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Abstract 

 
It is becoming increasingly apparent that insulin signaling regulates neural circuits in 

the brain, playing roles in the control of appetite, cognition and memory. Interestingly, 

in humans, intranasal delivery of insulin to specifically target the brain, has an effect on 

feeding behaviour, glucose regulation and cognition. However, the action of intranasally 

administered insulin in the brain has not yet been fully explained, especially in respect 

to food intake. Here, to determine the effect of intranasal insulin in vivo, the mice were 

placed in metabolic cages after intranasal injection of standard human insulin, the 

results show that intranasal insulin remarkably reduced food consumption within 2-5 

hours after treatment. Then intranasal fluorescence insulin was delivered to track the 

distribution of insulin receptors in mouse brain to highlight the areas of the brain that 

intranasal insulin can reach. Results suggest that insulin receptors are located in many 

areas of the murine brain, including olfactory bulb, hippocampus, brainstem and a novel 

area nucleus of the horizontal limb of the diagonal band (HDB). Furthermore, 

knockdown of the insulin receptor in the HDB leads to a significant increase in food 

intake in male rats but not female rats. Besides, impaired insulin signaling in the HDB 

also results in hyperactive in female rats but not male rats. Retrograde tracing data show 

that the HDB receives afferents from the ventral tegmental area (VTA) and mitral cell 

layer of olfactory bulb, which might be involved in regulating in metabolism.  

 

Overall, our data indicates that intranasal delivery of insulin is a good way to target 

areas of the brain important for controlling energy balance. Due to the metabolic effect 

that intranasal insulin has both in rodents and humans, further studies are warranted in 

order to understand which insulin sensitive brain regions and neurons are involved in 

this process.  
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1 Insulin 

1.1.1 The discovery of insulin  

 
Dating back to around 1889, two German scientists, Joseph von Mering and Oskar 

Minkowski, pointed out that total removal of the pancreas led to the diabetes related 

deaths (Minkowski, 1989), which implied that the pancreas was vital in controlling 

carbohydrate metabolism. The key substance was named as insulin (from Latin “insula” 

(“island”)) by Sir Edward Albert Sharpey-Schafer in 1915. On the basis of previous 

findings, Frederick Banting and Charles Best further discovered that dogs exhibited 

diabetic symptoms, such as high glucose levels in the blood and urine after removing 

the pancreases, while these signs were improved when pancreas extractions were given 

(Banting et al., 1922). However, the impurity of insulin was still an urgent issue to be 

addressed. The Canadian biochemist James Bertram Collip joined the team to help 

extract pure insulin. Finally, with the collaborative effort of many scientists, use of 

insulin in the clinic became possible (De Leiva-Hidalgo and De Leiva-Perez, 2020; 

Banting et al., 1991, 1962) and also started a new historical chapter for the treatment 

regimen of diabetic patients. 

 

1.1.2 The development of insulin  

 
The use of insulin was developed further and by the 1960s, it could be chemically 

synthesised in the laboratory (Katsoyannis et al., 1966). Benefiting from DNA 

technology, human insulin could be produced in bacteria (Crea et al., 1978) which 

achieved a higher yield and fewer allergic reactions (Fineberg et al., 1983). In 1988, 

Brange et al reported the first insulin analogue that achieved faster absorption and better 

mimicked the rapid augmentation of insulin in people without diabetes (Brange et al., 

1988). 

  

1.1.3 The management of diabetes mellitus 

 
As Banting mentioned in his Nobel Prize lecture, insulin is rather a treatment than a 

cure for type 1 diabetes. Type 1 diabetes (Ozougwu et al., 2013) is an autoimmune 

disease where β cells in the pancreas are destroyed and insulin is secreted and released 
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to maintain normal glucose levels. A common management for type 1 diabetes is to 

inject short-acting insulin at meal times, combined with long-acting insulin (Owens and 

Griffiths, 2002) once or twice per day to control normal glucose levels. However, for 

the regimen of type 2 diabetes (Ozougwu et al., 2013) that is usually caused by being 

overweight and obesity, initial drug treatments like metformin and sulfonylurea, along 

with healthy diet and increasing physical activity are recommended (Gebrie et al., 2021). 

Insulin injection combined with licensed medications are then introduced when single 

medicine or dual medicine therapy are unable to control the blood glucose levels.  

 

1.1.4 The delivery of insulin 

 
Even though the discovery and development of insulin has brought light to the millions 

suffering from diabetes, it has to be delivered by injection due to the risk that enzyme 

digestion could destroy its function, this makes diabetes health management painful and 

exhausting. With the development of technologies, insulin delivery devices were 

invented based on monitoring patient blood glucose levels, such as the insulin pump, 

insulin pen (Heinemann et al., 2021) and closed-loop bihormonal delivery system (Bally 

et al., 2018). However, users have to test their blood sugar level several times a day or 

use monitors continuously, which is extremely inconvenient.  

 

With the idea of avoiding insulin injections on the implantation of a pump, an 

alternative way of delivering insulin has been recently developed where insulin is 

administrated via inhalation (Oleck et al., 2016). In 2014, inhale insulin Afrezza was 

approved for the treatment of type 1 and type 2 diabetes by the Food and Drug 

Administration (FDA) (https://www.medscape.com/viewarticle/827539). Though some 

side effects were concerned, such as a cough (Bode et al., 2015), inhaled insulin Afrezza 

still showed great potential compared to conventional subcutaneous injection. 

Specifically, it was reported that type 1 diabetic patients had reduced blood glucose 

levels, with less hypoglycemia and less weight gain after 24 weeks of Afrezza treatment 

(Bode et al., 2015), suggesting that inhaled insulin could overcome the complications of 

applying injections of insulin for treating diabetes (Richardson and Kerr, 2003; Mccall, 

2012) (Figure 1.1 shows the development of the delivery of insulin). 

 

https://www.medscape.com/viewarticle/827539
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Figure 1. 1 The development of the delivery of insulin. Once insulin was discovered, 

insulin originally was delivered by syringes, then by insulin pumps, then insulin pens 

were innovated to improve the self-management of diabetes. In 2006, inhaled insulin 

Exubera was put onto the market. However, due to several lung problem cases that were 

reported, it was soon withdrawn. After that, inhaled insulin Afrezza became popular and 

is still used now. 

 

1.2 The secretion of insulin  

 
Insulin is secreted by the β cells of the pancreas. After a meal, food is digested and a 

person’s glucose level rises. High glucose concentration is transported to the β cells of 

the pancreas via glucose transport 2 (GLUT2) (Kellett et al., 2008), then an abundance 

of ATP is produced through the process of glycolysis and the tricarboxylic acid (TCA) 

cycle. The increasing level of ATP binds to the ATP site in the KATP channel, leading to 

the KATP channel being closed and the intracellular potassium increasing. The 

consequence of this is a membrane depolarization that opens the voltage-gated calcium 

channel. Increasing Ca2+ influx promotes the migration of insulin vesicles into the cell 

membrane and the release of insulin from the vesicles. (The insulin release process is 

shown in Figure 1.2). 
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However, when blood glucose levels are low, the cells lack ATP and the KATP channels 

are therefore open. Potassium effluxes through the channel which generates a negative 

membrane potential that holds the voltage-gated calcium channels shut, which means 

there is no insulin secretion.  

 

 

 

Figure 1. 2 The mechanism of insulin secretion. High levels of glucose are 

transported into the cells by the glucose transporter, then abundant ATP is produced 

through the process of glycolysis (in the cytoplasm) and TCA cycle (in the 

mitochondria). A high level of ATP inhibits the KATP channel, which leads to membrane 

depolarization and the Ca2+ channel opening. Ca2+ influx results in insulin vesicle 

exocytosis and insulin being released into the blood stream. ER: endoplasmic reticulum 

 

1.3 The cellular mechanism of insulin 

1.3.1 PI3K/AKT and MAPK signalling 

 
Insulin acts via binding to the insulin receptor. The insulin receptor is a heterodimeric 

ligand of insulin, which comprises two α extracellular and two β intracellular subunits 

(Yip and Ottensmeyer, 2003). The two α subunits are extracellular while the two β 

intracellular traverse the membrane into the cytoplasm, which means that insulin 
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receptor possesses both extracellular and cytoplasmic domains. Insulin binds on the 

extracellular domain to trigger auto-phosphorylation of the IR, which employs and 

phosphorylates insulin receptor substrates (IRS) to the intracellular membrane. The 

phosphorylation of IRS subsequently triggers the phosphatidylinositol 3 kinase (PI3K) 

pathway and the mitogen-activated kinases (MAPK) pathway.  

 

For the former, the activated PI3K phosphorylates the substrate phosphatidylinositol 

4,5-biphosphate (PIP2) to form phosphatidylinositol 3,4,5-triphosphate (PIP3), which 

further recruits and phosphorylates other downstream proteins, such as 

phosphoinositide-dependent protein kinase (PDK) and Akt (also known as protein 

kinase B (PKB)) (Hubbard, 2013; Li et al., 1999; Ramalingam et al., 2016; Franke et al., 

1997). The phosphorylation of Akt interacts with the downstream effectors, such as 

glycogen synthase kinase 3 (GSK3) and forkhead box protein O 1 (FoxO1). GSK3 is 

phosphorylated and inhibited by p-Akt which increases the glycogen synthesis (Lee and 

Kim, 2007). Active nuclear FOXO1 could interact with the transcriptional coactivator 

peroxisome proliferative activated receptor-γ coactivator 1-α (PGC1α) (Puigserver et al., 

2003; Nakae et al., 2001), which further increases the expression of 

glucose-6-phosphatase (G-6-Pase) to induce the gluconeogenesis. In the latter case, 

FoxO1 is excluded from the nucleus and its transcription activity is inhibited (Kousteni, 

2012), which leads to a reduction of gluconeogenic gene expression and further inhibits 

gluconeogenesis (Nakae et al., 1999; Matsumoto et al., 2007). In addition, the inhibited 

FOXO1 activity could increase the gene expression of anorexigenic neuropeptide 

proopiomelanocortin (POMC) and decrease the gene expression of orexigenic 

neuropeptide agouti-related peptide (AgRP), which induces the suppression of food 

intake (Iskandar et al., 2010; Kitamura et al., 2006). Together, these data suggest that the 

PI3K-AKT pathway is crucial for insulin in regulating glucose levels and food intake 

(The PI3K-AKT pathway is described in Figure 1.3).  

 

On the other hand, insulin acts through the MAPK pathway. The phosphorylation of 

IRS activates Ras (a signal transduction protein), which transmits the signal by 

recruiting the downstream kinase Raf (Skolnik et al., 1993). The activated Raf is able to 

activate Mitogen-activated protein kinase (MAPK/MEK 1) and (MAPK/MEK 2) (Shaul 

and Seger, 2007), which further triggers the phosphorylation of the extracellular 

signal-regulated kinase (ERK 1/2). Increased ERK 1/2 has been found in type 2 diabetes 

(Carlson et al., 2003), while lacking in ERK 1 could protect mice from insulin 
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resistance and obesity (Bost et al., 2005). In addition, Filippi et al reported that insulin 

could inhibit hepatic glucose production (HGP) through activating the ERK 1/2 pathway, 

whereas this effect was inhibited when the ERK 1/2 was blocked, which means the 

MAPK pathway is also involved in controlling glucose homeostasis (Filippi et al., 

2012). Altogether, these pieces of data suggest that the MAPK pathway contributes to 

the regulation of metabolism (The MAPK pathway is described in Figure 1.3). 

 

1.3.2 Insulin action in the nucleus 

 
In addition, the insulin signaling pathway is also involved indirectly in gene expression. 

As mentioned from last section (Section 1.3.1), Akt activates the phosphorylation of 

forkhead box O (FOXO), which leads to the inhibition of FOXO and is exported from 

the nucleus to disable its function of regulation of gene expression (Nakae et al., 2000). 

Phosphorylation of forkhead box k (FOXK) was imported from cytoplasm into the 

nucleus to down-regulate lipid metabolism and proliferation-related gene transcription 

(Sakaguchi et al., 2019). In addition, it has been reported that the ERK could also have 

been transported into the nucleus (Khokhlatchev et al., 1998; Adachi et al., 2000; 

Matsubayashi et al., 2001; Adachi et al., 1999), and the nuclear localization of ERK 

plays a crucial role in cellular proliferation and differentiation through interacting with 

transcriptional factors (TF) (Maik-Rachline et al., 2019; Rodriguez and Crespo, 2011), 

which implies that nuclear ERK may be an important target to develop anti-cancer 

drugs. 

 

Insulin receptors translocating from cell surface into the nucleus to directly regulate 

gene expression has been studied for several decades. Goldfine et al reported that I125 

labelled insulin was detected rapidly in the nucleus after incubation and this 

translocation process is also reversible (Goldfine and Smith, 1976). It was observed that 

insulin can also lead to the insulin receptor directly being transported into the nucleus, 

and interacting with TF, RNA Polymerase II (Pol II) to regulate gene transcription 

(Hancock et al., 2019). However, the full mechanism of how the insulin receptor 

translocates into the nucleus and its effects on regulating diabetes still need further 

study (Insulin action in the nucleus is described in Figure 1.3). 

 

 



8 
 

 

 

 

Figure 1. 3 The cellular mechanism of insulin. Insulin binds to the insulin receptor 

(IR), triggering the auto-phosphorylation of insulin receptor and the phosphorylation of 

downstream proteins, such as the phosphorylation of insulin receptor substrates (IRS), 

which triggers two different pathways (PI3K-Akt pathway and MAPK pathway). 

PI3K-Akt pathway is relevant to the regulation of glycogen synthesis by mediating 

glycogen synthase kinase 3 (GSK3) (shown as ①). The PI3K-Akt pathway is also 

involved in gene transcription in the nucleus by phosphorylation of FOXK to regulate 

lipid metabolism and proliferation, shown as ②, or excludes FOXO from nucleus to 

abolish this function to regulate food intake shown as ③). MAPK pathway is involved 

in the regulation of glucose homeostasis (shown as ④) and could also enter into the 

nucleus to regulate cellular proliferation and differentiation (shown as ⑤). The insulin 

receptor translocates into the nucleus, and combines with the transcriptional factors (TF) 

and RNA Polymerase II (Pol II) to regulate gene transcription (shown as ⑥). 
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1.4 Insulin action in the peripheral system 

1.4.1 Insulin action in the skeletal muscles  

 
Insulin acts on peripheral organs such as muscles and adipose tissues to increase 

glucose uptake (Dimitriadis et al., 2011). At the physiological level, insulin is important 

for glucose clearance, which involves signaling to decrease glucose production (Lu et 

al., 2012). In an earlier report, Cori et al discovered that compared to having no insulin 

injection, the difference in the sugar concentration between the arterial and venous 

blood of the rabbits’ leg muscle became larger when insulin was subcutaneously 

injected, and these observations suggested that insulin was able to remove the sugar 

from the blood (Cori and Cori, 1925). However, it took several decades to unveil the 

mechanism behind it. Subsequent reports found that insulin promotes glucose uptake 

into the muscles via a ‘carrier’ or transporter instead of the phosphorylation of glucose 

(Park et al., 1955; Morgan et al., 1964; Elbrink and Bihler, 1975). Until around 1990, 

scientists from different groups reported that the ‘carrier’ was the glucose transporter 

(GLUT 4) (Charron et al., 1989; Fukumoto et al., 1989; James et al., 1988). 

 

In most cases, glucose enters the cell for absorption and utilization is a rate-limiting 

process regulated by the transporter GLUT 4 (Huang and Czech, 2007). After being 

stimulated by insulin, GLUT 4 translocates to the plasma membrane (Sylow et al., 2021; 

Cushman and Wardzala, 1980; Suzuki and Kono, 1980), which has been mediated by 

GLUT 4-containing storage vesicles (GSV) trafficking and fusion (Leto and Saltiel, 

2012; Sylow et al., 2014). Specifically knocking out GLUT 4 in the muscle results in a 

remarkable reduction in the glucose uptake and impaired response to insulin stimulation 

in mice (Zisman et al., 2000). On the contrary, the function of insulin-promoted glucose 

uptake was enhanced by skeletal muscle GLUT 4 overexpression, which demonstrated 

that GLUT 4 plays a crucial role in glucose homeostasis (Tsao et al., 1996). In addition, 

type 2 diabetic patients usually have normal GLUT 4 levels but impaired glucose 

transporters, which may be associated with GLUT 4 translocation to cell surface defects 

(Le et al., 2016). The incompatibility between the insulin receptor stimuli and GLUT 4 

translocation could lead to insulin resistance (Xu et al., 2015b), which is characterised 

by a decreased sensitivity to insulin. Insulin resistance in turn lowers the efficiency of 

glucose uptake and utilization and leads to more insulin secretion, which consequently 

causes the excessive concentrations of insulin in the blood, leading to pancreatic 
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dysfunction and diabetes (Kasuga, 2006; Weyer et al., 2001). Besides promoting 

glucose uptake, insulin could also stimulate the glycogen synthesis in the skeletal 

muscle, and the enzyme glycogen synthase is involved in the process (Halse et al., 

2001). It has been reported that physical activity could increase the rate of skeletal 

muscle glycogen synthesis and reduce glucose circulation in the blood (Jensen et al., 

2011). Altogether, this data is evidence that GLUT 4 is closely related to regulating 

glucose uptake and glycogen synthesis in the muscle (how insulin acts in muscle is 

shown in Figure 1.4). 

 

1.4.2 Insulin inhibits lipolysis 

 
The process of a triglyceride (TG) breaking into a glycerol and three free fatty acids 

(FFA) by lipase enzymes is known as lipolysis. Insulin is an important hormone in the 

regulation of lipolysis (Jaworski et al., 2007). For instance, insulin could bind to the 

insulin receptor on the cell membrane of adipocytes and activate insulin downstream 

signaling pathways, such as the PI3K/Akt signaling pathway. Cyclic nucleotide 

phosphodiesterase 3B (PDE3B) is the main target of PI3K/Akt in the adipocytes. It has 

been reported that PDE3B knock-out (KO) mice displayed a decreased adipocyte size 

and increased TG and cyclic adenosine monophosphate (cAMP) contents in the liver, 

which may imply that PDE3B is involved in the cAMP signalling and lipolysis (Choi et 

al., 2006). It has been shown that insulin-induced phosphorylation could activate 

PDE3B, which leads to the inhibition of cAMP (Choi et al., 2010; Zhao et al., 2020). 

cAMP is required for the activation of protein kinases A (PKA) which is the enzyme 

that phosphorylates hormone-sensitive lipases (HSL) to promote lipolysis (Jaworski et 

al., 2007; Duncan et al., 2007) in the adipocyte. HSL knock-out (KO) mice caused 

accumulated diacylglycerol (DAG) and decreased the release of FFA in adipose tissues, 

which suggested that HSL is a rate-limiting enzyme responsible for DAG hydrolysis 

(Haemmerle et al., 2002). Consequently, the process of lipolysis is inhibited by insulin 

induced inactivation of HSL (how insulin acts in adipose tissue is shown in Figure 1.4). 

 

 

 

https://en.wikipedia.org/wiki/Protein_kinase
https://en.wikipedia.org/wiki/Hormone-sensitive_lipase
https://en.wikipedia.org/wiki/Adipocyte
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1.4.3 Insulin action in the liver 

 
Additionally, studies have indicated that the liver could directly respond to insulin 

stimulation. For example, the hepatic glucose production (HGP) rose three times when 

plasma insulin levels decreased by 75%, while it reduced by 50% when plasma insulin 

increased by 75% (Sindelar et al., 1996; Sindelar et al., 1998). A study reported by 

Fisher et al further supported this concept that insulin directly acts on the liver and 

regulates the HGP (Fisher and Kahn, 2003). By specifically knocking down the insulin 

receptor in the liver, mice showed an impairment in the ability of insulin to suppress the 

HGP (Fisher and Kahn, 2003), which suggested that hepatic insulin signaling is 

important for regulating normal glucose homeostasis. Sindelar et al indicated that 

insulin can directly inhibit the HGP by suppressing glycogenolysis (Sindelar et al., 1996) 

and by regulating liver gluconeogenic gene expressions such as Akt, GSK3 and FoxO1 

(Cherrington, 2005; Lin and Accili, 2011) (The cellular mechanism of how insulin 

regulates Akt, GSK3 and FoxO1 to increase hepatic glycogen synthesis has been 

described in section 1.3.1). Mice with defected FoxO1 displayed a reduction of the HGP 

and enhanced insulin sensitivity (Matsumoto et al., 2007; Samuel et al., 2006). Mice 

lacking both hepatic Akt1 and Akt2 displayed impaired glucose tolerance. However, 

when FoxO1 was deleted in the liver, it could effectively restore these glucose-related 

defects (Lu et al., 2012). Interestingly, when mice had both Akt and FoxO1 deleted, they 

exhibited normal insulin suppression of hepatic glucose production (HGP). This 

suggests that the primary function of Akt is to control and limit the activity of FoxO1, 

which is essential for inhibiting HGP (Lu et al., 2012). These results imply that when 

FoxO1 is absent, Akt's role becomes significant in the suppression of HGP by insulin. In 

such circumstances, Akt cannot be considered dispensable for achieving the inhibitory 

effects on hepatic glucose production (Lu et al., 2012). 

 

Interestingly, Buettner et al found that the acute decrease in the expression of hepatic 

insulin receptor did not significantly increase the HGP even though the downstream 

insulin signalling was changed (Buettner et al., 2005), which may imply that the action 

of the hepatic insulin could modulate the HGP through potential indirect mechanisms 

(Okamoto et al., 2005). For instance, insulin could inhibit the secretion of glucagon 

from the islet α cells in the pancreas to indirectly inhibit the HGP (Sun et al., 1991; 

Franklin et al., 2005). Glucagon is a hormone that increases the blood glucose levels by 

promoting glycogenolysis, gluconeogenesis and inhibiting glycogen synthesis. It has 
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been reported that glucagon could activate glycogen phosphorylase, which further leads 

to the phosphorylation of glycogen and converts glycogen into glucose 6-phosphate 

(G-6-P) (Krebs, 1981). G-6-P, one of the intermediates of gluconeogenesis is converted 

into glucose by G-6-Pase (Rajas et al., 2019). In addition, glucagon also could 

upregulate the expression of G-6-Pase (Band and Jones, 1980) and 

phosphoenolpyruvate carboxykinase (PEPCK) (Beale et al., 1984) to facilitate the 

process of gluconeogenesis and increase glucose production in the liver. Additionally, 

glucagon could reduce glycogen synthesis by inhibiting glycogen synthase (Akatsuka et 

al., 1985), leading to an increased glucose level in the liver. Therefore, insulin could 

suppress the hepatic glucose level by directly inhibiting the secretion of glucagon.  

 

In addition to inhibiting the secretion of glucagon, the action of insulin could also 

decrease the release of the gluconeogenic precursor free fatty acids (FFA, also called 

nonesterified fatty acid (NEFA) from the adipocytes to the plasma (Sindelar et al., 1997), 

which consequently causes a reduction in the supply of FFA to the liver (Sindelar et al., 

1997). The decreased level of FFA further leads to a reduction of ATP, and this signal 

will promote glycolysis which means glucose is consumed rather than produced 

(Sindelar et al., 1997), so that the output of the HGP is decreased (how insulin works in 

the liver is shown in Figure 1.4).  

 

Notably, the indirect effect of insulin in regulation of the HGP could also act through 

insulin’s action in the brain which sends neuronal projection to the liver (More detail 

will be discussed in the next section). 
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Figure 1. 4 Insulin acts in the liver, muscle and adipose tissue. High blood sugar 

stimulates insulin production, which leads to inhibited glucagon release. In the liver, 

insulin activates the Akt to promote glycogen synthesis and inhibits glucose production. 

Insulin could increase glucose transporter trafficking from the cytoplasm to the cell 

membrane to increase glucose uptake and glycogen synthesis in the muscle. In the 

adipose tissue, insulin activates the PI3K/Akt pathway and PDE3B. Activated PDE3B 

could reduce the level of cAMP, then the protein kinases A (PKA) is inhibited due to the 

lack of cAMP. Consequently the activity of the hormone-sensitive lipases (HSL) is 

inactivated, which leads to the inhibition of lipolysis. 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Protein_kinase
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1.5 Insulin action in the central nervous system 

1.5.1 Insulin signalling in the brain  

 
In addition to acting on the muscle, liver and adipose tissues, insulin also acts on the 

central nervous system (CNS) and sends information through the brain to provide a 

higher level of control of the hepatic glucose output (Sandoval et al., 2009), feeding 

behaviour (Aime et al., 2012), learning and memory (Morton et al., 2006). The 

accumulation of insulin in the brain could further stimulate the secretion of insulin in 

the pancreas (Chen et al., 1975). As a whole and dynamic biological system, it is crucial 

to understand how brain insulin regulates the systematic metabolism. 

 

To better understand the role of insulin in the brain and peripheral tissues, two mouse 

models were created with knocked down of the IR: one model causes knocked down in 

all tissues including the brain (IR△wb) and the other restricts knocked down in the 

peripheral tissues (IR△per) (Koch et al., 2008). Down-regulation of insulin receptor 

expression in both models resulted in severe hyperinsulinemia, and interestingly the 

latter showed more pronounced hyperglycemia. Both models showed a significant 

up-regulation of hepatic leptin receptor expression, whereas only IR△per mice showed 

increased liver STAT3 (signal transducer and activator of transcription 3) 

phosphorylation and Interleukin-6 (IL-6) expression. Similarly, there were reduced 

white adipose tissue (WAT, involves in energy storage) masses in both models, however, 

there was a more pronounced reduction in WAT mass and severe hypoleptinemia in 

IR△wb mice. Taken together, these data suggest that the brain insulin signaling is also 

important to determine the whole body metabolic balance. 

 

1.5.2 Brain insulin regulates hepatic glucose production 

 
Insulin receptor is widely dispersed in the olfactory bulb, hypothalamus, hippocampus, 

cerebral cortex, brainstem and cerebellum (Havrankova et al., 1978; Unger et al., 1989). 

It has been reported that many areas in the brain are involved in regulating glucose 

production, including the hypothalamus (Pocai et al., 2005a), brainstem (Niu et al., 2011) 

and striatum (Heni et al., 2017). By injecting antisense oligodeoxinucleotides against 

the insulin receptor in the third ventricle to target the hypothalamus, Obici et al showed 

the involvement of insulin sensing in the control of the HGP (Obici et al., 2002a). Data 
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from the hyperinsulinemic clamp (Euglycemia is maintained via glucose infusion and 

the glucose infusion rate is an indicator of insulin-induced glucose production) 

suggested that physiological hyperinsulinemia (refers to a natural and healthy increase 

in the levels of insulin in the bloodstream in response to certain physiological conditions)  

reduced glucose production in rats treated with control oligodeoxynucleotides by 55%, 

whereas rats treated with insulin receptor antisense oligodeoxynucleotides only 

decreased the hepatic glucose production by 25%. This data indicates that the insulin 

receptor in the hypothalamus can regulate glucose production and the absence of insulin 

receptor in the brain will compromise the function of insulin in inhibiting the level of 

HGP (Obici et al., 2002a). These data evidently suggest that brain insulin also plays a 

significant role in regulating of HGP.  

 

Although previous study has demonstrated that insulin signalling in the hypothalamus 

or the third ventricle is involved in the regulation of HGP (Obici et al., 2002a), what 

types of neuronal populations participated in this process are still not investigated. Data 

from two-photon microscopy (to image the neuronal activity in living tissues) showed 

that insulin administration in the recording chamber could regulate hypothalamic AgRP 

neuronal activity through insulin-mediated PI3K pathway (Xu et al., 2005). In parallel, 

Könner et al further pointed out that insulin receptor in hypothalamic AgRP neurons but 

not POMC neurons was required for suppression of HGP by specifically knocking out 

insulin receptor in the AgRP or POMC neurons in vivo (Konner et al., 2007). Another 

elegant work attempted to understand this question from another angle. Knocking-in 

insulin receptor in the AgPR neurons could restore the ability of insulin to suppress 

HGP, whereas the restoration of insulin signal in the POMC neurons enhanced HGP. 

This delineated that different subpopulations of hypothalamic neurons might be 

implicated in brain insulin signaling related HGP regulation (Lin et al., 2010). 

 

The level of HGP is closely related to the activity of hypothalamic potassium (KATP) 

channels through the vagal outflow to the liver (Pocai et al., 2005a; Matsuhisa et al., 

2000). KATP is made up of the Kir6.2 potassium channel and the sulfonylurea receptor 1 

(SUR1), which regulates the secretions of insulin (Ashcroft, 2005). For example, loss of 

SUR1 in mouse pancreatic β cells causes a lack of insulin secretion, leading to an 

increased blood glucose level. However, when the fasting blood glucose concentration 

is lowered, the loss of SUR1 in the mouse pancreatic β cells causes excessive secretion 

of insulin, leading to hypoglycaemia (Seghers et al., 2000). In another study, however, 
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pancreatic SUR1 null mice did not show a fluctuating insulin level in response to 

glucose compared to normal mice. This is likely due to choline-stimulated insulin 

secretion which compensates for the loss of SUR1 (Shiota et al., 2002). Activation of 

the mediobasal hypothalamic (MBH) KATP channel can inhibit gluconeogenesis and 

reduce blood glucose concentration. Inversely, blockers of hypothalamic KATP channel 

impaired the regulation of HGP (Pocai et al., 2005a; Zhang et al., 2004; Coomans et al., 

2011). The deliberate knockout of the Kir6.2 gene, specifically targeted to the 

ventromedial hypothalamus (VMH) in mice, leads to a loss of glucagon secretion from 

pancreatic islets, which further demonstrates that the KATP channel in the hypothalamus 

plays an essential role in the regulation of systemic glucose balance (Miki et al., 2001). 

 

The following question needs to be answered is how brain insulin acts on the KATP 

channel to regulate HGP? It was proposed that brain insulin could activate insulin 

downstream signaling such as PI3K and PIP3 in the hypothalamic AgRP neurons 

(Konner et al., 2007; Qiu et al., 2014; Plum et al., 2006) (as previously described in 

section 1.3.2). This could lead to the opening of the KATP channel and K+ ions efflux, 

which consequently could result in the termination of action potentials and the reduction 

in firing activity of AgRP (Andersson, 1992; Kuang et al., 2015). In addition, 

hyperpolarization of AgRP neurones could trigger a neuronal relay to the liver, the 

reduction of AgRP neurons and G6Pase expression in the liver could account for the 

suppression of HGP (Konner et al., 2007; Matsuhisa et al., 2000). Although insulin 

activated PI3K and PIP3 signaling in the POMC neurons, the following transduction 

acted in the transient receptor potential canonical 5 (TRPC5) channel across the cell 

membrane, inducing the influx of Na+ and Ca2+, which triggered the depolarization and 

excitations of POMC neurons (Song and Yuan, 2010). Consistent with this finding, 

optogenetic stimulation of the projection of POMC to the liver could elevate hepatic 

gluconeogenesis and hepatic glucose output (Kwon et al., 2020). Altogether, these 

studies suggest that AgRP and POMC neurons play as an opposite role to modulate 

HGP.  
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1.5.3 Brain insulin regulates food intake 

 
Brain insulin regulating food intake might be associated with Neuropeptide Y and 

Agouti-Related Peptide (NPY/AgRP) neurons in the hypothalamus (Schwartz et al., 

1992a; Erickson et al., 1996). In the diabetic induced hyperphagia state, the expression 

of NPY in the hypothalamus is increased as well as a low level of plasma insulin (Jones 

et al., 1992; Kalra et al., 1991; Sahu et al., 1992). While this increased NPY was 

inhibited by intracerebroventricular (i.c.v) injection insulin in the third ventricle 

(Schwartz et al., 1992b; Schwartz et al., 1991; Sipols et al., 1995), and moreover 

diabetic hyperphagia was significantly reduced compared to the i.c.v saline infusion 

(Sipols et al., 1995). A study conducted by Clark et al further showed that i.c.v injection 

NPY directly increased food intake in rats (Clark et al., 1984). Ablation of NPY/AgRP 

in adult mice results in rapid starvation (Luquet et al., 2005; Gropp et al., 2005). 

Benefiting from chemogenetic technology, the study has shown that specific activation 

of AgRP neurons could rapidly induce intense feeding (Krashes et al., 2011; Krashes et 

al., 2014). Altogether, these data suggested that higher expression of NPY/AgRP may 

contribute to overeating, and brain insulin signal could alter the expression of 

NPY/AgRP to influence feeding behaviours. 

 

In addition to NPY/AgRP, hypothalamic melanocortin precursor molecule 

pro-opiomelanocortin (POMC) is another main target of brain insulin to regulate food 

intake. It has been reported that POMC neurons reduced food intake dependent on the 

melanocortin receptor signaling (Aponte et al., 2011). Also i.c.v infused insulin in the 

third ventricle could increase the expression of POMC and profoundly reduce food 

intake (Benoit et al., 2002). Data from patch recording also showed that insulin could 

excite POMC neurons in guinea pigs and mice, and significantly increase the percentage 

of POMC expressing c-fos (serving as a marker for neuronal activity) (Qiu et al., 2014). 

Consistent with the alteration of c-fos expression, insulin robustly inhibited food intake 

and energy expenditure (Qiu et al., 2014). Furthermore, insulin both significantly 

decreased meal size and meal frequency (Qiu et al., 2014). These data suggested that 

brain insulin might suppress food intake through this hypothalamic melanocortin 

system. 
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1.5.4 Brain insulin regulates lipogenesis 

 
A mouse line with a neuron-specific disruption of insulin receptor (NIRKO) gene 

expression was constructed to study the functions of central insulin sensing in the 

regulation of metabolic balance (Bruning et al., 2000). The results indicated that the 

NIRKO female mice showed increased food intake, whereas both male and female mice 

had exhibited diet-sensitive obesity and increased body fat and plasma leptin levels, 

mild insulin resistance, elevated plasma insulin levels and hypertriglyceridemia. 

Chronic insulin therapy of control mice increased fat mass, adipocyte size and adipose 

tissue lipoprotein lipase expression, which suggested that the action of insulin in the 

CNS is also involved in regulating lipogenesis (Koch et al., 2008).  

 

Work has also shown that insulin signaling particularly in the hypothalamus plays an 

essential role in lipolysis and lipogenesis in the WAT (Scherer et al., 2011). Specifically, 

insulin infused into the MBH could inhibit the expression of HSL which further reduced 

lipolysis in the WAT (Scherer et al., 2011), while mice with impaired neuronal insulin 

receptor showed increased lipolysis and dampened lipogenesis in the WAT (Scherer et 

al., 2011). In line with this finding, Carvalheira et al indicated that insulin stimulated 

p-AKT signalling in the hypothalamus was significantly lower in the obese rats than in 

the lean rats, which implies that insulin related p-AKT signalling may be associated 

with insulin resistance induced obesity (Carvalheira et al., 2003). Furthermore, Scherer 

et al firstly reported that knockdown of the insulin receptors in the hypothalamus led to 

uncontrolled lipolysis and decreased lipogenesis (Scherer et al., 2011). In 2017, the 

same group find out that this is POMC-dependent (Shin et al., 2017). Specifically, mice 

in which the insulin receptor knocked out in POMC neurons failed to inhibit lipolysis in 

the adipose tissue, while the ability of insulin to suppress lipolysis was unaffected in the 

mice that where insulin receptor was knocked down in AgRP neurons. That showed that 

the melanocortin pathway might be required for brain insulin regulating of adipose 

tissue lipolysis (Shin et al., 2017). Another study further confirmed this hypothesis in 

which i.c.v infusion melanocortin agonist in the third ventricle led to an increase in 

lipolysis (Brito et al., 2007). These data suggest that brain insulin signalling might 

suppress adipose lipolysis by inhibiting the firing activity of POMC neurons, which 

provides a new prospective on body fat weight management and anti-obesity. 

 

In addition to suppressing lipolysis in the adipose tissue, brain insulin is also involved in 
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tuning the lipid metabolism in the liver. It has been reported that i.c.v infusion of insulin 

in the third ventricle significantly increased the release of hepatic TG from the liver 

(Scherer et al., 2016), and consequently the reduced hepatic TG accumulation could 

protect the liver from steatosis and non-alcoholic fatty liver disease (NAFLD) (Fabbrini 

et al., 2008). Notably, most of TG was circulated in the form of very-low-density 

lipoproteins (VLDL), which could be further hydrolysed to produce FFA and utilized by 

adipose tissue (Duwaerts and Maher, 2019). FFA, the products of lipolysis, are oxidized 

by β-oxidation to produce acetyl CoA and glycerol. Acetyl-CoA is the main source of 

the TCA cycle, which is a joint metabolic pathway of carbohydrate, fat, and protein. On 

the contrary, mice in which the insulin receptor was knocked out the CNS exhibited a 

reduction in hepatic TG export (Scherer et al., 2016). Altogether, these data suggest that 

brain insulin could serve as a regulator to promote triglyceride secretion and reduce 

lipid content in the liver. 

 

1.5.5 Insulin action in human brain 

 
Much work has focused on insulin sensing and insulin signaling in the rodent brain, 

however there is now accumulating evidence which shows that there is also insulin 

signaling in the human brain. For example, Sara et al detected specific binding site of 

insulin receptors in the post-mortem tissue (Sara et al., 1982), where the amount of 

insulin in the brain is directly related to the sensitivity of peripheral insulin as compared 

to insulin resistance patients; the insulin level in the brain is higher in normal subjects 

(Heni et al., 2014b). The process of insulin entering the brain from the blood may occur 

through a receptor-mediated transport process, which is affected by health conditions or 

diet habits (Woods et al., 2003). More specifically, the effect of insulin on regulation of 

cerebrocortical activity was attenuated in obesity induced insulin resistant subjects 

(Tschritter et al., 2006; Kern et al., 2006), which the brain circuit mainly relevant to the 

regions controlling appetite and reward (Anthony et al., 2006). Like peripheral insulin 

resistance, brain insulin resistance in humans not only causes metabolic disorders (Obici 

et al., 2002b), but causes cognitive impairment. We live in an increasingly aging 

(Tschritter et al., 2009) and obesogenic society, and therefore the incidence of insulin 

resistance in the human brain is also increasing (Heni et al., 2015). To deeply 

understand the mechanism of how brain insulin regulates metabolism is also helpful to 

tackle these challenges. 
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With the development of advanced technology, researchers nowadays have achieved 

great breakthrough on which brain regions might be involved in eating behaviour. 

Functional magnetic resonance imaging (fMRI) data indicated that a large bilateral 

network was reduced after a standardized caloric intake, among them the basal ganglia 

and paralimbic regions are more notable (Kroemer et al., 2013). Interestingly, an 

increased plasma insulin levels in response to a standardized caloric intake was 

associated with the decreased neuronal activity in limbic and paralimbic regions 

(Kroemer et al., 2013). In this study, however, the brain insulin levels data was missing, 

and the question of whether the brain insulin is responsible for the changed neuronal 

activity was left unevaluated. Fortunately, clearer evidence has been shown in recent 

studies about intranasal insulin applied in scientific and clinical research. 

 

1.6 Intranasal insulin 

1.6.1 The safety of intranasal insulin 

 
In 1932, it was first reported that intranasal insulin could restore the blood sugar level to 

normal in diabetics in the same manner as hypodermic insulin (Collens and Goldzieher, 

1932). Research studies examining the safety of intranasal insulin in the human body 

have not reported any significant safety issues (Schmid et al., 2018). A problem that 

commonly occurs with subcutaneous insulin administration is the tendency for insulin 

administered by this route to cause weight gain and hypoglycemia, whereas intranasal 

insulin has not been shown to cause these negative side effects (Dash et al., 2015). 

Furthermore, administration is also advantageous as it has been shown that insulin that 

was transported through the intranasal route only accumulated in the brain without 

entering the bloodstream (Salameh et al., 2015). The level of intranasal insulin in the 

circulatory system mainly depends on the dose of intranasal insulin used. When the dose 

is relatively low (40U), intranasal insulin does not enter the circulatory system, but with 

a higher dose (160U), a small amount of intranasal insulin can be detected in the 

circulatory system, but this was found to be not enough to cause changes in blood 

glucose level (Kullmann et al., 2018).  
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1.6.2 The distribution of intranasal insulin  

 
Intranasal transport is an efficient route of delivery of drugs to the brain, this is likely 

due to the involvement of some extraneural pathways, such as entering the brain 

through gaps between the olfactory epithelium (Renner et al., 2012). When I125-labelled 

insulin was delivered intranasally in mice, insulin spread to all brain regions 1 hour after 

administration (Salameh et al., 2015). The olfactory bulb exhibited the highest I125 

concentration compared to other areas, such as the cerebellum, brainstem, and 

hippocampus (Brabazon et al., 2017). Following intranasal administration of Alexa 

Fluor 647 succinimidyl ester labelled insulin in mice, insulin was found to enter the 

mucosa of the olfactory epithelium, travel into the olfactory bulb nerve bundle, passing 

through the cribriform plate to reach the bulbs within just 30 mins (Renner et al., 2012). 

Nanogold-insulin has been shown to be endocytosed into the olfactory nerve layer and 

glomerular layer also within 30 minutes (Renner et al., 2012). Intranasal 

flourescently-tagged insulin (Alex546-Ins) reaches most areas of a rat brain, including 

the cerebellum, substantia nigra/ventral tegmental area, striatum, hippocampus, and 

thalamus/hypothalamus; the olfactory bulb and brainstem showed the most abundant 

staining within 30 minutes of delivery (Fan et al., 2019). These data indicate that 

intranasal delivery provides an efficient pathway for drugs to reach the CNS. However, 

due to the different types of labelled insulin, different injection doses and methods of 

detection, the accumulation of insulin receptor in the brain are also different.  
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Table 1. 1 Studies using intranasal insulin in rodents.  

Species Insulin Method of 

detection 

Dose of 

injection 

Most intense signals Time Pathway References 

Rats Alex546-insulin IHC 10 μg in 10 

μl PBS 

Cerebellum, OB 15-60 

mins 

PI3K- Akt (Fan et al., 

2019) 

Mice Alexa Fluor 647 

succinimidyl ester 

Microscope  60 μg in 12 

μl PBS 

Olfactory nerve layer, 

glomerular layer of the 

OB. 

30 

mins 

 

olfactory nerve 

pathway 

(Renner et al., 

2012) 

Mice non-labelled insulin PET 3 U/30 μl in 

saline 

Hippocampus --- Activates Akt2 

signaling 

(Gabbouj et 

al., 2019) 

Rats I125- insulin gamma 

counter 

1 uCi/5 μl in 

saline 

 Cerebellum, OB 

 

--- --- (Brabazon et 

al., 2017) 

Mice I125- insulin gamma 

counter 

1 μl of 

400,000 

cpm/μl 

 

cribriform plate via the 

nasal route 

--- Controlled by 

PCK inhibitors 

(Salameh et 

al., 2015) 
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1.6.3 How insulin enters the central nervous system 

1.6.3.1 How peripheral insulin enters the brain 

 
Brain insulin plays a crucial role in the regulation of metabolism, mood and body 

weight, but where the brain insulin originates is still unclear. A report indicated that 

when labelled human insulin was subcutaneously injected into mice, the level of human 

insulin in the brain was increased with the increasing dose of human insulin, while the 

level of hepatic insulin in the mice was inhibited (Banks et al., 1997). This is because 

the increased human insulin in the peripheral tissue resulted in a decrease in the blood 

glucose which inhibited the secretion of insulin from the pancreas. Since the mouse 

cannot make human insulin, the sole source of increased mice brain insulin was from 

the infusion of human insulin (Banks et al., 1997), these results indicated that peripheral 

insulin is able to enter the brain. Another study conducted on normal male subjects first 

reported that the insulin concentration in cerebrospinal fluid (CSF) was increased by 

infusion of insulin when compared to the infusion of saline in the peripheral blood, 

which suggested that peripheral insulin could affect the level of brain insulin (Wallum et 

al., 1987).  

 

Such results raise an important question: how does peripheral insulin pass through the 

blood-brain barrier (BBB), a highly tightly wrought structure that protects the brain 

from potential infections? Compared with other brain regions, the pons-medulla and the 

hypothalamus showed the highest insulin level after intravenous injection of I125 

labelled insulin (Banks and Kastin, 1998). This is likely due to the fact that different 

brain areas possess different BBB permeability (Wong et al., 2013) or selective 

permeability of the BBB to different substances (Banks and Kastin, 1998). The CSF is 

extracellular fluid of the CNS, which could provide nutrients to the brain or remove 

products from the brain metabolism (Skipor and Thiery, 2008). It has been reported that 

the CSF is formed in the third and fourth ventricles by the choroid plexus. The 

capillaries of the choroid plexus are fenestrated and leaky (Czosnyka et al., 2004), 

which provides a possibility for substances such as insulin to reach the CNS. Notably, 

the insulin level in the brain could also be affected by diet. A high fat diet could induce 

higher fasting CSF insulin compared to normal rats, while the transport of insulin to the 

brain was inhibited in high fat diet groups by the input of peripheral insulin (Begg et al., 

2013). 
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The study by Bank and colleagues showed that the amount of human insulin in the brain 

is not linear with the doses of subcutaneously infused labelled insulin (Banks et al., 

1997). Specifically, with an increasingly low dose of insulin, the amount of insulin in 

the mouse brain shows a linear increase, however when the infused insulin amount 

exceeded a certain level, the level of labelled insulin in the mouse brain was unchanged. 

These data indicated that the insulin can be transported to the CNS, maybe in a 

saturable way (Banks et al., 1997). Furthermore, Baura et al investigated the kinetics of 

blood insulin entry into the CSF, and the data indicated that the amount of insulin in the 

CSF is not changed with the level of plasma insulin, which implies that the process of 

plasma insulin entering the brain is a saturation transport (Baura et al., 1993), and is 

possibly regulated by transporters in the BBB sites (Zlokovic, 2008). Born et al reported 

that intranasal insulin could reach the CNS through the CSF without circulating in the 

peripheral system (Born et al., 2002), which provides a possibility to the researcher to 

study the effect of intranasal insulin on the CNS and periphery system separately.  

 

In addition, insulin receptor mediated transport has also been studied. Compared with 

the fourth ventricle and the third ventricle, the choroid plexus has the highest intensity 

of I125 binding sites, suggesting that the choroid plexus contains a relative higher insulin 

receptor density and sites, which is likely the route of insulin into the brain (Baskin et 

al., 1986). Receptor-mediated insulin endocytosis has been investigated (King and 

Johnson, 1985). Firstly, blood insulin binds to the insulin receptor in the endothelial 

cells of the brain, where it then undergoes endocytosis to form vesicles which are then 

transported into the brain (King and Johnson, 1985); the process is mediated by two 

proteins, clathrin and caveolin. Finally, insulin in the vesicles is then released via 

exocytosis. Specific insulin receptor knockdown in the endothelial cells caused a 

delayed systemic response to insulin (Konishi et al., 2017), which suggested that insulin 

receptor in the endothelial cells plays an important role in the regulation of insulin 

action. However, this mechanism has been challenged recently.  

 

An experiment using in vitro BBB cell models showed that insulin receptor expressed in 

the brain endothelial cells are involved in insulin-binding to the brain endothelial cells 

but do not mediate insulin’s transport across the BBB (Hersom et al., 2018). These 

findings were also confirmed by in vivo experiments by Rhea et al (Rhea et al., 2018). It 
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was reported that I125-labelled insulin transported from the BBB to the brain was not 

significantly affected in the endothelial insulin receptor knockout mice model (Rhea et 

al., 2018). Furthermore, insulin transport was still maintained when insulin receptor was 

inhibited by insulin receptor antagonist S961 (Rhea et al., 2018). These data potently 

suggested that insulin receptor in the endothelial cells is not essential for mediating 

insulin cross the BBB. However, the ability of insulin to bind to endothelial cells was 

significantly inhibited in both conditions (Rhea et al., 2018), which further implied that 

insulin receptor might be crucial for insulin binding but not insulin transport. Notably, a 

recent report indicated that insulin receptor in the tanycytes rather than the endothelial 

cells is required for peripheral insulin transported into the hypothalamic arcuate nucleus 

(ARC) and this process is involved in regulating glucose metabolism and feeding 

behaviour in a rodent model (Porniece Kumar et al., 2021). Together, these data imply 

that insulin receptor in the brain endothelial cells is not required in the process of insulin 

overcoming the BBB (Rhea et al., 2018) as previously thought (See Figure 1.5 

Peripheral insulin passes the BBB and reaches the brain).  

 

 

 

Figure 1. 5 Peripheral insulin passes the BBB and reaches the brain. The 

blood–brain barrier (BBB) consists of the brain endothelial cells, tight junction, 

pericytes, and astrocyte end-feet, which together form a continuous and tight brain 
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structure. ① insulin receptor in the endothelia mediates insulin endocytosis cross the 

BBB. ② Insulin enters the brain through transporter mediated pathway. ③ Tanycytes 

in the third ventricle gate that insulin in the CSF reaches the brain. 

 

1.6.3.2 How intranasal insulin enters the brain 

 
Intranasal delivery drugs have been developed for the treatment of CNS-related diseases 

(Calva and Fadel, 2020; Hanson and Frey, 2008). Studies examining how these drugs 

are delivered from the nasal cavity to the CNS focus on the path involving the olfactory, 

trigeminal nerves, vasculature, CSF and lymphatic system (Dhuria et al., 2010). For 

example, horseradish peroxidase (HRP, molecular weight, 40KD) was able to reach the 

olfactory bulb through olfactory nerve axons within 45 to 90 mins both in rodents and 

squirrel monkeys (Balin et al., 1986). On the one hand, the dendrites of olfactory 

receptor neurones localise into the olfactory epithelium which detects the odours or 

substances. On the other hand, the axons of olfactory receptor neurons pass through 

cribriform plate, CSF and localise in the mitral cell layer of olfactory bulb where 

neuronal projection extends to various brain areas. After administrating intranasal 

insulin, the results indicated that insulin could enter from the mucosa of the olfactory 

bulb into the olfactory epithelium, then the olfactory bulb nerve bundle, passing through 

the cribriform plate to reach the bulbs. Insulin was then endocytosed into the olfactory 

nerve layer and glomerular layer of olfactory bulb (Renner et al., 2012).  

 

Intranasal administration could also reach the brain through the trigeminal nerve 

pathway. It was reported that compared to intravenous administration, intranasal 

I125-labelled vascular endothelial growth factor (VEGF) represented higher 

concentration in the brain, with the trigeminal nerve showing the highest concentration 

followed by olfactory bulb, striatum and midbrain, which implies that intranasal 

administration might enter the brain through trigeminal nerve pathway (Yang et al., 

2009; Thorne et al., 2004). Experiments conducted by Lochhead et al also confirmed 

that intranasal fluorescently labelled insulin was localised in the brain along perineural 

spaces of the trigeminal nerve (Lochhead et al., 2019). 

 

Notably, an intranasal injection could also reach the brain through vascular pathways as 
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the nasal mucosa is surrounded by vessels. Clear evidence has shown that intranasal 

administration of drugs including insulin were detected in the blood vessels (Lochhead 

et al., 2019; Thorne et al., 2004). The three main routes of intranasal delivery to the 

CNS are shown in Figure 1.6. 

 

 

 

Figure 1. 6 Drug intranasal delivery routes from nasal passage to the brain. The 

intranasal delivery routes to the CNS are as follows: Route A: the trigeminal nerve 

resides in the olfactory epithelium and transports chemosensory information into the 

CNS. Route B: the axons of the olfactory receptor neurons reach into mitral cells in the 

olfactory bulb (OB). From there, projections arrive to various areas of brains. Route C: 

Drugs are absorbed into the blood vessels. 
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1.6.3.3 Is insulin produced in the brain? 

 

The investigations about whether insulin is synthesized locally in the brain are still 

unverified due to the fact that the peripheral insulin can reach the brain through the 

BBB. Proinsulin II mRNA was detected in the mouse brain of the pancreas embryo 

(Deltour et al., 1993). Devaskar et al reported that insulin II genes were found in fetal 

and neonatal rat brains in the prepancreatic development stage (Devaskar et al., 1993), 

and insulin mRNA was also detected in neuroglia form cells in the cerebral cortex 

(Molnar et al., 2014), which might imply that insulin could locally be released in the 

brain. However, further studies are needed to prove that insulin can be produced locally. 

 

1.6.4 The function of intranasal insulin 

1.6.4.1 Intranasal insulin improves metabolism  

 
Intranasal insulin has also been found to have profound effects on homeostatic energy 

regulation. For example, it was reported that acute intranasal insulin could increase 

postprandial metabolic energy expenditure (Benedict et al., 2011a), improve peripheral 

insulin sensitivity (Heni et al., 2014c) and markedly reduce food intake (Benedict et al., 

2008) as well as the craving for sweets in healthy men (Kullmann et al., 2015b).  

 

Plasma glucose - The effect of intranasal insulin on lowering postprandial 

hyperglycaemia is dose-dependent (Leary et al., 2005), where higher concentrations of 

intranasal insulin, results in lower plasma glucose levels in healthy subjects (Leary et al., 

2005). The same research group conducted another study in seven patients with type 1 

diabetes, and the results suggested that compared with subcutaneous insulin, the relative 

bioavailability of intranasal insulin was 16.6-19.8% over two hours and 14.0-19.8% 

over five hours (Leary et al., 2006). It was also shown that the effect of intranasal 

insulin on decreasing plasma glucose reaches the peak at 40 mins and waned after 1.5 

hours post-administration (Leary et al., 2006). Intranasal insulin performed similarly to 

normal subcutaneous insulin in reducing postprandial hyperglycaemia, and both 

intranasal and subcutaneous insulin maintain their function at four hours, however 

intranasal insulin leads to fewer hypoglycaemic symptoms after administration 

compared to conventional subcutaneous insulin when given in a fasting state (Frauman 
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et al., 1987). These data therefore indicated that intranasal insulin is successful at 

controlling glucose level in humans. 

 

Hepatic glucose - In addition, following intranasal insulin administration for four weeks 

eight healthy men showed lower hepatic glucose concentrations, although their venous 

insulin concentrations were similar compared to intranasal placebo subjects, suggesting 

that intranasal insulin is able to reduce HGP (Dash et al., 2015). This also indicates that 

intranasal insulin regulates hepatic glucose metabolism without altering the 

concentration of insulin in the peripheral blood, which is consistent with reports by 

Gancheva et al (Gancheva et al., 2015). Heni et al further reported that intranasal insulin 

can enhance the sensitivity of peripheral insulin (Heni et al., 2012), and this change was 

related to hypothalamic signalling (Heni et al., 2012; Heni et al., 2014c) and 

parasympathetic output (Heni et al., 2014c). Altogether, these data might indicate that 

intranasal insulin could be a new strategy for the treatment of excess glucose production 

in the diabetic patients. 

 

Food intake and body weight - By increasing the cerebral blood flow in the insular 

cortex of healthy men (Schilling et al., 2014) or regulating the neuronal activity in the 

midbrain (Edwin Thanarajah et al., 2019), intranasal insulin may regulate eating 

behaviour. Research has shown that when healthy subjects were given insulin or a 

placebo, their brains were able to detect food pictures faster than non-food pictures 

(Guthoff et al., 2010). However, when intranasal insulin was administered, the cerebral 

activity of related objected-processing areas such as fusiform gyrus, the right 

hippocampus, the right temporal superior cortex and the right frontal middle cortex 

(images processing regions) were significantly reduced compared to intranasal placebo 

treatment during the process of watching videos showing food pictures (Guthoff et al., 

2010). These results imply that intranasal insulin could alter the activity of the 

processing of food images in the human brain which may ultimately affect food intake 

(Guthoff et al., 2010). Furthermore, intranasal insulin can increase the human body's 

postprandial energy consumption, reduce the level of insulin in the postprandial 

circulation and FFA in the postprandial serum (Benedict et al., 2011a), which suggested 

that intranasal insulin might regulate caloric intake by adjusting energy homeostasis 

between thermogenesis and energy expenditure.  
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Fifteen obese men were treated with intranasal insulin for eight weeks, and the results 

indicate that insulin did not significantly improve body weight compared to men of 

normal weight, but they did improve mood and memory (Hallschmid et al., 2008), 

which is consistent with another report (Benedict et al., 2008). Interestingly, the role of 

intranasal insulin shows a gender-biased character, it can reduce the body fat of healthy 

men, but has no effect on women (Hallschmid et al., 2004; Benedict et al., 2008). 

 

Palatable food - Intranasal insulin after a meal can reduce the intake of high-calorie 

sweets in healthy women, which could be employed as a new regime to control 

excessive eating (Hallschmid et al., 2012). In contrast, a recent study noted that 

intranasal insulin did not reduce palatable cookie intake in healthy lean women but was 

effective in obese women in the postprandial state (Schneider et al., 2022). This report is 

contrary to the results from Hallschmid et al (Hallschmid et al., 2012) in which 

participants were provided with a wide range and choice of palatable cookies instead of 

one (Schneider et al., 2022). Therefore, whether intranasal insulin is able to decrease 

palatable food intake in lean women may be dependent on the options of palatable food 

provided (Schneider et al., 2022). However, there are also studies which indicate that 

intranasal insulin does not change the preference of food choice and biscuit intake in 

healthy young men (Rodriguez-Raecke et al., 2020), but only women (Hallschmid et al., 

2012; Schneider et al., 2022). These data further support the finding that insulin 

signaling in the CNS has a gender difference and the effect of intranasal insulin on 

palatable food choice and food intake in different genders have not been thoroughly 

defined. 

 

Inflammation - It has been reported that inflammation in the CNS was linked to the 

development of type 2 diabetes, insulin resistance and Alzheimer's disease (AD) 

(Tsalamandris et al., 2019; De Luca and Olefsky, 2008; Kinney et al., 2018). Intranasal 

insulin can effectively improve the metabolic disorders of rats, the insulin sensitivity of 

the liver, restore normal metabolic indexes (Derkach et al., 2017), and improve markers 

of inflammatory factors (TNF- α and IL-6) (Spielman et al., 2015; Beirami et al., 2017). 

In addition, intranasal insulin could modulate mitochondrial biogenesis and fission 

(Iravanpour et al., 2021), while mitochondrial dysfunction is related to endoplasmic 

reticulum stress (ER stress), inflammation and obesity (Filippi et al., 2017; Kim et al., 

2008; Sivitz and Yorek, 2010; Chen et al., 2019). This findings provide a perspective 
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that intranasal insulin might be a potential treatment for mitochondrial-related diseases. 

 

1.6.4.2 Intranasal insulin improves the cognition  

 
It has been reported that patients with diabetes or insulin resistance have a higher 

possibility of developing dementia, aging and other cognitive diseases (Mogi and 

Horiuchi, 2011; Xu et al., 2004; Moran et al., 2013; Pang et al., 2016). Both animal 

experiments and human studies have proved that intranasal insulin can repair damaged 

cognitive function (Chapman et al., 2018). Research has also shown that intranasal 

insulin can improve hypometabolism in rats following i.c.v injection of streptozotocin 

to induce Alzheimer’s, and was able to effectively alleviate neuron loss as well as 

reduce the number of astrocytes (Chen et al., 2018; Beirami et al., 2017). Intranasal 

insulin restores brain insulin signalling and strengthens synaptic proteins, reducing the 

size of amyloid plaques in an AD mouse model (Chen et al., 2014). Acute intranasal 

insulin can significantly improve the cognitive performance in patients with type 2 

diabetes. fMRI results showed that this is probably related to vasodilatation in the 

insular cortex (Novak et al., 2014), or the functional connection between hippocampal 

and medial frontal cortex (Brabazon et al., 2017). This may occur due to the 

neurotrophic factor properties that insulin exhibits, whereby it is able to influence the 

development and plasticity of neurons (Chiu et al., 2008). 

 

It has been reported that intranasal insulin treatment was able to improve memory (by 

evaluation of recalling word lists) in addition to enhancing mood in healthy subjects 

(Benedict et al., 2004). Notably, higher intranasal insulin doses were related to 

significant improvement in memory in Alzheimer’s patients, which is likely related to 

the regulation of apolipoprotein E (APOE, the major genetic risk factor for AD) status 

(Claxton et al., 2015b) and genotype (Reger et al., 2008). Recent studies also indicated 

that chronic application of intranasal insulin can profoundly lead to a reduction in white 

matter hyperintensity volume (increased risk for AD) in deep and frontal regions (Kellar 

et al., 2021) or improve gait (an indicator of cognitive ability) (Novak et al., 2022; 

Studenski et al., 2011). Interestingly, it was also reported that the memory of recent food 

intake could reduce food intake later in women (Higgs, 2002), further suggesting that 

cognition is relevant to food intake. This perspective may aid us in understanding eating 

disorders and pave a new strategy to treat diet-induced obesity.  
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An early report demonstrated that brain insulin decreased with aging (Frolich et al., 

1998; Sartorius et al., 2015; Maimaiti et al., 2016), while on the other hand, there has 

been evidence that intranasal insulin could improve aging brain function as shown by 

Akintola et al (Akintola et al., 2017). In their study, intranasal insulin was applied to 19 

participants, and when compared to a placebo group, intranasal insulin significantly 

increased perfusion through the occipital grey matter and the thalamus, which suggested 

that intranasal insulin could improve brain energy demand and neuronal status in older 

adults (Akintola et al., 2017).  

 

Emotion is also an important factor in reference to eating-related behaviour and body 

weight. Acute intranasal delivery of human insulin (40 I.U.) has been shown to reduce 

social stress in healthy men (Bohringer et al., 2008), which may be relevant to the effect 

of intranasal insulin on the hypothalamic-pituitary-adrenal (HPA, as known as an axis 

for the neuroendocrine) axis activity (Smith and Vale, 2006; Zou et al., 2020). In 

addition, it has been reported that intranasal insulin could improve mood in obese 

women (Schneider et al., 2022), while the study from Cha et al suggested that intranasal 

insulin did not show significant improvements on overall mood (Cha et al., 2017). One 

explanation about these disagreements is the evaluation of mood does not have an 

absolutely objective standard. 

 

1.6.5 Limitations of intranasal insulin  

 
Although patients benefit greatly from intranasal insulin, it is still not a completely 

realistic alternative to avoid conventional subcutaneous insulin treatment. One of the 

reasons for this is that the bioavailability of intranasal insulin administration is lower 

than subcutaneous insulin due to the clearance of the mucosa, which implies that the 

dose of intranasal insulin must be several times higher than that of a subcutaneous 

injection (Frauman et al., 1987; Hilsted et al., 1995). Fortunately, methods of improving 

the bioavailability of intranasal insulin have been recently tested, such as adsorption 

enhancers or chemical modification, and these methods make intranasal insulin more 

likely to be used (Duan and Mao, 2010). Another issue which needs to be mentioned is 

that the effectiveness of intranasal insulin sometimes varies from person to person 

(Lalej-Bennis et al., 2001). For example, in one study, it was shown that only three out 
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of ten type 2 diabetes patients with intranasal insulin alone could achieve acceptable 

glycaemic control (Lalej-Bennis et al., 2001). One explanation is that compared to 

seven other subjects, these three subjects have a lower body mass index (BMI) 

(23.7±4.0 vs. 27.0±1.3), which may imply less marked insulin resistance. However, the 

reasons for this, and how we may overcome such problems, needs to be fully explored if 

we are to ever consider intranasal insulin treatment as a viable alternative to 

subcutaneous insulin injection.  

 

1.7 Aims and objectives 

 
Diabetes has become a severe public health issue around the world. According to the 

latest report from International Diabetes Federation (IDF), there are around 537 million 

adults suffering from diabetes, and this data will increase to 643 million in 2030. 

Diabetes causes many diabetic complications, such as kidney failure, heart stroke, 

amputation and central nervous disease (Emerging Risk Factors et al., 2010; Blindness 

et al., 2021; Mccrimmon et al., 2012; Manschot et al., 2007). In 2021, there were around 

6.7 million deaths caused by diabetes and the expenditure on diabetes was 3.2 times 

higher compared to the last 15 years (https://diabetesatlas.org/). Healthy food and diet 

habit, regular exercise, maintaining a reasonable BMI and blood glucose level could 

profoundly improve patients’ condition. Studying how body weight and food intake are 

regulated is crucial to understand and prevent diabetes and obesity in the future.  

 

Insulin as one of the anorectic hormones, plays an important role in regulating 

metabolic balance in the body. Furthermore, insulin and insulin analogues provide more 

options for patients to achieve better diabetes management. Recent research has shown 

that brain insulin signaling is also involved in food intake regulation (Gerozissis, 2004), 

body weight (Bruning et al., 2000), glucose homeostasis (Pocai et al., 2005b) and body 

fat metabolism (Kullmann et al., 2020b). Notably, on the one hand, intranasal injection 

of insulin demonstrated high accumulations in the brain (Nedelcovych et al., 2018). On 

the other hand, intranasal insulin could markedly suppress food intake and decrease 

appetite in  humans, which suggested that intranasal insulin could serve as a satiety 

signal in the brain to regulate eating (Hallschmid et al., 2012). Beside, data also 

indicated that intranasal insulin could reduce blood glucose levels without leading to 

hypoglycaemia (Salzman et al., 1985). These data demonstrate that intranasal insulin is 

https://diabetesatlas.org/
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involved in the regulation of food intake and metabolism. To understand how intranasal 

insulin behaves is vital in unveiling the mechanism of brain insulin signal-related 

metabolic diseases, such as obesity and diabetes. 

 

The study of intranasal insulin has yielded encouraging results, however there is still 

much more to be done. For example, the function and mechanisms of intranasal insulin 

in regulating food intake are still elusive. Even though studies using labelled insulin 

highlighted several insulin sensitive regions (Renner et al., 2012), a more detailed map 

of how intranasal insulin enters the brain and where it reaches is still missing. 

Furthermore, how these insulin sensitive brain regions regulate feeding behaviour and 

what types of neuronal populations are involved in this process are still not fully 

understood. Importantly, a study have shown that intranasal insulin has gender 

differences in energy homeostasis and cognitive performance (Benedict et al., 2008). 

However, more evidence is needed to explain this difference. 

 

With these considerations in mind, in this project we aim to (Figure 1.7):  

(1) Explore the effect of intranasal insulin on metabolic function in vivo. 

(2) Identify the brain regions in which intranasal insulin accumulates and identify the 

cell types in these regions with insulin receptor. 

(3) Determine which of the brain regions identified in Aim 2 contribute to the metabolic      

effects observed in Aim 1 by knocking down of the insulin receptor within these regions 

using an adenoviral delivery system. 

(4) Build a map of neuronal circuits in the brain by studying how areas identified in  

Aim 2 are communicating with other regions or neuronal populations to influence food 

intake. 
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Figure 1. 7 Aims of current research project. Does intranasal insulin influence food 

intake in rodents? Which brain regions sense intranasal insulin and what are the 

potential neuronal circuits involved in feeding behaviour? Does it show gender 

differences in regulating food intake? 
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2 Methods 
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2.1 Materials and Chemicals 

 
0.4 M Phosphate buffer solution (PB) (g/Liter) 

Sodium phosphate dibasic (cBCCB3160): Molecular weight 141.96 (46 g) 

Sodium dihydrogen phosphate (EMD Millipore # 13472-35-0): Molecular weight 156.0 

(12 g) 

 

Paraformaldehyde (PFA) 

To make 8% PFA: Paraformaldehyde powder in dH2O, stir and heat up until dissolved. 

To make 4% PFA: 50% 8% PFA, 25% 0.4 M PB, 25% dH2O 

 

Lysis Buffer 

50 mM Tris-HCl pH 7.5 (Fisher BioReagents # 183003),1 mM Ethylene glycol 

tetraacetic acid (EGTA) (fluorochem # FCB028343), 1 mM Ethylenediaminetetraacetic 

acid (EDTA) (Sigma # 101747256), 1% NP-40 (BIO BASIC CANADA INC # 

NDB0385), 1 mM Sodium orthovanadate (Sigma # SLBM2890V), 50 mM NaF (Sigma 

# 1002975197), 5 mM sodium pyrophosphate (Sigma #101720396), 0.27 M sucrose 

(Sigma # 102435094) 

 

4x Sample buffer 

4x Laemmli Sample buffer (BIO RAD # 1610747) with β-mercaptoethanol (Agilent 

Technology # 2003445-21) 

 

SDS page gel  

Resolving gels and stacking gels were made depending on the molecular weight of 

proteins of interest, an example of a 10%, 1.5 mm gel is given below:  

The resolving gel was to separate proteins: 

H2O: 3.55 ml 

Acrylamide/bis (30%, 29:1) (Bio-Rad # 1610156): 3 ml 

Tris-HCl (1.5 M, pH 8.8): 2.25 ml 

10% Sodium dodecyl sulfate (SDS): 90 µl 

10% Ammonium persulfate (APS) (Sigma # 7727-54-0): 90 µl 

Tetramethylethylenediamine (TEMED) (Bio-Rad): 22 µl 

When the resolving gels were polymerized, stacking gel was made as below: 

H2O: 2.25 ml 
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Acrylamide/bis (30%, 37.5:1):  0.5 ml 

Tris-HCl (0.5 M, pH 6.8): 188 µl 

10% SDS: 30 µl 

10% APS: 15 µl 

TEMED : 2.5 µl 

 

Running Buffer (1x) 

25 mM Tris Base (Fisher BioReagents # 183003), 192 mM Glycine (Sigma # 

SLCF5576), 0.1% SDS (Sigma # 05030) 

 

Transfer Buffer (1x) 

48 mM Tris Base (Fisher BioReagents # 183003), 39 mM Glycine (Sigma # SLCF5576), 

20% methanol (Honeywell # 179337) 

 

Tris-buffered saline (TBS) (10x) 

200 mM Tris base, 1.5 M NaCl, adjust the pH to 7.5 with HCl 

 

TBST 

Tris-buffered saline with 0.1% Tween® 20 (PanReac AppliChem # A3839) detergent 

 

Blot membrane Stripping buffer 

Nitrocellulose stripping buffer (Alfa Aesar # S18E575) 

 

FITC-insulin 

FITC-insulin (Sigma # I3661) dissolved in 1x Phosphate buffered saline (PBS) (OXOID 

# BR0014G), the stock concentration is 896.5 μM. Store in -20 °C and sonic sound for 

10 mins was performed prior to use to avoid agglomeration. 

 

FITC-dye 

FITC-dye (ThermoFisher Scientific # F1906) was dissolved in 1x PSB, aliquot and 

store in -20 °C until use. 

 

Standard Human Insulin 

10 mg standard human insulin (Sigma # I5523) dissolved in 10 ml of 0.01 M HCl, 0.1 g 

bovine serum albumin (BSA) and 90 ml dH2O, then filter with 0.2 µm syringe filter. 
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Vehicle 

10 ml of 0.01 M HCl, 0.1g BSA (Sigma # SLCH3828), 90 ml ddH2O 

 

Ketamine (Zoetis Ketavet® 100 mg/ml Ketamine hydrochloride 10 ml) and 

Medetomidine (1 mg/kg) (Domitor 1 mg/ml Medetomidine Hydrochloride 10 ml): 

0.5 ml Ketamine and 0.5 ml Medetomidine in 4 ml saline, deliver 0.1 ml per 10 g mouse 

weight. 

 

Antisedan (Zoetis Ketavet® 5 mg/kg atipamezole hydrochloride 10 ml): 

0.5 ml Antisedan in 4.5 ml saline, deliver 0.1 ml per 10 g mouse weight. 

 

Meloxicam (5 mg/kg) (Boehriger Ingelheim): 

0.25 ml Meloxicam in 2.75 ml saline, deliver 0.3 ml per mouse. 

 

N-methyl-D-glucamine (NMDG) (g/Liter) 

18.16 g NMDG (Alfa Aesar # 5003P01W), 0.19 g KCl (Sigma # SZBF2720V), 0.17 g 

NaH2PO4 (Sigma # BCBV1183), 2.52 g NaHCO3 (Sigma # SLCG3879), 4.51 g Glucose 

(Fisher BioReagents # 1692814), 4.77 g HEPES (Fisher BioReagents # 189482), 0.99 g 

Sodium ascorbate (VWR Chemicals # 13L110002), 0.15 g Thiourea (Alfa Aesar # 

10186501), 0.33 g Sodium pyruvate (Alfa Aesar # Y11B013), 5 mL MgSO4 • 7H2O (2 

M stock) (Alfa Aesar # 10220400), 250 µl CaCl2 • 2H2O (2 M stock) (VWR Chemicals 

# 13G100033), 16 ml HCl (5 M stock) (Fisher BioReagents # 1911302) 

 

Artificial cerebrospinal fluid (aCSF) (g/Liter) 

7.3 g NaCl (Sigma # 102368807), 0.289 g KCl (Sigma # SZBF2720V), 2.1 g NaHCO3 

(Sigma # SLCG3879), 0.172 g NaH2PO4 (Sigma # BCBV1183), 0.991 g Glucose 

(Fisher BioReagents # 1692814), 1 ml CaCl2 • 2H2O (2 M stock) (VWR Chemicals # 

13G100033), 1 ml MgCl2 • 6H2O (1 M stock) (VWR Chemicals # 14H180004) 

 

Cryoprotectant recipe 

Add 10 g Polyvinylpyrrolidone-40 (Sigma, # WXBC3748V) to 500 ml 0.1 M phosphate 

buffer and stir until dissolved, then slowly add 300 g Sucrose (Thermo scientific # 

57-50-1) and stir until dissolved. Finally add 300 ml Ethylene glycol (Sigma, # 

203-473-3). The total volume is up to 1000 ml. 
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10% Sucrose/TENs 50mM Tris-Hcl pH 7.4, 100 mM Nacl, 0.5 mM EDTA  

1 M tris-HCl pH 7.4 (Fisher bioreagents # BP 152-1): 20 ml 

2.32 g NaCl 

0.058 g EDTA (Sigma # BCBR6568V) 

40 g Sucrose 

300 ml dH20 stir until dissolved then make up to 400 ml final volume. Autoclave, store 

at 4 ℃ in 50 ml aliquots. 

 

2.2 Cell Culture 

2.2.1 F-12K medium preparation 

 
Pheochromocytoma (PC12) cells (AddexBio # C0032002) were cultured in F-12K 

medium (Gibco # 21127-022) with 15% horse serum (Gibco # 1011-07), 2.5% fetal 

bovine serum (Gibco # 2024-01), and 1% Penicillin Streptavidin (Sigma # P0781) under 

37 °C, 5% CO2 condition. F-12K complete medium was filtered by 0.2 µm Filteropur 

system (SARSTEDT # 22100425). PC12 cells are derived from a pheochromocytoma of 

the rat adrenal medulla and exhibit characteristics of sympathetic neurons. When treated 

with nerve growth factor (NGF), PC12 cells differentiate into neuron-like cells, 

extending neurites and forming synaptic connections. This differentiation process 

allows researchers to study various aspects of neuronal development and function 

(Greene and Tischler, 1976). Cells were detached using 0.05% trypsin-EDTA (Gibco # 

25300-054) and frozen in 10% dimethyl sulfoxide (DMSO) (G Bioscience # BKC-17) 

in complete media.   

 

2.2.2 PC12 treatment with fluorescent FITC-insulin 

 
PC12 cells were seeded 1:2 onto a multi-test ultraviolet treated 8-well slide (MP 

Biomedicals # 20190128) in a 10 cm dish. 80% confluent cells were starved with 

serum-free F-12K medium overnight, and then incubated with 15 μl of 800 nM 

FITC-insulin for different time points. After incubating, cells were fixed directly with 

4% PFA, then washed with 1x PBS for three times. Excess liquid was then aspirated, 

and the slide left to dry. Cover slips were added and sealed with Vectamount mounting 

medium (Vector Laboratories, Burlingame CA, USA). Slides were examined and 

imaged with an upright confocal microscope (Zeiss LSM880). 
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2.2.3 Design and synthesis of insulin receptor knockdown plasmid  

 
 To inhibit the insulin receptor in the brain area we are interested in, vector 

pAAV[FLEXon]-CMV>LL:rev(tdTomato:rInsr[miR30-hRNA#3]):rev(LL):WPRE and 

pAAV[FLEXon]-CMV>LL:rev(tdTomato:Scramble[miR30-shRNA#1]):rev(LL):WPR

E control scramble vector were designed and purchased from Vector Builder. ShRNA 

(short hairpin RNA) was designed to silence target mRNA of insulin receptor, named 

as ShIR, and cloned into the adenoviral shuttle vector to make 

pacAd5CMV-ShIR-tdTomato and pacAd5CMV-ShC-tdTomato, the scramble RNA had 

the same nucleotide composition as the ShIR but not matching with any target mRNA 

of IR, which was used as control vector, named as ShC. In addition, 

pacAd5CMV-CRECFP vector was designed and ordered in this project to introduce 

Cre recombinase. The mechanism to genetically switch ShRNA on is described in 

Figure 2.1. 

 

 

 

Figure 2. 1 The mechanism of genetically switch ShRNA expression on. The 

sequence of ShRNA (ShIR is shown here as an example) was flanked by two pairs of 

target sites. One is Loxp, the other is lox2272. Both loxP and lox2272 could be 

recognized by Cre but lox2272 sites can only recombine with other lox2272 sites, not 
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with loxP sites. The first recombination step will invert the ShRNA sequence using loxP 

site. The second recombination event then excises the loxp between the identical 

lox2272 sites. Since only one loxP and lox2272 site will remain on either side of the 

DNA fragment, any additional recombination events are impossible even in the presence 

of Cre recombinase. 

 

2.2.4 Co-transfection in PC12 cells 

 
A confluent 75 mm flask of PC12 cells was diluted 1:3 and plated in a 10 cm dish 

containing a multi-test 8-well slide (MP Biomedicals # 20190128). 24 hours later cells 

were transfected with 5 μg pacAd5CMV-CRECFP and 5 μg 

pacAd5CMV-ShIR-tdTomato or 5 μg pacAd5CMV-ShC-tdTomato control by using 

GenJet reagent (SL00489-PC12). In brief, two solutions were prepared, a solution A 

containing 500 µl serum-free Eagle's minimal essential medium (DMEM) (high glucose) 

only. And a solution B containing 500 µl serum-free DMEM (high glucose) with 5 μg 

pacAd5CMV-CRECFP and 5 µg pacAd5CMV-ShIR-tdTomato plasmid or 5 μg 

pacAd5CMV-CRECFP and 5 μg pacAd5CMV-ShC-tdTomato control plasmid. Solution 

A was then transferred into solution B, mixed and left at room temperature (RT) for 15 

mins to form the GenJet-DNA complexes. The solution was dropwise added to the 10 

cm dishes containing the multi-test 8-well slide incubated with PC12 cells. Fresh 

complete media was added to the cells after 24 hours transfection. 48 hours later, 

FITC-insulin incubation was done for 15 mins (as described in section 2.2.2). Then cells 

were fixed with 4% PFA.  

 

2.2.5 Immunofluorescent staining 

 
PC12 cells in multi-test 8-well slide were incubated for 1 hour at RT in 10% donkey 

serum (Sigma # D9663) to prevent non-specific binding. Each small well was applied 

with 15 μl solution. Cells were then subjected to incubation with 1:500 Anti-tdTomato 

antibody (OriGene # AB8181-200) in 0.1% PBST at 4 ℃. The multi-test 8-well slide 

was placed in a 10 cm dish with wet tissue to keep the slide atmosphere humidified. 

Next day, 1:1000 Alexa Fluor 555 anti-Goat secondary antibody (Invitrogen # A-21432) 

was incubated at RT for 1 hour. The slides were washed with 1x PBS three times. Slides 

were examined and imaged with an upright confocal microscope (Zeiss LSM880). 
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2.2.6 Western blot 

 
PC12 cells were seeded in 6 well plates to reach 80% confluence. Cells were fasted 

overnight in serum-free medium. The following day, different wells were treated with 

FITC-dye (200 nM or 800 nM), FITC-insulin (200 nM or 800 nM), or standard human 

insulin (200 nM) for different time courses. When the incubation was completed, 

medium was removed, and cells were washed with ice-cold 1x PBS once. Samples were 

lysed using lysis buffer (section 2.1) with Pierce Protease Inhibitor tablets 

(ThermoFisher Scientific # 88266) and dithiothreitol (DTT, 1 M) (ThermoFisher 

Scientific # R0861) on ice. Samples were centrifuged at 12,000 rpm for 15 mins at 4 ℃, 

supernatants were collected, and protein concentration was determined using Pierce 660 

nm Protein Assay (ThermoFisher Scientific # 22660). Proteins were separated using 

SDS page gel (10%, 1.5 mm thickness) (as described in section 2.1). Proteins were then 

transferred in Nitrocellulose membranes (GE Healthcare Life Sciences). Membranes 

were blocked in 5% BSA in TBST and the primary antibodies against IR, P-AKT, 

Total-AKT, P-ERK and Total-ERK were incubated overnight at 4 ℃ (see Table 2.1). 

Next day, TBST wash twice (10 mins each time), membranes were incubated with 

1:5000 HRP conjugated secondary antibody in 5% skim milk (SERVE # 190295) in 

TBST for 1 hour at RT. Membranes were washed with TBST five times (5 mins each 

time), then enhanced chemiluminescence (ECL) (BioRad Clarity) was performed to 

visualise the immune-reacted bands. The bands were visualized with the iBright 

developer and analysed by iBright Analysis Software. 

 

2.3 Animal Subjects 

 
Experiments were performed in line with the UK animals (Scientific Procedures) Act 

1986 and ethical standards set out by the University of Leeds Ethical Review 

Committee. Sprague Dawley (SD) (Charles River Laboratories) rats weighing 270-310 

g were used for brain surgery. Rats acclimated for at least one week after arrival, then 

were randomly assigned to different groups (n=6/each group). There was at least four 

rats in each group in the experimental analysis. C57BL/6 male mice and 

Vgat-Cre-Gcamp6f mice (provide by Dr. Jamie Johnson) were maintained with ad 

libitum access to food and water. 

 



44 

2.3.1 Intranasal delivery of fluorescent FITC-insulin 

 
8-12 weeks male C57BL/6 mice were anesthetized with ketamine (0.1 ml/10g) via 

intraperitoneal injection. Then 8 μl FITC-insulin (896.5 μM) was delivered to one 

nostril using 20 μl microloader fine tip (Eppendorf) attached to a Hamilton syringe. The 

tip was inserted to a depth of 10 mm, and the mice were placed in a supine position for 

40 mins. A pre-warmed heat mat was used to keep mice body temperature. Finally, mice 

were injected with an overdose of pentobarbital (0.1 ml/30g) to perform cardiac 

perfusion (as describe in section 2.3.2). The brains were rapidly removed and fixed in 

4% PFA overnight at 4 °C. The next day, PBS was used to wash the brains and then 

brains were embedded in 3% agar (Sigma # SLBS8479). Sagittal sections (50 μm 

thickness) were cut with a vibratome and stored in 1x PBS at 4 ℃ for 

immunohistochemistry (IHC). 

 

2.3.2 Cardiac perfusion 

 
Animals were fully anesthetised after intraperitoneal injection of pentobarbital. The 

chest cavity was opened and the heart was exposed using blunt scissors. A cannula was 

inserted into the left ventricle and the right atrium was cut to form a circulatory system. 

Then 0.1 M PB was infused intracardially followed by 4% PFA. The fixation was 

completed when the head of the rodent was fully stiff.  

 

2.3.3 Acute slices 

 
NMDG and aCSF (section 2.1) were used to stabilize the pH to 7.3-7.4. NMDG and 

aCSF were bubbled with 95% oxygen, 5% carbon dioxide for 15-20 mins. The male 

mice (4-5 weeks) were anesthetised with isoflurane (HENRY SCHEIN #988-3245), and 

then decapitated. The mice brain skin was opened by using a scalpel and the skull was 

cut carefully along the midline. The brain was trimmed to provide a flat surface to glue 

with and then embedded in molten 1.8% Agar (in aCSF). Sagittal sections were cut (300 

μm thickness) in the holding chamber filled with chilled NMDG. The sections were 

transferred into NMDG for 30 mins to preserve interneurons. Then sections were 

transferred into aCSF to rest for 1 hour to recover from mechanical harm at RT. Slices 

were then divided into three groups, incubated with 800 nM FITC dye, 800 nM 
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FITC-insulin and 800 nM standard human insulin for 15 mins or 30 mins, respectively. 

Sections were washed with aCSF for three times (5 mins each time), then fixed in 4% 

PFA for 30 mins at 4 °C. After washing three times (5 mins each time) with PBS, 

sections were blocked with 10% donkey serum for 2 hours at RT. Then sections were 

stained either with ChAT, P-AKT (Ser473), GFP and TH primary antibodies (see Table 

2.1) in 0.1% PBST for 2-3 days at 4 °C. Sections were washed using 1x PBS three times 

(5 mins each time), incubated with 1:50 Donkey goat Biotin for 4-6 hours at RT, then 

incubated with Streptavidin Alexa Fluor 647 Conjugates and Alexa Fluor 555 

anti-Rabbit secondary antibody for 2-3 hours at RT. Finally, sections were washed using 

PBS three times (5 mins each time) and cover slips were added following using 

Vectamount mounting medium. 
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Table 2. 1 Antibodies used in this project. 
 

Name of antibodies Application Concentration  Species Catalogue Number 

Insulin receptor Western blot 1:1000 Rabbit Cell Signalling Technology # 23413S 

P-AKT Western blot 1:1000 Rabbit Cell Signalling Technology # 9271S 

Total-AKT Western blot 1:1000 Rabbit Cell Signalling Technology # 9272S 

ERK Western blot 1:1000 Rabbit Cell Signalling Technology #4370S 

Total-ERK Western blot 1:1000 Rabbit Cell Signalling Technology #4695S 

β-Actin Western blot 1:50000 Mouse Cell Signalling Technology # 3700 

Donkey Anti-Rabbit HRP Western blot 1:50000 Donkey Invitrogen A16029  

Choline acetyltransferase (ChAT)  IHC 1:500 Goat AB144P 

Green fluorescent protein (GFP) IHC 1:1000 Chicken Abcam # ab13970 

Tyrosine Hydroxylase (TH) IHC 1:1000 Rabbit Abcam # ab6211 

P-AKT IHC 1:150 Rabbit Cell Signalling Technology # 4060T 

Neuronal nuclear (NeuN) IHC 1:2000 Guinea 

Pig 

Millipore # ABN90 

S100B IHC 1:2000 Mouse Sigma # S2532 

tdTomato IHC 1:500 Goat OriGene # AB8181 
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Donkey anti-rabbit IgG Alexa Fluor 555 IHC 1:1000  Donkey Invitrogen # A13572 

Donkey anti-goat IgG Alexa Fluor 555 IHC 1:1000  Donkey Invitrogen # A21432 

Donkey anti-chicken IgG Alexa Fluor 555 IHC 1:1000  Donkey Invitrogen # A78949 

Donkey anti-goat IgG Alexa Fluor 488 IHC 1:1000  Donkey Invitrogen # A11055 

Donkey Anti-Guinea Pig IgG (H+L) Biotin 

Conjugate 

IHC 1:50 Donkey Fitzgerald #43R-ID014bt 

Donkey Anti-rabbit IgG (H+L) Biotin Conjugate IHC 1:50 Donkey Invitrogen A-16039 

Donkey Anti-Mouse IgG (H+L) Biotin Conjugate IHC 1:50 Donkey Invitrogen # 16021 

Streptavidin Alexa Fluor Donkey conjugate 647 IHC 1:1000  Donkey Invitrogen # S21374  
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2.3.4 Cryostat preparation 

 
After rats’ brains were dissected, they were fixed for 24 hours in 4% PFA at 4 °C. The 

brains then were transferred into 15% sucrose (made with 1x PBS). When the brains 

sunk into the bottom of the solution, they were transferred to 30% sucrose (in 1x PBS) 

for 24 hours. Then the brains were sagittally cut into half and meninges were removed 

by using fine forceps. Rat brain methacrylate matrices were filled with a thin layer of 

Optimal Cutting Temperature Compound (OCT) (# 361603E) on dry ice. The brains 

were embedded with OCT and cut with 25 µm thickness using the Leica cryostat. 

 

2.3.5 Immunohistochemistry 

 
Brain sections were washed in 1x PBS for 10 mins on a shaker, then PBS was carefully 

removed and sections were incubated for 1 hour in 10% donkey serum to prevent 

non-specific binding. Sections were then subjected to incubation with primary antibody. 

ChAT, GFP, NeuN and S100B primary antibodies (see table 2.1) where incubated at 

4 °C overnight. The following day sections were incubated with secondary antibody for 

1 hour at RT. Washed using 1x PBS for three times, cover slips were then mounted on 

the stained sections using Vectamount mounting medium (Vector Laboratories, 

Burlingame CA, USA). Slides were examined and imaged with an upright microscope 

(Zeiss LSM880). Images were processed by Fiji. 

 

2.3.6 Indirect Calorimetry and activity 

 
A total of six male mice (8-12 weeks) were randomly assigned into two groups. Mice in 

the metabolic cages were not always comfortable compared to their normal housing, 

which could possibly affect mice mood and food intake. Firstly mice were housed 

singly for acclimation for two days in metabolic cages. On day 3 mice were anesthetised 

with isoflurane and the nasal treatment was performed as follows: The control group 

mice were administered with 8 μl vehicle in each nostril and the treatment group mice 

were administered with 8 μl standard human insulin (17.3 μΜ, 2 mU/μl or 0.8 UI/kg 

mouse body weight) in each nostril. After treatment the mice were put into the 

metabolic cages to track their metabolism and activity using the Comprehensive 

Laboratory Animal Monitoring System (CLAMS; Columbus Instruments International, 
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Columbus, OH, USA), such as food intake, locomotor activity, oxygen, carbon dioxide 

consumption and output. On day 5 the intranasal treatments were repeated where mice 

that received standard human insulin on day 3 were injected intranasally with vehicle, 

and mice that received vehicle on day 3 were injected with standard human insulin and 

again placed back in the metabolic cages. The CLAMS system is sensitive due to the 

use of respiratory gases. The measurement of O2 and CO2 could be randomly disturbed 

by changing water vapour and drierite (a drier to reduce the moisture of circulatory air 

in the system). The way of minimising this effect is to change water vapour and drierite 

when the CLAMS system is in the ‘reading reference’ mode. Mice were sacrificed on 

day 8. 

 

2.3.7 Analysis of CLAMS data 

 
Respiratory exchange ratio (RER) is the volume of CO2 (VCO2) produced per volume 

of O2 (VO2) consumed. VO2 or VCO2 is the volume of O2 or CO2 consumed per hour 

per kilogram mass of the animal. An air sample was recorded every 14 mins. The RER 

was calculated as an average for each hour. Heat production was recorded every 14 

mins and averaged into 1 hour intervals. Locomotor activity was quantified as 

consecutive photo beam breaks along the axis (XTOT = all beam breaks in the x axis 

(front to back; X axis); XAMB = locomotor beam breaks (also known as Y axis); ZTOT 

= rearing events (mice standing on feet; Z axis) of the same CLAMS cages. Food 

accumulation of each hour was analysed. All the data were uploaded and analysed in 

CaIR (https://calrapp.org/) using R language. Taking the food consumption as an 

example, the relevant codes were shown in Appendix 1. 

 

2.4 Brain stereotaxic surgery in rodents 

2.4.1 Insulin receptor knockdown in the HDB in rats  

 
Sprague Dawley male rats were anesthetised with isoflurane and placed in a stereotaxic 

apparatus (World Precision Instruments). Hair was shaved and skin disinfected with 

70% alcohol. Skin was cut from the midline and tissues on the skull were removed 

using the blades before drilling, and two screws were places to hold the skin. After the 

skull had dried, the bregma and lambda in a horizontal plane (always start from bregma 

first, then move to the lambda) were measured. Then a cannula was moved to the 
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Bregma to calculate the Anterior-Posterior (A/P), Medial-Lateral (M/L) and 

Dorsal-Ventral (D/V) according to the coordinate of the horizontal limb of the diagonal 

band of Broca (HDB) (M/L: +/- 0.8 mm; A/P: + 0.6 mm; D/V: - 8.3 mm). A hole was 

drilled before the guide cannula was implanted into the specific brain area. Then super 

glue and cement were applied to close the wound. Then a dummy was put in the guide 

cannula. 2.5 µl of Ad5CMV-CRECFP and ADCMV-ShIR-tdTomato or 

Ad5CMV-ShC-tdTomato control virus (mix 1:1) were injected by using 50 µl Hamilton 

syringes. The cannula was held in place for 5 mins to reduce the risk of backflow of 

virus. After 5 mins, the injection cannula was taken out, dummy was put back and then 

secured with the dust cap. Each rat received subcutaneously 5 ml saline and were put on 

the warm cages to recover. The rats are singly housed. The daily food intake and body 

weight was monitored.  

 

2.4.2 Fluoro-Gold injection in mice 

 
Adult male mice were anesthetised (ketamine and Medetomidine (0.1 ml/10g)) via 

intraperitoneal injection and body temperature maintained warm by placing the animal 

on a hot mat during surgery. All injections were performed using a stereotaxic frame for 

coordinate guidelines. Lateral injections into the HDB (from bregma A/P= + 0.03 cm, 

D/V= - 0.58 cm, and M/L= ± 0.13 cm) was targeted. 10 nl 2% (in saline) retrograde 

tracer Fluoro-Gold (Biotium) was injected using a 25 µl Hamilton syringe by SPLG100 

syringe pump (kdScientific), at the rate of 0.002 µl/min. When injections had finished, 

the cannula was left in place for 5 mins, then the line was clamped for a further 15 mins. 

Finally, the cannula was slowly removed. The skin was sutured to close the incision and 

mice were administered subcutaneously with 500 µl saline, 300 µl meloxicam (5 mg/kg) 

and intraperitoneally with 300 µl Antisedan (5 mg/kg). Mice were perfused for 

immunohistochemistry at 7 days post-injection. 
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2.4.3 Acute feeding study 

 
On day 6 and day 12 after virus injection the feeding study was conducted. Body weight 

and food leftover were measured at 9 am, then food was removed while rats were able 

to access to water. At 3:30 pm rats from insulin receptor knockdown group (ShIR) were 

bilaterally infused with standard human insulin or a vehicle into the HDB at rate of 0.04 

µl/minute for 5 mins. Rats from control virus injection group (ShC) were also bilaterally 

infused with standard human insulin or a vehicle into the HDB at rate of 0.04 µl/minute 

for 5 mins. Food was returned at 4 pm when all infusion was finished, and food intake 

was monitored every half an hour for 4 hours (4:30pm-8:30pm).  

 

2.4.4 Rodent activity detector 

 
Rats’ activity was detected by using rodent activity detector 

(https://hackaday.io/project/160742/instructions?page=2), Adafruit Feather M0 

Adalogger (https://thepihut.com/products/adafruit-feather-m0-adalogger), PIR sensor 

(https://www.mouser.co.uk/ProductDetail/Olimex-Ltd/MSP430-PIR?qs=%2Fha2pyFad

uiyk%252B%252BqubsDJxQJhXSq%252BaD0jMP%252BoNRtYScxaJ%2FEXJ4Ntw

%3D%3D), Assembled Adafruit Feather Wing OLED (128x32 OLED Add-on For 

Feather)(https://thepihut.com/products/adafruit-assembled-adafruit-featherwing-oled-ad

a3045) and Header Kit for Feather-12-pin and 16-pin Female Header Set 

(https://thepihut.com/products/header-kit-for-feather-12-pin-and-16-pin-female-header-s

et) were assembled according to the instruction).  

 

2.4.5 Blood glucose measure 

 
Blood glucose level was measured using a blood glucose metre (Freestyle Optium 

Blood Glucose 1 x 50 Test Strips), blood was tested from rats’ tails while rats were 

awake. 

 

 

 

https://hackaday.io/project/160742/instructions?page=2
https://thepihut.com/products/adafruit-feather-m0-adalogger
https://www.mouser.co.uk/ProductDetail/Olimex-Ltd/MSP430-PIR?qs=%2Fha2pyFaduiyk%252B%252BqubsDJxQJhXSq%252BaD0jMP%252BoNRtYScxaJ%2FEXJ4Ntw%3D%3D
https://www.mouser.co.uk/ProductDetail/Olimex-Ltd/MSP430-PIR?qs=%2Fha2pyFaduiyk%252B%252BqubsDJxQJhXSq%252BaD0jMP%252BoNRtYScxaJ%2FEXJ4Ntw%3D%3D
https://www.mouser.co.uk/ProductDetail/Olimex-Ltd/MSP430-PIR?qs=%2Fha2pyFaduiyk%252B%252BqubsDJxQJhXSq%252BaD0jMP%252BoNRtYScxaJ%2FEXJ4Ntw%3D%3D
https://thepihut.com/products/adafruit-assembled-adafruit-featherwing-oled-ada3045
https://thepihut.com/products/adafruit-assembled-adafruit-featherwing-oled-ada3045
https://thepihut.com/products/header-kit-for-feather-12-pin-and-16-pin-female-header-set
https://thepihut.com/products/header-kit-for-feather-12-pin-and-16-pin-female-header-set
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2.4.6 Rat Corticosterone test 

 
Blood samples for corticosterone analysis were token from the liver when the rats were 

perfused between 11am-3pm. BioVendor Mouse/Rat Corticosterone ELISA Kit (# 

RTC002R) was used to test rat corticosterone. All reagents and samples were brought to 

room temperature (21-26 ℃) before use. All the steps were strictly followed by the 

manufacturer’s instruction. 10 µl standard calibrators and samples (rats’ plasma) were 

placed into pointed polyclonal rabbit anti-corticosterone antibody coated wells. Then 

100 µl incubation buffer was added to each well followed by enzyme conjugate (50 µl 

/well). The plate was put on the plate shaker at RT (> 600 rpm) for 2 hours. Solution 

was removed after incubation; 1x wash buffer was added to the wells (300 µl/well). 

Then all the wash buffer was removed by beating the plate on tissue paper. The process 

of washing was repeated 4 times. Then 200 µl substrate solution was added and the 

plate was placed in the dark for 30 mins without shaking. After that, stop solution was 

added to terminate the reaction and the plate read under 450 nm (Hidex microplate 

reader). The concentration of corticosterone of each sample was calculated based on the 

standard curve (plotted by 

https://www.aatbio.com/tools/four-parameter-logistic-4pl-curve-regression-online-calcu

lator).  

 

2.4.7 Ad5IR-CRECFP recombinant adenovirus virus injection in the 

nucleus of solitary tract (NTS) 

 
Rats were stereotactically implanted with a bilateral catheter targeting the nucleus of the 

solitary tract (NTS) within the dorsal vagal complex (DVC), 0.0 mm on occipital crest, 

0.4 mm lateral to the midline and 7.9 mm below skull surface (Filippi et al., 2012). 

Ad5IR-CRECFP recombinant adenovirus virus and ADCMV-ShIR-tdTomato were 

mixed (1:1). Then 2 µl of viruses were injected into the each side of the NTS. Rats were 

perfused after one week and the viruses’ expression was detected. 

 

2.5 Brown Adipose Tissue (BAT) and the liver 

2.5.1 To quantify lipid droplet from BAT and liver 

 
The liver and BAT tissues were collected before perfusion and snap frozen in liquid 

nitrogen. For hematoxylin and eosin (H&E) staining, small pieces of tissue were placed 

https://www.aatbio.com/tools/four-parameter-logistic-4pl-curve-regression-online-calculator
https://www.aatbio.com/tools/four-parameter-logistic-4pl-curve-regression-online-calculator
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in 70% alcohol for 2 hours at 4 ℃ before paraffin embedding. Sections were then cut at 

5 µm thickness for liver samples and 8 µm thickness for BAT and processed by the 

histology facility in St James hospital for H&E staining. BAT sections were imaged 

with the EVOS (40x) and liver sections were imaged with the slide scanner (20x). And 

images were analysed by Image J as following steps: 

 

Image > Type> 16-bit; Analyze> set scale> distance in pixels (4.55)> known distance 

(1.0)> pixel aspect ratio (1.0)> unit of length (µm)> ok; draw an area of interest (region 

of interest); Image> chop; Image> adjust> Threshold> tick the box of Dark 

background> adjust the bar to choose the droplet of fat> click apply; Process> Binary> 

watershed; Analyze> analyze particles (0-314.15 µm). 

 

Liver sections were imaged with the slide scanner (20x). And images were analysed by 

Image J as following steps: 

 

Draw an area of interest (region of interest); Image> chop> Multi-point to count the 

number of lipid droplets. 

 

2.5.2 RNA extraction 

 
RNA from BAT and liver tissues were extracted by using RNeasy Lipid Tissue Mini Kit 

(# 74804). Tissue (around 50 mg) was homogenized in the presence of 1 ml QIAzol 

Lysis Reagent (optimized for lysis of fatty tissues) for around 15 seconds until no 

visible tissue and homogenated at RT for 5 mins to release nucleic acid from proteins. 

200 µl chloroform was then added into each tube, and samples were vortex-mixed 

vigorously for 15 seconds. After that, samples were left at RT for 3 mins before 

centrifuging for 15 mins at 12,000 rpm to separate the organic phase, interphase and the 

aqueous phase. Then the upper aqueous phase was transferred into a new 1.5 ml tube, 

followed by an equal volume of fresh 70% ethanol. Then samples were mixed for 

several seconds to precipitate RNA from the aqueous phase. 500 µl of the samples was 

transferred into an RNeasy Mini spin column in a 2 ml collection tube, and centrifuged 

for 20 seconds at 8000x g at RT. The remainder of the samples was repeated as 

described above. 
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Then the samples were treated by using DNase digestion procedure. 350 µl buffer RW1 

was applied to the column and span for 20 seconds at 8000 g at RT and the 

flow-through discarded. 80 µl DNase mix (10 µl DNase plus 70 µl buffer RDD) was 

added into the middle of the column and incubated for 15 mins at RT. After that, 350 µl 

buffer RW1 was added to the column and spin for 20 seconds at 8000 g at RT. 

Flow-through was discarded, followed by the addition of 500 µl buffer RPE to wash the 

column twice. Each time the flow-through was discarded. Then column was placed in a 

new tube and span for 1 min to further dry the column. The column was then placed in a 

new 1.5 ml tube and 40 µl RNAase free water was added, and centrifuged for 1 min at 

8000 g. 

 

2.5.3 Reverse transcription-PCR (RT-PCR) 

 
Total RNA extraction was used as a template to reverse into cDNA and achieve PCR 

amplification to obtain many copies by using reverse transcriptase as instructed by 

following steps. 

Table 2. 2 Reverse transcription-PCR reaction system 1: 
 

Reagents Volume 

Oligo-dT20 (# 18418020) 1 µl 

RNA (1 µg) 11 µl 

dNTP (10 mM) (# U151B) 1 µl 

 

The total volume (13 µl) was incubated for 5 mins at 65°C to denature the RNA, then 

samples were incubated for 1 min at 4 °C. Then 7 µl of the following mix was added. 

Table 2. 3 Reverse transcription-PCR reaction system 2: 
 

Reagents Volume 

5x first-strand buffer (# 2105651) 4 µl 

0.1 M DTT (# 2084465) 1 µl 

RNasin plus (# N251B) 1 µl 

Superscript III RT (# 2369473) 1 µl 

 

The mixture was incubated for 45 mins at 55 °C and 15 mins at 70 °C. DNA was kept at 

-20 °C for further study. 
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2.5.4 Total RNA integrity assay 

 
Total RNA integrity assay is always essential before collecting meaningful gene 

expressions data. There are three different types of RNA, including messenger RNA 

(mRNA), transfer RNA (tRNA) and ribosomal RNA (rRNA). rRNA is most of the RNA, 

and two sharp bands 28S and 18S (the ratio is around 2:1) are represented of intact and 

reliable eukaryotic RNA samples. Here Agilent RNA 6000 Nano Reagents Part 1 kit 

(#2120) and Agilent 2100 Bioanalyzer System were used to assess the total RNA 

integrity by following manufacturer's instructions. 

 

The aliquot of ladder (# 5067-1529) was denatured at 70 °C for 2 mins before use, then 

immediately was put on ice or stored at -80 °C. 550 µl of Agilent RNA 6000 Nano gel 

matrix was added into a spin filter followed by 10 mins spin at 1500 g. Then 1 µl RNA 

6000 Nano dye was added to 65 µl filtered gel in a 0.5 ml RNase-free tube. Then the 

gel-dye mixture was mixed and centrifuged at 13000 g for 10 mins at RT. 

 

A new RNA Nano chip (#VM15BK20) was placed on the chip priming station. 9.0 µl of 

the gel-dye mix was added at the bottom of the  well (means ‘gel well’), and the 

plunger position was set at 1 ml and then the chip priming station was closed. The 

plunger of the syringe was pressed down until it was held by the clip. After 30 seconds, 

the clip was released to allow the plunger to draw back to the 1 ml position.  

 

The chip priming station was opened and 9.0 µl of the gel-dye mix was added to each 

well marked G alone. 5 µl of the RNA 6000 Nano marker was added into the   well 

(means ‘marker well’) and all sample wells (Do not leave empty wells). Then 1 µl of the 

RNA ladder was added into the  well and 1 µl of each RNA was added to the sample 

wells. Then chips were place on IKA vortex mixer 1 mins to mix all the solutions. A 

cleaner chip filled with 350 µl Diethyl pyrocarbonate (DEPC) was put into the Agilent 

2100 bioanalyzer for 1 min to clean the system. Agilent 2100 Bioanalyzer System was 

run to read the sample chip and the results were exported. 
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Figure 2. 2 Examples of two RNA samples by using Agilent 2100 Bioanalyzer data. 

(A) RNA extracted from the liver from SD rats, and the intact RNA with a 28S:18S 

rRNA ratio of approximately 2:1. (B) The 28S and 18S RNA bands from the liver 

samples are indicated. (C) RNA extracted from the BAT from SD rats. (D) The 28S and 

18S RNA bands from the BAT are indicated. RNA Integrity Number (RIN) indicates 

the RNA integrity with a range from 0 to 10, with the maximum 10 to indicate the 

highest RNA integrity. 
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2.5.5 Real-Time PCR/ Quantitative PCR (qPCR) 

 
Real-Time PCR was used to evaluate gene expression by detecting a fluorescence signal 

as reaction occurs. In the early stage of reaction, SYBR Green fluorescence level 

remains too low to be detectable. Then gene amplification products keep accumulating 

and the number of PCR cycles at which the fluorescence signal reaches the threshold is 

the Ct or Cq value, which is used to measure the gene number of samples and 2-△△Ct 

method was used to quantify the transcriptional difference between treatments. 

 

2.5.6 Algorithm of 2-△△Ct method  

 
2-△△Ct method was used for qPCR data analysis. In our experiment, each sample was run 

in triplicate and there are at least 4 samples each treatment. Firstly, the average Ct value 

of each sample was calculated, then ΔCt of each sample is calculated by following 

equation:  

ΔCt= average Ct (gene of interest) - average Ct (endogenous control gene) 

Then ΔΔCt was calculated by following equation: 

ΔΔCt= ΔCt (experimental group) - average ΔCt (control group) 

Finally, the fold difference expression of gene of interest relative to the control group 

was calculated by the following equation: 

Fold change= 2-△△Ct 
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Table 2. 4 primers used in our study. 
 

Name of Genes NCBI number Primer sequence (5'–3') 

Insulin Receptor (IR) NM_017071.2 F: GGATTATTGTCTCAAAGGGCTGAA  

R: CGTCATACTCACTCTGATTGTGCTT  

Glucose transporter 1 (GLUT 1) NM_138827.2 F: TGGCCAAGGACACACGAATACTGA 

R: TGGAAGAGACAGGAATGGGCGAAT 

Glucose transporter 4 (GLUT 4) NM_012751.1 F:AGTTGGAAAGAGAGCGTCCACTGT  

R: GCTGCAGCACCACTGCAATAATCA 

Fatty acid synthase 2 (FAS_2) NM_139194.3 F: GCAGCTGTTGGTTTGTCCTG   

R: ATTCACTGCAGCCTGAGGTC  

Acetyl-CoA carboxylase alpha (ACACA) NM_022193.1 F: AGGAAGATGGTGTCCGCTCTG  

R: GGGGAGATGTGCTGGGTCAT  

Diacylglycerol O-acyltransferase 1 (DGAT1) NM_053437.2 F: AAGTATGGCATCCTGGTGGA  

R: CAGGCGCTTCTCAATCTGAA  

Peroxisome Proliferator-Activated Receptor-Gamma (PPARG) NM_013124.3 F: CCTGAAGCTCCAAGAATACC  

R: GATGCTTTATCCCCACAGAC  

Adrenoceptor Beta 3 (ADRB3) NM_013108.2 F: CCTTCCCAGCTAGCCCTGTT   

R: TGCTAGATCTCCATGGTCCTTCA  

Tumour Necrosis Factor α (TNFα) NM_012675.3 F: TCCCAGGTTCTCTTCAAGGGA  

R: GGTGAGGAGCACGTAGTCGG  

DNA damage-inducible transcript 3(Chop) NM_024134.2 F: GAAAGCAGAAACCGGTCCAAT  

R: GGATGAGATATAGGTGCCCCC 



59 

Peroxisome proliferator-activated receptor-γ coactivator (PGC1) NM_031347.1 F: CGATGACCCTCCTCACACCA 

R: TTGGCTTGAGCATGTTGC 

Nuclear factor kappa B (NFkB) NM_001276711.1 F: AATTGCCCCGGCAT  

R: TCCCGTAACCGCGTA  

Mitochondrial uncoupling protein (UCP) NM_012682.2 R: GCCTCTACGATACGGTCCAA  

F: TGCATTCTGACCTTCACCAC  

36B4 NM_022402.2 F: CGACCTGGAAGTCCAACTAC  

R: ATCTGCTGCATCTGCTTG  

RPLP0 NM_022402.2 

 

F: CCCTTCTCCTTCGGGCTGAT  

R: TGAGGCAACAGTCGGGTAGC 
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Table 2. 5 qPCR reaction volume: 
 

SYBR Green (# 4309155) 6.25 µl 

Forward and Reverse Primer 1.25 µl 

cDNA 4 µl 

RNAse free water 1 µl 

Total Volume 12.5 µl 

 

Note: the concentrations of primers were diluted to 3 µM to 5 µM in RNAse free water 

from the stock concentration of 100 µM. The concentration of BAT cDNA was using at 

1:50 dilution and liver tissue cDNA was used at 1:100 dilution in our experiment. 

 

Table 2. 6 qPCR reaction cycling: 
 

Hold stage 95 ℃ 10 mins 

PCR stage 95 ℃ 15 s 

60 ℃ 1 min 

Annealing 60 ℃ 5 s 

95 ℃ 1 s 

 

All the data was collected by QuantStudio™ Design & Analysis Software. 

 

2.6 Recombinant Adenovirus production 

2.6.1 HEK 293 AD cell culture 

 
HEK 293 AD cells (Thermofisher) were cultured in Gibco DMEM media (high glucose, 

GlutaMAX Supplement) (Thermofisher # 10564011) containing 10% Fetal Bovine 

Serum (FBS) (Gibco # 2024-1), 1% Penicillin Streptavidin (Sigma # P0781) and 0.1 

mM Minimum Essentiall Medium Non-Essential amino acids (MEM-NEAA) (Gibco # 

11140-035) under 37 °C, 5% CO2 condition. 

 

2.6.2 Vector preparation  

 
pAcad59.2-100 backbone vector (total 10 µg) was mixed with 2 µl Pac1 (BioLab 

#R0547L) and 10x CutSmart buffer (BioLab #B7204S) at 37 ℃ for 1 hour. pAcad5 
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shuttle vector (total 25 µg) containing the gene of interest (IR promoter) was mixed 

with Pac1 (2 µl) and 10x smart buffer at 37 ℃ for 1 hour according to the RAPAd 

system instruction (Vector Biolab # VPK-252). DNA was purified using the Zymo 

genomic DNA Clean and Concentrator (ZYMO RESEARCH #D4010) kit as 

manufacturer’s instruction. Note: elute the DNA twice using the same elution buffer at 

the last step. 

 

2.6.3 DNA Electrophoresis 

  
0.8% Agarose gel (effective separation range is 800-10000 bp) was used for checking 

DNA size. 0.4 g Agarose (Fisher # BP160-500) was poured into 50 ml 1x TBE 

(Millipore # HC 72878577). Microwave until it was fully melted, then 2 µl SYBR safe 

DNA gel stain (Thermo Fisher Scientific # 2361838) was added. After mixing, the 

solution was poured into the gel tray to set. 6x loading buffer (Thermo Fisher Scientific 

# R0611) and dH2O were added to the DNA samples. Then the samples (around 12 µl) 

and ladder (Thermo Fisher Scientific # 10488085) was loaded, respectively. The gel was 

run at 70 V for approximately 40 mins and visualised by using the blupad.  

 

2.6.4 Cotransfection in HEK293 AD Cells 

 
Confluent HEK293 AD cells were diluted at 1:4 and then plated in 6 cm dish the day 

before. On the following day, the cells were changed to 3 ml fresh completed media and 

transfected using PolyJet (# SL100688) with DMEM not complete media. Solutions 

were prepared as Table 2.7 described below:  

 

Solutions in tube A was transferred to the tube B, after vortex, it was left at RT for 10 

mins, then the mixture was dropwise added to the cells. After 3 hours, the control and 

transfection plate were changed to 3 ml fresh media. The expression level was 

monitored and checked daily. On day 3, 2 ml fresh media was added. Cells and media 

were harvested by using scraper when there were around 50% detached cells compare to 

the control. The cells and media were transferred into 50 ml falcon tubes. 3 freeze-thaw 

cycles alternating between the dry ice and 37 ℃ water bath was carried out to break the 

cells and release the viruses. Then the cell-virus mixtures were span at 3000 rpm for 5 

mins to remove the cell debris. This is ‘Ad5IRP-GFP virus’ stage 1 virus (S1). 
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Table 2. 7 Cotransfection preparation in HEK293 AD cells: 
 

 Tube A + Tube B + 

 DMEM PolyJet DMEM DNA 

PolyJet control 100 µl 15 µl 100 µl - 

Co-transfection 100 µl 15 µl 100 µl 1 µg Pac1pacAd59.2-100 

+4 µg Pac1pacAd5 vector 

 

2.6.5 Virus amplification  

 
Virus amplification was carried out on a 24 well plate, and HEK293 AD cells were 

plated at the ratio of 1:2 (500 µl/well) in the morning. The cells were settled at least 2 

hours before any treatments. 500 µl PolyJet control supernatant was added into PolyJet 

control well, and Ad5IRP-GFP virus was added into 6 different wells (500 µl/well). 1 

hour later, extra 500 µl warmed fresh media was added into all wells. The cells were 

checked daily under EVOS and harvested when there were more than 50% cell detached. 

The S1-1 to 6 media was harvested into 6 different 15 ml falcon tubes, then the 

supernatant was transferred into different 1.5 ml Eppendorf and stored at -80 ℃. This is 

stage 2 virus. 

 

Stage 3 virus amplification was carried out in two 6 cm dishes (5 ml/each). 200 µl of 

S2-3 virus was dropwise added into each dish and swirled the dishes gently afterwards. 

The cells were incubated at 37 ℃ until most of the cells had detached. The media was 

harvested as stage 3 virus (S3). This will be used as the viral stock for making 

subsequent working stocks. 

 

Stage 4 virus amplification was carried out in 8 confluent flasks of HEK293 AD cells. 4 

flasks cells were treated with 2 ml trypsin and collected into one 50 ml falcon tube, the 

same treatment to the other 4 flasks. The media was discarded and the cells were 

resuspended using 5 ml complete media. 4 ml S3 virus was added into 200 ml complete 

media and then 10 ml cells were mixed into the media. 13 ml cell-virus mixture were 

transferred to each flask to make 16 flasks. Cells were incubated at 37 ℃ for 48 to 72 

hours and harvested when all cells had detached. 

 

Virus supernatant was slowly filtered through a 40 µm cell strainer by placing the 40 
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µm cell strainer on the top of the 50 ml falcon tube. Then this filtered supernatant was 

carefully poured into a 0.22 µm bottle top filter unit (SARSTEDT # 22100425). This is 

stage 4 virus (S4). This prep can be stored at -80 ℃ in 50 ml falcons or purified straight 

away. 

 

2.6.6 Recombinant Adenovirus purification 

 
30 ml of the S4 filtered virus was pipetted into a 50 ml falcon tube. 8 ml of 10% 

Sucrose/Tens was underlain by using a 10 ml syringe with an 18 G needle. The needle 

was placed into the bottom of the falcon tube and the plunger was slowly depressed to 

make sure the virus/media and sucrose does not mix. Virus was purified by spinning at 

11,000 rpm for 4 hours at 4 ℃. 

 

After the spin, the media and sucrose mix was carefully removed, tubes inverted onto 

paper and any residual media wiped off the tube. 100 µl of sterile PBS was slowly 

added into the bottom of each of the tubes and left for 30 mins at RT, then gently vortex. 

PBS from each tube was collected into a 1.5 ml Eppendorf tube and left at 4 ℃ 

overnight. Repeat PBS collection step for 3 time by ending up with 300 µl virus/tube. 

This is pure virus. Virus is stored at -80 ℃. 

 

2.6.7 To construct PacAd5IRP-CRECFP vector 

 
PacAd5IRP-GFP and PacAd5CMV-CRECFP were digested by restriction enzyme Sbf1 

(Biolabs # R3642S) and Kpn1 (Biolabs # R3142S), respectively. The fragment of 

PacAd5-CRECFP band and insulin receptor promoter band were extracted (Invitrogen # 

K210012) and purified by ZYMO DNA Purification Kits (D4004). Insert gene (IR 

promoter) were inserted into the vector fragment PacAd5-CRECFP by using ligase 

(Table 2.8 ligation system). The total vector is 50 ng, and the vector to insert gene molar 

ratio is 1:3. Include a vector alone and an insert gene alone as negative control ligation. 

Incubate at RT for 30 mins. 
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Table 2. 8 ligation reaction: 
 

T4 DNA Ligase (Biolabs # NA.54) 1 µl 

2x ligase buffer (Biolabs # B0317S) 10 µl 

DNA 50 ng vector 

Nuclease free H2O up to 20 µl 

 

2.6.8 To transform bacteria 

 
5 µl of the ligation mix was added to 50 µl DH5α competent cells (Thermofisher) (store 

at -80 ℃), then the mixture was incubated on ice for 5 mins, followed by heat shock at 

42 ℃ for 45 s. Then the mixture was incubated on ice for another 2 mins. Then spread 

onto L-Agar plates containing 100 μg/ml ampicillin in the presence of a flame, the 

plates were incubated at 37 ℃ overnight. 

 

2.6.9 Mini-prep colony screening   

 
Colonies of vector and insert genes were picked and dipped into 5 ml of L-broth 

containing the appropriate antibiotic. Then were put into a shaker and incubated at 

37 ℃ overnight. The following day DNA was extracted using the ZYMO mini prep kit. 

DNA was digested to confirm that ligation is correct. PacAd5IRP-CRECFP vector was 

constructed successfully. 

 

2.7 Statistical Analysis 

 
Data were inputted on Microsoft Excel and analysed using GraphPad Prism 10 software. 

Each statistical test and how it is analysed were shown under each figure legends.  
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3 Physiological function of intranasal insulin in vivo 
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3.1 Introduction  

 
Intranasal insulin is an inhaled insulin delivery method that not only avoids the pain and 

infection caused by needle injection, but also reaches the CNS (Born et al., 2002) and 

regulates energy balance (Benedict et al., 2011a). There is growing evidence in human 

studies which indicate that intranasal insulin can reduce energy consumption (Benedict 

et al., 2008) and palatable food intake (Hallschmid et al., 2012; Schneider et al., 2022). 

However, the mechanism of how intranasal insulin regulates feeding behaviour and 

energy expenditure through the CNS are still not fully understood. In order to explore 

the mechanism by which intranasal insulin affects feeding behaviour, we first must 

confirm the physiological function of intranasal insulin in vivo. 

  

3.2 The rationale of using CLAMS system 

 

Here we use indirect calorimetry to evaluate the metabolic function of intranasal human 

insulin in mice. Direct calorimetry is not feasible for this task as it requires harvesting 

the animal’s tissues to conduct metabolic measurements of heat production in a 

calorimeter (Mina et al., 2018). Indirect calorimetry Comprehensive Lab Animal 

Monitoring System (CLAMS) is a method of collecting comprehensive metabolic data 

in live animals (Mina et al., 2018), which uses respiratory gases to indirectly calculate 

energy expenditure using equation 1 

 

         Equation 1: C6H12O6 + 6H2O + 6O2 = 12H2O + 6CO2 + 2820 KJ.  

 

From the equation above, it is clear that for each 6 molecules of oxygen consumed and 

for 6 molecules of CO2 produced, there will be 2820 KJ of energy expended. This is the 

essence of how indirect calorimetry works using the CLAMS system. 

 

The respiratory exchange ratio (RER) is a parameter which indicates which type of 

substrate is utilized and its equation is: RER = VCO2 / VO2. The way of measuring O2 

and CO2 under CLAMS can be very accurate (refer to: 

https://www.colinst.com/products/clams-comprehensive-lab-animal-monitoring-system). 

The CLAMS cages used in our study were the Centre Feeder Cages, which can detect 

food intake with a resolution of 0.01 g, which is excellent to monitor the small amount 

https://www.colinst.com/products/clams-comprehensive-lab-animal-monitoring-system
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of food intake of mice. In addition, animal activity can also be measured by counting 

beam breaks within the CLAMS cage. There are 3 different measures of movement 

taken in the CLAMS cage: XTOT = all beam breaks in the x axis (front to back; also 

known as X axis); XAMB = locomotor beam breaks (also known as Y axis); ZTOT = 

rearing events (mice standing on feet; also known as Z axis).  

 

3.3 Aims  

 
(1) Does intranasal insulin affect food intake and body weight in vivo?  

(2) Does intranasal insulin have other physiological effects on energy expenditure, 

activity and RER?  

 

3.4 Results 

3.4.1 Effect of intranasal insulin on metabolic balance 

 
To explore the metabolic effect of intranasal insulin, a CLAMS system was used to 

measure food intake, energy expenditure, oxygen consumption, carbon dioxide 

production and locomotor activity after mice were intranasally administered standard 

human insulin. Mice were first acclimatized for 2 days in the CLAMS cages, on day 3, 

the cohort of 6 mice were randomly divided into control and treatment groups. The 

control group received vehicle in each nostril (as described in section 2.1), while the 

treatment group received standard human insulin in each nostril (16 μl total, 17 μM). 

Data regarding metabolic behaviour were collected for two days. On day 5 the 

experiment was repeated with the groups reversed, so that the data was paired, with 

each mouse receiving both vehicle and insulin (workflow is shown in Figure 3.1 A).  
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Figure 3. 1 Schematic representation of the CLAMS experimental design. 
 

Firstly, the effect of intranasal insulin on food intake was examined. As body weight 

may influence food consumption, body weight was compared before intranasal injection. 

The results showed that the mice that were studied in each treatment group had similar 

body weights before treatment (Figure 3.2 A). Vehicle and intranasal insulin treated 

animals weighed an average of 24.051 g (SEM = 0.953, n = 10) and 24.239 g (SEM = 

0.795, n = 10), respectively. Mice with intranasal injection were transferred into the 

metabolic cages before eating hours (4:30 pm). From Figure 3.2 B, it shows that there is 

a linear relationship between food consumption and the body weight of the mouse. As 

expected, the body weight (mass) effect P value is 0.0024, which means the food 

consumption was significantly correlated with body weight (Figure 3.2 B). However, 

the slopes of both regression lines have no significant interaction effect, which means 

the effect of body weight on food intake between two groups is the same (Figure 3.2 B). 

Both groups had increased food intake in the dark compared to the light period, 

consistent with their increased nocturnal activity (Figure 3.2 C). The total food 

consumption over two days was not significantly different between the two treatment 

groups (Figure 3.2 C), however, acute intranasal insulin administration significantly 

decreased total food intake (Kcal) in the first 2 to 5 hours in comparison to vehicle 

treated animals, which implies intranasal insulin has an acute effect on reducing food 

intake but did not lead to alterations in long term feeding patterns (Figure 3.2 D, E). 

Vehicle treated mice consumed a cumulative food mean of 6.436 Kcal (SEM = 0.30, n = 

10) within 5 hours, while intranasal insulin treated mice ate only 5.52 Kcal (SEM = 0.32, 

n = 10) within the same time period (Figure 3.2 E). Results also indicated that 8 out of 
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10 mice exhibited an insulin-dependent decrease in food intake within 5 hours of acute 

intranasal insulin administration (Figure 3.1 F).  

 

 

 

Figure 3. 2 Effect of intranasal standard human insulin on feeding behaviour in 

mice. (A) Body weight of mice in each group, n = 10/group. Mann-Whitney test was 

performed. Error bars represent Standard Error of Mean (SEM). (B) Generalized linear 

model (GLM) based regression plot: body weight on the effect of cumulative food 

consumption. ANCOVA (analysis of covariance), body weight as the covariate. Vehicle 

group equation: y = 0.8784x + 15.414, R² = 0.6015; Intranasal insulin group equation: y 

= 0.6577x + 19.988, R² = 0.2496. (C) Cumulative food consumption in light cycle and 
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dark cycle. (D) Cumulative food consumed (Kcal) under intranasal standard human 

insulin administration or same volume vehicle administration within 7 hours. Gray 

shadowed area represents the dark cycle, white area represents the light cycle. 

ANCOVA is performed, error bars represent SEM, * < 0.05. (E) Cumulative food 

consumption (Kcal) within 5, 12 and 36 hours after treatment, respectively. Multiple 

t-tests were performed, corrected for multiple comparison using the Holm-Sidak method. 

Error bars represent SEM. * p=0.049. (F) Insulin-dependent decrease in food intake, for 

each mouse cumulative insulin-treated food intake minus vehicle-treated cumulative 

food intake at 5th hour. Each animal was used as its own control at 5th hours. Violin 

chart was plotted, the upper line above zero is Third Quartile (75% of the data falls 

below the third quartile), the first line below zero is Median, and the second line below 

zero is Frist Quartile. 

 

 

Our data showed that insulin decreases food intake within 5 hours after intranasal 

administration. Interestingly, it was also reported that intranasal insulin could increase 

postprandial energy expenditure in human subjects (Benedict et al., 2011a). We next 

tested whether energy expenditure is also changed by intranasal insulin treatment in this 

project. The results show that there is a linear relationship between cumulative energy 

expenditure and body weight. The body weight markedly affects hourly energy 

expenditure (p<0.001) (Figure 3.3 A), however the slopes of both regression lines have 

no interaction, which means the effect of body weight on hourly energy expenditure 

between the two groups is the same (Figure 3.3 A). Both treatment groups exhibited 

increased cumulative energy expenditure in the dark compared to the light period, 

consistent with their increased nocturnal activity (Figure 3.3 B). However, acute 

intranasal insulin did not significantly change energy expenditure neither in short term 

(one to seven hours) nor long term periods (39 hours) (Figure 3.3 B, C).  

 

CLAMS was also used to measure locomotor activity of vehicle and insulin treated 

mice. Both groups had increased locomotor activity in the dark period compared to the 

light period, consistent with their increased nocturnal activity (Figure 3.3 D), however 

both groups exhibited similar activity levels, which suggested that acute intranasal 

insulin administration had no significant effect on locomotor activity (Figure 3.3 E). 

Additionally acute intranasal insulin treatment did not significantly affect body weight 

after acute intranasal insulin treatment (Figure 3.3 F). Unsurprisingly, acute intranasal 
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insulin did not affect body weight gain, one reason is that the body weight was 

measured two days post-intranasal injection and intranasal insulin only has acute effects 

on food intake which peaks within 2 to 5 hours following administration, which 

therefore dose not influence body weight. Altogether, results show that intranasal insulin 

reduced food consumption but did not reduce energy expenditure and locomotor 

activity.  

 

 

 

Figure 3. 3 Effect of intranasal standard human insulin on energy metabolic 
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balance and locomotion in mice. (A) GLM based regression plot: body weight on the 

effect of cumulative energy expenditure. ANCOVA test, body weight as the covariate. 

Vehicle group equation: y = 0.8406x + 7.3327, R² = 0.3425; intranasal insulin group 

equation: y = 0.9434x + 5.123, R² = 0.4919. (B) Energy expenditure in light cycle and 

dark cycle. (C) Cumulative energy expenditure (Kcal) under intranasal standard human 

insulin administration or same volume vehicle administration within 7 hours. Gray 

shadowed area represents the dark cycle, white area represents the light cycle. Multiple 

t-test was performed, Error bars represent SEM. (D) Locomotor activity in light cycle 

and dark cycle. (E) Locomotor activity under intranasal standard human insulin 

administration or same volume vehicle administration within 7 hours. (F) Body weight 

increase after acute intranasal injection (n = 10/group), Error bars represent SEM. 

 

Results showed acute intranasal insulin administration reduced food consumption in the 

acute post administration period, but did not change energy expenditure and locomotor 

activity. Here, the effect of intranasal insulin on oxygen consumption and carbon 

dioxide production were examined. The body weight as a covariate has a marked effect 

on hourly oxygen consumption (p<0.001) (Figure 3.4 A). According to the GLM slopes, 

both regression lines have no significant interaction effect, which means that the effect 

of body weight on oxygen consumption between the two groups is the same (Figure 3.4 

A). Therefore, intranasal insulin injection had no significant effect on oxygen 

consumption and carbon dioxide production in the mice, in both the short and long time 

period (Figure 3.4 B, C, D, E). In addition, respiratory exchange ratio showed no 

difference between the intranasal injection and control group (Figure 3.4 F). These data 

clearly suggested that acute intranasal insulin could decrease food intake within 2-5 

hours post-injection, but do not alter other metabolic parameters, such as energy 

expenditure, activity, body weight and RER.  
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Figure 3. 4 Effect of intranasal standard human insulin on oxygen consumption 

and carbon dioxide production in mice. (A) GLM based regression plot: body weight 

on the effect of hourly oxygen consumption. ANCOVA test, body weight as the 

covariate. Vehicle group equation: y = 3.4223x + 10.151, R² = 0.2324; Intranasal insulin 

group equation: y = 4.2458x - 10.113, R² = 0.3276 (B) Oxygen consumption and carbon 

dioxide production (D) in the light cycle and dark cycle. Oxygen consumption (C) and 

carbon dioxide production (E) under intranasal standard human insulin administration 

or same volume vehicle administration within 7 hours. (F) Effect of intranasal standard 

human insulin administration on Respiratory exchange ratio (RER). Data was analysed 

under one-way ANOVA in CaIR. RER = CO2/O2 per min, RER around 1 means mice 
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use carbohydrate as their fuel. 

 

3.5 Discussion 

 
CLAMS is a well-established system, however, the analysis extensive raw data is one of 

the challenges of using this system. For example, when it comes to transgenic mice, 

mass-dependent parameters such as energy expenditure can be secondary to altered 

body weight, rather than a primary effect of the genotype alone (Speakman, 2013). 

Scientists propose that the effect of body weight should be taken into consideration 

when mass-dependent parameters are analysed. Furthermore, much debate around how 

to adjust such metabolic parameters has existed for many years, including whether these 

parameters should be directly divided by body mass or whether a using regression linear 

model is more physiologically relevant (Fernandez-Verdejo et al., 2019; Muller et al., 

2021). The decision between directly dividing by body mass and using regression 

depends on the research question, the underlying assumptions of the data, and the 

physiological relevance of the normalization method. Both approaches can be valid and 

useful in different contexts. In my project, I used linear regression to explore the 

relationship between the cumulative food intake and body mass. When analysing 

measurements that are not related to mass (e.g., RER, locomotor activity), the difference 

between groups is assessed using a one-way ANOVA. 

 

It has been reported that the method of directly dividing by body mass could lead to the 

misinterpretation of raw data, since metabolic rate is not linearly proportional to body 

mass and the intercept is not zero (Fernandez-Verdejo et al., 2019; Muller et al., 2021). 

In addition, energy expenditure is affected by different tissue compositions with 

different rates of metabolism (Tschop et al., 2011). When mice lose body weight, fat 

mass decreases more than lean mass, whereas when their body weight is increased, it 

does not translate to an equal or proportional increase in all tissues, and therefore energy 

expenditure and/or rate will be different. Under these circumstances, directly dividing 

by body weight will lead to artefacts when interpreting raw data. Recently, Müller et al 

clearly demonstrated that even though the metabolic rate in two groups were both 

mass-dependant, ratio-based analysis erroneously concluded significant group 

differences, while a regression-based liner model could distinguish between false and 

true group effects (Muller et al., 2021). 
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Since some metabolic parameters are effected by body mass or composition of body 

mass, such as metabolic rates and energy expenditure, ANCOVA which is based on a 

continuous variable analysis method is recommended for correcting such metabolic 

parameters (Tschop et al., 2011). The actual data in relation to body mass is highly 

recommended to be represent rather than plotting the data as histograms (Tschop et al., 

2011). The regression-based analysis ANCOVA method usually recalculates each initial 

point and gives an adjusted value according to the regression slopes (more detail can 

refer to Module 2 from https://www.mmpc.org/shared/regression.aspx). Fortunately, an 

online metabolic analysis tool, CaIR, has been developed based on the regression linear 

model, ANOVA and ANCOVA, which makes the large amount of raw metabolic data 

analysis much easier to visualise, transparent and reproducible (Mina et al., 2018). In 

our experimental design, two groups with an acute treatment template was used for data 

analysis. CaIR would conduct a regression linear model between body mass and a 

mass-dependent measurement, such as energy expenditure. Only when there is no 

interaction effect reported between the two groups, which suggests that the effect of 

covariate body mass on energy expenditure is identical, so ANCOVA can be performed. 

For body mass-independent variables, such as locomotor activity and RER, data were 

analysed using a one-way ANOVA in CaIR. 

 

To evaluate the role of intranasal insulin in regulating metabolic homeostasis all the 

mice were acclimated for 2 days in the CLAMS cage before intranasal injection based 

on methods described in Corrigan et al (Corrigan et al., 2020). According to the liner 

regression model we showed, the covariate body weight was significant, suggesting that 

it was an important predictor in analysing food intake, energy expenditure, oxygen 

consumption and carbon dioxide production. On the other hand, the effect of body 

weight had no preference between two groups, which means the ANCOVA could be 

performed. 

 

Notably, our results showed that intranasal insulin treatment could reduce total food 

consumption within 2-5 hours, where this short term effect of insulin on food intake was 

also seen following i.c.v insulin injection in rats (Air et al., 2002) and mice (Brown et 

al., 2006). When we analysed the metabolic change of a single mouse treated 

sequentially with insulin or vehicle, our data indicated that 8 out of 10 mice decreased 

food intake upon insulin treatment, confirming what has been already reported in 

literature (Brown et al., 2006). It is possible that two mice did not receive the insulin as 

https://www.mmpc.org/shared/regression.aspx
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the procedure did not guarantee 100% success or not all the mice response to insulin. A 

decrease in food intake could be due to a reduced meal size or a reduction in frequency 

of which food is eaten. In the future it would be beneficial to obtain data from the 

metabolic cages to track how many times per hour the mice would go to eat and for how 

long they stayed in the food area. These data will therefore illustrate the length and the 

frequency of the meals which will allow us to determine whether changes in food intake 

caused by intranasal insulin treatment are related to meal size or meal frequency. 

Although the influence of insulin-dependent decreased food intake was seen to 

disappear in the long-term, we did not observe any short term or long term effect of 

insulin on energy expenditure. This might be because daily energy expenditure could be 

affected by several other factors, such as basal metabolism rate, resting energy 

expenditure, daily activity and food intake (Speakman, 2013).  

 

Although acute intranasal insulin administration is not sufficient to result in significant 

changes in body weight, there has been a trend toward a slight reduction in body weight 

increase compared to the control group. Vasselli et al reported that i.c.v injection of 

insulin caused a remarkable reduction in body weight after 24 hours (Vasselli et al., 

2017), which is different to our data. This discrepancy may be due to the differing 

delivery mechanisms which are likely to target different brain areas and therefore 

triggering different insulin signalling circuits in the brain. It is likely that i.c.v delivered 

insulin can directly reach the arcuate nucleus and median eminence of hypothalamus 

both of which are highly involved in regulating insulin sensitivity and metabolic 

balance (Konishi et al., 2017; Yoo et al., 2019). While intranasal insulin may not exert 

its effect through the same pathway, evidence for this is provided in the following 

chapters. 

 

In addition to monitoring food intake and body weight changes, examining changes in 

activity could also be a meaningful indicator in evaluating mice mood conditions or 

food searching behaviours (Wilson et al., 1976). For example, Hennige et al reported 

that i.c.v injection insulin increased locomotor activity in lean but not in obese mice 

after 24 hours (Hennige et al., 2009). In our study, however, we did not observe 

significant difference in locomotor activity after intranasal insulin administration 

compared to control treated animals. This may be due to the fact that animals were only 

given a single dose or the different methods of administration in our study. Locomotor 

activity, however, was found to be increased in the dark period compared to light period 
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in both mice groups, which is consistent with their increased nocturnal activity, 

indicating that animals in both groups exhibited normal locomotor behaviour during the 

experiment. 

 

Respiratory exchange ratio (RER = VCO2/O2) is a parameter of fuel utilization. When 

RER value is near 1, this indicates that carbohydrates are the main fuel being utilised, 

and an RER value between 0.7 and 1 means both carbohydrates and fats were used as 

fuel. In our case, acute intranasal insulin injection did not change oxygen consumption 

and carbon dioxide production when compared with the control group. In addition there 

were no differences in the RER between the two groups, however, the RER in the light 

period was found to be much lower compared to that of the dark period, when the value 

of RER is always above 1, this is because increased food intake consisted of 

high-carbohydrate chow and carbohydrates were used as fuel in the dark period. 

 

3.6 Conclusion 

 
In conclusion, results presented here show that acute intranasal insulin treatment could 

decrease cumulative food intake in the short-term, however, single dose intranasal 

insulin did not have a longer term effect on food intake, energy expenditure, locomotor 

activity, oxygen consumption, carbon dioxide production or RER. However, there are 

some limitations in our experiment. Total mass was only used as a covariate in our 

analysis, however it is well known that different tissues composition can have an effect 

on metabolic rate and therefore it is important to consider the body fat and lean mass in 

metabolic data analysis in the future. It is possible that intranasal insulin may mediate 

its affects by spilling over into the circulatory system. However, to avoid this possibility, 

the dose of intranasal insulin used in our present study was low enough that its effect 

would be negligible if this were to happen (Ott et al., 2015). We have only evaluated the 

acute effect of intranasal insulin on metabolic homeostasis, it would be interesting to 

examine the effects of chromic intranasal insulin in the future and whether this can 

reduce caloric intake.  
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4 Intranasal FITC-insulin reaches to the brain 
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4.1 Introduction 

 
Accumulating evidence indicates that the brain is an insulin sensitive organ, which 

controls eating reward, body weight, HGP and lipid metabolism (Filippi et al., 2012; 

Pocai et al., 2005b; Scherer et al., 2011; Guthoff et al., 2010). Insulin receptor has been 

discovered in a wide variety of brain regions, including the olfactory bulb, cerebellum, 

cortex, hypothalamus, hippocampus and brainstem (Havrankova et al., 1978; Hill et al., 

1986). Dysfunction of insulin signalling in the brain has been associated with many 

disease, including AD, dementia, Parkinson’s disease (PD) and diabetes (Ghasemi et al., 

2013; Arnold et al., 2018), while activation of insulin signalling could alleviate this 

process (Hallschmid, 2021; Benedict et al., 2011b; Cholerton et al., 2013). For example, 

rats with decreased insulin receptor signalling in the hippocampus exhibited impaired 

spatial learning, anxiety-like and depressive-like (Grillo et al., 2011). Strikingly, 

learning and memory have been improved after intranasal insulin treatment (Lv et al., 

2020). A plausible mechanism is that insulin could regulate the level of amyloid β 

peptide and phosphorylation of Tau to improve memory and other cognitive 

performance (Mullins et al., 2017; Hong and Lee, 1997; Rensink et al., 2004). These 

findings might suggest that improving insulin signalling sensitivity in the brain could be 

a potential therapy for the cognitive related disease. 

 

Data produced in mice indicated that intranasal delivery of insulin could achieve similar 

concentrations in the brain as subcutaneous injection of insulin, but without increasing 

levels of insulin in the blood and therefore avoiding hypoglycaemia (Nedelcovych et al., 

2018), which suggests that intranasal insulin could be a safer option to deliver insulin 

directly to the brain (Nedelcovych et al., 2018). There are a large number of studies that 

describe intranasal insulin significantly improving memory and mood in human subjects 

with AD (Benedict et al., 2007; Salameh et al., 2015; Schneider et al., 2022; Benedict et 

al., 2004; Benedict et al., 2011b; Reger et al., 2006; Stockhorst et al., 2004).  

 

It has been reported that cerebral hypometabolism and dampened cerebral glucose 

uptake might be linked with cognitive diseases (Tang et al., 2016; Mosconi et al., 2009; 

Willette et al., 2015; Brabazon et al., 2017). Intranasal insulin significantly increase the 

levels of glucose, cellular energy substrates ATP and phosphocreatine in the brain after 

9 days administration (Nedelcovych et al., 2018), which might partly explain the 

mechanism of how intranasal insulin alleviates memory and other cognitive diseases. 
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Brabazon et al further pointed that two week daily administration of intranasal insulin 

resulted in restored cerebral glucose uptake in the hippocampus that was accompanied 

by improved memory performance (Brabazon et al., 2017). This observation implies 

that intranasal insulin could improve cognitive function through changing cerebral 

metabolism. 

 

Furthermore, intranasal insulin showed an effect on suppressing food intake 

(Jauch-Chara et al., 2012) and reducing body fat (Hallschmid et al., 2004). However, the 

mechanism about how intranasal insulin regulates caloric intake is still unclear. Some 

studies suggested that the neuronal activity of the fusiform gyrus (Guthoff et al., 2011; 

Guthoff et al., 2010), where responses to food stimuli, was decreased after giving 

intranasal insulin, which might be a potential mechanism for meal termination after 

intranasal insulin administration. Other neuroimaging results also indicated that insulin 

significantly regulates the activity of prefrontal area responses to high caloric food cue 

postprandial (Heni et al., 2014a; Kroemer et al., 2013). Another study further suggested 

that intranasal insulin reduces calorie intake by increasing brain energy ATP levels 

(Jauch-Chara et al., 2012). One explanation is that due to ATP severing as the currency 

of energy in cells, increased ATP levels will send out a signal of satiation and 

consequently leads to terminate eating (Lam, 2010; Cha and Lane, 2009; Lam et al., 

2008). All these data imply that insulin could influence the activity of brain regions 

associated to the regulation of calorie consumptions. However, which brain regions are 

the targets of intranasal insulin acts has not been thoroughly defined.  

 

In this chapter, we aimed to develop a viable method to detect intranasal insulin and 

determine which brain areas are reached by insulin upon intranasal injection.  

 

4.2 Aims 

 

(1) Determine whether fluorescein isothiocyanate (FITC)-insulin has the same 

biological function in vivo and ex vivo as standard human insulin and could it be a 

viable tool to follow intranasal insulin fate? 

(2) Identify brain regions where intranasal insulin accumulates in the brain? 

 

https://journals.sagepub.com/doi/10.1177/0271678X16685106?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed#con1
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4.3 Results 

4.3.1 FITC-insulin activates insulin signalling cascades in PC12 cells 

  

To verify whether FITC-insulin is biologically active and can activate downstream 

insulin signalling, overnight fasted PC12 cells were incubated with FITC-dye, 

FITC-insulin and standard human insulin and time course was performed (Figure 4.1). 

We first confirmed that PC12 cells express the insulin receptors and show that 

expression levels are unaltered by FITC-insulin at the different time points (Figure 4.1 

A). FITC serves as a fluorescent tag, enabling visualization and tracking of 

FITC-insulin within PC12 cells. By confirming that FITC-insulin does not interfere 

with insulin receptor function, we can accurately analyse insulin's cellular uptake, 

internalization, and subcellular localization. This information is critical for 

understanding insulin's interactions within the neuronal circuits and its intracellular 

trafficking. Our results indicated that FITC-insulin does not degrade the insulin receptor 

in PC12 cells and this is acting in the same way as insulin (Shi et al., 2002). Insulin 

binds to the extracellular domain of IR, leading to the auto phosphorylation of IR, 

phosphorylation of insulin receptor substrates and other downstream proteins, such as 

AKT and ERK (section 1.3.1). The AKT signalling and MAPK/ERK pathways were 

assessed by western blot. Phosphorylation of AKT (Ser 473) was increased after 5 mins 

of human insulin incubation and remained high for 45 mins (Figure 4.1 B). Similarly, 

phosphorylation of AKT (Ser 473) was significantly increased after 10 mins of 

incubation with low and high concentration of FITC-insulin (Figure 4.1 C, D), while 

ERK 1/2 phosphorylation was not changed by neither standard human insulin nor 

FITC-insulin (Figure 4.1 E, F). Together, these results suggest that FITC-insulin has 

similar biological activity to human insulin and activates the AKT pathway in vitro.  
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Figure 4. 1 FITC-insulin activates AKT in PC12 cells. (A) Insulin receptor (IR) levels 
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in PC12 cells after different incubation times with 200 nM FITC-insulin. (B) 

Phosphorylation levels of Akt on Ser473 after human insulin (200 nM) treatment at 

different time points. (C-D) Phosphorylation levels of Akt on Ser473 after low 

FITC-insulin (200 nM) concentration and high FITC-insulin (800 nM) concentration 

treatment at different time points. (E) Phosphorylation levels of ERK 1/2 

(Thr202/Tyr204 and Thr185/Tyr187) after human insulin (200 nM) treatment at 

different time points. (F) Phosphorylation levels of ERK 1/2 (Thr202/Tyr204 and 

Thr185/Tyr187) after FITC-insulin (800 nM) treatment at different time points. Data are 

shown as mean ± SEM, n=4 samples. Data were normalized by the total proteins and 

the fold changes relative to FITC-dye were shown. Ordinary one-way ANOVA, 

Dunnett’s multiple comparisons test. **p<0.01, ***p<0.001, ****p<0.0001. 

 

4.3.2 FITC-insulin enters the nucleus in PC12 cells 

 

We next examined how FITC-insulin enters PC12 cells. Cells were incubated with 

FITC-insulin for different times, then cells were fixed with PFA and FITC-insulin 

binding was detected using a confocal microscope (as previously described in section 

2.2.2). No florescence was detected in cells incubated with FITC-dye (Figure 4.2 B), on 

the other end, FITC-insulin was able to bind the cell membrane within 5 mins treatment 

(Figure 4.2 B). More cells bind to FITC-insulin with incubation time (Figure 4.2 C, D), 

and FITC-insulin fluorescent signal in PC12 cells reached the highest intensity at 20 

mins and decreased after 30 mins (Figure 4.2 E-G). 

 

Notably with treatment between 5 to 10 mins, around 50% of cells presented membrane 

localization, while 20-30% had cytosolic localization and around 25% of cells presented 

nuclear staining (Figure 4.3 A-B). Starting from 15 mins incubation insulin was mainly 

localised between the cytosol and the nucleus, with the majority of the cells (~95 %) 

presenting nuclear localization (Figure 4.3 A-B). Overall, these data indicate that 

FITC-insulin can be internalized after binding to the receptors on the plasma membrane 

and also be transported into the nucleus. 
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Figure 4. 2 The dynamics of FITC-insulin in PC12 cells. PC12 cells were incubated 

with FITC-insulin (800 nM) for different durations, control cells were incubated with 

FITC-dye only (A-G). Yellow arrows indicate FITC-insulin positive cells, green arrows 

indicate cells under bright field, white arrows indicate Dapi and red arrows indicate 

FITC-insulin colocalized with the nucleus.  

 

 

 

Figure 4. 3 The quantification of FITC-insulin entering in PC12 cells. (A) shows the 

number of FITC-insulin positive cells at different time points. (B) shows the ratio of 

FITC-insulin location in outside nucleus and nucleus.. Data are expressed as the mean ± 

SEM (Standard Error of Mean) (For each treatment, total three areas were imaged and 

analysed from duplicate biological experiments).  

 

4.3.3 The internalization of FITC-Insulin is mediated by insulin 

receptors 

 

As the previous section described, insulin binds to the cell membrane and is rapidly 

internalized and translocated to the nucleus. Here, to validate whether insulin receptors 

are required for insulin nuclear internalization, we knocked down insulin receptors in 

PC12 cells by co-transfecting pacAd5CMV-CRECFP and pacAd5CMV-ShIR-tdTomato 

plasmid. pacAd5CMV-ShC-tdTomato plasmid was as control (as described in section 

2.2.4). Forty-eight hours post-transfection, PC12 cells were incubated with FITC-insulin 

for 15 mins, the time point at which insulin has its maximal effect (Figures 4.1 and 4.3). 

Our results indicated that there were around 80%-85% FITC-insulin positive cells after 

15 mins incubation in the control group (Figure 4.4 A, D), while its binding was 
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significantly inhibited in the insulin receptor knockdown group (only around 14% 

FITC-insulin positive cells) (Figure 4.4 C, D). In contrast, FITC-insulin was not 

affected in pacAd5CMV-ShC-tdTomato control group (Figure 4.4 B, D). Our results 

also suggested that the transfection efficiency had no significant difference between 

pacAd5CMV-ShIR-tdTomato plasmid and pacAd5CMV-ShC-tdTomato control group 

(Figure 4.4 E). Notably, 76% tdTomato positive cells colocalized with FITC-insulin 

positive cells in nucleus in the control group, however, there were only 7.4% in insulin 

receptor knockdown group (Figure 4.4 F) that colocalised with FITC-insulin. These 

results indicated that insulin receptor is essential for FITC-insulin’s internalization in 

PC12 cells. 
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Figure 4. 4 Insulin receptor is essential for FITC-insulin internalization in PC12 

cells. (A) Cells only were incubated with 800 nM FITC-insulin for 15 mins. (B) Cells 

were transfected with pacAd5CMV-CRECFP and pacAd5CMV-ShC-tdTomato plasmid, 

and then incubated with 800 nM FITC-insulin for 15 mins. (C) Cells were transfected 

with pacAd5CMV-CRECFP and pacAd5CMV-ShIR-tdTomato, and then incubated with 

800 nM FITC-insulin for 15 mins. (D) shows the ratio of FITC-insulin to the total cell 

numbers in three groups, respectively. ‘ShC+ CRE’ presents cells co-transfected with 

pacAd5CMV-CRECFP and pacAd5CMV-ShC-tdTomato plasmid; ‘ShIR + CRE’ 

presents cells co-transfected with pacAd5CMV-CRECFP and 

pacAd5CMV-ShIR-tdTomato. Ordinary one-way ANOVA was performed. **p<0.01. (E) 

The ratio of cells expression of tdTomato to the total cell numbers in ‘ShC+ CRE’ and 

‘ShIR + CRE’ group. (F) The ratio of tdTomato positive cells colocalized with 

FITC-insulin positive cells in ‘ShC+ CRE’ group and ‘ShIR + CRE’ group. Data are 

expressed as the mean ± SEM. Nonparametric t-test was performed. ***p<0.001. 

(n=6-9). Red arrows indicate FITC-insulin colocalized with the nucleus in the group 

only incubated with FITC-insulin (only FINS). Yellow arrows indicate FITC-insulin 

colocalized with tdTomato in ‘ShC+ CRE’ group. White arrows indicate cells express 

tdTomato but without FITC-insulin binding in the nucleus in the ‘ShIR + CRE’ group. 

 

4.3.4 Insulin receptors were detected in the hippocampus, brainstem, 

olfactory bulb and cerebellum and the HDB in acute mouse brain slices 

 

To further identify the areas of the brain where the insulin receptor is present, 

FITC-insulin was used to incubate with acute mouse brain slices (as previously 

described in section 2.3.3). In order to discard dead cells, a Dye 594 Alexa was used 

that would be absorbed and retained only by dead cells (Kitamura et al., 2008). The 

results show that only live cells absorb FITC-insulin, while not all live cells were 

labelled with FITC-insulin (Figure 4.5). It is probably because there are different types 

of neuron populations, and some of them lack insulin receptors. It probably also because 

that some insulin bind to insulin receptors on the surface of cell and then carry the 

insulin into nucleus so that cell show no insulin signal. According to the data in Figure 

4.4, cells positive for FITC-insulin would have the insulin receptors. Here, intense 

insulin labelling was observed in brain regions such as the hippocampus and brainstem 

(Figure 4.5). FITC-insulin signal was abundantly detected in the CA1 (Figure 4.5 Ai), 
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CA3 (Figure 4.5 Aii) and dentate gyrus (DG) (Figure 4.5 Aiii) of the hippocampus. 

Besides, nucleus tractus solitaries (NTS) of brainstem (Figure 4.5 Bi) also showed the 

most intense fluoresce signals. It is worth noting that FITC-insulin signal was also 

detected in the glomerular and mitral cell layers of the olfactory bulb (Figure 4.6 A), the 

Purkinje cell layer of cerebellum (Figure 4.6 B) and the horizontal diagonal band of 

Broca (HDB). Our data demonstrate that using FITC-insulin seems to be a viable tool to 

identify insulin-sensitive regions in the brain. Nonetheless, to reinforce this argument, 

we suggest conducting future studies utilising immunofluorescence methods that 

specifically target the insulin receptors. This would facilitate the elucidation of the exact 

co-localization patterns of FITC-insulin with insulin receptors in specific brain regions, 

thus contributing to a more comprehensive understanding of its utility and specificity in 

delineating insulin sensitivity within the central nervous 

system.
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Figure 4. 5FITC-insulin in the hippocampus and brainstem of mouse brain acute 

slice. (Ai) to (Aiii) to show C1, C3 and dentate gyrus of hippocampus, respectively. 

(Aiv) to show the anatomical structure of hippocampus (Jia et al., 2017). (Bi) to shown 
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FITC-insulin in the brainstem. (Bii) cited from An Atlas of the Rat Subpostremal 

Nucleus ractus Solitarius. Dye 594 Alexa (red) indicate dead cells, Dapi (blue) and 

FITC-insulin (green). Two mice were observed in this study. 

 
 

 

 

Figure 4. 6 FITC-insulin was taken by the olfactory bulb and cerebellum of 

C57BL/6 mice brain after 30 mins. (A) FITC-insulin in different layers of olfactory 

bulb (OB) of C57BL/6 mice brain. GL: glomerular layer; ML: mitral cell layer. (Aiv) to 

show the structure of the OB. (B) FITC-insulin in the cerebellum lobes. DCN: Deep 

cerebellar nuclei of the cerebellar cortex. PCL: Purkinje cell layer. Cb: cerebellum. (C) 

FITC-insulin in the horizontal diagonal band of Broca (HDB). Blue (Dapi), Green 

(FITC-insulin), Red arrows to show FITC-insulin. Three mice were observed in this 

study. 
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4.3.5 FITC-insulin activates p-Akt in acute slices of the mouse 

hippocampus 

 

FITC-insulin signal was detected in various brain regions, including the hippocampus, 

brainstem, olfactory bulb, cerebellum and the HDB. Next, to determine whether 

FITC-insulin could activate insulin signalling in brain tissue, it was incubated with 

acute brain slices of the hippocampus for 15 mins and 30 mins, respectively, then the 

insulin downstream signalling, p-Akt, was detected. As expected, there is no detectable 

FITC signal in the FITC-dye and human insulin group either at 15 mins or 30 mins 

incubation (Figure 4.7 A and 4.8 A). Interestingly, there are some basal p-Akt 

expression even under FITC-dye treatment. This observation can be attributed to the 

absence of an overnight fasting period for the mice used in our study. Consequently, 

there was a certain degree of basal insulin secretion following their food intake, which 

likely accounts for the observed basal p-Akt expression. This finding highlights the 

significance of considering the physiological state of the animals under investigation, as 

the endogenous insulin secretion in response to feeding can potentially influence the 

activation of Akt signalling pathways in the brain. P-Akt positive cell numbers have no 

difference between FITC-insulin, standard human insulin and FITC-dye groups under 

15 mins incubation (Figure 4.7 E) unlike in PC12 cells (Figure 4.1 C,D). While p-Akt 

was activated by both FITC-insulin and human insulin compared to FITC-dye at 30 

mins (Figure 4.8 E). Notably, p-Akt seems to be activated by FITC-insulin in an indirect 

manner, since there are few colocalization between FITC-insulin and p-Akt (Figure 4.7, 

4.8).  
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Figure 4. 7 Insulin was taken by hippocampus of C57BL/6 mice brain after 15 

mins incubation. Acute slices incubated with equal concentration of FITC-dye (A), 

FITC-insulin (green) (B), and human insulin (200 nM) (C) for 15 mins, then co-stained 

with p-AKT (red) and Dapi (blue). White square is to show FITC-insulin enters into the 

cytoplasm instead of nuclei. (D) Cell number of positive FITC-insulin in each group. (E) 

Cell number of positive p-Akt in each group. N=3 from three different mice brain. 

Ordinary one-way ANOVA, Dunnett’s multiple comparisons test was performed, 

**p<0.001. 
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Figure 4. 8 P-Akt was activated by insulin after 30 mins incubation in 

hippocampus of C57BL/6 mice brain. Acute slices incubated with equal concentration 

of FITC-dye (A), FITC-insulin (green) (B) and human insulin (200 nM) (C) for 30 mins, 

then co-stained with p-Akt (red) and Dapi (blue). (D) Cell number of positive 

FITC-insulin in each group. (E) Cell number of positive p-Akt in each group. N = 3 

from three different mice brain. Ordinary one-way ANOVA, Dunnett’s multiple 

comparisons test was performed, *p<0.05. 

 

4.3.6 Intranasal FITC-insulin tracing revealed specific binding of 

insulin to neurons in various brain regions 

 

Having demonstrated the FITC-insulin is a viable way to characterise insulin receptor 

positive cells in different brain regions and also were able to activate insulin 

downstream signalling, we decided to deliver it intranasally in order to track where it 

spreads in the mouse brain. FITC-insulin was injected into a single nostril of mice. In 

our experimental approach, FITC-insulin was administered through a single nostril in 

mice. After 30 mins, most of the FITC-insulin remained localized within the olfactory 

bulb, with no discernible labelling observed in other regions of the brain. While at 60 

minutes after application, showed only faint labelling in comparison. Considering these 

findings, we decided to select a 40 mins interval for our intranasal application studies. 

This choice was made to strike a balance between the localization of FITC-insulin 

within the olfactory bulb and its distribution to other brain areas, thus optimizing the 

experimental conditions for our investigation. After 40 mins, mice were cardiac 

perfused and fixed. After 40 mins, mice were cardiac perfused and fixed. Serial sagittal 

sections were prepared for either directly examining green fluorescence bindings by 

fluorescent microscopy or combined with IHC for further identification. The results 

showed that FITC-insulin was widely distributed in the brain. We found that the 

olfactory bulb (Figure 4.9 B) and HDB (Figure 4.9 C) presented the most intense 

fluorescent signals, while other regions such as hippocampus and brainstem showed 

faint but detectable signals (Figure 4.9 D, E).  

 

ChAT is widely used as a marker in the HDB (Rao et al., 1987; Rye et al., 1984). ChAT 

was expressed in the cytoplasm and overlapped with FITC-insulin signal (Figure 4.9). 

Our results indicate that FITC-insulin colocalized with ChAT in the HDB, brainstem 
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and hippocampus (Figure 4.9 C, D, E). Interestingly, from the quantification results, the 

HDB area is the second high intensity of insulin-positive region and there are around 

38.9% insulin-positive cells are colocalized with cholinergic neurones, which imply 

intranasal insulin could target both cholinergic neurons and non-cholinergic neurons in 

the brain. On the other hand, even though there are a few insulin positive signalling in 

the hippocampus (around 1.25 insulin positive cells per mm2) and brainstem (around 

14.4 insulin positive cells per mm2) were detected compared with the olfactory bulb 

(around 1107 insulin positive cells per mm2) and the HDB areas (around 307 insulin 

positive cells per mm2), the insulin positive cells in the brainstem highly colocalized 

with cholinergic neurones (around 87%) (Figure 4.9 F, G). 

 

To identify if FITC-insulin binds to other cell populations, NeuN and GFAP antibody 

were applied in our study. NeuN was used to identify mature neurones, which is mainly 

located in nuclei but also in cytoplasm (Mullen et al., 1992; Van Nassauw et al., 2005). 

Our results show that FITC-insulin colocalized with NeuN in the olfactory bulb (OB), 

and NeuN predominantly expressed in the glomerular layer (Figure 4.10 A). In addition, 

we also observed that FITC-insulin colocalized with astrocytes and other glial cells, 

which was characterised by GFAP antibody (Figure 4.10 B). Altogether, our data 

suggested that both neurons and astrocytes express insulin receptors in the olfactory 

bulb (Figure 4.10). It would be interesting to determine whether also in other brain areas 

insulin FITC-insulin can colocalize with neurons and astrocytes. Furthered experiments 

will be needed. 
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Figure 4. 9 The distribution of intranasal FITC-insulin in C57BL/6 mice brain. (A) 

Referenced from the Mouse Brain in Stereotaxic Coordinates to different brain areas. (B) 

FITC-insulin in different layers of olfactory bulb (OB) of C57BL/6 mice brain. GL: 

glomerular layer; ML: mitral cell layer. (C-E) FITC-insulin in the HDB, brainstem and 

hippocampus of C57BL/6 mice brain, respectively. ChAT immunohistochemistry (red), 

FITC-insulin (green), DAPI (blue). White arrows indicate FITC-insulin. Yellow arrows 

indicate FITC-insulin colocalized with cholinergic neurons. Data are expressed as the 

mean ± SEM (n=4). 

 

 

 

Figure 4. 10 Intranasal FITC-insulin binds with both neurons and astrocytes in the 

olfactory bulb of C57BL/6 mice brain. (A) White arrows show FITC-insulin (Green) 

colocalized with NeuN (Red) in the OB. (B) Yellow arrows show FITC-insulin (Green) 

colocalized with GFAP (Red) in the OB. GL: glomerular layer; ML: mitral cell layer.    
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4.3.7 Dopaminergic, GABAgeric and cholinergic neurons were 

detected in the HDB using acute mouse brain slices 

 

The HDB is a non-canonical central region in regulating feeding behaviour (Herman et 

al., 2016). Next, in order to determine the neuronal cell types in the HDB, brain slices 

were co-stained with several antibodies. The results show that the HDB contains 

dopaminergic or noradrenaline neurons, which are marked by tyrosine hydroxylase (TH) 

(Figure 4.11 Ai-Avi). In addition, FITC-insulin was taken up by TH positive neurons, 

cholinergic neurons and neurons co-expressing both TH and ChAT (Figure 4.11 Ai-Avi).  

 

On the other hand, there are around 35% insulin positive cells are GABAergic neurons, 

about 25% insulin positive cell are both GABAergic neurons and Cholinergic (Figure 

4.11 Bi-Bv, C). While there are more than 74% FITC-insulin positive cells were 

colocolized with cells that are neither noradrenaline neurons nor cholinergic neurons 

and GABAergic (Figure 4.11 C), which implies that the majority of neuronal 

populations could express insulin receptors in the HDB that are still not known.  
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Figure 4. 11 FITC-insulin was taken by dopaminergic, GABAgeric and cholinergic 

neurons in the HDB. (A) C57BL/6 mice acute slices incubated with FITC-insulin 

(green) for 30 mins, then co-stained with ChAT-antibody (magenta) and TH-antibody 

(gray). White arrow indicates FITC-insulin colocalized with cholinergic neurons. 

Yellow arrow indicates FITC-insulin colocalized with dopaminergic neurons. Blue 

arrows indicate FITC-insulin was taken up by neurons co-expressing TH and ChAT. (B) 

Vgat-cre-Gcamp6f mice acute slices incubated with FITC-insulin (green) (200 nM) for 

30 mins, then co-stained with ChAT-antibody (gray) and GFP-antibody (red), which 

indicates GABAgeric neurons. Cyan arrow indicates FITC-insulin colocalized with 

GABAgeric neurons. Red arrows indicate FITC-insulin was taken up by neurons 

co-expressing GABAgeric and ChAT. (C) The quantification of different cell types. 

Data are expressed as the mean ± SEM (Standard Error of Mean) (n=3 mice).  

 

4.4 Discussion 

 

We have demonstrated that FITC-insulin is a viable tool to study the distribution of 

insulin sensing cells in the brain (Figure 4.1, Figure 4.9 and Figure 4.11). 200 nM 

human insulin could rapidly activate p-Akt at 5 mins while the same concentration of 

FITC-insulin activated p-Akt from 10 mins to 15 mins and its effect decreased after 30 

minutes. In our comparative analysis between human insulin and FITC-insulin, we 

observed that a higher concentration of FITC-insulin was required to elicit p-Akt 

activation after a 30-minute duration. This discrepancy can be attributed to the fact that 

one mole of FITC-insulin is composed of a mixture of mono-, di-, and tri-conjugated 

FITC molecules. This implies that an equal mole of FITC-insulin may not possess the 

same insulin composition as standard human insulin. In light of these findings, we 

propose that special attention should be given to the molecular weight of FITC when 

conducting experiments involving FITC-insulin applications. The presence of multiple 

FITC molecules per mole in FITC-insulin may influence its physiological behaviour 

and subsequently affect the activation of downstream signalling pathways, such as 

p-Akt activation. Therefore, accounting for the molecular weight of FITC is crucial in 

designing and interpreting experiments involving FITC-insulin to ensure accurate and 

meaningful results.  

 

Notably, FITC-insulin just as human insulin significantly activated p-Akt pathway 
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instead of p-Erk in PC12 cells, which might because that insulin p-Akt pathway 

involved in hypothalamus-mediated glucose utilization (Obici et al., 2002b), while 

p-Erk pathway is essential in dorsal vagal complex-mediated glucose homeostasis 

(Figure 4.1) (Filippi et al., 2012).  

 

Our in vitro work suggested that localisation of FITC-insulin is dynamic being 

translated from the cell surface to the nucleus. In the beginning, FITC-insulin localised 

mostly on the cell membrane and cytoplasm within 5 to 10 mins incubation and reached 

the nucleus after 15 mins. Interestingly, it was recently reported that insulin receptors, 

upon insulin binding, can translocate to the nucleus and directly control RNA 

polymerase II-mediated gene expression (Batista et al., 2019). The active insulin 

receptor was internalized by clathrin or caveolin mediated endocytosis, and nucleoporin 

358 (Nup358) protein was involved in insulin receptor’s nuclear localization (Qiu et al., 

2022). Our data also suggested that FITC-insulin’s binding to the cells was significantly 

inhibited when insulin receptor expression were attenuated, which suggested that 

FITC-insulin’s internalization was mediated by insulin receptors, however, whether 

insulin receptors mediates FITC-insulin’s nuclear localization still need to further study. 

 

Translocation of insulin into the nucleus to regulate gene expression is an alternative 

way to canonical phosphorylation signalling cascade of insulin. It was reported that 

proinsulin C-peptide could enter into the nucleus and localize in nucleoli, and in this 

way control proliferation (Lindahl et al., 2010). And our results showed that 

FITC-insulin entered into the nucleus and colocolized with nuclear marker DAPI. In 

addition, FITC-insulin also localised to the nucleoli in PC12 cell, which are identified as 

a dark pocket in the nucleus after DAPI staining (Pontvianne et al., 2016). Nucleoli are 

involved in the synthesis of ribosomes, which is vital components in translation 

(Lafontaine and Tollervey, 2001). The role of insulin in the nucleoli involving in gene 

regulation is still unanswered. To verify that FITC-insulin colocolized with nucleoli, 

nucleolar marker SYTORNASelect could be applied in future experiments.  

 

In addition, our acute slice experiment results showed that there was abundant 

expression of insulin receptors in the CA1, CA3 and dentate gyrus of the hippocampus 

and brainstem. The different layers of olfactory bulb, cerebellum and the HDB also 

exhibited insulin positive neurons. Our data on FITC-insulin labelling of neural 

populations in the hippocampus is in line with experimental evidences produced both in 
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mice and humans where brain insulin was shown to improve cognitive function 

(Chapman et al., 2018; Claxton et al., 2015a), where insulin is regarded as a 

neurotrophic factor that affects the development and plasticity of neurons (Chiu et al., 

2008). Compare to FITC-dye, p-Akt positive cells were increased after 30 mins 

application of FITC insulin and human insulin in the brain regions of hippocampus, 

which suggested that FITC-insulin could also activate insulin signalling cascades in 

vivo-like environment and might be helpful to understand the mechanism of how insulin 

improves cognitive disease in the future. 

 

Our results indicated that intranasal FITC-insulin (< 8 KDa protein) could bypass the 

blood brain barrier and reach various brain regions 40 mins after administration. The 

rapid nature of FITC-insulin-delivery into the CNS from the nasal passages (Born et al., 

2002) is most consistent with FITC-insulin transport by an extracellular route along 

components of the peripheral olfactory and trigeminal systems (Dhuria et al., 2010). In 

addition, our study also indicated that the positive cell number of intranasal 

FITC-insulin varied in different brain regions. There was a high insulin uptake in the 

olfactory bulb and the HDB, followed by hippocampus and the brainstem.  

 

Intranasal delivery results showed that there was a high FITC-insulin uptake in the 

mitral cell layer of olfactory bulb, which is an area of the brain involved in feeding 

regulation (Soria-Gomez et al., 2014; Riera et al., 2017). Similar to the canonical 

metabolic sensor, the hypothalamus, there is also a high density of hormone receptors in 

the olfactory bulb, such as insulin receptors (Marks et al., 1990), leptin receptors 

(Caillol et al., 2003) and ghrelin receptors (Tong et al., 2011). Mitral cells are the 

principal neurons of the olfactory bulb, they convey odour information to other brain 

regions. For example, Murata et al reported a novel area in olfactory cortex that could 

receive synaptic inputs from mitral cells and send inhibitory output to the lateral 

hypothalamus, which may modulate odour-guided lateral hypothalamus-related 

behaviours (Murata et al., 2019). Two cell types in the arcuate nucleus of the 

hypothalamus, AgRP and POMC (Konner et al., 2007) may be involved in this process. 

The former is activated by fasting and promotes foraging, while the latter is activated by 

satiety and inhibits food intake. This provided us a hypothesis that intranasal insulin 

might induce changes in mitral cells projecting from the olfactory bulb, transmitting 

olfactory information to hypothalamus to regulate appetitive behaviour. Increasing the 

amount of insulin in the olfactory bulb reduces the detection of odours in the rat, 
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thereby reducing the food search during a fed state (Aime et al., 2012). It is noteworthy 

that the insulin-dependent glucose transporter GLUT 4 co-localised with insulin 

receptor in mitral cells and glomeruli of the olfactory bulb, which implies intranasal 

insulin in the olfactory bulb, could also regulate glucose uptake (Al Koborssy et al., 

2014). Marks et al reported that chronic intranasal insulin administration could induce 

phosphorylation of voltage-gated potassium channel Kv1.3 and increase olfactory 

discrimination in mice, but have no effect on body weight (Marks et al., 2009). Riera et 

al reported that ablation of olfactory sensory neurons (OSNs) can prevent diet-induced 

obesity, increase thermogenesis in brown adipose tissue and reduces insulin resistance, 

suggesting the involvement of the olfactory system in maintaining energy homeostasis 

(Riera et al., 2017). In addition to neurons, astrocytes could also uptake FITC-insulin in 

the olfactory bulb according to our study. Astrocytes conduct multiple roles in the brain, 

which includes inputting and/or outputting neurotransmitters and provide an interface 

between neurons and blood vessels (Verkhratsky and Nedergaard, 2018). Impaired 

insulin receptor in astrocytes compromise the response to glucose changes and reduce 

the expression of GLUT 1 (Garcia-Caceres et al., 2016; Simpson et al., 1999). 

Astrocytes mediated insulin signalling is also involved in mood and depression (Cai et 

al., 2018). The aforementioned evidences point out that insulin could play an important 

role in regulating olfactory bulb activity and controlling metabolic functions. Further 

studies are needed to fully understand this process. 

 

The HDB is a major component of the cholinergic basal forebrain. It was reported that 

abundant mRNA expression of insulin receptors was highly restricted to the cholinergic 

neurons in the HDB of the rats (Tsujimoto et al., 1995). The ablation of the HDB could 

increase daily food intake in mice, causing hyperphagia (Herman et al., 2016). Selective 

knock-out of cholinergic neurotransmission from the HDB increased body mass, while 

activating HDB cholinergic neurons suppressed food intake in vivo, demonstrating that 

cholinergic signalling plays an important role in regulating food intake (Herman et al., 

2016; Cassidy et al., 2019). Our results suggested that intranasal insulin could enter the 

HDB and co-localised with the cholinergic-specific marker, ChAT, which implies that 

the HDB may be one of the key brain areas that responds to intranasal insulin and 

participates in the regulation of food intake. 

 

The HDB consists of various cell populations, including GABAergic and somatostatin 

neurons (Zhu et al., 2017). However, in our study we reported more cell populations, 
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such as dopaminergic neurons, cholinergic as well as GABAergic neurons in the HDB. 

Interestingly, TH-positive cells in the HDB, some of which overlapped with cholinergic 

neurons. Insulin could promote the release of dopamine in the nucleus accumbens (NAc) 

to influence food choices, and the process of dopamine release in NAc was mediated by 

cholinergic interneurons that express insulin receptor in striatum (Stouffer et al., 2015). 

Another study also showed that insulin activates Akt signalling in dopaminergic neurons 

of the substantia nigra (SN) (Fan et al., 2019). Understanding the relationship between 

TH, cholinergic neurones and other neurones might contribute to how insulin plays a 

role in regulating metabolism in vivo.  

 

Electrical stimulation of the HDB could enhance spontaneous activity in mitral cell of 

olfactory bulb, which confirms that the HDB is connected with the olfactory bulb and 

could modulate the odour information from the olfactory bulb (Zhan et al., 2013). With 

prolonged odour exposure time, glomerular layer of olfactory bulb responded less to 

odours stimulations, a phenomenon that is called habituation. However, when basal 

forebrain cholinergic neurones were activated, glomerulus of olfactory bulb receiving 

cholinergic inputs reversed the decrease in response time to restart odour exploration 

(Ogg et al., 2018). Optogenetic activation of basal forebrain cholinergic neurons 

modulate neuronal excitability and sensory responses in the main olfactory bulb (Ma 

and Luo, 2012) and further change animal behaving states like habituation. Altogether, 

these observations imply that cholinergic activity in the HDB increases olfactory 

discrimination capability and further modulate foraging and eating behaviour.  

 

There was also some fluorescence insulin in hippocampus and brainstem after intranasal 

administration, which corresponded to what Dhuria et al (2009) reported that intranasal 

insulin could enter deep brain structure like brainstem through trigeminal nerve (Dhuria 

et al., 2010; Lochhead et al., 2019). In our study, we also observed that there were 

sparse amounts of cholinergic neurons expressed in hippocampus, which is consistent 

with other reports (Frotscher et al., 2000; Knox and Keller, 2016; Tago et al., 1987). 

Obviously, FITC-insulin was uptaken more in the hippocampus and brainstem of acute 

mouse brain slices than that of intranasal delivering method, which could be in 

consequence of clearance of nasal mucosa in vivo. The cerebellum was previously 

reported to consume a large portion of glucose compared to other brain regions 

(Mergenthaler et al., 2013), and insulin signalling plays a curial role in this process 

(Peeyush et al., 2010). It was also reported that insulin receptors are abundantly 



106 

expressed in the cerebellum of human brain (Kullmann et al., 2020a; Peeyush et al., 

2010), and flourescent insulin was also observed in cerebellum after delivering 

intranasal Alex546-Insulin in rats (Fan et al., 2019). Besides, insulin receptors in rat 

brains were detected by in situ hybridization, and the expression of insulin receptor 

mRNA in cerebellum was more significant compare to other brain areas (Marks et al., 

1990). In our experiments, we could not detect any insulin-positive cells in the 

cerebellum by intranasal administration of FITC-insulin, however, some detectable 

FITC-insulin signal was found in the cerebellum in acute brain slice, which probably 

account for different experiment methods.  

 

4.5 Conclusion 

 

We intranasally administered FITC-insulin into the mouse to track which brain regions 

are sensitive to insulin. The olfactory bulb and the HDB show the most abundant insulin 

receptors than other caudal brain areas such as the hippocampus and brainstem. The 

HDB may be as the one of the potential structure where responses to intranasal insulin 

in regulation of feeding behaviour.  

 

Additionally, various types of cell populations possess insulin receptors, such as 

neurones, astrocytes, cholinergic, GABAergic and dopamine/norepinephrine cells. 

Notably, insulin positive cells could co-express cholinergic, GABAergic and 

dopaminergic/norepinephrinergic neurones, and there exist majority of cell types we did 

not study that are also insulin positive. 
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5 Insulin signalling in the HDB regulates feeding 

behaviour and activity 
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5.1 Introduction 

 
The basal forebrain is an area located in the medial and ventral part of telencephalon, 

which consists of several heterogeneous structures, including the ventral pallidum (VP), 

medial septum (MS), diagonal band nuclei (the HDB and VDB), substantia 

innominata/extended amygdala, and peripallidal regions (Bloem et al., 2014). In 

addition to being involved in attention (Pinto et al., 2013), learning (Harrison et al., 

2016) and sleep (Xu et al., 2015a; Anaclet et al., 2015), the basal forebrain area is also 

implicated in regulating feeding behaviour (Cassidy et al., 2019; Herman et al., 2016). 

Excitatory VGlut2-expressing neurons in the basal forebrain could be activated by 

re-feeding or food odour stimuli (Patel et al., 2019). The inhibition of VGlut2 neurons 

significantly increased cumulative food intake, while activation of VGlut2 neurons 

caused reduced daily food intake, hypophagia, severe body weight loss, starvation and 

death, which might account for the basal forebrain-lateral hypothalamus (LH) circuits 

related to food avoidance behaviour (Patel et al., 2019).  

 

Microinjections of GABAA receptor antagonists in the VP area resulted in increased 

ingestive hedonic saccharin intake in rats, while the activation of GABAA receptor in 

the VP area led to a suppression (Shimura et al., 2006), which suggested that GABAA 

receptors in the VP might be related to control feeding behaviour (Shimura et al., 2006; 

Taha et al., 2009). Using an optogenetic technique further confirmed that the activation 

of GABAergic neurons in the VP could promote food intake both in regular chow and 

high fat diet (Zhu et al., 2017).  

 

In addition, several studies have investigated that VGAT neurons and glutamatergic 

neurons in the medial septum exert anorexic effects through governing different 

neuronal circuits. Sweeney et al (Sweeney and Yang, 2016) demonstrated that the 

activation of GABA neurons in the medial septum markedly reduced food intake in 

mice by inhibiting GABAergic neurons in the lateral hypothalamus, considered to be 

hyperphagia-inducing neurons (Navarro et al., 2016; Wu et al., 2015). In addition, 

activation of glutamatergic neurons in the medial septum suppressed food intake both in 

light and dark cycles by stimulating excitatory projections to the paraventricular 

hypothalamus (PVH) instead of lateral hypothalamus (Sweeney et al., 2017).  

 

An elegant study by Herman et al has indicated that cholinergic neurons in the HDB are 
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associated with regulation of feeding behaviour (Herman et al., 2016). Specifically 

ablated cholinergic neurons using diphtheria toxin (DT) resulted in hyperphagia and 

obesity in mice (Herman et al., 2016). It was suggested that cholinergic neurons might 

regulate feeding behaviour and body weight by modulating the activity of POMC but 

not AgRP neurons in the hypothalamus (Herman et al., 2016). Retrograde tracing 

studies further suggested that POMC neurons received afferents from the HDB (Wang 

et al., 2015) and the Pomc RNA expression levels were remarkably reduced when the 

cholinergic neurons were abolished using diphtheria toxin in the HDB (Herman et al., 

2016). Furthermore, to better understand how cholinergic neurons exert an effect on the 

POMC neurons, transgenetic Pomc-eYFP+/- mice were constructed, with POMC 

neurons in the mice labelled with enhanced Yellow Fluorescent Protein (eYFP) and the 

activity of POMC neurons could be recorded by electrophysiological methods. The 

results indicated that the neuronal firing activity of POMC neurons in Pomc-eYFP mice 

were significantly decreased when cholinergic neurons were abolished using DT in the 

HDB (Herman et al., 2016). Notably, the firing activity of POMC neurons were 

increased after administration of acetylcholine in the recording bath under the blue light 

stimulation, while it was diminished by a nicotinic acetylcholine receptor blockade 

(Wang et al., 2015). These data imply that cholinergic neurons in the HDB may mediate 

satiety signalling to modulate food intake.  

 

The HDB is also the main source that sends cholinergic efferents to various brain areas 

(Rye et al., 1984). It has been reported that the olfactory bulb received afferents from 

the HDB, among them 10-20% are ChAT-positive (Rye et al., 1984). In the 

hippocampus, there are around 35-45% cholinergic efferents that come from the HDB 

(Rye et al., 1984). In an earlier report, Záborszky et al showed that only about 17% of 

the neurons in the medial septum are cholinergic, which were mainly concentrated in 

the HDB (Zaborszky et al., 1986). Various neurotransmitters were discovered in the 

HDB (Villar et al., 2021), and cholinergic and no-cholinergic neurons were reported to 

co-express in the HDB (Herman et al., 2016). While cholinergic neurons appeared to be 

strong modulators of food intake, how other cells types in the HDB influence feeding 

and if other brain circuits or neuronal signalling involved in modulating this process is 

still elusive. 

 

Fortunately, the development of fMRI contribute to the understanding how different 

brain regions respond to food intake. fMRI results reported by Heni et al indicated that 
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hypothalamic neuronal activity was reduced in lean men after glucose and food stimuli 

(Heni et al., 2014a), while the inhibitory response was not observed in insulin resistant, 

obese (Matsuda et al., 1999) and diabetic subjects (Vidarsdottir et al., 2007), which 

suggested that glucose could induce signal responses in an specific brain area. Further 

research on intranasal insulin demonstrated that an increased insulin level in the brain 

was responsible for the changed neuronal activity in the hypothalamic area, that is 

associated with food reward (Kullmann et al., 2013; Kullmann et al., 2015b). In 

addition to the hypothalamus, other eating-related brain areas such as brainstem and 

striatum also were involved in an insulin-induced neuronal activity response (Kullmann 

et al., 2015a).  

 

Insulin signalling in the CNS is involved in regulating food intake (Carlson et al., 2003), 

body weight (Carlson et al., 2003), energy balance (Filippi et al., 2012), fat deposition 

(Carlson et al., 2003) and blood glucose levels (Obici et al., 2002b; Pocai et al., 2005b; 

Varela and Horvath, 2012). Rodent studies further suggested that many neuronal 

populations including NPY neurons, POMC neurons, astrocytes, GABAergic and 

glutamatergic neurons are the targets of insulin action to regulate metabolic homeostasis 

(Loh et al., 2017; Varela and Horvath, 2012; Gonzalez-Garcia et al., 2021; Evans et al., 

2014). Given that insulin receptor were also expressed in the HDB (Schulingkamp et al., 

2000) and our results from the previous chapter also demonstrated that insulin positive 

cells highly accumulated in the HDB by intranasal insulin administration (as described 

in section 4.3.6). However, the relationship between insulin signalling in the HDB and 

metabolism has not yet explored. Here our hypothesis is that insulin signalling in the 

HDB may be involved in mediating metabolism, food intake and energy balance. 

 

5.2 Aims 

 
(1) To determine if insulin receptors in the HDB has a physiological role in influencing 

food intake and body weight in rats. 

(2) To explore whether there is a sex difference in how insulin signalling in the HDB 

regulates metabolism. 

(3) To determine if knockdown of insulin receptors in the HDB influences peripheral 

metabolism of the liver and BAT. 

(4) To investigate if knockdown insulin receptors in the HDB results in behaviour 
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change. 

(5) To identify the potential neuronal circuits interacting with the HDB to regulate 

metabolism. 

 

5.3 Results 

5.3.1 Insulin signalling in the HDB is involved in regulating feeding 

behaviour 

 
It has been shown that the basal forebrain is involved in regulating food intake in mice, 

and which cholinergic neurons are closely associated with this process (Herman et al., 

2016). There are also abundant insulin positive cells in the HDB area (as presented in 

Figure 4.9 B). Here, to determine if insulin signalling within the HDB modulates food 

intake, Ad5CMV-CRECFP and Ad5CMV-ShIR-tdTomato viruses (as described in 

section 2.3.3) were stereotaxically co-injected into the HDB. After two weeks 

expression, tdTomato which is associated with ShRNA of insulin receptor expression 

were colocalized with ChAT in the HDB (Figure 5.1 A-C), which suggested that the 

viruses was specifically delivered in the HDB. 

 

 

 

Figure 5. 1 Targeted delivery of ShRNA for the insulin receptor via adenovirus 

injection in the HDB. (A) ChAT immunohistochemistry as the marker in the HDB 
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(shown as white dotted circle). (B) tdTomato expressed in the HDB by co-injecting 

Ad5CMV-CRECFP and Ad5CMV-ShIR-tdTomato viruses. (C) tdTomato merged with 

ChAT in the HDB. (D) Representative rat after brain surgery. 

 

Within two weeks after the viral injection of the ‘ShIR+CRE’ viruses, male rats 

exhibited a significant increase in cumulative food intake (average cumulative food 

intake is 354 g, n=4 animals, SEM=14.0 g) compare to the control group injected with 

scramble ShRNA and CRE virus (‘ShC+CRE’) (average cumulative food intake is 

310.2 g, n=4 animals, SEM=6.3 g) (Figure 5.2 A). In contrast, insulin receptor 

knockdown in the female rats did not cause hyperphagia (Figure 5.2 Ai). Interestingly, 

insulin receptor knockdown did not change body weight in either male rats or female 

rats (Figure 5.2 B, Bi). Additionally, there was no remarkable effect on fat weight, blood 

glucose level in male or female rats after insulin receptor knockdown in the HDB 

(Figure 5.2 C-D, Ci-Di). Together, these data indicated that insulin receptor knockdown 

in the HDB results in significant increased food intake in male rats but not in female 

rats, without affecting body weight, fat and blood glucose levels in both male and 

female rats. 
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Figure 5. 2 Effect of specifically knockdown insulin receptor in the HDB on 

metabolism. Effect of knockdown of the insulin receptor in the HDB on cumulative 

food intake in male (A) and female (Ai), body weight in male (B) and female (Bi), 

normalized tissue weight in male (C) and female (Ci), blood glucose level in male (D) 

and female (Di) rats. Data are expressed as the mean ± SEM (n = 4-9 rats/group). 

Two-way Repeated ANOVA was performed for analysis cumulative food intake and 

body weight increase. Sidak's multiple comparisons test was performed * p<0.05 ** 
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p<0.005 *** p<0.0001. Multiple t-test (correct for multiple comparisons using the 

Holm-Sidak method) was performed for analysis fat tissue and nonparametric test 

(Mann-Whitney method) was performed for analysis glucose level. 

 

IR knockdown in the HDB could significantly increase cumulative food intake in male 

rats, thus suggesting that insulin signalling is involved in regulating feeding behaviour. 

To determine whether insulin in the HDB can modulate food intake in male rats, we 

conducted an acute feeding study performed on day 6 and day 12 post-knockdown of 

the insulin receptor in the HDB (as previously described in section 2.4.3). A previous 

research (Filippi et al., 2014) indicated that compared to the saline infused rats, rats that 

received an infusion of insulin in the DVC ate less. Insulin was effective within a range 

of concentrations from 0.02 μU/μl to 2 mU/μl, while 2 mU/μl was commonly used in 

feeding study (Clegg et al., 2003; Filippi et al., 2014). Thereby, 2 mU/μl is chosen in the 

current feeding study experiment to mimic the ability of insulin in the regulation of food 

intake. Rats were fasted for 6 hours and then infused bilaterally into the HDB with a 

total 0.2 μl of standard human insulin (2 mU/μl) or a vehicle over 5 minutes. Food was 

returned before dark cycle time period and food intake was measured every 30 mins for 

4 hours. We compared the effect of insulin injection in the HDB in the male control rats 

(injected with the ‘ShC+CRE’ viruses) and male rats where insulin receptor was 

knocked down in the HDB. We expect that compared to vehicle injection, insulin 

infusion in the HDB would reduce food intake in the male control rats, while the ability 

of insulin in suppression food intake would be blocked in insulin receptor knockdown 

group rats. However, our results suggested that insulin injection in the HDB did not 

affect feeding behaviour in either control groups or knockdown group (Figure 5.3). The 

unexpected results observed in the study could potentially be attributed to two factors: 

the low dosage of insulin administered and the anxiety levels of the rats. Firstly, the 

dosage of insulin used in current study might not have been sufficient to elicit the 

desired effects or produce significant changes in the measured variables. In the future, 

investigating the effects of various doses of insulin can help establish a dose-response 

relationship and determine the optimal dosage for the desired effects. Secondly, the 

anxiety levels of the rats could have confounded the results and masked the true effects 

of insulin. Assessing anxiety levels using established behavioural tests such as open 

field test could help to understand anxiety-related factors.  
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Figure 5. 3 Acute feeding study in insulin receptor knockdown HDB rats. 

Cumulative food intake within 4 hours after insulin injection in the HDB in the male 

rats. Two-way ANOVA was performed, post-hoc Tukey’s multiple comparisons was 

used.  

 

5.3.2 Knockdown of the insulin receptor in the HDB did not change the 

morphology and expression of key genes in the brown fat tissue (BAT) 

 
As discussed in the introduction (section 1.5.2 and 1.5.4), brain insulin could affect 

peripheral metabolism, including lipolysis, lipogenesis (Koch et al., 2008; Scherer et al., 

2011; Shin et al., 2017; Iwen et al., 2014), hepatic glucose production (Obici et al., 

2002b; Pocai et al., 2005a; Dodd et al., 2018; Kimura et al., 2016) and energy 

expenditure (Lin et al., 2010). Thus whether knockdown of the insulin receptor in the 

HDB leads to the changes in peripheral tissues such as the BAT and liver are 

investigated here. 

 

Our results indicated that knockdown of the insulin receptor in the HDB caused an 

increase in food intake in male rats compared to the control group, which might alter the 

pathway of energy expenditure and output. When food consumption exceeds the energy 

needs of an animal, this is one of contributors to being obese (Ruhm, 2012). On the 

other hand, it was reported that the BAT played an important role in the development of 

obesity (Nedergaard et al., 2007), which might be related to adipocyte proliferation and 

differentiation, and macrophage infiltration (Kuo et al., 2007). Obese rats exhibited 
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hyperplasia and enlargement of adipocytes compared to the normal lean rats 

(Harishankar et al., 2011; Weisberg et al., 2003). Here H&E staining was performed to 

examine the morphology of the BAT on 16 day post-knock down insulin receptor in the 

HDB. Results indicated that there is no significant difference in the lipid droplet number 

of the BAT between insulin receptor knockdown group (5619, mean +/- SEM =332, n = 

4 animals) and the control group (4861, mean +/- SEM =236, n = 4 animals) in male 

rats (Figure 5.4 A-D). There is no significant difference in the lipid droplet number of 

the BAT between insulin receptor knockdown group (3073, mean +/- SEM =315, n = 4 

animals) and the control group (2749, mean +/- SEM =318, n = 4 animals) in female 

rats (Figure 5.5 A-D). Additionally, compared to the control group (average size is 3.7, 

mean +/- SEM =0.19, n = 4 animals), knockdown of insulin receptor in the HDB 

(average size is 3, mean +/- SEM =0.27, n = 4 animals) did not demonstrate changes in 

the average size of the lipid droplet (Figure 5.4 A-D). And the average size of the lipid 

droplet between control group (average size is 3.1, mean +/- SEM =0.55, n = 4 animals) 

and knockdown group (average size is 3.5, mean +/- SEM =0.7, n = 3 animals) is also 

similar in female rats (Figure 5.5 A-D). Altogether, our data shows that impaired insulin 

signaling in the HDB did not lead to hyperplasia and infiltration in the BAT neither in 

male rats or female rats.  

 

In addition to regulating fat accumulation, BAT is also related to thermogenesis and 

energy balance (Fenzl and Kiefer, 2014). Next several genes associated with energy 

expenditure and lipid metabolism were further investigated. qPCR was performed to 

test the expression of these key genes in the BAT, such as GLUT1, GLUT4, PPARγ, 

UCP1, ADRB 3 and PGC-1. Specifically, GLUT4 is responsible for the glucose 

transport into adipose cells (as described in section 2.5.6). PPARγ is a key gene in the 

process of adipogenesis, lipid metabolism and insulin signaling. UCP1, ADRB 3 and 

PGC-1 play an important role in thermogenesis and energy expenditure. There was no 

significant change in the level of expression of these genes between insulin receptor 

knockdown group and control group neither in male rats nor female rats (Figure 5.4, 5,5 

E) either, which implies that knockdown insulin receptor in the HDB did not affect 

morphology and metabolism in the BAT. 
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Figure 5. 4 Effect of knockdown insulin receptor in the HDB on BAT in male rats. 

Representative haematoxylin and eosin (H&E) staining of brown fat in control rats (A) 

and insulin receptor knockdown rats (B). (C) Quantification of lipid droplet number per 

area. (D) Lipid droplet average size per area. 2-3 images were processed from each rat 

(n = 4 rats/group). Nonparametric test (Mann Whitney method) was performed. (E) Fold 

change of key genes expression, data are expressed as the mean ± SEM (n = 4 

rats/group). Multiple t-test (correct for multiple comparisons using the Holm-Sidak 

method) was performed. 
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Figure 5. 5 Effect of knockdown insulin receptor in the HDB on BAT in female rats. 

Representative haematoxylin and eosin (H&E) staining of brown fat in control rats (A) 

and insulin receptor knockdown rats (B). (C) Quantification of lipid droplet number per 

area. (D) Lipid droplet average size per area. 4 images were processed from each rat (n 

= 4-6 rats/group). Nonparametric test (Mann Whitney method) was performed. (E) Fold 

change of key genes expression, data are expressed as the mean ± SEM, 4 images were 

processed from each rat (n = 3-4 rats/group). Multiple t-test (correct for multiple 

comparisons using the Holm-Sidak method) was performed. This part results were 

quantified by a master student Dauad Asghar. 
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5.3.3 Knockdown of the insulin receptor in the HDB did not change the 

morphology and expression of key genes in the liver 

 

The liver is an important organ for the storage of free fatty acid and plays a crucial role 

in lipid homeostasis (Alves-Bezerra and Cohen, 2017). Excess lipid accumulation in the 

liver would further lead to hepatic steatosis and non-alcoholic fatty liver disease 

(NAFLD) (Liu et al., 2010). In addition, it has been reported that insulin signaling in the 

brain is involved in the regulation of hepatic metabolism, such as glucose hemostasis 

and very low density lipoprotein (VLDL) secretion (Obici et al., 2002b; Pocai et al., 

2005a). Here, in order to determine whether impaired insulin receptor in the HDB will 

affect the liver function, firstly the morphology of the liver was examined. The 

quantification results indicated that knockdown of the insulin receptor in the HDB did 

not significantly affect the fat droplets infiltration in the male liver, and the number of 

the lipid droplets in both groups are similarly close to zero (Figure 5.6 A-D), which 

implies that insulin signaling in the HDB did not markedly affect the fat droplets in the 

male rats’ liver. There is no significant difference in the average number of the lipid 

droplets between knockdown female group (76, SEM=15, n=12 sections) and control 

female group (34, SEM=13, n=6 sections) (Figure 5.7 A-C) either. 

 

Additionally, qPCR was performed to further test the expression of several key genes in 

the liver, such as IR, GLUT1, Chop, TNF-α, PPAR-γ, FAS, NFKβ, ACACAC (as 

described in section 2.5.6). Chop gene is endoplasmic reticulum (ER) stress-regulated 

transcription factor (Marciniak et al., 2004), which is closely involved in inflammation 

and fatty liver disease (Updegraff and O'donnell, 2013). Cytokines such as TNF-α could 

also promote inflammation, and overexpression of TNF- α in the liver is one of the key 

markers in the pathogenesis of fatty liver (Tilg and Diehl, 2000). PPAR-γ gene plays an 

important role in regulation of insulin sensitivity and glucose metabolism. The 

suppression of PPAR-γ could impair insulin-induced glucose uptake (Picard and 

Auwerx, 2002; Liao et al., 2007), while the activation of PPARγ has been shown to 

enhance whole-body insulin sensitivity and promotes lipid accumulation in the liver 

(Gavrilova et al., 2003). ACACAC encodes for an enzyme that coverts acetyl-CoA to 

malonyl-CoA, an intermediate substrate for fatty acid synthesis (Abu-Elheiga et al., 

2000). However, the data from qPCR here suggested that there were no significant 

changes in the expression of these key genes in the liver between insulin receptor 
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knockdown group and control group nether in male rats nor in female rats (Figure 5.6, 

5.7 E), which implies that knockdown insulin receptor in the HDB did not affect these 

liver functions. 

 

 

 

Figure 5. 6 Effect of knockdown of the insulin receptor in the HDB on liver tissue 

in male rats. Representative haematoxylin and eosin (H&E) staining of liver tissue in 

control rats (A) and insulin receptor knockdown rats (B). (C) Quantification of lipid 

droplet number per area. Two images were processed from each rat (n = 3-4 rats/group). 

Nonparametric test (Mann Whitney method) was performed. (D) Fold change of key 

genes expression, data are expressed as the mean ± SEM (n = 4 rats/group). Multiple 

t-test (correct for multiple comparisons using the Holm-Sidak method) was performed. 

 
 



121 

 

 
 

Figure 5. 7 Effect of knockdown of the insulin receptor in the HDB on liver tissue 

in female rats. Representative haematoxylin and eosin (H&E) staining of liver tissue in 

control rats (A) and insulin receptor knockdown rats (B). (C) Quantification of lipid 

droplet number per area. Two images were processed from each rat (n = 3-6 rats/group). 

Nonparametric test (Mann Whitney method) was performed. (D) Fold change of key 

genes expression, data are expressed as the mean ± SEM (n = 4-6 rats/group). Multiple 

t-test (correct for multiple comparisons using the Holm-Sidak method) was performed. 
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5.3.4 Knockdown of the insulin receptor in the HDB results in 

hyperactivity in male and female rats 

 
The HDB region is also involved in responses to stress, fear and learning. In this study, 

a rodent activity detector was used to monitor the movements of the rats 

(Matikainen-Ankney et al., 2019). Knockdown of the insulin receptor in the HDB 

significantly increased total activity in male rats (n=3 rats each group) without 

significant change in hourly movement (Figure 5.8 A and Ai). Notably, there was no 

difference in activity between the control rats and the rats before surgery, while 

knockdown of the insulin receptor in the HDB (n=6 rats) resulted in hyperactivity in 

female rats compared to the control group (n=4 rats) and basal activity level (n=4 rats) 

(Figure 5.8 B). Interestingly, this hyperactivity was more significant in the dark cycle 

instead of the light cycle (Figure 5.8 Bi). Our findings indicated that knockdown of the 

insulin receptor in the HDB results in hyperactivity in female rats but not male rats, 

with a stronger effect in female. 

 

 

 

Figure 5. 8 Effect of specifically knockdown of the insulin receptor in the HDB on 
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activity. Activity between injected control virus and insulin receptor knockdown virus 

in male rats (A) and female rats (B) at different time points. Nocturnal and day time 

accumulated activity in male (Ai) and female rats (Bi). Data are expressed as the mean 

± SEM (n=3-6 rats/group). In male rats study, 3 rats in each group were monitored, each 

rat was monitored once. In female rats study, random 4 rats before surgery were 

monitored as basal activity, each rat was monitored once. After surgery, 4 female rats in 

control group (‘ShC+CRE’) were monitored, each rat was monitored 3 times. 6 female 

rats in knockdown group (‘ShIR+CRE’) were monitored, each rat was monitored twice. 

Two-way ANOVA (Bonferroni's multiple comparisons test) was performed. * p<0.05, 

**** p<0.0001. 

 

5.3.5 Knockdown of the insulin receptor in the HDB did not change 

corticosterone level in male and female rats 

 

It has been reported that the HDB area is also involved in regulating stress, which may 

affect food intake and activity (Hardaway et al., 2015; Cassidy et al., 2019). To 

determine whether the hyperactivity we observed in male and female rats is associated 

with the level of stress, we next measured the corticosterone levels from the rats’ plasma. 

The data indicated no significant difference in corticosterone levels between the insulin 

receptor knockdown and control groups in both male and female rats (Figure 5.9). Thus 

the hyperactivity led by knocking down insulin receptor in the HDB may not account 

for the mediation of corticosterone hormones. We did not observe the difference 

between male and female. This may due to the small sample size, which the study might 

lack the statistical power to detect true effects even if they exist. Additionally, missing 

data, such as the failed corticosterone analysis in one male, can further impact the 

statistical analysis and interpretation of results. Furthermore, studying stress levels in 

rats can be challenging due to various factors that can influence the results such as 

handling, sex of the handler, time of day, and speed of analysis. In future experiment, 

we can increase the sample size to improve statistical power and account for potential 

data loss. The mechanisms of hyperactivity need further investigation. 
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Figure 5. 9 ELISA test corticosterone level from the plasma of male and female 

rats. Two-way ANOVA was performed, post-hoc Turkey’s multiple comparisons was 

used.  

 

5.3.6 HDB received input from the ventral tegmental area (VTA) and 

olfactory bulb 

 
It was reported that basal forebrain regulates various physiological functions through a 

complex network (Zaborszky et al., 2015; Zheng et al., 2018; Li et al., 2018; Zheng et 

al., 2022). In our study, we reported that the insulin signalling in the HDB is involved in 

regulating food intake and locomotion. Next to determine which brain areas 

functionally connect with the HDB, we use retrograde tracer Fluoro-Gold 

(Sanchez-Perez et al., 2015; Saleeba et al., 2019) to inject into the HDB (as described in 

section 2.4.2). The majority of Fluoro-Gold was located in the injection site, while 

dense projections were detected in the ventral tegmental area (VTA) and the mitral cell 

layer of olfactory bulb (Figure 5.10), which is consistent with the report by Zheng et al 

(Zheng et al., 2018). Altogether, our results implied that the HDB could receive input 

from the VTA and the olfactory bulb.  

 

Next, dopaminergic neuron markers (TH) and GABAergic neuron markers (GAD) were 

used to identify which type of neuronal populations sent the afferents to the HDB. The 

IHC results indicated that mitral cell layer of olfactory bulb put into afferents into HDB, 

but this is not through GABAergic neurons as there is no colocalization between 

Fluoro-Gold and GAD (Figure 5.10 D). This is expected, only mitral/tufted cells send 
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projections out of the olfactory bulb and these are known to be glutamatergic (Imai, 

2014). While abundant Fluoro-Gold in the VTA area was colocalized with TH, implying 

that the VTA sent input to the HDB through dopaminergic neurons (Figure 5.10 C). 

 

 

 



126 

Figure 5. 10 The HDB received input from the VTA and OB. (A) whole brain view 

to show retrograde tracer Fluoro-Gold targeting the HDB. (B) Zoom in of injection site 

of the HDB (20x), n= 3 mice. ChAT-antibody immunohistochemistry (Gray), 

Fluoro-Gold (Magenta). (C) Fluoro-Gold was observed in the VTA, stained with 

TH-antibody immunohistochemistry (Green). (D) Fluoro-Gold was observed in mitral 

cell layer (ML) of the olfactory bulb, stained with GAD-antibody 

immunohistochemistry (Yellow). Tu: olfactory tubercle; HYP: hypothalamus. 

 

5.4 Discussion 

 
Intranasal delivery of insulin is a non-invasive administration method. It has been 

shown that intranasal insulin could suppress appetite and reduce energy consumption, 

which might be useful for diabetes or obese patients. However, more needs to be known 

about its effects and actions. fMRI and neuroimaging evidence indicated that the effect 

of intranasal insulin on feeding behaviour was mainly due to its effects in the 

hypothalamus (Kullmann et al., 2013), hippocampus (Guthoff et al., 2010) or cortical 

brain regions (Kullmann et al., 2015a). However, our study has revealed a novel brain 

area involved in regulating food intake.  

 

The HDB is a major component of the cholinergic basal forebrain. Selective knock-out 

of cholinergic neurotransmission from the HDB was found to increase daily food intake 

and body mass in mice, causing hyperphagia, while activating HDB cholinergic neurons 

suppressed food intake in vivo, demonstrating that cholinergic signalling from the HDB 

plays an important role in regulating food intake (Herman et al., 2016). This data, 

together with my data showing the effect of insulin receptor knockdown in the HDB 

(Figure 5.2), suggests that insulin activates the cholinergic HDB neurons regulating 

food intake and that this is the likely mode of action for intranasal insulin in reducing 

food intake.  

 

In our results, we observed that knockdown of the insulin receptor in the HDB results in 

a significant increase in food intake in male rats, which indicated that the insulin 

receptor plays an important role in the control of feeding behavior by the HDB. 

Interestingly, we did not observe any changes in food intake following insulin receptor 

knockdown in the HDB of female rats. There is clear evidence that insulin signaling in 
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the CNS exhibits sex differences. Clegg et al reported that insulin infusion in the third 

ventricle leads to a vigorous reduction in food intake in male rats but not female rats 

(Clegg et al., 2003), while female rats were more leptin-sensitive in reducing food 

intake compared to the male rats (Clegg et al., 2003). These observed sex differences 

might be due to the hormone estrogen which has also been shown to decrease insulin 

sensitivity (Clegg et al., 2006), which may explain that there is no significant effect on 

food intake after knocking down insulin receptor in the HDB in female rats. In the 

future, we can conduct the ovariectomy and hormone replacement experiment to test 

that oestrogen was implicate in the sex differences. Furthermore, sex differences in 

insulin signaling have been observed in human studies. For example, intranasal insulin 

reduced food intake in healthy men but had no effect in women (Benedict et al., 2008). 

However, the mechanisms which underlie these sex differences of anorexigenic 

signaling of insulin still require further investigation.  

 

Visceral fat is fat that surrounds the internal organs, including the liver, kidneys and 

intestines, and it is regarded as a more reliable parameter for evaluating metabolic 

pathology (Stolk et al., 2003). Adipose composition also highly impacts the levels of 

several parameters, such as plasma glucose, leptin, insulin and triglycerides (Riccardi et 

al., 2004). In addition, insulin signaling in the MBH inactivates hormone-sensitive 

lipase, and promotes lipogenesis in white adipose tissue, which suggests that brain 

insulin could suppress lipolysis (Scherer et al., 2011). White, brown and beige adipose 

tissue are the three main types of adipose tissue. White adipose tissue mainly consists of 

unilocular lipid droplets and is involved in energy storage, while brown adipose tissue is 

responsible for energy release. Beige adipose tissue is considered to be the combination 

of white adipose tissue and brown adipose tissue (Ikeda et al., 2018). There are two 

ways for white adipose tissue to induce obesity: one is through increasing the number of 

adipose cells, which is also called hyperplasia; and the other way is through enlarging 

the adipocyte size, which is known as hypertrophy (Berry et al., 2014). In our 

experiment, insulin receptor knockdown in the HDB did not significantly change body 

weight both in male and female rats, which is consistent with the body fat mass data. 

These results are consistent with data from Herman et al which also suggested that 

specifically abolishing cholinergic neurons in the HDB did not change lean mass and 

body fat mass within 3 week post-ablation (Herman et al., 2016). Significant differences 

in lean mass and body fat mass were only observed around 12 week post-ablation 

(Herman et al., 2016), which suggests that alteration of fat mass in our insulin receptor 
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knockdown animals might occur in a more long term study. 

 

It has been shown that insulin-mediated suppression of hepatic glucose production 

occurs by reducing the level of raw material available for liver glucose synthesis, such 

as acetyl CoA and pyruvate carboxylase (Perry et al., 2015). Insulin has been shown to 

inhibit lipolysis in the white adipose tissue, leading to less free fatty acid entering to the 

liver, reduced concentrations of acetyl CoA and pyruvate carboxylase in the liver, and 

further suppression of hepatic glucose production (Perry et al., 2015). However, in our 

study, insulin receptor knockdown in the HDB did not result in significant changes of 

blood glucose level, which is in line with previous report by Herman et al (Herman et 

al., 2016) which suggested that specifically abolishing cholinergic neurons in the HDB 

did not change blood glucose level neither short terms post-ablation (3 weeks) nor long 

term post-ablation (12 weeks). Therefore, insulin receptor knockdown in the HDB does 

not seem to directly influence the peripheral blood glucose level.  

 

The brown adipose tissue morphological results indicated that there are no significant 

differences in the number of adipose cells and lipid droplet size in the brown adipose 

tissue. The expression of several key genes related to lipometabolism including GLUT1, 

GLUT4, PPARγ, UCP1, ADRB 3 and PGC-1 were examined in the brown adipose 

tissue of male rats, however we did not observe any expression differences between 

control and insulin receptor knockdown groups. Together, our study implies that insulin 

receptor in the HDB may not be involved in the control of peripheral lipometabolism 

through changes in these genes. 

 

The liver is another crucial organ responsible for lipid metabolism. Under healthy 

condition, only small amount of triglycerides was stored in the lipid droplets in the liver, 

while excess triglycerides accumulation is the character of non-alcoholic fatty liver 

disease (Alves-Bezerra and Cohen, 2017; Liu et al., 2010). In our experiment, the effect 

of impaired insulin receptor in the HDB on the liver lipid metabolism was examined. 

We did not observe significant changes in the number of lipid droplet after knocking 

down insulin receptor in the HDB. In addition, insulin is also involved in liver 

metabolism by regulating gene expression. For example, insulin promotes glycogen 

synthesis by AKT mediating inhibiting of the GSK3 pathway (Wang et al., 2022). In our 

study, the expression of several key genes related to glucose transport, inflammation and 

lipometabolism including GLUT1, Chop, TNFα, PPARγ, FAS, NFK β and ACACA 
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were examined in the liver of male rats, however we did not observe any expression 

differences between control and insulin receptor knockdown groups, which imply that 

insulin signalling in the HDB did not change the liver lipometabolism through these 

genes. Biddinger et al reported that insulin signalling in the liver is not required for 

lipogensis under normal physiological stimuli of fasting and feeding (Haas et al., 2012). 

It was reported that even though liver insulin receptor knockout (LIRKO) mice 

presented severe insulin resistance, these mice did not develop accumulated TG and 

fatty liver disease (Haas et al., 2012). However, high fructose diet induces lipogenic 

gene expression in LIRKO mice, which means there exists a compensatory 

insulin-independent signalling pathway to involve in regulating insulin-induced 

lipogenic gene expression in the liver (Haas et al., 2012). This may be one of the 

reasons that disruption of insulin signalling the HDB did not alter the lipid metabolism 

in the liver. 

 

In our experiment, hyperactivity was observed in female rats but not male rats compared 

to the control, which might be correlated to disrupted insulin receptor signaling in the 

HDB following insulin receptor knockdown. Our finding is consistent with a previous 

report by Wishart et al (Wishart et al., 1973). Data from electroencephalogram (EEG) 

recordings showed that higher stimulation of the MS (also known as one area of the 

basal forebrain) could evoke hippocampal or cortical electrical activity, which led to 

behavior alterations, such as vigorous eating, shaking and hyperactivity in male rats 

(Wishart et al., 1973).  

 

There are several possibilities to explain why knockdown of the insulin receptor in the 

HDB could lead to hyperactivity. Firstly, it has been reported that the ventral 

hippocampus receives cholinergic input from the HDB, and disturbed efferent input 

from the HDB to the hippocampus leads to fear behaviour (Staib et al., 2018). Another 

report also confirmed this observation; when acetylcholine (Ach) signalling in the 

hippocampus was abolished, mice exhibited anxiety and depression-like behaviour 

(Mineur et al., 2013). In our study, the HDB area was targeted by insulin receptor 

knockdown viruses which might interfere with this efferent signal to the hippocampus 

and therefore lead to stress and anxiety. Secondly, cholinergic neurones are involved in 

attention (Turchi and Sarter, 1997), sleep, memory (Bartus et al., 1982) and depression 

(Warner-Schmidt et al., 2012). More specifically, higher Ach levels are associated with 

depression-like behaviour (Mineur et al., 2013), decreased numbers of cholinergic 
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neurons has been detected in aging-related memory loss and AD (Bartus et al., 1982) 

and damaged cholinergic neurons have been correlated to impaired attention (Mcgaughy 

et al., 2002). Cholinergic neurons originate from the basal forebrain, also mainly in the 

HDB (Maurer and Williams, 2017). In our study, knockdown of the insulin receptor in 

the HDB might affect the cholinergic neurons in the HDB, which further influence the 

attention status that associated with active movement. Finally, studies in rodents and 

humans both suggested that impaired astrocytic insulin signalling results in anxiety and 

mood disturbances, which were associated with a decrease in downstream dopamine 

signalling and release (Cai et al., 2018; Mansur et al., 2018). Another study referred that 

hyperactivity probably related with dopamine transporter (DAT) (Ralph-Williams et al., 

2003) that transports dopamine into the cell and reduces dopamine levels in the synaptic 

cleft and reduces locomotion. It was reported that mice lacking DAT displayed 

hyperactivity (Ralph-Williams et al., 2003), which demonstrated that DAT-related 

dopamine level is associated with locomotor movements. In our study, we observed that 

the HDB received input from dopaminergic neurons from the VTA. There is a 

possibility that alteration in dopamine signalling from VTA might account for the 

hyperactivity after knockdown of the insulin receptor in the HDB (Figure 5. 11 

Summary of the effect of insulin receptor knockdown in the HDB).  

 

 

 

Figure 5. 11 Summary of the effect of insulin receptor knockdown in the HDB. 

Impaired insulin receptor in the HDB increased food intake in male rats and led to 

hyperacativity in female rats but not male rats which may be related to information 

input from the VTA. 
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5.5 Conclusion 

 
Our results suggested that insulin receptor knockdown in the HDB leads to increased 

food intake in male rats but this was not seen in female rats after 2 weeks. However, 

insulin receptor knockdown in the HDB did not significantly change the body weight 

both in male and female rats. On the other side, knockdown of the insulin receptor in 

the HDB does not seem to directly affect metabolism in peripheral tissues since we did 

not find significant changes in blood glucose level, white adipose tissue weight, 

morphology and lipid droplet composition of the liver and brown adipose tissue, and 

expression of several key genes involved in lipometabolism and inflammation. 

Unexpectedly, it was found that insulin receptor knockdown in the HDB results in 

hyperactivity in male and female rats. Work has shown that brain insulin signalling 

plays a crucial role in regulating the maintenance of synapses, which helps to process 

sensory information and preserve brain circuit (Chiu et al., 2008). Impaired insulin 

signaling in the HDB might obstruct the function of other neuronal transmitters and lead 

to hyperactivity (Figure 5. 8 Summary of the effect of insulin receptor knockdown in 

the HDB). Further studies should focus on the mechanism of how insulin signaling in 

the HDB alters in locomotor activity and the mechanisms behind the sex difference in 

food intake. 
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6. Targeting the insulin receptor expressing cells in the 

HDB 
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6.1 Introduction and rationality  

 

Knockdown of the insulin receptor in the HDB leads to increased food intake and 

hyperactivity, thus suggesting that insulin signalling in the HDB plays an important role 

in regulating energy balance. However, it is still not clear how insulin sensing in the 

HDB can modulate feeding and activity. Insulin could either activate or inhibit certain 

neurones in the HDB to trigger the neuronal signals that lead to the changes in feeding 

and activity. A potential experimental approach that could answer this question is to 

directly activate or inhibit insulin receptor-expressing neurones in the HDB. We 

attempted to develop a chemogenetic approach that uses designer receptors exclusively 

activated by designer drugs (DREADDs) (Roth, 2016). DREADDs system is a 

promising approach to control and modulate cellular activity by activation of the Gq- 

(stimulatory receptors) or Gi (inhibitory receptors) protein-coupled signalling pathways, 

which make it possible to understand the functions and mechanisms of neurons in 

regulating feeding behaviour and hyperactivity.  

 

In current experimental hypothesis, human Gq-coupled M3 muscarinic receptor 

(hM3Dq) combined with drug clozapine-N-oxide (CNO) will be used to activate insulin 

receptor activity in the HDB area. The CNO can be used as a remote inducer to activate 

G protein-coupled receptors and modulate neuronal activity in vivo (Alexander et al., 

2009), which provide possibility to monitor feeding behaviour and locomotor activity in 

freely moving rats. Now hM3Dq combined CNO system has been widely applied in 

studying of food intake (Krashes et al., 2011), energy expenditure (Kong et al., 2012), 

locomotion (Kozorovitskiy et al., 2012) as well as memory (Garner et al., 2012). We 

expect that the activation of the neurones that express the insulin receptor in the HDB 

would reduce the food intake and locomotion in the rats. 

 

Using rats as experimental model limits our ability to target specific neurones. To work 

around this problem, a specific promoter (IR promoter) was used to target the insulin 

receptor positive cells in current project, which makes it possible to activate insulin 

receptor activity in the HDB area by using hM3Dq combined CNO system. The next 

problem is how to exclusively enhance the activity in the insulin receptor positive cells. 

Fortunately, Cre-dependent system combined with FLEX-hM3Dq would restrict the 

modulation of activity only in the specific neuronal populations. Two viruses will be 
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applied, one carries the flexed DREADDs channel and the other expresses the 

cre-recombinase under the insulin receptor promoter. FLEX switch system has two pairs 

of loxp sites and the sequence of hM3Dq was flanked by these target sites. One is Loxp, 

the other is lox2272. Both loxP and lox2272 are recognized by Cre recombinase but 

lox2272 sites can only recombine with other lox2272 sites, not with loxP sites. The first 

recombination step will invert the hM3Dq sequence using loxP site. The second 

recombination event then excises the loxp between the identical lox2272 sites. Since 

only one loxP and lox2272 site will remain on either side of the DNA fragment, any 

additional recombination events are impossible in the presence of Cre recombinase. Cre 

recombinase would be driven by insulin receptor promoter labelled with CFP, which 

means only insulin receptor positive cells will express the Cre recombinase and insulin 

receptor positive cells will be activated in the presence of FLEX-hM3Dq system. The 

synapsin promoter is known for its specificity in driving gene expression primarily in 

neurons and, more specifically, in presynaptic terminals. So under the human synapsin 

promoter, insulin receptor can exclusively be activated in the neurones (Figure 6.1 to 

show the mechanism of chemogenetically enhance the activity of insulin receptor 

neurones). 
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Figure 6. 1 The mechanism of genetically enhance the activity of insulin receptor 

neurones. The sequence of hM3Dq was flanked by loxp and lox2272. Both loxP and 

lox2272 could be recognized by Cre but lox2272 sites can only recombine with other 

lox2272 sites, not with loxP sites. The first recombination step will invert the hM3Dq 

sequence using loxP site. The second recombination event then excises the loxp 

between the identical lox2272 sites. hM3Dq is an engineered human M3 muscarinic 

(hM3) receptor that could be activated by CNO. Consequently, hM3Dq coupled to the 

Gq signalling cascade leading to Ca2+ influx and the neuronal excitations. Since Cre 

recombinase exclusively is driven by insulin receptor promoter labelled with CFP, so 

only insulin receptor positive cells will be activated in the presence of CNO. 

 

To construct insulin receptor promoter mediated Cre recombinase, in current project, 

insulin receptor positive cells expressing GFP driven by the insulin receptor promoter 

(IRP) was firstly made (Ad5IRP-GFP). Then Ad5 IRP-GFP vector was digested and 

ligated with PacAd5CMV-CRECFP vector to construct insulin receptor promoter 

mediated Cre recombinase vector (PacAd5 IRP-CRECFP), which means that Cre 

recombinase only expressed in insulin receptor positive cells (Figure 6.2 to show the 

workflow of constructing PacAd5IRP-CRECFP). Then PacAd5IRP-CRECFP virus will 

be co-injected with pAAV-hSyn-double floxed-hM3D(Gq)-mCherry virus in the HDB 

to exclusively activate insulin receptor (as descried in Figure 6.1).  

 

Ad5IRP-GFP virus and PacAd5IRP-CRECFP virus have been successfully made in this 

chapter, however, due to limited time, PacAd5IRP-CRECFP virus will be co-injected 

with pAAV-hSyn-double floxed-hM3D (Gq)-mCherry virus in the future to explore the 

effect of insulin signalling in the HDB on regulating metabolic balance. 
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Figure 6. 2 Schematic of constructing PacAd5IRP-CRECFP. The principle is that 

CMV promoter from PacAd5CMV-CRECFP vector is replaced by insulin receptor 

promoter from PacAd5IRP-GFP. Vector PacAd5CMV-CRECFP and PacAd5IRP-GFP 

are digested by restriction enzyme Sbf1 and Kpn1. Then the band insulin receptor 

promoter is ligated to the PacAd5-CRECFP to construct PacAd5IRP-CRECFP vector. 

 

 

6.2 Aims 

 
(1) Produce a recombinant adenovirus expressing GFP from the insulin receptor 

promoter (Ad5IRP-GFP). 

 

(2) Develop an insulin receptor promoter mediated Cre-CFP expression vector 

(PacAd5IRP-CRECFP) and produce a recombinant adenovirus Ad5IRP-CRECFP. 
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6.3 Results 

6.3.1 Produce a recombinant adenovirus expressing GFP from the 

insulin receptor promoter (Ad5IRP-GFP)  

 

IR promoter used in this project was published in GenBank (AJ006071.1), which was 

rats specific promoter and could achieve decent protein expression in rats. And the Ad5 

vector expressing GFP under the insulin receptor promoter was previously cloned in the 

Filippi lab. In order to determine the specificity of the insulin receptor promoter to 

target only insulin receptor expressing cells, we first produced an adenovirus that 

express GFP under the insulin receptor promoter (Ad5IRP-GFP). The vector 

PacAd5IRP-GFP and the virus backbone vector pacAd59.2-100 were digested with 

Pac1 restriction enzyme and then co-transfected into the HEK293 AD cells (as 

previously described in section 2.6.2). The cell control only transfected with polyjet 

transfection reagent. An EVOS microscope was used to daily check the GFP expression. 

On day 3, there was abundant GFP expression compared with the polyjet alone (Figure 

6.3 Ai, Bi). Several virus plaques (When a virus infects the host cells in the culture, it 

replicates and spreads, leading to the death of the infected cells. The viruses then infect 

neighbouring cells, causing a cascade of cell death that results in the formation of 

visible plaques) were also detected under bright field (Figure 6.3 Bii). On day 10, 

compared to the polyjet control group, most cells were detached because of the virus 

infection, and the virus were released into the medium (Figure 6.3 Ci, Cii, Di, Dii). The 

virus was collected (as describe in Methods 2.3.3) as stage 1 virus. This experiment 

showed that the Ad5IRP-GFP virus started to replicate in the HEK293 AD cells. 



138 

 

 

Figure 6. 3 PacAd5IRP-GFP expressed in HEK293 AD cells. (Ai-Aiii): Polyjet 

reagent treated HEK293 AD control cells. (Bi-Biii) PacAd5IRP-GFP and pacAD 

59.2-100 plasmids were co-transfected into HEK293 AD cells. Expression on day 3 

post-transfection. Red arrows to show GFP (Bi), (Bii) bright field (BF) to show cells 

states, (Aiii) image merged with GFP and bright field. White arrows to show infection 

plaques. (Ci-Ciii): On day 10 post-transfection, only polyjet regent was transfected into 
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the HEK293 AD cells. (Di-Diii): On day 10 post-transfection, PacAd5IRP-GFP and 

pacAd59.2-100 plasmid were co-transfected into HEK293 AD cells. Red arrows to 

show GFP (Di), Yellow arrows to show the detached cells (Dii). Image merged with 

GFP and bright field (Diii) (Cyan). Pictures were taken under 10x EVOS. 

 

Next, to screen the optimal virus ‘sub clones’ (refer to individual cells or organisms that 

are derived from a common parent cell or organism and share similar genetic 

characteristics), stage 1 virus supernatant was used to infect the HEK293 AD cells in six 

different wells of 24 well plate. Interestingly, in our experiment, the virus expressed 

abundantly on day 2, which was quick than we expected. S1-1 to 6 all expressed viruses 

equally well. They are all considered as the ‘best’ virus sub clone (the well with the 

most virus plaques and chosen for further amplification). On day 3 post-infection, GFP 

expression and significant cytopathic effect (CPE) was observed. The cells were 

detaching in round clusters (Figure 6.4 B, C, D). There is no virus plaques in the control 

group, while virus in another three wells seems to equally express and with the similar 

virus plaques (shown as S1-1, S1-2 and S1-3) (Figure 6.4 Bi, Ci, Di), which implies that 

any of the ‘sub clones’ can be used for virus amplification. More than 50% of the cells 

were detached. Supernatants were collected, as virus stage 2. 
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Figure 6. 4 Virus screen from stage 1. (Ai-Aiii) polyjet control group. (Bi-Biii), 

(Ci-Ciii) and (Di-Diii): stage 1 virus infected HEK 293 cells into six different wells, due 

to the expression from all six wells are similar, here only present three wells, labelled as 

S1-1, S1-2, S1-3 respectively. BF to show bright field (BF), virus expressed GFP. The 

infected cells are detaching in clusters. Pictures were took under 4x EVOS. 
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Then S2-1 virus was chosen to infect HEK293 AD cells in a 10 cm dish. On day 1 

post-infection, Ad5IRP-GFP virus expressed abundantly, however there was little 

plaques formation (Figure 6.5 Ai-Aiii). While on day 3 and 4 post-infection, much more 

virus plaques were formed (Figure 6.5 B, C). More than 80% cells were detached and 

virus were collected as stage 3. 

 

 

 

Figure 6. 5 Virus amplification stage 3. HEK293 AD cells were infected with Stage 2 

virus in a 10 cm dish. (Ai) Virus expressing GFP on day 1 post-infection, (Aii) Bright 

field (BF), (Aiii) image merged with GFP and BF. (B) and (C) to show virus plaques 

forming on day 3 and day 4 post-infection, respectively. Red arrows indicate plaques. 

 

Then stage 3 virus was used to infect in HEK293 AD cells to scale up the virus 

preparation in 16 flasks, and the virus was collected when 80% of the cells were 

detached. Virus was purified as described in section Method 2.6.6 and the virus titration 

was 1.7 x 1011.  
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6.3.2 To make PacAd5IRP-CRECFP vector 

 

As RNAscope results showed, GFP was highly colocalized with the insulin receptor 

probe, which suggests that the Ad5IRP-GFP virus exclusively targets insulin receptor 

positive neurons. Next PacAd5IRP-CRECFP vector was made. To construct 

PacAd5IRP-CRECFP vector, PacAd5IRP-GFP and PacAd5CMV-CRECFP vector were 

digested by restriction enzyme Sbf1 and Kpn1, respectively to remove the promoter 

sequences. DNA electrophoresis agarose gel showed each of vector was cut into two 

fragments with correct DNA size (Figure 6.6 A). Then the vector band of 

PacAd5-CRECFP and insulin receptor promoter were cut and extracted from the gel 

(Figure 6.6 A). Vector fragment (PacAd5-CRECFP) and the insert gene (IR promoter) 

were ligated and transformed into LB-agar plate. To confirm that the 

PacAd5-IRP-CRECFP vector was correctly made, three colonies were chosen and 

plasmid DNA extracted. DNA digestion with restriction enzymes (Sbf1 and Not1) 

indicated that CMV promoter from PacAd5CMV-CRECFP vector was successfully 

replaced by insulin receptor promoter sequence from PacAd5IRP-GFP vector and the 

PacAd5IRP-CRECFP vector was correctly constructed (Figure 6.6 B).  

 

Since PacAd5IR-CRECFP vector was constructed, Ad5IR-CRECFP recombinant 

adenovirus virus was made by Dr. Joanne Griffiths (as described in Methods section 

2.6). To verify whether this pure virus specifically expresses in the insulin receptor 

positive neurons, here, Wistar rats were sterotaxically injected bilaterally into the NTS 

area with the Ad5IRP-CREGFP virus and ADCMV-ShIR-tdTomato (as described in 

section 2.4.7). One week later, rats were perfused and brain sections were cut at 14 μm 

in cryostat. As it was shown in Figure 6.7, tdTomato highly expressed in the NTS, 

which suggested that Ad5IRP-CREGFP virus could drive ADCMV-ShIR-tdTomato 

expression.  
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Figure 6. 6 Construction of PacAd5IRP-CRECFP vector. PacAd5IRP-GFP and 

PacAd5CMV-CRECFP vector were digested by restriction enzyme Sbf1 and Kpn1, 

respectively. Electrophoresis agarose gel was used to check band size. Two bands 

separated from PacAd5CMV-CRECFP vector (7981 bp): PacAd5-CRECFP (7444 bp) 

and CMV promoter (537 bp). Two bands were separated from PacAd5IRP-GFP vector 

(7551 bp): PacAd5-GFP (6400 bp) and insulin receptor promoter (1151 bp). (B) 

PacAd5IRP-GFP, PacAd5CMV-CRECFP and PacAd5IRP-CRECFP vector were 

digested by restriction enzyme Sbf1 and Not1, respectively. Electrophoresis agarose gel 

was used to check band size. Two bands separated from PacAd5CMV-CRECFP vector 

(7981 bp): PacAd5 vector (5598 bp) and CMV-CRECFP (2383 bp). Two bands were 

separated from PacAd5IRP-GFP vector (7551 bp): PacAd5 vector (5602 bp) and 

IRP-GFP (1949 bp). Two bands were separated from PacAd5IRP-CRECFP vector (8595 

bp): PacAd5 vector (5599 bp) and IRP-CRECFP (2996 bp). 
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Figure 6. 7 Ad5IRP-CREGFP virus co-injected with ADCMV-ShIR-tdTomato in 

the NTS. tdTomato (Red) was expressed after one week. 

 

Then Ad5IR-CRECFP recombinant adenovirus combined with pAAV_EF1a 

FLEX-HA-hM3D (Gq)-mCherry virus will be used to enhance insulin receptor neurons 

activity in the HDB by i.p injection of CNO to monitor feeding behaviour and 

locomotor activity in the future experiment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



145 

7 General discussion 
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7.1 Final discussion and clinical application 

 
The data collected from metabolic cages suggests that acute intranasal insulin could 

reduce accumulative food intake within 2-5 hours without changing body weight, 

respiratory exchange ratio or locomotor activity in male mice. This finding implies that 

intranasal insulin acts as an anorexigenic acute signal to suppress eating in the fasted 

state, which is in line with the report by Clegg et al (Clegg et al., 2003). Data from 

human subjects also indicated that acute intranasal insulin could decrease food intake in 

fasted healthy men compared to the intranasal placebo (Benedict et al., 2008). 

Compared to systemic drug treatments, intranasal delivery might achieve significant 

effects with less amount of administration and directly targeting the brain without 

affecting the peripheral organs (Fehm et al., 2000; Grassin-Delyle et al., 2012). Our 

results suggest that intranasal insulin might be an effective therapy for the treatment of 

eating disorders, excessive food consumption, obesity and diabetes.  

 

To track the route of intranasal insulin administration, fluorescent labelled insulin 

(FITC-insulin) was used as a viable tool in our experimental setting. To our knowledge, 

our results are the first to report that the HDB area is an insulin positive region through 

the intranasal delivery method. Note that some elements such as method of 

administration, deposition, head angles, assistant agents become critical factors in the 

study of intranasal insulin delivery routes (Dhuria et al., 2010; Rhea et al., 2017), which 

may explain the difference between our findings and others. For example, van den Berg 

et al reported that a supine position with the head angle at 70° or 90° was found to be 

most suitable for efficient delivery to the CSF using this method of intranasal 

administration (Van Den Berg et al., 2002). The precise nasal transport route to the HDB 

remains unclear. Three pathways from the olfactory epithelium to the olfactory bulb 

have been proposed, a transcellular pathway, a paracellular pathway as well as olfactory 

nerve pathway. Previous studies suggested that intranasal insulin reaches various brain 

regions within 30 to 60 mins (Born et al., 2002; Fan et al., 2019). However, the 

transneuronal pathway takes hours for the drugs to reach to the olfactory bulb (Thorne 

et al., 1995), which is mostly transported by receptor-mediated endocytosis. It was 

reported that protein albumin (Molecular weight is 66.6 KD) reached the glomeruli of 

the olfactory bulb after 24 hours, and ultrastructural images confirmed that albumin was 

detected in the vesicles of bulbous apical endings of the dendrites, which extend to the 

epithelium (Kristensson and Olsson, 1971), which suggested that transneuronal pathway 
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cannot be able to explain that the fast transport (45 mins) for FITC-insulin reach to the 

brain in our study. Here we proposed that intranasal insulin might reach the olfactory 

bulb through a paracellular pathway, which transports substances through the space of 

the tight junction between olfactory epithelium cells (Garcia et al., 1998). In addition, 

intranasal insulin could also reach the brain through the olfactory nerve pathway. 

Electron microscope results suggested that intranasal gold particles were found in the 

olfactory receptor neurons within 15 mins and then travelled to the olfactory bulb in 30 

to 60 mins (De Lorenzo, 1970), which implies that intranasal substances could reach the 

olfactory bulb through the olfactory neurons-mediated pathway, which projects to 

different brain regions (Itaya, 1987). For example, it has been reported that intranasal 

delivery wheat germ agglutinin-horseradish peroxidase (WGA-HRP) was found in the 

deep brain structures, such as midbrain and pons within 45 to 60 mins (Shipley, 1985). 

Altogether, the fast transport of intranasal insulin from nose to the brain is likely 

through the paracellular pathway and olfactory nerve pathway rather than transcellular 

pathway (Figure 7.1 to show how intranasal insulin could reach the HDB). 

 

 

 

Figure 7. 1 The hypothesis of how intranasal insulin reach the HDB. Transneuronal 

pathway is receptor-mediated endocytosis, which usually take hours to transport insulin 

to the OB. Intranasal insulin is transported by paracellulary pathway which transports 

intranasal insulin through the space of tight junction between olfactory epithelium cells 

and to reach the OB. Olfactory receptor neurons in the epithelium cells transport 

intranasal insulin, which extend to the olfactory bulb, and from olfactory bulb could 

project to various brain areas. 
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Our data indicated that intranasal insulin abundantly accumulated in the HDB and 

co-localised with cholinergic neurons through intranasal administration, implying that 

the HDB area could be the key region that is involved in intranasal insulin-dependent 

reduction of food intake. One reason we use mice to evaluate the physiology function of 

intranasal insulin is that we can take advantage of metabolic cages to collect data from 

mice after intranasal administration. Rats are not suitable for use in the metabolic cages 

available at Leeds. On the contrary, rats are more suitable to conduct knocking down 

insulin receptor in the HDB due to their larger brain compared to mice, and it is also 

much easier to manually weigh the food intake of rats because rats eat more than mice. 

Our in vivo data showed that knockdown of insulin receptor in the HDB increased food 

intake. Cholinergic neurons in the HDB provide the source of Ach to other brain areas. 

The release of Ach is increased after feeding, furthermore, the rise of Ach was delayed 

when the time course of a meal is prolonged such as in a case of binge eating (Mark et 

al., 1992; Avena et al., 2008), which suggested that the level of Ach is highly associated 

with feeding behaviour. Furthermore, it has been reported that local infusion of the Ach 

in the NAc could induce the cessation of a meal (Mark et al., 1992) and cause taste 

aversion (Taylor et al., 2011). Another elegant study found that impairment of 

cholinergic signalling in the HDB results in hyperphagia and obesity (Herman et al., 

2016). In addition, neurotransmitter Ach can also influence the release of insulin from 

pancreas (Gilon and Henquin, 2001; Molina et al., 2014), which may be a direct way to 

reduce food intake. Intranasal insulin could act as a factor to likely increase the activity 

of cholinergic neurons which increases release of ACh in the brain regions, 

consequently reducing food intake (The potential mechanism of how intranasal insulin 

could reduce food intake is proposed in Figure 7.2). In the future, detecting efflux of 

acetylcholine by using microdialysis method (Calva et al., 2018) might provide some 

insights on whether intranasal insulin affects the level of Ach, and this effect regulates 

feeding behaviours. Specifically, by using microdialysis probes to collect extracellular 

fluid from the target brain regions (the HDB). Measure ACh levels in the dialysate using 

analytical techniques such as high-performance liquid chromatography (HPLC) after 

intranasal insulin administration to investigate the relationship between Ach and food 

intake. 
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Figure 7. 2 The potential mechanism of how intranasal insulin reduce food intake. 

① The level of Ach was increased following a meal and the high level of Ach could 

suppress the food intake. ② Impaired cholinergic neurons in the HDB leads to 

hyperphagia. ③ Intranasal insulin reaches the HDB as a factor to facilitate the process 

of the synthesis of Ach, which may be associated with the reduction in food intake.  

 

It was reported that specifically ablating cholinergic neurons in the HDB using DT did 

not alter activity in mice (Herman et al., 2016), which is different to our findings that 

knockdown of the insulin receptor in the HDB caused a remarkable increase in activity 

in female rats. Neurotransmitter dopamine that is released from the substantia nigra, 

ventral tegmental area (VTA) and hypothalamus, which has been involved in locomotor 

activity (Juarez Olguin et al., 2016). Interestingly, we also observed that the VTA sent 

axons to the HDB, which is in line with previous reports (Beckstead et al., 1979; Geisler 

and Zahm, 2005; Do et al., 2016). One potential explanation of hyperactivity observed 

in our study is that knocking down insulin receptor in the HDB could enhance the 

release of dopamine from the VTA. In addition, the VTA consists of multiple neuronal 

populations, including dopaminergic neurons (65%), GABAergic neurons (33%) and 

glutamatergic neurons (2%) (Morales and Root, 2014; Nair-Roberts et al., 2008). The 

following question is which/how neuronal cell type and/or types in the VTA involved in 

regulation of the level of dopamine in the HDB and what the mechanisms are.  

 

The projection from the VTA spread in various brain areas, such as cerebral cortex and 

basal forebrain (Beckstead et al., 1979; Fallon, 1981), which is involved in learning, 

feeding, and locomotor activity (Wise, 2004; Fields et al., 2007). A whole brain 

mapping study showed that the input to the basal forebrain from the VTA are 

parvalbumin, somatostatin, vesicular glutamate and choline acetyltransferase cells (Do 
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et al., 2016; Gaykema and Zaborszky, 1997). In addition, GABAergic neurons of the 

VTA could inhibit the cholinergic interneurons in the NAc, which suggested that GABA 

projection from the VTA could be a modulator of dopaminergic and cholinergic 

communication (Brown et al., 2012). Previous study further suggested intracerebral 

administration of GABA receptor agonist into the VTA increased dopamine 

concentrations in the HDB (Eaton et al., 1994), which may be related to active 

movement in rats. While our data further showed that the cell body in the VTA was 

colocalized with TH positive neurons (a marker for dopamine, norepinephrine, and 

catecholamine neurons), which implies that the dopaminergic neurons in the VTA may 

innervate the release of dopamine in the HDB.  

 

Furthermore, Gaykema et al pointed that cholinergic neurons in the basal forebrain are 

the targets of dopaminergic VTA neurons, which implies that dopamine could direct 

modulate the release of Ach (Gaykema and Zaborszky, 1996). Ach level is associated 

with arousal, attention, learning and locomotor behaviour, this connection between the 

VTA and HDB provides as a therapeutic option for the cognitive symptoms and activity 

(Hangya et al., 2015; Malloy et al., 2019). Notably, the activity of dopamine 

transmission is also tightly modulated by cholinergic system. For example, nicotinic 

ACh receptor (nAChR) agonists could stimulate dopamine release (Quik and Mcintosh, 

2006), which may be provide a new treatment for the Parkinson’s disease (a movement 

disorder). Another study suggested that the HDB also projects to the VTA (Geisler and 

Zahm, 2005). While the activation of cholinergic terminals (an inhibitory 

neurotransmission) in the substantia nigra would inhibit dopamine neurons and lead to a 

decrease in movement (Estakhr et al., 2017). Here we proposed hypothesises that 

knockdown of the insulin receptor in the HDB may impede the cholinergic input to the 

dopamine neurons in the VTA, which disinhibits the activity of dopamine neurons and 

consequently causes hyperactivity (Figure 7.3). However, this neuronal circuits may be 

different in different sexes. 
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Figure 7. 3 The potential mechanism of knocking down insulin receptor in the 

HDB leading to hyperactivity in female rats but not male rats. ① Dopaminergic 

neurons in the VTA may affect the release of dopamine in the HDB to regulate activity. 

② Impaired insulin receptor signalling in the HDB impedes the cholinergic input to the 

dopamine neurons in the VTA, which disinhibits the activity of dopamine neurons and 

consequently causes hyperactivity.  

 

7.2 Future work 

 

My current Ph.D project demonstrated that the insulin signaling in the HDB plays an 

important role in regulating feeding behavior and locomotor activity. However, due to 

the limited time resulting from the Covid pandemic, there are still more work to be done 

in order to gain a better understanding of this area in modulating metabolism. 

 

Firstly, our data indicates that intranasal insulin reduced food intake within 2 to 5 hours 

in mice compared to the control, which illustrates the effect of intranasal insulin on 

feeding behavior in vivo. On the other hand, we also observed that with intranasal 

FITC-insulin administration, abundant insulin receptor positive signaling in the HDB 

area was detected. These findings led us to explore the relationship between insulin 

receptor signaling in the HDB and food intake. Interestingly, our in vivo work further 

suggested that insulin receptor knockdown in the HDB could significantly increase food 

intake in male rats, which implied that insulin signaling in the HDB might be the key to 
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the effect that intranasal insulin has on regulating feeding behaviour. In the future, we 

plan to knockdown the insulin receptor in the HDB area in rats and to evaluate that 

whether the effect of intranasal insulin induced decreased food intake will be prevented. 

But due to the restriction of animal license, currently we are unable to do this 

experiment.  

 

Secondly, while we clearly show the importance of insulin sensing in the HDB in the 

regulation of feeding and activity, little is known regarding the cell populations that are 

insulin sensitive and which neuronal network is modulated by insulin sensing in the 

HDB. For example, work by Gritti et al estimated the proportion of different neuronal 

cell types in the basal forebrain, and the results suggested that only 5% of the total 

number of neurones represents cholinergic neurones, 25% of neurons are GABAergic, 

and 69% are glutamatergic (Gritti et al., 2006). Previous studies have mostly focused on 

one or two neural types in the HDB, however data about whether and/or how insulin 

interacts with these cell types to regulate feeding behaviour is still missing. In addition, 

our study and others also showed that some neurons co-express acetylcholine with 

glutamate and GABA, this also brings the challenge of selectively discerning different 

neural types (Ren et al., 2011; Herman et al., 2016). For example, a study from Herman 

et al suggested that the cholinergic neurones in the HDB are mostly GABAergic 

(Herman et al., 2016). However, how insulin signaling acts on the cholinergic neurones 

and/or GABAergic neurons has not yet been studied. For further work, we could impair 

insulin signaling exclusively in the GABAergic neurones and/or cholinergic neurones 

by using transgenic mice or using adenovirus system to investigate the role of insulin 

signaling in each type of neurons in regulating feeding behaviour and metabolic 

balance. 

 

Third, our current study is just the first to demonstrate that the HDB might be a key area 

for the effect that intranasal insulin has on regulating feeding behaviour, however, the 

mechanisms of how insulin signaling in the HDB regulates food intake still unclear. 

Data from Herman et al indicated that dysfunction of cholinergic neurons in the HDB is 

related to decreased POMC activity in the hypothalamus, which might explain the 

increased food intake. Future work should therefore focus on if insulin receptor 

knockdown in the HDB influences the activity of other neurons involved in energy 

homeostasis, such as hypothalamic POMC or AgRP neurons. In order to investigate this 

possibility, we could use western blot or qPCR to check the gene expression of POMC 
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or AgRP. In addition, an electrophysiological technique could be an ideal tool to answer 

this question. We can record the POMC or AgRP neurons to see whether their neuronal 

activity is different when insulin receptor is knocked down in the HDB, and whether 

their neuronal activity will be changed when insulin is applied.  

 

Fourth, we observed that female rats but not male rats were hyperactive after insulin 

receptor knockdown in the HDB, however more work needs to be done to explore the 

mechanism behind this phenomenon in the future. Previous reports showed that ablation 

of brain-derived neurotropic factor in mice causes obesity and increased activity (Rios 

et al., 2001). Specifically deleting FoxO1 in the POMC neurons increased 

α-Melanocyte-stimulating hormone (α-MSH) and melanocortin signaling in 

hypothalamus, these mice also exhibited increased locomotor activity (Plum et al., 

2009). This increased locomotor activity was also observed in mice lacking FoxO1 in 

synapsin neurons, the mRNA level of Pcsk1 and Prcp (genes negatively regulated by 

α–MSH signaling) were remarkably reduced in the hypothalamus of FoxO1 depleted 

mice during the dark phase (Ren et al., 2013). In the future, we can also measure the 

mRNA level of Pcsk1 and Prcp in our animals with the insulin receptor knockdown in 

the HDB, which may provide some valuable insights into some genetic biomarkers 

which may be related to activity in these rodents. In addition, we have made the 

recombinant adenovirus expressing CRECFP from the insulin receptor promoter 

(Ad5IRP-CRECFP) that can be delivered with chemogenetic (FLEX-hM3Dq) virus to 

specifically target the insulin receptor positive cell in the HDB, and then by injecting 

CNO in the peripheral system we can selectively enhance the activity of insulin receptor 

in the HDB to monitor whether the activity of insulin receptor will reverse the food 

intake and locomotion. In addition, Chen et al reported that loss of insulin signalling in 

astrocytes led to the reduction of body weight in male and female mice (Chen et al., 

2023). Their study also pointed out that knockout of IR in astrocytes could impair 

mitochondrial respiration and glycolysis, which suggested that insulin signalling in the 

astrocytes is also crucial to regulate metabolism. Our lab also developed GFAP 

promoter viruses to specifically target astrocyte. In the future, we can further investigate 

the effect of activating insulin signalling in the astrocytes in the HDB on the metabolism 

(Patel et al., 2021). 

 

Fifth, eating behaviour is also related to emotional states, where studies suggest that 

there is a connection between eating habits and mood (Kaye et al., 2004). In addition to 
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eating behaviour, the HDB is also associated with cognition, awake and sleep (Anaclet 

et al., 2015; Heimer, 2000). Cassidy et al reported that GABAergic neurons in the HDB 

could receive monosynaptic inhibitory input from GABAergic neurons in the lateral 

hypothalamus (Cassidy et al., 2019). Activation of this circuit reduces anxiety and 

causes overeating (Cassidy et al., 2019). In our study, we observed that impaired insulin 

signaling in the HDB significantly increased food intake, however whether this is also 

related to emotional state has not been explored. On the other hand, our retrograde data 

suggested that dopaminergic neurons in the VTA might send projections to the HDB, 

which means the terminal of the VTA are in the HDB area. However, whether the 

projection from the VTA is crucial for the HDB to regulate mood and feeding is also 

important to study further. To answer this question, we can inject optogenetic viruses in 

the HDB and implant a fiber optic into the VTA to stimulate the cell body in the VTA, 

and investigate if enhancing the projection to the HDB will influence feeding behaviour. 

 

7.3 Final conclusion 

 

This project firstly confirmed that FITC-insulin has bioactivity using PC12 cells, 

activating the insulin downstream signaling p-Akt pathway but failing to activate p-Erk. 

In addition, FITC-insulin entered into PC12 cells showing a dynamic process, beginning 

from binding on the membranes, cytoplasm, then into the nucleus. Our experiments 

indicated that loss of insulin receptor alone markedly decrease FITC-insulin’s 

internalization, which underscored that insulin receptors were necessary in insulin’s 

internalization. In addition, our acute mouse brain slices also suggested that 

FITC-insulin as well as human insulin could activate p-Akt signaling in the 

hippocampus at 30 mins incubation compared with the same equal molar of FITC-Dye. 

Together, these investigations warrant that FITC-insulin is as a viable tool in scientific 

study as it performs like normal human insulin. 

 

Intranasal insulin could suppress food intake within 2-5 hours in male mice, which is 

consistent with previous findings in human subjects. Also, intranasal delivery of 

FITC-insulin could reach various brain regions, including the olfactory bulb, HDB, 

hippocampus and brainstem. Among them, the HDB might be the key area to regulate 

feeding behaviour. Notably, knockdown of the insulin receptor in the HDB significantly 

increased food intake in male rats, these data demonstrated that insulin signaling 
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especially in the HDB might play an important role in modulating feeding behaviour. 

However, one of limitation in the current project is that we did not evaluate the 

knockdown efficiency in vivo. We cannot rule out the possibility that the virus may not 

have achieved 100% effectiveness, which might explain the absence of any significant 

effect on the cumulative food intake in female animals. To address this limitation, future 

studies should aim to incorporate in vivo analyses of insulin receptor knockdown in the 

specific brain region of interest (the HDB) to provide a more comprehensive 

understanding of its functional implications. 

 

Another important finding is that the anorexigenic effect of intranasal insulin seems 

more sensitive in male rats compared to female rats, whereas insulin signaling on the 

HDB-related activity is more pronounced in female but not male rats. Our findings 

support the concept that the function of brain insulin signaling exhibited gender 

differences.  

 

Finally, our findings also bring more opportunities for the clinical application of 

intranasal insulin. On the one hand, our study suggested that insulin reached the HDB 

through intranasal administration and insulin signaling in this area is closely associated 

with the feeding behaviour and activity. These observations further strengthen the value 

of developing non-invasive delivery insulin system.  
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Appendix 
 

2.3.7 Analysis of CLAMS data  

#install packages and libraries 

install.packages("tidyverse") 

install.packages("ggplot2") 

library(rstatix) 

library(ggplot2) 

library(tidyverse) 

install.packages("emmeans") 

library(readr) 

library(emmeans) 

# input database 

library(readr) 

df <- read_csv ("D:\\summary\\metabolic_cage\\ANCOVA\\Foldername.CSV") 

# summarize data of food comsumption and body mass 

library(rstatix) 

library(emmeans) 

df %>% group_by(Group) %>%  get_summary_stats(FoodComsumped, 

type="common") 

df %>% group_by(Group) %>%  get_summary_stats(BodyMass, type="common") 

# output data of body mass 

write.csv(df %>% group_by(Hours) %>%  get_summary_stats(BodyMass, 

type="common"), file=" D:\\summary\\metabolic_cage\\ANCOVA\\groupby.CSV ") 

#anova test to get mass effect and group effect 

anova_test(data = df, formula = FoodComsumped ~ BodyMass + Group, type = 3, 

detailed = TRUE) # type 3 SS should be used in ANCOVA 

# plot regression liner model between food consumption and body mass 

install.packages(“ggpubr”) 

library(ggpubr) 

library(ggscatter) 

ggscatter(df, x = "BodyMass", y = "FoodComsumped", color = "Group", add = 

"reg.line")+ stat_regline_equation(aes(label =  paste(..eq.label.., ..rr.label.., sep = 

"~~~~"), color = Group)) 

# Get adjusted means according to the model: 
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adj_means <- emmeans_test(data = df, formula = FoodComsumped ~ Group, covariate 

= BodyMass) 

get_emmeans(adj_means) 

 

 
 


