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ABSTRACT 
 

 

Insulin resistance is a major risk factor for metabolic syndrome, including Type II 

diabetes (T2D) and obesity. Most studies on insulin resistance focus on peripheral tissues, 

but little is known about insulin resistance in the brain. T2D is associated with a higher 

risk for cognitive decline. Here, we examined the effects of insulin on synapse formation 

and function using primary rat hippocampal neurons as a model system. Our aim was to 

characterize the effects of low or high levels of insulin on synapse maturation and 

synaptic vesicle release using live cell imaging. We also wanted to examine the factors 

responsible for causing insulin resistance in neurons and their role in synapse formation 

and function. We found impaired synaptic vesicle exocytosis in neurons grown under 

either low or high levels of insulin compared to control. A significant reduction in the 

levels of Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) 

were observed by Western blotting in neurons grown under conditions of insufficient 

insulin indicating decreased mitochondrial biogenesis. To investigate factors that may 

cause neuronal insulin resistance, we measured insulin responsiveness in neurons treated 

with leucine, high insulin or TNF, all of which are known to contribute to insulin 

resistance in the periphery. Chronic treatment with leucine, high insulin or TNF 

decreased insulin sensitivity and increased basal Akt phosphorylation in neurons deprived 

of insulin for 30 min. In addition, impaired vesicle exocytosis was observed in neurons 

treated with leucine but this defect was improved by 5-amino-1-β-D-ribofuranosyl-

imidazole-4-carboxamide (AICAR), an AMP-dependent protein kinase (AMPK) 

activator. Overall, our results suggest that neurons require an optimum amount of insulin 

to undergo normal synaptic vesicle release. In addition, high levels of insulin can cause 

insulin resistance in neurons accompanied with impaired synaptic vesicle exocytosis. We 

also demonstrate that supplementation with leucine causes the neurons to become less 

insulin sensitive with defects in synaptic vesicle release. This provides an insight into the 

link between T2D and cognitive decline. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Insulin signaling pathway 

1.1.1 Insulin receptor and its substrates  

Insulin, a peptide hormone is produced by the pancreatic beta cells and regulates 

carbohydrate and fat metabolism in the body. Glucose uptake and storage is mainly 

controlled through the initiation of a signal transduction cascade by insulin. Insulin is 

secreted from the pancreas following the rise of glucose levels in the blood and in turn is 

responsible for removing excess glucose from the bloodstream. Insulin increases energy 

storage and glucose uptake by stimulating the translocation of glucose transporter protein 

(GLUT4) to the plasma membrane (1). The insulin signaling cascade is triggered by the 

binding of insulin to the insulin receptor, a receptor tyrosine kinase which consists of two 

α subunits and two β subunits that are disulfide linked into an α2β2 heterotetrameric 

complex (2,3). The receptor then undergoes a series of transphosphorylation reactions 

during which it phosphorylates specific tyrosine residues. Activation of the insulin 

receptor leads to tyrosine phosphorylation of different isoforms of insulin receptor 

substrates (IRS) and binding of other signaling molecules like Shc adapter protein 

isoforms and Grb2. This in turn triggers two separate branches of signaling, one 

involving the Shc, Grb2 and the mitogen-activated protein (MAP) kinase (MAPK) 

cascade and the other involving activation of phosphatidylinositol 3-kinases (PI3K) by 
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the IRS (2,4). Activation of PI3K is followed by the phosphorylation of 

phosphatidylinositol-(4,5)-bisphosphate (PtdIns(4,5)P2) leading to the formation of 

phosphatidylinositol-3,4,5-trisphosphate (Ptd(3,4,5)P3) by the catalytic subunit of PI 3-

kinase, p110 as shown in Figure 1.1. AKT or protein kinase B (PKB), an important 

downstream effector of Ptd(3,4,5)P3, is recruited to the plasma membrane. Akt is 

activated by 3-phosphoinositide dependent protein kinase 1 (PDK1), which is indirectly 

regulated by PI3K by phosphorylating phosphatidylinositols. The phosphorylation of Akt 

leads to the phosphorylation of the Rab GTPase activating protein AS160 that facilitates 

the translocation of GLUT4 transporters to the plasma membrane. Activation of AKT 

leads to the phosphorylation and inactivation of glycogen synthase kinase 3 (GSK3) (5). 

Glycogen synthase is a substrate of GSK3 and catalyses the final step in glycogen 

synthesis. Glycogen synthesis is inhibited by GSK3 via phosphorylation of glycogen 

synthase (2).  
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Figure 1.1 Insulin signaling pathway 

Insulin binds to its receptor leading to the auto-phosphorylation of the beta subunits and 

tyrosine phosphorylation of the insulin receptor substrate and binding of other signaling 

molecules like SHC and Grb2 resulting in a diverse range of signaling pathways 

including MAPK cascade and PI3K activation. The catalytic subunit of PI 3-kinase, 

p110, catalyzes the conversion of PtdIns(4,5)P2 to Ptd(3,4,5)P3 that in turn activates and 

phosphorylates Akt through PDK1. Akt phosphorylation of the Rab GTPase activating 

protein allows the translocation of the GLUT4 transporters to the plasma membrane. 

Activation of Akt also inactivates and phosphorylates GSK3 that in turn promotes 

glycogen synthesis. 
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1.1.2 Inhibition of insulin receptor signaling  

Impaired insulin signaling contributes to a wide range of metabolic abnormalities 

including obesity, insulin resistance and diabetes (6). Insulin resistance is central to the 

pathogenesis of type II diabetes (T2D) and is a major metabolic disorder associated with 

obesity. Insulin resistance is defined as the inability of cells of the body to efficiently 

respond to the effects of insulin. Insulin resistance precedes the onset of T2D (7). In the 

early stage of T2D, β cells located in the islets of Langerhans secrete adequate insulin to 

compensate for insulin resistance and hence maintain normal glucose levels (8). However 

at a later stage, insulin deficiency supersedes accelerating diabetes and leads to increased 

glucose levels in the blood suggesting that destruction of β cells may not be the major 

defect in this disease (8). 

 

Inflammatory cytokines like TNF induce serine phosphorylation of IRS-1 and thereby 

prevent its interaction with PI3K leading to an inhibition of insulin signaling (9-12). 

Decreased Akt phosphorylation has been reported in skeletal muscle and adipocytes of 

patients with Type II diabetes (T2D) (13). Defects in insulin signaling are the main cause 

of insulin resistance and impaired glucose metabolism (14). Although there have been 

several studies showing defective insulin signaling and insulin resistance in skeletal 

muscle and liver (13,14), very little is known about insulin resistance in neurons. In 2011, 

Kim et al reported that hyperinsulinemia caused insulin resistance in cultured dorsal root 

ganglion neurons by disrupting the Akt pathway (15). The same study showed that 

chronic insulin treatment lead to a high basal Akt phosphorylation in dorsal root ganglion 

neurons resulting in a blunted acute phosphorylation of Akt and glycogen synthase 
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kinase-3β (GSK 3β) (15). Another study reported increased IRS2 expression in dorsal 

root ganglion neurons of type 2 diabetic mice leading to suppression of insulin signaling 

(16). Impaired IRS1 signaling was noted in the hippocampi of a transgenic mouse model 

of Alzheimer’s disease (AD), indicating defective insulin signaling in these mouse brains 

(17). However, the mechanisms behind impaired insulin signaling in neurons are still not 

completely known and needs further investigation.  

 

1.1.3 Factors inducing insulin resistance 

A number of factors have been reported to induce insulin resistance in the periphery 

including high levels of free fatty acids, hyperinsulinemia, increased oxidative stress, 

inflammatory cytokines and high amino acids (18-20).  

 

The role of free fatty acids (FFA) in causing insulin resistance is widely known in 

patients with type II diabetes (21). Plasma free fatty acids (FFA) are increased in obese 

subjects and in turn inhibit insulin’s anti-lipolytic action thereby augmenting the FFA 

release into the circulation even further (22).  

 

Decreased response to insulin accompanied with its increased production leads to 

hyperinsulinemia.  Hyperinsulinemia may be described, as a condition during which there 

are elevated levels of insulin in the blood circulation. Hyperinsulinemia is common in 

early stages of T2D and has been considered as a major risk factor for developing insulin 

resistance (23). Basal plasma insulin levels were increased by two to four fold in mice 

expressing additional copies of the human insulin gene (23). These mice also exhibited an 
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augmented postprandial glucose associated with an amplified insulin response to 

glucose suggesting that hyperinsulinemia in the basal state leads to insulin resistance 

associated with alterations in glucose metabolism and insulin secretion (23). 

 

Increased oxidative stress has been previously reported to cause defects in insulin 

signaling and induce insulin resistance in skeletal muscle for example through the 

Angiotensin II induced reactive oxygen species (ROS) generation by increasing the 

NADPH oxidase activity (24). Yukihiro Ohta et al (2011) reported that oxidative stress 

caused insulin resistance due to impaired insulin signaling and increased NADPH 

oxidase activity in a skeletal muscle of mice with postinfarct heart failure (25). Chronic 

administration of apocynin (an inhibitor of NAD(P)H oxidase activation) in these mice 

led to a reduction in the oxidative stress and NADPH activation ultimately causing an 

improvement in insulin resistance suggesting that oxidative stress was the reason for the 

development of insulin resistance in these mice (25).  

 

Tumor necrosis factor alpha (TNF ), an important inflammatory cytokine has been 

associated with insulin resistance through increased free fatty acid secretion and defective 

insulin signaling at the level of PI3K (26). In cultured human adipocytes, preincubation 

with TNF-α resulted in a 60-70% reduction of insulin action (26).  

 

Amino acids like leucine have also been implicated in causing insulin resistance in the 

skeletal muscle by downregulating 5' adenosine monophosphate-activated protein kinase 

(AMPK) activity and by increasing mTOR/p70S6K signaling (27). Activation of 
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mTOR/p70S6K signaling causes peripheral insulin resistance through a negative 

feedback mechanism causing increased serine phosphorylation of the IRS (27-30). 

Incubation of rat muscles with leucine increased protein synthesis and phosphorylation of 

mTOR/p70S6K (27). Also high levels of leucine were found in the plasma of 3 weeks old 

diabetic rat brain indicating its role in diabetes (31). A metabolomic study published by 

Suhre et al found higher levels of leucine in the plasma of diabetic patients indicating it 

as biomarker for detecting diabetes-related complications (32). Although there is enough 

evidence about FFA, hyperinsulinemia, increased oxidative stress, inflammatory 

cytokines and amino acids in inducing insulin resistance in the periphery, very little is 

known about their role in neurons.  

 

1.2 Insulin signaling in the brain 

1.2.1 Insulin and insulin receptor levels in the brain 

Over three decades ago, Havrankova et al. (33) reported that the insulin receptor is 

widely distributed in the central nervous system with its highest expression in the 

olfactory bulb, followed by the cerebral cortex, hippocampus and the pre-optic area, 

hypothalamus and amygdala. The same study also reported a 25-fold higher insulin 

concentration in whole brain compared to plasma as determined by radioimmunoassay 

(33). However, other studies have reported different concentrations of insulin, which 

suggest that there is no general agreement about the concentration of insulin in the brain, 

and needs further investigation (34, 123, 124). Insulin levels reported depends on the type 

of sample that was measured for example either brain or cerebrospinal fluid (CSF) and 

neither of these areas accurately reflect the insulin concentration surrounding a neuron. 
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Interestingly, the brain insulin levels were 2-fold higher after 48 hr of streptozotocin 

treatment, which destroys the pancreatic beta cells than in untreated control rats (34). 

This finding suggests that not all the brain insulin came from the circulation. Insulin is 

produced in the brain by hippocampal neurons and can be released from the neurons 

following exocytosis of the synaptic vesicles in response to a membrane depolarization in 

a calcium-dependent manner (35). Expression levels of the insulin receptors are 

developmentally regulated in a rat brain (36). Brain regions like thalamus, caudate-

putamen and some mesencephalic and brainstem nuclei had higher concentrations of 

insulin receptors during neurogenesis compared to the adult rat brain (36). Also, glia cells 

were found to have lower insulin receptor levels compared to neurons and these levels 

decreased with age (37). It was not until 1991, that Schwartz et al demonstrated that 

insulin crossed the blood brain barrier (BBB) by a saturable mechanism (38). Later 

studies showed that insulin could cross the BBB by a receptor-mediated transcytosis 

process (39). The brain endothelial cells that comprise the BBB and the blood 

cerebrospinal fluid barrier contain binding sites for insulin, (40,41). The insulin binding 

sites at the BBB aid in the transport of insulin across the BBB and also function as 

receptor sites that help activating the intracellular machinery of the barrier cell (39).  

 

1.2.2 Effects of insulin in the brain 

Insulin has widespread effects on the brain including its role in control of food-intake and 

in cognition (42). Chronic administration of insulin into the ventricular system or the 

hypothalamus decreases food intake and body weight in a dose-dependent manner while 

maintaining peripheral euglycemia (43). However, administration of insulin antibodies 
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increases food intake in the ventromedial areas like the prefrontal cortex, which is mainly 

involved in the processing of risk, fear and decision making (44,45). These findings 

suggest that insulin plays an important role in regulation of food intake and body weight 

in different regions of the brain. The role of insulin in memory and cognition has been 

well evidenced by some studies in animals using the Morris water maze or passive 

avoidance tasks that have shown to improve memory performance in rats upon 

administration of insulin (46,47). An increase in insulin receptor expression was 

observed in the hippocampal dentate gyrus and CA1 field when rodents were trained on a 

spatial memory task, suggesting that synthesis of insulin receptor may be augmented in 

these areas as a result of learning (48,49). Insulin pre-treatment improved the memory 

deficits in rats with hippocampal lesions, which were previously suffering from severe 

loss of learning and memory ability (50-52). All the above studies provide evidence for 

the role of insulin in improving learning and memory. 

 

1.3 Role of insulin in Alzheimer’s disease 

Over the past decade, the link between impaired insulin sensitivity and Alzheimer’s 

disease (AD) has been one of the major topics of discussion (53) This is evident with 

observed impaired insulin signaling and abnormal levels of insulin in the CSF and plasma 

of patients with AD (54,55). A defect in systemic insulin sensitivity was observed in 

patients with AD (46). Defective insulin receptor signaling was noted in patients with 

dementia of the Alzheimer type accompanied with higher levels of non-metabolized 

glucose in the cerebral blood suggesting that AD could be a kind of T2D in the brain 
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(44,53). In patients with AD the levels of insulin in the CSF are lower compared to the 

peripheral plasma insulin levels (55).    

 

T2D is associated with higher risk for cognitive decline and AD (19,56). One of the most 

common features in both AD and T2D is insulin resistance (57). Role of insulin in 

improving cognitive functions is very well documented by studies relating to AD and 

insulin resistance (56,58). Insulin and insulin receptor levels in the brain are decreased in 

patients with sporadic AD (59). Memory performance is ameliorated in patients with AD 

upon systemic administration of insulin under the conditions of euglycemia or 

hyperglycemia (55,60,61). Aggregation of β-amyloid (Aβ) peptide is one of the main 

hallmarks of Alzheimer’s disease. Studies have shown links between Aβ and insulin 

signaling. In fact, Aβ can inhibit brain insulin signaling, through binding of soluble Aβ to 

insulin receptors causing a downregulation of the plasma membrane insulin receptors 

leading to synaptic spine loss in hippocampal neuron cultures (62,63). This effect was 

reversed upon pretreatment with insulin (63). All the above studies indicate that insulin is 

very important for learning and memory in both humans and animals.  

 

1.4 The Synaptic vesicle cycle 

Neurotransmitter release is triggered by an action potential from a pre-synaptic nerve 

terminal that initiates synaptic transmission. The neurotransmitters are released into the 

synaptic cleft between two neurons by exocytosis of synaptic vesicles filled with 

neurotransmitters. Once, the neurotransmitters are released, synaptic vesicles are rapidly 
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reformed by endocytosis and refilled with neurotransmitters to maintain sustained 

synaptic transmission. An overview of the synaptic vesicle cycle is shown in Figure 1.2. 

 

1.4.1 Exocytosis 

Exocytosis involves three major steps namely: docking, priming and fusion. During 

docking the loaded synaptic vesicles dock near the release sites. Docking is mediated by 

a group of proteins that form the active zone complex: rab-3 interacting molecules, 

Munc-13 proteins, Bassoon and Piccolo, ELKS proteins and Liprin - proteins by 

forming a scaffold at the active zone and act as the pre-synaptic spatial organizer, thereby 

integrating the synaptic vesicle cycle (64,65). 

 

The next step is priming where the synaptic vesicles are prepared for fusion in response 

to calcium influx. Formation of SNARE complex of proteins is one of the major events 

during priming where the R-SNARE protein synaptobrevin from the synaptic vesicle 

forms a complex with Q-SNAREs SNAP-25 and syntaxin from the plasma membrane 

(PM) thereby making the primed synaptic vesicle ready to be exocytosed (66,67). 

 

The synaptic vesicles now get ready to fuse quickly in response to the membrane 

depolarization of an action potential as shown in Figure 1.2. The action potential 

generated activates the voltage-gated Ca
2+

 channels, causing an influx of Ca
2+ 

that is 

detected by the synaptotagmin family of proteins (68). Ca
2+

binding to synaptotagmin 

causes the fusion pore to open and secretion of neurotransmitters hence leading to 

exocytosis of the primed synaptic vesicle (69).
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1.4.2 Endocytosis
 

Immediately following exocytosis, synaptic vesicles are reformed by endocytosis. This 

involves the recovery of the synaptic vesicle proteins that are exocytosed to the PM 

followed by the reformation of the vesicles by endocytosis. The main pathway of 

endocytosis is the clathrin-mediated endocytosis (CME). 

 

CME is initiated by a Ca
2+ 

influx with the help of calmodulin as a sensor that provides 

powerful coupling of endocytosis to exocytosis thereby facilitating synaptic vesicle 

cycling (70). Following dispersion of the synaptic proteins to the PM by exocytosis, the 

proteins are re-assembled through interactions with the AP-2 adapter protein complex 

which facilitates the clathrin to bind with AP-2 and hence form an inward curvature of 

membrane in the form of a coated pit that finally grows into a spherical invagination (71). 

Dynamin then mediates pinching off the coated pit to form a single clathrin-coated 

vesicle (72). Following detachment from the plasma membrane, the vesicles are 

uncoated. Uncoated endocytic vesicles are then re-acidified and reform the synaptic 

vesicles by either direct recycling or by reaching an early endosome where the synaptic 

vesicles are restored from the recycling endosome and reloaded with neurotransmitters 

thus facilitating the synaptic vesicle cycle (73).  
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Figure 1.2 Synaptic vesicle cycle  

1) Synaptic vesicles are loaded with neurotransmitters at the presynaptic nerve terminal. 

2) Loaded vesicles are then docked near the plasma membrane followed by 3) priming 

which makes them competent for Ca
2+

 triggered fusion-pore opening (4) thereby 

triggering exocytosis of the synaptic vesicle. 5) Clathrin-mediated endocytosis retrieves 

the synaptic vesicles. 6) The vesicles are uncoated and re-acidified. 7) Re-acidified 

vesicles are either directly recycled from step 7 to step 1 or 8) reach an early endosome 

where the synaptic vesicles are reformed and 9) reloaded with neurotransmitters.  

Adapted from (74) 
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1.5 Role of insulin / insulin signaling in synaptic function 

Insulin and insulin-like growth factor 1 (IGF-1) support neuronal growth and survival 

(75). Insulin regulates synaptic plasticity by modulating activities of excitatory and 

inhibitory receptors such as glutamate and gamma-amino butyric acid (GABA) receptors 

(52). The effects of insulin on the postsynaptic side are best known. Studies have shown 

that an acute exposure to insulin initiated a robust potentiation of responses to N-Methyl-

D-aspartic acid (NMDA) mediated by NMDA receptor in Xenopus oocytes expressed 

with NMDA receptors (76,77). An increase in tyrosine phosphorylation was reported in 

the NR2A and 2B subunits of NMDA receptors when rat hippocampal slices were 

exposed to insulin suggesting that insulin is involved in mediating NMDA receptor 

mediated neurotransmission (78,79). Insulin facilitates postsynaptic receptor trafficking 

in GABA receptors by mediating synaptic inhibition that plays an important role in 

neuronal functions associated with learning and memory (52,79). Insulin receptors recruit 

functional GABA receptor to the postsynaptic membrane thereby regulating the GABA 

transmission (52). Insulin is also known to facilitate endocytosis of α-amino-3-hydroxy-

5-methylisoxazole-4-propionic acid (AMPA) receptors in the hippocampus and cortex 

from the neuronal synaptic membrane thereby causing a long-term depression (LTD) of 

the synaptic transmission in a Ca
2+

 dependent manner (80). Thus insulin/ insulin 

receptors play a vital role in postsynaptic receptor trafficking, which is very important for 

the regulation of synaptic plasticity, learning and memory. 
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1.6 Insulin and mitochondrial function 

1.6.1 Insulin resistance and mitochondrial dysfunction 

Insulin resistance and/or T2D is linked with decreased mitochondrial mass and function 

(81). Kelley et al found reduced mitochondrial size in obese subjects with insulin 

resistance and/or T2D (82). Magnetic resonance spectroscopy studies showed impaired 

insulin stimulated mitochondrial function in elderly subjects with insulin resistance (83). 

A couple of years later, Sparks et al. reported reduced mRNA levels of PGC1α and PGC-

1 β in the muscle of healthy male subjects after three days of high fat feeding (84). 

Thiazolidinediones like pioglitazone and rosiglitazone have been reported to activate 

mitochondrial biogenesis in human adipose tissue (85). Despite these findings, it is not 

unambiguously clear whether the observed mitochondrial dysfunction was a primary 

cause of insulin resistance or a consequence of insulin resistance. Numerous studies have 

investigated the link between impaired mitochondrial function and insulin resistance in 

the skeletal muscle and liver, but very little is known about the link between 

insulin/insulin resistance and mitochondrial function in the brain. 

  

1.6.2 Mitochondrial biogenesis in the brain 

The peroxisome proliferator-activated receptor gamma (PPARγ) coactivator (PGC-1) 

family of inducible transcriptional co-activators is one of the key elements in 

mitochondrial biogenesis and promotes gene transcription involving mitochondrial 

metabolism and function (86). Most of the studies relating mitochondrial biogenesis are 

focused on skeletal muscle and liver. Little is known about mitochondrial biogenesis in 

the brain. In 2011, Hathorn et al reported that in a mouse model of Huntington's disease, 
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motor deficits were improved by nicotinamide and lead to an increase in PGC-1α and 

brain-derived neurotropic factor (BDNF) gene expression (87). A study published in the 

same year showed that mitochondrial biogenesis in the brain was increased by exercise 

training in mice (88). Mitochondrial biogenesis related genes, PGC-1α, Silent mating 

type information regulation 2 homolog (SIRT1) and Citrate synthase were increased after 

8 weeks of treadmill running in mice (88). Impaired mitochondrial biogenesis, synaptic 

degeneration and defective axonal transport of mitochondria were observed in a mouse 

model (AβPP) of Alzheimer’s disease which was restored to normal by a mitochondria-

targeted antioxidant SS31 (89). Although, there is a correlation between decreased 

mitochondrial biogenesis and synaptic degeneration, the exact mechanistic links are yet 

to be elucidated.  

 

1.7 Mitochondria in the synapse 

Neuronal mitochondria are known to be present throughout the cell bodies and neurites 

with relatively high density in the synaptic terminals (90). Mitochondria regulate synaptic 

calcium levels and act as calcium buffers (91). Mitochondrial ATP is very important for 

maintaining neurotransmission since it provides energy during many steps of the synaptic 

vesicle cycle (92). This is evident by studies on dynamin-related protein (drp1), which 

mediates fusion and is important for the cellular distribution of mitochondria and hence 

mutations in these proteins would lead to the absence of mitochondria at the synapses in 

neurons (92). Mutations in drp1 led to defects in mobilization of reserve pool vesicles 

due to lack of synaptic ATP (92). Further, supplementing the drp1 synapses with ATP 

facilitated the mobilization of reserve pool vesicles (92). In 2003, Kann et al showed that 
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ATP production in mitochondria is regulated by synaptic activity indicating the role 

played by mitochondria in regulating synaptic strength (93). 

 

1.8 Niemann -Pick Type C disease 

Niemann- Pick Type C (NPC) disease is a rare neurodegenerative genetic disorder in 

humans affecting nearly 1 in 150 000 live births. It is associated with rapid neurological 

decline and shortens the life span to less than 20 years in many cases (94). One of the 

main hallmarks of this disease is cholesterol accumulation in the endosomes (95-97). 

 

1.8.1 Clinical symptoms  

NPC disease causes progressive neurodegeneration in humans. Some of the commonly 

seen symptoms in NPC disease include ataxia, dystonia, dysphagia and seizures (97). 

These symptoms become apparent at a young age and ultimately lead to death within a 

decade. NPC infants also suffer from neonatal jaundice and splenomegaly and a few of 

these infants ultimately die from acute liver failure/liver dysfunction (97). Another major 

characteristic symptom of NPC disease is the loss of Purkinje cells in the cerebellum and 

appearance of swollen neurites (97,98). Cholesterol accumulation in the lysosomes, 

gangliosides (GM2 and GM3) and other lipids characterizes the biochemical phenotype 

of NPC deficient cells or tissues (97,99-101).  

 

1.8.2 Etiology 

NPC disease is caused by mutations in the NPC1 or NPC2 genes (97,102). NPC1 is an 

integral membrane protein in the membrane of the late endosomes (96,103). NPC2 is a 
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soluble protein that was originally identified as a secretory protein in the human 

epididymis and was therefore originally known as HE1 (104). Genetic mutations in the 

NPC1 gene are more common compared to mutations in the NPC2 gene (94).  

 

1.8.3 Insulin signaling in NPC disease 

Altered cholesterol trafficking is the major defect observed in NPC disease (105,106). 

Few studies have investigated insulin signaling in NPC disease. Insulin receptors (IR) 

have been shown to function via lipid rafts that are cholesterol-rich membrane 

microdomains involved in regulating various signal transduction events and membrane 

trafficking (107). High plasma membrane cholesterol in the rafts has been reported to 

cause impaired insulin signaling (108). In 2005, Vainio et al showed that IR levels were 

increased and the receptor activation was decreased in NPC hepatocytes (108).  They also 

observed an augmented association of the insulin receptor with the detergent resistant 

membrane (DRM) in NPC hepatocytes and plasma membrane fractions suggesting that 

the lipid imbalance in NPC hepatocytes may contribute to insulin resistance (108). Later 

in 2012, Ong et al studied the expression of various proteins in the insulin-signaling 

pathway in 9 week old brain of homozygous mutant BALB/c NPC
nih

 mice (109). 

Phosphorylation of Akt was greatly reduced at residue T308 than S473 accompanied with 

a lower GSK3β phosphorylation and also a reduction in the insulin receptor substrate 

(IRS-2) in 9 week old NPC
nih

 mouse brain (109). Although there are a few studies 

focusing on the insulin signaling in NPC disease, till date there is no evidence about 

insulin resistance in the NPC diseased brain.   
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1.9 Objective of the study 

The main objective of this study was to investigate the effects of insulin on synapse 

formation and function. Firstly, we wanted to study the effects of low or high levels of 

insulin on synaptic vesicle exocytosis to test how much insulin is needed for the 

formation of functional synapses. Second, we wanted to examine the effect of neurons 

that were grown in the presence of factors known to cause insulin resistance in the 

periphery and their role in synapse formation and maturation.  
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CHAPTER 2  

 

 

MATERIALS AND METHODS 

 
 

 

2.1 Materials 

 

Neurobasal medium, B27 and fetal bovine serum (FBS) were purchased from Life 

Technologies (Burlington, ON, Canada). N- (3-triethylammoniumpropyl)- 4-(4-

(dibutylaminostyryl) - pyridinium dibromide (FM1-43) was purchased from Biotium 

(SynaptoGreenTM C4, Hayward, CA, USA). Poly-D-lysine hydrobromide was purchased 

from Peptides International (Louisville, KY, USA). Recombinant human insulin (Catalog 

#A11382IJ) was purchased from Gibco (NY, USA) and the insulin from bovine pancreas 

was from Sigma, USA. Troglitazone was from Enzo Life Sciences, Inc. (NY, USA). 5-

Aminoimidazole-4-carboxamide ribotide (AICAR) was purchased from Ascent Scientific 

(MA, USA). The rabbit anti-pAkt (T308), rabbit anti-pAkt (Ser473), rabbit Anti-Akt 

antibodies were purchased from Cell Signaling (MA, USA).  Rabbit anti- Peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha (PGC-1) antibodies were 

from Novus Biologicals and rabbit anti- voltage dependent anion channel 1 (VDAC1) 

from Abcam. Synaptotagmin 1 antibodies were from Chemicon (Temecula, CA USA). 

Goat anti-Actin antibodies came from Santa Cruz (CA, USA) and mouse anti-tubulin 

from Sigma (Oakville, ON, Canada). All other chemicals were from Sigma or Life 

Technologies. All fluorescent images were acquired with a CCD camera (Orca; 

Hamamatsu, Bridgewater, NJ, USA) on a Nikon TE2000 epifluorescence microscope and 

excitation and emission filters from Semrock (Rochester, NY).  
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2.2 Cell culture and treatments 

Primary hippocampal neurons were prepared from E17 embryonic Sprague–Dawley rats 

obtained from Jackson Laboratories (Bar Harbor, ME, USA) as described previously 

(110). Dissociated neurons were plated in Neurobasal medium supplemented with B27 

supplement, 0.25 M glutamate, 0.5 mM glutamine, antibiotics (Penicillin and 

streptomycin), and 5 % heat-inactivated FBS onto dishes that had been coated with 0.1 % 

(w/v) poly-D-lysine and conditioned in minimum essential medium (MEM) with 5 % 

FBS for 3 h. B27
+ins 

refers to the normal B27 with insulin added by the manufacturer 

(Life Technologies) and B27
-ins

 refers to B27 without insulin. This nomenclature will be 

followed throughout the thesis from here on. The plating density of the neurons was 

maintained at 41250 cells /well for a 12-well plate. After 3 hours (h), medium was 

replaced with the same medium without serum and with B27
+ins

 or B27
-ins

 added as 

indicated. To prevent proliferation of glia cells, 2.5 M cytosine arabinoside was added 

to all cultures 6 days (DIV6) after plating. Acute insulin treatments on the neurons were 

done with insulin from bovine pancreas and the chronic insulin treatments were done 

with recombinant human insulin. Leucine, tumor necrosis factor (TNF), Troglitazone 

and AICAR were added on DIV 3 at final concentrations of 1 mM, 1 nM, 5 M and 50 

M respectively. All procedures were approved by the animal ethics committee of 

Dalhousie University based on the standards established by the Canadian Council of 

Animal Care. 
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2.3 Synaptic vesicle release 

Synaptic vesicle release was measured using the amphiphilic dye FM1-43 as described in 

Hawes CM et al., 2010 (110). Glass coverslips with 14 days old neurons were transferred 

to a perfusion chamber and washed with perfusion buffer (HBS2/1) [1.24 molar (M) 

Nacl, 30 mM KCl, 50 mM D-glucose, 100 mM Hepes, 20 mM CaCl2*2H20, 10 mM 

MgCl2*6H20, pH 7.4, osmolarity adjusted to 260-270 mOsm]. Ten-micromolar 6,7-

dinitroquinoxaline- 2,3-dione (DNQX) and 50 M 2-amino- 5-phosphonopentanoic acid 

(APV) were added to the HBS2/1 buffer throughout the experiment. FM1-43 was 

incorporated into the synaptic vesicles by field stimulation of the neurons in the presence 

of 15 M FM1-43 in HBS2/1 buffer with 900 stimuli at 10 Hz. Neurons were then 

washed with HBS2/1 to remove non-internalized dye, and perfused with HBS2/1 for the 

rest of the experiment. Following removal of the dye, fluorescence was recorded for 20 

seconds (s) without stimulation (baseline) then during stimulation with 900 stimuli at 10 

Hz. Images were taken every 2 s using a 40·x objective and 482/35 nanometer (nm) 

excitation and 583/120 nm emission filters.  

 

2.4 Image analysis 

Image acquisition and analysis was carried out using IPLab (BD Biosciences, 

Mississauga, ON, Canada) and Igor Pro (Wavemetrics, Portland, OR, USA) software as 

described previously by Hawes et al, 2010 (110) and Mailman T et al. 2011 (111). 

ImageJ was used to background subtract and align the time-lapse images. Using a 

threshold-based segmentation algorithm written for IPLab, baseline images were 

averaged and segmented in IPLab assuming the segments as regions of highest-above-
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background fluorescence not larger than 12 pixels (111). All fluorescent punctae that 

were not localized on a neurite and those superimposed with cell bodies were erased and 

taken out of the analysis by overlaying the segments on the corresponding phase images 

in IPLab software. We adopted a neutral strategy to avoid introducing a bias by choosing 

a threshold for the extent of destaining and by excluding weakly responding synaptic 

boutons, segmentation was not performed on differential images of fluorescence at the 

beginning and the end of stimulation (110). The fluorescence over time for each synaptic 

bouton was calculated using the segmented image in IPLab software. These data were 

imported into Igor Pro software (Wavemetrics) that yields one wave per fluorescent 

bouton following which each wave was normalized separately to the fluorescence at the 

beginning of stimulation (F0 at t = 0 s) as described in Hawes et al, 2010 (110). F0 was 

calculated from a linear regression fit of the baseline, and can have a different value from 

the initial fluorescence measured at time t = 0 s. Normalized curves obtained from each 

coverslip of all fluorescent punctae were averaged, following which all coverslips of one 

experiment were averaged. Means and standard error of the means were calculated using 

the averages of curves from each treatment group for at least three independent 

experiments. The fluorescence decrease F/F0 after 100 or 900 stimuli (t = 10 or 90 s) 

was calculated from an exponential regression fit of the fluorescence for each synaptic 

bouton during stimulation and averaged as described previously in Mailman et al. 2011 

(111). The averages from the responsive synapses were calculated by excluding all 

fluorescent punctae, which lost less than 11 % of their initial fluorescence during the first 

20 s of stimulation using Igor (111). Finally, separate graphs were made for both 

responsive synapses and all synapses indicating synaptic vesicle release measurement. 
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The Mann–Whitney test for non-parametric samples was used to test for significant 

differences between distribution means and was performed on separate curves. 

 

2.5 Cell collection and protein determination  

Hippocampal neurons were lysed in PBS containing 0.1 % SDS, protease inhibitors (10 

M leupeptin, 5 g/ml aprotinin, 1 M pepstatin A, 0.5 mM PMSF) and phosphatase 

inhibitors (2 mM sodium orthovanadate, 1 mM sodium fluoride). Cell protein levels were 

measured using the bicinchoninic acid assay (BCA assay kit, Pierce).  

 

2.6 SDS-PAGE and Western blotting 

Following the lysis of cells, samples were mixed with sodium dodedecyl sulfate (SDS) 

reducing sample buffer to a final concentration of 62.5 mM Tris-HCl [pH 6.8, 10% (v/v) 

glycerol, 2% SDS, 5% -mercaptoethanol] (112) and boiled for 5 minutes. Equal amount 

of protein were resolved by SDS PAGE in running buffer [25mM Tris [pH8.3], 192 mM 

glycine, 0.1 % SDS] at 100 V for approximately 2 h following which proteins were 

transferred from the gel to a polyvinylidene fluoride membrane (GE) in transfer buffer 

(25 mM Tris, 250 mM glycine, 20 % methanol, 5 % isopropanol). Primary antibodies 

were used at the following dilutions: rabbit anti-pAkt (1:1000), mouse anti-Akt (1:1000), 

goat anti-Actin (1:1000), mouse anti-Tubulin (1:1000), rabbit anti–VDAC1 (1:2000), 

rabbit anti-PGC1 (1:1000), mouse anti-Synaptotagmin 1 (1:1000). Secondary antibodies 

(donkey anti-rabbit IgG, donkey anti-mouse IgG or donkey anti-goat IgG conjugated with 

horseradish peroxidase, Jackson Immunoresearch) were used at 1:5000. The signal was 

observed using enhanced chemiluminescence reagents (ECL; Amersham Bioscience, 
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Piscataway, NJ) or Luminata Crescendo western HRP substrate (Millipore Corporation, 

MA, USA) as indicated. All experiments were repeated at least 3 times and representative 

results are presented in the figures. 

 

2.7 Measurement of insulin response  

The rat hippocampal neurons were harvested for western blotting analysis on DIV 10 

following an acute insulin treatment. The media present in the wells was first aspirated 

and quickly washed twice with HBS 2/1 buffer (with 25 mM glucose, no insulin). The 

HBS 2/1 buffer was left on the neurons for 30 min at 37 
0
C and then a 15 min insulin 

treatment was given to the neurons. Each treatment group had 2 wells with 100 

nanomolar (nM) insulin and 2 wells with 0 nM insulin. After 15 min of insulin response, 

the media in the wells was aspirated and replaced with harvesting buffer by adding 120 

(µl) to each well of a 12 well plate following which the neurons were collected for 

protein determination and western blot analysis. 

 

2.8 Preparation of brain slices  

Hippocampus and cerebellum were dissected from 3 week old mouse brain following 

which they were immediately chopped with a tissue chopper. The chopped brain slices 

were placed in a dissection solution with 70 mM sucrose without insulin and incubated 

for 30 min at room temperature (RT). After 30 min of incubation, the slices were then 

transferred to a dissection solution without sucrose and incubated again for 30 min at 

room temperature. Meanwhile, 2 x 6 well plates were prepared with 2.5 ml dissection 

solution having 0 and 500 nM recombinant human insulin in the wells. Slices were 
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transferred into each well and incubated for 10 min at room temperature following which 

they are collected on ice in eppendorf tubes with homogenization buffer [10 mM K-

Hepes pH 7.4, 1mM Ethylene diamine tetra acetic acid (EDTA), 1 mM ethylene glycol 

tetra acetic acid (EGTA), 1% Triton X 100 and 0.5 % Nonidet (NP) 40]. The slices were 

homogenized immediately using a small rotary homogenizer and frozen at -20 
0
C. 

 

2.9 Isolation of mRNA and quantitative PCR  

mRNA was collected using Trizol reagent (Invitrogen) and quantified 

spectrophotometrically. Complementary DNA (cDNA) templates were generated using 

the iScript™ cDNA Synthesis Kit (Bio-Rad) and random hexamers and oligo dT primers 

for real time quantitative polymerase chain reaction (qPCR). The reaction set up for the 

cDNA synthesis included 4 µl 5X iScript reaction mix, 1 µl iScript Reverse 

Transcriptase, 1 µg of RNA template and nuclease free water to a total volume of 20 µl. 

This reaction mix was incubated for 5 min at 25 
0
C, followed by a 30 min incubation at 

42 
0
C which was further incubated for 5 min at 85 

0
C and finally held at 4 

0
C. For qPCR, 

a master mix was first prepared which included 7.5 µl of qPCR supermix, 0.45 µl (300 

nM) forward primer, 0.45 µl (300 nM) of reverse primer and 4.1 µl of PCR water per 

sample which is then mixed with 2.5 µl of the cDNA sample obtained from the cDNA 

synthesis reaction. For amplification of cyclophilin, the thermocycler was programmed 

for an initial denaturation step of 3 min at 94 
0
C, followed by 30 temperature cycles for 

30 s at 94 
0 

C, 40 s at 55 
0 

C and 40 s at 72 
0
C. For amplification of PGC1, the 

thermocycler was programmed for an initial denaturation step of 3 min at 94 
0
C, followed 
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by 30 temperature cycles for 30 s at 94
0 

C, 40 s at 53.4 
0 
C and 40 s at 72 

0
C.Primers used 

for qPCR were as listed (Table 2.1). 

 

2.10 Statistical analyses 

Significance was calculated by one-way analysis of variance (ANOVA) or two-way 

ANOVA using GraphPad Prism software unless indicated otherwise. Tukey’s post hoc 

test was applied for multiple between-group comparisons. Significance was assumed for 

p < 0.05. Data are shown as the mean  SEM of at least three independent experiments. 

Experiments were considered independent if they were conducted on different days using 

neurons from different litters of embryos. 
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Table 2.1 List of Primers used in Thesis 
 
 

 

        

 

                Primer 

 

 

          Primer Sequence 

 

 

       PGC1alpha forward primer 
 

  

 

          5'-ATTGAGAGACCGCTTTGAAG-3' 
 

 

 

       PGC1alpha Reverse primer 
 

 

 

       5'-TCGACCTGCGTAAAGTATATCC-3' 

 

 

 

 

       Cyclophilin forward primer 
 

 

 

5'-TCT TCT TGC TGG TCT TGC CAT TCC-3' 

 
 

 

 

       Cyclophilin Reverse primer 
 

 

 

5'-TCC AAA GAC AGC AGA AAA CTT TCG-3' 
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CHAPTER 3 

 

 

RESULTS 
 

 

3.1 Impaired synaptic vesicle release in rat hippocampal neurons grown in the 

absence of insulin  

To investigate the role of insulin in synapse formation and function, rat hippocampal 

neurons were grown in medium with different levels of insulin. These neurons are 

commonly grown in a defined serum-free medium (Neurobasal medium) with a 

supplement mixture B27 to sustain growth. The original description of B27
+ins

 states that 

it contains 4 µg/ml insulin (113). However, the composition of commercially available 

B27
+ins 

is not revealed by the manufacturer Life technologies. To generate conditions of 

potentially insufficient insulin signaling, we decided to lower the insulin concentration 

from 4 µg/ml to lower concentrations (2, 1, 0.5, 0 µg/ml insulin), and to test under these 

conditions how much insulin is needed for the formation of functional synapses. At DIV 

7, cultured hippocampal neurons form many synapses from pre-synaptic specializations 

and it is generally during the second week in culture when the synapses mature with 

increasing complexity of the post-synaptic specialization and spine formation (114). On 

DIV 14, we measured synaptic vesicle exocytosis using the fluorescent amphiphilic dye 

FM1-43 (111,115). FM1-43 intercalates into the neuronal plasma membrane and is 

incorporated into synaptic vesicles during electrical field stimulation (116). Neurons are 

then washed with a perfusion buffer so that FM1-43 dye is washed out of the plasma 

membrane and only remains in the synaptic vesicle membrane. During renewed field 
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stimulation in the absence of FM1-43, synaptic vesicle release leads to loss of the dye and 

an exponential decrease in fluorescence is indicative of synaptic vesicle exocytosis (116). 

The morphology of the neurons grown in the complete absence of insulin was strikingly 

different when compared to control neurons and neurons grown in the presence of low 

insulin levels. Neurons grown in the absence of insulin appeared less healthy and seemed 

to have a lower neurite density than control neurons grown in the presence of B27ins 

supplement (Figure 3.1). When synaptic vesicle release was measured, control neurons 

and neurons grown with B27
-ins

 + 2, 0.5 or 1 µg/ml insulin, showed typical exponential 

fluorescence decrease during field stimulation with 900 stimuli at 10 Hz, whereas 

neurons grown in the absence of insulin released only little FM1-43 (Figure 3.2 A). Both 

initial and total vesicle release were significantly lower in neurons grown in the absence 

of insulin compared to control (Figure 3.2 C). The initial release represents the synaptic 

vesicle release after 10 s of stimulation and the total release corresponds to the synaptic 

vesicle release after 90 s of stimulation. Neurons grown in the presence of B27
-ins

 + 0.5, 1 

or 2 µg/ml insulin were not significantly different from control during both initial and 

total vesicle release (Figure 3.2 C). As the curves shown in Figure 3.2 A represent the 

average of all the fluorescent punctae in the field, the low fluorescent decrease could be 

due to impaired vesicle release from most synapses and/or a normal release from a small 

percentage of synapses. To distinguish between these possibilities, we calculated the 

average fluorescent time lapse curve after excluding the non-responsive synapses, 

defined as the fluorescent punctae that lost less than 11% of their initial fluorescence 

during the first 20 s of stimulation (111) (Figure 3.2 B). This value also corresponded 

approximately to loss of fluorescence from bleaching. When the non-responsive synapses 
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were excluded, neurons grown in the absence of insulin still had a significantly lower 

initial and total vesicle release compared to control (Figure 3.2 D), indicating that the 

lower defect observed in the total average was not only due to a large number of non-

responsive synapses. After exclusion of non-responsive synapses, neurons grown in the 

presence of B27
-ins

 + 0.5, 1 or 2 µg/ml insulin still were not significantly different than 

control during both initial and total vesicle release (Figure 3.2 D). These results 

demonstrate that neurons require more insulin for the formation of functional synapses 

than is necessary to merely support growth. 
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Figure 3.1 Poor growth of neurons in the absence of insulin. Phase images of DIV 14 

neurons treated with B27
+ins 

(control), B27
-ins

 + 2, 1, 0.5, 0 µg/ml insulin, scale bar: 100 

m. 
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Figure 3.2 Synaptic vesicle release is impaired in neurons grown in the absence of 

insulin. DIV14 neurons treated for 14 days with B27
+ins 

(control) and B27
-ins

 + 2, 1, 0.5, 

0 µg/ml insulin were loaded with FM1-43 by field stimulation with 900 stimuli at 10 Hz. 

Fluorescence was recorded every 2 s during stimulation with 900 stimuli at 10 Hz with a 

baseline of 22 s prior to stimulation (A, B). Time course of fluorescence F normalized to 

the fluorescence F0 at the time of stimulation. (C, D) Fluorescence decrease F/F0 at 10 

(initial release) and 90 s (total release), expressed as percent of control. All synapses (A 

,B): all fluorescent punctae stained with FM1-43 were included in the analysis. 

Responsive synapses (C, D): fluorescent punctae that lost less than 11% of the initial 

fluorescence F0 within the first 20 s of stimulation were regarded as non-responsive and 

excluded from the analysis. Data are means ± SEM of three independent experiments 

with 1-3 curves per treatment group per experiment. *p < 0.05 compared with untreated 

control. 
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3.2 Decreased mitochondrial biogenesis in neurons grown in the absence of insulin 

 

Insulin increases mitochondrial biogenesis and oxidative metabolism (117). Mitochondria 

are important in pre and post-synaptic specializations for energy and calcium homeostasis 

(118,119). To examine mitochondrial biogenesis in neurons with insufficient insulin 

signaling, rat hippocampal neurons were grown in neurobasal media with B27
+ins 

(control) or B27
-ins

 for a period of 9 days followed by immunoblotting analysis to 

measure PGC1 and VDAC1 levels. PGC1 levels were reduced in neurons grown in 

the absence of insulin (Figure 3.3 A). There was also a noticeable reduction in the levels 

of VDAC1 protein for the neurons grown in the absence of insulin (Figure 3.3 B). 

Densitometric analysis confirmed a significant reduction in the levels of PGC1  and 

VDAC1 in neurons grown in the absence of insulin compared to control (Figure 3.3 C) 

suggesting that a lack of insulin leads to impaired mitochondrial biogenesis in neurons. 
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Figure 3.3 Mitochondrial biogenesis is decreased in neurons grown in the absence of 

insulin. Rat hippocampal neurons were grown in Neurobasal medium treated with 

B27
+ins 

(control) or B27
-ins

 for 9 days before being harvested into PBS containing 0.1 % 

SDS and protease and phosphatase inhibitors and immunoblotted with antibodies against 

PGC1 and VDAC1 (A). All lanes were loaded with 1/5
th

 of cells from a well per lane. 

Tubulin was used as a loading control. Densitometric analysis of the western blots is 

expressed as the ratio of PGC1 alpha relative to tubulin (B) and VDAC1 relative to 

tubulin (C). Data represent means ± SEM of three independent experiments showing 

triplicate samples of each treatment. *p < 0.05 compared with untreated control. 
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3.3 Impaired synaptic vesicle release in rat hippocampal neurons grown in the 

presence of low insulin or high insulin  

The previous experiments had shown that a complete absence of insulin negatively 

affects neuronal growth, whereas 0.5 µg/ml insulin were sufficient to support the 

formation of functional synapses. To test whether decreased levels of insulin can lead to 

synaptic defects in neurons while supporting normal growth, we supplemented B27
-ins 

with a very low amount of insulin (0.05 µg/ml or 0.1 µg/ml insulin). In addition to the 

low insulin treatment, we also wanted to test the effect of high insulin levels on synapse 

formation and vesicle release by adding 4 g/ml insulin to B27
-ins

 media. An important 

point to note in this experiment was that all neurons showed good neurite growth and 

survival in contrast to our previous observation where the neurons grown in the absence 

of insulin had experienced poor growth and impaired synaptic vesicle release (Figure 

3.4). We measured the synaptic vesicle release as before and observed a lower decrease 

in fluorescence in neurons grown in the presence of B27
-ins

 + 0.05 µg/ml (low insulin) 

(Figure 3.5 A, D) and B27
-ins

 + 4 g/ml Insulin (Figure 3.5 B, D) both during initial and 

total vesicle release compared to the other treatment groups B27
-ins 

+ 0.1, B27
-ins

 + 2 

g/ml insulin or control (B27
+ins

)
 
(Figure 3.5 C, D). The impaired synaptic vesicle 

release in neurons grown in B27
-ins 

+ 4 µg/ml insulin suggested that the addition of 4 

g/ml insulin to B27
-ins

 media led to a higher activity than present in control B27
+ins

 

supplement. Even after the elimination of the non-responsive synapses, both initial and 

total vesicle release were significantly lower in neurons treated with very low or high 

insulin compared to control (Figure 3.6 A, B, D). In neurons treated with B27
-ins 

+ 0.1 or 
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2 g/ml insulin both initial and total vesicle release were comparable to control after the 

exclusion of the non-responsive synapses (Figure 3.6 C, D). 
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Figure 3.4 Morphology of neurons grown under different concentrations of insulin. 

Phase images of DIV 14 neurons grown in Neurobasal medium with B27
+ins 

(control), 

B27
-ins

 + 4, 2, 0.1, 0.05 µg/ml insulin, scale bar: 100 m.  
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Figure 3.5 Synaptic vesicle release is impaired in neurons grown in the presence of 

low insulin or high insulin representing all synapses. DIV14 neurons grown in 

neurobasal medium with B27
ins 

(control) or B27
-ins

 + 4, 2, 0.1, 0.05 µg/ml insulin were 

loaded with FM1-43 by field stimulation with 900 stimuli at 10 Hz. Fluorescence was 

recorded every 2 s during stimulation with 900 stimuli at 10 Hz with a baseline of 22 s 

prior to stimulation (A-C). Time course of fluorescence F normalized to the fluorescence 

F0 at the time of stimulation. (D) Fluorescence decrease F/F0 at 10 (initial release) and 

90 s (total release), expressed as percent of control. All synapses (A-C): all fluorescent 

punctae stained with FM1-43 were included in the analysis. Data are means ± SEM of 

three independent experiments with 1-3 curves per treatment group per experiment. *p < 

0.05 compared with untreated control. 
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Figure 3.6 Synaptic vesicle release is impaired in neurons grown in the presence of 

low insulin or high insulin representing responsive synapses. DIV14 neurons grown 

in neurobasal medium with B27
ins 

(control) or B27
-ins

 + 4, 2, 0.1, 0.05 µg/ml insulin were 

loaded with FM1-43 by field stimulation with 900 stimuli at 10 Hz. Fluorescence was 

recorded every 2 s during stimulation with 900 stimuli at 10 Hz with a baseline of 22 s 

prior to stimulation (A-C). Time course of fluorescence F normalized to the fluorescence 

F0 at the time of stimulation. (D) Fluorescence decrease F/F0 at 10 (initial release) and 

90 s (total release), expressed as percent of control. Responsive synapses (j-l): fluorescent 

punctae that lost less than 11% of the initial fluorescence F0 within the first 20 s of 

stimulation were regarded as non-responsive and excluded from the analysis. Data are 

means ± SEM of three independent experiments with 1-3 curves per treatment group per 

experiment. *p < 0.05 compared with untreated control. 
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3.4 PPAR gamma agonist increases synaptic vesicle release in rat hippocampal 

neurons 

The decrease in PGC1 levels observed in neurons grown in the absence of insulin 

suggested that the impaired synaptic function of neurons grown without or with low 

levels of insulin might in part have been caused by impaired mitochondrial biogenesis 

(92). Recent studies have shown that brain mitochondrial function and peripheral insulin 

resistance in high fat fed rats were improved with PPAR gamma agonists (120), and that 

this treatment also improved learning and memory in insulin resistant animal models 

(120). We therefore wanted to investigate the effects of the PPAR gamma agonist, 

troglitazone on synapse formation and function and test whether it normalizes the 

synaptic vesicle release in neurons grown in the presence of low insulin levels. Rat 

hippocampal neurons were grown in neurobasal media with B27
-ins

 + 2 µg/ml insulin or 

B27
-ins

 + 0.05 µg/ml insulin (low insulin) with or without the addition of troglitazone (5 

µM), and synaptic vesicle release was measured on DIV 14 as before. We observed that 

synaptic vesicle release was improved in neurons grown in the presence of low insulin + 

troglitazone compared to neurons grown in low insulin alone (Figure 3.7 A). After 

exclusion of non-responsive synapses, the synaptic vesicle release was still impaired in 

neurons treated with low insulin compared to low insulin + troglitazone or B27
-ins 

+ 2 

µg/ml insulin (Figure 3.7 B) but the significance cannot be determined as there were 

only two independent experiments. These results support the hypothesis that impaired 

mitochondrial function contributed to the impaired vesicle release in neurons grown with 

insufficient insulin.  
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Figure 3.7 Synaptic vesicle release is improved in neurons with the addition of a 

PPAR gamma agonist grown in the presence of low insulin. DIV14 neurons treated 

with B27
-ins

 +2 µg/ml insulin, B27
-ins

 +2 µg/ml insulin + troglitazone (5 µM), low insulin 

or low insulin + troglitazone (5 µM) were loaded with FM1-43 by field stimulation with 

900 stimuli at 10 Hz. Fluorescence was recorded every 2 s during stimulation with 900 

stimuli at 10 Hz with a baseline of 22 s prior to stimulation (A, B). All synapses (A): all 

fluorescent punctae stained with FM1-43 were included in the analysis. Responsive 

synapses (B): fluorescent punctae that lost less than 11% of the initial fluorescence F0 

within the first 20 s of stimulation were regarded as non-responsive and excluded from 

the analysis. Data represent average of 2 independent experiments with 1-3 curves per 

treatment group per experiment. 
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3.5 Chronic PPAR gamma agonist treatment has no effect on PGC1 alpha mRNA 

and protein levels in neurons 

The results from the previous section showed that the PPAR gamma agonist, troglitazone 

improved the synaptic vesicle release in neurons grown in the presence of low insulin. 

Also, PPAR gamma agonist has been shown to improve mitochondrial biogenesis by 

increasing the PGC1 levels in the adipocytes of high fat fed mice (121). Therefore, we 

determined the mRNA levels of PGC1 in neurons grown in the presence of B27
-ins 

+ 

0.05 or 2 µg/ml insulin with or without the addition of troglitazone (5 µM). Surprisingly, 

qPCR analysis of PGC1 mRNA levels did not show any significant differences between 

these treatment groups (Figure 3.8), possibly due to a difference between acute effects 

reported in the literature (122) and our chronic treatment. We also measured the PGC1 

and VDAC1 protein levels in neurons with similar culture conditions as above by 

immunoblotting. Similar to findings in neurons grown in the absence of insulin, PGC1 

levels were significantly lower in neurons cultured with B27
-ins 

+ 0.05 µg/ml insulin 

compared to neurons cultured with B27
-ins 

+ 2 µg/ml insulin, supporting the hypothesis 

that differences in the PGC1 levels and decreased mitochondrial biogenesis may have 

contributed to the impaired synaptic vesicle release. However, chronic troglitazone 

treatment had no effect on PGC1 protein levels (Figure 3.9 A, B). VDAC1 levels 

remained unchanged in all the treatments suggesting that low insulin and B27
-ins 

+ 2 

µg/ml insulin had no effect on the total mitochondrial content (Figure 3.9 A, C).  
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Figure 3.8 PGC1 mRNA levels were unaltered even after the addition of PPAR 

gamma agonist in neurons. qPCR analysis of mRNA for PGC1 in rat hippocampal 

neurons grown in Neurobasal medium with B27
-ins 

+ 0.05 µg/ml insulin, B27
-ins  

+ 0.05 

µg/ml insulin + troglitazone (5 µM), B27
-ins 

+ 2 µg/ml insulin or B27
-ins

 + 2 µg/ml insulin 

+ troglitazone (5 µM) for 9 days. Data is expressed as PGC1 mRNA expression relative 

to cyclophilin mRNA expression by the  CT method with cyclophilin as the 

housekeeping gene. Data are means ± SEM of three independent experiments in 

triplicate. 
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Figure 3.9 Decreased mitochondrial biogenesis in neurons grown in the presence of 

low insulin. Rat hippocampal neurons were grown in Neurobasal medium with B27
-ins 

+ 

0.05 µg/ml insulin, B27
-ins 

+ 0.05 µg/ml insulin + troglitazone (5 µM), B27
-ins 

+ 2 µg/ml 

insulin or B27
-ins

 + 2 µg/ml insulin + troglitazone (5 µM) for 9 days before being 

harvested into PBS containing 0.1 % SDS and protease and phosphatase inhibitors and 

immunoblotted with antibodies against PGC1 and VDAC1 (A). All lanes were loaded 

with 1/5
th

 of cells from a well per lane. Tubulin was used as a loading control. 

Densitometric analysis of the western blots is expressed as the ratio of PGC1 alpha 

relative to tubulin (B) and VDAC1 relative to tubulin (C). Data represent means ± SEM 

of three independent experiments showing duplicate samples of each treatment. *p < 0.05 

compared with untreated control. 
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3.6 Acute insulin exposure leads to activation of Akt in a dose responsive manner in 

rat hippocampal neurons 

Actual levels of insulin in the brain are unknown, since contradicting results have been 

reported in the literature (34,123,124). One hypothesis would be that type 2 diabetes 

leads to decreased levels of insulin due to insulin resistance of the blood brain barrier 

endothelial cells and decreased transport of plasma insulin into the brain. It is also 

possible that hyperinsulinemia in the plasma, at least in early stages of type 2 diabetes 

leads to hyperinsulinemia also in the brain. Even in the presence of high levels of insulin, 

the insulin signal received by the neurons could become insufficient if insulin resistance 

develops. Therefore, we investigated under what conditions neurons may become insulin 

resistant and what the consequences would be. The findings in neurons grown in the 

presence of relatively high (4 µg/ml) insulin suggested that hyperinsulinemia may cause 

insulin resistance in neurons. Other factors that are known to cause insulin resistance in 

the periphery include high amino acids and inflammatory cytokines (26,27).  Although 

there are a lot of studies describing insulin resistance in the periphery, very little is known 

about insulin resistance in neurons. We therefore wanted to investigate which factors 

could induce insulin resistance in neurons. To measure the neuronal response to insulin, 

neurons were deprived of insulin for 30 min followed by acute exposure to insulin for 15 

min before harvesting. The insulin response was measured by determining the levels of 

Akt phosphorylation by immunoblotting.  We first measured a dose response curve using 

acute insulin concentrations of 0, 10, 100 or 200 nM in rat hippocampal neurons grown in 

neurobasal media treated with B27
+ins 

(control) or B27
+ins 

+ 4 g/ml Insulin (high insulin) 

for 9 days. Western blot analysis indicated that the neurons grown in the presence of 
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B27
+ins 

(control) showed a dose responsive increase in Akt phosphorylation (Figure 3.10 

A). Neurons grown in the presence of high levels of insulin showed only a non-

significant trend to increasing Akt phosphorylation, suggesting that these neurons were 

less insulin sensitive than control neurons. Densitometric analysis confirmed that neurons 

grown in the presence of B27
+ins 

(control) exhibited a significant increase in the 

phosphorylation of Akt with 100 or 200 nM acute insulin stimulation whereas neurons 

treated with high insulin did not show a statistically significant increase in Akt 

phosphorylation (Figure 3.10 B). 
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Figure 3.10 Acute Insulin stimulation leads to the activation of Akt in a dose 

responsive manner in rat hippocampal neurons. Rat hippocampal neurons were 

treated with B27
+ins 

(control) or B27
+ins 

+ 4 g/ml insulin (high insulin) for 9 days and 

then stimulated with 0, 10, 100 & 200 nM insulin for 15 min (A). Cell lysates were 

prepared in PBS containing 0.1 % SDS and protease and phosphatase inhibitors and 

separated by SDS PAGE and transferred to PVDF membranes. Immunoblot membranes 

were probed sequentially with antibodies against phosphorylated Akt (pAkt), total Akt 

and tubulin (A). All immunoblot lanes were loaded with 1/5
th

 of cells from a well per 

lane. Densitometric analysis of the western blot is expressed as the ratio of Akt 

phosphorylation to total Akt per percent control (10 nM insulin) (B). Data are means ± 

SEM of three independent experiments in duplicate. *p < 0.05 compared with untreated 

control. 
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3.7 Treatment with leucine or TNF downregulates the ability of rat hippocampal 

neurons to respond to acute insulin stimulation and leads to a high basal Akt 

phosphorylation 

Although studies have shown that treatment with leucine or TNF induces insulin 

resistance in skeletal muscle and adipose tissues, little is known about their effects on 

neurons (26,27). Hence, we investigated the effect of chronic leucine and TNF exposure 

on neurons grown in B27
+ins 

with 1 mM leucine or 1 nM TNF for 9 days. Then insulin 

responsiveness was measured as before with a 30 min insulin deprivation and 15 min 

exposure to 100 nM insulin (Figure 3.11 A). As before, control neurons showed a 

significant increase in pAkt/Akt following exposure to insulin. In contrast, neurons 

treated with leucine, high insulin, high insulin + leucine, or TNF did not show a 

significant response to insulin, even though we did observe a non-significant trend to 

higher pAkt/Akt levels. Densitometric analysis of Western blots confirmed that only the 

control samples resulted in a statistically significant increase in acute insulin stimulated 

Akt phosphorylation (Figure 3.11 B). Also, an increase in basal Akt phosphorylation was 

noted in neurons treated with leucine, high insulin or high insulin + leucine following an 

acute insulin treatment (Figure 3.11 B). These results suggest that the chronic treatment 

with leucine, TNF or high insulin made the neurons less insulin sensitive. 
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Figure 3.11 Neurons are less insulin sensitive upon treatment with leucine, high 

insulin or TNF. Rat hippocampal neurons grown in Neurobasal medium with B27
+ins 

were treated with leucine (1 mM), high insulin + leucine, high insulin or TNF (1 nM) 

for 9 days and then stimulated with 100 nM insulin for 15 min followed by western 

blotting (A). Densitometric analysis of the western blot is expressed as the ratio of pAkt 

to total Akt per percent control (B). Cell lysates were prepared in PBS containing 0.1 % 

SDS and protease and phosphatase inhibitors and separated by SDS PAGE and 

transferred to PVDF membranes. Immunoblot membranes were probed sequentially with 

antibodies against phosphorylated Akt (pAkt), total Akt and actin. All immunoblot lanes 

were loaded with 1/5
th

 of cells from a well per lane. Data are means ± SEM of three 

independent experiments in duplicate. . *p < 0.05 compared with untreated control. 
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3.8 Synaptic vesicle release is impaired in neurons treated with leucine, TNF or 

low antioxidants 

Neurons grown in the presence of leucine or TNF appeared less insulin sensitive than 

control neurons (Figure 3.11), indicating defects in the insulin-signaling pathway and a 

decreased insulin signal. Since insufficient insulin signaling due to low levels of insulin 

caused synaptic defects, we next investigated whether insulin resistance caused by 

leucine, TNF or low antioxidant treatments also had any effects on synapse formation 

and vesicle release. On DIV 14, synaptic vesicle release was measured with the FM1-43 

dye in rat hippocampal neurons grown in Neurobasal medium with B27
+ins 

treated with 

leucine, high insulin + leucine, lower antioxidants, lower antioxidants + high insulin or 

TNF for 11 days. The morphology and growth of the neurons in all treatment groups 

was comparable with healthy neurites except for the treatment with leucine where the 

neurons were less dense compared to control and other treatment groups (Figure 3.12). 

Both initial release and total vesicle release were significantly lower in neurons treated 

with leucine, high insulin + leucine (Figure 3.13 A, C), low antioxidants, low 

antioxidants + high insulin or TNF (Figure 3.13 B, D) compared to control (B27
+ins

). 

When the non-responsive synapses were excluded, we observed that responsive synapses 

in neurons treated with leucine still showed a significantly lower total vesicle release but 

no significant differences in the initial vesicle release compared to control whereas those 

treated with high insulin + leucine showed a significantly lower initial and total vesicle 

release compared to control (Figure 3.14 A, C). Neurons grown under conditions of 

increased oxidative stress due to low levels of antioxidants also showed a significantly 

reduced initial and total vesicle release compared to control whereas those treated with 
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low antioxidants+ high insulin or TNF showed no significant changes in either initial or 

total vesicle release compared to control after the exclusion of non-responsive synapses 

(Figure 3.14 B, D). These results demonstrate that there may be defects in synaptic 

vesicle release in neurons treated with factors known to cause peripheral insulin 

resistance in type II diabetes.  
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Figure 3.12 Morphology of neurons grown in the presence of leucine, leucine + high 

insulin, low antioxidants, low antioxidants + high insulin or TNF. Phase images of 

DIV 14 neurons growing in Neurobasal medium with B27
+ins 

treated with leucine, high 

insulin + leucine, low antioxidants, low antioxidants + high insulin or TNF for 11 days, 

scale bar: 100 m.  
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Figure 3.13 Impaired synaptic vesicle release in neurons treated with leucine, TNF 

or low antioxidants representing all synapses. DIV14 neurons grown in Neurobasal 

medium with B27
+ins 

treated with leucine, high insulin + leucine, low antioxidants, low 

antioxidants + high insulin or TNF for 11 days were loaded with FM1-43 by field 

stimulation with 900 stimuli at 10 Hz. Fluorescence was recorded every 2 s during 

stimulation with 900 stimuli at 10 Hz with a baseline of 22 s prior to stimulation (A, B). 

Time course of fluorescence F normalized to the fluorescence F0 at the time of 

stimulation. (C, D) Fluorescence decrease F/F0 at 10 (initial release) and 90 s (total 

release), expressed as percent of control. All synapses (A, B): all fluorescent punctae 

stained with FM1-43 were included in the analysis. Data are means ± SEM of three 

independent experiments in triplicate. *p < 0.05 compared with untreated control. 
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Figure 3.14 Impaired synaptic vesicle release in neurons treated with leucine, TNF 

or low antioxidants representing responsive synapses. DIV14 neurons grown in 

Neurobasal medium with B27
+ins 

treated with leucine, high insulin + leucine, low 

antioxidants, low antioxidants + high insulin or TNF for 11 days were loaded with 

FM1-43 by field stimulation with 900 stimuli at 10 Hz. Fluorescence was recorded every 

2 s during stimulation with 900 stimuli at 10 Hz with a baseline of 22 s prior to 

stimulation (A, B). Time course of fluorescence F normalized to the fluorescence F0 at 

the time of stimulation. (C, D) Fluorescence decrease F/F0 at 10 (initial release) and 90 

s (total release), expressed as percent of control. Responsive synapses (C, D): fluorescent 

punctae that lost less than 11% of the initial fluorescence F0 within the first 20 s of 

stimulation were regarded as non-responsive and excluded from the analysis. Data are 

means ± SEM of three independent experiments in triplicate. *p < 0.05 compared with 

untreated control. 

 



 56 

3.9 Decreased Synaptotagmin 1 in rat hippocampal neurons treated with high 

insulin and leucine  

Synaptotagmin 1 is a regulator of neurotransmitter release and alterations in its levels 

have been reported to cause abnormal neurotransmitter release and lower synaptic vesicle 

exocytosis (125). VDAC1 is the main ion and metabolite transporter in the mitochondrial 

outer membrane and often used as a marker for mitochondria. Moreover, increased 

VDAC1 levels have been found in patients with AD (126). As shown earlier, neurons 

treated with leucine or TNF were less insulin sensitive compared to control neurons. 

Hence, we wanted to investigate the effects of these treatment groups on neurotransmitter 

release and mitochondrial protein VDAC1 to test if there were any changes in its levels. 

Rat hippocampal neurons were grown in Neurobasal medium with B27
+ins 

(control) and 

treated with leucine (1 mM), high insulin (4 g/ml) + leucine, TNF (1 nM), low 

antioxidants or low antioxidants + high insulin for 9 days and then subjected to 

immunoblot analysis of synaptotagmin 1 and VDAC1. We observed that treatment with 

leucine + high insulin reduced the levels of the synaptotagmin 1 compared to control 

whereas the VDAC1 levels remained unchanged in all the treatment groups (Figure 3.15 

A). This was further confirmed by densitometric analysis of the Western blots which 

showed significantly reduced levels of synaptotagmin 1 in neurons treated with leucine + 

high insulin compared to control (Figure 3.15 B) but the VDAC1 levels remained 

unchanged in all the treatment groups (Figure 3.15 C). Differences in Synaptotagmin 1 

may have contributed to the defects in synaptic function as observed previously in 

neurons treated with leucine and high insulin. However, none of the above mentioned 
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treatments induced changes in the levels of VDAC1 suggesting that these treatments did 

not have an effect on the outer mitochondrial membrane levels. 
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Figure 3.15 Decreased synaptotagmin 1 levels in neurons treated with high insulin 

and leucine but no changes in the levels of VDAC1 in neurons treated with leucine, 

TNF or low antioxidants. Rat hippocampal neurons growing in neurobasal B27
+ins 

were treated with leucine (1 mM), high insulin + leucine, low antioxidants, low 

antioxidants +high insulin or TNF (1 nM) for 9 days (A). Cell lysates were prepared in 

PBS containing 0.1 % SDS and protease and phosphatase inhibitors and immunoblotted 

with antibodies against synaptotagmin 1 and VDAC1. Anti-actin was used as a loading 

control. All immunoblot lanes were loaded with 1/5
th

 of cells from a well per lane. 

Densitometric analysis of the western blots is expressed as the ratio of synaptotagmin 1 to 

actin per percent control (B) or VDAC1 to actin per percent control (C). Data are means 

± SEM of three independent experiments in duplicate. *p < 0.05 compared with untreated 

control. 
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3.10 AICAR rescues synaptic vesicle release and prevented the defect caused by 

leucine  

Based on the previous results, neurons supplemented with leucine-induced defects in 

synaptic vesicle release. Leucine increases mTOR activation and downregulates AMPK 

activity (27). To determine whether reduced AMPK activity might be one of the causes 

for impaired synaptic vesicle release in neurons treated with leucine, we supplemented 

leucine-treated neurons with an AMPK activator, AICAR and tested the effects on 

synaptic vesicle release using FM1-43 dye. There was a significant improvement in both 

initial and total vesicle release in DIV 14 neurons grown in Neurobasal medium with 

B27
+ins 

treated with leucine and AICAR for 11 days compared to the neurons treated with 

leucine alone (Figure 3.16 A, C). Even after the elimination of non-responsive synapses, 

both initial and total vesicle release were significantly improved in neurons treated with 

AICAR in addition to leucine compared to those treated with leucine alone, even though 

release was still lower than in control neurons (Figure 3.16 B, D). Thus, AICAR 

prevented the defect in synaptic function caused by leucine. These results demonstrate 

that AMPK activation plays a major role in improving the synaptic defects caused by 

leucine.  
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Figure 3.16 AICAR improves synaptic vesicle release in neurons treated with 

leucine. DIV 14 neurons grown in Neurobasal medium with B27
+ins 

treated with or 

without leucine or leucine + AICAR for 11 days were loaded with FM1-43 by field 

stimulation with 900 stimuli at 10 Hz. Fluorescence was recorded every 2 s during 

stimulation with 900 stimuli at 10 Hz with a baseline of 22 s prior to stimulation (A, B). 

All synapses (A, C): all synaptic boutons stained with FM1-43 were included in the 

analysis. Responsive synapses (B, D): synaptic boutons that lost less than 11% of the 

initial fluorescence F0 within the first 20 s of stimulation were regarded as non-

responsive and excluded from the analysis. Data are means ± SEM of three independent 

experiments with 1-3 curves per treatment group per experiment. *p < 0.05 compared 

with untreated control. 
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3.11 NPC1 deficient neurons show a trend towards decreased insulin sensitivity in 

the hippocampus and cerebral cortex 

Niemann -Pick type C disease is a rare neurodegenerative disease that is characterized by 

the accumulation of cholesterol in the late endosomes (105). Defects in insulin signaling 

have been previously reported in NPC diseased mouse brain and hepatocytes (108,109). 

Vainio et al reported increased cholesterol in the plasma membrane fractions of NPC 

hepatocytes suggesting that this could alter the properties of lipid rafts and lead to 

impaired insulin signaling (108). We therefore wanted to use NPC1 deficient and wild 

type neurons as a model of insulin resistance, and test whether the increased cholesterol 

in the plasma membrane could lead to impaired insulin signaling. Therefore, we 

investigated the effect of short-term insulin treatment on both wild type NPC1 and 

NPC1- deficient brain slices and checked whether they were insulin resistant. Brain slices 

prepared from 3 week old wild type and NPC1-deficient mouse hippocampus and 

cerebral cortex were deprived of insulin for 30 min followed by acute exposure to insulin 

for 15 min before harvesting. Western blotting analysis showed an increasing trend 

towards acute insulin stimulation (500 nM Insulin) for 15 min in wild type NPC1 neurons 

in both cerebral cortex and hippocampus compared to NPC1 deficient neurons, which 

rarely exhibited any response to acute insulin treatment in both the brain regions (Figure 

3.17 A, B). Also, a high basal Akt phosphorylation was observed in NPC1 deficient 

neurons after the short-term insulin treatment (Figure 3.17 A, B). Moreover, the results 

were highly variable and hence we could not draw a final conclusion with these 

experiments.  
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Figure 3.17 Insulin response in wild type NPC1 and NPC1- deficient neurons 

3 week old hippocampal and cerebral cortical brain slices were prepared from both wild 

type NPC1 and NPC1 deficient neurons followed by a short-term acute insulin treatment 

of 500 nM insulin for 15 min (A, B). Cell lysates were prepared in PBS containing 0.1 % 

SDS and protease and phosphatase inhibitors and immunoblotted with antibodies against 

phosphorylated Akt (pAkt). The blots were stripped and reprobed with antibodies against 

total Akt. Anti-actin blot demonstrates the equal loading of the proteins. All lanes were 

loaded with 15 g of protein. Data represent two independent experiments in duplicate. 
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CHAPTER 4 

 

 

DISCUSSION 
 

4.1 Neurons require an optimum amount of insulin for normal synaptic function 

Although the role of insulin in learning and memory is well known, there still remain 

unanswered questions about the effects of insulin in pre-synaptic nerve terminal 

involving synapse formation, maturation and vesicle release. Our overall goal was to 

investigate the effects of insulin on synaptic function and vesicle release. Firstly, we 

wanted to explore the effects of altered levels of insulin on synapse formation and 

function in cultured hippocampal neurons. Our studies showed that the synaptic vesicle 

exocytosis was drastically impaired in neurons grown in the absence of insulin compared 

to neurons grown in neurobasal medium with B27
+ins 

(Figure 3.2). In contrast, neurons 

grown in the presence of 0.5, 1 or 2 µg/ml insulin had normal synaptic vesicle release. 

Also, the morphology of the neurons grown in the absence of insulin was less healthy and 

had poor growth compared to control and other treatment groups (Figure 3.1). When 

insulin was added at concentrations below 0.1 µg/ml, it was sufficient to support normal 

growth but synaptic function was still impaired. This indicated that hippocampal neurons 

required some amount of insulin to support neuronal growth and survival. 

 

 

Our studies with high levels of insulin showed an impaired synaptic vesicle release in 

hippocampal neurons (Figure 3.5 and 3.6). We hypothesize that the high insulin 

treatment might be contributing to insulin resistance in these neurons. A study reported 
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that exposure to high insulin downregulates the ability of adult sensory neurons to form 

neurites thereby affecting their survival (127). Also chronic exposure of 20 nM insulin 

for 24 h has been reported to cause insulin resistance in cultured dorsal ganglion neurons 

(15). Insufficient levels of insulin accompanied with hypoglycemia were previously 

reported to cause neuronal damage in the form of seizures in the cortex of a nine-week-

old mouse brain (128). This finding was in line with our studies where we saw an 

impaired synaptic function in neurons grown under low levels of insulin. Together, these 

results suggested that hippocampal neurons require an optimum concentration of insulin 

for normal synaptic function.  

 

 

4.2 Decreased mitochondrial biogenesis in neurons  

Insulin regulates mitochondrial function and mitochondrial metabolism (129). 

Mitochondria provide the major source of ATP and regulate synaptic stimulation, 

formation and activity (92). The role of mitochondria in synaptic transmission was 

characterized in studies on drp1 deficient motor neurons that lacked the synaptic 

mitochondria and were unable to mobilize the reserve pool vesicles (92). This study 

indicated that synaptic mitochondria are very important for mobilization of reserve pool 

vesicles, as they are the main source of ATP generation during synaptic transmission 

(92). In 2008, Turner et al reported that mitochondrial DNA and mitochondrial genes 

were reduced in the muscle of insulin resistant subjects indicating mitochondrial 

dysfunction in these subjects (86). Decreased mitochondrial biogenesis has also been 

reported in patients with AD providing a link to some of the previously reported literature 
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stating the possible role of insulin resistance in AD patients (19,56,130). Asmann Y, et al 

showed that mitochondrial transcription factor A (TFAM) mRNA levels were decreased 

in the muscle of non-diabetic individuals with response to 7h of low levels of insulin 

indicating that low levels of insulin input causes a decrease in mitochondrial function 

(131). As mitochondria are involved in regulating synaptic transmission, we tested the 

effect of low insulin input on mitochondrial biogenesis in neurons. Neurons grown in the 

absence of insulin or presence of low insulin had low levels of PGC1, indicating 

defective mitochondrial biogenesis (Figure 3.3). 

 

 

PPAR gamma agonists increase insulin sensitivity via regulation of glucose and lipid 

homeostasis by forming heterodimers with retinoid X receptors (RXR) (132). PPAR 

gamma agonists corrected the defects in brain mitochondrial biogenesis and neuronal 

insulin resistance in rats fed a high fat diet for 12 weeks and restored normal synaptic 

function (120). This study also observed a reduction in the brain mitochondrial swelling 

and mitochondrial ROS production upon chronic treatment of rosiglitazone to rats fed on 

a high fat diet (120). We observed a similar effect after the addition of a PPAR gamma 

agonist, troglitazone to neurons grown in the presence of low insulin that showed an 

improved synaptic vesicle release compared to neurons grown in low insulin alone 

(Figure 3.7). With the growing evidence of mitochondrial and synaptic defects in insulin 

resistant subjects, the role played by PPAR gamma agonists becomes very important for 

providing normal mitochondrial function and synapse formation.  
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As discussed earlier, PPAR gamma agonists are known to increase mitochondrial 

biogenesis and have been used as a therapeutic target for treating type II diabetes (133). 

In 2010, Yanfei Wang et al reported that 10 M troglitazone treatment for 24 hr caused 

no changes in the PGC1 mRNA levels in human lung adenocarcinoma A549 cells 

(134). However 50 M troglitazone treatment for 24 hrs downregulated the mRNA 

expression of PGC1 suggesting that troglitazone acts in a dose response manner in these 

cells (134). In our study we observed that long-term treatment of troglitazone (5 M) to 

neurons treated with low insulin for 9 days caused no changes in the expression levels of 

PGC1 (Figure 3.8). Similarly, chronic treatment of PPAR gamma agonists to neurons 

grown in the presence of low insulin did not cause any significant increase in the PGC1 

protein levels compared to those treated with low insulin alone suggesting that PGC1 

protein levels are not regulated by PPAR gamma agonists. This was surprising as neurons 

treated with troglitazone showed an improved synaptic vesicle exocytosis in neurons 

treated with low insulin but failed to increase the PGC1 levels in the same culture 

conditions suggesting that it affected PGC1 on another level or it acted independent of 

PGC1. Also, chronic treatment of PPAR gamma agonist might not be able to increase 

PGC1 mRNA or protein levels. The dosage of troglitazone also plays a very important 

role in the protein or mRNA expression of PGC1. These results indicate that PPAR 

gamma agonists are involved in improving the synaptic function in neurons but fail to 

improve the mitochondrial biogenesis under the same culture conditions.  
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4.3 Insulin resistance may contribute to impaired synaptic vesicle release in neurons  

Insulin is critical for neuronal survival and development (135). Examining the effects of 

high insulin on synapse formation and function, suggested that these neurons might be 

mimicking hyperinsulinemia under chronic insulin treatment supporting the assumption 

that insulin resistance could be contributing to the impaired synaptic vesicle release in 

these neurons. Hyperinsulinemia has been previously reported to cause insulin resistance 

in dorsal root ganglion (DRG) neurons following a chronic insulin exposure of 20 nM for 

24 hrs (15). Also a high basal Akt phosphorylation was reported in these neurons upon 

chronic insulin exposure (15). We observed a very similar effect in our culture system 

where chronic insulin exposure of 4 µg/ml insulin for 9 days resulted in a reduced insulin 

stimulated Akt phosphorylation suggesting that the neurons were less insulin sensitive 

upon chronic insulin treatment (Figure 3.10). A high basal Akt phosphorylation was also 

observed in these neurons upon chronic insulin exposure (Figure 3.10). Akt 

phosphorylation mainly depends on the kinase and phosphatase activities, which could 

mean that the phosphatases were less active upon exposure to chronic insulin leading to a 

high basal level Akt phosphorylation in these neurons (136,137). Hui-Yu Liu, et al 

reported high basal Akt phosphorylation (Ser 473) in the liver of mice fed on a high fat 

diet causing insulin resistance in these mice (137). However, the exact reason behind 

high basal Akt phosphorylation in these mice was not addressed in that study (137). The 

observed insulin resistance in these mice was also associated with decreased 

mitochondrial production and increased oxidative stress suggesting that there could be a 

possible mitochondrial defect associated with these mice (137).  
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Apart from hyperinsulinemia, there are other factors that have been reported to cause 

insulin resistance in the periphery, including TNF and leucine (26,27,57). TNF 

knockout mice responded to an exogenous dose of insulin much more efficiently than 

TNFα wild-type mice suggesting that TNF may be involved in inducing insulin 

resistance (138). Insulin receptor signaling and phosphorylation of serine residues on 

IRS-1 have been identified as potential targets for TNF induced insulin resistance (138).  

 

Leucine activates the mTOR/S6K1 pathway, which in turn decreases tyrosine 

phosphorylation and increases serine IRS1 phosphorylation thereby leading to insulin 

resistance (139). Chronic leucine treatment led to an increase in the mTOR and S6K1 

signaling causing insulin resistance in primary mouse hepatocytes (140). The same study 

also reported that leucine deprivation caused a reduction in the mTOR and S6K1 

signaling leading to AMPK upregulation and insulin sensitivity in primary mouse 

hepatocytes suggesting that activation of mTOR signaling led to insulin resistance (140). 

We observed that chronic treatment of hippocampal neurons with TNF or leucine for 9 

days resulted in a reduced response to acute insulin stimulation (100 nM) and led to high 

levels of basal Akt phosphorylation (Figure 3.11). The decreased response to insulin in 

neurons supplemented with leucine could be due to activation of the mTOR signaling 

and/or downregulation of AMPK activity as suggested in the leucine-induced insulin 

resistance model (Figure 4.1). The exact reason behind the reduced insulin sensitivity in 

neurons treated with leucine or TNF is not entirely known.  
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Figure 4.1 Leucine-induced insulin resistance 

1) Insulin binds to its receptor and phosphorylates IRS, which in turn leads to the 

activation of other signaling molecules and Akt. 2) Akt phosphorylates mTOR, which is 

also activated by leucine. 3) This leads to the phosphorylation of S6K1 that causes an 

increased serine phosphorylation of IRS through a negative feedback mechanism leading 

to insulin resistance. 4) Supplementation with leucine leads to an impaired synaptic 

vesicle release in neurons. 5) mTOR activation could also contribute to a mitochondrial 

defect ultimately leading to impaired synaptic vesicle release in neurons. 
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Synaptotagmin 1 regulates Ca
2+ 

dependent neurotransmitter release and any alteration in 

its function affects synaptic transmission (69). We observed that neurons grown in the 

presence of high insulin + leucine had reduced levels of synaptotagmin 1 (Figure 3.11) 

suggesting that this decrease in synaptotagmin 1 may have contributed to the observed 

defect in neurotransmitter release as synaptotagmin 1 protein mainly acts a calcium 

sensor for neurotransmitter release (141).  

 

VDAC1, an outer mitochondrial membrane protein functions as a gatekeeper for the 

exchange of ions and molecules between the mitochondria and rest of the cell (142). 

Alterations in mitochondrial function in AD patients are linked with abnormally high 

levels of VDAC1 protein (126). However, in our study we observed no changes in the 

levels of VDAC1 in neurons treated with TNF, leucine, high insulin and leucine, low 

antioxidants or low antioxidants + high insulin (Figure 3.11) suggesting that these 

treatment groups had no effect on the total mitochondrial content. 

 

Next, we wanted to test the hypothesis that insulin resistance contributes to impaired 

synaptic vesicle release in neurons. We tested this hypothesis by measuring the synaptic 

vesicle release in neurons grown in the presence of leucine, leucine + high insulin, low 

antioxidants, low antioxidants+ high insulin or TNF and observed that synaptic vesicle 

release was significantly impaired in these neurons compared to control (Figure 3.14 and 

3.15). These findings supported the assumption that insulin resistance may contribute to 

the impaired synaptic vesicle release observed in neurons supplemented with leucine, low 

antioxidants or TNF.  
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4.4 Role of mitochondria in synaptic transmission  

Mitochondria are very important for maintaining normal synaptic transmission, as they 

are the primary source of energy generation for many steps in the synaptic vesicle cycle 

(92). Verstreken et al examined the importance of synaptic mitochondria in studies 

relating to mutations in drp1 neuromuscular junctions, which lack synaptic mitochondria 

by measuring effects of these mutants on reserve pool vesicle mobilization (92). It was 

found that there was a defect in the mobilization of reserve pool vesicles during 

prolonged stimulation in the drp1 deficient motor neurons due to the lack of synaptic 

ATP from the mitochondria (92). This effect was later restored by the supply of 

exogenous ATP suggesting that synaptic mitochondria are very important for the 

mobilization of reserve pool vesicles (92). In our studies, neurons supplemented with 

leucine, leucine + high insulin, low antioxidants or TNF exhibited a significantly lower 

initial and total synaptic vesicle release compared to control. After the exclusion of the 

non-responsive synapses, the initial vesicle release in neurons treated with leucine was 

not significantly different compared to control whereas the total vesicle release was still 

significantly lower than control suggesting that leucine treatment caused defects in total 

vesicle release (Figure 3.15). According to the study reported by Verstreken et al, the 

total release during prolonged stimulation requires the mobilization of reserve pool 

vesicles (92). This could mean that leucine inhibits the mobilization of reserve pool 

vesicles during prolonged stimulation. This suggests that there may be a defect with 

synaptic mitochondria or a bio-energetic mitochondrial dysfunction in neurons upon 

treatment with leucine or leucine + high insulin. A study published by Amaral, et al in 

2010 observed mitochondrial dysfunction with the supplementation of leucine in a rat 
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brain (143). The addition of leucine decreased the oxygen consumption in the 

mitochondria indicating a defect in mitochondrial respiration (143). Thus, we 

hypothesized that addition of leucine to neurons may induce a defect in the mitochondria 

in our culture system thereby affecting synaptic vesicle release. Future work could be 

focused on investigating the link between mitochondrial dysfunction and leucine induced 

impaired synaptic vesicle release.  

 

4.5 Role of AICAR in modulating the defects in synaptic vesicle release caused by 

leucine 

AICAR has been shown to prevent insulin resistance and increase mTOR signaling in 

muscle cells caused by leucine via upregulation of AMPK activity and phosphorylation 

of TSC2 (27). AICAR improves neurite outgrowth in PC-12 cells in the presence of glial 

conditioned medium (144). The same study also reported that AICAR blocked the 

reactive oxygen species generation in glia cells induced by A or sphingomyelinase 

(144). We found that defects in synaptic vesicle release caused by leucine in neurons 

were improved by chronic treatment with AICAR (Figure 3.16). Supplementation with 

AICAR could also play a role in partially rescuing the mitochondrial defect in neurons 

caused by leucine by inhibiting mTOR activation as described in Figure 4.2. Hence, 

AICAR could be used as a potential target for improving synaptic defects in neurons and 

also serve as a neuroprotective agent. Future work could be focused upon the 

investigation of mTOR signaling pathway in neurons cultured in the presence of high 

leucine that would give enough insight about mTOR signaling in neurons and their link 

with leucine 
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Figure 4.2 Hypothesis 

1) Insulin binds to its receptor and phosphorylates IRS, which in turn leads to the 

activation of other signaling molecules and Akt. 2) Akt phosphorylates mTOR, which is 

also activated by leucine. 3) This leads to the phosphorylation of S6K1 that causes an 

increased serine phosphorylation of IRS through a negative feedback mechanism leading 

to insulin resistance. 4) Supplementation with AICAR increases the AMPK activity and 

downregulates mTOR. 5) This in turn prevents the possible mitochondrial defect caused 

by mTOR activation, 6) thereby leading to a normal synaptic vesicle release in neurons 

supplemented with AICAR. 7) PPAR gamma agonists increase mitochondrial function by 

regulating the PGC1α levels and may also contribute to the improvement of synaptic 

vesicle release in neurons.    
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4.6 Conclusion 

Overall, the results presented here demonstrate that neurons require an optimum amount 

of insulin for the development and maturation of fully functional synapses as shown in 

our synaptic vesicle release measurement studies with different concentrations of insulin. 

Further, high levels of insulin in culture may contribute to insulin resistance in 

hippocampal neurons. These studies highlight the potential link between T2D and 

cognitive decline where insulin resistance has been observed to be the common theme in 

both T2D and cognitive decline. The decreased mitochondrial biogenesis in neurons 

grown in the absence or low levels of insulin suggests that neurons require an optimum 

amount of insulin for normal mitochondrial function. In addition, there seems to be a 

defect in the downstream insulin-signaling pathway when neurons were supplemented 

with leucine, TNF, high insulin or low antioxidants making them less insulin sensitive 

and exhibiting a high basal Akt phosphorylation. The impaired synaptic vesicle 

exocytosis observed in neurons grown in the presence of leucine was improved by 

AICAR, which is a very novel approach to improve the synaptic vesicle exocytosis but 

the exact mechanism behind this still need to be investigated. To summarize, the above 

studies indicate that there is a strong connection between mitochondrial function, insulin 

resistance and synapse formation, which forms the basis of future work so as to 

investigate this link with more attention.   
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