologies) for two hours. 

Coverslips were then washed and mounted onto glass microscope slides using Slow-

fade Gold mounting media (Life Technologies). For quantification, two separate fields of 

view per coverslip were imaged using a 10x objective lens on an Olympus BX61 

widefield fluorescent microscope. A minimum of 1500 MIN6 cells were then manually 

quantified by hand for TUNEL positivity and normalized to total cell count as measured 

by DAPI.  

2.1.14 Stimulation of cAMP in MIN6 cells   

MIN6 cells were plated in 24-well plates at a density of 0.3x106 and infected with 

Ad-Npas4 or Ad-Cerulean as described above. Forty-eight hours post-infection, cells 

were washed once with 500 μL PBS and stimulated for 30 minutes at 37°C with 500 μL 

of KRBH with 10-fold serial dilutions of exendin-4 of concentrations between 1x10-7 M 

and 1x10-12 M. All samples were stimulated in the presence of 100 μM IBMX. Buffer was 

then removed and cells lysed with 200 μL of supplied lysis buffer (Applied Biosystems) 

and cAMP content measured with a cAMP ELISA (Applied Biosystems) according to 

manufacturer’s protocol. 

2.1.15 Hypoxia experiments  

For experiments in which MIN6 cells were stimulated with KCl, cells were plated 

in either a 6-well plate for protein studies or 24-well plate for RNA studies at either 

1.5x106 cells/well or 0.3x106 cells/well, respectively. The following day, cells were 
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transferred to 5.5 mM glucose culture media for 16 hours. MIN6 cells were then 

stimulated at either 20% or 1% O2 levels in 5.5 mM DMEM or 25 mM DMEM 

supplemented with 40 mM KCl. At the conclusion of the experiments, cells were 

harvested in either 100 μL of NSRB for protein analysis or 500 μL of TRIzol for mRNA 

quantification.  

For studies in which MIN6 cells were transduced with adenovirus, cells were 

plated and infected as described above in 24-well plates. Twenty-four hours post-

transduction, cells were either maintained in a humidified incubator at 20% O2 or 

transferred to a humidified incubator set at 1% atmospheric oxygen for six hours. At the 

conclusion of the experiments, cells were harvested with 500 μL of TRIzol for mRNA 

quantification. 

For both human and mouse islets studies, either adenovirus-infected dispersed 

islets or uninfected whole islets were transferred to a hypoxic chamber at the specified 

oxygen levels (either 1% or 10% O2) and time intervals (either a short term, two hour 

experiment or a longer term, 24-hour experiment). Similar to MIN6 experiments, a 

second plate of islets was maintained at 20% O2 under identical experimental 

conditions. At the conclusion of the experiment, islets were harvested in 500 μL TRIzol 

for mRNA quantification or 50 μL NSRB for protein quantification.  

2.1.16 RNA extraction & cDNA synthesis  

To extract RNA from TRIzol samples, standard manufacturer’s protocols were 

used. Briefly, 100 μL of chloroform (Sigma) was added to 500 μL of TRIzol, samples 

were then vortexed for 10 seconds and centrifuged at 10,000g for 10 minutes. Following 

phase separation, the top clear layer (generally 200 μL) was removed and added to 250 
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μL of isopropanol (Fischer Scientific), vortexed for 10 seconds and centrifuged for 15 

minutes at 10,000g. The supernatant was removed and the pellet was washed twice 

with 1 mL of 70% ethanol in DEPC-H20. After the final wash, the supernatant was 

removed and the pellet was dried for two minutes before being re-suspended in 

molecular grade H2O (Hyclone). In general, for 0.3x106 cells the pellet was re-

suspended in 20 μL. Once isolated, RNA was DNase (Ambion) treated for 30 minutes at 

37°C according to manufacturer’s instructions. RNA yield was quantified using a 

Nanodrop spectrophotometer. For reverse transcription, between 0.5-2 μg of RNA was 

used with addition of oligodT (200 ng/25 μL reaction volume) and random hexamer 

primers (10 μg/ 25 μL reaction volume) and with 22 U of Superscript III reverse 

transcriptase (Life Technologies). The following cDNA synthesis protocol was 

performed on an Eppendorf thermocycler: 10 minutes at 15°C, 10 minutes at 25°C, 15 

minutes at 37°C, 45 minutes at 42°C, 10 minutes at 50°C, five minutes at 55°C and 3 s 

at 95°C.  

2.1.17 Quantitative PCR 

All qPCR was performed on a Viia7 (Life Technologies) using Taqman 

primer/probe sets (IDT). Samples were run in technical triplicates, using 40 ng of cDNA 

on a 384-well plate using fast run settings. Primer sequences are available in Table 1.5.  

All qPCR primers used FAM as the reporter dye and ZEN™ and IBFQ as quenchers.  

Relative quantification of transcripts was performed using ∆∆CT method using either 

beta glucuronidase (Gusb) or Rplp0 as a control gene.   
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2.1.18 Western blot 

Cell lysates were obtained by adding 95°C non-standard reducing buffer (NSRB; 

62.5 mM Tris buffer pH 6.8, 1 mM sodium vanadate, 0.2 mM sodium fluoride, 2% SDS, 

10% glycerol) to cells followed by a 10 minute incubation at 100°C. Crude lysates were 

then sonicated (S-4000, Misonix) for 4 minutes (30 seconds on/30 seconds off at 85 

amplitude), centrifuged at 10,000g for 10 minutes and supernatants were collected. 

Protein concentrations were obtained through BCA quantification (Pierce). Protein was 

then separated on either a 12 or 15% SDS/PAGE gel and transferred for 2 hours to a 

nitrocellulose membrane (Biorad). Membranes were blocked with 5% milk powder in 

TBST and probed with antibodies for NPAS4, GAPDH, PDX1, MAFA, NEUROD1, Β 

ACTIN, RGS2 (details of primary antibodies available in Table 1.2) overnight at 4°C. 

Membranes were then probed with HRP conjugated secondary antibodies (details of 

secondary antibodies available in Table 2.3) and visualized using Luminata Crescendo 

(Millipore) and exposed to X-ray film. Protein quantification was performed by band 

densitometry using ImageJ (NIH) and normalized to loading control of β-ACTIN or 

GAPDH.  

2.1.19 Chromatin immunoprecipitation  

Ten million cells in a 10 cm tissue culture dish were washed in 10 mL of PBS and 

then incubated in growth medium with or without 40mM KCl for two hours. Cells were 

then fixed by addition of 1% formaldehyde in crosslinking buffer (0.1 M NaCl, 1 mM 

EDTA, 0.5 mM EGTA, 25 mM HEPES-KOH, pH 8.0) for 10 minutes at room 

temperature with gentle agitation on a standard rocker. Fixation was stopped with the 

addition of glycine to a final concentration of 125 mM and incubation continued for 5 
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minutes with gentle agitation. Cells were then washed three times with ice-cold PBS 

containing protease inhibitors (Complete EDTA-Free; Roche) and collected by scraping. 

Cells were pelleted by centrifugation at 2000g for 10 minutes at 4°C, PBS removed and 

pellets snap frozen in liquid nitrogen and stored at -80°C. Cells were lysed in 20 cell 

pellet volumes of L1 buffer (50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 

10% glycerol, 0.5% NP-40, 0.25% Triton X-100, protease inhibitors) for 10 minutes at 

4°C. The nuclei were pelleted by centrifugation at 3000g for 10 minutes at 4°C and then 

rinsed with 20 cell pellet volumes of L2 (200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 10 

mM Tris-HCl, pH 8.0, protease inhibitors) for 10 minutes at room temperature and then 

repelleted as above. Nuclei were resuspended in 5 cell pellet volumes of L3 (1 mM 

EDTA, 0.5 mM EGTA, 10 mM Tris-HCl pH 8.0, protease inhibitors) and sonicated in a 

Cup Horn sonicator (Misonix) at 80% power for 24 cycles 30s cycles on ice, which 

resulted in genomic fragments of 200-1kb in size. Insoluble material was removed by 

centrifugation at 20000g for 10 minutes at 4°C. The nuclear lysate was then adjusted to 

1 mL by adding L3 buffer supplemented with 0.3 M NaCl, 1% Triton X-100, 0.1% 

deoxycholate. The lysate was then pre-cleared by adding 50uL of pre-rinsed sheep anti-

rabbit Dynabeads (Invitrogen) and incubating at 4°C for 1 hour with agitation. After pre-

clearing, 5% of the ChIP sample was set aside as input sample and the remainder of 

the lysate (950 μL) was incubated with 4 μg of antibody overnight at 4°C. The next day, 

40 μL of pre-rinsed sheep anti-rabbit Dynabeads were added to the IPs and 

immunoprecipitation was carried out over a second night at 4°C.  The bound beads 

were then washed twice for 5 minutes at 4°C with each: low salt buffer (150 mM NaCl, 

0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, ph8.1); high salt buffer (500 
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mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1); LiCl 

buffer (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl pH 8.1); 

and TE (1 mM EDTA, 10 mM Tris-HCl pH 8.0). Immunoprecipitated materials were 

eluted from the beads by adding 200 μL of elution buffer (1% SDS, 0.1 M NaHCO3) and 

incubating the sample at 65°C with continuous vortexing for 1 hour; 150 μL of elution 

buffer was added to the input material and processed in parallel. Crosslinking was 

reversed by overnight incubation at 65°C with agitation and resultant DNA was phenol-

chloroform purified, ethanol precipitated and re-suspended in 50 μL of TE. 1 μL was 

used for standard Taqman analyses. 

 

2.1.20 Tissue processing for immunostaining  

To collect pancreata, mice were anesthetized using isofluorane followed by 

cervical dislocation. The abdominal cavity was then opened, the right atrium cut open 

with fine scissors and 5 mL PBS injected with a 5 mL syringe into the left ventricle to 

clear blood cells from circulation. The left ventricle was then injected with 5 mL of 4% 

PFA. The pancreas was then collected and post-fixed with 4% PFA for an additional 16 

hours at 4°C. The tissue was washed three times in PBS, transferred to 50% ethanol for 

24 hours followed by an additional 24 hours in 70% ethanol. Tissue was then 

dehydrated through a series of ethanol steps including two 30 minute incubations in 

95% ethanol, three 30 minute incubations in 100% ethanol, two 30 minute incubations 

in 100% xylenes and two 1 hour incubations in paraffin. Tissue was then embedded in 

paraffin using a Histocentre 2 (Thermo Shandon) and 5 μM sections collected on glass 
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microscope slides (Fischer Scientific) using Shandon Finesse microtome (Thermo 

Shandon).  

To collect brain for cryosections, mice were sacrificed as above, and using a 

syringe pump, 30 mL of 4% PFA was perfused into the left ventricle at a rate of 0.9 

mL/minute. The brain was then removed from the skull and post-fixed for 24 hours in 

4% PFA. The brain was then transferred to 20% sucrose in H2O solution for 24 hours 

followed by 24 hours in 30% sucrose. The brain was then embedded in NEG 50 

cryomatrix (Thermo Scientific) and 20 μM sections collected with a cryostat and stored 

at -20°C until stained.   

2.1.21 Immunofluorescent staining 

Paraffin sections were rehydrated through a series of xylene and ethanol steps 

(two times for 3-minutes xylene; three times for 2-minutes in 100% ethanol; two times 

for 2 minutes in 95% ethanol; two times for 2 minutes in 75% ethanol; two times for 2 

minutes in 50% ethanol). Antigen retrieval was performed on all paraffin slides by 

incubating in 95°C citrate buffer (10 mM sodium citrate, 0.05% Tween-20, pH 6) for 10 

minutes. Sections were then allowed to cool to room temperature for one hour, washed 

three times with PBS, and blocked with 5% horse serum in PBS for one hour at room 

temperature. Primary antibodies (details listed in Table 2.4) were incubated on slides 

overnight at 4°C in 5% blocking solution. The following morning, slides were washed 

three times with PBS for a total of 15 minutes and incubated with fluorescently 

conjugated secondary antibody (dilutions listed in Table 2.5) and TO-PRO-3 (1:10,000; 

Life Technologies) nuclear dye for two hours. Slides were then washed three times in 

PBS for a total of 30 minutes and mounted with Slowfade Gold (Life Technologies).   
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For cryosections, slides were removed from -20°C and washed 3 times in PBS 

for a total of 15 minutes at room temperature. Antigen retrieval was performed on all 

slides as described above. Slides were then allowed to cool to room temperature, 

washed three times in PBS, individual sections circled with a PAP pen (Cedar Lane) 

and then blocked with 5% horse serum in PBS for one hour. Next, sections were 

incubated in primary antibody (listed, with dilutions, in Table 2.4) overnight. Sections 

were then washed three times with PBS for a total of 15 minutes, stained with 

secondary antibodies (details listed in Table 2.5) and TO-PRO-3, and mounted with 

Slowfade Gold as above.  

2.1.22 Quantification of beta cell numbers 

For quantification of beta cell number, pancreas was harvested, fixed and 

embedded in paraffin as described above. Subsequently, whole pancreas sections were 

stained for insulin on a minimum of four sections spaced 500 μM apart from at least 

three different mice per experimental group. Images were tiled on an Olympus BX61 

widefield fluorescent microscope using a 10x objective lens. Beta cells were then 

automatically quantified using Cell Profiler and normalized to total pancreatic nuclei as 

determined by TO-PRO-3 staining.  

2.1.23 Lineage tracing 

At the endpoint of 32 weeks of age, pancreata was collected from control 

(Npas4loxp/wt;Rosa26mTmG/wt; Pdx1CreER+) and knockout mice 

(Npas4loxp/loxp;Rosa26mTmG/wt;Pdx1CreER+) for immunofluorescent staining as described 

above. A minimum of 50 islets from three different mice on three separate sections, 

spaced at least 500 μM apart were imaged using a SP8 confocal microscope with a 20x 
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objective lens. GFP labelled cells that were not insulin immunoreactive (Ins-/GFP+) or 

were glucagon immunoreactive (Gcg+/GFP+) were then quantified using Photoshop 

(Adobe) and normalized to total GFP labelled cells or total glucagon immunoreactive 

cells, respectively.  

2.2 In vivo metabolic  

2.2.1 Ethics  

All procedures were carried out in accordance with and approved by University of 

British Columbia Animal Care Committee. For rat transfusion experiments, procedures 

were approved by l’Université de Montréal Animal Care Committee.  

2.2.2 Mice  

All mice were maintained on 12 hour light-dark cycles in temperature and 

humidity controlled rooms. Mice were housed in Optimouse cages (Animal Care 

Systems) with up to five males or females in a single cage with ad libitum access to 

food and water. Mice were weaned at 3 weeks of age and cage changes performed 

weekly. Only male mice were used for in vivo experiments. The details of all mouse 

strains used are available in Table 2.1.   

2.2.3 Diets 

Picolab Rodent diet 20 was used as the standard rodent chow. Fat, protein and 

carbohydrate constituted 13.2%, 24.6% and 62.1% caloric value (kcal%), respectively.  

For diet induced obesity studies in Chapter 5 and 6, Research Diet #D12331 was used 

in which fat, protein and carbohydrates comprised 58%, 16.4% and 25.5% of caloric 

value (kcal%), respectively.  
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2.2.4 In vivo rat transfusions  

A full description of glucose infusions are described by Fontés et al (29). Briefly, 

indwelling catheters were inserted under general anesthesia into the left carotid artery 

and right jugular vein were tunneled subcutaneously and exteriorized at the base of the 

neck. The animals recovered for 5 days after surgery. Rats were randomized into two 

groups, receiving either 0.9% saline (Control) or 70% glucose transfusions. Initial 

glucose infusions rates were 3.3 mL kg-1 hr-1 and were adjusted to maintain glucose 

between 13.8 and16.7 mM over the 72 hour time course. Following infusion, islets were 

isolated, RNA extracted and reverse transcribed and qPCR analysis carried out as 

described above. 

2.2.5 Tamoxifen administration 

Tamoxifen was dissolved in corn oil at a concentration of 40 mg/mL through two 

minutes of sonication in a cup horn on a Misonix sonicator. Six week old mice were 

injected with three doses of 8 mg tamoxifen every other day over five days. Corn oil 

alone was used as vehicle control.   

2.2.6 Embryonic pancreas isolation  

Wild type C57Bl6 mice were used and noon on the day of plug discovery was 

considered embryonic day (e)0.5. At the desired embryonic day, pregnant dams were 

sacrificed by cervical dislocation following anesthesia by isoflurane. Embryos were then 

removed from the uterus and placed on ice cold PBS. The pancreas was harvested with 

the use of a dissecting scope and whole pancreas from individual embryos lysed in 1 

mL of TRIzol. To ensure complete lysis, embryonic pancreas was finely processed with 

a set of narrow surgical scissors once in TRIzol.   
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2.2.7 Glucose tolerance test 

Mice were fasted for 12 hours overnight. The following morning, a basal glucose 

measurement was taken by puncturing the saphenous vein with a 27½ gauge needle 

and assayed using a OneTouch UltraMini® handheld glucometer. Mice were then 

weighed and administered by oral gavage either a 2 g/kg glucose bolus from a 40% 

glucose stock (powdered glucose dissolved in sterile water) or 1 g/kg glucose bolus 

from a 20% glucose stock solution (powdered glucose dissolved in sterile water). 

Alternatively, one 2 g/kg glucose tolerance test was performed wherein glucose was 

administered into the intraperitoneal cavity with a 27½ gauge needle. Blood glucose 

was sampled at 15, 30, 60 and 90 minutes post glucose challenge. Area over the curve 

analysis was performed in Graphpad prism 6 using 0.0 as the baseline.  

2.2.8 Plasma collection 

For the collection of plasma for insulin or glucagon ELISA, whole blood was 

collected by puncturing the saphenous vein with a 27½ gauge needle and collection into 

a microcapillary tube. Blood was then transferred to a 1.5 mL microcentrifuge tube and 

stored on ice. Within 30 minutes of collection, whole blood was then centrifuged at 

5000g for ten minutes at 4°C. Plasma was then collected, transferred to a new 1.5 mL 

tube and stored at -20°C until assayed using a rodent insulin ELISA (Alpco). For 

glucagon determinations, plasma was collected as above with the addition of aprotinin 

(Sigma) and KR-62436 hydrate (Sigma) and stored at -20°C until assayed using a 

glucagon ELISA (Mercodia). 
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2.2.9 Insulin tolerance test 

Following a two hour fast, from 10AM-12PM PST, mice were weighed and a 

basal glucose measurement was taken from the saphenous vein. Subsequently, mice 

were injected with 0.75 U/kg of insulin (from a 150 mU/mL insulin stock, diluted in sterile 

PBS) directly into the peritoneal cavity. Blood glucose measurements were taken 15, 

30, 60 and 90 minutes post-insulin injection. The change in blood glucose levels post-

insulin injection were normalized to basal glucose levels. The net area over the curve 

analysis was performed in Prism 6 (Graphpad), using 1.0 as a baseline  

2.2.10 Pyruvate and glycerol tolerance tests 

Following an overnight fast of 12-hours, a basal glucose measurement was taken 

and mice were weighed. Mice were then IP injected with 2 g/kg of sodium pyruvate 

(from a 40% pyruvate stock solution prepared by dissolving powdered sodium pyruvate 

in sterile PBS) or 2 g/kg glycerol (from a 40% glycerol/sterile water stock). For pyruvate 

tolerance tests, blood glucose measurements were taken 15, 30 and 60 minutes post-

pyruvate injection by puncturing the saphenous vein with a 27½ gauge needle. For 

glycerol tolerance tests, blood glucose was monitored at 15, 30, 60, 90 and 120 minutes 

post-glycerol injection. Area over the curve analysis was performed in Graphpad prism 

6 using 0.0 as the baseline.  

2.2.11 Body mass composition  

Quantification of lean and fat mass was performed at 14 weeks of age in 

conscious animals using quantitative magnetic resonance (QMR) technology (EchoMRI-

100 Echo Medical Systems) in collaboration with the laboratory of Dr. Bill Gibson.  



46 

 

2.2.12 Metabolic Cage monitoring  

All metabolic cage analysis was carried out on 14 week old male mice. All mice 

were singly housed in metabolic cages (Lab-Master TSE Systems) for 24 hours to 

acclimatize prior to recordings. All calculated values for locomotor activity are based on 

measurements obtained over three days. 

Spontaneous locomotor activity was analyzed by automatic recording of infrared 

beam breakage on the x,y and z axes by animals traveling within their cages. O2 

consumption and CO2 production were measured via an open circuit indirect calorimetry 

system, with sensors sampling air from each cage once every 15 min (LabMaster TSE 

Systems). Metabolic activity (respiratory exchange ratio, RER) was calculated from the 

ratio of VCO2 (mL/h) produced to VO2 (mL/h) consumed throughout the day for each 

mouse. Food and water intakes were monitored every 15 minutes through weight 

sensors directly associated with food hopper or water bottle.  

2.2.13 Streptozotocin preparation and administration to mice 

Streptozotocin was dissolved in a 1:1 mixture of STZ buffer A (0.78 mL glacial 

acetic acid dissolved in 50 mL of sterile H2O) and STZ buffer B (0.82 g sodium acetate 

dissolved in 50 mL sterile water) immediately prior to IP injection. STZ, at a dose of 25 

mg/kg or equal volume of buffer control was injected 5 times into 4 month old C57BL6 

mice for five consecutive days following a 4 hour fast from 10AM-2PM.  

2.2.14 Intraductal AAV injections  

Recombinant dsAAV6- RIP-Cre or AAV-RIP-Empty were generated at Children’s 

Hospital of Pennsylvania. For the intraductal injections,1.5x1010 viral genomes were 

injected into 8-9 week old male Npas4flx/flx mice into the pancreatic duct as previously 
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described (172). The week following the intraductal surgery, standard diet was replaced 

with HFD.  

2.2.15 Statistical analysis 

All statistical analysis was performed using Graphpad Prism 6 (Graphpad 

Software). All data is presented as the mean ± SEM. Statistical significance was 

determined using Student’s t-test, or in the case of multiple comparisons, a one-way 

ANOVA with Dunnett’s post-hoc test. All in vivo experiments were performed on at least 

two independent cohorts of mice.  

 

Table 2.1: Mouse strains 

Strain Knockin Source 

Npas4loxp Y Michael Greenberg (164) 
Rosa26mTmG Y Liqon Luo (173) 
Pdx1CreER N Douglas Melton (174) 
C57BL/6J N JAX (Stock # 000664) 

Ins1Cre Y Jorge Ferrer (175) 
 

Table 2.2: Antibodies used for western blot 
 

Target Host Source 
(Catalog #) 

Dilution 
factor 

GAPDH Mouse Sigma (G8795) 1:125000 
HIF1α Rabbit Novus (NB100-15) 1:1000 
MAFA Mouse Bethyl (IHC-00352) 1:5000 

NEUROD1 Mouse Cell Signaling (2833) 1:2000 
NPAS4 Rabbit Sigma (HPA039255) 1:1000 
PDX1 Mouse DSHB (F109-D12) 1:2000 
RGS2 Chicken Sigma (GW22245F) 1:1000 

β-ACTIN Mouse Cell Signaling (8H10D10) 1:10000 
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Table 2.3: Secondary antibodies used for western blots 

Target Host Source Dilution 

factor 

Mouse IgG Goat Jackson ImmunoResearch 1:3000 

Rabbit IgG Goat Jackson ImmunoResearch 1:3000 

Chicken IgG Goat Jackson ImmunoResearch 1:3000 

 

 

Table 2.4: Primary antibodies for immunofluorescent staining 

Target Host Source Dilution factor 

GLUCAGON Mouse Sigma(G2654) 1:2000 

GFP Rabbit MBL(598) 1:500 

INSULIN Guinea Pig Dako(A0564) 1:500 

 

Table 2.5: Secondary antibodies for immunofluorescent staining 

Target Host Source Dilution 

factor 

Rabbit IgG 
(Alexa Fluor 488) Donkey Jackson ImmunoResearch 1:250 

Mouse IgG 
(Alexa Fluor 594) Donkey Jackson ImmunoResearch 1:450 

Guinea Pig IgG 
(Alexa Fluor 594) Donkey Jackson ImmunoResearch 1:450 
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Table 2.6: Primer sequences for qPCR 

All primers are targeted to mouse unless otherwise specified.  

Target Probe Primer 1 Primer 2 

Ddit3 CTTGACCCTGCGTCCCTAGCTTG GCACCTATATGTCATCCCCAG TGCGTGTGACCTCTGTTG 

Gusb 
(Mouse) TCTAGCTGGAAATGTTCACTGCCCTG CACCCCTACCACTTACATCG ACTTTGCCACCCTCATCC 

GUSB 
(Human) CAGATTCTAGGTGGGACGCAGGC AGGTGATGGAAGAAGTGGTG AGGATTTGGTGTGAGCGATC 

Gusb 
(Rat) TGGGCGATCAGCGTCTTGAAGTAAT GGTCGTGATGTGGTCTGTG TGTCTGGCGTCATATCTGGTATTG 

Ins1 TGTTGGTGCACTTCCTACCCCTG ATCAGAGACCATCAGCAAGC GTTTGACAAAAGCCTGGGTG 
Ins1 

promoter AGACCTAGCACCAGGCAAGTGTTT GTGTTGATGTCCAATGAGTGC CCCATTAAGGTGTCCAGGTG 

Ins2 CCTCCACCCAGCTCCAGTTGT TGATCTACAATGCCACGCTTC GGCTTCTTCTACACACCCATG 
Ins2 

promoter CAGGGAAGTGTTTGGAAACTGCAGC GGACTAAGTAGAGGTGTTGA CTGGACTTTGCTGTTTGACC 

Ldha AGCTCATCCGCCAAGTCCTTCATT GCTCCCCAGAACAAGATTACAG TCGCCCTTGAGTTTGTCTTC 

LDHA 
(Human) CCATTAGGTAACGGAATCGGGCTGA CGTGTTATTGGAAGCGGTTG TTCATTCCACTCCATACAGGC 

MafA ACTTCTCGCTCTCCAGAATGTGCC AGTCGTGCCGCTTCAAG CGCCAACTTCTCGTATTTCTCC 
NeuroD1 TCATGAGTGCCCAGCTTAATGCCA TCTTTCGATAGCCATTCGCATC ATAGTGAAACTGACGTGCCTC 

Npas4 CGTTGGTTCCCCTCCACTTCCAT GTCTCAACATTCCCCTACGAAG GACAATATGCCATACTTGAAGACG 

NPAS4  
(Human) ACGCTTCTGCTCAACACTACCGC GTCCTAATCTACCTGGGCTTTG CCATCTCTGCCTGAATATCTCC 

Npas4 
(Rat) CTTGAGCAGAGAGAAGCCCCGTG ATGAGTCTTGCCTGCATCTAC ACAAGTAGAAATCCAGGTAGTGC 

Pdk1 TCGTGTTGAAACGTCCCGTGCT GACTGTGAAGATGAGTGACCG CAATCCGTAACCAAACCCAG 

Pdx1 TTCCGCTGTGTAAGCACCTCCTG GTACGGGTCCTCTTGTTTTCC GATGAAATCCACCAAAGCTCAC 

Rgs2 CTTGACCCTGCGTCCCTAGCTTG GCACCTATATGTCATCCCCAG TGCGTGTGACCTCTGTTG 
Rgs2 

enhancer ATTCGCTCTGGTCAGGCTTGTGT ATTGTCTTCCCACTGTCACG GCTGTTTCCTCTATGAGCTGG 

Rgs2 
intron 1 AGCTCAGAACTAACAATGCAACGTCCA TGTAGCTGAATAACGTCCACC TCAACTCAAACATCTCCACCC 

Rplp0 TGTCTTCCCTGGGCATCACGTC TGACATCGTCTTTAAACCCCG TGTCTGCTCCCACAATGAAG 

Slc16a3 CCCCGTGGTGAGGTAGATCTGGATAA CCTGTCATGCTTGTGGGTG GGAAGGCTGGAAGTTGAGAG 

Sox9 
(Mouse) AGGGTCTCTTCTCGCTCTCGTTCA CAAGACTCTGGGCAAGCTC GGGCTGGTACTTGTAATCGG 

SOX9 
(Human) TCTGGAGACTTCTGAACGAGAGCGA ACTTGCACAACGCCGAG CTGGTACTTGTAATCCGGGTG 

Vegfa TTCCGGTGAGAGGTCTGGTTCC GGCAGCTTGAGTTAAACGAA TGGTGACATGGTTAATCGGTC 
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Chapter 3: Regulation of Npas4 in beta cells  

3.1 Introduction  

3.1.1 Calcium signaling in beta cells   

The bHLH-PAS domain transcription factor, NPAS4, has been referred to as a 

“brain specific” transcription factor (161,162), where its expression regulated in 

response to a number of different stimuli such as calcium influx following membrane 

depolarization (164,165). Within beta cells, there are both intracellular and extracellular 

sources of calcium release, which may trigger the induction of Npas4. Extracellular 

calcium enters the beta cell mainly through L-type voltage dependent calcium channels 

but other channels such as T-type and P/Q-type calcium channels are required to elicit 

a full action potential in beta cells (3). There are also three intracellular calcium pools, 

distinguished based on their responsiveness to inositol triphosphate (IP3), nicotinic acid 

adenine dinucleotide phosphate (NAADP) or ryanodine. NAADP responsive calcium 

pools within the beta cell are believed to be acidic vesicles such as lysosomes and 

insulin granules (176). Ryanodine receptors are found on the ER membrane and are 

responsible for calcium-induced calcium release (177). IP3 receptors are found on the 

ER (178) and insulin granules (179) and are stimulated downstream of the activation of 

Gαq-coupled G protein receptors including GPR40 (8). This results in increased 

production of IP3 which acts upon its receptor found within beta cells to trigger calcium 

release (178) (see figure 3.1) 
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Figure 3.1: Schematic of sources of cytosolic calcium in beta cells.  
Influx of extracellular calcium can be triggered by the metabolism of glucose, production 
of ATP and generation of ATP. This closes ATP dependent potassium (KATP)  channels 
leading to depolarization and the opening of voltage dependent calcium channels 
(VDCC). Further there are three pools of intracellular calcium release; through IP3 
receptors, ryanodine receptors and a NAADP responsive pool.  
 

Following influx into the cytosol, calcium binds to and activates the calcium 

sensor protein, calmodulin, via four EF hand motifs (180). Calcium-bound calmodulin 

then interacts with, and activates, a large number of proteins, including a members of 

the calmodulin kinase (CamK) family of enzymes (181). Activated CamK then 

phosphorylate a number of dormant transcription factors including cAMP response 

element binding (CREB) protein (182). Calmodulin also activates the phosphatase, 

calcineurin, which dephosphosphorylates members of the NFAT family of transcription 

factors and MEF2 proteins; resulting in their nuclear localization (183). The activation of 

CREB, NFAT proteins and MEF2 leads to an initial wave of transcription of immediate 

early genes (IEGs). A large class of genes which are regulated by a specific stimuli (for 

instance, calcium) independent of de novo protein synthesis (184). As a calcium 
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regulated gene, it is likely that activation of one or more of these pathways are required 

for Npas4 induction in neurons.  

As the components of the calcium signaling pathway are expressed in beta cells 

(185) and many transcription factors found in neurons are also expressed within beta 

cells (186), it was hypothesized that NPAS4 is expressed within beta cells and 

regulated in a similar manner to that observed within neurons. Therefore, the studies 

within this chapter explore the regulation and dynamics of Npas4 expression.  

3.2 Results  

3.2.1 Npas4 is expressed in beta cells & is activity regulated  

As there have been no previous reports of Npas4 expression in beta cells, the 

levels of Npas4 in freshly isolated mouse islets was compared to that of other PAS 

domain proteins. Intriguingly, Npas4 mRNA was readily detectable and was, in fact, 

similar in expression to other well-studied bHLH-PAS domain proteins including Per1, 

Arnt and Hif1α. Furthermore, of the four Npas family members, Npas4 was the most 

highly expressed (Figure 3.2A). To determine when Npas4 expression is activated 

during islet cell development, RNA was isolated from whole embryonic mouse 

pancreata between e(embryonic day) 10.5 and e18.5 and qPCR analysis performed. 

While detectable, compared to what was observed in adult mouse islets, Npas4 

expression was relatively low until e17.5, when Npas4 levels increased approximately 

10-fold compared to ~e16.5 and was comparable to what was observed in whole islets 

from adult mice (Figure 3.2B).  These experiments are the first to demonstrate that 

Npas4 is expressed outside the CNS.  
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Figure 3.2: Npas4 is expressed in pancreatic islets and the developing pancreas. 
Npas4 expression in isolated islets from adult C57BL6 mice is higher than other Npas 
family members and comparable to many other bHLH-PAS domain transcription factors 
(n=3) (A). Npas4 mRNA is detectable early in pancreas development but does not reach 
expression levels similar to those observed in isolated islets from adult mice until e17.5 
(n=3-4) (B). 

 

As Npas4 expression is induced by membrane depolarization and calcium influx 

within neurons (165), beta cells were stimulated with depolarizing agents to determine 
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whether the same pathway might be conserved within beta cells. While a two-hour 

exposure to 25 mM glucose failed to induce Npas4 message or protein levels in the 

MIN6 immortalized beta cell line (Figures 3.3A&D), exposure to 40 mM KCl led to a 

robust and rapid increase in Npas4 message levels (Figure 3.3B). Similarly, NPAS4 

protein expression was induced in MIN6 cells stimulated with KCl for two hours (Figures 

3.3C&D). It is noteworthy that under basal conditions, NPAS4 protein was expressed at 

very low levels (Figure 3.3D), near or below the detection limit of western blots, despite 

the mRNA being readily detectable. As the MIN6 cells used in these experiments 

seemed resistant to the effects of high glucose, the effect of elevated glucose exposure 

was subsequently determined in primary mouse islets.  

As glucose is the main physiologic inducer of beta cell depolarization, isolated 

mouse islets were stimulated in vitro with increasing concentrations of glucose for two 

hours and Npas4 levels were assayed. In mouse islets, Npas4 was increased by 

glucose in a concentration-dependent manner (Figure 3.4A); however, prolonged high 

glucose stimulation led to the gradual return to baseline levels (Figure 3.4B). Stimulating 

islets from human donors for two hours in high glucose led to a 40-fold increase in 

NPAS4 mRNA (Figure 3.4C). NPAS4 protein levels were also increased following 

membrane depolarization with glucose or KCl in mouse islets (Figure 3.4D) and 

elevated glucose exposure increased NPAS4 levels in human islets from two separate 

donors (Figure 3.4E). 
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Figure 3.3: Npas4 is induced at the mRNA and protein level by KCl exposure in 
MIN6 cells. 
In MIN6 beta cells, a two-hour high glucose (25 mM) exposure was not sufficient to 
induce Npas4 (n=3) (A). However, depolarization with 40 mM KCl led to a time-
dependent increase in Npas4 levels over two hours (n=4) (B). Following a two-hour, 40 
mM KCl stimulation, NPAS4 was induced in MIN6 cells and appeared to co-localize with 
the nuclear dye TO-PRO-3 (yellow arrow-heads) (C). NPAS4 induction was prevented 
by blocking of de novo protein biosynthesis with cycloheximide (CHX) or chelation of 
calcium with 5 mM EGTA, while application of 10 μM of the adenylate cyclase activator 
forskolin did not induce NPAS4 expression (D). Significance was established using two-
tailed Student’s t-tests or a one-way ANOVA with Dunnett's post-hoc analysis where 
applicable. *= p≤ 0.05; ** = p≤ 0.01; *** = p≤ 0.001. 

 

To test whether glucose could induce Npas4 levels in vivo, cannulas were placed 

within the carotid artery of rats and glucose infused at rates that maintained blood-

glucose levels between 13.8 and 16.7mM for 72 hours. Alternatively, PBS was infused 

as a control. Npas4 expression in freshly isolated islets from rats infused with glucose 

were 4-fold higher than saline controls (Figure 3.4F). Together, these data suggest that 
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in primary beta cells of different species, NPAS4 is induced by glucose exposure both in 

vitro and in vivo. 

 

Figure 3.4: Elevated glucose exposure induces NPAS4 expression in murine and 
human islets. 
During a two-hour stimulation, elevated glucose concentrations significantly increased 
Npas4 expression in isolated mouse islets (n=3-8) (A). By six hours of exposure to 16 
mM glucose, Npas4 expression in isolated mouse islets returned to baseline (n=3-4) 
(B). NPAS4 mRNA levels were significantly elevated by a two-hour exposure to 25 mM 
glucose in isolated human islets (n=4) (C). Similar to the induction observed at the 
mRNA level, NPAS4 was induced at the protein level in response to membrane 
depolarization in mouse (D) and human (E) islets. Following 72 hours of in vivo 
hyperglycemia (blood-glucose: 13.8-16.7 mM), Npas4 was significantly increased in 
freshly isolated rat islets (n=4-5) (F). Significance was established using two-tailed 
Student’s t-test or a one-way ANOVA with Dunnett's post-hoc analysis where 
applicable. n≥3 *= p≤ 0.05; ** = p≤ 0.01; *** = p≤ 0.001. 

 



57 

 

During KCl or glucose stimulation of beta cells, the influx of extracellular calcium 

through the voltage dependent calcium channel (VDCC) is a major source of cytosolic 

calcium. To determine whether stimulating ER calcium release in beta cells was 

sufficient to induce Npas4 expression, MIN6 cells were incubated with two different ER 

calcium mobilizing agents, thapsigargin and palmitate. The sarco/endoplasmic reticulum 

calcium transport ATPase (SERCA) inhibitor, thapsigargin, blocks the reuptake of 

calcium into the ER which increases cytosolic calcium levels (187). In MIN6 cells, a two 

hour exposure to 1 μM thapsigargin increased Npas4 mRNA by 10-fold (Figure 3.5A). A 

time-course of 1 μM thapsigargin exposure in MIN6 cells demonstrated two peaks in 

Npas4 mRNA levels after 1 and 24 hours, respectively (Figure 3.5B) although only the 

second peak, present at 24 hours, could be appreciated at the protein level (Figure 

3.5D). The fatty acid, palmitate also elevates intracellular calcium levels, in part, by 

acting through its receptor (GPR40) and downstream activation of the IP3 receptor on 

the ER membrane (188). Palmitate treated MIN6 cells had significantly elevated Npas4 

mRNA expression within the first hour of exposure (Figure 3.5C). Prolonged palmitate 

exposure led to the gradual decline in Npas4 expression levels, although Npas4 mRNA 

remained significantly elevated following 24 hours of high dose palmitate treatment 

(Figure 3.5C). Similar to what was observed at the message level, NPAS4 protein 

peaked in the first one to two hours of palmitate treatment and slowly returned to 

baseline levels (Figure 3.5E). In agreement with the findings in MIN6 cells (Figures 

3.5A-E), treating mouse islets with thapsigargin or palmitate maximally increased Npas4 

expression by 12- and 5-fold, respectively (Figures 3.5F&G). These experiments 
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demonstrate that ER calcium release is sufficient to induce NPAS4 expression in beta 

cells.  

 

 

Figure 3.5: Thapsigargin and palmitate treatment increase NPAS4 expression in 
MIN6 cells and mouse islets.  
Exposure to the SERCA pump inhibitor, thapsigargin, increased Npas4 mRNA levels in 
a concentration (A) and time (B) dependent manner in MIN6 cells (n=3). Treatment with 
the fatty acid palmitate increased Npas4 in both a time- and concentration-dependent 
manner (n=3) (C). Similar to induction of Npas4 mRNA, both thapsigargin and palmitate 
increased NPAS4 protein levels in MIN6 cells (D&E). Npas4 was also induced at the 
mRNA level in mouse islets in response to treatment with palmitate (F) and thapsigargin 
(G) (n=3). Significance was established using a one-way ANOVA with Dunnett's post-
hoc analysis where applicable. *= p≤ 0.05; ** = p≤ 0.01; *** = p≤ 0.001.  

 

Besides being upregulated by depolarization and ER calcium mobilizing agents, 

Npas4 has previously been noted to be increased in response to oxidative stress in 

PC12 neuroblastoma cells (163). To assess the role of beta cell oxidative stress in the 

regulation of Npas4 expression, MIN6 cells were treated with various concentrations of 
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hydrogen peroxide for two hours. However, across all doses administered, Npas4 levels 

were not significantly altered (Figure 3.6A). To complement this in vitro experiment and 

examine the long term effects of oxidative stress insult, the beta cell toxin, 

streptozotocin (STZ), which mediates some of its cytotoxic effects through induction of  

oxidative stress (189-192), was used. Male wildtype C57BL6 mice were administered 

five doses of 25 mg/kg STZ and islets were isolated from these mice either 8 or 28 days 

following the final STZ dose. However, Npas4 expression in islets from STZ-treated 

C57BL6 mice was not significantly different than islets from buffer-injected control mice 

(Figure 3.6B).  Suggesting that Npas4 is strictly induced by calcium influx in beta cells.  

 

Figure 3.6: Beta cell Npas4 expression is not altered by oxidative stress.  
No change in Npas4 expression levels were observed following a two hour exposure to 
increasing hydrogen peroxide concentrations (n=3) (A). Npas4 expression was 
unchanged in freshly isolated islets from wildtype mice which were harvested either 8 or 
28 days following multiple low dose STZ administration (5x25 mg/kg) or volume 
matched vehicle control (n=4-5) (B).  
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3.2.2 Dynamics and regulation of Npas4 induction in beta cells 

To determine whether prolonged beta cell depolarization would lead to the 

continuous accumulation of Npas4 mRNA or protein, MIN6 cells were exposed to 40 

mM KCl for up to six hours. However, past two hours, continued 40 mM KCl treatment 

led to a slow decline of Npas4 mRNA and protein levels (Figures 3.7A,C-D). The 

decline in Npas4 levels following a two-hour 40 mM KCl stimulation, could be 

accelerated by replacing the KCl medium, with non-stimulatory, 5.5 mM glucose DMEM 

(Figures 3.7B,E-F).  

The accelerated decline of Npas4 mRNA levels in MIN6 transferred to basal 

medium compared to Npas4 levels maintained in KCl medium may be caused by 

reduced de novo Npas4 transcription or increased decay rates of Npas4 mRNA. In 

order to examine mRNA decay rates under stimulatory or basal conditions, MIN6 cells 

were stimulated for two hours with KCl to induce Npas4 before being transferred to 

either fresh 40 mM KCl-DMEM or basal DMEM with the transcriptional blocker, 

actinomycin D (ActD). While transcription was blocked in both the KCl and basal 

treatments, in the first two hours following KCl stimulation, Npas4 expression levels 

were slightly but significantly elevated in MIN6 cells transferred to KCl-ActD medium 

compared to MIN6 cells transferred to Basal-ActD medium. Suggesting that beta cell 

activity results in the stabilization of Npas4 mRNA. Analysis of the mRNA decay 

revealed an increased half-life of Npas4 mRNA in stimulatory media (28.1 minutes) 

compared to basal media (12.6 minutes) (Figure 3.7F), suggesting that beta cell activity 

stabilizes Npas4 mRNA.  
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Figure 3.7: The decline in NPAS4 expression following a two hour KCl stimulation 
is accelerated by removal of stimulatory medium. 
Prolonged exposure to 40 mM KCl led to the gradual reduction of Npas4 message (n=5) 
(A) and protein (n=3) (E&F) levels, while transfer to basal medium following a two hour 
KCl stimulation resulted in a more rapid reduction in Npas4 levels (n=3-5) (A,C&D). 
Examination of Npas4 mRNA decay rates following a two-hour KCl stimulation with the 
addition of actinomycin D revealed that beta cell depolarization abated the decline of 
Npas4 mRNA levels (n=4) (B). Significance was determined through a one-way ANOVA 
with Dunnett's post-hoc analysis.  *= p≤ 0.05; ** = p≤ 0.01; *** = p≤ 0.001. 
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As chronic KCl stimulation led to a decline in Npas4 induction, it was questioned 

whether a refractory period exists following an initial stimulation. To test this, MIN6 cells 

were exposed to two KCl stimulations, each of a two hour duration, separated by one to 

five hours of rest in basal medium. It appears that approximately five hours of rest 

following an initial stimulation is required to restore maximal Npas4 induction as one, 

two and three hours of rest only resulted in a 50% induction when compared to the 

initial stimulus (Figure 3.8A).  

 

Figure 3.8: Restimulation of Npas4 expression requires period of inactivity 
following depolarization of MIN6 cells. 
In MIN6 cells, a second KCl stimulation after rest in basal medium did not induce Npas4 
to initial levels until 5 hours of intervening rest (n=4-8) (A). Significance was determined 
through a one-way ANOVA with Dunnett's post-hoc analysis. *= p≤ 0.05; ** = p≤ 0.01. 

 

To begin to understand the mechanics behind the depolarization-dependent 

induction in Npas4, the role of calcium influx was interrogated through the use of the 

calcium chelator, EGTA. The presence of EGTA prevented KCl mediated induction of 

Npas4, suggesting depolarization-mediated Npas4 expression is dependent on calcium 

influx (Figure 3.9A). A similar finding was observed at the protein level (Figure 3.3D). To 

further determine whether Npas4 is induced in an immediate early fashion (independent 
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of de novo translation), MIN6 cells were stimulated with KCl in the presence of 

cycloheximide (CHX), which blocks translation of mRNAs (193). The increased Npas4 

mRNA levels following membrane depolarization occurred in the presence of 

cycloheximide (Figure 3.9B). Together, these experiments demonstrate that NPAS4 is 

an activity regulated, immediate early gene in beta cells.  

As demonstrated above, both Npas4 mRNA and protein levels are induced 

following membrane depolarization and calcium influx. To determine whether both de 

novo transcription and de novo translation are required for the depolarization-dependent 

induction in NPAS4 protein levels, MIN6 cells were stimulated with 40 mM KCl in the 

presence of either actinomycin D or cycloheximide. Blocking de novo transcription with 

ActD completely inhibited the KCl-mediated induction of NPAS4 protein, likely 

precluding a large contribution of pre-existing Npas4 mRNAs to the protein levels 

observed following KCl stimulation (Figure 3.9C).  Similarly, blocking de novo protein 

translation with cycloheximide abrogated KCl-mediated NPAS4 protein induction in 

MIN6 cells (Figures 3.9D & 3.3D). These experiments demonstrate that following beta 

cell depolarization, both de novo transcription and translation are required to increase 

NPAS4 protein levels.   
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Figure 3.9: Npas4 is induced by membrane depolarization in MIN6 cells in an 
immediate early fashion dependent on calcium influx.  
Stimulating MIN6 cells with KCl in the presence of the calcium chelator, EGTA (A) but 
not the translational inhibitor cycloheximide (CHX) (B) inhibited Npas4 mRNA induction 
(n=3). Blocking de novo transcription with actinomycin D (ActD) blunted the   
depolarization-dependent NPAS4 protein induction in MIN6 (C). In a similar fashion, 
blocking de novo translation with cycloheximide inhibited KCl-mediated NPAS4 
expression in MIN6 cells (D). Blots in (C) and (D) are representative of three 
independent experiments. Significance was established using two-tailed Student’s t-
test. *= p≤ 0.05.  

 

As membrane depolarization of beta cells results in both calcium influx and 

insulin secretion, it is possible that insulin promotes the induction of Npas4 in an 

autocrine/paracrine fashion. To determine whether the activity of Akt or mTOR, which 

constitute one arm of the insulin receptor signaling pathway (12) influenced KCl-

mediated Npas4 induction, MIN6 cells were stimulated in the presence of a 

pharmacologic inhibitor of Akt (Akt inhibitor VIII trifluoroacetate salt hydrate) or a mTOR 



65 

 

inhibitor (Rapamycin). Under basal conditions, Akt inhibition slightly but significantly 

increased Npas4 levels (Figure 3.10A), while rapamycin had no impact on basal Npas4 

expression (Figure 3.10A). Under stimulatory conditions, high (10 μM) but not low (1 

μM) concentration Akt inhibitor decreased Npas4 levels by approximately 25% (Figure 

3.10A). However, mTOR activity does not seem to be necessary for KCl-mediated 

Npas4 expression as the presence of low or high concentration rapamycin did not alter 

Npas4 mRNA levels (Figure 3.10A). Interestingly, when NPAS4 protein was assayed, 

high (10 μM) concentration Akt inhibition led to a more pronounced reduction in NPAS4 

levels while rapamycin treatment had no significant impact (Figures 3.10B&C). While 

the direct effect of exogenous insulin on Npas4 expression was not tested, these 

experiments suggest that intact insulin signaling and Akt activity is required for maximal 

induction of NPAS4 protein, through an mTOR independent pathway.  

 

 
Figure 3.10: Inhibition of Akt but not mTOR reduces KCl-mediated NPAS4 
induction in MIN6 cells. 
Inhibiting the activity of Akt or mTOR does not dramatically dampen stimulatory (40 mM 
KCl) Npas4 mRNA induction (n=3) (A). Blocking Akt but not mTOR substantially 
reduced NPAS4 protein induction in MIN6 cells (B&C).  Significance was established 
using a two-tailed Student’s t-test. (n=3) *= p≤ 0.05; ** = p≤ 0.01. N.D.= not detected.  
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3.2.3 Effect of hypoxia on Npas4 induction in beta cells  

Reduced oxygen availability has dramatic effects on the expression levels of 

another bHLH-PAS domain transcription factor, HIF1α. Under normal oxygen levels, 

HIF1α is hydroxylation (139,194) by prolyl hydroxylase domain (PHD) enzymes and 

subsequently degraded (141), however, the paucity of oxygen reduces HIF1α 

hydroxylation and result in its stabilization. As the hypoxia experienced during ischemia 

may be responsible for the increased Npas4 mRNA expression observed in the frontal 

cortex (162), the direct role of reduced oxygen availability on Npas4 expression within 

beta cells was assessed. In contrast to the robust increase in Npas4 mRNA levels in 

MIN6 cells observed following KCl stimulation under control (20%) oxygen levels, 

stimulation in low (1%) oxygen significantly diminished Npas4 induction (Figure 3.11A). 

The decreased Npas4 mRNA was not dependent on stabilization of HIF1α as the 

presence of the PHD enzyme inhibitor, JNJ-42041935 (195), which stabilizes HIF1α 

(see Figure 5.5) did not significantly decrease Npas4 levels under control oxygen 

conditions. In agreement to what was observed at the message level, NPAS4 protein 

was also reduced in the presence of KCl, under low oxygen conditions (Figures 

3.11B&C); demonstrating that reduced oxygen availability reduced depolarization 

mediated NPAS4 expression in MIN6 cells.  

To test whether hypoxia impaired Npas4 induction in primary tissue, C57BL6 

mouse islets were stimulated for two hours in low or high glucose concentrations at 

either 20% or 1% environmental O2 conditions. Under reduced oxygen conditions, 

stimulation of islets with high glucose significantly reduced Npas4 expression compared 

to control oxygen levels (Figure 3.12A). 
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Figure 3.11: Reduced oxygen availability decreases NPAS4 induction in MIN6 
cells. 
Stimulation of MIN6 cells in low oxygen (1%) conditions significantly decreased KCl 
mediated Npas4 induction compared to control environmental oxygen (20%) (n=3) (A). 
The presence of the PHD enzyme inhibitor JNJ-42041935 (black bars) did not similarly 
impact Npas4 induction in 1% O2 conditions (A). In agreement with what was observed 
at the mRNA level, low oxygen diminished KCl stimulated NPAS4 induction (n=3) 
(B&C). Significance was established using two-tailed Student’s t-tests ** = p≤ 0.01. 

 
Similar to the reduced Npas4 expression in MIN6 cells and mouse islets, hypoxia 

also reduced NPAS4 protein induction by high glucose in human islets (Figure 3.12B). 

To determine whether a more chronic, mild hypoxic exposure would impact the 

expression of Npas4 in beta cells, primary mouse islets were exposed to either 10% O2 

or 20% O2 levels for 24 hours prior to a two-hour stimulation in either low or high 

glucose under 20% oxygen conditions. Mouse islets that had been exposed to 10% O2 

for 24 hours had significantly higher basal (2.8 mM glucose) and significantly decreased 

stimulatory (25 mM glucose) Npas4 expression, compared to islets cultured in 20% O2 

(Figure 3.12C). These experiments in primary beta cells confirm the observed 

impairment in NPAS4 induction in MIN6 cells stimulated under hypoxia.  
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Figure 3.12: Glucose-mediated induction of Npas4 in primary islets is inhibited by 
low oxygen.  
Two-hour high glucose stimulation in 1% O2 conditions significantly diminished 
stimulatory Npas4 expression in whole mouse islets compared to control oxygen 
conditions (n=6) (A). In one preparation of islets from a human cadaveric donor, NPAS4 
protein induction was impaired by stimulation under low (1%) oxygen levels (n=1) (B). A 
24-hour pretreatment in 10% O2, increased Npas4 expression under basal glucose and 
decreased Npas4 expression under stimulatory glucose concentrations following a two-
hour stimulation in 20% O2 (n=4) (C). Significance was established using two-tailed 
Student’s t-tests. *= p≤ 0.05; ** = p≤ 0.01. 

 

The data from MIN6 cells and mouse islets suggest that reduced oxygen 

availability inhibited Npas4 mRNA induction. To subsequently test whether low oxygen 

impacted preformed NPAS4 protein, MIN6 cells were stimulated for one hour under 

control oxygen conditions (20%) in 40 mM KCl (KCl) or 5.5 mM glucose DMEM (LG). 

For the second hour of the stimulation, half the cells were transferred to low oxygen 

conditions (1%) while the other half was maintained at control oxygen levels. 

Additionally, half the cells at each oxygen concentration were transferred to the opposite 

media type (i.e. cells stimulated for the first hour in LG were transferred to KCl; while 

cells stimulated with KCl for the first hour were transferred to LG). NPAS4 protein 

expression patterns matched what had been observed in earlier experiments in MIN6 

cells maintained at 20% O2 for the entire two-hour stimulation (Figure 3.13A). While 

MIN6 cells stimulated with KCl for the first hour of the stimulation (performed at control 
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oxygen levels) and subsequently transferred to low oxygen levels for the second hour 

still expressed detectable NPAS4 protein (Figure 3.13B; lanes 3&4). However, MIN6 

cells incubated for the first hour in LG and then stimulated with KCl in 1% oxygen levels 

(Figure 3.13B; lane 2) had reduced NPAS4 protein levels compared to MIN6 cells 

stimulated for one hour with KCl in 20% O2 (Figure 3.13A; lane 2). Together, these data 

suggest that low oxygen availability does not impact NPAS4 protein stability but rather 

NPAS4 biosynthesis.  

 

Figure 3.13: Exposure to low oxygen conditions does not dramatically impact 
preformed NPAS4 protein.  
MIN6 cells were stimulated for one hour in either basal medium (LG) or 40mM KCl (KCl) 
medium under 20% O2 conditions. Following one hour at 20% O2, half the cells were 
maintained in 20% O2 (A) and half transferred to 1% O2 levels (B). Further, at each 
oxygen concentration, half the cells were maintained in the same media type for the 
second hour (i.e. LG:LG or KCl:KCl) and half transferred to the opposite media type (i.e. 
LG:KCl or KCl:LG). MIN6 cells stimulated with KCl under control oxygen levels and 
transferred to low oxygen had similar NPAS4 protein levels to MIN6 cells maintained at 
control oxygen. However, MIN6 cells stimulated with KCl for one-hour under low oxygen 
conditions had less NPAS4 protein compared to MIN6 cells stimulated with KCl for one-
hour under control conditions. Representative blot from three individual experiments 
(n=3) (C).  
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3.2.4 Islet expression of Npas4 in diabetes  

To examine a possible link between altered Npas4 expression and in vivo beta 

cell dysfunction, seven week old, male C57BL6J mice were fed a high fat diet, or 

maintained on a standard chow diet, for 10 weeks. At which point islets were isolated 

and subjected to in vitro stimulation. Islets from HFD-fed mice had significantly reduced 

basal as well as high glucose and KCl stimulated Npas4 expression (Figure 3.14A). To 

appreciate whether islet NPAS4 expression was altered in humans with T2D, islets from 

donors diagnosed with T2D or healthy controls were stimulated for two hours in either 

low or high glucose. Compared to control islets, NPAS4 expression in islets from 

individuals with T2D was elevated under low glucose conditions and decreased 

following exposure to high glucose; although these trends did not reach statistical 

significance (Figure 3.14B). However, while NPAS4 could be significantly induced by 

high glucose exposure (an average 34-fold increase in control islets incubated in high 

versus low glucose), NPAS4 islets from T2D donors was not significantly elevated 

following a two hour high glucose exposure (an average 2.8-fold increase in T2D islets 

incubated in high versus low glucose). These data from mice and humans suggest a 

correlation between dysregulated Npas4 expression and beta cell dysfunction.  

3.3 Discussion  

The experiments within chapter 3 set out to examine how a variety of external 

stimuli impact Npas4 expression in pancreatic beta cells. It was discovered that while 

expressed at very low levels under resting conditions, NPAS4 levels were increased in 
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Figure 3.14: Npas4 expression is dysregulated in islets from HFD-fed mice and 
individuals with T2D.  
Npas4 expression was significantly reduced in islets from male C57BL6 mice were fed a 
high fat diet (HFD) for ten weeks compared to age matched, control diet fed mice 
(CHW) (n=4) (A). There was a trend towards elevated NPAS4 expression under low 
glucose conditions and elevated NPAS4 expression following high glucose in islets from 
individuals diagnosed with T2D compared with islets from healthy (n=4) (B). 
Significance was established using two-tailed Student’s t-tests *= p≤ 0.05; ** = p≤ 0.01. 

 

response to membrane depolarization and mobilization of ER calcium in MIN6 

cells and primary islets. In response to most stimuli, NPAS4 expression peaked at two 

hours of exposure with continued stimulation leading to a gradual return to baseline 

levels. Furthermore, the induction of NPAS4 could be inhibited by blocking Akt activity 

or reducing environmental oxygen conditions. These data are the first to demonstrate 

expression of NPAS4 in the pancreatic beta cell and highlight the dynamic nature of its 

regulation.  

The induction of NPAS4 in beta cells in response to calcium mobilizing agents is 

in agreement with observations from the nervous system, where NPAS4 is potently 

induced by membrane depolarization and calcium influx (165). Stimulation of calcium 

signaling in beta cells by membrane depolarization results in the activation of the 
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transcription factors, CREB (196-198) and NFAT (199). These transcription factors act 

to promote insulin biosynthesis (200), proliferation (201-203) and survival (201) and 

disruption of CREB (196) or NFAT (204,205) activity in vivo results in impaired beta cell 

function and  glucose homeostasis. As a recent publication demonstrated 

depolarization-dependent NPAS4 induction requires the action of Calcineurin and the 

Calmodulin kinases I,II&IV (206); it is possible that reduced NPAS4 contributes to the 

beta cell dysfunction caused by lack functional CREB or NFATs. 

Besides a role for membrane depolarization in stimulating Npas4 transcription, 

beta cell depolarization had a mild stabilizing effect on Npas4 mRNA. Beta cell activity 

has previously been shown to more than double the half-life of Insulin mRNA when rat 

islets were cultured in 17 mM compared to 3.3 mM glucose (207). This effect may be 

mediated through the action of the RNA binding protein, polypyrimidine tract-binding 

protein which translocates from the nucleus to the cytoplasm (208) under high glucose 

conditions. Once in the cytoplasm, it is believed to bind to pyrimidine rich regions within 

the 3’ untranslated region of Insulin mRNA, resulting in message stabilization (209-211). 

However, whether this mechanism explains Npas4 mRNA stabilization remains 

untested. 

While membrane depolarization regulated de novo transcription Npas4 mRNA 

stability; the activity of Akt additionally regulated Npas4 mRNA translation. This seemed 

to be the case as Akt inhibition had only a marginal effect on Npas4 mRNA induction 

but completely abrogated the induction of NPAS4 protein levels; suggesting that Npas4 

mRNA translation also serves as an important step in the regulation of NPAS4 protein 

levels. This inhibition was not dependent on active mTOR, as rapamycin did not lead to 
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a similar reduction in NPAS4 protein levels. As activation of the insulin receptor is one 

pathway through which Akt is activated this data may suggest an autocrine/paracrine 

role for insulin-mediated beta cell NPAS4 expression. The role of autocrine/paracrine 

insulin activity within the beta cell is rather contentious, as it is believed that in vivo beta 

cells are not exposed to sufficient amounts of monomeric insulin to activate the insulin 

receptor (212). Furthermore, as neither exogenous insulin had any effect on Npas4 

expression levels (206) and as Akt activity can be modulated by numerous other 

pathways including calcium (213,214), more rigorous experiments are required to 

conclusively demonstrate a role for insulin signaling in NPAS4 induction.  

Reduced atmospheric oxygen levels also significantly reduced NPAS4 

expression following membrane depolarization in MIN6 cell, mouse and human islets. 

There is a lack of data examining the effect of hypoxic conditions on beta cell 

depolarization or calcium influx, however, within myocytes, hypoxia has been shown to 

hyperpolarize the cell membrane (215) and reduce KCl-stimulated calcium influx 

through L-type calcium channels (216). Regardless of the specific mechanism, blocking 

the production of NPAS4 under hypoxic conditions may be advantageous for beta cells. 

As both NPAS4 and HIF1α are dependent on heterodimerization with ARNT for 

transcriptional activity, the presence of both NPAS4 in hypoxia would likely dampen the 

hypoxic response by competing with HIF1α for ARNT. It is possible that NPAS4 

expression is blocked in hypoxia in order to enhance HIF1α activity.  

In order to determine whether changes in NPAS4 expression correlated with beta 

cell dysfunction in humans; NPAS4 expression was assessed in islets from individuals 

with T2D. In T2D islets, NPAS4 levels tended to be higher under basal glucose 
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concentrations and lower under stimulatory glucose concentrations. However, the 

trends observed did not reach statistical significance. A similar Npas4 expression 

pattern was observed in mouse islets pretreated with mild hypoxia for 24 hours prior to 

low or high glucose stimulation under normoxia; implicating activation of HIF1α in the 

disrupted expression of NPAS4 in T2D. Indeed, it has been proposed that HIF1α is 

stabilized in beta cells, under conditions which resemble T2D, such as hyperglycemia 

(144) and in the diabetes mouse model, db/db (144). While the presence of islet 

hypoxia is unconfirmed in humans, it is possible that prolonged HIF1α activation in vivo 

blunts NPAS4 induction.   

Finally, within the developing mouse pancreas, Npas4 mRNA could be detected 

as early as e10.5; however, expression levels remained relatively low until e17.5 at 

which point they were similar to those observed in adult mouse islets. Intriguingly, 

transcriptome analysis of purified alpha and beta cells from human fetal (age 12-18 

weeks) and adult (4-60 years of age) pancreas revealed that NPAS4 was most highly 

expressed in fetal alpha cells, followed by fetal beta cells with the lowest expression 

observed in adult alpha and beta cells (217). This is contrast to the data from embryonic 

mice in which expression was generally lower in development than adult islets. 

However, one explanation is that the data presented in Figure 3.2 was from RNA 

extracted from whole mouse pancreas, which would dilute any signal from purified 

endocrine cells. This data from humans raises the possibility that NPAS4 may have 

functional significance in human endocrine cell development. Future experiments could 

identify the specific cell types in murine and human pancreatic development which 
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express NPAS4 and examine the effect of NPAS4 knockdown or overexpression on 

human beta cell development through stem cell differentiations.  

In summary, these studies are the first to detail the expression of the bHLH-PAS 

domain transcription factor, NPAS4 within the pancreatic beta cell. NPAS4 expression is 

dynamic, being expressed at very low levels under basal conditions, but robustly 

induced in response to agents that increase cytosolic calcium levels. Based on the 

disruption of NPAS4 expression in islets from individuals with T2D and the importance 

of beta cell calcium signaling pathways in promoting beta cell function and survival; the 

functional importance of NPAS4 must therefore be examined.   
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Chapter 4: In vitro regulation of insulin production and secretion by 

NPAS4  

4.1  Introduction  

In chapter 3, the expression of Npas4 was assayed in response to a variety of 

stimuli. These studies positioned NPAS4 as a depolarization-induced protein, however 

did not elucidate the functional significance of NPAS4 expression within the pancreatic 

beta cell. Therefore, the studies presented in chapter 4 aimed to understand how 

NPAS4 impacted insulin expression and secretion.  

4.1.1 Regulation of the Insulin promoter   

In mice, beta cells express two insulin genes, with the Insulin 2 gene being 

homologous to human insulin (218). The regulation of insulin expression is highly 

complex; with nearly a dozen transcription factor binding sites previously identified 

within the proximal promoter (219). Of all the transcription factors which promote insulin 

expression, the three of the most potent are pancreatic duodenal homeobox 1 (PDX1), 

neurogenic differentiation 1 (NEUROD1) and  V-Maf Avian Musculoaponeurotic 

Fibrosarcoma Oncogene Homolog A (MAFA) (220). The insulin promoters are also 

regulated by silencers including c-Jun and CCAAT/Enhancer-binding Protein beta 

(219,221) .  

The expression of insulin is also regulated by external factors such as glucose; 

with numerous in vitro and in vivo studies demonstrating an induction in insulin gene 

expression following high glucose exposure (222-227). The induction of insulin 

expression by glucose is at least partially dependent on calcium influx, as blocking 

calcium channels with verapamil significantly decreased the induction of insulin 
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promoter activity (200,228). Calcium may be mediating this effect through the 

downstream activation of NFAT proteins as NFAT2 is enriched at the insulin promoter 

following high glucose exposure to MIN6 cells or human islets (229). Further, inhibiting 

calcineurin with FK506 (tacrolimus) completely abrogated the induction of insulin 

promoter activity by either glucose or KCl in INS-1 cells (200) and transducing a 

constitutively active calcineurin into beta cells increased insulin promoter activity under 

basal and high glucose conditions (200). Whether factors downstream of NFAT, such as 

NPAS4, contribute to the regulation of insulin transcription has not been as well studied.  

4.1.2 Incretin potentiated insulin secretion 

In the postprandial state, insulin secretion is stimulated through exposure to ingested 

nutrients, including, glucose, free fatty acids and amino acids (230). Additionally, 

exposure to the incretin hormones, Glucose-dependent insulinotropic polypeptide (GIP) 

and glucagon like peptide-1 (GLP-1), potentiates nutrient induced secretion (231). 

Produced by cells within the intestinal tract (232), both GIP and GLP-1 are secreted into 

circulation in response to digestive products and neural stimulation (232). These 

hormones then act through seven transmembrane, G-protein coupled receptors, 

expressed on cells within the heart, brain, stomach, adipose and islets (233). Following 

ligand binding, the GIP and GLP receptors undergo conformational changes resulting in 

the interaction and activation of the heterotrimeric G-protein subunit, GαS through the 

guanine-nucleotide exchange factor (GEF) activity of the receptor (234). GTP-bound 

GαS results in the stimulation of adenylate cyclase activity, leading to the increased 

production of cAMP. Within beta cells, increased cAMP production acts to potentiate 
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glucose-stimulated insulin secretion through a PKA-dependent and a PKA-independent 

pathway (234).  

Within the central nervous system, NPAS4 has been shown to positive regulate 

the synthesis and release of the neurotransmitter, Gamma-aminobutyric acid (GABA) 

(165,235). Based on this observation, a series of in vitro experiments were undertaken 

to examine how NPAS4 influenced the production and secretion of insulin. 

4.2 Results 

4.2.1 NPAS4 negatively regulates insulin expression in beta cells  

As glucose promotes both insulin expression and NPAS4 induction in beta cells, 

it was hypothesized that NPAS4 may be one factor that promotes insulin gene 

transcription under conditions of beta cell activity. To test whether elevated NPAS4 

expression increased insulin expression in beta cells, MIN6 cells were transduced with 

either an adenovirus expressing Npas4 (Ad-Npas4) or a control virus, expressing 

cerulean fluorescent protein (Ad-Cerulean). Adenoviral transduction in MIN6 cells 

resulted in supraphysiologic increases in NPAS4 protein expression, 48 hours post-

infection (Figure 4.1A). Following 48 hours of infection, the Ad-Npas4 transduced MIN6 

cells had significantly reduced Insulin 1 (62% of control) and Insulin 2 (69% of control) 

message levels along with reduced insulin protein (43% control) (Figures 4.2A-C). 

Similarly, transducing whole mouse islets with Ad-Npas4 resulted in significant 

reductions in Insulin1, Insulin 2 mRNA and total insulin protein content (Figures 4.2 D-

F).   
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Figure 4.1: Transduction of MIN6 cells with Ad-Npas4 leads to supraphysiologic 
NPAS4 expression.  
Following 48 hours of viral transduction with either control (Ad-Cerulean) or Npas4 (Ad-
Npas4) adenovirus, MIN6 cells were stimulated for 2 hours in basal or 40mM KCl 
media. Non virally transduced cells are included as a control. NPAS4 protein levels 
were assayed through western blot (A). Representative blot from three independent 
experiments. 

 
Conversely, to determine whether decreased NPAS4 expression would lead to 

elevated insulin levels, MIN6 cells were transfected with either small interfering RNAs 

(siRNA) targeting Npas4 (siNpas4) or control siRNAs (siControl). The siRNAs targeting 

Npas4, reduced palmitate-mediated induction of NPAS4 expression, 48 hours following 

siRNA transfection in a concentration-dependent manner (Figure 4.2G). MIN6 cells 

transfected with siNpas4 had 50% higher expression levels of insulin 1 and insulin 2 

levels compared to cells transfected with control siRNA (Figures 4.2H&I). These data 

demonstrate that through an unknown mechanism, NPAS4 acts to decrease Insulin 1 

and Insulin 2 gene expression. To determine if the decreased insulin mRNA levels 

observed following NPAS4 overexpression were due to decreased transcription rates, 

insulin promoter activity was subsequently assessed using a luciferase assay. 
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Figure 4.2: NPAS4 suppresses insulin gene transcription in mouse beta cells. 
Adenoviral overexpression of Npas4 for 48 hours in MIN6 cells significantly decreased 
expression of Insulin 1 (n=3) (A) and Insulin 2 (n=3) (B) message levels and total insulin 
content (n=3) (C). 48 hour adenoviral overexpression of Npas4 in mouse pancreatic 
islets (D-F) significantly decreased expression of Insulin 1 (n=3-4) (D) and Insulin 2 
(n=3-4) (E) as well as total islet insulin content (n=3) (F). Transfecting siRNAs targeting 
Npas4(SiNpas4) into MIN6 cells reduced palmitate mediated NPAS4 induction (n=1) 
(G). SiNpas4 transfected MIN6 cells had increased expression of Insulin 1 and Insulin 2 
(n=4-5) (H&I). * p≤ 0.05; ** p≤ 0.01; *** p≤ 0.001. Significance was established using a 
two-tailed Student’s t-test. 

 

Luciferase activity in MIN6 cells transfected with a rat insulin 1 promoter (RIP1)-

driven luciferase reporter plasmid was markedly elevated (Figure 4.3A) compared to a 

promoterless luciferase construct (-Luciferase). However, co-transfection of the RIP1-

luciferase plasmid with an Npas4 expression construct (pcDNA3.1+Npas4) significantly 

reduced luciferase activity (Figure 4.3A) suggesting that NPAS4 acts to reduce insulin 

transcription in MIN6 cells.  
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Figure 4.3: NPAS4 reduces rat insulin 1 promoter activity in MIN6 cells.  
Co-transfection of a Npas4 expression plasmid (pcDNA3+Npas4) with a rat insulin 
promoter luciferase construct (RIP1-Luciferase) in MIN6 cells significantly reduced 
luciferase activity 48 hours’ post-transfection (n=3) (A). *** p≤ 0.001. Significance was 
established using a two-tailed Student’s t-test. 

 

To examine the possibility of NPAS4 directly regulating insulin promoter activity, 

chromatin immunoprecipitation (ChIP) experiments were performed. Following a 2-hour 

depolarization with KCl, endogenous NPAS4 was enriched 11-fold at the Insulin 1 

promoter and by 15-fold at the Insulin 2 promoter compared with non-depolarized cells 

(primer sequences for ChIP experiments are available in Table 2.4 and a diagram of 

primer binding sites within the insulin promoter is available in appendix A) (Figure 4.4A). 

These ChIP experiments suggest that NPAS4 is directly inhibiting insulin promoter 

activity during periods of high beta cell activity.  



82 

 

 

Figure 4.4: NPAS4 is enriched at both the mouse Insulin 1 and Insulin 2 promoter 
following membrane depolarization with KCl in MIN6 cells. 
NPAS4 protein levels were enriched at both the insulin 1 and insulin 2 promoters in 
MIN6 cells following a two hour depolarization with 40mM KCl (n=3) (A).  

 

To further determine whether elevated NPAS4 expression had an indirect effect 

on insulin levels, the expression of the three main promoters of insulin expression: 

Pdx1, Neurod1 and MafA, was examined. While Npas4 overexpression in MIN6 cells 

did not alter the mRNA levels of Pdx1 or Neurod1 (Figures 4.5A&B), both were 

significantly reduced at the protein level (Figures 4.5D,E,G&H ). Interestingly, MafA 

mRNA and protein levels were increased by 3-4 fold in Npas4 transduced MIN6 cells 

(Figures 4.5C,F&I). In addition to the direct regulation of insulin promoter activity by 

NPAS4, the reduced protein expression of NEUROD1 and PDX1 would suggest that 

Npas4 transduction may also indirectly negatively regulate insulin expression.  
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Figure 4.5: NPAS4 overexpression in MIN6 cells alters the expression of Pdx1, 
Neurod1 and MafA.  
Npas4 transduction in MIN6 did not alter Pdx1 (A) or Neurod1 (B) mRNA expression but 
significantly decreased both at the protein level (n=3) (D,E,G,H). NPAS4 increased the 
expression of MafA at the message (L) and protein (F,I) level (n=3). Densiometric 
quantification of blots D-F can be found in G-I.  * p≤ 0.05. Significance was established 
using a two tailed students t-test. 

 
4.2.2 NPAS4 reduces GLP-1 stimulated cAMP production and insulin secretion  

As NPAS4 overexpression substantially reduced insulin protein content in MIN6 

cells, it was hypothesized that there would be subsequent defects in insulin secretion. 

Interestingly, when MIN6 cells or mouse islets infected with Ad-Npas4 were stimulated 
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with high glucose, no significant difference in insulin secretion was observed (Figures 

4.6A&B). To better mimic in vivo postprandial conditions, in which beta cells are 

exposed to both glucose and incretin hormones, Npas4 transduced beta cells were also 

stimulated with glucose and varying concentrations of the GLP-1 receptor agonist, 

exendin-4. Whereas exendin-4 stimulated maximal insulin secretion at a concentration 

as low as 5 nM in control cells, exendin-4 had no potentiating effects in Ad-Npas4 

transduced beta cells, even when used at a concentration of 50 nM (Figure 4.6B).   

To determine whether the defect in exendin-4 potentiated secretion in Npas4 

transduced beta cells was due to defective receptor signalling or downstream 

production of cAMP, a combination of forsokolin and IBMX was used to induce insulin 

secretion. Forskolin, an adenyl cyclase activator, and IBMX, an inhibitor of 

phosphodiesterase act to increase cAMP levels independent of the GLP-1 receptor, 

allowing for the examination of downstream events. Insulin secretion from Npas4- 

transduced MIN6 cells following stimulation with forskolin and IBMX (Figure 4.6B) was 

partially, but not completely, rescued. Suggesting that NPAS4 overexpression 

negatively impacts GLP-1 receptor signalling as well as pathways that lie downstream 

of cAMP production.  

To more directly test whether NPAS4 reduced GLP-1 receptor-mediated cAMP 

production, Npas4 transduced MIN6 cells were stimulated with exendin-4 for 30 

minutes, in the presence of IBMX, and cAMP content analyzed by ELISA. Across all 

concentrations of exendin-4 tested, Npas4 transduced beta cells had significantly 

reduced intracellular levels of cAMP (Figure 4.6C). Supporting the hypothesis that 
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impaired GLP-1 receptor signalling contributed to the reduced potentiating effect of 

exendin-4 in Npas4 transduced beta cells.  

  

 

Figure 4.6: NPAS4 overexpression inhibits beta cell responsiveness to the GLP-1 
receptor agonist, exendin-4. 
MIN6 cells transduced with Ad-Cerulean (white bars) or Ad-Npas4 (black bars) 
displayed no significant difference in glucose-stimulated insulin secretion (n=3-5) (A). 
Similarly, insulin secretion from Ad-Cerulean or Ad-Npas4 transduced whole mouse 
islets displayed a similar insulin secretory response to elevated glucose (n=5-6) (B). 
However, in both MIN6 cells (A) and mouse pancreatic islets (B), exendin-4 was unable 
to potentiate glucose-induced secretion following Ad-Npas4 transduction, which could 
be partially rescued through stimulation with 10 µM forskolin and 100 µM IBMX. NPAS4 
overexpression also decreases exendin-4-stimulated cAMP production in MIN6 cells 
(n=3) (C). * p≤ 0.05; ** p≤ 0.01; *** p≤ 0.001. Significance was established using a two-
tailed Student’s t-test. 

 

4.2.3 NPAS4 increases expression of regulator of G-protein signaling 2 (Rgs2).  

The observed impairment in exendin-4 stimulated cAMP production in Npas4 

transduced beta cells raised the possibility that a target of NPAS4 may impair G-protein 

signalling. Ligand binding to the GLP-1 receptor results in the activation of the G protein 

subunit, GαS, by the exchange of GDP with GTP. This GTP-bound GαS activates 

adenylate cyclase to stimulate cAMP generation. The inherent GTPase activity of GαS, 



86 

 

results in its return to an inactive, GDP-bound form. G-protein inactivation can be 

accelerated by the regulatory of G-protein signaling (RGS) proteins. As increased RGS2 

expression in βTC3 cells has previously been shown to blunt GIP potentiated cAMP 

production and insulin secretion (236); it was hypothesized that NPAS4 may positively 

regulate Rgs2 expression.   

To first determine whether depolarizing conditions that induce Npas4 would lead 

to induction of Rgs2, MIN6 cells were depolarized with KCl. Under these conditions, 

Rgs2 was significantly induced (Figure 4.7A) with delayed kinetics compared with 

Npas4 (Figure 3.3B). Similar to Npas4, Rgs2 was increased following two-hour 

exposure to elevated glucose concentrations in mouse islets (Figure 4.7B). RGS2 

protein levels were also induced in response to membrane depolarization (Figure 4.7C). 

In agreement with other reports, forskolin also increased beta cell RGS2 expression 

(134,237,238).  

As a positive correlation between Npas4 and Rgs2 was noted during beta cell 

depolarization, the effect of overexpressing NPAS4 on Rgs2 expression was 

subsequently assessed. In Npas4 transduced MIN6 cells, Rgs2 expression levels were 

elevated 16-fold (Figure 4.8A). Similarly, Ad-Npas4 transduced whole mouse islets 

resulted in an 11-fold increase in Rgs2, compared to control infected islets (Figure 

4.8B). Just as NPAS4 increased Rgs2 message levels, a comparable increase in RGS2 

protein was also appreciated (Figure 4.8C). 
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Figure 4.7: RGS2 is induced by membrane depolarization in beta cells.   
Rgs2 expression was increased in a time-dependent manner in response to 40mM KCl 
in MIN6 cells (n=3) (A) as well as a two-hour exposure to various glucose 
concentrations in islets (n=3-8) (B). In MIN6 cells, RGS2 protein levels were increased 
in a calcium dependent manner by KCl as well as forskolin (C). * p≤ 0.05; ** p≤ 0.01. 
Significance was established using a one-way ANOVA with Dunnett's post-hoc analysis. 

 

To assess whether this was a direct effect of NPAS4 on the Rgs2 promoter, ChIP 

assays were performed (a diagram of ChIP primer binding sites within the Rgs2 gene is 

available in appendix A). Following a 2-hour depolarization with 40 mM KCl, NPAS4 

protein was enriched by 3- and 22-fold within intron 1 and at putative enhancer of the 

Rgs2 gene (239), respectively (Figure 4.8D). Taken together, these data suggest that 

Rgs2 may a genetic target of NPAS4 which inhibits GLP-1 receptor signalling and 

exendin-4 potentiated insulin secretion.  

4.3 Discussion  

To begin to understand the functional significance of NPAS4 expression within 

the pancreatic beta cell, studies within chapter 4 examined how NPAS4 influenced the 

expression and secretion of insulin. Following Npas4 transduction of beta cells, both 

Insulin 1 and Insulin 2 expression levels were significantly reduced. This was likely due 

to a combination of direct inhibition by Npas4 on the insulin promoter as well as indirect 
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regulation through decreased expression of PDX1 and NEUROD1. Despite the 

dramatically decreased insulin content, glucose stimulated insulin secretion from Npas4 

transduced beta cells was not significantly impaired. 

 

 

 
Figure 4.8: NPAS4 positively regulates RGS2 expression in beta cells. 
Overexpression of Npas4 in MIN6 cells (n=3) (A) and islets (n=3) (B) dramatically 
increased Rgs2 mRNA expression as well as RGS2 protein levels in MIN6 cells (C). 
Performing ChIP on depolarized beta cells, NPAS4 was enriched at both a putative 
enhancer and a binding site within the first intron of Rgs2 in MIN6 cells (D). * p≤ 0.05 ; 
** p≤ 0.01. Significance was established using a two-tailed Student’s t-test. 

 

However, the potentiating effects of the GLP-1 receptor agonist, exendin-4, were 

completely lost in MIN6 cells overexpressing NPAS4. At least part of this defect is 

believed to be due to the direct positive regulation of Rgs2, which acts as a negative 

regulator of G-protein signaling. 

Prior to performing these studies, it was hypothesized that NPAS4 would act as a 

positive regulator of insulin expression. As data from chapter 3 demonstrated that 

NPAS4 is induced by beta cell activity and previous reports had observed elevated 

insulin expression in response to high glucose exposure (220,240). However, this was 
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not the case as experiments demonstrated an inhibitory effect of NPAS4 on the insulin 

promoter. At least part of this effect is mediated by direct inhibition. While the precise 

binding site within the insulin promoters was not determined; it seems likely that it is 

through E-box sites as these are present in both the Insulin 1 and Insulin 2 promoters 

and act as general binding sites for bHLH transcription factors such as NPAS4 and 

NEUROD1 (241). Although there have been reports of transcription factors that are 

positively regulated by beta cell activity and in turn, increase insulin expression (240) 

(200); this is one of the first reports of a glucose-induced transcription factor that acts to 

decrease insulin transcription. It is possible that beta cells express NPAS4 as a counter-

regulatory mechanism during periods of extreme beta cell activity. NPAS4 may prevent 

the over-production of insulin mRNA which might overwhelm the ER; resulting in ER 

stress; although this remains to be experimentally determined.  

While Npas4 transduced beta cells maintained a normal insulin secretory 

response to elevated glucose concentrations, there was a loss of responsiveness to 

exendin-4 potentiated insulin release. As bypassing the GLP-1 receptor through a 

combination of forskolin and IBMX could only partially rescue the defective insulin 

secretion, it is likely that NPAS4 overexpression inhibits signaling events up- and 

downstream of cAMP production. Further research suggested that NPAS4 reduced the 

exendin-4 mediated cAMP production and insulin secretion through the direct positive 

regulation of Rgs2. In other cell types RGS2 functions as a GTPase activating protein 

(GAP), which accelerates the hydrolysis of GTP to GDP by the Gα subunit (242). This 

function is conserved in beta cells as overexpression of RGS2 (and not RGS1,3 or 4) in 

βTC3 cells reduced GIP-1 stimulated cAMP production and insulin secretion (236). It is 
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therefore hypothesized that following beta cell depolarization, NPAS4 acts to increase 

RGS2 expression, which decreases GLP-1 receptor signaling by reducing activation of 

adenylate cyclases by GαS. Future studies should determine the actual contribution of 

RGS2 to the phenotype observed by NPAS4 overexpression. This could include a 

rescue experiment, wherein, RGS2 is knocked down to physiological levels in Npas4 

transduced beta cells and incretin mediated cAMP production and insulin secretion 

assayed. It is hypothesized that knockdown of RGS2 would normalize the incretin effect 

in NPAS4 overexpressing beta cells.   

In initial in vitro studies designed to determine how NPAS4 effects beta cell 

insulin expression and secretion demonstrate that, NPAS4 acts as a novel direct 

inhibitor of insulin promoter activity and while having minimal impact on glucose-

stimulated insulin secretion, NPAS4 acts to blunt GLP1-mediated cAMP production and 

insulin secretion.   
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Chapter 5: Npas4 in beta cell dysfunction   

5.1 Introduction  

The beta cell dysfunction observed in T2D has been attributed to numerous 

stress pathways. As discussed in the introduction, chronic activation of the beta cell 

unfolded protein response (UPR) is considered one of the most relevant (69). While 

early UPR signaling is a homeostatic response, resulting in increased expression of ER 

protein chaperones and enzymes which degrade misfolded proteins (94); terminal UPR 

signaling results in programmed cell death (243). UPR driven apoptosis can occur 

through a number of pathways (243), however, the induction of the pro-apoptotic 

transcription factor, DDIT3 may be one of the most relevant in T2D. Islet expression of 

DDIT3 is significantly elevated in T2D (73,99) and deletion of Ddit3 is also sufficient to 

protect against the development of diabetes in db/db, Akita and HFD-fed mice 

(101,104).  

Another pathway which may contribute to beta cell dysfunction in humans with 

T2D is increased transcriptional activity of the bHLH-PAS domain protein, hypoxia 

inducible factor 1α (HIF1α). Under normoxic conditions, HIF1α is degraded through 

hydroxylation by prolyl hydroxylase domain (PHD) containing enzymes while under 

conditions of reduced oxygen availability, HIF1α is stabilized (244). Short term activation 

of HIF1α under hypoxic conditions, such as those experienced during islet 

transplantation, is believed to be beneficial for graft survival and function (245). 

However, current research suggests that HIF1α may be chronically elevated within beta 

cells in T2D and contributing to the development of beta cell dysfunction and diabetes. 

For instance, increased beta cell HIF1α protein levels have been observed in the db/db 
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mouse model of T2D (144) and HIF1α is stabilized in beta cells following exposure to 

elevated glucose levels (143,144,237). Further in within islets from humans with T2D, at 

least two bona fide HIF1α targets, LDHA and SOX9 are significantly elevated (246). 

There are two pathways through which increased beta cell HIF1α activity in T2D 

negatively impacts cellular function and systemic glucose homeostasis through two 

pathways. The first is through a HIF1α mediated switch in glucose metabolism away 

from oxidative phosphorylation in favour of anaerobic glycolysis (247). As beta cells are 

heavily dependent on oxidative phosphorylation to generate ATP required to induce 

insulin secretion; this metabolic switch would impair glucose-stimulated insulin 

secretion. This HIF1α-mediated impairment in insulin secretion has been observed in 

multiple in vivo mouse studies in which HIF1α is rendered constitutively active within the 

beta cell (153-155). HIF1α stabilization can also disrupt beta cell function and insulin 

secretion through promoting beta cell dedifferentiation via one of its targets, Sox9. This 

transcription factor is normally expressed within pancreatic progenitors (248) and if its 

expression is elevated in mature beta cells, SOX9 is sufficient to drive dedifferentiation 

in vivo (127).  

Studies within the CNS have implicated the loss of NPAS4 expression in 

dysregulated UPR signaling (163) and suggested that NPAS4 can inhibit the 

transcriptional activity of other bHLH-PAS domain proteins through competition with the 

common heterodimerization partner, ARNT (156). Therefore, it was hypothesized that 

within the beta cell, NPAS4 acts to maintain ER homeostasis in the face of increased 

stress and dampen HIF1α transcriptional activity. In order to test this hypothesis a 

series of in vitro experiments were performed.    
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5.2 Results  

5.2.1 NPAS4 protects against ER stress in beta cells  

To determine whether elevated NPAS4 expression was sufficient to alleviate ER 

stress, MIN6 cells were transduced with Ad-Npas4 or Ad-Cerulean for 48 hours before 

treatment with two separate ER stressors; thapsigargin or a combination of elevated 

glucose and palmitate.  

In agreement with previous studies, both thapsigargin (249) or palmitate 

(250,251) treatment led to a concentration-dependent increase in Ddit3 expression, 

which was significantly reduced in Npas4 transduced MIN6 cells (Figures 5.1A&B). Ad-

Npas4 transduced cells had a 53% reduction in DDIT3 protein in when treated with 0.1 

µM thapsigargin compared with Ad-Cerulean control virus (Figures 5.1C&D). Similarly, 

overexpression of NPAS4 in mouse islets reduced Ddit3 mRNA levels following 24 hour 

thapsigargin exposure or 48-hour high glucose/palmitate treatment (Figures 5.1E&F). 

Conversely, the knockdown of NPAS4 with siRNAs led to a significant increase in Ddit3 

following 24-hour high glucose/palmitate exposure (Figure 5.1E). Finally, Npas4 

transduction in MIN6 cells significantly reduced the number of apoptotic cells to 68.4% 

of control levels at 1 µM and 55% of control values following 10 µM thapsigargin 

treatment (Figure 5.1H). 

To determine how NPAS4 overexpression protects against ER stress and the 

induction of DDIT3, the expression of two ER protective proteins, BiP (103) and Wfs-1 

(252) was measured. Npas4 transduced MIN6 cells had significantly elevated 

expression of both Wfs-1 and BiP, compared to Ad-Cerulean transduced beta cells 
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(Figures 5.2A&B); suggesting this may be one mechanism through which Npas4 

transduced beta cells are protected from ER stress.  

 

Figure 5.1: NPAS4 is protects against ER stress in pancreatic beta cells.  
NPAS4 overexpression (black bars) in MIN6 cells significantly reduced Ddit3 induction 
following both thapsigargin (n=3-10) (A) and palmitate (n=3-5) (B) exposure compared 
with control virus (white bars). The reductions observed in Ddit3 message level were 
also present at the protein level in thapsigargin treated Npas4 (Np) transduced MIN6 
cells compared to cerulean (Ce) controls (n=3-4) (C&D). Ad-Npas4 transduced whole 
mouse islets similarly had reduced thapsigargin (n=3-6) (E) and palmitate (n=3) (F) 
mediated Ddit3 induction. Ddit3 mRNA levels were significantly elevated in MIN6 cells 
transfected with SiNpas4 and treated with palmitate (1000 μM) for 24 hours (n=6) (G). 
Ad-Npas4 infected cells had significantly reduced numbers of TUNEL+ MIN6 cells 
following exposure to 1 µM or 10 µM thapsigargin for 24 hours (n=3) (J). Significance 
was established using a two-tailed Student’s t-test. * p≤ 0.05; ** p≤ 0.01. 

 

Taken together these in vitro studies suggest that once induced, NPAS4 acts to 

protect beta cells against ER stress and subsequent apoptosis.   
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Figure 5.2: NPAS4 overexpression increases levels of protective factors, Bip & 
Wfs-1.  
MIN6 cells transduced with Npas4 adenovirus had significantly elevated expression of 
the ER chaperone Bip (A) and Wfs-1 (B). (n=3). Significance was established using a 
two-tailed Student’s t-test. * p≤ 0.05; ** p≤ 0.01. 

 

5.2.2 Modulation of the beta cell hypoxic response by NPAS4  

Based on data from chapter three and previously published reports (144,237), it 

is believed that following exposure to hyperglycemia, both NPAS4 and HIF1α are 

induced within the beta cell and compete for a common heterodimerization partner, 

ARNT. To determine whether elevated NPAS4 levels can dampen the hypoxic 

response, MIN6 cells were transfected with Ad-Npas4, exposed to low oxygen levels to 

induce HIF1α and the induction of validated HIF1α target genes measured with qPCR. 

Compared to Ad-GFP transduced beta cells cultured in control oxygen levels, there was 

robust induction of HIF1α target genes Ldha, Mct4, Pdk1 and Vegfa following six hours 

of 1% O2 exposure (Figures 5.3A-D). However, in Npas4 transduced beta cells, the 

induction of each HIF1α target was significantly reduced (Figures 5.3A-D).   
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As an immortalized cell line, MIN6 cells likely have alterations in glucose 

metabolism, characteristic of cancer cells (253); indeed compared to primary mouse 

islets, MIN6 cells express 5x as much Ldha and  20x as much Mct4 (data not shown). 

Therefore, to validate the MIN6 data in primary tissues, similar experiments were 

performed in dispersed mouse islets. Following 24 hours of hypoxia (1% O2) the 

induction of Ldha and Mct4 was dramatically reduced in Npas4 transduced islet cells 

(Figures 5.3E&F). The induction of the HIF1α target (254) and pancreatic progenitor 

marker (248), Sox9, was similarly dampened by Npas4 transduction. Finally, dispersed 

islets from human cadaveric donors transduced with Ad-Npas4 also had a significantly 

reduced expression of LDHA and SOX9 following 24 hours of hypoxia (1% O2; Figure 

5.3H&I). Demonstrating that NPAS4 overexpression in MIN6 cells, mouse and human 

islets is sufficient to dampen the cellular hypoxic response.  

Just as elevated NPAS4 levels decreased the induction of HIF1α target genes, it 

was hypothesized that reduced NPAS4 expression would lead to an exaggerated 

hypoxic response. To test this, isolated islets from the Npas4 knockout mouse (termed 

the Npas4 PKO line and validated in chapter 6) were used. As NPAS4 expression levels 

are low under basal conditions, islets from control and Npas4 PKO mice were 

stimulated with 25 mM glucose, which only induces NPAS4 in control islets. 

Additionally, the PHD enzyme inhibitor JNJ-42041935 (195) was used to stabilize HIF1α 

by inhibiting HIF1α hydroxylation and subsequent degradation.  
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Figure 5.3: NPAS4 overexpression dampens the induction of HIF1α target genes 
in beta cells. 
NPAS4 overexpression in MIN6 cells decreased the expression of the HIF1α target 
genes Ldha, Mct4, Pdk1 & Vegfa following 6 hours of 1% or 20% O2 exposure (n=4-5) 
(A-D). Npas4 transduced dispersed mouse islet cells had significantly impaired 
induction of Mct4 (E), Ldha (F) and Sox9 (G) following 24 hours of hypoxic exposure 
(n=5-12). Similarly, Npas4 transduction of dispersed human islets reduced the induction 
of LDHA (H) and SOX9 (I) by 24-hour hypoxic exposure (n=4-5). * p≤ 0.05; ** p≤ 0.01; 
*** p≤ 0.001. Significance was established using a two-tailed Student’s t-test. 

 

JNJ-42041935 chosen to stabilize HIF1α in these experiments over hypoxic 

exposure as hypoxia inhibited Npas4 induction which would render it difficult to 

appreciate differences in control and Npas4 KO islets. Treating MIN6 cells with 100 µM 

JNJ-42041935 at 20% O2 levels resulted in HIF1α stabilization (Figure 5.4A) and 
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induced the expression of HIF1α target genes Ldha and Mct4 in wildtype islets (Figures 

5.4B&C). Stimulating islets from control mice with 25 mM glucose for 2.5 hours in the 

presence of JNJ-42041935 at 20% O2 levels led to a 2- and 3.5-fold increase in Ldha 

and Mct4 levels, respectively (Figures 5.4D&E). Comparatively, islets from Npas4 PKO 

mice had significantly greater induction of these HIF1α targets (Figures 5.4D&E), 

suggesting reduced NPAS4 expression within beta cells, enhances HIF1α activity.  

 

Figure 5.4: The PHD enzyme inhibitor JNJ-42041935 stabilizes HIF1α, and 
increases induction of HIF1α target genes in Npas4 KO islets. 
MIN6 cells exposed to 100 μM JNJ-42041935 (JNJ42) had elevated levels of HIF1α 
protein after as little as 2 hours and persisted for up to six hours of treatment (A). 
Treating whole mouse islets with 100 μM JNJ-42041935 led to significant increases in 
Ldha (n=5) (B) and Mct4 (n=5) (C). Treating isolated islets from control or Npas4 PKO 
mice to high glucose (25 mM) in the presence of 100 μM JNJ-42041935 for 2.5 hours 
significantly increased the induction of the HIF1α target genes Ldha and Mct4 (n=4-9). 
Significance was established using two-tailed Student’s t-tests. *p≤ 0.05, *** p≤ 0.001. 

 

5.3 Discussion  

The experiments presented within this chapter suggest that NPAS4 acts as a 

protective factor against two stresses relevant to the beta cell during the development of 

T2D; ER stress and inappropriate HIF1α activation. While no difference in the 

expression of the pro apoptotic transcription factor DDIT3, was observed under non 

stressed conditions, NPAS4 overexpression reduced Ddit3 induction in the presence of 
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classical ER stressors: thapsigargin and palmitate. This protection against ER-stress-

mediated Ddit3 induction in Npas4 transduced beta cells was associated with 

decreased rates of apoptosis in response to thapsigargin treatment.  

It is hypothesized that the reduced ER stress levels mediated by NPAS4 

overexpression may be partially due to reduced insulin production. The most direct 

support for this hypothesis is that genetic deletion of all four insulin alleles from beta 

cells resulted in decreased expression certain ER stress markers, including Ddit3 (129); 

demonstrating reduced insulin expression is sufficient to alleviate beta cell ER stress. 

NPAS4 also increased expression of BiP and Wfs-1, both of which have been shown to 

have protective roles within the beta cell (103,252,255).    

The second T2D stress pathway that NPAS4 antagonized was the activation of 

HIF1α. Overexpression of NPAS4 in MIN6 cells, mouse and human islets reduced the 

induction of multiple HIF1α target genes. Conversely, reduced NPAS4 expression 

resulted in increased induction of the HIF1α targets; Ldha and Mct4. As all bHLH-PAS 

domain proteins must heterodimerize with ARNT, ARNT2 or BMAL1; it is expected that 

NPAS4 acts to dampen HIF1α activity through competitive binding with ARNT. The 

concept of competition between bHLH-PAS transcription factors has been proposed 

between other family members, including HIF1α and AHR. The hypoxia-mediated 

induction of HIF1α target genes could be dampened by activating AHR with dioxin 

(256,257). Conversely, stabilization of HIF1α with hypoxia, blocked AHR transcriptional 

activity and induction of AHR target genes (257,258). Furthermore, this competitive 

dynamic for ARNT heterodimerization has been noted to exist between NPAS4 and the 

bHLH-PAS domain protein, SIM2, for binding sites within the CNS midline element 
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(156). Based on the detrimental effects resulting from chronic HIF1α activation; it is 

hypothesized that one key function of NPAS4 within the beta cell, may be to titrate 

ARNT away from HIF1α in the postprandial period. Future experiments could perform 

co-immunopreciptiations to determine the degree of interaction between HIF1α, NPAS4 

and ARNT in beta cells under varying glucose concentrations.  

One final intriguing finding was that NPAS4 overexpression reduced Sox9 

expression in mouse and human islets independent of oxygen availability. SOX9 is 

normally expressed at very low levels in mature beta cells (248) and its overexpression 

in mature beta cells leads to dedifferentiation (127). One interpretation of the data 

presented within chapters 3 and chapter 5 is that that in the postprandial state, beta cell 

membrane depolarization and stimulation of NPAS4 expression may suppress SOX9 

expression and the dedifferentiation program it regulates. This pathway may be 

impaired in T2D as NPAS4 expression is reduced under high glucose conditions (Figure 

3.2.13) and SOX9 was significantly elevated in laser micro-dissected beta cells of 

individuals with T2D (246).    

In summary, the data presented within chapter 5 suggest that NPAS4 acts as a 

protective factor in vitro and reduces the beta cell ER stress and HIFα activity 

(Summary in Figure 5.5). These two pathways have been implicated in development of 

beta cell dysfunction during T2D pathogenesis and their antagonism by NPAS4 should 

preserve beta cell function, viability and differentiation. While these in vitro studies shed 

light on the possible functions of NPAS4, whether NPAS4 impacts any of these 

pathways in vivo was undetermined.    
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Figure 5.5: Model of NPAS4 regulated stress pathways in beta cells.  
Npas4 expression is induced by glucose as well as thapsigargin and palmitate. 
Activation of NPAS4 inhibits HIF1α transcriptional activity and reduces ER stress driven 
Ddit3 induction.  
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Chapter 6: Characterization of the Pdx1CreER Npas4 knockout mouse  

6.1 Introduction  

Previous in vivo studies that examined NPAS4 function have not detailed any 

perturbations in glucose homeostasis (163). However, as these characterizations 

focused on the role of NPAS4 within neurons, it is possible that subtle metabolic 

phenotypes were not detected. Following the in vitro characterization of the impact of 

NPAS4 on beta cell function presented within Chapter 5, experiments were undertaken 

to understand whether NPAS4 was important for the maintenance of glucose 

homeostasis in vivo.  

As data from chapter 3 illustrated, NPAS4 is expressed at very low levels under 

basal conditions, which may render it difficult to detect differences between wild type 

and Npas4 knockout mice. Therefore, two approaches were taken in order to increase 

the likelihood of uncovering a metabolic phenotype in the Npas4 knockout mice. First 

was to age experimental cohorts for up to 44 weeks of age. As increased age is 

associated with glucose intolerance (259,260), this may unmask a subtle phenotype 

present within Npas4 knockout beta cells. Secondly, experimental cohorts were 

separated into two groups and fed either a standard rodent chow diet or a high fat/ high 

sucrose diet (HFD). Prolonged HFD-feeding results in increased insulin demands and 

results in increased insulin synthesis and secretion as well as elevated beta cell 

proliferation rates (261). Further, the combination of high fat and high sucrose was 

chosen as it has been shown to induce a greater degree of beta cell stress than either a 

high sucrose or high fat diet alone (262). These increased demands on beta cells was 

hypothesized to exacerbate any dysfunction caused by loss of NPAS4 expression. 
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Finally, the data from chapter 3 would suggest that HFD will increase NPAS4 

expression levels by stimulating the beta cell free fatty acid receptor and subsequent 

release of intracellular calcium. This was expected to render any differences between 

control and knockouts more apparent.  

6.1.1 Cre mediated recombination: promise and pitfalls  

Biological research over the past 15 years has been greatly aided by the 

development of conditional alleles which allow for the study of a widely expressed gene 

within one cell type or tissue (263). The use of Cre/lox technology has been the most 

prevalent system of conditional recombination. Isolated from bacteriophage P1, Cre 

recombinase recognizes LoxP sites which consist of a 34bp sequence containing two 

13bp inverted repeats flanking an 8bp nonpalindromic core (264). Cre will excise the 

intervening sequence between two LoxP sites and depending on the orientation of the 

8p nonpalindromic sequence will lead to either excision or inversion.   

Cre expression can be targeted to a specific cell type by placing the Cre 

recombinase sequence downstream of cell specific promoter (264). Additionally, the use 

of ligand activated Cre fusion proteins allows for the temporal control of gene deletion 

(264). The most common Cre fusion protein is a combination of Cre recombinase with a 

mutated estrogen receptor (ER) which is specifically induced by the synthetic ER ligand, 

tamoxifen (265).  

There has been long-standing use of Cre-mediated recombination to study beta 

cell biology, with the majority of studies using either the rat insulin 2 or the Pdx1 

promoter to drive Cre recombinase (266). However, one major caveat of these 

promoters is that both lack true beta cell specificity, as they are active in other sites; 
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including the hypothalamus (267-270). Within the hypothalamus, RIP2- and Pdx1-Cre 

transgenes are present within the arcuate nucleus (268), which is of particular 

importance for glucose homeostasis.  

6.1.2 Neurons with the arcuate nucleus 

The arcuate nucleus mediates its effects on glucose homeostasis and energy 

balance mainly through the actions of two neural cell types; Neuropeptide Y (NPY)/ 

Agouti-related peptide (AGRP) neurons and the proopiomelanocortin (POMC)/cocaine 

and amphetamine related transcript (CART) neurons (271). Functionally, the 

NPY/AGRP and POMC/CART neurons have opposing roles. The POMC/CART neurons 

decrease food intake mainly through processing POMC to generate melanocyte-

stimulating hormones (MSH). When released by POMC/CART neurons, MSH then acts 

through its receptor, expressed on numerous secondary neurons in the paraventricular 

nucleus, ventromedial hypothalamus and lateral hypothalamus (271). Conversely, 

NPY/AGRP neurons stimulate food intake by acting as an antagonist to the MSH 

receptor and inhibiting POMC neuron function through the expression of the inhibitory 

neurotransmitter, GABA (271). Genetic studies targeting neurons of the arcuate have 

demonstrated that impaired function leads to disrupted glucose homeostasis, obesity 

and altered locomotor activity (272). Furthermore, the CNS activity of RIP2- and Pdx1-

Cre transgenic mice is an important consideration for the investigation of glucose 

homeostasis phenotypes (266), as the CNS activity of both lines is sufficient to elicit 

metabolic phenotypes in mice (273-275) .  

While recombination within the arcuate has been detected in both the Pdx1 and 

RIP2-Cre transgenic lines, there have been fewer reports of centrally driven phenotypes 
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within tamoxifen inducible Pdx1-CreER mouse lines. For this reason, the Pdx1-CreER 

line was used to delete Npas4 from Pdx1 expressing cells in male mice and the 

resultant phenotype characterized.  

6.2 Results  

6.2.1 Characterization of recombination within Pdx1CreER transgenic mice 

To induce Cre activity, three doses of 8 mg tamoxifen (TMX) were administered 

to Npas4flx/flxPdx1CreER- (control) and Npas4flx/flx Pdx1CreER+ (Npas4 PKO) mice at 6 

weeks of age (An experimental timeline for the Pdx1CreER model is available in 

appendix B). This dosing scheme had previously been shown to induce high rates of 

beta cell recombination (276) and indeed, two weeks following TMX administration, 

islets from Npas4 PKO mice exhibited significantly reduced Npas4 mRNA and protein 

expression, compared to controls (Figures 6.1A-C).  

To examine the proportion of recombined beta cells in islets from the Npas4 PKO 

mice, the  Rosa26mTmG  Cre reporter allele (173) was crossed onto the Pdx1CreER 

background. Within Rosa26mTmG mice, all cells express a membrane-bound red 

fluorescent dsTomato protein prior to Cre-mediated recombination. Following activation 

of Cre, the dsTomato cassette is excised, resulting in expression of a membrane-bound 

eGFP protein. In the absence of the PdxCreER transgene, no GFP 

immunofluorescence was detected in islets of Rosa26mTmG mice transgene following 

tamoxifen administration (Figure 6.2A). In the absence of tamoxifen, islets from 

Rosa26mTmG Pdx1CreER+ mice had a detectable population of recombined beta cells 

(Figure 6.2A); this tamoxifen-independent recombination has been observed previously 

in Pdx1CreER transgenics (277). 
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Figure 6.1: Npas4 expression is decreased in Npas4 PKO mice following 
tamoxifen administration. 
Two weeks following tamoxifen administration, islets from Npas4 PKO mice had 
significantly reduced Npas4 expression following a two-hour stimulation at 2.8 mM or 25 
mM glucose (n=6-11) (A). Following a two-hour stimulation in 25 mM glucose, whole 
islets from Npas4 PKO mice showed significantly reduced NPAS4 protein levels 
compared to controls (n=3-4) (B&C). Significance was established using a two-tailed 
Student’s t-test. **=p≤ 0.01; ***=p≤ 0.001.  

 

Two weeks following the administration of tamoxifen to Rosa26mTmG Pdx1CreER+ 

mice, GFP immunofluorescence was detected in the vast majority of insulin expressing 

cells (Figure 6.2).  

Besides recombination in beta cells of tamoxifen administered, Rosa26mTmG 

Pdx1CreER+ mice, recombination was also detected in delta (Figures 6.3A&B) and 

alpha cells (Figures 6.4A&B)  
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Figure 6.2: High beta cell recombination rates in Rosa26mTmG Pdx1CreER mice.  
Two weeks following administration of either vehicle or tamoxifen to Rosa26mTmG 
Pdx1CreER- or Rosa26mTmG Pdx1CreER+ mice, pancreas was harvested and paraffin 
sections stained for insulin and GFP. No Cre-mediated recombination was detected 
within beta cells of Pdx1CreER- mice following tamoxifen administration (top three 
panels). A number of recombined beta cells were detected within islets from 
Pdx1CreER+ mice administered vehicle (middle three panels). Administration of 
tamoxifen to Pdx1CreER+ mice resulted in high rates of beta cell recombination (bottom 
three panels). Scale bars = 25μm.      
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Figure 6.3: Tamoxifen induces recombination in somatostatin-expressing cells of 
Rosa26mTmG Pdx1CreER mice.  
Two weeks following administration of either vehicle or tamoxifen to Rosa26mTmG 
Pdx1CreER+ mice, pancreas was harvested and paraffin sections stained for 
somatostatin and GFP. In the vehicle treated group, no GFP immunofluorescence was 
detected within somatostatin-positive delta cells (top three panels) (A). Following the 
administration of tamoxifen to Pdx1CreER+ mice, high rates of Cre-mediated 
recombination were detected within delta cells (bottom three panels) (A). Higher 
magnification of the inset box from (A) highlights GFP and somatostatin double-positive 
cells (yellow arrowheads) (B). Scale bars= 25 μm.      
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Figure 6.4: Low rates of recombination in alpha cells in Rosa26mTmG Pdx1CreER 
mice. 
Two weeks following administration of either vehicle or tamoxifen to 
Rosa26mTmGPdx1CreER+ mice, pancreas was harvested and paraffin sections stained 
for glucagon and GFP. Following vehicle administration to Rosa26mTmG Pdx1CreER+ 
mice, no GFP expressing alpha cells were detected (top three panels) (A). 
Administration of tamoxifen to Rosa26mTmG Pdx1CreER+ mice resulted in low but 
detectable numbers of recombined alpha cells (bottom three panels) (A). Higher 
magnification of the inset box from (A) highlights a single GFP+ (yellow arrowhead) and 
a GFP- alpha cell (white arrowhead) (B).  Scale bars = 25 μm.        
 
 Finally, as Cre activity within the arcuate nucleus has been detected within 

various Pdx1 transgenic mouse lines (267,268), coronal sections of the hypothalamus 

were assayed for GFP immunofluorescence. Two weeks following the administration of 

three doses of 8 mg tamoxifen, substantial recombination rates were detected in the 

arcuate nucleus of Rosa26mTmG Pdx1CreER transgenic mice (Figures 6.5A&B). This 

immunofluorescence was not detected in the absence of primary GFP antibody (Figure 

6.5B).  
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Figure 6.5: Recombination within the arcuate nucleus of the hypothalamus of 
Pdx1CreER transgenic mice.   
Cre-mediated recombination was detected within the arcuate nucleus of Rosa26mTmG 
Pdx1CreER mice two weeks following tamoxifen administration (A&B). No GFP 
immunofluorescence was detected in the absence of primary antibody (B). Co-staining 
of coronal brain cryosections for GFP and AGRP revealed some colocalization (white 
arrowheads); however, a high number of neural axons expressed either AGRP or GFP 
exclusively (C). Scale Bars = 25 μm. 
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Co-staining for the neuropeptide agouti-related peptide (AGRP) revealed 

colocalization within some, but not all, neural axons (Figure 6.5C). This is the first report 

of recombination of within the CNS of the Pdx1CreER line derived from the Melton 

laboratory (174). 

Despite the recombination detected within the arcuate nucleus, Npas4 

expression levels were not significantly reduced in whole hypothalamic lysates (Figure 

6.6A), although Npas4 expression was substantially higher within the hypothalamus 

than some in other brain regions (Figure 6.6B). As the neurons within the arcuate 

nucleus constitute only a small proportion of the whole hypothalamus, it is possible that 

any reductions in Npas4 within these cells were diluted by expression of Npas4 in other 

hypothalamic neurons. Therefore, whether Npas4 is knocked out of neurons within the 

arcuate remains unknown but seems likely.  

 

Figure 6.6: No decrease in whole hypothalamic Npas4 expression in Npas4 PKO 
mice. 
Npas4 expression was not significantly altered in whole hypothalamic extracts from 
control and Npas4 PKO mice (n=3-10) (A). Compared with the thalamus, brain stem 
and cerebellum, Npas4 mRNA levels are substantially higher in whole hypothalamic 
extracts (n=7-13) (B).     
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Importantly, prior to characterization of the Npas4 PKO mice, HFD-fed Npas4wt/wt 

Pdx1CreER+ transgenic mice were characterized. However, no difference in weight 

gain, fasting or ad libitum glucose levels, glucose tolerance or glycerol tolerance was 

observed in Pdx1CreER+ transgenics compared to PdxCreER- littermates (Figures 

6.7A-G). 

 

Figure 6.7: HFD-fed male transgenic Pdx1CreER+ mice demonstrate normal 
glucose phenotypes. 
Male transgenic Pdx1CreER+ or littermate Pdx1CreER- mice were administered three 
doses of 8 mg tamoxifen at 6 weeks of age and HFD was started one week following 
the last dose. Mass gain over 13 weeks of HFD-feeding was not different between 
transgenic and wildtype controls (A).  Similarly, monitoring of blood glucose levels 
following an overnight fast (B) or random glycemia measured at 10AM (C) revealed no 
consistent differences between genotypes. Furthermore, changes in blood-glucose 
levels during a 2 g/kg glycerol tolerance test, performed at 11 weeks of HFD (D&E), or a 
2 g/kg OGTT performed at 13 weeks of HFD (F&G), were also not statistically different 
between genotypes. (n=4-6).   
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6.2.2 Phenotype of the male Npas4 PKO mice 

Over the course of the 25 weeks of HFD-feeding (timeline of experiments 

available in Appendix B), no major differences in mass were observed between control 

and Npas4 PKO mice (Figure 6.8A). However, there was a very modest but statistically 

significant increase in weight gain in both chow- (Figure 6.8B) and HFD-fed Npas4 PKO 

mice (Figure 6.8C) beginning at three weeks of HFD-feeding. While this persisted for 

several weeks, by nine weeks of HFD-feeding this difference was no longer significantly 

different.   

 

 

Figure 6.8: Npas4 PKO mice exhibit a slight increase in weight gain under both 
chow and high fat diet feeding. 
Weekly body mass measurements of chow-fed Npas4 PKO mice (orange circles) and 
control mice (grey circles) and high fat diet fed Npas4 PKO mice (red squares) and 
control mice (black squares) from one week prior to HFD-feeding (start of tamoxifen 
administration) to 25 weeks of HFD-feeding (A). Mass gain in the nine weeks following 
tamoxifen administration (inset in A) was modestly elevated in both chow-fed (B) or high 
fat diet fed (C) control and Npas4 PKO mice (n=15-26). Significance was established 
using two-tailed Student’s t-test. *=p ≤ 0.05; **=p ≤ 0.01.  
 

As slight differences in mass were observed in the first weeks following 

tamoxifen administration, a more careful examination of body composition and behavior 
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was undertaken. The fat composition and total body weight of chow-fed Npas4 PKO 

mice not significantly different at seven weeks of diet feeding (Figure 6.9A). The 

behavior of chow-fed Npas4 PKO mice at the same time point revealed no significant 

differences in food or water consumption, locomotor activity patterns or respiratory 

exchange ratio (RER) (Figure 6.9 B-E). 

 

Figure 6.9: Normal body composition and metabolic cage behavior of chow-fed 
Npas4 PKO mice. 
At 14 weeks of age the body composition and behavior of control and Npas4 PKO mice 
was analyzed. Npas4 PKO mice displayed a non-significant increase in fat and total 
body mass (A). No difference in food (B) or water (C) intake was observed. There was a 
trend towards decreased light (ZT0-11) and dark phase (ZT12-23) locomotor activity in 
Npas4 PKO mice (D), although this did not reach significance. No difference in 
respiratory exchange ratio (RER) was observed over a 24-hour period (E) (n=7-10).   

 

A similar examination of the body composition and behavior of HFD-fed Npas4 

PKO mice was undertaken at the same time point (7 weeks’ diet). When compared to 
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HFD-fed controls, HFD-fed Npas4 PKO mice had higher total body mass due to 

significantly higher fat mass (Figure 6.10A). This may have been caused by a 

combination of increased light phase food intake, driven by increased meal size 

(Figures 6.10B-E) and reduced dark phase (ZT12-23) locomotor activity (Figures 

6.10J&K). No significant differences in water intake (Figures 5.2.10F-I) or respiratory 

exchange ratio (Figure 6.10L) were noted. The altered feeding and locomotor behavior 

of HFD-fed Npas4 PKO mice raised the possibility that central recombination may 

contribute to the phenotype of these mice.   

In parallel to weight measurements, glucose levels were monitored following an 

overnight fast and from ad libitum fed mice (referred to as ‘random glycemia’). Three 

weeks following the onset of HFD-feeding, the fasting glycemia of Npas4 PKO mice was 

significantly elevated (Figure 6.11A). This fasting hyperglycemia persisted until the end 

of the experimental timeframe of 25 weeks of HFD-feeding and was not observed in 

chow-fed Npas4 PKO mice (Figure 6.11A). The cumulative hyperglycemic incidence, 

defined by two consecutive fasting glucose readings of 10 mM or higher, was 

approximately 25% in HFD-fed control mice, whereas 70% of HFD Npas4 PKO mice 

developed hyperglycemia (Figure 6.11B). Intriguingly, random glycemia in ad libitum fed 

mice did not reveal any significant differences between Npas4 PKO mice and controls 

on either diet (Figure 6.11C).  
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Figure 6.10: HFD-fed Npas4 PKO mice display increased fat mass and food intake 
with reduced locomotor activity. 
8 weeks post tamoxifen administration (7 weeks HFD-feeding) Npas4 PKO mice were 
subjected to body mass composition and metabolic cage analysis. HFD-fed Npas4 PKO 
displayed significantly elevated fat and total body mass (A). HFD-fed Npas4 PKO mice 
also demonstrated a significant increase in light phase (ZT0-11) food intake which was 
not due to elevated feeding frequency (D) but food intake per feeding event (E). No 
alterations were observed in water intake (F-I). While daily locomotor activity was not 
different between controls and Npas4 PKO mice, dark phase (ZT12-23) activity was 
significantly reduced (J&K). The respiratory exchange ratio (RER) was not significantly 
elevated in HFD-fed Npas4 PKO mice (I) (n = 6-7). Significance was established using 
two-tailed Student’s t-test * = p ≤ 0.05; ** = p ≤ 0.01. 
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Plotting the random and fasting glycemic values together, illustrated a rise in 

fasting glucose levels that was not paralleled by an equivalent increase in random 

glycemia in HFD Npas4 PKO mice (Figure 6.11E). This was not observed in either 

control or Npas4 PKO chow-fed mice or HFD-fed control animals (Figures 6.11D). The 

combination of fasting hyperglycemia and normal random glycemia made it difficult to 

determine whether a beta cell defect was present within Npas4 PKO mice.  

As the fasting hyperglycemia present in HFD-fed Npas4 PKO mice may suggest 

impairments in beta cell function, glucose homeostasis was more robustly assessed by 

means of an oral glucose tolerance test (OGTT). Despite the presence of fasting 

hyperglycemia in HFD Npas4 PKO mice, their ability to clear glucose remained normal 

at seven weeks of HFD-feeding (Figures 6.12A&B). To more specifically test beta cell 

function, islets were isolated from both chow and HFD-fed animals and insulin release 

in response to glucose or KCl, assayed. While no significant differences between 

control and Npas4 PKO were observed, there was a trend towards increased insulin 

secretion in response to elevated glucose and KCl in chow-fed Npas4 PKO mice. 

However, islets from HFD-fed Npas4 PKO mice tended to secrete reduced amounts of 

insulin in response to elevated glucose concentrations (Figure 6.12C). To determine 

whether insulin levels were altered in vivo an additional OGTT was performed at 11 

weeks of HFD-feeding and plasma collected at baseline and fifteen minutes following 

glucose injection. Similar to the OGTT performed at seven weeks, HFD-fed Npas4 PKO 

mice displayed normal glucose clearance, despite the presence of fasting 

hyperglycemia. (Figures 6.12D&E). Plasma insulin levels under fasting conditions and 
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following glucose administration were not significantly different between chow-fed 

Npas4 PKO and control mice. 

 

Figure 6.11: HFD-fed Npas4 PKO mice develop fasting hyperglycemia. 
HFD Npas4 PKO mice developed fasting hyperglycemia at three weeks of HFD, an 
effect not observed in chow-fed Npas4 PKO mice (A). Over the 25 weeks of monitoring, 
approximately 70% of HFD Npas4 PKO mice developed fasting hyperglycemia 
compared to 30% HFD controls and 0% of chow-fed animals (B). The ad libitum glucose 
levels of Npas4 PKO mice did not display significant differences from diet fed controls 
(C). Plotting fasting glycemia with random glycemia of the first 17 weeks of chow diet 
feeding, Npas4 PKO mice showed no differences from control mice (D). When plotting 
fasting glycemia with random glycemia of the first 17 weeks of HFD-feeding, Npas4 
PKO mice had a specific increase in fasting glucose which was not observed in random 
glycemia (E) (n=15-26).  Significance was established using a two-tailed Student’s t-test 
or log-rank test for data plotted in (B). *=p ≤ 0.05; **=p ≤ 0.01; ***=p ≤ 0.001. 
  

However, HFD Npas4 PKO mice displayed fasting hyperinsulinemia, while insulin 

levels following administration of a glucose bolus were not significantly elevated (Figure 
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6.12F). The presence of fasting hyperglycemia and hyperinsulinemia but normal 

glucose tolerance raised further questions concerning the nature of the phenotype of 

HFD-fed Npas4 PKO mice.  

 
 

Figure 6.12: Normal glucose tolerance and insulin secretion in Npas4 PKO mice. 
Blood glucose values during a 2 g/kg OGTT following overnight fast in both chow and 
HFD-fed control and Npas4 PKO mice at 7 weeks of diet feeding (n=7-17) (A). 
Quantification of area under the glucose tolerance curve revealed no significant 
difference between control and knockout mice on either diet (B). Insulin secretion from 
isolated islets of chow or HFD-fed Npas4 PKO were not significantly altered compared 
to diet fed controls (n=4-6) (C). Similarly, no significant differences in glucose clearance 
(D) or in area under the curve (E) were observed during a 2 g/kg OGTT performed at 11 
weeks of diet (n=10-21) (D&E). In chow-fed animals, no significant differences were 
observed in circulating insulin levels collected at baseline (0’) and 15 minutes post 
glucose injection (15’) (F). However, HFD-fed Npas4 PKO mice displayed significantly 
higher basal insulin levels with no significant difference in post-glucose circulating 
insulin (n=4-8) (F). Significance was established using two-tailed Student’s t-tests. *=p≤ 
0.05. 
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As elevated fasting insulin levels are correlated with insulin resistance in humans 

(278), the presence of hyperinsulinemia in HFD-fed Npas4 PKO mice suggested there 

may be impairments in insulin sensitivity. Therefore, to assess insulin sensitivity in vivo, 

all groups of mice were subject to two separate insulin tolerance tests (ITT). At seven 

weeks of HFD-feeding, none of the groups had significantly different responses 

following an IP administration of 0.75 U/kg insulin (Figures 6.13A&B). However, at 11 

weeks of diet feeding, HFD-fed Npas4 PKO mice had a significantly reduced response 

to in vivo insulin administration (Figures 6.13C&D). Interestingly, chow-fed Npas4 PKO 

mice demonstrated a normal response to insulin in the first half of the ITT but in the 

latter half, had a more rapid return to baseline levels (Figure 6.13C). Quantification of 

area over the curve during the second ITT demonstrated that chow-fed Npas4 PKO 

mice were insulin resistant (Figure 6.13D).  

As hepatic insulin resistance results in increased glucose output through 

elevated gluconeogenesis (279), the loss of insulin sensitivity in Npas4 PKO mice may 

have an impact on hepatic glucose production and release. In order to assess 

gluconeogenesis in vivo, the glucose precursors pyruvate and glycerol were injected 

into the peritoneal cavity of fasted mice and changes in blood-glucose monitored. 

Following IP injection of a 2 g/kg pyruvate bolus at seven weeks of diet feeding, HFD 

Npas4 PKO mice displayed a significantly elevated blood-glucose response, compared 

to HFD-fed controls (Figures 6.14A&B). 
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Figure 6.13: Npas4 PKO mice develop reduced sensitivity to insulin. 
At seven weeks of diet feeding, neither chow or high fat diet fed Npas4 PKO mice 
displayed differences in blood-glucose levels during a 0.75 U/kg insulin tolerance test 
(n=7-21) (A&B). During a second insulin tolerance test, performed following 11 weeks of 
diet feeding, both HFD and chow-fed Npas4 PKO mice displayed impaired insulin 
tolerance (n=8-11) (C&D). Significance was established using two-tailed Student’s t-
test. For HFD control versus HFD Npas4 PKO mice; *=p ≤ 0.05; **=p ≤ 0.01. For chow 
control versus chow Npas4 PKO mice; ##=p ≤ 0.01. 
 

Similarly, chow-fed Npas4 PKO mice also displayed an elevated glucose 

response to pyruvate, although this did not reach statistical significance (Figures 

6.14A&B). At 11 weeks of age, both HFD and chow-fed Npas4 PKO mice displayed a 

significantly elevated glucose response to a 2 g/kg glycerol compared to the respective 

diet controls (Figures 6.14C&D). This elevation in gluconeogenic output may explain the 

fasting hyperglycemia observed in HFD Npas4 PKO mice.  

As the liver acts as one of a few gluconeogenic organs (280), liver RNA was 

harvested from control and knockout mice under fasting conditions at seven weeks of 

diet feeding, the same age at which Npas4 PKO displayed an elevated response to 

pyruvate (Figure 6.14A). In agreement with the elevated response to gluconeogenic 

substrates in Npas4 PKO mice, the expression of Ppargc1α, a major transcriptional 
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coactivator of gluconeogenic enzymes (281), was increased within the liver of chow and 

HFD-fed Npas4 PKO mice (Figures 6.15A&B). 

 

Figure 6.14: Npas4 PKO mice have elevated glucose responses to the 
administration of gluconeogenic substrates.   
Both chow and HFD-fed Npas4 PKO mice had an elevated blood glucose response to 
the gluconeogenic substrate pyruvate during a 2 g/kg pyruvate tolerance test performed 
at seven weeks of diet feeding (n=6-12) (A&B). Similarly, following the administration of 
a 2 g/kg glycerol bolus, both chow and high fat diet fed Npas4 PKO mice had 
significantly elevated glucose responses as compared to the respective control diet 
during a 2 g/kg glycerol tolerance test performed at 11 weeks of diet feeding (n=12-15) 
(C&D). Significance was established using two-tailed Student’s t-test. *= p ≤ 0.05 ; **= p 
≤ 0.01; ***= p ≤ 0.001. 
 

A potential pathway through which loss of NPAS4 within the islet may be 

impacting hepatic gluconeogenesis is through increased glucagon secretion which 

promotes liver gluconeogenesis (282). However, at seven weeks of HFD-feeding, no 

significant differences in fasting glucagon or insulin levels were detected (Figures 

6.16A&B); suggesting that loss of NPAS4 was not resulting in hyperglucagonemia and 

that perhaps loss of NPAS4 in another tissue was promoting increased hepatic 

gluconeogenesis.  
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Figure 6.15: Increased liver Ppargc1α expression in Npas4 PKO mice. 
Liver Ppargc1α expression was elevated in Npas4 PKO mice under fasting conditions 
compared to control mice following seven weeks of chow (A) or high fat diet-feeding (B) 
(n=4-8). Significance was established using two-tailed Student’s t-tests. * = p ≤ 0.05. 
 

 

 

Figure 6.16: No difference in circulating glucagon or insulin levels at seven weeks 
of HFD-feeding in Npas4 PKO mice. 
Plasma was collected under fasting conditions from both chow and HFD-fed control and 
Npas4 PKO mice at seven weeks of diet. Plasma insulin (A) and glucagon (B) levels 
were not significantly altered in chow or HFD-fed Npas4 PKO mice compared to diet fed 
controls (n=4-6).  
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While phenotyping of Npas4 PKO mice over the first 11 weeks of HFD-feeding 

did not produce an overt beta cell phenotype, it was hypothesized that with continued 

metabolic stress, beta cell failure would occur in Npas4 PKO mice. Therefore, 

monitoring was continued and beginning at 15 weeks of HFD, Npas4 PKO mice began 

to display glucose intolerance following a 2 g/kg oral glucose bolus (Figures 6.17A&B). 

The observed glucose intolerance does not seem to be due to due to specific defects in 

the incretin signalling, as HFD-fed Npas4 PKO mice displayed similar glucose 

intolerance following an IPGTT performed at 20 weeks of HFD-feeding, albeit with a 

smaller sample size (Figures 6.17C&D). Following 25 weeks of diet feeding, chow-fed 

Npas4 PKO mice continued to exhibit normal glucose tolerance, while HFD-fed Npas4 

PKO mice developed a greater degree of glucose intolerance (Figures 6.17E&F). 

Increased age did not induce glucose intolerance in chow-fed Npas4 PKO mice, as a 

single cohort aged to 44 weeks remained glucose tolerant (Figures 6.17G&H).  

To understand the underlying mechanism of the impaired glucose tolerance 

observed in HFD-fed Npas4 PKO mice, whole blood was collected during the 1 g/kg 

OGTT performed at 25 weeks of diet feeding and assayed for circulating insulin levels 

No significant difference in either fasting or post-glucose insulin levels was observed in 

chow-fed Npas4 PKO mice, compared with diet fed controls (Figure 6.18A). However, 

HFD-fed Npas4 PKO mice displayed a trend towards decreased post-glucose insulin 

without any alteration in fasting insulin levels (Figure 6.18A). To complement the in vivo 

insulin levels, isolated islet function was assessed during an in vitro insulin secretion 

assay.  
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Figure 6.17: HFD-fed Npas4 PKO mice develop glucose intolerance. 
At 15 weeks of HFD-feeding, Npas4 PKO mice display mildly impaired glucose 
tolerance following administration of a 2 g/kg oral glucose bolus (n=10-20) (A&B). No 
difference between genotypes was observed in chow-fed animals (A&B). Similarly, 
following the IP administration of a 2 g/kg glucose bolus at 20 weeks of age, HFD 
Npas4 PKO mice displayed a similar degree of glucose intolerance (n=4-8) (C&D). At 
25 weeks of HFD-feeding, Npas4 PKO mice displayed more marked glucose 
intolerance during a 1 g/kg OGTT while chow-fed Npas4 PKO mice remained glucose 
tolerant (n=19-24) (E&F). Following a single cohort of chow-fed animals to 44 weeks of 
age did not reveal significant glucose intolerance in Npas4 PKO mice (n=3-4) (G&H). 
Significance was established using two-tailed Student’s t-test. * = p ≤ 0.05 ; ** = p ≤ 
0.01. 

 

Islets from chow-fed Npas4 PKO mice secreted normal amounts of insulin under 

basal and stimulatory conditions (Figure 6.18B), however, islets from HFD-fed Npas4 

PKO mice secreted significantly less insulin in response to high glucose (Figure 6.18B). 

The decreased in vivo and in vitro glucose stimulated insulin secretion from beta cells of 

HFD-fed Npas4 PKO mice are characteristic of beta cell dysfunction following prolonged 

stress and likely underlie the glucose intolerance observed in these mice.  
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Figure 6.18: Decreased insulin secretion from HFD-fed Npas4 PKO mice. 
HFD but not chow-fed Npas4 PKO mice displayed a trend towards decreased 
circulating insulin levels following a 1 g/kg OGTT performed at 25 weeks of HFD (n=5-
10) (A). Islets from 32 week old chow-fed Npas4 PKO mice had normal insulin secretion 
under basal and stimulatory conditions while islets from HFD-fed Npas4 PKO mice had 
significantly reduced glucose-stimulated insulin secretion (n=4-7) (B). Significance was 
established using a two-tailed Student’s t-test. * = p ≤ 0.05. 
 

There are a number of possible mechanisms through which loss of NPAS4 may 

be impairing beta cell function and glucose intolerance in HFD-fed Npas4 PKO mice, 

including reduction in beta cell numbers due to impaired proliferation or increased rates 

of apoptosis. Conversely, beta cell mass may be maintained and functional deficits may 

the primary cause. To first address whether there were reductions in the number of beta 

cells in Npas4 PKO mice, pancreata from all groups were collect at the endpoint of 25 

weeks of diet feeding and sections were stained for both insulin and glucagon. 

Following quantification, neither chow nor HFD-fed Npas4 PKO mice had significant 

differences in the number of alpha or beta cells, compared to age and diet fed controls 

(Figure 6.19A&B). Likely precluding a differences in apoptosis or proliferation rates in 



127 

 

Npas4 PKO mice and suggesting functional deficits were the primary cause of impaired 

glucose tolerance.  

 

Figure 6.19: No significant differences in beta or alpha cell numbers in Npas4 
PKO mice following 25 weeks of diet. 
Paraffin sections, separated by 500 μm, were sampled from the pancreas of 32 week 
old chow and high fat diet fed control and Npas4 PKO mice and stained for either insulin 
(A) or glucagon (B). Sections were imaged and endocrine cells quantified and 
normalized to total pancreatic nuclei on the respective section (n=3-4).  
 

Importantly, following a two-hour stimulation in 25 mM glucose, Npas4 

expression in islets from both chow and HFD-fed Npas4 PKO mice was significantly 

reduced (Figure 6.20A). The degree of knockout was highly similar to what was 

observed two weeks following tamoxifen administration (Figure 6.1A), suggesting that 

there was no dramatic loss of recombined cells or a dilution with non-recombined cells. 

Another possibility that may explain the reduced beta cell function in HFD-fed Npas4 

PKO mice is beta cell dedifferentiation. As discussed within chapter 1, there are multiple 

pathways through which beta cells have been shown to dedifferentiate; including 

increased expression of the transcription factor, Sox9 (127). 
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Figure 6.20: Npas4 expression is reduced in islets from 32-week old Npas4 PKO 
mice. 
Islets from chow and HFD-fed control and knockout mice were harvested at 32 weeks of 
age and stimulated in vitro for two hours with 25 mM glucose (A). Npas4 expression 
was significantly reduced in both chow and HFD-fed Npas4 PKO mice (n = 5-10). 
Significance was established using a two-tailed Student’s t-test. ** = p ≤ 0.01 ; *** = p ≤ 
0.001. 
 

Based on the studies in chapter 4, which suggested NPAS4 negatively regulates 

beta cell Sox9; its expression was subsequently measured within isolated islets of 

Npas4 PKO mice. Following 25 weeks of diet feeding, Sox9 was elevated in both chow 

and high fat diet fed Npas4 PKO islets, although this only reached statistical 

significance in HFD-fed mice (Figure 6.21A). To investigate whether increased Sox9 

expression in the Npas4 PKO model was associated with beta cell dedifferentiation, 

lineage tracing analysis was conducted with the use of the Rosa26mTmG reporter allele. 
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Figure 6.21: Npas4 PKO mice have increased islet expression of Sox9. 
Islets isolated from Npas4 PKO mice following 25 weeks of HFD-feeding had 
significantly higher Sox9 expression. While there was a trend towards increased Sox9 
expression in age matched, chow-fed Npas4 PKO mice, this did not reach statistical 
significance (n=4-9) (A). Significance was established using a two-tailed Student’s t-
test.*** = p ≤ 0.001. 
 

In control mice, 7.5% of all GFP immunoreactive islet cells were negative for 

insulin staining. It is likely that this GFP+/Insulin- population constitutes recombined 

alpha and delta cells as described above (Figures 6.3&4). In contrast, within islets from 

both chow and high fat diet fed Npas4 PKO mice, the number of GFP-labelled cells that 

were not immunoreactive for insulin increased to approximately 12% (Figures 

6.22A&C). Next, to determine whether beta cells were transdifferentiating into glucagon-

expressing cells, sections were co-stained for GFP and glucagon. In control mice, islet 

cells that were labelled with GFP and expressed glucagon constituted 3.5% of all 

glucagon immunoreactive cells. The number of these GFP, glucagon co-

immunoreactive cells was significantly higher in both chow and HFD-fed Npas4 PKO 

mice, constituting 17% and 10% of the total GFP labelled cell population, respectively 

(Figures 6.22B&C). Suggesting that beta cell dedifferentiation or transdifferentiation 
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may contribute to the impaired beta cell function and glucose tolerance in HFD Npas4 

PKO mice.  

 

Figure 6.22: Increased rates of beta cell dedifferentiation and transdifferentiation 
in Npas4 PKO mice 
Pancreatic sections from HFD-fed controls, and both chow and HFD-fed Npas4 PKO 
mice were stained for GFP and insulin or GFP and glucagon. Both chow and HFD-fed 
Npas4 PKO mice had increased numbers of GFP labelled cells that did not express 
detectable insulin protein, suggestive of a loss of beta cell maturation state (A). 
Furthermore, both chow and HFD-fed Npas4 PKO mice had increased numbers of GFP 
labelled cells expressing glucagon, suggestive of beta cell transdifferentiation (B) (n=3). 
Significance was a one-way ANOVA with Dunnett's post-hoc analysis. *** = p ≤ 0.001. 
 
 
6.3 Discussion 

Based on the number of pathways that were influenced by in vitro overexpression 

of NPAS4 in beta cells, it was hypothesized that knockout of Npas4 would impair beta 

cell function or viability in response to stress. To test this, a novel Npas4 knockout 

mouse model was developed by crossing the Pdx1CreER transgenic line to the Npas4 

floxed mouse and followed by tamoxifen administration at 6 weeks of age. Examination 

of Cre activity through the Rosa26mTmG reporter strain revealed recombination within the 

pancreatic islet as well as within the hypothalamus. As these studies initially intended to 
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specifically examine the effect of reduced NPAS4 expression within the beta cell, the 

presence of Cre activity within this brain region complicates the interpretation of some of 

the observed phenotypes.  

To understand the role of Npas4 in glucose homeostasis under metabolic stress, 

control and Npas4 PKO mice were separated into two experimental cohorts; one fed a 

standard rodent chow and the other fed a diet high in fat and sugar content. To 

rigorously characterize the long term consequences of genetic ablation of Npas4 from 

Pdx1-Cre expressing cells, weight gain, glycemia, feeding and locomotor activity were 

monitored over the course of 25 weeks of HFD-feeding as well as blood glucose 

response during glucose, insulin, pyruvate and glycerol tolerances tests. A number of 

phenotypes were observed in HFD-fed Npas4 PKO mice, including fasting 

hyperglycemia and elevated gluconeogenic output in response to the in vivo 

administration of pyruvate or glycerol. Metabolic cage analysis also revealed significant 

differences in feeding and locomotor behaviors in HFD-fed Npas4 PKO.  The earliest 

phenotypes observed in the Npas4 PKO mice were slightly increased mass and fasting 

hyperglycemia and elevated gluconeogenesis with hyperinsulinemia and insulin 

resistance developing afterwards. Following prolonged HFD-feeding, Npas4 PKO mice 

also developed glucose intolerance associated with increased rates of beta cell 

dedifferentiation and transdifferentiation.  

Based on the Cre activity within the CNS and the pancreatic islet and the types of 

phenotypes developed by Npas4 PKO mice; these in vivo experiments support a dual 

role for NPAS4 in the maintenance of glucose homoeostasis. One based on its 
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expression with the neurons of the arcuate and one based on a role within the 

pancreatic beta cell.   

Regarding the role of NPAS4 within the beta cell, the data from the Npas4 PKO 

mice suggests that continued NPAS4 expression is required to suppress Sox9 and 

maintain beta cell differentiation. While increased islet expression of Sox9 and similar 

rates of beta cell dedifferentiation were observed regardless of diet, glucose intolerance 

and reduced insulin secretion was only observed in HFD-fed Npas4 PKO mice. This 

would suggest that HFD-feeding constitutes an additional beta cell stress and is 

required to precipitate disrupted glucose homeostasis in Npas4 PKO mice. There are 

multiple mechanisms through which HFD-feeding could exacerbate any dysfunction 

present within Npas4 PKO beta cells, such as driving beta cell proliferation (261), 

increasing ER stress levels (98), or decreasing the expression of the transcription factor 

MAFA (134). Alternatively, based on the competitive dynamic between NPAS4 and 

HIF1α illustrated in chapter 5, it is possible that HIF1α transcriptional activity is 

increased in Npas4 null beta cells due to decreased competition for ARNT. 

Furthermore, as HFD-feeding increased HIF1α protein levels in adipose (283) and liver 

(284), it is possible that beta cells express higher levels of HIF1α following HFD-feeding. 

It could be this increased HIF1α in HFD-fed Npas4 PKO beta cells that further 

exacerbates beta cell dysfunction and leads to glucose intolerance.  

There were other phenotypes observed in Npas4 PKO mice that are not 

traditionally believed to be mediated by beta cell dysfunction, these include increased 

gluconeogenesis, insulin resistance and altered eating and locomotor behaviors. As 

recombination was detected within the arcuate nucleus, it raised the possibility that loss 
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of central Npas4 expression mediated these effects. Indeed, a number of studies using 

“beta cell specific” Cre lines have uncovered centrally mediated phenotypes which 

manifest as alterations in weight gain, food intake or insulin sensitivity (273,274,285-

287).  

There are several pathways that NPAS4 is known to regulate in other contexts 

which may be impacted in POMC or AGRP neurons of Npas4 PKO mice, resulting in 

the observed phenotypes. For instance, based on data from chapter 4, it is possible that 

loss of Npas4 may increase neural ER stress within the arcuate neurons, which has 

been implicated in the development of obesity and insulin resistance (288,289). 

Alternatively, NPAS4 promotes the generation of GABAergic synapses within 

hippocampal neurons (164) and it is possible it has a similar function within the 

hypothalamus; resulting in reduced GABA release from Npas4 PKO  neurons. Impaired 

GABA secretion in Pdx1-CreER expressing neurons could contribute to the phenotype 

of the Npas4 PKO mouse as blocking GABA secretion from RIP-Cre neurons, resulted 

in increased weight gain on HFD (274). A final mechanism through which loss of Npas4 

within the neurons of the arcuate could be impacting glucose homeostasis is by 

regulating intrinsic neural activity. The possibility that NPAS4 regulates neuron 

excitability in a cell autonomous fashion has currently only speculative (290), however, if 

true, would likely alter the function of multiple cell types within the ARC.  

Importantly, attempts to demonstrate reduced hypothalamic Npas4 mRNA 

expression in Npas4 PKO mice were unsuccessful. Therefore, it cannot be conclusively 

stated that Npas4 is expressed within the arcuate nucleus or that there is reduced 

Npas4 expression in the arcuate of Npas4 PKO mice; relegating this line of discussion 
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as one based on conjecture rather than empirical evidence. Future experiments will 

determine which neural types within the arcuate express NPAS4, whether its expression 

is altered by metabolic signals such as glucose or insulin within these neurons and the 

effect of reduced NPAS4 expression within these neurons on glucose homeostasis. 

In conclusion, Pdx1CreER mediated genetic deletion of Npas4 leads to the 

development of several phenotypes, including elevations in gluconeogenesis, impaired 

insulin sensitivity and increased islet Sox9 expression. These data support the 

importance of Npas4 in promoting glucose homeostasis. While the exact nature of these 

alterations was unresolved; it is hypothesized that loss of Npas4 within the islet and 

within an extra-islet cell type both contribute to the phenotype.  
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Chapter 7: Characterization of the AAV-Cre & Ins1Cre Npas4 knockout 

mouse 

7.1 Introduction 

The use of Pdx1CreER transgenics to genetically delete Npas4 from Pdx1-

CreER expressing cells resulted in a number of phenotypes including; elevated 

gluconeogenesis, insulin resistance, altered feeding and locomotor behavior as well as 

beta cell dysfunction and dedifferentiation. However, the Cre recombinase activity in 

both the CNS and the beta cell of Pdx1CreER transgenic mice confounded the 

interpretation of some of the phenotypes of observed. Therefore, in order to exclude any 

contribution of reduced Npas4 expression within arcuate neurons and specifically 

examine the metabolic consequences of Npas4 ablation from the beta cell, two recent 

advancements in targeting Cre recombinase to beta cells were utilized.   

One advancement is the delivery of Cre recombinase to beta cells through the 

use an adeno-associated viral (AAV) vector. AAVs consist of ~4.5kb single stranded 

DNA genome with Rep and Cap genes flanked by inverted terminal repeats (ITRs) on 

the 5’ and 3’ ends (291-293). The Rep and Cap genes can be removed and replaced 

with promoters and coding sequences of interest. Within the CNS, several studies have 

successfully used stereotaxic injections to deliver Cre recombinase to specific brain 

regions (159,294). In beta cells, AAVs have been used as gene delivery vectors in 

rodent models of type 1 or T2D (172,295-301) by either injecting AAV into the peritoneal 

cavity or, for more pancreas specific delivery, directly into the pancreatic duct. To date 

there have been no reports of AAV infecting neurons of the CNS following intraductal 

injection of AAVs targeting the beta cell.  
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The second tool that has improved targeting of Cre to beta cells is the 

development of novel mouse lines which express Cre under the control of the mouse 

Insulin 1 promoter. Compared to the insulin 2 allele, insulin 1 is restricted to the 

pancreatic beta cell (302) and the characterization of both a knock-in Ins1-Cre mouse 

line (175) and a transgenic Ins1-Cre mouse line (267,303,304) have failed to detect 

recombination within the CNS.  

Both the Ins1-Cre and AAV-mediated systems offered distinct advantages; the 

Ins1-Cre mouse line results in Cre mediated recombination in nearly 100% of beta cells 

(175), while AAV-mediated gene delivery to beta cells has been shown to be 

substantially less efficient (172,300). However, as the insulin 1 allele is activated during 

pancreatic development (305) it does not offer the temporal control afforded through the 

use of AAV-mediated Cre delivery, unless a tamoxifen responsive Cre is used. Based 

on the advantages of the Ins1-Cre and the AAV approached, both were used to 

generate two separate models of beta cell Npas4 knockout mice and determine whether 

loss of Npas4 within the beta cells was sufficient to recapitulate the diverse phenotypes 

present in the Npas4 PKO model.  

7.2 Results 

7.2.1 Recombination within the Ins1Cre knock-in mice  

Similar to the high beta cell Cre activity observed in Pdx1CreER transgenic mice 

following tamoxifen administration; examination of GFP immunofluorescence in 

Ins1WT/Cre- Rosa26mTmG islets revealed recombination in essentially every beta cell and 

no alpha cells (Figure 7.1A). The expression of Npas4 was also significantly reduced in 

Ins1WT/CreNpas4flx/flx (Npas4 IKO) mice compared to Ins1WT/WTNpas4flx/fx (Control) mice 
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following two hour stimulation in 25 mM glucose (Figure 7.1B). Importantly, no 

recombination was detected within the arcuate nucleus (Figure 7.1C), demonstrating a 

high degree of beta cell specificity in this Cre line.  

7.2.2 Characterization of male Npas4 IKO mice   

As the Ins1-Cre knockin line demonstrated high rates of beta cell recombination 

with no detectable recombination within the arcuate nucleus, it was a suitable model to 

examine whether the loss of Npas4 within the beta cell lineage was responsible for the 

pleiotropic phenotypes within the Npas4 PKO mouse. Therefore, cohorts of male Npas4 

IKO mice were split between standard rodent chow and HFD at seven weeks of age 

and monitored on a weekly basis.   

In contrast to what was observed with the Npas4 PKO model, Npas4 IKO mice 

did not demonstrate any difference in weight gain (Figure 7.2A) and the fat mass of 

HFD Npas4 IKO mice was not significantly different from diet fed controls (Figure 7.2B). 

To examine feeding and locomotor behavior within the Npas4 IKO mouse, HFD-fed 

control and Npas4 IKO mice were placed into metabolic cages at seven weeks of diet 

feeding. While the HFD Npas4 PKO mice had increased light phase food intake and 

decreased dark phase locomotor activity no such phenotype was observed in the HFD-

fed IKO knockout model (Figure 7.3A&C).  
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Figure 7.1: High rates of beta cell specific recombination in the Ins1WT/Cre mice.  
At 8 weeks of age, Ins1WT/CreRosa26mTmG mice were sacrificed, perfused with 4% PFA 
and pancreas and brain harvested for immunofluorescent staining. Stained paraffin 
sections from the pancreas revealed high rates of beta cell recombination and no 
detectable recombination within alpha cells (A). Npas4 mRNA levels were significantly 
reduced within whole islets of Npas4 IKO mice following a two hour in vitro stimulation 
in 25 mM glucose (n=3-8) (B). Stained coronal cryosections of the brain from 
Ins1WT/CreRosa26mTmG mice did not yield GFP positive cells within the arcuate 
nucleus (C). 3V: Third Ventricle. Scale bars = 25 µm. Significance was established 
using two-tailed Student’s t-tests. ***= p≤ 0.001. 
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Figure 7.2: No difference in weight gain in Npas4 KO mice.  
Body mass measurements taken weekly from one week post-weaning. Mice were 
placed on HFD at 7 weeks of age (black arrow head) however no difference in mass 
gain was observed in either chow or HFD-fed Npas4 IKO mice over 13 weeks of diet 
feeding (n≥5) (A). Neither the fat nor lean body mass composition of HFD-fed Npas4 
IKO at seven weeks of HFD-feeding was significantly different from HFD-fed control 
mice (n=4) (B).    

 
Furthermore, there were no significant differences in water intake or RER (Figure 

7.3B&D). This metabolic cage data from the Npas4 IKO mode suggested that loss of 

Npas4 within beta cells is not sufficient to induce changes in locomotor activity or 

changes in feeding behavior.   

To examine any alterations in glucose homeostasis in chow and HFD-fed Npas4 

IKO mice; fasting and random glucose was monitored in an identical manner as the 

Npas4 PKO model. However, in contrast to the fasting hyperglycemia observed in 

Npas4 PKO mice, elevated fasting glucose levels did not develop in HFD-fed Npas4 

IKO mice over the first 13 weeks of diet feeding (Figure 7.4A). No difference was 

observed in the random blood-glucose levels in ad libitum fed animals either (Figure 

7.4B).   
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Figure 7.3: No alterations to the behavioral phenotype of HFD-fed Npas4 IKO 
mouse. 
At seven weeks of HFD-feeding, male control and Npas4 IKO mice were subjected to 
metabolic cage analysis. No difference between the lean or fat mass in Npas4 IKO was 
detected (A). Food (B) and water (C) intake patterns were also unaltered in HFD Npas4 
IKO mice. A non-significant trend toward increased locomotor activity was observed in 
HFD Npas4 IKO mice (D). Finally, the respiratory exchange ratio (RER) of HFD-fed 
Npas4 IKO mice was not significantly different than diet fed controls (n=4) (E).   

 

 

Figure 7.4: No change in random or fasting glycemia of Npas4 IKO mice 
No significant difference in blood glucose following an overnight fast (A) or in ad libitum 
(B) fed Npas4 IKO mice on either chow or HFD compared to their respective diet fed 
controls (n≥5). 
 

It was possible that normal fasting glucose levels may be maintained in the 

Npas4 IKO mice but there may be still be underlying elevations in hepatic glucose 

production. Therefore, to assay in vivo gluconeogenic output, both pyruvate and 

glycerol tolerance tests were performed at 7 and 11 weeks of HFD-feeding, 
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respectively. These time points match the age at which the pyruvate and glycerol 

tolerance tests were performed in the Npas4 PKO mice. In response to either pyruvate 

or glycerol, both CHW and HFD-fed Npas4 IKO mice displayed a normal glucose 

response, compared to their diet controls (Figures 7.5A&B).   

 

Figure 7.5: Npas4 IKO respond normally to in vivo administration of 
gluconeogenic substrates. 
Both chow and HFD-fed Npas4 IKO mice have normal glucose responses during a 2 
g/kg pyruvate tolerance test performed at seven weeks of HFD-feeding (n≥5) (A). 
Similarly, glucose response during a 2 g/kg glycerol tolerance test remained normal in 
Npas4 IKO mice compared to diet fed controls (n≥5) (B).   

 
 
Similarly, the insulin resistance observed in Npas4 PKO mice after 11 weeks of 

high fat diet feeding was not observed in Npas4 IKO mice (Figure 7.6A). As HFD-fed 

Npas4 IKO mice did not develop fasting hyperglycemia, elevated gluconeogenic output 

or insulin resistance; this suggested that loss of Npas4 expression from the beta cell 

was not responsible for the development of these phenotypes within the PKO model.  
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Figure 7.6: Npas4 IKO demonstrate normal glucose response to insulin.  
Compared to diet fed controls, Npas4 IKO mice display a normal response to insulin 
during a 0.75 U/kg ITT performed at 11 weeks of HFD-feeding (n≥5) (A).  

 

7.2.2.1 Recombination in AAV-RIP2-Cre injected Rosa26mTmG mice  

As early expression of Cre driven by the Insulin 1 promoter resulted in deletion of 

Npas4 during pancreatic development, this may allow the beta cell to compensate for 

loss of NPAS4 and masking the development of a phenotype. In order to ablate Npas4 

from mature beta cells in a manner more similar to what was performed with the 

Pdx1CreER model; an AAV-mediated approach was taken.  

To this end, 1.5x1011 viral genomes (vg) of an adeno-associated virus (AAV) 

serotype 6 expressing Cre under control of the rat insulin 2 promoter was injected 

directly into the pancreatic duct. To determine the efficiency of beta cell recombination, 

pancreata from AAV-RIP-Cre injected Rosa26mTmG mice were harvested two weeks 

following AAV delivery and Cre activity assessed through the presence of membrane 

bound GFP. Immunofluorescent examination of islets from AAV-RIP-Cre injected mice, 
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revealed Cre mediated recombination in both beta and alpha cells (Figure 7.7A) of 

pancreatic islets but not within the arcuate nucleus (Figure 7.7B).  

 

Figure 7.7: Islet specific recombination in AAV-RIP-Cre injected Rosa26mTmG mice. 
Pancreas and whole brain were harvested for immunofluorescent analysis of Cre 
mediated recombination two weeks following injection of 1.5x1011vg of AAV-RIP-Cre 
into the pancreatic duct of Rosa26mTmG mice. Co-staining for GFP and insulin within the 
pancreas revealed higher rates of recombination on the periphery of the islet as 
opposed to the islet core (A). While the majority of recombined cells were insulin 
positive, a number of recombined alpha cells were also detected (yellow arrowheads) 
(A). Further, no recombination within the arcuate nucleus was detected (B). 3V: Third 
Ventricle. Scale bars = 25 µm.  
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7.2.3 Phenotype of Npas4 AAV-KO mice  

To generate an AAV-mediated Npas4 KO model, 1.5x1011vg of AAV-RIP-Cre or 

a control virus which lacked the Cre recombinase sequence (AAV-RIP-Empty), were 

injected into the pancreatic duct of 8-10 week old Npas4flx/flx mice. Following the 

surgery, mice were maintained on standard chow diet for one week prior to transfer to 

high fat diet for the duration of the studies.  

The weight gain on HFD was not as substantial as that observed in the Npas4 

PKO or IKO models, likely due to a secondary effect of the surgery. However, no 

significant difference was observed between the two groups (Figure 7.8A). There was 

also no significant difference in fasting blood-glucose levels between RIP-Cre or RIP-

Empty injected Npas4flx/flx mice (Figure 7.8B). Notably, the random blood glucose levels 

in ad libitum fed mice were non-significantly elevated in the first few weeks following the 

initiation of HFD-feeding, however, this normalized by six weeks of diet (Figure 7.8C). 

Further, the glucose response during either a pyruvate tolerance test, administered at 7 

weeks of HFD-feeding or a glycerol tolerance test, performed at 11 weeks HFD-feeding, 

remained normal in AAV-RIP-Cre injected mice (Figure 7.8D-G).   

 While these mice were monitored for up to 25 weeks of HFD-feeding, no 

significant impairment in glucose tolerance was observed (Figure 7.9A). As the AAV-

RIP-Cre injected Npas4flx/flx mice had the Cre reporter mTmG allele present, lineage 

tracing analysis was performed to examine recombination rates. At end point, 26 weeks 

post intraductal surgery, there were reduced proportions of recombined beta cells 

present in AAV-RIP-Cre injected Npas4flx/flx mice (Figure 7.9B) compared to what had 

been observed two weeks post-injection. Due to the reduced numbers of recombined 
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beta cells at this time point; it is difficult draw conclusions on the impact of reduced beta 

cell NPAS4 expression on glucose homeostasis. However, apparent loss of recombined 

beta cells suggests they were at a competitive disadvantage  

 

  
Figure 7.8: AAV-RIP-Cre injected Npas4flx/flx mice display normal weight gain, 
glycemia and response to gluconeogenic substrates.  
One week following intraductal surgery (I.D.) standard diet was replaced with HFD and 
mice monitored for 12 weeks of HFD-feeding. AAV-RIP-Cre injected Npas4flx/flx mice 
display normal weight gain compared to AAV-RIP-Empty injected controls (A). Fasting 
glycemia was not significantly different between the two groups (B) and while there was 
trend towards elevated random glycemia in the first few weeks following the onset of 
HFD-feeding, this was no longer present by 6 weeks of HFD-feeding (C). AAV-RIP-Cre 
injected Npas4flx/flx mice demonstrated normal glucose responses during a 2 g/kg 
pyruvate tolerance test (D&E) and 2 g/kg glycerol tolerance test  (n=5-6) (F&G). 
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Figure 7.9: Following prolonged HFD-feeding, AAV-RIP-Cre injected Npas4flx/flx 
mice have reduced beta cell recombination rates. 
Following 25 weeks of HFD-feeding, glucose clearance was similar following a 2 g/kg 
OGTT in AAV-RIP-Cre injected Npas4flx/flx mice compared to AAV-RIP-Empty injected 
controls (n=5-6) (A). Following 25 weeks of HFD, no Cre mediated recombination was 
detected in islets from AAV-RIP-Empty injected Npas4flx/flx-Rosa26mTmG mice (top row) 
(B); however, the proportion of recombined beta cells in AAV-RIP-Cre injected 
Npas4flx/flx-Rosa26mTmG mice was substantially lower than that observed two weeks 
following intraductal surgery (bottom two rows) (B).  
 
7.3 Discussion 

To decipher whether the metabolic phenotypes observed in the Pdx1CreER 

Npas4 KO model were due to loss of Npas4 expression within the beta cell or from 

another cell type; two novel Npas4 beta cell KO models were generated. Importantly, no 

Cre-mediated recombination was detected within the arcuate nucleus of the 

hypothalamus in either of these models; allowing for specific examination of the 

functional significance of Npas4 expression in beta cells. 

While the Pdx1CreER Npas4 knockout model developed fasting glycemia 

associated with an elevated glucose response to gluconeogenic substrates such as 

pyruvate and glycerol; neither the Npas4 AAV-KO nor the Npas4 IKO knockout mice 



147 

 

developed this phenotype. Similarly, impaired insulin sensitivity and alterations in 

feeding behavior and locomotor activity in the HFD Npas4 PKO mice were not observed 

in the HFD Npas4 IKO mice. Combined these three models suggest that the early 

phenotype of the Pdx1CreER Npas4 model is likely due to Cre expression in cell types 

other than the beta cell. Supporting the position outlined in chapter 5 that recombination 

within the CNS may be driving some of the phenotypes of the Npas4 PKO mouse 

model.  

A caveat of the AAV studies is that in comparison to the Pdx1CreER model, 

recombination rates were lower at the beginning of the study and the proportion of 

recombined beta cells seemed to decline following 25 weeks of HFD-feeding. 

Therefore, it is possible that the rates of recombination were not high enough at the 

outset of the studies to establish significant differences between control and knockout 

mice. However, the absence of even non-significant differences in fasting glycemia or in 

glucose response to pyruvate or glycerol in Npas4 AAV-KO mice would suggest that 

reduced numbers of recombined beta cells was not the primary reason a phenotype 

was not detected.  

These studies also aimed to examine beta cell function within these two models 

of beta cell specific Npas4 knockout; however, the data is currently inconclusive. In the 

case of the AAV-mediated approach, the reduced proportion of recombined beta cells 

following 25 weeks of HFD-feeding make it difficult to assess the long term 

consequence to glucose homeostasis caused by genetic Npas4 ablation. One 

interpretation of this finding is that within this model, the beta cells which still express 

Npas4 are more capable of expansion following HFD-feeding; possibly due to increased 
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stress levels within the Npas4 null beta cell. While the Ins1Cre model would not be 

subject to the same limitations, unfortunately, due to the length of time required to age 

the Npas4 IKO mice; the beta cell phenotype for this model was not performed. Based 

upon the phenotype of beta cells in the Npas4 PKO it is believed that the Npas4 IKO 

beta cells will express higher levels of Sox9, dedifferentiate and impair systemic glucose 

homeostasis.   
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Chapter 8: Summary & conclusions  

Research over the past twenty years has demonstrated that the etiology of T2D 

is highly complex, with both genetic and environmental contributions (306). The 

development of T2D is also marked by the dysfunction of multiple glucoregulatory 

organs (307) which all contribute to insulin resistance and hyperglycemia. The 

continued function of the pancreatic beta cell is critical for the promotion of euglycemia; 

failure in the beta cell compensatory response to increased metabolic demands 

precipitates the development of T2D.   

Through the use of mouse models, multiple beta cell proteins and pathways have 

been identified which have essential roles in regulating beta cell function, viability and 

differentiation. Among these are the bHLH-PAS domain transcription factors and 

calcium signaling pathways. The bHLH-PAS domain proteins assume a unique role in 

beta cells as a critical component of the sensory machinery (244). Disruption of many of 

the bHLH-PAS domain proteins, including, HIF1α (149), ARNT (150), CLOCK (136,308) 

and BMAL1 (136,137) results in impaired insulin secretion and glucose intolerance in 

mice; demonstrating the importance of these proteins to beta cell function. Secondly, 

stimulation of beta cell calcium signaling pathways resulting in NFAT and CREB 

activation have also been shown to be critically important to beta cell; through their roles 

in promoting proliferation (201,202) and survival (196,309-311). Furthermore, disruption 

of CREB (196) or NFAT (204,205) activity, in vivo, impairs beta cell function leading to 

compromised glucose homeostasis; highlighting the immense importance of these 

proteins and their downstream targets.  
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Previous studies have demonstrated NPAS4 is calcium-induced bHLH-PAS 

domain protein and as such, resides at the intersection of these two essential beta cell 

pathways. Despite this, the role of NPAS4 within the beta cell or more broadly, glucose 

homeostasis has not yet been examined. The studies presented within this thesis were 

designed to answer three overarching questions. First, how is Npas4 expression 

regulated within the pancreatic beta cell in response to a number of relevant 

environmental stimuli? Secondly, within an in vitro model, how does NPAS4 regulate 

beta cell insulin expression and secretion and the cellular response to ER stress and 

HIF1α activation? Finally, within multiple in vivo models, how does reduced Npas4 

expression impact glucose homeostasis and energy balance? 

  In answer to the first question, Npas4 expression was detected within the 

developing pancreas but did not reach levels similar to what was observed in mature 

islets until e17.5. Within the adult beta cell, NPAS4 was expressed at very low levels 

under resting conditions and dramatically induced in response to stimulation with agents 

which result in insulin secretion such as glucose, KCl and palmitate. The induction of 

Npas4 by KCl was shown to be dependent on calcium influx; likely laying downstream 

of CREB or NFAT activation. Importantly, Npas4 expression was detected in the beta 

cells of multiple mammals including mouse, rat and humans and the induction of Npas4 

by membrane depolarization was observed in all beta cells tested. This similarity across 

different mammals may suggest that this pathway has enough functional importance to 

ensure it is conserved. There were also various pathways which reduced the induction 

of NPAS4, including the inhibition of Akt activity and reduced oxygen availability. 

Intriguingly, in islets from HFD-fed mice and individuals diagnosed with T2D, the 



151 

 

induction of Npas4 by membrane depolarization was diminished. Raising the possibility 

that impairments in Npas4 induction may contribute to beta cell dysfunction.   

The experiments presented in chapters 4 and 5 used in vitro models to 

subsequently address which beta cell processes NPAS4 was regulating. 

Supraphysiologic NPAS4 levels significantly reduced the expression of both the mouse 

insulin 1 and insulin 2 genes. This inhibition of insulin production was likely due to a 

combination of direct regulation of insulin promoter activity by NPAS4 and indirect 

regulation through reduced PDX1 and NEUROD1 levels. While no effect on glucose-

stimulated insulin release was observed in Npas4 transduced beta cells, the 

potentiating effects of the GLP-1 receptor agonist, exendin-4 were completely lost. This 

was likely mediated by increased expression of regulator of G-protein signaling protein 

2 (RGS2). The expression of RGS2 was increased under the same conditions which 

lead to increased NPAS4 expression including high glucose or KCl treatment. 

Furthermore, NPAS4 overexpression in MIN6 cells or mouse islets significantly 

increased Rgs2 expression due to direct binding of the Rgs2 promoter and putative 

enhancer.  

Further studies were then performed to understand how NPAS4 influenced the 

beta cell stress response. In particular, the cellular response to ER stress and HIF1α 

activation were assessed as both have been shown to inhibit beta cell function and are 

relevant to T2D (99,127). Npas4 transduced beta cells had significantly reduced Ddit3 

expression following exposure to the ER stressors, palmitate or thapsigargin. The 

observed cytoprotective effects of NPAS4 corroborates the studies performed in 

neurons (163,312) and one separate examination of NPAS4 in beta cells (206). 
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Similarly, Npas4 transduction reduced the expression of multiple HIF1α target genes in 

beta cells including those considered to be “disallowed” (313), “forbidden” (314) and 

characteristic of dedifferentiated beta cells (127,315).  

To determine whether reduced beta cell NPAS4 expression in vivo would result 

in dysfunction following metabolic stress, Npas4 was genetically ablated using the 

Pdx1CreER transgenic mouse line. Following HFD-feeding, this novel Npas4 knockout 

model developed a wide range of metabolic phenotypes including increased weight 

gain, altered feeding and locomotor behavior as well as fasting hyperglycemia, insulin 

resistance and increased hepatic gluconeogenesis. Furthermore, following prolonged 

HFD-feeding, these Npas4 PKO mice developed glucose intolerance, likely caused by 

increased Sox9 expression and beta cell dedifferentiation.  

Confounding the interpretation of the data from the Pdx1CreER model was the 

Cre-mediated recombination detected within the hypothalamus; a brain region of critical 

importance in the regulation of feeding and glucose homeostasis (316,317). Therefore, 

to determine whether any of the metabolic phenotypes observed in the Pdx1CreER 

Npas4 KO model were caused by reduced beta cell Npas4 expression, two separate 

beta cell Npas4 knockout models were developed. Characterization of the Ins1-Cre and 

AAV-RIP-Cre Npas4 knockout mice did not recapitulate the early metabolic phenotypes 

of the Pdx1CreER model, including insulin resistance, elevated gluconeogenesis or 

fasting hyperglycemia. Together these three Npas4 knockout models suggest that 

NPAS4 expression within the neurons of the hypothalamus and the beta cell is required 

for the maintenance of glucose homeostasis. 
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The sum of the experiments presented within this thesis demonstrate that Npas4 

expression in beta cells is tightly regulated and highly dynamic. Functionally, NPAS4 

acts to temper cellular function through the reduced  insulin production and secretion in 

response to GLP-1 receptor activation. At the same time, NPAS4 maintains long term 

beta cell viability and differentiation by reducing ER stress and limiting the 

transcriptional activity of HIF1α. Furthermore, as NPAS4 expression under stimulatory 

conditions was reduced in islets from donors with T2D, these protective pathways are 

likely impaired and contribute to the beta cell deficits in T2D.  

Finally, NPAS4 may be a tractable molecular target in the treatment of T2D in 

order to protect beta cells during periods of prolonged stress. The possibility of 

exploiting the endogenous beta cell homeostatic response to stress in order to preserve 

beta cell function in a prediabetic state is an attractive therapeutic avenue as it may 

delay or prevent the onset of T2D (318). Due to its dynamic expression levels, Npas4 

may be well suited for manipulation by small molecules. This could be accomplished by 

increasing the activity of transcription factors which promote NPAS4 expression. 

Alternatively, inhibiting the proteins responsible for degrading NPAS4 would result in 

NPAS4 protein stabilization. Based on the studies contained within this thesis and other 

reports (163,206,312), it is hypothesized that increased NPAS4 expression in 

dysfunctional beta cells would reduce in stress levels and maintain an adequate level of 

functional beta cell mass to delay the progression of T2D. However, there are many 

questions which remain to be answered prior to NPAS4 manipulation being used to 

therapeutic ends in T2D, including how to target a small molecule to specifically 

increase NPAS4 expression and not other similarly regulated proteins in beta cells. The 
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second and perhaps most important question is what are the long term effects of 

elevated beta cells NPAS4 expression in vivo? These experiments will be addressed in 

future studies however, regardless of whether NPAS4 is amenable to therapeutic ends, 

continued examination of beta cell homeostatic responses will yield a better understand 

beta cell biology in health and disease and identify further potential targets for the 

treatment and prevention of T2D.   

 

8.1 Future directions  

The data presented within this thesis demonstrate that NPAS4 expression is 

increased in response to beta cell depolarization and that it promotes a cytoprotective 

transcriptional program. As these are the first studies on the regulation of glucose 

homeostasis by NPAS4, there are numerous future research avenues which would offer 

further clarity into the regulation and function of NPAS4 in both the pancreatic beta cell 

and the neurons of the arcuate nucleus.    

For instance, while the requirement for calcium has been established, further 

studies could offer greater mechanistic detail to the induction of NPAS4 in beta cells. 

These experiments may include, determining transcription factor binding sites within the 

Npas4 promoter required for depolarization-dependent Npas4 expression. This could be 

performed through a series of promoter truncations to narrow down the relevant 

promoter region. Subsequently, site-directed-mutagenesis of the Npas4 promoter could 

be used to identify specific transcription factor binding sites. In conjunction, chromatin 

immunoprecipitation (ChIP) experiments for calcium regulated transcription factors such 

factors as NFAT proteins or CREB could be performed. Together, these mechanistic 
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studies may help facilitate the development of small molecules aimed at increasing the 

activity of transcription factors which induce NPAS4. in order to increase NPAS4 

expression to protect beta cells under stressed conditions.   

The studies within this thesis identified the insulin and Rgs2 genes as direct 

targets of NPAS4 in beta cells. In order to uncover further NPAS4 targets in a non-

biased approach, human islets could be depolarized through high glucose exposure for 

two hours and Chromatin immunopreciptitation (ChIP) performed. Subsequently, the 

NPAS4 ChIP DNA library could be sequenced to identify genome-wide NPAS4 binding 

sites within human beta cells. To further complement this ChIP-Seq data set, and better 

identify bona fide NPAS4 targets, cDNA libraries from Npas4 null beta cells and beta 

cells overexpressing NPAS4 could also be sequenced. These three data sets would 

offer a comprehensive overview of directly regulated NPAS4 target genes within the 

beta cell and could be used to offer a more thorough understanding of how NPAS4 

protects against cell stress as well as identifying novel cellular processes regulated by 

NPAS4.   

A third research avenue would be a further characterization of the beta cell 

specific Npas4 knockout mouse model. The Pdx1CreER Npas4 knockout model 

displayed increased islet expression of Sox9 and rates of beta cell dedifferentiation, 

however due to the Cre activity within other cell types, most notably the neurons of the 

hypothalamus, a careful examination of beta cells from the Npas4 IKO model is 

required. This characterization should include HFD-feeding for a 32 week period, 

followed by assessment of glucose tolerance and in vitro insulin secretion assays. 

Further to determine whether beta cell dedifferentiation occurs in this Npas4 knockout 



156 

 

model, immunofluorescent analysis of lineage traced beta cells as well as quantification 

of dedifferentiation markers including Sox9 should be performed.  

Alternatively, the impact of beta cell NPAS4 overexpression in vivo could also be 

examined. The in vivo overexpression could be accomplished through the use of a viral 

approach such as an AAV or lentivirus vector. Alternatively, a transgenic approach 

could be used in which the Npas4 sequence could be placed downstream of the insulin 

1 promoter. The characterization of these mice could include how increased beta cell 

NPAS4 expression impacts glucose tolerance and insulin secretion in vivo under non 

stressed settings. Furthermore, HFD-feeding or STZ administration could be used to 

determine whether increased NPAS4 expression in vivo protects against beta cell stress 

and preserves glucose homeostasis. Crossing the NPAS4 overexpression mouse strain 

to genetic models of diabetes such as the Akita or db/db mouse would also bolster 

findings from the HFD and STZ models.  

Finally, expression analysis of Npas4 in the CNS revealed high expression levels 

in the hypothalamus, compared to some other brain regions. Therefore, a further 

characterization of the hypothalamic neurons which express Npas4 should be 

performed. This could be done through immunofluorescent staining for NPAS4 protein 

or the generation of a knock-in mouse strain which expressed GFP downstream of the 

Npas4 promoter. This initial characterization should also include how metabolic signals 

such as glucose or insulin impact Npas4 expression within these neurons. As Npas4 is 

similarly regulated as the other IEG c-fos (165) it is likely that under fasting conditions 

Npas4 would be upregulated in NPY/AGRP cells while under fed conditions Npas4 

should be induced in POMC neurons (319). To understand whether NPAS4 expression 
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within the arcuate is required for the maintenance of glucose homeostasis; the Npas4 

floxed mouse line could be crossed to the Agrp and Pomc –Cre transgenics. These 

novel Npas4 knockout mice could then be fed a HFD and their weight gain, fasting 

glucose, insulin and glucose tolerance monitored on a regular basis. Alternatively a 

more wide-spread Cre strain could be used as examination of Pdx1-Cre expression 

patterns within the arcuate nucleus did not yield a large degree of overlap with POMC or 

AGRP neurons (275). Therefore broader hypothalamic Cre lines such as the kisspeptin-

Cre (320), Sim1-Cre (321) and Esr1-Cre (322) may be more effective at targeting the 

Pdx1-Cre neurons.  

Despite the progress made in understanding a role for NPAS4 within the beta 

cell, there is still many unanswered questions. The studies outlined above will add 

greater mechanistic detail to what is known about NPAS4 and open completely new 

areas of scientific inquiry into how Npas4 expression in the beta cell and brain 

contribute to the promotion of glucose homeostasis.    
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Appendices 

Appendix A  : diagram of ChIP primers used in the Chapter 3   
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Appendix B  : timeline for Pdx1CreER Npas4 KO mice  

 

 

 


