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Abstract 

Both pancreatic islets and hypothalamic arcuate nucleus neurons are critical for energy 

homeostasis and depend on activity-regulated genes to respond to stimuli. NPAS4 is one such 

gene that is expressed in both sites and is important for proper function of islets and neurons.  

The overall goals of my thesis are to profile activity-regulated genes in pancreatic islets and 

arcuate nucleus neurons, and characterize the functional role of NPAS4 in arcuate nucleus 

neurons in order to reveal novel mechanisms in cells important in energy homeostasis.  

 

To identify calcium-dependent activity-regulated genes in human islet cell types, I used single 

cell RNA sequencing on islets that had experimentally induced or inhibited intracellular calcium 

signalling. In addition to identifying activity-regulated genes in each islet cell type, I found that 

beta cells with the most calcium-regulated genes expressed the marker PCDH7 and had 

enhanced glucose-stimulated insulin secretion. In order to study the role of NPAS4 in the arcuate 

nucleus, I first determined that Npas4 mRNA was expressed and was induced in AgRP and 

POMC neurons in the arcuate nucleus in response to peripheral nutrient and endocrine stimuli. 

Next, I characterized mice with NPAS4 knockout in either AgRP or POMC neurons, with or 

without high-fat diet, and found that mice with POMC-specific NPAS4 knockout gained less 

body weight on high-fat diet due to an early reduction in food intake. To determine the molecular 

mechanism behind this phenotype, I performed single cell RNA sequencing on arcuate nuclei 

from fasted and refed NPAS4 knockout and control mice fed high-fat diet. I found that the 

POMC neurons with NPAS4 knockout had reduced Pomc expression, increased feeding-

regulated genes, and reduced inhibitory GABAergic synapse genes, which could explain the 

reduced body weight over time. Future experiments would involve assessing 
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electrophysiological changes in POMC neurons from NPAS4 knockout mice to confirm 

functional alterations as a result of reduced inhibitory synapses.  

 

Overall, this thesis shows the importance of activity-regulated genes in both pancreatic islets and 

arcuate nucleus neurons, and shows a novel role of the transcription factor NPAS4 in POMC 

neurons in regulating energy homeostasis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 

 

 

Lay Summary 

Obesity can result from problems in different organs. The gene NPAS4 is found in the brain and 

the pancreas, activated by calcium, and is important for responding to changes in the 

environment. In this thesis, I investigated what other genes are activated by calcium in different 

types of pancreatic cells, and the role of NPAS4 in brain cells during obesity. In the pancreas, I 

found that cells that had the most genes activated by calcium secreted more hormones when they 

were stimulated by sugar. In the brain, I found the NPAS4 gene is in appetite-controlling 

neurons. NPAS4 deletion from these neurons caused mice to gain less weight by eating less, 

because of decreased genes that were important in turning off these neurons. Overall, the work in 

my thesis shows that NPAS4 and other genes activated by calcium in the brain and pancreas play 

important roles in metabolism and weight gain.  
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Chapter 1: Introduction 

1.1 Obesity 

Obesity is now recognized as a metabolic disease where the excessive accumulation of fat 

impairs normal bodily functions1. It was recently reported from the Global Burden of Diseases, 

Injuries, and Risk Factors Study of 2019 that the prevalence of obesity and type 2 diabetes 

increased but unlike other metabolic diseases, mortality rates did not decrease over the past 10 

years2. Most concerningly, the global prevalence of obesity has tripled since the 1970s, alongside 

an increase in mean body mass index (BMI) in children, adolescents, and adults3,4. In 2016, it 

was reported that 39% of the global adult population was estimated to be overweight (BMI ≥ 

25kg/m2) and 13% of adults was estimated to be obese (BMI ≥ 30 kg/m2)3. The reason why the 

rising rate of obesity is a serious public health concern is because obesity is a major risk factor 

for developing additional non-communicable diseases. Obesity is one of the highest risk factors 

for metabolic diseases such as type 2 diabetes and cardiovascular diseases5–8. In addition, it has 

been found during the ongoing COVID-19 pandemic that obesity was a significant risk factor for 

developing more severe symptoms in patients9.Due to its additional association with an overall 

increase in risk of mortality5,10–12, obesity requires additional attention in order to alleviate this 

burden to global health, especially in today’s “obesogenic” environment. 

 

1.2 Characteristics of obesity 

A defining feature of obesity is the abundance of fat mass in the body and altered adipocyte 

biology. White adipocytes normally accumulate triglycerides as an important source of stored 

energy for survival in times of nutrient deficit. In an obese state, the amount of triglycerides 

stores is increased and the rate of triglyceride removal is decreased13. The expression levels of 
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hormone-sensitive lipase and adipose triglyceride lipase, which are enzymes important for 

lipolysis, are decreased in obese adipocytes14. This has also been observed in insulin-resistant 

states independent of obesity15. Adipocyte numbers are also altered during obesity, further 

influencing the accumulation of fat mass16. It has been reported that adipocyte numbers are likely 

pre-determined at a young age and usually remain constant independent of BMI, but obese adults 

are known to have more adipocytes than non-obese adults13,16,17. Adipocytes also act as an 

endocrine organ, which secretes multiple adipokines that are important in whole-body regulation 

of metabolism. There is considerable research showing that adipocyte function is altered during 

obesity, including altered levels of adipokine secretion18,19. One example is adiponectin, which 

normally circulates at levels inversely proportional to the adiposity in the body20. In humans with 

increased adiposity, there is a reduction in adiponectin levels, and this has been associated with 

lower insulin sensitivity and higher risk of type 2 diabetes20–22. Another example is leptin, which 

circulates at levels proportional to fat mass, and is increased in people with obesity 23,24. Obesity 

has also been described as a state of chronic low-grade inflammation. Macrophages accumulate 

in the adipose tissue in obese states and are known to secrete inflammatory cytokines such as 

interleukin 6 and tumor necrosis factor alpha25–27.  

 

In addition to altered adipose tissue biology, further features of obesity include hyperinsulinemia 

and insulin resistance, which are also associated with type 2 diabetes. Generally, people with 

obesity show greater insulin secretion even without pronounced insulin resistance, so increased 

basal and postprandial insulin levels have been associated with obesity28. It has been shown that 

these elevated insulin levels are sufficient to overcome the decreased efficiency of insulin action 

and to maintain normal glucose homeostasis, provided the insulin-secreting beta cells are still 
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functional29,30. It has been shown that one of the more important determinators of insulin 

resistance is free fatty acids (FFA). People with obesity have been shown to have elevated levels 

of FFA in the bloodstream, despite the lower rate of FFA release compared to people who are 

lean31. This is due to the overall larger amount of fat mass, so the rate of FFA release relative to 

fat-free mass is actually greater in people with obesity31. Even acutely increasing plasma levels 

of FFA leads to insulin resistance in humans32, while lowering plasma FFA levels have been 

shown to improve insulin sensitivity33. This hyperlipidemia present in obesity, along with 

hyperglycemia, can lead to beta cell dysfunction through nutrient-induced stress 34,35. Taken 

together, obesity is a systemic disease in which multiple tissues crucial to maintaining normal 

metabolism, such as adipose tissue and pancreatic beta cells, are affected and dysregulated. 

 

 

1.3 Genetics of obesity 

 

While the stigmatized view of obesity development frames the causes of obesity as solely 

environment/lifestyle drivers and frames obesity as a consequence of “poor willpower”, there is 

now evidence to support the genetic causes of obesity. First, the heritability of obesity, or 

heritability in BMI in general, has been estimated to be between 40% and 70%36,37. Twin studies 

have shown that body weight, height, BMI, and fat distribution all show high heritability and 

support a genetic basis of obesity36–39. Second, there have been multiple genome-wide 

association studies (GWAS) that have reported genetic variations that increase the risk of 

developing obesity, specifically polygenic obesity; a famous example is the intronic single 

nucleotide polymorphism rs9939609 in the fat mass and obesity-associated (FTO) gene that is 

associated with increased BMI40. Following the identification of FTO, numerous GWAS have 
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been conducted on increasingly larger populations, and now have included hundreds of 

thousands of individuals to identify hundreds of loci of interest41. Not all of these GWAS have 

focused on BMI because it is a rather crude indicator of adiposity, and have instead focused on 

other indicators of obesity such as body fat mass42,43, lean body mass44, and circulating leptin 

levels45. Others have even focused on the opposite phenotype, thinness, to determine GWAS loci 

for preventing obesity and body weight gain46,47. Finally, there are cases of human monogenic 

obesity that are caused by a single mutation in a single gene. These cases of monogenic obesity 

in humans are rare but severe early-onset cases of obesity. The genes that are confirmed to be 

human obesity genes include leptin (LEP)48, leptin receptor (LEPR)49, prohormone convertase 1 

(PCSK1)50, proopiomelanocortin (POMC)51,52, and melanocortin 4 receptor (MC4R)53,54. The 

above evidence provides support for the genetic basis of obesity and justifies studying the roles 

of various genes that are potentially important in obesity development, whether they are further 

influenced by environmental factors or not.   

 

1.4 Hypothalamic control of energy homeostasis 

Obesity is fundamentally a state of sustained impaired energy homeostasis. Energy homeostasis 

is a concept where energy intake is balanced by energy expenditure. Energy intake is composed 

of feeding and subsequent nutrient absorption for storage, while energy expenditure is achieved 

through a combination of physical activity, adaptive thermogenesis, and basal metabolism55. 

Obesity is a state of positive energy balance, in which the total energy intake exceeds total 

energy expenditure, causing an increase in storage of the excess energy. Studying the 

mechanisms of energy balance, particularly energy intake in the form of feeding, may be the key 

in progressing the understanding of obesity. 
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Mammalian energy homeostasis is regulated by the central nervous system (CNS) through the 

control of feeding and activity in response to changes in nutrient availability and endocrine 

signalling56. In the CNS, the hypothalamus regulates the homeostatic process of feeding, and is 

comprised of distinct regions such as the arcuate nucleus (ARC), paraventricular nucleus (PVN), 

ventromedial hypothalamus (VMH), and lateral hypothalamus (LH)57. Classical experiments of 

creating bilateral lesions implicated the hypothalamus in the control of energy homeostasis as 

early as 194058. Later studies showed that lesions in the VMH caused obesity through increased 

food intake, while lesions in the LH caused decreased food intake, implying the VMH promotes 

satiety and the LH promotes food intake59. Lesions to the PVN also resulted in overeating and 

obesity, implying the PVN is a site that promotes satiety, similar to the VMH60. Finally, the ARC 

is adjacent to the 3rd ventricle and the median eminence (ME), a circumventricular organ that is 

an interruption in the blood-brain barrier, which allows endocrine and nutrient signals to reach 

ARC neurons23. The anatomical arrangement of these hypothalamic nuclei important in feeding 

regulation are found in Figure 1.1. Although the initial crude lesion studies highlighted the 

general role of hypothalamic nuclei in regulating food intake, more precise methods in the 

following decades revealed specific neuronal populations within hypothalamic nuclei that are 

now known to be critical in maintaining energy homeostasis.  
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Figure 1.1 | The hypothalamic nuclei involved in regulation of feeding. Black lines represent 

projections that arise from the arcuate nucleus to other hypothalamic nuclei. ARC = arcuate 

nucleus, VMH = ventromedial hypothalamus, DMH = dorsomedial hypothalamus, PVN = 

paraventricular nucleus, LH = lateral hypothalamus, 3V = 3rd ventricle, ME = median eminence. 

 

1.5 Neurons of the arcuate nucleus  

The ARC is the site of first-order neurons that sense nutrient availability and endocrine signals 

from the periphery. There are two functionally opposing neuronal populations in the ARC. One 

orexigenic population expresses neuropeptides agouti-related peptide (AgRP) and neuropeptide 

Y (NPY)56,61. The other anorexigenic population expresses the neuropeptides cocaine- and 

amphetamine-regulated transcript (CART) and alpha melanocortin stimulating hormone (α-

MSH), which is derived through proteolytic processing of the precursor POMC protein56,62,63. 

These AgRP/NPY neurons and POMC/CART neurons are two populations that are part of the 

central melanocortin system. The ARC neurons project into the PVN, where second-order 

neurons express the melanocortin 3 (MC3R) and melanocortin 4 (MC4R) receptors64. α-MSH 

from POMC/CART neurons is an agonist ligand for these receptors, while AgRP from 
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AgRP/NPY neurons is a competitive antagonist for the same receptors64–66. Neurons of the PVN 

respond to the neuropeptides from the ARC by controlling sympathetic outflow to the periphery 

and increasing lipolysis, and neurons that express the transcription factor single-minded 1 

(SIM1) in the PVN are critical for inhibiting food intake and increasing energy 

expenditure60,67,68. In addition to the PVN, ARC neurons project into the VMH, a satiety-

promoting region containing MC4R-expressing neurons69. Downstream of the melanocortin 

signalling from the ARC, neurons in the VMH that express the transcription factor steroidogenic 

factor-1 (SF-1) are activated and secrete the neuropeptide brain-derived neurotrophic factor 

(BDNF), which signals through the tropomyosin receptor B (TrkB) receptor to promote 

satiety70,71. A schematic of this system is represented in figure 1.2.  

 

Overall, this melanocortin system is reliant on AgRP and POMC neurons detecting endocrine 

and nutrient signals from the periphery, then secreting their respective neuropeptides to activate 

or inhibit MC4R-expressing neurons. Activation of AgRP neurons leads to secretion of AgRP 

and promotion of food intake, while activation of POMC neurons leads to secretion of α-MSH 

and inhibition of food intake72,73. In addition, AgRP neurons are known to directly inhibit POMC 

neuronal activity by releasing the inhibitory neurotransmitter γ-aminobutyric acid (GABA)74, 

further contributing to the regulatory circuit of food intake.  
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Figure 1.2 | A simplified schematic of food intake regulation by POMC and AgRP neurons 

through neuropeptide signalling to higher-order neurons. 3V = 3rd ventricle, ME = median 

eminence, POMC = proopiomelanocortin, AgRP = agouti-related peptide, SF-1 = steroidogenic 

factor-1, SIM1 = single-minded 1, BDNF = brain-derived neurotrophic factor, TrkB = 

tropomyosin receptor kinase B, α-MSH = alpha melanocortin stimulating hormone, GABA = γ-

aminobutyric acid, GABAAR = GABA type A receptor. 

 

1.6 Mouse models of obesity 

As discussed above in section 1.5, genes that encode factors of the melanocortin signalling 

pathways in the hypothalamus are crucial for food intake regulation and are often the causal 

mutated genes in rare human cases of monogenic obesity (discussed in section 1.3). Many of 

these genes, such as LEP, LEPR, MC4R, or POMC, were initially identified and studied in mice, 

which led to the discovery and generation of various obese mouse models. For instance, the 
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discovery of the leptin and leptin receptor genes stemmed from the obese (ob/ob) and diabetes  

(db/db) mouse lines which are still used for obesity studies today. The ob/ob mouse was a 

spontaneously arisen mutant mouse that displayed severe hyperphagia and obesity, and was first 

reported in 195075. The db/db mouse was similarly reported in the 1960’s as a new mutation that 

resulted in a profound diabetes-like phenotype and abnormal fat accumulation76. However, the 

identities of the genes were not identified until the 1990’s, when the obese gene was shown to be 

the leptin gene77, and diabetes was shown to be the leptin receptor gene with reverse genetics78, 

implicating the critical role of leptin signalling in the brain for maintenance of healthy body 

weight. While both ob/ob and db/db mice displayed early-onset hyperphagia and reduced energy 

expenditure, leptin treatment caused reduced food intake and body weight in the ob/ob mouse, 

but not in the db/db mouse due to the mutated leptin receptor79,80. The gene Agrp, encoding for 

the orexigenic AgRP peptide, was also first discovered from a mouse that had an obese and 

diabetic phenotype termed “lethal yellow” due to its coat colour, which was the result of a 

mutation that caused constitutive Agrp expression81,82. It was later found that the AgRP peptide 

was an antagonist of MC4R, connecting the role of melanocortin signalling to regulating food 

intake and body weight65,66,83.  

 

Following the implication of the hypothalamic melanocortin pathways in obesity, mouse models 

were generated with genetic knockout of key genes involved in melanocortin signalling 

downstream of leptin. One example was a transgenic POMC-deficient mouse (POMC-/-), which 

not only lacked α-MSH, but all peptide products of the Pomc gene84,85. As expected of mice 

lacking an anorexigenic peptide, POMC-/- mice were reported to be obese, hyperphagic, and 

showed altered pigmentation84. Even heterozygous POMC+/- mice developed an intermediate 
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obese phenotype, indicating the importance of this locus in food intake regulation85. 

Interestingly, mice with genetic knockout of Agrp (AgRP-/-), or Npy (NPY-/-), or both, show 

minimal changes to food intake and body weight86. Follow-up studies also generated an AgRP 

and POMC double knockout mouse, which showed a phenotype very similar to the POMC-/- 

mouse87. While both the double knockout and POMC-/- mouse respond to α-MSH treatment by 

reducing food intake, AgRP administration caused no effects in the double knockout mouse, 

confirming the role of AgRP peptide as a melanocortin antagonist85,87. Similar to humans with 

MC4R mutations, MC4R-deficient (MC4R-/-) mice have been shown to be obese, 

hyperinsulinemic, hyperleptinemic, hyperglycemic, and resistant to the satiety-inducing effects 

of leptin administration because MC4R is downstream of leptin signalling in the ARC88,89. In 

contrast to MC4R-/- mice, MC3R-deficient (MC3R-/-) mice were shown to not have significantly 

increased significantly body weight, but instead showed a specific increase in relative fat mass 

with reduced fat oxidation90. Mice with double knockouts of the MC3R and MC4R displayed 

significantly heavier body mass than MC4R-/- mice, showing that the downstream of actions of 

signalling through the MC3R and MC4R are not redundant91. 

 

As methods of ablating specific populations of neurons were developed, it became possible to 

selectively remove entire neuronal subtypes from a specific region of interest instead of 

performing genetic knockouts. Mice with ablated POMC neurons displayed a reduction in food 

intake, but still developed obesity and hyperglycemia, alongside reduced energy expenditure92. A 

more specific model where only POMC neurons in the ARC were ablated showed increased food 

intake, reduced energy expenditure, and the development of obesity73. In contrast to AgRP-/- 

mice, ablation of AgRP neurons in adult mice caused reduction in feeding to the point of 
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starvation93,94. However, ablation of AgRP neurons in neonatal mice showed minimal effects on 

food intake, suggesting potential compensation for the loss AgRP neurons on feeding regulation 

during development94. Taken together, the above studies clearly showed that the individual genes 

and neuronal subtypes involved in central melanocortin signalling are crucial for proper food 

intake. The disruption of any of the anorexigenic factors, including peripheral signals like leptin, 

result in obesity, which showed the importance of endocrine signalling on the CNS in the 

maintenance of energy homeostasis. 

 

1.7 Endocrine signalling on ARC neurons 

Classically, AgRP/NPY neurons are activated by stimuli indicating low energy states such as 

fasting and POMC/CART neurons are activated by stimuli indicating high energy states such as 

feeding. In fact, due to their location in the mediobasal hypothalamus (MBH) adjacent to the 

ME, a circumventricular organ, these neurons are in an ideal location to access circulating 

endocrine signals that convey information about the body’s energy states, secreted from 

peripheral tissues such as adipose tissue, pancreatic islets, and the gut enteroendocrine cells. One 

such signal is the adipokine leptin, which was briefly mentioned in section 1.2. Leptin secreted 

from white adipocytes in proportion to body fat mass signals through the leptin receptor, which 

is located on both AgRP and POMC neurons. Leptin has been shown to directly activate POMC 

neurons and promote secretion of α-MSH63,95,96 but inhibits AgRP neurons through the same 

leptin receptors97–99. Mice with leptin receptor knockout specifically in POMC neurons (POMC-

Lepr KO) or in AgRP neurons (AgRP-Lepr KO) both displayed obesity100,101. However, the 

increased fat mass in POMC-Lepr KO mice was not due to a food intake or energy expenditure 

difference100, but AgRP-Lepr KO mice showed increased fat mass and food intake101. Insulin 
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secreted from pancreatic beta cells can also directly signal to these neurons via the insulin 

receptor, which is also located on both AgRP and POMC neurons. The effects of insulin, 

however, was not found to be as clear as leptin. Insulin was initially characterized to cause 

hyperpolarization in AgRP neurons, which could be reversed by tolbutamide, a blocker of ATP-

sensitive potassium (KATP) channels102. Through knockout studies of leptin receptor specifically 

in AgRP and POMC neurons, it was found that insulin signalling in AgRP neurons only was 

necessary for suppression of hepatic glucose production102. However, there were no effects of 

knocking out insulin receptor in either cell type on body weight or food intake regulation. Direct 

injection of insulin into the 3rd ventricle was found to increase Pomc gene expression103, but 

there is also data to suggesting insulin inhibits POMC activity by hyperpolarization through the 

KATP channels, similar to insulin action on AgRP neurons104,105. More recent studies show that 

whether insulin activates or inhibits POMC neurons is plastic and actively regulated depending 

on the fasted or fed state of the animal106,107.  

 

Gut hormones, secreted from enteroendocrine cells of the intestine, have also been found to 

regulate food intake by signalling to ARC neurons108. Peptide tyrosine tyrosine (PYY) is a gut 

hormone that is present at very low levels in circulation during fasting conditions, but is elevated 

postprandially109. Both peripheral and central administration of PYY have been shown to reduce 

food intake and body weight in rodents, signalling through the NPY 2 receptor (NPY2R)110–112. 

PYY has also been shown to activate POMC neurons by inhibiting NPY neuron terminals and 

increasing Pomc mRNA expression in the ARC110,111. The incretin glucagon-like peptide-1 

(GLP-1) also has been shown to affect food intake and body weight. Acute peripheral and central 

administration of GLP-1 have been shown to decrease food intake and body weight, and these 
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effects can be sustained chronically with repeated administrations of GLP-1 in rats113,114. In 

humans, it has been reported that intravenous administration of GLP-1 reduced ad libitum food 

intake in a dose-dependent manner, in both people with obesity and people who are lean115. The 

receptor for GLP-1, GLP-1 receptor (GLP1R), was found to be expressed in multiple feeding 

regulatory nuclei, including the ARC, VMH, and PVN116, suggesting GLP-1 can signal to 

multiple neuronal subpopulations. Specifically in the ARC, GLP-1 has been found to directly 

activate POMC/CART neurons and inhibit AgRP/NPY neurons, and this is likely one of the 

mechanisms by which the GLP-1 analog drug liraglutide induces weight loss117. Among the 

anorexigenic peripheral hormones, ghrelin is the lone orexigenic gut hormone that operates in the 

opposite manner as leptin. Both central and peripheral administration of ghrelin has been found 

to rapidly induce feeding behaviour in rodents by activating neurons of the ARC, PVN, DMH, 

and the LH118–120. Ghrelin signalling through the growth hormone secretagogue receptor (GHSR) 

in the ARC has been shown to be the primary site of its action to increase food intake, and mice 

with diet-induced obesity show ghrelin resistance in their AgRP/NPY neurons121,122. In humans, 

ghrelin is induced in a fasting-dependent manner and people with obesity have lower fasting 

ghrelin than people who are lean123,124. In addition to leptin, insulin, PYY, GLP-1, and ghrelin, 

there are numerous other peripheral hormones that are known to act on the brain to influence 

food intake108. The established roles of these peripheral hormones further show how the ARC 

acts as center of feeding regulation, and its importance in integrating these signals to maintain 

energy homeostasis.  

 

1.8 Nutrient sensing in ARC neurons 

In addition to responding to peripheral endocrine signals, ARC neurons also respond to the 
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fluctuating energy states by directly detecting nutrient levels in circulation. All cells naturally 

have the capability of taking up nutrients for survival and proper function, but the activity of 

neurons have been shown to be coupled to nutrient sensing to some degree125. The idea that the 

hypothalamus was able to monitor the glucose levels in the body somehow and translate these 

glucose levels into electrical activity was suggested as early as 1953126. In the years that 

followed, two groups identified the “glucose-sensing neurons” in the hypothalamus 

independently and showed that extracellular glucose concentrations affects neuronal firing127,128. 

Since these early studies, the presence of largely two populations of neurons has been established 

within the hypothalamus: glucose-excited neurons and glucose-inhibited neurons125,129,130. As the 

names imply, glucose-excited neurons are neurons that increase their activity in response to 

rising glucose concentrations, and glucose-inhibited neurons are neurons that are activated in 

response to hypoglycemic conditions. Although the focus here will be the ARC neurons, 

glucose-excited and glucose-inhibited neurons are located throughout the hypothalamic nuclei130. 

Within the ARC, there are both glucose-excited and glucose-inhibited neurons that respond to 

higher and lower ranges of glucose, respectively131–133. It’s important to note that unlike 

peripheral glucose levels in circulation, glucose levels in the CNS are much lower, ranging from 

1mM to 2.5mM normally, never exceeding 5mM in physiological conditions, and falling as low 

as 0.5mM during hypoglycemia133 . In rats, it has been found that during a plasma glucose range 

of 2mM to 18mM, the equivalent in the ARC and VMH is 0.2mM to 4.5mM, with a steady state 

around 2.5mM134. At least 40% of AgRP/NPY neurons in the ARC are known to be glucose-

inhibited neurons, and lower concentrations of glucose have been shown to cause calcium 

oscillations and depolarization132,135,136. In fasting conditions when glucose levels are lowered, it 

has been shown that incubation in 0.7mM glucose enhanced neuronal activity and NPY release 
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rate, and the neurons can be activated by a smaller magnitude of glucose flux137. This makes 

sense, as AgRP/NPY neurons are responsible for increasing food intake in response to negative 

energy states, and activation in lower glucose levels would promote food intake to restore 

normoglycemia. As expected, POMC neurons are mostly glucose-excited and increasing 

extracellular glucose concentrations have been shown to activate POMC neurons138. The 

electrical activity of POMC neurons is modulated in response to changes in extracellular glucose, 

and the secretion of α-MSH increases with increasing glucose132,139. The glucose-sensing 

mechanism in glucose-excited POMC neurons has been shown to be quite similar to the 

mechanism in pancreatic beta cells140–143. Briefly, this mechanism relies on glucose uptake 

through glucose transporters (GLUT), glucokinase, and closure of KATP channels that leads to 

depolarization and calcium influx, triggering neurotransmitter release. Although the widespread 

glucose transporters in the CNS are thought to be GLUT1 and GLUT3, the expression of GLUT2 

has also been reported on ARC neurons144,145. It has also been shown that glucose-sensing 

depends on an increase in mitochondrial reactive oxygen species downstream of glucose uptake, 

acting as a short-lived signal in addition to the rise in ATP/ADP ratio131,141,143,146. With regards to 

regulating energy intake, it has been shown that there is a drop in blood glucose levels before the 

act of feeding, and a sustained central administration of glucose leads to an inhibition of feeding 

along with a reduction in body weight over time147,148. However, inhibition of glucose 

metabolism with central administration of 2-deoxy-D-glucose can induce food intake149,150. 

Given the known roles of AgRP/NPY and POMC/CART neurons, it seems likely that the 

glucose-excited and glucose-inhibited neurons in each population detect a rise or drop in local 

glucose concentrations and respond accordingly by secreting their orexigenic and anorexigenic 

neuropeptides, respectively.  
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Traditionally, lipids were not thought of as a nutrient signal for neurons because they are not the 

conventional fuel source for the central nervous system. Peripherally administered FFAs have 

been found to cross the blood-brain barrier to the CNS151,152. Depending on the nature of FFA, 

they were shown to be either oxidized or incorporated into phospholipids once in the brain153. 

Once it was established that fatty acids were able to reach the neurons, the possibility of fatty 

acids as another nutrient signal that is sensed by neurons became appealing, particularly in 

studies of diet-induced obesity that used a high fat diet (HFD). Similar to glucose, central 

administration of fatty acids has been shown to decrease food intake154. Infusion of FFA into the 

carotid artery of rats showed activation in the LH, but an inhibition of neurons in the ARC, PVN, 

DMH, and VMH155. Specifically in the ARC, oleic acid has been shown to modulate neuronal 

firing in distinct populations and demonstrated minimal overlap between neurons that were 

glucose-sensing and neurons that were lipid-sensing156. Specifically, at least 40% of POMC 

neurons have been shown to be directly excited by oleic acid through inhibition of KATP
 

channels, while AgRP neurons were unaffected by oleic acid157. This effect was shown to be 

rather specific for a long-chain fatty acid and could not be shown with a short-chain fatty acid 

like octanoic acid. In obesity-prone mice, palmitate infusion causes a rapid increase in ARC 

Pomc expression and Pcsk1 expression, and inhibition of PCSK1 enzyme (encoded by Pcsk1) 

caused increased caloric intake and body weight in these mice158. In humans, it was found that 

the levels of β-endorphin, another product of POMC processing, but not α-MSH, decreased 

significantly in some individuals after consumption of a high-fat meal and this was possibly 

correlated with less body weight gain over time, based on similar rodent studies159. 
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In summary, it is well-established that the neurons of the ARC are able to detect and respond to a 

variety of systemic nutrient signals as well as peripheral endocrine signals. This further supports 

the role of the ARC neurons as primary regulators of energy homeostasis that respond to both 

positive and negative energy states. Preservation of function or protection of these neurons will 

be critical in prevention of obesity, especially when the system is under chronic exposure to high 

glucose or high fats. 

 

1.9 Consequences of diet-induced obesity in the ARC 

Whether or not diets high in fat primarily cause human obesity has been debated160,161, but HFD 

is commonly used in rodent obesity studies due to the commercial availability and reproducible 

induction of weight gain. It has been demonstrated that mice fed HFD display both increased 

body weight and fat mass, sometimes accompanied by altered glucose homeostasis as well162,163. 

Specifically within the hypothalamus, it has been shown that diet-induced obesity leads to 

hypothalamic inflammation164,165. Hypothalamic inflammation has been reported to occur within 

one to three days of HFD feeding before any significant weight gain, whereas peripheral 

inflammation occurs in response to overt obesity166. Saturated fatty acids that can cross the 

blood-brain barrier have been shown to trigger inflammatory signalling in the hypothalamus 

through toll like receptor 4 (TLR4) and downstream inhibitor of nuclear factor kappa-B kinase 

subunit beta (IKKβ) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

activation, leading to increased expression of pro-inflammatory genes165,167,168. Activation of the 

inflammatory signalling cascade across the MBH has been shown to increase food intake and 

negatively affect insulin and leptin signalling, but specific activation of IKKβ and NF-κB in 

AgRP neurons protected against obesity165. Hypothalamic inflammation in obesity has also been 
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shown to cause direct hypothalamic injury and neuronal apoptosis in the ARC166,169. Specifically 

in POMC neurons, chronic HFD feeding caused mitochondrial stress in addition to 

inflammation, which eventually resulted in a decreased number of POMC neurons170,171. HFD 

has also been shown to decrease levels of reactive oxygen species (ROS) in POMC neurons, 

which leads to a decrease in ROS-induced activation of POMC neurons and overall increase in 

food intake172. Finally, the increased FFA has been shown to increase intracellular ATP 

concentrations in POMC neurons, but the neurons displayed membrane hyperpolarization instead 

of the expected depolarization, decreasing overall POMC firing157. 

 

Another consequence of diet-induced obesity is endoplasmic reticulum (ER) stress, which 

contributes to central insulin and leptin resistance173,174. Directly triggering ER stress by centrally 

administering thapsigargin has been shown to induce food intake, increase body weight, inhibit 

insulin and leptin action, and increase ER stress markers inositol-requiring enzyme 1 (IRE1) and 

C/EBP homologous protein (CHOP)175. Conversely, chemically reducing ER stress by central 

administration of tauroursodeoxycholic acid or 4-phenyl butyric acid sensitized the 

hypothalamus to leptin action173. ER stress can also directly affect POMC neuronal function in 

diet-induced obesity by reducing levels of prohormone convertase 2, which is necessary for 

proper processing of the POMC precursor peptide into the anorexigenic α-MSH.  

 

HFD feeding also impacts synaptic organization within the hypothalamus176,177. Even before 

exposure to HFD, rats that are prone to obesity possess greater numbers of inhibitory synaptic 

inputs on POMC neurons than rats that are resistant to obesity176. After 3 months of HFD 

feeding, POMC neurons in obesity-resistant rats had an increased total number of synapses, 
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while obesity-prone rats had a decreased total number of synapses176. Even in a genetic obesity 

model, leptin-deficient ob/ob mice showed increased inhibitory synapses on POMC neurons and 

increased excitatory synapses on AgRP/NPY neurons, while the opposite was observed in wild 

type lean mice177. Upon leptin treatment, the synaptic densities on POMC and NPY neurons of 

ob/ob mice were reversed within 6 hours to resemble those of wild type mice, but ghrelin 

administration in wild type mice reorganized synapses to suppress POMC neuronal tone177.  

 

In rodent models of diet-induced obesity using HFD, the resulting inflammation, stress, cell 

death, and synaptic organization greatly impacts POMC neurons over AgRP neurons. The 

negative effects of obesity not only impact the function and survival of these ARC neurons, but 

also impair their ability to respond to peripheral signals. In particular, the insulin and leptin 

resistance in obese rodents and the ability of leptin and ghrelin to regulate synaptic organization 

within the ARC show the importance of endocrine crosstalk between the periphery and CNS in 

the maintenance of energy homeostasis. 

 

1.10 Pancreatic islets and glucose homeostasis 

Outside of the CNS, the pancreas is another metabolically critical site that has been studied in the 

settings of healthy and dysfunctional metabolism. Specifically, the endocrine compartment of the 

pancreas is composed of clusters of multiple endocrine cell types, and these clusters are called 

the “islets of Langerhans”, or islets178. Each islet is composed of at least four different endocrine 

cell types, each characterized by a defining hormone with a different role in regulating glucose 

homeostasis: insulin-secreting beta cells, glucagon-secreting alpha cells, somatostatin-secreting 

delta cells, and pancreatic polypeptide-secreting PP cells (or gamma cells). The human islet is 



20 

 

composed of 50-75% beta cells, 25-35% alpha cells, 10% delta cells, and < 1% other endocrine 

cell types179. It is also highly vascularized to allow islet cells sufficient oxygenation and access to 

circulating factors180,181, and innervated to a lesser degree to allow for some nervous control182–

184. The primary role of islets is to maintain glucose homeostasis. In humans, blood glucose is 

maintained within a tight range of 4mM to 5.5mM as a result of the interplay between the 

aforementioned islet hormones. When blood glucose rises following a meal, beta cells sense the 

elevated glucose and respond by secreting insulin185,186. This process of glucose-stimulated 

insulin secretion (GSIS) is highly similar to the mechanism of activation in glucose-excited 

neurons, as mentioned in section 1.7. Glucose uptake occurs through the glucose transporter 

GLUT1187,188 and is metabolized through oxidative phosphorylation, increasing the intracellular 

levels of ATP that causes a closure of the KATP channels189,190. The resulting depolarization of 

the cell membrane causes calcium influx through the L-type and P/Q-type voltage-gated calcium 

channels, which in turn triggers exocytosis of insulin-containing granules191,192. The secreted 

insulin signals through the insulin receptor on peripheral tissues such as muscle and adipose 

tissue to promote glucose uptake into these tissues, thus restoring the physiological range of 

glucose in circulation193–195. Much like AgRP and POMC neurons that act in a functionally 

opposing manner to each other, insulin action is opposed by glucagon action. Alpha cells are 

activated in response to low glucose conditions, when beta cells are less active and insulin levels 

decrease, and secrete glucagon. While the mechanism of GSIS has been well-studied, the 

mechanism behind glucagon secretion has been less clear. It has been suggested that high 

glucose can inhibit alpha cells because the closure of KATP channels leads to inactivation of 

voltage-gated sodium channels, which leads to a net inhibition of membrane depolarization196. In 

low glucose conditions, alpha cells can be activated due to low levels of KATP channel activity 
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that selectively opens the P/Q-type calcium channels for glucagon secretion196. Glucagon 

primarily targets the liver to promote hepatic gluconeogenesis to raise glucose levels back to the 

physiological range, but can also signal in adipose tissue to promote lipolysis197. Delta cells, on 

the other hand, are mostly studied in the context of paracrine signalling within the islet. 

Somatostatin secretion has been shown to increase with increasing glucose concentration, which 

suggests mechanisms similar to those in beta cells198,199. However, somatostatin locally inhibits 

both alpha and beta cells to modulate glucagon and insulin secretion, respectively200. 

 

Glucose is the most important upstream signal of islet activity, but islet cells are also able to 

respond to circulating FFA. It has been clearly shown that beta cells are able to be stimulated and 

activated by FFA signalling through specialized FFA receptors, which are G protein-coupled 

receptors201,202. In both mouse and human islets, acute activation of free fatty acid receptor 1 

(FFAR1) with FFA administration increased insulin secretion when ambient glucose 

concentrations were high203,204. However, chronic administration of palmitate leads to decreased 

insulin secretion after a few days due to a decoupling between the voltage-gated calcium 

channels and insulin granules, showing the detrimental effects of prolonged high fat on beta cell 

function205. FFA are also able to diffuse into beta cells independent of the FFAR1, to feed into 

GSIS amplification pathways and increase insulin secretion206. In addition to FFAR1, FFAR2 

and FFAR3 have been shown to inhibit insulin secretion207 and beta cell survival208. In contrast 

to the pool of knowledge in beta cells, the effects of lipids on alpha cells and glucagon signalling 

are once again unclear by comparison. Studies have shown both activating209,210 and inhibitory211 

roles of lipids on alpha cells. Alpha cells also express FFAR1, and long-chain fatty acids have 

been shown to stimulate glucagon secretion from alpha cells by increasing cytosolic 
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concentrations of calcium210.  

 

In summary, pancreatic islet cell types are critical for maintaining glucose homeostasis, and they 

achieve this by secretion of their characteristic glucoregulatory hormones. These hormones not 

only signal centrally to affect energy homeostasis (discussed in section 1.6), but signal in 

peripheral tissues to regulate processes that affect whole-body energy states, such as 

gluconeogenesis and lipolysis. Overall, islet cell types are an important peripheral site of 

incorporating nutrient signals throughout different energy states, as they are capable of detecting 

and responding to both glucose and lipids in circulation. 

 

1.11 Similarities between ARC neurons and pancreatic islets 

Although the ARC neurons and pancreatic islets originate from entirely different germ layers and 

are physically located in very different compartments of the body, numerous similarities between 

the two cell types have been pointed out212,213, especially regarding their gene expression and 

mechanistic function. Islets and neurons share expression of many genes, even genes that were 

initially thought to be specific to the CNS. Part of this is due to the fact that neither cell type 

expresses the repressor element 1 silencing transcription factor (REST), which is typically 

expressed in non-neuronal cell types to suppress a neuronal fate214. It has also been shown that 

the gene activity state of beta cells closely resembles that of neurons215. Neurons have been 

shown to express characteristic islet genes like insulin and glucagon216,217 across species. 

Transcription factors that are known to be critical in islet development and identity are also 

expressed in neuronal development. Some examples of these include neurogenin3218,219, paired-

box protein 6220,221, and Nk6 homeobox 1222,223. This wide overlap in gene expression is also 
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partially problematic when working with transgenic mouse Cre-lox lines, as many mouse Cre 

lines developed for pancreas- or islet-specific recombination display Cre enzymatic activity in 

the brain. Famous examples of this include the RIP-Cre transgenic lines and the Pdx1-Cre lines, 

both of which show Cre-mediated recombination in the hypothalamus213,224.  

 

There are also clear parallels in their overall organization and homeostatic roles. Both islets and 

ARC are composed of multiple cell types that functionally oppose each other to some degree. 

Alpha cells and beta cells, with the opposing actions of glucagon and insulin on peripheral 

tissues, resemble the AgRP and POMC neurons of the ARC and their opposing roles on food 

intake. Mechanistically, it has already been highlighted that the glucose-sensing machinery in 

glucose-excited neurons and pancreatic beta cells in particular are incredibly similar, except for 

their respective local concentrations of glucose225. The way in which islet cells receive and 

integrate external nutritional stimuli to secrete hormones from granules mimics the way in which 

neurons release neurotransmitters from synaptic vesicles. Furthermore, various neuronal 

“features” like the neurotransmitter glutamate226, glutamate receptors227, the enzyme glutamic 

acid decarboxylase, and the neurotransmitter GABA228 have all been detected in beta cells.  

 

Due to their general similarities in gene expression and function, cellular pathways and 

mechanisms identified in neurons are likely to be also found in islets, and vice versa. Since both 

cell types have surveillance roles of sorts, coupling their ability to detect nutrient signals to 

cellular activation, studying the changes that occur in response to activity in general will further 

our understanding of their physiology. 
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1.12 Calcium signalling in neurons and islets 

All excitable cells depend on calcium to some degree. Calcium ions not only act as a broad 

secondary messenger that regulates many intracellular processes, but often trigger important 

cellular functions like exocytosis, as mentioned in previous sections. In and around a cell, there 

are normally pools of calcium that are maintained at certain concentrations through various ionic 

channels, pumps, and exchangers. A physiological range of cytosolic calcium concentrations 

range from 10nM to 100nM, whereas extracellular calcium concentrations range from 1-2mM, 

which ensures passive influx of calcium ions across the plasma membrane if entry was 

allowed229. Both neurons and islet cells actively maintain lower basal intracellular calcium 

concentrations in order to utilize the large influx of calcium as an “on” switch to induce cellular 

processes such as transcription through similar kinase cascades and signalling proteins230,231. 

Following depolarization, calcium influx in islet cells occurs through L-type and P/Q-type 

voltage-gated calcium channels191,196. In neurons, calcium influx can occur through voltage-gated 

calcium channels, but calcium can also enter the cell through the N-methyl-D-aspartate receptor 

(NMDAR) or α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate acid receptor 

(AMPAR)232,233. The importance of these receptors for neuronal activation has been 

demonstrated in the hypothalamus and in ARC AgRP and POMC neurons as well234–236. When 

intracellular calcium concentrations rise upon calcium entry, calcium ions bind to the protein 

calmodulin (CaM), which undergoes a conformational change to activate different effector 

proteins237,238. These effector proteins include the calcium/calmodulin-dependent protein kinases 

(CaMK) and calcineurin. Specifically in islet beta cells, many isoforms of CaMK have been 

identified, including CaMKI, CaMKII, and CaMKIV239–241. In neurons, CaMKII, CaMKK, 

CaMKI, and CaMKIV have been studied and found to have numerous regulatory roles242. 
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Following activation, calcineurin activates the transcription factor myocyte enhancer factor 2 

(MEF2) by dephosphorylation, and CaMKII phosphorylates the calcium-dependent transcription 

factor cAMP response element-binding protein (CREB)230,243–245. Another target of calcineurin is 

the nuclear factor of activated T-cells (NFAT), which is dephosphorylated by calcineurin to 

translocate to the nucleus for transcriptional regulation246,247. Additionally, the transcription 

factor NF-κB is a target of CaMKII, which phosphorylates NF-κB to induce its nuclear 

translocation248,249. By these pathways, an influx of calcium ions can be rapidly translated into 

regulation of gene expression in response to stimuli within minutes, an essential mechanism of 

quickly responding to changes in the environment250,251. 

 

1.13 Immediate early genes 

Both neurons and islets constantly detect and respond to the environment, and regulating gene 

expression for long-term and short-term responses is critical for their survival and adaptation252. 

As both cell types depend on coupling nutrient sensing to cellular activity, they naturally depend 

on activity-regulated genes (ARG), which were characterized in neurons as genes that are 

induced in response to neuronal activity253. Following the idea that transcription was linked to 

neuronal activity, the first immediate early genes (IEG) were characterized in neurons. IEGs are 

defined as genes that display a rapid and transient increase in expression, that is independent of 

protein synthesis, in response to extracellular stimuli254. The first IEG to be characterized was 

Fos, from the observation that agonizing nicotinic acetylcholine receptors or causing 

depolarization and calcium influx through L-type voltage-gated calcium channels in any way, 

caused a rapid and transient induction of the proto-oncogene in a neuronal cell lines255. More 

IEGs were identified over time, and today, it is relatively easy to identify hundreds of IEGs, 
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especially with applications of RNA-seq technology256. Many of the identified IEGs encoded for 

transcription factors that could target their own downstream target genes once induced and 

translated into protein250. Most IEGs are significantly upregulated within the first hour following 

stimuli, regardless of whether the stimuli is sustained or brief, and their expression levels can 

range from 2- to 10-fold257. Meanwhile, the targets of the IEGs, sometimes called late response 

genes (LRG), do not show a significant induction until 3-4 hours after stimulus.  

 

As more and more IEGs were identified, it became apparent that IEGs were not strictly limited to 

neuronal cell types, and there may be differentially regulated IEGs across cell types that carry 

out different roles. An example of this is the NR4A orphan nuclear receptor genes, which are 

involved in differentiation and developmental processes in adipocytes, but macrophage NR4A 

genes have roles in inflammation258. In islet cells, it would be expected that IEGs would be 

induced by different stimuli in each cell type, as different cell types have different activating 

conditions. In islets, most of the studies on IEGs have focused on beta cells, and well-studied 

IEGs like Fos, Egr1, Junb, and Nr4a1 have been shown to be expressed and regulated by 

glucose259–261. In beta cells, hundreds of IEGs have been identified at once by stimulating with 

high glucose and a membrane-permeable cAMP analogue, then isolating out IEGs by comparing 

to gene expression profiles obtained from cells that received cycloheximide262. Since 

cycloheximide blocks protein synthesis, this method allows for the specific identification of 

IEGs, which will still show induction, from their target genes, which will not be induced without 

their IEG transcription factor.  
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1.14 bHLH-PAS proteins 

The basic helix-loop-helix (bHLH) superfamily of proteins contains several transcription factors 

that contain the PAS domain and act as sensors of environmental stimuli that regulate a wide 

range of cellular processes to adapt to the environment263,264. Their characteristic PAS domain 

was named after the original three proteins that were found to contain the domain: Period (PER), 

aryl hydrocarbon receptor nuclear translocator (ARNT), and Simple-minded (SIM)265. This 

family of proteins is further characterized by the presence of a basic DNA-binding domain and 

the helix-loop-helix dimerization domain, both of which are needed for their function as 

transcription factors263. Due to the different binding interactions amongst the family members, 

mammalian bHLH-PAS proteins can be divided into class I and class II. Class I proteins act as 

the receptors for specific stimuli and must heterodimerize with a class II protein, but class II 

proteins are ubiquitously expressed and can heterodimerize or homodimerize264. Class II proteins 

that are known to act as general binding partners for class I proteins include ARNT, its more 

tissue-restricted paralog ARNT2, and the circadian rhythm proteins aryl hydrocarbon receptor 

nuclear translocator-like protein 1 (BMAL1 or ARNTL), and basic helix-loop-helix ARNT-like 

protein 2 (BMAL2)263,264. Some of the best-studied class I bHLH-PAS proteins include circadian 

rhythm clock proteins and hypoxia-inducible proteins263,264,266, which recently received renewed 

attention due to the Nobel prizes in 2017 and 2019 being awarded for the discovery of their 

molecular mechanisms. These two processes have also been studied in the context of 

metabolism, as disrupting their pathways have been shown to cause metabolic disease267,268, and 

will be briefly discussed here.  

 

The maintenance of circadian rhythm occurs in the CNS and is particularly important for the 
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regulation of food intake. The “master clock”, or central clock mechanism that controls the 

body’s overall circadian rhythm is located in the suprachiasmatic nucleus (SCN) of the 

hypothalamus267. During the light cycle, the class I bHLH-PAS protein CLOCK and class II 

protein BMAL1 begin the cycle of circadian rhythm by heterodimerizing and translocating to the 

nucleus to induce the expression of their downstream targets, the Period and Cry family 

genes266,267. The translated Period (PER) and Cryptochrome (CRY) proteins heterodimerize and 

inhibit the activity of the CLOCK-BMAL1 dimer, decreasing the levels of Period and Cry 

transcription over time263,269. Over the rest of the cycle, PER and CRY proteins are steadily 

phosphorylated by the casein kinase I epsilon and delta, and degraded over time263,270,271. The 

depletion of PER and CRY lifts the repression of CLOCK-BMAL1 activity, beginning the cycle 

anew over 24 hours. In other areas of the hypothalamus, circadian rhythm and its associated 

proteins have been shown to play important roles in food intake regulation272. Food-seeking and 

food intake are behavioural processes that have been shown to negatively impact metabolic 

health when misaligned or mistimed273,274. In the context of energy homeostasis, orexigenic 

pathways that promote food intake have been reported to be generally more active during the 

organism’s active phase (light cycle for humans and dark cycle for nocturnal rodents) when 

food-seeking and food intake behaviour is possible275,276. Specifically within the ARC, circadian 

rhythm genes have been shown to be differentially expressed in response to different feeding 

restriction schedules in rodents277. It has been shown that this region operates under a distinct, 

independent rhythm using PER2-driven luciferase reporters in ARC tissue explants278. 

Restricting feeding in mice to the light cycle showed a rhythmic change in AgRP neuronal 

activity measured by c-fos279. In mice that were deprived of food, POMC neurons were enriched 

for clock pathway genes during the light cycle, when mice are typically fasting280. Genetic 
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deletion of BMAL1 from AgRP neurons to disrupt the molecular clock pathway resulted in mice 

that had increased food intake over 24 hours, increased meal sizes, and increased light cycle 

hepatic gluconeogenesis and respiratory exchange ratio (RER)281. These studies showed the 

importance of circadian rhythm bHLH-PAS proteins in the regulation of food intake.  

 

The ability to sense oxygen depletion in the environment and respond to it accordingly is critical 

for cell survival, which highlights the importance of the bHLH-PAS proteins involved in the 

hypoxia response pathway. In mammals, the hypoxia-inducible factor (HIF) proteins that are 

class I bHLH-PAS proteins are HIF1α282, HIF2α283, and HIF3α284. In normoxia, HIF proteins are 

hydroxylated by the prolyl hydroxylase domain (PHD) enzymes PHD1, PHD2, and PHD3, 

which promotes an association with the Von Hippel-Lindau (VHL) protein that is part of the E3 

ubiquitin ligase protein complex285,286. Therefore, HIF proteins are constantly ubiquitinated and 

degraded by the proteasome in normoxia287. In hypoxia, the oxygen-dependent PHD enzymes are 

inactive due to the low availability of oxygen and cannot hydroxylate HIF proteins, which results 

in HIF stabilization. HIF is then able to heterodimerize with ARNT, and the heterodimer 

translocates to the nucleus to act as a transcription factor, specifically binding to hypoxia 

response elements288. It has been shown that intermittent hypoxia can directly affect energy 

homeostasis and feeding. Rats that were exposed to 8 hours of intermittent hypoxia showed 

reduced body weight and food intake with no changes to fat mass, and displayed elevated 

circulating leptin levels289. The rise in leptin levels in response to hypoxic conditions have also 

been reported in humans290,291. Within the ARC, intermittent hypoxia is known to increase 

POMC protein levels and cause increased activation of POMC neurons289. However, in leptin-

deficient animals, the increase in plasma leptin, the increased activation of ARC phosphorylated 
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signal transducer and activator of transcription 3 (STAT3) downstream of leptin signalling, and 

the elevated levels of POMC protein were not seen292. Interestingly, HIF1α expression in the 

ARC and ME has been observed in POMC neurons and glial cells, but not AgRP neurons293. In a 

model of diet-induced obesity, HFD feeding was shown to upregulate HIF1α and downregulate 

VHL, and the knockdown of its binding partner ARNT in the ARC caused increased body 

weight due to decreased basal metabolic rate and thermogenesis293. This inhibition of ARNT in 

HFD-fed mice also caused an increase in Agrp expression, worsened hypothalamic 

inflammation, and impaired glucose tolerance, showing an overall exacerbated diet-induced 

obesity phenotype293. The hypoxia pathway is also important for glucose metabolism and sensing 

in the hypothalamus, as high glucose availability in the ARC upregulated HIF1α and HIF2α, and 

HIF proteins directly upregulate the expression of Pomc294. Genetic knockout of ARNT in 

POMC neurons to impair the HIF complex resulted in the failure of HIF-mediated Pomc 

upregulation, lack of glucose-mediated feeding suppression, and increased feeding294. Of course, 

the caveat with the approach of knocking out ARNT is that it does not only bind to HIF, and a 

cell with ARNT knockout most likely has more disrupted pathways that involve more than HIF 

proteins. There have also been approaches to increase HIF activity through ROS, a common 

biproduct of glucose metabolism that is elevated in diet-induced obesity172 and has been shown 

to stabilize HIF295,296. The increased ROS in glucose-stimulated POMC neurons that promote 

POMC firing172,297 could be connected to the glucose-induced HIF stabilization and downstream 

effects in these neurons.  

 

The above studies showed that bHLH-PAS proteins are important for a variety of cellular 

processes, including their roles in the context of energy homeostasis, ARC neurons, and food 
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intake. Given the wide range of cellular processes that they are involved in, it is possible that 

bHLH-PAS proteins other than HIF and CLOCK have important roles in the regulation of food 

intake in the ARC. 

 

1.15 Neuronal PAS domain protein 4 

Neuronal PAS domain protein 4 (NPAS4) is one of the four NPAS proteins in the bHLH-PAS 

family, and was originally discovered in 2004 by two separate groups in neuronal tissues298,299. 

Despite containing the basic helix-loop-helix (bHLH) domain and both the PAS A and PAS B 

domains, NPAS4 has a very low sequence homology to other members of the bHLH-PAS 

family263,298,299. As the name implies, NPAS4 was first characterized in neurons and is expressed 

in neurons within the CNS, showing negligible expression in glial cells300,301. The neuronal 

specificity of NPAS4 expression is due to active repression of NPAS4 expression in non-

neuronal cell types by REST/NRSF binding to the multiple sites in the promoter and intron 1302. 

Being a class I bHLH-PAS protein, NPAS4 must form a heterodimer in order to carry out its 

function as a transcription factor. NPAS4 has been reported to heterodimerize with both ARNT 

and ARNT2 in the CNS303,304. Interestingly, it has been shown that the differential dimerization 

of NPAS4 with either ARNT or ARNT2 in response to stimuli leads to heterodimers with 

distinct DNA-binding activity304. Within the brain, Npas4 mRNA is expressed throughout 

various sites including the cortex, olfactory bulb, and the hippocampus, where it shows the 

highest levels of expression298,299. Of note, Npas4 expression has also been shown in the PVN 

and ARC of the hypothalamus305. Like other IEGs, Npas4 expression is normally very low at 

basal levels, but it is induced in response to stimuli. However, NPAS4 is selectively induced in 

response to neuronal activity and the resulting depolarization, while other IEGs can also be 
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induced by neurotrophins and growth factors300,306. This activity-regulated induction of was 

found to be calcium-dependent, establishing NPAS4 as a calcium-dependent IEG300,307. In 

neurons, the exact calcium-responsive effector proteins that are responsible for Npas4 

transcription are not fully determined, but it is known that Npas4 lacks CREB-responsive 

elements, suggesting that CREB is not likely to be required307. Mitogen-activated protein kinase 

(MAPK) and phosphatidylinositol 3-kinase (PI3K) pathways have been shown to be required for 

pharmacological Npas4 induction in hippocampal slices308. Serum response factor (SRF) has also 

been proposed to be an upstream regulator of Npas4 expression, because SRF deletion leads to a 

downregulation in Npas4 levels and there are SRF binding sites located in the Npas4 

promoter309. In beta cells, it has been shown that the upstream effectors of transcription of Npas4 

are Akt, CaMK, and calcineurin310. 

  

Within the brain, NPAS4 is implicated in a wide range of processes such as neuroprotection, 

contextual memory formation, and neuronal development311–313,306,314. At the molecular level, the 

main role of NPAS4 is to modulate synaptic connections in an activity-dependent manner. The 

first study of the synaptic functions of NPAS4 showed that NPAS4 induced the expression of 

other ARGs to form and maintain GABAergic synapses on excitatory neurons300. In later studies, 

it was found that NPAS4 activates distinct genes in both excitatory and inhibitory neurons, 

promoting the formation of inhibitory synapses onto excitatory neurons and excitatory synapses 

onto inhibitory neurons256. In this manner, NPAS4 can regulate inhibitory-excitatory balance 

within neural circuits, which is partially through the regulating the transcription of its direct 

downstream target BDNF315,316. Furthermore, NPAS4 has an important role in neuroprotection. 

Germline NPAS4 knockout (NPAS4-/-) mice are viable, but show higher mortality when they are 
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3 months old, which was attributed to apoptotic neurodegeneration in the hippocampus299.  

Additional in vivo studies where the excitotoxic drug kainate was administered to mice show 

accelerated neurodegeneration in NPAS4-/- mice compared to controls299. In a mouse model of 

ischemic stroke, NPAS4-/- mice showed larger lesions and increased neurodegeneration317. 

Finally, in vitro studies show that NPAS4 is upregulated in response to a variety of stressors, 

including endoplasmic reticulum stress, oxidative stress, and osmotic stress299.  

 

Despite its name, there have been reports of NPAS4 in non-neuronal cell types in the periphery. 

In addition to the CNS neurons, NPAS4 is also expressed in endothelial cells318 and pancreatic 

beta cells, where it is also induced in response to depolarization in a calcium-dependent 

manner319. In pancreatic beta cells, NPAS4 was found to be a negative regulator of insulin 

expression, and shown to protect beta cells from cell stress and death caused by ER stressor 

thapsigargin and palmitate319. In addition, NPAS4 overexpression was sufficient to prevent cell 

death caused by the cytotoxic calcineurin inhibitor tacrolimus310.  These findings reflect the 

neuroprotective roles of NPAS4 in the CNS. Finally, NPAS4 was found to maximize energy 

production in beta cells by preventing HIF1α stabilization and promoting maximal oxidative 

phosphorylation320. Knockout of NPAS4 in beta cells led to increased HIF1α action, which led to 

beta cell dedifferentiation and reduced oxidative phosphorylation during chronic high glucose 

conditions320.  

 

The above studies show that in both neurons and beta cells, NPAS4 is important for proper 

function and survival of cells, but in different ways mechanistically. There are clearly functions 

and downstream targets of NPAS4 that are specific to each cell type. In addition to the pancreatic 
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beta cells, it will be interesting to determine if NPAS4 has further roles in metabolically 

important cell types. 

 

1.16 Thesis objectives 

In today’s obesogenic environment, there are a variety of stresses that threaten cell types that are 

critical for energy balance. The combination of an inflammatory environment, sustained 

elevations in nutrient intake, and genetic predisposition increases the workload of these cells and 

exacerbates overall pathophysiology over time. Thus, it is important to study factors such as 

activity-regulated genes that respond to the changing environment, particularly during metabolic 

stress. Since calcium signalling is a crucial process in all excitable cells that is modulated by 

disease, and there are overlapping functional mechanisms between pancreatic islets and nutrient-

sensing neurons, there is merit to studying genes that are regulated downstream of cell activation 

and calcium signalling in both cell types.  

 

In the islet, it is already known that calcium signalling is crucial for proper function, and activity-

coupled calcium signalling regulates transcriptional changes in order to respond to the rapidly 

changing environment. The majority of studies in islet cell types have focused on the insulin-

producing beta cell, due to its well-characterized mechanism of glucose-stimulated insulin 

secretion that is coupled to calcium influx. In chapter 3 of this thesis, I extended the investigation 

of calcium-regulated transcription to all endocrine cell types of the adult human islet to address 

this gap in knowledge. Therefore, the primary aim in chapter 3 was to profile activity-regulated 

genes that are specifically regulated in a calcium-dependent manner in healthy human islet 

endocrine cell types at the single cell level.  
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In neurons, commonly known IEGs have already been studied and are traditionally used as 

markers of neuronal activation. Physiologically relevant roles of bHLH-PAS proteins like 

NPAS4 have been identified in several regions of the brain, but NPAS4 has not been studied 

within the ARC. In chapter 4, I determined the expression and conditions of Npas4 induction in 

the AgRP and POMC neurons of the ARC. In chapter 5, I investigated the effects of genetic 

NPAS4 knockout specifically in either AgRP and POMC neurons of adult mice in an obesogenic 

environment. In chapter 6, I apply the single cell transcriptomics approaches used in chapter 3 to 

broadly profile activity-regulated genes in mouse POMC neurons that are regulated specifically 

in response to an acute feeding stimulus and are potentially regulated by NPAS4 in diet-induced 

obesity.  

 

Collectively, this thesis highlights how activity-regulated genes in general, and NPAS4 in 

particular, are regulated in pancreatic islets and ARC neurons, as well as how they contribute to 

the function of these cell types during conditions of high nutrient stress. 
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Chapter 2: Materials & Methods 

2.1 Animal husbandry 

All mice were housed at the Animal Care Facility in the British Columbia Children’s Hospital 

Research Institute. All experiments and measurements were performed in adult male mice 

between 6 to 37 weeks old. Up to four littermates of the same sex were housed per cage, in 

Optimice® cages (Animal Care Systems) with ad libitum access to food and water. All cages 

were held in temperature-controlled rooms with a 12-hour light/dark cycle at 22°C.  

 

2.2 Mouse strains 

All mouse strains used in this thesis and the genotyping primers used for each strain are found in 

Table 2.1. All mutant mice were maintained on a B6 background and all CreER alleles were kept 

hemizygous. For studies involving the POMC-CreER strain, Npas4flox/flox mice and POMC-

CreER+ mice were used as controls, and POMC-CreER+;Npas4flox/flox mice were used as KO 

(POMC-NPAS4 KO). For studies involving the AgRP-CreER strain, Npas4flox/flox mice and 

AgRP-CreER+ mice were used as controls, and AgRP-CreER+;Npas4flox/flox mice were used as 

KO (AgRP-NPAS4 KO). Npas4flox/flox mice and KO were littermates. Some, but not all, of the 

AgRP-CreER and POMC-CreER offspring also had a tdTomato (tdT) sequence downstream of a 

loxP-flanked STOP sequence in their Rosa26 locus (Rosa26LSL-tdT) to act as a CreER-activated 

lineage marker. This was not a separate mouse strain, as AgRP-CreER and POMC-CreER 

parental mice originally received in the lab for this study already contained this transgene.  
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Table 2.1 Mouse strains and genotyping primers 

Strain nomenclature 

(Strain designation) 

Original source Genotyping primers  

(5’ → 3’) 

Npas4tm2Meg (Npas4 

flox) 

MGI: 3828100 

Michael E. Greenberg 

laboratory300 

LL41: CCCTGCCCTAATCAGAC 

LL42: GGCATTGTTCTTTCTGTCTCC 

NPAS4-/- Michael E. Greenberg 

laboratory300 

WT forward: 

TGCTGAGAGGGTCTTTCTATGCG 

WT reverse: 

TCCAGGTAGTGCTGCCACAATG 

KO forward: 

AAAGACCCCAACGAGAAGCG 

KO reverse: 

GCAAGTAAAACCTCTACAAATGTGG 

C57Bl/6J (B6) Jackson Laboratory 

(000664) 

NA 

AgRP-CreERT2  

(AgRP-CreER) 

 

Joel Elmquist 

laboratory   

For AgRP-CreER: 

LL645: 

GCTCTACTTCATCGCATTCCTTG 

LL646:  

CAGATACCATCATCTCTCCC 

LL647:  

CCTTAAACTCGCCCATATATGTGG 

 

For Rosa26LSL-tdT: 

LL172: CTCTGCTGCCTCCTGGCTTCT 

LL173: 

CGAGGCGGATCACAAGCAATA 

LL174: TCAATGGGCGGGGGTCGTT 

POMC-CreERT2 

(POMC-CreER) 

MGI: 5569339 

Joel Elmquist 

laboratory321 

For POMC-CreER: 

LL643:  

GGAAACAGAGAGGGAAACTGCC 

LL644:  

CTCTTCCCTTTGCTCTGTAC 

LL645:  

GCTCTACTTCATCGCATTCCTTG 

 

For Rosa26LSL-tdT: 

LL172: CTCTGCTGCCTCCTGGCTTCT 

LL173: 

CGAGGCGGATCACAAGCAATA 

LL174: TCAATGGGCGGGGGTCGTT 
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2.3 Genotyping 

Ear punch biopsies were taken from mice for genotyping at 3 to 4 weeks of age. Biopsies were 

immediately placed into 200uL mixture of chelex beads (Bio-Rad; 1421253), DEPC water, and 

proteinase K (Roche; 3115879001), and incubated overnight (> 10 hours) at 55°C. For long-term 

storage, samples were stored at 4°C until genotyping was completed, then moved to room 

temperature (22°C). 1.5μL of sample DNA was added to 23.5μL of PCR genotyping master mix 

made of: 18μL molecular biology grade water (GE Life Sciences; SH30538.02), 2.5μL 10x 

buffer E, 0.5μL 10mM dNTP mix (FroggaBio; DN001025-5), 1μL DMSO (Fisher; BP231-1), 

1μL 10mM primer mix, and 0.5μL Taq polymerase. 10x Buffer E for PCR was made by mixing 

33.5mL of 1M tris (pH 9.01), 75μL of 1M MgSO4, 4.5mL of 2M AmSO4, and 350μL of 14M β-

mercaptoethanol, which was topped up to 50mL with water and filter-sterilized before using. 

PCR products were run on a 1.2% agarose gel to confirm band sizes specific for each allele.  

 

2.4 Diets 

All mice were weaned at 3 weeks of age onto standard rodent Chow (Chow; Teklad 2918). 

Chow caloric value was composed of 58% carbohydrate, 18% fat, and 24% protein. For mice 

that were fed HFD in Chapters 4, 5, and 6, mice were switched to HFD (Research Diets D12331) 

at 7 weeks of age, after tamoxifen administration when applicable. HFD caloric value was 

composed of 25% carbohydrate, 58% fat, and 17% protein. 

 

2.5 Tamoxifen preparation and administration 

At 6 weeks of age, 8mg of tamoxifen (Toronto Research Chemicals; T006000) was administered 

to each mouse every other day, for a total of 3 times over 5 days. Tamoxifen solution was 
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prepared fresh before each administration. Corn oil (ACH Food Companies Inc.; 100% pure 

Mazola corn oil) was added to the appropriate mass of tamoxifen powder for a concentration of 

60mg/mL and the tamoxifen was dissolved by sonication for 10 cycles of 30s at 80% power in a 

cup horn Misonix Sonicator S-4000 (Fisher Scientific; 13101353). 133μL of tamoxifen solution 

was administered to each mouse via oral gavage. Mice remained in a cytotoxin shedding room 

with an internal water bottle and food hopper until 72 hours after the last dose of tamoxifen 

administration, then underwent a full cage change before being switched onto HFD (or 

remaining on Chow).  

 

2.6 Body weight and blood glucose measurements 

Body weights of mice were measured using a digital scale. For mice in chapter 5, body weight 

and blood glucose were measured between 09:00 and 10:00 each week. Body weights and blood 

glucose were measured biweekly from mice that were random-fed or fasted overnight for 10 

hours starting at 7 weeks of age. For all blood glucose measurements, the left hind leg of the 

mouse was shaved to expose the skin when needed, and the saphenous vein was pricked with a 

27½ gauge needle (VWR; BD305109). Blood glucose was measured using a handheld 

OneTouch UltraMini glucometer (LifeScan Europe; AW 06720302A) and OneTouch Ultra 

glucose strips (LifeScan Europe; AW 06858804A). For fast-refeed experiments, body weights 

were measured before and after the refeeding. 

 

2.7 Plasma collection and ELISA 

All blood collection was performed on the saphenous vein after a prick with a 27½ gauge needle 

(VWR; BD305109). A heparinized microcapillary tube (Fisherbrand; 22-362-566) was filled 
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with blood. The blood was transferred to a 1.5mL microcentrifuge tube (Diamed; SPE155-N) 

and stored on ice for up to 30 minutes before being centrifuged at 5000g for 10 minutes at 4°C. 

Plasma was collected and transferred to a clean 1.5mL tube. Plasma samples were stored frozen 

at -20°C until assayed on a rodent insulin ELISA (Alpco; 80-INSMR-CH10) according to 

manufacturer’s instructions.  

 

2.8 Oral glucose tolerance tests 

Mice were fasted for 10 hours overnight before the tolerance test. In the morning, body weight 

and blood glucose were measured, and one microcapillary tube of blood was taken from each 

mouse. 2g/kg glucose was administered to each mouse by oral gavage, using a sterile-filtered 

40% D-glucose solution prepared by dissolving D-glucose (Sigma; G7021-1KG) in water. Blood 

glucose was measured at 10, 30, 60, 90, and 120 minutes post-gavage, and 1 microcapillary tube 

of blood was taken at 10 minutes post-gavage.  

 

2.9 Insulin tolerance tests 

Mice were fasted for 2 hours during the light cycle before the tolerance test. Body weight and 

blood glucose was measured, and 0.75U/kg insulin was administered to mice via intraperitoneal 

injection with a 27½ gauge needle, using a sterile-filtered 150mU/mL insulin stock solution in 

PBS). Blood glucose was measured at 10, 30, 60, 90, and 120 minutes post-injection.  

 

2.10 Glycerol tolerance tests 

Mice were fasted for 10 hours overnight before the tolerance test. In the morning, body weight 

and blood glucose were measured. 2g/kg of glycerol was administered to mice via intraperitoneal 
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injection with a 27½ gauge needle, using a sterile-filtered 40% w/v glycerol solution in water. 

Blood glucose was measured at 10, 30, 60, 90, and 120 minutes post-injection.  

 

2.10 Body composition and metabolic cages 

In chapter 5, lean and fat mass was quantified in 2 and 6 weeks HFD-fed mice. Body 

composition was measured using quantitative magnetic resonance technology on the EchoMRI-

100 (Echo Medical Systems) in collaboration with the laboratory of Dr. William T Gibson. 

In chapter 5, mice fed HFD for 6 weeks underwent metabolic cage analyses in collaboration with 

the laboratory of Dr. William T. Gibson. All mice were singly housed in metabolic cages 

(LabMaster TSE systems). Mice were allowed to acclimate to the metabolic cages for 24 hours 

before recording for the following 72 hours. Indirect calorimetry was used to measure CO2 

production and O2 consumption from the cages, and the RER was calculated from volume of 

CO2 produced to volume of O2 consumed during the day. Food intake and water intake was 

measured by weight sensors linked to the food hopper and water bottle in each cage. Locomotor 

activity was measured with infrared beam breakage inside the cages.  

 

2.11 Fast-refeeding 

In Chapters 4, 5, and 6, mice underwent a fast-refeed at various ages. Mice were fasted overnight 

for 10 hours by transferring to a clean cage with no food hopper and only ad libitum access to 

water. In the morning, a pre-weighed food hopper with Chow or HFD was placed in the cage and 

mice were allowed to eat ad libitum for 1 hour. At the end of 1 hour, the food hopper and any 

uneaten crumbs of food on the cage floor were removed from the cage and weighed. Before and 

after the refeeding period, body weight and blood glucose were measured for each mouse. If 
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euthanizing for tissue harvest after refeeding, stomach contents were also checked after 

euthanasia during the dissection to confirm the mouse had eaten. 

 

2.12 Manual food intake measurements 

All mice undergoing manual food intake measurements were singly housed. Body weights of 

mice were measured weekly. Weekly food intake was calculated by subtracting the weight of 

food in the hopper and food crumbs on the cage floor from the weight of the freshly added food 

given the week before. Approximately 10 fresh pellets of HFD were given to each mouse every 

week, and the old pellets were discarded every week.  

 

2.13 Mouse transcardial perfusion and tissue harvest 

Mice were anesthetized with isoflurane under presence of O2 and euthanized by asphyxiation 

with CO2. After visually confirming that breathing had stopped, the mouse was removed from 

the isoflurane chamber, sprayed with 70% ethanol, and dissected to expose the liver and stomach 

in the abdominal cavity within one minute of removal from the chamber. The diaphragm was cut 

through and the ribcage was cut vertically on the left, right, and middle to expose the heart. The 

mouse carcass was transported into a 2cm-deep plastic dish inside a fume hood, and the right 

atrium was punctured with surgical scissors to create an exit point for blood. A 27½ gauge 

needle with tubing (1mm diameter, 12cm long) attached to a syringe was gently inserted into the 

left ventricle, and the carcass was flushed of blood with 5mL of ice-cold PBS. The 5mL syringe 

was replaced with a 30mL syringe containing 20mL of 4% paraformaldehyde (PFA), and the 

carcass was perfused at a rate of 1mL/min until all PFA had been dispensed. 
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2.14 Tissue processing for histology 

For mouse liver and pancreas collection, tissues were dissected out with fine surgical scissors 

and blunt-ended forceps following transcardial perfusion of the mouse carcass. The liver and 

pancreas were post-fixed in 5-10mL of 4% PFA overnight at 4°C. The next morning, the PFA 

was removed, and tissues were washed three times with PBS, 5 minutes each, and transferred to 

a clean tube containing enough 50% ethanol to submerge the tissue for 24 hours at 4°C. The 50% 

ethanol was removed and replaced with enough 70% ethanol to submerge the tissue for another 

24 hours at 4°C. Tissues were secured in histology processing cassettes and dehydrated through a 

series of: 95% ethanol (two 30 minute incubations), 100% ethanol (three 30 minute incubations), 

xylenes (two 30 minute incubations), and paraffin (two 1 hour incubations). Following 

dehydration, tissues were embedded in paraffin blocks for long-term storage at room 

temperature.  

 

For human islets, 100-200 islets were fixed in 1mL of 4% PFA for 1 hour at room temperature. 

The islets were manually picked into 500μL of PBS in a 1.5mL microcentrifuge tube. Islets were 

allowed to settle for 1 minute, or briefly pulse centrifuged. The majority of the PBS was 

removed, leaving the islets in approximately 30-50μL of PBS. Using a 10μL pipette tip, islets 

were transferred with minimal PBS into a mold, forming a bubble of PBS containing islets. A 

2% agarose solution in water was prepared, allowed to cool until warm to the touch, and a pre-

warmed 200μL pipette tip was used to pipette enough warm agarose into the mold containing 

islets until the mold was filled. Once the agarose hardened, the agarose-embedded islets were 

transferred back to the 4% PFA overnight at 4°C. The next morning, the PFA was removed, and 

the agarose block was washed three times with PBS, 5 minutes each, and transferred to 3mL of 



44 

 

50% ethanol for 6-8 hours at 4°C. The 50% ethanol was removed and replaced with 3mL of 70% 

ethanol for 16 hours at 4°C. The agarose block was transferred to a histology cassette, 

dehydrated, and paraffin-embedded in the same way as mouse liver and pancreas. For 

immunofluorescence, 5μm-thick paraffin sections of islets were mounted onto Superfrost Plus 

glass slides (Fisherbrand; 12-550-17) using a microtome. 

 

For brain harvests, the perfused mouse carcass was decapitated using heavy scissors. The skin of 

the head was peeled away towards the snout, and turned inside-out to expose the skull. Using 

fine surgical scissors and blunt-ended forceps, the dorsal half of the skull was carefully removed 

from the brain, starting from the posterior end of the skull and cutting anteriorly. Once the brain 

was visible, forceps were used to gently scoop underneath the ventral surface of the brain, 

severing cranial nerves, and to remove the whole brain including olfactory bulbs from the 

remaining skull. The brain was post-fixed in 5-10mL of 4% PFA overnight at 4°C. The next 

morning, the PFA was removed, and tissues were washed three times with PBS, 5 minutes each, 

and transferred to a clean tube containing enough 20% sucrose (w/v solution in water) to 

submerge the tissue for 24 hours, or until the brain had sunk to the bottom of the tube, at 4°C. 

The 20% sucrose solution was removed and replaced with enough 30% sucrose (w/v solution in 

water) to submerge the tissue for another 24 hours, or until the brain had sunk to the bottom of 

the tube, at 4°C. Next, the brain was removed from the sucrose solution, transferred to a small 

dish containing OCT cryomatrix (Epredia; ref 6502), and thoroughly coated in OCT using blunt-

ended forceps. The brain was bisected coronally at the level of the caudal edge of the 

hypothalamus, visible on its ventral surface, and the caudal portions of tissue were discarded. 

The remaining brain tissue was embedded in a cryomold with fresh OCT with the olfactory bulbs 
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pointing up, and the tissue was frozen within the cryomold on a bed of dry ice. After the OCT 

had completely frozen and turned opaque white, the frozen samples were stored at -80°C.  

 

2.15 Cryosectioning 

The frozen samples were removed from -80°C and allowed to equilibrate at -20°C for at least 2 

hours before sectioning. The cryostat (Leica; CM 1950) was set to -21°C and the blade, brushes, 

and slide box were allowed to equilibrate within the cryostat for at least 15 minutes. The frozen 

samples were removed from the cryomolds and mounted onto cryostat sample discs using OCT 

cryomatrix. The blocks were trimmed at 50μm until tissue became visible, then 15μm-thick 

sections were collected once the block had been trimmed to reach the level of the middle of the 

arcuate nucleus, where the 3rd ventricle showed its characteristic shape (shown in figure 1.1 and 

1.2). Sections were collected directly onto Superfrost Plus glass slides and placed into the slide 

box. Once sectioning was complete, blocks were re-sealed and re-frozen with OCT cryomatrix, 

and the blocks and slide box were placed at -80°C. 

 

2.16 Hypothalamus dissociation 

Mice were anesthetized with isoflurane and euthanized by cervical dislocation. The head and 

neck were sprayed down with 70% ethanol, and heavy surgical scissors were used to decapitate 

the mouse. The brain was rapidly removed from the skull, placed onto a petri dish with its 

ventral side facing upwards, rinsed in 15mL of PBS, and wetted with 5mL of Hibernate® AB 

complete medium (BrainBits; HAB). A clean razor blade was used to bisect the brain coronally 

at the caudal edge of the hypothalamus, visible on its ventral surface, and the caudal portions of 

tissue were discarded. The remaining brain tissue was placed into 7mL of HAB medium and 
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placed on ice until all samples had been collected. Using a clean razor blade, two 1mm-thick 

coronal sections were collected from each brain and moved to a petri dish with HAB medium. 

Under a dissection microscope (Olympus; SZX16), the ARC was roughly dissected out from 

each thick section. For some mice with recombined tdTomato lineage marker, a red fluorescent 

filter on the microscope and fluorescence illumination lamp (Excelitas Technologies; X-cite 

120Q) were used to dissect out visibly tdTomato-positive regions from each section.  

 

From this point, the dissected neural tissue was dissociated following an adjusted version of a 

published protocol322, keeping the tissues on ice whenever possible. The tissue was placed into a 

15mL polystyrene tube (VWR; 21008-212) containing 2mL of sterile-filtered 2mg/mL papain 

solution, made by dissolving solid papain (BrainBits; PAP) in Hibernate® A medium without 

calcium (BrainBits; HACA) for 20-30 minutes at 37°C. The tube containing papain and tissue 

was placed in a shaking water bath (VWR) set to 32°C, and the tissue was dissociated by shaking 

at 170-180rpm for 40 minutes. The tissue was removed from the papain using a wide-bore 

pipette tip, transferred to a clean tube containing 2mL of HAB medium, and incubated for 5 

minutes on ice. Fire-polished siliconized 9-inch glass Pasteur pipettes were prepared by 

polishing the tip to 0.6-0.8mm diameter over a bunsen burner and siliconizing with Sigmacote® 

(Sigma; SL2-100ML). Using the fire-polished pipettes, the tissue was triturated ten times over 

one minute, then allowed to settle for one minute on ice. The supernatant was transferred to an 

empty 15mL tube, and the remaining tissue was resuspended in a fresh 2mL of HAB medium. 

The trituration was repeated 2 more times, for a total of 6mL of dissociated cells. The 6mL of 

dissociated cell solution was carefully applied to the top of the prepared OptiPrep™ (Sigma; 

D1556-250ML) density gradient (see Table 2.2), and the gradient was centrifuged at 800g for 15 
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minutes at 4°C. The top 7mL of the centrifuged gradient, containing debris and 

oligodendrocytes, were aspirated. The next 2.5mL, excluding the microglia pellet at the bottom, 

were collected and diluted with 5mL of HAB medium. The cell solution was centrifuged for 2 

minutes at 200g at 4°C, and the supernatant was removed. The cell pellet was resuspended in 

1mL of PBS- (cytiva; SH30028.02) and filtered through a 30μm strainer (Miltenyi Biotec; 130-

041-407) into a clean tube. An additional 500μL of PBS- was used to rinse the tube and this was 

also filtered. The cell solution was centrifuged for 2 minutes at 200g at 4°C, the supernatant was 

removed, the cells were resuspended in 100μL of PBS-, and transferred to a nuclease-free 1.5mL 

microcentrifuge tube, which was kept on ice. 10μL of the single cell solution was stained with 

10μL of trypan blue dye, and 10μL of this mixture was visualized on a hemacytometer to 

confirm successful dissociation with minimal debris and high cell viability. A final cell count 

was calculated by manually counting the total number of bright visible cells in all quadrants, 

calculating the average number of cells per quadrant, and multiplying by 104, the dilution factor, 

and the resuspension volume in mL. 

 

Table 2.2 OptiPrep density gradient preparation for one gradient 

Layer OptiPrep (μL) HABG medium (μL) Total (μL) 

1 (bottom) 173 827 1000 

2 124 876 1000 

3 99 901 1000 

4 (top) 74 926 1000 
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2.17 Human islets 

Human islets were isolated by the University of Alberta Islet Research or Clinical Cores as 

described (dx.doi.org/10.17504/protocols.io.x3mfqk6, accessed 20 January 2021). Details of 

donor metrics are summarised in Table 3.1 and some functional data are available at 

https://www.epicore.ualberta.ca/IsletCore/. Upon receiving human islets, desired islets were 

manually picked from remaining exocrine tissue with a dissecting microscope into 10mL of 

CMRL 1066 (VWR; CA45001–114) medium in a petri dish and incubated overnight at 37°C in a 

humidified CO2 incubator.  

 

2.18 Human islet stimulation and dissociation 

450 islets per donor were manually picked into three wells (150 islets/well) of a 12-well plate 

containing Krebs-Ringer bicarbonate HEPES (KRBH) medium with 2.8mM glucose and 

incubated at 37°C for 1 h. Next, the islets were incubated for 1 hour in a new well containing 

KRBH under one of three experimental conditions: Low (2.8mM glucose); Positive (25mM 

glucose, 40mM KCl); or Negative (25mM glucose, 40mM KCl, 5mM EGTA). Islets were 

washed with PBS (Mg2+/calcium-free) containing 0.5 mM EDTA, then dispersed for 12-15 

minutes in 200μl of 0.25% trypsin/EDTA at 37°C. Trypsinization was quenched with 25% FBS 

(1ml in PBS). Cells were centrifuged for 3 minutes at 200 g, the supernatant fraction was 

removed, and cells were resuspended in 300μl of PBS with 2% FBS. Cells were filtered through 

a 40μm cell strainer (Corning; 352340) and counted with a hemacytometer (see 2.16) prior to 

centrifugation and resuspension in PBS at the desired concentration. 

 

 

https://www.epicore.ualberta.ca/IsletCore/
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2.19 FACS and reaggregation 

Human islets were dissociated (see 2.18), washed with PBS, and incubated with rabbit 

AlexFluor647-labelled anti-protocadherin7 (PCDH7) antibodies (Bioss Antibodies; bs-11085R-

A647) on ice for 30 minutes. Cells were washed with PBS, filtered (40μm), resuspended in 

500μl of 2% FBS in PBS, and sorted using a BD FACSAria IIu (BD Biosciences). Sorted 

PCDH7+ and PCDH7− cells were plated onto a Corning Elplasia 96-well round bottom ultra-low 

attachment microcavity microplate (Corning; 4442) at 80 aggregates/well (1000 cells/aggregate) 

and cultured in CMRL medium for 48 hours prior to the GSIS assay. For qPCR, sorted PCDH7+ 

and PCDH7- cells were used for RNA isolation immediately following the sorting. 

 

2.20 Glucose-stimulated insulin secretion assay 

The sorted and reaggregated cells from islets of donors R366, R367, R369, H2330, H2337 and 

H2338 were pre-incubated in KRBH with 2.8mM glucose for 1 hour. Islets were sequentially 

stimulated with 2.8mM glucose, 16mM glucose, and 2.8mM glucose with 40mM KCl in KRBH 

for 1 hour at 37°C. The supernatant was collected after each stimulation and secreted human C-

peptide was measured as a surrogate measurement for insulin using C-peptide ELISA kits 

(Mercodia; 10-1136-01). The stimulation index was calculated by normalizing to values at 

2.8mM glucose. 

 

2.21 Immunostaining 

For paraffin-embedded samples, the sections were de-paraffinized and rehydrated through a 

series of xylenes (two 5 minute incubations), 100% ethanol (three 2 minute incubations), 95% 

ethanol (two 2 minute incubations), 75% ethanol (two 2 minute incubations), 50% ethanol (two 2 



50 

 

minute incubations), and dH2O (one 2 minute incubation). For antigen retrieval, the sections 

were placed into 220mL citraconic anhydride buffer, prepared by diluting 130μL of 98% 

citraconic anhydride in 300mL of dH2O and adjusting the pH to 7.4 with 1M sodium hydroxide. 

The sections were heated to 95°C in the buffer with the microwave, maintained at 95°C for 10 

minutes, and cooled at room temperature for 1 hour. After cooling, the sections were washed 

with dH2O once and twice with PBS, 5 minutes per wash. A hydrophobic barrier was drawn 

around each tissue section with a pap-pen (Cedarlane; MU22-A) and the sections were blocked 

with 5% horse serum in PBS for 30 minutes at room temperature in a humidified staining box. 

After blocking, the sections were washed three times with PBS, 5 minutes per wash. Primary 

antibodies (see Table 2.3) were diluted in PBS with 5% horse serum and sections were incubated 

with primary antibodies overnight at 4°C. The next morning, the sections were washed three 

times with PBS, 5 minutes per wash. Secondary antibodies (see Table 2.4) and nuclear stains 

TO-PRO-3 or DAPI were diluted in PBS with 5% horse serum, and sections were incubated with 

secondary antibodies and nuclear stain for 1-2 hours in the dark at room temperature. Sections 

were washed three times with PBS, 5 minutes per wash, and mounted with Diamond antifade 

mounting media and glass coverslips. Mounted slides were stored in a slide box at 4°C until they 

were imaged using a Leica SP8 confocal microscope.  

 

For fixed frozen sections of mouse brain for ARC immunostaining, the sections were washed for 

5 minutes in PBS to remove OCT cryomatrix before permeabilizing for 7 minutes with 1% SDS. 

Sections were washed three times with PBS, 5 minutes each, before proceeding with the rest of 

the protocol as stated above for paraffin-embedded sections. 
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2.22 RNAscope fluorescent in situ hybridization 

Fluorescent in situ hybridization (FISH) was performed with the RNAscope multiplex 

fluorescent v2 kit (ACDbio) according to manufacturer’s instructions. Briefly, cryosections were 

washed in PBS to remove OCT, baked in the HybEZ oven (ACDbio) at 60°C for 1 hour to 

improve tissue adherence, and placed into target retrieval buffer (ACDbio; 322000) heated to 95-

98°C in a steamer for five minutes before being immersed in 100% ethanol for three minutes. A 

hydrophobic barrier was drawn around the sections with the ImmaEdge pen (Vector 

Laboratories; H-4000), and sections were incubated with protease III (ACDbio; 322337) in the 

HybEZ oven at 40°C for 30 minutes. Sections were washed with dH2O and incubated with 

probes (see Table 2.5) in the HybEZ oven at 40°C for 2 hours. A technical positive and negative 

control was included for every RNAscope experiment using the provided positive and negative 

control probe mixtures. Sections were washed with 1X wash buffer (ACDbio; 310091) and left 

overnight in 5X SSC buffer, diluted in water from 20X SSC buffer (Ambion; AM9763), at room 

temperature. The next day, sections were washed with wash buffer and underwent amplification 

and development of each channel signal with provided channel-specific HRP reagents and 

fluorescent Opal dyes 520, 570, or 650 (Perkin Elmer FP1487001KT, FP1488001KT, or 

FP1496001KT). After a 5 minute incubation with provided DAPI, slides were washed and 

mounted with Diamond antifade mounting media (see section 2.20) and stored at 4°C until 

imaged with a Leica SP8 confocal microscope.  

 

2.23 Quantification of RNAscope images 

At least three sections of RNAscope images were quantified per mouse. For each RNAscope 

experiment, the technical positive control section was used to confirm successful protocol 
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completion, and the technical negative control section was used to designate the imaging settings 

to prevent any background signal in any channel. The left and right sides of the arcuate nucleus 

were imaged as Z-stacks separately for each section using the Leica SP8 confocal microscope 

20X objective. The resulting image files were converted to .ims file formats and quantified with 

Imaris v9 (Oxford Instruments). The Cells with Vesicles feature was used on the image, 

specifying Cells as the areas with Agrp or Pomc signal that marked the neuronal cell bodies, and 

specifying Vesicles as the Npas4 punctate signals. For each image, the threshold for Cells was 

manually set to completely cover all areas with detectable Agrp or Pomc signal, and cell 

boundaries were automatically calculated by the software when cell diameter was set to 10μm. 

Cells that had detectable Agrp or Pomc signal but no nucleus were manually removed from the 

final quantifications. Vesicle diameter was set to 2μm, and thresholds for Vesicles was manually 

set to count all Npas4 punctate signals within the regions covered by Agrp or Pomc signal. Final 

statistics reports were exported as counts of vesicles per cell, and exported data was manually 

organized on Microsoft Excel to quantify the number of Npas4 spots per Agrp+ or Pomc+ cell 

and the proportion of Npas4+/Agrp+ or Npas4+/Pomc+ cells. Due to the relatively low numbers 

of Npas4 puncta in the ARC, Npas4+ cells were classified into 4 levels of Npas4 expression 

based on the number of spots in a cell of interest: Npas4- (no puncta), Npas4-low (1-3 

puncta/cell), Npas4-medium (4-9 puncta/cell), or Npas4-high (10 or more puncta/cell). 

 

2.24 RNA isolation and reverse transcription PCR 

100-200 human islets or sorted PCDH7+ and PCDH7- cells were counted and picked into 500μL 

of TRIzol (Thermo Fisher Scientific; 15596018). The samples were vortexed and frozen at -

80°C. To extract RNA from samples preserved in TRIzol, 100μL of chloroform (Sigma; C2432-
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250ML) was added to the thawed TRIzol sample before the samples were vortexed and 

centrifuged for 15 minutes at 12000g at 4°C. Keeping the samples on ice as much as possible, 

the supernatant was removed from the samples and 1mL of 70% ethanol was added to the 

samples. The samples were mixed by inverting 2-3 times and centrifuged at 12000g at room 

temperature. The supernatant was removed and the ethanol wash was repeated once. Residual 

ethanol was pipetted out and samples were air-dried for 1-2 minutes until ethanol traces had 

evaporated. The RNA pellet was resuspended in 21.5μL of water, 1μL DNAse and 2.5μL 10X 

DNAse buffer from the TURBO DNA-free™ kit (Thermo Fisher Scientific; AM1907) was 

added to each sample. Samples were incubated at 37°C for 30 minutes before adding 5μL of stop 

solution to each sample. Samples were vortexed, centrifuged at 12000g for 3 minutes at room 

temperature, and only the clear layer containing RNA was transferred to clean nuclease-free 

tubes. RNA concentration (ng/μL) was quantified with the Nanodrop 2000c (Thermo Scientific) 

and frozen at -80°C for long-term storage if necessary. 

 

For reverse transcription PCR (RT-PCR), 1μg of RNA from each sample was mixed with 1μL of 

a mixture of random hexamers (10μg/25μL reaction) and oligodT (200ng/25μL reaction), then 

topped up to 14.62μL with water. A master mix was prepared with (per sample): 0.5μL water, 

5μL 5X First Strand buffer (Invitrogen; Y02321), 2.5μL 0.1M DTT (Invitrogen; Y00147), 

1.25μL 10mM dNTP mixture, 0.625μL 40U/μL RNAseOUT, and 0.5μL 200U/μL Superscript 

reverse transcriptase III (Invitrogen; 18080093). For a negative control, RNAseOUT and reverse 

transcriptase was not added, and 1.625μL of water was used instead. Diluted samples were 

heated at 70°C for 10 minutes and 10.38μL of master mix was added to each sample before 

running on a thermocycler (Eppendorf; Mastercycler pro S) with the following cycle: 15°C for 
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10 minutes, 25°C for 10 minutes, 37°C for 15 minutes, 42°C for 45 minutes, 50°C for 10 

minutes, 55°C for 5 minutes, 95°C for 3 seconds, and 4°C for holding. Resulting cDNA was 

frozen at -20°C for storage. 

 

2.25 Quantitative real-time PCR 

All samples were run in triplicate for all target genes for quantitative real-time PCR (qPCR). 

Samples were diluted 1:2 in water. For each target gene, enough master mix was prepared for 

technical triplicates of each sample. Master mix was prepared at a larger volume for all replicates 

and samples within each gene, and each well was estimated to have: 5.9375μL water, 1μL 10X 

buffer A (), 0.3125μL 10mM dNTP mixture, 0.5μL 10μM primers, and 0.25μL DNA Taq 

polymerase. 8μL of master mix was dispensed into each well of a 384-well plate, and 2μL (40ng) 

of sample was added to each well. For no template negative control wells, 2μL of water was 

added instead of diluted sample. Taqman qPCR was performed on the Viia7 real-time PCR 

system (Applied Biosystems) using the 384-well/TaqMan/fast-run settings. All reactions used 

FAM as the reporter dye, ZEN and IBFQ as quenching dyes, and the relative gene expression 

was calculated using the ΔΔCt method with TBP as the reference gene. All primers and probes 

used in qPCR are found in Table 2.6. 

 

2.26 Nanostring 

50 human islets were manually picked into 100μl Buffer RLT (Qiagen) containing 1% beta-

mercaptoethanol for lysis. Whole islet gene expression was measured by the Nanostring 

nCounter assay according to manufacturer’s instructions, using a custom nCounter XT Gene 

Expression Reporter Codeset and Capture Probeset as described323, on the nCounter SPRINT 
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Profiler. Gene expression was analyzed using the nSolver 4.0 Analysis Software and  normalized 

to reference genes B2M, GAPDH, GUSB, HPRT1, POLR2A, and TBP. 

 

2.27 Single cell RNA sequencing 

For stimulated human islets, dissociated islet cells from each experimental condition (Low, 

Positive, Negative; see section 2.18) for each donor was processed as a separate sample. 

Libraries were generated for 5000 target cells per sample with the Chromium Single Cell 3’ 

reagent kits (10x Genomics) according to the manufacturer’s instructions. Version 2 reagent kits 

were used for donors R253 and R282, and Version 3 was used for donor R317. For dissociated 

mouse hypothalamic cells (see 2.16), cells from each mouse were processed as a separate 

sample. Libraries were generated for 10000 target cells per sample with the Chromium Next 

GEM Single Cell 3’ version 3.1 reagent kits (10x Genomics) according to the manufacturer’s 

instructions. Library quality assessment was performed twice during the library generation 

protocol with the Agilent Bioanalyzer High Sensitivity dsDNA kit (Agilent; 5067-4626).  

 

Completed libraries were quantified with both the Qubit high sensitivity dsDNA kit (Thermo 

Fisher Scientific; Q32854) and KAPA library quantification kit for Illumina platforms (KAPA 

Biosystems; KK4824). For stimulated human islet libraries, libraries for each donor were diluted 

to 4nM and pooled before sequencing. For mouse hypothalamic cells libraries, two to four 

samples’ libraries were diluted to 4nM and pooled before sequencing, depending on 

chronological order of mouse availability. All libraries were sequenced with the Illumina 

NextSeq500 on manual mode using a 75-cycle High Output v2 or v2.5 kit (Illumina FC-404-
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2005). For libraries generated using Chromium v2 kits, cycle numbers were: 8 for index 1 (i7), 0 

for index 2 (i5), 28 for read 1, and 50 for read 2. For libraries generated using Chromium v3 kits, 

cycle numbers were: 8 for index 1 (i7), 0 for index 2 (i5), 28 for read 1, and 56 for read 2. For 

libraries generated using Chromium Next GEM v3.1 kits, cycle numbers were: 10 for index 1 

(i7), 10 for index 2 (i5), 28 for read 1, and 44 for read 2. Sequencing was repeated for all 

libraries until all samples reached a minimum read depth of 20000 reads/cell as determined by 

downstream processing of sequencing data.  

 

2.28 Analysis of scRNA-seq data 

Binary base call (BCL) files of sequencing data were obtained as outputs from the Illumina 

NextSeq500. Cell Ranger v7.0 (10x Genomics) was used for processing of all scRNA-seq data. 

FASTQ files from sequencing outputs with cellranger mkfastq. Alignment, demultiplexing, 

filtering, barcode counting, and UMI counting was performed with cellranger count separately 

for each sample, combining multiple sequencing runs’ worth of FASTQ files for the same 

sample. For human islet samples, FASTQ files were aligned to reference human genome 

GRCh38. For mouse hypothalamus samples, FASTQ files were aligned to the reference mouse 

genome GRCm38. Reads/cell, genes/cell, and number of cells per sample were obtained at the 

end of the Cell Ranger pipeline.  

 

Outputs of Cell Ranger were carried forward to the R package Seurat324 v4.0.4 for further 

filtering and downstream analysis. First, Seurat objects were created from the Cell Ranger 

outputs and cells that expressed more than 20% mitochondrial genes or more than 6000 

genes/cell were filtered out. For human islet data, metadata was edited to include experimental 
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conditions and donor ID. For mouse hypothalamus data, metadata was edited to include mouse 

number (sample ID), fasted or refed status, and genotype. Next, the objects were normalized with 

SCTransform and integrated to form one Seurat object with all samples, and clustered in UMAP 

space at an initial resolution of 0.6. The biological identities of clusters were manually 

determined with known marker gene expression. Differentially expressed gene (DEG) analysis 

was performed using FindMarkers or FindAllMarkers functions when needed. For identifying 

calcium-regulated genes in the human islet data, only cells from the Positive and Negative 

conditions were subsetted from populations of interest, and FindMarkers was used to identify 

DEGs across the two conditions in each cluster within the subsetted population. Glucose-

regulated genes were identified in the same manner, using cells from the Positive and Low 

condition. For identifying DEGs across fasted vs refed states or genotypes in the mouse 

hypothalamus data, cells expressing Pomc were subsetted first, and only cells from the targeted 

combination of fasted and refed states, POMC-CreER (CT) and POMC-NPAS4 KO (KO), or 

combinations of the metadata were used in the DEG analysis with FindMarkers. Gene ontology 

(GO) analysis was performed through EnrichR325–327 using the libraries GO: Biological Process 

2021 and Molecular Function 2021, with the R function DEenrichRPlot. All code used for 

analysis of scRNA-seq data in chapter 3 and chapter 6 can be found in Appendix B and 

Appendix C, respectively.  

 

2.29 Statistical analyses 

Statistical calculations were performed in Rstudio or GraphPad Prism v8.0.1. Data are shown as 

mean + SEM unless otherwise stated in figure legends. In general, statistical significance was 

determined using the Student’s t-test for two groups or genotypes, one-way ANOVA with 
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Tukey’s multiple comparisons for three groups or genotypes, and two-way ANOVA with 

Tukey’s multiple comparisons for three groups or genotypes for multiple time points or 

conditions. Statistical tests used for each figure are stated in the figure legends. For scRNA-seq 

data in Chapters 3 and 6, cutoffs for all statistically significant DEGs were Padjusted < 0.05 using 

Wilcoxon rank-sum tests. In Chapters 4 and 5, all RNAscope quantifications are shown with 

each dot representing one biological replicate, as a sum of quantifications from a minimum of 3 

ARC sections from a biological replicate. 

 

Table 2.3 Primary antibodies and dilutions used for immunofluorescence 

Target Species Dilution Source 

Insulin Guinea pig 1:500 Dakocytomation 

(A0564) 

Glucagon Rabbit 1:100 Abcam (ab92517) 

Glucagon Mouse 1:2000 Sigma-Aldrich (G2654-

100UL) 

Neuropeptide Y Rabbit 1:400 Cell Signalling 

Technology (11976S) 

Insulin-like growth factor-binding 

protein 2  

Rabbit 1:200 Thermo Fisher 

Scientific (15699-1-AP) 

Protocadherin 7 Rabbit 1:100 Abcam (ab139274) 

Neuronal PAS domain protein 4 Rabbit 1:500 Activity Signalling 

(AS-AB18A-100) 
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Table 2.4 Secondary antibodies and dilutions used for immunofluorescence 

Target Host Fluorophore Dilution Source 

Guinea pig IgG Donkey FITC 1:450 Jackson 

ImmunoResearch 

(706-096-148) 

Guinea pig IgG Donkey Cy3 1:250 Jackson 

ImmunoResearch 

(711-096-152) 

Rabbit IgG Donkey FITC 1:450 Jackson 

ImmunoResearch 

(706-166-148) 

Rabbit IgG Goat Alexa Fluor 647 1:200 Invitrogen 

(A27040) 

Mouse IgG Donkey Cy3 1:250 Jackson 

ImmunoResearch 

(715-166-150) 

 

 

Table 2.5 RNAscope probes 

Target gene Species NCBI reference 

sequence 

Target 

region (bp) 

Channel RNAscope 

probe 

catalogue # 

INS Human NM_000207.2 20 - 399 2 313571-C2 

GCG Human NM_002054.4 26 - 1265 3 556741-C3 

Npas4 Mouse NM_153553.4 1860 - 3067 1 461631 

Pomc Mouse NM_008895.3 19 - 995 2 314081-C2 

Agrp Mouse NM_001271806.1 11 - 764 3 400711-C3 

tdtomato NA LC311026.1 910 - 2285 3 317041-C3 

 

 

 

 

http://www.ncbi.nlm.nih.gov/nuccore/NM_153553.4
http://www.ncbi.nlm.nih.gov/nuccore/NM_008895.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_001271806.1
http://www.ncbi.nlm.nih.gov/nuccore/LC311026.1
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Table 2.6 qPCR primers 

All primers are targeted to human mRNA sequences 

Target Primer 1 Primer 2 Probe 

PCDH7 GTG GAA TTC 

AGC CAA ACA 

CAG 

ATT TGT GGG 

AGC AGG AGA C 

ACA GCA AAC 

AGA TGC GTC 

TAC ATC CA 

INS CTA GTG TGC 

GGG GAA CG 

CAC GCT TCT GCA 

GGG AC 

CGG CGG GTC 

TTG GGT GTG TA 

ERO1B GGG TGA GTT 

GGA AGC CTT 

TAG 

TGG ACT GTG TTG 

GAT GTG AC 

ACA GAC TCA 

GGG TTT AGG 

AAC TGC C 

NKX6-1 TCG TTT GGC CTA 

TTC GTT GG 

TGT CTC CGA GTC 

CTG CTT C 

TGC TTC TTC CTC 

CAC TTG GTC CG 

SLC30A8 AGG TCA ATT 

AAG AGG TGG GC 

AAT GAG TAC 

GCC TAT GCC 

AAG 

CAC ATT GCT 

GGG AGT CTT 

GCT GTT G 

TBP GAG AGT TCT 

GGG ATT GTA 

CCG 

ATC CTC ATG ATT 

ACC GCA GC 

TGG GAT TAT ATT 

CGG CGT TTC 

GGG C 
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Chapter 3: Using single cell transcriptomics to identify calcium-regulated 

transcriptional changes in human pancreatic islets 

3.1 Rationale 

Due to the heterogeneous nature of the islet, using scRNA-seq has become a favourable method 

to study the transcriptomes multiple cell types simultaneously in an unbiased manner. Within the 

past decade, there have been a number of human islet scRNA-seq experiments. Most have 

focused on how diabetes alters the islet transcriptome or identifying rare cell types328–334. A more 

recent addition to the field of islet single-cell studies have been coupling functional data to 

transcriptomes328,329,331–333,335. However, there has not been an attempt focused on using scRNA-

seq to profile the activity-regulated transcriptome of human islet cell types. 

 

Like all excitable cells, all islet cell types rely on intracellular calcium signalling to some degree 

of function. Due to the complexities of calcium signalling and the ready availability of mouse 

and human beta cell lines, most studies have focused on calcium signalling specifically in beta 

cells240,336,243. As discussed in section 1.12, calcium signalling in beta cells triggers two main 

pathways that are known to regulate transcription: 1) the CAMK/CREB 

pathway231,237,337,338,240,339 and 2) the CaN/NFAT pathway231. In islet cells, the process of 

calcium-regulated transcription is coupled to depolarization and activation of the cell 

downstream of glucose stimulation and metabolism, which is vital for the biological role of 

islets. Therefore, there is merit to studying the rapid changes in activity-regulated gene 

expression that occur as the islet responds to changes in the environment. 

 

In this chapter, I used scRNA-seq to profile the rapidly responding calcium-regulated 
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transcriptome in human islet cell types, focusing on the endocrine cell types. I hypothesized that 

like previous islet scRNA-seq studies, there would be significant heterogeneity within a single 

cell type, due to the different identities of calcium-regulated genes across these subtypes.  

 

3.2 Human islet multi-conditional scRNA-seq data clustering is not affected by 

experimental conditions 

To study islet cell calcium-regulated genes, I generated islet single-cell libraries from three 

healthy male, BMI- and age-matched donors R253, R282, and R317 (Table 3.1). In order to 

confirm that donor islets were healthy and showed expected islet gene expression, 50 islets were 

picked from each donor prep and used for Nanostring gene expression analysis using a custom 

islet gene expression panel. Compared to the average expression of previously collected 107 

donor preps, the islets from the three donors showed similar expression levels of 56 adult human 

islet genes (Fig. 3.1). Prior to library preparation, I stimulated islets from each donor for 1 hour 

under the following conditions: 1) “Low” glucose to activate alpha cells and inhibit beta cells; 2) 

“Positive”, a high glucose and high KCl stimulus to directly depolarise all cells and trigger 

maximal calcium influx and downstream calcium signaling; and 3) “Negative”, a control 

condition with high glucose/high KCl stimulus and extracellular calcium chelator EGTA (Fig. 

3.2a). The relatively short stimulation time of 1 hour was to ensure that only the most robustly 

and acutely calcium-regulated genes would be detected. The short stimulation time would also 

allow for existing biological heterogeneity to remain unaffected by the transcriptional changes 

that occur due to the induction of activity-regulated genes. 

 

Downstream of the pre-processing of raw sequencing files, the 10x Genomics Cell Ranger 
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software detected 59,791 sequenced cells, with each donor having a minimum of 20,000 average 

reads/cell (Table 3.1). After the dataset was converted into a Seurat object for further analysis, 

50,194 cells remained (Table 3.1). After filtering out cells that did not meet the QC cutoffs of 

less than 6,000 genes/cell (nFeature_RNA) and less than 20% mitochondrial genes (percent.mt), 

43,909 cells were carried forward as 30 clusters (Table 3.1, Fig. 3.2b). All clusters showed 

similar proportions of Low, Positive and Negative cells, implying that clustering was minimally 

influenced by experimental conditions and that existing biological heterogeneity was preserved 

(Fig. 3.2d). This supported the goal of designing experimental conditions that would allow us to 

investigate calcium-regulated genes and islet heterogeneity with the same dataset. 

In the 30 clusters, there were 37,436 endocrine and 6,473 non-endocrine cells. I determined 

cluster identities using expression of known marker genes for each cell type: INS for beta cells, 

GCG for alpha cells, SST for delta cells, PPY for Pancreatic Polypeptide (PP) cells, KRT19 for 

duct cells, CPA1 for acinar cells, PECAM1 for endothelial cells, PDGFRB for mesenchymal 

cells, and FCER1G for immune cells340 (Fig. 3.2c, e). For further validation of non-endocrine 

cell types, I carried out a more in-depth DEG analysis, and found that INHBA and TIMP1 

expression were restricted to mesenchymal cells, while PLVAP and ESM1 were endothelial cell 

marker genes (Fig 3.3a-b).  In addition to known cell types, there was a cluster expressing INS, 

GCG, and SST (“polyhormonal”) and a cluster that did not seem to express robust levels of any 

of the known marker genes (“unknown”). Furthermore, I detected ghrelin (GHRL)-expressing 

cells located near the PP and alpha cells, but these cells did not form a whole cluster by 

themselves, presumably due to their low cell number (Fig 3.3c).  
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Figure 3.1 | Islets from donors R253, R282, and R317 show similar islet gene expression. 

Nanostring gene expression panel of 56 adult human islet genes, shown as a heatmap depicting 

log-transformed expression with a colour scale of blue (low) to red (high). The gene expression 

profiles of islets from donors R253, R282, and R317 used for scRNA-seq were compared to the 

average gene expression profile of 107 human islet donors collected previously 

(https://www.epicore.ualberta.ca/IsletCore/).  

 

  

     

     

    

   

       

    

    

    

   

     

     

   

    

   

    

    

     

     

     

     

    

   

     

    

    

      

     

     

 

 

     

    

    

    

      

      

      

     

     

    

    

     

     

    

      

   

    

       

      

      

       

   

    

   

     

    

      

   

 

 

 

 

https://www.epicore.ualberta.ca/IsletCore/
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Table 3.1 Human islet donor information and cell numbers during key analysis steps 

Donor ID R253 R282 R317 

Age (years) 57 57 54 

Sex male male male 

Diabetes none none none 

BMI (kg/m2) 25.5 26.4 26.4 

HbA1c (%) 5.0 6.0 5.1 

Number of sequenced cells (Cell Ranger v.7) 9,008 17,182 25,601 

Average reads/cell (Cell Ranger v.7) 74,262 42,154 28,427 

After creating Seurat object 8,698 16,942 24,514 

After filtering based on QC cutoffs  

(Figure 3.2) 
7,756 16,180 19,973 

After subsetting endocrine cells only 6,842 13,724 17,715 

After removal of poorly integrated clusters 

(Figure 3.4) 
6,035 11,080 15,371 
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Figure 3.2 | Human pancreatic islet single cell RNA-seq dataset contains all expected cell 

types. a, Depiction of the experimental procedures leading up to the library preparation. b-c, 

UMAP plots of 43,909 human islet cells that passed quality control and filtering thresholds 

shown in 30 clusters (a) and cell types (b). d, Stacked bar plots showing the proportion of cells 

from Low, Positive, and Negative conditions in each cell type. e, Featureplots showing the 

expression of marker genes specific for each cell type, with higher expression levels shown as 

darker shades of blue.  
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Figure 3.3 | DEGs that identify non-endocrine cell types. a, Heatmap showing the top 5 DEGs 

in the non-endocrine cell types, with relative gene expression shown from blue (low) to red 

(high). b, Featureplots of representative DEGs identified as markers for mesenchymal cells 

(INHBA, TIMP1) and endothelial cells (PLVAP, ESM1) from the heatmap above (a). c, 

Featureplot showing the expression of GHRL-expressing cells that did not cluster distinctly.  
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3.3 Reclustering of endocrine cells reveals heterogeneity within alpha and beta cells 

I subsetted and reclustered 38,281 alpha, beta, delta, PP, and polyhormonal cells for further 

analysis. After reclustering, I removed clusters that were poorly integrated across donors, leaving 

32,486 cells in 15 clusters (Fig 3.4a). Like before, expression of the key endocrine cell type 

marker genes INS, GCG, SST, and PPY were used to identify the clusters (Fig 3.4b). While delta, 

PP, and polyhormonal cells remained as single clusters, there were five clusters within alpha 

cells and seven clusters within beta cells, which I named α1–α5 and β1–β7, respectively (Fig. 

3.4a). Overall, the dataset was now composed of 43% alpha cells, 46% beta cells, 6.5% delta 

cells, 3.8% polyhormonal cells, and less than 1% PP cells.  

 

To examine cluster heterogeneity among alpha and beta cells and potentially uncover new 

cluster-specific marker genes, I performed a DEG analysis in each cell type (Fig. 3.4c-d). Within 

the top 10 DEG in each alpha cell cluster, α1 and α4 expressed similar panels of marker genes, 

including RSAD2 and CLDN4 (Fig. 3.4c, 3.5a). Cluster α2 was enriched for some alpha cell 

marker genes such as ALDH1A1, CRYBA2, TM4SF4329, and LOXL4 (Fig. 3.4a, d). Notably, none 

of the detected marker genes for cluster α3 seemed to be particularly robust. Despite its small 

cell numbers, the α5 cluster DEG list showed robust marker genes, including CTNNA3 and 

CHGB (Fig. 3.4c, 3.5a). The α5 cluster also expressed the highest levels of GCG and TTR among 

the alpha cell clusters (Fig. 3.5d). Finally, the gene IGFBP2 was expressed in a small proportion 

of all alpha cell clusters and showed high alpha cell specificity when compared with other cell 

types (Fig. 3.5a). To confirm this, I immunostained human islet sections and found IGFBP2 

protein was restricted to a small number of GCG-positive alpha cells (Fig. 3.5b).   
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Within beta cells, the β1 cluster had elevated levels of genes such as CNTN5, SPP1, NPY and 

IGFBP5 (Fig. 3.4d, 3.5a). Immunostaining for NPY, which has been suggested to mark 

immature beta cells341, showed expression in a subset of INS-expressing beta cells (Fig. 3.5c). 

Cluster β2 showed the highest expression levels of IAPP among all clusters (Fig. 3.4d, 3.5a). 

High protein levels of human islet amyloid polypeptide are associated with a pathological islet, 

beta cell maturity or beta cell dysfunction342,343. Similar to α3, clusters β3 and β4 did not show 

robustly elevated levels of any DEG, but cluster β4 uniquely expressed reduced levels of 

KCNMA1, which encodes for an α-subunit of a calcium-sensitive potassium channel (Fig 3.5a). 

Cluster β5 was enriched for metallothionein genes such as MT2A, MT1X and MT1E, suggesting 

increased protective capacity against oxidative stress344. Notably, β6 was characterised by low 

expression of key beta cell maturation markers such as NKX2-2, UCN3 and ERO1B, and could 

comprise transcriptionally immature beta cells, such as virgin beta cells345 (Fig. 3.5e). 
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Figure 3.4 | Multiple alpha and beta cell clusters with distinct gene expression profiles are 

present in human islets. a, UMAP plot showing re-clustered endocrine cells only, with 

individual clusters labelled if present within cell types. b, Featureplots showing expression of 

endocrine cell type marker genes INS, GCG, SST, and PPY. c-d, Heatmaps showing the top 10 

DEGs in clusters α1- α5 in alpha cells (c) and clusters β1-β7 in beta cells (d), with relative 

expression shown from red (low) to blue (high).  
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Figure 3.5 | Alpha and beta cell clusters show heterogeneous marker genes and different 

levels of cell type-specific genes. a, Dot plot showing selected representative potential marker 

genes for certain clusters, with highlighted genes in red boxes. The proportion of cells in each 

cluster expressing a gene is represented by the size of the dot, and higher expression of a gene is 

shown as darker shades of blue. b-c, Images of immunostained human islet sections, stained for 

IGFBP2 (green), GCG (red), and DNA (blue) (f); or NPY (green), INS (red), and DNA (blue) 

(g). Yellow arrowheads indicate regions of overlap between IGFBP2 and GCG (f) or NPY and 

INS (g). Scale bars = 100μm. d-e, Heatmaps showing the average expression of alpha cell 

marker genes (a) and beta cell marker genes (b) in clusters α1- α5 (a) and clusters β1-β7 (b) and 

polyhormonal cells. Expression levels are shown from blue (low) to red (high). 
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3.4 Alpha cell clusters regulate unique sets of calcium-regulated genes 

I next focused on identifying calcium- and glucose-regulated genes by paired comparisons of 

transcriptomes from different conditions. Within each cluster of a certain cell type, I identified 

calcium-regulated genes as those that had a higher expression in either the Positive or Negative 

condition when the two transcriptomes were compared. In the same manner, in the Low vs 

Positive comparison, genes that were significantly elevated in either condition would be glucose-

induced. An ideal calcium-regulated gene would be expressed at lower levels in low glucose 

(Low), higher levels in response to depolarisation and calcium signalling (Positive), and at 

reduced levels when calcium signalling is inhibited by EGTA (Negative) (Fig. 3.6a).  

 

In alpha cells, only the enzyme-encoding gene PAM was detected as calcium-regulated in all five 

alpha cell clusters (Fig. 3.6b). Cluster α2, which expressed the highest levels of alpha cell marker 

genes, had the highest number of cluster-specific calcium-regulated genes. α1 and α2 also had 

the highest number of calcium-regulated genes overall compared to all other alpha cell clusters 

(Fig. 3.6c). Interestingly, both α1 and α2 regulated typical beta cell genes such as IAPP and INS. 

Overall, there were five calcium-regulated genes common to four out of five clusters, and nine 

calcium-regulated genes common to three out of five clusters. By the absolute number of 

calcium-regulated genes, I suspect that α1 and α2 are the most calcium-responsive clusters, while 

α5 may have a blunted calcium response. Since alpha cells secrete glucagon under low glucose 

conditions, I also compared Low and Negative conditions. As expected, most clusters had more 

genes expressed at higher levels in the Low condition, with the exception of α3 (Fig. 3.6d). Once 

again, α5 showed a minimal response, with only one gene unique to the cluster. In contrast to the 

comparison between Positive and Negative conditions, the Low vs Negative comparison showed 
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only the gene PTEN as a commonly regulated gene between all five clusters (Fig. 3.6e). From 

these results, I conclude that while most alpha cells show a transcriptional response in response 

to calcium and glucose, a small subset (α5) is less responsive or slower to respond. 

 

 

Figure 3.6 | Alpha cell clusters show heterogeneity in calcium-regulated genes. a, Diagram 

showing the expression levels of an ideal calcium-regulated gene and a calcium-independent 

gene across the Low, Positive, and Negative experimental conditions. b, Violin plot showing the 

expression of the core alpha cell calcium-regulated gene PAM in clusters α1- α5 across the 

Positive (green) and Negative (blue) condition. c, Donut pie chart showing the total number of 

calcium-regulated genes in each alpha cell cluster, with violin plots of a representative calcium-

regulated gene in the square colour-coded for each cluster. d, Stacked bar plot showing the 

  
   

        

        

                 

                 

              

                 

              

              

      

       

          

       

           

 
 
 
  
 
 
  
 

               

                 

         

 
 
 
  
 
 
  
 

               

                   

         
 

 

 

 

 

 
  

  
 
 
  
 
  
 
  

 

   

          

               

 

 

 

 

 

 

 
  
  
 
 
  
 
  
 
  
 

     

 

 

 

 

 
  

  
 
 
  
 
  
 
  

 

   

 

 

 

 

 
  

  
 
 
  
 
  
 
  

 

    

 

 

 

 
  
  
 
 
  
 
  
 
  
 

     

 

 

 

 

 
  

  
 
 
  
 
  
 
  

 

      

  

  

  

  

  

  

  

  
  

            

                    

          

   

   

   

      

   

    

  

  

  

 

  

   

   

   

                

                  

 

                    

 

 

 

 
  
  
 
 
  
 
  
 
  
 

    

        

   

               

 
 
 
 
 
  
 
  
 
 
 
 



74 

 

number of DEGs per cluster from the Low vs Negative comparison in each alpha cell cluster, 

with genes expressed higher in the Low condition shown in blue and genes expressed higher in 

the Negative condition shown in yellow. e, Violin plot showing the expression of the gene PTEN 

significantly upregulated in the Low (yellow) vs the Negative (blue) condition in clusters α1- α5. 

Non-parametric Wilcoxon rank sum test, *Padjusted
 < 0.05. 

 

3.5 Beta cell clusters regulate unique sets of calcium-regulated and glucose-regulated genes 

Unlike alpha cells, beta and delta cells secrete hormones when ambient glucose levels are high, 

and have similar intracellular mechanisms downstream of glucose uptake346. Therefore, I focused 

on first identifying the calcium-regulated genes by comparing Positive vs Negative conditions. 

Cluster β6 had only three detectable calcium-regulated genes: ELMO1, MT-ND3, and ZNF331 

(Fig. 3.7a-b). These were all commonly regulated in all seven beta cell clusters and made up the 

"Core" list of calcium-regulated genes. This meant that β6 did not have any cluster-specific 

calcium-regulated genes, further supporting the idea that β6 could be dysfunctional or immature 

compared with other beta cells. Six clusters all regulated four genes in addition to the Core list: 

C2CD4B, ELL2, SIK2, and SIK3 (Fig. 3.7c). Following the Core list, there are several known 

IEGs shared between four or five clusters, including NR4A1 and NR4A2258, with β1-β3 having 

the highest degree of overlap. β1-β3 also expressed the highest number of calcium-regulated 

genes, including known activity-regulated genes like IAPP and NPAS4319,320 (Appendix A). In 

summary, β1-β3 are the most calcium-responsive beta cell clusters, and beta cells have an overall 

more homogeneous calcium-regulated profile than alpha cells, based on the number of Core 

calcium-regulated genes.  

 

Next, I compared the Low and Positive conditions to determine the glucose-regulated profile for 

beta cells. Once again, β6 seemed to be unresponsive, with no detected glucose-regulated genes 

(Fig. 3.7d). In contrast, most beta cell clusters had more than 50 glucose-regulated genes, with 
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the majority being glucose-induced (Fig. 3.7d). In at least two clusters, activity-regulated genes 

such as NR4A1, NR4A2, IER3, and NPAS4 were all glucose-induced and calcium-regulated 

(Appendix A). However, not all glucose-induced genes were calcium-regulated in the same 

clusters, and vice versa. For example, FOS was glucose-induced in β1-β5, but it was calcium-

regulated in only three clusters. Conversely, genes such as C2CD4B and ELL2, which were 

calcium-regulated in almost all clusters, were only glucose-induced in 1 or 2 clusters. From these 

results, I conclude that not all glucose-regulated genes are calcium-regulated, and purely 

calcium-regulated genes are detectable using the method of pairwise cross-conditional 

comparisons. 

 

  



76 

 

 

Figure 3.7 | Beta cell clusters show heterogeneity in calcium-regulated genes. a, Violin plot 

showing the expression of the core beta cell calcium-regulated genes in clusters β1-β7 across the 

Positive (green) and Negative (blue) condition. b, Donut pie chart showing the total number of 

calcium-regulated genes in beta cell clusters excluding β6, with violin plots of a representative 

calcium-regulated gene in the square colour-coded for each cluster. c, Violin plots showing the 
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expression of the common calcium-regulated genes in all beta cell clusters excluding β6. d, 

Stacked bar plot showing the number of glucose-regulated genes per cluster from the Positive vs 

Low comparison in each beta cell cluster, with genes expressed higher in the Low condition 

shown in yellow and genes expressed higher in the Positive condition shown in green. Non-

parametric Wilcoxon rank sum test, *Padjusted
 < 0.05. 

 

 

3.6 Alpha, beta, and delta express unique calcium-regulated genes 

Next, I carried out the same pairwise conditional comparisons in delta cells. Delta cells had less 

calcium-regulated genes than alpha or beta cells, with 67 calcium-regulated genes and 95 

glucose-regulated genes detected. Of these, 34 calcium-regulated genes were unique to delta 

cells, including C4orf48, KLF10, NPHP4, and TMEM51 (Fig. 3.8a-b). Likewise, 44 out of the 95 

glucose-regulated genes were unique to delta cells (Fig. 3.8c). From comparing all calcium-

regulated genes in alpha, beta, and delta cells, I found 17 genes that were calcium-regulated in all 

three cell types. One of these was IAPP, even though it is thought to be specific to adult beta 

cells (Fig. 3.8b). Similarly, INS was surprisingly calcium-regulated in delta cells and alpha cells, 

but not to any significant degree in beta cells. Comparison of glucose-regulated genes across the 

three cell types also showed that IAPP was one of the 24 genes that are commonly glucose-

regulated. Again, not all calcium-regulated genes are glucose-regulated, but genes such as CPE, 

HSPB1, IER3, SIK2, and SIK3 were calcium-regulated and glucose-regulated in alpha, beta, and 

delta cells (Fig. 3.8c). The majority of genes were specific to a cell type, showing that adult 

human islet cell types have their own unique calcium-regulated transcriptional response.  
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Figure 3.8 | calcium-regulated genes in alpha, beta, and delta cells. a, Violin plots showing 

the expression of representative calcium-regulated genes unique to delta cells across the Positive 

(green) and Negative (blue) conditions. Non-parametric Wilcoxon rank sum test, *Padjusted
 < 0.05. 

b-c, Venn diagrams showing the number of common and unique calcium-regulated genes (b) and 

glucose-regulated genes (c) between alpha, beta, and delta cells. The identities of genes that are 

calcium-regulated (b) or glucose-regulated (c) in all three cell types are shown in the black 

boxes.  

 

 
       

                                                

                

   

   

   

   

   

   

 
 
 
  
 
 
  
 
  
 
 
 
 

   

   

   

   

   

 
  
  
 
 
  
 
  
 
  

 

   

   

   

   

   

   

 
 
 
  
 
 
  
 
  
 
 
 
 

   

   

   

   

   

 
 
 
  
 
 
  
 
  
 
 
 
 

    

                

                                  

 

  

  

     

   
  

  

 
      

   

      

    

     

    

    

   

      

     

     

     

      

     

    

    

      

  

  

   

    

       

     

   

       

     

    

        

        

        

     

    

    

     

     

    

     

      

    

    

    

       

     

      

     

   
  

  



79 

 

3.7 Polyhormonal cells in the adult human islet have a unique gene expression profile 

compared to alpha and beta cells 

As mentioned previously in 3.2 and 3.3, one cluster in the dataset co-expressed INS, GCG, and to 

a lesser degree, SST as well (Fig. 3.2e, 3.4b). Comparing INS, GCG, and SST levels across all 

endocrine cell types shows that polyhormonal cells express lower levels of all three genes 

compared to alpha, beta, and delta cells, but the proportion of cells expressing INS, GCG, and 

SST is almost 100% (Fig 3.9a). This suggests that the polyhormonal cluster is not composed of 

distinct groups of INS-expressing cells and GCG-expressing cells, but true polyhormonal cells 

expressing multiple combinations of these hormone-encoding genes. I do not believe these are 

scRNA-seq artifacts composed of multiplets (multiple cells encased in a single droplet and 

barcoded as one cell), for the following reasons: First, comparing the number of genes and 

transcripts per cell across all endocrine cells in our dataset shows that polyhormonal cells do not 

express significantly higher (doubled or tripled) numbers of genes and/or transcripts, which 

would be likely for a multiplet. Second, levels of housekeeping genes such as RPLP0 are 

comparable between polyhormonal cells and other endocrine cells (Fig. 3.9b). Third, 

polyhormonal cells have their own unique set of calcium-regulated and glucose-regulated genes 

that are not detected in cross-conditional comparisons in other cell types (Fig. 3.9c). Most 

importantly, I detected islet cells that expressed both INS and GCG mRNA using RNAscope 

fluorescent in situ hybridization (FISH) in sections of both ex vivo isolated human islets and 

human pancreas biopsies from multiple male donors, including the donors whose islets were 

used for the scRNA-seq libraries (Fig. 3.9d-e). Overall, I am confident that polyhormonal cells 

are a real population within the adult human islet, distinct from alpha or beta cells that make up 

the majority of endocrine cells. 
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To investigate whether polyhormonal cells could be an immature endocrine cell population, I 

compared the average expression of known markers of mature alpha or beta cells between 

polyhormonal cells, alpha cell clusters, and beta cell clusters. Compared to alpha cell clusters α1- 

α5, polyhormonal cells express lower levels of alpha cell markers such as GCG, TTR, and IRX2, 

but similar levels of ALDH1A1, CRYBA2, TM4SF4, and LOXL4 as α1 or α4 (Fig. 3.5c). 

Compared to beta cell clusters, polyhormonal cells expressed similar levels of INS as β2, β3, or 

β7, but lower levels of almost all other mature beta cell markers such as IAPP, MAFA, and 

ERO1B (Fig. 3.5d). These results show that compared to mature alpha or beta cells, 

polyhormonal cells are immature at the transcriptional level, but it’s uncertain whether this 

means that polyhormonal cells are precursors to either of these cell types.  

 

Given the age of the sequenced donors, I thought polyhormonal cells were potentially senescent 

cells347–349. I compared the average expression of previously identified senescence markers 

IGF1R, CDKN2A, and SERPINE2 across alpha, beta and polyhormonal clusters. None of the 

three senescence markers showed an elevation in the polyhormonal cells compared to alpha or 

beta clusters at the mRNA level (Fig 3.10a-b). Within beta cells, only less than 25% of cells in 

any cluster even expressed CDKN2A and SERPINE2, but most clusters except β4 and β6 

expressed IGF1R (Fig 3.10a). Within alpha cells, less than 50% of α1-α4 clusters expressed 

CDKN2A and SERPINE2, while polyhormonal cells did not (Fig 3.10b). In addition to 

senescence markers, I found that the beta cell “disallowed” gene LDHA350 was robustly 

expressed in the polyhormonal cells when compared with beta cells, but not alpha cells (Fig 

3.10a-b).  
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As mentioned above, I determined the calcium- and glucose-regulated genes for the 

polyhormonal cluster and compared with those in alpha and beta cells. I found 485 calcium-

regulated and 1,001 glucose-regulated genes in the polyhormonal cluster, which is several times 

the number of regulated genes in any other cell type. The majority of these genes were unique to 

polyhormonal cells when compared with alpha or beta cells (Fig. 3.10c-d). Only 44 out of 453 

calcium-induced genes and 29 out of 32 calcium-suppressed genes were also regulated in alpha 

and beta cells. 39 out of 933 of the glucose-induced genes were also regulated in beta cells, and 

61 out of 68 genes that had higher expression in the Low condition (vs Positive) were unique to 

polyhormonal cells. 

 

From these results, I can conclude that polyhormonal cells are a distinct population in the adult 

human islet, but the biological role of these cells is yet unknown. They may be less mature than 

alpha or beta cells at the transcriptional level, but express a large number of unique calcium- and 

glucose-regulated genes, as well as the beta cell “disallowed” gene LDHA.  
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Figure 3.9 | Polyhormonal cells expressing INS, GCG, and SST are detectable in human 

islets. a, Dot plot showing the expression of INS, GCG, and SST genes in polyhormonal cells and 

all other endocrine cell types. The proportion of cells in each cluster expressing a gene is 

represented by the size of the dot, and higher expression of a gene is shown from blue (low) to 

red (high). b, Violin plot showing the expression of housekeeping gene RPLP0 is similar 

between polyhormonal cells and other endocrine cell types. c, Violin plots showing 

representative calcium-regulated genes and glucose-regulated genes unique to the polyhormonal 

cells across the Positive (green), Negative (blue), and Low (yellow) conditions. Non-parametric 

Wilcoxon rank sum test, *Padjusted
 < 0.05. d-e, Representative RNAscope images of INS (green) 

and GCG (red) mRNA with DAPI nuclear stain (blue) in ex vivo human islet sections (d) and 

human pancreas biopsy sections (e). Arrowheads indicate regions of INS and GCG mRNA co-

localization. Donor IDs in white text are shown on the merged image for each section. Scale bars 

indicate 20um in R373, R253, R282, and R317 islets; 50um in H2373 and H2388 islets. 
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Figure 3.10 | Polyhormonal cells have a unique gene expression profile compared to alpha 

and beta cells. a-b, Dot plots showing expression of senescence marker genes in polyhormonal 

cells compared to clusters β1-β7 (c) and clusters α1- α5 (d). The proportion of cells in each 

cluster expressing a gene is represented by the size of the dot, and higher expression of a gene is 

shown from blue (low) to red (high). c-d, Venn diagrams showing the number of calcium-

regulated genes (e) and glucose-regulated genes (f) that are common to polyhormonal cells alpha 

cells or beta cells.  
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3.8 PCDH7 is a novel marker of beta cells with enhanced insulin secretion 

Given the clearly different magnitudes of response to calcium signalling between beta cell 

clusters, I reasoned that a method of identifying some of these clusters with higher calcium 

response could be useful in the future to study different beta cell subtypes. In section 3.5, I 

showed that β1-β3 clusters expressed the most calcium-regulated genes and activity-regulated 

genes. I decided to look for cell surface markers that could be used to enrich for this more 

calcium-responsive population. I found that protocadherin 7 (PCDH7), a transmembrane protein 

and member of the cadherin superfamily, was expressed in mostly beta cells (Fig 3.11a). Within 

the beta cell clusters, PCDH7 expression was particularly enriched in the β1-β3 and β7 clusters, 

while it was absent in the β4 and β6 clusters (Fig 3.11b). In a previous study, PCDH7 was noted 

as one of the many upregulated DEGs in CD9-negative beta cells with elevated GSIS, but was 

not explored further as an independent marker of this elevated function351. Therefore, I 

hypothesised that PCDH7 alone could be a marker of mature beta cells with elevated function. 

 

Based on PCDH7 expression levels at the transcript level, I divided all beta cells in the dataset 

into PCDH7-high and PCDH7-low cells. Out of the 14,949 beta cells, 4,886 (32.7%) cells were 

classified as PCDH7-high. A DEG analysis comparing PCDH7-high cells vs PCDH7-low cells 

revealed 311 genes that were enriched in PCDH7-high cells. The top 10 DEGs in PCDH7-high 

cells and PCDH7-low cells are listed in Table 3.2. The second-most enriched gene in PCDH7-

high cells was SPP1, which was previously detected as highly expressed in the β1 cluster (Fig 

3.4d). This supports the finding that PCDH7 was highly expressed in the β1 cluster, which was 

one of the most calcium-responsive beta cell clusters. To validate whether PCDH7-high cells 

were functionally different, human islets were sorted using an anti-PCDH7 antibody. 
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Approximately 20% of PCDH7+ cells could be obtained from sorting human islets, which was a 

similar proportion to the PCDH7-high cells found in the scRNA-seq dataset (Fig 3.11c). The 

sorted PCDH7+ and PCDH7− cells were re-aggregated into spheroids, then their function was 

assessed with secreted C-peptide measurements during a static GSIS. PCDH7+ cells showed 

roughly two-fold higher GSIS stimulation index compared with PCDH7− cells (Fig 3.11d). From 

measuring transcript levels of beta cell maturity genes with qPCR, we observed no significant 

differences in INS, ERO1B, NKX6-1, or SLC30A8, suggesting that the differences in GSIS was 

not due to PCDH7+ cells expressing more insulin or any differences in maturity state (Fig 3.11e). 

To further support PCDH7 being used as a detectable marker of a beta cell subtype, 

immunostaining of human islets showed that PCDH7 was present on the membrane of some 

INS-positive beta cells, but was absent in GCG-positive alpha cells (Fig 3.11f). While it is 

unknown whether PCDH7 is mechanistically involved in the enhanced function, PCDH7 can 

serve as a marker of beta cells with enhanced function, due to being optimally located on the cell 

surface, specifically in beta cells. In conclusion, correlating calcium-regulated gene expression to 

function in islet cells is a novel method of identifying cells with functional heterogeneity using 

scRNA-seq data. 
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Figure 3.11 | PCDH7 is a marker of beta cells with enhanced glucose-stimulated insulin 

secretion. a, UMAP plot of PCDH7 expression in endocrine cells, with higher expression shown 

as darker shades of blue. b, Dot plot showing PCDH7 expression across beta cell clusters. The 

proportion of cells in each cluster expressing a gene is represented by the size of the dot, and 
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higher expression of a gene is shown from blue (low) to red (high). c, Sorting protocol used to 

isolate PCDH7+ beta cells from human islets. d, C-peptide concentrations from a static GSIS 

assay performed on reaggregated PCDH7+ and PCDH7− beta cells from donors R366, R367, 

R369, H2330, H2337 and H2338, with each donor shown as one symbol. Cells were exposed to 

2.8mM glucose (2.8G), 16mM glucose (16G), and 2.8mM glucose with 40mM KCl (KCl). e, 

qPCR results for key beta cell maturity genes in PCDH7+ and PCDH7− sorted cells, with each 

donor shown as one circle. f, Representative image of an islet section from donor H2338, 

immunostained for INS (green), PCDH7 (red), GCG (white), and DAPI (blue) in a representative 

islet section of donor H2338. Scale bar =10μm. Student’s t-test: *P < 0.05 and **P < 0.01. 

 

Table 3.2 Top 10 DEGs in PCDH7-high vs PCDH7-low beta cells 

Population Gene Average Log2 fold change Adjusted P-value 

PCDH7-high PCDH7 2.370570919 1.68E-298 

PCDH7-high SPP1 1.18475072 4.16E-88 

PCDH7-high LSAMP 0.97634637 3.66E-263 

PCDH7-high CNTN5 0.87173131 1.39E-249 

PCDH7-high KIRREL3 0.840837163 3.22E-242 

PCDH7-high SEMA6D 0.788115299 3.81E-242 

PCDH7-high LINC01099 0.767186614 5.56E-189 

PCDH7-high DGKB 0.75559034 5.79E-123 

PCDH7-high GRIA4 0.752331092 2.51E-236 

PCDH7-low SST 2.066242627 2.83E-155 

PCDH7-low PPY 1.200653208 8.76E-10 

PCDH7-low FXYD2 0.964483007 7.94E-235 

PCDH7-low RPL31 0.863230315 8.16E-198 

PCDH7-low RBP4 0.827754849 1.59E-184 

PCDH7-low RPL21 0.7684447 2.07E-183 

PCDH7-low GCG 0.74200527 1.58E-206 

PCDH7-low RPL34 0.728562169 4.34E-174 

PCDH7-low RPS27 0.721142464 5.54E-209 

PCDH7-low DEPP1 0.709479779 2.29E-67 

 

3.9 Discussion 

The primary goal of this scRNA-seq experiment was to identify calcium-regulated genes in adult 

alpha, beta, and delta cells. I also showed distinct clusters of polyhormonal cells that express 

their own unique calcium-regulated profile, and histologically validated these cells in human 

islets. Finally, I found that a proportion of beta cells with the most calcium-regulated genes is 

marked by PCDH7, and these cells have greater GSIS, establishing PCDH7 as a novel marker of 
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beta cells with enhanced function. Overall, analysis of this multi-conditional human islet dataset 

demonstrates that the differences in calcium-regulated genes are associated with islet cell 

function and maturity. 

 

A limitation of this study is the low number of donors I used to generate the single-cell dataset. I 

specifically used islets from healthy male donors and tried to match donor biometrics (e.g. age, 

BMI, sex) as much as possible to reduce biological variation within the data. However, this did 

limit the total number of islet preps I could include in the experiment, since even obtaining three 

matched donors’ islets spanned over a year. Even with the matched donors, there were poorly 

integrated clusters that had to be removed after subsetting and reclustering the endocrine cells. 

Clusters that were removed all had drastically different proportions of cells from each donor 

compared to the total proportions of cells from each donor across the entire dataset. For example, 

less than 10% of cells in certain clusters were composed of cells from a single donor, but the 

entire dataset was composed of 17% R253 cells, 35% R282 cells, and 46% R317 cells. The 

removal of poorly integrated clusters ensured that the identification of calcium-regulated genes 

was a good representation of all biological replicates, and the identity of the genes were not 

disproportionately affected by a single donor. 

 

One unexpected finding was the regulation of INS expression in non-beta cell populations. INS 

was detected as a calcium-regulated gene in two out of five alpha cell clusters and in delta cells, 

albeit at lower levels overall compared with beta cell clusters. One possibility is that the non-

physiological stimulatory conditions could have led to abnormal expression and regulation of 

INS in alpha and delta cells. While alpha cells can respond to high glucose, their activation and 
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glucagon secretion would normally be inhibited in a hyperglycaemic environment due to 

paracrine signalling from beta cells and delta cells352,196,353,354. However, I exposed the islets to 

high glucose and directly depolarised all populations, which would not occur in physiological 

conditions but might occur in pathophysiological conditions like diabetes. It is possible that 

under these conditions, non-beta cells can express a low level of INS. Whether this is translated 

to the protein level is unknown. 

 

While the goal was not to specifically study rare cell populations, I found cells that expressed 

INS, GCG, and SST. I am not the first to detect so-called “polyhormonal” cells, as others have 

found islet cells that express two or even three characteristic endocrine genes328,329,334,330,355. I did 

not observe any progenitor gene expression, so it is unlikely that this resulted from 

dedifferentiation of mature cells. In previous studies, there have been very few polyhormonal 

cells relative to the overall dataset. Within my dataset, I observed a distinct cluster of 

polyhormonal cells that clustered away from all other endocrine cell types. While the biological 

role of these cells within the islet is unknown, polyhormonal cells express large, unique sets of 

hundreds of calcium-regulated genes. It is possible that polyhormonal cells could be immature 

cells that have a hyperactive transcriptional response to calcium. In the future, it would be ideal 

to identify a marker specific for this population to isolate the cells directly from human islets for 

closer study. This could be difficult without a large supply of human islets, because 

polyhormonal cells make up less than 4% of all endocrine cells, according to the scRNA-seq. At 

the histological level, they seemed even more difficult to locate, and were not present in every 

islet section. 
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When I did attempt to find any rare beta cells that were previously established, such as virgin 

beta cells, hub beta cells and senescent beta cells345,347,356,357, there was no single cluster that 

perfectly aligned with published gene expression profiles of these rare populations. While I did 

find the clusters β4 and β6 had lower expression of many key beta cell genes, these clusters had 

the highest expression levels of INS (Fig 3.5e). Even in alpha cells, α5 had reduced expression of 

alpha cell marker genes and the lowest number of calcium-regulated genes, but had the highest 

levels of GCG expression (Fig 3.5d). This could indicate a trade-off between expression of 

hormone-encoding genes and responsiveness to calcium.  

 

In this chapter, I defined responsiveness to calcium by the number of calcium-regulated genes in 

each cluster or cell type. By this definition, the polyhormonal cells that were potentially less 

mature than alpha, beta, or delta cells were the most calcium-responsive. True functional 

characterization of these cells after isolation would help support this claim, by either conducting 

electrophysiological measurements or visualizing calcium oscillations with fluorescent calcium 

indicators in response to stimuli. While mRNA expression only provides one view of the 

complex biology within the islet, I hope that I have provided evidence in this chapter that shows 

value in using transcriptomic approaches in studying the islet cell types and their responses to 

calcium signalling.  
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Chapter 4: Characterization of the immediate early gene Npas4 induction in 

AgRP and POMC neurons in response to peripheral stimuli 

4.1 Rationale 

The bHLH-PAS domain protein NPAS4 is an IEG, known to be upregulated specifically in 

response to calcium signalling in neurons300. The bulk of studies on NPAS4 have been in the 

CNS, focusing on its role in excitatory/inhibitory synaptic balance and neuroprotective 

roles300,304,315,358,359. It was only recently that the first studies of NPAS4 outside of the CNS, were 

published and extra-neuronal roles of NPAS4 were elucidated310,319,320.  One of these studies of 

NPAS4 outside of the CNS highlighted its potential role in the ARC. In HFD-fed conditional 

NPAS4 KO mice, recombination was observed in both the pancreatic islet and MBH320, and 

these mice displayed increased light cycle food intake. Since food intake is heavily regulated by 

the ARC, it was suspected that NPAS4 had a role in ARC AgRP or POMC neurons.  

 

To date, NPAS4 has not been closely studied in a specific ARC neuronal population, has not 

been detected in the ARC neurons in many studies, and only has an established role in any other 

site of the hypothalamus in one study. In the suprachiasmatic nucleus (SCN), NPAS4 was found 

to have role in regulating light-activated genes important for maintaining circadian rhythm360. 

Since clock proteins that are critical for circadian rhythm are also PAS domain proteins, it seems 

reasonable that NPAS4 would have a role in regulating SCN neurons. In other areas of the 

hypothalamus, NPAS4 has not been studied in a metabolic context. Even Npas4 expression 

within the hypothalamic regions are sparse. One previous study used in situ hybridization to 

detect Npas4 expression in various regions of the adult mouse brain, and found faint traces of 

Npas4 in the PVN and ARC305. Given the nature of NPAS4 as an IEG with low basal expression 
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levels, it is possible that previous studies that did not specifically activate the cells of interest 

could have missed or underestimated NPAS4 expression.  

 

In order to study the potential role of NPAS4 in regulating food intake, it is important to consider 

which inducers would be useful for effective NPAS4 induction and detection in the ARC. Since 

it is currently unknown which cell types in the ARC express NPAS4, AgRP and POMC neurons 

were hypothesized as the most likely candidates, due to their well-characterized roles in 

regulating food intake. The studies in this chapter will determine whether Npas4 mRNA is 

expressed in ARC AgRP and POMC neurons and explore potential metabolically relevant 

inducers of Npas4.  

 

4.2 Npas4 expression in the ARC neurons can be detected with RNAscope 

In order to detect and quantify Npas4 expression in the ARC neurons, I used the RNAscope 

FISH technology that was used in Chapter 3 to detect INS and GCG mRNA in human islets. 

First, I tested the probe for Npas4 mRNA for specificity and general expression levels, and 

optimized the protocol to be suitable for fixed frozen adult mouse brain sections. To determine 

whether the Npas4 probe was specific and robust, I sectioned brains from NPAS4-/- mice and 

littermate NPAS4+/+ mice and compared detectable Npas4 mRNA signals in two regions: the 

hippocampus, which is known as a site of high Npas4 mRNA expression, and the ARC, where 

Npas4 expression levels were less characterized. In the hippocampus CA3 region of NPAS4+/+ 

mice, Npas4 expression was clearly visible as collections of bright puncta in and around the 

nucleus of cells (Fig 4.1a). In stark contrast, NPAS4-/- mice showed no Npas4 expression at all. 

Each experiment of RNAscope is run with technical positive control sections and probes to 

ensure the confirmation of a successful probe hybridization and amplification, which show that 
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the lack of Npas4 expression seen in NPAS4-/- mice is not due to the technical failure of the 

experiment.  

 

In the ARC, the sections were also probed with Pomc to mark the ARC region, since POMC 

neurons are located in a diffuse pattern that spans the entire ARC. Npas4 expression in the ARC 

was clearly visible as individual puncta across Pomc+ neurons, and Pomc- cell in the region as 

well (Fig 4.1b). Again, the Npas4 expression in NPAS4-/- mice was undetectable, but the Pomc 

expression remained intact (Fig 4.1b). Next, Npas4 expression was measured in the ARC of ad 

libitum fed B6 male mice to determine whether AgRP and POMC neurons express Npas4 under 

unstimulated conditions. Using the same RNAscope approach, Npas4 expression was readily 

detectable in Agrp+ cells, located in close proximity to either side of the 3rd ventricle (Fig 4.2a). 

Npas4 expression was also detectable in Pomc+ cells, which subjectively appeared to have more 

Npas4 puncta per cell than Agrp+ cells (Fig 4.2b). Overall, there were less cells in the ARC that 

have visibly dense clusters of Npas4 puncta, which suggest the basal level of Npas4 expression 

per cell is higher in the hippocampus than in the ARC. Nevertheless, these results show that 

RNAscope technology is able to detect Npas4 expression in the CNS under unstimulated 

conditions. 
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Figure 4.1 | Npas4 expression is detectable with RNAscope in the hippocampus and arcuate 

nucleus. a-b, Representative RNAscope images of sectioned fixed frozen NPAS4+/+ and NPAS4-

/- mouse hippocampus CA3 regions (a) and hypothalamic arcuate nucleus (b), probed for Npas4 

expression (magenta), Pomc expression to specifically mark the arcuate nucleus (yellow), and 

DAPI nuclear stain (DNA; blue). 3V = 3rd ventricle. Scale bars = 100μm. 
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Figure 4.2 | Npas4 is expressed in AgRP and POMC neurons of the arcuate nucleus. a-b, 

Representative RNAscope images of wild-type B6 mouse arcuate nucleus regions, probed for 

Npas4 (green), Agrp (red; a) or Pomc (red; b), with DAPI nuclear stain (DNA; blue). White 

boxes on the left panels highlight the magnified region shown in the right panels (a-b). White 

arrowheads indicate cells with both red and green signals. Scale bars = 100μm. 

  



97 

 

4.3 Refeeding after an overnight fast induces Npas4 in POMC neurons, but not in AgRP 

neurons 

The next objective was to determine whether Npas4 expression could be induced in AgRP and 

POMC neurons in the ARC. It is known that Npas4 expression is induced in an activity-

dependent manner in neurons, and AgRP and POMC neurons are known to be activated in fasted 

and fed states, respectively. Therefore, brains were harvested from adult male B6 mice after an 

overnight fast of 10-12 hours, or after a 1 hour refeeding period following the overnight fast (Fig 

4.3a). Using the validated RNAscope approach, Npas4 expression was quantified specifically in 

cells that expressed Agrp or Pomc (Fig 4.3b, e). In the fasted condition, 70-80% of Agrp+ cells 

expressed Npas4, and this proportion of Npas4+ Agrp+ cells did not change with 1 hour of 

refeeding (Fig 4.3c). When Npas4 expression levels were quantified as number of puncta per 

Agrp+ cell, there were no differences seen in the proportion of Npas4- (no puncta), Npas4-low 

(1-3 puncta/cell), Npas4-medium (4-9 puncta/cell), or Npas4-high (10 or more puncta/cell) 

AgRP+ cells between the fasted and refed states (Fig 4.3d). 

 

Similar to Agrp+ cells, about 70% of Pomc+ cells had detectable Npas4 expression in the 

overnight fasted state, but this proportion was significantly increased after 1 hour refeeding, in 

which 80-90% of Pomc+ cells were Npas4+ (Fig 4.3f). Furthermore, quantifying Npas4 puncta 

per Pomc+ cell showed significant decreases in the proportions of Npas4- and Npas4-low 

populations with corresponding significant increases in the proportions of Npas4-medium and 

Npas4-high populations in the 1 hour refed state (Fig 4.3g). In addition, ARC sections from 

fasted and 1 hour refed mice were immunostained for NPAS4 to determine if refeeding also 

induced NPAS4 protein in POMC neurons. In order to visualize POMC neurons, POMC-CreER 
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mice with a STOP-floxed tdTomato in the Rosa26 locus were used. 1 week before the fasting 

and refeeding, tdT+ POMC-CreER mice were given tamoxifen to induce CreER-mediated 

recombination specifically in POMC neurons, which excised the STOP cassette upstream of the 

tdTomato and allowed visualization of POMC neurons with red fluorescence. Immunostaining 

for NPAS4 protein showed a greater number of tdTomato+ POMC neurons with nuclear NPAS4 

protein in the 1 hour refed condition compared to the overnight fasted condition (Fig 4.4). These 

results show that 1 hour of refeeding after an overnight fast is sufficient to induce Npas4 by 

activating POMC neurons, but refeeding does not reduce the Npas4 levels in AgRP neurons.  
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Figure 4.3 | Npas4 expression in POMC neurons of the arcuate nucleus is induced by 

refeeding after a fast. a, Schematic of experimental timeline. Wild-type B6 males were fasted 

overnight for 10-12 hours, then fasted for an additional hour or refed for 1 hour before 



100 

 

euthanasia and brain harvest for histology. b, RNAscope images of fasted and 1 hour refed wild-

type B6 mouse arcuate nucleus regions, probed for Npas4 (green), Agrp (red), and DAPI nuclear 

stain (DNA; blue). c, Quantifications of Npas4-positive, Agrp-positive cells as a percentage of 

total Agrp-positive cells from RNAscope images (b), data are mean + SD. d, Breakdown of 

quantifications (c) into bins of Npas4 expression levels: Npas4- = no Npas4 signal in the Agrp-

positive cell, Low = 1-3 Npas4 punctae/cell, Med = 4-9 Npas4 punctae/cell, and High = 10 or 

more Npas4 punctae/cell. In each category, the values are expressed as Npas4-positive, Agrp-

positive cells as a percentage of total Agrp-positive cells, and data are mean + SD. e, RNAscope 

images of fasted and 1 hour refed wild-type B6 mouse arcuate nucleus regions, probed for Npas4 

(green), Pomc (red), and DAPI nuclear stain (DNA; blue). f, Quantifications of Npas4-positive, 

Pomc-positive cells as a percentage of total Pomc-positive cells from RNAscope images (e). g, 

Breakdown of quantifications (c) into bins of Npas4 expression levels. Values are expressed as 

Npas4-positive, Pomc-positive cells as a percentage of total Pomc-positive cells. Scale bars = 

50μm. Student’s t-test: *P < 0.05, **P < 0.01.  

 

 

 

 
 

Figure 4.4 | NPAS4 protein is induced in response to refeeding in POMC neurons. 

Representative immunofluorescent images of ARC sections of overnight fasted POMC-CreER 

mice with or without a 1 hour refeed, 0 weeks after tamoxifen administration to induce tdTomato 

expression in POMC neurons. White arrowheads mark cells where co-localization of NPAS4 

(green) and tdTomato that marks POMC neurons (red) in regions positive for DAPI (blue). 
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4.4 Oral glucose induces Npas4 expression in POMC neurons 

In order to further explore additional inducers of Npas4 in the ARC, several peripheral or 

systemic options were chosen. While it’s known that AgRP neurons are activated in states of 

general negative energy balance like fasting, POMC neurons are activated by positive energy 

balance, which can be elevated levels of nutrient or endocrine signals. As Npas4 induction in 

POMC neurons was seen after refeeding, additional experimental methods of peripherally 

inducing or mimicking extreme conditions of positive energy balance were examined. One such 

method is a simple oral gavage of glucose, which can raise circulating glucose to 

supraphysiological levels, beyond that of typical postprandial glucose levels in a mouse. As 

discussed in section 1.8, some POMC neurons are known to be glucose-activated, and the 

similarities in glucose-coupled activation mechanisms between neurons and pancreatic beta cells 

supported the use of glucose as a potential POMC activator to induce Npas4.  

 

To determine whether oral glucose can induce Npas4 in POMC neurons, adult B6 mice were 

fasted overnight for 10-12 hours (similar to an oral glucose tolerance test protocol) and gavaged 

with 2g/kg of D-glucose (Fig 4.5a). Brains were collected from mice at 0 (fasted, not gavaged), 

5, 15, 30, 60, and 180 minutes post-gavage and Npas4 and Pomc expression in the ARC were 

detected with RNAscope (Fig 4.5b). Quantifications of RNAscope images showed that Npas4 

induction was detectable as early as 5-15 minutes post-gavage (Fig 4.5c). By 3 hours post-

gavage, the proportion of Npas4+ Pomc+ cells were comparable to that in fasted mice. 

However, quantifying the Npas4 puncta per cell showed a significant decrease in Npas4-low 

cells and a corresponding increase in Npas4-high cells only at 15 minutes post-gavage (Fig 4.5d). 

These results show that oral glucose can activate POMC neurons and induce Npas4 in a rapid 
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manner, with the peak of induction at 15 minutes after administration, which is within the 

possible time frame of induction of an IEG like Npas4.  

 

 

Figure 4.5 | Npas4 expression in POMC neurons of the arcuate nucleus is induced by orally 

administered glucose. a, Schematic of experimental timeline. b, Representative RNAscope images of 

mice from each group, showing the arcuate nucleus region probed with Npas4 (magenta), Pomc (yellow), 

and DAPI nuclear stain (DNA; blue). Scale bars = 50μm. c, Quantifications of Npas4-positive, Pomc-
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positive cells as a percentage of total Pomc-positive cells from RNAscope images (b), shown as mean + 

SD. d, Breakdown of quantifications (c) into bins of Npas4 expression levels: Npas4- = no Npas4 signal 

in the Pomc-positive cell, Low = 1-3 Npas4 punctae/cell, Med = 4-9 Npas4 punctae/cell, and High = 10 or 

more Npas4 punctae/cell. Values are expressed as Npas4-positive, Pomc-positive cells as a percentage of 

total Pomc-positive cells, shown as mean + SD. One-way ANOVA with Tukey’s multiple comparisons: 

*P < 0.05 vs Fasted. 

 

 

4.5 Acute administration of insulin does not affect Npas4 expression in POMC neurons 

Following a typical postprandial spike in blood glucose, circulating insulin also increases as 

pancreatic beta cells sense and respond to the increased blood glucose. During oral glucose 

tolerance tests in mice, elevated plasma insulin can be detected within the first 10 minutes 

following the glucose bolus. It is possible that the observed glucose-induced Npas4 in POMC 

neurons was due to the increased circulating insulin levels acting on insulin-activated POMC 

neurons, rather than the direct action of elevated circulating glucose. However, whether POMC 

neurons are truly activated by insulin is a source of debate, as discussed in section 1.6. 

 

To determine whether insulin can directly induce Npas4 in POMC neurons, 10 week-old B6 

mice were fasted for 2 hours during the light cycle and intraperitoneally injected with 0.75U/kg 

of insulin or PBS vehicle (Fig 4.6a). Brains from vehicle-injected mice were harvested 10 

minutes after injection, and compared with insulin-injected brains harvested at 30 and 60 minutes 

post-injection. Insulin action was confirmed with blood glucose measurements after fasting, 

before injections, and before euthanasia at each time point (Fig 4.6b). Quantifications of Npas4+ 

Pomc+ cells in the ARC showed that peripheral insulin administration did not affect the 

proportion of POMC neurons expressing Npas4 (Fig 4.6c) within 1 hour. This was confirmed by 

quantifying the number of Npas4 puncta per Pomc+ cell, which showed no differences in any 

populations of Npas4 expression levels (Fig4.6d). These results showed that peripherally 

administered insulin does not induce or suppress Npas4 in POMC neurons within 1 hour. 
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Figure 4.6 | Npas4 expression in POMC neurons of the arcuate nucleus is not affected by 

peripherally injected insulin. a, Schematic of experimental timeline. b, Blood glucose 

measurements of mice that underwent the experiment at 0mins, 10mins, 30mins, and 60mins 

post-injection. Vehicle group mice were euthanized for brain harvest at 10mins post-injection. c, 

Quantifications of Npas4-positive, Pomc-positive cells as a percentage of total Pomc-positive 

cells from RNAscope images, shown as mean + SD. d, Breakdown of quantifications (c) into 

bins of Npas4 expression levels: Npas4- = no Npas4 signal in the Pomc-positive cell, Low = 1-3 

Npas4 punctae/cell, Med = 4-9 Npas4 punctae/cell, and High = 10 or more Npas4 punctae/cell. 

Values are expressed as Npas4-positive, Pomc-positive cells as a percentage of total Pomc-

positive cells. Data shown as mean + SD.  
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4.6 HFD feeding induces Npas4 expression in POMC neurons 

While it is known that POMC neuronal activity is decreased in rodent models of chronic diet-

induced obesity, short-term increases in FFA availability has been shown to initially increase 

POMC excitability157. To investigate the effects of acute and chronic HFD feeding on Npas4 

induction in POMC neurons, 6 week old B6 mice were fed Chow for 1 more week or fed HFD 

for 3 days, 1 week, or 6 weeks (Fig 4.7a). At the end of these time points, all mice were 

overnight fasted, refed with their respective diets for 1 hour, and brains were harvested for 

RNAscope. The refeeding was performed on all mice because it is now known that refeeding 

induces Npas4 (Fig 4.3f-g). Compared to Chow-fed 7 week old mice, mice that were fed HFD 

for 3 days did not show differences in Npas4 induction in POMC neurons. After 1 week of HFD, 

there was a significant increase in the proportion of Npas4-expressing POMC neurons compared 

to the Chow and 3 days of HFD groups. (Fig 4.7b). Initially, this increase seemed to be 

maintained at 6 weeks of HFD, but quantifying Npas4 puncta per Pomc+ cell showed that only 

the 1 week of HFD led to a significant decrease in Npas4- and Npas4-low populations with a 

corresponding significant increase in Npas4-medium and Npas4-high populations (Fig 4.7c). 

Taken together, this shows that 1 week of HFD sensitizes POMC neurons to Npas4 induction, 

but the overall Npas4 levels per cell is decreased over time with longer exposure to HFD, even 

though the total proportion of Npas4-expressing POMC neurons may remain elevated.  
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Figure 4.7 | 1 week to 6 weeks of HFD feeding increases the refeed-induced Npas4 

expression in POMC neurons of the arcuate nucleus. a, Schematic of experimental timeline. 

b, Quantifications of Npas4-positive, Pomc-positive cells as a percentage of total Pomc-positive 

cells from RNAscope images. *P < 0.05, **P < 0.01, ***P < 0.001. c, Breakdown of 

quantifications (b) into bins of Npas4 expression levels: Npas4- = no Npas4 signal in the Pomc-

positive cell, Low = 1-3 Npas4 punctae/cell, Med = 4-9 Npas4 punctae/cell, and High = 10 or 

more Npas4 punctae/cell. Values are expressed as Npas4-positive, Pomc-positive cells as a 

percentage of total Pomc-positive cells. Data shown as mean + SD. One-way ANOVA with 

Tukey’s multiple comparisons: *P < 0.05, **P < 0.01, ***P < 0.001 vs Chow. 
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4.7 Discussion 

The experiments in Chapter 3 confirmed the expression of Npas4 at the mRNA level in ARC 

AgRP and POMC neurons, and examined how peripheral or systemic changes in indicators of 

energy availability affected Npas4 expression in these neurons. It was found that Npas4 

expression was induced in POMC neurons by refeeding after an overnight fast, oral glucose, and 

HFD feeding in wild-type B6 male mice.  

 

A common finding in these experiments was that the percentage of Npas4+ POMC neurons was 

unexpectedly high in the fasted state. Even after an overnight fast in Chow-fed animals, 70-80% 

of POMC neurons were Npas4+ (Fig 4.3f, 4.5c). This was due to the strategy used to quantify 

Npas4+ POMC neurons. The quantification approach used here for RNAscope images first 

obtains the overall percentage of POMC neurons that express any level of Npas4, then 

categorizes each cell into different populations based on its Npas4 puncta counts. This meant that 

even if only 1 Npas4 signal was observed in the Pomc+ cell, it would be included as a Npas4+ 

POMC neuron. This was intentionally done in order to include as many cells as possible in the 

quantifications, and because the background expression of the Npas4 probe was negligible (Fig 

4.1b). If there had been a threshold set for the minimum expression level of Npas4, the 

proportion of Npas4+ POMC neurons would have been much lower, as the majority of the cells 

in most experiments only had 1-3 Npas4 puncta (Fig 4.3g, 4.6d). An additional drawback of the 

method of quantification used here is that it does not account for entirety of the upper range of 

the number of Npas4 signals. A cell with 10 or more Npas4 puncta was classified as Npas4-high, 

but a cell in this category could have 11 puncta or 43 puncta. While this is a shortcoming of this 

quantification approach, the method of categorizing each cell based on Npas4 puncta counts 
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yielded useful insights. This was seen in the HFD experiment, where both 1 week and 6 weeks of 

HFD feeding resulted in comparable proportions of Npas4+ Pomc+ cells (Fig 4.7b). However, it 

was determined that significant changes in Npas4 expression levels in POMC neuronal 

populations only occurred at 1 week, and not 6 weeks, of HFD feeding (Fig 4.7c). The most 

likely explanation of this is that by 6 weeks of HFD, the POMC neurons are already dysregulated 

and their activity is decreased as previously noted176,361,362, resulting in more POMC neurons that 

have lower Npas4 expression. In contrast, POMC neurons at 1 week of HFD could still be 

adjusting to the caloric overload and trying to compensate for this by increasing their activity, 

which would result in increased Npas4 levels. As Npas4 has also been studied as neuroprotective 

factor in stressful conditions, it would be interesting to determine if a chronic HFD exposure in 

addition to removal of NPAS4 would exacerbate the dysfunctional POMC activity. If so, it 

would implicate NPAS4 as having a potential role in the compensatory activity of POMC 

neurons during development of diet-induced obesity.   

 

While Npas4 induction was seen in multiple conditions in POMC neurons, the same changes in 

the proportion of Npas4+ AgRP neurons were not observed. AgRP neurons are canonically 

known to be activated during fasting conditions, and Npas4 has been identified as a “fasting-

induced gene” in a previous scRNA-seq study of the MBH 363. In this study, the mice were fasted 

for 18-20 hours overnight, which is almost double the fasting period used in this chapter. More 

importantly, the fasted animals in the scRNA-seq study were compared to ad libitum fed 

animals, which was not done here. If the fasted animals in Figure 4.3 were compared to ad 

libitum fed animals, Npas4 induction may have been observed.  
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Finally, an overarching caveat in this chapter is that only mRNA levels of Npas4 was studied 

without protein detection in most of the experiments. The unfortunate reason behind this is that 

my attempts to detect NPAS4 protein in the ARC using fixed frozen sections and available 

NPAS4 antibodies were not successful until very recently, and not without a great degree of 

troubleshooting. In this chapter, I only showed NPAS4 immunostaining results for the POMC 

neurons in fasted and 1 hour refed conditions in which an induction of NPAS4 protein was seen 

in response to refeeding, in line with the RNAscope results. However, I hope to apply this 

protocol to other experimental samples in the future to confirm the other RNAscope results. 

Given that mRNA detection in this chapter dealt with small numbers of Npas4 mRNA being 

observed as puncta, it is possible that the absolute levels of NPAS4 protein are quite low in 

abundance within ARC neurons, or the right time frame was not examined. Since NPAS4 is a 

dynamically regulated transcription factor, high protein and mRNA levels may not be easily 

detectable, or even necessary for its function364,365. While the levels of any gene or protein is 

commonly used as an indicator of importance within a cell type, the mRNA and protein levels 

are not always proportional to each other, and the RNAscope method used here may not be able 

to capture the full range of Npas4 expression dynamics364. 

 

In summary, the data in this chapter are the first to specifically determine expression levels and 

dynamics of the immediate early gene Npas4 in AgRP and POMC neurons of the ARC. While 

low levels of Npas4 are quite ubiquitously seen throughout cells of the ARC based on RNAscope 

images, it is specifically induced in POMC neurons by systemic increases in energy availability 

such as refeeding or HFD. Acute changes to energy availability in the form of oral glucose can 

also induce Npas4, but for a relatively short period of time. In general, indicators of positive 
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energy balance that can activate POMC neurons induce Npas4. As both AgRP and POMC 

neurons are important for regulation of energy homeostasis by responding to peripheral signals, 

it will be important to characterize the role of NPAS4 in the presence of nutrient stresses. In 

order to study the role of NPAS4 specific to AgRP and POMC neurons, a model of NPAS4 

depletion in these cell types and a robust method of inducing nutrient stress is required.    
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Chapter 5: Characterization of mice with conditional NPAS4 knockout in 

adult AgRP and POMC neurons of the ARC 

5.1 Rationale 

Previous in vivo knockout studies of NPAS4 have been largely in the CNS, but none have been 

in the ARC. A previous study in which the Pdx1-CreER line was used showed visible 

recombination with a lineage marker in the ARC region, and those knockouts displayed altered 

feeding behaviour when fed HFD320. This suggested that NPAS4 in the ARC had a role in 

regulating food intake that was particularly important in conditions of high energy availability. 

As data from chapter 4 showed, Npas4 is expressed in AgRP and POMC neurons and its 

expression is elevated in HFD-fed mice. Therefore, new NPAS4 KO mouse lines were generated 

in order to specifically study the role of NPAS4 in either the AgRP neurons or POMC neurons in 

a diet-induced obesity model using HFD.  

 

The simplest approach in generating these new NPAS4 KO mouse lines was to use a mouse line 

that expressed Cre recombinase specifically in AgRP or POMC neurons. While the AgRP-IRES-

Cre line366 and POMC-Cre100 lines have been widely used in the field of ARC study, the caveat 

of these lines is that they are activated before mice reach adulthood. In mouse hypothalamus 

development, Agrp and Pomc expression have been detected as early as embryonic days 10 to 

14367. There have been previous reports that NPAS4 may have a role in developmental stages314, 

so the use of the traditional Cre mouse lines could result in knocking out of NPAS4 at the 

embryonic stage. To avoid this and to control the timing of NPAS4 KO, conditional Cre 

recombinase lines where a portion of the estrogen receptor (ER) containing the ligand-binding 

site is fused to the Cre recombinase were selected instead. The breeding of AgRP-CreER or 
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POMC-CreER lines with the Npas4 flox line would both allow the generation of a conditional 

NPAS4 KO line, where upon administration of tamoxifen, the CreER fusion recombinase would 

translocate to the nucleus to induce recombination. 

 

5.2 Recombination assessment of AgRP-CreER transgenic mice  

CreER-mediated recombination was induced by administrating three doses of 8mg tamoxifen to 

male AgRP-CreER+; Npas4wt/wt (AgRP-CreER), AgRP-CreER-; Npas4flox/flox (Npas4 flox), and 

AgRP-CreER+; Npas4flox/flox (AgRP-NPAS4 KO) mice at 6 weeks of age. The tamoxifen doses 

have been previously shown to induce Pdx1-CreER-mediated recombination in the ARC320. 

When the mice were 7 weeks old (0 weeks post-tamoxifen), brains were collected from AgRP-

CreER and AgRP-NPAS4 KO mice after an overnight fast.  

 

Recombination efficiency was assessed by directly measuring Npas4 mRNA levels with 

RNAscope in the same manner as chapter 4 experiments. The right and left sides of the ARC 

showed strong Agrp signals clustered closely around the ventral and ventromedial sides of the 3rd 

ventricle (3V) in the expected pattern of expression for AgRP neurons in both AgRP-CreER and 

AgRP-NPAS4 KO mice (Fig 5.1a). Qualitatively, Npas4 signals in the AgRP-NPAS4 KO 

appeared dimmer, and quantification of the proportion of Npas4+ Agrp+ cells showed a 20-30% 

decrease in the AgRP-NPAS4 KO (Fig 5.1b). This decrease was due to the significant increase in 

Npas4- Agrp+ cells in the KO mice (Fig 5.1c). These results show that the oral method of 

tamoxifen is sufficient to induce recombination mediated by AgRP-CreER, and the resulting 

NPAS4 KO is confirmed by an increase in Npas4- cells in the ARC neurons. 
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Figure 5.1 | Recombination assessment of AgRP-CreER mice. a, Representative RNAscope 

images of the arcuate nucleus from AgRP-CreER and AgRP-NPAS4 KO mice 7 weeks of age, 0 

days after tamoxifen administration, probed with Npas4 (green), Pomc (red), and DAPI nuclear 

stain (blue). Scale bars = 25μm unless otherwise indicated. b, Quantifications of Npas4-positive, 

Agrp-positive cells in each genotype as a percentage of total Agrp-positive cells from RNAscope 

images (a). c, Breakdown of quantifications (b) into bins of Npas4 expression levels: Npas4- = 

no Npas4 signal in the Agrp-positive cell, Low = 1-3 Npas4 punctae/cell, Med = 4-9 Npas4 

punctae/cell, and High = 10 or more Npas4 punctae/cell. Data shown as mean + SD. Student’s t-

test: *P < 0.05.  

 

 
5.3 Characterization of the AgRP-NPAS4 KO mouse phenotype on Chow and HFD 

To characterize the effects of specific NPAS4 KO in AgRP neurons, AgRP-CreER, Npas4 flox, 

and AgRP-NPAS4 KO mice were given tamoxifen at 6 weeks of age and maintained on Chow or 
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switched to 58% HFD for 30 weeks starting at 7 weeks of age (Fig 5.2a). Body weights of all 

mice were measured during the week of tamoxifen administration, before division of Chow and 

HFD groups (week 0), and every week during the 30 weeks of diet. Random-fed blood glucose 

and overnight fasted blood glucose were measured on alternating weeks. At 30 weeks of diet, 

mice of all genotypes were fasted overnight and whole brain, liver, and pancreas were harvested 

for future histology if necessary.  

 

In both Chow and HFD groups, an immediate and significant body weight difference was 

observed between Npas4 flox mice and AgRP-CreER and AgRP-NPAS4 KO mice. In the Chow 

group, AgRP-CreER and AgRP-NPAS4 KO mice were approximately 3-4g lighter at 0 weeks, 

and this difference grew larger over time until AgRP-CreER mice were 13g lighter than Npas4 

flox (Fig 5.2b). Relative to the original body weight at 0 weeks, Chow group Npas4 flox controls 

gained 70.6% body weight while AgRP-NPAS4 KO mice gained 53.3% and AgRP-CreER 

controls gained 33.2%. Unexpectedly, AgRP-NPAS4 KO mice gained enough weight over time 

to become significantly heavier than AgRP-CreER mice by study endpoint, despite still being 

significantly lighter than the Npas4 flox littermates. This difference in body weight between the 

two control groups was almost certainly due to the presence of the AgRP-CreER transgene, since 

the KO mice were also affected. The body weight difference between control groups was 

observed even before (day -7) and during (days -5, -3) tamoxifen administration, although the 

AgRP-NPAS4 KO were moderately but significantly heavier than AgRP-CreER controls and 

lighter than Npas4 flox controls (Fig 5.2d). In the HFD group, AgRP-NPAS4 KO were again 

significantly lighter than Npas4 flox animals but not AgRP-CreER mice, possibly due to the 

higher variability in the AgRP-CreER mice (Fig 5.2c). HFD-fed Npas4 flox mice gained 95.8% 
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body weight, AgRP-NPAS4 KO mice gained 80.1% body weight, and AgRP-CreER mice gained 

107.8% body weight relative to their original body weight at 0 weeks. The same differences as 

the Chow-fed group were observed from body weights before and during tamoxifen 

administration (Fig 5.2e).  

 

In glycemia assessments for the Chow group, neither random-fed nor overnight fasted blood 

glucose were initially different between genotypes despite the difference in body weights. 

During 30 weeks of Chow, random-fed blood glucose was generally not different between the 

genotypes, whereas AgRP-NPAS4 KO displayed significantly lower fasting glycemia compared 

to Npas4 flox controls only starting at 7 weeks of Chow (Fig 5.2f). For the HFD group, random-

fed blood glucose was generally not different between the genotypes, and the persistent 

difference in fasting blood glucose between AgRP-NPAS4 KO and Npas4 flox seen in the Chow 

group in the later study weeks was not observed (Fig 5.2g).  
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Figure 5.2 | AgRP-CreER and AgRP-NPAS4 KO mice show lower body weight on Chow 

and HFD. a, Initial timeline of diet and experiments to characterize AgRP-NPAS4 KO and 
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POMC-NPAS4 KO mice. b, Weekly body weights of AgRP-CreER (n=4), Npas4 flox (n=28), 

and AgRP-NPAS4 KO (n=23) mice in the CHOW group. c, Weekly body weights of AgRP-

CreER (n=5), Npas4 flox (n=17), and AgRP-NPAS4 KO (n=19) mice in the HFD group. d-e, 

Body weights of all genotypes measured during the week of tamoxifen administration for the 

CHOW (d) and HFD (e) groups. f-g, Biweekly random-fed and fasting blood glucose 

measurements for all genotypes in the CHOW (f) and HFD (g) groups. 2-way ANOVA with 

Tukey’s multiple comparisons: *P < 0.05, **P < 0.01 (AgRP-CreER vs Npas4 flox); ^P < 0.05, 

^^P <0.01, ^^^^P <0.0001 (Npas4 flox vs AgRP-NPAS4 KO); #P < 0.05 (AgRP-CreER vs 

AgRP-NPAS4 KO). 

 

 

To further characterize differences in glucose homeostasis, monthly oral glucose tolerance tests 

(OGTT) were performed starting at 5 weeks of diet in the Chow and HFD groups (Fig 5.3a). At 

every OGTT from 5 weeks to 29 weeks of Chow, only the AgRP-CreER mice showed abnormal 

glucose curves where the blood glucose greatly spiked at 30-60 minutes compared to the other 

two genotypes (Fig 5.3a, c) Despite these significant differences in the blood glucose 

measurements, the area under the curve (AUC) was not different between genotypes (Fig 5.3b, 

d). However, this difference was partially explained by the AgRP-CreER mice having lower 

plasma glucose-stimulated insulin compared to Npas4 flox mice from 5 weeks to 29 weeks of 

diet (Fig 5.3e, f). In contrast, AgRP-NPAS4 KO in the Chow group showed blood glucose levels 

comparable to those of Npas4 flox mice, but their plasma insulin was similar to that of AgRP-

CreER mice. This implies that while part of the unexpected phenotypes most likely caused by the 

AgRP-CreER transgene includes lower glucose-stimulated insulin secretion, the AgRP-NPAS4 

KO mice are somehow able to tolerate the spike of blood glucose with the same low level of 

insulin. This difference was not observed in the HFD group. At 5 weeks to 29 weeks of HFD, no 

genotypes showed a difference in blood glucose measurements during the OGTT or in the AUC 

(Fig 5.3g-j). At 5 weeks of HFD, the HFD-fed AgRP-CreER and AgRP-NPAS4 KO mice both 

showed significantly lower glucose-stimulated plasma insulin compared to Npas4 flox controls, 
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similar to the Chow group (Fig 5.3k). Unliked the Chow group, these differences were not 

present by 29 weeks of HFD (Fig 5.3k-l).  

 

 

Figure 5.3 | AgRP-NPAS4 KO mice show normal oral glucose tolerance but lower plasma 

glucose-stimulated insulin on a Chow diet. a-d, Blood glucose measurements (a, c) and 
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calculated AUC (b, d) from oral glucose tolerance tests performed on AgRP-CreER (n=4), 

Npas4 flox (n=28), and AgRP-NPAS4 KO (n=23) mice at 5 weeks (a, b) and 29 weeks (c, d) of 

CHOW. e-f, Plasma insulin measured at 0 minutes and 10 minutes of oral glucose tolerance tests 

at 5 weeks (e) and 29 weeks (f) of CHOW. g-j, Blood glucose measurements (g, i) and calculated 

AUC (h, j) from oral glucose tolerance tests performed on AgRP-CreER (n=5), Npas4 flox 

(n=17), and AgRP-NPAS4 KO (n=19) mice at 5 weeks (g, h) and 29 weeks (i, j) of HFD. k-l, 

Plasma insulin measured at 0 minutes and 10 minutes of oral glucose tolerance tests at 5 weeks 

(k) and 29 weeks (l) of HFD. 2-way ANOVA with Tukey’s multiple comparisons: *P < 0.05, 

**P < 0.01 (AgRP-CreER vs Npas4 flox); ^P < 0.05, ^^P <0.01 (Npas4 flox vs AgRP-NPAS4 

KO); #P < 0.05 (AgRP-CreER vs AgRP-NPAS4 KO). 

 

 

AgRP neurons are known to regulate hepatic gluconeogenesis. Glycerol tolerance tests were 

performed to assess whether NPAS4 KO in AgRP neurons affects gluconeogenesis, a process 

that uses glycerol as a substrate. In the Chow group, there were no differences in blood glucose 

levels in response to a 2g/kg glycerol bolus at 9 weeks of Chow (Fig 5.4a-b). At 15, 19, and 23 

weeks of Chow when the fasting blood glucose between the two genotypes were significantly 

different, the blood glucose levels appeared lower in the AgRP-NPAS4 KO mice, but the AUC 

were not different (Fig 5.4c-h). This suggested that accounting for the differences in basal blood 

glucose, the actual magnitude of the response to glycerol as a hepatic gluconeogenic substrate 

was the same in Npas4 flox and AgRP-NPAS4 KO mice. The same pattern was observed in the 

HFD group (Fig 5.4 i-p).  

 

The presence of a strong and unexpected body weight and blood glucose phenotype present in 

animals with the AgRP-CreER transgene make the interpretation of the physiological data very 

challenging. Despite the two control groups showing differences in most measured parameters, 

the effects of NPAS4 KO in AgRP neurons were more pronounced in the Chow group. The 

observation that AgRP-NPAS4 KO mice can maintain normal glucose tolerance with lower 

plasma insulin levels comparable to AgRP-CreER controls is interesting, and this is only seen in 
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the Chow group as well. Overall, it seems that the specific NPAS4 KO effects are minimal at 

best or shadowed by the effects of the AgRP-CreER transgene.  

 

 

Figure 5.4 | AgRP-NPAS4 KO mice show similar magnitudes of response to glycerol as 

Npas4 flox controls on Chow and HFD. a-h, Blood glucose measurements and calculated AUC 

from intraperitoneal glycerol tolerance tests performed on Npas4 flox (n=4) and AgRP-NPAS4 
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KO (n=4) mice at 9 weeks (a, b), 15 weeks (c, d), 19 weeks (e, f), and 23 weeks (g, h) of CHOW. 

i-p, Blood glucose measurements and calculated AUC from intraperitoneal glycerol tolerance 

tests performed on Npas4 flox (n=3) and AgRP-NPAS4 KO (n=4) mice at 9 weeks (i, j), 15 

weeks (k, l), 19 weeks (m, n), and 23 weeks (o, p) of HFD. 

 

 

5.4 Recombination assessment of POMC-CreER transgenic mice 

In parallel to the characterization of AgRP-NPAS4 KO mice, POMC-NPAS4 KO mice were also 

characterized. Before physiological parameters were measured, recombination assessment of the 

POMC-CreER and POMC-NPAS4 KO mice was performed in a similar manner to AgRP-CreER 

and AgRP-NPAS4 KO mice. CreER-mediated recombination was induced by administrating 

three doses of 8mg tamoxifen to male POMC-CreER+; Npas4wt/wt (POMC-CreER), POMC-

CreER-; Npas4flox/flox (Npas4 flox), and POMC-CreER+; Npas4flox/flox (POMC-NPAS4 KO) mice 

at 6 weeks of age. At 0 weeks post-tamoxifen (7 weeks of age), brains were harvested from 

POMC-CreER, and POMC-NPAS4 KO mice after an overnight fast and 1 hour of refeeding. In 

both POMC-CreER and POMC-NPAS4 KO mice, robust Pomc+ signals were detected scattered 

across the entire ARC area in the expected pattern of expression for POMC neurons (Fig 5.5a). 

Quantification of images showed a 20-30% decrease in the Npas4+ Pomc+ cells in the POMC-

NPAS4 KO mice (Fig 5.5b). Similar to AgRP-NPAS4 KO mice, this decrease was due to the 

significant 20-30% increase in Npas4- Pomc+ cells in POMC-NPAS4 KO mice (Fig 5.5c). 

Additional confirmation on recombination was performed by visualization of the red fluorescent 

tdTomato (tdT) protein in cells with CreER activity. This was possible because some mice had a 

tdT-encoding sequence downstream of a STOP cassette flanked by loxP sites in the Rosa26 

locus. Upon CreER-mediated recombination, the excision of the STOP cassette allowed for the 

expression of tdT, which was detectable without immunostaining in fixed frozen sections of the 

brain. In tdT+ POMC-CreER mice and tdT+ POMC-NPAS4 KO mice two weeks after tamoxifen 
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administration, tdT+ cells were visible throughout the ARC in a pattern similar to that of POMC 

neurons, indicating successful CreER-mediated recombination in those cells (Fig 5.6a). As 

expected, no tdT fluorescence was visible in the tdT- POMC-CreER mice used as a control. 

Since POMC neurons are known to be present in the nucleus of the solitary tract (NTS) of the 

hindbrain in addition to the ARC, the hindbrain was also sectioned and checked for tdT 

positivity. tdT expression was not visible in the NTS of tdT+ POMC-CreER, tdT+ POMC-

NPAS4 KO, and tdT- POMC-CreER mice (Fig 5.6b). In addition to assessing expression of tdT 

protein, tdtomato mRNA expression in Pomc+ cells was also visualized with RNAscope (Fig 

5.6c). In tdT+ POMC-CreER mice, tdtomato expression was detected in 50% of Pomc+ cells 

(Fig 5.6d). This additional assessment of CreER activity showed that the POMC-CreER 

transgene allowed for NPAS4 KO in roughly half of ARC POMC neurons but not NTS POMC 

neurons. 
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Figure 5.5 | Recombination assessment of POMC-CreER mice. a, Representative RNAscope 

images of the arcuate nucleus from POMC-CreER and POMC-NPAS4 KO mice 7 weeks of age, 

0 days after tamoxifen administration, probed with Npas4 (green), Pomc (red), and DAPI nuclear 

stain (blue). b, Quantifications of Npas4-positive, Pomc-positive cells in each genotype as a 

percentage of total Pomc-positive cells from RNAscope images (a). c, Breakdown of 

quantifications (b) into bins of Npas4 expression levels: Npas4- = no Npas4 signal in the Pomc-

positive cell, Low = 1-3 Npas4 punctae/cell, Med = 4-9 Npas4 punctae/cell, and High = 10 or 

more Npas4 punctae/cell. 3V = 3rd ventricle. Scale bars = 100μm. Data shown as mean + SD. 

Student’s t-test: *P < 0.05. 
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Figure 5.6 | Assessment of POMC-CreER recombination by tdTomato expression. a, 

Representative immunofluorescence images of arcuate nucleus sections from tdTomato+ POMC-

CreER mice, tdTomato- POMC-CreER mice, and POMC-NPAS4 KO mice 2 weeks after 

tamoxifen administration, showing tdTomato (red) and nuclear stain DAPI (DNA; blue). b, 

Representative immunofluorescence images of hindbrain NTS sections from tdTomato-positive 

(tdT+) POMC-CreER mice, tdTomato-negative (tdT-) POMC-CreER mice, and POMC-NPAS4 

KO mice. c, Representative RNAscope images of arcuate nucleus sections from tdTomato+ 

POMC-CreER mice two weeks after tamoxifen, probed with Npas4 (green), Pomc (white), 

tdtomato (red), and nuclear stain DAPI (blue). d, Quantification of tdtomato-positive, Pomc-

positive cells as a percentage of all Pomc-positive cells. 3V = 3rd ventricle, ME = median 

eminence, AP = area postrema, NTS = nucleus of the solitary tract, cc = central canal. Scale bars 

= 100μm. 
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5.5 Characterization of the POMC-NPAS4 KO mouse on Chow 

The characterization of the POMC-NPAS4 KO mice was performed in a similar manner to the 

AgRP-NPAS4 KO mice, following the same diets and experimental timeline discussed in 5.3 

(Fig 5.2a). Unlike the AgRP-CreER mice, the POMC-CreER control mice did not show any 

differences in body weight compared to Npas4 flox controls and POMC-NPAS4 KO mice 

before, during, and after tamoxifen administration (Fig 5.7a). During 30 weeks of Chow, weekly 

body weights were not different between the three genotypes (Fig 5.7b). Random-fed and 

overnight fasted blood glucose measurements also showed no differences between genotypes 

(Fig 5.7c-d). In additional assessment of glucose homeostasis, OGTT performed from 5 weeks of 

Chow to 29 weeks of Chow did not show any differences between genotypes (Fig 5.8a-d). 

Plasma collected from 0 minutes and 10 minutes during the OGTT at any point of the 30 weeks 

of Chow did not show differences between genotypes, and all genotypes showed the expected 

higher plasma insulin at 10 minutes. (Fig 5.8e-f). During glycerol tolerance tests at 15 weeks and 

19 weeks of Chow, blood glucose measurements were not different between Npas4 flox and 

POMC-NPAS4 KO mice (Fig 5.8g-j). Finally, insulin sensitivity was assessed with monthly 

0.75U/kg insulin tolerance tests starting at 10 weeks of Chow to 26 weeks of Chow. 

Representative blood glucose measurements during the insulin tolerance tests at 15 and 19 weeks 

of Chow are shown, but there were no differences in response to insulin at any time point (Fig 

5.8k-l). These results show that NPAS4 KO specifically in ARC POMC neurons has no effects 

on overall mouse body weight or glucose homeostasis when animals are maintained on a 

standard Chow diet.  
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Figure 5.7 | POMC-NPAS4 KO mice show normal body weight and glycemia on Chow. a, 

Body weights measured during tamoxifen administration to POMC-CreER (n=10), Npas4 flox 

(n=22), and POMC-NPAS4 KO (n=19) mice. b, Weekly body weights measured during 30 

weeks of CHOW for all genotypes. c-d, Biweekly random-fed (c) and 10 hour overnight fasted 

(d) blood glucose measurements for all genotypes.  
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Figure 5.8 | POMC-NPAS4 KO mice show normal glucose tolerance, glycerol tolerance, 

and insulin tolerance on Chow. a-d, Blood glucose measurements (a, c) and calculated AUC 

(b, d) from oral glucose tolerance tests performed on POMC-CreER (n=10), Npas4 flox (n=22), 

and POMC-NPAS4 KO (n=19) mice at 5 weeks (a, b) and 29 weeks (c, d) of CHOW. e-f, 

Plasma insulin measured at 0 minutes and 10 minutes of oral glucose tolerance tests at 5 weeks 

(e) and 29 weeks (f) of CHOW. g-j, Blood glucose measurements (g, i) and calculated AUC (h, 

j) from intraperitoneal glycerol tolerance tests performed on Npas4 flox (n=6) and POMC-

NPAS4 KO (n=6) mice at 15 weeks (g, h) and 19 weeks (i, j) of CHOW. k-l, Blood glucose 

measurements from intraperitoneal insulin tolerance tests performed on Npas4 flox (n=4) and 

POMC-NPAS4 KO (n=4) mice at 15 weeks (k) and 19 weeks (l) of CHOW. 
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5.6 Characterization of the POMC-NPAS4 KO mouse on HFD 

The POMC-CreER mice used for the HFD cohorts also did not show differences in body weight 

before and during tamoxifen administration (Fig 5.9a). On week 0, prior to HFD feeding but 

after tamoxifen administration, POMC-CreER did show a moderate body weight difference of 1-

2g over Npas4 flox and POMC-NPAS4 KO mice (Fig 5.9b). However, the most striking body 

weight difference was observed in the POMC-NPAS4 KO mice that displayed a consistent 

significantly lower body weight compared to POMC-CreER mice starting at 9 weeks of HFD, 

and compared to Npas4 flox mice starting at 13 weeks of HFD in a less consistent but still 

significant manner (Fig 5.9b). By study endpoint, POMC-NPAS4 KO mice were 7-8g lighter 

than POMC-CreER controls and Npas4 flox controls. Even if the slight body weight difference 

at week 0 is taken into account, POMC-CreER mice still gained roughly 6g more over the course 

of 30 weeks of HFD than POMC-NPAS4 KO mice. Relative to their original body weights at 0 

weeks of HFD, this meant that Npas4 flox controls gained 137.9% body weight and POMC-

CreER controls gained 116.1%, while POMC-NPAS4 KO mice only gained 102.6% over 30 

weeks of HFD feeding. Among the POMC-NPAS4 KO group, some mice still became obese. 

While most POMC-NPAS4 KO mice weighed between 31.3g and 41.7g by 30 weeks of HFD, 

two mice became heavier than 60g, similar to obese mice in the control groups, and six mice 

were between 46.8g and 54.4g.  

 

Despite a clear difference in body weight gain, glycemia was barely altered. Neither random-fed 

nor overnight fasted blood glucose measurements showed a consistent difference between the 

genotypes (Fig 5.9c-d). Fasting blood glucose in all genotypes steadily increased over time with 

chronic HFD feeding, which was expected as most mice became more and more obese (Fig 
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5.9d). At 30 weeks of HFD, it was observed that POMC-CreER mice displayed higher fasting 

blood glucose compared to POMC-NPAS4 KO mice. To further assess whether glucose 

homeostasis was altered by NPAS4 KO and HFD, monthly OGTTs were performed. In line with 

the biweekly blood glucose measurements, glucose tolerance was not different between the three 

genotypes before (5 weeks), at (9 weeks), and after (29 weeks) the body weight separation 

occurred (Fig 5.10a-f). Plasma insulin measured at 0 and 10 minutes during OGTTs were also 

not different between genotypes at any point during the 30 weeks of HFD (Fig 5.10g-i). Finally, 

the response to glycerol and insulin sensitivity was assessed with 2g/kg glycerol tolerance tests 

and insulin tolerance tests. The response to glycerol was not different between Npas4 flox and 

POMC-NPAS4 KO mice at 15 and 19 weeks of HFD (Fig 5.11a-d). Insulin tolerance tests also 

showed no differences at 10, 18, and 26 weeks of HFD (Fig 5.11e-g). These results show that 

NPAS4 KO specifically in ARC POMC neurons protects male mice from HFD-induced body 

weight gain over time, without affecting glucose homeostasis.  
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Figure 5.9 | POMC-NPAS4 KO mice gain less body weight over time on HFD without 

differences in glycemia. a, Body weights measured during tamoxifen administration to POMC-

CreER (n=9), Npas4 flox (n=20), and POMC-NPAS4 KO (n=19) mice. b, Weekly body weight 

measurements of all genotypes during 30 weeks of HFD. c-d, Biweekly blood glucose 

measurements on random-fed (c) and 10 hour overnight fasted (d) mice from all genotypes on 

HFD. 2-way ANOVA with Tukey’s multiple comparisons: *P < 0.05, (POMC-CreER vs POMC-

NPAS4 KO); ^P < 0.05 (Npas4 flox vs POMC-NPAS4 KO); #P < 0.05 (POMC-CreER vs 

POMC-NPAS4 KO). 
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Figure 5.10 | POMC-NPAS4 KO mice show normal oral glucose tolerance and plasma 

insulin on HFD. a-f, Blood glucose measurements (a, c, e) and calculated AUC (b, d, f) from 

oral glucose tolerance tests performed on POMC-CreER (n=9), Npas4 flox (n=20), and POMC-

NPAS4 KO (n=19) mice at 5 weeks (a, b), 9 weeks (c, d), and 29 weeks (e, f) of HFD. g-i, 

Plasma insulin measured at 0 minutes and 10 minutes of oral glucose tolerance tests at 5 weeks 

(g), 9 weeks (h), and 29 weeks (i) of HFD.  
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Figure 5.11 | POMC-NPAS4 KO mice show normal glycerol tolerance and insulin tolerance 

on HFD. a, Blood glucose measurements (a, c) and calculated AUC (b, d) from intraperitoneal 

glycerol tolerance tests performed on Npas4 flox (n=7) and POMC-NPAS4 KO (n=8) mice at 15 

weeks (a, b) and 19 weeks (b, d) of HFD. e-g, Blood glucose measurements from intraperitoneal 

insulin tolerance tests performed on Npas4 flox (n=7) and POMC-NPAS4 KO (n=7) mice at 10 

weeks (e), 18 weeks (f), and 26 weeks (g) of HFD. 

 

5.7 Metabolic cage analyses in 6 week HFD POMC-NPAS4 KO mice 

The data so far have shown that NPAS4 KO in POMC neurons only alters body weight during 

the development of diet-induced obesity. Due to the known role of ARC POMC neurons 

regulating food intake, I hypothesized that POMC-NPAS4 KO mice are protected from severe 

weight gain on HFD due to reduced food intake. A secondary possibility is that energy 

expenditure was increased in the KO mice regardless of food intake changes, as POMC neurons 

have been shown to affect activity and energy expenditure upon deletion of key genes for its 

function368,369. Either scenario would be a reasonable explanation behind why POMC-NPAS4 

KO mice gain less weight on HFD.  
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To examine the effects of NPAS4 KO on food intake, activity, and energy expenditure, three 

POMC-NPAS4 KO mice, three POMC-CreER mice, and two Npas4 flox mice were placed in 

metabolic cages after 6 weeks of HFD. The mice were allowed to acclimate to the metabolic 

cages where they were singly-housed for 24 hours, then metabolic parameters were recorded for 

the following 72 hours. There were no differences observed in oxygen consumption (VO2), 

carbon dioxide production (VCO2), energy expenditure in estimated heat production or 

respiratory exchange ratio (RER) between the three genotypes (Fig 5.12a-d). Activity was 

measured as counts of infrared beam breakage as mice moved around within the cage, and while 

POMC-NPAS4 KO mice showed the most variability in activity, there were no significant 

differences seen between genotypes (Fig 5.12e-f).  

 

Cumulative food intake over the 72 hours of metabolic cage analyses showed that POMC-

NPAS4 KO may have reduced food intake compared to Npas4 flox mice (P = 0.0508), but not 

compared to POMC-CreER mice (Fig 5.13a-b). Water intake was not affected by NPAS4 KO 

(Fig 5.13c). Finally, none of the metabolic cage analyses were affected by differences in fat 

mass, lean mass, or total body weight, as body composition measurements before metabolic 

cages showed no differences between genotypes (Fig 5.13d).  

 

The results of the metabolic cages suggest that there may be a slight reduction in food intake in 

the POMC-NPAS4 KO mice. The lack of statistical significance in the results was disappointing 

but expected from a small sample size. Unfortunately, this experiment could not be replicated 

due to persistent equipment failure, preventing further data acquisition from additional cohorts.  
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Figure 5.12 | POMC-NPAS4 KO mice show normal indirect calorimetry readouts and 

activity at 6 weeks of HFD. a, Oxygen consumption (VO2) measurements (mL/hr) for POMC-

CreER (n=3), Npas4 flox (n=2), and POMC-NPAS4 KO (n=3) mice. b, Carbon dioxide 

production (VCO2) measurements (mL/hr) for all genotypes. c, Energy expenditure as heat 

production estimated from VO2 (kCal/hr) for all genotypes. d, Respiratory exchange ratio (RER) 

for all genotypes. e, Locomotor activity over time in counts for all genotypes. f, Calculated 

cumulative locomotor activity in counts for each mouse in all genotypes. 
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Figure 5.13 | POMC-NPAS4 KO mice show a trend of reduced food intake at 6 weeks of 

HFD. a, Food intake in grams over 72 hours for POMC-CreER (n=3), Npas4 flox (n=2), and 

POMC-NPAS4 KO (n=3) mice. b, Calculated cumulative food intake in grams over 72 hours for 

each mouse in all genotypes. c, Water intake in mL over 72 hours for all genotypes. d, Body 

composition showing fat mass, lean mass, and total mass in grams for each mouse before the 72 

hours of metabolic cage analyses.  

 

5.8 Reassessment of food intake in HFD-fed POMC-NPAS4 KO mice 

Due to the unavailability of the metabolic cages for additional cohorts, an alternative method to 

perform follow-up assessments of food intake became necessary. I decided to measure food 

intake in control and NPAS4 KO mice manually and reassess the difference in food intake in a 

larger cohort than the one used for metabolic cages, and at an earlier time point of HFD feeding. 

Six POMC-CreER controls and six POMC-NPAS4 KO mice were singly housed after tamoxifen 

and body weight and food intake were measured weekly. Each week, 10 new pellets of HFD 

were given to the mice and the food remaining in the hoppers from the previous week was 

weighed, along with the uneaten crumbs from the cage floor. No body weight differences were 
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observed between controls and KO mice before or during the first 2 weeks of HFD feeding (Fig 

5.14a). POMC-NPAS4 KO mice showed reduced food intake compared to POMC-CreER mice 

as early as 2 weeks of HFD (Fig 5.14b). Body composition assessment for four POMC-CreER 

and four POMC-NPAS4 KO mice at 2 weeks of HFD showed no differences in fat mass or lean 

mass in these animals (Fig 5.14c). When mice were fasted overnight and refed for 1 hour, there 

were no differences in their body weights before and after refeeding, their blood glucose levels 

before and after refeeding, and the amount of food eaten during the 1 hour. NPAS4 KO was also 

assessed at both 1 week and 2 weeks of HFD, to confirm that the difference in food intake was 

observed in mice with detectable NPAS4 KO. At 1 week of HFD, three additional POMC-CreER 

and POMC-NPAS4 KO mice were assessed, and the presence of fewer Npas4- Pomc+ cells was 

confirmed in KO mice (Fig 5.14g). In addition to the increased Npas4- Pomc+ cells seen at 0 

weeks post-tamoxifen previously, Npas4-medium and Npas4-high populations were decreased at 

1 week of HFD compared to POMC-CreER mice (Fig 5.14h). Similar results were seen at 2 

weeks of HFD, although Npas4-low Pomc+ cells were also significantly decreased compared to 

POMC-CreER mice (Fig 5.14i-j).  

 

Overall, these additional studies during the first two weeks of HFD show that in addition to what 

the metabolic cage data showed, POMC-NPAS4 KO mice display a reduction in food intake 

much earlier than expected during the first few weeks of HFD. This difference in food intake 

seems to be limited to ad libitum feeding behaviour, as refeeding dynamics did not show the 

same difference.  
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Figure 5.14 | POMC-NPAS4 KO mice show reduced food intake at 2 weeks of HFD, 

independent of body composition or body weight. a, Weekly body weight measurements for 

POMC-CreER (n=6) and POMC-NPAS4 KO (n=6) mice during 2 weeks of HFD. b, Manually 

measured food intake over a week for 2 weeks of HFD. Measurement at week 2 was before the 

mice were fasted overnight and refed for 1 hour. c, Body composition showing fat mass, lean 

mass, and total mass in grams for POMC-CreER (n=4) and POMC-NPAS4 KO (n=4) mice at 2 

weeks of HFD. d-f, Body weight gained (d), blood glucose measurements (e), and food eaten (f) 

during 1 hour of refeeding after an overnight fast at 2 weeks of HFD for mice shown in c. g, 

Quantifications of Npas4-positive, Pomc-positive cells from arcuate nucleus sections as a 
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percentage of total Pomc-positive cells from RNAscope images. Brains were harvested after 

overnight fasting and 1 hour refeeding after 1 week of HFD. h, Breakdown of quantifications (g) 

into bins of Npas4 expression levels: Npas4- = no Npas4 signal in the Pomc-positive cell, Low = 

1-3 Npas4 punctae/cell, Med = 4-9 Npas4 punctae/cell, and High = 10 or more Npas4 

punctae/cell. i, Quantifications of Npas4-positive, Pomc-positive cells from arcuate nucleus 

sections as a percentage of total Pomc-positive cells from RNAscope images. Brains were 

harvested after overnight fasting and 1 hour refeeding after 2 weeks of HFD. l, Breakdown of 

quantifications (i) into bins of Npas4 expression levels as described in h. Data in c-j shown as 

mean + SD. Student’s t-test: *P <0.05. 

 

5.9 Discussion 

In this chapter, mice with NPAS4 KO specifically in ARC AgRP or POMC neurons were 

generated and characterized. A priority with studying these novel NPAS4 KO mouse lines was 

assessing recombination in both lines to ensure that CreER activity was occurring in the cells of 

interest. As with experiments in chapter 4, RNAscope was used to directly quantify the Npas4 

mRNA levels to confirm genetic knockout of Npas4. In both AgRP-CreER and POMC-CreER 

lines, only a 20% reduction in Npas4+ cells was seen in brains harvested immediately after 

tamoxifen administration (0 weeks). The highest recombination efficiency observed with this 

method was 50% at 1 week and 2 weeks post-tamoxifen. This suggests that either the knockout 

process takes 1 week to 2 weeks to reduce the Npas4 levels, or a wide range of variability in 

recombination efficiency from mouse to mouse. The latter seems quite plausible, as seen from 

the POMC-NPAS4 KO mice in the HFD group that became obese despite the majority of mice 

being protected from body weight gain. The KO mice that became obese at levels comparable to 

control groups could have been due to lower recombination efficiency in those animals. The 

tamoxifen used to induce recombination was administered orally, but it was confirmed by 

visualizing tdT expression in the ARC neurons that at least 50% of the POMC neurons are 

undergoing CreER-mediated recombination, so the method of inducing recombination is not 

problematic. However, the amount of tamoxifen that reaches the ARC could be slightly different 
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from animal to animal, resulting in recombination variability.  

 

The results of the AgRP-NPAS4 KO mice were difficult to interpret due to the presence of a 

strong phenotype caused by the AgRP-CreER transgene. AgRP-CreER+ animals, whether they 

were controls or AgRP-NPAS4 KO mice, were much lighter than Npas4 flox controls even 

before tamoxifen was administered when mice were 6 weeks old. In fact, the difference in body 

weight was seen much earlier during weaning, to the point where AgRP-NPAS4 KO mice were 

identifiable from their littermate Npas4 flox controls before genotyping. With such an early 

difference in body weight, it could suggest a developmental problem in embryonic stages. If the 

addition of the CreER transgene disrupted Agrp expression levels or other genes important for 

body size, it’s possible that pups at postnatal ages could have nursed less from the dam and were 

therefore smaller than their littermates. This resulted in the Npas4 flox controls and AgRP-

CreER controls showing vastly different values, making the actual effect of NPAS4 KO difficult 

to interpret. In the future, this study could be repeated if a method of specifically knocking out 

Npas4 in postnatal AgRP neurons without causing transgenic effects is available.  

 

A key finding in chapter 5 was that HFD-fed POMC-NPAS4 KO mice gained less weight over 

time and ate less HFD in the first few weeks of switching from Chow to HFD. Across the 

cohorts used in this chapter, body weights were generally not different in the early weeks of 

HFD, but a food intake difference at two weeks of HFD was seen. In addition, the metabolic 

cages suggested a food intake difference at six weeks of HFD, but this was not statistically 

significant. Nevertheless, with no other measured metabolic parameters showing differences 

between controls and POMC-NPAS4 KO groups, it is almost certain that the difference in body 
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weight was caused by a difference in food intake. 

 

A resulting question from the findings, however, is how an early difference in food intake leads 

to a significant body weight difference eight weeks later. Assuming the food intake per week 

continues to be lower in the POMC-NPAS4 KO mice from two weeks to ten weeks when the 

body weight difference is seen, there was most likely a change of POMC neuronal function in 

POMC-NPAS4 KO mice with the reduction in NPAS4. The data suggest that NPAS4 is 

normally important for decreasing POMC tone somehow, and the knockout of NPAS4 results in 

increased POMC neuronal output, which results in decreased food intake over time. A possible 

explanation draws from known roles of NPAS4 in other neuronal populations. In hippocampal 

neurons, NPAS4 is required for the formation and maintenance of inhibitory GABAergic 

synapses in the postsynaptic cell 300. In the ARC, AgRP neurons are known to directly inhibit 

POMC neurons by GABAergic signalling 370. If loss of NPAS4 in POMC neurons led to 

degradation of GABAergic synapses on the POMC neuron, it could lead to decreased POMC 

suppression over time. In a HFD setting where POMC neurons are stimulated and activity is 

increased early on, POMC neurons that had fewer GABAergic synapses would be activated more 

frequently, and this could lead to decreased food intake and body weight gain over time. Another 

possible explanation is that the food intake and body weight difference was a result of 

overcompensation by the 50% of POMC neurons that did not undergo recombination. In figure 

5.5a, a few Pomc+ cells with very high Npas4 expression (dense clusters of bright green signal) 

are visible, and in all quantifications of KO mice, there is a small percentage of Npas4-high cells.  

 

In conclusion, POMC-CreER mediated deletion of NPAS4 in ARC POMC neurons leads to 
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reduced weight gain in an obesogenic environment, potentially due to reduced food intake. At 

the very least, the data shown in this chapter show for the first time that NPAS4 in POMC 

neurons has a role in regulating food intake and by extension, body weight. In the future, the 

excitability or electrophysiological activity of POMC neurons lacking NPAS4 could be 

measured to uncover the electrophysiological consequences of NPAS4 knockout in these cells. 

In addition to measuring functional activity, another future direction to consider is investigating 

the molecular mechanism behind the phenotype of the POMC-NPAS4 KO mice. Since NPAS4 is 

a transcription factor, additional experiments to examine the transcriptional changes that have 

occurred in response to NPAS4 KO in POMC neurons exposed to HFD would be useful to 

determine how NPAS4 KO alters POMC neuronal function.  
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Chapter 6: Investigating the feeding-regulated and NPAS4-regulated 

transcriptomic changes in POMC neurons during obesity development 

6.1 Rationale 

Even before scRNA-seq technology, the ARC was already known to be heterogeneous. Aside 

from documented neuronal subtypes based on their primary neuropeptides, neurons can also be 

classified as excitatory or inhibitory based on whether they are glutamatergic or GABAergic. In 

addition to neurons, the bulk of the CNS is actually composed of glial cells. Just within the ARC 

and ME alone, there are tanycytes, ependymocytes, astrocytes, microglia, oligodendrocytes, and 

endothelial cells making up fenestrated capillaries at the ME. Even POMC neuron heterogeneity 

has already been reported without the use of scRNA-seq. For example, there are populations of 

neurons that are differentially activated by insulin that were discussed in chapter 4106,107. There 

are also reports of leptin-sensitive and leptin-insensitive POMC neurons371. Now with recent 

advances in single cell technology, multiple groups have already performed transcriptomic 

profiling of the complex MBH region. Most have focused on comparing fasting conditions to ad 

libitum fed conditions, and utilized a fluorescent reporter protein whose expression is driven by a 

gene of interest that marks the region322,372,373. These approaches make it infinitely easier to 

isolate the precious few neuronal populations of interest from the adult mouse brain, since the 

ARC is a small region, and the POMC neurons are estimated to be relatively rare.  

 

Data in chapter 5 showed that POMC-NPAS4 KO mice ate less food during early weeks of HFD 

and eventually were protected from HFD-induced weight gain. It was hypothesized that the 

reduction in food intake could have been caused by altered POMC neuronal function as a result 

of the NPAS4 KO, but the molecular mechanism behind such changes were not addressed in 
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chapter 5. Therefore, these molecular changes will be explored in chapter 6 using scRNA-seq on 

cells from the MBH of POMC-CreER controls and POMC-NPAS4 KO mice that have been fed 

HFD. The body weight difference became significant at 9-10 weeks of HFD, but this was not 

chosen as the time point for scRNA-seq, because the difference in body weight was expected to 

cause secondary effects in the mice. It’s been shown in chapter 4 that Npas4 expression is 

elevated in ARC POMC neurons at 6 weeks compared to Chow-fed animals, and it was shown in 

chapter 5 that POMC-NPAS4 KO mice may have reduced food intake at 6 weeks of HFD. 

Therefore, 6 weeks of HFD was chosen as the time point to perform scRNA-seq on POMC-

CreER controls and POMC-NPAS4 KO mice in order to identify potentially NPAS4-regulated 

genes in POMC neurons that may explain the mechanism behind the reduced food intake. In 

addition, the two genotypes of mice would be fasted or refed for 1 hour following the fast, in 

order to identify ARGs that were specifically regulated by acute refeeding in POMC neurons. 

 

6.2 scRNA-seq of ARC from fasted and refed 6 week HFD mice 

The primary aim of this experiment was to identify genes in the ARC POMC neurons that are 

regulated by an acute refeeding period following a fast, and genes that potentially regulated by 

NPAS4. The scRNA-seq libraries were generated from the ARC of mice from four different 

groups fed HFD for 6 weeks after tamoxifen: 1) fasted and 1 hour refed POMC-CreER, 2) fasted 

POMC-CreER, 3) fasted and 1 hour refed POMC-NPAS4 KO, and 4) fasted POMC-NPAS4 KO. 

To isolate the ARC, mice were fasted overnight, refed with HFD for 1 hour if in the refeeding 

group, then euthanized for brain harvests immediately. A schematic of the experimental groups 

and protocol is found in figure 6.1a. 2 thick coronal sections (~0.5mm) were shaved from the 

brains to contain the bulk of the MBH, then pie-shaped sections were dissected out from the 
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regions surrounding the ventral regions of the 3rd ventricle. The neural tissue was then 

dissociated with papain and trituration, and the resulting cell solution was filtered, counted, and 

used immediately for droplet-based single cell library generation.  

Following sequencing of pooled libraries, data processing and analysis was performed with 

publicly available software (Fig 6.1b). Processing of the raw sequencing files was performed 

with the Cell Ranger software, version 7.0.0 (10x Genomics). BCL files from sequencing outputs 

were used to generate FASTQ files that were demultiplexed into individual samples. The 

demultiplexed sample FASTQ files were combined per sample from multiple sequencing runs if 

necessary, and aligned to a reference genome that was custom-generated by adding the tdtomato 

sequence onto the existing GRCm38 genome. Counts of genes, cells, and UMIs were generated 

by the software and the outputs were moved to Rstudio for further analysis with Seurat version 

4.0.4. First, Cell Ranger outputs were converted to Seurat objects, and the number of genes, 

number of counts, and percentage of mitochondrial genes (any gene beginning with “Mt-”) per 

cell were visualized in each sample to determine library quality and filtering thresholds. Since it 

is known that cells with high percentage of mitochondrial genes were most likely dying or under 

great stress during sample preparation, and should not be included in further analysis, the 

threshold for mitochondrial genes was set at 20%/cell. All cells that expressed greater than 7500 

genes or greater than 20% mitochondrial genes/cell were filtered and removed from further 

analysis (Fig 6.2a). This filtering process did not remove a large number of cells overall (Table 

6.1). Post-filtering, samples were normalized by SCTransform and integrated to form one Seurat 

object containing 41883 cells. The success of the filtering was confirmed by visualizing the same 

QC parameters across the two genotypes and two conditions. Going forward, cells from POMC-

CreER controls will be called CT and cells from POMC-NPAS4 KO mice will be called KO. 
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There were no differences between the number of genes, number of counts, or the percentage of 

mitochondrial genes/cell between refed and fasted or between CT and KO (Fig 6.2b).  

 

 
 

Figure 6.1 | Strategy of using scRNA-seq to investigate feeding-regulated and NPAS4-

regulated genes in POMC neurons. a, Overview of experimental groups used for mouse ARC 

scRNA-seq and key steps in sample preparation. b, Pipeline of data analysis after sequencing. 

Steps in blue boxes indicate data processing stages performed with the Cell Ranger v7 software 

(10x Genomics). Steps in yellow boxes indicate downstream QC and data analysis steps 

performed in Seurat, a publicly available Rstudio package. 
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Figure 6.2 | Quality assessment and filtering of scRNA-seq data. a, Violin plots showing the 

number of genes/cell, number of counts (UMI; number of mRNA molecules), and the percentage 

of mitochondrial genes/cell for a representative sample, Control 3. Black lines at 7500 genes/cell 

and 20% mitochondrial genes/cell indicate thresholds used for filtering cells. b, Violin plots 

showing the number of genes/cell, number of counts, and the percentage of mitochondrial 

genes/cell in all samples after filtering and integration, split into genotypes and conditions. KO = 

POMC-NPAS4 KO, CT = POMC-CreER controls.  
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Table 6.1 Sample information and cell numbers at key steps for mouse ARC scRNA-seq 

 

ID Genotype Group 

Body 

weight 

(g) 

Sequenced 

cells (Cell 

Ranger) 

Mean 

reads/cell 

(Cell 

Ranger) 

After 

creating 

Seurat 

object 

After QC 

filtering 

1 Control Refed 36.5 5360 36548 5353 4698 

2 Control Refed 32.9 3478 50763 3471 3094 

3 Control Refed 30.8 2645 98267 2640 2261 

4 Control Refed 29.7 1865 140861 1860 1613 

5 Control Fasted 25.7 1954 38781 1952 1769 

6 Control Fasted 26 1958 41760 1948 1816 

7 Control Fasted 31.7 2567 80678 2559 2233 

8 Knockout Refed 36.2 5073 35498 5065 4143 

9 Knockout Refed 32.1 4319 41281 4310 3932 

10 Knockout Refed 26.4 6529 46033 6524 5765 

11 Knockout Fasted 29.7 2008 39908 1999 1831 

12 Knockout Fasted 27.6 4133 23017 4125 3969 

13 Knockout Fasted 26.3 5270 37615 5249 4759 

 

 

6.3 Clustering and identification of biological cell types 

At this point, the dataset was composed of 41883 mouse ARC cells, integrated from all 

genotypes and conditions. This was the sum of 24399 (58%) KO cells and 17484 (42%) CT 

cells, or 16377 (39%) fasted cells and 25506 (61%) refed cells. The 41883 cells were clustered at 

a resolution of 0.6 and visualized in UMAP space as 32 different clusters (Fig 6.3a). As with data 

in chapter 3, it was important to check whether this clustering was overly influenced by any 
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genotypes or conditions; this was of particular concern, as data from 13 different biological 

replicates from two genotypes and two conditions were integrated into a single object for 

analysis. If any single cluster greatly differed from the overall composition of cells from either 

genotype or condition, it would be a cluster with a skewed proportion.  

 

The percentage of cells from both genotypes were calculated from raw cell numbers in each 

cluster, and it became apparent that while there were more KO cells than CT cells overall, no 

clusters showed a skewed proportion (Fig 6.3b-c). In the same manner, the percentage of cells 

from both conditions were calculated, and it was determined that certain clusters did show 

slightly skewed proportions of fasted vs refed cells compared to the bulk of the clusters (Fig 

6.4a). Clusters 7, 14, and 29 were all composed of slightly more refed cells than the bulk of 

clusters, and cluster 22 showed the opposite composition where more fasted cells than refed were 

found (Fig 6.4a-b). The most severe was cluster 7, which only had about 10% of fasted cells. 

However, for the great majority of the data, clustering was not influenced by genotype or 

condition. 

 

Next, the biological identity of each of the 32 clusters was determined through examining 

expression plots of known marker genes for each cell type. The marker genes used were as 

follows: Syt1 to mark neurons, Olig1 to mark oligodendrocytes, Agt to mark astrocytes, Ccdc153 

to mark ependymocytes, Gpr50 to mark tanycytes, Cldn5 and Myh11 to mark endothelial cells, 

and C1qa and Mrc1 to mark microglia (Fig 6.5). It became apparent after examining marker 

genes that the separation of clusters were largely based on cell type, similar to the human islet 

dataset in chapter 3. Each cluster was assigned a unique name, based on an abbreviated form of 
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their biological cell type followed by a number based on the size of the cluster. Cluster names 

and cell types were added into the metadata to permanently label each cell with this information 

(Fig 6.6a-b). From this process, 7 neuron clusters (Neuron1-Neuron7), 7 astrocyte clusters 

(Astro1-Astro3), 3 ependymocyte clusters (Ependy1-Ependy3), 4 tanycyte clusters (Tany1-

Tany4), 3 microglia clusters (Micro1-Micro3), 5 endothelial clusters (Endo1-Endo5), 3 

oligodendrocyte clusters (Oligo1-Oligo3), and one mystery cluster that did not express any of the 

examined marker genes were identified. A complete list of the cell numbers from each genotype 

and condition, along with the cluster name and cell type for each cluster is found in Table 6.2. 
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Figure 6.3 | Clustering of mouse ARC scRNA-seq data is not influenced by genotypes of 

mice. a, All samples integrated and shown as 32 clusters projected in UMAP space. Clusters are 

labelled with their original Seurat-assigned cluster numbers, based on the number of cells in each 

cluster, with cluster 0 being the largest. Clusters 27 and 32 have been placed in circles for ease of 

identification. b, Proportion bar graphs showing the % of cells from each genotype in each 

cluster. No cluster is composed of abnormally large %KO or %CT cells. c, All 32 clusters shown 

projected in UMAP space, split by genotype, to show all clusters contain KO and CT cells. KO = 

POMC-NPAS4 KO, CT = POMC-CreER controls. 
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Figure 6.4 | Clustering of mouse ARC scRNA-seq data is not influenced by the feeding 

states of mice. a, Proportion bar graphs showing the % of cells from either fasted or refed 

conditions in each cluster. b, All 32 clusters shown projected in UMAP space, split by the 

feeding states, to show all clusters contain fasted and refed cells. Clusters 7, 14, 22, and 29 are 

located in black circles to highlight their skewed composition of fasted and refed cells from the 

average.  
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Figure 6.5 | Known marker genes for expected cell types in the mouse ARC for biological 

annotation of clusters. Expression plots of individual genes projected in UMAP space to 

identify the biological cell types for each cluster. Expression is shown for Syt1 to mark neurons, 

Olig1 to mark oligodendrocytes, Agt to mark astrocytes, Ccdc153 to mark ependymocytes, 

Gpr50 to mark tanycytes, Cldn5 and Myh11 to mark endothelial cells, and C1qa and Mrc1 to 

mark microglia. 
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Figure 6.6 | Eight cell types are identified within the mouse ARC scRNA-seq dataset. a, All 

cells projected in UMAP space, identified by their biological cell types. b, All cells projected in 

UMAP space, identified by their biological cluster names, assigned based on cell type and cluster 

size. Cluster names are based on an abbreviated form of their biological cell type, followed by a 

number that is assigned based on cluster size within the cell type. Neuron1-Neuron7 are neurons, 

Astro1-Astro7 are astrocytes, Ependy1-Ependy3 are ependymocytes, Tany1-Tany4 are 

tanycytes, Micro1-Micro3 are microglia, Endo1-Endo5 are endothelial cells, Oligo1-Oligo3 are 

oligodendrocytes, and there is one Mystery cluster that did not express any of the known cell 

type markers. c, dotplot of the top DEGs expressed per cell type. Dot sizes represent percent of 

cells expressing a gene on the x-axis (“Percent Expressed”) and shade of blue represents 

expression levels in the cell type (“Average Expression”), with darker blue being higher average 

expression. 
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6.4 Detection of ARC neurons and immediate early genes 

At this point, cell types and cluster identification had been completed. It was now possible to 

perform a series of checks into the neurons in the dataset before moving forward with more 

detailed analyses. The dissection method used to procure samples was overall limited in its 

specificity due to the lack of the tdTomato lineage marker in almost all POMC-NPAS4 KO mice 

used for the experiment. The tiny region that comprises the mouse ARC was a further barrier to 

perfect microdissection, so most samples were comprised of cells from the general MBH, rather 

than the ARC specifically. Therefore, it was important to confirm that the neuronal populations 

of interest had been correctly included in the dissected tissue. Expression plots of Agrp and Npy 

to mark AgRP/NPY neurons showed a very clear segregation of the expression in cluster 25, or 

Neuron6 (6.7a). Meanwhile, Pomc and Cartpt expression that marked POMC/CART neurons 

were more diffused throughout several neuronal clusters, but the expression of the two genes did 

appear to overlap in the same cells. Npas4, the gene of interest in this study, was also confirmed 

to be expressed throughout neurons, albeit at a low absolute level, which was already shown 

through the previous RNAscope experiments in chapters 4 and 5 (Fig 6.7b). Aside from Npas4, 

several other immediate early genes were also visualized in the dataset. Fos, Egr1, and Arc are 

all well-known immediate early genes in the CNS, and they showed varying degrees of 

expression in multiple cell types (Fig 6.7c). In comparison to these three other immediate early 

genes, the neuronal specificity of Npas4 across the cell types was clearly shown.  
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Table 6.2 Number of cells from each genotype and condition for each unique cluster 
 

Seurat 

cluster 

# 

Cluster 

name 

Cell type KO cells 

(% of 

total) 

CT cells 

(% of 

total) 

Fasted 

cells (% 

of total) 

Refed 

cells (% 

of total) 

0 Astro1 Astrocytes 58.7 41.3 35.1 64.9 

1 Tany1 Tanycytes 52.9 47.1 54.1 45.9 

2 Ependy1 Ependymocytes 50.2 49.8 42.7 57.3 

3 Astro2 Astrocytes 63.8 36.2 34.4 65.6 

4 Astro3 Astrocytes 59.6 40.4 33.0 67.0 

5 Neuron1 Neurons 60.1 39.9 42.1 57.9 

6 Tany2 Tanycytes 56.0 44.0 55.9 44.1 

7 Astro4 Astrocytes 62.1 37.9 12.3 87.7 

8 Micro1 Microglia 64.1 35.9 38.0 62.0 

9 Astro5 Astrocytes 60.5 39.5 30.1 69.9 

10 Oligo1 Oligodendrocytes 55.4 44.6 42.4 57.6 

11 Endo1 Endothelial 62.8 37.2 37.4 62.6 

12 Ependy2 Ependymocytes 56.3 43.7 40.9 59.1 

13 Astro6 Astrocytes 60.7 39.3 38.2 61.8 

14 Micro2 Microglia 56.0 44.0 23.6 76.4 

15 Neuron2 Neurons 60.7 39.3 54.7 45.3 

16 Neuron3 Neurons 58.8 41.2 28.3 71.7 

17 Ependy3 Ependymocytes 50.1 49.9 34.2 65.8 

18 Tany3 Tanycytes 49.5 50.5 37.6 62.4 

19 Endo2 Endothelial 64.6 35.4 35.5 64.5 

20 Oligo2 Oligodendrocytes 53.5 46.5 46.3 53.7 

21 Neuron4 Neurons 54.9 45.1 37.7 62.3 

22 Neuron5 Neurons 62.6 37.4 69.9 30.1 

23 Endo3 Endothelial 59.0 41.0 41.2 58.8 

24 Tany4 Tanycytes 64.0 36.0 60.5 39.5 

25 Neuron6 Neurons 50.8 49.2 52.0 48.0 

26 Endo4 Endothelial 64.0 36.0 34.7 65.3 

27 Mystery Mystery 69.8 30.2 58.6 41.4 

28 Micro3 Microglia 71.2 28.8 42.5 57.5 

29 Astro7 Astrocytes 45.6 54.4 26.5 73.5 

30 Oligo3 Oligodendrocytes 40.9 59.1 43.6 56.4 

31 Endo5 Endothelial 65.7 34.3 37.4 62.6 

32 Neuron7 Neurons 55.0 45.0 47.5 52.5 
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Figure 6.7 | ARC neurons and immediate early genes in the mouse ARC scRNA-seq 

dataset. a, Expression plots of individual genes projected in UMAP space to show location of 

ARC neurons. Agrp and Npy expression marks AgRP/NPY neurons. Pomc and Cartpt expression 

marks POMC/CART neurons. b, Expression plot of Npas4. c, Expression plots of immediate 

early genes Fos, Egr1, and Arc shown for all cells. 

 

 

 



157 

 

6.5 Comparing the general effects of NPAS4 KO in 6 week HFD POMC neurons 

The primary goal of this mouse ARC scRNA-seq experiment was to isolate the POMC neurons 

for closer study in the computational space, since this was not easily feasible by sorting out 

recombined neurons from live neural tissue. This was performed by forming a subset of the 

dataset that was composed only of cells classified as neurons and expressing Pomc. Of the 5669 

cells classified as neurons (14%), 1452 cells expressed any level of Pomc and were subsetted 

into its own object. Since the metadata had already been labelled with genotype and condition 

information, it was possible to form pairs of different combinations of cells for performing DEG 

analysis, akin to the approach undertaken in chapter 3. Initially, a general comparison of KO and 

CT POMC neurons was performed to identify any major transcriptomic changes that resulted 

from NPAS4 KO and 6 weeks of HFD. Then, fasted and refed POMC neurons were compared 

within each genotype to identify genes that were induced by refeeding. Finally, the KO and CT 

POMC neurons in the refed condition were compared to observe any changes in gene expression 

that occurred due to NPAS4 KO. A general schematic of this approach is shown in Fig 6.8a. 

 

One unexpected finding was that there was a general reduction in the Pomc expression of KO 

POMC neurons compared to CT POMC neurons (Fig 6.8b). Among the DEG list obtained from 

the CT vs KO comparison, Pomc showed the greatest difference in average log2 fold change of 

expression (avgLog2FC), showing roughly 3-fold higher expression in the CT cells than KO 

cells. 605 genes were downregulated in KO cells, but only four genes were upregulated in KO 

cells: Cwc22, Mt2, Agt, and Slc6a11. While it has no known role specifically in the 

hypothalamus or arcuate nucleus neurons, Cwc22 encodes a splicing factor374.  Metallotheionin 

2, or Mt2, has been previously shown to be upregulated in the MBH neurons in response to 
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systemic cachexia-induced stress in a mouse model of pancreatic cancer375, and Mt1- and Mt2-

null mice have been reported to be obese with increased food intake, implying Mt2 could have 

roles in regulating energy balance376. Angiotensinogen, or Agt, is commonly used in mouse 

neural studies as a marker gene for astrocytes (Fig 6.5). Interestingly, Slc6a11 encodes for Gat3, 

the primary GABA transporter in astrocytes377. In contrast to these four genes, there were 

considerably more genes that were downregulated in KO POMC cells, which made the process 

of looking up individual gene identities time-consuming and inefficient. All 605 genes 

downregulated in KO POMC cells were used for a gene ontology (GO) analysis through the 

EnrichR gene list enrichment analysis program, for the GO Biological Process 2021 and 

Molecular Function 2021 libraries325–327. The top 20 results from the Biological Process library 

showed several terms related to neurotransmitter signalling activity, including “chemical 

synaptic transmission”, “regulation of cation channel activity”, “modulation of chemical synaptic 

transmission”, “regulation of neurotransmitter signalling activity”, and “regulation of NMDA 

receptor activity” (Fig 6.9a). The top 20 results from the Molecular Function library included 

terms that also related to neurotransmitter signalling and ion channel activity such as 

“transmitter-gated ion channel activity”, “neurotransmitter receptor activity involved in 

postsynaptic membrane potential”, and “ligand-gated anion channel activity” (Fig 6.9b). 

Furthermore, there were several terms that specifically related to GABA signalling: “GABA-

gated chloride ion channel activity”, “GABA-A receptor activity”, and “GABA receptor 

activity” (Fig 6.9b). In line with the GO results, seven genes out of the 605 downregulated genes 

in KO encoded for GABA-A receptor subunits: Gabrb3, Gabrb1, Gabrg3, Gabra2, Gabrg1, 

Gabrg2, and Gabra3 (Fig 6.9c). Taken together, the comparison of KO and CT POMC neurons’ 

transcriptomes regardless of feeding state showed that the KO POMC neurons displayed 
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reductions in Pomc and GABA-A receptor genes, and GO analysis suggested there were reduced 

neurotransmitter and ion channel activities. 

 

 

Figure 6.8 | POMC neurons from POMC-NPAS4 KO mice show reduced expression of 

Pomc and elevated expression of four genes. a, Schematic showing the analysis strategy used 

to identify DEGs between genotypes and conditions specifically in POMC neurons. 1452 Pomc+ 

cells classified as neurons were subsetted from the mouse ARC dataset containing all cells, and 

metadata was edited to include both the genotype and condition information for each cell. DEG 

analysis was performed for pairs of different genotype and condition combinations to identify 

genes regulated by feeding or fasting, and DEG between KO and CT. b, Violin plot of Pomc 

expression in KO and CT Pomc+ neurons. c, Dot plot of significant DEGs with the highest 

average log2 fold change in expression in CT vs KO Pomc+ neurons. The size of dots represents 

the percent of cells in the genotype that express the gene (“Percent Expressed”) and the shade of 

blue represent the average expression of the gene on a normalized relative scale, with darker 

shades of blue representing higher expression levels. KO = POMC-NPAS4 KO, CT = POMC-

CreER controls. 
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Figure 6.9 | KO POMC neurons express lower levels of GABA-A receptor subunit-

encoding genes.  a-b, Bar plots of the top 20 GO terms associated with genes enriched in CT 

compared to KO POMC neurons, in order of -log10 P-value of each GO term. GO terms were 

obtained from gene set libraries GO: Biological Process 2021 (a) and GO: Molecular Function 

2021 (b) using EnrichR gene list enrichment analysis. Arrows indicate terms of interest that 

suggest higher neurotransmitter signalling activity. c, Dot plot of significant DEGs enriched in 

CT vs KO Pomc+ neurons encoding for GABA-A receptor subunits. The size of dots represents 

the percent of cells in the genotype that express the gene (“Percent Expressed”) and the shade of 

blue represent the average expression of the gene on a normalized relative scale, with darker 

shades of blue representing higher expression levels. KO = POMC-NPAS4 KO, CT = POMC-

CreER controls. 
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6.6 Identifying the effects of NPAS4 KO on feeding-induced genes in POMC neurons 

Next, the fasted and refed POMC neurons were compared within each genotype to identify genes 

that were induced by refeeding. DEG analysis was performed across conditions in CT and KO 

POMC neurons separately, to generate a list of upregulated genes in the refed condition and in 

the fasted condition. Given that refeeding after a fast is known to be an activating condition of 

POMC neurons, the majority of the DEGs in each genotype was expected to show higher 

expression in the refed condition. Surprisingly, only seven genes were feeding-induced and 88 

genes were expressed higher in the fasted condition in the CT POMC neurons (Fig 6.10a). KO 

POMC neurons, on the other hand, showed a much greater transcriptional response to the 

refeeding with 84 feeding-induced and 357 feeding-inhibited genes (Fig 6.10a). All seven of the 

feeding-induced genes in the CT were also feeding-induced in the KO (Fig 6.10b-c). Cdk8, 

Camk1d, Gm20594, Lars2, mt-Nd3, Luzp2, and Prex2 were expressed and regulated at similar 

levels in both the CT and KO cells (Fig 6.10c). Several of the 84 refeeding-induced genes unique 

to the KO cells were genes that are typically enriched in glial populations. Slc4a4, Slc1a3, and 

Slc6a11 were all confirmed within this dataset to be highly expressed in astrocytes compared to 

other cell types (Fig 6.10d). Mobp, a marker of myelinating oligodendrocytes, was confirmed to 

be highly expressed in a proportion of the oligodendrocyte population (Fig 6.10d). Slc6a11 was 

also one of the four genes that were significantly upregulated in KO vs CT cells when DEG 

analysis was performed regardless of fasting or feeding conditions (Fig 6.8c). 
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Figure 6.10 | KO POMC neurons have a greater number of refeeding-regulated genes than 

CT POMC neurons. a, Stacked bar graph showing the number of feeding-regulated genes that 

are expressed higher in the fasted condition (white bars) or higher in the refed condition (black 

bars) in CT vs KO. Numbers of genes in each group are shown in the bars. b, Venn diagram 

showing all seven genes that are induced by refeeding in the CT POMC neurons are also induced 

by feeding in the KO POMC neurons. The identities of the seven genes are shown in the black 

box to the right. c, Split violin plots showing expressions of six out of the seven genes that are 

significantly feeding-induced in both CT and KO. Darker shades in each group indicate the refed 

condition and the paler shades indicate the fasted condition. d, Featureplots showing the 

expression of significantly feeding-induced genes in KO POMC neurons across all cell types. 

The areas of highest gene expression are seen in the astrocytes for Slc4a4, Slc1a3, and Slc6a11. 

Mobp expression is highest in oligodendrocytes. KO = POMC-NPAS4 KO, CT = POMC-CreER 

controls. 
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The final comparison was performed for the KO and CT POMC neurons in the refed condition 

only. Since it was established that refeeding after a fast induces Npas4 and activates POMC 

neurons in chapter 4, refeeding leads to hundreds of transcriptional changes in the KO but not in 

the CT (Fig 6.10a), the differences in gene expression in the refed condition was expected to 

reveal the greatest number of potentially NPAS4-regulated transcriptional changes. The pairwise 

comparison revealed 530 genes that were downregulated in KO cells, and only 19 genes that 

were upregulated in KO cells. As expected, the majority (16 out of 19) of these upregulated 

genes were also detected as refeeding-induced previously. All 549 significantly downregulated 

genes from this comparison were used for GO analysis using the GO Biological Process 2021 

and Molecular Function 2021 libraries. Much like the results from the general CT vs KO 

comparison, the biological process results for genes downregulated in refed KO POMC cells 

contained terms that suggested higher neurotransmitter activity at the synapse such as “chemical 

synaptic transmission”, “glutamate receptor signalling pathway”, and “regulation of 

neurotransmitter receptor activity” (Fig 6.11a). Meanwhile, the biological process results for 

genes upregulated in KO cells mostly focused on the transmembrane transport of amino acids, 

such as “acidic amino acid transport”, “L-alpha-amino acid transmembrane transport”, and “L-

aspartate transmembrane transport” (Fig 6.11a). These were further supported by the molecular 

function results, which again showed terms related to GABA signalling for genes downregulated 

in refed KO POMC cells (“GABA-gated chloride ion channel activity”, “GABA-A receptor 

activity”, and “GABA receptor activity”) and terms related to amino acid transport in the KO 

cells (“amino acid: sodium symporter activity”, “L-glutamate transmembrane transporter 

activity”, and “acidic amino acid transmembrane transporter activity”) (Fig 6.11b). Similar to 

figure 6.9, the GO analysis suggested KO POMC neurons may have neurotransmitter signalling, 
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and GABA signalling may be affected in particular. Several of the GABA-A receptor subunit 

genes were once again found to be downregulated in refed KO cells: Gabrb3, Gabrg2, Gabrb1, 

Gabrg3, and Gabra3. In addition to GABA-A receptor genes, several well-known IEGs were 

also downregulated in the KO cells. Fos, a general IEG expressed in multiple cell types, was not 

a refeeding-regulated gene in CT cells, but was significantly refeeding-inhibited in KO cells (Fig 

6.12a). Fosb, which encodes for another FOS family protein, was also dysregulated in the KO in 

a similar pattern (Fig 6.12d). Egr1 and Junb were also normally not significantly feeding-

regulated, but were downregulated with feeding in KO cells only (Fig 6.12b, e). This pattern was 

also seen with Jund and Jun expression in KO cells, but the difference was more moderate (Fig 

6.12c, f).  

 

Taken together, the results to date imply that after NPAS4 KO followed by 6 weeks of HFD, 

POMC neurons regulate a greater range of genes in response to an acute fast-refeed, and some of 

these genes are primarily expressed in glial populations such as astrocytes and oligodendrocytes. 

They could also be capable of less GABAergic signalling compared to CT cells, and show a 

strong reduction in expression of IEGs in response to feeding. Overall, the results of the scRNA-

seq show that NPAS4 KO worsens the dysregulation in POMC neurons of HFD-fed mice and 

alters the refeeding-regulated transcriptional profile.
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Figure 6.11 | Gene ontology results for significantly DEGs in the Refed CT vs Refed KO 

POMC neurons. a, Bar plots of the top 20 GO terms associated with genes enriched in Refed 

CT compared to Refed KO POMC neurons, in order of -log10 P-value of each GO term. GO 

terms were obtained from gene set libraries GO: Biological Process 2021 (a) and GO: Molecular 

Function 2021 (b) using the EnrichR gene list enrichment analysis. Black arrows indicate terms 

of interest that suggest higher neurotransmitter and GABA-A receptor signalling activity at the 

synapse in CT POMC neurons. Orange arrows indicate terms of interest that suggest higher 

amino acid and ion transport in KO POMC neurons. 

 



166 

 

 

Figure 6.12 | Immediate early gene expression is dysregulated in KO POMC neurons in 

response to refeeding. Violin plots of established immediate early genes that are significantly 

feeding-regulated in KO POMC neurons but not in CT POMC neurons. Expression levels are 

shown for POMC neurons in the Fasted CT, Refed CT, Fasted KO, and Refed KO groups for: a, 

Fos, b, Egr1, c, Jund, d, Fosb, e, Junb, and f, Jun. Wilcoxon rank sum test: *Padjusted < 0.05. 

 

 

6.7 Discussion 

In this final chapter, scRNA-seq was performed on mouse ARC cells to isolate the effects of 

NPAS4 KO on refeeding-regulated transcriptional changes in POMC neurons after 6 weeks of 

HFD. The justification for using scRNA-seq instead of bulk RNA-seq, despite the more complex 

and lengthy library preparation and analysis methods, was a lack of feasibility in specifically 

isolating enough POMC neurons from POMC-CreER and POMC-NPAS4 KO mouse brains. 

Protocols for isolating POMC neurons from adult neural tissue, especially if mice have a 

fluorescent lineage marker to specifically mark POMC neurons, typically involved fluorescent-
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activated cell sorting methods373. The main problem with using this method to isolate POMC 

neurons and perform bulk RNA-seq instead of scRNA-seq was due to cell numbers. My previous 

attempts at estimating the proportion of tdTomato+ cells in POMC-CreER+ mice have shown 

that the experiment was only possible when the ARC tissue from at least four mice were pooled 

(data not shown). In addition, only 5% of viable, well-dissociated single cells displayed 

tdTomato fluorescence, which only marks 50% of POMC neurons according to data in chapter 5 

(Fig 5.5d). On average, 38000 cells were counted per mouse at the end of the dissociation 

protocol, so a single mouse would only have been able to yield less than 2000 tdTomato+ POMC 

neurons. Therefore, scRNA-seq was the approach used to pool all dissociated cells from an 

initial crudely dissected region, despite the abundance of glial cells in the dataset due to lack of 

sorting. The analysis was selectively performed in POMC neurons detected in the dataset in 

downstream analysis for this reason. Even with this method, multiple mice per experimental and 

genotype groups were used, for a total of 13 mice.  

 

As briefly discussed in section 6.1, POMC-CreER and POMC-NPAS4 KO mice that were fed 

HFD for 6 weeks following tamoxifen were chosen for this experiment. An advantage of using 

mice at this time point was that the mice had already been characterized for matched body 

weights and confirmed to have an early difference in food intake at 2 weeks of HFD (Fig 5.13b-

c). This meant that any changes observed would not be caused as secondary effects of having a 

lighter body weight. Six weeks of HFD was also a time point at which recombination and 

NPAS4 KO had already been confirmed (Fig 5.13g-h) and Npas4 expression was elevated in 

comparison to Chow-fed mice (Fig 4.6b). It was also rationalized that by 6 weeks of HFD post-

tamoxifen, any long-term changes at the molecular level in POMC neurons due to NPAS4 KO or 
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HFD feeding would have already occurred, such as changes in activity, identity, or synaptic 

organization.  

 

As expected, neurons in general were a minority population in the dataset relative to glial cell 

types, and less than 1500 POMC neurons were present in the dataset. This meant that 

approximately 111 POMC neurons were isolated from each mouse. Due to these low cell 

numbers, secondary clustering was not performed on all POMC neurons that were subsetted 

from the main dataset containing all cell types. This was not considered as a problem as studying 

POMC neuron heterogeneity or subpopulations was not the goal of this experiment. However, it 

should be noted that heterogeneous POMC subpopulations were previously reported322,372,373, but 

analysis in this dataset used all pooled POMC neurons in each group, which was a caveat in this 

experiment.  

 

From a general CT vs KO comparison, regardless of fasted or refed conditions, it was revealed 

that KO neurons unexpectedly showed a reduction in Pomc transcript (Fig 6.8b). In addition, half 

of the few upregulated genes in KO over CT were genes primarily expressed in astrocytes, and 

several refeeding-induced genes in KO POMC neurons were also noted to be glial-specific genes 

(Fig 6.8c, 6.10d). This could imply that the loss of NPAS4 leads to a potential loss of identity in 

POMC neurons, or even a change of identity. It has been previously reported that certain POMC 

neurons from HFD-fed mice express Agrp, which has led to hypotheses about “confused” POMC 

neurons that have difficulty maintaining identity which leads to dysregulation322,373. While 

astrocyte-to-neuron conversion has been heavily studied in the field of neurodegeneration 

therapies378, neuron-to-astrocyte conversion has been less studied. Such a change of cell identity 
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seems unlikely to occur in an adult animal and should not be determined based on the expression 

of a few genes. A more likely possibility is that NPAS4 KO during the development of diet-

induced obesity leads to POMC neurons aberrantly expressing and regulating more genes upon 

activation, and some of these happen to be glial lineage genes. 

 

An alternate goal of the scRNA-seq experiment was to explore potential mechanisms by which 

POMC-NPAS4 KO mice are protected from diet-induced obesity. Due to their phenotype, 

whatever changes occurred due to NPAS4 KO must be leading to a net increase in POMC 

neuron activity. Much like the general KO vs CT comparisons, GO analysis on specifically the 

refed CT vs KO cells revealed reduced GABA receptor expression and potential reductions in 

GABA signalling in the KO POMC neurons. It is known that AgRP neurons can inhibit POMC 

neurons directly through GABA release and it has been shown that NPAS4 KO leads to 

decreased numbers of inhibitory synapses300. It seems possible  that NPAS4 KO leads to 

decreased inhibitory GABAergic synapses on POMC neurons over time, decreasing the 

inhibition of POMC neuronal activity by AgRP neurons, and leading to an increase in POMC 

neuron firing and eventual decreased body weight gain through decreased food intake. 

Experiments in the future to investigate whether this change actually occurs would involve 

validating the decrease in GABA receptor gene expression in POMC-NPAS4 KO mice, 

immunostaining inhibitory postsynaptic markers such as gephyrin to determine if there is a 

reduction in numbers of inhibitory synapses on KO POMC neurons, and ideally using 

electrophysiological approaches to directly measure POMC neuron activity during HFD after 

NPAS4 KO.  
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In summary, the scRNA-seq data shown in chapter 6 reveal several key differences between CT 

and KO POMC neurons and potential mechanisms by which KO POMC neurons could have net 

increases in activity. NPAS4 KO in POMC neurons followed by 6 weeks of HFD seems to lead 

to increased activity due to decreased inhibitory GABAergic signalling on these neurons, and 

this is reflected in the increases in the magnitude of transcriptional changes regulated by 

refeeding after a fast. 
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Chapter 7: Conclusions 

7.1 Research Summary 

In cell types that constantly detect and respond to the environment, activity-regulated genes are 

essential for coupling the stimuli to long-term changes. Pancreatic islets and ARC neurons are 

very similar cell types that sense nutrient and endocrine signals and secrete their characteristic 

hormone to regulate glucose homeostasis or energy homeostasis, respectively. In both healthy 

states and states of impaired energy homeostasis like obesity, there is value in understanding 

how the transcriptional response of these cells may help them function properly and adapt to 

challenges.  

 

The calcium-dependent IEG, NPAS4, has been implicated in a wide range of functions in both 

neurons and pancreatic beta cells. In neurons, NPAS4 has been shown to induce distinct sets of 

genes to regulate excitatory-inhibitory synaptic balance in neuronal circuits256,300. In beta cells, 

NPAS4 optimizes metabolism during conditions of high glucose by suppressing the action of 

HIF1α320. In both cell types, NPAS4 has been shown to have a protective role against cellular 

stresses specific for each cell type317,319.  

 

In islets, previous studies have established a role of NPAS4 in beta cells, and many studies have 

studied IEGs in general, but the studies have mainly been focused on beta cells and not the other 

islet cell types. The islet is composed of multiple different cell types, and it is known from 

studies in the brain that distinct sets of IEGs can be expressed in different populations, but 

differentially regulated IEGs in each islet cell type are unknown. In neurons, the roles of NPAS4 

have been established in other regions of the brain, and many studies have identified IEGs in 



172 

 

neuronal populations, but the role of NPAS4 in a metabolically critical center of the brain is 

unknown. In the hypothalamus, the homeostatic nexus of the mammalian brain, the only other 

study of NPAS4 was performed in the SCN360, which is not a site directly involved in regulation 

of energy homeostasis. Based on these gaps in knowledge, the experiments in this thesis were 

designed to answer the following questions: 

1) In islets, what is the profile of calcium-dependent activity-regulated genes in healthy 

human alpha, beta, and delta cells? 

2) In the ARC neurons of the hypothalamus, is NPAS4 expressed, and what stimuli can 

induce NPAS4 expression? 

3) What are the effects of genetic knockout of NPAS4 specifically in AgRP and POMC 

neurons of the ARC that regulate energy homeostasis? 

4) What activity-regulated genes in ARC neurons can be induced by acute feeding, and what 

genes are affected by knockout of NPAS4? 

 

The first question was answered in chapter 3 by performing scRNA-seq on healthy human islets 

that had been stimulated with high glucose and islets that had the same stimulus but inhibited 

calcium influx with the administration of calcium chelator EGTA. Calcium-regulated genes were 

identified in downstream analysis by comparing transcriptomes within each cell type between the 

stimulated and calcium-inhibited conditions. There was a certain degree of heterogeneity found 

in alpha and beta cells that displayed multiple clusters within each cell type. In both cell types, 

different numbers of calcium-dependent genes were identified in different clusters, which was 

interpreted as varying degrees of response to calcium. As a general trend, both alpha and beta 

cells showed clusters that were more responsive to calcium, and a proportion of beta cell clusters 
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showed dampened calcium response. From the beta cell clusters that were more responsive to 

calcium, the cell surface marker PCDH7 was identified. Performing GSIS assays on reaggregates 

of PCDH7+ and PCDH7- cells sorted from additional human islets showed that PCDH7+ 

reaggregates had enhanced GSIS over PCDH7-. In addition, an unexpected cluster of 

polyhormonal cells that expressed insulin, glucagon, and somatostatin were found in the dataset. 

These cells expressed the highest number of calcium-responsive genes while showing a 

somewhat immature transcriptional profile compared to alpha and beta cells, and were identified 

in additional islet and pancreas sections by visualizing insulin and glucagon mRNA directly. 

 

The second question was answered in chapter 4 with a series of fluorescent in situ hybridization 

assays on ARC sections from mice exposed to a number of conditions predicted to induce Npas4. 

After validating the specificity of the Npas4 probe, ARC AgRP and POMC neurons were 

confirmed to express Npas4. As expected of neurons that respond to energy state, there was a 

clear induction of Npas4 seen in POMC neurons in response to refeeding after an overnight fast, 

but refeeding did not affect Npas4 levels in AgRP neurons. Within POMC neurons only, oral 

glucose administration was found to induce Npas4, peaking around 15 minutes, but 

intraperitoneal injections of insulin did not affect Npas4 levels in POMC neurons. A systemic 

increase in energy availability with HFD feeding only showed an induction of Npas4 in POMC 

neurons at 1 week and 6 weeks of HFD, but not at 3 days.  

 

The third question was answered in chapter 5 by characterizing novel mouse lines with a 

conditional deletion of NPAS4 specifically in either the AgRP neurons or POMC neurons, with 

or without HFD to promote diet-induced obesity. Knockout of NPAS4 in AgRP neurons was 
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difficult to assess due to the strong phenotype of reduced body weight caused by the presence of 

the AgRP-CreER transgene in the knockout group and one of the control groups. Body weights 

of any mouse that had the AgRP-CreER transgene were lower even before recombination was 

induced. In Chow or HFD groups, the knockout of NPAS4 in AgRP neurons seemed to have 

minimal effects that were not influenced by the CreER. Knockout of NPAS4 in POMC neurons 

of mice fed Chow had no effects. However, knockout of NPAS4 in POMC neurons of mice fed 

HFD caused reduced body weight starting at 9-10 weeks of HFD without changes in glucose 

homeostasis. This difference in body weight was potentially due to a trend towards lower food 

intake at 6 weeks of HFD and a definite decrease in food intake at 2 weeks of HFD.  

 

The final question was answered in chapter 6 by performing scRNA-seq on ARC cells from 

fasted and refed mice with or without knockout of NPAS4 in POMC neurons after 6 weeks of 

HFD. This experiment was done only to study the transcriptomic changes in POMC neurons, 

which was too rare of a population to isolate in large enough quantities for alternate methods. 

Generally reduced genes in the knockout mice included Pomc and genes encoding for various 

GABA-A receptor subunits. GO analysis suggested that there was a reduction of inhibitory 

synapses and GABAergic signalling in the knockout mice compared to controls. Similar to the 

approach in chapter 3, transcriptomes from the different conditions were compared to identify 

feeding-regulated genes in controls and knockouts. Surprisingly, the number of genes induced by 

feeding in knockout mice were far greater than controls, although the identity of some of these 

genes were ones known to be primarily glial-specific. Again, GO analysis for DEGs between 

refed control and refed knockout transcriptomes suggested reduced GABAergic signalling in the 

knockouts. 
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Collectively, the experiments presented in this thesis have contributed to the understanding of 

ARGs in islets and ARC neurons. In islets, where NPAS4 roles were already known, the study of 

ARGs was expanded by profiling calcium-regulated genes in human islet cell types and 

demonstrating that the identified marker of beta cells with higher calcium responsiveness can 

also act as a marker for functionally enhanced beta cells. In ARC neurons, where the roles of 

NPAS4 were unknown, the inducing conditions of NPAS4, the effects of NPAS4 knockout, the 

potential molecular mechanism behind the effects of NPAS4 KO, and ARGs regulated by 

feeding were examined.  

 

7.2 Limitations of research and future directions 

The data in this thesis show a number of potential avenues of research that could be pursued in 

the future based on these results, but they also bring to light a number of caveats that must be 

discussed. In chapter 3, scRNA-seq was used to identify differences in calcium-regulated 

transcriptional changes. scRNA-seq itself will always be accompanied by several caveats and 

limitations. One of them is the fact that scRNA-seq is always a snapshot in time and cannot 

indicate which clusters or populations are permanent or transient. Different clusters achieved by 

clustering methods will always be arbitrary to some degree, as adjustment of clustering 

resolution will result in more or less clusters, and can be easily altered during analysis. 

Therefore, even though different clusters within a cell type are discussed, the important takeaway 

is that none of these clusters may be a fixed, permanent population in human islets. The 

differences in calcium-regulated gene numbers in each cluster may again, reflect different states 

that the cells happened to be in upon time of stimulation and capture. Clustering is not an 
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absolute art, and should not be treated as such until clusters have been validated outside of the 

dataset or studied for a biological role. For example, the PCDH7+ cells having a greater response 

to calcium was validated by sorting them from additional islets and assessed for enhanced 

function. There were also clusters that were not validated but seem interesting to pursue in the 

future. The polyhormonal cluster was validated at the level of mRNA, but the long-standing 

question is if these cells also produce proteins for multiple hormone genes. In order to study this 

cluster, candidate markers genes could be identified within the dataset, ideally for proteins 

expressed on the cell surface to facilitate sorting methods. Once isolation of the cells was 

feasible, then additional functional assays could be performed, such as measuring calcium 

oscillations in response to stimuli, or investigating their potential as a stem cell niche. 

 

In chapters 4 and 5, in situ hybridization was used to assess Npas4 levels within the ARC 

neurons. In the time scale following stimuli for these experiments, it makes sense to detect 

mRNA levels, as Npas4 induction is rapid and detectable within the hour. An obvious limitation 

of this approach is, of course, the lack of information about the NPAS4 protein levels to the same 

stimuli. As mentioned in chapter 4, the reason why protein levels were not assessed in every 

experiment was because there were significant difficulties in the NPAS4 immunostaining 

protocol with the existing antibody. After many rounds of troubleshooting, I was able to show a 

refeeding-induced upregulation in NPAS4 protein in POMC neurons, and plan to carry out the 

same protocol on additional samples in future experiments. While there is a different NPAS4 

antibody than the one used for immunostaining in chapter 4 that can be used for western blots, it 

would be extremely difficult to obtain an enriched sample of POMC neurons from mouse ARC 

tissue for western blotting purposes. The population is relatively rare, so it would require a lot of 
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mice to obtain enough POMC cells to perform a western blot. It may be possible to perform 

western blotting on whole ARC tissue samples without enriching for POMC neurons, but it 

would still require multiple mice per sample and the difference may be too slight to detect 

confidently when all cells in the heterogeneous ARC get pooled into one sample.  

 

Data in chapter 5 also showed variability in recombination rates of POMC-CreER, which is 

another caveat when working with knockout mouse lines. The highest recombination rate 

observed was around 50%, meaning that 50% of POMC neurons had successful knockout of 

NPAS4, and this was supported by the tdTomato detection. Even though the knockout mice 

showed reduced body weight gain on HFD over time, it was a moderate difference compared to 

the obese controls, and occurred weeks into the HFD regime. Part of this could have been due to 

the low recombination efficiency, and remaining POMC neurons with intact NPAS4 could have 

compensated for the neurons with NPAS4 knockout, causing a delay in the appearance of 

phenotype. It’s possible that if recombination rates were higher, the mice would have exhibited 

even less weight gain on HFD, or a sustained early reduction in food intake. Instead, there was a 

discrepancy between the food intake reduction at 2 weeks and the potential reduction at 6 weeks. 

This may have been due to the low sample sizes used for the metabolic cage studies at 6 weeks 

of HFD, as statistical differences were difficult to assess with a slight difference in a few mice. 

In this case, a very obvious future direction would be to repeat this experiment with more mice, 

and observe if the knockout mice do display a reduction in food intake at 6 weeks of HFD. 

Another interesting research avenue is characterizing the female POMC-NPAS4 KO mice, 

because only male mice were used in this thesis. Sex differences in energy homeostasis and 

general and in POMC neurons specifically have already been reported379,380. For example, it has 



178 

 

been found that female mice have more POMC neurons than male mice in their ARC381, and 

there have also been several reports of specific molecular drivers of sex differences in POMC 

neurons369,380,381. Future studies of female POMC-NPAS4 KO mice would provide useful 

information on the role of NPAS4 in males and females that is relevant to human health, 

regardless of whether the females showed a food intake phenotype that was similar to or 

different from the males.  

 

Finally, the most important future experiment to address the limitations of this thesis is the direct 

functional characterization of the POMC neurons with NPAS4 knockout. The phenotype shown 

by the POMC-NPAS4 KO mice is interesting, but unfortunately it remains unclear whether the 

activity of POMC neurons with NPAS4 knockout is ultimately increased or decreased in the 

HFD setting. Given the reductions in food intake and the reduced body weight, it is almost 

certain that the activity of POMC neurons would be increased in knockout mice, but this has yet 

to be confirmed by electrophysiological approaches. The results from the ARC scRNA-seq also 

show results that would support increased activity, because of the reduced GABA receptor 

subunit gene expression in POMC neurons. This is another finding that could be additionally 

confirmed. Since NPAS4 is already known to regulate inhibitory synapses and be important for 

maintenance of these synapses, immunofluorescent staining for GABAergic synapses on POMC 

neurons would be the easiest way to confirm the results of the scRNA-seq. A quantified decrease 

in the number of inhibitory synapses on POMC neurons, along with increased POMC neuronal 

activity or excitability, would fully explain NPAS4’s roles in POMC neurons.  

 

There are still numerous unanswered questions about the exact role of NPAS4 in ARC neurons. 
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The proposed future experiments above will hopefully add a mechanistic explanation to the 

phenotype observed when NPAS4 is knocked out from POMC neurons, and further our 

knowledge of NPAS4 biology by solidifying a role of NPAS4 in regulating food intake and body 

weight that is distinct from its roles in other brain regions or pancreatic beta cells.  
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Appendices 

Appendix A | Calcium-regulated genes in human islet alpha, beta, and delta cells 

From Positive vs Negative transcriptome comparisons, all genes below have an adjusted p-value 

< 0.05. Negative average Log fold change (Avg LogFC) values indicate the gene is expressed 

higher in the Negative over the Positive condition. 

Cluster Gene Avg LogFC Adj p-value Cluster Gene Avg LogFC Adj p-value 

β1 ZNF331 1.20462 1.41E-57 β3 NPAS4 0.37160 3.18E-27 

β1 SIK2 0.84501 7.19E-89 β3 HIVEP2 0.37119 1.21E-15 

β1 NR4A2 0.72848 1.72E-57 β3 CREM 0.35695 1.74E-13 

β1 C2CD4B 0.72449 4.28E-41 β3 AOPEP 0.35333 1.26E-16 

β1 ELL2 0.65640 1.24E-50 β3 MIA2 0.34658 3.59E-15 

β1 IER3 0.59867 5.34E-22 β3 RGS16 0.34331 1.86E-08 

β1 GADD45B 0.55290 6.69E-14 β3 PHTF2 0.33256 1.57E-15 

β1 SNAP25-AS1 0.54515 6.14E-31 β3 C2CD4A 0.32003 2.80E-04 

β1 PDE10A 0.54222 1.58E-31 β3 TET2 0.31382 7.43E-13 

β1 SGMS2 0.51856 3.62E-49 β3 MT-ND6 0.31122 9.79E-12 

β1 CPE 0.51025 2.40E-36 β3 PDK4 0.31096 7.06E-03 

β1 NR4A3 0.50950 2.85E-43 β3 MAR4. 0.30812 1.62E-15 

β1 SIK3 0.49752 2.17E-43 β3 INHBA 0.30332 9.13E-03 

β1 RGS16 0.49278 1.08E-11 β3 VAT1L 0.30061 5.37E-08 

β1 BTG2 0.48786 1.08E-04 β3 UNC13A 0.30007 1.61E-14 

β1 NPAS4 0.47756 9.66E-32 β3 SLC7A5 0.29258 5.23E-09 

β1 FOS 0.46161 8.74E-13 β3 PAPSS2 0.28903 7.54E-04 

β1 ELMO1 0.44917 4.43E-18 β3 MT-ND3 0.28066 3.84E-22 

β1 INHBA 0.44770 3.51E-20 β3 PAM 0.27598 8.29E-09 

β1 NR4A1 0.43181 1.42E-28 β3 DENND4A 0.27594 1.02E-09 

β1 C2CD4A 0.41640 2.50E-16 β3 SNAP25 0.26385 4.99E-06 

β1 CREM 0.41159 2.26E-19 β3 JUNB 0.25889 2.11E-03 

β1 JUNB 0.40105 2.10E-12 β3 ELAVL4 -0.25264 3.14E-05 

β1 PAM 0.39829 8.36E-25 β3 DHRS2 -0.25833 7.91E-07 

β1 FNDC3A 0.39069 7.02E-27 β3 UBB -0.25857 7.82E-07 

β1 DENND4A 0.38680 5.50E-27 β3 RPL27A -0.25904 5.41E-22 

β1 SNAP25 0.38372 1.14E-23 β3 RPS5 -0.26016 3.03E-18 

β1 UNC13A 0.37996 3.91E-26 β3 LINC00486 -0.26026 1.05E-06 

β1 HIVEP2 0.37800 2.22E-17 β3 RPS18 -0.26140 5.36E-24 

β1 PDK4 0.36597 1.62E-07 β3 RPS16 -0.26218 5.41E-20 

β1 IAPP 0.36505 7.21E-10 β3 RPS6 -0.26719 3.41E-25 

β1 PARM1 0.36119 4.11E-23 β3 RPS3 -0.26887 7.72E-26 
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β1 TET2 0.36012 8.45E-22 β3 STMN2 -0.26990 8.03E-04 

β1 ATF6 0.35115 5.64E-11 β3 RPL17 -0.27066 5.71E-28 

β1 MT-ND6 0.34533 2.86E-11 β3 OLMALINC -0.27194 9.56E-10 

β1 PHTF2 0.33276 1.01E-17 β3 EEF1G -0.27268 9.96E-21 

β1 AOPEP 0.32071 5.22E-12 β3 RPL9 -0.27614 3.29E-26 

β1 MT-ND3 0.30989 1.13E-31 β3 RPL7A -0.27917 1.86E-32 

β1 ST18 0.30652 1.35E-08 β3 TUBA1B -0.28043 3.23E-17 

β1 PLK2 0.29458 1.17E-13 β3 RPL7 -0.28249 2.32E-24 

β1 AC096564.1 0.29351 8.37E-21 β3 RAB11FIP1 -0.28620 4.15E-06 

β1 FOXO1 0.28920 3.97E-10 β3 RPSA -0.28644 3.28E-22 

β1 SLC7A5 0.28893 3.85E-11 β3 RPS11 -0.28679 8.06E-26 

β1 CITED2 0.28775 3.75E-12 β3 RPL18A -0.28913 6.63E-26 

β1 ALPK3 0.28521 6.26E-15 β3 HSPB1 -0.29130 5.50E-03 

β1 TP53BP1 0.28279 4.69E-18 β3 GAPDH -0.29246 3.10E-15 

β1 PAPSS2 0.27434 4.11E-08 β3 FTH1 -0.29330 9.85E-10 

β1 MAR4. 0.27221 4.70E-11 β3 JUN -0.29430 1.49E-06 

β1 TMEM200A 0.26877 9.83E-17 β3 EGR1 -0.29460 6.72E-07 

β1 MIA2 0.26736 8.66E-07 β3 RPL13A -0.30055 1.50E-32 

β1 MTRNR2L12 0.26587 9.49E-16 β3 RPL10A -0.30208 2.00E-22 

β1 CPEB4 0.26305 1.46E-09 β3 RPS17 -0.30804 4.23E-18 

β1 WWC1 0.25177 4.53E-03 β3 RPS20 -0.30864 1.69E-22 

β1 RAPGEF1 0.25172 1.69E-14 β3 KLF6 -0.31220 6.63E-09 

β1 STMN2 -0.25195 3.17E-05 β3 RPS4X -0.31461 4.87E-30 

β1 MYO1E -0.25598 3.44E-06 β3 MYO1E -0.31483 3.35E-08 

β1 TUBA1B -0.25626 7.05E-14 β3 GLCCI1 -0.33224 2.26E-10 

β1 RPL13A -0.26034 2.30E-23 β3 RPL13 -0.33561 4.40E-38 

β1 RPL10A -0.26585 1.42E-21 β3 TXNIP -0.34169 6.00E-08 

β1 RPS20 -0.26734 3.22E-18 β3 DACH1 -0.34316 3.88E-13 

β1 ACTG1 -0.27487 1.07E-05 β3 TMSB4X -0.37527 3.71E-03 

β1 RPL13 -0.27625 3.05E-27 β3 PTPRD -0.37631 1.10E-02 

β1 RPS11 -0.28019 8.50E-29 β3 RPS2 -0.38353 6.89E-35 

β1 FMN2 -0.28981 1.36E-15 β3 DEPP1 -0.60058 2.89E-19 

β1 TXNIP -0.29468 1.09E-03 β4 GADD45B 0.71455 5.14E-12 

β1 LINC01619 -0.31071 9.67E-14 β4 MT-ND3 0.67729 1.25E-02 

β1 EGR1 -0.34842 1.67E-11 β4 JUNB 0.56106 4.38E-04 

β1 RPS2 -0.34979 8.02E-45 β4 ZNF331 0.52677 3.71E-24 

β1 NPY -0.36246 6.05E-06 β4 SIK2 0.48114 5.87E-16 

β1 DEPP1 -0.37698 1.22E-13 β4 PDE10A 0.43277 2.44E-07 

β2 ZNF331 1.24091 3.41E-52 β4 FOS 0.42297 1.10E-05 

β2 SIK2 0.78023 2.84E-80 β4 SNAP25-AS1 0.39349 1.25E-13 

β2 NR4A2 0.72460 3.66E-52 β4 RPS29 0.38735 5.52E-03 

β2 SNAP25-AS1 0.55385 5.97E-31 β4 MT-ND4L 0.36382 3.05E-02 

β2 IER3 0.54271 8.68E-18 β4 NR4A1 0.35053 7.37E-16 
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β2 CPE 0.54190 4.22E-43 β4 ELMO1 0.32920 3.82E-04 

β2 PAM 0.50309 3.18E-26 β4 RASD1 0.32454 5.90E-03 

β2 NR4A3 0.49276 7.72E-37 β4 PHTF2 0.32005 2.09E-05 

β2 PDE10A 0.49178 5.22E-20 β4 MAN1A1 0.31591 2.55E-04 

β2 ELMO1 0.48968 1.71E-23 β4 HSPA1A 0.31116 3.94E-06 

β2 ELL2 0.47449 4.80E-22 β4 SIK3 0.30692 9.28E-08 

β2 C2CD4B 0.47081 4.87E-18 β4 ZFP36 0.30436 7.05E-07 

β2 SGMS2 0.43914 2.55E-32 β4 NR4A2 0.30388 1.82E-08 

β2 NR4A1 0.43807 3.74E-37 β4 TP53BP1 0.29715 3.66E-08 

β2 SIK3 0.41477 2.84E-32 β4 MTLN 0.29666 8.93E-05 

β2 PDK4 0.40081 1.43E-07 β4 ABHD3 0.29411 1.14E-02 

β2 PARM1 0.36440 2.08E-23 β4 KDELR2 0.29064 3.20E-05 

β2 SNAP25 0.36160 1.41E-16 β4 RANBP1 0.28977 1.22E-05 

β2 FNDC3A 0.35588 1.95E-17 β4 CPEB4 0.28803 1.09E-05 

β2 GADD45B 0.35207 6.26E-03 β4 PET100 0.28370 5.97E-05 

β2 MT-ND6 0.34493 8.45E-12 β4 MAP2 0.28362 3.93E-02 

β2 PHTF2 0.34204 5.08E-19 β4 HIVEP2 0.28333 1.33E-05 

β2 DENND4A 0.32249 3.02E-19 β4 ST18 0.28295 2.58E-06 

β2 CREM 0.31740 5.58E-13 β4 MTRNR2L12 0.28223 1.07E-06 

β2 RGS16 0.31131 1.17E-04 β4 VAT1L 0.28167 8.47E-05 

β2 UNC13A 0.31114 1.78E-17 β4 NDUFA3 0.28161 1.13E-03 

β2 MIA2 0.30754 3.95E-14 β4 PAM 0.28149 2.20E-03 

β2 FOS 0.30013 5.74E-03 β4 UNC13A 0.27938 8.06E-07 

β2 HIVEP2 0.28922 1.98E-13 β4 MCF2L2 0.27882 2.24E-02 

β2 VAT1L 0.27133 1.36E-07 β4 TARDBP 0.27525 5.37E-06 

β2 NPAS4 0.27117 1.61E-20 β4 ATP9A 0.27502 6.54E-05 

β2 MT-ND3 0.27065 7.99E-24 β4 SAMD3 0.27409 1.17E-03 

β2 CPEB4 0.26891 1.31E-12 β4 GBF1 0.27395 2.31E-06 

β2 DAPK1 0.26080 1.61E-05 β4 PAPSS2 0.27313 8.30E-03 

β2 WWC1 0.26047 2.07E-03 β4 BTG2 0.27290 1.71E-04 

β2 TP53BP1 0.25983 1.32E-15 β4 C2CD4B 0.27090 1.41E-03 

β2 MAN1A1 0.25611 1.93E-08 β4 GABRB3 0.27053 1.74E-06 

β2 STXBP1 0.25416 7.47E-10 β4 TNFRSF21 0.26696 3.58E-08 

β2 AC096564.1 0.25273 3.53E-12 β4 ELL2 0.26667 4.95E-04 

β2 DYRK1A 0.25179 8.88E-11 β4 M6PR 0.26616 3.36E-06 

β2 RPL27A -0.25023 2.32E-26 β4 NDUFA9 0.26305 4.60E-03 

β2 PEMT -0.25126 2.46E-08 β4 STXBP1 0.26062 1.29E-02 

β2 RPS27A -0.25144 3.71E-32 β4 BRAF 0.25927 3.11E-05 

β2 EIF4A2 -0.25245 2.00E-12 β4 MARK1 0.25844 5.50E-04 

β2 RPL29 -0.25279 4.83E-25 β4 STAT3 0.25714 6.68E-04 

β2 RPS9 -0.25395 1.83E-31 β4 DENND4A 0.25514 3.82E-06 

β2 TPT1 -0.25420 1.18E-29 β4 SMIM4 0.25203 1.19E-02 

β2 GLCCI1 -0.25627 8.07E-07 β4 TTR -0.56055 3.49E-10 
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β2 RACK1 -0.25630 3.33E-26 β5 ZNF331 1.20359 5.81E-13 

β2 RPS3A -0.25653 4.27E-37 β5 NR4A2 0.72569 3.73E-12 

β2 RPL3 -0.25720 1.54E-34 β5 ELL2 0.59399 7.02E-11 

β2 RPL18 -0.25772 1.69E-32 β5 SIK2 0.57245 3.37E-10 

β2 FTH1 -0.25788 6.78E-08 β5 NR4A3 0.51455 6.87E-09 

β2 RPL31 -0.25921 2.08E-16 β5 C2CD4B 0.48797 4.09E-08 

β2 RPL11 -0.25970 2.36E-33 β5 PARM1 0.46291 1.41E-08 

β2 ELAVL4 -0.26130 6.47E-11 β5 PDE10A 0.46274 3.13E-03 

β2 RPL23A -0.26205 1.22E-34 β5 SNAP25-AS1 0.45965 3.98E-06 

β2 RPLP2 -0.26239 7.32E-22 β5 NR4A1 0.44149 7.50E-11 

β2 HSPA8 -0.26292 4.97E-12 β5 GADD45B 0.42471 3.73E-02 

β2 RPS18 -0.26429 5.69E-35 β5 NPAS4 0.42199 5.86E-09 

β2 TUBA1B -0.26951 2.96E-19 β5 IER3 0.41782 1.13E-05 

β2 RPL15 -0.26951 1.10E-37 β5 ELMO1 0.36605 1.37E-02 

β2 RPL7A -0.27047 2.45E-40 β5 CPE 0.35511 3.08E-03 

β2 RPL5 -0.27081 5.59E-33 β5 DENND4A 0.35483 2.05E-04 

β2 RPL23 -0.27115 1.48E-23 β5 MIA2 0.33749 1.63E-02 

β2 RPS16 -0.27316 8.14E-26 β5 SIK3 0.32737 1.09E-03 

β2 HSPB1 -0.27568 4.35E-07 β5 PHTF2 0.31759 1.47E-02 

β2 LINC00486 -0.27913 1.40E-06 β5 MT-ND6 0.30610 3.85E-02 

β2 RPS5 -0.27931 2.23E-27 β5 UNC13A 0.29831 3.02E-02 

β2 ARL15 -0.28095 2.25E-08 β5 GCH1 0.28536 1.70E-02 

β2 RPSA -0.28234 2.04E-26 β5 FNDC3A 0.28320 2.43E-02 

β2 STMN2 -0.28324 4.96E-05 β5 MT-ND3 0.25832 4.29E-03 

β2 RPL8 -0.28494 7.09E-36 β5 PFN2 -0.26924 2.23E-03 

β2 RPL6 -0.28788 1.40E-33 β5 LGR4 -0.27060 4.94E-04 

β2 LRRTM4 -0.28804 5.39E-06 β5 GAPDH -0.28085 1.37E-02 

β2 RPL32 -0.28904 2.60E-32 β5 FTH1 -0.34921 1.44E-03 

β2 ACTG1 -0.29026 1.40E-05 β5 MYO1E -0.36647 2.54E-06 

β2 RPL18A -0.29187 2.18E-28 β5 TXNIP -0.45558 2.59E-03 

β2 RPS3 -0.29428 1.62E-37 β6 MT-ND3 0.30896 1.07E-02 

β2 UBB -0.30012 5.78E-11 β6 ZNF331 0.27550 5.99E-03 

β2 RPL17 -0.30150 2.26E-39 β6 ELMO1 0.26247 4.78E-02 

β2 RPS6 -0.30435 1.24E-36 β7 ZNF331 1.10090 1.09E-10 

β2 RPL9 -0.30858 2.63E-37 β7 PPP1R1A 0.76184 7.39E-04 

β2 RPS11 -0.31277 1.54E-37 β7 SIK2 0.72566 1.47E-10 

β2 FMN2 -0.31449 2.08E-17 β7 KRT10 0.67753 4.90E-06 

β2 RPL10A -0.31508 5.76E-25 β7 YBX1 0.61926 9.92E-03 

β2 EEF1G -0.31817 3.75E-30 β7 ELL2 0.61531 1.28E-04 

β2 RPS17 -0.31832 1.85E-26 β7 H1FX 0.60718 7.84E-05 

β2 RPL19 -0.32050 7.10E-35 β7 INHBA 0.58202 1.24E-04 

β2 RPL7 -0.32344 1.33E-32 β7 ELMO1 0.57566 1.08E-04 

β2 EGR1 -0.33073 9.19E-18 β7 IER3 0.52510 5.55E-05 
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β2 GAPDH -0.33581 1.31E-18 β7 NR4A2 0.48427 1.57E-02 

β2 RPL13 -0.33805 2.56E-50 β7 AOPEP 0.47738 8.88E-04 

β2 RPL13A -0.33883 4.00E-40 β7 BRI3 0.47294 1.40E-02 

β2 RPS20 -0.33927 2.20E-31 β7 NR4A3 0.47229 2.57E-06 

β2 RPS4X -0.34638 6.59E-42 β7 PTMS 0.46360 2.13E-04 

β2 CNTN5 -0.35107 3.63E-05 β7 PARM1 0.45600 3.14E-04 

β2 MYO1E -0.35201 9.62E-20 β7 CAMK2N1 0.44370 4.14E-02 

β2 RPS2 -0.36072 1.95E-44 β7 SGMS2 0.44229 4.51E-04 

β2 TXNIP -0.38275 2.00E-17 β7 YWHAH 0.42291 4.45E-02 

β2 DEPP1 -0.64229 2.06E-30 β7 PAM 0.41775 3.52E-03 

β3 ZNF331 1.18702 1.33E-43 β7 LCOR 0.41609 3.08E-02 

β3 SIK2 0.76981 7.06E-71 β7 USP6NL 0.40822 1.06E-02 

β3 NR4A2 0.69312 1.65E-39 β7 SIK3 0.39903 7.93E-03 

β3 C2CD4B 0.62066 1.84E-25 β7 CREM 0.39663 8.08E-03 

β3 NR4A3 0.60886 9.99E-38 β7 C2CD4B 0.37539 5.60E-04 

β3 ELL2 0.58795 7.01E-32 β7 C2CD4A 0.37481 1.32E-02 

β3 GADD45B 0.58201 3.58E-18 β7 PRRC2C 0.37445 4.36E-04 

β3 PDE10A 0.53046 8.31E-27 β7 YWHAZ 0.31824 4.52E-03 

β3 IER3 0.49809 2.95E-22 β7 MT-ND3 0.27641 2.60E-02 

β3 CPE 0.48220 3.06E-37 β7 TTR -0.26769 2.39E-02 

β3 SNAP25-AS1 0.47650 1.04E-14 β7 TMED10 -0.29497 1.29E-02 

β3 BTG2 0.45067 9.99E-03 β7 SCG3 -0.35018 6.42E-04 

β3 SGMS2 0.43022 7.00E-24 β7 ATP6V0E1 -0.35788 1.30E-02 

β3 IAPP 0.42576 2.50E-09 β7 CD63 -0.35978 1.10E-04 

β3 NR4A1 0.41704 4.40E-30 β7 SSR4 -0.36262 2.44E-04 

β3 ELMO1 0.40419 3.28E-12 β7 SCG5 -0.36535 6.78E-05 

β3 WWC1 0.39624 8.43E-12 β7 HLA-A -0.36703 1.60E-02 

β3 PARM1 0.39231 4.56E-23 β7 TMED9 -0.36947 1.14E-02 

β3 SIK3 0.38442 5.94E-23 β7 TIMP1 -0.37079 1.56E-04 
    

β7 B2M -0.38423 5.25E-05 

Cluster Gene Avg LogFC Adj p-value Cluster Gene Avg LogFC Adj p-value 

α1 FOS 0.67761 3.06E-38 α2 MTRNR2L1 0.26776 6.71E-33 

α1 MCU 0.66549 1.56E-65 α2 TMEM163 0.26760 1.17E-09 

α1 RFX2 0.64605 1.84E-71 α2 MIA2 0.26284 1.46E-14 

α1 INS 0.59435 7.07E-38 α2 GRAMD4 0.25662 6.59E-07 

α1 IAPP 0.50047 3.96E-13 α2 SOCS1 0.25330 5.32E-20 

α1 RFX3 0.47267 4.43E-40 α2 PCSK1N 0.25254 1.36E-11 

α1 MT-ND3 0.46711 4.25E-63 α2 MT-ND1 0.25142 2.87E-26 

α1 SIK2 0.46244 2.61E-39 α2 MT-ATP6 0.25138 6.77E-15 

α1 IER3 0.40442 9.20E-16 α2 GNAS 0.25123 1.92E-22 

α1 SGMS2 0.40318 1.43E-32 α2 ELAVL4 -0.26643 2.30E-08 

α1 SLC7A2 0.38864 4.69E-25 α2 HSPB1 -0.28211 1.21E-11 

α1 MBNL2 0.37355 8.17E-24 α2 MYO1E -0.29865 2.04E-11 
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α1 SIK3 0.37267 5.08E-32 α2 JUN -0.31292 5.25E-14 

α1 NLK 0.36484 2.60E-19 α3 ZNF331 0.88107 1.98E-09 

α1 ZNF331 0.36417 1.77E-07 α3 NR4A3 0.61060 8.34E-06 

α1 PAM 0.36078 7.54E-31 α3 WWC1 0.51422 4.49E-02 

α1 ELL2 0.34432 1.60E-23 α3 ELL2 0.45495 1.61E-08 

α1 ANKRD28 0.32916 2.07E-10 α3 SCG2 0.42327 1.72E-02 

α1 AC096564.1 0.32720 1.09E-39 α3 ST18 0.40834 6.92E-06 

α1 PHTF2 0.31838 5.28E-23 α3 PAM 0.40618 2.98E-04 

α1 CPE 0.30241 4.37E-24 α3 NR4A1 0.38738 2.54E-06 

α1 CACNB2 0.28573 6.63E-22 α3 MTMR7 0.38246 1.08E-03 

α1 PDE10A 0.28420 3.95E-09 α3 SIK2 0.37769 1.66E-05 

α1 CDON 0.28104 2.50E-20 α3 IER3 0.37600 1.69E-08 

α1 ZCCHC14 0.28028 2.30E-17 α3 ATP2B1 0.33478 1.39E-02 

α1 TRAK1 0.27974 1.17E-14 α3 PDE10A 0.33241 4.05E-03 

α1 ST18 0.27303 3.68E-09 α3 CREM 0.32102 1.05E-02 

α1 TRPM3 0.27108 1.33E-06 α3 MT-ND3 0.26291 2.11E-04 

α1 SEMA3E 0.26974 3.49E-04 α3 ZBTB20 -0.27894 4.23E-02 

α1 TBC1D9 0.26775 7.60E-09 α3 DACH1 -0.34587 3.16E-02 

α1 MICU1 0.26617 1.31E-17 α3 SPDYA -0.36771 1.08E-03 

α1 MTRNR2L1 0.26551 1.54E-26 α3 COX10-AS1 -0.37246 1.91E-02 

α1 GADD45B 0.26109 1.79E-09 α3 RAD23B -0.38355 9.29E-04 

α1 FLNB 0.26023 7.06E-14 α3 ACOT12 -0.39722 4.27E-02 

α1 C2CD4B 0.25869 6.97E-10 α3 RRAS2 -0.47479 7.99E-04 

α1 INHBA 0.25676 5.40E-04 α3 SQSTM1 -0.51307 1.36E-07 

α1 ZSWIM6 0.25668 8.27E-10 α3 LINC01619 -0.56784 8.08E-06 

α1 MUC13 0.25631 4.37E-05 α4 RFX2 1.07647 1.91E-27 

α1 MAN1A1 0.25188 6.57E-07 α4 FOS 0.90203 2.47E-13 

α1 MT-ND4L 0.25180 3.73E-13 α4 MCU 0.85028 1.39E-20 

α1 RPS2 -0.25616 6.27E-35 α4 RFX3 0.70101 9.28E-10 

α1 MYO10 -0.26856 9.05E-03 α4 NLK 0.64999 6.56E-11 

α1 HERPUD1 -0.28862 3.47E-20 α4 PAM 0.64347 1.06E-14 

α1 SYN2 -0.34024 4.91E-14 α4 MBNL2 0.57688 1.17E-09 

α1 HSPB1 -0.43511 1.14E-18 α4 SIK2 0.56062 3.30E-09 

α2 INS 0.70513 1.76E-57 α4 SGMS2 0.54206 1.57E-08 

α2 IAPP 0.62107 5.23E-07 α4 SLC7A2 0.52724 3.40E-06 

α2 NR4A3 0.54453 2.30E-19 α4 ANKRD28 0.51328 3.92E-05 

α2 MT-ND3 0.50010 6.30E-74 α4 LINC01091 0.49074 6.47E-03 

α2 C2CD4B 0.49365 5.67E-18 α4 CDON 0.46154 1.15E-06 

α2 ZCCHC14 0.42513 5.93E-36 α4 INHBA 0.45461 2.30E-02 

α2 GADD45B 0.42144 1.05E-11 α4 MICU1 0.44530 2.64E-07 

α2 PDK4 0.40246 1.00E-12 α4 SIK3 0.40873 1.40E-04 

α2 ZFP36 0.37734 1.67E-04 α4 TACC1 0.37829 1.47E-03 

α2 IER3 0.36097 8.11E-13 α4 TRAK1 0.35684 6.40E-03 
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α2 PLOD2 0.34154 2.99E-15 α4 ATP6V1A 0.35407 7.15E-03 

α2 ST3GAL6 0.33685 4.19E-11 α4 AC096564.1 0.35204 1.75E-04 

α2 ELL2 0.33516 2.34E-24 α4 CRY1 0.34638 2.27E-02 

α2 ST18 0.33401 2.88E-20 α4 CACNB2 0.34420 6.41E-03 

α2 ZNF331 0.33377 1.49E-04 α4 ATP2B1 0.34222 3.65E-02 

α2 MTRNR2L12 0.33181 1.19E-27 α4 GLUD1 0.32767 1.44E-02 

α2 SIK3 0.32951 9.51E-23 α4 IER3 0.32474 2.43E-04 

α2 NPAS4 0.32522 6.92E-17 α4 CPE 0.30330 6.93E-03 

α2 SLC7A2 0.32074 4.65E-26 α4 RLF 0.27000 3.94E-02 

α2 SMOC1 0.31952 5.15E-12 α4 RPL13 -0.28942 1.69E-02 

α2 FNIP2 0.31190 2.89E-07 α4 RPL13A -0.31139 7.02E-03 

α2 MUC13 0.31118 4.73E-08 α4 SQSTM1 -0.32698 2.26E-02 

α2 MCU 0.30835 4.64E-06 α4 RPS11 -0.32720 6.34E-06 

α2 PAM 0.30164 2.03E-10 α5 ZNF331 0.67155 8.24E-06 

α2 SIRT1 0.29881 1.27E-14 α5 RFX3 0.65430 2.89E-02 

α2 CPE 0.29368 5.63E-21 α5 RFX2 0.64617 3.98E-04 

α2 ZNRF1 0.29107 1.02E-05 α5 SIK3 0.58032 4.18E-04 

α2 NR4A1 0.28317 6.35E-21 α5 SIK2 0.54766 1.09E-04 

α2 NR4A2 0.28064 2.91E-06 α5 MT-ND3 0.52759 9.68E-05 

α2 PDE10A 0.28011 5.56E-07 α5 PAPPA2 0.51857 3.55E-03 

α2 RPS29 0.27809 4.53E-17 α5 PAM 0.50793 3.20E-02 

α2 PAPSS2 0.27717 6.55E-14 α5 MT-ND6 0.47200 1.42E-02 

α2 SGMS2 0.27620 8.73E-14 α5 ZSCAN18 0.42679 1.70E-03 

α2 XPR1 0.27619 8.61E-10 α5 AOPEP 0.33369 2.11E-02 

α2 MT-CYB 0.27247 5.69E-26 α5 AF111167.1 0.25986 3.25E-02 

α2 MT-ND4L 0.26813 1.54E-13 α5 CHMP2A -0.29104 3.16E-02 

α2 VGF 0.26812 3.34E-17 α5 TTR -0.31282 1.03E-02 
    

α5 TRIR -0.37705 1.10E-02 

Cluster Gene Avg LogFC Adj p-value Cluster Gene Avg LogFC Adj p-value 

δ NR4A3 0.89108 8.77E-14 δ UBE2QL1 0.25705 1.09E-05 

δ ZNF331 0.76793 2.33E-16 δ KLHL24 -0.26423 3.67E-02 

δ INS 0.66980 1.05E-10 δ RAP1B -0.27364 3.05E-03 

δ PDE10A 0.60028 2.75E-10 δ AGPAT4 -0.28290 9.95E-03 

δ SLC7A5 0.50703 2.81E-15 δ ACTG1 -0.28850 3.68E-05 

δ IAPP 0.50673 2.66E-03 δ FERMT2 -0.29259 7.40E-03 

δ NR4A2 0.50186 5.92E-07 δ ST3GAL5 -0.29604 5.83E-04 

δ GCH1 0.46399 9.08E-06 δ AC112196.1 -0.31945 1.19E-04 

δ IER3 0.42191 1.60E-10 δ GRAMD2B -0.32827 8.91E-03 

δ MAR4. 0.41541 2.17E-09 δ AC017101.1 -0.33361 2.32E-12 

δ CPE 0.40479 4.27E-12 δ HSPB1 -0.33745 4.41E-03 

δ SMOC1 0.40284 6.07E-06 δ CORO1C -0.33792 2.54E-05 

δ SIK3 0.37695 4.63E-10 δ RAB11FIP1 -0.34499 3.29E-03 

δ FOXO1 0.35257 4.22E-06 δ ZEB1 -0.36977 7.10E-03 
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δ SIK2 0.34349 2.16E-04 δ KLF7 -0.37540 4.56E-04 

δ SLC7A2 0.34189 6.69E-04 δ VCL -0.40792 6.41E-07 

δ MT-ND3 0.33831 1.89E-11 δ RSU1 -0.40820 3.84E-06 

δ C2CD4B 0.32014 5.81E-06 δ DAAM1 -0.40880 2.10E-05 

δ STX17-AS1 0.30871 4.32E-02 δ TMCC3 -0.41057 4.66E-07 

δ ELL2 0.30704 1.29E-02 δ TANC2 -0.41981 1.25E-06 

δ C4orf48 0.29937 1.20E-04 δ ITGAV -0.43057 4.13E-02 

δ KRT10 0.29476 6.44E-03 δ STX12 -0.44825 7.96E-07 

δ PCSK1N 0.29238 6.95E-03 δ ZNF608 -0.45856 2.39E-07 

δ MARK1 0.28178 1.55E-05 δ GCNT1 -0.45863 1.06E-05 

δ PPP1R1A 0.28109 2.76E-02 δ STXBP5L -0.46802 8.13E-03 

δ KLF10 0.27675 6.70E-06 δ JUN -0.50454 1.09E-08 

δ GNAS 0.27396 8.95E-04 δ ELAVL4 -0.57629 7.55E-14 

δ NPHP4 0.27274 1.37E-05 δ CBR4 -0.58001 2.25E-09 

δ TMEM51 0.27158 7.74E-05 δ MYO1E -0.58201 1.38E-17 

δ RAP1GAP2 0.26422 1.49E-02 δ ERRFI1 -0.61428 1.32E-03 

δ STAT3 0.26246 1.64E-03 δ KLF6 -0.65854 1.55E-13 

δ PHC2 0.26157 5.35E-03 δ PALLD -0.71772 2.65E-13 

δ SGMS2 0.25964 2.14E-03 δ PDLIM5 -0.71787 1.43E-10 
    

δ DEPP1 -0.83559 7.87E-08 
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Appendix B | Analysis of single cell RNA sequencing data in chapter 3  

#Replace Directory with appropriate destination 

#Remember to check cell counts at each key step 

#load packages in Rstudio 

 

library(Seurat) 

library(dplyr) 

library(ggplot2) 

library(cowplot) 

library(patchwork) 

library(sctransform) 

 

#Create Seurat object from raw data – downstream outputs of Cell Ranger v7 

#Replace object name and repeat until all 9 samples have been completed 

#Samples are donorID_condition (example: R253_low) 

#Save copies of the newly generated raw Seurat objects 

 

R253_Low_data <- Read10X(data.dir = "Directory/R253_low/outs/filtered_feature_bc_matrix/") 

R253_Low <- CreateSeuratObject(counts = R253_Low_data, project = "R253_Low", min.cells 

= 3, min.features = 200) 

saveRDS(R253_Low, file = "Directory/objects/raw_objects/R253_Low_RAW.rds") 

 

#For QC, make new column in metadata for percentage of mitochondrial genes per cell 

#Visualize QC metrics nFeature_RNA, nCounts_RNA, percent.mt for each sample 

#Save QC plots for metrics – determine QC cutoff 

#Repeat for all samples – make sure same QC cutoffs are appropriate for all 

 

R253_Low[["percent.mt"]] <- PercentageFeatureSet(R253_Low, pattern = "^MT-") 

R253_Low_QC <- VlnPlot(R253_Low, features = c("nFeature_RNA", "nCount_RNA", 

"percent.mt"), ncol = 3) 

ggsave("R253_Low_unfilt_QC.pdf", plot = R253_Low_QC, device = "pdf", width = 11, height 

= 11, units = "in") 

R253_Low_featureVSmt_unfilt <- FeatureScatter(R253_Low, feature1 = "nFeature_RNA", 

feature2 = "percent.mt") 

ggsave("R253_Low_unfilt_featureVSmt.pdf", plot = R253_Low_featureVSmt_unfilt, device = 

"pdf", width = 11, height = 11, units = "in") 

 

#Keep cells that have less than 6000 genes/cell, less than 20% percent.mt 

#Check filtered object QC and save plots after filtering 

 

R253_Low <- subset(R253_Low, subset = nFeature_RNA < 6000 & percent.mt < 20) 

R253_Low_QC_filt <- VlnPlot(R253_Low, features = c("nFeature_RNA", "nCount_RNA", 

"percent.mt"), ncol = 3) 

ggsave("R253_Low_filt_QC.pdf", plot = R253_Low_QC_filt, device = "pdf", width = 11, height 

= 11, units = "in") 
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#Run SCTransform for normalization on each sample separately 

#Make sure to save each SCT object 

 

R253_Low <- SCTransform(R253_Low, verbose = FALSE) 

saveRDS(R253_Low, file = "Directory/objects/SCT_objects/R253_Low_SCT.rds") 

 

#Turn all objects into list for efficient integration 

 

hislet_list <- list(R253_Low, R253_Positive, R253_Negative, R282_Low, R282_Positive, 

R282_Negative, R317_Low, R317_Positive, R317_Negative) 

 

#Select integration features and prep for integration 

 

hislet_int_features <- SelectIntegrationFeatures(object.list = hislet_list, nfeatures = 3000) 

hislet_list <- PrepSCTIntegration(object.list = hislet_list, anchor.features = hislet_int_features) 

 

#Continue by finding anchors, then integrate 

 

hislet_anchors <- FindIntegrationAnchors(object.list = hislet_list, normalization.method = 

"SCT", anchor.features = hislet_int_features) 

hislet <- IntegrateData(anchorset = hislet_anchors, normalization.method = "SCT") 

 

#Save the freshly integrated object 

 

saveRDS(hislet, file = "Directory/objects/hislet.rds") 

 

#Add sample metadata based on orig.ident – donor ID and condition 

#Start by setting the active identity to orig.ident 

 

Idents(hislet) <- "orig.ident" 

 

#All metadata renaming follows the exact same 3 lines of code 

#First, specify which cells, identified by a level of the active identity you are in with 

#cells.use <- WhichCells(object = hislet, idents = "identity_value") 

#Next, decide on the new metadata value to assign to these cells  

#hislet <- SetIdent(object = hislet, cells = cells.use, value = "new_value") 

#Finally, move all that informatin into the new (or old, if being renamed) metadata column 

hislet[["target_column_name"]] <- Idents(object = hislet) 

 

#Starting from orig.ident, create new column called Donor and input donor ID information 

#example for donor R253 

 

cells.use <- WhichCells(object = hislet, idents = c("R253_Low", "R253_Positive", 

"R253_Negative")) 

hislet <- SetIdent(object = hislet, cells = cells.use, value = "R253") 

hislet[["Donor"]] <- Idents(object = hislet) 
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#Starting from orig.ident, create new column for experimental conditions 

#example for Low condition samples: 

 

Idents(hislet) <- "orig.ident" 

levels(hislet) 

 

cells.use <- WhichCells(object = hislet, idents = c("R253_Low", "R282_Low", "R317_Low")) 

hislet <- SetIdent(object = hislet, cells = cells.use, value = "Low") 

hislet[["Condition"]] <- Idents(object = hislet) 

 

#Save object with newly added metadata 

 

saveRDS(hislet, file = "Directory/objects/hislet.rds") 

 

#Run PCA, check dimensions with elbow plot and heatmaps 

#Save object before continuing so clustering resolution can be changed if needed 

 

hislet <- RunPCA(hislet, verbose = FALSE) 

 

elbowplot <- ElbowPlot(hislet, ndims = 50, reduction = "pca") 

elbowplot 

ggsave("hislet_elbow.pdf", plot = elbowplot, device = "pdf", path = "Directory/", width = 11, 

height = 11, units = "in") 

 

dimHM1 <- DimHeatmap(hislet, dims = 25:35, cells = 500, balanced = TRUE) 

dimHM1 

ggsave("hislet_DimHeatmap1.pdf", plot = dimHM1, device = "pdf", path = "Directory/", width = 

11, height = 11, units = "in") 

 

dimHM2 <- DimHeatmap(hislet, dims = 35:45, cells = 500, balanced = TRUE) 

dimHM2 

ggsave("hislet_DimHeatmap2.pdf", plot = dimHM2, device = "pdf", path = "Directory/", width = 

11, height = 11, units = "in") 

 

hislet <- RunUMAP(hislet, reduction = "pca", dims = 1:40, verbose = FALSE) 

hislet <- FindNeighbors(hislet, dims = 1:40, verbose = FALSE) 

 

saveRDS(hislet, file = ""Directory/objects/hislet_precluster.rds") 

 

#Specify cluster resolution, go back to hislet_precluster object if resolution needs to be altered 

#Start with resolution 0.8, try 0.7, 0.6, 0.5, and 0.4 

#Plot gene expression for each cell type to roughly determine number of clusters per cell type 

 

hislet <- FindClusters(hislet, resolution = 0.6) 

umap_clusters <- DimPlot(hislet, reduction = "umap", label = TRUE) + NoLegend() 

umap_clusters 
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ggsave("hislet_clusters.pdf", plot = umap_clusters, device = "pdf", path = "Directory/umaps/", 

width = 11, height = 11, units = "in") 

 

islet.genes <- c("INS", "GCG", "SST", "PPY", "GHRL", "CPA1", "KRT19", "PECAM1", 

"PDGFRB", "FCER1G") 

endo.genes <- c("INS", "GCG", "SST", "PPY") 

nonendo.genes <- c("CPA1", "KRT19", "PECAM1", "PDGFRB", "FCER1G") 

 

DefaultAssay(hislet) <- "SCT" 

cluster_test <- FeaturePlot(hislet, features = islet.genes, min.cutoff = 0) 

cluster_test 

ggsave("clustertest_umap.pdf", plot = cluster_test, device = "pdf", path = "Directory/umaps/", 

width = 11, height = 11, units = "in") 

endo_test <- FeaturePlot(hislet, features = endo.genes, min.cutoff = 0) 

endo_test 

ggsave("endotest_umap.pdf", plot = endo_test, device = "pdf", path = "Directory/umaps/", width 

= 11, height = 11, units = "in") 

nonendo_test <- FeaturePlot(hislet, features = nonendo.genes, min.cutoff = 0) 

nonendo_test 

ggsave("nonendotest_umap.pdf", plot = nonendo_test, device = "pdf", path = 

"Directory/umaps/", width = 11, height = 11, units = "in") 

 

#Save once ideal clustering resolution is determined for now – can always go back and change 

 

saveRDS(hislet, file = "Directory/objects/hislet_cluster.rds") 

 

#Get number of cells in each cluster, from each sample and condition 

 

donor.per.cluster <- table(hislet$seurat_clusters, hislet$Donor) 

write.csv(donor.per.cluster, file = "Directory/donor_per_cluster.csv") 

condition.per.cluster <- table(hislet$seurat_clusters, hislet$Condition) 

write.csv(condition.per.cluster, file = "Directory/condition_per_cluster.csv") 

 

#Find all markers per cluster for cluster identity identification 

 

DefaultAssay(hislet) <- "SCT" 

cluster.deg <- FindAllMarkers(hislet, assay = "SCT", only.pos = TRUE, min.pct = 0.50, 

logfc.threshold = 0.50, verbose = TRUE) 

write.csv(cluster.deg, file = "Directory/DEG/hislet_cluster_deg.csv") 

 

#Label clusters based on cell types by creating a new column in metadata 

#Make sure to save object after assigning cell type labels 

#Example for alpha cells: 

 

Idents(hislet) <- "seurat_clusters" 

levels(hislet) 
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cells.use <- WhichCells(object = hislet, idents = c("0", "1", "9", "12", "14", "16", "17", "20", 

"24")) 

hislet <- SetIdent(object = hislet, cells = cells.use, value = "Alpha") 

hislet[["Cell_Type"]] <- Idents(object = hislet) 

 

saveRDS(hislet, file = "Directory/objects/hislet_cluster.rds") 

 

#Find all markers per cluster for cluster identity identification 

 

celltype_deg <- FindAllMarkers(hislet, assay = "SCT", only.pos = TRUE, min.pct = 0.50, 

logfc.threshold = 0.50, verbose = TRUE) 

write.csv(celltype_deg, file = "Directory/DEG/hislet_celltype_deg.csv") 

 

#Featureplots for individual genes – markers for endocrine and non-endocrine cell types 

#Example for INS: 

 

DefaultAssay(hislet) <- "SCT" 

INS <- FeaturePlot(hislet, "INS", min.cutoff = 0) 

ggsave("INS_umap.pdf", plot = INS, device = "pdf", path = "Directory/Featureplots/", width = 

11, height = 11, units = "in") 

 

#Subset non-endocrine clusters from hislet 

#Generate heatmap with top 5 DEGs for each non-endocrine cell type 

 

Idents(hislet) <- “Cell_Type” 

hislet_nonendo <- subset(hislet, idents = c("Duct", "Acinar", "Mesenchymal", "Endothelial", 

"Immune")) 

saveRDS(hislet_nonendo, file = "Directory/objects/hislet_new_nonendo.rds") 

 

nonendo_hm_genes <- c("MMP7", "KRT19", "LAMC2", "KRT18", "KRT7",  

                 "CELA3B", "CELA3A", "REG1B", "REG1A", "CPB1",  

                 "MMP1", "TIMP1", "TIMP3", "TFPI2", "INHBA",  

                 "ANGPT2", "TCF4", "FLT1", "ENG", "ESM1",  

                 "ANXA1", "SRGN", "SAMSN1", "FCER1G") 

 

nonendohm <- DoHeatmap(hislet_nonendo, features = nonendo_hm_genes, assay = "SCT") + 

scale_fill_gradientn(colors = c("blue4", "white", "red")) 

ggsave("nonendo_genes_heatmap.pdf", plot = nonendohm, device = "pdf", path = 

"Directory/DEG/", width = 11, height = 8, units = "in") 

 

#Subset endocrine cells, recluster, and save as new object 

 

DefaultAssay(hislet) <- "integrated" 

endo <- subset(hislet, idents = c("Alpha", "Beta", "Delta", "PP", "Unknown", "Polyhormonal")) 

endo 
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elbowplot <- ElbowPlot(endo, ndims = 50, reduction = "pca") 

elbowplot 

endo <- RunUMAP(endo, reduction = "pca", dims = 1:40, verbose = FALSE) 

endo <- FindNeighbors(endo, dims = 1:40, verbose = FALSE) 

saveRDS(endo, file = "Directory/objects/endo_precluster.rds") 

 

endo <- FindClusters(object = endo, resolution = 0.6) 

endoumap <- DimPlot(endo, label = TRUE, label.size = 6) + NoLegend() 

endoumap 

ggsave("endo_umap.pdf", plot = endoumap, device = "pdf", path = "Directory/umaps/", width = 

11, height = 11, units = "in") 

 

#Plot featureplots for endocrine marker genes INS, GCG, SST, PPY 

 

DefaultAssay(endo) <- "SCT" 

endo_feat <- FeaturePlot(endo, features = endo.genes, min.cutoff = 0) 

endo_feat 

 

saveRDS(endo, file = "Directory/objects/endo_cluster.rds") 

 

#Get number of cells in each cluster and each cell type, from each sample 

#Determine which clusters need to get removed due to poor integration across samples 

 

endo.donor.cluster <- table(endo$seurat_clusters, endo$Donor) 

write.csv(endo.donor.cluster, file = "Directory/endo_donor_per_cluster.csv") 

endo.condition.cluster <- table(endo$seurat_clusters, endo$Condition) 

write.csv(endo.condition.cluster, file = "Directory/endo_condition_per_cluster.csv") 

endo.donor.celltype <- table(endo$Cell_Type, endo$Donor) 

write.csv(endo.donor.celltype, file = "Directory/endo_donor_per_celltype.csv") 

endo.condition.celltype <- table(endo$Cell_Type, endo$Condition) 

write.csv(endo.condition.celltype, file = "Directory/endo_condition_per_celltype.csv") 

 

#UMAP plot by cell types 

 

Idents(endo) <- "Cell_Type" 

endo_celltype_umap <- DimPlot(endo, label = TRUE, label.size = 6) + NoLegend() 

ggsave("endo_celltypes.pdf", plot = endo_celltype_umap, device = "pdf", path = 

"Directory/umaps/", width = 11, height = 11, units = "in") 

 

#Remove clusters that are poorly integrated between donors 

#clusters 8, 9, 13, 14, 15, 19, 21 

#Therefore, give a list of cluster numbers EXCEPT the above numbers 

#Save the newly generated umap with cluster labels 

 

Idents(endo) <- "seurat_clusters" 

levels(endo) 
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endo <- subset(endo, idents = c("0", "1", "2", "3", "4", "5", "6", "7", "10", "11", "12", "16", "17", 

"18", "20")) 

endo_filt <- DimPlot(endo, label = TRUE, label.size = 6) 

ggsave("endo_clusters_filt.pdf", plot = endo_filt, device = "pdf", path = "Directory/umaps/", 

width = 11, height = 11, units = "in") 

 

#Plot featureplots for endocrine marker genes INS, GCG, SST, PPY 

 

DefaultAssay(endo) <- "SCT" 

endo_feat <- FeaturePlot(endo, features = endo.genes, min.cutoff = 0) 

endo_feat 

ggsave("endo_features.pdf", plot = endo_feat, device = "pdf", path = "Directory/Featureplots/", 

width = 22, height = 22, units = "in") 

 

#Save endocrine cells object with poorly integrated clusters removed 

 

saveRDS(endo, file = "Directory/objects/endo_filter.rds") 

 

#Create new column in metadata for cluster names post-filtering 

#Starting from cluster 0, name all clusters 

#Example for cluster 0 = Alpha1 

 

Idents(endo) <- "seurat_clusters" 

levels(endo) 

 

cells.use <- WhichCells(object = endo, idents = "0") 

endo <- SetIdent(object = endo, cells = cells.use, value = "Alpha1") 

endo[["cluster_name"]] <- Idents(object = endo) 

 

#UMAP plot with the new cluster names 

 

endo_umap_named <- DimPlot(endo, label = TRUE, label.size = 6) + NoLegend() 

endo_umap_named 

ggsave("endo_umap_named.pdf", plot = endo_umap_named, device = "pdf", path = 

"Directory/umaps/", width = 11, height = 11, units = "in") 

 

#Create metadata column for cell types only for cells in the endo object 

#Example for alpha cells 

  

Idents(endo) <- "cluster_name" 

levels(endo) 

 

cells.use <- WhichCells(object = endo, idents = c("Alpha1", "Alpha2", "Alpha3", "Alpha4", 

"Alpha5")) 

endo <- SetIdent(object = endo, cells = cells.use, value = "Alpha") 

endo[["endo_celltype"]] <- Idents(object = endo) 
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#Save the object with the new metadata 

#At this point, metadata should have Donor, Condition, Cell_Type (from hislet), cluster_name 

(endo), and endo_celltype 

 

saveRDS(endo, file = "Directory/objects/endo_filter.rds") 

 

#Identifying DEGs in each cluster for alpha and beta cells 

#For alpha, beta, delta, and polyhormonal cells 

#Split objects into cell types first, obtain top DEGs in each alpha and beta cell cluster 

#Example for beta cells: 

 

Idents(endo) <- "endo_celltype" 

levels(endo) 

DefaultAssay(endo) <- "integrated" 

 

beta <- subset(endo, idents = "Beta") 

DimPlot(beta) 

saveRDS(beta, file = "Directory/objects/beta.rds") 

 

Idents(beta) <- "cluster_name" 

levels(beta) 

levels(beta) <- c("Beta1", "Beta2", "Beta3", "Beta4", "Beta5", "Beta6", "Beta7") 

DefaultAssay(beta) <- "SCT" 

beta_cluster_deg <- FindAllMarkers(beta, assay = "SCT", only.pos = TRUE, logfc.threshold = 

2.0, verbose = TRUE) 

write.csv(beta_cluster_deg, file = "Directory/DEG/beta_clusters_deg.csv") 

 

beta_cluster_top10 <- c("CNTN5", "PTPRD", "TRMP3", "UNC5D", "LSAMP", "DGKB", 

"MEG3", "SPP1", "NPY", "IGFBP5",  

                        "GRAMD2B", "TMED6", "MYL6", "LINC01091", "MARK1", "TBC1D4", 

"FTH1", "LINC01146", "GNAS", "IAPP",  

                        "RBP4", "TIMP1", "HSPA5", "PAPSS2", "NEAT1", "MT-ND1", "HS6ST3", 

"PCSK1N", "FGF14", "PRG4", "KCNMA1",  

                        "HERPUD1", "CHGB", "MGRN1", "SERP1", "ARF4", "SLC25A36", "CEBPG", 

"GLRX5", "CLTRN", "SLC9A3R1",  

                        "MT1X", "MT2A", "MT1E", "MT1F", "MT1M", "MT1G", "SOD2", 

"DNAJC12", "TNFRSF12A", "PTMS",  

                        "AC106793.1", "EGLN3", "AC112206.2", "AL138828.1", "AL163541.1", 

"LINC02542", "AC021192.1", "IKZF3", "TSBP1-AS1", "MEIKIN",  

                        "DMD", "PRUNE2", "SAT1", "TMEM176B", "UBE2D3", "OAZ1", "H1F0", 

"TBL1XR1", "CCDC288") 

 

betahm <- DoHeatmap(beta, features = beta_cluster_top10, assay = "SCT") + 

scale_fill_gradientn(colors = c("blue4", "white", "red")) 

betahm 

ggsave("beta_cluster_DEG_heatmap.pdf", plot = betahm, device = "pdf", path = 
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"Directory/DEG/", width = 8, height = 11, units = "in") 

 

#Identifying calcium-regulated and glucose-regulated genes in each cluster 

#Split the cell type objects into paired conditions for conditional comparisons 

#Positive and Negative for calcium-regulated genes, Low and Positive for glucose-regulated 

#For alpha cells only, use Low and Negative instead of Low and Positive 

#Example for beta cells 

 

Idents(beta) <- "Condition" 

levels(beta) 

beta_pn <- subset(beta, idents = c("Positive", "Negative")) 

Idents(beta_pn) <- "Condition" 

levels(beta_pn) 

saveRDS(beta_pn, file = "Directory/objects/beta_pn.rds") 

 

Idents(beta) <- "Condition" 

levels(beta) 

beta_lp <- subset(beta, idents = c("Low", "Positive")) 

Idents(beta_lp) <- "Condition" 

levels(beta_lp) 

saveRDS(beta_lp, file = "Directory/objects/beta_lp.rds") 

 

#Obtain DEG in each cluster using the split objects, comparing the 2 conditions 

#For delta cells, there are no clusters – use the delta_pn and delta_lp objects 

#Must perform function in each cluster one by one 

#Example for Positive vs Negative comparison in cluster Beta1: 

 

Idents(beta_pn) <- "cluster_name" 

levels(beta_pn) 

 

beta1_pn_deg <- FindMarkers(beta_pn, ident.1 = "Positive", ident.2 = "Negative", group.by = 

'Condition', subset.ident = "Beta1") 

write.csv(beta1_pn_deg, file = "Directory/DEG/Beta1_PvN_deg.csv") 

 

#Generate split violin plots for calcium-regulated or glucose-regulated genes 

#Example: 

 

beta_calcium_genes <- c("NPAS4", "IAPP", "ZNF331", "NR4A1") 

Calcium_vln <- VlnPlot(beta_pn, features = beta_calcium_genes, cols = c("dodgerblue", 

"forestgreen"), pt.size = 0, split.by = "Condition", split.plot = TRUE, ncol = 2) 

ggsave("beta_calcium_vln.pdf", plot = Calcium_vln, device = "pdf", path = "Directory/Violins/", 

width = 11, height = 8, units = "in") 

 

#Split beta cells into PCDH7-high and PCDH7-low 

#Obtain DEG lists for PCDH7-high vs PCDH7-low 

#Set cutoff for PCDH7-high based on ridge plot of PCDH7 expression in beta cells 



229 

 

Idents(beta) <- "cluster_name" 

levels(beta) 

DefaultAssay(beta) <- "SCT" 

 

ridgeplot <- RidgePlot(beta, features = "PCDH7", assay = "SCT") 

ggsave("beta_PCDH7_ridge.pdf", plot = ridgeplot, device = "pdf", path = "Directory/", width = 

8, height = 8, units = "in") 

 

pcdh7_high <- WhichCells(beta, expression = PCDH7 > 1) 

beta$PCDH7_status <- ifelse(colnames(beta) %in% pcdh7_high, "PCDH7_HIGH", 

"PCDH7_LOW") 

 

Idents(beta) <- "PCDH7_status" 

DotPlot(beta, features = "PCDH7") 

 

saveRDS(beta, file = "Directory/objects/beta.rds") 

 

pcdh7_deg <- FindMarkers(beta, ident.1 = "PCDH7_HIGH", ident.2 = "PCDH7_LOW") 

write.csv(pcdh7_deg, file = "Directory/pcdh7/PCDH7_high_vs_low_deg.csv") 

 

PCDH7_dot <- DotPlot(beta, features = "PCDH7", cols = c("blue", "red"), dot.scale = 20) 

ggsave("PCDH7_dotplot.pdf", plot = PCDH7_dot, device = "pdf", path = "Directory/pcdh7/", 

width = 8, height = 11, units = "in") 

 

PCDH7_feature <- FeaturePlot(endo, "PCDH7", order = TRUE) 

ggsave("PCDH7_featureplot.pdf", plot = PCDH7_feature, device = "pdf", path = 

"Directory/pcdh7/", width = 11, height = 11, units = "in") 

 

#Subset polyhormonal cells + alpha or polyhormonal cells + beta cells from endo 

#Generate heatmaps comparing alpha and beta maturity markers 

#Use average expression of genes per cluster for cleaner heatmap 

#Example for polyhormonal cells + beta cells 

 

mature.beta <- c("INS", "IAPP", "MAFA", "UCN3", "PDX1", "ERO1B", "NKX2-2", "NKX6-

1") 

DefaultAssay(endo) <- "integrated" 

Idents(endo) <- “Cell_Type” 

polybeta <- subset(endo, idents = c("Beta", "Polyhormonal")) 

saveRDS(polybeta, file = "Directory/objects/polybeta.rds") 

avg_polybeta <- AverageExpression(polybeta, return.seurat = TRUE) 

saveRDS(avg_polybeta, file = "Directory/objects/avg_polybeta.rds") 

polyvsbeta <- DoHeatmap(avg_polybeta, features = mature.beta, draw.lines = FALSE) + 

scale_fill_gradientn(colors = c("blue", "white", "red")) 

ggsave("polybeta_hm.pdf", plot = polyvsbeta, device = "pdf", path = "Directory/DEG/", width = 

8, height = 8, units = "in") 
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Appendix C | Analysis of single cell RNA sequencing data in chapter 6  

#Replace Directory with appropriate destination 

#Remember to check cell counts at each key step 

#load packages in Rstudio 

 

library(Seurat) 

library(dplyr) 

library(ggplot2) 

library(cowplot) 

library(patchwork) 

library(sctransform) 

 

#Create Seurat object from raw data – downstream outputs of Cell Ranger v7 

#Replace object name and repeat until all 13 samples have been completed 

#Samples are genotype and sample number (example: CT1) 

#CT1-CT4, KO1-KO3 are refed; CT5-CT7, KO4-KO6 are fasted 

#Save copies of the newly generated raw Seurat objects 

#Example for CT1: 

 

CT1_raw <- Read10X(data.dir = "Directory/CT1/outs/filtered_feature_bc_matrix/") 

CT1 <- CreateSeuratObject(counts = CT1_raw, project = "CT1", min.cells = 3, min.features = 

200) 

saveRDS(CT1, file = "Directory/Objects/CT1_RAW.rds") 

 

#For QC, make new column in metadata for percentage of mitochondrial genes per cell 

#Visualize QC metrics nFeature_RNA, nCounts_RNA, percent.mt for each sample 

#Save QC plots for metrics – determine QC cutoff 

#Repeat for all samples – make sure same QC cutoffs are appropriate for all 

 

CT1[["percent.mt"]] <- PercentageFeatureSet(CT1, pattern = "^mt-") 

CT1.QC <- VlnPlot(CT1, features = c("nFeature_RNA", "nCount_RNA", "percent.mt"), ncol = 

3) 

ggsave("CT1_prefilter.pdf", plot = CT1.QC, device = "pdf", path = "Directory/QCplots/", width 

= 11, height = 11, units = "in") 

 

#Set Threshold for filtering cells - all objects 

#Only keep cells with percent.mt < 20% and nFeature < 7500  

#Re-plot the QC metrics after filtering and save the plots 

 

CT1 <- subset(CT1, subset = nFeature_RNA < 7500 & percent.mt < 20) 

CT1.filter.QC <- VlnPlot(CT1, features = c("nFeature_RNA", "nCount_RNA", "percent.mt"), 

ncol = 3) 

ggsave("CT1_filter.pdf", plot = CT1.filter.QC, device = "pdf", path = "Directory/QCplots/", 

width = 11, height = 11, units = "in") 
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#Run SCTransform for normalization on each sample separately 

#Make sure to save each SCT object 

 

CT1 <- SCTransform(CT1, verbose = FALSE) 

saveRDS(CT1, file = "Directory/Objects/CT1_SCT.rds") 

 

#Turn objects into list and integrate 

arc.all.list <- list(CT1, CT2, CT3, CT4, CT5, CT6, CT7, KO1, KO2, KO3, KO4, KO5, KO6) 

 

#Select integration features and prep for integration 

#Then find anchors and integrate 

 

arc.all.features <- SelectIntegrationFeatures(object.list = arc.all.list, nfeatures = 3000) 

arc.all.list <- PrepSCTIntegration(object.list = arc.all.list, anchor.features = arc.all.features) 

 

arc.all.anchors <- FindIntegrationAnchors(object.list = arc.all.list, normalization.method = 

"SCT", anchor.features = arc.all.features) 

arc.all <- IntegrateData(anchorset = arc.all.anchors, normalization.method = "SCT") 

 

#Save the integrated object 

saveRDS(arc.all, file = "Directory/Objects/ARC_all.rds") 

 

#Run PCA, determine number of dimensions 

#Use elbow plot and confirm with heatmaps 

#Run UMAP dimensional reduction and find neighbours for clustering 

#Save the object before clustering so it can be re-loaded for clustering at a different resolution 

 

arc.all <- RunPCA(arc.all, verbose = FALSE) 

elbowplot <- ElbowPlot(arc.all, ndims = 50, reduction = "pca") 

elbowplot 

ggsave("arc_all_elbow.pdf", plot = elbowplot, device = "pdf", path = "Directory/QCplots/", 

width = 11, height = 8.5, units = "in") 

 

DimHeatmap(arc.all, dims = 35:45, cells = 500, balanced = TRUE) 

arc.all <- RunUMAP(arc.all, reduction = "pca", dims = 1:40, verbose = FALSE) 

arc.all <- FindNeighbors(arc.all, dims = 1:40, verbose = FALSE) 

 

saveRDS(arc.all, file = "Directory/Objects/ARC_all_precluster.rds") 

 

#Continue with specifying cluster resolution 

#Save object once cluster resolution is finalized  

 

arc.all <- FindClusters(arc.all, resolution = 0.6) 

clusters.umap <- DimPlot(arc.all, reduction = "umap", label = TRUE) + NoLegend() 

ggsave("ARC_seurat_clusters.pdf", plot = clusters.umap, device = "pdf", path = 

"Directory/umaps/", width = 11, height = 11, units = "in") 
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quick.genes <- c("Snap25", "Syt1", "Olig1", "Agt") 

extra.genes <- c("Ccdc153","Rax","Cldn5","Myh11","Cx3cr1","C1qa","Mrc1") 

 

cluster.test <- FeaturePlot(arc.all, features = quick.genes, order = TRUE, min.cutoff = 0) 

ggsave("clustertest_umap.pdf", plot = cluster.test, device = "pdf", path = "Directory/umaps/", 

width = 11, height = 11, units = "in") 

cluster.test2 <- FeaturePlot(arc.all, features = extra.genes, order = TRUE, min.cutoff = 0) 

ggsave("clustertest2_umap.pdf", plot = cluster.test2, device = "pdf", path = "Directory/umaps/", 

width = 11, height = 11, units = "in") 

 

saveRDS(arc.all, file = "Directory/Objects/ARC_all_res0.6.rds") 

 

#Get number of cells in each cluster, from each sample 

 

cells.per.cluster <- table(arc.all$seurat_clusters, arc.all$genotype) 

write.csv(cells.per.cluster, file = "Directory/cells_per_cluster.csv") 

condition.per.cluster <- table(arc.all$seurat_clusters, arc.all$condition) 

write.csv(condition.per.cluster, file = "Directory/condition_per_cluster.csv") 

 

#Find all markers per cluster for further cluster identity identification 

 

DefaultAssay(arc.all) <- "RNA" 

cluster.deg <- FindAllMarkers(arc.all, assay = "RNA", only.pos = TRUE, min.pct = 0.50, 

logfc.threshold = 0.25) 

write.csv(cluster.deg, file = "Directory/DEG/all_cluster_deg.csv") 

 

#UMAP plot of all clusters in object 

 

Idents(arc.all) <- "seurat_clusters" 

levels(arc.all) 

seurat_umap <- DimPlot(arc.all, reduction = "umap", label = FALSE) + NoLegend() 

seurat_umap 

ggsave("ARC_seurat_clusters_nolabel.pdf", plot = seurat_umap, device = "pdf", path = "~/", 

width = 11, height = 11, units = "in") 

 

#UMAP plot split by genotype 

 

arc_splitgeno <-DimPlot(arc.all, split.by = "genotype") + NoLegend() 

arc_splitgeno 

ggsave("ARC_umap_split_geno.pdf", plot = arc_splitgeno, device = "pdf", path = "~/", width = 

22, height = 11, units = "in") 

 

#UMAP plot split by condition 

 

arc_splitcond <- DimPlot(arc.all, split.by = "condition") + NoLegend() 

arc_splitcond 
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ggsave("ARC_umap_split_cond.pdf", plot = arc_splitcond, device = "pdf", path = "~/", width = 

22, height = 11, units = "in") 

 

#Metadata labelling 

#orig.ident content values will be RENAMED to the format condition_genotype_sampleID 

#R = Refed, F = Fasted; CT = control, KO = knockout 

#Example for CT1: 

 

Idents(arc.all) <- "orig.ident" 

levels(arc.all) 

cells.use <- WhichCells(object = arc.all, idents = "CT1") 

arc.all <- SetIdent(object = arc.all, cells = cells.use, value = "R_CT_1") 

arc.all[["orig.ident"]] <- Idents(object = arc.all) 

 

#cluster_name column will be made to label cells with a specific cluster name in a cell type 

#Example for Neuron1 cluster (cluster 5) 

 

Idents(arc.all) <- "seurat_clusters" 

levels(arc.all) 

cells.use <- WhichCells(object = arc.all, idents = 5) 

arc.all <- SetIdent(object = arc.all, cells = cells.use, value = "Neuron1") 

arc.all[["cluster_name"]] <- Idents(object = arc.all) 

 

#cell_type column will be made to label cells with a cell type 

#Example for Neurons 

 

Idents(arc.all) <- "seurat_clusters" 

levels(arc.all) 

cells.use <- WhichCells(object = arc.all, idents = c("5", "15", "16", "21", "22", "25", "32")) 

arc.all <- SetIdent(object = arc.all, cells = cells.use, value = "Neurons") 

arc.all[["cell_type"]] <- Idents(object = arc.all) 

 

#genotype column will be made to label cells with either CT (control) or KO (knockout) 

 

Idents(arc.all) <- "orig.ident" 

levels(arc.all) 

 

cells.use <- WhichCells(object = arc.all, idents = c("R_CT_1", "R_CT_2", "R_CT_3", 

"R_CT_4", "F_CT_5", "F_CT_6", "F_CT_7")) 

arc.all <- SetIdent(object = arc.all, cells = cells.use, value = "CT") 

arc.all[["genotype"]] <- Idents(object = arc.all) 

cells.use <- WhichCells(object = arc.all, idents = c("R_KO_8", "R_KO_9", "R_KO_10", 

"F_KO_11", "F_KO_12", "F_KO_13")) 

arc.all <- SetIdent(object = arc.all, cells = cells.use, value = "KO") 

arc.all[["genotype"]] <- Idents(object = arc.all) 
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#condition column will be made to label cells with either fasted or refed 

 

Idents(arc.all) <- "orig.ident" 

levels(arc.all) 

 

cells.use <- WhichCells(object = arc.all, idents = c("R_CT_1", "R_CT_2", "R_CT_3", 

"R_CT_4", "R_KO_8", "R_KO_9", "R_KO_10")) 

arc.all <- SetIdent(object = arc.all, cells = cells.use, value = "Refed") 

arc.all[["condition"]] <- Idents(object = arc.all) 

cells.use <- WhichCells(object = arc.all, idents = c("F_CT_5", "F_CT_6", "F_CT_7", 

"F_KO_11", "F_KO_12", "F_KO_13")) 

arc.all <- SetIdent(object = arc.all, cells = cells.use, value = "Fasted") 

arc.all[["condition"]] <- Idents(object = arc.all) 

 

#sample_number will be made to label cells coming from a unique biological sample 

#numbers 1 through 13 will be used 

#Example for sample R_CT_1 (sample 1) 

 

Idents(arc.all) <- "orig.ident" 

 

cells.use <- WhichCells(object = arc.all, idents = "R_CT_1") 

arc.all <- SetIdent(object = arc.all, cells = cells.use, value = "1") 

arc.all[["sample_number"]] <- Idents(object = arc.all) 

 

saveRDS(arc.all, file = "Directory/Objects/ARC_all_res0.6.rds") 

 

#Generate UMAP plot of all cells coloured by cell type 

 

Idents(arc.all) <- "cell_type" 

arc.umap.celltypes <- DimPlot(arc.all) + NoLegend()  

arc.umap.celltypes 

ggsave("ARC_umap_celltypes_nolabel.pdf", plot = arc.umap.celltypes, device = "pdf", path = 

"~/", width = 11, height = 11, units = "in") 

 

#Generate dot plot of marker genes for each cell type 

 

levels(arc.all) <- c("Astrocytes", "Neurons", "Tanycytes", "Ependymocytes", 

"Oligodendrocytes", "Endothelial", "Microglia", "Mystery") 

celltype_genes <- c("Agt", "Gfap", "Snap25", "Resp18", "Syt1", "Rbfox3",  

                   "Slc17a6", "Slc32a1", "Rax", "Gpr50", "Ccdc153", "Tmem212",  

                   "Olig1", "Mag", "Pllp", "Mobp", "Cldn5", "Myh11", "Slc38a5",  

                   "Slco1c1", "C1qa", "Mrc1", "Cx3cr1", "Aif1", "Pdgfra", "Lum", "Dcn", "Col15a1") 

celltype_dotplot <- DotPlot(arc.all, assay = "SCT", features = celltype_genes, dot.scale = 10) + 

RotatedAxis() 

ggsave("arc_celltype_dot.pdf", plot = celltype_dotplot, device = "pdf", path = "~/arc_umap", 

width = 22, height = 11, units = "in") 
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#From arc.all, subset out only cells that are Neurons, and express Pomc 

#Save the subsetted Pomc+ neurons as a separate object 

 

theme_set(theme_cowplot()) 

Idents(arc.all) <- "cell_type" 

DefaultAssay(arc.all) <- "integrated" 

 

pomc.neurons <- subset(arc.all, subset = Pomc > 0, idents = "Neurons") 

saveRDS(pomc.neurons, file = "Directory/Objects/ARC_all_POMC.rds") 

 

#Add metadata column within pomc.neurons so both condition and genotype are included 

 

Idents(pomc.neurons) <- "orig.ident" 

levels(pomc.neurons) 

 

cells.use <- WhichCells(object = pomc.neurons, idents = c("R_CT_1", "R_CT_2", "R_CT_3", 

"R_CT_4")) 

pomc.neurons <- SetIdent(object = pomc.neurons, cells = cells.use, value = "Refed_CT") 

pomc.neurons[["condition_genotype"]] <- Idents(object = pomc.neurons) 

 

cells.use <- WhichCells(object = pomc.neurons, idents = c("R_KO_8", "R_KO_9", 

"R_KO_10")) 

pomc.neurons <- SetIdent(object = pomc.neurons, cells = cells.use, value = "Refed_KO") 

pomc.neurons[["condition_genotype"]] <- Idents(object = pomc.neurons) 

 

cells.use <- WhichCells(object = pomc.neurons, idents = c("F_CT_5", "F_CT_6", "F_CT_7")) 

pomc.neurons <- SetIdent(object = pomc.neurons, cells = cells.use, value = "Fasted_CT") 

pomc.neurons[["condition_genotype"]] <- Idents(object = pomc.neurons) 

 

cells.use <- WhichCells(object = pomc.neurons, idents = c("F_KO_11", "F_KO_12", 

"F_KO_13")) 

pomc.neurons <- SetIdent(object = pomc.neurons, cells = cells.use, value = "Fasted_KO") 

pomc.neurons[["condition_genotype"]] <- Idents(object = pomc.neurons) 

 

saveRDS(pomc.neurons, file = "Directory/Objects/ARC_all_POMC.rds") 

 

#General DEGs between KO and CT in all POMC neurons 

 

DefaultAssay(pomc.neurons) <- "SCT" 

Idents(pomc.neurons) <- "genotype" 

levels(pomc.neurons) 

pomc.geno.deg <- FindAllMarkers(pomc.neurons, assay = "SCT", only.pos = TRUE) 

write.csv(pomc.geno.deg, file = "Directory/AllPomcNeurons_KOvsCT_deg.csv") 

 

geno.deg <- c("Cwc22", "Agt", "Mt2", "Slc6a11",  

              "Rpl21", "Prkg1", "Marchf1", "Snhg11", "Kcnip4", "Pcdh9") 
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dot.geno <- DotPlot(pomc.neurons, assay = "SCT", features = geno.deg, dot.scale = 20, col.min 

= 0) 

ggsave("CT_KO_DEG_dotplot.pdf", plot = dot.geno, device = "pdf", path = "~/arc_data", width 

= 11, height = 11, units = "in") 

 

#Identifying refeeding-regulated genes in CT POMC neurons only 

 

Idents(pomc.neurons) <- "condition_genotype" 

refeed.CT.genes <- FindMarkers(pomc.neurons, ident.1 = "Refed_CT", ident.2 = "Fasted_CT") 

write.csv(refeed.CT.genes, file = "Directory/CT_POMC_Refed_vs_Fasted_genes.csv") 

 

#Refeeding-regulated genes within KO POMC neurons only 

 

Idents(pomc.neurons) <- "condition_genotype" 

refeed.KO.genes <- FindMarkers(pomc.neurons, ident.1 = "Refed_KO", ident.2 = "Fasted_KO") 

write.csv(refeed.KO.genes, file = "Directory/KO_POMC_Refed_vs_Fasted_genes.csv") 

 

#Refed_CT vs Refed_KO 

 

Idents(pomc.neurons) <- "condition_genotype" 

Refed.CTvsKO.genes <- FindMarkers(pomc.neurons, ident.1 = "Refed_CT", ident.2 = 

"Refed_KO") 

write.csv(Refed.CTvsKO.genes, file = "Directory/Refed_POMC_CT_vs_KO_genes.csv") 

 

#Gene Ontology using DEenrichRPlot 

#Use Biological Process and Molecular Function 2021 

#Generate barplots of top 20 terms and CSV outputs 

#For general CT vs KO (all POMC neurons) and for Refed_CT vs Refed_KO only 

 

POMC_CT_KO_BP <- DEenrichRPlot(pomc.neurons, ident.1 = "CT", ident.2 = "KO", assay = 

"SCT", max.genes = 800, enrich.database = "GO_Biological_Process_2021", num.pathway = 20, 

return.gene.list = TRUE) 

write.csv(POMC_CT_KO_BP, file = "Directory/enrichR/POMC_CT_KO_BiolProc.csv") 

 

plot_POMC_CT_KO_BP <- DEenrichRPlot(pomc.neurons, ident.1 = "CT", ident.2 = "KO", 

assay = "SCT", max.genes = 800, enrich.database = "GO_Biological_Process_2021", 

num.pathway = 20) 

ggsave("POMC_CT_KO_BP_barplot.pdf", plot = plot_POMC_CT_KO_BP, device = "pdf", 

path = "Directory/enrichR", width = 22, height = 11, units = "in") 

 

POMC_CT_KO_MF <- DEenrichRPlot(pomc.neurons, ident.1 = "CT", ident.2 = "KO", assay = 

"SCT", max.genes = 800, enrich.database = "GO_Molecular_Function_2021", num.pathway = 

20, return.gene.list = TRUE) 

write.csv(POMC_CT_KO_MF, file = "Directory/enrichR/POMC_CT_KO_MolFunc.csv") 

 

plot_POMC_CT_KO_MF <- DEenrichRPlot(pomc.neurons, ident.1 = "CT", ident.2 = "KO", 
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assay = "SCT", max.genes = 800, enrich.database = "GO_Molecular_Function_2021", 

num.pathway = 20) 

ggsave("POMC_CT_KO_MF_barplot.pdf", plot = plot_POMC_CT_KO_MF, device = "pdf", 

path = "Directory/enrichR", width = 22, height = 11, units = "in") 

 

RefedCT_KO_BP <- DEenrichRPlot(pomc.neurons, ident.1 = "Refed_CT", ident.2 = 

"Refed_KO", assay = "SCT", max.genes = 600, enrich.database = 

"GO_Biological_Process_2021", num.pathway = 20, return.gene.list = TRUE) 

write.csv(RefedCT_KO_BP, file = "Directory/enrichR/Refed_CT_KO_BioProc.csv") 

 

plot_RefedCT_KO_BP <- DEenrichRPlot(pomc.neurons, ident.1 = "Refed_CT", ident.2 = 

"Refed_KO", assay = "SCT", max.genes = 600, enrich.database = 

"GO_Biological_Process_2021", num.pathway = 20) 

ggsave("Refed_CT_KO_BP_barplot.pdf", plot = plot_RefedCT_KO_BP, device = "pdf", path = 

"Directory/enrichR", width = 22, height = 11, units = "in") 

 

#Split violin plots for genes showing all four conditions and genotypes 

#Example for IEG 

 

ieg <- c("Fos", "Egr1", "Jund", "Fosb", "Junb", "Jun","Npas4", "Arc") 

pomc.ieg.cond <- VlnPlot(pomc.neurons, features = ieg, pt.size = 0, ncol = 3) 

ggsave("IEG_split_vlns.pdf", plot = pomc.ieg.cond, device = "pdf", path = "~/", width = 11, 

height = 8, units = "in") 

 

#Dot plots for DEG between CT and KO POMC neurons 

#Example for GABA receptor subunit genes from GO analysis 

 

dot.gabar.geno <- DotPlot(pomc.neurons, assay = "SCT", c("Gabrb3", "Gabrb1", "Gabrg3", 

"Gabra2", "Gabrg1", "Gabrg2", "Gabra3"), dot.scale = 20, col.min = 0) 

 

ggsave("CT_KO_gabar_genes_dotplot.pdf", plot = dot.gabar.geno, device = "pdf", path = "~/", 

width = 11, height = 11, units = "in") 

 

 


